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1
TENSOR-PRODUCT B-SPLINE PREDICTOR

CROSS REFERENCE TO RELATED
APPLICATIONS

The application claims priority to U.S. Provisional Patent
Application No. 62/908,770, filed Oct. 1, 2019 and Euro-
pean Patent Application No. 19200793 .8, filed Oct. 1, 2019,

cach of which 1s hereby incorporated by reference in 1ts
entirety.

TECHNOLOGY

The present disclosure relates generally to images. More
particularly, an embodiment of the present disclosure relates
to tensor-product B-spline predictor.

BACKGROUND

As used herein, the term “dynamic range” (DR) may
relate to a capability of the human visual system (HVS) to
perceive a range ol intensity (e.g., luminance, luma) in an
image, ¢.g., from darkest blacks (darks) to brightest whites
(highlights). In this sense, DR relates to a “scene-referred”
intensity. DR may also relate to the ability of a display
device to adequately or approximately render an intensity
range of a particular breadth. In this sense, DR relates to a
“display-referred” intensity. Unless a particular sense 1s
explicitly specified to have particular significance at any
point 1n the description herein, 1t should be inferred that the
term may be used in either sense, e.g. interchangeably.

As used herein, the term high dynamic range (HDR)
relates to a DR breadth that spans the some 14-135 or more
orders of magnitude of the human visual system (HVS). In
practice, the DR over which a human may simultaneously
perceive an extensive breadth in intensity range may be
somewhat truncated, 1n relation to HDR. As used herein, the
terms enhanced dynamic range (EDR) or visual dynamic
range (VDR) may individually or interchangeably relate to
the DR that i1s perceivable within a scene or image by a
human visual system (HVS) that includes eye movements,
allowing for some light adaptation changes across the scene
or image. As used herein, EDR may relate to a DR that spans
5 to 6 orders of magnitude. Thus while perhaps somewhat
narrower 1n relation to true scene referred HDR, EDR
nonetheless represents a wide DR breadth and may also be
referred to as HDR.

In practice, 1mages comprise one or more color compo-
nents (e.g., luma Y and chroma Cb and Cr) of a color space,
where each color component is represented by a precision of
n-bits per pixel (e.g., n=8). Using non-linecar luminance
coding (e.g., gamma encoding), images where n=8 (e.g.,
color 24-bit JPEG 1mages) are considered images of stan-
dard dynamic range, while 1mages where n>8 may be
considered 1images of enhanced dynamic range.

A reference electro-optical transter function (EOTF) for a
given display characterizes the relationship between color
values (e.g., luminance) of an mmput video signal to output
screen color values (e.g., screen luminance) produced by the
display. For example, ITU Rec. ITU-R BT. 1886, “Refer-
ence electro-optical transier function for flat panel displays
used 1n HDTYV studio production,” (March 2011), which 1s
incorporated herein by reference in its entirety, defines the
reference EOTF {for flat panel displays. Given a wvideo
stream, information about 1ts EOTF may be embedded 1n the
bitstream as (image) metadata. The term “metadata™ herein
relates to any auxiliary information transmitted as part of the
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coded bitstream and assists a decoder to render a decoded
image. Such metadata may include, but are not limited to,

color space or gamut information, reference display param-
cters, and auxiliary signal parameters, as those described
herein.

The term “PQ” as used herein refers to perceptual lumi-
nance amplitude quantization. The human visual system
responds to increasing light levels 1n a very nonlinear way.
A human’s ability to see a stimulus 1s aflected by the
luminance of that stimulus, the size of the stimulus, the
spatial frequencies making up the stimulus, and the lumi-
nance level that the eyes have adapted to at the particular
moment one 1s viewing the stimulus. In some embodiments,
a perceptual quantizer function maps linear input gray levels
to output gray levels that better match the contrast sensitivity
thresholds 1n the human visual system. An example PQ
mapping function i1s described in SMPTE ST 2084:2014
“High Dynamic Range EOTF of Mastering Reference Dis-
plays” (heremnafter “SMPTE”), which 1s incorporated herein
by reference 1n 1ts entirety, where given a fixed stimulus size,
for every luminance level (e.g., the stimulus level, etc.), a
minimum visible contrast step at that luminance level 1s
selected according to the most sensitive adaptation level and
the most sensitive spatial frequency (according to HVS
models).

Displays that support luminance of 200 to 1,000 cd/m” or
nits typily a lower dynamic range (LDR), also referred to as
a standard dynamic range (SDR), in relation to EDR (or
HDR). EDR content may be displayed on EDR displays that
support higher dynamic ranges (e.g., from 1,000 nits to
5,000 nits or more). Such displays may be defined using
alternative EOTFs that support high luminance capabaility
(e.g., O to 10,000 or more nits). An example of such an
EOTF is defined in SMPTE 2084 and Rec. ITU-R BT.2100,
“Image parameter values for high dynamic range television
in production and international programme
exchange,” (06/20177). As appreciated by the inventors here,
improved techniques for composing video content data that
can be used to support display capabilities of a wide variety
of SDR and HDR display devices are desired.

The approaches described in this section are approaches
that could be pursued, but not necessarily approaches that
have been previously conceirved or pursued. Therelore,
unless otherwise indicated, 1t should not be assumed that any
of the approaches described in this section qualify as prior
art merely by virtue of their inclusion 1n this section.
Similarly, i1ssues i1dentified with respect to one or more
approaches should not assume to have been recognized 1n
any prior art on the basis of this section, unless otherwise
indicated.

BRIEF DESCRIPTION OF THE DRAWINGS

An embodiment of the present invention 1s illustrated by
way of example, and not by way of limitation, in the figures
of the accompanying drawings and in which like reference
numerals refer to similar elements and 1n which:

FIG. 1A depicts an example process of a video delivery
pipeline; FIG. 1B illustrates example processing blocks for
TPB cross-channel prediction; FIG. 1C and FIG. 1D 1llus-
trate example i1mplementations of TPB basis generation
operations; FIG. 1E and FIG. 1F illustrate example imple-
mentations of TPB cross product operations; FIG. 1G and
FIG. 1H illustrate example tlowcharts for applying TPB
prediction;

FIG. 2A through FIG. 2C 1llustrate example codec frame-
works:
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FIG. 3A through FIG. 3D illustrate example complete sets
of B-Spline basis functions for uniformly distributed knots;

FIG. 4A and FIG. 4B illustrate example process tlows;
and

FIG. 5§ illustrates a simplified block diagram of an
example hardware platform on which a computer or a
computing device as described herein may be implemented.

DESCRIPTION OF EXAMPLE EMBODIMENTS

In the following description, for the purposes of expla-
nation, numerous specific details are set forth 1 order to
provide a thorough understanding of the present disclosure.
It will be apparent, however, that the present disclosure may
be practiced without these specific details. In other
instances, well-known structures and devices are not
described in exhaustive detail, in order to avoid unneces-
sarily occluding, obscuring, or obfuscating the present dis-
closure.

SUMMARY

Tensor-product B-spline (TPB) predictor 1s described
herein. Techniques as described herein can be used to
perform prediction operations 1n a video content processing,
pipelines and create composer metadata with an upstream
video content processor to enable downstream video content
processors to reconstruct video content of a first dynamic
range (e.g., HDR, SDR, etc.) from decoded video content of
a second different dynamic range (e.g., SDR, HDR, etc.)
carried 1n a video signal. In some operational scenarios,
composer metadata may be created with a single-channel
luma predictor and a single-piece (e.g., applicable to some
or all of possible mput luminance and chrominance code-
words, etc.) multiple-channel, multiple-regression (MMR)
chroma predictor. The single-channel luma predictor may
limit color saturation for pixels having the same luminance.
The single-piece MMR lmmits local color prediction by
imposing a global mapping. Those limitations may make
reconstructed or mapped i1mages less precision and more
inaccuracy of colors and create relatively larger color dii-
ference for some portions (e.g., vibrant colors, highly satu-
rated colors, etc.) of color charts (e.g., containing some or all
possible colors to be represented or measured, etc.).
Example single-channel luma prediction and MMR chroma
prediction operations are described 1 U.S. Provisional Pat-
ent Application Ser. No. 62/781,185, filed on Dec. 18, 2018,
the entire contents of which are hereby incorporated by
reference as 1 fully set forth herein.

In some operational scenarios, TPB predictors as
described herein may be used 1n a video content processing
pipeline to generate composer metadata by an upper video
content processor to enable downstream video content pro-
cessors to reconstruct images with better picture quality and
relatively high color precision.

A B-Spline possesses a property lfor approximating a
given curve or a segment thereof using a polynomial with a
continuity constraint of a specific order. B-Splines can be
used 1n a regression process by simply performing data
fitting on top of a B-Spline model. To capture a relatively
high dimensionality of multiple mput variables 1 video
processing, a tensor-product B-Spline (or TPB) can be
specified by multiplying multiple B-Spline functions
together to achueve a relatively high dimension approxima-
tion of mappings, curves, etc., interrelating the multiple
input variables to target values (or output variables). As
compared with a combination of a single-channel luminance
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predictor and a single-piece MMR to generate composer
metadata, using TPB to generate composer metadata pro-
vides a much better tool to model transformations between
different color grades of possibly different dynamic ranges.
Additionally, optionally or alternatively, TPB can be used to
provide continuous curves by nature (with 1ts inherent
ability to ensure continuity up to a specific order), thereby
avoiding or significantly reducing curve fitting operations
after imtial generation of predictions, transformations and/or
mappings. For example, computationally intensive polyno-
mial approximation algorithms to ensure continuity in mul-
tiple polynomial pieces as applied to the single-channel
luminance predictor can be avoided under techniques as
described herein.

TPB prediction may be used 1n diflerent encoding sce-
narios, such as scene-based and linear-based cases. Three-
dimensional mapping table (3DMT) techniques can be used
in conjunction with TPB prediction to reduce visually per-
ceptible color artifacts. Experimental results show predic-
tion accuracy can be improved for 10~40x for luma and
1~4x for chroma.

Example embodiments described herein relate to gener-
ating and encoding TPB prediction parameters for image
reconstruction. A set of tensor-product B-Spline (TPB) basis
functions 1s determined. A set of selected TPB prediction
parameters to be used with the set of TPB basis functions 1s
generated for generating predicted image data in one or
more mapped images from source image data in one or more
source 1mages of a source color grade. The set of selected
TPB prediction parameters 1s generated by minimizing
differences between the predicted image data 1n the one or
more mapped 1images and reference 1mage data 1n one or
more reference 1mages of a reference color grade. The one
or more reference 1mages correspond to the one or more
source 1mages and depict same visual content as depicted by
the one or more source 1mages. The set of selected TPB
prediction parameters 1s encoded 1n a video signal as a part
of 1mage metadata along with the source 1image data 1n the
one or more source images. The one or more mapped 1images
are caused to be reconstructed and rendered with a recipient
device of the video signal.

Example embodiments described herein relate to decod-
ing TPB prediction parameters for image reconstruction and
rendering. One or more {irst images of a first color grade are
decoded from a video signal. Image metadata comprising a
set of selected TPB prediction parameters for multiplying
with a set of tensor-product B-Spline (TPB) basis functions
1s decoded from the video signal. The set of selected TPB
prediction parameters was generated by an upstream video
content processor. The set of selected TPB prediction param-
cters 1s to be used with the set of TPB basis functions for
generating predicted image data in one or more mapped
images from first image data 1n one or more first images of
a first color grade. The upstream video content processor
generated the set of selected TPB prediction parameters by
minimizing diflerences between the predicted 1image data in
the one or more mapped 1mages and reference 1image data in
one or more reference images of a reference color grade. The
one or more reference 1mages correspond to the one or more
first 1mages and depict same visual content as depicted by
the one or more first 1mages. The set of TPB prediction
parameters 1s used with the set of TPB basis functions to
generate the one or more mapped 1mages from the one or
more {irst images. One or more display images derived from
the one or more mapped 1mages are caused to be rendered
with a display device.
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Example Video Delivery Processing Pipeline

FIG. 1A depicts an example process of a video delivery
pipeline (100) showing various stages from video capture/
generation to an HDR or SDR display. Example HDR
displays may include, but are not limited to, image displays
operating in conjunction with TVs, mobile devices, home
theaters, etc. Example SDR displays may include, but are
not limited to, SDR TVs, mobile devices, home theater
displays, headmounted display devices, wearable display
devices, etc.

Video frames (102) are captured or generated using image
generation block (105). Video frames (102) may be digitally
captured (e.g. by a digital camera) or generated by a com-
puter (e.g. using computer animation, etc.) to provide video
data (107). Additionally, optionally or alternatively, video
frames (102) may be captured on film by a film camera. The
f1lm 1s converted to a digital format to provide the video data
(107). In some embodiments, the video data (107) may be
(e.g., automatically with no human input, manually, auto-
matically with human nput, etc.) edited or transtormed 1nto
a sequence ol images belore being passed to the next
processing stage/phase 1 the video delivery pipeline (100).

The video data (107) 1s then provided to a processor for
post-production editing (1135). The post-production editing,
(115) may include adjusting or moditying colors or bright-
ness 1n particular areas of an 1image to enhance the image
quality or achieve a particular appearance for the 1image 1n
accordance with the video creator’s creative intent. This 1s
sometimes called “color timing” or “color grading.” Other
editing (e.g. scene selection and sequencing, manual and/or
automatic scene cut information generation, 1mage crop-
ping, addition of computer-generated visual special effects,
ctc.) may be performed at the post-production editing (115)
to yield a release version of HDR 1mages (117-1) or SDR (or
relatively narrow dynamic range) images (117) (e.g., SDR,
etc.).

In some embodiments, during post-production editing
(115), the HDR mmages (117-1) are viewed on a reference
HDR display that supports the high dynamic range by a
colorist who 1s performing post-production editing opera-
tions on the HDR images (117-1).

In some other embodiments, during post-production edit-
ing (115), the SDR 1mages (117) are viewed on a reference
display (125) that supports the standard dynamic range (or
a relatively narrow dynamic range) by a colorist who 1s
performing post-production editing operations on the SDR
images (117).

In some embodiments, the coding block (120) may imple-
ment a codec framework such as illustrated 1n FIG. 2A or
FIG. 2B. In operational scenarios in which the coding block
(120) receives the HDR images (117-1) from the post-
production editing (115), the HDR 1mmages (117-1) may be
torward reshaped by the coding block (120) mto SDR
images (e.g., 117).

The SDR mmages (117) are compressed by the coding
block (120) 1into a coded bitstream (122), for example 1n a
single layer. In some embodiments, the coding block (120)
may include audio and video encoders, such as those defined
by ATSC, DVB, DVD, Blu-Ray, and other delivery formats,
to generate the coded bitstream (122).

In some embodiments, the coded bitstream (122) 1s
encoded with the SDR 1mages (117) that preserve the artistic
intent with which the SDR images (117) are generated 1n the
post-production editing (115). Additionally, optionally or
alternatively, in some embodiments, the coded bitstream
(122) 1s encoded with the SDR 1mages (117) that preserve
the artistic mtent with which the HDR images (117-1)—
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which are forward reshaped 1nto the SDR images (117)—are
generated in the post-production editing (115).

The coding block (120) may encode the SDR 1mages
(117) 1into video data 1n a video signal (e.g., an 8-bit SDR
video signal, a 10-bit SDR wvideo signal, etc.) that 1s back-
ward compatible (or alternatively non-backward compat-
ible) with a wide vaniety of SDR display devices (e.g., SDR
displays, etc.). In a non-limiting example, the video signal
encoded with the SDR 1mages (117) may be a single-layer
backward compatible (or alternatively non-backward com-
patible) video signal.

In some embodiments, the coded bitstream (122) 1s a
video signal in compliance with the same video signal
format as the input SDR YCbCr video signal recerved by the

coding block (120). For example, in cases where the nput
SDR YCbCr video signal received by the coding block (120)

1s an 8-bit SDR YCbCr video signal, the coded bitstream
(122) outputted by the coding block (120) may represent an
output 8-bit SDR YCbCr video signal with the image
metadata including but not limited to composer metadata as
generated by the coding block (120) and/or the post-pro-
duction block (115). The composer metadata (or backward
reshaping mappings) can be used by downstream decoders
to perform backward reshaping (e.g., inverse tone mapping,
etc.) on the SDR 1mages (117) in order to generate backward
reshaped 1images that may be relatively accurate for render-
ing on (e.g., multiple target, etc.) HDR reference displays.

In some embodiments, the backward reshaped images
may be generated from the SDR 1mages (117) (or a decoded
version thereot) using one or more SDR-to-HDR conversion
tools 1mplementing mnverse tone mapping based at least in
part on the composer metadata. A used herein, backward
reshaping refers to image processing operations that convert
re-quantized images back to the original EOTF domain (e.g.,
gamma or PQ) or a different EOTF domain, for further
downstream processing, such as the display management.
Additionally, optionally, or alternatively, reshaping as
described herein (e.g., forward reshaping, backward reshap-
ing, etc.) may refer to 1mage processing operations that
convert between diflerent EOTFSs, different color spaces,
different dynamic ranges, and so forth.

The coded bit stream (122) 1s further encoded with 1mage
metadata including but not limited to display management
(DM) metadata that can be used by the downstream decod-
ers to perform display management operations on the back-
ward reshaped images for the HDR reference displays to
generate display images for rendering on (e.g., multiple,
etc.) device-specific HDR displays.

The coded bitstream (122) 1s then delivered downstream
to recervers such as decoding and playback devices, media
source devices, media streaming client devices, television
sets (e.g., smart TVs, etc.), set-top boxes, movie theaters,
and the like. In a receiver (or a downstream device), the
coded bitstream (122) 1s decoded by decoding block (130) to
generate decoded 1mages 182, which may be the same as the
SDR 1mages (117), subject to quantization errors generated
in compression performed by the coding block (120) and
decompression performed by the decoding block (130).

Example SDR video contents as represented by the SDR
images (117) or its decoded version may, but are not
necessarily limited to only, be SDR+ video contents, SDR
images, SDR movie releases, SDR+ 1mages, SDR media
programs, etc. As used herein, the term “SDR+” denotes a
combination of SDR 1mage data and metadata, which when
combined together allow generating corresponding high
dynamic range (HDR) image data. SDR+ image metadata
may include composer data to generate backward reshaping
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mappings (e.g., TPB backward reshaping mappings, etc.)
which when applied to an mput SDR 1mage generate a
corresponding HDR 1mage. SDR+ 1images allow backwards
compatibility with legacy SDR displays which can ignore
the SDR+ 1mage metadata and simply display the SDR
image.

Image metadata transmitted with SDR video contents to a
recipient device may include composer metadata generated
(e.g., automatically, 1n real time, in oflline processing, etc.)
under techniques described herein. In some embodiments,
the video data (107) 1s provided to a processor for composer
metadata generation (1135). The composer metadata genera-
tion (115) may automatically generate composer metadata
with no or little human interaction. The automatically gen-
crated composer metadata can be used by recipient device(s)
to perform backward reshaping operations for generating
corresponding high dynamic range (HDR) images from
SDR 1mages 1n the video data (107).

The composer metadata generation (115) can be used to
provide one or more valuable services for making video
contents available to a wide variety of display devices. One
of the valuable services provided by the composer metadata
generation (1135) 1s to generate the HDR images from the
SDR 1mages as mentioned above, in operational scenarios 1n
which HDR 1mages for video content depicted in the SDR
images are not available but the SDR images depicting the
video content are available. Thus, techniques as described
herein can be used to generate or compose HDR video
content for HDR displays, 1n these operational scenarios 1n
which the SDR 1mages are available.

Another valuable service provided by the composer meta-
data generation (115) 1s to generate HDR video content for
HDR displays (e.g., entirely, partially, etc.) without relying
on some or all of a colonst’s manual operations known as
“color timing” or “color grading.”

Additionally, optionally, or alternatively, the DM meta-
data 1n the image metadata can be used by the downstream
decoders to perform display management operations on the
backward reshaped images to generate display images (e.g.,
HDR display images, etc.) for rendering on the HDR refer-
ence display devices, or other display devices such as
non-reference HDR display devices, efc.

In operational scenarios 1n which the receiver operates
with (or 1s attached to) an SDR display 140 that supports the
standard dynamic range or a relatively narrow dynamic
range, the receiver can render the decoded SDR 1mages
directly or indirectly on the target display (140).

In operational scenarios 1 which the receiver operates
with (or 1s attached to) an HDR display 140-1 that supports
a high dynamic range (e.g., 400 nits, 1000 nits, 4000 naits,
10000 nits or more, etc.), the receiver can extract the
composer metadata (e.g., TPB composer metadata, etc.)
from (e.g., the metadata container in, etc.) the coded bat-
stream (122) and use the composer metadata to compose
HDR mmages (132), which may be backward reshaped
images generated from backward reshaping the SDR 1mages
based on the composer metadata. In addition, the receiver
can extract the DM metadata from the coded bitstream (122)
and apply DM operations (135) on the HDR 1mages (132)
based on the DM metadata to generate display images (137)
for rendering on the HDR (e.g., non-reference, etc.) display
device (140-1) and render the display images (137) on the
HDR display device (140-1).

Codec Frameworks

In some operational scenarios, SDR+ can be used to
enhance SDR content for rendering on HDR display
devices. Luma and chroma channels (or color space com-
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ponents) of SDR 1mages may be mapped separately using
image metadata such as composer metadata to generate
corresponding luma and chroma channels of (mapped) HDR
1mages.

It should be noted, however, that 1n various embodiments
techniques as described herein may be used for single layer
inverse display management (SL1DM) or non-SL1DM codec
frameworks. For example, TPB metadata generation, trans-
mission and consumption as described herein may be used
in conjunction with a multi-layer video signal that comprises
two or more coding layers comprising SDR or HDR content.

Additionally, optionally or alternatively, TPB metadata
generation, transmission and consumption as described
herein may be used in conjunction with a non-SDR (or
non-SDR+) wvideo signal such as an HDR signal. For
example, mnstead of including TPB backward reshaping
metadata to be used by recipient devices to backward
reshape decoded SDR content to generate reconstructed
HDR content, the HDR signal may include TPB forward
reshaping metadata to be used by recipient devices to
forward reshape decoded HDR content to generate recon-
structed SDR content.

Thus, while techniques as described herein may be
described with example codec frameworks or video signals
for illustration purposes only, these techniques are not
limited to example codec frameworks or video signals and
may be implemented with other codec frameworks or video
signals.

FIG. 2A through FIG. 2C 1llustrate example codec frame-
works. More specifically, FIG. 2A illustrates an example of
a first encoder-side codec architecture, which may be 1mple-
mented with one or more computing processors 1n an
upstream video encoder, etc. FIG. 2B 1llustrates an example
of a second encoder-side codec architecture, which may be
implemented with one or more computing processors in an
upstream video encoder, etc. FIG. 2C 1llustrates an example
of a decoder-side codec architecture, which may also be
implemented with one or more computing processors 1 a
downstream video decoder (e.g., a recerver, etc.), etc.

In the first framework, as 1llustrated in FI1G. 2A, backward
compatible SDR 1mages such as the SDR 1mages (117), etc.,
are received as input on the encoder side of the codec
framework.

By way of illustration but not limitation, an nverse
dynamic-range mapping (DM) module 162—which may
represent an SDR-to-HDR conversion tool, etc.—i1s used to
convert the SDR mmages (117) to HDR images 148 for
viewing on reference HDR displays. In some embodiments,
the inverse-DM module may also be referred to as an inverse
tone-mapping tool.

In the second framework as illustrated in FIG. 2B, the
HDR 1mages (148) for reference HDR displays, etc., are
received as input on the encoder side of the codec frame-
work. Here, “HDR 1mages for reference HDR displays™ may
refer to HDR 1mages that are specifically color graded for
HDR (reference) displays.

By way of illustration but not limitation, a forward
reshaping module 164—which may represent an HDR-to-
SDR conversion tool, etc.—i1s used to convert the HDR
images (148) to the SDR 1mages (117) for viewing on SDR
displays. In some embodiments, the forward reshaping mod-
ule may also be referred to as a tone-mapping tool.

In both the first and second encoder-side codec architec-
tures, an 1mage metadata generator 150 (e.g., a part of the
coding block (120), etc.) receives both of the SDR images
(117) and the HDR 1mages (148) as input, generates image
metadata 152 such as TPB composer metadata, DM meta-
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data, and so forth. Backward reshaped images (132) for an
HDR (e.g., reference, target, etc.) display can be generated
by backward reshaping the SDR 1mages (117) with back-
ward reshaping functions/curves as specified in the TPB
composer metadata.

In some embodiments, the backward reshaped i1mages
(132) represent production-quality or near-production-qual-
ity HDR 1mages for the HDR display. The backward
reshaped 1mages (132) may be outputted 1n an output HDR
video signal 160 (e.g., over an HDMI interface, over a video
link, etc.) to and rendered on the HDR display device. In
these embodiments, the receiver can retrieve the TPB com-
poser metadata and to reconstruct and render HDR 1mages
reconstructed by backward reshaping the SDR 1mages (117)
based on the TPB composer metadata.

In both the first and second encoder-side architecture, a
compression block 142 (e.g., a part of the coding block (120)
of FIG. 1A, etc.) compresses/encodes the SDR 1mages (117)
in a single layer 144 of a video signal. An example video
signal may be, but i1s not necessarily limited to only, the
coded bitstream (122) of FIG. 1A. The image metadata (152)
(denoted as “rpu”), as generated by the image metadata
generator (150), may be encoded (e.g., by the coding block
(120) of FIG. 1A, etc.) mto the video signal (e.g., a coded
bitstream, etc.).

In both the first and second encoder-side architectures, the
image metadata (152) may be separately carried 1n the video
signal from the single layer in which the SDR 1mages are
encoded 1n the video signal. For example, the image meta-
data (152) may be encoded 1n a component stream 1n the
coded bitstream, which component stream may or may not
be separate from the single layer (of the coded bitstream) in
which the SDR 1mages (117) are encoded.

In both the first and second encoder-side architectures, the
TPB composer metadata 1n the image metadata (152) in the
video signal can be used to enable downstream recervers to
backward reshape the SDR 1mages (117) (which are encoded
in the video signal) into reconstructed 1images (or backward
reshaped 1mages) for HDR target displays. Example HDR
target displays may include, but are not necessarily limited
to only, any of: an HDR target display with similar display
capabilities to those of the HDR reference display, an HDR
target display with different display capabilities from those
of the HDR reference display, an HDR target display with
additional DM operations to map reconstructed video con-
tent for the HDR reference display to display video content
for the HDR target display, eftc.

In some operational scenarios, 1n both the first and second
encoder-side architectures, SDR content 1s encoded and
transmitted, in a single layer of a video signal such as the
code bit stream (122), etc., by an upstream encoding device
that implements the encoder-side codec architecture. The
SDR content 1s recerved and decoded, in the single layer of
the video signal, by a downstream decoding device (or a
receiver) that implements the decoder-side codec architec-
ture. TPB composer metadata 1s also encoded and transmit-
ted 1n the video signal with the SDR content so that recipient
devices can reconstruct HDR content based on the SDR
content and the TPB composer metadata.

In some embodiments, as illustrated in FIG. 2C, the video
signal encoded with the SDR 1mages (117) in the single layer
(144) and the TPB backward reshaping metadata (152) as a
part of the overall image metadata are recerved as input on
the decoder side of the first and second encoder-side archi-
tectures.

A decompression block 154 (e.g., a part of the decoding
block (130) of FIG. 1A, etc.) decompresses/decodes com-
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pressed video data in the single layer (144) of the video
signal 1nto the decoded SDR 1mages (182). The decoded
SDR 1mages (182) may be the same as the SDR 1mages
(117) subject to quantization errors in the compression block
(142) and 1n the decompression block (154). The decoded
SDR 1mages (182) may be outputted in an output SDR video
signal 156 (e.g., over an HDMI interface, over a video link,
etc.) to and rendered on an SDR display device.

In addition, a backward reshaping block 158 extracts the
image metadata (152) such as the TPB composer metadata
(or backward reshaping metadata) from the input video
signal, constructs the backward reshaping tunctions based
on the extracted TPB composer metadata in the image
metadata, and performs backward reshaping operations on

the decoded SDR mmages (117) based on the backward

reshaping functions to generate the backward reshaped
images (132) (or reconstructed HDR 1mages) for the specific
HDR target display.

In some embodiments, the backward reshaped images
represent production-quality or near-production-quality

HDR images for the HDR reference display. The backward

reshaped 1mages (132) may be outputted in an output HDR
video signal 160 (e.g., over an HDMI interface, over a video
link, etc.) to and rendered on an HDR display with display
capabilities similar to those of the HDR reference display.
Thus, 1in these embodiments, DM functionality may not be
implemented by a receiver to simplify device operations and
reduce device costs.

Additionally, optionally or alternatively, 1n some embodi-
ments, DM metadata may be transmitted with the TPB
composer metadata and the SDR images (117) to the
receiver. Display management operations specific to an
HDR target display with different display capabilities from
those of the HDR reference display may be performed on the
backward reshaped images (132) based at least 1n part on the
DM metadata 1n the 1mage metadata (152), for example to
generate display HDR 1mages to be rendered on the HDR
target display.

B-Spline Based Prediction
TPB (based) prediction may be used to derive selected

operational parameters of mappings or transformations
between or among different color grades depicting the same
visual semantic content. As used herein, a color grade may
refer to a (e.g., release, a professionally color graded, color
graded by a user or video professional, reconstructed, to-be-
predicted, etc.) version of video 1mages.

A mapping or transformation between two color grades
depicting the same visual semantic content may refer to a
forward reshaping mapping or transformation, a backward
reshaping mapping or transformation, and so forth. Example
reshaping operations are described in U.S. Provisional Pat-
ent Application Ser. No. 62/136,402, filed on Mar. 20, 2015,
(also published on Jan. 18, 2018, as U.S. Patent Application
Publication Ser. No. 2018/0020224); U.S. Provisional Patent
Application Ser. No. 62/670,086, filed on May 11, 2018, the
entire contents of which are hereby incorporated by refer-
ence as 1f fully set forth herein.

In some operational scenarios, forward reshaping refers to
generating video images of the same or lower dynamic range
from video i1mages (depicting the same visual semantic
content) of a higher dynamic range.

In some operational scenarios, forward reshaping refers to
generating to-be-encoded video images (e.g., in an out video
signal delivered from an upstream video content processor
to downstream video content processor(s), etc.) of a




US 11,962,760 B2

11

dynamic range from input or source video 1mages (depicting
the same visual semantic content) of the same or a different
dynamic range.

In some operational scenarios, backward reshaping refers
to generating video 1mages of a higher dynamic range from
video 1images (depicting the same visual semantic content)
of a relatively low dynamic range.

In some operational scenarios, backward reshaping refers
to generating video 1mages of a dynamic range from
received video 1mages (depicting the same visual semantic
content)—e.g., encoded 1n a received video signal delivered
from an upstream video content processor to downstream
video content processor(s), etc.—of the same or a different
dynamic range.

TPB prediction techniques as described herein can be

used to generate 1image metadata or composer metadata
representing forward reshaping mappings/transformation
and/or backward reshaping mappings/transformations.
B-Spline based prediction may be performed for a single
variable (e.g., a single color channel of a color space, a
single color component of a color space, one channel among
R, G, B channels, one channel among Y, Cb, Cr channels,

etc.), as well as multiple variables (e.g., two or more color

channels of a color space, two or more color components of
a color space, two or more channels among R, G, B
channels, two or more channels among Y, Cb, Cr channels,
etc.) by way of tensor-product B-Spline. In some operational
scenar10s, the TPB prediction may be implemented 1n a
prediction process of SDR to HDR or HDR to SDR.

TABLE 1 below illustrates example polynomial splines.
TABLE 1

A polynomial spline of degree or order n can be constructed with knots a =k, <.
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The 0-th (zero-th) order of a B-Spline basis function may
be specified as follows:

1l kK =z=k.q

BE(z):J(krgz{km):{ t=0,...,D=2

0 otherwise

A higher order (n-th order) of a B-Spline basis function
may be recursively specified as follows:

(3)

kiy1 —z

Bﬁ_l(f)
kr+1 _kz‘-l—l—n r

Exterior knots such as 2n outer knots may be placed

outside [a, b]—which 1s a range 1n which interior knots are
distributed—in addition to interior knots ki, . . . , k..

FIG. 3A through FIG. 3D illustrate four example com-
plete sets of O-th (zero-th) through 3rd order B-Spline basis
functions for a set of uniformly distributed knots (or knot
points). Additional complete sets of B-Spline basis functions
of different orders may be recursively constructed using
expression (3) above.

In operational scenarios in which the number of interior
knots T=8 knots and a complete set of 2nd order B-Spline
basis functions 1s used, the total number D of basis function
1n the set 1s 9. A corresponding set of 9 coefficients {m,} can
be used to predict or approximate a one-dimensional (1D)
mapping or curve, for example for single-channel prediction
of a lnminance channel of a color space used to represent
video content.

"<kT—1:

b as a real-valued function f(z), over a range of [a, b], that satisfies the following

conditions:

f(z) 1s (n—1) times continuously differentiable when integer n = 1 or more. No smoothness

requirements exists for £f(z) when n = 0.

f(z) 1s a n-th order polynomial over an interval formed by two adjacent knots [k, k. ).

B-Spline basis functions can be constructed from piece-
wise polynomials that are fused smoothly at the knots (e.g.,
break points connecting adjacent piecewise polynomials,
etc.) to achieve desired smoothness or continuity constraints.
A B-Spline basis function consists of (n+1) polynomial

pieces of degree (or order) n, which are joined with knots up

to and including the (n—1) order of continuity or differen-

tiability. Using a complete set of B-Spline bases (or basis
functions), a given function f(z) (e.g., mapping, curve, etc.)

can be represented through a linear combination of D=T+

n—1 B-Spline basis functions (T represents the number of

knots) 1n the complete set, as follows:

D-1 (1)
f@= ) mB@
t=0

Note that a B-Spline basis function 1s only positive or
supported on an interval based on two adjacent knots among
the (e.g., T, nt+2, etc.) knots.
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For the purpose of illustration only, the complete set of 9
2nd order B-Spline basis functions 1s applied to predict or
approximate 1D mapping or curve between HDR and SDR.

Suppose each of an SDR 1mage (e.g., the j-th SDR 1mage,
etc.) and a corresponding HDR 1mage (e.g., the j-th HDR
image depicting the same visual semantic content as the
SDR 1mage but with a relatively high dynamic range, etc.)
comprises P pixels. Let triplets (s, sjfo, sﬁ“) and (v, v jfﬂ,
vjf]) represent normalized Y, C, (e.g., Cb, etc.) and C, (e.g.,
Cr, etc.) values for the 1-th pixel in the j-th SDR and HDR
image respectively. A single channel B-Spline predictor may
be used to predict s;” from v;” for the luma or luminance
channel.

A set of specific knots or knot points may be selected and
used to construct a complete set of D’(=T4+n—1) B-Spline
basis functions denoted as B; /(). Single-channel prediction
S;7 of SDR luminance codeword values from HDR lumi-
nance codeword values v;” may be performed using a set of
corresponding coefficients {m./ }, as follows:

Sﬁy;ij(vﬁy):Zr:UD}’_l m. B, y(vﬁ}f)

it Tt (4)

Given P pixels 1in each of the SDR and HDR 1mages, all
P to-be-predicted (or target) SDR luminance codeword

values, the corresponding coefficients (m, /), and the
B-Spline basis functions (B; /) can be collected into a matrix
form for predicting the (target) SDR luminance codewords




US 11,962,760 B2

13

values (S;”) from the corresponding (input) HDR luminance
codeword values (v;/), as follows:

$7=5m; (5)
where
S0 (6)
8 po1
- (7)
¥
m:]; = mj !
m?,DJ“’—l |
B} f"?ﬂ) B 1 (Vo) By 1 (Vio) ®)
5 = Bin.%) Bf,1.f‘/§1) B?,Dy—_ﬂ"?l)
Bio(vVipo1) Bialvipo) B v 1 (Vipo1)

where the left-hand-side (ILHS) 1n expression (8) denotes a
design matrix.

Denote a ground truth vector comprising all P actual (e.g.,
target, reference, etc.) SDR codeword values as follows:

: )

A
I
I

e
'-F .

A solution of coefficients m;7 can be obtained via a least
squared solution 1n a closed form as follows:

m P =((S2Y S (7)) (10)

To solve this least squared problem, special care may be
exercised, for example to take into account scenarios 1n
which the B-Spline matrix S; 1s relatively sparse. In opera-
tional scenarios in which the knot points may be pre-selected
or fixed regardless what kind of signal or pixel data distri-
bution 1s, empty or no pixels may exist in knot intervals
between adjacent knots. As a B-Spline basis function 1s only
positive or supported over a relatively small interval and
zero outside the interval, empty intervals in which no pixels
may exist may contribute to some or all zero columns (each
of which comprises all zeros) in S Such zero columns may
make computations of the matrix (Sjy)TSjy 1ll-defined or to
encounter singularity. In some operational scenarios, to
solve or ameliorate this problem, for columns which have all
zeros or all relatively small values (e.g., as compared with
a numeric threshold set programmatically, empirically, or by
user, etc.) in S/, corresponding coethicients (m, /) may be
set Lo zeros.

Denote each element in S” as S” (a, ) and the o-th
column as S;” (@,:). An example procedure to reconstruct the
design matrix with exclusion of columns of all zero values
or all relatively small values (e.g., the sum in the column
below a numeric threshold, each matrix element in the
column below a numeric threshold, etc.) 1s 1llustrated in

TABLE 2 below.
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TABLE 2

¥l

;= UP_ID
7 =1
0;
For each column, o, in §/
// sum up the value of each element in the o™ column

¢
|

-1

F
U, = ) Sl B)
B

=0

/f retain the column 1f the sum is bigger than a numeric threshold
/{ add to new matrix
If(U, > o)
S =187 S,
e A
C ++
end
end

In some operational scenarios, instead of using expression

(10) above, the least squared problem may be solved using
S/, as obtained 1n TABLE 2 above, as follows:

i jy’ﬂpt:((g jy)TS jy)_l ((5 jy) ‘s f) (11)

As the total number of columns D” has been reduced to c,
where ¢ represents a new total number of columns excluding
(D’—c) column(s) each of which comprises all zero or all
relatively small numbers, the solution of expression (11)
may lack coeflicients or parameters corresponding to the
excluded column(s). Using an example procedure as 1llus-
trated 1n TABLE 3 below, a parameter/coefficient vector
comprising parameters/coefficients for all columns may be
constructed by filling parameters/coefficients corresponding
to the removed (ID’—c) columns with Os (zeros), as follows:

(12)

mj}%ﬂ"ﬁ? f((l)j}f) :fﬁj}’aﬂp t

TABLE 3

Fora=0:1:D"-I
[t ais in @)
Find corresponding index ' in &/ for a given
mj}’jﬂ'ﬁ?t ((I.) — Iﬂﬁj}?,ﬂ'ﬁ?r ((IT)
else
m> " (o) = 0
end
end

In some operational scenarios, locations of knots or knot
points are pre-selected or fixed. It should be noted, however,
that 1n various embodiments, locations (and/or the total
number) of knots or knot points may or may not be pre-
selected or fixed. For example, in some operational sce-
narios, as locations (and/or the total number) of knots or
knot points may affect optimality of the solution, the loca-
tions (and/or the total number) of knots or knot points {k,},
along with the parameters/coetficients {m, '} may be adap-
tively determined as a part of an overall minimization (or
optimization) problem or solution.

While adaptively selecting knot points can further
improve performance and accuracy of mappings or trans-
formations between or among different color grades of video
content, presetting or pre-selecting uniformly distributed
knot points brings out example advantages including but not
limited to: (1) no need to signal or send by an upstream video
content processor to a downstream video content processor
knot locations of B-Spline basis functions 1n 1mage meta-
data, which reduces bitstream overheads for carrying and
encoding the 1image metadata, (2) no need to re-compute
basis functions at the decoder side 1n response to different
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knot points which otherwise may be adaptively changed
frame by frame, and so forth. In other words, B-Spline basis
functions with knot points preset or fixed can be hard wired
1in logic or stored in data store at the decoder side to reduce
runtime computation load and/or hardware complexity.
TPB Cross-Color Channel Predictor

In some operational scenarios, there may be relatively
large limitations for generating mappings between HDR and
SDR (vice versa) using a single-channel predictor such as a
single-channel (or 1D) B-Spline predictor. The 1D B-Spline
predictor may provide prediction performance and accuracy
comparable with other approaches (e.g., cumulative-den-
sity-function or CDF based approaches, minimal-mean-
squared-error or MMSE based approaches, etc.), with pos-
sibly additional computational complexity. The mapping
problem for different color grades of video content lies 1n a
multi-dimensional color space (e.g., 3D color space such as
RGB, IPT, YDzDx, and YCbCr, three or more channels in a
color space, etc.), which 1D function or prediction may
suffer imitation 1n some Operatlenal scenar1os. For example,
relatively accurate mappings between HDR and SDR (back
and forth) may 1nvolve cross-color operations (e.g., similar
to those performed manually by color grading specialists,
etc.), such as color transform and saturation control. Thus,
using 1-D predictor to solve this mapping problem in
multi-dimensional color space involving human perceptions
of colors, hues and saturations at different luminance levels
may not be optimal.

To 1improve prediction performance and accuracy, TPB
prediction capable of exploring local and/or global cross-
color channel relationships among different color grades of
video content may be employed under techniques as
described herein.

In contrast with some approaches in which cross-channel
prediction represents a global mapping operator, TPB cross
channel prediction can flexibly model a mapping 1n each
local partition (e.g., applying a region-specific mapping to
up to each of many local single- or multi-dimensional
codeword regions instead of applying a global mapping to
all codewords or colors, etc.) of a color space or a color
gamut, outperforming the other approaches that do not
implement techniques as described herein.

TPB cross-channel prediction may be applied to predict
codewords 1n luminance or luma channel from HDR to SDR
(or vice versa). In the previous example of the color space
Y, CO (or Cb) and C1 (or Cr), in each color channel or
dimension, a complete set of B-Spline basis functions 1s
independently provided. Thus, there are three sets of
B-Spline basis functions B, ( 0! (V; <Y%) and

B; " 2( “NforY, C,and C, eeler ehannels or dlmensmns
respeetlvely. Here j denotes the j-th SDR and HDR 1mages,
¥ denotes a B-Spline basis function index (given a set of
knot points along the Y dimension) for the luma or lumi-
nance Y dimension; t°° denotes a B-Spline basis function
index (given a set of knot points along the C0O dimension) for

the chroma or chrominance CO dimension; t°' denotes a

.y _ «TPBy TPBy
5, =8 " m;

where

::"D ::'1)
STPB,y_ LY FL jl? jl

7

TPB.y ::'U' f;'l
_Bj-:ﬂ (]/yp 1> jP 1> jPl
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B-Spline basis function index (given a set of knot points
along the C1 dimension) for the chroma or chrominance C1
dimension; 1 denotes a pixel index among P pixels 1n each
of the SDR and HDR 1mages.

Denote the total numbers of B-Spline basis functions in
these three complete sets of B-Spline basis functions
B~ ’D(Vﬁ}’ ), ijo%](vjf“) and B; Icl—“z(vjf]) as Dy, D;?, and
D,’, respectively. Given a respective set of knot points in
each of the 3 dimensions, each set 1n the three complete sets

of B- Splme basis functions B; ( ( <9y and
B, 2( ‘'Y may be eonstrueted usmg expressmn (3) above.

TPB bams functions for predicting codewords in the
luminance and luma channel can be constructed by taking
vector products of the three complete sets of B-Spline basis
functions B, ’D(ij), B, ’l(vjfo) and B, o ’z(vjfl) for all
three color channels or dimensions. A TPB basis function
with a (3D) TPB index representing a unique combination of
t, t° and t°' may be given or computed as follows:

1 0
Bj,ty,r[ﬂ ]TPE }?(VJI ’ ﬂ » JIE )_B > (V }f)
B. o> E(V cl)

__jl'f

’I(ijcﬂ)'
(13)
Cross-channel prediction §;” of SDR luminance codeword
values from HDR luminance and chrominance codeword
values v;7, v;° “ and vﬁ“ may be performed using a set of

Ji °®
eerrespondmg coefficients {m,,""*~}, as follows:

(14)

-
D%; 1D7-1D5-1
IPB JK‘ u:"D ::'1 IPB.y IPB.y c0 .l
.fj I? ﬁ? ﬁ Z " Eyrei] cl B i_,tyz.::"[]' el(vyrnvﬁ? jr)
I:D IC HEC]':D

The 3D TPB index (%, t°°, and t°') may be vectorized into
a 1D index (denoted as t) to simplify expressions here. The
TPB basis function previously with the 3D TPB index
(, t°°, and ") may be rewritten as follows:

c0

B, TPE (v, 0,0, (15)

Let D’=Dy"-D,”-D,”". The TPB cross-channel prediction 1n
expression (14) above can be rewritten as follows:

| TPB, 0 1
- )= j,r}’,rcﬂ c] y(vjz » ﬂc !vﬂc )

(16)

Ji

= FTPBY (7 y0 41 =

o TPB. TPBy
7 Jir Vi Vi B (vy

Myt i Vi)

Ji» vjf » Y Ji

Given P pixels 1n each of the SDR and HDR images, all

P to-be-predicted (or target) SDR luminance codeword
values, the corresponding coetficients (m, i }’) and the
cross-channel TPB functions (B,,""*~(v,”, v;°, v;,°')) can
be collected into a matrix form for predletmg the (target)
SDR Iluminance codewords values (§,”) from the corre-
sponding (input) HDR luminance and chrominance code-

cO cl .
word values (v;/”, v, v;7¥) as follows:

(17)

TPB.y ¢ TPB,y ¢ (18)
Bjal yf[;.,, 70> JU) Bthy—laviﬂf’ Jﬂf‘ ﬁl')

IPB.y ¢ f;[) 31 {PB.y
Bj,ﬂ LV 7l jl: jl) BijJ"_l

(
vylﬂ jl«" jl)

TPB,y ;:'D f:l
Bjjﬂy—l(vi:}j 11> Vipo1s Vip_1)
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TPB.y (19)
7.0
. TPB.y
L TPBy _ | M
J :
TPB.y
JA
where the LHS of expression (18) denotes a design matrix.
A solution of coefficients m,""** can be obtained via a 10 DF-1 (25)
- - L TPB._,C e o TPB._,C T_PB._,C f_‘: T
least squared solution in a closed form as follows: =1 DV vV ) = Z My, By (Vi Vi V)
=0
TPB,v.(opt)__ TPEv\T o TPEv,—1 TPB T
;T PE=((S ) T TS ) s (20)
where s” denotes the ground truth vector in expression (9) (s Given P pixels in each of the SDR and HDR images, all
above. P to-be-predicted (or target) SDR chrominance codeword
To facilitate discussion, expression (20) may be rewritten values, the corresponding coefficients (m,""*: ‘:), and the
using the matrix and vector as follows: cross-channel TPB functions (B, i Wi ViV, v. 1)) can
be collected into a matrix form for predlctmg the (target)
BY=(S;"" 1SR D SDR luminance codewords values (§,) from the correspond-
ing (input) HDR luminance and chrominance codeword
ay=(S;77BY)Ts 22y values (v;7, v;°, v;'), as follows:
~c _ «TPBc.  TPBc 26
;=5 M, (26)
where
TPB.cf f_'_'l:l f_‘:]_‘l TPB.,C 4 f_'_'I:I 1 T_PB.,C 4 i
Bjo " Vios Vios Vo, Bi17 Wio, ;m Vo) B¢ (Vies Yo o) (27)
{PB,c c el {PB.c {PB,c c
¢IPBe _ BJ'JI' :‘ﬁh J?" J‘i Bjjl :Vilf’ Vil jl) Bj,Dﬂ 1:1”3;1?1’??’ j%)
g _ :
{PB,c iPB,c c c fPB.c
B0 (V?,P 1> pr 15 VCJIP 1) Bj1 (V;}P 1>V JHP 1>V JIP 1) BjﬁDC—l(VJJ;P 1> ;P 1 Vf-flp 1)
TPB,c (28)
7.0
{PB.c
TPBe | M1
M = :
IPB.c
7,061

Thus,

TPBy(opti_¢py—1,.,¥
M, _(BJ) a,

(23)

Similarly, TPB cross-channel predictors may be built for
two chroma channels or dimensions. By way of illustration,
denote any of the chroma channels C0O and C1 as C. Given
three sets of know points 1n Y, C, and C, dimensions, three
complete sets of B-Spline basis functions B jﬂzy‘f’o(vﬁy
B, ! (vjfo) and B j?rcl‘f’z(vjf]) may be built for Y, C, and C,

J-
dimensions for TPB prediction of codewords in the chroma

channel C (where C can be C0 or C1). The total numbers of
the three complete sets of B-Spline basis functions may be

D, D, , and D¢, respectively. By given a set of knot points
in 3 dimension, we have 3 individual basis function sets
(V "), B a"‘*l(vﬁ“"o) and B, Iclaz(vjf]).

Slmllar to the TPB cross-channel prediction of codewords
in the Y channel, for the chroma channel C, TPB cross-
channel basis functions may be built with the indexed tensor
elements as follows:

Bj,t}},tgt TPE E(Vﬂ : ﬂc‘ , ﬂcl) B ED(V }”) B ICD ( )

¥ ‘:‘Z(v el (24)

Similarly, the 3D TPB index (f, t°°, and t°') can be
vectorized into a 1D index (denoted as t) to simplify
expressions here. Let D°=Dy-D,"-D,°. The TPB cross-
channel prediction for codewords in the chroma channel C
may be given as follows:
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where the LHS of expression (27) represents a TPB-based
matrix.

A solufion of coeflicients m can be obtained via a
least squared solution 1n a closed form as follows:

I'PB.c

(29)

ijPE, c, (Dpt}=((SjTPE,C) TLS}TPE,E)— 1 ((SJTPE,E)TS .r:)

To facilitate discussion, expression (29) may be rewritten
using the matrix and vector as follows:

BF=(S;TPB:c)TS TPB:c (30)
a,°=( SjTPB,c) T 5, 31)
Thus,

mTPBe PO (P <) 1 aF (32)

In some operational scenarios, locations of knots or knot
points are pre-selected or fixed. It should be noted, however,
that in various embodiments, locations (and/or the total
number) of knots or knot points may or may not be pre-
selected or fixed. For example, 1n some operational sce-
narios, as locations (and/or the total number) of knots or
knot points may affect optimality of the solution, the loca-
tions (and/or the total number) of knots or knot points {k_},
along with the parameters/coethicients {ijP %1 may be
adaptively determined as a part of an overall minimization
(or optimization) problem or solution for TPB cross-channel
prediction.
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While adaptively selecting knot points can further
improve performance and accuracy of mappings or trans-
formations between or among different color grades of video
content, presetting or pre-selecting uniformly distributed
knot points used 1n multi-dimensional TPB tensor brings out
example advantages including but not limited to: (1) no need
to signal or send by an upstream video content processor to
a downstream video content processor knot locations used 1n
multi-dimensional TPB basis functions 1n 1image metadata,
which reduces bitstream overheads for carrying and encod-
ing the image metadata, (2) no need to re-compute B-Spline
or TPB basis functions at the decoder side in response to
different knot points which otherwise may be adaptively
changed frame by frame, and so forth. In other words, TPB
basis functions with knot points preset or fixed can be hard
wired 1n logic or stored 1n data store at the decoder side to
reduce runtime computation load and/or hardware complex-
ity.

In operational scenarios 1n which all three channels or
dimensions each have the same TPB basis functions, then
the S matrixes for different channels are the same, as
follows:

TPE__c I'PH, TPB,cO_ o TPEB,cl
Sj =S’j y:Sj E—Sj ’

(33)

At the decoder side, on the same S jTF " matrix is computed
with no need to compute different S matrixes for different
channels or dimensions. Then the cross-channel predicted
codeword values for each channel can be obtained by
multiplying the same S matrix with corresponding predic-
tion parameter/coefficients, as follows:

ij:LS}TPEijPB’y (34_ 1)
Snch= SjTPEijPE,cD (34_ 2)
Snjcl — SJTPEijPB,r:l (3 4_ 2)

In another example, the two chroma channels use the same
S matrix, while a different S matrix 1s used for the luma
channel. For example, the S matrix for the luma channel has
greater dimensions than the S matrix for the chroma channel.
In such a case the number of predictor coefhicients for the
luma channel will be greater than the number of predictor
coefficients for each of the luma channels.
Efficient Decoder Architecture

When knots or knot points are uniformly distributed
including exterior knot points, B-Spline basis functions can
be expressed by a linear combination of truncated polyno-
mials. A n-th order truncated polynomial may be defined as
follows:

(35)

(x—a) xza

c-at ={ "7

X < d

Denote the knot points as {k”}, {k,°} and {k°'} for
channels Y, CO and C1. When the knot points {k>}, {k°}
and {k '} are uniformly distributed, the distance between
every two consecufive (or adjacent) knot points can be
expressed as h”, h®°, and h“’, respectively. For simplicity, the
knot points for each channel may be denoted as {k,} and h,
respectively.

The first order of the t* B-Spline basis function can be
constructed with a linear combination of truncated polyno-
mials as follows:
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1
h

(36)

B}(I} = ( )[(.I— k—1)+ - 2(-9‘5 _kr)+ +(x = kr+1)+]

where B,' (x) is only positive or supported between a range
of [k,_; k,,. ;] or over a 2 h interval, and otherwise zero (0)
outside this range. As shown in expression (36), the first
order B-Spline basis function comprises three terms each of
which comprises a respective knot multiplication factor
(denoted as c,, where 1 represents an integer between 0 and
2) multiplied with a difference between an input value (e.g.,
an 1mput or source codeword used to predict a target code-
word approximating a reference codeword, etc.) and a
respective knot point. For example, the first knot multipli-
cation factor for the first term 1n expression (36) 1s

the second knot multiplication factor for the second term 1n
expression (36) is

h a

the third knot multiplication factor for the third term 1n
expression (36) is

|

The 2nd order of the t* B-Spline basis function can be
constructed with a linear combination of truncated polyno-
mials as follows:

(37)

2
B} (x) = %(%) (@ =)t =300 = k)t + 30 = k)T = (6 = Kes)7 |

where B,”(x) is only positive or supported between a range
of [k,_; k,,»,] or over a 3 h interval, and otherwise zero (0)
outside this range. As shown in expression (37), the 2nd
order B-Spline basis function comprises four terms each of
which comprises a respective knot multiplication factor
(denoted as c,, where 1 represents an integer between 0 and
3) multiplied with a difference between an input value (e.g.,
an 1mput or source codeword used to predict a target code-
word approximating a reference codeword, etc.) and a
respective knot point. For example, the first knot multipli-
cation factor for the first term 1n expression (37) 1s

()
2\h)})’

the second knot multiplication factor for the second term 1n
expression (37) 1s

(5):
2\h)’
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the third knot multiplication factor for the third term 1in
expression (37) 1s

(5):
2\h)’

the fourth knot multiplication factor for the fourth term 1n
expression (37) 1s

oy

The 3rd order of the t* B-Spline basis function can be
constructed with a linear combination of truncated polyno-
mials as follows:

By l (38)
(X)) = 6

3
(%] [ = ke2)y =40 —keen)y + 60r = k)y = 40r = Kt )Y + (@0 = k)|

where B.’(x) is only positive or supported between a range
of [k, , k., »] or over an 4 h interval, and otherwise zero (0)
outside this range. As shown in expression (38), the 3rd
order B-Spline basis function comprises five terms each of
which comprises a respective knot multiplication factor
(denoted as c;, where 1 represents an integer between 0 and
4) multiphied with a difference between an input value (e.g.,
an 1mput or source codeword used to predict a target code-
word approximating a reference codeword, etc.) and a
respective knot point. For example, the first knot multipli-
cation factor for the first term 1n expression (38) 1s

(i)
6\h)’

the second knot multiplication factor for the second term 1n
expression (38) 1s

i(5)
6\h)’

the third knot multiplication factor for the third term in
expression (38) 1s

the fourth knot multiplication factor for the fourth term 1n
expression (38) 1s
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the fifth knot multiplication factor for the fifth term 1n
expression (38) 1s

(i)

Having these polynomial expressions for B-Spline basis
functions allows a video content processor such as an
encoder, a decoder, a transcoder, etc., to use polynomials for
B-Spline basis functions and avoid recursively obtaining
B-Spline basis functions. This simplifies hardware 1mple-
mentation as 1t may be relatively complicated to implement
a recursive B-Spline expression. The recursive expression
would also likely take relatively long time and relatively
large memory space to compute and store. The truncated
polynomial expression can be used to save computation by
trading the flexibility of having non-uniform (e.g., adaptive,
etc.) knot points.

Additionally, optionally or alternatively, a n-th order
B-Spline basis functions B)*(X) 1s positive by crossing
(n+1)h intervals. Given a point x, only (n+1) basis functions
comprise support or possible positive values over ranges that
cover the point X. As a result, only these (n+1) basis function
get activated for the given point Xx. The remaining basis
functions are zero (0) at the given point X, since the given
point X 1s outside ranges in which the remaining basis
function are non-zero. To construct TPB basis functions for
three color channels or dimensions, not all B-Spline basis
functions, but rather only (n+1)°> B-Spline basis functions
get activated. This significantly reduces potentially numer-
ous multiplications from the (original) total number
(D’=Dy"-D,”-D,”) of B-Spline basis functions.

Decoder Implementation

FIG. 1B 1illustrates example processing blocks for TPB
cross-channel prediction, which may be implemented in a
video content processor (e.g., a decoder, an encoder, a
transcoder, etc.) with one or more computer processors.
Some or all of these processing blocks may be implemented
in hardware, software or a combination of hardware and
software.

Block 192 comprises TPB basis generation operations
that prepare B-Spline basis function B,*(X) 1n each channel
or dimension, output I’ different values from each basis
function in the Y channel or dimension, output D<” different
values from each basis function in the Cb channel or
dimension, output D" different values from each basis
function 1n the Cr channel or dimension, and so forth. Since
there are only (n+1) non-zero value 1n each channel or
dimension, if we only output non-zero signal or value out,
there are only 3*(n+1) non-zero signals or values from 3
channels or dimensions. Operations in this block may be
pre-configured, fixed and/or pre-executed without waiting
for video content or image metadata to be received, as long
as the knot points for the B-Spline basis functions are
pre-configured, fixed or otherwise available.

Block 194 comprises TPB cross-product operations that
perform cross-product multiplications from one-dimen-
sional B-Spline basis functions to construct higher-dimen-
sional TPB basis functions, as follows:

Luma: Bjar}’f’:ﬂf ]; PE’y(ij;ijcE} v =B 2 v
B; o0 (v, )B; 17V, )

(39-1)

. TPEB,c v c0 cly c,0 v
Chroma: B; ty,t’:D ) (v Vi Vi )_Bj,r}’ (vjf )

B, oo (9,01 B, o1 7(v, 1) (39-2)

Since there are (n+1) non-zero value in each channel or
dimension, there are (n+1)” multiplications and (n+1)” out-
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puts from block 194. Operations in this block may be fixed
but indices (or indexes) to be used for TPB prediction may
need to be tracked.

Block 196 comprises TPB coethicient multiplication
operations that multiply the non-zero values outputted from
block 194 with prediction parameters/coetlicients
{m, "7} read from image metadata (e.g., composer meta-
data) delivered with video content in a received video signal.
There are (n+1)> multiplications to weight each high dimen-
sion basis function and additions to sum up all values to
generate final predicted values §,7, §.°” and §jfl,, as follows:

Sii s Sy

R L -1
Luma: $;7=2_o" ~"m;,

TPB"F'BJ?ITPB‘P(V'; pﬁ‘fﬂ 1;..‘?1) (40- 1)

J’ 1 1 J‘I

Chrom: %ECZZFUDC L

1PB c, fPByve., v ,, c0 ., ¢l
» B;, (V.2 v, v )

Gi Vi Vi (40-2)
where C represents either CO or C1.

Operations 1n block 196 may dynamically identify and/or
allocate basis indexes and parameter indexes.

FIG. 1C and FIG. 1D illustrate example implementations
of TPB basis generation operations in block 192 of FIG. 1B.

FIG. 1C illustrates an example equation-based implemen-
tation ol generation of B-Spline basis function outputs,
which can then be used to generate tensor products repre-
senting TPB basis function outputs. In some operational
scenarios, the equation-based implementation of FIG. 1C
may be based on any of expressions (36) through (38) for the
first order through 3rd order B-Spline basis functions. In
some operational scenarios, the equation-based implemen-
tation of FIG. 1C may be based on a truncated polynomaal
expression similar to expressions (36) through (38) for
B-Spline basis functions of an order other than the first order
through 3rd order.

As 1llustrated 1 FIG. 1C, an output value of the t-th
B-Spline basis function (which may be used to form TPB
basis functions with expression (24) above) can be com-
puted using an mput X (e.g., an 1input or source codeword at
least based 1n part on which a target codeword approximat-
ing a reference codeword in a channel or dimension of a
color space 1s predicted, etc.) and B-Spline basis function
parameters such as (e.g., fixed, etc.) knot points k, , and knot
multiplication parameters c,. Output values of corresponding,
TPB basis functions can then be generated as tensor prod-
ucts of output values of the B-Spline basis functions.

In some operational scenarios, the equation-based 1mple-
mentation of FIG. 1C can be instantiated mnto a relatively
large number of 1nstances or threads running in parallel. In
some operational scenarios, the equation-based implemen-
tation of FIG. 1C can be reused, for example 1n a single
thread or a relatively few threads, by loading different basis
function parameters 1 the hardware (e.g., processing logic or
processor implementing this equation-based approach, etc.)
operates 1 a relatively high frequency.

As 1llustrated 1n FIG. 1D, the output for each B-Spline
basis function can be stored in local registers. As mentioned
before, there are only (n+1) non-zero outputs from a corre-
sponding number of B-Spline basis functions. Thus, for a
given mnput value x, only (n+1) basis function outputs need
to be completed.

The selected (n+1) non-zero output can be quickly
indexed using most-significant-bits or MSBs 1f the number
of internal knot points 1s power of 2 plus 1. Then the interval
between two (e.g., consecutive, adjacent, etc.) iternal knot
points {k,,} is simply power of 2. Specific outputs and
number of non-zero outputs can be simply 1dentified using,
the MSB bits.

Additionally, optionally or alternatively, outputs of
B-Spline basis functions may be lookup table (LUT) based,
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in addition to or in place of the equation-based implemen-
tation. For example, in some operational scenarios, a
1D-LUT can be built for each 1-D B-Spline basis function.
For example, a number of LUT entries (e.g., totaling to
D/+D,7+D.”, etc.) may be stored for each channel or
dimension, respectively. If cache or memory space 1s rela-
tively large enough, then all entries for all D” basis functions
may be concurrently stored. It should also be noted that with
uniformly distributed knot points, B-Spline basis functions
along each channel or dimension are simple shifted versions
of one of the B-Spline basis functions, as illustrated in FIG.
3A through FIG. 3D. This property may be exploited to
cnable relatively eflicient solution in both hardware and
software design and 1n both memory space and computa-
tions. Outputs of B-Spline functions may be generated with
applying shift operations to an input based on a plurality of
oflsets. As aresult, the 1D-LUT may just need to cover (n+1)
h 1intervals instead of an entire input value (e.g., signal,
codeword, etc.) range, thereby greatly reducing the number
of needed LUT entries. The only additional logic to add or
implement may be the shift operations of the offsets. If
hardware or processors can operate i a relatively high
frequency, generation of outputs of different B-Spline basis
functions in the same channel or dimension can share the
same processing logic, for example with different offsets.

FIG. 1E and FIG. 1F illustrate example implementations
of TPB cross product operations in block 194 of FIG. 1B.

FIG. 1E illustrates example TPB cross product operations
in a parallel mode. As illustrated mm FIG. 1E, for each
channel or dimension, (n+1) outputs are generated from each
channel’s B-Spline basis functions. For each channel or
dimension, the TPB cross product operations 1n block 194
perform (n+1)”° multiplications for the respective (n+1) out-
puts and store multiplication (or tensor product) results as
TPB cross product outputs (e.g., as shown 1n expression
(24), etc.), for example 1n output registers. The TPB cross
product outputs are then provided to block 196 to be
multiplied with (e.g., encoder-generated, generated by an
upstream video content processor, etc.) prediction coetli-
cients (e.g., m,7¥m > m 7 etc.), for example
from 1mage metadata received in or decoded from a video
signal, using expressions (34).

FIG. 1F illustrates example TPB cross product operations
in a serial or sequential mode. As 1llustrated 1n FIG. 1F, if the
TPB cross product operations can be done in a relatively
high speed with processing logic of a relatively high fre-
quency, the TPB cross product operations in block 194 and
TPB coeflicient multiplication operations 1n block 196 can
be merged together. Depending on hardware capabilities and
footprints, the (n+1)” terms can be partitioned into N group,
where N 1s a positive integer; each of the N groups has its
own multipliers to complete the TPB cross product opera-
tions and corresponding TPB coeflicient multiplication, for
example by repeating (n+1)°/N times in a “for” loop. N
represents a hardware design parameter to achieve specific
design performance targets including but not limited to
speed, die size, clock frequency, etc.

FIG. 1G and FIG. 1H illustrate example tlowcharts for
applying TPB prediction to an input or source color grade
158 of video content to generate a target or mapped color
grade comprising TPB predicted (e.g., target, mapped, etc.)
codewords approximating reference codewords in a refer-
ence code grade 160 of video content. Flowcharts similar to
those of FIG. 1G and FIG. 1H may be implemented on the
encoder side to generate the target or mapped color grade as
predicted from the input or source color grade (158)
approximating the reference code grade (160) of video
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content. Some or all of these flowcharts may be imple-
mented 1n software, hardware, a combination of software
and hardware, etc., and may be performed by one or more
computer processors.

By way of illustration only, the color grades (158) and
(160) may be coded 1n a subsampling format such as 4:2:0
in a YCbCr color space. In the 4:2:0 subsampling format,
chroma or chrominance codewords (Cb and Cr) are quarter
size of luma or luminance codeword. To perform cross-
color-channel prediction, such as TPB cross-channel predic-
tion, sizes (or dimensions) of the codewords may be aligned
(c.g., upsampled as appropriate, downsampled as appropri-
ate, etc.) for all input or source color channels.

As 1llustrated 1n FIG. 1G, for TPB luma prediction,
chroma or chrominance codewords (Cb/Cr) of the source
color grade (158) may be upsampled by a processing block
164. The upsampled chroma codewords are outputted by the
processing block (164) to a TPB luminance prediction block
166. The upsampled chroma codewords in combination of
luma or luminance codewords (Y) of the source code grade
(158) of the same sizes (or dimensions) may be used by the
TPB luminance prediction block (166) to make prediction of
mapped or reshaped luma or luminance codewords approxi-
mating luma or luminance codewords in the reference color
grade (160).

As 1llustrated 1n FIG. 1G, for TPB chroma Cb prediction,
the luma codewords (Y) of the source color grade (158) may
be downsampled by a processing block 162. The down-
sampled luma codewords are outputted by the processing
block (162) to a TPB chroma Cb prediction block 168. The
downsampled luma codewords in combination of the
chroma codewords of the source code grade (158) of the
same sizes (or dimensions) may be used by the TPB chroma
Cb prediction block (168) to make prediction of mapped or
reshaped chroma Cb codewords approximating chroma Cb
codewords 1n the reference color grade (160).

As 1llustrated 1n FIG. 1G, for TPB chroma Cr prediction,
the downsampled luma codewords are outputted by the
processing block (162) to a TPB chroma Cr prediction block
170. The downsampled luma codewords in combination of
the chroma codewords of the source code grade (158) of the
same sizes (or dimensions) may be used by the TPB chroma
Cr prediction block (170) to make prediction of mapped or
reshaped chroma Cr codewords approximating chroma Cr
codewords 1n the reference color grade (160).

In some operational scenarios, as illustrated in FIG. 1H,
only downsampled luma codewords derived from downsam-
pling (e.g., with processing blocks 162-1 and 162-2, etc.)
luma codeword of the source color grade (158) are used by

an overall TPB prediction block 172 to obtain TPB predic-
tions and TPB prediction parameters or coeflicients for all
channels. This significantly reduces memory consumption,

as only luminance downsampling 1s used.

In some operational scenarios, on the encoder side, TPB
prediction parameters or coellicients may be generated by
TPB prediction blocks (e.g., 166, 168, 170, 172, etc.) as
solutions that minimizes differences between the mapped or
reshaped luma/chroma codewords with the aligned (e.g.,
upsampled as appropriate, downsampled as appropriate,
etc.) luma/chroma codewords of the reference color grade
(160). The TPB prediction parameters or coellicients can be
encoded 1 a video signal to downstream video content
processors as a part (e.g., composer metadata) of 1mage
metadata.

In some operational scenarios, on the decoder side, TPB
prediction parameters or coeflicients may be decoded by a
downstream recipient device from the video signal as a part
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of the image metadata. A decoded version of the source color
grade (158) may also be decoded by the device from the
video signal. The TPB prediction parameters or coellicients
may be used by the device to generate mapped or reshaped
images representing a reconstructed color grade that closely
approximates the reference color grade (160). The mapped
or reshaped 1mages may be rendered on a display device as
a different color grade from the decoded version of the
source color grade (158).

Additionally, optionally or alternatively, in some opera-
tional scenarios, the total number of knot points and the
B-Spline order are the same for both luma and chroma
channels, computation can be even more reduced. For
example, 1 a three-stage implementation as illustrated 1n
FIG. 1B, two stages, namely TPB basis generation and TPB
Cross product are the same for all three channels or dimen-
sions. Thus, the only difference among the channels 1s
different TPB prediction parameters/coetlicients used 1n
TPB coellicient multiplication in a single stage. It should be
noted that, 1n some other embodiments or implementations,
the number of knots may be different for different color
channels for the purpose of providing additional flexibility
or tradeolls 1n achieving performance and/or accuracy.
3DMT-Based TPB Prediction

In some operational scenarios, TPB prediction may be
implemented using codeword histograms or distributions
generated based on 3-D Mapping Table (3DMT) techniques

Let v=[v}v v ']" be a first 3D array comprising first
luma and Chroma codewords of the 1-th pixel from a first
image (e.g., an mput or source 1mage, etc.), such as an HDR
image, ol a first color grade of video content. Let s=
[s.s,“"s.”'1" be a second 3D array comprising second luma
and chroma codewords of the i1-th pixel from a second 1mage
(which corresponds to, or depicts the same visual content, as
the first image; e.g., a reference 1mage, etc.), such as an SDR
image, of a second color grade of video content.

Three channel luma and chroma codeword values (Y, C,
and C,) used to represent image content of the first color
grade may be respectively quantized or counted 1nto a fixed
number of 1D bins (e.g., a first fixed number Q,, ot luma
bins, a second fixed number Q_, of chroma Cb bins, a third
fixed number Q ., of chroma Cb bins, etc.) for each channel
or component. A 3D histogram, denoted as Q% (where
Q=Q,, Q. Q¢ I, with a fixed number of (Q xQ_. xQr ) 3D
bins may be constructed using the 1D bins for the first color
grade. In some operational scenarios, a first three-channel
luma and codeword chroma space comprising all possible
luma and chroma codeword values for encoding the first
color grade may be uniformly partitioned into the fixed
number of (Q,xQ. xQs) 3D bins with each channel uni-
formly partitioned into the fixed number of 1D bins (e.g., the
first fixed number Q,, of luma bins, the second fixed number
Q_, of chroma Cb bins, the third fixed number Q ., of chroma
Cb bins, etc.).

Thus, the 3D histogram Q" contains total (Q,Q.,Qc,)
bins such that each 3D bin can be specified by a respective
bin index q=(q,, 9., 4¢,); the bin represents or keeps a count
of the number of pixels 1n the first image (of the first color
grade) having three-channel quantized values falling within
boundaries of the 3D bin.

In addition, a sum of each color component in the second
image (ol the second color grade; e.g., the reference 1image
to be approximated by a mapped image of the first image,
ctc.) may be maintained in or for each 3D bin of the 3D
histogram Q. Let i IPCUQ’S and ‘PCIQ’S be sums,
respectively, of (reference) luma and chroma codeword
values in the 2" image domain such that each 3D bin
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contains the sums of luma and chroma (C, and C,) codeword
values of pixels in the second 1image, where the pixels in the
second 1mage correspond to the pixels, of the first image, a
count of which 1s stored in the same 3D bin.

Assume each of the first and second 1images has P pixels.
An example procedure to generate 3D bins with the counts
of pixels of the first image of the first color grade and the
sums of codeword values of pixels—corresponding to the
pixels of the first image—of the second 1mage of the second
color grade 1s 1llustrated in TABLE 4 below.

TABLE 4

// STEP 1: imtialization
QQQ’” = 0 where q = (q,, q¢, q¢,) and q., =0, ...
¥, &° =0 where q = (q,, ¢, q¢,) and q., = 0, ..

25

In some operational scenarios, in the 3D histogram Q<"",
3D bins each with non-zero pixel counts for pixels 1n the first
image of the first color grade are 1dentified and kept, while
all other 3D bins each with zero pixel counts (or relatively
small pixel counts below a given pixel count threshold) for
pixels 1n the first image of the first color grade are discarded.
Let gy qy. - - - 9. b€ k such bins for which, QQQ"’#O. The
averages of ¥ _“°, W _ “* and ¥_ “* can be computed
with an example procedure illustrated in TABLE 6 below.

> Qch o 15 for each ch = {}"5 CD& Cl}
. Q., — 1, for each ch = {y, C,, C,}

‘PCDHQ’S = 0 where q = (q,, q¢,» d¢) and q., =0, ..., Q. — 1, for each ch = {y, C, C;}

¥, ;2 =0 where q = (q,, dc, 9¢,) and q, =0, ...

// STEP 2: scan for each pixel in input image; compute histogram and
for1=0;1<P;1++){

SUIn

vy : :
Qy = [Q—J, // first image's luma quantized value
¥

Co
Vi : ,
dc, = O ; // first image's chroma 0 quantized value
L <G .
v, 1
qcy = QI_C ; // first image's chroma 1 quantized value
L XC

q — (q}n qCD:- q(:']):-
Q_ 2 4++; // 3D histogram in 1** image
5 _ 2,5 . . 3
W, =7 =Y " +35 // second image’s y values
Y, 95y

Cog T Cog
Yo 20 =Y, 2 + 5, // second image’s C, values

O + S, // second image’s C, values

Let (s~ B) g gcﬂ’(g), chl {52} represent the center of g-th
SDR bin of the 3D histogram Q*". These center values are
fixed for all 1images of the first color grade and can be
precomputed. Corresponding reference or target HDR val-
nes to which the center values are approximated may be

obtained using an example procedure illustrated in TABLE

5 below.

TABLE 5

// Recall that the bin index q = (q,, q¢,» 9¢y)-
tor (q, =0;q, < Q,; q, ++)
for (g, = 05 q¢, < Q¢ Ay )
for (qc, = 05 q¢, < Q¢ 5 e, )

(qy + 0.5)
Qy

¥ _
vV =

//mormalized bin-value luma component in 1°° image
co® _ (dcy +0-5)
Vg =
Qc,
// normalized bin-value CO component in 1°° image
o.@ _ (9 +05)
Vg =
Qc,
// normalized bin-value Cl component in 1°* image
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s Q.r:h _ 15 for each ch = {ya Cl:h Cl}

TABLE 6

// The non-zero bin index q; = (g, q¢,s ¢y )-
for (1=0; 1 < k; i++) {

Js // Average 3D-Mapping 2 image y values
R ¥ifq .
quf B QQ._,‘I.? ?
g
Tgas // Average 3D-Mapping 2*¢ image C, values
5 Q-5
Tgﬂaf?f B 0V ?
4
g2s  // Average 3D-Mapping 274 image C, values
TQ,S Cl A 7 _
C1.4; Oy ?
qu’
}
For a given valid bin index (e.g., a bin index with

non-zero pixel count, etc.), a mapping pair comprising
to-be-mapped luma and chroma codeword values (as repre-
sented by the center values of a 3D bin with the bin index)
of the first image of the first color grade and reference luma
and chroma codeword values (as represented by the aver-
ages of the sums of luma and chroma codeword values of
corresponding pixels) of the second image of the second
color grade to be approximated by a mapped 1image may be
obtained, as follows:

(By_14, ¥.{8},, C0O(8}, ClL(BENT
v, =y, v, ]

(41-1)

TQQJ:[T}*,QQJWE{MQ’WH1':;'{215] ! (41-2)
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Based on the 3DMT (or the 3D bins generated thereun-
der), TPB cross-channel prediction of mapped values ‘ii Q :
and ‘if Q > from the center values of the 3D bin as repre-
sented 111 expression (41-1) to approximate the reference
values as represented in expression (41-2) can be performed
as follows:

Luma:

Ry

v.q i

O.5_ Dr—1
—Zr:D 7.t

TPE,}fBj tTFE,y(vq}f,(B}, v C'D:(E}, vo’] 1(5}) (42_ | )

D —1

mj rTPB c B TPE C(V V, (E},V Cn, B} v 1, (E})

TPB predlctor parameters or coef]ments m, fp 5-Y can be
obtained via similar processing to that in the individual-
pixel-based solution. A design matrix and a target vector can
be constructed by taking input values from a mapping table
comprising all mapping pairs (e.g., expressions 41 above,
etc.) for all valid 3D bins.

For TPB luma prediction, the design matrix and the target
vector can be constructed as follows:

C1.(8))
" vﬂl

C1.(B))

C1.(B))
" vﬂl )

C1,(B))

( Cp.(B
’vﬁ’(g)vﬂ() . B

\ > 70
: vy(B) CD(B)

"rv{J;a(B) ng,(B)

\ > 70
vy(B) CD(B)

TPB.y _ - B

C'ﬂ(B')
15 Vi1

C1.(8)

C{] (B)
» Vi1

15 Vi1

C1.(8)
» Vi1

TPBy(vy( ) TPBy(vy(

A

For TPB chroma prediction, the design matrix and the
target vector can be constructed as follows:

C1.(B))
5 v{]

Cq (BN
v11()

Co.(B)
" v{]

: (v{a(ﬂ) vC'{;.,(B)

Ch L (B)Y

Cq . (BYY
v11()1)

TPB ( vy(B) C’g (B)

TPB (B) C‘ (B)
(vy 0 I |

(B) _ Cop.(B)

(Vill » Vi1

(B)  Co.(5)

(vill » Vi1

C71.(8)

TPB ¢
B » Vi1

|70

{q.(8)
» Vi_1

TPE.c
) B

A solution for TPB prediction parameters or coefficients

can be obtained via the least squared solution, as follows:

FF -

TEPB v,(opty_ TPEwWT o TPB,v—1 T'PEwWT v
] =((s;" 7S TS ) s)

(47)

Hi;

The 3DMT-based TPB prediction techniques can be used

TPB, c,(opt}=((s _TPE,E) TS_TPE, r:)— | ((S IPB, C‘)TS _}»‘)

(48)

to provide relatively fast computation speed. Instead of

constructing a B and a matrix from all P individual pixels for

each 1image pair, k entries from a mapping table comprising
mapping pairs based on 3D bins may be used. In some
operational scenarios, k may be kept or constrained or

selected within a range of thousands, much smaller than P,
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which may be 1n a range of millions or even more. The order
of magnitude for savings 1in computation may be 3.

Additionally, optionally or alternatively, the 3DM'T-based
TPB prediction techniques can be used to alleviate or
prevent a majority-and-minority issue that may favor or
overly weight toward relatively big image regions/areas in
an 1mage at the expense of relatively small image regions/
areas 1n the same 1mage. Having a relatively equitable
weilght 1n each color cube as represented by a 3D bin can
help reduce color artifact and increase color precision.

Scene/Segment/LLinear-Based TPB Prediction

TPB prediction as described herein may be performed
using a scene based, segment based, and/or linear based
encoding architecture.

Suppose there are F images/frames 1n one scene depicted
in video content of a video signal, using a scene-based

"’vga(ﬂ) vgﬂa(ﬂ) VDCL(B)\ (43)
\ 7 ? )
vy(ﬂ) C'D (B)? vfl 1(5')::
A Co.(B) Cq1.B)
(Vy1=Vk1 :V,ec—ll )
(44)

architecture, all B and a from all frames within this scene
may be summed as follows:

(B  Cp.(B)  Cp.(B) 45
(Vﬁ VDD Vﬂl ) (%)
(B Co.(B) (. (B))
(VJI) > vl 0 " vll J
(By Co.(B) (q.0B)
(%—1 ; V,efl V,ecll )
(46)
> -
B = B
j
j=
F—1 (50)

It should be note that in various embodiments, B and a in
expressions (49) or (50) can be constructed either from pixel
based or 3DMT based mapping data between different color
grades of the video content.

As the B matrix might be in an 1ll-defined condition with
columns (and rows) comprising all zeros (or relatively small
values individually or collective below a threshold), these
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columns (and rows) may be removed from the B matrix, for
example using an example procedure as illustrated 1n

TABLE 7 below.

TABLE 7
E — UB_ID
=1}
c =0;

// remove column
For each column, ¢, in B
/f sum up the value for each column

D—1
U. = ) B, p)
B=0

// retain the column 1f the sum 1s bigger than a threshold
// add to new matrix
If(U_, > o)
B =B B(a,:).
DP=Ppud
Cc ++
end
end
E — UD}:E
// remove row
For each row, B, in B

If(B in D)

g=|
B(:, B

End
End

Similarly, as matrix a might be 1n an 1ll-defined condition
with rows corresponding to columns (and rows) identified
and excluded from matrix B, these enfries in matrix a may
be removed. An example procedure for i1dentifying these
entries 1n matrix a 1s illustrated in TABLE & below.

TABLE 3

a = Uy,
// Temove row
For each row, P, in a

If( B in D)

[

4= [a(i?)]
End

End

A solution for scene-based TPB prediction can be found
as follows:

moP'=(B)'a

An example procedure for generating all TPB prediction
parameters or coeflicients (including those corresponding to
the columns/rows identified and excluded from the B
matrix) 1s 1llustrated in TABLE 9 below.

TABLE 9

Fora=0:1:D-I
If{ o 1s in P )
Find corresponding index ' in & for
m%* (o) = m7* (o)
Else
m”* (o) = 0
end
end
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In some embodiments, this scene-based TPB prediction
method can be applied to a population of training 1mage
pairs to determine or derive a static TPB mapping.

Additionally, optionally or alternatively, a segment based
and/or linear based encoding architecture may be used to
perform TPB prediction. For example, 1n some operational
scenarios, a sliding window approach 1s used 1n the segment/
linear-based architecture with techniques similar to those
used in the above-described scene-based TPB prediction
technique. The scene-based TPB prediction techniques or
the like can be applied 1n a sliding window by simply
treating a “scene” as the sliding window, or vice versa.
Image Metadata Encoding/Decoding Syntaxes and Seman-
fics

A wide variety of syntaxes and semantics may be used to
encode and/or decode image metadata including TPB pre-
diction parameters or coefficient. Example syntaxes and
semantics for encoding/decoding 1mage metadata compris-
ing TPB parameters or coefficients are 1llustrated in TABLE

10 below.

TABLE 10

else 1f{ mapping_idc [ v ][ x ][ cmp | = MAPPING_TPB ) {

tpb_num_knot_minusl[ y ][ x ][ cmp ][0O] 0 ue(v)
tpb_num_knot_minusl[ v ][ x ][ cmp ][1] 0 ue(v)
tpb_num_knot_minusl[ vy ][ x ][ cmp ][2] 0 ue(v)
tpb_order_minusl[ y ][ x ][ cmp ][0] 0 ue(v)
tpb_order_minusl[ y ][ x ][ cmp ][1] 0 ue(v)
tpb_order_minusl[ y ][ x ][ cmp ][2] 0 uve(v)
/f TPB coeflicients
for( 1 = 0; 1 < tpb_num_basis[ v ][ x ][ cmp ][0]; 1 ++ )
{ // tor 1st channel
for( 1 = 0; 3 < tpb_num_basis[ y |[ x ][ cmp ][1]; ] ++)
{// tor 2nd channel
for( k = 0; k < tpb_num_basis[ vy ][ x ][ cmp ][2];
k ++ ) { // for 3rd channel
tpb_zero_coef[ y [ x J[ emp 1[i 1[§ ][ k ] 0 u(l)
if( tpb_zero_coef] y I[ x ][ emp 1[i ][ j ][kl =0 )
/ffor non-zero
tpb_int[ y I x I cmp 1[i 11§ Ik ] 0 se(v)
tpb_coef] y 1[ x J[cmp 1[i [ [ k ] 0 u(v)

¥
123

In TABLE 10, “x” and “y” represent two-dimensional
indices of 1mage block(s) mto which an 1mage/frame 1s
partitioned, and “cmp” represents the number of color space
components or channels with which the TPB parameters are
associated.

Some of the looping variables used 1n the coding syntaxes

in TABLE 10 are defined as follows:

tpb_num_basis[y][x][cmp][0]=(tpb_num_knot_mi-
nusl[y][x][cmp][0O]+tpb_order_minus][y][x]
[cmp][0]+1)

tpb_num_basis[y][x][cmp][] ]=(tpb_num_knot_mi-
nusl[y][x][cmp][]]+tpb_order_minusl [y][x]

[cmp][1]+1)

tpb_num_basis[y][x][cmp][2]=(tpb_num_knot_mi-
nusl[y][x][cmp][2 Htpb_order_minus]1[y][x]
[cmp][2]+]1)

Semantics of some elements (e.g., represented 1n differ-
ential coding as exponential-Golomb codes, etc.) encoded/
decoded with the coding syntaxes of TABLE 10 are defined
as follows:

tpb_num_knot_minus1[y][x][cmp][k] specifies the num-

ber of knots minus 1 1n the kth channel
tpb_order_minusl[y][x][cmp][k] specifies the TPB order
minus 1
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tpb_zero_coel]y][x][cmp][1][1][k] specifies whether the
coellicient 1s zero.

tpb_nt|y][x][cmp][1][1][k] specifies the integer portion of
tp_tpb_coel]y][x][cmp][1][1][k] when coeflicient_data_

type 1s equal to 0. If coeflicient_data_type 1s equal to 1,

tpb_int[y][x][cmp][1][1][Kk] 15 not present. (For instance,

tp_tpb_coel]y][x][cmp][1][1][k] 1s used to derive a

weighting coeflicient (e.g., m?7Z>-(P0  m1#5.c0:0p0)

m*7C1PD etc ) for a corresponding TPB basis func-
tion 1 associated with mapping_idc[y][x][cmp] when

coellicient_data_type 1s equal to 0.)
tpb_coel] y][x][cmp][1] specifies the fractional portion of

tp_tpb_coel]y][x][cmp][1][7][k] when coeflicient_data_
type 1s equal to 0. If coellicient_data_type 1s equal to 1,
tpb_coel]y][x][cmp][1][1][K] 1s used to derive the val-
ues of the weighting coeflicients or the gain coellicients
associated with mapping_i1dc[y][x][cmp]. IT coeth-
cient_data_type 1s equal to O, the length of the tpb_coel
[v][x][cmp][1][1][K] syntax element 1s coellicient_log
2_denom bits. IT coellicient_data_type 1s equal to 1, the
length of the tpb_coel]y][x][cmp][1][1][k] syntax ele-
ment 1s 32 bits. The values of the weighting coeflicients
or the gain coellicient in the normalization associated
with mapping_1dc|y][x][cmp] 1s dertved as follows:

If coetlicient_data_type 1s equal to 0, the value of the

weighting coeflicients or the gain coetlicient 1s equal

to Ip_tpb_coet]y]|x]|[cmp][1][j][k]=(tpb_int [y][x]

cmp][1][1][k]<<coefllicient_log 2_denom)+tpb_coet
v][x][cmp][1][1][k], where “<< represents shift
operation.

If coellicient_data_type 1s equal to 1, the values of the
weilghting coeflicients or the gain coeflicient 1s equal
to tpb_coet]y][x][cmp][1][j][k].

Example Process Flows

FI1G. 4A 1llustrates an example process flow according to
an embodiment of the present invention. In some embodi-
ments, one or more computing devices or components (e.g.,
an encoding device/module, a transcoding device/module, a
decoding device/module, an inverse tone mapping device/
module, a tone mapping device/module, a media device/
module, a reverse mapping generation and application sys-
tem, etc.) may perform this process flow. In block 402, an
image processing system determines a set of tensor-product
B-Spline (TPB) basis functions.

In block 404, the image processing system generates a set
of selected TPB prediction parameters to be used with the set
of TPB basis functions for generating predicted image data
in one or more mapped 1mages from source image data 1n
one or more source 1mages of a source color grade. The set
of selected TPB prediction parameters 1s generated by
mimmizing differences between the predicted image data in
the one or more mapped 1mages and reference 1mage data in
one or more reference 1images of a reference color grade. The
one or more reference 1images correspond to the one or more
source 1images and depict same visual content as depicted by
the one or more source 1mages.

In block 406, the image processing system encodes, 1n a
video signal, the set of selected TPB prediction parameters
as a part ol image metadata along with the source image data
in the one or more source 1mages.

In block 408, the 1image processing system causes the one
or more mapped 1mages to be reconstructed and rendered
with a recipient device of the video signal.

In an embodiment, at least one of the source image data
or the reference 1mage data 1s represented 1n a subsampling
format of a color space.

5

10

15

20

25

30

35

40

45

50

55

60

65

34

In an embodiment, the one or more source 1mages rep-
resent one ol: 1mages constituting a visual scene 1n a media
program, 1mages selected within a sliding window, 1mages
selected within a linear segment, efc.

In an embodiment, the set of TPB basis functions are
generated by tensor products of one or more sets of B-Spline
basis functions; each set of B-Spline basis functions in the
one or more sets ol B-Spline basis functions corresponds to
a respective color channel 1n one or more color channels of
a color space.

In an embodiment, at least one set of B-Spline basis
functions 1n the one or more sets of B-Spline basis functions
represents a complete of B-Spline basis functions of a
specific order.

In an embodiment, the one or more sets of B-Spline basis
functions comprises a set of B-Spline basis function gener-
ated with truncated polynomials and a set of uniformly
distributed knot points.

In an embodiment, a combination of the set of selected
TPB prediction parameters and the set of TPB basis function
represents a cross-channel predictor for generating the pre-
dicted 1image data in the one or more mapped 1mages.

In an embodiment, the set of TPB prediction parameters
are generated using a plurality of mapping pairs each of
which comprises a {irst array of one or more source code-
words generated from the source image data and a second
array ol one or more reference codewords generated from
the reference 1mage data.

In an embodiment, the plurality of mapping pairs 1s
generated based on a three-dimensional mapping table
(3DMT).

FIG. 4B illustrates an example process flow according to
an embodiment of the present invention. In some embodi-
ments, one or more computing devices or components (e.g.,
an encoding device/module, a transcoding device/module, a
decoding device/module, an inverse tone mapping device/
module, a tone mapping device/module, a media device/
module, a prediction model and feature selection system, a
reverse mapping generation and application system, etc.)
may perform this process flow. In block 452, a video
decoding system decodes, from a video signal, one or more
first 1mages of a first color grade.

In block 454, the video decoding system decodes, from
the video signal, image metadata comprising a set of
selected TPB prediction parameters for multiplying with a
set of tensor-product B-Spline (1TPB) basis functions.

The set of selected TPB prediction parameters was gen-
erated by an upstream video content processor, wherein the
set of selected TPB prediction parameters 1s to be used with
the set of TPB basis functions for generating predicted
image data 1n one or more mapped 1mages from {irst image
data in one or more {irst images of a first color grade. The
upstream video content processor generated the set of
selected TPB prediction parameters by minimizing ditler-
ences between the predicted image data 1n the one or more
mapped 1mages and reference 1image data in one or more
reference 1mages of a reference color grade. The one or more
reference 1mages correspond to the one or more first images
and depict same visual content as depicted by the one or
more {irst 1mages.

In block 456, the video decoding system uses the set of
TPB prediction parameters with the set of TPB basis func-
tions to generate the one or more mapped 1mages from the
one or more first images.

In block 458, the video decoding system causes one or
more display images derived from the one or more mapped
images to be rendered with a display device.
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In an embodiment, the video decoding system i1s further
configured to perform: generating a plurality of B-Spline
basis function output values; applying cross product opera-
tions to the plurality of B-Spline basis function output values
to generate a plurality of TPB basis function output values,
thereby generating a set of pluralities of TPB basis function
output values; multiplying the set of TPB prediction param-
cters decoded from the video signal with the set of pluralities
of TPB basis function output values to generate the set of
predicted codewords.

In an embodiment, the set of selected TPB prediction
parameters 1s encoded as a plurality of weight coethlicients in
a coding syntax that supports carrying a respective weight
coellicient, mn the plurality of weight coellicients, for a
corresponding TPB basis function in the set of TPB basis
functions.

In an embodiment, a computing device such as a display
device, a mobile device, a set-top box, a multimedia device,
etc., 1s configured to perform any of the foregoing methods.
In an embodiment, an apparatus comprises a processor and
1s configured to perform any of the foregoing methods. In an
embodiment, a non-transitory computer readable storage
medium, storing soltware instructions, which when
executed by one or more processors cause performance of
any of the foregoing methods.

In an embodiment, a computing device comprising one or
more processors and one or more storage media storing a set
ol instructions which, when executed by the one or more
processors, cause performance of any of the foregoing
methods.

Note that, although separate embodiments are discussed
herein, any combination of embodiments and/or partial
embodiments discussed herein may be combined to form
turther embodiments.

Example Computer System Implementation

Embodiments of the present invention may be imple-
mented with a computer system, systems configured in
clectronic circuitry and components, an integrated circuit
(IC) device such as a microcontroller, a field programmable
gate array (FPGA), or another configurable or program-
mable logic device (PLD), a discrete time or digital signal
processor (DSP), an application specific IC (ASIC), and/or
apparatus that includes one or more of such systems, devices
or components. The computer and/or IC may perform,
control, or execute instructions relating to the adaptive
perceptual quantization of 1mages with enhanced dynamic
range, such as those described herein. The computer and/or
IC may compute any of a variety of parameters or values that
relate to the adaptive perceptual quantization processes
described herein. The image and video embodiments may be
implemented in hardware, software, firmware and various
combinations thereof.

Certain implementations of the invention comprise com-
puter processors which execute software instructions which
cause the processors to perform a method of the disclosure.
For example, one or more processors i a display, an
encoder, a set top box, a transcoder or the like may imple-
ment methods related to adaptive perceptual quantization of
HDR 1mages as described above by executing software
instructions in a program memory accessible to the proces-
sors. Embodiments of the invention may also be provided in
the form of a program product. The program product may
comprise any non-transitory medium which carries a set of
computer-readable signals comprising instructions which,
when executed by a data processor, cause the data processor
to execute a method of an embodiment of the mvention.
Program products according to embodiments of the mnven-
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tion may be 1n any of a wide variety of forms. The program
product may comprise, for example, physical media such as
magnetic data storage media including floppy diskettes, hard
disk drives, optical data storage media including CD ROMs,
DVDs, electronic data storage media including ROMs, flash
RAM, or the like. The computer-readable signals on the
program product may optionally be compressed or
encrypted.

Where a component (e.g. a software module, processor,
assembly, device, circuit, etc.) 1s referred to above, unless
otherwise indicated, reference to that component (including
a reference to a “means”) should be interpreted as including
as equivalents of that component any component which
performs the function of the described component (e.g., that
1s Tunctionally equivalent), including components which are
not structurally equivalent to the disclosed structure which
performs the function 1n the illustrated example embodi-
ments of the invention.

According to one embodiment, the techniques described
herein are implemented by one or more special-purpose
computing devices. The special-purpose computing devices
may be hard-wired to perform the techniques, or may
include digital electronic devices such as one or more
application-specific integrated circuits (ASICs) or field pro-
grammable gate arrays (FPGAs) that are persistently pro-
grammed to perform the techniques, or may include one or
more general purpose hardware processors programmed to
perform the techniques pursuant to program instructions in
firmware, memory, other storage, or a combination. Such
special-purpose computing devices may also combine cus-
tom hard-wired logic, ASICs, or FPGAs with custom pro-
gramming to accomplish the techniques. The special-pur-
pose computing devices may be desktop computer systems,
portable computer systems, handheld devices, networking
devices or any other device that incorporates hard-wired
and/or program logic to implement the techniques.

For example, FIG. 5 1s a block diagram that illustrates a
computer system 500 upon which an embodiment of the
invention may be implemented. Computer system 500
includes a bus 502 or other communication mechanism for
communicating information, and a hardware processor 504
coupled with bus 502 for processing information. Hardware
processor 304 may be, for example, a general purpose
MmICroprocessor.

Computer system 500 also includes a main memory 506,
such as a random access memory (RAM) or other dynamic
storage device, coupled to bus 502 for storing information
and instructions to be executed by processor 504. Main
memory 306 also may be used for storing temporary vari-
ables or other intermediate information during execution of
instructions to be executed by processor 504. Such nstruc-
tions, when stored in non-transitory storage media acces-
sible to processor 504, render computer system 500 1nto a
special-purpose machine that 1s customized to perform the
operations specified in the instructions.

Computer system 300 further includes a read only
memory (ROM) 508 or other static storage device coupled
to bus 502 for storing static information and instructions for
processor 504. A storage device 510, such as a magnetic disk
or optical disk, 1s provided and coupled to bus 502 for
storing information and instructions.

Computer system 500 may be coupled via bus 302 to a
display 512, such as a liqud crystal display, for displaying
information to a computer user. An iput device 314, includ-
ing alphanumeric and other keys, 1s coupled to bus 502 for
communicating information and command selections to
processor 504. Another type of user mput device 1s cursor
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control 516, such as a mouse, a trackball, or cursor direction
keys for communicating direction information and com-
mand selections to processor 504 and for controlling cursor
movement on display 512. This mput device typically has
two degrees of freedom 1n two axes, a first axis (e.g., X) and
a second axis (e.g., v), that allows the device to specily
positions 1n a plane.

Computer system 500 may implement the techniques
described herein using customized hard-wired logic, one or
more ASICs or FPGAs, firmware and/or program logic
which 1n combination with the computer system causes or
programs computer system 300 to be a special-purpose
machine. According to one embodiment, the techniques as
described herein are performed by computer system 500 1n
response 1o processor 504 executing one or more sequences
ol one or more instructions contained 1n main memory 506.
Such instructions may be read into main memory 506 from
another storage medium, such as storage device 510. Execu-
tion of the sequences of instructions contained 1 main
memory 506 causes processor 504 to perform the process
steps described herein. In alternative embodiments, hard-
wired circuitry may be used in place of or 1n combination
with software 1nstructions.

The term “storage media” as used herein refers to any
non-transitory media that store data and/or instructions that
cause a machine to operation 1 a specific fashion. Such
storage media may comprise non-volatile media and/or
volatile media. Non-volatile media includes, for example,
optical or magnetic disks, such as storage device 510.
Volatile media includes dynamic memory, such as main
memory 506. Common forms of storage media include, for
example, a tloppy disk, a flexible disk, hard disk, solid state
drive, magnetic tape, or any other magnetic data storage
medium, a CD-ROM, any other optical data storage
medium, any physical medium with patterns of holes, a
RAM, a PROM, and FPROM, a FLASH-EPROM,
NVRAM, any other memory chip or cartridge.

Storage media 1s distinct from but may be used in con-
junction with transmission media. Transmission media par-
ticipates 1n transierring information between storage media.
For example, transmission media includes coaxial cables,
copper wire and fiber optics, including the wires that com-

prise bus 502. Transmission media can also take the form of

acoustic or light waves, such as those generated during
radio-wave and infra-red data communications.

Various forms of media may be mvolved 1n carrying one
or more sequences of one or more instructions to processor
504 for execution. For example, the mnstructions may ini-
tially be carried on a magnetic disk or solid state drive of a
remote computer. The remote computer can load the mnstruc-
tions 1nto 1its dynamic memory and send the instructions over
a telephone line using a modem. A modem local to computer
system 500 can receive the data on the telephone line and
use an 1nfra-red transmitter to convert the data to an infra-red
signal. An infra-red detector can receive the data carried 1n
the mira-red signal and appropriate circuitry can place the
data on bus 502. Bus 302 carries the data to main memory
506, from which processor 504 retrieves and executes the
instructions. The instructions received by main memory 506
may optionally be stored on storage device 510 erther before
or after execution by processor 504.

Computer system 300 also includes a communication
interface 518 coupled to bus 502. Communication interface
518 provides a two-way data communication coupling to a
network link 520 that 1s connected to a local network 522.
For example, communication interface 518 may be an
integrated services digital network (ISDN) card, cable
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modem, satellite modem, or a modem to provide a data
communication connection to a corresponding type of tele-

phone line. As another example, communication interface
518 may be a local area network (LAN) card to provide a
data communication connection to a compatible LAN. Wire-
less links may also be implemented. In any such implemen-
tation, communication interface 518 sends and receives
clectrical, electromagnetic or optical signals that carry digi-
tal data streams representing various types ol information.

Network link 520 typically provides data communication
through one or more networks to other data devices. For
example, network link 3520 may provide a connection
through local network 3522 to a host computer 524 or to data
equipment operated by an Internet Service Provider (ISP)
526. ISP 526 1n turn provides data communication services
through the worldwide packet data communication network
now commonly referred to as the “Internet” 3528. Local
network 522 and Internet 528 both use electrical, electro-
magnetic or optical signals that carry digital data streams.
The signals through the various networks and the signals on
network link 520 and through communication interface 518,
which carry the digital data to and from computer system
500, are example forms of transmission media.

Computer system 300 can send messages and receive
data, including program code, through the network(s), net-
work link 520 and communication interface 3518. In the
Internet example, a server 530 might transmit a requested
code for an application program through Internet 528, ISP
526, local network 522 and communication interface 518.

The received code may be executed by processor 504 as
it 1s received, and/or stored in storage device 310, or other
non-volatile storage for later execution.

EQUIVALENTS, EXTENSIONS,
ALTERNATIVES AND MISCELLANEOUS

In the foregoing specification, embodiments of the mven-
tion have been described with reference to numerous spe-
cific details that may vary from implementation to 1mple-
mentation. Thus, the sole and exclusive indicator of what 1s
claimed embodiments of the invention, and 1s mtended by
the applicants to be claimed embodiments of the invention,
1s the set of claims that 1ssue from this application, 1n the
specific form 1n which such claims issue, including any
subsequent correction. Any definitions expressly set forth
herein for terms contained 1n such claims shall govern the
meaning of such terms as used in the claims. Hence, no
limitation, element, property, feature, advantage or attribute
that 1s not expressly recited in a claim should limait the scope
of such claim in any way. The specification and drawings
are, accordingly, to be regarded 1n an illustrative rather than
a restrictive sense.

Enumerated Exemplary Embodiments

The mmvention may be embodied imn any of the forms
described herein, including, but not limited to the following
Enumerated Example Embodiments (EEEs) which describe
structure, features, and functionality of some portions of
embodiments of the present invention.

EEE1. A method comprising:

determining a set of tensor-product B-Spline (TPB) basis

functions;

generating a set of selected TPB prediction parameters to

be used with the set of TPB basis functions for gener-
ating predicted image data in one or more mapped
images from source image data 1n one or more source
images ol a source color grade, wherein the set of
selected TPB prediction parameters 1s generated by
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minimizing differences between the predicted image
data 1n the one or more mapped 1mages and reference
image data in one or more reference i1mages of a
reference color grade, wherein the one or more refer-
ence 1mages correspond to the one or more source
images and depict the same visual content as depicted
by the one or more source 1mages;

encoding, mm a video signal, the set of selected TPB

prediction parameters as a part of image metadata along
with the source 1mage data in the one or more source
1mages;

causing the one or more mapped i1mages to be recon-

structed and rendered with a recipient device of the
video signal.
EEE?2. The method of EEE]1, wherein at least one of the
source 1mage data or the reference 1mage data 1s represented
in a subsampling format of a color space.
EEE3. The method of EEE]1 or 2, wherein the one or more
source 1mages represent one ol: 1images constituting a visual
scene 1n a media program, 1mages selected within a sliding
window, or images selected within a linear segment.
EEE4. The method of any of EEE1-3, wherein the set of
TPB basis functions are generated by tensor products of one
or more sets of B-Spline basis functions, and wherein each
set of B-Spline basis functions in the one or more sets of
B-Spline basis functions corresponds to a respective color
channel 1n one or more color channels of a color space.
EEES5. The method of EEE4, wherein at least one set of
B-Spline basis functions 1n the one or more sets of B-Spline
basis functions represents a complete set of B-Spline basis
functions of a specific order.
EEEG6. The method of EEE4 or 5, wherein the one or more
sets of B-Spline basis functions comprises a set of B-Spline
basis function generated with truncated polynomials and a
set of uniformly distributed knot points.
EEE7. The method of any of EEE1-6, wherein a combi-
nation of the set of selected TPB prediction parameters and
the set of TPB basis function represents a cross-channel
predictor for generating the predicted image data in the one
or more mapped 1mages.
EEES. The method of any of EEE1-7/, wherein the set of
TPB prediction parameters are generated using a plurality of
mapping pairs each of which comprises a first array of one
or more source codewords generated from the source image
data and a second array of one or more reference codewords
generated from the reference image data.
EEE9. The method of EEES, wheremn the plurality of
mapping pairs 1s generated based on a three-dimensional
mapping table (3DMT).
EEE10. A method comprising:
decoding, from a video signal, one or more first images of
a first color grade;

decoding, from the video signal, image metadata com-
prising a set of selected TPB prediction parameters for
multiplying with a set of tensor-product B-Spline
(TPB) basis functions;

using the set of TPB prediction parameters with the set of
TPB basis functions to generate the one or more
mapped 1images from the one or more first 1mages;

causing one or more display images derived from the one
or more mapped 1images to be rendered with a display

device.

EEE11. The method of EEE10, wherein the set of selected

TPB prediction parameters was generated by an upstream
video content processor, wherein the set of selected TPB
prediction parameters 1s to be used with the set of TPB basis
functions for generating predicted image data 1n one or more
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mapped 1mages from first image data in one or more first
images of a first color grade, wherein the upstream video
content processor generated the set of selected TPB predic-
tion parameters by minimizing differences between the
predicted 1image data 1n the one or more mapped 1mages and
reference 1mage data in one or more reference 1mages of a
reference color grade, wherein the one or more reference
images correspond to the one or more first images and depict
the same visual content as depicted by the one or more first
1mages.
EEE12. The method of EEE10, further comprising:

generating a plurality of B-Spline basis function output
values;

applying cross product operations to the plurality of
B-Spline basis function output values to generate a
plurality of TPB basis function output values, thereby
generating a set of pluralities of TPB basis function
output values;

multiplying the set of TPB prediction parameters decoded
from the video signal with the set of pluralities of TPB
basis function output values to generate the set of
predicted codewords.

EEE13. The method of EEE 12, where generating a

plurality of B-Spline basis function output values comprises:

for each B-Spline basis function 1n a plurality of B-Spline
basis function, determining knot points and corre-
sponding multiplicative factors to be used 1 a trun-
cated polynomial to represent each such B-Spline basis
function;

using a decoded codeword 1n the one or more first images
as input to the truncated polynomial to generate an
output value for each such B-Spline basis function.

EEE14. The method of EEE 12, further comprising;

storing the plurality of B-Spline basis function output
values 1n local registers;

for each TPB basis function 1in the TPB basis functions,
identifying (n+1) non-zero B-Spline basis function
output values in each channel of a color space, among
the plurality of B-Spline basis function output values,
wherein n indicates an order of the plurality of B-Spline
basis function;

using the (n+1) non-zero B-Spline basis function output
values as part of 1input to generate an output value for
cach such TPB basis function from a decoded code-
word 1n the one or more first images.

EEE15. The method of EEE12, further comprising:

for each decoded codeword in the one or more first
images, generating an output codeword in the one or
more mapped 1images by performing:

imitiating the output codeword to zero;

for each TPB basis function 1in the TPB basis functions,
performing:

generating (n+1) non-zero B-Spline basis function output
values for each channel in three channels of a color
space, thereby generating three sets of (n+1) non-zero
B-Spline basis function output values, wherein n indi-
cates an order of the plurality of B-Spline basis func-
tion;

applying cross product operations to three sets of (n+1)
non-zero B-Spline basis function output values to gen-
cratc a TPB basis function output value from the
decoded codeword in the one or more first 1images;

generating a product by multiplying the TPB basis func-
tion output value with a corresponding prediction
parameter in the set of TPB prediction parameters;

adding the product to the output codeword.
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EEE16. The method of any of EEE10-15, wherein the set
of selected TPB prediction parameters 1s encoded as a
plurality of weight coell

icients 1n a coding syntax that
supports carrying a respective weight coeilicient, in the
plurality of weight coethlicients, for a corresponding TPB
basis function 1n the set of TPB basis functions.

EEE17. A computer system configured to perform any
one of the methods recited in EEE1-EEEI16.

EEE18. An apparatus comprising a processor and config-
ured to perform any one of the methods recited in EEE]-
EEE1S6.

EEE19. A non-transitory computer-readable storage
medium having stored thereon computer-executable 1nstruc-
tion for executing a method in accordance with any of the

methods recited in EEE1-EEELS6.

L]

The invention claimed 1s:

1. A method comprising:

generating a set of prediction parameters for generating,

from source 1image data 1in one or more source 1mages
of a source color grade, predicted image data of at least
one color channel of one or more mapped images,
wherein the one or more mapped 1mages comprise M
color channels, with M>1,

wherein generating the set of prediction parameters for

said at least one color channel comprises:
determining a set of tensor-product B-Spline (TPB)
basis functions, corresponding to a tensor product of
M sets of B-spline basis functions;
generating, as the set of prediction parameters for said
at least one color channel, a set of selected TPB
prediction parameters to be used with the set of TPB
basis functions for generating predicted image data
of said at least one color channel of said one or more
mapped 1images from said source image data in said
one or more source images of said source color
grade, wherein the set of selected TPB prediction
parameters 1s generated by minimizing differences
between the predicted 1image data of said at least one
color channel of the one or more mapped 1images and
reference 1mage data in one or more reference
images ol a reference color grade, wherein the one or
more reference 1mages correspond to the one or more
source 1mages and depict the same visual content as
depicted by the one or more source 1mages;
encoding, mm a video signal, the set of selected TPB
prediction parameters as a part ol image metadata along
with the source 1mage data in the one or more source
images for enabling reconstructing and rendering of the
one or more mapped 1mages with a recipient device of
the video signal.

2. The method of claim 1, wherein determining the set of
TPB basis functions comprises:

determining a set of B-spline basis functions for each of

the M color channels; and

determining the set of TPB basis functions as a tensor

product of each of the sets of B-Spline basis functions.

3. The method of claim 1, wherein at least one of the
source 1mage data or the reference 1image data 1s represented
in a subsampling format of a color space.

4. The method of claim 1, wherein the one or more source
images represent one of: 1mages constituting a visual scene
in a media program, 1mages selected within a sliding win-
dow, or images selected within a linear segment.

5. The method of claim 1, wherein at least one of said sets
of B-Spline basis functions represents a complete set of
B-Spline basis functions of a specific order.
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6. The method of claim 1, wherein each of the sets of
B-Spline basis functions 1s generated using a set of uni-
formly distributed knot points.

7. The method of claim 1, wherein each of the sets of
B-spline basis functions are generated with truncated poly-
nomials.

8. The method of claim 1, a set of selected TPB prediction
parameters 15 generated for each of the multiple color
channels, wherein the sets of selected TPB prediction
parameters of at least two color channels are generated using,
the same set of TPB basis functions.

9. The method of claim 1, wherein a combination of the
set of selected TPB prediction parameters and the set of TPB
basis function represents a cross-channel predictor for gen-
erating the predicted image data 1n the one or more mapped
1mages.

10. The method of claim 1, wherein the set of TPB
prediction parameters are generated using a plurality of
mapping pairs each of which comprises a first array of one
or more source codewords generated from the source image
data and a second array of one or more reference codewords
generated from the reference image data.

11. The method of claim 10, wheremn the plurality of
mapping pairs 1s generated based on a three-dimensional
mapping table (3DMT).

12. The method of claim 10, wherein the source code-
words of pixels of the source image are partitioned nto a
fixed number of bins, and for each bin, an average of
reference codewords of pixels of the reference 1image cor-
responding to the pixels of the source image 1n the respective
bin 1s calculated, and the first array comprises center values
of the source codeword bins and the second array comprises
the corresponding calculated average of the reference code-
word values.

13. A method comprising:

decoding, from a video signal, one or more first images of

a first color grade and comprising M color channels,
with M>1;

accessing a set of tensor-product B-Spline (TPB) basis

functions corresponding to a tensor product of M sets
of B-spline basis functions;
decoding, from the video signal, image metadata com-
prising a set of selected TPB prediction parameters for
multiplying with the set of tensor-product B-Spline
(TPB) basis functions;

using the set of TPB prediction parameters with the set of
TPB basis functions to generate one or more mapped
images from the one or more first 1images; and

causing one or more display images derived from the one
or more mapped 1mages to be rendered with a display
device.

14. The method of claim 13, further comprising:

generating a plurality of B-Spline basis function output

values;

applying cross product operations to the plurality of

B-Spline basis function output values to generate a
plurality of TPB basis function output values, thereby
generating a set of pluralities of TPB basis function
output values;

multiplying the set of TPB prediction parameters decoded

from the video signal with the set of pluralities of TPB
basis function output values to generate the set of
predicted codewords.

15. The method of claim 14, where generating a plurality
of B-Spline basis function output values comprises:

for each B-Spline basis function in a plurality of B-Spline

basis function, determining knot points and corre-
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sponding multiplicative factors to be used in a trun-
cated polynomial to represent each such B-Spline basis
function;

using a decoded codeword 1n the one or more first images
as mput to the truncated polynomial to generate an
output value for each such B-Spline basis function.

16. The method of claim 14, further comprising:

storing the plurality of B-Spline basis function output
values 1n local registers;

for each TPB basis function in the TPB basis functions,
identifying (n+1) non-zero B-Spline basis function
output values in each channel of a color space, among
the plurality of B-Spline basis function output values,
wherein n indicates an order of the plurality of B-Spline
basis function;

using the (n+1) non-zero B-Spline basis function output
values as part of mput to generate an output value for
cach such TPB basis function from a decoded code-
word 1n the one or more first images.

17. The method of claim 14, further comprising:

for each decoded codeword in the one or more first
images, generating an output codeword in the one or
more mapped 1mages by performing:
initiating the output codeword to zero;
for each TPB basis function in the TPB basis functions,

performing:
generating (n+1) non-zero B-Spline basis function out-
put values for each channel 1n three channels of a
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color space, thereby generating three sets of (n+1)
non-zero B-Spline basis function output values,
wherein n indicates an order of the plurality of
B-Spline basis function;

applying cross product operations to three sets of (n+1)
non-zero B-Spline basis function output values to
generate a TPB basis function output value from the
decoded codeword 1n the one or more {irst 1mages;

generating a product by multiplying the TPB basis
function output value with a corresponding predic-
tion parameter 1n the set of TPB prediction param-
clers;,

adding the product to the output codeword.

18. The method of claim 13, wherein the set of selected
TPB prediction parameters i1s encoded as a plurality of
weilght coeflicients 1n a coding syntax that supports carrying
a respective weight coeflicient, 1n the plurality of weight
coellicients, for a corresponding TPB basis function in the
set of TPB basis functions.

19. An apparatus comprising a processor and configured

to perform the method recited 1n claim 1.
20. A non-transitory computer-readable storage medium
having stored thereon computer-executable instruction for

executing a method 1n accordance with the method recited 1n
claim 1.
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