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Abstract: A common method for leak localization in water pipelines is the use of cross correlation
on two measured acoustic signals located on either side of a leak. However, in practice, leak signals
are inevitably corrupted with non-leak sounds and noise. This is due to the complicated pipeline
environment that makes time delay estimation between the sensors inaccurate. In addition, time
delay errors further affect leak localization accuracy, and then reduce the reliability of the system.
In this paper, a new adaptive leak detection method that combines BP neural networks with GCC
(generalized cross correlation) is proposed. The new proposed method can discriminate the leak
signal from non-leak acoustic sources and noise, and improve leak localization accuracy.
Simulation results indicates that the proposed leak detection method can be used to localize a leak
in a buried water pipeline and achieved a correct detection rate of 92.5%.

1. Introduction

The status of water resources not only directly affects the national economy and the people's
livelihood but also restricts economic and social development. With a shortage of water resources in
the world, the importance of protecting water supplies to cities is increasingly critical. Thus, more
attention must be paid to water conservation. It has been estimated that within the Asian region, at
least 25% of the water supply is being lost within the water distribution system [1]. Pipelines play
an irreplaceable role in managing water supplies because of their simple transmission process and
large transmission capacity [2]. Therefore, it is extremely important to develop a timely and
accurate leak localization method for use in water supply pipelines. After decades of development,
the key techniques used for the reduction of pipeline leakage are many and varied. Methods that
have appeared successively include listening rods, correlators, ground penetrating radar (GPR), and
robots. Although traditional water leakage location methods are easy to operate, such as in the case
of a listening stick equipped with an electronic magnifying leak detector, their stability and
accuracy are poor. These traditional methods are more dependent on manpower and are no longer
suitable for modern cities. A generalized correlation method has been used recently for modern
water leakage location. This method selects a corresponding correlation function for different
environments, and a weighted correction is conducted in the frequency domain, thereby making the
experimental estimation more accurate. There has been a significant improvement in accuracy, but
this method cannot be applied to complex natural environments or over wide ranges of water
leakage locations. Even so, due to the high accuracy and the simple algorithm, this correlation
method has been shown to be effective [3, 4] and is commonly used in the water industry. As a
result, the cross-correlation method has been used for time delay estimation, and this is a crucial
factor that can affect the accuracy of water leak localization.

To decrease errors that occur in the time delay estimation and improve the localization accuracy
of the algorithm, a method using a back propagation (BP) neural network that is based on the error
back propagation algorithm is proposed [5]. The back propagation (BP) neural network consists of
input layers, hidden layers, and output layers. The propagation algorithm is a supervised learning
algorithm. It inputs learning sample firstly, and then improves the network weights and thresholds
constantly with repeated adjustment training. In order to decrease the error accuracy of the output
vector, the back-propagation algorithm adjust the target vector by requirements. Finally, network
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training is completed when the sum square errors of the output layer is less than the threshold. The
essence of a back propagation neural network (BPNN) is to minimize the change in weights by
using a gradient descent method to finally attain minimal error.

In this paper, we propose a novel water pipeline leak localization scheme, which is a reasonable
combination of BP neural network and the generalized cross correlation (GCC). First, we can use
the adaptive filter based on the characteristics of BPNN to remove the in-band noise of the leaked
signal. Then the generalized cross correlation (GCC) is applied to the time difference of arrival
(TDOA) estimation to achieve precise localization of the water leakage point after multi-resolution
decomposition and delay superposition. A precise water pipeline leak position can be obtained by
the above method. In addition, the new method is not only more practical but also can achieve high
accuracy, low power consumption, and a wide range of leak detection. Such characteristics are
validated by both theoretical analysis and simulation results.

The rest of this paper is organized as follows. The leak localization algorithm based on BP neural
network (BPNN) training and generalized cross-correlation (GCC) time difference of arrival
(TDOA) estimation are introduced in Section Il. The simulation results of the proposed method are
shown in Section I1l. Finally, conclusions are drawn in Section IV.

2. Principles of leak localization in buried water pipe
2.1. The model of leak localization

Vibration or acoustic signals are measured using accelerometers at three access points, with the
distribution of sensors being an equal distance, d, and a suspected leak on either side of the location.
Fig. 1 depicts the new method for the measurement of a water leak in a buried water pipe. Access
points (normally a fire hydrant) [6] where a sensor can be attached are located on each side of the
leak at distances d1 and d2.

1
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] \é Leak noise Water pipe
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d d

Fig. 1. Schematic of a pipe with a leak bracketed by three sensors.

In contrast with traditional localization methods that use two sensors, the system can calculate
the speed, v, of the leak signals with a change of the pipeline using the following equation:

v=d/D, (1)

Where D,, is the lag of time between sensor 2 and sensor 3. As shown in Fig 1, the time delay is
related to the locations of the sensors according to the following equations:

d=d, +d,
{D @

nxv=d,—d,

By substituting v into Equation (2), the position of the leak relative to sensor 1 and sensor 2 is
found to be
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d. = dx(Dy —Dy)

! 2D,, -
d :dX(D23+D21)
? 2D,,

2.2. The key techniques of the localization method

The key techniques used in this system include the BPNN and the GCC. A BPNN is a type of
back-propagation feed-forward network whose topological structure is depicted in Fig. 2. The back-
propagation algorithm is a supervised learning algorithm, which trains a neural network using a
gradient descent algorithm in which the mean square errors between the network's output and the
desired output are minimized [8]. The network is composed of input layers, hidden layers, and
output layers, wherein each layer contains multiple nodes as separate inputs to achieve full
connectivity between the layers. The GCC time delay estimation method being proposed here is
based on signal pre-processing, and this can reduce the error in the lower bound of the Cramer Rao
(CRB) [7]. But this method relies on a prior knowledge of statistics, which is not easy to achieve in
a complicated environment, such as in underground water pipes. To overcome this shortcoming, an
improved algorithm combining BPNN with GCC is proposed that will provide a self-adaptive leak
localization method.

Some well-known advantages of BPNN include strong non-linear mapping ability, flexible
network structure, andhe numbers of intermediate layers and neurons in each layer is depended on
the circumstances. Furthermore, BP neural network has preliminary adaptive and self-organization
capabilities, since BPNN can store a large number of input-output mappings which eliminates
storing a large number of mappings in advance. Thereby, constructing an adaptive filtering system
based on the BPNN is possible. It can be applied to water pipeline leak localization system for
reducing noise, which lack a large number of prior conditions. In the base of this, improving
accuracy localization of the leakage signals further is feasible.

The parameter settings are as follows:

M, 1,J is the item count of the input layer, the hidden layer, and the output layer, respectively.

X, Ki, ¥; is the m-th input unit, the i-th hidden unit, and the j-th output unit, respectively.

m? N

VVmU
u,V is the iterative number of each layer.
f () is the sigmoid function.

g() is the transfer function of the output layer.

W, is the weight value between layers of network, respectively.

X, w,
X,
< )4
Xﬂ
Ki
Input layer Hidden layer Output layer

Fig. 2. Topology structure of a three-layer BPNN.

As Fig. 2 shows, vectors are applied to each layer of the network. The actual output and desired
output are

Y=Vl @)

d(n)=[d,,d,,...,d,] 5)
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The nth iteration error is given by
e(n)=d;(n)-Y;(n) (8

According to the energy definition, the error energy is
1 J
e(n)=52eMm
j=1

where e, (n) refers to the error of the j-th output unit. In the process of error back propagation, the

weights are adjusted along the gradient direction of the error, and the calculation of the gradient
obtained by the chain rule of the differential is

oe(n) _ ce(n) ce;(n) avj(n) ouj(n)

dw;(n)  dej(n) avi(n) dul(n) day(n) ©
The local gradient is defined to be
j__oe(n) __oe(n) de(n) ovi(n) _ )
o = e, (n) ad(m) aul(m oM @M) O

Because the transfer function of the output layer is linear, the derivative can be a constant, k, and
its learning rate is ». By substituting k and » into Equation (9), the correction of the neuron weight

is found to be:
Aw; (n)=kne; (n)v; (n) (10)

The time difference of arrival (TDOA) estimation method based on the generalized cross
correlation (GCC) is a key technology in the water pipeline leak localization. Its principle is to
weight the signal before the cross-correlation operation. Therefore, the TDOA estimation
performance of the correlation operation is improved, and the detection accuracy of the system is
improved through weighted processing.

According to Fig.1, the cross-correlation function of the two received signals can be expressed as

R, (7) = E[x (N—7)%, ()] =Ry (v —\%1+\%1) R, (7 —\%ls) R, (¢ +\%2) +R,, (7) (11)

S S

Where x (n) and x,(n) are received signals, T, represents the sampling period. A generalized
cross-correlation function is obtained by weighting and filtering R, , (), which can be expressed as

Ry, (0)=F G, W]=a"[HW)G,, (W)] (12)

Where H(w) = H,(0)H, () denotes generalized cross correlation weighting function, andG, , ()

denotes generalized power spectrum function, F represents Fourier transform.
Whenz =(d, -d,)/vT,, R, () obtains the maximum value. In addition, the two received signals have

the greatest correlation. According tor and Equation (1), the time difference of arrival (TDOA)
value can be represented as

dZ_dl
\"

D=

=7xT, (13)

3. Simulations of the adaptive system

The overall idea of the proposed leak location method is that the GCC time difference of arrival
(TDOA) estimation is accurate. However, a large amount of prior knowledge and statistical
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characteristics are needed to determine the use of window functions. This is not easy to implement
in an under-ground water leakage detection system. Because the environment of the underground
leakage pipeline is complex, and the amount of data acquired is small, the BPNN-based positioning
method combined with the GCC can overcome this defect and realize an adaptive pipeline leakage
location system.

The experimental object used for this system was a cast iron pipe. In this environment, sensors
with a sampling rate of 100 ksps were used. The waveform of the leak signals from the sensors on
both sides of pipeline are shown in Fig. 3 (a) and Fig. 3 (b).

The simulation environment is the same as in Fig. 3. The frequency spectrum of the leak signals
from the sensors on both sides of pipeline are shown in Fig. 4 (a) and Fig. 4 (b).
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Fig. 3. The waveform of the two sensors. (a) The original time domain signal of sensorl, (b) The
original time domain signal of sensor2.
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Fig. 4. The frequency spectrum of the two sensors. (a) The original frequency domain signal of
sensorl, (b) The original frequency domain signal of sensor2.

The simulation environment is the same as in Fig. 3. The analysis of the leakage signal took into
account that the inflow of gas into the insoluble gas in the pipe stream created bubbles that caused
random changes in the frequency spectrum as the bubble moved from the flow to the leakage point,
and the leakage was mainly concentrated in the low frequency band [10]. Therefore, the leakage
signal was filtered out of the out-of-band noise using a band-pass filter with a filter frequency of
500-5000 Hz, thereby improving the accuracy of the time difference of arrival (TDOA) estimation
[11]. The waveform result of the band-pass filter of the leakage signal is shown in Fig. 5 (a) and Fig.
5 (b).

The simulation environment is the same as in Fig. 3. The leakage signal was filtered out of the
out-of-band noise using a band-pass filter with a filter frequency of 500-5000 Hz. The frequency
spectrum result of the band-pass filter of the leakage signal is shown in Fig. 6 (a) and Fig. 6 (b).
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Fig. 5. The waveform of the sensors after band-pass filtering. (a) Time domain signal of sensorl
after band-pass filtered, (b) Time domain signal of sensor2 after band-pass filtered.
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Fig. 6. The frequency spectrum of the sensors after band-pass filtering. (a) Frequency domain signal
of sensorl after band-pass filtered, (b) Frequency domain signal of sensor2 after band-pass filtered.

After the band-pass filter was used to filter out-of-band noise, noise was also present in the main
frequency band where the leakage signal was concentrated. The in-band noise was filtered out using
a BPNN filter. The next step was the establishment of the BPNN to discriminate the leak signal
from non-leak acoustic sources adaptively. The process of the establishment of the neural network
model for time delay estimation was divided into two phases: the first phase was the learning
process, and the second phase was the work process [12].

(1) Sample data were selected to construct training samples.

(2) Sample data was pre-processed. Before neural network prediction, the raw data was
normalized so that its data specification was between [-1, 1].

(3) The signal sampling sequence with a high signal to noise ratio (SNR) was chosen as the
desired vector, and then the signal was measured in the actual situation, whose sampling sequence
was chosen as the input vector.

(4) The BPNN was realized using a three-layer model, whose number of input nodes, hidden
nodes, and output nodes were 1, 17, and 1, respectively. The transfer function of the hidden layer
and the output layer were the Tansig Function and the Purelin Function, respectively [13].

(5) Before training the network, the training parameters settings were set as follows:
net.trainParam.epochs=10000, net.trainParam.goal=0.05, bpnet.trainParam.Ir=0.01, and so on.

After training the network, the network was used to discriminate the leak signal from the non-
leak acoustic sources adaptively, and then the time delay was estimated with GCC. The graphs of
the training result and the GCC function are depicted in Fig 7 (a) and Fig 7 (b).
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Best Training Performance is 0.00099881 at epoch 1599
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Fig. 7. Network training performance and the graph of GCC with an SNR of 10dB. (a) Training
results of the neural network, (b) GCC function graph.

Table 1 shows the localization results of the two methods. It is clear that the localization
precision of the adaptive method was higher than that of traditional cross correlation. This was
because the network adaptively changed its weights and bias, thus decreasing the influence of
random noise caused by a complicated environment [14, 15] and improving the leak localization
accuracy by 5.03%.

Table.1 Leak Location Results of the Two Methods.

Real distance Traditional method Error Ar‘g:t%t(')\(lje Error
(d1+d2) d1(m) (%) d1(m) (%)
3+1 3.47 15.67 2.72 9.33
5+1 5.71 14.20 5.41 8.20
6+3 5.52 8.67 6.13 2.16
7+1 8.06 15.14 6.38 8.86
10+1 10.91 9.10 9.53 9.10
Average error 12.56 7.53

4. Conclusions

This paper examined and analyzed leakage signals in different environments and proposed a new
leak location method. First, the main frequency band of the leakage signal and the influence of
noise on the positioning accuracy were analyzed. It was found that the accuracy of the time delay
estimation was a key factor in positioning. On this basis, band-pass filters and BP neural networks
were used to filter the out-of-band and in-band noises of the leakage signals, respectively. Finally,
the generalized correlation method was used to estimate the time delay, and then the leakage
location was achieved.
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