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Abstract

Monochromatic wavelength identification never had such sig-
nificance as today when several lighting applications favor the
use of light emitting diodes as light sources. People with normal
color vision designing the color appearance of a monochromatic
lighting solution usually do not consider the different appear-
ance of these stimuli for color blind. In our study we have mea-
sured the monochromatic color identification of more than 100
observers with different types of color vision and we have found
significant differences in their color identification. The results
should be implemented in all illumination design where the use
of LEDs is considered.
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1 Introduction

Human color vision has been studied broadly during the last
two centuries [8H10,/15]]. Today we already have knowledge on
how color blindness is caused by photo pigment spectral sen-
sitivity changes in the human photodetectors (Nathans et al.,
1986) [13]] and we can distribute the color deficiency types into
several categories [/1].

Color identification or more popularly known as color nam-
ing has been also studied by the scientific community. Although
their interest was more in the linguistic or geographic distribu-
tion of color terms [3f]; [[11,|14] or in their characterization in
color systems [|6}/7]] rather than in the relation of color names to
spectral features [5]] or color deficiency [16]].

Therefore it seems to be a righteous aim to research the spec-
tral background of color identification in human color vision
with special focus on the abilities of the color deficient.

2 Methods

Our research group has conducted a test series with a special
instrument built for the monochromatic measurement of color
vision. The so called PDT instrument (where the name PDT
comes from the abbreviation of the three photoreceptors in the
human eye, namely Protos, Deuteros and Tritos - Fig. [T) was
designed to provide quasi monochromatic (FWHM ~ 10nm) 4°
stimuli (7-14) through an ocular (5) with a 10° white background
(1-13) to avoid color adaptation. The background color can be
changed for different measurement purposes with the help of a
filter wheel (3). In our tests we used the stimulus light of a con-
ventional incandescent bulb (7) going through an interference
filter (IF, 9) and combined with the white background light (T))
by a beam splitter prism (4). The PC controlled IF filter was
tuned continuously in the 380nm — 730nm spectral range.

During our tests we have used the PDT instrument to measure
31 subjects with normal color vision [2] and to compare the re-
sults to the data of 100 color deficient subjects. Color deficiency
was tested by means of Ishihara plates, Farnsworth 100 Hue test
and Heidelberg anomaloscope to provide diagnosis on the type
and severity (Table[T)) [4}[12].

During the tests the subjects looked into the ocular of the in-
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Fig. 1. Optical scheme of the test instrument (PDT)

Tab. 1. Subject categories. Protanomals and deuteranomals have defected
red and green sensitive photoreceptor, respectively. ‘I’ and ‘m’ indicate protos
(long wavelength sensitive) defect and deuteros (medium wavelength sensitive)
defect respectively while 10-25 indicate increasing severity.

Protanomals Deuteranomals
10 H5 120 125 mi10 mi5 m20 m25
No. 31 9 9 8 19 17 11 10 17

Type Normal

strument and had the task to name any colors that they see using
color categories such as purple, blue, turquoise, green, yellow,
orange, red, white and n/a. Subjects could use more terms to de-
scribe one stimulus which was especially necessary among the
color deficient who had more confusion about the color naming
than normals.

The instrument was controlled randomly by the PC so that
the subjects did not see the colors in sequence. Measurements
were repeated three times each. Test subjects were 100% male
in the color deficient group and 71%-23% males and females
respectively among the normals (ages were between 17 and 55).

3 Results

Figs. E}i, b show the normalized results of cumulated mea-
surements for people with normal color vision and for extreme
protanomals, respectively. The figures show the relative color
terms used at each wavelength demonstrating how the subjects
identify the main colors in the wavelength range.

Color terms are indicated as purple, blue, turquoise, green,
yellow, orange, red from left to right in Fig. 2h. Fig.[2b shows

extreme red color deficients according to the characteristics of
people with extreme protanomaly. They loose their clear color
identification ability mostly towards the higher wavelength end
of the spectrum. The severity of deficiency increases with the
confusion in naming colors especially towards the green-red
range of the spectrum. We aimed to characterize this confu-
sion and introduced a numerical value that can distinguish the
identification of different types of color deficient.

4 Numerical characterization of color identification

As the results of measurements are only given verbally with
the color terms, in our evaluation we assigned numerical values
to each color name used in Table

Tab. 2. Numerical values (scores) assigned to the color terms

Color term Purple Blue Turquoise Green Yellow Orange Red

Value 100 110 120 130 140 150 160

With these values every single measurement could have been
characterized numerically and we could display the color nam-
ing dependency of the individuals along the wavelength axis.
Moreover the results of the groups could have been compared
with mathematical statistical approaches.

The following figures show the distribution of numerically
defined color names versus wavelength for the different color
deficient types together with the distribution for normals.

The distributions clearly show the higher alterations from the
normals as severity increases. At the protanomals the decreasing
‘red-end’ is also clearly displayed (Fig. [3p-e). This is a specific
feature of protanomal color vision that they lack sensitivity at
the higher wavelength end of the spectrum. Protanomal types
also show high standard deviation in color naming especially at
the higher wavelength range. This also can be explained with
the loss of sensitivity thus more significant confusion in charac-
terizing the stimuli.

If we compare the distribution of color terms the color defi-
cient types show deviation from the normal distribution. This
difference can be analyzed mathematically using the assigned
color name values instead of the color terms. The distributions
differ so that their centroid wavelengths are shifted to lower
wavelength ranges. Thus calculating the centroid wavelength
for each individual measurement we can obtain a single numeri-
cal value to characterize the monochromatic color identification
ability of the subject. The calculation of the centroid is done
according to Eq. (I):

Ae
[ I1D()
400
700
[ ID(2)

400

=0.5, (1)

where ID(A) is the specific numerical value assigned to the color
term used by a given wavelength and 4. is the centroid wave-
length.
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Fig. 2. Color naming distribution along the wavelength for people with normal color vision (2a) and for extreme protanomals (2b).

The equation was calculated with a well fitting (R > 0,999)
5'h grade polynomial regression onto the normalized color score
distribution of each measurement result. This way the centroid
wavelengths of all groups could have been determined (Table[3).

Tab. 3. Average centroid wavelengths of the color vision types.

Ac , NM
Normal 566.051 + 0.691
110 566.233 + 0.409
115 565.433 + 0.770
Protanomal
120 564.445 + 1.037
125 562.938 + 1.798
m10 566.236 + 0.946
m15 565.66 + 0.450
Deuteranomal
m20 565.103 & 0.910
m25 560.468 + 1.376

Although the differences between the centroids of the differ-
ent color vision types are relatively small they also have quite
small standard deviations. The significance in the differences
between the centroids can be characterized with mathematical
statistical methods.

To be able to apply strong mean comparison tests (such as the
T-test) we verified the normality of the data distribution in each
category. Using both Kolmogorov-Smirnov and Shapiro-Wilks
normality tests we can conclude that neither distribution differs
significantly from normal distribution. This allows us to apply
T-test for the mean comparison whose result is considered to be
stronger than the ones for non-normal distributions.

The T-test was applied to compare all results of the neigh-
boring groups using the SPSS statistical analysis software pack.
Table[] shows the groups compared and the significance level of
difference between them.

The results show high significance levels for almost all neigh-
boring groups except for the normals compared to slight defi-
cient cases. This means that most of the neighboring groups
have a high probability not to be from the same distribution thus
practically can be considered different.

5 Discussion

The statistical analysis shows that although the differences are
small between average centroid wavelengths of the deficiency
types, there is usually a significant difference between them.
Normal and slight anomal identifications do not differ signifi-
cantly which agrees quite well with the experiences of our re-
search group that slight color deficient people have very simi-
lar color naming abilities as normals have [2,/16]. That is why
these groups cannot be differentiated from normals with only
color identification testing but they need also color discrimina-
tion checks such as Ishihara plates. The differences between
protanomals and deuteranomals are also not significant but these
main types can easily be distinguished by analyzing the red end
results of the spectrum, namely if such reduced red end sensitiv-
ity exists they shall be protanomals. However the lack of red end
sensitivity is significant only with a defined background adap-
tation. Tests on the PDT instrument show that all protanomal
types have lack of sensitivity at 700nm using the instrument’s
white adaptation background. If monochromatic identification
test is to be carried out on other instruments, the white back-
ground and the red stimuli with luminance contrast similar to
that of the PDT should be applied. This is currently around 8.8%
at 700nm.

Based on the measurement and evaluation results we can es-
tablish a test algorithm for the color identification analysis of
red-green color deficiency types (Fig. f).

Following the method described in the block diagram we con-
clude to a diagnosis based on color identification test that could
identify different color deficient types in the color naming dis-
tribution.

The results show that as color identification confusion in-
creases with the severity of color deficiency at protanomal and
deuteranomal types there is still a possibility to objectively char-
acterize the differences between them. Therefore we can say that
color naming ability has its specific characteristics at the exam-
ined types of color deficiency.
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color deficient types together with the distribution of normals (smaller dots).
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Fig. 3. Distribution of numerically defined color names for the different

Fig.3a shows the results for normals, Fig.3b-e for protanomals and Fig.3f-i for

deuteranomal types with increasing severity.
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Tab. 4. Statistical differences between deficient types

Group 1 Normal 110 Normal 115 120 Normal m10 mi15 m20

Group 2 110 115 115 120 125 m10 mi5 m20 m25

Significance level, % 23.3 59.4 96.6 97.3 98.8 51.5 959 89.6 99.9
Ishihara plates 12 Nagel W A, Neue Erfahrungen iiber das Farbensehen der Dichromaten auf

) grossen Felde, Zeitschrift fiir Sinnesphysiologie 41 (1907), 319-337.
Pass Fail 13 Nathans J, Piantanida T P, Eddy R L, Shows T B, Hogness D S,
Molecular genetics of inherited variation in human color vision, Science 232
(1986), 203-210.

Normal Anomal 14 Rosch-Heider E R, Universals in color naming and memory, Journal of

Identification test to
determine A for severity

v

Red end check

Protanomals Deuteranomals

Fig. 4. Color identification test algorithm
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