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The colorimetric organization of RGB color images is investigated through the computation
of the correlation integral of their three-dimensional histogram. For natural color images,
as a common behavior, the correlation integral is found to follow a power law, with a non-
integer exponent characteristic of a given image. This behavior identifies a fractal or mul-
tiscale self-similar distribution of the colors contained in typical natural images. This
finding of a possible fractal structure in the colorimetric organization of natural images
complement other fractal properties previously observed in their spatial organization. Such
fractal colorimetric properties may be helpful to the characterization and modeling of nat-
ural images, and may contribute to progress in vision.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

An important task for image processing is to identify regularities of properties in given classes of images. This is a useful
step to characterize images and to elaborate models for them. In turn, efficient image characterization and modeling is help-
ful to many areas of image processing, image coding, pattern recognition. Also, efficient image characterization and modeling
can contribute to the understanding of the visual system and to progress in computer vision.

An important regularity of properties observed for many types of natural images lies in their multiscale or scaling, or frac-
tal, behavior. Natural images tend to display a self-similar spatial organization. This is conveyed by a frequency spectrum
exhibiting power-law evolution of the type 1=f a with f the spatial frequency [1–4]. Equivalently, power-law evolution of
the spectrum is associated with power-law evolution for the spatial correlation function [4]. This type of spatial scaling
has been related to structures and details existing at all spatial scales in natural scenes, with objects of many sizes, edges
and occlusion, appearing over a wide range of depths or magnifications [5,4,6]. In addition, it has been shown that scaling
or multiscale properties are also present in the temporal structure of natural time-varying images. The temporal dynamics of
natural images, as captured by vision, exhibit power-law evolution of the spectrum with the temporal frequency [7]. Objects
of many sizes, occurring at many depths, will move with many (angular) velocities relative to the observer, conferring scale-
invariant spatiotemporal structures to natural images. These findings manifest that natural images do not change in random
unstructured ways over space or time. On the contrary, images at different times and spatial positions display correlations,
structures, redundancy. And these correlations appear to be self-similar, or scale-invariant, or fractal, over space and time.
These recent findings have proved useful to characterize the statistical properties of natural images, but also to shed new
light on the coding and processing by the visual system [8,5,9,10]. These findings also represent helpful guidelines to pro-
gress in the on-going task of developing models for natural images [11–15].
. All rights reserved.
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In the present paper, beyond their spatial and temporal aspects, we will examine another aspect of natural images,
namely their colorimetric organization. For natural color images, we will use an histogram representation in the colorimetric
space in order to enumerate the colors that are present in an image and the frequency (the number of pixels) with which
they are represented. This will allow us to establish that, in the colorimetric domain, natural color images also tend to exhibit
a nontrivial self-similar, or scale-invariant, or fractal organization, which is distinct from, but possibly related to, its fractal
spatial and temporal organizations. Other studies have appeared to characterize the colorimetric statistics of natural images
[16], especially to confirm the scale-invariant spatial organization of these images over various chromatic conditions
[1,17,18]. However, a statistical characterization establishing a fractal colorimetric organization of natural images as per-
formed here is new to our knowledge. This approach may be specially relevant to contribute to the modeling of color images
and the related applications [19–25].

2. Method of fractal characterization

We consider RGB color images, with each component varying among Q possible values at each pixel of spatial coordinate
ðx1; x2Þ. The red component R is denoted X1ðx1; x2Þ, the green component G is X2ðx1; x2Þ, and the blue component B is
X3ðx1; x2Þ, all three assuming integer values in ½0;Q � 1�. The histogram of such color images is a three-dimensional structure
comprising Q 3 colorimetric cells defined over the cube ½0;Q � 1�3 in the RGB space. Each pixel (numbered by the index n) of
the color image maps into a point Pn in the RGB space which falls in a definite colorimetric cell of the ½0;Q � 1�3 cube. The
number of points falling in each colorimetric cell counts the number of pixels having this color in the image. For the RGB
color image, the data structure with the points Pn distributed among the colorimetric cells forms the three-dimensional his-
togram we will be considering here. For the very common choice Q ¼ 28 ¼ 256, the histogram with its 224 � 16:8� 106 col-
orimetric cells is a large data structure which can display complex organization (see Fig. 7 for example). We are going to
show that for natural color images, the three-dimensional histogram tends to display a fractal organization, with structures
and details spanning many scales across the colorimetric space.

The characterization of a fractal structure in the colorimetric space will be based here on the computation of a quantity
known in fractal studies as the correlation integral [26,27]. From the three-dimensional histogram of a color image, it can be
computed as follows. In the colorimetric RGB space, for a given radius r, each point Pn of the three-dimensional histogram is
successively taken as the center of the sphere SnðrÞ with radius r. Then one counts the number MnðrÞ of points of the three-
dimensional histogram contained inside the sphere SnðrÞ; these are the points in the RGB space whose Euclidean distance to
Pn is 6 r (with no self-count, i.e. Pn itself is not included into the count Mn). The numbers MnðrÞ are then averaged over all the
feasible centers Pn to yield the average count MðrÞ. In this process, to avoid border effects, only those centers Pn for which the
sphere SnðrÞ is completely inside the cube ½0;Q � 1�3 are considered as feasible centers to be taken into account in the aver-
aging. MðrÞ therefore represents the average number of neighbors within a distance r from a point of the three-dimensional
histogram in the RGB space. The whole process is repeated as r is varied.

If the points of the three-dimensional histogram are uniformly scattered over the colorimetric space, with the constant
density q, then one expects MðrÞ ¼ q4pr3=3, i.e. MðrÞ / rD with D ¼ 3, for points uniformly filling the three-dimensional
space. Fractal sets of points are characterized by MðrÞ / rD with a generally noninteger fractal dimension D differing from
3. The power law MðrÞ / rD in itself is associated with scale invariance: when the scale in r is changed as r ! ar, a corre-
sponding change of scale in M as M ! aDM makes the whole structure look similar. There is no underlying characteristic
length in the structure, which is self-similar across scales. Uniform space filling with D ¼ 3 is a trivial form of self-similarity.
A noninteger exponent D–3 in the power law, characterizes a nontrivial form of self-similarity, associated with a highly non-
uniform, yet self-similar, way of filling the space. The points tend to aggregate in clusters of all sizes, separated by voids also
of all sizes, in a self-similar way. There is no typical size for the clusters or for the voids. This type of fractal organization is
observed for instance for the distribution of stars and galaxies [26], with a fractal dimension D � 1:3. It is also observed for
percolation clusters, diffusion-limited aggregation processes, porous media, and other complex structures from many areas
of natural sciences [26–29]. We are going to show that this type of fractal organization is also observed for the distribution of
colors in the colorimetric space of natural images.

Another estimator for the correlation integral has been recently used in [30]. The estimator of [30] directly counts the
number of pairs of pixels separated by a distance r in the histogram. This estimator of [30] is simpler to implement but it
is sensitive to border effects at the boundaries of the colorimetric cube. As a consequence, it cannot be directly compared
to available theoretical predictions for known distributions of points (for instance, uniform distributions at integer D as con-
sidered above). By contrast, the present estimator we shall use for the correlation integral avoids the border effects and can
be directly compared to theoretical predictions on known distributions of points. This estimator will be applied here to cor-
roborate the early results of [30], and to complement and extend the characterization of the fractal properties that may exist
in the colorimetric organization of natural color images, this still standing as a novel topic for investigation.
3. Random test images

RGB color images with size 256� 256 pixels, have been tested through the computation of their correlation integral MðrÞ
as defined above. To calibrate the approach, random color images synthesized with known statistical properties have been
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tested first. A random image Iuðx1; x2Þ is generated in the following way. At each pixel ðx1; x2Þ, the value of each color com-
ponent R, G and B, is picked at random in ½0;255 ¼ Q � 1� with uniform probability. As a result, the pixels of such a random
image Iuðx1; x2Þ uniformly distribute among the Q 3 colorimetric cells of the three-dimensional histogram, leading to an aver-
age number of neighbors MðrÞ / rD with D ¼ 3. This is precisely verified by the experimental count of MðrÞ presented in
Fig. 1. The log–log plot of Fig. 1 matching a straight line with slope 3, clearly reveals the expected power-law evolution
MðrÞ / r3. Only at very short distance r � 1, a small deviation exists in Fig. 1, which is explained as follows. In continuous
space the volume of the sphere of radius r ¼ 1 is 4p=3 � 4:2, while on the discrete grid of the colors the number of discrete
points within this sphere is 7. There is a much better match as soon as r ¼ 2, with a volume of the sphere of 4p23=3 � 33:5
which comes very close to the number 33 of discrete points within the sphere. In Fig. 1, the small deviation at r ¼ 1 between
the experimental count of MðrÞ and the theoretical prediction MðrÞ ¼ q4pr3=3, is precisely due to this difference between the
volume of the sphere and the number of discrete grid points it contains. This deviation becomes rapidly negligible as r in-
creases above 1, as visible in Fig. 1.

A second random image Igðx1; x2Þ is generated with, at each pixel ðx1; x2Þ, the value of each component R, G and B selected
independently with a Gaussian probability distribution with mean 128 and standard deviation 256/6, and then clipped into
[0,255]. The resulting Gaussian random image Igðx1; x2Þ is visible in Fig. 2. Random image Igðx1; x2Þ is also characterized by a
compact distribution of the colors in the colorimetric cube ½0;255�3, associated with a correlation integral MðrÞ / rD with
D ¼ 3, as shown by the log–log plot of Fig. 3 closely matching a straight line with slope 3. In Fig. 3, a small deviation of
MðrÞ from the straight line is observed at short distance r � 1 where the count on discrete grid points may influence. And
also in Fig. 3, a small deviation of MðrÞ from the straight line is observed at large distance r � 127 because, due to their
Gaussian distribution, colors become very rare at large distance, and the average number of neighbors MðrÞ tends to cease
to grow at large r in a finite realization. The similar behavior MðrÞ / r3 for the random images Iuðx1; x2Þ and Igðx1; x2Þ of Figs. 1
and 3, characterizes colors that are densely and evenly distributed in the colorimetric space.

A third test image If ðx1; x2Þ is obtained by low-pass filtering of image Igðx1; x2Þ in the following way: on Igðx1; x2Þ, the dis-
crete cosine transform is taken for each image plane R, G and B. In each discrete cosine transform, with its frequency contents
defined over ½0;255� � ½0;255�, only the low-frequency contents in the domain ½0;10� � ½0;10� is kept, while the other (high)
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Fig. 1. For random image Iuðx1; x2Þ, as a function of the colorimetric distance r, average number of neighbors MðrÞ inside the sphere of radius r. The dashed
line with slope 3 is the theoretical prediction MðrÞ ¼ q4pr3=3 with q ¼ 1=256.

Fig. 2. Two random RGB color images with size 256� 256 pixels and Q ¼ 256 levels: Gaussian Igðx1; x2Þ (left), low pass If ðx1; x2Þ (right). Both images have
similar Gaussian independent R, G and B components, with no spatial dependence for Igðx1; x2Þ (left), and with spatial correlation over around 25 pixels in
length for If ðx1; x2Þ (right).
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Fig. 3. As a function of the colorimetric distance r, average number of neighbors MðrÞ inside the sphere of radius r, for the Gaussian random image Igðx1; x2Þ
(left) and for the low-pass random image If ðx1; x2Þ (right) from Fig. 2. Dotted lines show the slopes 3 and 2.7.
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frequency components are set to zero. Inverse cosine transform of each low-pass filtered plane R, G and B leads to image
If ðx1; x2Þ. This linear filtering essentially preserves the Gaussian distribution of each independent components R, G and B
for image If ðx1; x2Þ. However, spatial correlation is induced in each independent plane R, G and B of If ðx1; x2Þ, over around
25 pixels in length, in place of the independent pixel values in initial image Igðx1; x2Þ. Such a low-pass linear filtering is a
simple way of generating spatially correlated structures of controlled size in the random image If ðx1; x2Þ, while keeping al-
most unaffected the Gaussian distribution of each independent component R, G and B. The resulting random image If ðx1; x2Þ
is visible in Fig. 2.

For random image If ðx1; x2Þ with spatial correlation over each color plane R, G and B, the correlation integral MðrÞ is pre-
sented in Fig. 3. As visible in Fig. 3, the log–log plot of MðrÞ is closely matched by a straight line with slope 2.7. This is true
except at short r � 1 and at large r � 127 where border effects similar to those already reported for Fig. 3 can play a part.
Fig. 3 suggests the power-law evolution MðrÞ / rD with D ¼ 2:7. This power law is the mark of a scale-invariant distribution
of the colors in the colorimetric space, but here with a nontrivial exponent D ¼ 2:7, which is clearly distinguished from the
more trivial exponent D ¼ 3 by the measurements of Figs. 1 and 3. This is a rather remarkable behavior, for simple random
test images, the induction of spatial correlations preserves the scale invariance of the color organization measured by
MðrÞ / rD, but with a change in the characteristic exponent D. This type of behavior of the distribution of colors is even more
remarkable when we turn to natural color images, as we shall see in the next section.

As another random test image, we have constructed an RGB image whose colors are distributed on a two-dimensional
manifold (a surface) in the colorimetric cube ½0;255�3. For this image, the red X1ðx1; x2Þ and green X2ðx1; x2Þ components
are random independent components uniformly distributed over [0,255]; an auxiliary variable is Z ¼ 0:1þ
0:9ðX1=255ÞðX2=255Þ, and the blue component is X3ðx1; x2Þ ¼ 255� 3ð1� ZÞZ, resulting in an RGB image with the color his-
togram depicted in Fig. 4(left). The corresponding correlation integral MðrÞ is presented in Fig. 4(right). The log–log plot of
MðrÞ is closely matched by a straight line with slope 2, associated to MðrÞ / rD with D ¼ 2, in accordance with the histogram
obeying the two-dimensional manifold.

In a similar way, we have constructed an RGB image whose colors are distributed on a one-dimensional manifold (a
curve) in the colorimetric cube ½0;255�3. For this image, we draw Zðx1; x2Þ as an auxiliary random component uniformly dis-
tributed over ½0;1�; then the red component is X1ðx1; x2Þ ¼ 255ð0:1þ 0:8Z0:9Þ, the green component is
X2ðx1; x2Þ ¼ 255½0:1þ 0:4ð1þ sinð2pZÞÞ�, and the blue component is X3ðx1; x2Þ ¼ 255ð0:1þ 0:8Z1:1Þ, resulting in an RGB image
with a color histogram according to a one-dimensional nonplanar curve in the colorimetric cube ½0;255�3. The corresponding
correlation integral MðrÞ is also presented in Fig. 4(right). The log–log plot of MðrÞ is closely matched by a straight line with
slope 1, associated to MðrÞ / rD with D ¼ 1, in accordance with the histogram obeying the one-dimensional manifold.

The results of this section validate the ability of the measure of MðrÞ to identify an intrinsic dimension D relevant for the
different test images. We now apply this measure to natural images.

4. Natural RGB color images

We have considered various common RGB color images, with size 256� 256 pixels and Q ¼ 256 levels, shown in Fig. 5.
For each of the color images of Fig. 5, we have computed the correlation integral MðrÞ presented in Fig. 6. Two typical color
histograms for such images are depicted in Fig. 7.

The remarkable observation in Fig. 6, is that in general the log–log plot of MðrÞ is well approximated by a straight line,
expressing a power-law behavior MðrÞ / rD as a common feature verified by the color images. This characterizes a scale
invariance, or fractal organization, shared by the distributions of colors in the colorimetric space of the images. At the same



Fig. 5. Eight RGB color images with size 256� 256 pixels and Q ¼ 256 levels.
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Fig. 4. A color histogram according to a two-dimensional manifold in the colorimetric cube ½0;255�3 (left); and (right): as a function of the colorimetric
distance r, average number of neighbors MðrÞ inside the sphere of radius r, for the histogram on the left around the slope 2, and for the histogram according
to a one-dimensional manifold (see text) around the slope 1.
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time in Fig. 6, the fractal exponent D takes significantly different nontrivial (noninteger) values among the color images, from
D ¼ 1:3 to D ¼ 2:3 in Fig. 6. For the histogram of color images, Fig. 6 suggests a fractal organization with relevant features
spanning many scales: clusters of colors spanning many sizes separated by voids with no colors also spanning many sizes,
this in a self-similar way quantified by the fractal exponent D. In natural images, at small scales, clusters of very close colors
reflect the many shades of a given reference color. At the other extreme, at large scales, the distribution is governed by the
many significantly distinct colors usually composing a natural image as those of Fig. 5. Colorimetric structures may also exist
at intermediate scales, as suggested by the uniform power-law behaviors of Fig. 6. The power law expresses this common
scale-invariant fractal organization of the colors, and at the same time distinct values of the fractal exponent D clearly dis-
tinguish the various natural color images of Fig. 5. In this respect, image ‘‘Flowers” in Fig. 5 with D ¼ 1:3 displays a value of
fractal exponent for its color distribution similar to that of the distribution of stars and galaxies as given in [26].

5. Scaling invariance

The reduction of the number of colors of RGB images by rescaling and subquantization of their components, is a step com-
monly taken in image processing in order to decrease the complexity of subsequent operations. As a consequence of a self-
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Fig. 6. As a function of the colorimetric distance r, average number of neighbors MðrÞ inside the sphere of radius r, for the eight RGB color images of Fig. 5.

Fig. 7. Color histogram in the RGB colorimetric cube ½0;255�3 for image ‘‘Flowers” (left) and image ‘‘Parrots” (right) from Fig. 5.
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similarity in the color organization, a scaling invariance should be observed in such a process of color reduction. We verify
that the behavior of the correlation integral indeed manifests this expected scaling invariance. For an initial RGB color image,
the number of colors is reduced by rescaling each initial color component Xi 2 ½0;255� as Xi  aXi 2 ½0;255a�, with 0 < a < 1
and i 2 f1;2;3g. The rescaled components are then quantized at integer values between 0 and 255a, and the correlation inte-
gral MðrÞ is then computed in the reduced colorimetric cube ½0;255a�3. Then the rescaled M obtained as M  aDM should
precisely match the initial correlation integral prior to rescaling, as a consequence of the self-similarity. This is verified in
Fig. 8.

For illustration in Fig. 8, we take a ¼ ð1=2Þ1=3, so as to reduce by a factor of a3 ¼ 2 the overall number of possible colors in
the image. We tested in Fig. 8 also a ¼ ð1=4Þ1=3, ð1=8Þ1=3 and ð1=16Þ1=3 reducing the number of possible colors, respectively,
by 4, 8 and 16. In all cases the rescaled correlation integral superpose as visible in Fig. 8. This superposition is best at short
distance in the colorimetric space, and gradually disrupts at large distance due to border effects. For instance when
a ¼ ð1=4Þ1=3, when the overall number of possible color is divided by 4, each component Xi is rescaled from [0,255] into
[0,161]. Therefore, border effects limiting the number of neighboring colors at large distance in the colorimetric space occur
earlier after rescaling and color reduction. However, at short distance the power-law evolution is well preserved in the
rescaling, as expected from the self-similarity of color organization.
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Fig. 8. Rescaled average number of neighbors aDM, as a function of the rescaled colorimetric distance ar, when rescaling the image components by
Xi  aXi . The condition a ¼ 1 ð�Þ corresponds to the original color image of Figs. 5,6, the three other conditions are a3 ¼ 1=2 ð�Þ, a3 ¼ 1=3 ðOÞ, a3 ¼ 1=4 ð�Þ.
The four curves superpose due to self-similarity of the color distribution. Images ‘‘Flowers” (left) and ‘‘Parrots” (right) from Fig. 5.
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6. Other RGB images

Some natural color images have been found with a correlation integral MðrÞ significantly departing from the power law
MðrÞ / rD. This has been observed to occur with natural images as those in Fig. 9 containing essentially a few dominant
colors.

For the color images of Fig. 9, it appears in Fig. 10 that the average number of neighboring colors measured by MðrÞ in the
colorimetric space, tends to follow in log–log coordinates a concave (\) curve instead of a straight line. This can be explained
as follows for natural images with a few dominant colors. Since the image is natural, a given color is modulated across many
different shades. As a result, at short distance in the colorimetric space, there are many close neighboring colors, and con-
sistently the average number of neighboring colors MðrÞ tends to increase fast at short r. Also, since the image contains only a
few significantly distinct colors, at large distance in the colorimetric space, there exists a relatively small number of neigh-
boring colors. The average number of neighboring colors MðrÞ therefore tends to increase slowly at large r. This is the char-
acterization conveyed by the concave (\) shape in Fig. 10, for natural images with only a few dominant colors. This concave
(\) departure is already slightly apparent for image ‘‘Lena” of Fig. 6, which tends to be dominated by a reddish-brownish
tone. By contrast, natural images with a sufficient variety of colors were generally found to display a straight-line evolution
for MðrÞ in log–log coordinates, allowing to define the fractal exponent D.

7. Images with colormaps

For cost-effective image coding and communication, color images are often represented with a reduced number of colors
under the form of indexed images associated to a colormap. The colormap keeps only a few colors that are well represen-
tative of the image, and it eliminates a huge number of colors originally possible in the RGB space. We want to examine
how the self-similar color organization observed for RGB images is affected by the colormap representation. Different meth-
ods can be employed to construct a colormap suitable to an original RGB color image [31–33]. A common approach uses min-
Fig. 9. Two RGB color images with size 256� 256 pixels and Q ¼ 256 levels.
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imum variance quantization, by which the number of colors in the colormap is first decided, and then each color of the col-
ormap is selected as a centroid of the Voronoi partition of the three-dimensional histogram of the original RGB color image,
the centroids and partition being iteratively stabilized through a clustering process like the K-means or the like [31]. We
have studied the impact of such a colormap reduction of the number of colors on the correlation integral MðrÞ. Fig. 11 pre-
sents the evolution of MðrÞ when RGB color images from Fig. 5 are coded with colormaps of different sizes.

Fig. 11 shows that the effect of coding the original colors by means of a reduced colormap, has a drastic effect on the
power-law evolution of MðrÞ. In log–log coordinates in Fig. 11, the straight-line evolution of MðrÞ characterizing the self-sim-
ilar organization of the original colors, is replaced with colormaps by a convex ([) evolution of MðrÞ with an horizontal pla-
teau at short distance r. The reason is that the original colors that form a cluster of close neighboring colors are replaced by
one common representative color in the colormap. As a result, in images with a colormap, the average number of neighbor-
ing colors does not increase at short distance, leading to an horizontal plateau at short r. Consistently, the extension of this
horizontal plateau increases as the number of colors in the colormap diminishes, as visible in Fig. 11. Now at large distance,
the evolution of MðrÞ is governed by colors that are significantly separated in the colorimetric space. These well separated
colors are adequately reproduced in the colormap. As a result, the evolution of MðrÞ at large r, is essentially the same in the
image with the colormap and in the original RGB image. Especially, the straight-line evolution with slope D is recovered at
large r, as visible in Fig. 11.

Natural RGB color images as those of Fig. 5 have a rich colorimetric organization, with uniform self-similar distribution of
the colors in the colorimetric space at all existing scales. Color reduction by colormaps breaks this uniform self-similarity, as
it realizes a much poorer representation of the colorimetric variety at small scales in the colorimetric space.
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Fig. 11. As a function of the colorimetric distance r, average number of neighbors MðrÞ inside the sphere of radius r. Original RGB image ð�Þ, image reduced
to a colormap of 256 colors ð�Þ, of 64 colors ðOÞ, of 16 colors ð�Þ: images ‘‘Flowers” (left) and ‘‘Parrots” (right) from Fig. 5.
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The various possible evolutions of MðrÞ provide a flexible characterization of the distribution of colors in the colorimetric
space. Concave (\) evolutions of MðrÞ as in Fig. 10 characterize color distributions that are rich at small scales and relatively
poorer at large scales. On the contrary, convex ([) evolutions of MðrÞ as in Fig. 11 characterize color distributions that are
poor at small scales and richer at large scales. In-between, natural color images with sufficient variety of colors tend to dis-
play self-similar colorimetric distributions, uniformly organized over all existing scales.

8. Gray images

The fractal characterization in the RGB space can also be applied to gray images. Gray images with a single gray-level
component Xðx1; x2Þ can be represented by three-component RGB images constrained to have three identical components
R ¼ G ¼ B ¼ Xðx1; x2Þ. For such images, it is found that the characterization in the RGB space usually gives a correlation inte-
gral MðrÞ / rD with D ¼ 1, as visible in Figs. 12 and 13.

Natural images typically lead to a broad distribution of gray giving way to a correlation integral MðrÞ / rD with D ¼ 1. The
fractal distribution of colors that may exist in natural color images, collapses into a one-dimensional distribution for gray
images. While colors may fill the three-dimensional colorimetric space in a very irregular and fractal organization charac-
terized by noninteger D, the gray levels fill the one-dimensional space available to them in a more regular and uniform
way characterized by D ¼ 1, as illustrated by Fig. 13.

9. Discussion

It is known that the three RGB color components of natural images are usually strongly correlated and dependent. The
present study points to a fractal structure for these correlations and to self-similar dependences among the three compo-
nents. This has been obtained by studying the correlation integral MðrÞ for a characterization of the three-dimensional color
histogram of RGB images. A remarkable observation is that MðrÞ, for natural images with sufficient colorimetric richness or
variety, tends to follow a power-law form. This observation is remarkable in the sense that MðrÞ could a priori be any non-
decreasing function. Yet, power-law evolution of MðrÞ seems to be a typical behavior for natural color images. Moreover, the
exponent D of the power law MðrÞ / rD is usually found to be noninteger, with a value of D characteristic of a given natural
image. These observations identify a fractal or multiscale self-similar organization of the colors found in typical natural
images. We emphasize that the present fractal properties observed in the colorimetric organization of natural images are dif-
ferent from other fractal properties previously reported for natural images in their spatial organization [1,3,4,18,6]. Briefly
stated, previous results [1,3,4,18,6] dealt with fractal distribution of the pixels in space, while the present results deal with
fractal distribution of the pixels in the colorimetric cube. This is a novel point of view on fractal properties in images. In this
respect, the current application of fractal concepts to image compression is more related to the spatial organization of images
[34–37], while here fractality in the colorimetric organization of images opens up a new perspective.

Explanation for this fractal organization that tend to display the colors in natural images, can be proposed in two (possibly
connected) directions. The fractal organization of the colors could be related to the properties of the natural scenes, which
typically can contain many different structures and objects of various sizes and colors, appearing at various depths, various
angles, under various lighting and shading conditions. These combined ingredients could lead to the existence in typical nat-
ural scenes, of many colors with each color affected by many modulating factors, these together building up a fractal orga-
nization for the colors. In this respect, the fractal structure in the color distribution would share some origin in common with
other fractal properties found in the spatial organization of natural images, and stemming from multiscale features of natural
scenes. In another direction, the fractal organization of the colors could be related to the coding properties of the visual sys-
tem. Trichromacy, at the root, is essentially a coding modality of the visual system [38]. Given typical spectral statistics and
properties of the light in our natural environment, the visual system may have evolved its coding capabilities towards a mul-
tiscale representation of the visible spectrum. At large scales are colors that are far apart in the visible spectrum. At small
scales are colors that are close together, as for instance the gradation of shades of a given reference color. There are also
Fig. 12. Two gray-level images with size 256� 256 pixels and Q ¼ 256 levels, coded as RGB color images constrained by R = G = B.
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Fig. 13. As a function of the colorimetric distance r, average number of neighbors MðrÞ inside the sphere of radius r, for the two gray-level images ‘‘Bridge”
(left) and ‘‘Ludi” (right) from Fig. 12.
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intermediate scales of colors, like for example all the different greens or browns that can exist in a forest or an outdoor land-
scape; and yet other scales. All these spectral scales can convey useful information for efficient interaction with the environ-
ment. For efficient processing and discrimination of these multiple scales, the visual system may have distributed its coding
capabilities evenly over this whole range of scales of the color information. The fractal structure reported in this paper could
be a manifestation of this coding organization in the visual system.

The present results concerning a fractal organization of colors remain to be confirmed and studied in more detail with
extensive surveys of natural images. This would be useful to appreciate in more depth the conditions of validity of the
power-law evolution MðrÞ / rD which seems to be rather common for natural images, and also to understand the origin
of this behavior and of the different values observed for the fractal exponent D. Also, complementary methods other than
the correlation integral could be used to further characterize fractal properties in the color organization. Similar fractal char-
acterization could also be examined for the analysis of multispectral images with more than three components [39].

The present results may provide a useful parameter, with the fractal exponent D, for a concise characterization of the
complex organization of a color image in its colorimetric space. This could serve for instance to image recognition, classifi-
cation and indexing. The results may also bear significance for image segmentation from the color histogram. If a fractal
structure applies for the histogram, this means that there tend to exist clusters of colors of many sizes spanning many scales
in the colorimetric space. This would be so instead of a few dominant and well delineated clusters of colors. In a segmen-
tation process, if one looks for peaks of the color histogram to define classes, one may have to cope with many peaks at dif-
ferent scales (peaks with subpeaks and subsubpeaks over many scales, in a self-similar way), according to the fractal
dimension D. The reported results could also allow more accurate modeling of natural images. Multiscale and fractal prop-
erties, as observed experimentally in natural images, are been recognized as important cues for developing efficient image
models [11–15]. Such approach has been undertaken essentially for gray-level images, and it could be extended to color
images based on the observations we report here. The present results may also have value for image synthesis, to construct
color palettes with the realism conferred by a fractal structure as observed in natural images. Finally, as we mentioned ear-
lier, investigation of possible fractal structures and properties in natural images, may provide a path to contribute to better
understanding of the coding and processing abilities of the visual system, and lead to progress in computer vision.
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