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Abstract: Forty-six young adult observers with normal color vision (plus five from an earlier
study) made a series of color matches using a new LED-based, multi-wavelength visual
trichromator. Thirteen LED lights of different wavelengths were combined to produce 11 triplets
of lights that observers were asked to match to a white reference light of 7500 K over visual angles
of either 2° or 10°. Matches were initially made by asking observers to adjust the intensities of
the three lights making up each triplet. As the experiment progressed, a more intuitive matching
procedure was developed. By transforming the triplet of lights into CIELAB space, observers
adjusted colors using lightness (L*), redness-greenness (a*), and blueness-yellowness (b*) to
make the match with white. The new procedure proved easier for observers and reduced the
inter- and intra-observer variability. Given that each of the 11 matches to the reference white
for a given observer (obtained by either method) should produce identical L-, M- and S-cone
excitations, we were able to use the matches to infer the individual cone spectral sensitivities
for each observer and thus estimate the range of individual differences across our 51 observers.
By applying a model of the CIEPOO06 standard LMS observer, the photopigment, macular and
lens optical densities and the L- and M-cone photopigment spectral shifts that best equated
the three-cone excitations across the 11 matches were found for each observer. The individual
differences were consistent with the CIEPO06 observer except for a 3 nm shift of the M-cone
photopigment to longer wavelengths and a slightly denser 2-deg macular pigment density.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The initial stage of human color vision depends on the spectral sensitivities of the long- (L-),
middle- (M-), and short- (S-) wavelength-sensitive cone types. In 2006, the CIE adopted a new
physiological observer model (hereafter refer to as CIEPO06) that defines the standard or mean
L-, M- and S-cone spectral sensitivities (measured with respect to light entering the eye at the
cornea) for 2° (small-field) and 10° (large-field) fields of view (FOV) [1,2]. The new CIEPO06
standard is based almost entirely on the work of Stockman and Sharpe [3] and Stockman, Sharpe
& Fach [4], who made cone spectral sensitivity measurements in a large group of genotyped
dichromatic, monochromatic and color normal observers. Stockman & Sharpe defined their cone
spectral sensitivities as linear transformations of the mean 10° color matching functions (CMFs)
measured by Stiles-Burch in 47 observers [5,6]. A 2° version was generated by appropriately
adjusting the macular and photopigment optical densities, all of which are higher in and around
the fovea.

Standard observers are useful for modelling and predicting the color vision of a typical color-
normal observer. However, they are less useful for color-normal observers who differ significantly
from the mean observer because of individual differences in the macular or lens optical densities,
photopigment optical densities or spectral shifts of the underlying cone photopigment spectra [7].
These individual differences, which are found in observers with ostensibly “normal” color vision,
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can cause characteristic changes in the shapes of the corneally measured L-, M- and S-cone
spectral sensitivities (also known as the LMS cone fundamentals or CMFs). These differences
are also, of course, apparent in other CMFs such as the XYZ or RGB CMFs, which are linear
transformations of LMS. Figure 1 shows the 47 individual sets of 10° RGB CMFs measured by
Stiles & Burch upon which the CIEPOO06 standard is based. The variability in Fig. 1 provides
a good indication of the variability that should be expected in a population of color normal
observers. Webster & MacLeod [8] analyzed the sources of variability in these data and attributed
them to lens, macular, and photopigment optical densities and photopigment spectral shifts. In
general, interpreting individual differences is most easily done when the data are in LMS form
where they can be directly related to the underlying physiology rather than in the RGB form
shown in Fig. 1 (or in the XYZ form).
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Fig. 1. Individual 10° RGB color matching functions of the 47 observers used by Stiles &
Burch (1959).

Several recent studies have used devices with up to six primary lights principally to investigate
the effects of individual differences on cross-media color matches [9—12]. These matches,
however, unlike those in this study, were not used to estimate the cone fundamentals of individual
observers. An exception was the study by Asano et al. [13], but their analysis gave unexpected
values for some individual differences.

The need to account for individual differences has become increasingly urgent with the
development of new display technologies and the use of more narrow-band, spectrally-pure
display primaries, the color appearances of which are more affected by individual differences
than broad-band primaries [14—16]. This paper is the second in a series of papers in which we
measure color matches and from them infer individual differences in the underlying cone spectral
sensitivities. As reported in our first paper [17], a new LED-based visual trichromator, called
LEDMax, was developed, with which we acquired color matching data from five experienced
observers each of whom made repeated matches between triplets of primaries and a white
standard. A parametric model of cone spectral sensitivities based on CIEPO06 was then applied
to generate estimates of each individual’s L-, M- and S-cone spectral sensitivities from these
matches. Inter- and intra-observer variabilities were found to be small.

The LEDMax was used to obtain color matching data from a much larger group of fifty-one
observers. In addition, we tested two methods of adjusting the lights in the trichromator to
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make color matches. We either allowed observers to independently adjust the intensity of the
three matching test lights to make a match to the white, or alternatively we converted the three
lights into CIELAB coordinates and allowed observers to adjust the lightness, redness-greenness,
and blueness-yellowness of the combined lights to make a match to the white. We found that
both methods produce similar results, but the Lab method has lower inter- and intra-observer
variability.

2. Methods
2.1.  Color matching

The traditional method of measuring CMFs is to ask observers to match test lights of variable
wavelength (A) by mixing three primary lights, typically red (R), green (G) and blue or violet
(B). Observers are presented with a half field illuminated by the test light and one of the three
primaries, and a second half field illuminated by the two remaining primaries. Which of the three
primaries are added to the test light depends on test wavelength, as can be seen by where the
relevant CMF is negative in Fig. 1: G is negative at short wavelengths, R at middle wavelengths,
and B at long wavelengths (the scale on Fig. 1 obscures the small negative B lobe). Observers
then vary the intensity of the R, G and B lights until both sides match. This method is known as
the maximum saturation method and was used by Stiles & Burch [5], and also by Guild [18]
and Wright [19] on whose results the CIE 1931 CMFs are based. An alternative method is
Maxwell’s method [20], in which a standard reference white (W) is shown in one half-field, and
a combination of three lights [usually two of the three primaries (R, G or B) and one variable
wavelength test light (A)] is shown in the other half-field. Observers then vary the intensities
of the three lights to match the reference white. In Maxwell’s method, the matched fields
always appear white, whereas in the maximum saturation method the color of the matched fields
changes with test wavelength. A potential problem with the maximum saturation method is
that the experimental conditions are not fixed across test wavelength. Nonetheless, if color
matching additivity holds [21], there should be no differences between the resulting CMFs.
However, chromaticity coordinates measured by Crawford [22] using Maxwell’s method show
clear discrepancies when compared with those measured using the maximum saturation method
(see his Figs. 3 and 4) particularly for wavelengths between his blue (460 nm) and green (530 nm)
primaries. The discrepancies show that Maxwell’s method requires more intense red (650 nm)
and less intense blue primaries to complete the match than the maximum saturation method for
these wavelengths. Comparable discrepancies have been found by Wyszecki in pilot data first
reported in Wyszecki & Stiles [23] (see their Figs. 4(5.6.6) and 5(5.6.6)) and later by Zaidi, who
concluded it was due to nonlinear post-receptoral interactions [24]. The Maxwell method is
preferred since the state of adaptation at the match is held constant, but the discrepancies may
lead to small inconsistencies between our matches and the CIEPO06 matches and CIE matches.

2.2. Apparatus

A multi-primary visual trichromator named LEDMax was developed for the color matching.
The system has been described in detail in our previous paper [17]. Briefly, a pair of LED
illuminators each illuminated by up to 18 LEDs with center wavelengths ranging from 400 to
700 nm uniformly lit two side-by-side semi-circular apertures. Two sets of apertures could be
fixed to the front of the device, subtending either 2° or 10° depending on the FOV for the matches.

The illuminators can be controlled by the observers using a color adjustment panel. In these
experiments, observers adjusted the color appearance of one semicircular field to match the other
fixed standard white half-field. System performance and calibration details are described in detail
in our previous paper [17]. See, in particular, Figs. 2 and 3 and Table 1 of our previoius paper
[17].
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2.3. Triplets chosen to match the white reference

The fixed reference white half-field, which was made up of a mixture of 640, 530, and 445-nm
lights (close to the wavelengths used by Stiles and Burch: 645, 526 and 444 nm), was set to a
correlated color temperature (CCT) of 7500 K (following Asano et al. 2016 [25]) and a luminance
of 120 cd/m? to rule out rod intrusion. In the mixture half-field, we used either the same LEDs
as the reference or we replaced one of the reference LEDs with one of 10 LEDs of different
wavelength to produce a total of 11 triplets of lights that were to be matched to the reference white.
This leave-one-out procedure mimics that of traditional color matching studies. We are currently
studying whether other procedures might prove to be more efficient. Five of the available 18
LEDs in the device were not used in this study as they were too dim, too broadband or located at
the extremes of visible spectrum. Table 1 list the 11 triplets used to in mixture half-field. Details
of the lights are given in our previous paper. The first set is called the standard because the same
triplet was used in the standard half-field to produce the white reference. Table 1 list the 11
triplets used to in mixture half-field. Details of the lights are given in our previous paper.

Table 1. The 11 different triplets used in the
mixture half-field.

Triplets R (nm) G (nm) B (nm)
Standard 640 530 445
1 640 530 430
2 640 530 460
3 640 530 475
4 640 505 445
5 640 545 445
6 640 560 445
7 595 530 445
8 605 530 445
9 660 530 445
10 675 530 445

Observers were first presented with a white standard half-field on the right, and were asked to
match it by varying the intensities of the mixture lights on the left using either the RGB method
or the Lab method (see section 2.5, below).

2.4. Observers

All observers passed the Ishihara color vision test. Forty-six naive observers were recruited for
this experiment, in addition to the 5 experienced observers from our previous paper. Of the new
observers, 16 (6 males and 10 females, with an age range of 19 to 29, and an average age of
25 years) made the matches using the RGB method (see next), 26 observers (12 males and 14
females, with an age range of 20 to 31, and an average age of 24.5 years old) made the matches
using the Lab method (see next), and four observers (2 males and 2 females, with ages of 21, 29,
28, 30, respectively) made matches using both methods for direct comparison. In addition, the
results for 5 male observers are included, who used the RGB method and whose results were
reported in our previous paper, with an age range of 21 to 25 years and an average age of 23 years.
Among all 51 observers, the age range was 19 to 31 and the average age was 24.3 years.

2.5. Procedure

In this study, two procedures were used to obtain color matches. In the first, the observer matched
the reference white by adjusting the intensities of a triplet of lights making up the matching
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mixture half-field. This is called the RGB control method. In the second, the triplet of lights in
the mixture half-field were transformed using the GOG model [26] into the CIELAB space and
the observer varied the L* (lightness), a* (redness-greenness), b* (yellowness-blueness) to match
the reference white. These three dimensions are often presumed to underlie the phenomenology
of human color vision, corresponding to opponent color theory of Hering [27]. This is called the
Lab control method. Anecdotally, observers found the Lab procedure easier. The reason the Lab
method is easier can be explained by considering an example. Imagine the mixture half-field is
not red enough. In the RGB method, the R light can be increased to increase redness but this
has the unwanted effect of also increasing lightness. Alternatively, the G light can be decreased
to increase redness, and this has the effect of decreasing lightness. Consequently, to increase
redness but not lightness the observer must adjust the intensities of both the R and G lights. By
contrast, in the Lab method redness and lightness can be adjusted approximately independently,
which is much more intuitive. However, the Lab method implicitly assumes the observer is
close to the CIE standard observer, so may introduce bias in the matches for some non-standard
observers and may not be appropriate for observers with color vision deficiency.

A chin rest was used to fix the observer’s position at 50 cm from the matching fields, and
viewing was binocular. In an otherwise dark room, observers were given brief training on the
method for about 15-30 minutes. In the main experiment, after adapting to the testing environment
for two minutes, observers made a set of 15 color matches with FOV of 10°. Observers are
advised to ignore, if visible, any color difference in the center of the fields (due to Maxwell’s
spot) and make their matches based on the outer region. After a brief rest and re-adaptation, the
observer completed a further set of 15 color matches for the 2° FOV. The 15 settings included
two repeats for the four triplets labelled ‘standard’, 2, 5, and 9 in Table 1 and one for each of the
other triplets. The repeated matches were used to estimate intra-observer variability. In total, the
experiment took about 90 minutes.

Once the color matches were made, the spectral power distribution (SPDs) of all the triplets
that were matched by each observer were measured (from 380 to 780 nm in 1 nm steps) with the
spectroradiometer (Konica-Minolta CS2000) positioned in the observer’s eye position.

Pupil size and thus retinal illuminance was monitored in these experiments. Typical mean and
SD values for the pupil diameter were 2.74 and 0.25 mm, respectively. Thus, there were slight
variations in retinal illuminances of the reference and the standard fields due to changes in pupil
diameter, but these would not be expected to significantly affect the color matches.

2.6. Derivation of cone spectral sensitivities

The matches for each observer were used to estimate their individual cone spectral sensitivities.
As previously mentioned, each observer made 15 matches for both the 2° and 10° FOV (11
matches and 4 repeats for ‘standard’ triplet and triplets 2, 5, and 9, see Table 1). The repeated
matches were used to calculate intra-observer variation. To estimate individual cone spectral
sensitivities the repeats were averaged to produce a total of 11 SPDs for each observer’s fit.

The analysis assumed that all the matched whites for a given observer and a given FOV
should produce the same three cone excitations. Consequently, when the SPDs for the matched
whites set by a single observer are cross-multiplied with each of his or her three cone spectral
sensitivities and summed across wavelength, all the L-cone values should be the same, all the
M-cone values should be the same and all the S-cone values should be the same. Our goal in
analyzing the color matching data of an observer was to find the three cone spectral sensitivities
for that observer for which the three values are most similar. This was achieved by applying the
extended CIEPOO06 [1] model developed by Stockman and Rider [28], in which the L-, M- and S-
cone absorbance spectra and the standard lens and macular optical density spectra are defined as
continuous functions of wavelength, and are then parametrically combined to produce corneal
spectral sensitivities.
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Here the seven parameters of the model - the optical densities of the L-, M- and S-cones (/pp,
mop and spp) the lens and macular densities (kje,s and k), and the spectral shifts of the L and
M cones (Lgpifr and M) - were optimized to minimize the squared differences in the L, M and
S-cone excitations across the 11 matched white spectra (the 4 repeats are averaged). For full
detail of the model functions and parameters please refer to Stockman and Rider [28].

The model was fitted simultaneously to all the 2° and 10° matched white SPDs for a single
observer (22 matches) using Matlab’s GlobalSearch procedure. A total of 11 parameters for each
individual was fitted. The CIEPO06 model explicitly assumes that three parameters are constant
across FOV (Lgpifi, Mgnisr and kpepg), while the other four parameters (Kyuqc, lop, mop and sop)
vary with FOV.

3. Results

3.1. Intra- and inter-observer variability for the RGB and lab color matches
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Fig. 2. The 95% confidence ellipses for each primary set in the 2° experiment (left: RGB
control method, right: Lab control method, ‘+’: reference white).

Intra- and inter-observer variations of the RGB and Lab control methods were calculated using
the CIE 2000 color-difference formula, in AE( units [29]. Figure 2 plots the 95% confidence
ellipses for each of the triplets used in the 2° experiment in the u’, v’ co-ordinates underlying CIE
1976 LUV color space. Note, this color space was used as it is closer to a “perceptually uniform”
color space than LMS, RGB or XYZ. We calculated the coordinates by first converting the SPD
of the matches into LMS values using the standard CIEPO06 observer, and then transforming
these to u’, v’ coordinates. The RGB control method results are plotted in the left-hand panel
and have average intra- and inter-observer variabilities of 2.53 and 5.77 AEy, respectively (the
mean SDs are 0.91 and 2.11 AEjy, respectively). The Lab control method results are plotted in
the righthand panel and have average intra- and inter-observer variabilities of 1.14 and 2.62 AEq
units (the mean SDs are 0.31 and 0.96 AEyy), respectively. Under the Lab method both intra- and
inter-observer variabilities were less than half that under the RGB method. The ellipses obtained
using the two methods are clearly different in shape and size, perhaps reflecting the different
linkages between perceptual color space and the physical controls. For example, the strong
correlation between brightness and redness-greenness in the RGB method might make it harder
to adjust the lights to find the perfect match. However, the ellipse centers are generally consistent,
the mean color difference between the centers of the ellipses in the two methods was 2.88 in
AEq units (1.20 AEyy of SD). The mean matching errors (distance from the reference white,
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shown the black cross, to the center of the ellipses) were 7.68 and 7.33 AEy for the RGB and Lab
method (the mean SDs are 4.37 and 4.02 AEy), respectively. These values are consistent with
the values from our previous study with experienced observers where the mean matching error
for 2° matches was 7.72 AE(. This is encouraging as the experienced observers made a more
comprehensive set of measurements — a total of 55 matches per FOV, rather than the reduced
number of matches made in this experiment. It is also worth noting that the reference light (black
cross) plots to a point within most of the ellipses in Figs. 2 and 3, indicating that the standard
observer model can be considered a reasonable approximation for these “color normal” observers.
Below we examine whether and how much our individualized model provides a better fit.
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Fig. 3. The 95% confidence ellipses for each primary set in the 10° experiment (left: RGB
control method, right: Lab control method, ‘+’: reference white).

Similar results were obtained in the 10° FOV experiment. For the RGB control method, intra-,
inter-observer variability were 1.06 and 4.15 AE(y, (the mean SDs are 0.36 and 1.71 AEy),
respectively, and the mean matching error was 5.50 AEy (3.08 AE of SD). For the Lab method,
intra-, inter-observer variability were 0.64 and 1.93 AEy,(the mean SDs are 0.16 and 0.67 AEy),
respectively, and the mean matching error was 4.19 AEy (1.51 AEyy of SD). The matching
errors are again consistent with the experienced observers in our previous experiment, 5.09
AEy. Figure 3 shows the 95% confidence ellipses of the 10° experiments with different control
methods. Again, the Lab method gives lower variability and slightly better matching errors, but
again the centers are consistent, the mean color difference between the centres of the ellipses
in the two methods was 2.61 in AE(y units (1.12 AEyy of SD), which is much smaller than the
inter-observer matching errors.

As a control, four observers carried out matches using both the RGB and the Lab control
methods. The variability as expected was greater using the RGB method, but both methods
yielded consistent estimates of the underlying individual differences. Conservatively, we class
significant differences as those that are more than twice the standard deviation. No parameter
estimates met this threshold. The Lab method was therefore intuitively easier for the observers
but did not alter the results of the analysis. Tables 11 and 12 in the Appendix for 2° and 10° FOV,
respectively, give the individual parameter fits for the 4 observers who used both methods.

3.2. Derivation of individual cone spectral sensitivities

As outlined in Section 2.5, we fitted the model by adjusting the optical densities of the L-, M-
and S-cones (lpp, mop and spp), the lens and macular densities (kjns and k), and the spectral
shifts of the L- and M-cones (Ly;; and Mgy, in nm) to minimise the least squared error in the
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L-, M- and S-cone excitations across the 22 matches for each observer. The model was fitted
simultaneously to all the 2° and 10° FOV matches, it being assumed that three parameters (Lg;f,
My, and kiepg) are the same for the 2° and 10° FOV. The fits for each individual observer are
tabulated in Tables 7-10 in the Appendix. Table 2 summarizes the mean fits.

Table 2. Summary of the means and standard deviations of the best-fitting
parameters for the RGB and Lab methods and for both methods combined.
The parameter lens gives the density of the lens pigment at 400 nm and mac
the optical density of macular pigment at 460 nm. The yellow highlights show
those parameters that are > 2 SD away from the CIE standard values.

FOV | Method Lo | Mg | lop | mop | sop | kiens | Hmac

RGB | Mean | -0.76 | 2.88 | 0.50 | 0.44 | 0.37 | 1.74 | 0.402
(@=21) | sp 136 | 1.32 | 009 | 0.10 | 0.03 | 0.20 | 0.040

Lab Mean | 026 | 2.66 | 048 | 048 | 036 | 1.84 | 0.426
2° | @=30) | sp | 0.82 | 123 | 008 | 0.09 | 003 | 0.18 | 0.032
Meanof | Mean | -025 | 277 | 049 | 046 | 037 | 1.79 | 0414
@ 11151) SD 109 | 128 | 0.09 | 0.10 | 0.03 | 0.19 | 0.036

CIE PO06 0 0 0.50 | 050 | 040 | L.76 | 035

RGB | Mean | 076 | 288 | 044 | 042 | 032 | 174 | 0.101
(m=21) | sp 136 | 1.32 | 0.06 | 0.09 | 0.04 | 020 | 0.013
Lab Mean | 026 | 266 | 043 | 042 | 029 | 1.84 | 0.096
10° | (n=30) SD 0.82 123 | 007 | 0.08 | 0.04 | 0.18 | 0.011
Meanof | Mean | -025 | 277 | 044 | 042 | 031 | 1.79 | 0.098
@ 11151) STD | 1.09 | 128 | 0.07 | 0.09 | 0.04 | 0.19 | 0.011

CIE PO06 0 0 0.38 | 038 | 030 | 1.76 | 0.095

Separate analyses of the data for male and female observers showed no systematic or statistically
significant differences. That is, no parameters differed between sexes by as much as two standard
deviations.

The best-fitting parameters for each observer are plotted in Fig. 4 for the 2° FOV and in Fig. 5
for the 10° FOV. In both figures, the fitted parameters are shown as blue and red circles for the
RGB and Lab methods, respectively. The means and + 1SD are shown by the solid and dashed
lines, respectively in the corresponding colors. The CIEPOQ6 standard values are shown by the
solid white lines. Since the L-shift, M-shift, and lens parameters are the same for 2° and 10° they
are only plotted in Fig. 4.

The parameters obtained with the RGB and Lab methods overlap and are not significantly
different. Thus, it can be concluded that even though one method produces more variability in
the match settings, the resulting estimates of the underlying individual differences are essentially
unaffected and show no systematic differences. Therefore, the above is justified in combining the
results across the methods.

The parameters also do not differ significantly from the parameters assumed in the CIEPO06
model (i.e., they are less than 2SD different) with two exceptions. First, and of some interest,
is that the M-cone photopigment is shifted by about 3 nm to longer wavelengths. Second, the
macular estimate for 2° is slightly denser but only significantly so for the Lab method.

3.3. Parameter variance and covariance

With model fitting of this type, it is relatively straightforward to obtain best fitting parameter
values using numerical optimization methods, but it is difficult to extract reliable measures
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Fig. 4. The distribution of 2° fitted parameters for the RGB method (blue circles) and the
Lab method (red circles). The RGB means are shown by the solid blue lines and + 1SD by
the blue dashed lines. The Lab means are shown by the solid red lines and + 1SD by the red
dashed lines. The CIEPO06 assumptions are shown by the solid white lines. Note that the
L-shift, M-shift, and lens parameters are the same for 2 and 10°.

of the uncertainty of those parameters. An important issue is not only the variability of the
parameters, but how different parameters in the fit covary. To explore the differences between
individual observers and the variability and correlation in the fitted parameters, a bootstrapping

method for data resampling and refitting was employed. In brief, for each observer’s 11 sets of
matching data under a specific field of view, random sampling with replacement to form a “new’

3

set of matches for that field of view was used, and applied our model to the 22 bootstrapped
samples (simultaneously fitting both FOVs, as above) to gain a new set of parameter estimates.
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Fig. 5. The distribution of 10° fitted parameters, means and SD. Details as for Fig. 4. The
L-shift, M-shift, and lens parameters are not shown since they are the same as in Fig. 4.

This process was repeated 1000 times to get a bootstrapped parameter population. From these
individual observers mean and standard deviations of the parameter values were calculated as well
as correlation matrices between the fitted parameters and then averaged these across observers
separately for the RGB or Lab methods to give overall measures of uncertainty across all the fits.
The bootstrapped means and average standard deviations are given in Table 3 and 4. The means
are close to the population means in Tables 7-10 of the Appendix, while the standard deviations
are smaller than the population standard deviations meaning there is lower variability in the fits
than across the observers.

Table 3. Summary of the average parameter values and standard deviations from
bootstrapped analysis of the RGB and Lab methods for the 2° FOV.

Method Lgnify Mipise lop mop sop Kiens kimac

RGB Mean -0.7248 | 2.7741 | 0.5046 | 0.4519 | 0.3640 | 1.7489 | 0.4065
Average 0.6471 0.7821 | 0.0286 | 0.0269 | 0.0187 | 0.0583 | 0.0110

bootstrap SD
Lab Mean 0.2673 | 2.4530 | 0.4815 | 0.4869 | 0.3530 | 1.8477 | 0.4219

Al

Average 0.5794 | 0.6204 | 0.0274 | 0.0258 | 0.0147 | 0.0599 | 0.0076

bootstrap SD

Correlation matrices are given in Tables 5 and 6. the highlighted are the strongly correlated
parameters (|r| > 0.6) in red. Interestingly, there are stronger correlations for the Lab method
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than for the RGB. We do not know why this is the case, but the overall variability of the fits in
the RGB method to be slightly higher, particularly for the L and M-cone shifts, than those in
the Lab method (see Tables 3 and 4), and this will reduce the correlation slightly. The strongest
correlations are in the same directions for both methods and no significant correlations were found
that were positive for one method and negative for the other. Importantly, all of the strongest
correlations are between the spectral shifts and optical densities of the L- and M-cones, and the
lens density. This makes intuitive sense as the lens selectively blocks shorter-wavelength light,
so increasing the lens density would primarily reduce the overall sensitivity of the S-cones (note,
our model has no parameters for overall sensitivity, it is the spectral shape that is important),
and would spectrally skew the sensitivity of L- and M-cones, causing an apparent shift to longer
wavelengths and a narrower spectral profile. The model can therefore trade off lens density against
spectral shifts with compensatory changes of cone optical density to adjust the spectral bandwidth
of the L- and M-cones. The macular and S-cone optical densities were not strongly correlated
with each other nor with any other parameters, suggesting the S-cone spectral sensitivity can
be estimated independently of the L- and M-cones. Although there are some high correlations
between some of the other parameters of the model, it is worth noting that the variability in the
fitted parameters is relatively low (Tables 3 and 4), so the overall fits are well constrained. Also,
as noted above, the highest correlations are among lens and L- and M-cone parameters, and these
correlated such that they are likely to arrive at similarly shaped cone spectral sensitivities.

Table 4. Summary of the average parameter values and standard deviations from
bootstrapped analysis of the RGB and lab methods for the 10° FOV.

Method Lgpifs Mgpife lop mop soD Kiens kimac

RGB Mean -0.7248 | 2.7741 | 0.4406 | 0.4410 | 0.3024 | 1.7489 | 0.1062
Average 0.6471 0.7821 | 0.0344 | 0.0261 | 0.0136 | 0.0583 | 0.0036

bootstrap SD
Lab Mean 0.2673 24530 | 0.4343 | 0.4226 | 0.2983 | 1.8477 | 0.0962

al

Average 0.5794 0.6204 | 0.0280 | 0.0262 | 0.0129 | 0.0599 | 0.0031

bootstrap SD

Table 5. Summary of the correlation matrices derived via bootstrapping from the RGB
method for combined 2°and 10° FOV fits. Strong correlations (|r| > 0.6) are highlighted in
red. Correlations of opposite sign to those in Table 6 are highlighted in blue.

RGB | Lt | Mgt | lop 2° | mop | sop 2° | kiens sop | Kmac
method 2° 10° | 10°
Lag | - |-002] 032 | 059 | -003 |-024 0.18 | 0.05
My | 0.02] - 035 | 019 [IGE 004 | 026
o2 |03 [l - | 030 | 003 [os0 0.18 | 0.5
mop2° | 059|035 030 | - | 017 | 034 007 | 0.03
sop2° | 003] 019 | 003 | 017 | - 012 002 | 020 | -029 | 008 | -0.06
Kens | 0.24 034 | 012 | - [ 013 | 051 | 023 | 017 | 005
omae 2° 001 | 002 |013] - [ o1 [ -022]-007] 007
lop 10° 020 [os1| 011 | - | o046 | 019 | 013
mop 029 [023] 022 | 046 | - | 009 | 004
10°
sop 10° | -0.18 | -004 | 018 | 007 | 008 |-0.17] 007 | 019 | 009 | - | -002
kmae 10° | 0.05 | -026 | 015 | 003 | 006 | 005 | 007 | 013 | 004 | 002 | -
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Table 6. Summary of the correlation matrices derived via bootstrapping from the lab
method for combined 2°and 10° FOV fits. Strong correlations (|r| > 0.6) are highlighted

Sensitivity

Difference

in red.
Lab | Ly | Mgpir | lop 2° | mop | 50D 2° | Kiens | Kmac kmac
method 2° 2° 10°
Lgpifs - -0.15 0.10 |[-0.38| 0.30 0.09
Mgy | -0.15 0.47 -0.20 -0.29
lop 2° -0.19 -0.01 0.19
-0.42 -0.19 0.04
- -0.54| 0.07 -0.11
-0.54 - 0.06 0.08
0.07 | 0.06 - 0.09
-0.43 -0.05 0.12
-0.37 | 0.55 | -0.37 0.10
sop 10° [ -0.23 | 0.12 | -0.04 | 0.29 | -0.11 |-0.28 | -0.46 | 0.18 0.35 - -0.13
kmac 10°| 0.09 | -0.29 | 0.19 0.04 | -0.10 | 0.08 | 0.09 0.12 0.10 | -0.13 -
1 T T T
osk \ ~ Lab2e
— CIEPO06

08

1 0.4

q 0.2

- - - -

550 600

600

- RGB mean |

550
Wavelength(nm)

Wavelength(nm)

Fig. 6. 2° cone fundamentals. Upper left: Individualized cone fundamentals estimated for
25 observers using the RGB method (20 in this study and 5 replotted from Shi et al [17]).
Red, green and blue curves denote L-, M- and S-cone fundamentals, respectively. Solid
black curves denote CIEPOO06 2° cone fundamentals. Dashed cyan, magenta, and yellow
curves denote the mean of the L-, M- and S-cone fundamentals derived with the Lab method.
Upper right: Estimated cone fundamentals for our 30 observers using the Lab method. Red,
green, and blue curves denote L-, M- and S-cone fundamentals, respectively. Solid black
curves denote CIEPO06 2° cone fundamentals. Dashed cyan, magenta, and yellow curves
denote the mean of the L-, M- and S-cone fundamentals derived with the RGB method.
Lower left: Differences between the CIEPO06 2° cone fundamentals and the individual
functions estimated with RGB method. Figure conventions as in upper left panel. Lower
right: Differences between the CIEPO06 2° cone fundamentals and the individual functions
estimated with Lab method. Figure conventions as in upper right panel.
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Fig. 7. 10° cone fundamentals. Details as for Fig. 6 but for the 10° matches and data and
for the CIEPO06 10° cone fundamentals.

3.4. Cone spectral sensitivities

All 51 individual fitted cone fundamentals for 2° and 10° FOV are shown in Figs. 6 and 7,
respectively. The top left panels show the L-, M- and S-cone fundamentals estimated under the
RGB control method (as red, green and blue curves, respectively). For comparison, the black
curves are CIEPO06 (2° or 10° standard, in Fig. 6 or 7, respectively) standard cone fundamentals
and the mean L-, M- and S-cone fundamentals estimated under the Lab control method are shown
as the cyan, magenta and yellow dashed curves, respectively. Lower panels show the difference
between the individually fitted cone fundamentals and the CIEPO0G6 standard.

As expected from Table 2 and Figs. 4 and 5, the M-cone fundamentals estimated using
the RGB and Lab methods both show a small shift towards longer wavelengths compared to
CIEPO06 M-cone fundamental, i.e., relative to the CIEPOO06 standard, our model consistently
shows reduced M-cone sensitivity below about 550 nm and increased sensitivity above 550 nm.
There is also a suggestion that for many of our observers the L-cone fundamentals estimated
using either the RGB or Lab methods show a smaller shift in the opposite direction towards
shorter wavelengths. The differences between the fundamentals obtained using the RGB and Lab
methods are small.

4. Discussion and conclusions

Human color vision varies between observers because of individual differences in macular and
lens optical densities, photopigment optical densities and genetically determined spectral shifts
in the cone absorbance spectra. In this study, a set of color matching experiments was conducted
using Maxwell’s method from which the individual L-, M- and S-cone spectral sensitivities were
estimated. The resulting spectral sensitivities are largely consistent with the CIEPO06 standard
observer, which some small deviations, see below. This is encouraging as our observers all had
normal color vision (probably, see below) and were of a similar age to those whose data informed
the CIEPOO6 standard. Age is known to affect the optical density of the lens in particular, which
selectively blocks shortwave light and will therefore affect color matches. We are currently
extending our study to include a broader range of ages to examine these effects in our model.
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In our study the criterion for inclusion as a color normal observer was to pass the Ishihara color
test. The test is useful for identifying observers who are dichromats (having only either an L-
or an M-cone photopigment gene) and those with moderate to severely anomalous trichromacy
(whose L and or M-cone photopigment gene(s) are different from normal, but produce spectral
sensitivities that are distinct enough to produce some red-green color vision). Some observers
with mild anomalous trichromacy might pass the Ishihara test, but their anomaly should be
apparent in our measurements and from our analysis. We are currently recruiting mild to severely
anomalous trichromats to perform our color matching experiment and in a future study will
examine whether the method and model can be useful in determining the spectral shift of their
hybrid opsin.

The mean spectral shift of the M-cone cone spectral sensitivity was approximately 3 nm and
is the largest apparent deviation in our findings from the CIEPOO06 standard observer model.
While this size of shift is consistent with a hybrid M-cone opsin gene with either serine replacing
alanine at codon 180 in exon 3 or isoleucine replacing threonine at codon 230 in exon 4 [30], we
are unaware of any evidence that these polymorphisms are more prevalent among the Chinese
population from which we recruited our observers compared to the Western populations that
were included in the CIE standards. For example, Winderickx ef al. [31] in a sample of 75
color normal Caucasians found none had isoleucine at codon 230 on their M-cone gene and just
6% had serine at codon 180. Further genetic analysis of these populations would be extremely
useful in confirming or refuting a hybrid gene hypothesis. Also relevant is the fact that the
genotyped dichromat observers who contributed data to produce the Stockman and Sharpe cone
fundamentals (i.e., the CIEPOO06 standard) were all male single-gene dichromats known to have
either wildtype M opsin or L with serine at amino acid position 180 [32,33] meaning their L-
and M-cone spectral positions were located at the extremes of the general population. Thus,
the CIEPOO6 spectral sensitivities do not include polymorphic variants that might shift the
M-cone photopigment to slightly longer wavelengths and the L-cone pigment to slightly shorter
wavelengths. The shifts we find in the observers in our study might reflect polymorphic variants
in our population. Furthermore, our observers included a slight majority of females (52%) with
the potential not only of hybrid L- or M-cone opsin genes, but also of different polymorphisms
on their two X chromosomes [34]. While this could potentially lead to tetrachromacy, the
evidence for functional tetrachromacy is weak [35] and it would most likely produce mixed cone
fundamentals that are effectively intermediate between the two genes. However, it was found that
no significant difference in either the L or M-cone shifts between males and females.

In conclusion, color matching experiments were carried out with a large cohort of young color
normal observers and used these data and a parametric physiological model of spectral sensitivity
to estimate individual cone fundamentals and the causes of the individual differences. The results
are encouragingly consistent with the CIEPOO06 standards, with the main exception of a small
shift in M-cone spectral sensitivity to longer wavelengths. Work is ongoing to apply these same
methods to other groups whose cone fundamentals are likely to deviate more significantly from
the standard observer, such as older observers and observers with color vision deficiencies.
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Appendix: model fits and estimates of uncertainty

Table 7. The 2° parameters for the 21 young observers using RGB method (The first 5
are the observers from our previous paper, and the last 16 are the participants in the
experiment of this paper).

Observer | Gender | Age | Lyysr | Mnisr | lop | mop | sop lens macular Fitting
(At 400nm) | (At 460 nm) | error (%)
Al M 22 |-1.20| 2.10 [ 0.49 | 0.43 | 0.36 1.55 0.370 1.75
A2 M 25 1020 | 290 [ 0.47 | 0.36 | 0.38 1.90 0.384 1.49
A3 M 21 |-0.60| 3.50 | 0.49 | 0.42 | 0.42 1.67 0.379 2.44
A4 M 22 | 020 | 3.30 | 045|041 035 1.67 0.373 1.97
AS M 24 |-0.50 | 2.50 [ 0.47 | 043 | 0.35 1.64 0.381 1.19
RGB1 F 26 |-2.00| 4.80 [0.70 | 0.33 | 0.38 1.85 0.433 2.37
RGB2 M 27 |-1.00| 3.50 | 0.60 | 0.37 | 0.33 1.72 0.439 2.43
RGB3 F 23 |-0.80| 4.00 [ 0.31]0.32|0.39 2.10 0.419 1.89
RGB4 F 24 | 0.10 | 470 | 0.61 | 0.36 | 0.33 1.73 0.447 2.47
RGBS F 25 |-0.30| 1.60 | 0.47 | 0.36 | 0.36 1.59 0.415 2.38
RGB6 F 29 |-0.60 | 1.80 |0.54|0.47 |0.39 1.68 0.405 1.98
RGB7 F 24 |-5.00| 2.40 | 0.60 | 0.34 | 0.38 1.81 0.326 2.66
RGBS F 24 |-1.60| 0.30 | 0.50| 0.49 | 0.39 1.74 0.400 1.72
RGB9 F 19 | 040 | 4.50 | 0.56 | 0.35 | 0.36 1.84 0.454 2.89
RGB10 M 22 |-0.90| 3.50 | 0.44 | 0.51 |0.33 1.43 0.452 225
RGB11 M 26 |-0.50| 2.20 | 047 0.51 | 0.36 1.82 0.324 1.58
RGB12 F 26 |-0.90| 2.90 | 0.55|0.56 | 0.32 1.76 0.410 2.20
RGB13 F 24 | -2.20| 3.40 | 0.49 | 0.60 | 0.39 2.29 0.445 3.09
RGB14 M 21 | 090 | 3.50 [ 0.53]0.59 |0.37 1.57 0.430 1.59
RGB15 M 26 |-0.50| 2.50 [ 0.36 | 0.47 | 0.40 1.75 0.384 2.51
RGB16 M 26 | 0.80 | 0.60 | 0.49 | 0.54 | 0.36 1.49 0.365 1.50
Mean 24.411-0.76 | 2.88 | 0.50 | 0.44 | 0.37 1.74 0.402 225
STD 2.37 | 1.36 | 1.32 | 0.09 | 0.10 | 0.03 0.20 0.040
CIEPO06 0.00 | 0.00 | 0.50 | 0.50 | 0.40 1.76 0.350
standard
vlaues
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Table 8. The 2° parameters for the 30 young observers using lab method.

Observer | Gender | Age | Lguify | Msnisi | lop | mop | sop lens macular Fitting
(At 400nm) | (At 460 nm) | error (%)
LABI1 M 20 |-0.10| 3.90 [ 0.36 | 0.41 | 0.39 2.06 0.455 1.96
LAB2 F 21 | 090 | 250 | 0.41 | 0.58 | 0.35 1.67 0.455 2.18
LAB3 F 24 |-0.30| 2.90 | 0.63 | 0.46 | 0.37 1.87 0.389 2.01
LAB4 F 21 | 030 | 3.60 [ 0.49 | 045|037 1.84 0.423 1.56
LABS M 24 |-0.80| 3.30 | 0.52 | 0.60 | 0.33 2.02 0.455 2.04
LAB6 F 29 | 040 | 3.80 [ 0.59 | 0.59 | 0.36 1.83 0.389 2.00
LAB7 F 24 | 1.00 | 1.50 [ 0.47 | 0.39 | 0.32 1.86 0.440 1.97
LABS M 28 |-0.10| 3.00 [ 0.38|0.67 | 0.38 1.77 0.437 1.64
LAB9 M 25 |-2.00| 3.60 | 0.43|0.48 |0.32 2.27 0.453 2.20
LABI0 M 30 |-0.50| 1.60 | 0.40 | 0.41 | 0.32 1.97 0.428 1.42
LABI11 M 25 | 1.50 | 2.70 [ 0.48 | 0.38 | 0.38 1.95 0.406 1.89
LABI2 F 24 | 0.00 | 4.00 |045|0.44 |0.38 2.26 0.393 2.38
LABI13 F 31 | 1.10 | 3.70 | 0.46 | 0.53 | 0.39 1.73 0.455 1.86
LAB14 M 22 | 040 | 340 [ 048|048 034 1.81 0.386 1.30
LABI15 F 23 1 090 | 2.50 [ 0.64|0.30|0.32 1.87 0.402 1.82
LABI16 M 27 |-0.40| 1.70 | 0.49 | 0.51 | 0.37 1.67 0.401 1.78
LAB17 F 26 | 090 | 2.80 [0.43]0.42 040 2.07 0.455 2.55
LABI18 M 26 | 0.80 | 2.90 | 0.57 | 0.54 | 0.36 1.90 0.444 1.31
LABI9 F 23 | 0.10 | 3.10 [ 0.53]0.41 |0.38 1.78 0.450 2.08
LAB20 F 26 |-0.60|-0.90 | 0.52 | 0.36 | 0.36 1.58 0.433 1.24
LAB21 M 23 | 1.20 | 3.40 | 0.51]0.48 |0.36 1.76 0.455 1.60
LAB22 F 27 |-0.40| 0.40 | 042 0.58 | 0.33 1.49 0.367 0.86
LAB23 F 26 | 090 | 4.80 [0.33|0.46 | 0.35 1.99 0.453 2.16
LAB24 M 21 |-0.20 | 0.00 | 0.54 | 0.57 | 0.39 1.59 0.432 0.83
LAB25 M 26 | 0.50 | 2.20 | 0.49 | 0.60 | 0.35 1.67 0.455 1.67
LAB26 M 23 | 2.00 | 3.00 |0.50 | 0.50 | 0.40 1.76 0.350 2.94
LAB27 M 28 |-0.50| 1.20 | 0.51 | 0.52 | 0.40 1.62 0.362 2.00
LAB28 F 26 |-0.40| 3.10 [0.59 | 0.35|0.38 1.91 0.454 1.56
LAB29 F 22 | 0.00 | 3.50 | 0.47 | 0.50 | 0.34 1.79 0.444 2.02
LAB30 F 28 | 1.20 | 2.70 | 0.34 | 0.33 | 0.32 1.85 0.447 1.62
Mean 24971 0.26 | 2.66 | 0.48 | 0.48 | 0.36 1.84 0.426 1.81
STD 2.76 | 0.82 | 1.23 | 0.08 | 0.09 | 0.03 0.18 0.032
CIEPO06 0.00 | 0.00 [0.38 | 0.38 | 0.30 1.76 0.095
standard
vlaues
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Table 9. The 10° parameters for the 21 young observers using RGB method. (The first 5
are the observers from our previous paper, and the last 16 are the participants in the
experiment of this paper.)

Observer | Gender | Age | Lgusr | Mspit | lop | mop | sop lens macular Fitting
(At400nm) | (At 460 nm) | error (%)
Al M 22 | -1.20 | 2.10 [0.46 | 0.37 | 0.40 1.55 0.107 1.14
A2 M 25 | 0.20 | 2.90 | 0.43|0.31 | 0.41 1.90 0.116 1.16
A3 M 21 | -0.60 | 3.50 [0.47 | 0.36 | 0.40 1.67 0.107 1.36
A4 M 22 | 020 | 3.30 (043035 (0.39 1.67 0.105 1.13
AS M 24 | -0.50 | 2.50 | 0.47|0.37 | 0.33 1.64 0.106 0.88
RGB1 F 26 |-2.00 | 4.80 [0.49 | 0.58 | 0.30 1.85 0.090 1.37
RGB2 M 27 |-1.00 | 3.50 [0.56 | 0.48 | 0.33 1.72 0.080 1.01
RGB3 F 23 | -0.80 | 4.00 [0.35|0.27 | 0.33 2.10 0.118 0.99
RGB4 F 24 | 0.10 | 4.70 | 0.38 | 0.50 | 0.29 1.73 0.079 1.03
RGBS F 25 | -0.30 | 1.60 [0.38| 0.51 | 0.26 1.59 0.107 1.68
RGB6 F 29 |-0.60 | 1.80 [0.42|0.34 |0.33 1.68 0.090 0.80
RGB7 F 24 | -5.00 | 2.40 | 0.50| 0.34 | 0.40 1.81 0.085 2.10
RGBS F 24 | -1.60 | 0.30 [0.39|0.38 | 0.30 1.74 0.084 1.42
RGB9 F 19 | 040 | 450 [0.40| 041 |0.36 1.84 0.097 1.75
RGB10 M 22 | -0.90 | 3.50 | 0.46 | 0.64 | 0.31 1.43 0.093 1.36
RGB11 M 26 |-0.50 | 2.20 |0.41|0.36 | 0.21 1.82 0.113 1.11
RGBI12 F 26 | -0.90 | 2.90 [0.43 | 0.46 | 0.29 1.76 0.121 0.61
RGB13 F 24 | -2.20 | 3.40 [0.52|0.36 | 0.29 2.29 0.110 1.59
RGB14 M 21 | 0.90 | 3.50 | 0.50| 0.46 | 0.35 1.57 0.115 0.78
RGB15 M 26 | -0.50 | 2.50 [0.37 | 0.46 | 0.26 1.75 0.103 1.23
RGB16 M 26 | 0.80 | 0.60 |0.52 | 0.42 |0.28 1.49 0.099 0.71
Mean 24.411-0.76 | 2.88 |0.44 | 0.42 | 0.32 1.74 0.101 1.29
STD 237 | 1.36 | 1.32 | 0.06 | 0.09 | 0.04 0.20 0.013
CIEPO06 0.00 | 0.00 |0.50 | 0.50 | 0.40 1.76 0.350
standard
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Table 10. The 10° parameters for the 30 young observers using lab method.

Observer | Gender | Age | Lgusi | Mspit | lop | mop | sop lens macular Fitting
(At400nm) | (At 460 nm) | error (%)
LABI1 M 20 | -0.10 | 3.90 [0.34| 0.52 | 0.28 2.06 0.075 1.14
LAB2 F 21 | 090 | 2.50 [0.46 | 0.38 | 0.24 1.67 0.086 1.35
LAB3 F 24 | -0.30| 2.90 | 0.41{0.43|0.29 1.87 0.094 0.84
LAB4 F 21 | 030 | 3.60 [0.35|0.33 |0.29 1.84 0.107 0.82
LABS M 24 | -0.80 | 3.30 {0.41]0.29 | 0.20 2.02 0.086 0.85
LAB6 F 29 | 0.40 | 3.80 | 0.49|0.42|0.37 1.83 0.098 0.94
LAB7 F 24 | 1.00 | 1.50 [0.46| 0.57 | 0.35 1.86 0.099 1.39
LAB8 M 28 | -0.10 | 3.00 [0.41| 0.25|0.32 .77 0.110 0.66
LABY9 M 25 | -2.00 | 3.60 | 0.49]0.49 |0.25 2.27 0.095 1.74
LABI10 M 30 |-0.50| 1.60 | 0.43]0.52 | 0.21 1.97 0.090 1.17
LABI11 M 25 1.50 | 2.70 | 0.49 | 0.57 | 0.30 1.95 0.080 1.86
LABI12 F 24 | 0.00 | 4.00 [0.53]0.55|0.22 2.26 0.103 1.44
LABI13 F 31 1.10 | 3.70 | 0.42| 0.32 | 0.27 1.73 0.087 1.13
LAB14 M 22 | 040 | 3.40 [0.41]0.48|0.30 1.81 0.099 0.91
LABI15 F 23 | 090 | 2.50 {0.38]0.31|0.24 1.87 0.112 0.50
LABI16 M 27 |-040| 1.70 | 0.47 | 0.42 | 0.30 1.67 0.090 1.10
LAB17 F 26 | 090 | 2.80 [0.25] 0.48 | 0.30 2.07 0.074 1.32
LABIS8 M 26 | 0.80 | 2.90 [0.38|0.42 | 0.26 1.90 0.112 0.64
LAB19 F 23 | 0.10 | 3.10 | 0.46 | 0.45 | 0.32 1.78 0.098 1.02
LAB20 F 26 | -0.60 | -0.90 | 0.36 | 0.41 | 0.31 1.58 0.083 0.59
LAB21 M 23 1.20 | 3.40 | 0.47 | 041 | 0.28 1.76 0.104 1.11
LAB22 F 27 | -040 | 0.40 [0.47 041 | 0.27 1.49 0.116 0.67
LAB23 F 26 | 0.90 | 4.80 | 0.49|0.36 | 0.30 1.99 0.086 1.21
LAB24 M 21 | -0.20 | 0.00 [0.52|0.47 | 0.38 1.59 0.106 0.64
LAB25 M 26 | 050 | 2.20 [0.38|0.26 | 0.25 1.67 0.108 0.91
LAB26 M 23 | 2.00 | 3.00 | 0.38|0.38 | 0.30 1.76 0.095 2.59
LAB27 M 28 | -0.50 | 1.20 [0.40| 0.38 | 0.28 1.62 0.091 0.95
LAB28 F 26 | -040 | 3.10 [0.51]0.45|0.35 1.91 0.101 0.97
LAB29 F 22 | 0.00 | 3.50 | 0.43]0.47 |0.27 1.79 0.098 0.90
LAB30 F 28 1.20 | 2.70 | 0.27 | 0.36 | 0.34 1.85 0.093 0.82
Mean 2497 | 0.26 | 2.66 |0.43|0.42|0.29 1.84 0.096 1.07
STD 276 | 0.82 | 1.23 | 0.07 | 0.08 | 0.04 0.18 0.011
CIEPO06 0.00 | 0.00 |0.38 | 0.38 | 0.30 1.76 0.095
standard
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Table 11. The 2° parameters for the 4 young observers using two methods.

Gender | Method | Age | Lgs | Mg lop mop | Sop | Kiens kimac
r RGB 21 -040 | 3.80 | 036 | 041 | 040 | 1.46 | 0353
Lab 21 0.30 360 | 049 | 045 | 037 | 1.84 | 0423

P RGB 29 -0.10 | 4.00 | 049 | 042 | 035 | 2.05 | 0414
Lab 29 0.40 380 | 059 | 059 | 036 | 1.83 | 0.389

u RGB 28 0.20 350 | 049 | 044 | 035 | 2.03 | 0451
Lab 28 -0.10 | 3.00 | 038 | 0.67 | 0.38 | 1.77 | 0437

y RGB 30 0.40 280 | 040 | 050 | 037 | 1.66 | 0.269
Lab 30 -0.50 1.60 | 040 | 041 | 032 | 1.97 | 0428

CIE PO06 . .00 0.00 | 0.50 | 0.50 | 0.40 | 1.76 | 0.350

Table 12. The 10° parameters for the 4 young observers using two methods.

Gender | Method | Age | Lgn | Mg lop mop SoD Kiens kmac
7 RGB 21 -0.40 3.80 032 | 040 | 038 | 1.46 | 0.097
Lab 21 0.30 3.60 035 | 033 | 029 | 1.84 | 0.107

F RGB 29 -0.10 | 4.00 0.51 | 045 | 037 | 2.05 | 0.112
Lab 29 0.40 3.80 049 | 042 | 037 | 1.83 | 0.098

M RGB 28 0.20 3.50 049 | 056 | 0.33 | 2.03 | 0.089
Lab 28 -0.10 3.00 041 | 025 | 032 | 1.77 | 0.110

M RGB 30 0.40 2.80 036 | 029 | 025 | 1.66 | 0.109
Lab 30 -0.50 1.60 043 | 0.52 | 0.21 1.97 | 0.090

CIE PO06 0.00 0.00 0.38 | 0.38 | 0.30 | 1.76 | 0.095
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