WO 2015/006602 PCT/US2014/046218

RICE PARAMETER INITIALIZATION FOR COEFFICIENT LEVEL COBING
INVIDEO CODING PROCESS

16061} This application clatmos the benefit of U.S. Provisional Patent Application No.
61/845,850, filed July 12, 2013, U.S. Provisional Patent Application No. 61/846,512,
filed July 15, 2013, U.S. Provisional Patent Application No. 61/882,536, filed
September 25, 2013, U.S. Provisional Patent Application No. 61/898,968, filed
November 1, 2013, U5, Provisional Patent Application No. 61/907,693, filed
November 22, 2813, and U.S. Provisional Patent Application No. 61/915,337, filed
December 12, 2013, the entire content of each of which is incorporated herein by

reference,

TECHNICAL FIELD
(8062} This disclosure relates to video coding, and more particularly to techniques for

coding transform coefficients,

BACKGROUND

[8003] Digital video capabilities can be incorporated into a wide range of devices,
including digital televisions, digital divect broadeast systems, wireless broadeast
systems, personal digital assistants (PDAs), laptop or desktop computers, digital
cameras, digital recording devices, digital media playvers, video gaming devices, video
game consoles, celhidar or sateliite radio telephones, video telecontferencing devices, and
the like. Digital video devices implement video compression 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 Video Coding (AVC), the High Efficiency Video
Coding (HEVC) standard presently under development, and extensions of such
standards, to transmit, receive and store digital video information more efficicutly.
16084} Video compression technigues inclade spatial prediction and/or temporal
prediction to reduce or remove redundancy inherent in video sequences. For block-
based video coding, a video slice, 1.e., a video frame or a portion of a video frame) may
be partitioned into blocks. Video blocks n anintra-ceded (1) slice of a picture are
encoded using spatial prediction with respect to reference samples i neighboring blocks
in the same picture. Video blocks in an inter-coded (P or B) slice may use spatial

prediction with respect to refercnce samples in neighboring blocks in the same picture
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or temporal prediction with respect to reference samples in other reference pictures.
Pictures may be referred to as frames, and reforence pictures may be referred to as
reference frames.

[80G5] Spatial or temporal prediction resulis in a predictive block for a block to be
coded. Residual data represents pixel differences between the original block to be
coded and the predictive block. An inter-coded block 1s encoded according to a motion
vector that points to 8 block of reference samples forming the predictive block, and the
residual data indicating the difference between the coded block and the predictive block.
An mitra-coded block is encoded according to an intra-coding mode and the residual
data. For farther compression, the residual data may be transformed from the pixel
domain to a transform domain, resulting in residual transform coefficients, which then
may be quantized. The quantized transform coefficients, imitially arranged in a two-
dimensional array, may be scanned in a particular order to prodoce 2 one-dimensional
vector of transform coefficients, and entropy coding may be applied to achieve cven

TOYC COmpression.

SUMMARY

18666} In general, this disclosure describes techniques for imtialization of a Rice
parameter used to define codes for coefficient level coding in a video coding process,

Tu particular, this disclosure describes techniques for determining an initial value of the
Rice parameter used to define codes, e.g., Golomb-Rice codes or Exponential-Golomb
codes, for coding remaining absolate values of coefficient levels for coefficients where
context adaptive binary arithmetic coding {CABAC) is used to code indications of
significant cocfficients, cocflicient lovels greater than 1, and coefficient levels greater
than 2. Tn some examples, the techniques may be applied to Rice parameter
mitialization for cocfficient level coding in range extensions of the high efficiency video
ceding (HEVC) standard.

[8067] The techniques described in this disclosure determine an initial value of the Rice
parameter for a current cocfficient group (CG), 1.¢., a block of coefficients, ina
transform block of video data based on statistics of coefficient levels that are gathered
for proviously coded coefficients of the video data. The CG may include transform
coefficients, in the case of lossy coding, or coefficients for which a transform is not

applied, in the case of lossless coding or lossy coding in transform skip mode. The
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statistics may be statistics of absolute values of coetficient levels or remaining absohite
vatues of coefficient levels of previcusly coded coefficients. A value of the statistics
may be initialized to zero at a beginning of each slice of video daia and the statistics
may be updated based on one or mere coefficient levels coded in cach CG of the slice.
In one example, the statistics may be updated once per CG when a first coefficient level
1s coded inthe CG. In some cases, statistics may be gathered separately for cach of a
plorality of different categories of CGs that are defined based on characteristics of
transtormo blocks that inchude the CGs. According to the technigues of this disclosure,
at the beginning of a current CG in a transform block, a value of the statistics 1s mapped
to an initial value of the Rice parameter for the current CG.

{8068} In onc example, this disclosure is directed toward a method of decoding
coefficients m 8 video decoding process, the method comprising determining statistics
of coefficient levels for previously decoded coefficients of residual video data,
determining an initial valoe of a Rice parameter for a current coefficient group ina
transtorra block of the residual video data based ou the statistics, and decoding a
remaining absolute value of a coefficient level for at least one coefficient in the current
coefficient group using codes defined by the Rice parameter.

(8069} In another example, this disclosure is directed toward a method of encoding
coefficients In 8 video encoding process, the method comprising determining statistics
of coefficient levels for previously encoded coefficients of residual video data,
determining an initial valoe of a Rice parameter for a current coefficient group ina
transtormo block of the residual video data based on the statistics, and encoding a
remaining absolute value of a coefficient level for at least one coefficient in the current
coefficient group using codes defined by the Rice parameter.

18614} In a furthor oxample, this disclosure is directed to a video coding device
comprising a memory configured to store video data, and one or more processers
configured to determine statistics of coetficient levels for previously coded cocfficients
of residual video data, determine an initial value of a Rice parameter for a current
coefficient group fo a transform block of the residual video data based on the statistics,
and code a remaining absohute value of a coefficient level for at least one coefficient n
the carrent coefficient group using codes defined by the Rice parameter.

(8611} In ancther example, this disclosure is directed to a video coding device
comprising means for determining statistics of cocfficient levels for previcusly coded

coefficients of residual video data, means for determining an initial vahie of a Rice
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parameter for a current coefficient group in a transform block of the residual video data
based on the statistics, and means for coding a remaining absolute value of a coefficient
tevel for at least one cocflicicnt in the current cocfficient group using codes defined by
the initial valae of the Rice paramcter.

(68012} In a further example, this disclosure 15 directed to a computer-readable storage
medium comprising instractions that when executed by one or more processors of 2
video coding device cause the processors o determine statistics of cocfficient levels for
previously coded coefficients of residual video data, determine aninitial value of a Rice
parameter for a current coefficient group in a transform block of the residual video data
based on the statistics, and code a remaining absolute valie of a coetficient level for at
least one coefficiont in the current coefficient group using codes defined by the Rice
parameter.

{8813} 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 and drawings, and from the claims.

BRIEF BDESCRIPTION OF DRAWINGS

16614} FIG. | 1s a block diagram illustrating an example video encoding and decoding
system that may utilize the techniques for coding coefficient levels described in this
disclosure.

(8015} FIQG. 2 18 a conceptoal drawing showing example inverse scan orders for
coetticient level coding.

18616} FIG. 3 is a conceptual drawing showing an example subblock-based inverse
diagonal scan order for coctficient level coding of coefficient groups (CGs).

16617} FIG. 4 1s a conceptual drawing showing an example inverse diagonal scan order

for coding coefficient levels for a CG.

S

(8018} FIG. 5 is a biock diagram illustrating an example video encoder that may
implement the techuiques for cucoding coctficient levels described in this disclosure.
(68019} FIQG. 6 18 a block diagram illustrating an example video decoder that may
implement the techniques for decoding coefficient levels described in this disclosure.
16026] FIG. 7 is a flowchart illustrating an exanple operation of determining an initial
vatue of a Rice parameter during entropy encoding of coefficient levels according to

techniques deseribed in this disclosure.



WO 2015/006602 PCT/US2014/046218

16621} FIG. 8 1s a flowchart illustrating an example operation of determining an initial
vatue of a Rice parameter during entropy decoding of coefficient levels according to
techniques deseribed in this disclosure.

[8022] FIG. 9 15 a tlowchart illustrating an example operation of detormining statistics
of coefficient levels for previously coded coefficients during entropy coding of
coetficient levels according to techniques described in this diselosure.

18623} FIG. 10 is a flowchart illustrating an example operation of determining an initial
vatue of a Rice parameter for a current coefficient group based on the determined

statistics according to techniques described in this disclosure

DBETAILED DESCRIPTION

[6024] This disclosure describes techniques for coding coefficients associated with
residual data in a video coding process. The techniques are contigured for initialization
of a Rice parameter used to define codes for coefficient level coding in a video coding
process. In particular, this disclosure describes techniques for determining an initial
value of the Rice parameter used o define codes, ¢.g., Golomb-Rice codes or
Exponential-Golomb codes, for coding remaining absolute values of cocfficient levels
for a block of coetficients where context adaptive binary anthmetic coding (CABAC) 1
used to code indications of significant coefficients, coefficient levels greater than 1, and
coefficient levels greater than 2. The cocflicient levels may be levels of transform
coefficients, in the case of lossy coding, or levels of coefficients for which a transtorm
1s not applied (1.¢., residual pixel values), in the case of lossless coding or lossy coding
in transform skip mode. In some examples, the techniques may be applied to Rice
pararaefer witialization for coefficient level coding i range extensions of the High
Efficiency Video Coding (HEV() standard.

{8625} The Rice parameter is a tunable value used to select a codeword set from the
family of Golomb codes, ¢.g., Golomb-Rice codes or Exponential-Golomb codes. The
codes defined by the Rice parameter may be used to code a remaining absolute value of
a coefficient level for at least one coefficient in a coefficient group (CG), e, a block of
coetficients. Inthe example of HEVC, each of the CGs may comprise a 4%4 transform
block or a 4x4 subblock of & transform block of video data. The CGs may include
transform coefficients, in the case of lossy coding, or coefficients for which a transform

is not applied, in the case of lossless coding or lossy coding in transform skip mode. In
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some processes, the initial value of the Rice parameter is set equal to zero at the
begtnming of each CG and conditionally updated after coding remaining absolute vahies
of coefficient levels in the TG, In the case of coding cocfficient levels for screen
condent or in the case of lossless ceding or Jossy coding in fransform skip mode,
mitializing the value of the Rice parameter to zero for cach CG may not be optimal.
[8026] The technigues described in this disclosure adaptively set the initial valie of the
Rice parameter to code {e.g., encode or decode) each CG, rather than setting the initial
vatue of the Rice parameter to zevo for all cases. Specifically, this disclosure describes
techniques for determining the initial value of the Rice parameter for a current CG
based on statistics of coefficient levels that are gathered for previously coded
coefficients. This disclosure alsoe describes techniques for determining the statistics of
the coefficient levels for the previcusly coded coefficients of the video data.

{88271 The statistics may be statistics of absohute values of coefficient levels or
remaining absolute vahues of coefficient levels of previously coded coefficients, A
vatue of the statistics may be initialized to zero at a beginuning of cach slice of video data
and the statistics may be updated based on one or more cocfficient levels coded in each
CG of the slice. In some cases, the statistics may be updated once per CG when a first
absclute value of 2 coefficient level or a first remaining absolute value of a coctficient
level is coded in the CG. In other cases, the statistics may be gathered more frequently
or based on a different coefficient lovel, e.g., when a last absohite value of a coefficient
fevel or a last remaining absoluic value of 3 coctficient lovel is coded in the CG.

16028} As one cxample, the statistics may be determined by comparing a coefficient
fevel for a given previcusly coded coefficient to a pre-defined function of the statistics,
and then determining whether to increase or decrease a value of the statistics based on
the comparison. The pre-defined function of the statistics used to update the statistics
may be based on a first constant value that 15 left-shifted by the value of the statistics
divided by a second constant value. In other examples, the statistics may be determined
according to different technigues.

16029] In some cases, statistics may be gathered separately for cach of 2 plurality of
different categories of CGs that are defined based on characteristics of transform blocks
that mchide the CGs. In this case, a category of a current CG in & transform block may
be determined based on the characteristics of the transform block, and the Rice
parameter may be inttialized for the current CQ based on the statistics for the

determined category. In one example, separate statistics may be gatheved for each of
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four different categories based on whether or not the transform blocks are luma blocks
and whether or not the transform blocks are transform skip blocks. In other examples,
the statistics may be partitioned into a different number of categories that are defined
based on different types of transform block characteristics,

68038} According to the techniques of this disclosure, at the beginning of a current CG,
a value of the statistics is mapped to an initial vahie of the Rice parameter for the
current CG. In some cxamples, the value of the statistics may be mapped to the initial
Rice parareter value according 1o a function of the statistics. The function of the
statistics used to imitialize the Rice parameter may be based on a sclection of a minimum
of either a maximum value of the Rice parameter or the value of the statistics divided by
a constant value, In other examples, the value of the statistics may be mapped to the
mitial value of the Rice parameter according to a different function or according to a
stored table. The initial value of the Rice parameter for the current CG is used to define
codes, ¢.g., Golomb-Rice codes or Exponential-Golomb codes, for coding remaining
absolute values of coefficient levels for at feast one coefficient in the current CG.

18631} In some examples, 8 video encoder may encode coefficient levels of coefficients
associated with residual video data into a bitstream for transmission to 2 video decoder
or a storage device. Upon receipt of the oncoded bistream, the video decoder may
decode the cocfficient levels of the residual video data in a reciprocal manner to the
video encoder. In the case of lossy video coding, the coefficients may be quantized
transform coefficients. In this case, the quantized transform coefficienis may be
generated, for example, by applying a transform, such as a discrete cosine transform
(DCT), to residual video data and then applying quantization to the transform
coefficients. In the case of lossless video coding or lossy video coding with transform
skipping or bypass, the coefficienis may be pixel values of residual video data and have
coefhicient levels, 1.c., pixel values, with large absolute values, When the coetficients
represent screen content, which may include graphics and text regions, the content may
not be well predicted resulting in large absolute values of cocfficient levels for the
coefficients.

18632} The Rice parameter initialization scheme described in this disclosure allows the
imitial vahue of the Rice parameter to be set to a non-zero value at the beginning of a
current CG in order for the Rice parameter to quickiy and cfficicntly adapt to large
coefficient values, which may cccur if the current CG includes screcn content or is

coded with transtorm skipping or bypass. According to the technigues, the initial valoe
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of the Rice parameter may be determined based on statistics of coefficient levels for
previcusly coded coefficients. In this way, the Rice parameter may be initialized to a
non-zere value in order to accommodate a slice or coding unit of screen content and/or
coefficients that have not been transformed or quantized, but may still be initialized to
zero in the case of a shice or coding unit of natoral content. For example, when large
coetficient levels for previously coded coefficients result in a large value of the
statistics, the initial valae of the Rice parameter may be set equal to a non-zero value in
accordance with the large value of the statistics in order 1o more quickly adapt to the
farge coefficient values that will likely occur in the current CG.

{8033} FIG. 1 1s a block diagram illustrating an example video encoding and decoding
systern 10 that may utilize the techniques for coding cocfficient levels described in this
disclosure. As shown in FIG. 1, system 10 includes source device 12 that transmits
encoded video to destination device 14 via commumication channel 16. Encoded video
data may also be stored on sicrage medium 34 or file server 36 and may be accessed by
destination device 14 as desired. When stored to a storage medium or file server, video
encoder 20 may provide coded video data to another device, such as a network
mterface, a compact dise (CD), Blu-ray or digital video disc (DVD) burner or stamping
facility device, or other devices, for storing the coded video data to the storage mediur.
Likewise, a device separate from video decoder 30, such as a network interface, CD or
DV reader, or the like, may retrieve coded video data from a storage mediim and
provided the retrieved data to video decoder 30

16034} Source device 12 and destination device 14 may comprise any of a wide varniety
of devices, including desktop computers, notebook (i.c., laptop) computers, tablet
computers, set-top boxes, telephone handsets such as so-called smartphones, televisions,
cameras, dispiay devices, digital media players, video gaming consoles, or the like. In
many cases, such devices may be equipped for wireless communication. Hence,
communication channel 16 may comprise a wireless chanuel, a wired chammel, or a
combination of wireless and wired channels suitable for transmission of encoded video
data. Stmilarly, file server 36 may be accessed by destination device 14 through any
standard data connection, inclading an Internet connection. This may mchide a wireless
channel (¢.g., a Wi-Fi connection), a wired connection {¢.g., DSL, cable modem, etc.),
or a combination of both that is suitable for accessing encoded video data stored on a

file server,
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18638} Techmques for coding coefficient fevels, in accordance with examples of this
disclosure, may be applied to video coding in support of any of a varicty of multimedia
applications, such as over-the-air television broadcasts, cable iclevision transmissions,
satollite television transmissions, streaming video transmissions, ¢.g., via the Tnternet,
encoding of digital video for storage on 8 data storage medium, decoding of digital
video stored on a data storage medium, or other applications. In some examples, system
10 may be configured to suppert onc-way or two-way video transmission to support
applications such as video streaming, video playback, video broadeasting, and/or video
telephony.

{8836} In the example of FIG. 1, source device 12 ncludes video source 18, video
encoder 20, modulator/demodulator 22 and transmutter 24, In source device 12, video
source 18 may include a source such as a video capture deviee, such as a video camera,
a video archive containing previously captured video, a video feed interface to receive
video from a video content provider, and/or a computer graphics system for gencrating
computer graphics data as the source video, or a combination of such sources. As one
example, if video source 18 is a video camera, source device 12 and destination device
14 may form so-called camera phones or video phones, which may be provided, e.g.,
within smartphones or tablet computers. However, the techniques described 1o this
disclosure may be apphicable to video coding in general, and may be applicd to wireless
and/or wired applications, or application i which encoded video data is stored on a
focal disk.

18037} The captured, pre-captured, or computer-gencraied video may be encoded by
video encoder 20. The encoded video information may be modulated by modem 22
according to a conmmuonication standard, such as a wired or wireless communication
protocol, and transmitted to destination device 14 via transmitter 24, Modem 22 may
include various mixers, filters, amplificrs or other components designed for signal
modulation. Transmitter 24 may include circuits designed for transmitting data,
including amplificrs, filters, and, in the case of wircless communication, one or more
antennas.

16038} The captured, pre-captured, or computer-generated video that is encoded by
video encoder 20 may also be stored onto storage medium 34 or file server 36 for later
consumption. Storage medium 34 may include Blo-ray discs, DVDs, CD-ROMs, flash
memory, or any other suitable digital storage media for storing encoded video. The

encoded video stored on the storage medium 34 may then be accessed by destination
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device 14 for decoding and playback. Although not shown in FIG. 1, in some
examples, storage medium 34 and/or file server 36 may store the output of transmitter
24.

18039} File server 36 may be any type of server capable of storing encoded video and
transmitting that encoded video to destination device 14, Example file servers include a
web server {e.g., for a website), an FTP server, network attached storage (NAS) devices,
a local disk drive, or any other type of device capable of storing encoded video data and
transmitting 1 to a destination device. The transmission of encoded video data from file
server 36 may be a streaming transmission, 8 download transmission, or a combination
of both. File server 36 may be accessed by destination device 14 through any standard
data connection, mchading an Intornet connection. This may include a wircless channel
{e.g., 2 Wi-Fi connection), a wired connection {e.g., DSL, cable modem, Ethernet, USE,
gtc.), of a combination of both that is suitable for accessing encoded video data stored
on a file server.

[6048] Destination device 14, in the example of FIG. 1, includes receiver 26, modem
28, video decoder 30, and display device 32, Receiver 26 of destination device 14
recetves information over channel 16, and modem 28 demodulates the information to
produce a demodulated biistream for video decoder 30, The information communicated
over channel 16 may include a varicty of syntax information generated by video encoder
28 for use by video decoder 38 in decoding video data. Such syntax may also be
included with the encoded video data stored on storage medium 34 or file server 36.
Each of video encoder 20 and video decoder 30 may form part of a respective encoder-
decoder (CODEC) that is capable of encoding or decoding video data.

(8041} Display device 32 may be integrated with, or external to, destination device 14,
In some examples, destination device 14 may toclode an integrated display device and
also be configured to interface with an external display device. In other exampies,
destination device 14 may be a display device. In general, display device 32 displays
the decoded video data to a user, and may comprise any of a variety of display devices
such as a liquid crystal display (L.CD), a plasma display, an organic Hght emitting diode
(OLED) display, or another type of display device.

(8042} In the example of FIG. 1, commumication channel 16 may comprise any wireless
or wired communication medium, such as a radio frequency (RF} spectrum o one or
more physical transossion lines, or any combination of wireless and wired media.

Communication chanmel 16 may form part of a packet-based network, such as a local
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area network, a wide-area network, or a global network sach as the Internet.
Commumication channel 16 gencrally represents any suitable communication medium,
or coilection of differcnt comumunication media, for transmitiing video data from source
device 12 to destination device 14, meluding any suitable combination of wired or
wireless media. Communication channel 16 may include routers, switches, base
stations, or any other equipment that may be usefel to facilitate commumication from
source device 12 to destination device 14,

180431 Video encoder 20 and video decoder 30 may operate according to a video
compression standard, such as the High Efficiency Video Coding (HEVC) standard
developed by the Joint Collaboration Team on Video Coding (JCT-VC) of ITU-T Video
Coding Experts Group (VCEG) and ISO/IEC Motion Picture Experts Group (MPEQ).
A draft of the HEVC standard in document JCTVC-L1003v34, Bross et al,, “High
efficiency video coding (HEVC) text specification draft 10,” Joint Collaborative Team
on Video Coding (JCT-VC) of ITU-T SG16 WP3 and ISO/IEC JTCI/SC29/WGH,
12th Meeting: Geneva, CH, 14-23 Jagunary, 2013, is available from btip://phenix.int-
evry. fr/jct/doc_end user/documents/12_ Geneva/wg VICTVC-L1003-v34.7ip.

{8644} Although not shown in FIG. 1, in some aspects, video encoder 20 and video
decoder 30 may each be integrated with an audio encoder and decoder, and may include
appropriate MUX-DEMUX units, or other hardware and software, to handle encoding
of both audio and video i a common data stream or separate data streams. If
applicable, in some exampiecs, MUX-DEMUX units may conform to the [TU H.223
multiplexer protocol, or other protocols such as the user datagram protocol (UDP).
186438} Video encoder 20 and video decoder 30 each may be implemented as any of a
varicty of suttable encoder circuitry, such as one or more microprocessors, digital signal
processors (BSPs), application specific integrated circuits (ASICs), field programumable
gate arrays (FPGASs}, discrete logic, software, hardware, fumware or any combinations
thereof. When the techniques are implemented partially in software, a device may store
instructions for the software in a suitable, non-transitory computer-readable medinm and
execcute the instructions in hardware using one or more processers to perform the
techniques of this disclosure. Fach of video encoder 20 and video decoder 30 may be
inchided in one or more encoders or decoders, either of which may be integrated as part
of a combined encoder/decoder (CODEC) in a respective device.

(8046} Video encoder 20 roay mmplement auy or alf of the techniques of this disclosure

for encoding coefficient levels in a video encoding process. Likewise, video decoder 30
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may implement any or all of these techniques for decoding coefficient levels in a video
decoding process. A video coder, as described in this disclosure, may vefer to a video
encoder or a video decoder. Similarly, a video coding unit may refer to a video encoder
or a video decoder. Likewise, video coding may refer to video encoding or video
decoding.

(808471 Digital video devices implement video compression techniques to encode and
decode digital video information more efficiently. Video compression may apply spatial
(intra-frame) prediction and/or feraporal (inter-frame) prediction techuniques to reduce or
remove redundancy inherent in video sequences. The HEVC standard described above
is based on an evolving model of a video coding device referred to as the HEVC Test
Model (HM}. The HM presumes several additional capabilities of video coding devices
relative to existing devices according to, e.g., [TU-T H.264/AVC. For example,
whereas H.264 provides nine intra-prediction encoding modes, the HEVC HM may
provide as many as thirty-threc intra-prediction encoding modes. The following section
will discuss certain aspects of the HM in more detail,

16048} For video coding according to the HEVC standard, a video frame may be
partitioned into coding units. A coding unit (CU) generally refers to an image region
that serves as a basic unit to which various coding tools are applied for video
compression. A CU uspally has a lominance component, denoted as Y, and two chroma
components, denoted as U and V. Depending on the video sampling format, the size of
the U and V components, in terms of number of samples, may be the same as or
difterent from the size of the Y component,

16045] A CU is typically square, and may be considered to be stmilar to a so-called
macroblock, e.g., under other video coding standards such as ITU-T HL.264. Coding
according to some of the presently proposed aspects of the developing HEVC standard
will be described in this application for purposes of illustration. However, the
techniques described in this disclosure may be useful for other video coding processes,
such as those defined according to H.264 or other standard or proprictary video coding
Processes.

16063868] According to the HM, a CU may inclade one or more prediction wmits (PUs)
and/or one or more transform wnits (TUs). Symtax data within a bitstream may definec a
largest coding unit {LCY), which is a largest CU in torms of the number of pixels. In
general, a CU has a similar purpose to a macroblock of H.264, except that a CU docs

not have a size distinetion. Thus, 8 CU may be split into sub-ClUs. In general,
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references in this disclosure 1o a CU may refor to a largest coding unit of a picture or a
sub-CU of an LCU. An LCU may be split into sub-Cls, and each seb-CU may be
further split into sub-CUs. Syntax data for a bitstream may define a maximum number
of times an LCU may be split, referred to as CU depth. Accordingly, a bitstream may
also define a smallest coding unit (SCLU. This disclosure also uses the term “block™ or
“portion” to refer to any of a CU, PU, or TU. In general, “portion” may refer to any
sub-set of a video frame.

16051} An LCU may be associated with a quadtree data structure. To general, a
guadtree data structure meludes one node per CU, where a root node corresponds to the
LCU. Ifa CU is split into four sub-CUs, the node corresponding to the CU inclades
four leaf nodes, cach of which corresponds to one of the sub-CUs. Each node of the
quadtree data structare may provide syntax data for the corresponding CU. For
example, a node in the quadtree may chade a split flag, indicating whether the CU
corresponding to the node is split into sub-CUs. Syntax clements for a CU may be
defined recursively, and may depend on whether the CU s split into sub-CUs. fa CU
is not split further, it is referred as a leaf-CUL In this disclosure, 4 sub-Cls of a leaf-CU
will also be referred to as leaf-CUs although there is no explicit splitting of the original
leat-ClU. For example if a CU at 16x16 size is not split further, the four 8x¥ sub-Clis
will also be referred to as leaf-CUs although the 16x16 CU was never split.

(80521 A leaftCU may chide one or more prediction units (PUs). In general, a PU
represents all or a portion of the corresponding CU, and may include data for retrieving
& reference sample for the PU. For example, when the PU is inter-mode encoded, the
PU may mchide data defining a motion vector for the PU. The data defining the motion
vector may describe, for example, a horizontal component of the motion vector, a
vertical component of the motion vector, a resolution for the motion vector (¢.g., one-
quarter pixcl precision or one-cighth pixel precision), a refercuce frame to which the
motion vector points, and/or a reference list {e.g., list 0 or list 1} for the motion vector.
Data for the leaf-CU defining the PUs may alse describe, for example, partitioning of
the CU into one or more PUs. Partitioning modes may differ depending on whether the
CU s umcoded, intra-prediction mode encoded, or inter-prediction mode encoded. For
intra coding, 8 PU may be treated the same as a leaf transform vnit described below.
(80533} The emerging HEVC standard allows for transformations according to transform
vnits (TUs), which may be different for differcot CUs. The TUs are typically sized

based on the size of PUs within a given CU defined for a partitioned LCU, although this
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may not always be the case. The TUs are typically the same size or smaller than the
PUs. In some examples, residual samples corvesponding to a8 CU may be sebdivided
into smaller units using a quadirec structure known as “residual quad tree” (RQT). The
leat nodes of the RQT may be referred to as transform units (TUs). Pixel difference
values associated with the TUs may be transformed to produce transform coctficients,
which may be quantized. A TU inclodes a huma transform block and two chroma
transform blocks. As such, any coding process discussed below that is applied to a TH,
may be, in actuality, applhied to the loma and chroma transform blocks.

18654} In general, a PU refers to data related to the prediction process. For example,
when the PU is intra-mode encoded, the PU may inchide data describing an intra-
prediction mode for the PU. As another exampie, when the PU is inter-mode encoded,
the PU may mnclude data defining a motion vector for the PU.

[8055] In general, a TU is used for the transform and quantization processes. A given
CU having one or more PUs may also tnclude one or more transform units {TUs).
Following prediction, video encoder 20 roay calculate residual values from the video
block identified by the coding node in accordance with the PU. The coding node is then
updated to reference the residual values rather than the original video block. The
residual values comprise pixel difference values that may be transformed inte transform
coefficients, quantized, and scanned using the transforms and other transform
mformation specified in the TUs to produce seriahized transform coefficients for entropy
coding. The coding node may once again be updated to refer to these serialized
transtorra coefficients. This disclosure typically uses the terr “video block” to refer to
a coding node of a CU. In some specific cases, this disclosure may also use the term
“video block™ to refer to a treeblock, Le., LCU, or a CU, which inchudes a coding node
and PUs and TUs.

(8056} A video sequence typically includes a serics of video frames or pictures. A
group of pictures {GOP) genevally comprises a series of one or more of the video
pictures. A GOP may include syntax data in a header of the GOP, a header of one or
more of the pictures, or elsewhere, that describes a number of pictures included in the
GOP. Each slice of a picture may inclade sHce syntax data that describes an encoding
maode for the respective shice. Videe encoder 20 typically operates on video blocks
within individual video shices in order to encode the video data. A video block may
correspond to a coding node within a CU. The video blocks may have fixed or varying

sizes, and may differ in size according to a specified coding standard.
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186571 To code a block {e.g., a prediction unit of video data), a predictor for the block is
first derived. The predictor, also referred to as a predictive block, can be derived either
through intra (I} prediction (i.e., spatial prediction) or infer (P or B) prediction (i.e.
temporal prediction). Hence, some prediction units may be intra-coded (1} using spatial
prediction with respect to reference samples in neighboring reference blocks in the same
frame (or slice), and other prediction anits may be uni-directionally inter-coded (P) or
bi-directionally inter-coded (B) with respect to blocks of reference samples in other
previously-coded frames (or slices). In each case, the reference samples may be used 1o
form a predictive block for a block 1o be coded.

[8658] Upon identification of a predictive block, the difference between the pixels in
the original video data block and the pixels in its predictive block is determined. This
difference may be referred to as the prediction residual data, and indicates the pixel
differences between the pixel values in the block to the coded and the pixel values in the
predictive block selected to represent the coded block., To achieve better compression,
the prediction residual data may be transformed, e.g., using a discrete cosine transform
(DCT), a discrete sine transform (DS8T), an integer transtorm, a Karlumen-Loeve (K-L)
transform, or ancther transform to produce transform coefficients.

(8059 The residual data in a transform block, such as a TU, may be arranged in a two-
dimensional (2D} array of pixel difference values residing in the spatial, pixel domain.
A transform converts the residual pixel valoes into a two-dimensional arvay of transform
coefficienis in a transform domain, such as a frequency domain. For further
compression, the transform coefficients may be quantized prior to entropy coding. In
some examples, such as lossless coding or lossy coding with transform skipping or
bypass, both the transform and quantization procedares may be skipped for the
coefficients.

[8068] An entropy coder then applies entropy coding, such as Context Adaptive
Variable Length Coding {CAVLC), Context Adaptive Binary Arithmetic Coding
{(CABAC), Probability Interval Partitioning Entropy Coding {(PIPE), or the fike, to the
coefficienis. Insome cxamples, video encoder 20 may utilize a predefined scan order to
scan the coefficients to produce a sertalized vector that can be entropy encoded. In
other examples, video encoder 20 may perform an adaptive scan. After scanning the
coefticients to form a one-dimensional vector, video cncoder 20 may entropy encode the

one-dimensional vector, Video encoder 20 may also entropy encode syntax elements



WO 2015/006602 PCT/US2014/046218

associated with the encoded video data for use by video decoder 30 in decoding the
video data.
18661} This disclosure s related to techuiques for bypass coding in conjunction with
context adaptive binary arithmetic coding (CABACQC) entropy coders or other entropy
coders, such as probability interval partitioning entropy coding (PIPE) or related coders.
Arithmetic coding is a form of entropy coding used in many compression algorithms
that have high coding cfficiency, because it is capable of mapping symbols to non-
integer length codewords. An example of an arithmetic coding algorithm is Context
Based Binary Anthmetic Coding (CABAC).
[8062] In general, entropy coding data symbols using CABAC involves one or more of
the following steps:

{1} Binarization: If a symbol to be coded is non-binary valoed, it 1s mappedto a
sequence of so-called “bins.” Each bin can have a value of “0” or “1.7

(2} Context Assignment: Each bin (in regular mode) is assigned o a conlext. A
context model determines how a context for a given bin is calculated based on
information available for the bin, such as values of previously encoded symbols or bin
number.

IS

{3} Bin encoding: Bins are cucoded with an arithmetic encoder. To encode a
bin, the arithmetic encoder requires as an input a probability of the bin’s value, 1.2, a
probability that the bin’s valoe s equal to “0,” and a probability that the bin’s value is
cquoal to “1.” The estimated probability of cach context is represented by an integer
value called a “context state.” Each countext has a state, and thus the staie (i.¢,,
estimated probability) is the same for bins assigned to one context, and differs between
contexts.

{4} Statc update: The probability state for a selected context is updated based on
the actual coded value of the bin (c.g., if the bin value was “1,” the probability of “17s”
1s increased).

188631 In the case of entropy coding data symbols using CABAC in bypass mode, a
symbol to be coded is binarized to a sequence of bins and arithmetically coded with a
fixed equal probability model {e.g., with an Exponential-Golomb code or a Golomb-
Rice code). The bypass mode does not require context assignment or probability state
update. For oxample, this disclosure describe techniques for bypass coding of
remaining absolute values of coefficient fevels for cocflicients using codes defined by a

Rice parameter. It should be noted that probability interval partitioning entropy coding
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(PIPE) uses principles similar to those of arithmetic coding, and can thus also utilize the
techniques of this disclosure.

(8064} CABAC in H264/AVC and HEVC uses states, and cach state is implicitly
related to a probability, There arc variants of CABAC, i which a probability of a
symbol (07 or “17} 1s used directly, i.¢., the probability or an integer version of the
probability is the state. For example, such variants of CABAC are described 1n
“Description of video coding technology proposal by France Telecom, NTT, NTT
DOCOMO, Panasonic and Technicolor,” JCTVC-AT14, 1% JCT-VC Meeting, Dresden,
DE, April 2010, referred to as “JCTVC-AT14” hereinafter, and A, Alshin and E.
Alshina, “Multi-parameter probability update for CABAC,” JCTV(C-F254, 6" JICT-VC
Meeting, Torino, 1T, July 2011, referred to as “JCTVC-F254” herginaftor,

[8065] To entropy code a block of cocfficients, whether transformed and quantized or
neither transformed nor quantized, a scanning process 1s usually performed so that the
two-dimensional (2D) array of cocfficients in a block is rearranged, according to a
particular scan order, into an ordered, one-dimensional (1D) array, i.c., vector, of
coefficients. Entropy coding is then applied to the vector of coefficients. The scan of
the coefficients in a transform unit serializes the 2D array of coefficients for the entropy
coder. A significance map may be generated to indicate the positions of significant (i.c.,
non-zero) coefficients. Scanning may be applied to scan levels of significant (ie.,
nonzero) coefficients, and/or to code signs of the significant coefficients.

18666} In the HEVC standard, position information of the significant transform
coefficients (e.g., the significance map) is first coded for a fransform block to indicate
the location of the non-zero coefficients and the last non-zero coefficient in the scan
order. The significance map and the level information {(i.c., the absolute vahies and
signs of the cocfficients) arc coded for each coefficient in an inverse scan order.

(8067} FIG. 2 15 a conceptual drawing showing example inverse scan orders for
coefficient level coding. The H.264 standard defines a zig-zig scan. The HEVC
standard defines three different scans: a subblock diagonal scan, a subblock horizontal
scan, and a subblock vertical scan. FIG. 2 dllustrates an inverse zig-zag scan pattern 29,
an fnverse vertical scan pattern 31, an nverse horizontal scan pattern 33, and an inverse
diagonal scan pattern 35 cach applied to an 8x8 subblock of a transform block. Note
that cach of inverse diagonal scan pattern 35, inverse zig-zag scan patiern 29, inverse

verfical scan pattern 31, and inverse horizontal scan pattern 33 proceed from higher
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frequency coetficients in the lower right corner of the transform block to fower
frequency coefficients in the upper left corner of the transform block.

{8068} Subblock diagonal scan pattern 35, subblock horizontal scan pattern 33, and
subblock vertical scan pattern 31 may be apphied for 4#4 and 8«8 transtorm blocks in
the HEVC standard. Subblock diagonal scan paitern 35 may also be apphied for 16x16
and 32x32 transform blocks in the HEVC standard. In some examples, subblock
diagonal scan pattern 35 may also be applied to an 8x8 TU. In a subblock-based scan,
one 4x4 subblock of a larger transform block is scanned before proceeding to another
4x4 subblock within the larger transform block. In other examples, a “subblock” may
consist of a number of consecatively scanmed coefficients according to the scan order
used. For example, the “subblock™ may consist of 16 congecutively scanned
coefficients along a diagonal scan order.

(88681 FIG. 3 is a concoptual drawing showing an example subblock-based inverse
diagonal scan order for coctficient level coding of coefficient groups (CGs). FIG. 3
illustrates an 8x§ transform block 38 that consists of four 4x4 subblocks (37A, 378,
37C, 37D). As shown in FIG. 3, coefficients in subblock 37D are scanned before
scanning coefficients in subblock 37C. The scan then proceeds from subblock 37C to
subblock 378, and finally to subblock 37A. FIG. 3 depicts an inverse diagonal scan
order in cach subblock. In other examples, any scanning order may be used (e.g.,
horizontal, vertical, zigzag, etc.}. In some examples, forward scanning orders may be
used within each subblock.

164768] In the HEVC standard, cocfficients may be grouped into a chunk or subset. The
significance map and level mformation (i.c., absolute valae and sign) of the coefficients
are coded for each subset. The subset of coetficients may be referred to in this
disclosure as a coefficient group (UG). A CG may be defined as n (e.g., n=16)
consecutive coefficients in a scan order for a wansform block, which may correspond 1o
a 4x4 subblock. In one example, a subset consists of 16 consecutive coefficients along
a scan order {¢.g., a forward or mnverse diagonal, horizontal, or vertical scan order) for
4x4 transform block and an 8#8 wansform block, For 16x16 and 32x32 transtorm
blocks, a 4x4 subblock of coefficients within the larger transform block are treated as a
subset. In the example of FIG. 3, cach of subblocks 37 may be a CG.

(8671} The symbols described below are coded to represent the cocfficient lovel
information within 2 CG. In one example, all the symbols are coded 1o an inverse scan

order. Each of the symbols may be coded in a separate scan of the CG according to the
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mverse scan order. The following symbols may be referred to as “flags.” 1t should be
noted that any of the “flags” discussed in this disclosure need not be limited {0 a binary
symbol, but may also be implemented as multiple bit syutax clements.

(8072} The significant_cocff flag, also referred to as the sigMapFlag, indicates the
significance of each coefficient in a subset. A coefficient with an absolute value of
greater than zero is considered to be significant. As one example, a sigMapFlag value
of O indicates that the coefficient is not significant, i.c., not greater than zero, whilc a
vatue of 1 indicates that the cocfficient is significant, 1.c., greater than zero. This flag
may generally be referred to as a significance flag. The coeff sign flag, also referred to
as the signFlag, indicates the sign information for any non-zero coetficients (ie,,
coefficients with sigMapFlag as 1), For cxample, a zero for this flag indicates a positive
sign, while & 1 indicates a negative sign.

{88731 The coeff abs level greaterl flag, also referred to as the griFlag, indicates
whether the absolute value of the cocfficient is larger than one for any non-zero
coefficients (i.c., coefficients with sigMapFlag as 1 or where the sigMapFlag is
implicitly derived as 1). As one example, a griFlag value of { indicates that the
coefficient does not have an absolhute valoe greater than one, while a value of | for the
geiFlag indicates that the coefficient does have an absolute value greater than one. This
flag may generally be referred to as a greater-than-one flag,

[8874] The coeff abs level greater? flag, also referred to as the gr2Flag, indicates
whether the absolute value of the coctficient is larger than two for any cocfficients with
an absolute value larger than one (i.¢., coefficients with griFlag as 1}, As one example,
a gr2Flag value of 0 indicates that the coefficient does not have an absolute value
greater than two, while a value of 1 for the gr2Flag indicates that the coefficient does
have an absolute value greater than two. This flag may generally be referred o as a
greater-than-two flag. The sigMapFlag, griFlag and gr2Flag may cach be coded using
CABAC,

18675] The coeff sbs level remaining syntax cloment, also referred to as the levelRem
syntax clement, indicates a remaining absolute value of the coefficient level for any
coefficients with absolute values greater than the values coded by the previous flags.
Generally, for the levelRem syntax element, the absolute vahue of the coefficient level
minus three is coded (i.e., abs{level) - 3} for each coefficient that has an sbsolute value
larger than two (i.c. coefficients with gr2Flag as 1). In some examples, when a

maximum number of the griFlag and/or the gr2Flag is reached for the current CG, the
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fevelRem syntax clement may be used to code coefficient levels with absolute values
less than or equal to two. The levelRem syntax element may be coded using codes
defined by a value of a Rice parameter, ¢.g., Golomb-Rice codes or Exponential-
Golomb codes.

{8076} F1QG. 4 18 a conceptoal drawing showing an example inverse diagonal scan order
for coding cocfficient levels for s CG 39, CG 39 may be a 44 transform block or may
be a 474 subblock i an 8x¥, 16x16 or 32x372 transform block. The encoded symbols
for the coefficients shown in FIG. 4, scanned in an inverse scan order, are summarized
in Table 1. Tn Table 1, scan_pos refers to the position of the coctficient along the
inverse diagonal scan pattern of CG 39 shown in FIG. 4. Scan _pos 15 is the first
coefficiont scammed and is located 1n the lower right corner of CG 39, The coefficient at
scan_pos 15 has an absolute value of . Scan_pos ( is the last coefficient scanned and
18 located in the upper left comer of CG 39, The quantized coefficient at scan_pos O has
an absolute value of 10. In the case of a 4x4 transform block or the last 4x4 subblock in
a larger transform block, the first four sigMapFlags do not need to be coded, since the
position of the last non-zero coefficient is known. That is, coding of the sigMapFlag
may begin at the last non-zero coetficient (in this example, the cocfficient at scan_pos

11

Scan_pos 15 14 13 12 11 16 9 8 7 6 5 4 3 2 1 @
Coefficie;tss ¢ ¢ © ¢ 1 -1 O 2 ¢ 3 2 -1 0 5 -7 1i0

sighapFlag © 0 0 ¢ 1 1 ¢ 1 0 1 1 1 0 1 1 1

griFiag ¢ 0 1 11 0 1 1
gr2Flag 0 I 6 1 i
signFlag 0 1 § 6 6 1 g 1 ¢
fevelRem 0 2 4 7

Table 1. Coded symbeols for the coefficients of a coefficient group

[8077] Among these symbols, the bins of sigMapFlag, griFlag and gr?Flag are encoded
with adaptive context models, ¢.g., using CABAC. The signFlag and binarized bins of
fevelRem are encoded throogh bypass mode with a fixed equal probability model (e.g.,

with an Exponential-Golomb code or a Golomb-Rice code).
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18678) As discussed above, the syntax element coeff abs level remaining (i.¢.,
levelRem) in the HEVC standard indicates the remaining absolute vahue of a coefficient
tevel for a coetficiont if the value is larger than that coded in previous scan passes for
coefficient coding. This synfax elemend coded in bypass mode o order to increase
throughput. The HEVC standard employs Golomb-Rice coding for small valaes and
switches to Exponential-Golomb (Exp-Golomb) coding for larger values. The transition
point between the Golomb-Rice codes and the Exp-Golomb codes is when the unary
code length equals 4. A Rice parameter is 2 tunable value to select the codeword sct
from the family of Golomb codes.
{8679} For example, Golomb-Rice codes are a subset of Golomb codes and represent a
value u >= (), given a tunable Rice parameter 1o, as a quotient ¢ = floor{n / m} and a
remainder r = n — g % m, where m is a power of 2. The quotient  is the prefix and has a
unary code representation. The remainder » is the suffix and has a fixed length
representation. In Exp-Golomb codes, the code structure is similarly formed by 3 unary
prefix followed by a fixed length suffix, but the number of codewords in the suffix part
doubles after each bit in the unary code. The Exp-Golomb codes, therefore, have a
slower growth of the codeword length. In general, 8 larger valoe of the Rice parameter
results in slower growth of the codes, which allows for greater efficiency when coding
large coeflicient values. Additional details on Rice parameters may be found in
“Transform Coefficient Coding in HEVC,” by L Sele, R, Joshi, M. Karczewice, N.
Nguyen, T. Ji, G. Clare, F. Henry, A. Duenas, IEEE Transactions on Circuits and
Systems for Video Transmission {special issue on HEVC), December 2012,
16088] In the HEVC standard, the Rice parameter is set equal to an initial value of zero
at the beginning of each coctficient group {CG) and is conditionally updated doring the
ceding of the CG depending on the value of the Rice parameter and the absohute value
of the coefficient fevel for a current cocfficient being coded as follows:

If absCoeffLevel > 3¥27F M then eRiceParam = min{cRiceParam + 1, 4)

Otherwise, cRiceParam = cRiceParam,
where cRiceParam is the Rice pavameter, absCoeffl.ovel is the absclute value of the
coefficient level for the current coefficient, and min{ ) is a function that selects a
minimum vahie, The HEVC Rice parameter update scheme allows the binarization
process to gradually adapt to the coefficient statistics when large absolute values are

observed 1 the distribution.
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186811 As mentioned above, in the HEVC standard, the Rice parameter is reset to an
fmitial value of zero for a current CG in a transform block of video data after coding the
remaining absolute values of coefficients in a previous CG. In the case of coding
coefficient levels for screen content or in the case of lossless coding or lossy coding in
transform skip mode, initializing the valoe of the Rice parameter to 7ero may not be
optimal. The technigues of this disclosure adaptively set an initial vahie of the Rice
parameter at the beginning of each CG, instead of always resetting the Rice parameter to
zern, According to the techniques, the initial value of the Rice parameter for a current
CG may be set equal to a non-zero value, In some examples, the intial value of the
Rice parameter may be determined based on statistics of the video data in order to
provide better coding performance, especially for sereen content and lossless coding.
(88821 In one example of a Rice parameter initialization scheme, the Rice parameter
may not be reset after coding a previcas CG. The mitial value of the Rice parameter for
a curreni CG may instead be set to the same value obtained for the Rice paramcter at the
end of coding the previous CG. As in the HEVC initialization scheme, the initial value
may be set cqual to § at the beginming of the current CG. Unlike the HEVC scheme,
however, the mitial vahie of the Rice parameter 18 not required to be sct to 0.
(8083} In another exanple of a Rice parameter initialization scheme, the initial value of
the Rice parameter for a current CG may be set to a value that is based on the vabue of
the Rice parameter after coding the previooes CG. In a specific example, the Rice
parameter at the beginning of each TG may be initialized as follows.

cRiccParam = max { §, cRiccParam — 1)
In the above example, the value of the Rice parameter is indtialized for the current CG
based on a sclection of 2 maxdmum of either zero or a decrease in the value of the Rice
parameter after coding the previous CG. In some other examples, the initial value of the
Rice parameter meay be capped, as in the following example.

cRiceParam = min { 2, max { 0, cRiceParam—~1 )}
In this exarnple, the initial value of the Rice parameter is capped to be no greater than 2.
16084} In some exaraples, values other than 1 may be used to reduce the previous value
of the Rice parameter (¢.g., the valae n}, including subtracting 2 (3.e., n equals 2) rather
than | from the previous vahie of the Rice parameter. For example, the value of the
decrease for initializing the Rice parameter may be variable based on whether the
current CG is focluded in a transform block for which a transform is applied. An

example formula may be as follows.
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f{transform skip flag)

N

c¢RiceParam = max{0, ¢RiceParam - 1};
else
cRiceParam = max(0, cRiccParam - 2)
In the above example, if the transform block 1s a transform skip block (r.e.,
transform skip flag = 1), the valoe of the Rice parameter is initialized for the current
CG based on a selection of @ maximuin of cither zero or a decrcase by 1 in the value of
the Rice parameter after coding the previous CG. Ou the other hand, if the transform
block is a transform skip block (i.e, transform_skip flag = 0), the value of the Rice
parameter is initialized for the current CG based on a selection of a maximum of either
zero or 2 decrease by 2 in the value of the Rice parareter afier coding the previous CG.
[8085] The example cases of the Rice parameter initialization schemes described in this
disclosure may be applied to CGs inchided in all transform blocks or may be applied to
C(s based on whether s transform is applied to the transform block. For example, in
the case of a transform block with transform skipping or transform bypass, the Rice
parameter value may not be reset to 0 for a current CG in the transform block, but for
transform blocks for which the transform has been applied, the Rice parameter may be
reset to G for a current CG in the transform block.
[8086] For example, in the case of lossy coding in transform skip mede, the decrease in
the value of the Rice parameter initialized for a current CG may be applied only for CGs
in transform skip blocks. As cxample formula may be as follows.
f{transform_skip flag)
cRiceParam = max(0, cRiceParam - 1);
else
cRiceParam = §
In the above example, if the transform block is a transform skip block (i.¢,,
transform_skip_flag = 1), the value of the Rice parameter 1s initialized for the current
CG based on a selection of @ maximuin of cither zero or a decrcase by 1 in the value of
the Rice parameter after coding the previous CG. Ou the other hand, if the transform
block is a transform skip block (e, transform_skip flag = 0), the value of the Rice
parameter s nitialized to zero for the carrent CG, as in the HEVC initialization scheme.
{80871 In a further example of a Rice parameter inttinlization scheme, the initial value
of the Rice parameter for a current CG may be determined based on statistics of

coefficient levels for previously decoded coctficients. The statistics of the coctficient
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fevels may include statistics of absolute values of the coefficient levels or statisties of
remaining absohite values of the coefficient levels for the previcusly coded coetficients.
The initislization scheme may depend on previously coded coefficients in CUs that are
included in the same transform block as the current CG and/or previously coded
coefficients m CGs that are included in different transform blocks previons to the
transform block that includes the aurrent CG.

[8888] In some cases, the statistics-based Rice parameter initialization scheme may
depend on ene or more of the transform block type, the transform block size, the
position of the CG in the transtform block, whether the transform block has an intra-
prediction or inter-prediction shice type, the color component of the transform block,
and the bit-depth of the transform block. in addition, the statistics-based Rice paramcter
mitialization scheme may depend on the remaining absolute level of the previously
coded coefficients in previous and current transform blocks. For example, the Rice
parameter initialization scheme may depend on the fast coded absolote value of a
coefficient level or the last coded remaining absolute value of a coefficient level in the
previous COs, on the sum or other statistic of the coefficient levels for the previously
ceded coefficients in the previous CGs, or, more simply, on the cocflicient level of the
first coctiicient coded in the previous CGs.

808} Scveral examples of statistics gathering used for the statistics-based Rice
parameter initialization scheme are described below. In this disclosure, the term
“statCocf!” and the term “m_semCoctt)” arc used interchangeably to denote the
statistics, and the term “uil.evel” is used 1o denote the absolute value or the remaining
absolute value of a coefficient level of a previously coded coefficient.

[60%98] In one cxample, the statistics may be determined by calcvdating an average or
running average of similar statistic of the absolute values or remaining absolute valaes
of the coctlicionts levels of previous coded cocflicients over a slice or coding vmit (CU)
of the video data. In a similar fashion to the context adaptive binary arithmetic coding
{(CABAQC) contexts, this average or running average may be initialized at the beginning
of a slice of the video data and updated at cach CG of the slice based on the current
coded coefficient levels in the CG. It should be understood that the remaining absolute
value (i.e., coett abs level remaining value) of a coefficient level is bypass coded
using codes, ¢.g., Golomb-Rice codes or Exponential-Golomb codes, defined by the
Rice parameter. The description of CABAC and comparison fo the initialization of

CABAC contexts s provided to assist with understanding only.
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186911 In ancther example, the statistics may be determined by comparing a coefficient
level for a given previcusly coded coetficient directly to the value of the statistics, and
then determining whether to increase, decrease, or maintain the value of the statistics
based on the coraparison. For exaraple, the statistics may be determined according to
the following conditional equation.

statCoeff += (uilevel == statCoeff) 7 0 : { { uilevel <statCoetfy 7 -1: 1);
In the above equation, a value of the statistics (statCoefY) is increased if the current
coefficient level (uil.evel) 1s larger than the provious statCoctt, and is docreased if the
current coefficient level is smaller than statCoeff, or left unchanged if the current
coefficient level is equal to the previcus statCoeff. The value of statCoeff can be
inttialized 1o O at the saroe point in the coding process when the CABAC contexis arc
mitialized, i.e., at the beginning of each slice of the video data being coded.
(8049821 In another example, the statistics may be determined by comparing a cocfficient
fevel for a given previcusly coded cocfficient to a pre-defined function of the statistics,
and then determining whether 1o increase or decreasce a value of the statistics based on
the comparison. Again, in this example, a value of the statistics (im_sumCoefY) may be
reset to zero at the beginning of cach shice of the video data. The pre-defined function
of the statistics may be based on a first constant value that is lefi-shifted by the value of
the statistics divided by a sccond constant value. One example of the function of the
statistics (m_samCoeff) is given as follows.

if (wilevel >= a*(h << ({ m_sumCoeff+b ) / ¢ )}

{

m_sumCocft+ = increase_stepsize;

:

else if ({ d* vilevel ) < (h << ({ m_sumCocffre } / F+g 1))

f

m_sumCoeff— = decrease stepsize;

:
in the above pseudo-code, 8, b, ¢, d, ¢, {, g and h arc parameters, and << denotes a lefi-
shift operation.
[8093] The following are several examples of the above equation vsing example vahies
of parameters a, b, ¢, d, ¢, f, g and h. In the case wherg a=3, d=2, the first constant value

{h) is equal to 1 and the sccond constant value () is equal to 4, and the temaining
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parameters are set equal to 0, the function of the statistics (m_sumCoefY) is given as
follows.

if {wilevel >=3*{ | << {(m_sumCocft/4 1))

§

m_sumCoeff++;

Nmons

else t£{({ 2% uileovel ) <{ 1 << (m_sumCoeff/4 3}
¢
ki
m_sumCoeft— —;
Z>
(8094} In the case where a=1, d=1, the first constant value (h) is equal to 1 and the
second constant value (f) is equal to 4, and the remaining parameters are sct equal to 0,
the function of the statistics (m_sumCoeff) 15 given as follows.
if (wiLevel >={1<<{m_sumCeoef{l/4+1))
¢
ki
m_sumCocft++;
Z>
clse if { uil.evel < {1 << { m_sumCoctt/4 }))
§
v

m_sumCoeff- —;
:
16095] In some examples, the function of the statistics of the cocfficient levels may
mchide a variable related to the total number of updates applied to the statistics since
mitialized to zero at the beginning of the shice. One example of the function of the
statistics {m_sumCoeff} including the total counter variable (m total counter) is given
as foliows.
if (uilevel >=a*(h<<({m_sumCoectt+b)/f+c))}
{
m_sumCocft+= increasc_stepsize;
$
else if {({d* vilLevel<(h<<{{m_sumCoeff+ecy/f+g}})
{

m_sumoeff-= decrease_stepsize;

(")
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~~1

n_total counter +=stepsize
In the above pseudo-code, a, b, ¢, d, ¢, £, g and h are parameters, << dengtes a left-shift
operation, and m_total counter increases after each update of the statistics
{m_suraCocff) regardless of whether the statistics are increased or decreased.
68096} The statistics gathering described above may be performed for the statistics-
based Rice parameter imitialization scheme according to a pre-defined frequency. Inone
cxample, the statistics may be updated after coding cach absolute value of a coefficient
fevel in a CG, or after coding cach remaining absolute value of a cocfficicnt ievel in a
CG. In another example, in order to Hmit an increase in complexity, the statistics may
be updated only once per CG or per transform block. With this approach, there may be
no need 1o update the statistics for cach coded coefficient fovel, but instead the statistics
may be updated once per transtorm block or per CG (which 1s once every 16
coefficients in HEVC).
186971 In some cascs, the statistics may be updated only when a first absolute value of a
coefficient level ina CQG is coded. In other cases, the statistics may only be updated
when the first remaining absolute value of a coefficient level in the CG 1s coded. The
following pseudo-code ilhustrates this limitation with respect to the statistics gathering
equation described above in which the value of the first coded cocfficient fevel
{uilevel) is compared directly to the value of the statistics (statCoctf).

iff firstGolombCoctfinCG )

{

statCoeft += (vil.evel == statCoeff) 7 0 : { (vilovel <statCoctf} 7 -1: 1}
firstGolombCoeffinCG = false;

:
I the above equation, the term “firstGolombCoeffinCG” s used to denote whether the
current coded cocflicient level is the first remaining absclute value 1o the CG, the term
“statCoett” is used to denote the statistics, and the term “uilevel” is used to denote the
first absolute value or the first remaining absolute value of a cocfficient level of a
previously coded coefficient.
16098} The frequency limitation may be similarly applied to the statistics gathering
equation described above in which the value of the first coded cocfficient lovel
{uilevel) is compared to a pre-defined function of the statistics (statCocff), as shown in
the following psendo-code.

it fustGolombCoeffinCG )
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X
if (vibevel == 3% | << (statCoeff/4 })) statCoefftt;
clse if ({ 2% vilevel } < (1 << { statCocttid ))) statCoeft-—;

firstGolombCoeffinCG = false;
}
[80989] In some cases, the statistics gathering described above may performed separately
for each of a plurality of different categories of CGs that are defined based on
characteristics of transform blocks that inchlude the CGs. I this case, a category of a
current CG in a transform block may be determined based on the characteristics of the
transform block, and the Rice parameter may be initialized for the corrent CG based on
the statistics for the determined category. Several examples of partitioning the statistics
used for the statistics-based Rice parameter imtialization scheme are described below.
{81881 The characteristics of transform blocks used to partition or categorize the
statistics may inchude one or more of whether the transform blocks are luma or chroma
block types, whether the transform blocks bave intra-prediction or inter-prediction shice
types, the size of the transtorm blocks, and the positions of the CQs within the
transform blocks. The characteristic of the positions of the CGs within the transform
blocks may indicate whether ot not a current CG is the top-left 4x4 subblock m the
transform block. In addition, the characteristics may include whether or not the
transform block is coded as a transform skip block, or whether the transform block is
coded as a transform-quantization bypass biock. The statistics, thercfore, may be kept
separately depending on one or more of the above characteristics. The separate
statistics may be determined for each type or category of CG ov transform block. The
separate statistics may provide more accurate estimation for the statistics-based Rice
parameter initialization scheme, but also require more storage resources.
(8181} As a first example, the following function may be used 1o deternune & partition
or category of the statistics based on the variable TYPE that depends on whether or not
the transform block is a luma block and whether or not the CG is the top-left subblock
in the transform block.
TYPE = 2%sLuma + (1SubSet > 0);
According to the above function, the vanable TYPE can have 4 values depending on the
transform block being a luma block (isLuma=1} or a chroma block {(isLuma={), and the

CG being the top-left subblock (iSubSet==0) or not (iSubSct > ().

7
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16162} In another exarple, the partition or category of the statistics depends on whether
or not the transform block is a loma block and whether or not the transform block is
coded in transform skip mode.

TYPE =2%isluma + (isTransformSkip? 0:1};
According to this fimetion, the variable TYPE can have 4 values depending on the
transform block being a tuma block (sLuma=1) or a chroma block (sLuma=0), and the
transform block being coded in transform skip mode (isTransformSkip=1} or not
{(isTransformSkip = 0.
16143} In another exarple, the partition or category of the statistics depends on whether
or not the transtorm block is a luma block, whether or not the CG is the top-left
subblock in the wansform block, and whether or not the transform block is coded in
transform skip mode.

TYPE =d4*isLuma +2* (sTransformSkip? 0: 1)+ (iSubSet > 0};
According to this function, the variable TYPE can have 8 values depending on the
transtorra block being a luma block (IsLuma=1) or a chroma block (ishuma=0}, the
transform block being coded in transform skip mode (isTransformSkip=1) or not
{(isTransformSkip = (), and the CG being the top-left subblock (iSubSet==(} or not
{iSubSet > 0},
(68104} In another example, the partition or category of the statistics depends on whether
or net the transform block 1s coded as transform-quantization bypass, 1.e., both the
transform and quantization processes are bypassed for lossless coding.
163165} Using the TYPE variable defined according to one of the several examples
described above, and combining it with the statistics gathering equation described above
i which the value of the first coded coefficient level {uilevel) is compared directly to
the value of the statistics {satCoefl), and the statistics gathering frequency limitation
described above in which the statistics are only updated when the first coctficient level
m the CG (firstGolombCoctfinC() is coded, the combined approach would be as
follows.

f{ firstGolombCoctfinCG )

{
L

{ (ugilevel <statCoeff]TYPE} }7-1: 1)
firstGolombCocffinCG = false;

(")
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In the above pseudo-code, the term “statCoeff{ TYPE]” denotes the statistics gathered
for the category of CGs indicated by the variable TYPE.
(81836} Another example of a combined approach using the statistics gathering cquation
described above in which the value of the first coded coefficient level (uilevel) is
compared to a pre-defined function of the statistics {statCocft), would be as follows.
if{ firstGolombCoctfinCG )
§
i { uilevel >=3*( | << {statCocff{TYPE] /4 31y  statCocff{ TYPE] ++;
elee 15 (( 2% niLevel ) <{ 1 << {statCoeff{TYPEN4 )))  statCoef] TYPE]- —
firstGolombCoeffinCG = false;
;
Again, in the above pseudo-code, the term “statCocff{ TYPE]” denotes the statistics
gathered for the category of CGs indicated by the variable TYPE.
181671 In some examples, a CODEC (i.e., video encoder/decoder) may support multiple
methods to deternyine the TYPE variable for a CG For example, the CODEC nay
suapport two or more of the example functions described above for the TYPE variable.
In thas case, the CODEC may select one of the methods to determine the manner in
which fo partition the statistics used for the statistics-based Rice parameter inttialization
scheme based on a coded or derived mndication. Example psendo-code for the multiple
method case is given below.
Methodi:
TYPE =2%gLluma + (s TransformSkip? 0:1);
MethodZ:
TYPE = (isTransformSkip? (:1);
(8188} In onc case, a syntax clement may be signaled in a coded bitstream to indicate
which characteristics of the transform blocks are used to define the different categorics
of CGs. The syntax clement may comprise a flag included in one of a sequence
parameter set (SPS) or a picture parameter set (PPS) for the residual video data. Asan
example, video encoder 20 may signal the flag (c.g., method_ flagy in high level syntax
in the coded bitstream, and video decoder 30 may parse the coded bitstream 1o receive
the method flag. In this example, the method flag = 0 indicates that Method | is used
to determine the category of the statistics based on whether or not the transform block is
a luma block and whether or not the transform block is coded in transforn skip mode.

The method flag = 1 indicates that Method 2 15 used to determine the category of the
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statistics based only on whether or not the transform block 15 coded in transform skip
mode. If there are more than two methods supported by the CODEC, the syntax
cloment may comprise an index valuc to indicate the selected moethod instead of a binary
flag.

[#189] In another case, the CODEC may select one of the methods used to define the
different categories of CGs based on a color format of the video data, in which case
additional syntax clements do not need to be signaled in the bitstreamn to indicate the
method. For example, the method used to determine the TYPE variable for s CG of the
video data may be selected based on whether the YUV color format or the RGB color
format is vsed to code the video data. As one example, Method 1, which determines the
category of the statistics based on whether or not the transform block is a loma block
and whether or not the transform block is coded n transform skip meode, is used when
the coded video data is in the YUV color format. Method 2, which determines the
category of the statistics based only on whether or not the transform block is coded in
transtorra skip mode, is used when the coded video data is in the RGB color format. In
the case of video encoder 20 and video decoder 30 being able to detect the color format
of the video data, a syntax element, e.g., a method flag or method index) that indicates
the selected method is not signaled in the bitstream.

(81168} According to the techniques described in this disclosure, the statistics-base

Rice parameter initialization scheme determines an imttial value of the Rice parameter
for a current £ based on the cocfficient fevel statistics gathered for previcusly coded
coefficients in accordance with any combination of the examples described above.
Several example techniques of mapping a value of the gathered statistics to the initial
value of the Rice parameter for a curreni OGO are described below. The mapping of the
statistics to the initial value of the Rice parameter may be performed for each CG (e.g.,
4x4 transform block or 4x4 subblock of a transform block), or may be performed only
once for cach TU {e.g., at the beginning of the TU).

18111} In one example, the value of the statistics may be mapped to the initial Rice
pararaeter according to a stored table. The input of the mapping table may be the value
of the stanstics and the output of the table may be the mitial value of the Rice
parameter. In some cases, a clipped version of the statistics may be ased as the input to
the mapping table. For example, if the maxinom Rice paramcter is 5 and the statistics

are clipped between 0 and 31, then the mapping table may be given as follows.
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g golombTab{32]={ 0,0,0,0,1,1,2,2,3,3,3,3,3,3,4,4,4,4,4,4, 4,4, 4,
4,555,555 55

At the beginning of cach CG, the above table may be used to determine the initial valoe
of the Rice parameter based on the gathered statistics. 1o other examples, different
mappings tables may be used to determine the mitial value of the Rice parameter based
on the gathered statistics.
14112} Throe main example methods of statistics gathering are described above, in
which the notation “statCocff” and “m_sumCoeff” may be used interchangeably to
denote the statistics: (1) statistics gathering m which the valae the coded coefficiont
level (uilevel) is compared divectly to the value of the statistics {statCoeft), (2) statistics
gathering in which the value of the coded coefficient level (uil.evel) is compared to a
pre-defined function of the statistics (m_sumCoeft), and (3) statistics gathering in which
the value of the coded coefficient level (uilevel) is compared to a pre-defined function
of the statistics {(m_sumCoeff) including the total counter variable (m_total counter).
163113} Using one of the specific example methods of statistics gathering and the
mapping table described above, the Rice parameter initialization based on the statistics
gathered for the category of CGs indicated by the variable TYPE may be performed as
follows.

cRiceParam = g_golombTab] min{ statCoe [ TYPEL 31 ) |;
[#114] In other examples, the value of the statistics may be mapped to the initial valae
of the Rice parameter according (o a function that performs the mapping. In some
cascs, the mapping function may be a function of the gathered statistics. Using a
mapping function may avoid the additional storage consumption of the mapping table.
[81158] As one example, the Rice parameter may be initialized based on the gathered
statistics right-shified by a constant value, as given below.

cRiceParam = { statCoeffiTYPE] >> R );
In the above equation, “>>" denotes the right-shift operation and R is a parameter. In
some cases, it may be desirable to mit the maximum value of the Rice parameter to
MAX_RICE, which may be an integer value greater than or equal to 4. 1n this case, the
function may be given as follows.

cRiceParam = min( statCoeff{ TYPE] >> R, MAX RICE)
(8116} As another example, the Rice parametor may be initialized based on a linear
function of the gathered statistics, as given below.

cRiceParam = a¥( statCoeff[TYPE]+ b}/ c+d
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In the above equation, a, b, ¢ and d are parameter values.
(81171 As a further example, the Rice parameter may be initialized based on a
piecewise linear function of the gathered statistics. Two specific examples of a
piccewise lincar function are given as follows.
¢cRiceParam = statCoeffiTYPE] < 16 7 ( statCocf i TYPE] +1 ) /4
(4 +{statCocffiTYPE] + 403 /64 );

cRicocParam = statCoeffiTYPE] < 16 7 ( statCoefl{TYPE] )/ 4 :
{4+ (statCoeff{ TYPE] +40) /64 );

[6118] In another exampie, the Rice parameter may be initialized based on the method
of statistics gathering described above in which the value of the coded coefficient level
{uilLevel) is compared to a pre-defined function of the statistics (m_sumCoctf). In this
case, the vahie of the gathered statistics is mapped to the initial value of the Rice
parameter according to a fumction of the statistics. In one exanple, the function of the
statistics used to initialize the Rice parameter may be based on a sclection of a minimum
of either a maximum value of the Rice parameter or the value of the statistics divided by
a constant value.
(8119} An cxample of the mapping function is given as follows.

uiGoRiceParam = min{ m_sumCoceft/DELAY, MAX RICE PARAM INITy
In the above equation, DELAY is the constant vahie and MAX RICE PARAM INIT is
the maximum value of the Rice parameter. In some cases, the maximum vahie of the
Rice paracmier may be greater than or equal to 4. The constant value may be a user
defined parameter. An example of the mapping function with DELAY =4 i given as
follows.

cRiceParam = Min{ maxRicePara, statCoeff/4 ).
In the above exanple, the term “statCoeft” 15 used to denote the value of the statistics
mstead of “m_sumCoeff)” and maxRicePara is used to denote the maxionm value of
the Rice paramcter instead of MAX RICE PARAM INIT.
1631268] In a further example, the Rice parameter may be initiakized based on the method
of statistics gathering described above in which the value of the coded coefficient level
{uilLevel) is compared to a pre-defined fumction of the statistics (m_samCoefY) including
the total counter variable {m_total counter). In this case, the value of the gathered
statistics is mapped to the initial value of the Rice parameter according to a function of

the statistics. An example of the mapping function is given as follows.
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Hm sumCocff/m_total counter > threst), cRiceParam+= ki

Elseif m_sumCoeff/ m_total coomter < threst, cRiceParan= ki
I the above equation, the torm “thres(™ denotes a first threshold value and “threst”
denotes a second threshold value, and kO and ki are parameters. According to the
fimction, if the value of the statistics divided by the total number of statistics updates is
greater than thres0, then the initial value of the Rice parameter is set equal to a previous
value of the Rice parameter incremented by k0. If the value of the statistics divided by
the total number of statistics updates is less thao thresl, then the initial value of the Rice
parameter 18 set equal to a previous valae of the Rice parameter incremented by ki,
(8121} In some examples, the initial Rice parameter may be clipped between a
ointmum valoe and a maximuom value. In this case, an extra clipping function would be
added to the mapping function used to initialize the Rice parameter. An example of a
clipped mapping fonction is given as follows.

cRiceParam = Clip{ MIN _RICE, ¢RiceParam, MAX RICE }
In the above equation, MIN_RICE is the vunimum value of the Rice paramceter and
MAX RICE is the maximunm value of the Rice parameter. In one example, the value of
MIN RICE may be equal to 0 and the vahie of MAX RICE may be an integer value
greater than or equal to 4. The values of MIN _RICE snd MAX RICE may be
dependent on side information, such as one or more of bit-depth, profile, color format,
coding mode (1.¢., lossless coding or lossy coding), and other types of side information.
18122} As described above, in HEVC, a value of the Rice parameter may be updated
after coding cach remaining absclute value of cocfficient levels in a CG. Insome
examples, a similar clipping may be applied to the updated valuoe of the Rice parameter.
The range (i.e., the mintnoem vahie and the maximum value) may be different for the
update procedure than for the initialization procedure, or the range may be the same as
the range used for indtialization. Similarly, the range may be dependeont on one or more
of bit-depth, profile, color format, coding mode (3.e., lossless coding or lossy coding),
and other side imformation.
16323} Four additional examples of mapping the statistics 1o the initial value of the Rice
parameter are given below.,
[6124] In a first example, two statistics referred to as m_sumCoeff and m_sumCoeff2
are used. The value of m_sumCocff may be derived using the methed of statistics
gathering described above in which the value of the coded cocfficient level (uil.evel} is

compared to a pre-defined function of the statistics {m_sumCoctt), as follows,
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i {wilevel >= 3% § <<{m_sumCoeff/DELAY )}
§
t
m_ sum{Coeff+;
]
i
else if ({ 2% nilevel ) < ( 1 << (m_sumCoeff/DELAY 1))
{
m_sumCoeff- —;
2
p
8125} The value of m_sumCoeff2 may be derived using the statistics gathering method
described above in which the valoe of the coded coefficient level (uiLevel) is compared

directly to the value of the statistics (m_sumCoctt2), as follows.

(uilevel <m sumCoeff2 7-1:1});

1#126] In this first example, the mapping of the statistics to the initial value of the Rice
parameier may be different for a ransform coded block than for a transform skip block.
In the case of a transform skip block, the initialization function may be given as follows.

uiGoRiceParam=min{ m_sumCoeff/DELAY, MAX RICE PARAM INIT )
Iu the case of a transform coded block, the initialization function may be given as
follows.

ifm somCocffZ < Th,

wiGoRiccParam=min{ m_sumCoct/DELAY + 1,
MAX RICE PARAM INTT);
else
uiGoRiceParam=min{m_sumCoeff/DELAY, MAX RICE PARAM INIT);

In the above psedus-code, “Th” is & threshold. An example value of Th may be
{I<<uiGoRiceParam).
(81271 In a second example, the statistics, referred to as m_sumCoeff, may be derived
using the method of statistics gathering described above in which the value of the coded
coefficient level (uilevel) 1s compared to a pre-defined function of the statistics
(m_sumCoeff). Inthis sccond example, the mapping of the statistics 1o the nitial value
of the Rice parameter may be different for a transform coded block than for 8 transform
skip block. In the casc of a ransform skip block, the initialization function may be
given as follows.

uiGoRiceParam=min{ m_sumCoeff/DELAY, MAX RICE PARAM INIT };
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In the case of a transtorm coded block, the intfialization function may be given as
follows.
itm sumCoeff < Th,
uiGoRiceParam=min{ ro_sumCocfV/DELAY, MAX RICHE PARAM INITY
else
uiGoRiceParam=min{ m_sumCoeff/DELAY + 1,
MAX_RICE PARAM INIT );
in the above pseduo-code, “Th™ is a threshold, An example value of Th may be
MAX_RICE PARAM INIT/2 - 2.
{8128} In a third example, the statistics, referred to as m_sumCoeft, may be derived
using the method of statistics gathering described above in which the value of the coded
coefficient level (uillevel) is compared 1o a pre-defined function of the statistics
{m_sumCoctt). In this third example, the mapping of the statistics to the initial value of
the Rice paramcter may be given as follows.
i { m_sumCocff <Th )
viGoRiceParam=min{{ m_sumCoctt + d ) / BELAY,
MAX RICE PARAM INIT );
else
uiGoRiceParam=min{{ m_sumCoeff }/ DELAY,
MAX_RICE PARAM INIT):;
In the above psedug-code, “Th™ is a threshold and “d” is a parameter.
18129} In a fourth cxample, the statistics, referred to as m_sumCoeff, may be derived
using the method of statistics gathering described above in which the value of the coded
coefficient level (wilevel} is compared to a pre-defined function of the statistics
{m_sumCocff). In this fourth example, the mapping of the statistics to the initial value
of the Rice parameter may be given as foliows.
i {(m_sumCoeff < Th )
wiGoRiccParam=mn{{ m_sumCocft }/ DELAYY,
MAX RICE PARAM INTT);
else
uiGoRiceParam=min{ d + { m_sumCocff )/ DELAY,
MAX_RICE PARAM_INIT);
In the above pseduo-code, “Th” is & threshold and “d,” DELAY0 and DELAY 1 are

parameters. In this fourth example, when the value of the statistics is equal to the
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[9%]
~d

threshold (Thy, the initial value of the Rice parameter (uiGoRiceParam) derived using
either of the above equations is the same.
[8138] In some examples, the mapping function used to determine the initial value of
the Rice parameter and the threshold values may be fixed and known to both video
encoder 20 and video decoder 30, In other examples, the mapping function used to
determine the initial valoe of the Rice parameter and the threshold values may be
adaptively decided based on side information. The side information may be derived
independently by cach of video encoder 20 and video decoder 30, or the side
mformation may be signaled from video encoder 20 to video decoder 30 using high
level syntax in cither the SPS or PPS, or some combination of derivation and signaling
may be used to determine the side information. For example, the side information may
mclude one or more of frame size, frame type, CU size, TU size, T type (e.g.,
transform skip mode or transform mode), color component, intra- or inter-prediction
mode, quantization paramcter (QF), bit-depth, color format (c.g., 444/422/420), the
significant cocfficient flags (both number and distribution), the greater than 1 (e,
farger than 1} flags (both nomber and distribution), and the greater than 2 (i.e, larger
than 2) flags (both number and distribution). They also may be explicitly signaled.
(8131} Afier mitializing the Rice parameter for a current CG, the initial value of the
Rice parameter may be updated afier coding a remaining absolute value of a cocetficient
fevel for at least one coefficient in the current CG using codes, e.g., Gelomb-Rice codes
or Exponential-Golomb codes, defined by the Rice parameter. The statistics for the
statistics-based Rice parameter titialization scheme may be determined based on one or
more coefficient levels in the current CG either before or after updating the value of the
Rice parameter.
(8132} In some examples, the statistics may be based on a comparison or caleulation of
the coded coefficient levels in the current CG and a current value of the Rice parameter
for the current CG. One example of the statistics that are based on the coefficient levels
and the Rice parameter value 1s given as follows.

iff absCoeffidx] > 3% 1 << uiGoRiceParam })

¢
8

UndershootCnt ++

s

else if {{{ absCoeff] idx | — baselevel ) * ¢ ) <({ 1 <<uiGoRiceParam )}

f
S
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[F%]
[v:0]

OwvershootCnt ++;
:
TotalCnt ++;
In the above pseudo-code, “UndershootCnt,” “OvershootCnt™ and “TotalCnt” denote
the statistics that will be nsed to mitialize the Rice parameter. In addition,
“aiGoRiceParam” denoctes the vahie of the Rice parameter, “s” is a parameter, and
absCocfi]idx] is the absolute value of the coefficient level for a coefficient at index idx.
16133] In some exaraples, the statistics may be determined before updating the value of
the Rice parameter. In this case, the un-updated vahie of the Rice parameter is used in
the comparison or caleslation used o determine the statistics. An example combination
of determining the statistics based on coefficient levels and the un-updated value of the
Rice parameter, and then updating the value of the Rice parameter is given as follows.
if{ absCoceft]idx] > 3*( | <<uiGoRiceParam })
{
UndershootCnt ++
$
else 1f (({ absCoefi] idx | - baseLevel} * 5 ) < {1 <<umGoRiceParam )}
f
OvershootCat ++;
}
ToialCnt ++;
if ( absCoeftfidx] > 3*( | <<uiGoRiceParam })
{
uiGoRiceParam = min<Ulnt>( aiGoRiceParam+ |, MAX RICE PARAM };
i
In the above pseudo-code, “MAX _RICE PARAM” denotes a maximum value of the
Rice parameter, and min<Ulnt>{ } is a function that selects a minminwmm value. In some
exarmples, the maximum valoe of the Rice parameter may be equal to an integer value of
at least 4. Tu other exaraples, the statistics may be determined afier updating the value
of the Rice parameter. In this case, the updated value of the Rice parameter is used in
the comparison or caloolation used 1o determine the statistics.
(8134} In some examples, the update of the statistics for the statistics-based Rice
parameter Initialization scheme described sbove may be trdegrated with the update of

the Rice parameter. As discussed above, in HEVC, the miial value of the Rice
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parameter may be conditionaily updated based on the nitial valoe of the Rice parameter
and an absohite value of the cocefficient level for the coefficient being coded in the
current CG. The value of the Rice parameter may continue {0 be conditionally updated
after coding each remaining absolute tevel for coefficients in the cwrrent CG. The
HEVC conditional update scheme is given as follows.
if{ absCoceft]idx] > 3*( | <<uiGoRiceParam })
{
giGoRiccParam = min<Ulnt>( uiGoRiceParanmt 1, MAX _RICE PARAM };
$
In the above pseudo-code, “0iGoRiceParam” denotes the value of the Rice parameter,
absCocft]idx] is the absolute value of the coctficient level for a coefficient at index idx,
“MAX RICE PARAM” denoctes a maximum value of the Rice parameter, and
min<Ulnt>{ ) is a function that sclects a minimam value.
14135} In some examples, the update of the statistics used to mitialize the value of the
Rice parameter at the beginning of a subsequent CG may be fotegrated with the Rice
parameter update based on the coefficient levels of the current CG. An example of the
imtegrated updating of the statistics and the Rice parameter value is as follows.
it{ absCocft[adx] > 3*( I << uiGoRiceParam })
{
UndershootCnt ++
wifoRiccParam = min<Ulnt>( uiGoRiccParamt 1, MAX RICE PARAM });
}
In the above pseude-code, “UndershootCnt++" denotes the update of the statistics.
(8136} In some examples, an updated vahie of the Rice parameter (or a delta value
compared to a predictor, e.g., the current value of the Rice parameter} for the next
coding unit {e.g., 4x4 CG, T, or CUJ) is calculated based on part or all of the
parameters used for the statistics. For instance, in one example, the higher the value of
OvershootCant, the smaller the value of the updated Rice parameter. In another example,
the higher the valuc of UndershootCnt, the larger the value of the updated Rice
parameter.
[8137] Several examples of inttializing the Rice parameter for cach CG based on bit-
depth or another characteristic of the video data are described below. In these examples,
the initialization of Rice parameter for cach CG is not dependent on the gathered

statistics. As in the statistics-based Rice parameter imitialization scheme deseribed
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above, the Rice parameter iitialization may be performed for cach CG {e.g., 4x4
transform block or 4x4 subblock of a transform block}, or may be performed only once
for cach TU {c.g., at the begiuming of the TU}.
(8138} In onc example, the initial value of the Rice parameter may instead be based on
the bit-depth of the video data. The following is an example where the imitial value of
the Rice parameter, cRiceParam, for cach CG is a function of the bit-depth of the
current component {(e.g., the loma component or one of the chroma components) of the
CG.

cRiceParam = max{{}, bitDepth — n)
In the above eqoation, bitDepth is the bit-depth of the current component, andnis a
parameter. {n one cxample, the parameter v may be set equal to 9.
(#1381 In another example, the tmitial value of the Rice parameter, cRiceParam, for each
CG may be dependent on the component type of the CG (e.g., luma or chroma). In
another cxample, the initiaf value of the Rice parameter, cRiccParam, for cach CG may
be dependent on whether or not the current block is coded in the transform-quantization
bypass mode in which both the transform and the quantization are skipped. In another
example, the initial value of the Rice parameter, cRiceParam, for cach CG may be
dependent on whether or not the current block is coded 1o the transform skip mode in
which the transform is skipped but the quantization may be applied. In another
example, the mitial value of the Rice parameter, cRiceParam, for each CG may be
dependent on the quantization parameter {QF) for the TU. In another example, the
initial value of the Rice parameter, cRiceParam, for cach CG may be dependent on the
color component and/or the color space of the video data.
{8148} In ancther example, the initial value of the Rice parameter, cRiceParam, for each
CG may be dependent on one or more of the CU size, the TU size, the frame resolution,
the frame rate, the prediction mode (e.g., Intra, Inter, IntraBC (intra-block copy}}, the
frame type, and the mode and the weight of cross-component residue prediction.
Examples of the mode and weight of cross-component residue prediction are described
in U.S. provisional apphication no. 61/846,581, filed July 15, 2013, UL.S. provisional
application no. 61/847,839, filed July 18, 2013, U.S. provisional application no.
61/826,396, filed May 22, 2013, and U.S. provisional application no. 61/83§,152, filed
June 21, 2013,
(8141} The following provides some background information about the

coeft_abs level greater] flag and the coetf abs level greater? flag wsing HEVC as am
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example. In HEVC, for a CG {e.g., a 4x4 subblock), the significance map is first code
to indicate the positions of coefficients with non-zero coetficient levels. Then, for the
positions having significant cocfficients, the coeff abs level greater! flag may be
encoded to indicate whether the absolate value of the coefficient is larger than 1. For
positions with coeff_abs level greateri=1, the coett abs level greater? flag may be
encoded to indicate whether the absolute value of the coefficient is larger than 2.
18142} In some examples, the initial value of the Rice parameter, cRiceParam, for ¢ach
CG may be dependent on the nursher of previously coded coefficient levels with
significant (i.e., non-zero) values, which may be indicated by the coding of the
ceeff abs level greater! flag equal to either O or 1, and/or the number of previously
coded coefficient levels with values greater than 1, which may be indicated by the
coding the coeff_abs level greater? flag equal to either 0 or 1. In other examples, the
nitial value of the Rice parameter, cRiceParam, for cach CG may be dependent on the
number of previously coded coefficient levels that have values greater than 1, which is
indicated by coding coeff abs level greateri=1, and/or the mumber of previcusly coded
coefficient levels that have values greater than 2, which is indicated by coding
coeff abs level greaterZ=1.
{8143} In another example, the initial value of the Rice parameter, cRiceParam, for cach
C{ may be dependent on any combination of the above examples. Two detailed
examples of determining the initial valoe of the Rice parameter based on the bit-depth
of the video data are given below.
16144} Example 1

offset = (1IQP + 6% BD - 12)+12)/6

uiGoRiceParam = Max (BD —~ 8 — offset}), )
else
wiGoRiceParam = Max (( BD - 8 )y>> 1 — offset}, §)

in the above pseudo-code, QP is the QP value and BD is the bit-depth of the video data.
In this first example, the tatial value of the Rice parameter is set based on the first
equation when the CG is included in a transform block coded in either the transform
skip mode or the transform-quantization bypass mode, and is set based on the second
equation when the CG s inchuded in a transforn: coded biock. In cither case, the initial

value s determiined based on the bit-depth (BD) of the video data.
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16145} Example 2
offset = & - Grl

if {transform _skip flag |

cu_transquant bypass_flag)

uiGoRiceParam = Max { BD — 8 —offset ), ()

(¢
P
g7l
(¢

uiGoRiceParam = Max {{ BD - & y>> 1 - offset ), {§)
In the above pseudo-code, Grl is the number of coeff abs level greateri flags that arc
coded and BD 1s the bit-depth of the video data. In this sccond example, the initial
vatue of the Rice parameter is set based on the first equation when the CG is included in
a transform block coded in either the transform skip mode or the transform-quantization
bypass mode, and is set based on the second equation when the CG is included in a
transform coded block. In either case, the mitial value is determined based on the bit-
depth (BD) of the video data.
18146} An cxample of a hybrid scheme that combines Rice paramgter initialization for
cach CG according to sny combination of the examples described above with exphcit
signaling of offset values is described below. For example, an offset used to fmtialize
the Rice parameter at the beginning of a CG may be decomposed into a semmation of
two parts: {1} a constant offset and (2) an adaptive offser. The adaptive offsct may be
derived using one or more of the example techniques described m this disclosure. The
constant offset may be signaled in the bitstream from video encoder 20 to video decoder
30.
16347} As another cxample, to combine explicit Rice parameter signaling with the
iitial Rice parameter derivation process described in this disclosure, the determining of
whether to signal the Rice parameter may be dependent on the derived value of the
initial Rice parameter at video encoder 20, For example, if the derived value of the
inttial Rice parameter is similar to 2 pre-defined value {(e.g., the difference between the
derived value and a threshold is smaller than the threshold), the Rice parameter may not
be signaled to videe decoder 30, but may instead be derived as described above. In this
case, cither the derived value or the pre-detined value may be used as the inttial value of
the Rice parameter. Otherwise, the initial value of the Rice parameter may be signaled,
or the difference between the intial value of the Rice parameter and the pre-defined
vafue may be signaled. Some additional examples of the signaling techniques can be

found in ULS. provisional application no. 61/870,120, filed August 26, 2013, U.S.
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provisional application no. 61/880,616, filed September 20, 2013, and U.S. provisional
application no. 61/889,654, filed October 11, 2013,
(8148} Several additionsl examples and considerations with respect to the above
described exaraples of the Rice parameter initialization scheme are described below,
Although the techniques of the disclosure may be primarily described individually
and/or as part of a specific combinations with other technigues, any two or more of the
technigues described in this disclosure may be combined with one another.  In addition,
it may be possible for any one of the techniques described in this disclosure to be
implemented separately.
[6149] For the lossy coding case, the statistics-based Rice parameter initialization
scheme may be applied ouly to transtorm skip blocks, as shown in the fellowing
conditional equation. On the other hand, when a transform 18 applied to the transform
block, the Rice parameter is initialized 1o zero tn accordance with the HEVC
initialization scheme.

cRiceParam = isTransformSkip 7 0 : g_golombTabimind statCoctf{ TYPE], 31)};
In other examples, the statistics-based Rice parameter initialization scheme may be
applied only to transform skip blocks, but it may not be necessary to automatically
inttialize the Rice parameter to zero when a transforo is applied to the block, as shown
m the following equation.

cRiceParam = isTransformSkip ? max{cRiceParam-1, 0} :

g_golombTab[min(statCocfli TYPEL 31)};

1615868] In some examples, the HEVC Rice parameter update scheme performed within 2
CG may be disabled. Instead, the initial value of the Rice parameter may be determined
in accordance with any combination of the example techniques described above, and the
imitial value of the Rice parameter may then be used throughout the block. In other
examples, a differcnt Rice parameter update scheme may be performed withio the CG.
In some cases, onc or more of the example techniqgues described above may be used 1o
perform the Rice parameter updaic and statistics update according o a given order or as
integrated methods throughout the block. Also, in some cases, one or more of the
example technigues described above may be used to perform bit-depth dependent
mitialization of the Rice parameter throughout the block.
(8151} Although the example methods of determiving an initial valoe of the Rice
parameter are described separately above, the techniques of this disclosure are not so

Hmited. In general, various combinations of the example techniques described above
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may be possible. The example methods described above may also be implemented
separately. In addition, all of the methods deseribed above or their combinations may
be applied to CGs within all transform blocks or only transform blocks for which a
transform is skipped or bypassed.

(81582} FIG. § 18 a block diagram illustrating an example of video encoder 20 that may
implement the techniques for encoding coefficient levels deseribed in this disclosure.
Video encoder 20 will be described in the context of HEVC coding for purposes of
illustration, but without limitation of this disclosure as to other coding standards or
methods that may require scanning of transform coefficients. The video encoder 20
may perform intra- and inter-coding of CUs within video frames. Intra-coding velies on
spatial prediction to reduce or reraove spatial redundancy in video data within a given
video frame. Inter-coding relies on temporal prediction to reduce or remove temporal
redundancy between a current frame and previously coded frames of a video sequence.
intra-mode (I-mode) may refer to any of several spatial-based video compression
modes. Iater-modes such as uni-ditectional prediction (P-mode) or bi-divectional
prediction (B-mode) may refor to any of several temporal-based video compression
maodes.

(8153} As shown in FIG. §, the video encoder 20 receives a current video block within
a video frame to be encoded. In the example of FIG. 5, the video encoder 20 includes a
mode sclect anit 40, a video data memory 41, a motion compensation unit 44, a motion
estimation unit 42, an intra-prediction processing unit 46, a decoded picture buffer
(DPB) 64, 2 stmumer 50, a transform processing unit 52, a quantization unit 54, and an
entropy encoding unit 56. The wansform processing unit 52 iHustrated in FIG. 51s the
unit that applics the actual transform or combinations of transform to a block of residual
data, and is not t¢ be confused with a block of transform coefficients, which also may be
referred to as a transtorm unit (TU) of & CU. For video block reconstruction, the video
encoder 20 also inclodes an inverse guantization unit 58, an inverse transform
processing unit 60, and a summer 62. A deblocking filter (not shown in FIG. §) may
also be inchuded to filter block boundarics to remove blockiness artifacts from
reconstructed video. If desired, the deblocking filter would typically filter the output of
the summer 62.

{8154} Video data memory 41 may store video data o be encoded by the components of
video encoder 20. The video data stored in video data aemory 41 may be obtained, for

example, from video source 18. Decoded picture buffer 64 may be a reference picture
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memory that stores reference video data for use in encoding video data by video
encoder 2{, e.g., in Intra- or inter-coding modes. Video data memory 41 and decoded
picture buffer 64 may be formed by any of a varicty of memory devices, such as
dynamic random access memory (DRAM}, including synchronous DRAM (SDRAM],
magnetoresistive RAM (MRAM), resistive RAM (RRAM), or other types of memory
devices. Video data memory 41 and decoded picture buffer 64 may be provided by the
same memory device or separate memory devices. In various examples, video data
memory 41 may be on-chip with other components of video encoder 20, or off-chip
relative to those components.

{8155} During the encoding process, the video encoder 20 receives a video frame or
slice to be coded. The frame or shice may be divided into multiple video blocks, ¢.g.,
largest coding units {LCUs). The motion estimation unit 42 and the motion
compensation unit 44 perform mter-predictive coding of the received video block
relative o one or more blocks in one or more reference frames to provide temporal
compression. The infra-prediction processing unit 46 may perform mtra-predictive
coding of the received video block relative to one or more neighboring blocks n the
same frame or shice as the block to be coded to provide spatial compression.

(8156} The mode select unit 40 may sclect one of the coding modes, intra or inter, e.g.,
based on ervor (1.e., distortion) resuits for each mode, and provides the resulting intra- or
mter-predicted block (e.g., a prediction unit (PU}) to the summer 50 to generate residual
block datz and to the summer 62 to reconstruct the encoded block for use in a reference
picture. Summer 62 combines the predicted bleck with inverse quantized, mverse
transformed data from mverse transform processing unit 60 for the block to reconstruct
the encoded block, as described in greater detail below. Some video frames may be
designated as I-frames, where all blocks in an I-frame are encoded in an intra-prediction
mode. To some cases, the intra-prediction processing unit 46 may perform intra-
prediction encoding of a block in a P- or B-frame, e.g., when the motion search
performed by the motion estimation unit 42 does not result in a sufficient prediction of
the block.

181871 The motion estimation ynit 42 and the motion compensation unit 44 may be
highly integrated, but are ilhustrated separately for conceptual purposes. Motion
estimation {or motion scarch) is the process of generating motion vectors, which
estimate motion for video blocks. A motion vector, for cxample, may indicate the

displacement of a prediction unit in a current frame relative to a reference sample of a
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reference frame. The motion estimation vnit 42 calculates 4 motion vector for a
prediction unit of an inter-coded frame by comparing the prediction unit to reference
sampies of a reference picture stored in decoded picture buffer 64. A reference sample
may be a block that is found to closely match the portion of the CU including the PU
being coded in terms of pixel ditference, which may be determined by sum of absolute
difference (SAD), sum of squared difference (SSD), or other difference metrics. The
reference sample may occur anywhere within a reference frame or reference slice, and
not nocessarily at a block (e.g., coding unit) boundary of the reference frame or shice. In
some examples, the reference sample may occur at a fractional pixel position.

[6158] The motion estimation unit 42 sends the calculated motion vector to the entropy
encoding unit 56 and the motion compensation unit 44, The portion of the reference
frame identified by a motion vector may be referred to as a reference sample. The
motion compensation unit 44 may calculate a prediction value for a prediction umit of 2
current CU, e.g., by retrieving the reference sample identified by a motion vector for the
P,

16188} The tnira-prediction processing unit 46 may intra-predict the received block, as
an alternative to inter-prediction performed by the motion estimation unit 42 and the
mofion compensation unit 44, The intra-prediction processing unit 46 may predict the
received block relative to neighboring, previously coded blocks, e.g., blocks above,
above and to the right, above and to the left, or to the [oft of the current block, assuming
a left-to-right, top-to-boitom cncoding order for blocks. The imtra-prediction
processing unit 46 may be configured with a variety of ditferent intra-prediction modes.
For example, the mtra-prediction processing unit 46 may be configured with a certain
number of directional prediction modes, e.g., thivty-three directional prediction modes,
based on the size of the CU being encoded.

(8168} The intra-prediction processing unit 46 may sclect an futra-prediction mode by,
for example, caleulating error values for various intra-prediction modes and selecting 2
mode that yiclds the lowest error value. Directional prediction modes may mclude
furctions for combining values of spatially neighboring pixels and applying the
combined values to one or more pixel positions n a PU. Onee values for all pixel
positions in the PU have been calculated, the intra-prediction processing unit 46 may
calculate an error value for the prediction mode based on pixel differences between the
PU and the reccived block to be encoded. The intra-prediction processing unit 46 may

continue testing intra-prediction modes until an intra-prediction mode that yields an
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acceptable error value is discovered. The intra-prediction processing unit 46 may then
send the PU to the summer 50.

{8161} The video encoder 20 forms a resideal block by subtracting the prediction daia
calculated by the motion compensation unit 44 or the intra-prediction processing unit 46
from the original video block being coded. The summer 50 represents the component or
components that perform this subtraction operation. The residual block may correspond
to a two-dimensional mairix of pixel difference values, where the number of values in
the residual block is the same as the number of pixels in the PU corresponding to the
residual block., The values in the residual block may corvespond to the differences, 1.¢.,
error, between values of co-located pixels in the PU and in the original block to be
coded. The differences may be chroma or luma differences depending on the type of
block that is coded.

{8162} The transform processing vnit 52 may form one or more transform units {TUs)
from the residual block. The transform processing unit 52 selects a transform from
among & plurality of transforras. For example, transform processing unit 52 may select
one of a diserete cosine transtorm (DCT), a disercte sine transform (DST), an integer
transform, a Karhunen-Loeve (K-L) transform, or another transform to produce
transform cocfficients. The transform may be selected based on ove or more coding
characteristics, such as block size, coding mode, or the like. The transform processing
unit S2 then apphies the selected transform to the TU, producing a video block
comprising a two-dimensional array of transform coefficients. The transform
processing unit 52 may send the resulting transform cocfficients to the quantization unit
54. The quantization onit 34 may then quantize the transform coefficients.

[8163] The entropy encoding unit 56 may then perform a scan of the coefficients in the
matrix according to a scanning mode. In the case of lossy coding, the coefficients may
be quantized transform cocfficients. {n the case of lossless coding or lossy coding with
transform skipping or bypass, the cocfficients may be coefficients that have not been
transformed or quantized, This disclosure describes the entropy encoding unit 56 as
performing the scan. However, it should be understood that, in other examples, other
processing units, such as the quantization unit 54, could perform the scan.

{8164} Once the transform coefficients are scanned into the one-dimensional array, the
entropy encoding unit 56 may apply entropy coding such as CABAC, syntax-based
context-adaptive binary arithmetic coding (SBAC), Probability Interval Partitioning

Entropy (PIPE)}, or another entropy coding methodology to the coefficients. Entropy
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encoding unit $6 may be contigured to code the coefficients according to the techmiques
of this disclosure. In the example of CABAC, entropy encoding unit 56 may encode the
coefficients using cither regular coding mode or bypass mode. To perform CABAC, the
entropy encoding unit 56 may sclect 2 context model 1o apply a certain context to
encode symbols to be transmitted. The context may relate to, for example, whether
neighboring vahies are non-zero or not. Entropy encoding unit 56 may sclect the
context model used to cucode these symbaols based on, for example, an intra-prediction
direction for intra-prediction modes, a scan position of the coefficient corresponding to
the syntax clements, block type, and/or transform type, among other factors used for
context model selection.

(8165} Entropy encoding unit 56 encodes coctticient levels of residual video data into 2
bitstream for transmission fo a video decoder or a storage device. In the case of lossless
video coding or lossy video coding with transform skipping or bypass, the coefficients
to be encoded may have cocfficient levels with large absolute values. When the
coefficients represent screen content, which may nclude graphics and text regions, the
content may not be well predicted resulting n large absolute values of coefficient levels
for the coefficients to be encoded.

(8166} Entropy encoding unit 56 encodes a remaining absolute value (e.g.,
coeft_abs level remaining or levelRem) of a coefficient level for at least one
coetficient tn a curvent coefficient group (CG) in the bypass mode of CABAC or
another entropy coding engine using codes defined by a Rice parameter. According o
the techniques of this disclosure, entropy encoding unit 36 s configured to determine an
imtial value of the Rice parameter for the current CG based on statistics of coefficient
levels for previgusly encoded coefficients. The statistics may be statistics of absolute
vafues of coefficient levels or romaining absolute vaiues of coefficient levels of
previously coded cocfticients. The statistics-based Rice parameter fnttialization schene
described in this disclosure allows the Rice parameter to quickly and efficiently adapt to
targe coefficient values, which may occur in blocks of screen content and blocks with
transtormo skipping or bypass.

16167} In one example, entropy encoding unit 56 may be configured to determine the
statistics by comparing a coefficient level for a given previously encoded coefficient to
a function of the statistics, and then determine whether to increase or decrease a value of
the statistics based on the comparison. A valuc of the statistics may be wutialized to

zero at a beginning of cach shee of the video data, and entropy encoding unit 56 may
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update the statistics once per CG of the shice. In some examples, entropy encoding unit
56 may be configured to determine separate statistics for each of a plurality of different
categories of CGs. The categories may be defined based on characteristics of the
transform blocks that include the CGs, such as whether or not the transform blocks are
tama blocks and whether or not the transform blocks are transtorm skip blocks, for
example.

13168} At the beginning of the current CG, entropy encoding unit 536 is configured to
map the value of the statistics to the initial value of the Rice parameter for the current
CG. In one example, entropy encoding unit 56 may map the value of the statistics to the
mitial Rice parameter value according to a function of the statistics that is based ona
selection of a mintoum of either a maximum value of the Rice parameter or the value of
the statistics divided by a constant value. Exarple equations representing statistics
gathering, statistics partitioning, and statistics mapping procedures for the Rice
parameter initialization scheme are described in more detail above.

16169} Following the entropy coding by the entropy encoding unit 56, the resulting
encoded video may be transmitted to another device, such as the video decoder 30, or
archived for later transmission or retrieval. In some cases, the entropy encoding unit 56
or ancther unit of the video encoder 20 may be configured to perform other coding
functions, in addition 1o entropy coding.

[8178] Inverse quantization unit 58 and inverse transform processing unit 60 apply
inverse quantization and inverse transformation, respectively, to reconstruct the residual
block 1 the pixel domain, ¢.g., for later use as a reference block. The motion
compensation unit 44 may calculate a reference block by adding the residual block to a
predictive block of one of the reference pictures of decoded picture buffer 64, The
motion compensation unit 44 may aiso apply onc or more interpolation filters to the
reconstructed residual block to calculate sub-integer pixel values for use in motion
estimation. The sammer 62 adds the reconstructed residual block to the motion
compensated prediction block produced by the motion compensation unit 44 to produce
& reconstructed video block for storage in decoded picture buffer 64. The reconstrucied
video block may be used by the motion estimation unit 42 and the motion compensation
unit 44 as a reference block to inter-code a block i a subsequent video frame,

(8171} FiG. 6 is a block diagram illustrating an cxample of video decoder 30 that may
implement the techuigques for decoding coctficient levels described in this disclosure. In

the example of FIG. 6, the video decoder 30 mcludes an entropy decoding vnit 70, a
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video data memory 71, a motion compensation unit 72, an ntra-prediction processing
wnit 74, an inverse (uantization unit 76, an inverse transform processing vnit 78, a
decoded picture buffer (DPR) 82 and a summer 80, The video decoder 30 may, in some
examples, perform a decoding pass generally reciprocal to the encoding pass described
with respect 1o the video encoder 20 (see FIG. §).

(8172} Video data memory 71 may store video data, such as an encoded video
bitstream, to be decoded by the components of video decoder 30. The video data stored
in video data memory 71 may be obtained, for example, from computer-readable
medium 16, ¢.g., from a local video source, such as a camera, via wired or wireless
network communication of video data, or by accessing physical data storage media,
Video data meraory 71 may form a coded picture buffer (CPR) that stores eocoded
video data from an encoded video bitstream. Decoded picture buffer 82 may be a
reference picture memory that stores reference video data for use in decoding video data
by video decoder 30, ¢.g., in intra- or inter-coding modes. Video data memory 71 and
decoded picture buffer 82 may be formed by any of a variety of memory devices, such
as dynamic random access memory (DRAM), ncluding synchronous DRAM
{SDRAM), magnetoresistive RAM (MRAM), resistive RAM (RRAM), or other types of
memory devices. Video data memory 71 and deceded pictare buffer 82 may be
provided by the same memory device or separate memory devices. In various examples,
video data memory 71 may be on-chip with other components of video decoder 30, or
off-chip relative to those components,

16373} Entropy decoding unit 70 performs an entropy decoding process oun the encoded
bitstream to retrieve a one-dimensional array of residual video data coefficients. The
entropy decoding process used depends on the entropy coding used by the video
encoder 20 (e.g., CABAC). The eniropy coding process used by the encoder may be
signaled in the encoded bitstream or may be a predeterovned process. Entropy
decoding unit 70 may be configured to decode the coefficients according to the
technigues of this disclosure. In the example of CABAC, entropy decoding unit 70 may
decode the cocfficients using cither regular coding mode or bypass mode.

16174} In some examples, entropy decoding unit 70 may scan the received values using
a scan that mirrors the scanning mode used by the entropy encoding unit 56 of the video
encoder 2. Although the scauning of cocfficients may be performed in the inverse
quantization unit 76, scanming will be described for purposes of illustration as being

performed by the entropy decoding unit 70, In addition, although shown as separate
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functional vmits for ease of illustration, the structure and functionality of the entropy
decoding unit 70, the inverse guantization unit 76, and other anits of the video decoder
30 may be highly integrated with onc another.

(8175} Entropy decoding unit 70 decodes coctficient levels of the residual video data
coefficients from the bitstream in a reciprocal manwer to video encoder 20, In the case
of lossy video coding, the coefficients to be decoded may be guantized transform
coefficients. in the case of lossless video coding or lossy video coding with transform
skipping or bypass, the cocfficients to be decoded may be encoded pixel values and
have coefficient levels (1.e., pixel values) with large absolute values, When the
coefficients represent screen content, which may include graphics and text regions, the
content moay not be well predicted, resulting in large absolute values of coefficient levels
for the coefficients to be decoded.

(8176} Entropy decoding umt 70 decodes a remaining absolute value of a cocfficient
fevel for at least one coefficient in a coefficient group (CG) using codes defined by a
Rice parameter. According fo the techuiques of this disclosure, entropy decoding umnit
70 1s configured to determine an initial value of the Rice parameter for the current CG
based on statistics of coefficient levels for previously decoded coefficients. The
statistics may be statistics of absolute values of coefficient levels or remaining absolute
values of coefficient levels of previously decoded coefficients. The statistics-based
Rice parametor initialization scheme described in this disclosure allows the Rice
parameter to quickly and efficiently adapt to large coefficient values, which may occcwr
in blocks of screen cordent and blocks with transform skipping or bypass.

161771 In one example, entropy decoding unit 70 may be configured to determine the
statistics by comparing a coefficient level for a given previously decoded coefficient to
a function of the statistics, and then determine whether to increase or decrease a value of
the statistics based on the comparison. A valuc of the statistics may be vutialized to
zero at a beginning of cach shee of the video data, and entropy decoding unit 70 may
update the statistics once per CG of the shice. In some examples, entropy decoding unit
70 may be configured to determine separate statistics for each of a plurality of different
categories of CGs. The categories may be defined based on characteristics of the
transform blocks that inchude the CGs, such as whether or not the transform blocks are
hima blocks and whether or not the transform blocks are transform skip blocks, for

example.
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16178} At the beginning of the current CG, entropy decoding umit 70 is configured to
map the value of the statistics to the initial value of the Rice parameter for the carrent
CG. In one example, entropy decoding unit 70 may map the value of the statistics to the
inttial Rice parameter value according to a function of the statistics that is based ona
selection of a mintmum of either a maximum valae of the Rice parameter or the value of
the statistics divided by a constant value. Example equations representing statistics
gathering, statistics partitioning, and statistics mapping procedures for the Rice
pararaefer itialization scheme are described in more detail above.

16179} The inverse quantization unit 76 inverse quantizes, i.¢., de-quantizes, quantized
transform coefficients provided in the bitstream and decoded by entropy decoding onit
70. The toverse quantization process may include a conventional process, e.g., similar
to the processes proposed for HEVC or detined by the H.264 decoding standard. The
mverse quantization process may inchude use of a quantization parameter QF calculated
by the video encoder 20 for the CU to determine a degree of quantization and, ikewise,
& degree of jnverse guantization that should be applied. Inverse quantization umnit 76
may inverse quantize the transform coefficients either before or after the coetficients are
converted from a one-dimensional array {0 a two-dimensional array.

(8188} Inverse transform processing unit 78 applics an inverse transform 1o the inverse
quantized transform coefficients. For example, inverse transform processing umit 78
may apply one of a discrete cosine transform (DCT), a diserete sine transform (DST), an
integer transform, a Karhunen-Loeve (K-L} transform, or another transform to produce
residual data. To some oxamples, inverse transform processing unit 78 may determine
an fnverse transform based on signaling from video encoder 20, or by inferring the
transform from one or more coding characteristics such as block size, coding mode, or
the like. In some examples, inverse transtorm processing unit 78 may determine a
transform to apply to the current biock based on a signaled transform at the root node of
a quadtree for an LCU inchluding the corrent block. Alternatively, the transform may be
signaled at the root of a TU quadtree for a leatinode CU in the LCU quadtree. In some
examples, inverse transform processing unit 78 may apply a cascaded fnverse transform,
in which inverse transform processing unt 78 apphies two or more inverse transforms to
the transform coefficients of the current block being decoded.

{8181} Intra-prediction processing unit 74 may generate prediction data for a current
block of a current frame based on a signaled intra-prediction mode and data from

previeusly decoded blocks of the corrent frame.
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16182} Motion compensation unit 72 may refrieve the motion vector, motion prediction
direction and reference index from the encoded bitstream. The reference prediction
direction indicates whether the inter-prediction mode is uni-directional {(¢.g., a P frame)
or bi-directional (2 B frame). The refercnce index indicates which reference frame the
candidate motion vector is based on. Based on the retrieved motion prediction
direction, reference frame index, and motion vector, motion compensation unit 72
produces 3 motion compensated block for the current portion. These motion
compensated blocks cssentially recreate the predictive block used to produce the
residual data,

[6183] Motion compensation vnit 72 may produce the motion compensated blocks,
possibly performing interpolation based on interpolation filters. Identifiors for
mterpolation filters to be used for motion estimation with sub-pixel precision may be
mcladed in the syntax elements. Motion compensation unit 72 may use interpolation
filters as used by video enceder 20 during encoding of the video block to calculate
interpolated values for sub-integer pixels of a reference block., Motion compensation
unit 72 may determine the mnterpolation filters used by video encoder 20 according to
received syntax information and use the interpolation filters to produce predictive
blocks.

[8184] Additionally, motion compensation unit 72 and intra-prediction processing unit
74, in an HEVC example, may use some of the syntax information {e.g., provided by a
guadtree) to determing sizes of LCUs used to encode frames of the encoded video
sequence. Motion compensation unit 72 and totra-prediction processing unit 74 may
also use syntax information to determine split information that describes how each CU
of a frame of the encoded video sequence is sphit {(and likewise, how sub-ClUs are split).
The syntax information may also mchude modes indicating how cach split is encoded
{e.g., intra- or nter-prediction, and for intra-prediction an intra-prediction encoding
mode}, one or more reference frames (and/or reference lists containing identifiers for the
reference frames) for cach inter-gncoded PU, and other information to decode the
encoded video sequence.

18188} The summer 80 combines the residual blocks with the corresponding prediction
blocks generated by the motion compensation unit 72 or the intra-prediction processing
unit 74 to form decoded blocks. If desired, a deblocking fifter may also be applied 1o
filter the decoded blocks in order to remove blockiness artifacts. The decoded video

blocks ave then stored in decoded picture buffer 82, which provides reference blocks for
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subsequent motion compensation and also produces decoded video for presentation on a
display device (such as the display device 32 of FIG. 1).

(8186} FiG. 7 is a flowchart illustrating an cxample operation of detormining an initial
value of a Rice parameter during entropy encoding of cocfficient levels according to
techniques described in this disclosure. The example operation is described with respect
to video encoder 20 including entropy encoding unit $6 from FIG. 5.

18187} Entropy encoding onit 56 receives coefficionts of residual video data to be
encoded into a bitstream for transmission to video decoder 30 or for storage on storage
medium 34 or file server 36. The residual video data coefficients may be inchuded n
ceefficient groups {CGs), cach of which is a subblock of a transform block {e.g., a 4x4
subblock as illustrated in F1G. 4). During encoding of the coefficients in the CGs,
entropy encoding unit 56 determines statistics of coefficient levels for the previously
encoded coefficients (100}, In the example described in more detail below with respect
to FIG. 9, determining the statistics of the coefficients levels for the previcusly encoded
coefficients may comprise deteroining whether to increase or decrease a value of the
statistics based on a comparison of a coefficient level for one or more of the previously
encoded coefficients to a function of the statistics. A value of the statistics may be
inttialized o zero at a beginning of each slice of the residual video data.

[B188] In some examples, deternuining the statistics of the coefficient levels for the
previously encoded coefficients may comprise calculating an average or a ronning
average of the cocfficient levels over a slice or a coding unit {CU} of the residual video
data. In other examples, determining the statistics of the coefficient levels for the
previously encoded coefficients may comprise determining whether to increase,
decrease, or mainiain a valae of the statistics based on a comparison of a coefficient
level for one of the previcusly encoded coefficients to the value of the statistics.

(8189} The statistics of the coefficient levels may include statistics of absolute values of
the coefficient levels or statistics of remaining absolute valaes of the coefficient levels
for the previously encoded cocfficients. The statistics of the coefficient levels may be
gathered for proviously encoded coctficicnts in CGs that are all included in the same
transform block, or for previously encoded coctficients n CGs that are included n two
or more different transform blocks.

[8198] In some examples, entropy encoding unit 56 may determing the statistics of the
coefficient levels for the previously encoded coefficients once per coefficient group.

The frequency of the statistics gathering is described m more detail below with respect
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to F1G. 9. For example, entropy encoding unit 56 may determine the statistics when a
first absolute value of a coefficient level is encoded in each of the previous CGs.,
Alternatively, entropy encoding unit 56 may determine the statistics when a figst
remaining sbsolute value of a coefficient level is encoded in cach of the previous CGs.
In other examples, entropy encoding unit 56 may determine the statistics of the
coetficient levels for the previously encoded coefficients upon encoding cach of the
coctficients.

18191} In addition, as described in more detail below with respect to FIG. 9, entropy
encoding unit 56 may determine separate statistics for cach of a plarality of different
categories of CGs. The categories may be defined based on characteristics of the
transform blocks that include the CGs. For example, the characteristics of the transform
blocks may include whether the fransform blocks are huma or chroma block types,
whether the transform blocks are encoded as transform skip blocks or transform-
guantization bypass blocks, whether the transform blocks have intra-prediction or inter-
prediction slice types, the size of the transform blocks, and/or the positions of the CGs
within the transform blocks.

{8192} For a current CG 0 a transform block of the residual video data to be encoded,
entropy encoding unit 56 determines an initial value of a Rice parameter based on the
gathered statistics of the coeflicient levels for the previously encoded coefficients (102},
Conventionally, a value of the Rice parameter is initialized to zero at the beginning of
cach CG and conditionally updated after encoding remaining absohute values of
coefficient levels in the CG. In the case of coding cocflicient levels for scroen content
or in the case of lossless coding or lossy coding in transtorm skip mede, inmtializing the
vatue of the Rice parameter to zero for each CG may not be optimal. The techniques of
this disclosure describe setting the value of the Rice parameter at the beginaing of each
C( based on the gathered statistics instead of automatically resctting the value of the
Rice parameter o zero.

18193} In one example, described in more detail below with respect to FIG. 10, entropy
encoding unit 56 detormines the foitial value of the Rice parameter for the current CG
by mapping a value of the gathered statistics to the initial value of the Rice parameter
according to a fimetion of the statistics. In other examples, entropy encoding unit 56
may map a value of the gathered statistics to the initial valae of the Rice parameter

according to a stored table.
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18194} As described above in more detail, entropy encoding unit 56 may perform one or
more seans of the current €O according to an inverse scan order to encode the
coefficient levels of the coefficients in the current CG. For example, entropy cncoding
ot 36 may encode flags or syntax elements o indicate whether the cocfficicuts bave
coefficient levels with absolute valaes that are greater than | or greater than 2 using
context models in a regular coding mode. Entropy encoding unit 56 then encodes a flag
o1 a syntax cicment to indicate a remaining absohite value of a coefficient level for at
feast one of the coefficients in the current CG using codes defined by the Rice parameter
(104). For example, entropy enceding unit 56 may encode a syntax element indicating a
remaining absohute valae of a coefficient level for any of the coefficients with
coefficient levels greater thao 2 in bypass mode. In some examples, upon eocoding the
first remaining absolute value of a coefficient level n the current CG, entropy encoding
unit S6 may update the statistics based on the cocfficient level of the encoded
coefficient.

16195] In some cases, cutropy encoding unit 56 may conditionally update the nitial
vatue of the Rice parameter based on the initial value of the Rice parameter and an
absolote vahie of a coefficient lovel for a coefficient being encoded in the current CG.
Entropy encoding unit 56 may continue to conditionally update the value of the Rice
parameter after encoding each remaining absolute level for coefficients in the current
CG. At the end of the carrent CG, entropy encoding unit 56 may determine an initial
value of the Rice parameter for a subsequent CG based on statistics of coefficient levels
for the previously encoded cocfficients, including the recently encoded cocfficients
mchided i the current CG.

[8196] FIG. & 1s a flowchart illustrating an example operation of determining an mitial
vafue of a Rice parameter during entropy decoding of coefficient levels according to
techniques described io this disclosure. The example operation is described with respect
to video decoder 30 including entropy decoding unit 70 from FIG. 6.

16197} Video decoder 30 receives an encoded video bitstream from video encoder 20 or
from a storage device such as storage medium 34 or file server 36. The received video
bistream represents coefficients of residual video data to be decoded. The residual
video data coefficients may be inchuded tn coefficient groups {CGs), each of whichis a
subblock of a transform block {e.g., a 4x4 subblock as illustrated in FIG. 4). During
decoding of the cecfficients in the CGs, entropy decoding unit 70 doternrines statistics

of coefficient levels for the previously decoded coefficients (110). In the example
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described i more detail below with respect to FIG. 9, determining the statistics of the
coefficients levels for the previcusly decoded coefficients may comprise determining
whether to increase or decrease a value of the statistics based on a comparison of a
coefficient level for one or more of the previously decoded coefficients to a function of
the statistics. A value of the statistics may be imtialized to zero at a beginning of each
slice of the residual video data.

13198} In some examples, determining the statistics of the cocfficient levels for the
previously decoded coctficients may comprise calculating an average or & running
average of the coefficient levels over a slice, a coding vnit (CU), or a transform unit
{TU) of the residual video data. In other examples, determining the statistics of the
coefficient levels for the previously decoded coefficients may comprise determining
whether to increase, decrease, or maintain a value of the statistics based ona
comparison of a coefficient level for one of the previously encoded coefficients to the
vahie of the statistics.

18199} The statistics of the cocflicient levels may include statistics of absolute values of
the cocfficient levels or statistics of remaiming absolute values of the coctficient levels
for the previously decoded coefficients. The statistics of the coefficient levels may be
gathered for previously decoded coefficients in CGs that are all included in the same
transform block, or for previously decoded coefficients in CGs that are included in two
or more different transform blocks.

18208} In some examples, entropy decoding unit 70 may determine the statistics of the
coctficient levels for the previocusly decoded coctficients once per cocfficient group.
The frequency of the statistics gathering 1s described in more detail below with respect
to FI1G. 9. For example, entropy decoding unit 70 may determine the statistics when a
first absolute value of a coefficient level is decoded in each of the previous CGs.
Altereatively, entropy decoding unit 70 may determine the statistics when a frst
remaining asbsolate value of a coefficient level is decoded in each of the previous CGs.
In other examples, entropy decoding unit 70 may determing the statistics of the
coefficient levels for the previously decoded coctlicients upon decoding cach of the
coefficients.

{8261} In addition, as described in more detail below with respect to FIG. 9, entropy
decoding unit 70 may detorming separate statistics for cach of a plurality of different
categories of CGs. The categories may be defined based on characteristics of the

transform blocks that include the CGs. For example, the characteristics of the transform
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blocks may include whether the transform blocks are fuma or chroma block types,
whether the transform blocks are decoded as transform skip blocks or transform-
quantization bypass blocks, whether the transform blocks have intra-prediction or inter-
prediction slice types, the size of the transform blocks, and/or the positions of the CGs
within the transform blocks.

(8282} For a current CG in a transform block of the residual video data to be decoded,
entropy decoding unit 70 determines an initial value of a Rice parameter based on the
gathered statistics of the cocfficient fevels for the previously decoded coefficients (112).
In some processes, a value of the Rice parameter 18 initialized to zero at the beginning of
cach CG and conditionally updated after decoding remaining absolote values of
coefhicient levels in the CG. In the case of coding coefficient levels for screen content
or in the case of lossless coding or lossy coding in transform skip mode, initializing the
value of the Rice parameter to zero for each CG may not be optimal. The technigues of
this disclosure describe setting the value of the Rice parameter at the beginning of each
CG based on the gathered statistics fostead of automatically resetting the value of the
Riee parameter o 7ero.

{8263} In one example, described in more detail below with respect to FIG. 10, entropy
decoding unit 70 determines the indtial value of the Rice parameter for the current CG
by mapping a value of the gathered statistics to the initial value of the Rice parameter
according to a function of the statistics. In other examples, entropy decoding unit 70
may map a value of the gathered statistics to the initial value of the Rice parameter
according to a stored table.

18284} As described above in more detail, entropy decoding unit 70 may perform one or
more seans of the current €O according to an inverse scan order to decode the
coefficient levels of the coefficients in the current CG. For example, entropy deceding
ot 70 may decode flags or syntax elements fo indicate whether the cocfficicots bave
coefficient levels with absolute valaes that are greater than | or greater than 2 using
context models in a regular coding mode. Entropy decoding unit 70 then decodes = flag
o1 4 syutax cloment to indicate a remaining absolute value of a ceefficient level for at
least one of the coefficients in the current CG using codes defined by the Rice parameter
{114}, For example, entropy decoding wnit 70 may decode a syntax element indicating a
remaining absolute valoe of a coefficient level for any of the cocfficients with
coefficient levels greater than 2 in bypass mode. Insome examples, upon decoding the

first rematning absohite value of a coefficient level in the current CG, entropy decoding
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unit 70 may update the statistics based on the coefficient level of the decoded
coefficient.

{8285} In some cases, enfropy deceding unit 70 may conditionally update the initial
value of the Rice parameter based on the imitial value of the Rice parameter and an
absolute value of a coefficient level for a cocficient being decoded in the current CG.
Entropy decoding unit 70 may continue to conditionally epdate the value of the Rice
parameter after decoding cach remaining absolute level for cocflicients in the current
CG. At the end of the currert CG, entropy decoding unit 70 may determine an initial
vatue of the Rice parameter for a subsequent CG based on statistics of coefficient levels
for the previously decoded coefficients, inchuding the recently decoded coefficients
included in the current CG.

[68286] FIG. 9 18 a flowchart lustrating an example operation of determining statistics
of coefficient levels for previously coded coefficients during entropy coding of
coefficicnt fevels according to techniques described in this disclosure. The illustrated
operation may be one exarple of step 100 from FIG. 7 or step 110 from FIG. 8. The
exanple operation is described with respect to video decoder 30 including entropy
decoding unit 70 from FIG. 6. In other examples, the operation may be performed by
entropy encoding unit 56 of video encoder 20 from FIG. 5.

(8287 Entropy decoding umit 70 decodes a coetficient level for a coefficient na CG
mcladed in a transform block (1203, The coefficient level may comprise either an
absolute value of the coefficient level or a remaining absolute value of the coefficiont
fevel, If the decoded coefficient level is not the first coefficient level in the CG (NO
branch of 122), then entropy decoding unit 70 does not update the statistics based on the
decoded coefficient level (124}, In this example, the statistics are only epdated once per
CG when the first absoluie value of a cocfficient level or the first remaining absclotion
value of a cocfficient level is coded in cach of the CGs. In other example, the statistics
may be updated move frequently or based on the coding of a different coefficient level.
182688} 1f the decoded coefficient level is the first cocfficient level in the CG (YES
branch of 122), then entropy decoding unit 70 determines & category of the CG based on
characteristics of the transform block (126). In one example, the characteristics of the
transform block used to determine the category of the CG tnclude whether or not the
transform block is a luma block and whether or not the transform block is a transform
skip block. To other examples, the characteristics used to determing the category of the

CG may be different, e.g., whether or not the transform block s a transform-
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quantization bypass block, whether the transform block has an intra-prediction or inter-
prediction slice type, the size of the transform block, and/or the position of the current
CG within the transform block. In some examples, video decoder 30 may receive a
syntax clement indicating which characteristics of the fransform block are used 1o define
the different categories of CGs.

[8269] Entropy decoding unit 70 then compares the first coefficient level inthe CG o a
function of the statigtics for the determined category (124). In one example, the
function of the statistics used to update the statistics is based on & first constant value
that is left-shifted by the value of the statistics divided by a sccond constant value. In
other examples, the statistics may be determined according to different technigues, such
as calculating an average or a running average of the coefficient levels over a slice or
coding unit (CU) of the video data, or comparing a coefficient level in the CG divectly
to the value of the statistics.

18218} If the first coefficient level in the CG is greater than or cqual to the result of the
function of the statistics (YES branch of 130}, entropy decoding unit 70 increases the
vatue of the statistics for the determined category (132). If the first coefficient level in
the C3 is less than the result of the function of the statistics (NO branch of 130),
entropy decoding unit 70 decreases the value of the statistics for the determined
category (134). In either case, entropy decoding unit 70 may use the apdated statistics
to determine an initial value of the Rice parameter for a subsequent CQ of the
determined category, as described in more detail below with respect to FIG. 10.

16211} In the example of FIG. 9, the operation for determining the statistics only
updates the statistics onee per CO and gathers separate statistics for a plurality of
different categories of CGs. In other examples, the operation for determining the
statistics may update the statistics afier coding remaining absoluie values for coefficicnt
levels ina CG. To additional exarples, the operation for deternuning the statistics may
only gather one category of statistics.

18212} FIG. 10 is a flowchart illustrating an example operation of determining an initial
vatue of a Rice parameter for a current coefficient group based on the determined
statistics according to techniques described in this disclosure. The llustrated operation
may be one example of step 102 from FIG. 7 orstep 112 from FIG. 8. The example
operation is described with respect to video decoder 30 including entropy decoding unit
70 from FIG. 6. o other exarples, the operation may be performed by entropy

encoding unit 56 of video encoder 20 from FI1G. 5.
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16213} At the beginming of a ainrvent CG in a transform block (140), entropy decoding
wnit 70 determines a category of the current €O based on characteristics of the
transform block that includes the current G (142). In one example, the characteristics
of the transtorm block used to determine the category of the current CG wnclade whether
or not the transform block is a loma block and whether or not the transform block is a
transform skip block. In other examples, the characteristics used to determine the
category of the corrent CG may be differcnt, ¢.g., whether or not the transform block is
a transform-quantization bypass block, whether the ransform block has an indra-
prediction ov inter-prediction shice type, the size of the transform block, and/or the
position of the carrent CG within the trapsform block. In some examples, video
decoder 30 may receive a syntax cloment indicating which characteristics of the
transform block are used to define the different categories of CGs.

{8214} Entropy decoding vnit 70 then maps the vahie of the statistics for the determined
category to an initial value of the Rice parameter for the current CG according {o the
function of the statistics (144). In one example, the function of the statistics used to
imitialize the Rice parameter 1s based on 2 selection of a mininnun of either & maximum
vatue of the Rice parameter or the value of the statistics divided by a constant value. In
other example, the initial value of the Rice parameter may be determined from the
statistics according to different techniques, such as right-shifting the value of the
statistics by a constant value, or applying a linear or piccewise linear fonction of the
statistics. In still other examples, entropy decoding unit 70 may map the value of the
statistics to the mitial value of the Rice parameter according 1o a stored table in which
cach value of the statistics within a pre-defined range 15 mapped to a value of the Rice
parameter up to a maximum value of the Rice parameter.

18215} In onc or more exanples, the functions described may be implemented in
hardware, software, firmware, or any combination thercof. If implemented in software,
the functions may be stored on or transmitted over, as one or more instructions or code,
a computer-readable medium and executed by a hardware-based processing unit,
Computer-readable media may include computer-readable storage media, which
corresponds to a tangible mediam such as data storage media, or communication media
imchiding any mediam that facilitates transfer of a computer program from one place to
another, ¢.g., according {0 a comumunication protocol. In this manner, computer-
readable media generally may correspound to (1) tangible computer-readable storage

media which is non-transitory or {2) a conmmunication medium such as a signal or
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carrier wave. Data storage media may be any available media that can be accessed by
ORE OF OIS COMPULCTs OF ONC OF MO processors to retrieve instructions, code and/or
data structures for impiementation of the techniques described in this disclosure. A
computer program product may inchide a computer-readable medium.

(8216} By way of example, and not Hmitation, such computer-readable storage media
can comprise RAM, ROM, EEPROM, CB-ROM or other optical disk storage, magnetic
disk storage, or 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 instroctions are transmitted from a
wehbsite, server, or other remoie source using a coaxial cable, fiber optic cable, twisted
pair, digital subscriber Hue (DSL), or wireless technologies such as infrared, radio, and
microwave, then the comxdal cable, fiber optic cable, twisted pair, DSL, or wireless
technologies such as infrared, radio, and microwave are incloded in the definition of
medivm. It should be understood, however, that computer-readablie storage media and
data storage media do not include connections, carrier waves, signals, or other transient
media, but are instead directed to non-transient, tangible storage media. Disk and disc,
as used herein, includes compact dise (CI), laser dise, optical disc, digital versatile disc
(DVD), floppy disk and Blu-ray dise, where disks usually reproduce data magnetically,
while dises reproduce data optically with lasers. Combinations of the above should also
be included within the scope of computer-readable media.

16217} Instructions may be executed by one or more processors, such as one or moye
digital signal processors (DSPs), general purpose microprocessors, apphication specific
mtegrated circuits (ASICs), field programmable logic arrays (FPGAS), or other
equivalent integrated or discrete logic circuitry. Accordingly, the term “processor,” as
used berein may refer to any of the foregoing structure or any other structure suitable for
mplementation of the techniques described herein. In addition, In some aspects, the
functionality described herein may be provided within dedicated hardware and/or
sottware modules configured for encoding and decoding, or incorporated in a combined
codec. Also, the techniques could be fully implemented in one or more circuits or logic
clements.

{8218} The techuiques of this disclosure may be implemented in a wide variety of
devices or apparatuses, including a wireless handset, an integrated cireuit (IC) or a set of

ICs {e.g., a chip set). Various components, modules, or units are described in this
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disclosure to emphasize functional aspects of devices configured to perform the
disclosed techniques, but do not necessarily require realization by different hardware
units, Rather, as described above, various units may be combined in a codec hardware
unit or provided by a collection of interoperative hardware units, fncluding one or more
processors as described above, In conjunction with suitable software and/or firmware,
(8218} Various examples have been desceribed. These and other examples are within the

scope of the following claims.
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CLAIMS

1. A method of decoding coeflicients in a video decoding
process, the method comprising:

determining statistics of coeflicient levels for previously
decoded coeflicients of residual video data for each of
a plurality of different categories of coeflicient groups,
wherein the different categories are defined based on
characteristics of transform blocks that include the
coeflicient groups, and wherein the characteristics of
the transform blocks of the previously decoded coet-
ficients include whether the transform blocks are luma
blocks and whether the transform blocks are transform
skip blocks, the previously decoded coeficients being
decoded prior to decoding a current coeflicient group in
a transform block of the residual video data;

determining a category of the current coeflicient group
from the plurality of different categories based on
characteristics of the transform block that includes the
current coeflicient group, wherein the characteristics of
the transform block that includes the current coeflicient
group include whether the transform block 1s a luma
block and whether the transform block 1s a transform
skip block;

prior to decoding any coeflicients in the current coeflicient
group, determining an initial value of a Rice parameter
for the current coeflicient group based on the statistics
for the determined category of the current coeflicient
group; and

decoding a remaining absolute value of a coeflicient level
for at least one of the coefficients in the current coet-
ficient group using codes defined by the initial value of
the Rice parameter.
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2. The method of claim 1, wherein the statistics comprise
statistics of one of absolute values of the coeflicient levels or
remaining absolute values of the coeflicient levels for the
previously decoded coeflicients.

3. The method of claim 1, wherein the statistics comprise
statistics of the coeflicient levels for the previously decoded
coeflicients in previous coeflicient groups that are included
in one or more of the same transform block as the current
coeflicient group or different transform blocks than the
current coeflicient group.

4. The method of claim 1, wherein determining the
statistics comprises:

comparing a coefficient level for at least one of the

previously decoded coeflicients to a function of the
statistics; and

determining whether to increase or decrease the value of

the statistics based on the comparison.

5. The method of claim 4, wherein the function of the
statistics comprises a first constant value left-shifted by a
value of the statistics divided by a second constant value.

6. The method of claim 1, further comprising initializing
a value of the statistics to zero at a beginning of each slice
of the residual video data.

7. The method of claim 1, wherein determining the
statistics comprises determining the statistics once per coed-
ficient group.

8. The method of claim 7, wherein determining the
statistics once per coeflicient group comprises determining

the statistics when one of a first absolute value of a coefhi-
cient level or a first remaining absolute value of a coeflicient
level 1s decoded in each of a plurality of previous coeflicient
groups.
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9. The method of claim 1, further comprising receiving a
syntax element indicating which characteristics of the trans-
form blocks are used to define the different categories of
coeflicient groups, wherein the syntax element is received in
one of a sequence parameter set (SPS) or a picture parameter
set (PPS) for the residual video data.

10. The method of claim 1, wherein determining the initial
value of the Rice parameter for the current coeflicient group
comprises mapping a value of the statistics to the initial
value of the Rice parameter according to a function of the
statistics.

11. The method of claim 10, wherein the function of the
statistics comprises a selection of a minimum of either a
maximum value of the Rice parameter or the value of the
statistics divided by a constant value.

12. The method of claim 1, further comprising updating
the initial value of the Rice parameter based on the initial
value of the Rice parameter and an absolute value of the
coeflicient level for the at least one of the coeflicients being
decoded in the current coeflicient group.

13. The method of claim 1, wherein the codes defined by
the Rice parameter comprise one of Golomb-Rice codes or
Exponential-Golomb codes.

14. The method of claim 1, wherein the current coeflicient
group comprises either transform coeflicients or coefficients
for which a transform 1is not applied.

15. The method of claim 1, wherein the characteristics of
the transform blocks used to define the different categories
of coeflicient groups further include positions of the coef-
ficient groups within the transform blocks used to define the
different categories of coeflicient groups, and wherein the
characteristics of the transform block that includes the
current coeflicient group used to determine the category of
the current coeflicient group further includes the position of
the current coeflicient groups within the transform block that
includes the current coeflicient group.
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16. A method of encoding coeflicients in a video encoding
process, the method comprising:
determining statistics of coeflicient levels for previously
encoded coeflicients of residual video data for each of
a plurality of different categories of coeflicient groups,
wherein the different categories are defined based on
characteristics of transform blocks that include the
coeflicient groups, and wherein the characteristics of
the transform blocks of the previously encoded coef-

ficients include whether the transform blocks are luma
blocks and whether the transform blocks are transform
skip blocks, the previously encoded coeflicients being
encoded prior to encoding a current coeflicient group in
a transform block of the residual video data;

determining a category of the current coeflicient group
from the plurality of different categories based on
characteristics of the transform block that includes the
current coeflicient group, wherein the characteristics of
the transform block that includes the current coeflicient
group at least include whether the transform block is a
luma block and whether the transform block 1s a
transform skip block;

prior to encoding any coeflicients in the current coeflicient
group, determining an initial value of a Rice parameter
for the current coeflicient group based on the statistics
for the determined category of the current coeflicient
group; and

encoding a remaining absolute value of a coeflicient level
for at least one of the coeflicients in the current coef-
ficient group using codes defined by the initial value of
the Rice parameter.
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17. The method of claim 16, wherein the statistics com-
prise statistics of one of absolute values of the coeflicient
levels or remaining absolute values of the coefficient levels
for the previously encoded coeflicients.

18. The method of claim 16, wherein the statistics com-
prise statistics of the coeflicient levels for the previously
encoded coeflicients in previous coeflicient groups that are
included in one or more of the same transform block as the
current coeflicient group or different transform blocks than
the current coefficient group.

19. The method of claim 16, wherein determining the
statistics comprises:

comparing a coeflicient level for at least one of the

previously encoded coeflicients to a function of the
statistics; and

determining whether to increase or decrease the value of

the statistics based on the comparison.

20. The method of claim 19, wherein the function of the
statistics comprises a first constant value left-shifted by a
value of the statistics divided by a second constant value.

21. The method of claim 16, further comprising initializ-
ing a value of the statistics to zero at a beginning of each
slice of the residual video data.

22. The method of claim 16, wherein determining the
statistics comprises determining the statistics once per coef-
ficient group.

23. The method of claim 22, wherein determining the
statistics once per coeflicient group comprises determining
the statistics when one of a first absolute value of a coefli-
cient level or a first remaining absolute value of a coefficient
level 1s encoded in each of a plurality of previous coeflicient
groups.
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24. The method of claim 16, further comprising generat-
ing a syntax element indicating which characteristics of the
transform blocks are used to define the different categories
of coeflicient groups, wherein the syntax element is gener-
ated in one of a sequence parameter set (SPS) or a picture
parameter set (PPS) for the residual video data.

25. The method of claim 16, wherein determining the
initial value of the Rice parameter for the current coeflicient
group comprises mapping a value of the statistics to the
initial value of the Rice parameter according to a function of
the statistics.

26. The method of claim 25, wherein the function of the
statistics comprises a selection of a minimum of either a
maximum value of the Rice parameter or the value of the
statistics divided by a constant value.

27. The method of claim 16, further comprising updating
the initial value of the Rice parameter based on the initial
value of the Rice parameter and an absolute value of the
coeflicient level for the at least one of the coeflicients being
encoded 1in the current coeflicient group.

28. The method of claim 16, wherein the codes defined by
the Rice parameter comprise one of Golomb-Rice codes or
Exponential-Golomb codes.

29. The method of claim 16, wherein the current coethi-
cient group comprises either transform coeflicients or coef-
ficients for which a transform is not applied.

30. The method of claim 16, wherein the characteristics of
the transform blocks used to define the different categories
of coeflicient groups further include positions of the coef-
ficient groups within the transform blocks used to define the
different categories of coeflicient groups, and wherein the
characteristics of the transform block that includes the
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current coeflicient group used to determine the category of
the current coeflicient group further includes the position of
the current coeflicient groups within the transform block that
includes the current coeflicient group.
31. A video coding device comprising:
a memory configured to store video data; and
one or more processors configured to:
determine statistics of coeflicient levels for previously
coded coeflicients of residual video data for each of
a plurality of different categories of coeflicient
groups, wherein the different categories are defined
based on characteristics of transform blocks that
include the coefficient groups, and wherein the char-
acteristics of the transform blocks of the previously
coded coeflicients include whether the transform
blocks are luma blocks and whether the transform
blocks are transform skip blocks, the previously
coded coeflicients being coded prior to coding a
current coeflicient group in a transform block of the
residual video data;
determine a category of the current coeflicient group
from the plurality of different categories based on
characteristics of the transform block that includes
the current coeflicient group, wherein the character-
istics of the transform block that includes the current
coefficient group include whether the transform
block 1s a luma block and whether the transform
block is a transform skip block;
prior to coding any coeflicients in the current coefli-
cient group, determine an initial value of a Rice
parameter for the current coeflicient group based on
the statistics for the determined category of the
current coeflicient group; and
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code a remaining absolute value of a coefficient level
for at least one of the coefficients in the current
coeflicient group using codes defined by the initial
value of the Rice parameter.

32. The device of claim 31, wherein the statistics com-
prise statistics of one of absolute values of the coeflicient
levels or remaining absolute values of the coeflicient levels
for the previously coded coeflicients.

33. The device of claim 31, wherein the statistics com-
prise statistics of the coeflicient levels for the previously
coded coeflicients in previous coeflicient groups that are
included in one or more of the same transform block as the
current coeflicient group or different transform blocks than
the current coeflicient group.

34. The device of claim 31, wherein the processors are
configured to:

compare a coeflicient level for at least one of the previ-

ously coded coeflicients to a function of the statistics;
and

determine whether to increase or decrease the value of the

statistics based on the comparison.

35. The device of claim 34, wherein the function of the
statistics comprises a first constant value left-shifted by a
value of the statistics divided by a second constant value.

36. The device of claim 31, wherein a value of the
statistics is initialized to zero at a beginning of each slice of
the residual video data.

37. The device of claim 31, wherein determining the
statistics comprises determining the statistics once per coef-
ficient group.
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38. The device of claim 37, wherein the processors are
configured to determine the statistics when one of a first
absolute value of a coeflicient level or a first remaining
absolute value of a coeflicient level is coded in each of a
plurality of previous coeflicient groups.

39. The device of claim 31, wherein the processors are
configured to determine a syntax element indicating which
characteristics of the transform blocks are used to define the
different categories of coeflicient groups, wherein the syntax
element is included in one of a sequence parameter set (SPS)
or a picture parameter set (PPS) of the residual video data.

40. The device of claim 31, wherein the processors are
configured to map a value of the statistics to the initial value
of the Rice parameter for the current coeflicient group
according to a function of the statistics.

41. The device of claim 40, wherein the function of the
statistics comprises a selection of a minimum of either a
maximum value of the Rice parameter or the value of the
statistics divided by a constant value.

42. The device of claim 31, wherein the processors are
configured to update the initial value of the Rice parameter
based on the initial value of the Rice parameter and an
absolute value of the coeflicient level for the at least one of
the coeflicients being coded in the current coefficient group.

43. The device of claim 31, wherein the video coding
device comprises a video decoding device, and wherein the
processors of the video decoding device are configured to
decode the remaining absolute value of the coeflicient level
for the at least one of the coeflicients in the current coefli-
cient group using codes defined by the 1initial value of the
Rice parameter.
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44. The device of claim 31, wherein the video coding
device comprises a video encoding device, and wherein the
processors of the video encoding device are configured to
encode the remaining absolute value of the coeflicient level
for the at least one of the coeflicients in the current coefii-

cient group using codes defined by the initial value of the
Rice parameter.

45. The device of claim 31, wherein the codes defined by
the Rice parameter comprise one of Golomb-Rice codes or
Exponential-Golomb codes.

46. The device of claim 31, wherein the current coeflicient
group comprises either transform coeflicients or coeflicients
for which a transform is not applied.

47. The device of claim 31, wherein the characteristics of
the transform blocks used to define the different categories
of coeflicient groups further include positions of the coef-
ficient groups within the transform blocks used to define the
different categories of coeflicient groups, and wherein the
characteristics of the transform block that includes the
current coeflicient group used to determine the category of
the current coeflicient group further includes the position of
the current coeflicient groups within the transform block that
includes the current coeflicient group.

48. A video coding device comprising:

means for determining statistics of coeflicient levels for

previously coded coefficients of residual video data for
each of a plurality of different categories of coeflicient
groups, wherein the different categories are defined
based on characteristics of transform blocks that
include the coeflicient groups, and wherein the charac-
teristics of the transform blocks of the previously coded
coeflicients include whether the transform blocks are
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luma blocks and whether the transform blocks are
transform skip blocks, the previously coded coefficients
being coded prior to coding a current coeflicient group
in a transform block of the residual video data;

means for determining a category of the current coefli-
cient group from the plurality of different categories
based on characteristics of the transform block that
includes the current coeflicient group, wherein the
characteristics of the transform block that include the
current coeflicient group include whether the transform
block 1s a luma block and whether the transform block
is a transform skip block;

means for, prior to coding any coefficients in the current
coeflicient group, determining an initial value of a Rice
parameter for the current coeflicient group based on the
statistics for the determined category of the current
coeflicient group; and

means for coding a remaining absolute value of a coef-
ficient level for at least one of the coeflicients in the
current coefficient group using codes defined by the
initial value of the Rice parameter.

49. The device of claim 48, wherein the means for

determining the statistics comprise:

means for comparing a coeflicient level for at least one of
the previously coded coeflicients to a function of the
statistics, wherein the function of the statistics com-
prises a first constant value left-shifted by a value of the
statistics divided by a second constant value; and

means for determining whether to increase or decrease the
value of the statistics based on the comparison.

50. The device of claim 48, wherein the means for
determining the statistics comprise means for determining
the statistics once per coeflicient group when one of a first
absolute value of a coeflicient level or a first remaining
absolute value of a coeflicient level 1s coded in each of a
plurality of previous coeflicient groups.
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51. The device of claim 48, wherein the means for
determining the initial value of the Rice parameter for the
current coeflicient group comprise means for mapping a
value of the statistics to the initial value of the Rice
parameter according to a function of the statistics, wherein
the function of the statistics comprises a selection of a
minimum of either a maximum value of the Rice parameter
or the value of the statistics divided by a constant value.

52. A non-transitory computer-readable storage medium
comprising instructions that when executed by one or more
processors of a video coding device cause the processors to:
determine statistics of coeflicient levels for previously coded
coeflicients of residual video data for each of a plurality of
different categories of coeflicient groups, wherein the dif-
ferent categories are defined based on characteristics of
transform blocks that include the coeflicient groups, and
wherein the characteristics of the transform blocks of the
previously coded coeflicients include whether the transform
blocks are luma blocks and whether the transform blocks are
transform skip blocks, the previously coded coeflicients
being coded previous to a current coefficient group in a
transform block of the residual video data; determine a
category of the current coeflicient group from the plurality
of different categories based on characteristics of the trans-
form block that includes the current coefficient group,
wherein the characteristics of the transform block that
includes the current coeflicient group include whether the
transform block 1s a luma block and whether the transform
block is a transform skip block; prior to coding any coefii-
cients in the current coeflicient group, determine an initial
value of a Rice parameter for the current coeflicient group
based on the statistics for the determined category of the
current coeflicient group; and code a remaining absolute
value of a coeflicient level for at least one of the coeflicients
in the current coeflicient group using codes defined by the
initial value of the Rice parameter.



