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A B S T R A C T

The Asian hornet or yellow-legged hornet, Vespa velutina nigrithorax, is a global predator of honeybees (Apis
mellifera L.) that has become widespread owing to rapid climate change. Herein, we propose a localization
system for tracking radio-tagged hornets and discovering hornet hives by combining unmanned aerial vehicles
with a trilateration system. By leveraging the homing instinct of hornets, we systematically structured our
experiments as a behavioral experiment, ground-truth experiment, and localization experiment. According to
the experimental results, we successfully discovered the hives of two of the five hornets tested. Additionally,
a comprehensive analysis of the experimental outcomes provided insights into hornet flight patterns and
behaviors. The results of this research demonstrate the efficacy of integrating UAVs with radio telemetry
for precision object tracking and ecosystem management, offering a robust tool for mitigating the impacts of
invasive species on honeybee populations.
1. Introduction

Climate change (Villemant et al., 2011), with its far-reaching effects
on ecosystems, has significantly affected vital ecological services. Par-
ticularly, pollination is a crucial ecological service that sustains the re-
production of many plant species, including numerous crops on which
humans rely for food. Beyond agriculture, pollination contributes to the
overall biodiversity and health of ecosystems. The majority of pollina-
tors are insects, and the majority of these insects are honeybees (Apis
mellifera L.) (Keeling et al., 2017; Rojas-Nossa et al., 2023b). Therefore,
a decline in honeybee populations can severely affect agricultural
productivity and ecosystems (Calderone, 2012; Arca et al., 2015).
For instance, the worldwide phenomenon of colony collapse disorder
(CCD) in honeybees has had substantial economic impacts on crops
and caused widespread pollination failures in ecosystems (Johnson,
2010). Vespa velutina, commonly called the Asian hornet, is expanding
its habitat in an optimal ecological environment in response to climate
change. This is one of the main causes of CCD, and it stands out as a
particularly concerning example (Monceau et al., 2014).

V.velutina is estimated to have entered through Busan port around
2003 and spread across Korea at a rate of 12.4 km/yr (Jung et al.,
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2012; Choi et al., 2012). In addition to Korea, V.velutina has spread
to France (Rortais et al., 2010), Spain López et al. (2011), Portu-
gal (Grosso-Silva and Maia, 2012), Belgium (Rome et al., 2012), Italy
(Demichelis et al., 2013), and Germany (Rome et al., 2015). Owing
to different climate change scenarios, South Korea (Kim et al., 2021)
and Europe (Barbet-Massin et al., 2013) are habitats for V.velutina,
and many other regions may become suitable in the future (Robinet
et al., 2017). The rapid spread of this invasive species across diverse
regions has substantially damaged local apiaries and disrupted ecolog-
ical balances. The threat of V.velutina extends beyond the direct harm
they cause to other species because they are particularly dangerous for
honeybees and, consequently, the pollination processes that is critical
for crop production (Dong et al., 2023). Compounding the challenge is
the unique reproductive behavior of V.velutina, which is characterized
by concentrated breeding during specific, relatively short periods, as
illustrated in Fig. 1. Therefore, a targeted and time-sensitive approach
to curb the population explosion of V.velutina is required to effectively
address this issue.

Various methods have been used to control V.velutina populations.
As individual capture methods, traps baited with food (carbohydrates
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Fig. 1. The plot represents the lifecycle of V.velutina. V.velutina undergo wintering from late November to early April, followed by formation until the latter half of June. Breeding
continues until early August, with approximately two months of growth from early August to late October. During the growth period, numerous V.velutina emerge from the eggs,
especially worker bees, causing significant damage to honeybee colonies. Moreover, the production of drone bees and queen bees is also a serious problem, with thousands of
V.velutina being produced in each hive.
or proteins) or insecticides, as well as manual capture using tools,
have been utilized (Monceau et al., 2014; Lioy et al., 2020; Rojas-
Nossa et al., 2023a). These methods are favored for their simplicity
and cost-effectiveness, which make them accessible for widespread use.
However, individual capture methods serve only as localized preventive
measures to restrict the spread of V.velutina. Therefore, collective de-
struction for removing detected hives is essential to mitigate damage to
apiaries and curb the propagation of V.velutina (Kennedy et al., 2018).
To eradicate V.velutina hives, research on tracking to locate targets is
being conducted actively. Historically, animal and insect tracking has
relied heavily on visual observation, often supplemented by tools such
as compasses and binoculars, followed by manual pursuit. However,
these tracking methods are susceptible to the limitations imposed by
human visual acuity and environmental conditions, leading to reduced
accuracy. Considering the mobility and habitat of the target, tracking
methods that rely on manual pursuit may have limited performance.

These limitations of traditional methods necessitate the exploration
of innovative solutions, particularly robotics-based solutions. Among
such innovative solutions, target tracking using unmanned aerial ve-
hicles (UAVs) has been researched extensively (Pak and Son, 2022;
Cao et al., 2022; Li et al., 2023, 2024). The use of UAVs in biological
sciences has shown promising because of their unrestricted mobility
and ability to cover vast areas efficiently (Chen et al., 2024). UAVs
are particularly well-suited for targeting dynamic biological entities,
such as V.velutina, within short timeframes. To effectively employ UAVs
for insect localization and tracking, it is crucial to develop localization
mechanisms that overcome the inherent challenges associated with
dynamic insect behavior. On the back of technological advancement,
many studies have been conducted using sensor network-based tracking
methods. In general, when tracking animals, it is possible to solve
problems such as population identification and extermination of natural
enemies by deploying a GPS-based sensor network. However, it may
be difficult to mount a GPS sensor on flying insects, and the condition
of these insects may be affected by the weight of the sensor or the
location and method of attachment. The representative sensors used for
tracking insects include radio-frequency identification (RFID) sensors,
harmonic radar, and radio telemetry. An RFID sensor is a lightweight
and compact transmitter with high accuracy compared to the accuracies
of other sensor networks. However, owing to the use of low frequencies
(approximately 130 kHz) (Floyd, 2015), the reception distance between
the RFID transmitter and receiver is extremely short. Therefore, they
have been used to study the ecology of limited spaces (Schneider
et al., 2012; Doornweerd et al., 2023). Harmonic radars can transmit
2 
over a wider reception area by using a signal with a frequency of
approximately 5.96 GHz (Psychoudakis et al., 2008), which expands
the research range. However, a harmonic radar records all tags of
flying hornets within its detection range (Lioy et al., 2021). Radio
telemetry has the longest reception distance between the transmitter
and receiver (Bontadina et al., 2002; Wang et al., 2019). In addition,
radio telemetry records independently the tracks of all flying hornets
on specific frequencies from a transmitter within its detection range.
Real-time analysis of the recorded tracks helps us understand the
main flying directions. Therefore, for ecosystem management, radio
telemetry-based tracking is the most promising technology.

In response to the need for innovative solutions to accurately lo-
calize and autonomously track dynamic targets such as flying insects,
we present a systematic approach, as depicted in Fig. 2. To the best
of our knowledge, there are no studies on the use of UAVs to track
dynamic insects by using radio telemetry. In the proposed approach, a
trilateration system is used for localizing and autonomously tracking
radio-tagged flying insects. The system is designed as a UAV-based
tracking system to specifically address the limitations of the existing
wireless telemetry systems, particularly when tracking small species
over short tracking ranges. In addition, we conduct UAV-based field
experiments to validate the feasibility of the proposed localization and
autonomous tracking strategy for radio-tagged targets.

2. Trilateration-based localization system

2.1. Problem description

Observations indicate that V.velutina return to their habitat after dis-
lodging the thorax of honeybees, showcasing a strong homing instinct.
This behavior underscores the significance of understanding the move-
ment patterns of hornets, particularly their flights from apiaries back to
their hives. Given the compact size and dynamic nature of V.velutina,
which often inhabit elevated locations such as treetops or locations at
heights of approximately 10 m or higher from the ground (Kishi and
Goka, 2017), tracking them is considerably challenging. To address this
challenge, we leverage their homing instinct and employ a trilateration-
based approach rooted in radio telemetry to accurately track hornet
hives (Sedira et al., 2023).

The primary challenge of achieving reliable detection over long
distances while using antennas with wide vertical field coverage ne-
cessitates innovative solutions. In our preliminary research (Kim et al.,
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Fig. 2. Overall concept of proposed system, where a UAV equipped with motorized directional antennas approaches the estimated location of hornets as they fly toward beehives.
Fig. 3. Concept for simplifying UAV-based hornet tracking by projecting the three-dimensional (3D) behavioral range of hornets into a two-dimensional (2D) space. This reduces
the complexity of UAV control and facilitates UAV-based hornet tracking.
2022b), we quantified the size, behavior, traceability, and field per-
formance of insects to assess the feasibility and effectiveness of our
tracking system. Additional experiments were conducted to address the
biological characteristics of insects, with a focus on practical tracking
considerations. Notably, an investigation was conducted to assess the
tracking performance of the system by projecting 3D motion onto a 2D
plane from the perspective of a UAV. To perform this task effectively,
we projected a 3D space inhabited by hornets onto a 2D plane (Fig. 3),
which allowed us to focus on capturing the movements of hornets while
tracking them by using UAVs flying at high altitudes. By condensing
spatial dimensionality, we aimed to streamline the tracking process
and increase the precision of our observations. In this regard, the
above-described projection method helped us to overcome the inherent
complexities associated with tracking flying insects over vast distances.
Moreover, the projection of 3D space onto a 2D plane facilitated
easier data processing and analysis. This simplification increased the
efficiency of the proposed tracking system, allowing for more effective
extraction of meaningful insights from the collected data.

In a previous study (Ju and Son, 2022), we attempted to track radio-
tagged flying insects by using a single directional antenna. However,
this method had limitations, including the need for rotation time and
3 
low tracking accuracy. Furthermore, because hornets often inhabit
tall trees or buildings, which may affect tracking accuracy, we con-
templated tracking at high altitudes or implementing noise-resistant
filters. To address the shortcomings of our previous approach, we use
a trilateration system consisting of multiple omnidirectional antennas
and a finite impulse response (FIR) filter. This enhanced approach is
more effective for tracking V.velutina and exploring their habitat.

2.2. Autonomous trilateration system

2.2.1. Localization strategy

The UAV-based tracking algorithm is described in Algorithm 1.
We use a trilateration system to track radio-tagged flying insects. By
seeking the common range 𝑆 of the transmitters and receivers of
the three antennas, we determine the central value 𝐶 of 𝑆 at the
expected UAV position 𝑑 . This information, combined with trilater-
ation by using three receivers, allows us to estimate and track the
movement of a hornet from an apiary to its hive. The strategy of the
proposed tracking system comprises four steps (Fig. 4). In Step 1, two
ground antennas and an antenna attached to the UAV measure the RSSI
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Fig. 4. Tracking strategy of multi-antenna system. (a) Initial states. (b) Collection of RSSI from ground and aerial antennas. (c) Position estimate of moving target based on
collected RSSI values. (d) Movement to estimated position.
Algorithm 1 Tracking algorithm.
1: input: Antenna current position 𝑛, desired distance 𝐷𝑜, initial

constant 𝐼 , number of antennas 𝐍
2: UAV position input 𝑑 ← 1
3: Target position 𝐱 ← 𝐼
4: procedure TRACKING (𝐱,𝐎)
5: compute 𝐷(𝐱,𝐎)
6: while 𝐷(𝐱,𝐎) > 𝐷𝑜 do
7: for 𝑖 = 1 to 𝑁 do
8: compute 𝐡(𝐱,𝐎𝑖),𝐃𝐢(𝐱,𝐎𝑖)
9: compute estimation space 𝐒(𝐎𝑖,𝐃𝐢(𝐱,𝐎𝑖))

10: compute intersection space of 𝑆
11: if intersection space ≥ 0 then
12: compute center position 𝐂
13: else
14: continue
15: 𝑑 ← 𝐶
16: end procedure

(Yang et al., 2013) at the current position. Step 2 involves trilateration
of the RSSI values obtained from the three antennas to estimate the
position of the target. In Step 3, the UAV tracks to the estimated
position of the target through flight control. Finally, in Step 4, even
if the target stops flight at the habitat, the tracking process continues
until the relative distance between the UAV and the target decreases by
a certain threshold distance 𝐷𝑜. That is, the tracking process is complete
when the relative distance is sufficiently small. Owing to its efficiency
and accuracy, this tracking approach provides valuable insights into
the behaviors and migration patterns of hornets, thereby contributing
to effective hornet management strategies.

2.2.2. Localization model for tracking flying insect
We propose a signal propagation model for accurately tracking the

strength of the signals emitted by radio tags, particularly in challenging
field environments such as forests and non-urban areas. The model
leverages the log-distance path loss model, which is suitable for mea-
suring RSSI, a crucial metric in radio frequency signal analysis; the
4 
proposed model is expressed as follows:

𝐡(𝐱,𝐎) = 𝑃𝑑0 − 10𝑛 log 𝐷(𝐱,𝐎)
𝑑0

, (1)

where 𝐡(𝐱,𝐎) is the RSSI measurement function between the target’s
position 𝐱 and UAV’s position input . 𝑃𝑑0 is the RSSI at the reference
distance 𝑑0, 𝑛 is a path-loss exponent ranging from 2 to 4, and 𝐷(𝐱,𝐎)
is the Euclidean distance between 𝑥 and . The quantum of change in
RSSI depending on the change in distance between the signal strength
at a given location and the UAV location is given as follows:

𝑓 (𝐱,𝐎) = 𝛥𝐡(𝐱,𝐎). (2)

To account for noise, particularly in environments with significant
interference such as forests, we introduce the concept of white Gaussian
noise. Assuming that the noise in the RSSI measurements conforms to
white noise, the total RSSI measurement 𝐳 can be expressed as follows:

𝐳 = 𝐡(𝐱,𝐎) + 𝑣, (3)

where 𝑣 follows a zero-mean Gaussian distribution with covariance
𝜎2𝑅, which denotes the white noise term. Despite potential deviations
from the ideal white noise characteristics in field environments, this
assumption provides a practical means for characterizing the received
noise.

2.2.3. FIR-filter-based localization
FIR filters are widely used in various applications, including digital

signal processing, communications, audio processing, and image pro-
cessing, owing to their simplicity, stability, and linear phase-response
characteristics. The FIR filter is a type of causal filter that utilizes both
past and present input data to compute the output signal. The basic
form of an 𝑛th-order FIR filter (Wu et al., 1996; Chang et al., 2008) is
expressed as follows:

𝑦[𝑛] =
𝑀
∑

𝑘=0
𝑏𝑘𝑥[𝑛 − 𝑘], (4)

where 𝑦[𝑛] represents the output signal of the filter at a discrete time
instant 𝑛, and 𝑥[𝑛] denotes the input signal. 𝑀 and 𝑏𝑘 are the order
and 𝑘th coefficient of the filter, respectively. The filter order 𝑀 dic-
tates the number of coefficients used in the filter, thereby influencing
its frequency-selective properties and computational complexity. The
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Fig. 5. Experimental setup for apiary field experiment in urban mountains. (a) The field environment illustrates the apiary located within urban mountains, providing a realistic
setting for testing and data collection. (b) An octocopter equipped with specialized receivers, antennas, and additional field experiment apparatus is essential for aerial data
acquisition and monitoring. (c) and (d) Ground station equipment includes the two ground-based antennas and receivers, in addition to the onboard and LTE modules installed for
trilateration. This setup ensures accurate position tracking and data transmission during the experiment. (e) Visualization of the computed positions of the hives, derived through
the trilateration process facilitated by the coordinated efforts of the octocopter and ground stations.
coefficients 𝑏𝑘 play a crucial role in determining the filter’s frequency
response characteristics, including its magnitude and phase responses.
Higher-order FIR filters can provide sharper frequency responses, but
they may require more computational resources.

One of the key advantages of FIR filters is their inherent stability
owing to the lack of feedback loops, which can lead to instability. This
characteristic makes them suitable for use in real-time signal process-
ing applications, where reliability is essential. Additionally, FIR filters
offer precise control over frequency response through the selection of
appropriate coefficients. These design methods help optimize the filter
coefficients for achieving the desired frequency response characteris-
tics, such as low-pass, high-pass, band-pass, or band-stop filtering. FIR
filters play crucial roles in diverse signal processing tasks, offering
flexibility, stability, and precise control over the filtering operation.

2.2.4. Trilateration system
An omnidirectional antenna transmits and receives power uniformly

in all directions, thereby ensuring comprehensive coverage and facili-
tating effective signal capture regardless of the orientation or move-
ment pattern of a dynamic target. To increase tracking accuracy, we
propose a multi-antenna-based trilateration system that employs three
omnidirectional antennas (Pak et al., 2023). This system estimates
the position of a target by analyzing the RSSI acquired from each
omnidirectional antenna, allowing for the assumption of at least three
positions. The proposed trilateration system is expressed as follows:

√

( )2 ( )2 ( )2
𝑑𝑖 = 𝑥 − 𝑎𝑖 + 𝑦 − 𝑏𝑖 + 𝑧 − 𝑐𝑖 , (5)

5 
where 𝑑𝑖 denotes the distance from the target-attached transmitter to
each receiver as computed using Eq. (1). 𝑎𝑖, 𝑏𝑖, and 𝑐𝑖 are already known
because they denote the positions of static receivers. This system allows
us to track targets with greater precision and reliability. Kim et al.
(2022a) verified this trilateration system by conducting a simulation.
In this study, we utilize the trilateration system to estimate the position
of a dynamic target.

3. Field experiments

3.1. Experimental setup

3.1.1. Field environment
The trilateration system for tracking hornets was implemented in

an apiary located in Gwangju, South Korea, to mitigate the spread of
hornets in the region (Fig. 5). Owing to the dependence of hornets
on honeybees as a food source, it is strategically prudent to focus our
tracking efforts on apiaries. We conducted the experiment in apiaries
located between forested and urban areas to account for the diverse
topographical challenges associated with hornet tracking. The presence
of high hills or buildings in these environments necessitates the use
of innovative tracking methods, such as high-altitude tracking or the
development of robust sensor networks, to obtain accurate and reliable
tracking results. Furthermore, the ability of the proposed system to
track hornets in challenging environments such as forests, despite ob-
stacles such as signal interference and dense vegetation, demonstrates
its robustness and versatility, suggesting that it would be even more
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Fig. 6. System architecture. (a) Hardware architecture of proposed trilateration system. The antenna and UAV communicate through raspberry Pi and Jetson Xavier NX. Then,
localization data are received by the ground control center (GCS) through Jetson Xavier NX and a laptop. (b) Software architecture of proposed trilateration system. The radio
telemetry system and GCS are the client and server, respectively, in ROS2-based communication.
efficient in less obstructive environments and have broad applicability
under various types of conditions.

Our observations of hornet behavior patterns and activity trends
from the field experiments are as follows. Most of the flight activity of
hornets occurred between 07:00 a.m. and 08:00 p.m. Kennedy et al.
(2018). We consistently conducted experiments between 10:00 a.m.
and 7:00 p.m. Hornets hunt honeybees indiscriminately, showing little
interest in the surrounding events. Attempts to capture hornets with
tools or traps cause them to move suddenly and erratically or change
direction abruptly. Despite this, they pursue honeybees persistently.
Furthermore, the field experiments were conducted multiple times in
November, when the maximum temperature was stable at approxi-
mately 18 ◦C, and the mean humidity was around 57%. Hornets tend
to be active within a certain temperature range, and the experimental
conditions were suitable for their activity and foraging. These envi-
ronmental conditions provided valuable insights into hornet behavior
and activity patterns, contributing to a comprehensive understanding
of hornet ecology and management strategies.

3.1.2. UAV system
The multi-antenna-based trilateration system was configured as fol-

lows. The solid black lines and dotted black lines in Fig. 6a repre-
sent wired and wireless communication, respectively. The radio-tagged
tracking targets emitted periodic radio signals, which were captured
by each omnidirectional antenna, collected by the receiver, and trans-
mitted to the companion computer. To build this setup, we designed an
octocopter by using the Tarot T15 platform, which is known for its high
payload capacity of up to 12 kg. We used Pixhawk 2 by Holybro as the
flight controller to directly manage the UAV’s flight operations. Addi-
tionally, a Raspberry Pi 4 was used as the companion/on-board com-
puter, to integrate the upper controller functionalities. The RSSI data
generated by the transmitter attached to the insect were transmitted
sequentially to the antenna, receiver, and companion computer.

We utilized a receiver sourced from Advanced Telemetry Systems,
Inc., USA, to measure the radio signals emitted by the transmitters
attached to the flying insects. This receiver is equipped with advanced
digital signal processing (DSP) technology, which enhances its sensi-
tivity by digitizing audio signals. It features adjustable RF gain values,
which are crucial for accurately estimating the distance between the
transmitter (i.e., flying insects) and receiver (i.e., UAVs). Additionally,
the receiver incorporates a dial-type gain regulator, which allows us
to adjust reception sensitivity through a variable resistor that controls
6 
the voltage input to the receiver controller. This adjustment facilitates
precise control over the receiver gain by outputting the desired voltage
through the analog output channel of the controller. The frequency
range of the receiver is divided into 4-MHz-wide segments within
a specific range. We selected the 145–149 MHz and 148–152 MHz
segments and communicated in the 148 MHz band. We used omni-
directional antennas in conjunction with the receiver to capture the
radio signals emitted by the transmitters. These antennas emit electro-
magnetic waves uniformly in a 360-degree horizontal space, covering
all directions. The frequency range covered by the selected antennas
aligned with the receiver specifications. The height of the ground
antennas was 123 cm, while the height of the UAV-mounted antennas
was 73 cm. As the transmitter attached to the flying insects, we opted
for the T15 model, which is known for its compactness and reliability.
In choosing this sensor among the sensors that weigh less than 0.25 g
and have been validated in prior studies, we considered factors such
as lifespan, pulse rate, and compatibility with the selected receiver.
The transmitter weighed 0.15 g and measured 11 mm×3.4 mm, and
it offered a usable lifespan of 7 to 27 days.

3.1.3. Communication
To establish smooth wireless communication between the ground

control station (GCS) and the three companion computers, an LTE-
based communication protocol was developed. This protocol was de-
signed specifically to facilitate seamless data exchange and command
transmission over long distances with the aim of ensuring reliable
communication even in challenging environments.

The solid and dotted black lines in Fig. 6b represent wired and wire-
less communication, respectively. To develop the software architecture,
we used the robot operating system 2 (ROS2) framework, which pro-
vides a comprehensive suite of tools and libraries for building complex
robotic systems. Additionally, we used the real-time publish–subscribe
(RTPS) protocol of data distribution service (DDS), a communication
middleware that guarantees real-time performance in distributed sys-
tems. By incorporating ROS2 and DDS, we were able to realize efficient
and reliable communication between the components of our robotic
system. To establish a secure and reliable communication network, we
deployed a virtual private network (VPN) configuration. This allowed
us to create a remote communication environment in which each local
IP address was configured as a separate network, which ensured that
data transmission was secure and isolated from external interference.
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Fig. 7. Experimental process for attaching sensors to V.velutina. This process involved the following sequence: Capture, anesthesia, attachment, rest, and release.
The combination of LTE-based communication, ROS2, RTPS proto-
col, and VPN configuration allowed us to establish a robust commu-
nication infrastructure for our UAV system. This infrastructure played
a crucial role in facilitating seamless coordination and control of the
UAV’s operations, enhancing its overall performance and reliability in
real-world scenarios. Through preliminary testing and optimization, we
verified the effectiveness and efficiency of our communication protocol
and network architecture to ensure that the proposed UAV system could
reliably transmit data and commands between the GCS and onboard
computers in various operational environments.

3.2. Behavioral experiment

Flying insects, such as V.velutina, possess limited payload capacity
owing to their lightweight anatomy, which highlights the criticality
of determining their load-carrying capabilities. The flight capability
experiment, detailed in our preliminary research (Kim et al., 2019),
was performed using a test group of V.velutina loaded with weights
ranging from 0.10 g to 0.30 g to assess their flight capabilities. The
results indicated that weights of 0.20 to 0.25 g did not impede flight,
while weights exceeding 0.25 g adversely affected flight performance.
Notably, the entire process of hornet tagging was completed in less than
1 min per hornet, and the tag weight was 3 to 4 times lower than
the typical weight of prey pellets transported by this species. Rojas-
Nossa et al. (2022) suggested the use of color paints or conspicuous nail
polish to mark individuals for ensuring visibility and easy identification
from distances of 1.5 to 2 m, which are typical observer distances
from bait stations. However, we developed a specific harness-based
sensor attachment method suitable for arthropods to avoid the use
of chemical substances (Jirinec et al., 2021; Buck et al., 2021). The
proposed attachment method involves forming a loop with a thread
and fastening it onto a hornet by hooking it around two segments of
the insect and pulling until it fits snugly.

The experimental process involved the following sequence: capture,
anesthesia, attachment, rest, and release (Fig. 7). Capturing V.velutina
was relatively straightforward because they primarily target honeybees.
Dry ice was used as anesthesia to avoid residues that could interfere
with the sensors. However, it was crucial to ensure a short sedation
time to prevent prolonged unconsciousness, which could be fatal for
hornets. Sensors were attached swiftly by using the proposed harness
technique in view of the sensitivity of hornets to touch. After the
V.velutina awakened from anesthesia, efforts were made to help them
regain strength, typically by providing a warm environment or sugar
water. Finally, after practicing with mock sensors, the actual tagging
procedure was executed. We conducted experiments to confirm that the
sensors attached to the hornets did not affect their flight. Preliminary
experiments were conducted by attaching clips of the same weight as
that of the actual transmitters to multiple hornets by using the harness
technique. Ethical considerations were paramount in our experiments,
and the hornets were not harmed, injured, or retained in captivity after
tagging.
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3.3. Ground truth experiment

The diminutive size of V.velutina is a formidable obstacle in di-
rectly attaching GPS devices onto them to determine their location.
To address this challenge, we used a small drone as a surrogate to
replicate the swift movement characteristic of dynamic insects and
understand their behavioral tendencies. By strategically integrating a
transmitter onto the small drone, we acquired ground-truth data, which
served as a benchmark for tracking V.velutina. Our approach involved
transitioning the target of interest from hornets to the small drone
to facilitate application of the trilateration system under conditions
that closely resemble real-world scenarios. To assess the performance
of the localization system, we compared GPS-derived positions with
those estimated through trilateration in both linear and nonlinear
flight scenarios, and the results revealed distinct patterns in trajectory
estimation of the small drone. This methodological adaptation under-
scores our commitment to use innovative solutions for unraveling the
complexities of insect behavior and advancing our understanding of
ecological dynamics.

3.4. Localization experiment

To determine the positions of hornets, experiments were conducted
within an apiary. Sensors were attached to the hornets, and the, prelim-
inary behavioral trials were conducted to assess the hornets’ activities.
To evaluate the effectiveness of the proposed algorithm tailored for
small insects such as hornets, a small drone was used in the exper-
iments. Following these evaluations, practical experiments involving
live hornets were conducted. Three antennas were positioned strate-
gically in a triangular formation approximately 60 m apart from the
point of origin of the hornets’ flight. Notably, one of these antennas was
mounted on a UAV. Each antenna was connected to a receiver equipped
with a companion computer. As the hornets commenced flight, the RSSI
data originating from each companion board were transmitted to the
central computer. The three companion boards and the central com-
puter facilitated real-time information transmission through the ROS2
framework. The transmitters affixed to the tracking targets emitted
radio signals at regular intervals. These signals were collected by each
antenna, filtered, and transmitted to a microcontroller unit mounted on
the UAV. Subsequently, the trilateration system was used to estimate
the hornets’ positions by using the RSSI signal data.

4. Experimental results

4.1. Harness-based behavior of V.velutina

Insects generally have a segmented structure composed of a head,
thorax, and abdomen, and their legs are attached to the thorax. We
took advantage of this structure to develop a harness-based sensor
attachment method. To start creating the harness neck loop, we cut
approximately 20 cm of thread and tied a loose figure-eight knot at
approximately a quarter of the way down the strand (Fig. 8a). Once
the harness neck loop was formed, we slide it onto the transmitter,
ensuring that the knot was positioned correctly. Then, we tightened the
knot securely around the top of the transmitter by pulling the thread
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Fig. 8. The flow depicts a harness-based sensor attachment method suitable for small segmented insects such as hornets. A slightly elastic thread of appropriate thickness is used
to minimize interference with hornet movement. (a) and (b) The thread is tied securely with a knot to prevent unraveling at approximately one-quarter of its length. (c) A slipknot
is tied to loop the ring around the hornet’s segment for quick and secure attachment. Finally, in (d), the procedure is repeated in the direction opposite to that of the sensor to
create two loops.
tightly and applied a small amount of super glue for additional security,
ensuring that any excess glue did not adhere to the harness (Fig. 8b).
Next, we fashioned a loop to secure the transmitter onto an actual
hornet by tying a slipknot, which is a stopper knot that can be undone
easily by pulling the tail (Fig. 8c). To create a slipknot, the yarn should
be crossed by twisting one’s fingers, and a loop should be formed. Then,
two fingers should be inserted into the loop to expand it. Thereafter,
the working yarn should be grasped and pulled partially through the
loop. The knot should be tightened halfway by pulling the tail end of
the yarn. A hornet should be placed into the loop, and both ends of the
yarn should be pulled snugly. This process should be repeated on the
bottom of the transmitter, too (Fig. 8d).

We developed a harness suitable for hornets and conducted prelimi-
nary experiments involving actual hornets. To imitate the actual sensor,
we used a clip to create a sensor model with dimensions identical to
those of the sensor. By using the above-described harness technique, we
captured a real hornet and attached the sensor model to it by using a
thread. We tested approximately 15 V.velutina and found that they were
able to fly well. For visibility, we stretched the harness end threads
and added white tissue paper. Although the long threads and pieces
of tissue paper were easily visible, they made the insects vulnerable to
the external environment. When the released hornets rested on a tree,
they were caught in a spider’s web or tangled in a tree branch, failing
to reach the hive. Therefore, we decided that it would be efficient to
attach only the sensor to the hornet without any additional materials.

4.2. Ground-truth acquisition of small UAV

The experimental evaluation involved subjecting a small drone to
a variety of flight scenarios, encompassing both linear and nonlin-
ear trajectories. These scenarios were crafted carefully to simulate
real-world conditions and emulate the dynamic flight patterns of in-
sects. The results yielded a position estimation accuracy of 100%,
thereby highlighting the robustness and reliability of the proposed
localization system. A comparative analysis was conducted between the
GPS-derived positions and those estimated through trilateration, across
linear and nonlinear flight scenarios. This analysis revealed distinct
patterns in the trajectories estimated using the small drone, further
validating the system’s ability to track dynamic targets accurately.

In Fig. 9, the cumulative tracking results of six experiments con-
ducted using the small drone are depicted; the color bar denotes
the path of the target over time, ranging from blue (start point) to
red (end point). In each experiment, the latitude and longitude of
a transmitter and the GPS attached to the small drone were com-
pared. The average position estimation error in terms of altitude was
0.0000(±0.0001) and that in terms of longitude was 0.0000(±0.0002)
across the six experiments. These findings provide compelling evidence
of the efficacy of our tracking system in diverse flight scenarios, un-
derscoring its potential utility in insect behavior research and related
fields. Through methodical experimentation and rigorous data collec-
tion, we provide valuable insights into the accuracy and dependability
of the proposed tracking approach. These insights contribute to a
deeper understanding of the capabilities and practical implications of
our proposed localization system for studying the behaviors of dynamic
insects.
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4.3. Localization of V.velutina

The main experiments were conducted in an apiary located between
a forest and a city, the same location as that used for ground-truth
testing. Field evaluations of the trilateration-based localization system
for radio-tagged V.velutina were conducted assuming that the hives in
which the target V.velutina live were their last known locations owing
to their homing instinct. We conducted position estimation by using
five hornets. These hornets, equipped with a transmitter each, initiated
flight and moved out of sight quickly. The trilateration system recorded
information about the tagged V.velutina, including their tracking longi-
tude and altitude. The results yielded a position estimation accuracy of
100%.

The tracking results of individual V.velutina are presented. The lati-
tude and longitude of a transmitter attached to an individual V.velutina
are depicted in Fig. 10. The color bar indicates the estimated paths of
the targets over time, ranging from blue (start point) to red (end point).
By using the merged data, the primary locations of two V.velutina hives
were identified, as depicted in Fig. 11. The coordinates in decimal
degrees of these two hives, A and B, were latitude 35.1815, longitude
126.7558 and latitude 35.1812, longitude 126.76675, respectively. The
average localization error of three hornets in terms of altitude and
longitude were 0.0006(±0.0002) and 0.0023(±0.0015), respectively,
for hive A, and the average localization error of two hornets in terms
of altitude and longitude were 0.0012(±0.0001) and 0.0004(±0.0011),
respectively, for hive B, in decimal degrees. Among the potential failure
factors, no signal detection failures were observed. Nonetheless, based
on the insights gleaned from the preliminary experiments, external
factors such as periods of rest, presence of spider webs, and sticky
plants in the vicinity may have influenced the tracking process.

5. Discussion

We demonstrated the feasibility of UAV-based tracking of radio-
tagged objects by using a trilateration system. This validation of the
proposed UAV-based tracking system highlights its potential for use
in various fields, including wildlife monitoring, asset tracking, and
search and rescue operations. Owing to the inherent advantages of
UAVs, such as mobility, versatility, and accessibility, the proposed
system can potentially be used for tracking in diverse environments
and scenarios. Furthermore, the proposed localization system can be
applied not only to dynamic targets such as flying insects but also to
static objects with limited mobility. This suggests that the proposed
tracking system can be applied to diverse objects, regardless of their
size or movement characteristics (Wikelski et al., 2007; Kays et al.,
2015). In Kim et al. (2022b), we defined small insects based on size, and
any insect larger than this threshold can be tracked effectively by using
the proposed method. Although insects smaller than this threshold may
currently pose challenges, technological advancements will likely allow
us to track them in the future. The scalability of the proposed tracking
approach highlights its adaptability and flexibility, thereby paving the
way for practical experiments involving diverse objects. As we continue
to advance and optimize our system, we anticipate its widespread
adoption and impact across various sectors, ultimately contributing to
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Fig. 9. A map illustrating the transmitter and GPS module attached to the small drone. Scattered points of various colors represent the estimated localization coordinates calculated
through trilateration by using the RSSI data acquired from the transmitters attached to the small drone in conjunction with the proposed algorithm. The color bar at the top shows
the movement of the small drone tracked over time. The black lines represent the GPS data of the small drone. The coordinates of the three receivers installed for trilateration
are indicated as well. Receiver 1 is mounted on the UAV, while receivers 2 and 3 are fixed to the ground. (a), (b), and (c) Estimated straight-line paths of hornets; (d), (e), and
(f) nonlinear paths incorporating circles, considering the dynamic nature of hornets.
advancements in environmental monitoring, wildlife conservation, and
beyond.

Destruction of honeybee colonies leads to economic losses at the
national scale (Lima et al., 2022; Requier et al., 2023), and therefore,
methods to explore hornet habitats sustainably are needed. The use of
UAVs to track hornets and locate their hives offers significant economic
advantages over traditional methods such as tools, traps, and manual
search. UAVs provide high mobility and efficiency, allowing for rapid
coverage of large areas within short timeframes. Moreover, automated
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UAV systems optimize resource utilization, thereby reducing the labor
costs associated with manual efforts. Furthermore, the precision and
real-time capabilities of UAV-based tracking systems facilitate swift
identification of hornet nests, minimizing the potential damage caused
by hornets. By contrast, removing hornets using conventional methods
involves expenses such as purchase and maintenance of traps, upkeep
of equipment, and cost of labor required for manual search and re-
moval (Barbet-Massin et al., 2020). While these costs may initially
appear lower than investing in UAVs and the related equipment, the
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Fig. 10. Maps showing the localization estimation results of V.velutina. The scattered points of various colors represent the localization coordinates estimated through trilateration
by using the RSSI data acquired from the transmitters attached to V.velutina in conjunction with the proposed algorithm; The color bar at the top represents hornet movement
over time. Lines of similar colors represent the paths estimated using the scattered points with respect to time. The coordinates of the three receivers installed for trilateration are
indicated as well. (a), (b), and (c) Results of hornets assumed to live in hive A. (d) and (e) Results of hornets assumed to live in hive B.
time factor becomes crucial. Given the rapid proliferation of hornets
such as V.velutina, timely removal of multiple hornets is vital, and
eliminating entire hives offers a strategic advantage in preventing
hornet breeding. Despite its potentially higher initial costs, the long-
term necessity and efficacy of UAV-assisted hornet nest removal are
evident, making it a more economically viable solution for managing
hornet infestations. As the demand for sensor networks continues to
grow, advancements in manufacturing processes will lead to increased
production, which will reduce implementation costs, thereby further
enhancing the cost-effectiveness and accessibility of UAV systems for
hornet tracking and removal.

We have developed an omnidirectional antenna system to solve
the problems of turning time and tracking accuracy, which were en-
countered in previous studies where directional antennas were used.
The multiple omnidirectional antenna system proposed herein shortens
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tracking time and increases tracking accuracy. However, the tracking
range and tracking location of this system may be limited depending
on the tracked target and UAV movement. The proposed trilateration
system involves the deployment of two omnidirectional ground anten-
nas and one omnidirectional antenna attached to a UAV. In spite of the
UAV’s movement capabilities, the trilateration technique restricts the
effective tracking range to a specific triangular area, thereby limiting
the overall coverage. In addition, the performance of the proposed
system is influenced by the quality of the signal processing algorithms
used. While we have developed a trilateration-based tracking system
with carefully tuned parameters, it remains highly sensitive to en-
vironmental conditions. This highlights the need for more advanced
and precise algorithm designs to mitigate these effects, especially in
dynamic environments.
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Fig. 11. In the experiment involving five hornets, candidate localization is achieved for five hornet hives, and two hives are discovered by exploring the surrounding area.
Because the proposed system targets various objects, such as flying
objects, more advanced tracking technologies are required. We can con-
sider the localization and tracking of UAV-based flying objects by using
rotating antennas to overcome these limitations. A rotational antenna
system employs a single antenna, and it is economical compared to a
multi-antenna system. In addition, because such an antenna is rotated
using a motor, its tracking range is not limited, which reduces the
tracking time while ensuring 360◦ coverage. We are developing the
proposed UAV-based positioning and tracking system further to reduce
its position estimation error and expand its tracking range. Through
continuous development and improvement, we aim to establish the
proposed system as a reliable approach to object localization and
tracking. In addition, we can improve system performance by using
improved filters. Furthermore, there is potential for comprehensive
expansion, including spraying (Seol et al., 2022a,b) using UAVs.

6. Conclusion

In this study, we demonstrated the feasibility and effectiveness
of using a radio telemetry-based tracking system in conjunction with
UAVs to locate and monitor the nests of V.velutina. By leveraging the
homing instinct of hornets and employing a systematic experimen-
tal approach, we successfully discovered two out of estimated five
hornet hives. Our localization system achieved an average error of
0.0006(±0.0002) in latitude and 0.0023(±0.0015) in longitude for the
first hive, and 0.0012(±0.0001) in latitude and 0.0004(±0.0011) in
longitude for the second hive. These results underscore the potential
of UAV-based trilateration systems for accurately tracking radio-tagged
hornets and effectively identifying their nests. The proposed approach
not only provides valuable insights into hornet behavior and movement
patterns but also serves as a promising tool for managing the impacts
of invasive hornet species on local ecosystems and honeybee popula-
tions. The ability to monitor hornets and locate hornet nests in real
time can substantially enhance our efforts for controlling the spread
of this invasive species and mitigating its threat to biodiversity and
agriculture.
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