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To download publications and images, the following link is recommended as a start: 
https://color.li.tu-berlin.de/index.html. As a rule, all links on the TUB website work as intended. Some web browsers 
change the uppercase to lowercase letters in links or redirect the links to the web archive server. This results in 
error messages if, for example, the following links are copied to the home page of some web browsers. 
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Note: This paper contains parts of the previous TUB publication dislum25d.pdf (see XY91FDE). The 
present new work will be named dissca25.pdf on the Internet. 
Sections 4 to 6 contain new research results. For example, approximately: 

ln (L*CIELAB / L*CIELABu) = log (Y/Yu) or L*CIELABr = ex with xr =log(Y/Yu), compare Fab(xr) in 
Figure 1 and in Sections 4 and 7: L**CIELAB,u = (eXr – e-Xr) / (eXr + e-Xr) for the colour appearance. 
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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. 
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2. TUB model of achromatic physiological excitations and psycho-physical data 

 
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 Lu=28 cd/m2 for grey U in offices. 
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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 Fab[log(L/Lu)] is proportional to the luminance contrast (L/DL). 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/m2. In the defined HDR luminance range between 200 and 1000 cd/m2 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/DL)) 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/m2 (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/Lu) = 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. 

heb20−3n

heb20−1a

−4 −3 −2 −1   0   1   2   3
   −50       0    50  100 150

−3

−2

−1

  0

  1

  2

−50

    0

  50

100

150

xr= log[ L/Lu]

Lu
Lu=28cd/m

L
range of office
luminance

F*TUBLOG,U(xr)=72 log(xr) + 50

Fab(xr)=achromatic receptor responses N, W

F*(xr) Fab(xr) = b e
xr /a − e−xr /a

exr /a + e−xr /a
a0=−1,00, b0=1,00
a1=1,00, b1=1,00

W

N
F−1_1

process N

mN=−0,98

F1_1

process W

mW=0,98 mN+W=0,98

F−1_1

process N

mN=−0,98

F1_1

process W

mW=0,98 mN+W=0,98

HDR range, see ISO 22028-5

heb20−2a

−4 −3 −2 −1   0   1   2   3
   −50       0    50  100 150

−3

−2

−1

  0

  1

  2

−50

    0

  50

100

150

xr= log[ L/Lu]

Lu
Lu=28cd/m

L
range of office
luminance

F*TUBLOG,U(xr)=72 log(xr) + 50

Fab(xr)=achromatic receptor responses N, W

F*(xr) Fab(xr) = b e
xr /a − e−xr /a

exr /a + e−xr /a
a0=−1,00, b0=1,00
a1=1,00, b1=0,75

W

N
F−1_1

process N

mN=−0,98

F1_0,75

process W

mW=0,98 mN+W=0,98

F−1_1

process N

mN=−0,98

F1_0,75

process W

mW=0,74 mN+W=0,74

HDR range, see ISO 22028-5

heb20−3a

−4 −3 −2 −1   0   1   2   3
   −50       0    50  100 150

−3

−2

−1

  0

  1

  2

−50

    0

  50

100

150

xr= log[ L/Lu]

Lu
Lu=28cd/m

L
range of office
luminance

F*TUBLOG,U(xr)=72 log(xr) + 50

Fab(xr)=achromatic receptor responses N, W

F*(xr) Fab(xr) = b e
xr /a − e−xr /a

exr /a + e−xr /a
a0=−1,00, b0=1,00
a1=1,00, b1=1,33

W

N
F−1_1

process N

mN=−0,98

F1_1,33

process W

mW=0,98 mN+W=0,98

F−1_1

process N

mN=−0,98

F1_1,33

process W

mW=1,31 mN+W=1,31

HDR range, see ISO 22028-5

heb20−4a

−4 −3 −2 −1   0   1   2   3
   −50       0    50  100 150

−3

−2

−1

  0

  1

  2

−50

    0

  50

100

150

xr= log[ L/Lu]

Lu
Lu=28cd/m

L
range of office
luminance

F*TUBLOG,U(xr)=72 log(xr) + 50

Fab(xr)=achromatic receptor responses N, W, N+W

F*(xr) Fab(xr) = b e
xr /a − e−xr /a

exr /a + e−xr /a
a0=−1,00, b0=1,00
a1=1,00, b1=1,00

W

N
F−1_1

process N

mN=−0,98

F1_1

process W

mW=0,98 mN+W=0,98

F−1   _1
+ F1_1process N+W

F−1_1

process N

mN=−0,98

F1_1

process W

mW=0,98 mN+W=0,98

F−1   _1
+ F1_1process N+W

HDR range, see ISO 22028



 

 9 

3. Definition and output of pdf-test charts with HDR-rgb* values in 2 use cases 

 
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 pdf file of Figure 7 produces 5 white identical samples in the range of diffuse white 
(W) to peak white (P2). In the pdf file, the values 0 <= rgb* <=1,5 are proportional to the lightness 
values 0 <= L*TUBLOG,W <= 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 
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L*TUBLOG,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. 

 
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/m2. Then the 
luminance of the flower motif in Figures 7 and 8 is the same. However, in Figure 8, the 5 levels in the 

few20−7n

few20−7n, gamma ga=3,600, gP=1,500, 

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

A B C D E F G H I J K L M N O P Q R S T U V W X Y Z a b c d e f g h i j k l m n

w08n p00w

w06n p02w

w04n p04w

w02n p06w

w00n p08w
w00n

w02n w02n

w04n w04n

w06n w06n

w08n w08n

w10n w10n

w12n w12n

w14n w14n

w16n w16n

code
P2−N

image pixel:  192 x   128
  384 x   256
  768 x   512
1536 x 1024
3072 x 2048

  
  0,93
   15

  
  1,00
   16

  100
 1,00
p08w

  113
 1,13
p06w

  125
 1,25
p04w

  137
 1,37
p02w

  150
 1,50
p00w

L*TUBLOG,W



 

 11 

W-P2 area are the same as intended. They do not appear the same as in Figure 7, so values 
rgb*>=1 in pdf files are used to store and visualize colours in the HDR range. 
4. CIELAB, IECsRGB. and TUBJND: ln(L*CIELAB) relation with physiological excitation 

 
Figure 9: Lightness L*CIELAB 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*CIELAB as a function of log Y at the bottom left. 
The slope is 1/3 for white W (Yw=90) and 1/2,4 for medium grey U (Yu=18). The slope 1/2,4 is used 
in IEC 61966-2-1 (sRGB colour space) to define the lightness T*IECsRGB. The figures above and below 
right show L*CIELAB for the four display colours W and sRGB. 
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Figure 10: Comparison of the lightness values L*CIELAB, T*IECsRGBn, and T*TUBJNDu 
To download this image, see http://color.li.tu-berlin.de/heb3/heb30-3n.pdf 
The lightness L*CIELAB is calculated from the relative lightness values Y/Yn with Yn=100 for white and 
the exponent 1/3. The lightnesses T*IECsRGBn and T*TUBJNDu use the relative tristimulus values Y/YsRGB 
and an exponent close to 1/2,4. If you use the natural logarithm ln instead of log in Figure 9 (bottom 
left), the  slope is 1 because of ln a = ln(10) log a = 2.30 log a. This results in the following equation 
for lightness: T*TUBJNDr = e(Xr) with xr = (Y / Yu). This applies to a wide range from black N to white W 
around medium grey U with Yu=18. 
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5. Visual interval scaling and equidistant 9-step grey output with inverse data 

 
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). 

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

0, 125, 250, 375, 500, 625, 750, 875, 1000

N00w N08w N16w N00w N04w N08w N12w N16w N00w N02w N04w N06w N08w N10w N12w N14w N16w
   0   50?  100    0   25?   50?   75?  100    0   12?   25?   37?   50?   62?   75?   87?  100

Drei, 5 und 9 Farbstufen für visuelle Beurteilung Schwarz N00w − Schwarz N16w = Weiß WSchwarz N00w − Schwarz N16w = Weiß W L*TUBLOG,U=[50/log(5)] log(Y/YU)+50, YN=4, YU=20, YW=100
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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 e02=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). 

hea90-7n, Test samples: 3, 5 and 9 colour steps, greu=0,500, expu=1,000, expa=0,500, expi=2,000
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6. Equidistant 9-step colour output (1080 colours, ISO 9241-306) with inverse data 

 
Figure 13: Three different outputs of 1080 colours according to ISO 9241-306 and in-output 
To download this image, see http://color.li.tu-berlin.de/gey2/gey2l0np.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. 

 

 gey20−3n, Gamma values: grel=1,000, gIEC−sRGB=2,4, ga=2,400, only rgb* & w* data, 1080 colours
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 gey20−7n, Gamma values: grel=0,500, gIEC−sRGB=2,4, ga=1,200, only rgb* & w* data, 1080 colours

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

A B C D E F G H I J K L M N O P Q R S T U V W X Y Z a b c d e f g h i j k l m n

 

 

  

 
gey21-3n, Gamma values g(rel) = 0,5 (blue) and 2,0 (red), not linearized
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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/gey3l0np.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.  
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 gey30−7n, Gamma values: grel=0,500, gIEC−sRGB=2,4, ga=1,200, only rgb* & w* data, 1080 colours
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gey31-3n, Gamma values g(rel) = 0,5 (blue) and 2,0 (red), linearized (green)
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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 regularity index g* according to 
ISO/IEC 15775, Annex G, is used. 
 

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

Chapters 4 to 6 contain new research results. For example, approximately, compare Fab(xr) 
log [L*CIELAB / L*CIELABu] = 1/ln(10) xr,      xr = log (Y/Yu) = log (L/Lu)   (Yu=18, Lu=28 cd/m2) 

or with the relative (r) lightness normalized to the environment U L *CIELABr = L*CIELAB / L*CIELABu , 
ln [L*CIELABr] = xr.          log a = ln(a) / ln(10), L*CIELABu = 50 for Yu = 18 and ln(10)=2,3 

or 
L*CIELABr = eXr 

With the physiological complementary excitation e-Xr, 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*CIELABr, and approx. 15% corresponding to the hyperbolic function L**CIELABr. 
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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