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ABSTRACT

Although the provision of clean water, sanitation, and hygiene is considered a basic human right, the presence of underground water pipe leaks presents substantial
obstacles to ensuring access to clean water. This review paper aims to consolidate the methods used for detecting leaks in underground drinking water pipes and
recommend the best leak detection strategy. The study explores sensor-less and sensor-based methods, including on-pipe and in-pipe sensors, as well as the use of
artificial intelligence systems. Key findings indicate that sensor-based approaches, such as thermography infrared cameras, ground penetrating radar, and time-
domain reflectometry, show promise in accurately detecting and locating leaks. Additionally, the integration of different sensor types and artificial intelligence
algorithms can enhance leak detection accuracy. However, further advancements are needed to achieve real-time leak detection, localization, and control, ensuring
timely attention to leaks and ensuring access to clean water for consumers. The review emphasizes the importance of addressing water losses and implementing
effective maintenance strategies in water distribution networks.
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1. Introduction

Nearly half of the people in the world did not access securely managed sanitation in 2020, and one in four individuals could not get safe water to drink.
(World Health, 2020). According to William hope in 1892, all supplies of water have some unnecessary waste. Very few supplies exist whereby the
saving of a significant portion of the waste does not result in economical advantage towards the water body. Water leaks are a global issue. Water
businesses and customers around the world continue to be burdened by significant water loss levels within a distribution system. Water losses range from
extremely low to unacceptably high (TAha, Sarojah, Fadhl, Mansour, & Maria, 2019). Leakages in well-maintained distribution systems, for instance,
can be as low as 7% in the Netherlands while reaching up to 70% in underdeveloped nations (Beuken, Lavooij, A, & Schaap P, 2006). Since 2000, Canada
has experienced close to 700 breaks in the water distribution mains and so as the United States every day, translating to above 6 billion Canadian dollars,
(Fares & Zayed,2008). There is a severe water deficit that is getting worse every year in some of the developed countries (ALKadi, ALTuwaijri, &
Abdullah, 2013). Because it results in severe fluid shortages, leakage generally attracts attention on a global scale (Puust, Kapelan, Savic, & Koppel,
2010). Water losses must be controlled, including by calculating actual losses and establishing reasonable loss levels and maintenance for the areas
served, (Klosok-Bzan, Boguniewicz-Zablocka, Suda, EwelinaL.ukasiewicz, & Andres, 2021).

Public water systems with leaking pipelines fundamentally undermine the efficiency of water resources and increase pumping energy, (Avila, Francisco,
Amparo, & Pérez-Sanchez, 2021). Estimated water loss from a small hole in a pipe of 6mm in diameter at 85.2psi of pressure is equal to 1800cubic
metres per hour, or 1300 m3 cubic metres per month. Even though one of the goals of millennium development is to improve the poorest people's access
to municipal services. Cities by their very nature spatially concentrate hundreds or millions of people's water needs into a small region, which by itself
would put more strain on the limited freshwater resources close to the city center. (Howard & Bartram, 2003). (Bhagwan, 2009) Water main structural
deterioration and failure are caused by a number of circumstances. (Rezaei H, 2015), claims that environmental factors, loading circumstances, material
attributes, and pipe characteristics all play a role in water pipe failures. Additionally, water distribution network extensions were carried out without
enough consultation, which led to major pressure problems, system head losses, low quality water supply installation workmanship, and unanticipated
future demand. Real losses are caused by burst leaks from damaged pipes as well as background leaks, which are tiny breaches at storage tanks, pipe
couplings, and fittings. Despite there being techniques of detecting leaks for a while, currently high tech methods have been developed. (Puust, Kapelan,
Savic, & Koppel, 2010).
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Fig 1: Graph showing historical technological advancements in underground pipe leak detecting techniques, (Ali & Choi, 2019).

Leak detection methods in the literature show that leaks can be detected through conventional methods and visual inspection methods, with sensors
outside the pipes, with sensors inside the pipes and with a combination of sensors in pipes and outside the pipes. Fig 2 shows the number of papers
reviewed and the period around which they were published.
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Fig 2: Graphical representation ot papers used In the review

2. Methodological details

In the reviewed studies, various methodologies were employed to detect underground drinking water pipe leaks. To provide a more comprehensive
understanding of the methodologies used, this paper aims to describe the experimental setups, data collection processes, and evaluation criteria employed
by the researchers. Experimental setups varied among the studies, with some employing acoustic-based techniques, others utilizing ground-penetrating
radar, and a few exploring the feasibility of infrared thermography. These setups involved the deployment of specialized equipment and sensors along
the pipeline routes, allowing for the detection of leak-related signals or anomalies. Additional details such as sensor placement, calibration procedures,
and signal processing techniques were also considered in the experimental design.

Regarding data collection processes, researchers typically recorded measurements at regular intervals or continuously monitored the pipeline network.
These measurements encompassed parameters such as pressure, flow rate, temperature, and acoustic or electromagnetic signals. The collected data were
then subjected to rigorous analysis, which involved various statistical and signal processing algorithms, to identify leak patterns and distinguish them
from background noise or false positives. Evaluation criteria played a crucial role in assessing the effectiveness of the leak detection methods. Metrics
such as detection accuracy, false positive rates, sensitivity, and specificity were commonly utilized to evaluate the performance of the methodologies.
Additionally, some studies incorporated cost-effectiveness analysis and compared different techniques in terms of implementation costs, time required
for detection, and ease of deployment. By presenting these methodological details, this paper aims to enhance the understanding of the approaches
employed in detecting underground drinking water pipe leaks. The provided insights into experimental setups, data collection processes, and evaluation
criteria will contribute to a more comprehensive evaluation and comparison of the reviewed studies, ultimately informing recommendations for effective
leak detection methods."
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3. Conventional pipeline Leak detection

Of all water losses experienced worldwide, leakage comes up on top of the list of reasons for water loss. Research has been carried out to curb water
losses in underground pipelines without using sensors. Leak repair and pressure management have been discovered to be the main ways of reducing
loses due to distribution although not fully utilised, (Amanda, Joakim, Ellen, Katrina, & Frank, 2022). Of the authors reviewed who detected leaks in
pipelines conventionally, (Fahmy & Moselhi, 2009) developed a system that used thermography infrared camera (IR) to detect and locate leakages in
underground pipes in 3 locations in greater Montreal area. Their work compared the ease with which thermography IR camera can detect and locate
leaks in different environmental conditions. The thermography IR camera accuracy was found to be affected by camera settings, environmental conditions
and the vehicle which carried the camera. Their research provided a way of investigating pipe condition in large areas effectively in a small time and can
be used any time of the day. The researchers assumed that any point on the pipe has a potential of leaking. On contrary, (Wu, Sage, & Turtle, 2010),
suggested that leakage hotspots exist at certain points which they identified and called nodes. Pressure dependent leakage detection method that optimized
the leakage node locations using genetic algorithm were formulated. The model was tried on a trivial system and on an actual real water system in United
Kingdom which was known for having a high volume of leakage records and served an area of more than 15km2 and about 3000 properties. The pressure
dependent method was found to be effective for hydraulic conditions occurring very early in the morning high pressure is experienced in the morning
because even though other daytime demands were lower. Lai, Chang, Sham, & Pang, (2016) used ground penetrating radar (GPR) perturbation patterns
for leak detection in underground pipes which, unlike thermography infrared camera developed by (Wu, Sage, & Turtle, 2010). GPR was not dependent
on the environmental conditions or time of day. These patterns of perturbation signal strength identified significant leaking points and the centrifugal
wetting front vortex propagation based on the leaking points at injection times that were different. The GPR perturbation achieved leak detection and
location by enabling a signature or fingerprint leaking water on metal and/or plastic pipes and propagation of the soaking front toward the desert sand.
However, (Nguyen, Gong, Lambert, Zecchin, & Simpson, 2018) used signal excitation of pseudo random binary sequence (PRBS) together with time-
domain IRF (impulse response function) to detect and localize leaks in pressurized water pipeline. A PRBS signal was found to have advantageous
correlation properties over a step wave wave produced by a sole fast valve closure operation. The autocorrelation for other lags besides zero was minimal
but slightly higher cross correlation with noise signals as well as other interferences, which led to a notable increase in the IRF signal to noise ratio (SNR),
making precise for locating leaks. Both studies by Nguyen, Gong, Lambert, Zecchin, & Simpson, (2018) detected leaks in pressurised pipes, and their
research was not dependent on the time of the day to be effective on leak detection.

Generally, thermography infrared cameras have shown promise in detecting and locating leaks, although their accuracy can be influenced by various
factors. Pressure-dependent methods and ground penetrating radar (GPR) have also been effective in detecting leaks, with GPR offering advantages of
independence from environmental conditions and time of day. Additionally, signal excitation techniques, such as the use of pseudo random binary
sequences, have demonstrated improved leak detection and localization in pressurized pipelines. These non-sensor-based approaches provide valuable
insights into leak detection and can be applied effectively regardless of the time of day.

4. Leak detection using sensors

Besides detecting leaks through sensor-less methods, leaks can also be detected with sensors outside or inside the pipes, or with a combination of sensors
in and outside the pipes.

4.1 Leak detection using sensors on pipes

(Martini, Troncossi, & Rivola, 2017) developed an automatic leak detection system which used vibration measurements using a method that calculates
the simple standard deviation from the raw signals coming from vibration sensors. Their research however was mainly centred on buried small diameter
plastic pipes. Through trials, it was demonstrated that the algorithm they devised could deal with a variety of problems that could impair data, such as
brief environmental perturbations or saturation effects. (Lakshmi & Gomathi, 2015) developed an alternative method of leak detection using various
types of sensors linked through ZigBee technology. ZigBee technology allowed for wireless transmission of data over a 75-meter range to a distant base
station. There was no need for calibration of sensors since the method was centred on change in pipe relative pressure, which suggests that sensors can
be placed far apart. The proposed system, however, could not be implemented because of the need to utilize quick advancements in technology,
instrumentation, interpretation, and communication. The pressure change in the profile of the pipe made it unnecessary to have the sensors calibrated.
(Cataldo, et al., 2016) nonetheless, completed a real-world application of their time-domain reflectometry (TDR) centered leak detection method. In
contrast to leak detection systems proposed by (Wu, Sage, & Turtle, 2010) and (Nguyen, Gong, Lambert, Zecchin, & Simpson, 2018), which only worked
on pressurized pipes, the system was implemented in underground pipes and could function on different pipe material and also on pipes including low
pressure pipes. The suggested TDR system is a potential option for leak detection in sewer systems and other low pressure systems since it can identify
leaks on non-pressurized pipes. The TDR system circumvented many of the obstacles that often hinder the effectiveness of conventional leak detection
systems, such as noise, pressure, and environmental factors, because it was based on electromagnetic (EM) waves rather than acoustic waves.

(Golsham, Ghavamian, & Abdulshaheed, 2016) conducted research on the use of lamb waves for detection and pinpointing leakage in water pipes. With
active sensing technologies like Lead Zirconate Titanate (PZT) for synchronized actuation and guided wave sensing, their research identified defects over
a wide area. To stop water leaks, Kumar and Jagadeep (2022) created a smart water pipeline monitoring system. In their system, a turbidity sensor and a
water flow sensor were both employed in the pipeline to monitor water contamination. (Muhammad, Mohammad, Akil, Hasibul, & Samin, 2019), also
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used water flow sensor albeit their system using an Arduino UNO microcontroller. (Martini, Troncossi, & Rivola, 2017). On the other hand, a test bed
was used to conduct an experimental campaign to examine the sensitivity of Acoustic Emission (AE) in monitoring leaking pipe. Pipe breaks were
induced to a pipe made of polyethylene pipe at specified points in relation to acoustic emission transducer. They came to the conclusion that the soil
surrounding the sensor and the pipe material significantly attenuated the AE signal, making it very hard to identify leaks even relatively close to the
sensor. Nonetheless, experiments were done to establish how sensitive the Acoustic Emission (AE) monitoring were to water leaks. Damages were
intentionally caused to a polyethylene pipe at various distances from the AE transducer. They came to the conclusion that the AE signal was significantly
attenuated by the surrounding medium of earth and pipe material, making it difficult to identify leaks even when they were very close to the sensor. The
effectiveness of the suggested strategy in terms of root mean square deviation (RM SD) and peak-to-average ratio (PAR) was demonstrated through field
measurements carried out with a real-world leak detection system. The approach proposed by (Choi, Shin, Song, Han, & Park, 2017) may help to create
a management system that is automated to gather data on leaks, alerts about the possibility of leaks, and provides information on leak localization.
(Sadeghioon, Metje, Chapman, & Anthony, 2018) built a system that could use temperature data, distributed relative pressure monitoring, and anomaly
detection algorithms to identify water pipeline breakdown. Water pipeline breakdown was discovered using relative pressure sensors that were fixed in
combination with temperature readings of wall of the pipe and the soil.

Various non-sensor-based methods have been explored for leak detection in underground pipelines. These methods include vibration measurements,
ZigBee technology for wireless transmission, time-domain reflectometry (TDR), lamb waves, and acoustic emission (AE) monitoring. Each method has
shown potential in detecting leaks, but challenges such as environmental perturbations, calibration requirements, and attenuation of signals by surrounding
soil and pipe material need to be addressed. Further advancements in instrumentation, technology, and data interpretation are necessary to develop
effective and reliable automated leak detection and localization systems.

4.2 Leak detection using sensors in pipes

Although acoustic sensors have limits in terms of cost, sensitivity, reliability, and scalability, leaks in water pipes are known to produce acoustic secretions
that can be detected by on-pipe sensors to locate and diagnose leaks. (Chatzigeorgio, YoucefToumi, Khalif, & Mansour, 2011) developed an in-pipe
traveling leak detection system to get around these restrictions. The traveling sensor was seen to give distinct signals depending on whether water spilled
into the soil, the air, or the water since it could make a louder sound in the soil and the water than in the air. To detect a leak acoustic signal, Wenming et
al., (2021) developed a system for an in-pipe detector. The findings of their design showed that the intensity of the signal increases in the event of a
leakage, as pressure in the pipe increases while the velocity of the flow had very little effect if any on the signal strength. An ANN model for prediction
of leaks was created to increase the recognition exactness, and 18 cases were chosen through extra testing to evaluate the model's accuracy. Another study
(Tianshu, Zhoumo, Xinjing, Jian, & Hao, 2021) developed a method for identifying pipeline leaks in spherical detectors based on fusing variational mode
decomposition with support vector machines. Their study also involved efficiently training neural networks to detect leaks, with detection accuracy
reaching up to 93% and a satisfying specificity of 89.6%. 3.3 Leak detection using both in and on pipe sensors.

(Sun, etal., 2011) contended that their magnetic-based induction wireless sensors, which they used to detect subsurface leaks, were unaffected by extreme
climatic conditions. By combining the information from various sensor types that were placed in and around the underground pipes, their system
discovered and pinpointed leakages. A wireless subterranean sensor network powered by magnetic induction was used to communicate the readings made
by the exterior on pipe sensors. Additionally, the researchers employed pressure and acoustic sensors, which they placed in the pipes at checkpoints and
pumping stations. Phase one of leak detection through the use of transient-based technique in the MISE-PIPE framework of operation, depended on the
quantity and positions of sensors for pressure in the pipes, hence this method required sensors to be put close to one another.

The use of both in-pipe and on-pipe sensors shows promise in detecting and localizing leaks in water pipelines. Magnetic-based induction wireless
sensors, in combination with pressure and acoustic sensors, have demonstrated effectiveness in detecting subsurface leaks regardless of extreme climatic
conditions. Additionally, the fusion of variational mode decomposition with support vector machines and the application of artificial neural networks
have shown potential in improving leak detection accuracy. Further research is needed to optimize sensor placement and enhance the scalability,
reliability, and cost-effectiveness of these leak detection systems.

5. Artificial intelligent (Al) systems for leak detection

Artificial intelligence systems are now widely researched on for leak detection and localization of various industries including underground water pipes.
Artificial intelligent algorithms can analyse large amount of data from sensors to enable leak detection. Some of the Al method used for leak detection
are:

5.1 Artificial Neural Networks

Artificial intelligence (Al) can be defined as the study, creation, and design of intelligent agents. John McCarthy, who first used the phrase in 1956,
describes Al as the engineering and science of creating intelligent machines. Artificial neural networks (ANN) are among the most significant methods
for leak identification and location. Mounce & Machell, (2006) used data from water infrastructure to build a burst detection system by incorporating
artificial neural networks. To categorize time series patterns from the perspective of locating leaks, two neural architectures time delay and static were
used in their creation. Static ANNSs had leaks and bursts that could be learned and so was time delay, even though the time delay network outperformed
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the static network. Ignacio, Luis, Rueben, and Adriana, (2009) proposed a method based on ANN for diagnosis and detection of leaks by identifying the
pattern of flow using only the intake and output flow. For the purposes of developing, evaluating, and validating a system based on ANN, a nonlinear
mathematical pipeline model was used. Li, et al., (2016) employed a four layered deep neural network with four layers to train on sound inputs and learn
how to identify minor breaches quickly. However, the technique was utilized for a gas pipeline in the production of semiconductors. In 2017, Li, Song,
and Zhou conducted an experimental investigation on employing back propagation algorithm for leak detection in WDS. However, their research was
restricted to the identification of leaks vulnerable to socket joint failure. Although all of the aforementioned authors employed ANN to their desired ends,
it was not without faults. Hardware dependence, unexplained network behavior, and the challenge of communicating an issue to the network were noted
by (Mijwel, 2018) as some of the application of ANN's significant drawbacks. Na et al., (2018) created an adaptive leak detection approach that merged
BP neural network with generalized cross correlation to address the drawbacks. The technology was able to distinguish leak signals from noise and other
acoustic sources that weren't leaks. It also enhanced the localization of leaks.

Artificial neural networks (ANN) have proven to be a significant method for leak identification and location in various applications. However, challenges
such as hardware dependence, unexplained network behavior, and communication issues need to be addressed for the effective implementation of ANN-
based leak detection systems. The integration of ANN with other techniques, such as the generalized cross-correlation, shows promise in overcoming
these limitations and improving the accuracy and localization of leak detection. Further research and development are necessary to enhance the reliability
and practicality of ANN-based leak detection approaches.

5.2 Fuzzy logic

A form of thinking that closely matches human reasoning is fuzzy logic (FL). Fuzzy logic control is a type of expert control, knowledge-based control,
or intelligent control. As an assessment and prediction tool, fuzzy sets were used by, Mamlook & Jayyousi, (2003). Fuzzy logic (FL) is a way of thinking
that closely resembles human reasoning Yin & Huang, (2015) created a system that used fault line and fuzzy positivistic C-means clustering to anticipate
faults. However, to predict water loss in subterranean pipes, (Birek, Petrovic, & Boylan, 2014) used evolving Takagi-Sugeno (eTS) algorithms, a fuzzy
method. A recursive variant of the subtractive method is the eTS algorithm. On the other hand, an artificial neural fuzzy system was used by Wachla,
Przystalka, & Moczulski, (2015) to design leak localisation method in water pipe networks. To pinpoint the precise site of leakages, a collection of neural
fuzzy classifiers was applied. Aydogdu & Firat, (2014) also created a system that projected the failure rate of water networks and used fuzzy logic to
determine the relationship between the components that affect failure rates. Besides using FL for condition monitoring, (Hernandez & Hidalgo, 2020)
implemented FL in organizational management. In order to accurately locate leaks in water distribution, a fuzzy neural network which invvolves fuzzy
production rule system was used for rapid identification of water pipe gusts by (Katasev & Kataseva, 2016). For ensuring that the performance of a sytem
is not degraded and that required points are reached in spite of faults and disturbance, Patel & Shah, (2018) developed a fault tolerant control strategy
with a proportional integral controller centred on Fuzzy logic. Mazzoleni, et al., (2022) monitored industry 4.0 manufacturing process by through the use
of fuzzy logic. In conclusion approaches based on fuzzy logic is applicable in monitoring pipe condition and fault detection of a system, (Suganthi j,
2018). It allows modelling of complex dynamic systems in a more intuitive way and has an aptitude to deal with nonlinearities and uncertainties in
systems.

The use of fuzzy logic in conjunction with other techniques, such as fuzzy neural networks and fuzzy production rule systems, has shown promise in
accurately locating leaks, anticipating faults, and achieving fault-tolerant control. The intuitive nature of fuzzy logic allows for a closer resemblance to
human reasoning, making it a useful tool for assessment, prediction, and decision-making in diverse domains.

5.3 Genetic algorithm (GA).

Search heuristics called genetic algorithms (GA) mimic the course of ordinary evolution. They create a search algorithm with some of the charm of human
search by combining survival of the fittest among string structures with a structured yet random information exchange. They also use fuzzy logic in
determining the correlation of failure factors. (Datta, Garai and Das, 2012). Genetic algorithms were used by various researchers in engineering to dignose
faults and for condition monitoring. Cerrada, Zuirita. Cabrera, Sanchez, Artes and Li (2015) developed a system that used Genetic algorithm and a
classifier in a supervised environment to diagnose faults in spur gears. Lu, Yan and de Silva (2015) also used GA to diagnose faults of rotor-unbalance
vibration and bearing corrosion even though the used GA in conjunction with an empirical mode decomposition strategy. A research which used
MapReduce based Parallel Niche Genetic Algorithm (MR-PNGA) in water quality monitoring and at the same time detect pollution was developed by
(Hu, Zhao, Yan, Zeng, & Guo, 2015) combined GA and support vector machine (GA-SVM), to provide a way for on line monitoring voltage instability.
They effectively use historical data to make predictions about potential new search areas with enhanced performance. The combination of GA with other
techniques, such as fuzzy logic and support vector machines, enhances their capabilities and provides efficient solutions for online monitoring and
prediction tasks.

6. Leak localization

Successfully locating leaking points is important in reducing the effects of leaks in underground water pipes and to that effect, Mashford, De Silva,
Marney, & Burn, (2009) used support vector machine to predict leak size and locate leaks with reasonable accuracy. Beuken, Lavooij, A, & Schaap P,
(2006). Candelieri, Soldi, Conti, & Archetti, (2014) also used support vector machines together with spectral clustering to manage and localize leakages.
Srirangarajan, et al., (2013) created a wavelet-based method for locating and detecting burst events in water delivery systems. Their solution included a
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localization algorithm that utilized the onset time of pressure transient at multiple measurement locations in water pipelines so as to locate the exact
location of the pipe break. Casillas, Garza-Castanon, & Puig, (2015) developed a technique to place sensor to enable localizing leaks in WDNS using
leak signature space (LSS) approach. This approach depended on changing the residual vector, which was discovered by contrasting pressure data with
estimates made by a hydraulic model. (Cugueré-Escofet, Puig, Quevedo, & Blesa., 2015) provided additional support for the sensor placement strategy.
Through the use of a relaxed isolation index and the best pressure sensor placement, they successfully identified and localized leaks. Ristik, Bugaronovic,
Virtunski, Govedarica, and Petrovacki (2017) combined ground penetrating radar (GPR) technology with thermal imaging for pinpointing the site of
leakages. Their method provided a fast and inexpensive way of leak detection and localisation. The method was however developed for a district heating
network. Moors, Scholten, van der Hoek, & Besten, (2018) developed a factorized distribution, which enabled the allocation of demand comparably
throughout nodes of consumption based on specific data, and a matching distribution, which equally allocates demand throughout all consumption nodes.
As a first step toward smart cities, Rojek & Studzinski, (2019) created a method for leak identification and leak localisation using neural network multi-
layer perceptron and Kohonen neural network. The method was created using the geographic information system, the supervisory control and data
acquisition (SCADA) system, and a hydraulic model of the water supply network.

Support vector machines (SVM) have proven to be effective in predicting leak size and locating leaks accurately. Additionally, methods combining SVM
with spectral clustering, wavelet-based algorithms, and sensor placement strategies have been developed to manage and localize leakages in water
distribution networks. The integration of technologies such as ground penetrating radar (GPR) and thermal imaging has provided fast and cost-effective
solutions for pinpointing leak sites, although some of these methods were developed for specific network types, such as district heating networks.

7. Discussion of Challenges

While the reviewed studies present promising methods for detecting underground drinking water pipe leaks, it is important to address the challenges that
can affect the performance and practical implementation of these techniques. The challenges in underground drinking water pipe leak detection include
the high prevalence of water leaks globally, ranging from low to unacceptably high levels of water loss; the need for effective maintenance strategies and
leak repair to reduce water losses; the complexity of detecting leaks in underground pipes due to various environmental conditions and pipe characteristics;
limitations of conventional leak detection methods and visual inspection techniques; the need for advanced sensor-based approaches and integration of
different sensor types; the requirement for accurate and real-time leak detection, localization, and control; and the importance of addressing water losses
to ensure access to clean water for consumers.

8. Conclusion

In conclusion, underground drinking water pipe leak detection poses significant challenges due to the widespread occurrence of water leaks, the need for
efficient maintenance and repair strategies, the complexities of detecting leaks in underground pipes, limitations of conventional methods, and the demand
for advanced sensor-based approaches. Overcoming these challenges is crucial to reduce water losses, ensure access to clean water, and enhance the
sustainability of water distribution systems. Continued research and development efforts in improving leak detection technologies, integrating multiple
sensor types, and enabling real-time and accurate leak detection and localization will be essential for addressing this global issue and optimizing water
management practices.
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