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Natural images have a characteristic spatial structure, with amplitude spectra that decrease with frequency
roughly as 1/f. We have examined how contrast (pattern-selective) adaptation to this structure influences the
spatial sensitivity of the visual system. Contrast thresholds and suprathreshold contrast and frequency
matches were measured after adaptation to random samples from an ensemble of images of outdoor scenes or
of synthetic images formed by filtering the amplitude spectra of noise over a range of spectral slopes. Adap-
tation selectively reduced sensitivity at low-to-medium frequencies, biasing contrast sensitivity toward higher
frequencies. The pattern of aftereffects was similar for different natural image ensembles but varied with
large changes in the slope of the noise spectra. Our results suggest that adaptation to the spatial structure in
natural scenes may exert strong and selective influences on perception that are important in characterizing
the normal operating states of the visual system. © 1997 Optical Society of America
[S0740-3232(97)02009-7]
1. INTRODUCTION
Visual perception is adjusted continuously by adaptation
processes that alter sensitivity to match the properties of
the ambient stimulus. Retinal mechanisms of light ad-
aptation adjust sensitivity to the average luminance and
color in the scene, whereas cortical mechanisms of con-
trast (pattern-selective) adaptation adjust instead for the
patterns of spatial, temporal, and chromatic variations
relative to the average.1 Exposure to adapting patterns
induces a variety of related aftereffects. Thresholds for
detecting similar patterns are elevated,2,3 the apparent
contrast of suprathreshold patterns appears lower,4–6 and
test stimuli may be biased to appear less similar to the
adapting pattern (as in tilt,7 motion,8 or color–contrast6

aftereffects). These adaptation effects have been attrib-
uted either to independent response changes in channels
tuned to the adapting stimulus,9 or to adaptation-
dependent interactions between channels.10,11 In either
case, the aftereffects reflect losses in sensitivity that are
selective for the structure of the adapting pattern. Even
brief exposures to an adapting stimulus are sufficient to
induce strong aftereffects, which suggests that contrast
adaptation plays a fundamental role in regulating our
perception.

In this study we have examined how the properties of
our form perception might be influenced by adaptation to
the spatial structure of the natural visual environment.
The intensities at different locations within natural im-
ages exhibit strong correlations. Several studies12–17

have shown that this spatial redundancy has a character-
istic form: The amplitude spectra of natural images tend
to fall off with frequency roughly as 1/f, so that on a log-
amplitude versus log-frequency plot the spectra tend to
follow a straight line with a slope (a) near 21. Similar
amplitude spectra have been found for a diverse array of
images of both natural and carpentered environments.
This characteristic signature of natural images is often
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assumed to reflect in real-world scenes the preponderance
of edges (which have 1/f spectra). However, Ruderman18

has recently argued that the scaling property of natural
images may instead arise because real-world scenes are
typically composed of objects present at many different
scales, with strong correlations within objects and weaker
correlations between objects.

We asked whether the characteristic spatial structure
found in natural images might lead to characteristic
states of spatial contrast adaptation. One of the cardinal
features of pattern adaptation is that it appears selective
for the spatial-frequency content of the adapting stimu-
lus. Thus adaptation to a single sine-wave grating el-
evates thresholds most for test gratings with similar fre-
quencies and has little effect on test stimuli far removed
from the adapting frequency.2 Studies of spatial-
frequency adaptation are one of the principal sources of
psychophysical evidence for multiscale models of spatial
vision based on multiple channels that are each respon-
sive to, and adapted by, the variations at different spatial
scales in the image.19–21 The ubiquitous low-frequency
bias in natural scenes might therefore be expected to
adapt primarily the subset of channels sensitive to lower
frequencies and consequently to maintain the visual sys-
tem in a state of reduced sensitivity at lower frequencies.

However, predicting how the visual system might
adapt to natural stimuli is complicated for two reasons.
First, the effective adapting stimulus will depend not only
on the physical contrast in the image but also on the ob-
server’s sensitivity to different spatial scales. The spa-
tial contrast sensitivity function (CSF) is typically band-
pass, so that both low- and high-frequency components in
the stimulus are attenuated. Low-frequency attenuation
arises from lateral inhibition in the retina, which may in
fact be designed to remove the spatial correlations in the
image.22–24 Retinal filtering alone may therefore com-
pensate for much of the low-frequency bias in images, so
1997 Optical Society of America
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that the neural image reaching the cortex (the probable
locus of contrast adaptation) is effectively whitened.
Moreover, the bandwidth of spatial-frequency channels
and individual striate cells increases with frequency (re-
maining approximately constant in octaves). This in-
creasing bandwidth may be designed to compensate for
the falloff in stimulus amplitude with frequency, so that
for natural scenes the total power in each channel re-
mains approximately constant (though again the effective
stimulus for cortical cells will depend on any visual filter-
ing that occurs prior to the cortex).14

A second problem in predicting adaptation to natural
images is that most previous studies have examined con-
trast adaptation effects only with relatively simple spatial
patterns (e.g., gratings). It has proved difficult to pre-
dict, from the results for single gratings, the adaptation
effects that occur even for simple combinations of gratings
(e.g., for compound gratings composed of two different fre-
quencies or orientations). For example, adaptation to a
square-wave grating (whose amplitude spectrum follows
1/f ) may produce less adaptation at the third harmonic
than when the 3f component is presented in isolation.25,26

Such results have suggested that channels tuned to dif-
ferent frequencies or orientations may mutually inhibit
one another and thus lower the effective adapting
contrast,25–27 though alternative accounts have been
proposed.28 In any case, these results suggest that in
complex stimuli observers may not adapt independently
to the energy at different spatial scales. Relative to the
component contrasts, the adaptation effects for complex
patterns like natural images might be substantially
weakened, and, in the extreme, patterns with very com-
plicated or unbiased spectra (e.g., random dot patterns)
may prove largely ineffective.29 One goal in our work
was therefore to assess the actual magnitude and form of
adaptation effects for natural images.

A second goal in our study was to examine how specific
the sensitivity changes might be to the specific statistical
structure of the images. Not all scenes have amplitude
spectra that follow f 21. Instead, the slopes for different
images may vary between roughly 20.5 and 21.5 (e.g.,
Refs. 16 and 17). We asked whether this range is large
or narrow with regard to visual adaptation. Specifically,
we examined whether for contrast adaptation the pattern
of sensitivity losses depends critically on the spectral
slope of the adapting stimuli. Our results suggest that
adaptation to natural scenes may induce pronounced and
selective changes in sensitivity at lower frequencies and
that the pattern of these sensitivity changes does not vary
greatly for different image ensembles or within the range
of slopes reported for natural amplitude spectra. Adap-
tation to the natural visual environment may therefore
tend to maintain the visual system in characteristic oper-
ating states that may profoundly influence our form per-
ception.

2. METHODS
Contrast adaptation effects were measured for two types
of adapting stimuli: outdoor scenes that lacked obvious
human influence, and synthetic images derived from fil-
tered noise. In both cases we were interested in the av-
erage aftereffects induced by ensembles of scenes rather
than in effects that might reflect unique properties of in-
dividual images. Thus the adaptation was always to a
group of images, and aftereffects were compared across
groups. We measured how adaptation to the images af-
fected both detection thresholds and suprathreshold
matches for test frequencies ranging from 0.25 to 16
cycles per degree (c/deg).

A. Apparatus and Calibration
Stimuli were presented on a Sony Trinitron Multiscan
20se monitor controlled by a Cambridge Research Sys-
tems VSG (visual stimulus generator) graphics board.
The adapting images were presented through a
framestore with 8-bit resolution. Test stimuli were hori-
zontal sine-wave gratings and were presented through a
waveform generator windowed by the framestore. Grat-
ing contrast could be specified with a resolution of 14 bits.
Outputs of the framestore and the waveform generator
were linearized through separate gamma corrections and
were closely matched for mean luminance (12 cd/m2 for
the natural images or 30 cd/m2 for the noise images) and
chromaticity (equivalent to Illuminant C). The calibra-
tions were based on measurements with a PhotoResearch
PR650 spectroradiometer.

B. Adapting Stimuli

1. Natural Images
Outdoor scenes were recorded with a Kodak DCS420IR
monochrome digital camera (with added IR filter). The
images were taken in the Sierra mountains near Reno,
Nevada, at the Whittell Forest and Wildlife Area (a field
station maintained by the University of Nevada) and at
Tahoe Meadows. Rather than attempt a representative
sampling of scenes, we tested whether the adaptation ef-
fects depended on the specific adapting ensemble by com-
paring three classes of images that differed in subject
matter and viewing distance. The image groups were (a)
meadows: distant views of meadows and mountains, of-
ten with sky visible; (b) forest: images taken within a
pine forest and dominated by trees, with viewing dis-
tances ranging from a few to several meters; and (c) close-
ups: images of rocks, bark, leaves, and ground cover,
taken at a distance of between 1 and 2 m. Each of the 3
groups consisted of 16 different images. Figure 1 shows
examples from each image group.

Images acquired by the camera had a resolution of
1012 3 1524 pixels and 256 gray levels. Each pixel sub-
tended 1 arcmin2. Adapting stimuli were taken from the
central 763 3 763 pixels, corresponding to a visual angle
of 12.7 deg in width and height. Pixel luminances were
linearized by an empirically defined gamma correction
and then were averaged over 3 3 3 blocks to form a 256
3 256 pixel image. The reduced resolution was neces-
sary to store and display multiple images during the ad-
aptation sequence. All the images were adjusted to have
the same mean pixel value (51, equal to 12 cd/m2). The
low mean luminance was necessary because pixel distri-
butions for natural images are strongly skewed toward lu-
minances higher than the mean.30 The mean was chosen
to allow a maximum luminance on our monitor of
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60 cd/m2 (for 255). Only images with fewer than 0.5%
truncated pixels (both before and after adjustment of the
mean luminance) were included as adapting stimuli.

For each of the resulting 48 images we calculated the
rms contrast (defined by the standard deviation of all the
pixel intensities relative to the mean image intensity) and
the slope (a) of the amplitude spectrum (obtained from a
line fitted to log amplitude versus log frequency after av-
eraging of the amplitude at each frequency over all the
orientations). Values for both parameters are plotted for
each image in Fig. 2. The rms contrast averaged 0.784,
while the mean a value was 21.13. Both the mean and
the range of the values are comparable with previous es-
timates. The mean values for the three different image
groups (i.e., meadows, forest, and close-ups) are listed in
Table 1. While each group appears characteristic of pre-
vious estimates, differences across the three groups in
both rms contrast and a values were found in Kruskall-
Wallis tests to be significant (x2 5 15.36, df 5 2,
p , 0.001 for rms contrast; and x2 5 11.67, df 5 2,
p , 0.003 for a). Moreover, it is evident from Fig. 2 that
the variance in the slopes is substantially greater for
Fig. 1. Examples of the natural image stimuli for the three image groups of meadows, forests, and close-ups.
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close-ups, which in visual inspection appeared to include
a much more heterogeneous class of images.

2. Filtered Noise
As a second set of adapting stimuli, we created synthetic
images that were constructed to vary over a wide range of
a values. Similar stimuli have been used previously by
Knill et al.31 and by Tadmor and Tolhurst.32 256 3 256
pixel white-noise images were generated from random
normal deviates. Each image was defined by a different
sequence. The image amplitude spectrum was multi-
plied by fa, with the value of a ranging from 0 to 22.5 in
0.5 steps (Fig. 3). All the filtered images were adjusted
to a mean value of 128 (corresponding to 30 cd/m2) and
were scaled to have a rms contrast of 0.35 (near the limit
for avoiding significant pixel truncation). Only images
with fewer than 0.5% truncated pixels were included.
For each a value 32 images were created to form 2 differ-
ent adapting sets, each with 16 images. Examples of the
filtered noise stimuli are shown in Fig. 4.

C. Procedure

1. Contrast Thresholds
Stimuli were presented in a square 5.6-deg field (corre-
sponding to 428 pixels) in the center of the display. Nar-
row black borders demarcated the field from a back-
ground (8 3 10.5 deg) of the same mean luminance.
Filling the display field with an adapting image required
magnifying each image twofold (from 256 to 512 pixels),

Fig. 2. Scatterplot of the spectral slope (a) and the rms contrast
of the natural image stimuli. The circles are for images of
meadows, the diamonds are for forest, and the triangles are for
close-ups.

Table 1. Spectral Slope (a) and the Rms Contrast
of the Natural Images

Spectral Slope (a) Rms Contrast
Group Mean SDa Mean SD

Meadows 21.209 0.080 0.675 0.170
Forest 21.075 0.055 0.928 0.143
Close-ups 21.114 0.211 0.751 0.165

a SD, standard deviation.
though only a 428-pixel block could be displayed at any
one time. The position of the displayed block within the
image was chosen at random for each presentation. The
resulting image contained frequencies ranging from 0.149
to 19.1 c/deg and, because of the zooming, had a minimum
element size of 2 3 2 pixels. This quantization was not
visible from the subject’s viewing distance. Test gratings
were presented in cosine phase with the center of the field
and were weighted vertically by a fixed Gaussian enve-
lope with a SD of 1.6 deg.

The observer viewed the display binocularly in an oth-
erwise dark room from a distance of 200 cm. Each run
began with an initial 5-min period of adaptation. During
adaptation the observer viewed a rapid and random se-
quence of 16 images drawn from one of the three sets of
natural images, from a grating of either 0.25 or 2 c/deg
with randomized phase, or from a set of filtered noise im-
ages with a common a value. The displayed image was
resampled at random every 300 ms. This simulates the
pattern of local stimulation that might arise from rapid
and random eye movements within the image ensemble.
The high resampling rate was chosen in an attempt to
minimize local light adaptation to individual images. Af-
ter the initial 5-min adaptation, the field returned to zero
contrast for 500 ms, and then a test grating was pre-
sented for 700 ms, with contrast ramped on and off during
the first and the last 150 ms by a temporal Gaussian with
a SD of 50 ms. After the test a zero-contrast field was

Fig. 3. Relative amplitude spectra for filtering the noise images.
Slopes (a) of the spectra are indicated to the right. Images with
different slopes had the same rms contrast (0.35) and thus the
same total power.
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Fig. 4. Examples of the filtered noise stimuli. The slopes of the image amplitude spectra (a) vary from 0 to 22.5.
presented for 500 ms, and then a 6-s period of readapta-
tion was given. The sequence of tests interleaved with
6-s readaptation continued throughout the run. The ob-
server set thresholds by using a button box to adjust the
contrast of the test grating. During a run thresholds
were set once for each test frequency, in counterbalanced
order. The postadapt results presented are each based
on the average of six settings per frequency. Each ses-
sion also included two initial runs in which preadapt
thresholds for each frequency were measured. For these
runs the adapting field remained at zero contrast, but the
testing sequence remained otherwise identical to post-
adapt trials. The results presented for the preadapt con-
trast sensitivity are based on the mean of 10 or 12 runs
averaged across the different sessions.

2. Suprathreshold Matches
To examine how adaptation affected the appearance of su-
prathreshold gratings, the adapt and the test stimuli
were confined to a 3.9-deg vertical 3 6.7-deg horizontal
field above a fixation cross. The observer adapted to a
5-min random sequence of images. (The 6.7-deg field
equaled the full width of the zoomed image, and thus in
this case only the vertical placement of an individual im-
age was free to vary.) Test gratings and the adapting se-
quence followed the same time course as in the threshold
measures. The gratings were windowed in space only by
the adapting field. A matching grating was presented si-
multaneously with the test, but in a neutral (zero-
contrast) field placed symmetrically below fixation. The
observer used separate pairs of buttons to adjust the
matching grating to equate both the perceived contrast of
the test and matching stimuli and their perceived spatial
frequency. Individual frequencies were again run in
counterbalanced order, with an average of six settings
taken for each frequency.

D. Observers
Observers included the two authors (MW and EM) and a
paid, naı̈ve observer (VR). The observers had normal
(MW) or corrected-to-normal (EM and VR) visual acuity.

3. RESULTS
A. Natural Images

1. Contrast Thresholds
Figure 5 shows how adaptation to the different natural
image groups affected threshold contrast sensitivity.
Unfilled symbols plot the CSF for neutral (zero-contrast)
adaptation, while filled symbols in each panel plot sensi-
tivity after adaptation to each ensemble. For neutral ad-
aptation the CSF exhibits characteristic bandpass tuning,
with peak sensitivity near 2 c/deg.19 Adaptation pro-
duced large losses in sensitivity at low spatial frequencies
but had little effect at higher frequencies, in qualitative
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agreement with the low-frequency bias of the adapting
stimulus. The selective losses in low-frequency sensitiv-
ity alter the shape of the CSF by shifting peak sensitivity
toward higher frequencies and by slightly decreasing the
bandwidth of the tuning. [From these results one cannot
rule out the possibility that measurable adaptation might
have occurred at 16 c/deg had our adapting stimuli ex-
tended to frequencies higher than 19 c/deg, since this falls
far short of the bandwidth for a channel tuned to 16 c/deg.
However, a similar limitation occurs at the lowest fre-
quency, where the sensitivity losses are largest (for tests
of 0.25 c/deg versus a lowest image frequency of 0.15
c/deg). Moreover, in subsequent control runs with
higher-resolution images (38 c/deg) there was again little
effect on the thresholds for the 16-c/deg tests.]

The threshold changes for the three different image
groups were similar in both magnitude and form. This is
illustrated in Fig. 6, which plots the change in contrast
sensitivity for each adapting condition. The consistency
in adaptation across the three groups is consistent with
the general similarities in their average spatial structure
(Fig. 2). However, the threshold changes are very differ-
ent from the changes produced by adaptation to unnatu-
ral stimuli, such as a single grating (shown in Fig. 7 and
by the unfilled symbols in Fig. 6). For this comparison
observers adapted to horizontal sine-wave gratings of
0.25 or 2.0 c/deg, with Michelson contrasts of 0.5 (rms
contrast, 0.35). As with the natural images, the phase
was randomized every 300 ms. Adaptation to the 2-c/deg
grating altered sensitivity most at the adapting fre-
quency, with little threshold change at either higher or
lower frequencies.2 Adaptation to the 0.25-c/deg grating
produced the largest threshold change at 0.25 c/deg but
exhibited sharper frequency tuning than the adaptation
for natural images. (See Fig. 6. This tuning difference
is consistent with the results for the different noise im-

Fig. 5. CSF’s before and after adaptation to the three groups of
natural images for the three observers. The triangles show sen-
sitivity for neutral adaptation. The circles show the contrast
sensitivities following adaptation to the natural image sets.
The error bars are the standard errors of the means.
ages, as shown in Fig. 10 below.) Thus the sensitivity
losses observed for the natural images do reflect selectiv-
ity for specific properties of the images. (In contrast to
our results, early studies of grating adaptation suggested
that low adapting frequencies might induce the largest
threshold changes at higher test frequencies, implying

Fig. 6. Change in contrast sensitivity after adaptation to each
image ensemble. Each curve plots the log difference between
the neutral-adaptation and the image-adaptation CSF. Circles,
meadows; squares, forest; filled triangles, close-ups; diamonds,
2-c/deg gratings; open triangles, 0.25-c/deg gratings.

Fig. 7. CSF’s before and after adaptation to 2- or 0.25-c/deg
gratings for the three observers. The triangles show the sensi-
tivity for neutral adaptation. The circles show the contrast sen-
sitivities following adaptation to the gratings. The error bars
are the standard errors of the means.
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the presence of a ‘‘lowest adaptable channel.’’ 2,33 How-
ever, more recent studies have demonstrated selective ad-
aptation for frequencies roughly as low34 or lower35 than
those we examined.)

2. Suprathreshold Matches
Figure 8 shows that the adaptation induced similar losses
in the sensitivity to suprathreshold patterns. The fig-
ures plot for each adapting set the changes in perceived
contrast of test frequencies that had a Michelson contrast
of 0.05. Again the adaptation was characterized by large
and selective losses in sensitivity at low frequencies, with
very similar results across the three image sets, while
very different results for the 2-c/deg grating adaptation
(which are again largest at the adapting frequency). For
these test gratings the contrast for neutral adaptation
was 12–20 times the threshold contrast for medium spa-
tial frequencies but only 2–3 times threshold for the 16-
c/deg grating. We chose relatively low contrasts because
adaptation tends to have only weak effects on high-
contrast test patterns.5,6 However, similar results were
obtained in pilot measurements (not shown) by use of a
test contrast of 0.10.

Our results reveal that exposure to natural images can
lead to pronounced sensitivity losses at low frequencies,
with the magnitude of the bias changing gradually but
progressively across much of the several-octave range of
frequencies that we examined. This pattern of sensitiv-
ity loss predicts a further possible aftereffect of the adap-
tation. Exposure to a single spatial frequency not only
alters the perceived contrast of gratings but can also alter
the perceived size of similar frequencies so that they ap-
pear shifted away from the adapting frequency.36 A con-
ventional account of such aftereffects is that perceived
size depends on the distribution of activity across mul-
tiple channels, each being responsive to a narrow but
overlapping range of frequencies.9 Adaptation reduces
sensitivity in the subset of channels that respond to the
adapting frequency, thus skewing the distribution of re-
sponses to test stimuli away from the distribution to the
adapt stimulus.

We therefore examined whether, for natural image ad-
aptation, the systematic skewing of sensitivity toward
higher frequencies might bias the perceived size of test
stimuli toward higher frequencies. To test this observers
matched not only the perceived contrast of the test grat-
ings but also their perceived frequency. The resulting
matches are plotted in Fig. 9. For the lowest frequency
(0.25 c/deg), we found for our conditions that it was diffi-
cult to judge perceived frequency and that (accurate) set-
tings instead appeared to be based on perceived symme-
try in the display. Measurements at the lowest
frequency were therefore excluded. For observer MW ad-
aptation to each natural image set induced consistent bi-
ases in low to medium frequencies, increasing perceived
frequency by 10–20%. This bias is comparable in magni-
tude with the aftereffects induced by single adapting
gratings.36 The shift toward high frequencies is again
consistent with the pattern of the contrast sensitivity
change induced by the adaptation. However, these shifts
are less evident in EM’s results. When adaptation was
instead to the 2-c/deg grating, both observers appeared to
show a shift toward high frequencies at 4 c/deg but sur-
prisingly did not show the converse effect at 1 c/deg. We
do not know the basis for this asymmetry. (Blakemore
and Sutton36 found similar but opposite shifts above and
below the adapting frequency, with no bias in test grat-

Fig. 8. Results of contrast matching for suprathreshold gratings
(Michelson contrast of 0.05) for the two observers. The changes
in perceived contrast of the grating are plotted as a function of
the spatial frequency of the test grating. The diamonds show
the changes after adaptation to the 2-c/deg grating; circles,
meadows; squares, forest, and triangles, close-ups. The error
bars are the standard errors of the means.

Fig. 9. Results of spatial-frequency matching for the supra-
threshold gratings (Michelson contrast of 0.05) for the two ob-
servers. The changes in perceived spatial frequency of the grat-
ing are plotted as a function of the spatial frequency of the test
grating. The error bars are the standard errors of the means.
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ings that differed from the adapting grating by roughly 2
or more octaves. However, they did not examine adapt-
ing frequencies lower than 3.5 c/deg.)

B. Filtered Noise

1. Contrast Thresholds
The natural image sets that we examined appear to have
a common property that leads to similar adaptation ef-
fects. The pattern of aftereffects is consistent with the
notion that this property is the characteristic amplitude
spectra of the images. But how selective are the sensi-
tivity changes to the specific image spectra? As we have
noted, the spectra for individual images have been found
to vary over a range of slopes from roughly 20.5 to 21.5.
We therefore asked whether differences of this magnitude
are sufficient to yield significantly different adaptation
states. This question is of interest not only for assessing
how different natural contexts might vary the observer’s
adaptation but also for examining more generally
whether the amplitude spectrum is in fact a critical prop-
erty underlying the adaptation. To test this we used as
adaptation stimuli synthetic noise images that all shared
the same mean luminance (30 cd/m2) and rms contrast
(0.35) but whose spectra were filtered over a wide range of
slopes.

Figure 10 shows the CSF’s measured before or after ad-
aptation to noise images defined by slopes (a) varying
from 0 (white noise) to 22.5 (highly blurred). In each
case the postadapt thresholds were measured for two dif-
ferent image sets (16 images each). Thresholds for the
two sets were similar and therefore have been averaged
in the figure. For both observers the change in a leads to
systematic changes in the form of the sensitivity losses.
White noise produced only a weak and nonselective
change in thresholds. However, as the spectra are biased
toward lower frequencies, the adaptation begins to selec-
tively reduce sensitivity at low to medium frequencies,
and the range of the aftereffects shifts progressively to-
ward the lower frequencies as the filtering increases [pro-
ducing at medium frequencies the largest sensitivity
changes for intermediate a values, a trend that roughly
mirrors the trends in the adapting spectra (Fig. 3)]. As
a result, the postadapt CSF for natural spectra (e.g.,
a 5 21) differs substantially from the CSF’s for unnatu-
ral spectra (e.g., a 5 0, 22.5). Moreover, for the 1/f
adapting images the spatial selectivity of the changes in
the CSF appear qualitatively similar to the changes mea-
sured for the actual natural images (though in the
present case the adaptation effects are weaker and the
CSF peaks at slightly higher frequencies, consistent with
the lower adapt contrast and higher mean luminance in
the present experiment). However, while the amplitude
spectra clearly affect the form of the adaptation, the se-
lectivity for the specific spectral slope appears weak. For
both observers the 20.5 spectra produced weaker sensi-
tivity changes than more strongly biased spectra, but the
differences between the CSF’s when the adapting a val-
ues ranged from 21 to 22 are not compelling. Thus our
results suggest that the small differences in average a
that might be encountered in different natural contexts
are unlikely to lead to large differences in the spatial de-
pendence of the adaptation.
2. Suprathreshold Matches
Once again these threshold results are largely parallel by
the pattern of aftereffects at suprathreshold contrasts.
Figure 11 plots the changes in both the apparent contrast

Fig. 10. CSF’s after adaptation to the filtered noise images for
two observers. The triangles show the contrast sensitivities af-
ter neutral adaptation. The circles show the contrast sensitivi-
ties after adaptation to the filtered noise. The error bars are the
standard errors of the means.
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and the perceived spatial frequency of the test stimuli for
each set of filtered noise stimuli. Test stimuli again had
a physical contrast of 0.05. Losses in perceived contrast
become progressively more selective for low frequencies
as the filtering of the adaptation increases. However, for
the 20.5 stimuli there is for both observers more adapta-

Fig. 11. Results of contrast and spatial-frequency matching for
the suprathreshold gratings for two observers after adaptation to
the filtered noise stimuli. The circles show the changes in per-
ceived contrast on a logarithmic scale (left-hand Y axis), and the
triangles show the changes in perceived spatial frequency in a
linear scale (right-hand Y axis), respectively, as a function of the
spatial frequency of the test grating. The error bars are the
standard errors of the means.
tion at the high frequencies than would be predicted from
the threshold changes, and, for EM, contrast changes may
actually become biased toward high frequencies for the
least filtered stimuli. (While weak, this bias was repli-
cated in additional runs by EM.) The aftereffects again
appear very different when large differences in the adapt-
ing a are compared but do not differ markedly for small
changes in the spectral slopes, and the aftereffects for the
1/f spectra are qualitatively similar to the contrast
changes induced by adaptation to the natural image sets.
Finally, the results for the filtered noise spectra again
suggest that the selective sensitivity losses at low fre-
quencies may result in biases in perceived size toward
higher frequencies. For both observers these biases be-
come progressively more evident as the slope of the adapt-
ing spectra increases.

4. DISCUSSION
In summary, we have found that exposure to natural im-
ages induces pronounced changes in contrast sensitivity.
The aftereffects are characterized by selective losses in
sensitivity at lower spatial frequencies, consistent with
the characteristic amplitude spectra of natural images.
In normal viewing contrast adaptation may thus exert a
ubiquitous influence on spatial sensitivity, markedly al-
tering the spatial filtering characteristics of our form per-
ception. We have shown that this influence is manifest
both at threshold and in suprathreshold appearance at
different spatial scales.

A. Adaptation and Natural Viewing
While our goal was to assess the states of spatial contrast
adaptation that are likely to arise in the natural visual
environment, there are obviously many ways in which our
paradigm fails to mimic natural viewing conditions. It
therefore remains important to assess the magnitude of
contrast adaptation effects under conditions more natural
than most psychophysical experiments have accommo-
dated. For example, we resampled the adapting images
at a rapid rate that was designed to minimize local
changes in light adaptation and to expose observers to the
average contrast both across different scenes and within
different parts of the same scene. Thus our procedure
does not simulate the temporal sequence or fixation bi-
ases (e.g., to specific objects or parts of the image) that are
likely to occur for natural patterns of eye movements.
However, we have found for uniform flickering fields that
contrast adaptation extends over a wide range of tempo-
ral frequencies, and the effects of light adaptation and
contrast adaptation appear to be largely separable.37,38

This suggests that the form of the aftereffects that we ob-
served is not critically dependent on the sampling rate.
(A variant of the present experiments that may allow for
more natural temporal patterns of stimulation was ex-
plored previously in experiments by Atick,39 who exam-
ined adaptation induced by viewing video sequences.)

A related example of how our stimuli departed from
normal viewing is that we constrained all the adapting
images to have the same mean luminance. We imposed
this constraint to test specifically the adaptation effects
that arise from the spatial structure in the images. How-
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ever, differences in the average light level across indi-
vidual scenes (e.g., for areas in sun or shadow) may often
be substantial. If in normal viewing there are large and
frequent modulations of the dc (zero-frequency) lumi-
nance, then the sensitivity changes may in fact be much
more pronounced and selective for low frequencies than
those we have measured.

B. General Versus Image-Specific Patterns of
Adaptation
In the present experiments we adapted to ensembles of
images to explore the general properties of the spatial af-
tereffects. We assume that this simulates more closely
the pattern of stimulation underlying spatial adaptation
in natural viewing, which should depend on the average
characteristics of scenes built up over multiple fixations.
Our results suggest that the low-frequency biases com-
mon to virtually all natural scenes conspire to induce a
consistent, general pattern of sensitivity loss at low-to-
medium spatial frequencies. It remains possible that
there are other general properties of natural image
structure—including aspects of image structure that have
yet to be defined—that may play an important role in de-
fining the adaptation. For example, we measured the
sensitivity changes only in horizontal test gratings.
However, the average amplitude spectra of natural im-
ages are anisotropic, with more power at vertical and
horizontal orientations.17,40 If these differences are pre-
served in the retinal ensemble (despite frequent changes
in the observer’s orientation), then the adaptation effects
may also exhibit an orientation bias (though our results
suggest that weak biases in the adapting spectrum are
unlikely to produce large changes in spatial sensitivity).

Because we always adapted to groups of images our
current procedure does not readily reveal properties of in-
dividual images (e.g., the phase spectrum) that may be
important in determining the form of the spatial adapta-
tion. Individual images can produce strong and idiosyn-
cratic aftereffects, and if contrast adaptation serves a
functional role then it is the changes in sensitivity across
different images or contexts that are important.1,10,11

For example, Webster, MacLin, and colleagues41,42 exam-
ined figural aftereffects in natural stimuli by using im-
ages of human faces (for which small configural changes
are highly discriminable). Adaptation to a distorted face
leads to strong and selective changes in the appearance of
normal faces, yet such aftereffects cannot be accounted
for by the amplitude spectra of the stimuli. Moreover, in
a study analogous to the present research, Webster
et al.43 and Webster and Mollon44 examined how color
perception is affected by adaptation to the natural envi-
ronment. In their studies they focused on the afteref-
fects that might arise from exposure to the color gamuts
defining individual scenes. They found that the distribu-
tion of colors across different scenes varied substantially
and that adaptation to individual distributions induced
changes in color appearance that were selective for the
specific adapting distribution.

One difference across images that our results do ad-
dress is in the specific slope of the amplitude spectra.
For the range of slopes that have been reported for natu-
ral scenes we found only modest changes in the spatial se-
lectivity of the adaptation, though more extreme slopes
outside the range of naturally occurring spectra produced
clearly different aftereffects. If the state of adaptation
normally depends on the average characteristics across
many samples, then large deviations (within the natu-
rally occurring range) from 1/f in the average adapting
spectrum may be infrequent. This suggests that the
characteristic spatial structure of the natural world will
tend to maintain the visual system in characteristic
states of spatial contrast adaptation. A similar argu-
ment applies to color vision. As we noted, the color dis-
tributions across individual scenes are large enough to in-
duce markedly different changes in sensitivity.43,44

However, the range of color distributions within the natu-
ral environment is nevertheless limited, and thus the
natural states of color contrast adaptation may similarly
be limited.

In addition to the spectral slope, a second obvious
source of variation in the spatial statistics of natural im-
ages is in rms contrast, which varies widely across im-
ages. (See Fig. 2.) Changes in ambient contrast may
more strongly modulate the state of adaptation than dif-
ferences in a, for it is evident that, while the latter is con-
sidered a relatively stable property of natural scenes, con-
trast can change markedly with viewing conditions (e.g.,
in fog or rain). In fact, an important proposed function of
contrast adaptation or contrast gain control is to adjust
sensitivity to match the prevailing contrast gamut.45 In
the present study we have not explored whether the
changes in spatial adaptation are substantial over the
range of luminance contrasts that we are likely to encoun-
ter, but the magnitude of sensitivity changes typically in-
creases monotonically with adapting contrast,5,46 and
Webster and Mollon44 have shown clear changes in sensi-
tivity that depend on adaptation to the different chro-
matic and luminance contrasts across scenes. One vari-
ant on the present experiments would be to group natural
images according to high or low rms contrast or high or
low a values and then test whether the natural variations
within either dimension are sufficient to change signifi-
cantly the pattern of adaptation.

C. Contrast Adaptation and Spatial Vision
The states of contrast adaptation induced by natural im-
ages are important to quantify because they determine
the natural operating states of our spatial vision and are
thus the most relevant for understanding our form per-
ception (in the same way that the light-adapted retina is
more relevant for understanding photopic vision than is
the dark-adapted visual system). The specific pattern of
adaptation effects that we found therefore has a number
of implications for form perception. These are illustrated
in the following three examples.

(1) The CSF is fundamental to models of spatial vision
and for characterizing the spatial filtering properties of
our vision. The adaptation induced by natural viewing
may significantly alter both the shape and the peak fre-
quency of the CSF, and these changes may be important
to include to more accurately model the encoding of spa-
tial patterns.
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(2) While the spectral slopes of natural images may not
vary enough to alter substantially the pattern of adapta-
tion, as we noted, the effective adapting stimulus will de-
pend on both the stimulus spectrum and the observer’s
CSF. Thus natural images might induce very different
sensitivity changes under conditions that vary the CSF.
Several factors are known to strongly affect the shape of
the CSF, including temporal frequency, mean luminance
level, eccentricity, and whether the stimulus variations
are luminance or chromatic.19,47 A particularly relevant
factor is the state of accommodation, since the effects of
changing a are roughly similar to the effects of blurring
the image.32 Since much of the visual field is often out of
focus, the primary stimulus for natural adaptation may
be further biased toward lower frequencies. An intrigu-
ing possibility is that associated with refractive errors
there may tend to be different characteristic states of con-
trast adaptation, for the sensitivity losses owing to blur
will tend to shield the visual system from sensitivity
losses owing to the adaptation.

(3) At suprathreshold contrasts our results show that
adaptation strongly biases the apparent contrast of low
frequencies relative to higher frequencies. The CSF fails
to predict visual performance at suprathreshold levels,
where perceived contrasts across different frequencies
tend to follow the physical contrast (rather than multiples
of threshold contrast).48,49 This compensation for the
sensitivity differences at different spatial scales is
thought to allow for contrast constancy, for example, as
the size of objects changes. Yet under natural states of
adaptation the bias against low frequencies may influence
contrast constancy and could even cause perceived con-
trast at higher frequencies to appear overcompensated.
However, our present results are restricted to low con-
trasts, and the adaptation effects at higher contrast levels
are likely to be weaker. It thus remains important to
further assess the extent to which contrast coding might
be affected by the adaptation.

D. Contrast Adaptation and Coding Efficiency
A number of studies have argued that the spatial sensi-
tivity of the visual system is well matched to the spatial
statistics of natural images. One can successfully predict
the receptive-field characteristics of both retinal22–24 and
cortical14 cells by characterizing the properties of natural
images and then asking how stimuli with such properties
can be represented efficiently.50,51 Psychophysically,
Knill et al.31 and Tadmor and Tolhurst32 examined
whether visual performance was matched to the spatial
structure of natural images by testing how well observers
could discriminate between different images on the basis
of differences in the amplitude spectra. Contrast adap-
tation may similarly provide a potential empirical test for
probing the match between visual coding and the stimu-
lus. For example, the visual system might be regarded
as well matched to stimuli that produce a nonselective ad-
aptation effect, for in this case the visual responses at all
the points along the relevant stimulus dimension are
given equal weight. In this regard, it is notable that the
adaptation effects that we observed are stronger at lower
spatial frequencies, which suggests that the distribution
of energy is not uniform across the spatial channels un-
derlying the adaptation. Contrast adaptation may there-
fore play an important role in whitening the neural im-
age. Moreover, the very existence of pattern-selective
adjustments emphasizes that the statistics of the visual
world are not static and points to the need to change cod-
ing to match sensitivity specifically to the prevailing
stimulus.1,10,11 Our results suggest that such adjust-
ments are a prevalent component in the visual response
to natural stimuli.
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