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Sections 4 to 6 contain new research results. For example, approximately:

In (L*cieLa/ L*cieLaBu) = log (Y/Yu) or L*cieLasr = €* with xr =log(Y/Yu), compare Fap(X:) in
Figure 1 and in Sections 4 and 7: L**cieLas,u = (€X' — eX") | (eX" + eX") for the colour appearance.



1. Introduction
New displays for the High Dynamic Range (HDR) lead to new possibilities for the output of scene
luminance compared to the Standard Dynamic Range (SDR).

Analogue photography uses at least 4 logarithmic luminance units. In negative film, luminance was
encoded as density proportional to the logarithmic luminance. The present digital photography can
also store at least 4 logarithmic luminance units. In addition, the information is directly available as a
digital image file.

For each encoding of scene luminance by a potential, logarithmic or hyperbolic function, inverse
decoding regenerates the luminance and chromaticity of the display. However, there is always a
mixture of the emitted display light and the ambient light. For example, this contrast reduction is
taken into account in ISO 9241-306 and not in ISO 22028-5.

For the application, the appropriate encoding and inverse coding (decoding) according to the
properties of the human visual system is important. Proposals and solutions are discussed below.

Figure 1 shows an approximation of the visual excitations of monkeys by a hyperbolic function. The
literature is indicated in the figure. The visual excitations are always in the range of -1 to 1. They
were measured for four logarithmic units of adaptation and for about 6 logarithmic units of sample
luminance.



2. TUB model of achromatic physiological excitations and psycho-physical data
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Figure 1 Physiological excitation curves of monkeys for three adaptation levels
To download this image, see http://color.li.tu-berlin.de/eeg0/eeg00-5n.pdf
The literature, the sample luminance range and the adaptation level are given in the figure.
The samples Black N, Grey U and White W are shown in the area of office luminance.
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Figure 2 Physiological excitation curve and derivative for the office luminance range
To download this image, see http://color.li.tu-berlin.de/eeg0/eeg00-3n.pdf
The relative uminance should be used. All physiological excitation curves in Figure 1 are similar for

different levels of adaptation. ISO 9241-306 defines L,=28 cd/m? for grey U in offices.




Mathematical equations of hyperbolic functions
See: Handbook of mathematical functions, NBS, USA, Sec. 4.5

dFyp(xr/a)_ 4D xy=log(L/L,) [5]
dx, a[e ¥r/ate—xr/a]?  dx./dL=In(10)/L

L -___4bin(10 gy Alexr/are—x/allL

dL a[eXxr/a4e—xc/a)? 4bln(10) [7]
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Figure 3: Receptor-response curves are described by hyperbolic functions
To download this image, see http://color.li.tu-berlin.de/fek0/fek01-7n.pdf
The derivation of Fap[log(L/Ly)] is proportional to the luminance contrast (L/AL). If this contrast is

constant (Weber-Fechner law), then the excitation curve is a straight line.
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Figure 4 Psycho-physical luminance contrast for achromatic colours and 5 adaptations
To download this image, see http://color.li.tu-berlin.de/ees0/ees01-2n.pdf

On the linear ordinate, this contrast increases by about 20% with a luminance change from 100 to
1000 cd/m?. In the defined HDR luminance range between 200 and 1000 cd/m? according to ISO
22028-5, the contrast increases by about 10%. This may not be visible in most applications.
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Figure 5 Psycho-physical luminance contrast for achromatic and chromatic colours
To download this image, see http://color.li.tu-berlin.de/ees9/ees90-2a.pdf

For chromatic colours compared to achromatic colours, a shift in luminance contrast (L/AL)) is
assumed. For the RGBY display colours, the luminance according to IEC 61966-2-1 is used. The
appearance of the 8 colours in the figure is almost constant over a wide luminance range and
therefore shown twice. With a luminance change between 100 and 1000 cd/m? (factor 10), the
contrast sensitivity changes from 25 to 30 (factor 1,2). For all RGBY colours, the maximum contrast
is shifted to a lower luminance.
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Figure 6: Model of physiological excitation functions with two parameters a and b

To download this image, see http://color.li.tu-berlin.de/heb2/heb20-3n.pdf

For relative excitation it is valid log (L/L,) = 0. Parameter b changes the contrast between W and N.
For b=3/4 (red) the contrast is smaller and for b=4/3 (green) it is greater compared to b=1 (white).
Accordingly, the slope is smaller and larger compared to b=1. For the HDR range, 90<=Y<=450
applies, see white and red vertical dashed line. In image technology, the values 0 <= rgb* <=1
describe the lightness between N and W. For the HDR range, rgb*is > 1.




3. Definition and output of pdf-test charts with HDR-rgb* values in 2 use cases
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Figure 7: Output of the test chart with flower image of [1] on an SDR display with white W
To download this image, see http://color.li.tu-berlin.de/few1/few10-7n.pdf

The output of the pdffile of Figure 7 produces 5 white identical samples in the range of diffuse white
(W) to peak white (P2). In the pdffile, the values 0 <= rgb* <=1,5 are proportional to the lightness
values 0 <= L*rysLocw <= 150. In pdf files, all values rgb*>=1 are clipped to the value 1,0 by default.
However, for the entire luminance range diffuse black N to peak white P2, all rgb* values of lightness




L *rusLoc,w up to 150 can be included in pdf file. Division of the rgb* data by a factor of 1,5 also shows
the 5 different white samples W-P2, see Figure 8. However, all other colours then appear too dark.
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Figure 8: Output of test chart and flower image from [1] to SDR display with white W

To download this image, see http://color.li.tu-berlin.de/few2/few20-7n.pdf

The standard flower motif according to ISO 9241-306 looks darker. The white W=w00n=p08w
corresponds in luminance and lightness to the surface colour white W of the step 16. However, the
luminance of the display can be increased by a factor of 5 from 200 to 1000 cd/m?. Then the
luminance of the flower motif in Figures 7 and 8 is the same. However, in Figure 8, the 5 levels in the
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W-P2 area are the same as intended. They do not appear the same as in Figure 7, so values
rgb*>=1 in pdffiles are used to store and visualize colours in the HDR range.
4. CIELAB, IECsRGB. and TUBJND: In(L*cieLaB) relation with physiological excitation

CIELAB lightness L* as function of CIE tristimulus value Y CIELARB lightness L* as function of logY
coordinates L* and Y for achromatic colours coordinates L* and logY for achromatic colours
logY, L*
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CIELAB lightness log L* as function of logY Approximation of CIELAB lightness L* as function of logY
coordinates log L* and logY for achromatic colours coordinates L* and logY for 4 colours W logY, L*
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Figure 9: Lightness L*cieLas and tristimulus value Y on linear and logarithmic axes
To download this image, see http://color.li.tu-berlin.de/heb3/heb30-7n.pdf

Figure 9 contains four separate images with linear and logarithmic coordinates on the x and y axes.
Of particular colourimetric interest is the output log L*cieLag as a function of log Y at the bottom left.
The slope is 1/3 for white W (Y»=90) and 1/2,4 for medium grey U (Y.,=18). The slope 1/2,4 is used

in IEC 61966-2-1 (sRGB colour space) to define the lightness T*ecsree. The figures above and below
right show L*cieLas for the four display colours W and sRGB.
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sensation scaling functions
lightness L* and tristimulus value Y
adaptation on surround white W
L#w =100 (Y /100)1/2,0

description with CIELAB 1976

L¥*creLAB = 116 (Y / 100)1/30 - 16
adaptation on surround black N
L*N=100(Y/ 10())1/3,0

heb30-1a

lightness scaling (In(10)=2,3, Yu=18)
L*CIELAB, T*IECSRGB, T*TUBJND

description with CIELAB 1976
L*CIELAB = 116 (Y /100)130 _ 16

Approximation of CIELAB lightness L* as function of logY
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Figure 10: Comparison of the lightness values L*cieLaB, T ecsreBn, and T*TuBJNDu
To download this image, see http://color.li.tu-berlin.de/heb3/heb30-3n.pdf

The lightness L*cieLag is calculated from the relative lightness values Y/Y, with Y,=100 for white and
the exponent 1/3. The lightnesses T*ecsreen and T*rusinpu USe the relative tristimulus values Y/Ysrcr
and an exponent close to 1/2,4. If you use the natural logarithm In instead of log in Figure 9 (bottom
left), the slope is 1 because of In a =In(10) log a = 2.30 log a. This results in the following equation
for lightness: T*rusunor = X with x = (Y / Yu). This applies to a wide range from black N to white W
around medium grey U with Y,=18.

application
range

heb30-4a
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5. Visual interval scaling and equidistant 9-step grey output with inverse data
0, 125, 250, 375, 500, 625, 750, 875, 1000
Drei, 5 und 9 Farbstufen fiir visuelle Beurteilung Schwarz NOOw — Schwarz N16w = Weil} W

L*1uBL0oG.U=I5010g(5)] log(Y/Yy)+50, Yx=4, Yy=20, Yyy=100
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0,.. 1,00
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0,00 1e08=0,50 1,00 0,00 |ed8=0,50| 1,00 €24=0,50 €68=0,50
0,00 al=e08 1,00 0,00 |bl=e04*al]l b2=al [b3=ed8*all 1,00 cl1=e02*b1 c3=e24*b1| c5=e46*b3 c7=e68*b3

Drei, 5 und 9 Farbstufen, numerisches Berechnungsbeispiel

000 | 050 | 1,00
0,00 5 1,00
000 | 025 | 050 1,00

Drei, 5 und 9 Farbstufen, erzeugte visuelle Linearisierung 0, 125, 250, 375, 500, 625, 750, 875, L*1yLoG.u=[50/log(5)] log(Y/Yy )+50, YN=4, Y =20, Yyw=100

NOOw NO8w Nlé6w NOOw  NO4w N12w Nl1é6w NOOw  NO2w
0 50 100 0 25 100 0 12

NO6w N10w Nl4w NI16w
50 75 3/ 62

25 50 75 87 100

hga30-7n, Priifmuster: 3, 5 und 9 Farbstufen, greu=0,500, expu=1,000, expa=1,000

Figure 11: Three, 5 and 9-step grey scales: interval scaling and equidistant output
To download this image, see http://color.li.tu-berlin.de/hea3/hea30-7n.pdf

Vision research is faced with the scaling of lightness within a wide luminance range from peak black
p2 to peak white P2. Figure 11 uses visual interval scaling between adjacent grey scales. It is
assumed, that the equally spaced file data 0 <= rgb* <=1 according to ISO 9241-306 generate the
luminance range between p2 and P2 according to ISO 22028-5. Then the luminance range has
increased by a factor of 25 compared to the luminance range of SDR (N-W).
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0, 353,500, 612,707,790, 866, 935, 1000 *, — ‘ ) - — -
Three, 5 and 9 colour steps for visual evaluation Black N0Ow — Black N16w = White W L B E B R el e i gral vag L L

NOOw NO8w  Nl6w NOOw N04W N12w  Nlé6w NOOw  NO2w N10w Nl4w Nl6w
0 ? 100 0 0? 752 100 0 12? ? ? ? 752 87? 100
Three, 5 a r steps, numeric spec'ficatlon

e04=0,70 X €02=0,70{ 1, e46=0,52
e48=0,54| 1, c24=0,54 €68=0,51
bl=e04*al| b3=e48*al , , cl=e02*b] = c3=e24*b] c5=e46*b3 c7=e68*b3

000 | 0,70 0,52
051 | 1,00
000 | 035 0,79 093 | 1,00

0, 124,250, 375, 499, 625, 750, 875, 1000 *, = - — -
Three, 5 and 9 colour steps, produced visual linearization Black N0Ow — Black N16w = White W L*1uBLOGU=[50/10g(5)] log(Y/Yy)+50, YN=4, V=20, Yy =100

I

NOOw NO8w  Nlew NOOw N04W N12w N16w NO0W NO2w Nl4w Nl16w
0 50 100 0 100 12 25 87 100

hea90-7n, Test samples: 3, 5 and 9 colour steps, greu=0,500, expu=1,000, expa=0,500, ex| pl—’ 000

Figure 12: Three, 5 and 9-level grey scales: interval scaling and equidistant output
To download this image, see http://color.li.tu-berlin.de/hea9/hea90-7n.pdf

Compared to Figure 11, Figure 12 shows large differences in lightness close to Black N. Accordingly,
the visual interval scaling results in a large value €02=0,70 close to Black N. The software uses the
visual values exy (blue) to produce a visually spaced output (bottom row). The programming
language PostScript is used to change the rgb* values in the file. This change is based on 7 values
c1 to c7 (red), which are calculated in the Figure 12 from the 7 values exy (blue).

r steps, numeric calc
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6. Equidistant 9-step colour output (1080 colours, ISO 9241-306) with inverse data
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Figure 13: Three different outputs of 1080 colours accordlng to ISO 9241-306 and in-output
To download this image, see http://color.li.tu-berlin.de/gey2/gey2|0np.pdf

Figure 13 shows three outputs of the 1080 colours according to ISO 9241-306. The output in the
upper left shows an equidistant output on most displays. In the lower left, the greyscale in the dark
area is too large and in the lower right is too small. At top right, the in-output for 9 steps is shown.

15



= L [e] Y M. C E
-_l http://farbe Ii.tu-berlin.de/gey3/gey310np.pdf /.ps; vector graphic VG exept PG in 1-7; start output -:l
see separate images of this page: http:/farbe.li.tu-berlin.de/gey3/gey3.htm

Colour management for output linearization of a 9 step grey scale

c| W100T ’* (dash-star) coordinates to reach o 1001 '00'|1(y%0 oo
’ the linearized output with the real T Y
W*,Oﬂlpﬂl display reflection in office room;
WZoutput | lighter (positiv P) output outp::a"
0751 W¥output = [W¥input] " 56,075 real
1,000 — — —inverse

W¥output = [W¥input] e
— — = linearized

= W*’output

050 T 0,25,0,50
** (star-dash) coordinates

of real output with real

display reflection in office room;
o5 darker (negativ N) output

= [w* 2,000
W*)on(put = [W:"input] ’

0251 006,025

:d))y :OLIAS S[OYM AU} JO SO[IJ JR[IWIS 9IS

‘ 5 k. - b* =
025.006 W’ =7 =0,0,125,0,250,.0875, 1
000,000 & g input ’.g 6 : ,250,..,0,8 .)

000,000 000,000
N 00 025

N0.00

0,50 075 1,00 W
gey31-3n, Gamma values g(rel) = 0.5 (blue) and 2.0 (red), linearized (green)

nnnnnnnn

sd'/ 3pd-duQi¢4a8/¢£a3-10601C0T :uonENSISr gL

ndino jund 10 Kefdsip jo juswainseaw pue uoneneAd 10j uonesrdde

op*uIIag-ny 1] 10[09//:d1)y 10 op* urfIaq-ny 1[oqey//:dy) {UOHRULIOJUI [EIIUYDI)
Wy SASS/9p" UI[I0q-Ny I 9qIL;

BIpRYI=0POD :[BLISJRW g ],

gey01-7a, Gamma values: g¢1=2.000, gIEC-sRGB=2:4, £5=4.800, only rgh* & w* data, 1080 colours, pixel graphic eps

i ey30—7n‘Gnmma values: grj=0,500, glEC-sRGB=2 4 £a=1.200, only rgh* & w* data, 1080 colours
TUB-test chart gey3; Linearization code /MR—FLVLF (76 lines) in (0-3/0—7/1-7)n used
- Gamma=1(0-3), 0,5(0-7, left), 2(1-7, right); all VG; series N-W with 9 steps ~
C M Y [0] L

% v 3

Figure 14: Three equal outputs of the 1080 colours according to ISO 9241-306 and in-output
To download this image, see http://color.li.tu-berlin.de/gey3/gey3|0np.pdf

Visual interval scaling and the PostScript programming language are used to change the rgb*
values. All three images show an almost visually equidistant output.

The output of the modified image is fast. Vector and pixel graphics take about 1s. The software
GraphicConverter was used to convert the file formats pdf to eps and back.




7. Discussion of the results with a model to describe the colour appearance
The colourimetric capture of the luminance and chromaticity of the original is a main goal of
photography. As a rule, a relative colourimetric rendering of the luminance is sufficient.

Another main goal is the same relative spacing compared to the original. Otherwise, important
information is missing. For the description of the image quality the reqularity index g* according to
ISO/IEC 15775, Annex G, is used.

In this paper, the S-shaped receptor-excitation function Fap(X;) is used as the basis for the TUB
colour-vision model. The derivation Fap(Xr)/dx of the physiological S-shaped excitation function Fap(x:)
produces the luminance contrast (L/AL). The integration of (L/AL) dx again generates the excitation
function Fap(X:), see figures 1 to 3.

Chapters 4 to 6 contain new research results. For example, approximately, compare Fap(X:)
log [L*cieLas/ L*cieLasu] = 1/In(10) x;,  x: =log (Y/Yu) = log (L/Ly) (Yu=18, L,=28 cd/m?)
or with the relative (r) lightness normalized to the environment U L *cieLaer = L*cieLae / L*cieLABu,
In [L*cieLaBr] = X:. log a =In(a) / In(10), L*cieLaeu = 50 for Yu = 18 and In(10)=2,3
or
L*cieLar = X"
With the physiological complementary excitation e, the colour appearance is
L**CIELABr= (eXr_ e-Xr) / (eXr + e-Xr)
Result: The headroom between the diffuse white W and peak white P2 is approx. 72% corresponding
to the line L*cieLasr, and approx. 15% corresponding to the hyperbolic function L**cieLagr.
New software generates 9-step equally spaced grey series and probably yields about 15%.
ISO 22028-5:2023 uses 72% for the HDR head room and 100/1,72% = 58% for the SDR room.
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