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Abstract—Most texture analysis techniques require training
data to perform classification or retrieval of images. In many
practical situations, the amount of data representing different
texture classes can be too limited to satisfy the training of
a reliable classifier. Therefore, finding an effective feature of
texture is very useful to cope with a variety of applications.
This paper presents the extension of the two-point variogram to
multiple-point variogram of images for texture feature extraction,
which is also robust to noise and computationally economic. The
matching of the variogram functions for pattern classification
can be enhanced with the use of a spectral distortion measure
without the requirement of training data. Experimental results
and comparison with other methods, which require training data,
suggest the usefulness of the proposed approach.
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I. INTRODUCTION

The concept of texture is still not well-defined, the aim of
texture analysis is therefore to acquire some rigorous mathe-
matical formulations that can distinguish different classes of
texture in images. This difficulty makes texture analysis an
on-going challenging problem in image classification and re-
trieval. A large number of techniques have been developed for
texture analysis, where a collection of important developments
in this field were reviewed in [1]. Recent developments and
applications of texture analysis and classification can be found
in [2]-[8].

In general, methods for texture analysis consist of two main
domains: structural and statistical [9]. While the structural
approach analyzes an image in terms of a transform to expose
the detail of its structure, the statistical approach examines the
statistics of the properties of an image. This study explores a
spatial statistical methodology for extracting effective texture
feature of an image based on the notion of the variogram of
an image. In fact, the use of the variograms, which form the
fundamental concept of geostatistics [10], has been proposed
for texture analysis over the years [11]-[17]. The departure
of the present study from other variogram-based methods
is that it introduces the formulation of the multiple-point
variogram of an image, while other methods apply the two-
point variogram to capture the spatial relationship of pixels
in an image. Advantages of the multiple-point variogram
over the two-point variogram for image analysis are two-fold:
better classification accuracy and faster computational speed. A
logical basis for the adoption of the multiple-point variogram
is that mathematical measures that are used to quantify the
dissimilarity or distance between objects can be either a vector
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or a scalar. The distinct difference between these two classes
can be appreciated by their definitions: scalars are quantities
that are described by a magnitude, whereas vectors are those
that are characterized by both a magnitude and a direction.
The latter class conveys more information than the former.
Furthermore, this study utilizes a physically reasonable and
computationally tractable tool of spectral distortion measures
to robustly measure the dissimilarity between two spectra of
the variograms.

The rest of this paper is organized as follows. Section
Il presents the extension of the two-point variogram to the
multiple-point variogram, which is well-suited for image anal-
ysis. Section III describes the matching of variograms using
as spectral distortion measure known as the log-likelihood
ratio distortion. Finally, experimental results and discussion
are given in Section IV.

II. THE MULTIPLE-POINT VARIOGRAM OF IMAGES

Let Z, x, and h be a random function, a spatial location,
and a lag distance in the sampling space, respectively. The
random function Z(xz) is assumed to be second-order station-
ary, which implies the mean m and variance 0% are location-
independent: m(x) = m and o2(x) = o2, for all locations z
in the space. The variogram of the random function is defined
as [10], [18]

2v(h) = Var|Z(z) — Z(z + h)], (1)

where 7y(h) is the semi-variogram of the random function. This
definition of the variogram, 2(h), or semi-variogram, ~y(h),
assumes that the random function changes within the space,
but (k) is independent of spatial location and depends only on
the distance of the pair of the considered variates. To simplify
technical jargon, the semi-variogram is now referred to as the
variogram, unless mathematical expression requires a precise
definition.

Based on Equation (1), the variogram is equivalent to

1) = 3B [{2() - 2( + 1Y) @

Let Z(z;), i = 1,2,...,n, be a sampling of size n,
the unbiased estimator for the variogram, which is called the
experimental variogram, of the random function is expressed
as
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where N (h) is the number of variable pairs separated by h.

The experimental variogram defined in Equation (3) is
known as the two-point variogram in geostatistics (not to be
confused with multiple-point geostatistics [19]). Taking the
advantage of both spatial and sequential information of an
image, the two-point variogram can be readily extended to
the multiple-point variogram of an image as follows.

Let Z(x;) be the either the pixel values of an image row
i or column ¢, and Z(x; + h) the pixel values of an image
row i + h or column i + h: X; = (T41, Ti2, . .., Tip) OF X; =
(T14y T24y - - - , Tpi), assuming that the image has equal numbers
of rows and columns for simplified mathematical expression.
The multiple-point variogram of an image can be defined as

1 M(h)

where M (h) is the number of pairs of image rows and columns
that are separated by distance h, and || - || is any inner product
induced norm on R? (the Euclidean norm is used in this study);
moreover, the exponent of 2 can be omitted to simplify the
expression, which is analogous to the use of the absolute value
of the pixel difference for the variogram [11].

III. VARIOGRAM MATCHING WITH LOG-LIKELIHOOD
RATIO DISTORTION MEASURE

Given an experimental variance at lag h, y(h) can be
approximated as a linear combination of the past p variances,
such that

H(h) = — Zan(h — i) )

where a;, i = 1,...,p are the linear predictive coding (LPC)
coefficients [20], assumed to be constant over the range of the
variances, and to be optimally determined.

The error between 4(h) and (k) is

e(h) =~(h) + Z ary(h — i) (6)

By minimizing the sum of squared errors, the pole param-
eters {a;} of the LPC model can be determined as follows.

a=-R7!r )

where a is a p X 1 vector of the LPC coefficients, R is a p X p
autocorrelation matrix, and r is a p x 1 autocorrelation vector
whose elements are defined as

N
ri = AW(h+i), i=1,...,p. ®
h=0
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TABLE 1. CLASSIFICATION RATES (%) OF TEN-TEXTURE IMAGE
GROUP OBTAINED FROM TWO-POINT AND MULTIPLE-POINT VARIOGRAMS.

Two-point variogram  Multiple-point variogram

Image ID D Drrr D Drrr
D4 100 100 97.22 100
D9 100 100 100 100
D19 61.11 73.61 61.11 69.44
D21 84.72  97.11 81.95 100
D24 71.78 98.61 91.67 100
D28 80.56  93.06 76.39  83.33
D29 3472 4411 5278  69.44
D36 37.50  38.89 3472 36.11
D37 86.11  86.11 90.28  93.06
D38 80.56 88.89 83.33 93.06

TABLE II. COMPARISON OF CLASSIFICATION RATES (%) OF

TEN-TEXTURE IMAGE GROUP.

Filtering methods (with training) 52.6 (average), 67.7 (best)
Spectral histogram (with training) 83.1
Two-point variogram (D, 7, g) (no training) 82.0
Multiple-point variogram (D, 1, g) (no training) 84.4

Let S(w) and S’(w) be the spectral density functions of a
p-th order all-pole model of the variograms ~(h) and ~'(h),
respectively, where w is normalized frequency ranging from
- to . The spectral density S(w) is defined as [20]

02

= AP

where 02 =a’Ra,and A =1+ aje ™ +... + a,,e*"’p“’.

S(w) &)

The log-likelihood-ratio (LLR) distortion measure between
S(w) and S’(w), denoted as Dy r(S,S’), is defined as [21]

a/T Ra/
a’Ra’

where a’ is the vector of the LPC coefficients of S’.

DLLR(S, S/) ZIOg (10)

IV. RESULTS AND DISCUSSION

The images used in this experiment are of the well-known
Brodatz database [22]. The size of the original images is
640 x 640 pixels, which are obtained from [23]. The test

TABLE IIL CLASSIFICATION RATES (%) OF TWO-TEXTURE IMAGE
GROUPS.
Figure (a)  Figure (b)  Figure (c)
Two-point variogram 100 100 100
Multiple-point variogram 100 100 100
TABLE 1V. CLASSIFICATION RATES (%) OF SIX-TEXTURE IMAGE
GROUP OBTAINED FROM TWO-POINT AND MULTIPLE-POINT VARIOGRAMS
USING Dy, LR
Image ID  Two-point variogram  Multiple-point variogram
D4 75.00 80.56
D5 100 100
Di12 100 100
D17 100 100
D84 100 100
D92 98.61 97.22
Average 95.60 96.30




Fig. 1.

Ten-texture 640 x 640 Brodatz image image group, from left to right: 1st row: D4, D9, D19, D21, and D24; 2nd row: D28, D29, D36, D37, and D38.

Fig. 2.
D4, D9, D19, D21, and D24; 2nd row: D28, D29, D36, D37, and D38.
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Fig. 3. Classification rates of ten-texture image group versus white Gaussian
noise variance of 0.01 and variable mean.

images are divided into two sets, which are after [24]: 10-
texture and 2-texture image groups. The 10-texture group
includes D4, D9, D19, D21, D24, D28, D29, D36, D37, and
D38. The 2-texture groups consist of D4 and D84, D12 and
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Ten-texture 640 x 640 Brodatz image image group, degraded with white Gaussian noise of 0.01 variance and 0.3 mean, from left to right: 1st row:

D17, and D5 and D92. Figure 1 and Figure 4 show the
images of the 10-texture and 2-texture groups, respectively.
To test the performance of the proposed method without the
need for training data, the experiment was set up using the
same procedure as described in [25]. Each original image was
divided into 9 non-overlapping sub-images (except 5 columns
and 5 rows of pixels for the corresponding sub-images in the
last row-wise and column-wise partitions), yielding each sub-
image of size 215 x 215 pixels. Thus, a perfect classification
(100%) for each test sub-image is the successful search of 8
closest matches.

For the 10-texture image group, the classification rate
obtained from the two-point variogram using the Euclidean
norm and LLR distortion measure are 74.31% and 82.08%,
respectively; and the multiple-point variogram resulted in
76.95% using the Euclidean norm, and 84.44% using the LLR
distortion measure. These results show that the multiple-point
variogram performs better than the two-point variogram, and
both cases suggest the preference of the LLR over the Eu-
clidean norm. Table I shows the individual classification rates
obtained from the two-point and multiple-point variograms
using the Euclidean norm and LLR distortion measures, in
which D29 was largely better classified by the multiple-point
variogram. The comparison of the results obtained from the
variograms and the filtering [24] and spectral-histogram meth-
ods [26], which requires training data, are shown in Table II.
These comparative results demonstrates the high performance
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Two-texture 640 x 640 Brodatz image groups, from left to right: (a):
D4 and D84, (b): D12 and D17, (c): D5 and D92.
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Variograms of D5 (a), D92 (b), and D4 (c) where the left and right
figures are two-point and multiple-point variograms, respectively.

of the multiple-point variogram for texture classification. To
test the robustness of the proposed approach with the use of
the LLR, the images were degraded with white Gaussian noise
with variance of 0.01 and variable means: 0.001, 0.005, 0.01,
0.02, 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, and 0.6. It is interestingly
observed that adding noise to the texture, the classification
rates using either the two-point or multiple-point variograms
were stable or even improved up to the noise mean of 0.6,
where the highest improvement (87.22%) for both variograms
is at the noise mean of 0.4. Figure 2 shows the ten-texture
image group degraded with mean of 0.3 and variance of 0.01.
Figure 3 plots the classification rates obtained from the two-
point or multiple-point variograms versus the noise levels. Due
to the stochastic nature of the texture, the addition of noise at
some certain levels to the images allows the variograms to
better distinguish different types of similar textures. Figure 3
shows the classification by the two-point variogram that failed
sharply at the noise variance of 0.6 (82.08% vs. 74.86%), but
slightly for the multiple-point variogram (84.44% vs. 82.64%).

Figure 5 presents the plots of the two-point and multiple-
point variograms of D5 and D92, as shown in Figure 4(c).
It has been pointed out that the classification of this pair of
images was very difficult for many texture analysis techniques
[24]. Both variograms of this pair of images can discriminate
the difference between these two textures, and with the use
of the LLR distortion measure, a perfect classification was
achieved. Table III lists the classification rates of the two-
texture image groups, in which both variograms achieved the
perfect results (zero classification errors) for the three pairs of
images. As discussed in [24], the minimum classification errors
obtained among 9 texture feature extractors, using learning
vector quantization (requiring training data), were 1.9 (co-
occurrence) for Figure 4(a), 0.6 (Daubechies) for Figure 4(b),
and 2.5 (discrete cosine transform) for Figure 4(c).

Furthermore, Table IV shows the classification rates of
the six images shown in Figure 4, where most classication
rates are maximum, except for D4 (75% for two-point var-
iogram, and 80.56% for multiple-point variogram), and D92
(98.61% for two-point variogram, and 97.22% for multiple-
point variogram) The plots of the two-point and multiple-point
variograms of D4, which presented in Figure 4(a), are shown
in Figure 5. Although the classification rate for D92 obtained
from the multiple-point variogram is lower than the two-point
variogram, its total classification average (96.30%) is higher
than the two-point variogram (95.60%). Once again, these
results demonstrate that the high performance of the multiple-
point variogram.

For an image of 256 x 256 pixels, the time taken for
executing the Matlab code on a computer ProBook 6570b,
Core 17, Windows 8, to calculate 30 lags for the two-point
variogram was 0.12 seconds, and multiple-point variogram was
0.04 seconds. This timing shows the multiple-point variogram
is 3 times faster than the two-point variogram for such an
image size. For an image of size 640 x 640 pixels, the
computational times required for the two-point and multiple-
point variograms were 1.02 and 0.27 seconds, respectively;
which shows the multiple-point variogram is approximately 4
times faster than the two-point variogram.
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