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JOINT SUB-PIXEL INTERPOLATIONFILTER FOR
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BACKGROUND

[0001] High-efficiency video coding (HEVC) is a block-based hybrid spatial and
temporal predictive coding scheme. Similar to other video coding standards, such as
motion picture experts group (MPEG)-I, MPEG-2, and MPEG-4, HEVC supports
intra-picture, such as | picture, and inter-picture, such as B picture. In HEVC, P and
B pictures are consolidated into a general B picture that can be used as a reference
block.
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[0002] Intra-picture is coded without referring to any other pictures. Thus, only
spatial prediction is alowed for a coding unit (CU)/prediction unit (PU) inside an
intra-picture.  Inter-picture, however, supports both intra- and inter-prediction. A
CU/PU in an inter-picture may be either spatially or temporally predictive coded.

Temporal predictive coding may reference blocks that were previously coded.

[0003] Temporal motion prediction is an effective method to increase the coding
efficiency and provides high compression. HEVC uses a trandationa model for
motion prediction. According to the translational model, a prediction signal for a
given block in acurrent picture is generated from acorresponding block in areference
block. The coordinates of the reference block are given by a motion vector that
describes the translational motion along horizontal (x) and vertical (y) directions that
would be added/subtracted to/from the coordinates of the current block. A decoder

needs the motion vector to decode the compressed video.

[0004] The pixels in the reference block are used as the prediction. In one example,
the motion may be captured in integer pixels. However, not al objects move with the
spacing of integer pixels (also referred to as pel). For example, since an object
motion is completely unrelated to the sampling grid, sometimes the object motion is
more like sub-pel (fractional) motion than a full-pel one. Thus, HEVC allows for

motion vectors with sub-pel accuracy.

[0005] In order to estimate and compensate sub-pel displacements, the image signa
on these sub-pel positions is generated by an interpolation process. In HEVC, sub-pel
interpolation is performed using finite impulse response (FIR) filters. Generally, the
filter may have 8 taps to determine the sub-pel values for sub-pel positions, such as
half-pel and quarter-pel positions. The taps of an interpolation filter weight the
integer pixels with coefficient values to generate the sub-pel signals. Different
coefficients may produce different compression performance in signal distortion and

noise.

[0006] HEVC uses a specific interpolation filter for motion estimation for each
reference block based on the choice of sub-pel position for that reference block. In bi-

prediction, two reference blocks may be used to predict a current block. One
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reference block is found on alist O and the other reference block is found on alist 1.
If the choice of the sub-pel position is a haf-pel shift for list 0, then a half-pel
interpolation filter is applied to the reference block in list 0. Also, if the choice of the
sub-pel position is aquarter-pel shift for list 1, then a quarter-pel interpolation filter is
determined for list 1. The same half-pel interpolation filter is applied to the reference
block in list O even if the sub-pel position for list 1 changes, such asto ahaf-pel shift.

SUMMARY

[0007] In one embodiment, a method for encoding or decoding video content is
provided. The method determines a plurality of interpolation filters for use in
interpolating sub-pel values for atempora prediction process of video content. The
plurality of interpolation filters are designed based on sub-pel offsets for two
reference blocks. The method then determines a first sub-pel offset for a first
reference block for aunit of video content and determines a second sub-pel offset for
a second reference block for the unit of video content. A set of interpolation filters is
determined to interpolate a set of sub-pel pixel values for use in the temporal
prediction process for the unit of video content. The set of interpolation filters is
designed for the first sub-pel offset and the second sub-pel offset and is used to
interpolate afirst sub-pel pixel value for the first reference block and a second sub-pel

value for the second reference block.

[0008] In one embodiment, an apparatus is configured to encode or decode video
content. The apparatus includes: one or more computer processors, and a computer-
readable storage medium comprising instructions, that when executed, control the one
or more computer processors to be configured for: determining a plurality of
interpolation filters for use in interpolating sub-pel values for atempora prediction
process of video content, wherein the plurality of interpolation filters are designed
based on sub-pel offsets for two reference blocks; determining a first sub-pel offset
for afirst reference block for a unit of video content; determining a second sub-pel
offset for a second reference block for the unit of video content; and determining a set
of interpolation filters to interpolate a set of sub-pel pixel values for use in the

temporal prediction process for the unit of video content, wherein the set of



WO 2013/006573 PCT/US2012/045297

interpolation filters is designed for the first sub-pel offset and the second sub-pel
offset and used to interpolate a first sub-pel pixel value for the first reference block

and a second sub-pel value for the second reference block.

[0009] In one embodiment, a non-transitory computer-readable storage medium is
provided including instructions for encoding or decoding video content, the
instructions, when executed, control a computer system to be configured for:
determining a plurality of interpolation filters for use in interpolating sub-pel values
for a temporal prediction process of video content, wherein the plurality of
interpolation filters are designed based on sub-pel offsets for two reference blocks;
determining afirst sub-pel offset for afirst reference block for aunit of video content;
determining a second sub-pel offset for a second reference block for the unit of video
content; and determining a set of interpolation filters to interpolate a set of sub-pel
pixel values for use in the temporal prediction process for the unit of video content,
wherein the set of interpolation filters is designed for the first sub-pel offset and the
second sub-pel offset and used to interpolate a first sub-pel pixel value for the first

reference block and a second sub-pel value for the second reference block.

[0010] The following detailed description and accompanying drawings provide a

more detailed understanding of the nature and advantages of the present invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIG. 1 depicts an example of a system for encoding and decoding video

content according to one embodi ment.

[0012] FIG. 2 depicts asmplified flowchart of a method for encoding or decoding

video content according to one embodiment.

[0013] FIG. 3 depicts an example showing an offset for interpolation filters 106

according to one embodiment.

[0014] FIG. 4A depicts an example of an encoder for providing temporal prediction

based on one or more references according to one embodi ment.
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[0015] FIG. 4B depicts an example of a decoder for providing tempora prediction

based on one or more references according to one embodiment.

DETAILED DESCRIPTION

[0016] Described herein are techniques for a video compression system. In the
following description, for purposes of explanation, numerous examples and specific
details are set forth in order to provide athorough understanding of embodiments of
the present invention. Particular embodiments as defined by the claims may include
some or al of the features in these examples alone or in combination with other
features described below, and may further include modifications and equivalents of

the features and concepts described herein.
Overview

[0017] FIG. 1depicts an example of asystem 100 for encoding and decoding video
content according to one embodiment. System 100 includes an encoder 102 and a
decoder 104, both of which will be described in more detail below. Encoder 102 and
decoder 104 perform tempora prediction through motion estimation and motion
compensation. Motion estimation is a process of determining a motion vector (MV)
for a current unit of video. Motion compensation is applying the motion vector to a
current unit being encoded or decoded. For example, the temporal prediction searches
for abest match prediction for a current prediction unit (PU) over reference blocks.
The reference block may refer to any unit of video content, such as ablock, picture, or
aframe. The best match prediction is described by the motion vector and associated
reference blocks or pictures ID. Also, aPU in aB picture may have up to two motion

VECtors.

[0018] The temporal prediction alows for fractional (sub-pel) picture accuracy. Sub-
pel prediction is used because motion during two instances of time (the current and
reference blocks capture times) can correspond to a sub-pel position in pixel

coordinates and generation of different prediction data corresponding to each sub-pel
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position alows for the possibility of conditioning the prediction signal to better match

the signal in the current PU.

[0019] Interpolation filters 106 are designed to be linear phase with unit gain. A
constant (unity) gain and linear phase properties are required to make sure
interpolation filters 106 do not distort the signal. However, it may not be possible to
have constant unity gain or perfect linear phase shift for all frequencies. Thus,
interpolation filter 106 is designed to have the best linear phase filter with an
appropriate phase slope or group delay with a closest phase response to unity that is
flat and as wide as possible. For given sub-pel position (e.g., a given fractional phase
offset), different trade-offs between "flatness' and "wideness' of frequency response
result in different sub-pel interpolation filters 106. For example, for natural images,
most of a signal is concentrated a low and middle frequencies, and it is generally
preferred to have an interpolation filter 106 that is as flat as possible in the low and
middle frequencies while the high frequencies may have more fluctuations. When
taking into account noise cancellation, it may be preferred for interpolation filters 106
to attenuate frequencies where the noise is dominant. Usually, the shape of a noise
depends on the picture content and the amount of compression. For example,
compression noise for low quantization regimes may be flatter. In one embodiment,
to reconcile between signal distortion and noise cancellation, it may be preferred to

attenuate only frequencies where noise power is greater than the signal power.

[0020] Interpolation filters 106 include taps that weight full-pel pixel values with
coefficient values that are used to determine the sub-pel pixel values for different sub-
pel pixel positions. When a different interpolation filter 106 is used, the interpolation

filter may use different values for coefficients and/or a different number of taps.

[0021] Particular embodiments design interpolation filters 106 based onjoint sub-
pel position information from multiple reference blocks. For example, for a current
prediction block, bi-prediction may be performed using two reference blocks (from
one or two pictures). The two reference blocks may be available from alist 0 and a
list 1. Also, more than two reference blocks may beused. List 0 may be associated

with a first reference block and list 1 may be associated with a second reference
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block. The sub-pel positions for both list O and list 1 are then used to determine

interpolation filters 106 for both reference blocks.

[0022] In one example, if the first reference block is located 3.5 pixels verticaly,
then the motion vector may be 3 integer pixels and a half pixel. Also, the second
reference block may be 1.25 pixels vertically, which is 1linteger pixel and a quarter
pixel. Thus, as discussed above, an interpolation filter 106 needs to be used to
interpolate the half-pel movement for the first reference block and the quarter-pel
movement for the second reference block. Conventionally, a half-pel interpolation
filter is used for the first reference block and a quarter-pel interpolation filter is used
for the second reference block irrespective of whichever sub-pel position the other
reference block is at. However, particular embodiments determine an interpolation
filter 106 that is designed for a half-pel movement for the first reference block and a
guarter-pel  movement for the second block. That is, interpolation filter 106 is

designed to take into account both sub-pel movements of both reference blocks.

[0023] Interpolation filters 106 may need to be designed for every combination for
each list. For example, list O may have afirst set of interpolation filters 106 designed
for each combination and list 1 may have a second set of interpolation filters 106
designed for the each combination. For example, the following provides examples of

coefficients for interpolation filters 106 for list O and list 1:

For List O

hil(0, 0) = {o, 0, 64, o, o, 0}
hi, 1) ={6, -4, 68, -3, 4, .5
hi(0,2) ={9, -6, 68 -6 4, -2}
hi(0, 3) = {6, -7, 67, -5 4, -1}

hi(1, 0) = {-3, -6, 53, 22, .11, 7}
hiyg, 1) ={2, -9, 56, 19, -6, 2}
hi(1, 2) ={18, -20, 65, 11, 4, -9}
hi(1,3) ={6, -14, 60, 17, -3, -3}
hi(2,0) ={-2, -12, 41, 41, -10, 3}
hi 2, 1) ={-ii, -3, 33, 48, -22, 14}
hi(2,2) ={2 -10, 39, 40, -10, 3}
hi(2,3) = {14, -22, 48 31, -5 -10}
hi(3, 0) = {o, 9, 24, 55 -6, 0}
hi(3, 1) ={-2, -2 16, 60, -15, 8}
hi(3,2) ={9, 4, 11, 66, -17, 17
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hi(3,3) = {2, -7, 19, 56, -8 2}
For List 1

hy0,0) ={0, o, 64 o, o, 0}
hy0, 1) ={3, -6, 53, 22, .11, 7}
hy0,2) ={-2, -12, 41, 41, -10, 3}
hy0,3) ={0, -9, 24, 55 -6 0}
h(,0 ={6, -4 68 -3 4, -5
hl, 1y ={2, -8 56 19 -7, 2}
ho(l,2) ={.11, -3, 33, 48 -2, 14
hy(,3 ={2, -2 16 60, -15 g}
hy(2,0) ={9, -6, 68 -6 4, -2
hy(2, 1) = {18, -20, 65, 11, 4, -9
hy(2,2) =¢3 -10, 40, 39, -10, 2}
hy2,3) =¢-9, 4 11, 66 -17, 17}
h@3,0) =¢6 -7, 67, -5 4, .3
hy3, 1) ={6 -14, 60, 17, -3, -3}
hy3,2) ={14, -22, 48, 31, -5 -10}
hh@3,3) ={2, -6, 19, 56 -9, 2}

[0024] In the above interpolation filter design, there are four sub-pel values for each x
and y direction. For example, the values could be 0: for no sub-pel motion
refinement, 1: for quarter-pel motion refinement, 2: for half-pel motion refinement,
and 3: for 3/4-pel motion refinement. In the above, for the first reference block, if the
first reference block is using half-pel motion refinement and the second reference
block, for example from list 0, is using quarter-pel motion refinement, then the
interpolation filter Hi(2,]) is used. Additionally, for list 1, an interpolation filter of
H,(2l) isused. These interpolation filters 106 are designed jointly based on the sub-
pel positions for both reference blocks. The example above shows an instance of
jointly designed interpolation filter sets with complexity of 6taps.

[0025] The following shows a calculation for determining an optimal interpolation
filter 106 based on the first reference block and the second reference block. For bi-
prediction of a PU, two reference blocks from List O and List 1 are available. Also,
each reference block indicates a sub-pixel phase shift of ai and a, for List Oand List 1
prediction, respectively. Furthermore a simple average would be conducted to

generate the reference signal for prediction of current PU. The choice of filters for
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preprocessing of reference block before averaging takes place are noted by Hi(m)

and H,(®).

[0026] If the signal in the current PU is S(®), and the two signals in the two reference

blocks are P;(w) and P,(w), the following may be assumed:

P (w) = 5(w) * e~1¥1¢

P,(w) = S(w) + e-1*2¢

The predicted signal would be

P(w) = 5 [5(w) e 19 - Hy {w) + 5(w) - =420 - Hy ()]

For ideal prediction of S(®), one needs to design Hi(w) and H,(®) such that:
[Hl(w) retal? + H () 'e‘iaz“’] =2

The above formula shows that optimal H(w) or H,(co), in general, depend on both ai
and a,. So the optimal interpolation filters for reference "i" in the general case that "n"
references are available would have the form of H; (@1, ---,a,, @) i G{4, --,n}
[0027] Note that the same principle applies if any number of prediction blocks with
variety of super-imposition (such as weighted averaging, etc.) would be used for
derivation of final predicted signal.

[0028] Particular embodiments may also reduce the number of taps for interpolation
filter 106. In some examples, the 6 taps may cover an area for the 8 taps, which will
be described below. In a second example, as the two reference blocks should be,
relatively, follow the corresponding pixels in the PU, with the exception of a sub-
pixel shift, a complexity aware implementation of sub-pixel interpolation filters 106
can be designed by asymmetric filter coefficients for each predicted block, where
right/top pixels are considered by filter coefficients from afirst interpolation filter 106
applied to one of the reference blocks (e.g. from List 0) and the opposite (left/down)
pixels are considered by a second interpolation filter 106 applied to the other
reference blocks (e.g. from List 1). The delay for interpolation filters 106 in the
example above is 3, which will be described in more detail below.

[0029] The area for 8 taps may be covered because the interpolation filter 106 for list
0 may be offset such that the coefficients of that filter apply to more pixels on the left

9
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and to less pixels on the right of the sub-pel pixel position to be interpolated and the
interpolation filter 106 for list 1 may be offset such that the coefficients of that filter
apply to more pixels on the right and less pixels to the left of the sub-pel pixel
position to be interpolated. FIG. 3 depicts an example showing an offset for
interpolation filters 106 according to one embodiment. In FIG. 3, sub-pixel position
FL of Pl and sub-pixel position H of P2 are used to predict pixel position LO of S.
The reference in Pl has a 1/4 sub-pel shift and the reference in P2 has a 1/2 sub-pel
shift, both relative to the pixels in Sthat is to be predicted by Pl and P2. The filter
delay indicates the offset. For example, for 6 tap filters, a delay of "4" for list O
indicates that four taps of interpolation filter 106 are to the left and two tap isto the
right of the sub-pel position to be interpolated. At 350, for afirst interpolation filter
106, taps for pixel positions a L3, L2, LI, and LO are to the left of sub-pixel position
FL. Taps for pixel positions RO and RI to the right of the sub-pixel position FL are
also included in first interpolation filter 106. Taps for pixd positions R2 and R3 are
not used.

[0030] A delay of "2" for list lindicates that two tap isto the left and four taps are to
the right of the sub-pel position to be interpolated. At 352, for a second interpolation
filter 106, taps for pixel positions a RO, RI, R2, and R3 are to the right of sub-pixel
position H. Taps for pixel positions LO and L1 to the left of the sub-pixel position H
are aso included in second interpolation filter 106. Taps for pixel positions L2 and
L 3 are not used.

[0031] Thus, the combination of filtering on list 0 and list 1 would cover 4 pixels to
the right and 4 pixels to the left of the sub-pel position to be interpolated. This is equal
to the area that a symmetric 8 tap filter covers. Particular embodiments use pixel
positions L3 to Rl from aline Pl and use pixel positions L1 to R3 in a line P2 to
predict pixel LOin S. Other pixel values may aso be interpolated. The value output
by both interpolation filters 106 may be added and averaged and thus corresponds to
an 8tap filter area. This is because the pixel values determined for each interpolation
filter 106 would be similar if symmetric 8-tap filters were used. For example, for a
pixel position 1, the value would be similar if interpolated by two symmetric 8 tap
interpolation filters 106, where each filter has adelay of 4.

10
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[0032] The example below shows an instance of interpolation filters 106 that cover an

area of an equivalent 8tap filter with only 5taps. Note that sample delay for list Ois 4

(four) and for list 1is 1(one).

For List O
hi(0, 0) = {1
hi(0, 1) = {1,
hi(0,2) = {1
hi(0, 3) = (2,
hi(l, 0) = {0
hi?’ 1) ~
:{
hi(l, 3) =¢o,
hi(2,0) = (-2,
hi(2, 1 = {-2,
hi(2,2) = {2,
hi(2, 3) =={-2,
hi(3, 0) =={-I,
hi(3, 1) = {-i,
hi(3,2) = {2
hi(3, 3) = {-2,
For List 1
h,(0, 0) = {61,
h40, 1) = {56,
h2(0, 2) = {40,
h2(0, 3) = {15,
2(I 0) = {60,
h (I 1) = {58,
(I 2) = {40,
h (I 3) = {13,
2(2 0) = {62
h(2, 1) = {58,
h A2,2) = {39,
h A2, 3) = {15,
2(3 0) = {60,
hy3, 1 = {60,
2(3 2) = {39,
hy(3, 3) = {16,

-3,
-2,

P adP

NP We oo

N

N N B

2}
3}
0}
3}
15}
15}
13}
14}
40}
42}
39}
38}
57}
57}
60}
56}

0}
_]_}
_1}
0}
_]_}
_2}
_1}
0}
_]_}
_2}
_2}
0}
_]_}
_1}
_2}
0}

[0033] FIG. 2 depicts a simplified flowchart 200 of a method for encoding or

decoding video content according to one embodiment.

At 202, the method determines

a plurality of interpolation filters 106 for use in interpolating sub-pel values for a

11
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temporal prediction process of video content. Interpolation filters 106 are designed
based on sub-pel offsets for two reference blocks. At 204, the method determines a
unit of video content. For example, aPU isreceived. At 206, afirst sub-pel offset for
afirst reference block for the unit of video content is determined. At 208, a second
sub-pel offset for a second reference block for the unit of video content is determined.
For example, the sub-pel offsets may be quarter-pel and half-pel for the first and the
second references, respectively. At 210, the method determines a set of interpolation
filters 106 to interpolate a set of sub-pel pixel values for use in the tempora
prediction process for the unit of video content. The set of interpolation filters 106
are designed for the first sub-pd offset and the second sub-pel offset and used to
interpolate afirst sub-pel pixel value for the first reference block and a second sub-pel
value for the second reference block. For example, afirst interpolation filter 106 is
determined from afirst list 0 and a second interpolation filter 106 is determined from

asecond list 1.

[0034] The following describes different examples of interpolation filters 106. It will

be understood that other examples may be appreciated.

Four, Five, and Six Tap Interpolation Filter Examples

[0035] In the following examples, an interpolation filter 106 can cover up to an area
of an equivalent 8 tap filter with only 4, 5, or 6 taps. Note that sasmple delay for each
filter isindicated in front of the set.

Example 1

The example below shows an instance of jointly designed interpolation filter sets with

complexity of 4 taps. Note that sample delay for each filter is indicated in front of the

Set.

For List O

hi(0, 0) = {0, 64 o, 0} :delay?2
hi(0, 1) =1{ 4, 3, -9, 65} :delay4

hi(0, 2) = {6, -5 68 -8 :delay 3
hi0, 3) = {65 -9, 3, .1 :delay 1
hi(, 0) = {60, 13, -5 2} :delay 1
hig, 1 ={-3 7, -17, 61 :delay4

12
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h,2) ={4, -19, 63,
hx(, 3) ={1 -10, 61,
hi(2,0) = {-11, 41, 39,
hi(2, 1) = {38 43, -14,
hi(2,2) ={7, -22, 40,
h(2,3) ={4, -14, 43
(3,0 ={2, 5 13
hi(3, 1) ={12 60, -12
hi(3,2) ={9, 65 -17,

hi3, 3) = {61, -17, 7,

For List 1

hf0.0) ={0, 64 o,
h,0, 1) ={60, 13 -5,
h2(0, 2) = {-i 1, 41, 39,
h,0,3) ={2, -5 13
hy(l, 0) = ¢, 3, -9
hy(l, 1 ={59, 27, -10,
hy(l, 2) = {38, 43, -14,
hy(, 3) ={12, 60, -12,
hy(2,0) = {6, -5 68,
hy(2 1) = {4, -19, 63,
hy(2,2) ={39, 40, -22,
hy(2,3) = {9, 65 -17,
h(3,0) ={65 -9, 3
hy3, 1) =1, -10, 61,
h,3,2) =4, -14, 43
h(3,3) = {4, -10, 27,

Example 2

9} :delay 3
14} :delay 3
-2} :delay 2
4} :delay 1
39} :delay 3
35} :delay 3
60} :delay 3
2} :delay 1
3} :delay 1
-3} :delay O

0} :delay 2
2} :delay 1
-2} :delay 2
60 } :delay 3
65} :delay 4
4} :delay 1
4} :delay 1
2} :delay 1
-8} :delay 3
9} :delay 3
7} :delay 1
3} :delay 1
-1} :delay 1
14} :delay 3
35} :delay 3
59} :delay 3

PCT/US2012/045297

The example below shows an instance of jointly designed interpolation filter sets with

complexity of 5taps. Note that sample delay for each filter is indicated in front of the

Set.

For List O
h!(0, 0) = {0, 0, 64,
h!(0, 1) = {58, -1, -5

0,2 ={I, -2 -8
h'©0,3) ={1 -3, O,
hy(1,0) = {- 3, -8
hi, 1 ={-1, 5 -15,
h(l,2) ={0, 2, -15

0, 0} :delay 3
3, -1} :delay 1
65, 0} :delay 4
67, -1} :delay 4
65, 15} :delay 4
59, 14} :delay 4
61, 15} :delay 4

13
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hi(, 3 ={0, 1
hi(2, 0) = { i, 4,
hi(2, 1) ={37, 41,
hi(2,2) ={-3, 10,
hi(2, 3) = { i, 5,
hi3,0) ={ 11, 58
hi(3, 1) ={0, 12
hi(3,2) ={0, 16
hi(3,3) = {-2 6,
For List 1
h2(0 0) = {o, 0,
h,0, ) ={-i, 3,
h(0.2) = {40, 40
h2(0 3) = { 11, 58,
hZ(I! O) = {58! -i,
ho(l, 1) ={59, 15
hy(l, 2) = {37, 41,
h(, 3) ={12, 63
h,(2,0) = {66, -6,
h(2, 1) = {2, -15,
hy(2,2) = {40, 40,
h,(2,3) ={16 59,
hy(3,0) = -3,
2(3 1) = {0 1,
hy3,2) ={-, 5,
hy(3,3) ={14, 59
Example 3

-10,
-11,

60,
40,
S5,
42,
40,
3,
-10,
-16,

15,

67,
60,
40,
6,

PCT/US2012/045297

11} :delay 4
38} :delay 4
-1} delay 1
38} :delay 4
40} :delay 4
-1} delay 1
1} ‘delay 2
2} :delay 2
59} :delay 4

0} :delay 3
15} : delay 4
1} ‘delay 1
1} :delay 1

-1} :delay 4
11} :delay 4
40} :delay 4
-2} .delay 1

The example below shows an instance of jointly designed interpolation filter 106 sets

with complexity of 6 taps. Note that sample delay for each filter is indicated in front

of the set.

For List O

hi(0, 0) = {o, 0,
hi(0, 1) ={-i, 4,
hi(0, 2) =4, -2
hi(0, 3) = {0, 62,
hi(l, 0) ={-9, 61,
hi(l, 1) ={-v, 59
hi(l, 2) ={-2, 9,

hi(l, 3) = {-,

64,
o,
64,
o,
15,
15,
_8,
-11,

o,
62,
_i,
4,
7,
-6,
59,
60,

o, 0} :delay3
0, 1} :delay 4
2, -4} :delay 3
- 0} :delay 2
3, -1} :delay2
6, -2} :delay2
14, -5} :delay 4
14, -5} :delay 4
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hi(2,0) = {1, -11,
hi(2, 1) ={-12, 39,
hi(2,2) = {4, 1,
hi(2,3) ={2, 8,
hi3,0) = -, 3,
hi(3, 1) ={-5 15,
hi(3, 2) ={-5, 14,
hi(3, 3) = {-6, 14,
For List 1
h,0,0) ={0, o,
h,(0, 1) ={-9, 61,
hZ(O, 2) ={1, -11,
hy,(0,3) ={-, 3,
hZ(I! 0) = {'i, 4;
ha(l, 1) =4{-2, 6,
ho(l, 2) ={-12, 39,
h(, 3) ={-5 15,
h2(2! 0) = {4, -2,
hy(2, 1) =¢2, 9,
h2(2! 2) = {11, 40,
h,(2, 3) = {-5, 14,
h2(3, 0) = {0, 62,
hy3, 1) = {4, 6,
h2(3, 2) ={-2 8,
h2(3, 3) = {-2, 6,

PCT/US2012/045297

41, -13, 7} :deay3
-13, 8, -2} :delay?2
40, 39, -11} :delay 4
41, 39, -12} :delay 4

15, 61, -9 :delay4

-10, 6, -1} :delay?2
-8, 9, -2} :delay?2
-8, 6, -2} :delay?2

o, o, 0} :delay3
-7, 3, -1} :delay?2

41, -13, 7} :delay3

15, 61, -9} :delay4

62, 0, 1} : delay 4

59, 14, -6} :delay4
113, 8, -2} :delay 2
-10, 6, -1} :delay?2

-i, 2, -4 :delay3

59, 14, -5} :delay4
.11, 10, -3} :delay2
-8, 9, -2} :delay?2

4, -, 0} :delay?2
60, 14, -5} :delay4
41, 39, -12} :delay 4

15, 59, -7} :delay4

Six and Eight Tap Interpolation Filter Examples

Example 1

[0036] The example below shows an instance of an interpolation filter 106 that can

cover an area of up to an equivalent 12 tap conventional filter with only 6 taps.

The following is noted and may be used:

1- To show the aignment of each 6 tap interpolation filter 106 based on an

equivalent 12 tap interpolation filter 106 with 6 tap delay, the 6 coefficients

areput in a 12 tap array.

2- Thejoint sub-pixel position for each interpolation filter 106 is appended at the

end of the filter coefficients.

15
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3- The overdl filter direct current (DC) gain for this example is 128 (requiring 7

bits integer coefficients.)

For List O

o, 0, 0, o
{o, 0, -2 8,
{0, 0, -4, 10
o, 0, 0, O
(o, 0, 0, O
(o, 0, 0, o
o, 0, 0, o
o, 0, 0, o
o, 0, 0, o
{0, 1, -6, 20,
{o, 3, -11, 23
{0, 0, 0, 0,
{1’ -3, 5, 2,
{0, 0, -2, 13
{0, 0, -5 14,
{0, 2, -7, 14,
For List 1

o, 0, 0, O
{o, 0, -2 8,
{0, 0, -4 10,
o, 0, 0, O
(o, 0, 0, O
{0, 0, -4 12
(o, 0, 0, O
{0, 0, 0, 0,
{0, 0, 0, o,
{0, 1, -6, 20,
{0, 0, 0, 0,
{0, 0, 0, 0,
{1’ -3, 5, 2,
{0, 0, -2, 13
{0, 0, -5 14,
(o, 0, 0, O
Example 2

0,
-15,
-21,
-13,
0,
0,
-21,
-13,

-24,
-48,
0,

0,

-17,
-35,
-14,

-15,
-21,
-13,

-17,
-35,
-12,

128,
119,
75,
29,
127,
117,
79,
26,
132,
124,
82,
26,
127,
121,

30,

128,
119,
75,
29,
127,
119,
79,
26,
132,
124,

26,
127,
121,
84,
29,

122,

78,
117,

29,
84,
119,

29,
84,
121,

22,
81,
122,

26,
78,
119,

0, 0,
-13, 0,
-25, 0,
-15, 6,
2, 5,

-14, 14,
-31, 11,
-17, 13,
12, 1
0, 0,
o, 0,
-20, 19,
0, 0,

-13, 0,

-23, 0,
0, 0,

0, 0,
-13, 0,
-25, 0,
-15, 6,
2, 5,

-12, 0,

-31, 11,
-17, 13,
12, 1
0, 0,
-46, 21,
-20, 19,
0, 0,

-13, 0,
-23, 0,
-30, 12,

0 o, 0}//(0,0)

o. o Oh/(10)
o, o, 0},/1(2,0)
2 o O./(3,0)

-3, 1, 0}, //(0,1)
-7, 2, o /(1,1
-3, o, 0, /(2,0
-2, o, 0+, /(3,1

-2, 1, 0},//(0,2)
0, o, 0}, /1 (1,2
0, o, 0}, /1(2,2)
-5, 1, 0}, /1 (3,2

0, o, 0},//(0,3)
0, o, 0}, /(1,3
o, o, 0}, /1 (2,3
o, o, 0}, /1 (3,3

o, o, 0}, /1 (0,0)
o, o, 0}, /1 (0, 1)
o, o, 0},/1(0,2)
-2, o, 0},/1(0,3)
-3, 1, 0},//(1,0)
o0, o0, oy, /(1,1
-3, o, 0}, /1 (1,2
O}, /11 (1,3
-2, 1, 0}, /1 (2,0)
0. o 00021
-9, 3, 0}, /1 (2,2)
-5, ) 0}, /1 (2,3
0, o, 0}, /1(3,0)
0, o, 0}, /1 (3,1
o, o, 0}, /1(3,2)
-4, o, 0}, 11 (3,3

[0037] The example below shows an instance of jointly designed interpolation filter

106 sets with complexity of 6 taps with different frequency characteristics from the

filter in Example 1.

The following isnoted and may be used:
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1- To show the alignment of each 6 tap interpolation filter 106 based on an
equivalent 12 tap interpolation filter 106 with 6 tap delay, the 6 coefficients
are put in a 12 tap array.

2- Thejoint sub-pixel position for each interpolation filter 106 is appended at the
end of the filter coefficients.

3- The overdl filter DC gain for this example is 64 (requiring 6 bits integer

coefficients.)
For List O
(o, 0, 0, o O 6 0 O 0 o o 0},/(00
ioo 0, 0, 0 -9 60, 14, -6 3, -1, o, 0},//(10)
(o, 0, -2, 5 .11, 38 41, -14 0, o, o, O0},//(20)
(o, 0, -1, 3, 6 14 60, -9 0, o o O}),/(30)
(o, O, -1, 4 o0 64 0 O o0 o0 o0 O,/(0Y
{0, 1, -3 7, -17, 62, 12, 0, o, o, o, O,L/(l,1
(o, 0, O, o0 -9 40, 43, -16, 6 -2, o, O}/(2 1
i0, 0, o 0, -4 13, 61, -10, 5 -1, o, O}, /(3,1
{0 0, 0 0 0 66 -2 7, o0 -1, 1 04,/(02
(o, & -3 9 -13 61, 11, 0O, O o o, O,/(12)
(o, 0, 0 o0 0 37, 43, 24, 12, -6, 2, O}/(22)
(o, 0, 0, 0 0 11, 6L, -10, 10, -3, 1 0}/ (32
(o, 0, 0, o0 o0 6, o0 4 -1, 0, o 0,//(0,3
i0, 0, -1 5 -10, 61, 13, -4, o, 0, o, 0}, /1 (13)
{o, 0, -2 6, -16, 43, 39, -12, oo o o, 04,//(273)
(o, & -3 6 -11, 15 58, 0, o, o, o, 0},/(373
For List 1
(o, 0, 0, o0 O 6, o0 O o o0 o 0,//(00)
ioo 0, 0, o0 -9 60, 14 -6 3, -1, o, 0},//(0,0
{o, 0, -2 5 -11, 38 41, -14 oo o o 04,/(02
{0, 0, -1, 3, -6 14, 60, -9, o, o, o, 0}, //(0,3)
(b 0, -1, 4 0, 64 o0 0 o o o0 O},//(10)
(o, O, O, o O 58 15 .11, 6 -3 L oL(1, D
(o, 0, 0, o, -9 40, 43 -16, 6 -2, o, O,/(12)
io 0, 0, 0 -4 13 61, -100 5 -1, o, O,/(13)
(o, 0, 0 0 o0 66 -2 7, o0 -1 1 0O),/(20)
{o, 1 -3 9 -13 61, 11, 0O, O o, o, OhL/N(21
{o, 2, -6 12, -24, 43 37, 0, o o o, 0,/(22)
o, 0, 0, O 0, 11, 61, -10, 10, -3, 1L, 0},1/(2,3
ioo 0, o 0 o 64 0 4 -1, o o, 0},/(30
o, 0, -1 5 -100 6, 13 -4 o o o O,/(30
(o, 0, -2 6 -16 43 39, -12, o, o, o, O0},/(32)
(o, 0, 0 O 0 12, 62, -17, 7, -3, 1, O}, //(3,3)
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Example 3

[0038] The example below shows an instance of jointly designed filter sets with
complexity of 8 taps that can cover the same area up to, a conventional 16 tap filter
for bi-prediction.

The following is noted and may be used:

1- To show the aignment of each 8 tap interpolation filter 106 based on an
equivalent 16 tap interpolation filter 106 with 8 tap delay, the 8 coefficients
areput in a 16 tap array.

2- Thejoint sub-pixel position for each filter is appended at the end of the filter
coefficients.

3- The overdl filter DC gain for this example is 64 (requiring 6bits Integer

coefficients.)
For List O
(o, 0, 0 0 O o0 O 6, 0 o0 O O0 o©0 0 0 0,b1//(00
(o, 0 O 0 0 o0 -5 59 18 -9 6 -4 2 -1, o0, 0,/(10)
(o, 0, 0 0 0 o0 -11, 38 43 -13 6 -3 1 0, o0, 0,/(20
(o, 0, -1, 2 -4 6 9 18 5 -5 o0 o0 o 0 0 O,/ (3,0
(4, 2 2, -2 2 o o0 6, o0 o0 ©O0 O O o0 o0 O,/ (0,1
(o, 0 0 1, -3 7, -9 60 14 -6 3, 0, 0 o0 o0 O,/(lI)
0o, 0, -1, 3 -6 10, -13, 40, 40, .11, o0, O, 0, O, 0, 0,/(20
(o, 1, -2 3 -5 7, -10, 12, 8, o0 O O 0 0 0 0,/(30
(1, 2 3 4 4 1, 2 6 0 o0 0 0 o0 o0 o0 0,/(02
(o, 0 o O O O -7 60 13 -4 7, -5 3 -1, o0, 0,/(12)
(o, 0, o 2 6 12 -12, 40, 40, -12, 6 O, 0, 0, 0, O0,/(22
(0, L -2 4 6 8 -5 12 8% 0 o0 O 0 0 0 0,/(32
(o, 0, o 0 O o0 O 6L, 0 o0 2 -2 2 -2 1, 0,/(03)
(o, 0 o0 O O O O 5, 1 -1, 9 -7 5 -3 1 0,/(l,3
(o, 0, 0 0 0 0 -1, 43 38 -8 10 -6 3, -1, o0, 0, /(23
(o, 0, 0 0 O 3 -6 14 60 9 7 -3 1 o0, 0, 0,/(33
For List 1
(o, 0, 0 0 o0 O O 6, 0 o0 O 0 o0 0 0 0,b//(00
(o, 0, 0 0 o0 O -5 59 18 -9 6 -4 2 -1 o0, 0,/(001
(o, 0, 0 0 0 0 -1, 38 43 -13 6 -3 1 0, o0 0,/(02
(o, 0, -1, 2 -4 6 9 18 5 -5 o0 o0 o 0 0 O,/ (0,3)
(4 2 2 -2 2 o o0 6, o o0 o0 O 0 o0 o0 0,/(l0
(o, 0, 0 0 O o0 -7 59 14 -6 4, -4 2 -1 o, Oo,/(l,])
(o, 0, -1 3 -6 10, -13, 40, 40, .11, 0, o, O, O, 0, OhL/(],2
(o, L -2 3 -5 7, -10, 12, 59, o, O O O 0 0 O,/(l,>3
(1, 2 3 4 4 1, 2 6 0 0 0 0 0 0 o0 0,/(20
(o, 0, o o0 O oO0 -7 60 13 -4 7 -5 3 -1 o0, O0,/(201
(o, 0, o0 0 O 0 -2, 40, 40, -12, 6 -6 3, -1 0, 0,/(22
(o, 1, -2 4 -6 8 -5 12 58 0 0 o0 0 0 0 0,/(23
(o, 0 o0 O O O o0 6, o0 0 2 -2 2 -2 1, 04,//(30
(o, 0, o 0 O O O 57, 1, -1, 9 -7 5 -3 1, 0,/(31
(o, 0, 0 0 0 0 -1, 43 38 -8 10, -6 3, -1, o0, 0,/(32
(0o, 0, -1, 2 -4 4 6 14 59, -7, 0 0 o0 0, 0 0,/(33)
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First set of Additional Filter Examples

Example 1
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[0039] This example shows an instance of such filter can cover an area of up to an

equivalent 8 tap filter with only 4 taps. Note that sample delay for each filter is

indicated in front of the set.

For List O
hi(0, 0) = {
hi(0, 1) :{
hi(0,2) ={6
hi(0, 3) = {65
hi(l, 0) = {60,
hi(l, 1) ={-3,
hi(l, 2) = {4,
hi(l, 3) = {1,
hi(2, 0) = {11
hi(2, 1) = {38,
hi(2,2) ={v,
hi(2, 3) = {4,
hi(3, 0) = {2,
hi(3, 1) ={ 12,
hi(3, 2) = {9,
hi(3,3) = {61
For List 1
h,0,0) = {0,
h,(0, 1) = {60,
h,0,2) = (11,
h,0,3) = (2,
ho(l, 0) = {-i,
h S, 1) = {59,
(I 2) = {38,
2(I 3) = {12,
h,(2,0) = {s,
hy(2, ) = {4,
h,(2,2) = {39,
hy(2,3) = {9,
h2(3, 0) = {65,
hy(3, 1) = {1,
h,(3,2) = {4,
h2(3! 3) = {4,

64, o,
3, -9,
-5, 68,
-9, 3,
13, -5,
7, -17,
-19, 63,
-10, 61
41, 39,
43, -14,
-22, 40,
-14, 43,
-5, 13
60, -12,
65, -17,
-17, 7,
64, o,
13, -5,
41, 39,
-5, 13
3, -9,
27, -10,
43, -14,
60, -12,
-5, 68,
-19, 63,
40, -22,
65, -17,
-9, 3,
-10, 61,
-14, 43,
-10, 27,

0} :delay 2
65} :delay 4
-8} :delay 3
-1} :delay 1
2} :delay 1
61} :delay 4
9} :delay 3
14} :delay 3
-2} :delay 2
4} :delay 1
39} :delay 3
35} :delay 3
60} :delay 3
2} :delay 1
3} :delay 1
-3} :delay O

0} :delay 2
2} :delay 1
-2} :delay 2
60} :delay 3
65} :delay 4
4} :delay 1
4} :delay 1
2} :delay 1
-8} :delay 3
9} :delay 3
7} :delay 1
3} :delay 1
-1} :delay 1
14} :delay 3
35} :delay 3
59} :delay 3
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[0040] The example below shows an instance of jointly designed interpolation filter

106 sets with complexity of 5 taps. Note that sample delay for each filter is indicated

in front of the set.

For List O
hi(0, 0) = {0,
hi(0, 1) = {58,
hi(0,2) = { 1,
hi(0, 3) =1 1,
hidl, 0) = {-,
hi(l, 1) ={-i,
hi(l, 2) ={o,
hi(l, 3) ={0,
hi(2, 0) = {4,
hi(2, 1) ={37,
hi(2,2) = {-3
hi(2, 3) = {4,
hi(3, 0) = { 11,
hi(3, 1 ={0,
hi(3, 2) ={0,
hi3,3) = (-2
For List 1
h,(0,0) = {0,
h 50, 1) = (-,
(0 2) = {40,
h, ,0,3) = {11,
zam=wa
2( = {59,
hy(l, 2) = {37,
h (I 3 ={12
h2(2 0) = {66,
hy(2, 1) ={2,
h,(2, 2) = {40,
h,(2,3) = { 16,
hy(3,0) = {1,
h,3, 1 ={0,
h,(3,2) = {-i,
h2(3! 3) = { 1

o,
i,
-2,
-3,
3,
5,
2,
1,

0,
3,
40,
58,
-
15,
41,
63,
-6,

-15,

40,
59,
-3,
1,
3,
59,

-17,
-15,

6,

0} :delay 3
-1} :delay 1
0} :delay 4
-1} :delay 4
15} :delay 4
14} :delay 4
15} :delay 4
11} :delay 4
38} :delay 4
-1} :delay 1
38} :delay 4
40} :delay 4
-1} :delay 1
1} :delay 2
2} :delay 2
59} :delay 4

0} :delay 3
15} :delay 4
-1} :delay 1
-1} :delay 1
-1} :delay 1
-2} rdelay 1
-1} :delay 1
0} :delay 1
-1} :delay 1
0} :delay 3
-2} rdelay 1
0} :delay 1
-1} :delay 4
11} :delay 4
40} :delay 4
-2} :delay 1
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[0041] The example below shows an instance of jointly designed filter sets with

complexity of 6 taps. Note that sample delay for each filter is indicated in front of the

Set.

For List O
hi(0, 0) = {0,
hi(0, 1) = ¢,
hi(0, 2) = {4,
hi(0, 3) = {0,
hi(l, 0) = {-9,
hi(, 1) ={-v,
hi(l, 2) ={-2
hidl, 3) = (i,
hi(2, 0) = {1,
hi(2, 1) ={-12,
hi(2, 2) = {-4,
hi(2, 3) = {-2,
h|(3 0) :{ i
hi(3, 1) = {-5,
hi(3, 2) ={-5,
hi(3, 3) = {-6,
For List 1
hy(0, 0) = {0,
h,(0, 1) = {-9,
h,(0,2) = {1,
h,(0, 3) = {-i,
ho(l, 0) = (-,
hz(l, 1) =1{-2,
h(l, 2) ={-12,
hy(l, 3) = {-5,
hy(2, 0) = {4,
hy(2, 1) = {-2
h2(2 2) = {-11,
h,(2,3) = {5
hy(3, 0) = {o,
h2(3 ) = {,
h,3,2) = {-2,
h2(3 3) ={-2

62,

41,

-13,

40,
41,

41,
15,
62,
59,

-13,

-10,
-1,
59,

-11,

_8,
4,
60,
41,
15,

o, 0} :delay 3
o, 1} :delay 4
2, -4} :delay 3
-i, 0} :delay 2
3, -1} :delay2
6, -2} :delay2
14, -5} :delay 4
14, -5} :delay 4
-13, 7} :delay 3
8, -2} :delay?2
39, -11} :delay 4
39, -12} :delay 4
61, -9 :delay4
6, -1} :delay2
9, -2} :delay2
6, -2} :delay?2
o, 0} :delay 3
3, -1} :delay2
-13, 7} :delay 3
61, -9} :delay4
o, 1} :delay 4
14, -6} :delay 4
8, -2} :delay 2
6, -1} :delay2
2, -4} :delay 3

14, -5} :delay 4
10, -3} :delay 2
9, -2} :delay?2
i, 0} :delay2
14, -5} :delay 4
39, -12} :delay 4
59, -7} :delay 4
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Combined 6 and 8 Tap Filter Examples
[0042] Particular embodiments combine one set of filters (e.g. 6 tap) based on joint

sub-pixel interpolation filter design for bi-prediction, with another set of filters (eg., 8
tap) based on conventiona single prediction filters. In the interpolation filtering
scheme, if the sub-pixel offset in one of the two references is zero, then the
interpolation filtering can be conducted as in a conventional way, which cancels the
phase in each reference by filters designed for uni-prediction (i.e. sub-pixel

interpolation for single reference).

Example 1

[0043] In this example, particular embodiments lower the memory access overhead
for interpolation filtering. In one embodiment, thejoint sub-pixel interpolation filters
106 are 6 taps and interpolation filters 106 for performing uni-prediction are 8 taps.
Combining the uni-prediction and joint-bi-prediction interpolation filters 106 may
improve the memory access overhead. For example, in a case where for a bi-
prediction, one of the reference frames has a zero sub-pixel phase offset and the other
reference frame has a non-zero phase offset, if joint-bi-prediction interpolation filters
106 are used for filtering, then it requires (6-1)x2 = 10 pixel overhead for memory
access in each horizontal and vertical direction in which the filter applies. If bi-
prediction is conducted by only performing uni-prediction filtering on the non-zero
sub-pel offset reference (Note that the reference with zero offset would not need to be
filtered in this case) the overhead required for interpolation for an 8 tap interpolation
filter 106 is only 8-1 = 7 pixels in each horizontal and vertical direction in which the
filter applies. This example shows how much memory bandwidth can be saved by
combining joint-sub-pixel interpolation filters (usually shorter taps) and those for

simple uni-prediction (usually larger taps).

[0044] The filters listed in this example combine the joint-bi-prediction filters with

simple (non-joint) prediction filters to achieve complexity reduction.
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[0045] The following is noted and may be used:

1- To show the alignment of each 6 tap or 8 tap interpolation filter 106 based on
an equivalent 12 tap interpolation filter 106 with 6 tap delay, the 6 coefficients
areput in a 12 tap array.

2- Thejoint sub-pixel position for each interpolation filter 106 is appended at the
end of the filter coefficients.

3- The overdl filter DC gain for this example is 64 (requiring 6bits Integer

coefficients.)
For List O
(o, 0, 0 0 o0 64 o0 0 0 o o, O0},//(00)
(o, 0, -1, 3 -8 60, 13, -4 1 o, o, 0O,/(10)
{0, 0, -1, 4, .11, 40, 40, .13, 4, -1, o, 0}, /1 (2,0)
{o, 0, O, 1, -4, 13, 60, -8 3, -1, o, 0},/(30)
o, 0, 0 0o o0 6, 0 O 0 o o O,/(01
{0, 1, -3, 7, -17, 62, 122 0, 0, o, o, O,L/(l,
{0, 0, 0, o0 -9 40, 43, -16, 6 -2, o, O,L/(21
{, 0, 0, 0 -4 13 61, -10, 5 -1, o, O,/ (31
(o, 0, 0, 0, 0 64 o0 0, 0 o o 0,/(02
(o, 1, -3 9 -13, 61, 11, O, O, o o, O0,/(12
{0 0, 0, 0 0 37, 43 -24, 12, -6 2, 0},/(272
{, 0, 0, o0 0 11 61, -10, 10, -3, 1, 0},//(372)
o, O, 0, o0 O 64 0 9o o, 0, o, 0},//(0,3)
(o, 0 -1, 5 -10, 61, 13 4 o 0, o OL/(13
(o, 0, -2 6 -16 43 39, -12, o, o, o, O0,/(23
(o, 1 -3 6 -11, 15 5, 0, o, o, o 0,/(393
For List 1
(o, 0, 0 0o O 6, 0 o0 o0 o o, 0,/(00)
(o, 0 -1, 3 -8 60, 13 4, 1, o, o  O,/(0,2
{0, 0, -1, 4, .11, 40, 40, .13, 4, -1, o, 0}, /7 (0,2)
{o, 0, 0 1, -4 13 60, -8 3 -1 o 0},//(0,3
(o, 0, 0, 0, o 64, 00 0, 0 o o 0,//(10)
{o, 0, 0, 0 o 58 15 -11, 6 -3 1L O,/(l,0
{0, 0, 0, 0, -9 40, 43, -16, 6, -2, o, 0y, /(12
{o, 0, 0, o0 -4 13 61, -100 5 -1, o, O,/(13
{0, 0, 0, 0 o0 6, 0 0 ©0 o o 0,/(20
(o, 1 -3 9 -13 61, 11, O 0 o o O,/(20
{0, 2, -6 12, -24, 43, 37, 0, o, o, o, 0,/(22
{o, 0, 0, o0 O 11 61, -10, 10, -3, 1, 0},/(273
(o, 0, 0 0 o0 6, 0 ©0 o o o, 0,/(30
{o, 0, -1, 5 -10, 61, 13 -4 o o, o, O,//(31
{0 0, -2 6 ~-16 43 39, -12, o, o, o, O,/(32
(o, 0, 0, o 0 12 62 -17, 7, -3, 1, O}/ (33)
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Filter Example with Constrained DC-gain

[0046] In one embodiment, interpolation filters 106 are based on the joint sub-pixel
interpolation filter design for bi-prediction, with the additional requirement that each
single interpolation filter 106, applied to a reference block, has the same DC-gain as
other filters in the set of filters. The requirements would disalow for individual
interpolation filters 106 in apair of joint interpolation filter set (e.g. for position (1/4,
1/2)) to have different DC-gain although interpolation filters 106 have a fixed sum of
DC-gains as in previous examples (i.e., in the earlier examples, the overall DC-gain
after adding the two filtered references was the same for al filter pairs in a set). This
constraint makes it possible to have smaller size memory for holding the temporary
filtered predictions before adding the two predictions and averaging them and shifting

them.

Example 1

[0047] Interpolation filters 106 listed in this example combine the joint-bi-prediction
6 tap filters with simple (hon-joint) 8tap filters.
The following is noted and may be used:

1- To show the alignment of each 6tap or 8 tap interpolation filter 106 based on
an equivalent 12 tap interpolation filter 106 with 6tap delay, the coefficients
areput in a 12 tap array.

2- Thejoint sub-pixel position for each interpolation filter 106 is appended at the
end of the filter coefficients.

3- The filter DC gain for each interpolation filter 106 is 64 (requiring 6 bits

integer coefficients.)

For List O

(o, 0 0, O o0 64 o0 o0 0 0 0  0,//(00)
{o, o -1, 3 -8 60, 13 -4, 1, 0, 0, 0,//(10)
(o, O -1, 4, .11, 40, 40, .11, 4, -1, 0, 0},//(20)
(o, o 0 1, -4 13 60, -8 3, -1, 0, 0},/(30
{0, 0, 0, © 0, 64, o0 o0 o0 0 0 0}, /(0,1
(o, 1, -3 6 -15 61, 14, 0, O, 0, 0, o,/(l,1
(o, 0O 0, o0 -9 40, 44, -15, 6 -2, 0, O,L/N(2,
{ob, o 0, o0 -4 13 61, -100 5 -1, 0, O,L/(3 YD
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o, 0, 0, 0, 0 64 o0 0 0 0 o 0,/(02
(o, 1 -3 9 -13 61, 9 0 0 0 o 0,/(12
{0, 0, 0, o 0 37, 43 -24, 12, -6 2, 0},//(22
o, O, 0, o0 O 10, 60, -12, 8, -2, o, 0},//(32
{0, 0, O, o0 0 64 0, O 0o, 0 o, 0}//(0,3)
{o, 0, -1, 5 -10, 61, 13 -4 0 0 o O,/(13
(o, 0, -2 6 ~-16 45 39, -8 0, o o, 0,/(273
(o, 1 -3 6 ~-12, 15 57, 0, O o, o, O0},//(33
For List 1

(o, 0, 0, 0 O 6, 0 0 O o o, 0,//(00)
(o, 0 -1, 3 -8 60, 13 4 1, o, o, Oy,/(01
{0, 0, -1, 4, .11, 40, 40, .13, 4, -1, o, 0},/1 (0,2
{o, 0, 0 1, -4 13 60, -8 3, -1 o 0},//(0,3
(o, 0, O, o0 O 64 0 O0 O0 o o 0,/(10
(o, 0, 0, o0 o 57, 15 -12, 6 -3, 1 O /(Il,1
{0, 0, 0, o0 -9 40, 44, -15 6 -2 o, 0,/(12
(o, 0, 0, o0 -4 13 61, -10, 5 -1, o 0,/ (13
(o, 0, 0, 0O o0 64, 0 0 0 o o 0,/(20)
(o, 1 -3 9 -13 61, 9 0 0 o o O,/(201
{0, 2, -6 12, -24, 43, 37, 0, o, o, o, 0,/(22)
(o, 0, 0 0 0 1.0, 60, -12, 8 -2, o, 0,/1(273
(o, 0, 0 O 0 6, 0 0 0 o o 0,//(30)
(o, 0, -1 5 -10, 61, 13 -4 0, o o O0,/(3Y
o, 0, -2 6 -16 45 39, -8 0 o o, 0,//(32
(o, 0, 0, 0 0 14 61, -15, 6 -3 1 0,//(373

Filter Example Based on Number of Predictor Blocks

[0048] In one embodiment, the choice of sub-pixel interpolation filter 106 would

depend on the number of reference blocks. The following is noted and may be used:

1- In case there is only one reference block for prediction particular
embodiments use one of the filter designs for uni-prediction, such as filter designs
described in U.S. Patent Appl. No. 13/532,217, entitled "Selection of Phase Offsets
For Interpolation Filters for Motion Compensation”, filed on June 25, 2012, which is
incorporated by reference in its entirety for al purposes, to increase the accuracy and

performance of the motion compensation.

2- For bi-predictive motion compensation cases, joint interpolation filters 106
would be used. These joint sub-pel interpolation filters 106 (JSPIFs) provide much
wider pass-band with reduced number of filter-taps and hence lower complexity

(compared to those filters used in conventional sub-pixel interpolation).
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Encoder and Decoder Examples

[0049] FIG. 4A depicts an example of an encoder 102 for providing temporal
prediction based on one or more references according to one embodiment. A genera
operation of encoder 102 will now be described. It will be understood that variations
on the encoding process described will be appreciated by a person skilled in the art

based on the disclosure and teachings herein.

[0050] For acurrent PU, x, a prediction PU, X', is obtained through either spatial
prediction or temporal prediction. The prediction PU is then subtracted from the
current PU, resulting in aresidual PU, e. A spatial prediction block 304 may include
different spatial prediction directions per PU, such as horizontal, vertical, 45-degree
diagonal, 135-degree diagonal, DC (flat averaging), and planar.

[0051] A tempora prediction block 306 performs tempora prediction through a
motion estimation and motion compensation operation. The motion estimation
operation searches for a best match prediction for the current PU over reference
blocks. The best match prediction is described by a motion vector (MV) and
associated reference block (refldx). The motion vector and associated reference block
are included in the coded bit stream. In motion compensation, abest match prediction

for the current PU is determined using the MV and refldx.

[0052] Transform block 307 performs atransform operation with the residual PU, e.

Transform block 307 outputs the residual PU in atransform domain, E.

[0053] A quantizer 308 then quantizes the transform coefficients of the residual PU,
E. Quantizer 308 converts the transform coefficients into a finite number of possible
values. Entropy coding block 310 entropy encodes the quantized coefficients, which
results in final compression bits to be transmitted. Different entropy coding methods
may be used, such as context-adaptive variable length coding (CAVLC) or context-
adaptive binary arithmetic coding (CABAC).

[0054] Also, in a decoding process within encoder 102, a de-quantizer 312 de-
guantizes the quantized transform coefficients of the residual PU. De-quantizer 312

then outputs the de-quantized transform coefficients, E'. An inverse transform block
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314 receives the de-quantized transform coefficients, which are then inverse
transformed resulting in a reconstructed residual PU, €. The reconstructed PU, €, is
then added to the corresponding prediction, x', either spatial or temporal, to form the
new reconstructed PU, x". A loop filter 316 performs de-blocking on the
reconstructed PU, x", to reduce blocking artifacts. Additionally, loop filter 316 may
perform a sample adaptive offset process after the completion of the de-blocking filter
process for the decoded picture, which compensates for a pixel value offset between
reconstructed pixels and original pixels. Also, loop filter 316 may perform adaptive
filtering over the reconstructed PU, which minimizes coding distortion between the
input and output pictures. Additionally, if the reconstructed pictures are reference
blocks, the reference blocks are stored in a reference buffer 318 for future temporal

prediction.

[0055] Interpolation filter 106 interpolates sub-pel pixel values for tempora
prediction block 306. Temporal prediction block 306 uses the sub-pel pixel values to

generate aprediction of acurrent PU.

[0056] FIG. 4B depicts an example of decoder 104 for providing temporal prediction
based on one or more references according to one embodiment. A general operation
of decoder 104 will now be described. It will be understood that variations on the
decoding process described will be appreciated by aperson skilled in the art based on
the disclosure and teachings herein. Decoder 104 receives input bits from encoder

102 for compressed video content.

[0057] An entropy decoding block 330 performs entropy decoding on input bits
corresponding to quantized transform coefficients of a residual PU. A de-quantizer
332 de-quantizes the quantized transform coefficients of the residua PU. De-
guantizer 332 then outputs the de-quantized transform coefficients of the residual PU,
E. Aninverse transform block 334 receives the de-quantized transform coefficients,

which are then inverse transformed resulting in areconstructed residua PU, €.

[0058] The reconstructed PU, €, is then added to the corresponding prediction, X',
either spatial or temporal, to form the new constructed PU, x". A loop filter 336

performs de-blocking on the reconstructed PU, x", to reduce blocking artifacts.
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Additionally, loop filter 336 may perform a sample adaptive offset process after the
completion of the de-blocking filter process for the decoded picture, which
compensates for apixel value offset between reconstructed pixels and origina pixels.
Also, loop filter 336 may perform an adaptive loop filter over the reconstructed PU,
which minimizes coding distortion between the input and output pictures.
Additionally, if the reconstructed pictures are reference blocks, the reference blocks

are stored in areference buffer 338 for future temporal prediction.

[0059] The prediction PU, X', is obtained through either spatial prediction or temporal
prediction. A spatial prediction block 340 may receive decoded spatial prediction
directions per PU, such as horizontal, vertical, 45-degree diagonal, 135-degree
diagonal, DC (flat averaging), and planar. The spatial prediction directions are used to
determine the prediction PU, x'.

[0060] Interpolation filter 106 interpolates sub-pel pixel values for input into a
temporal prediction block 342. Tempora prediction block 342 performs temporal
prediction through a motion estimation and motion compensation operation. A
decoded motion vector or a motion vector derived from other motion information is

then used to determine the prediction PU, x'.

[0061] Particular embodiments may be implemented in a non-transitory computer-
readable storage medium for use by or in connection with the instruction execution
system, apparatus, system, or machine. The computer-readable storage medium
contains instructions for controlling a computer system to perform a method described
by particular embodiments. The instructions, when executed by one or more
computer processors, may be operable to perform that which is described in particular

embodiments.

[0062] Asused in the description herein and throughout the claims that follow, "a’,
"an", and "the" includes plural references unless the context clearly dictates
otherwise. Also, as used in the description herein and throughout the claims that
follow, the meaning of "in" includes "in" and "on" unless the context clearly dictates

otherwise,
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[0063] The above description illustrates various embodiments of the present
invention along with examples of how aspects of the present invention may be
implemented. The above examples and embodiments should not be deemed to be the
only embodiments, and are presented to illustrate the flexibility and advantages of the
present invention as defined by the following claims. Based on the above disclosure
and the following claims, other arrangements, embodiments, implementations and
equivalents may be employed without departing from the scope of the invention as
defined by the claims.
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CLAIMS
What is clamed is:

1. A method for encoding or decoding video content, the method

comprising:

determining a plurality of interpolation filters for use in interpolating
sub-pel values for a temporal prediction process of video content, wherein the
pluraity of interpolation filters are designed based on sub-pel offsets for two
reference blocks;

determining, by a computing device, a first sub-pel offset for a first
reference block for aunit of video content;

determining, by the computing device, a second sub-pel offset for a
second reference block for the unit of video content; and

determining, by the computing device, a set of interpolation filters to
interpolate a set of sub-pel pixel values for use in the temporal prediction process for
the unit of video content, wherein the set of interpolation filters is designed for the
first sub-pel offset and the second sub-pel offset and used to interpolate afirst sub-pel
pixel value for the first reference block and a second sub-pel value for the second

reference block.

2. The method of claim 1, wherein determining the set of
interpolation filters comprises:

determining a first interpolation filter for the first reference block, the
first interpolation filter designed based on the first sub-pel offset and the second sub-
pel offset; and

determining a second interpolation filter for the second reference
block, the second interpolation filter designed based on the first sub-pel offset and the
second sub-pel offset.

3. The method of claim 2, wherein:

30



WO 2013/006573 PCT/US2012/045297

the plurdity of interpolation filters include a first portion of
interpolation filters that are used for a first list associated with the first reference
block,

the plurality of interpolation filters include a second portion of
interpolation filters that are used for a second list associated with the second reference
block, and

the first interpolation filter is selected from the first portion of
interpolation filters and the second interpolation filter is selected from the second

portion of interpolation filters.

4. The method of claim 1, wherein the plurality of interpolation
filters are designed for all combinations of sub-pel offsets for the first reference block

and the second reference block.

5. The method of claim 1, wherein determining the set of
interpolation filters comprises:

determining a first interpolation filter for the first reference block, the
first interpolation filter designed with a first delay to cover a first portion of pixel
values; and

determining a second interpolation filter for the second reference
block, the second interpolation filter designed with a second delay to cover a second

portion of pixel values,

wherein the first portion of pixel values is different from the second

portion of pixel values.

6. The method of claim 5, wherein:

the first interpolation filter and the second interpolation filter include a

first number of taps; and
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the first interpolation filter and the second interpolation filter cover a
pixel area larger than the first number of taps due to the first delay and the second
delay.

7. The method of claim 6, wherein the area covered is equivalent
to using an interpolation filter with a second number of taps different from the first

number of taps.

8. The method of claim 1, wherein when one of the first sub-pel
offset or the second sub-pel offset has no phase shift, uni-prediction is used to
interpolate one of the first sub-pel offset or the second sub-pel offset that has a phase
shift.

9. The method of claim 8, wherein:

interpolation filters for uni-prediction and bi-prediction are included in

the plurality of filters, and

interpolation filters using uni-prediction include a different number of

taps from interpolation filters using bi-prediction.

10. The method of claim 1, wherein a sum of adirect current (DC)

gain is fixed for each pair of interpolation filters in the set of interpolation filters.

11 The method of claim Lwherein the direct current (DC) gain is

fixed for each interpolation filter in the set of interpolation filters.

12.  An apparatus configured to encode or decode video content, the

apparatus comprising:

ohe or more Computer processors, and
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a computer-readable storage medium comprising instructions, that

when executed, control the one or more computer processors to be configured for:

determining a plurality of interpolation filters for use in interpolating
sub-pel values for a temporal prediction process of video content, wherein the
plurality of interpolation filters are designed based on sub-pel offsets for two
reference blocks;

determining afirst sub-pel offset for afirst reference block for aunit of
video content;

determining a second sub-pel offset for a second reference block for
the unit of video content; and

determining a set of interpolation filters to interpolate a set of sub-pel
pixel values for use in the temporal prediction process for the unit of video content,
wherein the set of interpolation filters is designed for the first sub-pel offset and the
second sub-pel offset and used to interpolate a first sub-pel pixel value for the first

reference block and a second sub-pel value for the second reference block.

13. The apparatus of clam 12, wherein determining the set of
interpolation filters comprises:

determining a first interpolation filter for the first reference block, the
first interpolation filter designed based on the first sub-pel offset and the second sub-
pel offset; and

determining a second interpolation filter for the second reference
block, the second interpolation filter designed based on the first sub-pel offset and the
second sub-pel offset.

14. The apparatus of claim 13, wherein:

the plurality of interpolation filters include a first portion of
interpolation filters that are used for a first list associated with the first reference
block,
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the plurality of interpolation filters include a second portion of
interpolation filters that are used for a second list associated with the second reference
block, and

the first interpolation filter is selected from the first portion of
interpolation filters and the second interpolation filter is selected from the second

portion of interpolation filters.

15. The apparatus of clam 12, wherein the plurdity of
interpolation filters are designed for al combinations of sub-pel offsets for the first

reference block and the second reference block.

16. The apparatus of clam 12, wherein determining the set of
interpolation filters comprises:

determining a first interpolation filter for the first reference block, the
first interpolation filter designed with a first delay to cover a first portion of pixel
values; and

determining a second interpolation filter for the second reference
block, the second interpolation filter designed with a second delay to cover a second

portion of pixel values,

wherein the first portion of pixel values is different from the second

portion of pixel values.

17. The apparatus of claim 16, wherein:

the first interpolation filter and the second interpolation filter include a

first number of taps; and

the first interpolation filter and the second interpolation filter cover a
pixel area larger than the first number of taps due to the first delay and the second
delay.
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18. The apparatus of clam 17, wherein the area covered is
equivalent to using an interpolation filter with a second number of taps when no delay
isused.

19. The apparatus of claim 12, wherein when one of the first sub-
pel offset or the second sub-pel offset has no phase shift, uni-prediction is used to
interpolate one of the first sub-pel offset or the second sub-pel offset that has a phase
shift.

20. A non-transitory  computer-readable  storage  medium
comprising instructions for encoding or decoding video content, the instructions,

when executed, control acomputer system to be operable for:

determining a plurality of interpolation filters for use in interpolating
sub-pel values for a temporal prediction process of video content, wherein the
plurality of interpolation filters are designed based on sub-pel offsets for two
reference blocks;

determining afirst sub-pel offset for afirst reference block for aunit of
video content;

determining a second sub-pel offset for a second reference block for
the unit of video content; and

determining a set of interpolation filters to interpolate a set of sub-pel
pixel values for use in the temporal prediction process for the unit of video content,
wherein the set of interpolation filters is designed for the first sub-pel offset and the
second sub-pel offset and used to interpolate a first sub-pel pixel value for the first

reference block and a second sub-pel value for the second reference block.
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