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Abstract

Waternomics is a European Union-funded research project aspiring to develop and introduce Information and Communication

Technology (ICT) as an enabling technology to manage water as a resource, increase end-user conservation awareness, affect
behavioural changes and avoid water losses through leak detection. Existing leakage detection methods are generally focused on
scrutinising large diameter pipes in water supply distribution networks or transmission pipes. However, it has been estimated that
the average household's leaks can be as much as 35m? of water per year. In order to solve the problem, analysis of different types
of data in the household piping system is required, including detection and identification. One conventional approach is to use flow
sensors installed at several locations within the household piping system and perform a mass balance approach to detect leakage.
However, this method is expensive and difficult to implement.
This research proposes a novel approach to household leakage detection by means of sound signal recordings. The approach
consists of recording the sound signals that are produced by water fixtures and appliances, and then use these recordings to detect
any abnormal situation which may be an indication of a leak. The method comprises three major steps: recording, storing and
processing of sound signals. The recording step is done by means of a non-intrusive sound sensor that sends records remotely; the
storage step is made in a database of sound signals for different types of uses; finally, the processing step is made through a sound
signal identification software tool that is able to search the database libraries for related sounds, in a similar way as the Shazam
app for music. Tests of the leak detection method are presented for data collected in laboratory conditions. Results show that this
detection method has a potential to help reducing leakages through an easy-to-install and non-intrusive sensor.
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1. Introduction

Although household water consumption can increase substantially due to leakage, small and medium sized leaks
in household plumbing are generally ignored. The leaks may be undetected below ground, through dripping taps and
toilet cisterns. When considered individually, leaks may seem insignificant; however, taken collectively over a long
period they result in a major loss of water. [1] reported that the rate of water loss could vary depending on the type
and severity of the leak. Generally, dripping taps can lose between 3-30 litres per day, leakage from toilet cisterns can
range from 10 litres per day for invisible leaks to 340 litres per day or more for leaks large enough to be see and/or
have an audible refilling sound. Mayer, et al. [2] found out in their Residential End Uses of Water Study that leak
constitute 13.7% of the indoor per capita consumption of a single residential house in North America. Therefore,
identifying internal leak enable customers to fix the problem, saving water and money.

Detecting and identifying leakage in the household levels requires the analysis of different type of censored data
in the household piping system. One of the traditional approaches is to use flow sensors and perform a mass balance
approach to detect leakage. . Researchers in Australia use automated meter reading technology to identify household
water leakage in residential properties located within a selected district metered area [1]. Another novel approach
could be to use sounds recording to detect leakage. There exist several techniques for leak detection, which concentrate
generally on finding leaks in main pipes. However, many leaks at the domestic level contribute significantly to
unaccounted-for water in many water distribution networks. In general, these leaks are minor but numerous and they
go unnoticed by conventional monitoring techniques.

Leakage Management comprises four main components [3] quantifying water loss, 2) leakage monitoring, 3)
network pressure and asset management and 4) leak detection, location, and repair. While 1) and 2) are activities that
aim at quantifying and measuring the amount of water that is lost in an area of the distribution network, the leak
detection is an active effort to pinpointing the exact position of a leak. Due to the fact that these activities are costly,
water utilities concentrate on reducing water losses by detecting and locating leaks generally in the main pipes of the
distribution network. For this reason, the development of sensor devices has been concentrated almost exclusively on
professional monitoring of big diameters by a range of different equipment that mainly based on acoustic principles,
such as listening devices, noise loggers, and leak noise correlators [4]. Recent advances of these devices address
problems such as user bias (e.g., [5, 6]), uncertainty reduction by considering multiparameter measurements such as
flow, pressure, and noise [7] and even vibration [8] and active pipe inspection via wireless technologies with video
cameras, microphones, acoustic sensors, and smart balls in large-diameter pipes ([9-11]).

Leak detection methods are broadly classified in terms of internal and external monitoring methods: internal
methods involving intrusive measurements to monitor fluid state, and external methods applied to the environmental
condition of a pipe [12]. Pipelines are designed and engineered for full load operations assuming steady state flow
conditions. Operational parameters will range from maximum allowable operating pressure in exceptional
circumstances to a depressurized state corresponding to a no-flow situation. Normal pipeline operations may involve
day-to-day transients such as pump start/stop operations, the operation of control valuing and changes in delivery
rates. Internal leak detection system must therefore operate over wide range of process conditions, some of which may
appear to have the characteristic of leak patterns.

We propose an innovative leak detection method for households, which comprises hardware and software
advances: a new low cost acoustic sensor and a Shazam-like detection algorithm. The idea is that during the night, the
sound in the pipes inside households is listened to with the new sensor, when the background noise is low and the
pressure in the system is high, and then analysed with the new algorithm in order to get leakage reports. In this paper
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we focus on the software side, which is similar to the well-known Shazam mobile application, useful to identify song
names and artists from a limited piece of song in noisy environments.

1.1. Leakage detection using sound recordings

Recent developments in the field of computational intelligence (sometimes termed soft computing or machine
learning) are helping to solve various problems in the water resources domain. A number of approaches from the fields
of artificial intelligence and statistics have been applied for detecting abnormality in water distribution systems from
time series data. Alert systems that convert flow and pressure sensor data into usable information in the form of timely
alerts (event detection systems) have been developed with a focus on burst detection to help with the issue of leakage
reduction [13]. [14] explore data processing and anomaly detection techniques for data from Water Distribution
Systems including control charting, time series analysis, Kriging techniques and Kalman filter techniques. They
concluded that no single methodology could be judged to always be the best choice. These type of even detection
systems have two steps of analysis in common; learn from training data to make a prediction about expected future
event and some type of methodology or rules for deciding when sufficient deviation from normality constitute
abnormality.

In diagnosis and fault detection applications a pattern database may be query in real-time to determine what past
situations (contexts) are most similar to the current sensor profile. As well as detecting that data are abnormal, it is
also useful to be able to determine in what way the data are abnormal and ideally to be able to classify the event type
which the data correspond to.

Household water fixtures and appliances produce sound signals when in use. Recording, pre-processing and
creating libraries of sound signals generated from household water fixtures will help to distinguish between normal
operational conditions and abnormal conditions that would indicate a leak. Sound sensors are relatively cheap and
easy to install than flow and pressure sensors. Using sound sensors, it is possible to generate time series data which
can be analysed to generate useful information to detect leakage. This requires a mechanism to analyse and recognize
audio data collected using sound sensors. One of the methods used to identify patterns in audio signals (time series)
is audio fingerprinting.

1.2. Audio fingerprinting

An audio fingerprint is a condensed digital summary, deterministically generated from an audio signal that can be
used to identify an audio sample or quickly locate similar items in an audio database. Audio fingerprinting systems
identify musical content in audio and search a reference database for recordings that contain the same musical
features. It is used to take a short sample of an unknown audio recording and retrieve metadata about the recording.
It does this by converting the data-rich audio signal into a series of short numerical values (or hashes ) that aim to
uniquely identify a musical recording. Audio fingerprinting uses lower-level spectral information in a signal to
generate a unique identifier of the audio.

An audio fingerprinting system should be able to recognise audio signals in the same way that a person can. If a
person can recognise a song from a short clip of audio then an ideal computer system should also be able to recognise
the song. To be able to do this an audio fingerprinting system should utilise the perceptual aspects of the audio
contained in the file and not just the way that the file itself is encoded digitally. These so-called content-based
identification systems (CBIDs) are named as such because they identify matches based on the musical content of the
recordings in the corpus rather than the way that the file is stored by the computer. Furthermore, because humans are
able to recognise a recording as being the same even in the presence of small changes to the query, such as tempo
variations or noise, effective fingerprinting algorithms should also be able to correctly identify queries that have been
modified in similar ways [15].

Most audio-fingerprint systems divide an audio signal into a series of frames. They then use some form of a fast
Fourier transform algorithm to track changes in the semantic and non-semantic features of the audio signal. Finally, a
classification algorithm examines each frame and organizes them into sub-fingerprints. The basic unit that contains
enough data to identify an audio clip consists of a series of sub-fingerprints and is known as a fingerprint block. These
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audio fingerprints are then stored in a database [16]. The most common sequence of steps employed by most audio
fingerprinting systems include pre-processing, framing and overlap, transform and analysis, feature extraction, and

fingerprint generation.

| Preprocessing | | Feature extraction |

I Framing/Overlap | |Fingerpr'mt genrationl

Transforming | Fingerprint |

Fig. 1. Steps in Audio Fingerprinting algorithms

The pre-processing step converts all input signals into a common format for analysis by the algorithm. Often, this
step involves converting the input to a mono signal and lowering the sampling rate of the audio signal to get rid of
information which is not relevant from the human perceptual point of view and to focus on important features of the
signal. Next, an algorithm takes the time-series audio signal and converts it into a frequency-domain signal from which
more information can be extracted. Framing and overlap determines how many samples to consider when calculating
a transform of a time-domain signal. Each frame has a window applied to it to assist in calculations, and the frames
are processed in overlapping chunks from the time-series signal. The feature extraction process takes the signal that
has been converted into the frequency domain and selects salient features that are used to characterise the audio.
Finally, once the features have been chosen and extracted from the signal they need to be converted into a fingerprint
representation that can be stored in a database and compared to unknown query signals. Once the fingerprint has been
generated, it must be stored in a reference database.
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Fig. 2. Sound Fingerprinting Framework (source [17])

2. Methodolgy

The methodology consists of populating a database of sounds collected in a lab and in a household with new, low
cost sensors and to analyse them with sound fingerprinting software. The lab setup consist of 10 copper and flexible
PVC pipes of diameters ranging from 10mm to 22mm. Two low cost sensors at locations A and B were installed
(leaks of various discharges were induced and recorded at location A and signals were recorded at several distant
locations B). In the household, a low cost sensor was installed between the meter and the first internal ramification of
the water network. In all cases, recordings were transmitted through Internet via a wired connection to an online server.
The Acoustic Leak Detection (ALD) software works in two modes: Feed mode, in which the software creates
fingerprints of each sound recording and build a database; and the Detection mode, in which, once the database is
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complete, the ALD software works like the Shazam app’: listen to new recordings, check if they exist in the database
and retrieve the message found / not found. If not found, an abnormal situation is likely to be occurring, e.g., a leak.
A flowchart of this process is shown in Figure 3.

Household

Detection mode Feed mode

Yes

Fingerprinting
No software

Possible leakage
Database

Report
possible
leackage

Fingerprint
Database

Fig 3. General approach for household leak detection using fingerprinting signals
3. Results

The process has been tested with data collected in a lab facility, from which signals such as those presented in
Figure 4 were obtained. Audio signals are collected for different simulated leak conditions in different pipe materials
and sizes which are normally obtained in household water supply piping systems.

More than 800 recordings in the lab show that for the case of Pexfit pipes the signals increase as pipe diameter
increases, and this is the opposite for Copper pipes. Also, that visual differences of sound signals in spectrograms
between medium and low leakages are very small. However, these differences can be recognised by the fingerprinting
software.

Some of files are not correctly identified. However, the rate of identification increases as the database is populated
with more leak audio signals.

T Copyright Shazam Entertainment Limited. More info: www.shazam.com



458 Solomon Seyoum et al. / Procedia Engineering 186 (2017) 452 — 459

-20

-30

Loudnes [dB]
‘ g &

[}
S

-70

-80
0 5000 10000 15000 20000 25000 30000 35000 40000 45000 50000

Frequency [Hz]

—Cu-15_10mm_SENSOR_HIGH_A Cu-15_10mm_SENSOR_LOW_A
Cu-15_10mm_SENSOR_MEDUIM_A—Cu-15_10mm_SENSOR_ZERO_A

Fig. 4. Examples of spectrograms obtained at the lab for different leakage scenarios, with varying material and diameter.
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Fig. 5. Examples of spectrograms obtained with the SPLMeter App (Bofinit Corp) at the household for different working water appliances
combinations.

4. Conclusions

An automatic leak detection method for households has been developed with both hardware (sensor) and software
(fingerprinting).The concept of detecting leakage at households via acoustic sensor and a fingerprinting software for
signal recognition is sound and promising. Fingerprinting detection was found not sensitive to the degree of opening
of faucets / showers, which means that the method can be explored to profile water use patterns of different devices.
The method can also be used to complement traditional water balance methods for household leakage detection, as it
can automatically establish when water is not being used. A current disadvantage of the method is that the
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fingerprinting database must be built every time the sensor is installed in a new household, because different network
configurations lead to different fingerprinting signals. Next steps in this research include testing different sensors that
are being produced and tested in the lab. Moreover, investigate the sensitivity of audio fingerprinting parameters, such
as the max and min strides related to sampling rates, the number of tables in the database to save the fingerprinting
APIs and the number of wavelet divisions.
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