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Abstract
For intra predicted blocks, the prediction residual is first transformed and then, the quantized transform coefficients are scanned and entropy coded. By selecting transform and scan order based on intra prediction modes, higher coding efficiency can be realized with some complexity increase. With the default HM2 coefficient scans, there are average gains of 0.9% and 1.7% for Intra HE and Intra LC respectively. When weak scans are used, there is a gain of 2.5% for Intra LC. For 4x4 transform size, the average operations count per pixel are 2.3 multiplies, 6.3 adds and 2.3 shifts, compared to 0 multiplies, 5.0 adds and 2.0 shifts in HM2. For 8x8 transform size, the average operations count per pixel are 8.0 multiplies, 13.0 adds, and 3.8 shifts, compared to 0 multiplies, 10.0 adds and 5.5 shifts in HM2.
1 Mode dependent intra residual coding
1.1 One Dimensional Directional Unified Transform (1DDUT) 
1DDUT utilizes only two 1-D transform matrices, which can specify four combinations of the 2-D transform. A combination is selected for each intra prediction mode. It means that the intra prediction modes are assigned into four categories, which are three directions and no direction (DC prediction). Table 1 shows the relationship between the transform index and 1D transform matrices, and Table 2 shows the relationship between intra prediction modes and the transform index. The transforms are chosen as follows. T1 is the odd type-III discrete sine transform specified by 
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where N is the size of the transform. T2 is the discrete cosine transform of type-II. It should be noted that there is no training involved in the choice of the transforms.
Table 1:  Relationship between the TransformIdx and each 1 D transform matrix
	TransformIdx
	Vertical 1D Transform
	Horizontal 1D Transform

	0
	T2
	T2

	1
	T1
	T2

	2
	T2
	T1

	3
	T1
	T1


Table 2:  Relationship between the IntraPredMode and the TransformIdx
	IntraPredMode
[ puPartIdx ]
	IntraPredType
[ puPartIdx ]
	IntraPredAngleID
[ puPartIdx ]
	TransformIdx
[ puPartIdx ]

	0
	Intra_Vertical
	0
	1

	1
	Intra_Horizontal
	0
	2

	2
	Intra_DC
	-
	0

	3
	Intra_Vertical
	-8
	3

	4
	Intra_Vertical
	-4
	3

	5
	Intra_Vertical
	+4
	1

	6
	Intra_Vertical
	+8
	1

	7
	Intra_Horizontal
	-4
	3

	8
	Intra_Horizontal
	+4
	2

	9
	Intra_Horizontal
	+8
	2

	10
	Intra_Vertical
	-6
	3

	11
	Intra_Vertical
	-2
	1

	12
	Intra_Vertical
	+2
	1

	13
	Intra_Vertical
	+6
	1

	14
	Intra_Horizontal
	-6
	3

	15
	Intra_Horizontal
	-2
	2

	16
	Intra_Horizontal
	+2
	2

	17
	Intra_Horizontal
	+6
	2

	18
	Intra_Vertical
	-7
	3

	19
	Intra_Vertical
	-5
	3

	20
	Intra_Vertical
	-3
	3

	21
	Intra_Vertical
	-1
	1

	22
	Intra_Vertical
	+1
	1

	23
	Intra_Vertical
	+3
	1

	24
	Intra_Vertical
	+5
	1

	25
	Intra_Vertical
	+7
	1

	26
	Intra_Horizontal
	-7
	3

	27
	Intra_Horizontal
	-5
	3

	28
	Intra_Horizontal
	-3
	3

	29
	Intra_Horizontal
	-1
	2

	30
	Intra_Horizontal
	+1
	2

	31
	Intra_Horizontal
	+3
	2

	32
	Intra_Horizontal
	+5
	2

	33
	Intra_Horizontal
	+7
	2


In the implementation of the transforms, the 4-point and 8-point DST matrices are norm corrected to match the norms of the 4-point and 8-point HM2 DCT. Therefore, there is no need to include additional quantization matrices or modify the quantization processes in any way. The use of 64 bit integer arithmetic is not required. While the 8-point DST uses a matrix multiply, for the 4-point DST, a fast implementation is possible to avoid a full matrix multiply. The inverse transform is illustrated in the pseudo-code below:
	Input: xi (i=0..3)

Output: yi (i=0..3)


f0 = x0 + x2


f1 = 58*x1


f2 = (x2 + x3) << 2 + x2


f3 = 74*(x0-x2) + 58*x3


y0 = (29*f0 + f1 + 11*f2 + 32) >> 6


y1 = (55*f0 + f1 – 17*f2 + 32) >> 6


y2 = (f3 + 32) >> 6


y3 = (84*f0 – f1 – 6*f2 + 32) >> 6


The HM2 core transforms and IBDI treatment were used without modifications. In particular, it should be noted that when the inverse 8-point (and above) DCT is used, the bitshifts for the rounding operation during residual pixel reconstruction and the bitshifts for the TPE can be combined to reduce the number of shift operations needed. However, we did not wish to modify this aspect of the code and therefore have left it alone.

1.2 Coefficient scanning
We have tested two configurations. In the first configuration, we use the default coefficient scans with HM2. Recall that in intra mode dependent coefficient scanning, there are three scan orders: zig-zag, horizontal and vertical, and selection of the scan order is dependent on the transform block size and the spatial prediction mode. This applies for both CABAC and LCEC.
In addition, we also consider the use of “weak scans” from [3] in the low complexity case where LCEC is the entropy coder. The weak scans are different from the pure horizontal and vertical scans in that the directionality is weaker. The weak scans are used in a mode dependent manner for intra-coded blocks of all sizes, and the mappings from the intra prediction mode to the scan are the same for different block sizes, which was proposed in [4] and already adopted into HM2.0.
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(a)                         (b)

Fig. 1 The weak directional scans in (a) horizontal direction, and (b) vertical direction

As illustrated in Fig. 1, the two scan orders are symmetric, which adds extra flexibility in the implementation. For example, we can store the two scans, or equivalently, we can store only one scan and find the coefficient position by swapping x and y when the other scan is referred.
2 Experimental results

As specified by the CE7 conditions [5], coding efficiency is evaluated in Intra and Random Access (RA) configurations for both the high efficiency and low complexity cases based on the common conditions defined in JCTVC-D600 [1], when the default HM2 coefficient scans are used. We also provide results for low complexity cases when the weak scans are used. The coding efficiency is measured by using 4 point BD-Rate.
2.1 Compression performance

The experimental results are shown in the Tables 1 and 2. Table 1 shows the results for intra mode-dependent transforms with the HM2 coefficient scans. Table 2 shows the results for low-complexity configurations when weak scans are used. 
	 
	Intra
	Intra LoCo

	
	Y BD-rate
	U BD-rate
	V BD-rate
	Y BD-rate
	U BD-rate
	V BD-rate

	Class A
	-1.2 
	-1.8 
	-1.5 
	-2.1 
	-0.5 
	-0.3 

	Class B
	-0.6 
	-1.3 
	-1.3 
	-1.2 
	-1.1 
	-1.0 

	Class C
	-0.9 
	-1.2 
	-1.2 
	-1.6 
	-1.3 
	-1.2 

	Class D
	-1.0 
	-1.2 
	-1.2 
	-1.6 
	-1.1 
	-1.2 

	Class E
	-1.1 
	-2.1 
	-1.8 
	-2.2 
	-0.8 
	-1.1 

	All
	-0.9 
	-1.5 
	-1.4 
	-1.7 
	-1.0 
	-1.0 

	Enc Time[%]
	100%
	102%

	Dec Time[%]
	101%
	103%

	
	
	
	
	
	
	

	 
	Random access
	Random access LoCo

	
	Y BD-rate
	U BD-rate
	V BD-rate
	Y BD-rate
	U BD-rate
	V BD-rate

	Class A
	-0.4 
	-0.9 
	-0.6 
	-0.7 
	-0.2 
	0.2 

	Class B
	-0.3 
	-0.4 
	-0.1 
	-0.5 
	-0.3 
	-0.3 

	Class C
	-0.5 
	-0.6 
	-0.5 
	-0.8 
	-0.6 
	-0.5 

	Class D
	-0.4 
	-0.5 
	-0.4 
	-0.7 
	-0.5 
	-0.6 

	Class E
	 
	 
	 
	 
	 
	 

	All
	-0.4 
	-0.6 
	-0.4 
	-0.7 
	-0.4 
	-0.3 

	Enc Time[%]
	100%
	100%

	Dec Time[%]
	100%
	101%


Table 1: BD-rate results for intra mode-dependent transforms with HM2 coefficient scans
	 
	Intra LoCo

	
	Y BD-rate
	U BD-rate
	V BD-rate

	Class A
	-2.8 
	-0.6 
	-0.5 

	Class B
	-2.3 
	-1.8 
	-1.8 

	Class C
	-1.8 
	-1.4 
	-1.4 

	Class D
	-2.0 
	-1.6 
	-1.6 

	Class E
	-3.7 
	-1.6 
	-1.7 

	All
	-2.5 
	-1.4 
	-1.4 

	Enc Time[%]
	104%

	Dec Time[%]
	104%

	
	
	
	

	 
	Random access LoCo

	
	Y BD-rate
	U BD-rate
	V BD-rate

	Class A
	-1.5 
	-0.8 
	-0.5 

	Class B
	-1.2 
	-0.9 
	-0.9 

	Class C
	-0.8 
	-0.9 
	-0.7 

	Class D
	-0.8 
	-0.7 
	-0.7 

	Class E
	 
	 
	 

	All
	-1.1 
	-0.8 
	-0.7 

	Enc Time[%]
	100%

	Dec Time[%]
	101%


Table 2: BD-rate results in low-complexity cases for intra mode-dependent transforms with weak scans
Complexity

A summary is presented in the table below.

	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	
	
	
	
	
	
	

	Evaluation Metrics
	Core HM transform
	Proposal E098
(HM Scans)
	Proposal E098
(Weak Scans)
	Comments

	4x4
	Average Transform Arithmetic Operations (ops/pixel)
	Mults
	0.0
	2.3
	2.3
	 

	
	
	Adds
	5.0
	6.3
	6.3
	

	
	
	Shifts
	2.0
	2.3
	2.3
	

	
	Worst-Case Transform Arithmetic Operations (ops/pixel)
	Mults
	0.0
	4.5
	4.5
	

	
	
	Adds
	5.0
	7.5
	7.5
	

	
	
	Shifts
	2.0
	2.8
	2.8
	

	
	Bit Precision
	Max. required (bits)
	32
	32
	32
	

	
	Memory requirements
	Additional for transform (bytes)
	0
	9
	9
	

	8x8
	Average Transform Arithmetic Operations (ops/pixel)
	Mults
	0.0
	8.0
	8.0
	 

	
	
	Adds
	10.0
	13.0
	13.0
	

	
	
	Shifts
	5.5
	3.8
	3.8
	

	
	Worst-Case Transform Arithmetic Operations (ops/pixel)
	Mults
	0.0
	16.0
	16.0
	

	
	
	Adds
	10.0
	16.0
	16.0
	

	
	
	Shifts
	5.5
	5.5
	5.5
	

	
	Bit Precision
	Max. required (bits)
	32
	32
	32
	

	
	Memory requirements
	Additional for transform (bytes)
	0
	64
	64
	

	Misc.
	Quantization
	Additional quantization matrices
	0
	0
	0
	** The scans are computed from a equation, so they do not need to be stored in the ROM

## The mapping table is already a part of HM2.0, so no additional storage is needed

	
	
	Size of additional quantization matrices (bytes)
	0
	0
	0
	

	
	Scan orders
	Additional scan orders
	0
	0
	**
	

	
	
	Mode mapping table size (bytes)
	0
	0
	##
	

	
	Additional R-D loops? (yes/no)
	encoder
	No
	No
	No
	

	
	
	decoder
	No
	No
	No
	


Further details of the operations count are given in the attached excel spreadsheet.
3 Conclusions

In this CE report, we have presented results for the proposed mode-dependent transforms using DCT and DST that show coding gains with small complexity increase. In addition, we also present results for low-complexity configurations when weak scans are used for coefficient scanning; these show that further coding gains are possible for low-complexity with weak scans. We recommend that these tools be considered for adoption into HM.
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6 Annex – Draft text

Table 1:  Relationship between the IntraPredMode and the TransformIdx
	IntraPredMode
[ puPartIdx ]
	IntraPredType
[ puPartIdx ]
	IntraPredAngleID
[ puPartIdx ]
	TransformIdx
[ puPartIdx ]

	0
	Intra_Vertical
	0
	1

	1
	Intra_Horizontal
	0
	2

	2
	Intra_DC
	-
	0

	3
	Intra_Vertical
	-8
	3

	4
	Intra_Vertical
	-4
	3

	5
	Intra_Vertical
	+4
	1

	6
	Intra_Vertical
	+8
	1

	7
	Intra_Horizontal
	-4
	3

	8
	Intra_Horizontal
	+4
	2

	9
	Intra_Horizontal
	+8
	2

	10
	Intra_Vertical
	-6
	3

	11
	Intra_Vertical
	-2
	1

	12
	Intra_Vertical
	+2
	1

	13
	Intra_Vertical
	+6
	1

	14
	Intra_Horizontal
	-6
	3

	15
	Intra_Horizontal
	-2
	2

	16
	Intra_Horizontal
	+2
	2

	17
	Intra_Horizontal
	+6
	2

	18
	Intra_Vertical
	-7
	3

	19
	Intra_Vertical
	-5
	3

	20
	Intra_Vertical
	-3
	3

	21
	Intra_Vertical
	-1
	1

	22
	Intra_Vertical
	+1
	1

	23
	Intra_Vertical
	+3
	1

	24
	Intra_Vertical
	+5
	1

	25
	Intra_Vertical
	+7
	1

	26
	Intra_Horizontal
	-7
	3

	27
	Intra_Horizontal
	-5
	3

	28
	Intra_Horizontal
	-3
	3

	29
	Intra_Horizontal
	-1
	2

	30
	Intra_Horizontal
	+1
	2

	31
	Intra_Horizontal
	+3
	2

	32
	Intra_Horizontal
	+5
	2

	33
	Intra_Horizontal
	+7
	2


Table 2: Relationship between TransformIdx and 1DTransformIdx

	TransformIdx
	Vertical 1D Transform
	Horizontal 1D Transform

	0
	T2
	T2

	1
	T1
	T2

	2
	T2
	T1

	3
	T1
	T1


8.5.4.1 Transformation process for 4 samples
Inputs to this process are:

· an array of 4 samples of the scaled transform coefficients x with elements xi, with i = 0..3,

· a variable PredMode specifying the prediction mode of the current block,

· a variable IntraPredMode specifying the intra prediction mode of the current block,

· a variable cIdx specifying the chroma component of the current block,

· a variable isVerticalTransform specifying if the current transform is for vertical transformation.

Output of this process is an array of 4 samples of the residual samples y with elements yi, with i = 0..3.
TransformIdx is derived as follows:

· If PredMode is equal to MODE_INTRA and cIdx is equal to 0, then TransformIdx is indicated by Table 1 using IntraPredMode

· Otherwise, TransformIdx is set to 0

1DTransformIdx is derived as follows:

· If isVerticalTransform is equal to 1, 1DTransformIdx is set to the entry in the second column of Table 2 corresponding to TransformIdx

· Otherwise, 1DTransformIdx is set to the entry in the third column of Table 1 corresponding to TransformIdx

4-point one-dimensional inverse transformation process is defined as following.
· If 1DTransformIdx is equal to T1

· A set of intermediate values fi is derived by


f0 = x0 + x2

f1 = 58*x1

f2 = (x2 + x3) << 2 + x2


f3 = 74*(x0-x2) + 58*x3
· Then, the transformed results yi (i=0..3) is computed from these intermediate values as


y0 = (29*f0 + f1 + 11*f2 + 32) >> 6


y1 = (55*f0 + f1 – 17*f2 + 32) >> 6


y2 = (f3 + 32) >> 6


y3 = (84*f0 – f1 – 6*f2 + 32) >> 6

· Otherwise,

[same as AVC]

8.5.4.2 Transformation process for 8 samples
Inputs to this process are:

· an array of 8 samples of the scaled transform coefficients x with elements xi, with i = 0..7,

· a variable PredMode specifying the prediction mode of the current block,

· a variable IntraPredMode specifying the intra prediction mode of the current block,

· a variable cIdx specifying the chroma component of the current block,

· a variable isVerticalTransform specifying if the current transform is for vertical transformation.

Output of this process is an array of 8 samples of the residual samples y with elements yi, with i = 0..7.
TransformIdx is derived as follows:

· If PredMode is equal to MODE_INTRA and cIdx is equal to 0, then TransformIdx is indicated by Table 1 using IntraPredMode

· Otherwise, TransformIdx is set to 0

1DTransformIdx is derived as follows:

· If isVerticalTransform is equal to 1, 1DTransformIdx is set to the entry in the second column of Table 2 corresponding to TransformIdx

· Otherwise, 1DTransformIdx is set to the entry in the third column of Table 1 corresponding to TransformIdx

8-point one-dimensional inverse transformation process is defined as following:

· If 1DTransformIdx is equal to T1

· The transformed results yi (i=0..7) is computed as


y0 = (16*x0 + 49*x1 + 55*x2 + 90*x3 + 87*x4 + 84*x5 + 47*x6 + 34*x7 + 32) >> 6


y1 = (32*x0 + 84*x1 + 67*x2 + 49*x3 – 16*x4 – 74*x5 – 69*x6 – 63*x7 + 32) >> 6


y2 = (46*x0 + 93*x1 + 25*x2 – 63*x3 – 84*x4 – 17*x5 + 55*x6 + 84*x7 + 32) >> 6


y3 = (59*x0 + 74*x1 – 37*x2 – 84*x3 + 32*x4 + 90*x5 – 13*x6 – 93*x7 + 32) >> 6


y4 = (70*x0 + 34*x1 – 69*x2 + 17*x3 + 79*x4 – 63*x5 – 37*x6 + 90*x7 + 32) >> 6


y5 = (79*x0 – 17*x1 – 47*x2 + 93*x3 – 46*x4 – 34*x5 + 67*x6 – 74*x7 + 32) >> 6


y6 = (84*x0 – 63*x1 + 13*x2 + 34*x3 – 70*x4 + 93*x5 – 62*x6 + 49*x7 + 32) >> 6


y7 = (87*x0 – 90*x1 + 62*x2 – 74*x3 + 59*x4 – 49*x5 + 25*x6 – 17*x7 + 32) >> 6

· Otherwise,

[same as AVC]
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