POLITECNICO DI TORINO
Repository ISTITUZIONALE

Position-agnostic autonomous navigation in vineyards with Deep Reinforcement Learning

Original

Position-agnostic autonomous navigation in vineyards with Deep Reinforcement Learning / Martini, Mauro; Cerrato,
Simone; Salvetti, Francesco; Angarano, Simone; Chiaberge, Marcello. - ELETTRONICO. - 2022 IEEE 18th International
Conference on Automation Science and Engineering (CASE):(2022), pp. 477-484. ( 2022 |IEEE 18th International
Conference on Automation Science and Engineering (CASE) Mexico City (Mexico) August 20-24, 2022)
[10.1109/CASE49997.2022.9926582].

Availability:
This version is available at: 11583/2972745 since: 2022-11-02T11:21:54Z

Publisher:
IEEE

Published
DOI:10.1109/CASE49997.2022.9926582

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright
IEEE postprint/Author's Accepted Manuscript

©2022 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any
current or future media, including reprinting/republishing this material for advertising or promotional purposes, creating
new collecting works, for resale or lists, or reuse of any copyrighted component of this work in other works.

(Article begins on next page)

02 May 2026



2206.14155v1 [cs.RO] 28 Jun 2022

arxXiv

POSITION-AGNOSTIC AUTONOMOUS NAVIGATION IN
VINEYARDS WITH DEEP REINFORCEMENT LEARNING

Mauro Martini'-2, Simone Cerrato' 2, Francesco Salvetti’>:3, Simone Angarano’2, and Marcello Chiaberge'-> ¥

ABSTRACT

Precision agriculture is rapidly attracting research to efficiently introduce automation and robotics
solutions to support agricultural activities. Robotic navigation in vineyards and orchards offers
competitive advantages in autonomously monitoring and easily accessing crops for harvesting,
spraying and performing time-consuming necessary tasks. Nowadays, autonomous navigation
algorithms exploit expensive sensors which also require heavy computational cost for data processing.
Nonetheless, vineyard rows represent a challenging outdoor scenario where GPS and Visual Odometry
techniques often struggle to provide reliable positioning information. In this work, we combine
Edge Al with Deep Reinforcement Learning to propose a cutting-edge lightweight solution to tackle
the problem of autonomous vineyard navigation without exploiting precise localization data and
overcoming task-tailored algorithms with a flexible learning-based approach. We train an end-to-
end sensorimotor agent which directly maps noisy depth images and position-agnostic robot state
information to velocity commands and guides the robot to the end of a row, continuously adjusting its
heading for a collision-free central trajectory. Our extensive experimentation in realistic simulated
vineyards demonstrates the effectiveness of our solution and the generalization capabilities of our
agent.

Keywords Precision Agriculture - Autonomous Navigation - Deep Reinforcement Learning

1 Introduction

In recent years, the development of Agriculture 3.0 and 4.0 paradigms rapidly attracted research attention with the aim
of satisfying four essential requirements: increasing productivity, allocating resources reasonably, adapting to climate
change, and avoiding food waste [1]. One fundamental step for introducing an efficient and reliable automation in the
agriculture processes is the development of a robotic autonomous navigation pipeline. This is the first requirement
to successfully design a platform that takes care of several tasks such as harvesting [2], spraying [3| 4], vegetative
assessment and yield estimation [5. 6], and many others [[7,18]. In this work, we focus on the autonomous navigation
of an Unmanned Ground Vehicle (UGV) in row crops and, in particular, we develop and test our methodology in a
realistic simulated vineyard.

1.1 Autonomous Navigation in Precision Agriculture

Nowadays, autonomous navigation in agricultural contexts is tackled with the usage of expensive high-precision GNSS
sensors, such as GPS receivers with RTK corrections [9} [10], usually in combination with laser sensors [11} [12].
However, the presence of thick canopies and lush vegetation decreases the reliability of GNSS sensors [13] [14],
especially during spring and summer. This condition strengthens the need for alternatives to reduce the cost of the
system without affecting its robustness. Visual odometry [[15,[16] [17] and computer vision methods [18] have been
proposed as different valid options to tackle navigation inside fields. However, these methods generalize poorly in the
case of long outdoor paths with repetitive visual patterns.
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T2PIC4SeR Interdepartmental Center for Service Robotics, Politecnico di Torino, Turin, Italy, https:/pic4ser.polito.it
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Figure 1: At each time instant ¢, the proposed agent receives as inputs a raw noisy depth image Dy, the previous
velocity commands [v;_1,w;—1] and the yaw 1)y, to generate the new commands [vs, w;]. Since no explicit localization
is required, the agent performs a positioning-independent navigation in the vineyard row.

Deep Learning (DL) methods are more and more used in the context of precision agriculture [19] to tackle many
different tasks such as object detection [22]), fruit counting [23]], land crop classification [23]]. Recently, DL
solutions have been proposed to solve the autonomous navigation problem, overcoming the limits of localization in row
crops scenarios with methods of orientation classification [26] and plant segmentation 28]).

1.2 Robot Navigation with Deep Reinforcement Learning

Classical navigation algorithms execute perception, planning and control as separate concatenated stages, increasing
the overall risk of error in each sub-module. Differently, policy learning methods can directly map raw input data to
actions, drastically simplifying the whole navigation algorithmic pipeline. Model-free Deep Reinforcement Learning
(DRL) optimizes a parametric policy without accessing the dynamic model of the environment, allowing to train an
agent to navigate in unseen environments. DRL has recently emerged as a powerful approach for autonomous vehicles
[29] and mobile robot navigation [30]. Whilst the majority of DRL works in literature focuses on indoor local planning
or obstacle avoidance with 2D lidars or cameras [33]], recent studies have chosen DRL agents to tackle more
challenging tasks such as socially-aware motion planning [34] and multi-robot systems [33]].

However, vineyard navigation presents considerable critical aspects with respect to point-to-point navigation in open-
space scenarios. Firstly, the constrained geometry of the vineyards may cause episode early stopping for collision,
limiting the amount of states visited before and during the training of the policy. Similarly to the approach adopted
for high-speed drone racing [36]], we tackled the problem by continuously changing the starting point of the robot in
the training stages. Moreover, assuming no information about the robot position is available, the input state does not
include key information on the distance or heading with respect to the goal.

1.3 Contributions

In this paper, we propose a novel method to tackle navigation inside row crops, based on a sensorimotor DRL agent that
directly maps a raw depth image combined with a basic robot state composed of yaw and previous velocity commands to
new actions, as shown in Fig. [I] This approach does not need any precise localization nor any information on the actual
distance from the goal and can therefore be used when GPS and visual-based positioning are unreliable. In particular,
we focus on the intra-row segments, since they are the most affected by GNSS signal deterioration, especially with Iush
vegetation and thick canopies. However, our approach can be easily combined with a waypoint-based global planner
to achieve a complete field coverage, tackling inter-row paths with classical approaches, such as in [28]. The
proposed DRL agent is trained in simulation on custom environments specifically designed with the aim of reproducing
the geometry of real vineyards. An example of such simulated scenario is shown in Fig. 2]

To summarize, the main advantages of the proposed method are the following:
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Figure 2: The robot is placed in a vineyard environment with realistic terrain profile. In testing rows, curves and plant
gaps are introduced to validate the agent in conditions comparable to real-world challenging scenarios.

* the model is position-agnostic and can reach the end of the row without global localization;

* the vision and control systems are coupled together and the policy learns a direct mapping between sensor-state
vectors and motion during training (sensorimotor agent);

* the controller is environment-independent, since there is no need for adaptations to deal with unseen scenarios
(e.g. curved rows);

* the system is computationally efficient and it is optimized to run in real-time directly on-board of the robotic
platform.

2 METHODOLOGY

2.1 Task Formulation

We model the navigation problem according to a reinforcement learning framework. Therefore, the problem is
formulated as a Markov Decision Process (MDP) described by the tuple (S,.A, P, R,~) [38]]. An agent starts its
interaction with the environment in an initial state sy, drawn from a pre-fixed distribution p(sg) and then cyclically
select an action a; € A from a generic state sy € S to move into a new state sy with the transition probability
P(st+1|st, at), receiving a reward r; = R(sg, ay).

The aim of a reinforcement learning process is to optimize a parametric policy g which defines the agent behaviour
once trained. In the context of autonomous navigation, we model the MDP with an episodic structure with maximum

time steps 7, hence the agent is trained to maximize the cuamulative expected reward E, - ZZ;O ~tr; over each episode,
where v € [0,1) is the discount factor. More in detail, we use a stochastic agent policy in an entropy-regularized
reinforcement learning setting, in which the optimal policy 7; with parameters ¢ is obtained maximizing a modified
discounted term:

T

g = argmaxE . Z’Yt [re + aH(7(-[s¢))] @
4 t=0

Where H (7 (+|s:)) is the entropy term which increases robustness to noise through exploration, and « is the temperature
parameter which regulates the trade-off between reward optimization and policy stochasticity.

2.2 Reward

The potential outcome of the vineyard navigation task can be easily summarized in a binary output: the robot successfully
arrives at the end of the row or it does not. However, this sparse reward feedback can be assigned to the agent only in
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Figure 3: The reward at each time step ¢ is computed as a function of the distances from the end of the row (EoR) d,
and d;_1, and the angle ¢; between the robot orientation and the shortest path to EoR. This information is available
while training the agent although it does not constitute its input.

the case of a completed successful episode, which is an improbable event all over the initial learning phases. According
to this, reward shaping is the typical process which leads researchers to analytically specify the desired behaviour to the
agent thanks to a dense reward signal assigned at each time step. Moreover, this approach allows to precisely express
secondary desired behaviours. In this application scenario, we identify three key features of an ideal optimal policy:
a complete collision-free travel in the vineyard row, a centered trajectory and a proper orientation. Nonetheless, the
reward can be computed during the training in simulation exploiting positioning data that is not needed at test time by
the agent. To this end, we first define a reward contribution 7, to keep the robot oriented towards the end of the row:

= (1—2 ) 2)

where ¢ is the heading angle of the robot, namely the angle between its linear velocity and the end of the row. We
consider rj, as a fundamental feedback to let the agent understand how to counteract the sudden angular deviations
imposed by the irregular terrain, which is realistically generated in our simulated world. Then, in order to obtain a
central trajectory, we consider the possibility of directly scoring the distance of the robot from the center of the row.
However, this approach requires to compare the robot pose with the mean line of each specific row at each step, and
nonetheless it results in a slow and inefficient policy when combined with the heading reward r},. For this reason, we
prefer a distance-based reward to strongly encourage the agent to reach the end of the row:

¢

™

rq = dtfl — dt (3)

where d;_, and d; are euclidean distances between the robot and the end of the row (EoR) at successive time steps, as
shown in Fig. [3] Robot pose information is uniquely used for reward computing while training, and is not included
as agent input, as better specified in the following subsection [2.3] We finally include a sparse reward contribution for
end-of-episode states, assigning r; = 1000 for the successful completion of the task, r. = —500 if collision occurs,
and ry, = —500 if the robot overcomes a +85° yaw limit. Stopping the episode when the robot exits the vineyard row
or reverses its motion direction is fundamental to keep collecting meaningful sample transitions for the task.

The final reward signal results to be as follows:

rs if Success
r=a-rp,+b-rq+  r. if Collision @)
Ty if Reverse

Where a = 0.6 and b = 35 are numerical coefficients to efficiently integrate the diverse reward contributions in the
final signal.
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2.3 Policy Network

We define the parametrized agent policy with a deep neural network. We train the agent with the Soft Actor-Critic
(SAC) algorithm presented in [39], which allows for a continuous action space. In particular, we instantiate a stochastic
Gaussian policy for the actor and two Q-networks for the critics.

Depth Image ‘ K,F,S, Activation
K,F,5 0.5 /-
_ N N
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Figure 4: Architecture of the actor policy network. A convolutional backbone extracts features from the depth image
D;. The features are then concatenated to the input vector [v;_1,w;—1, ;] and two fully connected layers output the
action vector [v¢, w;| with specific activation functions.

Input features We select the input features of the policy network only considering the odometric and perception
data available during the vineyard navigation task. To this end, we identify a set of input features which enables a
localization-independent navigation, and an affordable perception system such as a simple depth camera. Several
iterations lead us to the choice of three key elements as agent inputs.

1) The previous set of velocity commands [v;_1,w;_1] to provide information about its current motion and temporal
continuity to the agent and avoid strongly oscillating or disentangled commands.

2) The yaw of the robot 1/, measured at the current time instant ¢, which is always available thanks to an IMU sensor on
the robot. The simple yaw angle does not represent the required optimal heading angle ¢, for the task. Indeed, such
angle depends on the robot position, which is not available at test time in GPS-denied conditions. However, the yaw
1y provides awareness about the actual orientation of the robot and helps in generating smooth collision-free velocity
commands.

3) A raw noisy depth image of size (112 x 112). Each pixel of the image contains a distance in the range of [0.0, 5.0]m
and it is the only perception data of the environment the agent exploits to guide the robot through the vineyard.
Processing the image, the agent acquires the necessary knowledge on obstacles and it can also visually infer its
current orientation with respect to the end of the visible row. A reduced size of the image allows to obtain a compact
latent representation of only 32 features. The choice of depth images is also motivated by the aim of reducing the
simulation-to-reality gap. Indeed, depth images are only marginally affected by visual features. On the other hand, real
depth images may present peculiar noisy behaviours, so we add to each raw image two different noises: a first uniform
random noise with values in [—0.5, 0.5]m, and a second random noise proportional to the depth values in the image,
also in the range [—0.5, 0.5]m. The second noise aims at disturbing more heavily the higher-distance points. Overall,
each pixel presents at most a perturbation of £1m.

Output actions The policy network predicts an action a; = [v4, w;| at each time step, which directly represents the
required linear and angular velocity command to control the robot. This choice is mainly dictated by the differential-
drive steering model of the robotic platforms we use, and it also allows to easily integrate the system with ROS standard
command messages.

Network architecture The architecture of the policy network presents a double input structure, represented in Fig.
Ml A convolutional feature extractor is designed to efficiently map the depth image in a compact latent representation,
inspired by the work proposed for visual SAC in [40]. However, we avoid the adoption of an encoder-decoder structure
and an additional reconstruction loss. Our solution allows the agent to easily learn how to extract relevant feature for
the task autonomously. Firstly, the feature extractor takes the depth image D; (H x W) as input. It consists of two
convolutional layers (kernel size K = 3, F' = 32 filters, strides S; = 2 and S5 = 1 respectively) with ReLU activations
followed by a max pooling layer (pool size P = 2), two more convolutional layers (with the same structure as the
previous ones), and a global average pooling layer. The features are then concatenated to the position-agnostic robot
state input vector, which includes the measured yaw v; and the previous action command (linear velocity v;_; and
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angular velocity w;_1). The resulting vector is processed by two fully connected layers with N = 256 neurons and
ReLu activation. Finally, an additional output layer predicts the action vector [v, w;], using tanh as activation function.
The linear velocity vy is further squashed to (0, 0.5) to match the velocity profile of the robot. As we use a stochastic
Gaussian policy, the network actually predicts the mean and the standard deviation of each action distribution, which
are used to sample a value from the derived distribution while training. Instead, the mean value is directly used as
output at test time. The critic network structure is identical to the actor one, except it takes also the predicted action
vector in input and outputs an estimate of the () value and it is trained according to the SAC algorithm.

Table 1: Performance of the agent in the test environment (forward F and reverse R). We include both MAE and RMSE
metrics (lower is better), the actions v and w (mean and standard deviation) and the success rate (higher is better). The

last row reports the overall mean results and metrics.

Test Row Row Shape MAE [m] RMSE [m] v [m/s] w [rad/s] Success
1F Straight 0.076 0.089 0.493 +£0.020 -0.027 £ 0.538 5/5
1R Straight 0.131 0.141 0.478 +£0.053 -0.030 + 0.623 5/5
2F Straight 0.068 0.076 0.488 +£0.037 -0.028 + 0.642 5/5
2R Straight 0.087 0.105 0.489 +0.037 -0.001 £0.610 5/5
3F Hybrid 0.120 0.154 0.497 £0.003 -0.012 £0.353 5/5
3R Hybrid 0.100 0.130 0.494 +£0.017 -0.036 +£0.610 2/5
4F Curved 0.164 0.191 0.468 £ 0.079 -0.008 + 0.687 5/5
4R Curved 0.081 0.097 0.484 £0.059 -0.014 £0.493 5/5
5F Curved 0.112 0.145 0.486 £ 0.057 -0.005 +0.571 3/5
5R Curved 0.201 0.233 0.445+0.122 -0.042 + 0.656 5/5

Overall - 0.114 0.136 0.482 +0.048 -0.020 = 0.578  45/50

Random Initialization Strategy A critical condition of the vineyard environment is its constrained geometry. As a
consequence, the agent usually collides in few steps in the early stage of the DRL training, exploring a drastically
reduced number of states of the environment. This behaviour negatively affects the generalization properties of the agent
and more generally the probability of a stable convergence of the training algorithm. For this reason, we identify a set
of counteractions to effectively train the policy: 1) The vineyard training stage comprises different vineyard rows where
the robot travels during the same training simulation to encourage better generalization derived from a higher number
of visited states. 2) The robot is initialized in a new random pose in the vineyard every 10 episodes, varying its [, yo]
position coordinates and its initial yaw 1), enabling also the agent to travel the rows in both direction. Consequently,
the agent is able to visit the final sections of rows from the beginning of the simulation, significantly speeding up the
convergence of the training with better generalization results. 3) An initial exploration phase is combined with an
additional e-greedy policy which samples random values in the action spaces with a probability that is exponentially
reduced with the increase of episodes to maintain a proper level of exploration during the whole training.

3 EXPERIMENTAL SETTING

In this section we present how the DRL agent is trained, detailing all the hyperparameters involved in the training
procedure. Moreover, we present the custom simulation environments, specifically designed to validate the methodology.

3.1 Training Setting

The agent is customized starting from the implementation in the TF2RL library ﬂ Actor and critic networks present
104, 100 and 103, 841 parameters respectively and are trained with Adam optimizer and a learning rate of 2 - 10~4. The
e-greedy exploration policy is defined by the starting value ¢y = 1.0, the decay 7. = 0.992 and a minimum value for
random action sampling of ¢,,;, = 0.05. The agent is trained for 1500 episodes composed of 7" = 700 maximum steps,
changing the robot pose in different vineyard training rows every 10 episodes, to guarantee a good level of exploration
and resulting generalization.

*https://github.com/keiohta/tf2rl
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(b)
Figure 5: Training (a) and testing (b) simulation environments. Intentional gaps and curves are introduced in (b) to
provide a challenging environment for the agent. Testing rows are numbered as referenced in the results section.

Both training and testing are performed exploiting the open-source simulator Gazeb(ﬂ It is compatible with ROS2 and
has very good performances in terms of dynamic simulation capabilities as well as sensors simulation. Indeed, all the
code is developed in compliance with ROS2 standards and is tested on Ubuntu 20.04 LTS using ROS2 Foxy.

3.2 Simulation Environments

The simulation environments are composed of three main models: the URDF model of the rover, our custom model of
vine plant and the terrain model. The first contains all the useful information about the mechanical structure as well as
links and joints among the different parts of the hardware platform. During the training phase, we adopt the model
of the Jackal UGVﬂ provided by Clearpath Robotics. The plant models are randomized in terms of orientation and
deviation from their ideal positions in the rows. The model of the terrain is obtained using the heightmap option of the
SDF format to obtain a bumpy and uneven simulated terrain. This allows to reproduce the sudden steerings and the
jerky camera movements typical of a realistic interaction.

We design two different custom environments, one for training and one for testing, completely from scratch, with the
aim of reproducing the geometry of real vineyards (Fig. [5). The inter-row distance ranges from 1.5m to 2.0m, while
plants in the same row have a distance between them that ranges from 0.7m to 1.0m. We further increase the challenge
in the testing environment organizing the plants along both straight and curved lines and creating gaps in the rows, as
shown in Fig. Plant gaps are a common condition in real-world vineyards and, as reported in previous studies [27],
they represent the most common failure situation for visual-based guidance algorithms, since they may easily fool an
agent to leave the main row path.

Shttp://gazebosim.org/
Shttps://clearpathrobotics.com/jackal-small-unmanned-ground-vehicle/



Position-Agnostic Autonomous Navigation in Vineyards with Deep Reinforcement Learning

*  Vineyards " *  Vineyards " % Vineyards

- - G d Truth - G d Truth
(a) Ground Truth (b) round Tru (C) roun ] Tul

— UGV trajectory — UGV trajectory — UGV trajectory

Huknunn L LT
* *x * * e
PRt 14 LE e & s Pt A8 LR P |

» '
xxn ¥
eRRRRRR

Exxxwnn nn® ¥
* ®x » »
8] -x-"' LEPHNpp L4 i
+* » * =
PrIiEs PrT Y
an® wnr®

®
u® x* *
® ®
AL AL E PPN PEL L LA TP P L BEE e gnnnnn®®

y[m]
y[m]
ylm]

6 -
x w%* . wn®

xw % *¥,
2 ¥ Tnnnnany * #*Tnnnnany *
. =3 LIPS P s B wy X% EuuBpwupgnn®

o B
x® —— — x® x%®
: ; *
TR R R T PRI e e e T Mg ®a R kTt wgp Sy Ny K By Ky T e L T Ry Ky By %y Ky

PIEL I BV R N P R R IR R R R FEIE I BN SR S PTens L IR FR 2 222 FIIE I AR SR N T ST R R R T

|y ant
* *

* %
PR T T *
L2 LA LY PR L

LA T IPPRL S FREET PRI I S X NILE TIPS PRI T PR SIS X P L E Eamag FaRn L MM BE Npn XNy

3 3 o % B3 13 i 10 2 £ 0

15 15 15
x[m] x[m] x[m]

Figure 6: Results achieved by the agent in the testing environment. (a) resumes the performance on all the rows, where
the agent follows a trajectory very close to the optimal one. In (b), the agent recovers from a critical situation given by
gaps in the row. In (¢), the agent fails and switches to the adjacent row but still reaches the end of the vineyard without
collisions.

4 EXPERIMENTS AND RESULTS

In this section we present the experimental session followed to validate the proposed methodology, with the aim of
answering to the following questions:

1) Is the agent able to successfully accomplish the task of vineyard navigation in an unseen environment?

2) How well can the agent guide the robot through the vineyard? In particular, our main objective is to evaluate the
quality of the produced trajectory in terms of number of collisions, centrality, and average velocity commands.

3) How well can the agent generalize to new testing conditions such as a different robotic platform or an increased level
of noise in the depth image?

To this end, we firstly report the performance of our navigation agent in the testing environment evaluating the quality of
the trajectory and the overall behaviour of the robot on several repeated tests. Moreover, we test the generalization and
robustness properties of our trained policy, varying the robotic platform and increasing the noise in the depth images.
Finally, we provide an analysis of the real-time performance on different computational systems.

4.1 Vineyard Navigation Test

We test our navigation methodology on the five vineyard rows of the testing environment of Fig. [5b} two straight rows,
two curved rows and a hybrid row. We perform a total amount of ten tests for each row, half in the forward direction (F)
and half in the reverse direction (R). We repeat tests multiple times to better validate our approach and obtain more
consistent results.

The main approach to validate autonomous navigation algorithms is to compare the trajectory followed by the platform
with a ground truth path. We compute the median line for each vineyard row in the testing environment, performing a
mean operation between two adjacent rows, then we fit the obtained median points with a fifth-order polynomial in
order to achieve an accurate ground truth line. Afterwards, we compare the robot trajectory with the computed ground
truth lines in order to estimate its Mean Absolute Error (MAE) and Root Mean Square Error (RMSE). Moreover, for
each test we report the number of trials in which the UGV is able to successfully reach the end of the row.

Table[T] presents the complete quantitative evaluation of the experiment. Despite the difficulty of the test environment,
the learned policy demonstrates the ability of correctly guiding the robot through different rows. As expected, the agent
performs slightly better on the straight test rows (1 and 2) compared to the curved ones (4 and 5), since the conditions
are closer to the training scenario. That is proved by the lower MAE and RMSE values. Failures mostly occur in the
hybrid test row 3R (2 successes out of 5) and in the curved row 5F (3 successes out of 5), due to the presence of a wide
gap between the plants. However, the agent is able to correctly cope with gaps in the other tests. Fig. [6|presents some
examples of trajectories obtained during the test phase, particularly relevant to the gap handling. During the tests shown
in Fig. [6h, the agent is able to follow a path very close to the optimal one. In Fig. [6p, the gap causes a suboptimal
behavior, but the agent is still able to recover the correct path. On the other hand, in Fig. [6k, an example of a failure is
presented. It is worth citing that, despite following the wrong path, the agent is still able to avoid collisions. The overall
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Table 2: Comparison of agent generalization capabilities on a different robotic platform. We test the rovers on both
straight (1F) and curved (4F) rows, reporting the average results among 3 runs.

Row Rover  Success T4 [s] MAE[m] RMSE [m]

Straicht Jackal 3/3 78 0.079 0.088
& Husky 3/3 69 0.081 0.098
Curved Jackal 3/3 78 0.085 0.101
Husky 2/3 88 0.112 0.138

Table 3: Success rate of the agent tested with increasing noise factor in both straight (1F) and curved (4F) vineyard
rows with three trials for each test run.

Noise Factor 2 4 6 8 10
Success (Straight Row) 3/3  3/3 3/3 2/3 0/3
Success (Curved Row)  3/3  3/3 3/3 3/3 0/3

results report an MAE of 0.114m, an RMSE of 0.136m and a success rate of 45/50 total runs, which is a considerably
positive result.

4.2 Generalization, Robustness and Real-Time Performance

0.60 { =+ 0 - - -
(a) T LY ot T 7
0.55 1 1
I
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E 0.451 | 8
® 1 3
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Figure 7: Model robustness to noise. We report the mean and standard deviation for v (a) and w (b), highlighting how
the predictions of the policy network tend to oscillate more when the noise level increases. However, the agent is able
to reach the end of the row in almost all the cases even with high levels of noise.

We conduct further experiments to evaluate the generalization and robustness properties of the trained policy varying
two separate impacting conditions: the rover platform and the amount of noise in the depth image. These additional
tests are performed on two different rows of the testing environments: one straight (Row 1F) and one curved (Row
4F). We repeat each test three times for a consistent comparison in both the configurations. Moreover, we analyze the
inference timing of the proposed agent with different computational systems in order to report the ability of the actual
platforms to run the policy on-board in real-time.

Different Robotic Platform We choose the Husky UGVE] to test our policy with a different platform. The Husky
URDF model is also provided by Clearpath Robotics. Husky has an overall size Length x Width x Height equal
t0 990 x 670 x 390 mm, compared to the smaller Jackal size of 508 x 430 x 250 mm. The larger footprint and the
increased height of the camera constitute sensible variations for the agent, which needs to select actions accordingly to
manage collision avoidance. Overall, the results presented in Table[2]can be considered successful: the agent is able to
guide the new UGV to the end of the vineyard row with a success rate of 3/3 in the straight case and 2/3 in the curved

https://clearpathrobotics.com/husky-unmanned-ground-vehicle-robot/
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Table 4: Real-time inference performance of the actor policy network on different hardware configurations. Each test is
reported with a statistic on 100 independent trials.

Platform CPU Model T [ms]

TF 6.20 £ 1.50
TFLite 1.96 £0.11

TF 4.42+1.35
TFLite 1.24+0.21

TF 2.80+£0.62
TFLite 0.63 £0.39

Jackal  Intel i3-4330TE@2.40GHz

Husky  Intel i7-6700TE@2.40GHz

NUC Intel i5-1145G7@2.60GHz

case. Despite the slight degradation in the MAE and RMSE of the trajectory and a longer time required in the curved
row, the agent demonstrates to generalize well with different platforms, taking into account the considerable differences
between the two robotic platforms.

Depth Image Noise Real-world depth images often present unpredictable noisy behaviours. Aware of that, we
investigate the ability of our solution to resist to heavier noise in the observations, by gradually applying a multiplicative
factor to the noise in the images. The trained policy demonstrates to be robust to noise by successfully reaching the end
of the row until using a maximum noise factor of 10. We consider noise multiplication factors of 2, 4, 6, 8, 10, obtaining
the success rate presented in Table 3] Moreover, we show the effect of the increased noise in the velocity commands
generated by the agent in Fig. [/| The mean value of the linear velocity commands is reduced proportionally to the
increase of the perturbation in the depth image, demonstrating how the agent prioritizes a safe traveling with respect to
speed. On the other hand, the standard deviation in both velocities result to be much higher, suggesting uncertainty and
oscillation in the robot behaviour. Nonetheless, considering the degradation level used in the depth image, the obtained
performances are strongly encouraging in terms of noise tolerance and robustness.

Real-Time Performance As additional analysis, we test inference timings of the actor policy network on three different
computing hardware to investigate its performance on real platforms. In particular, we test the computers mounted on
Jackal and Husky UGVs, together with an Intel NUC mini PC, an emerging solution as on-board computing hardware
for robotics platforms. For our test, we apply network optimizations with the TensorFlow Lite{ﬂ library, obtaining the
float32 .1flite converted model. Results presented in Tab. 4] show how all the considered hardware configurations can
easily reach real-time performance and that TFLite conversion heavily decreases inference timings.

5 Conclusions

In this work, we proposed a learning-based methodology to tackle the problem of position-agnostic autonomous
navigation in vineyard rows. We demonstrated that Deep Reinforcement Learning represents a competitive approach
to learn a navigation policy for a mobile robot in complex constrained environments. We conceived our solution to
handle the absence of a precise positioning information, which is often unavailable in vineyards. With our extensive
experimentation we showed that our trained policy can safely guide the robot through unseen straight and curved vineyard
rows, generating considerably stable central trajectory. Moreover, we investigated the generalization and robustness
properties of our solution by testing the agent with a different UGV model and heavy depth image perturbations. Our
findings pave the way for further studies on learning-based solutions for autonomous navigation in precision agriculture
applications. Future works will involve a more precise modeling of depth camera noise and real-world testing of the
algorithm, also evolving the agent to handle inter-rows navigation and integrating it with a global waypoints planner.

Acknowledgments

This work has been developed with the contribution of the Politecnico di Torino Interdepartmental Centre for Service
Robotics (PIC4SeR) and SmartData@Polito.

References

[1] Zhaoyu Zhai, José Fernan Martinez, Victoria Beltran, and Néstor Lucas Martinez. Decision support systems for
agriculture 4.0: Survey and challenges. Computers and Electronics in Agriculture, 170:105256, 2020.

8https://www.tensorflow.org/lite

10



Position-Agnostic Autonomous Navigation in Vineyards with Deep Reinforcement Learning

[2] C Wouter Bac, Eldert J van Henten, Jochen Hemming, and Yael Edan. Harvesting robots for high-value crops:
State-of-the-art review and challenges ahead. Journal of Field Robotics, 31(6):888-911, 2014.

[3] Ron Berenstein, Ohad Ben Shahar, Amir Shapiro, and Yael Edan. Grape clusters and foliage detection algorithms
for autonomous selective vineyard sprayer. Intelligent Service Robotics, 3(4):233-243, 2010.

[4] Deepak Deshmukh, Dilip Kumar Pratihar, Alok Kanti Deb, Hena Ray, and Nabarun Bhattacharyya. Design and
development of intelligent pesticide spraying system for agricultural robot. In International Conference on Hybrid
Intelligent Systems, pages 157-170. Springer, 2020.

[5] GuoSheng Zhang, TongYu Xu, YouWen Tian, Han Xu, JiaYu Song, and Yubin Lan. Assessment of rice leaf blast
severity using hyperspectral imaging during late vegetative growth. Australasian Plant Pathology, 49(5):571-578,
2020.

[6] Aijing Feng, Jianfeng Zhou, Earl D Vories, Kenneth A Sudduth, and Meina Zhang. Yield estimation in cotton
using uav-based multi-sensor imagery. Biosystems Engineering, 193:101-114, 2020.

[7] Jayantha Katupitiya, Ray Eaton, and Tahir Yaqub. Systems engineering approach to agricultural automation: new
developments. In 2007 1st Annual IEEE Systems Conference, pages 1-7. IEEE, 2007.

[8] David Kohanbash, Abhinav Valada, and George Kantor. Irrigation control methods for wireless sensor network. In
2012 Dallas, Texas, July 29-August 1, 2012, page 1. American Society of Agricultural and Biological Engineers,
2012.

[9] Benoit Thuilot, Christophe Cariou, Lionel Cordesses, and Philippe Martinet. Automatic guidance of a farm
tractor along curved paths, using a unique cp-dgps. In Proceedings 2001 IEEE/RSJ International Conference
on Intelligent Robots and Systems. Expanding the Societal Role of Robotics in the the Next Millennium (Cat. No.
01CH37180), volume 2, pages 674-679. IEEE, 2001.

[10] O. Ly, H. Gimbert, G. Passault, and G. Baron. A fully autonomous robot for putting posts for trellising
vineyard with centimetric accuracy. In 2015 IEEE International Conference on Autonomous Robot Systems and
Competitions, pages 44-49, 2015.

[11] Stewart ] Moorehead, Carl K Wellington, Brian J Gilmore, and Carlos Vallespi. Automating orchards: A system of
autonomous tractors for orchard maintenance. In Proceedings of the IEEE International Conference of Intelligent
Robots and Systems, Workshop on Agricultural Robotics, 2012.

[12] Flavio Callegati, Alessandro Samori, Roberto Tazzari, Nicola Mimmo, and Lorenzo Marconi. Autonomous
tracked agricultural ugv configuration and navigation experimental results. In Workshop on Small UAVs for
Precision Agriculture, 2018.

[13] Sam Marden and Mark Whitty. Gps-free localisation and navigation of an unmanned ground vehicle for yield
forecasting in a vineyard. In Recent Advances in Agricultural Robotics, International workshop collocated with
the 13th International Conference on Intelligent Autonomous Systems (IAS-13), 2014.

[14] Md Shaha Nur Kabir, Ming-Zhang Song, Nam-Seok Sung, Sun-Ok Chung, Yong-Joo Kim, Noboru Noguchi, and
Soon-Jung Hong. Performance comparison of single and multi-gnss receivers under agricultural fields in korea.
Engineering in agriculture, environment and food, 9(1):27-35, 2016.

[15] André Aguiar, Filipe Santos, Luis Santos, and Armando Sousa. Monocular visual odometry using fisheye lens
cameras. In EPIA Conference on Artificial Intelligence, pages 319-330. Springer, 2019.

[16] Shahzad Zaman, Lorenzo Comba, Alessandro Biglia, Davide Ricauda Aimonino, Paolo Barge, and Paolo Gay.

Cost-effective visual odometry system for vehicle motion control in agricultural environments. Computers and
Electronics in Agriculture, 162:82-94, 2019.

[17] Igor Nevliudov, Sergiy Novoselov, Oksana Sychova, and Serhii Tesliuk. Development of the architecture of the
base platform agricultural robot for determining the trajectory using the method of visual odometry. In 2021 IEEE
XVIIth International Conference on the Perspective Technologies and Methods in MEMS Design (MEMSTECH),
pages 64-68. IEEE, 2021.

[18] Yue Ma, Wengiang Zhang, Waqar S Qureshi, Chao Gao, Chunlong Zhang, and Wei Li. Autonomous navigation for
a wolfberry picking robot using visual cues and fuzzy control. Information Processing in Agriculture, 8(1):15-26,
2021.

[19] Andreas Kamilaris and Francesc X. Prenafeta-Boldu. Deep learning in agriculture: A survey. Computers and
Electronics in Agriculture, 147:70-90, 2018.

[20] Chengjuan Ren, Dae-Kyoo Kim, and Dongwon Jeong. A survey of deep learning in agriculture: techniques and
their applications. Journal of Information Processing Systems, 16(5):1015-1033, 2020.

11



Position-Agnostic Autonomous Navigation in Vineyards with Deep Reinforcement Learning

[21] Vittorio Mazzia, Aleem Khaliq, Francesco Salvetti, and Marcello Chiaberge. Real-time apple detection system
using embedded systems with hardware accelerators: An edge ai application. I[EEE Access, 8:9102-9114, 2020.

[22] Helizani Couto Bazame, José Paulo Molin, Daniel Althoff, and Mauricio Martello. Detection, classification,
and mapping of coffee fruits during harvest with computer vision. Computers and Electronics in Agriculture,
183:106066, 2021.

[23] Maryam Rahnemoonfar and Clay Sheppard. Deep count: fruit counting based on deep simulated learning. Sensors,
17(4):905, 2017.

[24] Mauro Martini, Vittorio Mazzia, Aleem Khaliq, and Marcello Chiaberge. Domain-adversarial training of self-
attention-based networks for land cover classification using multi-temporal sentinel-2 satellite imagery. Remote
Sensing, 13(13):2564, 2021.

[25] Jinfan Xu, Jie Yang, Xingguo Xiong, Haifeng Li, Jingfeng Huang, KC Ting, Yibin Ying, and Tao Lin. Towards
interpreting multi-temporal deep learning models in crop mapping. Remote Sensing of Environment, 264:112599,
2021.

[26] Diego Aghi, Vittorio Mazzia, and Marcello Chiaberge. Local motion planner for autonomous navigation in
vineyards with a rgb-d camera-based algorithm and deep learning synergy. Machines, 8(2):27, 2020.

[27] Diego Aghi, Simone Cerrato, Vittorio Mazzia, and Marcello Chiaberge. Deep semantic segmentation at the edge
for autonomous navigation in vineyard rows. In 2021 IEEE/RSJ International Conference on Intelligent Robots
and Systems (IROS), pages 3421-3428. IEEE, 2021.

[28] Simone Cerrato, Vittorio Mazzia, Francesco Salvetti, and Marcello Chiaberge. A deep learning driven algorithmic
pipeline for autonomous navigation in row-based crops. arXiv preprint arXiv:2112.03816, 2021.

[29] Szilard Aradi. Survey of deep reinforcement learning for motion planning of autonomous vehicles. /EEE
Transactions on Intelligent Transportation Systems, 2020.

[30] Kai Zhu and Tao Zhang. Deep reinforcement learning based mobile robot navigation: A review. Tsinghua Science
and Technology, 26(5):674-691, 2021.

[31] Piotr Mirowski, Razvan Pascanu, Fabio Viola, Hubert Soyer, Andy Ballard, Andrea Banino, Misha Denil, Ross
Goroshin, Laurent Sifre, Koray Kavukcuoglu, Dharshan Kumaran, and Raia Hadsell. Learning to navigate in
complex environments. In 5th International Conference on Learning Representations, ICLR 2017, Toulon, France,
April 24-26, 2017, Conference Track Proceedings, 2017.

[32] Francisco Leiva and Javier Ruiz-del Solar. Robust rl-based map-less local planning: Using 2d point clouds as
observations. IEEE Robotics and Automation Letters, 5(4):5787-5794, 2020.

[33] Jinyoung Choi, Kyungsik Park, Minsu Kim, and Sangok Seok. Deep reinforcement learning of navigation in a
complex and crowded environment with a limited field of view. In 2019 International Conference on Robotics
and Automation (ICRA), pages 5993-6000. IEEE, 2019.

[34] Yu Fan Chen, Michael Everett, Miao Liu, and Jonathan P How. Socially aware motion planning with deep
reinforcement learning. In 2017 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS),
pages 1343-1350. IEEE, 2017.

[35] Tingxiang Fan, Pinxin Long, Wenxi Liu, and Jia Pan. Distributed multi-robot collision avoidance via deep
reinforcement learning for navigation in complex scenarios. The International Journal of Robotics Research,
39(7):856-892, 2020.

[36] Yunlong Song, Mats Steinweg, Elia Kaufmann, and Davide Scaramuzza. Autonomous drone racing with deep
reinforcement learning. In 2021 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS),
pages 1205-1212. IEEE, 2021.

[37] Vittorio Mazzia, Francesco Salvetti, Diego Aghi, and Marcello Chiaberge. Deepway: a deep learning waypoint
estimator for global path generation. Computers and Electronics in Agriculture, 184:106091, 2021.

[38] Richard S Sutton and Andrew G Barto. Reinforcement learning: An introduction. MIT press, 2018.

[39] Tuomas Haarnoja, Aurick Zhou, Pieter Abbeel, and Sergey Levine. Soft actor-critic: Off-policy maximum entropy
deep reinforcement learning with a stochastic actor. In International conference on machine learning, pages
1861-1870. PMLR, 2018.

[40] Denis Yarats, Amy Zhang, Ilya Kostrikov, Brandon Amos, Joelle Pineau, and Rob Fergus. Improving sample
efficiency in model-free reinforcement learning from images. In Proceedings of the AAAI Conference on Artificial
Intelligence, volume 35, pages 10674-10681, 2021.

12



	1 Introduction
	1.1 Autonomous Navigation in Precision Agriculture
	1.2 Robot Navigation with Deep Reinforcement Learning
	1.3 Contributions

	2 METHODOLOGY
	2.1 Task Formulation
	2.2 Reward
	2.3 Policy Network

	3 EXPERIMENTAL SETTING
	3.1 Training Setting
	3.2 Simulation Environments

	4 EXPERIMENTS AND RESULTS
	4.1 Vineyard Navigation Test
	4.2 Generalization, Robustness and Real-Time Performance

	5 Conclusions

