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Abstract
Small invasive insects cause a reduction or disappearance of native insects, causing
biodiversity problems. Therefore, tracking small insects is emerging as a method
for biodiversity protection and ecosystem management; studies using tracking
techniques, such as harmonic radar, RFID, and radio telemetry, are being conducted.
A system using a mobile vehicle and a mobile robot that enhances the mobility of the
existing passive tracking is currently being studied. We confirmed that radio telemetry
is suitable for tracking insects by comparing the communication distance, weight, and
lifespan of the transmitter in our previous study and developed a UAV-based tracking
method. In this study, we quantified the size of insects and conducted behavior,
traceability, and field tests to verify the feasibility and performance of the developed
system. We confirmed that the transmitter attachment did not affect the behavior of the
insect, and the three-dimensional movement of the insect did not affect the tracking
performance. Furthermore, the tracking experiment was successfully conducted in a
real environment. Thus, we quantitatively evaluated the performance of the proposed
system and suggested a method to trace small-sized insects.
Key words: behavior test, small insects, traceability test, tracking, unmanned aerial vehicle

Introduction
In recent years, the population of insects has decreased
considerably. Insects are important units of ecosystems and
have a significant role in various activities inside an
ecosystem, such as animal and plant carcass processing and
pollination (Hoehn et al. 2008). A study conducted on a nature
reserve in Germany reported that between 1989 and 2016, the
number of insects in the reserve declined by 76–82%
(Vogel 2017). A significant cause of this decline is introducing
invasive species due to climate change (Gutierrez &
Ponti 2014).
For example, invasive species include Vespa velutina,
Lycoma delicatula, and Solenopsis invicta. They dominate
habitat competition with their excellent appetite and reduce
biodiversity by eliminating endemic species or reducing their
population until they are classified as rare species. Therefore,
technology to track insects is required to protect biodiversity
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and manage ecosystems; considerable research is being
conducted in this direction (Kennedy et al. 2018; Mascanzoni
& Wallin, 1986; Sung et al. 2018; Zhang et al. 2020).
In a previous study, we compared harmonic radar, RFID,
and radio telemetry as insect tracking methods (Kim et al.,
2019a). Harmonic radar has large communication distances
and small transmitters (Chapman et al. 2011; Colpitts &
Boiteau 2004; Kirkpatrick et al. 2019; Lavrenko et al. 2020;
Tsai et al. 2012), but they have a large antenna. RFID has a
small tag and receiver, but the tag life and communication
distance are short. Radio telemetry has a smaller antenna than
harmonic radar and a more extended communication distance
than RFID; consequently, an Unmanned Aerial Vehicle
(UAV)-based insect-tracking system using radio telemetry
was developed (Ju & Son 2020). The developed tracking
system aims to search for nests using return instincts by
attaching a transmitter to insects, and the tracking performance
has been verified by simulations and field tests (Ju & Son 2022).
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Although field tests for static targets were also performed in
previous studies of our research group, further experiments
were conducted considering the biological characteristics of
insects for practical tracking in this study.
Tracking insects using aerial robots, such as UAVs, has
attracted attention (Christie et al. 2016; Kim et al., 2019b;
Stumph et al. 2019) because they have no signal reception
or mobility limitations, which exists in the ground
robots-based tracking process (Wang et al. 2019). Therefore,
many wild animals, such as birds (Cliff et al. 2015), bears
(Ditmer et al. 2015), iguanas (Hui 2019), rhinos
(Olivares-Mendez et al. 2015), and yellow-eyed penguins
(Muller et al. 2019), are being tracked using UAVs. In
addition, research is being conducted to investigate the
behavior of tracking targets based on their size using UAV
tracking. (Cliff et al. 2018; Nguyen et al. 2019).

Contributions
Behavior, traceability, and field experiments were conducted
to verify and evaluate the applicability of the developed
system for insect tracking in outdoor environments. This study
provides reliable data on the process of tracking small-sized
insects and is expected to be used as a research direction to
track micro-sized insects. The primary contributions of this
study are as follows:
• We investigate whether the weight of the transmitter affects
the behavior of the insect.
• We prove that the tracking of the developed system is
unaffected by insects’ three-dimensional (3D) movement.
• We conduct field tests to demonstrate and discuss the
real-world traceability of the system.

Problem statements

Structure of the paper

The developed system aims to finally find the insect’s nest by
attaching a sensor to the insect and tracking the sensor. First,
we quantified the size of insects to clarify the tracking target.
One of the largest insects in the world, titanus giganteus,
measures about 15 cm and has been recorded up to 16.7 cm
(Dvořáček et al. 2020). We quantify the size of an insect by
quartering its size. We divide four sections into 0–4.175 cm,
4.175–8.35 cm, 8.35–12.525 cm, and 12.525–16.7 cm, and
classify the sizes as Micro, Small, Middle, and Large in order
(Fig. 1). In this study, a tracking method for small-sized insects
is proposed.
Small-sized insects include butterflies, stag beetles, and
scarabs. In this study, we test whether the attachment of a
sensor affects the beetle’s behavior and conduct a behavior test
to determine the weight that affects the behavior when attached
to small-sized insects. Further, we conduct a traceability test to
check whether the developed system is affected by the
three-dimensional movement of insects and evaluate the
performance of the tracking system through field tests.

This paper is structured as follows: Section Introduction
explains the background of this study, quantifies the size of
insects, and briefly describes the proposed system. Section
UAV-Based Tracking System describes the tracking method,
applied filters, and algorithms of the tracking system.
Section Experiment of Behavioral Influence describes the
effects of the load transmitter and its weight to track insect
movements and discusses the experimental results through
statistical analysis. Section Traceability Experiment describes
an experiment conducted to prove that the tracking of the
developed system was not affected by the 3D movement of
small-sized insects; statistical analysis of variance (ANOVA)
on the experimental results is performed and discussed
(Kim 2014). Section Field test describes the experimental
environment and the method for conducting the experiment
based on the above results and further discusses
the traceability of small-sized insects considering the
experimental results. Section Result and Discussion concludes
this study.

Figure 1 Quantified size of the insect-based on titanus giganteus’s size (A) fruit fly (B) asian hornet (C) scarab (D) stag beetle (E) locust (F) Golden
Flangetale (G) titanus giganteus (H) atlas moth.
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Table 1 Specification of (A) radio transmitter (LB-2X), (B) 3-element
Yagi antenna, and (C) radio receiver (Australis 26 k Scanning Receiver)
(a)
Specifications
Frequency
Range
Transmitter
Pulse Width
Lifetime
Weight
Antenna

Instructions
148, 149, 150, 151, 164, 165, 172, 173, 218, 219,
220 MHz
Crystal-controlled two-stage design, pulsed by a
multivibrator
20–120 pulses per minute (ppm), standard 40 ppm
12 days
0.21–0.23 g
Single wire, 0.18 mm in diameter, 14–16 cm in length
(b)

Specifications
Frequency
Range
Elements
Bandwidth
Vertical
Beamwidth
Horizontal
Beamwidth
Gain
Weight
Impedance

Instructions
148.000–151.999 MHz
3
±2 MHz
60°
100°
6 dB
400 g
50 ohms
(c)

Specifications
Frequency
Range

Weight
Sensitivity
Gain Control
Selectivity

Instructions
4 MHz wide segments: select
from148.000–151.999 MHz,
149.000–152.999 MHz160.000–163.999 MHz,
170.000–173.999 MHz
1 kg with batteries
10 dB S + S/N ratio at – 135 dBm
Typically, 100 dB
6 dB down at ± 0.8–1 kHz, 60 dB down
at ± 5.5 kHz

UAV-Based Tracking System
The proposed system uses Received Signal Strength Intensity
(RSSI) from radio telemetry to track the target. Radio
telemetry has been used for more than 50 years to track
vertebrates. The receiver used was an Australis 26 k canning
receiver; the gain was set to 5. The transmitter used, Holohil’s
LB-2X, weighs 0.22 g and measures 8 mm  5.3 mm 
2.8 mm; therefore, it can be used for 4 to 8 days; it radiates
in 40 pulses (available in 20–120 ms widths) of 150 MHz
radio signals (available in 20 ms widths at 148, 149, 150,
151, 164, 165, 172, 172, 218, 219, and 220 MHz) (Daniel
Kissling et al. 2014). The used Yagi antennas are directional
antennas with different characteristics based on their shape.
Radiation patterns for each direction of this antenna were
obtained through simulation. Table 1 and Figures 2-3 present
the specifications of the equipment used in this study. After
performing MATLAB simulation, it was verified that the
antenna had the largest radiation pattern at an azimuth angle
of 0° horizontal to the ground.
Tracking Algorithms and Strategies
The RSSI from the movement of the target is nonlinear data.
Therefore, a suitable extended Kalman filter is applied (Julier
& Uhlmann 1997). The extended Kalman filter is a recursive
filter that estimates the state-of-measurement values that
contain noise. Unlike the conventional Kalman filter, it is
mainly used for nonlinear state estimation, such as in
navigation and global positioning systems.
The extended Kalman filter can be realized by splitting each
calculation into two steps: a prediction step, which estimates
the current state of the previously estimated value; a
calibration step, which estimates the latest value using the
predicted and actual measurement values. The calculation of
the prediction step is performed as follows:
xk ¼ f ðxk  1 Þ þ wk

(1)

zk ¼ hðxk Þ þ vk

(2)

Figure 2 Size of 3-element Yagi antenna.

Entomological Research 52 (2022) 135–147
© 2022 The Entomological Society of Korea and John Wiley & Sons Australia, Ltd

137

B. Kim et al.

Figure 3 Radiation pattern of
3-element Yagi antenna.

The extended Kalman filter algorithm performs the prediction
step by considering the nonlinear model in Eq. 1 and 2, where
xk denotes a state vector at time k;f is applied to xk  1 as a state
transformation function; and wk ~N ð0; Rk Þ is the process
noise, a random variable with an average of zero and a
covariance matrix Qk .
zk is the actual measurement at time k and has an observation
function hðxk Þ that applies to the current state x at time k. vk ~N
ð0; Rk Þ is assumed to be white noise as an observation noise
with a covariance matrixRk in Gaussian form with a zero mean.
bx
xk  1 Þ
k ¼ f ðb

(3)

T
P
k ¼ AP k  1 A þ Q

(4)

The extended Kalman filter update process requires a
system model for measurement. The tracking method in this
study tracks by acquiring the value of the RSSI through a
small tag attached to the object. RSSI tends to decrease as
the communication distance increases; hence, the log distance
path loss model is applied. It correlates the distance between
the transmitter and receiver based on the RSSI, and is
expressed as follows:
hψ ðx; OÞ ¼ Pd 0  10nlog

Dψ ðx; OÞ
d0

(8)

In the prediction step, x
(predicted estimate) and P 
k
k
(predicted error covariance) are predicted using Eq. 3 and 4.
Here, ‘–’ denotes the predicted value.
  T
1
T
HPk H þ R
(5)
K k ¼ P
k  1H

  
bxk ¼ bx
xk
k þ K k zk  h b

(6)

Pk ¼ ðI–K k H ÞP
k

(7)


The calculated predicted value is x
k , and P k is used to estimate
xk (estimated value), and P k (error
the state. K k (Kalman gain), b
covariance) are calculated using Eq. 5, 6, and 7, respectively,
where A and H are matrices with all entries constant. A is
the system matrix that contains the information on the
equations of motion of the system. H is the output matrix that
represents the relationship between the measurement value and
the state variable; it defines how each state variable is reflected
in the measurement value. Through iterations of the above
processes, uncertain RSSI values are estimated and updated.
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where x is the UAV’s target position; O is the UAV’s current
position; n is the path-loss index with a value between 2 and 4;
and ψ is the direction angle. hψ ðx; OÞ is a function calculating
RSSI values between x and O. Dψ ðx; OÞ is the Euclidean
distance between x and O , and Pd 0 is the received signal
strength at the reference distance.
Extended Kalman filter used in this study is modeled by
Eq. 9 and 10. Eq. 9 defines the function f , and the
RSSI total measure, z, is defined by Eq. 10. In this case, it is
assumed that the noise generated in the real environment is
white noise.
f ðx; OÞ ¼ Δ hψ ðx; OÞ

(9)

z ¼ hψ ðx; OÞ þ v

(10)

System Overview and Architecture
The below four-step process is repeated through the tracking
algorithm until the target is located within a certain range. In
our experiments, the step for tracking was defined as four
stages (i.e., N ¼ 4) as shown in Algorithm 1.
1. The moving UAV stops in place and hovers to measure the
RSSI (Fig. 4a).

2. In place, the UAV rotates by 90° and collects a total of four
pieces of data by receiving signal strength values at each
point (Fig. 4b).
3. After comparing the four collected data to select the
strongest RSSI, the corresponding direction is recognized
as the direction of the tracking target. After this step, three
rotations are required by setting the heading angle as the
reference point (Fig. 4c).
4. Subsequently, movement proceeds in the direction
selected in stage 3 as much as the calculated relative
distance through the algorithm (Fig. 4d).
5. Tracking is conducted through the repetition of the above
process. Even if the target stops, tracking continues until
the relative distance between the UAV and the target is
within a certain distance range.
The architecture of the UAV-based tracking system is shown
in Figure 5; the solid blue line represents wired
communication, the dotted blue line represents wireless
communication, and the dotted red line represents control
input. The signal from the transmitter is transmitted to the
companion computer through the Yagi antenna and the
receiver. After the calibration process in the companion
computer, control signals are transmitted to the flight
controller; the companion computer communicates with the
ground control station through a Wireless LAN Router.

Figure 4 Tracking method according to algorithm application of UAV-based tracking system. (A) Step 1, (B) Step 2, (C) Step 3, (D) Step 4.

Figure
5 Architecture
of
UAV-based insect tracking system
using radio telemetry.
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Experiment of Behavioral Influence
The experiment was conducted using scarab and stag beetles
because they are easy to collect and experiment upon, while
considering safety issues of protected species among
small-sized insects (e.g., butterfly, stag beetle, scarab, etc.).
Case 1: the attachment of a sensor for tracking can affect insect
movement based on the weight, location, or attachment
method. If the attachment of the transmitter affects insects,
the data acquired may not be reliable. Thus, an experiment
was conducted to check whether the attachment of the
LB-2X transmitter to be used in this study affects the behavior
of insects. Case 2: experiments with gradual weighting were
conducted to find out the threshold weight that affects the
behavior of small-sized insects.

Experiment Design and Setup: Case 1
Small insects are considerably sensitive to the method of
sensor attachment. Adhesives, tapes, implants, bands, and
mounts (e.g., necklaces, backpacks, and exteriors) are

commonly used as attachments; however, these can affect
the wings of the insects. In previous studies (Kennedy
et al. 2018), the easiest and most reliable method of attaching
tags to an insect’s body using threads was visually identified
and applied. Field tests were conducted to prove that the
attachment of the transmitter does not affect the behavior of
the insects. A motion capture system was used to obtain the
real-time coordinate data of the test subject (Fig. 6).
The motion capture system can record the movement of an
object in digital form by attaching a sensor or using infrared
rays. It mainly uses optical and non-optical implementation
methods. In this experiment, we used an optical motion
capture system using a passive marker. The optical motion
capture system is made by inversely calculating the 3D
coordinates of an object through triangulation after the object
is projected to the same point from at least two cameras; a
marker is attached to the captured target for measurement
accuracy. The passive marker used in this case is a marker
coated with a material that retroreflects light of a specific
wavelength and is mainly used in response to an infrared
camera by retroreflecting infrared rays.

Figure 6 Screen of motion capture system (green polygon represents position of motion-capture camera; yellow circle, beetle position; orthogonal
coordinate system, origin position).

Figure 7 Scarab with a marker to
use motion capture system.
(A) scarab with the transmitter
attached, (B) scarab free from
transmitter.
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Figure 8 Behavior test result. (A) Total path for two groups recorded through motion capture system, (B) Total distance boxplot for two groups, (C)
Velocity boxplot for two groups.

Table 2 t-test for a total distance of two groups

Assume equalvariance
Do not assumeequal variance

F

P-value

t

P-value (both)

Mean difference

Standard error difference

1.289

.289

.193
.193

.852
.854

.02636
.02636

.13640
.13640

The experiment was conducted in the range of 3.4 × 5.3 m
using eight motion capture cameras, OptiTrack, and the
transmitter LB-2X (Table 1). For one scarab, it was divided
into two cases: where the transmitter was attached and the
other was not (Fig. 7); total path, velocity, and distance were
measured five times for 3 minutes each.
Experiment Results: Case 1
Experimental results attached and free from the transmitter are
presented in Figure 8. Total path, velocity, and distance
between the two groups do not show much difference; t-test
statistical analysis is conducted to verify that there is no
significant difference in the results.
The t-test statistical analysis is a standard parametric testing
method to determine if the difference between the mean values

Entomological Research 52 (2022) 135–147
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of two groups or two correlated samples is significant
(Kim 2015). To conduct the t-test statistical analysis, Levene’s
equal variance test was performed for the total distance using
the SPSS program (IBM Corp., 2017); the results are listed in
Table 2. The significance probability was p = 0.289, and thus,
an equal variance was assumed; the corresponding
significance probability of the data was over 0.05, indicating
no statistically significant difference.
Levene’s equal variance test was performed for velocity
(Table 3). The significance probability of the velocity was
p = 0.288, assumed to be of equal variance; it was confirmed
that the significance probability of the data corresponding to
the assumption was more than 0.05. Thus, there was no
significant difference in velocity between the two groups,
and LB-2X (0.21 g) did not affect the movement of insects
in the proposed small-sized insect range.
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Experiment Design and Setup: Case 2

Experiment Results: Case 2

Experiments using stag beetles were conducted to confirm the
attached weight that affects the behavior of small-sized
insects (Fig. 9). The experiment was performed using a stag
beetle (three females about 55 mm, three males about
65 mm) weighing an average of 6.3 g. For four experimental
cases (i.e., 0 g, 0.15 g, 0.3 g, and 0.45 g), models containing a
transmitter, tracking marker, and wire were made to attach to
the beetles. All six stag beetles measured total distance and
velocity using a motion capture system. For the experiment,
each weight case was measured five times for 3 minutes,
and after one measurement, there was a break time of
3 minutes.

The results of additional experiments are shown in Figure 10.
The experiment confirmed that the movement of the stag
beetle is affected during the 0.45 g case. ANOVA statistical
analysis was performed on total distance and speed to confirm
the significant difference in movement according to weight
(Tables 4 and 5). As a result of the analysis, the significance
probability was less than 0.05, so it was confirmed that there
was a significant difference in both total distance and speed,
and a post-hoc test was performed (Tables 6 and 7). As a result
of the post-hoc test, the significance probability exceeded 0.05
for both total distances and speed up to 0.3 g, confirming no
significant difference. When 0.45 g and 0 g were compared,

Table 3 t-test for a velocity of two groups

Assume equal variance
Do not assume equal variance

F

P-value

t

P-value(both)

Mean difference

Standard error difference

1.295

.288

.192
.192

.853
.855

.14540
.14540

.75750
.75750

Figure 9 Behavior test for stag beetles. (A) Male stag beetle, (B) Male stag beetle is weighted, (C) Female stag, (D) Female stag beetle is weighted.

Figure 10 Experiment results for each weight; (A) total distance, (B) velocity.
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Table 4 ANOVA for the total distance
Degree of freedom Average square
Between groups
Within the group

3
116

F

38491485.506 6.220
6188273.667

P-value
.001

the significance was less than 0.05, confirming that there was a
significant difference. Therefore, we found that 0.45 g affects
the movement of the stag beetle and about 8% of its body
weight affects.

Traceability Experiment
Table 5 ANOVA for the velocity
Degree of freedom Average square
Between groups
Within the group

3
116

1238.881
186.209

F

P-value

6.653

.000

Table 6 Post hoc analysis for the total distance
Weight (g) Weight (g) Average difference Standardization error P-value
0.00

0.15
0.30

0.15
0.30
0.45
0.30
0.45
0.45

727.7356
81.6877
2360.2146
810.4233
1632.4790
2442.9023

642.3018
642.3018
642.3018
642.3018
642.3018
642.3018

.080
.926
.000
.327
.000
.005

Table 7 Post hoc analysis for the velocity
Weight (g) Weight (g) Average difference Standardization error P-value
0.00

0.15
0.3

0.15
0.30
0.45
0.30
0.45
0.45

4.3326
.5310
13.3586
4.8636
9.0261
13.8896

3.5233
3.5233
3.5233
3.5233
3.5233
3.5233

.057
.914
.000
.289
.000
.004

In the system considered in this study, the UAV tracks from
the viewpoint of an observer in the air, and two-dimensional
(2D) tracking is performed based on a plane horizontal to
the ground. When tracking, the change in height between the
UAV and the insect occurs due to the 3D movement of the
insect. As this system does not involve 3D tracking, it was
necessary to determine whether these 3D movements affected
tracking performance. A similar 2D tracking study has already
been conducted (Cliff et al. 2018; Kennedy et al. 2018;
Nguyen et al. 2019). This experiment investigated if the
tracking performance was affected when assuming 3D motion
in a 2D plane from the UAV’s perspective.

Experimental Design and Setup
The experiment was configured as shown in Figure 11. By
limiting the movement of the target and changing the altitude
of the UAV, the RSSI corresponding to the change in the
relative height is measured. At this time, the scarab is placed
inside the cage to prevent the occurrence of dummy data.
The relative distance between the UAV and the scarab was
maintained at 80 m, and the relative height was changed to
3, 5, 7, and 10 m to collect RSSI. The heading angle of the
UAV was always directed toward the target considering the
radiation pattern of the Yagi antenna.

Experiment result
The experimental results are shown in Figure 12. Figure 12(A)
shows the estimated relative distance value over time for each
height. Figure 12(B) is the boxplot of (A). As a result of the

Figure 11 Experimental environments for traceability experiments. Localization performance is evaluated for radio-tagged insects in cages at relative
distances of 80 m, changing the height of the tracking UAV to 3, 5, 7, and 10 m.

Entomological Research 52 (2022) 135–147
© 2022 The Entomological Society of Korea and John Wiley & Sons Australia, Ltd

143

B. Kim et al.

Figure 12 Localization result by height change of UAV for a target with limited movement. (A) Time-domain graph for each height, (B) Box plot for
each height.

Table 8 ANOVA test for height

Among group
Within a group
Total

Sum of squares

Degrees of freedom

Mean squarest

F

P-value

557.430
42723.811
43281.240

3
396
399

185.810
107.888
-

1.722
-

.162
-

Figure 13 Experimental environment for field tests. UAV equipped with radio telemetry system estimates and autonomously tracks the position of
radio-tagged targets.

experiment, there is no significant difference in the RSSI at
each height based on a relative distance of 80 m.
ANOVA statistical analysis was performed to verify no
significant difference between the RSSI measured for each
height (Table 8). It was confirmed that there was no significant
difference between the four groups for each height by
assuming equal variance as F = 1.722 and p = 0.162. Thus,
we proved that the 2D tracking of the proposed system is
not affected by the 3D movement.
The experimental results indicate that the UAV can track
small-sized insects even if their heights change when the
targets wander around the nest. For example, when insects
arrive at their nests through their homing instincts and show
mainly vertical movements, these actions do not significantly

impact the performance of the proposed tracking system.
Therefore, we presented a practical approach for tracking
small-sized insects in this experiment and clarified the
feasibility of the developed system. This approach proved to
be worthy of further research.
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Field test
Finally, an experiment was conducted to determine the
traceability of the proposed system in a real environment. This
experiment evaluated if the UAV correctly localized and
tracked the fixed target. Based on the data obtained through
the experiment, we discussed traceability in the natural
environment.

Field evaluation of UAV-based tracking

Experiment Design and Setup
The experiment was conducted on a flat surface with
no obstacles, as shown in Figure 13. An octocopter
(TAROT’s iron man T15) with a high payload was used
to withstand the weight of the equipment to be mounted.
The companion computer performing the calculations for

tracking was a Raspberry Pi, and the flight controller was
equipped with a Pixhawk2. The transmitter was fixed to a
specific location where GPS data was available because
the ground truth value cannot be obtained for dynamic
targets. Therefore, tracking for static targets is performed
to ensure that the proposed tracking method progressed
successfully.

Figure 14 Experimental results
of UAV-based Field test for
tracking
radio-tagged
target.
(A)–(H) The first through eighth
trial.
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Experiment Results
The results of the tracking process are presented in Figure 14;
the blue triangle indicates the UAV, the blue dotted line
represents the path of the UAV, the red square represents the
turning point, and the red dot represents the target. As can be
seen in the picture, it was confirmed that the UAV was
successfully tracking the target. The tracking error of the
system was 20–50 m when the tracking was completed.
In a previous study, in which a similar experiment was
conducted, an average tracking error of 51.57 m was recorded
(Cliff et al. 2018). Moreover, even with a radio
telemetry system, which performs better than a small radio
transmitter, the average positioning error is 38 m
(Dressel & Kochenderfer 2019) and 22.7–30.1 m (Nguyen
et al. 2019). In addition, the developed system aims to find
the nest of the insect using its homing instinct. Considering
these tracking errors and tracking purposes, the estimation
error of 20–50 m has the potential for insect tracking in a
complicated environment. Furthermore, global tracking (i.e.,
long-range tracking) of small-sized insects with localization
errors within 100 m is considered a practical approach due
to limitations in sensor precision. As a result, the error of
20–50 m is not a considerable problem for continuous target
tracking using the local tracking (i.e., short-range tracking)
method after global tracking is complete (Rice et al. 2015).

Results and Discussion
In this study, we conducted experiments from three
perspectives to verify that the proposed UAV-based smallsized insect tracking method can be utilized in a real
environment. First, an experiment was conducted to check
the effect of the attached transmitter on the movement of the
insect. A comparison of the total path, speed, and distance
between the group with and without transmitters confirmed
that the transmitter does not affect movement and begins to
be affected when 8% of its body weight is attached. Second,
an experiment was performed to check if the 2D tracking of
the used system can track the 3D movement of the target.
The results confirmed that the change in the relative height
of the UAV and the target did not affect tracking. Finally, to
verify the traceability in an actual outdoor environment, the
localization and tracking performance were evaluated. At the
end of the tracking process, the tracking error to the target
was 20–50 m, similar to the tracking error of the better
performing system; an error of 20–50 m is not considered a
significant error, as the actual insect tracking is considered a
problem for several hundred meters. Thus, the tracking was
confirmed to be successful, and the traceability of the
proposed system in the real environment was verified.
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