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Abstract: In this paper, we propose a multi-agent-based architecture for a Unity3D simulation of
dynamic agrirobot-fleet-coordination methods. The architecture is based on a Robot Operating System
(ROS) and Agrobots-SIM package that extends the existing package Patrolling SIM made for multi-
robot patrolling. The Agrobots-SIM package accommodates dynamic multi-robot task allocation
and vehicle routing considering limited robot battery autonomy. Moreover, it accommodates the
dynamic assignment of implements to robots for the execution of heterogeneous tasks. The system
coordinates task assignment and vehicle routing in real time and responds to unforeseen contingencies
during simulation considering dynamic updates of the data related to the environment, tasks,
implements, and robots. Except for the ROS and Agrobots-SIM package, other crucial components
of the architecture include SPADE3 middleware for developing and executing multi-agent decision
making and the FIVE framework that allows us to seamlessly define the environment and incorporate
the Agrobots-SIM algorithms to be validated into SPADE agents inhabiting such an environment.
We compare the proposed simulation architecture with the conventional approach to 3D multi-robot
simulation in Gazebo. The functioning of the simulation architecture is demonstrated in several
use-case experiments. Even though resource consumption and community support are still an open
challenge in Unity3D, the proposed Agri-RO5 architecture gives better results in terms of simulation
realism and scalability.

Keywords: distributed MAS; Unity3D; SPADE3; FIVE; agrirobots; ROS; multi-robot task allocation;

multi-robot routing; multi-robot simulation

1. Introduction

In response to the escalating global demand for sustainable and high-yield agricul-
ture, the imperative to deploy autonomous, cost-efficient, and resilient agricultural robot
(agrirobot) fleets is increasingly evident, particularly in rural areas marked by labor scarcity
and hard working conditions. In such adverse settings, where reliable access to communi-
cation networks may also be limited, the integration of digital twins becomes imperative.
A digital twin embodies a virtual surrogate of a physical object, system, or process that
provides real-time data for monitoring, analysis, and simulation for improved performance
and decision making. Digital twins play a pivotal role in enhancing the robustness and
efficiency of agriculture robot fleets operating in the edge-cloud continuum.

The goal of the presented research is to propose a multi-agent-based architecture for a
realistic simulation of dynamic agrirobot-fleet-coordination methods. This is a challenging
issue in rural areas with low connectivity and varying weather-dependent geographically
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dispersed farming operations or tasks. The tasks in this context include plowing, harvesting,
and pesticide and herbicide spraying, among others. In the medium term run, we aim to
develop agrirobot digital twins, which are virtual representations of the physical robots
and their environment, to enhance the robustness and efficiency of agriculture robot fleets
operating in real-world scenarios.

In this paper, which builds on [1], we propose Agri-RO5, a distributed multi-agent
architecture for dynamic fleet simulation that integrates various cutting-edge technologies
for a realistic simulation and testing of dynamic agrirobot-fleet-coordination approaches
before their employment in the real world. The Agri-RO5 architecture includes advanced
simulation tools to tackle the intricate agriculture fleet vehicle routing problem (AF-VRP)
in rural areas with low connectivity. AF-VRP considers both dynamic task assignment and
vehicle routing, as presented in [2].

Agri-RO5 builds upon the foundation of Agrobots-SIM [1], a powerful simulation
package designed for mobile robot coordination in agriculture. Embracing the vision to
develop agrirobot digital twins, our system prioritizes a highly distributed architecture,
seamlessly facilitated by the incorporation of SPADE3 [3] and FIVE [4]. By harnessing the
simulation capabilities of Unity3D (http:/ /unity3d.com (accessed on 22 December 2022)),
the proposed architecture offers a highly realistic simulation environment for testing and
validating agricultural robot fleets.

SPADE3 (Smart Python Agent Development Environment) is a middleware for devel-
oping and executing scalable multi-agent systems (MAS), written in Python. It features a
fully open, scalable, and extensible development and execution environment that makes
full use of a standard, well-known communication protocol XMPP (eXtensible Messaging
and Presence Protocol) (http:/ /xmpp.org (accessed on 22 December 2022)), transparent
integration of humans and agents, and a set of development mechanisms which facilitate
the implementation of MAS applications.

The Agri-RO5 architecture incorporates the FIVE framework, whose last version
includes GTG-CoL algorithms [5], which allows us to easily define the real-world envi-
ronment and seamlessly incorporate the algorithms to be validated into SPADE agents
inhabiting such an environment. It also allows for the creation of three-dimensional envi-
ronments by using a built-in text-based map editor. In addition, it enables the rapid creation
of custom agent avatars, such as, e.g., a mobile robot equipped with sensors (cameras, GPS,
LIDAR (Light Detection and Ranging), soil sensors, and force and pressure sensors, among
others) or a sensor fixed in the environment. This sensor-rich environment is crucial for
developing accurate digital twins that closely mirror the capabilities and challenges faced
by real-world agriculture robot fleets, even in harsh environments where communication
infrastructure is limited.

The key features of the Agri-RO5 architecture include:

1. The seamless simulation of dynamic agrirobot-fleet coordination. Agri-RO5 addresses the
critical challenges of dynamic multi-robot task allocation (MRTA), the vehicle routing
problem (VRP), and battery autonomy management as well as the dynamic mounting
of implements on the robots for heterogeneous task execution.

2. Simulation realism: Leveraging Unity3D’s capabilities, the proposed architecture pro-
vides a realistic simulation environment that closely mimics real-world conditions.
This includes a high image resolution and dynamic updates of environment data,
implements’, tasks’, and robots’ parameters to account for contingencies that may
arise during operations.

3. The scalable and easy creation of multi-agent systems and three-dimensional environments.
SPADES facilitates flexible multi-agent decision making including adaptive choices in
dynamically changing situations (see, e.g., [3,6]), and the FIVE framework enables
a seamless creation of three-dimensional environments and the incorporation of
algorithms into SPADE agents.

Finally, due to the requirement of high simulation fidelity representing the real-
world conditions, the implementation in Unity3D and ROS allows for the straightfor-
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ward implementation of the coordination solution into the controllers of the real physical
robotic systems.

This paper is organized as follows. In Section 2, we describe the state of the art in
the simulation of agriculture robot fleets and present the requirements for the simulation
architecture for dynamic agriculture robot fleet simulation. Section 3 presents the proposed
Agri-RO5 architecture together with its state-of-the-art components: the Robot Operating
System (ROS), the proposed Agrobots-SIM package, SPADE middleware, and the FIVE
framework. We describe in detail the developments performed in the proposed Agrobots-
SIM package that derives from the Patrolling_SIM package [7] in Section 4. In Section 5, we
show the functioning of the Agri-RO5 architecture in several use-case experiments available
in the GitHub repository (https:/ /github.com/JorgeGutierrezCejudo/AgroRobotSimulator.
git (accessed on 22 December 2022)) and compare it with the benchmark Gazebo architecture
that we present in this section. Section 6 discusses the implementation choices considering
real-world conditions and relevant challenges. The conclusions and the lines of future work
in Section 7 close this paper.

2. State of the Art and Architecture Requirements

In this section, we first present the related state of the art in agriculture multi-robot
fleet simulation and then list the requirements for a simulation architecture for agriculture
multi-robot fleet applications.

The inception of the digital twin (DT) concept, attributed to M. Grieves in a white
paper [8], involves the integration of virtual and physical assets within the realm of product
lifecycle management. While the utilization of DT has started to grow up in agriculture
since 2017 [9], the potential for their pervasive application exists across diverse spatial and
temporal scales, accompanied by varying degrees of complexity. A suggested roadmap
for the incorporation of digital twins in agriculture, grounded in specific applications, is
presented in [10]. An open challenge lies in the large amount of resources they require to
be developed and the high complexity of the physical twins [11].

2.1. State of the Art in Multi-Robot System Simulation

Vehicle fleet simulation is a well-researched topic necessary for the efficient imple-
mentation of fleet-coordination solutions in the real world for, e.g., UAV fleets [12,13],
car fleets [14,15], or train fleets [16]. Contrary to these, service robotics have specific re-
quirements, such as hardware abstraction, device drivers, and communication between
processes over multiple machines.

Significant advancements have been made in recent years in the dynamic simulation
of mobile multi-robot systems (see, e.g., [17]). One prominent approach is the utilization
of Robot Operating System (ROS)-compatible, physics-based simulation engines, such as
the open-source simulators MORSE (Modular OpenRobotic Simulation Engine) [18] and
Gazebo [19,20], and commercial simulators CoppeliaSim (formerly known as V-REP [21])
and Webots [22]. While several simulators can be integrated with the ROS, Gazebo stands
out by offering advanced and complex 3D simulations for both robots and environments.
It is often used as the default simulator for the ROS since the two systems work together
seamlessly. Gazebo supports the simulation of various robot models and enables the
development and testing of algorithms for multi-robot coordination and collaboration.

In the context of agrirobotics, a spectrum of specialized robots exists, each tailored for
a specific task (e.g., irrigation, plowing, and harvesting, among others), as well as generic
robotic platforms that use detachable heterogeneous implements to perform different
tasks [23,24]. However, these robots are very complex, requiring a high degree of autonomy
and very elaborate control systems. The availability of simulation tools that represent the
physical actuation of robots with high fidelity allows for the experimentation and evaluation
of different approaches before their deployment. This way, the cost of deployment in the
real world can be reduced. In [25], different agricultural robot-simulation tools were
compared. The mobile robot-simulation environment in [26] allows for the analysis of the
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performance, cooperation, and interaction of a set of autonomous robots moving in a three-
dimensional (3D) world. The FroboMind platform [27] evaluates the task performance
in precision agriculture. Nebot et al. [28] present an architecture to control a group of
robots in charge of maintenance tasks in agriculture. AgROS [29] is a farm emulation
tool that introduces advanced technologies such as autonomous ground vehicles (UGVs).
FarmBot [30] is an open-source precision agriculture simulator designed to serve as a
cost-effective test bench for exploring and validating precision agriculture strategies before
physical implementation.

Teslya et al. [31] propose an architecture based on the smart-space concept for
ontology-based information exchange, the ROS for robot control, and Gazebo for 3D
modeling and visualization of interaction processes including coalition formation, task
decomposition, distribution, and winnings sharing with a functional example in a precision
agriculture scenario.

2.2. Simulation Architecture Requirements

An architecture for a dynamic fleet simulation should effectively and efficiently simu-
late different scenarios in rural areas with varying imperfect connectivity for the agriculture
fleet vehicle routing problem (AF-VRP). The AF-VRP [2] considers both the dynamic multi-
robot task allocation (MRTA) with and without implements (see, e.g., [32]) and the vehicle
routing problem (VRP) (see, e.g., [33]). Overall, a simulation architecture for the AF-VRP
that comprises the dynamic MRTA and VRP in the agriculture fleet context should be able
to simulate a wide range of scenarios as well as unforeseen contingencies. Its main features
should include:

e Autonomous agent support: the architecture should be able to simulate autonomous
agents, each one being able to make their own decisions without external intervention.

*  Multi-robot task execution: The architecture should support MRTA and execution as well
as robot routing throughout the assigned (multiple) tasks. Inter-agent communication
support is fundamental for distributed and decentralized multi-robot collaboration
and coordination in task execution.

*  Limited battery life: Robots are supplied by a limited energy supply through batteries.
To support battery recharge in continuous robot missions, the architecture should
consider battery recharging points when calculating routes.

*  Efficiency and fairness measures: The simulation architecture should be able to eval-
uate the efficiency and fairness of the robots in completing their tasks. This in-
cludes measuring the time and cost taken to complete a task, the amount of energy
used, and the resources consumed, among others. With this aim, the architecture
should support graph-theory approaches with weighted arcs, nodes, or both for
optimization purposes.

*  Dynamic task performance: The architecture should be capable of taking into account
the dynamic nature of the scenarios and contingencies related to the execution in real
time. This means that the tasks may change over time, and the robots should be able
to react dynamically to these changes.

o Implement-based task performance: The simulator should be able to simulate tasks that
require the use of an implement tool (e.g., a plow or a harvester) that may be attached
to and detached from a robot.

3. Agri-RO5: Proposed MAS Architecture for Dynamic Fleet Simulation

In this section, we present the Agri-RO5 architecture, illustrated in Figure 1, as a
comprehensive solution for the dynamic agriculture robot fleet simulation. We integrate
the Agrobot-SIM package in FIVE that includes Unity3D. FIVE necessitates a nuanced
integration with Agrobots-SIM due to its multi-faceted structure.
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Figure 1. Agri-RO5: proposed multi-agent architecture for dynamic fleet simulation.

" FIVE

To achieve this, we leverage a state-of-the-art solution for ROS and Unity3D integra-
tion, thus yielding a powerful simulation platform (see, e.g., [34,35]). This integration is
reinforced by specialized plugins and packages like ROS#, which is a set of open-source
software libraries and tools in C# for communicating with the ROS from unity (see [36]).
Additionally, the Unity Robotics Hub (URH) ([37]) provides a set of tools, libraries, or APIs
that help in creating robotics simulations or applications in Unity3D that interact with the
ROS and includes standard interfaces like messages and service types. If a ROS package is
using some custom message type, the Message Generator Repository must be used, which
is a part of the ROS TCP Connector, for sending/receiving messages from the ROS ([38]).

There is an extra layer of SPADE agents, each one in charge of modulating the behavior
of a robot. A robot may be seen as a combination of software, “the mind”, and hardware,
(its physical body). The ROS controls the reactive movement of the body in the environment
and its physical dynamics. On the other hand, the mind is associated with SPADE agents,
one for each robot. These are in charge of inter-robot communication thanks to the XMPP
communication protocol and the proactive task assignment for the movement of the body:
it instructs the body to move towards the following task. The SPADE agents are interacting
with the Agrobots-SIM package. Since SPADE agents are written in Python, we can easily
create a communication bridge between the robots and the agents through the Rospy
API [39].

In the following, we present the components of the proposed architecture: Robot
Operating System (ROS), SPADE, FIVE, and Agrobots-SIM.

3.1. Robot Operating System (ROS)

The ROS is a flexible and open-source middleware framework that operates on top of
a conventional operating system (such as Linux) and provides a set of tools and libraries for
robotics software development [40]. It offers a standardized platform for communication
and the integration of diverse hardware and software components [41].

The ROS allows for messaging between different devices (see, e.g., [42,43]) while oper-
ating by using a network of nodes (the fundamental processes that perform computation
in the ROS) and various methods to exchange data, coordinate actions, and manage and
coordinate functionalities (e.g., [44]). A node in the ROS refers to an executable entity that
performs a computation. Each node represents a single specific task or function within the
robotic system, such as controlling a sensor, actuator, or algorithm. Nodes can reside on the
same computer or be distributed across multiple devices or robots.
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A mobile robot is typically represented as a collection of nodes. These nodes might han-
dle various functionalities such as sensing, actuation, planning, and control, among others.
Each node communicates with others by using predefined protocols, exchanging messages
through topics, services, or action servers to coordinate the robot’s overall behavior.

Topics are predefined communication channels over which nodes may communicate
with each other via asynchronous data streams by sending and receiving messages. Topics
have names, and nodes can publish messages to a topic or subscribe to a topic to receive
messages. Each topic is meant for a specific type of message, such as sensor data, control
commands, or status updates. The communication can be achieved also through services by
making requests and awaiting responses in a synchronous two-way communication, or by
executing long-duration tasks with the capability for feedback and pre-emption by using
action servers and action clients.

The ROS operates based on a networking architecture where a crucial component is the
ROS master node. This master node acts as a central broker that manages the registration
of various entities such as nodes, topics, services, parameters, and action names. It plays
a vital role in facilitating communication between different nodes by allowing them to
discover each other, thereby establishing the connections necessary for the exchange of
information and functionalities within the robotic system.

The ROS has been applied to the agricultural domain both in low-budget robots with
lower performance [45-47] as well as in more complex and high-performance robots [48]
while facilitating autonomous navigation [49,50].

3.2. SPADE

SPADE [3] is a middleware for developing and executing behavior-based agents in
Python that use instant messaging in XMPP (eXtensible Messaging and Presence Protocol)
(https:/ /xmpp.org/ (accessed on 22 December 2022)). This communication protocol allows
for a transparent integration of humans and agents in conversations. It not only includes the
common behavior types of any behavior-based agent platform (Cyclic, One-Shot, Periodic,
Time-Out, and Finite State Machine), but it also has an extension allowing one to use a BDI
behavior [6] expressed in AgentSpeak [51].

SPADE has been developed in systems where the integration of humans and agents
is not only desired but is wanted to be as transparent as possible. For that reason, agents
communicate through an XMPP Server, which is the communication devised for human
chat applications, so that the same mechanism can be used for communicating either with
humans or agents.

3.3. FIVE Framework

The FIVE framework [4] is a toolkit that has been built for developing systems where
SPADE agents can be tested against Unity3D simulations. The main goal when developing
FIVE was to obtain a toolkit allowing not only for the development of such simulated
systems but also to easily change those simulations.

The FIVE framework is composed of three elements:

1.  The FIVE Simulator Server, made with Unity3D, is not only the render engine allowing
one to visualize the simulation, but it also manages the environment where agents are
going to be situated, offering them the perceptions and actions for proper functioning.

2. A set of SPADE agents that populate the simulated environment. These agents are
situated in the simulated environment managed by the FIVE Simulator Server.

3. The XMPP Server. Both the FIVE Simulator Server and the SPADE agents are registered
in an XMPP Server to be able to locate each other and to mutually communicate. In
fact, each one of them can be registered in a different XMPP Server, and even public
XMPP Servers can be used; this part could not be running in the machines of the
simulator owners.

Each component can transparently run on separate machines (including, of course,
each SPADE agent being executed in a different host).
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FIVE agents (based on SPADE) control the virtual avatar in the Intelligent Virtual
Environment (IVE) generator managed by the FIVE Simulator Server. The framework
grants network-failure toleration: if an agent is disconnected from the FIVE Simulator
Server, it can be reconnected easily and resume its activity. These agents are designed as
wrappers for the different algorithms to be tested in the generated simulations. Lately,
they have been used to test Federated Learning algorithms [52] and the extension to
Distributed Federated Learning based on Consensus to Geographical Threshold Graphs,
called GTG-CoL [5].

3.4. Agrobots-SIM

The ROS libraries for task allocation and planning are the ROSPlan Library [53] and
the Task and Motion Planning (TAMP) library (see, e.g., [54-56]). However, the ROSPlan
uses the unscalable PDDL (Planning Domain Definition Language), while the TAMP library
uses a hierarchical task network (HTN) planner for task decomposition. There are many
ways of solving trajectory planning, e.g., [57]. However, none of these can efficiently and
effectively model the VRP and the MRTA problem in agriculture, the subject of the Agri-
RO?5 architecture. However, Patrolling_SIM (https:/ /github.com/davidbsp/patrolling_sim
(accessed on 22 December 2022)) is a package for multi-robot patrolling that may be
implemented in a multi-robot simulator based on the ROS, Stage [58]. Patrolling and
vehicle routing are both problems that involve determining the most efficient and effective
routes for a set of vehicles to follow to achieve a specific objective.

In patrolling, the objective is to monitor and secure a particular area or route while
maximizing coverage of the area and possibly also the frequency of visits to certain high-
priority zones while minimizing the total time or distance traveled, energy consumed, or
other operational costs. In the realms of MRTA and the VRP, the objectives are distinct but
related. MRTA focuses on allocating, in a one-on-one manner, a group of robots to a set
of tasks, ensuring that the tasks are completed efficiently. In contrast, the VRP deals with
optimizing the routes of a fleet of vehicles through a set of given (spatially distributed)
tasks to ensure an efficient performance of a set of tasks by a vehicle fleet. While the MRTA
problem focuses on the one-on-one allocation of tasks to robots and vice versa, in the VRP,
one robot may perform multiple tasks. In both problems, the tasks could be as diverse as
surveillance, item delivery or pickup, or search and rescue. For all the above reasons, we
adapt and extend the Patrolling_SIM package and create Agrobots-SIM [1], explained in
detail in the next section.

4. Agrobots-SIM Developments

In this section, we introduce the Agrobots-SIM package, which is a fundamental
component of the Agri-RO5 architecture that we developed for the architecture. It is based
on the Patrolling_SIM package. We outline the extensions made to the latter, specifically
tailored to address the requirements for simulating agriculture fleet vehicle routing and
task allocation as outlined earlier.

4.1. Patrolling_SIM

The Agrobots-SIM package builds upon the Patrolling SIM package, designed for
algorithm testing related to patrolling tasks executed by a team of robots within a predefined
set of locations.

The scenario is modeled by using a graph representation, where nodes represent
locations to be visited and arcs depict physical links between adjacent nodes. Each robot is
iteratively assigned a task (next node to visit) based on a specific decision strategy. Eleven
patrolling algorithms are integrated into the package, with node idleness (average time
between robot visits) serving as a key performance indicator. Even though patrolling, task
assignment, and vehicle routing are distinct problems, they share several similarities in the
objectives, constraints, and optimization techniques involved, which we consider sufficient
to adapt the Patrolling SIM package to MRTA and the VRP in the agrirobot context. This is
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why we study and extend this package. The Patrolling_SIM architecture (see Figure 2) is
composed of the following:

1. Environment: If we compare the environment to a theater play, the simulation
environment is the instance where the stage, the actors, and the play to be performed will
be defined. In our case, the stage will be the map, the actors will be the robots, and the play
will be the graph.

2. Algorithm: The role of decision-making algorithms is to calculate the next task for
each robot based on the given problem definition. There are eleven patrolling algorithms
included in the simulator.

3. Simulate engine: Patrolling_SIM follows an event-based approach as the system con-
ditions change when an event occurs. In addition, this simulator allows for event creation.

4. Visualization: This module allows for the real-time visualization of robot behavior
following a given routing or task-assignment algorithm. In addition, it can serve as a
filter to evaluate whether the high-fidelity simulation considering robotic dynamics reflects
the expected behavior of the algorithm. Among the options offered by the visualization
module, one can visualize the range of the robot’s sensors, follow a specific robot, or even
observe the simulation from a robot’s point of view.

5. Data analysis: Once a patrolling cycle is complete, a file with the results is created.
A patrol cycle is completed when all points are visited twice. We need to remember that
this package was initially created for patrolling, so the main feature to compare different
algorithms is the time between each visit or idleness, i.e., the duration between two robot
visits to a task.

..............................................................................
Od .

Algorithm
Data analysis

-

Environment

|

(o)

Simulate engine

Visualisation

Configuration

................................................................................

Figure 2. Patrolling_SIM architecture.

Next, we discuss how we extended and modified the Patrolling SIM package to
accommodate for agricultural robot-fleet coordination.

4.2. Agrobots-SIM: A Modification of Patrolling_SIM

In this section, we bring the modifications performed in Patrolling_SIM necessary for
the simulation of agriculture fleet vehicle-coordination methods.

4.2.1. Graph Representation of the Transportation Network

We use a directed weighted graph G = (V, E) representing a rural area of interest,
where V is a set of vertices corresponding to available robot locations and E is a set of arcs
(i,j) € V connecting any two adjacent vertices. This graph is superposed on a 2D map of
the region of interest, providing a visual representation of the robot-transportation network.

The 2D map serves as a spatial reference for the graph, where each vertex is associated
with a 2D coordinate on the map, mapping the physical position of the robot in the real-
world environment. The edges between vertices represent obstacle-free paths for robot
movement between the corresponding locations.
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Furthermore, the graph representation can be extended to incorporate additional
information, such as travel times, energy consumption, or specific characteristics of the
locations. This enriched graph representation enables a more comprehensive analysis of
the transportation network, facilitating the development of efficient and effective strategies
for robot deployment and navigation.

The tasks, as well as stations for battery charging and tools exchange, are defined on
vertices. Since the robots move considering graph G, the granularity and precision in the
graph design are essential for the seamless functioning of the robot fleet.

The movement of the robots is based on the action of the move-base ROS package. The
move-base package provides an implementation of an action that, given a goal in the world,
will attempt to reach it with a mobile base. The ROS move-base node links together a global
and a robot’s local planner to accomplish its global navigation task. Robots only rely on
their local graph and map to avoid any obstacles. They must be dynamically updated for
seamless and fluid robot operation.

Therefore, we have to take into account how we designate and generate the graph. An
example of a final graph could be the one shown in Figure 3, where we divide the graph
into different types of edges depending on their function.

Farmer 3, —— permanent edges
Field 2, e temporal edges

Crop4

requiered edges
@®  intersection of roads
@  starting crop line

O depot nodes

Figure 3. A graph example.

4.2.2. Route Cost as a Parameter of Comparison

In patrolling, the most relevant parameter is idleness (time between two consecutive
visits to a task). However, in the agriculture robot-fleet coordination, one of the most
important indicators to compare and analyze the routing efficiency is the route’s cost. This
may be, for example, the distance or time traveled, or the monetary cost, of each robot
and the cost of the fleet as a whole. This is why we modified the data analysis module to
include the route cost as a parameter of comparison.

This information may serve for the analysis of efficiency and fairness measures of the
fleet. For this purpose, we used the previously built topic position in terms of the (x,y)
coordinates of each robot in each period of time. By measuring the distance traveled by
the same robot between two consecutive steps and accumulating it, we keep track of the
accumulated cost of the route.

4.2.3. Robot Recharging Nodes

One of the biggest robots’ limitations is their battery life. This limitation is taken into
account in the development of Agrobots-SIM. We distinguish between recharge vertices
V; € V (where robots must go to recharge their battery) and task vertices V; € V (with
pending tasks to perform). We created a separate data structure for these vertices so
that algorithms can take this constraint into consideration if needed. The structure of the
charging vertices consists of the identifier, the coordinates of the vertex, the cost to reach the
vertex, and an indicator of whether the vertex is momentarily in use or not (idle or occupied,
respectively), and in this way, we dynamically consider the time necessary to charge the
battery. A recharge vertex is only reachable if a robot’s remaining autonomy required to
reach it is not greater than its remaining battery autonomy.
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4.2.4. Implements

In agriculture robotics, robots have to use different implements (tools) for different
tasks (e.g., plow, harvester, etc.). Tasks may differ in the requirements, while robots
may differ in implement compatibility. From this perspective, we distinguish two cases:
(i) a robot with an inseparable implement that is specialized for a certain task, where
compatibility is considered only between a robot and a task, and (ii) a robot requires a
specific detachable implement to perform a task.

The exchange of the implements is defined on the set of vertices v € V,. A robot may
detach its mounted implement and, if necessary, attach a new one available on the location
of these vertices that have a sufficient infrastructure to deposit the implements. These
vertices may overlap with the task vertices v € V;, where V; C V.

Initially, we know the compatibility between implement and task. This means that we
know which task a robot with a specific implement can perform. In the beginning, each
robot is allocated an implement, whereas several robots may have the same implement.
Each implement has a list of tasks that the robot can perform with this implement. In
Figure 4, we can see an example of this, where each robot is assigned an implement
and each implement has a series of tasks to perform defined with the same color as the
implement. So, the robot with the pink implement can only realize the pink task.

The decision to allocate which implement is coupled to each robot corresponds
to the resolution algorithm, which, depending on the benefit function, will indicate
one or the other solution. Furthermore, the algorithm is aware of the task-implement
compatibility information and will assign each robot a task that it can perform with
the available implement.

Figure 4. Example of implements implementation.

In the future, we want to consider the fact that the robot can change the implement at
any moment because they have dynamic behavior, so they can decouple the implement
in any place. The information about the implement is considered in the graph, such as a
priority task or goal to visit to realize the rest of the task.

4.2.5. Dynamic Graph Update

A dynamic task is a task that appears or its parameters change at a certain time during
the simulation (e.g., task demand, resource requirements, duration, cost, etc.). The original
Patrolling_SIM architecture does not permit this kind of update because the simulation
engine loads the tasks at the start of the simulation from the graph file, and they do not
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change throughout the simulation. To solve this problem, we used the creation of an
event. Triggered by an event, we can load, at any moment, a new graph file. The “all tasks
completed” event is triggered when a robot completes a given set of tasks. At this moment,
the graph of the robot may be changed to a new one so it may continue pursuing new,
previously unknown tasks. We must keep in mind that the graph change will only occur
locally in the robot that has visited these tasks and not globally (each robot maintains its
own local (compatible) version of the graph).

Another event that we propose is “all tasks completed”. This event, which occurs
when all tasks are executed, changes the graph in all robots at the same time. This can be
performed on an ongoing basis, switching from one graph to another when a set of tasks is
done. However, in order to guarantee a continuous task performance, the assignment of
tasks to the robots must be balanced, thus avoiding some robots waiting for others to finish.

Moreover, we simulate a robot breakdown by the update of its graph to the one with
only one isolated vertex representing its actual position.

4.2.6. RViz as a Debugging Tool

We incorporated RViz (an abbreviation for 'ROS visualization’) as an additional vi-
sualization module, employing it as a tool for debugging our simulation. RViz is a 3D
visualization software tool for robots, sensors, and algorithms. It allows for visualizing
the robot’s perception of its world (real or simulated) and displaying multiple pieces of
information from the different types of messages of the ROS (topics, services, and actions).
Furthermore, RViz is up to date with the latest ROS distributions. It allows for the use of
markers, which are shapes that can be displayed at any moment. These markers open up
new options for the study of algorithms since it is possible to simulate the appearance of
dynamic obstacles and thus analyze the behavior of the dynamic algorithms.

5. Simulation Use Case

In this section, we look at some concrete simulations to show how Agri-RO5 works.
We compare its performance with a benchmark architecture in Gazebo that we present in
this section. The simulation experiments were performed on an MSI Prestige 16 A 12UD
laptop with 32 Gb of memory, 16 Gb of RAM memory, Intel Core i7 of the 12th generation,
and a GPU GeForce RTX 3050 Ti with 4 Gb of memory.

Both architectures were tested in an identical simulated vineyard setting defined
as follows. A fleet of three autonomous robots (Warthog robot of Clearpath (https://
clearpathrobotics.com /warthog-unmanned-ground-vehicle-robot/ (accessed on 22 De-
cember 2022))) modeled through the ROS are initially randomly located in a given three-
dimensional space with wine trees distributed in 10 columns and six rows, as seen in
Figure 5. We replicate the environment in FIVE (to be used by Agri-RO5) and Gazebo
(benchmark) to facilitate a comparative analysis. The Agri-RO5 environment generated by
Unity3D is illustrated in Figure 5, and the environment generated in Gazebo is illustrated
in Figure 6.

For the simulation use-case experiments available in the GitHub repository (https:
//github.com/JorgeGutierrezCejudo/AgroRobotSimulator.git (accessed on 22 December
2022)), given is a set of tasks in the space (locations to visit). The robots should mutually
assign the tasks and coordinate to avoid each other in their performance of the assigned
tasks in the simulated vineyard.


https://clearpathrobotics.com/ warthog-unmanned-ground-vehicle-robot/
https://clearpathrobotics.com/ warthog-unmanned-ground-vehicle-robot/
https://github.com/JorgeGutierrezCejudo/AgroRobotSimulator.git
https://github.com/JorgeGutierrezCejudo/AgroRobotSimulator.git
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Figure 5. Agri-RO5 environment generated by Unity3D.

Figure 6. Environment generated in Gazebo.

5.1. Benchmark: Agrobots-SIM with Gazebo

By the integration of the Agrobots-SIM package into Gazebo, we can generate 3D
simulations of agriculture fleet vehicle-task allocation and routing with realistic robot
physics and behavior. Gazebo specializes in the high-fidelity simulation of robots with their
sensors and actuators as well as the environments they act in. It represents the physical
aspect of different robot models through URDF (Unified Robot Description Format) and
the physical behavior of the robot through the included plugins. Simulated sensors can
publish data to the same topics used by real robots” sensors in the ROS. Similarly, simulated
actuators subscribe to and operate on the topics used by real robot actuators.

Figure 7 shows the Gazebo integrated Agrobots-SIM architecture. Each robot is
guided by the task assignment and routing solution provided by the algorithms included
in Agrobots-SIM.

Robot 1 Robot 2 U Robot n

_[Ros1 ]| [rRos1 T | | [Rosi1
O |10, |10 o
&
g
-
&
Gazebo =

Figure 7. Agrobots-SIM + Gazebo.

Gazebo Setup

For this simulator, in the first instance, we used the ROS package map2gazebo that
generated a bitmap file for the Gazebo environment. As shown in Figure 8, the gener-
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ated world, although with proportions and measurements that corresponded to a real
geographical map, was not representative of a vineyard.

/

Figure 8. Gazebo environment created by the map2gazebo package.

Thus, we manually incorporated each of the vine trees, trying to follow the same
topology as in Unity3D. In order for the environments to have the same measurements and
proportions, we relied on the bitmap generated by the SLAM (Simultaneous Localization
and Mapping) that we will see in the next section.

The incorporation of the robots in Gazebo is easy thanks to the available documenta-
tion and previous work on the use of robots in Gazebo. At the same time, there are already
different plugins in Gazebo to simulate sensors, controllers, and actuators, which make
their incorporation smooth and easy.

We assume an ideal behavior of sensors without errors in readings, giving an exact
location of a robot. In this way, we do not need to rely on localization packages like amcl or
erkf_localization to obtain robots’ position in real time. We do so because we are comparing
other features such as the simulator stability and other options. To obtain the exact position
of each robot, we generate a Python script in order to configure the navigation. For the
path and trajectory planner, we use move_base in both cases. However, we need to obtain
the bitmap of the environment for the use of move_base. Therefore, we decided to apply
the SLAM algorithm in the Unity3D environment and in this way dynamically generate
the map of the environment during a multi-robot mission.

5.2. FIVE Setup for Agri-RO5

For the development of the environment in Unity3D, we employed FIVE, a tool that
streamlined the creation of maps and environments. Through this tool, we successfully
generated the environment depicted in Figure 5 by seamlessly integrating different vineyard
models and selecting their structure patterns by configuring only a text file.

The virtual three-dimensional environment simulation is generated from a high-
fidelity satellite image of the crop field based on a wine tree model database that recognizes
the shapes and forms of the trees in a satellite image. However, it is also possible to create
other orchards like an orange orchard manually without using the satellite image but
modifying the configuration text files.

Once the environment is generated, the incorporation of the robots in Unity3D is not
so simple and agile as in Gazebo. It is true that there are Unity3D tools to incorporate
robots and work with the ROS, but there is not as much previous work as in the case of
Gazebo. This is why we created, through C# scripts, each of the robots’ sensors needed for
navigation, as well as the robots” motion controllers. The aforementioned tools provide
easy access to classes and other functions to recreate the realistic behavior of a robot.
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Finally, we configure robot localization and navigation. Again, we chose to use a
perfect localization and the ROS’s package (node) move_base to calculate and plan the
trajectory of each robot. As mentioned above, the SLAM algorithm was applied in the
Unity3D environment. As seen in Figure 9, SLAM granted a dynamic creation of a map
with high accuracy in Unity3D.
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(b)
Figure 9. SLAM solution for Unity3D environment. (a) Unity3D environment. (b) Bitmap of the
Unity3D environment.

6. Discussion

We simulated a fleet of three robots, as seen in Figure 10, and assigned them a set
of tasks’ coordinates through the graphical interface of RViz. We compare the scalability,
ROS integration, development workflow, accuracy in terms of simulation realism, resource
consumption, and customer support and documentation.

Figure 10. Three robots simulation.

Both simulations were carried out on the same computer to guarantee the equality of
conditions between the two experiments. During the simulation, Unity3D’s latency was
very high, and the simulation showed intermittent (not fluid) behavior, so the Unity3D
simulation was carried out on a different, stronger machine.

Because coordinates had to be sent through RViz, the run time varied depending
on the time it took to modify the coordinates and the receiver robot of such coordinates.
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Nevertheless, the same number of tasks was assigned to each robot, and in all cases, all
robots successfully completed the tasks. Additionally, a good performance of the ROS
obstacle-avoidance algorithms was observed in both simulators.

Next, we compare different features between Agri-RO5 and the Agrobots-SIM+Gazebo
architecture, which are summarized in Table 1. These features highlight the most notable
differences between these two architectures.

Other differences in the integrating components of Agri-RO5 and Agrobot-SIM+Gazebo
have been compared in other articles, such as, e.g., [59], with an emphasis on the differences
between Unity3D and Gazebo. It is important to note that in this case, we are not comparing
Unity3D and Gazebo; rather, we are comparing Agri-RO5 with Agrobot-SIM+Gazebo.

Table 1. Comparison of Agrobots-SIM + Gazebo vs Agri-RO5.

Feature Agrobots-SIM + Gazebo Agri-RO5
Scalability Time consuming Simple and easy
Vli((?j(filrz)t;gration and development High integration Low integration
Accuracy: simulation realism Low fidelity High fidelity
Resource consumption Low resources needed High resources needed

Documentation, examples,

. Documentation
and questions

Support and documentation

1. Scalability. Unity3D permits extending the map, modifying the models, and chang-
ing the environment just by changing a text file, or even by capturing a satellite image of a
crop field, which makes these modifications very simple. On the other hand, in Gazebo,
extending the environment modifying the models or changing them has to be performed
manually, which is much more time consuming. Moreover, Agri-RO5 is a distributed
system allowing one to execute each simulated robot in a different machine; allowing one
to scale the number of robots in a simulation in ways that the Agrobots-SIM integrated
in Gazebo does not permit as being centralized; and executing, in a single machine, the
whole simulation.

2. ROS integration and development workflow. Following this discussion, let us explore
the utilization options offered by each simulator. Gazebo is particularly associated with
robotics, so it offers a greater variety because of numerous plugins that enable the integra-
tion of different sensors and controllers. However, these plugins are not 100% modular, so
they have limitations in their use. To address this, you can always create scripts that utilize
Gazebo’s services and actions to generate fully customized sensors configured to one’s
preferences. On the other hand, as we have mentioned throughout this paper, Unity3D
lacks these plugins or anything similar. Therefore, each sensor and necessary component
for using the ROS must be created individually. To contextualize and exemplify this, to
use move_base in the ROS, primarily, you need information from the map (handled by the
map_server node external of any simulator), sensor information, robot odometry, and its
transformations. In Gazebo, if precise localization is not necessary, you would only need
to import the plugins for the robot controller and sensor to have the information required.
However, in Unity3D, lacking these plugins, you would have to create modules through
C# scripts to generate this information, which is more labor intensive.

3. Accuracy: simulation realism. It is obvious that Unity3D has more detailed graphic
representations when compared to Gazebo, as can be seen in Figure 11. This is because
Unity3D is widely used for the creation of video games or simulators. However, at this
point, we also want to focus on physics. In Unity3D, we had some problems incorporating
the robots and creating the controller for the wheel movements because the physics were so
realistic that they made the robot skid and wheelie. This means that with Unity3D, you can
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have a very accurate simulation with a high fidelity to reality. As for Gazebo, its physics
are more controlled and closer to reality but less accurate.

cnu—

(a) (b)
Figure 11. Comparison of models. (a) Gazebo models. (b) Unity3D models.

4. Resource consumption. Both simulators are stable. However, in Unity3D, the robot
models and the environment are more realistic, requiring more computational resources.
This means that on computers with low resources, the simulation can have large latency,
resulting in intermittent simulation behavior, as was the case in the performed use-case
simulations, where firstly the simulations were carried out on a computer with low re-
sources, where it was observed that in Unity3D, there was latency, while in Gazebo, the
simulation was fluid. However, in a second simulation with a computer with a graphics
card and more resources, this problem was solved, and both simulators were fluid. This
fact is well known in the literature (see, e.g., [59]).

5. Community support and documentation. Regarding the need to find a solution when
faced with any issue, Gazebo provides documentation on its official website, explaining
almost all the features of the simulator with various examples. Additionally, given its
widespread use in robotics, there are many tutorials and forums with resolved questions
that can be helpful when addressing problems. However, while there is documentation
for each feature and functionality of the Unity3D simulator, robot integration is still not
widely documented. Consequently, there are much less resources with answered questions
or tutorials. Thus, it is more challenging to address issues that arise during multi-robot
fleet simulation development in Unity3D.

7. Conclusions and Future Work

In this paper, we developed and integrated Agrobots-SIM with the FIVE framework to
create Agri-RO5, a multi-agent architecture for agriculture fleet simulation. Agrobots-SIM is
a ROS package based on Patrolling_SIM used for task assignment and vehicle routing in the
coordination of agrirobot fleets. Agri-RO5 provides a more realistic tool for the development
and evaluation of robot-fleet-coordination algorithms in agricultural environments than
the traditional robot-simulation Agrobot-SIM+Gazebo benchmark architecture.

The Agri-RO5 architecture allows for comparing different fleet-coordination algo-
rithms for MRTA and the VRP in simulation experiments, where robots are modeled as
intelligent agents. We focus on the limited robot battery life and the fleet’s efficiency and
fairness measures in dynamic environments. The simulator facilitates graph representa-
tions with dynamic graph updates and route cost as a parameter of comparison. Apart
from being able to simulate the performance of the aforementioned algorithms, Agri-RO5
provides information both in real time (through the incorporation of RViz) and once the
simulation is finished.

The Agri-RO5 developments are a part of a higher vision of developing agrirobot
digital twins, where the coordination between the simulated and physical robot agents
should be performed in the edge-cloud continuum. Thus, Agri-ROS5 is the first step in a
paradigm shift in the simulation and coordination of agrirobot fleets. The algorithms that
require more computational resources may be run in the cloud, while edge computing is
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used for reactive behaviors in real time due to unpredicted contingencies and a lack of
communication networks.

Agri-RO5 offers researchers and practitioners a unified platform to develop, test, and
refine their agricultural robot-fleet-coordination solutions, ultimately leading to more effi-
cient and sustainable agricultural practices. However, the proposed platform is centralized
since ROS1 works with a central master node. Furthermore, the drawback of the ROS1
structure is that it is centralized, relying on the ROS master node as a single point of failure.
If the ROS1 master node faces a crash or malfunction, it hinders the establishment of new
connections between nodes within the network. This aspect compromises the robustness
and reliability of the system. We aim to take an additional step in process distribution
by incorporating ROS2 to resolve this issue. ROS2 uses a middleware communication
framework called the Data Distribution Service (DDS) that acts as a universal messenger
for scalable and real-time data exchange between ROS nodes. DDS allows for the dynamic
discovery of nodes, enabling nodes to communicate directly with each other without the
ROS master node. Through DDS, the nodes can join or leave the network smoothly and
can easily and automatically find and connect with each other. DDS offers benefits in terms
of real-time communication, better security (the encryption of messages, authentication,
and access control), and various Quality of Service policies (see, e.g., [60]).

In Agrobots-SIM, we added the following functionalities to the Patrolling_SIM pack-
age: a weighted directed graph representing the transportation network for the robots; the
option of detachable implements that may be needed for the execution of agriculture tasks
by robots; dynamic changes in the costs of a route for each vehicle during simulation; and
adaptation from the patrolling problem to the multi-robot task-allocation problem and the
vehicle routing problem, where the simulation stops when the last task is visited. Moreover,
in the graph representation, we introduced stations for battery recharge and implement
exchange, located at graph vertices.

Finally, in the long run, we envision agriculture robot digital twins that will enable the
application of autonomous agriculture robot fleets in distant and harsh environments with
limited communication. The idea is to explore how the proposed Agri-RO5 architecture
matches up to the real environment, evaluating its level of accuracy. This process involves
carrying out tests and simulations with real robots, allowing us to compare the performance
and behavior of virtual systems with their physical counterparts. The goal is to gain a
deeper understanding of the fidelity of the Agri-RO5 architecture and its ability to faithfully
replicate real-world situations. This will lead us towards validation with real robots and
will provide valuable information to refine and adjust our simulator. This step must
also consider possible errors in the communication network. By considering imperfect
communication networks prone to errors in the simulation, we will obtain digital twins of
agriculture robot fleets with high applicability in practical and diverse harsh environments.
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