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ABSTRACT The long-distance detection of the presence of elephants is pivotal to addressing the human-
elephant conflict. [oT-based solutions utilizing seismic signals originating from the movement of elephants
are a novel approach to solving this problem. This study introduces an instrumentation system comprising a
specially designed geophone-sensor interface for non-invasive, long-range elephant detection using seismic
waves while minimizing the vulnerability of seismic signals to noise. The geophone-sensor interface involves
a cascade array of an instrumentation amplifier, a second-order Butterworth filter for signal filtering, and a
signal amplifier. The introduced geophone-sensor interface was tested under laboratory conditions, and then
real-world experiments were carried out for tamed, partly tamed, and untamed elephants. The experimental
results reveal that the system remains stable within the tested frequency range from 1 Hz to 1 kHz and the
temperature range of 10° C to 40° C. The system successfully captured the seismic signals generated by the

footfalls of elephants within a maximum detection range of 155.6 m, with an overall detection accuracy of
99.5%.

INDEX TERMS Embedded system, Sri Lankan elephant, seismic wave, geophone, HEC, elephant detection,
elephant locomotion, sensor interfacing.

I. INTRODUCTION Addressing HEC has been receiving increasing attention

Human-elephant conflict (HEC) not only poses a substantial
threat to the survival of elephants but also results in serious
and often fatal harm to humans [1]. HEC is intensifying due to
anthropogenic land usage and human settlement in elephant
habitats, resulting in a mutual loss of life for both humans and
elephants [1], [2], [3], [4], [5], [6], [7], [8], [9]. Disturbingly,
between 2010 and 2019, Sri Lanka reported a total of 14,516
HEC-related incidents, resulting in 807 human deaths and
2,631 elephant deaths [3]. Specifically in Sri Lanka, wild
elephants cause more harm to humans than any other wild
animal [6], [9].
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not only among researchers [2], [10], [11], [12], [13],
[14] but also from both government and non-government
institutions [15], [16]. Farmers, on the other hand, commonly
adhere to traditional deterrents such as communal guarding,
placing barriers on elephant routes, and using substances like
chilli grease, and thunder-flashes as solutions for HEC [13],
[17]. Regrettably, none of these methods seem to solve or
substantially reduce HEC.

Among the different modern remedial solutions for HEC,
electric fences stand out as the most practical solution [18],
[19]. However, given that electric fences prove effective only
when elephants directly encounter them, real-time tracking
of elephants and early identification of potential threats is
infeasible with electric fences [20]. According to [19], [21],
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and [22] tracking usually involves the use of radio collars
fitted with tracking devices. However, as pointed out in [19]
and [22], fitting such collars on wild elephants involves a risk
that limits the application of this method.

Notably, both tracking collars and electric fences are
intrusive approaches that require the physical manipulation
of elephants, potentially leading to harm. Therefore, passive
and non-invasive detection methods are encouraged. Among
such methods, namely visual [23], [24], [25], [26], [27], [28],
acoustic [29], [30], [31], [32], [33], [34], [35], [36], [37],
and infrasonic monitoring [31], the use of seismic signals for
passive elephant detection has proven to be highly effective
in tropical conditions and uneven terrains [38], [39].

Seismic waves can be effectively sensed by geophones,
which are proven to be not only cost-effective but also
accurate [40], [41]. The significant ability of geophones
to generate microvolt-range voltages for weak seismic
signals makes it possible to identify long-range signals [42],
[43], albeit with susceptibility to various ambient noises.
Consequently, aiming to improve the detection range and
the accuracy of long-range elephant detection, this study
is focused on designing a sophisticated geophone-sensor
interface to read long-range seismic signals by reducing the
impact of noise and amplifying the signals to process and
detect elephant footfalls using the unique characteristics of
elephants'

The geophone-sensor interface utilizes AD620 monolithic
instrumentation amplifiers to boost microvolt-range signals
and employs a second-order low-pass Butterworth filter for
anti-aliasing and noise-filtering. It also utilizes an LM324
signal amplifier to amplify the signal and achieve optimum
voltage levels for the Analog-to-Digital Converter (ADC)
of the embedded system. This is implemented with an
AVR ATmega328p microcontroller, to determine elephant
footfalls.. The geophone-sensor interface was first verified
for its performance using software simulations. Then, it was
used for controlled field experiments in the National Zoolog-
ical Gardens, Dehiwala, Sri Lanka; the Pinnawala Elephant
Orphanage, Rambukkana, Sri Lanka; and Digampathaha, Sri
Lanka, aiming to confirm the accurate acquisition of seismic
signals for detecting elephant footfalls and to validate the
detection range of the system. All the tests were video-
recorded, and the classified elephant footfalls were correlated
with the video evidence (the ground truth).

Il. BACKGROUND SURVEY

Studies presented in [44], [45], and [46] explain that ele-
phants can generate seismic signals through vocalization and
locomotion, and that was the key to detecting elephants by
using geophones. Particularly, in [44], O’Connell-Rodwell
et al. identified several key properties of seismic waves
generated by elephants. The footfall signature of the elephant
(i.e., stomp) has a mean frequency of 24.03 Hz (£2.98),

IThis study was tested only for Elepha Maximus Maximus (Sri Lankan
Elephant which is a distinct subspecies of the Asian Elephants).
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and the vocal pattern of elephants (i.e, rumble) has a
mean of 20.66 Hz (£2.07). The authors further presented
a mathematical model suggesting that the rumbles can be
detected instrumentally above ambient noise at a distance of
up to 16 km, while the stomps can be detected at a distance
of 32 km.

Following the above three studies, a limited number of
studies have tested the use of geophones to capture seismic
signals from elephants, and they can be categorized into three
distinct groups according to the methods used for recording
the seismic signals: utilizing a sound card as an interface,
employing a standard seismic data acquisition system,
or developing a custom embedded system. A summary of
these studies is detailed in Table 1.

Wood et al. [38] successfully utilized a geophone with
a high-end audio interface to capture and classify seismic
signals from large mammals, including elephants. Similarly,
Nakandala et al. [47] followed the same method without
a high-end sound card. As given in Table 1, even though
both methods used the same parameters, Nakandala et al.
[47] reported a significant drop in accuracy, highlighting the
importance of using high-end sound cards such as the Pocket
v2 to achieve accurate results. However, it is important to
note that expensive high-end sound cards are designed as
computer peripherals assuming indoor usage and have very
limited survivability in outdoor environments. These may
not ensure long-term endurance in challenging environments,
especially where HEC is prevalent.

Reinwald et al. [49], and Szenicer et al. [48], utilized
a Guralp 6TD seismometer to detect elephants, and [48]
reports the highest detection range (i.e., 150 m) for African
elephants. However, the main limitation of that study is
that the training and testing datasets of the classifier have
been acquired using different seismic stations, which may
introduced bias and inconsistencies into the experiments.
Despite the wide detection range and the sufficient accuracy
demonstrated by seismometers such as the Guralp 6TD, their
high deployment cost limits their use for data acquisition
in expansive HEC-prone areas, especially in developing
countries. Additionally, such devices require specialized
skills to operate, which further limits their widespread use.

Compared to two methods: sound card and seismometer,
for detecting elephant locomotion using seismic waves, the
use of generic embedded systems is not only cost-effective
and easier to implement in rough terrains but also customiz-
able according to the requirement [50], [52], [53], [54], [55].
Among these studies, a successful approach was taken by
Parihar et al. [50], utilizing a highly sensitive geophone
(85.8 V/m/s) with a single-stage low-pass RC filter and
16-bit ADC, achieving a tested range of up to 40 m.
However, there was a significant decrease in reported
accuracy concerning distance (at 20-40 m range) due to high-
frequency background noise. Similarly, [51], [52], and [55]
present IoT-enabled systems for HEC using seismic signals,
and [52] shows a successful study using seismic signals to
detect elephants while employing an amplifier and a bandpass
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TABLE 1. Comparison with previous studies (So- used a sound card, St- standard seismic data acquisition system, Em- incorporated generic embedded
system, V- vocalization, L- locomotion Cl-close/along the Path, NA- not available/ not relevant.

Ref. Method | Elephant | Seismic Geophone Geophone | Gain Incorporated | Sampling Fre- | Detection | Reported Ac-
Used Type Event Frequency Axis Value Filters quency Range curacy

[38] So African L 45Hz Vertical NA Yes 44.1 KHz 100 m 82%

[47] So Asian L 4.5Hz Vertical NA Yes 44.1 KHz Cl 50%

[44] St Asian V,L 10Hz Vertical NA Yes 8000 Samples/s 40 m NA

[48] St African V,L NA 3 Axis NA NA 200 Hz 150 m 73-90%

[49] St African \% 0.03-100Hz | NA NA Yes 200 Hz NA NA

[50] Em Asian L 10 Hz NA NA Yes 1 KHz 40 m 85.5-93.69%

[51] Em NA L NA NA NA NA NA NA NA

[52] Em Asian L 100Hz NA NA NA NA 3-5m 100%

[53] Em African L 10 Hz NA NA Yes 474 Hz 40m 99.9%

[54] Em NA L NA NA 72.8dB | Yes NA NA 93%

[55] Em Asian L NA NA Na NA 1 KHz NA 73%

filter. Notably, the authors of all studies highlight the need
for further improvement in analog signal processing for better
accuracy.

Moreover, as indicated in Table 1, despite all the stud-
ies [50], [52], [53], [54], [55] concluding that the use of
embedded systems together with a geophone demonstrated
promising accuracies for non-invasive elephant detection,
none of the studies reported a detection range beyond 40 m.
Unfortunately, apart from [54], all the studies failed to
provide details regarding the gains employed in their systems.
Similarly, none of the studies discusses the impact of gain
adjustments on the detection range, a crucial factor that
hinders the implementation of long-range elephant detection.
Notably, there is no evidence provided on evaluating the
performance in tropical terrains, which is also a critical
consideration when studying HEC.

The highlighted limitations, i.e. the requirement for
improved amplification under different gain settings and
noise filtration to enhance the elephant detection range
(especially over long distances) [50], [51], [52], the high
cost of equipment and the use of sophisticated technologies
[48], [49], the lack of rigorous testing in tropical terrains with
adequate parameters (for noise filtration and signal amplifi-
cation gains), and the limitation elucidated when interfacing
of geophone to an embedded system [50], [51], [52], incur
the necessity for a sophisticated geophone-sensor interface
to improve the accuracy of detecting elephants over long
distances. Hence, this study proposes a geophone-sensor
interface with the aim of amplifying signals by employing
adjustable gains and eliminating seismic noise for effective
and accurate long-range detection of elephants based on their
characteristics in tropical terrains.

lll. METHODOLOGY

Figure 1 illustrates the overall architecture of the instrumenta-
tion system. It comprises a sensor setup, the geophone-sensor
interface, and an embedded system. The sensor setup consists
of a geophone that primarily captures the seismic signals of
elephants. The geophone-sensor interface gets signals from
the sensor setup, amplifies, filters the noise, and delivers the
signal to the embedded system. The embedded system utilizes
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FIGURE 1. Overall architecture of the geophone-sensor interface system.

FIGURE 2. Propagation of rayleigh waves [60].

FIGURE 3. RGI-HS10 geophone.

an internal ADC and a microcontroller to identify elephant
footfalls.

A. GEOPHONE SELECTION AND EMBEDDED SYSTEM
IMPLEMENTATION

The seismic waves generated by elephants are mostly
Rayleigh waves and that contain a significantly higher energy
[56], [57]. As illustrated in Fig. 2, Rayleigh waves are a
type of surface waves that exhibits a vertical movement and
diminishes exponentially with depth [58], [59]. Therefore,
a high sensitivity (RGI-HS 10) vertical geophone, with a
sensitivity of 85.8 V/m/s, was selected for this study (see
Fig. 3) to precisely capture Rayleigh waves generated by
elephants.

According to [44], the RMS velocity of elephant rumbles
is 0.437 pm/s at a distance of 3-12 m and is 0.264 pm/s at
a distance of 40 m. For the corresponding distances, exper-
imental peak-to-peak velocities for stomps were 48.7 um/s
and 17.0 um/s, respectively. Based on the above facts, for the
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FIGURE 4. Geophone-sensor interface circuit.

TABLE 2. Calculated voltage outputs for identified seismic signal
velocities of elephants.

Event At 3-12 m distance | At 40 m distance
Rumbles (rms) 37.49 v 22.65 uvV
Stomps (Peak to Peak) 4178.46 uv 1458.6 uv

geophone: RGI-HS-10, output voltage V,,; was calculated
using (1), where vy, is the velocity of the seismic wave, and
S is the sensitivity of the geophone that is 85.8 V/m/s. The
calculated voltages are presented in Table 2.

Vour = Vseis X S (1

The embedded system utilized an ATmega328p micro-
controller, equipped with an ADC featuring a resolution
of 4.88 mV. However, the maximum output voltage of the
geophone (4178.46 V) being lower than the ADC resolution
hindered the direct interfacing of a geophone to the embedded
system for the detection of useful seismic signal patterns.
Similarly, noise interference for seismic signals also made
the direct integration of geophones into an embedded system
more challenging. Therefore, a combination of a geophone
and a microcontroller is insufficient to gather seismic waves
from elephants. Consequently, following basic electronic
fundamentals, the geophone-sensor interface depicted in
Fig. 4 has been introduced between the geophone and the
microcontroller (as proposed in Fig. 1) to address these
challenges.

B. GEOPHONE-SENSOR INTERFACE DESIGN

The geophone-sensor interface, as illustrated in Fig. 4, is a
cascade of an instrumentation amplifier, a noise filter and a
signal amplifier.

1) INSTRUMENTATION AMPLIFIER

An instrumentation amplifier (IA) was implemented at the
beginning of the sensor interface because the amplifier
positioned at the beginning of the sensor interface plays a
critical role in determining the sensitivity of the geophone-
sensor interface (see Fig. 4 (a)). The IA is a precision device
known for its high input impedance, low output impedance,
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low self-generated noise, low offset drift, and high Common
Mode Rejection Ratio (CMRR) [61]. Importantly, the IA can
amplify weak signals significantly without adding significant
noise [62].

However, the gain of a general 3-op-amp IA implemen-
tation may cause offset drift due to temperature-dependent
voltage output [61]. Also, an unequal alteration of resistance
or capacitance ratios within the IA topology adversely
affects gain accuracy and CMRR [63] compromising the
performance of the geophone-sensor interface. To mitigate
this, a monolithic instrumentation amplifier was used in the
proposed system. With this implementation, both active and
passive components are on the same die, ensuring close
matching and maintaining component matching over temper-
ature changes. Consequently, a high CMRR is attained, and
the system is expected to demonstrate excellent performance
over a considerable temperature range.

The AD620 monolithic amplifier was utilized for this study
because laser trimming of an on-chip thin film resistor allows
for setting the gain to be 100 within 4-(0.3)% max error [64].
The gain of the instrumentation amplifier is determined by
a single resistor, and it is capable of achieving a wide range
of gains from 1 to 10,000. The gain of the instrumentation
amplifier A, can be calculated using equation (2) where R
is the single resistor that can be used to adjust the gain. The
resistor Rp depicted in Fig. 4 (a) is utilized to adjust the
amplitude offset of the signal

49.4 kQ
) (@)

Ay =14+ —
vl (+ Re

2) NOISE FILTER
The strategy implemented to eliminate the noise component
is to filter the noise frequencies and pass only the effective
seismic frequency band originating from the locomotion
of elephants. It is also anticipated that the application of
a low-pass filter within the implementation will serve to
minimize the occurrence of signal aliasing. According to
Wood et al. [38], the general footfall of animals generates
seismic signals below 80 Hz. Seismic waves generated by
elephants are expected to be around 20 Hz [44]. Seismic
noises, such as earthquakes, typically fall within frequencies
ranging from 0.01 Hz to 10 Hz [65]. Therefore, an ideal
filter should pass signals within the frequency range of 10 Hz
to 80 Hz to significantly reduce the amount of noise.

Consequently, the geophone-sensor interface was designed
to pass frequencies around 20 Hz. Therefore, the overall
implementation is intended to function as a band-pass filter
with a lower cutoff frequency of 10 Hz. Although the upper
limit of the focused frequency range is 80 Hz, an upper cutoff
frequency of 200 Hz was selected making an upper-frequency
tolerance.”

As mentioned, the selected geophone (RGI HS 10) exhibits
the frequency response as illustrated in Fig. 5. The natural

2During the signal processing stages, digital filters will be employed to
adjust the upper cutoff frequency if required.
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FIGURE 5. Frequency response of geophone (RGI-HS10) [66].

frequency of the device is 10 Hz. According to Fig. 5, the
geophone’s frequency response shows the characteristics of
a high-pass filter, and the natural frequency of the geophone
serves as the cutoff frequency. In this case, the geophone itself
attenuates the signals in frequencies below 10 Hz. Therefore,
no effort was made in the geophone-sensor interface design
to integrate a high-pass filter.

A second-order Butterworth filter was integrated into
the geophone-sensor interface as the low-pass filter. The
low-pass Butterworth filter implementation with Sallen-key
topology is depicted in Fig. 4 (b). Compared to other filter
configurations (such as the Bessel filter or Chebyshev filter),
the Butterworth filter exhibits the flattest passband response.
Hence, the effect on the signal pattern was minimized.
However, it compromises steepness in the transition region
from the passband to the stopband [67].

The Butterworth filter was implemented using the com-
mercially available components such as R| = Rp = R =
1kQ2,C; = C, = C =1 pF and LM324 Op-Amp. For
the quality factor of O = 0.707, the commercially available
resistor values are approximately selected as R3 = 10 k2
and R4 = 5.1 k2. The cutoff frequency f, can be calculated
using (3) where R is the resistor value when R = R and C
is the capacitor value when C; = C,. The gain of the filter
A, can be calculated using (4) where R4 and R3 are resistors
represented in Fig. 4 (b).

1
= 3
Je 27 RC )
Ap= 14 @)
V2 = R3

Based on the selected values, the cutoff frequency was
obtained as f, = 159.15 Hz and the gain A, = 1.51. When
the filter was simulated, —3 dB magnitude was achieved
at 212.064 Hz, and the error between the targeted cutoff
frequency and obtained cutoff frequency was neglected as
the targeted cutoff frequency was loosely defined with a
tolerance.

3) SIGNAL AMPLIFIER

The signal amplifier, the final stage of the geophone-
sensor interface, is responsible for amplifying the signal
to optimized voltage levels. In the design, as illustrated in
Fig. 4 (c), a non-inverting amplifier with a fixed gain was
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implemented using an LM324 Op-Amp, and the gain A,3 was
defined according to (5).
Az =1+ B 5)
! Rin

The field-tested prototype was designed with Ry = 10 k2
and R;;, = 1 k2. Hence the signal amplifier has a fixed gain
of 11.

Finally, the overall gain of the geophone-sensor interface
iS Ay(totar), calculated using (6), where A, is the gain of the
instrumentation amplifier, A, is the gain of the Butterworth
filter, and A,3 is the gain of the signal amplifier. Given the
fixed gains used in the filter and signal amplifier design,
Ay x A3 can be calculated as 16.61. As A, can vary
from 1 to 10,000, A,y can be theoretically calculated
between 16.61 to 166,100 using (6). The seamless integration
of a geophone-sensor interface into the instrumentation
system enables a steady passband response of seismic signals
within the band of 10 Hz to 212.064 Hz.

Av(tulal) = Avl X Av2 X Av3 (6)

C. PROTOTYPE IMPLEMENTATION

The physical prototype of the geophone-sensor interface
implementation is shown in Fig. 6 and the latest version of the
geophone-sensor interface is shown in Fig. 7. The geophone
is connected to the geophone-sensor interface using a 1 m
long cable, whereas the rest of the components: the geophone-
sensor interface, the microcontroller, and a battery system
were compacted as a single unit. The components were
enclosed within a protective enclosure to make them suitable
for outdoor use. The microcontroller has an extendable
connection for the laptop which was used for data recording
and visualization.

The prototype was implemented using an Arduino devel-
opment board with an AVR ATmega328p microcontroller
IC. ATmega328p is an 8-bit, high-performance, low-power
microcontroller. The output signal of the geophone-sensor
interface was connected to the internal ADC, a 10-bit
ADC with a resolution of 4.88 mV. The microcontroller
was operated with a 16 MHz oscillator, and the default
128 prescaler was used, making the clock speed 125 kHz.
Given that the microcontroller requires 13 clock cycles for
ADC conversion, the maximum frequency for ADC can
operate with the given prescaler is 9,615 Hz.

When implementing the prototype, serious attention was
paid to the effect created by changing temperatures, given
that the proposed method will be planted and tested in a
tropical outdoor environment in Sri Lanka. Therefore, the
average yearly temperature was considered to be in the range
between 26°C to 28°C, and the day and night temperatures
were considered to vary by 4°C to 7°C from the average
temperature [68].

3For unattended data collection during field experiments, the laptop can
be replaced with a Raspberry Pi device.
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FIGURE 6. Integrated prototype.

The development board was programmed using C++,
and during the programming stage, several delays had to be
introduced to the program to ensure smooth data acquisition
and transmission processes. Considering introduced delays
and the slight variations in the program execution time,
the approximated average sampling frequency was limited
to 880 Hz. In the data recording setup, the development
board was connected to a laptop, and a multithreaded Python
script was employed to collect serial data, to save it as a
CSV file, and to enable real-time plotting of the seismic
signals.

IV. SIMULATIONS, FIELD EXPERIMENTS, RESULTS, AND
DISCUSSION

A series of simulations and field experiments were carried
out to evaluate the geophone-sensor interface’s stability and
to determine its accuracy and capacity to detect elephant
locomotion at long ranges.

« Initially, the designed electronic circuit was assessed for
its performance and stability using simulation software:
NI Multisim 12.0;

« Secondly, the completed geophone-sensor interface was
tested for applicability using human subjects;

« Finally, it was used to read the seismic signal pattern of
the elephant’s locomotion and to identify the detection
range.

All the experiments that involved humans were conducted
after explaining the full process and with their consent.
Similarly, all experiments involving elephants were con-
ducted under the strict supervision of the Department of
National Zoological Gardens in Sri Lanka. The examination
of equipment and experimental methodologies was carried
out to ensure the absence of any significant adverse effects on
the elephants. Additionally, the participation of the elephants
in the study was facilitated by designated caretakers and
mahouts assigned by the Department of National Zoological
Gardens.

A. SOFTWARE SIMULATION

The preliminary software simulations were carried out to
verify the capability of the geophone-sensor interface to
detect elephants. Asian elephants’ footfalls from a 40 m
distance presented in [44] were assumed as the baseline
scenario for the simulation. The geophone should generate
1458.6 uV peak-to-peak voltage for this case, according
to the data presented in Table 2. However, as the actual
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FIGURE 8. Simulated time domain resp of geoph
interface for 20 Hz sine signal (channel A: red, channel B: blue).

locomotion signal pattern is impossible to simulate using
software, a sine signal of amplitude = 1458.6 uV and
frequency= 20 Hz was used for simulation.

The input signal was amplified using (7), where A, (ozar) 18
the required gain for the geophone-sensor interface, Vapc is
the input voltage range of the ADC, and V;gpq is the peak-to-
peak voltage of the input signal.For the selected scenario, the
input voltage range (Vapc) of ATmega328p is 5V, the signal
voltage (Vsignar) is 1458.6 uV and the calculated Ay orary is
3427.9.

Vapc

(N

Av(total) VSignal

However, the output voltage swing of LM324 is OV to
VCC — 1.5 V. This limits the maximum voltage range of
the geophone-sensor interface from O to 3.5 V. Therefore,
with the calculated gain of 3,427.9, the signals above 3.5 V
were clipped. To overcome this issue, the simulation was
conducted for an approximated gain (A (sosar)) of 2,000, which
is less than the theoretically calculated gain. Consequently,
using (6), the (A,;) was calculated as 120.41 for the
simulation purposes.

The simulation results are presented in Fig. 8; channel
A (red) represents the input sine signal and channel B
(blue) is the output signal. As shown in the figure, the
geophone-sensor interface can amplify the simulated signal
to an acceptable voltage range (to 2.909 V peak-to-peak
signal). The signal pattern was recovered with no errors.
However, a slight phase difference was observed and that is
not abnormal for a geophone-sensor interface.

To evaluate the stability of the geophone-sensor interface,
the open loop magnitude response and phase response were
simulated using a bode plot. The same gain configurations
were assumed for this simulation, and the frequency response
was analyzed for the frequency range from 1 Hz - 1 kHz.
The results are presented in Fig. 9 and according to the
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figure, in general, it can be observed that the simulation and
experimental values are approximately matched, confirming
the proper functioning of the system.

Further, the analysis of Fig. 9 (a) shows that the gain
is an approximately flat response for the frequency range
between 10 Hz to 80 Hz, which is the frequency range
considered in this study. The average gradient for the gain
in the observed 70 Hz band is —6.9622 x 1073. When
considering Fig. 9 (b), a slight variation is observed within
the considered frequency range, and it is approximately
39.8310 degrees. Yet, the overall gain difference and the
phase shift demonstrate acceptable differences, signifying
the geophone-sensor interface is stable in detecting seismic
signals of elephants.

The design of the geophone-sensor interface was tested
for temperature variation ranging from 10°C to 40°C in
1°C increments, along with AC analysis covering the
frequency range from 1 Hz to 1 KHz. The yielded results
are depicted in Fig. 10. As presented in the Figure, it is
important to note that the simulated results for different
temperatures could not be distinguished separately because
all 31 temperature variations are overlapping. Consequently,
the results demonstrate that the circuit remains stable within
the temperature range of 10°C to 40°C. These simulation
results assure that the introduced geophone-sensor interface
can operate stably and accurately as expected in average day-
to-night temperature variations in targeted tropical countries,
i.e., Sri Lanka.

B. FIELD EXPERIMENTS
The field experiments were carried out in four stages (A-D)
to identify human footfalls, elephant footfalls, and maximum
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detection range for elephants respectively. In particular,
Experiment D was carried out in the area that has the most
significant instances of HEC [3]. All field experiments were
conducted assuming the soil conditions as given in [69].*
During the experiments temperature variances from 24°C
(Experiment C) to 31°C (Experiment A), and humidity
variances from 64% (Experiment A) to 84% (Experiment C)
were observed.

1) EXPERIMENT A
The first field experiment (hereinafter referred to as Exper-
iment A) was conducted in two stages aiming to verify the

4The legend of the original figure in [69] has been improved to enhance
the readability of the image.
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system’s behavior in response to general ambient activities
and to detect seismic signals related to human behavior.
The details of the selected human subjects are provided in
Table 3. In addition to human subjects, a motorcycle was
also included as an additional research subject. For both
experiments, sampling rates were set as 8,835 Hz and the
overall gain of the sensor interface (Ay(orary) Was set to 580.
The experiments were conducted in the outdoor environment
of the lab premises at the Sri Lanka Institute of Information
Technology in Malabe, Sri Lanka (see Fig. 12).

In the first stage of Experiment A, the system’s detection
range was assessed by simultaneous jumps of P1, P2, P4, and
P5. Although the maximum reported distance was 48.5 m, the
simultaneous jumps demonstrated a saturated signal; in most
attempts, the signals were clipped, resulting in no observable
signal pattern. For the second stage of Experiment A, P3,
P4, and P5 were asked to walk in a straight line for 15 m.
The seismic signal patterns for each person were recorded
individually. The seismic signal patterns for the footfalls of
P3, P4, and P5 are depicted in Fig. 13 (a), Fig. 13 (b), and
Fig. 13 (c), respectively. In addition to the walking patterns,
the signal pattern of a motorcycle was also recorded in
Fig. 13 (d).”

A visible time domain pattern for human footfalls can
be observed in Fig. 13, and it confirms that the geophone-
sensor interface successfully acquires seismic signal patterns
corresponding to human gaits. It is also noted that the
reported predominant frequency for human walking ranges
from 60.63 Hz to 70.68 Hz. However, a tendency to record
false values was observed in some instances. Therefore,
as mentioned in the methodology, to address this issue,
the sampling frequency was reduced from 8,835 Hz to
approximately 880 Hz in the later experiments. According
to Fig. 13 (d), unlike the human walking signals, no visible
pattern can be identified and it is considered an observation
of noise. The predominant frequency observed was 71.38 Hz.

SThe figures depict amplitudes corresponding to ADC readings; as such,
specific units were not provided.
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TABLE 3. Human test subjects used for experiment A.

Test Subject | Gender | Weight (Kg)
P1 Female 67
P2 Female 65
P3 Female 60
P4 Male 90
P5 Male 78

TABLE 4. Physical properties of elephants used in experiment B.

Elephant | Age Weight Height Front Leg Circum-
(Years) (Kg) (cm) ference (cm)

D1 22 - 198 111

D2 40 - 236 127

D3 45 - - 122

2) EXPERIMENT B

The second experiment (hereinafter referred to as Experiment
B) was conducted using three tamed elephants from the
National Zoological Gardens, Dehiwala, Sri Lanka (see
Fig. 14), to verify the behavior of the geophone-sensor inter-
face for elephants in a completely controlled environment.
The physical characteristics of the selected elephants are
presented in Table 4. Some data are missing due to physical
limitations; for example, a special scale should be used to
measure elephant weight, which was impossible given the
setup of the zoological garden.

As illustrated in Fig. 15, the area provided for Experiment
B was 64.3 m long and considerably noisy due to the presence
of visitors to the zoo. The sensors were buried (nearly
7 cm deep) in two different places (S1 or S2 in Fig. 15) to
conduct two rounds of experiments considering both sides
of the test area. The elephants were made to walk and run
in an approximately straight line. The same gain used in
Experiment A (A o1y = 580) was used for this experiment
as well. The observed results are presented in Fig. 16.

The geophone-sensor interface provided a substantial
response to the walking signals of elephants, as visually
observable in Fig. 16. However, due to the location being in
an urban area with high noise levels, the signal patterns were
highly affected by the noise. It was also observed that the
space for the experiments was insufficient (distance between
S1 and S2 in Fig. 15). Despite these limitations, the primary
objective of this experiment, i.e.,testing the geophone-sensor
interface for actual elephants to gather seismic waves, was
successfully achieved.

3) EXPERIMENT C

The third experiment (hereinafter referred to as Experiment
C) was conducted in the Pinnawala Elephant Orphanage in
Rambukkana, Sri Lanka (see Fig. 17), to avoid the main
problems encountered in Experiment B: the noisy environ-
ment and insufficient distance. The primary objectives of
Experiment C were to study the maximum detection range of
elephants’ footfalls and to benchmark the system, specifically
the gain, in acquiring the seismic signal patterns from the
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elephants’ footfalls within an environment close to their
natural habitats. Three partly tamed elephants were provided
for this experiment, and their physical characteristics are
presented in Table 5.

As depicted in Fig. 17, two locations were chosen for
the experiments: location 1 with a 100 m straight path
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TABLE 5. Physical properties of elephants used as test subjects
(experiment C).

Elephant | Age Weight Height Front Leg Circum-
(Years) (Kg) (cm) ference (cm)

El 56 3500 233 129

E2 25 3100 237 127

E3 16 2700 222 110

%

Dry Toilet Complex : ‘“ sx
i : :
" 4 ~4?ber|

ment{C|Location}2}

FIGURE 17. Site of experiment C - Pinnawala elephant orphanage in
Rambukkana, Sri Lanka.

and location 2 with a 160 m straight path. The sensor
was positioned at the corners of the track indicated by the
location marks in Fig. 17. The experiments were conducted
in a partially controlled environment because the three
elephants were allowed to behave relatively freely. In all
experiments, as illustrated in Fig. 20, video footage was also
utilized to visually synchronize the pattern of the elephants’
seismic signals, which is considered the ground truth of the
experiments.

Three experiments were carried out at location 2 to
measure the maximum detection range. As given in Table 6,
the experiments were conducted using three gain settings
(Ay(torar)) using elephant E3. The elephant was made to walk
up to 160 m, and the best observed time domain responses of
the geophone-sensor interface for each gain setting are shown
in Figure 18.
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TABLE 6. Response of the geophon-sensor interface to different gain
settings and distances.

Test Gain Om - 50m 50m - 100m -
Configuration | (Ay(total)) 100m 160m
SO 580 Detected Not Not
Detected detected
S1 940 Detected Detected Not
detected
S2 25,911 Saturated Saturated Detected

Further to that, the power spectrum representations are
shown in Fig. 19. When considering the power spectrums,
the reported peaks are 28.4 Hz, 29.3 Hz, and 26.28 Hz
for gain setting SO, gain setting S1 and gain setting S2
respectively. The power of each case showed a difference
according to the gain setting and the distance of the elephant
from the sensor. Yet, the similarities of the signal patterns and
frequencies at peak values in the power spectrum indicate that
the instrumentation amplifier is capable of detecting seismic
signals in all three gain settings without a major distortion of
signal patterns.

The maximum distance was reported when the gain setting
was S2: Avioray = 25,911, and the reported maximum
distance was 155.6 m. The detection range was limited only
by the available physical space in the experiment site, and
much higher gains would have led to further extension of the
distance. A close observation of Fig. 18 (c) incurs a slight
clipping at the peak point revealing the elephant was too
close to the sensor, even at the maximum tested distance. This
observation also confirms that the system’s detection range
can be further extended. However, as shown in Fig 18 (c), the
system amplified noise when using higher gain settings. This
is because, although the path was isolated at the experiment
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FIGURE 21. Walking pattern of elephant E3 (location 2, gain setting S0 ).

site, there were other elephants and some human activities
observed within a 200 m radius, which may have affected as
noise sources for the system.

Elephants E1, E2, and E3 were used to carry out several
other experiments at location 2 to benchmark the geophone-
sensor interface when acquiring seismic signal patterns to
identify elephant behaviour. The lowest gain setting SO was
used. Upon comparing the seismic signal patterns, it was
observed that the best patterns were exhibited by elephant
E3 because the mahout was riding on top of the elephant. As
one of the findings of this study, the optimal observation of
the walking pattern of Sri Lankan elephant is presented in
Fig. 21° and the corresponding power spectrum is shown in
Fig. 22.

6As per the best knowledge of the authors this is the first time such signal
pattern is presented.
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4) EXPERIMENT D

The geophone-sensor interface was used with untamed
elephants in their natural habitat as the fourth experiment
(hereinafter referred to as Experiment D). This experiment
was conducted at the edge of a forest border area in
Digampathaha (see Fig. 23), situated within the Central
Province of Sri Lanka, adjacent to the borders of the North-
Central Province.

As depicted in Fig. 24, the geophone-sensor interface was
buried adjacent to an electric fence to observe seismic signals
of the natural behavior of elephants. The gain (A, (total)) was
set to a minimum of 580 because the elephants were near the
geophone-sensor interface. The captured locomotion signal
patterns of minimal behavior are shown in Fig. 25. According
to the figure, the signal pattern exhibits a significantly low
amplitude recurring pattern, confirming that the geophone-
sensor interface is capable of successfully observing the
minimal locomotive activities of elephants.

C. ACCURACY IN ELEPHANT DETECTION

To validate the accuracy of event detection, an aggregated
dataset was created using isolated seismic events of elephant
footfalls from Experiment C, and human footfalls and
motorcycle data from Experiment A. When creating the
dataset, a reference window of 772 ms (see Fig. 26) was
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FIGURE 24. Experiment D setup.
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FIGURE 26. Isolation of an elephant’s seismic event.

used to extract the individual footfall events from the seismic
signals of Experiment C. The footfalls were correlated with
the video footage (the ground truth) for their accuracy.
A similar process was used to extract the human footfall
events and seismic signals originating from a motorcycle
from Experiment A.

Then predominant frequencies were used to identify the
system’s accuracy in elephant footfall identification. The
obtained results are presented in Fig. 27 in addition to the
summary of predominant frequencies presented in Table 7.
In Fig. 27, ‘Locationl E3’, ‘Locationl E2’,* ‘Location2 E3,”
‘Location] Herd,” and ‘Location2 E1’ represent the footfalls
of the elephants in Experiment C. Similarly, P3, P4, and P5
denote the footstep signals of human subjects in Experiment
A, and ‘Motorcycle’ denotes the signal observed for the
motorcycle.

According to the figure, the predominant frequencies of
elephant footfalls exhibits a visible clustering at 25 Hz.
Additionally, a clear separation between the predominant
frequencies of elephant and human footfalls can be observed
when referring to Table 7. Moreover, motorcycle events
display a relatively wider spread of predominant frequencies
due to their noise-like patterns. A close analysis of the
average predominant frequency reveals a slight deviation

7Scenario with the maximum detection range.
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TABLE 7. Summery of predominant frequency distribution (event base).

Scenario Average Predominant
Frequency

Elephant 26.13 (£ 6.43)

Human 70.90 (+ 12.52)

Motorcycle 115.76 (+ 41.53)

TABLE 8. Confusion matrix.

Predicted Class
Elephant Other

Eleph
ephant 65 |

Other 0 150

True Class

from 20 Hz, as mentioned in [44], for the Asian elephant.
The authors reckon that this is because the test subjects
are Sri Lankan species (Elephas Maximus Maximus), which
is a distinctive sub-species of Asian elephants that have
distinctive physical characteristics. However, this assumption
cannot be further discussed or proven due to the limited
literature available, and also due to the limited number of
elephants available for the experiments.

A decision tree model with a 5-fold cross-validation was
performed to classify the locomotion tasks by further anno-
tating the dataset into two classes: ‘Elephant’ and ‘Other’
(encompassing human footfall and motorcycle events).
The dataset contained 216 samples, including 67 Elephant
footfalls and 149 Other activities. The model showed an
average accuracy of 99.5% in identifying elephant footfalls.
The confusion matrix is provided in Table 8.

V. CONCLUSION

This study introduced a geophone-sensor interface to connect
a geophone with an embedded system, with the motivation
of non-invasive long-range elephant detection using seismic
waves as a potential solution for human-elephant conflict.
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The geophone-sensor interface was tested under laboratory
conditions and also in real-world scenarios for tamed, partly
tamed, and untamed elephants. The system successfully
captured seismic signals generated by elephant locomotion
at a distance of 155.6 with an accuracy of 99.5%. The
system was tested under different gain settings to study the
seismic signals of elephant footfalls, ensuring the dynamic
detection range supported by the geophone-sensor interface.
The system’s stability was assessed by testing it over a
frequency range from 1 Hz to 1 kHz and a temperature
range from 10°C to 40°C. The results indicated only minor
variations in magnitude and phase, even in challenging
terrains with different temperatures, humidity levels, and
soil conditions. Despite the system being tested only for
Sri Lankan Elephants, due to the unavailability of African
elephants, this will be a valuable tool for researchers
interested in the seismic signal analysis of elephants in both
Asian and African regions.

The future work of this study has two parts: the first one
is to improve the ML model for real-time detection and
classification of untamed elephants in their natural habitats
and the second will be to improve the system to automatically
adjust the gain settings based on the saturation of the signal
patterns.
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