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Abstract: Pipeline leak detection is an important part of pipeline safety, which is usually carried out by extracting feature
vectors of leakage signal. However, the complexity of the leakage acoustic emission signal makes the extraction of feature
vectors very difficult. To solve this problem, the authors propose an improved wavelet packet algorithm to extract the fea-
ture vectors which are constituted by five time-frequency domain parameters: time-domain energy, frequency-domain en-
ergy, frequency-domain peak, kurtosis coefficient and variance. Many experiments have been performed to extract feature
vectors based on the proposed algorithm, with the results showing the proposed algorithm to be efficient enough to over-
come the mixing effects caused by traditional wavelet packet when reconstructing the single sub-band signal. Thus, the
proposed algorithm can accurately extract the feature vectors. The study of this article provides a good foundation for the
subsequent work such as pipeline leak detection and positioning analysis.

Keywords: Acoustic emission, feature vectors, pipeline leakage, wavelet packet.

1. INTRODUCTION

Pipeline plays a very important role in petroleum, chemi-
cal, natural gas, urban construction and other industries.
Pipeline leak can not only badly affect the normal transporta-
tion, but also cause the environmental pollution. To make
matters even worse, it can sometimes lead to serious safety
accidents [1].

As a non-destructive “testing method”, “acoustic emis-
sion” has “no damage to pipeline equipment”, but “high sen-
sitivity, fast detection speed”, and low intensity of work,
make it stand out from many other leakage testing methods
[2, 3]. To detect the pipeline leakage condition, we usually
get some time-frequency characteristic parameters from the
acoustic emission signals collected by the acoustic emission
sensors. Then, these parameters are adopted to construct fea-
ture vectors to judge whether the pipeline leakage has oc-
curred.

Wavelet packet algorithms are usually adopted to extract
feature vectors. “Wavelet packet transform has the ability of
denoting local signal characteristics in time and frequency
domain” [4] and it is suitable for the extraction of weak sig-
nal and analysis of non-stationary signal. The authors in lit-
erature [5] decomposed the acoustic emission signal of pipe-
line leakage with wavelet packet and reconstructed the single
sub-band signal, with the energy of each frequency band as
the feature vectors, which were then inputted to the BP neu-
ral network classifier to complete pipeline leakage diagnosis.
The authors in literature [6] decomposed the acoustic
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emission signal with wavelet packet and reconstructed the
single sub-band signal, and then used the variance, kurtosis
and energy from the single sub-band reconstructed signal to
form the feature vectors, which were identified by the BP
neural network to distinguish the causes of the failures. The
authors in literature [7] decomposed the acoustic emission
signal of pipeline leakage with wavelet packet and “extracted
the energy of each frequency band” to form the feature vec-
tors, and then used the feature vectors to represent the state
of pipeline leakage.

All these references report the use of traditional wavelet
packet to reconstruct single sub-band signal, and then extract
the feature vectors from the reconstructed signal. However,
because of the non-ideal characteristics of the traditional
wavelet filter, the spectrum expansion and compression
brought by the up-sample and down-sample, the single sub-
band reconstructed signal we get might contain unwanted
frequency components, and the acquired feature vectors may
not be accurate.

To overcome the shortcomings of the traditional wavelet
packet algorithm, this article puts forward a new wavelet
packet algorithm. We select five time-frequency domain
parameters to form the feature vectors to detect the pipeline
leakage condition. We have performed many experiments
based on real pipeline leakage data using the proposed meth-
od to extract the leakage feature vectors. That is, we decom-
pose the experimental data and reconstruct the single sub-
band signal with the new algorithm, and finally, the feature
vectors are calculated from the signal to demonstrate wheth-
er the leakage has occurred or not. We also compared the
results of the proposed algorithm with that of the traditional
wavelet package.
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Fig. (2). Wavelet tree.

2. WAVELET PACKET ANALYSIS AND THE IM-
PROVED ALGORITHM

Acoustic emission signal is a kind of non-linear and non-
stationary signal, with the statistical properties changing with
time. Wavelet packet is an elaborate analysis method. The
“decomposition of wavelet packet analysis on each level is
conducted not only on the parts of low frequency, but also on
those of high frequency” [8]. In this way, wavelet packet
analysis can increase the time-frequency resolution. There-
fore, it has widely been used [9].

2.1. The Traditional “Wavelet Packet Decomposition and
Reconstruction” Algorithm

In engineering, “wavelet packet decomposition and re-
construction” are often accomplished through a wavelet filter
bank [10], as shown in Fig. (1).

In Fig. (1), h, is the “decomposition low-pass filter”, g,
is the “decomposition high-pass filter”, h is the “recon-
struction low-pass filter” [11], , is the reconstruction
high-pass filter” [12], |2 and 12 are respectively the down-
sample and up-sample. W, W, , W,,, w,, X,, X;, X, and X,

are the results of each operation in the Fig. (1).

f(n) is the time series signal, the length of signal is N,
Sj‘(n) is the wavelet packet coefficient of the | layer on the

node I, and f(n)=S,"(n). The binary wavelet packet de-

composition algorithm is as follows:
5., (n)= h(k-2n)S,'(n)
k

_ _ 1
S, () = X0, (k- 2n)S, () @

In Eq. (2),

J=log); j=01,---3;n=12,--,2"7;i=12,..,2.

The binary wavelet packet reconstruction algorithm is:

$/'(n) =232 (hy(n-2k) + 3 S (n)g,(n-2k) )

In Eq. (2),

J=log); j=3-1---,0;n=12,-2";i=2/ 2" ...1

Fig. (2) is the three layers wavelet packet decomposition
tree. The node (0, 0) is a source node which is the signal
used to decompose, hy and g, are shown in Fig. (1). As

shown in Fig. (2), we will get eight node signals from (3, 0)
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Fig. (3). The process of improved wavelet packet algorithm.

to (3, 7) if we decompose the original signal to third layer.
We also call the node signal as single sub-band signal and
put the node (3, 7) as node 7 for convenience. Next, we need
to reconstruct the specific single sub-band signal and call the
result as single sub-band reconstructed signal.

2.2. The Improved Wavelet Packet Algorithm

“Wavelet packet decomposition and reconstruction” are
implemented by convolving the signal with the filter. When
convolving one-dimensional discrete signal with the wavelet
filter, if the length of the boundary valid data is less than the
wavelet filter length, we cannot perform the convolving op-
eration effectively. So, in engineering, we usually expand the
original data to meet the requirements of convolution.

The traditional wavelet packet decomposition algorithm
uses symmetric extension, that is, the extended data are
symmetrical with the continuation end data. Provided x(m),

m=0,1,---,N -1 is the one-dimensional discrete signal, the

length of signal and filter are N and L respectively. The
signal  x(m) will be x(L-2),--,x(0),,--+,x(0),x(1),+-,

X(N =1), x(N-1),---x(N—-L+2) after extension. For this

signal, because it has been convoluted, its front-end and
back-end data of the low frequency coefficients will have a
greater transition and the low frequency coefficient is not
relatively consistent with the original signal, the error of the
coefficient is relatively large. In order to overcome this de-
fect, the authors in literature [13] compared the decomposi-
tion effect of the several common continuation modes and
reached on the conclusion that the wavelet decomposition
coefficients with the means of linear and parabolic continua-
tion are relatively consistent with the original signal. In this
paper, the “wavelet packet decomposition” will adopt parab-
ola continuation method.

In the traditional wavelet packet reconstruction algo-
rithm, since the wavelet filter is non-ideal, the up-sample and
down-sample will lead to the spectrum expansion and com-
pression, which will make the reconstructed sub-band signal
contain unwanted frequency components, all of these will
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make the feature vectors extracted from the single sub-band
reconstructed signal inaccurate. This article uses FFT and
IFFT transformation to process the high and low frequency
coefficients, so the single sub-band reconstructed signal will
not contain the unwanted frequency components [14].

To sum up, this paper proposes a new wavelet packet al-
gorithm to extract the feature vectors. The proposed new
algorithm can be illustrated as in Fig. (3) and the abbrevia-
tion RCST stands for reconstruction.

Fig. (3) also describes the four main steps of the new al-
gorithm:

Step 1. Signal extension.

The high and low frequency coefficients to be decom-
posed are extended in the way of parabolic extension. As-
suming the signal is x(a), x(a+1), x(a+2), we extend both

the left and right ends of the signal, with the extended values
expressed as shown in Eq. (3). The extended signal is repre-
sented by E in Fig. (3).

{x(a—l) =3x(a)—3x(a+1)+x(a+2)

_ 3
x(a+3)=3x(a+2)-3x(a+1)+x(a)

Step 2. Wavelet packet decomposition.

The new signal obtained from the previous step con-
volves with hy and g, respectively. With the results of two
filtered signals, we use the HF-cut-IF (corresponding to the
ho) and LF-cut-IF (corresponding to the go) operators to pro-
cess the signals respectively before down-sampling, with the
results to be down-sampled to get the single sub-band signal.
The conduct of operators HF-cut-IF and LF-cut-1F is as fol-
lows: firstly, we make an FFT transform to the two convolv-
ing resultant signals. Secondly, we set the amplitude of the
high frequency (HF) or low frequency (LF) components to be
zero (HF-cut, LF-cut) according to the decomposition filter
(high pass or low pass decomposition filter). Finally, an IFFT
transform is performed on the components-discarded data. The
HF-cut-IF and LF-cut-IF operators process each layer of the
signal, which can be expressed as Egs. (4) and (5).
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In Egs. (4) and (5), x(n)is the wavelet packet coefficient
in 2! scale, N, is the length of the data in 2’ scale,

—j2n

w=e™ |
kZO,l,---,Nj—l; n:0,1,-~-,Nj—1.

Step 3. Reconstruction of single sub-band signal.

The single sub-band signal obtained from Step 2 is firstly
up-sampled and then convolved with h; (corresponding to
the ho) or g; (corresponding to the gg), with the results to be
processed by the operator HF-cut-1F (corresponding to the
h;) or LF-cut-IF (corresponding to the g;). Finally, we can
get the single sub-band reconstructed signal.

Step 4. Extracting Eigenvector.

According to the signal spectrum in normal and leakage
conditions and the frequency range of single sub-band recon-
structed signal, we select the single sub-band reconstructed
signal that has obvious change in normal and leakage condi-
tions and then extract the corresponding characteristic pa-
rameters from it to form the feature vectors.

Acquisition Card

Pressure Ball
Pan 2 Valve 4
mptying

3. EXPERIMENTAND RESULT ANALYSIS

3.1. Experimental Facility

We performed a number of experiments to extract
the feature vectors from the measured acoustic emission sig-
nal, and the experimental results were analyzed. The “sche-
matic diagram” of the experiment is shown in Fig. (4), we
use a 50 m long pipeline with the inner diameter to be 0.03
m. An air compressor is fixed on the front of the pipeline.
The valve, pressure pan and flow meter are positioned suc-
cessively. Pipeline leakage would occur after opening the
needle valve in the pipeline. The acoustic emission sensors
are installed at both ends of the leak hole, with the distance
between the left sensor 1 and leak point being 30 m and the
distance between the right sensor 2 and leak point 10 m.
Sensor 1, which is atthe gas inlet, has the sensitivity of
10 mv/Pa. The sensed data are inputted into the computer
after being filtered, pre-amplified and acquired by acquisi-
tion card. The diameter of the leakage hole is 0.004 m. When
the experiment starts, we turn off the needle valve in the
pipeline and fill the pipeline with the 0.5 MPa high pressure
gas via the compressor, the data acquisition card starts to
work at 200 kHz sampling frequency. After a period of time,
we quickly open the needle valve to let the leakage occur and
the acquisition card continues to collect the leakage signal
data. We repeat the process many times and analyze the col-
lected data.

3.2. Feature Parameter

The pipeline leakage signal is extremely different from
the normal signal in a certain frequency band [15]. We can
extract the feature vectors from the single sub-band recon-
structed signal to detect the leakage state. The feature vectors
usually contain time-domain and frequency-domain parame-
ters. The time-domain parameters can be peak value, arrival
time [16], rise time [17], time-domain energy (ET) [18], the
mean (A), variance (V), skewness (ks) and kurtosis (ks).
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The frequency-domain parameters can be frequency spec-
trum distribution [19], frequency-domain energy (EF), peak
value (PF) and so on. Although these parameters can repre-
sent the characteristics of the signal in some aspects, not all
the parameters extracted from the single sub-band recon-
structed signal have differences in normal and leakage condi-
tions. In this paper, we choose the obvious changed parame-
ters through experiments analysis to form feature vectors and
detect the pipeline leakage by comparing the feature vectors
in the normal and leakage conditions. The main parameters
are introduced as follows.

ET is the energy of the single sub-band reconstructed
signal in time-domain and can be calculated by:

ET = [Is;)Fdt=3|s! [ (6)

Where ka is the k-th coefficient of the node i single sub-

band reconstructed signal in the j-th layer. N is the length of
the single sub-band reconstructed signal.

A is average value of the single sub-band reconstructed
signal, which can be expressed as:

1
A==3's (7
N i+

V is the variance and the expression is shown in Eq. (8).

N
V=13 - Ay ©®)
N -
ks stands for the value of probability density distribution

curve in the average and the expression [20] is shown by Eq.
9:

N ES s, -A]
k, = 5;;2; v 9)

ks is the measurement of deflection direction and degree of
the statistics data distribution and the expression [20] is:

[ |efsoAY
K=\ 2an ZO W -3
(10)

EF is the single sub-band reconstructed signal energy in
frequency-domain and the expression is:

EF = [|F/(f)fdf =3 |F' (11)

Where F_ik is the frequency spectrum value of the single
In

sub-band reconstructed signal.

3.3. Reconstruction of the Single Sub-band Signal

We analyzed the measured data from sensor 2, with
the spectra of the measured signal in normal and leakage

Liu et al.

conditions shown in Fig. (5) and found that the spectrum
distribution of acoustic emission signal is very wide, regard-
less of whether a leak occurs or not. The value of the spec-
trum at low frequencies near 60 Hz is big, which is caused
by the hose connected with pressure pan vibration, but it
does not affect the detection and extraction of leakage signal,
because the spacing between the low frequency and leakage
characteristic signal spectrum is vast. In addition, we can
find the difference between the spectrum of normal and leak-
age signal is mainly concentrated in the vicinity of 64 kHz.
The frequency band nearly 64 kHz is important for us to con-
duct pipeline detecting, locating and feature vectors extracting.

We use the traditional and improved wavelet packet algo-
rithms to decompose the leak signal and reconstruct the sin-
gle sub-band signal, and then we compare the performance
of the two algorithms. We choose the db10 wavelet to de-
compose the leak signal to third layer, with the frequency
interval of the sub-band signal to be 12.5 kHz. Just as shown
in Fig. (2), we get eight single sub-band signals from node 0
to node 7 and then we need to reconstruct the single sub-
band signal. Taking the node 7 for example, the flow chart of
reconstruction of the single sub-band signal is as shown in

Fig. (6) and the S,” in the input end is the single sub-band

signal of node 7, the output end is the single sub-band recon-
structed signal. The frequency ranges of each single sub-
band reconstructed signal are 0~12.5 kHz (node 0), 12.5~25
kHz (node 1), 37.5~50 kHz (node 2), 25~37.5 kHz (no-de 3),
87.5~100 kHz (node 4), 75~87.5 kHz (node 5), 50~62.5
k-Hz (node 6), 62.5~75 (node 7) if the sampling frequency is
200 kHz. In Fig. (5), we find the spectrum difference be-
tween normal and leakage signals mainly occurs in the
62.5~75kHz frequency band, so we reconstruct the single
sub-band signal of this frequency band. The reconstructed
signal spectra are as shown in Fig. (7).

As shown in Fig. (7a), the single sub-band signal recon-
structed by the traditional wavelet packet algorithm contains
many redundant frequency components, with some frequen-
cy components having relatively large amplitudes; the tradi-
tional algorithm brings relatively large disturbance compo-
nents around 60 kHz and 35kHz. The improved wavelet
packet algorithm as shown in Fig. (7b), however, can accu-
rately reconstruct the single sub-band signal without the re-
dundant frequency components.

3.4. The Extraction of Feature Vector and Result Analy-
sis

In this paper, we reconstruct the single sub-band sig-
nal based on the traditional and improved algorithms and
extract the feature vectors from the single sub-band recon-
structed signals. We find that, for the single sub-band recon-
structed signals, there are big differences in ET, EF, PF, kur-
tosis coefficient (k;) and variance (V) between normal and
leakage conditions. So, we choose the five characteristic
parameters to form the feature vectors.

In Fig. (5), we can see the difference is mainly concen-
trated in the vicinity of 64 kHz in normal and leakage
conditions, and the frequency range of single sub-band recon-
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structed signal on node 7 is 62.5 ~ 75 kHz, so the difference
between normal and leakage signals is contained in the re-
constructed signal of node 7, meanwhile, we can find that
there is no difference in the reconstructed signal of node 3
(25 ~37.5 kHz) and node 6 (50 ~ 62.5 kHz) between normal
and leakage signals.

Fig. (8a, b, ¢, d) and (e) are ET, EF, ks PF and
V respectively of the single sub-band reconstructed signal in
node 3, 6 and 7 in normal and leakage conditions, with the
solid line representing the parameters extracted by the tradi-
tional algorithm in normal condition, the dashed representing
the parameters extracted by the traditional algorithm in leak-
age condition, the line with plus sign representing the pa-
rameters extracted by the improved algorithm in normal
condition, and the line with triangle sign representing the
parameters extracted by the improved algorithm in leakage
condition. According to the previous analysis, we can find
that the characteristics parameters of the single sub-band
reconstructed signal on node 3 and 6 do not change in nor-
mal and leakage conditions. However, the characteristics
parameters of the reconstructed signal on node 3 and 6 ex-
tracted by the traditional algorithm have big difference under
normal and leakage conditions. The unreasonable phenome-
non is caused by the mixing effects of the traditional algo-
rithm in reconstructing single sub-band signal. On the con-
trary, the characteristic parameters extracted by our new al-
gorithm in the two nodes do not change under the two condi-
tions. In addition, the feature parameters extracted by tradi-
tional and improved algorithms have differences in ampli-
tude, which are also caused by mixing effects. The single
sub-band reconstructed signal of node 7 has extreme differ-
ence between normal and leakage conditions, so the charac-
teristic parameters should also have larger difference under
the two conditions. As shown in Fig. (8), the characteristic
parameters extracted by the new algorithm under the two
conditions have significantly large difference. According to
the previous analysis, we can get the conclusion that the im-
proved algorithm can overcome the mixing phenomenon in
reconstructing signal, exactly extract the feature vectors and
improve the accuracy of leak detection, which provides a
reliable basis for pipeline leakage detection.

CONCLUSION

The mixing phenomenon will occur when we use the tra-
ditional algorithm to reconstruct the single sub-band signal,
which will make the extracted feature vectors not the accu-
rate ones. In this article, the authors proposed an improved
wavelet packet algorithm to reconstruct single sub-band sig-
nal and extract the feature vectors to overcome the disad-
vantage of traditional wavelet packet algorithm. The pro-
posed algorithm adopts the parabola continuation method
and uses FFT and IFFT to process the convolved signal. We
performed a number of experiments to extract feature vectors
based on the proposed algorithm and the results were com-
pared with that of the traditional algorithm. The eigenvector
is formed by five time-frequency parameters chosen through
analysis. The experimental results show that the improved
algorithm can overcome the mixing effects brought by the
up-sample and down-sample process in the traditional
“wavelet packet decomposition and reconstruction” and ac-
curately extract the feature vectors. The study of this article
provides good foundation for leak detection and positioning.
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