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Abstract
This contribution proposes two modifications related to transform type signalling and residual coding for transform skip. The first modification includes aligning the cases in which transform skip (TS) and multiple transform selection (MTS) apply. This limits TS to luma transform blocks as well as extends it to transform block sizes up to 32x32. The second modification constitutes of a modified transform coefficient level coding for the TS residual. Relative to the regular residual coding case, the residual coding for TS includes no signalling of the last x/y position, coded_sub_block_flag coded for every subblock, sig_coeff_flag context modelling with reduced template, a single context model for abs_level_gt1_flag and par_level_flag, context modeling for the sign flag, additional greater than 5, 7, 9 flags, modified Rice parameter derivation for the remainder binarization and a limit for the number of context coded bins per sample. The proposed joint signalling (first modification) provides on average (BD-rate Y, enc. time, dec.time):
· Natural:   0.01%, 103%, 101% (AI),  -0.02%,  98%, 100% (RA),  -0.07%, 102%, 102% (LB)
· Class F: -1.96%, 103%,    97% (AI), -2.14%,   98%, 100% (RA), -2.79%, 103%,   99% (LB)
· TGM:    -8.04%, 106%,    88% (AI), -8.74%, 106%,   96% (RA), -9.21%, 112%,   97% (LB)
Additionally changing the residual coding for transform skip (first modification and second modification) results on average in (BD-rate Y, enc. time, dec.time):
· Natural: -0.16%, 103%, 100% (AI),    -0.07%,  98%, 101% (RA),   -0.07%, 101%, 101% (LB)
· Class F: -7.16%, 104%,   94% (AI),   -5.76%,   98%, 100% (RA),   -5.85%, 102%,   99% (LB)
· TGM:  -21.03%, 108%,   82% (AI), -15.57%, 105%,   94% (RA), -14.01%, 111%,   95% (LB)
v2 provides updated full frame results, details about the combined TS/MTS encoder search with results for different encoder operation points as well as draft text for unified TS/MTS syntax.
v3 corrects wrongly pasted results to match with the cross-check provided in JVET-M0708.
v4 adds additional results for the unified TS/MTS syntax with CPR enabled and adds transform skip size high-level signalling draft text in JVET-M0464-uniMTS-DraftText_r1.docx.
Introduction
This document proposes to address two inconsistencies/shortcomings in the current VVC design resulting in improved coding efficiency for screen content signals.
The first one relates to signalling of transform type information. When there are transform coefficients in the bitstream for a transform block (cbf=1), the current VVC draft specifies three syntax elements at different places in the bitstream to indicate transform type information:
· tu_mts_flag in the transform_unit( ) syntax structure which enables the usage of different transforms in horizontal and/or vertical direction for MTS. It applies to luma only (Y) and is restricted to transform block sizes up to 32x32.
· transform_skip_flag at the beginning of the residual_coding( ) syntax structure specifies that the parsed coefficient levels are not subject to transform. It applies for each transform block (Y,Cb,Cr) and is restricted to transform block sizes up to 4x4.
· mts_idx at the end of the residual_coding( ) syntax structure specifies whether DST-VII or DCT-VIII is used for horizontal and/or vertical directions in case MTS is used.
The second one relates to transform coefficient level coding. Current VVC residual coding is designed for the statistics and signal characteristics of transform coefficient levels (frequency domain) while the levels of a transform skip block represent the quantized prediction residual (spatial domain).
The following two changes are proposed to address the aforementioned shortcomings, which are further detailed in the following two sections:
· Unified Transform Type Signalling: One TU-level syntax element tu_mts_index with truncated unary binarization is used to indicate MTS and TS information for luma blocks up to 32x32.
· Transform Type-Dependent Coefficient Level Coding: The residual coding is modified to account for the different signal characteristics of the (spatial) transform skip residual which includes:
· no signalling of the last x/y position;
· coded_sub_block_flag coded for every subblock except for the DC subblock when all previous flags are equal to 0;
· sig_coeff_flag context modelling with reduced template;
· abs_level_gt1_flag and par_level_flag using only one context model;
· additional greater than 5, 7, 9 flags;
· modified rice parameter derivation for the remainder binarization;
· context modeling for the sign flag and parsing after sig_coeff_flag to keep all context coded bins together;
· bitstream restriction to limit the number of context coded bins per sample. 
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Syntax
The following table illustrates the modified syntax of the proposed joint syntax element tu_mts_idx compared to VVC Draft 3. 

	VVC Draft 3
	Proposed

	transform_unit( )
	transform_unit( )

		tu_cbf_luma
		tu_cbf_luma

	...
	

		if( ... tu_cbf_luma  &&  
		( tbWidth  <=  32 )  &&  
		( tbHeight  <=  32 ) ... )
		if( ... tu_cbf_luma  &&  
		( tbWidth  <=  32 )  &&  
		( tbHeight  <=  32 ) ... )

			tu_mts_flag
			tu_mts_idx

	residual_coding( cIdx )
	

		if( ( cIdx ! = 0  | |  !tu_mts_flag )  &&
		( log2TbWidth  <=  2 )  &&  
		( log2TbHeight  <=  2 ) )
	

			transform_skip_flag[ cIdx ]
	

		... /* coefficient parsing */ ...
	

		if(  tu_mts_flag  &&  cIdx  = =  0  )
	

			mts_idx
	



Instead of parsing the MTS flag first, then the TS flag followed by fixed length coding with 2 bins for the MTS index, the new joint syntax element tu_mts_idx uses truncated unary binarization. The first bin indicates TS, the second MTS and all following the MTS index. The complete semantics and binarization is shown in the following table:

	tu_mts_idx
	transform type
	binarization

	
	horizontal
	vertical
	MTS & TS enabled
	MTS enabled
	TS enabled

	0
	SKIP
	SKIP
	0
	-
	0

	1
	DCT-II
	DCT-II
	10
	0
	1

	2
	DST-VII
	DST-VII
	110
	10
	-

	3
	DCT-VIII
	DST-VII
	1110
	110
	-

	4
	DST-VII
	DCT-VIII
	11110
	1110
	-

	5
	DCT-VIII
	DCT-VIII
	11111
	1111
	-


The number of context models is not changed and the assignment of the context index increment ctxInc to each bin of tu_mts_idx is as follows:

	Syntax element
	binIdx

	
	0
	1
	2
	3
	4
	>=  5

	tu_mts_idx
(MTS & TS)
	0
	1...6
(1 + cqtDepth)
	7
	8
	9
	na

	tu_mts_idx
(MTS)
	1...6
(1 + cqtDepth)
	7
	8
	9
	na
	na

	tu_mts_idx
(TS)
	0
	na
	na
	na
	na
	na



Encoder Search
The selection of transform modes in VTM-3.0 consists of two stages incorporating a fast encoder search algorithm. For the All-Intra configuration, the actual implementation is as follows:
· In the first stage, tu_mts_flag is set equal to 0 and the best N intra prediction modes after fast Hadamard search are tested using full RD costs. For each prediction mode, the full RD search checks the DCT-II and transform skip with full quantization and residual coding. The RD costs for each mode are stored in a list of length N.
· In the second stage, tu_mts_flag is set equal to 1, a subset of the same N intra prediction modes are checked with all four MTS transforms. The subset is constructed as follows: The modes are excluded by comparing the DCT-II costs of the current mode with the best DCT-II mode stored in the first stage. The subset contains only modes, whose DCT-II costs are less than a threshold times the DCT-II costs of the best mode.
For Inter-CU, the selection of transforms is based on the same procedure. However, there are no implemented speed-ups, i.e., the encoder checks the DCT-II and transform skip at first and at stage 2 all MTS transforms. Note that MTS is disabled for Inter in the CTC. It is noted that the speed-up is not implemented for Intra-CUs, rather, it is constrained to the All-Intra temporal configuration.
The proposed unified MTS syntax requires changes in the encoder search algorithm since there is one syntax element for TS and MTS, tu_mts_index, which is located at TU level. First, all MTS related code in the encoder search is removed. Instead, the selection of the transform modes is embedded in the residual coding stage of Intra and Inter, which are xRecurIntraCodingLumaQT and xEstimateInterResidualQT. A fast encoder search algorithm is implemented and used for both Intra- and Inter-CUs, i.e., the temporal configuration dependency is removed. This consists of:
· First, the L1 norm for all 6 candidates (DCT-II, TS, existing 4 MTS modes) is calculated. 
· Second, transforms with L1 norm greater than a specific multiple of the DCT-II L1 norm are excluded for further testing. Out of these, maximum Nt transforms are further tested in addition to the DCT-II using full RD costs. 
Experimental results are provided for Nt=2,3,4,5.
[bookmark: _Ref534218260]Residual Coding for Transform Skip
In order to adapt the residual coding to the statistics and signal characteristics of the transform skip levels, which represent the quantized prediction residual (spatial domain), it is proposed to modify the following:
No last significant scanning position: Since the residual signal reflects the spatial residual after the prediction and no energy compaction by transform is performed for TS, the higher probability for trailing zeros or insignificant levels at the bottom right corner of the transform block is not given anymore. Thus, last significant scanning position signalling is omitted in this case. Instead, the first subblock to be processed is the most bottom right subblock within the transform block.
Subblock CBFs: The absence of the last significant scanning position signalling requires the subblock CBF signalling with coded_sub_block_flag for TS to be modified as follows:
· Due to quantization, the aforementioned sequence of insignificance may still occur locally inside a transform block. Thus, the last significant scanning position is removed as described before and coded_sub_block_flag is coded for all sub-blocks.
· The coded_sub_block_flag for the subblock covering the DC frequency position (top-left subblock) presents a special case. In VVC Draft 3, the coded_sub_block_flag for this subblock is never signaled and always inferred to be equal to 1. When the last significant scanning position is located in another subblock, it means that there is at least one significant level outside the DC subblock. Consequently, the DC subblock may contain only zero/non-significant levels although the coded_sub_block_flag for this subblock is inferred to be equal to 1. With the absence of the last scanning position information in TS, the coded_sub_block_flag for each subblock is signaled. This also includes the coded_sub_block_flag for the DC subblock except when all other coded_sub_block_flag syntax elements are already equal to 0. In this case, the DC coded_sub_block_flag is inferred to be equal to 1 (inferDcSbCbf=1). Since there has to be at least one significant level in this DC subblock, the sig_coeff_flag syntax element for the first position at (0,0) is not signaled and derived to be equal to 1 (inferSbDcSigCoeffFlag=1) instead if all other sig_coeff_flag syntax elements in this DC subblock are equal to 0. 
· The context modeling for coded_sub_block_flag is changed. The context model index is calculated as the sum of the coded_sub_block_flag to the right and the coded_sub_block_flag below the current subblock instead of and a logical disjunction of both.
sig_coeff_flag context modelling: The local template in sig_coeff_flag  context modeling is modified to only include the neighbor to the right (NB0) and the neighbor below (NB1) the current scanning position. The context model offset is just the number of significant neighboring positions sig_coeff_flag[NB0] + sig_coeff_flag[NB1]. Hence, the selection of different context sets depending on the diagonal  within the current transform block is removed. This results in three context models and a single context model set for coding the sig_coeff_flag flag.
abs_level_gt1_flag and par_level_flag context modelling: a single context model is employed for abs_level_gt1_flag and par_level_flag.
abs_remainder coding: Although the empirical distribution of the transform skip residual absolute levels typically still fits a Laplacian or a Geometrical distribution, there exist larger instationarities than for transform coefficient absolute levels. Particularly, the variance within a window of consecutive realization is higher for the residual absolute levels. This motivates the following modifications of the abs_remainder syntax binarization and context modelling:
· Using a higher cutoff value in the binarization, i.e., the transition point from the coding with sig_coeff_flag, abs_level_gt1_flag, par_level_flag, and abs_level_gt3_flag to the Rice codes for abs_remainder, and dedicated context models for each bin position yields higher compression efficiency. Increasing the cutoff will result in more "greater than X" flags, e.g. introducing abs_level_gt5_flag, abs_level_gt7_flag, and so on until a cutoff is reached. The cutoff itself is fixed to 5 (numGtFlags=5).
· The template for the rice parameter derivation is modified, i.e., only the neighbor to the left and the neighbor below the current scanning position are considered similar to the local template for sig_coeff_flag context modeling.
coeff_sign_flag context modelling: Due to the instationarities inside the sequence of signs and the fact that the prediction residual is often biased, the signs can be coded using context models, even when the global empirical distribution is almost uniformly distributed. A single dedicated context model is used for the coding of the signs and the sign is parsed after sig_coeff_flag to keep all context coded bins together.
Reduction of context coded bins: The first scanning pass, i.e., the transmission of the sig_coeff_flag, abs_level_gt1_flag, and par_level_flag syntax elements, is unchanged. However, the limit on the maximum number of context coded bins per sample (CCBs) is removed and handled differently. The reduction of CCBs can be guaranteed by specifying a mode with CCB > k as invalid with k being a positive integer number. Note that k=2 for the regular level coding mode of the current VVC development. Such a limitation corresponds to a reduction of the quantization space. 
The complete transform skip residual coding syntax is as follows:
	residual_ts_coding( x0, y0, log2TbWidth, log2TbHeight, cIdx ) {
	Descriptor

		log2SbSize = ( Min( log2TbWidth, log2TbHeight ) < 2  ?  1  :  2 )
	

		numSbCoeff = 1 << ( log2SbSize << 1 )
	

		lastSubBlock = ( 1  <<  ( log2TbWidth + log2TbHeight − 2 * log2SbSize ) ) − 1
	

	/* Loop over subblocks from last  to the top-left (DC) subblock */
	

		inferDcSbCbf = 1
	

		for( i = lastSubBlock; i  >=  0; i− − ) {
	

			xS = DiagScanOrder[ log2TbWidth − log2SbSize ][ log2TbHeight − log2SbSize ][ lastSubBlock ][ 0 ]
	

			yS = DiagScanOrder[ log2TbWidth − log2SbSize ][ log2TbHeight − log2SbSize ][ lastSubBlock ][ 1 ]
	

			if( ( i > 0  | |  !inferDcSbCbf )
	

				coded_sub_block_flag[ xS ][ yS ]
	ae(v)

			if( coded_sub_block_flag[ xS ][ yS ]  &&  i > 0 )
	

				inferDcSbCbf = 0
	

			}
	

		/* First scan pass */
	

			inferSbDcSigCoeffFlag = 1
	

			for( n = ( i  = =  numSbCoeff − 1; n  >=  0; n− − )  {
	

				xC = ( xS << log2SbSize ) + DiagScanOrder[ log2SbSize ][ log2SbSize ][ n ][ 0 ] 
	

				yC = ( yS << log2SbSize ) + DiagScanOrder[ log2SbSize ][ log2SbSize ][ n ][ 1 ]
	

				if( coded_sub_block_flag[ xS ][ yS ]  &&  ( n > 0  | |  !inferSbDcSigCoeffFlag ) )  {
	

					sig_coeff_flag[ xC ][ yC ]
	ae(v)

					if( sig_coeff_flag[ xC ][ yC ] )
	

						inferSbDcSigCoeffFlag = 0
	

				}
	

				if( sig_coeff_flag[ xC ][ yC ] )  {
	

					coeff_sign_flag[ n ]
	ae(v)

					abs_level_gtX_flag[ n ][ 0 ]
	ae(v)

					if( abs_level_gtX_flag[ n ][ 0 ] )
	

						par_level_flag[ n ]
	ae(v)

				}
	

				AbsLevelPassX[ xC ][ yC ] = 
					sig_coeff_flag[ xC ][ yC ] + par_level_flag[ n ] + abs_level_gtX_flag[ n ][ 0 ]
	

			}
	

		/* Greater than X scan passes (numGtXFlags=5) */
	

			for( i = 1; i  <=  numGtXFlags − 1 && abs_level_gtX_flag[ n ][ i − 1 ] ; i++ ) {
	

				for( n = numSbCoeff − 1; n  >=  0; n− − ) {
	

					xC = ( xS << log2SbSize ) + DiagScanOrder[ log2SbSize ][ log2SbSize ][ n ][ 0 ] 
	

					yC = ( yS << log2SbSize ) + DiagScanOrder[ log2SbSize ][ log2SbSize ][ n ][ 1 ]
	

					abs_level_gtX_flag[ n ][ i ]
	ae(v)

					AbsLevelPassX[ xC ][ yC ] + = 2 * abs_level_gtX_flag[ n ][ i ]
	

				}
	

			}
	

		/* remainder scan pass */
	

			for( n = numSbCoeff − 1; n  >=  0; n− − ) {
	

				xC = ( xS << log2SbSize ) + DiagScanOrder[ log2SbSize ][ log2SbSize ][ n ][ 0 ] 
	

				yC = ( yS << log2SbSize ) + DiagScanOrder[ log2SbSize ][ log2SbSize ][ n ][ 1 ]
	

				if( abs_level_gtX_flag[ n ][ numGtXFlags − 1 ] )
	

					abs_remainder[ n ]
	ae(v)

				TransCoeffLevel[ x0 ][ y0 ][ cIdx ][ xC ][ yC ]  = ( 1 − 2 * coeff_sign_flag[ n ] ) * 
												( AbsLevelPassX[ xC ][ yC ] + abs_remainder[ n ] )
	

			}
	

		}
	

	}
	



Results
The results in this section are generated using the JVET common test conditions [1] with an overview in Section 4.1 and detailed as well as additional results for current picture referencing enabled provided in Section 4.2 and 4.3.
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The following tables provide average BD-rate results [%] together with relative encoder/decoder runtimes [%] for natural content, class F and TGM sequences.
Since the unified transform type signalling also include extending TS to block sizes up to 32x32 and limiting TS to luma only, two results are added for comparison:
· HEVC RExt-like extension of TS up to 32x32 for Y,Cb,Cr as proposed in JVET-M0072 [2]
· HEVC RExt-like extension of TS up to 32x32 for Y(luma only)

Table 1 - Unified transform type signalling with Nt=3 (modification 1) and additional transform-type dependent residual coding (modification 1+ modification 2) with different maximum number of context coded bins (CCBs) compared to VTM-3.0 anchor for natural content (Class A,B,C,E).
	Natural (Class A,B,C,E)
	AI
	
	
	
	
	RA
	
	
	
	
	LB
	
	
	
	

	
	Y
	U
	V
	Enc
	Dec
	Y
	U
	V
	Enc
	Dec
	Y
	U
	V
	Enc
	Dec

	TS extension to 32x32 
(JVET-M0072)
	-0.03
	-0.09
	-0.12
	128
	100
	-0.11
	0.09
	0.08
	119
	101
	-0.21
	0.42
	0.03
	120
	100

	TS extension to 32x32 
(luma only)
	-0.06
	-0.04
	-0.03
	121
	100
	-0.15
	0.19
	0.23
	112
	100
	-0.21
	0.34
	0.36
	114
	100

	Unified Transform Type Signalling
	0.01
	0.03
	0.04
	103
	101
	-0.02
	0.33
	0.44
	98
	100
	-0.07
	0.97
	0.52
	102
	102

	Unified Transform Type Signalling (CPR on for both)
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01
	0.01

	TS Residual Coding
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	max 8 CCBs
	-0.17
	-0.08
	-0.03
	103
	100
	-0.07
	0.30
	0.38
	98
	101
	-0.07
	0.88
	0.17
	101
	101

	max 3 CCBs
	-0.16
	-0.07
	-0.02
	103
	101
	-0.06
	0.28
	0.38
	98
	101
	-0.07
	0.87
	0.05
	101
	102

	max 2 CCBs
	-0.16
	-0.05
	-0.01
	103
	101
	-0.06
	0.29
	0.35
	98
	100
	-0.08
	0.71
	-0.02
	101
	102



Table 2 - Unified transform type signalling with Nt=3 (modification 1) and additional transform-type dependent residual coding (modification 1+ modification 2) with different maximum number of context coded bins (CCBs) compared to VTM-3.0 anchor for screen content (Class F).
	Class F
	AI
	
	
	
	
	RA
	
	
	
	
	LB
	
	
	
	

	
	Y
	U
	V
	Enc
	Dec
	Y
	U
	V
	Enc
	Dec
	Y
	U
	V
	Enc
	Dec

	TS extension to 32x32 
(JVET-M0072)
	-2.14
	-1.79
	-1.98
	131
	96
	-2.36
	-1.80
	-2.11
	123
	99
	-3.12
	-2.41
	-2.41
	122
	97

	TS extension to 32x32 
(luma only)
	-2.20
	-1.60
	-1.64
	123
	96
	-2.42
	-1.46
	-1.46
	116
	100
	-3.14
	-1.50
	-0.94
	114
	98

	Unified Transform Type Signalling
	-1.96
	-1.46
	-1.50
	103
	97
	-2.14
	-1.41
	-1.63
	98
	100
	-2.79
	-1.23
	-1.57
	102
	102

	Unified Transform Type Signalling (CPR on for both)
	-1.65
	-1.65
	-1.65
	-1.65
	-1.65
	-1.65
	-1.65
	-1.65
	-1.65
	-1.65
	-1.65
	-1.65
	-1.65
	-1.65
	-1.65

	TS Residual Coding
	
	
	
	
	 
	
	
	
	
	 
	
	
	
	
	

	max 8 CCBs
	-7.16
	-5.19
	-5.17
	104
	94
	-5.76
	-3.96
	-3.96
	98
	100
	-5.85
	-3.92
	-4.11
	102
	99

	max 3 CCBs
	-6.83
	-4.91
	-4.77
	106
	93
	-5.30
	-3.49
	-3.61
	98
	100
	-5.68
	-3.52
	-3.93
	102
	98

	max 2 CCBs
	-4.75
	-3.02
	-2.96
	107
	94
	-3.48
	-2.08
	-2.20
	99
	101
	-4.80
	-2.33
	-2.77
	102
	99




Table 3 - Unified transform type signalling with Nt=3 (modification 1) and additional transform-type dependent residual coding (modification 1+ modification 2) with different maximum number of context coded bins (CCBs) compared to VTM-3.0 anchor for screen content (TGM).
	TGM
	AI
	
	
	
	
	RA
	
	
	
	
	LB
	
	
	
	

	
	Y
	U
	V
	Enc
	Dec
	Y
	U
	V
	Enc
	Dec
	Y
	U
	V
	Enc
	Dec

	TS extension to 32x32 
(luma only)
	-8.45
	-5.85
	-5.91
	132
	88
	-9.01
	-6.35
	-6.25
	121
	96
	-9.51
	-6.67
	-6.69
	122
	96

	Unified Transform Type Signalling
	-8.04
	-5.66
	-5.69
	106
	88
	-8.74
	-6.34
	[bookmark: _GoBack]-6.35
	106
	96
	-9.21
	-6.43
	-6.69
	112
	97

	Unified Transform Type Signalling (CPR on for both)
	-4.97
	-4.97
	-4.97
	-4.97
	-4.97
	-4.97
	-4.97
	-4.97
	-4.97
	-4.97
	-4.97
	-4.97
	-4.97
	-4.97
	-4.97

	TS Residual Coding
	
	
	
	
	 
	
	
	
	
	 
	
	
	
	
	

	max 8 CCBs
	-21.03
	-15.44
	-15.73
	108
	82
	-15.57
	-11.49
	-11.61
	105
	94
	-14.01
	-10.84
	-11.06
	111
	95

	max 3 CCBs
	-20.14
	-14.60
	-14.85
	110
	81
	-14.94
	-10.93
	-11.01
	106
	93
	-13.95
	-10.74
	-11.03
	110
	94

	max 2 CCBs
	-14.56
	-9.99
	-10.28
	114
	82
	-12.06
	-8.48
	-8.58
	107
	94
	-13.12
	-9.87
	-10.15
	110
	94



[bookmark: _Ref534214856]Unified Transform Type Signalling
This section reports detailed results for unified transform type signalling (see Section 2) compared to the VTM-3.0 anchor.
Complete results can be found in the attached Excel sheets:
JVET-M0464-TS32Y_CPR0.xlsm
JVET-M0464-uniMTS-Nt2_CPR0.xlsm
JVET-M0464-uniMTS-Nt3_CPR0.xlsm
JVET-M0464-uniMTS-Nt3_CPR1.xlsm
JVET-M0464-uniMTS-Nt4_CPR0.xlsm
JVET-M0464-uniMTS-Nt5_CPR0.xlsm

Table 4- Transform skip extended to block sizes up to 32x32 and limited to luma only compared to VTM-3.0 anchor.
	
	All Intra Main10 

	
	Over VTM-3.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.06%
	0.07%
	0.15%
	123%
	101%

	Class A2
	0.00%
	-0.01%
	-0.02%
	120%
	101%

	Class B
	-0.02%
	-0.05%
	0.03%
	121%
	100%

	Class C
	-0.19%
	-0.11%
	-0.28%
	121%
	99%

	Class E
	-0.01%
	-0.08%
	0.00%
	123%
	100%

	Overall 
	-0.06%
	-0.04%
	-0.03%
	121%
	100%

	Class D
	-0.16%
	-0.22%
	-0.35%
	118%
	102%

	Class F 
	-2.20%
	-1.60%
	-1.64%
	123%
	96%

	Class TGM
	-8.45%
	-5.85%
	-5.91%
	132%
	88%



	
	Random Access Main 10

	
	Over VTM-3.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.04%
	0.30%
	0.36%
	109%
	100%

	Class A2
	-0.04%
	0.06%
	0.29%
	109%
	100%

	Class B
	-0.14%
	0.26%
	0.08%
	113%
	101%

	Class C
	-0.33%
	0.11%
	0.29%
	116%
	99%

	Class E
	 
	
	 
	 
	 

	Overall
	-0.15%
	0.19%
	0.23%
	112%
	100%

	Class D
	-0.70%
	-0.06%
	0.51%
	118%
	99%

	Class F 
	-2.42%
	-1.46%
	-1.46%
	116%
	100%

	Class TGM
	-9.01%
	-6.35%
	-6.25%
	121%
	96%



	
	Low delay B Main10 

	
	Over VTM-3.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	 
	 
	 
	 
	 

	Class A2
	 
	
	 
	 
	 

	Class B
	-0.13%
	-0.17%
	0.09%
	115%
	99%

	Class C
	-0.61%
	0.48%
	0.26%
	118%
	99%

	Class E
	0.18%
	0.99%
	0.94%
	109%
	101%

	Overall
	-0.21%
	0.34%
	0.36%
	114%
	100%

	Class D
	-0.97%
	-0.04%
	-0.12%
	120%
	97%

	Class F 
	-3.14%
	-1.50%
	-0.94%
	114%
	98%

	Class TGM
	-9.51%
	-6.67%
	-6.69%
	122%
	96%




Table 5 - Unified transform type signalling with Nt=3 (modification 1) compared to VTM-3.0 anchor.
	
	All Intra Main10 

	
	Over VTM-3.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.01%
	0.07%
	0.04%
	107%
	102%

	Class A2
	0.08%
	0.10%
	0.05%
	103%
	102%

	Class B
	0.03%
	0.05%
	0.06%
	101%
	100%

	Class C
	-0.04%
	-0.13%
	-0.10%
	99%
	100%

	Class E
	0.02%
	0.10%
	0.20%
	107%
	103%

	Overall 
	0.01%
	0.03%
	0.04%
	103%
	101%

	Class D
	0.01%
	-0.03%
	-0.14%
	96%
	101%

	Class F 
	-1.96%
	-1.46%
	-1.50%
	103%
	97%

	Class TGM
	-8.04%
	-5.66%
	-5.69%
	106%
	88%



	
	Random Access Main 10

	
	Over VTM-3.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.12%
	0.35%
	0.71%
	97%
	100%

	Class A2
	0.01%
	0.25%
	0.39%
	97%
	101%

	Class B
	-0.04%
	0.34%
	0.31%
	98%
	100%

	Class C
	-0.12%
	0.38%
	0.45%
	100%
	99%

	Class E
	 
	
	 
	 
	 

	Overall
	-0.02%
	0.33%
	0.44%
	98%
	100%

	Class D
	-0.47%
	0.39%
	0.62%
	103%
	100%

	Class F 
	-2.14%
	-1.41%
	-1.63%
	98%
	100%

	Class TGM
	-8.74%
	-6.34%
	-6.35%
	106%
	96%



	
	Low delay B Main10 

	
	Over VTM-3.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	
	
	
	
	

	Class A2
	
	
	
	
	

	Class B
	-0.03%
	0.56%
	0.60%
	101%
	104%

	Class C
	-0.45%
	0.92%
	0.96%
	103%
	99%

	Class E
	0.36%
	1.70%
	-0.20%
	101%
	102%

	Overall
	-0.07%
	0.97%
	0.52%
	102%
	102%

	Class D
	-0.80%
	2.46%
	2.59%
	108%
	99%

	Class F 
	-2.79%
	-1.23%
	-1.57%
	103%
	99%

	Class TGM
	-9.21%
	-6.43%
	-6.69%
	112%
	97%



Table 6 - Unified transform type signalling with Nt=3 (modification 1) with CPR enabled compared to VTM-3.0 anchor with CPR enabled.
	
	All Intra Main10 

	
	Over VTM-3.0 CPR on

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.03%
	0.13%
	0.07%
	106%
	101%

	Class A2
	0.08%
	0.01%
	0.07%
	102%
	102%

	Class B
	0.02%
	-0.03%
	0.01%
	101%
	99%

	Class C
	-0.04%
	-0.08%
	-0.09%
	100%
	99%

	Class E
	0.03%
	0.10%
	0.01%
	105%
	100%

	Overall 
	0.01%
	0.01%
	0.01%
	102%
	100%

	Class D
	-0.03%
	0.04%
	-0.19%
	97%
	100%

	Class F 
	-1.65%
	-1.22%
	-1.08%
	102%
	97%

	Class TGM
	-4.97%
	-3.22%
	-3.26%
	104%
	93%



	
	Random Access Main 10

	
	Over VTM-3.0 CPR on

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.10%
	0.37%
	0.58%
	97%
	100%

	Class A2
	0.01%
	0.14%
	0.07%
	97%
	100%

	Class B
	-0.03%
	0.24%
	0.24%
	98%
	101%

	Class C
	-0.14%
	0.33%
	0.19%
	99%
	99%

	Class E
	 
	
	 
	 
	 

	Overall
	-0.02%
	0.27%
	0.26%
	98%
	100%

	Class D
	-0.45%
	0.49%
	0.46%
	101%
	102%

	Class F 
	-1.71%
	-0.76%
	-1.09%
	97%
	100%

	Class TGM
	-5.97%
	-3.92%
	-3.86%
	107%
	99%



	
	Random Access Main 10

	
	Over VTM-3.0 CPR on

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.10%
	0.37%
	0.58%
	97%
	100%

	Class A2
	0.01%
	0.14%
	0.07%
	97%
	100%

	Class B
	-0.03%
	0.24%
	0.24%
	98%
	101%

	Class C
	-0.14%
	0.33%
	0.19%
	99%
	99%

	Class E
	 
	
	 
	 
	 

	Overall
	-0.02%
	0.27%
	0.26%
	98%
	100%

	Class D
	-0.45%
	0.49%
	0.46%
	101%
	102%

	Class F 
	-1.71%
	-0.76%
	-1.09%
	97%
	100%

	Class TGM
	-5.97%
	-3.92%
	-3.86%
	107%
	99%




[bookmark: _Ref534214859]Residual Coding for Transform Skip
This section reports detailed results for the modified residual coding (see Section 3) on top of the unified transform type signalling (see Section 2) compared to the VTM-3.0 anchor once without current picture referencing (CPR) and once with CPR on.
Complete results and results with the number of context coded bins (CCB) reduced from 8 to 3 and 2 can be found in the attached Excel sheets:
JVET-M0464-uniMTS-Nt3_TSRC_CCB8_CPR0.xlsm
JVET-M0464-uniMTS-Nt3_TSRC_CCB8_CPR1.xlsm
JVET-M0464-uniMTS-Nt3_TSRC_CCB3_CPR0_r1.xlsm
JVET-M0464-uniMTS-Nt3_TSRC_CCB2_CPR0.xlsm

Table 76 - Unified transform type signalling with Nt=3 and additional residual coding for transform skip (modification 1+ modification 2) with maximum 8 context coded bins (CCBs) compared to VTM-3.0 anchor.
	
	All Intra Main10

	
	Over VTM-3.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.27%
	0.21%
	0.39%
	107%
	101%

	Class A2
	0.07%
	0.13%
	0.04%
	103%
	101%

	Class B
	-0.03%
	-0.09%
	-0.03%
	101%
	100%

	Class C
	-0.34%
	-0.39%
	-0.40%
	99%
	99%

	Class E
	-0.25%
	-0.18%
	-0.04%
	106%
	101%

	Overall
	-0.16%
	-0.08%
	-0.03%
	103%
	100%

	Class D
	-0.24%
	-0.34%
	-0.40%
	95%
	100%

	Class F
	-7.16%
	-5.19%
	-5.17%
	104%
	94%

	Class TGM
	-21.03%
	-15.44%
	-15.73%
	108%
	82%



	
	Random Access Main 10

	
	Over VTM-3.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.04%
	0.52%
	0.97%
	97%
	102%

	Class A2
	0.02%
	0.11%
	0.25%
	97%
	100%

	Class B
	-0.03%
	0.35%
	0.10%
	98%
	100%

	Class C
	-0.26%
	0.23%
	0.38%
	99%
	101%

	Class E
	 
	
	 
	 
	 

	Overall
	-0.07%
	0.30%
	0.38%
	98%
	101%

	Class D
	-0.45%
	0.14%
	0.50%
	101%
	101%

	Class F
	-5.76%
	-3.96%
	-3.96%
	98%
	100%

	Class TGM
	-15.57%
	-11.49%
	-11.61%
	105%
	94%



	
	Low delay B Main10

	
	Over VTM-3.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	 
	 
	 
	 
	 

	Class A2
	 
	
	 
	 
	 

	Class B
	-0.02%
	0.48%
	0.33%
	100%
	104%

	Class C
	-0.40%
	0.62%
	0.56%
	101%
	99%

	Class E
	0.27%
	1.90%
	-0.63%
	101%
	101%

	Overall
	-0.07%
	0.88%
	0.17%
	101%
	101%

	Class D
	-0.53%
	1.18%
	0.74%
	105%
	98%

	Class F
	-5.85%
	-3.92%
	-4.11%
	102%
	99%

	Class TGM
	-14.01%
	-10.84%
	-11.06%
	111%
	95%



Table 87 - Unified transform type signalling with Nt=3 and additional residual coding for transform skip (modification 1+ modification 2) with maximum 8 context coded bins (CCBs) and current picture referencing enabled (CPR) compared to VTM-3.0 anchor with CPR on.
	
	All Intra Main10

	
	Over VTM-3.0 (CPR on)

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.28%
	0.39%
	0.43%
	106%
	101%

	Class A2
	0.07%
	0.06%
	0.03%
	102%
	100%

	Class B
	-0.03%
	-0.01%
	-0.07%
	101%
	99%

	Class C
	-0.33%
	-0.33%
	-0.16%
	99%
	100%

	Class E
	-0.09%
	0.11%
	-0.06%
	104%
	102%

	Overall
	-0.13%
	0.02%
	0.01%
	102%
	100%

	Class D
	-0.29%
	-0.24%
	-0.33%
	97%
	98%

	Class F
	-4.42%
	-2.62%
	-2.44%
	101%
	95%

	Class TGM
	-9.61%
	-5.80%
	-5.96%
	105%
	88%



	
	Random Access Main 10

	
	Over VTM-3.0 (CPR on)

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.03%
	0.50%
	0.82%
	97%
	100%

	Class A2
	0.00%
	0.04%
	0.01%
	97%
	100%

	Class B
	-0.01%
	0.22%
	0.18%
	97%
	99%

	Class C
	-0.27%
	0.05%
	0.43%
	98%
	99%

	Class E
	 
	
	 
	 
	 

	Overall
	-0.07%
	0.19%
	0.34%
	97%
	100%

	Class D
	-0.44%
	0.56%
	0.53%
	99%
	101%

	Class F
	-3.54%
	-1.89%
	-1.98%
	96%
	99%

	Class TGM
	-9.55%
	-6.15%
	-6.11%
	106%
	97%



	
	Low delay B Main10

	
	Over VTM-3.0 (CPR on)

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	 
	 
	 
	 
	 

	Class A2
	 
	
	 
	 
	 

	Class B
	-0.03%
	0.61%
	0.54%
	101%
	105%

	Class C
	-0.42%
	0.56%
	0.60%
	101%
	99%

	Class E
	0.07%
	-0.18%
	0.03%
	100%
	99%

	Overall
	-0.13%
	0.39%
	0.43%
	101%
	101%

	Class D
	-0.47%
	1.87%
	1.41%
	104%
	97%

	Class F
	-4.42%
	-2.33%
	-2.37%
	102%
	99%

	Class TGM
	-10.19%
	-7.31%
	-7.52%
	109%
	96%



Conclusion
In this contribution, two modifications are proposed. The first modification unifies transform skip (TS) and multiple transform selection (MTS) signalling in a single TU syntax element. This limits TS to luma transform blocks as well as extends it to transform block sizes up to 32x32. Results show that this increases the coding efficiency for screen content sequences in the Class F and TGM sets up to -9.5% BD-rate Y. The second one modifies the transform coefficient level coding for the TS residual to account for the different signal characteristics with BD-Y-rates up to 21% for Class F and TGM sets. Note that the modified transform skip residual coding can also be studied together with residual prediction techniques such as BDPCM from CE8 [3].
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