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Abstract.

an approach to characterize textures at

In this paper we present

multiple scales using wavelet transforins
anc discuss the 1ssues of translational and
rotational mvariance and noise ity
We ein-

ploy the non-separable discrete wavelet

of a texture analvsis systeim.

frames analysis which gives an overcoru-
plete wavelet decomposition.  Discrete
Wavelet 'rame (DWI') decornpose the tex-
tures into a set of frequency channels. A
texture 1s characterized by a set of these
channel variances in this work. Classifica-
tion experiments using twenty Brodazt tex-
tures 1ndicate that texture signatures based
on wavelet fraine analysis are beneficial {or
accomplishing subtle discrimination of tex-
tures and robust classification against ro-

tation tranuslation and noise.

Key words.Feature extraction, texture
classification, wavelet transform, wavelet

frames, non-separable filters.

1 Introduction

Zffective classification and segmentation of
itnages based on textural features is of key im-

portance in applications like 1mage analvsis, re-
mote sensing. robot vision, query by content in
large image data bases and many others. A wide
varietv of texture analvsis methods have been
proposed in the past [1] [2]. Earlier approaches
focused on first-order and second-order statis-
tics of textures {3] [4]. description using texture
primitives and system rules [5]. There has been
an extensive study on model based approaches
like Markov random fields [6] [7] and local lin-
ear transforms [8]. All these approaches are re-
stricted to the analvsis of spatial interactions
over relativelv small neighborhoods, and are best

suited for analvsis of micro textures.

Psychovisual studies reveals that the human vi-
sual system processes lmages by decomposing
them into filtered images ol various frequencies
and orientation at different scales that is capable
of preserving both local and global information.
This multiscale processing of the human visual
system Is a strong motivation for textire analy-
sis methods based on these concepts (9] - [12] .
An extensive studv has been made wlich cer-
tainly reveals the superiority of these multiscale
processing over the more traditional ones men-
tioned above.

Multiresolution techniques intend to transform
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images into representation in which both fre-
quency and spatial information is present.
Wavelct theory provides a. more formal, precise
and unified approach to multiresolution repre-
sentations [13) [14]. The importance of scale in
texture descriptions is clear from the change in
appearance of most textures when viewed in dif-
[erent resolutions, and from the empirical divi-
sion into micro and macro textures. These re-
cent findings have motivated several important
studies for texture analysis [13], [16], [17], [18],
119], [20] .

The majority of the existing work on texture
analysis assumes that the viewing angle of all
images are the same. Practically this is an unre-
alistic assumption. A texture analysis approach
sthiould 1deally be invariant to orientation of the
texture. The standard dvadic wavelet {ransforin
performs a frequency splitting in octave bands,
which suflice for many texture analvsis problems
but may be too coarse for detailed texture analy-
sis. The work by Chang and Kuo [21], however.
imdicate that texture features are most prevalent
i intermediate frequency bands. This proposal
lias been studied with a particular attention to
the use of wavelet packets [22]. But its perfor-
mance deteriorates when rotation of textured im-

ages s considered.

hashyap et.al [7] first recognized the impor-
tance of rotation-ivariant texture feature ex-
traction. He developed a texture classification
scheme based on autoregresive (AR) model. But
this model peroformed poorly for textures with
strong amstropy. Cohen et.al [23] modeled tex-
tures as Gaussian random fields and used maxi-
muin likelihood (ML) method to estimate the co-
cificients and rotation angles. But this algorithu
1s computationally expensive. Chen and Kundu
[2:4] used multichannel subband decomposition
and a hidden Markov model (HMM) and incor-
poration of rotated samples in the training data
to solve this problem. Other works on rotational

Invariance involves spiral resampling of the data,
to obtain a 1-dimensional signal, where rotation
mvariance is simulated as translation invariance
125]. Most recently Fountain ef. al [26] have
worked on rotation invariant texture classifica-
tion by taking the Fourier trandform (FT) of
the gradient direction histograms of the textures.
The direction histograms being a periodic func-
tion of 27, a rotation is reflected as a translation
in the fourier domain. Therefore the fourier co-
eflicients give the rotational invariant features.

In this paper, texture properties are characteri-
zed by wavelet {rame analysis. While discrete
wavelet transform gives a non redundant repre-
sentation of the textures. the discrete wavelet

[rame uses an overcomplete representation. This

technique is employed to study the performarce
of a texture classifier with respect to rotational
and translational invariance and immunity to
rnoise.

[n many texture analysis problems. rotational in-
formation is needed. We conjecture that if the
rotational information is used directly to gene-
rate the texture features we can achieve the de-
sired classification very efficiently.

Due to the separable nature of implementation of
the two dimensional discrete wavelet transform.
It 1s strongly oriented in the horizontal and ver-
tical directions. Such a decomposition cannot
efficiently characterize directions other than (Y
and 90Y. Therfore the solution is to take resort
to a non-separable nature of implementation of
the wavelet transform in 2-D.

Another important drawback of the DWT is
that. a simple integer shift of the input signal will

yield a completelyv different wavelet transforn:.

A feature extraction scheme has to be indepen-
dent of any translational shift, for texture has
translation invariance (or stationary) property.
A solution to overcome this limitation is to com-
pute the discrete wavelet transform for all pos-
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stble integer shifts of the input signal [20]. This
approach leads to the redundant DWI® in which
the wavelet decomposition is carried out without
downsarmpling. This entails that a better char-
acterization of the texture statistics is possible.

Moreover the orthogonal or non redundant DWT
requires that the transfer functions of the decoms-
posing filters do not overlap each other and are
confined within rectangular regions in the fre-
quency domain. With this type of localization
of the transfer functions it is very difficult to ex-
tract rotation and translation invariant features.
What we need is smooth transfer functions of the
decomposing filters, and appreciable overlapping
of these in the frequency domain. This leads to
the redundant wavelet frames which uses non-
orthogonal basis set.

Another crucial point is that a multiresolution
decomposition of the textures inherentlv per-
forms regularization against noise. This sug-
gests that such analysis can provide a powerful
method for accomplishing robust texture classifi-
cation. compared to traditional single resolution
techniques.

In the next section, we review the wavelet frame
decomposition. Section 3 describes the wavelet
parameter computation which gives the features
for texture discrimination. Section 4 presents
our strategy and experimental design. In sec-
tiont 5 we present our results and critical remarks
about the performance with respect to the seve-
ral parameters considered in our investigation
and finally, summarize the results and conclude
our study.

2 Wavelet transforms and

wavelet frames

2.1 Discrete wavelet transform

The wavelet decomposition can be interpreted
as signal decomposition in a set of indepen-

aent, spatially oriented frequency channels. Un-
der these constraints an efficient real space im-
plementation of the transform using quadrature
mirror filter exists [14]. The discrete normalized
scaling and wavelet basis functions are defined

as,
¢'>_,_' k(l) pamn 21./21!1.;('25[ — k‘)
g e (1)
vik(l) = 2¢44¢g;(2' — k)

where ¢ and & are the dilation and translation
parameters and /i; and g¢; are respectively the
sequence of lowpass and bandpass filters of in-
creasing width indexed by ¢, which are expanded
by inserting an appropriate number of zeros be-
tween taps and satisfy the quadrature mirror fil-
ter condition. The full discrete wavelet expan-

“ston of asignal 2 € I, ({; is the space of square

sumrmable functions)

dg

ST ) (R)bao st D diy(k)ir(2)

k € Z =1k € 7

:L(l) —

d¢;y’'s are the wavelet coeflicients and c(y,)’s are
the expansion coefficients of the coarser signal
approximation z(4,y. The cgy’s and d;’s can be
iiterpreted in terms of simple filtering and down-
sampling operations.

Cdo) (k) = QC‘["/?[h-Z; *I'hzdo(ﬂ:)
diy (k) = 2‘/2[9?*5”],L2i(k) (3)

for !:l..du

where the symbol T denotes the transpose oper-
ation (i.e.h? (k) = h(=k)) and where [.] | m is
the downsampling by factor m. In practice the
2-D DW'T 1s computed by applying a separable
filter bank to the image.

c .

L o
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+ denotes the convolution operator, | 2,1 ({ 1, 2)
denote subsampling along the rows (columns)
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and ¢g = [(z,y) the original 2-D signal.
hi» (giz) and h;y (giy) are the lowpass (band-
pass) filtering along z and y directions respec-
tively corresponding to different scale. c¢;(z,y)
corresponds to the lowest frequencies, the d} are
obtained by bandpass filtering in a specific di-
rection and thus contain the detail information
at scale i. d!(x,y) corresponds to the vertical
high frequencies (horizontal edges), d?(z.y) the
horizontal high frequencies (vertical edges ) and
d?(x.y) the high frequencies in both direction
( the corners). I{z,y) is represented at several
scales by, {cg,,d* | n=1,2,3,i=1,...,do}

We can extend our discussion in defining wavelet
packets as a generalization of orthonorinal and
compactly supported wavelets [27]. From the
sitbband filtering point of view, the difference
between wavelet packet transform (DVWPT) and
standard wavelet transform (DVWT) is that the
former recursively decomposes the high fre-
quency components as well, unlike the other,
thus resulting in a tree structured multiband ex-
tension of the wavelet transform.

2.2 Wavelet Frames

Wavelet frame leads to an overcomplete decom-
position of the signal

{ APV = (gl = k).x (D)), (8)
cﬁ”F(” — (h,d(l-—k)--l ->{2

Due to the special structure of the analysis fil-
ter bank, this decomposition has an interesting
property of energy conservation. The {frame is
a spanning set, that requires finite limits on an
inequality bound of inner products. If we want
the coeflicient in an expansion of a signal to rep-
resent the signal well, these coeflicients should
have certain properties, that are stated best in
terms of energy and energy bounds [13].

The family of sequences

{g1 (1 = k) gao (= K), hay (1 = K))

constitutes a frame of the Hilbert space I3, 1if
there exists two constants A > 0 and B < o¢

such that,

ANl < ), ka(l = k))°

2 (=)

ke 2

do
+ 3 3 (@u=k)* < Bzl (9)

=1k € Z

With the help of Parseval’s theorem 1t 1s easy
to show that the energy conservation property 1s
preserved

Ao

2
lelle = llegll;, + > dillL, (10)
1=1

By definition, ¢;(k) = (x(!).hi(I — k}) and
d; (k) = (z(l), gi(l—Fk)). where (., .) is the corre-
sponding inner product. The fundamental differ-
ence with an orthogonal system is that the rep-
resentation may be redundant, this property to-
gether with the definition of wavelet coefficients

in (3), leads to the simple reconstruction formula

Z Cdo(/i‘f)hdo(f - k‘)

k€ Z

r(l) =

dg

+2 2 dilk

=1k € Z

3 Proposed Method for feature
extraction

We discuss in this section the choice of the filter
bank, and the computation of the wavelet para-
meters used as texture features.

What we need is a nonorthogonal basis set or

frames. This facilitates the decomposition of a

signal in 2-dimensional space by applying one
dimensional non separable filters along rows and
columns independerntly.

The wa.velet function is defined by

'wa(g) — \/a D

1—b)

o T —
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The directional information, can be incorporated
in the wavelet function, by including a rotational
parameter in it {13].

1 F—b

e g(b) = —a ,9
Va.0(b) au(l? (

) - (12)

a

where R? is the rotation operator denoted by the
matrix '

cosf — sind
sinf cos6
Now if the wavelet is circularly symmetric ¢.e R?
has no influence in (12), such an wavelet would
generate rotation invariant features. Therefore
the wavelet function has to satisfy two condi-
tions one i1s ©P(0) = 0, which implies that the
wavelet function has to be a zero mean function
and ¥ (r, 8) = ¥(r,0), this ensures that the rota-
tion operator has no effect in (12), where " means
the Fourier domian representation. We have cho-
sen the wavelet used by Mallat in [28]. which is
the second derivative of a smoothing function.
This choice have been made due to the follow-
ing reasons. Firstly, this closely approximates
the second derivative of Gaussian. which has cir-
cular symmetry. Secondly, the basis functions
are symmetrical, which means that there is no
phase distortion, and that the spatial localiza-
tion of the wavelet coefficients is well preserved,
moreover these filters are also useful in alleviat-
Ing boundary effects by simple methods of, mir-
ror extension. The hlter corresponding to the
second derivative of a sinoothing function can
be written as F'(w) = w?L(w), where L(w) is the
frequency response of the smoothing low pass fil-
ter and should have a non zero value at w = 0.
For the filter used F{w) has an order 2 zero at

w = 0. and exhibits sharper outband attenuation
and thus better frequency separation.

3.1 DMultiscale wavelet representation

The transform employed in this work is based

on non-orthogonal (redundant) discrete wavelet
frames introduced by Mallat [29]. Let ¢(z,y) be

a smoothing function. We call the smoothing
function the impulse response of a lowpass filter
with a total mass of one and compact support,

l.e.
/ I / Qﬁs(..”f),y)dl‘dy: 1

Je > 0:¢s(z,y)=0,V]al,|y|>e  (13)

Supposing ¢(z, y) is differentiable, we define two
wavelet functions, ¥!(z,y) and ¥*(z,y) such
that.

y d*¢(z,y)
vz, y) = TP
| 0%o(x,
0t = _9_%‘75__3.’_1 (14)
J*y
Let.
, 1 .z y
Oz, y) = "3"9’«’1(:1 :)
2e,y) = v 5 Y (15)
s s37 ‘s’ s

be the dilations of the functions ¥* by a factor s
and ¢s(x,y) = Jgo(%) the dilation of ¢(z, y) by s.

Let I(z,y) be an image in 2-D and I(z,y) €
L?(R). The wavelet transform of I(z,y) at scale
s has two components defined by,

w;(a:,y) = I*xul*;(a:,y)
wi(z,y) = I+«¢(z,y) (16)

s I1s the scale parameter which commonly 1s set
equal to 2 withz =1, ---, dg. This yields the tra-
ditional octave band wavelet transform of depth
2% w! and w? are referred to as the detail ima-
ges, since they contain the horizontal and verti-
cal frequency informations of [ at scale s.

This transform is computed by i1terative filter-
ing by a set of lowpass filters A; associated with
the smoothing function ¢ and bandpass filters g,
associated with the wavelets ! and ¥%. These
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filters have finite impulse responses, which makes
the transform fast and easy to implement.

C21+1($1y) — [ht:z. * [h:,y * CZ‘]](:B?y)
'IU;‘+1 (33, y) — [51 z ¥ [gh‘y *.CZ‘I]](:E! y) (17)
w%i-q-l (3;: y) — [gt x ¥ ['51'1!1 ¥ 62‘]](‘7” y)

c1/ 1s the original image and ¢ is the Dirac fil-
ter whose impulse response equals 1 at 0 and 0
otherwise. * denotes the convolution operator.
A * (B x C) denotes separate convolution of the
rows and columns respectively of the image A

with 1-D filters B and C.

Then the wavelet representation of depth d
of the image [(z,y) consists of the low resolu-
tion images {Czi.} and detail images {wy;} for
{j=1,2}and {1 =1, ---,dgy}.

3.2 Texture features computation

[Feature extraction is a crucial step in accom-
plishing reliable classification. A good feature
representation should be consistent among the
pixels with the same class, while as disparate as
possible between classes for authentic and reli-
able classification. This means that it should
reflect some global view while keeping some dis-
crimination capability at the pixel level. There-
fore the problem in general is one of spatial- spa-
tial frequency analysis. We now discuss the coin-
putation of the rotation and translation invariant
parameters from wavelet transformed images.

Substitution of (14) and (16) in (15) yields the

following,

%}(f*és)(r,y) )
E}Tg(l*é.‘i)(x:y)

= s*'V*(I * ¢5)(z,y) (18)

where V* denotes the Laplacian. It defines edge
magnitudes of the image and since it has the
same property in all directions is invariant to ro-
tations in the image. That is the wavelet trans-
form of an image consists of the components
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which give a measure of the edge magnitudes of
the image, smoothed by the dilated smoothing
function ¢,. The edge magnitudes of the image
Is glven as,

wi(z,y) = \/ (wl(z,y))* + (w2 (z,y))° (19)

The w?(z, y) contain a measure of the edge mag-
nitude at (z,y), which is proportional to the
magnitude of the local gray level variation of the
image and clearly yields a rotation invariant mul-
tiscale representation {("”:)(3=1...._2do) y Cdy }-

The nonsampled DWEF representation gives
translation invariance and since the wavelet
transforms of the image are obtained form the
smoothed images at successive scales the noise
is inherently smoothed out in this operation of
multiscale processing.

The energies of the detailed images decomposed
into different frequency channels at different
resolutions are given by

1
M N

E (w;* (:"":y))zi. r =1, - "&dU (20)

Y

Ed; =

Energies of the low resolution 1inages are

1

= 1,---.dy (21
M N et (21)

E's;

z (€2i) (Ly))?, L=

Y

M and N are the number of rows and columns
of the digitized image I(z,y).

In this approach we arrange the output of the
filterbank into dy component subbands

f(:c, y) — (fZ*(xiy))f=l.---,du -

[Cl(z":y)} . ':Cdu(xay)a dl (:L',y), .- .,ddo(l‘,y)]T
(22)

A more compact representation in terms of the
channel variances Var{f,i} is envisaged. In
practice the channel variances are estimated
from the average sum of squares over a region
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Reg (M X N) of the given texture. Each chan-
nel extracts a particular aspect of the texture at
different frequencies and resolutions.

fea't-uarz,- — : Z

Her

(f2i(z,9) = Toi (@, )’

(23)

where Reg denotes the number of pixels in its
region and f,i(z,y) is the mean value of energy
of each channel. We have taken the logaritlunic
of these channel variances as the features.

3.2.1 Experimental validity' of the as-
sumption

IFigure 3 shows some of the textured images
taken from the dataset of our experiment given
in Fig. 2, that we have used to generate the
composite textures used in our experiment. Ve
calculate the histograms of the edge magnitude
values given by (19) of these textures at differ-

ent rotations. The histograms so obtained have

manyv local minima and maxima which can be
removed by local smoothing of the histograins.
This is accomplished by local averaging of neigh-
boring histogram elements. We have taken three
adjacent elements at a time and the process is
repeated for a number of iterations. A plot of
these histograms after smoothing is given in Fig.
4 to give a feeling that the edge magnitudes of
the textures are indeed rotation invariant. We
calculate the mean and second and third order
central moments of the histograms correspond-
ing to the unrotated texture and its several ro-
tated versions, to measure the similarity between
these histograms, which is given in Table 1. The
percent deviation of the moments corresponding
to the rotated histograms from that of the un-
rotated one are also tabulated. The maximum
deviation happens to be only five percent. This
suggests that our texture features are indeed ro-
tation invariant.

3.3 Discrimination using A_N/N clas-
sifier

Texture classification is a process whereby tex-
ture samples are assigned to a finite set of tex-
ture classes. We have resorted to a feature-based
supervised classification method and have used
a non-parametric classifier (A LV/N) In our ex-
periment. The representative feature vectors for
each texture saimnple consisting of n feature ele-
ments are assigned a class labelling in the train-
ing data set, these are the exempler vectors.
Classification of the unknown texture’s feature
vector from the test data set assigns the class
of that exemplar vector to it for which the kEu-
cleadian distance between these two vectors is
minimein.

More complex classification sclhiemes such as the
neural network could be considered, but these
typically depend on initialization and learniug
length, while W NN classifier do not. Since we
emphasize on the feature extraction scheme we
take resort to this simple classifier. KNIV pro-
vides a robust and efficient classification scheme
for evaluation of recognizing features and com-
parisons of feature sets. Also since this rule is
derived from the Bayes rule, it is optimal in the
sense that it minimizes the conditional risk.

3.4 Experimental data set

We performed classification experiments using -
20 Brodazt textures [30] some of which are shown
in Fig. 2. The original photographs were digi-
tized and converted into 128 X 128 image arrays.

So far in texture classification problems people
have usually divided each images into overlap-
ping (or non overlapping) subregions and eval-
uated the teature vectors for each subregion in
each class. This was adopted to increase the
number of data sets. But here in this paper we
have adopted a different method for extracting
experimental data sets. Each class were sub-

jected to five different translations in all direc-
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tions (left, right, up and down), and oriented by
five different rotations. Five different levels of
Gaussian noise were incorporated in each class.
There were 35 different samples of size 128 X 128
for each class which were all different from each
other either in translation or noise level or rota-
tion. The wavelet frame decomposition according
to (17) was performed by processing individual
images without downsampling. Each image were
subjected to three levels (scale) of decomposi-
tion, and each level was represented by 6 features
as shown in Fig. 1. The energies and chan-
nel variances f{or all the 6 subbands were com-
puted. We chose the log of enerey and variance
as the information measures. The energy mea-
sure characterizes the luminance of the texture,
while variance measure gives an idea about the
contrast of it.

4 Results and critical com-

nments

In the first series of experiments we compared
the performance of the discrete wavelet fraine
(DWVI') and discrete wavelet packet transform
(DWPT) approaches. The basis functions of
the spline wavelet that we chose for the DWJF
analysis are symmetrical which means that there
Is no phase distortion and spatial localization
of the wavelet coefficients is well preserved.
The DWPT (discrete wavelet packet transform)
was achieved by Daubechies analyzing filter of
length 16.

T'he data sets were evaluated using the five set
of parameters shown in Table 2. The percent
of correct classification was measured by the
leave — k — out method. That is out of N data
sets each time Lk distinct samples were taken as
test data without repetition and thie rest were
used for tralning. We get an excellent classifica-
tion result while considering the redundant DWF
decomposition which is consistent with our ex-
pectation. We get very poor classification with

DWPT, which supports our argument that the
orthogonal transforms using separable filters are
very unsuitable for feature extraction of rotated
textures. We however found wavelet packet de-
composition to perform quite well as a feature
extractor for unrotated textures. The observa-
tion from Table 2 is that, a 45" rotation affects
classification results. This is because some of the
textures that we have used are highly anisotropic
and this anisotropy is more pronounced in the
diagonal direction. In the next set of experi-
ments we changed the parameter values. We
incorporated noise as high as 50 db., corrup-
ting 70 percent of the pixels and translation as
large as 64 units. This result is given in Table 3.
We found that when rotation was not considered
classification results were almost perfect. Errors
are mtroduced in the images due to translation.
The local periodicity of the texture elements can
break due to translation by circular shift of the
itnages. -lFalse energy peaks can emerge at the
boundaries. Also incorporation of noise give rise
to false energy peaks. A texture is characteri-
zed by extracting its local frequency contents.
The basic idea is that some of the textures may
have low energies and others may have high en-
ergies. Textures are classified with a measure
of these energies. We measure the energy/ vari-
ance of the transformed images over the entire
image discarding any local windowing operation
for feature extraction. A local distortion is sup-
pressed due to averaging over the entire image.
The textured images are decomposed into seve-
ral levels of resolution. This is accomplished by
smoothing the textures and then extracting edge
informations from them. The smoothing opera-
tion inherently removes most of the noise present
as we go to coarser resolutions. Classification er-
ror occurs for a translation of 64 and noise level
of 50 db. but is not remarkably high. This is
because with such a high level of noise conta-
mination some of the textures become almost vi-
sually indiscriminable. The rotated, translated
and noisy samples of some of the textures are
shown Iig. 3, Fig. 5 and Fig G.
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Table 1. Moments of the magnitude histograms tabulated for comparing the similarity between the
unrotated texture histograms and their rotated versions.

| Texture | Rotation | Order of moments | % deviation of
data in deg | | moments w.r.t
| [ r unrotated image
nean Second Third I mear l Second | Third 4
- Tunrotated | 1.126S | 0.001449 | 0.001637 - -~
20 1.1270 | 0.001418 | 0.001636 | 0.02 | 0.06 | 0.06
Texture 1 ' 45 1.1286 | 0.001453 { 0.001643 | 0.16 | 0.27 | 0.36 |
5% 1.1299 | 0.001458 | 0.001651 | 0.28 0.62 | 0.85 |
90 1.1264 | 0.001449 | 0.001635 P.OS 0.00 0.12
T | unrotated | 1.2882 | 0.002293 | 0.002961 | - | - B
20 1.3077 | 0.002360 | 0.003073 | 1.51 | 2.92 | 3.78
Texture 2 45 1.3134 { 0.002333 | 0.003118 | 1.95 3.92 5.30
5%  1.3179 | 0.002400 | 0.003121 | 2.30 4.45 | 5.40
00 | 1.2919 | 0.002306 | 0.003087 | 0.29 | 2.28 | 4.25 |
| unrotated [ 1.4118 | 0.002927 | 0.004145 | - - :
| 20 1.4341 1 0.002831 § 0.003935 | 1.57 3.27 5.00
Texture 3 45 1.4190 | 0.002952 { 0.004209 | 0.51 l 0.85 1.54
25 1.4227 1 0.003015 | 0.004332 | 0.77 3.00 4,51
90 J 1.405541_0.00‘2901 (0.004089 | 0.45 0.88 1.35
| | unrotated b 1.3345 0.002457 | 0.003288 - -~ -
| 20 1.3394 | 0.002475 | 0.003324 | 0.36 0.73 1.09 |
‘Texture 4 45 1.33061 l 0.002460 | 0.003295 | 0.11 0.12 0.21
29 1.3412 | 0.002482 { 0.003337 | 0.50 1.01 1.49
90 1.3311 | 0.002444 ! 0.003262 | 0.25 0.52 | 0.79

We performed another experiment in which we
used features for 0V rotation to design a classi-
fier and tested its performance in classitying fea-
tures from rotated samples ranging from 20° to
90°. The results given in Table 4 clearly gives
us an idea as how the classifier responds to the
rotated samples of the textures. Ve also wanted
to compare the performance of the classifier con-
sidering both the information measures used In
our experiment. We found the Log of channel
variance to outperform the Log energy measure.
We also found from Table 5 that if we have in-
stances of all rotations in the training data and
we employ leave — A — out method for classifica-

tion of rotated data we can get excellent results.
The 45Y rotation classification is comparatively
poor than the others.

So we can suminarize our results as, for classi-
fication of rotated textures, multiresolution rep-
resentation of the images is clearly preferable.
Although texture features are prevalent in the
intermediate frequency bands, which suggests
that wavelet packet signatures can classify tex-
tures very efliciently, they perform very poorly
when rotation is taken into account. So an over-
complete wavelet decomposition, which leads to
wavelet frames happens to be a preferred solu-
tion. We also find that number of features used
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Table 2: Classification performance considering the discrete wavelet frame transform and the dis-
crete wavelet packet transform.

%of

classifn. for

nmse DWF [ DW PT

99.99 | 88.88

15 99 92 | 73.70

Training
data set
transl. | rotn.
16 20
8 30

Test
data set
rotn.

transl.

25
§3.70
|

: 15 77.00
20 25
45 15
5 | 15
30 15 19592 | 77.00
GO 25 S
20 25

Table 3: Classification performance without considering rotation.

Type of | No. of Test. | Training % of
decomp | features data set data set classi{n.
| transl. | rotn. | noise | transl. noise
16 0 20
8 0 15 | 32 0 30 99.99
64 0 o0
' 48 0 15
' 3 0 | 15
| 16 25 32 | 0 30 99.99 |
64 0 o0 |
48 | 0 15
DWF § 3 0 15
| 32 | 0 30 16 0 25 99.99
64 | O 50
| |48 | 0 15
8 0
' | 1 64 0 50 32 0
16 0
| 43 0
3 0
48 0 15 32 0
64 0
16 0
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Table 4: Percent of correct classification considering rotation only and comparison of the perfor-
mance of the two information measures.

Information | Percent

Test data set

Training data set

rotation in deg. | rotation in deg. measure classifn.
0 20 |
0 30 ‘
0 45 |
0 Log energy
0
0
0 93.82
0 98.82
0 Log variance | 95.29
0 97.64
0 07.64
0 97.64

Table 5: Percent of correct classification considering rotation only by leave — k — out mnethod.

Training data set | Percent
rotation in deg. | classifn.

Test data set
rotation in deg.

98.89

100

100

100

100



30

M. Acharyya , M.K. Kundu

is only six which is really very small compared to
the number of features used for classification pur-
pose found in the literature. That is in essence
we have achieved a huge reduction in dimension-
ality of the feature space.

[n the set of textures classes that we had se-
lected there were some textures which showed
high anisotropy. IFor this whole series of exper-
iments classification error usually occurred be-
tween texture pairs that were almost difficult
to discriminate visually and also from textures
which were highly anisotropic.

We can conclude that texture signatures based
on multiresolution wavelet frames analysis holds
great potential for accomplishing subtle discrim-
ination and robust classification against rota-
tion, translation and noise and is computation-
ally simple and eflicient.
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Figure 1: Fast iterative implementation of the algorithm used for extracting texture features
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