
1 Introduction
Striped patterns are known to produce visual discomfort and can even induce headaches
or epileptic seizures in hypersensitive observers (Chatrian et al 1970; Marcus and Soso
1989; Wilkins et al 1984; Wilkins 1995). The discomfort is strongest for the range of
medium spatial frequencies (�3 cycles degÿ1 � 1 octave) for which the visual system is
generally most sensitive. Recently Fernandez and Wilkins (2008) showed that discom-
fort in more complex images could also be accounted for by the extent to which the
images contained an excess of energy at medium spatial frequencies. In particular,
they examined works of abstract art which were known through public viewings to
appear visually uncomfortable. Ratings of discomfort for these images were strongly
correlated with higher contrast at medium frequencies. Similar results were found for
photographs of natural scenes or for broadband noise filtered to increase or decrease
the energy at medium frequencies. Thus, their results showed that it was possible to
predict visual discomfort for a very wide range of images from a simple property of
the spatial statistics of the images.

The uncomfortable images identified through these studies are `unnatural' because
they deviate from the spatial statistics typical of natural scenes. Natural images tend
to have characteristic frequency spectra in which amplitude falls proportionally with
increasing frequency and thus on average varies roughly as f ÿ1 [or with a slope of
ÿ1 for log amplitude versus log frequency (Field 1987)]. The mid-frequency `bump'
is thus an excess of energy relative to the 1/f slope (Fernandez and Wilkins 2008).
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Abstract. Images with excessive energy at medium spatial frequencies (Fernandez and Wilkins,
2008 Perception 37 1098 ^ 1113), or that have high color contrast and little or no luminance
contrast (Wilkins et al, 2008 Perception 37 Supplement, 144 ^ 145) appear uncomfortable or
aversive and can induce headaches in hypersensitive observers. Such stimuli are uncharacteristic
of natural images, and we examined whether visual discomfort more generally increases with
deviations from the spatial and chromatic properties of natural scenes. Observers rated the level
of discomfort or artistic merit in color images generated from noise or random overlapping
rectangles (Mondrians). In one set, the slopes of the amplitude spectra for luminance or chro-
matic contrast were varied independently to create images ranging from strongly blurred to
sharpened relative to a `natural' 1/f spectrum. Perceived blur was dominated by the luminance
slopes, with discomfort rated lowest for �1/f spectra. In a second set of focused Mondrians,
color was varied along different axes in the L ^M versus S ^ LM chromatic plane. Discomfort
ratings were lowest around bluish ^ yellowish axes that are again typical of natural outdoor scenes.
A final set varied in the levels of both luminance and chromatic contrast. Discomfort increased
with increasing color contrast or decreasing luminance contrast, and tended toward lower ratings
for images with balanced levels of luminance and color contrast. Notably, these ratings of dis-
comfort were not related to judgments of artistic merit. Thus, for both spatial and chromatic
content, the least aversive images corresponded to characteristic properties of the natural visual
environment, and may reflect a normalization of visual coding to the natural world.
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Many aspects of spatial coding in the visual system may be matched to the 1/f spatial
structure of the visual environment (Atick 1990; Field 1987; Parraga et al 2000; Srinivasan
et al 1982), and thus images with a different structure might appear uncomfortable
because they are stimuli for which visual mechanisms are not well matched. In this
study, our aim was to explore this idea to ask more generally whether visual discom-
fort increases as image statistics deviate from those of natural scenes. We compared
discomfort ratings for images with amplitude spectra filtered to vary over a range of
exponents. More negative exponents steepen the fall-off in amplitude with frequency and
cause the images to appear blurred, while more positive exponents lead to shallower
slopes and cause the images to appear too sharp. Variations in slope thus corre-
spond roughly to the perceived physical focus of the images (Field and Brady 1997;
Webster et al 2002).

Natural scenes also tend to have characteristic color statistics. These are less-well
defined and may be more variable across environments than a statistic such as the slopes
of the amplitude spectra (which also vary across images), yet they again reflect proper-
ties of the world for which visual coding is likely to be optimized (Atick et al 1993).
For example, spatial variations in chromatic contrast also tend to have a 1/f spectrum,
but may be steeper for some classes of images (eg close-ups of fruit), which has been
suggested as a possible reason for differences in spatial coding for luminance and color
(Parraga et al 2002). Natural scenes also have characteristic color gamuts, for example
with higher contrasts along a restricted range of directions in color space, or with typical
ratios between luminance and chromatic contrast (Ruderman et al 1998; Webster and
Mollon 1997; Webster et al 2007). Deviations from these characteristic properties might
therefore again predict differences in visual comfort. For example, Wilkins et al (2008)
found that ratings of discomfort from spatial gratings increased with increasing chro-
matic contrast and were especially strong for isoluminant gratings (though this could
also reflect the fact that isoluminant patterns are a weak stimulus for accommoda-
tionöSwitkes et al 1990; Wolfe and Owens 1981). In the present study, we specifically
explored the relationship between discomfort and the naturalness of both the color
and spatial variations in images.

Recent studies have also explored the relation between natural scene statistics and
the aesthetic quality of images (Redies 2007). For example, paintings from representa-
tional art have been found to have amplitude spectra with slopes similar to those of
natural scenes (Graham and Field 2007), and even highly abstract paintings, like Jackson
Pollock's drip paintings, have a fractal dimension (a statistic related to spectral slope)
consistent with natural scenes (Taylor et al 1999). Aesthetic judgments decrease as
fractal dimension deviates from natural levels (Spehar et al 2003). Moreover, Fernandez
and Wilkins (2008) found that ratings of discomfort and artistic merit tended to be
negatively correlated for the images they examined with biased amplitude spectra,
again because the natural spectra tended to be perceived as less uncomfortable but
also more aesthetically pleasing. A final aim of our work was therefore to assess the
relationship of both aesthetic and discomfort ratings to the color and spatial statistics
of natural scenes.

2 Methods
2.1 Stimuli
All experiments were conducted with two versions of `noise' which allowed us to repre-
sent the statistical properties of images without tying these statistics to actual objects.
In the first case, the noise was created by selecting each pixel value from three ran-
dom Gaussian distributions controlling the luminance contrast or the L ^M or S ^ LM
chromatic contrasts. Contrasts were based on a variant of the MacLeod ^Boynton
(MacLeod and Boynton 1979) chromaticity diagram scaled to roughly equate variations

Visual discomfort and natural image statistics 885



along the three axes according to the following equations:

L ^M � 1955 (rmb ÿ 0:6568) ,

S ^ LM � 5533(bmb ÿ 0:01825) , (1)

Luminance � 70Lum ,

where rmb , bmb are the chromaticity coordinates in the MacLeod ^Boynton space;
0.6568, 0.01825 are the r, b coordinates of Illuminant C ; and Lum corresponds to the
luminance relative to the mean luminance (42 cd mÿ2) in the image [(Iÿ Imean )=Imean ].
Isoluminance for the images was defined photometrically, and thus no attempt was
made to equate the luminances of different colors for individual observers or to correct
for chromatic aberrations. Chromatic variations in the images thus necessarily included
luminance artifacts, though for most conditions these were likely to be masked by the
large added luminance variations in the stimulus (Regan et al 1994).

In the second image set, each image was created by again randomly selecting the
color and luminance, but this time for rectangles of random size and location, in order
to form a dense overlapping collage. The resulting images were therefore similar to
Mondrian patterns (Land 1983) and had the same color and amplitude spectra as the
preceding noise but differed in their phase spectra. For both, the amplitude spectra of
the images were then filtered to vary over a range of spectral slopes ranging from ÿ2
(strongly blurred) to 0 (strongly sharpened), with the image contrasts rescaled after
filtering to maintain a constant rms contrast of 0.25 [or 17.5 based on equation (1)].
Different experiments used variants of these basic stimuli to test specific color or
spatial properties. Figure 1 shows examples of the two types of patterns.

Figure 1. [In color online, see http://dx.doi.org/10.1068/p6656] Examples of the noise (top) and
Mondrian (bottom) images. The different examples illustrate the effects of varying the slope of
the amplitude spectra to independently blur or sharpen the luminance or chromatic components
of the images.
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2.2 Apparatus
The images were displayed on a 20 inch Sony Trinitron 500PS monitor (resolution
8006600 pixels), controlled by a Cambridge Research Systems VSG card with a
refresh rate of 60 Hz. Gun levels on the monitor were gamma corrected. The images
were shown with a resolution of 6006600 pixels centered on the monitor on a gray
background with the same mean luminance and chromaticity. Observers viewed the
display binocularly from a distance of approximately 118 cm, giving the images a visual
angle of 14.7 deg. The room was otherwise dark.

2.3 Procedure
Each image was shown on the monitor for 10 s. Afterwards, it was replaced by a gray
screen displaying `̀ Rate Picture DISCOMFORT'' and a 7-point scale, with 1 being
`̀ none at all'' and 7 being `̀ a lot''. After 3 s, the gray screen, instead, displayed ``Rate
Picture ARTISTIC MERIT'' along with the same 7-point scale. The timing and format
of the scale was the same as those used by Fernandez and Wilkins (2008). Observers
responded using a handheld computer number pad. If they missed a rating, the trial
was repeated. The order of the images was randomized, and the set included 3 to 5
repeated examples of each image level depending on the experiment.

2.4 Observers
A total of sixty-one observers were tested in different sets of experiments (mean age
24.1 years, range 18 ^ 66 years, forty-eight female). All were undergraduate students at
the University of Nevada who participated for course credit. Informed consent and testing
procedures followed protocols approved by the university's Institutional Review Board.

3 Results
3.1 Experiment 1. Variations in amplitude spectrum slope
In the first case, we examined ratings of discomfort and artistic merit for images that
varied in the slope of their amplitude spectra. Slopes ranged from ÿ2 to 0 in steps
of 0.5, and again were adjusted after filtering to maintain a constant rms contrast.
Slopes for luminance and chromatic contrast were varied independently, forming a set
of 25 stimulus levels (see figure 2). Note that, in the case of chromatic contrast, the
slopes of the L ^M and S ^ LM axes always had the same value. 3 random images
were produced for each combination of image type and each luminance and chro-
matic contrast combination, producing a total of 150 images [2 (noise images or
Mondrians)65 (luminance slope)65 (chromatic slope)63 (examples)]. Ratings for the
complete image set were made by twenty observers (mean age of 22.2 years, range of
18 ^ 30 years, seventeen female).

3.1.1 Discomfort. Figure 3 shows the ratings for the individual combinations of lumi-
nance and chromatic slope while figure 4 shows the ratings for the different luminance
slopes collapsed across chromatic slopes or vice versa. For the noise, there was a
main effect of luminance slope on ratings of discomfort (F4 76 � 10:94, p 5 0:001ösee
figure 4a). A posteriori Holm ^ Sidak multiple-comparison t-tests revealed that ratings
of discomfort were higher for a luminance slope of ÿ2 than for all other slopes
(min t � 4:07, max p 5 0:0001). A main effect was also observed for chromatic con-
trast (F4 76 � 5:90, p 5 0:001). Holm ^ Sidak tests revealed that ratings of discomfort
were lower for chromatic contrast slopes of ÿ2 and ÿ1:5 than for ÿ0:5 and ÿ1
(min t � 2:82, max p � 0:006). There was also a significant interaction between
luminance and color levels (F16 304 � 1:96, p � 0:016) reflecting a decreased effect of
chromatic slopes for increasing luminance slopes.

Ratings for the Mondrians were very similar. As with the noise, there was a main
effect of luminance slope (F4 76 � 22:01, p 5 0:001ösee figure 4b), again with a posteriori

,

,

,

,

Visual discomfort and natural image statistics 887



0

ÿ0.5

ÿ1

ÿ1.5

ÿ2

0

ÿ0.5

ÿ1

ÿ1.5

ÿ2

C
h
ro
m
a
ti
c
co
n
tr
a
st

C
h
ro
m
a
ti
c
co
n
tr
a
st

ÿ2 ÿ1:5 ÿ1 ÿ0:5 0
Luminance

Figure 2. [In color online.] Noise (top) or Mondrian (bottom) images for testing the effects of
spectral slope on visual discomfort. The slope of the amplitude spectrum for luminance contrast
varies along the horizontal axis, while the varying slopes for the chromatic contrast are shown along
the vertical axis.
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Holm^ Sidak tests revealing that ratings of discomfort were higher for ÿ2 than for all
other slopes (min t � 4:43, max p 5 0:001), and higher for ÿ1:5 than for ÿ1 (t � 3:38,
p � 0:001) or ÿ0:5 (t � 3:74, p � 0:0004). A main effect was again also observed for
chromatic contrast (F4 76 � 4:64, p � 0:002), with discomfort ratings higher for 0 than
for ÿ1 (t � 3:75, p 5 0:001) and ÿ2 (t � 3:66, p � 0:0005). Finally, there was also a
significant interaction (F16 304 � 2:70, p 5 0:001) due to a decreased effect of luminance
slope for a chromatic contrast slope of ÿ2.

The luminance ratings for both image types thus paralleled the results of Fernandez
and Wilkins (2008) in tending toward least discomfort for images with the most
natural spectra (f ÿ1), and, in particular, showed greatest discomfort for images with
strong luminance blur. On the other hand, the relationship between natural spatial
spectra and visual discomfort is less certain for the chromatic slopes. In this case,
ratings tended to show lowest discomfort for the most blurred chromatic components.
As noted in the introduction, the amplitude spectra of chromatic variations are not as
well defined but for some images are steeper than for luminance (Parraga et al 2002).
It is notable that the chromatic slopes could influence the ratings at all, for the perceived
focus of images is strongly dominated by the luminance spectra (Wandell 1995). For
example, the column of images in figure 2 corresponding to a luminance slope of ÿ1
all appear roughly in focus despite large variations in the chromatic slope, while the row
of images with a chromatic slope of ÿ1 clearly vary from blurred to sharpened as the
luminance spectrum changes. Yet, despite this, observers are sensitive to the level of
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Figure 3. [In color online.] Ratings of discomfort as a function of the slope of the luminance
or chromatic amplitude spectra, for the unstructured (a) noise or (b) Mondrian images.
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Figure 4. Ratings of discomfort as a function of the slope of the amplitude spectrum for luminance
averaged across chromatic slopes or vice versa, for the unstructured (a) noise or (b) Mondrian
images.
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chromatic blur in images (Webster et al 2006; Wuerger et al 2001) and the present results
suggest that these levels can also vary the perceived discomfort in images.

3.1.2 Artistic merit. Figure 5 shows the ratings for the individual combinations of lumi-
nance and chromatic slope, while figure 6 shows the ratings for the different luminance
slopes collapsed across chromatic slopes or vice versa. For the unstructured-noise images
there was again a main effect of luminance slope (F4 76 � 7:44, p � 0:003ösee figure 6a).
Holm ^ Sidak tests revealed that ratings of artistic merit were higher for ÿ1 than
for ÿ2 (t � 3:44, p � 0:0005), ÿ0:5 (t � 2:20, p � 0:015), and 0 (t � 3:01, p � 0:002).
A main effect was also observed for chromatic slope (F4 76 � 22:21, p 5 0:001), with
ratings higher for ÿ2, ÿ1:5, and ÿ1, than for ÿ0:5 and 0 (min t � 3:95, max p � 0:01).
Moreover, in this case there was no evidence of an interaction (F16 304 � 1:08,
p � 0:38). In contrast, for the Mondrians there was not a main effect of lumi-
nance slope (F4 76 � 1:02, p � 0:40), and only a marginal effect was observed for
chromatic slope (F4 76 � 2:41, p � 0:06ösee figure 6b), where rating of artistic merit
decreased with increasing chromatic contrast slope. For these images there was also no
evidence of an interaction (F16 304 � 1:65, p � 0:06).

Overall, the pattern for artistic merit tended to oppose the pattern for discomfort.
Specifically, images that were rated as the least uncomfortable tended to also be given
the highest aesthetic rating. This also parallels the findings of Fernandez and Wilkins
(2008) for images with increased energy at mid-frequencies, and is consistent with reports
that images with more natural spatial statistics appear more aesthetic (Spehar et al 2003).
However, the two ratings are not simply measuring the same perceptual judgment.
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Figure 5. [In color online.] Ratings of artistic merit as a function of the slope of the luminance
or chromatic amplitude spectra, for the unstructured (a) noise or (b) Mondrian images.
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Discomfort and artistic merit showed a moderate negative correlation (r � ÿ0:465,
p � 0:019) for the noise images based on the mean responses of observers, but did not
reach significance for the Mondrians (t � ÿ0:229, p � 0:27). Moreover, when the rela-
tionship was assessed for individual observers' settings rather than the mean ratings, for
the noise images there was only a weak negative correlation (r � ÿ0:120, p � 0:007),
while a negligible correlation was obtained for the Mondrians (r � 0:098, p � 0:028).

3.2 Experiment 2. Variations in color axis
In the remaining experiments we explored the effects of image color and contrast
variations on visual discomfort and aesthetic ratings. In these experiments we used
only the `focused' Mondrian pattern (slope � ÿ1). In the first instance, color was
varied by restricting palette colors to random values along a single axis within the
L ^M and S ^LM plane. The chromatic contrasts spanned a range from ÿ70 to 70.
Color axes within the plane ranged from the 08 ^ 1808 L ^M axis (reddish to greenish)
to the 157.58 ^ 337.58 axis (approximately cyan to orange) in steps of 22.58. Examples
of the resulting images are shown in figure 7. 5 random images were produced for
each color axis producing a total of 40 images [8 (color axes)65 (examples)]. Ratings
were obtained as in the preceding experiment by a new set of twenty-seven observers
(mean age 24.0 years, range 18 ^ 44 years, twenty-one female).

Figure 8 illustrates the ratings for both discomfort and artistic merit as functions
of the color axis. There was a significant main effect of axis on ratings of discomfort
(F7 182 � 13:54, p 5 0:001). Holm ^ Sidak tests revealed that ratings of discomfort were
lower for 157.58 ^ 337.58, 1358 ^ 3158, and 112.58 ^ 292.58 than for all other color axes
(min t � 3:54, max p � 0:0005). There was also a significant effect of color axis on
artistic merit (F7 182 � 2:51, p � 0:018ösee figure 9), with higher ratings for 157.58 ^
337.58 and 1358 ^ 3158 than for 908 ^ 2708 (min t � 2:95, max p � 0:002). There was no
evidence of a correlation between ratings of discomfort and artistic merit based on the
individual settings (r � ÿ0:023, p � 0:74), yet mean settings for the two ratings across
observers showed a strong negative correlation (r � ÿ0:774, p � 0:024).

,

,

08 ± 1808 458 ± 2258

908 ± 2708 1358 ± 3158

Figure 7. [In color online.] Exam-
ples of images used to probe the
effects on discomfort of different
chromatic axes. Angles below each
image give the axis within the color
plane defined by equation (1).
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The results for the different color axes are again at least consistent with the pos-
sibility that images with natural color properties are perceived as less uncomfortable
and more aesthetic. Specifically, many natural outdoor environments have a bluish ^
yellowish bias in their color distribution, with principal axes for individual scenes or
environments ranging roughly from 908 ^ 2708 (for more lush environments) to 1358 ^
3158 (for more arid environments) (Ruderman et al 1998; Shevell and Kingdom 2008;
Webster et al 2007; Webster and Mollon 1997). The present results suggest that images
centered around the blue ^ yellow axis have significantly lower ratings of discomfort
and higher ratings of artistic merit. There is little evidence that the cardinal L ^M and
S ^LM axes are special for these judgments, even though these axes represent the primary
dimensions of early color coding and it has been suggested that they should be matched to
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discomfort
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Figure 8. [In color online.] Ratings of visual discomfort and artistic merit as functions of angle
within the chromatic plane. Ratings are plotted as distance from the origin. Note that points 1808
apart are from the same axis and thus have the same ratings.
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the CIE Lab space (dotted lines indicate 95% confidence intervals). Asterisks indicate a specific
color space (CIE 1976) rather than Lab space (Hunter 1948).
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variations in the natural color environment, which may more nearly fall along the S ^ LM
axis for scenes dominated by foliage (Ruderman et al 1998). However, blue ^ yellow
variations are characteristic of many ecosystems including the general Reno environ-
ment in which our observers live (which might be described as more seedy than leafy).
It would be of interest to test observers immersed in more lush environments to explore
the extent to which the ratings might be shaped by the individual's experience.

An alternativeöand not incompatibleöaccount of the effect of color axis is that
the ratings depend on stimulus contrast rather than hue angle, and that equivalent
contrasts in terms of the L ^M and S ^LM axes are not equivalent perceptually. In
fact, constant color differences in uniform color spaces also show a blue ^ yellow bias
(McDermott et al in press), so that larger color differences are required to produce
an equivalent contrast along the blue ^ yellow direction compared to other directions.
By this account then, the blue ^ yellow axes might appear more comfortable because
they have lower chromatic contrast. In figure 9 the ratings are replotted as functions of
the image chromatic contrasts within the CIE Lab perceptually uniform color space.
Here it is evident that discomfort tends to increase (r � 0:67, p � 0:07) and artistic
merit tends to decrease (r � ÿ0:77, p � 0:03) with the perceptual color difference as
defined by this metric. Again, however, this is not inconsistent with an account based
on environmental color statistics, because a visual system adapted to a bluish ^ yellowish
environment should perceive color differences along this axis as less salient. Thus the
ratings in terms of their perceptual contrasts in fact lend further support to the possible
link between visual discomfort and the characteristics of the natural environment.

3.3 Experiment 3. Variations in mean color
In the preceding conditions all images were defined to have the same average color
(a neutral gray with the chromaticity of Illuminant C). We also assessed the effect of a
variation in the mean chromaticity. For these images the color contrasts varied
between 0 and 70 units so that the average chromaticity had a value of 35 rather than
0, while the hue angle ranged from 08 to 3158 in steps of 458. Examples are illustrated
in figure 10. 5 random images were produced for each color angle producing a total
of 40 images [8 (color angle)65 (examples)]. Ratings for the images were made by the
same twenty-seven observers who participated in experiment 2, with the images from
both conditions randomly interleaved within the same block of trials.

The mean color of the images had a significant effect on ratings of discomfort
(F7 182 � 22:5, p 5 0:001ösee figure 11). Holm ^ Sidak tests revealed that ratings of
discomfort were lower for 1358 than for all other angles (min t � 4:58, max p 5 0:001)
except 3158 (t � 2:10, p � 0:04). Ratings of discomfort for 3158 were lower than for all
other angles (min t � 2:92, max p � 0:002) except for 1808 where it was only margin-
ally lower (t � 2:47, p � 0:007). Discomfort ratings for 458, 2258, and 2708 were also
significantly higher than for 08, 908, and 1808 (min t � 2:842, max p � 0:005). There
was also a main effect of color angle on artistic merit (F7 182 � 4:23, p 5 0:001ösee
figure 12). Holm ^ Sidak tests revealed that ratings of artistic merit were higher for
1358 than for all other angles (min t � 3:32, max p � 0:001), except 1808 (t � 2:58,
p � 0:005). Finally, a weak negative correlation was again found between ratings of
discomfort and artistic merit for individual settings (r � ÿ0:15, p � 0:03), but was
again strong for the mean settings (r � ÿ0:799, p � 0:0098). Thus, as before, the ratings
for both discomfort and artistic merit follow the blue ^ yellow bias characteristic of
many natural environments. Further, the ratings are again also consistent with the lower
perceptual contrast along these axes, with discomfort tending to increase (r � 0:84,
p � 0:008) and artistic merit tending to decrease (r � 0:76, p � 0:03) with the percep-
tual color difference within the CIE Lab perceptually uniform color space (figure 12).
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Figure 11. [In color online.] Ratings of visual discomfort and artistic merit as functions of the angle
of the mean hue bias in the image. Ratings are plotted as distance from the origin. Note that in this
experiment points 1808 apart correspond to different mean hues and thus were rated independently.
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Figure 10. [In color online.] Exam-
ples of images used to probe the
effects on discomfort of differences
in mean color. Angles below each
image give the angle of the mean
color bias.
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3.4 Experiment 4. Variations in luminance and chromatic contrast
In the final experiment, we assessed the effects of changes in the contrast of the luminance
and chromatic components in the images. Mondrians with different balances of lumi-
nance and color were created by independently varying the luminance and chromatic
contrast. The rms contrasts spanned a range from 0 to 0.8 in the geometric sequence
0, 0.05, 0.1, 0.2, 0.4, 0.8 [a range of 0 to 56 in the contrasts defined by equation (1)].
Examples of images spanning the range of contrasts are shown in figure 13. 5 random
images were produced for each combination of levels producing a total of 180 images
[6 (luminance contrasts)66 (chromatic contrasts)65 (examples)]. Fourteen new observ-
ers (mean age 27.2 years, range 20 ^ 66 years, ten female) participated in this experiment.

Figure 14 shows the ratings for each of the stimulus contrast levels, while figure 15
shows the ratings for luminance collapsed across color or vice versa. There was a
main effect of luminance contrast on ratings of discomfort (F5 65 � 11:26, p 5 0:001).,
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CIE Lab space (dotted lines indicate 95% confidence intervals). Asterisks indicate a specific color
space (CIE 1976) rather than Lab space (Hunter 1948).
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Figure 13. [In color online.] Examples of images with `balanced' luminance and color over the range
of absolute contrasts tested.
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Holm^ Sidak tests revealed that ratings of discomfort were higher for 0 luminance
contrast than for all other contrasts (min t � 3:75, max p � 0:0004). An opposite main
effect was observed for chromatic contrast (F5 65 � 21:67, p 5 0:001ösee figure 15a).
Here Holm ^ Sidak tests revealed that ratings of discomfort were higher for chro-
matic contrasts of 0.8 than for all other contrasts (min t � 3:14, max p � 0:003).
Ratings of discomfort for 0.4 were also higher than for all lower chromatic contrasts
(min t � 2:76, max p � 0:007), while discomfort ratings for 0.2 were higher than for 0
(t � 3:14, p � 0:003). The interaction between luminance and color was also significant
(F25 325 � 6:34, p 5 0:001). Surprisingly, for this image set there was also a positive
correlation between individual ratings of discomfort and artistic merit (r � 0:239,
p 5 0:0001ösee figure 15b), though this was not present in the mean ratings (r � 0:035,
p � 0:84).

The results for luminance showed that as contrast increased from 0, visual dis-
comfort rapidly decreased while artistic merit increased, with shallower changes at
higher contrasts. This pattern could in part reflect the increasing visibility of the stim-
uli. However, as noted, an opposite trend was found for chromatic contrast, where
discomfort steadily increased with increasing contrast, and the strongest discomfort
levels were associated with the nominally isoluminant patterns. A similar result was
reported for gratings by Wilkins et al (2008). Such isoluminant patterns are highly
unnatural, and thus again consistent with an association between discomfort and
deviations from natural-image statistics. However, we noted the discomfort associated
with these images also could reflect factors such as accommodative demand, since
color differences are poor at supporting accommodation (Switkes et al 1990; Wolfe and
Owens 1981).
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Figure 14. [In color online.] Ratings for visual discomfort (a) and artistic merit (b) as functions
of different combinations of luminance or chromatic contrast in the images.
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Luminance variations in natural scenes can vary over an enormous range because
of factors such as specular reflections, and this range is thus difficult to mimic in
images (Graham and Field 2007). More germane to the present analysis is how
discomfort varied with the relative levels of luminance and chromatic contrast. The
scaling we chose for equating luminance and chromatic contrasts very roughly approx-
imates their balance in natural environments (Webster and Mollon 1997). We might
therefore expect images with equal luminance and chromatic values to be more
`natural' and thus perceived as more comfortable. Figure 14 shows that there is a weak
trend in this directionöfor the minima in the ratings for luminance contrast shift to
progressively higher values as chromatic contrast increases. However, this trend is at
best only suggestive, because the ratings vary only gradually with the contrast changes.

4 Discussion
Natural scenes have characteristic spatial and chromatic properties (Simoncelli and
Olshausen 2001). Here, we asked whether these properties tend to appear less aversive
and more aesthetic as visual stimuli to observers. For each of the cases we examined
there was a trend for ratings of discomfort to be lowest around natural levels. These
included focused images in stimuli with amplitude spectra varying from blurred to
sharpened; bluish ^ yellowish images in stimuli that varied in hue; andöto a weaker
extentöimages with balanced luminance and chromatic variations in stimuli that
varied in contrast. This suggests that, in general, discomfort in images may tend to vary
with the degree to which images deviate from natural scene statistics. Each of the
properties we tested reflects a relatively lower-order statistic of images. It would be of
interest to explore whether these effects also generalize to higher-order scene statistics.

The present results leave open the question of whether or why certain deviations
might lead to more pronounced discomfort and, in particular, do not address the ques-
tion why images with a mid-frequency bias have been found to be especially aversive
(Fernandez and Wilkins 2008). The relative discomfort of different frequencies approx-
imates the contrast sensitivity function, so that it may in part be the relative sensitivity
to the deviation rather than a qualitatively different response that underlies the appar-
ent potency of some images for creating discomfort. Consistent with this possibility is
our finding that blurring or sharpening the spatial variations in chromatic contrast
had weaker effects on discomfort, as the visual system is less sensitive to chromatic
contrast as compared to luminance contrast (Webster et al 2006). On the other hand,
patterns like gratings may also include unique visual characteristics such as positional
uncertainty that may contribute to their pronounced discomfort (Wilkins 1995).

Why should an unnatural image appear uncomfortable? Wilkins (Wilkins et al 1984;
Wilkins 1995) suggested that the discomfort associated with gratings results in part
because they produce unnaturally strong neural responses and produce hyperexcitable
responses in individuals susceptible to migraine or epilepsy. More recently Wilkins and
colleagues (2008) have also shown that perceived discomfort in chromatic gratings
also correlates with levels of neural excitation. A similar principle may underlie the
lower levels of discomfort associated with natural image statistics. Visual coding is
thought to be optimized to efficiently represent natural scenes (Atick 1990; Barlow 1981;
Olshausen and Field 2004), and thus to form sparse representations that make the most
economical use of neural responses (Lennie 2003). Stimuli that deviate from the pre-
dicted pattern should lead to less efficient and thus stronger responses, and potentially
through this to discomfort.

Neural activity level obviously cannot account for all of the effects of stimulus
variations on discomfort (eg the finding that discomfort decreased with increasing
luminance contrast). However, it is generally consistent with the notions of both pre-
dictive and norm-based coding that visual responses are designed to register the errors
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in prediction or how responses deviate from the norm, so that the norms themselves
induce the weakest response levels. Response patterns like this are found from color
opponency to face perception (Webster et al 2005). In this regard the present results
are of interest because they suggest that properties of images such as their blur level
or relative contrast could also involve a norm-based code. The results also hint at an
intriguing link between discomfort and the stimuli that drive many forms of perceptual
adaptation, for in both it may be deviations from the norm that are important.

As noted in section 1, a number of recent studies have also explored the relation-
ship between natural image statistics and visual aesthetics. It remains uncertain whether
art images tend to mimic the properties of natural scenes in order to be perceived as
more pleasing or simply because they need to be perceived (Graham and Field 2008;
Redies 2007). It is also uncertain to what extent aesthetics can be tied to a norm. For
example, facial attractiveness generally increases for faces that are closer to the average
and thus less distinctive (Langlois and Roggman 1990), whereas color aesthetics show
that many saturated hues are preferred to gray (Schloss and Palmer 2009). In many
cases, however, a correspondence has been found between aesthetic preferences and
natural statistics (eg Redies et al 2007; Spehar et al 2003; Taylor et al 1999). Similarly
in the present study there was a tendency for images with natural spatial or chromatic
properties to be rated with higher artistic merit and consequently for artistic merit and
discomfort to vary inversely. However, this relationship was weak when the ratings of
individual observers was considered, and in some cases reversed (eg for increasing
color contrast, for which both merit and discomfort increased). This suggests that,
even for the relatively simple patterns we examined, somewhat different principles or
processes contribute to visual discomfort and visual aesthetics, and that of these two it
is visual discomfort that is more closely tied to the statistics of the image.
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