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ADAPTIVE INTER-COLOR COMPONENT RESIDUAL PREDICTION

{68081} This apphication claims priority to U.S. Provisional Patent Application No.
61/896,580, filed October 28, 2{}13, the entirety of which is incorporated by reference

herein.

TECHNICAL FIELD

18662} This disclosure relates to video coding,

BACKGROUND
[80663] Digital video capabilities can be incorporated into a wide range of devices,
including digital televisions, digital direct broadcast systems, wireless broadeast
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 Hike, Digital video devices mmplement video coding techniques, such as
those described in the standards defined by MPEG-2, MPEG-4, ITU-TH.263, ITU-T
H.264/MPEG-4, Part 10, Advanced Video Coding {AVC), the High Efficiency Video
Coding (HEV() standard, and extensions of such standards, such as the scalable video
coding (SVC), multiview video coding (MVC), and Range Extensions. The video
devices may transmit, receive, encode, decode, and/or store digital video information
more cfficiently by implementing such video coding technigues.
[8084] Video coding technigues nchude spatial (intra-picture} prediction and/or
temporal (inter-pictare) prediction to reduce or remove redondancy inherent i 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 nedes. Video
blocks may include huma blocks and chroma blocks. In an intra-coded (1) 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
a picture may use spatial prediction with respect to reference samples in neighboring

blocks in the same pictore or temporal prediction with respect to reference samples in
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other reference pictures. Pictures may be referred to as frames, and reference pictares
may be referred to as reference frames.

{8065} Spatial or temporal prediction resulis in a predictive block for a block to be
coded. Residual data represents pixel differences between the original block to be
coded and the predictive block. An inter-coded block 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 ntra-coded block is encoded according to an infra-coding rode and the residual
data. For turther 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 transtorm coefficients may be entropy coded 1o

achiove even more compression,

SUMMARY

[80066] In general, this disclosare describes technigues related to inter-color component
residual prediction for color spaces with components having different bit-depths. A bit-
depth is a nvumber of bits that 15 used to represent a particular component of a color
space. A video coder (i.e. a video encoder or video decoder) may implement the
techmiques of this disclosure to predict chroma residual samples of a video block based
at least in part on bit-depth adjusted fuma residual samples of the video block when a
bit-depth of the luma residual samples is different than the bit-depth of the chroma
residual samples.

186671 In one example in accordance with the techniques of this disclosure, a method of
decoding video data comprises: deternvining a first bit-depth of luma vesidual sarples
for a block of video data, determining 4 second bit-depth of predicted chroma residual
samples for the block of video data, adjusting the huna residual samples based on the
first bii-depth and the second bit-depth {0 produce bit-depth adjusted luoma residual
sanplies, deterouning chroma residual samaples for the block of video data based on the
bit-depth adjusted luma residual samples and the predicted chroma residual samples,
and decoding the block of video data based on the loma residual samples and the
chroma residual samples.

160G8]  In another example in accordance with the techniques of this disclosure, 8

method for encoding video data comprises: determining a first bit-depth of huma
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residual samples for a block of video data, determining a sccond bit-depth of chroma
residoal samples for the block of video data, adjusting the loma residual samples based
on the first bit-depth and the second bit-depth to produce bit-depth adjusted huma
residual samples, determining predicted chroma residual samples for the block of video
data based on the bit-depth adjusted huma residual samples and the chroma residual
samplies, and encoding the block of video data based on the loma residual samples and
the predicted chroma residual samples.

18669} In another exanple, the techniques of this disclosure are directed to a video
decoder comprising a memory configured to store video data, and at least one processor
in communication with the memory and configured to: determine a first bit-depth of
huma residual samples for a block of video data, determine a2 second bit-depth of
predicted chiroma residual samples for the block of video data, adjust the hima residual
samples based on the first bit-depth and the second bit-depth to produce bit-depth
adjusted huma residual samples, determine chroms residual samples for the block of
video data based on the bit-depth adjusted loma residual saroples and the predicted
chroma residual samples, and decode the block of video data based on the tama residual
sampies and the chroma residual samples.

[8018] In avother example, in accordance with the technigues of this disclosure, a
device for encoding video comprises a memory configured fo store video data, and at
least one processor in commumication with the memory and configored to: determine a
first bit-depth of luma residual samples for a block of video data, determine a second
bit-depth of chroma residual samples for the block of video data, adjust the lnms
residual samples based on the first bit-depth and the second bit-depth to produce bit-
depth adjusted loma residual samples, determine predicted chroma residoal samples for
the block of video data based on the bit-depth adjusted loma residual samples and the
chroma residual samples, and encode the block of video data based on the luma residual
samples and the predicted chroma residual samples.

18611} In another exampic in accordance with the techniques of this disclosure, a device
for deceding video comprises: means for deterodning a first bit-depth of fuma residual
samnples for a block of video data, means for determining a second bit-depth of predicted
chroma residual samples for the block of video data, means for adjusting the
hima residual samples based on the first bit-depth and the second bit-depth to produce
bit-depth adjusted luma residual samples, means for detormining chroma residual

samples for the block of video data based on the bit-depth adjusted luma residual
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samples and the predicted chroma residual samples, and means for decoding the block
of video data based on the luma residual samples and the chroma residual samples.
(8612} In another exampie in accordance with the techniques of this disclosure, 8 non-
transitory computer-readable storage medium has instructions stored thercon that, when
excouted, cause at least one processor to: deternune & first bit-depth of luma residual
samplies for a block of video data, determine a second bit-depth of predicted chroma
residual samples for the block ofvideo data, adjust the loma residual samples based on
the first bit-depth and the second bit-depth to produce bit-depth adjusted luma residual
samples, determine chroma residual samples for the block of video data based on the
bit-depth adjosted luma residual samples and the predicted chroma residual samples,
and decode the block of video data based on the luma residual saraples and the chroma
residual samples.

{8813} The details of gne or more examples are set forth in the accompanying drawings
and the description below. Other features, objects, and advantages will be apparent

from the description and drawings, and from the claims.

BRIEF BESCRIPTION OF DRAWINGS

16614} FIG. | 1s a block diagram illustrating an example video encoding and decoding
systern that may perform techunigues for adaptive mter-color component residual
prediction in accordance with one or more aspects of this disclosure.

(8015} FIQG. 2 is a block diagram illostrating an example of a video encoder that may
perform technigoes for adaptive inter-color component residual prediction in accordance
with cne or more aspects of this disclosure.

16016} FIG. 3 is a block diagram illustrating an example of a video decoder that may
perform techniques for adaptive inter-color component residoal prediction in accordance
with one or more aspects of this disclosure.

(8017} FIG. 4 is a flowchart illustrating an example of a process for performing
adaptive inter-color component residual prediction in accordance with one or more
aspects of this disclosure.

[8018] FIG. S is a flowchart illustrating another example of a process for performing
adaptive inter-color component residual prediction in accordance with one or mmore

aspects of this disclosure.
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DBETAILED DESCRIPTION

18819] A video coder (1.2, a video encoder or decoder) is generaily configured to code a
video sequence, which is generally represented as a sequence of pictures. Typically, the
video coder uses block-based coding technigues to code each of the sequences of
pictures. As part of block-based video coding, the video coder divides cach picture of a
video sequence into blocks of data. The video coder individually codes (i.e. encodes or
decodes) each of the blocks. Encoding a block of video data generally mvolves
encoding an oniginal block of data by generating one or more predictive blocks for the
original block, and a residual block that corresponds to differences between the original
block and the one or more predictive blocks. Specifically, the onginal block of video
data includes a matrix of pixel values, which are made up of one or more channels of
“samples,” and the predictive block includes a matrix of predicted pixel vahues, cach of
which are also made of predictive samples. Hach sample of a residual block indicates
pixel value difference between a sample of a predictive block and a corresponding
sampie of the original block.

18628} Prediction techriques for a block of video data are generally categorized as
intra-prediction and inter-prediction. Tutra-prediction (i.c., spatial prediction) generally
involves predicting a block from pixel valucs of neighboring, previously coded blocks
within the same picture. Inter-prediction generally involves predicting the block from
pixel values of previously coded blocks in previously coded pictures.

{68021} The pixels of each block of video data each represent color in 4 particular
format, referred to as a “color representation.” Different video coding standards may
use different color representations for blocks of video data. As one cxample, 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-VO), uses the

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

18022} The YCB{r color representation generally refers to a color representation in
which each pixel of video data is represented by three components or channels of color
mformation, “Y,” “Ch,” and “Cr.” The Y channel represents luminance (ie., Hight
mntensity or brightness) data for a particular pixel. The Cb and Cr components are the
blue-ditference and red-difference chrominance, ie., “chroma,” components,
respectively. YCbCr is often used to represent color in compressed video data because

there is strong decorrelation between cach of the Y, Cb, and Cr components, meaning
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that there is little data that is duplicated or redundant among each of the Y, Ch, and Cr
components. Coding video data using the YCbCr color representation therefore offers
good comapression performance in many cases.

(8023} Additionaily, many video coding techriques utilize a technique, reforred 1o as
“chroma subsampling” to tfurther improve compression of color data. Chroma sub-
sampiing of video data having 8 YCbCr color representation reduces the number of
chroma valoes that are signaled in a coded video bitstream by sclectively omitting
chroma components according to a pattern. fn a block of chroma sub-sampled video
data, there is generally a huma value for cach pixel of the block. However, the Cb and
Cr components may only be signaled for some of the pixels of the block, such that the
chroma componenis are sub-sampled relative to the luma component.

8024} A video coder (which may refer to a video encoder or a video decoder)
mterpolates Ch and Cr components for pixels where the Ch and Cr values are not
explicitly signaled for chroma sub-sampled blocks of pixels. Chroma sub-sampling
waorks well to reduce the amount of chrominance data without infroducing distortion in
blocks of pixels that are more uniform. Chroma sub-sampling works less well to
represent video data having widely differing chroma values, and may introduce large
amounts of distortion in those cases.

[8825] The HEVC Range Extension, which 13 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. One receont draft of the HEVC Range
Extension is: “HEVC Range Extonsion toxt specification: Draft 7,7 <170

Valencia, ES, 27 March — 4 April, 2014, JCTVC-QI005_v7, 242 pp.,” and 1s available

Meeting:

from http://phenix.int-evry. fr/jct/doc_end user/docoments/17 Valencia/wgl VICTVC-
31005-v9.zip. A color bit-depth is the number of bits used o represent each component
of a color representation. The support for other color formats reay tnchade support for
encoding and decoding RGR sources of video data, as well as video data having other
color representations and using differcnt chroma subsampling patterns than the HEVC
main profife. A recent deaft of the HEVC standard, referred to as “HEVC Working
Draft 10”7 or “WD 0,7 15 described in document JCTVC-L1003v34, Bross et al., “High
efficiency video coding (HEVC) text specification draft 10 (for FDIS & Last Call},”
Joint Collaborative Team on Video Coding (JCT-VC) of ITU-T 8G16 WP3 and
ISOAEC JTCH/SC29WGHL, 12th Mecting: Geneva, CH, 14-23 January, 2013, which s
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downloadable from: http://phenix.int-

evry.fr/jct/doc_end user/docaments/12 Geneva/wgl VICTVC-L1003-v34.21p.

(8626} As mentioned above, the HEVC main profile uses YUbCr 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 a correlations among Y, Cb, and Cr components. The
correlations between componenis of a color representation may be referred to as cross-
color component correlation or inter-color component correlation.

186271 A video coder may be configured to predict the value of one component {e.g., a
sample of a chroma component) based on the valoe of a different compongnt (e.g., a
sanpies of a luma coraponent). The process of predicting samples from a frst
component based on 4 second component is referred to as “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.

16028} For cxample, in some examples, a video encoder may adjust a block of uma
residual samples by increasing or decreasing the luma residual samples to determine a
block of bit-denth adjusted huma residual samples. The video encoder may then
determing a predictive block of chroma residual samples based on the bit-depth adjusted
tama residual samples and the chroma residual samples. The video encoder may then
encade a block of video data based on based on the predicted chroma residual samples
and luna residual samples.

160291 A video decoder may perform a generally reciprocal process. The video decoder
may adjust the luma residual samples, and may determine chroma residual samples
based on the bit-depth adjusted fuma residual sampies and the predicted chroma residual
samples. The video decoder may then decode a video block based on the chroma
residual saraples and the luma residual samples.

68038} A video coder may represent each color component using a specific number of
bits. The number of bits that a video coder uses to represent a color chanuel is referred
1o as the “bit-depth” of the color chavuel. v some cases, the fuma (Y) chamnel may
have a greater bit-depth (number of bits) than one or both of the chroma channels. In
some cascs, one of both of the chroma channels may have a greater bit-depth than the
hima channel. However, performing inter-color component residual prediction between

components having ditferend bit-depths may result in an inaccurate prediction. The
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techniques of this disclosure are directed toward improving the accuracy of inter-
component prediction when the components have differing bit-depths.

(8631} The HEVC video coding standard defines a tree-like structure that defines
blocks of video data. The techniques of this disclosure may apply to a variety of
different components of the HEVC tree-like structure. In HEVC, a video coder
partitions a coded picture {also referred to as a “frame”) into blocks based on the tree
structure. Such biocks may be referred to as treeblocks. In some instances, a irgchlock
may also be reforred to as a largest coding unit (LCU). The treeblocks of HEVC may
be roughly analogous to macroblocks of previous video coding standards, such as
H.264/AV(. However, unlike the macroblocks of some videoe coding standards,
trechlocks are not limited to a cortain size (e.g. a certain ramber of pixels). Treeblocks
may mclude one or more coding units (CUs), which may be recursively divided into
sub-coding units {sub-CUs).

18432} Each CU may include one or more transform enits (TUs). Fach TU may include
residual data that has been transformed. {n addition, cach CU may include one or more
prediction units (Ps). A PU includes information related to the prediction mode of the
CU. The techniques of this disclosure may apply to blocks, such as one or more of an
LCU, CU, sub-CU, PU, TU, macroblocks, macroblock partitions, sub-macroblocks, or
other types of blocks of video data.

(806331 During video encoding and decoding a video coder may determine a predictive
block of video data using inter- or intra-prediction. Based on the predictive block of
video data, a video coder may determine a residual block of video data, which may
mchide differences between the predictive block and the corresponding samples of am
original video block, e.g., on the encoder side. On the decoder side, the residua] block
of video data includes differences between the predictive block and the corresponding
sanpies of the final video block that arc cutput for display. 1o particular, the residual
block of video data may be added to the predictive block to reconstract the original
block of video data.

18034) During video decoding, a video decoder may detormine a predictive block that is
similar to the carrent block to be decoded. A PU may melude the predictive block,
which may further comprise predictive blocks of huma and chroma samples. The video
decoder may also receive, in a coded video bitstream, a TU comprising transformed
residual blocks of video data, such as transformed luma residual blocks and chroma

vesichual blocks. In particular, a TU may inclode transform cocfficients that represent
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the residual data. The video decoder may apply an inverse transform to the transform
ceefficients to reproduce the residual block of data. As discussed above, the residual
blocks of video data represent the differences between a biock that the decoder outputs
for display, and the predictive block. To reconstruct a block for output, a video decoder
may combine the inversely-transformed TU samples with the corresponding PU
samples.
18435} A video coder may perform the techniques of this disclosure after the video
coder finishes parsing and inversely transforming any blocks of transform coefficients
to obtain fuma residual and chroma residual blocks. In this disclosure, a block of huma
residoal samples is denoted as:

resy.
The block of luma residual samples may be obtained by a video decoder by inverscly
transforming a corresponding block of transform coefficieonts for a fuma residual block.
The video decoder may use this block of fuma residual samples to reconstruct a loma
block. For exampie, the video decoder may combine the pixel difference values
provided by huma residual semples with corresponding predictive luma pixel samples to
reconstruct a block of huma pixel samples.
[8836] A video decoder may likewise obtain a block of chroma residual samples by
inverse transforming a corresponding block of transform coefficients for a chroma
residual block. A block of chroma residual samples is denoted as:

res(,
{68037} The video decoder may use the chroma residoal samples to reconstruct a chroma
block. For example, the video decoder may combine the pixel difference values
provided by chroma residual samaples with corresponding predictive chroma pixel
samples to reconstruct a block of chroma pixel samples.
16038} This disclosure also mtroduces the concept of a block of predicted chroma
residual samples, denoted as:

resC’.
{8039} The predicted chroma residual samples may include residual samples that
represent a difference between the chroma residual sanpies and a version of the luma
vesichual saroples, e.g., such as a version that is scaled with a scale factor relative to the
tema residual samples, e.g., as described below.
18048} In general, a video encoder configured in accordance with the techniques of this

disclosure may determine and encode predicted chroma residual samples. Encoding the
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predicted chroma residual samples may provide better bitstream coding efficiency
compared with encoding chroma residual samples.

(8041} To determine the predicted chroma residoal samples, the video encoder may
scale and/or adjust the block of luma residual samples. To scale the hima samples, the
video encoder may determine a scale factor that indicates a correlation between a block
of luma residual samples and the block of chroma residual samples In some examples.
To adjust the luma residual samples, the video encoder may adjust the luma residual
saropies based on a bit-depth of the luma residual samples and 2 bit-depth of the chroma
residoal samples.

(8842} In some examples, the video encoder may first multiply the scale factor by the
block of Juma residual samples to produce scaled huma residuals. The video encoder
may then adjust the scaled luma residual samples based on the bit-depth of the chroma
sampies and the bit-depth of the hona samples to produce bit-depth adjusted luma
residual samples. In some other examples, the video encoder may first adjust the luma
residual samples to produce bit-depth adjusted luma residual samples and then scale the
bit-depth adjosted luma samples by multiplying the bit-depth adjosted loma residual
sampies by the scale factor.

{8043} In some examples, the video encoder may also determine whether bit-depths of
the scaled fuma residual samples and the chroma residual samples differ. If there 18 no
difference between the bit-depths, then the video encoder may not adjost the values of
the luma residual samples.

18044} If the luma and chroma bit-depths differ, the video encoder may adjust (i.c.
merease or decrease) the values of the tuma residual samples to produce bit-depth-
adjusted loma residual samples. The video encoder may merease or decrease the values
of the luma residual samples based on the first bit-depth of the luma residual samaples
and the second bit-depth of the chroroa residual samples. For exaraple, the video
encoder may adjust the values of the luma residual samples based on a bit-depth
difference between the first bit-depth of the luma residual samples and the second bit-
depth of the chroma residual samples. To some examples, to produce bi-depth adjusted
fuma residual samples, the video encoder may adjust the value of the hima residual
sampies to mateh the bit-depth of the chroma residoal samples.

(8645} Once the video encoder generates bit-depth adjusted luma residual samples, the
video encoder may determine the predicted chroma residual saroples. The video

encoder may calculate the predicted chroma residual samples by determining
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differences among the chroma residual samples and the corresponding bit-depth-
adjusted loma residual samples. The video encoder may then transform, quantize, and
encode (g.2., entropy encode) the predicted chroma residual samples and the {non-
scaled and non-adjusted) luma residual samples. The video encoder may also quantize
and entropy encode the scale factor (if any) apphied to the luma residual samples.

[8846] A video decoder configured in accordance with the techniques of this disclosure
may perform a generally reciprocal process. As an example, a video decoder may
receive 2 block of luma residual samples and a corresponding block of predicted chroma
samnples. The video decoder may dequantize and inversely transform the block of fama
residoal samples and the block of predicted chroma residual samples to decode the two
received blocks of samples. The video decoder may scale and/or adjust the decoded
tuma residual samples to determine bit-depth adjusted luoma residual samples.

{88471 In some examples, the video decoder may scale the loma residual samples based
on a scale factor, which the video decoder may receive in an encoded video bitstream.
The video decoder may adjust the loma residual samples based o a first bit-depth of the
huma residual samples and as second bit-depth of the predicted chroma residual samples
to produce bit-depth-adjusted luma residual samples. The bit-depth adjustment may
produce bi-depth-adjusted luma residual samples that match the bu-depth of the
predicted chroma residual samples.

[8048] In some examples, the video decoder may scale the loma residual samples to
produced scaled luma residual samples and then adjust the scaled luma restdual samples
to produce bit-depth adjusted luma residual samples. In some examples, the video
decoder may adjust the predictive luma residual samples to produce bit-depth adjusted
hima samples. The video decoder may then scale the bit-depth adjusted hana residual
sampies to produce scaled luma residual samples. If there is no difference between the
bit-depths, then the video decoder may not adjust the bit-depth of the luma residual
samples.

18849] The video decoder may then determine a block of chroma residual samples for
the block of video data based on the bit-depth-adjusted luma residual samples and the
predicted chroma residual samples. For example, the video decoder may combine the
bit-depth-adjusted homa residoal samples with the predicted chroma residual samples to
form chroma residual samples. The video decoder then reconstructs the original block
by combining corresponding predictive and residual blocks of luma and clvoma

samples to form a reconstracted block of samples.
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166368} The process described above with respect 1o producing bit-depth-adjusted hima
residoal samples, and determining chroma residual samples based on the bit-depth
adjusied juma residual samples may apply to both chroma components (b and Cr).
Also, the chroma components (L.e. Cb and Cr} for a block may have differcot bit-depths
n various examples.

[80651] FIG. 1 is a block diagram illustrating an example video encoding and decoding
system that may perform techniques for inter-component residual prediction in
accordance with one ot more aspects of this disclosure. As shown in FIG. 1, system 10
includes a source device 12 that provides encoded video data to be decoded at a later
time by a destination device 14. In particular, source device 12 provides the video data
to destination device 14 via a computer-readable medium 16, Source device 12 and
destination device 14 may comprise any of a wide range of devices, including desktop
computers, notebocok (L.e., laptop) computers, tablet computers, set-top boxes, telephong
handsets such as so-called “smart” phones, so-called “smart” pads, televisions, cameras,
display devices, digital media players, video gaming conscles, video streaming device,
or the tike. In some cases, source device 12 and destination device 14 may be equipped
for wireless communication.

(8052} In accordance with the one or more examples of this disclosure, video encoder
20 of source device 12 may be configured to determine a block of luma residual
samples for a block of video data, and determine a second bit-depth of chroma residual
saraples for the block of video data. Video encoder 20 may be further configured to
adjust the homa residual samples based on the first bit-depth and the second bit-depth 1o
produce bit-depth adjusted tuma residual samples, determine predicted chroma residual
samples for the block of video data based on the bit-depth adjusted luma residual
sampics and the chromsa residual samples, and encode the block of video data based on

the luma residual samples and the predicted chroma residual saraples.
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16083} In a reciprocal manmer, video decoder 30 may be configured to determine 2 first
bit-depth of huma residual samples for a block of video data, and determine a second bit-
depth of predicted chroma residual samples for the block of video data. Video decoder
30 may be further configured to adjust the luma residual samples based on the first bit-
depth and the second bit-depth to produce bit-depth adjusted luma residual samples,
determine chroma residual samples for the block of video data based on the bit-depth
adjusted huma residual samples and the predicted chroma residual samples, and decode
the block of video data based on the luma residual samples and the chroma residual
samples.

{8654} Source device 12 provides the video data to destination device 14 viaa
computer-readable medium 16, Source device 12 and destination device 14 may
comprise any of a wide range of devices, including deskiop computers, notebook (e,
laptop} computers, tablet computers, set-top boxes, telephone handsets such as so-called
“smart” phones, so-called “smart” pads, teievisions, cameras, display devices, digital
media players, video gaming consoles, video streaming device, or the like. In some
cases, source device 12 and destination device 14 may be equipped for wireless
communication.

[8055] Destination device 14 may receive encoded video data to be decoded via
computer-readable medium 16. Computer-readable medium 16 may comprise any type
of mediom or device capable of moving the encoded video data from source device 12
to destination device 14, In one cxample, computer-readable modivm 16 may comprise
& comyoumnication mediun to enable source device 12 to transmit encoded video data
directly to destination device 14 in real-time. Computer-readable medium 16 may
inchude transient media, such as a wireless broadeast or wired network fransmission, or
storage media (that is, non-transitory storage media), such as a hard disk, flash drive,
compact disc, digital video disc, Bhlu-ray disc, or other computer-readable media. In
some cxamples, a network server {not shown) may receive encoded video data from
source device 12 and provide the encoded video data to destination device 14, e.g., via
network transmission. Similarly, a computing device of a medium production facility,
such as a disc stamping facility, may receive encoded video data from source device 12
and produce a disc containing the encoded video data. Therefore, computer-readabic
medium 16 may be understood to include one or more computer-readable media of

various forms, in various examples.
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16036} In some examples, output interface 22 may output encoded data o a storage
device. Similarly, input interface 28 may access encoded data from the storage device.
The storage device may include any of & varicty of distributed or locally accessed data
storage media such as a hard drive, Blu-ray discs, DVDs, CD-ROMs, flash memory,
volatile or non-volatile memory, or any other suttable digital storage media for storing
encoded video data. In a further example, the storage device may correspond to a file
server or another intermediate storage device that may store the encoded video
generated by source dovice 12. Destination device 14 may access stored video data
from the storage device {e.g., via streaming or download). The file server may be any
type of server capable of storing encoded video data and transmitting that encoded video
data to destination device 14, Example file servers include a web server (e.g., fora
website}, an FTP server, network attached storage (NAS) devices, s Hypertext Transter
Protocol (HTTP) streaming server, or a local disk drive. Destination device 14 may
access the encoded video data through a standard data conmection, inclading an Iniernet
comnection. This may include a wireless chanunel {¢.g., a Wi-Fi connection}, a wired
connection {e.g., DSL, cable modem, etc.), or a combination of both that 1§ suitable for
accessing encoded video data stored on a file server. The transmission of encoded video
data from the storage device may be 2 streaming fransmission, a download transmission,
or a combination thereof.

{80571 The technigues of this disclosure are not necessarily hmited to wireless
applications or settings. The techniques may be applied {o video coding in support of
any of a varicty of multimedia applications, such as over-the-air television broadcasts,
cable television transmissions, satellite television transmissions, Internet streaming
video transmissions, such as dynamic adaptive streaming over HTTP (DASH]), digital
video that is encoded onto a data storage medium, decoding of digital video stored on a
data storage medium, or other applications. Tn some examples, system 10 may be
configured to support one-way or two-way video transmuission to support applications
such as video streaming, video playback, video broadcasting, and/or video telephony.
16058} System 10 of FIG. 1 is merely one example. Techuiques for inter-color
component residual prediction may be performed by any digital video encoding and/or
decoding device. A video encoder/decoder, referred to as a “CODEC” may generally
perform one or more of the techoiques of this disclosure. Moreover, a video
preprocessor may perform the techniques of this disclosure . Source device 12 and

destination device 14 are merely examples of such coding devices fn which source
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device 12 generates coded video data for transmission to destination device 14, In some
examples, devices 12, 14 may operate in a substantially symmetrical manner such that
cach of devices 12, 14 include video encoding and decoding componenis, Henge,
systern 10 may support onc-way or two-way video transmission between video devices
12, 14, e.g., for video streaming, video playback, video broadeasting, or video
telephony,
188591 Video source 18 of scurce device 12 may include a video capture device, such as
a video camera, a video archive containing previously captured video, and/or a video
ced interface to receive video from a video content provider. In some examples, video
source 1R generates computer graphics-based data as the source video, or a combination
of live video, archived video, and computer-generated video. In some cases, video
source 1% may be a video camera.  In some examples, video source 18 may be a video
camera. In some examples, source device 12 and destination device 14 may be so-
called camers phones or video phones. As mentioned above, however, the fechniques
described in this disclosure may be applicable to video coding in general, and may be
applied to wircless and/or wired applications. In each case, the captured, pre-captared,
or computer-generated video may be encoded by video encoder 20, Qutput interface 22
may output he encoded video information onte comapuer-readable medivm 16,
[8068] Computer-readable medium 16 may include transient media, such as 8 wireless
broadeast or wired network transmission, or storage media (that is, non-transitory
storage media), such as a hard disk, flash drive, compact disc, digital video disc, Blu-ray
dise, or other computer-readable media. In some examples, a network server (not
shown} may receive encoded video data from source device 12 and provide the encoded
video data to destination device 14, e.g., via network transmission. Stmilarly, a
computing device of a medivm production facility, such as a disc stamping facility, may
receive encoded video data from source device 12 and produce a disc containing the
encoded video data. Therefore, computer-readable medium 16 may be understood to
inclade one or more computer-readable media of various forms, in various examples.
16061} In the cxample of FIG. 1, input interface 28 of destination device 14 receives
mformation from computer-readable medium 16, The information of computer-
readable mediom 16 may inclode syntax information defined by video encoder 20 that
inchudes syntax clements that describe characteristics and/or processing of blocks and
other coded units, e.g., GOPs. Digplay device 32 displays decoded video data to a user.

Display device 32 may comprise any of a variety of display devices such as a cathode
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ray tube {CRT) display, a hiquid crystal display (1L.CD), a plasma display, an organic
light emitting diode {OLED) display, or another type of display device.

18662} Video encoder 20 and video decoder 30 may operate according to a video coding
standard, such as the High Efficiency Video Coding {HEV() standard, as well as the
HEVC Range Hxtension, developed by the Joint Collaborative Team on Video Coding
(JCT-VC). Alternatively, video encoder 2{} and video decoder 30 may operate
according to other proprigtary or industry standards, such as the [TU-T H.264 standard,
alternatively referred to as MPEG-4, Part 10, Advanced Video Coding (AVO), or
extensions of such standards. The techniques of this disclosure, however, are not
Hmited to any particular coding standard. Other examples of video coding standards
include MPEG-2 and 1TU-T H.263.

{88631 Although not shown in FIG. 1, n some aspects, video encoder 20 and video
decoder 30 may each be integrated with an audio encoder and decoder, and may nchide
appropriatc MUX-DEMUX units, or other bardware and software, to handle encoding
of both andio and video o a common data stream or separate data streams, I
applicable, MUX-DEMUX units may conform to the ITU H.223 multiplexer protoco],
or other protocols such as the user datagram protocol (UDP).

(8064} Video encoder 20 and video decoder 30 cach mray be topiemented as any of a
varigty of suitable encoder circuitry, such as one or more nucroprocessors, digital signal
processors {DSPs), application specific integrated circuits (ASICs), field programmable
gate arrays (FPGAs), discrete fogic, software, hardware, firmware or any combinations
thereof. When the tochniques of this disclosure are implemented partially in software, 2
device may store instructions for the software in a suitable non-transttory computer-
readable medium and execute the instructions in bardware using one or MOrE Processors
to perform the techniques of this disclosure. 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 4 respective device.
18865] A video sequence typically includes a series of video frames or pictures. A
group of pictures {GOP) generally conyprises a series of one or more of the video
pictures. A GOP may include syntax data in a header of the GOP, a header of one or
maore of the pictures, or elsewhere, that describes 8 number of pictures included in the
(GOP. Each slice of a picture may include slice syntax data that describes an encoding

mode for the respective shice. Video encoder 20 typically operates on video blocks of
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samples included in a CU, and within individual video slices in order to encode the
video data.

(8066} The HEVC standard specifies that a video frame or picture may be divided into a
sequence of troeblocks (1Le., largest coding units {LCUs) or “coding tree vnits” {CTUs)).
Treeblocks may include luma and/or chroma samples. Syntax data within a bitstream
may define a size for the LCUs, which are largest coding units in terms of the nomber of
pixels. In some cxamples, cach of the CTUs comprises a coding tree block of luma
sarapies, two corresponding coding tree blocks of chroma samples, and syntax
structures used to code the samples of the coding tree blocks. In a monochrome pictare
or a picture that has three separate color planes, a CTU may comprise a single coding
tree block and syntax structures used to code the samples of the coding tree biock. A
coding tree block may be an NxN block of samples. A video frame or pictare may be
partitioned into one or more shices. A slice includes a number of conseeutive treeblocks
in a coding order {¢.g., a raster scan order).

16067} Fach treeblock may be split into one or more coding units (CUs) according to a
guadtree. In general, a quadiree data structure includes one node per CU, with a root
node corresponding to the trechblock. 1 a CU 1s sphit into four sub-CUs, the node
corresponding to the CU mclades four leaf nodes, cach of which corresponds to one of
the sub-ClUs.

[80868] Each node of the quadtree data structure may provide syntax data for the
corresponding CU. For exarmpie, 8 node in the quadtree may include a split flag,
indicating whether the CU corresponding to the vode is split into sub-Cls. Syntax
clements for a CU may be defined recursively, and may depend on whether the CU s
split into sub-CUs. I a CU is not split further, the CU is referred to as a leaf-CU.
(8069} Video encoder 20 may recursively perform quad-iree partitioning on the coding
tree blocks of a CTU 1o divide the coding tree blocks indo coding blocks, hence the
name “coding trec units.” A coding block may be an NxN block of samples. In some
exarmples, a CU comprises a coding block of luma samples and two corresponding
coding blocks of chroma samples of a picturc that bas 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 2 monochrome picture or a picture that has three separate color
planes, a CU may comprise a single coding bock and syntax structures used to code the

sanplies of the coding block.
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166761 A CU has a similar purpose as a macroblock of the H.264 standard, except thata
CU does not have a size distinction. For example, 2 treeblock may be split into four
child nodes (also referred to as sub-CUs), and cach child node may in turp be a parent
node and be split into another four child nodes. A final, vosplit child node, referred to
as a leaf node of the quadtrec, comprises a coding node, also referred to as a leaf-Cl.
Syntax data associated with a coded bitstream may define a maximum muanber of imes
a treeblock may be split, referred to as a maximum CU depth, and may also define a
minimurg size of the coding nodes. Accordingly, 2 bitstrears may also define a smaliest
coding unit (SCU). This disclosure uses the term “block™ to refer to any of a CU, which
may further include one or more prediction units (PUs), or transform umits (TUs), in the
context of HEVC, or similar data stractures in the context of other standards {(e.g.,
macroblocks and sub-blocks thereof in H.264/AV(C).

(88711 A CU inchudes one or more prediction units (PUs) and one or more transform
units {TUs). A size of the CU corresponds may be square or rectangular in shape. The
size of the CU may range from 8x8 pixels up to the size of the trecbhiock with 2
maximum of 64x64 pixels or greater. Syntax data associated with a CU may describe,
for example, partitioning of the CU into one or more PUs. Partitioning modes may
differ between whether the CU is skip or direct mode encoded, intra-prediction mode
encoded, or mter-prediction mode encoded. A CU may be partitioned such that PUs of
the CU may be non-square in shape. Syntax data associated with a CU may also
describe, for example, partitioning of the CU into one or more TUs according to a
guadiree.

16672} Video encoder 20 may partition a coding block of a CUJ into one or move
prediction blocks. A prediction block may be a rectangular (i.e., sqoare or non-square)
block of samples on which the same prediction is applied. A PU of a CU may comprise
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.
in 2 monochrome picture or a picture that has throe separate color planes, a PU may
comprise a single prediction block and syntax structures used to predict the prediction
block samples.

(80731 A transform block may be a rectangular block of samples on which the same
transform is applied. A transform unit (TU) of 8 CU may comprise a transform block of
huma samples, two corresponding transform blocks of chroma sanples, and syntax

structures used to transform the transform block samples. Thus, for a CU that is
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formatted with a YCbCr color space, each TU of a CU may have a luma transform
block, a Ch transform block, and a Cr wansform block. The luma transform block of the
TU may be a sub-block of the CU’s luma residual block. The Cb transform block may
be a sub-block of the CU’s Ch residual block. The Cr transform block may be a sub-
block of the CLs Cr residual block. In a monochrome picture or a picture that hag
three separate color planes, a TU may comprise a single transform block and syntax
structures used o transform the transform block samples. A TU can be square or non-
square {e.g., rectangular) in shape. o other words, a fransform block corresponding to a
T may be square or non-square n shape.

[8074] The HEVC standard allows fur transformations according to TUs, which may be
different for different CUs. The TUs are typically sized based on the size of PUs within
a given CU defined for a partitioned LCU, although this may not always be the case.
The TUs are typically the same size or smaller than the PUs. In some examples,
residual samples corresponding {0 a CU may be subdivided into smaller units using a
quadtree structure known as a "residual quad tree” (RQT). The leaf nodes of the RQT
may be referred to as transform umits (TUs). Pixel difference values associated with the
TUs may be transformed to produce transform coefficients, which may be quantized.
(8075} In geveral, a PU represents a spatial arca corresponding to all or a portion of the
corresponding CU, and may include data for retrieving a reference sample for the PLL
Mareover, a PU includes data related to prediction. In some examples, a PU may be
encoded using intra mode or mter mode. As another example, when the PU is inter-
mode encoded, the PU may inchude data defining one or more motion vectors for the
PU. The data defining the motion vector for a PU may describe, for example, a
horizontal component of the motion vector, a vertical component of the motion vector, a
resolution for the motion vector {¢.g., onc-quarter pixel precision or onc-¢ighth pixel
precision), a reference picture to which the motion vector poiuts, and/or & refercoce
picture hist (e.g., List §, List 1, or List C) for the motion vector.

188761 As indicated above, a leaf-CU having one or more PUs may also include one or
more Tils. The TUs may be specified using an RQT (also referred to as a TU quadtree
structure}, as discussed above. For example, a sphit flag may ndicate whether a leaf-CU
is split nto four transform units. Then, each TU may be split further into further sob-
TUs. When a TU is not split further, 1t may be referred to as a leat-TU. Generally, for
intra coding, ali the leat-TUs belonging to a leaf-CU share the same intra prediction

mode. That is, the same intra-prediction mode is generally applied to calculate
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predicted values for all TUs of a leaf-CU. For intra coding, a video encoder may
calculate a residual value for each leaf-TU using the intra prediction mode, as a
difference between the portion of the CU corresponding to the TY and the original
block. A TU is not necessarily limited to the size of a PU. Thus, TUs may be larger or
smaller than a PU. For intra coding, a PU may be collocated with a corresponding leaf-
TY for the same CU. In some examples, the maximum size of a leaf-TU may
corrgspond to the size of the corresponding leaf-ClU.

184771 Moreover, TUs of leaf-CUs may also be associated with respective guadiree data
structures, referred to as RQTs. That s, a leat-CU may include a quadtree indicating
how the leaf>CU is partitioned into TUs. The root node of a TU quadtrec generally
corresponds to a leat-CU, while the root node of a CU quadtree generally corresponds fo
a treeblock. TUs ofthe RQT that are not sphit are referred to as leaf-TUs. In general,
this disclosare uses the terms CU and TU to refer to leaf-ClU and leaf-TU, respectively,
unless noted otherwise.

16478] Both PUs and TUs may contain (1.¢., correspond 1o} one or more blocks of
samples corresponding to cach of the channels of the color space associated with that
block. Blocks of the PUs may mmelude samples of a predictive block, and blocks of the
TUs may blocks that mclude residual samples corresponding to the difference between
the original block and the predictive block.

(88781 As an example, HEVC supports prediction in various PU sizes. Assuming that
the size of a particular CU is ZNx2N, HEVC supports intra-prediction in PU sizes of
ZNXEN or NxN, and inter-prediction in symmetric PU sizes of ZNxXZN, 2NxN, Nx2N, or
NxN. HEVC also supports asymmetric partitioning for inter-prediction in PU sizes of
2NxnU, 2ZNxnD, nLx2N, and nRxZN. In asymmetric partitioning, one direction of a CU
is not partitioned, while the other direction is partitioned into 25% and 75%. The
portion of the CU corresponding to the 23% partition is indicated by an “n” followed by
an indication of “Up”, “Down,” “Lett,” or “Right.” Thus, for example, “2Nxnll” refers
to a ZNx2N CU that is partitioned horizontally with a 2Nx0.5N PU ontop and a
2WNx1.5N PU on bottom.

16088] In this disclosure, “NxN” and “N by N” may be used interchangeably to refer o
the pixel dimensions of a video block in terms of vertical and horizontal dimensions,
e.g., 16x16 pixels or 16 by 16 pixels. In goneral, 2 16x16 block has 16 pixels ina
vertical divection {y = 16) and 16 pixels in a horizontal divection (x = 16). Likewise, an

NxN block generally has N pixels in a vertical divection and N pixels in 8 horizontal



WO 2015/065979 PCT/US2014/062582

direction, where N represents a nonnegative mteger value. The pixels in a block may be
arranged in rows and cohmmns. Moreover, blocks need not necessarily have the same
number of pixels in the horizontal direction as in the vertical direction. For example,
blocks may comprise NxM pixels, where M 1s not necessarily equal to N.

{8081} During motion compensation {described elsewhere in this document), intra-
and/or inter-prediction, video encoder 20 and video decoder 36 may be configured to
perform inter-color component residual prediction. During inter-component residual
prediction, video encoder 20 may determine a predictive residual block that s used to
predict the residual samples of a current block. The predictive block may comprise a
block of chroma residual samples or a block of luma residual samples. Video encoder
20 may utilize residual saraples of a first component to predict the residual samples of a
second, different component based on a correlation between samples of the first
component {e.g., loma) and the second component {e.g., chroma, Cb or Cr). Video
encoder 20 or video decoder 30 may wtilize cither the original fuma residual signal or
the reconstructed luma residual signal when determining the sanples of the chroma
component,

[6082] When performing inter-component prediction, video encoder 20 or video
decoder 30 may adjust the Juma residual samples based on a bit-depth of the luma
vesichial saroples and a bit-depth of the chroma residual samiples to produce bit-depth
adjusted huma residoual samples. In some examples, video encoder 20 or video decoder
30 may adjust the lama residual samples to match the bit-depth of the chroma residual
samples. Video encoder 20 or video decoder 30 may adjust the luma residual sanples
using at least one arithmetic shift operation in some examples.

[8083] As an example of the adjustment process, if the bit-depth of the scaled foma
residual samples is less than the bit-depth of the chroma residual samples, video encoder
20 or video decoder 30 may increase the values of the luma residual samples residual
samples. Video encoder 20 or video decoder 30 may increase the bit-depth of the tuma
residual samples to produce bit-depth-adjusied luma residual samples. If the bit-depth
of the scaled huma residual samples is greater than the bit-depth of the chroma residual
samples, video encoder 20 or video decoder 30 may decrease the values of the luma
residoal samples. If the bit-depths of the chroma residual samples and fuma residual
samples are equal, video encoder 20 may not increase or decrease the values of the luma

residual samples.
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18884} Video encoder 20 or video decoder 30 may also scale the luma residual samples
betore or after adjusting the huma residual samples. To scale the loma residual samples,
video encoder 2 may determine a scale factor (@}, based on a correlation between huma
residoal samples for a block of video data and chroma residual samples for the block of
video data. In some examples, video encoder 20 may encode the scale factor, and video
decoder 30 may receive the scale factor in an encoded video bitstream. Video encoder
28 or video decoder 3 multiply the luma residual samples or the bit-depth adjusted
fama residual samples by the scale factor o produce scaled luma residual samples.
Once video encoder 20 or video decoder 30 have scaled and/or bit-depth adjusted the
huma residual samples, video encoder 20 or video decoder 30 may determine chroma
residual samples based on the bit-depth adjusted and/or scaled luma residual samples.
{8685} In some cases, video encoder 20 or video decoder 30 may saturate a value of the
bit-depth adjusted and/or scaled fuma residual samples when scaling and/or adjusting
the bit-depth of the lama residual samples. To avoid saturating the hima residual values,
video encoder 20 may clip the value of the bit-depth adjusted and/or scaled luma
residual samples within a range. The maximum and minimum values of the range may
be based on a variable in some examples. As an example, video encoder 20 or video
decoder 30 may clip the value of the bit-depth adjusted and/or scaled hima residoal
sampies according to the following equation:
[-maxResy”, (maxResY -1}],

where maxResY' is a variable that indicates the positive and negative range bounds of
the desired range of the bit-depth adjusted and/or scaled luma residual samples.

[8886] In some cases the number of bits used to represent each of the luma residual
samples and a channel of the chroma residual samples, referred to as the bit-depth, may
not be equal. In accordance with the techniques of this disciosure, in these cases, video
encoder 2{ or video decoder 30 may adjust (Le. increase or decrease) the values of the
huma residual samples to produce bit-depth adjusted luma residual samples. Video
encoder 20 and video decoder 30 may adjust the values of the homa residual samples
based on the bit-depth of the loma residoal samples and the chroma residual samples.
For example, video encoder 20 or video decoder 30 may adiust the bit-depth of the fuma
residual samples to mateh the bit-depth of the chroma residual samples 1o some
examples. After adjusting the loma residual samples to produce bit-depth adjusted luma
esidual samples, video encoder 20 and video decoder 30 may scale the bit-depth

adjusted Juma residual samples based on a scale factor in some examples.
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188871 In some examples, video encoder 20 and video decoder 30 may calculate a
difference between the chroma resideal bit-depth and the scaled loma residual bit-depth

according to equation (1)

delta bit depth = bitDepth_luma — bitDepth_chroma

oy
N

in equation (1), delta_bit depth is the difference, in bits, between the bit-depth of the
scaled luma residual samoples (bitDepth luma), and the bit-depth of the chroma residual
samnples (bitDepth_chroma).

[6088] In an example when delta_bit depth > 0 (1.e. when the fuma bit-depth s greater
thano the chroma bit-depth), video encoder 20 or video decoder 30 may adjust the bit-
depth of the luma residaal samples to produce bit-depth adjusted fuma residual samples

by reducing the bit-depth of the luma residual samples according to equation {2):

resY| + offset) >> delta_bit depth) {2).

resY" = sign{resY} ¥ ({

In equation (2), resY is a block of luma residual samples, resY” is a block of bit-depth
adjusted Juma residual samples, and “>>"" represents an arithmetic right-shift operation.
The variable resY may represent an original loma residual signal or a reconstructed
fama residual signal. Signdx) is a function that is equal to 1 if x s a positive value, and
ig equal to -1 i x is a negative value. The variable “offset” is an offset variable that
video encoder 20 may use to facilitate rounding. In some examples, video encoder 20

2(deimﬁb1tﬁdepth——l)

and video decoder 30 may set offset equal to , subject to the constraint that

offset is >=0. The operation: PRSI g cquation {2) may represent a rounding

operation. In one example, video encoder 20 or video decoder 30 may set offset equal to

{.

16089] In a casc when delta_bit_depth < 0, video encoder 20 and video decoder 30 may

decrease the values of the scaled residual samples based on delta_bit_depth to generate
esY . o one example, video encoder 20 or video decoder 30 may calculate resY', a

block of bit-depth adjusted tuma residual samples, according to equation (3):

resY =rvesY << dehta bit depth (3},
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where “<<" represents an arithmetic left-shift operation.
[605968] It may be possible to saturate the values of resY’. In one example, the vahies of
resY " are clipped to the range [-maxResY’, (maxResY -1}], where maxResY' indicates
the desired range of resY .
(88811 After video encoder 20 or video decoder 30 determines the bit-depth adjusted
fama residual samples, video encoder 20 and video decoder 30 may scale the bit-depth
adjusted huma residual samples to produce scaled luma residual samples. In some
examples, video encoder 20 and video decoder 30 may adjust the luma residual samples
according to cquation (4) below:

resY” = o * resY’ {4).
In equation (4), resY” represents the scaled luma residual samples, o s the scale factor,
and resY’ represents the bit-depth adjusted tuma residual samples.
18692} In the above examples, video encoder 20 and video decoder 30 may adjust the
huma residual samples based on the bit-depth of the luma residual samples and the bit-
depth of the chroma residual samples, and then scale the bit-depth adjusted luma
residual samples, e.g. according to equations (3) and {4). In some additional examples,
video encoder 20 and video decoder 30 may first scale the bit-depth according to
cquation {5):

resY = a * resY

o~~~
wn
P

where resY reprosends the luma residual samples, o is the scale factor, and resY”
represents the scaled luma residual saroples. Following scaling the huma residual
samples to produce scaled luma residual samples, video encoder 20 and video decoder
30 may thon adjust the luma residual samples to produce bit-depth adjusted luma
residual samples, referred fo as resY ™ in these examples. In some examples, video
encoder 20 and video decoder 30 may adjust the scaled luma residual samples by
arithmetically shifting the scaled luma residual samples at least once based on the bit-
depth of the luma residual samples and the bit-depth of the chroma residual samples.
180931 After vidoo encoder 20 determines resY ™, video encoder 20 may subiract resY ™
{which may represent scaled and/or bit-depth adjusted tuma residual samples) from the
corresponding block of chroma residual samples, veferred to as resC, to generate a
predicted block of chroma residual samples, resC". Bguation {(6) further describes the

process of determining resC’:

resC’ = res(C —resY”’

-
<
e
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16094} Video encoder 20 maytransform, quantize and entropy encode the (non-scaled
and non-adjosted) block of humna residual samples. Video encoder 20 may also
transform, quantize and entropy encode the block of predicted chroma residual samples.
(8095} In a generally reciprocal manner in accordance with the techniques of this
disclosure, video decoder 30 may receive and decode luma residual samples and
predicted chroma residoal samples for a block of video data. In some examples, video
decoder 30 may receive and decode a scale factor. Each of the received valoes may be
inverse quantized and inverse transformed. Video decoder 30 may dequantize and
mversely transform the scaling factor, the luma residual samples, and/or the predicted
chroma residual samples.

(8096} In some examples, video decoder 30 may adjust the lurma residual samples using
at least one arithmetic shift operation to produce bit-depth adjusted hama residual
samples. Video decoder 30 may then scale the bit-depth adiusted luma residual
sampics, ¢.g. according to equation (4) above. In some other examples, video decoder
30 may first multiply the scale factor by the block of luma residual samples to produce a
block of scaled huma residual samples, resY’, as described in equation {8), above, and
then adjust the luma residual samples osing at least one arithmetic shift operation to
produce bu-depth adjusted luma residual sanmples.

[8097]  Video encoder 30 may combine the block of scaled and/or bit-depth adjusted
tama residual samples with the block of predicted chroma residual samples to produce 2
final or updated block of chroma residual samples. Equation (7) describes the process
by which video decoder 30 may determing a block of chroma residual samples based on
a block of scaled and/or bit-depth adjusted lwma residual samples and a block of

predicted chroma residual samples:

resC" = resC’ + resY (73

In equation 7, resC™" represents the block of chroma residual samples. The variable
resC” represents the inversely quantized and inversely-transformed block of predicted
chroma residual samples, and resY” 18 the scaled and/or bit-depth-adjusted block of
hima residual samples.

{8098} In some examples, rather than adjusting (L.e., right- or left-shifting) a block of
scaled luma residual samples, video encoder 20 or decoder 30 may adjust the scale

factor. For example, the scale factor may have one of the following possible values: {-
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1, -0.5, -0.25, -0.125, 0, 0128, 0.25, 0.5, or 1}, Video encoder 20 or video decoder 30
may scale {1.c. increase or decrease) the value of the scale factor based on the value of
the delta_bit depth variable as defined above with respect to equation (1),

(8099} In some examples, video encoder 20 or video decoder 30 may calculate an
adjusted value of a, referred to as 7. I delta_bit_depth is greater than 0, video encoder
20 or video decoder 30 may calculate & according o equation {8):

4

o =sign{ar) * (o >> delta_bit_depth) (8.

(8180} If delta bit depth is less than ), video encoder 20 or video decoder 30 may

calculate ¢’ according to equation (9):

o’ =g << declta bit depth {9).

18161} Video decoder 30 and video encoder 20 may then calculate scaled and/or bit-
depth adjusted luma residual samples as described above, however, video gncoder 20
and video decoder 30 may use the adiusted scale factor, & instead of @ to scale the huma
residual sampies,

18162} In some examples, video encoder 20 or video decoder 30 may adjust and scale
huma residual samaples by using at least one arithmetic shift operation. In one exanple,
video encoder 20 or video decoder 30 may calculate resY” according to equation (10) if

{o FresY)y > O

resY ' ={ *ro5Y } »> 3 {10).
{8183} In ancther example, video encoder 20 and video decoder 30 may calculate the
bit-depth adjosted and/or scaled luma residual samples according to equation (11) if{a
*resY) <O

resY’ = (| @ *resY | >>3) (11},

o various cxamples 10 and 11, o may have the values of {-8,-4,-2,-1,0, 1,2, 4,8} in

some examples.



WO 2015/065979 PCT/US2014/062582

3]
1

18184] In some examples, video encoder 20 or video decoder 30 may adjust the fuma
resideal samples to produce bit-depth adjosted luma residual samples (e.g., resY ) based
on a shifting variable, referred to as N. The shifting variable, N, may depend on the bit-
depth difference. Video encoder 20 or video decoder 30 may calculate N according to

equation (12}

N =(delta_bi depth+3) {12).

18183} I N is equal 1o 0, then video encoder 20 or video decoder 30 may calculate the
bit-depth adjosted and/or scaled luma residual samples without adjusting the luma
residual sarples or scaled luma residual samples. N is greater thar 0, video encoder

28 or video decoder 30 may calculate resY according to equation (13}

resY = sign{a *resY )} ¥ ({la * resY [roffset) >> N (13},

where signi{x) is equal tol if x is a positive value, equal to -1 if X 15 a negative value, and
where offset is equal to 2%, as described above with respect to equation (2). Offset
may be cqual to () in some cxamples.

[8186] I N < §, video encoder 20 and video decoder 30 may calculate the bit-depth

adjusted and/or scaled luma resideal samples according to equation (14):

resY’ = resY << N (14}

181671 It may be possible to saturate the values of the bit-depth adjusted and/or scaled
fuma residual samples. In one example, the videe encoder 20 or video decoder 30 may
clip the values of the bit-depth adjusted and/or scaled luma residaal samples to the range
[-maxResY’, (maxResY’ -1}, where maxResY’ indicates the desired range of resY’.
resY can be the original luma residual signal or the reconsiructed luma residual signal.
Then, video encoder 20 or video decoder 30 may determine the predicted chroma
residual samples based on the block of luma residual samples according to equation
(i5):

1es(C” = resC — resY’

o~
~—
(]
et

Video encoder 20 may transform, quantize, and entropy encode res(’,
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18188] At the decoder side, video decoder 30 may perform the same operations as
performed to generate the bit-depth adjusted and/or scaled luma residual samples, but
only using the reconstructed luma residual signal, Video decoder 30 may generate
reconstructed chroma signal according to equation {16}

res”” = res(C"” +resY” {16},
where resC’” is the inverse quantized and nverse transformed signal of chroma.
1#16%9] In some examples, video encoder 20 may be configured to signal a value that
indicates a difference in the bit-depth of the luma residual samples and the chroma
residoal samples. In a reciprocal manmer, video decoder 30 may be configured to
decode a vahue that indicates the difference in the bit-depth of the luma residual samples
and the chroma residual samples. Video encoder 20 and video decoder 30 may code the
value indicative of the bit-depth difference even if the value is equal to zero n some
examples. In some examples, video encoder 20 and video decoder 30 may code the
value indicative of the bit-depth difference only if the value is not equal o zero.
18118} In some examples, video encoder 20 and video decoder 30 may notuse a
shifting operation to increasce or decrease the values of the luma residual samples to
produce scaled and/or bit-depth adjusted huma residual samples. In some examples,
video encoder 20 and video decoder 30 may use a scale factor and multiply the scale
factor rather than using a shifting operation to adjust the luma residual samples.
(#1113} In some examples, video encoder 20 and video decoder 30 may use a pre-
defined map to adjust the luma residual samples by mapping the value of the original or
reconstructed uma residual values o the scaled and/or bit-depth adjusted uma residual
vatues. Video encoder 20 may signal the map, which video decoder 30 may decode, or
the map may be pre-defined. The map may have one or more entries.
(8112} Following intra-predictive or inter-predictive coding using the PUs of a CU,
video encoder 20 or video decoder 30 may caleulate residual data for the TUs of the
CU. The PUs may comprise syntax data describing a method or mode of generating
predictive pixel data in the spatial domain (alsc referred to as the pixel domain) and the
Ths may comprise cocfficients in the transform domain following application ofa
transform, e.g., a discrete cosine transform (DCT), an integer transform, a wavelet
transform, or a conceptoally similar transform to residual video data. The residual data
may correspond {o pixel differences between pixels of the unencoded picture and
prediction values corresponding to the PUs. Videoe encoder 20 or video decoder 30 may

form the TUs including the residual data for the CU, and then transform the TUs to
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produce transform coefficients for the CU. In other words, video encoder 20 may apply
a transform to a transform block for 2 TU to generate a transform coefficient block for
the TU. Video decoder 30 may apply an inverse transform to the transform cocfficient
block for the TU to reconstruct the transform block for the TU.

18113} Following application of transforms (if any) to produce transform coctficients,
video encoder 20 or video decoder 30 may perform quantization of the transform
coefficients. In other words, video encoder 20 may quantize the transform cocfficients
of a transform coefficient block, Video decoder 30 may dequantize the transform
coefficients of the transform cocfficient block. Quantization generally refersto a
process in which transform coefficients are quantized to possibly reduce the amount of
data used to represent the cocfficients, providing further compression. The quantization
process may reduce the bit depth associated with some or all of the coefficients. For
example, an #-bit value may be rounded down to an m-bit value during guantization,
where # 1s greater than m. Inverse quantization (i.c., dequantization) may increase the
bit depths of some or all of the cocfficients.

16114} Following quantization, video encoder 20 may scan the transform coefficients,
producing a ene-dimensional vector from a two-dimensional matrix including the
quantized transform coefficients. The scan may be designed to place higher energy {(and
therefore lower frequency) coetficients at the front of the array and to place fower
encrgy (and thercfore higher frequency) coefficients at the back of the array. In some
examples, video encoder 2{ or video decoder 30 may utilize a prodefined scan order to
scan the quantized fransform coctficients to produce a serialized vector that can be
entropy encoded. In other examples, video encoder 20 or video decoder 30 may
perform an adaptive scan. After scanning the quantized transform coefficients to form a
one-dimensional vector, video encoder 20 or video decoder 30 may entropy encode the
one-dimensional vector, ¢.g., according to context-adaptive binary arithmetic coding
{CABAC), context-adaptive variable length coding (CAVLC), , syntax-based context-
adaptive binary arithmetic coding (SBAC), Probability interval Partitioning Entropy
(PIPE) coding or another entropy coding methodology. Video encoder 20 may also
entropy encode syntax clements associated with the encoded video data for use by video
decoder 30 in decoding the video data.

(8115} To perform CABAC, video encoder 20 may assign a context within a context
model to 2 symbol to be transmitted. The context may relate to, for example, whether

neighboring values of the symbol are non-zero or not. To perform CAVLC, video
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encoder 20 may select a variable length code for a symbol to be transmitied.

Codewords in variable length coding (VLC) may be constructed such that relatively
shorter codes correspond to more probable symbols, while longer codes correspond to
less probable symbols. In this way, the use of VLC may achicve a bit savings over, for
example, using equal-length codewords for cach symbol to be transmitted. The
probability determination may be based on a context assigned to the symbol.

18116} Video cncoder 2{ may further send syntax data, such as block-based syntax data,
frame-based symiax data, and GOP-based syntax data, to video decoder 30, ¢.g.,in a
frame heades, a block header, a shice header, or a GOP header. The GOP syntax data
may describe a mumber of frames in the respective GOP, and the frame syntax data may
indicate an encoding/prediction mode used to encode the corresponding frame.

(8117} FIQG. 2 is a block diagram illustrating an example of a video encoder that may
perform techniqoes for adaptive iter-color component residual prediction in accordance
with one or more aspects of this disclosure. Inthe example of FIG. 2, video encoder 20
includes video data momory 41, mode sclect unit 40, decoded picture buffer 64, summer
50, transform processing unit 52, quantization unit 54, and entropy encoding vmit 56.
Mode select unit 40, in turn, includes motion compensation unit 44, motion estimation
unit 42, infra-prediction unit 46, and partition unit 48. For video block reconstruction,
video encoder 20 also inchudes inverse quantization unit 58, imverse transform vmit 60,
and summer 62. A deblocking filter (not shown in FIG. 2) may also be included to filter
block boundaries to remove blockiness artifacts from reconstructed video. If desired,
the deblocking filter would typically filter the output of sunurer 62, Additional filiers
(in loop or post loop) may also be used in addition to the deblocking filter. Such filtexs
are not shown for brevity, but if desired, may filter the outpot of summer 50 (as an in-
loop filter). In some examples, a deblocking filter may be used to generate a filiered
block of Juma samples for inter-color component prediction, as described above,

(8118} Video data memory 41 may store video data to be encoded by the components of
video encoder 20, The video data stored in video data memory 41 may be obtained, for
example, from video scurce 18, Decoded picture buffer 64 may be a reference picture
memory that stores reference video data for use in encoding video data by video
encoder 2{, e.g., in Intra- or inter-coding modes. Video data memory 41 and decoded
picture buffer 116 may be formed by any of a variety of memory devices, such as
dynamic random access memory (DRAM), ocluding synchronous DRAM (SDRAM,

magnetoresistive RAM (MRAM), resistive RAM (RRAM), or other types of memory
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devices. Video data memory 41 and decoded picture buffer 64 may be provided by the
same memoery device or separate memory devices. In varions examples, video data
memory 4 lmay be on-chip with other components of video encoder 20, or off-chip
relative o those coroponents.

(8118} During the encoding process, video encoder 20 receives a video frame or shice to
be coded. The frame or slice may be divided into multiple video blocks. In this way,
video encoder 20 may receive 3 current video block within 2 video frame to be encoded.
161268] Motion estimation unit 42 and motion compensation unit 44 perform nter-
predictive coding of the received video block relative to one or more blocks in one or
muore reference frames to provide temporal prediction. Intra-prediction onit 46 may
alternatively perform intra-predictive coding of the reccived video block relative to one
or more neighboring blocks in the same frame or shice as the block to be coded to
provide spatial prediction. Video encoder 20 may perform multiple coding passes, e.g.,
to select an appropriate coding mode for cach block of video data.

16321} Summer 50 may form a residual video block by determining differences between
pixel values of the predictive block from the pixel values of the current video block
being coded. In some examples, summer 50 may determine not determine or encode a
residual block.

{8122} Partition unit 48 may partition blocks of video data into sub-blocks, based on
evalaation of previous partitioning schemes in previous coding passes. For example,
partition unit 48 may initially partition a frame or slice into LCUs, and partition cach of
the LCUs into sub-Cls based on rate-distortion analysis {e.g., ratc-distortion
optimization}. Mode select unit 40 may further produce a quadtrec data structure
mdicative of partitioning of an LCU into sub-CUs. Leaf-node CUs of the quadivee may
inchide one or more PUs and one or more TUs.

18123} Mode select unit 40 may sclect one of the coding modes, intra or uder, ¢.g.,
based on error resulis, and may provide the resulting intra- or inter-coded block to
summer 50, Summer 50 may generate residual block data. For instance, semmer 50
may generate residual block data for a current CU such that cach sample of the residual
block data is equal to a difference between a sample in a coding block of the current CU
and a corresponding sample of a prediction biock of a PU of the current CUL Summer
62 may reconstruct the encoded block (Le., the coding block) for use as a reference

frame. Mode select unit 40 also provides syntax elements, such as motion vectors,
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mtra-mode indicators, partition information, and other such syntax information, to
entropy encoding unit 56,

(8124} Motion estimation unit 42 and motion compensation unit 44 may be highly
intograted, but are illustrated separately for conceptual purposes. Motion estimation,
performed by motion estimation unit 42, is the process of generating motion vectors,
which estimate motion for video blocks. A motion vector, for example, may ndicate
the displacement of 3 PU of a video block within a current video frame or picture
relative to a predictive block within a reference framce {or other coded unit) relative to
the current block being coded within the current frame (or other coded vmit). In other
words, 4 motion vector may indicate a displacement between a prediction block of a PU
and a corresponding predictive block in a reference picture. A predictive block is a
block that is foumd to closely match the block to be coded (i.¢., the prediction block), in
terms of pixel difference, which may be determined by sum of absohute difference
{SAD), sum of square difference (SSD), or other difference metrics.

163125] In some examples, video encoder 20 may calculate valucs for sub-integer pixel
positions of reference pictures stored in decoded picture butter 64, In other words,
video encoder 2{} may use apply one or more tnterpolation filters to samples of one or
more reference pictures to generate samples n a predictive block of 2 PUL 1o some
examples, video encoder 20 may interpolate values of one-guarter pixel positions, one-
eighth pixel positions, or other fractional pixel positions of the reference picture.
Therefore, motion estimation unit 42 may perform a motion scarch relative to the full
pixel positions and fractional pixel positions and output a motion vector with fractional
pixel precision.

{8126} Motion estimation unit 42 may calculate a motion vector for a PU of a video
block in an inter-coded slice by comparing the position of the PU to the position of a
predictive block of a refercnce picture. The reference picture may be selected from a
first reference picture hist (List 0) or a second reference picture hst (List 1), cach of
which identify one or more reference pictures stored in decoded picture buffer 64, If
motion cstimation unit 42 has calculated a motion vector, motion estimation unit 42
may send the caleulated motion veetor to entropy enceding unit 56 and motion
compensation unit 44,

(8127} Motion compensation unit 44 may perform moetion compensation. Motion
compensation raay wmvolve fetching or generating one or more predictive blocks for a

PU based on the one or more motion vectors determined for the PU by motion
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estimation unit 42, Again, motion estimation unit 42 and motion compensation unit 44
may be functionally integrated in some examples. Upon receiving a motion vector for a
PU of a current video block, motion compensation vanit 44 may locate a predictive block
from a picture of one of the refercnee picture lists based on the motion vector, In
general, motion estimation unit 42 performs motion estimation relative to luma
components, and motion compensation unit 44 uses motion vectors caleulated based on
the luma components for both chroma components and luma components. Mode select
unit 40 may alse generate syntax clemonts associated with the video blocks and the
video slice for use by video decoder 30 in decoding the video blocks of the video shice.
[6128] Intra-prediction unit 46 may intra-predict a curvent block, as an alternative to
the inter-prediction perfermed by motion estiroation unit 42 and motion conpensation
umit 44, as described above. In particular, intra-prediction unit 46 may determine an
mtra-prediction mode to use to encode a current block. In some examples, intra-
prediction unit 46 may cncode a current block using various intra-prediction modes,
¢.g., during scparate cncoding passes, and irdra-prediction unit 46 (or mode sclect unit
40, in some examples) may select an appropriate intra-prediction mode to use from the
tested modes.

(8129} For example, rdra-prediction unit 46 may calculate rate-distortion values using a
rate-distortion analysis for the various tested intra-prediction modes, and may select the
mtra-prediction mode having the best rate-distortion characteristics among the tested
intra-prediction modes. Rate-distortion analysis generally determines an amount of
distortion (o1 crror) between an encoded block and an original, unencoded block that
was encoded to produce the encoded block, as well as a bitrate (that is, a number of bitg)
vsed to produce the encoded block., Intra-prediction unit 46 may caleulate ratios from
the distortions and raies for the various encoded blocks to determine which intra-
prediction mode exhibits the best rate-distortion value for the block.

[681368] After selecting an intra-prediction mode for a block, intra-prediction unit 46 may
provide information indicative of the selected intra-prediction mode for the block to
entropy encoding unit 56, Entropy encoding unit 56 may cncode the information
mndicating the selected intra-prediction mode. Video encoder 20 may mclude inthe
transmitted bitstream configuration data, which may inchide a plurality of intra-
prediction mode index tables and a plurslity of modified intra-prediction mode index
tables (also referred to as codeword mapping tables}, definitions of cocoding contexis

for various blocks, and indications of a most probable intra-prediction mode, an intra-
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prediction mode index table, and a modified ntra-prediction mode index table to use for
cach of the contexts.

(8131} In some examples, intra-prediction unit 46 and/or motion compensation unit 44
may be configured to determine a difference in a bu-depth of the luma residual samples
and the chroma residual samples according to equation (2). Based on the bit-depth of
the chroma residual samples and the bit-depth of the luma residual samples, intra-
prediction unit 46 and/or motion compensation unit 44 may adjust the luma residual
sarapies 1o produce bit-depth adjusted luma residual samples. Intra-prediction unit 46
and/or motion compensation unit 44 may adjust the hima residoal samples or scaled
hima residual samples according o equations (2)-(3), and (183-(14) in various
examples.

(68132} Intra-prediction unit 46 and/or motion compensation unit 44 may determine a
scale factor that indicates a relation between hima residual samples for a block of video
data, and chroma residual samples for the block of video dats in some examples. Intra-
prediction unit 46 and/or motion compensation unit 44 may calculate scaled lama
residoal samples based on the scale factor. Intra-prediction unit 46 and/or motion
compensation unit 44 may determine a block of predicted chroma residual samples
based on the luma residual block, the scale factor, and the chroma residual samples.
(81331 In various alternative examples, intra-prediction unit 46 and/or motion
compensation unit 44 may adjust the scale factor based on the calculated bit-depth
difference as described in equations (83+%9). Intra-prediction unit 46 and/or motion
compensation unit 44 mway also caleulate the luma residual saroples based oun a shifting
variable, N, as described in equations (12)-(14).

{8134} In some examples, intra-prediction unit 46 and/gr motion compensation unit 44
may be configured to adjust the luma residual samples osing a lookup table (LUT). The
output of the LUT may be the bit-depth adjusted luma residual samples.  In various
examples, the LUT may be predefined, or ntra-prediction unit 46 and/or motion
compensation unit 44 may adaptively determine the LUT.

16138} Video encoder 20 may form a residual video block by determining differences
between prediction data {(e.g., a predictive block) from mode select unit 40 and data
from an original video block (e.g., a coding block) being coded. Summer SO represents
the component or components that perform this difference operation. Transform
processing unit 52 roay apply a transform to the residual block, preducing a video block

{i.e., a transform coefficient block) comprising residual transform coetficient values.
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For example, transform processing unit 32 may apply a discrete cosine transform (DCT)
or a conceptually similar transform to produce the residual cocfficient values.
Transform processing unit 52 may perform other transforms which are conceptually
sindlar to DCT. Wavelet transformos, integer fransforms, sub-band transforms or other
types of transforms could also be used.  In any case, transtorm processing vnit 52
applics the transform to the residual block, prodecing a block of residual transform
coefficients. The transform may convert the residual information from a pixel value
doraain to a transform domain, such as a frequency domain. Transform processing unit
52 may send the resulting transform coefficients to quantization unit 54, Quantization
onit 54 quantizes the transform coefficients to further reduce bit rate. The quantization
process may reduce the bit depth associated with some or all of the coefficients. The
degree of quantization may be modified by adjusting a quantization parameter. fn some
examples, quantization unit 54 may then perform a scan of the matrix inchuding the
guantized transform coefficients. Altornatively, entropy encoding voit 56 may perform
the scan.

18136} Video encoder 20 may encode various parameter sets in a coded video bitstream,
Such parameter sets may inclade a picture parameter set (PPS), which may include
syntax clements that are common t0 0nC 07 MOTE PiCUTes, 4 SCQUEBCS parameter sef,
which may include syntax elements that are common to one or more sequenees of
pictures.

18137} Following quantization, entropy encoding unit 56 entropy codes the guantized
transtorra coefficients. In other words, entropy eucoding unit 56 may entropy encode
syntax elements representing the quantized transform coefficients. For example,
entropy encoding unit 56 may perform context adaptive binary arithmetic coding
{CABAC), countext adaptive variable length coding (CAVLC), syntax-based contexi-
adaptive binary arithmetic coding (3BAC), probability interval partiioning entropy
{PIPE) coding or another entropy coding technigue. In the case of contexi-based
entropy coding, contexi may be based on neighboring blocks. Following the entropy
coding by entropy encoding voit 36, video decoder 30 may transmit the encoded
bitstream to another device (e.g., video decoder 30} or archived for later transmission or
retrigval.

(8138} In addition to entropy coding gquantized transform cocefficients, cntropy encoding

ot 36 may be configured to entropy encode a scale factor. In various cxamples,
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entropy encoding unit 56 may be configured to signal the scale factor (alpha) value as a
fixed-length code 1n bypass mode of a CABAC coder.

18139} In some examples, entropy encoding unit 56 may be configured to signal a LUT
that maps at least one scale factor 1o at least one adjusted scale factor. In some
examples, entropy encoding unit 56 may entropy encode a value that indicates a bit-
depth difference between the chroma residual samples and the hona residual samples.
18148} Inverse quantization unit 58 and inverse transform unit 60 apply inverse
quantization and inverse transformation, respectively, to reconstruct the residual block
in the pixel domain, e.g., for later use as a reference block. For instance, inverse
quantization unit 58 may dequantize a transform coefficient block. Inverse transform
ot 60 may reconstruct & transforra block for 2 TU by applying an inverse transform 1o
the dequantized wansform cosfficient block. Summer 62 adds the reconstructed residual
block to the motion compensated prediction block produced by motion compensation
unit 44 to produce a reconstructed video block for storage in decoded picture buffer 64,
Maotion estimation unit 47 and motion compensation unit 44 may use the reconstructed
video block as a reference block to nter-code (1.e., nter predict) a block in a subsequent
video frame. Motion compensation unit 44 may also apply one or more interpolation
filters to the reconstructed residual block to calenlate sub-integer pixel values for use in
motion estimation.

{8141} Motion estimation anit 42 may determine one or more reference pictures, that
video encoder 20 may use to predict the pixel values of one or more For PUs that are
nter-predicted. Motion estimation unit 42 may signal each reference picture as an
LTRP or a shovt-term reference picture. Motion estimation unit 42 may store the
reference pictares in a decoded picture buffer 64 until the pictures are marked as unused
for reference. Mode select unit 40 of video encoder 20 may encode various syntax
clements that include identifying mformation for one or more reference pictures,

{81421 In this manner, video encoder 20 in FIG. 2 represents an example of a video
encoder configured to detormine a block of luma residual samples for a block of video
data, and determine a sccond bit-depth of chroma residual samples for the block of
video data. Video encoder 20 may be further configured to adjust the fuma residual
sampies based on the first bit-depth and the second bit-depth to produce bit-depth
adjusted luma residual samples, determine predicted chroma residual samples for the

block of video data based on the bit-depth adjusted himma residual samples and the
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chroma residual samples, and encode the block of video data based on the tuma residual
samples and the predicted chroma residual samples.

{8143} FIG. 3 is a block diagram illustrating an cxample of a video decoder that may
perform techmiques for adaptive imter-color component residual prediction in accordance
with one or more aspects of this disclosure. In the example of FIG. 3, video decoder 30
mclades a video data memory 69, an entropy decoding unit 70, motion compensation
unit 72, intra-prediction unit 74, inverse quantization unit 76, inverse transformation
unit 78, decoded picture buffer 82 and summer 80, In some examples, video decoder 30
may perform a decoding pass generally reciprocal o the encoding pass deseribed with
respect to video encoder 20 (FI1G. 2).

(8144 Video data memory 69 may store video data, such as an encoded video
bitstream, to be decoded by the components of video decoder 30, The video data stored
n video data memory 69 may be obtained, for example, from computer-readable
mediom 16, e.g., from a local video source, such as a camera, via wired or wircless
network commuunication of video data, or by accessing physical data storage media.
Video data memory 69 may form a coded picture buffer (CPB) that stores encoded
video data from an encoded video bitstream. Decoded picture buffer 82 may be a
reference pictare momaory that stores refercnee video data for use in decoding video data
by video decoder 30, ¢.g., in intra- or inter-coding modes. Video data memory 69 and
decoded picture buffer 832 may be formed by any of a variety of memory devices, such
as dynamic random access memory {BRAM), mcluding synchronous DRAM
(SDRAM), magnetoresistive RAM (MRAM), resistive RAM (RRAM), or other types of
memory devices. Video data memory 69 and decoded picture buffer 82 may be
provided by the same memory device or separate memory devices. In varioos examples,
video data memory 69 may be on-chip with other componenis of video decoder 30, or
off-chip relative 1o those components.

[68145] During the decoding process, video decoder 30 receives an encoded video
bitstream that represents video blocks of an encoded video slice and associated syntax
clements and/or syntax data from video encoder 20. Entropy decoding unit 70 of video
decoder 30 entropy decodes the bitstream to generate quantized coefficients, motion
vectors or ntra-prediction mode indicators, and other syntax elements. Entropy
decoding unit 70 may forward the motion vectors to and other syntax clomenis to

mofion compensation unit 72,
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16146} Entropy decoding unit 70 may receive syntax data for a CU, which may include
one or more scale factor alpha values for use in inter-color component residoal
prediction as described in this disclosure. Video decoder 30 may be configured to
decode a scale factor in some examples. In some examples, deceding unit may be
configured to decode a shifting value, N, as described above.

(81471 In some examples, entropy decoding anit 70 may be configured to decode a
LYUT that contaius at least one entry. Each entry may map a scale factor to an adjusted
scale factor. Entropy decoding unit 70 may also be configured to decode a value that
ndicates a difference in a bit-depth of chroma residoal samples and a bit-depth of luma
residual sampies,

(6148} In addition to receiving the scale factor alpha value and shifting value, entropy
decoding unit 70 may decode and parse additional syntax elements in various parameter
sets. Such parameter sets may include a PPS, which may include syntax elements that
81C COMMOR {0 ORC OF more pictures, an SPS, which may include syntax clemenis that
are common 10 one Ot moTe sequences of pictures.

18149} Video decoder 30 may construct reference picture hists, List 0 and List 1, {e.g.,
using default constraction techniques) based on reference pictures stored in decoded
picture buffer 82, When the video slice is coded as an infra-coded (1) shice, mitra-
prediction unit 74 may generate prediction data for a video block of a current video
shice. Intra-prediction unit 74 may generate the prediction data based on a signaled intra
prediction mode and data from previously decoded blocks of the current frame or
picture. When video decoder 30 codes slices of the video frame as an inter-coded (i.e.,
B, P or GPBR) shice, motion compensation unit 72 may produce predictive blocks fora
video block of the current video shice based on the motion vectors and other syntax
clements received from entropy decoding unit 70. Motion compensation unit 72 may
produce the predictive blocks from one of the reference pictures within one of the
reference picture hists.

14158} Motion compensation vnit 72 may use motion vectors and/or syntax elements to
determine prediction information for & video block of the current video slice. Insome
examples, motion compensation unit 72 may generate prediction information based on
motion vectors received from entropy decoding unit 70, Motion compensation unit 72
may use the prediction information to produce the predictive blocks for the current
video block being decoded. For example, motion compensation untt 72 uses some of

the received syntax elements to determine a prediction mode {e.g., intra- ov inter-
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prediction) used to code the video blocks of the current video slice, an inter-prediction
slice type (e.g., B slice or P slice slice), construction information for gne or morg of the
reference picture Hsts for the slice, motion veciors for cach inter-gncoded video block of
the current video shice, inter-prediction status for cach inter-coded video block of the
slice, and other information to decode the video blocks i the current video shice.

(#1511 When a motion vector of a PU has sub-pixel accuracy, motion compensation unit
72 may apply one or more interpolation filters to samples of a reference picture to
generate a predictive block for the PU. Tn other words, motion compensation unit 72
may also perform interpolation based on interpolation filters. Motion compensation unit
72 may calculate interpolated values for sub-integer pixels of reference blocks using the
same interpolation filters video encoder 20 used during enceding of the video blocks.
Thus, in some examples, motion compensation unit 72 may determine the interpolation
filters used by video encoder 20 from the received syntax elements and may use the
interpolation filters to produce predictive blocks.

18152} Inverse quantization unit 76 inverse quantizes, 1.¢., de-guantizes, the quantized
transform coefficients provided in the bitstream and decoded by entropy decoding onit
70. Inverse quantization unit 76 may also mnversely quantize one or more parameters
related to adaptive inter-color component residual prediction. The parameters may
include the scale factor (&), and/or & shifting scale factor, N, in some examples. The
mverse quantization process may include use of a quandization parameter QPy to
determine a degree of guantization and, hikewise, a degree of inverse quantization that
should be applied. Video decoder 30 may calculate the quantization parameter QPy for
cach video block in the video slice.

16183} Inverse transform unit 78 may receive dequantized transform coefficient blocks.
If transform is skipped for the current block, verse transform vunit 78 may receive
deguantized residual blocks. Inverse ransform unit 78 may transform the received
blocks using an inverse transform. in some examples, the inverse transform (e.g., an
mverse DCT, an mverse integer transform, or a conceptually similar inverse transform
process) to the transform coefficients in order to produce residual blocks {e.g., transform
blocks) in the pixel domain. Inverse transform unit 78 may output a signal, referred o
as a “reconstructed residual signal”

18184} Video decoder 30 may also determine that the current block is intra-predicted
based on syntax cloements or other information. If the current video block is intra-

predicted, intra-prediction unit 74 may decode the current block. Intra-prediction unit
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74 may determine a neighboring predictive block from the same picture as the current
block. Intra-prediction unit 74 mway generate a transform coefficient block and/or a
residual block based on the predictive block,

(8155} Afier motion compensation unit 72 or intra-prediction unit 74 gonerates g
transform coefficient block and/or residual block for a current video block based on the
motion vectors and other syntax clements, video decoder 30 forms a decoded video
block by combining the residual blocks from inverse transform voit 78 with the
corresponding predictive blocks generated by motion compensation untt 72, Summer
R0 represents the component or components that perform this suwromation operation. If
desired, a deblocking filter may also be applied to filter the decoded blocks in order to
remove blockiness artitacts. Other Joop filters (either in the coding loop or afier the
coding loop) may also be used to smooth pixel transitions, or otherwise mprove the
video quality. Decoded picture buffer 82 stores the decoded video blocks in a given
frame or picture, which video decoder 30 may use for subsequent motion compensation,
Decoded picture buffer 82 may also store decoded video for later presentation on a
display device, such as display device 32 of FIG. L

[8156] Motion compensation vnit 72 and/or intra-prediction unit 74 may determine the
block of chroma residual samples based on the luma residual block, a scale factor, and
predicted chroma residual samples.  Motion compensation unit 72 and/or ntre-
prediction unit 74 may adjost the loma restdual samples by using at least one arithmetic
shift operation in some examples to produce bit-depth adjusted luma residual samples,
¢.g. as described above with respect to equations (2)—(3), and (8)-(14). In some
exanples, motion compensation unit 72 and/or Intra-prediction wt 74 may be
configured to calculate a difference in a bit-depth of the luma residual samples and a bit
depth of the predicied chroma residual samples.

(8157} Motion compensation unit 72 and/or intra-prediction unit 74 may scale the bit-
depth adjusted huma residual samples to produce scaled luma residual samples based on
a scale factor, . Motion compensation unit 72 and/or intra-prediction unit 74 may
determine predicted chroma residual samples based on the chroma residual samples and
the scaled luma residual samples as described in equation (7), as one example.

16188} In some examaples, motion compensation unit 72 and/or intra-prediction unit 74
may determine bit-depth adjusted homa residual signals based on a LUT, also referred to
as a map. Motion compensation unit 72 and/or intra-prediction unit 74 may pre-define

or gengrate the LUT in some examples.
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18189} Once video decoder 30 generates reconstructed video, video decoder 30 may
cutput the reconstructed video blocks as decoded video {e.g., for display or storage) in
some examples. In this manoer, video decoder 30 ropresents an example of a video
decoder configured to determine luma vesidual samples for a block of video data, and
determine chroma residual samples for the block of video data.
[8168] As described above, during inter-prediction, motion compensation unit 72 may
determine one or more reference pictures that video decoder 30 may use to form the
predictive video blocks for the current block being deceded. Motion compensation unit
72 may determine whether reference pictures are long term reference pictures or short-
term reference pictures based on syntax elements of the coded video bitstream, which
indicate whether a reference picture is marked for long term reference or short-term
reference. Motion compensation unit 72 may store the reference pictures in decoded
picture buffer 82 until the reference pictures are marked as unused for reference.
18161} In accordance with the techniques of this disclosure, video decoder 30 represents
an exaraple of a video decoder configured to detorming a first bit-depth of luma residual
samnples for a block of video data, and determine a second bit-depth of predicted chroma
residual samples for the block of video data. Video decoder 30 may be further
configured to adjust the luma residual samples based on the first bit-depth and the
second bit-depth to produce bit-depth adjusted huma residual samples, determine chroma
residual samples for the block of video data based on the bit-depth adjusted luma
residual samples and the predicted chroma residual samples, and decode the block of
video data based on the luma residual sanples and the chroma residual sanples.
16162} FIG. 4 1s a flowchart illustrating an example of process for performing adaptive
mter-color component residual prediction in accordance with one or more aspects of this
disclosure. For purposes of illustration only, the method of FIG. 4 may be performed by
a video encoder, such as a video encoder corresponding to video encoder 20 of FIGS. 1
and 2.
18163} In the method of FIG. 4, motion compensation unit 44 of video encoder 20 may
detormine a fisst bit-depth of luma residual samples for a block of video data (180), and
determine a second bit-depth of chroma residual samples for the block of video data
{182}, Motion compensation unit 44 and/or mira-prediction unit 46 may adjust the luma
esidual sampics based on the first bit-depth and the second bit-depth to produce bit-
depth adjusted lama residual sanples (184), and determine predicted chroma residual

samples for the block of video data based on the bit-depth adjusted luma residual
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samples and the chroma residual samples (186). Quantization unit 54 and entropy
encoding unit $6 may be further configured to encode the block of video data based on
the loma residual samples and the predicted chroma resideal samples (188},

(8164} FIG. 5 is a flowchart illustrating another exarple of a process for performing
adaptive inter-color component residual prediction in accordance with one or more
aspects of this disclosure. For porposes of illustration only, the method of FIG. § may
be performed by a video decoder, such as a video encoder corresponding to video
decoder 30 of FIGS, 1 and 3.

18163} In the method of FIG. 5, video decoder 30 may determing a first bit-depth of
hima residoal samples for a block of video data (200), and determine a second bit-depth
of predicted chroma residual sanples for the block of video data (202). Motion
compensation unit 72 and/or intra-prediction unit 74 of video decoder 30 may be finther
configured to adjust the huma residoal samples based on the first bit-depth and the
sccond bit-depth to preduce bit-depth adjusted luma residual samples (204}, and
determine chroma residual samples for the block of video data based on the bit-depth
adjusted luma residual samples and the predicted chroma residual samples (206).
Motion compensation unit 72 and/or mtra-prediction unit 74 of video decoder 30 may
decode the block of video data based on the luma residual samples and the chroma
residual samples (208).

[8166] 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 {c.g., not all deseribed acts or cvents are necossary
for the practice of the techniques). Moreover, in certain examples, acts or events may
be performed concurrently, ¢.g., through multi-threaded processing, mterrapt
processing, or multiple processors, rather than sequentially,

(8167} In onc or more exarnples, the functions described may be implerented in
hardware, software, firmware, or any combination thercof. If implemented in software,
the functions may be stored on or transmitted over as onc or more nstructions or code
on a compuier-readable medium and exccuted by a hardware-based processing unit.
Computer-readable media may include computer-readable stovage media, which
corresponds to a tangible medium such as data storage media, or communication media
inchiding any mediom that faciiitates transfor of a computer program from one place to
another, e.g., according to a communication protocol. In this manner, computer-

readable media generally may correspond to (1) tangible computer-readable storage
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media which is non-transitory or {2) a communication medivm such as a signal or
carrier wave. Data storage media may be any available media that can be accessed by
ONC OF MOIC COMPULCTS Of ONC OF MOTE Processors to retrigve 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.

[#168] By way of example, and not imitation, such computer-readable storage media
can comprise RAM, ROM, EEPROM, CD-ROM or other optical disk storage, maguetic
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 mstructions ov data structures
and that can be accessed by a computer. Also, any con 18 properly termed a computer-
readable medium. For example, if instructions are transmitted from & website, server, or
other remote source using a coaxial cable, fiber optic cable, twisted pair, digital
subscriber Hne (DSL), or wireless techunologies such as infrared, radio, and microwave,
then the coaxial cable, fiber optic cable, twisted pair, DSL, or wircless technologics
such as infrared, radio, and nucrowave are included in the definition of medivm, It
should be understood, however, that computer-readable storage media and data storage
media do not inclode comections, carrier waves, signals, or other transitory media, but
are tnstead directed to non-fransitory, tangible storage media. Disk and disc, as used
herein, includes compact disc (CD), laser disc, optical disc, digital versatile disc {DVD),
floppy disk and Blu-ray disc, where disks useally 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.

16169} Instructions may be executed by one or more processors, such as one o1 more
digital signal processors (DSPs), general purpose microprocessors, apphcation specific
integrated circuits (ASICs), field programmabic logic arrays (FPGAS), or other
equivalent integrated or discrete logic circuitry, Accordingly, the term “processor,” as
used herein may refer to any of the foregoing structure or any other structure suitable for
implementation of the techuiques 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 tochnigues could be fully implemented in one or more cireuits or logic
cloments.

(8178} The techoiques of this disclosure may be implemented o a wide variety of

devices or apparatoses, including a wireless handset, an integrated circuit (IC) or a set of
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1Cs {e.g., a chip set). Various components, modules, or units are deseribed in this
disclosure to emphasize functional aspects of devices configared 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.
18171} Various examples have been described. These and other examples are within the

scope of the following claims.
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WHAT IS CLAIMED 1S:

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

deternrining a fivst bit-depth of lama residual saraples for a block of video data;

determining a sccond bit-depth of predicted chroma residual samples for the
block of video data;

adjusting the luma residual samples based on the first bit-depth and the second
bit-depth to produce bit-depth adjusted luma residual samples;

determining chroma residual samples for the block of video data based on the
bit-depth adjosted luma residual samples and the predicted chroma residual samples;
and

decoding the block of video data based on the uma residual samples and the
chroma residual samples.
2. The method of claim 1, wherein the first bit-depth 1s different than the second
bit-depth, and wherein adjusting the luma residual samples comprises adjusting the
hima residoal samples to match the second bit-depth of the predicted chroma residual

samples,

3. The method of claim 1, wherein adjusting the huma residual samples comprises
performing at least one shift operation on the huma residoal samples based on the first

hit-depth and the second bit-depth.

4. The method of claim 1, forther comprising determining a bit-depth difference
between the first bit-depth of the luma residual samples and the sccond bit-depth of the
predicted chroma residual samiples, wherein adjusting the lumea residual samples
comprises performing a shift operation on the tuma residual samples based on the bit-

depth difference.

5. The method of claim 4, wherein performing the shift operation on the loma
resideal samples compriscs artthmetically shifting the luma residual samples based on

the bit-depth difference.
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6. The method of claim 4, wherein determining the bit-depth difference comprises
decoding the bit-depth difference.
7. The method of claim 4, wherein, based on the first bit-depth being greater than

the second bit-depth and the bit-depth difference being greater than zero, adjusting the
fama residual samples comprises right-shifting the tuma residual samples by the bit-

depth difference.

g, The method of claim 4, wherein, based on the first bit-depth being less than the
second bit-depth and the bit-depth difference being less than zero, adjusting the hana
residual samples conyprises left-shifting the tuma residual samples by the bit-depth

difference.

9. The method of claim 4, wherein, based on the bit-depth difference being equal to
zera, adjusting the huma residual samples comprises not adjusting the fuma residual

samples for the block of video data,

14. The method of claim 1, wherein adjusting the luma residual samples te produce
the bit-depth adjusted luma residoal samples comprises:

clipping the bit-depth adjusted luma residual samples to be within a range,
whercin a maximum value of the range is based on a positive value of a variable, and

wherein a oindowm value of the range is based on a negative value of the variable.

11 The method of claim |, wherein determining the chroma residoal samples
comprises:
adding the predicted chroma residual samples 1o the bit-depth adjusted loma

residual samples to determine the chroma residoal samples.
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12, The method of claim 1, wherein determining the chroma residual samples
comprises:

multiplying the bit-depth adjusted luma residual samples by 3 scale factor to
determine scaled lumoa residual samples; and

adding the predicted chroma residual samples to the scaled fuma residual

samplies to determine the chroma residual samples.

13, The method of claim 12, further comprising decoding the scale factor.
14, A method of encoding video data, the method comprising:

deternrining a first bit-depth of lama residual saraples for a block of video data;

determining a second bit-depth of chroma residual samples for the block of
video data;

adjusting the luma residual samples based on the first bit-depth and the second
bit-depth to produce bit-depth adjusted luma residual samples;

determining predicted chroma residual samples for the block of video data based
on the bit-depth adiusted hima resideal sampies and the chroma residual samples; and

encoding the block of video data based on the lura residual samples and the

predicted chroma residual samples.

15. The method of claim 14, wherein the first bit-depth is different than the second
bit-depth, and wherein adjusting the luma residual samples comprises adjusting the

huma residual samples to match the second bit-depth of the chroma residual samples.

16. The method of claim 14, wherein adjusting the loma residual samples comprises
performing at least one shift operation on the luma residual sanples based on the first

bit-depth and the sccond bit-depth.
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17. The method of claim {4, further comprising determining a bit-depth difference

between the first bit-depth of the huma residual samples and the second bit-depth of the
chroma residual samples, wherein adjusting the huma residoal samples comprises
performing a shift operation on the Juma residual samples based on the bit-depth

difference.

18. The method of claim 17, wherein performing the shift operation on the huma
residual samples comprises artthmetically shifting the luma residual samples based on

the bit-depth difference.

19. The method of claim 17, further comprising encoding the bit-depth difference.

28, The method of claim 17, wherein, based on the first bit-depth being greater than
the sccond bit-depth and the bit-depth difference being greater than zero, adjusting the
fuma residual samples comprises right-shifting the luma residual samaples by the bit-

depth difference.

21, The method of claim 17, wherein, based on the first bit-depth being less than the
second bit-depth and the bit-depth difference being less than zero, adjusting the luma
residual samples comprises left-shifting the luma residual samples by the bit-depth

difference.

22, The method of claim 17, wherein, based on the bit-depth difference being equal
to zero, adjusting the loma residual samples comprises not adjusting the luma residual

sampies for the block of video data.

23, The method of claim 14, wherein adjusting the luma residual samples to produce
the bit-depth adjusted loma residual samples comprises:

clipping the scaled luma residual samples to be within a range, wherein a
maximum value of the range is based on a positive value of a vanable, and wherein a

minimum value of the range 1s based on a negative value of the variable.
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24. The method of claim 14, wherein determining the predicted chroma residual

samples comprises:
subiracting the chroma residual samplies from the bit-depth adjusted luma

residual saraples to determine the predicted chroma residual samples.

25.  The method of claim 14, wherein determining the predicted chroma residual
sampics further comprises:

multiplying the bit-depth adjusted fuma residual samples by a scale factor to
produce scaled luma residual samples; and

subtracting the chroma residoal samples from the bit-depth adjusted huma

residual samples to deternine the predicted chroma residual samples.

26. The method of claim 25, further comprising encoding the scale factor.
27. A device for decoding video data, the device conprising:

a memory configared to store video data; and

at least one processor in communication with the memory and configured to:

determine a first bit-depth of luoma residual samples for a block of video data;

determine a second bit-depth of predicted chroma residual samples for the block
of video data;

adjust the loma residual samples based on the first bit-depth and the second bit-
depth to produce bit-depth adjusted lumoa vesidual samples;

determine chroma residoal samples for the block of video data based on the bit-
depth adjusted luma residual samples and the predicied chroma residual samples; and

decode the block of video data based on the hima residual samples and the

chroma residual samples.
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28. The device of claim 27, wherein the fivst bit-depth is different than the sccond
bit-depth, and wherein to adjust the luma residual samples, the at least one processor is
configured to adjust the luma residual samples to mateh the second bit-depth of the

predicted chroma residual sanmples.

29. The device of claim 27, whergin to adjust the loma residual samples, the at least
one processor 18 configured to perform at least one shift operation on the huma residoal

saropies based on the first bu-depth and the second bit-depth.

30. The device of claim 27, wherein the at least one processor is further configured
to deterroine a bit-depth ditference between the first bit-depth of the huma residual
samples and the second bit-depth of the predicted chroma residual samples, wherein to
adjust the hima residoal samples, the at least one processor is configured to perform a

shift operation on the luma residual samples based on the bit-depth difference.

31, The device of claim 30, wherein to perform the shift operation on the luma
resideal samples, the at least one processor is further configured to arithmetically shift

the luma residual samples based on the bit-depth difference.

32. The device of claim 38, wherein to determine the bit-depth difference, the at

feast one processor 18 configured to decode the bit-depth difference.

33, The device of claim 30, wherein, based on the first bit-depth being greater than
the second bit-depth and the bit-depth difference being greater than zero, to adjust the
hama residual samples, the at least one processor is configured to right-shift the luma

residual samples by the bu-depth difference.

34. The device of claim 34, wherein, based on the first bit-depth being less than the
second bit-depth and the bit-depth difference being less thar zoro, to adjust the fuma
residoal samples, the at least one processor is contigured to left-shift the fama vesidual

sampies by the bit-depth difference.
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35.  The device of claim 30, wherein, based on the bit-depth difference being equal
to zero, to adjust the huma residual samples, the at least one processor is configured not

to adjust the luma residual samples for the block of video data.

36. The device of claim 27, wherein to adjust the luma residual samples to produce
the bit-depth adjusted loma residual samples, the at least one processor is configured to:
clip the bit-depth adjusted fuma residual samples to be within a range, wherein a
maxinue vahue of the range is based on a positive value of 2 variable, and wherein a
minimum value of the range is based on a negative value of the variable.
37.  The device of claim 27, wherein to deterovne the chroma residual samples, the
at least one processor is configured to:
add the predicted chroma residual samples to the bit-depth adjusted luma

residual samples to determine the chroma residual samples.

38. The device of claim 27, wherein to determine the chroma residual samples, the
at least one processor 1s finther configored to:

mftiply the bit-depth adjusted huma residual samples by a scale factor to
determine scaled loma residual samples; and

add the predicted chroma residual samples to the scaled loma residual samples to

determine the chroma residual samples.

39, The device of claim 38, wherein the at least one processor is further configured

to decode the scale factor.
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40. A device for encoding video, the device comprising:

a memory configured to store video data; and

at least one processor in commumnication with the memory and configured to:

determine a first bit-depth of luma residual samples for a block of video data;

determine a second bit-depth of chroma resideal samples for the block of video
data;

adjust the loma residual samples based on the first bit-depth and the second bit-
depth to produce bit-depth adjusted lumoa vesidual samples;

determine predicted chroma residual samples for the block of video data based
on the bit-depth adiusted hima resideal sampies and the chroma residual samples; and

encode the block of video data based on the tuma residual samples and the

predicted chroma residual samples.

41. The device of claim 40, wherein the first bit-depth is different than the second
bit-depth, and wherein to adjust the luma residual samples, the at least one processor is
configured to adjust the luma residual samples to mateh the second bit-depth of the

chroma residual samples.

42. The device of claim 40, wherein to adjust the luma residual samples, the at least
one processor is configured to performing at least one shift operation on the luma

residual samples based on the first bit-depth and the second bit-depth.

43, The device of claim 40, wherein the at least one processor is fuvther configured
to determine a bit-depth difference between the first bit-depth of the hima resideal
sampies and the second bit-depth of the chroma residual samples, wherein to adjust the
huma residual samples, the at least one processor is configured to perform a shift

operation on the luma residual samples based on the bit-depth difference.

44, The device of claim 43, wherein to perform the shift operation on the luma
residual samples, the at least one processor is further configured to arithmetically shift

the loma residual samples based on the bit-depth difference.

45, The device of claim 43, whercin the at icast one processor is further configured

to encode the bit-depth difference.



WO 2015/065979 PCT/US2014/062582

53
46, The device of claim 43, wherein, based on the first bit-depth being greater than

the second bit-depth and the bit-depth difference being greater than zero, to adjust the
huma residual samples, the at least one processor is configured to right-shift the fuma

residual samples by the bit-depth difference.

47.  The device of claim 43, wherein, based on the first bit-depth being less than the
second bit-depth and the bit-depth difference being less thar zoro, to adjust the fuma
residoal samples, the at least one processor is contigured to left-shift the fama vesidual

sampies by the bit-depth difference.

48, The device of claim 43, wherein, based on the bit-depth difference being equal
to zero, to adjust the loma residual samples, the at least one processor is configured not

to adjust the huma residual samples for the block of video data.

49, The device of claim 40, wherein to adjust the huma residual samples to produce

the bit-depth adjusted hana residual samples, the at least one process or is configured to:
clip the scaled loma residual samples to be within a range, wherein a maxinnng

value of the range is based on a positive value of & variable, and wherein 8 minimum

value of the range is based on a negative vahie of the variable.

54. The device of claim 40, wherein to determine the predicted chroma residual
samples, the at least one processor is configored to:
subtract the chroma residual samples from the bit-depth adjosted luma residual

sampics to delermine the predicted chroma residual samples.

51, The device of claim 40, wherein to determine the predicted chroma residoal
sampics, the at least one processor is further configured to:

multiply the bit-depth adjusted luma residual samples by a scale factor to
produce scaled luma residual samples; and

subtract the chroma residual samples from the bit-depth adjusted luma residual

sampics to delermine the predicted chroma residual samples.
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52, The method of claim 51, wherein the at least one processor is further configuved
to encode the scale factor.
53, A device for decoding video data, the device coraprising:

means for determining a fivst bit-depth of loma residual samples for a block of
video daia;

means for determining a second bit-depth of predicted chroma residual samples
for the block of video data;

means for adjusting the huma residual samples based on the first bit-depth and
the second bit-depth to produce bit-depth adjusted hima residual samples;

means for determining chroma residual samples for the block of video data
based on the bit-depth adjusted hima residual samples and the predicted chroma residual
samples; and

means for decoding the block of video data based on the luma residual samples

and the chroma residual samples.

54. The device of claim 53, wherein the first bit-depth is ditferent than the second
bit-depth, and wherein the means for adjusting the luma residual samples comprises
means for adjusting the luma residual samples to match the second bit-depth of the

predicted chroma residoal samples.

585. The method of claim 53, wherein the means for adjusting the lama residual
samples comprises means for performing at least one shift operation on the luma

resideal samples based on the first bit-depth and the second bit-depth.

56. The device of claim 53, further comprising means for determoining a bit-depth
difference between the fivst bit-depth of the luma residual samples and the second bit-
depth of the predicted chroma residual samples, wherein the means for adjusting the
fuma residual samples comprises means for performing a shift operation on the luma

residual samples based on the bit-depth difference.



WO 2015/065979 PCT/US2014/062582

35
57.  The device of claim 56, wherein, based on the first bit-depth being greater than

the second bit-depth and the bit-depth difference being greater than zero, the means for
adjusting the luma residual samples comprises means for right-shifting the lums

residual samples by the bu-depth difference.

58. The device of claim 56, wherein, based on the first bit-depth being less than the
second bit-depth and the bit-depth difference being less than zero, the means for
adjusting the fuma residual samples comprises roeans for lefi-shifting the luma residual

samples by the bit-depth difference.

59, The device of clatm 53, wherein the means for detormining the chroma residual
samples compriscs:

means for adding the predicted chroma residual samples to the hima residual
sarmples to the bit-depth adjusted luma residual samples to determing the chroma

residual sanples.

60. The device of claim 53, wherein the means for determining the chroma residual
samples further comaprises:

means for multiplying the bit-depth adjusted luma residual samples by a seale
factor to determine scaled huoma residual samples; and

means for adding the predicted chroma residual samples to the scaled huma

residual samples to determine the chroma residual samples.
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61, A non-transitory computer-readable storage mediom having instructions stored
thereon that, when executed, cause at least one processor to:

determine a first bit-depth of loma residual samples for a block of video data;

determine a second bit-depth of predicied chroma residual samples for the bieck
of video data;

adjust the luma residual samples based on the first bit-depth and the second bit-
depth to produce bit-depth adjusted huma residual samples;

determine chroma residual samples for the block of video data based on the bu-
depth adjusted luma vesidual samples and the predicted chroma residual samples; and

decode the block of video data based on the hima residual samples and the

chroma residual samples.

62. The non-transitory computer-readable storage medium of claim 61, wherein the
first bit-depth is different than the second bit-depth, and wherein the instructions that
cause the at least one process to adjust the luma residual saroples further cause the at
feast one processor to adjust the luma residual samples to match the second bit-depth of

the predicted chroma residual samples.

63.  The non-transitory computer-readable storage medium of claim 61, wherein the
instructions that cause the at least one processor to adjust the hioma residoal sampics
cause the at ieast one processor to perform at least one shift operation on the fuma

residual sanples based on the first bit-depth and the second bit-depth.

64. The non-trapsitory computer-readable storage medium of claim 61, further
comprising instructions that cause the at least one processor to determine a bit-depth
difference between the fivst bit-depth of the luma residual samples and the second bit-
depth of the predicted chroma residual samples, wherein the instructions that cause the
at least one processor to adjust the Juma residual samples further cause the at least one
processor to perform a shift operation on the luma residual samples based on the bit-

depth difference.
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65, The non-transitory computer-readable storage medium of claim 64, wherein,
based on the fivst bit-depth being greater than the second bit-depth and the bit-depth
difference being greater than zero, the instructions that cause the at least one processor
to adjust the luma residual samples further cause the at least one processor to right-shift

the fuma residual samples by the bit-depth ditference.

66, The non-transitory computer-readable storage medium of claim 64, whergin,
hased on the first bit-depth being less than the second bit-depth and the bit-depth
difference being less than zero, the instructions that cause the at least one processor to
adjust the loma residual samples further cause the at least one processor to lefi-shift the

huma residual samples by the bit-depth difference.

67. The non-transitory computer-readable storage medium of claim 61, wherein the
instructions that cause the at least one processor to determine the chroma residual
saroples further cause the at least one processor o

add the predicted chroma residual samples to the homa residual samples to the

bit-depth adjosted luma residual samples to determine the chroma residual samples.

68.  The non-transitory computer-readable storage medium of claim 61, wherein the
mstructions that cause the at least one processor to determine the chroma residual
sampics further cause the at least one processor to:

multiply the bit-depth adjusted luma residual samples by a scale factor to
determine scaled luma residual samples; and

add the predicted chroma residual samples to the scaled huna residual samples to

determine the chroma residual samples.
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