	[image: ][image: ]Joint Video Exploration Team (JVET)
of ITU-T SG 16 WP 3 and ISO/IEC JTC 1/SC 29/WG 11
6th Meeting: Hobart, AU, 31 March – 7 April 2017
	Document: JVET-F0096



	Title:
	EE2-JVET related: Division-free bilateral filter

	Status:
	Input Document to JVET 

	Purpose:
	Report

	Author(s) or
Contact(s):
	Jacob Ström, Kenneth Andersson, Per Wennersten, Martin Pettersson, Jack Enhorn and Rickard Sjöberg
Färögatan 6
164 80 Stockholm
Sweden
	
Tel:
Email:
	
+46720672192
{jacob.strom, kenneth.r.andersson, per.wennersten, martin.m.pettersson, jack.enhorn, rickard.sjoberg} @ericsson.com

	Source:
	Ericsson


_____________________________
Abstract
During the Hobart meeting, it was requested to have a division-free implementation of the bilateral filter from JVET-F0034 test 2 demonstrated. It was also concluded that the smaller division-lookup-table (division-LUT) of about 1 kB was preferred. This contribution is a response to these requests. To keep the size of the division-LUT small, it is important to reduce the size of both the nominator and the denominator of the division. To reduce the nominator, the filter equation can be rephrased in a mathematically equivalent manner to work with differences instead of absolute values. To reduce the denominator, bilateral filtering is turned off for inter blocks of size 16×16 and larger, which avoids a large center weight coefficient. With these changes, this contribution asserts that it is possible to make a division-free implementation where the division-LUT has a size of 576 bytes. The result by using the division-LUT is identical to the result from using divisions. The reported BD rate numbers are ‑0.4% / ‑0.5% / ‑0.5% / ‑0.5% for AI / RA / LD / LDP. 
Introduction 
This contribution investigates how to remove the division and replace it with a multiplication and a lookup-table (LUT). To keep the size of the LUT as small as possible, the nominator and the denominator of the division should be as small as possible. To reduce the nominator, the filtering equation is rewritten using differences. To reduce the denominator, the large center weight value for inter blocks of size 16×16 and larger is avoided by turning the filter off for these blocks. We will now go through these two steps in detail. After that, we will go through how to do rounding and tie-breaking in a way that matches the regular method. 
Reducing the nominator
The goal of the LUT is to pre-calculate the weights of the bilateral filter

so that the filtered pixel  can be calculated as

As is explained in JVET-F0034, due to the fact that the filter only touches the center pixel and its 4-neighbors, this equation can be written as 

where  is the intensity of the center pixel, and , ,  and  are the intensities for the left, right, above and below pixel respectively. Likewise,  is the weight for the center pixel, and , ,  and  are the corresponding weights for the neighboring pixels. 
The source code [1] in JVET-F0034 was based on Equation 3. In this case, the nominator can become relatively big. As an example, if all the intensities are the same, the non-center weights will have their maximum value of 31. The center weight can be as large as 4079. Also, if , then the nominator will be equal to 1023*4079+1023*31+1023*31+1023*31+1023*31 = 4 299 669.
Fortunately, it is possible to rewrite Equation 3 as 

where  and , etc. To see the details, consult Appendix A. The good thing is that when we have a large difference in intensity , the bilateral filter will choose a small weight . This means that the product  will always be small, since either  is small, or otherwise  is small. In the implementation of JVET-F0034 test 2, the product . Thus the nominator is reduced to .
Reducing the denominator
The denominator in Equation 4 is equal to . The maximum value for the non-center weights , ,  and  is 31 in test 2 of JVET-F0034. As described in Appendix A in JVET-F0034, the center weight can take the following values:

	
	min(TUwidth, TUheight)

	
	4
	8
	16

	intra
	65
	81
	196

	inter
	113
	196
	4079



As can be seen in the table, the center weight value for inter when the block size is 16×16 or larger is much bigger than the others. Note here that a large center weight value means weak filtering. Thus, the inter 16×16 filtering is by far the weakest filtering. We have therefore simply disabled bilateral filtering in this case, since it anyway is not affecting the output much.
Removing this case means that the largest  is reduced to 196 and the largest possible denominator to 196 + 31*4 = 320.
Rounding and bit-exact tie-breaking
When calculating the filtered pixel, in order to get correct rounding, one must add half of the denominator to the nominator according to

This is due to the fact that integer division  will return  rather than . In Equation 5, the nominator is always positive, which means that we should always add  to the nominator. However, when we use the differential form in Equation 4 (repeated here for convenience) 

the nominator  will sometimes be positive, and sometimes negative. In the negative case, we have to instead subtract half of the denominator, i.e., , to get the rounding correct. If we let  be the sign of the nominator

we can get the rounded value as 

The above formula will yield a correctly rounded number; since  is always positive, it is correct to always add . However, even though it will always yield a correctly rounded number, it will not always yield the same rounding as if Equation 5 is used. This is due to the fact that a number such as -1.5 can be correctly rounded both to -1 and to -2. To get the same output as in Equation 5, instead of adding  to the nominator, we add , where

This makes the rounding tie-breaking identical with that of Equation 5 and JVET-F0034.
In summary, in JVET-F0034 we calculate

where  means integer division and

Instead in this contribution, we calculate the filtered value as

where

which gives exactly the same result as in JVET-F0034 (Equation 9) including bit-exact tie-breaking during rounding. Note also that although Equation 12 includes two multiplications, they are really only conditional negations, which is inexpensive in hardware. 
Division using multiplication
Implementation
From Equation 12, the next step is now to convert the division to a multiplication. If we call the nominator  and the denominator , we want to calculate  without a division instruction.
As seen in Equations 12 and 13, the maximum value of  is , and the maximum value of  is . Hence, if we can calculate  exactly for every combination of  and  we are fine.
This is done using two LUTs. The first LUT is called divOneOverN and stores  where  is selected so that using  would make the value larger than . For some values, 1 is added. The second LUT is called divShift and stores the value of . 
Division  is now calculated using . The multiplication needs 13 bits for the first factor (since ) and 15 bits for the second factor (since it must be able to hold the value , which requires 15 bits).
Table size
The first table divOneOverN must be able to hold values up to and including , which requires 15 bits.
The second table divShift must be able to hold values up to 11, which requires 4 bits.
In total,  bytes of data need to be stored.
Note, that since the denominator equals , and since we know that , we only have to tabulate from 65 to 320. This means that it is sufficient to store  bytes.
Since the divOneOverN only has one value that needs 15 bits, namely the value 2^14, it is possible to instead use 0 to encode this value since divOneOverN does not contain zero. This is simple to do in hardware (b14 = !OR(b0, b1, ..., b13)) and would allow the table to instead become  bytes.
To compile the code, use the code base [1] and apply the patch attached to the contribution.
Objective metrics
Since the filtering has been removed for inter blocks of size 16×16 and larger, the objective results have changed slightly.  The BD rate figures are -0.4%, -0.5%, -0,5%, -0,5% for AI/RA/LDB/LDP. 





All intra:
	
	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%
	106%
	105%

	Class A2
	-0,35%
	0,04%
	0,10%
	108%
	106%

	Class B
	-0,18%
	0,24%
	0,23%
	103%
	103%

	Class C
	-0,79%
	0,09%
	0,11%
	104%
	102%

	Class D
	-0,53%
	0,23%
	0,21%
	107%
	104%

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

	Overall 
	-0,41%
	0,16%
	0,14%
	105%
	104%

	Class F (optional)
	-1,78%
	-0,11%
	-0,35%
	99%
	100%



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

	
	Y
	U
	V
	EncT
	DecT

	Class A1
	-0,24%
	-0,30%
	-0,10%
	103%
	96%

	Class A2
	-0,66%
	-0,52%
	-0,33%
	102%
	95%

	Class B
	-0,44%
	-0,05%
	0,07%
	102%
	97%

	Class C
	-0,55%
	-0,05%
	-0,29%
	99%
	95%

	Class D
	-0,53%
	-0,35%
	-0,41%
	106%
	101%

	Overall (Ref)
	-0,48%
	-0,24%
	-0,20%
	102%
	97%

	Class F (optional)
	-1,21%
	-0,25%
	-0,08%
	101%
	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
	-0,30%
	0,47%
	0,09%
	100%
	97%

	Class C
	-0,53%
	0,07%
	-0,14%
	102%
	101%

	Class D
	-0,64%
	0,66%
	0,28%
	102%
	100%

	Class E
	-0,50%
	0,71%
	0,17%
	99%
	97%

	Overall (Ref)
	-0,48%
	0,46%
	0,09%
	101%
	99%

	Class F (optional)
	-1,54%
	-0,05%
	-0,04%
	100%
	99%


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
	-0,42%
	0,56%
	0,94%
	107%
	102%

	Class C
	-0,53%
	0,03%
	-0,11%
	109%
	108%

	Class D
	-0,64%
	0,94%
	0,53%
	102%
	98%

	Class E
	-0,56%
	0,35%
	0,93%
	100%
	97%

	Overall (Ref)
	-0,53%
	0,48%
	0,57%
	105%
	101%

	Class F (optional)
	-1,43%
	0,05%
	-0,50%
	100%
	98%



Test 2
As a reference, we have included the BD rate figures for test 2 of JVET-F0034. They are -0.4%, -0.5%, -0,5%, -0,6% for AI/RA/LDB/LDP. To indicate that these are the old figures, they are written with a gray font.
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	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
In conclusion we have presented a solution where the integer division in JVET F0034 has been replaced by a multiplication and a LUT of size 576 bytes.
References
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Appendix A
In this appendix we go through why it is mathematically equivalent to rewrite the filtering formula (Equation 3) in differential form.
Equation 3 gives us

We can now add and subtract  to the nominator:

which is equal to

which is furthermore equal to

or 
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