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Abstract
Genetic programming (GP) is a stochastic process for automatically generating computer programs. In this paper, three
GP-based approaches for solving multi-class classiﬁcation problems in roller bearing fault detection are proposed. SingleGP maps all the classes onto the one-dimensional GP output. Independent-GPs singles out each class separately by evolving
a binary GP for each class independently. Bundled-GPs also has one binary GP for each class, but these GPs are evolved
together with the aim of selecting as few features as possible. The classiﬁcation results and the features each algorithm has
selected are compared with genetic algorithm (GA) based approaches GA/ANN and GA/SVM. Experiments show that
bundled-GPs is strong in feature selection while retaining high performance, which equals or outperforms the two previous
GA-based approaches.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
Condition monitoring is becoming increasingly important in manufacturing industry, through its ability to
increase general reliability and uptime. However, many techniques available at present require much expertise
to apply these successfully; new techniques are required which allow relatively unskilled operators to make
reliable decisions without knowing the mechanism of the system and analysing the data. Such techniques must
be reliable enough to use in real systems. Reliability of detection has come to be one of the most important
criteria. Artiﬁcial neural networks (ANNs) and support vector machines (SVMs) are suitable for this kind of
problem. These have been researched and applied to real systems [1–6]. This paper develops genetic
programming (GP) to three such problems, and offers equal or better results compared with the results of
ANN and SVM (in conjunction with genetic algorithms, GAs) in [7]. GP has the advantages of good
performance, understandable solutions (Fig. 1) and feature selection, which makes it a very promising
development.
GP, ﬁrst introduced by John Koza [8], is derived from GA. In the short period of its development, GP has
been successfully applied in many ﬁelds, including condition monitoring [9–11]. In this work, GP is developed
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Fig. 1. A GP solution tree.

for multi-class classiﬁcation of roller bearing faults. As a classiﬁer, GP is often used for dual-class problems
[12], but rarely for multi-class problems. Zhang et al. [13] mapped different intervals of GP output to
different classes. However, the thresholds for the intervals have to be predetermined manually, which
is hard to optimise. This approach, along with two other approaches that are proposed in this paper,
to solving multi-class problems have been tested in this work. The results are compared with two other
types of classiﬁcation algorithms, GA/ANN and GA/SVM. It has been known for some time that ANN and
SVM in conjunction with GA for feature selection are capable of improving the accuracy of classiﬁcation systems by removing the features that may be confusing the classiﬁer and hence improving the
generalisation performance [14,15]. The GP approach has the ability of feature selection, which allows
selecting those features with the most preferable characteristics, and the overall performance and robustness
improve as a result.
2. The problems
Automatic monitoring of rolling element bearings (Fig. 2) is necessary in industry, as unexpected failure of
machinery is a high cost problem; and manual checking of a number of rolling element bearings in a
machinery may take an unacceptably long time, and consequently results in a great loss of money. Therefore,
it is important in some areas to be able to detect the existence and severity of a fault of rolling element bearings
in machinery automatically and reliably.
The vibration data used in the paper have been taken from three different sources. The ﬁrst comes from the
experiment on a small test rig, which simulates an environment for running roller bearings. Six conditions
have been tested and recorded. There are two normal conditions—a brand new condition and a worn but
undamaged condition; and four fault conditions—inner race fault, outer race fault, rolling element fault, and
cage fault. Data have been recorded over a range of 10 speeds. Each condition has different characteristics,
which make it possible to separate from others. Inner and outer race faults have a periodic signal; the rolling
element fault may or may not be periodic, dependent upon several factors including the degree of damage to

