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Abstract

3D spatial mapping is a powerful tool that is revolutionizing the field of agriculture. By
creating detailed digital representations of fields, farmers can gain insights into their land
that were previously unattainable. This technology can be used to remotely monitor crop
growth, identify pests and diseases, optimize irrigation and fertilizer applications, and even
automate field operations. However, it is a challenge to ensure the necessary optical quality
so that the farmer can easily distinguish details in the plants.

The present thesis focuses on the design and implementation of an effective perception
system capable of accurately reconstructing a vineyard while producing clear and
comprehensive visual content for the user. The subject of the present work is not only the
research and development of the necessary software to achieve the above goal, but also a
review of the available hardware for that purpose and ultimately the execution of an
experiment in simulation, as well as with a real robot in realistic conditions.

First, the available software on 3D reconstruction and spatial mapping is reviewed.
Comparing four different packages produces valuable insight regarding the benefits and
drawbacks of various state-of-the-art reconstruction methods. The packages are tested on
ROS noetic and CUDA hardware acceleration is enabled to speed up the process. The ZED
spatial mapping tool with neural depth capabilities is chosen to complement the custom 3D
reconstruction algorithm that is ultimately implemented in this work.

Navigation and path planning algorithms are studied in the third chapter of the present
thesis. The final design of the high-level planner which is utilized in both the simulation and
the real-life experiments is based on prior studies on dual camera visual odometry
conducted by the Legged Robots Team of the Control Systems Lab in NTUA, as well as on
a novel obstacle avoidance algorithm which leverages polytopic decomposition and a stable
trajectory tracking PID controller.

Deciding which hardware components to utilize for the implementation of the perception
system is next addressed in this work. A comparison of sensors and processing units, as
well as an exploration of the ways in which they can be combined and placed on a
guadruped robot, led to well-argued decisions about the final structure of the perception
system. To justify and visualize these comparisons, a three-dimensional field of view
visualization and lidar resolution analysis tool (FoValLiRa) was developed in the Unity
Development platform.

The final chapter focuses on the development of the Vinymap Objective Quality
Assessment, Canopy Inspection and 3D Reconstruction Algorithm. Vinymap is a novel
approach to reconstructing a real vineyard while maintaining the visual features of the
leaves, the grapes, and the trunk intact. | t al so assesses the vi
provides valuable quantitative indexes to the farmers. Vinymap was tested on a mobile
robotic platform with the perception system developed in this work. It is written in python3
and utilizes open3D and openCV, two well-known and well-established open-source
libraries.

Keywords i Agricultural Robots, Robotic Perception, 3D Reconstruction, Robotic
Navigation and Control, Path Planning
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Clustered Point Cloud Noise Clusters Identified
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Repeat for all Point Clouds I
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2 Introduction

2.1 Motivation

The agricultural sector is facing numerous challenges, including climate change, resource
scarcity, and the need to increase productivity while minimizing environmental impact.
Traditional agricultural practices often rely on manual observation and data collection, which
can be time-consuming, labor-intensive, and error prone. This limits farmers' ability to make
informed decisions and optimize crop vyields. 3D reconstruction technology offers a
transformative solution to these challenges; measuring crop height, canopy density, and
other phenotypic parameters, as well as detecting weeds and mapping field topography and
soil conditions are only some of the possibilities.

The Legged Robots Team of the Control Systems Lab (CSL) in NTUA has designed
and manufactured quadruped robots which utilize sophisticated and in-house-developed
mechanical and electrical subsystems. Lealaps Il and its successor, Argos, are two optimally
designed quadruped robots, well suited for agricultural use. They were lacking, however, a
robotic perception system which would empower them to perceive, understand, and interact
with their surroundings autonomously.

The objective of the present thesis is to design and implement a perception system for
agriculture quadruped robots with 3D reconstruction of vineyards as the main focus. The
design considers both software and hardware. It features a novel spatial mapping algorithm
which preserves the visual detail required for a reconstruction to be useful for crop and field
analysis. A navigation and path-planning stack which enables the robot to traverse a real-life
vineyard effectively and safely is also proposed in this work. It utilizes a state-of-the-art
Model Predictive Control (MPC) planner, an in-house dual-camera visual odometry algorithm
and a robust PID trajectory tracking controller. A thorough review of relevant literature is
crucial for narrowing down design decisions.

2.2 Literature Review

2.2.1 Agriculture Robots

Human population has grown rapidly in recent years and will continue to do so for several
more. The need for food is a global concern for governments and scientists. However, the
way to increase food production should not be to expand cultivated land at the expense of
forests, but to increase the productivity of the soil and plants that are already established. As
a result, the interest in Agriculture Robots has been increasing the last few years.

There are three main factors that heavily influence the design of agriculture robots and
differentiate it from the design of other task-specific robots: agriculture-specific navigation,
agriculture-specific image processing and Handling Rough Terrain [26]. Focusing on these
aspects, researchers have come up with various solutions in the recent past.

The authors in [27] have designed a wheeled robotic platform which utilizes a
monocular downward facing RGB camera primarily used for classification of crop and weed
plants and for visual odometry. The robot uses machine vision to detect weeds within the
crop rows and treats the weeds by high precision drop-on-demand application of herbicide.
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Researchers in [28] have developed the VineRobot, a multi-million euro project robot
designed to autonomously and non-intrusively traverse vineyards utilizing ultrasonic sensors
and RGB camera visual feedback, while providing the farmers with useable real time data
regarding the state of the vineyard it explores. The authors in [29] have developed an
autonomous pruning robot. Their pruning setup consists of a Universal Robots UR5e robot
mounted on a linear axis. The end effector consists of a set of electric bypass pruners along
with a RealSense D435 RGBD camera. For field trials, the robot was installed on the back of
a remote-controlled utility vehicle and powered with a portable generator.

It is evident that the world of agriculture is complex enough to allow for the development
of a large variety of robotic solutions that differ according to the problem that they are called
to solve. The present thesis focuses on the mediterranean vineyard, which is often
characterized by mountainous and rocky terrain, unsymmetrical rows as well as erratic
canopy at the late vegetative state. The mobility advantage and agility that a legged robot
presents cannot be replicated by a simple wheel layout. This is one of the reasons why legs
are the main locomotion mechanism in nature and the reason why the perception system
described in this work is mounted on and designed for a quadruped robot. Finally, the rich
and irregular canopy of vine trees calls for innovative machine vision solutions.

C AR LA
Realsense!D435)

RGB-D Camera

e .
et ECTTICIBYDASS

— Pruners

(d)

Figure 2-1: Robots designed for various agricultural Tasks.
(a) wheeled weed detection robot designed by the authors in [27]
(b) VineRobot (c) pruning robot designed by the authors in [29]
(d) Lealaps Il quadruped robot designed at CSL NTUA.
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2.2.2 Path Planning

Although path planning has been studied extensively for applications in indoor
environments, there is still much room for development and research for optimization in
agricultural environments. In fact, most recent relative research has focused on Coverage
Path Planning (CPP) algorithms [30]; these solve the problem of determining a path that
passes over all points of an area or volume while avoiding obstacles [31]. Point-to-point path
planning i.e.: determining an optimal and collision-free path from a starting point to a
destination point, which is more useful in precision agriculture applications, is not as
common in the literature. There are, however, several interesting publications.

Recently, researchers have designed a path planning and obstacle avoidance package
which enables their custom rover to either move along the middle of a row of a mountainous
vineyard or move through a row according a received path line [32]. To achieve this, their
software represents three-dimensional space as a two-dimensional occupancy gird map i.e.
a grid where cells with obstacles are labeled as occupied. This map is then heuristically

subdivided into regions basedonther obot 6 s maneuvering deipiambil ity

making algorithm. This is a simple and effective approach. The software, however, is closely
linked to therobotd6 s ki nemati c characteri st In@asioraracdnt
work researchers introduce a new path planning algorithm that utilizes a topological map
and extends the A* search based planning algorithm , to ensure a safe path and a maximum
distance from the vine trees of a steep slope vineyard [33].

The authors in [34] propose a hybrid Voronoi-based ant colony optimization (V-ACO)

path planning algorithm to solve an adaptive ocean sampling problem. Ant Colony
Optimization is a metaheuristic algorithm inspired by the foraging behavior of ants. Ants
communicate with each other by laying down pheromone trails, which they use to guide
others to food sources. ACO algorithms use this same concept to search for solutions to
optimization problems.
The algorithm works by having a population of artificial ants, each of which starts at a
random location in the search space. The ants then follow a probabilistic path through the
search space, using pheromone trails to guide their way. The pheromone trails evaporate
over time, so the ants are more likely to follow trails that have been recently laid. If a
simulated ant finds a short path to the target, it will execute more routes to and from the
target. Thus, the short path will have less evaporated pheromones than other paths and will
be preferred as closer to optimal. The Voronoi based scheme utilizes Voronoi partition to
highlight high interest areas. The V-ACO algorithm could be altered to suit an agricultural
setting, although vineyards have a distinct and special topology of corridors and rows that
this scheme does not capitalize on.

Finally, machine learning is often used as a solution to path planning problems that
involve multiple agents or take place in complex, dynamic environments. The authors in [35]
present deep reinforcement learning as a framework to model the complex interactions and
cooperation required by robots that navigate among pedestrians. They utilize an LSTM
neural network that enables the algorithm to use observations of an arbitrary number of
agents. The algorithm learns collision avoidance among a variety of types of dynamic agents
without assuming they follow any particular behavior rules. The authors in [36] propose a
Bezier curve based approach for the path planning in a dynamic field using a Modified
Genetic Algorithm (MGA). The robot's path
locations. With the goal of optimizing the distance between the start point and the target
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point, the MGA is employed to search for the most suitable points as the control points of the
Bezier curve. Using the chosen control points, the optimum smooth path that minimizes the
total distance between the start and the end points is selected.

Ant Colony Optimization

Figure 2-2: Path planning strategies.
(a) Ant Colony Optimization Visualized [34] (b) Local occupation grid map generated in [30]. On the left
sensor observation, on the right the produced grid map.

2.2.3 SLAM and 3D reconstruction

Simultaneous Localization and Mapping (SLAM), as the name implies, is the problem of
simultaneously estimating a robot's position and the 3D structure of the environment it is
traversing. 3D reconstruction, on the other hand, focuses solely on building a detailed 3D
representation of the scene, independently of the robot's motion. Most active SLAM
approaches provide estimations of the environment in the form of geometric representations
(e.g., OG maps, Octomaps). However, when we explore new environments as humans, we
are not just interested in the shape of the environment, but also in the textures and materials
of the world around us, as well as in semantic elements of the environment (e.g., presence
of objects, rooms) [37]. Achieving SLAM while capturing high- and low-level semantics is
commonly referred to as Spatial Perception or Spatial Mapping. In this case, 3D space is
represented as a 3D mesh or a 3D point cloud. Determining the quality of the representation
is of outmost importance, especially for agricultural applications, where the output data must
be reliable enough to aid with tasks such as crop inspection.

Point Cloud Quality Assessment

Point cloud quality assessment (PCQA) is a crucial task for evaluating the integrity and
usability of point clouds, which are collections of data points that represent three-
dimensional objects or environments. PCQA metrics aim to quantify the degradation or
distortion introduced during acquisition, processing, compression, transmission, or rendering
processes. This information is essential for optimizing point cloud processing algorithms,
ensuring data consistency, and maintaining visual quality for applications in various
domains. Two main categories of PCQA metrics exist: full-reference (FR) and no-reference
(NR).

FR metrics require access to a reference point cloud of the same scene or object to
compare with the distorted version. The reference point clouds are usually of very high
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quality and together formulate a dataset that is considered a ground truth dataset. The
ground truth dataset can be synthetic as in [38] and [39], or include point clouds that are
captured with a high quality and expensive scanner as in [40] [41].

NR metrics, on the other hand, operate solely on the distorted point cloud itself, making
them more versatile for applications where reliable reference point clouds data may not be
readily available [42]. Recent advancements in PCQA have focused on learning-based
approaches, which utilize deep neural networks to extract discriminative features from point
clouds and predict quality scores. These methods have shown promising results in capturing
subtle distortions and generalizing to diverse datasets [43] [44]. Simpler NR quality metrics
like point cloud density, point confidence and Local outlier factor (LOF) [45] [46], as well as
mathematical methods [47] have also been used successfully throughout literature.

There is yet another common method of assessing 3D point cloud quality: Subjective
point cloud quality assessment. Humans visually review and effectively assign quality scores
to 3D data. Occlusions, unregistered objects and visible distortion in the reviewed point
cloud or mesh are often mentioned [48] [49]. Subjective point cloud quality assessment is
often used to evaluate objective quality assessment metrics [50].

Canopy Quality Assessment

The quest to objectively assess canopy quality and predict crop yield has long
enthralled precision agriculture researchers. Early efforts relied on laborious and destructive
chemical processes like leaf nitrogen analysis [51], offering limited insights and heavily
impacting plant health.

As technology evolved, non-destructive alternatives emerged. Hyperspectral imaging
[52], while promising, brought its own challenges: complexity, expensive equipment, and
specific technical knowledge requirements from the farmers.

Recently, computer vision techniques have gained popularity [53], offering optical
assessment methods with potential for real-time insights. Approaches like machine learning-
based leaf area estimation are effective [54], but often wrestle with training data
requirements, computational demands, and susceptibility to varying lighting and weather
conditions, potentially hindering their practical application.

Our approach in Vinymap sought a different path. Driven by the need for simplicity, real-
time applicability, and robustness under diverse environmental conditions, we designed a
canopy assessment algorithm that is non-destructive, preserving precious vine health for
optimal yield, simple, real-time viable and robust, performing reliably across diverse lighting
conditions.

Spatial Mapping

Spatial mapping or 3D reconstruction is the ability to create a digital representation of
physical space while maintaining semantic information. The three most common methods to
achieve 3D reconstruction are Structure from Motion (SfM), Stereopsis and Light Detection
and Ranging (LiDar) [55]. The implementation of each method, however, presents great
diversity in the literature and depends on the purpose for which spatial mapping is used, but
also on the hardware and computational power that is available.

Researchers in [49] leverage 2D thermal images to reconstruct 3D buildings using SfM.
They create point clouds from RGB images and thermal images separately and then
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successfully align them to create a high-resolution output point cloud. The authors in [48]
utilize the COLMAP pipeline [56] [57] and propose a novel view planning method effectively
deciding the placement of a set of available RGB cameras in the 3D space in order to
optimally reconstruct noisy 3D corn plants using SfM.

Recently, a novel scene representation based on Gaussian splatting [9] has been
shown to deliver on-par or even better rendering and reconstruction performance than other
state-of-the-art reconstruction methods. Researchers in [58] and the authors in [59] have
used this representation to implement monocular camera SLAM frameworks that achieve
impressive performance in camera pose estimation, map construction, and novel-view
synthesis, while allowing real-time rendering of a high-resolution dense 3D map.

3D reconstruction using Stereo cameras and LiDars is also frequently encountered in
the literature and has established its position in this research field in recent years. The
authors in [60] propose a fusion of LiDar and Stereo camera data to effectively map 3D
space without missing out on texture or volumetric details. The authors in [61] recently
proposed a feature-based approach that enables fast and dense mapping of crop fields
observed by a vehicle-mounted stereo camera. They leveraged Bayesian inference to tackle
the feature matching ambiguity problem that is common in crop field mapping where
uncertainties due to repetitive textures and uneven lighting are induced.

(@) (b)
Figure 2-3: (a) Subjective quality assessment of a point cloud of a plant [40]. Left: parts of plant have not

been reconstructed. Right: view planning improves reconstruction.
(b) Depth Camera on a combine harvester machine [62].
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3 Reconstruction Software

3.1 SLAM

3.1.1 Localization

Robot localization, a fundamental aspect of robotics, refers to the process of determining a
robot's position and orientation (pose) within a specified, known environment. With an
accurate map of the environment, the robot can utilize sensor measurements (observations)
to acquire knowledge about its distance from objects around it (landmarks) and use this
knowledge to estimate its position and orientation in the known map. Sensors include
cameras, lasers, and inertial measurement units (IMUs) which gather information about the
robot's surroundings, while the map serves as a reference frame for interpreting these
sensory inputs.

Sensor Measurements
AL

=

ap Coordinate Framé

Figure 3-1: Robotic Platform Localization Illustration.

Conventional robot localization techniques often employ a probabilistic approach, where the
robot's location is represented by a probability distribution, capturing the uncertainty inherent
in sensor measurements. This probabilistic framework allows the robot to continuously refine
its estimate of its position as it acquires new sensory data, ensuring robustness against
noise and errors. Various localization algorithms have been developed, each tailored to
specific sensor modalities and environmental conditions. For instance, visual odometry,
relying on camera imagery, excels in indoor environments, while laser-based techniques are
well-suited for outdoor scenarios due to range superiority [63].
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The success of robot localization hinges on the accuracy and reliability of both sensor
data and the underlying map representation. Sensor noise and environmental clutter can
introduce significant challenges, requiring robust algorithms and filtering techniques to
mitigate these effects. Moreover, the map itself must be adequately detailed and up to date
with the environment it represents, in order to provide accurate localization information. As
robotics technology advances, the pursuit of more efficient, accurate, and robust localization
algorithms remains a critical area of research, paving the way for increasingly sophisticated
autonomous robots capable of navigating complex and dynamic environments.

3.1.2 Mapping

In the context of robotics, mapping refers to the process of creating a comprehensive
representation of an environment, typically represented as a 2D or 3D map. This
representation, often referred to as a reconstruction, captures the spatial layout, objects, and
other relevant features of the surroundings. Mapping is a fundamental capability for robots to
navigate and operate autonomously in their environment. By constructing a map, a robot can
gain a detailed understanding of its surroundings, enabling it to perform tasks such as path
planning, object recognition and manipulation and environmental monitoring.
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Figure 3-2: ANYmal robot mapping terrain (staircase) using a stereo camera [64].

Making a 2D or 3D reconstruction of the surrounding environment works a lot like connecting
pieces of a puzzle; the robot gathers information about its surroundings using its sensors
and saves that information in an appropriate file format. It then moves and repeats this
process to acquire new data. Provided that it knows its position and orientation in space at
any given time, i.e. it always successfully localizes itself in the environment, then it can
create a map of its surroundings by appropriately stitching the newly acquired information, at
its new pose, with its older representation of the environment.
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3.1.3 SLAM

As discussed in sections 2.1.1 and 2.1.1, for a robot to successfully perform localization, an
accurate map of the environment must be available. In addition, for a robot to successfully
perform mapping of the environment, it must be successfully localized in it. Enabling a robot
to perform both of these tasks simultaneously appears at first glance like a chicken-and-egg
problem. SLAM stands for Simultaneous Localization and Mapping. It is the name for the
solution to this very problem. It is a fundamental technique in robotics that allows a robot to
build a map of its surroundings while simultaneously determining its own location within that
map. This capability is essential for robots to operate autonomously in unknown
environments without the need for a-priori information about the trajectory they are following
or a priorly constructed map of their surroundings.

Occupancy Map

Occupancy Grid Map Built Using Lidar SLAM
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Z [meters]
(=]
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%0 40
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Figure 3-3: 2D and 3D Occupancy Grid Maps built using 2D and 3D Lidar SLAM utilizing MATLAB's
Navigation Toolbox [65].

The key to performing SLAM is the knowledge of the relationship between two consecutive
poses of a moving robot. This is otherwise known as odometry. The robot gathers
information about its surroundings using its sensors and saves that information in an
appropriate file format. It then moves and repeats this process to acquire new data. The
robot does not know its position and orientation in space at the time of gathering the old or
the new data; absolute localization is not a given. It estimates, however, its motion
(transformation) from the old to the new pose. Then it can create a map of its surroundings
by appropriately stitching the newly acquired information, at its new pose, with the
information gathered at its old pose. There are a lot of ways to estimate the transformation
from a previous to a new pose (odometry estimation). Odometry estimation is commonly
achieved in the following ways:

1 Wheel odometry: This method relies on measuring the rotation of the robot's wheels. The
robot's position and orientation can then be estimated by tracking the cumulative rotation
of each wheel.

1 Inertial odometry: This method uses an inertial measurement unit (IMU) to measure the
robot's acceleration and angular velocity. The robot's position and orientation can then
be estimated by integrating these measurements over time.

9 Visual odometry uses a camera to track features in the environment. The robot's position
and orientation can then be estimated by matching the features in the camera's images
to landmarks in the map.
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1 Laser odometry uses a laser scanner to measure distances to surrounding objects. The
robot's position and orientation can then be estimated by tracking the changes in the
laser scans over time.

Wheel odometry is a simple and reliable method that is well-suited for robots that have

wheels or tracks. However, it is susceptible to errors due to wheel slippage and non-

linearities in the robot's motion. Inertial odometry is a more accurate method that is not
affected by wheel slippage. However, it is also prone to errors due to drift, which is the
accumulation of IMU measurement errors over time. Visual and Laser odometry accuracy
results are largely dependent on the amount of complexity of the environment of the robot,

i.e. the amount of features or the shape variability of the surrounding space. To improve the

accuracy of odometry estimation the above methods are often combined and statistically

reinforce the total odometry accuracy with the usage of Kallman Filters.

3.1.4 VSLAM

Visual simultaneous localization and mapping (vSLAM) is a type of SLAM that utilizes visual
data, typically from cameras, to determine the robot's position and orientation within an
environment (visual odometry), while simultaneously building a map of that environment.
build a map of an environment while simultaneously. VSLAM algorithms typically involve
three main components:

9 Feature extraction: This involves identifying and extracting distinctive features from the
camera images. These features can be points, lines, or other geometric shapes or
structures that are relatively invariant to changes in lighting and viewpoint.

1 Correspondence matching: This involves matching features from subsequent images to
features in the existing map. This is typically done by calculating the distance or angle
between features in different images.

9 Optical flow and ego-motion estimation: Optical flow, is the pattern of apparent motion of
features in a visual scene caused by the relative motion between an observer and a
scene. Optical flow can be used to estimate ego-motion. Ego-motion, in the field of
computer vision, refers to estimating a camera's motion relative to a rigid scene [66]. An
example of ego-motion estimation would be estimating a car's moving position relative to
lines on the road or street signs being observed from the car itself.

VSLAM algorithms face several challenges, including:

9 lllumination variations. Changes in lighting can make it difficult to extract features and
match them across images.

1 Occlusions: Objects in the environment can block the view of features, making it difficult
to track enough of them to accurately estimate ego-motion.

1 Sensor noise: Image sensors are not perfect -especially in low-light conditions- and their
measurements can contain noise that can corrupt the localization estimates and
accumulate over time.

Loop Closure

Loop closure is a crucial aspect of Simultaneous Localization and Mapping (SLAM) that
refers to the ability of a robot to recognize previously visited places and use this knowledge
to improve its localization and map estimation. This mechanism plays a critical role in
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correcting the accumulated errors in the robot's pose estimation and ensuring the accuracy
of the map. Without loop closure, the robot's pose estimation would gradually drift away from
its actual position due to the accumulation of odometry errors. With loop closure, the robot
identifies a location in space, usually by saving special visual features characteristic to this
location. If it detects these features again while it is moving, then it assumes that it is in that
location once more. If the odometry data state otherwise, then they are corrected
accordingly and recursively along the whole trajectory of the robot. This correction is known
as bundle adjustment.

Estimated pose

* loop closure correction

@ Real pose
///
5

Figure 3-4: Loop Closure lllustration.

Saving visual features for a specific location in the scene and assuming they are unique to
this location is not a faultless assumption. The problem that arises is called perceptual
aliasing. This occurs when two different places can be perceived as the same. For example,
in a texture-wise monotonous and empty building, it is nearly impossible to determine a
location solely with the visual information, because all the corridors or rooms may look the
same [67]. In that case, a lot of false-positive loop closure detections would disrupt the
odometry data.

Multi-Camera Visual SLAM For Vineyard Inspection

A novel approach to enhancing the robustness of vSLAM has been developed in CSL,
specifically tailored for vineyard inspection applications [68]. The proposed VSLAM method
utilizes multiple cameras which increases the available Field of View (FoV) resulting in more
features available to track. Moreover, in situations in which one or more of the cameras is
obscured by the sun or leaves, the other cameras will still be able to identify useful features
in the environment and thus the visual odometry estimation will not be hindered.
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(a) (b)
Figure 3-5: (a) One camera's lenses are obstructed resulting in very low number of detected features.
(b) A different camera is not obstructed and continues to produce accurate visual odometry [17].

The proposed approach offers yet another novelty to add more robustness to VSLAM: It
does not utilize visual features to detect loop closures, as in vineyards, the crop is organized
in parallel rows and agricultural robots move in the open corridors between them. There, a
purely feature based approach would result in incorrect loop detection due to the high
similarity between images (perceptual aliasing). Instead, the developed method leverages
AprilTags, which are placed in fixed positions in the vineyard in order to assist with loop
closure detection.

AprilTags are a type of fiducial marker, similar to QR codes [69]. AprilTag markers can
be easily printed and embedded in any environment. The open-source AprilTag detection
software accurately determines the 3D location and orientation of each marker relative to the
camera, as well as its unique identifier. The AprilTag library is written in C and requires no
external libraries. It is designed to be seamlessly integrated into existing applications and
can run efficiently on embedded devices. AprilTags are designed to encode far smaller data
payloads than QR codes (between 4 and 12 bits), allowing them to be detected more
robustly and from longer ranges. They are also designed for high localization accuracy,
unlike QR codes which are mainly designed for saving data in a visual format.

208

T

Figure 3-6: April Tags used for research purposes in April Laboratory, University of Michigan [69].
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A robot that uses Multi-Camera Visual SLAM For Vineyard Inspection will assume that it has
reached a position that it has also visited in the past only if it registers an AprilTag for the
second time. Knowing its relative position to the AprilTag using the respective open-source
code, while also knowing the fixed positions of all the AprilTags inside the vineyard allows
the robot to accurately re-localize and perform bundle adjustment every time it sees an
AprilTag, instead of relying on loop closure detection based on visual features.

3.2 SOTA Packages

3.21 RTAB-Map

RTAB-Map (Real-Time Appearance-Based Mapping) is a state-of-the-art graph-based
Simultaneous Localization and Mapping (SLAM) algorithm that utilizes RGB-D, stereo, and
lidar data to construct a comprehensive representation of an environment in real-time [12].
Its core strength lies in its efficient loop closure detection mechanism, which effectively
identifies previously visited locations and integrates them into the evolving map.

Loop closure Detector

The loop closure detector in RTAB-Map uses a bag-of-words (BoW) approach to determine
how likely it is that a new image comes from a previously visited location. That means that
each newly acquired image is dissected into so-called visual words. This is similar to how a
text can be dissected into words. For example, in the common classification problem of
labeling an email as spam or not spam, each email can be parsed into words. Building a
histogram of the frequency of the appearance of each word in the mail and checking if
spam-related words appear often can very accurately lead to a characterization of the mail
as spam or not spam. For i nstance, if the word fmdhe
reviewed mail than in an average non-spam email, then the likelihood that the reviewed mail
is spam is increased. Similarly, RTAB-Map parses each new acquired image frame into
small homogenous pieces known as visual words. It creates a Bag of Words. It then
compares the BoW from the newly acquired frame to older BoWw which are saved in a
constantly updating database of Bags. If the newly acquired BoW consists of similar visual
words to a previously saved BoW, then RTAB-Map concludes that the new image comes
from a location that has been visited before. This is known as accepting a loop closure
hypothesis. When a loop closure hypothesis is accepted, a graph-based optimization is
performed.

Graph-based optimization loop closure is a commonly used approach that represents
the robot's trajectory as a connected graph, where nodes represent poses and edges
represent constraints between poses. This graph-based representation allows for efficient
and robust loop closure detection and correction. Pose graph optimization involves refining
the poses of all nodes in the graph to minimize the overall error in the odometry data. This
process considers the constraints between poses, including odometry measurements and
loop closure constraints. Upon accepting a loop closure hypothesis, RTAB-Map adds a new
constraint to the odometry data andthemap 6s gr aph, then a gr a
errors in the map.

Performance and Integration

49/156

eyo

p h

ap

opt



A memory management approach is used to limit the number of locations used for loop
closure detection and graph optimization, so that real-time constraints on large-scale
environments are always respected. This mainly involves map caching and map pruning
[70]. Map caching is the method of storing frequently accessed map elements, such as
poses and landmarks, in a separate cache memory. This reduces the need to repeatedly
load these elements from disk, which can significantly improve performance. Map pruning
involves periodically removing less relevant map elements, such as old poses or landmarks
that are no longer considered important. This helps to keep the map size manageable and
free up memory for new data.

RTAB-Ma p 6 s a | @ipeline ensures consistent and accurate localization even in
complex and dynamic environments. Its versatility extends beyond indoor mapping, as it can
effectively handle outdoor environments with varying lighting conditions and challenging
terrains. Its open-source nature and modular architecture make it a valuable tool for
researchers and developers in robotics, autonomous vehicles, and augmented reality.
Recently, a version of the package for iOS devices has been released and produces high
guality results paving the way for wider commercial use of the software [12].

' Real-Time Appearance-Based Mapping

Figure 3-7: A 3D map of an office building constructed with RTAB-Map iOS application [12].

3.2.2 Robot-Centric Elevation Mapping

Robot-Centric Elevation Mapping (RCEMapping) is a ROS package developed by Anybotics
as part of ANYmal Research [13]. The mapping process involves fusing range
measurements from a sensor, such as a laser or structured light scanner, with the robot's
pose estimation, typically obtained from an inertial measurement unit (IMU) and odometry.
The integration of range data and pose information enables the construction of a consistent
and reliable elevation map of the terrain around the robot.

Robot-Centric Approach
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RCEMapping adopts a robot-centric perspective, constructing a local elevation map
centered around the robot. This approach aligns with the inherent limitations of onboard
sensors, ensuring that the map reflects the robot's direct field of view and the associated
pose uncertainty. Namely, at any time, the robot-centric elevation map is a local
representation of the surrounding terrain, meaning that the observed regions close to the
robot - which have the highest accuracy i are registered in the map, while older, previously
seen parts of the map are considered inaccurate and are deleted. Thus, uncertainty that is
aggregated through the motion of the robot due to sensor noise does not result in an
accumulated drift of the pose of the constructed map.

2.5D Mapping

The core data structure that RCEMapping utilizes is a voxel grid, which partitions the
mapping environment into a regular grid of voxels. Each voxel represents a small volume of
space, and its occupancy is determined based on the accumulated range measurements
from the robot's sensor. To further manage the uncertainty associated with range
measurements and pose estimation, RCEMapping employs a probabilistic voxel
representation. Each voxel is assigned a probability distribution reflecting the likelihood of
different terrain heights at that location. This probabilistic representation enables
RCEMapping to provide meaningful estimates of terrain elevation and its associated
uncertainty. To make the algorithm more computationally efficient, the OctoMap 3D
occupancy mapping library which implements an octree data representation is utilized [71].

Importantly, the map constructed with Anybotics Elevation Mapping is not a 3D map of
the environment, but rather a 2.5D map (two-and-a-half dimensional, alternatively pseudo-
3D or three-quarter map): For every point in the plane on which the robot moves, the
elevation of this point is saved and the result is plotted in 3D space. This simplifies the data
but also creates problems with modelling multiple surfaces that are stacked along the z-axis.
For example, if an obstacle object is placed 2 metersovera poi nt i n the robot &:¢
then the software will assume that the elevation at that specific area is equal to the height at
which this object is. It is however possible that there is enough room under the obstacle for
the robot to pass through. Nevertheless, this software will render the area under the obstacle
as part of the obstacle itself.

To demonstrate the above issue, a floating horizontal platform was placed in front of a
turtlebot robot in a simulated demo of RCEMapping. There was enough space under the
platform for the simulated robot to get through as can be seen in figure 20. However, in the
elevation map the floating platform was interpreted as ground elevation and therefore as a
high obstacle.
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(a) (b)

Figure 3-8: (a) A floating platform in Gazebo. (b) The elevation map constructed with RCEMapping.
Dynamic map adjustment

It is worth mentioning that the map can also adapt to dynamic environments. Namely, the

map remains consistent even if objects inside the mapped environment are being moved

during the mapping process. To achieve this, a visibility check is performed using ray

tracing. Virtual rays are casted fromther obot 6 s sensor s t owhawvsibilgy t he
map is constructed from the points that are collected from the collision of the rays with the

surface constructed from the height measurements. This map reflects the maximal height

that each cell can have based on the visibility constraint. Namely, if a cell is registered as
being high enough to block the sensords visibi
that cell violates the visibility constraint and is removed. As this visibility check is
computationally intensive, it is only performed at a lower rate (e.g., 1 Hz).

Sensor
measurement rays

Removed by
visibility check

Moved
obstacle

Updated to
new values

Figure 3-9: A rectangular obstacle was moved from right to left. The visibility is checked with ray tracing
and the previous map (red) is accordingly updated resulting in an updated map (blue) [13].
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3.2.3 Gradslam

Gradslam emerges as a novel approach to SLAM by employing differentiable optimization
techniques, aiming to enable the integration of deep learning into the SLAM process. This
change opens up new avenues for improving SLAM performance and adaptability.

In conventional SLAM systems, the mapping and pose estimation processes are
typically decoupled, relying on individual algorithms for each task. This separation limits the
ability to optimize both processes simultaneously and hinders the integration of deep
learning techniques. Gradslam breaks down this barrier by representing the entire SLAM
pipeline as a differentiable computational graph. This allows gradients to flow from the
outputs of the system (map, trajectory) back to the inputs (raw sensor data, parameters,
calibration, etc.), enabling the optimization of both mapping and pose estimation using
gradient-based methods [14].
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Figure 3-10: Gradslam provides differentiable building blocks for simultaneous localization and mapping
(SLAM) systems. The four main blocks it offers are Differentiable Visual Odometry,
Differentiable Registration using least-squares, Differentiable Mapping and Ray
differentials [14].

Gradslam performs similarly to other state-of-the-art dense mapping algorithms, while
offering enhanced flexibility by allowing the integration of various deep learning architectures
and loss functions. However, the current implementation of dense SLAM in Gradslam
requires a large amount of memory to store the produced computational graph. For instance,
running the KinectFusion algorithm with a voxel resolution of 128 x 128 x 128 consumes
approximately 6GB of GPU memory. This memory consumption significantly limits the size
of scenes that can be reconstructed within this framework. The team that designed
Gradslam [14], are currently working on improving the memory efficiency of this
implementation. Additionally, they are developing more robust filters for various stages of the
pipeline, such as Iterative Closest Point (ICP) registration, photometric warping, and
optimization routines.
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Figure 3-11: Small office scene reconstructed using Gradslam [14].

3.2.4 Zed Spatial Mapping

ZED cameras, developed by Stereolabs, are renowned for their ability to capture high-quality
3D data and perform real-time spatial mapping. Zed spatial mapping is the dedicated
software developed to optimally perform SLAM by fully utilizing the camera hardware. At the
heartof St e r e dechadiogydlies a combination of stereo vision and inertial measurement
unit (IMU) data [72].

(a) (b)

Figure 3-12: Mesh Generation (a) and Point Cloud Generation (b) with ZED Spatial Mapping.
Visual-Inertial Odometry

Visual-inertial odometry (VIO) is a technique for determining the precise position and
movement of an agent, such as an aerial or ground robot, without relying on GPS or lidar. It
leverages the combined power of cameras and inertial measurement units (IMUS) to achieve
exceptional accuracy and robustness [73].

While stereo vision provides depth data and visual odometry, the IMU complements it
by tracking the camera's movement and orientation in space. This information is essential for
registering subsequent depth maps and maintaining the spatial consistency of the 3D world.
The IMU captures acceleration, angular velocity, and orientation data. Those data are
statistically combined (usually with the use of extended or unscented Kalman filters [74])
with visual odometry allowing the software to precisely track the camera's trajectory through
space.
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Neural Depth Sensing

Using deep learning algorithms to estimate depth from a single image or a sequence of
images, a technique known as Neural Depth Sensing, is a rapidly growing field with the
potential to revolutionize many applications. The main reason is that it allows for monocular
depth estimation i.e. estimating depth using a single image. This is a challenging task, but
recent advances in deep learning have made it possible to achieve relatively good results
[75]. The Zed Spatial Mapping software allows the user to choose between performance-
oriented, simple algorithmic stereo depth estimation techniques and neural depth estimation,
which is a sophisticated approach that combines stereo and neural depth estimates. In
recent software update releases, enabling the neural depth estimation while using Zed
Spatial Mapping produced faster and cleaner results.

The Multi-Step Process of Building the Spatial Map

The spatial mapping process encompasses several key steps [15]:

1 Feature Detection and Matching: The software identifies distinctive features in each
depth map, such as corners or edges. These features are then matched across
subsequent images, creating a network of correspondences that stitch together the
individual depth maps.

I Planar Segmentation: The software identifies and segments planar surfaces in the
scene, such as walls, floors, or ceilings. This process simplifies the representation of the
environment and reduces computational complexity.

1 Mesh Generation: The software constructs a 3D mesh from the depth data, representing
the reconstructed environment as a collection of interconnected triangles. This mesh
provides a polygonal approximation of the scene, allowing for efficient visualization and
interaction.

1 If area memory is enabled, a database that stores information about the environment
that the ZED camera has already mapped is created. This information includes a point
cloud representation of the environment, as well as information about the camera's pose
(position and orientation) at different points in time. When the tracking detects an already-
visited area by searching in the database, it will perform a loop closure and compute an
updated position estimation that cancels eventual drifts.
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Figure 3-13: Successful Monocular Depth Estimation [75].

3.3 Comparison and Decisions

3.3.1 Comparison

Overall, Rtabmap is a good choice for robotics applications that require high accuracy,
robustness, and flexibility. Anybotics Elevation Mapping is well-suited for vineyard mapping
due to its efficiency in handling elevation changes which are commonly encountered in
mountainous vineyards but fails to capture critical details in the canopy and fruit. Gradslam
is a good choice for research and development purposes, especially for machine learning
SLAM applications. Nevertheless, it significantly lacks real time performance and memory
management, as well as integration and ease of use. Zed Spatial Mapping is an excellent
software for prototyping due to its and real-time performance and high-quality Application
Programming Interface (API). However, it can only be used with Stereolabs hardware and is
not open-source.

Table 3-1 shows a detailed comparison of the four SLAM software packages for
vineyard mapping.

Table 3-1: A comprehensive comparison of four SLAM software packages.

Robot-Centric

. ZED Spatial
Feature RTAB-map Elevation Gradslam p
. Mapping
Mapping
Actively Actively
. developed, I Maintained b developed,
Active .evej ope Maintained by ain ame. ya .EV? ope .
maintained, and . community of maintained, with
development Anybotics .
upgraded by a researchers frequent, major
large community updates
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Large and active .
. . Dedicated
community with . .
; Smaller . . community with
. extensive . . Community with ;
Community . community with . C extensive
documentation limited activity in .
support good support documentation
and support recent years
forums and good
forums
support forums
Performs well in
real-time Very efficient for ~ Slow in real-time  Very efficient for
. applications. mappin applications. real-time
Real Time pp _ Pping PP . o .
High memory environments Very high applications with
Performance : . .
requirements for with elevation memory Zed Stereo
loop closure changes requirements cameras
High quality 3D . .
gnd y- . . High quality 3D
reconstruction Can only High quality .
. _ . reconstruction
Reconstruction with accurate produce 2.5D, reconstruction for ) )
. . . . with a variety of
Quality feature matching undetailed simple
. . . output data
and mapping reconstruction. environments .
representation.
Designed
specifically for
Supports a wide 2.5D terrain o
range of sensors mapping with Fully Specifically
Specific . g . . ' pping differentiable designed for Zed
including LIDAR Octomap
Features . Graph-based Stereo cameras.
and depth representation. ) i
SLAM system. Easy integration.
cameras Great memory
management

3.3.2 Decisions

Robot-Centric Elevation Mapping by Anybotics will encounter challenges in vineyards due to
the presence of dense vegetation and other dynamic obstacles that cannot be accurately
rendered with a 2.5D map representation. It also fails to capture texture and minor details
which are crucial for crop inspection applications.

Gradslam's flexible mathematical structure comes at the expense of real-time
performance in vineyard mapping applications. Real-time 3D mapping is often crucial in
vineyard mapping tasks, such as navigation and obstacle avoidance. Gradslam's potential
for lower real-time performance limits its suitability for these applications. It is also the
software that enjoys the least active development, maintenance, and support.

In the context of vineyard mapping, Rtabmap emerges as the preferred choice if a ZED
Stereo camera is not available. Its versatility, robustness, and accuracy make it well-suited
for the challenging conditions often encountered in vineyards. In addition, it comes with
extensive documentation, frequent updates and active support forums. Conversely, if a ZED
Stereo camera is available, ZED Spatial Mapping provides a compelling alternative. Its
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streamlined integration and real-time 3D mapping capabilities make it efficient for rapid
prototyping and applications where real-time feedback is desired. ZED Spatial Mapping is
actively maintained and supported and it is regularly updated with state-of-the-art algorithmic
integration.
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4  Path Planning

Path planning stands as a fundamental cornerstone of robotics, enabling autonomous robots
to navigate complex and dynamic environments with precision and efficiency. It is the
process of determining a collision-free trajectory for a robot to move from a starting point to a
designated goal while adhering to various constraints, such as obstacle avoidance, terrain
features, and kinematic limitations [76].

Path planning remains a highly active area of research, with ongoing efforts to develop
more efficient, robust, and versatile algorithms that can handle increasingly complex and
challenging environments. The advancements in path planning algorithms hold immense
promise for the future of robotics, paving the way for autonomous robots that can seamlessly
integrate into our everyday lives.

4.1 Taxonomy of Planners

4.1.1 Global and Local path planners

Path planning algorithms can be broadly classified into two categories: global and local.
Global path planning algorithms, also known as off-line planning algorithms, generate an
entire path from the start to the goal before the robot begins its movement. These algorithms
excel in open and predictable environments. However, they struggle in dynamic
environments with rapidly changing obstacles or unpredictable terrain disturbances.
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Figure 4-1: Combination of Global and Local Planner lllustrated.
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In contrast, local path planning algorithms, also known as on-line planning algorithms,
generate paths in real-time as the robot navigates the environment. These algorithms
continuously update the map of the environment and adapt the path to avoid obstacles
encountered along the way. The predicted path in a local path planner is in principle much
shorter than that of a global path planner and concernsther o b ot 6 s Theyi aceiwell- t vy .
suited for dynamic environments, where obstacles may move or appear unexpectedly and

are usually combined with global path planners to enable robots to reach a designated goal
avoiding collisions along the way.

4.1.2 Obstacle Representation

Based on how free space and obstacles are mathematically represented, path planning

algorithms are further categorized in four main categories:

9 Grid-based or Search Based planners: These planners discretize the environment into a
grid and use search algorithms like A* or Dijkstra's to find a path through the grid. They
are efficient for simple environments but can be computationally expensive for complex
environments, as the map on which the robot operates must be extensively subdivided to
form a grid which effectively models the operating space [77].

Figure 4-2: Grid-based free space (white squares) and obstacle (dark squares) representation and viable
path from starting position (green circle) to target position (red circle).

1 Sampling-based planners: These planners build a tree of possible paths in the
environment by randomly sampling free space, creating a network that connects the
samples (nodes) and checking for collisions in the paths between the samples (edges).
They can handle complex environments with obstacles but may not always find the
optimal path to the target.
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checking for collisions [78] .

Uniform Samples

Start
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builds a tree of potential paths by randomly sampling points in the environment and

[

efficient but may not be suitable for all environments. Inherent problems to potential field
path planners include local minimum traps and unwanted oscillations around obstacles

attractive force towards the goal and the repulsive force from obstacles. The robot
moves along the gradient of the potential field to reach the goal. They are simple and
[79].

Figure 4-3: Rapidly-exploring Random Tree* (RRT*), acommon sampling-based path planner that
1 Potential field planners: These planners create a potential field that represents the
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1 Hybrid planners: These planners combine elements of the first three planners utilizing
sophisticated algorithms to alternate between approaches and achieve considerable
flexibility.

4.1.3 Exploratory Path Planners

Exploratory path planning is a branch of path planning that aims to navigate a robot
effectively through an unknown or partially known environment to collect information about
its surroundings. The goal of an exploratory path planning agent is not to reach a single
specific goal efficiently, but rather to maximize the amount of information gathered by
exploring the environment. Hence the name, exploratory path planning.

In this context, computing an optimal path before starting the exploration is often not a
viable option as there is not enough useful information about the operating environment for
a-priori waypoint or goal setting. It is therefore common for explorational path planners to
employ complex and automated goal setting schemes. Based on their goal setting scheme,
explorational path planners can be categorized as follows:

1 Next-best-view (NBV) planners: NBV planners select goals based on the robot's current
perception of a specific target in the environment. They identify locations that will provide
the robot with more information about that target, such as locations that will provide them
with higher visibility or locations that will allow the robot to see new, so far obscured
parts of the target. For example, the authors in [80] created an NBV planner to enable a
robotic arm to calculate the optimal trajectory around fruits to effectively reconstruct their
complete shape. The algorithm predicts fruit shapes prior to mapping them and
computes targeted viewpoints to enable the robot to observe yet unobserved parts of the
fruits.

2 j .'-,. e 3
. ?4‘ < - ‘-4£ cf?l‘itg

16 Planned Views 32 Planned Views 48 Regular Views
(0.87mm. , 93.5%) ( 0.74mm. , 95.4%) (0.94mm. , 91.1%)

Figure 4-5: Goals (Views) planned using view planning lead to less 3D reconstruction error and greater
object completeness percentage than regular views [81].
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1

1

Coverage-based planners (CPP): Coverage-based planners aim to maximize the amount
of useful area covered by a part of the robot or scanned by a sensor of the robot. It is a
particularly important task in the context of agriculture robotics, especially for automated
harvesters and watering robots. CPP is however an integral algorithm for a plethora of
applications including cleaning robots, underwater vehicles creating image mosaics,
demining robots and more [31].
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Figure 4-6: Solution for a UAV coverage path planning problem in Matlab
calcul ated usi nDoolbbaxf82abds UAYV

Information-theoretic planners: Information-theoretic planners use information theory to
guantify the amount of information gathered by the robot. They plan paths that maximize
the expected information gain from each new candidate waypoint, which is the amount of
information the robot can expect to gather by visiting it [83]. Waypoints that hold
significant exploratory value are often called frontiers. Such planners are commonly used
in search and rescue or other time-sensitive applications.
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Figure 4-7: Information-Theoretic Exploratory Planner illustration [84].

4.2 SOTA Packages

42.1 Ewok Planner

In their work, Ewok: Real-Time Trajectory Replanning for MAVs using Uniform B-splines and
3D Circular Buffer [18], the authors present a real-time approach for local trajectory
replanning specifically designed for agile robots such as Micro Aerial Vehicles (MAVS).
Unlike traditional methods that assume static environments and prior map knowledge, Ewok
thrives in dynamic scenarios, efficiently adapting trajectories on-the-fly to navigate cluttered
and unpredictable surroundings. This makes it particularly valuable for applications like
search and rescue, autonomous exploration, and spatial mapping in unknown environments.

Figure 4-8: MAV dynamically planning its path while moving through a simulated forest using the Ewok
Planner [18].
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Uniform B-splines

Ewok represents trajectories as smooth and flexible curves using uniform B-splines.

Formally, a spline is a piecewise polynomial function defined over a set of intervals [85]. The

places where the polynomial pieces meet are known as knots. Splines are a powerful tool when

there is a need to represent smooth curves that pass through or interpolate given data points

due to the following attributes:

f Continuity: Splines have continuity of at least order ‘Qat each knot point, meaning both
the function value and its derivatives up to order Omatch across intervals.

1 Locality: Each polynomial piece only affects the curve in its corresponding interval,
allowing for local control of the shape.

The degree of the polynomial pieces determines the spline's smoothness and flexibility. For

example, a cubic spline (k=2) will have continuous first and second derivatives, creating

smooth and visually appealing curves.

B-splines (basis splines) are a specific type of spline representation. B-splines of order &
are basis functions for spline functions of the same order defined over the same knots,
meaning that all possible spline functions can be built from a linear combination of B-splines,
and there is only one unique combination for each spline function. They have several
desirable properties:

1 Each B-spline is non-zero only over a specific interval defined by its corresponding
knots.

1 The sum of all B-splines associated with a given knot sequence is always 1.

1 B-splines can be defined recursively based on lower-degree B-splines, simplifying
calculations.

[0.333, 0.667, 1]

P

[0, 0.333, 0.667]

P[D.BS?: 1,1]

P

[0, 0,0.333]

[1.1,1]

P[O, 0,0]

Figure 4-9: A cubic parametric polynomial spline[86]. P denotes control points. The first and third
polynomic parts of the curve are painted blue, while the second orange. Single knots at 1/3
and 2/3 of the curve establish a spline of three cubic polynomials meeting with ¢
parametric continuity. Triple knots at both ends of the interval ensure that the curve
interpolates the end points.
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The value of a B-spline of degree Q  p can be evaluated using the following equation:
— - g «h (4-1)

where ] ¥ 'Y are control points at times OHQ® 18 £ and 6-¢0 are basis functions that
can be computed using the De Boor T Cox recursive formula [87]. Uniform B-splines are a
special case where the knots are equally spaced within the time domain. This simplifies
calculations and offers predictable control over the curve's shape. In the context of the Ewok
planner, uniform B-splines are utilized for calculating an initial global path.

Leveraging splines allows the ewok planner to produce smooth paths, preventing abrupt
changes in velocity and acceleration, essential for safe and comfortable agile robot
maneuvers. Furthermore, modifying a global trajectory defined with splines is not
complicated, as modifications to individual control points affect only a specific segment of
the trajectory, allowing for targeted adjustments without impacting the entire path. The
authors of the Ewok planner have specifically employed a real-time trajectory modification
applied on the global path computed with B-splines. This is achieved through a local planner
which solves an optimization problem and is triggered when the robot detects an obstacle in
its vicinity and on its computed trajectory. Eq. (4-2) describes the cost function which must
be minimized when the local planner is triggered:

Fao <+olgm T Fa b (4-2)

where ‘G y(endpoint position) is a cost function that expresses position and velocity deviation
from the optimal values that are imposed by the global trajectory; Qg (collision) is a cost
function that heavily penalizes collision with obstacles; and O and ‘Q,are cost functions that
ensure continuous and smooth derivatives (cost of integral and limit on the norm,
respectively), preventing abrupt changes in velocity and acceleration, essential for safe and
comfortable MAV maneuvers.

B-splines guarantee continuous position and its derivatives up to the degree of the
spline minus one at any given control point and the basis functions simplify calculations,
enabling real-time replanning within onboard computational constraints. However, B-splines
do not naturally interpolate control points, hindering imposition of arbitrary boundary
conditions. Only static constraints (zero-time derivatives) can be guaranteed by duplicating a
control point (Q  p times, where Qis the spline degree). Non-zero time derivative constraints
necessitate iterative optimization. Other trajectory representations, such as Polynomial
Splines allow direct enforcement of boundary conditions, including non-zero time derivatives,
at the expense of increased complexity.

When control points originate only from planning algorithms (RRT, PRM) requiring
collision-free paths, adhering to these points is crucial. Therefore, representations such as
polynomial splines are more suitable. Local replanning employed in Ewok deals with
unexpected obstacles not considered in initial planning and changes the control points in
real-time. Here, strict adherence to control points becomes less critical, and the inherent
smoothness and computational efficiency of B-splines make them preferable.
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3D Circular Buffer

To maintain real-time environmental awareness, Ewok employs a 3D circular buffer that
moves along with the MAV. This buffer stores occupancy grid information, essentially
representing a dynamic map of the surrounding obstacles within a defined range. Sensors
like LIDAR or cameras continuously update the buffer, reflecting changes in the environment
as the MAV navigates. By querying the buffer during replanning, Ewok identifies potential
collisions and modifies the trajectory accordingly. The buffer is implemented by employing
the following strategies:

Discretization: The environmental volume is discretized into voxels of size i. This
establishes a mapping between points in 3D space ) and integer-valued indices w that
uniquely identify individual voxels. The inverse operation allows retrieval of the voxel center
point given its index. A continuous array of size N represents the 3D environment. An offset
index ¢ defines the location of the buffer's coordinate system relative to the MAV. Given the
index and offset, the following functions can be defined to check if a voxel lies within the
represented volume and determine its address within the stored array:

dp (4-3)

--”-D.IOD'

+HE ) ovve - Ny (4-4)

Robotcentric Update: To maintain the buffer centered around the MAV's camera, the
offset (0) is simply updated based on the vehicle's movement. The newly incorporated part
of the volume is cleared, eliminating the need for large data copies during movement. This
way, the size of the array can be restricted to 0 ¢ and the above functions can be
altered to use cheap bitwise operations instead of divisions:

(4-5)

¢

mT e Ay ° Ox =
=|=-->'VVO o Q - F] (4_6)

whereQi s a fbitishs@banhwdse Aesgaat ificbnodo laenadn no't

If a collision is imminent, the local planner identifies the point of conflict and generates
alternative segments using B-splines. These segments prioritize obstacle avoidance while
adhering to constraints like minimum altitude, maneuverability limits and proximity to the
original trajectory. The new segments are seamlessly connected to the existing trajectory,
ensuring a smooth and continuous path.
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Figure 4-10: Example of online trajectory replanning using the ewok planner [18]. The plot shows a
global trajectory computed by fitting a polynomial spline through fixed waypoints (red),
voxels within 0.5 m of the obstacle (blue), computed B-spline trajectory with fixed (cyan)

and still optimized (green) segments and control points.

Ewok presents a valuable approach for real-time trajectory replanning in dynamic
environments for agile robots. One of its limitations is the planning horizon: The 3D circular
buffer limits the planning scope to the immediate surroundings. Long-range planning might
require additional techniques. In addition, a smooth curved trajectory is especially useful
when dealing with fast-moving robots, like MAVs. In the case of a quadruped agriculture
robot, a trajectory with angles and sharp turns is perfectly acceptable and can even be
optimal.

4.2.2 Sequential MPC Reactive Planning using Safe Corridors

In their work, A Sequential MPC Approach to Reactive Planning for Bipedal Robots [19], the
authors delve into a path planning solution that leverages the power of Sequential Model
Predictive Control (MPC) and offline polytopic decomposition to enable robust and reactive
motion for legged robots in complex and dynamic scenarios.
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(a) (b)

Figure 4-11: Example environments and paths generated by the MPC-safe corridors controller [19]. The
successively connected polytopes (blue) represent safe corridors. (a) Polygonal obstacles
(b) Rotated rectangular obstacles.

Safe Corridors

The authors leverage RRT* to efficiently explore the environment and identify obstacle-free
regions. RRT* iteratively expands a tree-like structure in the configuration space, prioritizing
exploration towards the goal while respecting robot constraints. Figure illustrates the logical
flow diagram for RRT*, given a set state space &, in which the robot operates, a start point
Qi 0 @nda goal point ® Q¢ .w &

Set state space X, start point Xstart
and goal point Xgoal. Initialize
the random tree.

¥

Traverse all nodes in Extend a step of
o random tree to find node| | determined length from s the path between Add node
Is there a node of the iree within
Select Xrandom from X—*  Xnearestwiththe  [—»node Xnearest o node Xnearest and Xnew Xnearest to the
accepted distance of Xgoal? -
shortest distance from Xrandom to get node colision free? random tree
node Xrandom Xnew

¥

Backtrack from
.| node Xgoal to free optimization | |
"I node Xstart to get through rewiring

the planned path

Figure 4-12: RRT* logical flow diagram.

It should be noted that RRT* is the same algorithm as RRT with the added optimization
routine after each new node addition. This is a three-step routine that employs the following
functions:

Local Search: Starting from the newly created node, its neighboring nodes are checked
within a specific radius.
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Cost Comparison: For each neighbor, the routine checks if connecting to the new node

would create a lower cost path compared to its current connection. Cost can represent

distance, time, or any other relevant metric. Al gor i t hms i ke Di j kstrads
employed for path cost calculation.

Rewiring: If a lower-cost path is found, the routine rewires the connections of the affected

neighbors to connect them through the new node.

The resulting tree is a near-optimal path solution.

Instead of directly using the complex free space identified by RRT*, the authors
decompose it into simpler, convex shapes called polytopes. This decomposition leverages
computational geometry technigues to ensure safe and tractable representation of free
space. The individual polytopes are then carefully connected through a recursive process
that uses their Chebyshev centers, to form a continuous and collision-free "corridor" that
guides the robot towards its goal. This corridor prioritizes directness while adhering to safety
constraints and robot limitations. The algorithm follows the below structure:

Obstacle Inflation: The static workspace, denoted as wi, is first augmented to account for
the physical dimensions of the mobile robot. Obstacles are inflated by a specified radius,
assuming the robot can be represented by a disc of that size.

Convexity Assumption: All obstacles in wi are assumed to be convex. While not
universally true, this simplification allows for efficient computation of free space regions for
motion planning.

Sampling-Based Planning: A sequence of points, n fedT)  his generated within the
free space of the workspace (dynamic and static), denoted by @ wi. This sequence
connects the initial location with the desired goal position and is generated using RRT*.
Initial Polytope Generation and Waypoint Extraction: An initial polytope O is created
and saved within the free space @ @i containing the initial robot position . This is done

using a convex optimization process [88]. w is saved as the initial waypoint 0 8The
algorithm checks if the goal position 0 lies within "O. If not, the algorithm iterates through

the points ) N starting from j = 1. It finds the first point f} not contained in O.
Intersecting Polytopes Guarantee: The algorithm takes the current polytope 'O and the
waypoint  as input. It generates a new polytope O aroundr} . It then performs two

operations:

Intersection Check: It checks if the current polytope and the polytope 'O  generated around
N have a non-empty intersection (O, O n.

Intersection Guarantee: If an intersection exists, the algorithm saves 'O  as a new polytope
"O and a waypoint 0 representing the Chebyshev center of the intersecton™©, O . If

there is no intersection, the algorithm generates a sequence of intersecting polytopes and
waypoints "@connecting O and 'O by iteratively creating polytopes using points on the
straight line that connects w with 0 . The generated polytopes and waypoints are saved.
The algorithm repeats this process for each point n~

Final Output: The algorithm outputs a sequence of pairwise intersecting free polytopes
'OhOME™0  containing the initial position and a set of waypoints 0 F8830  such
that:

0N O, 'O for QPR p (4-7)

and bs 0 N 'O 8These waypoints and polytopes Oare to be utilized in subsequent

Model Predictive Control (MPC) algorithms for robot motion.
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Sequential Model Predictive Control (MPC)

Model Predictive Control (MPC) is an advanced control technique widely used in various
industries, from chemical plants and refineries to autonomous vehicles. It offers a powerful
framework for controlling complex systems while incorporating constraints and optimizing
performance goals [89].

At the heart of MPC lies a mathematical model representing the dynamics of the system
being controlled. This model can be linear, nonlinear, or a combination, depending on the
system's complexity. MPC operates over a finite time window called the receding horizon. At
each time step, it predicts the system's future behavior based on the current state and
potential control inputs. An optimization problem is formulated with a cost function that
penalizes deviations from desired outputs and control effort. By minimizing this cost function,
MPC determines the optimal control sequence for the receding horizon. Only the first control
input in the sequence is applied to the actual system. At the next time step, the horizon
moves forward, incorporating new sensor measurements to update the model and repeat
the optimization process. This is what the sequential aspect of this approach implies. In their
work [19], the authors leverage MPC to optimize a rough initial trajectory created by the
RRT* algorithm. The MPC controller optimizes a cost function that considers factors like
trajectory smoothness, control effort, and distance to the goal. This ensures efficient and
goal-oriented navigation within the created safe corridors.

Measured
Disturbances

Measured
Outputs

References
—

Control
Moves

Figure 4-13: Model Predictive Control Schematic.

The core concept behind the planning and control approach in the work by the authors in
[19] lies in the following equation for the 'Q SQMPC (0 0 6'Q):

li=g [°g 7 s og 8 m., (4-8)
where w represents the current state of the robot model (in [19] it is a 3D-LIP robot model)
at time step "Q The state encompasses its position ofw , orientation — and velocities ¢he ,
6 denotes the control input applied to the robot model at time step Q This input directly
influences the acceleration and subsequent trajectory of the robot. "Qgrepresents a
collection of smooth scalar-valued functions. Each function "@qncorresponds to a specific
half-space within a polytope ¢ . It acts as a measure of how far the robot state o is from the
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boundary of that half-space. The polyhedra 6 define safe regions within the workspace. The
robot's state and trajectory must remain within these polyhedra throughout its motion to
guarantee collision-free navigation. Each polytope ¢ is formed by the intersection of multiple
half-spaces. Each half-space is defined by a linear inequality represented by the function "
& represents the number of half-spaces that contribute to defining a specific polyhedron 6 .
The core constraint utilizes the functions "yassociated with a polytope so that if
Qo Tfor all j, the robot's state lies within the safe region 6 .
The constraint enforces that the control input 6 steers the robot's predicted next state
@ 0w 00 further into the polytope region or at least keeps it within the boundaries.
This ensures collision avoidance with static obstacles, while respecting the r o b o't model 0s
constraints.

Reactive Planning

While the robot follows the current safe corridor segment, the MPC controller continuously
replans the subsequent segments in the sequence. This allows for real-time adjustments
based on dynamic obstacles or changes in the environment, ensuring reactive collision
avoidance and smooth trajectory adaptation. Additionally, the authors propose incorporating
a "reactivity layer" within the Safe Corridor generation itself, making the corridors themselves
adaptable to moving obstacles without complete replanning, by incorporating sensor input in
the corridor formation process. This is because a new polytopic decomposition can be
performed in less than a second, even in complex and cluttered environments.

4.2.3 Graph-based exploration planner (GB-planner)

In their work, Graph-based Subterranean Exploration Path Planning using Aerial and
Legged Robots [20], the authors propose an approach employing path planning specifically
designed for robotic exploration in large-scale, tunnel-like, underground networks, enabling
efficient and safe navigation. GBPlanner 2.0 is an extension of their previous work on a
Graph-Based Exploration Planner. The new planner presents improved computational
performance and better handling of positive and negative obstacles for ground robots. The
planner does not require any prior knowledge of the environment other than the general
bounds of the volume to be explored.

Graph Representation

Much like in RRT* graph nodes are placed in random locations of the subterranean
environment, in close vicinity to the robot which is performing the exploration. Nodes that are
placed on obscured locations or on obstacles are discarded, while the rest of the nodes are
connected to form a tree-like structure which depicts potential paths from the robot to each
node. Ground traversability is also considered as a constraint during this process. The graph
representation simplifies the complex 3D environment into a structured and easily
analyzable format.

Exploration Gain Metrics

To guide the robot's decision-making, various metrics are assigned to graph nodes. These
metrics quantify the potential information gain associated with exploring a specific node.
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Nodes that lie near uncharted territories are ranked higher in terms of explorational value.
Metrics reflecting terrain difficulty, narrow passages, or potential hazards are also introduced
to influence path selection for safe navigation. The robot iteratively calculates the
explorational value of all the nodes in the so-far explored map. It then decides which node to
visit next, based on its explorational value and the length of the path it must take to get
there.

Global Planner Frontiers

Home
location

Frontiers

Figure 4-14: A graph representation is used to describe free space [20]. Frontiers and Home Location
affect the robot's (blue triangle) decision making process.

Nodes that held great explorational value but have not been visited due to their distance
from the robot are saved as frontiers. A frontier in explorational path planning is defined as
the boundary between known and unknown space in a map. It can be visualized as the edge
of the explored area, where information about the environment is still missing. The robot
knows the path from its position to all explored frontiers at any moment. It decides to visit
nodes close to a frontier if there are no new nodes in its vicinity with a high enough
explorational value.

The authors of GBplanner2.0 specifically employ two separate exploration gain metrics;
one for the local planner and one for the global planner. Both approaches utilize a volumetric
gain calculation algorithm. The proposed method for calculating volumetric gain leverages
ray casting. Given the robot's current pose and a specific 3D sensor model, the algorithm
identifies:

Unknown space: The unmapped portion of the environment.

Sensor frustum: This represents the cone-shaped volume whi ch r epresents

field of view.

Voxels: The environment is discretized into small, 3D cubes called voxels.

The algorithm then performs the following steps:

Ray Casting: For each direction within the sensor frustum, a ray is cast from the robot's
position into the unknown space.

Voxel Intersection: Each ray is checked for intersections with voxels in the unknown space.
Traversable Voxels: The number of intersected voxels is identified, representing the

potentially traversable volume within the sensor's field of view.
This approach provides a computational and efficient estimation of the unmapped volume

accessible to the robot, aiding in exploration gain estimation. In particular, given a path ,,
HQ pFB FE, - where s the set of all shortest path in the map- , with number of vertices
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& and a set of vertices0 N , RQ phB ha along the path, the equation that describes the
exploration gain estimation process for the local planner is the following:

O

s G om0 O g <> “h @9

W.-.D >+<

where "Y,, h, RO 0 iy are weight functions with tunable factors| m8In addition,
O 0 ) is the cumulative Euclidean distance from a vertex 0o the root U"F?along the path

» - This promotes efficient exploration by prioritizing paths that require minimal robot travel
distance but at the same time maximize the anticipated information gain (e.g., unmapped
space coverage) per unit travel distance, leading to a faster exploration rate. Similarly, the
equation that describes the exploration gain estimation process for the global exploration
planner is:

T R e mme pgolg s g

J omolols o w0 0 <> ket b (@10)

where "Osymbolizes a frontier, "Osymbolizes the combination and clustering of all graphs on
the map, called the global graph andq| o g Pl is the estimated remaining exploration
time if the planner choosest o go fr om t he c urthedrontier verex e
The "Yparameter is derived by approximating the robot's Remaining Endurance Time (RET)
and subtracting the Estimated Time of Arrival (ETA) required for the two following traversals:

1. Travel from the current vertex to the designated vertex (oj] -

2. Return travel from the designated vertex (ojﬂ;,) back to the home location (U ).
Thus, the above becomes:

] = J Fas et
1 opo®le 4 Fll Fil =80®3n  Fd =TaPi: 0 (4-11)

Conceptually, this value represents the tentative volumetric gain achievable within the
remaining time “Yif the exploration planner decides to explore frontier Oj]ﬁgg.; This gain is an

estimate of the unmapped space the robot can potentially cover during this timeframe, given
its energy consumption constraints.

Search Algorithms & Multi-level Planning

Efficient algorithms traverse the graph, selecting paths that optimize a combination of these
exploration gain metrics while adhering to robot constraints like battery life, maneuverability,
and communication range. To address large-scale environments, hierarchical planning
approaches are often employed. A high-level planner creates a coarse roadmap in the
formed graph using simplified models, while a lower-level planner refines the path within
specific regions based on detailed sensor data for safe and efficient exploration. This
technique is known as multi-level planning. In their work, the authors of GB-planner 2.0
utilize multi-level planning not only by employing both a global and a local planner but also
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by employing a different exploration gain metric for each planning level, as shown in the
previous paragraph.

4.3 Comparison and Decisions

For robot navigation within a vineyard, path planning approaches must address the unique
spatial structure and constraints of this environment. A spline-based planner, like the ewok
planner, while efficient for simple trajectories, is unsuitable for navigating across multiple
vineyard rows due to its limited global planning capabilities. Obtaining a path that allows for
multi-row scanning with a mobile robot, while simultaneously avoiding obstacles is a process
that demands using both a global and local planner.

An exploration-based planner designed for dynamic environments, such as GB-planner,
would work in most environments, complex or simple. However, it becomes redundant in the
mostly static context of a vineyard. Pre-mapping the vineyard allows for a more efficient
approach, eliminating the need for re-exploring the vineyard every time the robot is tasked
with a new inspection procedure. Creating an accurate 2D representation of the vineyard
and providing it as input for the utilized planner is the most efficient approach. In addition,
finding the optimal path through the entire explored environment can be computationally
expensive for large-scale scenarios, when using GB-planner.

Therefore, after evaluating various path planning packages, the Sequential MPC
Reactive Planning using Safe Corridors was selected based on its suitability for our specific
use case. Unlike the Ewok planner or the GB-planner, this planner combines the ability of
planning trajectories that allow the robot to traverse multiple rows, with the addition of
efficient optimal path estimation and dynamic obstacle avoidance. The free corridors aspect
matches the inherent corridor-like structure of vineyard rows, enabling fast and reliable
polytope calculation and free space estimation, leading to safe robot movement.
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5 Vision System

For agricultural robots tasked with vineyard inspection, the hardware comprising the
perception system is crucial. This system enables the robot to navigate, identify obstacles,
and accurately assess vine health. Its importance stems from the inherent complexity of the
vineyard environment: dense foliage, varying lighting conditions, and potential presence of
pests and diseases demand precise and reliable data acquisition. However, the
effectiveness of this system hinges not just on the choice of sensors, but also on their
optimal positioning on the robot and their integration with the computing platform. Carefully
selecting sensors tailored to the specific inspection needs, strategically placing them for
comprehensive coverage, and ensuring compatibility with the processing power of the
embedded platform are all essential for a successful vineyard inspection robot. Only through
a meticulously designed perception system can an agricultural robot achieve the level of
awareness and adaptability required to navigate and analyze the dynamic tapestry of the
vineyard.

5.1 Sensing

Standard digital cameras output images as a 2D grid of pixels. Each pixel has values
associated with it i Red, Green, and Blue, or RGB. Each attribute has a number from 0 to
255, so black, for example, is (0,0,0) and a pure bright red would be (255,0,0). Thousands to
millions of pixels together create the kind of photographs we are all very familiar with. To
produce a 3D reconstruction of the surrounding environment, on the other hand, pixels
which have a different numerical value associated with them are needed. That number is the
distance from the camera, or depth. The three most prominent technologies that are
commonly utilized for capturing depth are lidar sensors, depth camera sensors and standard
digital cameras utilized for photogrammetry. It was necessary to carefully consider the
strengths and weaknesses of each technology to reach an informed decision about the
perception system for our robot.

5.1.1 Lidar Sensors

LiDAR, an acronym for Light Detection and Ranging, operates like an echolocation
system for light. It emits pulsed laser beams and measures the time it takes for the reflection
to return, calculating the distance to objects in its environment. This precise method creates
highly detailed 3D point clouds, offering valuable insights for diverse applications. Currently,
two main types of LIDAR sensors dominate the scene: mechanical and solid-state.

Mechanical LiDAR sensors

Mechanical LIDARs utilize laser beams guided by rotating mirrors to scan their surroundings,
offering high accuracy but require moving parts which can cause potential wear and demand
energy to move. In addition, mechanical LIDARs scan the visible scene point by point,
gradually building a 3D reconstruction. This can lead to "jitter" if the scene or sensor moves
during a single scan. A LIDAR ego-motion correction method must be used to mitigate this
error [90].
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Figure 5-1: 3D arrangement of a typical LiDAR sensor [91].
Solid-state LiDAR sensors

Solid-state LIiDARs, on the other hand, eliminate moving parts and promise increased
reliability, durability, and energy efficiency. The three most prominent types of Solid-state
LiDARs are Flash LiDARs, MEMS-based LIiDARS and optical phased array LiDARSs.

Flash LIDAR is a technology that illuminates the entire scene in a single pulse by
diverging a laser beam, unlike conventional LIDAR's point-by-point scanning. Both
technologies use time-of-flight sensors to measure how long the laser takes to bounce back,
revealing distances. But while conventional LiDAR uses a single point sensor, Flash LiDAR
employs an array of pixels, each recording distance and intensity. The result can be
described as taking a 3D photo, not with color, but with distance as the detail. The utilization
of an instantaneous pulse (flash) means that these LIDARs can capture high-resolution 3D
images smoothly, without jitter, even in dynamic scenes. However, the powerful burst must
be eye-safe, limiting wavelengths and driving up costs. Standard image sensors can't easily
read these wavelengths, demanding expensive gallium-arsenide alternatives [92].

While not entirely solid-state due to rapidly spinning silica-based mirrors,
Microelectromechanical Mirrors (MEMS) LIDARS offer benefits in size and cost that are
comparable to Flash LIDARS. They employ a single laser directed at a tiny, rapidly rotating
mirror that scans the scene like a high-speed kaleidoscope. However, MEMS scanners
primarily operate in one direction (left-to-right). Creating a 2D scan typically requires an
additional mirror moving up-down or another laser at a different angle. Also, vibrations and
shocks can disrupt the delicate MEMS mirror, potentially requiring recalibration [93].

The third family of solid-state LIDARS, phased array LIDARS, can illuminate any
direction by using a microscopic array of individual antennas. Controlling the timing (phase)
of each antenna steers a cohesive signal in a specific direction. This technology has been
employed in conventional radars since the 1940s. The same technique can be used with
light and promises lower cost and higher efficiency than mechanical LIDAR sensors without
sacrificing robustness or 3D data quality.
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MEMS Mirror

(a) (b) (c) (d)
Figure 5-2: (a) A flash LiDAR with diffused light; (b) The principle of an optical phased array (OPA)
scanner; (c) A LiDAR motorized spinning scanner; (d) A microelectromechanical mirrors
(MEMS) laser scanner [94].

5.1.2 Depth Cameras

Depth cameras play a crucial role in perceiving the 3D world, offering valuable insights for
various applications. Two main technologies dominate this field: stereo depth cameras and
structured light depth cameras.

Stereo cameras, inspired by human binocular vision, employ two lenses capturing
slightly offset images. Sophisticated algorithms analyze these images and detect specified
geometric features within them. They calculate depth based on the parallax shift between
corresponding features. This process is known as triangulation. Stereo cameras excel in
good lighting conditions and provide rich texture information, but accuracy can be sensitive
to image quality and object texture.
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Figure 5-3: Stereo Depth Estimation. Objects further away from the stereo camera pair produce larger
disparity [95].

Structured light depth cameras project a known pattern (e.g., infrared dots) onto the
scene. The camera then analyzes the deformation of the pattern on objects to calculate
depth. This method shines in low-light situations and works reliably on featureless surfaces
but struggles with specular reflections and suffers lower overall accuracy compared to high-
end stereo depth cameras or LIDAR sensors. Another drawback of structured light cameras
is that, contrary to stereo cameras, there are limits to how many of them you can use in a
particular space 1 the cameras might interfere with each other by projecting light into one
anotheros field of view.
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Figure 5-4: Structured Light projected on a sphere [96].

5.1.3 Photogrammetry

Photogrammetry is a well-established 3D reconstruction technique [97]. It utilizes sets of
overlapping images to reconstruct 3D models. This process also hinges on the geometric
principle of triangulation, where corresponding points in multiple images are identified and
used to calculate the 3D position of those points. Unlike stereo depth estimation, however,
where the baseline distance between the two camera lenses is known, in photogrammetry a
virtual baseline distance regarding two consecutive images is not known, but it is rather
estimated based on optical flow computer vision techniques.

Photogrammetry is a broader term encompassing the entire process of creating 3D
models from images. It includes not only the geometric reconstruction of the scene but also
calibration of the cameras, texture mapping, and other post-processing steps. A term closely
related to photogrammetry is Structure from Motion (SfM). SfM focuses specifically on the
geometric reconstruction aspect. It relates to the algorithms that receive a set of images as
input and automatically estimate the 3D structure of the scene and the camera poses
(positions and orientations) without requiring any prior knowledge about the cameras or the
scene geometry.

5.1.4 Comparison and Decisions

Each 3D sensing technology boasts unique strengths and weaknesses tailored to specific
applications. LIDARS are so far unrivaled in accuracy and range, and they offer precise 3D
representation, even over long distances. However, its high cost, high energy demands, as
well as the inability to apply texture or color to the 3D models it produces, create significant
hurdles for resource-constrained projects that require photo-realistic reconstruction.

Depth Cameras offer a balance between affordability and performance and provide real-
time depth information at a significantly lower cost than LiDAR. While accuracy and range
might be lower, they excel in compactness and weight, making them ideal for mobile
platforms like legged or wheeled robots. They also produce colored point clouds and capture
RGB images that can be used to add realism to the reconstructed depth map. Nevertheless,
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their performance can be affected by lighting conditions, target surface reflectivity and lack
of visual features in the environment.

Photogrammetry leverages conventional cameras and boasts exceptional texture and
color capture, enriching 3D models beyond just depth. Additionally, its scalability allows for
capturing objects of varying sizes. However, reconstruction accuracy can be lower, and
computational demands are significant. Additionally, good lighting and texture variations are
crucial for accurate results. Poor lighting and texture conditions can lead to both coloring
errors and errors in the reconstructed geometry.
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Figure 5-5: Radar Graph illustrating each sensor's strengths and weaknesses.

For our vineyard inspection robot, depth cameras emerged as the optimal choice. Cost
effectiveness was an important factor. Depth cameras are more affordable than LIiDAR
sensors, allowing us to place more sensors on the robot and achieve greater coverage for
the same budget. In addition, color information is crucial for analyzing vine and grape health,
and depth cameras provide sufficient detail for this purpose. Also, as the robot operates
within proximity to the vines, the limited range of depth cameras didn't pose a significant
challenge. Lastly, real-time processing requirements, as well as varying light conditions and
robotic ego-motion would significantly affect photogrammetry accuracy.

As the project evolves, future iterations may explore integrating other technologies like
LiDAR if the need for higher precision 3D models arises. However, for the current stage of
vineyard inspection, depth cameras offer a powerful and cost-effective solution.

5.2 Processing Unit

The selection of an appropriate computing platform to host perception systems for
agricultural robots presents a critical challenge, as the optimal choice hinges on a delicate
balance between various factors. Five distinct categories of platforms have been evaluated
for the proposed system: microcontrollers, single-board computers (SBCs), mini computers,
and workstations. Each platform has been assessed based on a comprehensive set of
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criteria crucial for mobile robot applications: performance, interface, power consumption,
weight, and price. This analysis has drawn upon established benchmarks, technical
specifications, and relevant research findings to ensure an objective and data-driven
evaluation.

5.2.1 Performance Metrics

Evaluating the performance of a computing platform is not a simple task. Computers perform
differently across different applications, even under the perception umbrella. It is, however,
essential to define specific metrics for performance to employ a scientific lens and culminate
in a well-reasoned recommendation for the most suitable solution. In the context of this
analysis, the following quantities have been utilized to measure performance:

1 CUDA (Compute Unified Device Architecture) Cores: These specialized cores, found in
NVIDIA GPUs, excel at parallel processing tasks, making them well-suited for deep
learning algorithms employed in perception systems. Their efficiency in handling multiple
calculations simultaneously translates to faster processing and real-time performance.
CUDA Cores are the Nvidia GPU equivalent of CPU cores [98].

1 Tensor Cores: These newer cores, also found in NVIDIA GPUs, specifically enhance the
speed of Al training by enabling mixed-precision calculations. This means they can
handle lower-precision data formats (e.g., FP16) alongside high-precision data while
maintaining accuracy, significantly accelerating the training process for your perception
system's neural networks [99].

1 FLOPs/TOPS: These metrics directly quantify the processing power of a platform.
FLOPs (Floating-point Operations Per Second) measure the number of floating-point
calculations, while TOPS (Total Operations Per Second) encompass a wider range
including integers and other data types. While FLOPs were traditionally used, the advent
of Tensor Cores has shifted the focus to TOPS, as mixed-precision training often
benefits from lower-precision operations [100], [101].

1 VRAM (Video RAM): This specialized memory holds graphics data crucial for real-time
graphics processing applications. In the context of a perception system, it stores
information like depth maps, shadow maps, texture maps and other intermediate results
generated by the processing units. Having sufficient VRAM ensures smooth and efficient
processing of visual data.

Beyond the Numbers:

5.2.2 MicroControllers

While microcontrollers boast undeniable advantages in terms of power consumption, weight,
and price, their suitability for a mobile robot's perception system demands careful evaluation.
This subchapter dives into the key characteristics of microcontrollers, highlighting their
strengths and limitations in the context of perception tasks.

1 Performance: Microcontrollers are champions of efficiency, specializing in dedicated,
real-time tasks with minimal computational overhead. However, this very strength
presents a significant hurdle for perception systems. They usually lack dedicated
floating-point math units which renders them incapable of handling the complex
computations required for algorithms like convolutional neural networks or spatial
mapping. The resulting performance limitations can make them unsuitable for the
demanding requirements of perception systems in mobile robots.
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1 Memory: Microcontrollers prioritize compact footprints, resulting in severely limited
memory resources. Typically offering only a few megabytes of RAM, they fall far short of
the memory requirements for processing visual data and constructing spatial maps. This
constraint effectively bars them from consideration for perception applications.

1 Interface: The miniature size of microcontrollers comes at the cost of standard
interfaces. USB ports, often used for camera and LIDAR connections, are scarce,
requiring custom solutions using serial communication pins. Additionally, their
programming often demands specialized tools and knowledge, deviating from common
operating systems used in perception systems.

1 Power Consumption: Microcontrollers excel in minimizing power draw, consuming
mere milliwatts. This makes them ideal for applications where battery life is paramount.
However, the computational platform of a mobile robot is often one the least power
consuming modules on the robot accounting for only a small portion of its total power
usage.

1 Weight: Microcontrollers reign supreme in the weight category, typically weighing only a
few grams. This minimal footprint makes them attractive for robots prioritizing agility and
maneuverability, like UAVs or small rovers.

1 Price: Microcontrollers boast affordability, with most models costing under $100. This
price advantage makes them attractive for cost-sensitive projects. However, the trade-off
in performance and capabilities must be carefully considered before deciding.

Arduino Nano 33 Arduino Nano Every Arduino Nano 33 Ble

ESP32 Particle Argon

Figure 5-6: Some of the most popular Microcontrollers.

5.2.3 Single-Board Computers (SBCs)

Single-Board Computers (SBCs) offer an intriguing proposition for a mobile robot's
perception system, balancing compact size with significant performance gains over
microcontrollers. This subchapter delves into their key characteristics.
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Performance: The advantage of SBCs lies in their diversity. Performance varies greatly,
with some SBCs exceeding microcontrollers by orders of magnitude and others
approaching the capabilities of mini-computers. Options capable of processing several
TFLOPs (Trillion Floating-point Operations Per Second) are widely available, while high-
end SBCs harness Tensor Cores to reach impressive 275 TOPS (Total Operations Per
Second) [102].

Interface: Despite their compact size, SBCs are surprisingly well-equipped. They boast
multiple USB ports, Ethernet connections, and often HDMI outputs, enabling
compatibility with diverse cameras, LIDAR sensors, and displays. Furthermore, their
support for common operating systems like Linux and Windows allows for leveraging
existing software packages or developing custom solutions with relative ease. While
some hardware-specific tweaks might be necessary depending on the chosen SBC
architecture, the level of flexibility they offer far surpasses microcontrollers.

Power Consumption: One of the key strengths of SBCs is their power efficiency. Even
the most powerful options typically consume only tens of watts, significantly less than
mini-computers or workstations. This translates to longer battery life for the agricultural
robot, a crucial factor for extended operation. However, higher performance often comes
at the cost of slightly increased power draw, so specific workloads must be carefully
considered before selecting.

Weight: While not as light as microcontrollers, SBCs remain relatively lightweight,
typically ranging from 100 grams to slightly over 1 kilogram. This balance between
portability and processing power makes them ideal for robots where maneuverability and
computational capabilities are equally important, like legged robots or rovers.

Price: Simple SBCs catering to basic tasks can be found for under $100, making them
an attractive option for budget-conscious projects. However, as performance and
processing power increase, so does the price tag. SBCs capable of handling Al and
vision applications typically range from $100 to $3,000, requiring careful consideration of
budget and performance requirements.

Pty =

Orange Pi Rock Pi 4 HiKey970 Coral.ai

Figure 5-7: Some of the most popular SBCs.
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Table 4-1 presents three popular SBCs compared to an Nvidia GeForce RTX 3070 mobile
graphics card for intuition purposes, as a standalone graphics card cannot support common
operating systems. For that, a motherboard hosting a CPU, RAM and the graphics card

must be used.

Specification

Al performance

Cuda Cores

Tensor Cores

Memory

Storage

Power

oS

Weight

Price

5.2.4 Mini-PCs

Table 5-1: Popular SBCs currently in the market.

Google Coral Dev Board
(4GB) [103]

4 TOPS

n/a

n/a (dedicated TPU)

4 GB RAM

8 GB
expandable

eMMC + 64GB

5W

Linux Mendel

250g

~1750

Jetson
AGX Xavier
(64GB)
[104]

32 TOPS

512

64

64GB
shared

64GBeMMC

10W-30W

Ubuntu
based

6309 (with
fan)

~1600

Jetson
AGX Orin
(64 GB)
[102]

275 TOPS

2048

64

64 GB
shared

64GBeMMC

15W-60W

Ubuntu
based

15809 (with
fan)

~2400

Nvidia
GeForce
RTX
3070 [10
5]

~ 200
TOPS

5888

184

8GB
VRAM

n/a

115W
(Laptop)

any

~1kg
(with fan)

~500u

Mini PCs offer an alternative path, bridging the gap between compact SBCs and powerful
workstations. This subchapter explores their key capabilities and limitations.
1 Performance: Mini PCs occupy the middle ground in terms of processing power. They
harness components typically found in laptops or even desktops, albeit in compact
versions often lacking dedicated cooling systems. While this grants them significant
performance gains over SBCs, thermal limitations can emerge under sustained
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workloads. The thermal management capabilities of any mini-PC must be evaluated
carefully to ensure it can deliver consistent performance for the perception system's
demands.

91 Interface: One of the key advantages of mini-PCs lies in their seamless integration with
existing infrastructure. They function like traditional PCs, supporting common operating
systems and software packages out of the box. This minimizes the need for extensive
hardware or software modifications, allowing the usage of established tools and
development environments. Additionally, they typically offer a wide range of ports similar
to full-sized PCs, ensuring compatibility with diverse sensors and devices.

1 Power Consumption: Compared to full-sized desktops, mini-PCs boast improved power
efficiency. However, they are significantly less power-efficient than SBCs. The presence
of dedicated graphics cards, often crucial for Al and vision applications, alone pushes
power consumption above 100 watts. Including separate RAM and CPU units can raise
total consumption under load to over 200 watts. The robot's battery life and operating
environment must be carefully considered when evaluating this trade-off.

1 Weight: While not bulky, mini-PCs are heavier than SBCs, typically ranging from 1.5 to
slightly over 2 kilograms. This increased weight might impose limitations on robots
prioritizing maximum agility or operating on weight-sensitive platforms.

9 Price: Basic mini-PCs, lacking dedicated GPUs, offer attractive affordability, readily
available for under 9000¢0. However, for
acceleration, the costs escalate. Integrating an external graphics card or opting for a
mini-PCwithabuilt-i n | apt op GPU pushes the price

Table 4-2 presents three popular mini-PCs compared to an Nvidia GeForce RTX 3070

mobile graphics card for intuition purposes.

Table 5-2: Popular Mini-PCs currently in the market

MinisForum 11th Gen Intel NUC Mi(()BtS(L:JS GI\Ie\I/:Ing?e
Specification | UM700 (16GB) | + Nvidia 3070 EGPU
[106] (64GB) [107] EN173070C RTX 3070
[108] [105]
Al 1 <150TOPS(usbc ~ 200
performance 3 TFLOPS bottleneck) >200 TOPS TOPS
Cuda Cores n/a 5888 5888 5888
Tensor Cores n/a 184 184 184
16 GB RAM 64 GB/8 GB
Memaory (max 32GB) 64GB shared VRAM 8GB VRAM
Storage 256 GB 64GBeMMC 2 SSDdSISItS n/a
(expandable) expandable
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60W -

Power 65W 10W-30W + 90W 150W-220W 115W
(Laptop)
oS Any Ubuntu based any any
Weight 500g 504g + 4kg 1.8kg ~1ﬁgéy“h

~11000 ( NUC

Price ~4300 barebone i

~20000 ~500*U

5.2.5 Laptops

While laptops share many similarities with mini-PCs in terms of performance, interface, and
price, their inherent form factor presents both advantages and disadvantages for mobile
robot applications. On the positive side, laptops offer readily available hardware
configurations, diverse port options, and familiar operating systems, streamlining integration
and development. Additionally, their built-in batteries provide some level of independent
operation, potentially beneficial for short-term deployments.

However, their larger size and weight significantly impact a mobile robot's
maneuverability and energy efficiency. The constant demand for external power limits their
operational range, and heat dissipation becomes a critical concern, often requiring active
cooling systems that further increase weight and power consumption. Furthermore, their
ruggedness and protection against environmental elements might require additional
modifications, adding complexity and cost. Last, their screen accounts for a great part of
their total power consumption.

5.2.6 Comparison and Decision

Having analyzed various computing platforms for our mobile robot's perception system, we
arrived at a compelling choice: the NVIDIA Jetson AGX Orin, an SBC (Single-Board
Computer).

Microcontrollers, while boasting exceptional power efficiency and minimal weight, were
ultimately disqualified by their limited performance and memory, rendering them incapable of
handling the complex computations required for real-time perception applications. Mini PCs,
while offering increased performance and familiar interfaces, presented challenges in terms
of power consumption and weight, potentially hindering the robot's agility and operational
range. Laptops, despite their versatility, were deemed unsuitable due to their inherent bulk
and limited battery life, compromising the robot's portability and independence.

SBCs emerged as the ideal compromise, balancing performance with portability and
efficiency. Their diverse range allows for tailored selection based on specific needs, and
their compact size minimizes weight concerns. The NVIDIA Jetson AGX Orin, specifically,
stood out amongst SBCs due to its exceptional capabilities. Figure 5-8 illustrates a
comparative analysis which underscores the Orin's suitability for real-time applications. Orin
features both NVIDIA cores and Tensor Cores, delivering exceptional processing power for
demanding perception and machine learning tasks. Despite its impressive performance it
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maintains moderate power consumption, ensuring longer operation and compatibility with
battery-powered robots. The SBC's small form factor and light weight minimize its impact on
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Figure 5-8: Bar graph illustrating the relationship between performahce and other features for the top
platform of each category.

the robot's mobility and agility. The Orin offers a wide range of ports and connectivity
options, enabling seamless integration with various sensors and devices. It can not only host
all ZED depth cameras, but it also allows for connectivity with the ZED X mini depth camera,
one of Stereolabs latest additions to its plethora of cameras. Additionally, the NVIDIA
ecosystem provides extensive development tools and resources, streamlining the
implementation and optimization of perception and machine learning algorithms.

By leveraging the NVIDIA Jetson AGX Orin's strengths, any mobile robot can be
efficiently empowered with a perception system capable of real-time obstacle detection,
navigation, and environment understanding.

5.3 Field of View Visualization and Lidar Resolution Analysis Tool
(FoVaLiRa)

The process of designing a perception system for a robot involves deciding not only what
sensors are going to be used but also what their position and rotation on the robot will be.
The ability to visualize the combined field of view produced by camera and lidar sensors on
the robot in simulation assists with such design decisions. While several online tools
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visualize field of view (FOV), they lack the detail, realism, and versatility necessary for
effectively comparing diverse 3D perception system designs. Consequently, we opted to
develop our custom FOV visualization tool within the Unity game engine. This tool facilitates
informed design decisions regarding blind spots, coverage, and resolution for both depth
cameras and LiDARs, commonly employed for 3D mapping on mobile robots.

5.3.1 The Scene
Unity

The Unity Development Platform was used to create the 3D simulated environment and
code the behavior of the sensors in it. Unity was chosen over other simulators for several
reasons:

1  Unity currently supports over 25 different platforms making it a cross-platform engine.
[109]

1 As of 2020, Unity-made applications were used by 2 billion monthly active users, with 1.5
million monthly creators [110]. The vast community behind Unity enables developers to
ask questions and quickly find solutions to their issues.

1 Unity is lately transitioning to Robotics, Al and simulation applications with new and
actively supported packages [111].

1 Unity provides a visually intuitive and user-friendly development environment, allowing
researchers and developers with varying levels of programming expertise to create and
interact with simulations. This can be particularly beneficial for future projects in CSL
requiring rapid prototyping and iterative design, where quick visualization and
modification of the simulated environment are crucial.

1 Unity offers a vast library of pre-built 3D assets and environments, encompassing
various objects and scenarios relevant to agriculture and mobile robotics. Additionally, its
robust physics engine enables realistic simulation of object interactions, force dynamics,
and sensor responses within the virtual environment, further enhancing the validity and
reliability of the simulation for research purposes.

Simulated Vineyard

Within the Unity platform, we constructed a 3D simulated vineyard scene reflecting typical
viticulture practices in Greece. The scene incorporates essential vineyard row parameters,
including an inter-plant spacing of approximately 1 meter and a minimum grape height of
0.60 meters. Virtual grape clusters are modeled as capsules, while the vine canopy exhibits
a realistic density, leading to diverse visibility conditions. Specifically, a portion of the grapes
are partially obscured by leaves, while others are situated in the foreground plane. The
vineyard layout comprises two parallel rows, each measuring 4 meters in length, situated on
even terrain.

Figure 5-9 illustrates the scene that a user views after downloading, installing, and launching
the developed Unity Project. To the left of the scene tab, on the Hierarchy tab, the user can
see that the vines are registered as Vine Trees under the Obstacles object category. On the
scene tab, within the branches of the vines, the user can observe the blue capsules that
represent grape clusters and are registered as targets on the Hierarchy tab, as those are the
objects of interest for the robot.
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Figure 5-9: The default starting scene in Unity.

In the Hierarchy tab, some object names can be seen in fainted white color. These
objects are also present in the scene but they are deactivated. The user can select any of
these from the Hierarchy tab. Thus, the Inspector tab on the right side of the window will
display information about the selected object. To activate the selected object, the user can
check the checkbox near the name of the selected object in the Inspector tab.

O Inspector

Spot Static -

-

Tag uUntagged = L ayer Default -

- Transform

Position X 4.01
Rotation X 0

L

Add Component

Figure 5-10: Activating and Deactivating an Object

The objects that are deactivated by default are the Spot robot model and three objects
labeled as Sensors. The Spot robot model can be used as an alternative to the Laelaps
robot model. The Sensors represent lidar (or camera) sensors and are by default placed on
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the sides and on the front face of the Lealaps robot model. Activating the three objects
labeled as Sensor, Sensor (1) and Sensor (2) and clicking on play to run the simulation - the
play and pause buttons are on the middle of the Unity toolbar on the top of the screen - will
start the wvisualizati on .digureedalt Hustratesntlse aunding
visualization for this configuration.

(a) (b)

Figure 5-11: Thescene while running the visualization.

5.3.2 Configuration

The user can configure several parameters to simulate different sensor setups. The list of
parameters that can be configured for each sensor is as follows:
position(x,y,z) : The position of the sensor in the scene, relative to the laelaps robot
transform. Values are in decimeters.
rotation(x,y,z) : The rotation of the sensor in the scene, relative to its own transform. Values
are in degrees.
View Radius: The range of the lidar while scanning horizontally (or max range for camera).
View Angle: The horizontal view angle of the lidar (or camera).
Vertical View Radius: The range of the lidar while scanning vertically (or max range for
camera).
Vertical View Angle: The vertical view angle of the lidar (or camera).
Mesh Resolution: Number of rays cast for each horizontal mesh divided by the horizontal
view angle in degrees (See section "How it was made" for more intuition).
Horizontal Offset Resolution: Number of horizontal meshes to be cast, divided by the
vertical view angle in degrees (See section "How it was made" for more intuition).
Vertical Mesh Resolution: Number of rays cast for each vertical mesh divided by vertical
view angle in degrees (See section "How it was made" for more intuition).
Vertical Offset Resolution: Number of vertical meshes to be cast, divided by the horizontal
view angle in degrees. (See section "How it was made" for more intuition).
Edge Resolve lterations: Binary search iterations to resolve the "edge problem" (See
section "How it was made" for more intuition).
Edge Distance Threshold: Minimum distance at which an obstacle would be considered to
be too far to be accounted for the resolution of the "edge problem" (See section "How it was
made" for more intuition).

There are two ways to easily set the position and rotation of the sensors on the scene
as well as to configure the sensor parameters: One is through modifying the instantiation.txt
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file located in the project folder. The other is using the Unity Editor to directly edit the scene
and the sensor parameters.

Configuration using the instantiation file

The "instantiation.txt" file is located inside the project folder. Essentially, the instantiation file
represents an array. The elements of the array inside each row are separated by commas
as the file is in csv format. The first row contains the headers of each column. Each row
added after the first will cause the instantiation of a new sensor on the scene. The new
sensor ods parameters wil/ be the elements of
headers. As an example, the "typical_instantiation.txt" can be used to instantiate three
sensors on the lealaps robot, at predefined positions and rotations. These sensors are also
parameterized arbitrarily. To try the instantiation file, the user can copy the contents of
"typical_instantiation.txt" inside the "instantiation.txt" file, deactivate the preexisting sensors
in the scene and run the simulation. If the "instantiation.txt" file cannot be edited while the
Unity Development Platform is open, then the user might need to close it when editing and
then open it again to run the simulation.

Configuration using the Unity Editor

In the unity editor, the user can activate, deactivate, or duplicate the preexisting sensors
Sensor, Sensor (1), Sensor (2), Sensor (3) and Sensor (4) which can be found in the object
Hierarchy. Clicking on a sensor object triggers the inspector to show information about that
object. The user can configure all the parameters by editing the field of view script for each
sensor directly in the Inspector. In this case, the "instantiation.txt" file should be empty
except for the first row (except, of course, if the user desires to both have sensors
preexisting in the scene and instantiate some more sensors when starting the simulation).
To change the position and rotation of the sensors on the scene, the user can use the move
and rotate tools that the Unity Editor offers. To duplicate a sensor, the user can hold the @lté
key while translating a sensor in the scene. That will leave the old sensor object in place and
instantiate a new one.

Configuring the robotds animati on

Locating the Lealaps object - which is a child of the Lealapsll object - in the object Hierarchy
and clicking on it will open the inspector tab. The animator component which controls the
animation of the body of the lealaps robot will be active in this tab. To deactivate it, the user
can simply click on the checkbox next to its name. The same can
legs: Each leg has two child objects named TopLeg and BottomLeg. Both have animator
components which can be deactivated from the Inspector tab. To access the animator
controller for the body or any of the legs of the robot, the user can open the inspector of the
desired object by clicking on it. Then the user can click on the name box near the controller
variable in the animator component. An Animator window will appear. The sequence and the
transition between animations can be controlled in this window. For now, the body executes
a single translation animation. Each part of each leg executes a translation-rotation
animation. The right hind and front left legs of the robot execute an idle animation before
executing the translation-rotation animation to simulate a phase difference. To edit an
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animation individually, the user can open the animation window (Ctrl+6 hotkey). In there,
animations can be created and edited via the Dopesheet or the Curves tab. More
information on creating and editing animations in the Unity Development Platform are
provided in online documentation [112].

5.3.3 The FoVaLiRa development process
Ray casting

In the domain of computer graphics, ray casting represents a foundational technique for
rendering three-dimensional environments onto a two-dimensional display. It simulates light
rays originating from a specific viewpoint, typically the camera, and calculates their
intersections with objects within the scene [113]. The closest intersection determines the
visible portion of an object rendered onto a particular pixel. While computationally efficient
and particularly effective in early 3D games, ray casting inherently struggles with intricate
lighting effects and smooth object curvature. Modern rendering techniques, such as ray
tracing, have emerged to address these imitations: Ray tracing builds upon the principles of
ray casting but goes further by simulating the full path of light, including reflections and
refractions, leading to superior visual fidelity [114]. However, this enhanced realism comes
at the cost of significantly increased processing power [115]. Within the Unity game engine,
ray casting remains a valuable tool for tasks like object selection and collision detection due
to its efficient nature.

FoVaLiRa employs a ray casting approach, where rays are emitted from the modeled
LIiDAR or depth camera sensors towards the simulated environment. These rays are
organized into a grid-like structure composed of individual meshes, each representing a
circular sector within the sensor's FOV. The user-defined grid size directly corresponds to
the desired FOV of the LIDAR. Upon encountering a target object (e.g. grape cluster) within
the environment, a ray triggers the extraction and return of information regarding the target's
location. This information can be subsequently utilized for further analysis or visualization
purposes.

Forming a single horizontal mesh

To understand the formation of the grid of meshes, it is simpler to first study how a single
horizontal 2D mesh is made: Several rays are cast from the center of the sensor radially
inside the horizontal view angles determined by the user. Figure 5-12 illustrates this from a
top view.
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Figure 5-12: Raycasting visualization. The sensor is the white capsule.
Rays are in red color. Targets are blue capsules. Obstacles are orange rectangular cuboids.

The number of rays for a given field of view angle is determined by the mesh resolution
parameter which can be configured by theuser. Thi s par ameter simul ates a

and corresponds to the model | edhepatofsttesc@reitabi [ it
covers. The rays do not pass through obstacles. The starting and ending point of each ray
are sequentially saved in a |list as 3D points.

form a flat mesh. Figure 5-13 presents the formed colored mesh, cast from a sensor
modelled with a capsule. The higher the mesh resolution parameter is set to, the denser the
formed mesh.

Figure 5-13:A continuous 2D mesh in light blue color.
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The edge artifact

The distance that an unobstructed ray travels, is a user-defined parameter called view
radi us. I t mod el sAn edgeesartifact apgears véhen thre adgegoé an obstacle
lies between any two cast rays. Thus, one ray hits an obstacle and the next one misses,
ending naturally on the view radius. The two endpoints of the rays that are used to form the
colored mesh by the mesh renderer are now forming a triangle (artifact) that passes through
the obstacle. Figure 5-14 demonstrates that the resulting, colored mesh does not represent
the actual field of view correctly.

Figure 5-14:The edge problem can be clearly seen if the mesh resolution is lowered.

To solve the problem, a binary search process is performed. Angles in the domain that is
formed by the rays that cause the artifact are checked, until an angle, namely a ray direction,
that passes closely enough to the edge, is found. Then a ray is cast in that direction. The
more the iterations of the performed binary search, the closer the new ray will be at the real
edge. The number of iterations can be adjusted by the user by modifying the
EdgeResolvelterations parameter. Figure 5-15 illustrates the result.
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Figure 5-15: Solving the edge problem with 5 binary search iterations.

There is however a problem regarding the condition which triggers the solution of the edge
problem. Currently, the condition is that when one ray hits an obstacle and the next one
does not hit an obstacle, ending on the view radius, the solution of the edge problem is
triggered. The problem is that when both rays hit, but the hit points are a large distance
apart, the solution should be triggered, but it does not. Figure 5-16 demonstrates this issue.

Figure 5-16:The binary search is not triggered and thus a falsely shaped triangle is formed in the mesh

To solve the problem, the condition which triggers the solution of the edge problem was
changed so that the process is triggered either when a ray hits and the next one misses
ending on the view radius, or two consecutive rays hit and the hit points are a distance apart
greater than the EdgeDstThreshold (parameter set by the user). Figure 5-17 shows the
result. The produced mesh is smooth and continuous. Algorithm 4-1 contains the pseudo-
code for the edge artifact problem solution.

95/156



Figure 5-17:Smooth mesh after applying the edge problem solution.

ALGORITHM 4-1 EDGEARTIFACT PROBLEM SOLUTION

Require: (previous ray hitend next ray does not higr (previous ray hiteand next ray
hits and next ray endpoint distance > EdgeDstThreshold)
Ensure: There exists a ray thpaisses close enough to the obstacle edge.
minVY angleOfRayThatHit
maxY angleOfRayThatMissed
ivy 1
whilei O EdgeResdnl velterations
angleY & Q¢
Cast newRay with angle, min < angle < max
angl e Of N eaewRsy.gngl&
if newRayhitsthen
minY angleOfNewRay
else
maxY angleOfNewRay
end if
end while
Add newRay.endpoint to the mesh

5.3.4 Forming a 3D Mesh

To form a 3D Mesh, multiple 2D Meshes, rotated around a determined sensor axis were
utilized. Figure 5-19 demonstrates howr ot at i ng hori zont al mes hes
axis by a specific angle (horizont al of fset)
| aser 6 s hor.iTheaatated 2D meshds are saved as a single object, a 3D mesh.
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Figue5-18: Creating a 3D Mesh by rotatig mu ik axispl e 2D mes he

To make such a 3D mesh denser, the HorizontalOffsetResolution parameter can be
increased. Similarly, rotating vertical m eagihiby a specificangled t he ¢
(vertical of fset) simulates a |idarés sclanning
make the 3D mesh denser, the VerticalOffsetResolution parameter can be increased. Figure
5-19 demonstrates this.

The rotation of each mesh is achieved by rotating the rays that are cast to create it. The
rays need to be r ot at ewansforenatiant Fov eachtray thérehica sensor
vector3 variable that determines its direction. It is easier to use rotation matrices to rotate
each vector around the desired sensor axis [116]. The matrix of a proper rotation 'Y by angle
—aroundtheaxis6 6 b I ,aunitvectorwithd 6 6  pisgivenby:

~

Al-606 p AT-©O 66 p AT-©6 6 OEf+f 606 p A6 0 OEF
66 p AT-6 6 0EL Ai©06 p AT©6 66 p AI©O 0 OFET
66 p AT© 6 OEL 606 p AT©6 6 OEF Ai©06 p AID

(a) (b)
Figure 5-19: (a) Creating a 3D Mesh by rotating multiple 2D meshes by the vertical y-axis.
(b) Increasing the mesh resolution.

To form a denser and uniform 3D mesh, the rotation of both vertical and horizontal 2D

meshes is necessary. Rotati ng h o raxig loyratsmedific me s hes
angle (horizont al of fset) and -axsmhyaspeaificangleshes a
(vertical of fset) simulates a lidards scanning
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vertical motion. Figure 5-20a demonstrates that the resulting field of view closely resembles
the geometry of a depth camera or lidar field of view. Figure 5-20b lllustrates a denser 3D
mesh. To make a uniform 3D mesh denser, the VerticalOffsetResolution parameter, the
HorizontalOffsetResolution parameter or both parameters can be increased. This type of
field of view visualization is the most accurate of those discussed so far and was extensively
used to assist with decisions regarding a robot &

(a) (b)

Figure 5-20:3D meshes formed by rotating horizontal and vertical meshes.

5.3.5 Detecting Visible Targets

The blue capsules in the scene represent targets. Targets that are in the overall field of view

of the robotébés perception syst effllueaTheinfamatioh e d wi t
that a target is inside the overall field of view can be acquired in two ways: The first one is

utilizing the rays that are cast to form the 2D meshes. A check can be run for each ray to

determine if the ray hits a target or not. If a target is hit, it can then be marked as visible, and

it can be added to a list containing all the visible targets. In an editor script, the red color can

be assigned to every target in the list with the visible targets. Thismet hod si mul ates a
visibility constraints, attributed to its resolution. This method c an t e st both velticad ar 6 s
and horizontal resolution. Namely, as Figure 5-21 illustrates, i f a targetodés di men
smaller than the dimension of a single cell in the 3D mesh grid formed by the rays, then the

targetcoul d remain undetected even i f itsvipwosition
This test case simulates a lidar that is unable to map a small object or detail despite the
| atter being insifekldofvidwe | i dar 6s decl ared
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Figure 5-21: Capsule target is positioned in the effective field of view but is too small to be detected by
the sensor. Thus, it is not colored red.

The second way to acquire the information that a target is inside the overall field of view, is

to simply use math to check if the center of the target lies within the field of view locus. For

that to be true, three conditions must be met.

1T The distance between the sensor 0s smakenthtarr and
the view radius.

f TheangleUf or med by the sensords =z t rthenpsjeaionm vect
of the targetds rel ati v eaplnesnudtbecmallevtbanther t o t
horizontalViewAngle (HOVA). Figure 5-22a illustrates this constraint.

1 Theanglebf or med by the sensords z tr ansjeaanm vect
of the targetods rel at i v edplneanudtbecmallevttanmther t o t
verticalViewAngle (VEVA). Figure 5-22b illustrates this constraint.

This method simulates a depth c amer ads visibility ef fthatdhei venes:

camera has no blind spots within its FOV.

= angle ’

(a) (b)

Figure 5-22: Using the field of view locus method to determine if a target is visible.
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5.4 The Lealaps Perception System

5.4.1 Perception System Requirements

To determine the ideal position and rotation of the sensors on the lealaps robot, a list of
specific requirements was considered. These requirements resulted from the intended use
of the robot, namely in outdoor agricultural environments and more specifically in vineyards
for grape and vine inspection. Naturally, each of these requirements cannot always be
fulfiled and therefore, trade-offs play an essential role when designing the lealaps 3D
perception system. In summary, the 3D perception system requirements for the lealaps
robot are shown in Error! Reference source not found..

Table 5-3: Summary of 3D perception system requirements.

index | Requirement

1 The 3D perception system should have the best possible observation area aledshpossible blind
spots.
The 3D perception system should be energy efficient.

3 The view radius of the robot should be large enough for the robot to detect obstacles early enou
avoid them.

4 The vision of the robot should not be heaniitypaired under adverse weather or lighting conditions

5 The 3D perception system should be capable of distinguishing visual features and areas of inter|
ranges of at least up to two meters.

6 The update rate of the sensors of the perception system should be high enough to allow for fast
perception in all directions.

7 The 3D perception system should be capable of mapping whole vines and similar plants which ¢
reach a little more than a meter in height.

5.4.2 Discussing possible sensor configurations

With these requirements in mind, seven different sensor configurations for the laelaps 3D

perception system were tested using the Field of view visualization tool in unity.

1. Laelaps with 2x Zed2 Depth Cameras [16] and a Velarray M1600 Lidar [117]. The
FOVALIRA tool in unity was used to check for blind spots and overall visibility constraints
for this configuration. Figure 5-23 illustrates that this option offers a large observation
area covering the whole front and sides of the robot, with small and not substantial blind
spots. However, there is no view from the back of the robot, which could be useful in
case the quadruped performs maneuvers which require it to move backwards. An extra
Zed2 stereo camera could be added at the back of the robot providing the setup with a
near 3600 field of Vi ew. I n terms of energy
efficient. The ZED2 cameras consume a mere 1.9W each [118] while the Velarray
M1600 Lidar, being a solid state lidar with no moving parts, needs 15 W [119] at most to
be fully operational. In addition, the update rate of solid state lidars is typically higher
than that of conventional lidars. Conventional lidars are sometimes slow when it comes
to coverage in all directions. The limitations are clear in state-of-the-art robot platforms
such as those that participated in the DARPA Robotics Challenge in 2017 (DRC 2017),
which had slow update rate as reported by some of the teams [120]. The M1600 can
manage a 25Hz refresh rate which is higher than its conventional lidar counterparts.
Furthermore, combining lidars and depth cameras allows for versatility even in adverse
weather or lighting conditions. Lidars do not require external light sources to operate,
and their functionality is not affected by changes in lighting conditions. Cameras on the
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other hand are generally not as susceptible to rain, fog, or dust as lidars. They can also
map reflective surfaces with more accuracy than lidars. However, given that the field of
view of the cameras does not overlap with the field of view of the lidar, if a sensor
underperforms then the whole system is affected.

(a) (b)
Figure 5-23: Lealaps with 2x Zed2 Cameras and a Velarray M1600 Lidar. (a) Top view. (b) Side view.

2. Laelaps with 4x Intel Realsense D435 depth Cameras [121]. This option also offers a
large observation area covering the whole front, sides and back of the robot, with small
although not negligible blind spots. Figure 5-24 illustrates this configuration. In addition,
the D435 depth cameras offer a |l arge vertical
robot to easily obtain depth images of tall plants, even when standing close to them. In
terms of energy efficiency, this setup is lightweight and very efficient. The maximum
power draw of the Vision Processor D4 Board, which handles power for both the Vision
Processor D4 and the Depth Module of the D435 camera, is rated at 700 mA [122]. With
a nominal supply voltage of 5V, each camera consumes a mere 3.5W for a total of 14W
for the whole setup. Nevertheless, this setup utilizes only depth cameras. The absence
of a lidar means that the field of view radius or the effective range of the perception
sensors is smaller, while the point cloud quality at the front side of the robot would be

inferior as lidars do produce higher quality and relatively artifact-free depth-clouds.

(a) (b)

Figure 5-24: Lealaps with 4x Intel Realsense D435 depth Cameras. (a) Top view. (b) Side view.
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3. Laelaps with 5x Intel Realsense D435 depth Cameras. An interesting approach to
keeping the simplicity and energy efficiency of the second setup, while raising the depth-
cloud quality at the same time is adding a fifth Intel Realsense D435 sensor. Since most
obstacles and points/areas of interest will appear in front of the robot, the extra camera
should be placed on the front side of the robot, alongside the preexisting front depth
camera. In this particular approach, the two front cameras are rotated around the y-axis,
which in unity is the vertical axis,.Fgue 20U i n
5-25 llustrates this configuration. This creates information redundancy but yields a
higher quality depth-cloud overall, since a single underperforming front sensor (for
example due to dust or strong direct light on the lenses) will not affect the generated
front depth map. This setup, nevertheless, does not increase the effective range of the
robotds perception. |t does, h owe vYhe frontsidlee duce t
of the overall field of v i ilizes a Bimilart perceptidy n a mi c €
system [123].

(a) (b)

Figure 5-25: Lealaps with 5x Intel Realsense D435 depth Cameras. (a) Top view. (b) Side view

4. Laelaps with 4xD435 + Velodyne Ultra Puck Surround View Lidar [124].
Informational redundancy can lead to a more robust perception system. This approach
utilizes overlapping 3D fields of view to accomplish just that. On the center top of the
robot , a Velodyne Ultra Puck Surround View Li
resolution. To refine the resulting point cloud, 4xD435 depth cameras, one in every side
of the robot, provide additional depth images. Figure 5-26 clearly shows that there are no
blind spots with this setup and an underperforming sensor will not significantly affect the
produced point cloud. A major drawback of this system is the weight and the limited
energy efficiency. The lidar alone is around 1kg heavy. It consumes 10W of power at
typical operating conditions [125]. The cameras combined weigh 1kg and consume a
total of 14W. Thus, the setup weighs 2kg and consumes 24W of power. This makes this
perception system the heaviest and most energy-consuming system discussed so far. In
addition, it is not focused on one side of the robot. The field of view expands evenly
away from the robot. This is usually not desired, as four legged robots are generally
more agile when moving forwards and thus it is a preferable design choice for the
perception system to be focused on the front side of the robot. Anybotics Anymal C robot
utilizes a similar perception system [126].
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(b)

Figure 5-26: Laelaps with 4xD435 + Velodyne Ultra Puck Surround View Lidar. (a) Top view. (b) Side view.

5. Laelaps with 4xD435 and an extra D435 at the front, rotated around the x-axis. This
configuration aims to i mpr ov ewhitellso impming the s
overall vertical field of view. Robots that will commonly encounter obstacles (e.g.
branches) high above their body height or need to gather visual information from tall
objects and structures will benefit from a design like this. Figure 5-27vdemonstrates that
several -though not significant -blind spots appear when visualizing the overall field of
view of this perception system. The small overlap between the two frontc a mer ad s f
view will yield slightly better point cloud quality in the fused map shaped in the front of
the robot. The system is very energy efficient and lightweight since it only utilizes
lightweight depth cameras with low consumption (typically 3 . 5 W) . Xi aomi26s
utilizes a similar setup, due to its need to have visual contact with human faces and

gestures [127].

(a) (b)

Figure 5-27:Top view of Lealaps with 4x Intel Realsense D435 depth Cameras and an extra D435
at the front, rotated around the x-axis.

5.4.3 Deciding on a near optimal sensor configuration for Laelaps

The Laelaps robot, being optimally designed using a combination of criteria related to
forward speed, would benefit from a perception system that is focused on the field of view in
front of the robot. However, in agricultural environments, the robot will encounter difficult
terrain, dead-ends and obstacles that cannot be easily avoided. In such conditions, the
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quadruped will be required to rotate, turn and even walk backwards. Therefore, the robot
should be equipped with a setup that produces a near 360ufield of view. Considering this, as
well as the summary of 3D perception system requirements presented in Table 1, the
Laelaps sensor configuration would benefit from 4x ZED2 Stereo Depth cameras and one
Velarray M1600 Solid State Lidar. Combining a Lidar with depth cameras will provide
versatility and robustness even in adverse weather or lighting conditions. Placing the lidar on
the front side of the robot and overlapping its field of view with that of the front depth camera
will add to the valuable point cloud quality in front of the robot.

Capitalizing on the increased range of the lidar, the lidar is placed at a subtler downward
angle than the front depth camera. Figure 5-28 illustrates the setup. Thus, the camera
mainly maps the ground close and in front of the robot, while the lidar captures information
about terrain and obstacles further ahead. This system is both lightweight and energy
efficient. The lidar consumes at most 15W of power while all the depth cameras combined
consume an average of 6W of power. Each depth camera weighs about 125g while the solid
state lidar weighs well below 1kg. The lidar offers premium quality mapping at distances
from 0.1m to 30m while the depth cameras have depth ranges of up to 20m.

For the initial laboratory experiments involving the robotic rover, a simplified sensor
configuration was utilized due to budgetary and accessibility constraints. This temporary
setup consisted of three ZED depth cameras: one ZED?2 facing forward, one ZED2 facing
backward, and one ZED X mini with a wide field of view positioned on the side of the rover.
This configuration provided adequate view coverage for the current research phase, which
focused on single-row vineyard mapping without complex obstacle detection requirements.
However, in future deployments involving the quadruped robot and potentially more
challenging environments, the sensor configuration encompassing four ZED2 cameras and
the Velarray M1600 LiDAR will be implemented.

(b)
Figure 5-28: Top view of Lealaps with 4x ZED2 depth Cameras and a Velarray M1600 Solid State Lidar
at the front, placed at an angle.
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6 Simulation Experiments

6.1 Simulated World

The vineyard inspection and 3D reconstruction framework proposed in this work was
extensively tested in simulation. To thoroughly evaluate the framework, a comprehensive
simulation environment was established using Gazebo [128]. This simulated environment
closely mirrored the real-world testing compartment located within the Control Systems
Laboratory. This room comprises a synthetic vineyard designed specifically for agricultural
robot experimentation. The controlled lighting conditions within the laboratory are replicated
in the simulation. The vineyard layout features three equally spaced vine rows, forming 1-
meter-wide corridors for robot navigation. The ground texture replicates a mosaic pattern,
and the inclusion of three cast iron radiators near the walls further enhances the realism of
the simulation. A high-fidelity robotic platform (RP) model was designed and integrated
within the simulated environment. This model meticulously replicates the actual RP intended
for deployment in subsequent real-world experiments.

Figure 6-1:The simulated world in Gazebo.

An April Tag was placed at the beginning of the second row. Its purpose is to facilitate the
loop closure process which takes place as soon as the robot effectively aligns its left camera
with the April Tag. April Tags and their significant impact on correcting accumulated
odometry errors in the context of the developed framework are thoroughly described in
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section 2.1.4 of this thesis. Finally, a two-dimensional map of the simulated world was

designed for visualization purposes. The map reflects the real-world dimensions of the
development space with high-fidelity. Rviz [129] and foxglove studio [130] are the two
software platforms that were utilized to Vvisua
vineyard, as well as to monitor valuable data.

W T

i

Figure6-3: RP6s trajectory and si mul at ed fexglove stutliopment map as
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