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CONTEXT ADAPTIVE BINARY ARITHMETIC CODING (CABAG)
PROBABILITY ESTIMATION FOR VIDEO CODING
16001} This application claims priority to US. Provisional Patent Application
63/266,623, filed 10 Janvary 2022 and U.S. Patent Application 18/145,399, filed 22
December 2022, U.S. Patent Application 18/145.399, filed 22 December 2022 claims the
benefit of U.S. Provisional Patent Application 63/266.623, filed 10 January 2022, the

entire content of each of which are incorporated herein by reference.

TECHNICAL FIELD

{0002} This disclosure relates to video encoding and video decoding.

BACKGROUND

{8003} Digital video capabilities can be incorporated into a wide range of devices,
ncluding digital televisions, digital direct broadcast systems, wireless broadcast systems,
personal digital assistants (PDAs), lapiop or deskiop computers, tablet computers, e-book
readers, digital cameras, digital recording devices, digital media players, video gaming
devices, video game counsoles, cellular or satellite radio telephones, so-called “smant
phones,” video teleconferencing devices, video streaming devices, and the ke, Digttal
video devices tmplement video coding techniques, such as those described in the
standards defined by MPEG-2, MPEG-4, ITU-T H 263, ITU-T H.264/MPEG-4, Part 10,
Advanced Vidoo Coding (AVC), ITU-T H.265/High Efficiency Video Coding (HEV(),
TTU-T H.266/Versatile Video Coding (VVC), and extensions of such standards, as well
as proprietary video codecs/formats such as AOMedia Video 1 {AV 1) that was developed
by the Alliance for Open Media. The video devices may transmif, receive, encode,
decode, and/or store digital video mformation more cfficicntly by umplementing such
video coding techniques.

{0804} Video coding techniques include spatial (intra-picture) prediction and/or temporal
{uder-picture) prediction to reduce or remove redundancy inherent 1 video sequences.
For block-based video coding, a video slice {e.g., a video picture or a portion of a video
pictare) may be partitioned nto video blocks, which may also be referred 1o as coding
tree vanits {CTUs), coding units (CUs) and/or coding nodes. Video blocks i an intra-
coded (1) slice of a picture are encoded using spatial prediction with respeet to reference

samples in neighboring blocks n the same picture. Video blocks in an inter-coded (P or
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B) slice of a picture may use spatial prediction with respect to refercnce samples in
neighboring blocks in the same picture or temporal prediction with respect to reference
samples in other reference pictures. Pictures may be referred to as frames, and reference

pictures may be referred to as reference frames.

SUMMARY
{80305} To reduce the bits needed to code certain syndax elemernds, some syntax elements
may be coded using coutext adaptive binary anthmetic coding (CABAC). CABAC uses
a context to determine the probability that a next bit will have a certam value. This
disclosure describes techniques to improve the accuracy of probability estimation for
binary arithmetic coders. The techniques may be used for video encoders and video
decoders to caleulate and update the probability states for context models associated with
CABAC. The techniques of this disclosure may be switable for the binary anthmetic
coders where the probability state represents the real probability in the linear domain,
such as CABAC as unplemented in Versatide Video Coding (VVC)
{86686} Typically, a context state 15 selected as a funchion of two state vanables, a low rate
state variable and a high rate state variable. The low rate state variable and the high rate
state variable are updated for a next bin based on a value of a previcusly coded bin.
According to the techniques of thus disclosure, the low rate state variable and the high rate
state variable may additionally be updated based on the specific combination of the values
of the last M bins. With existing techmques, if the previous bin had a certain value, then
the low and high rate state variables would always be updated in the same manuer.
{86071 According to the technigues of thus invention, however, in two coding scenarios
where the previous bin has the same value, the update to the state vanables may be
different because the last M bins are different, even though the bin to be coded is the
same, For example, a video coder may be configured to determine a first shift value
based on received bin values and determine a sccond shift value based on the received
bin values. The video coder may then update a first state variable, such as the low rate
state vanable, based on the first shift value and update a second state variable, such as the
high rate state variable, based on the second shufi value. The techuques of this disclosure
may enable a video coder to select better contexts that enable syntax clements to be
signaled with fewer bits, which improves video compression.
{0008} According to an example of this disclosure, a method of decoding video data

includes: receiving bin values according to a context model, wherem the context mode
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includes one or more probability states and the bin values correspond fo one or more
syntax elements of the video data; determining a first shift value based on the received
bin values; determining a second shift value based on the received bin values; updating a
first state variable based on the first shift value; updating a second state variable based on
the second shift value; determimng, for a next bin o be decoded, a probability state for
the context model based on the first state variable and the second state variable; context
decodmg the next bin to be decoded based on the probability state; and determining values
for the one or more syotax elerents based on the received bin values and the contoxt
decoded next bin value,

{8009 According to an example of this disclosure, a device for decoding video data
includes a memory configured to store video data; one or more processors implemented
in circuitry and configured to receive bin values according to a context model, wherein
the context mode] includes one or more probability states and the bin vahues correspond
to ane or more syntax clements of the video data; determune a first shift value based on
the received bin values; determine a second shift value based on the received bin values;
update a first state vanable based on the first shift value; update a socond state vanable
based on the second shift value; determine, for a next bin to be decoded, a probablity
state for the context model based on the first state variable and the second state variable;
context decode the next bin to be decoded based on the probability state: and determine
values for the one or more syntax elements based on the received bin values and the
context decoded next bin valoe.

18018} According to an example of this disclosure, an apparatus for decoding video data
meludes means for receiving bin values according to a context model, wherein the context
model inchudes one or more probability states and the bin values correspond to one or
more syntax clements of the video data; means for determining a first shift value based
on the received bin values;, means for determining a sccond shift value based on the
received bin values; means for updating a first state vanable based on the first shift value;
means for updating a second state variable based on the second shift value; means for
determining, for a next bin to be decoded, a probability state for the context mode] based
on the first state variable and the second state variable; means for context decoding the
next bin to be decoded based on the probability state; and means for determining values
for the one or more syntax clements based on the received bin values and the context

decoded next bin value.
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{60611} According to an example of this disclosure, a computer-readable storage medivm
stores nstructions that when executed by one or more processors cause the one or more
processors to receive bin values according to a context model, wherein the context model
inchides one or more probability states and the bin values correspond to one or more
syotax elements of the video data; determine a first shift value based on the received bin
values; determine a second shift value based on the received bin values; update a first
state vartable based on the first shift value; update a second state variable based on the
second shift value; determine, for a next bin to be decoded, a probability state for the
context model based on the first state vanable and the second state variable; context
decode the next bin to be decoded based on the probability state; and determine values
for the one or more symtax clements based on the received bin values and the context
decoded next bin value.

{8012} A device for encoding video data includes a memory configared o store video
data and one or more processors implemented in circuitry and configured to determine
bin values according to a context odel, wherein the context model jncludes one or more
probability states and the bin values correspond to one or more syntax clements of the
video data; determine a first shift value based on the received bin values; determing a
sccond shift value based on the received bin values; update a first state variable based on
the first shift value; update a sccond state variable based on the second shuft value;
determine, for a next bin to be encoded, a probability state for the context model based
on the first state variable and the second state variable: and context encode the next bin
to be encoded based on the probability state.

{6613} The details of one or more examples are set forth in the accompanying drawings
and the description below. Other features, objects, and advantages will be apparent from

the description, drawings, and claims.

BRIEF DESCRIPTION OF DRAWINGS
{8014] FIG. 1 is a block diagram ilhustrating an example video encoding and decoding
system that may perform the technigues of this disclosure.
18018} FIG. 2 shows an example of a bin memory that may be used in accordance with
the techniques of this disclosure.
{8816} FIG. 3 shows an example of a 2-D look-up table that may be used in accordance

with the techniques of this disclosure.
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18017} FIG. 4 15 a block diagram ilustrating an example video encoder that may perform
the techniques of this disclosure.

{80618} FIG. 5 is a block diagram iHustrating an example video decoder that may perform
the technigues of this disclosure.

{8019} FIG. 6 1s a flowchart illustrating an example process for encoding a current block
in accordance with the techniques of this disclosure.

{8620} FIG. 7 is a flowchart ithusteating an example process for decoding a current block
in accordance with the techniques of this disclosure.

{6021} FIGS. 8A and 8B are conceptual diagrams ilustrating a range update process in
binary arithimetic coding.

{6622} FIG. 9 is a conceptual diagram illustrating an output process in binary arthmetic
coding.

{8023} FIG. 1015 a block diagram illustrating a context adaptive binary arithmetic coding
(CABAC) coder in a video encoder.

{6024} FIG. 11 15 a block diagram ithustrating a CABAC coder in a video decoder,
(8623} FIG. 12 1s a flowchart illustrating an example process for decoding a current block

in accordance with the techmiques of thus disclosure.

DETAILED DESCRIPTION

[8026] Video coding (e.g., video encoding and/or video decoding) typically mvolves
predicting a block of video data from either an already coded block of video data in the
same picture {¢.g., intra prediction} or an already coded block of video data in a different
picture {e.g., inter prediction). In some mstances, the video encoder also calculates
residual data by comparing the prediction block to the original block. Thus, the residual
data represents a difference between the prediction block and the original block. To
reduce the nuraber of bits needed to signal the residual data, the video encoder transforms
and gquantizes the residual data and signals the transformed and quantized residual datain
the encoded bitstream. The compression achieved by the transform and quantization
processes may be lossy, meaning that transform and quantization processes may introduce
distortion into the decoded video data.

(66271 A video decoder decodes and adds the residual data to the prediction block to
produce a reconstructed vides block that matches the oniginal video block more closely
than the prediction block alone. Due to the loss introduced by the transforming and

quantizing of the residual data, the first reconstructed block may have distortion or
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artifacts. (uve common type of artifact or distortion is referred to as blockiness, where
the boundaries of the blocks used to code the video data are visible.

{8028} To further improve the quality of decoded video, a video decoder can perform one
ormore filtering operations on the reconstructed video blocks. Examples of these filtering
operations include deblocking filtering, sample adaptive offset (SAQ) fitering, and
adaptive loop filtering (ALF). Paramecters for these filtering operations may either be
determined by a video encoder and explicitly signaled in the encoded video bitstream or
may be implicttly deteomined by a video decoder without needing the parameters to be
explicitly signaled in the encoded video bitstream.

{8623} To reduce the bits needed to code certain syntax elements, some syntax elements
may be coded using context adaptive binary arithmetic coding {CABAC). CABAC uses
a context to determine the probability that a next bit will have a cortain value. This
disclosure describes techniques to tmprove the accuracy of probability estimation for
binary arithmetic coders. The techniques may be used for video encoders and video
decoders to calculate and update the probability states for context models associated with
CABAC. The techniques of this disclosure may be suitable for the binary arithmetic
coders where the probability state represents the real probability in the lincar domain,
such as CABAC as implemented in Versatile Video Coding (VVC).

18036} Typically, a context state is selected as a function of two state variables, a low rate
state variable and a high rate statc variable. The low rate state variable and the high rate
state variable are updated for a next bin based on a valac of a previously coded bin.
According to the techniques of this disclosure, the low rate state variable and the high rate
state variable may addiionally be updated based on the specific combimation of the values
of the fast M bins. With exasting techniques, if the previous bin had a certain vahie, then
the low and high rate state varables would always be updated in the same manuer.
According to the techniques of this nvention, however, in two coding scenarios where
the previous bin has the same value, the update to the state varables may be different
because the last M bing are different, even though the bin to be coded is the same.  For
example, a video coder may be configured to determine a first shift value based on
received bin values and determine a second shift value based on the recetved b values.
The video coder may then update a first state variable, such as the low rate state variable,
based on the first shift value and update a second state variable, such as the high rate state

variable, based on the second shift value. The technigues of this disclosure may enable a
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video coder to sclect better countexts that enable syntax elerents to be signaled with fower
bits, which maproves video compression.

{8031} Asused in this disclosure, the term video coding generntcally refers to either video
encoding or video decoding. Similarly, the term video coder may generically referto a
video encoder or a video decoder. Morcover, certain technigues described in this
disclosure with respect to video decoding may also apply to video encoding, and vice
versa. For example, ofien times video encoders and video decoders are configured to
perform the same process, or reciprocal processes. Also, a video encoder typically
performs video decoding (also called reconstruction) as part of the processes of
determining how to encode video data. For example, a video decoder may be configured
to determine confexts for CABAC in the same manner as a video encoder, such that both
the video encoder and video decoder can use the same contoxt without having to exphicitly
signal the context.

18032} FIG. 1 is a block diagram iflustrating an example video encoding and decoding
svstem 100 that may perform the techniques of this disclosure. The techniques of this
disclosure are generally directed to coding {encoding and/or decoding) video data. In
general, video data includes any data for processing a video. Thaus, video data may
include raw, uncncoded video, encoded video, decoded (o.g.. reconstructed} video, and
video metadata, such as signaling data.

{8033] As shown i FIG. 1, system 100 includes a source device 102 that provides
encoded wideo data to be decoded and displaved by a destination device 116, in this
cxample. In particelar, source device 102 provides the video data to destination device
116 via a computer-readable medium 110, Sowrce device 102 and destination device 116
may comprise any of a wide range of devices, mchiding desktop computers, notebook
{i.e., laptop) computers, mobile devices, tablet computers, set-top boxes, telephone
handsets such as smartphones, televisions, cameras, display devices, digital media
plavers, video gamung consoles, video streaming device, broadcast receiver devices, or
the hike. In some cases, source device 102 and destination device 116 may be equapped
for wircless communication, and thus may be referred to as wireless communication
deviees.

{6634} In the example of FIG. 1, source device 102 mcludes video source 104, memory
106, video encoder 200, and output interface 108, Destination device 116 includes input
terface 122, video decoder 300, memory 120, and display device 118, In accordance

with this disclosure, video encoder 200 of source device 102 and video decoder 300 of
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destination device 116 may be configured to apply the disclosed techmques for
probability estimation.  Thus, source device 102 represents an example of a video
encoding device, while destination device 116 represents an example of a video decoding
device. In other examples. a source device and a destination device may include other
components or arrangements. For example, source device 162 may recetve video data
from an external video source, such as an external camera. Likewise, destination device
116 may interface with an external display device, rather than include an integrated
display device.

{6635} System 100 as shown m FIG. 1 is merely one example. In general, any digital
video encoding and/or decoding deviee may perform techniques for probability
estimation. Source deovice 102 and destination device 116 are merely examples of such
coding devices i which source device 102 gencrates coded video data for transmission
to destination device 116, This disclosure refers to a “coding” device as a device that
performs coding {encoding and/or decoding) of data. Thus, video encoder 200 and video
decoder 300 represent examples of coding devices, mn particular, a video encoder and a
video decoder, respectively. In some examples, source device 102 and destination device
116 may operate in a substantially svmmetrical manner such that each of source device
102 and destination device 116 includes video encoding and decoding components.
Hence, system 100 may support one-way or two-way video transmission between source
device 102 and destination device 116, e.g., for video streaming, video playback, video
broadcasting, or video telephony.

18036} In general, video source 104 represents a source of video data (i.c., raw, uncncoded
video data} and provides a sequential series of pictures {(also referred to as “frames™) of
the video data to video encoder 200, which encodes data for the pictures. Video source
104 of source device 192 may include a video capture device, such as a video camera, a
video archive contatning previously captured raw video, and/or a video feed interface to
receive video from a video content provider. As a further alternative, video source 104
may generate computer graphics-based data as the source video, or a combination of live
video, archived video, and computer-generated video. In ecach case, video encoder 200
encodes the captured, pre~-captured, or computer-generated video data.  Video encoder
200 may rearrange the pictures from the received order (sometimes referred to as “display
order”) into a coding order for coding. Video encoder 200 may generate a bitstream

including encoded video data. Source device 102 may then output the encoded video data
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via output interface 108 omto computer-readable medium 1O for reception and/or
retrieval by, ¢.g., foput interface 122 of destination device 116,

{8037} Memory 106 of source deviee 102 and memory 120 of destination device 116
represent general purpose memaories. In some examples, memories 106, 120 may store
raw video data, e.g., raw video from video source 104 and raw, decoded video data from
video decoder 300, Additionally or alternatively, memories 106, 120 may store software
instructions executable by, e.g., video encoder 200 and video decoder 300, respectively.
Although memory 106 and memory 120 are shown separately from video encoder 200
and video decoder 300 in this example, it should be understood that video encoder 200
and video decoder 300 may also include internal memories for functionally similar or
equivalent purposes. Furthermore, memories 106, 120 may store encoded video data,
¢.g., output from video encoder 200 and input to video decoder 300. In some examples,
portions of memories 106, 120 may be allocated as one or more video buffers, e.g., to
store raw, decoded, and/or encoded video data.

{6038} Computer-readable medium 110 may represent any tvpe of medium or device
capable of transporting the encoded video data from source device 102 to destination
device 116, In one example, computer-readable mediom 110 represents a communication
medium to enable source deviee 102 to transmit encoded video data directly to destination
device 116 i real-time, ¢.g., via a radio frequency network or computer-based network.
Output interface 108 may modulate a transmission signal including the encoded video
data, and mput interface 122 mayv demodalate the received transmission signal, according
to a communication standard, such as a wireless communication protocol.  The
communication medium may comprise any wireless or wired communication medium,
sach as a radio frequency (RF} spectrum or one or more physical transmission hnes. The
communication medium may form part of a packet-based network, such as a local area
network, a wide-area notwork, or a global network such as the Internet.  The
compmumcation medium may melade routers, switches, base stations, or any other
equipment that may be useful to facilitate commumication from source device 102 to
destination device 116.

{6033} In some examples, source device 102 may output cncoded data from output
mterface 108 to storage device 112, Sinularly, destination device 116 may access
encoded data from storage device 112 via iaput interface 122, Storage device 112 may

include any of a variety of distributed or locally accessed data storage media such as a
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hard drive, Blu-ray discs, DVDs, CD-ROMs, flash memory, volatile or non-volatile
memory, or any other suitable digital storage media for storing encoded video data.
{8048} In some examples, source device 102 may output encoded video data to file server
114 or another imtermediate storage device that may store the encoded video data
genecrated by source device 102, Diestination device 116 may access stored video data
from file server 114 via streaming or download.

{3041} File server 114 may be any type of server device capable of storing encoded video
data and transmitting that encoded video data to the destination device 116, File server
114 may represent a web server {e.g., for a websiie), a server configured to provide a file
transfer protocol service (such as File Transfer Protocol (FTP} or File Belivery over
Unidirectional Transport (FLUTE) protocol}, a content delivery network {CDN} device,
a hypertext transfer protocol (HTTP) server, a Multimedia Broadeast Multicast Service
(MBMS} or Enhanced MBMS (eMBMS) server, and/or a network attached storage
(NAS) device. File server 114 may, additionally or alternatively, implement one or more
HTTP streaming protocols, such as Dynamic Adaptive Streanung over HTTP (DASH),
HTTP Live Streaming {(HLS), Real Time Streaming Protocol (RTSP), HTTP Dynamic
Streaming, or the hike.

{8042} Destination device 116 may access cncoded video data from file server 114
through any standard data connection, including an Internet connection. This may include
a wircless channel (e.g., a Wi-Fi connection}, a wired connection {¢.g., digital subscriber
line (BSL), cable modem, etc.), or a combination of both that is suitable for accessing
encoded video data stored on fide server 114, Input inderface 122 may be configured to
operate according to any one or more of the various protocols discussed above for
retrieving or receiving media data from file server 114, or other such protocols for
retrieving media data.

{0043} Output wnterface 108 and wmput ioterface 122 may represent wireless
transmitters/receivers, modems, wired networking components {e.g., Ethemet cards},
wircless commaunication components that operate according o any of a varniety of IEEE
%02.11 standards, or other physical components. In examples where output interface 108
and mput terface 122 comprise wireless components, output mterface 108 and ioput
mterface 122 may be configured to transfer data, such as encoded video data, according
to a cellular communication standard, such as 4G, 4G-LTE (Long-Term Evolution), LTE
Advanced, 3G, or the like. In some examples where output interface 108 comprises a

wireless transmitter, output interface 108 and mput interface 122 may be configured to
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transfer data, such as encoded video data, according to other wireless standards, such as
an IEEE 80211 specification, an TEEE 802.15 specification {(e.g., ZigBee™), g
Bluetooth™ gtandard, or the like. In some examples, source device 102 and/or destination
device 116 may mchude respective system-on-a-chip (8oC) devices. For example, source
device 102 may melude an SoC device to perform the functionality attnbuted to video
encoder 200 and/or output mterface 108, and destination device 116 may include an SoC
device to perform the functionality attributed to video decoder 300 and/or imput interface
122

{6044} The techmqgues of this disclosure may be applied to video coding n support of any
of a variety of multimedia applications, such as over-the-air television broadeasts, cable
television transmissions, satellite television transmissions, Internet streaming video
transmissions, such as dvnamic adaptive streaming over HTTP (DASH), digital video that
is encoded onto a data storage medium, decoding of digital video stored on a data storage
medium, or other applications.

16045} Input interface 122 of destination device 116 receives an encoded video bitstream
from computer-readable medium 110 {¢.g., a communication medium, storage device
112, file server 114, or the like). The encoded video bitstream may include signaling
information defined by video encoder 200, which is also used by video decader 300, such
as syntax elements having values that describe characteristics and/or processing of video
blocks or other coded units {e.g., shices, pictures, groups of pictures, sequences, or the
like). Dhsplay device 118 displays decoded pictures of the decoded video data to a user.
Digplay device 118 may represent any of a variety of display devices such as a liquid
crystal display (LOD), a plasma display, an organic light emitting diode (OLED} display,
or another tyvpe of display device.

{00846} Although not shown in FIG. 1, in some examples, video encoder 200 and video
decoder 300 may cach be integrated with an audio encoder and/or audio decoder, and may
nclude appropriate MUX-DEMUX units, or other hardware and/or software, to handle
multiplexed streams imchiding both audio and video in a common data stream.

10647} Video encoder 200 and video decoder 300 cach may be mplemented as any of a
varigty of suitable encoder and/or decoder circutiry, such as one 07 IMOTe MICTOPINCRSSOTLS,
digital signal processors {DSPs), application specific mtegrated circuits (ASICs), field
programunable gate arrays (FPGAS), discrete logic, software, hardware, firmware or any
combinations thercof. When the tochniques are implemented partially i software, a

device may store instructions for the software m a suitable, non-transitory computer-
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readable medium and execuie the mstructions in hardware using one oF noOre processors
to perform the techmques of this disclosure. Each of video encoder 200 and vides decoder
300 may be inchuded in one or more encoders or decoders, either of which may be
integrated as part of a combined encoder/decader ({CODEC) in a respective device. A
device ncluding video encoder 200 and/or video decoder 300 may comprise an integrated
circait, a microprocessor, and/or a wireless communication device, such as a cellular
telephone.

{0048} Video encoder 200 and video decoder 300 may operate accordimg to a video
coding standard, such as ITU-T H.265, also referred to as High Efficiency Video Coding
{(HEVC) or extensions thereto, such as the multi-view and/or scalable video coding
extensions. Alternatively, video encoder 200 and video decoder 300 may operate
accordmg to other proprictary or industry standards, such as ITU-T H.266, also referred
to as Versatile Video Coding (VYV}, In other examples, video encoder 200 and video
decoder 300 may operate according to a proprictary video codec/format, such as
AOMedia Video 1 {(AV1), exiensions of AV, and/or successor versions of AV {e.g.,
AV2}y. In other examples, video encoder 200 and wideo decoder 300 may operate
according to other proprictary formats or industry standards. The technigues of this
disclosure, however, are not limited to any particular coding standard or format. o
general, video encoder 200 and video decoder 300 may be configured to perform the
techniques of this disclosure in conjunction with any video coding technigues that use
probability estimation as part of a CABAC process.

18045] In general, video encoder 200 and video decoder 300 may perform block-based
coding of pictures. The term “block™ generally refers o a structure including data to be
processed {e.g., encoded, decoded, or otherwise used in the encoding and/or decoding
process). For example, a block may include a two-dimensional matrix of samples of
lurninance and/or chrominance data. In gencral, video encoder 200 and video decoder
300 may code video data represented in a YUV {e.g., Y. Cb, Cr) format. That is, rather
than coding red, green, and blue (RGB) data for samples of a picture, video encoder 200
and video decoder 300 may code luminance and chrominance components, where the
chrominance componemts may include both red bue and blue hue chrominance
compounents. In some examples, video encoder 200 converts received RGB formatted
data to a YUV representation prior to encoding, and video decoder 300 converts the YUV
representation to the RGB format.  Altematively, pre- and post-processing units {not

shown)} may perform these conversions.
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160368} This disclosure mav generally refer to coding {e.g., cucoding and decoding) of
pictures to include the process of encoding or decoding data of the picture. Sinularly, this
disclosare may refer to coding of blocks of a picture to tnclade the process of encoding
or decoding data for the blocks, ¢ g., prediction and/or residual coding. An encoded video
bitstream generally includes a series of values for syntax clements representative of
coding decisions (2.g., coding modes) and partitioning of pictures into blocks. Thus,
references to coding a picture or a block should generally be understond as coding values
for syntax clements forming the picture or block.

{6031} HEVC defines various blocks, including coding units {CUs}, prediction units
{(PUs), and transform units (TUs). According to HEVC, a video coder {such as video
encoder 200) partitions a coding tree unit (CTU) into CUs according to a quadtree
structure.  That 15, the video coder partitions CTUs and CUs into four equal, noo-~
overlapping squares, and each node of the guadiree has either zero or four child nodes.
Nodes without child nodes may be referred to as “leaf nodes,” and CUs of such leafnodes
ray include one or more PUs and/or one or more TUs. The video coder may further
partition PUs and TUs. For example, in HEVC, a residual quadiree (RQT) represents
partitioning of TUs. In HEVC, PUs represent inter-prediction data, while TUs represent
residual data. CUs that are intra-predicted mchude intra-prediction information, such as
an infra-mode ndication.

[B052] As another example, video encoder 200 and video decoder 300 may be configured
to operate according to VVC. According to VVC, a video coder {such as video encoder
200) partitions a picture info a plurality of coding tree units {CTUs). Video encoder 200
may partition a CTU according to a tree structure, such as a quadtree-binary tree (QTBT)
structure or Multi-Type Tree (MTT) structure. The QTBT structure removes the concepts
of multiple partition types, such as the separation between CUs, PUs, and TUs of HEVC.
A QTBT structure includes two levels: a tirst level partitioned according to quadtree
partitioning, and a second level partitioned according to binary tree partitioning. A root
node of the QTBT structure corresponds to a CTU. Leaf nodes of the binary trees
correspond to coding units (CUs).

{0083} Inan MTT paritioning structure, blocks may be partitioned using a quadtree (QT)
partition, a binary tree {BT) partition, and one or more types of triple tree {TT) {also called
ternary tree (T1)) partitions. A triple or temary tree partition is a partition where a block

is sphit into three sub-blocks. In some examples, a triple or tomary tree partition divides
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a block mto three sub-blocks without dividing the onginal block through the center. The
partitioning types in MTT {e.g., QT, BT, and TT), may be svmmetrical or asymmetrical,
{8034} When operating according to the AV1 codec, video encoder 200 and video decoder
300 may be configured to code video data in blocks. In AV, the largest coding block
that can be processed is callied a superblock. Tn AV, a superblock can be either 128x128
tama samples or 64x64 luma samples. However, in suceessor video coding formats (e.g.,
AV2}, a superblock may be defined by different {¢.g., larger} luma sample sizes. In some
examples, a superblock is the top level of a block quadiree. Video encoder 200 may
further partition a superblock into smaller coding blocks. Video encoder 200 may
partition a superblock and other coding blocks into smaller blocks using square or non-
square partitioning. Non-square blocks may include N/2xN, WNxIN/2, N/4xN, and NxN/4
blocks. Video encoder 200 and video decoder 300 may perfor separate prediction and
transform processes on each of the coding blocks.

18055] AV also defines a tife of video data. A tile is a roctangular array of superblocks
that may be coded independently of other tiles. That 15, video encoder 200 and video
decoder 300 may encode and decode, respectively, coding blocks within a tile without
asing video data from other tiles. However, video encoder 200 and video decoder 360
may perform filtering across tile boundaries. Tiles may be uniform or non-uniform in
size. Tile-based coding may enable parallel processing and/or multi-threading for
encoder and decoder implementations.

[8#056] In some examples, video encoder 200 and video decoder 300 may use a single
QTBT or MTT structure to represent each of the huminance and chrominance
components, while in other examples, video encoder 200 and video decoder 300 may use
two or more QTBT or MTT structures, such as one QTBT/MTT structure for the
luminance component and another QTBT/MTT structure for both chrominance
coraponents {or two QTBT/MTT structures for respective chrominance components).
{80587} Video encoder 200 and video decoder 300 may be configured o use quadtree
partitioning, QTBT partitioning, MTT partitioning, superblock partitioming, or other
partitioning structures.

[0058] In some examples, a CTU includes a coding tree block (CTB) of luma samples,
two corresponding CTBs of chroma samples of a picture that has three sample arravs, or
a C'1B of samples of a monochrome picture or a picture that is coded using three separate
color planes and syntax structures used to code the samples. A CTB may be an NxN

block of samples for some value of N such that the division of a component into CTBs 15
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a partitioning. A component is an array or single sample from one of the three arrays
{luma and two chroma) that compose a pictare n 4:2:0, 4:2:2, or 4:4:4 color format or the
array or a single sample of the array that compose a picture in monochrome format. In
some examples, a coding block is an MxN block of samples for some values of M and N
such that a division of a CTB into coding blocks is a partitioning.

{805%] The blocks {e.g., CTUs or CUs) may be grouped in various ways in a picture. As
one example, a brick may refer to a rectangular region of CTU rows within a particular
tile inapicture. A tile may be a rectangular region of CTUs within a particular tile coluonm
and a particular tile row in a picture. A tile colamn refers to a rectangular region of CTUs
having a height cqual to the height of the picture and a width specified by svntax elements
{c.g., such as in a picture parameter set). A tile row refers to a rectangular region of UTUs
having a height specified by syntax elements {¢.g., such as in a picture parameter set) and
a width equal to the width of the picture.

10060} In some examples, a tile may be partitioned into muliiple bricks, each of which
may include one or more CTU rows within the tile. A tile that is not partitioned into
roultiple bricks may also be referred to as a brick. However, a brick that 1s a true subset
of a tile may not be referred to as a tife. The bricks in a picture may also be arranged in
a slice. A shice may be an integer number of bricks of a picture that mayv be exclusively
contained i a single network abstraction layer (NAL) umut. In some examples, a shice
meludes either a number of complete tiles or only a consecutive sequence of complete
bricks of one tile.

18061} This disclosure may use “NxN” and “N by N” interchangeably to refer to the
sample dimensions of a block (such as a CU or other video block) in terms of vertical and
horizontal dimensions, e.g., 16x16 samples or 16 by 16 samples. In general, a 1oxi6 CU
will have 16 samples in a vertical direction (v = 16} and 16 samples in a horizontal
direction {x = 16}, Likewise, an NxN CU gencrally has N samples i a vertical direction
and N samples mn a horizontal divection, where N represents a nonnegative integer value.
The samples i a CU may be arranged in rows and columns. Moreover, CUs need not
necessarily have the same number of samples in the horizontal direction as in the vertical
direction. For example, CUs may comprise NxM samples, where M is not necessanly
cqual to N.

{8862} Video encoder 200 encodes video data for CUs representing prediction and/or
residual information, and other mformation. The prediction information indicates how

the CU is to be predicted in order to form a prediction block for the CU. The residual
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mformation generally represents sample-by-sample differences between samples of the
CU prior to encoding and the prediction block.

{8063} To predict a CU, video encoder 200 may generally form a prediction block for the
CU through inter-prediction or mtra-prediction. Inter-prediction generally refers to
predicting the CU from data of a previously coded picture, whereas intra~-prediction
generally refers to predicting the CU from previously coded data of the same picture. To
perform nter-prediction, video encoder 200 may generate the prediction block using one
or more motion vectors. Video encoder 200 may generally perform a motion search to
identify a reference block that closelv matches the CU, e.g., in terms of differences
between the CU and the reference block. Video encoder 200 may caleulate a difference
metric using a som of absolute difference (SAD), sum of squared differences (S5D), mean
absolute difference (MAD), mean squared differences (MSD), or other such difference
calculations to determine whether a reference block closely matches the cuwrrent CU. In
some oxamples, video cncoder 200 may predict the current CU using uni-directional
prediction or bi-directional prediction.

[8064] Some examples of VV also provide an affine motion compensation mode, which
may be considered an mter-prediction mode. In affine motion compensation mode, video
encoder 200 may detcrmine fwo or more motion vectors that represent non-translational
motion, such as zoom in or out, rotation, perspective motion, or other rregular motion
types.

{8065} To perform intra-prediction, video encoder 200 may select an intra-prediction
mode to gencrate the prediction block. Some examples of VVC provide sixty-seven inira-
prediction modes, including various directional modes, as well as planar mode and DC
mode. In general, video encoder 200 selects an intra-prediction mode that describes
neighboring samples to a current block (e.g., a block of a CU} from which to predict
samples of the current block. Such samples may generally be above, above and 1o the
left, or to the Ieft of the current block in the same picture as the current block, assuming
video encoder 200 codes UTUs and CUs in raster scan order {left to night, top to bottom}.
18066} Video encoder 200 encodes data representing the prediction mode for a current
block. For cxample, for mter-prediction modes, video encoder 200 may encode data
representing which of the various available inter-prediction modes is used, as well as
mation information for the corresponding mode. For uni-directional or bi-directional

nter-prediction, for example, video encoder 200 may encode motion vectors using
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advanced motion vector prediction {AMVP) or merge mode. Video encoder 200 may use
similar modes to encode motion vectors for affine motion compensation mode.

(80671 AV includes two general technigues for encoding and decoding a coding block
of video data. The two general techniques are intra prediction {e.g., intra frame prediction
or spatial prediction) and inter prediction {c.g., inter frame prediction or temporal
prediction). In the context of AV, when predicting blocks of a current frame of video
data using an intra prediction made, video encoder 200 and video decoder 300 do not use
video data from other frames of video data. For most intra prediction modes, video
encoder 200 encodes blocks of a current frame based on the difference between sample
vatues in the carrent block and predicted values generated from reference samples in the
same frame. Video encoder 200 deternuines predicted values gencrated from the reference
samples based on the intra prediction mode.

[8068] Following prediction, such as intra-prediction or inter-prediction of a block, video
encader 200 may calculate residual data for the block. The resideal data, such as a
residual block, represents sample by sample differences between the block and a
prediction block for the block, formed using the corresponding prediction mode. Video
encoder 200 mayv apply one or more transforms to the residual block, to produce
transfornmed data in a transform domain instead of the sample domain. For example. video
encoder 200 may apply a discrete cosine transform (DCT), an integer transform, a wavelet
transform, or a conceptually similar transform to residual video data. Additionally, video
encoder 200 may apply a secondary transform following the first transform, such as a
mode-dependent non-scparable sccondary transformy (MDNSST), a signal dependent
transform, a Karhunen-Loeve transtorm (KLT), or the like. Video encoder 200 produces
transform coefficients following application of the one or more transforms.

{0869} Asnoted above, following any transforms to produce transtorm coeflicients, video
encoder 200 may perform quantization of the transformn coefficients.  Quantization
generally refers to a process in which transform coefficients are quantized to possibly
reduce the amount of data used to represent the transform coefficients, providing further
compression. By performing the quantization proeess, video encader 200 may reduce the
bit depth associated with some or all of the transform cocfticients. For cxample, video
encoder 200 may round an #-bit value down to an m-bit value during quantization, where
n is greater than m. In some examples, to perform guantization, video encoder 200 may

perform a bitwise right-shift of the value to be guantized.
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18078] Following quantization, video encoder 200 may scan the transform coefficients,
producing a one-dimensional vector from the two-dimensional matnx nclading the
quantized transform coefficients. The scan may be designed to place higher energy {and
therefore lower frequency) transform coefficients at the front of the vector and to place
lower encrgy (and therefore higher frequency) transform cocfficients at the back of the
vector. In some examples, video encoder 200 may atilize a predefined scan order to scan
the quantized transforma coefficients to produce a serialized vector, and then entropy
cucode the quantized transform coctficients of the vector. In other cxamples, video
encoder 200 may perform an adaptive scan. After scanning the quantized transform
coefficients to form the one-dimensional vector, video encoder 200 may entropy encode
the one-dimensional vector, e.g., according to context-adaptive binary arithmetic coding
{CABAC). Video encoder 200 may also entropy encode values for syntax elements
descnibing metadata associated with the encoded video data for use by video decoder 300
in decoding the video data.

6671} To perform CABAC, video encoder 200 may assign a context within a context
model to a symbol to be transmutted. The context may relate to, for example, whether
neighboring values of the syvmbol are zero-valued or not. The probability determination
may be based on a context assigned to the symbol.

{0072} Video encoder 200 may further generate syntax data, such as block-based svotax
data, picture-based syntax data, and sequence-based syntax data, to video decoder 300,
e.g., i a picture header, a block header, a shice header, or other syntax data, such as a
sequence parameter sot (SPS), picture parameter set (PPS), or video parameter sct (VPS}.
Video decoder 300 may likewise decode such svntax data to determuine how to decode
corresponding video data.

{6873} In this manner, video encoder 200 may generate a bitstream mcluding encoded
video data, e.g., syntax ¢lements describing partitioning of a picture nto blocks {e.g.,
CUs) and prediction and/or residual information for the blocks. Ultimately, video decoder
300 may receive the bitstream and decode the encoded video data.

10674} In general, video decoder 300 performs a reciprocal process to that performed by
video encoder 200 to decode the encoded video data of the bitstream. For example, video
decoder 300 may decode values for syntax elements of the bitstream using CABAC ina
manner substantially similar to, albeit reciprocal to, the CABAC encoding process of
video encoder 200. The syotax elements may define partitioning nformation for

parfitioning of a picture into CTUs, and partitioning of each CTU according o a
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corresponding partition structure, such as a QTBT structure, to define CUs of the CTU.
The svntax clements may further define prediction and residual information for blocks
{c.g., CUs) of video data.

{6875} The residual information may be represented by, for example, quantized transform
cocfficients.  Video decoder 300 may inverse quantize and wmverse transform the
quantized transform cocfficients of a block to reproduce a residual block for the block.
Video decoder 300 uses a signaled prediction mode {intra- or inter-prediction) and related
prediction mformation {¢.g., motion information tor iter-prediction) to form a prediction
block for the block. Video decoder 300 may then combine the prediction block and the
residual block (on a sample-by-sample basis) to reproduce the original block. Video
decoder 300 may perform additional processing, such as performing a deblocking process
to reduce visual artifacts along boundaries of the block.

>

{8076] This disclosure may generally refer to “signaling” certain mformation, such as
syntax clements. The term “signaling” may generally refer to the communication of
values for syntax clements and/or other data used to decode encoded video data. That is,
video encoder 200 may signal values for syntax elements in the bitstream. In general,
signaling refers to generating a value in the bifstream. As noted above, source device 102
may transport the bitstream to destination dovice 116 substantially in real time, or not in
real time, such as might occur when storing syntax clements to storage device 112 for
tater retrieval by destination device 116,
{8077 CABAC, as implemented in VYV, employs two probability states for each context
model. The probability used for CABAC bin encoding and decoding are caleulated as the
average of the two probability states, as shown below.

stater={statei{0] + stated 1])>>N, (H
where state; means the probability state for the i context model. N is an integer to
control the precision of statei and produces the average.
{8078} Video encoder 200 and video decoder 300 may be configured to update the two
probabibity states at a low and lgh rate, respectively, afier a bin has been encoded or
decoded. In the following examples, state0} is being updated at a slower rate, and
stateif 1] is being adapted at a higher rate. That is, i one example, the staie value for the
slower rate state variable takes into consideration more previous bins than the state value
of the higher rate state variable, and thus typically changes less as the result of one
additional bin. In contrast, the state value for the higher rate state variable takes uto

consideration fewer previous bins than the state vahie of the slower rate state vanable,
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and thus typically changes more as the result of onc additional bin. In another exanple,
both rates are adapted based on the same amount of the previous bins.

{88791 Video encoder 200 and video decoder 300 may be configured to update the
probabilitics as shown below:

f the bin just being coded s equal to L

statei{0] = statef 0 + ( ( (21%-1) - statei[01) >> shifili ) (2)
statei] 1] = stated 1] + ( { (21-1) — states{ 1]} >> shiftHi ) (3
otherwise, if the bin just being coded is equal 1o 0,

stateif 0] = statedf 0] - { statei0] >> shiftl ) {4
stateid 1] = statei] 1] - { statei{ 1] >> shifibi } (5}

Note that shiftLi and shiftH; are used to control the adaptation rate for the i context
madel. shiftHi is greater than or equal to shifili, meammng a faster adaptation. The two
parameters are pre-defined for each context model and should be stored in ROM.
{3080} According to the techmiques of this disclosure, video encoder 200 and video
decoder 300 may be configured to deternune the update and the probabiliy state
calculation by providing more dimensions of flexibility. The disclosed techngues include
two approaches, which can be used separately or in a combined manner,
{6081} In onc cxample, video encoder 200 and video decoder 300 may be configured to
determine a weighted average for the probability calculation, instead of doing an even
average as in VYV, Such atechnique 1s illustrated below:

stater=(w r<statei] O] + warstateif 111>>N, {6)

where wi and w2 are the two weights assigned to the two probability states,

respectively.
{8082} There are also some vanants of this approach, which can be used separately or be
combined. In one example, the pair of (w, w2} may pre-defined for cach context models.
Furthermore, (w:, w2} can be different when its context models are used v coding
different types of slices, such as [, B, or P Shices. In another example, the pair of (w:, w2)
may be derived during encoding or decoding process, by certain optimization criterion,
such minimum mean square error. In another example. the pair of (w1, w2} is normalized,
raeaning ws + w2 is equal to 1.0, or can be non-normalized but with restriction, such as co
<wi+w2 < ¢r In another example, generally the pair of (w1, w2) 1s represented by real
{floating point} values, but in actual implementations, is converted to integers by scaling.

So in probability calculation, proper shifting may be used for normalization.
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18083] According to other technigues of this disclosure, video encoder 200 and video
decoder 300 may be configured to adapt the slow and fast adaptation rates to local
activities {e.g., a certain local sequence of bins as opposed to all bins for a given context),
by adjusting shiftli and shiftHi. The proposed probability update process is show below:

if the bin just being coded s equal to L

statei{0] = state O] + ¢ ( (21%1) — state;{0]) >> (shiftLi + deltali) ), (7

statei] 1] = stated 1] + ¢ { (21-1) — statesf 1]} >> (shifth + deltaHy) ), (83
otherwise, if the bin just being coded 15 equal to O,

statei{ 0] = stateif 0] - { statei]0] >> (shiftli + deltala) }, {9

stated 1] = stated] 1] - { statei{ 1] >> (shaftb + deltal} ), {10}

{6884} In equations {7}-(10), deltals and deltaH; are integers and can be in ranges, such
as -3 10 3, -3 10 5, and -7 to 7. The values of deltals and deltaH: may adapt to local
activities determined by the preceding M bins of the context model. In some
implementations, the typical values of M may not exceed 16, As in the example shown in
FIG. 2, given a context model, before processing the next bin (bin 130}, probability states
are update by equations (7) to (10}, where deltali and deltalh are determuned by the
preceding M-bin memory.

{8083} There are 2Y possible combinations of M-bin memory. For example, if M is equal
to 10, there are 1024 difforent M-bin memories, where ecach one indicates a unigue
condition (or context) for next bin 130. A 2M-entry lockup table is developed for each
context model for searching the right deltali and deltabl, so one can use an integer index
of which the binary presentation is the M-bin memory to look up the table and find deltal
and deltats

{6086} FIG. 3 shows an example of a 2-D look-up table 140 that may be osed in
accordance with the technigues of this disclosure. Because the 2M-entry lookup table is
developed for each context model, the look-up table is eventually 2-D, with countext model
ID and M-bin memory as two indices to search. Thus, video encoder 200 and wvideo
decoder 300 may be configured to determune the values of deltaly and deltaHi based on
an identifier of the context model and a last M bins. In the example of FIG. 3, the
identificrs of the context models (shown as ¢ix) are on the x-axis, and the 2M M-bin
memories are shown on the yv-axis. The values of dehtals and deltalH: are packed into byte
{8-bit) entry 142, as show in FIG. 3, with deltal; and deltaHi being 4 bits cach.

{0087} FIG. 4 15 a block diagram dlustrating an example video encoder 200 that may

perform the techniques of this disclosure. FIG. 4 18 provided for purposes of explanation
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and should not be considered bmiting of the technigues as broadly exemplified and
described in thus disclosure. For purposes of explanation, this disclosure descenibes video
encoder 200 according to the techmqoes of VVC (ITU-T H.266, under development) and
HEVC (TU-T H.265). However, the techniques of this disclosure may be performed by
video encoding devices that are configured to other video coding standards and video
coding formats, such as AV1 and successors to the AV1 video coding format.

{3088} In the example of FIG. 4, video encoder 200 includes video data memory 230,
mode selection unit 202, residual generation unit 204, transform processing unit 206,
quantization unit 208, inverse quantization unit 210, mverse transform processing unit
212, reconstruction unit 214, filter vt 216, decoded picture buffer (DPB) 218, and
entropy encoding vnit 220, Any or all of video data memory 230, mode selection anit
202, residual generation unit 204, transform processing unit 206, guantization unit 208,
mverse quantization unit 210, inverse transform processing unit 212, reconstruction unit
214, filter unit 216, DPB 218, and entropy encoding unit 220 may be implemented in one
OF 0TS PIOCSSOrS OF in processing circuitry. For mstance, the units of video encoder
200 may be implemented as one or more circuits or logic elements as part of hardware
cireuitry, or as part of a processor, ASIC, or FPGA. Moreover, video encoder 200 may
include additional or altcmative processors or processing circuitry to perform these and
other functions.

[8088] Video data memory 230 may store video data to be encoded by the components
of video encoder 200, Video encoder 200 may receive the video data stored m video data
memory 230 from, for example, video source 104 (Fiz. 1}, DPB 21% may act as a
reference picture memory that stores reference video data for use mn prediction of
sabsequent video data by video encoder 200, Video data memory 230 and DPB 218 may
be formed by any of a variety of memory devices, such as dynamic random access
memary (DRAM), mchuding synchronous DRAM (SDRAM), magnetoresistive RAM
{(MRAM), resistive RAM {(RRAM]), or other types of memory devices. Video data
memory 230 and DPB 218 may be provided by the same memory device or separate
memory devices. In various examples, video data memory 230 may be on-chip with other
components of video encoder 200, as dlustrated, or off-chip relative to those components.
{66941 In this disclosure, reference to video data memory 230 should not be interpreted
as being limited to memory internal to video encoder 200, unless specifically described
as such, or memory external to video encoder 200, unless specifically described as such.

Rather, reference to video data memory 230 should be understood as reference memory
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that stores video data that video encoder 200 receives for encoding {e.g.. video data fora
current block that 1s to be encoded). Memory 106 of FIG. | may also provide temporary
storage of outputs from the various units of video encoder 200,

{6891} The varnious units of FIG. 4 are illustrated to assist with understanding the
operations performed by video encoder 2006, The umits may be implemented as fixed-
function circaits, programmable circuits, or a combination thercof  Fixed-function
circoits refer to circuits that provide particular functionality, and are preset on the
operations that can be performed. Programmable circuits refer to circuits that can be
programmed to perform various tasks, and provide flexible functionality in the operations
that can be performed. For instance, programumable circuits may exccute software or
firmware that cause the programmable circuits to operate in the manner defined by
mstructions of the software or firmware. Fixed-function circuits may execute software
mstnctions {e.g., 1o receive parameters or output parameters), but the types of operations
that the fixed-function circuits perform are generally immutable. In some examples, one
or more of the units may be distinet circuit blocks (fixed-function or programumable), and
in some examples, one or more of the units may be imtegrated circuits.

{8692} Video encoder 200 may mchude arithmetic logic wmts {ALUs), elementary
function units (EFUs), digital circuits, analog circuits, and/or programumable cores,
formed from programmable circuits. In examples where the operations of video encoder
200 are performed using software executed by the programmable circuits, memory 106
(FIG. 1} may store the instructions {e.g., object code) of the software that video encoder
200 receives and exccutes, or another memory within video encoder 200 {not shown) may
store such mstructions.

{8093} Video data memory 230 1s configured to store received video data. Video encoder
200 may retrieve a picture of the video data from video data memory 230 and provide the
video data to residual generation unit 204 and mode selection unat 202, Video data in
video data memory 230 may be raw video data that is to be encoded.

{8094} Mode selection umit 202 includes a motion estimation amit 222, a motion
compensation unif 224, and an intra-prediction unit 226. Mode selection unit 202 may
include additional functional units to perform video prediction in accordance with other
prediction modes. As examples, mode selection unit 202 may include a palette unit, an
intra-block copy unit {which may be part of motion estimation unit 222 and/or motion

compensation unit 224), an affine umit, a lincar mode] (LM) unit, or the hke.
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10095} Mode selection unit 202 gencrally coordinates multiple cocoding passes to test
combinations of encoding parameters and resulting rate-distortion values for such
combinations. The encoding parameters may include parstitioning of CTUs mto CUs,
prediction modes for the CUs, transform types for residual data of the CUs, quantization
parameters for residual data of the CUs, and so on. Mode selection unit 202 may
ultimately select the combination of encoding parameters having rate-distortion vahues
that are better than the other tested combinations,

{6096} Video encoder 200 may partition a picture retrieved from video data memory 230
mto a series of CTUs, and encapsulate one or more CTUs within a slice. Mode selection
anit 202 may partition a CTU of the picture in accordance with a tree structure, such as
the MTT structure, QTBT structure. superblock structure, or the gquad-tree structure
described above. As described above, video encoder 200 may form one or more CUs
from partitioning a CTU according to the tree structure. Such a CU may also be referred
to generally as a “video block™ or “block.”

{60697} In general, mode selection unit 202 also controls the components thereof {(e.g.,
mootion estimation unit 222, motion compensation unit 224, and ntra~prediction unit 226)
to generate a prediction block for a carrent block {e.g., a current CU, or in HEVC, the
overlapping portion of a PU and a TU). For inter-prediction of a current block, motion
estimation unit 222 mway perform a motion scarch to identify one or more closely matching
reference blocks in one or more reference pictures {¢.g., one or more previously coded
pictares stored in DPB 218}, In particular, motion estimation unit 222 may caleulate a
value representative of how similar a potential reference block is to the current block,
¢.g., accordmng to sum of absolute difference (SAD)}, sum of squared differences (SSD),
mean absolate difference (MAD), mean squared differences (MSD), or the hike. Motion
estimation unit 222 may generally perform these calculations using sample-by-sample
differences between the current block and the reference block being considered. Motion
estimation umit 222 may identify a reference block having a lowest value resulting from
these calculations, indicating a reference block that most closely matches the current
block.

{0698} Motion estimation unit 222 may form one or more maotion vectors (MVs) that
defines the positions of the reference blocks n the reference pictures relative to the
position of the current block in a current picture. Motion estimation wnit 222 may then
provide the motion vectors to motion compensation unit 224, For example, for wu-

directional inter-prediction, motion estimation unit 222 may provide a single motion
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vector, whereas for bi-directional imter-prediction, motion estimation unit 222 may
provide two motion vectors. Motion compensation unit 224 may then generate a
prediction block osing the motion vectors. For example, motion compensation unit 224

may retrieve data of the reference block using the motion vector. As another example, if

interpolate values for the prediction block according to one or more inferpolation filters.
Muoreover, for bi-directional inter-prediction, motion compensation unit 224 may retricve
data for two reference blocks identified by respective motion vectors and combine the
retrieved data, e.g., through sample-bv-sample averaging or weighted averaging,

{8099} When operating according to the AV video coding format, motion estimation
unit 222 and motion compensation unit 224 may be configured 1o encode coding blocks
of video data {(¢.g., both luma and chroma coding blocks) using translational motion
compensation, affine motion compensation, overlapped block motion compensation
(OBMCQC), and/or compound inter-intra prediction.

{0100} As another example, for intra-prediction, or intra-prediction coding, indra-
prediction unit 226 may generate the prediction block from samples neighboring the
current block.  For example, for directional modes, intra-prediction unit 226 may
gencrally mathematically combine values of ncighboring samples and populate these
calculated values in the defined direction across the current block to produce the
prediction block. As another example, for DC mode, intra-prediction unit 226 may
calcudate an average of the neighboring samples to the carrent block and generate the
prediction block to include this resulting average for cach sample of the prediction block.
{61011 When operating according to the AV video coding format, intra-prediction umit
226 may be configared to encode coding blocks of video data {e.g., both loma and chroma
coding blocks) using directional intra prediction, non-directional intra prediction,
recursive filter intra prediction, chroma~-from-luma (CFL) prediction, mira block copy
(IBC), and/or color palette mode. Mode selection unit 202 may meclude additional
functional onits to perform video prediction in accordance with other prediction modes.
16192} Mode selection unit 202 provides the prediction block to residual generation unit
204. Residual generation unit 204 receives a raw, unencoded version of the current block
from video data memory 230 and the prediction block from mode selection unit 202
Residual generation unit 204 calculates sample-by-sample differences between the
current block and the prediction block. The resulting sample-by-sample differences

define a residual block for the current block. In some examples, residual generation unit
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204 may also determine differences between sample values in the residual block to
generate a residual block using residual differential pulse code modulation (RDPCM). In
some examples, residual generation unit 204 may be formed using one or more sabtractor
circuits that perform binary subtraction.

{0103} Tn examples where mode selection unit 202 partitions CUs into PUs, each PU may
be associated with a luma prediction umit and corresponding chroma prediction units.
Video encoder 200 and video decoder 300 may support PUs having various sizes. As
indicated above, the size of a CU may refor to the size of the luma coding block of the
CU and the size of a PU may refer to the size of a luma prediction unit of the PJ.
Assuming that the size of a particular CU 15 2Nx2ZN, video encoder 200 may sapport PU
sizes of 2Nx2N or NxN for intra prediction, and symmetric PU sizes of ZNxZN, ZNxN,
Nx2N, NxN, or sinular for mter prediction. Video encoder 200 and video decoder 300
may also support asymmetric partitioning for PU sizes of ZNxnll, ZNxnb, nLx2N, and
nRx2N for inter prediction.

16104} In cxamples where mode selection unit 202 does not further partition a CU into
PUs, each CU may be associated with a fuma coding block and corresponding chroma
coding blocks. As above, the size of a CU may refer to the size of the luma coding block
of the CU. The video encoder 200 and video decoder 300 may support CU sizes of
2NN, 2NN, or Nx2N.

{#4185] For other video coding technigues such as an intra~block copy mode coding, an
affine-mode coding, and linear model (EM) mode coding, as some examples, mode
selection unit 202, via respective units associated with the coding techniguces, gencrates a
prediction block for the current block being encoded. In some examples, such as palette
mode coding, mode selection unit 202 may not generate a prediction block, and instead
generate syntax elements that indicate the manner in which o reconstruct the block based
on a selected palette. 1o such modes, mode sclection unit 202 may provide these syatax
elements to entropy encoding unit 220 to be encoded.

{8106} As described above, residual generation unit 204 receives the video data for the
current block and the corresponding prediction block. Residual generation unit 204 then
generates g residual block for the current block. To gencrate the residual block, residual
generation unit 204 calculates sample-by-sample differences between the prediction
block and the current block.

{0107} Transform processing unit 206 applics one or more transforms to the residual

block to generate a block of transform cocfficients {referred {o herem as a “transform
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cocfficient block™). Transform processing unit 206 may apply various transforms to a
residual block to form the transform coefficient block. For example, transform processing
anit 206 may apply a discrete cosine transform {BCT), a directional transform, a
Karhunen-Loeve transform (KLT), or a conceptually similar transform to a residual
block. In some examples, travsform processing unit 206 may perform mubtiple
transforms o a residual block, e.g., a primary transform and a secondary transform, such
as a rotational transform. In some examples, transform processing unit 206 does not apply
transforms to a residual block.

[6108] When operating according to AV 1, transform processing unit 206 may apply one
or more transforms o the residual block to generate a block of transform coefficients
{referred to herein as a “transform coefficient block™). Transform processing unit 206
may apply various transforms to a residual block to form the transform cocfiicient block.
For example, transform processing unit 206 may apply a horizontal/vertical transform
combination that may include a discrete cosine transform {(DCT), an asymmetric discrete
sing transform (ADST), a flipped ADST {c.g., an ADST 10 reverse order), and an identity
transform (IDTX). When using an identity transform, the transform 1s skipped in one of
the vertical or horizontal directions. In some examples, transform processing may be
skipped.

{01909} Quantization unit 208 may quantize the transform coefficients in a transform
coeflicient block, to produce a quantized transform coefficient block. Quantization unit
208 may guantize transform coefficients of a transform coefficient block according to a
quantization parameter (QP) value associated with the current block, Video encoder 200
{¢.g., via mode sclection unit 202} may adjust the degree of quantization applied to the
transform coefficient blocks associated with the current block by adjusting the QP value
associated with the CU. Quantization may introduce loss of mformation, and thus,
quantized transform cocfficients may have lower precision than the original transform
coeflicients produced by transform processing umit 206,

[8118] Inverse quantization wnit 210 and inverse transform processing onit 212 may
apply mverse quantization and inverse transforms to a quantized transform coetfficient
block, respectively, to reconstruct a residual block from the transform coefficient block.
Reconstruction unit 214 may produce a reconstructed block corresponding to the current
block {albeit potentially with some degree of distortion) based on the reconstructed
residual block and a prediction block generated by mode selection unit 202, Forexample,

reconstruction umit 214 may add samples of the reconstructed residual block to
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corresponding samples from the prediction block generated bv mode selection untt 202
1o produce the reconstructed block.

{8111} Filter umit 216 may perform one or more filter operations on reconstructed blocks.
For example, fifter unit 216 may perform deblocking operations to reduce blockiness
artifacts along edges of CUs. Operations of filter untt 216 may be skipped, in some
examples.

{3112} When operating according to AV, filter unit 216 may perform one or more filter
operations on reconstructed blocks. For example, filter unit 216 may perform deblocking
operations to reduce blockiness artifacts along edges of CUs. In other examples, filter
anit 216 may apply a constrained directional enhancement filter (CBEF), which may be
applied after deblocking, and may include the application of non-separable, non-linear,
low-pass directional filters based on estimated edge directions. Filter unit 216 may also
mnclade aloop restoration filter, which is apphed after CDEF, and may nclude a separable
symmetric normalized Wicner filter or a dual self-guided filter.

6113} Video encoder 200 stores reconstructed blocks in DPB 218 For nstance, in
examples where operations of filter untt 216 are not performed, reconstruction unit 214
may store reconstructed blocks to DPB 218. In examples where operations of filter umit
216 are performed, filter unit 216 may store the filtered reconstructed blocks to DPB 218,
Motion cstumation unit 222 and motion compensation unit 224 may rotrieve a reference
picture from DPB 218, formed from the reconstructed (and potentially filtered) blocks, to
mter-predict blocks of subsequently encoded pictures. In addition, intra-prediction unit
226 may use reconstructed blocks in DPB 218 of a current picture to intra-predict other
blocks in the current picture.

{6114} In general, entropy encoding umit 220 may entropy encode syntax elements
received from other functional components of video encoder 200, For example, entropy
encoding unit 220 may entropy encode quantized transform cocfficient blocks from
quantization anit 208, As another example, entropy encoding unit 220 may entropy
encode prediction syntax elements (e.g., motion information for inter-prediction or inira-
mode information for intra-prediction} from mode selection unit 202, Eatropy encoding
unit 220 may perfornm one or more entropy encoding operations on the syntax elements,
which are another example of video data, to generate entropy-encoded data. For example,
eniropy encoding unit 220 may perform a context-adaptive variable length coding
{CAVLC) operation, a CABAC operation, a vanable-to-variable (V2V) length coding

operation, a syntax-based context-adaptive binary artthmetic coding (SBAC) operation, a
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Probabilty Toterval Partimioning Entropy (PIPE) coding operation, an Exponential-
Golomb encoding operation, or another tvpe of entropy encoding operation on the data.
In some examples, entropy encoding unit 220 may operate in bypass mode where syntax
clements are not entropy encoded.

{8115} Video encoder 200 may output a bitstream that includes the entropy encoded
syntax elements needed to reconstruct blocks of a slice or pictare. In particalar, entropy
encoding unit 220 may output the bitstream.

{6116} In accordance with AV, cntropy encoding unit 220 may be configured as a
symbol-to-symbol adaptive mulii-symbol arithmetic coder. A syniax element in AV
includes an alphabet of N elements, and a context (&g, probability model) includes a set
of N probabilities. Entropy encoding unit 220 may store the probabilities as n-bit {e g,
15-bit) cumulative distribution functions (CDFs). Entropy encoding unit 22 may perform
recursive scaling, with an update factor based on the alphabet size, to update the contexts.
13117} The operations described above are described with respect to a block. Such
description should be understood as bemng operations for a luma coding block and/or
chroma coding blocks. As described above, in some examples, the luma coding block
and chroma coding blocks are tuma and chroma components of a CU. In some examples,
the lema coding block and the chroma coding blocks are luma and chroma components
ofa PU.

{8118} In some examples, operations performed with respect to a luma coding block need
not be repeated for the chroma coding blocks. As one example, operations to identify a
motion vector {MV) and reforence picture for a luma coding block necd not be repeated
for identifving a MV and reference picture for the chroma blocks. Rather, the MV for the
tuma coding block may be scaled to determine the MV for the chroma blocks, and the
reference picture may be the same. As another example. the intra-prediction process may
be the same for the luma coding block and the chroma coding blocks.

{8119} Video encoder 200 represents an example of a device configured to encode video
data including a memory configured to store video data, and one or more processing vnits
implemented in circuitry and configured to calculate a probability of a symbol having a
particular value in accordance with any technique described m this disclosure and binary
artthmetic code the symbol according to the probability of the symbol having the
particular value.

{0120} FIG. 5 15 a block diagram dlustrating an example video decoder 300 that may

perform the techniques of this disclosure. FIG. 5 18 provided for purposes of explanation
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and is not limiting on the techniques as broadly cxemplified and described in this
disclosure. For purposes of explanation, this disclosure describes video decoder 300
according to the techmiques of VVC (ITU-T H.266, under development), and HEVC
(ITU-T H 265). However, the technigues of this disclosure may be performed by video
coding devices that are configured to other video coding standards.

(3121} In the example of FIG. 3, video decoder 300 includes coded picture buffer (CPB)
memory 320, entropy decoding unit 302, prediction processing unit 304, inverse
quantization unit 306, inverse transform processing unit 308, reconstruction unit 310,
filter umit 312, and decoded picture buffer (DPR) 314, Any or all of CPB memory 320,
entropy decoding unit 302, prediction processing unit 304, inverse quantization unit 306,
inverse transform processing unit 30¥, reconstruction unit 310, filter unit 312, and DPB
314 may be unplemented m one or more processors or in processing circuitry.  For
mstance, the umts of video decoder 300 may be implemented as one or more circuits or
logic elements as part of hardware circuttry, or as part of a processor, ASIC, or FPGA.
Moreover, video decoder 300 may include additional or alternative processors or
processing curcuitry to perform these and other functions.

{8122} Prediction processing unit 304 mcludes motion compensation anit 316 and intra-
prediction unit 318. Prediction processing unit 304 may melude additional units o
perform prediction in accordance with other prediction modes. As cxamples, prediction
processing unit 304 may imclude a palette unit, an mntra-block copy unit (which may form
part of motion compensation unit 316}, an affine anit, a linear model (LM} unit, or the
like. In other examples, video decoder 300 may include more, fower, or different
functional components.

{81231 When operating according to AV, motion compensation unit 316 may be
configured to decode coding blocks of video data {¢.g., both luma and chroma coding
blocks} using translational motion compensation, affine motion compensation, OBMC,
and/or compound mter-intra prediction, as described above, Tnira-prediction umt 318
may be configared to decode coding blocks of video data (e.g., both luma and chroma
coding blocks) using directional inira prediction, non-dircctional intra prediction,
recursive filter intra prediction, CFL, intra block copv (IBC), and/or color palette mode,
as described above.

(8124} CPB memory 320 may store video data, such as an encoded video bitstream, to
be decoded by the components of video decoder 300, The video data stored in CPB

memory 320 may be obtamed, for example, from computer-readable medium 110 (FIG.
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13, CPB memory 320 may include a CPB that stores encoded video data {e.g., syntax
clements) from an encoded video bitstream. Also, CPB memory 320 may store video
data other than syntax elements of a coded picture, such as temporary data representing
outputs from the various units of video decoder 300, DPB 314 generally stores decoded
pictures, which video decoder 300 may output and/or use as reference video data when
decoding subsequent data or pictures of the encoded video bitstream. CPB memory 320
and DPB 314 may be formed by any of a variety of memory devices, such as DRAM,
including SDRAM, MRAM, RRAM, or other types of memory devices. CPB memory
320 and DPB 314 may be provided by the same memory device or separate memory
devices. Invarious examples, CPB memory 320 may be on-chip with other components
of video decoder 300, or off-chip relative to those components,

{0125} Addimionally or alternatively, in some examples, video decoder 300 may retrieve
coded video data from memory 120 (FEG. 1}, That 1s, memory 120 may store data as
discussed above with CPB moemory 320, Likewise, memory 120 may store instructions
to be exccuted by video decoder 300, when some or all of the functionality of video
decoder 300 is vuplemented i software to be exccuted by processing circuitry of video
decoder 300.

{8126} The various units shown in FIG. 5 are dlustrated to assist with undesstanding the
operations performed by video decoder 300, The umits may be implemented as fixed-
function circuits, programmable circuits, or a combination thereof. Similar to FIG. 4,
fixed-function circaits refer to circnits that provide particalar functionality, and are preset
on: the operations that can be performed. Programunable circuits refor to circuits that can
be programmed to perform various tasks, and provide flexible functionality mn the
operations that can be performed. For instance, programmable circuits may execute
software or firmware that cause the programmable circuits to operate in the manner
defined by instructions of the software or firmware. Fixed-function circuits may execute
software instractions {e.g., to receive parameters or output parameters), but the types of
operations that the fixed-function circuits perform are generally immutable. In some
examples, ong or more of the units may be distinct circuit blocks (fixed-function or
programamable). and in some examples, one or more of the units may be integrated
crreuts.

{8127} Video decoder 300 may include ALUs, EFUs, digital circuoits, analog circuits,
and/or progranunable cores formed from programmable circuits. In examples where the

operations of wvideo decoder 300 are performed by software executing on the



WO 2023/132951 PCT/US2022/053966

32

programmable circuits, on-chip or off-chip memory may store instructions (e.g., object
code’ of the software that video decoder 300 receives and exeautes.

[6128] Entropy decoding unit 302 may receive encoded video data from the CPB and
entropy decode the video data to reproduce syntax elements. Prediction processing anit
304, mverse quantization unit 306, mverse transform processing unit 308, reconstruction
unit 310, and filter anit 312 may generate decoded video data based on the syntax
clements extracted from the bitstream.

{6125} In general, video decoder 300 reconstructs a picture on a block-by-block basis.
Video decoder 300 may perform a reconstruction operation on each block mdividually
{where the block currently being reconstrucied, i.¢., decoded, may be referred to as a
“current block™).

[8136] Entropy decoding umit 302 may ontropy decode syntax clements defining
quantized transform coefficients of a quantized transform coefficient block, as well as
transform information, such as a guantization paramcter (QF) and/or transform mode
indication{s}. fnverse guandization unit 306 may use the QP associated with the quantized
transform coefficient block to determine a degree of guantization and, likewise, a degree
of inverse quantization for inverse quantization unit 306 to apply. Inverse quantization
anit 306 may, for example, perform a bitwise left-shift operation to inverse quantize the
quantized transform coefficiemts. Inverse gquantization umit 306 may therchy form a
transform coefficient block including transtorm coefficients.

{3131} After mverse quantization unit 306 forms the transform coefficient block, inverse
transform processing unit 308 may apply one or more inverse fransforms to the transform
coefficient block to generate a residual block associated with the current block. For
example, inverse transform processing unit 308 may apply an inverse DCT, an mverse
integer transform, an inverse Karhunen-Loeve transform (KLT). an mverse rotational
transform, an inverse directional transform, or another nverse transform to the transtorm
coeflicient block.

{#132] Furthermore, prediction processing wmit 304 generates a prediction block
according to prediction mformation syntax clements that were entropy decoded by
entropy decoding unit 302, For example, if the prediction information syntax clements
mdicate that the current block is mter-predicted, motion compensation unit 316 may
generate the prediction block. In this case, the prediction information syntax elements
may indicate a reference picture in DPRB 314 from which to retrieve a reference block, as

well as a motion vector identifving a location of the reference block in the reference
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picture refative to the location of the current biock in the current picture. Motion
compensation unit 316 may generally perform the miter-prediction process in a manner
that 1s substantially similar to that described with respect to motion compensation unit
224 (FIG. 4.

{0133} As another example, if the prediction information syntax elements ndicate that
the current block 1s intra~predicted, intra~prediction unit 318 may generate the prediction
block according to an intra-prediction mode mdicated by the prediction information
syntax clements. Again, mira-prediction untt 318 may generally perform the ntra-
prediction process in a manner that is substantially similar to that described with respect
to intra-prediction wait 226 (FIG. 4}, Intra-prediction unit 318 may retrieve data of
neighboring samples to the current block from DPB 314

[8134] Reconstruction unit 310 may reconstruct the current block using the prediction
block and the residual block. For example, reconstruction unit 310 may add samples of
the residual block to corresponding samples of the prediction block to reconstruct the
current block.

[6138] Filterunit 312 may perform one or more filter operations on reconstructed blocks.
For example, filter unit 312 may perform deblocking operations to reduce blockiness
artifacts along edges of the reconstructed blocks. Operations of filter unit 312 are not
necessarily performed in all examples.

[8#136] Video decoder 300 may store the reconstructed blocks in DPB 314, For instance,
in examples where operations of filter unit 312 are not performed, reconstroction unit 310
may store reconstructed blocks to BPB 314, In examples where operations of filter unit
312 ave performed, filter unit 312 may store the filtered reconstructed blocks to DPB 314,
As discussed above, DPB 314 may provide reference information, such as samples of a
current picture for intra-prediction and previously decoded pictures for subsequent
motion compensation, to prediction processing untt 304, Moreover, video decoder 300
may output decoded pictures {c.g., decoded video) from DPB 314 for subsequent
presentation on a display device, such as display device 118 of FIG. L

{6137} In this manner, video decoder 300 represents an example of a video decoding
device mceluding a memory configured to store video data, and one or more processing
units wnplemented n circuitry and configured to calculate a probability of a symbol
having a particular value in accordance with any technigue described in this disclosure
and binary arithmetic code the symbal according to the probability of the symbol having

the particular value.
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{0138} FIG. 6 1s a flowchart ithustrating an example process for encoding a current block
in accordance with the technigues of this disclosure. The current block may comprise a
current CU. Although described with respect to video encoder 200 (FIGS. 1 and 4), 1t
should be understond that other devices may be configured to perform a process similar
to that of FIG. 6.

[#139%] In this example, video encoder 200 itially predicts the current block (350}, For
example, video encoder 200 may form a prediction block for the current block. Video
eucoder 200 may theo calculate a residual block for the current block (352). To calculate
the residual block, video encoder 200 may calculate a difference between the original,
unencoded block and the prediction block for the current block. Video encoder 200 may
then transform the residual block and quantize transform coefficients of the residual block
{354, Next, video encoder 200 may scan the quantized transform coefficients of the
residual block (3563, During the scan, or following the scan, video encoder 200 may
entropy encode the transform coefficients (338}, For example, video encoder 200 may
encode the transform coctficients using CAVLC or CABAC, Video encoder 200 may
then output the entropy encoded data of the block {(360).

(83144 FIG. 7 is a flowchart illustrating an example process for decoding a current block
of video data in accordance with the techniques of this disclosure. The current block may
comprise a current CU. Although descrbed with respect to video decoder 300 (FIGS. |
and 5}, 1t should be understood that other devices may be configured to perform a process
similar to that of FIG. 7.

13141} Video decoder 300 may reccive entropy encoded data for the current block, such
as entropy encoded prediction mformation and entropy encoded data for transform
coefficients of a residual block corresponding to the current block (370). Video decoder
300 may entropy decode the entropy encoded data to determine prediction information
for the current block and to reproduce transform coefficients of the residual block (372}
Video decoder 300 may predict the current block (374}, e.g., using an intra-~ or inter-
prediction mode as ndicated by the prediction information for the carrent block, to
calculate a prediction block for the current black. Video decoder 300 may then inverse
scan the reproduced transform coefficients (376}, to create a block of quantized transform
coefficients. Video decoder 300 may then inverse quantize the transform coefficients and
apply an inverse transform to the transform coetficients to produce a residual block (378}
Video decoder 300 may ultimately decode the current block by combining the prediction

block and the residual block (380).
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18142} FIGS. 8A and 8B show examples of a CABAC process at a bin z. 1n example 400
of FIG. 8A, at bin n the range at bin 2 includes the RangeMPS and RangelPS given by
the probability of the least probable svimbol (LPS) (po) given a certain context state (o).
Example 400 shows the update of the range at bin n+1 when the value of binn is equal to
the most probable symbol (MPS). In this example, the low stays the same, but the value
of the range at bin n+1 is reduced to the valoe of RangeMPS at bin n. Example 402 of
FIG. 8B shows the update of the range at bin n+1 when the value of bin n is not equal to
the MPS (Le., equal to the LPS). In this example, the low is moved to the lower range
value of Rangel.PS at bin n. In addition, the value of the range at bin nt+1 is reduced to
the value of RangeLPS at binn.

(#3143} In one exampie of the HEVC video coding process, range is expressed with 9 bits
and the low with 10 bits. There is a renormalization process to maintan the range and
low values at sufficient precision. The renormalization occurs whenever the range is less
than 256. Therefore, the range is alwavs equal or larger than 256 after renormalization.
Depending on the values of range and low, the binary arithmetic coder (BAC) outputs to
the bitstream, a “0,” ora *1,” or updates an internal vanable (calied BO: bits-outstanding)
to keep for futare outputs. FIG. 9 shows examples of BAC output depending on the range.
For example, a *17 is cutpot to the bitstream when the range and low are above a certain
threshold (c.g., 512). A *07 is output to the bitstream when the range and low are below
a certan threshold {e.g.. 512} Nothing is output fo the bitstream when the range and
lower are between certain thresholds. Instead, the BO value 1s incremented and the next
bin is encoded.

{0144} o the CABAC context model of H.264/AVC and in some examples of HEVC,
there are 128 states. There are 64 possible LPS probabilities {(denoted by state ) that can
be from C to 63. Each MPS can be zero or one. As such, the 128 states are 64 staie
probabilities times the 2 possible values for MPS (0 or 1), Therefore, the state can be
indexed with 7 bits.

{6145} To reduce the computation of denving LPS ranges (rangelP3s), results for all
cases may pre~-calculated and stored as approximations in a look-up table. Thercfore, the
LPS range can be obtained without any nwhtiplication by using a simple table lookup.
Avoiding multiplication can be tmportant for some devices or applications, since this
operation may cause significant latency 1 many hardware architectures.

3146} A 4-column pre-calculated LPS range table may be used instead of the

roultiphication.  The range 1s divided mto four segments. The scgment index can be
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derived by the question (range>>6)&3 o coffect, the segment index is derived by
shifting and dropping bits from the actual range. The following Table 1 shows the
possible ranges and their corresponding indexes.

TABLE 1 - Range Index
320-383 384-447 448-511

2 3

Range 256-319

(range>>6) & 3 O 1

{8147} The LPS range table has then 64 entries {one for each probability state} times 4
{one for each range index). Each entry is the Range LPS, that is, the value of onultiplying
the range times the LPS probability. An example of part of this table 15 shown in the
following Table 2. Table 2 depicts probability states 9-12. In one proposal for HEVC,

the probability states may range from (-63,

TABLE 2 —~ RangelPS

Prob State {o) | RangelPS
Index 0 Index Index 2 Index 3
G 30 110 130 130
10 85 104 123 142
11 &1 499 117 135
12 77 94 11l 128

{8148} In cach segment (1.¢., range value), the LPS range of ecach probability states is pre~
defined. Inother words, the LPS range of a probability stateq 1s quantized into four values
{(ie., one value for each range index). The specific LPS range used at a given point
depends on which segment the range belongs to. The number of possible LPS ranges
used in the table is a trade-off between the number of table columms (1o, the number of
possible LPS range values) and the LPS range precision. Generally speaking, more
colomns results in smaller quantization errors of LPS range values, but also increases the
need for more memory to store the table. Fewer columns inereases quantization errors,

but also reduces the memory needed to store the table.
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{0149} As described above, cach LPS probability state has a corresponding probability.
The probability p for each state is dernved as follows:
Po=APo

where the state ¢ 18 from O to 63. The constant o represents the amount of
probability change between cach context state. In one example, @=0.9493, or, more
precisely, o=(0.01875/0.5)% The probability at state & = { is equal t0 0.5 (i.e., po=1/2}.
That 1s, at context state §, the LPS and MPS are equally probable. The probability at each
successive state 1s derived by multiplying the provious state by . As such, the probability
of the LPS occurring at context state oo = | is po * 0.9493 (0.5 * 0.9493 = 47463). As
such, as the index of state « increases, the probability of the LPS occurring goes down.
13158} CABAC is adaptive because the probability states are updated in order to foliow
the signal statistics (i.e., the values of proviously coded bins). The update process is as
follows. For a given probability state, the update depends on the state index and the value
of the encoded symbol identified either as an LPS or an MPS. Ag a result of the updating
process, a new probability state is derived, which consists of a potentially modified LPS
probability estimate and, if necessary, a modified MPS valuve.
[8151] In the cvent of a bin value cqualing the MPS, a given state index may be
incremented by 1. This is for all states except when an MPS occurs at state index 62,
where the LPS probability 1s already at #ts mmimum {(or equivalently, the maximum MPS
probability is reached). In this case, the state index 62 remains fixed until an LPS is seen,
or the last bin value is encoded (state 63 is used for the special case of the last bin valoe}.
When an LPS occurs, the state index is changed by decrementing the state index bv a
certain amount, as shown in the equation below. This rule applies in general to cach
occurrence of a LPS with the following exception. Assuming a LPS has been encoded at
the state with mdex ¢=0, which corresponds to the equi-probable case, the state index
remains fixed, but the MPS value will be toggled such that the value of the LPS and MPS
will be interchanged. In all other cases, no matter which symbol has been encoded, the
MPS value will not be altered. The derivation of the transition rules for the LPS
probability is based on the following relation between a given LPS probability pow and its
updated counterpart Prew:

Poew = max{ & poid , pe2y  if a MPS occars

Prew = {- 0} + & powa if a LPS ocours
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18152} With regard to a practical mplementation of the probability estimation process in
CABAC, it is umportant to note that all transition rules may be realized by at most two
tables cach having 63 entries of 6-bit unsigned mteger values. In some examples, state
transitions may be determined with a single table TransldxLPS§, which determines, fora
given state index o, the new updated state index TransIdxLPS {o] in case an LPS has been
observed. The MPS-driven transitions can be obtained by a simple (saturated) mcrement
of the state index by the fixed value of 1, resulting in an updated state index min{ ¢+1,
62). Table 3 below is an example of a partial TransldxL.PS table.
TABLE 3 - TransIdxLPS

Prob State {o) | New State TransIdxLPS o]

10
3
12

X o) o] (@3}

{8153} One problem with previous BAC approaches {e.g., the BAC approach used in
H.264/AVC), is that the tables RangeLPS and TransIdxLPS are tumed for low resolution
videos, {1.¢., common intermediate format (CIF} and quarter-CIF (QCIF} videos}.
Carrently, a large amount of video content is high defingtion (HD) and, in some cases,
greater than HD. Video content that 1s HD or greater than HD resolution bas different
statistics than the 10-vear-old QCIF sequences used to develop H.264/AVE.

{8154} As such, tables RangelPS and TransldxEPS from H.264/AVC may caose
adaptation between states o a manner that is too quick. That 15, the transitions between
probability states, especially when an LPS occurs, can be too great for the smoother,
higher resolution content of HD video. Thus, the probability models used according to
conventional techniques are not as accurate for HD and extra-HD content. In addition, as
HD video content meludes a greater range of pixel values, the H 264/AVC tables do not
mclude enough entries 1o account for the more extreme values that may be present in HD
content.

{0155} As such, there is a need for the RangelPS and TransidxLPS tables to be modified

to account for the characteristics of this new content. Thus also implies that BAC should
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be different m at least two aspects, One difference is that BAC processes should use
tables that allow for a slower adaptation process.  Another difference is that BAC
processes should account for more extreme cases (1.¢., skewed probabilities).

{0156} The current RangeLPS and TransIdxLPS tables can be moditied to achieve these
goals by smply including more probability states and ranges. However, this solution
incurs a substantial increase in the sizes of the tables. Slower adaptation may be achieved
by using a parameter o closer to 1 than the currently used parameter « {¢.g., @=0.9493}).
However, using a larger value of o causes the probabilities to tend to 0 more stowly, and
as such, more states are needed. In addition, to achieve slower adaptation, it may be
beneficial if the lowest possible probability 15 much lower than the currently used lowest
probability. As such, even more states may be needed to reach that very low probability
value.

(8157} In view of the foregoing problems, this disclosure proposes technigues to modify
BAC s0 as to attain slower adaptation and more skewed probabilitics while keeping the
table sizes (e.g., the RangelPS and Transld<LPS tables) at a practical level. In other
words, this disclosure describes technigues to achieve slower adaptation and more
extreme probabilities (1.c., probabilitics closer to 0 and 1) while using relatively small-
sized tables.

{8158} The technigues described in this disclosure may use more probability states, ¢.g.,
more probability states than used in BAC with H264/AVC or HEVC. In this case, the
TransidxL.PS table can obtain slower adaptation and lower probabilities. In one example,
the technigues described in this disclosure may use 128 probability states instead of 64.
This increases the table TransldxLPS by 64 entries (1.2, 128 entries instead of 643, This
increase allows for slower adaptation and lower minimal probability. As onc example,
by setting the parameter o = (.9689, the differences between contiguous probabilities
become smaller. Addttionally, the lowest minunum probability goes down to 0.009,
which is arcund one-half of the H.264/AVC case {i.c., 0.01873). Other numbers of states
and « values arc also possible, though, in gencral, the number of states may be mercased
and the value of o may be closer to 1 than the H264/AVC case of o=0.9493.

{8159] Anocther parameter that might be modified to improve HD or extra-HD coding 13
the parameter po. The value of po gencrally indicates the maxumum probability for the
LPS. The reason to consider this possibility 18 that having a lower pe means that the

minimal probability also decreases. The value of po is set to 0.5 in the conventional BAC
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process. This disclosure proposes to allow for other values for pe. Having other values
of polower than 0.5 allows for smoother transitions at state 0 when the MPS/LPS swap
oceurs. In one example, pomay be equal to 0.493, although many other examples could
also be used.
{8166} Usually, cach probability state has its own entry in the RangeLPS table. The table
size may be represented as:

# probability states x # quantized range indexes

which is 64x4 = 256 bytes in some proposals for HEVC. Since the number of
staies would increase in examples of this disclosure {doubled in the example above}, the
RangeLPS table size may be 128x4 = 512 byvtes. To avoid this increase in the RangeLPS
table size, however, this disclosure further proposes to map the probability states indexes
to alowersize (i.¢., a few number of indexes) to index the RangelPS size. Inother words,
this disclosure proposes to decouple the state transition process from the range
computation process. This means, in the current example, that there is a map for the states
1o range compitation. Video encoder 200 and/or video decoder 300 may be configured
1o map an index indicating the determined probability state {0 one of a plurality of grouped
indexes {(e.g., groaped index for a RangelPS table), with at least one of the grouped
indexes reprosenting af least two of the plurality of probability states. As such, the
RangeLl.PS table {or other BAC tables} may use fower indexes than there are probability
states.
[#161] In one example of the disclosure, the probability state number may be divided by
two to gencrate a now index 1o use as an entry for the RangelPS table. In this case, the
128 probability states are reduced to 64 entries. Consequently, the RangeLPS table can
keep the current size as used in H264/AVC. Therefore, instead of using the probability
state o to index the entry in the range LPS table, the techniques described in this disclosure
craploy {o>>1), that 1s, the state ¢ is divided by two and rounded to the lower integer for
use as a grouped index into the RangelPS table. The division can be by a larger mumber
if the RangeL PS table 15 desired to be smaller for a given implementation, or if the munber
of states is farger {c.g., 256 probability states). In this context, each grouped index
represents two probability states. To other examples of the disclosure, the grouped indexes
may represent two or more probability states.
{8162} From an optimal entropy point of view, the grouping of the states for the
RangeL.PS table by using the division or right bit-shifi operation may be bencficial, but

may not alwayvs be the optimal technigue. The optimal grouping may depend on several
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factors, ncluding the number of states and the parameter o, among others. The most
desirable {and possibly optimal} grouping might not be a straightforward operation like
the bit-shift operation. In general, the grouping can be described with atable, going from
the total nomber of probability states to a reduced number of probability states (1.,
grouped states). In another example, this disclosure proposes to use this kind of table.
This approach would enhance performance (compared to the division or right shifting),
at the cost of addittonal memory. As such, this example is a trade-off between memory
and performance, favoring better performance over the lincar mapping example {i.c., the
division or right shifting).

{8163} Hence, although a linear mapping of probability states to entries in the RangelPS
table may be used, it may be desirable to provide a nonhinear mapping. For example, the
probability states may be mapped according to a logarithmic mapping. A logarithmic
mapping may be achieved, in some examples, using piecewise lincar mapping techoigues.
In general, such 3 mapping may be defined using a table, such as a precomputed mapping
table.

{0164} Tn general, the technigues described 1o this disclosure may be performed, in some
examples, by a process or device for entropy coding video data. The process may wclude
determining a probability state of symbols in a binary arithmetic coding process, where
the probability state may be one of a plurality of probability states, and mapping an index
indicating the determined probability state to one of a plurality of grouped mdexes, where
at Jeast one of the grouped indexes represents at least two of the plurality of probability
states, and where each of the grouped indexes points to a range for a lowest probability
symbol in a table.

[8165] In some examples, the number of probability states mayv be greater than 64. For
example, the number of probability states may be 128, In some examples, the number of
grouped indexes used as an input into the Range L P'S table 1s 64, In particolar, the number
of probability states may be 128 and the number of grouped indexes used as an toput into
the RangelPS table may be 64. A symbol may be coded based on the grouped mdexes,
¢.g., according to a table based on the probability state mdex, or according to a
mathematical operation based on the index. The determined probability state maps to one
of a plurality of indexes according to a table, or according to a mathematical operation.
The mapping may be linear or nonlinear. For example, the mapping may be performed
according to a divide-by-two operation. In some examples, the mapping may be a

logarithmic mapping. In some examples, a piccewise lincar mapping may be used to
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define a logarithmic mapping. In some examples, the value po of the maximum
probability for the LPS may be less than 0.5,

{8166} The techniques described in this disclosure may be performed, for example, within
a video encoder, video decoder, or combined video encoder-decoder (CODEC). In
particular, such techniques may be performed in an entropy encoding unit of a video
encoder and/or an entropy decoding unit of a video decoder. The technigues may be
performed, for example, within a CABAC process, which may be configured to support
video coding, such as video coding according to aspects of the HEVC standard Entropy
encoding and decoding umits may apply coding processes in a reciprocal or inverse
manner, ¢.g., to encode or decode any of a variety of video data, such as quantized
transform coefficients associated with residual video data, motion vector information,
syutax clements, and other types of information that may be useful in a video encoding
and/or video decoding process.

18167] FIG. 10 is a block diagram of an cxample implementation of cniropy cncoding
umit 220 1n FIG. 4. Entropy encoding unit 220 may be configured to perform CABAC in
accordance with the techniques of this disclosure. A syntax clement 418 is input into the
entropy encoding umit 220, Ifthe syntax element is already a binary-value syntax element
{Lc., a syntax cloment that only has a value of 0 and 1), the step of binarization may be
skipped. ¥ the syntax clement is a non-binary valued svotax ¢lement {(c.g., a svutax
element represented by multiple bits, such as transform cocfficient levels), the non-binary
valued syntax element is binarized by binarizer 420, Binarizer 420 performs a mapping
of the non-binary valued syntax clement into a sequence of binary decisions. These
binary decisions are ofien called “bins.” For example, for transform coefficient levels,
the value of the level may be broken down into seccessive bins, each bin indicating
whether or not the absohrte vahue of cocfficient level is greater than some value. For
example, bin O (somctimes called a signiticance flag} indicates if the absolute value of
the transform cocfficient level is greater than 0 or not. Bin 1 mdicates if the absolute
value of the transform coefficient level is greater than 1 or not, and so on. A unique
mapping may be developed for cach non-binary valued syitax element.

{0168} Bach bin produced by binarizer 420 is fed to the binary artthiaetic coding side of
entropy encoding unit 56, That is, for a predetermined set of non-binary valued svntax
clements, each bin type {¢.g., bint 0} 1s coded before the next bin type {e.g., bin 1}, Coding
may be performed i either regular mode or bypass mode. Inbypass mode, bypass coding

engine 426 performs arithmetic coding using a fixed probability model, for example,
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using Golomb-Rice or exponential Golomb coding. Bvpass mode 15 generally used for
more predictable syntax elements.

8169} Coding in regular mode involves performing CABAC. Regular mode CABAC s
for coding bin values where the probabifity of a value of a bin is predictable given the
values of previously coded bins. The probability of a bin being an LPS is determined by
context modeler 422, Context modeler 422 outputs the bin value and the context model
{e.g.. the probability state o). The context model may be an initial context model fora
series of bins, or may be deternined based on the coded values of previously coded bins.
As described above, the context modeler may update the state based on whether or not
the previousty-coded bin was an MPS or an LPS.

{8170} After the context mode!l and probability state o are determined by context modeler
422, regular coding engine 424 performs BAC on the bin value. According to the
techniques of this disclosure, regolar coding engine 424 performs BAC using
TransldxL.PS table 430 that includes more than 64 probabiity states . In one example,
the number of probability states is 428, TransldxL.PS is used to deternune wiich
probability state is used for a next bin (bin n+1) when the previous bin {(binn} is an LPS.
Regular coding engine 424 may also use a RangeLPS table 428 to determine the range
value for an LPS given a particular probability state o. However, according to the
techniques of this disclosure, rather than using all possible probability states ¢ of the
TransidxLPS table 430, the probability state mndexes o are mapped to grouped ndeses
for use in the RangelLPS table. That is, each index mnto the RangeLPS table 428 may
represent two or more of the fotal number of probability states. The mapping of
probability state index o to grouped indexes may be linear {¢.g., by dividing by two}, or
may be non-linear {¢.g., a logarithmic fimction or mapping table).

{6171} In other examples of the disclosure, the difference between successive probability
states may be made smaller by setting the parameter @ to be greater than 0.9493. In one
example, o = 0.968%. Tn another example of the disclosure, the highest probability {(po)
of an LPS occurring roay be set to be lower than 0.5, In ove example, poraay be equal to
{1,493,

{3172} In accordance with one or more techniques of this disclosure, as opposed to using
the same value of a vaniable used to update a probability state in a binary arithmetic coding
process {e.g., one or more of a window size, a scaling factor (o), and a probability

updating speed), entropy encoding umit 36 may use different values of the vanable for
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difterent context models and/or different syntax elements. Forinstance, entropy encoding
unit 36 may determine, for a context model of a plurality of context models, a value of a
variable used to update a probability state in a bnary arithmetic coding process, and
update the probability state based on the determined vabue.

{0173} FIG. 11 is a block diagram of an example entropy decoding unit 302 that may be
configured to perform CABAC in accordance with the techniques of this disclosare. The
entropy decoding vait 302 of FiG. 11 performs CABAC in an inverse manuer as that of
cutropy cncoding unit 220 described in FIG. 4. Coded bits from bitstream 518 are ioput
mto entropy decoding unit 302, The coded bits are fod to either context modeler 520 or
bypass decoding engine 522 based on whether or not the coded bits were entropy coded
using bypass mode or regular mode. If the coded bits were coded in bypass mode, bypass
decoding engine 3522 may, for example, use Golomb-Rice or exponential Golomb
decoding to retrieve the binary-valued syntax elements or bins of non-binary syntax
clements.

{6174} Ifthe coded bits were coded in regular mode, context modeler 520 may deternune
a probability model for the coded bits and regular decoding engine 324 may decode the
coded bits to produce bins of non-binary valued svntax elements {or the syntax elements
themselves if binary-valued}.  Afier the context model and probabiity state o is
determined by context modeler 520, regular decoding engine 524 performs BAC on the
bin value. According fo the technigues of this disclosure, regular decoding engine 524
performs BAC using TransId<LPS table 528 that includes more than 64 probability states
5. In one example, the number of probability states ts 128, although other numbers of
probability states could be defined, consistent with the techniques of this disclosure.
TransId<LPS table 528 15 used to determine which probability state is used for a next bin
{bin o+1} when the previous bin (bin n} is an LPS. Regular decoding engine 524 may
also use a Rangel.PS table 526 to determine the range value for an LPS given a particular
probability state o. However, according to the technigues of this disclosare, rather than
using all possible probability states o of the TransidxELPS table 528, the probability state
indexes o are mapped to grouped indexes for use in RangelPS table 526. That is, each
index uo RangelPS table 526 may represent two or more of the total number of
probability states. The mapping of probability state index o to grouped indexes may be
lincar {e.g., by dividing by two), or may be non-lincar {¢.g.. a logarithmic function or

mapping table}.
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{0175} In other examples of the disclosure, the difference between successive probability
states may be made smaller by setting the parameter o to be greater than 0.94593. In one
example, o = 0.9689. In another example of the disclosare, the highest probability {pe}
of an LPS occurring may be set to be lower than 0.5, Tn one example, po may be equal to
0.493.

{0176} After the bins are decoded by regular decoding engine 524, a reverse binarizer
530 may perform a reverse mapping to convert the bins back mto the values of the non-
binary valued svntax elements.

{8177} FIG. 12 s a flowehart illustrating an example process for decoding a bitstream of
video data. Although described with respect to video decoder 300 (FIGS. | and 5),
should be understood that other devices may be configared to perform a process similar
to that of FIG. 12,

{8178} Video decoder 300 may be configured to receive bin values according to a context
madel (600}, The context model includes one or more probability states, and the bin
values correspond to one or more syntax elements of the video data.

{3179} Video decoder 300 deternunes a first shift value based on the received bin values
(602}, Video decoder 300 determines a second shift value based on the received bin
values{604). To determine the first shuft value based on the received bin values, video
decoder 300 may be configured to identify an entry in a look up table based on an
identifier of the context model and a last M bin values received, with M being an integer
value greater than 1, and video decoder 300 may deternune the first shift value based on
the entrv. Video decoder 300 may also determine the second shift value based on the
entry. The entry may, for example, be an 8-bit value, where the first 4 bits of the 8-bit
value identify the first shift value and the last 4 bits of the 8-bit value identity the second
shift value. The first shuft value may be updated at a higher rate than the second shuft
value. That is the first shift value may update faster than the second shift value.

{8188} Video decoder 300 updates a first state vanable based on the first shift value (606},
Video decoder 300 updates a second state vartable based on the sccond shift value (608).
To determine the probability state for the context model based on the first state variable
and the second state variable, video decoder 300 may be configured to determine the
probability state based on a weighted average of the first state variable and the second
state vanable. Video decoder 300 may determine weights for caleulating the weighted
average of the first state variable and the sccond state variable based on the context model.

As described above, the weights may include a first weight and a second weight, and a
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sum of the first weight and the second weight 1s equal to 1. Video decoder 300 may be
contigured to determine values for the weights based on an identifier of the context model.
{8181} Video decoder 300 determines, for a next bin o be decoded, a probability state
for the context model based on the first state variable and the second state variable (610).
Video decoder 300 context decodes the next bin to be decoded based on the probability
state (612}

3182} Video decoder 300 determines values for the one or more syntax elements based
on the received bin values and the context decoded next bin value (614). Video decoder
300 may use the syntax elements to decode blocks of video data, and the blocks of video
data may be cutput as part of decoded pictures. The techniques of this disclosure are not
limited to any particolar type of syntax elements, but may be of particular benefit for
frequently occurring syntax clements, such as the syntax clements used to code transform
coefficients.

138183} The following numbered clauses illustrate one or more aspects of the devices and
cchniques described in this disclosure.

[6184] Clause 1A: A method of coding data, the method comprising: calculating a
probability of a symbeol having a particular valae in accordance with any techoigque
described in this disclosure; and binary arithmetic coding the symbol according fo the
probability of the symbol having the particular value.

[4185] Clause 2A: The method of clause 1A, wherein coding comprises decoding.
{3186} Clause 3A: The method of clause 1A, wherein coding comprises encoding.
13187} Clause 4A: A device for coding video data, the device comprising one or more
means for performing the method of any of clauses 1A-3A.

{6188} Clapse SA: The device of clause 4A, wherein the one or more means comprise
ong or Mmore processors implemented in circuitry.

{8189} Clause 6A: The device of any of clauses 4A and 5A, further comprising a memory
to store the video data.

{8196} Clause 7A: The device of any of clauses 4A-60A, further comprising a display
configured to display decoded video data.

{6191} Clause 8A: The device of any of clauses 4A-7A, wherein the device comprises
one or more of a camera, a computer, a mobile device, a broadcast receiver device, or a
set-top box.

{0192} Clause 9A: The device of any of clauses 4A-8A, wherein the device comprises a

video decoder.
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18193} Clause 10A: The device of any of clauses 4A-9A, wherein the device comprises
a video encoder.

{8194} Classe 11A: A computer-readable storage medium having stored thereon
instructions that, when executed, cause one or more processors to perform the method of
any of clauses 1A-3A

[#195] Clause 12A: A device for encoding video data, the device comprising: means for
calculating a probability of a symbol having a particular value in accordance with any
cchuigue described i thus disclosure; and means for binary arithmetic coding the symabol
according to the probability of the symbol having the particular value.

{8196} Clause 1B: A method of decoding video data, the method comprising: receiving
bin values according to a context model, wherein the context model includes one or more
probability states and the bin values correspond o one or more syntax elements of the
video data; determining a first shift value based on the reccived bin values; deternmining
a second shift value based on the received bin values; updating a first state variable based
on the first shuft value; updating a second state vartable based on the second shift value;
determining, for a next bin to be decoded, a probability state for the context model based
on the first state variable and the second state variable; context decoding the next bin to
be decoded based on the probability state; and determuning values for the one or more
syntax clements based on the received bin values and the context decoded next bin value.
{197 Clause 2B: The method of clause 1B, wherein determining the probability state
for the context model based on the first state variable and the second state vartable
comprises determining the probability state based on a weighted average of the first state
variable and the second state vanable.

{8198} Clapse 3B: The method of clause 2B, further comprising: determining weights for
calculating the weighted average of the first state varnable and the second state variable
based on the context model.

[8199] Clause 4B The method of clause 3B, wherein the weights comprise a first weight
and a second weight and a sum of the first weight and the second weight is equal to 1.
10200} Clause 5B: The method of clause 3B or 4B, further comprising: deternuning
values for the weights based on an identifier of the context model.

{62011 Clause 6B: The method of any of clauses [B-5B, wherein determiming the first
shift value based on the recetved bin values comprises: identifying an endry in a look up
table based on an dentifier of the context model and a last M bin values recetved, wherein

M i3 an integer value greater than 1) determining the first shift value based on the entry.
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10202} Clause 7B: The method of clause 6B, further comprising: determining the second
shift value based on the eniry.

(8203} Clavse 8B: The method of claase 7B, wherein the entrv comprises an 8B-bit value,
the first 4 bits of the #B-bit value identify the first shift value, and the last 4 bits of the
8B-bit valuc wentify the second shift value.

(63204} Clause 9B: The method of any of clauses 1B-8B, wherein the first shuft value is
updated at a higher rate than the second shift value.

[6208] Clause 10B:  The method of any of clauses 1B-9B, wherein the recetved bin
values correspond to a last M bins decoded by the context model, wherein M is an integer
value greater than zero.

10206} Clanse 11B: The method of clause 10B, wherein M is equal to 1.

{8207 Clause 12B: A device for decoding video data, the device comprising: a memory
configured to store video data: one or more processors implemented 1w circuitry and
configured to: receive bin values according o a context model, wherein the context model
includes one or more probability states and the bin values correspond to one or more
syntax elements of the video data; determine a first shift value based on the received bin
values, determine a second shift value based on the received bin values: update a first
state variable based on the first shift value; update a second state variable based on the
second shift value; determine, for a next bin to be decoded, a probability state for the
context model based on the first state variable and the second state vanable; context
decode the next bin to be decoded based on the probability state; and determine values
for the one or more syntax cloments based on the received bin values and the context
decoded next bin value.

(8208} Clapse 13B: The device of clause 12B, wherein to determine the probability state
for the context model based on the first state variable and the second state variable, the
one or more processors are further configured to determine the probability state based on
a weighted average of the first state vanable and the second state varniable.

{8209} Clause 14B: The device of clause 13B, wheremn the one or more processors are
further configured to: determine weights for calculating the weighted average of the first
state variable and the second state variable based on the context model.

(6214 Clanse 15B: The device of clause 14B, wherein the weights comprise a first
weight and a second weight and a sum of the first weight and the second weight is equal

ol
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16211} Clause 16B: The device of clause 14B or 158, wherein the one or more processors
are further configured to: determine values for the weights based on an wdentifier of the
context model.

§6212} Clause 178: The device of any of clauses 12B-16B, wherein to determne the first
shift value based on the received bin values, the one or more processors are further
configured to: identify an entry in a look ap table based on an identifier of the context
model and a last M bin values received, wherein M is an integer value greater than 1; and
deteroune the first shift value based on the entry.

{6213} Clanse 18B: The device of clause 178, wherein the one or more processors are
further configured to: determine the second shift valse based on the entry.

{0214} Clause 9B The device of clause 18B, wherein the entry comprises an 8B-bit
value, the first 4 bits of the 8B-bit value 1dentify the first shuft value, and the last 4 bits of
the 8B-bit value identify the second shift value.

18215} Clause 20B: The device of any of clauses 12B-198, wherein the first shift value
is updated at a higher rate than the second shift value.

[8216] Clause 21B:  The device of any of clauses 12B-20B, wherein the received bin
values correspond to a last M bins decoded by the context model, wherein M s an infeger
value greater than zero.

{6217} Clause 22B: The device of clause 21B, wherein M is equal to 1.

0218} Clause 23B: The device of any of clauses 12B-22B, wherein the device comprises
a wireless communication device, further comprising a receiver configured to receive
encoded video data.

{62191 Clause 24B: The device of clause 23B, wherein the wireless communication
device comprises a telephone handset and wherein the receiver is configured to
demodulate, according to a wircless communication standard, a signal comprising the
encoded video data.

{9220} Clause 25B: The device of any of clauses 12B-24B, further comprising: a display
configured to display decoded video data.

16221} Clause 268: The device of any of clauses 12B-258, wherein the device comprises
one or more of a camera, a computer, a mobile device, a broadcast recetver device, or a
set-top box.

18222} Clanse 27B: An apparatus for decoding video data, the apparatus comprising:
means for receiving bin values according to a context model, wherein the context model

includes one or more probability states and the bin values cormrespond fo one or more



WO 2023/132951 PCT/US2022/053966

syntax clements of the video data; means for determining a first shift value based on the
recetved bin values; means for determining a second shift value based on the received bin
values, means for updating a first state variable based on the first shuft value; means for
updating a sccond state variable based on the second shift value; means for determining,
for a next bin to be decoded, a probability state for the context model based on the first
state vanable and the second state variable; means for context decoding the next bin to be
decoded based on the probability state; and means for determining values for the one or
more svatax clements based on the received bin values and the context decoded next bin
value.

{8223} Clause 28B: The apparatus of clause 27B, wherein determining the probability
state for the context model based on the first state variable and the second state vanable
comprises determining the probability state based on a weighted average of the first state
variable and the second state variable.

18224] Clause 29B: The apparatus of clause 28B, further comprising: means for
deteroining weights for calculating the weighted average of the first state variable and
the second state variable based on the context model.

[6225} Clavse 30B: The apparatus of clause 298, whercin the weights comprise a first
weight and a second weight and a sum of the first weight and the sccond weight is equal
to |

{08226} 1t 15 to be recognized that depending on the example, certain acts or events of any
of the technigues described herein can be performed in a different sequence, may be
added, merged, or left out altogether (¢.g.. not all described acts or cvents are neocssary
for the practice of the techniques). Moreover, in certain examples, acts or events may be
performed concurrently, e.g., throngh multi-threaded processing, mterrupt processing, or
multiple processors, rather than sequentially.

{8227} fo one or more examples, the functions described may be mmplemented in
hardware, software, firmware, or any combination thereof. If implemented i software,
the functions may be stored on or transmitted over as one or more instructions or code on
a computer-readable medivm and execcuted by a hardware-based processing umit.
Computer-readable media mav melude computer-readable storage media, which
corresponds to a tangible medium such as data storage media, or comnumication media
including any mediwn that facilitates transfer of a computer program from one place to
another, ¢.g., according to a conununication protocol. In this manner, computer-readable

media generallv may correspond to (1} tangible computer-readable storage media which
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ig non-transitory or (2 a commumnication medium such as a signal or carrier wave. Data
storage media may be any available media that can be accessed by one or more computers
or one or more processors o retricve instructions, code and/or data structures for
implementation of the techniques described in this disclosure. A computer program
product may mclude a computer-readable medium.

{63228 By way of example, and not imitation, such computer-readable storage media can
comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage, magnetic disk
storage, ot other magnetic storage devices, flash memory, or any other medium that can
be used to store desired program code in the form of instructions or data structures and
that can be accessed by a computer. Also, any connection is properly termed a computer-
readable medium. For example, if instructions are transmitted from a webstite, server, or
other remote source using a coaxial cable, fiber optic cable, twisted pair, digital subscriber
line (DSL), or wireless technologies such as infrared, radio, and microwave, then the
coaxial cable, fiber optic cable, twisted pair, DSL, or wircless technologics such ag
infrared, radio, and microwave are included mw the defuution of mediwm. It should be
understood, however, that computer-readable storage media and data storage media do
not include connections, carrier waves, signals, or other transitory media, but are nstead
directed to non-transitory, tangibie storage media. Disk and disc, as used herein, includes
compact disc {CD), laser disc, optical disc, digital versatile disc (DVD), floppy disk and
Blu-ray disc, where disks usually reproduce data magneticaily, while discs reproduce data
optically with lasers. Combinations of the above should also be included within the scope
of compuier-readable media.

{62291 Instructions may be executed by one or more processors, such as one or more
DSPs, general purpose microprocessors, ASICs, FPGAg, or other equivalent integrated or
discrete logic circuitry. Accordingly, the terms “processor” and “processing circuitry,” as
used heremn may refer to any ot the foregoing structures or any other structure suitable for
wplementation of the technigues described heremn.  In addition, in some aspects, the
functionality described herein may be provided within dedicated hardware and/or
software modules configured for encoding and decoding, or meorporated in a combined
codec. Also, the technigues could be fully muplemented 1n one or more circuits or logic
clements.

18238} The techniques of this disclosure may be mmplemented in a wide variety of devices
ot apparatuses, including a wureless handset, an integrated circuit (IC)orasctof iCs e g,

a chip set). Various components, modules, or units are described in this disclosure to
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emphasize functional aspects of devices configured to perform the disclosed technigucs,
but do not necessarily require realization by different hardware units. Rather, as deseribed
above, various units may be combined in 8 codec hardware umit or provided by a
collection of interoperative hardware units, including one or more processors as described
above, 1o conjunction with suitable software and/or firmware.

{83231} Various examples have been described. These and other examples are within the

scope of the following claims.
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WHAT IS CLATMED IS:
1. A method of decoding video data, the method comprising:

receiving bin values according to a context model, wherein the context model
includes one or more probability states and the bin values correspond fo one or more
syntax elements of the video data;

deternuning a first shuft value based on the received bin values;

determining a second shift value based on the received bin values;

ppdating a first state variable based on the first shift value;

updating a second state variable based on the second shift value,

determining, for a next binto be decoded, a probability state for the context model
based on the first state variable and the second state varnable;

context decoding the next bin to be decoded based on the probability state; and

deternuning values for the one or more syntax clements based on the received bin

values and the context decoded next bin value.

2. The method of claim 1, whercin determining the probability state for the context
model based on the furst state vanable and the second state varniable comprises
determining the probability state based on a weighted average of the first state variable

and the second state variable.

3. The method of claim 2, further comprising:
determintng weights for caleulating the weighted average of the first state vanable

and the second state variable based on the context model.

4 The method of claim 3, wherein the weights comprise a first weight and a second

weight and a sum of the first weight and the second weight is equal to 1.

5. The method of claim 3, further comprising:

determining values for the weights based on an identifier of the context model.
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6. The method of claim 1, wherein determining the first shift value based on the
received bin values comprises:

identifying an entry it 3 look up table based on an identifier of the context model
and a last M bin values received, wherein M is an infeger value greater than 1; and

determining the first shift value based on the entry.

7. The method of claim 6, further comprising:
determuning the second shift value based on the entry.
8. The method of claim 7, wherein the entry comprises an 8-bit value, the first 4 bits

of the &-bit value wdentify the first shift value, and the last 4 bits of the 8-bit value identify

the second shift value,

9. The method of claim 1, wherein the first shift value s updated at a higher rate than

the second shuft value.

10.  The method of claim 1, wherein the received bin values correspond to a last M

bins decoded by the context model, wherein M is an integer value greater than zero.

11 ¢ method of clawm 10, wherein M is equalto .

12, A device for decoding video data, the device comprising:
a memory configured to store video data;
one or more processors implemented in circuitry and configured to:

eceive bin values according to a context model, wherein the context model
includes one or more probability states and the bin values correspond to one or more
syntax elements of the video data;

determmne a first shuft valoe based on the received bin values;

determine a second shift value based on the received bin values;

update a first state vartable based on the first shift value;

update a second state variable based on the second shift value;

determine, for a next bin to be decoded, a probability state for the context model
based on the first state variable and the second state varntable;

context decode the next bin to be decoded based on the probability state; and
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determine values for the one or more syntax clements based on the received bin

values and the context decoded next bin value.

13, The device of claim 12, wherein to deternuine the probability state for the context
madel based on the first state vanable and the second state vanable, the one or more
processors are further configured to determing the probability state based on a weighted

average of the first state variable and the second state variable.

14, The device of claim 13, wherein the one or more processors are further configured
to:
determine weights for calculating the weighted average of the first state variable

and the sccond state vanable based on the context model.

15, The device of claim 14, wherein the weights comprise a first weight and a second

weight and a sum of the first weight and the second weight 1s equal to 1.

16.  The device of claim 14, wherein the one or more processors are farther configured

determine values for the weights based on an identifier of the context model.

17. The device of claim 12, wherein to determine the first shift value based on the
received bin values, the one or more processors are further configured to!

identtfy an entry in a look up table based on an identifier of the context model and
a last M bin values received, wherein M is an integer value greater than 1) and

determine the first shift value based on the entry.

18. ¢ device of clanm 17, wherein the one or more processors are further configured
to!

deternmine the second shift value based on the entry.

19, The device of claim 18, wherein the entry comprises an 8-bit value, the first 4 bits
of the &-bit value wdentify the first shift value, and the last 4 bits of the 8-bit value identify

the second shiff value.
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20, The device of claim 12, wherein the first shift value is updated at a higher rate

than the second shift value.

21 The device of claim 12, wherein the received bin values correspond to a last M

bins decoded by the context model, wherein M 15 an integer value greater than zero.

22 The device of claim 21, wherein M is equal to 1.
23, The device of clamm 12, wherein the device comprises a wireless communication

device, further comprising a receiver configured to reccive encoded video data.

24, The device of claim 23, wherein the wireless communication device comprises a
telephone handset and whercin the receiver is configured to demodulate, according to a

wircless communication standard, a signal comprising the encoded video data.

25. The device of claim 12, further comprising:

a display configured to display decoded video data.

26, The device of claim 12, wherein the device comprises one or more of a camera, a

computer, a mobile device, a broadceast receiver device, or a set-top box,

27.  An apparatus for decoding video data, the apparatus comprising:

means for receiving bin values according to a context model, wherein the context
model inchudes one or more probability states and the bin values correspond to one or
more svitax elements of the video data;

means for determining a first shift value based on the received bin values;

means for determuning a second shift value based on the received bin values;

means for updating a first state variable based on the first shift value;

means for updating a second state variable based on the second shift value;

means for determining, for a next bin to be decoded, a probability state for the
context model based on the first state vaniable and the second state variable;

means for context decoding the next bin to be decoded based on the probability

state; and
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means for determining values for the one or more syntax elements based on the

recetved bin values and the context decoded next bin value.

28, The apparatus of claim 27, wherein determining the probability state for the
context model based on the first state vanable and the second state vanable comprises
determining the probability state based on a weighted average of the first state variable

and the second state variable.

29, The apparatus of claim 28, further comprising:
means for determining weights for calculating the weighted average of the first

state variable and the second state variable based on the context model.

30.  The apparatus of claim 29, wherein the weights comprise a first weight and a

second weight and a sum of the first weight and the second weight s equal to 1.



