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DEVICE AND METHOD OF IMPROVING THE PERCEPTUAL LUMINANCE NONLINEARITY - BASED
IMAGE DATA EXCHANGE ACROSS DIFFERENT DISPLAY CAPABILITIES

CROSS-REPERENCE TU RELATED APPLICATIONS

{0881]  This application claims priority to U.8. Provisional Patent Application No.

61/567,579 filed 6 December 2011; U.S. Provisional Patent Application No. 51/674,503 filed
23 July 2012; and U.S, Provisional Patent Application No. 61/703,449 filed

20 Septernber 2012, all hereby incorporated by reference in entirety for all purposes.
TECHNGLOGY OF THE INVENTION

[0082} The present invention relales generally to image data. More particularly, an

embodiment of the present invention relates to perceptual nonlinearity-based image data
exchange across different display eapabilities.
BACKGROUND OF THE INVENTION

180603} Advances in technology aliow modern display designs o render image and video

content with significant improvements in vartous quality characteristics over the same content,
as rendered on less modern displays. For example, some more modern displays are capable of
rendering content with a dynamic range (DR} that is higher than the standard dynamie range
{SPR) of conventional or standard displays.

{66641 For example, some modern liguid crystal displays {L.CDs) have a lght unit (a
backlight unit, a side light unit, etc.) that provides a light field in which individual portions may
he modulated separately from modulation of the liquid crystal alignment states of the active
LCD elements. This dual modulation approach is extensible (e.g., to N-modulation {avers
wherein N cornprises an integer greater than two}, such as with controliable intervening layers
{e.g., multiple layers of individually controllable LCD layers) in an electro-optical
configuration of a display.

HEHRT In contrast, some existing displays have a significantly narrower dynamic range
{DR) than high dynamic range (HDR). Mobile devices, computer pads, game deviess,
television (TV} and computer monior apparatus that use typical cathode ray tube (CRT), Hauid
crystal display (LCD) with constant fluorescent white back lighting or plasma screen
technology may be constrained in their DR rendering capability {o approximately three orders
of maguitude. Such existing displays thus typify a standard dynamie range (SDR), sometimes
also referred to as "low' dynamic range” or "LDR," in relation to HDR.

{6066} Images captured by HDR cameras may have a scene-referred FIDR that is
significantly greater than dynamic ranges of most i not all display devices. Scene-referrad

HDR images may
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{6087}  comprise large amourts of data, and may be converted into post-production formats
{(e.g., HDMI video signals with 8 bit RGB, YCbCr, or deep color options; 1.5 Gbps SDI video
signals with a 10 bit 4:2:2 sampling rate; 3 Gbps SD with a 12 bit 4:4:4 or 10 hit 4:2:2
sampling rate; and other video or image formats} for facilitating transmission and storage.
Post-production images may comprise a much smaller dynamic range than that of
scene-reterved HDR images. Furthermore, as images are delivered to end users” display
devices for rendering, device-specific and/or manufacturer-specific mage transformations
occur along the way, causing large amounts of visually noticeable errors in rendered images in
comparison with the original scene-referred HODR tmages.

[6008]  The approaches describad in this section are approaches that could be pursued, but
not necessarily anproaches that have been previously conceived or purssed. Therefors, unless
otherwise indicated, it should wot be assurmed that any of the approaches described in this
section qualify as prior art merely by virtae of thefr inclusion in this section. Shmilarly, issues
identified with respect to one or more approaches shosld not assume 1o have been recognized

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

BRIEY DESCRIPTION OF THE DRAWINGS

{8085} The present invention is illustrated by way of example, and not by way of
timitation, in the figures of the accompanying drawings and in which like reference numerals
refer to similar elements and in which:

H0618]  FIGL 1 illustrates an example family of contrast sensitivity function curves that span
across a plurality of light adaptation levels, according to an example embodiment of the present
imvention;

{86141 FIG. 2 ilusirates an example integration path, according to an example
embodiment of the present tnvendion;

{8011} FIG. 3 illusirates an example gray scale display function, in accordance with an
example embodiment of the present invention;

{8032}

(3013 FIG. 4 illustrates a curve depicting Weber fractions, according to an example
embodiment of the present invention;

{6614} FIG. § illustrates an example framework of exchange image data with devices of
differant GEDFs, according to an example embodiment of the present invention;

{80815} FIG. 6 iltustrates an example conversion unit, according to an example embodiment
of the present invention;

IR FIG. 7 illustrate an example SDR display, according to an example embodiment of

the present invention;
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{017} FIG. 84 and FIG. 8B iHlustrate oxample process flows, according to an example
embodiment of the present invention;

G018} FIG. 9 illustrates an example hardware platform on which a computer or a
computing device as described herein may be tuplemented, according an example
embodiment of the present fnvention;

0419} FIG. 10A illustrates maximoums for code errors in units of INDs in a plurality of
code spaces cach with a different one of one of one or more different bit lengths, according to
some example embodiments;

{8820} FIG. 108 through FIG. 10F ithustrate distributions of code ervors, according to
some example embodiments; and

8021} FIG, 11 ithustrates vabues of parameters in a functional model, according to an

example embodiment,

DESCRIPTION OF EXAMPLE BMBODIMENIS

{8022} Example embodiments, which relate to perceptual luminance nonlinearity-based
tmage data exchange across displays of different capabilitics, are described herein. In the
following description, for the purposes of explanation, numerous specitic details are set forth in
order to provide a thorough understanding of the present invention. ft will be apparent,
howsver, that the present invention may be practiced without these specific details. Tn other
inatances, well-known structures and devices are not described in exbaustive detail, in order to

avoid unnecessarily occluding, obscuring, or obfuscating the present invention.

(8023} Example embodiments are described herein according to the following outline:
i. GENERAL GVERVIEW
2. CONTRAST SENSITIVITY FUNCTION (CSF) MODEL
3. PERCEPTUAL NONLINEARITY
4, DIGITAL CODE VALUES AND GRAY LEVELS
S. MODEL PARAMETERS
6. /ARIABLE SPATIAL FREQUENCIES
7. FUNCTIONAL MODELS
& EXCHANGE IMAGE DATA BASED ON REFERENCE GSDF
9. CONVERTING REFERENCE ENCODED IMAGE DATA
10, EXAMPLE PROCESS FLOWS
il IMPLEMENTATION MECHANISMS — HARDWARE
OVERVIEW
12. ENUMERATED EXAMPLE EMBODIMENTS, EQUIVALENTS,

EXTENSIONS, ALTERNATIVES AND MISCELLANECUS
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i. GENERAL OVERVIEW
{6024} This overview presents a basic description of some aspects of an embodiment of the
present invention. It should be noted that this overview is not an extensive or exhaustive
summary of aspects of the embodiment. Morcover, it should be noted that this overview is not
intended o be understood as identifying any particularly significant aspects or elements of the
embodiment, nor as delineating any scope of the embodiment in particular, nor the invention in
general, This overview merely presenis some concepts that relate o the example embodiment
in a condensed and stmplified format, and should be understond as merely a concepiual prefude
to & more detailed description of example embodiments that foliows below.
{60525} Human vision may not percaive a difference between two luminance values if the
two turninance values are not sufficiently different from each other. Instead, human vision
only perceives a difference ifthe luminance value differ no less than a just noticeable
difference (JND). Due to perceptual nonlingarity of human vision, the amounts of individual
MDD are not uniformly sized or scaled across a range of light lovels, but rather vary with
different individual light levels. In addition, due to the perceptual nonlinearity, the amounts of
individual INDs are not uniformly sized or scaled across a range of spatial frequencies at a
particular light level, but rather vary with different spatial frequencies below a cut-off spatial
frequency.
{0826} Encoded image data with huninance quantization steps of equal sizes or linearly
scaled sizes does not match with perceptual nonlinesrity of human vision. Encoded image data
with {uminance quantization steps at a fixed spatial frequency also does not match with
ereeptual nonlinearity of human vision. Under these techniques, when code words are
assigned to represent quantized fuminance vahues, too many code words may be distributed ina
particular region {e.g., the bright region} of the range of light igvels, while too few code words
moay be distributed in a different region {e.g., the dark region) of the range of light levels.
0271 in the overpopuiated region, a mulftitude of code words may not produce perceptual
differences, and are, for all practical purposes, thercfore wasted. In the underpopulated region,
two adiacent code words may produce a perceptual ditference much greater than a JIND, and
pussibly produces contour distortion (also known as banding) visual artifacts.
(8028} Under technigues as deseribed herein, a contrast sensitivity funetion (CSF) modet
may be used to determine FNDs across a wide range (e.g., 0 to 12,000 ed/m?) of light levels. In
an examnple embodiment, the peak JND as a function of spatial frequency at a particular light
tevel is selected to represent a quantwn of hurman perception at the particular ight level, The
selection of peak JNDs is in accord with the bebaviors of human vision that adapts to a
heightened level of visual perceptibility when a background of close but differcnt luminance
-4~
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values is being viewed, which is sometimes referred to in video and tmage display flelds as a
crispening effect and/or Whittle's Crispening effect and may be described herein as such.  As
used herein, the term “a light adaption level” may be used to refer to a light level at which a
{e.g., peak) JND is selected/determined, assuming that human vision is adapted to the light
level. Peak JMDk as described herein vary over spatial frequency at different light adaptation
levels,
{80291 As used herein, the term “spatial frequency” may refer {o a rate of spatial
modulation/variation in images (wherein rate is computed in relation to or over spatial
distance, in contrast to computing raie in relation to time). o contrast (o conventional
approaches that may fix spatial frequency at 3 specific value, the spatial frequency as deseribed
herein may vary, for example, in or over 4 range. I some embodimends, peak JNDs may be
Hmited within a particelar spatial freguency range {e.g., 0.1 to 5.0, 0.0} to 8.0 cycles/degrees,
or a smaller or larger range).
{68361 A reference gray scale display function (GSDF)} may be generated based on the CSF
model. In some embodiments, a very wide field of view is assumed for the C8F model for
gonerating & reference GSDF that better support entertainment display tields. The GSDF refers
to a set of reference digital code values {or reference code words), a set of reference gray levels
{or reference luminance values), and a mapping between the two sets. In an example
embodiment, each reference digital code value corresponds to a quantum of human perception,
as represented by a JINEX {e.g., a peak IND at a light adaptation level). Tn an example
embodiment, an equal number of reference digital code values may correspond fo a quantum of
human perception.
0631} The GSDY may be obtained by accurnulating JNDs from an initial value. Inan
example embodiment, a middle code word value {e.g., 2048 for a 12-bit code space) is given as
an nitial value (o a reference digital code. The initial value of the reference digital code may
correspond to an initial reference gray level (e.g., 100 ed/m®). Other reference gray levels for
other values of the reference digital code may be obtained by posttively accumudating (adding)
JNDs as the reference digital code is incremented one by one, and by negatively accumulating
(subtracting} JIND a3 the reference digital code is decremented one by one. i an example
embodiment, quantities such as contrast thresholds may be used in computing reference values
in the GSDF, in place of INDs. These quantities actually used in computation of a GSDF may
be defined as unitless ratios and may differ from corresponding JNDs only by kuown or
determinable multipliers, dividing factors and/or offsets.
{32 A code space may be selecied to include all reference digital code values in the
GSDF. In some embodiments, the code space in which all the reference digital code values
-5
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reside may be one of a 10-bit code space, an 11-bit code space, 8 12-bit code space, a 13-bit
code space, a 14-bit code space, a 15-bit code space, or a larger or smaller code space.
{6633} While a large code space (15 bits) may be used to host all reference digital code
values, o a particular embodiment, the most efficlent code space {e.g., 10 bits, 12 bits, eic) is
used to host all reference digital code values generated in a reference GSDF.
0834} The reference GSDF may be used to encode tmage data, for example, captured or
generated by HDR camoras, studio systems, or other systems with a scene-referred HDR that is
significantly greater than dynamic ranges of most i not ali display devices. The encoded
image data may be provided to downstream devices in a wide variety of distribution or
transmission methods (e.g., HEMI video signals with 8 bit RGB, YUbCr, or deep color
options; 1.5 Gbps SD video signals with a 10 bit 4:2:2 sampling rate; 3 Ghps 893 with a 12 bit
4:4:4 or 10 bit 4:2:2 sempling rate; and other video or image formats).
IEHIERY in some embodiments, because adjacent reference digital code valugs in the
referonce GSDF correspond to gray levels that are within a INI, details for which human
vision is capable of distinguishing may be completely or substantially preserved in the image
data encoded based on the reference GSDF. A display that fully supports the reference GSDF
may possibly render images with no banding or contour distortion artifacts.
{08361 Image data encoded based ou the reference GSDF {(or reference encoded image
data} may be used to support a wide variety of less capable displays that may not fully support
all reference luminance values in the reference GSDF. Because the reference encoded image
data comprises all the perceptual details in the supporied luminance range (which may be
designed to be a superset of what displays support), reference digital eode values may be
optimally and efficiently transcoded to display-specific digital code values in a way to preserve
as much details as a specific display is capable of supporting and to cause as few visually
noticeable errors as possible. Additionally and/or optionally, decontouring and dithering may
be performed in conjunction with, or as & part of, transcoding from reference digital code
valyes to display-specific digital code values to further improve image or video quality.
{8837} Technigues as described herein are not color-space dependent. They may be used
in a RGB color space, a YUbCr onlor space, or a different color space. Fusthermore,
techniques that derive reference values (e.g., reference digital code valuss and reference gray
levels) using JNDs which vary with spatial frequency may be applied (o a different channel
(e.g., one of red, green, and blue channels) other than a fuminance channel in a different color
space {e.g., RGB) which may or may not comprise a luminance channel.  For example,
reference biue values may be derived in place of reference gray levels using INDs which are
applicable to the blue color channel. Thus, in some embodiments, gray scale may be

-6 -



Lo 4]

fQ

-
(o4

£
Co?

V]
Lh

(sl
wn

substituted for color. Additionally and/or optionally, different CSF models may also be used
instead of Barter’s model. So may different model parameters be used for the same CSF
model.

{08385 in some embodiments, mechanisms as described herein form a part of a media
processing system, including, bui not imited to: a handheld device, game machine, television,
laptop computer, nethook computer, cellular radiotelephone, slectronic book reader, point of
sale terminal, desktop computer, computer workstation, computer kiosk, or various other kinds
of terminals and media processing units,

{86391 Various modifications to the preferred embodiments and the generic principles and

satures described herein will be readily apparent to those skilled in the art. Thus, the
disclosurs is not intended to be mited 1o the embodiments shown, but 18 {0 be accorded the
widest scope consistent with the principles and features described herein.
2. CONTRAST SENSITIVITY FUNCTION (CSF) MODEL
{38407 Human visual sensitivity for spatial structures in rendered images may be best
deseribed with contrast sensitivily functions {C8Fs}), which describe contrast sensitivity as
functions of spatial frequency (or rate of spatial modulation/variation in images as perceived by
a luman observer). As used hereln, contrast sensitivity, S, may be considered as a gain in
hurnan visual neural signal processing, while contrast thresholds, O, may be determined from
the inverse of the contrast sensitivity, for example:

Contrast-Sensitivity = § = 1y exprassion (1)

{3041} As used herein, the term “contrast threshold” may refer to, or relate to, a lowest
value (e.g., a just-noticeable difference} of (relative) contrast necessary for human eyes to
perceive a difference inn contrast; in some embodiments, contrast thresholds may also be
depicted as a function of the just-noticeable difference divided by the light adaptation level
across a range of fuminance values.

{6642} fn some embodiments, contrast thresholds may be divectly measured in
experiroents, without use of any CSF model. o some other embodiments, however, contrast
thresholds may be determined based on a CSF model. A CSF model may be built with a
number of model parameiers and may be used to derive a GSDF whose quantization steps in
gray levels depend on and vary with light levels chavacterized by luminance values and spatial
frequency. An example embodiment may be implemented based on one or more of 8 varisty of

CSF models such as those described in Peter G. ). Barten, Comtrast Sensitivity of the Fuman

Fve amd its Bifects on Image Cuadity (1999) therein after Barten®s model or Barten’s C8F

modely, or Scott Daly, Chapter 17 in Digital Images and Hyuman Vision, ed., by A. B. Watson,
MIT Press (1993} (hereinafier Daly’s model). fn relation to example embodiments of the
7.
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present invention, contrast thresholds used to generate a reference grayscale display fumetion
{GSDYF) may be derived experimentally, theoretically, with a CSF model, or a combination
thercof.
{00431 As used herein, a GSDF may refer to a mapping of a plurality of digital code values
{e.g, 1,2, 3, ..., N} to a plurality of gray levels (L, L, Ls, ..., L), in which the digital code
values represent index values of contrast thresholds and the gray levels correspond to the
conirast thresholds, as shown in TABLE L

TABLE 1

‘é}igami Code Value Gray Level (Laﬁééziﬁanéze Value)
i jroe—
g
-1 N
i 1
e
B L

{86441 In an embodiment, a gray level {e.g., L)) corresponding to a digital code value (e.g.,
iy and an adjacent gray level (g.g., Lir) may be computed in relation to a contrast {e.g., C(i)) as
foliows:
Cy =(Lwm— Ly Lin+ LY

={Li1 — Emeanld, 71 Limean(t, i+1)

= AL expression (2}
wherein C{i) represents a contrast for a huminance range that is bounded betwesn L; and Ly,
Lomean(d, i+1) comprise an artthmetic average or mean of the two adjacent gray levels L and L.
The contrast 1) is artthmetically related to 3 Weber fraction AL/L by a factor of two. Here,
Al represents (L — Li), and L represents one of Ly, Ly, or an intermediate value between L

and L.
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[6(45] fn soroe embodiments, a GSIDF generator may sef the contrast C(3) to a value equal,
ot otherwise proportional, fo a contrast threshold (e.g., Cr{i}) at a tursinance level L between L;
and L, inclusive, as follows:

Cay=k C© expression (3)
wherein i represents a multiplicative coustant. In relation to embodiments of the present
mvention, other deacriptive statistics/definitions {e.g., geometric mean, medium, mode,
variance, or standard deviation} andfor scaling (%2, x3, divided or multiplied by a scaling
factor, ete.} andlor offsetting (+1, 42, -1, -2, subtracted or added by an offset, ete.) and/or
weighting {e.g., assigning the two adjacent gray levels with the same or different weight
factors) may be used o relate contrast thresholds with contrasts for the purpose of computing
gray levels in a GSDF.
[B8046] As computed in expressions (1), (23 and (3}, conirasts or contrast thresholds may
comprise a refative value, and may thus comprise a unitless quantity {e.g., so S may also be
unitless).
{6047} A CSF model may be built up from basic contrast threshold measurements or
computations based on a CSF that depicts the CSF model. Human vision is unforfunately
complex, adaptive and nonlinear, so that the there is no single CSF curve that describes the
human vision. Instead, a family of CSF curves may he generaied based ona CSF model. Even
with the same CSF model, different values of model parameters produce different plots for the
family of CSF curves.
3. PERCEPTUAL NONLINEARITY
8048} FIG. 1 illusivates an example family of C8F curves that span across a plarality of
Hight adaptation levels. For the purpose of illustration ouly, the highest CSF curve depicted in
FIG. | is for a light adaptation level at a haminance value of 1000 candelas per squars mster
{ed/i® or 'nits”), and the other decreasing height curves are for light adaptation levels at
decreasing luminance values with successive faciors of 10 reductions. Notable features
readable from the CSF curves are that with increasing luminance (increasing light adaptation
levels), the overall contrast sensitivily including the maximum (or peak) contrast sensitivify
increases. The peak spatial frequency at which the contrast sensitivity peaks on the CSF curves
in FIG. 1 shifls to higher spatial frequencies. Stmilarly, the max perceptible spatial frequency
{cut-off frequency) on the CB¥ curves, which is the interception of the CSF curves with the
horizontal {spatial frequency) axis, also increases.
{36491 in an example embodiment, a C8F function that gives rise to a famuly of CSF curves
as itlustrated in FIG. 1 may be derived with the Barten’s USF model, which takes into account

e
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a number of key effects relating to human perception. An example CSF, Sy, (or the inverse of
the corresponding contrast threshold, m,) under the Barten’s CSF model may be computed as

shown in Expression (4), below.

";( e. — . ?d}k v expressioﬂ (‘4}
B €7 T OO £
o s AV N
: i H B {j}(}
i [ --{A,,’a,,\?
¥ e /i\,\_azg.} DR P A )

The example model parameters used in expression {4} above comprise the representations
fisted below:

o 2 {the pumeric factor) corresponds to binocular vision (4 if monocular);

o krepresents a signal/noiss ratio, for example, 3.0;

o T'represents an integration time of the eye, for example, 0.1 sscond;

o X represenis an angular size of obiect (s.g., in a square shape};

K vepresents 8 maximurn angular size of the integration area of the eye (e.g.,

i

9}

12degrees);

O Ny ropresenis & maximum number of oycles that are accumulated via
probability summation, e.g., 15 cyeles;

o represents a quardum efficiency of the eye, e.g., .03;

o prrepresemis a photon conversion factor;

o Frepresents a retinal lluminance, for example, in Troland units;

o @y represents a spectral density of neural noise, e.g., 3x107® second * degrees’;
and

o wugrepresents a maximum spatial frequency for lateral inhibition, ez, 7
cycles/degrees.

The optical modulation transter function, M., may be given as follows:

2

w g expression (5}

where o represents a model parameter related to pupil and/or light level,

EEESSH Barten’s CSF model as discussed above may be used to describe percepiual
nonlinearity relative to luminance. Other CSF models may also be used to describe perceptual
nondinearity. For example, Barten’s CSF model does not account for the offect of
accommodation, which causes a lowering of the cut-off spatial frequency in the high spatial
frequency region of the CSF. This lowering effect due 1o accommaodation may be expressed as
a function of decreasing viewing distance.

{00511 For example, for viewing distances over 1.5 meters, the maximum cutoff spatial

- 10 -



b2
o]

N2
N

30

Ls2
(31

frequency as depicted by Barten’s CSF model may be achieved, without affecting the
effectiveness of Barten’s model as an appropriate model to describe perceptual nonlinearity.
However, for distances less than 1.5 meters, the effect of accommadation staris fo become
significant, reducing the accuracy of Barten’s model.

(8852 Thus, for tablet displays, which have closer viewing distances, such as 0.5 meter,
and smariphones, which can have viewing distances as close as 0,125 meter, Barten’s CSF
model may not be optimally tuned.

{053} in soine emnbodiments, Daly’s CSF model, which takes into account the
accoromodation effect, may be used. In a particular embodiment, Daly’s CSF model may be
constructed in part based on Barten’s CSF, Sy, in expression {4} above, for example, by
modifying the optical modulation transfor function, Moy, in expression (5},

4, DIGITAL CODE VALUES AND GRAY LEVELS

{80541 A GSDF as illustrated in TABLE { maps perceptua nonlinearity using the digital
code values to represent gray levels tied to contrast thresholds in human vision. The gray levels
which comprise all the mapped luminance values may be distributed in such a way that they are
optimally spaced to mateh the perceptus! nonlinearity of human vision.

{8855} in some embodiments, when the maximum number of gray levels in a GSDF are
sufticiently large relative to the maxinum range of luminance valves, digital code values inthe
GSDF may be used in a way to achieve the lowest number {e.g., below a total of 4096 digital
code values) of pray levels without causing the visibility of the gray level step transition {e.g..
visible as a false contour or band in an image; or a color shift in dark regions of an bnage).
§8836} In some other embodiments, a limited number of digital code values may still be
used to represent a wide dynamic range of gray levels. For example, when the maximum
number of grayscale tevels in a GSDF are not sufficiently large relstive to the maximum range
of the grayscale levels {e.g., digital code values in an §-bit representation with the range of
grayscale levels from (1o 12,000 nits), the GSDF may still be used jn a way to achieve the
fowest number (e.g., below a total of 2536 digital code values) of gray levels to reduce or
minimize the visibility of the gray level step transition. With such a GSDF, amounts/degrees of
perceptible errors/antifacts of the step transition mway be evenly distributed throughout the
hierarchy of a relatively fow mumber of gray lovels in the GSDF. As used herein, the ferm
“orayseale level” or “gray level” may be used interchangeably, and may refer to a represented
furninance value (8 quantized luminance value represented in a GSDE).

R Gray levels in a GSDF may be derived by stacking or integrating contrast
thresholds across light adaptation levels (at different laminance values). In some
smbodiments, quantization steps betwveen gray levels may be so chosen that a quantization sfep

11 -



10

15

20

N2
(o

36

isd
L

between any two adjacent gray levels lands within 2 IND. A contrast threshold at a particular
light adaptation level (or luminance vahwe) may be no more than the just-noticeable ditference
{IINEY) at that particular adaptation level. Gray levels may be derived by integrating or stacking
fractions of contrast thresholds (or INDs). In some embodiments, the number of digital code
vaiues is more than sefficient to represent ali the JNDs in the represented dynamic range of
luminance.

[GO58] Contrast thresholds, or inversely contrast sensitivities, that are used to compute
grayscale fovels may be sclected from a CSF curve at a different spatial frequency other than a
fixed spatial frequency for a particular light adapiation level (or luminance value). In some
embodiments, each of the contrast thresholds is selected from a C8F curve at a spatial
frequency that corresponds to a peak contrast sensitivity {e.g., dus to Whittle's crispening
sffect} for a light adaptation level. fn addition, contrast thresholds may be selected from CSF
curves at different spatial frequencies for difforent light adaptation levels,

{59 An example exprassion o compute/stack the gray levels in the GSDF is as follows:

expression {63

SND =] ES

TN

s Ay

where frepresents the spatial frequency, which may be other than a fixed number under
technigues as described herelny; and 74 reprasents the lght adaptation fevel, L, may be the

49

fowest luminance valie i all the mapped gray levels. As used herain, the term "Nit" or its
abbreviation "nt" may relate or vefer, synonymously or interchangeably, to a unit of image
intensity, brighiness, luma and/or luminance that is eguivalent or equal to one {1} candela per
sguare meter {1 Nit = ] nt= | cd./'mz). Inn some embodiments, L, may comprise a value of
zero. In some other embodiments, L., may comprise a non-zero value {o.g., a cartain dark
black level, 107 nit, 107 nit, etc., which may be lower than what display devices are generally
able to achieve). In some embodiments, L., may be replaced with other than a minimum
initial value, such as an intermediate vahue, or 3 maxinum value, which allows stacking
computations with subtraction or negative addition.

(6068} in some embodiments, stacking of the INDs to derive gray levels in a GSDF is
performed by summation, for example, as shown in expression (6}, In some other
erbodiments, an integral may be osed in place of the discrete summation. The integral may
integrate along an iniegration path determined from a CSF {e.g., expression (4)). For example,
the integration path may comprise peak contrast sensitivities (e.g., different peak sensitivities
corresponding to different spatial frequencies) for all Hght adaptation levels in a (reference)

dynamic range for the C8F.
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{6061} As used berein, an integration path may refer to a visible dynamic ranges (VDR)
curve used 1o represent human perceptual nonlinearity and {o establish a mapping between a set
of digital code values and a set of reference gray levels {quantized lurminance values). The
mapping may be reqaired to meet the criteria that each quantization step (.g., the luminance
difference of two adjacent gray levels in TABLE 1) be less than the JNDs above or below a
corresponding light adaptation level (Juminance value}. The instantaneous derivative (in units
of nit/spatial-cycle) of the integration path at g particular light adaptation level (huminance
value) is proportional to the IND at the particular adaptation level. As used herein, the term
YR or “visual dynamic range” may refer a dynamic range wider than a standard dynamic
range, and may include, but is not limited to, a wide dynamie range up to the instantanscusly
perceivable dynamic range and color gamut which human vision can perceive at ap instant.
B Hased on technigues as described herein, a reference GSDF that is independent of
any specific displays or image processing devices yay be doveloped. In some embodiments,
one or more mode] parameters other than light adaptation level (lumminance), spatial frequency,
and angular size may be set to constant {(or fixed} values.
5. MODEL PARAMETERS
{B63] In some embodiments, the CSF modol is constructed with conservative model
parameter values that cover a broad range of display devices. The use of the conservative
model pararneter values provides smaller JNDs than existing standard GSDFs. Accordingly, in
some enmbodiments, the reference GSDF under the techniques described herein is capable of
supporting larminance values with a high precision that exceeds the requirerents of these
display devices.
{6064] In some embodiments, model parameters as describad hergin include a
field-of-vision (FOV) parameter. The FOV parameter may be set to a value of 45 degrees, 40
degrees, 35 degrees, 30 degrees, 25 degrees, or another larger or smaller value that supports a
wide range of display devices and viewing scenarios including those used in studios, theaters or
high-end entertainment systems,
[6065) tadel parameters as deseribed herein may include an angular size parameter,
which may relate for example to a field of view. The angular size parameter may be setio g
value of 45 degrees x 45 degrees, 40 degrees x 40 degrees, 35 degrees x 35 degrees, 30 degrees
x 3} degrees, 25 degr 25 degrees, or another larger or smaller value that supports a wide
range of display devices and viewing scenarios. In some embodiments, the angular size
paramefer used in part to derive the reference GSDF is set to » degress x a1 degrees, where
sither of » and m may be a numeric value between 30 and 440, and » and & may or may not be
equal.
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{80661 In some embodiments, a larger anpular size {e.g., 40 degrees x 40 degrees) is used
to produce a referonce GSDF with a greater number of grayscale levels and thas more contrast
sensitivity. The GSDF may be used to suppott a wide range of viewing and/or displaying
scenarios {(e.g., large scresn video displays) which may require a wide viewing angle of ~30 (o
40 degrees. The GSDF having an increased sensitivity due to the selection of large angular sive
may also be used to support highly variable viewing and/or displaying scenarios (e.g.,
cinemas). [t is possible to select even larger angular sizes; however, raising the angular size
significantly above a certain angular size (e.g., 40 degrees) may produce relatively Himited
marginal benafits,
(8067} In some embodiments, 8 reference GRDF model covers a large luminance range.
For example, gray ieveisj or guantized luminance values, that sre represented b} the reference
GSOF model ranges from 0 or approximately § (e.g., 107 cd/m™) to 12,000 cd/m®. The lower
bound of the represemed luminance values in the raference GSDF model may be 107 ed/m?, or
a lower or higher value (e.g., 0, 107, 10%, 10° ed/m®, ete.). The GSDF may be used fo support
a wide range of viewing and/or displaving scenarios with different ambient light levels. The
GSDF may be used to support a wide range of display devices with different dark black levels
(in theaters, fudoor, or outdoor).
6068} The upper bound of the represented luminance values in the reference GEDF model
may be 12,000 cd/m?, or a lower or higher value {e.g., 6000-8000, B000-10004, 10000-12000,
[2000-15000 cd/m’, ote.). The GSDF may be used to support 2 wide range of viewing and/or
displaying scenarios with high dynamic ranges. The GSDF may be used to support a wide
range of display devices with different maximun luminance levels (HDBR TVs, SDR displays,
{aptops, tablets, handbeld devices, cte.).
6. VARIABLE SPATIAL FREGUENCIES
[B069] FIG. 2 lustrates an example integration path {(denoted as VIIR) that may be used as
an integration path for obtaining gray levels in a reference GSDF as described herein, in
accordance with an example embodiment of the present invention. {n embodiments, the VIR
curve is used to accurately capture the peak contrast sensitivity of human vision over g high
dynanic range of luminance values.
[B078] As lustrated in FIG. 2, peak conirast sensitivities do not oceur at 2 fixed spatial
frequency value, but rather cocur at smaller spatial frequencies as hight adaptetion levels
{luminance vahies) drop. This means that techniques {e.g., DICOM) with a fixed spatial
frequency may significantly onderestimate contrast sensitivities of human vision for the dark
light adaptation levels (low luminance values). Lower contrast sensitivities give rise fo higher
contrast thresholds, resulting in larger quantization step sizes in quantized luminance values,
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3571} Unlike the Digital fmaging and Compumications in Medicine (DICOM) standard, a
VIR curve under fechniques as described herein does not fix the spatial frequency mode}
parameter at a fixed value such as 4 cycles per degree. Rather, the VDR curve varies with the
spatial frequency and accurately captures the peak contrast sensitivities of human vision ata
plurality of light adapiation levels. The VIR curve properly takes info account the crispening
effect due to human vision’s adaptability to a wide range of light adaptation levels, and helps
generate 8 high-precision reference GSDF. Here, the term “high-precision” means that
pereeptual errors due to quantization of luminance values are removed or substantially reduced
based on a reference GEDF that bast and most efficiently captures human visual noniinegarity
within the constraint of a fixed size code space {e.g., one of 1§ bits, 12 bits, gic.}.

080721 A computation process may be used to caloulate gray levels in the reference GEDF
{e.g., TABLE 1). Inancxample embodiment, the computation process is fterative o7 recursive,
repeatedly determines the contrast thresholds (or modulation threshold, for example, »; 0
expression 43 from the VDR curve, and applies the contrast thresholds to obtain successive
gray levels in the reference GSDF. This computation process may be implemented with the

5 ino exnreasiong 7}
foltowing expressions {7}

L. L. , Cim f—m
_ max rain oy~ _ ! . . ! .
=T 7 s00 Ly =4 and L, =1, T expressions (7}
Fasax T Hinin L, B

where j-/, j and j+/ represont indexes to three adjacent digital code values; Ly, Lrand Ly
correspond to gray levels to which the digital code values j-7, j and j+/ are mapped,
respectively. Ly and Lo, respeetfidly represent maximuom heninance valoe and minimum
furninance vahse across a INEY or g fraction of a JND. Using 8 IND or a fraction thergof
maintains the high precision of the reference GSDIF.

{86731 The contrast threshold m, associated with the IND may be defined as a relative
gquantity, e.g., a difference between Ly and Luin, as divided by a particular luminance value of
either Ly 0F L, O I between Lo,y and Ly, (2.8, an averags of L, and L), i some
embodiments, m, may be alternatively defined as the difference betwean Lo and Lpu, a5
divided by a multiplier {e.g., 2) of a particular luminance valve of either L 07 L, o it
between Dy and Ly, b quantizing luminance values in a GSDF o a plurality of gray levels,
Ly A Lyse may refer to adjacent gray levels in the plurality of gray levels. As a result, {; may
be related to £y, and Ly, through my, respectively, as shown in expression (7).

{8874 in alternative embodiments, instead of using linear expressions as illustrated in
expression {7}, non-linear expression may be used to relate INDs or contrast thresholds with
gray levels. For example, an alternative expression based on the standard deviation divided by
the mean may be nsed in place of a simple ratio for the contrast threshold as iHustrated,
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LEERY: In some embodiments, a reference GSDIF covers a range of U to 12,000 cd/m? with
digital code values represented as [2-bit integer value. To Rurther improve the precision of the
reference GSDF, m, may be multiplied with a fraction value /7 Furthermiore, a center digital
value L2048 (note that the digital code values are at least limited to 0 and 4096 ag in a 12-bit
code space that is compatible with ST} may be mapped to 100cd/m’, Expression (7) may

yield the following expressions (8): ) .
I+ *m, =

. 1O ] = __‘__~‘ . 1 . B ,
w0as !{)dej 7 I’JH LA i f " and = 11 - f‘* EXPrEssion (5}
wherein the fraction value fis set to 0. o1 isi"’" in the example embod;mcnt the minimum

allowed value for the digital codes is set o code waord (or integer value) 16 isset to § {ed/m).
The second fowest digital code value 17 ends up at 5.27x107 ed/m®, while the digital code
vahse 4076 onds up at 12,000 ed/m™.

16076} FIG. 3 ilhustrates an example GSDF that maps between a plurality of gray lovsls (in
fogarithmic tuminance values) and a plurality of digital code values tn a 12-bit code space, in
accordance with an example embodiment of the present invention.

{88771 FIG. 4 iHostrates a curve depicting Weber fractions (Delta L/L, or AL/L) based on
gray levels of the example GEDF of FIG. 3. Perceptual nonlinearity of human vision as
illustrated by FIG. 4 is represented as g funciion of luminance values on a logarithmic
luminance axis. Comparable visual differences {e.g., INDs} of human vision correspond to
farger Delta /L values at lower luminance values. The curve of Weber fractions asymptoies to
a constant value for high luminance values (e.g., a Weber fraction of .002 where Webser’s law
is met at higher luminance valoes).

7. FUNCTIONAL MODELS

[QU781 One or more analylical functions may be used to obtain a mapping between digital
code values and gray levels in a GSDF (reference GSDF or device-specific GSDF) as
described herein. The one or more analytical functions may be proprietary, standard-based, or
extensions {rom standard-based functions. In some embodiments, a GSDF generator (e.g., 504
of Fi. 5) may generaie a GSDF in the form of one or more forward look-up tables (LUTs)
and/or one or more inverse LUTs based on the one or more analytical functions {or formulas).
At least some of these LUTs may be provided to a variety of image data codees (e.g., 506 of
FIG. 8) or a wide variety of display device to be used in converting belween reference gray
lavels and reference digital code levels for the purpose of encoding reference image data.
Additionally, optionally, or altermatively, at least some of the analytical functions (with their
coefficients in integer or floating point representations) may be directly provided to image data
codecs or a wide variety of display device to be used in obtaining mappings between digital
code values and gray levels ina GSDF as described herein and/or converting between gray
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levels and digital code levels for the purpose of encoding image data.
078} In some embodiments, analytical functions as described herein comprise a forward
b2}

function that roay be used to predict a digital code value based on a corresponding gray level, as

follows:

expression {9)

where I vepresenis a (e.g., 12 bit) value of digital code, L ropresents a luminance value or gray
level in nits, 2 may represent & slope in a middle section of a logliogl curve as given by
expression (@), m may represent the sharpoess of the knee ofthe loglilogl curve, and el e
and ©3 may define the end and middie poinis of the logiViogl. curve.
808G} In some embodimenis, the analytical functions comprise an inverse function that
corresponds to the forward function in expression () and may be used to predict a luminance
value based on a corresponding digital code value, as follows:

[ phe

L= L——(—‘/— expression {10}

{0, =0y oy i}
{6081} Digital code values predicted based on a plorality of luminance valoes using
expression {9) may be compared with observed digital code values. The observed digitai code
values may be, but are not {imited only fo any of, numeric caleulation based on a C8F model as
previously discussed, In an embodiment, a deviation between the predicted digital code values
and the observed digital code values may be computed and minimized to derive optimal values
of the parameters », m, ¢4, ¢z, and ¢; in expression {9}
{8082} Likewise, luminance values predicted based on a plurality of digitsl code values
using expression { [0} may be compared with observed fuminance values. The observed
luminance values may, but are not Himited fo, be generated using numeric computations based
on a CSF model as previousty discussed, or using human visual experimentation data. In an
ernbodiment, the deviation between the predicted luminance values and the observe
fuminance values may be derived as a function of the parameters 5, 1, 04, ¢z, and ¢z and
minimized to derive optimal values of the parameters n, m, ¢4, €2, and ¢z tn expression (10).
{6083} A set of optimal values of the paramsters n, m, ¢4, o, and o3 as determined with
expression (9) may or may not be the same as a set of optirnal values of the parameters w, m, ¢4,
oz, and ¢ as determingd with expression {103, Iy case of differences betwesn the two sets, one
or both of the two sets may be used o generaie a mapping betwaen digital code values and
fuminance values, In some embodiments, the two sets of optimal valees of the paramsters », m,

¢ 03, and o3, i different, may be harmonized, for example, based on minimization of round
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{rip errors, which are introduced by performing both forward and inverse coding operations
with both expressions (9) and (10). In some embodiments, muliiple round frips may be made to
study resultant errors in digital code values and/or in fJuminance values or gray levels, In some
embodiments, selection of the parameters in expressions {9} and (10} ruay be based at least in
part on a eriterion that no significant error occurs in one, two, or mare round trips. Examples of
no significant round trip errors mey include, but are not limited only to any of, errors smaller
than .0001%, 0.001%, 0.01%, 0.1%9%, 1%, 2%, or other configurable values.
13384] Entbodimentis include using 2 code space of one of one or more different bit lengths
to represent digital conirol values. Optimized values of the parameters in expressions (8} and
{10 roay be obtained for each of a plurabity of code spaces sach with a different one of one of
one or more different bit lengths. Based on the optimized values of expressions (9) and {10,
distributions of code emors {e.g., forward transformation errors, Inverse transformation errors
or round irip ercors in digital code values based on expressions (93 and {10)) may be
determined. In some embodiments, a numeric difference of ong (1) in two digital code values
corresponds {e a contrast threshold (or corresponds 1o a IND) at a light ievel between two
luminance values represented by the two digital code values. FIG. 10A illustrates maximuros
for code errors in units of JINDs in a pluralify of code spaces each with a different one of one of
one or more different precisions (with different bit lengths), according to some example
embodiments. For example, based on functional models as described herein, the maximum
code ervor for a code space of infinite or unlimited bit length is 11.252. In comparison, based
on a functional mode! as described herein, the maximum eode ervor for a code space of a 12 bit
fength {or 4096} is 11,298, This indicates that a code space of a 12 bit leogth for digital code
values is an excellent choice with a functional mode] as represented by expressions (9) and
{10).
{80851 FIG. 108 illustrates a distribution of code ervors for a code space of the 12 bit length
{or 4046} with a forward ransformation (from luminance values to digital code values) as
specified by expression (9), according o an example embodiment, FIG. 100 illusirates a
distribution of code errors for a code space of the 12 bit length {or 4098} with & backward
transformation (from digital code valuss to luminance vaiues) as specified by expression (10),
according to an example embodiment. Both FIG, 10B and FIG. 10C indicate maximum code
errors of less than 12.5
{3086} FIG, 11 Hlustrates values of parameters that may be used in expressions (9} and
{10}, aceording 1o an example embodiment. In some embodiments, as illustrated,
integer-based formulas may be used to represent/approximate these non-integer values in a
specific implementation of a functional model as described herein. in some other
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embodiments, fixed point, floating point values with one of ong or more precisions (2.g., 14-,
16-, or 32 bits) may be used to represent these non-integer values in a specific implernentation
of a functional model as described herein.
L Embodiments include using a functional model with formulas other than those
{which may be tone-mapping curves) given in expressions (9) and (10}, For example, a cone
modet with a Naka-Rushton formula as follows may be vsed by a functional model as
described hereinu

e

Ly = L35~ - } expression {11}

‘ol

wherein L represent luminance valoes, n, m and ¢ represent model parameters in association
with the cone model, and, I, represents predicted values that may be encoded with digital
code values. Similar methods of obtaining model parameters through minimizing deviations
may be used to derive optimal values of the model pararoeters for expression (11). FIG. 10D
illustrates a disiribution of code errors for a code space of the 12 bit length {or 4096) with a
forward transformation {from luminance values to digital code vahies) as specified by
expression {(11), according to an exarple embodiment. In an embodiment, the maximum code
error as Hustrated in FIG. 10D is 25 INDs.
{BO8E] Tn another example, a functional model may be generated with a Raised ma
formula as follows:
3.2
. (i

y= {i + ﬂ)lc expression {12}
wherein x represents fuminance values, and y represents predicted digital code values, An
optimal value of the model parameter g may be obtained through minimizing deviations. FIG.
10F itiustrates a distribution of code errars for a code space of the 12 bit fength {or 4096} with
a forward transformation (from fuminance values to digital code values) as specified by
expression {12}, according 1o an exanple embodiment. In an ersbodiment, the maxirum code
error as tlustrated in FIG. 10D s {7 JiNDs.
{6089} As tlustrated herein, in some embodiments, a functional model may be used to
predict code values from luminance values or predict luminavee values from code values.
Formulas used by the functional model may be fnvertible. Same or similar processing logic
may be implemented to peeform forward and inverse transformation between these valuegs. In
some embodiments, model parameters including but not limited only to any of exponenis may
be represented by fixed-point values or integer-based formulas. Thus, at least a part of the
processing logic may be efficiently implemented in hardware only, software only, or a
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comibination of hardware and software. Similarly, at least a part of LUTs generated with the
fimctional model or model formulas (such as expressions (9) through (12)) may be efficiently
implemented in hardware only, software only, or a combination of hardware and software
(ncluding ASIC or FPGA). In some embodiments, one, two, or more functional models may
be implemented in a single computing device, a configuration of multiple computing devices, a
server, etc. it some embodiments, errors in predicted code values may be within 14 code
values of target or observed values over a full range of visible dynamiiec range of fuminancs
values. In some embodiments, this holds true for both forvard and Inverse transformations.
Same or different sets of moode! parameters may be used in forward and inverse
transtormations. Round-trip accuracy may be maximized with optimal values of the mode}
parameters. Different code spaces may be used. In particular embodiment a code space of 12
bit Tengih (4096) may be used to host digital code vahies with minimal code errors across the
full range of visible dynamic range,
] As usad hereln, a reference GSDF may refer to a GSDF comprising reference
digital code vahies and reference gray levels as related under a funetional mode! {the model
parameters of which may be determined with target or observed values under a CSF model), as
determined with numeric computations {(e.g., without determining any functional
representation of a mapping between digital code valogs and luminance values) based ona C8F
model, or as determined with data from human visual studies. In some embodinents, a device
GSDF may also comprise a mapping between digital code values and gray levels that may be
analytically represented with a functional model as described herain,
8. EXCHANGE IMAGE DATA BASED ON REFERENCE GSDF
{0891 ] For the purpose of illustration, it has been described that digital code values reside
in a 12 bit code space. The present invention, however, is not so limited. Digtial code values
with different code spaces {e.g., different bit depths other than 12 bits) may be used ina
reference GSDF. For example, 10 bit integer values may be used o represend digital codes.
Insicad of mapping a digital code value 4076 to a luminanee value 12000 od/m? ina 12-bit
representation of digital codes, a digital code value 1019 may be mapped fo the lunminance
valee 12000 od/m” in a 10-bit representation of digital codes. Thus, these and other variations
in code spaces (bit depths) may be used for digital code values in a reference GSDF,
6892} The reference GSDF may be used to exchange image data across different GSDFs
which may be individually designed for each tvpe of image acquisition device or image
rendering device. Forexample, a GSDF implemented with a specitic type of mage acquisition
devics or timage rendering device may implicitly or explicitly depend on model paramcters that
do not match model parameters of a standard GSDF or a device-specific GSDF with ancther
-0 -
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type of image acquisition device or image rendering device.

{80934 A reference GSDF may correspond o curve shapes as depicted tn FIG. 3 and FIG.
4. Generally spesking, the shapes of GSDFs depend on parameters used to derive or design the
(3DFs, Hence, areference GSDF deponds on a reference CSF mwodel and reference moded
parareters used {0 generale the reference GSDF from the reference CSF model. The curve
shape of a device-specitic GEDF depends on the specific device, including display parameters
and viewing conditions if the specific device is a display.
{08941 In an exampic;—‘-\ a display whose supported range of luminance values is linvted to
less than 500 cd/m” may not experience the incresse in slope at a high luminance value region
{which nccurs when the human vision shifts to a logarithmic behavior for alf frequencies) as
shown in FIG. 3. Driving the display with a curve shape of FIG. 3 may lead to nonoptimal
{e.g., suboptimal} allocation of gray levels, with too many gray lovels allocated in the bright

'egim 18, and not encugh allocated in the dark regions.

[nges] in another example, 2 low contrast display is designed fo be usad outdoors in
various daylight conditions. The display’s luminance range may cccur largely or almost

entirely in the log behavior region of FIG. 3. Diriving this low contrast displsy with a curve
shape of FIG. 3 may also lead to nonoptimal {suboptimal) alfocation of gray levels, with too
many gray levels allocated in the dadk vegions, and not enough allocated in the bright repions.
HEHRY Under technigues as described herem, each display may use its specific GSIF
{dependent on not only the display parameters, bt also on the viewing conditions which, for
example, affect the actual black level} to optimmally support perceptual information in image
iata encoded wilh a reference GSDF. The reference GSDF is used by one or morg upstream
(e.g., encoding} devices for the overall encoding of image data fo preserve perceptual details as
much as possible. The image data encoded in the reference GSDF is then delivered to one or
more downstream {e.2., decoding) devices, In an example embodiment, encoding of image
data based on the reforence GSDF is independont of specific devices that are to subsequently
decode and/or render the image data.

.

{88971 Each device (e.g., display) has its specific GSDF whers device-specific gray levels
are supported/optimizad. The specific gray levels may be known to the maker of the display, or
may have been specifically designed by the maker to support the device-specific GSDF (which
may or may not be standard based). The line driver of the device may be implemented with
quantized Juminance valoes specific to the device. Optimization may be bast done for the
device based on the guantized luminanee values specific to the devies. Additionally, the dark
black level {s.g., the lowest device-specific gray level), which may be used as the lower bound
o of device-specific gray levels, may be set based in part on the present ambient light
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level and/or the device’s optical reflectivity (which may be known 1o the maker). Once the
dark black level is 50 set, device-specific gray levels may be obtained or set by implicitly or
explicitly accumulating (e.z., stacking/integrating) quantization steps in the line driver of the
device. The derivation and/or adjustment of gray levels may or may not be done at runtime
when the device is conmuvently rendering troages.
{6098} Thus, under techniques as described herein, embodiments of the present invention
say include, but are not Himited only to, encoding image data with a reference GSDF and
decoding and rendering the imags data with a display-specific GSDF.
{6099} Technigues as desoribed herein may be used to exchange image dafa across a
variety of devices with different GSDFs. FIG. S illustrates an exarople framework (300} of
exchange Image data with deviges of different GSDFs, in accordance with an example
embodiment of the present invention. As illustrated fn FIG. 5, an adaptive C8F model (502)
may be used to generate a reference GSIF (504). The term “adaptive” may refer to the
adaptability of a CSF model to human visual nonlinearity and behaviors. The adaptive CSF
mode} may be built based at least in part on a phurality of CSF parameters (or model
parameters). The plurality of model parameters include, for example, light adaptation level,
display area in degree width, noise lovel, accommmodation {physical viewing distance},
luminance or color modulation vector {which may be, for example, related to test images or
tmage patterns used in the adaptive CSF model {(5023).
[88108] Ao upstream (e.g., encoding) device may recetve image daia to be encoded with the
reforence GSDF (504) before the image data or iis derivative is transmitted or distributed fo
downstream {e.g., decoding) devices., The image data 1o be encoded may initially be in any of
a phurality of formats (standard based, proprietary, extension thereof, etc.) and/or may be
derived from any of a plurality of image sources {camera, image server, tangible niedia, efe. ).
Exarnples of irage data to be encoded include, but are not limited only fo, raw or other high
bit-depth image(s) 530. The raw or other high bit-depth image(s) may come from a camera, a
studio system, an art divector system, another upstrear jmage processing system, an image
server, a content database, etc. The image data may include, but is not limited only to, that of
digital photos, video image frames, 3D images, non-312 tmages, cornputer-generated graphics,
etc. The image data may comprise scene-referred images, device-referred images, or mages
with various dynamic ranges. Examples of image data to be encoded may include a
high-guality version of original images that are to be edited, down-sampled, and/or
compressed, along with metadata, into a coded bilstream for distribution to image receiving
systems (downstream image processing system such as displays of various makers). The raw
or other high bit-depth image(s) may be of a high sampling rate used by a professional, an art
-7 -
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studin, a broadeast company, a high-end media production entity, efc. Image data to be
encoded may also be in whole or in part computer generated, or may even be obtaived based in
whole or in part from existing image sources such as old movies and documentaries,
{883101]  As used herein, the phrase “image data to be cncoded” may refer to image data of
one or more images; the image data to be encoded may comprise floating-point or fixed-point
image data, and may be in any color space. In an example embodiment, the one or more
images may in an RGH color space. In another example embodiment, the one or more Images
may be ina YUV color space. In an example, sach pixel in an image as described herein
comprises floating-point pixel values for alf channels {e.g., red, green, and blue color channels
ins the RGEB color space) defined inthe color space. In another example, each pixel in an image
as deseribed herein comprises fixed-point pixel values for all channels (e.g., 16 bits or
higher/lower numbers of bits fixed-point pixel values for red, green, and blue color channels in
the RGB color space} defined in the color space. Each pixel may optionally and/or
alternatively comprise downsampled pixel values for one or more of the channels in the color
space.
181607 I some embodiments, in response to receiving the image data to be encoded, an
upstream device in the framework (500) maps luminance values as specified by or determined
from the image data to reference digital code values in the reference GSDF, and generates,
based on the image data 1o be envoded, reference encoded image data encoded with the
reference digital code values. The mapping operation, from the luminance values based on the
image data to be encoded o the reference digital code values, may inchude selecting reference
digital code values whose corresponding reference gray levels {e.g., as shown in TABLE 1}
mateh, or approximate as closely as any other reference huminance values in the reference
GSDIF, the luminance values as specified by or determined from the image data to be encoded
and replacing the luminance values with the reference digital code values in the reference
encoded tmage data.
{8161} Additionally, optionally or alternatively, preprocessing and post progessing steps
(which may include, but are not Hmited only to, color space conversion, down sampling,
upsarnpling, tone mapping, color grading, decompression, compression, te.} may be
performed as a part of generating the reference encoded iimage data.
[8182] In an example embodiment, the framework {500} may comprise software and/or
hardware components {e.g., an encode or format unit (506)) configured to encode and/or
format the reference encoded image data into one or more coded bitstreams or image files.
The coded bitstreams or image files may be in a standard-based format, a proprietary format, or
apy extension format based at least in part on a standard-based format. Additionally and/or
-
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optionally, the coded bitsireams or image files may comprise metadats containing one or more
of related parameters {e.g., model parameters; minitm juminance value, maximum
fuminance value, minimum digital code value, maxinnim digital code value, ete., as iHusirated
in TABLE i, FIG. 3 and FIQ. 4; an identifyving field that identifies a CSF among a pluraliiy of
(SFs; reference viewing distance) related to the reference GSDF, pre-processing or post
procsssing used to generate the reference encoded image data.
{01831 In some embodiments, the framewaork (500} may comprise one or more discrete
upstreant devices. For example, at least one of the one or more upstrearn devices in the
framework (300} may be confignred to ancode image data based on the reference GSDYF. The
upstream devices may comprise software and/or hardware compononts configured to perform
the functionality related to 502, 504, and 506, of FIG. 5. The coded bitstreams or tmage files
may be cuiputied by the upstream devices (502, 504, and 506, of FIG. S) through network
connections, digital interfaces, tangible storage media, ete., and delivered in an image data
How (508} ¢ other image processing devices for processing or rendering,
L] in some exanmple embodiments, the framework (SU0) further comprises one or more
downstream devices as one or more discrete devices, The downstream devices may be
configured to receive/access, from the image data How (508}, the coded bitstreams or image
files cutputted by the one or more upstream devices. For example, the downstrear devices
may comprise software and/or hardware components {e.g., a decode or reformat untt (510}
configured to decode and/or reformat the coded bitstreams and irmage files, and
recover/retrieve the reference encoded image data therein, As illustrated in FIG. 5, the
downsirearn devices may comprise a diverse set of display devices.
{B185) o some embodiments, a display device (not showin) may be designed and/or
implemented to support the reference GSDF. High-precision HDR image rendering may be
provided if the display device supports each and every gray level in the reference GSDF. The
diaplay devics may render images at details at & finer level than, or at the same level as, what
fuman vision may possibly detect.
{8146} fn some embodiments, & display device’s native digital code values (which may be
implomented as digitized voltage values, e.g., digiial drive levels or DDLs, in the display
system} in a device-spectfic GSDF may correspond fo device-spesific grav lovels (or
fuminance values) different from those in the reference GSDF. The device-specific gray levels
12y be designed to support sSRGE, Ree. 709, or other specifications including those using
representations related to complementary densities. Additionaliy, optionally, or alternatively,
the device-specific gray levels may be based on the essential DAL characteristics of display
driving,
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{8147} i some embodiments, a display device A (512-A) may be designed and/or
implemented {0 support a device-specific GSDF A (514-A) of a visible dynamic range (VDR)
display. GSDF A (514-A) may be based on a bit depth of 12 bits (& 12 bit code space) for
device-specific digital code values, a 10,000:} contrast ratio (CR), and a >P3 garnut. GSDF A
(S14-A) may support gray levels within a first sub-range (e.g., 0 to 5,000 od/m?} in the entire
range of the reference GSDF (504). Alternatively and/or optionaiE v, GRDF A (514-A) may
support the entire range (0 to 12,000 ed/m?, for example) in the reference GSDF (504) but may
comprise fewer than all the reference gray levels in the reference GSDF (504).
{8108] in some embodiments, a display device B {512-B) may be designed and/o
implemented to support a device-specific GSDF B (514-B) for a dynamic range narrower than
the VDR, For example, display device B (512-B) may be a standard dynamic range (SDR}
display. As used hersin, the tenms "standard dynamic range” and "iow dy wamic range,” and/or
their corresponding abbroviations "SDR" and "LIR" may be used synonymousty and/or
interchangeably. In some embodiments, GSDF B {514-8) may support a bit depth of 8 bits for
device-speecific digital code values, a 500-5,000:1 contrast ratio (CR), and a color gamut as
defined in Rec. 709, In some embodiments, GEDF B (5 14-B)y may provide gray levels within a
second sub-range (e.g., 0 t0 2000 cd/m™) of the reference GSDF (504).
{6163 I some embodiments, 3 display device C ($12-C) may be desigoed and/or
implemented to support a device-speeitic GRDF C (514-C) for a dynamic range even narrowey
than the 8DR. For example, display devies C (512-C) ray be a tablet display. In some
embodiments, GSDF C (314-C) may support a bit depth of 8 bits for device-specific digital
code values, a 1O0-800: 1 contrast ratio {CR), and & color gamut snaller than that defined in
ec. 708, In some embodiments, GEDF C (514-C) may support gray levels within a third
spb-range (e.g., 010 1,200 ed/m?) of the reference GSDF (5041
{6116 In some embodiments, a display device {(g.g., display device D (512-D)) may be
designed and/or implemented to supports a device-specific GEDF {e.g., GSDF D (514-13) for
a very limited dynamic range much narrower than the SDR. For example, display device I3
{512-D) may comprise an e~-paper display. In some embodiments, GSDF D $14-1), may
support & bit depth of 6 bits or less for device-specific digital code values; a contrast ratio (CR}
of 10:1 or less, and a color gamut much smaller than that defined in Ree. 709, In some
embodiments, GSDF 1 (814-13) may support gray lovels within a fourth sub-range {eg., 0 to
160 cd/m™) of the reference GSDF (504).
{8113 Precision in image rendering may be gracefully scaled down with each of display
devices A through D (512-A through -[3). In some cmbodiments, the subset of gray levels in
each of device specific GEDF A through I (514-A through -I3) may be correlated with, or
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mapped to, supported reference gray levels in the reference GSDF (504) i such a way as to
evenly distribute perceptually noticeable errors in the range of gray levels supported by that
digplay device.
{8112} in some embodiments, a display device {e.g,, one of 512-A through -I¥) with a
device-specific GSDF {e.g., one of 514-A through -3} receives/extracts reference encoded
image data encoded based on a reference GSDF. In response, the display device, or a
conversion unit {(one of 516-A through -I3) thevein, maps reference digital code values as
specified in the reference encoded image data, to device-specifie digital code values that ar
native to the display device. This may be performad in one of several ways. In an example,
mapping from the reference digital code values to the device-speceific digital cade values
inchudes selecting device-specific gray levels {corresponding to the device-specific digital code
values) that match, or approximate as closely as any other device-specific gray levels, the

reference gray levels {corresponding fo the reference digital code values). In another example,
mapping from the reference digital code values to the device-specific digital code values
includes {1} determining tone-mapped luminance values based on the reference gray levels
{corresponding to the reference digital code values) associated with the reference GSDF, and
(2) selecting device-specific gray levels {corresponding to the device-specific digital code
values) that match, or approximate as closely as any other device-specific gray levels, the
tone~-mapped luminance values
81134 Subsequently, the display device, or a driver chip {one of 518-A through -3
therein, may use the display-specific digital code values to render mages with device-specific
gray levels that correspond to the display-specific code values.
114} Generally speaking, a referepce GEDF may be based on a ditferent CSF model than
that on which a displav-specific GSDF is based. Conversion/mapping between the reference
GSDF and the device-specific GSDF is necessary. Even (' the same CSF madel is used to
generate both the reference GSDF and a device-specific GSDF, different values of modet
parameters may be used in deriving the GSDFs. For the reference GSDF, model parameter
values may be conservatively set to preserve details for a wide variety of downstream devices,
while for the device-specific GSDF, model pararaeter values may reflect specific
design/implementation and viewing conditions under which the dispiay device is to render
images. Conversion/mapping between the reference GSDIF and the cievice~speciﬁc GSDF is
still necessary, as the specific display device’s viewing condition parameters {e.g., the ambient
light level, the display device’s optical reflectivity, etc.) are different from the made} parameter
values used to derive the reference GSDF. Here, the viewing condition parameters may
inciude those that impinge display quality (e.g., contrast ratio, ete.) and elevate the black level
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(e.g., the lowest gray level, etc.}. Conversion/mapping between the reference GSDF and the
device-specific GSDF under techniques as described herein improves quality in image
rendering (s.g., improve the contrast ratio by increasing huninance values at high value
regions, ic.).

9. CONVERTING REFERENCE ENCODED DATA

{0115} FIG. 6 illustrates an example conversion unit {e.g., $16), in accordance with some
embodiments of the present invention. The conversion unit (516) may, but is not limited only
ta, be one {e.g., 516-A) of a plurality of conversion units {e.g., $16-A through —{3) as titustrated
in FIG. 5. In some embadiments, the conversion unit (316} may receive first definition data for
a reforence GSDF (REF GSF) and second definition data for a dovice-specific GSDF {e.g.,
GSIF-A (514-A of FIG. 5)). As used herein, the torme “device-spacific” and
“display-specific” may be used interchangeably, if the device is a display.

LY Rased on the definition data received, the conversion unit {516) cascades the
reference GSDF with display-specific GSDF to form a conversion lookap table (Conversion
LUT). Cascading between the two GSDFs may include comparing gray levels in the two
GSDFs, and based on the results of comparing gray levels, establishing a mapping between
reference digital code values in the reference GSDF and display-specific digital code values in
the display-specific GSDF.

{61171 More specifically, given a reference digital code value in the reference GSDF, its
corresponding reference gray level may be determined based on the reference GSDF. The
reference gray level so determined may be used to locate a device-specific gray level in the
display-specific GSDF. In an example embodiment, the device-specific gray level located may
match, or approximate as closely as any other display-specific gray levels in the
display-specific GSDF, the reference gray level. In another example emboduvent, a
tone-mapped luminance value may be obtained by a global or local tone-mapping operator
acting on the reference gray level; the device-specific gray level located ynay match, or
approximate as closely as any other display-speeific gray levels in the display-specific GBDF,
the tone~mapped luminance value.

(6118} With the device-specific gray level, a corresponding display-specific digital code
value may be identified from the display-specific GSDF. An entry may be added or defined in
the conversion LUT, consisting of the reference digital code value and the display-specific
code valus.

{3119} The sieps as described above may be repeated for other reference digital code

values in the reference GSDF.
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{B124] in some embodiments, a conversion LUT may be pre-built and stored before image
data whose processing is to be done based in part on the conversion LUT is received and
processed. In alternative embodiments, image data that is to be processed with a conversion
LUT is analyzed. The results of the analysis may be used to set up or at least adjust
correspondence refationships between the reference digital code values and the device-specific
digital code values. For example, if the image data indicates a particular concentration or
distribution of luminance values, the conversion LUT may be set up in a way to preserve a
large amount of details in the concentrated region of luminance values.

{8121} fu some embodiments, the conversion unit (516) comprises one or mors software
and/or hardware components (1 comparison sub-unit (602)) configured (o compare
quantization steps (e.g., luminance value differences, or ALs, between adjacent digital code
values) in both the reference GSDF and display-specific GSDF (S14-A). For example, the
quantization step at a reference digital eode vahee in the reference GSDF may be a reference
furninance value difference {reference GSDF ALY, while the gquantization step at a
display-specific digital code value in the display-specific GSDF may be a display-specific
fuminance value difference {display-specific GSDF AL} Here, the display-specific digital code
value corresponds to {or forms a pair in the conversion LUT with) the reforence digital code
value. In some embodiments, the comparison sub-unit (602} compares these two luminance
value differences. This operation is essentially s test which mway be performed either based on
AL values, or optionally and/or alternatively, based on the relative slopes of the two GSDE
CUTVes.

{BE22% Quantization steps for luminance values in the display—specific GSDF may
typically exceed those of the reference GSIF, as one or more reference gray fevels from the
reference GSDIF (.., correspanding to a high bu-depth domain, etc.) are merged into
display-specifie gray levels from the display-specific GSDF {e.g., corresponding to a low
bit-depth domain, etc.). In these eases, dithering is used to remove banding artifacts. As part of
overall dithering, dithering is also performed on local surrounding output pixels (in space
and/or in time). In a sense, the human eye may be represented as g low-pass filier. At least in
this sense, averaging local surrounding pixels as described herein thus creates desired output
gray levals that reduce and/or remove banding visual artifacts, which otherwise could be
present due to large quantization steps in the display-specific GSDF.

FRE23% In less comrnon cases, quantization steps for luminance values for the reference
GSDF may cocasionally exceed those of the display-specific GSDF. A decontouring
algorithm-based process is used, synthesizing an output gray level based on an input gray level,
for example, by averaging neighboring input pixels.
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[B3124] Correspondingly, if the reference GSDF AL is greater than the display-specific
GSDF AL, which is the “Y” path in FI(. 6, then & decontour algorithm {lag is set for an entry,
in the conversion LUT, that comprises the reference digital code value and the display-specific
digital code value,
ST if the reference GSDIF AL is fess than the display-specific GSDF AL, which is the
“N path in FIG. 6, then a dither algorithm flag is set for an entry, in the conversion LUT, that
comprises the reference digital code value and the display-specifie digital code value.
{8126} Tf the reference GSDF AL is equal to the display-specific GSDF AL, then neither 2
decontour algorithm flag nor a dither algorithm flag is set for an entry, in the conversion LUT,
that comprises the reference digital code value and the display-specific digital code value.
(8127} Decontour and dither algorithm flags may be stored with eniries in the conversion
LUT, or may be stored in a related daia structure outside, but operatively linked with, the
conversion LUT.
[3328] in some embodiments, the conversion unit (516) is configured to receive reference
encoded image data, which may be in the form of high bit-depth or floating point input image,
and to map reference digital code values specified in the reference GSDF to display-specific
digital code values specified in the display-spectfic GSDF. To addition to mapping digital code
values between the GSDFs, the conversion unit {(516) may be configured to perform
decontouring or dithering based on the settings of algorithm flags (decoutour algorithm flags or
dithering algorithm flags) previously discussed.
[6129] As noted, the reference GSDF likely contains a greater amount of details than a
display-specific GSDF; thus, the *Y path of FIG. 6 may not oceur, or may oecur less often. In
some embodiments, the “Y” path and refated processing may be omitted to simplify the
implementation of a conversion unit.
[3338] in some embodiments, given a reference digital code value as determined for a
pixel in the reference encoded image data, the conversion unit {516} looks up in the conversion
LUT for a corresponding display-specific digital code value, and replaces the reference digital
code value with the corresponding display-specific digital code value. Additionally and/or
optionally, the conversion unit {516} determines whether a decontour or dithering algorithm
should be performed for the pixel, based on the existence/setting of an algorithm flag for an
entry, in the conversion LUT, that comprises the reference digital code value and the
display-specific digital code value.
{63131} fit is determined that neither a decontour algorithm nor a dithering algorithm
shouid be performed {e.g., no indication or flag for performing either algorithun), then no
decontour or dithering is performed for the pixel for the time being.
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8137} it it is determined that a deconiour algorithm should be performed, then the
conversion unit {316} may perform ong or more decontour algorithms (Decontour Algo).
Performing the one or more deconiour algorithuns may include receiving fmage data of input
focal neighborhood pixels and inputiing the image data of the local neighborhood pixels to the
decontour algorithms,

{9133] If' it is determined that a dithering algorithm should be performed, then the
conversion unit (S16) may perform one or more dithering algorithms (Dithering Algo).

{3134} The pixel may still be involved in decontour or dithering if the conversion anit
{515} determines that decontowr or dithering needs 1o be performed with respect (o
neighborhiood pisels. fn an exanple, the device-specific {output) gray level of the pixelnay be
used for dithering foeal neighborhood pixels. In another example, the reference (input) pray
fovel of the pixel may be used for decontouring loeal neighborhood pixels.

{91353 in some embodiments, the conversion unit {S16) outpuis the processing resulis of
the foregoing steps to downstream processing units or sub-units. The processing resulis
comprise display-specific encoded bmage data in the formatl of display-specific bit-depth
output inage encoded with digital code values in the display-specific GSDF {e.z.. GSDF-A).
Eﬁi%} FIG. 7 illustrates an example SDR display (700} which inplements § bit image
processing. The SDR display (700), or a VDR decode unit {(702) therein, receives an encoded
input. The encoded input comprises reference coded image data in an image data container
which may be in one of a plurality of image data container formats. The V2R decode unit
{702} decodes the encoded input and determines/retrieves the reference encoded image data
trom therein. The reference encoded image data may comprise image data for individual pixels
in a color space (0.4, & RGH color space, a YUbCr color space, eic.). The tmage data for
individual pixels roay be encoded with reforcuce digital code values in a reference GSDF.
31371 Additionally and/or optionally, the SDR display (700) comprises a display
managernent unit {704) that maintains display parameters for the SDR display (700). The

o

display parameters may at least in part define a display-specific GEDF (e.g., GSDF-B of FIG.
5y associated with the SDR display (700). The display parameters defining the display-specific
GSDE may include maximuenm (max) and mindnen (min} gray levels supported by the SDR
display {700). The display parameters may also include color primaries { primarifzs) supported
by the SDE display, display size {size}, optical reflectivity of the SDR display’s image
rendering surface, ambient light level. Some of the display parameters may be preconfigured
with fixed values. Some of the display parameters may be measured in real-time or near
real-time by the SDR display (700). Some of the display parameters may be configurable by 2
user of the SDR display {700}, Some of the display parameters may be preconfigured with
<30 -
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detault vahues and may be overridden by measurement or by a user. The display management
unit {704) establishes/shapes perceptual nonlinearity of the display-specific gray levels based
on the reference GSDYF, and may additionally and/or optionally perforn tone mapping as a part
ot establishing/shaping the display-specific gray levels. For example, a conversion LUT as
ilfustrated in FIG. 5 andfor other related meta data (¢.g., dithering and decontour processing
flags, etc.) may be established by the display management unit {704) for the purpose of
establishing/shaping perceptual nonlingarily of the display-specific gray levels in accordance
with the reference GSDF. Cascading operations as previously discussed may be implemenied
with the display management unit (704) to create the conversion LUT and/or other related
metadata (712) relating 1o one or both of the reference GSDF and display-specific GEDF. The
conversion LUT and/or other related metadata (712) may be accessed and used by other units
or sub-unite in the SDR display (700). Further, the conversion LUT and/or other related
metadata may be used as, or to devive, metadata (714) for inverting perceptual nonlinearity. As
used herein, inverting perceptual nonlinearity may include converting display-specific digital
cade values to display-specific digital driving levels {e.g., digitized voltage levels in the
display device).
{813&] Additionally and/or optionally, the SDXR display (700} includes a conversion unit
{516} as illustrated in FIG. 5 and FIG. 6, and an 8 bit perceptual quantizer (706). In some
embuodiments, the SDR display {700}, or the conversion unit {516} and the 8 bit perceptual
quaniizer (706) therain, converts the reference encoded image data into a display-specific
hit-depth cutput image encoded with display-specific digital code values associated with the
display-specific GEDF (e.g., GSDF-A or GSDF-B of FIG. 5), and quantizes the
display-specific bit-depth cutpet rnage into perceptually encoded image data in a 8 bit code
space. As used herein, the term “perceptually encoded” may refer to a type of encoding that is
based on a human visual perceptual model, such as a CSF that gives rise {o the reference
OGS,
{8139} Additionally and/or optionally, the SDR display {700} comprises a video
post-processing vnit (708) that may, but is not Himited only to, perform zero, ong, or more of
image processing operations on the percepiually encoded image data inan 8 bit fuminance
representation. These image processing operations may include, but are not limited only to,
compression, decompression, color space conversion, downsampling, upsarapling, or color
grading. The results of these operations may be outputied to other parts of the SDR display
{708},
f3148] In an example embodiment, the SDR display (700) comprises an 8 bif tnverse
percepiual quantizer {710} configured to convert display-specific digital code values in the
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results of image processing operations to display-specific digital driving levels (e.g., digitized
voltage levels), The display-specific digital driving levels generated {or converted back from
digital code values) by the inverse perceptual quantizer (710) may specitically support one of

several types of lwninance nonlinearities supportable in the SDR display (700}, In an example,

the inverse perceptual quantizer {710) converts display-specific digital code values to

display-specific digital driving fevels to support luminance nonlinearitios associated with Rec.
708, In another example, the inverse pereeptual quantizer {710} converts display-specific
digital eode values o display-specific digital driving levels 1o support luminance nonlinearities
associated with a Hinear huminance domain or a log luminance domain (which may be relatively
easy o be integrated with local dimming operstions). In another example, the inverse
perceptual quantizer (710} converts display-specific digital code valoes o display-specific
digital driving levels to support 8 display-specific CSF {or Hs associatad GSDF), with optimal
placement of display-specific gray levels fur the specific display (7003, and possibly adjuated
for the viewing conditions specific to the display {700).

10, EXAMPLE PROCESS FLOWS

0141} FIG. 8A illustrates an example process flow according to an embodiment of the
present invention. In some embodiments, one or more computing devices or covaponents such
as one or more computing devices in framework (500} may pertorm this process flow. Inblock
802, a computing device receives image data to be encoded.

{81421 i1 block 804, the computing device encodes, based on a reference mapping betwesn
a set of reference digital code values and a set of referenes gray levels, the tmage data to be
encoded into reference encoded image data. Here, luminance values in the image data to be
encoded are represented by the set of reference digital code values. A Juminance difference
between two reference gray lovels represented by two adjacent reference digital code values in
the sot of reference digital code values may be fnversely proportional to a peask contrast

sensitivity of human vision adapted at a particelar light level.

(8143} In block 806, the computing device cuiputs the reference encoded image data.
f144} fry an embodiment, the computing device determines g reference gray scale display

function (GSDF) based on a contrast sensitivity function {(CSF) model; the reference GSDF
specifies the reference mapping between the set of reference digital code valuss and the set of
reforence gray levels. The CSF model comprises ong or more model parameters, which may
have an angular size that falls in a range comprising one or more of: bebween 25 degrees x 25
degrees and 30 degrees x 30 degroes, between 30 degrees x 30 degrees and 35 degrees x 33
degrees, betwaen 35 degrees x 35 degrees and 40 degroes x 40 degrees, botween 40 degrees x
40 degrees and 45 degrees x 45 degrees, or greater than 45 degrees x 45 degrees.
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[0145] in an embodiment, the computing device assigns an intermediate luminance value,
within a range of luminance values supported by the set of reference gray levels, to an
intermeadiate digital code value in & code space that hosts the set of reference digita! code
values, and derives, by performing one or more of stacking or integration computations, a
plurality of sub~-mappings, each sub-mapping maps a reference digital code value in the set of
reference digital code values to a reforence gray level inthe sot of reference gray levels. The
intermediate lominance value may be selected within a range comprising ong or more of! less
than 50 nits, between 50 nits and 100 nits inclusive, between 100 and 500 nits inclusive, or no
less than 500 nits.

[B146) In an example embodipent, the set of reference gray levels covers a dynamic range

with an upper bt having a valoe of! less than 500 nits, between 560 nits and 1000 niis

inclusive, betwean 1000 and 5000 nits inclusive, between 5000 nits and 10000 nits inclusiv
beteveen 10000 nitc and 1530600 nits nclusive, or greater than 15000 aits,

1473 In an embodiment, the peak contrast sensitivity is determined from a contrast
sensitivity curve among a plurality of contrast sensitivity curves determingd based on a contrast
sensitivity function (C8F}) model having model parameters comprising one or more of a
tuninance value variable, a spatial frequency varisble, or one or more other variables.

j0148} In an embodiment, at least two peak contrast sensitivities defermined based on al
least two contrast sensitivity curves in the plurality of contrast sensitivity curves occur ai two
different spatial frequency values.

{§149] in an embodimant, the computing device converts one or more input images
represented, received, transmitted, or stored with the bnage data to be encoded from an nput
video signal into one or more output images represented, received, transmitted, or stored with
the reference encoded image data contained in an output video signal.

[B158] fn an embodiment, the Image data to be encoded comprises image data encoded in
one of 8 high-resolution high dynamic range (FIOR) image format, 8 RGB color spaces
associated with the Acaderny Color Encoding Specification (ACES) standard of the Academy
of Motion Piotire Arts and Sciences (AMPAS), a P3 color space standard of the Digital
Cinema Initiative, 3 Reference Input Medium Metric/Reference Output Mediuwm Mstric
{RIMM/ROMM) standard, an sRGE color space, a RGB color space associated with the
BT.709 Recommendation standard of the International Telecommunications Undon QTU}, etc.
[Gis1} In an embodiment, the luminance difference between the two reference gray lovels

represautad by the two adjacent reference digital code values is less than a just noticeable

difference threshold at the particular light level,
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i0152] In an embodiment, the particular light level is a luninance value beteean the two
fuminance values, inclusive.
{8153] In an embodiment, the set of reference digital code values comprises integer values
in a code space with a bit depth oft less than 12 bits; berween 12 bits and 14 bits, inclusive; al
least 14 bits; 14 bits or more.
j3154] frn an embodiment, the set of reference gray lovels may coraprise a set of quantized
fminance values.
9185 FIG. 81 filustrates another sxample process How according to an embodiment of
the present fovention. {o some embodiments, one or more computing devices ot components
such as one or more compating devicss in framework (5003 may perform this prosess flow. In
Mock 852, & computing device determines a digital code mapping between a set of reference
digital code values and a set of device-specttic digital code values. Here, the sst of reference
digital code valves is mapped io a reference mapping 1o a set of reference gray lovels, while the
set of device-specific digital code values is mapped in a device-spacific mapping to a ser of
device-specific gray levels.
§_i§1§6§ in block 854, the computing device receives reference encoded mage data encoded

th the set of reference digital code values, Luminance values in the reference encoded image
data are based on the set of reforence digital code values. A luminanece difference between two
roference gray levels represenied by two adjacent reference digital code values in the set of
reference digital code values may be inversely proportional o a peak contrast sensitivity of
human vision adapted at a particular light lavel,
$H157] in block 856, the computing device franseodes, based on the digital code mapping,
the reference encoded image data encoded with the set of veference digital code values info
device-specific image data encoded with the set of device-specific digital control codes.
Lauminance values in the device-specific image data are based on the set of device-specific
digital code valoes.
{8158} In an embodiment, the computing device determines 3 set of correspondence
relationships between the set of reference digital code values and the set of device-specific
digital code values. Here, a correspondence refationship in the set of corvespondence
relationship relates a reference digital code value in the set of relorence digital code valuesioa
device-specitic digital code value. The computing device further compares a first huninance
difference at the reference digital cnde value and 8 second luminance difference at the
device-specific digital code value, and stores, based on comparing the first luminance
difference and the second luminanece differonce, an algorithm flag as to whether dithering,
decontouring, or no operation should be performed for the reference digital code value.
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8155 in an embodiment, the computing deviee determines a reference digital code value
from the reference encoded image data for a pixel, and further determines whether an algorithm
flag is set for the reference digital code value. In response to determining that an algorithm flag
is set for decontour, the computing device performs a decontour algorithm on the pixel.
Alternatively, in response 1o determining that an algorithm flag is set for dithering, the
computing device performs a dithering algorithm on the pixel.

{8168} in an embodiment, the computing device renders one or more images on a display
based on the device-specific rage data encoded with the set of device-specitic digital control
codes. Here, the display may be, but is not limited only to, one of a visible dynamic range
(VDR display, a standard dynamic range (SDR) display, a tablet computer display, or a
handheld dovice display.

{81517 In an embodiment, a device-specific gray scale display function (GSDF) specifies
the device-specific mapping between the set of device-specific digital code values and the set
of device-specific grav levels.

j8162] in an entbodiment, the device-specific mapping is derived based on one or more
display parameters and zero or more viewing condition parameters,

{8163} in an embodiment, the set of device-specific gray levels covers a dynamic range
with ao upper Hmit having a value of; less than 100 nits, no less than 104 nits bat less than SO0
nits, between 500 nits and 1000 oits inclusive, between 1000 and SO00 nifs inclusive, between
3000 nits and 10000 nits inclusive, or greater than 10000 nits.

{1164} tn an embodiment, the computing device converts one or more Input images
represented, received, transmitied, or stored with the reference encoded image data from an
input video signal into one or more output images represented, recetved, transmiited, or stored
with the device-speeific image data contaived in an output video signal.

[#165] In an embodiment, the device-specific image data supports image rendering in one
of a high-resolution high dynamie range (HDR) image format, a RGB color spaces associated
with the Academy Color Encoding Specification {ACES) standard of the Academy of Mation
Pioture Arts and Sciences {(AMPAS), a P3 color space siandard of the Digital Cinema
Enitiative, a Reforence Input Medium Meirio/Reference Cutput Medium Metric
(RIMM/ROMM} standard, an sRGB color space, or a RGR color space associated with the
BT.709 Recommendation standard of the International Telecormmunications Union (ITU).
{3i68] fix an embodiment, the set of device-specific digital code values comprises integer
vafues in a code space with a bit depth oft 8 bits; greater than 8 but less than 12 bits; 12 bits or

more.
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Y In an embodiment, the set of device-spesific gray levels may comprise a set of
quantized luminance valaes.

{1268} fn various embodiments, an encoder, a decoder, a system, ete., performs any or a
part of the foregoing methods as daseribed.

1. IMPLEMENTATION MECHANISMS ~ HARDWARE OVERVIEW

{81869 According o one embodiment, the technigues described hersin are implemented by
one of more special-purposs computing devices. The special-purpose computing devices may
be hard-wired fo porform the techaniques, or may nclude digital slectronic devices such as one
or moe application-specific integrated circuits (ABICs) or field progravunable gate arvays
{(FPGAS) that are persisiently progranmed o perform the techniques, or may nehude ong or
more general purpose bardware processors programmed 1o perform the technigoes porsaant to

program instroctions in fomware, marnory, other stovage, or g combingtion. Such

T, o

special-purpose commiting devices may alse combine custom hardowired logie, ASIH s, or
FPGAs with custom prograreming (o scoomplish the technigaes. The speciabpurposs
computing devices may be desktop computer systerns, portable computer systems, handheid
devices, networking devices oy any other device that incorporates hard-wired and/or program
fogic to implement the technigues.
{6174 Forexample, FIG. € i a block diagram that illustrates a computer system 900 upon
which an example embodiment of the tnvention may be implemented. Computer system 900
inchudes a bus 902 or other communication mechanism for communicating information, and a
hardware processor 804 coupled with bus 907 for processing information. Hardware processor
904 may be, for example, a gensral purpose microprocessor.
{0171} Computer system 900 also includes a main memory 906, such as 8 random access
memoty (RAM) or other dynamic storage device, coupled to bus 902 for storing information
and nstructions to be executed by processor 904, Main memory 806 alao may be used for
storing temporary variables or other intermediate information during execution of instractions
to be exgeutad by processor 904, Sueh instrisetions, when stored in non-transitory siorage
media acoessible to processor 904, render computer system 300 into 8 special-purpose machine
that is custormized to perform the operations specified in the instructions,
(3172} Computer system 300 further includes a read only memory (ROM) 908 or other
static storage device coupled to bus 802 for storing static information and instructions for
processor 904, A storage device 210, such as a magnetic disk or optical disk, is provided and
coupled to bus 902 for storing information and instructions.
{81733 Computer systern 900 may be coupled via bus 907 to a display 912, such as s liquid
crystal display, for displayiog information 10 a computer user. An inpyd device 914, including
T
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alphanomenic and other keys, is coupled o bus 902 for conununicating information and
command selections to progessor 904, Another iype of user nput device is cursor conlrol 916,
such as a mouse, g trackball, or cursor direction keys for communicating dirsction information
and command selections to processor 904 and for controlling cursor movement on display 912.
This input device typically has two degrees of freedom in two axes, a first axis {e.g, x)and g
second axis {e.g., ¥}, that aliows the device to spectfy positions in & plans.

181741 Computer systern 9K may implement the techniques deseribed herein naing
customized hard-wired logic, one or more ASICs or FPGAS, fiorware and/or program logic
which in combination with the computer system causes or programs computer system 900 to be

2 special-purpose maching. According to one embodiment, the techniques herein ars

&
[

performed by computer system 900 in response 1o processor 904 executing ons or mors

sequences of one or more instructions contained in main memory 906, Such instructions may

be read into main memory 906 fom another storage medium, such as storage device 810

W

Execution of the sequences of instructions contained in main memory 906 causes processor

B84 to perform the process steps deseribed herein. {n allermnative embodiments, hard-wired

F YL

circuilry may be used in place of or in combiuation with software fustractions.

B

{8175} The torm “slorage media” as used herein refers to any non-transitory media that

store dats and/or instructions that cause 3 machine {o operation in 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 810, Volatile media
inchides dynamic memory, such as main memory 806, Common forms of storage media
include, for example, a floppy disk, a Hexible disk, hard disk, solid siate drive, magnetic taps,
or any other magnetic data storage medium, a CD-ROM, any other optical data storage
medium, any physical mediin with patterns of hales, a RAM, a PROM, and EPFROM, a
FLASH-EPROM, NVRAM, any other memory chip or cartridge.

{8176] Storage media is distinet from but may be used in conjunction with transmission
media. Transmission media participates in fransferring information between storage modia.
For example, transmission media includes coaxial cables, copper wirs and fiber optics,
inoliding the wires that comprise bus 902, Transmission media can also fake the form of
acoustic or Hght waves, such as those generated during radio-wave and Infra-red dats
commurnications.

{81771 Various forms of media may be involved in carrving one or more sequences of one
or more instructions to processor 904 for execution. For example, the instructions may initially
be carried on 2 magoetic disk or solid state drive of 2 remote computer. The remote computer
can load the instructions into its dynamde memory and send the instructions over a telephone

37 -



[

[«

9/

(V]

{

(¥4

z

()
pass)

{ine using & moden. A modem loeal to computer systemn 900 can receive the data on the
telephone live and use an infra-red transmitter (o convert the data to an infra-red signal. An
infra~red detector can receive the data carried in the infra-red signal and appropriate circuitry
can place the data on bus 802, Bus 902 carries the data to main memory 806, from which
processor 904 retrieves and executes the instructions. The instructions received by main
memory 906 may optionally be stored on storage device 910 either befure or after execution by
processor 504,

J0ETR] Computer systemn 900 also includes a communication interface 918 coupled to bus
9072, Comnunication interface 218 provides a two-way data communication coupling o a
network link 920 that is connected 0 a local network 522, For example, coromunication
interface 918 may be an integrated services digital network (ISDIN} card, cable modero,
satstlite modeny, or a modem to provide a data communication connection {0 a8 corresponding

terface 918 may be a local area

type of telephone ling. As another example, commumication i
network (LAY card to provide a data commumication connection to a compatible LAM.
Wireless Hoks may also be implemenied. In any such Iimplementation, communication
interface 918 sends and receives electrical, electromagnetic or optical signals that carry digital .
data streams representing various types of information,
{8179} Metwork link 920 typically provides data communication through one or more
networks 1o other data devices, For example, network link 920 may provide 2 connection
through ocal netwirk 922 10 a host computer 924 or to date equipment operated by an Internet
Service Provider (15P) 926, ISP 926 in turn provides data communication services through the
world wide packet data communication network now commoenly referred 1o as the “Infernet”
G218, Local network 922 and Interngt 928 both use electrical, electromagnetic or optical signals
that carry digital data streams. The signals through the various networks and the signals on
network fink 920 and through comimunieation interface 218, which carry the digital data 1o and

from computer system 300, are example forms of ransmission media.
(1186 Computer systern 900 can send messages and recelve datg, including program code,
through the network{(s), network link 920 and communication interface 818, In the Internet

axample, a server 930 might transmit a requestad code for an apphcation program through
Internet 928, ISP 926, local network 922 and commupication inferface 918,
{8183} The received code may be execoted by processor 904 as it is received, and/or stored

in storage device 910, or other non-volatile storage for later exccution,
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12, ENUMERATED EXAMPLE EMBODIMENTS, EQUIVALENTS, EXTENSIONS,
ALUTERNATIVES AND MISCELLANEGUS

[B18Z] Enumerated example embodimenis (“BEFEEs”) of the present invention have boen

described above in relation to perceptual luminance nonlinearity-based image data exchange
agross displays of difforent capabilities. Thus, an embodiment of the present invention may

relate to one or more of the examples, enumerated in Table 2 below.

Table 2. Enumerated Example Embodiments

{(EEEL} A method, comprising:

receiving image data to be encoded;

encoding, based on a reference mapping between a set of reference digiial code values

and a set of reference gray levels, the received image data into reference encoded image data,
vherein luminance valoes in the received image data are represented by the set of reference

digitaf code values, wherein a luminance difference between two reference gray levels in the

received image data is represented by two adiacent reference digital code values in the set of

reterence digital code values, and wherein the luminance different between the two adjacent

reference digital code values is inversely proportional to a peak conirast sensitivity of human

vision that is adapted at a particular light level; and

ouiputting the reference encoded image data.

(EEE2.)) ‘The method as reciied in enumerated example embodiment |, further
caomnprising determining a reference gray scale display function {GSDF) based on a contrast
sensitivity function (CSF) model, wherein the reference GSDF specities the reference mapping

betwesn the set of reference digital code values and the set of reference gray levels.

(EEE3) The method a3 recited in enumerated example embodiment 2, wherein the CSF

model comprises one or more model parameiers, and wherein the one or more modef

parameters comprise an angular size that falls in a range comprising one or move of:

between 25 degrees x 25 degrees and 30 degrees x 30 degrees, inclusive, between 30 degrees x
30 degrees and 35 degrees x 35 degrees, inclusive, between 35 degrees x 35 degrees and 40
degrees x 40 degrees, inclusive, between 40 degrees x 40 degrees and 45 degress x 45 degrees,

inclusive, or greater than 45 degrees x 45 degrees.

(EEE4) The method as recited In enumerated example embodiment 1, further

COHNPriSing:
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assigning an intermediate luminance value, within a ratigc of luminance values
supported

by the set of reference gray levels, to an intermediate digital code value in a code space
that hosts the set of reference digital code values; and

deriving, by performing one or more of stacking or integration computations, a

plurality of sub-mappings, each sub-mapping maps a reference digital code value in the set of

reference digital code values {o a reference gray level in the set of reference gray levels,

{(EEES) The method as recited in enumerated example embodiment 4, wherein the
intermediate luminance value is selected within a range comprising ane or more of! fess than 50
nits, between S0 nits and 100 nits, inclusive, betwesn 100 and 500 nits, inclusive, or greater

than 500 niis.

{(EEES.) The method as recited in enumerated example embodiment 1, wherein
the set of reference gray levels covers a dynamic range with an upper mit having a value of}
less than SO0 niis, between 500 nits and 1008 nits, inclusive, between 1000 and 3000 nits,
inclusive, hetween 5000 nits and 10000 nits, inclusive, between 10006 nits and 15000 nits,

tnciusive, or greater than 15000 nits,

{(EEE7) The method as recited in emumerated example embodiment 1, whereln the peak

{contrast sensitivity is determined from a contrast sensitivity curve among a plurality of contrast

sensitivity curves determined based on a contrast sensitivity function {CSF) model having

modsl parameters comprising one or more of a luminance value variable, a spatial frequency

rariable, or one or more sther variables.

(HEES) The method as recited in enumerated example embodiment 7, wherein at least
two peak contrast sensitivities determined based on at least two condrast sensitivity curves in

the plurality of contrast sensitivity curves occur at two different spatial frequency values.

{(EEES) The method as recited in enumerated example embodiment |, further

corpprising converting one or more input images represented, recelved, transmitted, or siored
with the image data to be encoded from an input video signal into one or more output images
represented, received, transinitted, or stored with the reference encoded image data contained

in an cutput video signal.

{EEE10) The method as recited in enumerated example embodiment §, wheretn the

irnage data to be encoded comprises image data encoded in one of a high-resolution high
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dynamic range (HDR) image format, a R(GB color space associated with the Academy Color
Encoding Specitication (ACES) standard of the Academy of Motion Picture Arts and Sciences
{AMPAS), a P3 color space standard of the Digital Cinema Initiative, a Reference fnput
Medium Metric/Reference Output Medium Metric (RIMM/ROMM) standard, an sRGE color
space, or a RGR color space associated with the BT.709 Recommendation standard of the

Intemnational Teleconmunications Union (JTU.

(EEETL) The method as reciied in enumerated example embodiment 1, wherein the
luminanece difference between the two reference grav levels represented by the two adjacent
reference digital code values is less than a just nofiveable difference (JND) threshold at the

parficular light fevel.

{EEEIZ) The method as recited in enumerated example embodiment 1, wherein the

particufar light level comprises a luminance value between the two fuminance values,

(EEE 13 The method as recited in enumerated example embodiment 1, whereln the sef of’
reference digital code values comprises integer values in a code space with a bit depth of at
lcast one of! less than 12 bits; between 12 bits and 14 bits, inclusive; at least 14 bits; or 14 bits

Of Inore,

{(EEEL4) The method as recited in enumerated example embodiment 1, wherein the set of

reforence gray levels may comprise a set of quantized huminance values,

{(EEEL5) The method as recited o enumerated example embodiment 1, wherein the

reference GSDF is determined based at least in part on a functional mode! represeunted with one

of more functions.

(EEELS) The method as recited in enumerated example embodiment 15, wherein the
functional model comprises one or more model parameters, and wherein values of the model
pararneters are optinized through minimizing deviations between predicted code values and

target code values.

(EEE17) A method, comprising the steps of determining a digital code mapping between|
a set of reference digital code values and a set of device-specific digital code values, whereln
the set of reference digital code values is mapped in a reference mapping fo a set of reference

gray lovels, and wherein the set of device-specific digital code values s mapped ina

device-specific mapping fo a set of device-specific gray levels; receiving reference encoded

_A -
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for a pixel; and determining whether an algorithm tlag is set for the reference digital code

image data encoded with the set of reference digital code values, wherein huninance values in
the reference sncoded tmage data are based on the set of reference digital code values, wherein
a luminanee differonce between two rveference gray levels represented by two adjacent
refercnce digital code values in the set of reference digital code values is inversely proportional
o a peak contrast senaitivity of human vision adapted at a particolar light level; and
transcoding, based on the digital code mapping, the reference encoded image data encoded
with the set of reference digital code values into device-specific tmage data encoded with the
set of device-specific digital control codes, wherein huninance values in the device-specific

image data are based on the set of device-speeific digital code values.

(EEEI8} The method as recited in enumerated example embodiment 17, further
comprising: determining a set of comrespondence relationships between the set of reference
digital code valoss and the set of device-speeific digital cods values, wherein a correspondence
refationship in the set of correspondence relationship relates a reference digital code value in
the set of reference digltal code values (o a device-specific digital code value; comparing a first
luminance difference at the reference digital code value and a second
fuminance difference at the device-specific digital code value; and storing, based on comparing
the first luminance difference and the szcond luminance

difference, an algorithim flag as to whether dithering, decontouring, or no operation should be

performed for the reference digital code value.

{EEEI9) The method as recited in enumerated example embodiment 17, further

-

comprising: defermining a reference digital code value from the reference encoded image data

yvale.

(EEE20.) The method as recited in enumerated example embodiment 19, Auther
comprising, in response o determining that an algorithm fiag is set for decontour, performing a

decontowr algorithim on the pixel.

{EEEZL) The method as recited in enumerated example ambodiment 19, further
comprising, in response to detenwining that an algorithm flag is set for dithering, performing 8}
dithering algorithm on the pixel.

{EEE22) The method as recited in enumerated cxample embodiment 17, further

cornprising rendering one or more images on a display based on the device-specific tnage data

encoded with the set of device-specitic digital control codes, the display being one of g visible

3
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viewing condition parametars.

comprising converting one or more input images represented, received, transmitied, or stored

Hrnages represented, received, ransmitied, or stored with the device-specific image data
; i 5 5 ; g

- International Telecommunications Union (ITU),

dynammic range {VIR) display, a standard dynamic range (SDR) display, a tablet computer

display, or a handheld device display.

(EEE23. The method as recited in enumerated example embodiment 17, whersina
device-specific gray scale display function (GSDF) specifies the device-specitic mapping

between the set of device-specific digital code values and the set of devies-specific gray levels.

The method as recited in enumerated example embodiment 17, whersin the

device-specific mapping is derived basad on one or more display parameters and zero or more

(BEE25) The method as recited in emumeratad example embodiment 17, wherein
the set of device-specific gray levels covers a dynamic range with an upper limit having a value
of: less than {00 nits; no less than 100 nits bul less than 500 nits; bebween 500 nits and 1000
nits, inclusive; between 100 and 5000 nits, inclusive; between 5000 nits and 103000 nits,

inchusive; or greater than 10000 nits.

{EEE26) The method as recited in enumerated examiple embodiment 17, further
with the reference encoded image data from an input video signal into ane or more culput

contained in an output video signal.

e

{EEE27} The method as recited in snumerated example embodiment 17, wherein the
device-specific image data supports image rendering in one of a ligh-resolution bigh dynamic
range {(HDR) image format, a RGE color space assoctated with the Acaderny Color Encoding
Specification (ACES) standard of the Academy of Motion Ploture Aris and Sciences
{AMPAS]), a P3 color space standard of the Digital Cinema Initiative, a Reference Input
Medivm Metric/Reference Crutpit Mediim Metric (RIMM/ROMM) standard, an sRGB color

space, or a RGB color space associated with the BT.709 Recommendation standard of the

{(EEE28) The method as recited n enumersted example embodiment 17, wherein the
luminance difference between the two reference gray levels represented by the two adjacerd
o - v

reference digital code values is less than a just noticeable difference threshold at the particular

Hight fevel.
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. (EEE29 The method as recited in enumerated example embodiment 17, wherein the

tof! 8 bits; greater than 8 but less than 12 bits; ar 12 bits or more.

‘part on a functional modet represented with one or more functions.

particular light level comprises a luminance value between the two himinance values,
inclusive,

{BEEBE3G.) The method as recited in enumerated example embodiment 17, wherein the set
of device-specific digital code values comprises infeger values in a code space with a bit depth

{BEE31) Ths method as recited in enumerated example erobodiment 17, wherein the set

of device-specific gray levels comprises a set of quantized lwninance vahues.

T3
R
o

23 The method as recited in enumerated example embodiment 17, wherein at least

one of the reference mapping and the device-specitic mapping is determined based at least in

(EEE33) The method as vecited in enumerated example embodiment 32, wherein the
fumctional model comprises one or more model] parameters, and wherein values of the model
parameters are optimized through mingmizing deviations between predictad code values and

target code valuea,

{EEE34) An encoder performing any of the methods as recited in enumerated example

embadiments §-18, inclusive.

{(EEE3S) A decoder performing any of the methods as recited in enurnerated example

embodiments 17-33, inclusive.
5

{(EEE36.) A system performing any of the methods as recited in soumerated example

erphodiments 1-33, inclusive,

(EEE37S A system, comprising:

an encader, which is configiwed to:

receive image data {o be encoded,

encode, based on a reference mapping between a set of reference digital code
values and a set of reference gray levels, the received image data into reference encoded image
data, wherein humninance values in the image daia to be encoded being are represented by the set

of reference digital code values, wherein a luminance difference between two reference gray

levels represented by two adiacent reference digital code values in the set of reference digital
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{determine z digital code mapping between the set of reference digital code values

reference digital code values and a set of device-specifie digital code values, wherein the set of

code values is nversely proportional to a peak contrast sensitivity of human vision adapted at s
particular Hight level; and
output the reference sncoded roage data; and

a decoder, which is configured for

and a set of device-speeific digital code values, wherein the set of devies-specific digital code
vaiuss is mapped in a device-specific mapping to 2 set of device-specific gray levels;

receive the reference encoded image data; and

transcode, based on the digital code mapping, the refersnce encoded tmage data encoded with
the set of reference digital code values into device-specific image data encoded with the set of}
device-spacific digital control codes, wherein luminance values in the device-specitic image

data are based on the set of device-spegific digital code values.

{EEE3R) An image decoder, comprising:

a mapping determiner, which determines a digital code mapping between a set of

reference digital code values is mapped in a reference mapping to a set of reference gray levels,
and wherein the set of device-specific digital code values is mapped in a device-specific
mapping to 2 set of device-specific gray levels;

a receiver, which receives reference encoded image data encoded with the set of
reference digital code values, wherein luminance values in the reference encoded image data
are based on the set of reference digital code values, wherain a lunminance difference between
two reference gray levels represenied by two adjacent reforence digital code values in the set of
reference digital code values is inversely proportional to a peak contrast sensitivity of human
vision adapted at a particular hight level; and

a transcoder which, based on the digital code mapping, transforms the reference
encoded
image data encoded with the set of reference digital code values into device-specific image
data encoded with the set of device-specific digital control codes, wherein huninance vaiues in
the device-specific image data are based on the set of device-specific digital code values.
{EEE3%) The decoder as recited in enumerated example embodiruent 38, wherein the
decoder is configarad to:

determine a sst of correspondence relationships between the set of reference digital

code values and the set of device-specific digital code values, wherein a correspondence

refationship in the set of correspondence relationship relates a reference digital code value in

-4
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decontouring, or no operation should be performed for the reference digital eode value.

{EENAQ) The decoder as recticd in enumerated example embodiment 38, wherein the

WEERE43.) The decoder as recited in enumerated example embodiment 38, wherein the

{Between the set of device-specific digital code values and the set of device-specific gray levels,

the set of reference digital code values 1o a device-specific digital code value;

compare a first luminanee difference at the reference digital code value and 4 second
luminance difference at the device-specific digital code vahue; and
store an algorithm flag, based on comparing the first lurainance difference and the second

fuminance difference, wherein the algorithim flag functions to flag whether dithering,

decodear is further configured tor determine a reference digital code value from the reforence
encoded tmage data for g pixel; and defermine whether an algorithim flag is set for the reference

digital code value.

{EEE41.) The decoder as recited fn enumerated example embodiment 40, whereln the
decoder is further configured to perform a decontour function on the pixel, In response to

determining that an algorithm flag is set for decontour.

{(EEE42} The decoder as recited in enumerated example embodiment 40, wherein the
decoder is further configured io perform a dithering operation on the pixel, in response to
B k & Vi

determining that an algorithm flag is set for dithering.
& = 1<)

decoder is {urther configured to: render one or more images on g dispiay based on the
devige-speoific image data encoded with the set of device-specific digital control codes, the
display comprising at least one of a visible dynamic range (VIR) display, a standard dynamie

ranige {SDR} display, & tablet computer display, or a handheld device display.

{(EEE44.) The decoder as recited in enumerated example emnbodiment 38, wherein a

device-specific gray scale display fumction (GSIN) specities the device-specific mapping

{EEE4S) The decoder as recited in snumerated example embodiment 38, wherein the
device-specific mapping is derived hased on one or more display parameters and zero or more

viswing condition parameiers.

{(EEE45.) The decoder as recited in enumerated example embodiment 38, wherein the set

of device-specific gray levels spans {e.g., covers) a dynamic range with an upper limit havinga

value of: less than 100 nits; no less than {00 nits but less than 500 nits; between S0 nits and
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1000 nits, inclusive; between 1000 and 5000 nits, inclusive; between 5600 mits and 16600 nits,

(EEE4T) The decoder as reciled in enarmeraied example embodiment 38, further

{tuminance difference between the two reference gray levels represented by the two adjacent

inclusive; or greater than 10000 nits,

comprising a converter for converting one or more input images represented, received,
transrnitied, or stored with the reference encoded image data from an input video signal into
one or more output images represented, received, transmitted, or stored with the

device-specific image data contained in an output video signsl.

{(EEH4B) The deeoder as vecited in enumerated example embodiment 38, wherein the
device-specitic image data supports image rendering in one of a bigh-resolution high dynamic
range (HDR) image format, a RGB color space associated with the Academy Uslor Encoding
Specification (ACES}) standard of the Academy of Motion Picture Arts and Sciences
{AMPASY, a P3 color space standard of the Digital Cinema Initistive, & Reference fnput
Medium Metric/Reference Ouiput Medium Metric (RIMM/ROMM) standard, an sRGB ecolor
space, or a RGB color space associated with the BT.709 Recommendation standard of the

international Teleconumunications Union (JTU).

{(EEE49) The decoder as rectied in enumerated example embodiment 38, wherein the

reference digital code values is fess than a just noticesble difference (JND) threshold at the

particular {ight level.

{(EEESD) The decoder as recited in enumerated example embodiment 38, wherein the
particular Hght level comprises a luminance valus that lies between the two huminance values,

inclustve.

{(EEESL) The decoder as recited in enumerated example embodiment 38, whergin the set
of device-specific digital code values comprises integer values in a code space with a bit depth

oft § bits; greater than 8 but less than 12 bits; or 12 bits or more.

{EEES2) The deeader as recited in enumerated example embodiment 31, wherein the set

of device-specific gray levels comprises a set of quantized himinance values.

(EEES3) The decoder as recited in enumerated example embodiment 38, wherein af Jeast
one of the reference mapping and the device-specific mapping is determiined based at least in
part on a functional modetl represented with one or more functions.

(EEES4.) The decoder as recited in enumerated example embodiment 533, wherein the
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\receiving reference encoded image data encoded with the set of reference digital code

functional model comprises one or more model parameters, and wherein values of the model
parameters are optimized through mintmizing devigtions between predicted code values and

target code values.

{(EFEES5.) A non-transiiory computer readable storage mediwm comprising instructions
that are encoded and stored therewith, which when executed with a comiputer or a proeessor
thereot, cause, controf or program the computer or the processor to execute, perform or control
a procgss, the process for decoding an mage, the image decoding provess comprising the steps
of)

determining s digital code mapping between g set of reference digital code valuss and 2 et
of device-apecific digital code values, wherein the set of reference digital code values is
mapped in a reference mapping to 8 set of reference gray levels, and wherein the set of
device-specific digital ende values is mapped in 8 device-specific mapping to a set of

device-apecific gray levels;

valugs, wherein haminance values in the reference encoded image data are based on the set of
reference digital code values, wherein a luminance difference between two reference gray
levels represented by two adjacent reference digital code values in the set of reference digital
code values is inversely proportional to 3 peak condrast sensitivity of human vision adapted at a
particular light level; and

transcoding, based on the digital code mapping, the reference encoded image data encoded
with the sei of reference digital code values into device-specific image data encoded with the

set of device-speeific digital conirol codes, wherein luminance.

(EEES6.) An image decoding systern, comprising:

means tor determining a digital code mapping between a set of reference digital code

values and a set of device-specific digital code values, wherein the set of reference digital code
values is mapped io a reference mapping 1o a set of reference gray levels, and wherein the setof
device-specific digital code values is mapped in a device-specific mapping to a set of
device-specitic gray lovels;

means for receiving reference encoded image data encoded with the set of reference digital
code values, wherein luminance values in the reference encoded image data are based on the
sei of reference digital code values, wherein a luminance differsnce between two referenc
gray levels represented by two adjacent reference digital code values in the set of reference

digital code values is inversely proportional to a peak contrast sensitivity of human vision

adapted at a particular light level; and
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means for transcoding, based on the digital code mapping, the reference encoded image

data encoded with the set of reference digital code values into device-specific image data

{encoded with the set of device-specific digital control codes, wherein luminance values in the

device-specific image data are based on the set of device-specific digital code values.

{(HEES7.} A method, comprising the steps of:

receiving reference encoded irnage data encoded with reference code values, the reference
code values representing a set of reference gray levels, a first pair of neighboring gray levels in
the set of gray levels relating to a frst peak contrast sensitivity of human vision adapted at a
first light level, and a second pair of aeighboring gray levels in the set of gray levels relating to
a second peak contrast sensitivity of human vision adapted at a second different light level;

accessing a code mapping hetween reference code values and dovice-specific code values, the

device-specific code values representing a set of device-specific gray levels; and

transeoding, based on the code mapping, the reference encoded timage data into device-specific

image data encoded with the devies-specific controf codes.

{EEES8) The method as recited in enumerated example embodiment 57, wherein the set
of reference gray levels covers a dynamic range with an upper lomit having a value of

iess than 500 nits; betwaen 500 nits and 1000 nits, inclusive; between 1060 and 5600 nits,
inclusive; betwean 5000 nits and 100040 nits, inclusive; between 10000 nits and 15600 nits,

inchusive, or greater than 15000 nils.

{EEE59.) The method as recited in enumerated example embodiment 57, wherein the set
of reference gray levels is configured based on a human vision model that supposts a field of

view of greater than 40 degrees.

{EEEGD) The method as recited in enumerated example embodiment 57, wherein the set

of reference gray levels relates to variable spatial frequencies below a cut-off spatial frequency.

{(EEEST) The method as recited in enurerated example embodiment 57, wherein the
code mapping 15 configured to evenly distribute perceptually noticeable errors in a dynamic

range covered by the device-specific gray levels.

{(EEEG2.) The method as recited in enumeraied example esmbodiment 57, wherein a fivst
fumninance value difference of the fivst pair of neighboring gray levels in the set of gray levels
relates to the first peak confrast sensitivity inversely with a multiplicative constant, and

wherein a second luminance value difference of the second pair of neighboring gray levels

-49 .
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{EEESG4) The method as recited in enumerated example embodiment 57, wherein

in the device-specific image data.

{EEEGS) A imaging device comprising:

{device-specific code values of the tmaging device, the device-specific code values configured

whersin the imaging device is ai least one of a: game machine, television, laptop computer,

relates to the second peak contrast sensitivity inversely with the same multiplicative constant.

{(EEES3) The method as reciied in enumerated example embodiment 57, wherein a
reference code value in the reference code values and a reference gray level represented by the

reference code value have different numeric values,

transcoding, based on the code mapping, the reference encoded image data into device-specific
image data encoded with the device-specific control codes includes:

determining a fust fuminanee value difference between two adjacent reference code values at a
reference code value;

determining a second luminance valae difference between two adjacent device-specific code
values at a device-specific code value, wherein the device-specific code value corresponds to
the reference code valug; and

apply, based on 2 comparison of the first luminance valoe difference and the second tuminance

value difference, one-of a dithering algorithm or a decontouring algorithm to at Jeast one pixel

a data receiver configured {o receive reference encoded mage data comprising reference code
values, the reference encoded image data being encoded by an external coding systent, the
reference code valoes representing referance gray levels, the reference gray levels being
selected using a reference grayscale display function based on perceptual non-linearity of
hurnan vision adapted at different light levels o spatial frequencies;

a data converter configured to access a code mapping between the reference code values and
o produce device-specific gray levels configured for the imaging device, the data converter
being configured fo transcode, based on the code mapping, the reference encoded mage data

into device-specific image data encoded with the device-specific code values,

deskiop computer, netbook computer, computer workatation, cellular radiotelephone,

electronic book reader, point of sale teruinal, and computer kiosh.
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[183] The following Table 3 deseribes the caleulation of the Perceptual Curve EOTF for
converting digital video code values into absolute linear luminance levels at the point of
display. Also incladed is the inverse OETF caleulation for converting absolute linear

turninance into digital code valoes.

Table 3. Exemplary Specification for Perceptoal Corve EOTE

= Perceptual Curve digital code vahue

Exemplary Equation Definitions:
. 8DI-legal unsigned integer, 16 or 12 bits

A = number of bifs per component in digital signal representation, 10 or 12
¥ = normalized Perceptual Curve sigonal value, 8 5V = 1

Y= qnormalized fuominance value, 0KV = 1

I = ghsolute luminance value, 0 < L < 10,000 od/né®

Exemplary EOTF Decode Eguations:
D - L—0

28145 i o
2o Fo— R BLESINLTS
1039 4
2523 ) -
nE — ¥ 128 = FEE4E7E
4496
Uy T oy oy B SIRRETE




0

It

Novtag:

1. Tl spsersior INT rettoms this valseof 8o fFractiona! parts in the rimge of o

Q4999 and -+ for fractional pasts i the range of G5 10 09999, Le it rounds up fractiony

S oot mukiptes el 12 B mtionsls (o oavold roundipg

LOFTEAITAS,

3 R, G, or B stgeal vomponents sre o be eompated in the same way as the Y 8

SOpOnEnt deserthed shove,

The fllowing Table 4 shows exemplary values for 10 bits,
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Table 4. Exemplary Table of Values for 10 bits

0 Reserved , 50 | 0.04532 | 4.810E-06 0.04810
1 Reserved 51 0.04631 | 5.047E-06 |  0.05047
2 Reserved 52 | 004723 | 5291F-06 | 005291
3 Reserved i 53 0.04828 | 5542606 |  0.05542
4000000 |DO00EH00  00000C 541 004926 | 580106 | 0.05801
5 0.0009% | 4.096E-G9 0.00004 55 0.05025 { 6.067E-06 |  0.06067
6 D.00197 | 1.329E-08 0.00013 56 | 005123 | 6.341E-06 0.06341
7 000295 | 2.559E-08 0.00027 57 | 005222 § 5.623E-06 0.06623
8 0.00394 | 4.374F-08 0.00044 | 58 0.05320 | 6.913E-06 |  0.06913
g 0.00493 | 6.453E-08 0.00065 e 0.05412 { 7.211iF-06 0.07211
10 000551 | 8.922E-08 0.00085 . 60 | 0.05517 | 7.517E-06 0.07517
AL 00080 | 1175607 | 000017 61| 005616 | 7831E06 | 007831
12 0.00788 | 1.495E-07 0.00149 62 0.05714 | 8.154E-06 0.08154
LGA31. 000887 L 1852E07 O 83 1005813 | 8.485E-06 0.08485
14 0.00935 | 2.248E-07 0 64 | 005911 | 8.8256-06 0.08325
15 0.01084 | 2.681E-07 0.00268 65 | 0.06010 | 9.1745-06 009174
16 0.01182 | 3.154E-07 6.00315 66 | 006108 | 5532608 0.09532
17 0.01281 | 3.666E-07 |  0.00367 67 | 008207 | 9.899E-08 0.03899
18 1001379 14219807 | 000422 1 1 68 | 0.08305 | 1027805 0.10275
19 0.01478 | 4.812E-07 0.00481 63 | 006404 | 1.066E-05 0.10660
0 0.01576 | 5.4476-07 0.00545 70 | 006502 | 1106E-05 | 011055
21 | 0.01875 | 6.125E8-G7 0.00613 71 0.065601 | 1.1465-05 0.11460
22 0.01773 | 6.846E-07 0.00685 72 i 006700 | 1.1875-05 0.11874
232 001872 | 7610607 i 0.00751 73 | 006798 | 1.230E05 | 0.12298
24§ 001970 | 8.420E07 0.00842 74 | 008897 | 1.2738-05 0.12733
25 0.02069 | 9.2755-07 0.00927 7 008995 | 1318605 |  0.13177
26 0.02167 | 1.018E-06 0.01018 76 | 0.07094 | 1.363E-05 0.13632
27 0.02266 | 1.112E-06 0.01112 77 | 007192 | 1410805 | 0.14097
28 0.02365 | 1.212E-06 0.01212 78 | 007291 | 14S7E05 | 0.14573
29 0.02463 | 1.317E06 0.01317 | 79 | 007389 | 1.506E-05 | 0.15060
30 0.02562 | 1.426E-06 0.01426 80 | 007488 | 1.55BE-05 0.15558&
31 002660 | 1.541E-06 0.01541 | 81 0.07586 | 1607E-G5 |  0.16067
32 0.02759 | 1.6G61E-06 |  0.01661 | . 82 | D.07685 | 1.659E-05 0.16587
33 0.02857 | 1.786E-06 0.01786 83 0.67783 | 1.712E-05 0.1711%
24 | 002956 | 1916E-06 6.01916 84 | 0.07882 | 1.76GE-0S 0.17662
35 003054 | 2052808 0.02052 85 0.07980 | 1.822E-05 0.18217
36 DO03153 | 2193805 | 0.02193 86 | 008079 | 1.878E-05 !  0.18783
37 | 003251 | 2340806 | 0.02340 i 87 | 008177 | 1.936E05 | 0.19362
381003350 | 2493806 | 002493 8 | 008276 | 1895E-05 0,19953
38 | 003448 | 2652506 0.02652 85 | 0.08374 | 2.056E-0% 0.20555
46 | 0.03547 | 2.816E-08 0.02816 oG | 008473 | 2.117E-05 0.21172
a1 0.03645 | 2.987E-06 0.02987 91 009571 | 2.180F-05 0.21801
42 G.03744 | 3163506 |  0.03163 92 0.08670 | 2.244E-05 |  0.22443
43 | 003842 | 3346E-08 1 0.03348 a3 0.08768 | 2.310F-05 0.23097
44 | 003941 | 3536E06 |  0.03536 S4 | 008867 | 2.3778-05 0.23765
AAAAAA 45 | 004039 | 3731E06 | 003731 95 0.08%66 | 2.445E-05 0.24447
46 0.04138 | 3.934F-06 0.03934 | 96 | 009084 | 2.5148-05 0.25142
47 0.04236 | 4.143E-06 0.04143 37 0.09163 | 2585805 1  0.25850
48 | D.04335 | 4358506 0.04358 98 | 009261 | 2657505 0.26573
49 004433 | 4.581E-06 0.04581 1o 0.09360 | 2.731E-0% 0.27310

%



0.09458 0.28061 ] 0.14384 | 8.856F-05 0.88562
101 | 009557 | 288305 |  0.28926 151 | 014483 | 9.034E05 | 0.90338
102 | 0.09655 | 2.9615-05 0.29607 152 | 014581 | 9.214E-05 0.92140
103 | 0.09754 | 3.0408-05 0.30402 153 | (.14680 | 9.397E-05 | 093369
104 | 0.09852 | 3.121E-05 0.31712 i54 | 014778 | 9.583F-05 0.95826
105 | 0.09951 | 3.204E-05 0.32038 155 | 0.14877 | S.771E-05 0.97711
106 | 0.10049 | 3.288E-05 {1.32872 156 | 0.14975 | 9.962E-05 0.996724
107 | 010143 | 3.3745-05 0.33736 157 | 045074 | 1.0168-04 101565
108 | 010246 | 3.461E-05 0.34608 158 1.035E-04 1.03535
109 | 010345 | 3.3506-05 0.35407 159 1.055E-04 1.05534
110 | 0.10443 | 3.640F-05 0.36402 180 076E-04 1.07563
111 | 010342 | 3.732E-05 0.37324 181 1.0958-04 1.09622
112 | 010640 | 3.826E-05 0.38262 162 '47? 04 1.11710
113 0.10739 | 3.872E-05 0.36217 3 1.13829
7 1.15979
169 118 . 1.18160
116 | 011034 | 4.213F-05 o) 4:105 16 1.20372
..... 137 ;1 GA3133 4 4323005 187 1836058 122616
118 | 011237 | 4.425E-05 168 | 0.16138 1.24892
119 | 011330 | 4531605 ¢.45215 165 | 016256 | 1.2728-04 1.27201
130§ 0.11428 | 4.639£-05 0.46394 170 | 0.18355 | 1.295£.04 1.29543
51 0.47492 171 | 036453 | 1.3196-04 1.31918
2 . 861F 0.48608 172 | 0.16552 | 1.3435-D4 | . 1.3432§
123 | 0131724 | 4975 0.49745 173 | 0.16650 | 1.368E-04 1.36769
_____ 124 | 011833 | 5.080E-05 0.50901 174 | 016749 | 1392804 1.39245
125 | 011821 | 5.2088-05 0.52078 175 | 0.16847 | 1.4188-04 1.41758
126 | 0.32020 | 5.3278-05 8.53271 176 | 0.36946 | 1.443E-04 1.44304
12 5.443F-05 0.54486 177 0.17044 | 1.469E-04 1.46887
128 | 012217 | 5.572E05 055722 178 | 0. 1.43505
129 | 032315 | 5.698E-05 0.56978 179 52
130 | 0.12414 | 5.825E-05 0.58255 180 | 0.17340 | 1.549E- 94 1.54851
\\\\\ 131 | 012512 | 5.955E05 0.59552 | 181 | 017438 | 1.576£-04 | 157579
132 | 012611 | 6.087E-05 0.60872 182 | 017537 | 1.603E-03 1.60345 |
133 | 012709 | 6.221F-05. 0.62212 183 | 047635 | 1.631E-04 1.63148
134 | 0.12808 | 6357605 | 0.63575 184 | 017734 | 1.660£-04 1.65990
135 | 012906 | 5.496E-05 0.64959 185 | 047833 | 1.689E-04 | 1.68871
136 | 0.13005 | 6.637E-05 0.66365 186 | 0.17931 | 1.718E-D4 1.71791
137 { 13103 | 6.780E-05 0.67796 187 | 0.12030 | 1.7488-04 1.74750
138 | 013202 | 6.935E05 | 0.69248 188 | 0.18128 | 1.777E-04 1.77743
133 0.13300 | 7.0728-05 0.70724 189 | 0.18227 | 1.208E-04 1.30783
140 1 013399 | 7.222F-05 0.72223 190 | (.18325 | 1.839E-04 1 183870
141 | 013498 | 7.375E-05 06.73746 191 | 018424 | 1870E-04 | 1.86991
142 | 013596 { 7.529£-05 075292 1 1 197 | 018522
143 | 0.13695 | 7.685£-05 0.75863 183 | 0.18621
144 | 013793 | 7.846E05 | 0.78458 | 194 | 018719 “1 9&6& U4
145 | 013892 0.80079 : 1.999E-04
146 § 0.13980 | B172F-05 | 0.81724 198 | 0.18916 | 2.032E-04
147 | 014089 | 8.339E-05 83395 197 | 019015 | 2.066E-04
148 | 014187 | 8509E-05 0.85081 | 198 | 019113 | 2.100E-04 210037
149 | 0.14286 | BGEIE-05 | 0.86814 186 | 019212 | 2.135£-04 2.13506
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200 | 019310 | 2170E04 | 217019 0.24236 | 4.624E-04 | 462440
201 | D.19409 | 2.206E-04 | 220579 0.24335 | 4690604 |  4.69011
202 | 09507 | 2242804 1 224185 0.24433 | 4757604 | 475659
203 | 019606 | 2.278E-04 | 227837 024532 | 4.824E-04 | 487385
204 | 019704 | 2315604 | 2.31537 024631 | 4892604 |  4.89189
205 | 019803 | 2353E-04 | 235285 0.24729 | A961E-04 |  4.96073
_____ 206 | 019301 | 239iF-04 | 239081 0.24828 | 5.030E-04 | 503036
207 | 020000 | 2429504 § 242925 028926 1 510 510081
020099 | 2468E-04 |  2.46821 | 825025
020197 | 2508E04 | 250765 1| 259 | 025123 | 5.
020296 | 2548E:04 | 254760 025222
020394 | 2.58BE-04 |  2.58805 025320
L629E-04 | 262902 0.25419
_2671E04 | 287051 G | 263 | 0.75517
273804 1 271252 G| 284 4 025616
(2755E-04 | 2.75507 0.25714
2798004 1 279815 b 1368 L 0.25813 .
2.842E-04 | 025911
2931E-04 0.26108 6.01221
, 0.21281 | 2.976E-04 0.26207 £.03393
21 | 021379 | 3.022E-04 0.26305 6.17657
222 | 021478 | 3.068E-04 026404 | 6.360E-04 |  6.26014
223§ 021576 | 3.115E-04 026502 | 6.345E-04 |  6.34467
224 3.163E-04 | 026501 | 6.430E-04 | 643014
225 3.211E-04 026700 | 6.517E-04 | 651658
226 | 021872 | 3.260E-04 026798 | 6.604£-04 £.60400
227 | 021970 | 3.303E-04 026897 | 6.692E-04 |  6.69239
228 | 022069 | 3.359E-04 0.26995 | 6.782E-04 |  6.78178
225 | 022167 | 3.410E-04 0.27094 | 6.872E-04 | 687217
230 | 022266 | 3.461E-04 | 0.27192 | 65.964E-04 6.96357
231 | ©£.22365 | 3.513E-04 3.51255 027291 | 7.056E-04 |  7.05600
232 | 022463 | 3565604 | 3.56500 027389 | 7.149E-04 |  7.14945
233 | 022562 | 3.618E-04 | 361808 027488 | 7.244E-D4 | 7.24395
234 | 0.22660 | 3.672E-04 671 027586 | 7.338E-04 | 7.33949
235 | 022759 | 3.7260-04 372618 0.27685 | 7.436(-04 7.43610
236 | 022857 | 3.781E-04 | 378121 0.27783 | 7.534E-04 753378
237 | 022956 | 3.837E-04 |  3.83890 0.27822 | 7.633E04 | 7.63254
238 | 0.23054 | 3.893E-04 |  3.89327 0.27980. | 7.732E04 |  7.73240
238 | 0.23153 | 3.950E-04 |  3.95031 028079 | 7.8336-04 | 7.83335
240 | 023751 | 4008E-04 |  4.00803 028177 | 7.935E04 | 7.93542
241 | 0.23350 | 4.066£-04 4.06645 028276 | B.039E-04 | 803862
242 | 023448 | 41265604 | 412556 028374 | 8.143E-04 | 814295
243 | 023547 | 4185604 | 418537 028473 | B.248E-04 | 5.24842
244 | 023645 | 4246E04 | 424590 029571 | 2.355E-04 | 835505
245 | 023744 | 4307E-04 | 430715 028670 | 8.463E-04 | 846285
246 | 023842 | 4.369E-04 | 436912 0.28768 | BS7ZED4 | 857183
247 | 023941 | 4432604 | 443182 0.28867 | 8.5682E-04 |  8.68200
248 | 0.24039 | 4.495E-04 4.49527 0.28966 | 8.793C-04 8.79337
245 | 024138 | 4559E-04 | 455945 0.29054 | B.906E-04 |  B.90595




029163 | 9.020E-04 | 9.01976 034085 | 1656603 |  16.55922
029251 : 94356804 | 9.13480 034187 | 1675603 |  16.75346
0.29360 | 9.251E-04 |  9.25109 034286 | 1.695F-03 | 16.94970
029458 | 9.369F-04 | 9,365 0.24384 | 1795603 |
029557 | S.47EDA | 9.48746 034483 | 1735603 | 17,
0.28655 | 9.608E-04 9.60757 355 | 034581 | 1.7556-03 | 17.55051
029754 5.72897 356 | 034680 | 1775603 | 17.75488
0.29852 ;3852804 | ..285168 . 357 1034778 L1
0.29351 | 9.8765-04 | 997571 358 | 0.348 v
JLOIOE03 | 1010108 359 |.034973 1838056
1023603 | 1023779 ' 1859338
1.036E-03 | 1035585  18.80835
1.049E-03 |  10.48529 19.02551

0. 304£J

1.062E-03

G.3064'O

1.075E-03

1.088E-03

10.61612

AUSs 7

5£-03

| 19.24485

1.129E-03

2038503 | 203

_____ 0.30936 : 1.129E-03 | .
031034 | 1143603 | 1143087 035961 | 2.0616-03
031133 | 1157803 | 1157176 038050 | 2.084E03 | 20.84364
| 031222 1.17.LE—£’3 11.71414 036158 | 2108603 | 2108134
031330 | 1.186E-03 | 11.85303 036256 | 2132603 | 2132141
031425 | 1200603 | 12.00343 036355 | 2156603 | 2156390
1215603 | 1215037 036453 | 2.181E03 |  21.80882
. 1230603 | 12.29886 036552 | 2.206E-03 | 22.05620
0.31724 | 1.245E-03 | 12.44891 - 0.36650 231E-03 | 22.30605
031823 | 1.260E-03 |  12.60054 036749 | 2.JS6E03 | 2255840
031923 | 1275603 | 12.75376 036847 | 2281E-03 | 22.81327
032020 | 1.291E-03 | 1290859 0.36946 | 2.307E-03 |  23.07068
T0.32118 | 1.307E-03 | 13.0650% 0.37044 | 2.333E-03 | 2333067
032217 | 1.322E-03 | 13.22314 0.37143 | 2359603 | 22.59324
032315 | 1.338E-03 | 1338288 | 037241 | 2386E-03 | 23.85843
032414 | 1354803 | 1352430 037340 | 2413803 | 2412626
032512 | 1371E03 | 1370739 037438 | 2440803 | 2439674
032611 | 1.3876-03 | 1387218 0.37537 | 2.467E-03 | 2466992
032709 | 1.404E-03 | 1403870 037635 | 2.495E03 |  24.94581
032808 | 14721603 |  14.20635 037734 | 2522E-03 | 75722443
0.329056 | 1.438E03 | 1437694 037833 | 2551E03 | 2550582
0.33005 | 1455603 |  14.54869 037931 | 2579603 |  25.78992
033103 | 14726-03 |  14.72223 038030 | 2.6086-03 |  26.07697
0.33202 | 1.490E-03 | 1489756 038128 | 2.637603 | 2636679
033300 | 1507603 | 1507471 0.38227 | 2.666E-03 |  26.65947
033399 | 1525603 |  15.25369 0.38325 | 2.696E-03 |  26.95504
0.33498 | 1543E-03 | 15.43451 038434 | 2725803 | 27.25352
0.23596 | 1562E-03 | 1561720 038522 | 2755503 | 27.55495
© 0.33695 | 1.580F-03 15.80177 0.38621 | 2.786E-03 | 27.85934
0.33793 | 1.593E-03 15.98824 0.38719 | 2.817E-03 2816672
033832 | 1.518E-03 | 16.17663 038918 | 2.848E-03 | 28.47712
033990 | 1637E-03 | 1636695 0.38916 | 2.879E-03 |  28.79059




0.38015 | 2. 2310712 0.43941 49.54290
401 | 039113 | 2.943E03 |  29.42676 0.64039 | 5006503 | 50.05921
402 | 039212 | 2975E03 | 29.74953 0.44138 | S.0S8E-03 |  50.58042
403 | 039310 | 3.008E.03 | 3007546 044236 | S111E03 | 5110657
404 | 039408 | 3.040E-03 |  30.40453 | 454 | 044335 | 5.164E-03 | 5163771
405 | 039507 | 3.074E-03 | 3073892 ! 455 | 0.44433 | 5.217E-03 | 52.17387
_____ 406 | 0.39606 | 3.107£-03 |  31.07251 456 | 044532 | 5272603 | 5271511 |
407§ 039704 3141803 | 3141137 1 457 | 044631 | 5326€03 | .
408 | 039803 | 3175603 |  31.75354 458 | 044729 | 5.381E-03
039901+ 3.2108-03 | 3209905 LA59 1 D4dgag | 5.437E-03
3244792 460 | 0.44325 | ¢
32.80018 461 | 045025 | 5.550E-03
3315588 462 | 045123 | 5.607E-03
3 3351503 463 1 045222 | 5.565E03
3387767 0.45320 '
2.98684
_3536E03 | 3536376 A | 59.62760
 3574E03 | 5.74432 045813 | 6.0236-03 |
3613603 | 3612857 470 | 045911 | 508503 |
3652E-03 | 3651652 471 | 045010 | 6.1476-03
seieos | msomns | 42| oscwon | 620605 | e210mm
423 | 0.41281 | 3.7306-03 1 3730372 473 | 046207 | 6.274E03 | 6273785
424 | 041379 | 3770E-03 | 3770303 474 | 046305 | £.338E-03 | 5337855
425 | 041478 | 3811E-03 | 3810618 475 | 046404 | 6.403E-03 | 64.02525
426 | 0.41576 | 3.851F-03 | 3851322 476 | 046502 | 6.468E-03 54.67801
427 | 041675 | 389E-03 | 3892418 1 477 | 046601 | 6.534E-03 | 6533688
428 | 041773 | 3934E03 | 3933509 | 478 | 046700 | 6.600E-03 |  §6.00151
429 | 041872 : 3.976B-03 i 3575800 ¢ 1 473 | 046798 | 6.667E-03 | 6667316
330 | 0.41970 | 4018F-03 |  40.18093 420 | 046897 | 6735803 | 67.350689
431 | 042089 | 4081E-03 |  40.60792 481 | 046995 | 6.803E-03 |  63.03455
432 | 042167 | 4104E03 | 4103901 | . 482 | 047094 | 6.872E-03 6872480
433 | 0.42266 | 4.147E-03 | 41.47423 483 | 047192 | 6942503 | 69.42149
234 | 042365 | 4191E03 | 4191363 484 | 047291 | 7.012603 |  70.12468
435 | 042463 | 4.236E-03 4235723 485 | 0.47389 | 7.0838-03 |  70.83443
436 | 042562 | 428%1F-03 | 42.80508 485 | 047488 | 7155803 |  71.55079
437 0.426560 | 4.326E-03 43.25723 487 | 0.47585 | 7.2278-03 7227383
438 | 0.42759 | 4371E-03 | 4371369 488 | 0.47685 | 7.300E-03 73.00361
433 | 042857 | 4.417E-03 3417451 483 | 0.47783 | 7.374E-03 73.74018
440 | 042956 | 4.4B4E-03 | 4463974 | 490 | 047882 | 7.448E-03 | 74.48361
441 | 043054 | 4511E-03 | 4510941 | 491 | 047380 | 7.523E-03 | 75.23395
347 | 0.43153 | 4558E-03 4558355 457 | 048079 | 7.599E03 | 75.99127
443 | 043251 | 460BE-03 | 4606222 453 | 048177 | 7.676E-03 76.75562
444 | 0.43350 | 4.5558-03 46.54545 494 | C.48276 | 7.753E-03 77.52708
445 | 0.43448 | 4703E03 | 4703328 495 | 0.48374 | 7.831E-03 | 78.30570
445 | 043547 | 4753803 | 47.52575 436 | 0.48473 | 7.9096-03 |  79.09155
447 | 0.43645 | 4807E-03 | 4802291 497 | 0.48571 | 7.9885-03 |  79.88469
448 | 043744 | 4857E-03 | 4852479 498 | 0.49670 | 8.059E-03 |  80.68519
449 | 043832 | 4903803 | 49.03144 VU490 | 048768 | 21436-03 | 8149310




“““ 0.48867 | 8.231E-03 | 8230851 551 0.5379
501 | 0.48966 | 5.313F5-03 8313145 551 | 0.53892 | 1.356E-02
502 | 049064 | 8.396E-03 | 83965204 552 1 0.53990 | 1.369E-02
503 | 0.49163 | B480£-03 | 8480031 553 | 054089 | 1.382F-02
504 | 049261 | 8565803 |  85.64633 554 | 0.54187 | 1.395E-02
505 | 0.49360 | 8.8505-03 | 8650017 555 | 0.54286 | 1.40SE-0Z | 140.87814
506 | 049453 | 8738E-03 |  B87.36191 556 &54384 1422802 | 14223786
8823603 | 88, 73101
2.911E-03 '
‘- g ; S i...B58s518
\vw“04995;U"9179503 91.79146
0.50049 | 9.270E-03
050148 | 9.362E-03
050248
- 0.50345
..... 516 1 0.50443 , .
517 7 | 055 158.03542
518 50640 1 568 055567“_‘}5§n5ﬂ2”:~ 159.55094
‘§ggn>““959733N>'a934¢o3‘"m‘9431543 777777 569 | 0.55665 | 1.611F-02 | 161.08021
520 | 050837 | LOOSE-02 | 10029530 570 | 055764 | 1.626E02 | 162.62334
521 | 050936 | 1013£-02 |  101.28417 571 | 055862 | 1.642E02 | 16418046
522 | 051034 | 1023802 | 102.28213 572 | 055961 | 1.658E-02 | 165.75168
\\\\\ 523 | 051133 | 1033602 | 103.28927 573 | 058058 | 1673602 | 167.33714
524 | 051232 | 1.043E-02 | 10430565 574 | 056158 | 1.689E-02 | 168.93536
525 | 051330 | 1053E-02 | 10533136 575 | 056256 | 1.706E-02 0.55126
526 | 051429 | 1.064E-02 |  106.36648 576 | 056355 | 1.722F-02 g
527 1074E-02 |  107.41110 577 | 056453 | 1.738E-02 | 173.82384
523 1085E-02 | 108.46530 578 | (0.56552 | 1.7556-02 | 175.48237
538 T 051794 { L095E-02 | 108.52317 579 | 056650 | 1.772E-02 |  177.1559%
530 | 0.51823 | 1.10BE-02 | 110.60279 580 | 056749 | 1.788E-02 | 178.84459
531 | 051921 | 1117802 | 111.68624 581 | 0.56847 | 1.8056-02 | 130.54854
532 | 052020 | 1128602 | 112.77962 582 | 0.56945 | 1.823E-02 | 18226789
533 | 052118 | 1139£02 | 113.88301 583 | 057044 | 1.840E-02 | 184.00279
534 | 052217 | 1150E-02 | 114.99650 584 | 0.57143 | 1.8586-07 | 18575337
535 | 052315 | 1.161E-02 | 116.12018 585 | 057241 | 1.8758-02 | 187.51977
536 | 052414 | 1173602 |  117.25414 585 | 057340 | 1.8335-02 | 189.30212
537 | 052512 | 1184E-02 { 11839847 587 | 057438 | 1911802 |  191.10058
538 | 052611 | L196E-02 i 119.55325 588 | 057537 | 1.9298-02 | 192.01528
539 | 052709 | 1L207E-02 | 120.71860 589 | 057635 | 1.947E-02 | 194.74636
540 | 0.52908 | 1.2iSE-02 2159459 590 | 057734 | 1.966E-02 | 19659398
541 | 0.52906 | 1.23 123.08132 591 | ©.57833 | 1.9856-02 | 19845827
S42 | 053005 | 1243602 | 124.27889 597 | D.57931 | 2003862 % 200.33929
543 | 0.53103 | 1.255E02 | 125.48739 593 | 058030 | 2.022E-02 | 202.23748
544 | 053202 | 1267802 | 126.70692 594 | 058128 | 2.042E-02 | 204.15270
545 | 053300 | 1279802 |  127.92758 595 | 058227 | 2.061E02 | 206.08519
546 | 053399 | 1792602 | 129.17946 536 | (.58325 | 2.080-02 | 208.03511
547 | 053498 | 1304E-G2 | 130.43266 597 | 058424 | 2.100E-02 | 210.00261
548 | 053396 | 1217802 | 13169729 595 | 058522 § 2120802 | 211.98795
549 | (53695 | 1330602 | 132.97344 539 | 058621 | 2.140E-02 | 213.95098
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058719 | 2.160E-02 650 | 0.63645 | 3.44DE-02 |  244.04574
€01 | 058818 | 2.181E-02 1805157 1 651 | 0.63744 | 2.472E02 | 347.23509
602 | 0.58916 | 2.201E-02 220.10935 652 | 063842 | 3.5056-02 | 350.45302
503 | D53015 | 2.232E-02 | 222.18566 €53 | 0.63941 | 3537602 | 353.69979
604 2.243E-02 | 224.28067 654 | 0.64033 | 3570E-02 | 356.97566
2.264F-02 655 | 0.64138 | 3.603E-02 | 350.28090
606 50"10 2,285E-02 656 | 0.64236 | 3.636E-02 |  363.51575 |
' 0.53409 657 | 064335 | 3670002 | 36698043
2 | 37037537
09 { 059606 | 2350E:02 § 23504232 i i 659 1 064337 | 3738802 37380068
610 | 059704 | 2373¢02 | 237.25287 | | 650 | 064631 | 3773E-02 | 377.25668
611\ osgs0s | 2aose0r | 23948357 0.64729 380.74365
612 | 059301 | 2.417E-02 | 241 0.64828  384.26186
613 | 060000 | 2440E07 | 24260519 663 | 0.64926 387.81159
. 664 | 065025 L.39139310
615 | 050197 | 2.48 _ \‘“248.(308.*-/ 565 395.00674
DR 4250 Fo " 398.65273
 §17 | 060334 |25 253.29512 4D23E-D2 | 40233138
618 | 0.60493 | 2.557F 265.67004
619 | 0.60531 | 2.581E-02 | 258.06630 ia
620 | 060690 | 260SE-02 | 26048411 670 | 065616 | 4.136E-02 | 41356624
_____ 621 | 060788 | 2.629E-02 |  62.92364 671 | 065714 | 4174E-02 | 417.37849
622 | DG0887 | 2.654E-02 i 265.38509 672 | 065813 | 4.212F-02 |  421.72488
623 | 050985 | X679E-0 |  767.86866 673 | 065911 | 4.251E-02 | 43510573
AAAAA 624 | 061084 | 2704E-02 | 270.37454 674 | 066010 | 4290E-02 | 429.02134
625 | 061182 | 2729602 | 27290293 675 | 066108 | 4.3308-02 | 432.97202
626 | 0.61281 | 2.755E-02 | 275.45403 676 | 0.66207 | 4.370E-02 | 436.95808
627 | 051379 | 2780E-02 | 278.02804 677 | 0.66305 | 4.410E-02 | 440.97986
628 | 061478 | 2806E-02 |  280.62516 678 | 0.66404 | 4.450E-02 | 445.03765
) ‘ 2837602 | 283.24561 679 | 0.66502 | 4491E-02 | 44913179
630 | 061675 | 2.859E-02 | 28588058 680 | 066601 | 4533E-02 | 453.26260
631 | 061773 | 2.885E-02 | 288.55729 621 | 066700 | 4.574F-02 | 457.43041
2912802 | 291.24894 682 | 066798 | 4616602 |  461.63555
61 2.940E02 | 293.96476 683 | 066897 | 4655602 |  465.87835
634 | 062069 2367802 ; 236.704% 684 | 066995 | 4702602 | 47015916
635 | 0.62167 | 2995E 299.46973 635 | 067094 | 4745£-02 |  474.47831
636 | 062266 | 3023602 | 302.25931 686 | 067197 | ATRREOD | 478.83615
537 | 062365 | 3.051E-02 | 30507393 687 | 067291 | 4.832E02 | 483.23302
638 | D.52463 | 3.079E02 | 307.51380 688 | 0.67389 | 4.877E-02 | 487.66928
633 | 062562 | 3.108E-02 | 31077915 680 | 067488 | 4921E-02 | 492.14528
640 | 062660 | 2137602 |  313.67020 690 | 0.67536 | 4.967E-02 |  496.66137
B4 f 062759 { 3166E-02 | 316.58713 . 691 | 087685 | 5012602 | 50121792
642 | 062857 | 3195F-02 | 31953033 692 | 067783 | 5058602 |  505.81528
643 | 062956 | 3.225E-02 | 322.49987 693 | 067882 | 5.005E-02 | 51045383
644 | 063054 | 3.255E-02 |  325.43605 694 | D.E7980 | 5.U51E-02 | 515.13393
645 | 0.63153 | 3285(-02 |  328.51909 695 | 068079 | 5.199E-02 { 519.85595
646 | 0.6325) | 3.316F-02 | 331.56923 696 | 0.68177 | 5.246E-02 | 524.62029
647 | 0.63350 | 3.346E-02 |  334.64673 697 | 068276 | 5.294E-02 | 529.42731
548 | 0.63448 | 3378502 | 337.75181 638 | 068374 | 5.343E-02 | 534.27740
649 | 0.53547 | 3.409E-02 | 340.88473 693 | 0.68473 | 5.392E-02 | 539.17094




700 1 068571 | 5.441E-02 | 54410833 750 | 073498 | 8567602 | 856.68597
701 | 0.68670 | 5.491F-02 | 549.08396 751 | 073596 | 8645E-02 | 864.47366
702 | 068768 | S541E-02 | 554.11624 752§ 073695 | B723E-02 | 87233141
703 | 068967 | 5.592E-02 |  558.18755 753 | 073793 | S.803E-02 | 88025988
J94..1 068966 | 5643002 1. .56430431 194,.3.0:73892 | 8.883E02 |  888.23970
705 | 069064 £ 569.46692 755 8.963E-02 | 896.33154
706 | 0.69163 574.67581 9045602 | 90447604
76 ' 579.93138 9.127E02 | 912.69387

- 398 58429_”_”

59% 98243

6()1 42853

Q

0. 60951'

QAQM:: .-

' 6.351E-02

635.145; 43

.I\«.Q 294t 02 SORRAN

Q.8348F-012

9.378E-02
- 9.4636-02 54631199
9.549E-02 |  954.90655

o. 75') 74‘_7» )

075}72

2723802 |

6.403E-02

643.54705
646.79685

0.75363

0.75468

1027801

652.69908 102651247
7  0.70640 | & 77i | 075567 | 1.036E-01 | 103583026
722 | 070732 | 6.647E-02 | 66466286 772 | 075665 | 1.0456-01 | 104523213
_____ 723 | 070837 | 6.707E-01 | 670.72537 773 | 075764 | 1.0558-01 | 1054.71985
724 | 070936 | 6.768E-02 | 6768428 774 | 075862 | 1.064E-01 | 106439118
725 | 071034 | 6830802 |  683.01407 775 | 075361 | 1.074E01 | 10732.94996
726 | 071133 | 6.892E.07 |  £89.24124 776 | 0.75058 | 1.084E-01 | 108365593
727 | 071232 | 6.955E-02 | §95.5243C 777 | 076158 | 1.094E-01 | 109352991
528 o71330 | 7010600 | Jo186376 778 | 076256 | 1.103E-01 | 110345271
729 | 071429 | 7083602 | 708.26011 773 | 076355 | 1113601 | 111346516
730 | 071527 | 7147602 | 714.71389 780 | 0.76453 | 1.124E-01 | 1123.56808
731 | Q71626 | 7212E-02 | 72122561 781 | 76552 | 1.134E-01 | 1133.76227
732 i 071724 | 7.278E-02 i 727.79573% 782 | 0.76650 | 1.144E-01 | 1144.04861
733 | 071823 | 7384002 | 734.42496 783 | 076748 | 1.154F-01 | 1154.42793
734 | 071921 | 7.411E-02 | 74111367 784 | 076847 | 1.165E-C1 | 116490110
735 | 072020 | 7.479E-02 |  747.86245 785 | 076946 | 1175601 | 1175.46898
736 | 0.72118 | 7547802 | 754.67184 786 | 0.77044 | 1.186F-01 | 1186.13245
737 | 0.72217 | 7.6i5E-02 | 76154240 787 | 077143 | 1197601 | 1196.89237
\\\\ 738 | 0.72315 | 7.685E-02 | 768.47469 782 | 077241 | 1.208E-01 | 1207.74955
735 | 072414 | 7755802 | 775.46925 783 | 0.77340 | 1.219E-01 | 121870519
740 | 072512 | 7.8258-02 | 782.52667 790 | 0.77438 | 1.230E-01 | 1229.75989
741 | 0.72611 | 7.896E-02 |  789.54751 791 | 077537 | 1.241E-01 | 124091466 |
747 | 072709 | 7.968E-0Z |  796.83234 792 | 077635 | 1.252601 | 125217044
743 | 072808 | 8041E-02 | BOA.OBL76 793 | 077734 | 1.264F-01 | 126352815
744 | 072306 | 8114E-02 | 81139634 734 | 077833 | 1.275E-01 | 1274.98874
745 | 073005 | 8.188F-02 | 818.77668 795 | 0.77931 | 1.2876-01 | 128655317
746 | 073103 | 8262E-02 | 82622339 796 | 079030 | 1.208F-01 | 129822238
747 | 073202 | 8337F-02 | 833.73706 797 | 078128 | 1310601 | 130995736
748 | 073300 | 8.4136-02 | 841.31830 798 | 0.78227 | 1.322801 | 1321.87908
749 | 0.73399 | B.480E-02 | 248.96773 795 | 078325 | 1.334E-01 | 1333.86853
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0.78424 1345.95672 50 | 083350 | 2115E01 | 211470314
801 | 078522 | 1.358E-01 | 1358.17454 851 | 083448 | 2.134E-01 | 213392824
802 | 078621 | 1370E-01 | 1370.49332 8§52 | 083547 | 2153601 | 215332990
803 | 078719 | 1383E-01 | 1382.92378 853 | 0.83645 | 2.173E-01 | 217230979
804 | 078818 | 1.395E-01 | 139546706 | | 554 | 0.83744 | 2193E-01 | 2192.6696D
805 | 078916 | 1.408E-01 | 1408 €55 | 0.83842 | 2213601 | 221261104
806 | 073015 | 1421E-01 | 1420, , 856 | 0.83%41 | 2.233E01 | 223273582
807 1 079113 | TAMEOL 3 143378438 0 L 857 1082039 | 2253E01 | 2
1A47E-01 | 1446.78954 858 | 0.84138 | 2.274E-01
B80S :..079310 | 1460001 § 1459.91285 L. 89 1084236 | 2234E01
810 | 079409 860 | 084335 01 |
_____ Bl | 079507 | 1.4 851 | 0.84433 | 2.336E-01
£12 | 079606 | 1500801 | 862 | 0.84532 | 2.357E-01
_ 9704 | 1514801 | 1 2379601 |
814 | 079803 115271 .‘Ul‘..; ! JZAOIEOL & 2400.54636
§15 | 079301 | 1.541E01 7A22E-01 | 242240224
1555601 | 55517836 2.444E-01 | 244445906
0.80099 | 1569E-01 | 15569.28748 867 | O 8':':025 2467E-01 | 245671934
_____ 080197 | 1584E-01 1 158352503 . (B58 ¢ 085123
0.80296 | 1598E-01 i 1557.89226 869 o 55223 2511.85806
80394 | 1612F-01 | 1612.39034 870 | 085320 253474043
0.80493 | 1.627E-01 | ; 627.02051 | 871 | 0.85419 2557.83414
080591 | 1642601 | 164178399 572 oassiz | 258101 258114120
£.80590 1] 1656 573 | 085616 | 2.605E-01 | 260466365
0.80788 | 1.6726-01 | 167171582 | 874 | 085714 | 2628E-01 | 2628.40356
020887 | 1.687E-01 | 168683689 | 875 | 0.85813 | 2.653E-01 | 265236239
| 080985 | 1702E-01 | 1702.19625 876 | 0.85911 | 2.677E01 | 2676.54405
827 | 081084 | 171BE-DL | 1717.64528 877 | 086010 | 2.701E-01 | 2700.94886
§78 | 081182 | 1733601 | 1733.23539 §78 | 0.85108 272557957
829 | 081281 | 1749501 | 174895761 879 | 0.86207 275043834
830 | 081379 | 1765E-01 | 1764.84357 830 | 086305 11 277552735
831 | 081478 | L781E-D1 | 1780.86453 831 | 0856404 | 2.801£-01 | 2800.84881
832 | 081576 | 1797E-01 | 1797.03183 882 | 0.96502 | 2.826E01 | 2826.40436
833 | 081675 | 1813E-01 | 181334685 883 | 0.86601 | 2.852E-01 | 2852.19805
834 | 081773 | 1B30E01 | 1829.81099 884 | 086700 | 2.879£-01 | 2878.23034
835 | 0.81872 | 1.846E-01 | 1846.42564 885 | 0.86798 | 2.9056-D1 | 2904.50415
236 | 0.81970 | 1.863E-01 | 1863.19222 866 | 0.86897 | 2.931E-01 | 2931.02179
837 | 082069 | 1880E-01 | 1880.11216 887 | 086935 | 2.958E-01 | 2957.78560
538 | 082167 | 1.897E01 | 1897.18689 B8 | 087094 | 2985601 | 298479796
935 | 0.82266 | 1.914F-01 | 1914.41788 889 | 0.87192 | 3.012E-01 | 301206126
840 | 082365 | 1932E-01 890 | 0.87201 | 3.040E-0l | 3039.57792
841 | 0.82463 | 1.949E- B9l | 0.87389 | 3.067E-01 | 3067.35037
847 | 082562 | 1967E-0 897 | 057488 | 3.0956-01 | 309538108
843 | 0.82660 | 1985(-01 “_\_198491407_“_" 893 | D.&7586 | 3.124E-01 | 3123.67255
844 | 082759 | 2.003E-01 | 2002.96871 94 | 0.87685 | 3152E-01 | 315222729
845 | 082857 | 2.021E-01 | 2021.16866 B95 | 087783 | 3.BiFE-01 | 3181.04784
846 | 082956 | 2.040E-D1 | 2039.53547 896 | 0.87882 | 3210E01 | 321013677
247 | 083054 | 2.0586-01 | 2058.07072 837 | 087980 | 3.239E01 | 3239.49668
848 | 0.83153 | 2.077E-01 | 207677601 898 | 0.88079 | 3.269E-01 | 3269.13018
§49 | 083251 | 2.096E-01 { 2095.65294 899 | 0.88177 | 3.2996-01 | 3299.03992
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950 0.93202 5.262E-01 5262.26241

3359,60884 851 0.93300 5.311E-01 5310.35528%

_ _3 330C-01 | 339045346 952 | 093399 | 5360E-01 | 536011161
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185 in the foregoing specification, smbodiments of the invention have been described
with reference to numerous specific defails that may vary from implementation to
implementation. Thus, the sole and exchusive 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
apphication, in the specific form in which such claims issue, inchuding any subseguent
correction. Any definitions expressly set forth hereln for terms containgd in such elaims shall
govern the meaning of such terms as used in the claims. Hence, no limitation, element,
property, featurs, advantage or attribute that is not expressly reciied in a claim should limit the
scope of such claim in any way. The specification and drawings are, accordingly, to be

egarded in an illostrative rather than a restrictive sense.
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CLAIMS

A method comprising:

receiving, by a data encoder, image data to be encoded;

accessing, via the data encoder, a reference data conversion function which
determines a mapping between a set of reference digital code values and a set of
reference levels based on contrast sensitivity of human vision;

based on the receiving and the accessing, encoding, via the data encoder, the
received image data into reference encoded image data; and

outputting, via the data encoder, the reference encoded image data,

wherein:

color component values in the received image data are represented by the set of
reference digital code values, the reference digital code values having a bit depth of 10
or 12 bits,

the mapping is based at least in part on a functional model of:

m
c1+ Czyn
( 1+czyn/) 2 and

n, m, ci, ¢2, and ¢z are predetermined values.

The method of claim 1, wherein:

= 2909 v 1 = 0.1593017578125 :

4096 4

m = 22 ¥ 128 = 78.84375 :
4096

G =c3—c+1= = 08359375

;= 222 %32 = 18.8515625 ; and
4096

0 = =2 532 = 18.6875.
4096

The method of claim 1, wherein the color component is at least one of R, G and B color

components.

The method of claim 1, wherein the color component is normalized luminance (Y).
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The method of claim 1, further comprising a step of mapping, via the data encoder, of a

digital code value in the image data to a normalized value V7, wherein 0 < V' < 1.

The method of claim 5, wherein the digital code value D represents a sampled value of a

component of the image data comprised in a serial digital interface (SDI) signal.

The method of claim 1, wherein the image data comprises digital code values D which
represent sampled values of a component of the image data, the image data being
encoded in one of a high-resolution high dynamic range (HDR) image format, a RGB
color space associated with the Academy Color Encoding Specification (ACES) standard
of the Academy of Motion Picture Arts and Sciences (AMPAS), a P3 color space
standard of the Digital Cinema initiative, a Reference Input Medium Metric/Reference
Output Medium Metric (RIMM/ROMM) standard, an sSRGB color space, or a RGB color
space associated with the BT. 709 Recommendation standard of the International

Telecommunications Union (ITU).

A data encoder configured to encode received image data to reference encoded image
data, the data encoder comprising:

a receiver unit configured to receive image data to be encoded; and

a mapping unit configured to map digital code values in a received image data to
reference digital code values in the reference encoded image data based on contrast
sensitivity of human vision;

wherein the mapping unit maps the digital code values based at least in part on a

functional model of:

Ci+C Y™\ g
1+C3Yn ’ an

n, m, ¢y, c2, and ¢z are predetermined values.

The data encoder of claim 8, wherein:

= 289 v 1 = 0.1593017578125 :
4096 4
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10.

1.

12.

14.

15.

16.

= 2222 1 128 = 78.84375 :

4096
G =cs—cy+1= 22208359375 ;
4096
¢, = i—‘g x 32 = 18.8515625 : and
€3 = == x 32 = 18.6875.

The data encoder of claim 8, wherein the reference digital code values have a bit depth of

10 or 12 bits and represent color component values in the received image data.

The data encoder of claim 10, wherein the color component is at least one of R, G and B

color components.

The data encoder of claim 10, wherein the color component is normalized luminance (Y).

The data encoder of claim 10, wherein the mapping unit is further configured to map a

digital code value in the image data to a normalized value V, wherein 0 < V' < 1.

The data encoder of claim 13, wherein the digital code value represents a sampled value

of a component of the image data comprised in a serial digital interface (SDI) signal.

The data encoder of claim 13, wherein the mapping unit is further configured to exclude

at least a lowest three and a highest three reference digital code values from the mapping.

The data encoder of claim 15, wherein a relationship between the normalized value V and
the digital coded value D is provided by the function:

D—4 - 2b-10
1015 - 2b-10

wherein b is a bit depth corresponding to a number of bits used to represent the

digital code value.
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