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Abstract

Leakages from water pipelines cause economic losses and environmental hazards. Despite the damages, it
is challenging to avoid leaks throughout the lifetime. However, leak detection and localization, especially
in real-time, minimize the damage. Owing to the recent advances, the micro-electromechanical systems
(MEMS) based technologies have started to gaining recognition for water network monitoring in real-time,
however, a systematic literature review to analyze the existing research trends, technological advances, and
future research opportunities are largely missing. This study has based its investigation on three main
MEMS-based technologies for real-time monitoring: MEMS sensors wireless networks, MEMS
accelerometers, and MEMS hydrophones. Firstly, a scientometric analysis is conducted to 1) retrieve
relevant research articles through Scopus, Web of Science, and Google Scholar, 2) visualize the publication
trends, and 3) analyze the science mapping of influential authors, countries, organization, and top keywords
occurrences. Secondly, qualitative discussions are made on research themes and sub-themes within three
technologies: 1) MEMS WSNs are classified into static and mobile sensor-based wireless sensor networks.
Seven sub-themes are categorized under static sensor-based wireless sensor networks such as PIPETECT,
whereas three sub-themes are categorized under mobile sensor-based WSNs such as TriopusNet; 2) MEMS
accelerometers are categorized into accelerometers based machine learning models and wireless systems;
and 3) MEMS hydrophones are represented under one category. Thirdly, nine research opportunities
including automated models, on-field real network-based experimental studies, optimal placement of sensor
nodes for energy savings in wireless sensor networks, and a comparative analysis of real-time technologies
are revealed. This study enhances the familiarity of early researchers with the application of MEMS-based
technologies for leak detection and localization and provides seasoned researchers with a platform for future
research development.

Keywords: Leak detection; Leak location; Real-time monitoring; MEMS; WSNSs; Accelerometers;
Hydrophones; Systematic review; Science Mapping; Research opportunities

1. Introduction
The world’s population is escalating by 80million people annually and is expected to reach a staggering 9.1

billion by 2050 (Connor, 2015). Population growth (Zhang and Tariq, 2020), urbanization (UN, 2018),

1
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industrialization (Boretti and Rosa, 2019), and resource-intensive consumption patterns (UN, 2018) have
all led to accrescent demands for clean water. Global freshwater use has increased nearly six-fold since
1900 (Ritchie and Roser, 2015). In 2014, annual freshwater withdrawal in India, China, and the USA, for
instance, was estimated at a massive 760 billion-m? 600 billion-m3, and 450 billion-m?, respectively

(Ritchie and Roser, 2015).

The freshwater is transmitted regularly through water distribution networks (WDNS) using an extensive
system of underground and above-ground pipelines. The function of WDN is to provide water at an
acceptable pressure 1) safely (Al-Hawari et al., 2015), 2) economically (Barton et al., 2020), and 3) without
losses (NRC, 2007). However, it is a sad fact that the WDNSs, globally, are facing the dilemma of water
losses (Winarni, 2009) which adversely affects the efficiency (Taha et al., 2016) and financial aspects of
networks (Tarig and Zhang, 2020). Water losses typically exceed over 30 % in most WDNSs (Hunaidi et al.,
2000; USEPA, 2010); Farley and Trow (2007) reported 35 % as the global average. In older networks, these
losses may exceed 50 % (Kanakoudis and Muhammetoglu, 2014) and may even reach 70 % in certain cases
(Martini et al., 2017). Multiple causes of water losses include leakages (Hunaidi et al., 2000), metering
errors (El-Zahab and Zayed, 2019), and theft (EI-Abbasy et al., 2016), however, the largest part is ascribed
to leakages (Kanakoudis, 2004) which sometimes represents more than 70 % of the non-revenue water (Van
Zyl and Clayton, 2007). Therefore, adequate approaches/techniques to detect and locate leaks in real-time

are imperative to minimize the damage.

Noise loggers are the most popularly used real-time water leak and detection technologies (El-Zahab and
Zayed, 2019). These acoustic-based technologies are placed in utility holes/valves without trenching and
used for permanent and semi-permanent monitoring. Sophisticated algorithms are applied to distinguish
leak sounds, thus leaks are detected immediately. Several loggers are typically placed throughout the
network and the data is continuously delivered through a communication base. Analysis base (e.g.,
computer) then receives the data where pre-programmed correlation analysis is applied for faster detection

and location (El-Zahab and Zayed, 2019). However, noise loggers, firstly, are prone to false alarms and,
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secondly, are considered to be ‘not-so-effective’ for plastic pipes and polyethylene pipes (Beuken et al.,
2007). Secondly, the initial cost for real-time monitoring with noise loggers is high (El-Zahab and Zayed,
2019), and the exact location of leaks is not possible without the use of correlators (Hunaidi and Wang,
2006). Therefore, MEMS-based alternate technologies including wireless sensor networks (WSNSs),
accelerometers, and hydrophones, as alternative technologies, owing to the recent advances in MEMSs, have

become a ‘talking point” among researchers and practitioners lately.

For example, MEMS technology has enabled the development of autonomous wireless sensor nodes,
ranging in size from several mm to even as low as 1 cubic mm (Warneke and Pister, 2002), that exceed the
performance of conventional sensors (Yick et al., 2008). A small-sized smart node may contain sensors for
measuring pressure (Sun et al., 2011), flow (Zhang et al., 2013), temperature (Arthi et al., 2013), acoustic
(Sunetal., 2011), moisture (Abbasi et al., 2014), humidity (Ganiyu et al., 2014), etc., a processor, a storage
memory, a power source, a communication interface, and an actuator (Akyildiz et al., 2002). Such nodes
can be deployed rapidly in-pipe (Abbas et al., 2018) or out-of-pipe (Duru and Ani, 2017) to allow effective
wireless communications over the long-range of WDNs (Owojaiye and Sun, 2013; Abedji et al., 2017). The
sensors in each node collaboratively work with each other, neighboring nodes, and cluster nodes, thus
forming a WSN to precisely identify and locate leaks (Warneke and Pister, 2002). For example, Sun et al.
(2011) used a combination of pressure sensors, acoustic sensors, and soil property sensors for their proposed
WSN. The acoustic sensor was used to complement the pressure sensor at the checkpoints. Pressure
measurements were taken during transient and were sent to the remote admin center for comparison with
steady-state measurements. If a threshold was exceeded, the remote control center notified the nearby
pressure sensors of the suspicious area. The pressure sensors then sent out the message to the soil property
sensors along that pipe segment. The data was then transferred to the processing hub which located the leak.
Afterward, the results were transmitted to the admin center using wireless communications to notify the

human operator. MEMS accelerometers, on the other hand, are placed on the pipe surface to measure
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vibrations for determining variations in pressure that occur due to pipe rupture or damage. For example,

Shinozuka et al. (2010a) accurately defined the leak location using MEMS accelerometers non-invasively.

The increasing recognition of MEMS-based WSNs (Jawhar et al., 2007), accelerometers (El-Zahab et al.,
2018), and hydrophones (Zhang et al., 2009) has attracted researchers worldwide and multiple studies have
been carried out such as Metje et al. (2011) and Lalle et al. (2019). However, systematic literature reviews
to investigate research evolution, themes, and future scholarly opportunities in this domain is missing.
Sheltami et al. (2016) and Abdelhafidh et al. (2018) reviewed WSNs for pipeline monitoring. The former
mostly focused on the software methods employed for leak detection in general and included some details
about recent advancements in WSNs. The latter provided some critical insights but didn’t specifically
review from the perspective of leak detection and location in water pipelines. Besides, both these reviews
didn’t include database-based scientometric analysis which reduces the chances of 1) biasedness in the
selection of research articles, 2) missing any important articles, and 3) inclusion of non-relevant articles for
the qualitative review. No comprehensive literature review, as per the best of the authors’ knowledge, was

found for MEMS accelerometers and MEMS hydrophones.

This research conducted a thorough systematic literature review considering three MEMS technologies
including WSNs, accelerometers, and hydrophones. The objectives include 1) analyzing the research trends
and evolution in this domain, 2) disclosure of productive journal sources, researchers, countries, and
research organizations, and links between them (productivity of a research entity was evaluated in six
different perspectives i.e. the number of related publications, total citations, average citations, total
normalized citations, average normalized citations, and average publication year), 3) classification and

discussion of existing research, and 4) identifying the research directions.

2. Research Methods
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The research methodology for the systematic review in this study was divided into two distinct phases: 1)
scientometric analysis and 2) qualitative analysis. Scientometric analysis began by validating the research
idea through a preliminary search. Then, inclusion and exclusion criteria were defined for the selection of
articles for review followed by developing the search strategy for retrieving articles from databases. The
list of articles was narrowed down (removal of non-relevant articles) further using abstract and full
screening, and the snowballing techniques were then applied for retrieving any missing relevant articles.
Finally, publications trend analysis and science mapping analysis was performed. For the second phase i.e.
gualitative analysis, a full-text perusal of articles was conducted to enable 1) classification of research
themes within three technologies, and 2) finding future research directions. The overall research

methodology is given in Figure 1.

[Insert Figure 1]

2.1.Scientometric Analysis

The scientometric analysis was adopted to use bibliometric data to scientifically map the literature. The
scientometric analysis provides a quantitative way to overcome the diagnostic limitations (Su and Lee,
2010) and the error-prone nature of manual approaches (Van Eck and Waltman, 2010). The usefulness of
scientometric analysis has been demonstrated by researchers in the recent past on important topics such as
sustainable megaprojects (Wang et al., 2020); green buildings (Darko et al., 2019); bike-sharing (Si et al.,
2019); computer vision applications in construction (Martinez et al., 2019), bridge inspection (Abdelkhalek
and Zayed 2020); sustainable development (Olawumi and Chan, 2018); off-site construction (Hosseini et
al., 2018); public-private partnerships (Song et al., 2016); software project management (Calderén and
Ruiz, 2015); building information modeling (Zhao, 2017); and health and safety of women in construction
(Mariam et al., 2020). Step by step procedure for scientometric analysis adopted in this research is given as

follows.

2.1.1. Preliminary validation
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Preliminary validation was carried out through a simple search in Google Scholar to 1) ensure the validity
of review article in the global context reflecting the current science, 2) gain familiarity with existing review
methodologies, 3) find any existing review article addressing a similar question, and 4) check the
availability of enough articles. Besides, two online meetings were conducted with experienced public sector
representatives, that were actively involved in leak and detection for local WDNs, who further confirmed
the need for a review article on MEMS-based technologies for practitioners. Two related but not similar
review articles, as mentioned previously, were found which helped in the better formulation of the research

guestion.

2.1.2. Inclusion and exclusion criteria

Inclusion and exclusion criteria are typically defined to 1) describe the characteristics of relevant articles
that contain necessary information regarding a research question, and 2) refrain the researchers from
personal bias. The inclusion criteria for this study are as follows: 1) research articles focusing on water leak
detection and localization using MEMS WSNs, MEMS accelerometers, or MEMS hydrophones, and 2) no
restriction on publication year and contributing country/organization. Exclusion criteria for this study are
as follows: 1) research articles focusing on leak detection and localization in a pipeline carrying fluids other
than water such as oil and gas; 2) research articles focusing on water leak and detection using technologies
other than MEMS WSNs, MEMS accelerometers, and MEMS hydrophones; 3) research articles from non-
relevant research domains such as astronomy, molecular biology, etc.; 4) abstract only articles; 5) articles

with no full-text available; and 6) non-English articles.

2.1.3. Database-based search strategy

Developing an appropriate search strategy begins with the selection of databases to retrieve articles. This
selection typically depends on the popularity in a given research domain and the availability of research
articles. Tawfik et al. (2019) advised choosing multiple databases to increase the accuracy and

comprehensiveness of search results. Following their suggestion, Scopus, Web of Science, and Google
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Scholar were chosen due to their wide coverage of research sources (Hussein and Tarek, 2020) and
popularity in the field of Engineering (Abdelmageed and Zayed, 2020). Since Scopus is the largest citation
database of peer-reviewed research articles, a basic search using ‘MEMS’, ‘accelerometers’,
‘hydrophones’, ‘wireless sensors’, and ‘water leak’ as keywords were conducted and then refined based on
the search results. The improvements in search terms were made through trials, and after several rounds of

refinement, the following three search strings were constructed.

1) TITLE-ABS-KEY ("WSN" OR "WSD" OR "Wireless sensor device" OR "wireless sensor
network™ OR "wireless distribution network” AND "water leak” OR "pipe leak” OR "leak
detection" );

2) TITLE-ABS-KEY ( ( "MEMS" OR "Micro electro mechanical system” OR "MEMS sensor" )
AND ("water leak" OR "pipe leak" OR "leak detection" OR "pipe monitoring" OR "water
distribution system™ OR "water distribution network™ OR “hydrophones™ ) );

3) TITLE-ABS-KEY ( "accelerometer" AND "water leak” OR "pipe leak” OR "water distribution

system" OR "water distribution network™ OR "leak detection").

The search strings yielded 244 articles from Scopus and after applying filters through the database such as
the exclusion of non-English articles, exclusion of articles published in non-relevant research areas, etc.
208 articles were retrieved. Bibliometric information regarding these articles was downloaded and listed in
a Microsoft Excel file. Following Scopus, the same process of searching by constructing search strings,
applying filters, and listing the bibliometric information of retrieved articles was conducted in Web of
Science and Google Scholar. Duplicate articles that appeared in Scopus, and one of the other two databases

were removed. In total, 292 articles were retrieved from all three databases.

2.1.4. Abstract and full-text screening
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To minimize the handling of non-relevant articles, a further assessment of 292 retrieved articles was made
through abstract screening. This screening process was carried out in two consecutive phases. In the first
phase, the first author read and examined the abstracts of each of the 292 articles and omitted the articles
that contained keywords but didn’t concern the leak and detection in water pipelines at all. For example,
Guépié et al. (2020) discussed leak detection in a heat exchanger of a sodium-cooled fast reactor. Such and
other out-of-scope articles were removed. In the second phase, the doubtful articles were discussed one-by-
one in weekly meetings with the principal investigator and two other researchers who were familiar with
water leak and detection technologies and had a thorough understanding of the scientometric analysis. Upon
reaching a unanimous decision in those meetings, the doubtful articles were discarded/included. In case of
any contradiction, the final decision was made on the recommendation of the principal investigator.

Abstract screening process reduced the sample size to 85 articles.

The next step was to download each research article for full-text screening. Full-text was not available for
some papers, and therefore, such articles were discarded. Abstract-only articles were also discarded at this
step. The articles that did not focus on real-time monitoring were omitted as well. Full-text screening
followed the same set of protocol (used in abstract screening) for doubtful articles and, eventually after this

step, 67 articles were left to be sent to the next phase of snowballing.

2.1.5. Snowballing

The accuracy of a database search is highly dependent on the constructed search strings. Both backward
and forward snowballing techniques were applied to overcome the inaccuracies of search strings. In the
backward snowballing, references of each article were checked and relevant articles were found. In the
forward snowballing, the relevant cited-by articles were retrieved for each already included article. Each
newly retrieved article went through the same set of consecutive scrutiny through abstract screening, full-
text screening, and snowballing processes. This tedious process led to the addition of 58 new articles. 125
articles in total were finalized for further science mapping and qualitative analysis. See Figure 2 for retrieval

of articles through databases and snowballing.
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[Insert Figure 2]

2.1.6. Science mapping analysis

Science mapping is a technique that is capable of mapping out patterns and networks from a set of
bibliometric data (Cobo et al., 2011). This technique was applied to show the working linkages and
measurements of researchers, article sources, contributing countries, and keywords within the literature
represented/visualized through graphical networks. Several software applications are popularly used for
such analyses e.g., VOSviewer, Gephi, Cite explorer, Vintage point, etc. (Wuni et al., 2019). Some of the
software applications are developed for general science mapping purposes and others have advanced use
within the science mapping philosophy. The capacity, strength, and limitation of every application vary
(Wuni et al., 2019). For this study, VOSviewer was adopted mainly due to the ease of use and its popularity
in the infrastructure management literature (Abdelmageed and Zayed, 2020). In a word, VOSviewer is
open-source software with sufficient capability for visualizing and analyzing bibliometric data through its

text mining features, befitting the requirements of this study.

2.2.Qualitative Analysis

Qualitative analysis was conducted to analyze the finalized articles to establish 1) research themes within
the existing literature and investigate how MEMS WSNs, MEMS accelerometers, and MEMS hydrophones
were used for water leak and detection. Data was compiled regarding 1) research contribution, type of pipes,
placement of technologies, data transfer, accuracy, parameters, software, monitoring, etc. for each article;
2) research gaps within the articles on each technology; and 3) future research directions based on the

research gaps.

3. Discussions on Science Mapping Results
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Discussions on science mapping results are divided into 1) publication trends, 2) science mapping of
research outlets, 3) science mapping of scholars, 4) science mapping of countries and organizations, and 5)

science mapping of keywords co-occurrence.

3.1. Publication trends

Since MEMS is an emerging technology, the use of MEMS-based WSNs, accelerometers, and hydrophones
in water leak detection and location started to attract researchers in the last decade. This study finalized a
total of 125 articles and the search query was not constrained by the time. The first publication still appeared
in 2004. Since then, except for 2005 and 2008, multiple publications have appeared each year. Years 2005

and 2008 each witnessed only one publication.

Figure 3 demonstrates increasing interest among researchers regarding MEMS-based technologies
especially after 2010. Regarding the performance of the previous year, some years saw a decrease in
publication. This trend can be observed for years 2012, 2015, and 2019 in the last decade. From Figure 3,
it can be seen that 2020 also showed a declining trend relative to 2019 but that is mainly due to the fact that
the authors retrieved the bibliometric data in April 2020. More than half of the articles i.e. 63 were
published in the span of four years between 2016 to 2019. The highest number of articles i.e. 18 were
published in 2018, closely followed by 2017 and 2016 at 16 and 15, respectively. Although a sinusoidal
pattern of publications’ trend is depicted from 2010 to 2019, however, observing researchers’ interest in
recent years, it is safe to assume that much more research commitments are anticipated in this domain in

the near future.

[Insert Figure 3]

3.2.Science Mapping of research outlets

10
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Research outlets are the sources for disseminating information for research and innovation development.
These outlets publish research material within the set of their scope (Rodriguez-Bolivar et al., 2018). Fig 4.
shows the network of research outlets in this domain. The threshold limit on the maximum number of
articles published and citations was set at ‘1’ and ‘30’, respectively, in VOSviewer. The literature didn’t set
any standard rules on these restrictions for the scientometric analysis (Wuni et al., 2019). 15 research outlets
met the threshold limit. The size of the nodes, in Figure 4, represents the productivity of a research outlet
in terms of total articles published. ‘IEEE Access’ and ‘Sensors (Switzerland)’ has the largest nodes,
indicating that these journals were more productive than other research outlets. Other notable research
outlets include ‘Adhoc Networks’, ‘IEEE Transactions on Industrial Informatics’, ‘International Journal of
Distributed Sensor Networks’, ‘Journal of Pipeline Systems Engineering and Practice’, ‘Procedia Computer
Science’, and ‘Sensors’. The color and closeness of nodes depict the strong citation linkages among
different outlets. For example, ‘Adhoc Networks’, ‘IEEE Networks’, and ‘Journal of Pipeline Systems
Engineering and Practice’ are placed close together in the green cluster, showing stronger citation links

between these journals.

[Insert Figure 4]

Table 1 shows the qualitative measurements of the top research outlets in terms of avg. normalized citation
score. ‘Journal of Sensor and Actuator Networks’, ‘Structure and Infrastructure Engineering’, and ‘Applied
Acoustics’ are found to be the most influential research outlets in terms of avg. normalized citation. ‘IEEE
access’ and Sensors (Switzerland) which published the highest number of articles didn’t appear in top
research outlets as per this criterion. In terms of total citation and link strength, ‘Ad Hoc Networks’ was the
most productive research outlet. In terms of the average citation, the most influential research outlet is found
to be the ‘Journal of Sound and Vibration’. The average publication year which measures the recentness of
the publications in the same research outlet (Jin et al., 2019) did not vary significantly as most of the top

research outlets published articles in recent years.

[Insert Table 1]
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3.3. Science Mapping of Scholars

Citation analysis of scholars was conducted using VOSviewer. The threshold limit for the number of
documents was set at ‘1” and the number of citations was set at ‘30°. 81 authors met the threshold as
visualized in Figure 5. The node size represents the number of publications of each scholar. For example,
Abid, M. is found to be the most productive scholar with 9 publications. Other scholars which published 5
or more articles, as shown in Table 2, are as follows: Obeid, A.M. (7), BenSaleh, M.S. (6), Saeed, H. (5),
Rashid, S. (5), and Karray, F. (5). Scholars are divided into clusters of different colors depending upon their
mutual influences in Figure 5. For example, Abid, M., Obeid A.M., and BenSaleh, M.S. appear in the same
cluster depicting that they regularly cited each other’s scholarly work. The distance and links between
scholars further represent the influence of scholars on each other. For example, Abid, M. and BenSaleh,

M.S. are shown close together indicating a strong linkage between them.

[Insert Figure 5]

[Insert Table 2]

Further qualitative measurement of top scholars based on academic influence is given in Table 3. The
scholars are listed in descending order of their average normalized citation score. Anthony, C.J., Chapman,
D.N., Davoudi, S., Mostafapour, A., Akyildiz, I.F., Al-Dhelaan, A.M., Al-Rodhaan, M.A., Sun, Z., Vuran,
M.C., and Wang, P. are the most influential scholars in terms of average normalized citation score, however,
all these scholars published one article each. Among the scholars with multiple publications, Atamturktur,
S., Piratla, K.R., and VVazdekhasti, S. has the highest influence. In terms of average citations, Akyildiz, I.F.,
Al-Dhelaan, A.M., Al-Rodhaan, M.A., Sun, Z., Vuran, M.C., and Wang, P. has the highest academic
contribution with 132 citations each. As it can be seen from the average publication year in Table 3,

Atamturktur, S., Piratla, K.R., Vazdekhasti, S., and Arshad, Q. published their articles recently.

[Insert Table 3]

3.4.Science Mapping of Countries and organizations

12



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

The knowledge of the influential countries may foster collaboration for joint funded projects and the
exchange of researchers (Abdelmageed and Zayed, 2020). Figure 6 illustrates the network analysis of
contributing countries using VOSviewer. The threshold limit for the number of citations was set at 30 and
the minimum number of documents was set at 3. 12 countries met the threshold limit. Saudi Arabia has the
highest node size and is found to be the most productive country with 26 articles closely followed by the
United States at 25 articles. Countries having mutual research influence are placed in clusters. For example,
Saudi Arabia, Tunisia, and South Africa are in the same cluster and mutually cited each other work. Also,
the countries that are placed closed together such as Saudi Arabia and Tunisia cited each other’s work

frequently.

[Insert Figure 6]

Further gqualitative measurements are given in Table 4. Countries are listed with reference to their average
normalized citation scores. In terms of the average normalized citation, major changes can be observed in
comparison with the countries’ network. Italy and Singapore are the most influential countries in regard to
the average normalized citation. Saudi Arabia, which is the most productive country in terms of the number
of articles published, has lesser influence in terms of this criterion. In terms of total citations, the United
States is the leading country. The United Kingdom tops the scoreboard in terms of the average citation.

Most recent publications appeared from Tunisia as its average publication year is 2017.

The qualitative measurement of top organizations is given in Table 5. Similar to Table 4, organizations are
also listed in descending order of their normalized citation score. In terms of average normalized citation,
‘University of Birmingham, UK’, ‘University of Tabriz, Iran’, ‘Clemson University, USA’, ‘Georgia
Institute of Technology, USA’, and ‘King Saud University, Saudi Arabia’ are the top five research
organizations. The last two organizations from the top five are leading in terms of total and average
citations. With reference to average publication years, ‘Clemson University, USA’ has the most active

researchers.

13
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[Insert Table 4]

[Insert Table 5]

3.5.Science Mapping of Keywords Co-occurrence

Keywords provide an easy way to describe the main research theme of an article (Sun and Lee, 2010) and
give an idea of the knowledge domain a particular article belongs to (He et al., 2017). Keywords establish
a form of indexation in databases for convenient search (Wuni et al., 2019). Keywords mapping not only
shows the interconnection between them but also defines the research areas within a domain. Following Jin
et al. (2019), a map of ‘authors keywords’ was constructed in VOSviewer using ‘fractional counting’ as the
method of analysis. The threshold limit for the minimum number of occurrences was kept at <2°. Out of a
total of 315 keywords in 125 articles, 66 met the threshold as shown in Figure 7. Occurrences of the top
keywords and link strengths are also generated. Some keywords were found to have the same semantic
meanings such as ‘leaks’ and ‘leakage’. These types of individual keywords, shown in Figure 7, were
combined and the total occurrences and total link strengths were calculated by summation of occurrences

and link strengths of individual keywords, respectively, as shown in Table 6.

[Insert Figure 7]

[Insert Table 6]

From Figure 7, it can be observed that the keywords which occurred frequently have larger node sizes. For
example, ‘leak detection’ and ‘wireless sensor network’ have larger node size. However, the node size of
the ‘wireless sensor network’ is smaller than ‘leak detection’. But in reality, the former keyword occurred
more frequently than the latter as shown in Table 6. That’s because researchers used different keywords for
‘wireless sensor network’, all had the same semantic meanings such as “‘WSN” or plural form ‘Wireless
sensor networks’. The keywords links and nearness, in Figure 7, show their interrelatedness. For example,
‘wireless sensor network’ is placed near ‘node design’ shows several articles that focused on ‘wireless

sensor network’ concerned ‘node design’ as well. The keywords that frequently co-occurred are placed in

14
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the same clusters. For example, ‘MEMS sensors’, ‘wireless sensor network’, ‘node design’, and ‘water

pipeline monitoring’ are placed in the same cluster.

The network also reveals useful information regarding research gaps. For example, in figure 7, ‘leak
detection’ is placed much closer to ‘pipeline monitoring’ than ‘leak localization” which means that ‘leak
localization’ considering MEMS-based WSNs, accelerometers, and hydrophones is a research gap.
Similarly, ‘routing’, ‘energy harvesting’, and ‘energy efficiency’ are emerging topics in WSNs that need
further research. From Table 6, it can be observed that the top ten keywords co-occurred, with the other 65
keywords in Figure 7, for at least four times. ‘Wireless sensor network’ and ‘leak detection’ co-occurred
with other keywords 57 and 42 times, respectively. The knowledge of the keywords can also help future

researchers to use them in their articles to reach a wider audience.

4. Discussion on Qualitative Analysis

Qualitative discussions on MEMS-based WSNSs, accelerometers, and hydrophones are given as under.
Figure 8 shows the hierarchical distribution of themes and sub-themes within these three MEMS

technologies for qualitative discussions.

[Insert Figure 8]

4.1. Wireless Sensor Networks (WSNSs)

WSN can be defined as a network of scattered and dedicated sensors that are employed to monitor the
physical conditions of a system (Akkaya and Younis, 2005; Cheng et al., 2011). The sensors may be
allocated to monitor temperature, vibration, pressure, PH, etc. (Matin and Islam, 2012) and the collaborative
information is passed on to the sink/base station for further analysis, observation, and results (Heinzelman
et al., 2000). The base station acts as an interface between humans and the network (Sen, 2010). A typical
WSN is given in Figure 9. A WSN is typically composed of several (even hundreds) sensors that are
equipped with a sensing unit, processing unit, transceiver unit, and power unit, however, they have limited

processing speed, communication bandwidth, and storage capacity (Akyildiz et al., 2002). After the
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deployment of sensors, they self-organize an appropriate network infrastructure (Al-Karaki and Kamal,
2004) often with multi-hop communication, and start collecting information (Van Hoesel and Havinga,
2004). The sensors communicate with one another or the base station through radio signals depending on
the type of communication topology adopted (Matin and Islam, 2012) i.e. star network, mesh network, and
hybrid star-mesh network (Wilson, 2005). Please refer to Labrador and Wightman (2009) for
communication topology, and Sharma and Jenna (2011) and Kulik et al. (2002) for different types of routing
protocols in WSNs. WSN based devices are designed to respond to queries from the control center (Fabbri
et al., 2009) and collect and disseminate ‘as specified’, ‘event-driven’, or ‘continuous’ information
(Intanagonwiwat et al., 2000; Matin and Islam, 2012). Since minimizing energy consumption is the key
aspect of WSNs (Matin and Rahman, 2011), and communications require the largest amount of power (Paul
and Matin, 2011), usually ‘as specified’ and ‘event-driven’ information is sent over the network (Lindsey
and Raghavendra, 2002). Global and local positioning algorithms are used to acquire positioning
information of nodes (Matin and Islam, 2012). WSNs have been used to solve problems in several fields
(Sohraby et al., 2007) such as surveillance (Yick et al., 2008), reconnaissance (Bharathisdasan and Ponduru,
2002), area monitoring (Popescu et al., 2018), real-time traffic information (Boukerche, 2008), air pollution
monitoring (Boubrima et al., 2017), landslide prediction (Giri and Phillips, 2017), structural health
monitoring (Verdone et al., 2010), machinery condition (Hou and Bergmann, 2012), automated irrigation
(Gutiérrez et al., 2013), agricultural monitoring (Buratti et al., 2009), etc. The use of WSNs in leak detection

has also gained researchers’ interest recently (Jayalakshami and Gomathi, 2015).

Conventional leak detection methods require huge involvement of maintenance personnel and the response
to leakage is generally slow (Gong et al., 2016). Due to the recent advancement in MEMS, inexpensive low
power sensors have been developed which are equipped with a processor, memory, power source, and
actuator (Mustafa and Chou, 2012). These sensors use radio communication to the admin center for real-
time leak detection (Van Hieu et al., 2011). Common with WSNs in general, power consumption is usually

the main issue in the deployment of such sensors in leak detection as well (Zabasta et al., 2014). The sensors
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for leak detection can be broadly divided into static sensors and mobile sensors. Mobile sensors flow on
water and always keep in contact with the transported water. The static sensors are placed either in contact
with the flowing water in the pipelines or otherwise. Static sensors which are placed in contact with the
water are termed as invasive sensors, and the sensors which are not placed in contact with water are termed

as non-invasive sensors (Sheltami et al., 2016).

Based on the sensor types, WSNSs in this study were categorized into static sensors based WSNs and mobile
sensors-based WSNSs. The working architecture of different classifications of static sensors based WSNSs is
given in Figure 10. The working architecture of different classifications of mobile sensors based WSNSs is
illustrated in Figure 11. Table 7 provides the comparison of WSNs in terms of the type of sensors used, the
mode of communication adopted for data collection, placements of nodes in or out of pipe, and types of

pipes on which tests were performed.

[Insert Figure 10]

[Insert Figure 11]

[Insert Table 7]

4.1.1. Static Sensors-based WSNs

As shown in Figure 8, static sensors-based WSNs are divided into seven categories: 1) WaterWise, 2)
PipeNet, 3) EARNPIPE, 4) MISEPIPE, 5) SmartPipes, 6) PIPETECT, and 7) others. Detailed discussions

on the working, contributions, and limitations of each category are given as follows.

4.1.1.1. WaterWise
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WaterWise, a research-based WSN project was deployed in Singapore with the support of the Public
Utilities Board that enabled real-time monitoring of water networks in Singapore (Whittle et al., 2010). The
principal aims of the project included the development and application of an inexpensive WSN for 1) online
monitoring of hydraulic parameters such as pressure and flow measurements which were incorporated in
hydraulic models to estimate and improve the state of a large urban WDS; 2) enabling remote leak detection
and predict pipe burst events; and 3) integrated monitoring of water quality parameters (Whittle et al.,
2010). The WaterWise platform comprised of three main components: 1) online-WSN that provided data;
2) IDEAS that processed raw data for leak detection and other water quality-related events such as

contamination; and 3) DSTM that provided a decision support tool (Allen et al., 2013).

The system was implemented in three phases. In the first phase, a small network of WSN was deployed to
1) collect hydraulic data to validate the software and hardware components of the system and 2) test
processing techniques to detect and localize leak and to inform the system for optimal placement of sensors.
In the second phase, twenty-five nodes were placed at optimal locations. In this phase, the collaborative
processing and measurements of water quality monitoring parameters were also incorporated into the
system. In the third phase, the network was extended to one hundred nodes while optimizing the placement

of nodes for minimum power consumption (Whittle et al., 2010).

The working architecture and system workflow of WaterWise is given in Figure 9(a) and Figure 12,
respectively. A single WaterWise sensor node was composed of a pressure sensor, a hydrophone, a flow
meter, 2GB storage, GPS, a USB 3G modem (for primary communication), and a USB Wifi radio (for short
term communication when necessary). The sensors were highly time-synchronized which allowed high
accuracy of the leak location. Such synchronization is not possible in noise loggers. At the first level, the
sensor nodes, enclosed in water-resistant packing, gathered data at a high rate and transmit it to the group
of servers in real-time through the internet using a 3G connection. (Whittle et al., 2010). Of the group of
servers, the data server stored raw data; the processing server facilitated hydraulic modeling and leak

detection using raw data; and the web-server formed an interface between WaterWise and the user and also
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facilitated historical and real-time data visualization. Through the visualization tool, the utility engineers

were able to see water consumption data in demand zones, water pressure at junctions, and flow rates in

pipes.

The system used a wavelet detection algorithm to determine any irregularities for further investigation by
engineers. Firstly, the algorithm decomposed the pressure signals into several coefficients. Analyzing the
coefficients and picking up the most consistent signal determined the abnormal event. Secondly, the time
arrival of pressure fronts at different sensors was used in the leak localization algorithm. The localization
algorithm employed a graph search procedure to find the physical location of the potential leak event. Low-
pressure/potential-leak points were then allocated on a Google map for the exact identification of the points
of interest (Whittle et al., 2010). An SMS alert through DSTM was then sent to the maintenance engineers
which deployed field teams based on the location generated by the IDEAS. Over a few hours, the leaking
pipe was isolated by closing valves and repaired. An online EPAnet model was used for predicting system
response by closing certain valves. The results of the model helped the engineers in determining the
minimum and maximum pressure during maintenance operations. The repaired location was monitored on

IDEAS for a few days ensuring that the repair was fixed as anticipated (Allen et al., 2013).

Waterwise attempted to provide a complete WSN solution for the water supply network. The system was
not only capable of real-time leak detection but also provided online water quality and hydraulic parametric
modeling. Power consumption for Waterwise was a big challenge; nodes were charged using solar panels
attached to the top of poles. In the case of obstruction, lamp posts with a wired system were used to recharge
nodes. Research work on the tradeoff between the system’s power requirements and processing capabilities

is required to justify the cost-effectiveness of Waterwise.

[Insert Figure 12]

4.1.1.2. PipeNet
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PipeNet was deployed at the Boston Water and Sewer Commission in 2004 for gathering and processing
real-time hydraulic and water quality data (Stoianov et al., 2006). The remote system had distinct
functionalities such as a high sampling rate (up to 1000 samples/second) and highly accurate time
synchronization (up to 1 millisecond). With these features, PipeNet aimed at capturing fast pressure
transient events; detecting, localizing, quantifying leaks and bursts; and monitoring water quality (Stoianov

etal., 2007).

The main challenges for developing such an integrated system was bandwidth, local data processing, power
requirements, and to create a balance between wireless communication in the long run. A hierarchy-based
tier system was developed to address these challenges. The schematic diagram for three tiers of the
monitoring system namely sensor nodes (tier-1), data gathering and gateway (tier-2), and middleware and
back-end (tier 3) is given in Figure 10b. The first tier consisted of sensor nodes, with a transmission range
within 10-100m, to transmit the data to the local data-gatherer in tier two. For intensive real-time data
processing in the nodes, an advanced microprocessor architecture was required to maintain low power
consumption which was solved by using novel Intel mote. Each mote in the first tier was equipped with a
data acquisition board and several sensors. The primary function of motes was to gather data, process data
locally, and transfer to the second tier via Bluetooth (Stoianov et al., 2006). Tier two consisted of a single
board computer (Intel Stargate) which acted as a cluster head and gateway. Second-tier managed long-term
communication with the third tier using GPRS and also transmitted time beacons for time synchronization.
The mote in the first tier was programmed to periodically turn on, discover the gateway, collect the samples,
transmit the data, and go back to sleep for a configurable period of time. The sampling regime in the first
tier was classified into a continuous mode and a burst mode. In the case of a burst mode, the sampling rate
reached 1,000 samples per second for 15 minutes. The data acquired was compressed locally, before
transmission, to reduce battery depletion. In the second tier, a watchdog feature was added to the gateway
nodes to reboot the gateway after 24 hours or on halting of the system (Stoianov et al., 2006). Sophisticated

algorithms at tier three (middleware and back-end) detected ruptures in the pipeline (Stoianov et al., 2006).
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Data from pressure and flow sensors were used for detecting large leaks whereas smaller leaks were
detected using data from acoustic/vibration sensors. For large leaks, a relatively lower number of sensors
were required since large leaks generate pressure pulses which could be detected over a long distance. For
continuous sampling, such sensors were placed near pumping stations where solar charging systems were
available. The data was communicated with the gateway, where the Haar wavelet transform was used to
detect pressure pulses that confirmed the presence of a leak. For small leaks, acoustic/vibration data was
gathered through closely spaced (600 m apart) hydrophones. Since data for small leaks was not time-
sensitive, therefore, data was only collected during low noise periods (2-4 am) for a short period (3 to 5
minutes). Cross-correlation analysis was then applied which used the time delay between the signals and
distance between them to localize leak (Stoianov et al., 2007). Equation 1 defined the cross-correlation

function (Gao et al., 2006).
Rs,s, (1) = E[s1(£)s2(t + 1)] 1)

Where 7 = time lag; E =expectation operator; s, (t) and s, (t) = stationary random signals with zero mean.

The value of = that maximized equation 1 provided the estimate of 7,.qx. Tpear Was then used in equation
(2) that defined the relationship between time delay 7,,.4x, Wave propagation speed c, and distance between

sensors at access points d.

d— ea
dy = ——kek &)

PipeNet provided several trustworthy properties such as automatic leak and burst detection, low false alarm
rates, high-frequency data sampling, applicability on different pipe materials, and inexpensive to use/install.
Some of the limitations of PipeNet are as follows. Firstly, due to the high data sampling and insufficient
data storage in sensor nodes, the data were directly communicated with the cluster head which created
problems in case a connection was lost. Secondly, crude time synchronization was used by having a gateway
periodically transmitting a time bean through the cluster head. A refined time synchronization mechanism

within/across cluster heads is required to enhance the accuracy of leak localization.
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4.1.1.3. EARNPIPE

EARNPIPE was developed to provide a low power solution for accurate leak detection and localization in
above-ground long-distance pipes. An in-node algorithm was used to process, filter, compress, and detect
the leak. As shown in Figure 10c, EARNPIPE was a clustering-based WSN since clustering routing forms
an efficient way to minimize the power consumption of the network (karray et al., 2016). The nodes were
designed on system-on-chip architecture consisted of the ARM processor, timer, Kalman filter accelerator,
wireless transceiver, rechargeable battery, energy harvester, and sensors. The nodes collected data every
hour for 5 minutes at 1000 samples/second. A Predictive Kalman Filter ‘PKL’ algorithm was then run
locally which filtered out the noise and detected anomalies. PKL, then, further detected pressure variations
caused by anomalies. The difference between the measured pressure and estimate pressure gave an idea of

the occurrence of a leak.

Rk = Zk_ka (3)

Where z,, = measurement pressure; H = measurement matrix; and x; = estimated pressure.

When the difference in equation (3) exceeded a certain value, a flag was updated. The flag and the processed
data were then transferred to the cluster head where the Earnloca algorithm computed the position of the
leak, in case the anomaly was a leak. Earnloca algorithm was based on the time difference of pressure signal
arrival between two nodes studied through cross-correlating the signals. The information was afterward
transferred to the control center where various statistics were carried out and an interactive interface was
used to visualize the database. The database allowed the user to access historical graphs, maps, pipeline
location, and network state. Karrey et al. (2016) validated the proposed system at the lab scale using 25m
polyethylene pipes and found good accuracy for leak detection and location. The average error for leak

position using 3 tests was 1.93cm.

The main contribution of this system was 1) the use of system-on-chip design, characterized by its small

size and low power consumption, and 2) exploration of PKL algorithm in WSN. PKL algorithm was
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combined with the Kalman filter to preprocess all the useless information which reduced the
communication cost in WSN. This system was the first one to employ such a combination of PKL and filter
in WSN. However, EARNPIPE was developed only for above-ground pipes and its application in the
underground pipes was not investigated. Also, the accuracy of leak detection and localization was only

validated for lab-scale experiments.

4.1.1.4. MISEPIPE

MISEPIPE, a magnetic induction (MI) based WSN, was developed for providing real-time and low-cost
leak detection and localization in underground pipelines (Sun et al., 2011). Sensors were located both inside
and outside of the pipe; the measurements of which were transmitted to the control center in real-time. In-
pipe sensors measured the pressure, flowrate, and acoustic vibrations. Whereas, the out-of-pipe (in-soil)
sensors measured the temperature, humidity, and other properties of the soil. The measurements of both
types of sensors complemented each other and provided accurate leak detection and location at a low cost

and minimum energy consumption.

The system architecture of MISEPIPE is given in Figure 10d. MISEPIPE had a clustered architecture with
two layers: 1) hub layer consisting of in-pipe sensors that were deployed at the checkpoints and pump
station, and 2) in-soil sensor layer consisting of various sensors to measure soil properties. The in-pipe
sensors also acted as cluster heads which were equipped with Ml transceivers to collect data from sensors
located at the in-soil layer. The cluster heads were high power devices with rich processing abilities. These
cluster heads preprocessed data at the in-network level and transmitted it to the control center located

somewhere in the city.

Pressure sensors identified large leakages based on transient methods. Acoustic sensors were used to
complement pressure sensors in identifying small leaks. Since pressure/acoustic sensors were placed only
at the checkpoint, they did not provide data for accurate detection and localization. Soil property sensors

that were placed along the underground pipes gave continuous measurements such as moisture level of soil
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in case of a leak suspicion. This solved the low accuracy problem of pressure sensors and low range problem
of acoustic sensors and facilitated in accurately detecting and locating leaks. Soil sensors remained in sleep
mode to save energy until received commands from in-pipe sensors. After collaboratively identifying the
occurrence of a leak event and its location, information was shared with the control center to notify

maintenance personnel (Sun et al., 2011).

The unique contribution of MISEPIPE was the use of Ml communication for WSNs in underground pipes.
Tradition electromagnetic waves suffer from path loss in underground communication. Ml is a promising
signal propagation method that reduced the path loss issue as signals do not attenuate at a higher rate.
MISEPIPE also introduced the employability of soil sensors in addition to pressure and acoustic sensors
which showed the potential to enhance the accuracy of leak detection and localization. However, for
accurate leak detection, these in-soil sensors cannot be placed far apart which may increase the cost. The
optimal location of these sensors for long-distance pipes without sacrificing the accuracy is a challenge that
needs to be addressed for this system. The practical applicability of MISEPIPE is yet to be revealed as lab

experiments were only conducted at a small-scale testbed.

4.1.1.5. SmartPipes

Sadeghioon et al. (2014) presented a smart long-life WSN for leak detection in underground plastic pipes.
Leaks were detected through the measurement of relative changes in pressure profiles. Power consumption
was reduced by adopted several methods such as taking one measurement every 6 hours, using long-life

batteries and applying other energy harvesting techniques.

Figure 10e provides the proposed SmartPipes WSN. In SmartPipes, the nodes were attached to the pipeline.
For each set of four-five nodes, there was a master node that communicated with nodes and also received
data from nodes through RF transmission. Each node had three basic units: data gathering and processing
unit, transmission unit, and power management unit. Since power consumption was a big challenge in WSN

and there was no need for high-frequency sampling, the nodes remained at sleep for most periods of time.
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To save energy, sensor nodes cut power to all components during sleep time which enabled a lifetime of
100 years. The master node transferred the data to the cloud which was excessed by control devices with

internet connectivity.

Pressure sensors were used for detecting large leaks or burst by measuring the internal pressure of the pipe
based on force-sensitive resistors (FSR). These sensors were clamped to the pipe surface with a clip, as
shown in Figure 12, whose young’s modulus was greater than that of the pipe. Pressure in pipes caused a
contact force between the pipe and the clip which was measured by the FSR sensor. Using the contact force,

internal pipe pressure changes were calculated using equations 4 and 5.
F. =K. A,. P, (@)

2E.T:
Pry.EjTj

(r2E j.Tj)+(r].2.Ep.Tp)

Q)

Where F.= contact force on the sensor; K= constant that values between 0 and 1; P.= contact pressure
between pipe and clip; A;= sensor area; P= internal pipe pressure; r,= pipe radius; rj=clip radius; E;=

young’s modulus of the clip; E;,= young’s modulus of the pipe; T;= clip thickness; and T,,= pipe thickness.

For small/slow leakages, temperature sensors were used to detect leaks. These sensors were also clipped to
the pipe surface and used to draw changes in the temperature profile of the pipe walls in case of a leak.
Experimental and field trials using PVC pipes showed the potential of SmartPipes in leak detection and
location (Sadeghioon et al., 2014). Pressure profiles were studied before and after the leak and differences
were used to determine the approximate location. The experiments also showed the potential of temperature
sensors in leak detection as the temperature at the pipe wall dropped quickly with the drop in pressure. The
experiments confirmed that pressure sensors can be used in conjunction with temperature sensors for more

accurate leak detection and localization.

Similar to MISEPIPE, SmartPipes also validated the effectiveness of temperature sensors in water leak

detection and localization. The system showed another advantage that the sensors can be retrofitted with
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the existing pipes eliminating the damage to the structural integrity of pipes and the need for costly
continuous trenching. The main drawback of this system includes limited communication between the

nodes due to the low transmission range of RF signals in soil.

[Insert Figure 12]

4.1.16. PIPETECT

PIPETECT consisted of long-distance wireless communication units and highly precise sensor nodes. The
nodes sampled and transmitted data in real-time for analysis in a nearby data aggregation unit (Shinozuka
etal., 2010a). To identify leak location, a numerical simulation based code called HAMMER was developed
that used transient hydrodynamic analysis. The analysis was based on the fact that the pressure change near
the source of the transient is larger and decays in both directions with distance. As a result, a leak can be
located by computing the maximum water head gradient (MWHG) between two adjacent joints. PIPETECT
used the maximum pipe acceleration method (MPAG) instead of MWHG which was based on the principle
that a sharp pressure change causes a sharp acceleration change on the surface of the pipe. Therefore, the
whole process of observing MWHG was replaced by observing MPAG using less expensive and high
precision triple accelerometer-based sensor nodes rather than expensive pressure gauges. The leak
identification was done in three basic steps: 1) observing and analyzing the acceleration-based changes
using the non-invasive technique, 2) developing contour maps of acceleration changes, and 3) identifying

leaks between two adjacent joints on the basis of maximum acceleration change (Shinozuka et al., 2010a).

To monitor the water pipe network, sensor nodes were placed underground at two end joints of every link.
Wired Controller Area Network (CAN) was used for underground communication between sensor nodes
and aggregation units. The aggregation units were equipped with several radio transceivers for control and
communication with sensor nodes (Shinozuka et al., 2010a). The communication between the aggregation
unit and the cloud server was carried through WIFI. To initiate the transmission through sensor nodes, the

cloud server gave the command to the aggregation units which then set the reference time and broadcasted
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the command to the sensor nodes for data transmission. Sensor nodes transferred the acceleration data to
aggregation units which stored data locally in sequential order of time and went to sleep mode. Through
contour mapping (details in the later section), the leak was located and detected at the cloud server

(Shinozuka et al., 2010a).

The unique contribution of PIPETECT was the use of acceleration data in three axes which allowed the
cloud server three options to analyze the data i.e. if vibration data in one axis was not able to detect the
leak, the data in one or both of the other two axes might well do so. The utilization of three axes in a real
network needs further exploration as accelerometers are to be placed on valves and the usefulness of
vibration data in the x and y axes requires thorough examination. Leak analysis considering the properties

of real-life networks such as bends, T-joints, and ambient conditions also needs further investigation.

4.1.1.7. Others

Nasir et al. (2010) developed a cyber-physical wireless PipeSense system to detect the leak. PipeSense used
artificial intelligence for initial decision-making but the system was human-centric as a human was taken
as the final decision maker, not the system. It consisted of six tiers including the sensing tier, processing
tier, modeling tier, decision tier, human tier, and actuator tier. In the Sensing tier, nodes captured and sent
the information regarding pressure and other parameters. Some level of data cleansing was done at the node
level and then data was sent to the processing tier for further cleansing in real-time. The data was also stored
for future reference here. The processed data was then passed on to the modeling tier which contained
hidden Markov models for demand pattern predictions. Next, the decision was made through the decision
tier system which was made up of artificial intelligence. However, the decision was not imposed on the
system rather it was sent to the human tier system for the final decision. Humans were given the authority
to overrule the system and declare it a false alarm. The decision tier was programmed to learn from such
decisions. Finally, there was an actuator tier which consisted of valves, pumps, etc. Humans/automatic

systems repaired/closed the actuator tier in case of a leak.
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Rashid et al. (2015) proposed a WML-WSN for leak detection and size estimation. This system used
machine learning algorithms for learning, decision-making, and reporting leak events. The system was
based on the principle of negative pressure. The basic idea was that the leak events reflect a negative
pressure wave which can be sensed using pressure transducers. The sensor nodes in the data collection and
communication module sent the data through the Zigbee network to the learning and inference module for
further processing. The noise was removed using wavelet analysis. The machine learning techniques i.e.
support vector machines, K-Nearest Neighbor, Gaussian mixture model, and Navis Bayes were used to
detect leak and size of the leak. Navis Bayes had the highest accuracy in terms of leak detection i.e. 94.8 %
closely followed by support vector machines at 93.73 %. K-nearest neighbor had the highest accuracy in

terms of estimating leak size.

Santos and Younis (2011) designed a non-invasive WSN system for leak detection and early warning in
long-distance pipes that used ultrasonic transducers. Leaks were detected by monitoring fluid volume at the
entry and exit points in a pipeline. Since fluid volume is proportional to fluid velocity for known diameter
pipe, ultrasonic transducers were used to calculate fluid velocity. The ultrasonic transducers were wrapped
around the pipe and the accurate fluid velocity was continually measured. Any drop in fluid velocity was
considered as an indication of a crack in the pipe. The information from individual sensors were
immediately corresponded to the base station. The base station did a further temporal and spatial analysis

to detect trends and confirmed leaks pointed out by the individual sensors.

4.1.2. Mobile Sensors based WSNs

As illustrated in Figure 8, mobile sensors based WSNSs are classified into three categories: 1) TriopusNet,
2) SPAMMS, and 3) Ad-hoc WSNs. Detailed descriptions of the working, contributions, and limitations of

each category are given as under.

4.1.2.1. TriopusNet
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Lai et al. (2012) presented a mobile WSN for the autonomous deployment of mobile sensor nodes for
pipeline monitoring. TriopusNet worked by releasing sensor nodes at a centralized repository located at the
source of the pipeline. The human effort was only needed to deposit mobile nodes at the source of water in
a pipeline. Mobile nodes, equipped with gyroscope and pressure sensors to detect bends in the pipe, were
deployed in sequence, with the deployment of downstream sensors first. Placing nodes closer to the source
might hinder the movement of other nodes. Therefore, prior to releasing the sensor nodes, TriopusNet ran
a deployment algorithm that considered pipeline as a virtual tree. The nodes at the source were considered
as the root node, the nodes at the endpoints as the leaf nodes, and the other nodes as the intermediate nodes.
The algorithm subsequently placed the nodes in the transversal sequence of their deployment order. Each
mobile node was equipped with three mechanical arms that latched to the inner pipe surface upon reaching
the deployment position. Each node then gradually built its connectivity with other nodes depending upon
its sensing coverage radius i.e. the distance between two consecutive nodes was set at less than 2 times the
sensing coverage radius of each node so that the entire pipeline can be covered. Upon low-battery level, the
nodes detached themselves from the pipe’s inner surface and flew to the pipe outlet. TriopusNet replaced

the battery depleted nodes with the fresh ones to repair the WSN (Lai et al., 2012).

To communicate with nodes inside the pipeline, gateway nodes were installed prior to the deployment of
mobile sensors. Gateway nodes were installed out of the pipe and connected with at least one of the mobile
sensors for data collection. Gateway nodes were connected with a computer for data logging, remote
control, and running deployment and replacement algorithms (Lai et al., 2012). An overview of TriopusNet
is given in Figure 11a. A testbed was prepared, consisting of 6 pipes, 2 valves, and bends for checking the
accuracy of the system. Experimental results showed that the positional accuracy of nodes was very high,
with a median error of less than 7.14cm, which helped in accurately locating or pinpointing a leak (Lai et

al., 2012).

This system provided an alternate WSN that scaled down the human effort and the accuracy was proven

through a real testbed. However, the system had several limitations. Firstly, the sensor prototype was too
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big to be used for smaller diameter pipes. Due to the bigger size, the battery depleted sensors in an effort to
reach the outlet might clog the pipeline with the downstream sensors. Secondly, the nodes prototype used
radio communication which is not ideal for water; light and sonar communications are better. Better
communication is a must for this kind of system as with bad connectivity the mobile sensors would not be

able to form a virtual tree without which the whole pipeline system cannot be covered.

4.1.2.2. SPAMMS

SPAMMS, a novel method that integrated RFID systems based-fixed sensors with mobile sensors and
autonomous robot agents for 1) identification, reporting, and effective localization of events and 2) repair
of pipelines in case of damages from such events (Kim et al., 2010). The set of powerless fixed sensors was
implemented through inexpensive RFID (Radio Frequency ldentification) system for providing location
information to the mobile sensors within the pipeline topology. These sensors were uniformly distributed
and the distance between them was controlled by an acceptable level of the localization error. Due to the

low price of RFID, these sensors were separated by 50 cm or so.

Mobile sensors were placed at strategic locations by analyzing the available information provided by GPS
and the inspection needs. These mobile sensors were equipped with several functions including pressure
sensing. The selection of function was decided before deployment as per the requirement for a particular
sensing feature. Mobile sensors were equipped with RFID writer and reader for communicating with fixed
sensors and reaching their location. Mobile sensors also communicated with other mobile sensors and the
controlling system. Upon receiving the leak information, the control system commanded the fully
autonomous robot to travel inside the pipeline for repair. An RFID reader and writer were incorporated into
the robot. The robot upon reaching the location, with the help of RFID and mobile sensors, repaired the
damaged part (Kim et al., 2010). The corrective monitoring scenario through SPAMMS is shown in Figure

11b.
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The unique contribution of SPAMMS is the cost-effectiveness as the system used an inexpensive RFID
system and the number of mobile sensors and robot agents were limited. The deployment of mobile sensors
was dependent on the inspection demand and the number of robot agents was dependent on the maintenance
request. Another advantage of SPAMMS was that the sensors could be only be attached to the new pipe
during the construction or in the latter stages with the help of robotic agents. Similar to TriopusNet,
SPAMMS also assumed that just by controlling the water flow the mobile sensors’ path can be made
deterministic without disrupting the connectivity issues in WSNs, which is impractical in real-life networks.
The effect of fluid speed, as a result, on the movement of mobile sensors and robot agents and the

connection in WSNs remains to be future work.

4.1.2.3. Ad-hoc WSNs

Trinchero and Stefanelli (2009) and Trinchero et al. (2010) presented mobile sensors-based WSN to detect
and localize leak (Figure 11c). The mobile sensors could flow inside the pipeline without any interruption
and they were able to detect anomalies and monitor the pressure profile of the water flow inside a pipe.
Before the deployment of mobile sensors, the ground stations were installed in the proximity of pipe
crossing positions. The ground stations were equipped with directive antennas to communicate with the
mobile sensors. Each mobile sensor had two units: hydrophone that acted as a sensing unit and
radio/microwave frequency as a transmitting unit. When any mobile sensor was intercepted by the ground
station, its position was identified and the acquired spectrum data was correlated to leak locations. The
ground station after processing the data transmitted it to the central unit where further advanced signal
processing techniques were applied to provide accurate leak location (Trinchero and Stefanelli, 2009). The
system was validated through experiments in the lab which showed easy maintenance and low power

consumption but the communication range was limited.

4.2. MEMS Accelerometers
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A considerable amount of past research has been conducted on acoustic-based noise-logger for real-time
monitoring. However, noise-loggers give rise to several challenges such as placing the noise-loggers at the
right location and difficulty in detecting quiet leaks. Besides, the noise sound from the leak gets absorbed
by the plastic pipes due to their viscoelastic nature and noise sound waves become weak. It is due to these
disadvantages, vibration-based leak detection using sensitive accelerometers has caught researchers’
interest (Ismail et al., 2019). Accelerometers are sensing devices that can detect and measure

acceleration/vibration (El-Zahab et al., 2016).

Ismail et al. (2019) compared 6 break-out accelerometer sensors that are used in plastic pipes based on the
number of axes, sensitivity, price, and power consumption. They found that the accelerometers with a
higher number of axis have higher accuracy which means that if X-axis is unable to identify the pipe
condition, the other two axes will. Among the accelerometers with triple-axis, they found MPU6050 to be
cheaper, accurate, and sensitive. The sensitivity of MPU6050 is +16g was much higher than the other three
triple-axis accelerometers ADXL335, Hitachi-Metal H34C, and MMA7361. The comparison of the triple-
axis accelerometer is given in Table 8. Ismail et al. (2015) checked the accuracy of MPU6050 for leak
detection in high-pressure ABS pipes. The pressure was varied between 58.84 and 117.8KPa at three states
namely ‘no leakage’, ‘1 mm leak hole’, and ‘3 mm leak hole’. It was found that leak size was difficult to
identify at a high pressure of 117.8KPa, however, up till 98.1KPa, there was no problem in identifying leak

size.

[Insert Table 8]

4.2.1. MEMS accelerometer-based Linear Regression Model

Linear regression is a statistical method to predict a dependent variable based on the relationships with

independent variables. El-Zahab et al. (2016) presented a linear regression model for the location of a single
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leak event in a pressurized pipe. The experiments were conducted on PVC and cast iron pipes and the
accelerometers were placed on the connecting valves within the testing pipes. Monitoring indexes for the
non-leak state were developed based on the vibrations measured by the accelerometers for several hours.
‘Monitoring efficiency index’ was then formulated by dividing the current state monitoring index and the
lowest non-leak state monitoring index for every 100 seconds. A leak was detected when the threshold
values of the non-leak monitoring efficiency index were exceeded. The monitoring efficiency indexes of
two sensors on the left and right side of the leak along with the distance between the sensors allowed the

regression model to locate the leak within £25cm. The developed model is given as follows.

X, = —2.05+ (0.1718%) + (3.55) — (0.295D) + (0.01985D?2) — (0.3351§D) (6)

Xp = —2.766 — (6.88 %) + (2.251 (g)z) +(0.4178D) + (0.0248D?) — (0.3187§D) (7)

Where, X, = the distance from the left sensor to the suspected leak; X = the distance from the right sensor
to the suspected leak; L = monitoring index efficiency at the left sensor; R = monitoring index efficiency at
the right sensor; T = total monitoring index; and D= total distance between sensors. R? value of the

developed models X; and X, came out to be 92.84 % and 98.08 %, respectively.

Although the linear regression-based models rarely exist for MEMS-based technologies but the
implementation and development of such a model for real-life networks is highly questionable. Firstly, the
field conditions vary considerably with every site such as the distance between two valves is not always the
same as assumed in the lab-scale experiments. The pipe diameters, materials, ground conditions, and water
table may also vary. The accuracy of non-leak monitoring indexes based on measurements on pipes without
considering these factors is debatable and so does the linear regression model. Secondly, the water pipes
are typically buried under the ground, the given regression model was made for above-ground short distance

pipes. Thirdly, the model didn’t take the effect of leak size into the account.

4.2.2. MEMS Accelerometer-based Advanced Models
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El-Zahab et al. (2016) extended their study in Zahab et al. (2018) and used three machine learning-based
techniques including support vector machines, decision trees, and Naive-Bayes for leak detection and
localization in real-time. The study compared the accuracy of three techniques. The models were also
capable of identifying the size of the leak. Experiments were performed on ductile iron and PVC pipes. A
hose pump was utilized to provide water at a steady flow of 30 liters per minute. Triple-axis accelerometers
(model AX3D from brand Beanair) were used. The sensitivity of accelerometers was +2 g with a maximum
sampling rate of 1000 samples per second if all three axes were used and 3000 samples per second if the
only axis was used. Monitoring index efficiency (MIE) was established for all three models using eight
hours of vibration data and the models detected leaks based on the threshold value (equation 8 to 10). Leaks
were also classified as ‘no leak, small leak, and big leak’. The discharge rate for small leaks was assumed
between 10 % and 25 % of the overall flow rate whereas the discharge rate for big leaks was assumed

between 26 % and 50 %.

No leak,if MIE < 1.018
Vector machine state = Small leak, if MIE € [1.018, 2.24] 8)
Big leak, if MIE > 2.24

No leak,if MIE < 1.052
Decision tree state = Small leak, if MIE € [1.052,1.595] 9)
Big leak, if MIE > 1.595

No leak,if MIE < 1.07
Naive-Bayes= Small leak, if MIE € [1.07,1.88] (10)
Big leak,if MIE > 1.88

In terms of leak detection, the decision tree provided the highest accuracy. Whereas, Naive-Bayes provided
the highest accuracy in terms of leak size. This is an important lab-scale work that provided an accuracy of
over 80 % for leak detection which is very high in comparison to traditional leak detection methods used
in the field. Similar to the regression model, these machine learning models were developed only for above-
ground pipes which is not a typical case in real-life networks. A further extension of their proposed models

using on-field experiments, taking different site conditions into accounts, would be valuable.
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4.2.3. Accelerometer-based WSNs

Shinozuka et al. (2010a) proposed non-destructive monitoring of water pipelines through accelerometers-
based WSN. It was composed of several inexpensive sensors equipped with MEMS accelerometers to
measure vibration on the pipe surface. The sensors were daisy-chained underground to a wireless board for
transmitting data. The data were transmitted in real-time for leak assessment by a nearby aggregation unit.
As per their methodology, the sensors were placed typically on the network joints and at least two joints of
every link in the network were monitored. In case of a leak, a change in pressure caused a change in
acceleration. The measure acceleration was then computed and analyzed by constructing contour maps for
acceleration changes. The damage and location of the leak were identified from the locally maximum
acceleration changes. The leak location was then found at the innermost and smallest polygon in the contour

map, please refer to Shinozuka et al. (2010b).

Another study on accelerometer-based WSN was conducted by Nwalozie et al. (2015) for leak detection
and localization in real-time. They made an experimental investigation on the relation between flow-
induced vibration and pressure fluctuation which indicated a positive linear correlation. The studies also
showed that a non-linear but proportional relation exists between water flow rate and flow-induced

vibrations.

4.3. MEMS Hydrophones

Among water leak detection techniques, the acoustic correlator method has gained popularity. It requires
two hydrophones to detect the leak and then the time lag between the received signals confirms the location
of the leak. Existing piezo-ceramics-based hydrophones are expensive, large-sized, and consume high
power. For real-time leak detection, hydrophones are needed to be installed in-pipe to reduce the external
noise. Some researchers such as Xu et al. (2016) and Xu et al. (2019) attempted to overcome the limitations

of traditional hydrophones. For example, Xu et al. (2019) proposed a MEMS-based hydrophone that was

35



841

842

843

844

845

846

847

848

849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

small-sized, cheap, and consumed low power. The fabricated 10x10 element size was a tiny 3.5x3.5mm?

hydrophone device. Overall size after packaging and assembly was @ 1.2x3.5cm.

They demonstrated the capability of these hydrophones for detecting leaks both in existing and new
pipelines. The devices were sensitive and recorded both leak and external noises caused difficulty in
decoupling the signals. They conducted experiments for detection by installing hydrophones both and
outside of the pipeline and found that the inside approach was better. Leak location was calculated using
correlation analysis by placing two hydrophones on the same side of the leak. The time delay was observed
which demonstrated the feasibility of leak location with MEMS-based hydrophones. Comparison with
commercial hydrophones established the decent performance of these cheaper devices in real-time that can
be installed permanently. Research gaps regarding MEMS-based hydrophones include 1) testing on plastic
pipes, 2) use of different configurations of hydrophones for leak location, 3) use of artificial intelligence to

analyze and separate leak signals from external signals, and 4) testing in the field.
5. Future Research Opportunities

The research in MEMS-based leak detection and localization technologies are still in the primitive stage.
Therefore, opportunities for future research are vast. This study suggests some of the opportunities that

might be of interest to future researchers.

1) On-field real networks based experimental studies: Most of the previous studies are based on
lab-based experiments. Leaks are artificially generated and the location of the leaks is sometimes
already known to the investigators even before starting the experiments which are not the case on-
field. Lab studies usually fail to incorporate real-life aspects such as topography, complexities of
pipes, conditions of valves, background noise, etc. Field experiments would serve as references for
understanding the efficient use and placements of sensors. The results obtained and any difficulties

encountered during 1) network deployment such as connection issues and time of experiments, and
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2)

3)

4)

2) data interpretation especially procedures for selecting threshold limits for leak and non-leak
states should also be reported.

, and bends.

Multi-leaks: Past studies typically focused on single leak/rupture events. In actual practice, there
can be more than one leak in a single pipeline which may result in faulty results in both leak
detection and localization. Although some studies were conducted based on transient pressure,
acoustic-based methods have not been well developed for multiple leaks’ situation. More studies
on multi-leaks are needed. This might require modification in existing methodologies, especially
for leak localization.

Optimal placement of sensor nodes and other strategies for energy-savings in WSNSs: Energy
savings in WSNs is a big challenge. The sensors are battery-operated and, for continuous
monitoring over long networks, require high power consumption. This leads to expenses incurred
in replacing the batteries as well as maneuvering the resources. Different researchers have come up
with strategies for low power consumption such as the introduction of sleep/wake cycles of nodes.
More research is required for optimal placement of nodes, communications with cluster nodes, and
other strategies for low power consumption. The development of algorithms for the optimal
placement of sensors can also minimize human efforts and network costs.

Automated models: Excepts for a few studies, common software-based methods such as cross-
correlation, pressure transient methods, etc. are used for leak detection and localization. Al-based
neural networks and other machine learning algorithms can be established for automatic leak
detection and localization. Web-based or mobile-based apps can further be developed for easy
communication between site personnel and engineers at the back end. A human component can be
added at the end for a final decision. Such a component would furnish the engineer with an authority
to accept or reject the leak detected by the algorithms considering actual field conditions which
might suggest otherwise. Al algorithms will learn from such decisions and experiences. Some
researchers, such as El-Zahab et al. (2018), as mentioned previously, used machine learning
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5)

6)

7)

8)

techniques for leak detection and localization but again only lab-scale experiments were conducted
and the results were not validated using real network data. Automated Al-based models are
especially required for ameliorating the leak detection situation on the field.

Robot-based WSNs for small diameter pipes: Existing literature has developed mobile-based
WSNs which not only detect and localize leaks but can also repair the damage. Such robot-based
WSNs are restricted by size and are not suitable for small pipe diameters. Further research can be
carried out for small diameter pipes.

Overall network coverage: Network coverage parameters including sensors range and direction
flow of data play a significant role in WSNs. More research is required to establish the linear
connection between the nodes and also with the cluster nodes. The best applicable communication
technologies in different typologies also need to be established. Furthermore, all of the existing
studies used a central control system that is adequate for a small network, but for a larger network
covering thousands of kilometers of pipes, such a system may affect overall network performance.
A single central control system can be replaced with distributed control systems.

Comparative analysis of real-time technologies: Experiments on the comparative analysis of
MEMS-based WSNs and other real-time technologies such as the Noise loggers are limited. Such
analysis can provide comparisons on the accuracy of leak detection and localization using different
technologies. Both lab-scale and field experiments can be conducted. Similarly, further
investigation is required to enhance the feasibility of using MEMS hydrophones as only a few
pieces of literature were found. Comparative analysis with noise loggers and normal hydrophones
can be conducted.

Integration of sewers and water supply monitoring: Since sewer pipes and water supply pipes
are often buried close to each other. Any leak in sewer pipes may cause seepage of hazardous
wastewater to the water supply lines. WSNs present a unique opportunity to use integrated solutions
for both sewers and water supply monitoring. PH sensors nodes can also be installed for water
quality monitoring in-pipe.
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9) Feasibility and challenges to the implementation from the policy perspective: Survey and
interview-based studies on the challenges to the implementation of MEMS-based technologies can
be conducted to understand the concerns of the public sector authorities regarding the new
technologies. Recommendations on the involvement of experienced private sector in the form of
service-based PPPs can also be provided. Literature has reported several types of WSNs but none
of the studies has provided an assessment of the economic feasibility of WSNs for a district
metering area. Comparative analysis of the most economically feasible WSN solutions is also
missing.

6. Conclusions

High leakage rates in WDS has changed the focus of research from ‘non-real-time monitoring’ to ‘real-time
monitoring’ in the domain of water leak detection and localization. Most of the existing literature has
proposed Noise logger’s based techniques for real-time monitoring. However, noise loggers are found to
be 1) prone to false alarms, 2) less effective for plastic pipes, and 3) require high initial monitoring cost. To
overcome these wvulnerabilities, MEMS-based technologies including MEMS hydrophones, MEMS
accelerometers, and MEMS WSNS are gaining researchers’ attention. This study conducted a systematic
literature review on these three MEMS-based technologies considering their application in water leak and

detection.

The systematic review was comprised of scientometric analysis and qualitative analysis. Firstly, a
scientometric analysis was carried out which used a combination of databases-based bibliometric analysis
and science mapping analysis of the extracted data of the retrieved articles. The unfiltered search through
three popular databases including Scopus, Web of Science, and Google Scholar revealed 292 related articles.
After applying filters and screening through abstract and full-text reading, 67 articles were retrieved.
Application of snowballing techniques on the retrieved articles led to the addition of 58 articles, thus 125

articles were finalized for further science mapping and qualitative analysis.
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The publication trend in the science mapping analysis predicted an upward research growth in the MEMS-
based technologies for leak and detection. Science mapping of research outlets in terms of average
normalized citation scores revealed the ‘Journal of Sensor and Actuator Networks’, ‘Structure and
Infrastructure Engineering’, and ‘Applied Acoustics’ as the most influential research outlets. In the same
way, Anthony, C.J., Chapman, D.N., and Davoudi, S. are found to be the most influential research authors.
In terms of research organizations and countries, ‘University of Birmingham, UK’ and ‘Italy’ has the
highest average normalized citation score. Lastly, ‘Wireless Sensor Network’ and ‘Leak Detection’ are the

keywords with the highest occurrence showing the authors' specific interest in these two research areas.

Qualitative analysis revealed that only three articles focused on MEMS hydrophones. Accelerometers are
a popular technique but research on MEMS-based accelerometers is still limited to a few research articles.
In comparison to the other two technologies, WSNs have attracted more research interests in the recent
past. Two categories of WSNs were found namely static sensors-based WSNs and mobile sensors-based
WSNSs. Static WSNs were further categorized into seven types of categories: 1) Water Wise, 2) PIPEnet, 3)
EARNPIPE, 4) MISEPIPE, 5) Smart Pipes, 6) PIPETECT, and 7) others. Whereas, Mobile WSNs were
categorized into three main categories: 1) TriopusNET, 2) SPAMMS, and 3) Ad hoc WSNSs. The qualitative
analysis found nine future research opportunities: 1) on-filed real networks based experimental studies, 2)
multi-leaks, 3) optimal placement of sensor nodes and other strategies for energy-savings in WSNs, 4)
automated models, 5) Robot-based WSNs for small diameter pipes, 6) overall network coverage, 7)
Comparative analysis of real-time technologies, 8) Integration of sewers and water supply monitoring, and

9) feasibility and challenges to the implementation from the policy perspective.

Acknowledgment

The authors gratefully acknowledge the support from the Innovation and Technology Fund (Innovation and
Technology Support Programme (ITSP)) and the Water Supplies Department under grant number

ITS/067/19FP.

40



964

965

966

967

968

969

970

971

972

973

974

975

976

977

978

979

980

981

982

983

984

985

References

Abbas, M. Z., Baker, K. A., Ayaz, M., Mohamed, H., Tarig, M., Ahmed, A., and Faheem, M. (2018). Key
Factors Involved in Pipeline Monitoring Techniques Using Robots and WSNs: Comprehensive Survey.
Journal of Pipeline Systems Engineering and Practice, 9(2), 04018001.

https://doi.org/10.1061/(ASCE)PS.1949-1204.0000305

Abbasi, A. Z., Islam, N., and Shaikh, Z. A. (2014). A review of wireless sensors and networks' applications

in agriculture. Computer Standards & Interfaces, 36(2), 263-270. https://doi.org/10.1016/j.csi.2011.03.004

Abdelhafidh, M., Fourati, M., Fourati, L. C., and Laabidi, A. (2018). An investigation on wireless sensor
networks pipeline monitoring system. International Journal of Wireless and Mobile Computing, 14(1), 25-

46. https://doi.org/10.1504/1JWMC.2018.090002

Abdelkhalek, S., and Zayed, T. (2020). Comprehensive Inspection System for Concrete Bridge Deck
Application: Current Situation and Future Needs. Journal of Performance of Constructed Facilities, 34(5),

03120001. https://doi.org/10.1061/(ASCE)CF.1943-5509.0001484

Abdelmageed, S., and Zayed, T. (2020). A study of literature in modular integrated construction - Critical
review and future directions. Journal of Cleaner Production, 124044.

https://doi.org/10.1016/j.jclepro.2020.124044

Abedeji, K. B., Hamam, Y., Abe, B. T., and Abu-Mahfouz, A. M. (2017). Towards Achieving a Reliable
Leakage Detection and Localization Algorithm for Application in Water Piping Networks: An Overview.
IEEE Access, 5, 20272-20285. https://doi.org/10.1061/(ASCE)CF.1943-

5509.000148410.1109/ACCESS.2017.2752802

Akkaya, K., and Younis, M. (2005). A survey on routing protocols for wireless sensor networks. Ad Hoc

Networks, 3(3), 325-349. https://doi.org/10.1016/j.adhoc.2003.09.010

41



986

987

988

989

990

991

992

993

994

995

996

997

998

999

1000

1001

1002

1003

1004

1005

1006

1007

1008

Akyildiz, I. F., Su, W., Sankarasubramaniam, Y., and Cayirci, E. (2002). Wireless sensor networks: a

survey. Computer Networks, 38(4), 393-422. https://doi.org/10.1016/S1389-1286(01)00302-4

Al-Hawari, A., Khader, M., Zayed, T., and Moselhi, O. (2015). Non-destructive visual-statistical approach
to detect leaks in water mains. International Journal of Environmental and Ecological Engineering, 9(3),

230-234. https://doi.org/10.5281/zenodo.1099818

Ali, S., Qaisar, S. B., Saeed, H., Khan, M. F., Naeem, M., and Anpalagan, A. (2015). Network challenges
for cyber physical systems with tiny wireless devices: A case study on reliable pipeline condition

monitoring. Sensors, 15(4), 7172-7205. https://doi.org/10.3390/s150407172

Al-Karaki, J. N., and Kamal, A. E. (2004). Routing techniques in wireless sensor networks: A survey. IEEE

Wireless Communications, 11(6), 6-28. https://doi.org/10.1109/MWC.2004.1368893

Allen, M., Preis, A., Igbal, M., and Whittle, A. J. (2013). Water Distribution System Monitoring and
Decision Support Using a Wireless Sensor Network. Paper presented at the 14th ACIS International
Conference on Software Engineering, Artificial Intelligence, Networking and Parallel/Distributed

Computing, 1-3 July, Honolulu, USA. https://doi.org/10.1109/SNPD.2013.97

Almazyad, A. S., Seddig, Y. M., Alotaibi, A. M., Al-Nasheri, A. Y., BenSaleh, M. S., Obeid, A. M., and
Qasim, S. M. (2014). A proposed scalable design and simulation of wireless sensor network-based long-
distance  water  pipeline  leakage  monitoring  system.  Sensors,  14(2), 3557-3577.

https://doi.org/10.3390/s140203557

Arthi, K., Vijayalakshmi, A., and Ranjan, P. V. (2013). Critical Event based Multichannel Process Control
Monitoring Using WSN for Industrial Applications. Procedia Engineering, 64, 142-148.

https://doi.org/10.1016/j.proeng.2013.09.085

Ayadi, A., Ghorbel, O., Obeid, A. M., Bensaleh, M. S., and Abid, M. (2017). Leak detection in water

pipeline by means of pressure measurements for WSN. Paper presented at the 2017 International Conference

42



1009

1010

1011

1012

1013

1014

1015

1016

1017

1018

1019

1020

1021

1022

1023

1024

1025

1026

1027

1028

1029

1030

on Advanced Technologies for Signal and Image Processing (ATSIP), 22-24 May, Fez, Morocco.

https://doi.org/10.1109/ATSIP.2017.8075604

Barton, N. A., Farewell, T. S., and Hallett, S. H. (2020). Using generalized additive models to investigate
the environmental effects on pipe failure in clean water networks. npj Clean Water, 3, 31.

https://doi.org/10.1038/s41545-020-0077-3

Beuken, R. H. S., Lavooij, C. S. W., Bosch, A., and Schaap, P. G. (2008). Low Leakage in the Netherlands
Confirmed. Paper presented at the Eighth Annual Water Distribution Systems Analysis Symposium

(WDSA), 27-30 August, Cincinnati, USA. https://doi.org/10.1061/40941(247)174

Bharathidasan, A., and Ponduru, V. A. S. (2002). Sensor networks: An overview. Technical Report,

Department of Computer Science, University of California, USA.

Boretti, A., and Rosa, L. (2019). Reassessing the projections of the world water development report. npj

Clean Water, 2(1), 1-6. https://doi.org/10.1038/s41545-019-0039-9

Boubrima, A., Bechkit, W., and Rivano, H. (2017). Optimal WSN deployment models for air pollution
monitoring. |IEEE Transactions on Wireless Communications, 16(5), 2723-2735.

https://doi.org/10.1109/TWC.2017.2658601

Boukerche, A. (2008). Algorithms and protocols for wireless and mobile ad hoc networks (Vol. 77). John

Wiley & Sons, New Jersey, USA.

Buratti, C., Conti, A., Dardari, D., and Verdone, R. (2009). An overview on wireless sensor networks

technology and evolution. Sensors, 9(9), 6869-6896. https://doi.org/10.3390/s90906869

Calderon, A., and Ruiz, M. (2015). A systematic literature review on serious games evaluation: An
application to  software  project management. Computers &  Education, 87, 396-422.

https://doi.org/10.1016/j.compedu.2015.07.011

43



1031

1032

1033

1034

1035

1036

1037

1038

1039

1040

1041

1042

1043

1044

1045

1046

1047

1048

1049

1050

1051

1052

Chen, X., and Rowe, N. C. (2011). An Energy-Efficient Communication Scheme in Wireless Cable Sensor
Networks. Paper presented at the IEEE International Conference on Communications (ICC), Kyoto, Japan.

https://doi.org/10.1109/icc.2011.5963077

Cheng, C., Tse, C. K., and Lau, F. C. M. (2011). A Delay-Aware Data Collection Network Structure for
Wireless Sensor Networks. IEEE Sensors Journal, 11(3), 699-710.

http://doi.org/10.1109/JSEN.2010.2063020

Cobo, M. J., Lopez-Herrera, A. G., Herrera-Viedma, E., and Herrera, F. (2011). Science mapping software
tools: Review, analysis, and cooperative study among tools. Journal of the American Society for

Information Science and Technology, 62(7), 1382-1402. http://doi.org/10.1002/asi.21525

Connor, R. (2015). The United Nations world water development report 2015: water for a sustainable world
(Vol. 1). Technical report, UNESCO, Paris, France.
http://www.unesco.org/new/fileadmin/MULTIMEDIA/HQ/SC/images/WWDR2015Facts_Figures ENG _

web.pdf

Darko, A., Chan, A. P. C., Huo, X., and Owusu-Manu, D. G. (2019). A scientometric analysis and
visualization of global green building research. Building and Environment, 149, 501-511.

https://doi.org/10.1016/j.buildenv.2018.12.059

Duru, C., and Ani, C. (2017). A statistical analysis on the leak detection performance of underground and
overground pipelines with wireless sensor networks through the maximum likelihood ratio test. Sadhana,

42(11), 1889-1899. https://doi.org/10.1007/s12046-017-0731-8

El-Abbasy, M. S., Mosleh, F., Senouci, A., Zayed, T., and Al-Derham, H. (2016). Locating Leaks in Water
Mains Using Noise Loggers. Journal of Infrastructure Systems, 22(3), 04016012.

https://doi.org/10.1061/(ASCE)1S.1943-555X.0000305

44



1053

1054

1055

1056

1057

1058

1059

1060

1061

1062

1063

1064

1065

1066

1067

1068

1069

1070

1071

1072

1073

1074

1075

Elleuchi, M., Boujelben, M., Abid, M., Obeid, A. M., and BenSaleh, M. S. (2015). Power aware scheme
for water pipeline monitoring based on Wireless Sensor Networks. Paper presented at the 15th International
Conference on Intelligent Systems Design and Applications (ISDA), 14-16 December, Marrakech,

Morocco. https://doi.org/10.1109/ISDA.2015.7489219

Elleuchi, M., Boujeleben, M., and Abid, M. (2019). Energy-efficient routing model for water pipeline
monitoring based on wireless sensor networks. International Journal of Computers and Applications.

https://doi.org/10.1080/1206212X.2019.1682239

El-Zahab, S, Mosleh, F., Zayed T, El Zahab S, Mosleh F, and Zayed T. (2016). An accelerometer-based
real-time monitoring and leak detection system for pressurized water pipelines. Paper presented at the

Pipelines 2016, 17-20 July, Kansas City, USA. https://doi.org/10.1061/9780784479957.025

El-Zahab, S., and Zayed, T. (2019). Leak detection in water distribution networks: an introductory

overview. Smart Water, 4(1), 5. https://doi.org/10.1186/s40713-019-0017-x

El-Zahab, S., Mohammed Abdelkader, E., and Zayed, T. (2018). An accelerometer-based leak detection
system. Mechanical systems and signal processing, 108, 276-291.

https://doi.org/10.1016/j.ymssp.2018.02.030

Fabbri, F., Riihijarvi, J., Buratti, C., Verdone, R., and Mahonen, P. (2009). Area Throughput and Energy
Consumption for Clustered Wireless Sensor Networks. Paper presented at the IEEE Wireless
Communications and Networking Conference, 5-8 April, Budapest, Hungary.

https://doi.org/10.1109/WCNC.2009.4917603

Farley, M., and Trow, S. (2003). Losses in water distribution networks. IWA publishing, London, UK.

Ganiyu, R. A., Arulogun, O. T., and Okediran, O. O. (2014). Development of a wireless sensor network for
monitoring  environmental  condition on a farmland.  Development, 7(3), 28-34.

https://research.ijais.org/volume7/number3/ijais14-451170.pdf

45



1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

Gao, Y., Brennan, M. J., and Joseph, P. F. (2006). A comparison of time delay estimators for the detection
of leak noise signals in plastic water distribution pipes. Journal of Sound and Vibration, 292(3-5), 552-570.

https://doi.org/10.1016/j.jsv.2005.08.014

Ghosal, A., and DasBit, S. (2015). A lightweight security scheme for query processing in clustered wireless
sensor networks. Computers & Electrical Engineering, 41, 240-255.

https://doi.org/10.1016/j.compeleceng.2014.03.014

Giri, P., Ng, K., and Phillips, W. (2018). Wireless sensor network system for landslide monitoring and
warning. IEEE  Transactions on  Instrumentation and  Measurement, 68(4), 1210-1220.

https://doi.org/10.1109/TIM.2018.2861999

Gong, W., Suresh, M. A., Smith, L., Ostfeld, A., Stoleru, R., Rasekh, A., and Banks, M. K. (2016). Mobile
sensor networks for optimal leak and backflow detection and localization in municipal water networks.

Environmental Modelling & Software, 80, 306-321. https://doi.org/10.1016/j.envsoft.2016.02.001

Guépié, B. K., Grall-Maés, E., Beauseroy, P., Nikiforov, 1., and Michel, F. (2020). Reliable leak detection
in a heat exchanger of a sodium-cooled fast reactor. Annals of Nuclear Energy, 142, 107357.

https://doi.org/10.1016/j.anucene.2020.107357

Gutiérrez, J., Villa-Medina, J. F., Nieto-Garibay, A., and Porta-Gandara, M. A. (2013). Automated
irrigation system using a wireless sensor network and GPRS module. IEEE transactions on instrumentation

and measurement, 63(1), 166-176. https://doi.org/10.1109/TIM.2013.2276487

He, Q., Wang, G, Luo, L., Shi, Q., Xie, J., and Meng, X. (2017). Mapping the managerial areas of Building
Information Modeling (BIM) using scientometric analysis. International Journal of Project Management,

35(4), 670-685. https://doi.org/10.1016/j.ijproman.2016.08.001

Heinzelman, W. R., Chandrakasan, A., and Balakrishnan, H. (2000). Energy-efficient communication

protocol for wireless microsensor networks. Paper presented at the Proceedings of the 33rd Annual Hawaii

46



1099

1100

1101

1102

1103

1104

1105

1106

1107

1108

1109

1110

1111

1112

1113

1114

1115

1116

1117

1118

1119

1120

International Conference on System Sciences, 7 January, Maui, USA.

https://doi.org/10.1109/HICSS.2000.926982

Hosseini, M. R., Martek, I., Zavadskas, E. K., Aibinu, A. A., Arashpour, M., and Chileshe, N. (2018).
Critical evaluation of off-site construction research: A Scientometric analysis. Automation in Construction,

87, 235-247. https://doi.org/10.1016/j.autcon.2017.12.002

Hou, L., and Bergmann, N. W. (2012). Novel industrial wireless sensor networks for machine condition
monitoring and fault diagnosis. IEEE transactions on instrumentation and measurement, 61(10), 2787-

2798. https://doi.org/10.1109/TIM.2012.2200817

Hunaidi, O., and Wang, A. (2006). A new system for locating leaks in urban water distribution pipes.
Management of Environmental Quality: An International Journal, 17(4), 450-466.

https://doi.org/10.1108/14777830610700928

Hunaidi, O., Wang, A., Bracken, M., Gambino, T., amd Fricke, C. (2000). Detecting leaks in water
distribution pipes: Institute for Research in Construction. Technical report, National Research Council of

Canada, Ottawa, Canada.

Intanagonwiwat, C., Govindan, R., and Estrin, D. (2000). Directed diffusion: a scalable and robust
communication paradigm for sensor networks. Paper presented at the Proceedings of the 6th annual
international conference on Mobile computing and networking, August, Boston, Massachusetts.

https://doi.org/10.1145/345910.345920

Ismail, M. I. M., Dziyauddin, R. A., and Salleh, N. A. A. (2015). Performance evaluation of wireless
accelerometer sensor for water pipeline leakage. Paper presented at the 2015 IEEE International
Symposium on Robotics and Intelligent Sensors (IRIS), 18-20 October, Langkawi, Malaysia.

https://doi.org/10.1109/IR1S.2015.7451598

47



1121

1122

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

1137

1138

1139

1140

1141

1142

Ismail, M. I. M., Dziyauddin, R. A, Salleh, N. A. A., Muhammad-Sukki, F., Bani, N. A., Izhar, M. A. M.,
and Latiff, L. A. (2019). A Review of Vibration Detection Methods Using Accelerometer Sensors for Water

Pipeline Leakage. IEEE Access, 7, 51965-51981. https://doi.org/10.1109/ACCESS.2019.2896302

Jawhar, I., Mohamed, N., and Shuaib, K. (2007). A framework for pipeline infrastructure monitoring using
wireless sensor networks. Paper presented at the Wireless Telecommunications Symposium, 26-28 April,

Pomona, USA. https://doi.org/10.1109/WTS.2007.4563333

JayalLakshmi, M., and Gomathi, V. (2015). An enhanced underground pipeline water leakage monitoring
and detection system using Wireless sensor network. Paper presented at the International Conference on
Soft-Computing and Networks Security (ICSNS), 25-27 February, Coimbatore, India.

https://doi.org/10.1109/ICSNS.2015.7292399

Jin, R., Gao, S., Cheshmehzangi, A., and Aboagye-Nimo, E. (2019). A holistic review of off-site
construction literature published between 2008 and 2018. Journal of Cleaner Production, 202, 1202-1219.

https://doi.org/10.1016/j.jclepro.2018.08.195

Kanakoudis, V. K. (2004). A troubleshooting manual for handling operational problems in water pipe
networks. Journal of Water Supply: Research and Technology-Aqua, 53(2), 109-124.

https://doi.org/10.2166/aqua.2004.0010

Kanakoudis, V., and Muhammetoglu, H. (2014). Urban Water Pipe Networks Management Towards Non-
Revenue Water Reduction: Two Case Studies from Greece and Turkey. CLEAN — Soil, Air, Water, 42(7),

880-892. https://doi.org/10.1002/clen.201300138

Karray, F., Garcia-Ortiz, A., Jmal, M. W., Obeid, A. M., and Abid, M. (2016). EARNPIPE: A Testbed for
Smart Water Pipeline Monitoring Using Wireless Sensor Network. Procedia Computer Science, 96, 285-

294. https://doi.org/10.1016/j.procs.2016.08.141

48



1143

1144

1145

1146

1147

1148

1149

1150

1151

1152

1153

1154

1155

1156

1157

1158

1159

1160

1161

1162

1163

1164

1165

1166

Karray, F., Jmal, W. M., Abid, M., Houssaini, D., Obeid, A. M., Qasim, S. M., and BenSaleh, M. S. (2014).
Architecture of wireless sensor nodes for water monitoring applications: From microcontroller-based
system to soc solutions. Paper presented at the 5th IMEKO TC19 Symposium on Environmental

Instrumentation and Measurements, 23-24 September, Chemnitz, Germany.

Karray, F., Triki, M., Jmal, M. W., Abid, M., and Obeid, A. M. (2018). WiRoTip: an loT-basedWireless
Sensor Network forWater Pipeline Monitoring. International Journal of Electrical & Computer

Engineering, 8 (5), 3250-3258. https:doi.org/10.11591/ijece.v8i5.pp3250-3258

Karray, F., Triki, M., and Abid, M. (2019). DEEP: Design and Evaluation of an Energy-efficient Wireless
Sensor Node for Leak Detection in Water Pipes. Paper presented at the 15th International Wireless
Communications & Mobile Computing Conference (IWCMC), 24-28 June, Tangier, Morocco.

https://doi.org/10.1109/IWCMC.2019.8766725.

Kim, J.,, Sharma, G., Boudriga, N., and lyengar, S. S. (2010). SPAMMS: A sensor-based pipeline
autonomous monitoring and maintenance system. Paper presented at the Second International Conference
on COMmunication Systems and NETworks (COMSNETS), 5-9 January, Bangalore, India.

https://doi.org/10.1109/COMSNETS.2010.5432015

Kulik, J., Heinzelman, W., and Balakrishnan, H. (2002). Negotiation-Based Protocols for Disseminating
Information ~ in  Wireless  Sensor  Networks.  Wireless  Networks, 8(2), 169-185.

https://doi.org/10.1023/A:1013715909417

Labrador, M. A., and Wightman, P. M. (2009). Topology Control in Wireless Sensor Networks: with a

companion simulation tool for teaching and research. Springer Science & Business Media, Berlin Germany.

Lai, T. T-T., Chen, W-J,, Li, K-H., Huang, P., and Chu, H-H. (2012). TriopusNet: automating wireless
sensor network deployment and replacement in pipeline monitoring. Paper presented at the Proceedings of
the 11th international conference on Information Processing in Sensor Networks, April, Beijing, China.

https://doi.org/10.1145/2185677.2185686

49



1167

1168

1169

1170

1171

1172

1173

1174

1175

1176

1177

1178

1179

1180

1181

1182

1183

1184

1185

1186

1187

1188

Lalle, Y., Abdelhafidh, M., Fourati, L. C., and Rezgui, J. (2019). A hybrid optimization algorithm based on
K-means++ and Multi-objective Chaotic Ant Swarm Optimization for WSN in pipeline monitoring. Paper
presented at the 15th International Wireless Communications & Mobile Computing Conference (IWCMC),

24-28 June, Tangier, Morocco. https://doi.org/10.1109/IWCMC.2019.8766637

Lindsey, S., and Raghavendra, C. S. (2002). PEGASIS: Power-efficient gathering in sensor information
systems. Paper presented at the IEEE Aerospace Conference, 9-16 March, Big Sky, USA.

https://doi.org/10.1109/AERO.2002.1035242

Hussein, M., and Zayed, T. (2020). Critical Factors for Successful Implementation of Just-in-time Concept
in Modular Integrated Construction: A Systematic Review and Meta-analysis. Journal of Cleaner

Production, 124716. https://doi.org/10.1016/j.jclepro.2020.124716.

Mariam, A. T., Olalusi, O. B., and Haupt, T. C. (2020). A scientometric review and meta-analysis of the
health and safety of women in construction: structure and research trends. Journal of Engineering, Design

and Technology. https://doi.org/10.1108/JEDT-07-2020-0291

Martinez, P., Al-Hussein, M., and Ahmad, R. (2019). A scientometric analysis and critical review of
computer vision applications for construction. Automation in  Construction, 107, 102947.

https://doi.org/10.1016/j.autcon.2019.102947

Martini, A., Rivola, A., and Troncossi, M. (2018). Autocorrelation analysis of vibro-acoustic signals
measured in a test field for water leak detection. Applied Sciences, 8(12), 2450.

https://doi.org/10.3390/app8122450

Martini, A., Troncossi, M., and Rivola, A. (2017). Vibroacoustic Measurements for Detecting Water Leaks
in Buried Small-Diameter Plastic Pipes. Journal of Pipeline Systems Engineering and Practice, 8(4),

04017022. https://doi.org/10.1061/(ASCE)PS.1949-1204.0000287

50



1189

1190

1191

1192

1193

1194

1195

1196

1197

1198

1199

1200

1201

1202

1203

1204

1205

1206

1207

1208

1209

Martini, A., Troncossi, M., and Rivola, A. (2015). Automatic leak detection in buried plastic pipes of water
supply networks by means of vibration measurements. Shock and Vibration, 2015.

https://doi.org/10.1155/2015/165304

Martini, A., Troncossi, M., Rivola, A., and Nascetti, D. (2014). Preliminary investigations on automatic
detection of leaks in water distribution networks by means of vibration monitoring. In Advances in

condition monitoring of machinery in non-stationary operations, Springer, Berlin, Germany.

Matin, M. A., and Islam, M. (2012). Overview of wireless sensor network. Wireless Sensor Networks-
Technology and Protocols. In Wireless Sensor Networks: Technology and Protocols. IntechOpen, London,

UK.

Matin, M. A., and Rahman, M. N. (2011). Lifetime improvement of wireless sensor network. Paper
presented at the 3rd International Conference on Communication Software and Networks, 27-19 May,

Xi’an, China.

Metje, N., Chapman, D. N., Cheneler, D., Ward, M., and Thomas, A. M. (2011). Smart pipes—instrumented

water pipes, can this be made a reality?. Sensors, 11(8), 7455-7475. https://doi.org/10.3390/s110807455

Mustafa, H., and Chou, P. H. (2012). Embedded Damage Detection in Water Pipelines Using Wireless
Sensor Networks. Paper presented at the IEEE 14th International Conference on High Performance
Computing and Communication & IEEE 9th International Conference on Embedded Software and Systems,

25-27 June, Liverpool, UK. https://doi.org/10.1109/HPCC.2012.230

Mysorewala, M. (2016). Energy saving/accuracy tradeoffs for leak localization in WSN-based monitoring
of water pipelines. Paper presented at the 13th International Multi-Conference on Systems, Signals &

Devices (SSD), 21-24 March, Leipzig, Germany. https://doi.org/10.1109/SSD.2016.7473743

51



1210

1211

1212

1213

1214

1215

1216

1217

1218

1219

1220

1221

1222

1223

1224

1225

1226

1227

1228

1229

1230

1231

1232

Mysorewala, M. (2019). Time and Energy Savings in Leak Detection in WSN-Based Water Pipelines: A
Novel Parametric Optimization-Based Approach. Water Resources Management, 33(6), 2057-2071.

https://doi.org/10.1007/s11269-019-02232-9

Mysorewala, M., Sabih, M., Cheded, L., Nasir, M. T., and Ismail, M. (2015). A Novel Energy-Aware
Approach for Locating Leaks in Water Pipeline Using a Wireless Sensor Network and Noisy Pressure
Sensor Data. International Journal of Distributed Sensor Networks, 11(10), 675454,

https://doi.org/10.1155/2015/675454

Nasir, A., Soong, B., and Ramachandran, S. (2010). Framework of WSN based human centric cyber
physical in-pipe water monitoring system. Paper presented at the 11th International Conference on Control
Automation Robotics & Vision, 7-10 September, Singapore.

https://doi.org/10.1109/ICARCV.2010.5707941

NRC (2007). Drinking water distribution systems: Assessing and reducing risks. Technical report, National

Academies Press, Washingto DC, USA.

Nwalozie, G. C., Azubogu, A. C. O., Okafor, A. C., and Alagbu, E. E. (2015). Pipeline Monitoring System
Using Acceleration-Based Wireless Sensor Network. IUP Journal of Telecommunications, 7(2), 42-58.

https://www.iupindia.in/1505/Telecommunications/Pipeline_Monitoring_System.html

Obeid, A. M., Karray, F., Jmal, M. W., Abid, M., Qasim, S. M., and BenSaleh, M. S. (2016). Towards
realisation of wireless sensor network-based water pipeline monitoring systems: a comprehensive review
of techniques and platforms. IET science, measurement & technology, 10(5), 420-426.

https://doi.org/10.1049/iet-smt.2015.0255

Olawumi, T. O., and Chan, D. W. M. (2018). A scientometric review of global research on sustainability
and sustainable development. Journal of Cleaner Production, 183, 231-250.

https://doi.org/10.1016/j.jclepro.2018.02.162

52



1233

1234

1235

1236

1237

1238

1239

1240

1241

1242

1243

1244

1245

1246

1247

1248

1249

1250

1251

1252

1253

Owojaiye, G., and Sun, Y. (2013). Focal design issues affecting the deployment of wireless sensor networks

for pipeline monitoring. Ad Hoc Networks, 11(3), 1237-1253. https://doi.org/10.1016/j.adhoc.2012.09.006

Paul, B., and Matin, M. A. (2011). Optimal geometrical sink location estimation for two-tiered wireless

sensor networks. IET Wireless Sensor Systems, 1(2), 74-84. https://doi.org/10.1049/iet-wss.2010.0073

Popescu, D., Dragana, C., Stoican, F., Ichim, L., and Stamatescu, G. (2018). A collaborative UAV-WSN

network for monitoring large areas. Sensors, 18(12), 4202. https://doi.org/10.3390/5s18124202

Rashid, S., Akram, U., and Khan, S. A. (2015). WML.: Wireless Sensor Network based Machine Learning
for Leakage Detection and Size Estimation. Procedia Computer Science, 63, 171-176.

https://doi.org/10.1016/j.procs.2015.08.329

Rashid, S., Qaisar, S., Saeed, H., and Felemban, E. (2013). Performance analysis of wavelet transforms for
leakage detection in long range pipeline networks. Paper presented at the IEEE Conference on Systems,
Process & Control (ICSPQC), 13-15 December, Kuala Lumpur, Malaysia.

https://doi.org/10.1109/SPC.2013.6735094

Rashid, S., Qaisar, S., Saeed, H., and Felemban, E. (2014). A Method for Distributed Pipeline Burst and
Leakage Detection in Wireless Sensor Networks Using Transform Analysis. International Journal of

Distributed Sensor Networks, 10(7), 939657. https://doi.org/10.1155/2014/939657

Ritchie, H., and Roser, M. (2015). Water use and stress. Our World in Data, University of Oxford, UK.

https://ourworldindata.org/water-use-stress

Rodriguez-Bolivar, M. P., Alcaide-Mufioz, L., and Cobo, M. J. (2018). Analyzing the scientific evolution
and impact of e-Participation research in JCR journals using science mapping. International Journal of

Information Management, 40, 111-119. https://doi.org/10.1016/j.ijinfomgt.2017.12.011

53



1254

1255

1256

1257

1258

1259

1260

1261

1262

1263

1264

1265

1266

1267

1268

1269

1270

1271

1272

1273

1274

Saida, R., Kacem, Y. H., BenSaleh, M. S., and Abid, M. (2016). A UML/MARTE extension for designing
energy harvesting in wireless sensor networks. In Intelligent Interactive Multimedia Systems and Services

2016, Springer, Cham, Switzerland.

Sadeghioon, A. M., Metje, N., Chapman, D. N., and Anthony, C. J. (2014). SmartPipes: smart wireless
sensor networks for leak detection in water pipelines. Journal of sensor and Actuator Networks, 3(1), 64-

78. https://doi.org/10.3390/jsan3010064

Santos, A., and Younis, M. (2011). A sensor network for non-intrusive and efficient leak detection in long
pipelines. Paper presented at the IFIP Wireless Days (WD), 10-12 October, Niagara Falls, Canada.

https://doi.org/10.1109/WD.2011.6098178

Sen, J. (2010). A survey on wireless sensor network security. International Journal of Communication

Networks and Information Security, 1(2), 59-82. https://arxiv.org/abs/1011.1529v1

Sharma, S., and Jena, S. K. (2011). A survey on secure hierarchical routing protocols in wireless sensor
networks. Paper presented at the International Conference on Communication, Computing & amp; Security,

February, Rourkela, India. https://doi.org/10.1145/1947940.1947972

Sheltami, T. R., Bala, A., and Shakshuki, E. M. (2016). Wireless sensor networks for leak detection in
pipelines: a survey. Journal of Ambient Intelligence and Humanized Computing, 7(3), 347-356.

https://doi.org/10.1007/s12652-016-0362-7

Shinozuka, M., Chou, P. H., Kim, S., Kim, H. R., Yoon, E., Mustafa, H., Karmakar, D., and Pul, S. (2010b).
Nondestructive monitoring of a pipe network using a MEMS-based wireless network. Paper presented at
the nondestructive Characterization for Composite Materials, Aerospace Engineering, Civil Infrastructure,

and Homeland Security, 7-11 March, San Diego, USA. https://doi.org/10.1117/12.848808

54



1275

1276

1277

1278

1279

1280

1281

1282

1283

1284

1285

1286

1287

1288

1289

1290

1291

1292

1293

1294

1295

1296

Shinozuka, M., Chou, P. H., Kim, S., Kim, H., Karmakar, D., and Lu, F. (2010a). Non-invasive
acceleration-based methodology for damage detection and assessment of water distribution system. Smart

Structures and Systems, 6(6), 545-559. https://webmail.eng.uci.edu/~chou/sss10.pdf

Si, H., Shi, J. G., Wu, G., Chen, J., and Zhao, X. (2019). Mapping the bike sharing research published from
2010 to 2018: A scientometric review. Journal of Cleaner Production, 213, 415-427.

https://doi.org/10.1016/j.jclepro.2018.12.157

Sohraby, K., Minoli, D., and Znati, T. (2007). Wireless sensor networks: technology, protocols, and

applications. John Wiley & sons, New Jersey, USA.

Song, J., Zhang, H., and Dong, W. (2016). A review of emerging trends in global PPP research: analysis

and visualization. Scientometrics, 107(3), 1111-1147. https://doi.org/10.1007/s11192-016-1918-1

Stoianov, I., Nachman, L., Madden, S., and Tokmouline, T. (2007). PIPENETa wireless sensor network
for pipeline monitoring. Paper presented at the 6th international conference on Information processing in

sensor networks, April, Cambridge, UK. https://doi.org/10.1145/1236360.1236396

Stoianov, I., Nachman, L., Whittle, A., Madden, S., and Kling, R. (2008). Sensor Networks for Monitoring
Water Supply and Sewer Systems: Lessons from Boston. Paper presented at the Water Distribution Systems

Analysis Symposium, 27-30 August, Cincinnati, USA. https://doi.org/10.1061/40941(247)100

Su, H-N., and Lee, P-C. (2010). Mapping knowledge structure by keyword co-occurrence: a first look at
journal papers in Technology Foresight. Scientometrics, 85(1), 65-79. https://doi.org/10.1007/s11192-010-

0259-8

Sun, Z., Wang, P., Vuran, M. C., Al-Rodhaan, M. A., Al-Dhelaan, A. M., and Akyildiz, I. F. (2011). MISE-
PIPE: Magnetic induction-based wireless sensor networks for underground pipeline monitoring. Ad Hoc

Networks, 9(3), 218-227. doi:https://doi.org/10.1016/j.adhoc.2010.10.006

55



1297

1298

1299

1300

1301

1302

1303

1304

1305

1306

1307

1308

1309

1310

1311

1312

1313

1314

1315

1316

1317

1318

Suri, P. K., and Yadav, V. (2017). Design and implementation of wireless sensor network architecture for
leak detection and monitoring in water supply distribution network. Paper presented at the 2nd International
Conference  for  Convergence in  Technology (I12CT), 7-9 April, Mumbai, India.

https://doi.org/10.1109/12CT.2017.8226192

Taha, A. W., Sharma, S., and Kennedy, M. (2016). Methods of assessment of water losses in water supply
systems: a review. Water Resources Management, 30(14), 4985-5001. https://doi.org/10.1007/s11269-016-

1503-7

Tarig, S., and Zhang, X. (2020). Critical failure drivers in international water PPP projects. Journal of

Infrastructure Systems, 26(4), 04020038. https://doi.org/10.1061/(ASCE)IS.1943-555X.0000581

Tawfik, G. M., Dila, K. A. S., Mohamed, M. Y. F., Tam, D. N. H., Kien, N. D., Ahmed, A. M., and Huy,
N. T. (2019). A step by step guide for conducting a systematic review and meta-analysis with simulation

data. Tropical Medicine and Health, 47(1), 46. https://doi.org/10.1186/s41182-019-0165-6

Trinchero, D., and Stefanelli, R. (2009). Microwave Architectures for Wireless Mobile Monitoring
Networks Inside Water Distribution Conduits. IEEE Transactions on Microwave Theory and Techniques,

57(12), 3298-3306. https://doi.org/10.1109/TMTT.2009.2034419

Trinchero, D., Stefanelli, R., Cisoni, L., Kadri, A., Abu-Dayya, A., Hasna, M., and Khattab, T. (2010).
Innovative ad-hoc wireless sensor networks to significantly reduce leakages in underground water
infrastructures. Paper presented at the ITU-T Kaleidoscope: Beyond the Internet? - Innovations for Future

Networks and Services, 13-15 December, Pune, India.

us Sagib, N., Mysorewala, M. F., and Cheded, L. (2017). A novel multi-scale adaptive sampling-based
approach for energy saving in leak detection for WSN-based water pipelines. Measurement Science and

Technology, 28(12), 125102. https://doi.org/10.1088/1361-6501/aa8a2a

56



1319

1320

1321

1322

1323

1324

1325

1326

1327

1328

1329

1330

1331

1332

1333

1334

1335

1336

1337

1338

1339

1340

1341

UN. (2018). The United Nations water development report 2018. Technical report, United Nations, New

York, USA.

USEPA. (2010). Control and mitigation of drinking water losses in distribution systems. Technical report,

United States Environmental Protection Agency, Washington DC, USA.

Van Eck, N. J., and Waltman, L. (2010). Software survey: VOSviewer, a computer program for bibliometric

mapping. Scientometrics, 84(2), 523-538. https://doi.org/10.1007/s11192-009-0146-3

Van Hieu, B., Choi, S., Kim, Y. U., Park, Y., and Jeong, T. (2011). Wireless transmission of acoustic
emission signals for real-time monitoring of leakage in underground pipes. KSCE Journal of Civil

Engineering, 15(5), 805-812. https://doi.org/10.1007/s12205-011-0899-0

Van Hoesel, L., and Havinga, P. (2004). A lightweight medium access protocol (LMAC) for wireless sensor
networks. Paper presented at the 1st Int. Workshop on Networked Sensing Systems (INSS), 22-23 June,

Tokyo, Japan.

Van zyl, J. E. v., and Clayton, C. R. I. (2007). The effect of pressure on leakage in water distribution
systems. Proceedings of the Institution of Civil Engineers - Water Management, 160(2), 109-114.

https://doi.org/10.1680/wama.2007.160.2.109

Verdone, R., Dardari, D., Mazzini, G., and Conti, A. (2010). Wireless sensor and actuator networks:

technologies, analysis and design. Academic Press, Cambridge, USA.

Wabharte, S., Boutaba, R., Iraqi, Y., and Ishibashi, B. (2006). Routing protocols in wireless mesh networks:
challenges and design considerations. Multimedia Tools and Applications, 29(3), 285-303.

https://doi.org/10.1007/s11042-006-0012-8

Wang, G., Wu, P., Wu, X., Zhang, H., Guo, Q., and Cai, Y. (2020). Mapping global research on
sustainability of megaproject management: A scientometric review. Journal of Cleaner Production,

120831. https://doi.org/10.1016/j.jclepro.2020.120831

57



1342

1343

1344

1345

1346

1347

1348

1349

1350

1351

1352

1353

1354

1355

1356

1357

1358

1359

1360

1361

1362

1363

Warneke, B. A., and Pister, K. S. J. (2002). MEMS for distributed wireless sensor networks. Paper presented
at the 9th International Conference on Electronics, Circuits and Systems, 15-18 September, Dubrovnik,

Croatia. https://doi.org/10.1109/ICECS.2002.1045391

Whittle, A. J., Girod, L., Preis, A., Allen, M., Lim, H. B., Igbal, M., Srirangarajan, S., Fu, C., Wong, K. J.
Goldsmith, D. (2010). WaterWiSe@SG: A Testbed for Continuous Monitoring of the Water Distribution
System in Singapore. Paper presented at the Water Distribution Systems Analysis, 15-12 September,

Tucson, USA. https://doi.org/10.1061/41203(425)122

Wilson, J. S. (2005). Sensor technology handbook. Elsevier, Amsterdam, Netherlands.

Winarni, W. (2009). Infrastructure leakage index (ILI) as water losses indicator. Civil Engineering

Dimension, 11(2), 126. http://203.189.120.189/ejournal/index.php/civ/article/viewFile/17230/17771

Wuni, 1. Y., Shen, G. Q. P., and Osei-Kyei, R. (2019). Scientometric review of global research trends on
green buildings in construction journals from 1992 to 2018. Energy and Buildings, 190, 69-85.

doi:https://doi.org/10.1016/j.enbuild.2019.02.010

Xu, J,, Chai, K. T. C., Wu, G., Han, B., Wali, E. L. C., Li, W., Yeo, J., Nijhof, E., and Gu, Y. (2019). Low-
cost, tiny-sized MEMS hydrophone sensor for water pipeline leak detection. IEEE Transactions on

Industrial Electronics, 66(8), 6374-6382. https://doi.org/10.1109/TIE.2018.2874583

Xu, J., Zhang, X., Fernando, S. N., Merugu, S., Chai, K. T., and Gu, A. Y. (2016). AIN-on-SOI platform-
based MEMS hydrophone with ultra-low operation frequency and ultra-high noise resolution. Paper
presented at the IEEE 29th International Conference on Micro Electro Mechanical Systems (MEMS), 24-

28 January, Shanghai, China. https://doi.org/10.1109/MEMSY'S.2016.7421823

Yick, J., Mukherjee, B., and Ghosal, D. (2008). Wireless sensor network survey. Computer Networks,

52(12), 2292-2330. https://doi.org/10.1016/j.comnet.2008.04.002

58



1364

1365

1366

1367

1368

1369

1370

1371

1372

1373

1374

1375

1376

1377

1378

1379

1380

1381

1382

1383

1384

1385

1386

Younis, O., and Fahmy, S. (2004). HEED: a hybrid, energy-efficient, distributed clustering approach for ad
hoc sensor networks. IEEE Transactions on Mobile Computing, 3(4), 366-379.

https://doi.org/10.1109/TMC.2004.41

Zabasta, A., Kondratjevs, K., Kunicina, N., and Ribickis, L. (2014). Wireless sensor networks based control
system development for water supply infrastructure. Paper presented at the 2nd International Symposium
on Wireless Systems within the Conferences on Intelligent Data Acquisition and Advanced Computing

Systems, 11-12 September, Offenburg, Germany. https://doi.org/10.1109/IDAACS-SWS.2014.6954621

Zeng, X., Bagrodia, R., and Gerla, M. (1998). GloMoSim: a library for parallel simulation of large-scale
wireless networks. Paper presented at the Twelfth Workshop on Parallel and Distributed Simulation PADS

'98 (Cat. N0.98TB100233), 28-29 May, Banff, Canada. https://doi.org/10.1109/PADS.1998.685281

Zhang, X., and Tariq, S. (2020). Failure Mechanisms in International Water PPP Projects: A Public Sector
Perspective. Journal  of  Construction  Engineering and Management, 146(6), 04020055.

https://doi.org/10.1061/(ASCE)C0.1943-7862.0001837

Zhang, L., Wang, Y., and Ren, J. (2013). Design of a Novel Leak Detection System for Water Network in
Electronic Communication. In Advances in Mechanical and Electronic Engineering, Springer, Berlin,

Germany.

Zhang, W. D., Guan, L. G., Zhang, G. J., Xue, C. Y., Zhang, K. R., and Wang, J. P. (2009). Research of
DOA estimation based on single MEMS vector hydrophone. Sensors, 9(9), 6823-6834.

https://doi.org/10.3390/s90906823

Zhao, X. (2017). A scientometric review of global BIM research: Analysis and visualization. Automation

in Construction, 80, 37-47. https://doi.org/10.1016/j.autcon.2017.04.002

List of Tables

Table 1. Top research outlets

59



1387

1388

1389

Research outlets

No. of
Articles

Avg.

publication

year

Total
citations

Avg.
citation

Links

Total
links
strength

Normalized
Citation

Avg.
Normalized
citation

Journal of
Sensor and
Actuator
Networks
Structure and
Infrastructure
Engineering
Applied
Acoustics
Ad Hoc
Networks
Journal of
Pipeline
Systems
Engineering
and Practice
IEEE
Transactions
on Industrial
Informatics
Shock and
Vibration
Sensors
(Switzerland)
IEEE
Transactions
on Microwave
Theory and
Techniques
IEEE Network
Sensors
IEEE Access
Procedia
Computer
Science
Journal of
Sound and
Vibration
IEEE Sensors
Journal

1

WOIN -

2014

2017.5

2015

2012

2018.33

2017

2015

2015.5

2009

2011
2010.5
2018
2014.67

2005

20115

73

47

92

174

30

88

38

136

36

63
73
43
67

112

41

73

235

46
87

10

29.33

38
34

36

63
36.5
8.6
22.33

112

20.5

4

w ot w b

6

12

16

11

O wWwo

3.36

6.30

5.0

4.9

6.72

6.54

2.06

8.18

1.57

1.48
2.78
6.90
3.35

1.0

1.14

3.36

3.15

2.50

2.43

2.24

2.18

2.06

2.045

1.57

1.48
1.39
1.39
1.12

1.0

0.57

60



1390 Table 2. Contribution of most productive researchers

Author N“mbef of Articles contributed in
publications
Elleuchi et al. (2019, 2015); Karray et al. (2019, 2018, 2016,
Abid, M. 9 2014); Obeid et al. (2016); Saida et al. (2016)
Elleuchi et al. (2015); Karray et al. (2018, 2016, 2014); Obeid et
Obeid, A.M. 7 al. (2016)
Almazyad et al. (2014); Ayadi et al. (2017); Elleuchi et al.
BenSaleh, M.S. 6 (2015); Karray et al. (2014); Obeid et al. (2016); Saida et al. 2016
Karray, F. 5 Karray et al. (2019, 2018, 2016, 2014); Obeid et al. (2016)
Ali et al. (2015, 2018); Rashid et al. (2013, 2014); Saeed et al.
Saeed, H. 5 (2014)
Ali et al. (2018); Rashid et al. (2013, 2014, 2015); Saeed et al.
Rashid, S. 5 (2014)
Martini, A. 4 Martini et al. (2018, 2017, 2015, 2014)
Mysorewala, M. F. 4 Mysorewala et al. (2016, 2015, 2014); us Saqib et al. (2017)
Rivola, A. 4 Martini et al. (2018, 2017, 2015, 2014)
Troncossi, M. 4 Martini et al. (2018, 2017, 2015, 2014)
1391
1392
1393 Table 3. Top research scholars
Avg. Total . Avg.
Scholars NO.' of publication _To_tal _Av_g. Links links Nor_ma_llzed Normalized
Articles citations  citation Citation o
year strength citation
Anthony, C.J. 1 2014 73 73 18 22 3.36 3.36
Chapman, D.N. 1 2014 73 73 18 22 3.36 3.36
Davoudi, S. 1 2013 77 77 6 6 3.21 3.21
Mostafapour, A. 1 2013 77 77 6 6 3.21 3.21
Akyildiz, I.F. 1 2011 132 132 30 46 3.11 3.11
Al-Dhelaan,
AM. 1 2011 132 132 30 46 3.11 3.11
Al-Rodhaan,
M.A. 1 2011 132 132 30 46 3.11 3.11
Sun, Z. 1 2011 132 132 30 46 3.11 3.11
Vuran, M.C. 1 2011 132 132 30 46 3.11 3.11
Wang, P. 1 2011 132 132 30 46 3.11 3.11
Atamturktur, S. 3 2018.33 48 16 28 60 9.30 3.10
Piratla, K.R. 3 2018.33 48 16 28 60 9.30 3.10
Vazdekhasti, S. 3 2018.33 48 16 28 60 9.30 3.10
Anpalagan, A. 1 2015 55 55 19 22 2.99 2.99
Khan, M.F. 1 2015 55 55 19 22 2.99 2.99
Naeem, M. 1 2015 55 55 19 22 2.99 2.99
Chraim, F. 1 2016 44 44 4 4 2.54 2.54
Erol, Y.B. 1 2016 44 44 4 4 2.54 2.54
Pister, K. 1 2016 44 44 4 4 2.54 2.54
Qaisar, S.B. 2 2016.5 69 34.5 21 30 5.02 2.51
Arshad, Q. 2 2017.5 33 16.5 16 20 4.54 2.27
Metje, N. 2 2016 80 40 19 24 4.38 2.19
Sadeghioon,
AM. 2 2016 80 40 19 24 4.38 2.19
Ali, S. 3 2015.67 93 31 21 30 6.12 2.04
Martini, A. 4 2016 94 235 10 36 8.02 2.05
Rivola, A. 4 2016 94 23.5 10 36 8.02 2.05
Troncossi, M. 4 2016 94 23.5 10 36 8.02 2.05
Al-Nasheri, A.Y. 1 2014 42 42 7 7 1.93 1.93
Almazyad, A.S. 1 2014 42 42 7 7 1.93 1.93
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1396

1397
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1400

Table 4. Top countries

Avg. Total . Avg.
Scholars A\Ir (t)i.ctl)efs publication ci:[;?;[gLs cg\;?o.n Links links N%rirtr;?ilc')?d Normalized
year strength citation
Italy 7 2015 134 19.14 5 25 9.77 1.40
Singapore 5 2014 93 18.60 2 3 6.74 1.35
United
Kingdom 15 2013 463 30.87 10 42 20.14 1.34
United States 25 2014 585 23.40 10 72 31.89 1.28
Canada 7 2014 231 33.00 11 45 8.89 1.27
United Arab
Emirates 3 2011 126 42.00 7 12 3.35 1.12
Saudi Arabia 26 2016 526 20.23 10 85 28.60 1.10
South Korea 5 2012 77 15.40 9 25 5.19 1.04
Pakistan 10 2016 151 15.10 8 38 9.90 0.99
South Africa 4 2016 42 10.50 6 13 3.59 0.90
China 12 2014 178 14.83 8 31 9.38 0.78
Tunisia 13 2017 122 9.39 8 33 8.31 0.64
Table 5. Top research organizations
Avg. Total . Avg.
Scholars No. of publication _Tofcal AVg. Links links Nor_ma_llzed Normalized
Articles citations  citation Citation o
year strength citation
University of
Birmingham,
UK 1 2014 73 73 10 11 3.36 3.36
University of
Tabriz, Iran 1 2013 77 77 3 3 3.21 3.21
Clemson
University,
USA 2 2017.5 47 23.5 19 19 6.30 3.15
Georgia
Institute of
Technology,
USA 1 2011 132 132 28 29 311 3.11
King Saud
University,
Saudi Arabia 1 2011 132 132 28 29 3.11 3.11
Table 6. Top keywords
Keywords Occurrences Total link strength
Wireless Sensor Network 57 48
Leak Detection 42 36
Pipeline Monitoring 10 10
Pipeline 8 8
Water Pipeline Monitoring 6 6
Zigbee 6 6
Sensors 6 5
Water Distribution Network 6 6
Localization 4 4
Leaks 4 4
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Table 7. Comparison of different WSNs

WSN Type Sensors Communications Placement Type of Attractive Challenges Algorithms/models
pipes features used
WaterWise  Static Sensors ~ Pressure, USB 3G In- - Very hightime  Power Wavelet detection
based WSN flow, modem, radio pipe/out- synchronization, consumption algorithm, leak
acoustic WIFI of-pipe Complete localization
system for algorithms,
WDS EPAnet prediction
monitoring model
PipeNet Static Sensors  Pressure, Bluetooth, In- Cast Low power Time Haar wavelet
based WSN flow, GPRS pipe/out-  lron/PVC consumption, synchronization, transform, leak
acoustic of-pipe low false alarm  communication  detection, and
rate, localization
inexpensive algorithm
EARNPIPE Static Sensors ~ Pressure Bluetooth Out-of- Polyethylene  Low power Implementation  Predictive Kalman
based WSN pipe consumption, in the field, filter, Earnloca
low implementation  Algorithm
communication  in underground
cost pipes
MISEPIPE  Static Sensors  Pressure, Magnetic In- - MI Implementation  Leak detection and
based WSN acoustic, induction pipe/out- communication, in the field, cost localization
soil property of-pipe integration of concern algorithm
soil property
sensors for leak
detection
SmartPipes  Static Sensors  Pressure, RF signals Out-of- High-density Long life, the Communication  Leak detection and
based WSN temperature, pipe polyethylene effectiveness of localization
FSR temperature algorithm
sensors for leak
detection
PIPETECT Static Sensors ~ Acceleration Xbee, Xtream, Out-of- Polyvinyl Triple axis Implementation  Hammer code
based WSN WIFI, CAN pipe chloride vibration in the field simulation
analysis
Others Static Sensors ~ Pressure Zigbee, radio In- - Machine Implementation  Atrtificial
based WSN Sensors pipe/out- learning-based in the field intelligence
of-pipe decision making
TriopusNet  Mobile Pressure, Radio In-pipe - Autonomous Communication  Pipeprobe system,
Sensors based  gyroscope system sensor deployment

WSN

algorithm, sensor
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SPAMMS Mobile
Sensors based

WSN
Ad hoc Mobile
WSNs Sensors based
WSN

Pressure,
flow

Acoustic,
pressure

RF signals,
RFID

RF, microwave
frequency

In-pipe

In-pipe

Any type

Cost-
effectiveness,
autonomous
system

Low power
consumption

Communication

Communication
range,
implementation
in the field

localization
algorithm
Tag-reading
algorithm, an
algorithm for
measuring mobile
Sensors
characteristics
Iterative algorithm

Table 8. Comparison of triple-axis accelerometer (source: Ismail et al. 2019)

Triple axis accelerometer Price Accuracy Sensitivity Power consumption
MPU6050 Low High +16¢g 500uA/3V
ADXL335 Low Low +3g 180uA/1.8V
Hitachi-Metal H34C Medium Low +3¢ 360uA/3V
MMA7361 Low Low +3g 47uA/1.71V
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