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VIDEO CODING AND DELIVERY WITH BOTH SPATIAL AND DYNAMIC
RANGE SCALABILITY
CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority from United States Provisional Application Ser.
No. 62/195,561, filed on July 22, 2015 and United States Provisional Application Ser. No.
62/201,266, filed on 5 August 2015 which are hereby incorporated by reference in their

entirety.

TECHNOLOGY
[0002] The present invention relates generally to images. More particularly, an
embodiment of the present invention relates to video coding and delivery with both spatial

and dynamic range scalability.

BACKGROUND

[0003] The term “ATSC Standards” refers to a family of standards from the Advanced
Television Systems Committee (ATSC) for the transmission of digital television signals. As
part of developing the next generation of standards (e.g., ATSC 3.0), ATSC explores the
transmission of signals with both high dynamic range (HDR) and increased resolutions (e.g.,
Ultra HD), over a variety of diverse transmission mediums, such as terrestrial and mobile
networks.

[0004] As used herein, the term 'dynamic range' (DR) may relate to a capability of the
human visual system (HVS) to perceive a range of intensity (e.g., luminance, luma) in an
image, e.g., from darkest darks (blacks) to brightest brights (whites). 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 is explicitly specified to
have particular significance at any point in the description herein, it should be inferred that
the term may be used in either sense, e.g. interchangeably.

[0005] As used herein, the term high dynamic range (HDR) relates to a DR breadth that
spans the some 14-15 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, in 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 is perceivable within a scene or image by a human visual system (HVS)
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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 in relation to true scene referred HDR, EDR nonetheless
represents a wide DR breadth and may also be referred to as HDR.

[0006] In practice, images comprise one or more color components (e.g., luma Y and
chroma Cb and Cr) wherein each color component is represented by a precision of n-bits per
pixel (e.g., n=8). Using linear luminance coding, images where n <8 (e.g., color 24-bit JPEG
images) are considered images of standard dynamic range, while images where n > 8 may be
considered images of enhanced dynamic range. EDR and HDR images may also be stored
and distributed using high-precision (e.g., 16-bit) floating-point formats, such as the
OpenEXR file format developed by Industrial Light and Magic.

[0007] A reference electro-optical transfer function (EOTF) for a given display
characterizes the relationship between color values (e.g., luminance) of an input video signal
to output screen color values (e.g., screen luminance) produced by the display. For example,
ITU Rec. ITU-R BT. 1886, “Reference electro-optical transfer function for flat panel displays
used in HDTYV studio production,” (03/2011), which is included herein by reference in its
entity, defines the reference EOTF for flat panel displays based on measured characteristics
of the Cathode Ray Tube (CRT). Given a video stream, information about its EOTF is
typically embedded in the bit stream as metadata. As used herein, the term “metadata” relates
to any auxiliary information that is transmitted as part of the 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 parameters, and auxiliary signal parameters, as
those described herein.

[0008] Most consumer desktop displays currently support luminance of 200 to 300 cd/m’
or nits. Most consumer HDTVs range from 300 to 500 nits with new models reaching 1000
nits (cd/m”). Such conventional displays thus typify a lower dynamic range (LDR), also
referred to as a standard dynamic range (SDR), in relation to HDR or EDR. As the
availability of HDR content grows due to advances in both capture equipment (e.g., cameras)
and HDR displays (e.g., the PRM-4200 professional reference monitor from Dolby
Laboratories), HDR content may be color graded and displayed on HDR 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 capability (e.g., 0 to 10,000
nits). An example of such an EOTF is defined in SMPTE ST 2084:2014 “High Dynamic

Range EOTF of Mastering Reference Displays,” which is incorporated herein by reference in
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its entirety. In general, without limitation, the methods of the present disclosure relate to any
dynamic range higher than SDR. As appreciated by the inventors here, improved techniques
for the coding and delivery of high-dynamic range images are desired.

[0009] The approaches described in this section are approaches that could be pursued, but
not necessarily approaches that have been previously conceived or pursued. Therefore,
unless otherwise indicated, it should not be assumed that any of the approaches described in
this section qualify as prior art merely by virtue of their inclusion in this section. Similarly,
issues identified with respect to one or more approaches should not assume to have been

recognized in any prior art on the basis of this section, unless otherwise indicated.

BRIEF DESCRIPTION OF THE DRAWINGS

[00010] An embodiment of the present invention is illustrated by way of example, and not
in way by limitation, in the figures of the accompanying drawings and in which like reference
numerals refer to similar elements and in which:

[00011] FIG. 1A and FIG 1B depict example processes for the video delivery of HDR
video using spatial scalability according to an embodiment of this invention;

[00012] FIG. 1C depicts an example process for video decoding for HDR video with
spatial scalability according to an embodiment of this invention;

[00013] FIG. 2A depicts an example process for the video delivery of HDR video using
dynamic range scalability according to an embodiment of this invention;

[00014] FIG. 2B depicts an example process for video decoding for HDR video with
dynamic range scalability according to an embodiment of this invention;

[00015] FIG. 3A depicts an example process for the video delivery of HDR video using
both spatial and dynamic range scalability according to an embodiment of this invention;
[00016] FIG. 3B depicts an example process for video decoding for HDR video with both
spatial and dynamic range scalability according to an embodiment of this invention; and
[00017] FIG. 4 depicts an example input-output relationship of a non-linear quantizer for a

residual signal in an enhancement layer according to an embodiment of this invention.

DESCRIPTION OF EXAMPLE EMBODIMENTS

[00018] Video coding and delivery of high dynamic range (HDR) images with spatial and
dynamic range scalability is described herein. In the following description, for the purposes
of explanation, numerous specific details are set forth in order to provide a thorough

understanding of the present invention. It will be apparent, however, that the present
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invention 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 unnecessarily
occluding, obscuring, or obfuscating the present invention.
OVERVIEW

[00019] Example embodiments described herein relate to video coding and delivery of
high-dynamic range images in a perceptually quantized color space using both spatial and
dynamic range scalability. In an embodiment, a processor:

accesses a first image in a perceptually-quantized color space, such as [PT-PQ,
wherein the first image comprises a first dynamic range and a first spatial resolution;

generates with a first transformation function a second image based on the first
image, wherein the transformation function reduces at least one of the spatial resolution or
the dynamic range of the first image;

applies a forward reshaping function to the second image to generate a third image
with a bit-depth representation lower or equal to the bit-depth representation of the second
image;

generates with an encoder a base layer coded bitstream based on the third image;

generates with a backward reshaping function a restored image based on the third
image, wherein the restored image comprises a bit depth equal or higher than the bit-depth of
the third image;

generates with a second transformation function a fourth image based on the restored
image, wherein the fourth image comprises the same dynamic range and spatial resolution as
the first image;

generates a residual image based on the first image and the fourth image; and

generates with an encoder an enhancement layer coded bitstream based on the
residual image.
[00020] In another embodiment, a processor

receives a base layer (BL) coded bitstream, an enhancement layer (EL) coded
bitstream, and metadata;

decodes the EL coded bitstream with a decoder to generate an EL image with an EL
spatial resolution;

decodes the BL coded bitstream with a decoder to generate a BL image in a BL
spatial resolution, a BL dynamic range, and a perceptually-quantized color space;

generates with a backward reshaping function and the metadata a restored image

based on the BL image;



10

15

20

25

30

WO 2017/015397 PCT/US2016/043192

generates with a transformation function and the metadata a predicted image based on
the restored image, wherein the predicted image comprises the same spatial resolution as the
EL image, wherein the transformation function increases at least one of the spatial resolution
or the dynamic range of the restored image; and

combines the predicted image and the EL image to generate an enhanced image,
wherein the enhanced image comprises at least one of a higher dynamic range or a spatial

resolution than the restored image.

EXAMPLE VIDEO DELIVERY PROCESSING PIPELINES

SPATIAL SCALABILITY

The IPT-PQ Color Space

[00021] FIG. 1A depicts an example process (100A) for the video coding and delivery of
high-dynamic range images with spatial scalability. A sequence of video frames (102) at a
first resolution (e.g., 2,160p (4K UHD), 4,320p (8K UHD), and the like) and a first color
format (e.g. RGB 4:4:4 or YCbCr 4:4:4) is first translated, if needed, preferably into a
perceptually-quantized color space, such as the [PT-PQ color space. Most of the existing
video compression standards, such as MPEG-1, MPEG-2, AVC, HEVC, and the like, have
been tested, evaluated, and optimized for gamma-coded images in the YCbCr color space.
Embodiments described herein are applicable to operate under any color space (e.g., RGB,
YCbCr, and the like) and any display encoding (e.g., gamma, PQ, and the like); however,
experimental results have shown that perceptually-quantized color spaces (e.g., YCbCr-PQ or
IPT-PQ) may provide a better representation format for high-dynamic range images with 10
or more bits per pixel per color component.

[00022] The term “PQ” as used herein refers to perceptual quantization. The human
visual system responds to increasing light levels in a very non-linear way. A human’s ability
to see a stimulus is affected by the luminance of that stimulus, the size of the stimulus, the
spatial frequency(ies) making up the stimulus, and the luminance level that the eyes have
adapted to at the particular moment one is viewing the stimulus. In a preferred embodiment,
a perceptual quantizer function maps linear input gray levels to output gray levels that better
match the contrast sensitivity thresholds in the human visual system. Examples of PQ
mapping functions are described in Ref. [3], parts of which have been adopted by the SMPTE

ST 2084 specification, where given a fixed stimulus size, for every luminance level (i.e., the
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stimulus level), a minimum visible contrast step at that luminance level is selected according
to the most sensitive adaptation level and the most sensitive spatial frequency (according to
HVS models). Compared to the traditional gamma curve, which represents the response
curve of a physical cathode ray tube (CRT) device and coincidently may have a very rough
similarity to the way the human visual system responds, a PQ curve, as described in Ref. [3],
imitates the true visual response of the human visual system using a relatively simple
functional model

[00023] An example of a perceptually-quantized color space is the IPT-PQ color space.
Compared to the traditional gamma-coded YCbCr space, the IPT-PQ color space matches
better the viewing characteristics of the human viewing system for HDR images, hence it
allows an HDR coding system (e.g., 100A) to provide much better overall picture quality at
lower bit depth requirements (e.g., at 10 bits).

[00024] The IPT-PQ color space was first introduced in Ref. [1] for display management
applications. IPT, as described in Ref. [2], by F. Ebner and M.D. Fairchild, is a model of the
color difference between cones in the human visual system. In this sense it is like the YCbCr
or CIE-Lab color spaces; however, it has been shown in some scientific studies to better
mimic human visual processing than these spaces. Like CIE-Lab, IPT is a normalized space
to some reference luminance. In an embodiment, the normalization may be based on the
maximum luminance of a target display (e.g., 5,000 nits).

[00025] As described in References [1] and [2], the conversion to [PT-PQ may include the
following steps:

a) The input (102) is linearized (for example, by applying an inverse gamma or
inverse PQ function) and then translated to the LMS color space.

b) According to the Ref. [2], the traditional LMS to IPT color space conversion
comprises applying first a non-linear power function to the LMS data and then applying a
linear transformation matrix. While one can transform the data from LMS to IPT and then
apply the PQ function to be in the IPT-PQ domain, in a preferred embodiment, the traditional
power function for a non-linear encoding of LMS to IPT is replaced with the PQ non-linear
encoding of each one of the L,M, and S components.

c¢) Using an LMS to IPT linear transform (e.g., as defined in Ref. [2]) to the output of
step b), a signal (107) is generated in the IPT-PQ space.

[00026] As described in References [9] and [10], the effects of perceptual quantization
may be further improved by taking into consideration content-related characteristics or

codec-related parameters.
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[00027] Following the color conversion (105) to IPT-PQ, signal (107) is downscaled by
down-scaler (115) to generate signal (117) at a second resolution (e.g., HD 1080p) lower than
the original spatial resolution. Signal (117) may be further filtered and down-sampled in the
chroma components by block (120) to generate signal (122) in an IPT-PQ 4:2:0 format.
[00028] Currently, most digital interfaces for video delivery, such as the Serial Digital
Interface (SDI) are limited to 12 bits per pixel per component. Furthermore, most
compression standards, such as H.264 (or AVC) and H.265 (or HEVC), are limited to 10-bits
per pixel per component. Therefore efficient encoding and/or quantization is required to
support HDR content, with dynamic range from approximately 0.001 to 10,000 cd/m? (or
nits), within existing infrastructures and compression standards.

[00029]  As used herein, the term “Forward reshaping” refers to a mapping of an input at a
first bit depth (e.g., 12-16 bits) to an output of equal or lower bit depth (e.g., 8 or 10 bits) to
accommodate the bit-depth requirements of a subsequent video coding pipeline. Even if
there is no bit-depth reduction, forward reshaping may improve how highlights and dark
areas are represented and coded, thus improving overall compression. For example, signal
(122) may be represented at a bit depth of 12-bits or higher, but after forward reshaping, base
layer (BL) signal (127) may be represented by only 10 bits or lower. Examples of forward
reshaping functions are described in References [4], [5], and [6]. Parameters related to the
forward reshaping may be communicated to a decoder using metadata (128).

[00030] Following forward reshaping (125), BL signal (127) is encoded and decoded by
BL video encoder (130) and corresponding BL video decoder (135). BL video encoder (130)
may be any known in the art video encoder, such as an MPEG-2, MPEG-4, H.264, H.265,
and the like, video encoder. The output of video decoder (135) represents the expected output
of BL signal (127) as it will be received by a downstream decoder (e.g., 100C). Signal (132)
represents a coded representation of an HDR signal with a lower spatial resolution than the
HDR input (102). Note that a decoded version of signal (132) is not directly viewable (or
backwards compatible), in the sense, that a standards-based decoder needs to apply to ita
backward reshaping function before it can viewed on a display.

[00031] Following decoding (135), its output is processed by backward reshaping unit
(140), which implements the reverse of forward reshaping (125), and up-scaler (145), which
up-scales the output of the backward reshaping unit back to the same spatial resolution as
signal (102), to generate an EDR signal (147) at the same resolution and dynamic range as
signal (112). As depicted in FIG. 1A, in an embodiment, signal (112) may represent the input
IPT-PQ signal (107) in a 4:2:0 color format, thus matching the color format of signal (147).

-7 -
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[00032] Signals (112) and (147) are subtracted to generate a residual signal (152), which,
after being processed by non-linear quantizer (155), is encoded by enhancement-layer (EL)
video encoder (160) to generate an EL. coded bitstream (162). The BL and EL coded
bitstreams together with any metadata (128) may be multiplexed to form a coded output to be
transmitted from the encoder to a decoder. Examples of non-linear quantization may be found
in Ref [7].

[00033] FIG. 1B depicts an alternative example process (100B) for the video coding and
delivery of high-dynamic range images with spatial scalability according to an embodiment
targeting real-time broadcasting applications. Compared to (100A), to improve encoding
speed and reduce latency, in (100B), the backward reshaping (140) is applied directly to the
output of the forward reshaping unit (125), and the BL video encoder (130) is moved outside
of the spatial scalability loop.

[00034] FIG. 1C depicts an example decoding process (100C) for a bitstream generated
according to the encoders (100A, 100B) depicted in FIG. 1A and 1B. Following
demultiplexing of the incoming BL (132) and EL (162) coded streams (not shown), BL video
decoder (135) decodes the coded base layer to generate a decoded base layer (137). It should
be noted that decoded signal 137 is not viewable because of the forward reshaping (125).
The BL signal (137) may be viewed after a backward reshaping (140) that matches the
forward reshaping (125) in the encoder. The proper reshaping is selected based on metadata
(128) transmitted from an encoder (e.g., 100A) to the decoder. Following backward
reshaping (140), its output signal (142) may be translated to another format (e.g., YCbCr or
RGB) and generate HDR BL signal (189) at a reduced resolution (e.g., 1080p).

[00035] Decoder (100C) may also generate an HDR signal (187) at a full spatial resolution
by applying the following steps:

a) Decode the coded EL stream (162) using EL video decoder (170) to generate a decoded EL
signal (172);

b) Apply inverse non-linear de-quantization to signal 172 to generate a de-quantized residual
signal (177);

c) Upscale with up-scaler (145) the decoded BL signal (142) to generate up-scaled BL signal
(147); and

d) Combine the a de-quantized residual signal (177) and the up-scaled BL signal (147)

to generate a full-resolution HDR signal (182) in the IPT-PQ color space.

If needed, color space conversion unit (185) may also translate signal (182) to another color

space, such as RGB, YCbCr, and the like.
-8-
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DYNAMIC RANGE SCALABILITY

[00036] FIG. 2A depicts an example process (200A) for the video coding and delivery of
high-dynamic range images with dynamic range scalability. System (200A) is very similar to
system (100B), with the following differences:

a) Base layer (222) has the same spatial resolution as the input (102); however, BL. (222) has
lower dynamic range than input (102). This is accomplished by replacing spatial downscaler
(115) with a content mapping unit (215). Content mapping (CM) (215) may apply any
known tone-mapping techniques to lower the dynamic range of input signal (107). An
example of a CM unit (215) is described in Ref. [8]. For example, without limitation, in an
embodiment, input (102) may be a 4,000 nits signal; however, BL (222) may be a 1,000 nits
signal. In some embodiments, content mapping may also be performed off-line by using a
combination of tone-mapping tools and custom color grading to generate signal (222). In an
embodiment, given a PQ coding in color conversion (105), content mapping (215) may be
performed by truncating the least significant bits in signal (107).

b) Upscaler (145) is replaced by prediction unit (245). Predictor (245) performs inverse tone-
mapping to generate signal (247), an approximation of signal (112). Examples of predictors
are described in Ref. [7] and in Appendix A. In some embodiments, predictor (245) may be a
simple linear predictor. The difference signal (252) between the input (112) at full dynamic
range and the predicted value (247) is again coded as an enhancement layer by EL video
encoder (160) to generate EL stream (262).

[00037] In some embodiments, non-linear quantizer (155) may be removed. In some
embodiments, an additional (optional) down-sampler may be added before the EL Video
encoder (160) (before or after the non-linear quantizer) to reduce the required bit rate for the
coded EL stream.

[00038] As in (100A), the design of (200A) may be easily modified to incorporate a video
encoder-decoder pair as part of the dynamic range reduction loop.

[00039] FIG. 2B depicts an example decoding process (200B) for a bitstream generated
according to the encoder (200A) depicted in FIG. 2A. Again, the design and data flow
process is the same as in (100C), except that upscaler (145) is now replaced by the predictor
(245).

[00040] In (200B), the non-linear dequantizer (175) may be removed if there is no

corresponding non-linear quantizer in the encoder. Furthermore, an optional upsampler may
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be added following the EL video decoder (170), if the EL stream was downsampled in the

encoder.

SPATIAL AND DYNAMIC RANGE SCALABILITY

[00041] FIG. 3A depicts an example process (300A) for the video coding and delivery of
high-dynamic range images with both spatial and dynamic range scalability. FIG. 3B depicts
the corresponding decoder (300B). Both designs follow the same design principles
discussed earlier.

[00042] As depicted in FIG. 3A, BL signal (322) has both lower spatial resolution (e.g.,
1080p) and lower dynamic range (e.g., 1000 nits) than input (102).

REAL-TIME NON-LINEAR QUANTIZATION

[00043] As discussed earlier, in some embodiments, non-linear quantizer (NLQ) (155)
allows the residual (152) to be better mapped to the capabilities of the enhancement layer
encoder (160). FIG. 4 depicts an example of the input-output characteristics of such a
quantizer according to an embodiment (Ref. [7]).

[00044] As depicted in FIG. 4, let (-Xiax, Xmax) denote the range of pixel values of the
residual pixels r (152) to be coded in a frame or frame region of interest. Let Level denote the
number of available codewords in each side of the quantizer (e.g., for a bit depth of 8 bits,
Level = 128 for r > 0), then, given a positive threshold 7, let

ST = Level . (1)
Xmax_T

Then, given input residuals r, after clipping r within the range (-Xmax. Xmax), the quantization

operations of FIG. 4 may be expressed as

floor(M +(SL*(r—=T))+0.5) ifr>T
o) =M iflri<T 2)
floor(M + (SL* (r+T)) - 0.5) if r<-T

where Q(r) denotes the quantized output, SL denotes the slope of Q(r) within (7, Xnax ), and
M denotes an offset value representing the output codeword when the residual » = 0.
Threshold T is a relatively small number and in some embodiments 7=0.

[00045] Parameters 7, M (or Offset), Xmax, and SL (or Level) may be defined separately for

each color component of residual signal » and may be communicated to a receiver using
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metadata. In some embodiments, one or more of the NLQ quantization parameters may also
be defined for a whole frame, one or more partitions or sub-regions of a frame, or for a group
of frames (e.g., a scene).

[00046] Given such a quantizer, on a receiver (e.g., (100C)), the de-quantization process

(e.g., NLAQ (175)), may be expressed as

N 0, R =M
R, = - 3
o {SL”< (R, —M)-05%*sign(R,  —M))+T*sign(R,,, -M) R, #M ©)
where
) -1 x<0
sign(x) = | x>0’

R, denotes the received (decoded) residual (or EL signal (172)), and Iécmp denotes the de-

quantized output (177), which also may be bounded, e.g., in a range (- R__.R

max > Rinas -
[00047] In some embodiments, it may be desirable to collect statistics and define the
parameters of the non-linear quantizer on a per scene basis. This may yield better overall
quality, but it may not be feasible to implement in a real-time implementation, hence, as
appreciated by the inventors, improved methods for real-time adaptation of the NLQ
parameters is desired.

[00048] Let EL_bitdepth denote the available bit depth for the EL stream. Then, for
EL_bitdepth = 10, assuming a normalized residual input in (0, 1), the fixed, frame-based,

quantization parameters

Oﬁsetf =M = 2EL,bitdepth71’
lfvelf — 2EL7bitdepth—1 , (4)

XM =X, =05.

using HEVC encoding (e.g. the Main 10 Profile) may be yield acceptable quality for most
bitstreams; however when using 8-bit H.264 (AVC) encoding, color bleeding and blocky
artifacts are quite common. To improve the quality of coding residual data, while still
maintaining low-computational complexity for real-time applications, in an embodiment,
NLQ parameters are derived as follows.

[00049]  Let r; denote a residual value of the i-th pixel of the f-th frame. Denote the

maximal positive residual value in frame fas X Jf and denote the absolute value of the
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minimal negative residual value in frame fas X ;. Assume there are p pixels in each frame.

Then

Xjf =max{r; 1i=0,..,p-1},

XJZ =l min{rﬁ li=0,...., p—1}I

[00050] In an embodiment, consider a sliding window which looks back B frames and
looks ahead A frames. Consider now the maximal value, X Jf , and minimal value, X o within

this sliding window; i.e.:

Xi=max{X; li=f~B,f ~B+leus [ =L f, [+l f+A=1 f + A},

X;=Amin{X] li=f~B,f =B+l f =1L [, f+1 f+A=1 [+ A}

[00051] For A is O, there are no look-ahead frames and thus zero frame-related delay.
Furthermore, the sliding window can be reset at scene boundaries. For example, let the
previous and future scene boundaries be located at frames p; < p < p». Let

B'=max{p—B,p,} and A'=min{p+ A, p,}, then

Xt =max{X li=f=B,f-B+l,f=Lf, f+l...f+A=1 f+A"},

+
!

X, =lmin{X, li=f =B, f=B+lo, f =L f, f+L, f+ AL f+ A}

[00052] Then, in an embodiment, the NLQ parameters are adjusted as

. X
Oﬁsetf =M = (2EL7b”depth - 1)%
X+ X}
Level , = max {(2%-"""" —1) - Offset , , Offset ;) , (5)

XM =X, =(1+A)max{X,. X}

where A denotes a small value.
[00053] For chroma, the same equations still apply, but the Level value is defined to be

proportional to the maximal residual of the luminance component, i.e.:
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X }”AX (chroma)

, 2EL7 bitdepth—1 . 6
X (luma) | ©)

Chroma _ Levelf =min{Luma _ levelf

The min operator in the above equation helps to constrain the level value to not exceed half of
the available codewords in the enhancement layer.

[00054] In another embodiment, instead of defining the NLQ parameters in terms of
extreme residual values within the sliding window, average values are being used. For

example, let

- 1 f+A

Xi=—— Sx°,
! A+B+1,-=;B :

- 1 f+A

X, =— X, 7
! A+B+1,-=;B : @

denote the averages of the extreme residual values within the sliding window, then one can

use these values to determine the NLQ parameters as discussed earlier (e.g., using equation

().

[00055] A =0 will yield again zero frame-delay. As before, the sliding window can be
reset at scene boundaries. Assuming the previous and future scene boundaries are located at
frame p; <p < p,. Let B'=max{p—-B,p,} and A'=min{p+ A, p,}, then equations (7) can be

re-written as

1 fra

X, =— Y X, . 8
! A+B+1l.=fZBv’ ®

[00056] In equations (7) and (8), in an embodiment, instead of simple averaging one may

also apply a weighted average. For example, from equation (7),

1 f+A

)‘Z+ = WX+,
/ A+B+1,-:;B o
- 1 f+A
X wX,, )

T A+B+1.5

- 13-
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where Y; w; = 1. In an embodiment, larger weights may be assigned to frames closer to the

current frame (e.g., Wy > wp_q and wy > Wy q).
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ExXAMPLE COMPUTER SYSTEM IMPLEMENTATION

[00058] Embodiments of the present invention may be implemented with a computer
system, systems configured in electronic circuitry and components, an integrated circuit (IC)
device such as a microcontroller, a field programmable gate array (FPGA), or another
configurable or programmable 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 scalable video coding and delivery of HDR video, such as those
described herein. The computer and/or IC may compute any of a variety of parameters or
values that relate to scalable video coding and delivery of HDR video processes described
herein. The image and video embodiments may be implemented in hardware, software,
firmware and various combinations thereof.

[00059] Certain implementations of the invention comprise computer processors which
execute software instructions which cause the processors to perform a method of the
invention. For example, one or more processors in a display, an encoder, a set top box, a
transcoder or the like may implement methods related to scalable video coding and delivery
of HDR video as described above by executing software instructions in a program memory
accessible to the processors. 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 the invention. Program products
according to the invention may be in 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.
[00060] Where a component (e.g. a software module, processor, assembly, device, circuit,
etc.) is 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 is
functionally equivalent), including components which are not structurally equivalent to the
disclosed structure which performs the function in the illustrated example embodiments of

the invention.
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EQUIVALENTS, EXTENSIONS, ALTERNATIVES AND MISCELLANEOUS
[00061] Example embodiments that relate to the efficient scalable video coding and
delivery of HDR video are thus described. In the foregoing specification, embodiments of
the present invention have been described with reference to numerous specific details that
may vary from implementation to implementation. Thus, the sole and exclusive indicator of
what is the invention, and is intended by the applicants to be the invention, is the set of claims
that issue from this application, in the specific form in which such claims issue, including any
subsequent correction. Any definitions expressly set forth herein for terms contained in such
claims shall govern the meaning of such terms as used in the claims. Hence, no limitation,
element, property, feature, advantage or attribute that is not expressly recited in a claim
should limit the scope of such claim in any way. The specification and drawings are,

accordingly, to be regarded in an illustrative rather than a restrictive sense.
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Appendix A

Polynomial Prediction

[00062] In an embodiment, given base layer source (SDR) data S..,,(p), a predictor
computes EDR data lep (p) using, without limitation, a series of second-order piece-wise

(c is the color channel index), 0 <j <7 (j is the segment index), 0 <i <2 (i is the coefficient
order), and (y, x) is the partition index, where an image is partitioned into multiple non-

overlapping rectangle regions:
* fpoly_coefy . i are the coefficients for each color channel ¢, each segment j and each
order i in partition (y, x)

»  fpoly_coef, ;i = (poly_coef_int[y][x][c][j][1] <<

coefficient_log2_denom) | poly_coef[y][x][c]l[3]I[1i]

[00063] The term coefficient_log2_denom denotes the number of bits to represent the
fractional part of the polynomial coefficient. In an embodiment, without limitation, each
polynomial coefficient, fpoly_coef, . ; i is a real number with a bit depth of

coefficient_log2_denom+7, as specified in the following list:

¢ Bit[coefficient_log2_denom+6]: Sign bit

* Bit[coefficient_log2_denom+5icoefficient_log2_denom]: Integer part

* Bit[coefficient_log2_denom—1:0]: Fractional part
[00064] To find the pivot values, pivot_idx[cmp], for a given sample S, the
pivot_value array is traversed until the sample value lies between two pivot values; this

determines the segment. The sample is capped at the low- and high-end pivot values.

[00065] Full polynomial prediction for an N-order polynomial is calculated according to

N |
V= proly_coeiji *(S/zBL,biLdgp,h )l ’ o
i=0

where fpoly_coef are prediction coefficients either computed by the encoder or signaled to a
decoder as part of metadata, and BL_bit_depth is the bit depth for the base layer. The
calculation can be carried out in fixed point or 32-bit floating point. In a preferred
embodiment, it is desired that both the encoder and the decoder compute predicted values in

the same way to minimize drift due to round-off errors. In an embodiment, an example fixed-
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point implementation is shown in Table A-1. The same approach may also be used for
computing prediction values using polynomials of arbitrary order.

Table A-1 : Fixed-point computation for 2-order prediction polynomials

/* Sample prediction using a 2-order polynomial.
v = a*s”"2+ b*s+ c
Notation:
S_cmp(p) is the input base layer signal of color component cmp at position p.
Vhat_cmp(p) is the base layer predictor of color component cmp at position p.
x/
int y = partition_vert_coord;
int x = partition_horz_coord;
int pivot_idx[3];

int pivot_value[3][];

{ // for color component cmp
// input data type
int64 tr;
int64 rl; // 1lst order

int64d r2; // 2nd order

int MAX POLY_ORDER 2;

int MAX BL_BIT DEPTH

10;

int poly binary point = MAX POLY ORDER * MAX BL_BIT_DEPTH;

int comp_binary point = 16;

// input data
if( S_cmp(p) < pivot_valuel[cmp] [0])
S_cmp(p) = pivot_valuelcmp] [0];
1if( S_cmp(p) > pivot_valuelcmp] [num_pivots minus2[cmpl+1])

S_cmp (p) = pivot_value[cmp] [num_pivots_minus2 [cmpl+1];

tr = (int64)S_cmp(p) ; // [7:0] for 8-bit BL signal or [9:0] for 10-bit

BL signal

// first order input
rl = tr << (poly_binary_point - BL_bit_ depth);

// [19:12] for 8-bit [19:10] for 10-bit

// second order input
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r2 = (tr * tr ) << (poly binary point - 2*BL_bit depth);

// [19:5] for 8-bit [19:0] for 10-bit

// coefficient data type
int64 rc ; // constants
int64 rcl; // 1lst order

int64 rc2; // 2nd order

// constant coefficients

rc = poly coef int[y][x][cmp] [pivot_idx[cmp]l][0] <<

coefficient_log2_denom;
// arithmetic left shift
rc |= poly coefly][x]lcmp] [pivot_idxlcmpl][0];

rc <<= poly_binary point;

// first order coefficients

rcl = poly coef int[y] [x] [cmp] [pivot_idx[cmpl] [1] <<

coefficient_log2_denom;
// arithmetic left shift

rcl |= poly coefly] [x] [cmp] [pivot_idx[cmpl]l[1];

// second order coefficients

rc2 = poly coef int[y] [x] [cmp] [pivot_idx[cmpl][2] <<

coefficient_log2_denom;
// arithmetic left shift

rc2 |= poly _coefly] [x] [cmp] [pivot_idx[cmpl]l[2];

// output data type

int64 rr;

rr = (int6d)rc + (int6d)rcl*rl + (int6d)rc2*r2;
rr = rr<Q0? Q:rr;
Vhat_cmp (p)= (uint32) (rr >> ( coefficient log2_ denom +

poly_binary point -
comp_binary_point));
// bit[comp_binary point-1:0]1, sign is at bitlcomp_binary point]

Vhat_cmp (p) = Vhat_cmp (p) >0xFFFF? OxFFFF: Vhat_cmp(p);

-19-
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[00066] The value of num_pivots_minus2 indicates how many pivot points exist for the
component cmp of the current BL video frame. The value of each pivot point is stored in a
sorted array pivot_value[cmp] [], Where pivot_value[cmp] [0] is a low end-point value
and pivot_value[cmp] [num_pivots_minus2 [cmp]+1] is a high end-point value.

[00067] poly_coef_int[ y 1[ x 1[ cmp ][ pivot_idx[cmp] 1[ i ] specifies the
integer portion of polynomial coefficient fpoly_coef, .. .

[00068] poly coefl v 1[ x ][ cmp ][ pivot_idx[cmp] ][ i ] specifies the
fractional portion of polynomial coefficients fpoly_coefy ., i -

[00069] As depicted in Table A-1, the prediction utilizes 64-bit integer operations,
preserving all precision until then end, when the predicted value is rounded to the nearest
integer supported by the output bit depth. The prediction method also combines data
normalization with the proper placing of the binary point. For example, consider a 10-bit
input value of 255 which needs to be normalized (e.g., right shifted by 10 bits to generate
255/1024) and then positioned to the proper binary point by a left shift (say, at bit 20). In
Table A-1, the two shifts are combined for a single left shift by 20-10 = 10.
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CLAIMS

What is claimed is:
1. A method to code high dynamic range images with a processor, the method comprising:

accessing with a processor a first image (107) in a first color space, wherein the first
image comprises a first dynamic range and a first spatial resolution;

generating with a first transformation function (115, 215) a second image (117, 217)
based on the first image, wherein the transformation function reduces at least one of the
spatial resolution or the dynamic range of the first image;

applying a forward reshaping function (125) to the second image to generate a third
image (127) with a bit-depth lower or equal to the bit-depth of the second image;

generating with an encoder a base layer coded bitstream (132) based on the third
image;

generating with a backward reshaping function (140) a restored image based on the
third image, wherein the restored image comprises a bit depth higher or equal than the bit-
depth of the third image;

generating with a second transformation function (145, 245) a fourth image based on
the restored image, wherein the fourth image comprises the same dynamic range and spatial
resolution as the first image;

generating a residual image based on the first image and the fourth image; and

generating with an encoder an enhancement layer coded bitstream based on the

residual image.

2. The method of claim 1 wherein the first image comprises a high dynamic range image with

a first dynamic range of at least 1,000 nits.

3. The method of claim 1, wherein the first color space comprises the IPT-PQ color space, the

YCbCr-PQ color space, or the YCbCr-gamma color space.
4. The method of claim 1, wherein the first transformation function comprises a spatial

downscaler to reduce the spatial resolution of the first image or a content mapper to reduce

the dynamic range of the first image.
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5. The method of claim 1, wherein the first transformation function comprises a spatial
downscaler and a content mapper to reduce both the spatial resolution and the dynamic range

of the first image.

6. The method of claim 1, wherein the second image is translated to a 4:2:0 format image

before being processed by the forward reshaping function.

7. The method of claim 1, wherein the encoder to generate the base layer bitstream comprises

an HEVC Main 10 encoder.

8. The method of claim 1, wherein the second transformation function comprises a spatial
upscaler to increase the spatial resolution of the restored image or a predictor to increase the

dynamic range of the restored image.

9. The method of claim 1, wherein the second transformation function comprises a spatial
upscaler and a predictor to increase the spatial resolution and the dynamic range of the

restored image.

10. The method of claim 1, further comprising:

generating with a decoder (135) a decoded image based on the base layer coded
bitstream(132); and

applying the decoded image to the backward reshaping function to generate the

restored image.

11. The method of claim 1, further comprising applying a non-linear quantizer and/or a
spatial downscaler to the residual image before generating the enhancement layer coded

bitstream.

12. The method of claim 1, further comprising generating bitstream metadata related to
parameters of at least one of the first transformation function, the forward reshaping function,
the backward reshaping function, or the second transformation function, and signaling
bitstream metadata to a decoder together with the base layer bitstream and the enhancement

layer coded bitstream.
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13. The method of claim 11, wherein parameters of the non-linear quantizer are determined
based on extreme minimum and maximum residual values in the residual image and one or

more prior and/or subsequent residual images in a sliding window.

14. The method of claim 11, wherein the sliding window is bounded by a previous scene

boundary and a future scene boundary.

15. The method of claim 13, wherein the parameters of the non-linear quantizer are based on
an average of minimum and maximum residual values in the residual image and the one or

more prior and/or subsequent residual images in the sliding window.

16. A method to decode a high dynamic range with a processor, the method comprising:

accessing with a processor a base layer (BL) coded bitstream, an enhancement layer
(EL) coded bitstream, and metadata received as part of the BL and EL coded bitstreams;

decoding the EL coded bitstream with a decoder (170) to generate an EL image (272)
with an EL spatial resolution;

decoding the BL coded bitstream with a decoder (135) to generate a BL image (237)
in a BL spatial resolution, a BL. dynamic range, and a BL. color space;

generating with a backward reshaping function (140) and the metadata a restored
image (242) based the BL image, wherein the restored image has a higher bit depth than the
BL image;

generating with a transformation function (145, 245) and the metadata a predicted
image based on the restored image, wherein the predicted image comprises the same spatial
resolution as the EL image, wherein the transformation function increases at least one of the
spatial resolution or the dynamic range of the restored image;

combining the predicted image and the EL image to generate an enhanced image,
wherein the enhanced image comprises at least one of a higher dynamic range or a spatial

resolution than the restored image.

17. The method of claim 16, wherein the decoder (135) to generate the BL image comprises

an HEVC Main 10 decoder.

18. The method of claim 16, wherein the transformation function comprises a spatial upscaler

to increase the spatial resolution of the restored image or a predictor to increase the dynamic
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range of the restored image.

19. The method of claim 16, wherein the transformation function comprises a spatial upscaler

and a predictor to increase the spatial resolution and the dynamic range of the restored image.
20. The method of claim 16, further comprising applying a non-linear dequantizer and/or an
upscaling function to the EL signal before combining it with the predicted image to generate

the enhanced image.

21. The method of claim 16, wherein the BL color space comprises the IPT-PQ color space,

the YCbCr-PQ color space, or the YCbCr-gamma space.

22. An apparatus comprising a processor and configured to perform any one of the methods

recited in claims 1-21.

23. A non-transitory computer-readable storage medium having stored thereon computer-

executable instruction for executing a method in accordance with any of the claims 1-21.
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