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effective in terms of rate-distortion performance and/or computational efficiency.
For example, a video encoder determines an MV precision for a unit of video from
among multiple MV precisions, which include one or more fractional-sample MV
precisions and integer-sample MV precision. The video encoder can identity a set
of MV values having a fractional-sample MV precision, then select the MV preci-
sion for the unit based at least in part on prevalence of MV values (within the set)
having a fractional part of zero. Or, the video encoder can perform rate-distortion
analysis, where the rate-distortion analysis is biased towards the integer-sample
MYV precision. Or, the video encoder can collect information about the video and
select the MV precision for the unit based at least in part on the collected informa-



CA 02935340 2016-06-28

WO 2015/105662 A1 |IIWAT 00N VT 0O RAF AR AU o

(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARTIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, Published:
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT,

— as to the applicant's entitlement to claim the priority of
the earlier application (Rule 4.17(iii))

—  with international search report (Art. 21(3))

LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, —  before the expiration of the time limit for amending the
SI, SK, SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, claims and to be republished in the event of receipt of
GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG). amendments (Rule 48.2(h))

Declarations under Rule 4.17:

— as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(ii))



10

15

20

25

30

CA 02935340 2016-06-28

WO 2015/105662 PCT/US2014/071332

SELECTION OF MOTION VECTOR PRECISION

BACKGROUND
[001] Engineers use compression (also called source coding or source encoding) to
reduce the bit rate of digital video. Compression decreases the cost of storing and
transmitting video information by converting the information into a lower bit rate form.
Decompression (also called decoding) reconstructs a version of the original information
from the compressed form. A “codec” is an encoder/decoder system.
[002] Over the last two decades, various video codec standards have been adopted,
including the ITU-T H.261, H.262 (MPEG-2 or ISO/IEC 13818-2), H.263 and H.264
(MPEG-4 AVC or ISO/IEC 14496-10) standards, the MPEG-1 (ISO/IEC 11172-2) and
MPEG-4 Visual (ISO/IEC 14496-2) standards, and the SMPTE 421M (VC-1) standard.
More recently, the HEVC standard (ITU-T H.265 or ISO/IEC 23008-2) has been
approved. Extensions to the HEVC standard (e.g., for scalable video coding/decoding, for
coding/decoding of video with higher fidelity in terms of sample bit depth or chroma
sampling rate, or for multi-view coding/decoding) are currently under development. A
video codec standard typically defines options for the syntax of an encoded video
bitstream, detailing parameters in the bitstream when particular features are used in
encoding and decoding. In many cases, a video codec standard also provides details about
the decoding operations a decoder should perform to achieve conforming results in
decoding. Aside from codec standards, various proprietary codec formats define other
options for the syntax of an encoded video bitstream and corresponding decoding
operations.
[003] In general, video compression techniques include “intra-picture” compression
and “inter-picture” compression. Intra-picture compression techniques compress
individual pictures, and inter-picture compression techniques compress pictures with
reference to a preceding and/or following picture (often called a reference or anchor
picture) or pictures.
[004] Inter-picture compression techniques often use motion estimation and motion
compensation to reduce bit rate by exploiting temporal redundancy in a video sequence.
Motion estimation is a process for estimating motion between pictures. In one common
technique, an encoder using motion estimation attempts to match a current block of
sample values in a current picture with a candidate block of the same size in a search area

in another picture, the reference picture. When the encoder finds an exact or “close
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enough” match in the search area in the reference picture, the encoder parameterizes the
change in position between the current and candidate blocks as motion data (such as a
motion vector (“MV”)). An MV is conventionally a two-dimensional value, having a
horizontal MV component that indicates left or right spatial displacement and a vertical
MYV component that indicates up or down spatial displacement. In general, motion
compensation is a process of reconstructing pictures from reference picture(s) using
motion data.

[005] An MV can indicate a spatial displacement in terms of an integer number of
sample grid positions starting from a co-located position in a reference picture for a
current block. For example, for a current block at position (32, 16) in a current picture, the
MV (-3, 1) indicates position (29, 17) in the reference picture. Or, an MV can indicate a
spatial displacement in terms of a fractional number of sample grid positions from a co-
located position in a reference picture for a current block. For example, for a current
block at position (32, 16) in a current picture, the MV (-3.5, 1.25) indicates position (28.5,
17.25) in the reference picture. To determine sample values at fractional offsets in the
reference picture, the encoder typically interpolates between sample values at integer-
sample positions. Such interpolation can be computationally intensive. During motion
compensation, a decoder also performs the interpolation as needed to compute sample
values at fractional offsets in reference pictures.

[006] Different video codec standards and formats have used MVs with different
MV precisions. For integer-sample MV precision, an MV component indicates an integer
number of sample grid positions for spatial displacement. For a fractional-sample MV
precision such as Yz-sample MV precision or Ya-sample MV precision, an MV component
can indicate an integer number of sample grid positions or fractional number of sample
grid positions for spatial displacement. For example, if the MV precision is Ya-sample MV
precision, an MV component can indicate a spatial displacement of 0 samples, 0.25
samples, 0.5 samples, 0.75 samples, 1.0 samples, 1.25 samples, and so on. Some video
codec standards and formats support switching of MV precision during encoding.
Encoder-side decisions about which MV precision to use are not made effectively,

however, in certain encoding scenarios.

SUMMARY
[007] In summary, the detailed description presents innovations in encoder-side

operations for selection of motion vector (“MV”) precision. For example, when a video



10

15

20

25

30

81797880

encoder encodes video, the video encoder determines an MV precision for a unit of the video.
[008] According to one aspect of the innovations described herein, when it determines
the MV precision for the unit, the video encoder can identify a set of MV values having a
fractional-sample MV precision. The video encoder can select the MV precision for the unit
based at least in part on prevalence, within the set of MV values, of MV values having a
fractional part of zero.

[009] According to another aspect of the innovations described herein, when it
determines the MV precision for the unit, the video encoder can perform rate-distortion
analysis to decide between multiple MV precisions, which include one or more fractional-
sample MV precisions and integer-sample MV precision. The rate-distortion analysis is biased
towards the integer-sample MV precision by: (a) scaling a distortion cost, (b) adding a penalty
to the distortion cost, (c) scaling a bit rate cost, (d) adding a penalty to the bit rate cost, and/or
(e) adjusting a Lagrangian multiplier factor.

[010] According to another aspect of the innovations described herein, when it
determines the MV precision for the unit, the video encoder can collect information about the
video and select the MV precision for the unit, from among multiple MV precisions, based at
least in part on the collected information. The multiple MV precisions include one or more
fractional-sample MV precisions and integer-sample MV precision.

[011] The innovations for encoder-side options for selection of MV precision can be
implemented as part of a method, as part of a computing device adapted to perform the
method or as part of a tangible computer-readable media storing computer-executable
instructions for causing a computing device to perform the method. The various innovations
can be used in combination or separately.

[0011a] According to one aspect of the present invention, there is provided one or more
computer-readable media storing computer-executable instructions for causing a computing
device, when programmed thereby, to perform operations, the one or more computer-readable
media being selected from the group consisting of non-volatile memory, magnetic disk, CD-
ROM, and DVD, the operations comprising: encoding video, including determining a motion
vector (“MV”) precision for a unit of the video, wherein MV values for blocks within the unit

of the video have the MV precision for the unit, and wherein the determining the MV
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precision for the unit includes: identifying a set of MV values having a fractional-sample MV
precision; measuring prevalence, within the set of MV values, of MV values having a
fractional part of zero; comparing the measure of prevalence to a threshold; and selecting the
MV precision for the unit based at least in part on results of the comparison; and outputting
the encoded video.

[0011Db] According to another aspect of the present invention, there is provided a
computing device comprising: one or more processing units; volatile memory; and non-
volatile memory and/or storage, the non-volatile memory and/or storage having stored therein
computer-executable instructions for causing the computing device, when programmed
thereby, to perform operations comprising: with a video encoder, encoding video, including
determining a motion vector (“MV™) precision for a unit of the video from among multiple
MY precisions, the multiple MV precisions including one or more fractional-sample MV
precisions and integer-sample MV precision, wherein MV values for blocks within the unit of
the video have the MV precision for the unit, and wherein the determining includes: collecting
information about the video, wherein the collected information includes a set of MV values at
one of the one or more fractional-sample MV precisions; measuring prevalence, within the set
of MV values, of MV values having a fractional part of zero; comparing the measure of
prevalence to a threshold; and selecting the MV precision for the unit based at least in part on
results of the comparison; and storing, in a buffer, the encoded video for output.

[0011c¢] According to still another aspect of the present invention, there is provided in a
computing device, a method comprising: encoding video, including determining a motion
vector (“MV?™) precision for a unit of the video, wherein MV values for blocks within the unit
of the video have the MV precision for the unit, and wherein the determining the MV
precision for the unit includes: identifying a set of MV values having a fractional-sample MV
precision; measuring prevalence, within the set of MV values, of MV values having a
fractional part of zero; comparing the measure of prevalence to a threshold; and selecting the
MYV precision for the unit based at least in part on results of the comparison; and outputting
the encoded video.

[0011d] According to yet another aspect of the present invention, there is provided a

computer system comprising one or more processing units and memory, wherein the computer

3a
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system implements a video encoder configured to perform operations comprising: encoding
frames of a video sequence to produce encoded data, each of the frames including one or more
regions, wherein the encoding includes: setting a value of an indicator in a header that applies
for at least one of the frames of the video sequence, the indicator indicating: whether or not
motion vector (“MV”) precision for the at least one of the frames is controlled on a region-by-
region basis; and if the MV precision for the at least one of the frames is not controlled on a
region-by-region basis, whether the MV precision for the at least one of the frames is quarter-
sample precision or integer-sample precision; and if the MV precision for the at least one of
the frames is controlled on a region-by-region basis, for each region of the one or more
regions of the at least one of the frames, setting a value of a flag in a header for the region, the
flag indicating whether MV precision for the region is quarter-sample precision or integer-
sample precision; and outputting the encoded data as part of a bitstream, the bitstream
including the indicator and, if the MV precision for the at least one of the frames is controlled
on a region-by-region basis, a flag for each region of the one or more regions of the at least
one of the frames that indicates the MV precision for the region.

[0011e] According to a further aspect of the present invention, there is provided in a
computer system, a method comprising: receiving encoded data for frames of a video
sequence as part of a bitstream, each of the frames including one or more regions, the
bitstream including: an indicator in a header that applies for at least one of the frames of the
video sequence, the indicator indicating: whether or not motion vector (“MV”) precision for
the at least one of the frames is controlled on a region-by-region basis; and if the MV
precision for the at least one of the frames is not controlled on a region-by-region basis,
whether the MV precision for the at least one of the frames is quarter-sample precision or
integer-sample precision; and if the MV precision for the at least one of the frames is
controlled on a region-by-region basis, for each region of the one or more regions of the at
least one of the frames, a flag is present in a header for the region, the flag indicating whether
MYV precision for the region is quarter-sample precision or integer-sample precision; and
decoding the encoded data to reconstruct the frames of the video sequence.

[0011f] According to yet a further aspect of the present invention, there is provided one

or more computer-readable media having stored therein computer-executable instructions for

3b
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causing one or more processing units, when programmed thereby, to perform operations
comprising: receiving encoded data for frames of a video sequence as part of a bitstream, each
of the frames including one or more regions, the bitstream including: an indicator in a header
that applies for at least one of the frames of the video sequence, the indicator indicating:
whether or not motion vector (“MV”) precision for the at least one of the frames is controlled
on a region-by-region basis; and if the MV precision for the at least one of the frames is not
controlled on a region-by-region basis, whether the MV precision for the at least one of the
frames is quarter-sample precision or integer-sample precision; and if the MV precision for
the at least one of the frames is controlled on a region-by-region basis, for each region of the
one or more regions of the at least one of the frames, a flag is present in a header for the
region, the flag indicating whether MV precision for the region is quarter-sample precision or
integer-sample precision; and decoding the encoded data to reconstruct the frames of the
video sequence.

[0011g] According to another aspect of the present invention, there is provided a
computer system comprising one or more processing units and memory, wherein the computer
system implements a video decoder configured to perform operations comprising: receiving
encoded data for frames of a video sequence as part of a bitstream, each of the frames
including one or more regions, the bitstream including: an indicator in a header that applies
for at least one of the frames of the video sequence, the indicator indicating: whether or not
motion vector (“MV”) precision for the at least one of the frames is controlled on a region-by-
region basis; and if the MV precision for the at least one of the frames is not controlled on a
region-by-region basis, whether the MV precision for the at least one of the frames is quarter-
sample precision or integer-sample precision; and if the MV precision for the at least one of
the frames is controlled on a region-by-region basis, for each region of the one or more
regions of the at least one of the frames, a flag is present in a header for the region, the flag
indicating whether MV precision for the region is quarter-sample precision or integer-sample
precision; and decoding the encoded data to reconstruct the frames of the video sequence.
[0011h] According to still another aspect of the present invention, there is provided one
or more non-volatile memory or storage devices having stored therein encoded data for frames

of a video sequence as part of a bitstream, each of the frames including one or more regions,
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the bitstream including an indicator in a header that applies for at least one of the frames of
the video sequence, the indicator indicating (a) whether or not motion vector (“MV”)
precision for the at least one of the frames is controlled on a region-by-region basis, and (b) if
the MV precision for the at least one of the frames is not controlled on a region-by-region
basis, whether the MV precision for the at least one of the frames is quarter-sample precision
or integer-sample precision, the bitstream further including, if the MV precision for the at
least one of the frames is controlled on a region-by-region basis, for each region of the one or
more regions of the at least one of the frames, a flag is present in a header for the region, the
flag indicating whether MV precision for the region is quarter-sample precision or integer-
sample precision, wherein the encoded data is configured to facilitate reconstruction of the
frames of the video sequence by operations that include: receiving the encoded data; and
decoding the encoded data to reconstruct the frames of the video sequence.

[0011i] According to yet another aspect of the present invention, there is provided one or
more non-volatile memory or storage devices having stored therein computer-executable
instructions for causing one or more processing units, when programmed thereby, to perform
operations comprising: encoding frames of a video sequence to produce encoded data, each of
the frames including one or more regions, wherein the encoding includes: setting a value of an
indicator in a header that applies for at least one of the frames of the video sequence, the
indicator indicating: whether or not motion vector (“MV”) precision for the at least one of the
frames is controlled on a region-by-region basis; and if the MV precision for the at least one
of the frames is not controlled on a region-by-region basis, whether the MV precision for the
at least one of the frames is quarter-sample precision or integer-sample precision; and if the
MYV precision for the at least one of the frames is controlled on a region-by-region basis, for
each region of the one or more regions of the at least one of the frames, setting a value of a
flag in a header for the region, the flag indicating whether MV precision for the region is
quarter-sample precision or integer-sample precision; and outputting the encoded data as part
of a bitstream, the bitstream including the indicator and, if the MV precision for the at least
one of the frames is controlled on a region-by-region basis, a flag for each region of the one or

more regions of the at least one of the frames that indicates the MV precision for the region.
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[0011j] According to a further aspect of the present invention, there is provided in a
computer system, a method comprising: encoding frames of a video sequence to produce
encoded data, each of the frames including one or more regions, wherein the encoding
includes: setting a value of an indicator in a header that applies for at least one of the frames
of the video sequence, the indicator indicating: whether or not motion vector (“MV”)
precision for the at least one of the frames is controlled on a region-by-region basis; and if the
MYV precision for the at least one of the frames is not controlled on a region-by-region basis,
whether the MV precision for the at least one of the frames is quarter-sample precision or
integer-sample precision; and if the MV precision for the at least one of the frames is
controlled on a region-by-region basis, for each region of the one or more regions of the at
least one of the frames, setting a value of a flag in a header for the region, the flag indicating
whether MV precision for the region is quarter-sample precision or integer-sample precision;
and outputting the encoded data as part of a bitstream, the bitstream including the indicator
and, if the MV precision for the at least one of the frames is controlled on a region-by-region
basis, a flag for each region of the one or more regions of the at least one of the frames that
indicates the MV precision for the region.

[0011Kk] According to yet a further aspect of the present invention, there is provided one
or more non-volatile memory or storage devices having stored therein encoded data as part of
a bitstream, the encoded data having been produced by operations comprising: encoding
frames of a video sequence to produce the encoded data, each of the frames including one or
more regions, wherein the encoding includes: setting a value of an indicator in a header that
applies for at least one of the frames of the video sequence, the indicator indicating: whether
or not motion vector (“MV?”) precision for the at least one of the frames is controlled on a
region-by-region basis; and if the MV precision for the at least one of the frames is not
controlled on a region-by-region basis, whether the MV precision for the at least one of the
frames is quarter-sample precision or integer-sample precision; and if the MV precision for
the at least one of the frames is controlled on a region-by-region basis, for each region of the
one or more regions of the at least one of the frames, setting a value of a flag in a header for
the region, the flag indicating whether MV precision for the region is quarter-sample precision

or integer-sample precision; and outputting the encoded data as part of the bitstream, the
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bitstream including the indicator and, if the MV precision for the at least one of the frames is
controlled on a region-by-region basis, a flag for each region of the one or more regions of the
at least one of the frames that indicates the MV precision for the region.

[00111] According to another aspect of the present invention, there is provided a
computer system comprising one or more processing units and memory, wherein the computer
system implements a video decoder configured to perform operations comprising: receiving
encoded data for frames of a video sequence as part of a bitstream, each of the frames
including one or more regions; and decoding the encoded data to reconstruct the frames of the
video sequence, including: determining, using an indicator in a header that applies for at least
one of the frames of the video sequence, whether or not motion vector (“MV”) precision for
the at least one of the frames is controlled on a region-by-region basis; and if the MV
precision for the at least one of the frames is not controlled on a region-by-region basis,
determining, using the indicator in the header that applies for at least one of the frames of the
video sequence, whether the MV precision for the at least one of the frames is quarter-sample
precision or integer-sample precision; and if the MV precision for the at least one of the
frames is controlled on a region-by-region basis, for each region of the one or more regions of
the at least one of the frames, determining, using a flag in a header for the region, whether
MYV precision for the region is quarter-sample precision or integer-sample precision.

[012] The foregoing and other objects, features, and advantages of the invention will
become more apparent from the following detailed description, which proceeds with reference

to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS
[013] Figure 1 is a diagram of an example computing system in which some described
embodiments can be implemented.
[014] Figures 2a and 2b are diagrams of example network environments in which

some described embodiments can be implemented.
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[015] Figure 3 is a diagram of an example encoder system in conjunction with which
some described embodiments can be implemented.

[016] Figures 4a and 4b are diagrams illustrating an example video encoder in
conjunction with which some described embodiments can be implemented.

[017] Figure 5 is diagram illustrating a computer desktop environment with content
that may provide input for screen capture.

[018] Figure 6 is a diagram illustrating mixed-content video with natural video
content and artificial video content.

[019] Figures 7a and 7b arc diagrams illustrating motion compensation with MV
values having an integer-sample spatial displacement and fractional-sample spatial
displacement, respectively.

[020] Figure 8 is a flowchart illustrating a generalized technique for adapting MV
precision during encoding.

[021] Figure 9 is a flowchart illustrating an example technique for adapting MV
precision during encoding using a low-complexity approach.

[022] Figure 10 is a diagram illustrating different regions of a picture according to

some variations of the low-complexity approach.

DETAILED DESCRIPTION
[023] The detailed description presents innovations in the selection of motion vector
(“MV”) precision during encoding. These approaches can facilitate compression that is
effective in terms of rate-distortion performance and/or computational efficiency. For
example, a video encoder determines an MV precision for a unit of video from among
multiple MV precisions, which include onc or more fractional-sample MV precisions and
integer-sample MV precision. The video encoder can identify a set of MV values having a
fractional-sample MV precision, then select the MV precision for the unit based at least in
part on prevalence of MV values (within the set) having a fractional part of zero. Or, the
video encoder can perform rate-distortion analysis, where the rate-distortion analysis is
biased towards the integer-sample MV precision. Or, the video encoder can collect
information about the video and select the MV precision for the unit based at least in part
on the collected information. Or, the video encoder can determine the MV precision for a

unit of video in some other way.
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[024] Although operations described herein are in places described as being
performed by a video encoder, in many cases the operations can be performed by another
type of media processing tool.

[025] Some of the innovations described herein are illustrated with reference to syntax
elements and operations specific to the HEVC standard. The innovations described herein
can also be implemented for other standards or formats.

[026] More generally, various alternatives to the examples described herein are
possible. For example, some of the methods described herein can be altered by changing
the ordering of the method acts described, by splitting, repeating, or omitting certain
method acts, etc. The various aspects of the disclosed technology can be used in
combination or separately. Different embodiments use one or more of the described
innovations. Some of the innovations described herein address one or more of the

problems noted in the background. Typically, a given technique/tool does not solve all

such problems.
I Example Computing Systems.
[027] Figure 1 illustrates a generalized example of a suitable computing system

(100) in which several of the described innovations may be implemented. The computing
system (100) is not intended to suggest any limitation as to scope of use or functionality,
as the innovations may be implemented in various computing systems, including special-
purpose computing systems adapted for video encoding.

[028] With reference to Figure 1, the computing system (100) includes one or more
processing units (110, 115) and memory (120, 125). The processing units (110, 115)
execute computer-cxecutable instructions. A processing unit can be a central processing
unit (“CPU”), processor in an application-specific integrated circuit (“ASIC”) or any other
type of processor. In a multi-processing system, multiple processing units execute
computer-executable instructions to increase processing power. For example, Figure 1
shows a central processing unit (110) as well as a graphics processing unit or co-
processing unit (115). The tangible memory (120, 125) may be volatile memory (e.g.,
registers, cache, RAM), non-volatile memory (e.g., ROM, EEPROM, flash memory, etc.),
or some combination of the two, accessible by the processing unit(s). The memory (120,
125) stores software (180) implementing one or more innovations for selection of MV
precision during encoding, in the form of computer-executable instructions suitable for

execution by the processing unit(s).
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[029] A computing system may have additional features. For example, the
computing system (100) includes storage (140), one or more input devices (150), one or
more output devices (160), and one or more communication connections (170). An
interconnection mechanism (not shown) such as a bus, controller, or network interconnects
the components of the computing system (100). Typically, operating system software (not
shown) provides an operating environment for other software executing in the computing
system (100), and coordinates activities of the components of the computing system (100).
[030] The tangible storage (140) may be removable or non-removable, and includes
magnetic disks, magnetic tapes or casscttes, CD-ROMs, DVDs, or any other medium
which can be used to store information and which can be accessed within the computing
system (100). The storage (140) stores instructions for the software (180) implementing
one or more innovations for selection of MV precision during encoding.

[031] The input device(s) (150) may be a touch input device such as a keyboard,
mouse, pen, or trackball, a voice input device, a scanning device, or another device that
provides input to the computing system (100). For video, the input device(s) (150) may be
4 camera, video card, TV tuner card, screen capture module, or similar device that accepts
video input in analog or digital form, or a CD-ROM or CD-RW that reads video input into
the computing system (100). The output device(s) (160) may be a display, printer,
speaker, CD-writer, or another device that provides output from the computing system
(100).

[032] The communication connection(s) (170) enable communication over a
communication medium to another computing entity. The communication medium
conveys information such as computer-executable instructions, audio or video input or
output, or other data in a modulated data signal. A modulated data signal is a signal that
has one or more of its characteristics set or changed in such a manner as to encode
information in the signal. By way of example, and not limitation, communication media
can use an electrical, optical, RF, or other carrier.

[033] The innovations can be described in the general context of computer-readable
media. Computer-readable media are any available tangible media that can be accessed
within a computing environment. By way of example, and not limitation, with the
computing system (100), computer-readable media include memory (120, 125), storage
(140), and combinations of any of the above.

[034] The innovations can be described in the general context of computer-

executable instructions, such as those included in program modules, being executed in a
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computing system on a target real or virtual processor. Generally, program modules
include routines, programs, libraries, objects, classes, components, data structures, etc. that
perform particular tasks or implement particular abstract data types. The functionality of
the program modules may be combined or split between program modules as desired in
various embodiments. Computer-executable instructions for program modules may be
executed within a local or distributed computing system.

[035] The terms “system” and “device” are used interchangeably herein. Unless the
context clearly indicates otherwise, neither term implies any limitation on a type of
computing system or computing device. In general, a computing system or computing
device can be local or distributed, and can include any combination of special-purposc
hardware and/or hardware with software implementing the functionality described herein.
[036] The disclosed methods can also be implemented using specialized computing
hardware configured to perform any of the disclosed methods. For example, the disclosed
methods can be implemented by an integrated circuit (e.g., an ASIC such as an ASIC
digital signal processor (“DSP”), a graphics processing unit (“GPU”), or a programmable
logic device (“PLD”) such as a field programmable gate array (“FPGA™)) specially
designed or configured to implement any of the disclosed methods.

[037] For the sake of presentation, the detailed description uses terms like
“determing” and “‘use” to describe computer operations in a computing system. These
terms are high-level abstractions for operations performed by a computer, and should not
be confused with acts performed by a human being. The actual computer operations
corresponding to these terms vary depending on implementation. As used herein, the term
“optimiz*” (including variations such as optimization and optimizing) refers to a choice
among options under a given scope of decision, and docs not imply that an optimized

choice is the “best” or “optimum” choice for an cxpanded scope of decisions.

II. Example Network Environments.

[038] Figures 2a and 2b show example network environments (201, 202) that
include video encoders (220) and video decoders (270). The encoders (220) and decoders
(270) are connected over a network (250) using an appropriate communication protocol.
The network (250) can include the Internet or another computer network.

[039] In the network environment (201) shown in Figure 2a, each real-time
communication (“RTC”) tool (210) includes both an encoder (220) and a decoder (270)

for bidirectional communication. A given encoder (220) can produce output compliant
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with a variation or extension of the HEVC standard (also known as H.265), SMPTE 421M
standard, ISO/IEC 14496-10 standard (also known as H.264 or AVC), another standard, or
a proprietary format, with a corresponding decoder (270) accepting encoded data from the
encoder (220). The bidirectional communication can be part of a video conference, video
telephone call, or other two-party or multi-party communication scenario. Although the
network environment (201) in Figure 2a includes two real-time communication tools
(210), the network environment (201) can instead include three or more real-time
communication tools (210) that participate in multi-party communication.

[040] A real-time communication tool (210) manages encoding by an encoder (220).
Figurc 3 shows an cxample cncoder system (300) that can be included in the real-time
communication tool (210). Alternatively, the real-time communication tool (210) uses
another encoder system. A real-time communication tool (210) also manages decoding by
a decoder (270).

[041] In the network environment (202) shown in Figure 2b, an encoding tool (212)
includes an encoder (220) that encodes video for delivery to multiple playback tools (214),
which include decoders (270). The unidirectional communication can be provided (or a
video surveillance system, web camera monitoring system, screen capture module, remote
desktop conferencing presentation or other scenario in which video is encoded and sent
from one location to one or more other locations. Although the network environment
(202) in Figure 2b includes two playback tools (214), the network environment (202) can
include more or fewer playback tools (214). In general, a playback tool (214)
communicates with the encoding tool (212) to determine a stream of video for the
playback tool (214) to receive. The playback tool (214) receives the stream, buffers the
received encoded data for an appropriate period, and begins decoding and playback.

[042] Figurc 3 shows an cxample cncoder system (300) that can be included in the
encoding tool (212). Alternatively, the encoding tool (212) uses another encoder system.
The encoding tool (212) can also include server-side controller logic for managing
connections with one or more playback tools (214). A playback tool (214) can also

include client-side controller logic for managing connections with the encoding tool (212).

III.  Example Encoder Systems.
[043] Figure 3 is a block diagram of an example encoder system (300) in
conjunction with which some described embodiments may be implemented. The encoder

system (300) can be a general-purpose encoding tool capable of operating in any of
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multiple encoding modes such as a low-latency encoding mode for real-time
communication, a transcoding mode, and a higher-latency encoding mode for producing
media for playback from a file or stream, or it can be a special-purpose encoding tool
adapted for one such encoding mode. The encoder system (300) can be implemented as
an operating system module, as part of an application library or as a standalone
application. Overall, the encoder system (300) receives a sequence of source video frames
(311) from a video source (310) and produces encoded data as output to a channel (390).
The encoded data output to the channel can include content encoded using a selected MV
precision.

[044] The video source (310) can be a camera, tuncr card, storage media, screen
capture module, or other digital video source. The video source (310) produces a
sequence of video frames at a frame rate of, for example, 30 frames per second. As used
herein, the term “frame” generally refers to source, coded or reconstructed image data.
For progressive-scan video, a frame is a progressive-scan video frame. For interlaced
video, in example embodiments, an interlaced video frame might be de-interlaced prior to
encoding. Alternatively, two complementary interlaced video fields are encoded together
as a single video frame or encoded as two separately-encoded fields. Aside from
indicating a progressive-scan video frame or interlaced-scan video frame, the term
“frame” or “picture” can indicate a single non-paired video field, a complementary pair of
video fields, a video object plane that represents a video object at a given time, or a region
of interest in a larger image. The video object plane or region can be part of a larger
image that includes multiple objects or regions of a scene.

[045] An arriving source frame (311) is stored in a source frame temporary memory
storage arca (320) that includes multiple frame buffer storage arcas (321, 322, ..., 32n).
A frame buffer (321, 322, ctc.) holds one source frame in the source frame storage arca
(320). After one or more of the source frames (311) have been stored in frame buffers
(321, 322, etc.), a frame selector (330) selects an individual source frame from the source
frame storage arca (320). The order in which frames are selected by the frame selector
(330) for input to the encoder (340) may differ from the order in which the frames are
produced by the video source (310), e.g., the encoding of some frames may be delayed in
order, so as to allow some later frames to be encoded first and to thus facilitate temporally
backward prediction. Before the encoder (340), the encoder system (300) can include a
pre-processor (not shown) that performs pre-processing (e.g., filtering) of the selected

frame (331) before encoding. The pre-processing can include color space conversion into
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primary (e.g., luma) and secondary (e.g., chroma differences toward red and toward blue)
components and resampling processing (e.g., to reduce the spatial resolution of chroma
components) for encoding. Typically, before encoding, video has been converted to a
color space such as YUV, in which sample values of a luma (Y) component represent
brightness or intensity values, and sample values of chroma (U, V) components represent
color-difference values. The chroma sample values may be sub-sampled to a lower
chroma sampling rate (e.g., for YUV 4:2:0 format or YUV 4:2:2), or the chroma sample
values may have the same resolution as the luma sample values (e.g., for YUV 4:4:4
format). In YUV 4:2:0 format, chroma components arc downsampled by a factor of two
horizontally and by a factor of two vertically. In YUV 4:2:2 format, chroma components
arc downsampled by a factor of two horizontally. Or, the video can be encoded in another
format (e.g., RGB 4:4:4 format).

[046] The encoder (340) encodes the sclected frame (331) to produce a coded frame
(341) and also produces memory management control operation (“MMCO”) signals (342)
or reference picture set (“RPS”) information. If the current frame is not the first frame that
has been encoded, when performing its encoding process, the encoder (340) may use one
or more previously encoded/decoded frames (369) that have been stored in a decoded
frame temporary memory storage area (360). Such stored decoded frames (369) are used
ag reference frames for inter-frame prediction of the content of the current source frame
(331). The MMCO/RPS information (342) indicates to a decoder which reconstructed
frames may be used as reference frames, and hence should be stored in a frame storage
area.

[047] Generally, the encoder (340) includes multiple encoding modules that perform
encoding tasks such as partitioning into tiles, intra prediction estimation and prediction,
motion estimation and compensation, frequency transforms, quantization and entropy
coding. The exact operations performed by the encoder (340) can vary depending on
compression format. The format of the output encoded data can be a variation or
extension of HEVC format (H.265), Windows Media Video format, VC-1 format, MPEG-
x format (e.g., MPEG-1, MPEG-2, or MPEG-4), H.26x format (e.g., H.261, H.262, H.263,
H.264), or another format.

[048] The encoder (340) can partition a frame into multiple tiles of the same size or
different sizes. For example, the encoder (340) splits the frame along tile rows and tile
columns that, with frame boundaries, define horizontal and vertical boundaries of tiles

within the frame, where each tile is a rectangular region. Tiles are often used to provide
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options for parallel processing. A frame can also be organized as one or more slices,
where a slice can be an entire frame or region of the frame. A slice can be decoded
independently of other slices in a frame, which improves error resilience. The content of a
slice or tile is further partitioned into blocks or other sets of samples for purposes of
encoding and decoding.

[049] For syntax according to the HEVC standard, the encoder splits the content of a
frame (or slice or tile) into coding tree units. A coding tree unit (“CTU”) includes luma
sample values organized as a luma coding tree block (“CTB”) and corresponding chroma
sample values organized as two chroma CTBs. The size of a CTU (and its CTBs) is
sclected by the encoder. A luma CTB can contain, for cxample, 64x64, 32x32 or 16x16
luma sample values. A CTU includes one or more coding units. A coding unit (“CU”)
has a luma coding block (“CB”) and two corresponding chroma CBs. For example, a
CTU with a 64x64 luma CTB and two 64x64 chroma CTBs (YUV 4:4:4 format) can be
split into four CUs, with each CU including a 32x32 luma CB and two 32x32 chroma
CBs, and with each CU possibly being split further into smaller CUs. Or, as another
example, a CTU with a 64x64 luma CTB uand two 32x32 chroma CTBs (YUV 4:2:0
format) can be split into four CUs, with each CU including a 32x32 luma CB and two
16x16 chroma CBs, and with each CU possibly being split further into smaller CUs. The
smallest allowable size of CU (e.g., 8x8, 16x16) can be signaled in the bitstream.

[050] Generally, a CU has a prediction mode such as inter or intra. A CU includes
one or more prediction units for purposes of signaling of prediction information (such as
prediction mode details, displacement values, etc.) and/or prediction processing. A
prediction unit (“PU”’) has a luma prediction block (“PB”) and two chroma PBs. For an
intra-predicted CU, the PU has the same size as the CU, unless the CU has the smallest
size (e.g., 8x8). In that case, the CU can be split into four smaller PUs (e.g., cach 4x4 if
the smallest CU size is 8x8) or the PU can have the smallest CU size, as indicated by a
syntax element for the CU. A CU also has one or more transform units for purposes of
residual coding/decoding, where a transform unit (“TU”) has a luma transform block
(“TB”) and two chroma TBs. A PU in an intra-predicted CU may contain a single TU
(equal in size to the PU) or multiple TUs. The encoder decides how to partition video into
CTUs, CUs, PUs, TUs, etc. In the context of the H.264/AVC standard, the term
“macroblock™ indicates a block-shaped region similar to that of a CTU for the
H.265/HEVC standard, and the term “sub-macroblock partition” indicates a block-shaped

region similar to that of a CU or PU. As used herein, the term “block” can indicate a CB,
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PB, TB, CTU, CU, PU, TU, macroblock, sub-macroblock partition or other set of sample
values, depending on context.

[051] Returning to Figure 3, the encoder represents an intra-coded block of a source
frame (331) in terms of prediction from other, previously reconstructed sample values in
the frame (331). For intra block copy (“BC”) prediction, an intra-picture estimator
estimates displacement of a block with respect to the other, previously reconstructed
sample values. An intra-frame prediction reference region (or intra-prediction region, for
short) is a region of samples in the frame that are used to generate BC-prediction values
for the block. The intra-frame prediction region can be indicated with a block vector
(“BV”) value (determined in BV estimation). For intra spatial prediction for a block, the
intra-picture estimator estimates extrapolation of the neighboring reconstructed sample
values into the block. The intra-picture estimator can output prediction information (such
as BV values for intra BC prediction or prediction mode (direction) for intra spatial
prediction), which is entropy coded. An intra-frame prediction predictor applies the
prediction information to determine intra prediction values.

[052] The encoder (340) represents an inter-frame coded, predicted block of a source
frame (331) in terms of prediction from reference frames. A motion estimator estimates
the motion of the block with respect to one or more reference frames (369). The motion
estimator can select a motion vector (“MV”) precision (e.g., integer-sample MV precision,
Ya-sample MV precision, or %-sample MV precision) as described herein, then use the
selected MV precision during motion estimation. When multiple reference frames are
used, the multiple reference frames can be from different temporal directions or the same
temporal direction. A motion-compensated prediction reference region is a region of
samples in the reference frame(s) that are used to gencrate motion-compensated prediction
values for a block of samples of a current frame. The motion estimator outputs motion
information such as MV information, which is entropy coded. A motion compensator
applies MV values having the selected MV precision to reference frames (369) to
determine motion-compensated prediction values for inter-frame prediction.

[053] The encoder can determine the differences (if any) between a block’s
prediction values (intra or inter) and corresponding original values. These prediction
residual values are further encoded using a frequency transform (if the frequency
transform is not skipped), quantization and entropy encoding. For example, the encoder
(340) sets values for quantization parameter (“QP”) for a picture, tile, slice and/or other

portion of video, and quantizes transform coefficients accordingly. The entropy coder of
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the encoder (340) compresses quantized transform coefficient values as well as certain
side information (e.g., MV information, selected MV precision, BV values, QP values,
mode decisions, parameter choices). Typical entropy coding techniques include
Exponential-Golomb coding, Golomb-Rice coding, arithmetic coding, differential coding,
Huffman coding, run length coding, variable-length-to-variable-length (“V2V”) coding,
variable-length-to-fixed-length (“V2F”) coding, Lempel-Ziv (“LZ”) coding, dictionary
coding, probability interval partitioning entropy coding (“PIPE”), and combinations of the
above. The entropy coder can use different coding techniques for different kinds of
information, can apply multiple techniques in combination (e.g., by applying Golomb-
Rice coding followed by arithmetic coding), and can choose from among multiple code
tables within a particular coding technique. In some implementations, the frequency
transform can be skipped. In this case, prediction residual values can be quantized and
entropy coded.

[054] An adaptive deblocking filter is included within the motion compensation loop
(that is, “in-loop” filtering) in the encoder (340) to smooth discontinuities across block
boundary rows and/or columns in a decoded frame. Other filtering (such as de-ringing
filtering, adaptive loop filtering (“ALF”), or sample-adaptive offset (“SAQ”) filtering; not
shown) can alternatively or additionally be applied as in-loop filtering operations.

[055] The coded frames (341) and MMCO/RPS information (342) (or information
equivalent to the MMCO/RPS information (342), since the dependencies and ordering
structures for frames are already known at the encoder (340)) are processed by a decoding
process emulator (350). The decoding process emulator (350) implements some of the
functionality of a decoder, for example, decoding tasks to reconstruct reference frames. In
a manner consistent with the MMCO/RPS information (342), the decoding process
cmulator (350) determines whether a given coded frame (341) needs to be reconstructed
and stored for use as a reference frame in inter-frame prediction of subsequent frames to
be encoded. If a coded frame (341) needs to be stored, the decoding process emulator
(350) models the decoding process that would be conducted by a decoder that receives the
coded frame (341) and produces a corresponding decoded frame (351). In doing so, when
the encoder (340) has used decoded frame(s) (369) that have been stored in the decoded
frame storage area (360), the decoding process emulator (350) also uses the decoded
frame(s) (369) from the storage area (360) as part of the decoding process.

[056] The decoded frame temporary memory storage area (360) includes multiple

frame buffer storage areas (361, 362, ..., 36n). In a manner consistent with the
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MMCO/RPS information (342), the decoding process emulator (350) manages the
contents of the storage area (360) in order to identify any frame buffers (361, 362, etc.)
with frames that are no longer needed by the encoder (340) for use as reference frames.
After modeling the decoding process, the decoding process emulator (350) stores a newly
decoded frame (351) in a frame buffer (361, 362, etc.) that has been identified in this
manner.

[057] The coded frames (341) and MMCO/RPS information (342) are buffered in a
temporary coded data area (370). The coded data that is aggregated in the coded data arca
(370) contains, as part of the syntax of an clementary coded vidco bitstrcam, encoded data
for onc or morc picturcs. The coded data that is aggregated in the coded data arca (370)
can also include media metadata relating to the coded video data (e.g., as one or more
parameters in one or more supplemental enhancement information (“SEI”’) messages or
video usability information (“VUI”") messages).

[058] The aggregated data (371) from the temporary coded data area (370) are
processed by a channel encoder (380). The channel encoder (380) can packetize and/or
multiplex the aggregated dala for transmission or slorage as 4 media siream (e.g.,
according to a media program stream or transport stream format such as ITU-T H.222.0 |
ISO/IEC 13818-1 or an Internet real-time transport protocol format such as IETF RFC
3550), in which case the channel encoder (380) can add syntax elements as part of the
syntax of the media transmission stream. Or, the channel encoder (380) can organize the
aggregated data for storage as a file (e.g., according to a media container format such as
ISO/IEC 14496-12), in which case the channel encoder (380) can add syntax elements as
part of the syntax of the media storage file. Or, more generally, the channel encoder (380)
can implement one or more media system multiplexing protocols or transport protocols, in
which case the channel encoder (380) can add syntax clements as part of the syntax of the
protocol(s). The channel encoder (380) provides output to a channel (390), which
represents storage, a communications connection, or another channel for the output. The
channel encoder (380) or channel (390) may also include other elements (not shown), e.g.,

for forward-error correction (“FEC”) encoding and analog signal modulation.
IV.  Example Video Encoders.

[059] Figures 4a and 4b are a block diagram of a generalized video encoder (400) in

conjunction with which some described embodiments may be implemented. The encoder
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(400) receives a sequence of video pictures including a current picture as an input video
signal (405) and produces encoded data in a coded video bitstream (495) as output.

[060] The encoder (400) is block-based and uses a block format that depends on
implementation. Blocks may be further sub-divided at different stages, e.g., at the
prediction, frequency transform and/or entropy encoding stages. For example, a picture
can be divided into 64x64 blocks, 32x32 blocks or 16x16 blocks, which can in turn be
divided into smaller blocks of sample values for coding and decoding. In implementations
of encoding for the HEVC standard, the encoder partitions a picture into CTUs (CTBs),
CUs (CBs), PUs (PBs) and TU (TBs).

[061] The encoder (400) compresses picturcs using intra-picturc coding and/or inter-
picture coding. Many of the components ot the encoder (400) are used for both intra-
picture coding and inter-picture coding. The exact operations performed by those
components can vary depending on the type of information being compressed.

[062] A tiling module (410) optionally partitions a picture into multiple tiles of the
same size or different sizes. For example, the tiling module (410) splits the picture along
tile rows and tile columns that, with picture boundaries, define horizontal and vertical
boundaries of tiles within the picture, where each tile is a rectangular region.

[063] The general encoding control (420) receives pictures for the input video signal
(405) as well as feedback (not shown) from various modules of the encoder (400).
Overall, the general encoding control (420) provides control signals (not shown) to other
modules (such as the tiling module (410), transformer/scaler/quantizer (430),
scaler/inverse transformer (435), intra-picture estimator (440), motion estimator (450) and
intra/inter switch) to set and change coding parameters during encoding. In particular, in
conjunction with the motion estimator (450), the general encoding control (420) can
determine MYV precision during encoding. The general encoding control (420) can also
evaluate intermediate results during encoding, for example, performing rate-distortion
analysis. The general encoding control (420) produces general control data (422) that
indicates decisions made during encoding, so that a corresponding decoder can make
consistent decisions. The general control data (422) is provided to the header
formatter/entropy coder (490).

[064] If the current picture is predicted using inter-picture prediction, a motion
estimator (450) estimates the motion of blocks of sample values of the current picture of
the input video signal (405) with respect to one or more reference pictures. The motion

estimator (450) can select a motion vector (“MV”) precision (e.g., integer-sample MV
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precision, ¥2-sample MV precision, or Y-sample MV precision) as described herein, then
use the selected MV precision during motion estimation. The decoded picture buffer (470)
buffers one or more reconstructed previously coded pictures for use as reference pictures.
When multiple reference pictures are used, the multiple reference pictures can be from
different temporal directions or the same temporal direction. The motion estimator (450)
produces as side information motion data (452) such as MV data, merge mode index
values and reference picture selection data, as well as side information that indicates the
selected MV precision. The side information including motion data (452) is provided to
the header formatter/entropy coder (490) as well as the motion compensator (455).

[065] The motion compensator (455) applics MV values having the selected MV
precision to the reconstructed reference picture(s) from the decoded picture buffer (470).
When the chroma data for a picture has the same resolution as the luma data (e.g. when the
format is YUV 4:4:4 format or RGB 4:4:4 format), the MV value that is applied for a
chroma block may be the same as the MV value applied for the luma block. On the other
hand, when the chroma data for a picture has reduced resolution relative to the luma data
(e.g. when the format is YUV 4:2:0 format or YUV 4:2:2 format), the MV value that is
applied for a chroma block may be a MV value that has been scaled down and possibly
rounded to adjust for the difference in chroma resolution (e.g., for YUV 4:2:0 format, by
dividing the vertical and horizontal components of the MV value by two and truncating or
rounding them to the precision used for the chroma motion compensation process; for
YUV 4:2:2 format, by dividing the horizontal component of the MV value by two and
truncating or rounding it to the precision used for the chroma motion compensation
process). The motion compensator (455) produces motion-compensated predictions for
the current picture.

[066] In a separate path within the encoder (400), an intra-picture estimator (440)
determines how to perform intra-picture prediction for blocks of sample values of a
current picture of the input video signal (405). The current picture can be entirely or
partially coded using intra-picture coding. Using values of a reconstruction (438) of the
current picture, for intra spatial prediction, the intra-picture estimator (440) determines
how to spatially predict sample values of a current block of the current picture from
neighboring, previously reconstructed sample values of the current picture. Or, for intra
BC prediction using BV values, the intra-picture estimator (440) estimates displacement of
the sample values of the current block to different candidate regions within the current

picture.
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[067] The intra-picture estimator (440) produces as side information intra prediction
data (442), such as information indicating whether intra prediction uses spatial prediction
or intra BC prediction (e.g., a flag value per intra block), prediction mode direction (for
intra spatial prediction), and BV values (for intra BC prediction). The intra prediction data
(442) is provided to the header formatter/entropy coder (490) as well as the intra-picture
predictor (445).

[068] According to the intra prediction data (442), the intra-picture predictor (445)
spatially predicts sample values of a current block of the current picture from neighboring,
previously reconstructed sample values of the current picture. Or, for intra BC prediction,
the intra-picturc predictor (445) predicts the sample values of the current block using
previously reconstructed sample values of an intra-prediction region, which is indicated by
a BV value for the current block.

[069] The intra/inter switch selects values of a motion-compensated prediction or
intra-picture prediction for use as the prediction (458) for a given block. When residual
coding is not skipped, the difference (if any) between a block of the prediction (458) and a
corresponding part of the original current picture of the input video signal (405) provides
values of the residual (418). During reconstruction of the current picture, when residual
values have been encoded/signaled, reconstructed residual values are combined with the
prediction (458) to produce a reconstruction (438) of the original content from the video
signal (405). In lossy compression, however, some information is still lost from the video
signal (405).

[070] In the transformer/scaler/quantizer (430), when a frequency transform is not
skipped, a frequency transformer converts spatial-domain video data into frequency-
domain (i.e., spectral, transform) data. For block-based video coding, the frequency
transformer applics a discrete cosine transform (“DCT”), an integer approximation
thereof, or another type of forward block transform (e.g., a discrete sine transform or an
integer approximation thereof) to blocks of prediction residual data (or sample value data
if the prediction (458) is null), producing blocks of frequency transform coefficients. The
encoder (400) may also be able to indicate that such transform step is skipped. The
scaler/quantizer scales and quantizes the transform coefficients. For example, the
quantizer applies dead-zone scalar quantization to the frequency-domain data with a
quantization step size that varies on a frame-by-frame basis, tile-by-tile basis, slice-by-
slice basis, block-by-block basis, frequency-specific basis or other basis. The quantized

transform coefficient data (432) is provided to the header formatter/entropy coder (490).
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If the frequency transform is skipped, the scaler/quantizer can scale and quantize the
blocks of prediction residual data (or sample value data if the prediction (458) is null),
producing quantized values that are provided to the header formatter/entropy coder (490).
[071] In the scaler/inverse transformer (435), a scaler/inverse quantizer performs
inverse scaling and inverse quantization on the quantized transform coefficients. An
inverse frequency transformer performs an inverse frequency transform, producing blocks
of reconstructed prediction residual values or sample values. If the transform stage has
been skipped, the inverse frequency transform is also skipped. In this case, the
scaler/inverse quantizer can perform inverse scaling and inverse quantization on blocks of
prediction residual data (or sample value data), producing reconstructed values. When
residual values have been encoded/signaled, the encoder (400) combines reconstructed
residual values with values of the prediction (458) (e.g., motion-compensated prediction
values, intra-picture prediction values) to form the reconstruction (438). When residual
values have not been encoded/signaled, the encoder (400) uses the values of the prediction
(458) as the reconstruction (438).

[072] For intra-picture prediction, the values of the reconstruction (438) can be fed
back to the intra-picture estimator (440) and intra-picture predictor (445). Also, the values
of the reconstruction (438) can be used for motion-compensated prediction of subsequent
pictures. The values of the reconstruction (438) can be further filtered. A filtering control
(460) determines how to perform deblock filtering and SAO filtering on values of the
reconstruction (438), for a given picture of the video signal (405). The filtering control
(460) produces filter control data (462), which is provided to the header formatter/entropy
coder (490) and merger/filter(s) (465).

[073] In the merger/filter(s) (465), the encoder (400) merges content from different
tiles into a reconstructed version of the picturc. The encoder (400) sclectively performs
deblock filtering and SAO filtering according to the filter control data (462), so as to
adaptively smooth discontinuities across boundaries in the frames. Other filtering (such as
de-ringing filtering or ALF; not shown) can alternatively or additionally be applied. Tile
boundaries can be selectively filtered or not filtered at all, depending on settings of the
encoder (400), and the encoder (400) may provide syntax within the coded bitstream to
indicate whether or not such filtering was applied. The decoded picture buffer (470)
buffers the reconstructed current picture for use in subsequent motion-compensated

prediction.
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[074] The header formatter/entropy coder (490) formats and/or entropy codes the
general control data (422), quantized transform coefficient data (432), intra prediction data
(442), motion data (452) and filter control data (462). MV values can be predictively
coded. For example, the header formatter/entropy coder (490) uses Exponential-Golomb
coding for entropy coding of various syntax elements such as syntax elements for
differential MV values, after MV prediction.

[075] The header formatter/entropy coder (490) provides the encoded data in the
coded video bitstream (495). The format of the coded video bitstream (495) can be a
variation or extension of HEVC format, Windows Media Video format, VC-1 format,
MPEG-x format (e.g., MPEG-1, MPEG-2, or MPEG-4), H.26x format (e.g., H.261, H.262,
H.263, H.264), or another format.

[076] Depending on implementation and the type of compression desired, modules
of the encoder can be added, omitted, split into multiple modules, combined with other
modules, and/or replaced with like modules. In alternative embodiments, encoders with
different modules and/or other configurations of modules perform one or more of the
described techniques. Specific embodiments of encoders typically use a variation or
supplemented version of the encoder (400). The relationships shown between modules
within the encoder (400) indicate general flows of information in the encoder; other

relationships are not shown for the sake of simplicity.

V. Selection of MV Precision During Encoding.
[077] This section presents various approaches to sclection of motion vector (“MV™)
precision during encoding. These approaches can facilitate compression that is effective
in terms of rate-distortion performance and/or computational efficiency of encoding and
decoding.
[078] The approaches described herein for selecting MV precision can be applied
when encoding any type of video. In particular, however, selection of MV precision as
described herein can improve performance when encoding certain artificially-created
video content such as screen capture content.

A. Types of Video.
[079] In general, screen capture video (also called screen content video or screen
capture content) represents the output of a graphics rendering process that generates
content for a computer screen or other display. This contrasts with natural video, which

refers to video imagery captured from a camera sensor view of real-world objects, or video
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having similar characteristics. Screen capture video typically contains rendered text,
computer graphics, animation-generated content or other similar types of content captured
from the output of a rendering process for a computer display, as opposed to (or in
addition to) camera-captured video content only. Common scenarios for
encoding/decoding of screen capture content include remote desktop conferencing and
encoding/decoding of graphical or text overlays on natural video or other “mixed content”
video. Several of the innovations described herein are adapted for encoding of screen
capture video or other artificially-created video. These innovations can also be used for
natural video, but may not be as cffective. Other innovations described herein are
cffective in encoding of natural video or artificially-created video.

[080] Figure 5 shows a computer desktop environment (510) with content that may
provide input for screen capture. For example, screen capture video can represent a series
of images of the entire computer desktop (511). Or, screen capture video can represent a
series of images for one of the windows of the computer desktop environment, such as the
app window (513) including game content, browser window (512) with Web page content
or window (514) with word processor content.

[081] As computer-generated, artificially-created video content, screen capture
content tends to have relatively few discrete sample values, compared to natural video
content that is captured using a video camera. For example, a region of screen capture
content often includes a single uniform color, whereas a region in natural video content
more likely includes colors that gradually vary. Also, screen capture content typically
includes distinct structures (e.g., graphics, text characters) that are exactly repeated from
frame-to-frame, even if the content may be spatially displaced (e.g., due to scrolling).
Screen capture content i8 usually encoded in a format (e.g., YUV 4:4:4 or RGB 4:4:4)
with high chroma sampling resolution, although it may also be ecncoded in a format with
lower chroma sampling resolution (e.g., YUV 4:2:0, YUV 4:2:2).

[082] Figure 6 shows mixed-content video (620) that includes some natural video
(621) and some artificially-created video content. The artificially-created video content
includes a graphic (622) beside the natural video (621) and a ticker (623) running below
the natural video (621). Like the screen capture content shown in Figure 5, the artificially-
created video content shown in Figure 6 tends to have relatively few discrete sample
values. It also tends to have distinct structures (e.g., graphics, text characters) that are

exactly repeated from frame-to-frame (e.g., due to scrolling).
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[083] Screen capture video or mixed-content video can be periodically read from an
output buffer for a display device, or from one or more other buffers storing frames. Or,
screen capture video can be provided from a screen capture module (which may
periodically read values from an output buffer for a display device, intercept display
commands from an operating system module, or otherwise capture sample values to be
displayed). Screen capture video or mixed-content video can be from a “live” stream or
from a previously recorded stream in storage.

B. Different MV Precisions.
[084] In many encoding scenarios, when encoding screen capture video or other
artificially-created video content, most MV values represent integer-sample spatial
displacements, and very few MV values represent fractional-sample spatial displacements.
This provides opportunities for reducing MV precision to improve overall performance.
[085] Figure 7a shows motion compensation with an MV (720) having an integer-
sample spatial displacement. The MV (720) indicates a spatial displacement of four
samples to the left, and one sample up, relative to the co-located position (710) in a
reference picture for a current block. For example, for a 4x4 current block at position (64,
96) in a current picture, the MV (720) indicates a 4x4 prediction region (730) whose
position is (60, 95) in the reference picture. The prediction region (730) includes
reconstructed sample values at integer-sample positions in the reference picture. An
encoder or decoder need not perform interpolation to determine the values of the
prediction region (730).
[086] Figure 7b shows motion compensation with an MV (721) having a fractional-
sample spatial displacement. The MV (721) indicates a spatial displacement of 3.75
samples to the left, and 0.5 samples up, relative to the co-located position (710) in a
reference picture for a current block. For example, for a 4x4 current block at position (64,
96) in a current picture, the MV (721) indicates a 4x4 prediction region (731) whose
position is (60.25, 95.5) in the reference picture. The prediction region (731) includes
interpolated sample values at fractional-sample positions in the reference picture. An
encoder or decoder performs interpolation to determine the sample values of the prediction
region (731). When fractional-sample spatial displacements are allowed, there are more
candidate prediction regions that may match a current block, and thus the quality of
motion-compensated prediction usually improves, at least for some types of video content

(e.g., natural video).
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[087] When MV precision is integer-sample precision for a unit of video, all MV
values for blocks in the unit indicate integer-sample spatial displacements. When MV
precision is a fractional-sample precision for a unit of video, an MV value for a block in
the unit can indicate a fractional-sample spatial displacement or an integer-sample spatial
displacement. That is, when MV precision is a fractional-sample precision for a unit of
video, some MV values for blocks in the unit can indicate fractional-sample spatial
displacements, while other MV values for blocks in the unit indicate integer-sample spatial
displacements.
[088] When encoding a block using motion estimation and motion compensation, an
encodcr often computes the sample-by-sample differences (also called residual valucs or
error values) between the sample values of the block and its motion-compensated
prediction. The residual values may then be encoded. For the residual values, encoding
efficiency depends on the complexity of the residual values and how much loss or
distortion is introduced as part of the compression process. In general, a good motion-
compensated prediction closely approximates a block, such that the residual values are
small-amplitude differences that can be efficiently encoded. On the other hand, a poor
motion-compensated prediction often yields residual values that include larger-amplitude
values, which are more difficult to encode efficiently. Encoders typically spend a large
proportion of encoding time performing motion estimation, attempting to find good
matches and thereby improve rate-distortion performance.
[089] When a codec uses MV values with integer-sample MV precision, an encoder
and decoder need not perform interpolation operations between sample values of reference
pictures for motion compensation, since the MV values indicate integer-sample spatial
displacements. When a codec uses MV values with fractional-sample MV precision, an
encoder and decoder may perform interpolation operations between sample valucs of
reference pictures for motion compensation (adding computational complexity, at least for
MV values that indicate fractional-sample spatial displacements), but motion-compensated
predictions tend to more closely approximate blocks (leading to residual values with fewer
significant values), compared to integer-sample MV precision.

C. Representation of MV Values.
[090] MYV values are typically represented using integer values whose meaning
depends on an associated MV precision. For integer-sample MV precision, for example,
an integer value of 1 indicates a spatial displacement of 1 sample, an integer value of 2

indicates a spatial displacement of two samples, and so on. For “-sample MV precision,
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for example, an integer value of 1 indicates a spatial displacement of 0.25 samples.
Integer values of 2, 3, 4 and 5 indicate spatial displacements of 0.5, 0.75, 1.0 and 1.25
samples, respectively. Regardless of MV precision, the integer value can indicate a
magnitude of the spatial displacement, and separate flag value can indicate whether
displacement is negative or positive. The horizontal MV component and vertical MV
component of a given MV value can be represented using two integer values. Thus, the
meaning of two integer values representing an MV value depends on MV precision. For
example, for an MV value having a 2-sample horizontal displacement and no vertical
displacement, if MV precision is Ya-sample MV precision, the MV value is represented as
(8, 0). If MV precision is intcger-samplec MV precision, however, the MV valuce is
represented as (2, 0).
[091] MYV values in a bitstream of encoded video data are typically entropy coded
(e.g., on an MV-component-wise basis). An MV value may also be differentially encoded
relative to a predicted MV value (e.g., on an MV-component-wise basis). In many cases,
the MV value equals the predicted MV value, so the differential MV value is zero, which
can be encoded very elficiently. A dilferential MV value (or MV value, il MV prediction
is not used) can be entropy encoded using Exponential-Golomb coding, context-adaptive
binary arithmetic coding or another form of entropy coding. Although the exact
relationship between MV value (or differential MV value) and encoded bits depends on
the form of entropy coding used, in general, smaller values are encoded more efficiently
(that is, using fewer bits) because they are more common, and larger values are encoded
less efficiently (that is, using more bits) because they are less common.

D. Adaptive MV Precision -- Introduction.
[092] To summarize the preceding three sections, using MV values with integer-
sample MV precision tends to reduce bit rate associated with signaling the MV values and
reduce the computational complexity of encoding and decoding (by avoiding interpolation
of sample values at fractional-sample positions in reference pictures), but may reduce the
quality of motion-compensated prediction and thus increase the amplitude of the residual
values, at least for some types of video content. On the other hand, using MV values with
fractional-sample MV precision tends to increase bit rate associated with signaling the MV
values and increase the computational complexity of encoding and decoding (by including
interpolation of sample values at fractional-sample positions in reference pictures), but
may improve the quality of motion-compensated prediction and reduce the amplitude of

the residual values, at least for some types of video content. In general, the computational
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complexity, bit rate for signaling MV values, and quality of motion-compensated
prediction increase as MV precision increases (e.g., from integer-sample to “2-sample, or
from '2-sample to Ya-sample), up to a point of diminishing returns. At the same time,
although increased MV precision tends to increase the bit rate needed to signal the MV
values, when encoding natural content the associated improvement in the quality of
motion-compensated prediction may reduce the bit rate needed to send an adequate
approximation of the residual values and thereby reduce the total bit rate needed to encode
the video content with adequate picture quality.

[093] When encoding screen capture video or other artificially-created video
content, the added costs of fractional-sample MV precision (in terms of bit rate and
computational complexity) may be unjustified. For example, if most MV values represent
integer-sample spatial displacements, and very few MV values represent fractional-sample
spatial displacements, the added costs of fractional-sample MV precision are not
warranted. The encoder can skip searching at fractional-sample positions (and skip
interpolation operations to determine sample values at fractional-sample positions) during
motion estimation. For such content, bit rate and computational complexity can be
reduced, without a significant penalty to the quality of motion-compensated prediction, by
using MV values with integer-sample MV precision.

[094] Since fractional-sample MV precision may still be useful for other types of
video content (e.g., natural video captured by camera), an encoder and decoder can be
adapted to switch between MV precisions. For example, an encoder and decoder can use
integer-sample MV precision for screen capture video, but use a fractional-sample MV
precision (such as Ya-sample MV precision) for natural video. Approaches that an encoder
may follow when sclecting MV precision are described in the next section. The encoder
can signal the selected MV precision to the decoder using one or more syntax elements in
the bitstream.

[095] In one approach to signaling MV precision, when adaptive selection of MV
precision is enabled, the encoder selects an MV precision on a slice-by-slice basis. A flag
value in a sequence parameter set (“SPS”), picture parameter set (“PPS”) or other syntax
structure indicates whether adaptive selection of MV precision is enabled. If so, one or
more syntax elements in a slice header for a given slice indicate the selected MV precision
for blocks of that slice. For example, a flag value of 0 indicates “-sample MV precision,

and a flag value of 1 indicates integer-sample MV precision.
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[096] In another approach to signaling MV precision, the encoder selects an MV
precision on a picture-by-picture basis or slice-by-slice basis. A syntax element in a PPS
indicates one of three MV precision modes: (0) Vi-sample MV precision for MV values of
slice(s) of a picture associated with the PPS, (1) integer-sample MV precision for MV
values of slice(s) of a picture associated with the PPS, or (2) slice-adaptive MV precision
depending on a flag value signaled per slice header, where the flag value in the slice
header of a slice can indicate Y4-sample MV precision or integer-sample MV precision for
MV values of the slice. For additional details about this approach in one implementation,
see JCTVC-P0277.

[097] In still another approach to signaling MV precision, when adaptive selection
of MV precision is enabled, the encoder selects an MV precision on a CU-by-CU basis.
One or more syntax elements in a structure for a given CU indicate the selected MV
precision for blocks of that CU. For example, a flag value in a CU syntax structure for a
CU indicates whether MV values for all PUs associated with the CU have integer-sample
MYV precision or Y%-sample MV precision. For additional details about this approach in
one implementation, see JCTVC-P0283.

[098] In any of these approaches, the encoder and decoder can use different MV
precisions for horizontal and vertical MV components. This can be useful when encoding
screen capture video that has been scaled horizontally or vertically (e.g., using integer-
sample MV precision in an unscaled dimension, and using a fractional-sample MV
precision in a scaled dimension). In some implementations, if rate control cannot be
achicved solely through adjustment of QP values, an encoder may resize screen capture
video horizontally or vertically to reduce bit rate, then encode the resized video. At the
decoder side, the video is scaled back to its original dimensions after decoding. The
encoder can signal the MV precision for horizontal MV components (e.g., with a first flag
value or syntax element) and also signal the MV precision for vertical MV components
(e.g., with a second flag value or syntax element) to the decoder.

[099] More generally, when adaptive selection of MV precision is enabled, the
encoder selects an MV precision and signals the selected MV precision in some way. For
example, a flag value in a SPS, PPS or other syntax structure can indicate whether
adaptive selection of MV precision is enabled. When adaptive MV precision is enabled,
one or more syntax elements in sequence-layer syntax, group-of-pictures-layer syntax
(“GOP-layer syntax™), picture-layer syntax, slice-layer syntax, tile-layer syntax, block-

layer syntax or another syntax structure can indicate the selected MV precision for MV
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values. Or, one or more syntax elements in sequence-layer syntax, GOP-layer syntax,
picture-layer syntax, slice-header-layer syntax, slice-data-layer syntax, tile-layer syntax,
block-layer syntax or another syntax structure can indicate MV precisions for different
MV components. When there are two available MV precisions, a flag value can indicate a
5  selection between the two MV precisions. Where there are more available MV precisions,

an integer value can indicate a selection between those MV precisions.
[0100] Aside from modifications to signal/parse the syntax elements that indicate
selected MV precision(s), decoding can be modified to change how signaled MV values
are interpreted depending on the selected MV precision. The details of how MV values

10  are encoded and reconstructed can vary depending on MV precision. For example, when
the MV precision is integer-sample precision, predicted MV values can be rounded to the
nearest integer, and differential MV values can indicate integer-sample offsets. Or, when
the MV precision is Y%-sample precision, predicted MV values can be rounded to the
nearest Y-sample offset, and differential MV values can indicate %-sample offsets. Or,

15 MYV values can be signaled in some other way., When MV values have integer-sample
MV precision and the video uses 4:2:2 or 4:2:0 chroma sampling, chroma MV values can
be derived by scaling, etc., which may result in ¥:-sample displacements for chroma. Or,

chroma MV values can be rounded to integer values.

20 The following discloses an exemplary embodiment based on an update to
the H.265 standard. The modification enables motion vectors to be represented
on a reduced, integer pixel scale in an encoded bitstream, and may add a flag per
slice in the header information of the compressed stream in order to signal the

resolution of motion vectors in their horizontal and vertical components.
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The modification does not change the syntax or parsing process other than
at the header level, but modifies the decoding process by interpreting the motion
vector differences as integers and rounding scaled MV predictors to integer

5 values. The modification has been found to increase coding efficiency as much as
7% and on average by about 2% for tested screen content sequences, and it can

also reduce the complexity of the encoding and decoding processes.

A high-level indicator is added (at the SPS, PPS, and/or slice header level)

to indicate the resolution for interpretation of the motion vectors.

10 In the decoding process, if the motion vectors are indicated to be at full
pixel resolution and a scaled motion vector prediction has a fractional part, the
prediction is rounded to an integer value. Motion vector differences are simply
interpreted as integer offsets rather than 1/4-sample offsets. All other decoding
processes remain the same. The parsing process (below the header level) is also

15 unchanged. When the motion vectors are coded at full-sample precision and the
input image data uses 4:2:2 or 4:2:0 sampling, the chroma motion vectors can be
derived in the usual manner, which will produce 1/2-sample chroma motion

displacements. Alternatively, the chroma motion vectors may also be rounded to

integer values.

20 The scaling mentioned above is something that happens in HEVC (H.265).
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The idea is that if a motion vector is used for coding some other frame, it can be
computed what would be the motion vector that would be equivalent in terms of
the relative positioning displacement between: (i) the current picture and (ii) its
reference picture. This is based on the relative positioning of the displacement
indicated by a motion vector in the co-located part of another picture, and based
on the relative positioning displacement between (iii) that picture and (iv) the
picture it was referencing as its reference picture. Note that the temporal frame
rate of the coded data is not always constant, and also there may be a difference
between the order in which pictures are coded in the bitstream and the order in
which they are captured and displayed, so these temporal relationships may be
computed and then used to scale the motion vector so that it basically represents
the same speed of motion in the same direction. This is known as temporal

motion vector prediction.

Another possibility could be to disable temporal motion vector prediction
whenever using integer motion only. There is already syntax in HEVC that lets
the encoder disable the use of that feature. That would be a possible way to avoid
needing the decoder to have a special process that operates differently depending
on whether the differences are coded as integers or as fractional values. The gain
obtained from temporal motion vector prediction may be small (or zero) in these

usage cases anyway, 5o disabling it need not be undesirable.

Regarding the syntax change: as shown in the following modified PPS
syntax, a new two-bit indicator will be included, which may be referred to as
motion_vector_resolution_control_idc, in the PPS extension to indicate the
motion vector resolution control modes. Three modes are defined. When the
mode is 0, the motion vectors are encoded at 1/4 pixel precision and all decoding
processes remain unchanged. When the mode is 1, all of the motion vectors in the
slices that refer to the PPS are encoded at full pixel precision. And when the
mode is 2, the motion vector resolution is controlled on a slice-by-slice basis by a

flag in the slice header. When motion_vector_resolution_control_idc is not
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present, its value is inferred as 0. The modified PPS syntax is illustrated as

follows:
pic_parameter_set_rbsp() { Descriptor
Pps_pic_parameter_set_id ue(v)
pPps_seq_parameter_set_id ue(v)
dependent_slice_segments_enabled_flag u(l)
output_flag present_flag u(1)
num_extra_slice_header_bits u(3)
sign_data_hiding enabled_flag u(l)
cabac_init_present_flag u(l)
lists_modification_present_flag u(l)
log2_parallel_merge_level_minus2 ue(v)
slice_segment_header_extension_present_flag u(l)
pps_extensionl_flag u(l)
if( pps_extensionl_flag ) {
if( transform_skip_enabled_flag )
log2_max_transform_skip_block_size minus2 ue(v)
luma_chroma_prediction_enabled_flag u(1)
motion_vector_resolution_control_idc u(2)
chroma_gp_adjustment_enabled_flag u(l)
if( chroma_gp_adjustment_enabled_flag ) {
diff cu_chroma_gp_adjustment_depth ue(v)
chroma_qp_adjustment_table_size minusl ue(v)
for (i =0; i <= chroma_qp_adjustment_table_size_minus]; i++) {
cb_gp_adjustment] i ] se(v)
er_qp_adjustment] i ] se(v)

}

}

pps_extension2_flag

u(1)

}

if ( pps_extension2_flag)

while ( more_rbsp_data( ) )

pps_extension_data_flag

u(1)

1bsp_trailing_bits( )

}

When motion_vector_resolution_control_idc is equal to 2, an additional

5 flag called slice_motion_vector_resolution_flag is signalled in the slice header, as

shown in the following modified slice header syntax. When the flag is zero, the

motion vectors of this slice are encoded at 1/4 pixel precision, and when the flag
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is 1, the motion vectors are encoded at full pixel precision. When the flag is not
present, its value is inferred as equal to the value of

motion_vector_resolution_control_idc. The modified slice header syntax is

illustrated as follows:
slice_segment_header( ) { Descriptor
first_slice_segment_in_pic_flag u(l)
if( nal_unit type >= BLA_W_LP && nal unit type <= RSV_IRAP_VCL23)
no_output_of prior_pics_flag w(1)
slice_pic_parameter_set_jd ve(v)

if( slice_type == P || shice_type == B){

if( motion_vector_resolution_control_idc = = 2)

slice_motion_vector_resolution_flag u(l)
num_ref_idx_active_override_{lag u(l)
if( num_ref idx_active_override_flag ) {

E. Approaches to Selecting MV Precision.
[0101] When MV precision can be adapted during video encoding, an encoder selects
an MV precision for a unit of video. The encoder can select the MV precision(s) to use
based on hints from a video source (see approach 1, below). For example, the video
source can indicate that video is screen capture content or natural video (captured from a
camera). Or, the encoder can select the MV precision(s) based on exhaustive evaluation
of the various MV precisions (see approach 2, below). Or, the encoder can select the MV
precision(s) based on analysis of statistical data from previous units and/or statistical data
for the current unit being encoded (see approaches 3-4, below).
[0102] Some of the approaches to selecting MV precision are adapted to screen
capture encoding scenarios. Other approaches more generally apply when encoding any
type of video content.
[0103) In some examples described in this section, the encoder selects between using
Ye-sample MV precision and integer-sample MV precision. More generally, the encoder
selects between multiple available MV precisions, which can include integer-sample MV

precision, %-sample MV precision, Y-sample MV precision and/or another MV precision.
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[0104] When an encoder selects an MV precision for a unit of video, the unit of video
can be a sequence, GOP, picture, slice, tile, CU, PU, other block or other type of unit of
video. Depending on a desired tradeoff between complexity and flexibility, selecting MV
precision on a highly-local basis (e.g., CU-by-CU basis), a larger region-by-region basis
(e.g., tile-by-tile basis or slice-by-slice basis), whole picture basis, or more global basis
(e.g., per encoding session, per sequence, per GOP, or per series of pictures between
detected scene changes) may be appropriate.

1. Approaches that Use Hints from Application, Operating System

or Video Source.

[0105] An encoder can sclect MV precision based on a hint signaled by an
application, operating system or video source. For example, the hint can indicate that the
video content to be encoded was rendered by a particular application, such as a word
processor, spreadsheet application, or Web browser (without an embedded video region,
which may be natural video content). Rendering with such an application would tend to
produce only integer-sample spatial displacements of the content. Based on such a hint,
the encoder can select integer-sample MV precision. For content rendered with a word
processor, spreadsheet application, Web browser or other application that does not usually
render natural video content, integer-sample MV precision is likely preferable to
fractional-sample MV precision. (But fractional-sample MV precision may be preferable
if the video has been resized.)
[0106] Or, the hint can indicate that video content was delivered by a screen capture
module or other video source that typically delivers artificially-created video content. For
such content, integer-sample MV precision is likely preferable to fractional-sample MV
precision, so the encoder sclects integer-sample MV precision. (But fractional-sample
MYV precision may be preferable if the video has been resized.)
[0107] On the other hand, if the hint indicates video content was delivered by a
camera, DVD or other disk, or tuner card, or rendered by a video player, the encoder can
select a fractional-sample MV precision. For such content, fractional-sample MV
precision is likely preferable to integer-sample MV precision.
[0108] A hint can apply to an encoding session, to a series of frames, to a single video
frame or to part of a video frame (such as an area corresponding to a window associated
with an application).
[0109] In some cases, an encoder may not receive or may be unable to interpret a hint

provided by a video source, operating system or application concerning the nature of the
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video content. Or, the hint may be incorrect or misleading (e.g., for mixed-content video
that includes natural video content and artificially-created video content, or for video that
has been resized). In such cases, the encoder can use another approach to determine which
MYV precision(s) should be selected.

2, Brute-force Encoding Approaches.
[0110] In another set of approaches to selecting MV precision, the encoder encodes a
unit of video multiple times using different MV precisions (e.g., once with integer-sample
MV precision, once with Y4-sample MV precision). The encoder selects the MV precision
that provides the best performance, and uses the selected MV precision when encoding the
unit for output. The unit of video can be a block, PU, CU, slicg, tile, picturc, GOP,
sequence or other type of unit of video. Typically, the encoder performs multiple passes
of encoding in such approaches.
[0111] To evaluate which MV precision provides the best performance, the encoder
can determine rate-distortion cost when the different MV precisions are used during
encoding of the unit, and select the option with the lowest rate-distortion cost. A rate-
distortion cost has a distortion cost D and a bit rate cost R, with a factor A (oflen called a
Lagrangian multiplier) that weights the bit rate cost relative to the distortion cost (D+AR)
or vice versa (R+AD). The bit rate cost can be an estimated or actual bit rate cost. In
general, the distortion cost is based upon a comparison of original samples to
reconstructed samples. The distortion cost can be measured as sum of absolute differences
(“SAD”), sum of absolute Hadamard-transformed differences (“SAHD”) or other sum of
absolute transformed differences (“SATD”), sum of squared errors (“SSE”), mean squared
error (“MSE”), mean variance or another distortion metric. The factor A can vary during
encoding (e.g., increasing the relative weight of the bit rate cost when quantization step
size is larger). Rate-distortion cost usually provides the most accurate assessment of the
performance of different MV precision options, but also has the highest computational
complexity.
[0112] The encoder can vary one or more of terms of the rate-distortion cost function
to bias the rate-distortion analysis towards the integer-sample MV precision option. For
example, when determining an MV precision for a unit of video using rate-distortion
analysis to decide between multiple MV precisions, the rate-distortion analysis is biased
towards the integer-sample MV precision by scaling the distortion cost, adding a penalty
to the distortion cost, scaling the bit rate cost, adding a penalty to the bit rate cost, and/or

adjusting a Lagrangian multiplier factor. When evaluating a fractional-sample MV
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precision, the encoder can scale up the distortion cost (by a factor greater than 1), scale up
the bit rate cost (by a factor greater than 1), add a distortion penalty, add a bit rate penalty
and/or use a larger Lagrangian multiplier factor. Or, when evaluating the integer-sample
MYV precision, the encoder can scale down the distortion cost (by a factor less than 1),
scale down the bit rate cost (by a factor less than 1), and/or use a smaller Lagrangian
multiplier factor.
[0113] The encoder can vary the extent of bias towards or against integer-sample MV
precision during encoding. For example, the encoder can adjust bias towards integer-
sample MV precision depending on a degree of confidence that integer-sample MV values
arc likely to be more appropriate for encoding the video content (e.g., increasing bias
towards integer-sample MV precision if the video content is likely artificially-created
content). Or, the encoder can adjust bias towards integer-sample MV precision depending
on computational capacity for encoding and/or decoding (e.g., increasing bias towards
integer-sample MV precision if available computational capacity is lower).
[0114] Alternatively, the encoder can use another approach to evaluate which MV
precision provides the best performance. For example, the encoder measures which MV
precision results in the fewest bits of encoded data, for a given quantization step size. Or,
the encoder evaluates only distortion for encoding that uses the different MV precisions.
Or, the encoder uses a simpler measure such as distortion reduction benefit for fractional-
sample MV precision compared to integer-sample MV precision, which may be simple
enough to determine in a single pass of encoding. For example, the encoder examines the
amount of distortion reduction (in terms of SAD, SATD, TSE, MSE or another distortion
metric) when a fractional-sample MV precision is used, compared to when integer-sample
MV precision is used.
[0115] Brute-force encoding approaches can be computationally intensive. They
potentially involve significant additional computations, additional memory storage, and
additional memory read and write operations, compared to encoding that uses a fixed MV
precision.

3. Approaches that Use Content Analysis.
[0116] In another set of approaches to selecting MV precision, an encoder selects the
MYV precision for a unit of video based on analysis of input video content and/or encoded
video content. The unit of video can be a block, PB, PU, CU, CTU, sub-macroblock

partition, macroblock, slice, tile, picture, GOP, sequence or other type of unit of video.
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[0117] Figure 8 shows a technique (800) for adapting MV precision during encoding.
The technique (800) can be performed by an encoder such as one described with reference
to Figure 3 or Figures 4a and 4b, or by another encoder. According to the technique (800),
during encoding of video, the encoder determines an MV precision from among multiple
MYV precisions for units of the video. The multiple MV precisions can include one or
more fractional-sample MV precisions as well as integer-sample MV precision. For
example, the multiple MV precisions can include integer-sample MV precision and Y-
sample MV precision. Or, the multiple MV precisions can include integer-sample MV
precision, ¥2-sample MV precision and Y4-sample MV precision.

[0118] Spccifically, when encoding a unit of video, the encoder determines (810)
whether to change MV precision. At the start of encoding, the encoder can initially set the
MYV precision according to a default value, or proceed as if changing the MV precision.
For later units of video, the encoder may use the current MV precision (which was used
for one or more previously encoded units) or change the MV precision. For example, the
encoder can decide to change MV precision upon the occurrence of a defined event (e.g.,
after encoding of a threshold-valued number of units, after a scene change, after a
determination that the type of video has changed).

[0119] To change the MV precision, the encoder collects (820) information about the
video. In general, the collected information can be characteristics of input video or
characteristics of encoded video. The collected information can relate to the current unit
being encoded and/or relate to previously encoded units of the video. (When the collected
information relates to one or more previously encoded units of the video, the collection
(820) of such information can happen before, during or after the encoding of the previous
unit(s). This collection (820) is diffcerent than the timing shown in Figure 8, and happens
regardless of the decision (810) about changing MV precision.) The encoder then sclects
(830) MV precision for the unit of the video based at least in part on the collected
information.

[0120] As one example, the encoder can collect sample values for the current unit.
The presence of a small number of discrete sample values tends to indicate screen capture
content, and hence suggest that integer-sample MV precision should be selected. On the
other hand, the presence of a large number of discrete sample values tends to indicate
natural video, and hence suggest that fractional-sample MV precision should be selected.
The sample values can be organized as a histogram. Sample values can be collected from

only luma (Y) samples in a YUV color space, from luma as well as chroma (U, V)
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samples in a YUV color space, from R, G and B samples in a RGB color space, or from
only G (or R or B) samples in a RGB color space. For example, when selecting the MV
precision, the encoder determines a count of distinct sample values among the collected
sample values. The encoder compares the count to a threshold. If the count is lower than
the threshold, the encoder selects integer-sample MV precision. If the count is higher than
the threshold, the encoder selects a fractional-sample MV precision. The boundary
condition (count equals threshold) can be handled using either option, depending on
implementation. Or, the encoder otherwise considers statistics from the collected sample
values. For example, the encoder determines whether the x most common collected
sample values account for more than y% of the sample values. If so, the encoder sclects
integer-sample MV precision; otherwise, the encoder selects a fractional-sample MV
precision. The values of x and y depend on implementation. The value of x can be 10 or
some other count. The value of y can be 80, 90 or some other percentage less than 100.
[0121] As another example, the encoder can collect distortion measures for blocks of
the current unit encoded with the respective MV precisions. For example, the encoder
records improvement (teduction) in distortion when using fractional-sample MV
precision, compared to integer-sample MV precision. When selecting the MV precision,
the encoder determines whether a reduction in distortion justifies an increase in MV
precision.

[0122] As another example, the encoder can collect MV values (having a fractional-
sample MV precision) for one or more previous units. The collected MV values can be
organized according to value of their fractional parts, e.g., for Y4-sample MV precision
MV values, in a histogram with a bin for MV values having fractional part of zero, a bin
for MV values having fractional part of 0.25, a bin for MV values having a fractional part
of 0.5, and a bin for MV values having a fractional part of 0.75. Low-complexity
variations of this approach are described in the next section.

[0123] As another example, the encoder can collect information about count of
encoded bits for MV data (differential MV values) for blocks encoded using a fractional-
sample MV precision. A low average number of bits for differential MV values indicates
regular (predictable) motion and is more common when integer-sample MV precision
would be appropriate. A high average number of bits used for differential MV values is
more common when fractional-sample MV precision would be appropriate. When
selecting the MV precision, the encoder measures an average (or median) number of bits

among the counts of encoded bits for differential MV values. The encoder compares the

31



10

15

20

25

30

CA 02935340 2016-06-28

WO 2015/105662 PCT/US2014/071332

measure to a threshold. If the measure is lower than the threshold, the encoder selects
integer-sample MV precision. If the measure is higher than the threshold, the encoder
selects a fractional-sample MV precision. The boundary condition (measure equals
threshold) can be handled using either option, depending on implementation.

[0124] As another example, when encoding a unit, the encoder evaluates the multiple
MYV precisions per block (e.g., PU) of the unit, and collects information per block that
indicates which MV precision provides the best performance for that block. The encoder
can determine the rate-distortion cost (e.g., D+AR) when a block is encoded using integer-
sample MV precision, and also determine the rate-distortion cost (e.g., D+AR) when the
block is cncoded using a fractional-sample MV precision. The encoder determines how
many times each of the multiple MV precisions is best for the respective blocks within the
unit, and selects the MV precision with the largest count. For example, for each of the
blocks in a picture, the encoder determines rate-distortion cost when the block is encoded
using integer-sample MV precision, and also determines the rate-distortion cost when the
block is encoded using Y4-sample MV precision. The encoder counts the number of times
integer-sample MV precision would be better and the number of times Y4-sample MV
precision would be better, then picks the higher of the two. Alternatively, the encoder
determines a count of how many times integer-sample MV precision is best for the blocks
of the unit, then selects integer-sample MV precision only if the count is higher than a
threshold percentage of the number of blocks in the unit. In some implementations, the
encoder considers blocks with any value of MV. In other implementations, the encoder
considers only blocks with non-zero-value MVs. This block-wise evaluation of the
multiple MV precisions can be performed for blocks of a given unit in order to select the
MYV precision for onc or more subsequent units, regardless of the MV precision mode used
for the given unit. Or, the block-wisc cvaluation of the multiple MV precisions can be
performed for a given unit in order to select the MV precision for the given unit.

[0125] Alternatively, the encoder uses another approach to collecting information and
selecting the MV precision based at least in part on the selected information.

[0126] Returning to Figure 8, whether or not the MV precision has changed, the
encoder encodes (840) the unit using the selected MV precision. MV values for blocks
(e.g., PUs, macroblocks, or other blocks) within the unit of the video have the selected
MV precision. The encoder outputs encoded data for the current unit, e.g., in a bitstream.

The encoded data can include syntax elements that indicate the selected MV precision.
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[0127] The encoder decides (850) whether to continue with the next unit. If so, the
encoder decides (810) whether to change the MV precision for the next unit. Thus, MV
precision can be selected for each unit (e.g., per segment, per GOP, per picture, per slice,
per CTU, per CU, per PU, per PB, per macroblock, per sub-macroblock partition). Or, to
reduce complexity, the MV precision for a unit can be changed from time-to-time (e.g.,
periodically or upon the occurrence of a defined event), then repeated for one or more
subsequent units.

[0128] When the encoder uses the same pattern of tiles from picture-to-picture, the
encoder can repeat per-tile MV precisions from picture-to-picture. Co-located tiles from
picture-to-picture can usc the same MV precision. Similarly, co-located slices from
picture-to-picture can use the same MV precision. For example, suppose video depicts a
computer desktop, and part of the desktop has a window displaying natural video content.
A fractional-sample MV precision may be used within that region of the desktop from
picture-to-picture, whereas other areas that show text or other rendered content are
encoded using integer-sample MV precision.

[0129] In this set of approaches, the encoder can use single-pass encoding. For the
current unit of video being encoded, the selected MV precision for the current unit
depends at least in part on collected information from one or more previous units of the
video (in encoding order, which is also called decoding order or bitstream order, not input
order, which is also called temporal order, output order or display order).

[0130] Alternatively, in this set of approaches, the encoder can use multi-pass
encoding or encoding with a short look-ahead window (sometimes called 1.5-pass
encoding). For the current unit of video being encoded, the selected MV precision
depends at lcast in part on collected information from the current unit. The selected MV
precision for the current unit can also depend at least in part on collected information from
one or more previous units of the video (in encoding order, not input order).

[0131] In this set of approaches, the encoder can adjust an amount of bias towards or
against integer-sample MV precision based at least in part on a degree of confidence that
integer-sample MV precision is appropriate. The encoder can also adjust an amount of
bias towards or against integer-sample MV precision based at least in part on the
computational capacity of encoding and/or decoding (favoring integer-sample MV
precision to reduce computational complexity if less computational capacity is available).

For example, to favor selection of integer-sample MV precision, the encoder can adjust
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thresholds used in comparison operations to make it more likely that integer-sample MV
precision is selected.
[0132] In this set of approaches, the selected MV precision can be for horizontal MV
components and/or vertical MV components of the MV values for blocks within the unit
of the video, where the horizontal MV components and vertical MV components are
permitted to have different MV precisions. Or, the selected MV precision can be for both
horizontal MV components and vertical MV components of the MV values for blocks
within the unit of the video, where the horizontal MV components and vertical MV
components have the same MV precision.
[0133] In this sct of approaches, the encoded video (e.g., in the bitstrcam) includes
one or more syntax elements that indicate the selected MV precision for the unit.
Alternatively, the encoded video can lack any syntax elements that indicate the selected
MYV precision for the unit (see below, in the section about non-normative approaches).
For example, even if the bitstream supports signaling of MV values with a fractional-
sample MV precision, the encoder can constrain motion estimation for the unit of the
video o use only MV values with fractional parts of zero. This may reduce computational
complexity of encoding and decoding by avoiding interpolation operations.

4. Approaches that Use Low-complexity Content Analysis.
[0134] To simplify the decision-making process, an encoder can consider a smaller
set of data before selecting MV precision or use simpler decision logic when selecting MV
precision, avoiding multiple passes of encoding.
[0135] Figure 9 shows a technique (900) for adapting MV precision during encoding
using a low-complexity approach. The technique (900) can be performed by an encoder
such as onc described with reference to Figure 3 or Figures 4a and 4b, or by another
encoder. The technique (900) details one approach to collecting information about video
and selecting MV precision based at least in part on the collected information, as described
with reference to Figure §.
[0136] According to the technique (900), during encoding of video, the encoder
determines an MV precision for a unit of the video. When determining the MV precision
for the unit, the encoder identifies (910) a set of MV values having a fractional-sample
MV precision. The set of MV values can be allowed to include zero-value MVs and non-
zero-value MVs. Or, the set of MV values can be constrained to include only non-zero-
value MVs. Or, the set of MV values can further be constrained to include only non-zero-

value MVs from blocks of a certain block size or larger.
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[0137] The encoder selects (920) the MV precision for the unit based at least in part
on prevalence, within the set of MV values, of MV values having a fractional part of zero.
The prevalence can be measured in terms of the fraction of the set of MV values having a
fractional part of zero. For example, for a picture, the encoder can determine the
percentage of MV values having a fractional part of zero. Or, for a region or set of regions
that uses the set of MV values, the prevalence can be measured in terms of the fraction of
that region or set of regions having a fractional part of zero. If the fraction exceeds a
threshold, the selected MV precision for the unit is integer-sample MV precision. If the
fraction docs not exceed the threshold, the sclected MV precision for the unit is a
fractional-sample MV precision. The boundary condition (the fraction equals threshold)
can be handled using either option, depending on implementation.

[0138] The selection (920) of the MV precision for the unit can also be based at least
in part on prevalence of non-zero-value MVs, such that switching to integer-sample MV
precision is permitted if there is a threshold amount of non-zero-value MVs. The
prevalence of non-zero-value MVs can be measured in terms of the fraction of MV values
that are non-zero-value MVs, in terms of count of blocks that use non-zero-value MVs, or
in terms of the fraction of a region or set of regions that uses non-zero-value MVs. In this
case, the set of MV values having a fractional-sample MV precision can be identified from
among non-zero value MVs of the region or set of regions. Thus, the encoder can
consider the prevalence of non-zero-value MVs having a fractional part of zero within the
set of M'Vs that are non-zero-value MVs. For example, the encoder switches to integer-
sample MV precision if two conditions are satisfied: (1) a sufficiently large amount of
non-zero-value MVs are detected, and (2) within that set of non-zero-value MVs, there are
sufficiently many that have a fractional part of zero (or, alternatively, sufficiently few that
have a non-zero fractional part). The prevalence of non-zero-value MVs and the
prevalence of MV values having a fractional part of zero can be determined by counting
MV values (regardless of their associated block size) or by considering the associated
block size for MV values (e.g., since some MV values are applied to larger blocks than
others).

[0139] The encoder encodes the unit using the selected MV precision for the unit.
MYV values for blocks (e.g., PUs, macroblocks, or other blocks) within the unit of the
video have the selected MV precision for the unit. The encoder outputs encoded data for
the current unit, e.g., in a bitstream. The encoded data can include syntax elements that

indicate the selected MV precision for the unit.
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[0140] To reduce the amount of time the encoder spends setting MV precision, after
integer-sample MV precision is selected for a unit, the selected MV precision can be used
for subsequent units of the video until an event causes the MV precision to switch back to
a fractional-sample MV precision. For example, the event can be encoding of a defined
number of units, a scene change, or a determination, based on observations during
encoding, that switching back to the fractional-sample MV precision would be beneficial.
[0141] In one example implementation, the encoder encodes a unit of video (e.g.,
picture, tile, slice or CU) only once. To start, the encoder encodes a unit using Y-sample
MV precision. During encoding, the encoder determines whether fractional parts of MV
values are zero or not. For example, the encoder measures what fraction of the MV values
have non-zero fractional parts. Or, since some MV values affect larger picture regions
than others, the encoder measures what fraction of inter-picture predicted region(s) uses
MYV values with non-zero fractional parts (measuring area, not count of MV values). If the
fraction exceeds a threshold (which depends on implementation and is, for example, 75%),
the encoder switches to integer-sample MV precision for one or more subsequent units of
the video.

[0142] In this example implementation, after the encoder switches to integer-sample
MV precision, the encoder can keep that integer-sample MV precision indefinitely or until
a defined event triggers a switch back to fractional-sample MV precision, at least
temporarily. The event can be, for example, encoding of a particular number of units (e.g.,
100 units). Or, the event can be a scene change. Or, the event can be a determination,
based on statistics collected while encoding, that a switch back to fractional-sample MV
precision is likely to be beneficial. (Such statistics can be collected during encoding of
some limited amount arca, to decide whether fractional-sample MV precision would have
worked better for that arca, then applied to switch MV precision for one or more units.)
[0143] Whether video content is natural video content or artificially-created video
content, large portions of the video may be still. For example, the still portions could be
stationary background in natural video or stationary content in screen capture content.

Still portions of video have zero-value MVs, which have fractional parts of zero when MV
precision is a fractional-sample MV precision. The presence of a significant number of
zero-value MVs can confound decision logic that considers the fraction of MV values with
non-zero fractional parts.

[0144] Therefore, the encoder can eliminate zero-value MVs from consideration.

Figure 10 shows a picture (1000) that includes a non-moving portion (1001) with (mostly)
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zero value MVs and two moving portions (1002, 1003) with (mostly) non-zero-value
MVs. The encoder considers the non-zero-value MVs in the moving portions (1002,
1003), but does not consider the MV values of the non-moving portion (1001). The
encoder can switch to integer-sample MV precision when the fraction of non-zero-value
MVs (in the moving portions (1002, 1003)) with fractional parts of zero exceeds a
threshold (or when the fraction of the picture that uses non-zero MVs with fractional parts
of zero (in terms of area) exceeds a threshold).

[0145] The encoder can also check that the number of non-zero-value MVs that is
evaluated exceeds a threshold amount, so that decisions are not made based on an
insignificant number of MV values. This can make the decision-making process more
robust.

[0146] In another example implementation, the encoder encodes a given unit of video
(e.g., picture, tile, slice or CU) using Ya-sample MV precision. The encoder switches to
integer-sample MV precision for one or more subsequent units of the video if (1) more
than x% of the unit uses inter-picture prediction with non-zero-value MVs, and (2) more
than y% of the part of the unit that uses non-zero MVs has integer-value MVs (fractional
parts of zero). The values of x and y depend on implementation and can be, for example, 5
and 75, respectively.

[0147] In a similar example implementation, the encoder encodes a given unit of
video (e.g., picture, tile, slice or CU) using Y4-sample MV precision. The encoder
switches to integer-sample MV precision for one or more subsequent units of the video if
(1) more than z PUs of the unit have non-zero-value MVs, and (2) more than 3% of those
PUs have integer-value MVs (fractional parts of zero). The values of z and y depend on
implementation and can be, for example, 100 and 75, respectively.

[0148] MYV valucs for larger regions may be more reliable than MV valucs for smaller
regions. The encoder can limit which MV values are evaluated. For example, the encoder
can evaluate only MV values for blocks of a certain block size or larger (e.g., 16x16 or
larger).

[0149] In another example implementation, the encoder encodes a given unit of video
(e.g., picture, tile, slice or CU) using Y4-sample MV precision. The encoder switches to
integer-sample MV precision for one or more subsequent units of the video if (1) more
than z PUs of the unit are w x w or larger and have non-zero-value MVs, and (2) more than
1% of those PUs have integer-value MVs (fractional parts of zero). The values of w, z and

y depend on implementation and can be, for example, 16, 100 and 75, respectively.
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5. Non-normative Approaches.
[0150] In most of the preceding examples, an encoder signals one or more syntax
elements indicating a selected MV precision in encoded data, e.g., in the bitstream. A
decoder parses the syntax element(s) indicating the selected MV precision and interprets
MYV values according to the selected MV precision.
[0151] Alternatively, in a non-normative approach, the encoder does not signal any
syntax elements indicating the MV precision selected by the encoder. For example, the
encoder selects between integer-sample MV precision and a fractional-sample MV
precision, but always encodes MV values at the fractional-sample MV precision. A
decoder reconstructs and applics MV values at the fractional-sample MV precision.
[0152] When it selects integer-sample MV precision, the encoder can simplify motion
estimation by avoiding interpolation of sample values at fractional-sample offscts and by
evaluating candidate prediction regions only at integer-sample offsets. Also, if MV
prediction produces a fractional value — e.g., using temporal MV prediction — the encoder
can consider only those MV differences that would result in integer values when adding
the MV difference to the fractional-valued MV prediction (e.g., from the temporal MV
prediction). During decoding, motion compensation can be simplified by avoiding
interpolation of sample values at fractional-sample offsets.
[0153] Certain approaches described in the preceding section (e.g., using a scaled
rate-distortion cost by scaling distortion cost and/or bit rate cost, or adding a distortion
cost penalty or bit rate cost penalty, or adjusting the weight factor) can also be adapted for
a non-normative approach. The encoder can vary the extent of bias towards or against
integer-sample MV precision during encoding. Through the scaling, penalties and/or
weight factor, the encoder can adjust bias towards integer-sample MV precision depending
on a degree of confidence that integer-sample MV values are likely to be more appropriate
for encoding the video content, or depending on computational capacity for encoding or
decoding.

6. Alternatives and Variations.
[0154] In some usage scenarios, the encoding order of pictures (also called decoding
order or decoded order) differs from the temporal order at input/camera-capture and
display (also called display order). The encoder can take such reordering into account
when selecting MV precision. For example, the encoder can select MV precision(s) based

on the temporal order of pictures rather than on the encoding order of the pictures.
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[0155] In many of the examples described herein, intra BC prediction and motion
compensation are implemented in separate components or processes, and BV estimation
and motion estimation are implemented in separate components or processes.
Alternatively, intra BC prediction can be implemented as a special case of motion
compensation, and BV estimation can be implemented as a special case of motion
estimation, for which the current picture is used as a reference picture. In such
implementations, a BV value can be signaled as an MV value but used for intra BC
prediction (within the current picture) rather than inter-picture prediction. As the term is
used herein, “intra BC prediction” indicates prediction within a current picture, whether
that prediction is provided using an intra-picturc prediction module, a motion
compensation module, or some other module. Similarly, a BV value can be represented
using an MV value or using a distinct type of parameter or syntax element, and BV
estimation can be provided using an intra-picture estimation module, motion estimation
module or some other module. The approaches described herein for selecting MV
precision can be applied to determine the precision of MV values that will be used as BV

values for intra BC prediction (that is, with the current picture as reference picture).

V1.  Innovative Features.
[0156] In addition to the claims presented below, innovative features described herein

include but are not limited to the following.

# Feature

Al A computing device comprising:
means for encoding video, including means for determining a motion
vector (“MV”) precision for a unit of the video, wherein MV values for
blocks within the unit of the video have the MV precision for the unit, and
wherein the means for determining the MV precision for the unit includes:
means for identifying a set of MV values having a fractional-
sample MV precision; and
means for selecting the MV precision for the unit based at
least in part on prevalence, within the set of MV values, of MV values
having a fractional part of zero; and

means for outputting the encoded video.

Bl A computing device comprising;:
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means for encoding video, including means for determining a motion
vector (“MV”) precision for a unit of the video, wherein MV values for
blocks within the unit of the video have the MV precision for the unit,

wherein the means for determining includes means for performing rate-

| distortion analysis-to decide between multiple MV precisions, the multiple

MV precisions including one or more fractional-sample MV precisions and
integer-sample MV precision, and wherein the rate-distortion analysis is
biased towards the integer-sample MV precision by: (a) scaling a distortion
cost, (b) adding a penalty to the distortion cost, (c) scaling a bit rate cost, (d)
adding a penalty to the bit rate cost, and/or (e) adjusting a Lagrangian
multiplier factor; and

means for outputting the encoded video

C1

A computing device comprising:
means for encoding video, including means for determining a motion
vector (“MV”) precision for a unit of the video from among multiple MV
precisions, the multiple MV precisions including one or more fractional-
sample MV precisions and integer-sample MV precision, wherein MV
values for blocks within the unit of the video have the MV precision for the
unit, and wherein the means for determining includes:
means for collecting information about the video; and
means for selecting the MV precision for the unit based at
least in part on the collected information; and

means for outputting the encoded video.

[0157}

In view of the many possible embodiments to which the principles of the

disclosed invention may be applied, it should be recognized that the illustrated

embodiments are only preferred examples of the invention and should not be taken as

5  limiting the scope of the invention. Rather, the scope of the invention is defined by the

following claims. We therefore claim as our invention all that comes within the scope
of these claims.
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CLAIMS:

1. A computer system comprising one or more processing units and memory, wherein the
computer system implements a video encoder configured to perform operations comprising:
encoding frames of a video sequence to produce encoded data, each of the frames
including one or more regions, wherein the encoding includes:
setting a value of an indicator in a header that applies for at least one of the
frames of the video sequence, the indicator indicating:
whether or not motion vector (“MV”) precision for the at least one of
the frames is controlled on a region-by-region basis; and
if the MV precision for the at least one of the frames is not controlled
on a region-by-region basis, whether the MV precision for the at least one of the frames is
quarter-sample precision or integer-sample precision; and
if the MV precision for the at least one of the frames is controlled on a region-
by-region basis, for each region of the one or more regions of the at least one of the frames,
setting a value of a flag in a header for the region, the flag indicating whether MV precision
for the region is quarter-sample precision or integer-sample precision; and
outputting the encoded data as part of a bitstream, the bitstream including the indicator
and, if the MV precision for the at least one of the frames is controlled on a region-by-region
basis, a flag for each region of the one or more regions of the at least one of the frames that

indicates the MV precision for the region.

2. The computer system of claim 1, wherein the header that applies for the at least one of
the frames is a sequence parameter set or picture parameter set, wherein the regions are slices,

and wherein the header for the region is a slice header.

3. The computer system of claim 1, wherein, for the indicator:
a first possible value indicates that the MV precision for the at least one of the frames
is not controlled on a region-by-region basis and further indicates that the MV precision for

the at least one of the frames is quarter-sample precision;
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a second possible value indicates that the MV precision for the at least one of the
frames is not controlled on a region-by-region basis and further indicates that the MV
precision for the at least one of the frames is integer-sample precision; and

a third possible value indicates that the MV precision for the at least one of the frames

is controlled on a region-by-region basis.

4. The computer system of claim 1, wherein, for a given region of the one or more
regions of the at least one of the frames, if the flag for the given region is not present in the

bitstream, the flag for the given region is inferred to have a value equal to the indicator.

5. The computer system of claim 1, wherein the indicator is a two-bit value.

6. The computer system of claim 1, wherein interpretation of MV values changes
depending on whether the MV precision is quarter-sample precision or integer-sample
precision, the MV values representing integer-sample offsets if the MV precision is integer-
sample precision, and the MV values representing quarter-sample offsets if the MV precision

is quarter-sample precision.

7. The computer system of claim 1, wherein the setting the value of the indicator is based

on source of the frames of the video sequence.

8. The computer system of claim 1, wherein the setting the value of the indicator is based

on measurement of a performance heuristic or historical data.

9. In a computer system, a method comprising:
receiving encoded data for frames of a video sequence as part of a bitstream, each of
the frames including one or more regions, the bitstream including:
an indicator in a header that applies for at least one of the frames of the video

sequence, the indicator indicating:
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whether or not motion vector (“MV”) precision for the at least one of
the frames is controlled on a region-by-region basis; and

if the MV precision for the at least one of the frames is not controlled
on a region-by-region basis, whether the MV precision for the at least one of the frames is
quarter-sample precision or integer-sample precision; and

if the MV precision for the at least one of the frames is controlled on a region-

by-region basis, for each region of the one or more regions of the at least one of the frames, a
flag is present in a header for the region, the flag indicating whether MV precision for the
region is quarter-sample precision or integer-sample precision; and

decoding the encoded data to reconstruct the frames of the video sequence.

10.  The method of claim 9, wherein the header that applies for the at least one of the
frames is a sequence parameter set or picture parameter set, wherein the regions are slices, and

wherein the header for the region is a slice header.

11. The method of claim 9, wherein, for the indicator:

a first possible value indicates that the MV precision for the at least one of the frames
is not controlled on a region-by-region basis and further indicates that the MV precision for
the at least one of the frames is quarter-sample precision;

a second possible value indicates that the MV precision for the at least one of the
frames is not controlled on a region-by-region basis and further indicates that the MV
precision for the at least one of the frames is integer-sample precision; and

a third possible value indicates that the MV precision for the at least one of the frames

is controlled on a region-by-region basis.
12.  The method of claim 9, wherein, for a given region of the one or more regions of the at
least one of the frames, if the flag for the given region is not present in the bitstream, the flag

for the given region is inferred to have a value equal to the indicator.

13. The method of claim 9, wherein the indicator is a two-bit value.
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14.  The method of claim 9, wherein interpretation of MV values changes depending on
whether the MV precision is quarter-sample precision or integer-sample precision, the MV
values representing integer-sample offsets if the MV precision is integer-sample precision,
and the MV values representing quarter-sample offsets if the MV precision is quarter-sample

precision.

15. One or more computer-readable media having stored therein computer-executable
instructions for causing one or more processing units, when programmed thereby, to perform
operations comprising:
receiving encoded data for frames of a video sequence as part of a bitstream, each of
the frames including one or more regions, the bitstream including:
an indicator in a header that applies for at least one of the frames of the video
sequence, the indicator indicating:
whether or not motion vector (“MV”) precision for the at least one of
the frames is controlled on a region-by-region basis; and
if the MV precision for the at least one of the frames is not controlled
on a region-by-region basis, whether the MV precision for the at least one of the frames is
quarter-sample precision or integer-sample precision; and
if the MV precision for the at least one of the frames is controlled on a region-
by-region basis, for each region of the one or more regions of the at least one of the frames, a
flag is present in a header for the region, the flag indicating whether MV precision for the
region is quarter-sample precision or integer-sample precision; and

decoding the encoded data to reconstruct the frames of the video sequence.
16.  The one or more computer-readable media of claim 15, wherein the header that applies
for the at least one of the frames is a sequence parameter set or picture parameter set, wherein

the regions are slices, and wherein the header for the region is a slice header.

17. The one or more computer-readable media of claim 15, wherein, for the indicator:
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a first possible value indicates that the MV precision for the at least one of the frames
is not controlled on a region-by-region basis and further indicates that the MV precision for
the at least one of the frames is quarter-sample precision;

a second possible value indicates that the MV precision for the at least one of the
frames is not controlled on a region-by-region basis and further indicates that the MV
precision for the at least one of the frames is integer-sample precision; and

a third possible value indicates that the MV precision for the at least one of the frames

is controlled on a region-by-region basis.

18.  The one or more computer-readable media of claim 15, wherein, for a given region of
the one or more regions of the at least one of the frames, if the flag for the given region is not
present in the bitstream, the flag for the given region is inferred to have a value equal to the

indicator.

19.  The one or more computer-readable media of claim 15, wherein the indicator is a two-

bit value.

20.  The one or more computer-readable media of claim 15, wherein interpretation of MV
values changes depending on whether the MV precision is quarter-sample precision or
integer-sample precision, the MV values representing integer-sample offsets if the MV
precision is integer-sample precision, and the MV values representing quarter-sample offsets

if the MV precision is quarter-sample precision.

21. A computer system comprising one or more processing units and memory, wherein the
computer system implements a video decoder configured to perform operations comprising:
receiving encoded data for frames of a video sequence as part of a bitstream, each of
the frames including one or more regions, the bitstream including:
an indicator in a header that applies for at least one of the frames of the video

sequence, the indicator indicating:
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whether or not motion vector (“MV”) precision for the at least one of
the frames is controlled on a region-by-region basis; and

if the MV precision for the at least one of the frames is not controlled
on a region-by-region basis, whether the MV precision for the at least one of the frames is
quarter-sample precision or integer-sample precision; and

if the MV precision for the at least one of the frames is controlled on a region-

by-region basis, for each region of the one or more regions of the at least one of the frames, a
flag is present in a header for the region, the flag indicating whether MV precision for the
region is quarter-sample precision or integer-sample precision; and

decoding the encoded data to reconstruct the frames of the video sequence.

22.  The computer system of claim 21, wherein the header that applies for the at least one
of the frames is a sequence parameter set or picture parameter set, wherein the regions are

slices, and wherein the header for the region is a slice header.

23.  The computer system of claim 21, wherein, for the indicator:

a first possible value indicates that the MV precision for the at least one of the frames
is not controlled on a region-by-region basis and further indicates that the MV precision for
the at least one of the frames is quarter-sample precision;

a second possible value indicates that the MV precision for the at least one of the
frames is not controlled on a region-by-region basis and further indicates that the MV
precision for the at least one of the frames is integer-sample precision; and

a third possible value indicates that the MV precision for the at least one of the frames

is controlled on a region-by-region basis.
24.  The computer system of claim 21, wherein, for a given region of the one or more
regions of the at least one of the frames, if the flag for the given region is not present in the

bitstream, the flag for the given region is inferred to have a value equal to the indicator.

25.  The computer system of claim 21, wherein the indicator is a two-bit value.
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26.  The computer system of claim 21, wherein interpretation of MV values changes
depending on whether the MV precision is quarter-sample precision or integer-sample
precision, the MV values representing integer-sample offsets if the MV precision is integer-
sample precision, and the MV values representing quarter-sample offsets if the MV precision

is quarter-sample precision.

27. One or more non-volatile memory or storage devices having stored therein encoded
data for frames of a video sequence as part of a bitstream, each of the frames including one or
more regions, the bitstream including an indicator in a header that applies for at least one of
the frames of the video sequence, the indicator indicating (a) whether or not motion vector
(“MV?”) precision for the at least one of the frames is controlled on a region-by-region basis,
and (b) if the MV precision for the at least one of the frames is not controlled on a region-by-
region basis, whether the MV precision for the at least one of the frames is quarter-sample
precision or integer-sample precision, the bitstream further including, if the MV precision for
the at least one of the frames is controlled on a region-by-region basis, for each region of the
one or more regions of the at least one of the frames, a flag is present in a header for the
region, the flag indicating whether MV precision for the region is quarter-sample precision or
integer-sample precision, wherein the encoded data is configured to facilitate reconstruction
of the frames of the video sequence by operations that include:

receiving the encoded data; and

decoding the encoded data to reconstruct the frames of the video sequence.

28.  The one or more non-volatile memory or storage devices of claim 27, wherein the
header that applies for the at least one of the frames is a sequence parameter set or picture
parameter set, wherein the regions are slices, and wherein the header for the region is a slice

header.

29.  The one or more non-volatile memory or storage devices of claim 27, wherein, for the

indicator:
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a first possible value indicates that the MV precision for the at least one of the frames
is not controlled on a region-by-region basis and further indicates that the MV precision for
the at least one of the frames is quarter-sample precision;

a second possible value indicates that the MV precision for the at least one of the
frames is not controlled on a region-by-region basis and further indicates that the MV
precision for the at least one of the frames is integer-sample precision; and

a third possible value indicates that the MV precision for the at least one of the frames

is controlled on a region-by-region basis.

30. The one or more non-volatile memory or storage devices of claim 27, wherein, for a
given region of the one or more regions of the at least one of the frames, if the flag for the
given region is not present in the bitstream, the flag for the given region is inferred to have a

value equal to the indicator during the decoding.

31.  The one or more non-volatile memory or storage devices of claim 27, wherein the

indicator is a two-bit value.

32.  The one or more non-volatile memory or storage devices of claim 27, wherein
interpretation of MV values changes during the decoding depending on whether the MV
precision is quarter-sample precision or integer-sample precision, the MV values representing
integer-sample offsets if the MV precision is integer-sample precision, and the MV values

representing quarter-sample offsets if the MV precision is quarter-sample precision.

33. One or more non-volatile memory or storage devices having stored therein computer-
executable instructions for causing one or more processing units, when programmed thereby,
to perform operations comprising:
encoding frames of a video sequence to produce encoded data, each of the frames
including one or more regions, wherein the encoding includes:
setting a value of an indicator in a header that applies for at least one of the

frames of the video sequence, the indicator indicating:
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whether or not motion vector (“MV”) precision for the at least one of
the frames is controlled on a region-by-region basis; and

if the MV precision for the at least one of the frames is not controlled
on a region-by-region basis, whether the MV precision for the at least one of the frames is
quarter-sample precision or integer-sample precision; and

if the MV precision for the at least one of the frames is controlled on a region-
by-region basis, for each region of the one or more regions of the at least one of the frames,
setting a value of a flag in a header for the region, the flag indicating whether MV precision
for the region is quarter-sample precision or integer-sample precision; and
outputting the encoded data as part of a bitstream, the bitstream including the indicator

and, if the MV precision for the at least one of the frames is controlled on a region-by-region
basis, a flag for each region of the one or more regions of the at least one of the frames that

indicates the MV precision for the region.

34.  The one or more non-volatile memory or storage devices of claim 33, wherein the
header that applies for the at least one of the frames is a sequence parameter set or picture
parameter set, wherein the regions are slices, and wherein the header for the region is a slice

header.

35. The one or more non-volatile memory or storage devices of claim 33, wherein, for the
indicator:

a first possible value indicates that the MV precision for the at least one of the frames
is not controlled on a region-by-region basis and further indicates that the MV precision for
the at least one of the frames is quarter-sample precision;

a second possible value indicates that the MV precision for the at least one of the
frames is not controlled on a region-by-region basis and further indicates that the MV
precision for the at least one of the frames is integer-sample precision; and

a third possible value indicates that the MV precision for the at least one of the frames

is controlled on a region-by-region basis.
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36. The one or more non-volatile memory or storage devices of claim 33, wherein, for a
given region of the one or more regions of the at least one of the frames, if the flag for the
given region is not present in the bitstream, the flag for the given region is inferred to have a

value equal to the indicator during the encoding.

37.  The one or more non-volatile memory or storage devices of claim 33, wherein the

indicator is a two-bit value.

38.  The one or more non-volatile memory or storage devices of claim 33, wherein

interpretation of MV values changes during the encoding depending on whether the MV
precision is quarter-sample precision or integer-sample precision, the MV values representing
integer-sample offsets if the MV precision is integer-sample precision, and the MV values

representing quarter-sample offsets if the MV precision is quarter-sample precision.

39.  The one or more non-volatile memory or storage devices of claim 33, wherein the

setting the value of the indicator is based on source of the frames of the video sequence.

40.  The one or more non-volatile memory or storage devices of claim 33, wherein the
setting the value of the indicator is based on measurement of a performance heuristic or

historical data.

41.  In a computer system, a method comprising:
encoding frames of a video sequence to produce encoded data, each of the frames
including one or more regions, wherein the encoding includes:
setting a value of an indicator in a header that applies for at least one of the
frames of the video sequence, the indicator indicating:
whether or not motion vector (“MV”) precision for the at least one of

the frames is controlled on a region-by-region basis; and

50

Date Regue/Date Received 2022-01-13



10

15

20

25

30

81797880

if the MV precision for the at least one of the frames is not controlled

on a region-by-region basis, whether the MV precision for the at least one of the frames is
quarter-sample precision or integer-sample precision; and

if the MV precision for the at least one of the frames is controlled on a region-
by-region basis, for each region of the one or more regions of the at least one of the frames,
setting a value of a flag in a header for the region, the flag indicating whether MV precision
for the region is quarter-sample precision or integer-sample precision; and

outputting the encoded data as part of a bitstream, the bitstream including the indicator

and, if the MV precision for the at least one of the frames is controlled on a region-by-region
basis, a flag for each region of the one or more regions of the at least one of the frames that

indicates the MV precision for the region.

42.  The method of claim 41, wherein the header that applies for the at least one of the
frames is a sequence parameter set or picture parameter set, wherein the regions are slices, and

wherein the header for the region is a slice header.

43, The method of claim 41, wherein, for the indicator:

a first possible value indicates that the MV precision for the at least one of the frames
is not controlled on a region-by-region basis and further indicates that the MV precision for
the at least one of the frames is quarter-sample precision;

a second possible value indicates that the MV precision for the at least one of the
frames is not controlled on a region-by-region basis and further indicates that the MV
precision for the at least one of the frames is integer-sample precision; and

a third possible value indicates that the MV precision for the at least one of the frames

is controlled on a region-by-region basis.

44.  The method of claim 41, wherein, for a given region of the one or more regions of the
at least one of the frames, if the flag for the given region is not present in the bitstream, the

flag for the given region is inferred to have a value equal to the indicator during the encoding.
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45. The method of claim 41, wherein the indicator is a two-bit value.

46.  The method of claim 41, wherein interpretation of MV values changes during the
encoding depending on whether the MV precision is quarter-sample precision or integer-
sample precision, the MV values representing integer-sample offsets if the MV precision is
integer-sample precision, and the MV values representing quarter-sample offsets if the MV

precision is quarter-sample precision.

47.  The method of claim 41, wherein the setting the value of the indicator is based on

source of the frames of the video sequence.

48.  The method of claim 41, wherein the setting the value of the indicator is based on

measurement of a performance heuristic or historical data.

49. One or more non-volatile memory or storage devices having stored therein encoded
data as part of a bitstream, the encoded data having been produced by operations comprising:
encoding frames of a video sequence to produce the encoded data, each of the frames
including one or more regions, wherein the encoding includes:
setting a value of an indicator in a header that applies for at least one of the
frames of the video sequence, the indicator indicating:
whether or not motion vector (“MV”) precision for the at least one of
the frames is controlled on a region-by-region basis; and
if the MV precision for the at least one of the frames is not controlled
on a region-by-region basis, whether the MV precision for the at least one of the frames is
quarter-sample precision or integer-sample precision; and
if the MV precision for the at least one of the frames is controlled on a region-
by-region basis, for each region of the one or more regions of the at least one of the frames,
setting a value of a flag in a header for the region, the flag indicating whether MV precision

for the region is quarter-sample precision or integer-sample precision; and
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outputting the encoded data as part of the bitstream, the bitstream including the
indicator and, if the MV precision for the at least one of the frames is controlled on a region-
by-region basis, a flag for each region of the one or more regions of the at least one of the

frames that indicates the MV precision for the region.

50. The one or more non-volatile memory or storage devices of claim 49, wherein the header
that applies for the at least one of the frames is a sequence parameter set or picture parameter set,

wherein the regions are slices, and wherein the header for the region is a slice header.

51.  The one or more non-volatile memory or storage devices of claim 49, wherein, for the
indicator:

a first possible value indicates that the MV precision for the at least one of the frames
is not controlled on a region-by-region basis and further indicates that the MV precision for
the at least one of the frames is quarter-sample precision;

a second possible value indicates that the MV precision for the at least one of the
frames is not controlled on a region-by-region basis and further indicates that the MV
precision for the at least one of the frames is integer-sample precision; and

a third possible value indicates that the MV precision for the at least one of the frames

is controlled on a region-by-region basis.

52.  The one or more non-volatile memory or storage devices of claim 49, wherein, for a
given region of the one or more regions of the at least one of the frames, if the flag for the
given region is not present in the bitstream, the flag for the given region is inferred to have a

value equal to the indicator during the decoding.

53.  The one or more non-volatile memory or storage devices of claim 49, wherein the

indicator is a two-bit value.

54.  The one or more non-volatile memory or storage devices of claim 49, wherein

interpretation of MV values changes during the decoding depending on whether the MV
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precision is quarter-sample precision or integer-sample precision, the MV values representing
integer-sample offsets if the MV precision is integer-sample precision, and the MV values

representing quarter-sample offsets if the MV precision is quarter-sample precision.

55. A computer system comprising one or more processing units and memory, wherein the
computer system implements a video decoder configured to perform operations comprising:
receiving encoded data for frames of a video sequence as part of a bitstream, each of
the frames including one or more regions; and
decoding the encoded data to reconstruct the frames of the video sequence, including:
determining, using an indicator in a header that applies for at least one of the
frames of the video sequence, whether or not motion vector (“MV”) precision for the at least
one of the frames is controlled on a region-by-region basis; and
if the MV precision for the at least one of the frames is not controlled on a
region-by-region basis, determining, using the indicator in the header that applies for at least
one of the frames of the video sequence, whether the MV precision for the at least one of the
frames is quarter-sample precision or integer-sample precision; and
if the MV precision for the at least one of the frames is controlled on a region-
by-region basis, for each region of the one or more regions of the at least one of the frames,
determining, using a flag in a header for the region, whether MV precision for the region is

quarter-sample precision or integer-sample precision.

56.  The computer system of claim 55, wherein the header that applies for the at least one
of the frames is a sequence parameter set or picture parameter set, wherein the regions are

slices, and wherein the header for the region is a slice header.
57.  The computer system of claim 55, wherein, for the indicator:
a first possible value indicates that the MV precision for the at least one of the frames

is not controlled on a region-by-region basis and further indicates that the MV precision for

the at least one of the frames is quarter-sample precision;
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a second possible value indicates that the MV precision for the at least one of the
frames is not controlled on a region-by-region basis and further indicates that the MV
precision for the at least one of the frames is integer-sample precision; and

a third possible value indicates that the MV precision for the at least one of the frames

is controlled on a region-by-region basis.

58.  The computer system of claim 55, wherein, for a given region of the one or more
regions of the at least one of the frames, if the flag for the given region is not present in the

bitstream, the flag for the given region is inferred to have a value equal to the indicator.

59.  The computer system of claim 55, wherein the indicator is a two-bit value.

60.  The computer system of claim 55, wherein interpretation of MV values changes
depending on whether the MV precision is quarter-sample precision or integer-sample
precision, the MV values representing integer-sample offsets if the MV precision is integer-
sample precision, and the MV values representing quarter-sample offsets if the MV precision

is quarter-sample precision.
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