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Abstract—Recent advancements of 3D computer graphics
hardware systems have made possible the handling of 3D
volumetric data, and the amount of the available data has
increased for various scientific fields. This paper proposes a
pattern feature extraction method for 3D volumetric data. Pattern
features are important for systems which require segmentation
and classification. In this paper, the Laws texture energy approach
is extended so that both 2D image data and 3D volumetric data
can be handled. The Laws texture energy approach is a powerful
technique for describing pattern features of 2D texture images,
and it has been applied to various software applications. Our
extension of the Laws texture energy approach enables direct
extractions of pattern features from 3D volumetric data. Although
the three dimensional extension increases the number of pattern
features, the pattern features are reduced by combining similar
pattern features. Our simulation software program attempts
to reduce the number of shape features. The program rotates
each feature along the z, y and z axes. The rotated features
are evaluated if they are identical to other features, and the
identical features are combined together to reduce the number
of pattern features. For the experiments, artificially synthesized
3D solid textures are analyzed by using the 3D extended Laws
features, and solid textures are classified by linear discriminant
analysis (LDA). Our preliminary experiments show that the
three dimensional extension of the Laws texture energy approach
successfully classifies a certain database of 3D volumetric data.

Index Terms—3D Volume Data, Voxel, Laws’ Mask, Convolu-
tion, Solid Texture, Mask, Filter, Segmentation

I. INTRODUCTION

Recent advancements in computer graphics technology have
made possible the visualization of 3D volumetric data. A large
number of 3D volumetric data are available and are used
for various scientific fields. It is very important that software
systems can search and classify the volumetric data efficiently.
Extractions of pattern features from volumetric data are impor-
tant, because pattern features are used for indices of databases
and are essential for classifications and segmentations.

Various approaches have been proposed for analyzing pat-
tern features of 2D images [1] [2] [3] [4]. The approaches
include edge frequency, run length encoding , wavelet, co-
occurrence matrices , Fourier analysis , and autocorrelation
. Recently, pattern feature extraction techniques for 3D vol-
umetric data have been proposed which include extension
of run-length encoding [5], GLCM (gray level co-occurrence
matrices) [6] [7] [8] [9] and HLAC (Higher Order Local
Autocorrelations) [10][11]. These originated from traditional
2D image analysis methods, but they are different in that they

can handle 3D volumetric data. Although conversion of 3D
volumetric data into multiple 2D images makes it possible
to extract pattern features by traditional 2D image analysis
methods, the conversion process is occasionally inefficient
and sometimes results in loss of accuracy of pattern features.
In contrast, these recently introduced 3D extended methods
directly extract pattern features from 3D volumetric data
without slicing into 2D images. In this research, we extend the
Laws texture energy approach which is one of the efficient 2D
texture analysis techniques. Our extension of the Laws texture
energy approach enables extractions of pattern features from
3D volumetric data.

II. TEXTURE ENERGY MEASURES

This section describes (1) Laws’ texture energy measures,
(2) convolution computation, (3) combination of similar fea-
tures and (4) linear discriminant analysis.

A. Laws’ Texture Energy Measures

The texture energy approach was proposed by K. I. Laws in
1979, and the approach has been used for various applications.
Details of the approach can be found in many papers [12] [13].
The approach uses basic convolution kernels, and the kernels
are applied to target 2D images.

Laws’ one-dimensional convolution kernels of a length of
three are as follows:

L3 = (1,2,1)
E3 = (-1,0,1)
S$3 = (-1,2,-1)

These labels stand for Level, Edge, and Spot. The lengths
of the kernels can be extended by convolving the pairs of these
kernels. For example, if these three kernels are convolved, five
new kernels of a length of five are obtained:

L5 = (1,4,6,4,1)

E5 = (-1, 2021)
S5 = (-1,0,2,0,—1)
R5 = (1,-4,6,—4,1)
W5 = (-1,2,0,-2,1)

By extending the lengths of the kernels, new kernels re-
ferred to as Ripple and Wave are obtained. For analyzing
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the 2D images, these sets of one-dimensional kernels are
multiplied to obtain the two dimensional kernels. For the
kernels of a length of three, there are 9 two dimensional kernels
(3%3):

E3E3 E3L3 E3S3
L3E3 L3L3 L3S3
S3E3  S3L3 S3S3

From the kernels of a length of five, 25 two dimensional
kernels (5x5) are obtained:

L5L5 LSE5 L5S5 L5R5 L5W5
E5L5 ES5E5S ES5S5 ES5R5  E5WS5S
S5L5 S5E5  S5S85  S5R5  S5W5S
RS5L5S RSE5 R5S5 R5R5  R5W5S
WS5L5 WSE5 W5S5 WS5RS  W5WS5

All the kernels except for ’L3L3’ and ’L5LS5’ are zero-
sum kernels. These two special kernels are used for computing
"contrast’ features of images, and are treated differently from
other kernels.

E3E3E3 E3E3L3 E3E3S3
E3L3E3 E3L3L3 E3L3S3
E3S3E3 E3S3L3 [E3S3S3
L3E3E3 L3E3L3 L3E3S3
L3L3E3 L3L3L3 L3L3S3
L3S3E3 L3S3L3 L3S3S3
S3E3E3 S3E3L3 S3E3S3
S3L3E3 S3L3L3 S3L3S3
S3S3E3  S3S3L3  S3S3S3

Fig. 1. Three dimensional Laws texture energy kernels (3x3x3).

For our experiments, 3D volumetric data are analyzed.
Although the 3D volumetric data can be analyzed by using
two dimensional kernels, these data have to be sliced into
sequences of multiple 2D images. The slicing processes can
require a considerable amount of time and can cause a loss of
feature information. Therefore, in our experiments, two dimen-
sional kernels are extended to three dimensional kernels. The
use of the three dimensional kernels allows direct extraction of
the shape features. The kernels of a length of three contain 27
(3x3x%3) elements, and the kernels of a length of five contain
125 (5x5x5) elements as shown in Figures 1 and 2.

Most 2D image analysis applications for the Laws energy
approach use kernels of lengths of three (3x3) and five
(5x5). A kernel length can be stretched, for example, to
Tx7,9%x9, 11x11 and so forth, when one-dimensional kernels
are convolved repeatedly. The choice of appropriate lengths
of kernels depends on applications and the target image to
be analyzed. By changing the kernel sizes, pattern features
extracted from images vary. For instance, small size kernels
can better capture local area patterns compared to large size
kernels. The use of large kernels allows the systems to capture
coarse patterns from images.

L5L5LS L5L5ES L5L5S5 L5L5R5
L5SL5W5 L5E5LS L5ESES L5E5S5
L5ESRS L5E5W5 L5S5L5 L5SSES
L5S585 L5S5RS L5S5W5 L5R5L5
L5RSES L5R5S5 L5R5RS  L5SR5WS5
L5W5L5 L5WSE5  L5W5S5  L5WS5RS
L5W5W5 E5L5LS E5L5ES E5L5S5
E5L5R5 E5L5W5 ESESLS ESESES
ESES5S5 ESE5R5  ESE5WS5 E5S5L5
ES5S5E5 E5S5S5 E5S5R5 E5S5W5
ES5SRSL5 E5RS5ES E5R5S5 E5R5R5
ESR5W5 ESWSL5  ES5WSE5  E5WS5S5
ES5W5RS5  ES5W5W5  S5LSLS S5L5ES
S5L5S5 S5L5RS S5L5W5 S5SESLS
S5ESES S5ESS5 S5ESR5 S5E5W5
S5S5L5 S5S5ES S5S5S5 S5S5RS
S5S5W5 S5RSL5 S5RSES5 S5R5S5
S5R5R5 S5R5WS5  S5WSL5  S5WSES
S5WS5S5 S5W5R5  S5W5W5  RSLSLS
R5L5ES R5L5S5 R5L5R5  RSL5SWS
R5ESL5 RSESES RSESSS RSES5RS
RSE5WS5 R5S5LS R5S5ES R5S5S5
R5S5R5 R5S5W5 R5R5LS RSRSES
R5R5S5 RS5R5R5  R5R5W5  R5WS5LS
R5SW3ES R5W5S5  R5W5R5  R5SW5W5
WS5LSLS5 WSLSE5  WSL5S5  WS5L5RS
WSL5WS5  WS5ESLS  WSESE5  WS5ESSS
WS5ESR5 WSES5W5  WS5S5L5  WS5S5ES
W5S5S5 W5S5R5  W5S5W5  W5RSLS
WS5RSES W5R5S5  W5R5R5  W5R5WS5S
W5W5L5  W5WSE5  W5WS5S5  W5WS5RS5
W5W5W5

Fig. 2. Three dimensional Laws texture energy kernels (5x5x%5).

1) Convolution Computation: Once the three dimensional
kernels are obtained, these kernels can be used to scan across
the 3D volumetric data. In the process, texture features of each
voxel are computed. The final result of the process generates a
set of new 3D volumetric data. The process can be expressed
as the following equation (Equation 1).

g(zvyvz): Z Z Z f(I—Z',y—j,Z—k)h(Z',j7]€)
1

where f(z,y,2) is the volumetric data with a size of X x
Y x Z, g(x,y, z) is a result of convolved volumetric data, and
h(i,j,k) is a convolution kernel (filter).

Figure 3 shows an example of the input 3D volumetric
data and the corresponding convolved 3D volumetric data.
The image on the far left in the figure shows a slice of input
volumetric data which contains two types of texture patterns.
Other images are output images computed by the convolution
process using the three dimensional Laws kernels of a length of
three (3x3x3). Since there are 27 kernels, the same number
of 27 volumetric data items is created. Although the actual
output results show three dimensional volumetric data, the
volumetric data are represented in sliced 2D images and only
some portions of sliced images are shown because of space
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limitation. As shown in the figure, some kernels are able to
separate the data into two parts based on the texture patterns,
and the border of the different patterns is separated by a
plane. (In the case of 2D images, the patterns are separated
by a border line rather than a plane.) In this example, the
kernels 'LL3S3L3’ (white color border) and L3E3L3’ (black
color border) can separate the volumetric data into two parts
based on texture patterns. This example shows how the three
dimensional Laws kernels can be used for segmenting 3D
volumetric data based on texture patterns.

E3S3L3

P
s,
3E33
i
it
Input 3D F;i‘r(r;:{f
volumetric L3L3E3 L3L3L3
data

Jidir!

S383S3

Fig. 3. A set of input 3D volumetric data (64 xX64x64) composed by two
different texture patterns, and 27 sets of output data which are convolved by
the three dimensional Laws kernels (3x3x3). The output volumetric data are
represented in sliced 2D images.
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B. Combination of Similar Features

In the Laws energy approach [12] [13], similar features
may be combined. For some texture analysis applications,
directionality of texture patterns may be ignored. In the ap-
proach, kernels that contain identical elements are combined.
For example, the kernels 'L3E3’ and E3L3’ are identical if
one of the kernels is rotated in the order of 90 degrees. The
kernel 'L3E3’ can detect vertical patterns, and 'E3L3" can
detect horizontal patterns. When both kernels are combined
into one single kernel, the combined kernel can detect both
vertical and horizontal patterns. The combined kernels are
rotation invariant in the order of 90 degrees. In the case of
the two dimensional kernel of a length of five, 25 kernels
are reduced to 15 kernels. In the case of the two dimensional
kernel of a length of three, 9 kernels are reduced to 6 kernels.
The reduction for the number of kernels can help avoid the
computation of high dimensional features, which improves
pattern analysis results for certain applications.

The convolved images which are computed from combined
kernels have to be properly weighted so that the entire features
are normalized. For example, features of 'L3E3’ and 'E3L3’
are combined by ’addition,” and the combined features are
divided by two. This single kernel can be notated by 'L3E3r’,
whereas 'r’ means the kernel has a rotation invariant property.
The computation is represented as Equation 2.

L3E3r = (L3E3 + E3L3) x 0.5 2)

In the case of three dimensional kernels, a similar approach
can be applied. For instance, rotations for one axis are con-
sidered for the two dimensional kernels, however, rotations
for two axes are considered for three dimensional kernels.
Since there are many elements for three dimensional kernels,
detecting the combination of similar features is done by a
simulation software program. The program rotates the three
dimensional kernels along with the z, y and z axes, and looks
for identical kernels which exist. If the kernels match at least
the directions of two axes, they are combined together. For
example, kernel ’L3L3E3’ matches kernel 'E3L3L3" when
rotated along the y and z axes, however, kernel 'L3L3E3’
matches kernel L3E3L3’ when rotated along the x axis only.
In these cases, kernels 'L3L3E3’ and "E3L3L3’ are combined
while kernels "L3L3E3’ and "L3E3L3’ are not. Figures 4 and 5
show the simulation program results for a list of the combined
kernels. In the combination processes, the kernels of a length
of three (3x3x3) are reduced to 18 from 27, and the kernels
of a length of five (5x5x5) are reduced to 80 from 125.

By using the three dimensional Laws kernels for the con-
volution computations, pattern features of 3D volumetric data
can be extracted. Once the pattern features are extracted,
the features can be analyzed as to how they are related to
texture patterns by using a statistical technique such as linear
discriminant analysis (LDA).

C. Linear Discriminant Analysis

In our experiments, a database of 3D solid textures is
classified based on their pattern features. For the classifications,



L3L3L3 L3L3E3r L3L3S3r L3E3L3
L3E3E3r L3E3S3r L3S3L3 L3S3E3r
L3S3S3r E3L3E3 E3L3S3r E3E3E3
E3E3S3r E3S3E3 E3S3S3r  S3L3S3
S3E3S3  S3S3S3

Fig. 4. Combined kernels (3x3x3). Kernels are reduced to 18 from 27.

L5SL5LS L5L5SESr L5L5S5r  LSL5SRSr
L5SL5W5r  L5SESLS L5ESESr  LSESS5r
L5ESRS5r L5SE5W5r  L5S5LS L5S5ESr
L5S5S5r L5S5R5r L5S5W5r  L5SRSLS
L5RS5ESr L5R5S5r L5R5RS5r  LSR5SWSr
L5WS5L5 L5WSES5r  L5W5S5r  L5SWS5R5r
L5SW5W5r  ESLSES E5SL5S5r  ESLSRSr
ESL5W5 ESESES E5SE5S5r  ESES5RSr
ESE5SWS5 E5SSES E5S5S5r  ESS5RS5r
ES5S5W5 ESRSES E5R5S5r  ESR5R5r
E5SR5W5 E5SWS5ES E5SW5S5r  ESWSRSr
ESW5W5  S5L5S5 S5L5RS5r  SS5L5WSr
S5E5SS S5E5RS5r SSESW5r  S5S85S5
S5S5R5r S5S5W5r  S5R5S5 S5R5RS5r
S5R5W5r  S5WS5S5 SS5W5R5r  S5W5Wsr
R5L5R5 RSL5SW5r  RS5SESRS RSE5SW5r
R5S5R5 R5S5W5r  R5R5RS R5R5W5r
R5W5R5 R5W5W5r  WSLSES  WSL5WS
WSESES WSE5S5WS5  WSS5E5 WS5S5WS5
W5RS5ES W5R5WS  WS5WSES  W5W5W5
Fig. 5. Combined kernels (5x5x5). Kernels are reduced to 80 from 125.

Linear Discriminant Analysis (LDA) is applied to the pattern
features. LDA is a popular statistical technique for classifying
objects into groups based on a set of the objects’ features
or patterns. The analysis finds the best linear combination of
features to separate the groups. Figure 6 shows a table of
pattern features and texture categories , and these variables
are analyzed by LDA.

III. EXPERIMENTS AND RESULTS

This section describes (1) experimental data, (2) statistical
learning for texture classifications, (3) discriminant functions
and (4) classification results.

A. Experimental data

A 3D volumetric data synthesis program was implemented
for the experiments. The program synthesizes 3D solid tex-
tures. For the creation of realistic textures [16] [14] [17] [18],
stochastic functions were applied to the program. These func-
tions are referred to as noise and return random values, which
are important for the texture synthesis with natural patterns.
We used the Perlin’s noise function [15] which is one of

[ Categories | features

cloud TCoo Tcio TC20 TCmo
cloud TCon TCin TCan TCmn

marble Tmoo  XMip  TM2o TMmo

marble TMon  TMin  TMan TMnn
turb. xtoo xtio xto0 Ttmo
turb. xton xtin xton Tlmn
wood TWoo TW10 TWa20 TWmo
wood TWon TWin TW2n TWmn

Fig. 6. A table of pattern features and texture categories. These variables are
analyzed by LDA.

the important noise functions to synthesize 3D solid textures.
Figure 7 shows four types of 3D solid textures synthesized by
our experimental program. Each 3D solid texture has a size
of 64x64x64. In Figure 7, the 2D slice of each 3D solid
texture is also shown. In the experiments, a database of 3D
solid textures is synthesized, and it contains a total of 200
textures (50 cloud, 50 marble, 50 turbulence and 50 wood).
The texture for a training data set is chosen from the database.
One hundred textures are selected randomly for training, and
the other 100 are for testing. Each 3D solid texture has a size
of 64x64x64, and it took about 10 hours to synthesize 200
textures by using a standard PC (Intel Pentium 4 processor
running at 3.4GHz).

Cloud Marble Turb. ‘Wood

L
- | =
2 e

Fig. 7. Four types of solid textures (Cloud, Marble, Turbulence and Wood).
Each 3D solid texture has a size of 64x64x64. The 2D slice of each 3D solid
texture is also shown.

3D

T r

v i &

2D | k%

B. Statistical Learning for Texture Classification

For LDA, if there are G groups then it is possible to find
G — 1 linear discriminant functions which separate the groups.
In our experimental case, since there are four categories of
textures, three linear discriminant functions are used for texture
classifications.

Figure 8 shows texture data (3x3x3 kernels) on discrim-
inant coordinates, and Figure 9 shows texture data (5x5x5
kernels) on discriminant coordinates. Three discriminant func-
tions are labeled LD1, LD2 and LD3. The labels C’, "M’,
T’ and "W’ in the figure indicate types of textures. From
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the figures, the 5x5x5 case has better separation observed
between the four groups 'C’, ’'M’, *T” and "W’. In the 3x3x3
case, several overlaps are observed between groups M’ and
"W’, which means there are some difficulties for discriminating
between 'Marble’ and "Wood’ textures when 3x3x3 kernels
are used for these experiments.

-3 -1 1238
I T B
T¥ TTrT - 2
Ty oy
T T&fw‘ F T o

LD1 o -

"
-3 § o
1 T} LD2

Fig. 8. Texture data on discriminant coordinates (3x3x3 kernels). Three
discriminant functions are labeled LD1, LD2 and LD3. The labels 'C’, "M’,
T’ and "W’ in the figure indicate types of textures. Several overlaps are
observed between groups "M’ and "W’.

LD1

Fig. 9. Texture data on discriminant coordinates (5x5x5 kernels). Three
discriminant functions are labeled LD1, LD2 and LD3. The labels 'C’, "M’,
T’ and "W’ in the figure indicate types of textures.

C. Discriminant Functions

In this experiment, the coefficients of discriminant func-
tions are normalized before the analysis. In such a case, the
coefficients of the predictors can be used for checking which
predictors play an important role. For example, the larger the
coefficient of a predictor of a discriminant function is, the more
important role it plays. Figures 10 and 11 show coefficients of
discriminant functions. In both figures, the top 3 influential
coefficients for each function are marked by a box.

Kernel LDI LD2 LD3
L3L3L3 | -5.575le-6  -1.6307e6  -3.691le-8
L3L3E3r |  1.0820e-4  2.5810e-5  -6.3937e-7
L3L3S3r |  7.7020e-4  3.7896e-3  -9.0460c-4
L3E3L3 2.6813e-5  -5.0123¢-5  -7.0396¢-6
L3E3E3r | -3.7220e-4  -8.6472¢-4  3.9345e-3
L3E3S3r |  1.6282e-3  2.748%-3  -2.6400e-2
L3S3L3 54657e-5  1.5080e-3  2.3246¢-4
L3S3E3r | -8.5172e-5  6.6375¢-3  -1.2570e-2
L3S3S3r | -1.9470e-3  -5.4264e-2  -1.839le-2
E3L3E3 12532¢-3  5.6275e-4  -9.8635e-4
E3L3S3r | -2.3214e-3  9.9135¢-3  2.3392¢-2
E3E3E3 | -5.6546e-3  57450e-2  1.0377e-1
E3E3S3r | [1.8600e-2]  -9.6467e-2  -1.3165e-1
E3S3E3 | [-2.1006e-2 2.4550e-2  9.0034e-2
E3S3S3r | -2.5208e-3  [4.7784e-1]| [2.8958e-1

S3L3S3 | -84180c-4  -3.2878¢-2  2.7080e-2
S3E3S3 1.3393e-2  [-2.570le-1] [-1.7507-1

$353S3 | [4.9885e-2| [2.4208e-1| |-2.8495¢-1

Fig. 10. Coefficients of discriminant functions (Kernel 3 x3x3)

In the analysis, the eigenvalues can be computed for each
discriminant function. These values reflect the amount of
variance explained in the grouping variable by the predictors.
Figure 12 shows the ratio of the eigenvalues to estimate
the relative importance of discriminant functions. In our ex-
periment, discriminant functions LD1 and LD?2 have more
discriminating power for both 3x3x3 and 5x5x5 cases.

y | LDI | LD2 | LD3 |
[ 3x3x3 ][ 0.9633 [ 0.0314 [ 0.0053 |
[ 5x5x5 ][ 0.5403 | 0.3145 [ 0.1452 |

Fig. 12.  Proportions of eigenvalues for discriminant functions.

D. Classification Results

Figure 13 shows how a set of test texture data is classified
by the discriminant functions which are trained by the training
data set. In the figure, rows represent predicted texture types,
and columns represent actual texture types. A database of 3D
solid textures which mentioned in section 3.1 is examined by
using both 3x3x3 kernels and 5x5x5 kernels. There are
19 textures misclassified for the 3x3x3 case as shown in
Figure 13. Thirty six percent (9/25) of 'Marble’ textures are
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Fig. 11.

Kernel LDl LD2 LD3 Kernel LD1 LD2 LD3
LSLSLS | -2.1985¢-8 -1.3799%e-7  3.5223e-8 || LSLSES5r | -9.4368¢-7  1.5395¢-6  -2.3785e-6
L5L5S5r | -1.8308e-6  8.6156e-5  2.0813e-5 || LSL5RSr | 8.1520e-4  1.3760e-4  -2.4649e-4
LSLSW5r | -7.5413e-4 -3.5498¢-4 -7.7391e-4 || LSESL5 1.1134e-6  -4.8067e-7  -6.3565¢-7
LSESESr | 1.0718e-4 -9.7043e-5  5.9580e-5 || LSESS5r | -3.6866e-3  1.0969e-3  9.2422e-5
LSESRS5r | -5.6838¢-3  2.8091e-4  9.6834e-3 | LSESW5r | 9.7665e-3  -8.9527e-3  -2.3582¢-3
L5S5L5 | -1.2360e-5 2.3419e-5  1.4250e-5 || L5SSESr | -7.9898e-4 -7.316le-4  -2.0656e-3
L5S585r | 1.2513e-2  6.9376e-3  2.0730e-3 || L5S5R5r | -9.2103e-3  8.6030e-3  -1.9626e-2
L5S5W5r | 2.5871e2 -3.0833e-2 -1.1286e-2 | LSR5L5 | -1.8986e-4  8.5179-5  2.2344e-4
LSRSESr | -6.4493e-3  3.5876e-3 -5.2364e-3 | LSR5SSr | 1.3943e2  -1.8250e-2  -1.5138¢e-2
L5R5RSr | -2.0779-4  5.6776e-3  9.5178¢-3 || L5SRSW5r | -6.0488¢-3  1.7550e2  -1.3801e-2
L5SWSL5 | 3.4864e-4 -3.4889e-5 1.0157e-4 || LSWSESr | -1.6357e-3  5.5779%-3  -4.2636e-3
L5W5S5r | -14624e2  -6.1380e-3 -1.9672¢-3 || LSWSR5r | 3.0230e2  -1.3936e-2  3.0739%-2

LSW5W5r | 5.6894e-3  8.5709e-3  -1.5706e-2 || ESLSES 1.9630e-5  6.5372e-5  8.7073e-6
ESL5S5r | -3.5759e-4  -1.1275e-3 -5.3836e-4 || ESL5RSr | -7.877%-3  5.2185e-3  4.4154e-3
ESL5SWS | -5.8225e-3 5.264le-3  3.3790e-3 | ESESES 8.9784e-4  -9.7625¢-4  2.182le-3
ESE5S5r | -7.0266e-2  4.0767e-2 -3.0965¢-2 || ESESRSr | -1.6422e-1  3.0228¢-2  -3.7344e-2
ESESWS | 228691 1.0641e-3  6.6905¢-2 | ESSSES | -4.006le2  9.3374e-3  -2.6535¢-2
E5S5S85r | -7.2514e-1  3.343le-1 -1.0142e-1 || E5S5R5r | -1.6477e-1  1.4303e-1  1.5599-1
E5S5W5 | -2.1342e-1  7.3494e-2 -3.0336e-1 || ESRSES | -4.4007¢-2  4.1317e-2  -1.0072e-2
E5R5S5r | 5.0609e-1 -1.2204e-1  1.6899e-1 | ESRSR5r | 9.4723e2  -8.0040e-2  -4.8759%-2
ESRSW5 | 1.3296e-1 4.0874e-2 -1.6459%-1 | ESWSE5 | 5.338le-3  -3.3256e2  -3.9015¢-2
ESWS5S5r | -7.2937e-1  3.8486e-2 -3.4415e-1 | ESWSR5r | 2.7354e-1  3.3673e-1  1.4752e-1
ESW5W5 | 7.6959e-1 -2.1540e-1 -3.4238¢-1 | S5L5S5 2.1216e-2  -6.5030e-3  8.2042¢-3
SSL5RSr | -6.4432e-3  5.727le-6  9.7582e-3 || SSLSW5r | 3.3916e-2  -1.2350e-3  3.4359-2

S5E5SS5 7.8777e2  -7.9790e2  4.5442¢-2 || SSESR5r | 4.4355e-1  -8.5547e2  1.6908e-1
SSESW5r | -7.038le-1  5.4953e-1 -5.1056e-1 || S5S585 1277759  7.5831e-2  [1.150618
S5S5R5r 5.6713e-2  -9.8777e-1 || S5S5W5r | -1.280188 [8.9978e-1|  5.2720e-2
S5R5S5 | -2.3465e-1  1.1009e-1 -3.5185e-1 | SSR5RSr | 6.0723e-1  -3.5277e-1  4.9137¢-2
SSRSW5r | 9.6066e-1 -4.9713e-1 -2.1896e-2 || S5W5S5 1.194720  -7.9601e-2  4.0133e-1
SSW5RSr | -1.377659  1.134%-1  1.8229-1 || SSW5W5r -8.1807e-1
RSL5RS5 | -9.1136e-3 2.8323e-3 -7.4267e-3 | RSLSW5r | -3.795le2  -1.5134e2  -1.2560e-2
RSESRS | -3.0764e-1  8.2647e-2  3.0465¢-2 || RSESW5r | 2.9539%-2  2.6600e-1  1.1096e-1
R5S5R5 4.8630e-1  1.7272e-2  -1.9762e-1 || RSS5W5r | -1.9386e-1 -1.4662¢-2
R5RSR5 | -2.573le-1 -6.1084e-3  1.8959e-2 | RSRSW5r | 9.0572e-1  -2.0080e-1  8.0955e-1
R5W5RS | -8.4387e-2 -1.2882e-1 -2.754le-2 || RSW5W5r |  1.587359  8.7106e2  1.1053e-1
WSLSES | 5.1573e-4 -13721e-3  5.5985¢-3 | WSLSWS | -3.9266e-2  2.3354e-2  1.6825¢-2
WSESES | -14806e2  6.6912¢2  1.9041e-2 | WSESWS | 3.6158e-1  2.5440e-1  4.4309-1
WSSSE5 | -1.6438e-1 -3.8398e-2  5.2633e-2 || W5S5W5 | -1.788010 [1.268289| -3.1313e-1
WSR5E5 | -1.6777e-1  2.9319e-2 -1.4372e-1 | WSRSW5 | -4.2104e-1  2.4430e-2 |-1.205343
WS5WSE5 | 1.9595e-1 -1.4422e-1  -3.0602e-1 || WSWSWS5 2.285le-1  7.383le-1

Coefficients of discriminant functions (Kernel 5x5x5; 80 Pattern Features). The top 3 influential coefficients for each function are marked by boxes.
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misclassified as "Wood’ textures, 4% (1/25) of ’Turbulence’
textures are misclassified as ’Marble’, and 36% (9/25) of
"Wood’ textures are misclassified as "Marble.” Therefore, 81%
(81 out of 100) of test textures are classified correctly for the
3x3x3 kernels. As shown in Figure 13, 100% (100 out of
100) of test textures are classified correctly for the 5x5x5
kernels. In our preliminary experimental cases, the 5x5x5
kernels classify 3D solid texture fairly well when the kernels
are used in conjunction with the LDA. It is important that a
sufficient number of the training data sets is used for the LDA
regarding the number of shape features.

[ [c[M[T[W]

Cl|25|0 0 0
M| 0 |16] O 9
T 0 1 (24] 0
Wi 0 9 0|16
3x3x%
| [CIM[T][W]
Cl|25|0 0 0
M| O0[25]| 0 0
T 0 0|25 0
Wi O 0 0 |25
5x5x%x5

Fig. 13. A Classification Rate Table (3x3x3 Laws Kernels and 5x5x5
Laws Kernels). The labels 'C’, "M’, T’ and "W’ in the figure indicate types
of textures. The 5x5x5 kernels classify 3D solid texture fairly well when the
kernels are used in conjunction with the LDA.

IV. CONCLUSIONS

3D solid textures were analyzed by the extended Laws
texture energy measure approach. Three dimensionally ex-
tended Laws convolution kernels were used for analyzing 3D
volumetric data. Experimental 3D solid textures were synthe-
sized by using a simulation software program. A classification
efficiency of the extended Laws kernels was evaluated. In our
preliminary experimental, 3D solid textures classified fairly
well when the 5x5x5 kernels were used in conjunction with
the LDA.

In our experiments, only four types of 3D solid textures
were used for evaluating the extended Laws convolution ker-
nels. For future experiments, additional solid textures which
contain various patterns will be examined. Also, other sta-
tistical approaches such as a quadratic discriminant analysis
(QDA) will be applied in conjunction with the Laws convolu-
tion kernels for improving classification rates.

ACKNOWLEDGEMENTS
This research was partially supported by grants from the
KAKENHI (YR-21700127, 2009).

REFERENCES

[1] R. M. Haralick, K. Shanmugam, I. Dinstein, Textural Features for Image
Classification, IEEE Trans. Sysmtems Man Cybernetics, Vol.3, No.6,
pp.610-621, 1973.

[2] T. Kato, Database architecture for content-based image retrieval, Proc.
SPIE Image Storage Retrieval System, 1662, pp.112-123,1992.

[3] T. Randen and J.H. Husoy, Filtering for texture classification: a com-
parative study, IEEE Transactions on Pattern Analysis and Machine
Intelligence, Vol. 21, Issue 4, pp.291-310, 1999.

[4] R. C. Veltkamp and M. Tanase, Content-Based Image Retrieval Systems:
A Survey, Technical Report UU-CS-2000-34,Institute of Information and
Computing Science, University Utrecht, 2000.

[5S1 D. H. Xu, A. Kurani, J. D. Furst, D.S. Raicu, Run-length encoding
for volumetric texture, The 4th IASTED International Conference on
Visualization, Imaging, and Image Processing, 2004.

[6] D. Gao, Volume texture extraction for 3D seismic visualization and
interpretation, Geophysics vol. 68, issue 4, pp. 1294-1302, 2003.

[71 Mahmoud-Ghoneim D, Toussaint G, Constans JM, de Certaines JD,
Three Dimensional Texture Analysis in MRI: a preliminary evaluation
in gliomas, Magnetic Resonance Imaging, Vol. 21-9, pp.983-987, 2003.

[8] A. Kurani, D. H. Xu, J. D. Furst, D.S. Raicu, Co-occurrence matrices for
volumetric data, The 7th IASTED International Conference on Computer
Graphics and Imaging, 2004.

[9] F. Tsai, C. Chang, J. Rau, T. Lin and G. Liu, 3D Computation of Gray
Level Co-occurrence in Hyperspectral Image Cubes, Lecture Notes in
Computer Science: Energy Minimization Methods in Computer Vision and
Pattern Recognition, Vol. 4679, pp.429-440, 2007.

[10] M. T. Suzuki, Y. Yaginuma, and N. Osawa, A HLAC Shape Descriptor
Extraction Method for 3D Solid Textures, The World Scientific Engi-
neering Academy and Society Transaction on Computers, Issue 3, Vol.3,
pp.768-773, ISSN:1109-2750, 2004.

[11] M. T. Suzuki, Y. Yaginuma, A Solid Texture Analysis Based on Three
Dimensional Convolution Kernels, Electronic Imaging 2007, Videometrics
IX, (EI-2007), Proc. of SPIE and IST Electronic Imaging, SPIE Vol. 6491,
64910W pp.1-8, 0277-786X/07/ San Jose, USA, 01/2007.

[12] K. I. Laws, Texture energy measures. DARPA Image Understanding
Workshop, pp.47-51. DARPA, 1979.

[13] K. I. Laws, Rapid texture identification. In SPIE Vol. 238 Image
Processing for Missile Guidance, pp.376-380, 1980.

[14] D. S. Ebert, F. K. Musgrave, D. Peachey, K. Perlin, and S. Worley,
Texturing and Modeling, A Procedural Approach, ISBN 0-12-228760-6,
Academic Press, 1994.

[15] Ken Perlin, An image synthesizer, Computer Graphics, (SIGGRAPH
1985 Proceedings), Vol.19, pp.287296, 1985.

[16] K. S. Fu and S. Y. Lu. Computer generation of texture using a syntactic
approach, Computer Graphics (SIGGRAPH 1978), Vol.12, pp.147-152,
1978.

[17] S. Haruyama and B. A. Barsky, Using stochastic modeling for texture
generation, /[EEE Computer Graphics and Applications, 4(3) pp.7-19,
1984.

[18] B. J. Schacter and N. Ahuja, Random Pattern Generation Processes,
Computer Graphics and Image Processing, Vol.10, pp.95-114, 1979.

3885




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


