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Abstract

A symmetric model of static colour vision with logarithmic responses of the three cones P, D and T (or L, M, and S) is
described. The cone distribution ratio which is approximately P:D:T = 1:2:16 leads to a spectral sensitivity of the
“blue” cone T which is 16 times larger compared to the spectral sensitivity of the “red” cone P. This property leads to
three logarithmic sensitivities U, N and W. The three sensitivities P, D, T have the maxima at 435, 540 and 570 nm
and the three further sensitivities U, N, W have the maxima at 555, 495 and 525nm. All six have a parable form of the
same shape. The maxima and shape of U, and N are similar to the maxima and shape of photopic vision V(A) and
scotopic vision V'(A) The logarithmic response ratio of any two sensitivities is a straight line as function of
wavelength. The logarithmic ratios of two sensitivities, for example log (P/U), log (P/N) are called “excitations”.

In application the “cone excitation diagrams” have a spectral locus and are different logarithmic transformations of
the standard CIE (X, y) chromaticity diagram.The axis of the “cone excitation diagrams” are defined by the spectral
location of the four elementary colours Yellow (J), Green (G), Blue (B), and Red (R) with spectral locations near 575,
525, 475 and 494c nm (on the purple line). All excitation diagrams for example with the axis a’ = log (P/W) and b’ =
log (U/W) in red—green and yellow—blue direction are similar to the non linear chromaticity diagram (a’, b’) defined by
Richter (1980) for CIELAB. If chromatic adaptation is assumed by a linear shift between the sample and the
background excitation then many experimental chromatic adaptation results can be described, for example the
Evans (1974) GO-colours for three spectral backgrounds (475, 528 and 608 nm) of equal luminance. The “von Kries
theory of chromatic adaptation” can not describe these chromatic adaptation data as well as the new chromatic
adaptation model.

1. Introduction

1.1 Receptor sensitivities in a linear and log plot

relative sensitivty log (relative sensitivty)
InV=[c-A-c-555% In A—C- InV=[c-A-c-555]2 In =[c-A—c-570]2
.-.experimental-CIE In : : -..experimental-CIE In =[c-A-c-545]2
DT A—C- log[ ,V, , , ] In =[c-A-c-450]2
model A

E8220-51 E8220-61
Figure 1: Three cone sensitivities P(A), D(A), T(A) and photopic and scotopic sensitivity V(A) and V'(A)
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Fig. 1 shows the three cone sensitivities P(A), D(A), T(A) and photopic and scotopic sensitivity V(A) and V'(A) in a
linear (left) and logarithmic (right) plot as function of wavelength. The Gaussian shape in the linear plot is transferred
to a parable of approximately the same shape in the logarithmic plot. All sensitivities are normalized to one in the
linear (left) and to zero in the logarithmic (right) plot. In the following an index o, for example P,(A), is used for this
normalization and an index a, for example P4(A), is used for some kind of adaptation (a) which changes the zero-
normalization in the log plot to other values.

1.2 Conflicting terms and use of PDT instead of LMS in this paper.

Recently the publication CIE170-1:2006 includes for the first time the three cone sensitivities L, M, and S.
Unfortunately the two groups of CIE division | “Colour and Vision” have defined the same letters L, M, S for different
terms. For a long time the “colour” section is familiar with luminance L, the relative luminance L, = L/Ly, (b =
background), the lightness L*, and the relative lightness I*, see for example ISO/IEC 15775. Additionally
colourfulness M and saturation S are familiar terms.

The many didactic problems, for example in the recent book “Light, Vision, Colour” of Valberg (2005) which shows for
example the “cone responses L” in “luminance (photopic) units L have to be avoided. Therefore for the three cones in
this paper the often used symbols P, D, and T (for Protanopic, Deuteranopic, and Tritanopic vision) are used instead
of L, M, and S (for the cones in the Long, Medium and Short wavelength range).

The new LMS cone data (CIE 170-1:2006) have maxima near 570, 540 and 445nm and are not normalized to one in
the linear mode. The colour vision model of this paper uses the wavelength 435 instead of 445 for the maximum of
the “blue” cone T. This gives a better approximation for the wavelengths larger 450nm. The short wavelength
approximation is of much less importance because of the low transmission (<1%) of the optical eye media for all
wavelength below 380nm

1.3 Three basic sensitivities PDT, three calculated sensitivities UNW and excitation

The three sensitivities P, D, T with maxima at 435, 540 and 570 nm and the three model sensitivities U, N and W with
maxima at 555, 495 and 525nm have a parable form in a logarithmic plot. The maxima and shape of U, N, W is
similar to the maxima and shape of photopic vision V(A), of scotopic vision V’(A) and of the logarithmic mean of both,
which is called the shape of “mesopic” vision in this paper. Then the logarithmic response ratio (or log difference) of
any two of the six sensitivities is always a straight line as function of wavelength. The logarithmic ratios of two
sensitivities, for example log (P/U), log (P/N) or log (P/W) are called “excitation”. If these ratios are plotted in two
appropriate dimensions for example in Red-Green and Yellow-Blue direction, then “cone excitation diagrams” in
photopic, scotopic or mesopic units are defined.

1.4 Receptor sensitivities and excitations

logarithmic o-sensitivity log o=log o
 PaDy log =log +0.03
log o=(log +log )/2log =log +0.03
log[ o Adaptation: A =555

logarithmic -excitation log a=log o
 PaDy log =log +0.03
log o=(log +log )/2log =log +0.03
log[ =1 %, "1 o] Adaptation: A =555

t=0.0

1555nm ‘\
-1,1 0009 29 u
400 500 555 600 700 A/nm 400 500 555 600 700 A/nm

XE340-31 XE340-41

Figure 2: Cone sensitivities log P,(A), log D,(A) and cone excitations log [P,(A) / Uy(A) ] and log [D,(A) / Uy(A) ]
Fig 2 shows the cone sensitivities log P,(A), log D4(A) and cone excitations log [P,(A) / Uy(A) 1 and log [D(A) / Ug(A) ]
as function of wavelength A. Because of the same parable shape of the two cones both cone excitations are straight
lines. Instead of the wavelength A a more usual parameter u in the range -3 to +3 can be used which is defined in
Fig. 4. The parameter u can additionally describe the two parables and the two straight lines.
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Half of the logarithmic sum of the two cone sensitivities P,(A) and D,4(A) is called Uy(A). This curve is in shape,
maximum and value very similar to the photopic sensitivity V(A), compare Fig. 1. The deviation of Uy(A) is less than
1% compared to V(A) at 400 and 700 nm, compare Richter (1996).

For the luminance adaptation to the usually white or grey background there is a limited dynamic range for each
receptor response which is near 1% of the maximum. The exact value can be measured by threshold experiments

and decreases to 0,5% with increasing luminance L in the photopic range between 100 and 20.000 cd/m?. In the
next Fig. 3 examples are plotted for the threshold values t; = 0.007 (0,7%). Then the cone excitations decrease at

both ends of the spectral range.

logarithmic o-excitation log a=log o
o= Py Dg log =log +0.03
log o=(log +log )/2log =log +0.03
log[ =1 %, /[ o] Adaptation: A =555

Threshold

logarithmic o-sensitivity log a=log o
=Py Dg log =log +0.03
log o=(log +log )/2log =log +0.03
log[ o Adaptation: A =555

555nm

0.9 29 u
—_—
600 700 A/nm

XE341-31 XE341-41

Figure 3: Cone sensitivities log P,(A), log D,(A) and cone excitations log [P,(A) / U,(A) ] and log [D,(A) / Uy(A) ]
Fig 3 shows the cone sensitivities log P,(A), log D,(A) and cone excitations log [P4(A) / Uy(A) ] and log [D(A) / Uy(A) ]
as function of wavelength A for a dynamic cone range with a threshold value t; = 0.007. Similar properties are
expected for other cone combinations.

logarithmic  -sensitivity U, = (A =555)/50
= (o) log o= —0,35[uy—Usss]
=(log o+log )2log =-0,35[u,-u ]
Adaptation: A; =495

logarithmic  -excitation u, = (A —555)/50 )
=( o )% log = —0,35[Uy—Usss]
log =(log o+log )2log =-035u,—u ]
y Adaptation: A; =495

u 29 U
ey o——
600 700 A/nm 700 A/nm

Figure 4: Sensitivities log T,(A), log Uy(A) and log N,(A) and excitations log [T,(A) / Na(A) ], log [Uy(A) / N4(A) ]
Fig 4 shows the sensitivities log T,(A), log U,(A), and log N(A) and excitations log [T,(A) / Na(A) ] and log [Uy(A) /
Na(A) ] as function of wavelength A. Because of the same parable shape of the two “cones” both excitation are a
straight line. Instead of the wavelength A a more usual parameter u in the range —3 to +3 can be used which is
defined in the figure. The parameter u can describe the two parables and the two straight lines.

Half of the logarithmic sum of the two sensitivities T,(A) and U,(A) is called N,(A). This curve is in shape, maximum
and value very similar to the scotopic sensitivity V'(A), compare Fig. 1. In the next Fig. 5 instead of the threshold
value t; = 0 the value t, = 0.007 (0,7%) is used. Then the cone excitation decreases at both ends of the spectral

range.
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The dynamic range for the achromatic threshold is near 1%. But for the chromatic threshold especially for blue
colours the dynamic range seem to be two log units below the value for achromatic colours. We have to discuss this
later again. In the next Figure at a first assumption still the threshold value t; = 0.007 (0,7%) is used which changes
the shape of the sum and the excitation very much compared to Fig. 4.

The large slope of the two cone excitations indicates a value only in a limited spectral range for the visual system.
There seem to be a visual method to reduce the slope by a factor two for any sample in a background. This
increases the spectral range by a factor 2.

logarithmic  -sensitivity u, = (A — 555) /50 y
(U T2 log = —0,35[uy~Usss]
=(log o+log )2log =-0,35[u,-u ]
Adaptation: A; =495

logarithmic  -excitation u, = (A — 555) /50 ,
—(U T2 log = —0,35[uy~Usss]

log =(log o+log )2log =-035u,—u ]

log[ of , [/ Adaptation: A; =495

Threshold
T=0.007

Threshold
T=0.007

600

XE331-5 XE331-6

600

Figure 5: Sensitivities log T,(A), log Uy(A) and log N,(A) and excitations log [Ty(A) / Na(A) ], log [Ug(A) / N4(A) ]
Fig 5 shows the sensitivities log T,(A), log U,(A) and log N,(A) and excitations log [T,(A) / N,(A) ] and

log [Uy(A) / N4(A) ] as function of wavelength A for a dynamic cone range with a threshold value t; = 0.007. Similar
properties are expected for other sensitivity combinations.

2. Reasons for a symmetric model of colour vision

2.1 Symmetric excitation as function of wavelength

The excitations in Fig. 2 to Fig 5 (right side) are symmetric compared to the zero line for all wavelength. Additionally
there is a symmetry on the wavelength scale for the RG-process at 555nm and for the BJ-process at 495nm.

Therefore there are symmetric properties in colour vision and the role of this symmetry in vision has to be discussed.

2.2 Complementary optimal colours and the Holtsmark-Valberg threshold results

In 1969 Holtsmark and Valberg published the results for colour thresholds of complementary optimal colours. Such
complementary optimal colours are known from black and white borders which are viewed by a prism. The German
poet Goethe has first described the complementary colours and their discrimination around 1800.
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spectral masksfor the creation spectral masksfor the creation
of complementary optimal colors of complementary optimal colors

500 600 700 500 600 700
wavelength A/nm wavelength A/nm

E8250-11 E8250-21

Figure 6: Spectrum, complementary optimal colours and the Valberg—Holtsmark thresholds

Fig. 6 shows the spectral colours of equal radiation. The mixture of all spectral colours leads to the colour “white” and
the mixture of different continuous parts leads to the so called optimal colours. On the left side a small band leads to
a dark optimal colour (part I) and a large band leads to a light optimal colour (part Il). Both colours are
complementary and the two mix together to white. On the right side the complementary optimal colours have about
equal bandwidth on a wavelength scale.

Holtsmark and Valberg (1969) produced at first two adjacent and equal optimal colours in a white background with
two equal black masks shown in Fig. 6. By movement of one of the black masks one optimal colour was changed
(mainly in hue) and the threshold was determined. For this threshold the necessary mask movement was the same
for complementary optimal colours and six observers.

Holtsmark and Valberg calculate from the results the wavelength discrimination of complementary optimal colours.
The wavelength discrimination at threshold was approximately the same. We have to explain this result by
colorimetric calculations and physiological models, for an experimental example see (5 MByte)

http://www.ps.bam.de/CIE63/HVO1.PDF

The Holtsmark and Valberg results define a symmetric structure for a colour threshold formula which must
calculate the same difference at least for the hue discrimination which is here the main change in the experiments.

R()) reflection factor R()) reflection factor
10 10 yellow Y

0.8 0,8
0,6 0,6

0,4 0,4
0,2 0,2

0.0 400 500 600 700 0.0 400 500 600 700

wavelength A/nm wavelength A/nm

E8160-51 E8161-41

Figure 7: Complementary optimal colours Violet blue V and Yellow Y

Fig. 7 shows two complementary optimal colours Violet blue V and Yellow Y. The names are defined in ISO/IEC
15775. The change of the reflection for a good three colour reproduction system is near 490 nm and 590 nm. Among
the optimal colours are the most chromatic and most light colours. In the following we will give the CIE tristimulus
values for the three basic optimal colours OLV and the three mixed optimal colours CMY.
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basic and mixed additive optimal colorsfor illuminant D65

basic color or CIE standard CIE standard

mixed color and chromaticity tristimulusvalue

name X y X Y Z
three additive basic optimal colors:

O orangered 0,6695  0,3302 42,65 21,04 0,02
L leaf green 0,2991 0,6351 34,87 74,04 7,67
V violet blue 0,1445 0,0393 18,06 4,90 102,02
three additive mixed optimal colors:

C cyanblue 0,2191 0,3268 52,94 78,96 109,70
M magentared 0,3218 0,1375 60,73 2595 102,04
Y yelow 04300 0,5274 77,53 95,09 7,69
D65 (white) 0,3131 0,3275 95,60 100,00 109,71

E8581-

Figure 8: Complementary optimal colour data CIE (x, y) and XYZ
Fig. 8 shows the data CIE (x, y) and XYZ for the optimal colours OLV and the complementary optimal colour CMY.

basic and mixed additive optimal colors01 normalized for D65

basic color or Range 01 normalized Range 01 nor malized
mixed color and chromaticity tristimulus value

name Xo1 Yo1 Xo]_:X/Xn Yo]_:Y/Yn Zo]_:Z/Zn
three additive basic optimal colors:

O orangered 0,6792 0,3304 04461 0,2105 0,0002
L leaf green 0,3102  0,6295 0,3649 0,7405 0,0709
V violet blue 0,1620  0,0420 0,1890 0,0490 0,9289
three additive mixed optimal colors:

C cyanblue 0,2364 0,3369 0,5539 0,7895 0,9998
M magentared 0,3479  0,1423 0,6351 0,2595 0,9291
Y yellow 0,4424  0,5188 0,8110 0,9510 0,0711
D65 (white) 0,3333  0,3333 1,0000 1,0000 1,0000

E8581

Figure 9: Data CIE (x, y) and X,Y and Z of complementary optimal colours with image technology
normalization

Fig. 9 shows the CIE data (X, y) and X, Y, and Z now normalized between 0 and 1. This kind of normalisation is often
used in image technology

Remark: For the transfer of X, Y, and Z to L*a*b* of CIELAB the same normalisation is used. X, Y, and Z is divided

by X, Y., and Z, (compare equations in Fig. 9 and Fig. 12).
As a result there is a normalisation of the CIE data X, Y, Z which gives tristimulus values Xy, Yo1, Zo; and 1-Xg; 1-
Yo1, 1-Zy; for complementary optimal colours. A colour threshold formula needs to calculate the same threshold for
both sets of data.
According to Fig. 9 the colour Violet blue V is the darkest colour (Yy;=0,0490) compared to White (Yy;=1,0000). For
the optimal color Violet blue V the luminance ratio is 1 : 20 = 0,049 : 1,000. Among the six chromatic colours Yellow
is the lightest one (Y(,=0,9509). For blue surface colours the Y value is usually less than half of the value
Y1=0,0490. This leads to a conflict with blue CIELAB data in vision. The luminance value of blue may be less
compared to the luminance value of black which is Y4;=0,0400 for matt samples and Y,;=0,0250 for glossy samples.
Some blue surface colours have Yq; values in this range and they still do not appear black and may be very
chromatic.
The solution of the problem is the “chromatic strength” of the colour blue which is about 100 times larger compared
to yellow. Chroma C*,, can be calculated by the product of log luminance and chromatic strength. Therefore

C*,p = chroma = log luminance x chromatic strength

So in principle the low luminance of blue may be compensated by the large chromatic strength of the blue.
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3. CIELAB as basic for a new symmetric model of colour vision

A good first test of any new colour vision model is a study of the spacing in comparison with the Munsell and/or the
OSA colour order system. CIELAB is based on the Munsell colour order system and there is a paper of Richter
(1980) with colour figures of the samples of the Munsell and OSA colour order system in different chromaticity
diagrams. This paper has the title “Cube root colour spaces and chromatic adaptation” Some of the following figures
are from this paper.

0.8, 32 Munsell V=5 -08 00 08 16 24 32
y C=4,8, ... 550575 600 625 a=X/y
0 samples 007 v e o700
0,6 500 3
500 _08!
041 %25
> 700 ~16]
0,27 Munsell V=5
! o -2 41 a=xly
001475\, 550%25C| CIE1931 X 24 b=-0,40z/y
0,04002 04 06 08 1,0 b=-0,4z/y LAB 1977

Figure 10: Real and extrapolated samples of the Munsell colour order system (Value 5) in (X, y) and (a, b)
Fig. 10 shows real (0) and extrapolated samples (¢) of the Munsell colour order system for Value 5 in the CIE
chromaticity diagram (X, y) and the chromaticity diagram (a, b). The relation between the chromaticity coordinates (a,
b) and (x, y) is given in Fig. 10 (right) and Fig. 11.

color valence metric (color data: linear relation to CIE 1931 data)

linear name and relationship to CIE notes:
color terms tristimulues or chromaticity values

luminousvalue Y=y(X+Y+2Z)

chromatic value for linear chromatic value diagram (A, B)
red—green A=[XIY=-X,IY,]Y=[a—-a,]Y n=D65 (backgr.)
=[x/y=x,/y,]1Y
yellow-blue B=-04[Z2/YZ,/Y,1]Y=[b-Db,]Y
=-04[zly-z,1y,]Y

radial Cp=[A°+B* 1™

chromaticity for (linear) chromaticity diagram (a, bompare to linea

red—green a=X/Y=xly cone exitation
yellow-blue b=-04[2/Y]=-04[z/Y] P/ (P+D)
radial cp=[(a-a,)?+(b-b )" T/ (P+D)

VE780-7

Figure 11: Coordinates of the colour valence metric and the chromaticity coordinates (a, b)

Fig. 11 shows the coordinates of the colour valence metric with the chromaticity coordinates (a, b). The chromatic
values A and B can be calculated if for example the difference of the chromaticity a of the sample and the
chromaticity a,, of the background (index n) is multiplied by the luminance factor Y. Additionally the chromaticity a and
b are compared with the cone excitation P / (P+D) and T / (P+D). At least the ratio Z/Y = zly = [ (1-x-y) / y ] looks
very similar compared to T / (P+D). Later in this paper this relation will be discussed further.
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Higher colormetric (color data: nonlinear relation to CIE 1931 data)
non linear name and relationship with notes:
color terms tristimuluesor chromaticity values
lightness L* =116 (Y/100) **~ 16 (Y>08) CIELAB 1976
Approximation: L* =100 ( Y/ 100) “**
chroma non linear transform of chromatic values A and B
red-green a* =500[ (X/ %) -(YIY)"®]  CIELAB 1976
=500(a - a,) YY" n=D65 (backgr.)
yellow-blue  b*=200[ (Y/Y)"*-(2/2)"®]  CIELAB 1976]
=500 (b’ - bj,) Y*
radial Crp=[a+b**]"?
exitation ? nonlinear transform of chromaticities a=x/y and b=2z/y
red—green a=(1/Xx, )]J3 ( x/y)ﬂ3 compareto log
=0,2191 (x/y )]j3 for D65 cone exitation
yellow-blue b’ =-04(1/2,)"*(z1y)"® log[P/ (P+D)]
=-008376 (z/y)”® forD65  log[T/ (P+D)]
radiial Cow=l(a-ay)’+(b-b)" 1"

VE781-7

Figure 12: Coordinates of the higher colour metric with the non linear chromaticity coordinates (a’, b’)

Fig. 12 shows the coordinates of the higher colour metric with the non linear chromaticity coordinates (a’, b’). The
CIELAB chroma data a* and b* can be calculated if for example the difference of the non linear chromaticity a’ of the
sample and the non linear chromaticity a',, of the background is multiplied by the lightness L*. Additionally the non
linear chromaticity a’ and b’ are compared with the cone excitation log [ P/ (P+D) ] and log [ T / (P+D) ]. At least the
cube root ratio (Z/Y)Y3 = (z/y)® = [ (1-x=y) / y ]*3 looks very similar to log [ T / (P+D) ]. Later in this paper these
relations will be discussed further.

006 012 018 024 030 006 012 018 024 0,30

t t t : } } } } + t a’
0,001 550 575 600 =700 0,001 eos 50 575 600 =700
-0,067 -0,067
b" 500 b |s00 500c
-0,12+ -0,12+ CIE12
Munsell V=5 Munsell V=2,5,8
a’'=0,2191[x/y] Y3 h a’'=0,2191[x/y] /3
b'=-0,08376[z/y] /3 > b'=-0,08376[z/y] 3 47
CIELAB 1976 CIELAB 1976

WE520-31

Figure 13: Real and extrapolated samples of the Munsell colour order system (Value 5) in (a’, b’)

WES590-31

Fig. 13 shows real (0) and extrapolated samples (¢) of the Munsell colour order system for Value 5 in the non linear
chromaticity diagram (a’, b’) (left) and the elementary hues 5R, 5Y, 5G and 5PB of the Munsell colour order system
for Value 2, 5, and 8 in the non linear chromaticity diagram (a’, b’). Additionally the four CIE-test colours no. 9 to 12 of
CIE 13.3 are plotted. These four colours serve as elementary colours in the field of image technology. The spectral
data of these colours are defined and they serve for example in ISO/IEC 15775 as reference colour for colour
copiers.

The elementary colours Yellow J and Blue B are approximately on a line through the white point (chromaticity of
D65). The elementary colours Red R and Green G are not on a line through the white point. For D65 the hue angles
h,, are 26, 92, 162 and 272 in the CIELAB system for the four elementary colours RIGB.

A colour vision model shall describe the elementary colours and approximately the location on these hue angles.
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1 1 2 2 1 1 2 2
0,00 0,05 010 015 020 025 o 0,00 0,05 010 015 020 025 2,
0
550 575 600 625 550 575 600 625
0051 R rarret > oq 700 _0,05! 525 700
500411111 500
-0,10+ -0,104 500c
’ ’ 525
Munsell V=5 OSA L*=0
a'=1/15[x/y+1] a10=[X10/y10 + 11 /15
b'=-1/12[2z/y+1/6] " byo=-[20/yy + 1/6 13 /12
LABHNU1 1979 LABHNU1 1979

Figure 14: Samples of the Munsell and OSA colour order system in a modified (a’, b’) diagram

Fig. 14 shows the samples (Value 5) of the Munsell colour order system and the samples (L=0) of the OSA colour
order system in a modified non linear chromaticity diagram (a’, b’). The relation of (a’, b’) and (x, y) is given in the
figure. According to the results of the output spacing it is possible to use a linear equation in red—green direction.

A colour vision model shall explain and use this linear property in red—green direction and the non linear property in
yellow-blue direction.

0.8- 525  CIE-1931 chromaticity
’ diagram
y 0 a=[x-0,175]/y
0,6 oder P/D=L/M=const.
500 a= x/y= const.
0.4l for CIELAB 1976
’ 1/3,1/3
625
E 700
0,27 b=2z/y or
525(;500C T/Y=const.
550c X
O’O } t t } |
0,040002 04 06 08 10

E8281-11

Figure 15: Axis of excitation P/D and T/Y and chromaticity (a, b) in the CIE chromaticity diagram (X, y)

Fig. 15 shows the axis of excitation P/D and T/Y and the chromaticity (a, b) in the CIE chromaticity diagram (X, y).
The a coordinate used for the transformation in CIELAB is different compared to the axis a = [ x —0,175 ]/ y which is
defined by the constant ratio P/D. The b-axis is identical to the axis defined by the constant ratio T/Y. The remaining
axis T/P and T/D are not plotted.

In the following different basic properties of the colour valence and the higher colour metric are shown. The higher
colour metric is represented by CIELAB and this metric is used to create a symmetric colour vision model for static
stimuli. One can assume either adjacent or separated stimuli in a grey background which are viewed with a white
border. For this model we can assume the chromaticity of D65 for both the grey background and the white border.

The luminance of the white border or the white screen in the office shall be approximately 500 cd/m? for this model.
Then the grey luminance is 100 cd/m? if the luminance reflectance is Y = 20 for the grey monitor background.

4. Mean sensitivity and chromatic adaptation of the three cones

The three cone sensitivities P,(A), D,(A) and T,(A) are usually normalized to one at the maximum in a linear plot
which corresponds to zero in a logarithmic plot. This normalization is indicated by an index o in this paper.
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Figure 16: Normalized sensitivity of three cones and the retina sensitivity for the cone ratio P:D:T = 16:8:1
Fig. 16 shows the normalized sensitivity of the three cones and the retina sensitivity for the cone ratio P:D:T =
16:8:1. This cone ratio varies across the retina and the used ratio is a good representation for the fovea.
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Figure 17: Adapted cone sensitivities for the retina cone ratio P:D:T = 16:8:1 and the sensitivities U, and N,

Fig. 17 shows the adapted cone sensitivities for the retina cone ratio P:D:T = 16:8:1 and the calculated “sensitivities”

U, and N, (right). If all sensitivities are normalized to 1 in a linear and to 0 in a logarithmic plot, compare Fig. 1, then

the maximum and shape of the sensitivities U, (A) and N,(A) are very similar compared to the photopic sensitivity

V(M) and the scotopic sensitivity V'(A). We conclude:

1. The sensitivity U,(A) has the maximum at 555nm which is in the middle between 540 and 570nm. This sensitivity
is similar to the CIE photopic sensitivity V(A).

2. The sensitivity N,(A) has the maximum at 495nm which is in the middle between 435 and 555nm. This sensitivity
is similar to the CIE scotopic sensitivity V'(A).

3. The absolute values of the maxima of U,(A) and N,(A) are approximately the same in Fig. 17 (right).

Remark: If instead of the maximum 435nm the maximum 445nm is used for the blue cone T which is in better
agreement with CIE 170-1:2006 then the sensitivity N,(A) has the maximum at 500nm. This is in better
agreement with the maximum of the CIE scotopic sensitivity V'(A). As indicated earlier we use 435nm here for a
better agreement of experimental results in the wavelength range larger 435nm, compare Fig. 1. If the
sensitivities are calculated as function of frequency and in quantum units this difficulty disappears to a high
degree, compare Richter (1996). At present the colorimetry according to CIE 15:2004 is based on the wavelength
scale and the spectral radiance. Therefore is seems more appropriate to choose the wavelength scale and
radiance units instead of the frequency scale and quantum units.
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Figure 18: Normalized sensitivities U, and N, and sensitivities P,, D,, T, (left) and excitation e, (right)

Fig. 18 shows the normalized sensitivities U, and N, and the sensitivities P,, D,, T, (left) and the excitations e,
(right). The indices xU correspond to the sensitivity difference of x = (P, D, T) and U.

In Fig. 18 the value of both maxima is normalized to one (linear) and zero (logarithmic). This property produces a
symmetry compared to the wavelength 525nm. The following equations for the sensitivities are valid

log Uy(A) = 0,5 [log P,(A) + log D,(A) ]
log Ny(A) = 0,5 [log T4(A) + log Uy(A) ]
and the following equations for the excitations e,(A), (x = P, D) and e,(A), (x =T, U)
epy(A) = 10g [ Pa(A) / Ug(A) ] = log P,(A) —log Uy(A)
epy(A) = log [ Da(A) / Ug(A) ] = log D4(A) — log Ug(A)
ern(A) =10g [Ta(A) / No(A) ] = log Ty(A) — log No(A)
eun(A) =log [ Ug(A) / No(A) ] = log Ug(A) — log No(A)

The excitations in photopic units (U) and scotopic units (N) are straight lines. The cut points are at 575nm for the
red—green adaptation and at 525nm for the yellow—blue adaptation. If for example the red—green adaptation is
changed to 525nm then the excitation log [ P,(A) / Uy(A) ] cuts the yellow—black zero line at 525nm. The equation

log Uy(A) = 0,5 [log P4(A) +log Da(A) ]
is valid for any red—green adaptation condition.

log [ No log =log +0.16
log 0o=05[log +log ] log =log -0.09
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log( /' o)
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Figure 19: Sensitivities Uy, N, P,, D, T, (Ieft) and the excitation e,y (right) for the RG-adaptation to 525nm
Fig. 19 shows the sensitivities U, N,, P,, D5, T, (left) and the excitation e, (right) for red—green (RG-)adaptation to
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525nm. The following equations for the excitations e,(A) are valid:
epy(A) = log [ Pa(A) 7 Ug(A) ]
epu(A) = log [ D4(A) / Ug(A) ]
ery(A) = log [ Ta(A) / U(A) ]
enu(d) = log [ No(A) / Ug(A) ]
The plot on the right side shows very unique properties:
1. All four excitations cut at 525nm
2. The slope is largest for e1y(A) and about 2 per 100nm.
3. The slope of eyy(A) is 1/2 compared to the slope of ety(A).
4. The slope of epy(A) is 1/8 compared to the slope of eqy(A)

The factors 1/2 (=60/120) and 1/8 (=15/120) are only determined by the wavelength difference of the maxima of the
different sensitivities compared to the maximum of U,(A). The wavelength difference is

120nm ( = |435nm — 555nm| ) between T,(A) and U,(A)
60nm ( =]495nm — 555nm| ) between N,(A) and U,(A)
15nm (= |540nm — 555nm| = [570nm — 555nm| ) between D,(A) and Uy (A) or P,(A) and Uy(A)

log [ 0 | log =log +0.16
Mog =05[log +log o log =log -009
log =05[log +log o] log =log +1.13

- Adaptation: A =525

Ay =525

log[ 0 ]-log log =log +0.16
+Iog =05[log +log o] log =log -0.09
log =05[log +log o] log =log +1.13
Adaptation: A =525
log( / Ay =525
)

> -
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Figure 20: Sensitivities U,, N,, W,, P,, D,, T, (left) and excitations e, (right) for the RG-adaptation to 525nm
Fig. 20 shows the sensitivities U, N,, W, P,, Dy, T, (left) and excitations e,y (right) for red—green (RG-) adaptation
to 525nm. The following additional equations define the “mesopic” sensitivity W,(A) as mean of the “photopic”
sensitivity U,(A) and the “scotopic” sensitivity Ny(A)
log W,4(A) = 0,5 [ log Ny(A) + log Uy(A) ]
The following equations for the “mesopic” excitations e, (A):
epw(A) = log [ Pa(A) / Wa(A) ]
eow(A) = log [ D4(A) / Wx(A) ]
erw(A) = log [ Ta(A) / Wx(A) ]
euw(d) = 1og [ Ug(A) / Wa(A) ]
enw(d) = 10g [ No(A) / Wa(A) ]
are a further step to more symmetry:
1. the slope of log [ Uy(A) / W,(A) ] is equal to the negative slope of log [ Ny(A) / W,(A) ].
2. the slope of log [ Ny(A) / W,(A) ] is 1/3 compared to the slope of log [ Ty(A) / W,(A) 1.
Additionally we recognize that:
3. the slope of log [ No(A) / Uy(A) 1is 1/2 compared to the slope of log [ T,(A) / Ug(A) 1.
4. the slope of log [ W4(A) / U4(A) ]is 1/2 compared to the slope of log [ Ny(A) / Ua(A) ].
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Figure 21: Sensitivities Uy, Ny, W,, Py, Dy, T, (left) and excitations ey (right) for the RG-adaptation to 575nm
Fig. 21 shows the sensitivities U, N,, W, P,, D5, T, (left) and excitations e,y (right) for red—green (RG-) adaptation
to 575nm. There is a RG-adaptation change from 525nm to 575nm between Fig. 20 and 21. The elementary colour
Yellow J has in white backgrounds the dominant wavelength A4 = 575nm. There is the wish to describe this property
and therefore this change is necessary. One must realize that a change of Uy(A) is not necessary for this change of
RG-adaptation. Only the weighting of P,(A) and D,(A) changes according to the equation
log Uy(A) = 0,5 [log P,(A) + log D,(A) ]
According to Fig. 20 for RG-adaptation to 525nm it is valid:
log P,(A) = log Py(A) + 0,16
log D,(A) = log D,y(A) — 0,09
and according to Fig. 21 for RG-adaptation to 575nm it is valid:
log P4(A) = log P,(A) — 0,05
log D,4(A) = log Dy(A) + 0,12
Dependent on the RG-adaptation wavelength (Agg >= 525 nm) the following equations allow to determine the
constants in the above equations. For any RG-adaptation the excitations ep(Agg) and epy(Agrg) are equal:

epu(Are) = €pu(Ara)

or

log [ Pa(Arg) / Us(Are) ] = 109 [ Da(Arg) / Uo(Are) |
or

log Pa(Arg) = 109 Da(Arc)
or

log Py(Arg) + @p = 109 Do(Are) + ap
Together with
log Ug(Arg) = 0,5 [ log Pa(Arc) + 10g Da(Ac) ]
which leads to
log Uy(Are) = 0,5 [log Py(Agg) + @p +10g Dy(Arg) + ap ] = 0,5 [ 2 {log Py(Ars) + @p } ] = log Py(Ars) + ap
or
ap = —[log Po(Arg) —log Uy(Arc) ]
=—log [ Po(Arg) /Uo(Ara) 1 = — epu(Ara)
ap = — [ 10g Dy(Ara) ~10g Uo(Ara) ]
= —log [ Do(Arg) /Uo(Ara) | = — €pu(Pra)
Therefore chromatic RG-adaptation to any wavelength Arg is only a shift by a constant defined by the excitations
epyu(Are) OF €pu(Ara)-
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5. Impulse rate in the retina as function of relative luminance

5.1 Impulse rates and changes for achromatic colours

Richter (1996) has shown in a book the different sensitivities and excitations (called saturations) which are
calculated as function of wavelength with the CIE colour matching functions or the CIE chromaticity [x(A), y(A) ]. He
also showed the different achromatic and chromatic signals as function of luminance L or relative luminance L, =L/
L, (b = background).

F(xr) ,impulserate=impulses/s’
c=0,4343 Increment process |
—2Q[1,0c xr]

dF(xr)/dx ,impulserate change”
c=0,4343
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d{-2Q[1,0c xr] }/ dx

— 1
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Figure 22: Three visual processes as function of luminance: Increment (l), Decrement (D) and the sum (D+l)
Fig. 22 shows three visual processes as function of luminance: Increment (1), Decrement (D) and the sum (D+l). The
signals (Impulses/sec in the retina) of the I-process increase with luminance, the signals of the D-process decrease
with luminance and the signals of the D+I-process increase. Richter (1996) has called the D-process the black-
process N because there are larger responses for the blackish colours (N = french noir = black) compared to the
grey background. The I-process was called the white process W because there are larger responses for the whitish
colours compared to the grey background. Instead of N, W and N+W we use in the following the abbreviations D, |
and D+l. This is the more modern terminology which is used in the book of Valberg (2005).

In Fig. 22 (right) the “impulse rate changes” are shown as function of relative luminance. The largest change is for
the I-process at the relative luminance L, = 1 which is at the grey background luminance L, =100 cd/m?. Both for the
D-process and the D+I-process the absolute value of the change is about half compared to the I-process.

5.2 Impulse rate in the retina and changes for chromatic colours

achromatic- and  -opponent signals achromatic- and J-opponent signals
—20Q[1,0c (xr +xp)] —20Q[1,0c (xr +xp)]
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—

-3 -3
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Figure 23: Nine visual processes as function of luminance for achromatic and chromatic colours.
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Fig. 23 shows nine visual processes as function of luminance for achromatic and chromatic colours. Therefore we
have three times the number of processes compared to the achromatic colours.

Richter (1996) has developed a function Q and has shown that the parameters of the function Q depend on relative
luminance L, and purity p. The negative logarithmic purities p (x, = — log p) in green—red and blue-yellow direction

seem to be in a first approximation the excitations ep and er,. Therefore we can write
x,=log[L/L,]=logL,
XpGR = €py = 109 [ Pa/ U, ]
Xpps = €1y =log [Ta/ Uy ]
In Fig. 23 for the excitation in green—red direction the three values X g = €py = -1, 0 and 1 are used (left) and for the

excitation in blue-yellow direction the three values xpg; = €1y = —2, 0 and 2 are used (right). These numbers are

realistic numbers for the different visual GR- and BJ-processes. In the retina addtionally to theprocesses GR and BJ
there are the complementary processes RG and JB which are not shown here.

5.3 Vision and cone excitation and delete of the lighter opponent process
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Figure 24: Six (left) and nine (right) visual processes as function of luminance for achromatic and blue
colours

Fig. 24 shows six (left) and nine (right) visual processes as function of luminance for achromatic and blue colours.
The light and complementary yellow components of Fig. 23 are deleted in Fig. 24.

It seems an important strategy of the visual human system to use only the blue components of the BJ-process (and
the yellow component of the JB-process and similar for the RG- and GR-process). We know from Fig. 8 that the
optimal colour Violet blue V has only the luminance factor 4,9 compared to 100 for white. Many real blue colours may
have only half of this value. Therefore it is important for the visual system to produce a large chroma signal for a blue
colour especially because for blue colours the luminance factor is often by a factor 40 less compared to white.

In Fig. 24 the excitation of the blue process has the value 2 which produces a shift of two log luminance units (1/100)
towards lower luminance on the luminance scale. Therefore in Fig. 24 for the luminance which is 100 times less
compared to the background luminance there is the largest luminance change of the blue monochromatic
wavelength Ag = 475 nm.

If the difference between the two I-processes blue and achromatic is calculated, then the largest difference is only
one (and not two) log luminance units below the background luminance. If this is called the chromatic signal then the
maximum chromatic signal is one log unit below the background luminance. This is different compared to the two log
units for the maximum slope change for luminance. It remains the question at which luminance the largest change of
the chromatic signal occurs.

Richter (2006b) has produced a model for the threshold and scaling of only achromatic colours. For adjacent colours
the difference of the colour signals plays the main role but for separated colours the mean log value of the sample
and the background has to be calculated first to describe the experimental results.

Therefore in Fig. 24 (right) the mean of the two |-processes blue and achromatic is calculated (in red-blue colour). It
is obvious that the mean process and all others between the blue and the achromatic process shift only one unit
below the background luminance. So in this case a blue colour of the monochromatic wavelength Ag = 475nm in a
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grey background has the maximum change of the chromatic signal one unit below the grey background luminance. If
the luminance factor is Y = 20 for the background then for blue the chromatic signal is largest, if the luminance factor
is aboutY = 2.

For most of the people who work with colorimetry this seems unpossible compared to experience. For many years
they know that for example the black N of offset colour printing has the luminance factorY = 2,5. The value Y = 2 of
blue is below and therefore the statement is: the monochromatic colour Ag = 475 nm with Y = 2 must appear black.
But there is a strong argument against. A monochromatic stimuli of Ag = 475 nm with Y = 2 is not among the real

surface colours. So a proof is only possible with special coloured lights in a laboratory. Many of such experiments
produced with colour filters and projectors are described in a book of Evans (1974).

5.4 Maximum luminance discrimination, chromatic and chroma signal

achromatic- and -chromatic signals achromatic- and -chromatic signals
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Figure 25: Maximum luminance discrimination, chromatic and chroma signal

Fig. 25 shows the maximum luminance discrimination (left) and the maximum chromatic and chroma signals (right).
The slopes for luminance discrimination of the I-process and the D+I-process are largest (left) at the red mark. This
is two log units below the background luminance. The chromatic signal is largest for the I-process at one red mark
(right) and the chroma signal is largest for the D+I-process at the other red mark (right). both marks are one log unit
below the background luminance.
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Figure 26: Chromatic signals as function of relative luminance L,

Fig. 26 shows a red line for the chromatic signal (left). The chromatic signals are calculated and plotted as function
of luminance (right). The maximum chromatic signal is one log unit below the background luminance.
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achromatic- and -chromatic signals chromatic signal - achromatic signal
QIL.0c (xr +xp)] ~2QLLOCUr*xp)l Bl 3+ Qra,0c (xp +xp)) ~2 QL KrXp)
separatecolours maximum I separatecolours maximum I
difference (chroma)

chroma (difference)

1
— —

T~

3 3
-6 5 -4 -3 -2-1 0 1xr=logLm -6 -5 -4 -3 -2 -1 0 1xr=logLy

XE321-6 XE321-8

Figure 27: Chroma signals as function of relative luminance L,

Fig. 27 shows a red square for the chroma signal (left). The chroma signals are shown as function of relative
luminance (right). The maximum chromatic signal is one log unit below the background luminance.

The difference between the chromatic and chroma signal has to be clarified further in experiments. It is likely that
there is a connection with the two viewing conditions of adjacent and separated colours in a grey background. In a
first approximation the colour difference of adjacent colours depends not much on the background. However, the
colour difference of separated colours (separated colour order samples on a grey background) depends very much
on the background. This seem to be the reason, that the chroma signal depends on the mean logarithmic signal of
the sample and background. The chromatic signal depends only on the mean log signal of the two adjacent samples.
The mean signal of the two adjacent samples is for small colour differences not very different compared to one of the
sample signals. Therefore the difference between the chromatic and the chroma signal increases with increasing
difference of the sample and the background.
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Figure 28: Chromatic and chroma threshold for nearly achromatic colors at different luminance

Fig. 28 shows the chromatic and chroma threshold for nearly achromatic colors at different luminance. The two red
S-shaped curves follow the achromatic I-process (left) and the achromatic D+I-process (right) along the luminance
axis. The slopes are 1,0 and 0,5 at the background luminance.

In terms of CIE colorimetry for monochromatic colours of equal luminance there is a definite purity for each
wavelength at which a characteristic hue appears. This is the chromatic threshold. For the I-process and the D+I-
process therefore we can expect some shift along the x,-axis compared to the achromatic signals.

It seems surprising that this shift is small and constant on the luminance scale for all stimuli between the chromatic
threshold for very dark colours up to the grey background and above to the white border colour.
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There are different methods in vision to determine this threshold by the following experimental conditions:
1. one can add monochromatic light to a grey uniform background until a hue appears.
2. one can add monochromatic light to a black circular center field in a grey background until a hue appears

3. one can add monochromatic light to a black circular center field for only one half of the circular center field in a
grey background until a hue appears

4.In case of 2 or 3 if a hue has appeared one can add achromatic light of the background chromaticity until the grey
background luminance is reached and further until the luminance of the white border is reached and above.

Evans (1974) reported in his book in a section “chromatic threshold” on page 113;

“We discovered the surprising fact that if this monochromatic luminance (the chromatic threshold luminance of
the above case 2 near black) was left constant and white light was added, the mixture remained at the
chromatic threshold all the way up to a luminance match with the white background”

Therefore at least in case 2 there is only a constant shift for the chromatic threshold along the x,-axis. Case 2 is the
chroma situation and this is shown in Fig. 28 (right). Experimental results according to case 3 are not known and any
set of experimental data is appreciated.

6. Elementary colours
6.1 Experimental models and data for elementary colours

B(x) relative JB-chromatic values a()) relative RG-chromatic values
4 linear assessment of radiation 4 linear assessment of radiation

yellow

e 400 500 600 700 e 400 500 600 700
wavelength A/nm wavelength A/nm

E8141-11 E8140-81

Figure 29: Elementary colours in the spectrum according to the Hurvich and Jameson model

Fig. 29 shows the two processes blue—yellow and red—green described by a simple transformation of the CIE colour
matching functions according to Hurvich (1981). The values in Fig. 29 are calculated from the CIE colour matching
functions

a(A) = x(4) - y(A)

b(A)=0,4[z (A)-y(A)]
The values of the functions a(A) and b(A) are zero at approximately the wavelength 475nm, 503nm and 575nm for
Blue B, Green G and Yellow J.
In the following we will study other experimental results of elementary colours. There is a famous elementary hue
circle of Miescher (1948) with 24, 96, and 400 hue steps. The circle has been developed by 28 observers under
daylight and CIE illuminant C has served for the calculations. The CIE colorimetric data for CIE llluminant C are
similar compared to the CIE colorimetric data for CIE illuminant D65 if the samples are non fluorescent which is the
case for the samples of the Miescher elementary colour circle.
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Four elementary colours CIE tristimulues values and chromaticity|
and four intermediate colours for illuminant C and 2 degree observer
Huecircle Miescher/Munsell hue Xe Yo Z¢ Xc Ve
Elementary Red R 08/6.0R-V5 32,53 18,11 5,32 0,5813 0,3236
red yellow R50J 05/3.7YR-V5 60,31 45,44 555 0,5419 0,4083
Elementary Yellow J| 02/8.5Y-V5 70,52 77,82 10,18 0,4449 0,4909
yellow green J50G 23/9.5GY-V5 25,23 45,15 14,00 0,2990 0,5351
Green G 20/5.9G-V5 8,51 20,24 16,28 0,1890 0,4495
green blue G50B 17/8.5BG-V5 8,83 14,56 31,55 0,1607 0,2650
Blue B 14/5.3PB-V5 11,92 9,35 48,79 0,1701 0,1335
blue red B50R 11/7.4P-V5 16,15 8,47 30,90 0,2909 0,1526

XE350-1

Figure 30: Miescher elementary colour circle and correponding Munsell notation
Fig. 30 shows the CIE data of the Miescher elementary colour circle and the correponding Munsell colour notations.

Elementary Munsell Notation (Value5)

and intermediate colours and dominant wavelength

Hue Observer mean Munsell value correction for
K.R. G.W. AV. K.M. |anddominant Bezold-Briicke

wavelength effect

65R | 58R | 60R | 58R | 60R 700

Red R 700 494c | 49c | 494c | 494c 494c  495¢
375YR| 42YR | 35YR | 37YR | 37YR

RS0J 592 591 593 592 592+1 590+2
75Y | 85Y | 100Y | 100Y | 85Y

vellowJ | 575 | 574 | 572 | 572 | 5742 Sr2+2
10GY | 875GY| 9.0GY | 056 | 95GY

J50G 542 550 548 536 544+8 542+10
60G | 50G | 60G | 67G | 59G

GreenG | 5005 | 504 5025 | 5015 | 503+2 503+2
758G | 875BG| 80BG | 10.0BG| 85BG

G508 4885 | 4875 | 488 4865 | 4882 489+2
56PB | 50PB | 51PB | 50PB | 53PB

BlueB 472 4745 | 474 4745 | 4742 472+2
75P | 75P | 70P | 75P | 74P

BSOR 558c | 558c | 560c | 558 | 559c+1 559£1

XE350-7

Figure 31: Experimental Munsell colour notation and dominant wavelength for elementary colours

Fig. 31 shows the experimental Munsell colour notation and the dominant wavelength for the elementary and
intermediate colours of the Miescher elementary colour circle according to Richter (1969). In the following vision
model for the three elementary colours B, G and J the dominant wavelength 475nm, 525nm and 575nm are used. In
a following improved model it is intended to change the dominant wavelength 525nm of Green G to the experimental
dominant wavelength around 503nm.

Elementary colour CIELAB data, CIE tristimulus values and CIE chromaticity

and CIE illuminant | for CIE standard illuminants D65 and D50 and 2 degr ee obser ver
ClE-test colour|11l. L* a* b* C'gp hgp X Y z X y

09, Red R D65 | 40,04 58,98 28,32 6543 25,7|20,64 11,27 4,34 |0,5693 0,3110
10, Yellow J 81,30 -2,99 71,82 71,89 92,4|54,89 59,01 12,02 | 0,4359 0,4686
11, Green G 52,27 -42,40 13,64 44,54 162,2 | 12,15 20,38 15,34 | 0,2538 0,4258
12, Blue B 30,52 1,21-46,35 46,37 271,5| 6,24 6,45 27,59 |0,1550 0,1601
09, Red R D50 |41,88 62,00 31,82 69,69 27,2|2331 12,42 3,24 |0,5982 0,3188
10, Yellow J 81,97 181 7159 71,61 885 58,84 60,24 9,50 |0,4576 0,4685
11, Green G 51,62 -41,12 11,52 42,70 164,4|12,10 19,81 11,95 |0,2759 0,4515
12, Blue B 29,20 -5,28-49,34 49,62 2639| 525 5,92 21,25 |0,1621 0,1825

XE350-3

Figure 32: Colorimetric data of the CIE-test colours no. 9 to 12 which represent the four elementary colours
Fig. 32 shows the colorimetric data of the CIE-test colours no. 9 to 12 which are good approximations of the four
elementary colours for the CIE illuminants D65 and D50.

The spectral data of the CIE-test colours are defined in CIE 13.3. There are real samples from BAM and other
sources which approximate the CIE spectral reflectance. Additionally metameric samples for D65 are available, e. g.
the metameric ISO/IEC-test charts according to ISO/IEC 15775 include the CIE-test colours which are produced
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with standard offset printing inks.
In image technology the CIELAB hue angles h,, = 27, 92, 158, 273 for RIGB are used to define the elementary

hues and to produce these hues. For a real printer on 10 pages the six device colour hues (OYLCVM) and the four
elementary hues (RJGB) are produced. For this printer example see the file (350 kByte, 10 pages).

http://www.ps.bam.de/VE39/10L/L39EOONP.PDF

The CIELAB hue angles h,, are given in the output for both: the six basic device colours OYLCVM and the four CIE-
elementary hues RIGB approximately produced by the printer with the name FRS06

Output: Colorimetric Printer Reflective System FRS06

for hueh* =lab*h = 162/360 = 0.45 FRSOGI;_adEpted (@ CIbELABc(::I*ata h
*=L*, a* * *

lab*tch and lab*nch a%a “a vl ®a
3257 6232 46.49 771.75 37

D65: hue G 8273 -316 11399 11403 92

LCH*Ma: 43 51 162 3943 -6179 4584 76.95 143
4786 -2679 3424 4349 232

olv*Ma: 0.0 1.0 0.37 1016 5512  -61.03 8224 312
U5 8068 3392 8752
trianale liaht " 625 00 00 00 0
riangieligniness A— 9197 00 00 00 0
3002 598 3105 6738 27
U* g = 115 8126 -252 7625 7629 92
5223 -4156 1714 4496 158
3057 263 4377 438 273

% Regularity
g*Hrel =28
g*cre =38

‘/

blackness n*

— e

0,00 ] 0,40 | 0,80 1,00

chromaticness c*

Figure 33: 16 step colour series in a hue triangle with the elementary hue green
Fig. 33 shows the 16 step colour series in a hue triangle with the elementary hue green of the CIELAB hue angle
h,, = 162 degrees. The three 16 step series black—white, white—green and green—black should be visually equally
spaced. This is for different devices often not the case. ISO/IEC TR 19797 describes a method to improve the output
according to this goal.
A hue triangle includes the colour attribute relative whiteness, relative chromaticness and relative blackness which
are all on a scale between 0 and 1. According to Ostwald (1930) there is a colorimetric relation

whiteness + blackness + chromaticness = 1

For the colorimetric attribute “relative blackness” one can try to find a relation compared to all the achromatic and
chromatic signals which we have plotted and which we will plot in the next sections.

The Swedish Natural Colour System NCS (1982) has choosen the three relative colour attributes “elementary hue”,
“blackness” and “chromaticness” as primary colour attributes. One can compare these attributes with the notations

of the Munsell color order system: Hue, Chroma and Value. The definitions of triangle lightness t* and blackness n*
which are used in Fig. 33 are different compared to the definition of CIE lightness L*, compare Richter (2006a)
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It is an open question if we can use the basic coordinates of the intended colour vision model to describe the NCS
coordinates in addition to the CIELAB coordinates which represent the main coordinates of the Munsell system.

7. More symmetry properties of the colour vision model

log [ | log log log[ 0 ]-log log log +0.16

0 = =
+Iog =05[log +log o log =log +Iog =05[log +log o log =log -0.09
log =05[log +log o] log =log log =05[log +log o] log =log +1.13

Adaptation: A =525 Threshold: t=0.007 Adaptation: A =525
ts=0.007 A; =52

As =525

500 Ad/nm 600 700 Ac/nm 400 500 Ad/nm 600

700 Ac/nm 400
XE440-1

XE440-2

Figure 34: Sensitivities Uy, Ny, Wy, P, D,, T, (left) and excitations ey, (right) for Azg=A;5=525nm

Fig. 34 is equal to Fig. 20 and shows the sensitivities Uy, No, W,, P, Dy, T, (left) and excitations e, (right) for red—
green (RG-) adaptation to 525nm.

There are a simple relation:
log Ny(A) = 0,5 [ log T4(A) + log Uy(A) ]

Searching for symmetry there is a similar symmetric relation:
log Uy(A) = 0,5 [log T'4(A) + log Ny(A) ]

log [ 0 | log =log
*Iog =05[log +log o] log =log
log =05[log +log o] log =log
Adaptation: A =525
ts=0.007 A; =52

log[ 0 ]-log log =log +0.16
*Iog =05[log +log o] log =log -0.09
log =05[log +log o] log =log +1.13
Threshold: t=0.007 Adaptation: A =525

A; =525

500 Ad/nm 600 700 Ac/nm 400

500 Ad/nm 600 700 Ac/nm 400
XE400-1

XE400-2

Figure 35: 9 sensitivities U,, Ny, W,, P,, D, Ty, P'5, D4, T’ (I€ft) and excitations ey, (right) for Agg=A;5=525nm
Fig. 35 shows 9 sensitivities Uy, N, W,, Py, Dy, T, P4, D, T'a(left) and excitations (right) for the RG- and JB-
adaptation to 525nm. The sensitivity T', with a dash (') is defined in the above equation. It seems not impossible that
the “dash-sensitivity” is calculated by the simple equation above for T', and with similar equations for P’,, D’,.
If we look at the excitations in the right part of Fig. 35 we now realize complete symmetry:

1. between the lines above and below the zero line (“mesopic excitation”) and

2. between the slopes on the wavelength scale larger and smaller compared to 525nm
If there is a dynamic range limit (threshold t; = 0.007) then the excitation e,y saturates below 350nm and above
610nm. This range of the mesopic excitation e, is larger compared to the photopic excitation e in Fig. 19.
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However both the mesopic excitation ety and the photopic excitation et may play some minor role compared to
enw Which is not saturated in the whole visual range. Additionally neither the mesopic excitation ep, nor the
mesopic excitation epyy is saturated in the whole visual range.

log [ log log log[ 0 ]-log log log +0.16

5 = =
*Iog =05[log +log o log =log : log =05[log +log o] log =log -0.09
log =05[log +log o] log =log log0 =05[log +log o] log =log +1.13
Adaptation: A =525 Threshold: t=0.007 Adaptation: A =525
t=0.007 A, =52 As =525

700 Ac/nm 400 600 700 Ac/nm 400
XE480-1 XE480-2

Figure 36: Active sensitivities Py, D,, Ty, P',, D', T’ (Ieft) and excitations e,y (right) for Agg=A;5=525nm

Fig. 36 shows the 6 “active” sensitivities P,, D,, T,, P'5, D5, T2y @and U, Ng, W, (left) and the mesopic excitations ey
(right) for the RG-adaptation to 525nm. We have to define the term “active sensitivities”. In Fig. 21 we showed that
for the BJ-process for example only the blue signals which are larger compared to the achromatic system play a
considerable role for luminance and chromatic discrimination of the blue colours. If we look at the excitations in Fig.
36 (right) then additionally all the negative parts below the red-black zero line of the “active” sensitivities are deleted.
In Fig. 36 we have not deleted the negative part of (U/W) and (N/W) (yellow-black and cyan—black line).

log [ 0 log =log log[ 0 ]-log log =log -0.05
*Iog =05[log +log o log =log *Iog =05[log +log o] log =log +0.12
log =05[log +log o] log =log log =05[log +log o] log =log -0.13
Threshold: t=0.007 Adaptation: A =575

As =575

700 Ac/nm 400 700 Ac/nm 400
XE400-3 XE400-4

Figure 37: Sensitivities Uy, Ng, Wy, P,, Dy, Ty, Py, Do, T'4 (left) and excitations e,y (right) for Agg=A;5=575nm
Fig. 37 shows 9 sensitivities U, No, Wy, Pa, Da, Ty P'a, D', T, @and U, N, W, Hy (left) and the mesopic excitations
(right) for the RG-and JB-adaptation to 575nm, which indicates complete adaptation to 575nm. Compared to Fig. 36
both in the red—green and yellow—blue direction the adaptation has changed from 525nm to 575nm. The RG-
properties are similar to the properties of Fig. 18. The sensitivity H, is defined by a vertical shift on W, defined by Agrg
=575nm.

As known from the von Kries theory of chromatic adaptation the three cone sensitivities will change. Instead of three
here six cone sensitivities change and the most surprising change is the change of the two sensitivities T, and T',.

As a result the two opponent elementary colours Yellow J and Blue B which are defined by the dominant wavelength
575nm and 475nm have a zero red—green signal. If elementary Yellow J and Blue B mix by the colorimetry to White
W then we can expect additionally a zero red—green signal for the achromatic white and grey colours.
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One must realize that a change of both U,(A) and N,(A) is not necessary. Only the weighting of P,(A) and D,4(A) and
P’.(A) and D’4(A) changes according to the equations

log Uy(A) = 0,5 [ log P,(A) + log D,(A) ]
log Ny(A) =0,5[ log P’,(A) + log D',(A) ]
For RG-adaptation to 525nm it is valid
log P,(A) = log Py(A) + 0,16
log D,(A) = log D,y(A) — 0,09
and for RG-adaptation to 575nm it is valid
log P,(A) = log Py(A) — 0,05
log D,(A) = log Dy(A) + 0,12

Dependent on the RG-adaptation wavelength (Agg >= 525 nm) the following equation allow to determine the
constants in the above equations. For any RG-adaptation the excitations ep(Agg) and epy(Arg) are equal

epu(Are) = €pu(Ara)

or

log [ Pa(Arg) / Ua(Are) ] = 109 [ Da(Arg) / Uo(Are) |
or

log Pa(Arg) = 109 Da(Arc)
or

log Po(Arg) + @p = log Dy(Arg) + ap
Together with
log Uy(Arg) = 0,5 [10g P4(Are) + 109 D4(Are) |
log Ua(Arg) = log Ug(Arg)
which leads to
log Us(Arg) = 0,5 [10g Py(Arg) + @p + 109 Do(Arg) + ap ] = 0,5 [ 2 { log Py(Ars) *+ @p } ] = l0g Po(Are) + @
or
ap = —[log Po(Arg) ~10g Uy(Arc) | Arg >= 525 nm
=—log [ Po(Ara) /Uo(Ara) | = — €pu(Ara)
ap = —[log Do(Arg) ~10g Uo(Are) |
= —log [ Do(Arg) /Uo(Ara) 1 = — €pu(Ara)
Therefore the chromatic RG-adaptation to any wavelength Agg is only a shift by a constant which is defined by the
excitations ep(Arc) Of €pu(Arc)-

Because of the symmetry of the model on the wavelength scale compared to 525nm there are the following
corresponding equations for A'gg = 475nm:

ap =—[log P'o(A'rg) ~10g No(A'rg) ] A'rg <525 nm
=—log [ P'4(A'rg) /No(A'ra) | = — €pn(A'Rc)
ap = —[log Do(A'gre) —10g No(A'rg) ]
= —log [ Do(A'rg) /No(A'rg) | = — €pn(A'Ra)
Similar equations are necessary for the yellow-blue direction.
log W4(A) = 0,5 [log Uy(A) + log Ny(A) ]
log Ha(A) = log W(A) + ar
log Ha(Arg) = 109 Us(Arc)
log Ha(Arc) = 10g Wa(Ara) + ar
it follows
ar=log Hy(Arg) —10g Wa(Arg) = 109 [ Up(Arg) / Wa(Are) ]
=log Uy(Arg) — 0,5 [log Uy(Are) + 10g No(Are) ]
= 0,5 log Uy(Agg) — 0,5 log Ny(Age)
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= 0,5 log Uy(Are) / No(Ara)

= 0,5 eyn(Ara)
Therefore for any yellow—-blue adaptation
log Ha(ARe) = 10g Wa(Arg) + 0,5 eyn(Ara)

log [ | log =log

0 ]-log log =log -0.05

¢‘Iog =05[log +log o log =log +0.12
logg =05[log +log o] log =log -0.13
Threshold: t=0.007 Adaptation: A =575

As =575

(0]
¢‘Iog =05[log +log o log =log
log =05[log +log o] log =log
Adaptation: A
ts=0.007 A,

600 700 Ac/nm 400
XE480-3 XE480-4

Figure 38: Active Sensitivities P,, D,, Ty, P',, D', T', (left) and excitations e,y (right) for Agg=A;5=575nm

Fig. 38 shows the 6 active sensitivities P, D,, Ty, Py, D's, T'as @and Uy, No, W,, H, (left) and the mesopic excitations

(right) for the RG- and JB—adaptation to 575nm

8. Cone excitation diagram and chromatic adaptation

8.1 Excitation diagram in mesopic units

10log[ o/ ] 10log[ o/ ]Jlog =log +0.16
log =log -0.09

log =log +1.13

Adaptation: A =525

ts=0.007 A; =525

10log[ o/ ] 10log] o/ ]Jlog =log -0.05
log =log +0.12

log =log -0.13

Adaptation: A =575

ts=0.007 A; =575

10logl o ]I
U No
10llogl o ]
(“o==)")

10logl o ]I
U No
10llogl o ]
(“o==)")

XE401-2 XE401-4

Figure 39: Cone excitation diagrams in mesopic units for adaptations Agg=A;5=525nm and Agg=A;5=575nm
Fig. 39 shows cone excitation diagrams in mesopic units for the two adaptations Agg=A;5=525nm (left) and
Arg=A;5=575nm (right). The vertical and horizontal axis parameters are the same with the important difference that
the absolute value is used in the horizontal direction

a'(A) =1log [Ug(A) I W,(A) ]|
=] eyw() |
log [ Us(A) / W4(A) ]

eyw(A)

b’(A)
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The background excitation of the wavelength Agg=A;5=525nm (left) and Azxg=A;g=575nm (right) is shown by a white
mark. It is important to realize that the shape and form of the diagram [ a’(A), b’(A) ] is independent of chromatic
adaptation. Therefore the chromatic adaptation formula is only a shift between the sample and the background
excitation, for example if @’ is the excitation of the sample and a’, is the excitation of the background, then it is valid
for any background (Index n, e. g. D65 or D50)

a'—a',, =a'(D65) — a'pgs

b'—b’, = b'(D65) — b'pgs
If the two background chromaticities are D65 and D50 then it is valid:

a'(D65) — a'pgs = a'(D30) —a'psp

b’'(D65) — b’pgs = b'(D50) —b'psg
Therefore the description of chromatic adaptation is very simple and looks similar compared to the shift in the colour
space CIELUV 1976. The similar equations in CIELUV are:

u'(D65) — U'pgs = U'(D50) —U'psg

V'(D65) —V'pgs = V'(D50) —V'psg
Richter (1980) has developed similar equations for the CIELAB space (compare Fig. 12):

a'(D65) — a'pgs = @'(D50) —a’psg

b’(D65) — b'pgs = b'(D50) —b’pso
with (compare Fig. 12)

a=0,2191[x/y]"3

b’'=-0,08376[z/y]¥?
Additionally the CIELAB chroma components can be calculated by (compare Fig. 12)

ar = [a’— a,n ] Y13

b*=[b—-b,]YY3
As a result we can expect that we can describe CIELAB chroma a* and b* by the above logarithmic excitation
difference instead of the cube root chromaticity difference.
For the exact calculation of CIELAB chroma a* and b* a multiplication of the cube root chromaticity difference and
the cube root of the luminance factor (Y¥3) is necessary. We can use the logarithmic excitation difference multiplied
by (Y¥3) for a first approximation of CIELAB chroma a* and b*. A much better approximation of visual experimental
data should use the Q-function instead of (YX/3). The Q-function has the important S-shape property as function of x,
=log[L/Ly]=logL.
There are different method to test the new symmetric colour vision model, for example can we study a
monochromatic blue. For example with the monochromatic wavelength A = 475nm and a luminance of 100 cd/m?in
a grey background of the same luminance. Then the following basic difference is predicted:
1. CIELAB calculates a very high chroma.
2. The colour vision model calculates a chroma which is approximately zero.
The reasons for both contrary results are very different:
1. CIELAB chroma increases infinitely with Y3,
2. For monochromatic blue the luminance of the chromatic threshold is four log units below the luminance of the
grey surround and two log units below the achromatic threshold. Therefore we can expect that the chroma C*,,
of the monochromatic blue reaches its maximum 2 log units below the background luminance and saturates at the
background luminance. This leads to a zero chroma at the background luminance.

Therefore CIELAB seems completely wrong with the unlimited increase in chroma as function of the cube root of the
luminance factor. The Q-function includes a saturation effect and predicts a chroma of zero for samples with about
the relative luminance L, of the grey background.

Remark: Because of the variable threshold range this zero point may also occur one log unit above the
background luminance.
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Figure 40: Three excitation diagrams in mesopic units for adaptations Azrg=A;5=525nm and Azg=A;=575nm
Fig. 40 shows three excitation diagrams in mesopic units for the two adaptations Arg=A;g=525nm (left) and
Arg=A;=575nm (right). For the vertical and horizontal axis the same mesopic excitation ey(A) is used with the
important difference that in the horizontal direction the absolute value | eyw(A) | is used.

Additionally for Agg=A;=525nm (left) the “red” excitation ep(A) is subtracted on the horizontal axis for the red
diagram and the “green” excitation ep(A) is added on the horizontal axis for the green diagram (left).

Similar additionally for Agg=A;5=575nm (right) the “red” excitation ep(A) is subtracted on the horizontal axis for the
red diagram and the “green” excitation ep(A) is added on the horizontal axis for the green diagram (right).

In both cases the white cross shows the excitation of the background 525nm (left) and 575nm (right). In both cases
the two mesopic excitations |e(A) | and eyw(A) (Yellow-black colour) are cutting by the “red” and the “green”
excitations at the background.

Interpretations of these kind of excitation diagrams have to be developed further.

8.2 Model and Evans GO-colours in a monochromatic background Azg= A;z=525nm

[ 1]-2log[ / o]|log =log +0.16 [ 1|-log[ / &]|log =log +0.16
(o>=1)) log =log -0.09 ( ) (‘a>=) log =log -0.09

/1] -1log] o ]Jlog =log +1.13 / 4| -Llogl / ]llog =log +1.13

(A <525nm) (A, >=525nm)Adaptation: A =525 (‘a>=) Adaptation: A =525
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Figure 41: Model and Evans GO-colours in a monochromatic background Agzg = A;5 = 525nm

Fig. 41 shows the model and Evans GO-colours in a monochromatic background Azg = Ajg = 525nm. The GO colours
are the colours of relative blackness n* = 0 which are shown in Fig. 33 for an achromatic white background.

There is a first model with two mesopic exitations eyy(A) for U, < N, and eyy(A) for U, >= N, (left) and a second
model with one photopic excitation eyy(A) for U, < Ny and the same mesopic excitation ey(A) for U, >= N, (right).

The second model (right) fits the Evans (1974) data in the whole range much better. Therefore the use of some cone
excitation in photopic units for A < 525nm is necessary for the description of the experimental results below 525nm.
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Remark: The description for the purple colours has to be studied further. At the moment we do not know how to
handle the change of the sign (absolute values) in the purple range. There is a possibility to interpolate between
the sensitivities or excitations and to use for this the data at the two wavelength 400nm and 700nm.
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Figure 42: Cone excitations (left) and excitation diagram (right) in photopic units for Agg=A;5=525nm

Fig. 42 shows cone excitations (left) and excitation diagrams (right) in photopic units for the adaptation
Arc=A;5=525nm as function of wavelength (left) and in two dimensions (right). The parameters of the vertical and
horizontal axis could be always equal for example

log [ No(A) / Uy(A) ] for any U, N,
or different. We have chosen two equations:
log [ No(A) / Uy(A) ] for Uy < N,

log [Ng(A) / Ug(A)]=0  for U, >= N,

Again the absolute value | log [ Ny(A) / Uy(A) 1| is used for any U, and N, in the horizontal direction. The reason of this

choice is the success in Fig. 41 for the description of the Evans GO-colours with excitations below 525nm in photopic
units. Therefore we use in Fig. 42 in horizontal and vertical direction:

a'(A) =|log [Ug, (A) I No(A) 11= |—log [N (A)/ Ug(A) 1| forany Uy, N,
b'(A) =log [Uy(A) / Ny(A) ] for Uy < N,
=0 for U, >=N,
A more simple choice is (not plotted here)
a'(A) =[log[Ugs (A) /' No(A) 1= [=log [No (A)/ Ug(A) 11 for any U,, N,
b'(A) =log [Uy(A) / Ny(A) ] for any U,, N,

The two coordinates define a symmetric photopic excitation diagram which is similar compared to the mesopic
excitation diagram in Fig. 40.

9. Future Work

In future the vision model of this paper will be applied to the following data:
1. Scaling data of the Munsell colour order system.
2. Scaling data of the OSA colour order system.

3. Scaling data of the NCS colour order system and data with NCS elementary hue, NCS blackness and
NCS chromaticness.

4. Threshold data and colour differences for adjacent colours, e. g. the data available for CIEDE2000.
5. Evans Go-colours for different chromatic adaptation.
6. Data of achromatic and chromatic threshold.

The basic new properties of the vision model may allow to improve the CIELAB formula which has been developed
for surface colours. An improved formula should describe experimental data for a larger visual luminance and
chromaticity range and for different adaptation conditions.
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