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Modeling and Control of Heterogeneous Agricultural
Field Robots Based on Ramadge—Wonham Theory

Chanyoung Ju

Abstract—Cooperation among heterogeneous agricultural field
robots in an agricultural environment guarantees the advantages
of effectiveness and scalability. However, traditional control theo-
ries for coordination among multiple heterogeneous robots lack a
systematic modeling method and a control strategy under unstruc-
tured and uncertain environments. To handle these limitations,
a novel approach based on the Ramadge—-Wonham theory and
discrete event system is proposed in this letter. Specifications and a
supervisory controller based on discrete event models were defined
from an agricultural perspective considering cooperation among
heterogeneous agricultural field robots. Discrete event systems
were modeled through the automata theory and the behavior of
heterogeneous field robots satisfied the designed specifications. The
resulting supervisor ensures that the control objectives of formation
control, obstacle avoidance, movements, and path following are sat-
isfied. The approach and architecture proposed in this study were
validated using a physics-based simulator and field experiments.

Index Terms—Robotics in Agriculture and Forestry, Discrete
Event Dynamic Automation Systems, Cooperating Robots.

I. INTRODUCTION

ITH the continuous increase in the global population, the
demand for novel agricultural products and systems also
continues to rise [1]. Accordingly, a new concept in agricultural
systems, called smart agriculture, has emerged and has been
globally adopted to deal with climate change, while considering
biodiversity, eco-friendly farming, and highly efficient produc-
tion through the use of a smart farm. The fundamentals and
core technologies of smart agriculture include the IoT, Big Data,
Al, Nanobiotechnology, cloud, sensors, field robots, automation,
and cyber-physical systems. One of the fastest-growing areas
of smart agriculture is robotics technology [2], which is being
applied to various agricultural environments such as outdoor
culture and cultivation (i.e., orchards, paddy fields, greenhouses,
and plant factories).
In traditional agricultural approaches, ground machines (i.e.,
tractors, pest control machines, and combines) are primarily
used. However, agricultural robots that have been developed
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have various forms, such as an unmanned vehicle (e.g., aerial
or ground) and mobile manipulator [3], [4]. The introduction
of these agricultural robots has resulted in productivity im-
provements and a reduction in the working hours of farmers
and laborers performing agricultural tasks. Nevertheless, these
robots are insufficient for satisfying the rising demands for
agricultural products. Therefore, the architecture of multi-robot
systems, which can efficiently perform tasks by distributing
areas to multiple robots, is being increasingly studied in the
field of agriculture.

Recently developed multi-robot agricultural systems can be
classified into UGV swarms and UAV swarms; representative
studies of these systems include the swarm robotics for agricul-
tural application (SAGA) and mobile agricultural robot swarms
(MARS) projects being undertaken in Europe. Specifically, the
SAGA aims to apply multiple UAVs to the field of agriculture
by mimicking the behavior of bee clusters to create a map
and remove weeds [S]. The MARS project aims to develop
streamlined and small mobile robots to cause a paradigm shift
in farming [6]. However, instead of homogeneous robotics,
collaboration and cooperative control among heterogeneous
agricultural field robots are required for the definitive automation
and robotization of agriculture.

A heterogeneous multi-robot system can overcome the limita-
tions of existing homogeneous multi-robot systems because the
advantages of each robot type are utilized while its disadvantages
are compensated [7]. For example, if a UAV identifies and shares
information about areas where fruits are moderately ripe while
performing remote sensing in an orchard, a mobile manipulator
can harvest them faster and more accurately. As another exam-
ple, if a UAV creates a three-dimensional map that includes the
global positions of obstacles (e.g., people, trees, and poles), the
UGV that locally detects an obstacle can decrease the risk of an
accident based on the data from the map. Also, heterogeneous
field robots can be actively applied to agricultural tasks such
as image processing-based [8] variant spraying (e.g., aerial
robots: tall trees, ground robots: low plants) and deep neural
network-based [9] crop monitoring or inspection (e.g., aerial
robots: global, ground robots: local). Thus, cooperation among
heterogeneous agricultural robots maximizes their applicability,
enabling this system to be a key future smart farming technology.

However, instead of the traditional control theory, a systematic
approach is required to model the behavior of a system and
dynamics and control heterogeneous field robots. Moreover,
the problems of cooperative control are challenging in that it
requires dynamic interaction with unstructured and uncertain
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environments. To solve these problems, discrete event system
(DES)-based approaches and supervisory control theory [10],
[11] have been introduced for controller design and plant mod-
eling in the case of complex systems (i.e., multiple robot sys-
tems, communication networks, and computer systems). The
Ramadge—Wonham (RW) theory based on a DES has proven to
be effective for controlling complex dynamic systems through
the design of a supervisory controller (supervisor) that satis-
fies behavior specifications and maximally permits the eligible
events [12]. Moreover, a DES framework offers a simpler and
systematic construction of multi-robot systems and does not
require rigorous system modeling [13], [14]. Hence, the DES-
based RW theory is ideally suited for heterogeneous agricultural
field robot systems where system modeling and controller design
are greatly challenging.

A. Objective of the Study

The objective of this study is to develop an approach based on
a DES for cooperation among heterogeneous agricultural field
robots. To achieve this, we apply the RW theory to design a
supervisory controller systematically using specifications based
on discrete event models. Please note that the RW theory was
applied for manufacturing system automation in [13] while it
is applied for the cooperation of heterogeneous agricultural
field robots in this letter. We model the cooperative behavior
among heterogeneous field robots as finite state automata from
an agricultural point of view. This approach originated from
the development of a system that allows heterogeneous agricul-
tural field robots to collaborate on tasks to be performed while
satisfying the given specifications. The resulting supervisor
ensures that the heterogeneous agricultural field robots follow
a target path while avoiding obstacles and forming a desired
formation and movements. The heterogeneous robot systems
include multiple UAVs (follower robot) and one UGV (leader
robot). The proposed system and approaches based on the DES
framework and RW theory are validated and verified through a
physics-based simulator and field experiments.

B. Related Works

The control of multiple robots based on the DES framework
and RW theory has attracted considerable research attention over
the past few years [15]. In [16], a supervisor was designed
to maintain the formation of multiple mobile homogeneous
robots and to avoid obstacles for their dynamic interaction. [17]
studied the swarm for the formation control of homogeneous
ground robots and [18] applied the RW theory for dynamic task
allocation of multiple robots. In [19], a supervisory controller for
failure diagnosis was studied while controlling a homogeneous
ground robot system used in a warehouse and factory. This the-
ory has been applied to various systems such as exploration [20],
warehouse [21], search and rescue [22], and fight [23]; however,
these applications are still in the early stages of research and
development. Herein, we attempt to apply the DES and RW
theory in the field of smart agriculture for cooperation among
heterogeneous agricultural field robots, which, to the best of the
authors knowledge, has not been investigated until now.

In the field of agriculture, the concept of cooperation among
multiple robots is still in the early stages owing to the diversity
of soil, crops (rice, apple, corn, etc.), terrains (land, orchard,
greenhouse, etc.), agricultural tasks (irrigation, harvesting, mon-
itoring, cultivation, etc.), and climate conditions (temperature,
humidity, rainfall, etc.). [5] proposed a roadmap for monitor-
ing and mapping using multiple homogeneous UAVs for their
agricultural application. The study in [24] attempted to develop
a farming system using multiple robots (tractors). In addition,
remote sensing [25], water management [26], field coverage, and
weed mapping [27], [28] have been studied using fleets of UAVs.
Studies have also been conducted on heterogeneous agricultural
robots [29]-[31]. However, in contrast to our study, they focus on
agricultural work under certain conditions based on continuous-
time system and do not deal with the systematic control of
heterogeneous robot systems, flexible control architecture in
dynamic environments, and various conditions for scalability.
The proposed system in this letter is extended to a discrete-event
system in a continuous-time system and has the advantages
of potentiality, feasibility, and scalability in the application of
heterogeneous multiple robots to agriculture. Therefore, a novel
approach based on DES and RW theory, not the conventional
control system perspectives, is discussed that can model, control,
and analyze complex dynamic systems effectively and system-
atically by extending previous studies [32], [33].

C. Structure of the letter

The organization is as follows. In Section II, we shortly
review the concept of DESs and the RW theory. In
Section III, we introduce the finite state automata-based model
for heterogeneous agricultural field robots. In Section IV, we
propose a supervisory controller with specifications based on the
RW theory and present the control architecture for cooperation
among heterogeneous robots. In Section V, we implement the
proposed DES and supervisor and verify the simulation and field
experiments. Additionally, we present systematic results and
discuss the analysis using a deeper evaluation. Finally, we draw
conclusions and address the scope of future studies in Section VI.

1. RAMADGE-WONHAM THEORY

Here, we briefly overview the RW theory and DES, please
refer to [11], [12] and [13] for more details. DES is a dynamic
system with characteristics of continuous time and discrete state
space. DES is also an event-driven system that the state is
thoroughly transitioned by the eligible events with the passage of
time. In this study, we applied the automata theory as the discrete
event modeling formalism to explain the system behavior.

The finite state automaton G for modeling a DES is a tuple
consisting of the following five elements [34]:

G = {A7Y‘aC7a07Am} (])

where A is the set of all states, Y is the set of all events, ( is
the state transition function of G ({ : A X Y* +— A), ao is the
initial state of G, and A,,, is the subset of marker states, which
indicates a goal state or a final state (A4,, C A). In the transition
function ¢, Y* represents a sequence (string) of events containing
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the null event €. Moreover, the event set Y is categorized as a set
of controllable events Y. and a set of uncontrollable events Y.
The language occurred by the automaton G is defined as

L(G) :={s € Y*|¢(ap, )} 2)

where ((ag, s)! indicated that the next state in which the string
s occurred at ay is defined in G. The prefix closure of language
L(G) is defined as

L(G)={teY|t<s Isc L(G)} 3)

here, L(G) is defined as prefix-closed when L(G) = L(G).
The marked language of automaton G is defined as

L (G) :={s € L(G)[¢(ao,s) € Am} C L(G)  (4)

if G satisfies L,,(G) = L(G), then L(G) is defined as non-
blocking. In other words, it indicates that the marked state can
be reached after any string occurs in any states of G [11].
Nonblocking is a necessary condition for designing a proper
supervisor in the RW theory, because the DES may fall into
deadlocks or livelocks when L(G) is blocking.

Supervisory control is a feedback control theory for DES; it
is a control method that observes the occurrence of events or
states of DES and then permits or inhibits controllable events to
achieve the control objectives.

Also, the supervisor is defined as the automaton S = (X, Y,
0, xo, Xpm ), where X, Y, 0, xo, and X, represent the set of states,
set of events, state transition function, initial state, and marker
state, respectively. Consider that the plant is defined as DES G,
and the behavior and generated language of plant G under the
supervisor .S are defined as

S/G:{XXA,Y,(;XC,(I'o,ao),XmXAm} (5)
L(S/G):e€ L(S/G),Vs € Y", e € Y:

s € L(S/G),sv € L(G),v ¢ © = sv € L(S/G)
(6)

where v is a specific event, and © is a control mapping function
defined as © : L(G) > 27,

The controllability of L(S) wrt. G is described in
Definitions 1.

Definition 1: S'isdefined as controllable w.r.t. (G, Yy,.) when
the following condition is satisfied

5)

In other words, s, which is allowable by S and an uncontrol-
lable event v, is eligible in G, if the sequence sv is eligible in
G and if S also allow sv, then S is controllable w.r.t. G.

Moreover, the supervisory control problem (SCP) used to
design a supervisor is defined in Definition 2.

Definition 2: For a given K C G, find a supremal language
S that is controllable w.rt. (G, Y,.), satisfying L(S/G) = K
and L(S/G) = L, (S/G).

Thus, if K is defined as the specification for G, the SCP is
to find a supervisory controller that satisfies L(S/G) = K =
L,,,(S/G) and is nonblocking and controllable w.r.t. G. Here,
there can exist a plurality of supervisors that satisfy speci-
fications and are controllable. Among these K, a supremal

(Vs,0)s € L(s),0 € Yy, 50 € L(G) = sv €
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controllable sublanguage of K is determined as the solution of
the SCP. Therefore, S can allow the eligible language to occur
in G maximally.

III. SYSTEM MODELING
A. Problem Description

This letter addresses the supervisory control of heterogeneous
agricultural field robots in agricultural environments. The het-
erogeneous agricultural field robots were set up using multiple
UAVs and one UGV equipped with an agricultural working
module, i.e., more specifically, a leader UGV and follower
UAVs.

We express the behavior of field robots as finite state au-
tomata to model the cooperation based on DES. The detailed
model of the cooperative behavior consists of path following,
formation maintenance, obstacle avoidance, and movements,
and is described in Section III-B. Through this approach, agri-
cultural field robots can follow the given path, avoid obstacles,
and maintain their formation while operating in agricultural
environments. Therefore, the plant model for each field robot
can be obtained through the component model based on finite
state automata as mentioned above. The process of obtaining the
overall plant model is described as follows.

In a DES consists of multiple robots, the overall plant consists
of n(>1) component models, where each robot k(€ [1, ..., n])
is modeled by the automata Gy = (Ak, Yk, Ck, Ck0; Akm)-
Therefore, the overall plant G is the parallel composition of
the n component robots, defined as

G= (A,Y,C,QO,Am) = Gl” e ||Gn’
Gil|Gj = Ac(Ai x AR, YUY}, C, (aoi, aoj), Ami X Amy)
Lil|Lj = (La]| (05 = X3)") N (L[| (F = X)) ®)

where the event set Y of the overall plant model G is classified
into two disjoint sets, i.e., the controllable events set Y. =
Uke(1,...,n) Yk,c and uncontrollable events set Yy = Uge(1,... )

k,uc-

B. Plant Modeling for Heterogeneous Agricultural Field
Robots

In this study, the states and events are minimized in the
discrete event model. This minimization is performed through
the projection map of the events that are unobservable and are
unneeded to observe by the supervisor and do not affect the
behavior of specifications toward e.

1) Component Model of Path Following G,: The finite state
automaton G, shown in Fig. 1(a) models the behavior of path
following for heterogeneous agricultural field robots. The events
of G, are explained in Table I. G}, has two states, described as
follows:

e A, ={Py, P,} where Py: driving, Py: following

If the state of the automaton G, is P; and the event o that
assigns the target path occurs, the state of G, will transition to
P5. Subsequently, if the event oy where the robot reaches the
goal area or cvy where the path is cleared occurs at P», the state of
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TABLE I
EVENTS FOR DES MODELS

Model  Event  Description Controllable

o] Path assigned X

G o) Path reached X
4 o Follow path (o)
oy Path cleared X

B Leader connected X

Gy B Leader disconnected X
B3 Maintain formation O

m Mission received X

G m Mission finished X
m M Robot stopped X
N4 Move forward O

Wl Obstacle detected X

G, Vo) Free space detected X
v Avoid obstacle (6]

G, will transition back to P;. Otherwise, the controllable event
a3 is used to follow the given path.

2) Component Model of Formation Maintenance Gy: The
finite state automaton G'¢, described in Fig. 1(b), models the
behavior of formation maintenance for three follower UAVs. It
has two states, which express the status of the robot regarding
formation control, described as follows:

* Ay = {Fi, F>} where Fy: hovering, Ps: forming

The events of Gy are specified in Table I. This automaton is a
representation of follower UAVs navigating with the leader UAV
by forming the desired formation. When the state of Gy is F}
and the event 3; where communication connected with the UGV
occurs, the state transitions to F5. In F5, if a controllable event
33 occurs to allow the follower UAV's to form a formation, it can
continuously maintain the formation. However, when 35, which
is an event where the communication with the leader UGV is
disconnected, the state of G ¢ transits to F, and the field robots
cannot form a formation.

3) Component Model of Movements G ,,: The finite state au-
tomaton (G,, models the robot movements as shown in Fig. 1(c).
The events of (G,,, are listed in Table I. G,,, also has two states
for expression of movements, described as follows:

o A, ={M, My} where M;: stopping, Ms: moving

The occurrence of the event 7, is a mission (or task) assign-
ment to the robot, which transmits the state of G,,, from the
stationary M; to the movements Ms. The events 72 and 73
indicate that the robot has been stopped owing to the completion
of the mission, breakdown, or accidents. The occurrence of 74
in state M, represents a controllable event that causes the robot
to navigate forward. For example, when a simulation starts or

Na

© (d)

DES models. (a) Path following G7;,. (b) Formation maintenance Gy (c) Movements Gy, . (d) Obstacle avoidance G .

a specific mission and task are assigned to a robot, the state of
the robot transitions to Mo, the controllable event 7, is allowed,
and then the robot moves.

4) Component Model of Obstacle Avoidance G,: The finite
state automaton GG, shown in Fig. 1(d) models the behavior of
obstacle avoidance for heterogeneous agricultural field robots.
G, has two states showing the status of the robot to avoid
obstacles, described as follows:

e A, ={01,0:} where Oy: exploring, Oy: avoiding

The events of GG, are explained in Table 1. For cooperation
in an agricultural environment, each robot must navigate while
avoiding obstacles. Therefore, it requires events to handle unpre-
dictable obstacles. When an obstacle is detected, the controllable
event v is used to avoid obstacles and collision. v; and -5 are
uncontrollable events related to sensors attached to the robots.
Thus, when the obstacles are detected, the state of the automaton
G, transitions from O to Os.

In this study, we only address the high-level control based
on DES and the RW theory, but we do not deal with low-level
control for coordination among the heterogeneous agricultural
field robots. For further details of low-level control regarding
controllable events, we refer the reader to [28] and [35].

IV. SUPERVISORY CONTROL
A. Modeling of Specification F

As the goal of the system is the cooperation among hetero-
geneous agricultural field robots, specifications for the leader
and follower robots were designed. The specifications for the
supervisor are as follows:

1) The leader robot and the follow robots move after receiv-

ing the mission.

2) The leader robot follows the path after receiving the mis-
sion.

3) The follower robot forms a formation before the leader
robot follows the path.

4) When the obstacle is detected, the leader robot and fol-
lower robot assigns priority to obstacle avoidance rather
than path following and formation maintenance, respec-
tively.

For example, the automaton E'5 of Fig. 3(b) is the specification
for maintaining formation. When the follower robot receives
the mission (71), it moves forward. In this case, if the leader
robot is assigned a path («), the follower robot cannot form
a formation. Therefore, the robots cannot cooperate, and the
follower robot does not operate normally. Consequently, the
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Fig. 2. DES models for heterogeneous field robots (a)Leader robot Gieader-
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behavior specification is designed to allow the follower robot
to form the formation first before the state of the robot is
transitioned to state 3.

B. Design of Supervisor S

The DES models of the leader and follower robots (Fig. 2)
were obtained using the following method:

G1leader = GP' |GmHGo (9)
Gfollower = GfHGmHGO (10)

where controllable events are {a, 14, v3} and {83, 74,73}

The supervisor S can selectively allow the controllable events
generated by the plant, thereby controlling the heterogeneous
field robots to satisfy the desired behavior. In this study, a
supervisor-based architecture is proposed to design the desired
controller to deal with the cooperation among heterogeneous
agricultural field robots. For a given plant G and specifications
FE;,i=1,2,..., n,supervisors .S; are the solutions of the SCP
obtained using the following procedure in Theorem 1.

Theorem 1:

1) Define the plant automaton G, the specifications automa-

ton E;, and the sub-plants Gy ;

IEEE ROBOTICS AND AUTOMATION LETTERS, VOL. 5, NO. 1, JANUARY 2020

TABLE II
CONTROL ACTION OF SUPERVISOR S/G

M /Gleader SZ/Gfallower
State  Function ®;  State  Function ©

Ly XX0 Fy X00
L 100 F 100
Ly X10 123 X10
Ls XX1 F X01
Ly X11 Fy X11
Ls 100 Fs 100
Lg 101 Fs 101
Ly 101 F 101

2) Verify the controllability of E; w.r.t. Gy ; using Y, in E;

3) Verity the condition of nonblocking of E;

4) Verify the condition of nonconflicting of E; w.r.t. Ggyp ;-
If E; is nonconflicting, then S} = E;

5) Find S; (the supremal controllable sublanguage) of E;
W.ILL. Gsub,i

6) S is the solution of the SCP w.r.t. (E;, Gsyp,i)

7) If L(S;) = L(S}/Gsup,:), then S} is the solution of the
SCP w.rt. E;, Gsub,i

Proof: Please refer to [13]. |

C. Behavior of Plant Under Supervisor S|G

In order to design the supervisor of the leader robot, we
assigned Gsyp,1 and Ggyp 2 as Gleader and Gipoliower» respectively.
And E] is obtained by synthesizing F; and E3, and E) is
obtained as a supervisory controller of the follower robot by
synthesizing Fo and Ey. All the events of the plant were syn-
thesized in F and E to find the final specifications. According
to Theorem 1, specifications F and E) satisfied the control-
lability, nonblocking, and nonconflicting. We have verified the
controllability, nonblocking, and nonconflicting of E and E
w.r.t. Gleager and Gioliower Via a supervisory control synthesis tool
called TCT [36]. Therefore, hereafter, specifications F and
are defined as supervisors S7 and .So, respectively. Table II shows
the supervisory control actions of S; and S3. ©1 and O, are
control mapping function for as, 74, and 3 and (3, 14, and
73, respectively, where X is an event that does not involve, 0
is an event that suppressed, and 1, an event that allowed by the
supervisor.

V. RESULTS AND DISCUSSIONS
A. Simulation

In this study, a physics-based simulator is constructed to
validate the proposed supervisory controller for a heterogeneous
agricultural field robot system as shown in Fig. 4. The het-
erogeneous field robots include three follower UAVs and one
leader UGV, and the virtual environment is set to a hypothet-
ical environment similar to an orchard. The mission was to
follow a given path and we verified that the behavior of the
heterogeneous robot systems is consistent with the designed
supervisor during the simulation. The control architecture of
the entire system is described in Fig. 5. Here we have designed a
hierarchical structure that combines a time-driven system with a
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E3. (d) Obstacle avoidance specification for follower robot E.

* Orchard Environment

Sensing
Task

~.
~
~

Heterogeneous Robots
(UAVs and UGV)

Fig. 4. Physics-based simulator environments for heterogeneous agricultural
field robots.

Controller (Hierarchical Supervision)

| High-level Control

| Supervisor Discrete, event-driven

l Enabled events

| Interface (operational sequence) |
l Mapping function

Low-level Control
Continuous, time-driven

Events] l Command
States

| Actuators Controller

Plant

[uav UGV

eee |UAVR| oo Multi-Robot

Fig. 5. Architecture of supervisory control system.

low-level controller and an event-driven system with a high-level
controller.

Fig. 6(a) presents the simulation results based on the proposed
supervisor for heterogeneous agricultural field robots. From
this trajectory, we confirmed that the leader UGV follows the
given path, and the follower UAVs also navigate forming the
desired formation. Moreover, the collision between the field
robots and the obstacles did not occur during the simulation due
to obstacle avoidance control. Also, Figs. 6(b) and (c) show the
state transitions of the heterogeneous field robots and occurrence

N4 Bs as
Osos
B .
(b)
B3 V3 B3
__V_},@_Kz_,@
P T B T ]
(d)

Specifications. (a) Specification of path following F. (b) Formation maintenance specification Fs. (c) Obstacle avoidance specification for leader robot
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Fig. 6. Simulation results. (a) Trajectory of heterogeneous field robots.
(b) State transitions. (¢) Event occurrence.

of events during simulations. From these results, it can be seen
that the state of the heterogeneous robots is changed according
to the occurrence of events, and multiple field robots operate ac-
cording to the designed supervisor. Therefore, we fully verified
that the DES- and RW-theory-based approach can control the
heterogeneous agricultural field robots with systematic results.
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Fig. 8. Experiment results. (a) Trajectory of heterogeneous field robots.

(b) State transitions. (c) Event occurrence.

B. Experiments

We used two UAVs (3DR Solo) and the UGV (Husky robot)
to implement the proposed supervisory controller and discrete
event system. The robot operating system was used to communi-
cate between the heterogeneous field robots and a hybrid system
that combines a high-level controller and a low-level controller
was constructed as shown in Fig. 5.

Fig. 8 represents the trajectory, state of the leader robot and
the follower robot, and event occurrence, and we can clearly
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recognize how the state changes during the experiment. In more
details, we can observe the occurrence of the event through
Fig. 8(c), and the state of the leader robot and the follower
robot changed based on these event string. For example, if an
event 71, which is a path assignment event, occurs, the states
of the leader robot and the follower robot transit to L3 and
F3, respectively. In this state, each robot is controlled by the
low-level controller associated with 74 since the 74 event is
permitted by the supervisor. Then, when the event, b1, that the
communication between the leader robot and the follower robot
is connected, the state of follower robot transits to the L5, and
the desired formation can be formed by the formation control
algorithm based on the continuous-time system. In this way,
the designed supervisory controller, proposed hybrid system or
discrete event system can effectively control the heterogeneous
multiple robots and has the advantage of systematic results.

In other words, it is possible to analyze in detail how the
system behaves and how the robot states transitions based on
these results. However, in the conventional control system of the
previous studies, it is impossible to perceive the state transition
and the event occurrence (event string) in the continuous-time.
Surely, it is necessary to check what events are generated (e.g.,
obstacle detection and target contact) using the sensor for prac-
tical implementation, but if we know these results, then it will be
more efficient to manage/control the entire system (especially,
complex dynamic systems). Besides, there are many event-
driven systems in the real world (e.g., elevators, transportation
systems, production systems, etc.). Therefore, if the proposed
system is also introduced into the robotics field, it will have
more practicality and feasibility.

VI. CONCLUSIONS

In this study, we proposed heterogeneous agricultural field
robots with a supervisory controller based on a DES for cooper-
ation. The plant models and supervisory controller were modeled
and designed using an automata theory, and the supervisor was
verified by a synthesis tool called TCT. We also verified that
the heterogeneous field robot could satisfy the specifications
through a physics-based simulator and field experiments. The
results demonstrate that the occurred event changes the state
of the DES and this approach is appropriate for cooperation
among heterogeneous field robots. Therefore, we confirmed
that the RW theory is effective in controlling complex dynamic
systems consisting of heterogeneous multi-robot for agriculture.
Furthermore, we verified that the heterogeneous robots can
avoid obstacles, form the desired formation, and follow the
path set by a supervisor in simulation and that the implemented
supervisory control system has similar results with simulation in
real environments. This approach can be considered an effective
method to develop robust large-scale heterogeneous agricultural
field robot systems that can interact with dynamic agricultural
environments. Our future studies will consider more concrete
scenarios and extend the discrete event models and supervi-
sor proposed in this letter for various tasks (e.g., coopera-
tive manipulation, spraying, mapping, sampling, sensing, and
monitoring).
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