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Abstract
This contribution proposes to combine the contributions presented in JVET-O0569 and JVET-O0472. The proposed change involves: (1) moving Low-frequency Non-Separable Transform (LFNST) index signaling from CU level to TU level as proposed in JVET-O0569, and (2) using a last position-based rule as proposed in JVET-O0472 to decide on LFNST signalling. Simulations show that LFNST can be moved to TU level and the last position-based LFNST signaling can be simultaneously performed at the TU level with negligible losses/gains.
Under CTC conditions signaling of LNST index can be moved to TU level and the last-position based signaling can be incorporated with average BD-rates of  (0.00% Y, 0.02% U, 0.03% V) for all intra (AI) and (-0.01% Y, 0.03% U, -0.06% V) for random access (RA). Under non-CTC conditions, where DualTree and LCTUFAST are options are disabled on top of CTC, the respective BD rates are (-0.04% Y, 0.10% U, 0.11% V) for AI and (-0.02% Y, 0.04% U, 0.02% V) for RA.
Introduction
In VTM-5.0, reduced secondary transform (RST) also known as LFNST is applied between the primary transform and quantization stage at encoder and between dequantization and inverse primary transform at decoder. This is illustrated in Figure 1, where a 4x4 or an 8x8 LFNST is applied to a subset (top-left) of primary transform coefficients. Currently, LFNST index is signaled at the CU level after signaling all transform coefficients. 
A single CU can consist of multiple TUs. For instance, when CU size is 128x128 then CU is split into 4 TUs of size 64x64 as illustrated in Figure 2. Thus, in the current design CU based signaling of LFNST index needs to wait until all TUs are processed. This may result in potential data buffering (e.g. 4x) issues at the decoder side and other associated delays.
The decision to apply and signal LFNST is based on whether the number of significant primary transform coefficients in a given CU exceeds a predefined threshold. This requires a global CU level counter that traverses across all TUs in a given CU (numSigCoeff). LFNST index can also be signaled depending on whether the number of transform coefficients (numZeroOutSigCoeff) outside the LFNST region shown in Figure 1 is zero. This requires a secondary CU level counter.
[image: ]
Figure 1. Low Frequency Non-Separable Transform (LFNST) Process in VTM-5.0
Proposed method
In the proposed approach, as in JVET-O0569, LFNST signaling is moved to TU level at the end of syntax element: transform_unit( x0, y0, tbWidth, tbHeight, treeType, subTuIndex ). In this case, LFNST signalling can be done for each TU separately, or for a subset of TUs residing in a host CU as discussed in JVET-O0569. LFNST signaling can then be immediately signaled at TU level without waiting for all TUs in a give CU to be processed. 
[image: ]To reduce the potential signaling overhead (Proposal #1), we propose to signal LFNST index only for the first TU in a given CU. Thus, LFNST index is signaled only once for a given CU. Other TUs residing in the same CU still perform LFNST, however in this case LFNST index is reused from the first TU. 
Figure 2. Proposed changes in LFNST index Signaling at TU level.  Signaling of the LFNST index for the First TU (top-left TU) is mandatory, however as shown with ** for other TUs, LFNST index can be inferred from the first TU and are not required to be signaled.

Proposed TU level signaling for LFNST index is briefly illustrated in Figure 2, where LFNST signaling is moved to TU level instead of CU. In this case signaling of LFNST index for the first TU (e.g. top-left block on the right hand side) is mandatory. 
In another design (Proposal #2), LFNST index can be signaled for each TU individually for a given CU as further discussed in JVET-O0569. This may potentially increase the signaling overhead per CU but might provide a cleaner and more flexible implementation in the future where LFNST indices may differ across different TUs in a given CU.
Finally, we propose to incorporate the last position-based LFNST signaling as detailed in JVET-O0472. This approach can be used in either with the first TU based signaling (proposal #1) or per TU based signaling (proposal #2) as discussed above. However, we propose to use the last position based LFNST signaling at the TU level and not at the CU level as first introduced in JVET-O0472. Thus, in the proposed design, a check is performed for the last position of the transform coefficient in the First TU for a given CU.
Finally, to verify the proposed method actually works when a large CU (e.g. 128x128) is split into multiple TUs, we conducted additional tests with (DualTree and LCTUFAST set to 0). Otherwise, this edge case is not considered under CTC conditions and might result in decoding mismatch issues.
Results
The proposed approach is tested over VTM-5.0 on top of both CTC and non-CTC configurations (e.g. DualTree and LCTUFAST disabled). These results are presented for AI and RA cases below. Full results for first TU based signaling, pending complete for per TU signaling. 
Under CTC Conditions
Move LFNST Signaling to TU Level and Signal only for the First TU based on Last-Position

	
	All Intra Main10


	
	Over VTM-5.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.00%
	0.08%
	-0.01%
	100%
	102%

	Class A2
	0.00%
	0.06%
	-0.08%
	102%
	106%

	Class B
	0.00%
	-0.02%
	0.06%
	101%
	102%

	Class C
	0.00%
	-0.03%
	0.13%
	102%
	111%

	Class E
	0.00%
	0.04%
	0.01%
	102%
	106%

	Overall
	0.00%
	0.02%
	0.03%
	101%
	105%

	Class D
	-0.02%
	0.20%
	0.05%
	98%
	94%

	Class F
	-0.03%
	0.06%
	-0.02%
	100%
	101%


Table 1. AI results under CTC conditions when signaling LFNST index for the first TU

	
	Random access Main10 

	
	Over VTM-5.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.00%
	-0.03%
	0.01%
	101%
	101%

	Class A2
	0.00%
	0.02%
	-0.04%
	100%
	99%

	Class B
	0.02%
	0.08%
	-0.10%
	101%
	103%

	Class C
	-0.07%
	0.02%
	-0.10%
	101%
	104%

	Class E
	 
	
	 
	 
	 

	Overall
	-0.01%
	0.03%
	-0.06%
	101%
	102%

	Class D
	0.00%
	0.37%
	-0.08%
	98%
	100%

	Class F
	-0.01%
	0.04%
	0.10%
	99%
	99%


Table 2. RA results under CTC conditions when signaling LFNST index for the first TU

Move LFNST Signaling to TU Level and Signal only for Each TU based on Last-Position
	
	All Intra Main10


	
	Over VTM-5.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.00%
	0.08%
	-0.01%
	99%
	101%

	Class A2
	0.00%
	0.06%
	-0.08%
	102%
	105%

	Class B
	0.00%
	-0.02%
	0.06%
	97%
	95%

	Class C
	0.00%
	-0.03%
	0.13%
	102%
	107%

	Class E
	0.00%
	0.04%
	0.01%
	102%
	110%

	Overall
	0.00%
	0.02%
	0.03%
	100%
	103%

	Class D
	-0.02%
	0.20%
	0.05%
	96%
	89%

	Class F
	-0.03%
	0.06%
	-0.02%
	98%
	94%


Table 3. AI results under CTC conditions when signaling LFNST index for Each TU

	
	Random access Main10 

	
	Over VTM-5.0

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	0.00%
	-0.03%
	0.01%
	100%
	101%

	Class A2
	0.00%
	0.02%
	-0.04%
	101%
	100%

	Class B
	0.02%
	0.08%
	-0.10%
	99%
	100%

	Class C
	-0.07%
	0.02%
	-0.10%
	100%
	101%

	Class E
	 
	
	 
	 
	 

	Overall
	-0.01%
	0.03%
	-0.06%
	100%
	101%

	Class D
	0.00%
	0.37%
	-0.08%
	99%
	101%

	Class F
	-0.01%
	0.04%
	0.10%
	98%
	99%


Table 4. RA results under CTC conditions when signaling LFNST index for Each TU

Under Non-CTC Conditions (DualTree and LCTUFAST disabled)
Move LFNST Signaling to TU Level and Signal only for the First TU based on Last-Position

	
	All Intra Main10


	
	VTM-5.0 (DualTree=0, LCTUFAST=0)

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.06%
	0.15%
	0.05%
	100%
	102%

	Class A2
	-0.03%
	0.11%
	0.04%
	100%
	102%

	Class B
	-0.03%
	0.09%
	0.13%
	100%
	101%

	Class C
	-0.04%
	0.07%
	-0.01%
	100%
	99%

	Class E
	-0.07%
	0.17%
	0.30%
	101%
	99%

	Overall
	-0.04%
	0.11%
	0.10%
	100%
	100%

	Class D
	-0.01%
	0.00%
	0.17%
	100%
	100%

	Class F
	-0.02%
	-0.06%
	0.14%
	100%
	101%


Table 5. AI results on top of CTC with DualTree and LCTUFAST disabled over VTM5.0 when signaling LFNST index for the first TU


	
	Random access Main10 

	
	VTM-5.0 (DualTree=0, LCTUFAST=0)

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.04%
	0.05%
	-0.05%
	99%
	100%

	Class A2
	-0.03%
	-0.08%
	0.10%
	101%
	100%

	Class B
	-0.02%
	0.06%
	0.09%
	100%
	100%

	Class C
	0.02%
	0.10%
	-0.09%
	100%
	101%

	Class E
	 
	
	 
	 
	 

	Overall
	-0.02%
	0.04%
	0.02%
	100%
	100%

	Class D
	0.00%
	0.19%
	-0.31%
	101%
	103%

	Class F
	0.00%
	0.12%
	0.16%
	101%
	102%


Table 6. RA results on top of CTC with DualTree and LCTUFAST disabled over VTM5.0 when signaling LFNST index for the first TU
Move LFNST Signaling to TU Level and Signal only for Each TU based on Last-Position
	
	All Intra Main10


	
	VTM-5.0 (DualTree=0, LCTUFAST=0)

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.04%
	0.20%
	0.15%
	100%
	100%

	Class A2
	-0.03%
	0.09%
	0.04%
	100%
	99%

	Class B
	-0.03%
	0.10%
	0.16%
	100%
	99%

	Class C
	-0.04%
	0.07%
	-0.01%
	99%
	93%

	Class E
	-0.04%
	0.07%
	0.24%
	100%
	97%

	Overall
	-0.03%
	0.10%
	0.11%
	100%
	97%

	Class D
	-0.01%
	0.00%
	0.17%
	100%
	100%

	Class F
	0.01%
	0.05%
	0.06%
	100%
	99%


Table 7. AI results on top of CTC with DualTree and LCTUFAST disabled over VTM5.0 when signaling LFNST index for Each TU

	
	Random access Main10 

	
	VTM-5.0 (DualTree=0, LCTUFAST=0)

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0.04%
	-0.06%
	-0.01%
	98%
	98%

	Class A2
	-0.01%
	0.07%
	0.15%
	100%
	98%

	Class B
	-0.01%
	0.08%
	0.23%
	96%
	96%

	Class C
	0.02%
	0.10%
	-0.09%
	100%
	99%

	Class E
	 
	
	 
	 
	 

	Overall
	-0.01%
	0.06%
	0.08%
	98%
	97%

	Class D
	0.00%
	0.19%
	-0.31%
	98%
	95%

	Class F
	0.03%
	0.07%
	0.13%
	99%
	98%


Table 8. RA results on top of CTC with DualTree and LCTUFAST disabled over VTM5.0 when signaling LFNST index for Each TU

Conclusions
In this contribution, it is proposed to combine the ideas presented in JVET-O0569 and JVET-O0472. The proposed change involves moving (1) Low-frequency Non-Separable Transform (LFNST) index signaling from CU level to TU level as in JVET-O0569, and (2) using the last position-based rule as in JVET-O0472 to decide on LFNST signalling at the TU level. The proposed change provides cleaner design with negligible losses under both CTC and non-CTC conditions discussed above.
It is recommended to adopt the proposed method in VVC.

Spec Changes
Coding Unit Syntax (Common Change for Both)

	coding_unit( x0, y0, cbWidth, cbHeight, treeType ) {
	Descriptor

	…
	

		numSigCoeff = 0
	

		numZeroOutSigCoeff = 0
	

		transform_tree( x0, y0, cbWidth, cbHeight, treeType )
	

		lfnstWidth = ( treeType  = =  DUAL_TREE_CHROMA )  ?  cbWidth / SubWidthC
								  :  cbWidth
	

		lfnstHeight = ( treeType  = =  DUAL_TREE_CHROMA )  ?  cbHeight  /  SubHeightC
								  :  cbHeight
	

		if( Min( lfnstWidth, lfnstHeight )  >=  4  &&  sps_lfnst_enabled_flag  = =  1  &&  
		 CuPredMode[ x0 ][ y0 ]  = =  MODE_INTRA  &&  
		 IntraSubPartitionsSplitType  = =  ISP_NO_SPLIT  &&  
		 !intra_mip_flag[ x0 ][ y0 ] ) {
	

		if( ( numSigCoeff > ( ( treeType  = =  SINGLE_TREE )  ?  2  :  1 ) )  &&  
		   numZeroOutSigCoeff  = =  0 )
	

			   lfnst_idx[ x0 ][ y0 ]
	ae(v)

	 …
	



Transform Unit Syntax (Each TU Signaling)

	transform_unit( x0, y0, tbWidth, tbHeight, treeType, subTuIndex ) {
	Descriptor

	…
	

		if( tu_cbf_luma[ x0 ][ y0 ]   &&  treeType  !=  DUAL_TREE_CHROMA
		&&  ( tbWidth  <=  32 )  &&  ( tbHeight  <=  32 ) 
		&&  ( IntraSubPartitionsSplit[ x0 ][ y0 ]  = =  ISP_NO_SPLIT )  &&  ( !cu_sbt_flag ) ) {
	

			if( transform_skip_enabled_flag  &&  tbWidth  <=  MaxTsSize && tbHeight  <=  				MaxTsSize )
	

				transform_skip_flag[ x0 ][ y0 ]
	ae(v)

			if( ( ( CuPredMode[ x0 ][ y0 ] != MODE_INTRA && sps_explicit_mts_inter_enabled_flag )  
			 | | ( CuPredMode[ x0 ][ y0 ] = = MODE_INTRA && sps_explicit_mts_intra_enabled_flag ) )
			&&  ( !transform_skip_flag[ x0 ][ y0 ] ) )
	

				tu_mts_idx[ x0 ][ y0 ]
	ae(v)

		}
	

		lfnstLastScanPos = 1
	

		numZeroOutSigCoeff = 0
	

		if( tu_cbf_luma[ x0 ][ y0 ] ) {
	

			if( !transform_skip_flag[ x0 ][ y0 ] )
	

				residual_coding( x0, y0, Log2( tbWidth ), Log2( tbHeight ), 0 )
	

		}
	

	    if( tu_mts_idx[ x0 ][ y0 ] != 1 ){
	

			  lfnstWidth = ( treeType  = =  DUAL_TREE_CHROMA )  ?  tbWidth / SubWidthC
								  :  tbWidth
	

			  lfnstHeight = ( treeType  = =  DUAL_TREE_CHROMA )  ?  tbHeight  /  SubHeightC
								  :  tbHeight
	

		    if( Min( lfnstWidth, lfnstHeight )  >=  4  &&  sps_lfnst_enabled_flag  = =  1  &&  
				CuPredMode[ x0 ][ y0 ]  = =  MODE_INTRA  &&  
				IntraSubPartitionsSplitType  = =  ISP_NO_SPLIT  &&  
				!intra_mip_flag[ x0 ][ y0 ] ) {
	

			     if( ( lfnstLastScanPos = = 0  &&  numZeroOutSigCoeff  = =  0 ) | | 
					 (cbHeight > 64 | |  cbWidth > 64  )
	

				  	 	 lfnst_idx[ x0 ][ y0 ]
	ae(v)

		}
	

	}
	

	…
	


Transform Unit Syntax (First TU Signaling)

	transform_unit( x0, y0, tbWidth, tbHeight, treeType, subTuIndex ) {
	Descriptor

	…
	

		if( tu_cbf_luma[ x0 ][ y0 ]   &&  treeType  !=  DUAL_TREE_CHROMA
		&&  ( tbWidth  <=  32 )  &&  ( tbHeight  <=  32 ) 
		&&  ( IntraSubPartitionsSplit[ x0 ][ y0 ]  = =  ISP_NO_SPLIT )  &&  ( !cu_sbt_flag ) ) {
	

			if( transform_skip_enabled_flag  &&  tbWidth  <=  MaxTsSize && tbHeight  <=  				MaxTsSize )
	

				transform_skip_flag[ x0 ][ y0 ]
	ae(v)

			if( ( ( CuPredMode[ x0 ][ y0 ] != MODE_INTRA && sps_explicit_mts_inter_enabled_flag )  
			 | | ( CuPredMode[ x0 ][ y0 ] = = MODE_INTRA && sps_explicit_mts_intra_enabled_flag ) )
			&&  ( !transform_skip_flag[ x0 ][ y0 ] ) )
	

				tu_mts_idx[ x0 ][ y0 ]
	ae(v)

		}
	

		lfnstLastScanPos = 1
	

		numZeroOutSigCoeff = 0
	

		if( tu_cbf_luma[ x0 ][ y0 ] ) {
	

			if( !transform_skip_flag[ x0 ][ y0 ] )
	

				residual_coding( x0, y0, Log2( tbWidth ), Log2( tbHeight ), 0 )
	

		}
	

	[bookmark: _GoBack]    if( tu_mts_idx[ x0 ][ y0 ] != 1 && !subTuIndex ){
	

			  lfnstWidth = ( treeType  = =  DUAL_TREE_CHROMA )  ?  tbWidth / SubWidthC
								  :  tbWidth
	

			  lfnstHeight = ( treeType  = =  DUAL_TREE_CHROMA )  ?  tbHeight  /  SubHeightC
								  :  tbHeight
	

		    if( Min( lfnstWidth, lfnstHeight )  >=  4  &&  sps_lfnst_enabled_flag  = =  1  &&  
				CuPredMode[ x0 ][ y0 ]  = =  MODE_INTRA  &&  
				IntraSubPartitionsSplitType  = =  ISP_NO_SPLIT  &&  
				!intra_mip_flag[ x0 ][ y0 ] ) {
	

			     if( ( lfnstLastScanPos = = 0  &&  numZeroOutSigCoeff  = =  0 ) | | 
					 (cbHeight > 64 | |  cbWidth > 64  )
	

				  	 	 lfnst_idx[ x0 ][ y0 ]
	ae(v)

		}
	

	}
	

	…
	



Residual Coding Syntax (Common Change for Both)

	residual_coding( x0, y0, log2TbWidth, log2TbHeight, cIdx ) {
	Descriptor

		
	

		lastScanPos = numSbCoeff
	

		lastSubBlock = ( 1  <<  ( log2TbWidth + log2TbHeight − ( log2SbW + log2SbH ) ) ) − 1
	

		do {
	

			if( lastScanPos  = =  0 ) {
	

				lastScanPos = numSbCoeff
	

				lastSubBlock− −
	

			}
	

			lastScanPos− −
	

			
	

		} while( ( xC  !=  LastSignificantCoeffX )  | |  ( yC  !=  LastSignificantCoeffY ) )
	

		if( log2TbWidth >= 2 && log2TbHeight >= 2 && !transform_skip_flag[ x0 ][ y0 ] ) {
	

			lfnstLastScanPos = lfnstLastScanPos && ( lastScanPos < 1 )
	

		}
	

		QState = 0
	

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

			
	

			if( ( i < lastSubBlock )  &&  ( i > 0 ) ) {
	

				coded_sub_block_flag[ xS ][ yS ]
	ae(v)

				inferSbDcSigCoeffFlag = 1
	

			}
	

			
	

			firstPosMode0 = ( i  = =  lastSubBlock  ? lastScanPos : numSbCoeff − 1 )
	

			firstPosMode1 = −1
	

			for( n = firstPosMode0; n  >=  0  &&  remBinsPass1 >= 4; n− − )  {
	

				 
	

				if( coded_sub_block_flag[ xS ][ yS ] && ( n > 0 | | !inferSbDcSigCoeffFlag ) &&
				( xC != LastSignificantCoeffX  | |  yC != Last SignificantCoeffY ) )  {
	

					sig_coeff_flag[ xC ][ yC ]
	ae(v)

		
	

				}
	

				if( sig_coeff_flag[ xC ][ yC ] ) {
	

					if( !transform_skip_flag[ x0 ][ y0 ] ) {
	

						numSigCoeff++
	

						if( ( n  >=  8  && i = = 0 && ( log2TbWidth = = 2 | | log2TbWidth = = 3 ) 
  						&& ( log2TbWidth = = log2TbHeight ) ) | | ( ( i = = 1 | | i = = 2 )  
						&& log2TbWidth  >=  3  &&  log2TbHeight  >=  3 ) )
	

							numZeroOutSigCoeff++
	

					} // if( transform_skip_flag[ x0 ][ y0 ]
	

		
	

				} // if( sig_coeff_flag[ x0 ][ y0 ]
	

		
	

			} // 1st pass
	

		
	

		} // Sub-block loop
	

	}
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