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Abstract: It is still unclear how well anomalous trichromats discriminate natural colors
and whether commercial spectral filters improve performance in these conditions. We show
that anomalous trichromats have good color discrimination with colors drawn from natural
environments. It is only about 14% poorer, on average, than normal trichromats in our sample of
thirteen anomalous trichromats. No measurable effect of the filters on discrimination was found,
even after 8 hours of continuous use. Computations of cone and post-receptoral signals show
only a modest increase in medium-to-long-wavelength difference signals, which may explain the
absent effect of the filters.
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1. Introduction

Normal color vision in humans is trichromatic, and it is mediated by three types of photoreceptors,
the cones, each containing a photopigment with absorption curves peaking in different parts of
the visible spectrum. These are the long- (L-), middle- (M-), and short- (S-) wavelength sensitive
photopigments [1,2], named according to the spectral location of maximum light absorption.

X-linked red-green color vision deficiency is the most common congenital abnormal visual
condition in males: it can affect almost 8% of European Caucasians and 6.5% of Chinese
and Japanese [3]. The deficiency can be classified as protan or deutan if it affects the L- or
M-photopigment, respectively. It can also be classified by severity as anomalous trichromacy
if three photopigments are present (protanomaly when the L-photopigment is absent but a
modified form of the M-photopigment is present, and deuteranomaly when the M-photopigment
is absent but a modified form of the L-photopigment is present), or as dichromacy if only two
photopigments are present [4,5].

Normal trichromatic observers have a spectral separation of about 30 nm between L- and
M-cone photopigments [6], whereas the separation in anomalous trichromats is at most 10 nm
[7,8]. In protanomaly, the modified M-photopigments are shifted towards longer wavelengths,
and, in deuteranomaly, the modified L-photopigments are shifted towards shorter wavelengths
[7]. These spectral shifts determine the extent of the anomaly, producing color discrimination
with variable impairment, from as good as normal trichromats to almost as poor as dichromats
[9–12]. Genotype, photopigment optical density, and peak spectral sensitivity are some of the
factors that may account for such variability [12]. There is, however, evidence that anomalous
trichromats have post-receptoral mechanisms that partially amplify the smaller difference in
medium-to-long-wavelength cone signals [13–16], probably at the cortical level [17].

Anomalous trichromats seem to perform relatively well in everyday life and in several specific
visual functions, e.g. color constancy [18,19], and color appearance measured with hue scaling
[15] and with color matching of both narrow- and broad-band lights [20]. But measurements
of chromatic discrimination are normally carried out in the laboratory with artificial stimuli
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that do not represent the ecological physics of the natural environment. These clinical tests,
e.g. the Farnsworth-Munsell 100-Hue Test [21,22], the Colour Assessment and Diagnosis test
(CAD) [23,24], the Cambridge Colour Test (CCT) [9], and Ishihara color plates test, quantify
color confusions without taking into account how frequently the different colors occur in
nature. Because natural reflectance spectra are highly constrained [25,26], natural colors have a
characteristic chromatic distribution and statistics, lying mainly along a yellow-blue axis of color
space [27–30]. Thus, pairs of colors confounded by color deficient individuals may be rare in
nature, and therefore have little effect on their average performance. This was indeed found to
be true for dichromats, who were only a little worse than normal trichromats in discriminating
colors from natural environments [31].

The availability of commercial lenses or filters to improve color vision of the color deficient
population has a long history [32–35] and the search for new products continues [36,37]. Yet, so
far, there is little scientific consensus on the advantage of using these products [38,39]. Recently,
commercial marketing campaigns have focused their attention on specific notch filters, e.g.,
EnChroma and Vino filters. EnChroma filters are designed to enhance color perception [40].
There are several versions available, for outdoor or indoor use [41]. Vino filters were primarily
designed for enhancing the appearance of skin color changes related to blood volume and
oxygenation [42], but now these filters are also advertised for color vision deficient individuals
[43].

Previous studies found that EnChroma and Vino filters change the overall color appearance
but are unable to provide normal discrimination [44–47]. In fact, both may reduce the perceived
chromatic diversity by reducing the number of discernible colors [48]. On the other hand,
long-term adaptation (two weeks) to these types of filters may produce adaptive post-receptoral
changes resulting in an improved discrimination [49]. Although spectral information from natural
scenes has been used in previous studies to model color perception with these filters [44,45,48],
no empirical measurements of discrimination were carried out.

The purpose of this study was twofold: first, to empirically assess the degree of impairment
in chromatic discrimination of anomalous trichromats when viewing colors from natural
environments and second, to assess if that discrimination is enhanced with EnChroma and Vino
filters. Critically, the assessment was based on the mean performance across the tested scenes
rather than on the discrimination in specific chromatic directions or with specific pairs of colors
for which performance may be particularly good or bad. Spectral data from hyperspectral imaging
of natural scenes were used to produce a real 3D scene simulating naturally colored objects to be
discriminated in each trial. Anomalous trichromats were found to have good color discrimination,
about 14% poorer than normal trichromats. EnChroma and Vino filters, although enhancing
the separation between medium-to-long-wavelength cone signals, did not improve chromatic
discrimination, even after 8 hours of continuous use.

2. Material and methods

2.1. Observers

Thirteen anomalous trichromats were recruited from our laboratory database and by advertising in
the social networks of the University of Minho. They comprised 9 deuteranomalous trichromats
(7 males, mean age 38 yr, SD 13 yr, and 2 females, mean age 30 yr, SD 7 yr) and 4 protanomalous
trichromats (all males, mean age 25 yr, SD 2 yr). One of the deuteranomalous observers was a
co-author of this paper and participated only in the first part of the experiment. As a control, 13
observers with normal color vision also participated (5 males, mean age 23 yr, SD 2 yr, and 8
females, mean age 22 yr, SD 2 yr). All control participants were students from the University
and were recruited through the students’ social networks. The color vision of the observers
was tested with Ishihara color plates, Rayleigh Anomaloscope (Oculus Heidelberg Multi Color),
and the Colour Assessment and Diagnosis (CAD) Test (version 2.3.1.1, City Occupational Ltd.)
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[50]. The classification of the color vision of the observers was based on the mid-point of their
Rayleigh matches. Table 1 shows the average anomaly quotient obtained with the anomaloscope
and the red-green and yellow-blue thresholds obtained with the CAD test, expressed in Standard
Normal Units (SNU) (one SNU relates to the median threshold for a normal population [51,52]).
All observers had normal or corrected-to-normal visual acuity. The experiment followed the
principles of the Declaration of Helsinki, and informed consent was obtained from all observers.

Table 1. Anomaly quotients obtained with the anomaloscope and red-green (RG) and yellow-blue
(YB) thresholds obtained with the CAD test, expressed in Standard Normal Units (SNU) (one SNU

relates to the median threshold for a normal population) [51,52]

Observers D1 D2 D3 D4 D5 D6 D7 D8 D9 P1 P2 P3 P4

Anomaly quotient 3.3 3.0 3.5 1.8 5.3 2.4 3.5 3.0 2.8 0.5 0.2 0.2 0.3

RG threshold 2.3 3.5 23.7 20.5 14.4 20.0 2.8 2.3 3.3 19.8 5.3 6.2 22.8

YB threshold 1.7 1.5 1.6 1.1 0.9 1.0 1.4 1.1 1.2 1.0 1.0 1.7 1.4

2.2. Filters

Three different filters were tested: Oxy-Iso Color Blindness Clip-on 1.5 mm Lens Blanks from
Vino Optics (Vino) assembled in a conventional acetate spectacles frame. Two other filters
from EnChroma Color Blind Glasses, the Receptor 64-14-150 BLK 02 (EnChroma R) and the
Explorer MTSLV 03 (EnChroma E) were tested in the original frames sold by the company.
All identification marks in each frame were concealed to ensure single-blind conditions. The
EnChroma filters (EnChroma R and E) were designed for outdoor use and were used here since
the experiment simulated natural outdoor scenes. There is only one type of Vino filters for indoor
and outdoor use. The Vino filters were obtained in 2019 and the EnChroma filters in 2015. The
spectral transmittance of each filter was measured with a Shimadzu UV-3600i Plus UV-VIS-NIR
spectrophotometer (Shimadzu Scientific Instruments, Inc.) in the spectral range 400–720 nm
with a spectral resolution of 0.1 nm. (Fig. 1). Measurements were carried out with the geometry
0/0 in different positions of the lenses. Variations of transmittance with measuring position
across the lenses were negligible.
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Fig. 1. Spectral transmittance of the tested filters. Data obtained with a Shimadzu UV-3600i 

Plus UV-VIS-NIR spectrophotometer (Shimadzu Scientific Instruments, Inc.). 

  

Fig. 1. Spectral transmittance of the tested filters. Data obtained with a Shimadzu UV-3600i
Plus UV-VIS-NIR spectrophotometer (Shimadzu Scientific Instruments, Inc.).

2.3. Experimental setup

The experimental setup (Fig. 2) was adapted from a previous study and is fully described
elsewhere [31]. Only the essential features are reported here. The observer was seated at 147 cm
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from the scene. A white Styrofoam mask stood at 93 cm from the observer making a visual angle
of 57° x 79°. The test scene was located behind the mask, inside an illumination box painted
with Munsell N7 paint (VeriVide Ltd, Leicester, UK). The scene consisted of 3 geometric figures
(cylinder, sphere, and parallelepiped) that were set in an acrylate plate slightly tilted forward.
The figures were matte white and approximately Lambertian, with a flat reflectance spectrum in
the visible region of the spectrum. The visual angle of the scene was 10°. Viewing conditions
were monocular to avoid diplopia induced by the setup.

 

Fig. 2. Schematics of the setup for the psychophysical experiment, including the radiance 
spectrum of the adapting illuminant (discharge lamp OSRAM HQI 150W RX7s) reflected by 

the Styrofoam mask. The test scene comprising 3 geometric figures (cylinder, sphere, and 

parallelepiped) was illuminated by a spectrally tunable light source (OL 490 Agile Light Source, 

Gooch & Housego). The test scene was only visible through an aperture at the center of the 

Styrofoam mask. 
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Fig. 2. Schematics of the setup for the psychophysical experiment, including the radiance
spectrum of the adapting illuminant (discharge lamp OSRAM HQI 150W RX7s) reflected
by the Styrofoam mask. The test scene comprising 3 geometric figures (cylinder, sphere,
and parallelepiped) was illuminated by a spectrally tunable light source (OL 490 Agile Light
Source, Gooch & Housego). The test scene was only visible through an aperture at the
center of the Styrofoam mask.

A spectrally tunable light source (OL 490 Agile Light Source, Gooch & Housego) calibrated
with a spectral resolution of 20 nm was used to deliver light to the scene through an optical
fiber guide coupled with an optical diffuser (10DKIT-C2 25°, Newport). This ensured a level of
uniformity of about 90% across the scene [31]. A discharge lamp (OSRAM HQI 150W RX7s)
was used as the adapting illuminant of the scene and was positioned at 45° relative to the scene
and the observer. The adapting illuminant was uniform across the surface of the mask and had a
correlated color temperature (CCT) of 5200 K and a luminance of 30 cd/m2. The spectral profile
of the discharge lamp is represented in Fig. 2.

2.4. Stimuli

Stimuli were the geometric figures described in section 2.3. They reflected light to simulate, as
closely as possible, naturally colored objects instead of objects illuminated by colored lights. For
that effect, the illumination was made diffuse, and surfaces were matte. No specular reflections
were present. When viewed through the aperture, the figures seemed to be colored objects with
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the color of the light field from the discharge lamp. Crucially, in this setup the illumination is
very diffuse, and the reflecting surfaces are matte. This contributes to the sensation of colored
objects, even for the non-naïve participant. More importantly, the colors are associated with real
objects rather than perceived in isolation or aperture mode.

The spectra from the tunable light source were derived from single pixels of two natural scenes
obtained with hyperspectral imaging from existing databases [29,53]. The hyperspectral images
represented two different settings: a rural and an urban one, both containing a large volume of
the color space of natural colors (Fig. 3). Natural colors and natural scenes are interpreted here
as containing elements of our everyday life and may include not only vegetation and natural
elements but also man-made objects, like the painted wall (Fig. 3). For comparison, the full
gamut of 50 natural images replotted from [29] is also represented in Fig. 3.

 

Fig. 3. Rendering of the urban (top) and rural (bottom) scenes of the study and their 
corresponding color volumes. Data were obtained from hyperspectral imaging. The color 

volumes (blue) are represented in CIELAB color space for the CIE 1964 standard observer and 

were determined for the adapting illuminant with a CCT of 5200 K. For comparison, the gamut 
of each scene (red) and of 50 natural images (green) replotted from [29] are projected onto the 

(a*, b*) plane. 

  

Fig. 3. Rendering of the urban (top) and rural (bottom) scenes of the study and their
corresponding color volumes. Data were obtained from hyperspectral imaging. The color
volumes (blue) are represented in CIELAB color space for the CIE 1964 standard observer
and were determined for the adapting illuminant with a CCT of 5200 K. For comparison, the
gamut of each scene (red) and of 50 natural images (green) replotted from [29] are projected
onto the (a*, b*) plane.
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To illustrate the effect of sampling in the conditions of the experiment, Fig. 4 shows independent
random samples of 800 spectra from the 2 natural scenes (1300×1024 pixels each). The experiment
probed a natural distribution of colors (Fig. 4(b) and 4(c)) and not the natural gamut (Fig. 4(a)).
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Fig. 4. Independent random samples of 800 spectra (black dots) from the two natural scenes 
tested, with the gamut represented by the red color in all panels: (a) sampling of the gamut (all 

colors with equal probability); (b) and (c) are two samples of the distribution. Less saturated 

colors are more likely to be sampled because they occur more often. 

  

Fig. 4. Independent random samples of 800 spectra (black dots) from the two natural scenes
tested, with the gamut represented by the red color in all panels: (a) sampling of the gamut
(all colors with equal probability); (b) and (c) are two samples of the distribution. Less
saturated colors are more likely to be sampled because they occur more often.

2.5. Procedure

The experiment was divided into two parts: a first stage without adaptation to the filters and a
second stage with an 8-hour adaptation period. In the first stage, there were four conditions tested
with spectra derived from each scene in a total of eight sessions: with no filter, with Vino, with
EnChroma Receptor, and with EnChroma Explorer. The order of the sessions was randomized,
and all were carried out at the same time of the day for each observer. All sessions were set to
start between 4 p.m. and 7 p.m., according to the availability of the participants. If the first
session was to be conducted at 4 p.m., all the remaining sessions would be conducted at 4 p.m.
as well, and so on. Four participants were unable to comply with this schedule, and their sessions
in the first stage were all conducted around 10 a.m.

Each session consisted of 220 trials, 20 of which were control trials where the testing spectra
were the same to estimate false alarm rates, i.e., the fraction of trials where the observer responds
“different” when they are the same [31]. A trial was defined as the test scene being successively
illuminated by three lights, separated by a dark inter-stimulus interval of 0.5 s each. The first
light was an adapting illuminant that lasted for 1.5 s, which was the same in every trial. The
second and third ones were lights extracted from random single pixels sampled with replacement
from the test scenes, lasting 0.5 s each [31], and varied in each trial (Fig. 5).

The task of the observers was to decide whether the colors of the objects with the two spectra
were the same or different. The answer was given using a control pad (one button for “same” and
another one for “different”), in a one-alternative forced choice (1AFC) [54] after each trial. Each
observer performed 1,760 trials in this stage.

In a second stage (adaptation), observers used the filters continuously for 8 hours before testing
each session, with 8 normal trichromats, 5 deuteranomalous and 4 protanomalous trichromats
from the pool of the first stage completing this part of the experiment. There were two conditions
with a total of four sessions: with Vino and with EnChroma Receptor filters. Otherwise, the
design remained the same as before. The order of the filters and of the sessions was randomized,
and all were conducted at the same time of the day of the first stage for each observer. An
exception was made for the four participants previously mentioned, who now had their sessions
later (5 or 6 p.m.) to comply with the required adaptation period for this stage of the experiment.
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Fig. 5. Stimuli sequence in a trial. The adapting illuminant lasted for 1.5 s, followed by spectrum 

1 and spectrum 2, each lasting 0.5 s. Between each stimulus, there was a dark inter-stimulus 
(ISI) interval also of 0.5 s. Spectra 1 and 2 were selected randomly from individual pixels of 

the scenes tested. The task of the observer was to decide if the colors of the objects illuminated 

with the two spectra were the same or different.  

  

Fig. 5. Stimuli sequence in a trial. The adapting illuminant lasted for 1.5 s, followed by
spectrum 1 and spectrum 2, each lasting 0.5 s. Between each stimulus, there was a dark
inter-stimulus (ISI) interval also of 0.5 s. Spectra 1 and 2 were selected randomly from
individual pixels of the scenes tested. The task of the observer was to decide if the colors of
the objects illuminated with the two spectra were the same or different.

2.6. Computation of cone and post-receptoral signals

To estimate how the filters affect post-receptoral signals, we computed medium-to-long-wavelength
difference signals for two independent random samples of 5000 radiance spectra from the two
scenes tested. The spectral radiance R(x, y; λ) from each sample, located at each point x, y in the
image at wavelength λ, was obtained by multiplying the spectral reflectance function γ(x, y; λ) at
each x, y location obtained from hyperspectral imaging by the spectrum I(λ) of the adapting
illuminant, as represented in Fig. 2:

R(x, y, λ) = I(λ)γ(x, y; λ). (1)

For each cone class, k cone signals qk(x, y) were obtained by integration using the corre-
sponding cone spectral sensitivities sk(λ)

qk = ∫
720 nm
400 nm R(x, y, λ) sk(λ)dλ. (2)

To simulate normal observer responses, we used the Stockman and Sharpe cone spectral
sensitivities [6]. To simulate a range of deuteranomalous observers, we shifted the L photopigment
spectra by 2, 4, 6, 8 and 10 nm along a normalized wavenumber scale. To simulate a range
of protanomalous, we similarly shifted the M photopigment spectra by 2, 4 and 6 nm [8].
Self-screening, and filtering by the macular pigment and the lens were taken into account using
the methodology of Stockman and Sharpe [55], and the optical density data from Stockman and
colleagues [56]. This procedure produces a plausible range of spectral sensitivities because these
are relatively invariant under these transformations [57,58].

Cones were then assumed to be adapted to the illuminant I(λ) by applying a von Kries scaling
[59] by the cone signals from the illuminant qI

k. This scaling is often used to model adaptation at
the photoreceptor level [28,60] but does not incorporate any post-receptoral adaptation. Thus,
the scaled cone signals were

q′
k =

qk

qI
k
. (3)

For the conditions with filters, I(λ) was replaced by I(λ)f (λ), where f (λ) is the spectral
transmittance of each filter. Difference signals were computed with and without filters.

3. Results

3.1. Experiment

Figure 6 summarizes the discrimination by normal and anomalous trichromatic observers in the
first stage of the experiment, without adaptation. Two main performance parameters are shown:
the discrimination index d´ and the computed discrimination rate assuming that observers all have
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the same criterion. The index d´ [61] is a measure of discrimination that is relatively unaffected
by the criterion of each observer or observer bias towards responding “same” or “different”. It
corresponds to the separation, expressed in units of standard deviation, between the means of
the two distributions underlying “same” and “different” internal representations. These two
distributions summarize responses to the same stimuli and to different stimuli. Here, d´ was
computed assuming a 1AFC, with a differencing model of a same-different task [54,62]. Extreme
false alarm rates of zero were replaced by 0.5/n where n is the number of control (noise) trials
[63]. Then, d´ values were inverted to express discrimination performance in a more familiar
way, i.e. the pairs of spectra discriminated if all observers had the same criterion.
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Fig. 6. Discrimination without adaptation to the filters (first stage of the experiment). Error bars 
represent standard deviations across observers. (a) Mean discrimination index d′ computed for 

a 1AFC, same-different task by the differencing model [54]. (b) Mean fraction of pairs of 

discriminable colors derived from d′, assuming that all observers have the same criterion. Data 
based on 1,760 trials for each observer (13 normal, 9 deuteranomalous, and 4 protanomalous 

trichromats). 

  

Fig. 6. Discrimination without adaptation to the filters (first stage of the experiment).
Error bars represent standard deviations across observers. (a) Mean discrimination index d′
computed for a 1AFC, same-different task by the differencing model [54]. (b) Mean fraction
of pairs of discriminable colors derived from d′, assuming that all observers have the same
criterion. Data based on 1,760 trials for each observer (13 normal, 9 deuteranomalous and 4
protanomalous trichromats).

Average false alarm rates for the rural scene were 12% and 15% for normal and anomalous
observers, respectively. For the urban scene, they were 10% and 11% for normal and anomalous
observers, respectively. The discrimination computed assuming the same criterion was about 64%
for normal trichromats, and 64% and 46% for deuteranomalous and protanomalous trichromats,
respectively. Thus, only protanomalous trichromats show impairment in discrimination. Repeated-
measures ANOVA carried out on the discrimination rates with the same criterion showed no
significant effect of the filters for normal trichromats (F3,36 = 2.58, p= 0.07), for deuteranomalous
trichromats (F3,24 = 1.43, p= 0.26), and for protanomalous trichromats (F3, 9 = 0.56, p= 0.60).

Figure 7 represents data in the same format as Fig. 6 for seventeen observers, 8 normal, 5
deuteranomalous and 4 protanomalous trichromats (all naïve), without filters (data from the first
stage) and with filters after 8 hours of use (second stage). Repeated-measures ANOVA carried
out on discrimination rates assuming the same criterion showed no significant effect of filters for
normal trichromats (F2, 14 = 3.01, p= 0.08) or for anomalous trichromats (F2,16= 2.06, p= 0.16).

3.2. Post-receptoral signals

Figure 8 shows the standard deviations of the distributions of post-receptoral medium-to-long-
wavelength difference signals for each spectral separation, with and without filters. For simulated
deuteranomalous observers, the filters induced an effective separation between the difference
signals shown by larger standard deviations. For protanomalous observers, the effect occurs only
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Fig. 7. Discrimination without filters (from the first experimental stage) and after an 8-hour 

adaptation period with filters Vino® and EnChroma® Receptor (second experimental stage) for 
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Fig. 7. Discrimination without filters (from the first experimental stage) and after an
8-hour adaptation period with filters Vino and EnChroma Receptor (second experimental
stage) for the 17 observers who completed the study (8 normal, 5 deuteranomalous and 4
protanomalous trichromats). Error bars represent standard deviations across observers. (a)
Mean discrimination index d′ computed for a 1AFC, same-different task by the differencing
model [54]. (b) Mean fraction of pairs of discriminable colors derived from d′, assuming
that all observers have the same criterion. Data included 1,320 trials for each observer (440
without filters from the first stage, and 880 with both filters in the second stage).

for the Vino filter. The perceptual consequence of this separation could be an increase in the
perceived saturation of the corresponding colors.
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Fig. 8. Standard deviations of the distributions of post-receptoral medium-to-long-wavelength 
difference signals for each spectral separation (in nm) with and without filters for simulated 

deuteranomalous (a) and protanomalous (b) observers. 

  

Fig. 8. Standard deviations of the distributions of post-receptoral medium-to-long-
wavelength difference signals for each spectral separation (in nm) with and without filters
for simulated deuteranomalous (a) and protanomalous (b) observers.

What was tested here, however, was the discrimination between pairs of surfaces and this is
driven by some form of contrast between signals. Contrast has been used in many conditions,
e.g., for quantifying conspicuity [64] and color and luminance edges in natural scenes [65,66].
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There is not, however, a standard way to compute contrast. Inspired by measures of contrast for
colored edges in natural scenes [66], we computed a contrast measure as follows. Let S1 and S2
be the medium-to-long-wavelength difference signals from two sample surfaces. The contrast C
was computed as

C =
|S1 − S2 |

max(|S1 |, |S2 |)
. (4)

This formulation of contrast measures a relative variation avoiding artifacts due to small
values in the denominator. Figure 9 shows the mean contrast of post-receptoral medium-to-long-
wavelength difference signals for each spectral separation, with and without filters. The increase
in contrast with filters is at most a few percent, which may explain the neutral effects of the filters
on discrimination performance.
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Fig. 9. Mean contrast of post-receptoral medium-to-long-wavelength difference signals for
each spectral separation (in nm) with and without filters for simulated deuteranomalous (a)
and protanomalous (b) observers.

4. Conclusions

The first conclusion is that anomalous trichromats seem to show little impairment in discriminating
randomly selected colors from natural scenes. This is consistent with data obtained with a similar
experimental paradigm for dichromats [31]. Due to ecological physics [25,67], the colors of
natural scenes are mainly distributed along the yellow-blue axis [28,68,69]. This might help the
discrimination of certain pairs of colors by both dichromats and anomalous trichromats. Estimates
based on optimal color volumes suggest a much larger impairment [70] but those computations
assume that all object colors occur with equal probability, which is not the case in nature. It
should be noted that stimuli in the experiments were not constrained; thus, discrimination can
rely on chromatic channels as well as the achromatic one.

The second conclusion is that neither EnChroma nor Vino filters improve discrimination for
the sample of anomalous observers tested with the current paradigm. This is consistent with
previous studies that showed no improvement in several standard color vision tests [44–46,71].
Even after an 8-hour adaptation period, the performance of the anomalous observers did not
improve. Longer adaptation periods may, however, produce different results [49].

Two important comments should be added. What was assessed in this study was the average
discrimination in the tested scenes, and the filters may improve discrimination for some specific
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pairs of colors or specific color directions. Also, apart from trying to improve discrimination,
there may be other reasons for anomalous trichromats to use these filters. For example, they may
prefer the modified color appearance that the filters give to objects.

More generally, the experimental methodology used here has several advantages in relation
to laboratory tests reported previously. It allows natural colors to be tested without the gamut
constraints of RGB monitors, does not require any assumptions about the cone spectral sensitivities
of anomalous trichromats, and eliminates contextual cues which may influence color deficient
observers [72]. Strictly, this notion of naturalness applies only to the spectral reflectance data as
the laboratory setup does not reproduce the natural visual environment.

The computations of post-receptoral medium-to-long-wavelength difference signals show that
the filters may indeed have an enhancing effect on their amplitude but their contrast changes only
a few percent, a result which is broadly consistent with limited theoretical gains derived from
information theory [73].

In summary, the data presented here do not support the effectiveness of EnChroma or Vino
filters for improving discrimination by anomalous trichromats of randomly selected colors from
natural scenes, at least during or after one-day’s adaptation.
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