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Spectral sensitivity varies markedly across the center of gaze, in part because of the rapid decline in the density of
macular pigment outside the fovea. Yet despite these retinal inhomogeneities, the color appearance of large uni-
form fields remains very uniform.We explored some of the processes contributing to these stable color percepts by
measuring the effects of field size and eccentricity on saturated purples, whose spectra should show the largest
biases with macular pigment screening. Small purple fields at 0° and 8° eccentricities differ in appearance but by
much less than predicted by the macular screening or by compensation for the average effects of this screening at
the two loci. This shows that the compensation is already nearly complete because of local adjustments that filter
out the sensitivity variation and confirms that this filtering includes adjustments beyond average gain changes in
the cones. In large fields, the appearance is dominated by the local peripheral color. This bias persists when the
field edge is fixated or when abrupt edges are removed in Gaussian spots, suggesting that the spreading is not
strongly dependent on luminance edges. © 2014 Optical Society of America

OCIS codes: (330.1710) Color, measurement; (330.1720) Color vision; (330.5510) Psychophysics.
http://dx.doi.org/10.1364/JOSAA.31.00A140

1. INTRODUCTION
Spectral sensitivity at the center of gaze is markedly different
from the nearby periphery, in large part because of the screen-
ing effects of macular pigment. The pigment density peaks in
the central fovea but falls rapidly with eccentricity, so that it
has relatively little influence beyond a few degrees [1–3]. Be-
cause the pigment primarily absorbs short-wavelength light,
sensitivity within the fovea to shorter wavelengths is typically
much lower than the surrounding retina (for example, an aver-
age difference of roughly 0.5 log units at 458 nm, the wave-
length where the macular pigment absorption is greatest [4]).

The screening effects of macular pigment can sometimes be
seen in entoptic phenomena such as Haidinger’s brushes or
Maxwell’s spot [1,5,6]. The former is a percept (of a bar, dumb-
bell, etc.) related to the polarization of light, and its appear-
ance relates to chemical properties of the macular pigment
[7]. Maxwell’s spot, on the other hand, is typically observed
when viewing a flickering purple field composed of short
and long wavelengths, which looks darker and redder in
the center because of the macular filtering. It also has a large
effect on actual measures of spectral sensitivity and is one of
the primary sources for the differences in small and large field
color matches [8]. Yet what is more intriguing is how seldom
we notice it. That is, the color of a stable uniform surface
typically appears uniform, even though the spectrum of light
reaching the foveal and peripheral photoreceptors is very
different.

In this study we explored some of the factors contributing
to this stability of color appearance. A number of different
processes are thought to play a role. Some involve local
adjustments of visual sensitivity. Beer et al. [9] and Webster
and Leonard [10] measured the perception of white across
the central visual field and found that the appearance of

achromatic hue (loci) remained constant between 0° and
8°. Thus the perception of white was completely compensated
for by the differences in macular pigment filtering. Webster
and Leonard further showed that this sensitivity adjustment
occurs at or before the site of short-term chromatic adapta-
tion, suggesting that it reflects a long-term gain adjustment
in the cones so that they are each adapted to the average local
spectrum they are exposed to [10].

More recently, Webster et al. [11] compared perceived hues
at 0° and 8° and found that they also remained highly stable at
the two loci, and in fact were more similar than would be pre-
dicted by adjusting the sensitivity of each part of the retina
only to compensate for the same average white. Specifically,
it is well known from the color constancy literature [12,13]
that changes in illumination cannot be discounted completely
by von Kries adaptation (i.e., independent gain changes) in
each of the cones because the relative changes in cone exci-
tations from the illuminant vary depending on the surface re-
flectance. In the same way, screening the light with a filter like
macular pigment could not be compensated only by rescaling
the average sensitivity of each cone. The finding that color
constancy was actually better than von Kries scaling implies
that additional mechanisms contribute to the stability of color
appearance across the visual field [11,14] and argues against
suggestions from hue cancellation experiments that only
some dimensions of color coding are compensated for
macular screening [15–17]. Candidate cell types that could
promote constancy beyond photoreceptor adaptation, such
as double-opponent receptive fields, have been considered
in a wide variety of studies (e.g., [18–22]).

Because Webster et al. examined a wide range of only
moderately saturated hues, their analysis was not sensitive
to small discrepancies in the appearance of individual hues.
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However, Bompas et al. [14] subsequently focused on compar-
ing the color appearance of purple and more saturated
surfaces, where any effects of macular pigment should be
greatest. They also found that color appearance was more sta-
ble than would be predicted by average gain changes in the
foveal and peripheral cones. However, they emphasized that
small differences between many of the colors remained, and
they suggested that this reflects a failure of a sensory–motor
account of perception where the visual system learns to asso-
ciate constant percepts with constant objects, even if they are
viewed with different parts of the retina as the eye samples
different locations in the scene [14,23]. Finally, O’Neil et al.
also drew attention to weak failures of compensation for
shortwave spectra [24]. Their study explored the hypothesis
that compensation for the spectral filtering in the eye under-
lies the Abney effect, a classic color appearance phenomenon
in which adding white light to a wavelength changes not only
its saturation but also its hue [25,26]. They argued that the vis-
ual system was applying an inference that the spectrum is
Gaussian (and was thus “fooled” by the Abney stimulus, which
is not), and attempting to tie perceived hue to a constant
inferred peak in the spectrum even though the relative cone
excitations for a given peak are altered as the bandwidth of
the spectrum increases [27]. By this account, the visual system
would need to apply different corrections in the fovea and
periphery since the filtering at the two loci differs. Their
results provided partial support for this idea but also drew
attention to the residual color appearance differences
between shortwave spectra in the fovea and periphery (an
example of these differences is shown in Fig. 1 of [24]). In
summary, together these studies suggest that purely local
calibrations may correct for most of the effects of macular
screening on color appearance, and substantially more than
predicted by local adaptation to the average spectral stimulus.
But they do not correct for all of it.

In the present study we further examined these residual
color differences and also explored how they are manifest
in the color appearance of large fields. If a purple appears
more reddish in the fovea and more bluish in the periphery,
what is the perceived color of a field that encompasses both
locations? Here again there are a number of factors that may
come into play. A wide range of studies have explored filling-
in processes in perception, where information from one point
in the image spreads to influence the percepts at other loca-
tions [28,29], such as completion of the blind spot [30,31].
Again these can include a number of distinct mechanisms
since they can vary widely in their spatial extent and temporal
dynamics (e.g., [32–37]). In color appearance filling-in effects
are well known in phenomena such as the Craik–Cornsweet
illusion [38], color spreading and neon color effects [39,40],
and the water-color illusion [35]. In each the color at the edges
spreads into the uniform areas bounded by the edges, empha-
sizing the potential importance of luminance edges in gener-
ating and gating the filled-in percepts [41]. These filling-in
effects have also been specifically explored to examine color
appearance in the retina. Shortwave cones are absent or are
very sparse in the central fovea, leading to small-field tritan-
opia [42]. This “blue cone scotoma” can again be seen as a
small dark spot with blue flickering fields but is normally
invisible because of filling in from the periphery [43]. By
such accounts, large fields should appear more like the

peripheral color and might in particular depend on the color
at the edges.

However, there is also evidence for a variety of possible
“filling-out” processes, or spreading of the color from the
center of gaze. Chromatic sensitivity is best in the fovea
[44], and thus it might theoretically be optimal to use the high-
est quality estimate of the color and apply that to peripheral
locations, where the evidence is weaker. An intriguing exam-
ple of this type of effect was reported by Balas and Sinha [45].
They processed images to gradually reduce the color contrast
at increasing distances from the center so that the image was
physically grayscale in the periphery. Yet when observers
fixated the center, the image appeared uniformly colorful.
Thus processes like this might instead predict that the cen-
trally fixated hue should dominate the appearance. To explore
these questions, we compared the appearance of small and
large purple fields presented at different locations.

2. METHODS
A. Participants
Observers were the two authors. Both have normal color
vision as assessed by standard screening tests, and normal
visual acuity. Participation was with informed consent and
followed protocols approved by the university’s Institutional
Review Board.

B. Apparatus
Stimuli were presented on a SONY 20SE CRT monitor con-
trolled by a VSG 2/3 graphics card (Cambridge Research Sys-
tems). The display was calibrated and gamma-corrected based
on measurements with a Photo Research PR650 spectroradi-
ometer.

C. Stimuli
The stimuli consisted of a single circular spot of uniform chro-
maticity, displayed on a uniform gray background (20° by
15°). The size of the spot was varied across conditions and
ranged from 1° to 16° in diameter. The spot was always dis-
played in the center of the screen. Fixation during peripheral
conditions was controlled by adding a small black fixation
cross at various locations in the background. The display
was viewed binocularly from a distance of 114 cm in an oth-
erwise dark room. In most cases the spot was equiluminant
with the background, and we therefore added small (0.05°)
dark edges to demarcate it. In a subset of conditions the
luminance of the background was instead varied, or the uni-
form stimulus was replaced with a tapered Gaussian spot
(with no border). These conditions are noted in Section 3.

Chromaticities were defined according to a scaled version
of the LvsM and SvsLM chromatic plane:

LvsMcontrast � �rmb − 0.6568� � 2754; SvsLMcontrast

� �bmb − 0.01825� � 4099;

where rmb, bmb are the coordinates of the color in the
MacLeod–Boynton (MB) chromaticity diagram [46]; 2754,
4099 are scaling constants to amplify the distances in MB
space so that contrast units corresponded very roughly to
multiples of threshold for color changes along the two axes
[47]; and 0.6568, 0.01825 are the MB coordinates of the
zero contrast background (equivalent to the chromaticity of
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Illuminant C). The luminance of the spot, and in most cases
also the background, was 5 cd∕m2 and was defined photomet-
rically. This low luminance was necessary because the dis-
played colors were all different shades of blue and purple
and thus primarily limited by the luminance of the blue
phosphor.

D. Procedure
As noted, for our experiments we concentrated on the color
appearance of purplish spectra because the foveal and periph-
eral differences in appearance are largest for these stimuli. To
judge appearance, observers adjusted the stimulus until it
appeared a balanced purple, or an equal mixture of red and
blue. This corresponds very roughly to the�S pole or an angle
of 90° in the LvsM (reddish-cyan) and SvsLM (purple-yellow/
green) cone-opponent space [48] and is a judgment that
observers can make with high reliability and which allowed
a single color to be shown in isolation. Shifts toward smaller
angles appear too reddish, while shifts toward larger angles
appear too bluish. The settings were thus done by varying
the hue angle of the stimulus within the plane. Observers first
adapted to the gray background for 30 s, and the spot was then
displayed for 500 ms (or 5 s in some conditions). The observer
then made a two-alternative response to indicate whether the
perceived hue appeared “too reddish” or “too bluish.” A stair-
case varied the hue angle of successive stimuli in steps of 6°
initially and then 2° after the fourth reversal. Mean settings
were based on the average of the final eight reversals (all from
2° steps). Results reported are based on the average settings
from four staircases per condition, with the order of condi-
tions counterbalanced.

3. RESULTS
A. Hue Shifts between the Fovea and Periphery
Figure 1 plots the purple settings for 1° spots presented to the
fovea or at 8° in the periphery. Again these were measured by
varying the hue angle until the stimulus appeared an equal
balance of red and blue and were assessed over a wide range
of contrast levels. The measured values thus plot the loci of

balanced purple in the LvsM and SvsLM plane. These are
roughly linear but differ by an angle of ∼10° for the two retinal
locations. Specifically, the peripheral settings correspond to a
redder hue angle, indicating that the foveal setting appeared
too blue when shown in the periphery. This is of course the
shift predicted by the differences in shortwave sensitivity. But
how big are the hue differences?

To assess this we calculated the hue angles required for
constant cone excitations at the two loci for varying differ-
ences in the density of macular pigment. These predictions
were based on measurements of the gun phosphor spectra
for the stimuli and on the Smith and Pokorny cone fundamen-
tals [49] and macular pigment absorption spectrum of Bone
and Sparrock [4]. The predictions do not depend critically
on the choice of pigment spectra. We arbitrarily chose the
stimulus spectra for the foveal purple settings for Webster
(MW) and then found the change in the stimulus required
to yield the equivalent S, M, and L cone responses when
the density of macular pigment was progressively decreased.
(Note: S. O’Neil (SO) chose a different setting for a balanced
purple. This is unlikely to be due to differences in macular
pigment between the two observers and is instead consistent
with known large individual differences in reports of color
appearance [47,48]). Importantly, the cone excitations were
first normalized for an equal energy spectrum, and thus the
predictions show the settings assuming each part of the retina
is adapted to give identical responses to a white stimulus. In
Fig. 1 the four predicted curves correspond to the foveal set-
tings (full macular pigment density) or reductions from 0.1 to
0.3 log units. For MW, the observed settings correspond to a
predicted difference of roughly 0.2 log units, while for SO the
predicted difference is ∼0.1.

These shifts in color appearance were highly reliable but
are in fact substantially weaker than expected from the actual
differences in macular screening at the two locations. These
were assessed for the two observers using flicker photometry
[50] between 460 and 570 nm stimuli at the two locations and
were measured as part of an earlier study [24]. Details of the
methods are given in that study. For MW, the estimated
density difference between 0° and 8° was 0.72, while for

Fig. 1. Circles: predictions for LvsM and SvsLM contrast settings needed to maintain a balanced purple for full macular pigment (solid line) and for
macular pigment reductions of 0.1 to 0.3 log units (dashed lines). Triangles: actual settings by observers MW and SO for foveal settings (solid
symbols and solid line) or peripheral settings at 8° (empty symbols and dashed line).

A142 J. Opt. Soc. Am. A / Vol. 31, No. 4 / April 2014 S. F. O’Neil and M. A. Webster



SO it was 0.27. Thus, for both, the observed shifts are only
about a third of the difference expected from spectral sensi-
tivity differences, even after von Kries adaptation to equate
the white settings at the two loci. Thus these results confirm
a very high level of color constancy across the visual field, and
specifically that this compensation includes factors above and
beyond adaptation to the average stimulus level at the two
locations [11,14].

B. Hue Shifts with Background Intensity
During the study we noted that the color differences between
the fovea and periphery appeared largest on an equiluminant
background and were difficult to discern when the spots were
instead shown on a black background. To evaluate this, we
conducted an ancillary experiment where we repeated the set-
tings but with the achromatic background varied from 0 to 4
times the spot luminance (Fig. 2). The hue angle required
for purple rotated toward progressively more clockwise
(“redder”) angles as the background luminance increased.
Yet the angular difference between the foveal and peripheral
purple remained constant. Thus the background affected the
discriminability of the colors, yet the biases in the purple set-
tings remain similarly small and robust across a wide range of
luminance increments and decrements.

C. Effects of Field Size
We next explored how the color changed as the field size was
varied. In this case the spots were centrally fixated but ranged
in diameter from 1° to 16°. Figure 3 again shows the settings
for both observers. Perceived hue remained approximately
constant up to a diameter of 4° but then shifted toward the
peripheral settings and were equivalent to the local (1° spot)
setting at 8° in the periphery when the large field itself ex-
tended to �8°. Thus the large-field percept was completely
dominated by the peripheral hue. The fields themselves ap-
peared uniform in color. However, there was the possibility
that spatial inhomogeneities akin to Maxwell’s spot might
be present in the briefly presented, 500 ms stimulus. In that
case, the observer’s judgment might be biased more by one
part of the field. To control for this, the 1° and 16° settings

were repeated for stimuli that were instead shown for
5000 ms, with the judgments based on the color appearance
at the end of the interval. These fields again appeared uniform,
and the prolonged presentation should have reduced any
prevalence of Maxwell’s spot. The settings remained similar
to the brief stimulus and again showed that the hue of the
large field was equivalent (MW) or strongly shifted (SO) to
the value of the local peripheral hue.

D. Effect of Fixation Location
The preceding results showed that the peripheral hue clearly
dominated the color appearance of a large field. One way this
could arise is simple averaging of the color signals. For exam-
ple, the 16° stimulus had an area 16 times that of the 4° field, at
which the foveal hue instead dominated. However, another
possibility is that the color appearance depended primarily
on the color appearance at the local edge and thus spread
from the peripheral edges into the interior. In the final settings
we explored the potential influence of these edges.

In the first case, the stimulus was again varied in diameter,
but fixation was shifted from the center to the left-most edge.
This therefore differed from the prior settings insofar as the
most salient edge now fell at the fovea. Filling in from the
edges might therefore show a stronger influence of the foveal
hue. However, the settings again became increasingly biased
toward the peripheral hue as the field size increased, and the
effects were roughly similar in magnitude to the shifts for the
centrally fixated spots (Fig. 4). This argues against the pos-
sibility that a centrally fixated and attended edgemight dispro-
portionately influence the settings, though the peripheral bias
might again be expected if the percept were based on averag-
ing the hues across all edges.

E. Color Appearance of Gaussian Spots
In the final case, we tried to remove all “edges” by presenting
the colors as equiluminant Gaussian spots. These do not in-
duce the transient edge responses with local eye movements,
as evidenced by their tendency to fade with extended viewing
[51]. The tapered spots had a standard deviation of 2.5°, and
thus had a large spatial extent, but with the saturation now

Fig. 2. Hue angle settings to maintain a balanced purple, as a function of monitor background luminance.
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dominated by the point of central fixation. Surprisingly, even
in this stimulus the purple settings were more consistent with
the local peripheral appearance (Fig. 5). For MW the hue of
the Gaussian matched his peripheral setting, while for SO in

this case the biases were even larger than predicted by his
local color shifts. Thus clear, discrete edges appeared unnec-
essary to maintain the dominance of the periphery in the color
appearance.

Fig. 3. (Top) Hue angle settings from foveally fixated fields ranging in size from 1° to 16° presented for 500 ms (solid lines) compared to settings
for a 1° spot presented at 8° eccentricity (dashed lines) for each observer. (Bottom) Foveal and peripheral settings for a spot presented for 5 s (solid
lines) compared to a foveally presented 16° field (dashed line).

Fig. 4. Settings for 1° to 16° spots fixated on the edge (solid lines) compared to settings for a centrally fixated 1° spot at 8° eccentricity.
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4. DISCUSSION
In this study we explored some of the factors contributing to
stable color percepts near the center of gaze, where sensitivity
changes dramatically yet appearance remains nearly constant.
Changes in peripheral color perception have been widely
investigated, and it is evident that the visual system cannot
compensate completely for the changes in sensitivity across
the retina. For example, a number of studies have pointed
to different rates of peripheral sensitivity change along
reddish–greenish and bluish–yellowish axes (with recent
examples including [52–57]), consistent with the notion of
different zones of peripheral color coding [58]. Yet the
suprathreshold appearance of color nevertheless exhibits
substantial constancy across the visual field. The processes
contributing to this constancy are uncertain and may involve
multiple factors ranging from intrinsic coding such as
spatial integration [59,60] to adaptation [10] to forms of
learning [14,61].

For the specific context we considered, the foremost fac-
tors contributing to stable color percepts in the vicinity of
the fovea involved local compensations in color coding. That
is, each local area appeared to almost completely “filter out”
the local sensitivity limits of the eye so that these limits were
to a large extent discounted from the color percepts. Again,
for the saturated purples we examined, this compensation
was incomplete. Yet relative to other forms of color con-
stancy, the “index” of constancy across the loci was extremely
high. That is, the observed differences are many times smaller
than the spectral shifts owing to the differences in macular
pigment screening [10,11]. Note that much of this difference
is already factored out of the predictions in Fig. 1 because
these predictions are already based on normalizing the achro-
matic settings at the two loci. These gain changes alone ac-
count for the bulk of the compensation [10]. However, our
results further confirm that the settings in fact remain even
more similar than predicted by adjusting each locus to the
average spectrum [11], which predicted residual differences
roughly three times larger than we observed. The nature of
these additional compensatory adjustments remains uncer-
tain [11,14,24]. Bompas et al. [14] argued that they depended
on learning the sensory–motor contingencies as the “same”

world is sampled with different parts of the eye [23]. They fur-
ther speculated that the learning might be incomplete if it was
restricted to an early critical period during development when
the macular pigment density is substantially lower than in
adults. However, a problem with this developmental account
is that similar higher-order compensations beyond average
gain changes are also suggested by the stability of color ap-
pearance despite the increasing yellowing of the lens during
adult aging [11,62].

The strong contribution of these local adjustments means
that there is already comparatively little perceptual inhomo-
geneity in color appearance across the central 16° of vision
we examined. Yet these differences are nevertheless still vis-
ible and significant, and a second goal of our study was to ex-
plore how they interacted to influence the perception of large
fields. The uniform appearance of these fields strongly impli-
cates a nonlocal, color spreading process, while the domi-
nance of the peripheral percept is more consistent with a
filling-in of the peripheral color than a filling-out from the fo-
veal percept. However, the nature of these processes again
remains uncertain. In color appearance, luminance edges play
a dominant role in defining the regions over which spreading
occurs [35,39,41,63]. Yet we found similar percepts even when
the fields were gradually tapered and nominally equiluminant,
so that luminance or edges were largely absent. Because of
this we cannot exclude an alternative possibility that the spa-
tial compensation for macular screening is nondirectional—
and may involve a simple averaging of the percept within a
bounded area which will necessarily include a larger periph-
eral contribution.
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