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Abstract

Elephants can cause people harm and destroy property in communities living
close to national parks. Having an automated system that can detect and warn
the people of these communities is of utmost importance in order for human and
elephant coexistence. Elephants heavy profile and damped footsteps induce low
frequency ground waves that can be picked up by geophones. In the thesis two
main problems are investigated, detecting if the geophone measurements con-
tain an elephant footstep and calculating the direction of the elephant footstep.
A real time system is built containing a sensor array of three geophones. By ana-
lyzing the frequency content of the geophone measurements, elephant footsteps
could be detected. The system in capable of detecting elephants situated up to
40 meters away from the geophones. Utilizing the sensor array, a direction to the
elephant was estimated using triangulation. Two methods of triangulation were
investigated. At 15 meters away, the estimation deviated with only a few degrees.
At 40 meters away, the estimation was at least good and consistent enough to get
a general idea of where the elephant was coming from.
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1
Introduction

In this chapter background to the problem is discussed, followed by the goals of
the work, research questions and delimitations. Then, the experimental design
with explanations for the system and hardware are presented in Chapter 2. This
is followed by Chapter 3 which aims to give intuition for the measurements and
signals in the thesis. Chapter 4 and 5 describes the methods, results and dis-
cusses said results of the detection and direction of arrival methods respectively.
The complete system, combining the findings of the detection and direction of
arrival, is then evaluated in Chapter 6. Lastly, Chapter 7 concludes the thesis and
discusses potential future work.

1.1 Background

One of the main problems surrounding national parks is human and wildlife
conflict. In 2020, over 90 people were killed by wildlife in Kenya, and six people
died by elephants in Amboseli National Park alone [10]. Hundreds of elephant
caused casualties are reported in India each year and local communities suffer
from destroyed fields and properties [4]. It is costly to protect properties like
schools using fence lines and even then it often fails due to lack of maintenance
[7]. Thus, an automated warning system capable of detecting and localizing ele-
phants long before they arrive could prove to be very useful.

Detecting elephants has been done before using a network of geophones. The
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2 1 Introduction

basic idea is to utilize that some of the pressure waves generated by elephants
can travel very far [11], [13]. In these cases, it is not normal footsteps that are
detected, but rather vocalization that generates seismic components. This thesis
will however focus on the footsteps.

All seismologic sources produce both body and surface waves. The surface waves
tend to have a lower frequency and spread in a two-dimensional space which re-
sults in a decay of 1/

√
r as opposed to body waves that spread in a three-dimensional

space, resulting in a decay of 1/r. There are two types of surface waves. Rayleigh
waves cause an elliptical motion in the vertical plane while Love waves cause hor-
izontal ground movement. Rayleigh waves tend to be stronger from near-surface
seismic sources as opposed to deeper underground sources [9]. Rayleigh waves
also tend to be stronger than other wave forms on earth’s surface, hence most of
the shaking felt from earthquakes are from Rayleigh waves [15].

The literature on seismic data of elephants mostly concern different forms of com-
munication between elephants. Measurements of elephant rumbles and "foot
stomps" were conducted in O’Connell-Rodwell et. al. [11] using both micro-
phones and geophones. The findings include "foot stomp" durations of 103 − 250
ms, mean frequency of 20.04 Hz and wave propagation velocity of 264 m/s. Ac-
cording to the authors the propagation speed suggests that it is a Rayleigh wave.

A promising way to detect and localize the epicenter of the Rayleigh waves pro-
duced by elephant footsteps in a cheap and efficient manner can be found in the
methods of sensor fusion and signal processing. Sensor fusion is the field of merg-
ing multiple sensors and extracting useful information. A network of geophones,
each of which only measure ground pressure, could locate the epicenter of an
earthquake when sensor fusion is applied [5]. In other words, it creates a situa-
tion in which the whole is greater than the sum of its parts. Signal processing
is the field of extracting useful data from a signal containing noise, among other
things [6].

1.2 Goal

The goal of the thesis is to detect and estimate the Direction of Arrival (doa)
of elephant footsteps using three geophones connected to a microcontroller, see
Figure 1.1. One of the geophones is responsible for the detection of elephant
footsteps. When a footstep is detected, the three geophone measurements are
used in order to estimate the doa. The solution should be packaged in a working
prototype that can be carried and set up easily.
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Figure 1.1: System setup.

1.3 Research questions

In order to reach the goal presented, the following three research questions are
formulated and answered in the thesis report.

1. How can data from a geophone be used to detect an elephant’s footstep?

2. How can a sensor network be used to estimate the direction of the origin of
a geological pressure wave made by an elephant’s footstep?

3. How can the solution be packaged and implemented in order to be easily
used?

1.4 Delimitation

The system was not tested for multiple elephants present at the same time which
could induce interference in the measurements. For availability reasons, the tests
were conducted on Asian elephants. Some delimitations are imposed on the hard-
ware as well. The number of geophones is limited to three for practical and com-
putational reasons, see the discussion regarding sampling in Section 2.3. The
system should ideally be able to run around the clock using solar arrays for in-
stance. But for ease of implementation, the system is instead run exclusively on
rechargeable batteries.





2
Experimental Design

This chapter aims to describe the hardware used and implementation of the meth-
ods and algorithms mentioned in Chapter 4 and 5. The chapter begins with Sec-
tion 2.1, listing all the hardware components used in the system. Section 2.2
provides an overview of the information flow of the system. This is followed by
Sections 2.3-2.5 which explains hardware related implementation details. The
Chapter is concluded with the user interface of the system in Section 2.6.

2.1 System Component Overview

The complete system consists of three geophones, a microcontroller board, an
Analog to Digital Converter (adc), a power-bank and a handheld computer with
touchscreen. See Figure 2.1 - 2.3 and corresponding figure text for a more de-
tailed description of the hardware.

2.1.1 Electronic Circuit

The circuitry can be seen in Figure 2.4. The parallel connected resistor is needed
for calibration [2] and the serially connected resistors are needed in order to avoid
damage to the adc [8].

5



6 2 Experimental Design

Figure 2.1: Hardware overview of the complete system with the following
items. 1.1 - Three geophones, SM-24 Geophone Element. 1.2 - Rain and dust
resistant box containing one microcontroller, adc and the circuitry for the
geophones. 1.3 - Portable Raspberry Pi with a touch screen and battery. 1.4
- Power bank that supplies electricity to the microcontroller.

Figure 2.2: Components of the device connected to the geophones can be
seen in the figure. 2.1 - An Adafruit HUZZAH32 (ESP32-based, dual core
Tensilica LX6 microcontroller). Has a built in WROOM32 module for WiFi
capability and an internal 32 kHz crystal oscillator for accurate timing. 2.2
- Electric circuitry connecting each geophone to the adc input channels, see
Figure 2.4 for more details. 2.3 - Analog to digital converter, ADS1256.
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Figure 2.3: The handheld device contains the following components. 3.1 -
Capacitive touchscreen with a resolution of 480x320. 3.2 - PiJuice module
for Raspberry Pi. Contains a battery and built in functionality for battery
management and charging. 3.3 - Raspberry Pi 3 Model B.

Figure 2.4: Electrical circuit between the ADC and the geophones. Each
resistor is 1 kΩ.

2.2 System information overview

Figure 2.5 describes the information flow in the system and each arrow is ex-
plained through its corresponding number.

1. A microcontroller is connected to three geophones. The geophones each
send a signal of seismic waves to the microcontroller.
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Figure 2.5: System information overview

2. The microcontroller is responsible for detection. Only one geophone is re-
sponsible for detection, as it is assumed that all geophones will be able to
record the elephant footsteps since they are situated close together. When
a time windowed signal is deemed to originate from an elephant all three
segments that were recorded in that instant is sent through Wi-Fi to the
computer.

3. When the signals are received from the microcontroller, the computer cal-
culates the doa. This direction and detection is displayed in a Graphical
user interface (gui) on the screen.

4. The gui shows the user if there is a detection, total number of detections
and the doa to the elephant footstep.

5. The user provides design parameters and a threshold for the algorithms.
When data is recorded the user provides a name for the saved file and can
insert stamps in the file through a button in the gui.

6. The computer forwards information given by the user to the microcon-
trollers (design parameters etc).

2.3 Sampling

Simply put, the geophone is an electromagnet that produces a voltage when
moved. To use this voltage in a meaningful way it has to be converted to a digital
signal by an adc. In theory, the adc used has a sampling frequency of 2.5 Hz
to 30 kHz, allowing for trade off between resolution and sampling speed. In con-
trast, Rayleigh waves rarely exceeds 200 Hz and the waves produced by the foot-
steps of elephants rarely exceed 30 Hz. To avoid aliasing and folding, i.e. higher
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frequencies being displayed as some lower frequency, the sampling frequency
has to be 400 Hz or higher [6].

The adc has predefined sampling rates it is capable of using. These are theo-
retical values that are impacted by code execution time between samples and
instructions sent to the adc from the microcontroller. Therefore the actual sam-
pling frequency ended up at 474 Hz which seems sufficient for Rayleigh waves.
It also almost entirely covers the bandwidth of the geophones at 240 Hz.

Furthermore, the sampling is both irregular and offset with 1/3 sampling time
due to the adc only being able to sample one channel at a time. To handle this,
the time when each sample is taken is recorded. These time stamps are then
used to approximate the signal as a continuous function. This approximation is
then re-sampled with equidistant time-steps and offset with 1/3 of the original
sampling time. This is done by using the cubic spline method [1]. Tests will be
performed to evaluate the spline method, as polynomial interpolation might be
a bad estimate of the signal, see Chapter 5.

2.4 Real-time Implementation

The microcontroller sample the geophones on one core and run the detection al-
gorithm on the other. This is to ensure a consistent and high sampling frequency.
Each geophone measurement is saved in a queue of length N so that an entire
elephant footstep fits in the data with some margin. Every N/2 samples the de-
tection algorithm is run and if an elephant footstep is detected the measurements
from all three geophones are sent to the central computer, more on this in Chap-
ter 4. When the computer receives the measurements, the doa is calculated in a
computer application written in Python according to Chapter 5.

Algorithms are initially tested in an offline environment. By running on dual
cores however, the offline detection algorithms can be directly translated to C
code and thus be used in an online scenario as long as the execution time is lower
than the time it takes to sample N/2 values per geophone. This makes it possible
to use a non-causal filter for example.

2.5 Wireless Communication

The communication between both devices and a central computer is done over
WiFi through the User Datagram Protocol (udp) due to its simplicity and in order
to ensure quick transfer of data. Each time an elephant footstep is detected, the
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signals are divided into smaller parts and each part is sent as a package with
a unique identifier. Checks for duplicate, missing and unordered packages are
implemented in the computer application.

2.6 User Interface

Three different applications were created, each with a unique gui in order to
facilitate ease of use. These are the frequency analysis application, data recording
application and detection application.

2.6.1 Frequency analysis application

The frequency analysis application is needed to set up the system. See an exam-
ple in Figure 2.6. It calculates and displays the normalized periodogram for each
data segment that is received, if the total energy in the signal is over a thresh-
old. The total energy for each segment is also displayed. Using this interface,
one can first set the threshold to something very low to calculate and display the
periodogram for all the ambience in the surrounding. Then, whatever needs to
be detected, usually elephants, has to be the only thing present except for stand-
ing waves. In other words, everyone present has to stand still unless one wishes
to detect humans. One can then set the energy threshold to something higher
than the energy of the ambience. When the target of interest is nearby, its peri-
odogram will be shown. This, together with the earlier calculated periodogram
of the ambience, can then be used to tune the detection algorithms.

Figure 2.6: Frequency analysis GUI.
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2.6.2 Data recording application

If one wishes to analyze the data further, the application shown in Figure 2.7 can
be used. There is a button ’Insert stamps’ which when pressed records the current
time. This can be used to mark certain events, such as an elephant passing by.

Figure 2.7: Data recording GUI.

2.6.3 Detection application

This application is what, for example, someone using the device as a security
system would use, see Figure 2.8. There are text boxes used to send tuning pa-
rameters of the detection algorithms. There is also a ’compass’ displaying the
direction to where the last target has been detected. The direction is from the
center of geophone network, see Chapter 5 for more information.
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Figure 2.8: Detection GUI.



3
Signal Overview

This chapter aims to introduce some of the problems at hand regarding the sig-
nal processing. Sampling in regards to the software is presented in Section 3.1.
The pressure wave, from here on referred to as impulse, of an elephant’s footstep
is presented in Section 3.3. Investigation has also been made into how weather
conditions affect the signal. Some data was recorded in the winter where spots of
ice were present, this will also be presented in Section 3.3. Human footsteps are
presented in Section 3.4 as the detection methods primarily focuses on differen-
tiating between elephant and human footsteps. The signal is split into segments
when analyzed, the length of each segment is presented in Section 3.5. There are
noise and other standing waves with unknown origin in the signals, something
which will be referred to as ambience. This varies between locations. Data has
been gathered at Kolmården Wildlife Park which has a lot of ambience, and at Val-
lamassivet which has comparatively low amount of ambience. As the ambience
affects both the localization and detection of elephants, this will be presented in
Section 3.6.

3.1 Sampling

The sampling frequency is set to fs = 474 Hz, resulting in a Nyquist frequency
fN = 237 Hz. The requirements on the Nyquist frequency is that it has to encom-
pass the entire bandwidth of the geophones in order to avoid leakage. Further-
more, a higher sampling frequency increases the number of lags which in turn
increases the resolution of the doa estimate. But the distance between two geo-

13



14 3 Signal Overview

phones also impact the resolution. A distance between geophones of d = 4 m is
used, resulting in a maximum lag of 11.49 according to

L =
d cosϕ
fsc

(3.1)

where c = 165 m/s is the wave propagation speed (see Section 3.2) and ϕ = 0◦ is
the doa. A discrete signal can only be delayed with an integer lag which means
that if the true delay lag was L = 11.49 corresponding to ϕ = 0◦, the angle will at
best be estimated to L = 11 corresponding to ϕ = 16.8◦.

Fortunately there are ways of estimating the doa between these discrete lags.
The method used in this thesis is cubic splining as was mentioned in Section 2.3
regarding sampling in relation to the hardware. Inter-sampling through splining
introduces distortions as it does not approximate the sinc function. However, a
perfectly reconstructable signal, as per the Nyquist-Shannon sampling theorem
[14], is not necessary. In the context of increasing the lag resolution in the doa
calculations, a polynomial spline is deemed sufficiently good.

3.2 Wave propagation speed

The wave propagation speed is measured by dropping a large boulder at ϕ = 0
for one pair of geophones. Using cross-correlation to retrieve the time delays, c
in Equation (3.1) can be calculated.

Twelve measurements were conducted resulting in twelve different values of c,
see Table 3.1. The mean value, rounded to one decimal is c = 165.0 m/s which is
used in the model presented in Section 5.1.1.

Table 3.1: Result of wave propagation speed calculation in m/s. Data was
gathered in dry soil at Vallamassivet.

162.873 156.592 163.812 167.185 171.213 166.694
171.213 158.779 166.207 159.671 177.080 158.779

The wave propagation speed was calculated in dry soil. The difference between
the dry sand at Kolmården Wildlife Park and dry soil at Vallamassivet had no
noticeable effect on the doa-estimation. As such, the wave propagation speed
were not measured at Kolmården Wildlife Park.
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Figure 3.1: Geophone signals in the time domain, where an elephant foot-
step is present. The lines mark the start and end of the impulse.

3.3 Elephant signal overview

The typical signature of an impulse induced by an elephant’s can be seen in Fig-
ure 3.1. The vertical lines indicate where it stops and starts. It lasts for about
350 ms. At the edges of the plot, before and after the vertical lines, the amplitude
is still quite large and one could assume that this is also a part of the footstep.
However, as this precedes for about a second it is with most certainty not the ac-
tual footstep, as others have measured elephant footsteps to last for around 100
- 250 ms [11]. It may be reflections of the impulse interfering, as the signals sam-
pled by the two geophones look very different. Note that the signal recorded by
Geophone 2 is slightly behind the signal recorded by Geophone 1 in this interval.
This information is used in the direction estimation, see Chapter 5.

The frequency content of impulses footsteps depend on the ground. Most record-
ings were taken in the winter, while the ground was frozen. The frequency con-
tent was around 10 - 30 Hz, see figure 3.2.

When the elephant walked directly on dry sand later in the spring, the energy
content was around 10 - 20 Hz, see Figure 3.3. Note that each footstep has slightly
different frequency content.

Data was never recorded when the ground was wet, but one could assume that
this would have an impact on the signal as well. As weather condition seems
to play a role, the system has to be adaptable. This will not be done automati-
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Figure 3.2: Frequency content esti-
mation of elephant footsteps walk-
ing on patches of ice.

Figure 3.3: Frequency content esti-
mation of elephant footsteps walk-
ing on sand.

cally. Instead, the system will require some parameters to be tuned as conditions
change.

3.4 Human signal overview

The detection algorithms will be evaluated on how well it can detect elephant
footsteps while not misinterpreting a human footstep as an elephant footstep.
The impulse from an elephant footstep is slightly different than that of a human.
This can be seen in Figure 3.4.

The frequency content is also different, compare Figure 3.2, 3.3, and 3.5. The
human footsteps seen in Figure 3.5 all occur when the ground is frozen, same
as in Figure 3.2. Interestingly, human footsteps on frozen ground is very similar
to elephant footsteps on dry sand. This information will be used in the detec-
tion methods. The detection methods are evaluated on the data sets with frozen
ground.

3.5 Signal segments

The system samples the geophones in real time. To analyze if there are elephants,
and if so where, the signals are split into segments with overlapping samples. As
it is a real time system it is not possible to run the algorithm for each new sample
as the computing load would be too heavy. As was presented in Section 3.3, the
impulse of an elephant lasted for around 350 ms. This is used as guidance on
the length of each segment. There is a need to ensure that the footstep is not
split between two segments. Using a segment that is 700 ms long and has 350 ms
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Figure 3.4: Geophone signals in the time domain, where a human footstep
is present. The lines mark the start and end of the impulse.

overlapping with adjacent segments, one of the segments is guaranteed to contain
the complete footstep, see Figure 3.6.

Of course, as the signal is discrete, the length is defined in terms of samples.
Using segment length N = 350 samples satisfies N > 700

1000 fs = 331.8 with some
margin.

3.6 Whiteness and ambience measurements

In this chapter the background noise and ambient signals are shown. Tests were
conducted in both Vallamassivet and Kolmården Wildlife Park. The ambient dis-
turbances are considerably lower in Vallamassivet which is useful for evaluating
the doa as is shown in Section 5.2.

3.6.1 Vallamassivet

Noise and ambience were measured at Vallamassivet. The experiment was done
when there were no perceived potential disturbances.

Figure 3.7 shows the periodogram and spectral estimate of the measured noise.
In the periodogram there are spikes in energy at around 8, 11 and 16 Hz among
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Figure 3.5: Frequency content estimation of human footsteps walking on
sand.

others. These are indications of ambient signals being present, although they
are quite weak. The amplitude of the spectral estimate seems relatively constant
with some exceptions, indicating that there is white noise.

Another way of showing the whiteness of a signal is the autocorrelation function.
Figure 3.8 shows the autocorrelation of the measurement noise. From the figure
one can clearly see that there is white noise prevalent in the measurement due to
the impulse at lag 0.

3.6.2 Kolmården Wildlife Park

The environment at Kolmården Wildlife Park contains larger ambient signal en-
ergy compared to Vallamassivet, see Figure 3.9 where there are two distinct peaks
at 16 and 23 Hz.

The decrease in amplitude of the spectral estimate as the frequency increases
suggests that the noise is not as white as in the case of the Vallamassivet measure-
ments. However, looking at the autocorrelation in Figure 3.10, the signal looks
somewhat random indicated by the impulse at zero lag, although not to the same
extent as the one from Vallamassivet shown in Figure 3.8.

During the measurements an ambient signal with a frequency of around 50 Hz
appeared, see Figure 3.11. The spectral estimate shown in the middle plot shows
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Figure 3.6: Illustration of segments overlapping which guarantees a com-
plete footstep to be part of at least one segment. In this case, Segment 1 and
Segment 3 contains only a part of the signal. Segment 2 however, contains
the complete signal.

a small peak at around 48.42 Hz and at a resonance frequency of 96.84 Hz. The
lower subplot shows the spectral estimate of the signal from when the amplitude
of the 50 Hz component has increased in amplitude, but interestingly the peak
has also increased to 49.50 Hz. The cause of this increase in amplitude is probably
from some type of motor situated in the nearby building.
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Figure 3.7: The upper plot shows
the periodogram of a noisy signal
in Vallamassivet with ambient sig-
nal peaks at the frequencies 7 − 20
Hz. The spectral estimate is shown
in the lower plot. Note the rela-
tively constant amplitude.

Figure 3.8: Autocorrelation of noisy
signal in Vallamassivet with a peak
at zero lag. The upper plot shows
the autocorrelation for the entire
data length.

Figure 3.9: The upper plot shows
the periodogram of a noisy sig-
nal with peaks at 16 and 23 Hz
in Kolmården Wildlife Park. The
lower plot shows its spectral esti-
mate with a down-trending ampli-
tude as the frequency increases.

Figure 3.10: Autocorrelation of
noisy signal in Kolmården Wildlife
Park.
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Figure 3.11: A sudden increase in signal energy at 50 Hz. The vertical line at
around 13.3 seconds indicates where the 50 Hz signal begins. The plot in the
middle shows the spectral estimate from time 0 − 13.3 seconds. The lower
plot is the spectral estimate of the signal from 13.3 − 25.4 seconds, showing
the increased energy at around 50 Hz.





4
Detection

This chapter aims to describe and present the detection part of the thesis. In
Section 4.1 three different methods of detecting elephants are described. The
results of these methods are then presented in Section 4.2. Finally, the methods
and results are discussed in Section 4.3.

4.1 Method

Three different detection methods have been investigated. These are presented
in ascending order of complexity. The first algorithm utilizes the Mean Squared
Error (mse) where the signal is compared with a known signal of an elephant
in the time domain. The second method is frequency content analysis, where
the energy of the signal should be in a certain frequency range. The third one
is a combination of the first two, where the mse is computed on the frequency
content.

The methods are computed on segments of a signal, see Section 3.5. If a segment
containing an incomplete footstep is determined to be of elephant origin by the
earlier mentioned methods, it should be rejected if the following or previous seg-
ment has a higher score on the detection algorithms. This is with the assumption
that one of the adjacent segments would include the complete footstep.

23



24 4 Detection

Figure 4.1: Summary of the Frequency content algorithm.

4.1.1 MSE method

The first and simplest method for detection utilizes themse. This was done in an
offline implementation in order to evaluate the performance. By having a known
signal of an elephant footstep, subsequent footsteps are compared using themse.
First the signals are normalized to remove dependence on the strength of the
signal. Cross-correlation is then used to determine at what time shift the signals
have the highest correlation. The signals are then shifted with the previously
mentioned time shift. If this is not done, two signals that are similar but out of
phase would return a high mse. The mse is then calculated according to

VMSE =
1

N − lag

N−lag∑
k=1

(yref [k] − ymeas[k + lag])2 (4.1)

where N is the length of the signal segments, yref is the known signal and ymeas
is a subsequent elephant footstep. The mse is then compared to a threshold.

4.1.2 Frequency content method

The second method for detection is the frequency content method. First off, the
signal is filtered with a Butterworth band pass filter of order 2 with cut off fre-
quencies at 1 - 100 Hz to remove biases and high frequent noise while keeping
ambience, elephant footsteps and other types impulses. This filter is run both
forwards and backwards in time to avoid phase shifting, making the filter hav-
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ing a total order of 4. Then, as the Fourier transform assumes that the length of
the signal is infinite, the signal is windowed to prevent leakage. Specifically, a
Hanning window is used as the characteristic of its frequency response generally
does not alter the frequency response of the signal too much. After this, the Fast
Fourier Transform (fft) is computed where upon the magnitude of the fft (the
periodogram) is calculated. To make the algorithm independent of the strength
of the signal, the periodogram is normalized with the total energy of the peri-
odogram. Summating the energy of the normalized periodogram around 20 Hz
thus provides an estimate of how much the signal looks like that of an elephants’
footstep. There are a few parameters in this method that have to be tuned de-
pending on what standing waves are present in the ground and these may vary
depending on location and weather condition. The tuning parameters are the
frequency range to sum and the threshold for which the energy in the summed
frequencies has to surpass for detection to be determined. The algorithm is sum-
marized in Figure 4.1.

4.1.3 Frequency-MSE method

This algorithm works the same as the frequency content algorithm until the sum-
mation step. Instead of summation, the mse is used to estimate similarities be-
tween the periodogram of the unknown signal and an average normalized peri-
odogram of multiple known elephant footsteps. If themse is lower than a thresh-
old, the signal is determined to be of elephant origin. Otherwise, it is rejected.

4.2 Results

The results of the methods described in Section 4.1 are presented in this chap-
ter. An initial benchmark test was done to investigate whether the methods had
some merit to them. This was done by recording human footsteps and elephant
footsteps at Kolmården Wildlife Park. The algorithms was then tuned to identify
elephant footsteps and to not respond, i.e. not give false alarms, on human foot-
steps. The algorithms were then tested on a different data set. The results can
be seen in Figure 4.2, Figure 4.3 and 4.4. The vertical line and colors of the data
points separate elephant footsteps from human footsteps.

4.2.1 MSE method

Regarding the mse, a Butterworth bandpass filter [6] of order 2 letting frequen-
cies between 8 Hz and 30 Hz through was used. The horizontal line in Figure
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Figure 4.2: MSE method test. Training data and validation data. Detection,
D, No Detection, ND, Missed Detection, MD and False alarm, FA.

4.2 is a threshold. If the mse is lower than the threshold the signal determined
to be of elephant origin. The threshold was set to 0.06 in order to minimize the
false alarms as opposed to decreasing the missed detections. The vertical line is
there to differentiate Detection, D, No Detection, ND, Missed Detection, MD and
False alarm, FA (No Detection refers to a human footstep not being detected). As
can be seen in the tuning data in Figure 4.2, the algorithm results in both missed
detection and false alarms. Of course, it is possible to achieve fewer missed detec-
tions at the cost of more false alarms. When looking at the validation data, there
is even greater overlap resulting in more missed detections.

4.2.2 Frequency content method

The periodogram of human and elephant footsteps was used as guidance when
tuning what frequencies to sum. These can be seen in Chapter 3. The best perfor-
mance was achieved when summing frequencies between 15 − 30 Hz and using
the threshold (from here on referred to as T ) T = 87 %.

The horizontal line in Figure 4.3 is the threshold, T which if exceeded determines
that the signal is of elephant origin (below the threshold in the mse case). There
are no false alarms in neither of the data sets. Furthermore, only one missed
detection occurred in the tuning data and none in the evaluation data. These are
promising results. However, the elephant footsteps were at most 35 m away from
the geophones and there is very little margin of error.
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Figure 4.3: Frequency content method results. Training data and validation
data.

4.2.3 Frequnecy-MSE method

The frequency-mse method performs about the same as the mse. It uses the
same parameters as the frequency content method except for the threshold. Each
segment was compared to an average of the elephant periodogram presented in
Chapter 3. The results can be seen in Figure 4.4.

4.3 Discussion

This section discusses the different detection methods investigated and also sum-
marizes the weaknesses and what it would imply for a security system.

4.3.1 MSE method

As the mse had a hard time differentiating human footsteps from elephant foot-
steps this method was rejected early. While none of the algorithms was investi-
gated against completely white noise, where it may have performed better, this
algorithm would still fail a lot of the time if people were nearby. This would be
the case for both hotels and schools, both of which could see a use case of the
security system.

The reason it failed likely has partly to do with the fact that ambience plays a
large part of the signal, something that might affect the time domain more than
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Figure 4.4: Frequency-msemethod test. Training data and validation data.

the frequency domain but more importantly because of a variance in each step.
As opposed to the frequency content method, one step could contain frequencies
in the 10-15 Hz range and another in 15-20 Hz, both being typical for an elephant
without being alike enough to get a low (good) score on the msemethod.

4.3.2 Frequency content method

The frequency content method differentiated human and elephant footsteps very
well. Its weakness is that if the ambience has a lot of the same frequencies there
would be no way to differentiate between ambience and elephants. This never
occurred in any of the measurements taken at any of the locations, but one could
assume that if for example certain machinery were to be located nearby it might
induce the same frequencies.

The likely reason it performed well is the reason the mse method did not. It
is easier to tune for the current ambience and environmental conditions and it
is also easier to catch a wider range of different types of elephant footsteps. The
bandwidth of the elephant footstep does not contain a constant amount of energy
for each frequency bin, there can be slight variations in dominant frequencies
between different footsteps. On average, the elephant footstep has one lobe in
the frequency domain, but if a given step contains very little energy around 17-
18 Hz and more in the 15-17 Hz and 18-20 Hz range this would create two lobes.
This does not affect this method, but it affects the mse.
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4.3.3 Frequency-MSE method

The frequency-mse method also had a hard time differentiating human and ele-
phant footsteps. It has about the same weakness as the msemethod.

It is also these results that make us convinced that it is primarily the variance
between each step that makes the mse a bad choice for this application, as it
does not have the other weaknesses of the mse. For example, an elephant foot-
step that has most of its energy in slightly lower frequencies than the average
footstep would perform as bad as a signal containing much higher frequencies
than an elephant footstep. With the frequency-msemethod there is no easy way
around this, while the frequency content method could just be slightly extended
to include more frequencies.

4.3.4 Summary

A comparison of the results between each method can be seen in Table 4.1. The
best performing method is the frequency content method with no missed detec-
tion’s or false alarms on the validation data. Naturally this is affected by the en-
vironmental conditions at the time of data gathering but it is non the less better
than expected.

Table 4.1: Summary of detection, missed detection, no detection and false
alarm for the three detection methods on validation data.

Method D MD ND FA

MSE 9 8 11 0
Frequency content 18 0 11 0

Frequency-MSE 13 5 7 4

The elephant was barely detected further than 35 meters away from the geo-
phones. Despite the relatively short range, the system could still prove useful
as there would be no need to explicitly be on the lookout for elephants. The user
could simply look at the GUI periodically for detection. With minimal effort the
system could be extended with a speaker that plays a warning sound.

It should be noted however that the elephants walked in a slow manner and the
footsteps were comparatively light as opposed to when they run. As Kolmården
Wildlife Park is a Zoo there was a lot of machinery around which came with a
lot of ambience. If the system was to be tested in a more secluded area such as
a national park where they run more often, greater accuracy could probably be
achieved. There also exist more sensitive (and expensive) geophones which could
be used to obtain detection from even greater distances.





5
Direction of Arrival

This chapter explores the localization part of the thesis. First, the methods investi-
gated are described in Section 5.1. Then, the results of the methods are presented
in Section 5.2. Finally, the results are discussed in Section 5.3.

5.1 Method

The seismological signal measured by geophone i is given by the signal model

ymeas,i(t) = si(t) + sambient,i(t) + vi(t) (5.1)

where ymeas,i(t) is the measured signal from geophone i, si(t) is the signal of in-
terest (elephant footstep etc.), sambient,i is the constant ambient vibrations from
the surrounding environment and vi(t) is assumed to be white noise. Using the
frequency analysis explored in Chapter 3, a band-pass filter is used to remove
some of the ambience and noise in the signal. Some of the ambience may still be
present after filtering, but as the ambient signal is assumed to be small in ampli-
tude compared to the signal of interest it is ignored in the following calculations.

Two methods for estimating the doa are explored. The first method utilizes cross-
correlation between each pair of geophones in order to calculate the time-lags.
The second method is similar in that the measured signals, ymeas,i(t), are phase-
shifted but the mse is used to evaluate their similarity for each phase-shift in-
stead.

31
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Figure 5.1: Measurement setup and source of elephant footstep using d = 4.

Both methods are an expansion of the mathematical relationship between the
doa and a delayed signal (Time Difference of Arrival, tdoa) as described in [5].
The method described in [5] utilizes two sensors, while this thesis utilizes three,
which is why new delay and sum methods have been developed. Firstly, the doa
using two sensors will be presented. This is then extended for use with three
geophones in Section 5.1.1.

The tdoa measurement corresponds to a difference in traveled distance from
the source of the seismic wave to each geophone, r21 = r2 − r1 (see Figure 5.1)
according to

r21 = cτ21, (5.2)

where c is the propagation speed of the wave and τ21 is the tdoa measurement.
r21 creates a hyperbolic function of the source’s location according to

X2

r2
21
4

− Y 2

d2

4 −
r2
21
4

= 1, (5.3)

where the geophones are located a distance d/2 from the origin of the local coor-
dinate system (along the X-axis in figure 5.1).

The target can be situated anywhere along the hyperbolic function, with position
X and Y . By looking at the sign of r21 however, one can dictate whether the source
has a positive or negative X position. By assuming a far-field assumption, which
should not be an issue in this case, the doa measurement, ϕ, is then retrieved
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Figure 5.2: Measurement setup for two geophones where d = 4. Note that
the doa-measurement also yields negative ϕ.

according to

ϕ = ± arctan

√(
d
r21

)2

− 1 (5.4)

by letting |X |→ ∞ and |Y |→ ∞, see Figure 5.2.

As can be seen in Figure 5.2 the doa estimation provides a mirrored angle, mean-
ing that one pair of geophones is not enough to determine the true direction of
the source. This however is solved by adding more geophones, as is done in the
two methods presented below. These methods come with the added bonus of
obtaining more accurate estimations as an additional geophone is used.

5.1.1 DoA Model

Both doa methods use a non-linear element, namely the discrete time delay re-
ferred to as the lag

Lij (ϕ) =
d cos(ϕ)fs

c
(5.5)
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Figure 5.3: Geophone setup. Each geophone is numbered to refer to them
individually.

which is acquired by manipulating Equations (5.2), (5.4) and using

τ21 =
L
fs

(5.6a)

tan(ϕ) =
sin(ϕ)
cos(ϕ)

(5.6b)

sin2(ϕ) + cos2(ϕ) = 1 (5.6c)

where L is the discrete lag and fs is the sampling frequency. In other words, L
is how many samples the signal is lagged. Lij (ϕ) is the lag for the pair ij and
angle ϕ. In this thesis, 3 geophones are positioned such that they are the vertices
in an equilateral triangle. See figure 5.3. This is typically known as a uniform
circular array (uca), and more geophones could be added to obtain even better
estimates. This is not done in this thesis as the hardware is limiting. Specifically,
the adc and the microcontroller cannot sample four sensors at the required sam-
pling rate.

Lag L21(ϕ) refers to the number of samples it takes for the pressure wave to reach
geophone 1 after it has reached geophone 2 at angle ϕ. If the lag is negative, geo-
phone 1 receives the signal before geophone 2. The lags that are used are L21(ϕ),
L23(ϕ) and L31(ϕ). This gives each doa the local coordinate system that can be
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Figure 5.4: Local coordinate system for each geophone pair. The global co-
ordinate system defined by Yg and Xg is also shown.

seen in Figure 5.4. To be clear, 0◦ is located along the X-axis and 90◦ is located
along the Y-axis. With the far field assumption, it is enough to rotate the coordi-
nate system of L23(ϕ) and L31(ϕ) to L23(ϕ + 60◦) and L31(ϕ − 60◦) respectively
to create a common global coordinate system (which aligns with the local coordi-
nate system of L21(ϕ)).

Inserting ϕ = −179.9◦,−179.8, ◦, ..., 179.9◦, 180.0, ◦ into Equation (5.5) provides
something similar to Table A.1. Incrementing with 0.1 degree is a design choice,
as the estimation is more limited by the measurements and adding finer incre-
ments would increase computation time. Note that the increments are also lim-
ited by the sampling time, but there are ways to interpolate the signal such as
splining, which effectively increases the sample time.

Two models have been made. One uses fs = 474 Hz and one where the signal is
interpolated to 30 times the original sampling speed, making fs = 14220 Hz.

To summarize this chapter, a model has been created where each angle has a
unique set of lags, meaning the ambiguities have been resolved.

5.1.2 DoA Estimation

This chapter aims to describe the methods used to estimate a doa given the
model described in Section 5.1.1.
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Cross-Correlation DoA

This method aims to estimate the doa using least squares as

ϕ̂ = arg min
ϕ

VCC(ϕ), (5.7)

where

VCC(ϕ) =
∑
ij

(Lij (ϕ) − Lij,est)2, (5.8)

and Lij,est is the estimated lags for each geophone pair. There are many ways
to estimate the lag. One way is to pick out the time where each signal has its
maximum energy and calculate the time difference. However, as the geophone
signals are periodically auto-correlated this is difficult. Sometimes the maximum
will be a period off, resulting in a time-delay that is not theoretically possible.
The lags are instead calculated using cross-correlation, where the argument of
the maximum of the cross-correlation function yields the lag [6].

This method is also prone to estimating a larger lag than theoretically possible,
as measurement errors play a part combined with the unpredictability of the
interaction between Rayleigh-, p- and s-waves [3]. This problem can most often
be solved by only searching in the range where the lags are theoretically possible.
The theoretical maximum lag for a pair of geophones is at a doa-measurement
of 0 degrees in the local coordinate system.

When Lij,est has been calculated VCC(ϕ) can be calculated using Equation (5.8)
for each angle in the doa model using the corresponding delays. It is then easy
to find the minimizing argument of a list of values, where upon ϕ̂ is obtained.

Delay and sum with MSE DoA

This method uses Non-linear Least Squares (nls) where the cost function con-
tains an mse for every geophone pair where ymeas,1 is phase-shifted with L21(ϕ)
for the first pair, ymeas,3 is phase-shifted with L23(ϕ) for the second pair and
ymeas,1 is phase-shifted with L31(ϕ) for the third pair according to the model in
Section 5.1.1. This yields the following cost function

VDMSE(ϕ) = E1(ϕ) + E2(ϕ) + E3(ϕ), (5.9)

where
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E1(ϕ) =
N−Lmax∑
k=Lmax

(y1[k + L21(ϕ)] − y2[k])2 (5.10a)

E2(ϕ) =
N−Lmax∑
k=Lmax

(y3[k + L23(ϕ)] − y2[k])2 (5.10b)

E3(ϕ) =
N−Lmax∑
k=Lmax

(y1[k + L31(ϕ)] − y3[k])2 (5.10c)

where Lmax is an integer representing the maximum possible lag. The minimizing
argument then yields the doa according to

ϕ̂ = arg min
ϕ

VDMSE(ϕ). (5.11)

Again, VDMSE(ϕ) is calculated for each degree in the doamodel and minimizing
this list is an easy task.

5.2 Results

The performance of both doa methods are initially evaluated against each other
on data collected at Vallamassivet by dropping a large boulder 15m from the cen-
ter of the geophones. This is done in order to get more accurate ground truths,
larger signal energy and because the environment has a lower ambient signal
compared to the location at Kolmården Wildlife Park. The best performing doa
method is then evaluated on elephant data in Chapter 6 for the combined detec-
tion and doa performance test.

In the following results the observant reader will notice a varying number of sam-
ples for each measured angle in Sections 5.2.1 and 5.2.2. This is due to issues with
the internal quartz clock in the ESP32 board where jumps occur in the magnitude
of seconds. The measurement signals with associating "time jumps" are left out
since they can not be compared with their splined counterparts.

The ground truths presented in this chapter are not definite truths since it is
difficult to estimate the exact degree of the wave source.
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Figure 5.5: Reference angles versus estimated angles of the cross-correlation
doa.

5.2.1 Cross-correlation method

The results of the cross-correlation method on the stone boulder measurements
are presented below. Figure 5.5 shows estimated angles and the corresponding
ground truth.

Histograms of the error of these steps are displayed in Figure 5.6 where the his-
tograms to the left have fewer bins in order to show the prevalence of outliers.
The rightmost, zoomed in histograms contain a larger number of bins. Here one
can clearly see a bias in the estimated angles compared to the ground truths and
a slightly larger standard deviation in the no splined case.

5.2.2 Delay and Sum with MSE method

The results of the delay and sum withmsemethod on the stone boulder measure-
ments are presented below. As can be seen in Figure 5.7, there are no outliers for
this method.

Similarly to the cross-correlation method, the delay and sum with mse method
has a bias in the estimated angles and the standard deviation is decreased in the
splined case, see Figure 5.8. However, the angle errors in the splined case appears
to be normally distributed compared to the cross-correlation method.
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Figure 5.6: Histogram of the estimation error of the cross-correlation doa.

5.2.3 Summary of DOA methods

Assuming the errors are normal distributed one can calculate the standard devi-
ation for each method, see Table 5.1. The mean error is also presented. When
calculating the mean and standard deviation all outliers were removed. That is
to say those angles that had an error over 50 degrees. This was done to get an
idea of the error that each method had for most angles.

Table 5.1: Standard deviation and mean of the errors of each doa-method.

Method Mean [◦] Standard Deviation[◦]

Cross correlation 3.5 4.4
Cross correlation, splined 2.7 2.7

MSE 2.0 4.1
MSE, splined 2.9 2.0

5.2.4 Distance test with MSE method

A distance test was conducted in order to get a sense of the range at which the
geophone measurement signal has sufficiently high signal to noise ratio in order
to calculate the doa. The test was also used to see if there are potential interfer-
ence’s from different types of waves, as were discussed briefly in Section 1.1.

A boulder was dropped at 5, 10, 15, 20, 25, 30 and 40 meters from the center of
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Figure 5.7: Reference angles versus estimated angles of the delay and sum
with mse doa.

the geophones. The boulder was dropped 5 times for each location. The result of
these measurements can be seen in Figure 5.9. Figure 5.10 shows the same data
points but with outliers removed to highlight an increased bias as the distance
increases. Outliers in this plot is defined as those who have larger error than 10
degrees of the mean error. Note that the amount of outliers does not seem to be
dependent on the distance to the object, except for at the distance of 5 m. This
could be because of different types of waves or that the far field assumptions does
not hold, more on this in the discussion.

5.3 Discussion

In this section the results of the doa-methods are discussed.

5.3.1 Cross-correlation method

The method showed a total of two outliers, both before and after splining, on the
test conducted with a large stone boulder, see Figure 5.5. One of the outliers re-
main an outlier when splined but another gets resolved while yet another appear.
None of the measurements seem to be suffering from any hardware issues such
as lag or problem with the timing function. There are not any apparent faults in
the signals when looking at the time and frequency domain either.

Unsurprisingly the spline reduces the standard deviation of the error of the cross-
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Figure 5.8: Histogram of the estimation error of the delay and sum withmse
doa.

correlation doa, see Table 5.1. As mentioned in Section 3.1 the resolution, i.e. the
number of possible lags, increases with more data points. The mean value of the
error is also reduced when the measurements are splined. There is however still
a considerable bias which could be the result of slight error in ground truths due
to difficulty in measuring accurately at larger distances. The geophones could
also be dug down with a slight error in distance compared to each other.

5.3.2 Delay and sum MSE method

The delay and sum mse method is less prone to outliers, and in Section 5.2.2
none were recorded where as the cross-correlation method had two. We believe
this is because of the constraints set by the delay and sum mse doamethod. The
mse doa only evaluates on sets of valid lags while the cross-correlation evaluates
all combination of lags and then finds the best fit, even the combinations that
are non-valid as they are not theoretically possible given the setup. It is entirely
possible that a non-valid combination is determined to be the best fit as the signal
is auto-correlated and contains noise.

Compare for example ϕ = 0, the lags are then supposed to be [11, 6, 6]. Imagine
the lags from the cross-correlation has the best fit in [11, -6, -6], but has second
best fit in [11, 6, 6]. The method would then fit [11, -6, -6] to 180◦, which has
the lags [-11, -6 -6]. But these lags in turn might be much worse than [11, 6, 6],
which was the second best combination of lags and that information is lost. This
could of course be taken into account in the cross-correlation method, but that is
already the point of the delay and sum mse doamethod.
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Figure 5.9: Angle error for different distances from the object origin. Esti-
mation provided by the mse-spline method

The method of determining how alike the signals are for a given delay is also
different between the methods. Themse simply calculates the squared difference
at each time while the cross correlation utilizes multiplication. In future work it
may be interesting to investigate if this has any impact on the results.

Regarding the spline versus non-spline, the spline method was deemed to be
more accurate. While the non-spline did have lower bias, it halved the standard
deviation and as already discussed in Section 5.3.1 the biases could be because of
faulty ground truths.

5.3.3 Distance tests

A distance test was also performed on the delay and sum mse doa method, and
there are two things to note. The first thing is the increased bias of the doa-
estimation as the distance increased. At a distance of 40 m there is a bias of
around 37 ◦. Error in ground truth cannot account for this alone. Our best guess
is that there is some other point source disturbance that the geophones pick up
which shifts optimal delays. At 40 meters the signal to noise ratio is very low, so
this is probable.

The second thing to note is at close distances the estimation has a lot of outliers.
This is not a big problem as the system would already have had the chance to
estimate the position of the elephant before getting this close. However, it is
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Figure 5.10: Angle error for different distances from the object origin. Out-
liers are removed to better see the increase in angle error. Estimation pro-
vided by the mse-spline method

interesting and may explain some of the outliers at further distance. It is possible
that the far field assumption does not hold at this distance, but that does not
explain the high variance between the errors. It is likely that at this distance p-, s-
and Rayleigh waves are all present, which together behave unpredictably due to
constructive and destructive interference, making the signal that each geophone
picks up look widely different from each other even though they have the same
source. This would of course affect how the lag is calculated. Depending on how
large the impulse is the p-, and s-waves could still be present in the outliers at
further distances. This could be the reason for the large errors that are sometimes
obtained in the estimations.





6
Complete System

In this chapter the result of the complete system is presented. As Chapter 4 and
5 was evaluated individually, this serves to present and discuss the system in a
holistic sense. In Section 6.1 the results of a field test when the complete system
was evaluated is presented. Then, in Section 6.2, the implementation is discussed.

6.1 Results

Performance of the complete system is evaluated using the best individually per-
forming methods of detection and doa, namely the frequency content detection
method and the splined delay and sum with msemethod. The data is from mea-
surements on elephants in Kolmården Wildlife Park where the ground truth is
retrieved from filming with a drone above the elephant.

As have been mentioned before, the frequency content method has to be tuned
for new ambience and environmental conditions. For example, the ice had thawed
when the results presented below was recorded, meaning the algorithm did not
have to encompass those higher frequencies.

After some tuning, frequencies between 8-18 Hz were summed. This range was
also used for the band pass filter for the doa-estimation. Figure 6.1 shows the
results. The first two rows show training data for which the parameters was
tuned on, using a threshold T = 85 % and T = 95 %, respectively. The constant
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Table 6.1: Standard deviation and mean of errors for each case.

Case Std [◦] Mean [◦]

Estimation data, T = 85 % 34.3879 -3.2754
Estimation data, T = 95 % 10.1825 3.0352
Validation data, T = 95 % 10.8708 0.5058

30 degrees which can be seen in the plots is when the elephant is standing still.
The corresponding histogram can be seen for each figure.

Using T = 85 % provides many more detections at the cost of also having more
false alarms and outliers. Using T = 95 % provides far less detections but no false
alarms or outliers. As the elephant is quite close (in the range of 15 - 40 meters),
T = 95 % provide enough to have a good idea from where the elephant is located.

To verify that the parameters were not over tuned to the specific data set, the
tuning parameters resulting in no outliers were tested on a new validation data
set. The results can be seen in the last row of Figure 6.1. The algorithm does
not detect as many detections on the validation data as the training data, it has
especially difficulty detecting the elephant at 110-150 degrees.

The standard deviation was calculated for the three cases by fitting the error to a
normal distribution. The mean error was also calculated, see Table 6.1.

6.2 Discussion

The purpose of the implementation is to have a system that could prove that it is
possible to detect and estimate the direction of an elephant while being easy to
carry and setup. However, the system has some shortcomings when it comes to
its utility and the technical implementation.

Only one geophone is used by the detection algorithm, ideally all three would
have been used in order to increase the detection range and reliability. The three
geophone measurements could for instance be fused in order to increase the sig-
nal to noise ratio. This was not done because of the impact on computational time
and hence sample rate. Any lower sampling rate would imply that frequencies
within the geophones bandwidth are not sampled which leads to leakage.

The sensor array could contain up to eight geophones using the current analog
to digital converter. This would most likely increase the accuracy and robust-
ness of the doa calculations. But as with the fusion of the measurement signals,
this would lead to a lower sampling rate. In order to increase the number of
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geophones, a new microcontroller setup could be added. This would require the
microcontrollers to have synchronized time using a GPS receiver for instance.

One of the reasons for the spline was to deal with the irregular sampling. The
nonuniform sampling was not an issue for the detection algorithms seeing how
they utilized a relatively wide broadband. As was seen in Table 5.1 however,
the standard deviation for the delay and sum mse doa method was reduced
from 4.1◦ to 2.0◦ when splined. This improvement would have been important
in a localization scenario where two doa measurements are intersected as the
inaccuracy increases with distance.
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Figure 6.1: Summary of the results of the system. The histograms on the
right side is the corresponding error of each figure to the left. The first two
plots show training data with T = 85 % and T = 95 % respectively. The last
plot shows the validation data with T = 95 %.



7
Conclusion

A security system has been developed which can detect light elephant footsteps
reliably from 5 to 25 meters and less reliably up to 40 meters in a noisy environ-
ment. It is the belief that this range goes even further at the intended locations,
that is to say close to national parks. The direction to the elephant can also be
estimated at these ranges with enough certainty to get a general idea of where the
elephant will be coming from. As the system is modular, it is not a hard task to
extend it with another device, where by a location can be pin pointed using the
intersection of the two estimated angles.

Three different methods of whether or not an elephant is nearby has been inves-
tigated. The best method was the frequency content method which, as opposed
to the other two methods, accounted for the fact that elephant footsteps vary to
some degree. The method is automatic in the sense that after it is tuned for the
current environment and ambience it requires no additional work until the en-
vironment changes. The tuning is required as the frequency content of elephant
footsteps depends on the medium. In other words, whether the ground is wet,
dry or icy and if the ground is comprised of dirt or sand. Tuning is also needed
to make sure ambient sounds which contains similar frequencies as an elephant
footstep is not detected.

A model has been created to translate delays from a circular array of geophones
into an angle. This model was used in two different direction estimation methods.
The performance of these estimations methods has been investigated. The best
method was the delay and sum mse. It has also been investigated whether or not
using a cubic spline interpolation to increase sample time and thus finer direction
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estimations would increase the performance of the methods, which it did.

A handheld device with a gui capable of displaying direction estimations when
detection is found by the security system has been developed. While no empiri-
cal studies have been performed to investigate how many potential users find it
intuitive, it can still be said with certainty that anyone can use it as the handheld
device is purely graphical. The system requires a manual and some technical
proficiency to be installed. The system requires batteries which can be recharged.
However, solar panels could be installed to keep the device containing the micro-
controller running indefinitely.

7.1 Future work

Our recommendation regarding future work primarily regards the hardware and
implementation. If more computer power could be obtained one could use more
geophones for detection and angle estimation. A greater detection range would
substantially increase the utility of the system, therefor it would be interesting
to use more sensitive geophones. If this turns out to be too expensive, one could
extend the geophones by welding on an iron rod which might increase the sensi-
tivity of the geophones. Another way to make the security system more usable
is to use multiple devices spread out over a far distance. Long Range Wide Area
Network (lora), a radio modulation technique capable of sending signals vast
distances at low power consumption, could then be used to gather the angle esti-
mations from each device.

It would also be interesting to see how well two devices used in combination
would perform in pinpointing the location. If this is done target tracking algo-
rithms could be applied combined with outlier rejections to further increase the
accuracy of the system and possibly keep track of multiple elephants at once.

It could be worth investigating whether, instead of detecting single footsteps, it
is possible to detect a herd of elephants over a longer period of time in the same
way as [12] detects mining events such as rockfall.



Appendix





A
Tables

A.1 Model

Discrete values of the doa model are presented in Table A.1 below. When used
in the algorithms, a resolution of 0.1◦ is used but in order to reduce the size of
the table a resolution of 10◦ is presented.
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Table A.1: Model of doa and corresponding lags for each pair of geophones.

ϕ L21(ϕ) L23(ϕ + 60◦) L31(ϕ − 60◦)

-180 -11 -6 -6
-170 -11 -4 -7
-160 -11 -2 -9
-150 -10 0 -10
-140 -9 2 -11
-130 -7 4 -11
-120 -6 6 -11
-110 -4 7 -11
-100 -2 9 -11
-90 0 10 -10
-80 2 11 -9
-70 4 11 -7
-60 6 11 -6
-50 7 11 -4
-40 9 11 -2
-30 10 10 0
-20 11 9 2
-10 11 7 4
0 11 6 6

10 11 4 7
20 11 2 9
30 10 0 10
40 9 -2 11
50 7 -4 11
60 6 -6 11
70 4 -7 11
80 2 -9 11
90 0 -10 10

100 -2 -11 9
110 -4 -11 7
120 -6 -11 6
130 -7 -11 4
140 -9 -11 2
150 -10 -10 0
160 -11 -9 -2
170 -11 -7 -4



Bibliography

[1] Adrian Biran. Geometry for Naval Architects. Elsevier Ltd, first
edition, 2019. URL https://www.sciencedirect.com/topics/
engineering/cubic-spline.

[2] Sensor Nederland b.v. Sm-24 geophone element. 2006. URL http:
//cdn.sparkfun.com/datasheets/Sensors/Accelerometers/
SM-24%20Brochure.pdf.

[3] Tian-Ying Chang and Hong-Liang Cui. Determination of direction of ar-
rival of seismic wave by a single tri-axial fiber optic geophone. Defence
Technology, 2013. URL https://www.sciencedirect.com/science/
article/pii/S2214914713000226.

[4] Sanjana Ganesh. Human-elephant conflict kills 1,713 peo-
ple, 373 pachyderms in 3 years. 2019. URL https://www.
thehindu.com/news/national/human-elephant-conflict-.
..kills-1713-people-373-pachyderms-in-3-years/
article26225515.ece.

[5] Fredrik Gustafsson. Statistical Sensor Fusion. Studentlitteratur, third edi-
tion, 2018.

[6] Fredrik Gustafsson, Lennart Ljung, and Mille Millnert. Signal Processing.
Studentlitteratur, third edition, 2011.

[7] Richard Hoare. Fencing and other barriers against problem elephants.
2003. URL https://www.iucn.org/sites/dev/files/import/
downloads/hecfencen.pdf.

[8] Texas Instruments. Very low noise, 24-bit analog-to-
digital converter, 2013. URL https://www.ti.com/
lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_
url=https%253A%252F%252Fwww.ti.com%252Fproduct%
252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%

55

https://www.sciencedirect.com/topics/engineering/cubic-spline
https://www.sciencedirect.com/topics/engineering/cubic-spline
http://cdn.sparkfun.com/datasheets/Sensors/Accelerometers/SM-24%20Brochure.pdf
http://cdn.sparkfun.com/datasheets/Sensors/Accelerometers/SM-24%20Brochure.pdf
http://cdn.sparkfun.com/datasheets/Sensors/Accelerometers/SM-24%20Brochure.pdf
https://www.sciencedirect.com/science/article/pii/S2214914713000226
https://www.sciencedirect.com/science/article/pii/S2214914713000226
https://www.thehindu.com/news/national/human-elephant-conflict-...kills-1713-people-373-pachyderms-in-3-years/article26225515.ece
https://www.thehindu.com/news/national/human-elephant-conflict-...kills-1713-people-373-pachyderms-in-3-years/article26225515.ece
https://www.thehindu.com/news/national/human-elephant-conflict-...kills-1713-people-373-pachyderms-in-3-years/article26225515.ece
https://www.thehindu.com/news/national/human-elephant-conflict-...kills-1713-people-373-pachyderms-in-3-years/article26225515.ece
https://www.iucn.org/sites/dev/files/import/downloads/hecfencen.pdf
https://www.iucn.org/sites/dev/files/import/downloads/hecfencen.pdf
https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds
https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds
https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds
https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds
https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds


56 Bibliography

253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_
EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%
2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%
253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_
ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%
253Daw.ds.

[9] Charles J. Ammon, Thorne Lay, Aaron A. Velasco, and Terry C. Wallace.
Foundations of Modern Global Seismology. Candice Janco, second edition,
2020.

[10] Aljazeera Newsfeed. Kenya’s human-elephant conflict. 2020. URL
https://www.aljazeera.com/program/newsfeed/2020/11/26/
kenyas-human-elephant-conflict.

[11] C. E. O’Connell-Rodwell, B. T. Arnason, and L. A. Hart. Seismic properties
of asian elephant (elephas maximus) vocalizations and locomotion. Acous-
tical Society of America Journal, 108(6):3066–3072, 2000. URL https:
//ui.adsabs.harvard.edu/abs/2000ASAJ..108.3066O.

[12] Pingan Peng, Zhengxiang He, and Liguan Wang. Automatic classifica-
tion of microseismic signals based on MFCC and GMM-HMM in under-
ground mines. Journal of Shock and Vibration, 2019. URL https://www.
hindawi.com/journals/sv/2019/5803184/#abstract.

[13] Michael Reinwald, Ben Moseley, Alexandre Szenicer, Tarje Nissen-Meyer,
Sandy Oduor, Fritz Vollrath, Andrew Markham, and Beth Mortimer. Seismic
localization of elephant rumbles as a monitoring approach. Journal of the
Royal Society Interface, 2021. URL https://www.researchgate.net/
publication/353229526_Seismic_localization_of_elephant_
rumbles_as_a_monitoring_approach.

[14] C.E. Shannon. Communication in the presence of noise. Proceedings of the
IRE, 37(1):10–21, jan 1949. doi: 10.1109/jrproc.1949.232969. URL https:
//doi.org/10.1109/jrproc.1949.232969.

[15] Michigan Technological University. Surface waves. URL
https://www.mtu.edu/geo/community/seismology/learn/
seismology-study/surface-wave/.

https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds
https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds
https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds
https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds
https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds
https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds
https://www.ti.com/lit/ds/symlink/ads1256.pdf?ts=1645989741992&ref_url=https%253A%252F%252Fwww.ti.com%252Fproduct%252FADS1256%253Futm_source%253Dgoogle%2526utm_medium%253Dcpc%2526utm_campaign%253Dasc-null-null-GPN_EN-cpc-pf-google-wwe%2526utm_content%253DADS1256%2526ds_k%253DADS1256%2526DCM%253Dyes%2526gclid%253DCj0KCQiA3-yQBhD3ARIsAHuHT65YlOZ-cjQyHrJtzGAWf-3oonQumQ_ZHGTAhp8VPw50g-pJLsw7fE0aAq5sEALw_wcB%2526gclsrc%253Daw.ds
https://www.aljazeera.com/program/newsfeed/2020/11/26/kenyas-human-elephant-conflict
https://www.aljazeera.com/program/newsfeed/2020/11/26/kenyas-human-elephant-conflict
https://ui.adsabs.harvard.edu/abs/2000ASAJ..108.3066O
https://ui.adsabs.harvard.edu/abs/2000ASAJ..108.3066O
https://www.hindawi.com/journals/sv/2019/5803184/#abstract
https://www.hindawi.com/journals/sv/2019/5803184/#abstract
https://www.researchgate.net/publication/353229526_Seismic_localization_of_elephant_rumbles_as_a_monitoring_approach
https://www.researchgate.net/publication/353229526_Seismic_localization_of_elephant_rumbles_as_a_monitoring_approach
https://www.researchgate.net/publication/353229526_Seismic_localization_of_elephant_rumbles_as_a_monitoring_approach
https://doi.org/10.1109/jrproc.1949.232969
https://doi.org/10.1109/jrproc.1949.232969
https://www.mtu.edu/geo/community/seismology/learn/seismology-study/surface-wave/
https://www.mtu.edu/geo/community/seismology/learn/seismology-study/surface-wave/

	Abstract
	Acknowledgments
	Contents
	Notation
	1 Introduction
	1.1 Background
	1.2 Goal
	1.3 Research questions
	1.4 Delimitation

	2 Experimental Design
	2.1 System Component Overview
	2.1.1 Electronic Circuit

	2.2 System information overview
	2.3 Sampling
	2.4 Real-time Implementation
	2.5 Wireless Communication
	2.6 User Interface
	2.6.1 Frequency analysis application
	2.6.2 Data recording application
	2.6.3 Detection application


	3 Signal Overview
	3.1 Sampling
	3.2 Wave propagation speed
	3.3 Elephant signal overview
	3.4 Human signal overview
	3.5 Signal segments
	3.6 Whiteness and ambience measurements
	3.6.1 Vallamassivet
	3.6.2 Kolmården Wildlife Park


	4 Detection
	4.1 Method
	4.1.1 MSE method
	4.1.2 Frequency content method
	4.1.3 Frequency-MSE method

	4.2 Results
	4.2.1 MSE method
	4.2.2 Frequency content method
	4.2.3 Frequnecy-MSE method

	4.3 Discussion
	4.3.1 MSE method
	4.3.2 Frequency content method
	4.3.3 Frequency-MSE method
	4.3.4 Summary


	5 Direction of Arrival
	5.1 Method
	5.1.1 DoA Model
	5.1.2 DoA Estimation

	5.2 Results
	5.2.1 Cross-correlation method
	5.2.2 Delay and Sum with MSE method
	5.2.3 Summary of DOA methods
	5.2.4 Distance test with MSE method

	5.3 Discussion
	5.3.1 Cross-correlation method
	5.3.2 Delay and sum MSE method
	5.3.3 Distance tests


	6 Complete System
	6.1 Results
	6.2 Discussion

	7 Conclusion
	7.1 Future work

	A Tables
	A.1 Model

	Bibliography

