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1 Introduction
In Eibsee a Complexity Ad Hoc Group was established. The areas of investigation are described in document VCEG-L36. One evaluation section of document VCEG-L36 is the analysis of the computational and storage complexity versus the coding performance of the displacement vector (DV) resolutions of 1/2-, 1/4- and 1/8-pel  with different interpolation filter tap sizes (4-,6- and 8-tap). In this document this analysis is done by the following evaluations:
· Computational Complexity: Number of multiplies (Section 2)

· Storage complexity (Section 3)
· Coding performance: Rate-Distortion plots (Section 4)
2 Computational Complexity : Number of multiplies 
In this section the number of multiplies M(n) in dependence on the filter tap size n is calculated for the DV resolutions  of 1/2-, 1/4- and 1/8-pel. In subsection 2.1 M(n) is calculated for the Encoder with a subsequent interpolation scheme and in subsection 2.2 M(n) is calculated for the Decoder with the direct interpolation scheme (VCEG-L20, M45). For the 1/4- and 1/8-pel DV-resolution it is assumed that for the last subsequent interpolation step, a 2-tap bilinear filter is applied.
2.1 Encoder : Subsequent Interpolation

Figure 1 shows the steps of the subsequent interpolation scheme for 1/4-pel interpolation.
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Figure 1: Subsequent interpolation scheme of TML-Encoder for 1/4-pel interpolation.

In TML-5 (Q15K59) the interpolation process is described as subsequent interpolations with two different interpolation filters. The first interpolation filter is a n-tap filter (n=6 for TML) that interpolates the image signal on 1/2-pel positions and the second one is a bilinear filter that interpolates the image signal on 1/4-pel positions. In each interpolation step the image is sampled up by the factor of 2. For this purpose, the 2:1 image has to be stored temporarily. In Figure 2 a part of the image grid with 4 fullpel positions and the corresponding 3 subpel positions is shown in case of an upsampling factor of 2.
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Figure 2: Part of the image grid with 4 fullpel positions and corresponding 3 subpel positions. It is assumed that the image is sampled up by the factor of 2.
The figure shows that 3 subpel positions have to be interpolated for each fullpel position. This means that in each subsequent interpolation step (Figure 1) 3 subpel positions have to be interpolated for each fullpel position of the previous step. Therefore M(n) for the whole 1/4-pel interpolation, which consists of 2 subsequent upsampling steps, is calculated as follows (exemplary for a 352*288 CIF  image):

· 2:1 resolution:
interpolation of 3 subpel positions with n tap filter for each 352*288 pel:
  
352*288*3*n

· 4:1 resolution:
interpolation of 3 subpel positions with 2 tap filter for each 704*576 pel:
 
704*576*3*2

The number of multiplication in dependence on the number of filter taps n for an CIF image is calculated to M(n)=352*288*3*n + 704*576*3*2. Therefore the number of multiplies per pel of the original image in dependence of the number of filter taps n is calculated to M(n)=3*n+4*3*2. The number of multiplies for the other DV resolutions can be calculated in a similar way and are given in the following table:
DV-res
M(n)

1/2
3*n

1/4
3*n + 4*3*2

1/8
3*n + 4*3*n + 16*3*2

Table 1: Number of multiplies M(n) in dependence of the filter tab size n for different displacement vector resolutions DV-res.
2.2 Decoder: Direct Interpolation

In contrast to the subsequent interpolation scheme in the encoder, where every pel on every subpel position is interpolated, the direct interpolation scheme of the decoder only interpolates the subpel positions that are used in the motion compensated prediction. For this purpose different interpolation filters for each subpel position have to be applied. In Figure 3 a part of an image grid with 4 fullpel positions and 15 subpel positions is shown for 1/4-pel interpolation. 
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Figure 3: Part of the image grid with 4 fullpel positions and the corresponding 15 subpel positions for 1/4-pel interpolation. 

In order to interpolate one of the positions depicted in Figure 2, the following interpolation filters are applied:

· Fullpel position: 


no interpolation necessary

· Positions 2,3,4,5,9,13: 

one-dimensional direct filters with n-taps

· Positions 6,7,8,10,11,12,14,15,16:
two-dimensional direct filters with n*n-taps

In the following it is assumed that the probability for these 15 subpel positions and one additional fullpel position has a uniform distribution. The probability for each of the 16 positions is equal to 1/16. With this assumption the expectation value of the multiplies for one pel can be calculated as follows:

· One fullpel position:  


no interpolation necessary 
( 1/16 *  1 * 0    

· Positions 2,3,4,5,9,13: 

6 interp. with n    tap filter 
( 1/16 *  6 * n    

· Positions 6,7,8,10,11,12,14,15,16:
9 interp. with n*n tap filter
( 1/16 *  9 * n*n

The mean number of multiplies for each fullpel is calculated to M(n)=1/16*(1*0+6*n+9*n*n). The number of multiplies for the other DV resolutions can be calculated in a similar way and are given in the following table:
DV-res
M(n)

1/2
1/4  *(  2*n +  1* n*n)

1/4
1/16*(  6*n +  9* n*n)

1/8
1/64*(14*n + 49* n*n)

Table 2: Number of multiplies M(n) in dependence of the filter tab size n for different displacement vector resolutions DV-res.
2.3 Comparison for Encoder and Decoder complexity 

The following figures show the mean number of multiplies M(n) in dependence of the filter tap size n. The first figure contains the curves of all DV resolutions that are given in Table 1 and Table 2. The second figure does not show the 1/8-pel subsequent interpolation curve in order to allow a closer look to the other curves. For 1/8-pel encoder interpolation it is proposed to use a combination of subsequent and direct interpolation scheme. With this combination, the number of multiplies can be reduced significantly. 

[image: image4.png]number of multiplications per pel

250

number of filter taps




[image: image5.png]N
N
N
N
N
N
N
L N 4
<
g2 B
H & & 4
S s
By B
o800
BoBoa
S=So
S oo
H ooooo =
R
eNENsH oo
Qiaishsdoo
L , 4
| 1
! i
! i
i
I
! i
i
S = >

80

2
|ad 1ad suonesdiynw Jo Jaquunu

10

6
number of filter taps




3 Storage Complexity : Memory requirements

3.1 Encoder: Subsequent Interpolation 

In this subsection it is assumed that the image is sampled up to the final resolution of each DV-resolution. Therefore, the memory requirements in multiplies of the original size are given by:

· 1/2: 4 x 
· 1/4: 16 x

· 1/8: 64 x

The storage complexity especially for the higher DV-resolutions can be reduced if the interpolation is performed in combination with the direct interpolation method. E.g. in the 1/8-pel case, the image is sampled up to the 1/4-pel resolution with a subsequent filter and to the 1/8-pel resolution with a direct interpolation. This means that  only the 1/4-pel resolution has to be stored  for  1/8-pel interpolation.
3.2 Decoder: Direct Interpolation

For each DV resolution the reference image has to be stored only at the original size.
4 Coding performance
Applied interpolation filters:

Filter taps
Filter Coefficients

4 tap
(-16,80,80,-16)/256

6 tap
(4,-20,80,80,-20,4)/256

8 tap
(-4,12,-24,80,80,-24,12,-4)/256

Each rate distortion plot contains the following curves:
· 1/2-pel DV-resolution with 8-, 6- and 4-tap interpolation filter

· 1/4-pel DV-resolution with 8-, 6- and 4-tap interpolation filter

· 1/8-pel DV-resolution with 8-, 6- and 4-tap interpolation filter
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