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Abstract. The authors explore the influence of the structure
of a texture image on the perception of its color composition
through a series of psychophysical studies. They estimate the color
composition of a texture by extracting its dominant colors and the
associated percentages. They then synthesize new textures with the
same color composition but different geometric structural patterns.
They conduct empirical studies in the form of two-alternative forced
choice tests to determine the influence of two structural factors,
pattern scale and shape, on the perceived amount of target color.
The results of their studies indicate that (a) participants are able to
consistently assess differences in color composition for textures of
similar shape and scale, and (b) the perception of color composition
is nonveridical. Pattern scale and shape have a strong influence
on perceived color composition: the larger the scale, the higher
the perceived amount of the target color, and the more elongated
the shape, the lower the perceived amount of the target color. The
authors also present a simple model that is consistent with the
results of their empirical studies by accounting for the reduced
visibility of the pixels near the color boundaries. In addition to a
better understanding of human perception of color composition, their
findings will contribute to the development of color texture similarity
metrics. c© 2020 Society for Imaging Science and Technology.
[DOI: 10.2352/J.Percept.Imaging.2020.3.1.010401]

1. INTRODUCTION
Texture is an important visual attribute that provides
important cues for object boundary detection and local-
ization, foreground/background separation, and material
identification [3, 26]. In this article, we explore some aspects
of texture perception that are important for the development
of texture similarity metrics [45, 59, 60], which play a key
role in engineering applications, such as image compression,
restoration, content-based retrieval, and understanding [10,
30, 40, 45, 61]. In particular, we conduct a series of
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psychophysical studies to examine the influence of the
structure of a texture image on the perception of its color
composition. By color compositionwemean the amount (area
in pixels) of each color in the image irrespective of position,
and by structure we mean their spatial arrangement.

There is a large body ofwork on texture perception in the
psychophysical literature. To a large extent, it has relied on
computer-generated or carefully constructed images, from
the pioneering work of Julesz [19, 21] and Beck [2] on
pre-attentive pattern discrimination, to more recent studies
of surface roughness perception [16, 18, 42] and surface
gloss [1, 17, 34, 39, 58]. The use of synthetic images
makes it possible to study specific aspects of texture and to
isolate the parameters and neural mechanisms that affect its
appearance. However, texture images that are encountered
in real-world applications are more complex, involve several
parameters, and as we will see, the study of their perceptual
properties raises some new questions that have not been
studied in the psychophysical literature.

1.1 Background
In the development of perceptual metrics for texture
similarity, Zujovic et al. [59, 60] combined separate estimates
of texture similarity in terms of structure and color
composition. Taking into consideration the fact that textures
can have similar structure and different color composition,
as shown in Figure 1(a), or similar color composition and
different structure, as shown in Fig. 1(b), they argued that
how these separate estimates should be combined should
depend on the observer and the application [59, 60].

Zujovic et al. [59, 60] argued that the structure of a
texture can be reasonably approximated with the structure
of the grayscale component of the image. While the
chrominance also contributes to the structure, the case where
structure is solely determined by the chrominance is possible
[56] but unlikely in natural or synthetic textures. To evaluate
the similarity of the structure of grayscale textures, they then
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(a) (b)

Figure 1. Examples of color textures with (a) similar structure and different
color composition and (b) similar color composition and different structure.

used perceptually based structural texture similarity metrics
(STSIMs) [61].

To estimate the color composition of a texture, as
perceived by a human, rather than as a histogram of
the colors of the pixels, Zujovic et al. [59, 60] adopted
the representation in terms of dominant colors and their
percentages, and used the optimal color composition distance
(OCCD) [37], which is closely related to the earth mover’s
distance (EMD) [49], to compare the color compositions of
two textures. Figure 2(a) shows an original texture image,
Fig. 2(b) shows its grayscale component, and Fig. 2(c)
shows its dominant colors. The representation of the color
composition of a texture in terms of its dominant colors
has been well established in the engineering literature [7,
29, 38, 59, 60]. We could not find any related work in
the psychophysical literature, except for the work of Kuriki
[25] on average-color perception of multicolored patterns.
Kimura [22] also considered color averaging of multicolor
mosaics into a few color categories, with emphasis on the
mean color judgments.

1.2 Proposed Approach
The key assumption in Zujovic’s approach to texture
similarity is that texture structure and color composition
are independent of each other. The goal of this article is
to test whether this assumption is consistent with human
perception and, in particular, whether the perception of color
composition is veridical and whether it is affected by the
texture structure.

We explore the influence of texture structure on the
perception of the color composition through a series
of empirical studies. While the motivation comes from
texture similarity and content-based retrieval, the problem
is interesting in its own right, and to the best of our
knowledge has not been addressed in the psychophysical
literature. Thus, while we will discuss the implications of the
conclusions of our studies for texture similarity metrics, the
main focus is on understanding the perception of the color
composition of visual textures.

To study the effects of texture structure on color com-
position, we synthesized color textures with the same color
composition as that extracted from the original texture but
with different structural patterns, and conducted empirical
studies to compare the perceived color composition of the
synthesized textures.

As in [59, 60], we estimated the color composition of
a given original texture image using the adaptive clustering
algorithm (ACA) [43] to segment the image in KACA = 4

classes based on color, and ‘‘painting’’ the segments with the
average of each class. ACA is an iterative algorithm that can
be regarded as a generalization of the K -means clustering
algorithm [28, 55] in two respects: it adapts to local variations
in image intensity and includes spatial constraints in the
form of Markov random fields (MRFs). We will refer to
the resulting image, which preserves the structure of the
original image, and consolidates the point clouds of each
dominant color into points in color space, as the posterized
texture. The posterized texture for the original texture image
of Fig. 2(a) is shown in Fig. 2(c). The color composition
of the texture consists of the (dominant) colors of this
posterized texture and their percentages, shown in Fig. 2(d).
We then synthesized textures with the same or modified
color composition.We used three types of structural patterns
for the synthetic textures: isotropic blobs, squares, and
rectangles. As in the Julesz experiments [19], the synthesized
textures were designed to eliminate familiarity cues, and the
pattern shapes were chosen to create different structures
(shape, scale) so that we can test their effect on the perceived
color composition. An example of a synthetic texture with
isotropic blobs is shown in Fig. 2(e).

We conducted three empirical studies with the synthetic
textures to determine the effects of structure on the percep-
tion of color composition. In the first study, we compared
the structure of the posterized texture with isotropic blob
synthetic textures that have varying target color percentages.
In the other two studies, we used square and rectangular
synthetic textures to investigate the effect of scale and shape
on the perceived amount of the target color. We conducted
the empirical studies in the form of two-alternative forced
choice (2AFC) tests to determine which of a pair of patterns
is perceived as containing a larger amount of a given target
dominant color. The main conclusions of our empirical
studies are that (a) participants are able to consistently assess
differences in color composition for textures of similar scale
and shape, and (b) pattern agglomeration in both scale
(larger) and shape (less elongated) has a strong positive
influence on the perceived amount of a target color. Thus,
the perception of color composition is nonveridical.

The question is then: What are the perceptual mech-
anisms that can account for the results of our empirical
studies? First, the results are consistent with Julesz’s texton
theory [20], whereby the size and shape of the textons affect
the texture perception. In Section 5, we present a simple
model that estimates the contribution of each pixel to the
perceived amount of the target color. Pixels near the blob
boundaries contribute less than pixels at the center of the
blobs. While there is a large literature on texture and color
perception, we could not find any perceptual mechanisms
that can explain such an edge effect. Here we should clarify
that the size of the color blobs in our studies was selected
so that the blobs are perceived as distinct patches of color
with sharp edges. There is no averaging across the blob
boundaries, even though a simple linear filter model based
on estimates of the spatial frequency sensitivity of the eye
(e.g., in [32]) predicts averaging over a few pixels at the given
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(a) (b) (c) (d) (e)

Figure 2. Texture structure and color composition. (a) Original image. (b) Grayscale texture of (a). (c) Posterized (texture segmentation with dominant
colors). (d) Color composition, most illuminant, and most distinct color. (e) Synthetic texture based on MRF model with the same color composition as (c).

display resolution and viewing distance. The perception of
sharp boundaries can be attributed to adaptation [12] or
color spreading [47], but neither provides a solid explanation.
In addition, with only a couple of exceptions, the differences
in the colors of the blobs are well above threshold in both
luminance and chrominance, so that differences in contrast
sensitivity of luminance and chrominance edges [24] and
changes in contrast sensitivity based on spatial pattern [48]
or interactions between chrominance and luminance [53]
cannot account for the observed results, and the effects of
scale in particular. Another interesting observation is that,
as in the case of texture metamers [8], all pixels in the color
blobs are clearly visible, yet their contributions to the overall
perception of color composition are different.

Webster et al. [57] and Maule and Franklin [36]
conducted experiments with ensembles of distinct color
blobs, like ours, but in regular formations of color circles.
However, the emphasis was on the perception of the average
color rather than the color composition.

1.3 Related Work
Objective descriptors of the color composition of an image
have been extensively studied in the image retrieval literature
over the past decades. The most straightforward way for
describing the color content of an image is via a color
histogram; two images are then compared using a histogram
distance metric [50, 52]. Manjunath et al. [31] review
three descriptors based on histogram representation for
the MPEG-7 standard: the scalable color descriptor, the
dominant color descriptor, and the color layout descriptor.
The scalable color descriptor is a color histogram of an image
encoded based on the Haar transform. The dominant color
descriptor describes the colors of an image using a small
number of dominant color values and the related statistical
properties. The color layout descriptor captures the spatial
distribution of dominant colors based on the discrete cosine
transform (DCT).

The use of dominant colors and associated percentages
as a compact color representation for image analysis was
introduced by Ma et al. [29] and Deng et al. [9] and
adopted by Mojsilovic et al. [38]. They argued that, when
evaluating the color composition of an image, the visual
system discounts local subtle variations and focuses on a few
dominant colors.

In addition to an appropriate color representation, the
color composition of images must be compared in a way

that agrees with human perception. Mojsilovic et al. [37]
proposed the OCCD, which is implemented in CIELab space
and which is closely related to the EMD [49]. In the paper
that introduced EMD, Rubner et al. [49] also emphasized the
need for compact color representations, which is consistent
with the use of dominant colors.

In line with these findings, and in order to account for
the nonuniformity of the statistical characteristics of natural
textures, Chen et al. [7] introduced the idea of spatially
adaptive dominant colors in the context of color texture
segmentation and proposed the use of ACA [43] to estimate
them and OCCD [37] to compare them. Zujovic et al. [59,
60] then incorporated the spatially adaptive dominant colors
and theOCCD into a structural texture similaritymetric that,
as we discussed above, assumes that color composition and
texture structure can be estimated independently.

2. TEXTURE ANALYSIS AND SYNTHESIS
To analyze the effects of structure on the perceived color
composition of a texture image, we first estimate its color
composition in terms of dominant colors [7] and then
synthesize textures with the same color composition and
different structures.

2.1 Color Composition Feature Extraction
As we discussed in the introduction, we estimate the color
composition of a texture image by extracting the dominant
colors and the associated percentages, using ACA [43] to
segment the image into regions of slowly varying colors with
rapid changes at the boundaries. As we saw, this results in the
posterized images of Fig. 2(c).

For spatially homogeneous textures, a small number
of segment classes, typically KACA = 2 to 4, is sufficient to
capture the dominant structure and colors of the image.
Pappas et al. [44] found that, for natural images, the majority
of segments containing perceptually uniform textures can
be characterized by just the first two dominant colors for
effective texture classification. Similarly, He and Pappas [14,
15] proposed a segmentation algorithm that is based on the
fact that natural textures consist of intensity variations of
a single hue [41]. However, as we discuss in Section 3, for
our experiments we selected stimuli that have a variety of
patterns and colors, with KACA = 4.

The feature vector that specifies the color composition,
shown in Fig. 2(d), consists of the KACA averages, expressed
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in CIELab color coordinates
{
L∗k, a

∗

k, b
∗

k
}
and the associated

color percentages
{
pk
}
with k= 1, . . . ,KACA.

Among the extracted dominant colors, we define the
most illuminant color as the color with the highest value
in the luminance (L∗) channel and with percentage at least
20%. We also define the most distinct color as the color with
the largest average 1E distance from the other dominant
colors. The1E distance between two colors (L∗1, a

∗

1, b
∗

1) and
(L∗2, a

∗

2, b
∗

2) is determined as follows:

1ELab =
√
(1L∗)2+ (1a∗)2+ (1b∗)2, (1)

where 1L∗ = L∗1 − L∗2, 1a∗ = a∗1 − a∗2, and 1b∗ = b∗1 − b∗2.
The selection of the most illuminant andmost distinct colors
for the empirical studies we describe below was arbitrary.
Initially, we thought that it would make it easier to run our
studies. However, we have no evidence of that, and expect
that similar outcomes would be observed with any other
color choice.

2.2 Texture Generation
Our goal is to synthesize textures with a given color
composition but with structure different from that of the
posterized texture. We used two approaches for generating
textures, one with isotropic blobs and the other with blocks
of different geometries (squares, rectangles, lines) and scales.

2.2.1 Isotropic Blobs
To obtain textures that consist of blobs with colors and
percentages that correspond to the given color composition,
we rely onMRFs [4, 5, 23]. For more details, see appendix A.

For the first empirical study, we generated a number
of blobby textures by varying the percentage of the target
color, and adjusting the percentages of the other colors
accordingly. For each set of colors and each set of percentages,
we synthesized a new texture from scratch. Examples are
shown in Figure 3(a).

2.2.2 Geometric Blocks
As an alternative to isotropic blobs, we consider the problem
of synthesizing textures that consist of blocks with different
geometric shapes and different scales. In principle, this could
be done by adjusting the parameters of the MRF model;
however, this is computationally intensive, and it is difficult
to control the shape of the blocks. So, we adopt a more direct
approach that places blocks of different colors and a given
(rectangular) shape at different locations in the image; this is
amanifestation of the ‘‘dead leaves’’ technique [6, 27, 35], and
is designed to generate textures with a given scale and shape
and a given color composition.

Given a set of colors and associated percentages, it
is in general impossible to generate perfectly tiled images
consisting of rectangular blocks of a fixed shape and size.
Instead of perfectly tiled images, the idea is to place fixed
shape/size blocks of different (dominant) colors at random
positions in the image. This means, of course, that the blocks
will overlap. To achieve the desired color percentages, we

Figure 3. Synthesized images with (a) isotropic blobs with varying target
color percentage, (b) squares of varying scale, and (c) rectangles with
varying height/width ratio.

select the color of each block we place with probability equal
to the percentage of that color. However, due to the random
block overlap, the resulting percentages of each color will
not be the same as the target percentages. We thus need an
iterative procedure that will closely approximate the desired
color percentages. The details can be found in appendixA. By
selecting square blocks of a different fixed size for each image,
we can get textures of different scales, as shown in Fig. 3(b).
By controlling the height/width (H/W) ratio of the blocks,
we can generate more or less elongated textures, as shown in
Fig. 3(c).

When the percentage changes, the number of blocks
of each color changes but, in principle, the shape and scale
remain the same. However, due to the block overlap and
randomplacement, this approach provides only approximate
control of the scale and shape of the texture patterns.
Quantitative analysis and illustrations of such effects can be
found in Figure 11 of Study 2 and Figure 14 of Study 3.

An alternative approach to achieve a given color
composition would be to keep the probability of placement
fixed and to vary the size of the blocks based on the
percentages. However, this approach does not provide good
control of the scale of the resulting textures.

3. EMPIRICAL STUDIES
In this section, we describe three empirical studies to
determine the effects of texture structure on the perception
of color composition. In the first study, we compare the
posterized texture with isotropic blob synthetic textures that
have varying target color percentages, in order to determine
whether there is a difference in the perceived target color
percentages of the two texture structures. In the other two
studies, we investigate the effect of scale and shape on the
perception of the percentage of the target color. All three
studies were designed as 2AFC tests.

J. Percept. Imaging 010401-4 Jan.-June 2020
IS&T International Symposium on Electronic Imaging 2020 Human Vision and Electronic Imaging



Wang et al.: Influence of texture structure on the perception of color composition

3.1 Test Setup
3.1.1 Participants
Fifteen volunteers, six female and nine male, with ages
ranging from 20 to 50, participated in each of the three
studies. All participants had normal or corrected-to-normal
vision and were tested for color blindness and red–green
color vision deficiency. Before the test, all participants were
asked to read and sign a consent form.

3.1.2 Apparatus
The tests were conducted using a calibrated LCD screen
with 1920× 1080 resolution and linear gamma. The viewing
distance was approximately 60 cm so that a 256 pixel wide
image subtended an angle of 9.39 degrees.

3.1.3 Texture Stimuli
For our empirical studies, we selected seven original full color
textures, shown in Figure 4(a). The textures were obtained
from the Corbis database,1 correspond to real-world images,
and were selected to have a variety of interesting patterns
and colors. Since most natural textures have only a couple
of dominant colors [15, 44] that typically consist of intensity
variations (caused by changes in illumination) of a single hue
(which corresponds to a single material) [41], we selected
textures of flowers, fruits, corals, and fabrics that have four
distinct dominant colors, as well as a variety of patterns. The
posterized textures, obtained by ACA segmentation of the
original textures, are shown in Fig. 4(b). Fig. 4(c) shows the
color composition of the posterized textures of Fig. 4(b) with
the target color underlined. (Note that Texture 5 contains a
small amount of a fourth color, gray, that is visible at the
upper left and right corners.) The length of each color bar
represents the percentage. Figure 5(d) shows the grayscale
component (loosely, luminance) of the posterized textures.
Observe that the dominant colors of each texture differ in
luminance, with two exceptions: Two of the colors in Texture
Sets 5 (cyan and magenta) and 6 (olive and blue) have
the same luminance, and only one of these colors (cyan in
Texture Set 5) is a target color. Thus, as we discussed in
the introduction, the colors of the blobs in the synthesized
textures differ in both luminance and chrominance, and
hence differences in the contrast sensitivity of luminance and
chrominance edges [24] cannot account for the results of our
experiments.

The texture stimuli for our empirical studies contain
nine sets of texture images that include posterized and syn-
thetic images, cropped to 128× 128 pixels and upsampled to
256× 256 by pixel repetition. Note that Texture Sets 8 and
9 are the same as Texture Sets 2 and 7, respectively, but have
different target colors.

3.1.4 Texture Stimuli for Study 1: Posterized versus Varying
Percentage Isotropic Blobs

Each set includes one posterized texture and seven synthetic
textures that share the same dominant colors with different

1 http://www.corbis.com

percentages. Fig. 4(c) shows the color composition of
the posterized textures of Fig. 4(b) with the target color
underlined. The length of each color bar represents the
percentage. Fig. 4(e) shows seven isotropic textures for
each set, each of which was synthesized with target color
percentage that differs by−9%,−6%,−3%, 0%,+3%,+6%,
and +9% actual percentage points from the corresponding
posterized texture. The percentages of the remaining colors
were adjusted proportionately. Note that the posterized
images of Texture Sets 8 and 9 are the same as those of Texture
Sets 2 and 7, respectively, but the target colors are different,
and so are the realizations of the synthetic textures. The target
colors in Texture Sets 1–7 are the most illuminant colors,
while the target colors in Texture Sets 8 and 9 are the most
distinct colors.

With 8 textures (1 posterized and 7 synthetic), there are
28 possible image pairs in each set. Based on a preliminary
test, when the actual difference in the amount of target color
exceeds 9%, the difference is obvious and the participants are
able to consistently select the image with the higher color
amount. We thus only selected pairs with 9% or less color
difference. This results in 15 synthetic–synthetic (S–S) pairs
and 7 synthetic–posterized (S–P) pairs for each texture set.
To balance the occurrence of S–S and S–P pairs, we repeated
each S–P pair twice.

3.1.5 Texture Stimuli for Study 2: Posterized versus Varying
Scale Square Blocks

The texture stimuli contain nine sets of color texture
images. Each set includes one posterized texture, the same
as that used in Study 1, and four synthetic textures of
varying scale that share the same color composition with the
posterized texture. Fig. 5(a) shows the posterized textures,
and Fig. 5(b) shows their color composition with the target
color underlined. The synthetic textures were generated with
squares of sizes 8 × 8, 16 × 16, 24 × 24, and 32 × 32, to
obtain different scales, as shown in Fig. 5(c). The actual color
composition of each synthetic image is the same as that of the
corresponding posterized texture image.

However, to add more variability to the test patterns,
we generated additional textures for each of the four scales
of each color set with an additional 3% of the target color,
while the other colors were adjusted proportionately. These
textures are shown in Fig. 5(d).

Thus, in each set we have one posterized texture and a
total of eight synthetic textures, two for each scale. In addition
to gathering more data, we found that the added variability
was necessary in order to stimulate the participants’ interest,
offering some relatively easy choices along with the more
challenging ones, for which the participant might select
one image at random. This keeps the participant alert and
discourages reverting to random selection for all image pairs.

Note that in Fig. 5(c), even though the target colors
are different, the synthetic images for Texture Sets 8 and 9
are the same as those of Texture Sets 2 and 7, respectively,
because the color compositions are the same. However, in
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Figure 4. Texture stimuli for Study 1.
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Figure 5. Texture stimuli for Study 2.

Fig. 5(d), the color compositions are different and so are the
realizations.

With 9 textures in each set (one posterized and 8
synthetic), there are 28 possible S–S and 8 S–P pairs for
presentation to each participant. To balance the occurrence
of S–S and S–P pairs, we repeated each S–P pair three times.

3.1.6 Texture Stimuli for Study 3: Varying Shape of Rectangu-
lar Blocks

The texture stimuli contain nine sets of color texture images.
Each set includes four synthetic textures of varying shape
that share the same dominant colors and percentages with
the posterized texture of the corresponding set in Studies 1
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Figure 6. Examples of texture stimuli for Study 3.

and 2. The posterized textureswere not included in this study.
The synthetic textures were generated with rectangles with
H/W ratios 1 : 1, 2 : 1, 4 : 1, and 8 : 1, that is, with square
and rectangular blocks with different elongation factors. As
we discussed, all of the rectangular blocks have the same area
in order to maintain a constant scale. Note that, in contrast

to the other two studies, the size of the rectangular block for
each set was based on the estimated scale of the target color
in the posterized texture; the scale estimation algorithm is
presented in Appexdix B. Figure 6(a) shows the posterized
textures, and Fig. 6(b) shows their color compositionwith the
target color underlined. Fig. 6(c) shows the synthetic textures
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Figure 7. Graphical user interface.

with the color composition shown in Fig. 6(b). As in the
varying scale study, for each H/W ratio, we also generated
textures with an additional 3% of the target color, shown in
Fig. 6(d), for more variability. Note that, since the scale of
each synthetic image is based on the estimated scale of the
target color in the posterized texture, the scales of Texture
Sets 2 and 8 are different; the same is true for Texture Sets 7
and 9.

With 8 textures in each set (all synthetic), there are 28
possible pairs for presentation to each participant.

3.1.7 Procedure
The empirical studies were designed as 2AFC tests. The
graphical user interface is shown in Figure 7. A sequence
of image pairs was presented to the participants side by
side. Each image pair contained textures that had the same
dominant colors (corresponding to the same posterized
texture) but differed in texture structure and/or target color
percentage. The positions of the images in a pair were
randomized in each trial to eliminate response bias. The
participants were asked to select the image that contained
a higher percentage of the target color using keyboard
shortcuts.

The three studies (isotropic blobs, square textures of
different scales, and textures with different rectangle shapes)
were conducted separately. To prevent any participant biases
based on parameter values (e.g., blob size or shape), image
pairs that correspond to the nine different posterized images
were mixed up and presented in random order. There were
no time limits in any of the tests. However, the participants
were encouraged to proceed at a comfortably fast pace.

4. ANALYSIS OF THE RESULTS
4.1 Analysis of Study 1
The first study was carried out with the posterized textures
and the synthetic isotropic blob textures. As we discussed,
the goal of this studywas to determinewhether the difference
in structure between the posterized texture and the synthetic
isotropic blob textures affects the perception of the target
color amount. As we will see, this study also demonstrates
that the perceived differences in the amount of target color
are consistent with the actual color percentages.

We employed Thurstonian scaling [54] to convert the
2AFC results to preference scores for each texture set.
The model assumes that the relative magnitudes of the
preferences for the stimuli can be determined by the winning
frequencies that one stimulus is selected over another in a
paired comparison task. We accumulated the comparative
choices across participants for each pair and computed a
preference matrix for each texture set with the winning
frequencies between 0 and 1. The values in each preference
matrix were omitted and treated as missing values when
the winning frequency was too small (< 0.02) or too large
(> 0.98) to give stable estimates [11]. The diagonal values
were set to 0.5. We then applied the Thurstone Case Vmodel
to convert pairwise preferences to continuous perception
scores. The scores were further normalized to Z-scores to
facilitate evaluation across the texture sets. The Z-scores
are obtained by subtracting the mean and dividing by
the standard deviation. Larger Z-score indicates stronger
perception of the target color amount.

Figure 8 displays the Z-scores of each texture set as a
function of the physical target color percentage difference.
The dotted line in each plot represents the perception of the
posterized image among the synthetic images. The overall
increasing tendencies in Fig. 8 show that the participants are
capable of perceiving the changes in the amount of target
color. The fitted linear regression between the Z-scores and
the physical target color percentage difference in each texture
set suggests that the perceived color amount is linearly related
to the physical percentage difference in target color. We
counted the correct responses of the 2AFC results between
S–S pairs. The probabilities of correct response for 3%, 6%,
and 9% target color differences are 0.82, 0.9, and 0.98, with
36, 45, and 36 samples, respectively, which indicates that the
just noticeable difference of color amount is below the 3%
difference in color.

By comparing the Z-scores of the posterized and the
synthetic images, we notice that the perceived target color
amount of most texture sets is between the perceived target
color amount of the synthetic images with±3% actual target
color amount difference. The only exceptions are Texture Sets
1 and 5. For Texture Set 1, the posterized texture is perceived
as having a much higher percentage of the target color than
the synthetic image with 0% target color difference, while the
opposite is true for Texture Set 5. Table I lists the perceived
target color difference (1Z) of each texture set.

We now examine the factors that may have caused the
perceived color amount difference between the posterized
and the synthetic image (0%). Three possible factors are
explored: (a) the scale difference of the target color blobs in
the posterized and synthetic images (1S); (b) the lightness
difference between the posterized and the synthetic images
(1L); (c) the color distance between the target color and the
most similar adjacent color (1E).

One obvious difference is the color scale. For Texture Set
1 of Fig. 4, the target color blobs of the posterized texture
appear to be larger than those of the synthetic textures, while
the opposite is true for Texture Set 5. To quantitatively check
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Figure 8. Analysis of the results of Study 1. Ranking the preference scores to generate the perception of a larger amount of color for synthetic textures
with varying actual target color amount. The x-axis represents the target color amount difference (synthetic–posterized). The y-axis represents the Z -score
for each image using Thurstonian scaling. The dotted lines correspond to the posterized texture images in each texture set. The solid blue lines are linear
regressions fitted to the synthetic images of each texture set. The R2 values of the fitted regressions are shown in the upper left corner.

Table I. Perceived color amount difference between the posterized and the synthetic (0%) textures and the corresponding difference in scale, color, and lightness.

Posterized–Synthetic (0%) Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 Set 9

Z -score (1Z ) 0.879 −0.509 −0.208 0.337 −1.226 −0.441 0.183 0.089 −0.057
Scale (1S ) 4.98 −2.83 −2.36 −1.41 −13.3 −4.65 −2.01 2.78 2.01
Adjacent color (1E ) 17.0 27.4 55.6 64.2 60.5 75.9 30.8 78.5 58.2
Lightness (1L) 0.061 0.159 0.905 0.737 0.039 −0.250 0.186 0.151 0.313
Fitted regression 1Z = c1 ·1S + c2 ·1L + c3 ·1E + interp

Coefficients c1 = 0.093 c2 = 0.16 c3 =−0.004 interp= 0.26
p -value: 0.009 p -value: 0.64 p -value: 0.45 p -value: 0.43

Standardized 0.83 0.10 0.16
Fitted regression has R 2 = 0.81, p -value= 0.029

the above observations, we calculated the average linear scale
of the target color blobs in each image as the geometric mean
of the average horizontal and vertical lengths of the blobs,
as described in appendix B. Table I lists the scale difference
(1S) between the texture synthesized with 0% difference in
the target color and the posterized texture. To check how the
scale difference relates to the perceived target color amount
difference, we fitted a linear regression between1Z and1S
(1Z = c ·1S+ interp). The estimated coefficients (c = 0.1,
p= 0.002, interp= 0.08)withR2

= 0.778 show that the scale

difference has high positive correlation with the perceptual
difference.

Another factor that may have influenced the outcome
of our experiments is the average lightness of the image.
Note that if the target color is lighter or darker than the
other colors, then by modifying the amount of target color
we are also modifying the average lightness of the image.
Thus, one could hypothesize that the participants may have
ordered the textures according to overall lightness rather
than according to the amount of perceived target color,
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Figure 9. Average lightness of different synthetic images.

as instructed. Figure 9 plots the average lightness of each
synthetic image for each texture set. Note that the most
dramatic changes occur in Texture Sets 3, 4, 6, 7 (increasing
slope), and 9 (decreasing slope). However, the placement
of the posterized texture does not seem to be related to
the change in average lightness. The lightness difference 1L
between the posterized and the synthetic (0%) images for
each texture set is listed in Table I. Similar to the analysis
of scale difference, we fitted a linear regression between 1Z
and1L (1Z = c ·1L+ interp) to check the relation between
the perception and lightness. The estimated coefficients
(c = 0.36, p = 0.57, interp = −0.198) with R2

= 0.047
show that the lightness does not play a significant role in
influencing the perceived difference in color amount.

Apart from the color scale and lightness, the similarity
of spatially adjacent colors could also affect the perceived
target color amount, especially for Texture Set 1. In Texture
Set 1, the most similar colors (two shades of strawberries)
are adjacent in the posterized texture but randomly placed
in the synthetic texture. 1E in Table I lists the distance
between the target color and the most similar adjacent color
for each texture set. Note that the most similar adjacent color
(dark red) occurs for Texture Set 1; for all the other sets, the
difference between adjacent colors is quite large, and hence
does not seem to have any effect on the perceived target color
amount.

To investigate the relative contributions of each factor,
we fitted a multiple regression with the three factors on
the perceived color amount difference 1Z (1Z = c1 ·1S+
c2 ·1L+ c3 ·1E + interp). The estimated coefficients with
the corresponding p-values and standardized coefficients
are listed in Table I. Note that 1S and 1L contribute
positively to 1Z , and 1E negatively, but the p-values
and the standardized coefficients show that only the 1S
contributions to 1Z are statistically significant, and that
the contributions of the other independent variables are
negligible.

In the analysis of Study 2 below, where we vary the scale
of the blobs for a fixed color composition (and hence fixed
lightness), we further investigate the relationship between the
target color scale and the perception of target color amount.

4.2 Analysis of Study 2
The goal of this study was to consider the direct effects of
scale on the perceived amount of the target color. This study
was carried out with the posterized textures and textures
synthesized with squares of different sizes. We compared the
synthetic textures to each other, as well as to the posterized
texture. As shown in Fig. 5, each color set has four different
scales (generating block sizes of 8× 8, 16× 16, 24× 24, and
32× 32) with the same color composition, and the same four
scales with +3% of the target color.

As in Study 1, we employed Thurstonian scaling [54] to
convert the 2AFC results to preference scores for each texture
set. Using the nine sets as replication, a repeated-measures
analysis of variance (ANOVA) with two within-subject
factors (block scale level and percentage) verified that the
perceived target color amount is affected by the scale (block
size), F(3, 24)= 123.4, p< 0.0001, and by the actual color
amount change, F(1, 24) = 109.3, p < 0.0001. There is no
interaction between the block size and actual color amount,
F(3, 24)= 0.578, p= 0.635.

Figure 10 shows the Z-scores of each texture set. A
higher score indicates a higher amount of perceived target
color. It is no surprise that the values for the +3% images are
higher than those for the 0% images at each scale since the
perceived color amount is consistent with the actual color
amount, as shown in Study 1. In addition, the increasing
scores for each of the texture sets in Fig. 10 demonstrate
that pattern agglomeration (increasing scale) results in the
perception of increasing target color amount. The score of
the posterized texture is shown in dotted black line for each
texture set. It is clear that the placement of the posterized
images varies considerably across the texture sets.

Figure 11 presents the average linear scale of the
target color blobs of the posterized and synthetic textures.
A two-way ANOVA was employed to test whether, in
addition to the generating block size, the +3% color
difference affected the scale values. The analysis shows
that apart from the statistically significant effect of block
size (F(3, 24) = 73.9, p < 0.0001), the average linear scale
is also affected by the actual color percentage difference
(F(1, 24)= 5.84, p= 0.02). There is no interaction between
the block size and actual color amount, F(3, 24) = 0.29,
p= 0.83.

Note that for Texture Sets 1, 4, 8, and 9, the linear
scale of the posterized texture is relatively higher compared
to that of the synthetic textures, and the scale of Texture
Set 5 relatively lower, which is consistent with the results
in Fig. 10. Note, however, that the relative location of the
posterized (dotted black line) compared to the synthetic
textures in Fig. 10 is generally higher than the corresponding
location of the posterized relative to the synthetic textures in
Fig. 11. Here we should also point out that even though the
images synthesized with a given generating square size are
expected to have the same scale, and hence the 0% and+3%
bar heights are expected to coincide, the actual estimated
scales differ due to the varying percentages (as we noted
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Figure 10. Analysis of the results of Study 2. Ranking the preference scores to generate the perception of a larger amount of color for synthetic textures
with varying pattern scales—with the same color composition as the posterized texture (0%) and +3% target color—and posterized texture (dotted line).

Figure 11. Analysis of the results of Study 2. Estimated average scale of target color in each image—with the same color composition as the posterized
texture (0%) and +3% target color–and posterized (dotted line).

above, higher percentages result in higher probability of
agglomeration) and the randomness in the block placements.

To summarize the relationship between color scale and
color amount perception, Figure 12 shows a combined view
of Figs. 10 and 11 across all texture sets (posterized textures
excluded). The position of each dot is obtained by averaging
the linear scales (x-axis) and the Z-scores (y-axis) of all
synthetic textures with the same color block scale (8 × 8,
16× 16, 24× 24, 32× 32) and the same actual color amount
difference (0%,+3%). We used linear regression (Z = b ·
Scale+ δ · ColorAmountDifference+ interp) to investigate
the influence of the average linear scale on the perceived color
amount (Z-score) with the actual color amount difference
as a dummy variable. The estimated coefficients (slope:
b= 0.102, p< 0.001; δ = 0.709, p< 0.001; interp =−2.48,
p < 0.001) demonstrate that there exists a linear positive
relationship between the target linear scale and the perceived
color amount.

4.3 Analysis of Study 3
The goal of this study was to investigate the effect of shape
on the perception of the amount of the target color. In
this study, we only compared synthesized textures (with
rectangles of differentH/Wratios) to each other. The analysis
is similar to that of the second study. Using the nine
textures as replication, a repeated-measures ANOVA with
two within-subject factors (elongation level and percentage)
verified that the perceived target color amount is affected
by the H/W ratio, F(3, 24)= 16.46, p< 0.0001, and by the
actual color amount change, F(1, 24)= 190.8, p< 0.0001.
The actual color amount and elongation degree in structure
are independent with no interaction, F(3, 24)= 0.654, p=
0.589.

Figure 12. Effects of average linear scale on the Z -scores of the perceived
color amount. Error bars are the standard error of the mean score and
average linear scale across all texture sets. The dashed lines are linear
regression lines fitted to all the data points with the actual color amount
as a dummy variable.

Figure 13 shows the estimates of the perceived scores
within each color set. The labels of the x-axis are the H/W
ratios of color blocks used to synthesize each texture. The
+3% synthesized textures are almost always higher than the
0% synthesized textures at eachH/Wratio due to the increase
in the actual target color amount. Apart from Texture Set 6,
the general trend is that the perceived amount of target color
decreases as the geometric shape becomes more elongated
(H/W ratio increases) for both the 0% and the+3% textures.
One possible explanation of the weak relation between shape
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Figure 13. Analysis of the results of Study 3. Ranking the preference scores to generate the perception of a larger amount of color for synthetic textures
with varying pattern shapes—with the same color composition as the posterized texture (0%) and +3% target color.

Figure 14. Analysis of the results of Study 3. Estimated average elongation of target color in each image—with the same color composition as the
posterized texture (0%) and +3% target color.

and color perception in Texture Set 6 is the influence of
pattern scale, which is considerably smaller than in the other
sets. While the H/W ratio was changed, the scales of all
synthesized textures in this study were designed with scales
similar to the posterized texture. When the pattern scale is
small, the shape variations are not as noticeable as they are
in the larger pattern scales.

Figure 14 shows the bar plots of the average elongation
degree of each texture composed of color blocks with
the specified H/W ratio. The average elongation degree is
defined as max(Lv ,Lh)

min(Lv ,Lh) , where Lv and Lh are the average vertical
and horizontal lengths of the target color blobs based on
the algorithm in Appendix A. As expected, the elongation
degree increases as the color block H/W ratio increases.
Note, however, that the resulting elongation degree is not
equal to the H/W ratio, due to block overlap and random
block placement. As in the analysis of the scale study, a
two-way ANOVA was employed to test whether, in addition
to the generating block H/W ratio, the+3% color difference
affected the elongation degree values. The analysis shows that
apart from the statistically significant effect of color block
H/W ratio (F(3, 24) = 231, p < 0.0001), the influence of
actual color percentage difference on the average elongation
degree is not statistically significant (F = 0.97, p = 0.33).
There is no interaction between the color block H/W ratio
and the actual color amount, F(3, 24)= 0.5, p= 0.68.

To summarize the relationship between color elon-
gation and color amount perception, Figure 15 shows
a combined view of Figs. 13 and 14 across all texture
sets. The position of each dot represents the average
elongation degree (x-axis) and the Z-score (y-axis) of

all synthetic textures with the same color block ratio
(1 : 1, 2 : 1, 4 : 1, 8 : 1) and the same actual color
amount difference (0%,+3%). We used linear regression
(Z = b · Elongation+ δ · ColorAmountDifference+ interp)
to investigate the influence of shape (average elongation
degree) on the perceived color amount (Z-score) with
the actual color amount difference as a dummy variable.
The estimated coefficients (slope: b = −0.38, p < 0.001;
δ = 1.366, p< 0.001; interp= 0.217, p= 0.08) demonstrate
that there exists a linear negative relationship between the
elongation degree and the perceived color amount.

5. MODELING THE RESULTS
An important question to be addressed is whether there
is a model that can explain and predict the results of our
empirical studies. While it would be desirable to come up
with a model of the underlying visual mechanisms that
explain the observed effects, in this section we propose a
model that estimates the contribution of each pixel to the
perceived amount of the target color, as determined by our
empirical studies. We hope that this will stimulate interest in
exploring the underlying visual mechanisms.

Our hypothesis is that there is an edge effect, whereby
the pixels near the blob boundaries contribute less to the
perceived target color amount than pixels at the center of
the blobs. That is, the visibility of a pixel decreases as the
pixel approaches the closest boundary. We will assume that
this effect is limited to a distance of a few pixels from the
boundary.
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Figure 15. Effects of average elongation degree on the Z -scores of
perceived color amount. Error bars are the standard error of the mean
score and average elongation degree across all texture sets. The dashed
lines are linear regression lines fitted to all the data points with the actual
color amount as a dummy variable.

To estimate the distance of each pixel from the closest
boundary, we rely on mathematical morphology [33]. To
obtain the pixels that are adjacent to a color boundary, we
apply a one-pixel erosion operator to the map of the target
color. The eroded pixels comprise the first layer of pixels
that are at a distance of one pixel from a boundary. We then
apply a one-pixel erosion to the remaining pixels to obtain the
second layer of pixels that are at a distance of two pixels from
a boundary. We can continue this process to obtain multiple
layers at different distances from the boundaries. Figure 17
shows an example of the iterative erosion method; Fig. 17(a)
shows a color segment from one of the synthesized images,
Fig. 17(b) shows the decomposition into layers, and Fig. 17(c)
shows the number of pixels in each layer.

Let P(t) represent the perceived proportion of a texture
image that is taken by a given target color t . Assume there
are K boundary layers in total, the first being the outermost
layer of each color segment and the K th being the innermost
layer of the largest segment. Then P(t) is given by the
layer-weighted area of the target color

P(t)=
1
Nt

K∑
k=1

wkNt,k, (2)

where Nt,k is the number of pixels in a layer that is at a
distance of k pixels from the closest boundary, Nt is the total
number of pixels of the target color t , and wk is a weight
associated with the visibility of the kth layer.

For the layer weights, we tried a hyperbolic tangent
function

wk = tanh(a · k+b)=
e(a·k+b)− e−(a·k+b)

e(a·k+b)+ e−(a·k+b)
, a+b≥ 0, a> 0,

(3)
where k is the layer index, wk takes values in the interval
[0, 1], and a and b are constants controlling the saturation

speed and shift of wk, respectively. With large a, the weights
saturate quickly to 1. Using a= 0.5, b=−0.25, we obtained
weights 0.24, 0.63, and 0.85 for the outermost layers, with
the weights for the remaining inner layers taking values
close to 1. In a limiting case, w1 = 0 and wk = 1 for k > 1
(a= 5, b=−5). The reason for these choices is that visibility
is reduced near the boundaries and increases rapidly as
we move away from the boundaries. Of course, all this
depends on the viewing distance and display resolution.
As we discussed in the introduction, the viewing distance
and display resolution in our experiments are such that
there is very little filtering across the boundaries. Finally, we
also tried linearly increasing weights as well as the default
constant weights wk = 1 for all k (no edge effect). Three
different weighting strategies are illustrated in Figure 16.

Tables II and III show the Pearson correlation coefficient
between the model estimates and the perceived target color
amount (Z-scores), for each texture set, for the scale and
shape studies, respectively. We also calculated the average
correlation coefficient across all texture sets as the inverse
transform of the average of Fisher’s Z-transform of each
texture set [51]. The tables compare three parameter settings
of the hyperbolic weighting strategy with linearly increasing
weights and the default constant weight strategy (wk = 1 for
all k).

Table II shows that, for the scale study, all the
weighting strategies provide acceptable performance, with
the linear weights outperforming the other strategies, and
demonstrates the inadequacy of the constant weights. On the
other hand, for the shape study, Table III shows that even
though the linear weights have higher overall correlation
than the hyperbolic weighting schemes, they have relatively
low correlation on Texture Set 6 (0.666). Overall, the quick
saturation weighting strategy using a hyperbolic weighting
scheme with a = 0.5 and b = −0.25 provides a relatively
stable strong positive correlation with the perceived color
amount, for the best overall performance. However, the
performance of the limiting case with w1 = 0 and wk = 1 for
k> 1 is almost as good.

Using the hyperbolic weighting scheme with a =
0.5, b=−0.25, we can estimate the perceived color amount
for each image in the two studies. The results are plotted in
Figure 18 as a function of the measured Z-scores. The plots
provide another indication that the model is consistent with
the results of our empirical studies.

As we discussed above, we could not find any visual
mechanisms that explain the observed edge effect. The
closest is a study by Eskew and Boynton [13], who consider
compact, spatially localized stimuli with varying width
and junction length; however, the conclusions are about
variations in contrast sensitivity, which is not likely to have
an effect on stimuli with contrast well above threshold.

6. DISCUSSION AND CONCLUSIONS
We investigated the influence of texture structure on
the perception of color composition through a series of
empirical studies. We relied on color segmentation (adaptive
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Table II. Scale study: Pearson correlation between layer-weighted area of target color and perceived target color amount.

Weight Strategy Pearson Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 Set 9 Average

a = 0.5, b =−0.25 Correlation 0.896 0.911 0.982 0.938 0.919 0.958 0.950 0.932 0.888 0.938
p -value 0.0026 0.0017 0.0001 0.0006 0.0012 0.0002 0.0003 0.0008 0.0032 –

a = 0.5, b = 0 Correlation 0.838 0.881 0.934 0.938 0.931 0.954 0.938 0.850 0.779 0.907
p -value 0.0093 0.0039 0.0007 0.0006 0.0008 0.0002 0.0006 0.0075 0.0229 –

w1 = 0, wk = 1 for k > 1 Correlation 0.882 0.893 0.978 0.933 0.918 0.957 0.942 0.935 0.876 0.932
p -value 0.0037 0.0029 0.0000 0.0007 0.0013 0.0002 0.0005 0.0007 0.0044 –

Linear weights Correlation 0.944 0.945 0.977 0.902 0.923 0.915 0.963 0.968 0.983 0.954
p -value 0.0004 0.0004 0.0000 0.0022 0.0011 0.0015 0.0001 0.0001 0.0000 –

wk = 1 for all k Correlation 0.401 0.541 0.580 0.633 0.448 0.501 0.404 0.516 0.328 0.489
p -value 0.3243 0.1663 0.1325 0.0918 0.2661 0.2060 0.3215 0.1905 0.4284 –

Table III. Shape study: Pearson correlation between layer-weighted area of target color and perceived target color amount.

Weight Strategy Pearson Set 1 Set 2 Set 3 Set 4 Set 5 Set 6 Set 7 Set 8 Set 9 Average

a = 0.5, b =−0.25 Correlation 0.852 0.750 0.856 0.887 0.881 0.749 0.942 0.750 0.720 0.837
p -value 0.0072 0.0321 0.0066 0.0033 0.0038 0.0361 0.0005 0.0321 0.0440 –

a = 0.5, b = 0 Correlation 0.812 0.679 0.824 0.860 0.865 0.845 0.934 0.742 0.713 0.823
p -value 0.0143 0.0641 0.0120 0.0062 0.0055 0.0083 0.0007 0.0349 0.0473 –

w1 = 0, wk = 1 for k > 1 Correlation 0.841 0.730 0.861 0.882 0.866 0.720 0.942 0.742 0.725 0.830
p -value 0.0089 0.0398 0.0060 0.0038 0.0055 0.0438 0.0005 0.0350 0.0417 –

Linear weights Correlation 0.940 0.864 0.892 0.917 0.906 0.666 0.894 0.815 0.749 0.868
p -value 0.0005 0.0056 0.0029 0.0014 0.0019 0.0717 0.0027 0.0136 0.0325 –

wk = 1 for all k Correlation 0.700 0.486 0.742 0.784 0.821 0.958 0.875 0.713 0.670 0.786
p -value 0.0530 0.2219 0.0350 0.0213 0.0125 0.0002 0.0044 0.0472 0.0693 –

Figure 16. Weights for k th layer using different strategies.

clustering) to estimate the color composition of a given
texture image, and synthesized new textures with the same
color composition but different structures, consisting of
isotropic blobs and geometric blocks of different scales and
shapes.

The first observation is thatwhen scale and shape are not
changing significantly, there is a linear relation between the
actual color amount and the values derived from the 2AFC
experiments. This suggests that the participants are able
to consistently assess differences in color composition for
textures of similar shape and scale. Second, the results of our
empirical studies indicate that pattern scale and shape have a

strong impact on the perception of the target color amount.
In particular, when images have the same physical amount
of a target color, there exists a positive linear relationship
between the Z-scores of the perceived color amount and the
average linear scale of the target color blobs, and a negative
linear relationship between the Z-scores of the perceived
color amount and the average elongation degree of the target
color blobs. However, we found one indication that the
elongation effect might be weakened as the texture scale
decreases (Texture Set 6 in Study 3). In addition, we found
that there is no interaction between the actual color amount
and the scale or the shape.

As we discussed in the introduction and the design
of the empirical studies, we did not try to separate the
effects of luminance and chrominance.With only a couple of
exceptions, the colors of the blobs differ in both luminance
and chrominance so that differences in contrast sensitivity
of luminance and chrominance edges cannot account for
the observed results. Selecting isochrominant stimuli would
have led to very similar results, but would have made the
stimuli less realistic and less appealing to the participants. In
addition to visual appeal, selecting isoluminant stimuli could
have induced averaging across the blob boundaries, whichwe
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(c)(b)(a)

Figure 17. Iterative 1-pixel erosion of a target color segment. (a) Synthetic image. (b) Decomposition of target color segment into layers. (c) Distribution
of layer pixel counts.

Figure 18. Model estimates versus measured Z -scores of perceived color amount for textures in (a) scale study and (b) shape study. The root mean squared
error of the estimates for the scale study is 0.38 and for the shape study is 0.45. The dashed lines are fitted regression lines with slope 1 and intercept 0.

wanted to avoid. Our analysis showed that lightness did not
play a significant role in influencing the perceived difference
in color amount, which post hoc justifies our selections.

Based on our conclusions, the perceived amount of
target color depends on the physical color amount, the scale,
and the elongation degree. In Figs. 12 and 15, we showed how
the perceived target color amount depends on estimates of
scale and elongation, respectively. However, we also found
that a relatively simple model that accounts for decreased
visibility of the pixels near color boundaries is consistent with
the results of our empirical studies.

A somewhat surprising finding is that the increase in the
perceived color amount with increasing scale and decreasing
elongation is true for two different target colors, the most
illuminant and the most distinct color. If the same were true
for the other two colors (four in total), the apparent paradox
is that the percentages would add up to more than 100%.
Alternatively, if the perceived color amount of each color
decreases with decreasing scale and increasing elongation,
and this were true for all colors, then the percentages

would add up to less than 100%, that is, the participants
underestimate the amount of each color. We believe that the
latter is the case and that the participants treat the rest of
the colors as clutter, and apparently, the pixels with decreased
visibility near the borders are included in the clutter.

The above finding is a consequence of the fact that we
asked the participants to focus on one color. Our empirical
studies are essentially equivalent to asking the participants to
estimate the percentage of one color, effectively treating all
other colors as clutter. If insteadwehad asked the participants
to simultaneously estimate the percentage of each color, we
expect that they would have produced numbers that add up
to 100%. The testing of this hypothesis is beyond the scope of
this article.

As we discussed in the introduction, the results of our
empirical studies are consistent with Julesz’s texton the-
ory [20], whereby the size and shape of the textons affect the
texture perception.We also found some interesting analogies
with well-studied (but not directly related) phenomena, such
as texturemetamers [8]. Apart from the pixel visibility model
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we proposed in this article, we could not find any other
mechanisms that can explain the results of our studies,
which have been motivated from engineering applications
and have relied on real-world images that are more complex
than typical stimuli used in psychophysical studies. However,
we hope that our work raises new challenges for vision
research, including the need for a more basic understanding
of dominant colors of textures and general images.

Our results have definite implications for texture
similarity metrics. If we assume that scale and elongation
affect all the dominant colors, anymetric adjustments should
depend on estimates of the relative scale and elongation
degree of each color of the images being compared. Better
yet, the metric adjustments should depend on the model
we proposed. As we discussed, according to the results of
our empirical studies and the model estimates, the perceived
color amounts may add up to less than the total texture
area. As the scale of the images we compare decreases
and the elongation increases, the perceived amount of the
target color, and presumably the other colors, decreases.
One could then argue that color composition differences
should be given less weight than structure differences in the
overall evaluation of texture similarity. The specifics of such
adjustments will be the topic of future research.

APPENDIX A. TEXTURE SYNTHESIS ALGORITHMS
A.1 Isotropic Blobs
The generation of isotropic blobby patterns relies on
Markov/Gibbs random fields (MRF/GRF) [4, 5, 23]. We
generate sample images with KACA = 4 classes based on the
MRF model described in [43] and [59], which assumes that
the only nonzero Gibbs potentials are those that correspond
to the one- and two-point cliques. According to this model,
neighboring pixels are more likely to belong to the same
class than to different classes. The strengths of the two-point
clique potentials control the size and shape of the blobs, while
the strengths of the one-point clique potentials control the
percentage of labels in each class. An iterative procedure is
necessary to obtain an MRF image with a given percentage
of labels in each class. Finally, we ‘‘paint’’ the resulting sample
MRF image with the dominant colors as shown in Fig. 2(e).

For the first empirical study, we generated textures by
using the same value for all the two-point clique potentials in
order to generate isotropic blobs, which represent the most
generic structure thatmaintains the given color composition.

A.2 Geometric Blocks
To generate textures consisting of blocks of different
geometries and scales, we propose an iterative algorithm that
utilizes randomly placed overlapping fixed sized blocks with
the dominant colors. This is a manifestation of the ‘‘dead
leaves’’ technique [6, 27, 35].

The iterative block placement procedure is described
in Algorithm 1. The upper left corner of each color
block is placed at a random position in the image with
probabilities given by the desired color percentages. In order
to allow random placement of blocks anywhere in the image,

Figure A1. Example of generating geometric blocks. The background
canvas is shown in black.

including near the texture borders, we generate a canvas of
larger size than the posterized texture image and then crop
it back to the right size, as shown in Figure A1. The width of
the left and upper strip of the larger canvas equals the size of
the color blocks. By including blocks with upper left corners
in the strip regions, we enable partial block overlap in the
upper and left borders of the cropped image. Note that block
overlap at the lower and right borders can happen when the
upper left corner of a block is placed near the border.
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The algorithm consists of three stages. In Stage 1,
the probabilities of placing blocks of different colors at
random locations of the extended canvas are equal to the
desired color percentages. The iterative block placement
continues until the deviation D, computed as the sum of the
absolute differences between the target and the current color
percentages, is below an initial (higher) threshold Th.

However, as we mentioned above, due to the random
block overlap and partial placements (near the borders), the
iterative placement procedure is not guaranteed to converge
to the desired percentages. So, once the initial threshold is
achieved, we need to adjust the placement probabilities in
order to facilitate convergence. The iterations will continue
in Stage 3, but first we have to make sure that there are no
‘‘unpainted’’ pixels in the canvas.

Fig. A1(c) shows the resulting texture after the first stage.
Note that there are some ‘‘unpainted’’ background pixels in
the canvas, shown in black in the figure. In Stage 2, we
check if there are any ‘‘unpainted’’ pixels in the canvas. If
this is the case, we use connected component labeling to
find all the connected regions in the background.We ‘‘paint’’
each connected region with one dominant color as shown in
Fig. A1(d). The fraction of regions painted with each of the
dominant colors is based on the revised (see below) color
percentages, not taking into consideration the number of
pixels in each region; the exact number of pixels assigned
to each color at this stage is not important for algorithm
convergence.

In Stage 3, the placement probabilities are updated at
the end of each iteration in order to enable and accelerate
convergence. The idea is to base the probabilities on
the differences between the actual and the target color
percentages 1pk = p̂k − pk . The revised color probabilities
are then obtained as the normalized differences p̃k =
1pk/

∑
m 1pm. The third stage ends when the deviation is

below a final (lower) threshold Tl .

APPENDIX B. BLOB SCALE ESTIMATION
We propose an efficient method for calculating the average
linear scale (in pixels) of the blobs with the same color as
shown in Figure B1 and described in Algorithm 2.

Given an input K -level image I, each level of which
is painted with a different (dominant) color, and a target
level (color), we first generate a binary image Ibw with only
the blobs of the target color C. To separate the touching
blobs into individual objects, we apply marker-controlled
watershed segmentation [46] to the binary image. We first
apply the watershed transform to the binary image as a seg-
mentation function. To reduce over-segmented regions gen-
erated by the watershed transformation, the segmentation
function can be improved by using the marker-controlled
watershed segmentation. The marker-controlled watershed
segmentation generally utilizes markers for foreground and
background to solve the over-segmentation problem. Since
the binary image Ibw automatically separates foreground

Figure B1. Estimation of the average scale of blobs in given target color (Algorithm 2).
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objects (blobs) and background as markers, we can directly
fit the segmentation function to itsminima at foreground and
background locations. Id is the ridge line map of the fitted
segmentation. Iwat is the segmented result after applying Id
to Ibw. The different colors represent the different connected
components.

Once we get the image Iwat with separated blobs, each
painted with a different color, as shown in Fig. B1, we apply
a line-based calculation to get the average scale. For each
row in the image, we collect all segments of horizontal lines
belonging to the blobs. The average horizontal length Lh is
the mean of all segments of horizontal lines across the whole
image. Similarly, we collect all segments of vertical lines of
the blobs and compute the average vertical length Lv. The
average area of the target color blobs is the product of Lh and
Lv. We use the square root of the area as the linear scale of
the target color blobs.
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