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ABSTRACT The tracking of flying insects is one of the main challenges in the field of ecosystem and
biodiversity protection. In the case of invasive insects such as Asian hornets, extensive considerations must be
made in estimating the habitat because of the limitations of available sensors and environmental uncertainty.
In this study, we propose an approach for localizing and autonomously tracking radio-tagged flying insects
and developing an unmanned aerial vehicle (UAV)-based robotic system. The extended Kalman filter is
applied to the received signal strength emitted from a radio telemetry transmitter to estimate the insect’s
position while reducing the measurement error and noise. The proposed autonomous tracking strategy
involves a method in which the UAV rotates around one point to measure the signal strength and control
its position in relation to the direction of the strongest signal. We also designed a system architecture that
includes a tracking sensor system and a UAV system for radio-tagged flying insects. The effectiveness of the
proposed system for estimating and autonomously tracking the target position was evaluated via numerical
dynamics simulation. Furthermore, feasibility tests with unmanned ground vehicle replacements for insects
and UAVs were performed to validate the proposed approach. Finally, to verify the UAV system, field tests
were conducted to track a fixed radio-tagged flying target on a vast flatland. This study is unique because
we propose and validate a novel mobile robot-based tracking system to localize radio tags of flying insects.

INDEX TERMS Radio-tagged flying insects, unmanned aerial vehicles, radio telemetry localization,

autonomous tracking, sensor systems.

I. INTRODUCTION

Tracking wildlife is crucial to protecting and managing ecol-
ogy and biodiversity. The radius of action, main habitat, and
number of endangered species can be effectively identified
by monitoring the movements of animals and insects. There-
fore, studies have employed sensor networks for localiza-
tion and tracking to identify the activities of dynamic ani-
mals [1], [2]. Recently, mobile vehicles and robots have been
introduced to address environmental diversity and uncertainty
and improve maneuverability [3]. Among them, aerial robots
are attracting attention for solving problems by actively local-
izing and tracking flying targets without restrictions, which
is an improvement from the potential movement of ground
robots [4]. This study aims to investigate the use of an aerial

The associate editor coordinating the review of this manuscript and

approving it for publication was Gerardo Di Martino

4048 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

robot (i.e., unmanned aerial vehicle (UAV)) system to localize
and autonomously track the radio tags of flying insects.

With regard to tracking dynamic animals and small
insects using UAVs, studies investigating the behavior of
targets (ranging from large to small size) have been con-
ducted [5]-[7]. Various localization, mapping, path plan-
ning, and autonomous tracking algorithms based on aerial
robots for tracking wildlife (e.g., birds [8], yellow-eyed pen-
guins [9], iguanas [10], rhinoceroses [11], carp [12], and
bears [13]) have been proposed. However, because evaluat-
ing the impact of exotic species on the ecosystem in response
to climate change is becoming increasingly important, track-
ing the movements of flying insects is required and poses a
significant challenge.

For example, the yellow-legged or Asian hornet, also
known as Vespa velutina, has caused tremendous dam-
age to the beekeeping industry and ecosystems from Asia
to Europe [14]. It also threatens people in urban areas.
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Nevertheless, no robotic system for estimating their loca-
tion or tracking their path autonomously has been reported.
Recently, tracking methods through which humans can listen
to the output of an audio signal have been used to track
them [15]. Furthermore, in [16], a study was conducted to
track the Asian hornet using a fixed large harmonic radar
instead of a robotic system; however, we intend to explore
an active tracking method with unlimited tracking range.
Tracking robotic systems for flying insects, such as the Asian
hornet, are effective for managing alien species, protected
species, and natural ecosystems; they further present the
advantage of preserving biodiversity.

In summary, we aim to develop a mobile aerial plat-
form capable of tracking flying insects. Animal tracking
systems mainly include a (I) visual-sensor-based system
(e.g., stereo camera and thermal camera), (II) satellite-
based global positioning system (GPS) or Argos system,
(IIT) radio-signal-based harmonic radar systems, radio fre-
quency identification (RFID) systems, or radio telemetry
systems [17], [18]. In this study, we aimed to develop a
UAV-based tracking method for flying insects, and we con-
sidered three variables to evaluate the aforementioned sys-
tems: (i) the weight of the sensor to be attached to the
target (e.g., transmitter and tag), (ii) weight of the sensor
system to be attached to the UAV (e.g., receiver and camera),
and (iii)traceable distance.

First, (I) is not impacted by (i) because the visual sen-
sor is only attached to the UAV to track the flying target.
However, this is not a suitable approach owing to its limited
performance in terms of (iii). Nevertheless, some researchers
attempt to visually track targets by attaching feather-like tags
to the flying insects. However, in a dynamic and complex
environment (e.g., the forest), it is practically impossible to
track fast and flying insects using a visual sensor. Second,
(IT) excels in terms of (ii) and (iii); however, this approach is
also ineffective because the sensors that could be attached to
flying insects would have to be extremely small, and sensors
of this size do not yet exist [19]. In our previous study [18],
we confirmed that Asian wasps could fly only when the sen-
sor attached to them weighed less than approximately 0.3 g.
However, GPS sensors that weigh tens to hundreds of grams
are generally commercialized. Finally, because (III) excels
when evaluated based on (i), (ii), and (iii), we developed a
UAV system for tracking flying insects proposed in this study,
considering these three variables.

However, RFID has a limited detection distance (typically
within 1-5 m) and is deployed only in specific environ-
ments [20]. Therefore, it is not suitable for actively tracking
flying insects in the field. Consequently, most researchers
use harmonic radar [16] or radio telemetry [15] to track
the behavior, movement, and evolution of wildlife [21],
fish [22], or insects. Generally, a harmonic radar uses fixed
radars to track targets; hence, it has a fixed detection area
(less than 500 m radius) and uses passive tags (no battery
in the tag) such that the availability of the tag power is
not continuous [23]. Although a dynamic harmonic radar
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TABLE 1. Flight property of Vespa velutina.

Travel Distance  Duration Velocity Reference
528 m 45 min 0.1956 m/s
351 m 96 min 0.0609 m/s
1331 m 133 min  0.1668 m/s
49 m 53 min 0.0154 m/s [15]
195 m 63 min 0.0516 m/s
343 m 119 min  0.0480 m/s
45 m 71 min 0.0106 m/s
238 m 121 min ~ 0.0328 m/s
500 m 234 min  0.0355 m/s
1000 m 481 min  0.0346 m/s [27]
2000 m 1005 min  0.0332 m/s
3000 m 4806 min  0.0104 m/s
TABLE 2. Nesting characteristics of Vespa velutina.
Number Average Altitude Max Reference
of nests (& standard deviation) Altitude
3 11 (£1.00) m 12m [28]
4 3.8(£2.85) m 8 m [29]
10 15.1 (£5.92) m 27.5m [30]
49013 13.7 (£8.20) m - [31]
31 11.8(£6.19) m 27.5m [32]

system with a large vehicle exists, it is difficult to develop
an autonomous UAV system (the objective of this study)
using this approach because the payload of a UAV is usu-
ally less than 5 kg. Most harmonic radar systems that track
small insects are static/fixed and feature large radars [16].
Therefore, a harmonic radar is not suitable for developing an
autonomous UAV system with superior maneuverability and
scalability.

In the case of radio telemetry using an active transmitter,
the weight of the receiver is within the payload requirements
of the UAV; hence, it can be deployed in a UAV-based
autonomous tracking system [24]. However, it can only be
used to track heavy insects because of the weight of the trans-
mitter [23]. Furthermore, the effectiveness of radio telemetry
for tracking flying species is impeded by its short tracking
range (typically 100-500 m) [23]. Specifically, as the weight
of a sensor and target size decrease, so does its traceable
distance. Consequently, the trade-off between weight and
distance is a critical problem. Therefore, this study aims to
develop a radio telemetry-based autonomous UAV system
that can track small radio tags of flying insects, such as
wasps [25] and beetles [26].

A. PROBLEM STATEMENTS

We define the problem of estimating the position of the flying
target using only the radio signal strength. The fundamental
dimensions required for estimating the position of an object
in space are as follows.
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1) Range: the horizontal distance of a target from UAV.

2) Bearing: the horizontal angle between the direction of
a target and UAV.

3) Altitude: the vertical distance of a target from UAV.

Here, we redefine the problem of whether the UAV sys-
tem needs to estimate the altitude of the Asian hornet for
autonomous tracking. First, we analyze the biological prop-
erties of Asian hornets.

1) FLYING ALTITUDE

Ref. [33] installed traps at different heights to measure the
flying height of wasps. In the five experimental conditions,
the Chalcid wasps were caught most often at 37 m. In the
case of pollinating wasps, the most frequent height was 45 m
in 2003 [34], 30 m in 2005 [35], and 25 m in 2013 [36].
Although the flight altitude of the Asian hornet has not yet
been reported, we expect it to fly at a height lower or similar
to the aforementioned height. This is because Asian hornets
prefer to build nests on trees, shrubs, and roofs close to the
ground (the average height is 10—20 m) [32].

2) FLYING SPEED

Table 1 summarizes the results of previous studies on how
long the Asian hornet flies and how far they travel from the
released point after the radio sensors are attached. Similarly,
in [37], where the flight capacity of Vespa velutina was stud-
ied, the mean flight speed was reported to be 1.56 &= 0.29 m/s.
However, considering the view of flight duration and velocity,
the average velocity of the Asian hornet is less than 0.2 m/s
(i.e., very slow).

3) HABITATS

Asian hornet species prefer to live in low forests and
mountains, avoiding high-altitude climates. Table 2 lists the
altitudes and areas of the Asian hornet nests. The experimen-
tal results confirm that the average height of the habitat is
approximately 10—15 m. Therefore, considering the flying
altitude, speed, and habitats, we can conclude that the flight
altitude of Asian hornets is not very high, and its moving
radius is within a dozen meters.

From a technical point of view, we considered whether
we should track the height of Asian hornets via radio
telemetry systems in terms of tracking resolution. Therefore,
we reviewed studies related to the estimation and tracking
of flying targets, such as birds and insects, based on the
radio telemetry system. In a previous study [6], the average
position error was 51.47 m. Other cases present hundreds of
meters of tracking errors. Moreover, even when using a radio
telemetry system with better performance than a small-sized
radio tag, the position tracking error is 38.0 m [38] and
22.7-30.1 m [5] on average.

In summary, the localization of Asian hornets is not
three-dimensional but two-dimensional from a resolution per-
spective, as shown in Figure la, because the tracking error
with aradio telemetry system is dozens of meters. In addition,
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FIGURE 1. Problem definition of the tracking target. (a) Resolution.
(b) Concept.

the main concept is an observer tracker, in which a UAV
flies at higher altitudes than Asian hornets (Figure 1b). Con-
sequently, in terms of the technical view regarding tracking
resolution, the altitude frame is an extra degree of freedom
(i.e., redundancy). Therefore, in this study, we estimated the
relative distance and bearing of the flying target in a plane for
tracking.

B. CONTRIBUTIONS
In this paper, we propose a mobile robot-based tracking strat-
egy for localizing and autonomously tracking radio-tagged
flying insects. In this system, the mobile robot autonomously
tracks the estimated position of the target while receiving the
signal strength emitted from a transmitter (radio telemetry).
For localization, an extended Kalman filter was deployed
to reduce the measurement error and noise. Autonomous
tracking is a strategy for generating the path of a mobile
robot by computing the strongest direction of the measured
signal. We demonstrate the validity of the proposed system
using dynamic simulations of tracking scenarios. Finally,
we demonstrate the feasibility of the proposed system by
implementing a real mobile robot and a small-sized radio tag
with ideal size and weight to be attached to the Asian hornet.
In summary, our main contributions are as follows:
1) We propose a systematic approach for localizing and
autonomously tracking radio-tagged flying insects.
2) We design a mobile robot-based tracking system that
provides solutions to overcome the limitations (e.g.,
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FIGURE 2. Concept of an aerial tracking system for radio-tagged flying
insect.

small species and short tracking range) of existing radio
telemetry systems.

3) We validate the feasibility of the proposed localization
and autonomous tracking strategy for the radio-tagged
target through numerical simulations, UGV-based fea-
sibility tests, and UAV-based field tests.

4) We rigorously analyze and discuss the limitations of
radio telemetry-based tracking systems and map out
future research direction based on field tests.

C. STRUCTURE OF PAPER

The remainder of this paper is organized as follows. Sec. II
introduces a mobile tracking system consisting of a track-
ing sensor system and a robot system for implementation,
as well as the overall system architecture. Sec. III presents
the localization and tracking strategy for radio-tagged flying
insects. Sec. IV presents the experimental results that validate
the proposed strategy and system; it also includes an in-depth
discussion. Finally, Sec. V presents the concluding remarks
and perspectives.

Il. MOBILE TRACKING SYSTEM

In this study, a mobile robot-based tracking system is pro-
posed to estimate and autonomously track the positions of
radio-tagged flying insects. The principles of the proposed
system are presented in Figure 2. The system is composed
of a tracking sensor system and a UAV system. The radio
telemetry-based tracking sensor system includes a transmit-
ter, receiver, and Yagi antenna. The mobile robot system
includes a flight controller, companion computer, and vari-
ous sensors (e.g., barometer, gyroscope, magnetometer, and
accelerometer).

A. TRACKING SENSOR SYSTEM

Table 3 shows representative small-sized transmitters for
radio telemetry. When selecting a transmitter, one should
consider that the lifespan of the battery is proportional to
the weight of the sensor. The sensors described in Table 3
can be effectively attached to flying insects, such as Asian
hornets and dragonflies because they can carry more than
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TABLE 3. Radio transmitters for flying insects.

Weight Lifespan Pulse Rate
Model (©  (days)  (ppm)  Company
NanoPin 0.13 g 7-29 30 Lotek
T15 0.15¢g 13-26 15-30 ATS
PicoPip 020 g 4 30 Lotek
LB-2X 027 ¢ 8-15 20-120  HOLOHIL
Micro model 0.27 g 15 30 PERDIX

TABLE 4. Specification of radio transmitter (LB-2X).

Instructions
148, 149, 150, 151, 164, 165, 172,
173, 218, 219, 220 MHz

Specifications
Frequency Range

Transmitter Crystal-controlled two-stage design,
pulsed by a multivibrator

Pulse Width 20 ms

Pulse Rate 20-120 pulses per minute (ppm),
standard 40 ppm

Antenna Single wire, 0.18 mm in diameter,

14-16 cm in length

TABLE 5. Specification of radio receiver (Australis 26k scanning receiver).

Instructions

4 MHz wide segments: select from
148.000-151.999 MHz,
149.000-152.999 MHz,
160.000-163.999 MHz,
170.000-173.999 MHz

Specifications
Frequency Range

Weight 1 kg with batteries

Sensitivity 10dB S + S/N ratio at —135 dBm
Gain Control Typically 100 dB

Selectivity 6 dB down at & 0.8—1 kHz,

60 dB down at &+ 5.5 kHz

approximately 0.30 g [15]. We chose LB-2X as the default
transmitter in this study, considering the pulse rate and pulse
length. The specifications of LB-2X are listed in Table 4.

Table 5 presents the specifications of the receiver (obtained
from Titley Scientific Inc. in Australia) chosen to measure the
radio signal from the transmitter. In general, the receiver has
a dial-type gain regulator that adjusts the reception sensitivity
and includes a variable resistor that controls the input voltage
to the receiver controller. In other words, the receiver gain can
be adjusted by outputting the desired voltage value through
the analog output channel of the UAV controller without
manually adjusting the dial. The corresponding voltage value
is used to estimate the distance between the transmitter and
receiver (i.e., flying insect and UAV).

The Yagi antenna possesses directivity, and its charac-
teristics differ according to the antenna shape. The process
of determining the directivity through experiments highly
depends on the surrounding environment; furthermore, many
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FIGURE 3. Modeling of a dedicated Yagi antenna.

TABLE 6. Specification of 3-element Yagi antenna (commercial).

Specifications Instructions

Frequency Range 148.000-151.999 MHz
Elements 3

Bandwidth +2MHz

Vertical Beamwidth 60°
Horizontal Beamwidth  100°

Gain 6 dB

Weight 400 g

Impedance 50 ohms
Output : Directivity zZ

Frequency : 150 MHz

Max value ; 8.88 dBi

Min value : -30.4 dBi
Azimuth: [-180°, 180°]
Elevation : [-90°, 90°]

FIGURE 4. Radiation pattern of Yagi antenna.

experiments must be repeated to obtain the entire pattern.
The ideal directivity of an antenna that is not under such an
influence can be obtained in all directions through simulation.
To analyze the directivity of the Yagi antenna—the specifica-
tions of which are listed in Table 6 and Figure 3—the antenna
model was modeled in MATLAB (MathWorks Inc.) Antenna
Toolbox. The antenna pattern depends on the radio frequency
and the length of the reflector, driven element, and director,
as shown in Figure 3.

Figure 4 shows the directivity at each position of the ded-
icated Yagi antenna. Note that the directivity is at its highest
at 0°, when the antenna is placed horizontally on the ground
(i.e., azimuth = 0°). Furthermore, the radiation pattern of the
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TABLE 7. Eighth-order Fourier series and estimated value for each
parameter.

f(x) = ap+ X% aicos(iwx) + bisin(iwx)

Parameters Estimated value
(with 95% confidence bounds)

a0 —7.628 (—7.979, —7.278)
a —1.668 (—2.201, —1.135)
by 6.351 (6.16, 6.543)

a —13.54  (—13.71, —13.38)
by 3.851 (2784, 4.919)

a 0.2556  (0.1202, 0.391)
bs 1269  (1.142, 1.1395)
as —3.2890  (—3.509, —3.068)
by 1.947  (1.429, 2.465)

as 0.2028  (0.072,0.3337)
bs 0.3186  (0.1867, 0.4506)
as —1.23  (—1.566, —0.8936)
be 1.47 (1.165, 1.775)

a7 0.529  (0.4021, 0.6558)
by 0.1259 (—0.09576, 0.3475)
as —0.4146 (—0.6521, —0.1772)
bg 0.8652  (0.711, 1.019)

W 0.01665 (0.01644, 0.01686)

Yagi antenna (azimuth = 0°) can be expressed in a rectangular
coordinate system as per the blue dotted line in Figure 5.
Furthermore, an eighth-order Fourier series was used for
curve fitting, as presented in Table 7, and the result is depicted
by the red solid line in Figure 5. The obtained mathematical
model of the directivity of the antenna is applied to the UAV
controller to determine the direction of the transmitter. For
validation of the tracking sensor system, a preliminary study
was conducted to analyze the signal strength, range, and
tendency based on the selected radio system [18].

B. MOBILE ROBOT SYSTEM

An octocopter with a large payload was built to carry the radio
telemetry receiver and Yagi antenna. Pixhawk 2 was used as a
flight controller to control the UAV directly with various sen-
sors, and Raspberry Pi 3 was used as the companion/onboard
computer (computing module) and integrated the high-level
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controller. The companion computer communicates with the
radio receiver by converting RS232 to USB communication.
Specifically, the voltage input for gain control can be directly
provided to the receiver connected to the Yagi antenna using
a coaxial cable. Data are transmitted from the signal of
the transmitter attached to the flying insect in the order of
antenna, receiver, and companion computer.

Figure 6 shows a diagram of the UAV-based tracking
system architecture. The solid blue line represents wired
communication, blue dotted line represents wireless commu-
nication, and red dotted line represents the control input sig-
nal. The UAV and estimated target positions are displayed in
the software of the ground control station via a telemetry radio
and LAN card. Each communication protocol and controller
was implemented using a robot operating system (ROS) with
a control rate of 100 Hz. The path through which the UAV
should fly is also computed by the onboard computer, and the
position and velocity of the UAV can be controlled through
the ROS and MAVLink protocols. Low-level commands are
sent from the high-level controller to the flight controller, and
Pixhawk directly controls the motor.

IIl. TARGET LOCALIZATION AND TRACKING

A. EXTENDED KALMAN FILTER-BASED ESTIMATION

In this study, we focus on range-based measurements and
received signal strength indicator (RSSI), which is used as
a representative tracking approach for dynamic targets. The
extended Kalman filter is deployed to improve the local-
ization of the radio-tagged flying target while reducing the
measurement noise.

1) EXTENDED KALMAN FILTERING

The extended Kalman filter is a recursive filter that estimates
states based on measurements that contain noise or error [39].
It is mainly used for localization and tracking. Therefore, the
extended Kalman filter estimates the state of the dynamic
system, modeled as

X = f (1) +wi (D

where x; is the state vector at time k, f is the state transition
function that is applied to the previous state x;_1, and wy ~
(0, Q) is a random variable that represents the process
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noise, which is normally distributed with zero mean and
covariance matrix, Q.

The observation (or measurement) term, 7, of the true
state, xi, is defined as

2k = h(xg) + v )

where / is the observation function that links the current state,
Xy, to the observed measurement, zi, at time ¢, and vy ~
(0, Ry) is the observation noise, which is assumed to be
zero-mean Gaussian white noise with covariance matrix, Ry.

The extended Kalman filter involves a series of processes
consisting of two states: time update (i.e., prediction) and
measurement update (i.e., correct) [39].

The uncertain state of the RSSI is estimated and updated
recursively using the extended Kalman filter.

2) MEASUREMENT MODEL

The update process of the extended Kalman filter requires
a model of the measurement or system. In our approach,
it is necessary to define a signal propagation model because
the UAV tracks the signal strength emitted from the radio
tags. Therefore, we deploy the log-distance path loss model—
a signal propagation model that is suitable for represent-
ing RSSI measurements [40]. The log-distance path loss
model that correlates the distance between the transmitter and
receiver based on the RSSI is defined as

Dy (x,0)
0 9

hy (x, 0) = Py, — 10 nlog 3)

where hy (x, O) is the RSSI measurement function between
the target’s position, x € %2, and the observer’s position, & €
Z*. The heading angle /; Py, is the RSSI at the reference
distance, dp; n is an environmental factor ranging from 2 to 4
(i.e., path loss exponent), and Dy (x, O) is the Euclidean
distance between x and & In this equation, Dy (x, O) can be
obtained by substituting hy (x, O) for Pp " (RSSI) calculated
at any Dy (x, O). The reference values of the parameters
were determined in a previous study [18]. In addition, the
f function of the extended Kalman filter is defined as

f(x,0) = Ahy (x, 0). @)

In field environments, such as forests and nonurban areas,
the RSSI is significantly affected by noise. Assuming that
these noises are white, the total RSSI measurement z is
defined as

z=hyx, 0)+v, (@)

where v ~ _A47(0, ‘71%) is the white noise term, modeled
as zero-mean Gaussian noise with covariance O'I%. Here,
we assume that it is practical to characterize the received
noise as white Gaussian, even if the RSSI noise in the field
does not fully conform to the white noise model.
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Algorithm 1 Tracking Strategy
input: orientation ¢; = {¢1, P2, ..., ¢y}, UAV current
position &', UAV current heading v, desired distance D,,
waiting time threshold 7
UAV position input Oy < O
UAV heading input y¥/q < ¥
Dy(x,0) <~ Do+ C
while Dy (x, O) < D, do
a <0
fori=1towado
Ya < @i
Compute hy,(x, 0), Dy, (x, O) by ((3))
o < max(x, hg,(x, 0))
end for
forj=1tok do
if hy,(x, O) = « then
Dy (x, 0) <= Dy,(x, 0)
Va < ¢
04 < O + Dygy(x, O)ngu
end if
end for
Time.sleep(Ty)
end while
output: Dy (x, 0), ¥q
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B. AUTONOMOUS TRACKING STRATEGY

The UAV-based tracking algorithm is described in Algorithm 1.
In Algorithm 1, the relative distances D (x, O) and direction
Yq are predicted based on the RSSI and the designed mea-
surement model discussed in the previous section. Further-
more, the controlled behavior of the UAV and the proposed
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tracking strategy for radio-tagged flying insects are detailed
in Figure 7. Because the speed of the signal emitted from
the transmitter is exceptionally low, if the UAV rotates 10°
when measuring the signal in each direction, it requires 30 to
60 s to turn 360° even if the rotation time of the UAV
is excluded. Because the position of the target (i.e., flying
insect) varies with time, the rotation time must be minimized.
In this study, the UAV aims to track the target when measuring
the signal for only four orientations ¢, (i.e., 0, 90, 180,
and 270°), « = 4. This is achieved through the following
steps.

1) The moving UAV stops and measures the RSSI at the
current position (Figure 7a).

2) The UAV rotates in place at a certain angle (e.g., 90°
in clockwise direction) to measure the signal strength.
(Figure 7b and Figure 7c¢).

3) The direction in which the RSSI is the strongest is
regarded as the direction in which the target is located,
and the UAV advances in the corresponding direction
(Figure 7d). Because the UAV can be translated into
a space, it is possible to reduce the rotation time by
reducing one step to return to its initial direction (that
is, the direction shown in Figure 7a).

4) Although the localization approach is range-based, the
UAV can move the distance in the estimated direction
based on the tracking strategy because it is also inter-
ested in the RSSI measured in the radiation direction of
the antenna (blue-colored arrows in Figure 7).

5) Even if the target stops at the habitat, the tracking
process continues until the relative distance between
the UAV and the target decreases by a certain distance
(threshold D,)). Therefore, the tracking process is com-
plete when the relative distance is sufficiently small.
Finally, waiting duration 7 considers the rest time of
flying insects carrying heavy tags.

As a result, the UAV tracker O can autonomously follow
the target position X when estimating the direction, ¢q, and the
relative distance Dy (x, O) based on Algorithm 1. This study
considered only four orientations, ¢,; however, o could be
increased for precise tracking.

IV. EXPERIMENTS AND DISCUSSIONS

A. DYNAMIC SIMULATIONS

To validate the tracking strategy, a software-in-the-loop sim-
ulation was performed using the robotic simulation soft-
ware program Gazebo with the ROS, as shown in Figure 8.
We assume that the average speed of the flying insect
is 3 m/s, which is faster than that reported in previous
studies [37], considering the Gaussian random function.
Therefore, we estimated the position of the target based
on the constant velocity model. We also assume that the
insect moves from the starting position (i.e., the releasing
location) to the target position (i.e., habitat) along the path.
Moreover, the path of the flying insect was planned to be
straightforward. The movement of a flying insect is depicted
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FIGURE 10. Simulation 1 results: path of target and UAV.

as the dynamic movement of a spherical point. An Iris+
model of 3DR Inc. was adopted as the tracking UAV; this
model exhibits dynamic characteristics in this simulator. We
assumed that the flying insect and UAV floated at the same
height (5 m). The UAV has a maximum flight speed of
3 m/s. Therefore, the transmitter attached to the flying insect
generates a signal of the same intensity at 1 Hz (frequency
range of 150 MHz). The mathematical model of the receiver
and antenna (calculated in Sec. II) was implemented using a
dynamic simulator. This receiver can change the gain value by
modifying the voltage input. However, in this experiment, the
gain was constant. The RSSI calculated from the directivity
model is transferred to the companion computer (system
memory), and the UAV moves over a relative distance in the
direction with the largest RSSI.
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B. SIMULATION RESULTS

Figure 9 shows the localization results for static objects in
dynamic environments. In this experiment, the target position
was set in a straight line 50 m away from the static UAV.
Therefore, the black line represents the true value of the
relative distance between the UAV and the target, the blue line
represents the distance calculated by the sensor system, and
the red line represents the distance estimated by the designed
filter. The estimated value in this experiment shows the results
of a49.78 m average and 4.02 m standard deviation. This can
be attributed to the uncertainty of the mathematical model
in designing the system and the influence of various noise
and measurement errors in a dynamic environment. Although
both the target and the UAV are stationary, the experimental
results indicate that the localization in the proposed system
yields sufficiently reliable accuracy to facilitate improved
tracking performance.

Figures. 10, 11, 12, and Table 8 show the results of the
localization and tracking experiments for dynamic targets
using the UAV-based system. In Figure 10, the path of the
radio-tagged flying insects (blue line) and the tracking UAV
(red line) are presented in X—Y coordinates. In the case of the
dynamic target, the flight starts from the releasing point to the
final point described in Figure 10, and the UAV autonomously
tracks the radio signal emitted from the dynamic target. Fig-
ure 10 also clearly shows that the UAV tracks the radio-tagged
target with utmost precision. Although the relative distance
may increase without ever decreasing, the UAV can track the
target while meeting the distance threshold. In the simulation
results, we defined the time at which the UAVs reached the
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TABLE 8. Experimental results of dynamics simulation.

Position  Orientation RSSI Distance Relatlve
distance
0° T54.988  51.868
90° 56328  60.520
h 180° 58614 T84 6383m
270° —58.412  76.93
0° 756195 59.601
90° —57.214  67.019
& 180° 60003 92395 01-880m
270° ~57386 68360
0° 58056 73.839
90° ~59417  86.367
T3 180°  —60.145 93918 0477m
270° ~59.686  89.084
0° “44797 28533
90° —45183 16774
% 180° _47642 22064 2/P13m
270° _46039 18512
0° —53.705 44745
90° —54.133  47.006
5 180° S50 S7743  48274m
270° 55247  53.438
0° 759415 86353
90° —60.153  94.005
B 180°  —61.108 104930 OrIOM
270° —60441  97.174
0° 730415 3.064
90° ~30615  3.135
Ts 180° _3l0s2 3297 @ 794m
270° ~30281  3.017

final position as Ty, %Tf as Tq, %Tf as 1o, ..., and ng as Tg
to present measurements.

The variation in the distance between the dynamic target
and UAV over time is depicted by the blue line in Fig-
ure 11. The distance between the UAV and the flight target
decreases and increases during the tracking process. The dis-
tance between the two gradually decreases to approximately
80 s because the flying insect reaches the habitat and stops
moving, and the UAV continues to move to that location.
Here, we assume that the dynamic target remains in the
habitat for a certain period of time. Before the target stops
(i.e., before 80 s elapse), the relative distance of the UAV to
the target decreases or increases because the UAV continues
to repeat the localization and tracking process. Furthermore,
the relative distance varies owing to the UAV angular velocity
and slow flight compared to those of the radio-tagged target.
After the UAV closes in on the flying insect, if the relative
distance, Dy (x, O), is smaller than D,, the desired distance
set in Algorithm 1, it can be deduced that the UAV has
stopped the tracking process, as shown in Figure 11 (after
approximately 90 s). Figure 11 also shows the results of
the localization (marked by the red line) performed on the
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FIGURE 14. Simulation 2 results: estimation error.

dynamic target over time. This value indicates that Dy (x, O)
is calculated using the extended Kalman filter-based local-
ization algorithm. However, this value is the radius of a
certain range, not distance, in range-based localization. In our
tracking strategy, we set this radius to a scalar quantity in
the ¥ direction. Compared to the blue line, which shows the
actual relative distance, the estimated distance shows the per-
formance with an estimated error. In other words, in the case
of the localization result (80 s), the actual relative distance
is approximately 120 m. However, the estimated distance is
approximately 130 m. This performance (i.e., localization of
the radio-tagged flying insect) is inferior to the localization of
static targets owing to the system or measurement noise. Nev-
ertheless, the influence of the error can be disregarded when
the distance between the UAV and the target is sufficiently
small. Additionally, Figure 12 shows the calculated RSSI
during dynamic experiments. Considering the estimated dis-
tances shown in Figure 11, the RSSI converges to a value of
—25 dBm when the relative distance is small enough to close
and follows the log scale with distance.

Table 8 lists values of the computed RSSI and estimated
distance at a defined time. ¥ denotes the heading angle of the
UAV, hy (x, O) represents the RSSI measurement, Dy (x, O)
represents the estimated relative distance, and the extra value
indicates the actual relative distance. That is, the UAV esti-
mates the direction in which the target is located through
the hy (x, O) function. Once the direction is determined,
the UAV flies to track the radio-tagged flying insect based
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FIGURE 15. Experimental results of RSSI tendency.

on Dy (x, O). In this process, the extended Kalman filter is
applied to the system using nonlinear and Gaussian distribu-
tions to improve the tracking performance by reducing the
measurement error.

Additional simulations were performed to show the con-
sistency of the proposed system as shown in Figures 13 and
14. The results of Simulation 2 also show similar results to
the previous results. Figure 14 shows an estimation error of
about 20-30 m while the UAV tracks the flight target. Further,
it shows that the estimation error decreases when the target
stops moving. As a result, the simulation results ensured
that the UAV succeeded in pursuing the target, but it was
in an environment where various assumed conditions were
satisfied. In a real environment, the error is larger, and the
tracking performance may be reduced. We conducted field
tests to verify and evaluate the proposed tracking strategy.

C. VALIDATION FOR THE TENDENCY OF RSSI

We analyzed the RSSI tendency according to the direction of
the antenna and the relative distance of the target in a previous
study [18]. To validate the proposed approach, an additional
experiment was performed to identify the RSSI tendency
according to the target direction. The distance between the
antenna and target was set to maintain a constant distance
of 50 m, and the heading angle of the antenna was set such
that the dominant directional angle (0°) was toward the target.
The target orientation was set to a total of eight cases at 45°
intervals from 0° to 360°. The experimental results for RSSI
tendencies are shown in Figure 15.

In the results of the statistical analysis for eight cases,
the p-value was 0.770. Therefore, there was no significant
difference between experimental cases. These results indicate
that the target angle does not significantly affect the RSSI
measurements when the antenna heading faces the tag. Nev-
ertheless, in the case of 0°, 45°, and 315° of the target angle,
the RSSI measurements showed better results on average than
the other cases.

D. EXPERIMENTAL SETUP

Asdescribed in Sec. I-A, the technical problem to be solved in
the case of flying insects is 2D-based localization and track-
ing, considering the sensor precision of radio tags. Therefore,
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FIGURE 17. ldeal range of radio propagation for transmitter.

we proved and evaluated the performance of the proposed
approach using UGV instead of UAV for the preliminary
tests.

First, we performed field tests in an outdoor environment
using a sensor system and evaluated the localization perfor-
mance under static conditions. Although this field test also
substitutes flying insects with a static transmitter, a simi-
lar tendency can be obtained using the proposed system.
However, signal interference with the transmitter may occur
owing to uncertain environments when it is attached to a
flying insect. Additionally, we used ground control software
based on Google Maps to estimate and map the tracking
robot and transmitter in this study. In the second experiment,
a localization experiment was performed on a dynamic target
experiment using a fixed receiver and a dynamic transmitter
mounted on a ground mobile robot (Jackal).

Thirdly, we conducted experiments to evaluate the
extended Kalman filter-based tracking strategy developed in
this study by using two Jackal robots to implement a dynamic
target and a dynamic tracking robot environment, as shown
in Figure 16. In this experiment, the target Jackal was set to
autonomously drive at 2 m/s to mimic the dynamic mobility
of insects. In addition, a radio telemetry transmitter, whose
tag could be attached to flying insects, was fixed to the
target unmanned ground vehicle (UGV), which implemented
a sensor system that could be attached to a tracking UAV. The
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FIGURE 19. Experimental results of localization for a static target
(scenario 1).

directional angle of the Yagi antenna (0°) was set to be the
same as the heading angle of the static base and the mobile
robot.

Finally, pixhawk-based octocopter was used for field tests
to validate flight tracking system. Figure 18 shows the UAV
system that we developed based on the design in Figure 6.
A jig was also designed and affixed to the UAV to mount
the tracking sensor system. For the field tests, we confirmed
that the UAVs maintained stable hovering, regardless of the
payload. To start the localization and tracking process, Wi-
Fi communication was made with the ground control station
and the UAV’s onboard computer. The ground control station
is set to observe the state of the UAV and to prepare for unex-
pected situations (e.g., collision accident) via UAV telemetry.
In this study, we apply the experimental scenario in which
the UAV estimates the position of a fixed radio-tagged flying
target and tracks it autonomously. The case of a fixed flight
target was considered because it was difficult to determine the
ground truth for the position of the autonomous flight target.

E. RESULTS OF FIELD TESTS

For the feasibility test, the small-sized radio transmitter was
fixed in a specific area to measure the reachable range of radio
propagation. Considering the characteristics of the selected
sensor system, it was confirmed that the ideal range was
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FIGURE 22. Results of feasibility tests for active tracking (scenario 3).

300—350 m (Figure 17), and the radio signal can be mea-
sured up to a distance of approximately 300 m in a real
field [18]. The results of the first scenario for verifying
localization using a fixed transmitter and receiver are shown
in Figures. 19 and 20, respectively. The distance between the
receiver and the target was 80 m, and the heading angles of
the receiver and transmitter were set along a straight line.
Here, the blue dot indicates a fixed receiver, the red dot
indicates a fixed transmitter, and the green mark indicates
the estimated position. Figure A shows the measured and
estimated positions over time. The experimental results show
that the root mean square error (RMSE) for the estimated
position is 5.39 m and the standard deviation is 15.72 m.
Because the transmitter is fixed and located in an open field,
the error is relatively low.
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FIGURE 24. Experimental result of localization in case (c).

Figure 21 shows the results of a localization experiment for
a stationary receiver and a dynamic transmitter (scenario 2).
The experiment was performed by mounting the radio trans-
mitter on Jackal UGV that was manually controlled by the
operator without rotating the receiver. Here, the blue dot
indicates the position of the receiver, the purple dotted line
indicates the path of Jackal UGV, and the green mark rep-
resents the estimated location. The RMSEs for each specific
time were 37.63 m for 7}, 15.29 m for T, 8.24 m for T3,
12.80 m for Ty, and 33.19 m for Ts. If the relative distance
between the receiver and transmitter is too low or too high,
identifying the measured RSSI will be difficult because it
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includes noise that results in a large position error. Therefore,
when the dynamic receiver is applied to the tracking system
and maintains a proper distance, such as 7>, T3, and T4, it is
possible to improve the localization accuracy of the dynamic
target.

Figure 22 illustrates the experimental results obtained
through field tests for the dynamic transmitter and active
tracking system. The red line indicates the path of the track-
ing mobile robot, and the blue dotted line indicates the
path of the radio-tagged mobile target. In the experimental
results, the maximum RMSE between the estimated posi-
tion and the actual position was found to be approximately
52.14 m (T4). The mean of the RMSE is 31.04 m, and
the standard deviation during the field tests is 12.37 m.
Although the estimation results can be judged to be a sig-
nificant error in actual tracking, these results are sufficient
to track flying targets, and the tracking direction is relatively
consistent, as shown in Figure 22. In this field test, the dis-
tance threshold was set to 25 m. When the experiment was
completed, the actual relative distance was approximately
22.11 m, and the estimated relative distance through the
localization algorithm was 20.83 m (77). The external noise
reduces the localization performance in the case of dynamic
flying targets or crowded fields. This field test sufficiently
demonstrates the feasibility of the proposed approach and
system.
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In this feasibility study, the results were validated using
a UGV instead of a UAV, but this should provide similar
results. In (3), aerial tracking is possible by expanding the
position of the target (x) and the observer (&) in three dimen-
sions. In addition, when using an aerial robot rather than
a ground robot, the measurement accuracy of the RSSI is
improved, which can yield better localization performance
because the tracking robot can measure clear radio signals
in the air [5].

Finally, Figures 23 and 24 represents the experimental
results of the UAV-based field tests. These results show the
flight path, starting position of the UAV, and target position.
In this scenario, we apply the experimental case in which
the UAV estimates the position of a fixed radio-tagged flying
target and tracks it autonomously. The fixed flight target was
only considered because it was difficult to determine the
ground truth for the position of the autonomous flight target.
Therefore, UAV with a constant altitude in the open field
tracked the fixed target and completed the tracking process.
Figure 24 shows the experimental results of localization for
case (c) during the tracking process. These results represent a
two-dimensional estimation error. There is an estimated error
between 20 m and 60 m before 400 s. The estimation error
at the end of the tracking process after 400 s converges to
about 20 m. The experimental result, including uncertainty
in localization, is the limitation of the sensor’s hardware
with a trade-off of weight and signal resolution. In these
field tests, we designed experiments by changing the start-
ing position of the UAV and the target position. Neverthe-
less, we confirmed successful cases in which a UAV-based
tracking system tracked radio tags. The experimental results
indicate that the relative distance between the UAV and the
radio target was approximately 20 to 50 m after the tracking
procedure.

Although we implemented an active tracking system based
on the proposed strategy and evaluated its performance, there
were limitations. In previous studies [5], [6], a UAV track-
ing system was developed for a large dynamic animal and
tracked with a position error of approximately 20 to 40 m;
however, this study used a small-sized transmitter with a
weak RSS. Evidently, there are limits between the radio
transmitter RSSI, reachable distance, and weight; however,
the results presented in this study are sufficient for biolo-
gists and life scientists. Although the proposed approach is
efficient for tracking radio-tagged flying insects, it should
not be overlooked that most systems are nonlinear dynamic
systems with complex disturbances in the natural environ-
ment. Therefore, if a particle filter or an unscented Kalman
filter that further covers nonlinearity is applied in the devel-
oped system for more advanced tracking, the dynamic tar-
get can be estimated and tracked more efficiently [41].
Alternatively, an event-driven heterogeneous robot sys-
tem (e.g., a radio-tracking UAV equipped with a thermal
infrared camera [42]) is scalable and can be more useful
than conventional systems for tracking radio-tagged flying
targets [43].
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F. DISCUSSIONS

In this study, we proposed a mobile robot-based track-
ing strategy for localizing and autonomously tracking
radio-tagged flying insects. However, to track flying targets
more accurately based on the developed system, the following
are considered:

1) Turning time: it takes a significant amount of time for
the mobile robot to rotate to measure the radio signal
strength.

2) Tracking precision: the bearing angle is measured only
in four directions.

To solve these problems, we consider the following directions
for future research: (1) additional ground multiantenna sys-
tems and (2) gimbal-based rotary antenna systems.

An additional ground multiantenna system is a localization
approach based on range-based measurements with an omni-
directional antenna. Because this method usually uses trian-
gulation, it does not require the rotation of the Yagi antenna or
UAV in the existing system. In addition, it is possible to more
precisely optimize the existing range measurement based on
the multisource of RSSI (i.e., high resolution of distance).
Therefore, the presented research direction can address the
problems of the turning time and the tracking precision.

The gimbal-based rotary antenna system is a localization
approach that uses bearing-based measurements with a direc-
tional antenna. This method can replace the slow turning
time of a UAV in an existing system with a fast gimbal
rotation rate. In addition, the rotary antenna system can rotate
optimally according to the sampling time (i.e., high angle
resolution). Therefore, the presented bearing measurement
method can improve the performance of the proposed system
for a fast turning time and high tracking precision.

Furthermore, tracking strategies need to be improved to
enhance the turning time and tracking precision. For example,
if the UAV determines the target’s flight direction through an
initial 360° rotation, it may not be necessary to continue 360°
turning during the tracking process. However, the bearing
angle may be incorrectly estimated when the relative distance
between the pursuer and the target is close. Therefore, this
study proposes a tracking strategy based on 360° rotation to
mitigate the environmental noise and improve the robustness
of tracking. In future work, we plan to analyze the flight
pattern of the Asian hornet and enhance the performance of
the developed system, considering its practicality.

Moreover, in this study, the relative distance and bearing of
the target were estimated through a range-only measurement.
A bearing-only measurement is being studied as an alterna-
tive method [8], [44]. The bearing-only approach causes a
long measurement time and a heavy payload [45]. However,
a range-only approach leads to a relatively fast measurement
time and light payload system [5], [46]. Therefore, in the
case of this study, a range-only measurement method and a
directional tracking strategy were selected in consideration
of the limited performance of the radio telemetry system.
However, a bearing-only measurement method may have to
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be selected to deal with the estimation problem of getting too
close to the flying target.

Nevertheless, the proposed system is relevant for track-
ing radio-tagged flying targets. To the best of our knowl-
edge, no previous study has reported a mobile robot-based
autonomous tracking system for a radio-tagged flying insects.
The goal of this study is to track small targets while dealing
with the limitations of the lightest sensor models among
commercial radio tags. The tracking of flying insects such
as Asian hornets is a practical problem in the real world.
Humans directly tracked Asian hornets and destroyed the
nests [32], and these actions can efficiently reduce the num-
ber of Asian wasps. Tracking flying insects remains a chal-
lenge, but our proposed system has sufficient feasibility.

In the case of practical tracking, the proposed system
should take some problems into account. For example, noise
generated by UAV could affect the behavior of flying insects.
Because of limitations in sensor technologies, in our case,
sensors with localization precision of tens of meters must be
used to track flying insects. Therefore, the proposed concept
is a mobile robot system acting as an observer and tracking
in a distant location without being too close to an insect as
described in Sec. I-A. As aresult, we assume that this relative
distance would not affect insect behavior in this study. Nev-
ertheless, the effects of generated noise should be considered
in future work.

In another example, radio sensors attached to flying insects
can affect their flight capabilities, speed, and homing behav-
ior. However, as shown in Tables 1 and 2, most studies
have reported several successful cases, although they have
sometimes failed to track tagged hornets. Although the suc-
cess rate of tracking may vary depending on the biological
characteristics of insects, this study proposes the traceability
of flying insects with homing instinct and describes a UAV
system to find their nests autonomously. As aresult, this study
focuses on the following questions: (1) how to localize the
target from the radio signal strength, (2) how the mobile robot
autonomously tracks the estimated position, and (3) how to
design the system architecture for the implementation. There-
fore, this study is valuable considering its traceable distance,
robot-based mobility and autonomy, and the limitations of
radio tags.

V. CONCLUSION

In this study, we proposed a mobile robot-based approach
for tracking radio-tagged flying insects. Based on the filtered
RSS, we proposed a strategy for UAVs to track flying insects
autonomously and constructed/performed a dynamic simula-
tion to validate the developed system. The simulation results
demonstrate that the proposed method can estimate and track
the position of the target. It was also confirmed that the UAV
reached the final position of the habitat without losing the
object. Although the position localization performance is not
highly accurate, it can be improved sufficiently by integrating
an advanced filter in a nonlinear system (e.g., a particle filter
and an unscented Kalman filter). Furthermore, the feasibility
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and effectiveness of the proposed system were tested in the
field. These experimental results validate the feasibility of the
proposed approach. The system developed in this study can
be used to track and manage small-sized animals and insects
in the ecosystem. In future work, we plan to conduct practical
experiments with flying insects.
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