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ABSTRACT

This paper proposes an improved algorithm of wavelet threshold function in order to complement the inadequacy of the soft
and hard threshold functions of traditional wavelet denoising algorithm. This proposed algorithm not only demonstrates good
continuity and derivability, but also eliminates the constant error of soft threshold method, solving the problem of
discontinuity of hard threshold function and the mutability of threshold function of non-negative dead zone so that the
module value of wavelet transform decays exponentially, increasing the performance of wavelet denoising. The experiment
shows that under a non-stationary and low SNR situation, the improved algorithm can effectively eliminates background
noise, and is apparently superior to wavelet denoising algorithm that is based on traditional soft and hard threshold functions

and the function of non-negative dead zone.
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1. INTRODUCTION

Generally, wavelet analysis is applied in the analysis of
denoising algorithm of acoustic emission signals for detecting
heater leakage, because the mutative scale of wavelet
transform can let it focus on the details of signals and more
effectively analyze mutative signals of acoustic emission.
Thus, it has contributed to some achievements in the analysis
of time-frequency, feature extraction, denoising and signal
categorization of acoustic emission [1-5]. But the problem is
that traditional wavelet denoising method lacks flexibility
when it comes to practical detection, so that existing wavelet
denoising methods are limited to laboratory analysis or
postmortem analysis of acoustic emission data, and cannot be
applied in online and real-time acoustic emission detection of
heater leakage. To solve this problem, this paper intends to
make improvements to wavelet threshold function and
wavelet denoising algorithm based on the principles of
wavelet denoising to achieve the optimal effect of denoising.

2. PRINCIPLES OF WAVELET DENOISING

The key technology of improving denoising effect of
wavelet transform is to conduct denoising processing,
whatever the wavelet coefficient. Wavelet transform
denoising methods can be categorized into three main kinds
according to their principles: wavelet extremum method,
wavelet scale correlation method, wavelet threshold method.
The above mentioned methods have the advantages of
involving only a small amount of calculation, easy hardware
connection, high speed, and effective denoising effect. At
present, this method is widely applied in signal denoising
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based on acoustic emission leakage. The theories put forward
by W.M. Chambers et al. can prove the above points. [6-8].
Acoustic emission signals can be divided into stationary
signal and non-stationary signal. Non-stationary signal is also
called the singularity of signals, which means the
discontinuity of signals at a certain point or a certain
derivative. Lipschitz exponent is usually used to express the
non-stationary nature of signals [9]. The relationship between
singularity of signals and the maximum value of the wavelet
coefficient is established as follows:
|f(ko+7) = f, (ke + )| <T|z n<S<n+l (1)
In the inequality: & - the Lipschitz exponent of the
observed signal at, = - a value that is sufficiently small, and
n being both positive integers, n being the n th power
polynomial of f(k,) .
Assuming the module of wavelet transform coefficient of
signal f (k) is|wf (a,b)|, when b, € (b, —7,b, +7) a positive

integer is and the inequality |wf(a,b)|<|wf (a,by)| holds,

then:
wf (a,b,) is the maximum denoising value of wavelet

transform, and b, is the local maximum value point of
wavelet transform of f (k).

When the scale a=2' , the singularity Lipschitz
exponent 5 of f(k) and the wavelet maximum value

|W2,. f(Zj,b0)| match the following inequality.

log, |w,, f (2),,)| < log, A+ ] )



A represents relevant constant of the wavelet basis. It can
be acquired through (3-2).
When the Lipschitz exponent of f(k) 6<0 , the

maximum value of signal f (k) |w2, f(Zj,bO)| will decrease

as the scale of wavelet decomposition j increases; When the
Lipschitz exponent of f(k) 6 >0, the maximum value of

signal  f (k) |w21f(21,b0)| will increase as the scale of

wavelet decomposition j increases.

Hence: when the Lipschitz exponents > 0, the maximum
value of acoustic emission signal of leakage
wf (a,b,) increases as the scale of wavelet decomposition j

increases. When the Lipschitz exponent of the noise
signal 5 <0, the maximum value decreases as the scale of
wavelet decomposition j increases.

Having established that, during wavelet transform, one can
optimize the threshold value at different scales to change
Lipschitz exponent § , to improve the wavelet denoising
effect, and to improve the detection of leakage signal. Put
differently, if the maximum value point b, is less than the

threshold value, it should be set as small as possible till zero.
If not, it should be reserved. Eventually, the optimization of
denoising effect can be realized through wavelet
reconstruction.

3. IMPROVED WAVELET THRESHOLD DENOISING
ALGORITHM

The leakage signals of high pressure pipes of power plants
are non-stationary and one-dimensional signal [10].
According to the principles of wavelet denoising, the
denoising model of one-dimensional signal is [01]:
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f (k) = s(k) + o -n(k) 3)

In the model, f (k) is the observed signal that contains the
noise signal, s(k) is the true signal of leakage, n(k) is the
gaussian white noise signal, and o is the noise intensity.

The acoustic emission of the observed signal leaked from
the high pressure pipes of power plants f (k) includes leakage
signal and noise signal. According to the linear feature of
wavelet transform, f(k) passes the multi-scale wavelet
decomposition. The wavelet transform coefficient w;,
acquired equals the transform coefficient of leakage signal
s(k) plus that of the noise signal n(k) . The transform
coefficient w,(j,k) that s(k) signal corresponds to isu;, ,
and that n(k) signal corresponds to, w, (j,k) is v;,.

In this paper, wavelet transform is used to conduct multi-
scale wavelet decomposition on noise signal. Subsequently,
the wavelet threshold denoising method is applied in the
denoising  of  coefficient of multi-scale  wavelet
decomposition. The optimal coefficient of wavelet
decomposition of leakage signal is reserved, the coefficient of
wavelet decomposition of noise signal reduced, which is
followed by wavelet reconstruction based on the estimated

wavelet coefficient \7vj,k , and inverse transformation to
improve acoustic emission signal of leakage and to
reconstruct the observed estimation signal ?(k) . The scheme

of realizing the improved threshold denoising method is
shown below.

Processing of multi-scale wavelet coefficient

| ™
Threshold wavelet f (k)
processing recoir;sr:ruct

T

inverse transformation to reconstruct
acoustic emission signal

Figure 1. Scheme of realizing the improved threshold denoising method

4. IMPROVEMENT AND OPTIMIZATION OF
WAVELET THRESHOLD FUNCTION

According to the principles of wavelet denoising, after
wavelet transform, noise signals can be removed when the
threshold processing is conducted again on the observed
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signal. Commonly used threshold processing functions
include soft threshold function, hard threshold function [11]
and some improved threshold processing functions [12].

Hard threshold function:



Wj,k: s |Wj’k|21 (4)
0 |Wj’k|<i

Hard threshold function is a kind of threshold function that
directly calculates and that reserves the wavelet coefficient
which is more than the threshold value A . Those that are less
than A4 will return to zero. The biggest advantage is that it
reserves the peak features of the original signal. However, it
is discontinuous, and is prone to vibration during wavelet
reconstruction.

Soft threshold function:

Wi = Sgn(wj'k )(|Wj'k|_/1) |Wi~k|2/1 (5)
’ |Wi,k|</1

Soft threshold function is continuous, and smoother during
wavelet reconstruction. Normally in denoising, special
preference is shown to soft threshold function, because better
enhancement effect can be achieved. But there is a constant
difference between the estimated wavelet coefficients. After
threshold  processing and the wavelet transform
coefficient w;,  before the processing. The mutation

information of the observed signal is easy to lose. During
wavelet reconstruction, the SNR is low and the error of the
mean square is large.

L. Breiman proposed the threshold function of non-
negative dead zone [13-15] in compensation for the
inadequacy of hard and soft threshold function. The function

(6)
0 w;, | <2

The threshold function of non-negative dead zone
complements the inadequacy of soft and hard threshold
functions and combines the advantages of both, so that
denoising signals contain more details. In the meantime, it is
smooth. The function ensures the continuity of the threshold
value. As the scale increases, the wavelet coefficient of the
leakage signal increases, and the wavelet coefficient of the
noise signal decreases, realizing the increase of useful signal
and the decrease of useless signal and better denoising effect.
But there are still some inadequacies of the threshold function
of non-negative dead zone. Namely, when improving the
function, it is not considered that the decay of the upper
bound of the module value of wavelet transform is

exponential. Meantime, When|wj'k|<i, the threshold value

of the function of non-negative dead zone returns to zero like
that of soft and hard threshold functions, thus removing some
useful signals, distorting some signals. In order to further
optimize the design of the threshold value, this paper makes
further improvements on the exponential function based on
the threshold function of non-negative dead zone.

The improved threshold function is:
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From (10) (11) it is known that the improved threshold
function is continuous at threshold A .

(2)  Proves the monotonicity of the threshold function

Here, this paper intends to acquire the derivative of (7) to
prove its monotonicity.

Assuming W, is the first derivative of W,, , then (3-29)

can be turned into

A" avewy A atew
1+ PR M W . |Wj’k| >1
W, = " g (12)
ik =
476"
esﬁ _eBp |WJ'J<|</1
Z(A—ijk) ~
e >0, threshold 2 >0,s0 w;, >0

Meantime, e** >0 , 0<p<A , so (e%-e®")>0 ,
W, >0
Through the above analysis, whenw;, >0,W,, >0, thus

the function increases monotonically.
Fig. 2 compares various threshold functions when 4 =1.
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Figure 2. Illustration of the three threshold functions

The Figure shows that the improved threshold function
solves the problem of constant error of soft threshold method,
and the discontinuity of hard threshold function.

When |ijk|:/1 , it makes improvements in terms of the

mutability of threshold function. During reconstruction and
addition of signals, there is no vibration like hard threshold
function. When |wjyk| > A, threshold function is closer to hard
threshold function, eliminating the constant difference
between w;, and w, , , solving the problem of mutability of

threshold function and complementing the inadequacy of
threshold function of non-negative dead zone so that the

module of wavelet transform decays exponentially, enhancing
the performance of wavelet denoising.

5. EXPERIMENT AND ANALYSIS

This experiment utilizes PCI-2 acoustic emission detection
system produced by PAC company, US. The experiment is
conducted on the leak test panel of heaters. Soft threshold
function, hard threshold function and improved threshold
function are used respectively to conduct denoising
processing on the original signal, as is shown in the figure.
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Figure 3. Waveforms and frequency spectrums of various signals

This paper adopts the proposed wavelet threshold method,
which can effectively reduce the influence of noise, restrain
noise signal, and increase the SNR of leakage signal. Fig. 3
shows that the waveform features of denoising signals of the
new improved function are more salient, which compensates
for the inadequacies of soft and hard threshold functions, and
can achieve better denoising effect.

6. CONCLUSIONS

This paper first introduces the principles of wavelet
denoising based on the denoising algorithm for acoustic
emission leakage of heaters, analyzes the inadequacies of
existing wavelet threshold functions, and proposes an
improved wavelet threshold denoising algorithm. On the
other hand, to complement the wavelet denoising algorithm
that is based on traditional soft and hard threshold functions
and threshold function of non-negative dead zone, it proposes
an improved wavelet threshold denoising algorithm. The
improved threshold function solves the problems of
mutability of hard threshold method and constant difference
of soft threshold method. It also analyzes continuity and
monotonicity, and proves the logic of improving the
algorithm. Results show that under a non-stationary and low
SNR situation, the improved algorithm can effectively
eliminate background noise, and is saliently superior to
traditional algorithm.
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