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Abstract
This contribution reports results of the study for so-called stable convolutions tested in EE1-5 (operational bit-exact reproducibility). Cross-checkers come to the conclusion that provided implementation allows running NN-based loop filter on GPU. Even for NNVC CTC match between inference of CPU and GPU is observed, it was demonstrated with example for specific inputs mismatch is observed. Run-time improvement compared to SADL implementation in NNVC is not attractive.  
[bookmark: _Ref227877263]Introduction
So-called stable convolutions were proposed in [1] and included into EE1 (as test EE1-5). Default SADL implementation of NN-based filter in NNVC uses int 16 representation for model parameters, tensors between two convolutions are also within int 16 range. Accumulator is 32 integer.
Proposed in [1] solution uses float point arithmetic to perform convolutions. Re-scale and rounding are used to control dynamic range. Scaling factors are selected according to the maximum absolute value in the input tensor, so addition pass over tensor elements is needed. In [2] proponents of stable convolutions provided mathematical proof for absence of overflow.
 Performance and run-time effect
If int16 SADL implementation of NN-based filter in NNVC is replaced by stable convolutions then (according to the proponent results which match partial results available from cross-check) BD-rate performance and Encoder run time are just slightly different from SADL. Decoder run time of CPU increases by factor 2, GPU decoding is comparable with just two-threads CPU decoding. 
[bookmark: _Ref227883919]Table 1 Summary of EE1-5 test results (stable convolutions in NNLF) compared to SADL (int 16).
	Test cfg
	BD-rate (PSNR)
	Runtime

	
	Y
	U
	V
	Enc CPU
	Dec CPU
	Dec GPU

	RA
	0.0%
	-0.1%
	-0.4%
	102%
	222%
	55%

	LDB
	0.00%
	0.00%
	-1.4%
	102%
	248%
	68%

	All Intra
	-0.0%
	-0.1%
	0.1%
	96%
	180%
	69%


Typically inference speed increase of GPU relatively to CPU observed for NN-based algorithms with similar kMAC/pxl is much higher than factor two demonstrated in stable convolutions. At least one reason for this is additional pass over tensor for maximum value calculation.
Comparison with other elements of video code design
Multiple elements of video codec design can be expressed in a form of two (or more) sequential convolutions (for example, separable interpolation filter). Dynamic range control is ensured by de-scaling shifts and clipping operations (de-scaling shifts and clipping are specified in the text of the standard).
Stable convolutions conceptually doing the same. The key differences are summarized in the Table 2.

[bookmark: _Ref227877104]Table 2 Stable convolution in comparison with traditional video coding tools.

	Aspect
	Other video coding tools
	Stable convolutions 

	De-scaling factor value
	Power of 2
	Any 

	De-scaling factor derivation
	Off-line trained, ‘written in a specification’
	Content adaptive, require additional pass

	Dynamic range of register
	32 bits
	24 bits

	Clipping
	Upper and low bound are clipped
	Upper bound ensured by on-a-fly de-scaling parameters derivation, low bound - rounding

	Implementation
	Int 32, also can be implemented in float with some restrictions
	Specific float point implementation



Dynamic range available for the accumulator in stable convolutions is even narrower than in SADL.
Equations and dynamic range estimations in [2] have been cross-check and confirmed.
Range assigned for model weights and input tensor to keep computations in 24 bits depends on size of convolution kernel and number of channels. In LOP of NNVC filter worst case is   convolution with 176 channels. With this number of summands, the dynamic range increases by 11 bits. Stable convolution (on Figure 1) is this case will be equivalent to quantization of weight and tensor using no more than 12 bits (for them together), currently NNVC filter uses 16 bits model parameters and tensors.

[bookmark: _Ref227880737]Figure 1. Scheme of the Stable Convolution
Demonstration of non-bit-exact behaviour
The effects of insufficient bits in the accumulator are seen when adding numbers with a large difference in dynamic range, i.e. when adding two numbers whose difference requires more bits to represent than are available in the accumulator. To show this the following experiment was conduct. We have analyzed the output of the Stable convolution, a convolution from PyTorch that operated in double precision float points,  direct calculation of convolution in Int32 and Int64 precisions, and compared them. All of them had the same parameters: 128 channels, kernel 3x3 with only one group, no padding and no any activation function after convolutions. The weights were also the same and they have the same value equal to 215-1 that corresponds to the maximum value for 16 bits. The input tensor has two values: the maximum value 215-1 and the minimal value 1. The results of comparison are presented in Table 1. The first column represents a step between channels with the minimum value. In other words, if the step is equal N, it means the first channel of each N channels has the minimum value. In a case of N equal to 1, all channels have the minimum value. For N equal to 2, the values alternate between the minimum and maximum values of the neighboring channels. For all convolutions the results are presented in two ways: full precision and shifted. The shifted values are calculated as full that are shifted by 27 bits. This value is formed as follows 16 (weights bit-depth)+16 (the inputs bit-depth)+7 (for 128 channels) + 4 (for 9 elements in the kernel + bias) – 16 (the output bit-depth). This calculation also shows that the necessary accumulator’s bit-depth is 43 (=16+16+7+4), that has only two types of the convolutions in the table.
	Step
	Stable convolution
	Convolution with double precision
	Direct calculation with Int32
	Direct calculation with Int64

	
	full
	shifted
	full
	shifted
	full
	shifted
	full
	shifted

	1
	75562752
	0
	75561855
	0
	75561855
	0
	75561855
	0

	2
	2473850830848
	18431
	2473863479295
	18431
	-37683201
	-1
	2473863479295
	18431

	3
	3285591785472
	24479
	3285575139705
	24479
	-74841735
	-1
	3285575139705
	24479

	4
	3710790402048
	27647
	3710757438015
	27647
	-94305729
	-1
	3710757438015
	27647

	5
	3942717587456
	29375
	3942675055275
	29375
	-104922453
	-1
	3942675055275
	29375

	6
	4097334837248
	30527
	4097286800115
	30527
	-112000269
	-1
	4097286800115
	30527

	7
	4213298429952
	31391
	4213245608745
	31391
	-117308631
	-1
	4213245608745
	31391

	8
	4329262546944
	32255
	4329204417375
	32255
	-122616993
	-1
	4329204417375
	32255

	9
	4367916728320
	32543
	4367857353585
	32543
	-124386447
	-1
	-124386447
	32543

	10
	4445226139648
	33119
	4445163226005
	33119
	-127925355
	-1
	4445163226005
	33119

	11
	4483880321024
	33407
	4483816162215
	33407
	-129694809
	-1
	4483816162215
	33407

	12
	4522535026688
	33695
	4522469098425
	33695
	-131464263
	-1
	4522469098425
	33695

	13
	4561189732352
	33983
	4561122034635
	33983
	-133233717
	-1
	4561122034635
	33983

	14
	4561189732352
	33983
	4561122034635
	33983
	-133233717
	-1
	4561122034635
	33983

	15
	4599844438016
	34271
	4599774970845
	34270
	-135003171
	-2
	4599774970845
	34270

	16
	4638498619392
	34559
	4638427907055
	34558
	-136772625
	-2
	4638427907055
	34558

	17
	4638498619392
	34559
	4638427907055
	34558
	-136772625
	-2
	4638427907055
	34558

	18
	4638498619392
	34559
	4638427907055
	34558
	-136772625
	-2
	4638427907055
	34558

	19
	4677153325056
	34847
	4677080843265
	34846
	-138542079
	-2
	4677080843265
	34846


The green background means that a value is equal to the corresponding value of the direct calculation with Int64 precision. And the red one in opposite means the opposite - a difference in values. As it is seen from the table, only double precisioned convolution provides the same output as the direct calculation.
The script that was used for the table calculation is attached to the cross-check. It should be placed into the code base of EE1-5.1 (commit 4e9a59fae8) in the directory training/training_scripts/NN_Filtering/LOP7/models. 
Implementation restriction
Although the proposed solution is relying on IEEE 754 standard for float representation and operation, it does not guarantee the bit exactness since several aspects of the standard are let free to implementers to choose. In principle, in order to guarantee bit exactness (with the given constraints in the proposed solution), more constraints should be put on top of IEEE 754 standard. Such constraints include:
•	Enforcing the rounding policy. On some accelerators, this policy can be enforced at runtime, with the caveat that it can depend on the environment, while on some others it relies on compile time choices, which then make it difficult to enforce later without a control on the backend framework.
•	Controlling the FMA (fuse multiply add) policy: this policy can depend on several factor (operation availability, compilation constraints, framework policy etc)
•	A non-standard but important aspect also concerns the way subnormal floats are handled. On some platform, environment can also change this behavior.
Bit-exact reproducibility problem
Author of this contribution confirm that none of NNVC algorithm can ensure bit-exact reconstruction. Quantizing model and tensor to 16 bits can easily result in overflow. This problem must be addressed.
Stable convolution solution tested in EE1-5 is a step in right direction. We appreciate contribution from Nokia and encourage further (and urgent) study of bit-exact reproducibility of NNVC tools.  It is recommended design solution not relaying on specific float point arithmetic specification in order not to limit implementation freedom traditional provided by video coding standards. Content adaptivity of de-scaling factors is also not desirable. All previous development of video coding algorithms confirms it can be avoided.
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