Memory modulates color
appearance
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We asked human observers to adjust the color of natural fruit
objects until they appeared achromatic. The objects were
generally perceived to be gray when their color was shifted
away from the observers’ gray point in a direction opposite
to the typical color of the fruit. These results show that color
sensations are not determined by the incoming sensory
data alone, but are significantly modulated by high-level
visual memory.
Visual perception is inherently constructive and creative in nature, and
frequently, additional assumptions and constraints are necessarily
involved in generating a specific visual sensation1. Color is a particularly ill-posed problem, because the light entering our eyes is the
product of the illumination and the surface reflectance of the object and
therefore changes considerably when the illumination changes. Still, we
are able to reliably perceive the color of objects. There are several known
mechanisms involved in this process. Some mechanisms act on a local
scale, computing cone excitation ratios across edges, whereas others act
on a more global scale, computing the average color over larger image
regions2. What these mechanisms have in common is that they are
driven solely by the visual signals arising from the retina.
Here we investigated whether the known color of objects also affects
color appearance. Many natural and man-made objects have a typical
or diagnostic color, which is termed their memory color. This knowledge could be used to guide our visual system in the process of
assigning colors to objects and in discounting the illuminant. Previous
studies have demonstrated that the memory color can be distinct from
the measured color of the objects and is typically more saturated
(refs. 3–9; and A. Hurlbert & Y. Ling, J. Vis. 5, 787a, 2005). However,
the results of these studies were highly variable, and, because the
subjects in these studies could never directly change the colors of the
objects under investigation, it is not clear whether the effects were of
a perceptual nature.
We presented digitized photographs of natural fruit objects on a
uniform gray background. The color of the fruit objects could be
interactively manipulated to produce, for example, bananas of any
arbitrary color. This, of course, poses the question: what does a blue
banana look like? We used an adjustment method in which we started
with the original color image and then allowed the subject to interactively scale and rotate the whole distribution of pixels in color space
(Fig. 1 and Supplementary Methods online). This method satisfies the

constraint that a gray banana under a neutral illumination should be
achromatic: all pixels vary only along a luminance axis but not in their
chromaticity. For all other settings, the banana was characterized by a
whole distribution of chromaticities, and the relationship between
relative saturation and luminance was kept stable.
Our subjects had to adjust the color of the fruit objects until they
appeared gray. In a different set of experiments, we asked the same
subjects to adjust the color of the fruit objects until they appeared
natural. It was evident that the settings for the banana (Fig. 2a)
deviated from the neutral gray adaptation point at the origin of the
color space, in the direction opposite to the typical setting (t13 ¼ 6.915,
P o 0.001). In actual fact, subjects adjusted the banana to a slightly
bluish hue—its opponent color—in order for it to appear neutral gray.
At the point where the banana was actually achromatic, at the origin of
the color space, it still appeared yellowish. A similar effect was obtained
for the other fruit objects we investigated (Fig. 2b). As a control, we
asked our subjects to adjust uniform spots of light and random noise
patches (Supplementary Methods), which do not have an association
with a typical color. The settings for these stimuli (Fig. 2b) did
not differ significantly from the neutral gray background (t13 ¼ 1.39,
P 4 0.05), but the difference between the controls and the fruit setting
was significant (t13 ¼ 4.22, P o 0.001). To quantify the memory color
effect, we determined how far from the neutral control stimuli the
subjects adjusted the fruits in the direction away from their typical
setting. We then normalized the memory color index by dividing
through the distance between the control settings and the fruit’s typical
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Figure 1 The chromatic adjustment method. (a) The distribution of
chromaticities in the original photograph of the banana (yellow) in the
isoluminant plane of a color space spanned by an L – M axis and an (L + M)
– S axis. Subjects could adjust the color of the stimulus in two dimensions.
This was achieved by rotating and scaling the whole distribution of
chromaticities (for example, toward magenta). The black cross indicates the
mean of the distribution and how it changes when it is rotated by 901 and its
amplitude scaled to 70%. (b) Stimuli corresponding to the two chromatic
distributions shown in a.
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Figure 2 Color settings. (a) The achromatic (gray) and typical (yellow)
settings for the banana stimulus. Each data point indicates the position of
the mean chromaticity averaged across all pixels within the banana shape, as
adjusted by each observer, averaged over five trials. The large symbols depict
the average settings for all 14 subjects. The black symbol indicates the
average setting for the control stimuli. (b) The achromatic settings for the
seven fruits studied (colored symbols) and for the two control conditions
where a uniform disc (indicated by the black circle) or a noise patch
(indicated by the black square) was adjusted. Each data point is the average
for 14 observers.

short-wavelength energy in the morning and gradually shifts toward
energy of longer wavelengths during the course of the day. Most fruit
objects are yellowish rather than bluish; therefore, they might appear
grayish in the morning, as color constancy is known to be imperfect
even in realistic situations11. The appearance shifts described here may
contribute toward color constancy under these conditions.
Our results show a high-level cognitive effect on low-level perceptual
mechanisms. Our knowledge of the world affects our perception, very
much in the way that Bayesian modeling has predicted in many
settings1. Just as we apply prior knowledge that the light usually
comes from above12, we apply prior knowledge about the natural
color of fruit objects. This knowledge is used together with other local
and global information about the scene to determine color appearance.
This allows the visual system to function and perform even under
reduced conditions when only single objects are shown under an
unknown illuminant, as in our experiments. The mechanisms
that determine color appearance act throughout all processing stages
of the visual system, from the retina to visual cortex including visual
memory. Modulatory feedback is a candidate neural mechanism
underlying the integration of bottom-up incoming data and topdown expectations13,14.
Note: Supplementary information is available on the Nature Neuroscience website.

setting (Supplementary Methods). The indices varied between 4– 13%
for the different fruit objects (mean ¼ 8.23%, t13 ¼ 6.195, P o 0.001).
This amounts to an effect that is approximately three to five times
above the threshold of discrimination. The effect was highly reliable
even for individual observers. All 14 subjects had positive memory
color indices, indicating that they all adjusted the fruits in the direction
opposite to their typical settings.
In previous studies on memory color, subjects had to either view an
object or recall its color from memory, and then pick a matching color
from a set of colors. In our study, observers could actually manipulate
the color of the object while viewing it, without the need for a cognitive
retrieval of memory during the adjustment procedure. Rather, memory
seemed to have a direct top-down effect that continuously modulated
the incoming sensory data and changed basic color sensations.
Our results show that natural fruit objects tend to be perceived in
their typical color. Objects with a typical color might seem to constitute
only a small percentage of the objects surrounding us, but one has to
keep in mind that our visual system evolved in a world that was not
filled with man-made objects of arbitrary color. Another question
posed by our results is whether they are applicable to the type of
lighting conditions occurring naturally. Notably, natural illumination
during the course of the day varies mostly along the blueyellow dimension10. Natural daylight contains a high proportion of
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14. Hupé, J.M. et al. Nature 394, 784–787 (1998).

[

NUMBER 11

[

NOVEMBER 2006 NATURE NEUROSCIENCE

