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Abstract

The main topic of this master thesis is the validation of a navigation algorithm
designed to perform autonomously in unstructured environments. Computer simu-
lations and experimental tests with a mobile robot have allowed reaching the estab-
lished objective. The presented approach is effective, consistent, and able to attain
safe navigation with static and dynamic configurations.

This work contains a survey of the principal navigation strategies and components.
Afterwards, a recap of the history of robotics is briefly illustrated, emphasizing the
description of mobile robotics and locomotion. Subsequently, it presents the develop-
ment of an algorithm for autonomous navigation through an unknown environment
for mobile robots. The algorithm seeks to compute trajectories that lead to a target
unknown position without falling into a recurrent loop. The code has been entirely
written and tested in MATLAB, using randomly generated obstacles of different
sizes. The developed algorithm is used as a benchmark to analyze different predic-
tive strategies for the navigation of mobile robots in the presence of environments
not known a priori and overpopulated with obstacles. Then, an innovative algorithm
for navigation, called NAPVIG; is described and analyzed. The algorithm has been
built using ROS and tested in Gazebo real-time simulator. In order to achieve high
performances, optimal parameters have been found tuning and simulating the algo-
rithm in different environmental configurations. Finally, an experimental campaign
in the SPARCS laboratory of the University of Padua enabled the validation of the

chosen parameters.






Abstract

L’argomento principale di questa tesi ¢ la validazione di un algoritmo di navigazione
progettato per la navigazione autonoma in ambienti non strutturati. Simulazioni al
computer e prove sperimentali con un robot mobile hanno permesso di raggiungere
I'obiettivo stabilito. L’approccio presentato e efficace, coerente e in grado di rag-
giungere una navigazione sicura sia per configurazioni statiche che dinamiche.

Questo lavoro contiene un’indagine sulle principali strategie e componenti di nav-
igazione. In seguito, viene brevemente illustrato un riassunto della storia della
robotica, con enfasi sulla descrizione dei robot mobili e della locomozione. Suc-
cessivamente, presenta lo sviluppo di un algoritmo per la navigazione autonoma
attraverso un ambiente non noto per i robot mobili. L’algoritmo cerca di calcolare
traiettorie che portano alla sconosciuta posizione di target senza ripetere contin-
uamente gli stessi movimenti. Il codice ¢ stato interamente scritto e testato in
MATLAB, utilizzando ostacoli generati casualmente di diverse dimensioni. Tale al-
goritmo sviluppato, viene impiegato come benchmark per analizzare diverse strategie
predittive per la navigazione di robot mobili in presenza di ambienti non noti a priori
e sovrappopolati di ostacoli. In seguito, viene introdotto e analizzato un algoritmo
innovativo per la navigazione, chiamato NAPVIG. L’algoritmo ¢ stato sviluppato
utilizzando ROS e testato nel simulatore a tempo reale Gazebo. Al fine di ottenere
prestazioni elevate sono stati ricavati dei parametri ottimali tramite la simulazione
dell’algoritmo in diverse mappe. Infine, una campagna sperimentale nel laboratorio
SPARCS dell’Universita di Padova ha permesso I'implementazione di NAPVIG in

un robot mobile e la successiva validazione dei parametri ricavati dalle simulazioni.
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Introduction

Nowadays, autonomous navigation topic is a big issue in research groups.

The direction that the industry is taking is heading towards the development of
vehicles able to autonomously and safely navigate through different types of envi-
ronments, such as urban roads or industrial plants. Autonomous navigating robots
are transforming the way we live, work, and play, helping people with their daily
tasks. They are employed in almost all fields of our life and they represent a huge
resource to lean on.

In particular, in this thesis, we focus on the navigation of a ground robot in un-
known and dynamic environments in the presence of static and mobile obstacles
and crossroads. The peculiarity of this study is that autonomous navigation is set
to take place in unknown environments and hence in the absence of a general map
to guide the choices.

The lack of a mapped surrounding is a complication to overcome. Indeed, the en-
vironment must be sensed and analyzed through different types of sensors and the
map needs to be created step by step. At the same time, the robot has to proceed
in its journey and obstacles must be detected and avoided.

Moreover, navigation in unknown environments does not permit the computation of
an optimal route and it is necessary to define a general rule to select which direction
should be taken without getting stuck in dead-ends or in repetitive loops.

The thesis has a dual purpose. The first one concerns the development of a basic
algorithm for autonomous navigation in unknown environments, using MATLAB
software.

The second goal of the thesis is to simulate and tune a reliable and safe algorithm,
named NAPVIG, designed by PhD student Nicola Lissandrini. After a campaign
of numerical simulations performed on Gazebo simulator, several experimental tests
were carried out on University’s robotic laboratory, employing a differential drive
robot (DDR).

To complete the first part of this work, a self-developed algorithm is designed to be
capable of autonomously and safely exploring the assigned environment.

The idea behind the algorithm is to define a set of nodes, and to construct a link
between reachable points in the map, from the robot’s position. Points in the map
that are visible from the robot’s sensors can be interpreted as nodes of a graph. As
the robot navigates through the environment, the graph is updated with new nodes
and arcs connecting them. Arcs represent possible routes indeed if an arc between



10

CHAPTER 1. INTRODUCTION

nodes is not computed then does not exist a safe path from one to the other.

In the second part of the work, the simulation phase involves the tuning of some
significant parameters of the NAPVIG algorithm, and the analysis of different types
of environments to highlight the peculiarity of the algorithm and the situations in
which its behaviour should be improved.

The thesis structure is organised as described below.

Chapter 2 firstly defines the term Autonomy, then gives a rapid introduction about
the motivations behind the use of robotics and finally gives an overview of the main
robotics evolution steps from the second half of ’900 until now.

Different types of mobile robots and their components, such as controllers, actuators,
sensors and power systems, are presented in Chapter 3. Then, it is introduced the
theme of locomotion with particular emphasis on legged and wheeled locomotion.
Subsequently, unmanned ground vehicles and kinematics are described. In the last
part of the chapter is illustrated the DDR.

Chapter 4 gives an overview of the navigation task for autonomous mobile robots,
both indoor and outdoor. Finally, the four phases of navigation are introduced and
explained. In particular, perception, localization, cognition and motion control.

Chapter 5 concerns the explanation of the self-developed autonomous navigation
algorithm in MATLAB and the relative numerical results. The last section of the
chapter contains hints about further developments, such as introducing moving ob-
stacles and testing the algorithm in a real robot.

The last chapter is dedicated to the NAPVIG algorithm. As mentioned before, firstly
a campaign of numerical simulations has been performed. Afterwards, experimental
tests have been carried out with the aforementioned algorithm applied to a real DDR
robot. Finally, there are presented some future developments that could broaden
the present work.



Overview of robotics

2.1 Introduction

There is not a commonly approved definition for the term robot indeed, there exist
multiple different definitions of what precisely a robot is.

The term robot has evolved over time based on technological progress, and the evo-
lution of robotic artefacts. Nowadays, this word is referred to more sophisticated
and intelligent devices compared to the middle of the previous century.

The Robot Institute of America (RIA) in 1979 has defined robot as a reprogrammable,
multi-functional manipulator designed to move materials, parts, tools or specialized
devices through various programmed motions for the performance of a variety of
tasks.

The International Organisation for Standardisation proposes a definition of robot in
ISO 8373, intended to standardize and make universally accepted the characteriza-
tion. ISO defines a robot as an automatically controlled, reprogrammable, multipur-
pose, manipulator programmable in three or more azxes, which may be either fixed in
place or mobile for use in industrial automation applications.

As defined in ISO, a certain degree of autonomy is required. Autonomy is the ability
to perform intended tasks by its own reasoning process, without human intervention
even with unforeseen situations and changing environments. The degree of auton-
omy differentiates what is considered a robot from other devices; the more a robot
is independent in performing its tasks the more it can be thought to be intelligent
and sophisticated.

According to the Japanese Industrial Robot Association (JIRA), robots can be di-
vided regarding their level of self-sufficiency into six different classes in order of
increasing autonomy:

o Class 1. Manual handling device: device characterized by several degrees of
freedom and directly controlled by an operator. Some of them are also referred
to as co-bots.

e Class 2. Fixed sequence robot: handling device which performs a fixed se-
quence of predefined actions using the same method, without an operator
manoeuvring it.



12

CHAPTER 2. OVERVIEW OF ROBOTICS

o Class 3. Variable sequence robot: robot similar to the ones of class 2 except the
fact that the sequence of actions can be reprogrammed easily. This property
allows it to be quickly adapted to execute new assignments.

o Class 4. Playback robot: robot able to replicate a task. The operator performs
the task manually, leading or controlling the robot, which is then able to repeat
the task autonomously.

e Class 5. Numerical control robot: this type of robot moves through a sequence
of actions received in the form of numerical data.

o Class 6. Intelligent robot: a robot capable of sensing the environment and
able to complete a task despite changes around it.

The different institutions have different opinions on which of the previous classes
should be considered robots or not. For example, the Robotics Institution of America
(RIA) considers robots only from class 3.

Another robot classification system has been developed by the Association Francaise
de Robotique (AFR):

Type A: manually controlled handling devices and telerobotics.

Type B: automatic handling devices with predetermined cycles.

Type C: servo-controlled robots with programmable trajectories.

Type D: same as type C but able to respond to their environment.

Robots are mainly divided into two broad categories: manipulators and mobile
robots. The two classes differentiate in what they move: manipulators are fixed in
space and move objects around them instead mobile robots move themselves leaving
the surrounding world unchanged.

A robotic manipulator is a reprogrammable and multifunctional mechanical device
used to manipulate materials without direct physical contact with the operator.
Usually, it is a mechanism similar to an arm that consists of a series of components,
sliding or jointed, which grasp and move objects in a repeated manner, through
programmed motions. Manipulators are robots treated as tools, namely an entity
that is physically situated in the world but which does not adapt to changes in
the world. These types of robots were born to deal with radioactive materials,
dangerous for humans. They have been developed to perform specific, limited and
specialized functions in a restricted amount of time with high precision. The design
process is based on the optimization of the performance of the robot executing a
specific action. For this reason, artificial intelligence is often considered superfluous.
Manipulators are present especially in industries in applications like welding, lifting,
and automation (SCARA robot).

2.1. Introduction
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On the other hand, mobile robots are devices capable of locomotion and hence they
are not fixed to one single position. These robots are considered agents, entities that
can sense and induce changes in the world. Mobile robots were initially designed
to move materials in different zones but one can find them in the military, security,
medical and other fields.

The difference between these two classes relies both on the distinction between an
agent and a tool, and also on the differences between automation and autonomy.

2.2 Automation vs. autonomy

Automation refers to a wide range of technologies performed automatically from
the device, with the result of a reduction of human intervention in processes. Au-
tomation assumes that the operator performs any requirements before or after the
automated sequence to complete the assignment. Multiple automation sequences
are required to enable supplies to work semi-autonomously or autonomously. Au-
tomation has been obtained through mechanical, hydraulic, pneumatic, electrical,
electronic devices, and computers. Complicated systems usually use all of them in
combination. Automation provides benefits in almost all industries, from manufac-
turing to transportation but also utilities, defence and facility operations.

Instead, autonomy refers to a property of a system capable of performing the pro-
grammed operations, under defined conditions, without human input or guidance.
This type of system is said to be autonomous and has some requirements to satisfy.
It should have the capability of self-maintenance, to sense the environment and per-
form a physical task.

The distinction between automation and autonomy affects the style of programming,
the hardware of designing and the kinds of failures.

Robot capability can also be interpreted through the spectrum of techniques rep-
resenting four key aspects: plans, actions, models, and knowledge representations
[1]. One can visualize a capability as a set of sliders, as shown in Fig.2.2.1. Each
of the aspects associated with autonomy and automation contributes to the overall
capability.

An autonomous robot does not necessarily have all the characteristics on the right
side, as well as automation does not have all the attributes on the left side. Actually,

most robot systems programmed with artificial intelligence methods have a mixture
of both.

Plans - In automation applications, a system most of the time has to execute
a previously generated plan. The ability of the robot is about executing the same
actions exactly in the same way as fast as possible, with high precision and accuracy.
In contrast, autonomous applications allow the robot to construct the plan and adapt
the plan itself as the surroundings change. The adjustment of the plan is possible

2.2. Automation vs. autonomy

13
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Figure 2.2.1: How four aspects of automation and autonomy combine to create an
intelligent system.

signals symbols

through the perception of the surrounding world through sensors that the robot is
equipped with.

Actions - Actions can be deterministic or non-deterministic. An action is said to be
deterministic if, when a robot is in a given state and receives a specific set of inputs,
there is only one possible output. In contrast, a non-deterministic algorithm has
multiple possible outputs and the choice of one of them depends on other factors
or events. Autonomous capabilities are non-deterministic and performances are
measured as an average or statistical probability.

Models - A world model is an abstract representation of the spatial or temporal
dimensions of our world. World modelling enables the use of robotics systems to
operate in the workspace, by providing knowledge of the environment to the robot.
It can be preprogrammed into a robot, may be learned by the robot or some com-
bination of them. This is a critical component of automated robotics because the
robot must sense and interpret the world using sensors, which might be not as ac-
curate as needed.

World models are classified as being closed-world or open-world. The closed-world
assumption, typical of automation, states that everything possible is known a priori;
any object, condition or event that is not specified in the database is false. On the
other hand, an autonomous robot operates under the open-world assumption that
assumes that the list of possible states, objects or conditions cannot be completely
specified.

Knowledge representations - A distinction can be made between automated and
autonomous capabilities based on the form of information that the robot processes,

2.2. Automation vs. autonomy
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either signals or symbols. Automation implies that the robot responds to signals or
raw data, while autonomy operates in processed information or symbols.

Today, different levels and varying degrees of autonomy can be found across most
industries. (2| defines autonomy as the extent to which a robot can sense its envi-
ronment, plan based on that environment, and act upon that environment with the
intent of reaching some task-specific goal (either given to or created by the robot)
without external control.

Figure 2.2.2: Sense, plan, act for autonomy.

There exist several levels of autonomy, reported in Table 2.2.1, that can be applied
to most vehicles and robots.

2.3 Applications and motivations of robots

Robots find applications in almost any field of our lives. They can substitute humans
in dangerous and unsafe environments and in boring and monotonous works. There
exist several reasons to prefer a robot instead of a human. First of all, robots, as well
as automation, can increase productivity, efficiency, safety, quality and consistency
of products, since they are inherently fast, highly repeatable and reliable, and will
perform each and every operation in exactly the same manner with a mm or even
pm accuracy. Moreover, they perform tasks with precision and consistency without
getting tired or bored. As regards productivity, robots can increase it exponentially
since once the robot is programmed, it performs the operation always in the same
amount of time, as in food preparation and manufacturing. The predictable perfor-
mance combined with high levels of reliability and no need to stop makes it possible
to consistently achieve and maintain productivity levels 24/7. As robots do not get
injured, using them in high-risk environments can increase the safety of humans in
remote, hostile or hazardous environments, for instance in the nuclear or chemical

2.3. Applications and motivations of robots
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Table 2.2.1: The five (six) levels of autonomy in robots.

Level Description

0 Full manual teleoperation: simple mechanical devices operated manually.

1 Robot within line of sight (hands off): the device is able to follow prede-
fined paths or actions but the human is required to be there for supervision.
For example, a car operating under simple cruise control.

2 Operator on site or nearby (eyes off): acceleration, deceleration and steer-
ing are automated. Information from the environment is taken by sensors
and used as sensory input to take decisions. The device performs au-
tonomously some tasks but the human, being the remote supervisor, is
still ultimately responsible for the safe operation.

3 One operator oversees many robots (mind off): all safety functions are
automated, but the driver is still needed to take the control in emergencies.

4 Supervisor not on site (monitoring off): the device handles all decisions
with no input from a human in specific scenarios. The robots are capable
of finding their base stations, getting a new battery, performing minor
repairs, and getting out of difficult cases. This level of autonomy needs
not only the on robot software to mature, but the on-field infrastructure
to automate and typically a reliable connection with remote users.

5 Robots adapt and improve execution (development off): the robot begins
to learn from experience and to improve operation beyond what the human
designer has programmed in. They learn from each other, on site and from
robot teams from other sites. They learn to predict how events affect their
capabilities and plan proactively.

industries. An example is the employment of robots in Fukushima’s reactor to pro-
vide information about the damage. Moreover, underwater and space exploration
would not have been possible without the use of robots. NASA developed Robonaut
2 to collect data from particular parts of the deep ocean, and Voyagers 1 and 2 were
launched to study the outer solar system. But they can also be used for rescue, secu-
rity and military purposes. In addition, robots do not need environmental comfort
like lighting and heating, noise protection, reducing drastically costs for factories.

Other fields in which one can employ a robot are agriculture, entertainment and cus-
tomer service. Robots can process multiple stimuli or tasks simultaneously, making
robots faster than humans. Robots also bring benefits in applications that require
high levels of cleanliness such as those found within the medical, pharmaceutical
and food sectors. To reduce the risk of bacterial contamination in high-care areas,
numerous robot types have been designed specifically for operation within these
environments. Maintaining the high standards required for operators within these

2.3. Applications and motivations of robots
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often-challenging environments requires strictly controlled operating procedures and
the ongoing provision and cost of personal protection equipment.

However, robots have some disadvantages linked to costs and limited capabilities.
One can encounter limited capabilities in degrees of freedom, dexterity, sensors,
vision systems and real-time response. This can cause inappropriate and wrong re-
sponses, lack of decision-making power, loss of power, human injuries and damage
to the robot itself or other devices.

High costs are related to maintenance, installation, and cost of equipment and pro-
gramming. Robots need a lot of power to function and to buy and develop software
you would invest a huge amount of money.

The last thing to remember is that if robotics comes into trend, then many workers
would also lose their jobs, there would be a revolution of which worker one needs,
a period of transition to substitute all those replaced workers with very specialized
ones.

2.4 History of robotics

The origin of robotics comes from the need to lighten the work to man, as in the
case of industrial automation, and to use means to treat hazardous materials and
environments. The first use of modern robots was in factories, as industrial robots,
while digitally programmed ones with artificial intelligence have been built since the
2000s.

In the following, the major milestones of robotics are presented.

The word robotics first appeared in Isaac Asimov’s science fiction story Runaround
in 1942. He also formulated the Three Laws of Robotics:
1. A robot may not injure a human being, or, through inaction, allow a human

being to come to harm.

2. A robot must obey the orders given to it by human beings except where such
orders would conflict with the First Law.

3. A robot must protect its own existence as long as such protection does not
conflict with the First or Second Law.

2.4. History of robotics
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2.4.1 1940-1960

In 1942, during World War II, scientists and engineers created the first robotic arm,
designed to handle and process radioactive materials. The telemanipulator was a
sophisticated mechanical linkage which translated motions on one end of the mech-
anism to motions at the other end.

The first robots were constructed between 1948 and 1949. Elmer and Elsie (ELec-
troMEchanical Robot, Light-Sensitive) were two electronic robots built by William
Grey Walter, often labelled as tortoises because of their shapes and the manner in
which they moved. The tortoise robots had three wheels and were capable of photo-
taxis, namely a movement that occurs in response to light stimulus, see Fig.2.4.1a.
These robots were able to manoeuvre around objects in a room, guide themselves
toward a source of light and find their way back to a charging station when their bat-
tery power is low. To manage these actions they used sensor technology, a responsive
feedback loop, and logical reasoning.

(a) Elmer and Elsie (b) Unimate

Figure 2.4.1: Examples of robots from the period 1940-1960.

The first stationary industrial robot was the programmable Unimate, invented
in 1954 by the American engineer George Devol. It was a hydraulic heavy-lifting
arm electronically controlled which could repeat arbitrary sequences of motions, see
Fig.2.4.1b.

The introduction of transistors into computers in the mid-1950s reduced the size
of the robots and increased their performance. Therefore, computing and program-
ming could be incorporated into a range of applications, including automation. In
1954, Barrett Electronics Corporation designed the first electric vehicle that did not
require a human driver, what is known to be the first AGV. In 1959, a prototype of
the Unimate was introduced in a General Motors Corporation die-casting factory.
The hydraulic manipulator arm possessed a rotatable, pincer-like gripper, and could
follow a program of up to 200 movements stored in its memory.

2.4. History of robotics



CHAPTER 2. OVERVIEW OF ROBOTICS

2.4.2 1960-1970

More advanced computer-controlled electric arms guided by sensors were developed
in the late 1960s and 1970s at the Massachusetts Institute of Technology (MIT) and
Stanford University.

Marvin Minsky created the Tentacle Arm, visible in Fig.2.4.2a, in 1968; the arm
was controlled by a computer. It was provided with 12 joints powered by hydraulics.
In 1969 Victor Scheinman created the Stanford Arm, see Fig.2.4.2b, recognized as
the first electronic computer-controlled robotic arm because the Unimate’s instruc-
tions were stored on a magnetic drum.

(a) Tentacle arm (b) Stanford arm

Figure 2.4.2: Examples of robots from the period 1960-1970.

In 1969 Victor Scheinman designed a small robot arm with joints powered by electric
motors embedded in the arm itself. The arm could move much more quickly than
previous robots and without complex hydraulic systems. It also had six axes of
movement allowing it to closely approximate the range of a human arm. It was the
first robotic arm to be controlled by software in a computer, performing calculations
in real-time and, in later enhancements, reacting to its environment.

2.4.3 1970-1980

The first mobile robot capable of reasoning about its surroundings was Shakey
in Fig.2.4.3a, built in 1970 by the Stanford Research Institute. The name derives
from the stuttering way it moved around. Shakey was able to accomplish a task
by observing the world around it, creating a plan, and executing it. Shakey was
equipped with multiple sensor inputs, including vision cameras, tactile sensors, laser
rangefinders, and bump sensors to navigate. It could move on the ground thanks to
two computers (one on board and one remote) that were connected by radio. This
idea of a separate planning layer was such a crucial innovation that it is still central
to many robotic systems today.

2.4. History of robotics
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In the early 1970s, precision munitions and smart weapons were developed. Weapons
became robotic by implementing terminal guidance. In these years there has been a
considerable advance in the development of humanoid robots by Japanese robotics
scientists.

In 1978, the Japanese automation researcher Hiroshi Makino designed the efficient
four-axis SCARA (Selective Compliance Assembly Robot Arm) engineered simply
to pick something up, swivel around, and place it in another location with precision,
all in one smooth motion. SCARA arms reported in Fig.2.4.3b are generally less
flexible and not as strong as six-axis arms, but they are much faster, and able to
rapidly insert small electronic components into place.

Always in the 70s, NASA developed Mars Rover to explore hostile or unknown
terrain, see Fig.2.4.3c. It was a platform that integrated a mechanical arm, proximity
sensors, a laser telemetry device and stereo cameras.

(b) SCARA

(c) Mars Rover

Figure 2.4.3: Examples of robots from the period 1970-1980.
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2.4.4 1980-2000

In 1986, Honda began its humanoid research and development program to create
robots capable of interacting successfully with humans. Meanwhile, MIT in 1989
revealed a hexapodal robot named Genghis and shown in Fig.2.4.4a.

In 1994 one of the most successful robot-assisted surgery appliances was cleared
by the FDA. The Cyberknife, visible in Fig.2.4.4b, had been invented by John
R. Adler and the first system was installed at Stanford University in 1991. This
radiosurgery system integrated image-guided surgery with robotic positioning. The
biomimetic robot RoboTuna in Fig.2.4.4c was built by doctoral student David
Barrett at the Massachusetts Institute of Technology in 1996 to study how fish
swim in the water.

(c) RoboTuna

Figure 2.4.4: Examples of robots from the period 1980-2000.

2.4.5 2000-nowadays

In April 2001, the Canadarm2, shown in Fig.2.4.5b, was launched into orbit and
attached to the International Space Station. The Canadarm?2 is a larger, more ca-
pable version of the arm used by the Space Shuttle, and is hailed as smarter.

In 2002 the company iRobot releases Roomba, an example is reported in Fig.2.4.5d,
a robotic vacuum cleaner, still widespread today, in its updated versions.

In 2003 was created the Kiva robot, visible in Fig.2.4.5¢. It was a squarish, close-
to-the-ground orange bot that can glide around warehouses, moving racks of goods.

2.4. History of robotics
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