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C I E  C O L O R I M E T R Y

• 1931 & 1964, 2- & 10-deg.
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I N D I V I D U A L S

• Stiles & Burch (1959)



M O N T E  C A R L O  …

• Fairchild & Heckaman (2013) and in press 

• Build individual observers 

• Statistically analyze and create “Nimeroff” system



R A N D O M LY  S E L E C T

• Lens (Density) 

• Macula (Density) 

• L, M, & S Cones (Shift) 

• Build Cone Fundamentals 

• Compute Other CMFs

!



1 0 0 0  O B S E R V E R S

!



A L F V I N  &  FA I R C H I L D  C YA N  S A M P L E

FIG. 5. Intra-observer (X) , and inter-observer (! ) , cyan-
transparency color matches relative to the 1931 CIE 2! Stan-
dard Colorimetric Observer matchpoint located at the origin
of a CIE Da* 0 Db* plane.

matches; the CIE 2! Standard Colorimetric Observer
color-matching functions accurately predicted six of the
fourteen inter-observer mean color-matches; and the CIE
10! color-matching functions accurately predicted only
one of the fourteen inter-observer mean color-matches.
The Stiles–Burch and CIE 2! color-matching functions
outperformed the CIE 10! Supplemental Standard Colori-
metric Observer color-matching functions in terms of pre-
dicting the mean color-match for a population of color
normal observers. The relatively poor performance of the
CIE 10! Supplemental Standard Colorimetric Observer
color-matching function is not unexpected, considering
the fact that the experimental color-matching stimulus
was restricted to a 2! visual field. Although the standard
observer color-matching functions were not able to pre-
dict the mean color-matches of the group of twenty ob-
servers for every sample, it is noteworthy that in every
case the predicted color-matches were contained in the
ellipsoids that defined the 95% confidence regions at the a
Å 0.05 level for the sample distributions of inter-observer
color-matches, as shown in Table V. Therefore, it can be
said that the hypothetical color-matches determined with
the standard observers are representative of a member of
the population of inter-observer color-matches deter-
mined in this experiment.
Table VI shows the results of Hotelling’s T2 test for FIG. 6. Twenty inter-observer (!) cyan-transparency color

means comparing the mean color-matches made by the matches bound by; (a) both 95% Da* 0 Db* bivariate confi-
dence ellipses of the sample distribution (outer ellipse), and thesingle observer with the hypothetical mean color-matches
sample mean (inner ellipse). (b) 95%Da* 0DL* bivariate con-predicted with the three sets of color-matching functions.
fidence ellipses of the sample distribution, and the sample mean;

The checkmarks (“) indicate that the mean color-matches (c) 95% Db* 0DL* bivariate confidence ellipses of the sample
are not significantly different from the specified standard distribution, and the sample mean. The 1931 CIE 2! Standard
observer at the a Å 0.05 level. The means were found to Colorimetric Observer matchpoint is located at the origin.
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C I E  2 0 0 6  A P P R O A C H

• TC1-36 

• Fundamental Chromaticity Diagram 
with Physiological Axes 

• CIE 170-1 (2006) 

• Compute cone responsivities (LMS) 
as a function of age and field size
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• Model

€ 
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−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]

m (λ) = α i,m (λ) ⋅10
−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]

s (λ) = α i,s(λ) ⋅10
−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]



C I E  2 0 0 6

• Model

€ 

l (λ) = α i,l (λ) ⋅10
−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]

m (λ) = α i,m (λ) ⋅10
−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]

s (λ) = α i,s(λ) ⋅10
−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]

Cone 
Absorptivity 

Spectra 

f(field size)



C I E  2 0 0 6

• Model

€ 

l (λ) = α i,l (λ) ⋅10
−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]

m (λ) = α i,m (λ) ⋅10
−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]

s (λ) = α i,s(λ) ⋅10
−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]

Cone 
Absorptivity 

Spectra 

f(field size)

Macular Density 

f(field size)



C I E  2 0 0 6

• Model

€ 

l (λ) = α i,l (λ) ⋅10
−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]

m (λ) = α i,m (λ) ⋅10
−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]

s (λ) = α i,s(λ) ⋅10
−Dτ ,max,macula ⋅Dmacula ,relative (λ )−Dτ ,ocul (λ )[ ]

Cone 
Absorptivity 

Spectra 

f(field size)

Macular Density 

f(field size)

Ocular Media 
Density 

f(age)



M E A N  O B S E R V E R S



M E A N  O B S E R V E R S



M E A N  O B S E R V E R S



M E A N  O B S E R V E R S



E X A M P L E S :
L-, M-, & S-Cone Fundamentals (2- & 10-Deg. @ Age 32)
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L-, M-, & S-Cone Fundamentals (10-Deg. @ Ages 20 & 80)
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E X A M P L E S :
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N O T  I N D I V I D U A L S



N O T  I N D I V I D U A L S

Let’s combine CIE 2006 means with 
“Monte Carlo” individuals…



A S A N O  M O D E L

• Start with CIE 2006 mean observers 

• Perturb with individual variations in physiological 
components 

• Create individual color matching functions 

• Monte Carlo or measurement driven



I n p u t :  a g e ,  f i e l d  s i z e ,  8  p h y s i o l o g i c a l  p a r a m e t e r s  

O u t p u t :  l m s - C M F s  ( =  C o n e  F u n d a m e n t a l s )  

S t a n d a r d  d e v i a t i o n s  d e r i v e d  f r o m  p a s t  s t u d i e s ,  t h e n  
s c a l e d  t o  f i t  a  s e t  o f  c o l o r  m a t c h i n g  d a t a

L E N S   
[ % ]

M A C U L A  
[ % ]

D E N S I T Y  [ % ] 𝝺 M A X S H I F T  [ n m ]
L M S L M S

1 8 . 7 3 6 . 5 9 . 0 9 . 0 7 . 4 2 . 0 1 . 5 1 . 3

O B TA I N E D  S TA N D A R D  D E V I AT I O N S

C I E  2 0 0 6  +  I N D I V I D U A L S



C I E  2 0 0 6  +  I N D I V I D U A L S

color matches’ dataset, one sample was the adjusted a* and b* values of five color matches for 76 observers,
and the other sample was the simulated a* and b* values of five color matches for 1000 CMFs generated by
Monte Carlo simulation. The test was performed for each of the 10 variables (2 values x 5 matches). The
results showed the variances were significantly di�erent for 9 variables and were not significantly di�erent for
1 variable. The F-test results infer that there are statistical similarities between the model predictions and
experimental data at least for some variables.

It should be pointed out that, regarding the five color matches’ dataset, given that the average intra-observer
variability of five color matches was 1.4 (computed from Table 3.5), the di�erence between measured and
predicted SDs (1.42 CIELAB unit) in Table 3.7 would be perceptually small.

Tab. 3.7 – Validation results of the proposed vision model. SDs measured (obtained) by each study and SDs
predicted by the model are listed. SD units for Stiles & Burch, Asano et al., and Rüfer et al. studies
are rgb-CMFs space (normalized at three primaries’ wavelengths), CIELAB, and Rayleigh Match
unit, respectively.

Validation Datasets Number of
Subjects

SDs SD Ratio
(Pred./Meas.)Meas. Pred.

CMFs (Stiles & Burch) 49 0.0374 0.0355 0.95
Five Color Matches (Asano et al.) 76 6.49 7.91 1.22
Rayleigh Match (Rüfer et al.) 113 2.7 3.1 1.15

Fig. 3.12 – 49 sets of rgb-CMFs generated by the proposed observer model (gray lines) aiming to predict the
Stiles and Burch’s experiment results. The maxima and minima of 49 sets of CMFs for the Stiles
and Burch’s experiment participants are superimposed as color-shaded areas. All the CMFs are
normalized to equal area.

To visualize the measured and predicted variability, CMFs measured by Stiles and Burch and CMFs predicted
by the proposed vision model were compared in Figure 3.12. Gray lines represent 49 sets of rgb-CMFs

3.2 Individual Colorimetric Observer Model 43

• Stiles & Burch 49 Observers
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N O  L O N G E R  M E A N

Nice, Individual, Observers



I N D I V I D U A L I Z E D  C O L O R I M E T R Y

• Observer Calibrator (5 Matches) 

• Individual Parameters 

• Asano Model 

• Individual (Customized) Color Matching Functions



O B S E R V E R  M E TA M E R I S M  D E M O



Spectra Generated from Different LEDs 
to Magnify Inter-Observer Variability
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C AT E G O R I C A L  O B S E R V E R S

S T E P  1 :  G E N E R AT E  1 0 , 0 0 0  C M F S  
B Y  I N D I V I D U A L  O B S E R V E R  
M O D E L  +  M O N T E  C A R L O  

S I M U L AT I O N

S T E P  2 :  C L U S T E R  A N A LY S I S



C AT E G O R I E S

• Following on the work of Sarkar et al.

Tab. 3.8 – Ages and eight physiological parameters for the first ten categorical observers.

Cat. Obs. ID 1 2 3 4 5 6 7 8 9 10

Age 38 30 56 33 38 45 31 51 35 68

Lens Density [%] 0 -22.9 17.0 -8.3 1.6 7.0 -34.0 15.0 -18.3 10.9

Macula Density [%] 0 7.0 -11.0 -43.6 54.7 -35.3 36.3 30.8 -11.9 -16.0

Density in L [%] 0 -11.1 0.6 5.9 3.7 4.8 7.3 2.4 -2.4 0.7

Density in M [%] 0 -5.0 -5.5 4.5 16.1 11.6 7.4 -8.7 -7.0 -10.3

Density in S [%] 0 7.6 -1.0 0.2 -1.8 -4.5 -4.6 0.0 -9.9 9.3

Shift in L [nm] 0 -0.1 0.9 -1.0 1.1 -0.6 -0.6 0.5 0.3 0.7

Shift in M [nm] 0 0.3 0.5 -1.4 -1.1 -1.3 0.1 0.1 -0.6 0.4

Shift in S [nm] 0 -0.8 0.7 0.1 0.2 -0.1 0.8 0.1 -0.1 0.4

with age 38 and a given field size. Interestingly, categorical observer 2 and 3, the second and the third most
important categorical observers, have large deviations in the lens pigment density and age (both parameters
control the lens and other ocular media function in the model). This implies that the variation in the lens
pigment would cause the most predominant e�ect on the overall variations in CMFs. Using the individual
colorimetric observer model and the corresponding parameters from Table 3.8, the categorical observers can
be reproduced for a di�erent field size. This is shown in Figure 3.16 (b) for a field size of 10°. The variation of
10° CMFs is smaller than that of 2° CMFs in the short-wavelength region because the peak optical density of
the macular pigment is much lower under 10° than 2°, which makes the absolute variation in the peak optical
density of the macular pigment smaller under 10°.

Fig. 3.16 – lms-CMFs (cone fundamentals) of the first ten categorical observers for a field size of 2° (a) and
10° (b). Each function is area-normalized.

3.3 Categorical Observers 50
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Fig. 3.16 – lms-CMFs (cone fundamentals) of the first ten categorical observers for a field size of 2° (a) and
10° (b). Each function is area-normalized.
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C O N F I D E N C E  E L L I P S O I D S
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A S A N O  I S O C H R O M AT I C  P L AT E S

4.2.3 Results and Discussion

The spectral image aimed at categorical observer 5 is rendered in sRGB for each categorical observer and
shown in Figure 4.9. The only categorical observer who could read the target number 5 was categorical
observer 5, although the number was not strongly visible. For the rest of categorical observers, the number
layer was assimilated into at least one of the three background layers, making it di�cult to read. Note that
Figure 4.9 is merely an illustration and does not guarantee the actual appearance of the image perceived by
each categorical observer.

Cat 1 Cat 2 Cat 3 Cat 4 Cat 5

Cat 6 Cat 7 Cat 8 Cat 9 Cat 10

Fig. 4.9 – Visualization results of a spectral pseudoisochromatic image targeted at categorical observer 5,
perceived by each of the ten categorical observers.

�E00 corresponding to the spectral image targeted at categorical observer 5 are shown in Table 4.1. �E00

were computed between the SPD of the number layer and each of the three background SPDs. �E00 values
indicated perceived color di�erences for each categorical observer. For the target categorical observer 5, all
�E00 were large enough (at least 14.2) that the number would be distinguished from all the three background
layers. On the other hand, for the rest of categorical observers, at least one �E00 was so small (less than 5)
that the number would be assimilated with the background layer. Figure 4.9 and Table 4.1 are the results of
the spectral pseudoisochromatic image targeted at categorical observer 5. Similarly, the images targeted at
other categorical observers were generated. The visualization results and color di�erence tables for all the
ten spectral pseudoisochromatic images are shown in Appendix (Figure 7.1 - 7.10 and Table 7.4 - 7.13).

Tab. 4.1 – �E00 of background 1, 2, and 3 against the number layer in a spectral pseudoisochromatic image
targeted at categorical observer 5. �E00 were computed for each of the ten categorical observers
using their xyz-CMFs.

Backgr. Cat.01 Cat.02 Cat.03 Cat.04 Cat.05 Cat.06 Cat.07 Cat.08 Cat.09 Cat.10
1 4.7 25.9 29.8 27.9 19.2 5.9 24.3 32.4 24.2 40.0
2 13.4 30.7 1.6 19.0 19.0 5.0 35.2 4.4 26.9 3.1
3 13.9 2.6 24.7 5.0 18.8 16.9 5.0 26.8 4.4 25.0

4.2 Spectral Pseudoisochromatic Images 74



C O N C L U S I O N S  /  F U T U R E

• Individualized Colorimetry (Custom CMFs) 

• Complete Colorimetry (Nimeroff et al.) 

• Here … Now … (Almost) 

• Applications: e.g. cinema with                                              
laser projectors



T H A N K  Y O U …


