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surfaces, and hence is of special interest to the visual system. To
accurately recover lightness, the visual system must somehow
disentangle the contributions of surface reflectance from the illu-
mination and atmospheric conditions in which it is embedded. One
theoretical view asserts that the visual system explicitly decomposes
images into a set of separate maps or layers, corresponding to the
separate physical contributions to retinal luminance9,10. However,
there is a growing body of data showing that the visual system can
make systematic errors in estimating surface reflectance11, the
opacity of transparent surfaces or media13 and the amount of
illumination striking a surface14. These errors have led some to
question whether the visual system explicitly decomposes images

into their constituent physical sources, and to suggest that the visual
system uses computational ‘short cuts’ to generate representations
of surface lightness. Such theories have suggested that the visual
system divides an image into two-dimensional regions (or ‘frame-
works’) rather than layers. In such models, lightness is derived
through processes that bias the highest luminance to appear white11,
and/or by using statistical estimation techniques within local image
regions to compute reflectance12; no explicit decomposition of the
image into separate layers occurs.

One of the most widely used techniques to explore context effects
in lightness perception is to embed identical target patches in
different surrounds. Most studies with this method have used

Figure 1 Static versions of the lightness illusions studied in our experiment (see also
Supplementary Video 1). In a, the corresponding textured disks on the dark and light
surrounds are physically identical, and in b the corresponding chess pieces on the two

surrounds are identical. In both cases, the figures on the dark surround appear as light

objects visible through dark haze, whereas the figures on the light surround appear as

dark objects visible through light haze.
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patches on the right; White, 1979). Although the disposition of the

surrounds in White’s (1979) stimulus is effectively opposite that in

Figure 1A, the apparent lightness and/or brightness difference be-

tween the left and right targets is about the same as that elicited by the

standard simultaneous brightness contrast stimulus.

Indeed, many stimuli have been constructed over the years that are

difficult to explain in terms of the conventional ideas about brightness

contrast effects illustrated in Figure 1B (e.g., Adelson, 1993; Corn-

sweet, 1970; Gilchrist, 1977, 1994; Knill & Kersten, 1991; Land,

1986; Lotto & Purves, 1999, 2001; O’Brien, 1959; Purves & Lotto,

2003; Purves, Shimpi, & Lotto, 1999; Todorovic, 1997; Williams,

McCoy, & Purves, 1998a, 1998b). Although the creators of some of

these stimuli have persisted in the idea that the related perceptual

effects are epiphenomena of the input or midlevel stages of visual

processing (e.g., Blakeslee &McCourt, 1997, 1999, 2001; Cornsweet,

1970; Todorovic, 1997), others have argued that this sort of rational-

ization is inadequate (e.g., Adelson, 1993, 2000; Gilchrist, 1977;

Lotto & Purves, 1999, 2001; Purves & Lotto, 2003; Purves et al.,

1999; Williams et al., 1998a, 1998b).

Evidence That Lightness and Brightness Correspond to

the Empirical Significance of Stimulus Luminances

If the receptive field properties of input level neurons fail to

account for the subjective experiences of lightness and brightness

elicited by stimuli such as those in Figures 1 and 2, how are these

phenomena to be understood? The key to rationalizing the perceived

intensity of light is the inherent ambiguity of these—and indeed

all—visual stimuli. As already noted, the perceptual significance of

the intensity of the light returned to the eye from any part of the scene

is uncertain. This conclusion follows from the fact that luminance is

determined by at least three fundamental aspects of the physical

world: the illumination of objects, the reflectance of object surfaces,

and the transmittance of the space between objects and observer (a

long list of other factors are influential but are for the most part

subsidiary to these three; see Figure 3). Changing any of these

real-world variables will necessarily change the relative intensity of

the light reaching the eye. As a result of this conflation (an infinite

number of different combinations of illumination, reflectance, and

transmittance can give rise to the same luminance), there is no definite

relationship between a given stimulus element and its sources. Ac-

cordingly, there is no way for the visual system to directly determine

how these factors have been combined to generate the pattern of

luminance values in a retinal image. Because appropriate behavior

requires responses that accord with the provenance of the stimulus

rather than the parameters of the stimulus per se, percepts determined

by luminance values as such would be a poor guide to behavior.

Given the inherent ambiguity of any luminance value in a scene, a

more effective visual strategy would be to generate percepts accord-

ing to the behavioral success or failure experienced when observers

respond to stimuli generated by different combinations of illumina-

Figure 3. Conflation of illumination, reflectance, and transmittance, the primary factors that determine the

luminance of any portion of a visual stimulus. See the text for further explanation.

144 PURVES, WILLIAMS, NUNDY, AND LOTTO

from Purves etal, 2004

• Constancy is fundamentally an 
inference problem

• Light reaching the eye is determined 
by many factors:

- illumination of object

- reflectance of surface

- surface orientation and curvature

- surface depth and structure

- transmittance between object and 
observer

• None of these can be derived directly 
from the retinal stimulus
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much the same makes it difficult or impossible to rationalize

simultaneous brightness contrast effects in terms of the opposing

center-surround organization of the receptive fields of retinal,

thalamic, or primary visual cortical neurons (see above). These

further demonstrations, as others in the literature (see, e.g., Adel-

son, 1993; Benary, 1924; Gilchrist, 1977; Schirillo, 1999a, 1999b;

Wertheimer, 1912/1950), suggest that the apparent lightness or

brightness of any given target is actually determined by the prob-

able contributions of illumination, reflectance, and transmittance

to the same or a similar stimulus experienced in the past.

Biological Rationale for Simultaneous Brightness Contrast

in These Terms

How, then, can the standard simultaneous brightness contrast effect

demonstrated in Figure 1A be rationalized in terms of this empirical

framework, and what biological purpose is served by such “distorted”

perceptions? The stimulus in Figure 5A, like the similar stimulus

pattern in Figure 1A, is, on empirical grounds, consistent with the two

equiluminant targets being similarly reflective surfaces under similar

illuminants (see Figure 5B) and/or differently reflective surfaces un-

der different illuminants (see Figure 5C). In terms of the framework

being considered here, both these categorical possibilities would be

incorporated into the resulting percept in proportion to their respective

frequencies of occurrence in the past experience of both the species

and the individual observer. Because the latter category (differently

reflective objects in different illuminants) will have been a common

source of such a stimulus and because things that are different

should—to be useful guides to behavior—look different, the two

identical targets appear differently bright.

The biological rationale for this peculiar way of seeing is thus

that by using the probability distributions of stimulus sources

accumulated by trial and error during phylogenetic and ontoge-

netic experience (i.e., by molding visual circuitry, and thus per-

ception, solely according to the past successes and failures of

visually guided behavior), observers will entertain percepts and

generate behaviors in response to ambiguous retinal images that

have a better (indeed, increasingly better) chance of being suc-

cessful. Put more generally, allowing objects that would typically

have been different (or the same) to look different (or the same)

optimizes behavioral responses to the inevitably uncertain sources

of naturally occurring visual stimuli (see Purves & Lotto, 2003, for

the application of this argument to other aspects of vision).

Although this strategy may seem maladaptive in presenting per-

ceptual appearances that fail to accord with physical measurements of

real-world objects and conditions (as indicated here and elsewhere by

often striking visual “illusions”), the resulting anomalies are simply

the signature of the biologically useful way the visual system solves

the problem of promoting successful behavior in response to stimuli

whose sources cannot be apprehended directly. In consequence, a

standard simultaneous brightness stimulus is experienced, quite liter-

ally, as the empirical significance of the stimulus rather than as a

representation of the physical intensities of the pattern of light falling

on the retina (or as the output of the retinal ganglion cells, a metric that

would be no less ambiguous than the stimulus itself).

Of course, observers need not be cognitively aware of the

accumulated experience with past sources that has molded any

given perception. On the contrary, the effects are elicited as

reflexes that are presumably no different from simpler reflex

responses to sensory stimuli generated in other parts of the nervous

system. Like spinal cord reflexes, and for the same reasons, they

are outside the realm of cognition.

Some Other Perceptual Puzzles Explained by This

Empirical Framework

If this framework is correct, then this explanation of simulta-

neous brightness contrast should also account for a diversity of

Figure 5. The empirical explanation of standard simultaneous brightness con-

trast effects. A: A standard simultaneous brightness contrast stimulus, much like

the one shown in Figure 1A. B and C: Cartoons illustrating the two major

categorical sources of the stimulus in A. See the text for further explanation.
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• Many of these effects can be 
explained by “explaining away” the 
underlying causes

• classical explanations based on simple 
neural circuits, e.g. surround 
contrast, are too simplistic

from Purves etal, 2004
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from Moore and Cavanagh, 1998
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The Chubb effect

generate successfully guided behavior in a wholly em-
pirical manner (see review by Purves et al., 2001).
Consistent with this hypothesis, the brightness, satura-
tion, and/or hue of identical targets can be changed
dramatically by making the overall stimulus more con-
sistent with the targets being different objects under the
different illuminants, or, conversely, by making the
stimulus more consistent with similar objects under
similar illuminants (Lotto & Purves, 1999; Purves et al.,
2001; Williams et al., 1998a, 1998b).

These demonstrations and their interpretation have
focused on the effects of changing the probable con-
tribution of reflectance and/or illumination to the
stimulus. Here we test whether changing the probable
contribution of transmittance to stimuli affects percep-
tion in a similarly predictable manner. The reason for
considering the Chubb effect in this argument, in
addition to its intrinsic interest, is the similarity of
the Chubb stimulus to the stimuli used by Metelli
(1970, 1974) and Metelli, da Pos, and Cavedon (1985)
to induce illusory perceptions of ’transparency’ . The
following experiments therefore test whether the
Chubb and related stimuli can be successfully explained
in terms of experience with the effects of transmittance
on light stimuli.

The Empirical Consequences of Imperfect
Transmittance

All scenes viewed at the surface of the earth are seen
through media that, to a greater or lesser degree, affect
the amount of light that reaches the eye from the
relevant objects. Although the relative clarity of the
atmosphere minimizes the effects of transmittance in

most circumstances, viewing objects at a distance, near-
by objects in fog or smog, or through semitransparent
liquids or solids (e.g., water or glass) are all frequent and
consequential factors in determining the spectral prop-
erties of the light that ultimately falls on the retina and
initiates perception.

The effects of imperfect transmittance are illustrated
in Figure 2. If, for example, two target surfaces reflect,
respectively, 80% and 30% of the incident light (Figure
2A), the return from the more reflective surface in
perfectly transmitting conditions will be greater than
the return from the less reflective surface by a ratio of
8:3 (’ ’Ratio-1’ ’ in Figure 2A). If, however, the same
surfaces are viewed through an imperfectly transmitting
medium, this ratio is reduced (’ ’Ratio-2’ ’ in Figure 2A).
Although the interposition of such a medium reduces
the amount of light coming from the affected surfaces
proportionally, some light is also added to the luminan-
ces attributable to the two surfaces in question. The
latter effect occurs because the medium also reflects
light to the eye (see Figure 2A). Since this reflected light
is added equally to any return from a surface viewed
through the medium, the luminance attributable to the
less reflective target surface is always increased to a
greater degree than the luminance associated with the
more reflective surface. As a result, the difference in the
luminance of the two target surfaces is reduced, in this
example from a ratio of 8:3 in perfect transmittance to
about 7:5 (see also Metelli, 1970, 1974; Metelli et al.,
1985).

In short, an imperfectly transmitting medium, irre-
spective of its particular properties, always reduces the
luminance differences between differently reflective sur-
faces seen through the medium. If perceptions are

Figure 1. The Chubb effect. A
’ target’ pattern embedded in a
surround of higher luminance
contrast (A) appears to have
more contrast than when the
same pattern is placed in a
uniform surround of the same
average luminance (B). This
effect does not occur, however,
if the spatial frequency of the
surround is made lower than
that of the spatial frequency of
the target (C). Nonetheless,
lower spatial frequency patterns
are perfectly capable of indu-
cing the Chubb effect (cf. D and
E), as long as the patterns are
continuous across the target
surround boundary (cf. E
and F).

548 Journal of Cognitive Neuroscience Volume 13, Number 5
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from Lotto and Purves, 2001
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generated empirically, then to the extent that a stimulus
is consistent with a contribution of imperfect transmit-
tance, this influence will be ’ incorporated’ into the
perception of the target. As a result, the apparent
brightness difference between differently luminant ele-
ments of a target should decrease when imperfect trans-
mittance is likely to have contributed to the light being
returned from it.

An Empirical Explanation of the Chubb Effect

The Chubb stimulus in Figure 1B is empirically consis-
tent with a contribution of transmittance to the light
returned from the target for two reasons: (1) the
borders between the patterned elements of the sur-
round in Figure 1B are continuous with the patterned
boundaries in the target; and (2) the luminances of the
target elements accord with the values that would arise
if the pattern of the surround were viewed through an
imperfectly transmitting medium. Because a uniform
background is, by comparison, more ambiguous in these
respects, imperfect transmittance is more likely to have
contributed to the return from the target in Figure 1B
than in Figure 1A. As a result, the perception elicited by
the target in Figure 1B incorporates the consequences of
imperfect transmittance to a greater degree than the
perception elicited by Figure 1A, causing the elements of
the target in Figure 1B to appear more similar in bright-
ness than the target elements in Figure 1A.

Evidence for An Empirical Explanation of the
Chubb Effect

This explanation of the Chubb effect predicts that
changing the stimulus in Figure 1B in any manner that
makes it less consistent with the experience of viewing a
texture through imperfectly transmitting media should
decrease (or even reverse) the effect. The apparent
difference in the brightness of the target elements
should increase in any such circumstance, even though
the luminance ratios in the stimulus and spatial frequen-
cies of the surround and target remain unchanged. The
following experiments were undertaken to test this
prediction.

Altering the Probable Contribution of Imperfect
Transmittance by Manipulating Motion

In a first test of this prediction, subjects were asked to
compare the stationary stimulus in Figure 3A to the
stimulus in Figure 3B, in which the same surround
rotated slowly around the stationary target (this com-
parison can be viewed at http://www.purveslab.net).
Since rotating the surround does not change the lumi-
nance contrasts or spatial frequencies in the stimulus,
the targets should continue to appear identical. Nine-
teen out of the twenty subjects tested, however, judged
the brightness difference between the target elements in
Figure 3B to be greater than in Figure 3A (p < .01).
Although this result has no obvious explanation in terms
of lateral interactions among neurons similarly tuned to
spatial frequency (see above), it accords with the differ-
ence in the empirical significance of the stationary and
moving stimuli. Thus, whereas the stimulus in Figure 3A
is consistent with the central target being viewed
through an imperfectly transmitting medium, the mo-

Figure 2. Effects of imperfect transmittance. (A) An imperfectly
transmitting medium interposed between object and observer reduces
the luminance differences of returns corresponding to the surfaces that
would be seen through the medium (see text for further explanation).
(B) Illustration showing how the effects diagrammed in (A) would
appear.
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Effect is not due to surround contrast
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from Anderson and Winawer, 2005
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Rotating texture the discs by 90°
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