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Abstract

Deuteranomalous trichromacy, which affects medium-wavelength-sensitive cones, is more common than
protanomalous trichromacy, which affects long-wavelength-sensitive cones. The aim of the present work was to test
the extent to which these two kinds of anomalous trichromacy affect surface-color judgments in the natural world.
Simulations of 18 natural scenes under different daylight illuminants were presented on a high-resolution color
monitor to 7 deuteranomalous, 7 protanomalous, and 12 normal trichromatic observers, who had to discriminate
between reflectance and illuminant changes in the images. Observers’ ability to judge surface color was quantified
by a standard color-constancy index. Deuteranomalous trichromats performed as well as normal trichromats, but
protanomalous trichromats performed more poorly than both. The results are considered in relation to the spectral
coverage of cones, rod intrusion, and the characterization of anomalous trichromacy by the Rayleigh match.
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Introduction

There is a persistently high proportion of congenital red-green
color deficiency in the human male population. Deuteranomalous
trichromacy, affecting medium-wavelength-sensitive cones, is the
most common form (about 6-7%), whereas protanomalous trichro-
macy, affecting long-wavelength-sensitive cones, is as rare as
deuteranopic and protanopic dichromacy (each about 1%: Wright,
1946; Pokorny et al., 1979; Sharpe et al., 1999). Red-green color-
vision deficiency is usually screened and classified according to
specific clinical tests (Birch, 2001), such as the Ishihara pseudo-
isochromatic plates and Rayleigh anomaloscopy with narrow-band
spectral lights. These tests, however, give a constrained description
of the color vision of individuals, and it is not known whether
congenital color-vision deficiencies, particularly anomalous tri-
chromacy, significantly affect judgments of surface colors in the
real world.

Such judgments have to take into account the fact that naturally
occurring surfaces are rarely seen in isolation and that the real
world introduces an additional problem: the color of the light
reflected from surfaces in a scene varies with the color of the light
illuminating it. A variety of studies have shown that normal
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trichromats can make reliable surface-color judgments under dif-
ferent illuminants with images of colored Mondrian-like patterns
(e.g. Arend et al., 1991; Foster et al., 2001) and images of natural
scenes (Foster et al., 2006) presented on a color monitor. Such
color constancy is also found with tableaux of three-dimensional
geometric objects (e.g. Kraft & Brainard, 1999; de Almeida et al.,
2004).

Red-green dichromats, that is, protanopes and deuteranopes,
are able to judge surface colors (Foster et al., 1997) and surface
whiteness (Riittiger et al., 2001) with Mondrian patterns under
different illuminants, but their performance is more variable than
that of normal trichromats. Dichromats’ performance is lower if
the illuminant and material changes are in a direction approxi-
mately orthogonal to the daylight locus rather than along the
daylight locus (Foster & Linnell, 1995; Amano et al., 2003). The
performance of protanopes may be poorer than that of deuteran-
opes, but their judgments improve with Mondrian patterns of
natural spectra (Baraas et al., 2004) drawn at random from a range
of hyperspectral images of urban and rural scenes (Nascimento
et al., 2002), rather than from the usual Munsell spectra (Munsell
Color Corporation, 1976).

Although Mondrian patterns of natural spectra are more rele-
vant to real-world judgments, their sampling density and spatial
arrangement clearly differ from those found in natural scenes. To
address the question of the extent to which anomalous trichromacy
affects surface-color judgments in the real world, a psychophysical
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experiment was performed in which protanomalous trichromats,
deuteranomalous trichromats, and, as a control, normal trichromats
made discriminations between images of a variety of natural
scenes under different illuminants.

An operational approach to measuring color constancy was
used (Craven & Foster, 1992) in which the observer judged
whether a particular test surface in the images, a gray or colored
sphere or some other surface, changed in its reflecting properties
during an illuminant change. Deuteranomalous trichromats per-
formed as well as normal trichromats, but protanomalous trichro-
mats were worse. A control experiment was performed with normal
trichromats to test whether detection of spectral-reflectance changes
was possible under dark-adapted conditions, when detection was
mediated by rods (Simunovic et al., 2001). Performance fell to
chance levels.

The results are briefly considered in relation to the effects of
rod activity and the characterization of anomalous trichromacy by
the Rayleigh match.

Materials and methods

Stimuli

Stimuli were images of natural scenes drawn from the main
vegetated and nonvegetated land-cover classes (UNESCO, 1973;
Federal Geographic Data Committee, 1997),variously containing
trees, shrubs, grasses, ferns, flowers, rocks, and buildings. Each
included a sphere covered in matte gray paint or other surfaces in
the field of view that were colored to provide the experimental test
surface. Images of scenes were presented on the screen of a
high-resolution color monitor driven by a 30-bit RGB color-
graphics computer system. The images were generated from hy-
perspectral data, to allow accurate and independent control of
illuminant and reflectance spectra, and were obtained with a
high-resolution hyperspectral imaging system (Foster et al., 2004).
This system was based on a digital camera with a spatial resolution
of 1344 X 1024 pixels (Hamamatsu, model C4742-95-12ER,
Hamamatsu Photonics K.K., Japan) with a fast tuneable liquid-
crystal filter (VariSpec, model VS-VIS2-10-HC-35-SQ, Cam-
bridge Research & Instrumentation, Inc., MA) mounted in front of
the lens, together with an infrared blocking filter. Peak-transmission
wavelength of the filter was varied in 10-nm steps over 400—
720 nm. Further details of the system and its calibration are given
in Foster et al. (2004) and Foster et al. (2006). Color pictures
(reconstructed from reflectance data) of some example scenes are
shown in Fig. 1 of Foster et al. (2006).

The images were viewed binocularly at 100 cm and subtended
approx. 17 deg X 14 deg at the eye. Over scenes, maximum pixel
luminance varied from 8 to 33 ¢d m~2% and minimum pixel lumi-
nance varied from 0 to 1 cd m™2 (actual black level was ap-
proximately 0.004 cd m~2). Ambient room luminance was

approximately 5 cd m™2

Display system and calibration

Stimuli were produced on the screen of a 21-inch RGB cathode ray
tube color monitor (Trinitron Color Graphic Display, model GDM-
F520, Sony Corp., Japan), with spatial resolution 1600 X 1200
pixels, controlled by a color-graphics workstation (Fuel V12,
Silicon Graphics, Inc., CA) whose 10-bit digital-to-analog con-
verters provided an intensity resolution of 1024 levels on each of
the red, green, and blue guns. Each image was limited to 80-85%
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of the displayable area of the screen. A calibrated telespectroradi-
ometer (SpectraColorimeter, PR-650, Photo Research Inc., Chat-
sworth, CA) and photometer (LMT, L1003, Lichtmesstechnik
GmbH, Berlin) were used to monitor and calibrate the display
system. Calibration data included the phosphor coordinates and
voltage-intensity look-up tables for the three guns. The monitor
was allowed 1 h to warm up before use.

Routine monitoring of the display system tested whether errors
in the displayed CIE (x,y,Y) coordinates of a white test patch
were <0.005 in (x,y) and <5% in Y (<10% at low light levels).
Tests of image fidelity used images from the experiments, as
described in Foster et al. (2006). Errors for patches of width >20
pixels were =0.002 in (u',v') coordinates, less than 15% of the
0.015 grid spacing in the (u’,0") plane used to sample observers’
responses (small solid points in graphs of Fig. 1). Since images
were presented sequentially in the same position on the screen,
position-dependent chromatic errors in each pair of images were
the same. Other details of stimulus generation and display are
given in Foster et al. (2006).

A particular technical problem arises in generating stimuli on a
color monitor for anomalous trichromats, as their spectral sensi-
tivities are different from those of normal trichromats. Standard
color-graphics software based on normal tristimulus values cannot
be used in the calculation of phosphor excitations, and color-
matching functions need to be calculated for cone fundamentals
appropriate to the particular group of observers. These calculations
were based on the DeMarco, Pokorny, and Smith average funda-
mentals for the deuteranomalous and protanomalous trichromats
(DeMarco et al., 1992) and on the Smith and Pokorny fundamen-
tals for normal trichromats (Smith & Pokorny, 1975).

Procedure

In each trial, two images were presented in sequence in the same
position, each for 1 s, with no interval. In the first image, the
correlated color temperature of the global illuminant on the scene
was 25,000 K or 4000 K; in the second image, it was 6700 K. The
illuminants were drawn from the daylight locus. The spectral
reflectance of the test surface of the first image was manipulated
independently of the global illuminants: five different initial test-
surface colors (gray, reddish, greenish, bluish, or yellowish) were
tested in five separate blocks. The spectral reflectance of the test
surface in the second image varied randomly from trial to trial.
These manipulations in spectral reflectance were achieved by
replacing the second illuminant (6700 K) on the test surface by a
local illuminant constructed from a linear combination of the
daylight spectral basis functions (Judd et al., 1964) drawn from a
large convex gamut in the CIE 1976 (u’, v’) diagram comprising
65 locations, shown by the small solid points in Fig. 1. (The same
technique was used to produce the different colors of the test
surface in the first image.) Varying the chromaticity of this local
illuminant is closely related to varying the chromaticity of the test
surface, but this parameterization in terms of an illuminant has the
advantage that it is independent of the spectral reflectance of the
test surface. Further details of the stimulus manipulation are given
in Foster et al. (2006).

The size and position of the test surface, which was indicated
to the observer before the trials commenced, varied with the scenes
tested. The different directions of global illuminant change were
tested in separate sessions.

The observer’s task was to decide whether the test surface in
the successive images was the same or different, that is, whether an
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illuminant change or an illuminant change accompanied by a
change in the spectral reflectance of the test surface had occurred
(Craven & Foster, 1992). Responses were made with mouse but-
tons connected to a computer. Observers were allowed to move
their eyes freely. In all, there were 18 scenes each subjected to the
two illuminant changes. Observers performed no less than 325 (5
blocks of 65) trials per scene.

Rod isolation

In the control experiment to explore the possible contribution of
rods, four observers with normal color vision were given light-
tight goggles to wear containing neutral-density filters and were
dark-adapted for 20 min. The transmission of the filters was then
adjusted by the experimenter so that the images under test ap-
peared just achromatic, requiring 2.4-3.2 log units density in the
filters, a setting that proved not to be critical (a further approxi-
mately 1.5 log units density was required to reduce the stimuli to
threshold, indicating the extent of rod dynamic range). No adjust-
ments were made to the color monitor or to the ambient illumina-
tion. A set of five representative scenes was chosen based on their
containing small and large test surfaces, vegetative and nonveg-
etative material, and a range of colors, and eliciting medium-to-
high constancy scores with normal trichromats. Observers then
made discrimination measurements in exactly the same way as in
the light-adapted condition.

Observers

Twenty-six observers, aged 17-32 years, took part in the experi-
ments: 7 protanomalous and 7 deuteranomalous (all male) and, as
controls, 12 normal trichromats (7 female, 5 male) for the illumi-
nant change from 25,000 K to 6700 K and 8 of 12 normal tri-
chromats (5 female, 3 male) for the illuminant change from 4000 K
to 6700 K. The observers were classified with a battery of clinical
color-vision tests: the Farnsworth-Munsell 100-Hue test; Ishihara
pseudoisochromatic plates (24-plates edition, 1964); Rayleigh and
Moreland anomaloscopy and luminance matching (Interzeag Color
Vision meter 712, Schlieren, Switzerland); and the Cambridge
Color test (Regan et al., 1994). Additionally the two-color-threshold
method was used to test whether protanomalous and deuteranoma-
lous observers had distinct functioning II; and IIs mechanisms
(Stiles, 1959). All observers had normal or corrected-to-normal
visual acuity. The experiments were conducted in accordance with
principles embodied in the Declaration of Helsinki (Code of Ethics
of the World Medical Association) and were approved by the
Research Ethics Committee of the University of Manchester. All
observers were unaware of the purpose of the experiment.

Analysis

Two types of analyses were carried out: in the first, the frequency
of “illuminant-change” responses for each individual observer was
pooled across all scenes; in the second, the frequency of “illuminant-
change” responses was pooled across observers within each group
for each scene. In both analyses, the pooled response was plotted
against the chromaticity of the local illuminant in the CIE 1976
(u',v") chromaticity diagram defining the change in spectral re-
flectance of the test surface (Bramwell & Hurlbert, 1996; Foster
et al., 2003). The frequency plots were smoothed by a two-
dimensional nonparametric locally weighted quadratic regression
(“loess™; Cleveland & Devlin, 1988) and contour plots derived as
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shown in Figs. 1 and 2 (cf. Bramwell & Hurlbert, 1996, who used
a two-dimensional Gaussian model). Each contour represents a
constant relative frequency, with differences between contours of
approximately 0.10—0.15. The position of the maximum of each
distribution was obtained numerically from the loess analysis
(shown by the triangles in Figs. 1 and 2). To summarize the error
in the surface-color judgment, that is, the bias, a standard color-
constancy index (Arend et al., 1991) was derived. Thus, if « is the
distance between the positions of the maximum (triangle) and the
6700 K illuminant (circle) and b the distance between the positions
of the 25,000 K or 4000 K illuminant (square) and 6700 K
illuminant, then the constancy index is 1 — a/b. Perfect constancy
corresponds to an index of unity, and perfect inconstancy corre-
sponds to an index of 0. The standard error (SE) of this index was
estimated with a bootstrap procedure, based on 1000 replications,
with resampling over observers (Efron & Tibshirani, 1993).

Results

Fig. 1 shows performance in judging surface color pooled across
all scenes with the global illuminant change from a correlated-
color temperature of 25,000 K to 6700 K (a, ¢, and €), and with the
global illuminant change from 4000 K to 6700 K (b, d, and f), for
three individual observers, one normal trichromat (a) and (b), one
protanomalous trichromat, (c) and (d), and one deuteranomalous
trichromat, (e) and (f), respectively. The daylight locus is shown
by a curve marked L and the protanopic and deuteranopic confu-
sion lines by the straight lines through the position of the second
global illuminant, marked P and D, respectively. Increasing fre-
quencies of “illuminant-change” responses are shown by increas-
ingly dark contours. As indicated earlier, the first and the second
global illuminants are represented in each figure by a square and
circle, respectively; so, if observers’ surface-color judgments were
perfect, yielding a color-constancy index of unity, then the maxi-
mum of the distributions of “illuminant-change” responses, marked
by a triangle, would be centered on the open circle, corresponding
to the second global illuminant (6700 K).

Tables 1 and 2 show the corresponding constancy indices for all
protanomalous and deuteranomalous observers, respectively, with
means and estimated SEs in parentheses. The performance of
protanomalous trichromats was poorer than that of deuteranoma-
lous trichromats with both the illuminant change from 25,000 K
to 6700 K (r = 10.5, d.f. = 17, P < 0.001) and the illuminant
change from 4000 K to 6700 K (z = 2.6, d.f. =17, P < 0.01). The
performance of anomalous trichromats did not differ significantly
across the two illuminant changes.

Fig. 2 shows performance pooled across observers within each
group for one mainly vegetative scene with the illuminant change
from 25,000 K to 6700 K (a, ¢, and €), and with the illuminant
change from 4000 to 6700 K (b, d, and f), for (a) and (b) normal
trichromats, (c¢) and (d) protanomalous trichromats, and (e) and (f)
deuteranomalous trichromats.

Table 3 shows the corresponding mean constancy indices pooled
across observers in each group for all scenes, with estimated SEs
in parentheses. The overall performance of protanomalous trichro-
mats was again poorer than that of normal and deuteranomalous
trichromats, a difference that was significant with the illuminant
change from 25,000 K to 6700 K (r = 6.8, d.f. =17, P < 0.001)
and with the illuminant change from 4000 K to 6700 K (r =
3.0, d.f. = 17, P = 0.004). Performance by deuteranomalous
trichromats was better than that of normal trichromats with the
illuminant change from 25,000 K to 6700 K, but the difference did
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Fig. 1. Detectability of changes in surface color during daylight illuminant
changes for one normal trichromat (a & b), and two anomalous trichromats;
one protanomalous trichromat (P6: see Table 1) (¢ & d), and one deutera-
nomalous trichromat (D4: see Table 2) (e & f). The frequency of “illumi-
nant change” responses, pooled across 18 natural scenes for each observer,
is plotted as a function of the chromaticity of a local illuminant simulating
a reflectance change of a test surface embedded in the scene. The square
symbols show the first illuminant, a daylight with correlated color temper-
ature of 25,000 K in (a), (c), and (e), and 4000 K in (b), (d), and (f), and
the circles show the second illuminant, 6700 K. The triangle shows the
mode (and where large enough the bars show =1 SE). The daylight locus
(L) and the protanopic (P) and deuteranopic (D) confusion lines are also
shown.

not reach significance (¢ = 2.5, d.f. = 17, P = 0.01). The perfor-
mance of deuteranomalous and normal trichromats was closer with
the illuminant change from 4000 K to 6700 K (r = 0.6, d.f. = 17,
P =0.3).

Fig. 3 shows color-constancy index for all the anomalous
trichromats plotted against their clinical color-discrimination abil-
ity defined by the matching range in Rayleigh anomaloscopy (for
normal controls, the mean matching range was 2.2). Performance
improved with increasing matching range: the dotted line is a
linear regression with slope 0.065 (SE 0.022), which was signifi-
cantly different from zero (bootstrap P < 0.001, based on 1000
replications with resampling over observers). There were insuffi-
cient data in the separate plots for protanomalous and deutera-
nomalous trichromats to reach significance: their respective slopes
were 0.032 (SE 0.069) and 0.067 (SE 0.037).
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Table 1. Color-constancy indices for seven individual
protanomalous trichromats viewing natural scenes under
daylight illuminant changes of 25,000 K to 6700 K

and 4000 K to 6700 K*

Observer 25,000-6700 K 4000-6700 K
P1 0.29 0.48

P2 0.60 0.64

P3 0.54 0.40

p4® 0.09 0.59

P5 0.73 0.65

P6 0.71 0.79

P7 0.42 0.58
mean (sem) 0.48 (0.03) 0.59 (0.02)

“Daylights are labeled by their correlated color temperatures.
This observer could not be classified as an anomalous trichromat or
dichromat by clinical color-vision tests alone.

For the control experiment with dark-adapted rod vision, nor-
mal trichromats’ responses appeared random. Color-constancy in-
dices ranged from —0.07 to —0.06 with SEs from 0.12 to 0.48.

Discussion

The ability of deuteranomalous trichromats to judge surface color
in natural scenes under different daylights was similar to that of
normal trichromats. In contrast, protanomalous trichromats seemed
at a marked disadvantage.

It has been argued elsewhere that surface-color judgments may
be determined by the constancy or otherwise of the spatial ratios of
cone excitations within each cone class (Foster & Nascimento,
1994; Amano & Foster, 2004). Since the cones of deuteranomalous
trichromats give about the same spectral coverage as for normal
controls, whereas the cones of protanomalous trichromats give a
reduced spectral coverage (yielding a narrower relative luminous
efficiency function; Wright, 1946), it is perhaps not surprising that
the former are better than the latter in detecting inappropriate (i.e.
nonconstant cone-excitation-ratio) color matches.

Table 2. Color-constancy indices for seven individual
deuteranomalous trichromats viewing natural scenes
under daylight illuminant changes of 25,000 K to 6700 K
and 4000 K to 6700 K*

Observer 25,000—6700 K 4000-6700 K
D1 0.85 0.80

D2 0.69 0.55

D3 0.79 0.90

D4 0.88 0.82

D5® 0.54 0.04

D6 0.72 0.95

D7 0.81 0.69
mean (sem) 0.76 (0.02) 0.68 (0.05)

“Daylights are labeled by their correlated color temperatures.

"This observer could not be classified as an anomalous trichromat or

dichromat by clinical color-vision tests alone.
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Fig. 2. Detectability of changes in surface color during daylight illuminant
changes for normal trichromats (a & b), protanomalous trichromats (¢ & d),
and deuteranomalous trichromats (e & f). The frequency of “illuminant
change” responses, pooled across observers within each group for one
sample scene, is plotted as a function of the chromaticity of a local
illuminant simulating a reflectance change of a test surface embedded in
the scene. Other details as for Fig. 1.

Nevertheless, with stimuli of the size and luminance used here,
rod activity could, in principle, also have contributed to visual
performance (Frumkes, 1990; Shapiro et al., 1996; Simunovic
et al., 2001). The control experiment performed under conditions
of dark adaptation showed that the color constancy disappeared

Table 3. Mean color-constancy indices (=1 SE) for 12 normal,*
7 protanomalous, and 7 deuteranomalous trichromats viewing
natural scenes under daylight illuminant changes of

25,000 K to 6700 K and 4000 K to 6700 K"

Normal Protan Deutan
25,000-6700 K 0.80 (0.02) 0.62 (0.04) 0.85 (0.02)
4000-6700 K 0.75 (0.03) 0.63 (0.05) 0.77 (0.04)

“Eight of the 12 normal trichromats took part in the experiments for the
illuminant change from 4000 K to 6700 K.
"Daylights are labeled by their correlated color temperature.
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Fig. 3. Color-constancy index as a function of matching range in Rayleigh
anomaloscopy. Data are for protanomalous trichromats with first illuminant
25,000 K (A) and first illuminant 4000 K (V), and for deuteranomalous
trichromats with first illuminant 25,000 K (<) and first illuminant 4000 K
(I>).The dotted line is a linear regression, with slope equal to 0.065 and SE
of 0.022.

with rod-selective stimuli. In this and the main experiment, all
stimuli were presented sequentially, and the cue for making the
discriminations is known to diminish as the temporal transition is
made smoother (Linnell & Foster, 1996). Since the rod system
gives a slower response than the cone system under similar con-
ditions of adaptation (MacLeod, 1972; Frumkes et al., 1973;
Foster, 1976), and has a lower temporal cutoff frequency and a
higher Fechner fraction (Wyszecki & Stiles, 1982; Frumkes et al.,
1986), it might be expected that any rod-mediated response to the
transient stimulus change is ineffective, whether alone or in the
presence of a cone-mediated response.

It is, however, possible that at the levels of adaptation used in
the main experiment, the rod temporal response becomes more like
that of medium- or long-wavelength cones (e.g. Sun et al., 2001).
But if the short-wavelength cone system (with its slower response,
lower cutoff frequency, and higher Fechner fraction than that of the
medium- and long-wavelength cone systems) can be treated as a
model for the rod system in this context, such an improvement
seems unlikely, for an experiment (Nascimento & Foster, 1997)
with Mondrian-like patterns of luminances similar to those used
here in the main experiment showed that the discrimination of
surface-reflectance changes mediated solely by short-wavelength
cones was not better than chance.

Thus, although a rod contribution cannot be entirely excluded,
it seems unlikely to have provided the required transient response
in either the present or similar experiments. Rod activity might,
however, have had a more sustained facilitatory effect (Frumkes,
1990) that differed for deuteranomalous and protanomalous tri-
chromats, but this would require further experimentation to resolve.

If the coverage hypothesis is correct, then finer color discrim-
ination need not correspond to better color constancy. As Fig. 3
showed, the linear regression of individual observers’ color-
constancy indices against their Rayleigh matching range had a
positive slope; that is, observers with smaller matching ranges
were worse at judging surface colors than observers with larger
matching ranges. This still leaves open the possibility of these
observers differentially using a rod signal, for, as noted earlier,
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there are too few data to distinguish between slopes for protanom-
alous and deuteranomalous trichromats.

The natural scenes used here as stimuli were typical of the
natural world, varying in both spatial and chromatic diversity, and
the illuminants were drawn from the different phases of daylight.
The specially designed stimuli used in clinical color-vision testing
are critical in classifying color-vision deficiency and in predicting
the discriminability of some natural materials such as fruit and
leaves (Sumner & Mollon, 2000; Dominy & Lucas, 2001; Lucas
et al., 2003), but they may be less relevant to the judgment of other
colored materials in the real world. Although the ease of different
genetic mutations responsible for spectral shifts of photopigments
affects the frequencies of the different color-vision deficiencies, it
is significant that the most common deficiency, deuteranomalous
trichromacy, has the least impact on surface-color judgments in
natural scenes.
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