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Figure 1E. Compared to normal trichromats, the reduced spec-
tral separation on average attenuates the peak-to-trough signal
to 41% and 25% of the normal, respectively, in protanomalous
and deuteranomalous individuals. It might be expected that
this signal loss would reduce perceived color differences along
a post-receptoral L-M axis [14–16]. Evidence that the perceptual
compression along an L-M axis is less than predicted has been
proposed to be due to neural recalibration that generates
compensatory post-receptoral gain amplification [9, 16–18], a
hypothesis that is also supported by the steeper rise of the
anomalous chromatic response curves in Figure 1C.

The proposition that by modifying the spectral distribution of
light reaching the photoreceptors, color filters could affect
chromatic discrimination and color perception, has had a
long history. Maxwell [1] proposed the possibility of improving
color discrimination with red and green filters placed over the
eyes of a dichromat who entirely lacked M or L cones, but
this approach has been shown to be of limited efficacy [19].
Even though such methods cannot lead to normal color vision,
it might be thought that anomalous trichromacy would be more
amenable to improvements with filtering by spectral reshaping

of the three present classes of cone sensitivities. Broad-band
filters may, indeed, help individuals with M- or L-cone defi-
ciencies to defeat standard color vision tests by modifying
the test illuminant. However, this does not imply that they
improve color vision [5, 6]. In theory, a notch filter can achieve
this.
We tested the long-term effects of wearing a commercial

notch filter (EnChroma!), henceforth referred to as the test filter,
on contrast response. The absorption spectra for indoor and out-
door versions of the filter are shown in Figure 1F. Participants
(classified as described in STAR Methods) were male volunteers
(8 anomalous and 2 normal trichromats) invited to wear glasses
with either of the two notch filters shown. One of the anomalous
trichromats was given a neutral density filter having approxi-
mately the same overall light attenuation as the indoor test filter.
Observers kept a diary and reported estimated daily usage of the
glasses (mean = 7.7 h/day, SD = 3.61). The participants mostly
preferred the indoor version because they worked indoors and
because some of the testing occurred during the worst wildfire
in California history (known as the Camp Fire). Although it was
about 100 km from the lab, the air was smoke filled, and the

Figure 1. Experimental Design, Typical Results and Theoretical Analysis
(A) An ordered triplet of Gabor patterns varying in chromatic contrast from anMLDS trial. Observers fixated the cross and indicated which of the lower two stimuli

was most similar to the standard on top. In separate sessions, the procedure was repeated using Gabor patterns varying in luminance contrast.

(B) Difference scale estimates from one normal trichromatic observer for luminance Gabor patterns. The results are means (±95% conf. int.) from 4 sessions,

repeated on 2 separate days. The solid curve is theMichaelis-Mentenmodel fit to the points by nonlinear least-squares; the parameters of the fit are shown by the

inset.

(C) Average curves for normal (black), protanomalous (red), and deuteranomalous (green) trichromats. Solid curves denote response along a luminance (L+M)

axis and dashed for chromatic (L!M) modulation (replotted from [9]) (also, see Figure S1). Contrast is specified, here and elsewhere in this article, as the nominal

value with respect to the maximum attainable on the display.

(D) Spectral sensitivity of normal S, M, and L cones. M’ and L’ indicate sensitivity curves of anomalous observers (based on [4]). These estimates are for average

observers, but polymorphisms result in individual differences in peak separation for both normal and anomalous trichromats [10–12].

(E) Difference spectra modeled for normal (L – M) and anomalous trichromats (Protan: M’ – M; Deutan: L – L’) with weights adjusted for a null response from an

equal-energy light.

(F) Optical density (- log10 transmission) plotted against wavelength for commercial filters designed to increase the differential stimulation of M and L cones. The

dotted curve shows the spectral density of the control neutral density filter.
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Predicted loss in chromatic strength from increased spectral sensitivity overlap

Increased spectral overlap predicts increased shift in R/G in Rayleigh match and

    decreased sensitivity to chromatic differences.



Supplemental Material

Fig S1. Rayleigh match mid-points and ranges for observers excluding dichromats. Deuteranomalous (Da) and extreme deuteranomalous 
observers (eDa) are represented by small and large green circles respectively. Protanomalous (Pa) and extreme protanomalous (ePa) observers 
are represented by small and large red squares respectively. Gray diamonds depict normal observers. The figure exhibits the typically large 
individual differences observed in all sub-populations. 

The online supplement (https://osf.io/at598/) includes (1) surface reflectance functions for caps in the FM-100 

Hue test, measured in-house; (2) transmission spectra of the outdoor EnChroma glasses, measured in-house; (3) 

MATLAB code for the ideal observer analysis and for scoring the FM-100 Hue test; (4) reproducible MATLAB 

analysis scripts of the behavioral data.

C. Pattie, S. Aston & G. Jordan (2022) Optics Express Hurvich, 1972

Lack of correlation between anomaloscope midpoint match and range of acceptance



pGain <- 4.4
dGain <- 5.34
par(mfrow = c(1, 2), pty = "s")
plot(Contrast, SSmicmen(Contrast - c0, Rm, sigma), type = "l",

ylab = "Contrast Response", main = "Linear Contrast Scale")
lines(pContrast, SSmicmen(pContrast - c0/palpha, Rm, sigma/(pGain * palpha)),

col = "red", lwd = 2)
lines(dContrast, SSmicmen(dContrast - c0/dalpha, Rm, sigma/(dGain * dalpha)),

col = "green", lwd = 2)
plot(Contrast, SSmicmen(Contrast - c0, Rm, sigma), type = "l", log = "x",

ylab = "Contrast Response", main = "Log Contrast Scale")
lines(pContrast, SSmicmen(pContrast - c0/palpha, Rm, sigma/(pGain * palpha)),

col = "red", lwd = 2)
lines(dContrast, SSmicmen(dContrast - c0/dalpha, Rm, sigma/(dGain * dalpha)),

col = "green", lwd = 2)
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These anomalous curves now show the steepness of the curves in the data but the Rm values
are too high, with the protan values even exceeding the normal at high contrasts. So, there
must be some additional factor reducing the Rm value, possibly the Rm value depending
on the contrast gain. Could the steep increase in gain, lead to an early saturation, like in
M-cells?
c0 <- 0.077
sigma <- 0.155
Rm <- 7.57
Rmp <- 4.39
Rmd <- 3.68
palpha <- 0.41 # protanomalous amplitude reduction
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dContrast <- seq(c0/dalpha, 1, len = 100)
par(mfrow = c(1, 2), pty = "s")
plot(Contrast, SSmicmen(Contrast - c0, Rm, sigma), type = "l",

ylab = "Contrast Response", main = "Linear Contrast Scale")
lines(pContrast, SSmicmen(pContrast - c0/palpha, Rm, sigma/palpha),

col = "red", lwd = 2)
lines(dContrast, SSmicmen(dContrast - c0/dalpha, Rm, sigma/dalpha),

col = "green", lwd = 2)
#abline(h = Rm/2, col = "grey")
plot(Contrast, SSmicmen(Contrast - c0, Rm, sigma), type = "l", log = "x",

ylab = "Contrast Response", main = "Log Contrast Scale")
lines(pContrast, SSmicmen(pContrast - c0/palpha, Rm, sigma/palpha),

col = "red", lwd = 2)
lines(dContrast, SSmicmen(dContrast - c0/dalpha, Rm, sigma/dalpha),

col = "green", lwd = 2)
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#abline(h = Rm/2, col = "grey")

The curves are plotted on linear contrast on the left and log scaled contrast on the right.
Throughout, red will be used for the protan curves and green for the deutans. The value of
Rm is unchanged but the anomalous curves finish lower because they are shifted by factor –
without change of shape which also makes them rise less steeply on the linear axis. This is
not obvious on the log axis though. The semi-saturation constants of the anomalous curves
are 0.566 and 0.928. This compares with the values measured on the data of 0.086 and 0.116,
respectively. To attain the values observed in the data, the pigment shift gain reductions
would have to be increased by a factor of 4.4 and 5.34, respectively.
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α

Reduced spectral overlap, translates

  the contrast response function (on log axis)

  so that the range of outputs is reduced.

MacLeod (2003) proposed that 

  the visual system of anomalous observers

  would compensate by increasing gain

  so as to map inputs to the full range of outputs

Concept of allostasis (Sterling & Eyer, 1988, based on earlier ideas of Laughlin, 1981) 
  proposes that sensory systems would predictively modify gain in the presence 
  of reduced input range to map the output to the full neural response range. 



Boehm, A. E., MacLeod, D. I. A., & Bosten, J. M. (2014). 
Compensation for red-green contrast loss in 
anomalous trichromats. J Vis, 14(13):19, 1–17 

other anomalous subjects have color-difference ratios
that are within the normal range.

Association with settings on anomaloscope

We correlated color-difference ratios calculated from
two-dimensional MDS solutions for individual subjects
with mean match and matching range from the
anomaloscope. Correlations were nonsignificant for
deuteranomals (q¼ 0.43, p¼ 0.25 for mean match; q¼
0.42, p ¼ 0.27 for matching range) but in the expected
direction (smaller color-difference ratios were associ-
ated with larger matching ranges and more extreme
mean matches). For protanomals, the correlation
between mean match and color-difference ratio was q¼
1, but this was nonsignificant (p¼ 0.08) owing to our
small sample size (N¼ 4 because we were unable to fit

ellipses to the data from one subject). The correlation
between matching range and color-difference ratio for
protanomals was q ¼ 0.

Comparison between results of 4AFC and
results of MDS

Figure 6 shows the mean sensitivity ratios of
deuteranomals and protanomals as percentages of the
mean ratio of normal trichromats in the 4AFC task and
mean color-difference ratios as a percentage of normal
for the MDS task.

Protanomals tend to have worse red-green discrim-
ination compared to deuteranomals overall, which
likely results from the fact that protanomals, on
average, have a higher degree of spectral overlap
between their long wavelength–sensitive cones (Neitz &
Neitz, 2011). Although our data do not show a
significant difference between the thresholds of deu-
teranomals and protanomals, this is likely because of
the low statistical power resulting from our small
sample of protanomals. Our data reflect a lower mean
sensitivity for protanomals than for deuteranomals and
a larger factor of compression along the red-green axis
of their MDS-reconstructed perceptual color space.

We used data from individual subjects to look for an
association between performance at threshold and
color appearance. We correlated sensitivity ratios
calculated for individuals in the forced-choice discrim-
ination task with the equivalent color-difference ratios
extracted from individual two-dimensional MDS solu-
tions. For deuteranomals, Spearman’s q was 0.62. This
was nonsignificant (p ¼ 0.086), but we had limited
power to detect a correlation of medium size due to our
small sample of nine. The correlation of 0.62 was in the

Figure 6. Percentage of normal mean sensitivity ratio for
deuteranomals and protanomals in the 4AFC task (light gray
bars) and percentage of normal mean color difference ratio for
deuteranomals and protanomals in the MDS task (dark gray
bars). Error bars are bootstrapped 95% CIs.

Figure 5. Two-dimensional MDS solutions for individual subjects.
Where ellipses could be fit to the positions of the eight stimuli
of a particular saturation, they are shown in white. Mean color
difference ratios (averaged across three fitted ellipses) are given
below each panel. The order (left to right) of subjects within
each group is the same as in Figure 3.

Journal of Vision (2014) 14(13):19, 1–17 Boehm, MacLeod, & Bosten 9

Anomalous trichromats show reduced 
  chromatic sensitivity at threshold, but
  this is not reflected in supra-threshold
  color appearance as estimated using
  multi-dimensional scaling.  They suggested
  an adaptive adjustment of post-receptoral gain.

Empirical evidence for compensation in anomalous
  trichromats from several studies:
  Regan & Mollon (1997), Boehm et al. (2014, 2021), 
  Knoblauch et al. (2020), Lindsey et al. (2021),
   Vanston et al. (2021), Tregillus et al. (2021).



Maximum Likelihood Difference Scaling (MLDS)

Given a physical scale,                      choose an ordered triad (a, b, c);
  judge whether the perceived difference is least between (a, b) or (b, c).

{�1, · · · ,�n},

Is the upper stimulus more similar
  to the bottom one on the left or the right?

Figure 1E. Compared to normal trichromats, the reduced spec-
tral separation on average attenuates the peak-to-trough signal
to 41% and 25% of the normal, respectively, in protanomalous
and deuteranomalous individuals. It might be expected that
this signal loss would reduce perceived color differences along
a post-receptoral L-M axis [14–16]. Evidence that the perceptual
compression along an L-M axis is less than predicted has been
proposed to be due to neural recalibration that generates
compensatory post-receptoral gain amplification [9, 16–18], a
hypothesis that is also supported by the steeper rise of the
anomalous chromatic response curves in Figure 1C.

The proposition that by modifying the spectral distribution of
light reaching the photoreceptors, color filters could affect
chromatic discrimination and color perception, has had a
long history. Maxwell [1] proposed the possibility of improving
color discrimination with red and green filters placed over the
eyes of a dichromat who entirely lacked M or L cones, but
this approach has been shown to be of limited efficacy [19].
Even though such methods cannot lead to normal color vision,
it might be thought that anomalous trichromacy would be more
amenable to improvements with filtering by spectral reshaping

of the three present classes of cone sensitivities. Broad-band
filters may, indeed, help individuals with M- or L-cone defi-
ciencies to defeat standard color vision tests by modifying
the test illuminant. However, this does not imply that they
improve color vision [5, 6]. In theory, a notch filter can achieve
this.
We tested the long-term effects of wearing a commercial

notch filter (EnChroma!), henceforth referred to as the test filter,
on contrast response. The absorption spectra for indoor and out-
door versions of the filter are shown in Figure 1F. Participants
(classified as described in STAR Methods) were male volunteers
(8 anomalous and 2 normal trichromats) invited to wear glasses
with either of the two notch filters shown. One of the anomalous
trichromats was given a neutral density filter having approxi-
mately the same overall light attenuation as the indoor test filter.
Observers kept a diary and reported estimated daily usage of the
glasses (mean = 7.7 h/day, SD = 3.61). The participants mostly
preferred the indoor version because they worked indoors and
because some of the testing occurred during the worst wildfire
in California history (known as the Camp Fire). Although it was
about 100 km from the lab, the air was smoke filled, and the

Figure 1. Experimental Design, Typical Results and Theoretical Analysis
(A) An ordered triplet of Gabor patterns varying in chromatic contrast from anMLDS trial. Observers fixated the cross and indicated which of the lower two stimuli

was most similar to the standard on top. In separate sessions, the procedure was repeated using Gabor patterns varying in luminance contrast.

(B) Difference scale estimates from one normal trichromatic observer for luminance Gabor patterns. The results are means (±95% conf. int.) from 4 sessions,

repeated on 2 separate days. The solid curve is theMichaelis-Mentenmodel fit to the points by nonlinear least-squares; the parameters of the fit are shown by the

inset.

(C) Average curves for normal (black), protanomalous (red), and deuteranomalous (green) trichromats. Solid curves denote response along a luminance (L+M)

axis and dashed for chromatic (L!M) modulation (replotted from [9]) (also, see Figure S1). Contrast is specified, here and elsewhere in this article, as the nominal

value with respect to the maximum attainable on the display.

(D) Spectral sensitivity of normal S, M, and L cones. M’ and L’ indicate sensitivity curves of anomalous observers (based on [4]). These estimates are for average

observers, but polymorphisms result in individual differences in peak separation for both normal and anomalous trichromats [10–12].

(E) Difference spectra modeled for normal (L – M) and anomalous trichromats (Protan: M’ – M; Deutan: L – L’) with weights adjusted for a null response from an

equal-energy light.

(F) Optical density (- log10 transmission) plotted against wavelength for commercial filters designed to increase the differential stimulation of M and L cones. The

dotted curve shows the spectral density of the control neutral density filter.
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(Maloney & Yang, 2003, J Vis)

Perceptual Scale estimated 

  from a signal detection model

  by maximum likelihood

Decision rule:

Choose left stimulus if ,
otherwise choose right stimulus

Δabc > 0
a

b

c

Δabc = (ψb − ψa) − (ψc − ψb) + ϵ

ϵ ∼ N(0, σ2)

= 2ψb − ψa − ψc + ϵ,

(ψ
)

Michaelis-Menten function



Luminance L - M

9 normal trichromats
9 protanomalous trichromats
9 deuteranomalous trichromats

Pre-tests:  anomaloscope, Cambridge tri-vector test, 
               HRR test, Farnsworth F2 plate, Panel D-15
               Estimate of minimum perceptible contrast along both dimensions
Subjects tested 4 sessions with 6 runs/session,  
9 contrasts which gives 84 triads/run, about 5 minutes.

Stimuli: Horizontal Gabor patches: 
4 deg diameter (±2σ);  spatial frequency: 1 c/deg; duration 0.5 sec.; 
2.8 deg eccentricity from fixation cross.

DKL color space

4∘

±2σ

2.8∘

1 c/deg
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Fig. 5. CRDSs estimated by MLDS measured along the luminance (filled symbols) and L–M (unfilled symbols) axes in color space. The top row
(a)–(c) shows data from individual normal (N1), protanomalous (P4), and deuteranomalous (D1) observers, plotted in nominal contrast units. The
bottom row (d)–(f ) shows the same data from the respective observers replotted as a function of cone contrast. The abscissa values are logarithmically
spaced on all graphs. The solid curves are Michaelis–Menten functions best-fit by nonlinear least squares. The error bars are 95% confidence intervals.

(c, f ) observers. The results from observers classified with
the same type of color vision were qualitatively similar and
are displayed in Fig. 11 and Supplementary Figs. S1–S3 (all
supplementary figures and tables referred to in this paper can
be downloaded from https://www.sbri.fr/sites/default/files/
supplementary.pdf). Response scales for luminance contrast
stimuli are indicated as filled points and L–M as unfilled points
in Fig. 5. The points indicate averages of data collected from
sessions on the same day. The curves are the nonlinear least-
squares Michaelis–Menten fits, which describe the data well in
all conditions. The estimated parameters to reproduce each of
the individual curves are provided in Supplementary Tables S1–
S2, for data collected for contrasts along the luminance and
L–M axes, respectively. Standard errors indicated below and
in the supplementary tables were obtained from the variance–
covariance matrix at the maximum likelihood. To perform
the fits, the data from different days were shifted vertically to
minimize the vertical distances between datasets, as such a
transformation has no effect on the predicted responses. The
shifts required were always small, less than 1% of the response
range. On the top row, the data are plotted in nominal contrast
with a value of 1.0 corresponding to the maximum output
of the display. The estimated minimal contrasts, c 0, for the
two anomalous observers are slightly higher than the value for
the normal along the luminance axis (N: 0.008; P: 0.016; D:
0.023), but much higher than the normal along the L–M axis
(N: 0.037; P: 0.121; D: 0.351). The estimated luminance Rm
values (±1 standard error) were similar for the three observers

(N : 10.5 ± 0.53; P : 10.4 ± 0.35; D : 11.9 ± 0.49), but the
L–M values were systematically lower for the anomalous
observers (N : 6.9 ± 0.42; P : 4.7 ± 0.14; D : 3.4 ± 0.16).

For anomalous observers, the initial branch of the curves
appears to rise more steeply to an asymptotic value than for
the normal observers along the L–M axis, as shown by the esti-
mates of g 0 (N : �1.93 ± 0.127; P : �0.59 ± 0.039; D :
�0.24 ± 0.028). It is less obvious from the graphs, but for these
two observers, g 0 is also higher along the luminance axis (N :
�3.34 ± 0.122; P : �1.95 ± 0.094; D : �1.73 ± 0.104).
The maximum obtainable L–M cone values for an average
observer of each color vision type (see Section 2.B) were used
to rescale the L–M contrasts in the bottom row of graphs. In
cone contrast units, all observers responded to the L–M gratings
at lower cone contrasts than to the luminance gratings [36].
However, with the adjustment to cone contrasts, the c 0 values
along the L–M axis for all three groups of observers converged
toward similar values.

A. Minimal Perceived Contrast Estimates

Figure 6(a) shows the c 0 values in nominal contrast for the
three classes of observer along both axes tested. To homog-
enize the variance, a two-way analysis of variance (ANOVA)
was performed on log(c 0), with factors color vision type
and color axis tested. The interaction was significant
[F(4, 48) = 8.175, p ⌧ 0.001], indicating that the relative
dependence of c 0 on the color vision type differed between

L + M
L - M

Knoblauch, Brennan-Marsh & Werner (2020) J Opt Soc Am A
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Fig. 6. (a) Individual estimates of the minimally perceived contrast, c 0 in nominal contrast units for normal (N), protanomalous (P), and deuter-
anomalous (D) observers along luminance and L–M axes. The open triangles on the L–M plot for protan and deutan observers correspond to the
increase of the mean normal c 0 value expected from the reduced separation of the cone spectral sensitivities. (b) Individual estimates of c 0 adjusted in
units of cone contrast for the three classes of observer and both axes of color space.

the two axes tested (Supplementary Table S3). Examination
of the model coefficients provided no evidence of differences
between anomalous and normal observers along the lumi-
nance axis [P versus N : t(48) = 0.22, p = 0.83; D versus
N : t(48) = �0.09, p = 0.93], but strong evidence for a differ-
ence along the L–M axis [P versus N: t(48) = 4.4, p ⌧ 0.001;
D versus N : t(48) = 5.37, p ⌧ 0.001] (Supplementary Table
S4). The open triangles plotted with the anomalous data in the
L–M plot indicate the expected reduction in sensitivity with
respect to the mean normal c 0 value due to the relative peak-to-
trough reduction of the L–M functions because of the reduced
spectral separation of the photopigments [Fig. 1(b)].

When the c 0 values are expressed as cone contrasts [Fig. 6(b)],
however, the L–M values no longer differ among groups, as
indicated by a one-way ANOVA [F(2, 24) = 1.5, p = 0.24]
(Supplementary Table S5). We did not re-analyze the luminance
values because these are unchanged in terms of cone contrasts.
Note, however, that the chromatic values are lower than the
luminance values. The results support the hypothesis that at the
level of cone contrasts, all observers require similar neural signals
to perceive a minimal chromatic contrast [37]. Equation (1)
suggests that uncertainty in c 0 could be attributed, at least in
part, to individual variability in photopigment spectra.

B. Group Analyses of Contrast Response

We fit the Michaelis–Menten function to the data of all observ-
ers using a nonlinear mixed-effects model [35], as specified in
Eq. (7). Equation (6) was used as the fixed-effect component.
An observer-dependent random effect was attributed to both
Rm and g 0, each assumed to be normally distributed with its own
variance term. The constant c 0 was not estimated, and the indi-
vidual values were used. Analyzing the data from luminance and
L–M directions together revealed inhomogeneity in variance
across the two conditions. Therefore, the data from each axis
were analyzed separately.

The most complex models’ fit included different vari-
ance components for each color vision type (Supplementary
Tables S6–S7 and S20–S21). Simpler models in which the three
color vision types shared a common variance term were then fit
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Fig. 7. (a) Population estimates from nonlinear mixed-effects
model for luminance CRDS of normal (solid black), protanoma-
lous (solid grey), and deuteranomalous (dashed black) observers.
(b) Population estimates from nonlinear mixed-effects model for L–M
CRDS in nominal contrast units for the three classes of observers using
the same color coding as in (a).

(Supplementary Tables S8–S9 and S22–S23). Likelihood ratio
tests did not support significant differences between the models
[Luminance: �2(18) = 7.54, p = 0.99; L–M: �2(18) = 18.78,
p = 0.41] (Supplementary Tables S10 and S24), so we continue
with the simpler models.

Figure 7(a) shows the fixed effect or population esti-
mates for the CRDSs of the luminance axis for the three
observer classes. The upper asymptote is similar for nor-
mal and protanomalous observers but is slightly elevated for
the deuteranomalous observers [Fig. 8(a), Supplementary

Research Article Vol. 37, No. 4 / April 2020 / Journal of the Optical Society of America A A139

(a) (b)

M
in

im
um

 P
er

ce
iv

ed
 C

on
e 

C
on

tr
as

t

0.00

0.02

0.04

0.06

N P D

LuminanceLuminance

N P D

L - ML - M

M
in

im
um

 P
er

ce
iv

ed
 C

on
tr

as
t (

c 0
)

0.0

0.1

0.2

0.3

0.4

N P D

LuminanceLuminance

N P D

L - ML - M

Fig. 6. (a) Individual estimates of the minimally perceived contrast, c 0 in nominal contrast units for normal (N), protanomalous (P), and deuter-
anomalous (D) observers along luminance and L–M axes. The open triangles on the L–M plot for protan and deutan observers correspond to the
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the two axes tested (Supplementary Table S3). Examination
of the model coefficients provided no evidence of differences
between anomalous and normal observers along the lumi-
nance axis [P versus N : t(48) = 0.22, p = 0.83; D versus
N : t(48) = �0.09, p = 0.93], but strong evidence for a differ-
ence along the L–M axis [P versus N: t(48) = 4.4, p ⌧ 0.001;
D versus N : t(48) = 5.37, p ⌧ 0.001] (Supplementary Table
S4). The open triangles plotted with the anomalous data in the
L–M plot indicate the expected reduction in sensitivity with
respect to the mean normal c 0 value due to the relative peak-to-
trough reduction of the L–M functions because of the reduced
spectral separation of the photopigments [Fig. 1(b)].

When the c 0 values are expressed as cone contrasts [Fig. 6(b)],
however, the L–M values no longer differ among groups, as
indicated by a one-way ANOVA [F(2, 24) = 1.5, p = 0.24]
(Supplementary Table S5). We did not re-analyze the luminance
values because these are unchanged in terms of cone contrasts.
Note, however, that the chromatic values are lower than the
luminance values. The results support the hypothesis that at the
level of cone contrasts, all observers require similar neural signals
to perceive a minimal chromatic contrast [37]. Equation (1)
suggests that uncertainty in c 0 could be attributed, at least in
part, to individual variability in photopigment spectra.

B. Group Analyses of Contrast Response

We fit the Michaelis–Menten function to the data of all observ-
ers using a nonlinear mixed-effects model [35], as specified in
Eq. (7). Equation (6) was used as the fixed-effect component.
An observer-dependent random effect was attributed to both
Rm and g 0, each assumed to be normally distributed with its own
variance term. The constant c 0 was not estimated, and the indi-
vidual values were used. Analyzing the data from luminance and
L–M directions together revealed inhomogeneity in variance
across the two conditions. Therefore, the data from each axis
were analyzed separately.

The most complex models’ fit included different vari-
ance components for each color vision type (Supplementary
Tables S6–S7 and S20–S21). Simpler models in which the three
color vision types shared a common variance term were then fit
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Fig. 7. (a) Population estimates from nonlinear mixed-effects
model for luminance CRDS of normal (solid black), protanoma-
lous (solid grey), and deuteranomalous (dashed black) observers.
(b) Population estimates from nonlinear mixed-effects model for L–M
CRDS in nominal contrast units for the three classes of observers using
the same color coding as in (a).

(Supplementary Tables S8–S9 and S22–S23). Likelihood ratio
tests did not support significant differences between the models
[Luminance: �2(18) = 7.54, p = 0.99; L–M: �2(18) = 18.78,
p = 0.41] (Supplementary Tables S10 and S24), so we continue
with the simpler models.

Figure 7(a) shows the fixed effect or population esti-
mates for the CRDSs of the luminance axis for the three
observer classes. The upper asymptote is similar for nor-
mal and protanomalous observers but is slightly elevated for
the deuteranomalous observers [Fig. 8(a), Supplementary

MLDS contrast appearance curves based on average parameter estimates

Knoblauch, Brennan-Marsh & Werner (2020) J Opt Soc Am A



A140 Vol. 37, No. 4 / April 2020 / Journal of the Optical Society of America A Research Article

Rmax

Normal

Protan

Deutan

2 4 6 8 10

Luminance

2 4 6 8 10
L  M

log(g)

Normal

Protan

Deutan

2.5 1.5 0.5

Luminance

2.5 1.5 0.5
L  M

(a)

(b)
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(b) Population mean and 95% confidence intervals of the log contrast
gain, g 0, for normal and anomalous trichromatic observers for CRDSs
measured along the luminance and L–M axes.

Table S8]. A likelihood ratio test, however, comparing mod-
els in which Rm could vary among the three groups with the
nested model in which Rm was constrained to be the same
across groups, yielded no evidence for a significant difference
[�2(2) = 1.23, p = 0.54] (Supplementary Table S13). The
anomalous curves appear to rise a little more steeply, sug-
gesting a higher contrast gain for luminance contrasts for these
observers [Fig. 8(b), Supplementary Table S8]. A nested like-
lihood ratio test, in which the nested model fixed g 0 across
groups, provided no evidence for a difference among the values
[�2(2) = 2.58, p = 0.276] (Supplementary Table S16). A
test on the individual values did not support the hypothesis
that the anomalous values differed from the normal [P versus
N : t(429) = 1.40, p = 0.164; D versus N : t(429) = 1.46,
p = 0.146] (Supplementary Table S11).

Figure 7(b) shows the population curves for the L–M axis in
nominal contrast units. The curves for the anomalous observ-
ers asymptote at lower values [Fig. 8(a)] and rise more steeply
[Fig. 8(b)] than the normal curve (Supplementary Table S22).
Nested likelihood ratio tests confirmed the differences both for
Rm [�2(2) = 31.99, p ⌧ 0.001] (Supplementary Table S27)
and for g 0 [�2(2) = 24.34, p ⌧ 0.001] (Supplementary
Table S30). The differences in contrast gain along the L–M
axis cannot be accounted for by the expression of the contrasts
in nominal units as the transformation to cone contrasts only
translates the CRDS curves along the log contrast axis without
changing their shape.
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metric function for luminance contrast detection and MLDS scaling
operate. The psychometric function (dashed curve and left ordinate
values) is a Weibull function, 1 � exp(�( c
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)�), with threshold ↵

based on an estimation of the threshold of a 1 c/deg luminance Gabor
function from the ModelFest dataset [38] with � = 3. The MLDS
function (solid curve and right ordinate values) represents the normal
population luminance CRDS replotted from Fig. 7(a).

4. DISCUSSION

A. MLDS

We have demonstrated that MLDS is an effective method
for obtaining estimates of the change in appearance of Gabor
patterns over a contrast range not accessible with threshold
measures of contrast sensitivity. Figure 9 shows a psychomet-
ric function for luminance contrast detection (dashed curve)
based on the ModelFest dataset [38] for estimating threshold
of a Gabor stimulus at 1 c/deg using a Weibull function. The
solid curve replots the normal luminance MLDS population
curve from Fig. 7(a). It is notable that there is no stimulus range
overlap between the increasing sections of each function. The
psychometric function yields information at low contrast values
over a four-fold range, whereas the MLDS curve yields informa-
tion over suprathreshold contrast values spanning a thirty-fold
range.

The method that we describe is efficient. For nine contrast
levels, as used here, an experienced observer can typically com-
plete the 84-triad session in 2–3 min with data that yield a
relatively accurate estimation of the curve. Naive observers
require practice sessions to understand the task and stabilize
their criteria, and they generally require longer to complete a
session. In both cases, repeated sessions lead to more precise
estimates of the curve shape and the fitted parameters.

Contrast response can also be estimated with pedestal exper-
iments. These require estimating a discrimination threshold at
each contrast level tested, and the underlying response function
is indirectly estimated based on the hypothesis that the size of
the discrimination threshold is inversely proportional to the
underlying response. Such estimates have yielded a slightly
more complex functional form to describe the contrast response
function in which each term in the numerator and the denom-
inator of the Michaelis–Menten function is raised to a positive
exponent [39]. This yields an accelerating response function
at low contrasts and a compressive one at high. We found that
we could fit our data well, assuming that such an exponent is
equal to unity. The suprathreshold levels at which MLDS is

R(c) = Rm
g(c − c0/α)

g(c − 2(c0/α)) + c0/α
   -  Contrast
   -  Contrast response
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Contrast gain is steeper in anomalous observers,

  but the response scales asymptote at lower values

  than the normal curve, thus, apparently not

  achieving the aim of mapping input to the full

  range of neural responses.


Perhaps, noise can account for the maximum

  response decrease.


Intuitively, the gain would amplify the noise 

   as well as the contrast signal.
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We considered including a noise at the level of contrast encoding. 

Such noise can be introduced as either an additive or 
  multiplicative term:

R(c) = Rm
g(c + ϵ − c0/α)

g(c + ϵ − 2(c0/α)) + c0/α

ϵ ∼ N(0, σ2)

R(c) = Rm
g(cγ − c0/α)

g(cγ − 2(c0/α)) + c0/α

Additive Gaussian Noise Multiplicative Gamma Noise

γ ∼ Gamma(s, s)
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γ ∼ Gamma(s, s)
The Gamma distribution has shape parameter, ,
  and rate parameter, .
Mean:  ;  Variance:  .

By fixing , we obtain a family of Gamma
  distributions with mean =  and 
  variance = .

We used a randomly distributed value, , 
  to multiply contrast, , on each simulated trial.

s
r

μ = s/r σ2 = s/r2

s = r
1

1/r = 1/s
γ

c

γ ∼ Gamma(s, s)

f(x; s, r) = rs

Γ(s) xs−1e−xrGamma density:

R(c) = Rm
g(cγ − c0/α)

g(cγ − 2(c0/α)) + c0/α



Simulation Procedure

    Ca      Cb      Cc  

             . . .

 0.358 0.194 0.142

 0.142 0.194 0.487

 0.662 0.194 0.142

 0.142 0.194 0.900

 0.358 0.263 0.142

            . . .

3) if  choose , else choose , coded as choices 0 and 1, respectively.

4) Repeat for next trial. 

5) When all trials completed, estimate scale values with MLDS procedure.

Δabc > 0, a c

2) Calculate decision variable using the 3 noise-perturbed responses:

1) Choose contrasts,  for trial and calculate noise-perturbed response for each.(ca, cb, cc)

R(c) = Rm
g(cγ − c0/α)

g(cγ − 2(c0/α)) + c0/α
γ ∼ Gamma(s, s)

Δabc = 2 R(cb) − R(ca) − R(cc)



Simulation:
9 contrasts (for each observer), 20 MLDS runs of 84 triads each, repeated 100 times

True response function:

:     7.467 (all observers)
Noise variance ( ):  0.021 (all observers)
Spectral shift ( ):     Normal  0.077
                                   Protan   0.191
                                   Deutan  0.255

Gain ( ):  Normal   0.346
                Protan     0.768
                Deutan    0.764

Rm
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R(c) = Rm
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γ ∼ Gamma(s, s)
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With a fixed multiplicative noise applied at the level of contrast encoding,
     and all other parameters equal, increasing the contrast gain, , both: 
  i)  increases steepness of the estimated perceptual response and
  ii) reduces apparent maximum response level 
        (preventing use of full response range).
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Noise limits the extent to which natural mechanisms of compensation 
can enhance chromatic contrast response in anomalous trichromacy 
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Fig. 1. Top: relative sensitivity of the Smith–Pokorny S and
M cones plotted (dotted and solid curves, respectively) as a func-
tion of wavelength in nanometers. Middle: measured trans-
mission of a Wratten (Wr) 25 filter (solid curve) worn over the
left eye (OS) and a combination of Wratten 15 and Wratten 99
filters (dotted curve) worn over the right eye (OD) plotted as a
function of wavelength. Bottom: relative spectral sensitivity
of OD (dashed curve) and OS (solid curve) for a protanope when
the filters used for the middle panel are placed over each eye.

in which the S cones are active, the possibility exists
that with a different choice of filter the dichromat could
have, between the two eyes, either three or four differ-
ent cone sensitivities. In honor of the two individuals
who first proposed this strategy, we refer to the poten-
tial increase in dimension of discrimination by differential
filtering of the two eyes as the Maxwell–Cornsweet con-
jecture. Such an arrangement need not improve dis-
crimination, however, because if the signals from the two
eyes simply summate centrally no increase in dimension-
ality will result.

This idea was exploited commercially with the introduc-
tion of the X-chrom lens,9 a red contact lens designed to

be worn monocularly and prescribed to ameliorate dis-
crimination losses suffered by color-deficient individu-
als. Validation of the efficacy of this approach, however,
has been contentious.10 Although the X-chrom lens does
allow some color-defective individuals to identify pseudo-
isochromatic figures, no improvement in performance on
color ordering or identification tests has been found.11

Although these results accord with Maxwell’s sentiment
that the color-defective observer will not acquire new sen-
sations from this arrangement, little research has been
done to quantify what actual improvement (if any) oc-
curs. In the present study we sought to measure directly
the effects of differential color filtering of the two eyes on
the dimensionality of discrimination in dichromatic ob-
servers. As we were interested mainly in the effects of
binocular filtering on chromatic discrimination and less
in the question of what is the best filter for ameliorating
dichromatic vision, we restricted stimuli to the Rayleigh
region of the spectrum, where sex-linked dichromats are
normally monochromatic, thus simplifying the analyses.

2. METHODS
A. Apparatus and Calibration
All the stimuli were generated on an Electrohome color
display controlled by three 12-bit digital-to-analog con-
verters (Data Translation) from a PC-XT computer run-
ning at 8 MHz. The screen was masked except for a
disk-shaped region in the center, which subtended 1 deg
at the viewing distance of 2 m. A piece of black mask-
ing tape subtending approximately 6 min of visual angle
was placed in the center of the field to aid fixation and
binocular fusion.

Calibrations of the display were performed with a spec-
troradiometer and a luminance meter (EG&G) and were
checked periodically with a hand-held luminance meter
(Minolta CS-100). The CIE chromaticity coordinates of
the guns were B (0.161, 0.072); G (0.255, 0.610); R (0.606,
0.356). The luminance–voltage relation, calibrated for
each gun individually, was linearized by means of soft-
ware lookup tables.

The spectral transmission curves of Wratten filter com-
binations used in this study were calibrated with a spec-
troradiometer in situ.

B. Subjects
Two protanopes (the authors, ages 21 and 40) served as
the principal subjects. In addition, data were collected
from one deuteranopic observer (age 41) and two tri-
chromatic observers (one normal and one deutan, ages 23
and 30, respectively). The protanopes’ dichromacy had
been extensively verified previously in several laborato-
ries. The diagnoses of the deutans were determined by
anomaloscopy. The trichromacy of the deuteranomalous
and the normal observers was verified in their discrimi-
nation data, collected over the course of the experiment.
The acuity of each subject was at least 20/20, corrected
if necessary. All the subjects gave informed consent be-
fore participating in the study.

C. Stimulus and Procedures
Dichromatic observers viewed the display through goggles
that differentially passed long- and middle-wavelength
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regions to each eye. In the monocular conditions an
opaque patch was placed over one eye of the goggles.
Trichromatic observers viewed the display monocularly
without filters. At the start of an experimental session
observers dark adapted for 5 min; this period was fol-
lowed by 5 min of light adaptation to the unmodulated test
stimulus.

In the first two experiments the R and the G guns of
the display were modulated sinusoidally either in phase or
in counterphase at a temporal frequency of 1.5 Hz about
a fixed value �x � 0.32, y � 0.32,Y � 100 cd⇥m2⇤. The
luminance of the B gun was held constant. Using a but-
ton box that allowed the amplitude to be increased or de-
creased by steps of 0.1 log unit, observers adjusted the
amplitude of the modulation to a level at which they
could just detect the temporal variation of the stimu-
lus. They did this for each of 12 (or 10, for the normal
trichromat) R⇥G luminance ratios. The ratios were pre-
sented in random order, with each one being repeated
five times in a single session. Observers participated in
several preliminary sessions, which served to familiar-
ize them with the task and to stabilize their threshold
criteria.

3. RESULTS

A. Experiment 1
In pilot studies we found that, if the unmodulated stimu-
lus presented binocularly did not appear to be approxi-
mately of the same color and same brightness to the two
eyes, the observers had great difficulty fusing the images.
With the filter configuration illustrated in Fig. 1, the un-
modulated images of each eye appeared yellowish and
approximately of the same brightness to the protanopic
observers in this study.

Figure 2 shows the mean threshold settings and stan-
dard deviations of the luminance amplitudes of the R and
the G components of the sine-wave-modulated stimulus
plotted against each other for monocular viewing by each
eye (left-hand and middle panels) and for binocular view-
ing (right-hand panels) from two protanopes. The stimu-
lus was modulated symmetrically about the mean level, so
that the peak and the trough of the threshold amplitude
are plotted as symmetric points about the origin. In this
representation in-phase modulations of the two guns are
plotted in quadrants I and III, and counterphase modula-
tions appear in quadrants II and IV.

Fig. 2. Color-mixture thresholds for two protanopes plotted as circles in terms of the luminance amplitudes in candelas per
square meter of the R and the G display primaries. Error bars, 61 standard deviation. The left-hand and the middle panels
show thresholds obtained under monocular conditions with each of the color filters from Fig. 1 in place. The right-hand
panels show the color-mixture thresholds obtained with binocular (OU) viewing. The solid curves and the dashed lines fit-
ted to the data are described in the text. Note the differences in scaling of the axes between observers and conditions.
Obs, observer.
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ND (Indoor)

What are the long-term effects of wearing contrast-enhancing (notch) filters?



Specific Methods

Spontaneous comments were recorded.

7 Anomalous Subjects Wore EnChroma® Glasses for ~ 12 days
  2 Protanamolous
  5 Deuteranaomalous
1 Protanomalous Observer Wore ND Glasses as a Control

2 Normal Trichromats Wore EnChroma Glasses as a Control 

All Testing was Performed Without the Glasses.

8 Anomalous Trichromats and 2 Normal Trichromats

Separate tests for Luminance and L - M Modulation;  Days 0, 2,  4 and ~11-12.



Day 4:  “I don’t notice any changes in vision, but will wear the glasses anyway.”

N6 with EnChroma glasses
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Day 15:  “Certain that there is no change in color vision, but maybe it’s because of all the smoke.”
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Day 2:  “The fall leaves seem super vibrant…. I look at them while driving.” 

Day 11:  “Not sure but believe I am seeing clothing colors (at work …) that I didn’t see before.”

D4 with EnChroma glasses
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predicts a change of the log gain of 0.231. Given our previous
demonstration of a linear relation between log gain and Rm [9],
this predicts a change in response gain of 26%, which is about
half of the change shown in Figure 3. Considering the uncertainty
in these values, however, we cannot exclude the possibility that
a small compensatory change in contrast gain drives an increase
in response gain. Taken together, along with the fact that all
testing was performed without the test filter, these findings
demonstrate increases in L-M response over time for anomalous
trichromats from extended wearing of the test glasses.

The results show an increase in the maximum response to
chromatic contrast in anomalous trichromats following long-
term usage of spectrally selective filters that effectively reduce
the overlap in stimulation of their two long-wave cone sensitiv-
ities. This is a neural effect that may lend itself to adaptation in
visual therapies, not just for color vision, but perhaps for other
visual modalities as well. Given that MLDS yields a measure of
the strength of appearance, the results suggest that the ob-
servers’ experience of color intensity or saturation will have
increased. This effect would not be possible with broadband
filters. It is unclear how long the improvement lasts, but the ev-
idence shows that the effect persists without the filters.
Indeed, no participant arrived at the lab wearing the glasses,
and we emphasize that all testing was performed without the
glasses.

Previous proposals that the anomalous visual systemadjusts its
chromatic gain to match the range of chromaticities encountered

in theworld [18, 20] have received some empirical support [17, 19,
21]. While we recently reported higher chromatic contrast gain in
anomalous observers [9], the results here demonstrate that the
mechanism controlling chromatic response gain also displays
plasticity when exposed to an enhanced chromatic environment.
Thus, the current results align more closely with changes in lumi-
nance contrast discrimination obtained from long-term filtering of
contrast [22] that could be described solely by a change in
response gain. While the sensitivity improvements reported in
this previous study resulted from extended exposure to contrast
reduction, paradoxically, the increased response gain reported
here is found subsequent to long-term exposure to contrast
enhancement. This apparent contradiction suggests an alternate
explanation based on a perceptual learning mechanism. In spite
of evidence supporting gain amplification at low contrasts, anom-
alous trichromats display a lower maximum response to chro-
matic contrast [9], indicating an attenuated chromatic response
system. The contrast response enhancements generated by the
filters may have led the observers to become more aware of
weak perceptual signals and, thus, to have learned to be more
attentive to them. Under this hypothesis, the increased chromatic
response gain might persist indefinitely. Indeed, intensive behav-
ioral training methods have been reported to improve vision in
amblyopia and stereoblindness via perceptual learning mecha-
nisms [23, 24]. In the current study, however, the increases in
contrast response remarkably resulted from only passive usage
of the filters.
More than 160 years ago, James Clerk Maxwell tested

whether red and green lenses could help a dichromat discrimi-
nate colors by binocular color mixtures. He was hoping that
‘‘the mental processes may become so familiar . as to act un-
consciously like a new sense,’’ ([1], p. 287) causing lasting
improvement in color vision. This study tested anomalous tri-
chromats who may indeed experience sustained improvements
in their color vision. In this regard, the comment of a deuteranom-
alous observer is telling when he reported, ‘‘I now see that my
girlfriend’s brown hair has hints of red.; I now notice it even
without wearing the glasses.’’
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Figure 3. Change in Maximum Chromatic Response over Time
Average (±1 SEM) relative increase in maximum chromatic contrast response

for all anomalous trichromats (black points) plotted against days wearing the

test glasses. These data were fitted with an exponential function fðdÞ= R0 +

kð1 # expð# d =tÞÞ, where R0 is the observer’s response on day 0, and k and t

are parameters estimated by a nonlinearmixed-effects model. The curve is the

population response. The time constant, t, indicates the day at which the

change reached 63% of its maximum and was estimated at 8.5 days. Normal

trichromats (blue, error bars indicate range) wearing the test glasses showed

no evidence of change over time (linear regression: slope = 4e-4, t(5) = #0.12,
p = 0.92), and their data are fitted with a horizontal line. A protanomalous

control (green) wearing neutral density glasses showed no evidence of change

over time (linear regression: slope =#0.008, t(2), p = 0.14); the fitted function is

a horizontal line at the mean value. Results for controls in Figure S3.
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Anomalous observers display a relative
increase (~71%) in   for L-M contrasts, 
subsequent to prolonged use of 
contrast-enhancing notch-filters (EnChroma®)

Rm

Controls

Anomalous
(N = 7)

Placebo
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Fig. 2: Immediate and long-term enhancement in cone specific VEPs [4] 
with CCLs. 
 

 
 

Results are shown for a subject with moderate deuteranomalous (green cone) 
CVD. The left panel shows Day 1 (baseline) nearly flat mean VEP to 75 artifact-
free pattern onsets of a stimulus which selectively stimulates green cones. The 
middle panel shows results from the same subject on Day 1 while wearing the 
CCLs: note the well-defined normal green-cone VEP characterized by an early 
negative wave followed by a positive peak. The right panel shows the VEP from 
the same subject after wearing the CCLs for 11 days, 2.72 h/day). Albeit delayed 
compared to the middle panel, note the substantial gain in amplitude compared 
to baseline suggesting neuro-adaptive changes. Similar VEP changes were 
observed in several subjects.  

Study limitations include lack of controls (e.g., CVD response to neutral filters 
with same luminance transmission as CCLs), but one color-vision normal 
showed no change in color test outcomes and two showed no VEP changes 
with CCLs. While the CCLs surely modified stimulus chromaticity and 
luminance [2], the cone specific CVD improvements substantiate potential 
application of CCL notch filters for CVD. 

Immediate threshold (CS) and suprathreshold improvements (naming, VEPs) 
can ensue in CVDs with CCLs. Extended wear improved outcomes even 
without CCLs suggesting neuro-adaptive changes [2]. fMRI shows CVD defects 
in lower cortex with neural compensation at higher levels [5]. Hence changes 
reported herein may reflect top-down perceptual learning from higher to 
lower cortex. 

  

Results from Rabin et al. (Eye, 2022) confirm
  this phenomenon, using VEPs and cone
  contrast sensitivities.

2 
 

With CCLs CVDs showed immediate increase in cone CS for letters 

corresponding to defective cone types (mean improvement: 26, 95% CI: 7–
45, P = 0.01; 80% improved with CCLs, P = 0.01, Fig. 1a). Color naming also 

improved with CCLs (mean improvement: 22, 95% CI: 6–38, P = 0.006; 70% 
improved with CCLs, P = 0.006, Fig. 1b). After 12 days of CCL wear, cone CS 

and color naming for defective cone types improved without wearing the 
CCLs (mean CS improvement: 15, 95% CI: 8–21, P < 0.001, 85% improved 

without CCLs, P < 0.001, Fig. 1a; mean naming improvement: 19, 95% CI: 7–
31, P = 0.004; 70% improved without CCLs, P < 0.001, Fig. 1b). Figure 2 shows 

VEPs from a green CVD at baseline without and with CCLs and 11 days later 

without CCLs. VEPs were minimal without CCLs but showed large amplitudes 

with CCLs and 11 days later without CCLs. 

Fig. 1: Cone contrast sensitivity (CS) [3] and color naming accuracy in 
color vision deficient (CVD) subjects. 
 

 
 
a Mean (±1 SE, n = 13) cone CS for the defective cone type is shown for Day 1 
without and with color correcting lenses (CCLs) showing an immediate 

improvement. Day 12 shows long term improvement in CS without wearing the 

CCLs suggesting neuro-adaptive enhancement. b Results comparable to those 

shown in a are shown for color naming. While results are clear, the text 

appropriately reports results of parametric and non-parametric within subject 

comparisons which use appropriate error bars and parameters for paired 

analyses.  

  

Rabin et al. (2022) Eye,  1-2;
https://doi.org/10.1038/s41433-021-01924-0



These findings might be considered paradoxical, since one might expect that 
  exposure to enhanced chromatic contrasts would lead to an adaptive reduction of
  chromatic response (e.g., Ilic et al., 2022*).  This led us initially to suggest that the
  phenomenon reflects a form of perceptual learning (Werner et al., 2020).

Our new results, showing that increasing contrast gain 
  in the presence of an early multiplicative noise reduces 
  the estimated response gain, suggests an alternative explanation.

Hypothesis:
Exposure to the enhanced contrasts does
  result in an adaptive reduction of
  contrast gain.   The reduced contrast gain
  then multiplies the noise less, leading to
  an increase in the estimated response gain, .Rm

* Ivana Ilic, Kassandra R. Lee, Yoko Mizokami, Lorne Whitehead, 
and Michael A. Webster, "Adapting to an enhanced color gamut – 
implications for color vision and color deficiencies," Opt. Express 
30, 20999-21015 (2022) data replotted from Knoblauch et al., 2020
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Artificially boosting the salience of chromatic contrasts will 
  increase chromatic contrast gain adaptation,  
  which may reduce discrimination,  
  but will amplify noise less  
  and lead to an enhanced range of perceived chromatic contrasts 
  (at least, temporarily).

Noise limits the extent to which natural mechanisms of compensation 
can enhance chromatic contrast response in anomalous trichromacy 
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experience a similar impairment of discrimination by saturated pedes-
tals, and whether their discrimination performance supports the hy-
pothesis of post-receptoral neural compensation (see Lutze, Pokorny, 
and Smith (2006) for a related hypothesis about achromatic contrast 
discrimination in people with color vision deficiency). 

The simplest possible scenario that we consider for the relation be-
tween normal and anomalous trichromats is that the post-receptoral 
organization of the visual system of anomalous observers is 
completely normal, without any neural compensation to remedy the 
deficit associated with the pigment swap (different photopigments from 
those of normal trichromats). On this Zero Compensation model, the 
anomalous trichromat’s pigment swap reduces the effective chromatic 
contrast signaled by long- and middle-wave sensitive cones by the same 
factor for pedestal and test stimuli alike. A pedestal with high chromatic 
contrast that saturates a color contrast encoding neuron in the normal 
trichromat may therefore fail to saturate it in the anomalous observer. 
For the anomalous observer, therefore, the pedestal-evoked increases in 
discrimination threshold expressed in the V profile will be reduced, and 
the V slope will be made correspondingly shallower. The discrimination 
deficit associated with anomalous trichromacy will accordingly be 
reduced, or—intriguingly—perhaps even disappear or be reversed, 
when discrimination is assessed on red or green pedestals. 

The precise forms of the functions relating saturation increment 
threshold to pedestal saturation depend on (i) the presence, absence or 
degree of post-receptoral compensation, but also on (ii) whether the 
neural noise that limits performance occurs early, before the compres-
sive nonlinearity in the representation of saturation and before post- 
receptoral compensation, or late, after the compressive nonlinearity 
and post-receptoral compensation. We incorporate these different con-
siderations into various models (see “Models”) that predict the different 
forms of the “V” curves given these different considerations, and 
consider these predictions in relation to the results. 

2. Methods 

2.1. Participants 

Participants were 7 normal trichromats, 5 deuteranomals, and 2 
protanomals. All participants with abnormal color vision were males. Of 
those with normal color vision, 4 were males and 3 were females. 
Normal color vision was confirmed with an anomaloscope. 

Anomalous participants were recruited following screening using an 
anomaloscope of approximately 350 undergraduate students at the 
University of California, San Diego. Extreme anomalous trichromats 
(where the matching range includes the normal match) were excluded. 

The anomalous participants that participated in this study also partici-
pated in the experiments of Boehm et al. (2014). All participants were 
undergraduate volunteers at UC San Diego or lab members. Volunteers 
were compensated at a rate of ten dollars per hour. Participants gave 
written informed consent for their participation. The study was 
approved by the UC San Diego Human Research Protections IRB and 
adhered to the principles of the Declaration of Helsinki at the time the 
study was conducted. 

3. Equipment 

The anomaloscope was a two-channel optical system. Participants 
matched two halves of a bipartite field by adjusting the relative mixture 
of red and green primaries presented on a DreamColor LP2480ZX 
(Hewlett Packard, Palo Alto, CA) until it appeared identical to a 
monochromatic 588 nm light. Spectra for the three anomaloscope pri-
maries are shown in Fig. 1(a). The anomaloscope used for participant 
screening in the present study is described in greater detail in Boehm 
et al. (2014). 

Experiments were run using MATLAB 2007a. Stimuli were presented 
on a Diamond Pro 2070SB monitor (Mitsubishi, Tokyo, Japan). The 
gamma functions of the monitor were linearized using a photometer 
(United Detector Technologies, Hawthorne, CA) and color calibration 
was done with a PR650 spectroradiometer (Photo Research, Inc., 
Chatsworth, CA). A Visual Stimulus Generator (VSG) 2/4 graphics card 
(Cambridge Research Systems, Rochester, UK) was used to generate 
experimental stimuli. Participants indicated their responses to stimuli 
with a Cambridge Research Systems CT3 Response Box. 

4. Stimulus 

Fig. 1b shows the spatial layout of the stimulus. The stimulus was a 
set of four sectors from an annulus with inner radius 0.85◦ and outer 
radius 2.1◦, presented against an equal-energy grey background. The 
sectors and the gaps between them each comprised an eighth of the 
annular area, with the width of each sector spanning 1.27◦ of visual 
angle (the distance between the inner and outer radii of the annulus). 
There was a central black fixation dot. 

Because perceptual isoluminance varies among individuals and 
especially for anomalous trichromats, we determined the relative in-
tensities of the red, green and blue phosphors needed to achieve 
perceptual isoluminance for each participant using the minimum motion 
task (see Anstis & Cavanagh, 1983) available in Pyschtoolbox3 (PTB-3: 
Brainard, 1997; Pelli, 1997; Kleiner, Brainard, & Pelli, 2007). 

As a color metric we used the MacLeod and Boynton (1979) 

Fig. 1. Stimuli for the anomaloscope (a) and 
pedestal discrimination task (b, c). The left panel (a) 
shows the radiance spectra of the anomaloscope 
green (dashed), orange (solid), and red (dashed- 
dotted) primaries. The center panel (b) shows the 
spatial layout of the four-sector stimulus used in the 
4-AFC discrimination task. The right panel (c) shows 
the coordinates of the pedestal stimuli in MacLeod- 
Boynton chromaticity space for green and red ped-
estals (filled squares), and the white pedestal (open 
square). Dotted lines are the cardinal axes of the 
MacLeod-Boynton chromaticity diagram. Line marks 
along the L/(L + M) axis denote the range of iso-
luminant test chomaticities within the display gamut 
after adjusting the stimulus luminance for each 
individual.   

A.E. Boehm et al.                                                                                                                                                                                                                               

Boehm, Bosten & MacLeod (2021) Vision Research
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plot(Ncont, MPC["Normal", "LM"] + NThresh, type = "l", log = "xy", lwd = 3,
ylim = c(0.075, 4),
xlab = "Pedestal Contrast", ylab = "Relative Threshold",
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lines(Dcont, MPC["Deutan", "LM"] + DThresh, lwd = 3, col = "green")
abline(v = 5 * MPC["Normal", "LM"], col = "grey", lwd = 2)
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Then, the thresholds are plotted for no background and a pedestal contrast of about 0.4,

assuming symmetry for the red and green pedestals.

x <- 0.35
Ndis <- PedThresh(x, LM["Normal", "Rm"], 0.346, 0.077)
Pdis <- PedThresh(x, LM["Protan", "Rm"], 0.768, 0.191)
Ddis <- PedThresh(x, LM["Deutan", "Rm"], 0.764, 0.255)
DisThr <- c(N = Ndis, P = Pdis, D = Ddis)

par(pty = "s")
plot(1:3, c(Nth.sp(0.387) - Nth.sp(MPC["Normal", "LM"]) +

MPC["Normal", "LM"], MPC["Normal", "LM"],
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Nth.sp(0.387) - Nth.sp(MPC["Normal", "LM"]) +
MPC["Normal", "LM"])),

type = "b", lwd = 2,
# ylim = c(0.07, 0.7),

ylim = c(-1.2, -0.1),
log = "", pch = 16, xlim = c(0.75, 3.25),
xlab = "", ylab = "Log Relative Threshold", axes = FALSE)

axis(1, 1:3, labels = c("Green", "No Bkgd", "Red"))
#axis(2, c(0.05, 0.1, 0.2, 0.5))
axis(2, seq(-1.2, -0.2, 0.2))
box()
lines(1:3, log10(c((Pth.sp(0.387) - Pth.sp(MPC["Protan", "LM"])) +

MPC["Protan", "LM"], MPC["Protan", "LM"],
(Pth.sp(0.387) - Pth.sp(MPC["Protan", "LM"])) +
MPC["Protan", "LM"])),

type = "b", col = "red", pch = 16, lwd = 2)
lines(1:3, log10(c((Dth.sp(0.387) - Dth.sp(MPC["Deutan", "LM"])) +

MPC["Deutan", "LM"],
MPC["Deutan", "LM"],
(Dth.sp(0.387) - Dth.sp(MPC["Deutan", "LM"])) +

MPC["Deutan", "LM"])),
type = "b", col = "green", pch = 16, lwd = 2)

legend(0.75, -0.05, c("Normal", "Protan", "Deutan"),
col = c("black", "red", "green"),
lwd = 2, bty = "n")
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InvRespGr <- function(x, Rm, g, c0){
.expr1 <- Rm * g
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Qualitative comparison of MLDS scales and discrimination
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Laughlin (1981) Zeitschrift für Naturforschung 

Coding Strategy for maximizing a neuron’s information capacity
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Image cone contrast data provided by Jenny Bosten 

Comparison of cone contrast distributions

   with contrast response functions.

Image cone contrast 

distribution

Normal 

Protanomalous

Deuteranomalous

Chromatic contrast scales



Artificially boosting the salience of chromatic contrasts will 
  increase chromatic contrast gain adaptation,  
  which may reduce discrimination,  
  but will amplify noise less  
  and lead to an enhanced range of perceived chromatic contrasts 
  (at least, temporarily).

Noise limits the extent to which natural mechanisms of compensation 
can enhance chromatic contrast response in anomalous trichromacy 

Qualitative evidence that the chromatic contrast response functions 
  of normal and anomalous trichromats are optimized for their  
  distributions of natural contrasts. 



The results have implications for how to model the perception of 
anomalous color observers, i.e., taking into account both the 

differences in contrast and response gain as well as the reduced 
efficiency from spectral shift.

The results may have broader implications in understanding 
how environmental and cultural factors might lead 

to cross-cultural differences in color categorization.



Thank you
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