wo 2016/057309 A1 I} ] A0 000 00RO R

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/057309 A1l

14 April 2016 (14.04.2016) WIPOIPCT
(51) International Patent Classification: (72) Inventors: ZHANG, Li; 5775 Morehouse Drive, San
HO4N 19/50 (2014.01) HO04N 19/176 (2014.01) Diego, California 92121-1714 (US). CHEN, Jianle; 5775
HO4N 19/60 (2014.01) HO4N 19/186 (2014.01) Morehouse Drive, San Diego, California 92121-1714 (US).
HO4N 19/61 (2014.01) HO04N 19/85 (2014.01) JOSHI, Rajan Laxman; 5775 Morchouse Drive, San
(21) International Application Number: Dlego,. California 92121_171.4 (US). K.ARCZEWIC.Z’
PCT/US2015/053534 Marta; 5775 Morehouse Drive, San Diego, California
92121-1714 (US).
(22) International Filing Date: | October 2015 (01.10.2015) (*4) Agent: VREDEVELD, Albert W.; Shumaker & Sieffer,
o P.A., 1625 Radio Drive, Suite 300, Woodbury, Minnesota
(25) Filing Language: English 55125 (US).
(26) Publication Language: English (81) Designated States (unless otherwise indicated, for every
L. ) kind of national protection available). AE, AG, AL, AM,
(30) Priority Data: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(71) Applicant: QUALCOMM INCORPORATED [US/US]; HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
Attn: International IP Administration, 5775 Morehouse KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
Drive, San Diego, California 92121-1714 (US). MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,

[Continued on next page]

(54) Title: HARMONIZATION OF CROSS-COMPONENT PREDICTION AND ADAPTIVE COLOR TRANSFORM IN VIDEO
CODING

(57) Abstract: A video coder transforms, based on a difference between a bit

200

TRANSFORM SET OF INITIAL SAMPLES TQ SET OF MODIFIED SAMPLES

202
DETERMINE BIT SHIFT VALUE
AS 3 PLUS MAXIMUM OF 0 AND
VALUE EQUAL TO BIT DEPTH
OF INITIAL LUMA SAMPLE
MINUS BIT DEPTH OF INITIAL
CHROMA SAMPLES

204

DETERMINE FIRST CHROMA
DETERMINE FIRST RESIDUAL COEFFIGIENT

PARAMETER VALUE

A T}
DETERMINE SECOND
PARAMETER VALUE AS
CROSS-COMPONENT
PREDICTION PARAMETER FOR

INITIAL CB SAMPLE LEFT
SHIETED Y MAXIMUM OF 0 DETERMINE MODIFIED LUMA
AND VALUE EQUAL TO BIT SAMPLE
DEPTH OF INITIAL CHROMA Y
SAMPLES MINUS BIT DEPTH
OF INITIAL LUMA SAMPLE DETERMINE MODIFIED CB
1 SAMPLE

208
220
DETERMINE MODIFIED CR
SAMPLE

DETERMINE SECOND CHROMA

RESIDUAL COEFFICIENT

DETERMINE THIRD
PARAMETER VALUE AS
CROSS-COMPONENT
PREDICTION PARAMETER FOR
INITIAL CR SAMPLE LEFT
SHIFTED BY MAXIMUM OF 0
AND VALUE EQUAL TO BIT
DEPTH OF INITIAL CHROMA
SAMPLES MINUS BIT DEPTH
OF INITIAL LUMA SAMPLE

ADD MODIFIED SAMPLES TO
CORRESPONDING SAMPLES
OF PREDICTIVE BLOCK TO

PRODUCE RECONSTRUCTED
SAMPLES

depth of an initial luma sample and a bit depth of initial chroma samples, a
set of initial samples to a set of moditied samples. The set of initial samples
may include the initial luma sample and the initial chroma samples. The ini-
tial chroma samples may include an initial Cb sample and an initial Cr
sample. The set of modified samples may include a modified luma sample
and modified chroma samples. The modified chroma samples may include a
modified Cb sample and a modified Cr sample. Additionally, the video coder
adds the modified samples to corresponding samples of a predictive block to
produce reconstructed samples.



WO 2016/057309 A1 AT 00V 0T AR

TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG,KZ, RU, Published:
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT,
LU, LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF,
SL SK, SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA,
GN, GQ, GW, KM, ML, MR, NE, SN, TD, TG).

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



WO 2016/057309 PCT/US2015/053534

HARMONIZATION OF CROSS-COMPONENT PREDICTION AND ADAPTIVE
COLOR TRANSFORM IN VIDEO CODING

[0001] This patent application claims the benefit of U.S. Provisional Patent Application
62/062,728, filed October 10, 2014, the entire content of which is incorporated herein

by reference.

TECHNICAL FIELD

[0002] This disclosure relates to video encoding and video decoding.

BACKGROUND
[0003] Digital video capabilities can be incorporated into a wide range of devices,
including digital televisions, digital direct broadcast systems, wireless broadcast
systems, personal digital assistants (PDAs), laptop or desktop computers, tablet
computers, e-book readers, digital cameras, digital recording devices, digital media
players, video gaming devices, video game consoles, cellular or satellite radio
telephones, so-called “smart phones,” video teleconferencing devices, video streaming
devices, and the like. Digital video devices implement video coding techniques, such as
those described in the standards defined by MPEG-2, MPEG-4, ITU-T H.263, ITU-T
H.264/MPEG-4, Part 10, Advanced Video Coding (AVC), the High Efficiency Video
Coding (HEVC) standard, and extensions of such standards, such as scalable video
coding (SVC), multiview video coding (MVC), scalable HEVC (SHVC), multiview
HEVC (MV-HEVC), 3D-HEVC, the HEVC Range Extension, and the HEVC Screen
Content Coding (SCC) Extensions. The video devices may transmit, receive, encode,
decode, and/or store digital video information more efficiently by implementing such
video coding techniques.
[0004] Video coding techniques include spatial (intra-picture) prediction and/or
temporal (inter-picture) prediction to reduce or remove redundancy inherent in video
sequences. For block-based video coding, a video slice (e.g., a video frame or a portion
of a video frame) may be partitioned into video blocks, which may also be referred to as
treeblocks, coding tree units (CTUs), coding units (CUs) and/or coding nodes. Video
blocks may include luma blocks and chroma blocks. In an intra-coded (I) slice of a
picture are encoded using spatial prediction with respect to reference samples in

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

[0005] Spatial or temporal prediction results 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 is encoded according to a motion
vector that points to a block of reference samples forming the predictive block, and the
residual data indicating the difference between the coded block and the predictive block.
An intra-coded block is encoded according to an intra-coding mode and the residual
data. For further 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 may be entropy coded to

achieve even more compression.

SUMMARY
[0006] A video coder, such as a video encoder or video decoder, may perform a
transform that combines a color component prediction transform and a color transform.
The combined transform uses a difference between a bit depth of an initial luma sample
and a bit depth of initial chroma samples. Thus, in some examples, the video coder
transforms, based on a difference between a bit depth of an initial luma sample and a bit
depth of initial chroma samples, a set of initial samples to a set of modified samples, the
set of initial samples including the initial luma sample and the initial chroma samples.
[0007] In one example, this disclosure describes a method of decoding video data, the
method comprising: transforming, based on a difference between a bit depth of an initial
luma sample and a bit depth of initial chroma samples, a set of initial samples to a set of
modified samples, the set of initial samples including the initial luma sample and the
initial chroma samples, the set of modified samples including a modified luma sample
and modified chroma samples; and adding the modified samples to corresponding
samples of a predictive block to produce reconstructed samples of the video data.
[0008] In another example, this disclosure describes a device for coding video data, the
device comprising: a data storage medium configured to store the video data; and one or
more processors configured to: transform, based on a difference between a bit depth of

an initial luma sample and a bit depth of initial chroma samples, a sct of initial samples
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to a set of modified samples, the set of initial samples including the initial luma sample
and the initial chroma samples, the set of modified samples including a modified luma
sample and modified chroma samples; and add the modified samples to corresponding
samples of a predictive block to produce reconstructed samples of the video data.
[0009] In another example, this disclosure describes a device for coding video data, the
device comprising: means for transforming, based on a difference between a bit depth of
an initial luma sample and a bit depth of initial chroma samples, a set of initial samples
to a set of modified samples, the set of initial samples including the initial luma sample
and the initial chroma samples, the set of modified samples including a modified luma
sample and modified chroma samples; and means for adding the modified samples to
corresponding samples of a predictive block to produce reconstructed samples of the
video data.

[0010] In another example, this disclosure describes a computer-readable storage
medium (e.g., a non-transitory computer-readable storage medium) having stored
thereon instructions, that when executed, cause a device for coding video data to:
transform, based on a difference between a bit depth of an initial luma sample and a bit
depth of initial chroma samples, a set of initial samples to a set of modified samples, the
set of initial samples including the initial luma sample and the initial chroma samples,
the set of modified samples including a modified luma sample and modified chroma
samples; and add the modified samples to corresponding samples of a predictive block
to produce reconstructed samples of the video data.

[0011] The details of one or more examples of the disclosure are set forth in the
accompanying drawings and the description below. Other features, objects, and

advantages will be apparent from the description, drawings, and claims.

BRIEF DESCRIPTION OF DRAWINGS

[0012] FIG. 1 is a block diagram illustrating an example video encoding and decoding
system that may perform techniques in accordance with one or more aspects of this
disclosure.

[0013] FIG. 2 is a conceptual diagram illustrating intra prediction modes in High
Efficiency Video Coding (HEVC).

[0014] FIG. 3Ais a conceptual diagram illustrating example spatial neighboring motion

vector candidates for merge mode.
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[0015] FIG. 3B is a conceptual diagram illustrating example spatial neighboring motion
vector candidates for advanced motion vector prediction (AMVP) mode.

[0016] FIG. 4 is a conceptual diagram illustrating an example of intra block copy.
[0017] FIG. 5 is a block diagram illustrating an example decoding process in screen
content coding.

[0018] FIG. 6 is a block diagram illustrating an example implementation of a video
decoder, in accordance with a technique of this disclosure.

[0019] FIG. 7 is a block diagram illustrating an example implementation of a video
encoder, in accordance with a technique of this disclosure.

[0020] FIG. 8 is a flowchart illustrating an example operation of a video coder, in

accordance with a technique of this disclosure.

DETAILED DESCRIPTION

[0021] In video coding, a picture comprises an array of pixels. Each pixel of a picture
may comprise a set of samples. For instance, a pixel may comprise a red sample, a
green sample, and a blue sample. The luminance of each of the red, green, and blue
samples control the perceived color and brightness of the pixel. Pixels comprising a red
sample, a green sample, and a blue sample are said to be in the RGB format. In some
examples, pixels comprise a luma sample corresponding to the luminance of a pixel
(i.e., a 'Y sample) and two chrominance samples corresponding to the chrominance of
the sample (i.e., a U sample, and a V sample).

[0022] When encoding a video data, a video encoder may generate residual data for a
block as the difference between the block and one or more predictive blocks. The video
encoder may use motion compensation or intra prediction to generate the predictive
blocks. Furthermore, the video encoder may apply a color transform to convert residual
samples in the RGB format into samples in another format, such as the YCbCr format or
YCoCg format. In some examples, the video encoder uses an adaptive color transform
(ACT). When the video encoder uses ACT, the video encoder applies a color transform
adaptively on a block-by-block basis. For instance, the video encoder may apply the
color transform to some blocks of a picture, but not other blocks of the same picture.
The video encoder may signal whether the video encoder applied the color transform to

particular blocks.
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[0023] While the color transform may reduce the amount of data, the video encoder
may achieve further reductions by applying a cross-component prediction (CCP)
transform. The CCP transform may remove correlation among color components by
using a luma component as a predictor for chroma components. Following application
of the CCP transform, the video encoder may apply another transform, such as a
Discrete Cosine Transform (DCT) to convert residual samples to transform coefficients
in a frequency domain. The video encoder may then quantize the transform coefficients
and entropy encode syntax elements representing the quantized transform coefficients.
[0024] A video decoder may reverse the transforms to obtain residual sample values in
the original color format. For example, the video decoder may receive a bitstream
comprising a block of transform coefficients. In this example, the video decoder applies
an inverse transform to convert the transform coefficients from the frequency domain
into a block of residual samples. Furthermore, the video decoder applies an inverse
CCP transform to the block of residual samples. After applying the inverse CCP
transform, the video decoder may apply an inverse color transform to the block of
residual samples. For instance, the video decoder may apply an inverse ACT to the
block of residual samples. Subsequently, the video decoder may reconstruct a block of
video data at least in part by adding samples in the block of residual samples to
corresponding samples of a predictive block generated using motion compensation or
intra prediction.

[0025] Xiaoyu Xiu et al., “On inter-component de-correlation for screen content
coding,” Joint Collaborative Team on Video Coding (JCT-VC) of ITU-T SG 16 WP 3
and ISO/IEC JTC 1/SC 29/WG 11, 18th Meeting: Sapporo, JP, 30 June — 9 July 2014,
document JCTVC-S0179 (hereinafter, JCTVC-S0179), which is available at
http://phenix.int-evry.fr/jct/doc_end user/current document.php?id=9626, described
combining the ACT and CCP transform into a single combined transform. However,
the combined transform described by JCTVC-S0179 increased the internal bit depth of
samples by 3. Furthermore, the combined transform described by JCTVC-S0179
involved a number of complicated multiplication operations because absolute values of
transform coefficients in the combined transform are no longer less than 2.

[0026] This disclosure describes techniques addressing this issue. As described herein,
when the inverse CCP and inverse ACT are combined together, i.¢., using one step
instead of two consecutive steps, and for the determination of the bits of right shift at

the final stage of the combined transform process, the difference of the bit-depth of
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luma and components is taken into consideration instead of just considering the bit
depth of the luma component. Thus, in some examples, a video coder transforms, based
on a difference between a bit depth of an initial luma sample and a bit depth of initial
chroma samples, a set of initial samples to a set of modified samples, the set of initial
samples including the initial luma sample and the initial chroma samples.

[0027] For example, a video coder, such as a video encoder or video decoder, may
transform a set of initial samples to a set of modified samples. In this example, the set
of initial samples includes an initial luma sample and initial chroma samples. The
initial chroma samples may include an initial Cb sample and an initial Cr sample. The
set of modified samples may include a modified luma sample and modified chroma
samples. The modified chroma samples may include a modified Cb sample and a
modified Cr sample. The video coder may add the modified samples to corresponding
samples of a predictive block to produce reconstructed samples.

[0028] In this example, as part of applying the transform, the video coder determines a
bit shift value as 3 plus a maximum of 0 and a value equal to a bit depth of the initial
luma sample minus a bit depth of the initial chroma samples. Furthermore, the video
coder determines a first parameter value as 1 left shifted by the bit shift value. The
video coder determines a second parameter value as a cross-component prediction
paramcter for the initial Cb sample left shifted by a maximum of 0 and a value equal to
the bit depth of the initial chroma samples minus the bit depth of the initial luma
sample. The video coder determines a third parameter value as a cross-component
prediction parameter for the initial Cr sample left shifted by a maximum of 0 and the
value equal to the bit depth of the initial chroma samples minus the bit depth of the
initial luma sample.

[0029] In this example, the video coder determines a luma residual coefficient value as
a sum of the first parameter value and the second parameter value, multiplied by the
initial luma sample, plus the first parameter value multiplied by the initial Cb sample.
The video coder determines a first chroma residual coefficient value as a difference
between a first intermediate value and a second intermediate value. In this example, the
first intermediate value is equal to the first parameter value minus the second parameter
value, multiplied by the initial luma sample, minus the first parameter value times the
initial Cb sample. Furthermore, in this example, the second intermediate value is equal
to the third parameter value multiplied by the initial luma sample, plus the first

paramecter value multiplied by the initial Cr sample. The video coder determines a
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second chroma residual coefficient value as a sum of the first intermediate value and the
second intermediate value.

[0030] In this example, the video coder determines the modified luma sample as the
luma residual coefficient value right shifted by the bit shift value. The video coder
determines the modified Cb sample as the first chroma coefficient value right shifted by
the bit shift value. The video coder determines the modified Cr sample as the second
chroma coefficient value right shifted by the bit shift value.

[0031] FIG. 1 is a block diagram illustrating an example video coding system 10 that
may utilize the techniques of this disclosure. As used herein, the term “video coder”
refers generically to both video encoders and video decoders. In this disclosure, the
terms ““video coding” or “coding” may refer generically to video encoding or video
decoding.

[0032] As shown in FIG. 1, video coding system 10 includes a source device 12 and a
destination device 14. Source device 12 generates encoded video data. Accordingly,
source device 12 may be referred to as a video encoding device or a video encoding
apparatus. Destination device 14 may decode the encoded video data generated by
source device 12. Accordingly, destination device 14 may be referred to as a video
decoding device or a video decoding apparatus. Source device 12 and destination
device 14 may be examples of video coding devices or video coding apparatuses.

[0033] Source device 12 and destination device 14 may comprise a wide range of
devices, including desktop computers, mobile computing devices, notebook (e.g.,
laptop) computers, tablet computers, sct-top boxes, telephone handsets such as so-called
“smart” phones, televisions, cameras, display devices, digital media players, video
gaming consoles, in-car computers, or the like.

[0034] Destination device 14 may receive encoded video data from source device 12 via
a channel 16. Channel 16 may comprise one or more media or devices capable of
moving the encoded video data from source device 12 to destination device 14. In one
example, channel 16 may comprise one or more communication media that enable
source device 12 to transmit encoded video data directly to destination device 14 in real-
time. In this example, source device 12 may modulate the encoded video data
according to a communication standard, such as a wireless communication protocol, and
may transmit the modulated video data to destination device 14. The one or more
communication media may include wireless and/or wired communication media, such

as a radio frequency (RF) spectrum or one or more physical transmission lines. The one
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or more communication media may form part of a packet-based network, such as a local
area network, a wide-area network, or a global network (e.g., the Internet). The one or
more communication media may include routers, switches, base stations, or other
equipment that facilitate communication from source device 12 to destination device 14.
[0035] In another example, channel 16 may include a storage medium that stores
encoded video data generated by source device 12. In this example, destination device
14 may access the storage medium, e.g., via disk access or card access. The storage
medium may include a variety of locally-accessed data storage media such as Blu-ray
discs, DVDs, CD-ROMs, flash memory, or other suitable digital storage media for
storing encoded video data.

[0036] In a further example, channel 16 may include a file server or another
intermediate storage device that stores encoded video data generated by source device
12. In this example, destination device 14 may access encoded video data stored at the
file server or other intermediate storage device via streaming or download. The file
server may be a type of server capable of storing encoded video data and transmitting
the encoded video data to destination device 14. Example file servers include web
servers (e.g., for a website), file transfer protocol (FTP) servers, network attached
storage (NAS) devices, and local disk drives.

[0037] Destination device 14 may access the encoded video data through a standard
data connection, such as an Internet connection. Example types of data connections
may include wireless channels (e.g., Wi-Fi connections), wired connections (e.g., DSL,
cable modem, etc.), or combinations of both that are suitable for accessing encoded
video data stored on a file server. The transmission of encoded video data from the file
server may be a streaming transmission, a download transmission, or a combination of
both.

[0038] The techniques of this disclosure are not limited to wireless applications or
settings. The techniques may be applied to video coding in support of a variety of
multimedia applications, such as over-the-air television broadcasts, cable television
transmissions, satellite television transmissions, streaming video transmissions, e.g., via
the Internet, encoding of video data for storage on a data storage medium, decoding of
video data stored on a data storage medium, or other applications. In some examples,
video coding system 10 may be configured to support one-way or two-way video
transmission to support applications such as video streaming, video playback, video

broadcasting, and/or video telephony.
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[0039] Video coding system 10 illustrated in FIG. 1 is merely an example and the
techniques of this disclosure may apply to video coding settings (¢.g., video encoding or
video decoding) that do not necessarily include any data communication between the
encoding and decoding devices. In other examples, data is retrieved from a local
memory, streamed over a network, or the like. A video encoding device may encode
and store data to memory, and/or a video decoding device may retrieve and decode data
from memory. In many examples, the encoding and decoding is performed by devices
that do not communicate with one another, but simply encode data to memory and/or
retrieve and decode data from memory. Video encoder 20 and video decoder 30 may
comprise memories configured to store video data. Video encoder 20 may encode the
video data stored in the memory. Video decoder 30 may decode encoded video data and
store the resulting video data in the memory.

[0040] In the example of FIG. 1, source device 12 includes a video source 18, a video
encoder 20, and an output interface 22. In some examples, output interface 22 may
include a modulator/demodulator (modem) and/or a transmitter. Video source 18 may
include a video capture device, ¢.g., a video camera, a video archive containing
previously-captured video data, a video feed interface to receive video data from a video
content provider, and/or a computer graphics system for generating video data, or a
combination of such sources of video data.

[0041] Video encoder 20 may encode video data from video source 18. In some
examples, source device 12 directly transmits the encoded video data to destination
device 14 via output interface 22. In other examples, the encoded video data may also
be stored onto a storage medium or a file server for later access by destination device 14
for decoding and/or playback.

[0042] In the example of FIG. 1, destination device 14 includes an input interface 28, a
video decoder 30, and a display device 32. In some examples, input interface 28
includes a receiver and/or a modem. Input interface 28 may receive encoded video data
over channel 16. Display device 32 may be integrated with or may be external to
destination device 14. In general, display device 32 displays decoded video data.
Display device 32 may comprise a variety of display devices, such as a liquid crystal
display (LCD), a plasma display, an organic light emitting diode (OLED) display, or
another type of display device.

[0043] Video encoder 20 and video decoder 30 each may be implemented as any of a

varicty of suitable circuitry, such as one or more microprocessors, digital signal
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processors (DSPs), application-specific integrated circuits (ASICs), field-programmable
gate arrays (FPGAs), discrete logic, hardware, or any combinations thereof. If the
techniques are implemented partially in software, a device may store instructions for the
software in a suitable, non-transitory computer-readable storage medium and may
execute the instructions in hardware using one or more processors to perform the
techniques of this disclosure. Any of the foregoing (including hardware, software, a
combination of hardware and software, etc.) may be considered to be one or more
processors. Each of video encoder 20 and video decoder 30 may be included 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.

[0044] This disclosure may generally refer to video encoder 20 “signaling” or
“transmitting” certain information to another device, such as video decoder 30. The
term “‘signaling” or “transmitting” may generally refer to the communication of syntax
elements and/or other data used to decode the compressed video data. Such
communication may occur in real- or near-real-time. Alternatively, such
communication may occur over a span of time, such as might occur when storing syntax
elements to a computer-readable storage medium in an encoded bitstream at the time of
encoding, which then may be retrieved by a decoding device at any time after being
stored to this medium.

[0045] In some examples, video encoder 20 and video decoder 30 operate according to
a video compression standard, such as the High Efficiency Video Coding (HEVC)
standard. Wang et al, “High Efficiency Video Coding (HEVC) Defect Report 4,” Joint
Collaborative Team on Video Coding (JCT-VC) of ITU-T SG 16 WP 3 and ISO/IEC
JTC 1/SC 29/WG 11, 17" Meeting: Valencia, ES, 27 March — 4 April 2014, document
JCTVC-Q1003 (v.1) (hereinafter, “JCTVC-Q1003”) is a document describing HEVC.
In this disclosure, the HEVC specification text as in JCTVC-Q1003 may be referred to
as “HEVC version 1.” In addition to the base HEVC standard, there are ongoing efforts
to produce scalable video coding, multiview video coding, and 3D coding extensions for
HEVC.

[0046] In HEVC and other video coding standards, a video sequence typically includes
a series of pictures. Pictures may also be referred to as “frames.” A picture may
include three sample arrays, denoted Sy, Scp and S¢;. St is a two-dimensional array
(i.e., a block) of luma samples. Scy, is a two-dimensional array of Cb chrominance

samples. Scr is a two-dimensional array of Cr chrominance samples. Chrominance
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samples may also be referred to herein as “chroma” samples. In other instances, a
picture may be monochrome and may only include an array of luma samples.

[0047] To generate an encoded representation of a picture, video encoder 20 may
generate a set of coding tree units (CTUs). Each of the CTUs may be a coding tree
block of luma samples, two corresponding coding tree blocks of chroma samples, and
syntax structures used to code the samples of the coding tree blocks. A coding tree
block may be an NxN block of samples. A CTU may also be referred to as a “tree
block” or a “largest coding unit” (LCU). The CTUs of HEVC may be broadly
analogous to the macroblocks of other standards, such as H.264/AVC. However, a
CTU is not necessarily limited to a particular size and may include one or more coding
units (CUs). A slice may include an integer number of CTUs ordered consecutively in
the raster scan.

[0048] To generate a coded CTU, video encoder 20 may recursively perform quad-tree
partitioning on the coding tree blocks of a CTU to divide the coding tree blocks into
coding blocks, hence the name “coding tree units.” A coding block is an NxN block of
samples. A CU may be a coding block of luma samples and two corresponding coding
blocks of chroma samples of a picture that has a luma sample array, a Cb sample array
and a Cr sample array, and syntax structures used to code the samples of the coding
blocks. In monochrome pictures or pictures having three separate color planes, a CU
may comprise a single coding block and syntax structures used to code the samples of
the coding block.

[0049] Video encoder 20 may partition a coding block of a CU into one or more
prediction blocks. A prediction block may be a rectangular (i.e., square or non-square)
block of samples on which the same prediction is applied. A prediction unit (PU) of a
CU may be a prediction block of luma samples, two corresponding prediction blocks of
chroma samples of a picture, and syntax structures used to predict the prediction block
samples. Video encoder 20 may generate predictive luma, Cb and Cr blocks for luma,
Cb and Cr prediction blocks of each PU of the CU. In monochrome pictures or pictures
having three separate color planes, a PU may comprise a single prediction block and
syntax structures used to predict the prediction block.

[0050] Video encoder 20 may use intra prediction or inter prediction to generate the
predictive blocks for a PU. If video encoder 20 uses intra prediction to generate the
predictive blocks of a PU, video encoder 20 may generate the predictive blocks of the

PU based on decoded samples of the picture associated with the PU. In HEVC Version
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1, for the luma component of each PU, an intra prediction method is utilized with 33
angular prediction modes (indexed from 2 to 34), DC mode (indexed with 1) and Planar
mode (indexed with 0), as shown in FIG. 2. FIG. 2 is a conceptual diagram illustrating
intra prediction modes in High Efficiency Video Coding (HEVC).

[0051] In addition to the above 35 intra modes, one more mode, named ‘I-PCM’, is also
employed by HEVC. In I-PCM mode, prediction, transform, quantization, and entropy
coding are bypassed while the prediction samples are coded by a predefined number of
bits. The main purpose of the I-PCM mode is to handle the situation when the signal
cannot be efficiently coded by other modes.

[0052] If video encoder 20 uses inter prediction to generate the predictive blocks of a
PU, video encoder 20 may generate the predictive blocks of the PU based on decoded
samples of one or more pictures other than the picture associated with the PU. Video
encoder 20 may use uni-prediction or bi-prediction to generate the predictive blocks of a
PU. When video encoder 20 uses uni-prediction to generate the predictive blocks for a
PU, the PU may have a single motion vector. When video encoder 20 uses bi-prediction
to generate the predictive blocks for a PU, the PU may have two motion vectors.

[0053] After video encoder 20 generates predictive blocks (e.g., predictive luma, Cb,
and Cr blocks) for one or more PUs of a CU, video encoder 20 may generate a residual
block of the CU. Each sample in a residual block of the CU indicates a difference
between a sample in a predictive block for a PU of the CU and a corresponding sample
in a coding block of the CU. For example, video encoder 20 may generate a luma
residual block of the CU. Each sample in the luma residual block of the CU indicates a
difference between a luma sample in a predictive luma block of a PU of the CU and a
corresponding sample in the luma coding block of the CU.

[0054] In addition, video encoder 20 may generate a Cb residual block of the CU. Each
sample in the Cb residual block of the CU may indicate a difference between a Cb
sample in a predictive Cb block of a PU of the CU and a corresponding sample in the
Cb coding block of the CU. Video encoder 20 may also generate a Cr residual block of
the CU. Each sample in the Cr residual block of the CU may indicate a difference
between a Cr sample in a predictive Cr block for a PU of the CU and a corresponding
sample in the Cr coding block of the CU.

[0055] Furthermore, video encoder 20 may use quad-tree partitioning to decompose the
residual blocks (e.g., luma, Cb, and Cr residual blocks) of a CU into one or more

transform blocks (¢.g., luma, Cb, and Cr transform blocks). A transform block may be a
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rectangular block of samples on which the same transform is applied. A transform unit
(TU) of a CU may be a transform block of luma samples, two corresponding transform
blocks of chroma samples, and syntax structures used to transform the transform block
samples. Thus, each TU of a CU may be associated with a luma transform block, a Cb
transform block, and a Cr transform block. The luma transform block associated with
the TU may be a sub-block of the luma residual block of the CU. The Cb transform
block may be a sub-block of the Cb residual block of the CU. The Cr transform block
may be a sub-block of the Cr residual block of the CU. In monochrome pictures or
pictures having three separate color planes, a TU may comprise a single transform block
and syntax structures used to transform the samples of the transform block.

[0056] Video encoder 20 may apply one or more transforms to a transform block for a
TU to generate a coefticient block for the TU. For example, video encoder 20 may
apply one or more transforms to a luma transform block for a TU to gencrate a luma
coefficient block for the TU. Video encoder 20 may apply one or more transforms to a
Cb transform block of a TU to generate a Cb coefficient block for the TU. Video
encoder 20 may apply one or more transforms to a Cr transform block of a TU to
generate a Cr coefficient block for the TU. A coefficient block may be a two-
dimensional array of transform coefficients. A transform coefficient may be a scalar
quantity.

[0057] After generating a coefficient block (e.g., a luma coefficient block, a Cb
coefficient block or a Cr coefficient block), video encoder 20 may quantize the
cocfficient block. Quantization generally refers to a process in which transform
coefficients are quantized to possibly reduce the amount of data used to represent the
transform coefficients, providing further compression. After video encoder 20 quantizes
a cocefficient block, video encoder 20 may entropy encoding syntax clements indicating
the quantized transform coefficients. For example, video encoder 20 may perform
Context-Adaptive Binary Arithmetic Coding (CABAC) on the syntax elements
indicating the quantized transform coefficients. Video encoder 20 may output the
entropy-encoded syntax elements in a bitstream. The bitstream may comprise an
encoded representation of video data.

[0058] Video encoder 20 may output a bitstream that includes the entropy-encoded
syntax elements. The bitstream may include a sequence of bits that forms a
representation of coded pictures and associated data. The bitstream may comprise a

sequence of network abstraction layer (NAL) units. Each of the NAL units includes a
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NAL unit header and encapsulates a raw byte sequence payload (RBSP). The NAL unit
header may include a syntax element that indicates a NAL unit type code. The NAL
unit type code specified by the NAL unit header of a NAL unit indicates the type of the
NAL unit. A RBSP may be a syntax structure containing an integer number of bytes
that is encapsulated within a NAL unit. In some instances, an RBSP includes zero bits.
[0059] Different types of NAL units may encapsulate different types of RBSPs. For
example, a first type of NAL unit may encapsulate an RBSP for a picture parameter set
(PPS), a second type of NAL unit may encapsulate an RBSP for a coded slice, a third
type of NAL unit may encapsulate an RBSP for Supplemental Enhancement
Information (SEI), and so on. NAL units that encapsulate RBSPs for video coding data
(as opposed to RBSPs for parameter sets and SEI messages) may be referred to as video
coding layer (VCL) NAL units.

[0060] In the example of FIG. 1, video decoder 30 receives a bitstream generated by
video encoder 20. In addition, video decoder 30 may parse the bitstream to obtain
syntax elements from the bitstream. Video decoder 30 may reconstruct the pictures of
the video data based at least in part on the syntax clements obtained from the bitstream.
The process to reconstruct the video data may be generally reciprocal to the process
performed by video encoder 20. For instance, video decoder 30 may use intra
prediction or inter prediction to determine predictive blocks of the PUs of a current CU.
In addition, video decoder 30 may inverse quantize coefficient blocks for TUs of the
current CU. Video decoder 30 may perform inverse transforms on the coefficient
blocks to reconstruct transform blocks for the TUs of the current CU. Video decoder 30
may reconstruct the coding blocks of the current CU by adding the samples of the
predictive blocks for PUs of the current CU to corresponding samples of the transform
blocks for the TUs of the current CU. By reconstructing the coding blocks for cach CU
of a picture, video decoder 30 may reconstruct the picture.

[0061] In the HEVC standard, there are two inter prediction modes, named merge mode
and advanced motion vector prediction (AMVP) modes respectively for a PU. The so-
called skip mode is considered as a special case of merge mode. In either the AMVP
mode or the merge mode, a video coder maintains a motion vector (MV) candidate list
for multiple motion vector predictors. The motion vector(s), as well as reference indices
in the merge mode, of a PU are generated by taking one candidate from the MV

candidate list.
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[0062] In some examples, the MV candidate list contains up to five candidates for the
merge mode and only two candidates for the AMVP mode. A merge candidate may
contain a set of motion information, ¢.g., motion vectors corresponding to both
reference picture lists (list 0 and list 1) and the reference indices. If a merge candidate
is identified by a merge index, the reference pictures are used for the prediction of the
current blocks, as well as the associated motion vectors are determined. However,
under AMVP mode for each respective potential prediction direction from either list 0
or list 1, video encoder 20 explicitly signals a respective reference index, together with
an MVP index to the MV candidate list since each AMVP candidate contains only a
motion vector. In AMVP mode, the predicted motion vectors can be further refined. As
can be seen above, a merge candidate corresponds to a full set of motion information
while an AMVP candidate contains just one motion vector for a specific prediction
direction and reference index. The candidates for both modes are derived similarly by
video encoder 20 and video decoder 30 from the same spatial and temporal neighboring
blocks.

[0063] FIG. 3A is a conceptual diagram illustrating example spatial neighboring motion
vector candidates for merge mode. FIG. 3B is a conceptual diagram illustrating
example spatial neighboring motion vector candidates for AMVP mode. A video coder
(e.g., video encoder 20 or video decoder 30) may derive spatial MV candidates from the
neighboring blocks shown in FIG. 3A and FIG. 3B, for a specific PU (PUy), although
the methods generating the candidates from the blocks differ for merge and AMVP
modes. In merge mode, up to four spatial MV candidates can be derived with the orders
shown in FIG. 3A with numbers, and the order is the following: left (0), above (1),
above right (2), below left (3), and above left (4), as shown in FIG. 3A.

[0064] In AMVP mode, the neighboring blocks are divided into two groups: a left
group consisting of blocks 0 and 1, and an above group consisting of blocks 2, 3, and 4,
as shown in FIG. 3B. For each group, the potential candidate in a neighboring block
referring to the same reference picture as that indicated by the signaled reference index
has the highest priority to be chosen to form a final candidate of the group. It is
possible that none of the neighboring blocks contains a motion vector pointing to the
same reference picture. Therefore, if such a candidate cannot be found, the video coder
may scale the first available candidate to form the final candidate; thus, the temporal

distance differences can be compensated.
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[0065] The HEVC Range Extension, which is an extension to the HEVC standard, adds
support to HEVC for additional color representations (also referred to as “color
formats”), as well as for increased color bit-depth. A draft of the HEVC Range
Extension is: Flynn et al., “HEVC Range Extension text specification: Draft 7,” 17®
Meeting: Valencia, ES, 27 March — 4 April, 2014, document JCTVC-Q1005_v7
(hereinafter, JCTVC-Q1005), which is available from http://phenix.int-
evry.fr/jct/doc_end user/documents/17_ Valencia/wgl 1/JCTVC-Q1005-v9.zip. A color
bit-depth is the number of bits used to represent each component of a color
representation. The support for other color formats may include support for encoding
and decoding RGB sources of video data, as well as video data having other color
representations and using different chroma subsampling patterns than the HEVC main
profile.

[0066] Another extension of HEVC, namely screen content coding (SCC), for coding
screen-content material such as text and graphics with motion is being developed. A
draft of the SCC extension is: Joshi et al., “High Efficiency Video Coding (HEVC)
Screen Content Coding: Draft 1,” Joint Collaborative Team on Video Coding (JCT-VC)
of ITU-T SG 16 WP 3 and ISO/IEC JTC 1/SC 29/WG 11, 18th Meeting: Sapporo, JP,
30 June — 9 July 2014, document JCTVC-R1005_v3 (hereinafter, “JCTVC-R1005™),
which is available from http://phenix.int-

evry.fr/jct/doc_end user/documents/18 Sapporo/wgl1/JCTVC-R1005-v3.zip, is a
working draft (WD) of SCC.

[0067] The Intra Block-Copy (BC) mode has been included in the SCC extension of
HEVC. An example of Intra BC is shown in FIG. 4, wherein the current CU is
predicted from an already decoded block of the current picture/slice. In other words,
FIG. 4 is a conceptual diagram illustrating an example of intra BC. The current Intra
BC block size can be as large as a CU size, which ranges from 8x8 to 64x64, although
for some applications, further constraints may apply.

[0068] As shown in the example of FIG. 4, video encoder 20 may perform a search
within a search region 50 for a block that most closely matches a prediction block of a
PU of a current CU 52, e.g., based on pixel difference values. In the example of FIG. 4,
video encoder 20 has identified a block, labeled prediction signal 54, as the block most
closely matching the prediction block. Video encoder 20 determines an offset vector 56

indicating a displacement of prediction signal 54 relative to the prediction block.
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[0069] The pixels of each block of video data each represent color in a particular
format, referred to as a “‘color representation.” Different video coding standards may
use different color representations for blocks of video data. As one example, the main
profile of the High Efficiency Video Coding (HEVC) video standard, which is under
development by the Joint Collaborative Team on Video Coding (JCT-VC), uses the

Y CbCr color representation to represent the pixels of blocks of video data.

[0070] The YCbCr color representation generally refers to a color representation in
which each pixel of video data is represented by three components or channels of color
information, “Y,” “Cb,” and “Cr.” The Y channel represents luminance (i.e., light
intensity or brightness) data for a particular pixel. The Cb and Cr components are the
blue-difference and red-difference chrominance, i.c., “‘chroma,” components,
respectively. YCbCr is often used to represent color in compressed video data because
there is strong decorrelation between each of the Y, Cb, and Cr components, meaning
that there is little data that is duplicated or redundant among each of the Y, Cb, and Cr
components. Coding video data using the YCbCr color representation therefore offers
good compression performance in many cases.

[0071] The YCgCo color representation generally refers to a color representation in
which each pixel of video data is represented by three components or channels of color
information, “Y,” “Cg,” and “C,.” As in YCbCr, the Y channel represents luminance
(i.e., light intensity or brightness) data for a particular pixel. The C,; and C, components
are the green-difference and orange-difference chrominance, i.c., “chroma,”
components, respectively. A potential advantage of the YCgCo color model over the
YCbCr color model is simpler and faster computation, and better decorrelation of the
color planes to improve compression performance.

[0072] The HEVC main profile uses YCbCr because of the generally strong color
decorrelation between the luma component, and the two chroma components of the
color representation (also referred to as a color format). In some cases, however, there
may still be correlations among Y, Cb, and Cr components. The correlations between
components of a color representation may be referred to as cross-color component
correlation or inter-color component correlation.

[0073] A video coder may be configured to predict the value of one component (e.g., a
sample of a chroma component) based on the value of a different component (e.g., a
samples of a luma component). The process of predicting samples from a first

component based on a second component is referred to as “cross-component prediction
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for color video” or “inter-color component prediction.” A video coder may predict the
value of the first component based on the correlation between the first component and
the second component.

[0074] Cross-component prediction (CCP) was described in Pu et al., “RCEI:
Descriptions and Results for Experiments 1, 2, 3, and 4,” Joint Collaborative Team on
Video Coding (JCT-VC) of ITU-T SG 16 WP 3 and ISO/IEC JTC 1/SC 29/WG 11, 15"
Meeting: Geneva, CH, 25 Oct. — 1 Nov. 2013, document JCTVC-00202, available at
http://phenix.int-evry.fr/jct/doc_end user/documents/15 Geneva/wgl1/JCTVC-00202-
v3.zip (hereinafter, “JCTVC-00202") and employed by both HEVC Range and SCC
extensions. JCTVC-00202 described removing the correlation among color
components by using luma residual as a predictor for chroma components. A set of
scaling parameters is pre-defined and one of them is selected and signalled in the
bitstream. This prediction is performed both for intra- and inter-coded blocks.
However, in case of intra coding, only those with DM chroma mode (i.e., the chroma
prediction mode is identical to the luma prediction mode when the partition size is equal
to 2Nx2N, while the chroma prediction mode is identical to the luma prediction mode
associated with the first (top-left) prediction unit when the partition size is equal to NxN)
are allowed to use this prediction. In JCTVC-00202, a scaling parameter may be
selected for each transform block.

[0075] As described in JCTVC-00202, 7.(x, y) represents a final chroma reconstructed
residual sample at a position (X, y), 7/ (x, y) represents a reconstructed chroma residual
sample from the bitstream at a position (X, y), and r, (x, y) represents a reconstructed
residual sample in the luma component at a position (X, y). In the CCP process of
JCTVC-00202, a video encoder predicts the chroma residual as:

e (6, 9) = e (x,3) ~ (@ x 7 (x,9)) >> 3 M
A video decoder performs an inverse CCP process that compensates the chroma residual
as:

re(.y) = 7c" () + @ x 7 (3, 9)) >> 3 @)
The video encoder calculates and signals the scaling parameter a.

[0076] Furthermore, in JCTVC-00202, if BD, (i.c., the bit depth of chroma samples) is
assumed to be equal to BDy (i.e., the bit depth of luma samples), the reverse CCP

process can be represented by the following matrix multiplication:
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Y Y . g8 0 0|Y
U'\=M,, ccr|U ) ac, & 0\U 3)
4 14 a,, 0 8|V

wherein M, ., are the matrices of the inverse CCP, a. and q,. are the signaled CCP
parameters of chroma components, respectively. Thus, a,. corresponds to the scaling

parameter o, that would be used in equation (2) for compensating the C, chroma value

and a, corresponds to the scaling parameter o that would be used in equation (2) for

compensating the C, chroma value.
[0077] HEVC Version 1 allows the use of different bit-depths for luma and chroma
components. To consider the case where the bit-depth for luma and chroma

components are different, equation (2) may be further modified to:

re(x.y)=r' )+ (@ xr, (x,9)) << BD, )>> BD,)>>3 ) “)
In equation (4), BD, and BDy are the bit-depth of chroma and luma, respectively. BD,,
BDy arc denoted by BitDepthe and BitDepthy, respectively. In this case, the As

nv —CCP

of equation (3) may be modified to be:

1<<(3+BDy) 0 0
M, cop= 23+—pr a,<<BD. 1<< (3+BDy) 0 (5)
a, <<BD, 0 1<<(3+BDy)

[0078] The scaling parameter a can be chosen from the set of values
{-8,-4,-2,-1,0,1,2, 4,8}, inclusively. The video encoder may use a rate-distortion
metric to choose the scaling parameter o.. In some examples, the video encoder may use
another fast algorithm to calculate the cost for different scaling parameter. When o= 0,
the inter-component residual prediction is turned off. For each TU, the video encoder
may select the best o that is suitable for the TU, e.g., a TU level on/off switch is
employed in HEVC Range Extension and SCC Extension.

[0079] A CU-level adaptive color transform (ACT) was described in Zhang et al.,
“SCCES5 Test 3.2.1: In-loop color-space transform,” Joint Collaborative Team on Video
Coding (JCT-VC) of ITU-T SG 16 WP 3 and ISO/IEC JTC 1/SC 29/WG 11, 18th
Meeting: Sapporo, JP, 30 June — 9 July 2014, document JCTVC-R0147 (hereinafter,
“JCTVC-R0147), available at http://phenix.int-

evry.fr/jct/doc_end user/documents/18 Sapporo/wgl1/JCTVC-R0147-v2.zip), and
adopted in 18th JCTVC meeting. As described in JCTVC-R0147, for intra coded CUs,
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intra BC coded CU, and inter coded CUs, a video encoder conditionally signals a flag to
indicate the usage of an adaptive color transform. When ACT is enabled for one CU, a
video encoder firstly converts the prediction errors (i.e., residual data), which may be
determined using either intra prediction (including intra BC) or inter prediction, to a
different color space by invoking a color transform. The video encoder then treats the
converted prediction errors in the same way as those blocks with ACT disabled, i.¢., by
invoking CCP, transform, quantization and entropy coding in order. At the decoder
side, after invoking CCP, an inverse color transform module is added if the current CU
is coded with ACT enabled.

[0080] FIG. 5 is a block diagram illustrating an example decoding process in screen
content coding. Although described with regard to screen content coding, the decoding
process of FIG. 5 is not limited to screen content coding. Thus, FIG. 5 depicts the
decoding flow with ACT included. In the example of FIG. 5, a video decoder
comprises an entropy decoding unit 100, a de-quantization unit 102, an inverse
transform unit 104, a CCP unit 106, an inverse color transform unit 108, a motion
compensation unit 110, an intra prediction unit 112, a deblocking filter unit 114, a
sample adaptive offset (SAO) filter unit 116, and a decoded picture buffer 118.

[0081] Entropy decoding unit 100 receives a bitstream. Entropy decoding unit 100 may
parse syntax clements from the bitstream. As part of parsing the syntax elements from
the bitstream, entropy decoding unit 100 may entropy decode data in the bitstream to
recover particular syntax elements, including syntax elements representing transform
cocfficients. De-quantization unit 102 may dequantize the transform coefficients.
Inverse transform unit 104 may apply an inverse transform, such as an inverse DCT, to
blocks of transform coefficients to generate blocks of residual data.

[0082] Furthermore, in the example of FIG. 5, CCP unit 106 applics an inverse CCP
transform to the blocks of residual data. Inverse color transform unit 108 applies an
inverse color transform to blocks of residual data. As shown in the example of FIG. 5,
inverse color transform unit 108 may be bypassed for some blocks of residual data.
Subsequently, residual samples generated by CCP unit 106 or inverse color transform
unit 108 may be added to corresponding samples of an intra- or inter-predictive block to
reconstruct samples.

[0083] Motion compensation unit 110 or intra prediction unit 112 may generate the
predictive block. Intra prediction unit 112 may generate the predictive block using intra

prediction. Intra prediction is a technique of predicting data elements based on data
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elements, such as sample values, of the same decoded slice. For instance, intra
prediction unit 112 may use a directional intra prediction mode, a DC intra prediction
mode, a planar intra prediction mode, intra BC, or another technique of predicting data
elements, such as sample values, based on data elements of the same decoded slice.
Motion compensation unit 110 may use motion compensation to generate the predictive
block, e.g., using syntax elements defining a motion vector.

[0084] Deblocking filter unit 114 may apply a deblocking filter to the reconstructed
samples. The deblocking filter may remove blocking artifacts. SAO filter unit 116 may
apply an SAO filter to the reconstructed samples.

[0085] DPB 118 may store the reconstructed samples. Thus, DPB 118 may be a
memory or computer readable storage medium configured to store video data. DPB 118
may be a reference picture memory that stores reference video data (e.g., reference
pictures) for use in decoding video data by video decoder 30, e.g., in intra- or inter-
coding modes. Decoded picture buffer 118 may be formed by any of a variety 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. Decoded picture buffer 118 may be
provided by the same memory device or separate memory devices. In various examples,
decoded picture buffer 118 may be on-chip with other components of video decoder 30,
or off-chip relative to those components.

[0086] In JCTVC-R1005, the color transform is defined as follows:

Y CoCg (for lossy coding):

Y R 1/4 1/2 1/4 1R
Forward: Co| = Mpyq acr |G| = | 1/2 0o -1/2 ,
Cg B -1/4 172 -1/4l1B
R Y 1 1 -17Y
Inverse: [G‘ = Miys acr|COl=11 0 1 |]|Col. (6)
B Cg 1 -1 -—-111Cg

YCoCg-R (a reversible form of RGB <-> YCgCo which scales the Co and Cg
components by a factor of two, for lossless coding)). By using the common lifting

technique, the forward and inverse transform could be achieved by the equations below:
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Co=R-B
. t=B+|Co/2]
Forward: Cg=G—t °

Y=t+|Cg/2]

t=Y —|Cg/2]
G=Cg+t

B=t—|Co/2|
R=B+Co

Inverse :

[0087] Since both CCP and ACT are independent from neighboring blocks and
neighboring pixels, both CCP and ACT may be performed with pixel-level processing.
Although an ACT flag is signalled at the CU level and CCP is signalled at the TU level,
both of them could be performed at the pixel level. The ACT flag may indicate whether
the color transform is applied. If both ACT and CCP are performed at the pixel/TU
level, decoding delay may be reduced.

[0088] Xiaoyu Xiu et al., “On inter-component de-correlation for screen content
coding,” Joint Collaborative Team on Video Coding (JCT-VC) of ITU-T SG 16 WP 3
and ISO/IEC JTC 1/SC 29/WG 11, 18th Meeting: Sapporo, JP, 30 June — 9 July 2014,
document JCTVC-S0179 (hereinafter, “JCTVC-S0179”), which is available at
http://phenix.int-evry.fr/jct/doc_end user/current document.php?id=9626, described
merging the two steps (i.e., CCP and ACT) into one step by using a different transform
matrix for lossy coding.

[0089] Based on the assumption that BD. is equal to BDy, for lossy coding, the
combined decoding process can be achieved by simply multiplying the matrices of the

two operations, i.e.,

G Y ) 1 1 0| 8 0
Bl=M,, M, cco| C, |= 3 I -1 -1 ac, 8
R C, 1 -1 1 |a, O

[0090] In the case that BD, is different from BDy, for lossy coding, by replacing the

of ¥ 8+a, o oy

olc, |=8-(a, +a,) -8 -8|c 7
z 3 c, Co 2

8| C,

8_(acg —ag) -8 8 |C,

above formula (3) by (5), the corresponding decoding process may be defined as:
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G Y 1 1 0fl<<(3+BDy) 0 0 Y
Bl=M,, oM, ccr cg g 1 -1 -1| a,<<BD. 1<<(3+BDy) 0 C,
R C, 1 - a,, << BD, 0 1<<(3+BDy) | C, |(8)
23 EDy +(ag, <<BD,) 23+EDr 0 Y
| 2 —(ag, <<BD.)—(a, <<BD;) =27 2% C
E 2 —(a. <<BD.)+(ag, <<BD;) -2""r 27| C,

[0091] That is, given the input sample represented by ry[ x [ v I reo[ X [ ¥ 1,
res[ x ][ v ] for three color components, the outputs of the modified sample values are

calculated with the following steps:

bShift = BDY + 3

wPara0 = 1 <<bShift

wParal = ResScaleVal[ 1 ][ xTbY ][ yTbY ] <<BDc¢

wPara2 = ResScaleVal[ 2 ][ xTbY ][ yTbY ] <<BDe¢
resCoeffY = (wPara0 + wParal) *rY[ x ][y ] + wPara0 *rCb [x ][y ]
tmp0 = (wPara0 - wParal) * rY[ x |[ y ] - wPara0 * rCb[ x ][ ¥ |
tmpl = wPara2 * rY[x ][y ] + wPara0 * rCr[x ][y ]
resCoeffCb = tmp0 — tmp1

resCoeffCr = tmp0 + tmp1

1Y[ x ][ v ] = resCoeffY >> bShift

1Cb[ x ][ v ] = resCoeffCb >> bShift

rCr[ x ][ y ] = resCoeffCr >> bShift

The input of (8) and the steps above are Y (Y), Cg (Cb), and Co(Cr); the output of (8)
and the steps above are G (rY), B(rCb), R(rCr). Thus, in (8) and the steps above, there
are different variables but with same meanings. In the steps above, ResScaleVal[ 1 ][
xTbY ][ yTbY ] and ResScaleVal[ 2 ][ xTbY ][ yTbY ] represent Cross Component
Prediction (CCP) parameters corresponding to rep and rey, respectively. For instance,
the input sample is assumed to be at location (xTbY, yTby) within the transform block.
Hence, ResScaleVal[ 1 |[ xTbY ][ yTbY ] is the scaling parameter o for the Cb and
ResScalVal[ 1 ][ xTbY ][ yTbY ] is the scaling parameter o for Cr.

[0092] The design of JCTVC-S0179 has at least the following problem. When
comparing the combined steps in equation (8) with the original inverse YCoCg
transform, it is noted that the internal bit-depth is increased by (3+ BitDepthy). In

addition, more complicated multiplications are required since the absolute transform
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coefficients are no longer less than 2. Examples of this disclosure may reduce the
decoder complexity compared to the design in JCTVC-S0179.
[0093] When the inverse CCP and inverse ACT are combined together, i.¢., using one
step instead of two consecutive steps, and for the determination of the bits of right shift
at the final stage, the difference of the bit-depth of luma and components is taken into
consideration instead of just considering the bit depth of the luma component. To be
more precise, the definition of bShift in JCTVC-S0179 is replaced by 3 + max (0,
BitDepthY — BitDepthC)) wherein the max function returns the larger value of two
variables. In this case, the internal bit-depth increment is reduced from (3+BitDepthy)
to (3 + max (0, BitDepthy — BitDepthc))).
[0094] The modified decoding process is defined as follows, with deletions relative to
JCTVC-S0179 shown enclosed in double brackets and italicized (e.g., /[/example/]) and
additions relative to JCTVC-S0179 underlined (e.g., example):

bShift = //BDy +]] 3 + max(0, BitDepthy — BitDepthc))

wPara0 = 1 << bShift

wParal = ( ResScaleVal[ 1 ][ xTbY ][ yTbY ] << //BDc]] max(0, BitDepthc —

BitDepthy))

wPara2 = (ResScaleVal[ 2 ][ xTbY ][ yTbY ]| << [/BDc]] max(0, BitDepthc —

BitDepthy))

resCocffy = (wPara0 + wParal) * ry[ x ][ y | + wPara0 * reo[ x ][ v ]
tmp0 = (wPara0 - wParal) * ry[ x ][ y ] - wPara0 * rep[ x ][ v ]

tmpl = wPara2 * ry[ x ][ y ] + wPara0 * reo[ x ][ v ]

resCoeffcp, = tmp0 — tmp1

resCoeffe, = tmp0 + tmp1

ry[ x ][ y ] = resCoeffy >> bShift

rew[ X ][ v ] = resCoeffcy, >> bShift

res] X ][ y ] = resCoeffe, >> bShift

[0095] Thus, in accordance with an example of this disclosure, a video coder, such as

video encoder 20 or video decoder 30 may transform, based on a difference between a
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bit depth of an initial luma sample and a bit depth of initial chroma samples, a set of
initial samples to a set of modified samples. In this example, the set of initial samples
includes an initial luma sample and initial chroma samples. In some examples, the set
of initial chroma samples includes an initial Cb sample and an initial Cr sample. The
set of modified samples includes a modified luma sample and modified chroma
samples. In some examples, the modified chroma samples includes a modified Cb
sample and a modified Cr sample. The video coder may add the modified samples to
corresponding samples of a predictive block to produce reconstructed samples.

[0096] In some examples, when applying the transform, the video coder determines a
bit shift value (e.g., bShift) as 3 plus a maximum of 0 and a value equal to a bit depth of
the initial luma sample (e.g., BitDepthy) minus a bit depth of the initial chroma samples
(e.g., BitDepth¢). The video coder may determine a first parameter value (e.g., wPara0)
as 1 left shifted by the bit shift value. The video coder may determine a second
parameter value (e.g., wParal) as a cross-component prediction parameter for the initial
Cb sample left shifted by a maximum of 0 and a value equal to the bit depth of the
initial chroma samples minus the bit depth of the initial luma sample. The video coder
may determine a third parameter value (e.g., wPara2) as a cross-component prediction
parameter for the initial Cr sample left shifted by a maximum of 0 and the value equal to
the bit depth of the initial chroma samples minus the bit depth of the initial luma
sample.

[0097] In this example, the video coder determines a luma residual coefficient value
(c.g., resCoeffy) as a sum of the first parameter value and the second parameter value,
multiplied by the initial luma sample, plus the first parameter value multiplied by the
initial Cb sample. Furthermore, the video coder determines a first chroma residual
cocfficient value (e.g., resCoeffcy) as a difference between a first intermediate value
(e.g., tmp0) and a second intermediate value (e.g., tmp1l). In this example, the first
intermediate value is equal to the first parameter value minus the second parameter
value, multiplied by the initial luma sample, minus the first parameter value times the
initial Cb sample. Furthermore, in this example, the second intermediate value is equal
to the third parameter value multiplied by the initial luma sample, plus the first
paramecter value multiplied by the initial Cr sample. The video coder determines a
second chroma residual coefficient value (e.g., resCoeffc;) as a sum of the first

intermediate value and the second intermediate value.
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[0098] In this example, the video coder determines the modified luma sample (e.g., ry[
x ][ y 1) as the luma residual coefficient value right shifted by the bit shift value. In this
example, the video coder determines the modified Cb sample (e.g., reo[ X ][ ¥ ]) as the
first chroma coefficient value right shifted by the bit shift value. In this example, the
video coder determines the modified Cr sample (e.g., reo[ X ][ y ]) as the second chroma
coefficient value right shifted by the bit shift value.

[0099] In instances where the video coder is a video encoder, such as video encoder 20,
the video coder may signal, in a bitstream, syntax elements indicating the cross-
component prediction parameter for the initial Cb sample and the cross-component
prediction parameter for the initial Cr sample. Similarly, in instances where the video
coder is a video decoder, such as video decoder 30, the video coder may obtain, from a
bitstream, syntax elements indicating the cross-component prediction parameter for the
initial Cb sample and the cross-component prediction parameter for the initial Cr
sample.

[0100] Alternatively, the following may apply to the definitions of wParal and wPara2:

wParal = ( ResScaleVal[ 1 ][ xTbY ][ yTbY ] << BitDepthc) >> min(BitDepthy,
BitDepthc)
wPara2 = (ResScaleVal[ 2 ][ xTbY ][ yTbY ] << BitDepthc) >>
min(BitDepthy BitDepthc)

[0101] FIG. 6 is a block diagram illustrating an example implementation of video
decoder 30, in accordance with a technique of this disclosure. The example
implementation of video decoder 30 shown in FIG. 6 is similar to the video decoder of
FIG. 5. However, instead of including CCP unit 106 and inverse color transform unit
108, the video decoder of FIG. 6 includes a combined CCP/ACT unit 120. Combined
CCP/ACT unit 120 applies a combined inverse CCP and ACT.

[0102] In accordance with one or more techniques of this disclosure, combined
CCP/ACT unit 120 transforms, based on a difference between a bit depth of an initial
luma sample and a bit depth of initial chroma samples, a set of initial samples to a set of
modified samples, the set of initial samples including the initial luma sample and the
initial chroma samples. The initial chroma samples includes an initial Cb sample and an

initial Cr sample. The set of modified samples includes a modified luma sample and
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modified chroma samples. The modified chroma samples include a modified Cb
sample and a modified Cr sample.

[0103] FIG. 7 is a block diagram illustrating an example implementation of video
encoder 20, in accordance with a technique of this disclosure. FIG. 7 is provided for
purposes of explanation and should not be considered limiting of the techniques as
broadly exemplified and described in this disclosure. For purposes of explanation, this
disclosure describes video encoder 20 in the context of HEVC coding. However, the
techniques of this disclosure may be applicable to other coding standards or methods.
[0104] In the example of FIG. 7, video encoder 20 includes a video data memory 130, a
prediction processing unit 132, a residual generation unit 134, a combined CCP/ACT
unit 136, a transform processing unit 138, a quantization unit 140, an inverse
quantization unit 142, an inverse transform processing unit 144, an inverse combined
CCP/ACT unit 146, a reconstruction unit 148, a filter unit 150, a decoded picture buffer
152, and an entropy encoding unit 154. Prediction processing unit 132 includes an
inter-prediction processing unit 156 and an intra-prediction processing unit 158. In
other examples, video encoder 20 may include more, fewer, or different functional
components.

[0105] Video data memory 130 may store video data to be encoded by the components
of video encoder 20. The video data stored in video data memory 130 may be obtained,
for example, from video source 18. Decoded picture buffer 152 may be a reference
picture memory that stores reference video data for use in encoding video data by video
encoder 20, ¢.g., in intra- or inter-coding modes. Video data memory 130 and decoded
picture buffer 152 may be formed by any of a variety 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 130 and decoded picture buffer 152 may be provided by
the same memory device or separate memory devices. In various examples, video data
memory 130 may be on-chip with other components of video encoder 20, or off-chip
relative to those components.

[0106] Video encoder 20 may encode CUs of a CTU to generate encoded
representations of the CUs (i.c., coded CUs). As part of encoding a CU, prediction
processing unit 132 may partition the coding blocks associated with the CU among one
or more PUs of the CU. Thus, each PU may be associated with a luma prediction block

and corresponding chroma prediction blocks. Inter-prediction processing unit 156 may
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generate predictive data for a PU by performing inter prediction on each PU of a CU.
The predictive data for the PU may include predictive blocks of the PU and motion
information for the PU. Intra-prediction processing unit 158 may generate predictive
data for a PU by performing intra prediction on the PU. Prediction processing unit 132
may select the predictive data for PUs of a CU from among the predictive data
generated by inter-prediction processing unit 156 for the PUs or the predictive data
generated by intra-prediction processing unit 158 for the PUs.

[0107] Residual generation unit 134 may generate, based on the coding blocks of a CU
and the selected predictive blocks of the PUs of the CU, residual blocks of the CU. For
instance, residual generation unit 134 may generate the residual blocks of the CU such
that each sample in the residual blocks has a value equal to a difference between a
sample in a coding block of the CU and a corresponding sample in a corresponding
selected predictive sample block of a PU of the CU.

[0108] Combined CCP/ACT unit 136 applies a combined CCP and ACT to the residual
data generated by residual generation unit 134. Combined CCP/ACT unit 136 may
transform, based on a difference between a bit depth of an initial luma sample and a bit
depth of initial chroma samples, a set of initial samples to a set of modified samples.
The set of initial samples includes the initial luma sample and the initial chroma
samples. The initial chroma samples includes an initial Cb sample and an initial Cr
sample. The set of modified samples include a modified luma sample and modified
chroma samples. The modified chroma samples include a modified Cb sample and a
modified Cr sample. In some examples, the three color components may be named in a
different way, such as (Y, Cb, Cr).

[0109] Transform processing unit 138 may generate transform coefficient blocks for
cach TU of a CU by applying one or more transforms to the transform blocks of the TU.
Transform processing unit 138 may apply various transforms to a transform block of a
TU. For example, transform processing unit 138 may apply a discrete cosine transform
(DCT), a directional transform, or a conceptually similar transform to a transform block.
In some examples, transform processing unit 138 does not apply transforms to a
transform block. In such examples, the transform block may be treated as a transform
cocfficient block.

[0110] Quantization unit 140 may quantize the transform coefficients in a coefficient
block. The quantization process may reduce the bit depth associated with some or all of

the transform coefficients. For example, an n-bit transform coefficient may be rounded



WO 2016/057309 PCT/US2015/053534

29

down to an m-bit transform coefficient during quantization, where » is greater than m.
Quantization may introduce loss of information, thus quantized transform coefficients
may have lower precision than the original ones.

[0111] Inverse quantization unit 142 and inverse transform processing unit 144 may
apply inverse quantization and inverse transforms to a coefficient block, respectively, to
reconstruct a residual block from the coefficient block. Inverse combined CCP/ACT
unit 146 applies an inverse CCP and ACT to the residual data generated by inverse
transform processing unit 144. For instance, in accordance with the techniques of this
disclosure, inverse combined CCP/ACT unit 146 may transform, based on a difference
between a bit depth of an initial luma sample and a bit depth of initial chroma samples,
a set of initial samples to a set of modified samples. The set of initial samples includes
the initial luma sample and the initial chroma samples. The initial chroma samples
includes an initial Cb sample and an initial Cr sample. The set of modified samples
includes a modified luma sample and modified chroma samples. The modified chroma
samples include a modified Cb sample and a modified Cr sample.

[0112] Reconstruction unit 148 may add the reconstructed residual block to
corresponding samples from one or more predictive sample blocks generated by
prediction processing unit 132 to produce a reconstructed transform block associated
with a TU. By reconstructing transform blocks for each TU of a CU in this way, video
encoder 20 may reconstruct the coding blocks of the CU. In this way, video encoder 20
may perform a method of decoding video data.

[0113] Filter unit 150 may perform one or more deblocking operations to reduce
blocking artifacts in the coding blocks associated with a CU. Decoded picture buffer
152 may store the reconstructed coding blocks after filter unit 150 performs the one or
more deblocking operations on the reconstructed coding blocks. Inter-prediction
processing unit 156 may use a reference picture containing the reconstructed coding
blocks to perform inter prediction on PUs of other pictures.

[0114] Entropy encoding unit 154 may receive data from other functional components
of video encoder 20. For example, entropy encoding unit 154 may receive coefficient
blocks from quantization unit 140 and may receive syntax elements from prediction
processing unit 132. Entropy encoding unit 154 may perform one or more entropy
encoding operations on the data to generate entropy-encoded data. For example,
entropy encoding unit 154 may perform a CABAC operation, a context-adaptive

variable length coding (CAVLC) operation, a variable-to-variable (V2V) length coding
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operation, a syntax-based context-adaptive binary arithmetic coding (SBAC) operation,
a Probability Interval Partitioning Entropy (PIPE) coding operation, an Exponential-
Golomb encoding operation, or another type of entropy encoding operation on the data.
Video encoder 20 may output a bitstream that includes entropy-encoded data generated
by entropy encoding unit 154. For instance, the bitstream may include data that
represents a RQT for a CU.

[0115] FIG. 8 is a flowchart illustrating an example operation of a video coder, such as
video encoder 20 or video decoder 30, in accordance with a technique of this disclosure.
FIG. 8 is provided as an example. Other examples may include more, fewer, or
different actions. Furthermore, in other examples, the actions may be in different
orders.

[0116] In the example of FIG. 8, the video coder may transform, based on a difference
between a bit depth of an initial luma sample and a bit depth of initial chroma samples,
a set of initial samples to a set of modified samples (200). The set of initial samples
includes the initial luma sample (e.g., ry[x][y]) and the initial chroma samples. In some
examples, the initial chroma samples includes an initial Cb sample (e.g., reo[x][y]) and
an initial Cr sample (e.g., re,[x][y]). The set of modified samples includes a modified
luma sample and modified chroma samples. In some examples, the modified chroma
samples includes a modified Cb sample and a modified Cr sample.

[0117] In the example of FIG. &, to transform the initial samples, the video coder may
determine a bit shift value (e.g., bShift) as 3 plus a maximum of 0 and a value equal to
the bit depth of the initial luma sample (e.g., BitDepthy) minus the bit depth of the
initial chroma samples (e.g., BitDepthc) (202).

[0118] The video coder may determine a first parameter value (e.g., wPara0) as 1 left
shifted by the bit shift value (204). Additionally, the video coder may determine a
second parameter value (e.g., wParal) as a cross-component prediction parameter for
the initial Cb sample (e.g., ResScalVal[1][xTbY][yTbY]) left shifted by a maximum of
0 and a value equal to the bit depth of the initial chroma samples minus the bit depth of
the initial luma sample (206). The video coder may determine a third parameter value
as a cross-component prediction parameter for the initial Cr sample (e.g.,
ResScalVal[2][xTbY][yTbY]) left shifted by a maximum of 0 and the value equal to the
bit depth of the initial chroma samples minus the bit depth of the initial luma sample

(208).
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[0119] The video coder may determine a luma residual coefficient value (resCoeffy) as
a sum of the first parameter value and the second parameter value, multiplied by the
initial luma sample, plus the first parameter value multiplied by the initial Cb sample
(210). The video coder may determine a first chroma residual coefficient value (e.g.,
resCoeffcy) as a difference between a first intermediate value (e.g., tmp0) and a second
intermediate value (e.g., tmpl) (212). The first intermediate value may be equal to the
first parameter value minus the second parameter value, multiplied by the initial luma
sample, minus the first parameter value times the initial Cb sample (e.g., tmp0 =
(wPara0 - wParal) * ry[ x ][ v ] - wPara0 * rep[ X ][ y ]). The second intermediate value
is equal to the third parameter value multiplied by the initial luma sample, plus the first
parameter value multiplied by the initial Cr sample (e.g., tmpl = wPara2 *ry[ x [y ] +
wParal * rey| X ][ v ]). The video coder may determine a second chroma residual
cocfficient value (e.g., resCoeffc,) as a sum of the first intermediate value and the
second intermediate value (214).

[0120] The video coder may determine the modified luma sample as the luma residual
cocfficient value right shifted by the bit shift value (e.g., resCoeffy >> bShift) (216).
The video coder may determine the modified Cb sample as the first chroma coefficient
value right shifted by the bit shift value (e.g., resCoeffcp, >> bShift) (218). The video
coder may determine the modified Cr sample as the second chroma cocefficient value
right shifted by the bit shift value (e.g., resCoeffc, >> bShift) (220).

[0121] After transforming the initial samples to the modified samples, the video coder
may add the modified samples to corresponding samples of a predictive block to
produce reconstructed samples (222). In the context of an encoding process, the
reconstructed samples may be used for inter prediction of other blocks. In the decoding
process the reconstructed samples may be stored for output and display.

[0122] It is to be recognized that depending on the example, certain acts or events of
any of the techniques described herein can be performed in a different sequence, may be
added, merged, or left out altogether (e.g., not all described acts or events are necessary
for the practice of the techniques). Moreover, in certain examples, acts or events may
be performed concurrently, ¢.g., through multi-threaded processing, interrupt
processing, or multiple processors, rather than sequentially. To clearly illustrate this
interchangeability of hardware and software, various illustrative components, blocks,
modules, circuits, and steps have been described above generally in terms of their

functionality. Whether such functionality is implemented as hardware or software
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depends upon the particular application and design constraints imposed on the overall
system. Skilled artisans may implement the described functionality in varying ways for
each particular application, but such implementation decisions should not be interpreted
as causing a departure from the scope of the present invention.

[0123] In one or more examples, the functions described may be implemented in
hardware (e.g., electronic hardware), software, firmware, or any combination thereof. If
implemented in software, the functions may be stored on or transmitted over as one or
more instructions or code on a computer-readable medium and executed by a hardware-
based processing unit. If implemented in software, the techniques may be realized at
least in part by a computer-readable data storage medium comprising program code
including instructions that, when executed, performs one or more of the methods
described above. Computer-readable media may include computer-readable storage
media, which corresponds to a tangible medium such as data storage media, or
communication media including any medium that facilitates transfer of a computer
program from one place to another, ¢.g., according to a communication protocol. In this
manner, computer-readable media generally may correspond to (1) tangible computer-
readable storage media which is non-transitory or (2) a communication medium such as
a signal or carrier wave. Data storage media may be any available media that can be
accessed by one or more computers or one or more processors to retrieve instructions,
code and/or data structures for implementation of the techniques described in this
disclosure. A computer program product may include a computer-readable medium.
[0124] By way of example, and not limitation, such computer-readable storage media
can comprise RAM, ROM, EEPROM, CD-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 con is properly termed a computer-
readable medium. For example, if instructions are transmitted from a website, server, or
other remote source using a coaxial cable, fiber optic cable, twisted pair, digital
subscriber line (DSL), or wireless technologies such as infrared, radio, and microwave,
then the coaxial cable, fiber optic cable, twisted pair, DSL, or wireless technologies
such as infrared, radio, and microwave are included in the definition of medium. It
should be understood, however, that computer-readable storage media and data storage
media do not include connections, carrier waves, signals, or other transitory media, but

are instead directed to non-transitory, tangible storage media. Disk and disc, as used
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herein, includes compact disc (CD), laser disc, optical disc, digital versatile disc (DVD),
floppy disk and Blu-ray disc, where disks usually reproduce data magnetically, while
discs reproduce data optically with lasers. Combinations of the above should also be
included within the scope of computer-readable media.

[0125] Instructions may be executed by one or more processors, such as one or more
digital signal processors (DSPs), general purpose microprocessors, application specific
integrated circuits (ASICs), field programmable logic arrays (FPGAs), or other
equivalent integrated or discrete logic circuitry. A general purpose processor may be a
microprocessor; but in the alternative, the processor may be any conventional processor,
controller, microcontroller, or state machine. A processor may also be implemented as
a combination of computing devices, ¢.g., a combination of a DSP and a
microprocessor, a plurality of microprocessors, one or more microprocessors in
conjunction with a DSP core, or any other such configuration. Accordingly, the term
“processor,” as used herein may refer to any of the foregoing structure or any other
structure suitable for implementation of the techniques described herein. In addition, in
some aspects, the functionality described herein may be provided within dedicated
hardware and/or software modules configured for encoding and decoding, or
incorporated in a combined codec. Also, the techniques could be fully implemented in
one or more circuits or logic elements.

[0126] The techniques of this disclosure may be implemented in a wide variety of
devices or apparatuses, including a wireless handset, an integrated circuit (IC) or a set of
ICs (e.g., a chip set). Various components, modules, or units are described in this
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, including one or more
processors as described above, in conjunction with suitable software and/or firmware.
[0127] Various examples have been described. These and other examples are within the

scope of the following claims.
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WHAT IS CLAIMED IS:

1. A method of decoding video data, the method comprising:

transforming, based on a difference between a bit depth of an initial luma sample and a
bit depth of initial chroma samples, a set of initial samples to a set of modified
samples, the set of initial samples including the initial luma sample and the
initial chroma samples, the set of modified samples including a modified luma
sample and modified chroma samples; and

adding the modified samples to corresponding samples of a predictive block to produce

reconstructed samples of the video data.

2. The method of claim 1, wherein:
the initial chroma samples include an initial Cb sample and an initial Cr sample, and

the modified chroma samples include a modified Cb sample and a modified Cr sample.

3. The method of claim 2, wherein transforming the sct of initial samples
comprises:

determining a bit shift value as 3 plus a maximum of 0 and a value equal to the bit depth
of the initial luma sample minus the bit depth of the initial chroma samples;

determining a first parameter value as 1 left shifted by the bit shift value;

determining a second parameter value as a cross-component prediction parameter for
the initial Cb sample left shifted by a maximum of 0 and a value equal to the bit
depth of the initial chroma samples minus the bit depth of the initial luma
sample;

determining a third parameter value as a cross-component prediction parameter for the
initial Cr sample left shifted by a maximum of 0 and the value equal to the bit
depth of the initial chroma samples minus the bit depth of the initial luma
sample;

determining a luma residual coefficient value as a sum of the first parameter value and
the second parameter value, multiplied by the initial luma sample, plus the first
parameter value multiplied by the initial Cb sample;

determining a first chroma residual coefficient value as a difference between a first

intermediate value and a second intermediate value,
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the first intermediate value being equal to the first parameter value minus the
second parameter value, multiplied by the initial luma sample, minus the
first parameter value times the initial Cb sample,
the second intermediate value being equal to the third parameter value multiplied
by the initial luma sample, plus the first parameter value multiplied by
the initial Cr sample;
determining a second chroma residual coefficient value as a sum of the first
intermediate value and the second intermediate value;
determining the modified luma sample as the luma residual coefficient value right
shifted by the bit shift value;
determining the modified Cb sample as the first chroma coefficient value right shifted
by the bit shift value; and
determining the modified Cr sample as the second chroma coefficient value right shifted

by the bit shift value.

4. The method of claim 3, further comprising:
obtaining, from a bitstream, syntax elements indicating the cross-component prediction
parameter for the initial Cb sample and the cross-component prediction

parameter for the initial Cr sample.

5. The method of claim 3, further comprising:
signaling, in a bitstream, syntax elements indicating the cross-component prediction
parameter for the initial Cb sample and the cross-component prediction

parameter for the initial Cr sample.
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6. A device for coding video data, the device comprising:

a data storage medium configured to store the video data; and

one or more processors configured to:

transform, based on a difference between a bit depth of an initial luma sample
and a bit depth of initial chroma samples, a set of initial samples to a set
of modified samples, the set of initial samples including the initial luma
sample and the initial chroma samples, the set of modified samples
including a modified luma sample and modified chroma samples; and

add the modified samples to corresponding samples of a predictive block to

produce reconstructed samples of the video data.

7. The device of claim 6, wherein:
the initial chroma samples include an initial Cb sample and an initial Cr sample, and

the modified chroma samples include a modified Cb sample and a modified Cr sample.

8. The device of claim 7, wherein the one or more processors are configured such
that, as part of transforming the set of initial samples, the one or more
processors:

determine a bit shift value as 3 plus a maximum of 0 and a value equal to the bit depth
of the initial luma sample minus the bit depth of the initial chroma samples;

determine a first parameter value as 1 left shifted by the bit shift value;

determine a second parameter value as a cross-component prediction parameter for the
initial Cb sample left shifted by a maximum of 0 and a value equal to the bit
depth of the initial chroma samples minus the bit depth of the initial luma
sample;

determine a third parameter value as a cross-component prediction parameter for the
initial Cr sample left shifted by a maximum of 0 and the value equal to the bit
depth of the initial chroma samples minus the bit depth of the initial luma
sample;

determine a luma residual coefficient value as a sum of the first parameter value and the
second parameter value, multiplied by the initial luma sample, plus the first
parameter value multiplied by the initial Cb sample;

determine a first chroma residual coefficient value as a difference between a first

intermediate value and a second intermediate value,



WO 2016/057309 PCT/US2015/053534

37

the first intermediate value being equal to the first parameter value minus the
second parameter value, multiplied by the initial luma sample, minus the
first parameter value times the initial Cb sample,
the second intermediate value being equal to the third parameter value multiplied
by the initial luma sample, plus the first parameter value multiplied by
the initial Cr sample;
determine a second chroma residual coefficient value as a sum of the first intermediate
value and the second intermediate value;
determine the modified luma sample as the luma residual coefficient value right shifted
by the bit shift value;
determine the modified Cb sample as the first chroma coefficient value right shifted by
the bit shift value; and
determine the modified Cr sample as the second chroma coefficient value right shifted

by the bit shift value.

9. The device of claim 8, wherein the one or more processors are configured to:
obtain, from a bitstream, syntax elements indicating the cross-component prediction
parameter for the initial Cb sample and the cross-component prediction

parameter for the initial Cr sample.

10. The device of claim 8, wherein the one or more processors are configured to:
signal, in a bitstream, syntax clements indicating the cross-component prediction
parameter for the initial Cb sample and the cross-component prediction

parameter for the initial Cr sample.

11.  The device of claim 6, wherein the device comprises at least one of:
an integrated circuit;
a microprocessor; or

a wireless handset.

12.  The device of claim 6, further comprising a display configured to display

decoded video data.
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13.  The device of claim 6, further comprising a camera configured to capture the
video data.
14. A device for coding video data, the device comprising:

means for transforming, based on a difference between a bit depth of an initial luma
sample and a bit depth of initial chroma samples, a set of initial samples to a set
of modified samples, the set of initial samples including the initial luma sample
and the initial chroma samples, the set of modified samples including a modified
luma sample and modified chroma samples; and

means for adding the modified samples to corresponding samples of a predictive block

to produce reconstructed samples of the video data.

15. The device of claim 14, wherein:
the initial chroma samples include an initial Cb sample and an initial Cr sample, and

the modified chroma samples include a modified Cb sample and a modified Cr sample.

16.  The device of claim 15, wherein the means for transforming the set of initial
samples comprises:

means for determining a bit shift value as 3 plus a maximum of 0 and a value equal to
the bit depth of the initial luma sample minus the bit depth of the initial chroma
samples;

means for determining a first parameter value as 1 left shifted by the bit shift value;

means for determining a second parameter value as a cross-component prediction
parameter for the initial Cb sample left shifted by a maximum of 0 and a value
equal to the bit depth of the initial chroma samples minus the bit depth of the
initial luma sample;

means for determining a third parameter value as a cross-component prediction
parameter for the initial Cr sample left shifted by a maximum of 0 and the value
equal to the bit depth of the initial chroma samples minus the bit depth of the
initial luma sample;

means for determining a luma residual coefficient value as a sum of the first parameter
value and the second parameter value, multiplied by the initial luma sample, plus

the first parameter value multiplied by the initial Cb sample;
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means for determining a first chroma residual coefficient value as a difference between
a first intermediate value and a second intermediate value,
the first intermediate value being equal to the first parameter value minus the
second parameter value, multiplied by the initial luma sample, minus the
first parameter value times the initial Cb sample,
the second intermediate value being equal to the third parameter value multiplied
by the initial luma sample, plus the first parameter value multiplied by
the initial Cr sample;
means for determining a second chroma residual coefficient value as a sum of the first
intermediate value and the second intermediate value;
means for determining the modified luma sample as the luma residual coefficient value
right shifted by the bit shift value;
means for determining the modified Cb sample as the first chroma coefficient value
right shifted by the bit shift value; and
means for determining the modified Cr sample as the second chroma coefficient value

right shifted by the bit shift value.

17. The device of claim 16, further comprising:
means for obtaining, from a bitstream, syntax clements indicating the cross-component
prediction parameter for the initial Cb sample and the cross-component

prediction parameter for the initial Cr sample.

18.  The device of claim 16, further comprising:
means for signaling, in a bitstream, syntax elements indicating the cross-component
prediction parameter for the initial Cb sample and the cross-component

prediction parameter for the initial Cr sample.

19. A computer-readable storage medium having stored thercon instructions, that

when executed, cause a device for coding video data to:

transform, based on a difference between a bit depth of an initial luma sample and a bit
depth of initial chroma samples, a sct of initial samples to a set of modified
samples, the set of initial samples including the initial luma sample and the
initial chroma samples, the set of modified samples including a modified luma

sample and modified chroma samples; and
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add the modified samples to corresponding samples of a predictive block to produce

reconstructed samples of the video data.

20.  The computer-readable storage medium of claim 19, wherein:
the initial chroma samples include an initial Cb sample and an initial Cr sample, and

the modified chroma samples include a modified Cb sample and a modified Cr sample.

21.  The computer-readable storage medium of claim 20, wherein, as part of causing
the device to transform the set of initial samples, the instructions cause the device to:
determine a bit shift value as 3 plus a maximum of 0 and a value equal to the bit depth
of the initial luma sample minus the bit depth of the initial chroma samples;
determine a first parameter value as 1 left shifted by the bit shift value;
determine a second parameter value as a cross-component prediction parameter for the
initial Cb sample left shifted by a maximum of 0 and a value equal to the bit
depth of the initial chroma samples minus the bit depth of the initial luma
sample;
determine a third parameter value as a cross-component prediction parameter for the
initial Cr sample left shifted by a maximum of 0 and the value equal to the bit
depth of the initial chroma samples minus the bit depth of the initial luma
sample;
determine a luma residual coefficient value as a sum of the first parameter value and the
second parameter value, multiplied by the initial luma sample, plus the first
parameter value multiplied by the initial Cb sample;
determine a first chroma residual coefficient value as a difference between a first
intermediate value and a second intermediate value,
the first intermediate value being equal to the first parameter value minus the
second parameter value, multiplied by the initial luma sample, minus the
first parameter value times the initial Cb sample,
the second intermediate value being equal to the third parameter value multiplied
by the initial luma sample, plus the first parameter value multiplied by
the initial Cr sample;
determine a second chroma residual coefficient value as a sum of the first intermediate

value and the second intermediate value;
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determine the modified luma sample as the luma residual coefficient value right shifted
by the bit shift value;

determine the modified Cb sample as the first chroma coefficient value right shifted by
the bit shift value; and

determine the modified Cr sample as the second chroma coefficient value right shifted

by the bit shift value.

22, The computer readable storage medium of claim 21, wherein the instructions

cause the device to:

obtain, from a bitstream, syntax elements indicating the cross-component prediction
parameter for the initial Cb sample and the cross-component prediction

parameter for the initial Cr sample.

23.  The computer readable storage medium of claim 21, wherein the instructions

cause the device to:

signal, in a bitstream, syntax clements indicating the cross-component prediction
parameter for the initial Cb sample and the cross-component prediction

parameter for the initial Cr sample.
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