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Abstract

Agricultural robotics is a comparatively new field. Recently, it has gotten spe-
cial attention because of agricultural labor shortages and rising labor costs.
With the increasing operational use of agricultural robots, the need for a
dedicated robotic simulator for such activity has been noted here. The need of
a dedicated and specialty simulator for agricultural robotics research is the
main focus area of this paper. Moreover, limitations have been pointed out
when conventional robot simulators are used directly in agricultural settings.
In a nutshell, it has been tried to emphasize that a dedicated simulator for
agricultural robotics would be a timely advance and would accelerate the
growth of agricultural robots.
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1. Introduction

World population is increasing rapidly and expected to exceed 9 billion by 2050
[1]. To feed this many people, increases in world food production are mandato-
ry. There are only two ways to surmount current limitations: one is to increase
productivity per unit area and the second is to bring more land under cultiva-
tion. Agricultural robots have a vital role to play within both of these solutions.
Agricultural robots are a combination of mostly ground robots and partially
aerial robots (when unmanned aerial vehicle, UAVs are involved). Simulation is
a common tool for robotic system development and not new to robotics devel-
opers, but recently it has drawn much attention because of the growing compu-

tational capabilities of computer hardware at a lower cost. The availability of
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robotic sensors like 3D LIDAR and depth cameras at lower prices has added
more thrust to autonomous robot development. In recent years, autonomous
robots have gained much attention, especially in agriculture, due to farm labor
shortages [2]. Indeed, the agricultural robot market expected to grow from USD
4.9 billion in 2021 to USD 11.9 billion by 2026 [3].

There are many stages in the development of a complete agricultural robotic
system of which simulation is crucial as it provides a convenient way of testing
robotic hardware and software. Such testing is especially important for outdoor
robotic systems because of human safety issues and/or to avoid property dam-
age. Also, outdoor robots face greater challenges than indoor ones due to the ex-
tensive variation in natural environments. Agricultural fields are no exception but
are even more complex than external urban environments. Creation of the envi-
ronment in which a robot operates is a crucial step in doing simulation of that ro-
botic system. Various control algorithm types need to be evaluated against differ-
ent field environments; for instance, picking robots operate within different envi-
ronments than do weeding robots. But mimicking a real field condition is very
challenging because so many variations exist in fields such as lighting conditions,
dust levels, position/orientation of leaves/stems, etc. Therefore, it is impossible
to create a simulation environment that will exactly match the conditions in any
real field. That said, recent developments in the game industry have made envi-
ronment creation easy and nowadays environments created by game engines look
very natural. However, a natural appearance, while helpful for the simulation of
vision-based sensors, is not enough. Also needed, are accurate physics engines
that can deliver precise biophysical interactions, but this is still a distance goal
because of the complex dynamics of both robotics systems and the physical
world. There are several good review papers on robot simulators [4] [5] [6] and
this paper does not attempt to do the same thing. It mostly focuses on the needs

and importance of a dedicated simulator for doing agricultural robotics research.

2. Simulator for Agricultural Robotics

Shannon [7] gave an excellent definition of simulation as the process of design-
ing a model of a real system and conducting experiments with this model to un-
derstand the system’s behavior and evaluate various strategies for operation of
the system. A robot simulation program or robot simulator is a computer pro-
gram used to mimic the real-world behavior of robots in different scenarios.
Robot simulators are usually used to test robots where accurate hardware testing
is difficult, costly, or dangerous to employ. There are different phases of doing
robot simulation as shown in Figure 1 which is self-explanatory.

Simulation of robots for agricultural operations follows the same steps like
traditional robot simulators with the special emphasis on environment creation.
Here, the environment means the arrangement of crops or trees, lighting condi-
tions, types of soil, conditions of dust or mud in the particular field in which
robot operates. This environment is very dynamic and difficult to create (the

reasons are mentioned in other sections). This is especially true if the environment
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Figure 1. Common steps in robot simulation.

needs to be photo-realistic and similar to real world scenarios as close as possi-
ble. Here, comes the need for dedicated robot simulator in agricultural robotics
research because it would help to create agricultural environment conveniently.
There are many different types of robot simulators. Some of them are open
source or free and some of them are commercial. But most of them are for gen-
eral purpose robots and not tailored to agricultural needs. Agricultural envi-
ronments are different from those in which robots are most commonly used
and, therefore, general purpose simulators cannot be used without custom mod-
ifications. In most cases, robots operating indoors, have a controlled environ-
ment or fixed arrangement of surroundings which is not the case for outdoor
robotics. Outdoor environments, especially in agriculture, are very dynamic.
Gazebo is one of the most widely used robot simulators for all-purpose robot-
ic applications. People have used it for agricultural simulation purpose [8]. It has
easy integration with the Robot Operating System (ROS) which makes it more
attractive to robotic community. It has a good collection of sensors ranging from

simple ultrasonic sensor to complex 3D lidar sensor. CoppeliaSim (formerly
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V-rep) is another excellent robot simulator with many built-in models (such as
houses, walls, roads etc.) that greatly enhance the creation of robotic operational
environments. It allows easy interaction of those models for robot simulation.
There are some other popular robot simulators such as Webots, MuJoCo, or
CARLA which are general purpose robot simulator and not specifically designed
for simulation of agricultural robots. There is a dedicated simulation platform
for doing agricultural robotics simulation named as “Simulation Environment
for Precision Agriculture Tasks using Robot Fleets” (SEARFS) [9] but it is not
capable of doing photo-realistic visualization and hence not suitable for synthet-
ic data generation that is useful for modern machine learning or image processing
tasks. Some authors developed AgROS, a ROS based emulator for doing agri-
cultural robotics research which purpose is similar to SEARFS but it also lacks
the same visualization deficits [10]. Recently, there has been a trend to use game
engines like Unreal Engine or Unity with a simulator to use the game engine’s
capability of photo realistic rendering and its built-in physics engine. Example of
this integration is CARLA (Unreal Engine), AirSim (Unreal Engine), RaiSim
(Unity), Issac Sim (Unity + Unreal), and SOFA (Unity + Unreal). Although
SOFA is a multi-purpose simulator and specifically intended for medical simula-
tion. This integration makes the simulation more realistic and appealing but
those simulators do not have any specific advantages of doing robotics simula-

tion for agricultural operations.

3. Specific Needs for Agricultural Robot Simulation

There are mainly two types of environment for simulation of agricultural robots:
indoor and outdoor environment. Indoor environment generally means green-
house or similar types of controlled atmosphere where plants are grown in con-
trolled manners. Outdoor environment usually means plants grown in open field
conditions where there is no control of the weather and are fully subjected to
natural conditions. These environments are very diverse and unpredictable. Dif-
ferent types of robots need different types of simulation environments as seen in

Figure 2. Therefore, agricultural environment is not generalized like urban or

(@) (b)

Figure 2. Environment for different types of agricultural robots [11] [12]. (a) Orchard
environment; (b) Under crop canopy environment.
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city traffic environment. Moreover, based on crop types and growth stage, the
environments vary to a large extent.

All kinds of fruit-picking robots need some form of tactile or pressure sensors
to sense the gripping of fruits unless it is vacuum picking of fruits. These grip-
pers are not very accurate and their operating speed is also not very fast. Moreo-
ver, different fruits have different ripening stages, and simulating fruits needs
soft body simulation. Hence, precise simulation of different fruits with varying
degrees of softness requires soft body simulation as well as realistic operation of
tactile sensors to simulate the fruit picking operations correctly.

Robots using vision systems need an accurate depiction of their surroundings
for accurate work of vision algorithms. The crops are usually modeled using 3D
modeling software like Blender, Maya, or 3D Studio Max. In most cases, people
buy or use a free version of crop models and directly import it into the simula-
tion environment. But these models are fixed and can’t be changed to include
distortion of leaves or stems and only resizing of shape or rotation is allowed in
the simulation environment which means the models are not very efficient to
test vision algorithms because natural conditions are highly variable that is not
comparable to standard models built by professional modelers. Therefore, provi-
sion should be incorporated in agricultural robotics simulators to include ran-
domness and variability in plant morphology as per the need of a person who
does the simulation.

Robots navigating autonomously in crop rows or under canopy situations,
face several challenges such as muddy conditions, broken plants, plant debris,
long weeds, and pivot ruts that are not common in urban or industrial environ-
ment. This kind of environment creation through an external program like Un-
real Engine or Unity is challenging and time-consuming. Furthermore, it is very
difficult to create under canopy environment using conventional robotics simu-
lation software. It would have been convenient if there were some built-in envi-
ronments for different plants exist in the database of simulator that could be eas-
ily placed during the simulation. Moreover, it would have been nice to have
models of different crops/plants as well as different field conditions like muddy
rows, a diverse range of plant debris and pivot ruts that could be easily dragged
and dropped in the environment.

There has been a shifting trend of agricultural workforce to other professions
and due to that fruit growers are facing severe labor shortage [13]. Travel restric-
tions due to COVID pandemic have accelerated this problem as few people are
available for doing seasonal agricultural work. Many types of fruits and vegeta-
bles could be picked up by robots operating either in the greenhouse or in an
open field. Fruits and vegetables have different maturity levels that need to be
selected properly by the vision system of picking robots. Based on maturity levels,
fruits and vegetables have different colors which are very important for vision al-
gorithms as robots could pick under-mature or over-mature fruits/vegetables if

improperly identified. Therefore, fruits/vegetables should look natural in terms
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of color. Photo-realistic visualization of plants as well as fruits/vegetables can
serve this purpose but it is a challenging task and can take a very long time to
produce even for an experienced 3D modeler. So, a specialty simulator for this
kind of work would enhance the development process of harvesting robots.

Pruning and trimming are very important for plants and shrubs. These are
very much essential for some plants such as grapevines. Not only grapevines, but
most ornamental and commercially grown plants require pruning from time to
time which is very labor-intensive work. Robots could play a big role here. But
designing a robot that can do this work properly is very challenging and requires
a series of trials to make the control algorithm perfect. Furthermore, this kind of
robot needs photo-realistically rendered images for the vision system (to distin-
guish sections to cut) and a real-looking arrangement of leaves/stems/buds for a
robust manipulator (to guide the cutter over plants) design. Hence, there is a
need for a specialty simulation environment that can handle this kind of task.

Agricultural robots used to carry implements for different agricultural opera-
tions such as tilling, mowing and weeding. While doing these operations, im-
plements interact with different types of soils. These interactions greatly influ-
ence overall power requirements of the robots. For small autonomous robots,
power issue is very important and special consideration should be given while
designing the robot. To address this, a physics engine that could replicate the in-
teraction of different implements with soils should be incorporated in agricul-
tural robot simulators.

Synthetic data (image) generation for machine learning algorithms is a very
good candidate for photo-realistic simulation of agricultural environment. Small
autonomous robot navigating through crop rows or under canopy situations,
need simulated data of different environments to optimize their autonomous
behavior such as navigation, harvesting, pruning or crop phenotyping. Without
using any kind of simulation, generation of this kind of large volume data is very

difficult and time consuming.

4. Drawbacks of Existing Simulators

Agricultural environments such as cultivated cropland, tree plantation or orc-
hard are not static but, rather, change on short time scales. For example, the op-
erational environment early in a growing season, when crops/trees are small, is
quite different than later when the plants are mature. Hence, robots need differ-
ent types of simulation environment to simulate agricultural operations proper-
ly. Functional-structural plant models (FSPM) are different from CAD (Com-
puter Aided Design) models and special kind of models used to simulate growth
of plant or trees at different stages considering plant’s physiology and environ-
mental factors with 3D visualization of plant’s structure. But the creation of
those models requires botanic or agronomic knowledge [14] which is generally
not possessed by robotic system designers. Designers want to quickly create ro-

bot environments and conveniently test their algorithms across multiple scena-
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rios. Moreover, FSPM generally model plants at different stages but not the
complete environment (variations of soil surfaces, dust levels etc.) that is re-
quired by robotics designers. It focuses on crop or plants growth whereas CAD
model are used to create robot operating environment.

Generally, the surfaces on which robots navigate in robotic simulators are not
close to the real world of agriculture. This creates a problem for vision-based
robots which use a camera to do certain tasks based on gathered images and
hence the vision algorithms’ performance varies. For example, robots operating
on flat ground or ground filled with stones, pebbles or boulders would not be the
same. Sometimes, robotic vehicle control system relies on odometer inputs. But
when there were stones present on the ground, wheels could be slipped and ul-
timately impacted the vehicle’s autonomous navigation performance. Moreover,
grass and plant debris like leaves/stems exist in agricultural settings which are
not common in an urban/industrial environment.

Plant/fruit models commonly used in agricultural simulation do not often
output photo-realistic as shown in Figure 3. Such non-realistic models could not
generate synthetic image sensor data that would be good enough for the purpose
of autonomous navigation or the design of a robotic manipulator. The more rea-
listic the models would be, the more usable data will be generated. Furthermore,
it is well known that more realistic models would help in more realistic synthetic
data generation using technique like GAN (Generative Adversarial Networks).

Distortion of acquired images by dust, mud or rain falling on the lens is a
great problem for machine learning algorithms or vision-guided navigation and
is very common in agricultural scenarios. Most of the widely used robot simula-
tors can simulate cameras but not dirty lens effects. Water droplets from rain or
moisture condensation can occur on camera lenses and render image analysis
problematic. Not only water, but dust also plays a critical role in clear and crisp
image acquisition in agricultural fields. Majority of agricultural field operations
are usually done in summer when soils are dry. Dry soils are prone to generate
dust even when little wind blows. Camera lenses contaminated with both water
and dust can easily be unusable for vision-based tasks. Example of images from
cameras obstructed with rain and dust are shown in Figure 4. Therefore, the
more realistically we can simulate these situations, the more we can make a vi-

sion-based algorithm robust. The creation of this situation is not possible in a

Figure 3. CAD model of plants and fruits in simulation environment [15].
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Figure 4. Effects of water and dust on camera lens [16]. (a) Image distortion due to water;
(b) Image distortion due to dust.

conventional robot simulator. At present, available simulation environments are
not comparable to the real environments prevailing in agricultural fields.

In a real environment, variation of lighting conditions is quite common and
that could make a sensor unusable. For example, infrared range sensors are
widely used in field robotics but are very susceptible to lighting conditions. In
very sunny conditions, they might not work at all or could give very poor results
[17]. Most of the currently used simulation programs are not capable of mi-
micking real-life agricultural environments although recent improvements of
game engines like Unreal Engine 5, Unity or robot simulator NVIDIA’s Isaac
Sim have made a good stride toward photo-realistic rendering. Still, there is
plenty of room for further development.

For most robot simulators, only wheels or tracks of robots are being consi-
dered which means the kinematics of robots are usually taken into considera-
tion. But kinematics is not only important, the dynamics of robots play a vital
role. Dynamic effects are mostly absent from conventional robotic simulators.
For example, bumps from roads, and friction with grasses or roads/pavements
are not taken into consideration although crucial for realistic simulation. Game
engines like Unreal Engine provides some features to manipulate some parame-
ters like steering angle, drag coefficient, and torque but there are many factors
needed to include to make simulation dynamic in nature. Recent development in
Nvidia’s Issac Sim simulator addressed several dynamics of a vehicle through the
usage of their physics engine PhysX 5 but there are many factors needed to be
addressed for complete dynamics analysis. In addition to that, most of these dy-
namic effects are tailored toward an industrial or urban environment and agri-
cultural environments are not emphasized. Agricultural environments are dif-
ferent than urban or industrial environments and the dynamic behaviors of ro-
bots are also different.

Popular robot simulation software like Gazebo, CoppeliaSim, or Webots have
several built-in objects or different types of robots or robotic manipulators but
lack components for agricultural operations such as weeding, planting, or har-
vesting. AWS RoboMaker is a great tool to create an environment and simulate

robots easily but it also lacks components for agricultural environment creation.
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Nvidia’s Isaac Sim simulator can do photo-realistic simulation but it does not
have any kind of agricultural environments/components that can be easily used.
In summary, there are some common tools such as different types of sensors in
all of the simulators that could be used in agricultural simulation but the existing
simulation environment is not enough to fulfill the simulation need of agricul-

tural robotics research.

5. Conclusions

Agricultural robots could play a pivotal role in increasing food production as
well as reducing production cost for labor intensive agricultural works. To de-
velop robotic systems for agricultural operations, simulation is an essential and
trusted technique for testing different algorithms to control robots or robotic
manipulators. Recently, simulation in robotics has reached to a new level with
the advent of high-power computing at low cost and the improvement of game
engines. But simulation software is mostly targeted at simulating city, traffic, or
industrial environment. Simulation of off-road conditions is not very common
and a specialty simulator for modern agricultural robotics research is absent. In
this paper, the need and justification for a dedicated simulator for agricultural
robotics research have been presented. It has been shown that how the agricul-
tural environment is different from a city or industrial environment and why
there is a need for dedicated simulator to accelerate the growth of agricultural
robotics. This kind of robot simulator will also help in simulation of off-road

autonomous vehicles or robots.
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