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<Abstract>
Tracking micro-sized insects is one of the challenges of protecting ecosystems and
biodiversity. In this study, we propose an approach for the autonomous tracking of
micro-sized flying insects, and develop an unmanned aerial vehicle (UAV)-based
robotic system. The Kalman filter is applied to the received signal strength emitted
from radio telemetry to estimate the position while reducing the measurement error
and noise. The autonomous tracking strategy is a method in which the UAV rotates at
one point to measure the signal strength and control its position in the strongest
direction of the signal. We also design a system architecture comprising a tracking
sensor system and a UAV system for micro-sized insects. The estimation and
autonomous tracking of the target position by the proposed system are verified and
evaluated through dynamic simulation. Therefore, in this study, we propose and
validate a UAV-based tracking system for micro-sized flying insects, which has not
been proposed in studies conducted thus far.
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the ecosystem in response to climate change

1. Introduction

is
Tracking wildlife is crucial to protecting
and managing ecology and biology.
radius

of

number

action,
of

effectively

main habitat,

endangered
recognized

species

by

The

and the
can

be

monitoring

the

movements of animals and insects. Therefore,
localization and tracking have been studied
using

sensor

networks

to

identify

the

activities of dynamic animals [1]. Recently,
mobile vehicles and robots have also been
introduced

to

deal

with

environmental

diversity and uncertainty and to improve
maneuverability
robots

are

[2].

attracting

Among

them,

attention

to

aerial
solve

challenging problems, such as the active
localization and flexible tracking of targets as
they fly without restrictions at certain places
in

contrast

to

ground

robots

[3].

The

objective of this study is to investigate the
use of an aerial robot (i.e., unmanned aerial
vehicle or UAV) system for the localization
and autonomous tracking of a micro-sized
target.
In the tracking of dynamic animals and
small insects using a UAV, studies on the
behavior of targets (not micro-size, from
large to small) have been conducted [4-5].
Various localization, mapping, path planning,
and autonomous tracking algorithms based on
aerial robots for tracking wildlife (e.g., bird
[6], yellow-eyed penguins [7], rhino [8], and
bear [9]) have been proposed. However, as
evaluating the impact of exotic species on

becoming

increasingly

important,

the

tracking of the movements of micro-sized
insects having small weight and size is
attracting attention as a significant challenge
in the future.
For example, the yellow-legged or Asian
hornet, also known as Vespa velutina, has
caused tremendous damage to the beekeeping
industry and ecosystem as its activities spread
from Asia to Europe [10]. The Asian hornet
also

threatens

people

in

urban

areas;

nevertheless, no robotic system has yet been
reported to estimate its location or to track
its trajectory autonomously. Recently, tracking
methods through which humans can listen to
the output of an audio signal have been used
to track the Asian hornet [11]. Therefore, the
tracking robotic systems for micro-sized flying
insects such as the Asian hornet are effective
in managing alien species, protected species,
and natural ecosystems, and further have the
advantage of preserving biodiversity.
Animal tracking systems mainly include (Ⅰ)
visual-sensor-based

system

(e.g.,

stereo

camera, thermal camera); (Ⅱ) satellite-based
global positioning system or Argos system;
(Ⅲ) radio-signal-based harmonic radar system,
radio-frequency identification (RFID) system,
or radio telemetry system∼ [12]. In this
study,

to

select

a

tracking

method

for

micro-sized insects based on a UAV, we
considered three conditions: (ⅰ) the weight
of the sensor to be attached to the target
(e.g., transmitter and tag); (ⅱ) the weight of
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the sensor to be attached to the UAV (e.g.,

system (the objective of this study) using this

receiver

approach because the payload of a UAV is

and

camera);

(ⅲ)

the

traceable

usually less than 5 kg. Most of the harmonic

distance.
First, (Ⅰ) does not need to consider the

radar systems that track small insects are

condition of (ⅰ) because the visual sensor is

static/fixed and huge radars are used in them

only attached to the UAV to track the

[16]. Therefore, a harmonic radar is not

micro-sized target. However, it is not an

appropriate to develop an autonomous UAV

appropriate approach owing to its limited

system with superior maneuverability and

performance of (ⅲ). Second, (Ⅱ) sufficiently

scalability.

satisfies the conditions of (ⅱ) and (ⅲ);

In the case of radio telemetry using an

however, this is also not an appropriate

active transmitter, the weight of the receiver

approach because tiny sensors required to be

is within the payload of the UAV; hence, it

attached to micro-sized insects do not exist

is

[13]. Finally, as (Ⅲ) adequately satisfies the

tracking system. Nevertheless, it is used to

conditions

we

track insects that are heavy owing to the

UAV

limitations on the weight of the transmitter

system for tracking micro-sized flying insects

[15]. Furthermore, radio telemetry remains

using this method.

challenging for tracking micro-sized species

approached

of

(ⅰ),

the

(ⅱ),

and

development

of

(ⅲ),
a

applied

to

a

UAV-based

autonomous

However, in the method of (Ⅲ), RFID has

owing to their short tracking range (typically

a limited detection distance (typically within

100-500 m) [15]. Therefore, this study aims

1-5

to

m)

and

is

used

within

specific

develop
UAV

a

radio-telemetry-based

environments [14]. Therefore, RFID is not

autonomous

system

that

can

track

suitable for the active tracking of micro-sized

micro-sized flying insects such as wasps [17]

flying insects in the field. Consequently, most

and beetles [18].

researchers use a harmonic radar or radio
telemetry to track the behavior, movement,
and evolution of wildlife or insects. Generally,

1.1 Contributions

a harmonic radar uses fixed radars to track
targets; hence, it has a fixed detection area

In this paper, we propose an autonomous

(less than 1 km in diameter) and uses passive

tracking strategy for micro-sized flying insects

tags (no battery in the tag) so that the

based on a UAV system. That is, the UAV

availability of tag power is not continuous

autonomously tracks the estimated position of

[15]. There also exists a dynamic harmonic

the target while receiving the signal strength

radar system with a large vehicle, but it is

emitted from a transmitter (radio telemetry).

difficult to develop an autonomous UAV

In the case of localization, the Kalman filter
is applied to reduce measurement error and
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noise. Autonomous tracking is a strategy to

       

(1)

generate the path of a UAV while computing
the

strongest

direction

of

the

measured

signal. Dynamic simulations demonstrate the
validity of our proposed system through
tracking scenarios. In summary, our main
contributions are as follows:


We propose a systematic approach for the
autonomous tracking of micro-sized flying
insects.



We implement and evaluate a UAV-based

where  is the state vector at time  , 
is the state transition model which is applied
to the previous state    ,   ∼     is a
random variable that represents the process
noise, normally distributed with zero mean
and covariance matrix  .
The observation (or measurement) term  
of the true state  is defined as

tracking system that solves the limitations
     

(e.g., small species and short tracking

(2)

range).
where  is the observation matrix that
related the current state  to the observed

2. Localization and Tracking of Target

measurement   at time  ,  ∼     is
the observation noise which is assumed to be
zero

2.1 Kalman-filter based localization

man

Gaussian

white

noise

with

covariance matrix  .
The Kalman filter is a series of processes

In this paper, we focus on the range-based

consisting of two states: time update (i.e.,

localization and the received signal strength

predict)

intensity

a

correct). The phase of time update uses the

the

state estimates from the previous step to

dynamic target. The Kalman filter is applied

produce an estimate of the state of the

to improve the localization performance for

current step. This predicted state estimate is

the micro-sized flying target while reducing

also defined as the a priori state, denoted by

the measurement noise.



 . In the phase of measurement update, the

(RSSI),

representative

which

tracking

is

used

approach

as
for

and

measurement

update

(i.e.,

The Kalman filter is a recursive filter that

current a priori prediction is combined with

estimates states based on measurements that

the current observation information to update

contain noise or error. It is mainly applied in

the state estimate. This improved estimation

the

of

area

of

localization

and

tracking.

Therefore, the Kalman filter estimates the
state of the dynamic system modeled as

the

current

state

is

termed

the

a

 .
posteriori, denoted by 

The equation for predicting the current
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state and error covariance of the Kalman

radio signal emitted from the micro-sized

filter (time update) is defined as

flying target. Therefore, we take a signal
propagation model, log distance path-loss



  
  

(3)

       

(4)

model, that is appropriate to represent RSSI
measurements [19]. The log distance path-loss
model used to correlate the distance between
the transmitter and receiver based on the

The measurement update phase of the

received signal strength (RSS) is defined as

Kalman filter, which calculates the Kalman
gain and updates the measurements and the
error covariance, is denoted by

   
        


        

(5)




  
      
 

(6)

function

     

(7)

    

(8)

where     is the RSSI measurement
between
and

the
the

target’s

position

observer’s

position

      with heading angle  ,  is the

The terms  ,  , and  represent the
Kalman gain, the covariance of the a priori,
and the covariance of the a posteriori,

received signal strength (i.e., power) at the
reference distance  ,  is an environmental
factor with a range from 2 to 4 (i.e.,

respectively. The other terms are the same

path-loss exponent), and    

terms expressed in Eq. (1) and (2).

Euclidean distance between  and . In this

The update process of the Kalman filter

equation,

   

can

be

is the

found

by

requires a model of measurement or system.

substituting     for  (RSSI) calculated

In our approach, we need to define a signal

at any     .

propagation model as the UAV tracks the

In field environments such as forests and

Fig. 1 UAV-based autonomous tracking strategy. (a) Step 1 (b) Step 2 (c) Step 3 (d) Step 4
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non-urban areas, RSS is greatly affected by

very slow, it takes approximately 30 to 60

noise. Assuming these noises are white, the

sec. to receive the signal while rotating the

total RSS measurement  is defined as

antenna by 10°, even if the rotation time of
the UAV is excluded. As the position of the

       

(9)

target (i.e., flying insect) varies from time to
time, the rotation time must be minimized. In
this study, the UAV aims to track the target

Algorithm 1 Tracking strategy

while measuring the signal for only four

input: orientation     … t  , UAV
current position  , UAV current heading  ,
desired distance  
UAV position input   ← 

orientations   (i.e., 0, 90, 180, and 270°).
The steps are described more specifically as
follows:

UAV heading input  ← 

(1) The moving UAV stops and measures the

     ←    
While      ≤   do

RSS at the current position. (Fig. 1(a))

 ← 

(2) The UAV rotates in place at a certain

for    to  do

angle (e.g., 90° in clockwise direction) to

 ← 
Compute         by Eq. (10)

 ← max   

measure the signal strength. (Fig. 1(b) and
1(c))
(3) The direction in which the RSS is the

end for
for    to  do
if       then

largest is regarded as the direction in
which the target is located, and the UAV

     ←      

advances in the corresponding direction

 ← 

(Fig. 1(d)). As the UAV can be translated


  ←         
∥∥
end if
end for
end while

in a space, it is possible to reduce the
rotation time by reducing one step to
return to its initial direction (i.e., the
direction shown in Fig. 1(a)).

output:      

(4) Although

the

range-based

localization

approach, it can move to the estimated

2.2 Autonomous tracking strategy

direction

and

distance

based

on

the

tracking strategy as the UAV is also
interested in the RSS measured in the

The tracking algorithm based on UAV is
described in Algorithm 1. As the period of
the signal emitted from the transmitter is

90°direction of the antenna (blue-colored
arrows in Fig. 1).
(5) Even if the target stops at habitat, the
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tracking

process

continues

until

the

relative distance between the UAV and
the target decreases by a certain distance.
Therefore, the tracking process completes
when

the

relative

distance

is

close

enough.

3. Aerial Tracking System for Micro-sized
Flying Insects

Fig. 2 Concept of the aerial tracking system for
micro-sized radio-tagged flying insect

In this study, a UAV-based tracking system
is proposed to estimate and autonomously
track the positions

of

micro-sized flying

insects. The concept of the proposed system
is shown in Fig. 2. The overall system is
composed of the tracking sensor system and
the UAV system. The radio-telemetry-based
tracking sensor system mainly includes a

Fig. 3 Diagram of the system architecture

transmitter, receiver, and Yagi antenna, and
the UAV system includes a flight controller,
companion
sensors

computer,
(e.g.,

and

UAV

control can be provided directly to the

gyroscope,

receiver, which is connected to the Yagi

various

barometer,

In particular, the voltage input for gain

antenna with a coaxial cable. That is, data

magnetometer, and accelerometer).
An octocopter having a large payload was

are

transmitted

from

the

signal

of

the

built to mount the radio telemetry receiver

transmitter attached to the flying insect in

and Yagi antenna. The Pixhawk2 was used as

the

the flight controller to control the UAV

companion computer.

order

of

antenna,

receiver,

and

the

Fig. 3 shows a diagram of the UAV-based

Raspberry Pi 3 was used as the companion/

tracking system architecture. The solid blue

onboard

line represents wired communication, the

directly

mount

with

various

computer
the

sensors,

(compute

high-level

and

module)

controller.

to
The

blue

dotted

line

represents

companion computer communicates with the

communication,

and

radio

represents

control

receiver

communication.

via

RS232

to

USB

the

the

wireless

red

dotted

line

input

signal.

The

information of the UAV and the estimated
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target position are displayed in the software

4. Experiments and Discussions

of the ground control station via telemetry
radio and LAN card. Each communication and
controller is implemented through a robot
operating

system

(ROS).

Here,

the

4.1 Dynamic simulations

path

through which the UAV should fly is also

To

validate

the

tracking

strategy,

a

computed by the onboard computer, and the

software-in-the-loop simulation was performed

position and velocity of the UAV can be

using the robotic simulation software program

controlled through the ROS and MAVLink

Gazebo with robot op-erating system as

protocols. Low-level commands are sent from

shown in Fig. 4. It is assumed that the speed

the

flight

of the flying insect is 6 m/s, and that the

controller, and the Pixhawk directly controls

insect moves from the starting position (i.e.,

the motor.

the releasing location) to the target position

high-level

controller

to

the

(i.e., habitat) along the trajectory, including
the random Gaussian function. Moreover, the
path of the flying insect was created to be
globally straightforward according to expert

Fig. 4 Simulation environments

Fig. 5 The trajectory of target and UAV

Fig. 6 Relative distance between target and UAV

Fig. 7 Estimated relative distance
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intensity at a period of 1 Hz (frequency

Table 1. Experimental results of simulation
time Orientation

Relative
distance

RSSI

Distance

0°
90°
180°
270°

-52.500
-52.767
-54.466
-54.374

69.263
71.425
86.856
85.941

0°
90°
180°
270°

-48.234
-52.109
-52.795
-49.061

42.384
66.214
71.656
46.618

0°
90°
180°
270°

-50.952
-51.974
-52.601
-52.548

57.955
65.193
70.073
69.647



0°
90°
180°
270°

-44.398
-48.234
-49.148
-44.748

27.252
42.384
47.087
28.373

25.145 m



0°
90°
180°
270°

-51.304
-52.095
-54.740
-52.736

60.353
66.107
89.604
71.170

41.771 m



0°
90°
180°
270°

-51.967
-54.527
-55.574
-52.673

65.140
87.468
98.673
70.656

69.545 m



0°
90°
180°
270°

-39.776
-38.794
-35.133
-38.883

16.007
14.296
9.379
14.360







range is 150 MHz), and the mathematical
model of the receiver and the antenna
(calculated in Sec. 3) is implemented in the

47.958 m

dynamic simulator. This receiver can change
the gain value by adjusting the voltage input.
However, in this experiment, the gain value

52.611 m

is constant. The RSS calculated from the
directivity

model

is

transferred

to

the

companion computer (system memory), and
57.986 m

the UAV moves a relative distance in the
direction with the largest RSS value after
rotating.

4.2 Experimental results
Figs.

5-7,

experimental

and

Table

results

of

1

show

the

localization

and

tracking performance based on UAV system
for dynamic targets. In Fig. 5, the trajectory
of the micro-sized flying insects (red line)
and
9.790 m

the

tracking

UAV

(blue

line)

are

presented in the    coordinate. In the
case of the dynamic target, the flight starts
from the releasing point about (50, 100) to

advice. At this time, the movement of the

the final point about (220,160), and the UAV

flying insect was depicted as the dynamic

tracks autonomously the radio signal emitted

movement of a sphere point. An Iris+ model

from the dynamic target. Fig. 5 also clearly

of 3DR Inc. was adopted as the tracking

shows that the UAV tracks the target without

UAV

dynamic

missing. In the simulation results, we defined

It

the time when UAVs reach the final position

and

characteristics

this
in

model
this

has

simulator.

was

assumed that the flying insect and the UAV
float

at

the

same

height

(i.e.,

5

m).

Therefore, the transmitter attached to the
flying insect generates a signal of the same







as ,   as  ,   as  , … ,   as



 to present detailed measurement.

The

distance
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dynamic target and the UAV over time is

as

the

system

or

measurement

noise

shown in Fig. 6. It can be observed that the

occurred. Nevertheless, it can be seen that

distance difference between the two gradually

the influence of the error can be disregarded

decreases from approximately 80 sec. because

when the distance between the UAV and the

the flying insect reaches the habitat and does

target is sufficiently close.

not move anymore, and the UAV continues

Table 1 describes the detailed values of the

to move to that location. Before the target is

computed RSSI and estimated distance at a

stopped (i.e., before 80 sec.), it can be seen

specific time.  denotes the heading angle of

that

the

the

relative

distance

decreases

or

increases

continues

to

repeat

to

because

the

the

target

the UAV

localization

UAV,

   

measurement,

presents

   

the

RSSI

represents

the

and

estimated relative distance, and the extra

tracking process. After narrowing the distance

value indicates the actual relative distance.

from the flying insect, if the relative distance

That is, the UAV estimates the direction in

    is smaller than the desired distance

which the target is located through the

 set in Algorithm 1, it can be confirmed

   

that the UAV has stopped the tracking

determined, the UAV flies to track the flying

process as shown in Fig. 6 (after 90 sec.).

insect based on     . In this process, the

function.

Once

the

direction

is

Fig. 7 shows the results of the localization

Kalman filter is applied to the system with

for the dynamic target over time. That is,

linear and Gaussian distribution to improve

this value means     calculated from the

the tracking performance by reducing the

Kalman

measurement error.

filter-based

localization

algorithm.

However, this value is the radius of the

Although the developed approach in this

certain range, not distance, in range-based

study

localization.

tracking

micro-sized flying insects, it should not be

strategy, we set this radius to a scalar

overlooked that most systems are nonlinear

quantity in the  direction. Compared to Fig.

dynamic systems. Therefore, if an extended

6, which shows the actual relative distance,

Kalman filter or particle filter is applied in

Fig.

with an

the proposed system, the dynamic target can

estimated error of up to 50 m. In the case

be estimated and tracked more quickly and

of the localization result (80 sec.), in other

accurately. Alternatively, if an event-driven

words, the actual relative distance is 100 m,

heterogeneous

but the estimated distance is about 150 m.

equipped with a thermal infrared camera and

This result (i.e., localization of micro-sized

radio-tracking UAV) is applied to the tracking

flying insect) tends to be less than the

of micro-sized targets, it is more scalable and

performance of localization for static targets

more useful than conventional systems [20].

However,

7 shows

in

our

the performance

is

an
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efficient

robot

method

system

to

(e.g.,

track

UAV
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localization algorithm in our proposed system.

5. Conclusion
In this study, we proposed a UAV-based
approach
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tracking

micro-sized
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