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“Filling-in” colour in natural scenes
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Our subjective experience of the world as being in full colour across the entire visual
field is at odds with the highly fovea-biased distribution of cones in the retina. It is
unclear how this percept of “pan-field colour” comes about. We use novel
stimuli—“colour chimeras”—to demonstrate a related visual phenomenon in
which observers perceive rich colour throughout images with large achromatic
regions. This percept appears to critically depend on natural scene statistics. By
separately manipulating chromatic and structural content in such images, we
demonstrate that both the spatial distribution of colour and the presence of
recognizable scene structure contribute to the experience of pan-field colour in
these stimuli. Our results suggest that this percept is unlikely to be due to a low-level
colour spreading process. Instead, we suggest that mechanisms dependent on
natural scenes’ chromatic and luminance statistics provide the basis for the
phenomenon.

It is remarkable that during everyday scene perception human observers
subjectively experience a uniform visual world. The human retina is quite
heterogeneous across its surface, both in terms of spatial acuity (Anstis,
1998) and the distribution of rods and cones (Roorda & Williams, 1999).
Despite this variation in resolution and colour sensitivity, observers
generally perceive uniformity in colour and focus throughout the visual
field. Though ubiquitous to our visual experience, this very basic
phenomenon has been little examined.

In the current study, we direct our attention to the perception of what we
call “pan-field colour”, the name we give to the subjective experience of rich
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colour across the visual field despite a rapid decrease in colour sensitivity as
one moves from the fovea to the periphery.

In highly controlled psychophysical experiments subjects demonstrate the
limitations placed on them due to their retinal architecture (Magnussen,
Spillman, Sturzel, & Werner, 2004; Newton & Eskew, 2003), yet during
normal experience the pan-field colour percept is subjectively very strong.
Here, we ask why “pan-field colour” is commonly experienced in natural
scenes when decreasing colour sensitivity can be measured with sparse
laboratory stimuli.

One possibility is that the visual system compensates for impoverished
peripheral sensitivity by applying some completion process to natural scenes.
The visual system regularly receives incomplete information about the
environment and must attempt to reconstruct the missing data. This process,
often called “filling-in”, has received much attention in recent years (Pessoa,
Thompson, & Noe, 1998). Perceptual filling-in has been demonstrated in
normal observers for multiple features, such as brightness (Paradiso &
Nakayama, 1991), texture (Caputo, 1998; Motoyoshi, 1999; Ramachandran,
Gregory, & Aiken, 1993) and colour (De Weerd, Desimone, & Ungerleider,
1998; Sakaguchi, 2001). Filling-in phenomena have also been demonstrated
in patients with visual scotomas due to macular degeneration or other retinal
damage (Zur & Ullman, 2003), and by using natural blind spots such as that
formed by the optic nerve as it leaves the retina, or the “blue-blindness”
caused by a lack of S-cones in the central fovea (Magnussen, Spillman,
Sturzel, & Werner, 2001, 2004).

Within the larger domain of generic filling-in effects, there are many
examples of colour-spreading phenomena. These include neon-colour
spreading (Bressan, Mingolla, Spillman, & Watanabe, 1997), or the water-
colour illusion (Pinna, Brelstaff, & Spillman, 2001; Pinna, Werner, &
Spillman, 2003). However, it is difficult to relate these phenomena to natural
scene perception due to their reliance on particular cues regarding
transparency relations (Anderson, 1997; da Pos & Bressan, 2003) or edge
contrast (Pinna et al., 2001). Even though illusory surfaces can interact to
form more complex percepts (van Lier, 2002), it is hard to imagine such a
process scaling up to the demands of spreading colour throughout real-
world images. In the natural setting, pan-field colour is obtained without
such cues.

We suggest that the percept of pan-field colour in natural scenes may not
be the result of colour spreading into achromatic regions. Instead, we
propose that natural scene statistics may make detecting a region of
impoverished colour difficult in most situations, leading to the subjective
experience of a fully coloured image. This proposal offers a new insight into
the perceived uniformity across the visual field during scene perception. It
also makes the prediction that changing the statistics of the natural world
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will alter observers’ tendency to report colour throughout a scene. It is this
prediction that we explore in this paper.
Specifically, we ask three questions:

1. Do observers complete the colour content of natural scenes when large
regions of the image have had colour artificially removed?

2. If colour completion occurs, does it do so more readily from the centre
of an image outwards as opposed to from the periphery inwards?

3. If colour completion occurs, does it depend on natural scene statistics?

To answer these questions, we employ a novel set of images, which we call
“colour chimeras”. These stimuli are composed of natural or synthetic
scenes to which a colour-saturation mask has been applied. The mask either
restricts colour to a central image region, or solely to the image surround
(Figure 1). This manipulation is similar to the “artificial scotomas”
employed by Ramachandran and Gregory (1991), in that we “lesion” the
image to remove colour from a specific region. These images do not perfectly
model the sensitivity to colour across the retina. Instead, they allow us to
determine if colour completion occurs in the absence of chromatic
information, subject to various manipulations of scene statistics. We built
colour chimeras from a set of unaltered, full-colour, outdoor scenes
containing a variety of objects, backgrounds, and textures.

Colour chimeras provide us with a basic means for studying colour
completion in natural scenes. Regarding the questions we have posed above,

original image grey-centre chimera

Figure 1. Constructing “colour chimeras” proceeds by applying a saturation mask (middle column)
to the original full-colour image (left column). The masks displayed here are the average saturation
layers across all the “colour-centre” and “grey-centre” images of intermediate mask width used in this
task. The right-hand column contains examples of both colour-centre and grey-centre chimeras.
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they allow us to determine both whether or not colour completion occurs in
this setting and also whether or not it occurs with a centre-outward bias.

We are also interested in determining the role of natural scene statistics in
our hypothesized colour completion process. By “natural scene statistics”,
we mean regularities in the distribution of colours, edges, and textures that
occur in natural environments. To address whether or not such regularities
affect colour completion, our strategy is to alter the statistics of our natural
scenes in various ways and determine how difficult it is for observers to
detect a colour scotoma in the new image sets. If performance is significantly
modulated by our manipulations, we can conclude that colour completion is
dependent on the structure of the input and thus probably not the result of a
simple spreading mechanism. We carried out two manipulations on our
original images, one designed to investigate the impact of natural luminance
structure on colour completion and another designed to determine how
chromatic variety affects the percept. Though we are not attempting to
uncover the exactly how these image statistics might affect pan-field colour
at present, we continue by describing two possible mechanisms by which
higher order image structure and chromatic variety might influence
observers’ perception.

First, it is possible that recognition processes could exert a top-down
influence on colour perception, leading to the experience of colour in
achromatic regions. The content of natural scenes is rapidly available to
observers (Potter, 1976), and the presence of coloured blobs may form the
basis for the rapid recognition of scene type (Oliva & Schyns, 2000). A
chimeric image of a natural scene may provide enough trace evidence in the
form of coloured blobs and coarse luminance structure to bootstrap the
perception of a uniformly coloured and coherent scene. There is some
evidence that colour is an “intrinsic” property of objects (Naor-Raz, Tarr, &
Kersten, 2003), suggesting that recognizing objects in a scene may also
contribute to automatic retrieval of colour information. The presence of
recognizable objects throughout a scene may thus contribute to the
perception of colour across the extent of a chimeric image. If high-level
recognition is an important contributor to the pan-field colour percept, we
expect that our “texture” manipulation in particular should result in fewer
full-colour responses to chimeric images.

Second, the global statistics of a natural scene may make detection of an
achromatic region difficult, even if this region is quite large. For example,
detecting a chimeric image can be formulated as a problem of detecting a
statistically significant difference in chromaticity distributions between
chromatic and achromatic regions of an image. Under such a model, a
plausible strategy for an observer who needs to detect chimeric images is to
select two candidate regions for comparison (one centrally located, the other
located in the periphery) and plot chromaticity and brightness statistics from
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these regions in a relevant feature space. We consider here a space consisting
of black—white, red—green, and blue—yellow axes, which is a useful choice
for modelling human performance in many colour segmentation tasks
(Rosenholtz, Nagy, & Bell, 2004). In this model, the two regions will be
considered distinct (and a “mixed” image will be perceived) if the points
from the two regions under consideration are linearly separable. If the points
are not separable, a full-colour image will be perceived. In Figure 2 we
demonstrate how this model predicts that our “colour” manipulation should
have a larger effect than our “texture” manipulation. Measurements taken
from the grey region of any chimera will form a cloud of points extending
only along the black—white axis. Measurements from the coloured region of
a multicoloured chimera then surround the origin across all three axes,
making it impossible to linearly separate the two sets of points. By contrast,
measurements taken from the coloured region of a “colour-manipulated”
chimera form a narrow cloud translated away from the origin (due to the
presence of only one hue). The grey and coloured data points are now easily
separable by a plane, and the image is perceived as a chimera.

We present these two possible mechanisms (colour induction via
recognition and colour induction via segmentation failure) to demonstrate
that previously observed effects in other domains, such as object recognition
and visual search, leave open the possibility that performance in our task
could depend critically on scene statistics. The current study has not been
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Figure 2. A schematic display of how global distributions of colour and luminance measurements in
a chimeric image might make scotoma distribution more or less difficult. At left, we see how clouds of
points from the chromatic and achromatic regions of a natural scene chimera are inseparable when
plotted on black/white and red/green axes. At right, it is clear that the two clouds of points are easily
separable when the chromatic region only contains hues drawn from a very narrow range (as in our
“colour” manipulation).
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designed to determine if either of these particular mechanisms is being
employed by the visual system, but rather to determine if subjective colour
spreading occurs in natural scenes and if the phenomenon is dependent on
scene structure.

The manipulations we performed on our original images are as follows:

1. “Texture manipulation”. We applied a powerful parametric texture
synthesis algorithm to the original scenes (Portilla & Simoncelli, 2000).
Briefly, given a target image, the algorithm characterizes the input in
terms of wavelet coefficients and their neighbours in position, orienta-
tion, scale, and phase. A new image can then be synthesized, which
matches the original image in terms of these statistics. The result is that
local luminance and colour structure is preserved, but global layout
(including recognizable objects) is not.

2. “Colour manipulation”. New images were made by imposing one hue
across each original image. The result is that the greyscale statistics of
the image remain intact while greatly reducing colour variation. Global
layout and recognizable objects are preserved in these images.

Each manipulation was carried out singly, resulting in separate “texture”
and “colour” image sets. Additionally, we created another image set by
carrying out both manipulations at once, resulting in a “texture+ colour”
condition (Figure 3)

The task for observers viewing each set of images was to detect the
presence of central and peripheral colour scotomas while maintaining
central fixation. For each image they were asked to respond “full-colour”,
“full-grey”, or “mixed”. To test our hypothesis that colour completion in
natural scenes should be affected by manipulating luminance and colour
statistics, we examined the number of false alarm responses to colour-centre
and grey-centre chimeras in each set of images as a function of the size of the
central saturation mask.

If the pan-field colour percept is governed by a low-level spread of
activity from the fovea to the periphery, detecting the scotoma should be
difficult across all conditions and reports of full-colour or full-grey images
should be frequent. We also expect that “colour-centre’ chimeras would be
harder to detect than their “grey-centre” counterparts due to the underlying
asymmetry in colour sensitivity across the retina. On the other hand, if the
statistics of natural scenes play an important role in the subjective experience
of pan-field colour (whether via the mechanisms we described previously or
not), altering natural scenes via our “texture” and “colour’” manipulations
should alter the rate of false alarms.
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original scene “texture” manipulation

Figure 3. Examples of the “texture” and “colour” manipulations applied to a natural scene. At the
lower right, both manipulations have been applied.

METHOD

Subjects

Forty-eight subjects (aged 18—40) participated in our experiments. All
subjects reported having normal or corrected-to-normal visual acuity and no
history of deficits in colour vision. This pool was randomly spit into four
mutually exclusive groups of 12 subjects each. Each of these subgroups was
assigned one image set (original, “texture” set, “colour” set, “texture+
colour” set).

Apparatus and stimuli

The experiments were presented on a Dell UltraSharp 19-inch monitor,
driven by a Pentium 4 computer. The Psychophysics Toolbox (Brainard,
1997; Pelli, 1997) was used to control timing functions and stimulus display.
Images subtended approximately 48° x 32° of visual angle. Eighty unique
images of natural scenes were used, depicting a range of environments
(beaches, forests, mountains, and fields) and containing objects across a
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range of depths. Images were drawn from the University of Washington
Content-Based Image Retrieval Database.

“Texture” manipulation. Portilla and Simoncelli’s (2000) texture synth-
esis algorithm was applied to the selected images. Twenty iterations of the
texture synthesis procedure were carried out per source image.

“Colour” manipulation. Red-green-blue (RGB) images were converted
into hue-saturation-value (HSV) coordinates. Hue values were placed in a
20-bin histogram, and the maximally occurring value was applied across the
hue layer of the HSV image before RGB conversion.

Saturation masking. A circular region centred on the image was selected,
and saturation values outside (colour-centre) or inside (grey-centre) were set
to zero. Region width ranged from 9° to 25° of visual angle in diameter, in
steps of 4°. A soft edge was created at the mask border by linearly increasing
saturation from null values to natural values over a 36-pixel range.

Design

At test, images were divided into four equal-sized categories: Full-colour,
greyscale, colour-centre, and grey-centre images. Each chimeric image was
presented to the subject five times during the experiment, once for each
possible mask width. Full-colour and greyscale images were also presented
five times each. Category membership of each image was balanced across
subjects. Stimulus presentation order was individually randomized.

Procedure

Subjects sat 12 inches (30.5 cm) away from the screen, using a chin rest to
stabilize head position. Before beginning, example stimuli (which were not
used in the task) were presented to ensure that subjects fully understood
what full-colour, grey, and both kinds of “mixed” images looked like.
Subjects could freely view these stimuli as long as they wished.

Each trial began with a 0.5° x 0.5° blue fixation dot presented at the
centre of the screen for 500 ms. The test image was then presented for 50 ms,
followed by a 1/f noise mask lasting 100 ms. The subject’s response was then
collected, using the “17, “2”, and “3” keys for “colour”, “grey”’, and
“mixed” responses respectively. Breaks were scheduled every 100 trials.

To familiarize participants to the very brief presentation time used in all
three tasks, subjects were given practice under experimental conditions.
Eight practice trials (with feedback) were run using stimuli not included at
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test. Upon completion, all subjects reported feeling confident in their ability
to see the images and respond accurately.

RESULTS

We examine the responses made to both grey-centre and colour-centre
chimeras across all four stimulus categories. We separately analysed the
number of “colour” and “grey” false alarms for these stimulus sets, to
determine what factors influence observers’ tendency to perceive chimeric
images as completely colour or completely grey. In particular, we were
interested in determining if substantial numbers of “colour” false alarms
occur when viewing chimeric images, indicating colour completion. Also,
given our low-level hypothesis of a centre-outward spreading to compensate
for retinal asymmetry it is important to find out whether or not there is a
directional bias to the rate of colour false alarms.

For each type of chimera (colour-centre and grey-centre) and each type
of false alarm (reporting “colour” and reporting “grey”’) we carried out a
2 x 2 x5 mixed design ANOVA, with the “texture” and “colour” manip-
ulations as between-subjects factors and mask width as a within-subject
factor.

“Colour” responses in colour-centre chimeras

We see in Figure 4 that subjects who view colour-centre chimeras made from
natural scenes have a strong tendency to report a full-colour image,
especially as mask width increases. The proportion of chimeras reported
incorrectly as being fully coloured reaches nearly 50% at the largest diameter
of the saturation mask.

Our ANOVA reveals a main effect of mask width, F(4, 44)=58.09,
MSE=0.0062, p<.001, as well as a main effect of the “texture”
manipulation, F(1, 44)=41.87, MSE =0.055, p <.001, and a main effect
of the “colour” manipulation, F(1, 44)=21.7, MSE = 0.055, p <.001. There
is also a marginally significant interaction between the “texture” and
“colour” manipulation, F(1, 44)=3.89, MSE =0.055, p=.053, suggesting
both that the presence of natural scene structure and natural colour
distributions leads to an especially high rate of colour false alarms, and
conversely that a lack of recognizable structure and variation in colour can
significantly reduce the percept.

These results suggest that some form of colour completion is indeed
taking place in this task, and that it can be affected by both of our
manipulations. Importantly, colour responses to chimeric images were
virtually nonexistent when both image manipulations were applied. This



774 BALAS AND SINHA

ColourCentre — "COLOUR" GreyCentre — "COLOUR"
. 06 ., 06
< <
w [T
N e
o o
15 0.4 .S 0.4
=4 t
o o
g g
5 02 5 02 4
< |
L:Ttll'r"“"““ 0 ”"llllll'lllll
25 10 15 20 25
mask W|dth (deg. v15ual angle) mask width (deg. visual angle)
ColourCentre — "GREY" GreyCentre — "GREY"
original
0.6 06 m =m m
ﬁ 5 texture
“6 “6 | - omm color
S 04 § 041 o texture+color
b= €
<] o
& s
5 02 £ 02
0 ‘|||||...,|......
10 15 20 25 10 15 20 25
mask width (deg. visual angle) mask width (deg. visual angle)

Figure 4. Top row: The incidence of “colour” responses to chimeric images as a function of scotoma
width and image type for both colour-centre (left) and grey-centre chimeras (right). Bottom row: The
incidence of “grey” responses to chimeric images as a function of scotoma width and image type for
both colour-centre (left) and grey-centre chimeras (right). Error bars in all panels represent +1 SEM .

last finding is important since it indicates that neither task demands nor
display characteristics artificially bias subjects to respond that images are
fully coloured.

“Colour” responses in grey-centre chimeras

Observers viewing natural scenes show as strong a tendency to report fully
coloured images in grey-centre chimeras as when viewing colour-centre
chimeras. In both conditions, a smaller achromatic region produces more
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“colour” responses. This indicates that the percept of pan-field colour does
not require colour to be spread from the centre outward.

The results of the ANOVA are very much the same as those obtained
from the colour-centre images. There is a main effect of mask width,
F(4, 44)=54.7, MSE=0.022, p <.001) as well as a main effect of the
“texture” manipulation, F(1, 44)=5.8, MSE=0.11, p=.02, and a main
effect of the “colour” manipulation, F(1, 44)=23.8, MSE=0.11, p <.001.
The interaction between the “texture” and “colour” manipulations was not
significant, F(1, 44)=0.114, p=.737.

"Grey” responses in chimeric images

Overall, observers’ tendency to produce grey false alarms while viewing
either type of chimeric image was not as pronounced as their tendency to
produce colour false alarms. The proportion of grey responses to chimeric
images did not exceed .25 in any condition, in either the colour-centre or
grey-centre chimeras.

Also, the proportion of grey false alarms was not very strongly affected by
either our “texture” or “colour” manipulations. In colour-centre chimeras,
ANOVA reveals that there is only a main effect of mask width on the
proportion of grey responses, F(4, 44) = 12.59, MSE =0.002, p < .001. There
is no main effect of the “texture” manipulation, F(1, 44) =0.613, p = .44, nor
is there a main effect of the “colour” manipulation, F(1, 44)=0.55, p = .46.
Their interaction is also not significant, F(1, 44)=2.85, p=.10.

For grey-centre chimeras, there is also a main effect of mask width,
F(4, 44)=21.5, MSE=0.004, p <.001, as well as a main effect of the
“colour” manipulation, F(1, 44)=5.28, MSE=0.028, p=.029. The main
effect of the “texture” manipulation is not significant, F(1, 44)=0.313,
p=.58. There is also a significant interaction between the “texture” and
“colour” effect, F(1,44)=5.1, MSE = 0.028, p = .029, which suggests that the
main effect of the “colour” manipulation in this analysis is mostly driven
by observers’ very high accuracy in the “texture+ colour” condition for
grey-centre chimeras.

The mean proportions of colour and grey false alarms for each mask
width and image manipulation are listed in Tables 1 and 2. The mean
proportion of correct responses is also included.

Discussion

Observers in our experiment displayed a strong tendency to perceive
natural images as fully coloured even when a substantial portion of the
image was artificially “lesioned” to appear grey. This behaviour was
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TABLE 1
Responses to colour-centre chimeras across all stimulus manipulations

Original “Texture” “Colour” “Texture” +“Colour”

Colour Grey Mixed Colour Grey Mixed Colour Grey Mixed Colour Grey Mixed

0.18 0.09 0.73 005 0.12 0.84 0.06 0.15 0.79 0.00 0.07 093
0.26 0.05  0.69 0.04 0.09 0.87 0.09 0.12 0.80 0.01  0.06 093
0.37 0.07  0.57 0.06 0.05 0.89 0.18 0.08 0.75 0.02 0.04 0954
0.50 0.01  0.49 0.15 005 081 0.19 0.09 0.72 0.05 005 091
0.52 0.04 0.44 025 005 0.70 031 0.06 0.63 0.06 0.04 0.9

observed both when colour was limited to the centre of the image and when
it was limited to the periphery, indicating that pan-field colour does not
depend on a radially biased completion process. Furthermore, we have
found that the rate of colour false alarms is significantly influenced both by
the presence or absence of natural scene structure and also by the presence
or absence of a wide variety of colours in the image. Natural scene structure
and colour produce the highest rates of colour false alarms, suggesting
that both the presence of recognizable objects and the presence of a wide
range of colours in the environment contribute to the percept of pan-field
colour.

The propagation of achromaticity (or grey-spreading) was found to not
be a dominant behaviour for observers in this task. Moreover, the
frequency of grey false alarms was not so dramatically affected by
our image manipulations as was the frequency of colour false alarms.
Save for the observation that extremely low rates of grey false alarms
arise during viewing of grey-centre chimeras in the ‘“texture+ colour”
condition, grey-spreading is not susceptible to our manipulations of
natural images.

TABLE 2
Responses to grey-centre chimeras across all stimulus manipulations

Original “Texture” “Colour” “Texture” +*“Colour”

Colour Grey Mixed Colour Grey Mixed Colour Grey Mixed Colour Grey Mixed

0.52 0.03 0.44 046 0.06 048 021 003 0.75 0.12  0.02 0.96
0.46 0.03  0.51 0.30  0.06 0.64 0.19 0.07 0.74 0.08 0.01 093
0.32 0.07  0.61 023 0.10 0.67 0.15 0.08 0.77 0.04 003 093
0.33 0.11  0.56 0.18 0.14 0.68 0.10  0.09 0.81 0.04 002 094
0.25 0.18  0.57 0.12 024 0.63 0.11 0.15 0.74 0.04 003 093
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CONCLUSION

We have demonstrated that subjects experience a percept of “pan-field”
colour when viewing rapidly presented scenes that contain a colour scotoma.
This basic result is important on its own. Also, by evaluating the strength of
the percept across different types of images, we have gained some
preliminary insight into the nature of mechanisms that might contribute
to this phenomenon. First, we find that there is no evidence supporting any
radial asymmetry in this form of colour completion. Second, our results
suggest that a low-level spreading mechanism is inadequate for explaining
the percept. Instead, our data requires a mechanism that is affected by both
higher order luminance statistics (such as extended contours or perhaps
recognizable objects) and natural distributions of colour.

Furthermore, this work demonstrates that global image statistics can
influence the perception (and possibly encoding) of complex natural scenes.
Our finding that very low-level local information can be overridden by
global properties of the image is intriguing beyond the “pan-field”’ colour
percept we set out to examine. For example, it could prove interesting to
consider various forms of change blindness in a similar context. Given that
local colour information can be influenced by global statistics, it may be the
case that local information concerning objects and textures can be similarly
affected.

Our study also raises interesting questions regarding the neural correlates
of the percepts obtained with colour-chimeras. Though a low-level account
appears untenable, should higher level visual areas treat achromatic portions
of a chimera as though they were fully coloured? Or do visual areas faithfully
record the true colour content of the image only to be overridden by higher
level decision processes? Further investigation into the neural basis of this
phenomenon could yield potentially interesting insights into the way form,
colour, and possibly the statistics of natural images (Long & Purves, 2003)
interact in the human visual pathway to produce coherent percepts.
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