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We always face water leakage problems in underground distribution water
networks (DWNS). Existing leak detectors suffer from false alarms due to
poor leak signal quality affected by external noise, often collected by
acoustic or vibratory sensors. This paper introduces a novel Discrete
Wavelet Transform Detector (DWTD) that leverages precise pressure
signals non-influenced by environmental noise. Using a prototype of a
100m PEHD pipeline and a diameter of 40mm, Data from two pressure
transmitters were collected using a dSSPACE MicroLabBox unit. The main
idea is to apply the Discrete Wavelet Transform (DWT) with a DONOHO
threshold law to cancel noises due to water turbulence fluctuations,
ensuring high-quality signals for accurate leak detection and localization.
As benchmarks to assess the quality of denoising signals three parameters
were calculated, Signal to Noise Ratio (SNR > 26.6763 dB), Normalized
Cross-Correlation (NCC=1), and Mean Square Error (0.20573 < MSE <
48.4761). The denoised temporal signals are obtained from the Inverse
Discrete Wavelet Transform (IDWT). A Cross-correlation is employed to
these signals to determine the leak’s location. The experimental validation
involves positioning the first and second transmitters at specific distances
on both sides of the leak position. This allows for comparison between the
actual leak position in advance known and calculated positions at various
points and leak sizes. With only a few exceptions where the maximum error
rate reached 5 meters from the actual leak position, the detector's
effectiveness was proven across tests involving four different leak sizes.

This is an open-access article under the CC-BY-SA license.

1. Introduction

Both biological and industrial processes depend on water, and society suffers when this critical
resource is lost. Leaks in water distribution networks (WDNSs) can result in large losses of water and
money. It is essential to locate and identify these leaks as soon as possible. Research conducted by the
International Water Association and the World Bank [1] found that leaks cause the annual loss of
about 45 million cubic meters of water. These losses have detrimental effects on the economy,
especially for developing nations.
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Even with the advancement of numerous leak detection techniques [2]-[12], issues like false
alarms brought on by poor signal quality and outside noise interference are common with current
systems. This emphasizes the requirement for a leak detection system that is more precise and
dependable.

Diverse methods have been suggested by numerous studies to find water leaks. For instance,
Jessica Bohorquez et al. [13] reported a method for detecting water leaks using convolutional neural
networks (CNN) on pressure transient data, finding genuine pipeline leaks with a margin of error of
0.59%. Similar to, Henrik Anfinsen et al. [14] found and located leaks in branching pipeline systems
and estimated the extent of the leak using parametric uncertainties and linear hyperbolic partial
differential equations.

Based on these computational methods, Mohamed Wagar et al. [15] created a time inversion
method to detect, classify, and calculate leak volumes. Simulations and experiments were used to
confirm the method's efficiency and accuracy. Additionally, the field was advanced by I.A. Tijani et
al. [16] through the development of machine learning-based leak detection algorithms. They used
denoised signals to achieve high accuracy and precision in their investigation, which encompassed
data collecting, signal processing, feature selection, and model creation.

Another common technique is the analysis of auditory data. To forecast leaks based on frequency
domain analysis, Wenming Wang et al. [3] employed an artificial neural network model to examine
the dynamic pressure distribution using sound data. Furthermore, Juma S. Tina et al. [17] created an
Internet of Things (10T) leak detection system that compares water flow measurements and finds leaks
by utilizing PVC pipes, acquisition boards, and flow meter sensors.

Leak detection still heavily relies on machine learning. Machine learning algorithms were used
by Tingchao Yu et al. [18] to identify leakage vibrations in actual pipeline networks while they were
in operation. Additionally, the use of hydrophones for continuous water distribution network
monitoring to find low-flow leaks was suggested by Konstantinos Sitaropoulos et al. [19].

To increase the precision of leak detection, sophisticated signal processing methods have been
investigated. Welsh Power Spectral Density (WPSD) and Short-Time Fourier Transform (STFT)
technigues were used by Miloud Bentoumi et al. [20] to discover and identify leaks in the laboratory,
and their accuracy and efficiency were compared. In a water pipeline system, Haddi Bakhti et al. [21]
employed a cross-correlation-based method to identify leak spots and denoise acoustic data using
Empirical Mode Decomposition (EMD).

Analysis of pressure signals is one of the other creative methods. Muhammad Hazig Hakim
Rosman et al. [22] developed a leak location and monitoring system by comparing pressure signals
acquired in a laboratory water network to pinpoint leak locations.

Faced with the challenge of low-pressure leaks, Francis Idachaba et al. [23] proposed installing
a pressure sensor in the center of the pipe, facilitating the detection of leaks otherwise undetecx by
sensors located at the ends of the pipe. To support algorithm development, Mohsen Aghashahi et al.
[24] published the first accessible database for recognizing and evaluating leaks.

Cross-correlation is one of the most used techniques for leak localization [25]-[37]. However,
the quality of leak signals is affected by ambient noise, which is why many existing detectors, which
frequently rely on vibration and acoustic sensors have false alarms [38]-[41].

Consequently, to prevent false alarms, researchers have suggested ways to filter leak signals [42]-
[57]. This has significantly improved the effectiveness and success of water leak detection and
localization approaches.

Many of these studies still encounter issues with signal quality and ambient noise, event thought
they have greatly advanced the field of detection and localization. We suggest a unique detector that
uses precise pressure signals that are unaffected by background noise, based on discrete wavelet
transform (DWTD), to overcome these problems. A 100 m long high-density polyethylene (HDPE)
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pipeline with pressure transmitters is part of our experimental setup. Using a professional dSPACE
MicroLabBox data gathering station makes data collection easier.

The main idea is to apply the discrete wavelet transform (DWT) with a threshold determined by
applying the DONOHO thresholding law. The latter is used to filter the noise of the signals acquired
due to fluctuations in water turbulence in the pipe, thus guaranteeing high-quality signals and allowing
precise detection and localization of leaks. Using cross-correlation gives the leak position with a
minimum of error.

This work makes significant contributions to the field of water leak detection. First, we
introduced an innovative leak detection system that improves signal quality through the use of DWTD.
the validation of the effectiveness of our detector is done thanks to experiments carried out on
previously known leaks with their positions, these tests have demonstrated its effectiveness with a
minimum of errors. The current study was compared with another existing work, where we concluded
the efficiency and accuracy of our proposed detector. These contributions offer a reliable solution to
maintain the integrity of water distribution networks and reduce water losses in WDNSs. This not only
reduces water loss but also mitigates associated economic impacts, providing a valuable tool for better
water management and conservation.

2. Method

The idea of our detector is inspired by work on denoising non-stationary vibration signals using
the fast Fourier transform (FFT) [25]. The authors applied a threshold based on Parseval’s theorem to
obtain efficient filtering [25]. Subsequently, they reconstructed the denoised signal using the inverse
fast Fourier transform (IFFT). Finally, they used cross-correlation to determine the delay between the
two reconstructed signals. These steps are illustrated in Fig. 1 [25].

( Start )

A 4

Vibration signals + Noise

Apply a Threshold in the Interval
(Lpower < Lgn < Lypper ) to Cancel Noise from signals
Ly ower : from equation based on cross-correlation
L : from the maximum peak of noise

upper

The time delay calculation given
by Cross-correlation function

A 4

Cross-correlation

G

Fig. 1. Frequency noise reduction technique used for leak detection [25]
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FFT analysis only gives frequency information, which means loss of temporal information, FFT
cannot provide spectrum changes over time and it cannot deal with non-stationary signals [58]-[62].

In this paper, we introduce a novel Discrete Wavelet Transform Detector (DWTD) that leverages
high-precision pressure transmitters (CT114-357) as illustrated in Fig. 2.
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Fig. 2. The proposed detector stages

These transmitters are strategically placed on either side of the leak location: one is fixed at a
predetermined distance from the leak, while the other is adjustable along the pipe up to 76m from the
leak. The latter is activated by pressing a push button that controls a solenoid valve. The transmitters
provide analog, linear data through a 4-20mA loop, representing the pressure information on the pipe
as a current. An adapter card is used to convert the current values of the two transmitters to voltages
that serve as inputs to the DSpace MicroLabBox acquisition card. The latter converts analog quantities
to digital quantities with a sampling frequency of 1 kHz using two software programs (ControlDesk,
and MATLAB Simulink).

A recording time of 20ms is more than enough for the acquisition of the singularity which can
return to our signal. The collected pressure data is saved in the form of files with extensions.txt, and.
mat. The data collected is employed offline for analysis and processing. On the latter, we will apply
the DWT. A DONOHO threshold is applied to filter the acquired signals to improve the quality of the
leakage signals. The quality of performance is evaluated by calculating the SNR, NCC, and MSE
metrics. A reconstruction of the signals will be produced by the IDWT. A threshold equal to 10% of
the smallest pressure value obtained experimentally, produced at the farthest distance will be applied
to the signals obtained to confirm the presence of the leak. Once the leak is reported, its location is
determined by using the correlation function. Fig. 3 illustrates the flowchart of our proposed DWTD
detector.

The data collection phase contains four main sections, the hydraulic circuit, pressure transmitters,
acquisition system, and the software. Fig. 4 shows the data collection process. we start by gathering
the pressure signals from the hydraulic circuit using two pressure transmitters, this information will
be received by the acquisition system which is connected to the computer to store, process, and
visualize it using software such as (ControlDesk and MATLAB).

The dataset comprises 135 pressure measurements organized into five folders. Each folder
encompasses pressure signals recorded under various conditions: absence of leaks and leaks with sizes
of 4mm, 6mm, 8mm, and 12mm, labeled as S N L, S L 4mm, S L 6mm, S L 8mm, and
S _L_12mm, respectively. This data is recorded in .csv and. mat formats by the acquisition system in
a duration of 20 seconds and under 1KHz frequency. Good measures mean good detection,
localization, and evaluation of the leak in the water distribution pipes, for this reason, we used accurate
and high-precession pressure transmitters, and we modified their position every time we wanted to
record pressure information and in each of the five cases mentioned. The dSPACE MicroLabBox was
additionally employed for real-time data processing, ensuring efficient operations.
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L : The distance between the two transmitters.

p: Fluid density (Water: 998.2Kg/m3)

k: The liquid's elastic modulus.

D: Inner pipe diameter.

E: Young's modulus (the elasticity modulus for pipe
material).

e: Pipe wall thickness.
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Fig. 3. Flowchart of the proposed DWTD detector

Fig. 4. Synoptic scheme of the data acquisition system
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2.1. Hydraulic Circuit

In the laboratory, to implement the hydraulic circuit we used a PHDE pipe with 100m length and
0.04m diameter, and a Tank with 150L volume. A water pump was employed to transfer water from
the tank to the pipeline. Additionally, various accessories were utilized to facilitate the assembly of
the water pipe network. The layout of the pipe network resembles a circular configuration, as
illustrated in Fig. 5.

Fig. 5. The complete hydraulic circuit

The pipe is from the K-PLAST TUBES industry in Sétif, Algeria. Where its characteristics are
stated in Table 1.

Table 1. Characteristics of the pipe

Characteristics and test methods PE 100
Dimensional characteristics Standard: NA 7700
Melt index at 190°C-5Kg(g/10min) NA 357 /ISO 1113 0,2-0,3 g/10 min
Density NA 7603/1SO 1183 956Kg/m3
Traction characteristics NA 7701/I1SO 6259 at 20°C o = 12 MPa
Hot shrink NA 7615 /ISO 2505 <3%
Hydraulic pressure resistance NA 7517/ 1SO 1167 a20°Co =12 MPa
Oxidation stability at 210°C NA 7705 1SO 10837 t>20 min
Dispersion of carbon black NA 7601/1SO 11420 La note <3
Carbon black content NA 7665 /1ISO 6964 <3%
Roughness coefficient K=0.020mm
Volatile matter content NA 7715/1SO 1269 <350 mg/kg

To provide the water for the pipeline, A 150-liter tank has been used. The water went back to the
tank after his circulation. Coupling, 90 Degree Elbow, Ball VValve Coupling, and PHDE Clamp Saddle,
are very important accessories to implement our water network prototype.

2.2. Electrical Part

The pump is the core element of our hydraulic system, it pumps the water into the WDN. The
Table 2 describes the electrical characteristics of the pump.
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Table 2. Electrical characteristics of the pump

Type PMC 3
Alimentation voltage 220v
Frequency of alimentation 50HZ
r.p.m 2850
PH~A 35
P2(KW) 0.6
.HP 0.8
P1(KW) 0.8
Q 100 I/min
.H 35

To achieve the objective of this article we need to collect the pressure signals of different leak
diameters 4mm, 6mm, 8mm, and 12mm, to do that we used a drill with four different types of drill-
bits to make holes in the pipe. The pressure transmitters catch up the signals of 20 second period under
a 1Khz frequency. During the recording, we create leaks with a solenoid valve approximately 10s
after the beginning of the recording process.

2.3. Pressure Transmitters

Fig. 6 illustrate the pressure transmitter used which is from Pratt & Whitney (CT114-357), and
has an operating range between 1 and 100 PSIG. The pressure signals require a conditioning circuit.
Due to this, these transmitters include an analog board inside of them that converts the reading's value
into a value between 4 and 20 mA. Also, it has an output total error of 0.2%. The current image of the
real values of pressure is modeled by Equation (1).

I(mA) = a X P(PSIG) + b(mA) @
Where a=0.16 and b=4mA.

The acquisition board can only read voltage signals; thus, a resistor is required to make it possible
to read the value of the current flowing from the pressure transmitters.

Fig. 6. The pressure transmitter

The acquisition board can only read voltage signals; thus, a resistor is required to make it possible
to read the value of the current flowing from the pressure transmitters.
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2.4. Acquisition System

Using two transmitters at different points along the pipe, we were able to gather pressure data
from our hydraulic network. We then read and stored the data using the dSPACE processing unit,
MATLAB, and ControlDesk software, after building a Simulink circuit to connect the transmitters
and the process unit, as seen in Fig. 7.

Fig. 7. Simulink circuit of the acquisition process

2.4.1. Acquisition MicroLabBox

To record large amounts of data in real-time, we employ the dSPACE MicroLabBox. The
DS1104 (Master PPC) board is a data acquisition board that has 8 digital-to-analog converters (DACs)
with an input voltage range of -10V to +10V, and 8 analog-to-digital converters (ADCs) with an output
voltage range of -10V to +10V. It also has several interfaces, including digital input/output,
incremental encoders, etc. The DS1104 also has a slave digital signal processor (DSP), the
TMS320F240 DSP.

In our case, the two transmitters' pressure signals are read by analog-to-digital converter ADC1.
which is a high-precision with a 16-bit resolution and a £10 V voltage range. It has an offset error of
+5 mV and a gain error of +0.25%, as well as a signal-to-noise ratio of >80 dB at 10 kHz. These
features make it a versatile converter for measuring, controlling, and monitoring analog signals.

2.5. Discrete Wavelet Transform (DWT)

The DWT is chosen to analyze and denoise the pressure signals for its ability to provide a time-
frequency representation of the signal, which is essential for non-stationary signals [63] such as
pressure signals in pipes. Unlike FFT, which only includes frequency information, DWT uses a
variable window to capture time and frequency information. In different fields, researchers used the
discrete wavelet transform (DWT) algorithm for signal noise reduction [62]-[67]. “Wavelet
transform” was first appeared in the early nineteenth century (1909) [63]. Unlike the Fourier
transforms, this approach lets us utilize a changeable window based on what we require. If precision
in low-frequency components is desired, a longer window is utilized; While for information in high-
frequency components, a shorter window is employed. It offers a signal analysis at many resolutions.
Fig. 8 illustrates multiple levels of the wavelet decomposition. Discrete wavelet transform (DWT) was
applied to our non-stationary pressure signals to denoise them. The transformation Equation (2) [67].
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N-1

DWTla,b] = ) x(n). g [n] 2)

n=0
a, b:The scale and translation coefficient, respectively.
x(n):The discrete signal.

W 4 p[n]:The discretized mother wavelet function.

Vaplnl = = w(n ; b) ©))

B

[ Pressure Signal ]
|

t
{ Approximationsl ]
I

Approximations2

[ Approximations N-1 ]
|

1] ¥
[ Approximations N ] [ Details N ] Details 1

Fig. 8. Multiple-level wavelet decomposition [63]

2.5.1. Denoising with DWT

The denoising process involves applying DWT to the pressure signals, followed by soft and hard
thresholding based on the DONOHO threshold to remove noise [64], [65]. The inverse DWT (IDWT)
is then used to reconstruct the denoised signals. Metrics such as Signal-to-Noise Ratio (SNR),
Normalized Cross-Correlation (NCC), and Mean Square Error (MSE) are calculated to evaluate the
performance of the denoising process.

Soft and Hard thresholding was given by Equation (4) and Equation (5)
Soft
0 ] |C| < Tthr
o= ’
* = lsign(0). 11 = Tow)s 1€ = Tonr @
Hard
0, IC| < Tenr
Ch = { 5
PTe, 10l 2 Teny ©)
C: The wavelet coefficients.

Donoho Thresholding

Tenr = 04/ 210g, (N) (6)

o: The standard deviation estimation from the median of the noisy signal.
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o= Median of wavelet coef ficients %
0.6745
N: The length of the noisy signal (humber of samples).
T:n: DONOHO coefficient threshold.

2.6. Cross-Correlation Improvement

In the event of a leak, waves propagate along the entirety of the pipe to its extremities. The
interaction of physical factors, including friction, the distances between the two ends of the water
transfer pipe, and the leak's location, introduces a time difference in the arrival of signals to the sensor.
This time difference can be deduced by calculating the correlation between the two signal values
measured simultaneously, considering the same frequency and number of samples.

In our investigation, we process pressure signals P;,[n] and P,,[n] (vectors), following the
procedural steps outlined in Fig. 9. To understand their correlation, we use the cross-correlation
calculation by (10). Before performing the cross-correlation calculation, a normalization of the two
vectors is typically applied using a specific Equation (8) [68]. This normalization step ensures that the
signals are on a comparable scale, providing a more accurate correlation measure.

RPlnPZn [k] = Z Py [n]PZn [TL + k] (8)

n=—oo

START

Pressure signals
¥

Calculation of the mean, standard deviation
of signals, And the auto-correlation of each
signal at n=0.

v
Normalization of signals
+
Cross-correlation

¥
Normalization of the

Cross-correlation
¥

Leak localization

Fig. 9. Normalized Cross-correlation flowchart

To achieve cross-correlation normalization, we compute both the mean and the Traditional
standard deviation of the signal. Usually calculating the mean and standard deviation enables us to
account for the baseline and variability of the signals, thereby enhancing the reliability of the cross-
correlation analysis [68].

_P[n]—u
yln] =——— 9)
_ Y=o Pln]
w=""= (10)

u :The mean of P[n].
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N-1 _ 2
N
o':Traditional Standard Deviation Equation.
Rpy s K]

pPlnPZn [k] = - 2 (12)

(Rewnbin[O1Rp 0, 0]
At = (N = 1= kpear)/ fs (13)

Pp,,,p,, [ K]:The cross-correlation between Py, [n] and P, [n].
Rp,. p,,[0], Rp, p, [0]: The autocorrelation of P;,[n] and P,,[n] at n=0.

At : The time difference between the two signals.
fs - The sampling frequency.

The following Equation (14) [69] is used to compute the velocity of the pressure wave

=1/ )
)

p: Fluid density (Water: 998.2Kg/m3
k: The liquid's elastic modulus.
D: Inner pipe diameter.
E: Young's modulus (the elasticity modulus for pipe material).
e: Pipe wall thickness.
In our case the calculated velocity v=229.785504 m/s.

After determining the At value and concurrently deducing the velocity v, it becomes possible to
ascertain the leakage position by employing the Equation (15).

X =L+vAt/2 (15)

L : The distance between the two transmitters.

X : The leak position.

3. Results and Discussion

This section investigates four leak-size scenarios simulated by our prototype to emulate real-
world conditions, providing an analysis of the ensuing data processing outcomes. Data collection
method: At the beginning, we drilled a 4mm orifice on the pipe on which we installed a closed collar
on a solenoid valve controlled by a push button simulating the leak by its opening so that we could
collect the data. Then gradually in the same places the size of the orifices changes and the data is taken
again. To enhance clarity in signal plotting, an amplification factor of 100 was applied. As shown in
Fig. 10, for the signal without a leak from transmitterl located 76m from the pump Fig. 10 (a), the
pressure image remains stable at approximately 1.22 wvolts throughout the recording period.
Conversely, in the case of a 4mm leak situated 2m from the leak position Fig. 10 (b). the pressure
image stays stable at around 1.53 volts until the solenoid valve, which simulates the leak, is activated.
About 10 seconds into the recording, a singularity is observed, causing the pressure to drop to 1.33
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volts. The curve then stabilizes again at 1.45 volts. When applying the wavelet to the signal data for
both without leak and leak scenarios at a chosen distance, it is evident that no significant events occur
for the signal without leak Fig. 10 (a) as shown in Fig. 10 (c). However, for the signal with a leak Fig.
10, the wavelet application Fig. 10 (d) reveals spots at t=10 seconds, indicating an increase in the
energy of the wavelet coefficients, particularly at t=10 seconds and scale=10, as highlighted by the
color palette.

Fig. 10. The time-frequency representation of pressure signals and their wavelet scalogram

3.1. Integral State Feedback Controller

In Fig.11, two pressure signals are displayed when the first transmitter is positioned 2 meters
(before the leak) and the second (after the leak) 70 meters away. The difference between the two signal
amplitudes is significant, where the first amplitude is about 1,55 volts, and the second amplitude is
approximately 1,28 volts. It is clear that the two signals at points (9303,154.942) and (9669,128.636),
respectively, are declining. They then gradually increase after that and then stabilize at values less
than before the creation of the leak. The temporal delay between the two signals is because the
positions of the two transmitters are different.

3.2. Leak Size of 6mm (Noisy Signal)

In this case, transmitter one is 2 meters and transmitter two is 28 meters away from the leak
position. For the first transmitter and the second transmitter, the amplitudes were respectively 1,54454
volts and 1,4423 volts before the leak occurrence. The two signals dipped after the leak was made at
positions (9654,154.454) and (9794,144.23) as shown in Fig. 12, then rose once more before
stabilizing.
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Fig. 11. Hllustration of two pressure signals when a leak occurred (the first 2m and the second 70m away
from the leak position)
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Fig. 12. lllustration of two pressure signals when a leak occurred (the first 2m and the second 28m away
from the leak position)

3.3. Leak Size of 8mm (Noisy Signal)

In this scenario, transmitter one is positioned 2 meters away from the leak, while transmitter two
is positioned 28 meters away. With a slight shifting and amplitude difference, both signals behaved
almost identically before and after the pipe puncture as shown in Fig. 13.

3.4. Leak Size of 12mm (Noisy signal) (Noisy Signal)

In the last case where the leak with diameter of 12mm, the position of the two pressure
transmitters is changed where the first one is placed at 13.5 meters and the second 76 meters away
from the leak location. The signals are shown in Fig. 14.
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Fig. 13. lllustration of two pressure signals when a leak occurred (the first 13.5m and the second 76m away
from the leak position)

Fig. 14. lllustration of two pressure signals when a leak occurred (the first 2m and the second 28m away
from the leak position)

3.5. Denoised Signals

After filtering our leakage signals, obtained in the laboratory using the DWT approach, we
plotted the pressure signals at specific transmitter locations. This was done to illustrate the differences
and results observed during the data collection process for leaks. Two mother wavelets (Daubechies4,
Haar) at different levels were applied with the ‘Soft’, and ‘Hard’ thresholding in addition to the
‘DONOHO?’ threshold. The following examples are given at level 4.

3.5.1. With “Daubechies4” Mother Wavelet (Db4)

Fig. 15, Fig. 16, Fig. 17, Fig. 18, Fig. 19, Fig. 20, Fig. 21, Fig. 22 illustrate the pressure signals
in four cases of leakage size (4mm, 6mm, 8mm, and 12mm), where one of the cases was randomly
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selected in which the first transmitter is located 2m and the second 28m before and after the real leak
location. The leak is 14.5m from the entrance to the pipe network. It can be observed that the signals
after filtering became smooth and no longer exhibited vibrations caused by external noise. It can be
seen that as the size of the leak increases, the singularity of the signal representing the pressure
decreases and varies for the wavelets Db4, Haar, and a level4 between 1.42V and 1.24V for the orifices
4 mm to 12 mm.

a. Soft Thresholding
Transsmiter 1

Fig. 15. The illustration of the denoised pressure signal captured by transmiterl where it located 2m away
from the leak in four cases: (a) At leak with size 4mm, (b) At leak with size 6mm, (c) At leak with size
8mm, (d) At leak with size 12mm. Transsmiter2

Transsmiter 2

Fig. 16. The illustration of the denoised pressure signal captured by transmiter2 which is located 28m away
from the leak in four cases: (a) At leak with size 4mm, (b) At leak with size 6mm, (c) At leak with size
8mm, (d) At leak with size 12mm
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b. Hard Thresholding
Transsmiter 1

Fig. 17. The illustration of the denoised pressure signal captured by transmiterl which is located 2m away
from the leak in four cases: (a) At leak with size 4mm, (b) At leak with size 6mm, (c) At leak with size
8mm, (d) At leak with size 12mm

Transsmiter 2

Fig. 18. The illustration of the denoised pressure signal captured by transmiterl which is located 2m away
from the leak in four cases: (a) At leak with size 4mm, (b) At leak with size 6mm, (c) At leak with size
8mm, (d) At leak with size 12mm

3.5.2. With “Haar” Mother Wavelet

a. Soft Thresholding
Transsmiter 1
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Fig. 19. The illustration of the denoised pressure signal captured by transmiterl where it located 2m away
from the leak in four cases: (a) At leak with size 4mm, (b) At leak with size 6mm, (c) At leak with size
8mm, (d) At leak with size 12mm

Transsmiter 2

Fig. 20. The illustration of the denoised pressure signal captured by transmiter2 where it located 28m away
from the leak in four cases: (a) At leak with size 4mm, (b) At leak with size 6mm, (c) At leak with size
8mm, (d) At leak with size 12mm

b. Hard Thresholding
Transsmiter 1
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Fig. 21. The illustration of the denoised pressure signal captured by transmiterl where it located 2m away
from the leak in four cases: (a) At leak with size 4mm, (b) At leak with size 6mm, (c) At leak with size
8mm, (d) At leak with size 12mm

Transsmiter 2

Fig. 22. The illustration of the denoised pressure signal captured by transmiter2 where it located 28m away
from the leak in four cases: (a) At leak with size 4mm, (b) At leak with size 6mm, (c) At a leak with size
8mm, (d) At leak with size 12mm

As evaluation metrics for our filtered signals, the Mean Squared Error (MSE), Normalized Cross-
Correlation (NCC), and Signal-to-Noise Ratio (SNR) computed values are shown in Table 3. These
characteristics shed light on how closely the filtered signals resemble the original data in terms of
quality, fidelity, and similarity. A lower MSE denotes less error between the filtered and original
signals, and a higher SNR denotes a stronger signal-to-noise ratio. To evaluate the efficacy of the
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filtering procedure, the NCC further computes the degree of similarity between the filtered signals
and the relevant references.

Table 3. Metrics of evaluation

Soft Hard Soft Hard Soft Hard

threshold  threshold  threshold threshold threshold  threshold
Mother

Level SNR NCC MSE

wavelet PT PT PT PT PT PT PT PT PT PT PT PT

1 2 1 2 1 2 1 2 1 2 1 2

266 311 502 488 49 93 (99 098 484 152 021 025

Leveld 763 535 488 281
dB 4B dB dB 338 435 338 435 761 076 295 978

296 340 502 4838

Db4 Level5 672 899 099 185
dB dB dB dB

424 451 48.1 48.2

Level10 097 296 564 039

dB dB dB dB

266 31.1 503 490

Level4 769 568 985 283

dB dB dB dB

296 340 502 4838

Haar Level5 673 921 166 862
dB dB dB dB

424 447 483 478

Levell0 495 279 158 657
dB dB dB dB

099 098 099 098 243 7.73 021 0.26
332 432 332 432 464 44 486 036

098 097 098 098 129 0.60 034 0.29
311 756 926 191 47 877 476 993

099 098 099 098 484 151 020 0.24
36 506 36 506 694 961 573 807

099 098 099 098 243 773 021 025
333 456 333 456 458 04 454 633

098 097 098 098 128 066 033 0.32
388 433 965 043 29 776 233 422

The analysis of Table 3 reveals a positive outcome in assessing the filtered pressure signals
through the metrics SNR, NCC, and MSE. These metrics serve as crucial indicators for evaluating the
efficacy of the filtration process of the signals gathered by the pressure transmitters 1 and 2 (PT1, PT2
respectively). The results indicate a notable enhancement in signal quality and a big similarity and
match with the original pressure signal, substantiated by higher SNR values (SNR > 26.6763 dB), and
minimized MSE (NCC=~1) values, alongside NCC (0.20573 < MSE < 48.4761) values approaching
unity. Particularly noteworthy is the superior performance observed when employing a hard threshold
in conjunction with a DONOHO threshold, surpassing outcomes associated with a soft threshold. This
comparison underscores the significance of methodological nuances in optimizing signal filtration.

To investigate and validate the efficiency of the new proposed detector, we fill the Table 4. By a
comparison of the results obtained, we can note that in general there is a great convergence between
the position of the real transmitter and the calculated position, where the most estimated error was
about 5 meters, and this is related to a set of factors, including the real positioning of the two
transmitters. Additionally, after the creation of the leak, water erupts from the pipeline creating a
turbulent jet that may indicate that the water was not at its steady state when the measurements were
taken.

Table 4 presents our analysis of pressure measurements taken at various transmitter positions to
calculate the change in time (AT) using Equations (10) and (11). This analysis forms the basis for
determining the distance between the leak location and each transmitter, enabling leak localization
based on collected pressure signals. For leak sizes of 4mm, 6mm, and 8mm, we positioned the first
transmitter 2 meters from the actual leak, while varying the position of the second transmitter to
observe different outcomes. In the case of a 12mm leak, the first sensor was placed 1.5 meters from
the leak. These variations were introduced to validate the effectiveness of our proposed detector. A
comparison between the actual transmitter positions and the calculated positions revealed mostly
consistent results, with occasional discrepancies of up to 5 meters. This variance may be attributed to
transmitter placement affecting signal quality, particularly if obstructed by structural elements or
resulting in susceptibility to external noise interference.
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Table 4. Experiments validation of results

Real Cross-correlation Position
Leak size position value calculation
Transmitterl Transmitter2 Transmitterl Transmitter2

2m 3m 0.002s 2.2702m 2.7298m

2m 12m 0.092s 3.5701m 17.5701m

2m 28m 0.164s -3.8424m 33.8424m

4 MM 2m 38m 0.12s 6.2129m 33.7871m
2m 60m 0.216s 6.1832m 55.8168m

2m 70m 0.304s 1.0726m 70.9274m

2m 76m 0.336s 0.3960m 77.6040m

2m 3m 0.002s 2.2702m 2.7298m

2m 12m 0.044s 1.9447m 12.0553m

2m 21m 0.094s 0.7001m 22.2999m

6MM 2m 28m 0.082s 5.5788m 24.4212m
2m 38m 0.16s 1.6172m 38.3828m

2m 60m 0.256s 1.5875m 60.4125m

2m 70m 0.306s 0.8428m 71.1572m

2m 76m 0.324s 1.7747m 76.2253m

2m 3m 0.002s 2.2702m 2.7298m

2m 12m 0.046s 1.7149m 12.2851m

2m 21m 0.08s 2.3086m 20.6914m

SMM 2m 28m 0.118s 1.4427m 28.5573m
2m 38m 0.15s 2.7661m 37.2339m

2m 60m 0.282s -1.3998m 63.3998m

2m 70m 0.326s -1.4550m 73.4550m

2m 76m 0.328s 1.3152m 76.6848m

1.5m 9m 0.044s 0.1947 10.3053

1.5m 14m 0.084s -1.9010 17.4010

1.5m 18m 0.054s 3.5458 15.9542

1.5m 20.5m 0.058s 4.3362 17.6638

1.5m 25m 0.064s 5.8969 20.6031

1.5m 28.5m 0.092s 4.4299 25.5701

1.5m 32m 0.114s 3.6522 29.8478

1.5m 35m 0.136s 2.6246 33.8754

12MM 1.5m 38m 0.132s 4.5842 34,9158
1.5m 45.5m 0.148s 6.4959 40.5041

1.5m 66m 0.234s 6.8651 60.6349

1.5m 71.5m 0.334s -1.8742 74.8742

1.5m 76m 0.32s 1.9843 75.5157

4.5m 76m 0.276s 8.5396 71.9604

8m 76m 0.262s 11.8981 72.1019

11m 76m 0.254s 14.3172 72.6828

13.5m 76m 0.228s 18.5545 70.9455

Based on the content of Table 5, our comparative analysis reveals significant insights into the
methodologies employed for leak detection and localization within water distribution networks. Our
approach, utilizing the Discrete Wavelet Transform (DWT) and DONOHO threshold on pressure
signals directly collected from transmitters, focuses on minimizing the impact of water fluctuations
noise. This method ensures enhanced signal quality through precise noise reduction techniques,
thereby improving the accuracy of leak detection and localization. In contrast, the existing study
adopts Fast Fourier Transform (FFT) and Parseval thresholding on vibration signals, which are
susceptible to external noise. Despite both studies employing cross-correlation for time delay
calculation to pinpoint leak positions, our emphasis on DWT highlights its effectiveness in mitigating
turbulent water fluctuations' noise, contributing to more robust leak detection systems. The
comparative study underscores the importance of applied signal processing techniques in advancing
the reliability and accuracy of leak detection technologies under varying environmental conditions.
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Table 5. Comparison with existing work.
Signal
Sensor . . Leak Leak
Processing Threshold Noise source ) .
Type : detection  Localization
Technique
DONOHO for
filtering.
0,
Proposed Pressure DWT. 10% of the Water turbulence
DWTD . value of . Yes Yes
Transmitters. IDWT. fluctuations.
Detector pressure at the
far distance for
leak detection.
LLower < LTh <
Lupper Simulation of
LLower: From ;
equation based environmental
Vibration FFT. noise, they
[24] Sensors. IFFT. on Cross- consider the ves ves
correlation. . .
machinery noises
LUpper: FrOm . . .
. as periodic signals.
the maximum

peak of noise.

4. Conclusion

Leak detection in underground distribution water networks (DWNSs) remains a significant
challenge, often compounded by external noise that degrades the quality of leak signals captured by
acoustic or vibratory sensors. This study presents a novel Discrete Wavelet Transform Detector
(DWTD) that utilizes precise pressure signals unaffected by environmental noise, thereby improving
the accuracy of leak detection and localization.

The proposed detector was applied to a 100m prototype PEHD pipeline with a 40mm diameter,
collecting data from two pressure transmitters via a dSPACE MicroLabBox unit. The core
methodology involved applying the Discrete Wavelet Transform (DWT) with a DONOHO threshold
law to filter out noise from water turbulence fluctuations, ensuring high-quality signals. The denoising
process's effectiveness was evaluated using three parameters: Signal to Noise Ratio (SNR > 26.6763
dB), Normalized Cross-Correlation (NCC = 1), and Mean Square Error (0.20573 < MSE <48.4761).
The denoised signals were then reconstructed using the Inverse Discrete Wavelet Transform (IDWT),
and cross-correlation was used to pinpoint the leak's location.

Transmitters were placed at predetermined positions on either side of a known leak point to carry
out an experimental validation. The DWTD showed promising results, with measurement errors
ranging from 0.2702m to 5m, and successfully detected. These findings highlight the DWTD's
potential effectiveness in practical applications, although further validation under diverse
environmental and operational conditions is necessary.

Despite the DWTD's potential, several limitations need addressing. The current study was
compared with another existing work, where we concluded the efficiency and accuracy of our
proposed detector. However, the experimental conditions may not fully replicate real-world scenarios,
and the scalability of the prototype to larger, more complex water networks remains uncertain. This
study did not discuss practical considerations such as maintenance and integration with existing
infrastructure. The leak position errors cotableuld be generated from the transmitter's precision, the
specific configuration of the experimental setup, and the flow velocity that is calculated theoretically
based on a mathematical equation.

The development of precise and reliable leak detection technologies, such as the DWTD, can
greatly enhance water conservation efforts by reducing water loss and preserving vital resources. The
DWTD has the potential for extensive adoption, thereby, supporting sustainability goals and
combating global water scarcity. Future works should focus on the application of this detector in real-
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world pipe networks to establish its general usability. It is essential to test and examine its performance
in different water conditions to ensure its robustness and reliability. Furthermore, a detailed
comparative analysis with existing leak detection methods will be crucial to demonstrate the DWTD's
relative advantages and disadvantages in terms of accuracy, ease of implementation, and operational
complexity.
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