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Abstract. The use of image retrieval and classification has
several applications in industrial imaging systems, which
typically use large image archives. In these applications, the
matter of computational efficiency is essential and therefore
compact visual descriptors are necessary to describe image
content. A novel approach to contour-based shape descrip-
tion using wavelet transform combined with Fourier trans-
form is presented. The proposed method outperforms ordi-
nary Fourier descriptors in the retrieval of complicated
industrial shapes without increasing descriptor
dimensionality. © 2005 Society of Photo-Optical Instrumentation
Engineers.
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1 Introduction

The recognition and classification of objects based on their
visual similarity has become a central task in current indus-
trial imaging systems. With increasing amounts of real-
world image data to be processed and stored, the develop-
ment of powerful retrieval tools also has become necessary
in machine vision applications. Along with texture and
color, shape is an essential feature used to describe the
objects in the images. Therefore, effective shape descrip-
tion is essential in retrieval systems.

Due to the increasing number of on-line solutions, com-
putational lightness is nowadays considered equally impor-
tant as classification accuracy. In retrieval, computational
efficiency of a particular descriptor is generally dependent
on two matters, descriptor dimensionality and matching
procedure.

The Fourier descriptor �FD�1 is probably the best-known
boundary-based shape descriptor. It has been proven to out-
perform most other boundary-based methods in terms of
retrieval accuracy and efficiency.2 In addition to good re-
trieval and classification performance, the main advantages
of FDs are that �1� they are compact and computationally
light, �2� they are easy to implement, �3� their matching is
straightforward, �4� they are very easy to normalize to be
scale and rotation invariant, and �5� their sensitivity to
noise is low.
�0091-3286/2005/$22.00 © 2005 SPIE
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Wavelet transforms3 have been widely used in multi-
cale image analysis and also have a few applications in
hape description. In Ref. 4, the wavelet descriptors �WDs�
re based on zero-crossing points of wavelet approximation
f the shape and hence the similarity measurement is de-
endent on the shape complexity. In Ref. 5, moment invari-
nts are employed in shape description using wavelets. It is
lso possible to combine wavelets with Fourier descriptors,
hich yields to rotation and scale invariance. This can be
ade based on polar coordinates of a shape6 or by Fourier

ransforming the wavelet coefficients obtained from the
omplex-valued boundary function.7 On the other hand,
hen WDs are formed using several scales, the resulting

eature vector is typically high dimensional due to spatial
nformation caused by multiple scales.

In this paper, we present an effective approach to
avelet-based shape representation at single scale. We

how that it is possible to form rotation and translational
nvariant WDs, whose matching is as simple and fast as that
f FDs. The proposed approach is applied to a practical
ndustrial image retrieval and classification problem.

Shape Description

he contour-based shape description is based on one-
imensional boundary function �shape signature�. Let
xk ,yk�, k=0,1 ,2 , . . . ,N−1 represent the object boundary
oordinates, in which N is the boundary length. Complex
oordinate function z�k� �Ref. 2� expresses the boundary
oints in an object centered coordinate system:

�k� = �xk − xc� + j�yk − yc� �1�

n which �xc ,yc� is the object centroid.

.1 Fourier Descriptors
ourier descriptors can be formed for the boundary func-

ion z�k� using the discrete Fourier transform �DFT�:

n =
1

N
�
k=0

N−1

z�k�e−j2�nk/N �2�

or n=0,1 ,2 , . . . ,N−1 and Fn are the transform coeffi-
ients of z�k�. The descriptors can be made rotation invari-
nt using the magnitudes of the transform coefficients, �Fn�.
he scale can be normalized by dividing the magnitudes of

he coefficients by �F1�.
The general shape of the object is represented by the

ow-frequency coefficients, which are usually selected to be
he descriptor. In the contour Fourier method,2 the feature
ector of length L is formed as:

= � �F−�L/2−1��

�F1�
, ¯ ,

�F−1�
�F1�

,
�F2�
�F1�

, ¯ ,
�FL/2�
�F1� �T

. �3�

.2 Wavelet Shape Descriptor Using Fourier
Transform

n the wavelet-based approach, the boundary function z�k�
s transformed using some wavelet �.3 The complex wave-
et transform8 is based on the continuous wavelet transform

CWT�. The CWT of the boundary z�k� is defined as:
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Ca�b� =
1

��a�
�

R

z�k��	 k − b

a

dk . �4�

In the case of CWT, a set of coefficients Ca�b� of scale a
are obtained. The coefficients are defined for all positions
b=0,1 ,2 , . . . ,N−1.

The problem with the CWT coefficients is that they are
dependent on the starting point of the object boundary.
Hence, the obtained descriptor is not rotation invariant.
Also the dimensionality of the feature vector depends on
the boundary length. Therefore, the coefficient vectors of
different shapes cannot be directly matched. The proposed
solution for this problem is to apply the Fourier transform
to the whole set of wavelet coefficients. This way the nor-
malization and matching are straightforward operations.
The proposed descriptor is formed by applying the DFT to
the coefficients Ca�b�:

Fn
a =

1

N
�
b=0

N−1

Ca�b�e−j2�nb/N. �5�

In this paper, we use the wavelet shape descriptor at a
single scale to keep the descriptor dimensionality as low as
in the case of Fourier descriptors. The feature vector of this

Fig. 1 Example contours of each 14-paper defect class in the test-
ing database.

Fig. 2 �a� The average 5-NN classification rates
first and second order complex Gaussian wavel
using proposed descriptors that employ the firs

scales 16 and 2, respectively.
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ew descriptor is equal to that of the contour Fourier de-
criptor presented in Eq. �3�.

Experiments with Industrial Defect Shapes

he validation presented in this section is twofold. Simple
lassification experiments are first carried out to show the
nfluence of scale selection on the shape description. The
econd part of the validation, the retrieval accuracy of the
roposed methods, is compared to that of an ordinary FD
contour Fourier�. In all the experiments, Euclidean dis-
ance and the “leave one out” validation principle are used.

.1 Testing Database
or testing purposes, we use defect images that are col-

ected from an industrial process using a paper inspection
ystem.9 A reason for collecting defect image databases in
rocess industry is a practical need for controlling the qual-
ty of production.9 When retrieving images from a database,
he defect shape is one essential property describing the
efect class. Therefore, effective methods for the shape rep-
esentation are necessary. The test set consisted of 1204
aper defect shapes, which represented 14 defect classes
ith each class consisting of 27–103 images �Fig. 1�.

.2 Classification and Retrieval
he feature extraction in the testing database was carried
ut by calculating the descriptors for the images in the da-
abase. The dimensionality �L� was 8 with all the descrip-
ors �Eq. �3��. In the case of the wavelet-based approach,
he selected wavelets � were first and second order com-
lex Gaussian wavelets that have been implemented in the
atlab wavelet toolbox.8 To compare different scales, we
ade preliminary k-nearest neighbor �k-NN� classification

xperiments. Figure 2�a� presents the average classification
ates of the proposed wavelet descriptors at different scales
sing a 5-NN classifier. In this figure, the classification rate

proposed methods using different scales of the
Average precision/recall curves of the queries

second order complex Gaussian wavelets the
of the
ets. �b�
t and
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of the contour Fourier descriptor �41.87%� is also pre-
sented. The scales that produce the highest classification
rates were compared to contour Fourier in the retrieval ex-
periment by calculating average precision versus recall
curves for the queries �Fig. 2�b��.

4 Discussion

In this paper, we showed that it is possible to overcome the
difficulties with shape description using wavelet coeffi-
cients �rotational variance and complicated matching� by
Fourier transforming the coefficients. The results of the
classification and retrieval experiments reveal that the pro-
posed wavelet-based shape description approach clearly
outperforms ordinary FDs in defect shape description. It is
also essential to note that the proposed descriptors have the
same dimensionality and matching procedure as FDs. The
computational cost of the feature extraction is somewhat
higher than that of FDs due to the wavelet transform. How-
ever, the dimensionality of the descriptors is more essential
than the feature extraction time, because in retrieval appli-
cations the feature extraction is usually an off-line opera-
tion. If the computational efficiency of feature extraction is
critical, the cost of wavelet transform can be decreased us-

ing the algorithm presented in Ref. 10.
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