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Abstract

This contribution presents a video coding technology based on a new in-loop filter that integrates noise-shaping mechanisms and the Wiener filter. As the noise-shaping mechanisms, a conditional joint deblocking-debanding filter and a comfort noise injection method based on pseudo noise are introduced. The conditional joint deblocking-debanding filter is an extension of the conditional deblocking filter of the H.264/MPEG-4 AVC standard, and with the parallel processing conscious, its algorithm is designed to jointly reduce blocking- and banding artifacts associated with intra-coded macroblock boundaries. The comfort noise is further added to LSBs of the processed image areas where structural signal-dependent noise remains, in order to mask the signal-dependent noise with signal-independent noise that can be easily attenuated by the Wiener filter. The Wiener filter optimally reduces the signal-independent noise in a minimun-mean-squared-errors sense and prevents the subsequent pictures from motion compensated prediction performance losses. The proposed in-loop filter thus reduces signal-dependent noise, especially banding noise, while keeping the overall coding efficiency. Simulation results verify that the combination of Key-Technical-Area (KTA) coding tools and the proposed in-loop filter lead to rate reductions 10.46%, 19.82%, 16.23%, and 14.04% in BD-rates relative to Alpha-type Class A, B, C, and D sequences, respectively. Representative video frames in which substantial signal-dependent noise reduction is achieved are also shown.

A study of the proposed in-loop filter is recommended as a potential part of the next generation video coding standard. More importantly, a study of generalized syntax for encoding noise parameters of related technologies is also recommended.
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1 Introduction

Video coding algorithm is based on the H.264/MPEG-4 AVC coding tools and some KTA coding tools integrated into the KTA software version 2.6 [2]. The KTA coding tools in use are extended block size motion compensated prediction, Motion Vector competition (MV comp), Wiener filter, and Internal Bit-Depth Increase (IBDI). In addition to those coding tools, a 16x16 integer cosine transform and a new in-loop filter are integrated. Figure 1 and Figure 2 depict the block diagrams of the proposed video encoder and decoder. 
As it can be deduced from the block diagrams, our major modification lies in its in-loop filter filtering. The proposed in-loop filtering comprises of noise-shaping mechanisms based on pseudo random noise and the Wiener filter. The noise-shaping mechanisms, a conditional joint deblocking-debanding filter and a comfort noise injection, attempt to mask signal-dependent compression noise with signal-independent noise that can be easily reduced by the subsequent Wiener filter which can attain an optimal signal-independent noise reduction in a minimum-mean-squared-errors sense. Thus the proposed in-loop filter can successfully reduce structural coding artifacts, especially banding artifacts, while keeping the PSNR.
In addition to the detail of the proposed in-loop filter filtering, other coding tools are described in the next section. 
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Figure 1: Encoder block diagram.
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Figure 2: Decoder block diagram.
2 Algorithm description

2.1 Motion representation

Inter-frame prediction is identical to the extended block sizes in [4] implemented in the KTA software, except that we excluded small motion partitions of 8x8, 4x8, and 4x4 from the syntax support. The small motion partition exclusion is based on the consideration of “Desired features in future video coding standards” described in [5]. (In our simulation with JM16.2 and Constraint set 1 configuration, the BD-rate increase caused by the exclusion of the small motion partitions was up to 1.87 % in WQVGA RaceHorses.)
For each motion partition, a motion vector with quarter-pixel accuracy is predicted and coded on the basis of the motion vector competition scheme in [6] which is also implemented in the KTA software. 
2.1.1  Extended block sizes
Figure 3 shows motion partitions of 32x32, 32x16, 16x32, 16x16, 16x8, 8x16, and 8x8 which are supported by the syntax. As described in [3], for each 32x32 block, mb32_skip_flag is encoded to signal the SKIP mode in the way similar to that of the H.264/MPEG-4 AVC standard. If the mode is not the SKIP mode, a similar syntax as the mb_type for MxN (M =8, or 16 and N =8, or 16) motion partition in the H.264/MPEG-4 AVC standard, mb32_type, is encoded to signal 2Mx2N motion partition in a 32x32 block. Furthermore, if the mb32_type syntax indicates the 32x32 motion partition, one bit syntax cbp32 is encoded to signal whether the whole block has at least one nonzero coefficient or not. The syntaxes mb32_skip_flag, mb32_type, and cbp32 are binarized in a similar way as mb_skip_flag, mb_type, and cbp of the H.264/MPEG-4 AVC standard, and they share the same context indices as those of the H.264/MPEG-4 AVC standard. Therefore no additional context is required for signaling the extended block size information.
2.1.2  Quarter-pixel motion vector accuracy
As the H.264/MPEG-4 AVC standard, if the motion vector points to an integer-sample position, then the inter-frame prediction signal is obtained by translating the associated block of the reference picture; otherwise the inter-frame prediction signal is obtained on the basis of interpolating pixel values at the noninteger positions and translating those values. As illustrated in Figure 4, pixel values at half-sample positions are derived by a one-dimensional 6-tap FIR filter [1 -5 20 20 -5 1]/32 horizontally and vertically, and those at quarter-sample positions are derived by averaging samples on integer- and half-sample positions. The design of the 6-tap FIR filter is described in detail in [6]. As for chroma component, the prediction signal is obtained by bilinear interpolation
2.1.3  Motion vector competition
Motion vector competition in [5] is one of the motion vector prediction methods which utilize many motion vector predictors and give them competition. Based on the motion predictor combination analysis in [5] and on the consideration of complexity, we chose two motion vector predictors for each of inter-frame prediction modes except DIRECT mode. Specifically, for a SKIP mode in a P-slice we use the motion vector of the block to the left of a current block, which is the motion vector of block A illustrated in Figure 5, in addition to the existing P-slice SKIP motion vector predictor adopted in the H.264/MPEG-4 AVC standard which is designed to allow accurate and efficient coding of stationary background as described in [7]. Similarly, for other inter-coded modes in a P-slice, the left block motion vector is used in addition to the median motion vector predictor adopted in the H.264/ MPEG-4 AVC standard. Since both P-slice SKIP and median motion vector predictors refer to the motion vectors of spatially neighboring blocks A, B, C, and D illustrated in Figure 5, the introduction of the additional left block motion vector does not require additional memory access. For inter-coded modes in a B-slice, a temporal motion vector predictor, which is derived by scaling the motion vector of its collocated block F illustrated in Figure 5 according to the temporal distances between the current frame and its reference frames, is used in addition to the median motion vector predictor. Although using the temporal motion vector predictor implies the storage of motion vector information, the data associated with such information are already stored for B-slices in the H.264/ MPEG-4 AVC standard to derive motion vectors for the temporal DIRECT mode. This additional memory requirement for B-slice encoding would not be a problem for the next generation video coding standard.
Given two motion predictors for an inter-frame prediction mode, the best motion predictor is selected on the basis of the Rate-Distortion criterion, and one bit syntax to signal the selected predictor information is encoded if the two motion predictors are not identical. For the context modeling of the motion predictor information, additional three contexts (one for P-slice SKIP mode, one for other inter-modes in a P-slice, and one for inter-modes in a B-slice) are introduced.
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Figure 3: Motion partitions for motion compensated prediction.
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Figure 4: Pixel positions for quarter-pel accuracy motion compensated prediction. Upper-case letters indicate samples on the full-sample grid, while lower case samples indicate samples in between at fractional-sample positions.
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Figure 5: Upper-case letters indicate blocks referred by motion vector competition for deriving motion predictors for current block. Blocks A, B, C, and D are spatially neighboring blocks of current block. Block F is a temporary neighboring block or a collocated block.
2.2 Intra-frame prediction

Intra-frame prediction is identical to that in the H.264/MPEG-4 AVC standard except the index number assignment to some prediction directions. 
In each intra-coded macroblock, the block size for luma component prediction is selectable from 4x4, 8x8, and 16x16 sizes. INTRA_4x4 prediction is based on predicting each 4x4 luma block separately, and the prediction direction is selectable from DC prediction and 8 directions, as depicted in Figure 6 (a) and (b). Although in the H.264/MPEG-4 AVC standard, index numbers 0, 1, and 2 are assigned to vertical prediction, horizontal prediction, and DC, respectively, we assigned different index numbers 1, 2, and 0 to those predictions. The reason of the different index number assignment is that the next video coding standard is targeting high spatial resolution videos which are expected to contain more number of homogenously textured blocks which can be efficiently compressed by DC prediction. This different index assignment is also applied to INTRA_8x8 prediction based on predicting each 8x8 luma block separately depicted in Figure 6 (c), and to INTRA_16x16 prediction based on predicting the entire luma block depicted in Figure 7 (a) and (b). Chroma component blocks are predicted using a similar prediction technique as for the INTRA_16x16 prediction, and the index number assignment is identical to that of the H.264/MPEG-4 AVC standard.
Although we did not introduce new intra-frame prediction tools in this proposal, this is not our expression that such tools are unnecessary. Indeed, there are efficient intra-frame prediction techniques such as, intra-macroblock motion compensation in [8], intra-prediction by template matching in [9], bi-directional intra-frame prediction technique in [10], geometrical manipulation in [11], etc. If such efficient intra-frame prediction techniques are subjected to study as a potential part of the next generation video coding standard, then having an additional quality metric such as a flicker measure in [12] might be useful in order to access the distortion characteristics in temporal direction.
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Figure 6: (a) INTRA_4X4 prediction is conducted for 4x4 luma block using neighboring samples A-M. (b) Eight prediction directions for INTRA_4X4 and INTRA_8x8 prediction. Remaining direction Remaining prediction DC is indexed by 0. (c) INTRA_8X8 prediction is conducted for 8x8 luma block using neighboring samples A-Y.
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Figure 7: (a) INTRA_16X16 prediction is conducted for 16x16 luma block using neighboring samples. (b) Two prediction directions for INTRA_16X16 and INTRA_CHROMA prediction. Remaining directions DC and Plane are indexed by 0 and 3, respectively. (c) INTRA_CHROMA prediction is conducted for 8x8 chroma block using neighboring samples.

2.3 Spatial transforms

In addition to 4x4 and 8x8 Integer Cosine Transforms (ICT) adopted in the H.264/MPEG-4 AVC standard, we introduced a new 16x16 ICT for encoding residual signals of INTRA_16X16 prediction. Since the details of the 4x4 and 8x8 ICTs are described in [13] and [14], respectively, this contribution describe only the new 16x16 ICT design. (Note that for each 16x16 block of 32x32, 32x16, or 16x32 motion partition, the 16x16 ICT can be used instead of a fixed-point DCT. However, submitted data were obtained by using the fixed-point DCT.)
2.3.1. 16x16 ICT
The introduction of the 16x16 ICT is motivated by the theoretical analysis on transform coding efficiency described in [15], and by the consideration that the next generation video coding standard targets high resolution videos which contain rich details as well as large homogeneous regions. In order to encode such high resolution videos efficiently, a variable block-size transform as described in [16]

 REF _Ref258230308 \n \h 
 \* MERGEFORMAT [17]

 REF _Ref258230309 \n \h 
 \* MERGEFORMAT [18] is beneficial since smooth regions can be transformed by large transforms with less gradation artifacts, while detailed regions can be transformed by small transforms with less ringing artifacts. 
The proposed 16x16 ICT is also based on Discrete Cosine Transform (DCT) in [19], and its transform matrix T16 below was designed on the basis of the dyadic property of the DCT described in [20]. 
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Compared to the existing 16x16 ICTs [18]

 REF _Ref258230310 \n  \* MERGEFORMAT [21]

 REF _Ref258230312 \n  \* MERGEFORMAT [22], the transform matrix T16 shows reasonably high performance in transform efficiency for a 1-D first-order stationary Markov source as in [23], as shown in Figure 8. Note that AVC in Figure 8 is the transform based on 4x4 ICT and 4x4 Hadamard Transform used for INTRA_16X16 prediction in the H.264/MPEG-4 AVC standard. 
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Figure 8: Transform efficiency of DCT, ICTs, and AVC for a 1-D first-order stationary Markov source with correlation coefficient ρ tending to 1. 
Transform operations based on the T16 can be implemented using integer arithmetic, and it does not cause mismatch between encoder and decoder. However, as it may be deduced from the T16, the norms of the bases are not the same value, and those do not allow decoders 16-bit integer implementation if the T16 is used for inverse transform as it is. In order to handle the different norms and the 16-bit integer decoder implementation, a normalization process, known as scaling, is introduced into quantization process. Following the notation used in [14], the transform and quantization process is described in detail below.
2.3.2. 16x16 ICT Transform and quantization process

Given a prediction residual signal X forming a 16x16 matrix, its transform coefficient matrix Y is obtained by  
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Then quantization and scaling are performed according to the following equation:
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 denotes level, QP is the quantization parameter, f is the rounding parameter ranging from 0 to 0.5, and bIBDI is InternalBitDepthY - 8 where InternalBitDepthY denotes the internal bit-depth of luma component. The quantization table CoeffQuant is specified as follows:
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where the first and second subscripts of the M denote the row and column indices, respectively. The matrix M is specified as:
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The reconstruction of a transform coefficient is derived as follows.
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with similar notations used for the quantization process above. The dequantization table is specified by
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with a matrix S specified as:
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As it may be seen from the reconstruction process of a transform coefficient described above, the scaling and inverse quantization is conducted in a different way according to the QP value. The idea behind this reconstruction process is to keep the bit-depth of the reconstructed transform coefficients within 15 bits for an 8-bit image input. This guarantees that for an 8-bit image input, subsequent inverse transform is conducted with 16-bit register.
The residual signal reconstruction 
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 is obtained by the following inverse transform operations:
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where operation “*” above denotes a shift-based matrix multiplication. For example, suppose that the element of the second row and the first column of 
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 is 10, then 42/32 multiplied by 10 is derived as 10 + (10>>2) + (10>>4) by the shift-based matrix multiplication, where the 42/32 is the fraction formed by 1/32 and the element of the first row and the second column of the transposed matrix of T16. Although the shift-based matrix multiplication is naive implementation and is undesirable in terms of fidelity, we employ it to ensure that for an 8-bit image input, any intermediate result in the inverse 16x16 ICT process is smaller than 16 bits. 
The entries of M were derived from the corresponding entries of S by using the relation
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where v(r)={ 16384·16384, 13600·13600, 13124·13124, 16384·13600, 16384·13124, 13600·13124} are the six different values regarding to the squared norms of the transform matrix T16.
2.3.3. Encoding of 16x16 ICT coefficients

For the INTRA_16X16 mode, the existence of significant 16x16 ICT coefficients is encoded with associated intra prediction direction and chroma coded block pattern as the INTRA_16X16 mode in the H.264/MPEG-4 AVC standard. Therefore no additional context is required for signaling the existence of significant 16x16 ICT coefficients in this mode.
For motion partition with the size of 32x32, 32x16, and 16x32, the fixed-point DCT is used in addition to the existing 4x4 and 8x8 ICTs as described in [3]. Given such a large motion partition, one bit syntax cbp16 is signaled for each 16x16 block in order to indicate whether there is any significant luma transform coefficient in the 16x16 block or not. If the cbp16 is 1, the existing syntax transform_size_8x8_flag with minor modification is signaled in order to indicate the selected transform size. The cbp16 syntax is encoded by using the same context used for the cbp syntax in the H.264/MPEG-4 AVC standard. The transform_size_8x8_flag syntax is also encoded by using the same context used for that in the H.264/MPEG-4 AVC standard, that is, the second bit is encoded by using the same context used for the first bit. Therefore no additional context is required for signaling the cbp16 and transform_size_8x8_flag syntaxes.
If there is any significant 16x16 ICT coefficient in a 16x16 block, the levels are scanned on the basis of a zig-zag scanning pattern shown in Table 1 and encoded with minor changes to the significance, last significance, and magnitude CABAC coding in the H.264/MPEG-4 AVC standard. Similar to those CABAC coding for the existing 8x8 ICT, some frequency components share the same context regarding to significance_coeff_flag and last significance_coeff_flag as shown in Table 2 and Table 3. The number of additional contexts is 68: two sets of 24 contexts for significance_coeff_flag and last significance_coeff_flag, and two sets of 10 contexts for coeff_abs_level_minus1. 
Table 2.1: Zig-zag scanning pattern for 16x16 transform coefficients.

	0
	1
	5
	6
	14
	15
	27
	28
	44
	45
	65
	66
	90
	91
	119
	120

	2
	4
	7
	13
	16
	26
	29
	43
	46
	64
	67
	89
	92
	118
	121
	150

	3
	8
	12
	17
	25
	30
	42
	47
	63
	68
	88
	93
	117
	122
	149
	151

	9
	11
	18
	24
	31
	41
	48
	62
	69
	87
	94
	116
	123
	148
	152
	177

	10
	19
	23
	32
	40
	49
	61
	70
	86
	95
	115
	124
	147
	153
	176
	178

	20
	22
	33
	39
	50
	60
	71
	85
	96
	114
	125
	146
	154
	175
	179
	200

	21
	34
	38
	51
	59
	72
	84
	97
	113
	126
	145
	155
	174
	180
	199
	201

	35
	37
	52
	58
	73
	83
	98
	112
	127
	144
	156
	173
	181
	198
	202
	219

	36
	53
	57
	74
	82
	99
	111
	128
	143
	157
	172
	182
	197
	203
	218
	220

	54
	56
	75
	81
	100
	110
	129
	142
	158
	171
	183
	196
	204
	217
	221
	234

	55
	76
	80
	101
	109
	130
	141
	159
	170
	184
	195
	205
	216
	222
	233
	235

	77
	79
	102
	108
	131
	140
	160
	169
	185
	194
	206
	215
	223
	232
	236
	245

	78
	103
	107
	132
	139
	161
	168
	186
	193
	207
	214
	224
	231
	237
	244
	246

	104
	106
	133
	138
	162
	167
	187
	192
	208
	213
	225
	230
	238
	243
	247
	252

	105
	134
	137
	163
	166
	188
	191
	209
	212
	226
	229
	239
	242
	248
	251
	253

	135
	136
	164
	165
	189
	190
	210
	211
	227
	228
	240
	241
	249
	250
	254
	255


Table 2.2: Significance context index of each frequency component.

	0
	1
	2
	2
	1
	1
	1
	1
	2
	2
	3
	2
	4
	1
	5
	5

	5
	4
	4
	3
	3
	3
	3
	4
	4
	4
	5
	5
	5
	5
	4
	4

	4
	4
	3
	3
	3
	3
	4
	4
	4
	4
	4
	5
	5
	5
	5
	4

	4
	4
	4
	4
	4
	3
	3
	3
	3
	4
	4
	4
	4
	4
	4
	4

	5
	5
	5
	5
	4
	4
	4
	4
	4
	4
	4
	4
	3
	3
	3
	3

	6
	4
	7
	4
	7
	4
	7
	4
	8
	5
	9
	9
	9
	8
	8
	7

	7
	7
	7
	7
	7
	6
	6
	3
	3
	12
	3
	11
	6
	6
	7
	7

	7
	7
	7
	8
	8
	9
	9
	10
	10
	10
	9
	9
	8
	8
	7
	7

	7
	7
	6
	6
	11
	11
	12
	12
	12
	13
	11
	11
	6
	6
	7
	7

	7
	8
	8
	9
	9
	14
	10
	14
	14
	9
	9
	8
	8
	7
	7
	6

	6
	11
	11
	13
	13
	13
	12
	11
	11
	6
	6
	7
	8
	8
	9
	9

	10
	14
	10
	10
	9
	9
	8
	8
	6
	6
	11
	11
	12
	12
	12
	13

	11
	11
	6
	6
	8
	9
	9
	14
	10
	14
	14
	9
	9
	6
	6
	11

	11
	13
	13
	13
	12
	11
	11
	6
	9
	9
	10
	14
	10
	10
	9
	9

	11
	11
	12
	12
	12
	13
	11
	11
	9
	14
	10
	14
	14
	11
	11
	13

	13
	13
	12
	11
	10
	14
	10
	10
	12
	12
	12
	14
	10
	14
	14
	-


Table 2.3: Last-significance context indices of each frequency component.
	0
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1
	1

	1
	1
	1
	1
	1
	1
	1
	2
	1
	2
	1
	2
	1
	2
	1
	2

	1
	1
	1
	1
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2

	2
	2
	2
	2
	2
	2
	2
	2
	2
	1
	2
	2
	2
	2
	2
	2

	2
	2
	2
	2
	2
	2
	2
	2
	2
	3
	2
	3
	2
	3
	2
	3

	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2
	2

	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3
	3

	2
	4
	2
	4
	2
	4
	2
	4
	4
	4
	4
	4
	4
	3
	3
	3

	3
	3
	3
	3
	3
	3
	5
	3
	4
	3
	4
	3
	4
	4
	4
	4

	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	4
	5
	5
	5
	5

	4
	5
	4
	5
	4
	6
	4
	6
	4
	6
	6
	6
	6
	5
	5
	5

	5
	5
	5
	5
	7
	5
	7
	5
	6
	6
	6
	6
	6
	6
	6
	6

	7
	7
	7
	7
	7
	7
	7
	7
	6
	8
	6
	8
	8
	7
	7
	7

	7
	7
	8
	7
	8
	8
	8
	8
	8
	8
	8
	8
	8
	8
	8
	-


2.4 Quantization

As it was explained in subsection 2.3, individual transform coefficient is quantized by a scalar quantization. The scalar quantization process in use is identical to the Rate-distortion optimized quantization (RDOQ) scheme described in [24] and implemented in KTA software except that its macroblock level delta-QP technique is disabled and a similar RDQP scheme is introduced to the scalar quantization process for chroma components. 
2.5 In-loop filtering

The conditional joint deblocking-debanding filtering is first applied to all block edges of a picture, and then the comfort noise is conditionally added to the LSBs of the processed picture. Finally, the Wiener filter is applied to the entire picture.

2.5.1  Conditional joint deblocking-debanding filtering process
The conditional joint deblocking-debanding filtering is an extension of the conditional deblocking filtering of H.264/MPEG-4 AVC in [23] and its process is performed on a macroblock basis. For each macroblock, vertical edges are filtered first, from left to right, and then horizontal edges are filtered from top to bottom. The major extension is that for vertical and horizontal edges associated with intra-coded macroblock boundaries, luma pixels across each of the edges are conditionally filtered by recursive 5-tap filter with pseudo-random noise in [26]. Unlike the Dither-filtering described in [26], the conditional joint deblocking-debanding filtering does not require any reordering of edge filtering, as more fully described below. The pseudo-random noise is drawn from uniform distribution via a 16-bit linear feedback shift register; the 16-bit register value is set to a predetermined value at the first macroblock of each macroblock row so that encoder and decoder can generate identical values. (Note that information regarding to the predetermined value of the 16-bit register and the coefficients of feedback polynomial shall be encoded.) Following the notation used in “8.7.2.4 Filtering process for edges for bS equal to 4” in the H.264/MPEG-4 AVC standard, the proposed luma filtering process for the vertical or horizontal edges is described in detail.

Given a vertical or horizontal edge of an intra-coded macroblock boundary, let denote 16 luma pixels across the edge by p7, p6, p5, p4, p3, p2, p1, p0, q0, q1, q2, q3, q4, q5, q6, and q7, and the actual boundary lies between p0 and q0, as shown in Figure 9 Firstly, sixteen pseudo-random values nr0, nr1, n 2, nr3, n 4, nr5, nr6, nr7, nl0, nl1, nl2, nl3, nl4, nl5, nl6, and nl7 are generated by the 16-bit linear feedback shift register illustrated in Figure 10. 


[image: image24.emf]p7, p6, p5, p4, p3, p2, p1, p0, q0, q1, q2, q3, q4, q5, q6, q7

Vertical edges

Horizontal edges


Figure 9: Vertical and horizontal edges. Blue thick lines represent macroblock boundaries. Magenta thick broken lines represent 8x8 and 4x4 block boundaries. Magenta thin dot lines represent 4x4 block boundaries.
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Figure 10: A 16-bit Galois LFSR with feedback polynomial x16 + x14 + x13 + x11 + 1. The most left square is the MSB, and the most right square is the LSB. “^” in circle represents exclusive-or operation. 

After that, three discontinuity strengths Abs( p0 – q0 ), Abs( p1 – p0 ), and Abs( q1 – q0 ) for the edge vicinities are derived. 

If any of the discontinuity strengths is larger than or equal to the predetermined thresholds, i.e., any of the following conditions is true,

  - Abs( p0 – q0 ) >= α
  - Abs( p1 – p0 ) >= β
  - Abs( q1 – q0 ) >= β
then the filtering process for this edge is terminated, that is, p7, p6, p5, p4, p3, p2, p1, p0, q0, q1, q2, q3, q4, q5, q6, and q7 are output as p’7, p’6, p’5, p’4, p’3, p’2, p’1, p’0, q’0, q’1, q’2, q’3, q’4, q’5, q’6, and q’7, respectively. (Note that α and β are values according to the average of neighboring two macroblocks’ QPs as in the H.264/MPEG-4 AVC standard.)

Otherwise, the filtering process is performed on each side of the edge as follows.

For the right-side 8 luma pixels qi (i = 0,..,7), a threshold variable aq = Abs( q2 – q0 ) is derived first.

If any of the following conditions is true, 

  - aq is greater than or equal to β

  - Abs( p0 – q0 ) is greater than or equal to ( ( α >> 2 ) + 2 )

then q'0 is obtained by 5-tap filtering and other pixels q'i (i = 1,..,7) are obtained by just copying qi (i = 1,..,7) as follows.

   q'0 = ( 2*q1+ q0+ p1+ 2 ) >> 2 

   q'i = qi   for i = 1,..,7.

Otherwise, the q'i (i = 0,..,7) are obtained as follows.

If the right side 8 luma pixels are coded by INTRA_16x16 and Abs( q0 – q7 ) is smaller than a single level in 8-bit depth, then the q'i (i = 0,..,7) are derived by

   q'0 = ( p1 +2*p0 +2*q0 +2*q1 +q2 + (nr0 %8) ) >> 3 
   q'1 = ( p0 +2*q’0 +2* q1 +2*q2 +q3 + (nr1 %8) ) >> 3 
   q'2 = ( q’0 +2*q’1 +2* q2 +2*q3 +q4 +(nr2 %8) ) >> 3 
   q'3 = ( q’1 +2*q’2 +2* q3 +2*q4 +q5 + (nr3 %8) ) >> 3 
   q'4 = ( q’2 +2*q’3 +2* q4 +2*q5 +q6 + (nr4 %8) ) >> 3 
   q'5 = ( q’3 +2*q’4 +2* q5 +2*q6 +q7 + (nr5 %8) ) >> 3 
   q'6 = ( q’4 +2*q’5 +3* q6 +2*q7 + (nr6 %8) ) >> 3 
   q'7 = q7
Otherwise, if the right side 8 luma pixels are coded by INTRA_8x8, then the q'i (i = 0,..,7) are derived by

   q'0 = ( p1 +2*p0 +2*q0 +2*q1 +q2 + (nr0 %8) ) >> 3 
   q'1 = ( p0 +2*q’0 +2* q1 +2*q2 +q3 + (nr1 %8) ) >> 3 
   q'2 = ( q’0 +2*q’1 +2* q2 +2*q3 +q4 +(nr2 %8) ) >> 3 
   q'3 = ( q’1 +2*q’2 +3* q3 +2*q4 + (nr3 %8) ) >> 3 
   q'i = qi   for i = 4..7.

Otherwise, the q'i (i = 0,..,7) are derived by

   q'0 = ( p1 +2*p0 +2*q0 +2*q1 +q2 + (nr0 %8) ) >> 3 
   q'1 = ( p0 +2*q’0 +2* q1 +2*q2 +q3 + (nr1 %8) ) >> 3 
   q'2 = ( q’0 +2*q’1 +3* q2 +2*q3 +(nr2 %8) ) >> 3
   q'i = qi   for i = 3,..,7.

Note that for INTRA_8x8 macroblocks, the q'i (i=6, 7 ) may be subjected to the subsequent conventional deblocking filtering process, and that for INTRA_4x4 macroblocks, the q'i ( i=2,…7 ) may be subjected to the subsequent conventional deblocking filtering process.
For the left side 8 luma pixels, the p'i (i = 0,..,7) are obtained by a similar manner. (Substitute qi, nri with pi, nli in the above operations.)

Notice that the number of pseudo-random values generated at each edge of an intra-coded macroblock boundary is fixed to 16, and that p’7 and q’7 are copied from p7, and q7 respectively. The first thing indicates that given an edge of an intra-coded macroblock boundary, sixteen pseudo-random values which are necessary for filtering the next edge can be determined without waiting the completion of that edge filtering. Thus it allows codecs to filter 16 edges of an intra-coded macroblock boundary by parallel processing. The second one indicates that filtering result of a macroblock does not influence the subsequently filtered macroblocks entirely, and therefore it allows codec to filter each MB rows by parallel processing by the scheme in [27].
2.5.2  Comfort noise injection process 
Proposed comfort noise injection is inspired by [28], in which it was proposed that random noise be added as a post-process after video decoding, for use as video comfort noise. We modified the comfort noise process so that it can efficiently mask structural artifacts or signal-dependent noise which may appear on the IBDI output images associated with the lost of LSBs’ information. Therefore the comfort noise injection process is currently invoked only when the IBDI is used or the internal bit-depth is higher than 8. The masking effect is very similar to so-called random quantization effects as in [29]. Although such a masking effect can be obtained by out-loop comfort noise implementation, in-loop comfort noise implementation has an important advantage that content provider can control video quality at the end users. And also, the proposed comfort noise injection process does not significantly affect the performance of MCP or overall coding efficiency since it modifies only LSBs’ information of luma pixels on homogenously textured macroblocks prior to the Wiener filtering, in other words, the proposed noise injection process masks signal-dependent noise with signal-independent noise which is less noticeable and can be easily removed by the subsequent Wiener filtering, as a subband dithering scheme in [30]. Further more, the proposed comfort noise injection process is an in-place filtering and does not require additional frame memory. Therefore the comfort noise injection process was integrated into the in-loop filtering process.

The comfort noise injection process is performed on a macroblock basis after the completion of conditional joint deblocking-debanding filtering process, with all macroblocks in a picture processed in order of increasing macroblock addresses. For each macroblock, the associated coded information is used to determine whether the macroblock is homogenously textured first. If the macroblock is homogenously textured, then comfort noise based on pseudo-random value drawn from uniform distribution via a 16-bit linear feedback shift register is added to individual luma pixel within the macroblock, from the top-left pixel to the bottom-right pixel. Otherwise, no comfort noise is added to the macroblock. (Note that the 16-bit linear feedbaclk shift register value is set to a predetermined value at the first macroblock of each macroblock row so that encoder and decoder can generate identical values.) The conditionally added comfort noise leads to a masking or noise-shaping effects on the IBDI output images, and thus coding artifacts, especially banding artifacts, are substantially reduced. By denoting input and output luma pixels by pi (i = 0..255) and p’i (i = 0..255) respectively, and by following the notation used in the H.264/MPEG-4 AVC standard, the proposed comfort noise injection process for a given macroblock is described in detail.

Given a macroblock, if the associated macroblock mode is INTRA_16x16 and the associated QP value lies in the range from QPlow to QPhigh, then comfort noise is injected into LSBs’ of individual pixels within the macroblock and the p’i (i = 0..255) is obtained as follows.

  p'i = Clip1Y( pi + (ni&Mask) - Bias)   for i = 0 ,.., 255,
where Clip1Y () is a function that crops the input into a value ranging from 0 to (1<< InternalBitDepthY)-1 where InternalBitDepthY denotes the internal bit-depth of luma component, ni is a pseudo-random value drawn from uniform distribution via a 16-bit linear feedback shift register, Mask is (1<< (InternalBitDepthY - 8)) - 1, and Bias is (1<<( InternalBitDepthY- 9)). The derivation process of the parameter Bias was determined by considering the round-off operation used in the current IBDI output process.
Otherwise, no comfort noise is injected and the p’i (i = 0,..,255) is obtained as follows.

  p'i = pi   for i = 0 ,.., 255.

The reason of injecting pseudo noise into INTRA_16x16 macroblocks is that banding artifacts are noticeable on homogenously textured areas where INTRA_16x16 is often selected by an encoder. Although for pseudo noise injection, determining image areas on the basis of analyzing the pixel intensities would lead to better results, the current implantation has two advantages: low computational complexity, and robustness against errors.
2.5.3  Wiener filtering
Wiener filtering in use is a restricted version of block adaptive loop filtering in [31] and [32], and similar to the in-loop version of [33]. The restriction means that the 2-D symmetric filter sizes for both luma and chroma components are fixed to 5x5 and that all blocks are subjected to the Wiener filtering. (Note that the fixed filter size and the block non-adaptive filtering are due to the limitation of our computer resources, the combination of adaptive filter size and block adaptive filtering definitely offers better coding efficiency and brings encoders a freedom in parameter selection. Indeed, we observed coding artifacts in sky regions of our submitted Constraint set 2 bitstreams of Kimono1 sequence coded at the first and second lowest rates.) According to the syntax rule about symmetric arrangement of 5x5 coefficients in [32], thirteen filter coefficients hi (i=0,..,12) and a rounding parameter offset are determined by solving Wiener-Hopf equations below established by a model in Figure 11 and transmitted to decoders.
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Figure 11: Block diagram of FIR Wiener filter with a rounding parameter, offset. x is the input signal to the Wiener filter. s is the original signal of x. 
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where, RSX represents cross-correlation between the original signal s and its distorted version x, RxX represents auto-correlation of x, Es represents the expectation of s, and Ex represents the expectation of x. Note that the above equation is a generalized equation for asymmetric n filter coefficients arranged in one-dimension, where the subscript index of filter coefficients hi placed in bracket. 
By using a set of the (8-bit quantized) filter coefficients and the offset, individual component pixel within a picture is filtered, from the top-left pixel to the bottom-right pixel in raster scan order.

By denoting input pixels and output luma pixels by pi (i=0,..,N-1) and p’i (i=0…N-1) respectively, the p’i is derived by
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where Ωi is a set of the 5x5 spatial neighboring pixel positions at position i .

2.6 Entropy coding

The entropy coding is based on Context-based Adaptive Binary Arithmetic Coding (CABAC) in [34].The CABAC engine in the H.264/MPEG-4 AVC standard is unchanged, and only additional contexts and corresponding initialization values are introduced. The number of the additional contexts needed to decode our submitted bistreams is 71, in which 68 contexts for 16x16 transform coefficient information and 3 contexts for motion vector predictor information, as explained in the previous sub-sections.
2.7 Internal bit-depth increase
If Internal Bit-Depth Increase (IDBI) in [32] is used, then bit-depth of each component is increased from 8 bits to 12 bits by multiplying 16 to the pixel value prior to encoding in order to conduct the internal transform, quantization, prediction, and in-loop fitter with high bit-depth pixel precision. The encoded bitstream is also decoded by applying inverse-transform, inverse-quantization, prediction, and in-loop filter with high bit-depth pixel precision, and decoded videos are rounded off to 8-bit for displaying. By denoting the internal bit-depth by InternalBitDepth, InternalBitDepth = 12 indicates that the IBDI is used, and InternalBitDepth = 8 indicates that the IBDI is not used.
In order to keep roughly equivalent rate distortion curve by InternalBitDepth = 12 compared to the encoding with InternalBitDepth = 8, quantization step sizes for quantization and dequantization process are adjusted as QP = QP + 6·( InternalBitDepth -1). Furthermore, sum of squared differences, which are derived for the Rate-Distortion optimized motion estimation, and mode selection, and the Wiener filter design, are computed by using rounded 8-bit pixel values if the IBDI is used.
3 Compression performance discussion

3.1 Objective versus subjective compression performance

In order to see the tendency of objective compression performance, BD-PSNRs and Rates in [35] are computed on the basis of fitting 5 test points with the fourth-order polynomial. As a high-level summary, Figure 12, 10, and 11 show average BD-PSNRs and Rates against Alpha-, Beta-, and Gamma-type anchors, respectively, and Tables 3.1-12 shows BD-PSNR and Rate of each sequence against each type anchor. 
As it can be expected from Figures 9-11 and Tables 3.1-12, we observed more subjective quality improvements by proposal in higher spatial resolution contents. Especially in Class B and E sequences coded at low rates, significant subjective image quality improvements on the homogenously textured areas, which dominate the large portion of high resolution videos, were observed. The significant subjective image quality improvements were observed even in the comparison between Beta-type anchor and our Constraint set 2 results, in which the differences in BD-Rates are not so high. We believe that the subjective quality improvements come from the combination of the KTA coding tools and the proposed in-loop filter. The subjective quality results of the proposal in Class B and E sequences may lead to better Mean Opinion Score (MOS) values than those values expected from the BD-Rates.
Unfortunately, we also observed significant subjective quality losses in our Constraint set 2 results relative to Beta-type anchor results in some Class C and D sequences: PartyScene, BQSquare, and BlowingBubbles. PartyScene and BlowingBubbles are difficult to be precisely predicted by motion compensated prediction since the object motions in these sequences can not be modeled by rigid body motion. We therefore believe that rate-allocation effects by hierarchical P-picture coding used in Beta-type anchor lead to better subjective video quality than our Constraint set 2 results. As for BQSquare, we observed unstable texture reconstruction on the surface of the ocean areas in our Constraint set 2 results coded at the first and second lowest rates, while such unstable texture reconstruction were not observed in corresponding Beta-type anchor results as well as in Gamma-type anchor results. (Indeed, the surface of the ocean in corresponding Beta-type and Gamma-type anchor results are washed out and look natural.) The unstable texture reconstruction may lead to lower MOS values in our BQSquare Constraint set 2 even compared to Gamma-type anchor results, while their PSNRs are higher than those of Gamma-type anchor results.
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Figure 12: Average BD-PSNRs and Rates against Alpha-type anchor.
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Figure 13: Average BD-PSNRs and Rates against Beta-type anchor.
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Figure 14: Average BD-PSNRs and Rates against Gamma-type anchor.

Table 3.1: BD-PSNR and Rate results against Alpha-type anchor for Class A. 
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	Traffic
	0.53
	0.33
	0.39
	-13.83
	-14.97
	-17.56

	People on Street
	0.38
	0.28
	0.39
	-7.09
	-11.25
	-16.70

	Average
	0.45
	0.30
	0.39
	-10.46
	-13.11
	-17.13


Table 3.2: BD-PSNR and Rate results against Alpha type anchor for Class B.
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	Kimono
	1.00
	0.47
	0.53
	-25.99
	-23.53
	-22.42

	ParkScene
	0.57
	0.47
	0.40
	-14.53
	-21.06
	-20.67

	Cactus
	0.44
	0.27
	0.48
	-14.15
	-19.39
	-19.78

	BasketballDrive
	0.74
	0.56
	0.75
	-21.14
	-25.32
	-23.23

	BQTerrace
	0.44
	0.48
	0.44
	-23.31
	-36.52
	-37.18

	Average
	0.64
	0.45
	0.52
	-19.82
	-25.17
	-24.66


Table 3.3: BD-PSNR and Rate results against Alpha type anchor for Class C.
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	BasketballDrill
	0.52
	0.65
	0.77
	-12.20
	-19.16
	-19.73

	BQMall
	0.98
	0.54
	0.71
	-19.11
	-20.81
	-23.48

	PartyScene
	0.65
	0.40
	0.41
	-16.71
	-20.33
	-20.74

	RaceHorses WVGA
	0.74
	0.66
	0.80
	-16.91
	-24.16
	-26.30

	Average
	0.72
	0.56
	0.67
	-16.23
	-21.12
	-22.56


Table 3.4: BD-PSNR and Rate results against Alpha type anchor for Class D.
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	BasketballPass
	0.66
	0.57
	0.62
	-12.64
	-17.83
	-15.82

	BQSquare
	0.90
	0.44
	0.55
	-22.87
	-28.30
	-30.51

	BlowingBubbles
	0.54
	0.48
	0.50
	-12.56
	-17.12
	-17.52

	RaceHorses WQVGA
	0.42
	0.51
	0.58
	-8.09
	-14.99
	-17.13

	Average
	0.63
	0.50
	0.56
	-14.04
	-19.56
	-20.24


Table 3.5: BD-PSNR and Rate results against Beta type anchor for Class B.
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	Kimono
	0.89
	0.31
	0.26
	-22.39
	-15.58
	-11.75

	ParkScene
	-0.08
	-0.12
	-0.12
	2.66
	6.84
	9.42

	Cactus
	-0.02
	0.05
	0.00
	0.95
	-3.55
	0.23

	BasketballDrive
	0.55
	0.28
	0.42
	-14.92
	-12.11
	-13.51

	BQTerrace
	-0.12
	-0.23
	-0.27
	6.23
	28.63
	37.99

	Average
	0.24
	0.06
	0.06
	-5.49
	0.85
	4.48


Table 3.6: BD-PSNR and Rate results against Beta type anchor for Class C.
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	BasketballDrill
	-0.34
	0.19
	0.32
	9.23
	-7.38
	-9.99

	BQMall
	0.08
	-0.10
	-0.02
	-1.36
	3.94
	0.87

	PartyScene
	-0.61
	-0.21
	-0.24
	19.10
	12.61
	15.33

	RaceHorses WVGA
	0.17
	0.35
	0.39
	-4.08
	-15.79
	-16.45

	Average
	-0.18
	0.06
	0.11
	5.72
	-1.65
	-2.56


Table 3.7: BD-PSNR and Rate results against Beta type anchor for Class D. 
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	BasketballPass
	0.03
	0.03
	0.27
	-0.58
	-1.70
	-8.34

	BQSquare
	-1.46
	-0.68
	-0.81
	58.22
	160.80*
	111.97

	BlowingBubbles
	-0.87
	-0.46
	-0.51
	25.68
	20.83
	23.54

	RaceHorses WQVGA
	-0.18
	0.17
	0.16
	4.07
	-6.68
	-5.91

	Average
	-0.62
	-0.23
	-0.22
	21.85
	43.31
	30.32


* Note that this extreme BD-rate increase is due to a high-ordered polynomial fitting. The shape of fitting function and the Rate-Distortion curve for BQSquare U component are appended in Annex B.
Table 3.8: BD-PSNR and Rate results against Beta type anchor for Class E.
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	Vidyo1
	0.45
	0.30
	0.35
	-10.41
	-11.77
	-12.72

	Vidyo3
	-0.22
	0.01
	0.25
	5.42
	-0.88
	-10.23

	Vidyo4
	0.16
	0.37
	0.44
	-4.47
	-15.57
	-16.66

	Average
	0.13
	0.23
	0.35
	-3.15
	-9.41
	-13.20


Table 3.9: BD-PSNR and Rate results against Gamma type anchor for Class B.
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	Kimono
	1.88
	0.66
	0.70
	-40.88
	-30.50
	-30.37

	ParkScene
	0.93
	0.41
	0.31
	-22.40
	-21.20
	-19.98

	Cactus
	0.94
	0.41
	0.73
	-25.82
	-27.21
	-27.39

	BasketballDrive
	1.44
	0.93
	1.12
	-33.51
	-34.18
	-32.39

	BQTerrace
	1.03
	0.37
	0.44
	-33.32
	-27.03
	-29.94

	Average
	1.24
	0.56
	0.66
	-31.18
	-28.02
	-28.02


Table 3.10: BD-PSNR and Rate results against Gamma type anchor for Class C.
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	BasketballDrill
	0.83
	0.98
	1.12
	-19.58
	-32.53
	-33.35

	BQMall
	1.19
	0.59
	0.68
	-22.44
	-21.24
	-21.80

	PartyScene
	0.62
	0.42
	0.37
	-17.20
	-22.39
	-20.63

	RaceHorses WVGA
	0.64
	0.58
	0.68
	-15.60
	-24.83
	-25.61

	Average
	0.82
	0.64
	0.71
	-18.71
	-25.25
	-25.35


Table 3.11: BD-PSNR and Rate results against Gamma type anchor for Class D.
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	BasketballPass
	0.77
	0.44
	0.65
	-15.33
	-14.96
	-17.83

	BQSquare
	0.58
	0.07
	0.22
	-16.71
	0.32
	-11.20

	BlowingBubbles
	0.46
	0.36
	0.34
	-11.46
	-16.18
	-16.64

	RaceHorses WQVGA
	0.28
	0.34
	0.34
	-5.51
	-10.94
	-10.51

	Average
	0.52
	0.30
	0.39
	-12.25
	-10.44
	-14.05


Table 3.12: BD-PSNR and Rate results against Gamma type anchor for Class E.
	Sequence
	BD-PSNR dB
	BD-Rate %

	
	Y
	U
	V
	Y
	U
	V

	Vidyo1
	1.57
	0.91
	1.26
	-32.07
	-34.49
	-38.26

	Vidyo3
	0.99
	0.80
	0.92
	-20.88
	-32.29
	-32.84

	Vidyo4
	1.44
	1.26
	1.50
	-30.99
	-38.73
	-41.11

	Average
	1.33
	0.99
	1.23
	-27.98
	-35.17
	-37.40


3.2 Constraint set 1 configuration relative to Alpha anchor

The Constraint set 1 configuration described below was used for generating submitted bitstreams and is very similar to that used for Alpha anchor bitstreams. The differences are highlighted in boldface type.
· Hierarchical B pictures IbBbBbBbP (8) coding structure
· Open GOP structuring with an Intra picture every 24, 32, 48 and 64 pictures for 24 fps, 30 fps, 50 and 60 fps sequences, respectively

· num_reorder_frames = 3 ("GOP length 8") 

· max_ref_frames = 4

· QP scaling: QP (I picture), QP+1 (P picture), QP+2 (first B layer), QP+3 (second B layer), QP+4 (third B layer)
· Two reference pictures in reference picture list for P picture encoding* 
· One reference picture in each list for B picture encoding*
· CABAC, 8x8 transforms enabled

· Flat quantization weighting matrices

· RD Optimization enabled

· RDOQ enabled (fast mode, NUM=1)

· Adaptive rounding disabled

· Weighted prediction disabled

· Fast motion estimation (range 128x128)
· Frame-level multipass optimizations disabled
· Internal bit depth increase enabled (+4 bits)
· Large block size motion compensated predication enabled (32x32, 32x16, 16x32)
· 16x16 transform enabled
· Conditional joint deblocking-debanding filter enabled
· Comfort noise injection enabled
· Wiener filter enabled (Filter size is fixed to 5x5. Not block adaptive.)
* Note that in our JM16.2 based simulation with Constraint set 1 configuration, the BD-rate increase caused by the exclusion of small motion partitions (8x4, 4x8, 4x4) and the restriction of the number of reference pictures was on average 1.45%, and up to 4.27% for BQSquare.
3.2.1 Class A

The Constraint set 1 configuration described above was used.
3.2.2 Class B

The Constraint set 1 configuration described above was used.
3.2.3 Class C

The Constraint set 1 configuration described above was used.
3.2.4 Class D

The Constraint set 1 configuration described above was used.
3.2.5 Overall

The Constraint set 1 configuration described above was applied for all Classes.
3.3 Constraint set 2 configuration relative to Beta and Gamma anchors

The Constraint set 2 configuration described below was used for generating submitted bitstreams and is very similar to that used for Beta type anchor bitstreams except for the GOP structure and the number of reference frames. The differences are highlighted in boldface type. Note that in terms of the GOP structure and the number of reference frames, this configuration is the same as those for Gamma type anchor.

· IPPPP coding structure
· No random access refresh requirement (a single I frame as the first picture)
· num_reorder_frames = 0
· max_ref_frames = 2
· CABAC, 8x8 transforms enabled

· Flat quantization weighting matrices

· RD Optimization enabled

· RDOQ enabled (fast mode, NUM=1)

· Adaptive rounding disabled

· Weighted prediction disabled

· Fast motion estimation (range 128x128)
· Frame-level multipass optimizations disabled
· Internal bit depth increase disabled
· Large block size motion compensated predication enabled (32x32, 32x16, 16x32)
· 16x16 transform enabled
· Conditional joint deblocking-debanding filter enabled
· Comfort noise injection disabled
· Wiener filter enabled (Filter size is fixed to 5x5. Not block adaptive.)
3.3.1 Class B

The Constraint set 2 configuration described above was used.

3.3.2 Class C

The Constraint set 2 configuration described above was used.

3.3.3 Class D

The Constraint set 2 configuration described above was used.

3.3.4 Class E

The Constraint set 2 configuration described above was used.

3.3.5 Overall

The Constraint set 2 configuration described above was applied for all Classes.
4 Complexity analysis

4.1 Encoding time and measurement methodology

Microsoft Visual C++ 2005 with SP1 was used for compiling the video codec software, and two video encoding executables were generated: a 64-bit version executable for Class A and a 32-bit version executable for other Classes. By using time measure functions, time() and _ftime(), both video encoding executables determine frame-level encoding-time on the millisecond time scale and output the accumulation as an encoding-time measurement. Encoding-time measurements for submitted bitstreams of each Class was obtained by running one of the two video encoding executables on a Windows-based computer as listed in Table 4.14. The encoding-time measurements are shown in Table 4.1-4.5.

Table 4.1: Encoding-time for Class A sequences. 64-bit version executable was run on Windows-based computer with Core2 Quad 3.0GHz and 12GB RAM.
	Sequence
	Rate point
	Time msec

	
	
	Constraint set1
	Constraint set2

	Traffic
	1
	13,180,639 
	-

	
	2
	13,556,504 
	-

	
	3
	14,073,314 
	-

	
	4
	14,954,314 
	-

	
	5
	16,054,545 
	-

	People on Street
	1
	13,849,737 
	-

	
	2
	14,441,659 
	-

	
	3
	15,023,689 
	-

	
	4
	15,978,080 
	-

	
	5
	17,141,722 
	-

	Average
	-
	14,825,420 
	-


Table 4.2: Encoding-time for Class B sequences. 32-bit version executable was run on Windows-based computer with Core i7 2.97GHz and 12GB RAM.
	Sequence
	Rate point
	Time msec

	
	
	Constraint set1
	Constraint set2

	Kimono
	1
	12,640,975 
	7,567,054 

	
	2
	14,181,776 
	7,952,878 

	
	3
	16,624,283 
	8,228,670 

	
	4
	20,482,913 
	9,319,279 

	
	5
	21,876,979 
	9,788,323 

	ParkScene
	1
	13,389,585 
	7,526,058 

	
	2
	15,803,210 
	8,476,932 

	
	3
	16,384,936 
	8,976,010 

	
	4
	20,443,220 
	10,319,963 

	
	5
	21,807,901 
	11,247,433 

	Cactus
	1
	36,251,911 
	19,389,977 

	
	2
	39,151,483 
	19,924,611 

	
	3
	40,918,457 
	19,316,173 

	
	4
	40,263,483 
	24,228,054 

	
	5
	44,432,489 
	26,881,097 

	BasketballDrive
	1
	37,779,218 
	22,951,422 

	
	2
	30,757,991 
	24,468,745 

	
	3
	41,959,094 
	20,879,248 

	
	4
	41,023,946 
	17,425,292 

	
	5
	44,789,908 
	22,577,093 

	BQTerrace
	1
	42,269,204 
	25,890,807 

	
	2
	46,843,294 
	29,493,638 

	
	3
	47,918,925 
	23,187,811 

	
	4
	44,396,833 
	28,239,768 

	
	5
	52,009,037 
	33,648,888 

	Average
	-
	32,176,042
	17,916,209


Table 4.3: Encoding-time for Class C sequences. 32-bit version executable was run on Windows-based computer with Core i7 2.67GHz and 3GB RAM.
	Sequence
	Rate point
	Time msec

	
	
	Constraint set1
	Constraint set2

	BasketballDrill
	1
	5,943,355 
	3,667,244 

	
	2
	6,530,528 
	3,702,480 

	
	3
	8,540,406 
	5,696,448 

	
	4
	10,040,734 
	5,968,252 

	
	5
	10,602,389 
	6,343,472 

	BQMall
	1
	7,143,600 
	4,818,056 

	
	2
	9,141,609 
	5,992,478 

	
	3
	7,052,372 
	6,789,825 

	
	4
	11,411,290 
	7,268,394 

	
	5
	12,365,289 
	7,765,492 

	PartyScene
	1
	5,882,469 
	4,870,236 

	
	2
	6,487,290 
	5,279,363 

	
	3
	8,565,803 
	6,070,738 

	
	4
	10,038,068 
	6,486,983 

	
	5
	10,580,829 
	7,088,898 

	RaceHorses WVGA
	1
	5,062,463 
	2,543,676 

	
	2
	5,668,248 
	3,822,761 

	
	3
	6,454,007 
	3,992,615 

	
	4
	6,754,026 
	4,209,901 

	
	5
	7,240,544 
	4,497,674 

	Average
	-
	8,075,266
	5,343,749


Table 4.4: Encoding-time for Class D sequences. 32-bit version executable was run on Windows-based computer with Core2 Quad 2.40GHz and 3GB RAM.

	Sequence
	Rate point
	Time msec

	
	
	Constraint set1
	Constraint set2

	BasketballPass
	1
	1,935,410 
	1,225,327 

	
	2
	2,023,993 
	1,281,079 

	
	3
	2,096,567 
	1,334,879 

	
	4
	2,246,673 
	1,425,317 

	
	5
	2,462,252 
	1,568,499 

	BQSquare
	1
	1,866,122 
	1,281,535 

	
	2
	1,965,899 
	1,393,003 

	
	3
	2,045,658 
	1,486,797 

	
	4
	2,226,484 
	1,643,788 

	
	5
	2,490,089 
	1,861,957 

	BlowingBubbles
	1
	2,206,896 
	1,506,616 

	
	2
	2,290,968 
	1,610,955 

	
	3
	2,382,148 
	1,710,187 

	
	4
	2,571,569 
	1,842,269 

	
	5
	2,828,481 
	1,995,344 

	RaceHorses WQVGA
	1
	1,285,323 
	849,147 

	
	2
	1,370,417 
	906,813 

	
	3
	1,437,986 
	946,366 

	
	4
	1,579,571 
	1,036,253 

	
	5
	1,776,806 
	1,147,785 

	Average
	-
	2,054,466
	1,402,696


Table 4.5: Encoding-time for Class E sequences. 32-bit version executable was run on Windows-based computer with Core2 Quad 2.40GHz and 3GB RAM.

	Sequence
	Rate point
	Time msec

	
	
	Constraint set1
	Constraint set2

	Vidyo1
	1
	-
	10,080,955 

	
	2
	-
	10,419,896 

	
	3
	-
	10,455,191 

	
	4
	-
	10,893,643 

	
	5
	-
	11,583,849 

	Vidyo3
	1
	-
	10,004,940 

	
	2
	-
	10,352,187 

	
	3
	-
	10,561,904 

	
	4
	-
	10,912,843 

	
	5
	-
	11,286,150 

	Vidyo4
	1
	-
	9,812,651 

	
	2
	-
	10,112,162 

	
	3
	-
	10,279,867 

	
	4
	-
	10,679,036 

	
	5
	-
	11,187,217 

	Average
	-
	
	10,574,833


4.2 Decoding time and measurement methodology and comparison vs. anchor bitstreams decoded by JM 17.0
(Comparison to JM 17.0 should be with YUV output enabled and reference input disabled; additional reporting of speeds with the yuv output disabled is encouraged.)
Microsoft Visual C++ 2005 with SP1 was used for compiling the video codec software, and one video decoding (32-bit version) executable was generated. By using time measure functions, time() and _ftime(), the video decoding executable measures frame-level decoding-time on the millisecond time scale and output the accumulation as a decoding-time measurement. Decoding-time measurements for submitted bitstreams of each Class was measured by running the video decoding executable on the same Windows-based computer used for measuring Anchor decoding-time by JM17.0. (Note that YUV output was enabled and reference input was disabled.) The decoding time measurements for all Classes are shown in Table 4.6-4.13. (Note that JM17.0 uses QueryPerformanceCounter for measuring time. Although the QueryPerformanceCounter can retrieve the current value of the high-resolution performance counter, we believe that different counters in use will not differentiate the comparison between JM17.0 and Submission decoding-time measurements. )
Table 4.6: Decoding-time for Class A bitstreams measured by Windows-based computer with Core2 Quad 3.3GHz and 12GB RAM.
	Sequence
	Rate point
	Time msec

	
	
	Alpha Anchor
	Const. 1 Submission

	Traffic
	1
	21,588 
	96,187 

	
	2
	21,673 
	97,594 

	
	3
	22,835 
	100,078 

	
	4
	24,490 
	104,376 

	
	5
	27,061 
	111,344 

	People on Street
	1
	22,078 
	96,594 

	
	2
	22,892 
	100,406 

	
	3
	23,450 
	102,156 

	
	4
	24,605 
	104,063 

	
	5
	27,164 
	108,984 

	Average
	-
	23,784
	102,178


Table 4.7: Decoding-time for Constraint set 1 type Class B bitstreams measured by Windows-based computer with Core2 Quad 3.3GHz and 12GB RAM.
	Sequence
	Rate point
	Time msec

	
	
	Alpha Anchor
	Const. 1 Submission

	Kimono
	1
	22,909 
	128,188 

	
	2
	24,212 
	134,062 

	
	3
	25,435 
	142,156 

	
	4
	27,207 
	146,719 

	
	5
	28,984 
	155,250 

	ParkScene
	1
	22,517 
	120,391 

	
	2
	23,575 
	131,437 

	
	3
	25,058 
	136,171 

	
	4
	26,224 
	140,547 

	
	5
	27,621 
	143,765 

	Cactus
	1
	42,242 
	198,000 

	
	2
	43,324 
	214,172 

	
	3
	45,137 
	231,907 

	
	4
	46,275 
	246,797 

	
	5
	49,116 
	261,517 

	BasketballDrive
	1
	50,409 
	266,031 

	
	2
	49,415 
	280,094 

	
	3
	51,729 
	288,298 

	
	4
	54,115 
	295,063 

	
	5
	56,752 
	300,249 

	BQTerrace
	1
	58,995 
	304,078 

	
	2
	58,882 
	314,703 

	
	3
	60,156 
	323,125 

	
	4
	61,529 
	329,500 

	
	5
	63,724 
	334,531 

	Average
	-
	41,822
	222,670


Table 4.8: Decoding-time for Constraint set 1 type Class C bitstreams measured by Windows-based computer with Core2 Quad 3.3GHz and 12GB RAM.
	Sequence
	Rate point
	Time msec

	
	
	Alpha Anchor
	Const. 1 Submission

	BasketballDrill
	1
	7,014 
	30,625 

	
	2
	7,166 
	31,781 

	
	3
	7,541 
	34,219 

	
	4
	8,062 
	39,422 

	
	5
	8,318 
	45,422 

	BQMall
	1
	9,121 
	42,078 

	
	2
	9,098 
	44,906 

	
	3
	9,615 
	48,891 

	
	4
	10,129 
	53,594 

	
	5
	10,585 
	59,469 

	PartyScene
	1
	7,350 
	40,703 

	
	2
	7,796 
	44,860 

	
	3
	8,058 
	47,766 

	
	4
	8,653 
	49,921 

	
	5
	9,219 
	52,047 

	RaceHorses WVGA
	1
	4,932 
	22,282 

	
	2
	5,077 
	22,813 

	
	3
	5,551 
	24,422 

	
	4
	5,772 
	27,656 

	
	5
	6,205 
	30,921 

	Average
	
	7,763
	39,690


Table 4.9: Decoding-time for Constraint set 1 type Class D bitstreams measured by Windows-based computer with Core2 Quad 3.3GHz and 12GB RAM.

	Sequence
	Rate point
	Time msec

	
	
	Alpha Anchor
	Const. 1 Submission

	BasketballPass
	1
	1,716 
	8,641 

	
	2
	1,858 
	9,422 

	
	3
	1,950 
	10,063 

	
	4
	2,295 
	11,578 

	
	5
	2,390 
	12,531 

	BQSquare
	1
	2,199 
	14,719 

	
	2
	2,117 
	14,891 

	
	3
	2,195 
	15,141 

	
	4
	2,684 
	15,594 

	
	5
	3,192 
	16,579 

	BlowingBubbles
	1
	1,463 
	9,094 

	
	2
	2,018 
	10,063 

	
	3
	1,903 
	11,016 

	
	4
	2,014 
	12,719 

	
	5
	2,585 
	13,437 

	RaceHorses WQVGA
	1
	1,059 
	5,734 

	
	2
	1,472 
	5,937 

	
	3
	1,526 
	6,469 

	
	4
	1,469 
	7,188 

	
	5
	2,040 
	8,235 

	Average
	-
	2,007
	10,953


Table 4.10: Decoding-time for Constraint set 2 type Class B bitstreams measured by Windows-based computer with Core2 Quad 3.3GHz and 12GB RAM.
	Sequence
	Rate point
	Time msec

	
	
	Beta Anchor
	Gamma Anchor
	Const. 2 Submission

	Kimono
	1
	19,228 
	18,626 
	117,156 

	
	2
	20,518 
	19,756 
	123,562 

	
	3
	22,036 
	21,476 
	132,156 

	
	4
	23,522 
	22,995 
	135,484 

	
	5
	25,263 
	24,616 
	144,937 

	ParkScene
	1
	18,151 
	17,551 
	109,656 

	
	2
	19,748 
	19,161 
	117,844 

	
	3
	21,053 
	20,400 
	122,954 

	
	4
	22,739 
	22,162 
	121,687 

	
	5
	24,593 
	24,131 
	122,922 

	Cactus
	1
	37,331 
	36,459 
	187,749 

	
	2
	38,312 
	37,650 
	194,875 

	
	3
	39,955 
	41,158 
	205,000 

	
	4
	42,181 
	40,796 
	211,547 

	
	5
	45,243 
	44,122 
	213,469 

	BasketballDrive
	1
	39,254 
	37,795 
	234,265 

	
	2
	41,431 
	40,435 
	249,735 

	
	3
	44,465 
	42,639 
	266,609 

	
	4
	48,266 
	45,675 
	279,297 

	
	5
	49,809 
	48,079 
	289,547 

	BQTerrace
	1
	46,459 
	45,140 
	251,375 

	
	2
	48,146 
	46,694 
	258,235 

	
	3
	50,418 
	49,006 
	262,328 

	
	4
	53,402 
	51,724 
	280,500 

	
	5
	56,511 
	54,800 
	291,797 

	Average
	
	35,921
	34,922
	196,987


Table 4.11: Decoding-time for Constraint set 2 type Class C bitstreams measured by Windows-based computer with Core2 Quad 3.3GHz and 12GB RAM.
	Sequence
	Rate point
	Time msec

	
	
	Beta Anchor
	Gamma Anchor
	Const. 2 Submission

	BasketballDrill
	1
	5,926 
	6,014 
	27,860 

	
	2
	6,075 
	6,050 
	29,094 

	
	3
	6,697 
	6,179 
	32,187 

	
	4
	7,412 
	6,974 
	36,359 

	
	5
	7,955 
	7,600 
	36,937 

	BQMall
	1
	7,633 
	7,289 
	41,125 

	
	2
	7,763 
	8,075 
	43,407 

	
	3
	8,087 
	7,920 
	45,797 

	
	4
	8,720 
	8,580 
	47,921 

	
	5
	9,620 
	9,427 
	50,344 

	PartyScene
	1
	6,153 
	5,991 
	33,157 

	
	2
	6,598 
	6,602 
	34,328 

	
	3
	7,338 
	7,240 
	35,657 

	
	4
	7,766 
	7,589 
	38,781 

	
	5
	8,613 
	8,103 
	41,766 

	RaceHorses WVGA
	1
	4,159 
	4,345 
	23,595 

	
	2
	4,619 
	4,189 
	25,218 

	
	3
	4,890 
	4,775 
	27,671 

	
	4
	5,413 
	5,288 
	30,328 

	
	5
	5,932 
	5,411 
	33,234 

	Average
	-
	6,868
	6,682
	35,738


Table 4.12: Decoding-time for Constraint set 2 type Class D bitstreams measured by Windows-based computer with Core2 Quad 3.3GHz and 12GB RAM.
	Sequence
	Rate point
	Time msec

	
	
	Beta Anchor
	Gamma Anchor
	Const. 2 Submission

	BasketballPass
	1
	1,618 
	1,658 
	8,750 

	
	2
	1,684 
	1,772 
	9,703 

	
	3
	1,788 
	1,737 
	10,015 

	
	4
	2,009 
	1,843 
	10,766 

	
	5
	2,529 
	2,159 
	10,610 

	BQSquare
	1
	1,705 
	1,836 
	11,547 

	
	2
	1,860 
	2,271 
	12,156 

	
	3
	2,300 
	1,847 
	12,577 

	
	4
	2,479 
	2,418 
	12,922 

	
	5
	2,844 
	2,602 
	13,219 

	BlowingBubbles
	1
	1,620 
	1,136 
	7,844 

	
	2
	1,715 
	1,646 
	8,593 

	
	3
	1,760 
	1,809 
	8,984 

	
	4
	2,002 
	2,177 
	9,656 

	
	5
	2,611 
	2,208 
	9,750 

	RaceHorses WQVGA
	1
	974 
	840 
	6,329 

	
	2
	1,417 
	1,000 
	7,000 

	
	3
	1,277 
	1,481 
	7,375 

	
	4
	1,652 
	1,370 
	8,078 

	
	5
	1,975 
	1,801 
	8,281 

	Average
	-
	1,891
	1,781
	9,708


Table 4.13: Decoding-time for Class E bitstreams measured by Windows-based computer with Core2 Quad 3.3GHz and 12GB RAM.
	Sequence
	Rate point
	Time msec

	
	
	Beta Anchor
	Gamma Anchor
	Const. 2 Submission

	Vidyo1
	1
	14,598 
	15,679 
	69,001 

	
	2
	15,084 
	15,833 
	71,812 

	
	3
	15,232 
	15,844 
	73,828 

	
	4
	15,659 
	16,032 
	78,532 

	
	5
	16,570 
	16,695 
	87,158 

	Vidyo3
	1
	14,935 
	15,422 
	84,187 

	
	2
	15,036 
	15,428 
	90,313 

	
	3
	15,013 
	15,468 
	94,063 

	
	4
	15,990 
	15,724 
	98,672 

	
	5
	16,765 
	16,574 
	101,893 

	Vidyo4
	1
	15,249 
	14,942 
	74,938 

	
	2
	14,993 
	15,267 
	77,906 

	
	3
	15,003 
	15,363 
	78,922 

	
	4
	15,713 
	15,843 
	83,609 

	
	5
	16,620 
	16,730 
	88,437 

	Average
	-
	15,497
	15,790
	83,551


4.3 Description of computing platform used to determine encoding and decoding times

Microsoft Visual C++ 2005 with SP1 was used for compiling the video codec software. Two video encoding executables were generated: a 64-bit version executable for Class A and a 32-bit version executable for other Classes. One video decoding (32-bit version) executable was generated for decoding all Classes. Multi-core parallel processing is not implemented in the video codec software. Each of the executables was run on the different computing platform as shown in the following Table. 
Table 4.14: Computing platforms and their usages.
	Computing platform
	Usage

	Windows XP 64-bit Professional

Core i7 3.3GHz and Memory 12GB
	Anchor and submission decoding. Only one decoding was run at the same time.

	Windows Vista 64-bit Business

Core2 Quad 3.0GHz and Memory 12GB
	Class A encoding by 64-bit version executable. Up to 4 encodings were run at the same time.

	Windows Vista 64-bit Business

Core i7 2.93GHz and Memory 12GB
	Class B encoding 32-bit version executable. Up to 8 encodings were run at the same time.

	Windows Vista 32-bit Business

Core i7 2.67GHz and Memory 3GB
	Class C encoding 32-bit version executable. Up to 8 encodings were run at the same time.

	Windows XP 32-bit Professional
Core2 Quad 2.40GHz and Memory 3GB
	Class D and E encoding 32-bit version executable. Up to 4 encodings were run at the same time.


4.4 Expected memory usage of encoder

We first consider the size of macroblock-layer data which are stored for in-loop filter, CABAC, and B-picture coding in the proposed codec. The macroblock-layer data, its size in byte, and usages are tabulated in Table 4.15. Although some of the macroblock data in Table 4.15 can be represented with less data size, we believe that it is reasonably useful to understand the expected memory usage of encoder.
Table 4.15: List of macroblock layer data, its size in byte, and usages in the proposed codec. 

	Macroblock-layer data
	One data size byte
	# of data
	Total data size byte
	Usages

	slice_id *1
	4
	1
	4
	In-loop filter

	mb_skip_flag
	1
	1
	1
	In-loop filter and CABAC

	mb_type
	1
	1
	1
	In-loop filter, CABAC, and B-picture coding

	CBP*2
	2
	1
	2
	In-loop filter and CABAC

	transform_size_8x8_flag
	1
	1
	1
	In-loop filter and CABAC

	mb_qp_delta
	1
	1
	1
	CABAC

	mb_qp
	1
	1
	1
	In-loop filter

	ref_idx_l0
	1
	4
	4
	In-loop filter, CABAC, and B-picture coding

	ref_idx_l1
	1
	4
	4
	In-loop filter, CABAC, and B-picture coding

	mvd_l0_x*3,*4
	2
	4
	8
	CABAC

	mvd_l0_y*3,*4
	2
	4
	8
	CABAC

	mvd_l1_x*3,*4
	2
	4
	8
	CABAC

	mvd_l1_y*3,*4
	2
	4
	8
	CABAC

	mv_l0_x*3
	2
	4
	8
	In-loop filter and B-picture coding

	mv_l0_y*3
	2
	4
	8
	In-loop filter and B-picture coding

	mv_l1_x*3
	2
	4
	8
	In-loop filter and B-picture coding

	mv_l1_y*3
	2
	4
	8
	In-loop filter and B-picture coding

	Total MB-layer data size for In-loop filter
	
	50 bytes
	

	Total MB-layer data size for CABAC
	
	46 bytes
	

	Total MB-layer data size for B-picture
	
	41 bytes
	

	
	
	
	
	

	
	*1   We assumed the case that each macroblock of 8Kx4K is encoded in a separate slice. 
*2   One bit for 4x4 block for in-loop filter process.

*3   We assumed that motion vectors lie in the range of [-2048:2047].
*4   We assumed the motion vector differences for CABAC are stored without modification.


As it can be deduced from Table 4.15, motion information occupies the large portion of the total macroblock-layer data sizes because of its large number of data per macroblock. The amount of motion information in the proposed codec is one fourth of that in the H.264/MPEG-4 AVC standard, as the smallest motion partition size supported by the syntax in the proposed codec is four times larger than that supported by the H.264/MPEG-4 AVC standard. Consequently the total macroblock-layer data sizes in the proposed codec are roughly one-fourth of those in the H.264/MPEG-4 AVC standard which are tabulated in Table 4.16. In particular, storage requirement of 41 bytes for B-picture is reasonably small for transcending systems based on [36], in which approximately 64bytes per macroblock are available to convey coded information along with associated decoded video signal via SMPTE 4:2:2 component digital interface.

Table 4.16: List of macroblock layer data, its size in byte, and usages in H.264/MPEG-4 AVC. 

	Macroblock-layer data
	One data size byte
	# of data
	Total data size byte
	Usages

	slice_id
	4
	1
	4
	In-loop filter

	mb_skip_flag
	1
	1
	1
	In-loop filter and CABAC

	mb_type
	1
	1
	1
	In-loop filter, CABAC, and B-picture coding

	CBP
	2
	1
	2
	In-loop filter and CABAC

	transform_size_8x8_flag
	1
	1
	1
	In-loop filter and CABAC

	mb_qp_delta
	1
	1
	1
	CABAC

	mb_qp
	1
	1
	1
	In-loop filter

	ref_idx_l0
	1
	16
	16
	In-loop filter, CABAC, and B-picture coding

	ref_idx_l1
	1
	16
	16
	In-loop filter, CABAC, and B-picture coding

	mvd_l0_x
	2
	16
	32
	CABAC

	mvd_l0_y
	2
	16
	32
	CABAC

	mvd_l1_x
	2
	16
	32
	CABAC

	mvd_l1_y
	2
	16
	32
	CABAC

	mv_l0_x
	2
	16
	32
	In-loop filter and B-picture coding

	mv_l0_y
	2
	16
	32
	In-loop filter and B-picture coding

	mv_l1_x
	2
	16
	32
	In-loop filter and B-picture coding

	mv_l1_y
	2
	16
	32
	In-loop filter and B-picture coding

	Total MB-layer data size for In-loop filter
	
	170 bytes
	

	Total MB-layer data size for CABAC
	
	166 bytes
	

	Total MB-layer data size for B-picture
	
	161 bytes
	


Next we consider the size of pixel data stored for in-loop filter and for encoding subsequent pictures by motion-compensated prediction. Obviously the pixel data size increases as the bit-depth increases. The bit-depth we used for IBDI-based encoding is 12 bits, and the pixel data are naively stored in a 16-bit array in the current software implementation. The total pixel data size is twice as large in the proposed codec as in the H.264/MPEG-4 AVC standard. It should be noted here that in addition to the pixel data increase due to the IBDI, the proposed in-loop filter process with a straightforward implementation requires additional one frame memory for the Wiener filter. However, we believe that this additional one frame memory is acceptable. 
The summary about the expected memory usage of encoder is that for each of macroblocks of reference frames stored for subsequent picture encoding, the proposed codec requires 809 bytes (768 and 41) which is roughly 1.5 times larger than 545 bytes (384 and 161) of the H.264/MPEG-4 AVC standard. (Note that in the current software implementation, the expected memory usage of encoder actually is much larger. There are three main reasons: motion information is still stored on a 4x4 block basis, up-sampled pixel data is stored for reducing the computational load in quarter-pel precision motion vector search, and picture order count information with 64-bit precision is stored in addition to the corresponding 4x4 block reference picture index information. )
4.5 Expected memory usage of decoder

As the expected memory usage of encoder, the proposed decoder requires 1.5 times larger memory size than that of the H.264/MPEG-4 AVC standard regarding to each macroblock of reference frames; the proposed decoder with a straightforward implementation also needs one additional frame memory for its in-loop filter process.
4.6 Complexity characteristics of encoder motion estimation and motion segmentation selection

As in the descriptions of Constraint set 1 and 2 configurations, two reference pictures are used for motion estimation and motion segmentation selection. And also, a 16-bit array is used to store pixel data during both Constraint set encoding. 
The motion estimation and motion segmentation selection are conducted by the Enhanced Predictive Zonal Search (EPZS) in [37] and the Rate-Distortion optimized mode decision in [38], respectively. The algorithm-level encoder complexity characteristics of motion estimation and motion segmentation selection are similar to those of H.264/MPEG-4 AVC encoders. 
4.7 Complexity characteristics of decoder motion compensation

A 16-bit array is used to store pixel data during both Constraint set decoding. The IBDI requires higher bit-precision for motion compensation interpolation process. The highest bit-precision at noninteger pixel positions in Figure 4 is 24-bit at the position “j” when the bit-depth of IBDI is 12. However, the highest bit-precision can be reduced by changing rounding operation in motion compensation interpolation process with some coding efficiency drop. 

The number of motion partition sizes is comparable to that of the H.264/MPEG-4 AVC standard; the motion compensation interpolation filter is based on invariant 6 coefficients and identical to the H.264/MPEG-4 standard. The algorithm-level decoder complexity characteristics of motion estimation are similar to those of the H.264/MPEG-4 AVC standard.
4.8 Complexity characteristics of encoder intra-frame prediction type selection

The numbers of intra-frame predictions and types are identical to those of the H.264/MPEG-4 AVC standard, and the intra-frame prediction type selection is conducted by the Rate-Distortion optimized mode decision. The algorithm-level encoder complexity characteristics of intra-frame prediction type selection are similar to those of H.264/MPEG-4 AVC encoders. 

4.9 Complexity characteristics of decoder intra-frame prediction operation

The numbers of intra-frame predictions and types are identical to those of the H.264/MPEG-4 AVC standard. The algorithm-level decoder complexity characteristics of intra-frame prediction operations are similar to those of the H.264/MPEG-4 AVC standard.
4.10 Complexity characteristics of encoder transforms and transform type selection

Since the complexity of the 4x4 and 8x8 ICTs are described in [13] and [14] respectively, we only describe proposed 16x16 ICT complexity characteristics.
Given 8-bit input image, the highest dynamic range at each step of the 16x16 ICT associated operations, is listed in Table 4.17. Note that m=QP%6, n=QP/6 + bIBDI where bIBDI is the bit-depth increase associated with IBDI, and q and r are elements of CoeffQuant and LevelDequent, respectively. 
As for the number of arithmetic operations, one transform coefficient requires 16 multiplications and 15 additions in each directional transform, due to blue force implementation, in which horizontal and vertical transforms are conducted by matrix multiplication, even though the number of arithmetic operations can be reduced by using a fast DCT computation algorithm as in [39]. In terms of the sample-depth and the number of arithmetic operations, the complexity of the proposed 16x16 ICT transform is too high relative to other 16x16 ICT transforms in [18] and [22]; however, the complexity expected to be reasonably lower than that of Mode Dependent Directional Transform (MDDT) in [40], in which eigenvector is used as a transform basis.
The transform type selection is conducted on the basis of the Rate-Distortion optimized mode decision. The algorithm-level encoder complexity characteristics of transform type selection are similar to those of the H.264/MPEG-4 AVC standard.
Table 4.17: Highest dynamic range at each step of transforms, scaling, quantization, inverse scaling, dequantization, inverse transforms, and normalization for 16x16 transform coefficients.
	Operation
	Highest dynamic range

	None

X
	9 (+ bIBDI)

	Horizontal transform

A = T16X
	18 (+ bIBDI)

	Vertical transform
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	27 (+ bIBDI)

	Scaling

C = qB
	36 (+ bIBDI)

	Quantization

D = (C + f 222+n)>>(22+n)
	14 – n

	Inverse scaling

E=rD
	19 – n 

	Inverse quantization 

F = (E + (1 << (3 – n))) >> (4 – n)  … if  n < 4

F = E << (n – 4)                … otherwise
	15 (+ bIBDI)

	Horizontal inverse-transform
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	15 (+ bIBDI)

	Vertical inverse-transform
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	15 (+ bIBDI)

	Normalization

I = (H + 32) >> 6
	9 (+ bIBDI)


4.11 Complexity characteristics of decoder inverse transform operation

In contrast to the sample-depth of encoder 16x16 ICT, that of decoder inverse 16x16 ICT is low. If the IBDI is not used, 16-bit decoder inverse 16x16 ICT implementation is possible as it can be seen from Table 4.17. On the other hand, the current decoder inverse 16x16 ICT requires similar number of arithmetic operations due to its blue force implementation. Therefore the complexity of the proposed inverse 16x16 ICT may be high relative to other inverse 16x16 ICT transforms in [18] and [22]; however, the complexity expected to lower than that of the inverse MDDT.
4.12 Complexity characteristics of encoder quantization and quantization type selection

The scalar quantization process in use is based on the RDOQ scheme. The algorithm-level complexity characteristics of encoder quantization are similar to those of the H.264/MPEG-4 AVC standard.
4.13 Complexity characteristics of decoder inverse quantization

As it can be seen from Table 4.17, the sample-depth for inverse quantization process is reasonably small and comparable to that of the H.264/AVC standard.
4.14 Complexity characteristics of encoder in-loop filtering type selection

As for the joint deblocking-debanding filtering process, if we assume that complexity characteristics can be determined from the number of pixels subjected to the filtering process, then the complexity characteristics of the joint deblocking-debanding filtering process are roughly comparable to those in the H.264/MPEG-4 AVC deblocking filtering process. As it may deduced from Figure 9, given each line of vertical (or horizontal) edges of a macroblock, up to 22 pixels (7+3+4+4+4) are filtered in the joint deblocking-debanding filtering process, while up to 18 pixels (3+3+4+4+4) are filtered the H.264/MPEG-4 AVC deblocking filtering process.
As for the comfort noise injection, it is expected that complexity characteristics are dominated by clipping operations of the comfort noise added pixels because pseudo noise based on the linear feedback shift register can be generated by few logical operations, as deduced from Figure 10. Such clipping operation per pixel requires only two comparison operations. It is expected that additional two comparison operations per pixel is acceptable in the next generation video coding devices.
As for the Wiener filter process in video encoding, the computational load is expected to be derivation process of auto-correlation, cross-correlation, and expectation in order to design the filter coefficient. However, the filter coefficient design is up to the encoder implementation, like motion estimation. Therefore we assume that even for encoders, the complexity characteristics are dominated by the Wiener filtering process. The Wiener filtering with symmetric 5x5 filter coefficients and a rounding parameter requires 13 multiplications, 15 additions, and 1 shift, in each pixel. The Wiener filtering is a linear processing, and it can be conducted by parallel processing. Therefore it is expected that the amount of arithmetic operations is acceptable in the next generation video coding devices. (Note that the number of filter coefficients should be limited to some appropriate number according to the video resolution or the level.)
4.15 Complexity characteristics of decoder in-loop filtering operation

With the same reason in 4.14, the complexity characteristics of the joint deblocking-debanding filtering process are roughly comparable to those in the H.264/MPEG-4 AVC deblocking filtering process.
Similarly, as for the comfort noise injection, dominant computational complexities are two comparison operations associated with a clipping operation. It is expected that additional two comparison operations per pixel is acceptable in the next generation video coding standard.
The Wiener filtering with symmetric 5x5 filter coefficients and a rounding parameter requires 13 multiplications, 15 additions, and 1 shift, in each pixel. The Wiener filtering is a linear processing, and it can be conducted by parallel processing. Therefore it is expected that the amount of arithmetic operations is acceptable in the next generation video coding devices as long as the number of filter coefficients is limited to some appropriate number with the decoder capability conscious.
4.16 Complexity characteristics of encoder entropy coding type selection

In the proposed codec, the CABAC engine in the H.264/MPEG-4 AVC standard is unchanged, and only additional contexts and corresponding initialization values are introduced. The number of the additional contexts needed to decode our submitted bistreams is only 71 as explained in Section 2. The complexity characteristics of encoder entropy encoding are similar to those of the H.264/MPEG-4 AVC CABAC.
4.17 Complexity characteristics of decoder entropy decoding operation

With the same reason in 4.16, the complexity characteristics of decoder entropy decoding operation are similar to those of the H.264/MPEG-4 AVC CABAC. 

4.18 Degree of capability for encoder parallel processing

The degree of capability for encoder parallel processing is expected to be comparable that for H.264/MPEG-4 AVC encoders. 

4.19 Degree of capability for decoder parallel processing

The degree of capability for decoder parallel processing is expected to be comparable that for H.264/MPEG-4 AVC decoders. 

5 Algorithmic characteristics

5.1 Random access characteristics

The random access characteristics of the proposal are identical to those of the H.264/MPEG-4 AVC standard. 
5.2 Delay characteristics

The delay characteristics of the proposal are identical to those of the H.264/MPEG-4 AVC standard.
6 Software implementation description

Our proposals regarding 16x16 ICT, conditional joint deblocking-debanding filter, and comfort noise injection were integrated into some C codes in the KTA software. If the C codes are required for further investigation, the modified portions along with a description how to integrate them into the KTA source codes will be offered. 
7 Highlighted aspects discussion

This contribution presented a video coding technology based on the new in-loop filter that integrates noise-shaping and noise-reduction mechanisms. As the noise-shaping mechanisms, the conditional joint deblocking-debanding filter and the comfort noise injection method masks signal-dependent noise with signal-independent noise, and the signal-independent noise is reduced by the Wiener filter. 
As for the conditional joint deblocking-debanding filter, the previous dithering filter in [26] was removed from the H.264/MPEG-4 AVC standard due to two reasons [41]: complexity due to the reordering of edge filtering, and debanding performance. The newly introduced conditional joint deblocking-debanding filter does not require any reordering of edge filtering. Furthermore, thanks to its parallel processing conscious design, sixteen edges of an intra-coded macroblock boundary can be filtered by parallel processing, and with an additional memory, each macroblock row in a picture can be filtered by parallel processing. We therefore believe that its complexity will not be an obstacle to introduce such a mechanism in in-loop filtering process. 

As for debanding reduction performance, we show that the new noise-shaping mechanism can significantly reduce banding artifacts in Kimono as shown Figures A.1-12 in Appendix A. Figures A.1 through A.4 compare the 144th I-frame of Alpha-type anchor and our proposal coded at 1.6Mbps. Significant reduction in banding artifacts can be observed in the proposal, while the PSNR of the proposal is higher than that of the anchor. Figures A.5 through A.8 compare the 144th I-frame of Alpha-type anchor coded at 6.0Mbps and our proposal coded at 1.6Mbps. We can also observe that even with about one fourth bitrates, the proposal shows better subjective quality in the sky regions due to the significant reduction in banding artifacts. From Figures A.8-12, we can observe that the proposal’s debanding effects persist in the subsequently appearing P-picture while the current implementation is still tailored for I-picture debanding. We therefore believe that debanding performance by proposal is promising. (The current implementation, of course, can be enhanced to reduce the banding artifacts in P- and B-pictures by aggressively exploiting comfort noise injection and the Wiener filter or by introducing P- and B-picture conscience noise-shaping mechanism as in [42].)

Based on the above discussion, a study of the proposed in-loop filter is recommended as a potential part of the next generation video coding standard. And also, by considering related technologies ordered dither and film grain generation in [43], a study of generalized syntax for the encoding noise parameters is recommended.
8 Closing remarks

This contribution presented a video coding technology based on a new in-loop filter that integrates noise-shaping and noise-reduction mechanisms. Simulation results verified that the combination of Key-Technical-Area (KTA) coding tools and the proposed in-loop filter lead to rate reductions 10.46%, 19.82%, 16.23%, and 14.04% in BD-rates relative to Alpha-type Class A, B, C, and D sequences, respectively. Representative video frames in which substantial signal-dependent noise reduction is achieved were also shown.
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Appendix A: Representative debanding-performance comparison
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Figure A.1: Kimono1 144th frame of Alpha-type anchor at 1.6 Mbit/s. 

(I-picture. QP=33. PSNR Y 37.330 dB. PSNR U 40.617 dB. PSNR V 41.268.)
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Figure A.2: Kimono1 144th frame of Alpha-type proposal at 1.6 Mbit/s. 

(I-picture. Qp=32. PSNR Y 38.000 dB. PSNR U 41.074 dB. PSNR V 41.724 dB.)
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Figure A.3: Enhanced version of Figure A.1. Banding artifacts appear on sky regions.
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Figure A.4: Enhanced version of Figure A.2. No banding artifacts appear. (Technically, banding artifacts were masked by random noise, and the masking noise was reduced by the Wiener filter.)
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Figure A.5: Kimono1 144th frame of Alpha-type anchor at 6 Mbit/s. 

(I-picture. QP=24. PSNR Y 41.594 dB. PSNR U 43.489 dB. PSNR V 44.351.)
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Figure A.6: Kimono1 144th frame of Alpha-type proposal at 1.6 Mbit/s. (The same as Figure A.2.)
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Figure A.7: Enhanced version of Figure A.5. Notice that banding artifacts on sky regions are perceptible even though video is coded at 6Mbps.
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Figure A.8: Enhanced version of Figure A.2. No banding artifacts appear. Notice that video is coded at 1.6Mbps.
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Figure A.9: Kimono1 152th frame of Alpha-type anchor at 6 Mbit/s. 

(P-picture. QP=24. PSNR Y 41.292 dB. PSNR U 43.392 dB. PSNR V 44.389 dB.)
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Figure A.10: Kimono1 144th frame of Alpha-type proposal at 1.6 Mbit/s. 

(P-picture. Qp=33. PSNR Y 37.535 dB. PSNR U 41.081 dB. PSNR V 41.806 dB.)
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Figure A.11: Enhanced version of Figure A.9. Banding artifacts on sky regions persist in the subsequent P-picture.
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Figure A.12: Enhanced version of Figure A.10. No banding artifacts appear in the subsequent P-picture.

Appendix B: Shape of BD rate fitting function and Rate-Distortion curve for BQSquare with Constraint set 2
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Figure B.1: Test points and its fitting function shape for U component in BQSquare.
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Figure B.2: Rate-Distortion Curve for BQSquare with Constraint set2.
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