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Leader-follower control of multi-
unmanned aerial vehicle based on
supervisory control theory for a broad
tributary area mapping scenario
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Abstract

This study proposes a discrete event system-based control strategy for autonomous tributary mapping using multi-
unmanned aerial vehicle. When considering the unmanned aerial vehicles as discrete event systems, supervisory control
theory is used to model and control individual unmanned aerial vehicle behavior in the system. In tributary mapping, the
situation changes each time depending on environmental factors (e.g. weather) and the work must be performed in an
unstructured environment. Therefore, this article proposes a multi-unmanned aerial vehicle-based supervisory control
system to solve real-field problems. Unlike the control systems of recent studies, which mainly deal with continuous-
time dynamics, we modeled a multi-unmanned aerial vehicle system based on a discrete event system in which the
dynamic states are transitioned by asynchronous events. The proposed multi-unmanned aerial vehicle-based supervisory
control system was validated in dynamic simulators and demonstrated that multi-unmanned aerial vehicle satisfies the

behavior specifications. The supervisor proposed in this study was validated using a physics-based simulator.
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Introduction

Recently, with the increase in environmental pollution,
the need for management systems that can effectively
manage natural systems and ecosystems has emerged.! *
Furthermore, in agriculture, a system to minimize
environmental damage and manage it is being stud-
ied.>® Among the environmental management sys-
tems, data obtained from satellite maps of the natural
environment of tributaries are used for water quality
management. However, satellite-based mapping has
limitations, such as high cost and low availability,
depending on the weather.” Furthermore, it is difficult
to obtain accurate information, such as the width of a
branch, because of the low resolution. Direct observa-
tion by humans can be used to obtain accurate infor-
mation; however, it is highly inefficient because of the
vast area of the tributary. Therefore, a system that
can effectively obtain information on tributaries is
required to manage water quality efficiently and bet-
ter understand the impact of global environmental
changes on ecosystems.®

Several studies have been conducted to perform
unmanned aerial vehicle (UAV)-based tributary map-
ping to acquire tributary information.>'® Compared
with the tributary mapping of the existing satellites,
UAVs can fly from a lower altitude to a higher altitude,
less interference from ground obstacles.!""'?> Moreover,
high-resolution images can be obtained from tribu-
taries, enabling more precise tributary management.
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In previous studies, UAV-based mapping for man-
aging natural systems has been performed using a single
UAV."3 A single UAV has clear limitations in covering
unstructured and large-scale natural systems. In partic-
ular, single UAV-based mapping requires a longer
exploration time, and as the exploration range expands,
its limitations become more prominent.'* Therefore,
many studies on multi-UAV systems are being con-
ducted to overcome the limitations of single UAVs.'> 2!

This study addresses the limitations of single UAV-
based mapping in previous studies. The limitations of a
single UAYV are real-world practical problems with low
coverage area and long exploration time. In addition,
single UAV is inefficient and cannot cover tributary,
which is an unknown environment with a random split.
These problems can be solved using multiple UAVs.
However, because the control complexity increases, a
control method that considers the mapping scenario is
required. We solve these problems by proposing a
supervisory control theory (SCT)-based multi-UAV
system for tributary mapping. Instead of modeling as a
continuous-timed system to solve the existing control
complexity, we solve the problem by modeling as a dis-
crete event system (DES).

Therefore, this study proposes a leader—follower
approach based on supervisory controllers* to extend
to multiple UAVs to overcome the limitations of single
UAV-based systems and solve the existing control com-
plexity. The proposed approach can be used in practical
applications for tributary mapping, in which the con-
cept of leader—follower control is applied to change the
formation according to the mapping scenario. If the tri-
butary reaches a split tributary, the proposed system
recreates and controls the trajectory and groups of each
UAV. This study contributes to how to define the tribu-
tary mapping problem, how to model multi-UAV sys-
tems based on formal methods, how to design motion
specifications for cooperative control, and how to vali-
date them.

Related works

In the work by Nuske et al.,” UAV-based exploration
was developed to map rivers without GPS and pre-
mapping. The UAV operated beneath the tree line and
performed peripheral three-dimensional (3D) obstacle-
based path planning with onboard sensing to navigate
the river. In the work by Jiang et al.,>* hydrodynamic
models of rivers and streams were constructed lever-
aging water level or water surface elevation (WSE)
observations to increase the model reliability and pre-
dictive level. A radar altimeter system was used on a
UAV to simulate and map the spatially distributed
WSE. Autonomous river mapping was proposed for
the autonomous exploration of rivers without any prior
information using onboard control to perceive rivers,
banks, and obstacles.”>* That study provided 3D maps
and verified them against the guidance decisions made

by a human piloting a boat carrying the proposed sys-
tem over several kilometers.

Numerous studies have been conducted to expand to
a multi-UAYV system and overcome the limitation of a
single UAV.'">?! Multi-UAYV systems predominantly use
cooperative and large-scale controls to determine the
team behavior of multiple autonomous vehicles.”> The
formation control of a multi-UAYV system aims to meet
prescribed constraints on the state by driving multiple
UAVs, usually by applying behavior-based,*® leader—
follower,””?° and graph theory-based®® methods. In the
work by Mwaffo et al.,* the authors explicitly modeled
the presence of stochastic perturbations affecting the
dynamics and developed multi-vehicle systems using sto-
chastic differential equations. Based on modeling, the
authors proposed a decentralized approach to the large-
scale control of stochastic mobile UAV groups.

Cai and Wonham?' proposed SCT to control under
a DES. Supervisory control-based approaches for DESs
have been used to control multi-UAV systems.** In the
work by Lopes et al.,** an SCT-based controller was
proposed for swarm UAVs, and the performance of the
proposed controller was verified through an experiment
clustering a group of UAVs based on open-source soft-
ware. In the work by Ju and Son,** the authors pro-
posed a hybrid system that combined a continuous-time
system and DES for large-scale dynamic systems, such
as field UAVs. Their research expanded on a previous
study®>* by considering partial observation caused by
the inability to monitor events using sensors because of
noise, disturbances, and failure.

Contribution

The contributions and novelty of this study can be sum-
marized as follows:

1. We expand leader—follower formation control-
based multi-UAV system from a tributary mapping
perspective. Our approach overcomes the limita-
tions of the single UAV as a simple method using
leader—follower formation control.

2. We propose an SCT-based multi-UAV system for
scalability from a control perspective. The SCT-
based modeling and control system has the advan-
tage of scalability.

3. We conducted an experiment in a virtual environ-
ment similar to the realistic environment of a tri-
butary with three split tributaries. The proposed
supervisory controllers were fully implemented in a
physic-based robot simulator.

Structure of article

The organization of this article is given as follows. In
section “Preliminaries,” we introduce the main problem
in tributary mapping and briefly review the concepts of
DESs and SCT. In section “System modeling,” we pro-
pose a supervisory controller with certain specification
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based on the SCT. In section “Results,” we describe the
implementation of the proposed supervisor and the ver-
ification of the simulation and results, and finally, we
present our conclusions.

Preliminaries

The problems and notations of the SCT used in this
study are summarized in this section.

Problem description

Tributaries have different types of characteristics. There
are various types, such as brush-covered, small range,
and broad tributaries. Because the state of a tributary is
affected primarily by environmental phenomena, when
a drought or flood occurs, it becomes difficult to man-
age the map because the current shape of the current
tributary is distorted compared with the previously cre-
ated map. As the environment changes, it is necessary
to periodically attempt tributary mapping to manage
the tributaries precisely and effectively.

A single UAV requires multiple flights to perform
periodic tributary mapping. Because large tributaries
have a vast range, a single UAV mapping scenario is
limited by its batteries. Furthermore, it is unknown
when a broad tributary will diverge into a branching
tributary. Mapping should be performed by selecting a
path for the bifurcated tributary, as depicted in Figure
1. This approach is considered inefficient because it is
time-consuming and expensive, requiring multiple
flights to map every tributary.

It is necessary to completely map all tributaries in
the shortest time. Therefore, we expand from a single
UAV to a multi-UAYV framework and cover tributaries
including large tributaries and multiple sub-tributaries
to achieve these goals. The branch depicted in Figure 1
can be split into several different stems. Consider the
following situation to navigate its tributary quickly and
with minimal flight.

The mapping task covers the scenario of mapping a
tributary via a UAV equipped with a gimbal camera.
For split tributaries, multi-UAVs are used to navigate
all areas of the tributary. We assumed that the sensor is

Tributary environment

Selective path

Mapping

Figure I. Schematic of tributary mapping using a UAV when
the tributary splits into branches. The UAV should explore all
the zones for tributary mapping.

Multi-UAV

Selective path

Figure 2. In a multi-UAV system, the control strategy for
navigating all tributaries is to move the frontmost UAV to the
nearest branch.

always aimed at a straight line, even though the UAV
performs a rolling maneuver, and the river is consid-
ered a curve under the UAV’s physical constraints.
Furthermore, obstacles present in the tributary map-
ping are not considered, and it is assumed that no
obstacles interference occurs during the flight.

The multi-UAV control system must determine the
trajectory of each UAV to navigate all tributary
branches, as depicted in Figure 2. As a way to effec-
tively navigate all areas, multiple UAVs must visit their
branching tributaries in all areas. In this case, the
multi-UAV uses the leader—follower formation control
method. In practice, the tributary splits unexpectedly
during operation. The existing leader—follower forma-
tion follows the group’s leader; in this case, an unreco-
verable problem occurs when the branch is divided.
Therefore, a system that can map all diverging branches
can be developed by enhancing the control law elabo-
rate by subdividing the group.

Remark 1. Our key idea is that if the leader UAV splits
all the branched tributaries, then the multi-UAV sys-
tem can visit all the split branches. As the flight contin-
ues, small tributaries are created, but the more the
number of UAVs, the more accurate mapping is possi-
ble. Furthermore, if the number of UAVs is insufficient
to cover all the tributaries, it can at least cover the
divergent area depending on the altitude of the UAV; it
is unnecessary to perform precise mapping for tribu-
taries that are too small.

Desired behavior of multi-UAV system

The desired behavior of a multi-UAV system is illu-
strated in Figure 2. First, multi-UAVs form a group by
determining the leader and follower UAVs. Then, the
group is divided into the main group (i.e. include leader
UAV and follower UAV) and subgroup (i.e. follower
UAVs). The leader—follower formation topology and
the group and follower UAVs, as shown in Figure 3,
are used to determine the leader of the subgroup. In the
split zone, the leader UAV selects a branch, such as a
narrow tributary, and moves, while the follower UAVs
move to other tributaries.
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Figure 3. Multi-UAV formation topology: the desired behavior in a multi-UAV group, divided into a main group and subgroup. The
main group consists of the main leader UAV (R1I) and other UAVs (follower UAVs). The subgroup consists of the sub-leader and

follower UAVs.

The subgroup of the sub-leader UAYV is with loss of
generality taken as the follower UAV. The sub-leader
follows the main leader as a follower UAV; when the
main leader is lost, a new main leader must be assigned.
Among the sub-leader UAVs, the main leader UAV is
selected from the group containing the main leader.

Remark 2. The motion control of each UAV is
regrouped by a distributed supervisor when a leader
UAYV is lost. This control method can be extended to
an infinite number of multi-UAVs.

The groups thus created achieve the desired specific
formation as specified in the desired distance dj;, a con-
trol input to avoid collisions between UAVs. The for-
mation maintains a formation that maintains relative
distance in a leader—follower control. A control law for
the UAV i, e R Vi=1,...,N,andVj e N; as
defined by

u =33l pi—pill?)"

JEN

(1)

where N; is the dynamic neighbor set of ith UAYV, p; is
the position vector of UAV i, and 9; obtains informa-
tion from the neighbor UAV j through a network.
First, the desired relative distance df; = || p; —p; || is
set between the UAV j and the leader in the vertical
direction. 9; is a designed potential function that pro-
duces an attractive behavior if attractive action
|pi—pill >d; and a repulsive action if
| pi—pi |l <dj

Supervisory control theory

Here, we briefly overview the SCT and DES in this sec-
tion; please refer to Cai and Wonham®' for further

details. The SCT was developed to provide a formal
methodology for the automatic synthesis of DES
controllers.

Definition 1. A finite-state automaton G is defined as a
five tuple consisting of the following elements®’

G= (Q,E,S, o> Qm) (2)

where Q is the set of all states, X, is the set of all events,
& is the state transition function of G (§ : Q X X" — Q),
q is the initial state of G, and Q,), is the subset of mar-
ker states, which indicates a desired state Q,, C X. In
the transition function 8, X" represents a string of
events containing the null event e. The event set is par-
titioned into a set of controllable events 3, and a set of
uncontrollable events 2,.(2 = 2. U2,.).

Definition 2. The closed behavior of G is the language
as follows

L(G) = s € 2%|8(qq, 5)! (3)

where 8(qo, s)! indicates that the next state in which the
string s occurs at ¢ is defined in G. Furthermore, the
marked  behavior of G is  defined as
L, (G) :={s € L,(G)|&(xg, ) € O }. A string s is a pre-
fix of the string ¢, and the prefix closure of language L
isstated as L = {s € 3"|(Jr € X")[st € L]}

Definition 3. The marked behavior of a language L,
denoted as L,,, is defined as follows

Lm(G) = {S € L(G) : 8(qO’ S) € Qm} g L(G) (4)
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Table I. Events for each UAVs. System modeling
State Event Description Controllable Plant mOde”ng fOF multi-UAV SyStem
General o Arming 5 We proposed an approach to tributary navigation
as Disarming o using multiple UAVs with leader—follower formation
as Take-off o control for tributary mapping. Therefore, one of the
a7 Landing o goals of this study was to enable collaboration between
@9 Hovering © field UAVs to design automata models for tributary
o Move to tributary o . .
Leader 8, Start mission 5 mapping consisting of leader apd 'follower UAVs.
Bs Move to narrow o Automata models represent the initial states, double
tributary lines indicate marked states, and the events and state
Bs Send message to o transition functions are specified by alphabetical desig-
follower UAV nations and arrows. Table 1 lists the event, description,
By Return to home o
Bo Altitude up 5 and status as controlla.ble or uncontr.olla.ble.. Moreover,
B Altitude down o all events are categorized by state, indicating that an
B, Finish mission o event can change at any time with a state change. Odd-
Ba Tributary detected X numbered events are controllable events (indicated by
Be -dr”bUta':dy not X (), and even-numbered events are uncontrollable
Be Tfit,fuc::ry detected % events (indicated by X ). All events are assumed to be
more than two observable.
Follower v Following leader o In a multi-UAYV system modeled as a DES, the plant
UAV consists of n sub-plants (UAVs), where each UAV is
72 Lost leader modeled by a finite-state automaton G = {X,3,¢,
V3 Following sub- o . :
leader UAV X0, X;n }. Sub-plant models are categorized according to
¥s Received message o the leader—follower formation control strategy, as
from leader UAV shown in Figure 4. In addition, the sub-plant is
Assign o Assigned sub- o designed to include the assign UAV to consider a tribu-
. l:gji;:e%ﬁ‘:a der . tary mapping scenario because the leader and follower
UAV not only initially assign roles but also have to reassign
o3 Assigned follower o them according to the environment. Therefore, the
UAV overall plant G is defined as the parallel composition of

UAV: unmanned aerial vehicle.

where G is nonblocking if L,(G) = L(G). The marked
state can be reached after a string occurs in any state of
G. The nonblocking is defined as reachability because
the appropriate automaton G and its language L(G)
can fall into deadlocks or livelocks when L(G) is
blocking.

Plant G and its behavior specification £ are modeled
as automata G = (X,2,§,a,Xy) and E = (0,2,8, qp).
The supervisor is also defined as an automata

S={Y,2,¢8, Yo}

Definition 4. Controllability is defined as the following
condition being satisfied

(Vs,u) € 2yersu € L(G) — su € L(G) (5)

where u is an uncontrollable event.

The language K C X" is controllable (w.r.t. G) pro-
vided for all s € K. A supremal (i.e. the maximum) ele-
ment exists and is denoted by supC(K). Specification
language F is proposed to restrict the behavior of the
plant. The specification language £ C X", and E has an
optimal (maximally permissive) supervisor S.

the n component UAVs G = (U, v, ¢, uy, Uy,,). In this
study, the plant model G is the synchronous product of
n component UAVs (Definition 4), language G consists
of a finite-state automaton, leader UAV G, follower
UAV Gy, and assign UAV state G4. Plant model G is
obtained as G = G.||GF||G4. Each sub-plant model
includes three states: general state, follower UAV state,
and leader UAY state.

Definition 5. The overall plant G is obtained by the
automaton synthesized by the following operation

Q = (Ql X Q2a2 = 21 U22aq0 = (qO,laqO,Z)an =
Qum.1 XQpu2:(q1)q2) € Q; X Qp, Vs €21 U2,

(6)

where || denotes the synchronous product of languages
and Q is synchronous with Q;||Q, According to
Definition 5, the overall plant is obtained by
G = Gy|Gall. . [|Ga.

The obtained overall plant G consists of 15 states, 67
transitions, and 23 events. Here, this plant is obtained
by the leader UAV, follower UAV, and assign UAV.
This plant includes one leader UAV, one follower
UAYV, and one assign UAV. As the number of UAVs
increases, the overall plant scale increases rapidly.
Owing to the nature of the tributary, which is not
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Figure 4. Automata model for each sub-plant: (a) leader UAV G, (b) follower UAV Gf, and (c) assign UAV state Gy.

constant, it is not possible to accurately predict the split
zone; therefore a large number of UAVs are required.
Consequently, the tributary mapping system is com-
posed of a large-scale plant.

Leader UAV model. The automaton of leader UAVs
model, G, (shown in Figure 4(a)), represents the states
and events of the UAVs. The states are defined as

D= A{X. 3L E) X 0. X ) for i€ {1,2,...,n}. The
states are Gy = {Ly, Ly, L3, Ly}, where L;: Ideal, L;:
Arming, L3: Hovering, and L4: Performing task. The
leader UAV model consists of the general state and
leader UAV state. Here, L, L, and L3 represent the
general state, a set of states before the event (8, Start
mission). For example, if an event 8; occurs in state L3,
it transitions from the general state to the leader UAV
state. Because all UAVs have a general state, multiple
leader UAVs can be created, which makes it possible to
search for split tributaries. If 8, or B5 occurs in state
Ly, it transitions from the leader UAV state to the gen-
eral state.

Follower UAV model. The automaton of the follower
UAYV model, Gp (shown in Figure 4(b)), represents the
states and events of the UAVs. The states are defined as
G = {Xp 2 € X 00 X} for je {1,2,...,m}. The
states are Gg = {Fy, F», F3, F4, Fs}, where F|: Ideal, Fx:
Arming, F3: Hovering, F4: Following leader UAV, and
Fs: Performing task. The follower UAV model includes
the general state, leader UAV state, and follower UAV

state. The follower UAVs model includes the leader
UAV state because the leader UAV has to selectively
map when it detects the split zone. Furthermore, fol-
lower UAVs may lose leader UAVs (e.g. communica-
tion and battery); thus, they cannot map the desired
explored area. In this case, the follower UAV should be
transitioned into a leader UAV to cover the split tribu-
tary. Therefore, the follower UAV model consists of
the general state, follower UAV state, and leader UAV
state. The general state occurs before the assignment of
the follower UAV. Here, the follower UAV states F,
F,, and F;5 depict the general state, F4 the follower state,
and F; the leader state.

Assign model. The automaton of the assigned UAV
model, G4 (shown in Figure 4(c)), represents the states
and events of the UAVs. Before leader—follower forma-
tion control, UAVs are allocated states for leader—fol-
lower. The desired behavior of an assign UAV and its
states are defined as follows: G4 = {G, F, L}, where G:
general state, F: follower UAV state, and L: leader
UAV state. The G4 allocates a UAV state to each
UAYV, meaning that each UAV state is determined as
the general state. The general state is defined before the
allocation of leader or follower roles.

Remark 3. In plant modeling, a common state that
exists before the leader and follower is assigned. A fol-
lower is not only transitioned from a specific state to the
leader state but can also become a leader even in
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Figure 5. Specification for modular supervisor: (a) Mission performing (SPECI), (b) Altitude control (SPEC2), and (c) Grouping

(SPEC3).

unexpected situations. The follower can transition to
the general state and then to the leader state at any
time.

Specification modeling

Desired behavior is the specification (i.e. language
(K, K,;;)) that defines the legal behavior of G under con-
trol. We designed a controllable language that meets
the conditions for becoming appropriate specifications
to satisfy the nonblocking and controllability. The
UAYV’s behavior is implemented based on the specifica-
tion. For the supervisor, the specifications are defined
as follows:

e SPECI: Mission performing: Prior to performing
the mission, in the hovering state, the leader UAV
moves to the tributary and then performs the
mission.

e SPEC2: Altitude control: During the mission, the
leader UAV can increase altitude if the entire tribu-
tary is not sensed.

e SPEC3: Grouping: The group is subdivided into a
main group and a subgroup. Each subgroup desig-
nates its leader, and the follower UAYV follows the
sub-leader. If the UAYV loses its leader UAYV, it
attempts regrouping.

The designed specifications (Figure 5) are divided
according to the roles of the leader and follower. Each
UAY is designed to serve a role even when its status
changes. SPECI1 and SPEC2 are imposed on the leader
UAYV and SPEC3 is imposed on every UAV. The mis-
sion can be performed more effectively, even in unex-
pected situations, using the control SPEC3. SPEC3
satisfies all sub-specifications SE1, SE2, and SE3, where
SEI1 requires that multi-UAVs are divided into a main
group and subgroups, SE2 ensures that the subgroups
decide the sub-leader, and the follower UAV follows
the sub-leader, and SE3 ensures that when the leader
UAYV is lost, regrouping is initiated. Here, SPEC3 is
obtained as SE1 A SE2 A SE3.

Synthesis of supervisor S

For plant G and the imposed specification E, let the
supervisor be denoted as S. In this study, supervisor S
is not an observation supervisor, and we assume that
all events are observable. Therefore, the supervisor pre-
vents a non-reachable state in a deadlock loop, disabled
event w.r.t. controllability.

For multi-UAV systems, the maintenance of forma-
tion between groups involves a series of modular super-
visors rather than a single monolithic supervisor. Each
modular supervisor maintains a subset of specifications
or acts on specific plant components in particular
subsets.

Remark 4. Plant G comprises sub-plants G, G, G4,
and the specification E comprises SPEC1, SPEC2, and
SPEC3. The supervisor comprises multiple modular
supervisors (S;), one for each specification, considering
the plant. The modular supervisor is computed as
S; = SupC(E;,G). Each modular supervisor S; for
ke {l,...,n} is obtained without information about
the other supervisors. Modular supervisors can be exe-
cuted in parallel.

The modular supervisor is obtained using TCT soft-
ware. For modular supervisory control, the alphabet of
E should be equal to the alphabet of G. Therefore, the
specification can be satisfied by a self-loop automaton
that contain all events in the alphabet of G. In the TCT
software, the specifications are designed as follows:
EVENTS = allevent(PLANT) and self-loop for all
events El1 = sync(E1l, EVENTS). Modular supervisor
S is obtained as a supervisory controller of the sub-
plant by synthesizing E1, S| = supcon(PLANT, E1).

The plant of behavior that satisfies the specification
as shown in Figure 6. The obtained S; contains the 23
states, 23 events, and 107 transitions. Similarly, S,
synthesizes E2 that contains 24 states, 23 events, and
84 transitions. S5 synthesizes E3 to obtain a modular
supervisor that contains 45 states, 23 events, and 212
transitions. The modular supervisor allows all events
that satisfy the control specifications to reach their
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61P3 570,11

Figure 6. Modular supervisor according to specification: (a) modular supervisor | (S;), (b) modular supervisor 2 (S,), and

(c) modular supervisor 3 (S3).

maximum. For example, for modular supervisor 3 (S3),
when the plant behaves as a flow of ¢; = é(qo, @),
q4 = 6(q1,as), g7 = 8(q4,v,), and q11 = 8(¢7,01) from
the initial state g, it become deadlock in ¢;;. The mod-
ular supervisor disables the event for o in ¢7, so that
¢11 1s not reached. States after transition from ¢ to
q13 cannot reach the marked state. Therefore, the mod-
ular supervisor can always transition from ¢j( to ¢;3 to
the marked state by disabling vys.

Results

Experimental setup

In this study, we performed an experiment using a
physics-based simulator to validate the proposed super-
visory controller for multi-UAV-based tributary map-
ping. The simulation environment is illustrated in
Figure 7. The simulation included five UAVs, compris-
ing one leader UAV and four follower UAVs, and the
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Figure 7. Experimental environment for supervisory control.
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Figure 8. Experimental scenes for multi-UAV system using leader—follower formation control for tributary mapping.

environment was set similarly to a river environment.
The tributary split into three sub-tributaries and had
two split zones. A physics-based simulator was built to
implement and validate a tributary mapping system
with multiple UAVs, and a modular supervisory con-
troller was designed for these split zones. Each UAYV is
equipped with a vision sensor that can recognize a
branch, and the designed supervisor can determine the
path of each UAV. The system was implemented using
CoppeliaSim, a UAV simulator, while low-level and
high-level controllers were implemented in MATLAB.
The signal was recorded at 50 Hz to evaluate the per-
formance of the proposed supervisory controller. We
designed low level and supervisory controllers to con-
trol a target plant G modeled by automata. The super-
visor provided a feedback control loop that satisfied

the behavioral specifications that reflected the control
objectives.

Results and discussion

Figure 8 demonstrates scenes from the dynamic prog-
ress of the multi-UAV mapping during the experi-
ments. The multi-UAVs are assigned the leader and
follower states before the simulation. When assigning a
leader and follower UAV, the UAV with the closest
relative distance to the leader UAV among the follower
UAVs is determined as the sub-leader; then, a group is
created among the follower UAVs. In the simulation
environment, a path is predefined from the start to end
points and assigned to the leader UAV under the
assumption that the tributary is recognized without
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Figure 10. Experimental result of each UAV event sequence.

image processing. When the leader UAV moves along
the assigned path, the follower UAVs maintain their
relative distance-based formation. Figure 9 illustrates
the trajectory of single and multi-UAYV in a tributary
environment, including a split zone.

SPEC1 and SPEC3, the behavior specifications
designed to achieve the control objective, are repre-
sented in the simulation. SPEC2 pertains to tributary
recognition. Because tributary recognition was not per-
formed in the simulation, the content for altitude con-
trol was not implemented. During the simulation, when
the tributary detected more than two events (B5) occur,
the leader UAV is in a split zone. Then, the follower
UAV (sub-leader UAV) receives a message from the
leader UAYV, and the follower UAYV state transitions to
the hovering state (general state) before performing the
mission. Subsequently, the state of the leader UAYV is
assigned, and the mission is performed (SPEC1).

Figures 10 and 11 illustrate the events and states of
each UAV. A new leader group is created in split zone

1. UAV 2, closest to the leader UAV (UAV 1), is newly
assigned as the leader and performs the mission. In
split zone 2, UAV 3, closest to the leader UAV (UAV
2), is newly assigned as the leader and performs the
mission. Consequently, the mission is completed by
UAVs 1, 3, and 2. The transition to the general state
and tributary mapping is completed. The mission com-
pletion time is 92, and 192s if a single UAV is driven
redundantly. Consequently, as shown in Figures 9-11,
during regrouping, a new leader is assigned in each split
zone, and one of the follower UAVs is assigned as a
sub-leader UAYV, which follows the sub-leader UAVs.
Furthermore, we confirm that the control action is suit-
able for the designed SPEC3. The multi-UAV system
tributary mapping completion time and total distance
are present in Table 2. The multi-UAV completion time
is 925, and the single UAV system is 192's according to
exploration on an overlapping path. The total distance
of multi-UAYV is increased compared to single UAV.
Because the multi-UAV total distance is 183.72m
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Table 2. Experimental results of complete time and distance.

Completion time (s) Total distance (m)

Single UAV
Multi-UAV

192
92

105.92
183.72

UAV: unmanned aerial vehicle.

(36.16 + 40.38 + 36.04 + 37.06 + 38.08) by sum-
ming all UAV’s paths. However, the path of each UAV
is reduced by preventing overlapped paths.

The proposed SCT-based multi-UAV system was
designed by considering controllability to solve the tri-
butary mapping scenario, which is one of the practical
applications. All events were assumed to be observable
in this experiment, and the results varied depending on
the controllable or observable events. If the leader
UAYV is lost during the tributary mapping process
because of communication problems, the lost UAV
path cannot be observed as an event. In this case, the
newly assigned leader UAV can plan the same trajec-
tory and perform mapping as the lost UAV. Therefore,
this may not be the most efficient because it repeatedly
explores the same area. This problem will be solved if
we consider observability. Therefore, we assume that
all events are observed, an SCT-based approach for
practical applications and demonstrated its effective-
ness through dynamic simulation results. The proposed
SCT-based system minimized the control complexity
and guaranteed scalability as the number of UAVs
increases in a large-scale dynamic system.

Conclusion

In this study, we proposed an SCT-based tributary
mapping approach using multi-UAVs. Each UAV
was modeled as an automaton considering a split tri-
butary environment. For the dynamic large-scale

plant that was modeled, we designed a modular super-
visor of each control specification for each UAV and
designed control specifications based on SCT for
branch mapping. The plant and specifications were
modeled and designed using automata, while supervi-
sors were synthesized using MATLAB TCT. We
implemented the proposed system and verified via a
physics-based simulator that satisfied the control
specifications.

The formation shape was not determined, and only
the leader—follower control method was presented. The
multi-UAYV system achieved the given goal in the simu-
lation environment and covered all tributary regions.
This method has the advantage of acquiring multiple
images in a single flight. We believe this approach is
suitable for practical applications using multi-UAV
systems in the ecosystem and life systems. In the future,
we will implement and verify tributary mapping using
an SCT-based multi-UAV system via real-world
experimentation.
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