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Abstract
This document describes the result of the EE2 activity on reducing the size of the look-up table (LUT) used to implement the bilateral filter from JVET-E0032. This work is divided into two parts; test 1 and test 2. For test 1, the contribution describes techniques to reduce the LUT while retaining bit exact behavior of the algorithm. The BD rate differences of test 1 against JEM 5.0.1 are reported to be ‑0.4% / ‑0.5% / ‑0.5% / ‑0.6% for AI/RA/LD/LDP. A LUT size of 56148 bytes is reported in this case. For test 2, the bilateral filter coefficients are stored with 5-bit precision resulting in a stated LUT size of 2202 bytes. The BD rate figures are reported to be ‑0.4% / ‑0.5% / ‑0.5% / ‑0.6% for test 2. Reported encoding complexity for test 2 is 106% / 102% / 102% / 104% and reported decoding complexity is 103% / 99% / 100% / 101%. 
Introduction 
This EE investigates how to reduce the size of the lookup table (LUT) for the bilateral filter described in JVET-E0032. Two tests are described in the document. In test 1, we describe reductions of the LUT that can be done while keeping the bilateral filter bit exact to that of JVET-E0032. In test 2, we describe further reductions that give equivalent BD rate gains but using less accuracy for the bilateral filter coefficients. First however, we will discuss how large the LUT becomes if no size optimizations are used in a section called “before test1”. 
Before test 1
The goal of the LUT is to pre-calculate the weights of the bilateral filter

so that the filtered pixel  can be calculated as

For the center weight, i.e., the weight for the center pixel, we will have  and . Hence  and  which means that the center weight  is always 1.0.
For all other weights,  since we only include the 4-neighbors of a pixel in the filtering (a “plus-shaped” filter kernel). Therefore we have

where  is the intensity of the center pixel. Since the center weight is always 1.0, no LUT is needed for it. For the other weights, it is possible to use a 3D LUT indexed over the following dimensions:
Modes: The variable  can take 6 different values depending upon the TU size and type of block; 3 each for intra blocks (4×4, 8×8, and 16×16 blocks) and 3 for inter blocks (4×4, 8×8, and 16×16 blocks). (Rectangular blocks uses the smaller dimension.)
QPs: The variable  is calculated from the QP value and the filter is only turned on for QP 18 and higher: For QP 17 and lower  becomes too small to change the filtered value. Therefore this dimension can take 34 different values (18 through 51).
Absolute intensity difference: The value  can take 1024 different values for ten bit luma values. 
Each weight is stored using an unsigned short. Thus, a brute force implementation would need 6*34*1024*2 = 417 792 bytes of LUT memory.
Test 1
For test 1, we have investigated how we can reach a bit-exact version while considerably reducing the size of the LUT. 
Mode dimension reduction: For intra predicted blocks,  is calculated using

and for inter predicted blocks, we use

This means that  will be the same for a 16×16 intra block as for an 8×8 inter block, since . We can therefore use the same table entries for both of these cases and the mode dimension is lowered from 6 to 5. 
Absolute intensity difference dimension reduction: In JVET-E0032, the LUT entries were stored with fixed point precision, where a value of 100 000 represented 1.0. For a high enough absolute intensity difference, this stored value will be zero, and hence it will also be zero for any larger difference. It is therefore possible to store only the LUT entries up to and including the first zero. For QP 18, only 12 values need to be stored, and for QP 51, only 318 values need to be stored. To store the LUT entries for a single mode, only 5608 values are needed to be stored.
Thus, for test 1 we need 5*5608*2 = 56 080 bytes for the LUT entries. On top of this, another table with 34 short entries is needed to keep track of how many entries are stored for each QP (12 for QP 18 and 318 for QP 51, and so on). In total 56 148 bytes of data is needed for test 1.
Test 2
For test 2, we have investigated how we can reach further reductions of the size of the LUT if we deviate from bit exact behavior, and instead aim for equivalent BDR gains. In addition to the reductions in the previous section, these further reductions then become possible:
Mode dimension reduction: The approach for test 1 was to use the same center weight value (100 000) for all modes, and use one slice of the LUT per mode to get the non-center weights. However, it is instead possible to use the same LUT slice for the non-center weights for all modes, and instead change the center weight value depending upon the mode. As is described in Appendix A, this is mathematically equivalent, modulus rounding. Hence the mode dimension can be lowered from 5 to 1.
LUT entry bit resolution reduction: In test 1, a center weight value of 100 000 was used, which meant that the largest possible LUT entry became , so two bytes were needed to store the result. This was overprovisioning the number of bits needed in the filter taps for accurate filtering. In test 2, we use a center weight value of 65 instead, which means that the largest possible LUT entry becomes . This means that number of bits stored per LUT entry can be lowered from 16 to 5 bits.
Absolute intensity difference dimension reduction: In test 1, we stored only the non-zero coefficients, in total 5608 values. Due to the reduced coefficient accuracy in test 2, the first zero appears earlier. This means that the total number of values is reduced from 5608 to 3468 values. 
Thus, for test 2, we need 1*3468*(5/8) = 2168 bytes. On top of that, another table of 34 bytes is needed to keep track of how many entries are stored for each QP. Thus, in total, 2202 bytes of storage is needed, a reduction of 96% compared to test 1.
Implementational considerations
In an implementation where it is infeasible to address 5 bit values, 8 bit values can instead be used to store the 5 bit values in test 2. This would increase the LUT size to 3468+34=3502 bytes. However, for full custom ASIC implementations, 5 bit value addressing should not be a problem to implement, and 2202 bytes is a more relevant number. For CPU implementations, 3502 bytes should not be an issue. 
In an architecture which produces one filtered pixel per clock it may be necessary to store more than one LUT to be able to read from them in parallel. However, only two LUT reads per pixel are necessary (lines 488 and 489 of TComBilateralFilter.cpp of the code [1]) so at most the size of the LUT should be doubled due to this.
Due to the 5-bit coefficients in test 2, it is possible to implement the integer division with a 28 bit multiplication (15 bits times 13 bits, only the top 14 bits of output are used) in a bit-exact manner.
Objective metrics
Test 1
For test 1, the BD rate figures are -0.41%, -0.48%, -0,46%, -0,56% for AI/RA/LDB/LDP.
All intra Main 10:
	
	Over HM-16.6-JEM-5.0.1 (parallel, gcc4.5.1) with Precise PSNR

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0,19%
	0,24%
	0,12%
	105%
	103%

	Class A2
	-0,35%
	0,03%
	0,09%
	107%
	105%

	Class B
	-0,17%
	0,20%
	0,24%
	106%
	104%

	Class C
	-0,80%
	0,08%
	0,08%
	108%
	106%

	Class D
	-0,52%
	0,15%
	0,16%
	104%
	100%

	Class E
	-0,53%
	0,08%
	0,02%
	106%
	107%

	Overall 
	-0,41%
	0,13%
	0,13%
	106%
	104%

	Class F (optional)
	-1,78%
	-0,28%
	-0,38%
	106%
	106%


Random access:
	
	Over HM-16.6-JEM-5.0.1 (parallel, gcc4.5.1) with Precise PSNR

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0,25%
	-0,18%
	0,00%
	102%
	97%

	Class A2
	-0,64%
	-0,38%
	-0,21%
	102%
	98%

	Class B
	-0,43%
	0,00%
	0,10%
	103%
	99%

	Class C
	-0,56%
	-0,08%
	-0,49%
	102%
	99%

	Class D
	-0,52%
	-0,08%
	0,00%
	105%
	99%

	Overall (Ref)
	-0,48%
	-0,14%
	-0,11%
	103%
	98%

	Class F (optional)
	-1,20%
	-0,29%
	-0,26%
	102%
	101%


Low delay B:
	
	Over HM-16.6-JEM-5.0.1 (parallel, gcc4.5.1) with Precise PSNR

	
	Y
	U
	V
	EncT
	DecT

	Class B
	-0,33%
	0,78%
	0,51%
	102%
	100%

	Class C
	-0,51%
	0,41%
	0,05%
	106%
	104%

	Class D
	-0,63%
	0,41%
	0,06%
	99%
	96%

	Class E
	-0,40%
	-0,13%
	0,13%
	105%
	103%

	Overall (Ref)
	-0,46%
	0,43%
	0,21%
	103%
	100%

	Class F (optional)
	-1,38%
	0,28%
	-0,16%
	100%
	98%


Low delay P:
	
	Over HM-16.6-JEM-5.0.1 (parallel, gcc4.5.1) with Precise PSNR

	
	Y
	U
	V
	EncT
	DecT

	Class B
	-0,46%
	0,54%
	1,08%
	106%
	101%

	Class C
	-0,58%
	-0,14%
	-0,13%
	109%
	107%

	Class D
	-0,66%
	0,23%
	0,09%
	98%
	95%

	Class E
	-0,56%
	-0,38%
	-0,02%
	102%
	100%

	Overall (Ref)
	-0,56%
	0,12%
	0,32%
	104%
	101%

	Class F (optional)
	-1,51%
	-0,21%
	-0,26%
	102%
	99%



Test 2
For test 2, the BD rate figures are -0.41%, -0.48%, -0,53%, -0,57% for AI/RA/LDB/LDP. 
All intra Main 10:

	
	Over HM-16.6-JEM-5.0.1 (parallel, gcc4.5.1) with Precise PSNR

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0,18%
	0,23%
	0,10%
	105%
	104%

	Class A2
	-0,35%
	0,04%
	0,10%
	108%
	105%

	Class B
	-0,18%
	0,24%
	0,23%
	107%
	105%

	Class C
	-0,79%
	0,09%
	0,11%
	108%
	106%

	Class D
	-0,53%
	0,23%
	0,21%
	101%
	95%

	Class E
	-0,54%
	0,05%
	0,05%
	106%
	106%

	Overall 
	-0,41%
	0,16%
	0,14%
	106%
	103%

	Class F (optional)
	-1,78%
	-0,11%
	-0,35%
	108%
	108%


Random access:
	
	Over HM-16.6-JEM-5.0.1 (parallel, gcc4.5.1) with Precise PSNR

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0,23%
	-0,34%
	-0,08%
	103%
	97%

	Class A2
	-0,67%
	-0,54%
	-0,33%
	102%
	97%

	Class B
	-0,43%
	-0,02%
	0,09%
	102%
	99%

	Class C
	-0,59%
	0,06%
	-0,24%
	100%
	99%

	Class D
	-0,52%
	-0,32%
	-0,44%
	104%
	101%

	Overall (Ref)
	-0,48%
	-0,22%
	-0,19%
	102%
	99%

	Class F (optional)
	-1,22%
	-0,25%
	-0,08%
	102%
	100%


Low delay B:
	
	Over HM-16.6-JEM-5.0.1 (parallel, gcc4.5.1) with Precise PSNR

	
	Y
	U
	V
	EncT
	DecT

	Class B
	-0,35%
	0,41%
	0,06%
	102%
	101%

	Class C
	-0,55%
	0,34%
	0,02%
	102%
	101%

	Class D
	-0,66%
	0,30%
	-0,20%
	100%
	98%

	Class E
	-0,64%
	0,02%
	1,24%
	103%
	101%

	Overall (Ref)
	-0,53%
	0,29%
	0,21%
	102%
	100%

	Class F (optional)
	-1,48%
	0,23%
	0,28%
	101%
	100%


Low delay P:
	
	Over HM-16.6-JEM-5.0.1 (parallel, gcc4.5.1) with Precise PSNR

	
	Y
	U
	V
	EncT
	DecT

	Class B
	-0,44%
	0,51%
	0,44%
	108%
	102%

	Class C
	-0,57%
	0,25%
	-0,05%
	106%
	105%

	Class D
	-0,64%
	0,56%
	0,44%
	99%
	97%

	Class E
	-0,70%
	0,37%
	0,68%
	103%
	101%

	Overall (Ref)
	-0,57%
	0,43%
	0,36%
	104%
	101%

	Class F (optional)
	-1,47%
	-0,19%
	-0,33%
	106%
	104%


Summary
[bookmark: _GoBack]In conclusion we have presented two techniques to reduce the size of the LUT; one (test1) that is bit exact with the previous contribution JVET-E0032, and which reduces the LUT size to 56 080 bytes, and another one (test 2), which is not bit exact but gives similar BD-rate figures and a LUT size of 2202 bytes.
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Appendix A
In this appendix we go through why it is mathematically equivalent to change the value of the center weight instead of changing the values stored in the LUT.
Let us denote the center weight (which is equal to 1.0) by , and all the other weights using the following: for the left pixel, for the right pixel, and  and  for the pixels above and below. Likewise, we use , ,  and  for the intensities in these pixels. The new filtered value  is then equal to

As described earlier, we have

We can rewrite the formula for the other weights as

where  and , and . We thus have that in the original formulation, the filtered pixel is equal to

Now, assume we multiply the center weight  (and only the center weight) by the constant . We then get a different filtered value 

Now if we multiply both the nominator and denominator by , we get


which is equal to

Thus, the only difference between  and  is that  has been replaced by . Since the  parameter is fully contained in , it is possible to change the effective  parameter by multiplying the center weight (as in Equation 10) instead of using the same center weight of  with a different LUT for each . 
In test 2, the center weight is stored in fixed point with 65 representing 1.0 for  intra blocks, corresponding to  Thus for  intra blocks, for which , we instead use a center weight of  = 81.
In summary, for the six different modes, the same LUT is used, but with the following center weight values:

	
	min(TUwidth, TUheight)

	
	4
	8
	16

	intra
	65
	81
	196

	inter
	113
	196
	4079
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