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Protanopic observers show nearly normal color constancy
with natural reflectance spectra
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Abstract

The ability of color-deficient observers to discriminate between illuminant changes and surface-reflectance changes
in a scene was tested with natural and Munsell reflectance spectra. To avoid the confounding effects of spatial
structure, stimuli were simulations of Mondrian-like colored patterns, presented on a computer-controlled color
monitor. Protanopes performed less well than normal trichromats, regardless of the type of reflectance spectra, but
they were least disadvantaged with patterns comprising reflectance spectra drawn from urban and rural scenes, more
characteristic of the natural environment.
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Introduction Although these experiments are informative, the distribution of
spectra within the Munsell set is different from that in natural
scenes: natural scenes contain more green surfaces (foliage), browns
{earths and dried vegetation), and blues (water and sky), and
scenes or objects viewed at a distance are usually markedly

unfamiliar to colpr deficient ob.serv.ers. But it is not cIe:ir Whetherdesaturated (Ruderman et al., 1998; Nascimento et al., 2002).
such problems in accurately judging surface color (“color con- . . . . o
N . . There is evidence (Amano et al., 2@&)3hat in making discrim-

stancy”) are typical of the spectra encountered in natural scenes. .. . . . .

) ) ) ; ; . . inations between illuminant and material changes, normal trichro-
Previous experiments using simulations of Mondrian-like colored . L

. _“mats perform better with Mondrian-like patterns of natural spectra

patterns made up of Munsell papers (Munsell Color Corporation

. than with Munsell spectra. The purpose of the present work,
1976) have sho_vvr_l that red—green color-de_ﬁcnent observers IoelE'herefore, was to test whether red—green color-deficient observers
form at levels similar to those of normal trichromats (Foster &

. ; . also perform better with natural spectra. Previous measurements
Linnell, 1995) in an operational measure of color constancy re-

. S . . - using only Munsell spectra (Amano et al., 2@)3albeit along an
quiring the discrimination of illuminant changes in a scene from o .
. . ) . .. .orthogonal direction to the daylight locus, suggest that protanopes
changes in the reflecting properties of the materials comprising 'Pnd deuteranones are affected in broadlv similar wavs. Data solel
(Craven & Foster, 1992). Performance by some color-deficienfr P y yS. Y

. : - ._from protanopes are presented here. For the present experiments,
observers was, however, poorer if the illuminant and materia
natural spectra were drawn at random from a range of hyperspec-

changes were in a direction approximately orthogonal to thetral images of urban and rural scenes (Nascimento et al., 2002). It

daylight locus rather than along the daylight locus (Foster & .
. was found that although protanopes remained less color constant
Linnell, 1995). Lower performance by both protanopes and deu- . YT : . .
;i . . than trichromats, their discriminations of illuminant and material
teranopes with these orthogonal illuminant changes has been con-

firmed with a larger variety of material changes (Amano et al”changes were indeed more accurate with natural spectra.
2003). Similar results have been reported for an achromatic- )
adjustment task (Riittiger et al., 2001). Materials and methods

It was John Dalton’s failure of color constancy that led him to
investigate his own color vision. His description (Dalton, 1794) of
how certain colors would change with the light on the scene is no

Stimuli
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bertian surfaces with spectral reflectances drawn at random frornomputer. Each observer performed in all 10—40 trials, with most
a natural-reflectance database or, as a control, from the Munseflerforming 30 trials, at each of the 65 samples of the local
set. The natural reflectance spectra were taken from eight naturdluminant, but in random order; that is, in each trial, the chroma-
scenes (4 urban and 4 rural), each of which provided 8Z20 ticity of the local illuminant was drawn randomly without replace-
spectral reflectances, obtained by hyperspectral imaging (Nascment from at least 650 values. The three different Mondrian-like
mento et al., 2002). The reflectance spectra used in the contrgdatterns (Munsell, rural, urban) were tested under two different
experiments were drawn at random from 1269 samples in theglobal illuminant changes (25,000 K to 6700 K and 4000 K to
Munsell book of Color (Munsell Color Corporation, 1976). All 6700 K) in separate experimental sessions.
reflectance spectra were sampled at 10-nm intervals, from 410 nm Formally, the task is a performance one (Craven & Foster,
to 710 nm. The random sampling used for each pattern wad992), in that each response by an observer is either correct or not.
repeated, if necessary, to eliminate any accidental similaritie§he critical issue, however, is the distribution of responses, which
between the center (test) surface and any of the surround surfacesay be summarized in terms of a color-constancy index. As noted
that observers could exploit in making their discriminations (Ma- elsewhere (Foster, 2003), the task does not require the observer to
loney, 1999). This was the only alteration to the otherwise uniformmake an estimate of the illuminant, either within or across trials.
sampling of each set of displayable reflectance spectra. Fresh
random samples were drawn in each trial. The patterns wer
presented in a dark surround and were viewed binocularly a
100 cm. The mean luminance of the patterns was 21 cé (e In all, 14 observers, aged 19-32 years, took part in the experi-
mean of each pattern ranging from 3 cd#rto 57 cd nT?), and ments: five protanopes (all male) and nine trichromats (3 female &
the ambient room luminance was about 5 cd’m 6 male), who acted as normal controls. The observers were classified
The first pattern was presented fb s under a fixed, spatially with a battery of clinical color-vision tests: the Farnsworth-
uniform daylight of correlated color temperature of either 25,000Munsell 100-Hue test; Ishihara pseudoisochromatic plates (24-
K or 4000 K (first global illuminant). The second pattern, which plates edition, 1964); Rayleigh and Moreland anomaloscopy, and
replaced the first, was made of the same materials and present&aminance matching (Interzeag Color Vision meter 712, Schlieren,
for 1 s under a fixed, spatially uniform daylight of correlated color Switzerland); and the Cambridge Colour test (Regan et al., 1994).
temperature 6700 K (second global illuminant), except for theAdditionally the two-color-threshold method was used to test
center test square where the 6700 K daylight was replaced by &hether observers had functionifig andIls mechanisms (Stiles,
spatially uniform local illuminant constructed from a linear com- 1959). All observers had normal or corrected-to-normal visual
bination of the daylight spectral basis function (Judd et al., 1964)acuity. The experiments were conducted in accordance with prin-
The chromaticity of this local illuminant was sampled randomly in ciples embodied in the Declaration of Helsinki (Code of Ethics of
each trial from a large convex gamut in the CIE 19{8,v’) the World Medical Association). All observers were unaware of the
diagram comprising 65 locations, shown by the small solid pointspurpose of the experiment.
in Fig. 1. Varying the chromaticity of this local illuminant is
closely related to varying the chromaticity of the center patch, but .
: L . . Analysis
this parameterization in terms of an illuminant has the advantage
that it is independent of the spectral reflectance of the centeThe frequency of “illuminant-change” responses was pooled within
surface (Foster et al., 2001). The luminance of this local illuminanteach observer group for each experimental condition and plotted
was the same as that of the global illuminant, namely 50 cd m against the chromaticity of the local illuminant in the CIE 1976
(u',v") chromaticity diagram (Bramwell & Hurlbert, 1996; Amano
et al., 200®). The relative-frequency plots were smoothed by a
two-dimensional locally weighted regression (“loess”; see e.qg.
Stimuli were generated on the screen of a 21-inch, 102468 Cleveland, 1993), and contour plots derived as shown in Figs. 1
pixels RGB color display monitor (Trinitron, model GDM-F520; and 2.
Sony, Tokyo, Japan) controlled by a computer with a 15-bit The location of the peak of each distribution was obtained
raster-graphics card (VSG/2; Cambridge Research Systems, numerically from the loess analysis. To summarize the error (bias),
Rochester, UK). The pattern occupied the central 11 cm of the color-constancy index (e.g. Arend et al., 1991) was then derived.
screen only, with a screen refresh of approximate 120 Hz. A teleThus, ifais the distance between the locations of the peak and the
spectroradiometer (SpectraColorimeter, PR-650, Photo Resear@Y00 K illuminant and the distance between the locations of the
Inc., Chatsworth, CA), calibrated by the National Physical Labo-4000 K (or 25,000 K) illuminant and 6700 K illuminant, then
ratory, was used to regularly calibrate the display system. Errors ithe constancy index is- a/b. Because of the method of smooth-
the displayed CIE(x,y,Y) coordinates of a white test patch ing, the standard error (SE) of this index was estimated with a
were< 0.005 in(x,y) and< 5% inY (< 10% at low light levels).  bootstrap procedure, based on 2000 replications, with resampling
over observers (Efron & Tibshirani, 1993). Planned-comparison
tests were based on the bootstrap percentile method (Efron &
Tibshirani, 1993). Because the alternatives were directional, all
In each trial, two images were presented in sequence in the santests were one-sided.
position, each for 1 s, with no interval. The task of the observer
was to decide whether the center surface in the successive imagﬁsésults
was the same or different, that is, whether the change was a pure
illuminant change or an illuminant change with a surface-reflectancéig. 1 shows performance with the 25,000—-6700 K global illumi-
change ‘“illuminant change” or “material change”). Responseshant change, and Fig. 2 with the 4000—6700 K global illuminant
were made with a push-button switch box, connected to thehange, for the two types of spectral reflectances, Munsell and

bservers

Apparatus and calibration

Procedure
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Fig. 1. Detectability of changes in surface color during daylight illuminant changes of correlated color temperature 25,000 to 6700 K
for observers with normal trichromatic and protanopic color vision. Each contour represents a constant frequency of “illuminant-
change” responses in the CIE 19{@8,v’) chromaticity diagram. Data are shown for Mondrian-like patterns of Munsell and natural
reflectance spectra. The open squares and circles indicate, respectively, the chromaticity coordinates of the first and the second global
illuminants on the pattern. The daylight locus and the protanopic confusion(leare also shown.

natural, and for normal trichromats, (a) and (b), respectively, andiscussion

Tf)r prptanopes, (c)”and (d), respectively. Increaglng frequenmes Q1f'he ability of observers to discriminate between illuminant changes
illuminant-change” responses are shown by increasingly dark

. . . n rface-refl n han in n n nth f
contours. The first and the second global illuminants are repre‘-'jl d surface-reflectance changes in a scene depends on the type o

; ) - . sgectra contained in the scene. The Mondrian-like patterns used
sented in each figure by an open square and circle, respectively, t L .

. - S ere as stimuli comprised reflectance spectra that were randomly
daylight locus by a curve, and the protanopic confusion line by thesam led from sets of rural and urban scenes, thereby ensuring that
straight line(P) through the position of the second global illuminant. P ' y 9

Table 1 shows constancy indices for each condition and ob-
server group, with estimated SEs in parentheses. Protanopes’ color
constancy was poorer than that of trichromats, but the differencgapie 1. Color constancy indices(1 SE) for Mondrian-like

did not quite reach statistical significance owing to interobservemnatierns consisting of Munsell and natural reflectance
variance (for the 25,000-6700 K illuminant chanBes 0.06, and  gpectra under two different illuminant changes

for the 4000-6700 K illuminant changk,= 0.08; seeAnalysig.

Critically, protanopes’ performance was indeed better with natural Trichromats Protanopes
spectra than with Munsell spectra, a difference that was significant

for both the 25,000—6700 K illuminant change < 0.001, paired ~ 25,000-6700 K Munsell 0.77 (0.18) 0.41 (0.04)
samples) and the 4000—6700 K illuminant charie= 0.03, Natural 0.76 (0.06) 0.57 (0.11)
paired samples). For trichromats, there was no significant differ4000-6700 K Munsell 0.79 (0.12) 0.52 (0.13)
ence(P = 0.4 andP = 0.2, respectively, paired samples). The more Natural 0.75 (0.05) 0.72 (0.11)

anisotropic contour plots were tested for an underlying bimodal

distribution (possibly corresponding to two distinct groups of apayiights are specified by their correlated color temperatures. Data for
observers), but no evidence of bimodality was detected. nine normal trichromats and five protanopes.
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Fig. 2. Detectability of changes in surface color during daylight illuminant changes of correlated color temperature 4000 to 6700 K for
observers with normal trichromatic and protanopic color vision. Other details are as for Fig. 1.

the spectra were weighted by their natural relative abundances. In Some discriminations of natural colors by protanopes, for
contrast, the reflectance spectra drawn from the Munsell set useekample, of red fruit from green foliage (Nagle & Osorio, 1993;
as a control were weighted equally, and, although individualRegan et al., 1998), will necessarily be poor. It is possible,
Munsell spectra or their combinations may represent naturalljhowever, that in other surface-color judgments in a natural envi-
occurring spectra (Jaaskelainen et al., 1990), their composition inonment dichromatic observers may be less disadvantaged than has
the stimulus patterns cannot represent the natural environment ipeen previously assumed.
the same way.

If observers’ judgments were perfectly color constant, then the
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