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Abstract:

This report describes the development of a sys-
tem capable of autonomously detecting, record-
ing, and o [Coadling splash events caused by people
at bathing locations with the intent of creating a
dataset to be used for training algorithms capable
of confidently detecting potential drowning acci-
dents in harbours. A system was designed, con-
sisting of initial splash detection, calculation of
direction of arrival (DOA) using time diLerknce
of arrival (TDOA), delay-and-sum (DAS) beam-
forming, confirmation of splash, recording and of-
floading data to a server. A subaqueous DAS
beamformer was implemented on an ESP32-S3,
consisting of three uniform linear arrays (ULAS),
covering a frequency band each, to ensure sup-
pression in the entire frequency band, receiving
audio from 7 24-bit 12S microphones, impedance
matched to water using nitrile gloves, over SPI
from a PSoC 5LP, after which it was o [oadled to
a server using Wi-Fi. An automatic test system
was implemented and used to verify the beam-
pattern of the beamformer in air, by playing and
recording an exponential sine sweep (ESS) and
single tones at a time (STT) for each angle in an
anechoic chamber. The measured beampatterns
were then compared to simulations, where like-
ness was observed as well as some noise sources.
The system was not evaluated in a watery set-
ting, but is estimated to be ready for deployment
with a few further developments and permit.

The contents of the report is openly accessible, but publication with source reference may only occur in agreement

with the authors.



Prefatory Note

This project report was written by group ES10-1020 from Electronic Systems in spring 2024.
Throughout the report, references to scripts can be found through hyperlinks in Appendix A,
which will lead to a GitHub repository.

Reading Guide

The source references in this report will be shown by numbers in brackets [x], and the same
number is used to show the corresponding source in the bibliography seen at the back of the
report. The source references follow the standard DS/ISO 690, as a guideline for the numbering
of sources. If the source is a book, then it is specified with author, title, version, and publisher.
Websites are specified with author, title, and date. Figures and tables are enumerated in relation
to which chapter it is located in, the first figure in chapter one would then be referred to as Figure
1.1 and the next would be referred to as 1.2, etc. To each figure, a caption is added, which can
be seen under the given figure. Lastly, the report follows the standard I1SO 80000 as a guideline
for all written equations.

The report is best read in full colour due to colour utilisation in figures and plots throughout
the report.

The plots of beampatterns are mostly shown in both 2- and 3D throughout the report. The 2D
plot shows the beampattern at specific frequencies denoted in the legend of the plot, whereas
the 3D plot shows the broadband beampattern. The 2D plots are faced upwards on the page,
while the 3D plots face downwards. As the beampatterns are symmetrical about the array’s axis,
meaning the facing direction is irrelevant, the steering angle in the 2D plots is denoted between
0-180°, and between 180-360° for the 3D beampatterns. The steering angle is always included in
the caption as "80/170°" for instance, where the former is the steering angle for the 2D plot and
the latter is for the 3D plot. They are, however, identical if flipped due to the symmetry. The
beampattern plots are illustrated using cylindricalPlot.mix and circPlot.mlx in Appendix A.

The authors would like to thank Assistant Engineer Claus Vestergaard for assistance with
equipment in the anechoic chamber.
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Introduction

In 2023 a report from the Danish National Institute of Public Health regarding deaths by
drowning came out, presenting drowning statistics from 1970 to 2021. In this period, 8 407 people
died by drowning, whereof 3682 were accidents (43.8 %), 3926 (46.7 %) were suicides and 36
(0.4 %) were murders [1]. In the same time period (1970-2021), the amount of drowning deaths
per year has trended downwards as seen on Figure 1.1, but a signi cant amount of drowning is
still happening every year [1].

Figure 1.1. Fatal drowning incidents of involving Danish people in the period from 1970-2021
grouped by incident type [1].

The body of water of fatal drowning incidents are shown for the 10-year average (2011-2020) and
speci ¢ numbers from 2021 on Figure 1.2. While most drown along the coast, this is also where
the most work is done to prevent it: coastguards, beach ags, and so on. The second largest
danger zone is the harbour, where little supervision is done.
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Figure 1.2. Fatal drowning incidents in Denmark by body of water types [1].

E orts have been made in later years to mitigate drowning in harbours, such as the thermal
cameras installed in Aalborg Harbour in 2015. These cameras monitor 200 meters of Aalborg

Waterfront from Limfjordsbroen along Honngrkajen and have saved two people in the testing
period (as of feb 2022). There are however around two kilometres of critical waterfront, with
heightened risk of drowning. Securing all of this would take around ten thermal cameras at a
cost of around two million DKK along with a need for more people monitoring them. [2]

A Master's thesis by Frederik Sidenius Dam explored the feasibility of utilising hydrophones to
detect a fall into water [3]. The thesis examined the performance of cheap piezoelectric and
electret transducers encased in a nitrile rubber glove. Both solutions performed nearly as well
as commercial hydrophones and provided promising measurements in regards to distinguish the
falls from noise.

Furthermore, a project by Axel Villads Burford Toft, Kaj Mgrk, Lukas Bisgaard Kristensen,
Maté Tall6si, and Tudor Razvan-Tatar attempted to design an algorithm to detect the sound
of a person falling into water through machine learning [4]. However, the group su ered from a
lack of training data, as they had to perform and record the jumps themselves.

The splash from a person might vary heavily depending on the energy and contact area of
the impact and the individual's clothing. Additionally, attempting to imitate an accidental or
inebriated fall deliberately might also not be exactly representative. However, mimicking vast
amounts of falls with su cient variation is tedious/unfeasible. Therefore, the initial problem
statement is as follows:

How is a vast amount of representative data gathered with the purpose to develop
an algorithm to detect a person falling into water?




System Analysis

The purpose of this chapter is to inspect and analyse the aspects of subaqueous acoustics and
splash characteristics. Rather than assembling subjects with the intent to record the audio of
their falls into water, another approach is desired. Instead, the possibility to passively surveil a
bathing location where jumps into water naturally occur is explored. The shortcomings of this
approach is the unknown di erence between a deliberate fall and an accidental fall, and the lack
of day to day clothing on the subjects. An illustration of the case is shown in Figure 2.1, where

a system is setup to monitor a bathing location with a microphone with the intent to record the
subaqueous audio of people jumping into the water.

Figure 2.1. Figure depicting a person jumping into water at a bathing location with a data collector
nearby.

The general acoustic characteristics of the area should imitate those of the end use-case, meaning
noise sources such as boat engines, seagulls, and so on should be present at the recording location.
Ideally, the location has an elevated edge such the height of the jumps matches a harbour. The
system should be operational in both fresh- and saltwater.

As the strategy is to passively surveil the bathing location, some event detection should be
developed in order to know when to start the data recording and avoid recording when people
are not jumping into the water.

2.1 Splash Characteristics

In order to establish an idea of how the audio from a splash will appear, measurements from
hydrophones are examined. The spectrograms of a person jumping into water measured by
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hydrophones placed one and 11.5 meters away are seen in Figure 2.2 and 2.3, respectively. The
data is taken from one of the previous projects ([4]) and both are recordings of the same jump into
water. The audio clips consists of 10 seconds of background noise, the splash, and subsequent
swimming.

Figure 2.2. Spectrogram of a person jumping into water measured by a hydrophone placed one
metre away from the impact [4]. The time of impact starts at 10 seconds.

Figure 2.3. Spectrogram of a person jumping into water measured by a hydrophone placed 11.5
metres away from the impact [4]. The time of impact starts at 10 seconds.

The splash event is distinguishable in the spectrogram for one meter, but at 11.5 meters the
background noise is too signi cant to easily depict the splash from the spectrogram. Therefore,

somehow increasing the intensity of the signal is desired in order to increase the SNR and thereby
extend the range of the system.

The audio recordings were sampled at 48 kHz, which means the range of the spectrogram is up
to 24 kHz. However, it appears the splash generates frequencies across the entire spectrogram,
meaning the sample rate of the system should be at least 48 kHz.
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2.2 Subaqueous Acoustics

The acoustical properties in water vary greatly depending on the salinity, temperature, and
depth. Therefore, an analysis of underwater acoustical propagation is conducted.

2.2.1 Speed of Sound

The speed of sound in water is dependent on temperature, salinity, and pressure. Numerous
equations exist for calculating the speed of sound in water, e.g. Mackenzie, Coppens, UNESCO,
Del Grosso, and NPL [5]. The range of validity di ers for each of the equations and some are
not applicable to freshwater. An equation that has a wide range of validity for temperature and
salinity is Coppens' equation. The range of validity for Coppens is 0 to 35C,0to 45% ,and O

to 4000 m depth. Coppens' equation is as follows [5].

c(0;S;t) = 1449:05 + 45:7t  5:21t2 + 0:233 + (1:333  0:126 + 0:00%%)(S 35)  (2.1)
c(z;S;t) = ¢(0;S;t) + (16:23 +0:253)z + (0:213  0:1t)z? (2.2)
+[0:016 + 0:00026 35)|(S 35)tz

c(z;S;t) | Speed of sound at depth (z) E]
c(0; S;t) | Speed of sound at surface T

z Depth [km]
S Salinity of the water E
t Water temperature 7 [°C]

2.2.2 Absorption

The attenuation caused by absorption in the water is examined, as the absorption in uences the
feasible range of the system and the in uence of noise. A simpli ed equation for calculating the
attenuation factor is as follows [6]:

g 1=

f1=078 o ™ (2.3)

f, =42 (2.4)

fqf -0 T S fof? - 27+ 2=
=01 (pH 8) 0.56+ 52 1+ — ~ z 6+ : 4 2, (T=27+2z=17)
0 067f2+f12e 0:5 3 23 f2+f22e 0:00049 “e

(2.5)
f1 | Relaxation frequency for boron kHz]
S | Salinity of the water (1]
T Water temperature [°C]
fo | Relaxation frequency for magnesium KHz]
Attenuation of signal pr. km [dB]
f Frequency of signal kHZz]

pH | Potential of hydrogen of the water [1

z Depth [km]

The attenuation caused by the inverse square law is as seen in Eq. (2.6), or more commonly
known as -6 dB per doubling in distance.
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P
| = 2.
47 2 (2.6)
| | Sound intensity [X]
P | total power radiated from a point source [W]
r | Radius of radiation sphere [m]

2.2.3 Acoustic Impedance

The acoustic impedance is crucial for the design or choice of transducer, as the transducer must
be impedance-matched with the surrounding water to optimise energy transfer. The acoustic
impedance is approximative through the medium's density and the speed of sound.

Z=c (2.7)

Z | Acoustic impedance of medium {1%]
Density of medium [%]

2.3 Power Considerations

Public bathing areas usually lack access to electricity near the water, so in order to power a
surveillance solution, an alternative power source must be found such as solar, wind energy, a
battery, or a combination. Both solar and wind will provide some amount of energy some amount
of time each day, so a battery is needed nonetheless. Additionally, having su cient storage at the
location might be impractical, so the system should have some way to 0 oad the data wirelessly.

In order to size a battery for use without a charging source Eq. (2.8) can be used, based on power
draw and wished battery run time.

B=M Py T, (2.8)
Pq | Power draw [W]
M | Safety factor [1
B | Battery size [Wh]

T, | Battery run time  [h]

Several strategies exist for sizing a solar panel or a wind turbine, whereof the one suitable for a
device that must never die, is called the battery strategy as seen on Eqg. (2.9) [7].

B
PPV - M Tic (29)
Pw | Wattage of source [W]
Tc | Charge time [h]

The battery strategy determines the wattage of the solar panel or wind turbine, based on charge-
time of the battery. So by specifying battery size, i.e. 1 days worth of power, and minimum
sun/wind-hours on a worst-case day, a solar panel size or wind turbine size can be determined.
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2.4 Problem Statement

How is a system designed and implemented to autonomously detect and record
splashes at a bathing location on a low power budget and with cheap transducers
with the intent to create a large dataset for training of algorithms?

2.5 Requirements

This section describes the desired functionality of the system in order to full the problem
statement and formalises the technical requirements of the system.

2.5.1 Functionality of System

The key functionalities of the system are de ned and described in this subsection. Multiple
solutions for implementing the functionalities might exist, but these are explored in the next
chapter/design stage.

F.1 Detect the splash from a person jumping into the water. This functionality should
require minimal power, as the system should be in this state until a splash is detected. The
system should deploy some technique in an attempt to maximise the SNR in order to increase
the system's con dence in the detection.

F.2 Record the submerged audio of the splash and some subsequent swimming and save
it in memory. The recordings must contain the entire splash, meaning that the measurements
must begin before the initial impact.

F.3 O oad the recorded data wirelessly to a server and clear the recordings from the
system memory once the data has been transferred.

F.4 The system must function on a low power budget that can be maintained by a small
battery package with a potential renewable power source.

As the functional requirements are not solution-speci ¢, deriving speci ¢ technical requirements
before further exploration is unfeasible, since specics are yet to be uncovered. The technical
requirements are extracted from this chapter when possible, but speci cs for developed modules
will be discussed in the design and implementation phase, when relevant decisions have been
made.

2.5.2 Technical Requirements

The technical requirements are established on the basis of the preceding analysis and functional
requirements.
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Table 2.1. Register of technical requirements for the transducers.

Equal sensitivity within frequency .
T.1 range0 Hz 24 kHz 3dB Section 2.1
T.3 Operational within salinity range 0 40% Chapter 2
T4 Operational within temperature 5 30 C Chapter 2
range
Acoustic impedance of the
T.5 | transducer must be matched to the 1525 10° mig-s Subsection 2.2.3
water's

Table 2.2. Register of technical requirements for the processing system.

p1 The sample rat(_a of the audio 48 kHz T1
recordings

The system must be able to enter
P.2 - F.1
some low-power/sleep mode

2.6 Case Speci cation

A candidate for such a bathing location in Aalborg is Vestre Fjordpark. A satellite view of Vestre
Fjordpark is seen on Figure 2.4. The lido has two enclosed sections: one that is primarily used
for water polo and swimming and one mainly for dives. The diving section is equipped with 1
and 3 meter springboards, a diving tower that has diving platforms at 5 and 10 meters, and a
climbing wall. The surrounding edge of the sections is around 0.5 m high.

(o]
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