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Abstract

Ensuring the safety of overhead crane hooks is essential for maintaining reliablé-¢
cient industrial operations. However, manual inspections are ofterctingiming, labor
intensive, and susceptible to human error. What's more, some industrial working €
ments are harzard for human inspector to get in and complete the inspesitidrhis thesi
proposes an autonomous robotic system designed to inspect the appearance and
integrity of crane hooks in indoor environments without requiring complete equi
downtime.

The system integrates a lagsedpositioning sensor mounted on the crane's trolle
accurate indoor localization. Navigation and obstacle avoidance are achieved u:
Nav2 stack, a RO8Based framework for autonomous navigation andties path plan
ning. Computer vision techniquase employed for defect detection, specifically con
detection using OpenCV, to identify cracks and deformations on crane hooks.

The proposed system was validated through both simulation in Gazebo awdndadx-
periments. Simulation results demonstrated reliable navigation and accurate defec
tion, reducing the need for extensive realrld testing. Realorld experiments adirmed
the system's ability to operate effectively in complex industrial settings.

To quantify inspection results, the Hausdorff distance was employed to measure de
between the hook's contour before and after operation. Statistical analysis using
ranges divided detection results into confidence intervals: data belod3I4as categc
rized as a confidence match, data within the range [14.9437, 76.4136] was cons
normal match, and data above 76.4136 indicated a failed match or an anomaly r
attention.

This research demonstrates that the proposed system can improve insgificiency,
enhance defect detection accuracy, and reduce operational downtime, contributing
and more reliable industrial crane operations.

Keywords ROS Raspberry PiTurtleBot3 Burgerpath planningNav 2,computer visior
Hausdorffdistancejndustrial inspection
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1 Introduction

The overhead crane inabjecthandling equipmerthatis vital in various industriahpplications,
particularlyin heavy loachandlingand material transportatiorf.he hook othe overhead cranis
acritical component, and iexterior and structural integrity are esserfbalWworking and operating
safety After operating continously, the hooks prone to weadeformationor cacks which could
lead to significansafety hazardsAs aresult, egularinspection and maintenance thie hook
shouldbe completed to ensureetbafetyof operators and workeia the crane environmefi].
Manual inspectiorof the hook is a commomethod,but it can be erreprone, timeconsuming
andexpensivan terms of humatabaur [2]. Therefore there is anincreasing need fanautono-
mous systenthat could efficiently and preciselynspect the appearance mferhead crane hooks
aftercontinuousoperatiors.

The manual inspection procedures always suffer faarious standardsf different inspectors

which lead to low consisteng and the possibility of undetected defedslditionally, manual
inspections are particularly unsuitable for harsh or hazardous environments, where human inspec-
tors face significant safety risk3]. On the other handutonomous mobile robots (AMRS) with
precise and advanced positioning techn@sgnd computer vision systems could provide a more
realisticand practicalsolution. These robots could aleavigatein complex industrial environ-

ments and precieinspectoverhead crane hooks, offeribgthsafety and efficiency.

This thesis research aims to develop a robot system that can autonomously move along industrial
sites to inspect the hooks of overhead cranes visudiig. system will includevariousmethods

and technologies combining path planning, indoor positioning, and computer vision, facilitating
accurate and efficient inspection. The autonomous robot equipped with a computer vision system
mustidentify exterior and structural defects in the hook, such as cracks or deformation, thereby
improvingthe wholecontrol am quality inspection.

The proposed system makes use of several key technologies. Autonomous navigation and obstacle
avoidanceareimplemented usingathplanning algorithmsunning on a Raspberry-Based plat-

form. The communication betwedime host computer and Raspberry Pi is established wiR@&

2 framework.For localizationthe positioning and movement senseil supply precise move-
mentandcoordinate informationThe inspection process of the robot will be driven by computer
vision techniques, utilizing tools such as OpenCV to detect surface defects on the hooks. Simula-
tion environments such as Gazebo aMizRwill be used extensively to test and validaterti@ot's
performance in gettledenvironment.

This research aims il an importantgapin the industrial inspection process by providing an
automatedandpracticalsolutionthat ensures consistent and precise monitoringnpbrtant crane
componerd By the goal ofintegratingadvanced navigation amgdmputer vision techniquethis



thesis ancomputerizedsystem offers a reliablendpracticaloptionfor manual inspectionsm-
proving safety and efficiency in industrial environments.

The rest of théhesis is orgazed as followsSection 2 presents the related work and technologies.
Section 3 presents the experimental design, including the integration of the navigation algorithms,
and perception strategiedection 4 presents the resultgpath planning and computer visi@ec-

tion 5 discusses the conclusisammarized from the research.



2 Literature review

2.1 Autonomous Mobile Robots(AMRs) andNavigation Algorithms

2.1.1 AMRs

Among the transformative technologies in modern robotics, AMRs enable the ability to increase
productivity, efficiency, and adaptability in industries. Unlike traditional material handling systems,
such as Automated Guided Vehicles, which work along defined pathways with external markers,
AMRs are equipped with enhanced perception and deemsaking abilities that facilitate their
motion in dynamic, unstructured environments autonomddghy his flexibility has made AMR

a fundament in various fields of industry, where they move materials, inspect, and manage inven-
tories with remarkable precision while being very reliable. The appearance of AMRs in industrial
workflows has further reduced the dependency on several aspectsual labor tremendously,
while operational efficiency remains highly improvéd.

The utility of AMRshasa wide range of applicatioms industrial setting§6]. In manufacturing

and assembly lines, AMRs are put into service to move components from one workstation to an-
other, thus smoothing the operation and reducing delays in prod[itigkxdditionally, AMRs

with sensors and camerfagd their applications increased in the inspection and maintenance type
of tasks, which relate tetecting defects within the structurenosonitoring industrial equipment

in its worst state$8]. In medical domains, these AMRs bear loads consisting of medical supplies,
samples for the laboratory, medication, etc., all internal to a hospital in an attempt to lighten the
work overload on hospital staff and guarantee their delivery on[im&he adoption of AMRs

also goes to hazardous environments, such as miningoasttuction, where they perform au-
tonomous transportation of materials and conduct site inspections, reducing risks to human work-
ers[9].

In conclusionthe advent of autonomous mobile robots has indeed brought flexibility, efficiency,
and safety to industrial operations at a completely new lBmeAMR's selfnavigation ability and
adaptability to changing environments make it an indispensable tool in manufacturing, healthcare,
and more. While existing technologies already prowdkd solutions for most industrial chal-
lenges, further developments are required in navigation algorithms, sensor integration, and system
optimization before théull potential of AMRs can be tapped in more complex and demanding
scenarios.

2.1.2 Navigation algorithms

Pathplanning is a fundamental problem in autonomous navigation, requiring robots to determine
an optimal route from a starting point to a goal while avoiding obstacles. Among the various algo-
rithms developed for this purpose, gramsed methods such as the @X-star) algorithmand
Dijkstra's algorithmare widely recognized for their effectiveness and reliabitych will be in-
troduced as beloW.0]. Both algorithms operate on graph representations of the environment and
have been extensively applied in fields such as robotics, computer graphics, and artificial intelli-
gencell].
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In 1968,the A* algorithm was introducedvhich extenédthe algorithm with an admissible heu-
ristics toperform faster than any other method in that tiji@3}. The A* (A-star) algorithm is a
widely used and efficient graghased path planning algorithm, particularly recognized for its ap-
plication in navigation and robotics. It was introduced as an enhancement to Dijkstra's algorithm,
aiming to reduce computatidn@ost by incorporating a heuristic function to guide the search pro-
cess. A* combines the actual cost to reach a node (known agstist) @nd an estimated cost from
that node to the goal (known as thedst or heuristic) to determine the most prongspath at
each step. This combination is expresseBamula 2.lwheref(n) represents the total estimated
cost of a path through nodeg(n)is the actual cost from the start nodesindh(n)is the heuristic
estimation of the cost from to the goal[13]. By prioritizing nodes with the loweg$(n), A*
achieves a balance between optimality and efficiency.

Qe Q¢ Qe ¢
Dijkstrads Algorithm is one of t[lReldewachWwase st &

introducedby Edsger W. Dijkstra in 1958nd published in 195(.3]. It is agraphbased method

and ensures the discovery of an optimal path in environments tregeare noAnegativeedge

weights The algorithm starts by setting the distance to all nodes as infinity, except for the starting
node, which is initialized to zero. It then iteratively selects the node with the smallest current dis-
tance and updates the distances to its neighboring edes. e nt i al | vy, Dij kstr ad
seen as an enhanced version of Bre#ditst Search (BFS) designed to work with weighted graphs.

Additionaly, besides grapbased algorithmsamplingbased methods, such as the Rapidly Ex-
ploring Random Tree (RRT) algorithm, offer another approR&l was introduced by Lavalle et

al. in 1998[15]. RRT constructs a tree starting from the initial point and incrementally extends it
toward the goathrough randonsampling When the initial node reaches theal node, the sam-
pling is completed, and an accessible path is obtdif@§dRRT has the advanced version, RRT*,
which couldis a samplingbased algorithm known for its probabilistic completeness, efficiency,
and ability to produce smooth pafi$].

2.2 Cranes

2.2.1 Cr a n epsréting environment

Cranes and their hooks are widely used in various industrial environresptgially in heavy
industry and construction. These environments usually include steel mills, shipyards, construction
sites, port terminals, warehousing and logistics, and mining. The lifting hook is one of the important
parts of the crane, mainly usedcmnnect and carry heavy objects. Lergn highload operation

and complex environment make it susceptible to wear andReanme 2.1 shows the overhead
crane in the industrial environment.

11



Figure2.1Overhead crane on warehouse
The crane hook is one of the most importarponents of a craneesponsible folifting objects
from onelocationto anothef17]. During operationthe crane hoakarealwayssubjected tdnigh
dynamic loadswhich could lead tdatigue failureovertime [18]. This highlights theimportarce

of regularly angberiodcally inspecting the contowf the overhead crane hook to ensure its integ-
rity and completeness.

The lifting hooks usuallgzome intocontact with thalifferent kinds of heavy loads which could
cause different forms of defects and deformatidie highdensity metalsand bulk materials
always cause abrasive wear on the hook becaus=sag weight and highly abrasive particldse
concree and brick® edges and impact forces of hard concrete blocks could catedeplastic
deformation and microcracks on the hooks; \ihatore frequent lifting containers anapid op-
eration cause fatigue damagehe hook surfaces, especially under impact loads, which may cause
crack propagation

2.2.2 llmatar (the smart overhead crane)

To meet the need for multidisciplinary expertise, Aalto University established the Aalto Industrial
Internet Campus (AIIC) with the assistance of industry, which includes an overhead crane and
supporting softwarfl9]. The corecomponenbf AlIC is the overhead crarealledlimatarshown

in Figure2.2. The overhead crane has th&el andsmartest technolags, such as sway control,
target positioningand shock load prevention.

12



Figure2.2 limatar, the smart crane
Figure2.3 shows the hook used in limatar systéihe hook is suspended on both sides by ropes
installed on the pulley block, which can ensure that the hook is smoothly controlled to rise or fall.
Whenthe controller selects asynchronous or synchronous movement, it can also control whether
the hookswings during movement. The hook is blgakd the material is reflective, and some signs
of wear can be seen at the bend of the hook. There is a device above the hook that allows it to rotate
3607 which is convenient fotifting loads Additionally, there is a movable switch at the end of
the hook to ensure that the goods transported by the hook will not fall off the hook during trans-
portation.

Figure2.3 Hook in limatar

2.3 TurtleBot3

2.3.1 TurtleBot review
13



TurtleBot is a standardized robotic platform designed specifically for the Robot Operating System
(ROS). The name "Turtle" is derived from the Turtle robot, which was controlled using the educa-
tional programming | anguagetl®ego mon nbl@&?7. fARdcd
foundational tutorials, mimics the command structure of the Logo Turtle program. Building on this
educational legacy, TurtleBot was developed to make learning ROS accessible to begidners
introducethem to computer progmming. Over time, TurtleBot has become the standard platform

for ROS, embraced by students and developers world2aje

TurtleBot3 represents a compact, affordable, @ogrammable mobile robotic platform designed

for education, researc@nd prototyping. Its design focuses on redutiegplatform's physical size

and costwithout compromising functionality or quality. The platform's modular architecture en-
hances expandability, allowing users to reconfigure mechanical components and integrate optional
features such as additional sensors and computing modules. In additibeBdu3 is equipped a
costeffective and compact singleard computer (SBC) designed for robusbedded systems,

a 360degree distance sensor for comprehensive environmental sensing, and 3D printing technol-
ogy to facilitate customization and adaptabi[Ry].

Technologies integrated into TurtleBot3 include simultaneous localization and mapping (SLAM),
navigation, and manipulation, making it ideal for domestic service robotics. It can execute SLAM
algorithms to create maps of its surroundings and autonomouwsjateawithin them. In addition,

it could be remotely controlled by laptops, game controllers, and even Asimhséd smartphones
enablingtasks like following individuals within a room. While equipped with accessories like the
OpenMANIPULATOR, TurtleBotXan function as a mobile manipulatbforeover by integrat-

ing SLAM, navigation, and manipulation technologies, TurtleBot3 offers broad functionality and
supports advanced robotic applications, making it a versatile platform for a wide range of use cases.

2.3.2 TurtleBot3 robots

The TurtleBot3 seriemainly includes two main types of robots: the TurtleBot3 Burger and the
TurtleBot3 Waffle P{22]. While both robots share the same wheel size, they differ in body dimen-
sions and onboard equipment. Table 2.1 highlightbainéware specifications tifese two robots,

and Figure.4and2.5illustrate their respective appearances.

Items Burger Walffle Pi

Maximum translational velocity| 0.22 m/s 0.26 m/s

Maximum rotational velocity 2.84 rad/s (162.72 deg/s) 1.82 rad/s (104.27 deg/s)

Size (LxWxH 138mm x 178mm 292mm 281mm x 306mm x 141mm
Remote Controller - RC-100B + BT410 Set (Blue-

tooth 4, BLE)
LDS(Laser Distance Sensor) | 360 Laser Distance Sensor LD| 360 Laser Distance Sensor LD

01 or LDS02 01 or LDS02
IMU Gyroscope 3 Axis Gyroscope 3 Axis
Accelerometer 3 Axis Accelerometer 3 Axis

Table 2.1Specifications of TurtleBot3 Burger and Waffle Pi
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TurtleBots Burger
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Figure2.5 TurtleBot3 Waffle Pi

2.4 OpenCV in computer vision

OpenCV stands apart among ofsurce libraries related womputer vision because of the ro-
bustness of its tools and algorithms in image processing, feature extraction, and object recognition
[23]. Since its release in 2000penCV has become a very significant library in academic research
and industrial applicationgspecially for robotics, autonomous navigation, and object detection.

In autonomous mobile robotics, computer vision is suoksaentiafactorthat allows the robot to
perceive the world around it and act accordingly. OpenCV prowlgest detection, contour de-
tection, image segmentation, or feature matching tf#4$ Contour detection algorithms in
OpenCVhavebecome widely used for finding objects' boundaries, thus performing visual inspec-
tions, pathfinding, and obstacle avoidanghich areessentiatasks in mobile robotsvioreover
OpenCV is mainly combined with ROS to establish-temé image processing in robotic systems
for decisioamaking [25]. It allows seamless integration whereby image streams from cameras
mounted on robots are processed in-teaé using OpenCV algorithms, and the resultant output
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is fed directly into path planning and obstacle avoidance syg&8hd-or example, contours de-
tected in real time, using OpenCV, will help the robot in its identification of structural components
including overhead cranes or in instant obstacle detection.

The edge detection, also called the Canny edge detector, and corner detection, like the Harris corner
detectorare very often used in robotics for mapping and localizd2@n28] Moreover, feature
extraction algorithms such as SIFT and ORB enable robust matchiey giointsin images,
something useful in tasks such as SLAM and visual odonf2@y As for object detectionhese
stateof-the-art object detection capabilities have greatly emerged using different machine learning
and deep learning technigues combined with OpenCV. YOLO and SSD are implemented through
the OpenCV DNN module and are in common use for detectingfisgaodmarks, while defect
detection of industrial components also avails of such skills. This again creates an application for
industrial quality inspection80].

The method of detection of contowansdobject recognition, in general, was applied in the research
regarding this development in the field of autonomous navigation for mobile robots using OpenCV.
This would mean the robot would have continuous streams processed through OpenCV and there-
fore, the overhead crane hook recognized ainlity of the view checked, and then navigate after
making that decision. Accordingly, this work shall constitute the use of techniques based on com-
puter vision forenabling autonomous navigation with a highel of precision for a big industrial
automation task that might be assigned to-tiea¢ for OpenCV and ROS2.

In conclusion, OpenCV remains an irreplaceable tool in modern robibtaffers immense capa-
bilities in image processing, featuggtraction, and redime object detection. Its integration with
ROS and compatibility with various hardware platforms make OpenCV one of the preferred
choices for robotics researchers and developers

2.5 Research gap

The field of autonomousnobile robotics has halgnificantadvancements in recent yeaspe-

cially in navigation, obstacle avoidance and object detection areas. However, these technologies
applied inindustrialenvironments stilhave several gapsspeciallyin the inspection of overhead
crane hooksvith AMRs. These gaps include:

1. Although some research has focused on autonomous navigation in controlled-kneemi
environments, limited studies have addressed the integration of navigation systems with precise
industrial inspection tasks. In the context of overhead cranes, tbenaystst not only navigate
but also locate the crane, align with its hook, and perform contour and quality inspection as-
sessments. Previous woilldd, 32] explored autonomous navigation and positioning in semi
structured environments but did not address the alignment and precision required for dynamic
inspection tasks.

2. Existing computer vision technologies used for industrial quality inspection often rely on static
setups and controlled lighting conditions. There is limited research etimeahook detection
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and contour assessment in dynamic, unstructured industrial environments, where challenges
such as varying lighting conditions, noise, and occlusions are present. Prior studies, including
those in[33], have achieved high accuracy in defect detection under controlled environments
but fall short in addressing refine performance under dynamic industrial settings.

3. Achieving accurate positioning of the robot relative to the crane hook involves seamless coor-
dination between localization, path planning, and vidiased alignment. However, there is a
lack of comprehensive frameworks that address these requirementsified manner for
mobile robots in industrial environments. Previous atterate partially addressed localiza-
tion and alignment challeng§®4], but their approaches often lack integration with-teaé
visionand path panning

4. Much of the existing research on autonomous navigation and object detection is validated in
simulations or simplified experimental setups. There is a need for practical validation of these
technologies in realorld industrial environments to assess thelsustness and scalability.
Previousstudies demonstrated promising results in simulation environments but provided lim-
ited insights into the performance and reliability of these systems undevaoedlindustrial
constraintg§35].

By addressing these research gaps, this thesis aims to contribute a unified framework that integrates
autonomous navigation, retine computer visiofbased inspection, and robust positioning sys-
tems for overhead crane hook assessments in dynamic indeistinments.
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3 Research material and methods

The entire experimental process is conducted using the TurtleBot3 Burger robot and the Ilimatar
smart crane. The experiment design involves communication between a host computer and the
Raspberry Pi on the TurtleBot3 Burger. This communication facilitatsgianning and computer

vision tasks. Path planning is implemented using the Nav2 stack, while computer vision tasks rely
on the OpenCV library. Both functionalities are tested in simulation andveeld environments.

The simulation environment servas verify the feasibility of algorithms and methodologies in
advance, saving time and allowing timely adjustments to the experimental plan.

In path planning, the TurtleBot3 Burger uses SLAM to scan the environment and build a map. It
then employs Nav2 to navigate toward the goal point around the hook, executing path planning and
obstacle avoidance.

In computer vision, the host computer controls the TurtleBot3 Burger to capture images of the hook.
These raw images undergo contour detection, followed by a comparative analysfigsrefand
afteroperationcontours to identify potential deformations, cracks, or structural damage. If the re-
sults are influenced by complex backgrounds, reflections, or lighting conditions, the Hausdorff
Distance quantile method is applied to provide a more precise quantass@ssment of the de-
tection results.

3.1 System setup

This part will introduce therepare worKor system setup.

3.1.1 Raspberry Pi 4B

The Raspberry Pi 4Bshown in Figure3.1, is a small, lowcost, and powerful singleoard com-
puterwith a wide range of applications in scientific research. Its flexibility and support for multiple
programming languagemnd hardware interfaces make it an ideal embedded system platform for
scientific research projects.

. Rospberry Pi 4 Model B
(@ Raspberry Pi 2018

na M 1904

Alus

2
=
©
o
@
8
o
=

-
o
~. A

SD card

= [NPUT Device

power HDMI

Figure3.1Raspberry Pi 4B
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Concerninghe convenient communication between the robot TurtleBot3 Bargkthe host com-
puter,VirtualBox Ubuntu 22.04, | usedaspberry Pi 4B to establish efficiemdmmunication To
complete the communication betwettie host computer and Raspberry Pi #i& same Ubuntu
and ROS versionshould be downloaded and instalmathem

Ubuntu 22.04 LTS was chosen as the operating system for both the host computer and Raspberry
Pi 4B to ensure compatibility and efficient communicatibme image file is downloaded from the

official Canonical Ltd.Website[36] as the Ubuntu 22.04 LTS preinstalled image for Raspberry.
The whole installation and configuration procassoutlined in Appendix Ab.

3.1.2 Virtual machine running Ubuntu 22.04LTS

Ubuntu 22.04ammy Jellyfishs a longterm support(LTS) version of the Ubuntu operating system,
released in Aprie022.The platform is highlyseful providing high levels of securitiproadsoft-

ware support, and loAgrm stability. These attributes make it an excellent optiomdademic,
industrial, and research applications, particularly in robotics, automation, artificial intelligence, and
software development.

Robot Operating System 2 (ROS2) Humble is highly compatible with Ubuntu 22.04. We could
take advantage of the modewrefeatures, package management, and large repositories on Ubuntu
22.04 RO Humble. This backward compatibility allows easy integration of robotics, simulation
tools, and navigation stackR&/hats moreto complete th@ath planning and computer vision tasks,
the necessargimulation ancdcodingapplications such as Gazebo Mz, OpenCV etc

The whole and detailed installation and configuration of Ubuntu 22d®Butlined inthe Appendix.
B. b.

3.2 Overhead craneand positioning sensor

Section 2.2.2 introduces the IlImatar in Adllaiversity asa smart craneThis system could use
different kinds of information, such as positionimgok heightload weightetc., whichcan also

be used in industrial inspectiom this thesisl used the positioning information from the limatar
to helptheTurtleBot3 Burgerobotnavigate to the goal pointvhich is important in theavigation
part. Moreover the llmatar system was establishedh the assistance of industry Figure 3.2
shows thait relies on tracks to ruandcover the entire working area and is suitable for handling,
loading, and unloading heavy objects
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Figure3.2The crane bridge (yellow) is supported by the horizontal rails (black) fixed on the wall.

The trolly hasadrum mechanism to lift the ho@nd itruns on the crane bridge
When using the controller to operate the overhead crane, the values displayed on the screen repre-
sent the »axis and yaxis positioning information. As shown in FigBe3, this thesidefined the
x-axisas the horizontal movement along the track, while tagiy represents the vertical lifting
ofthehook The | eft jJjoystick controls the over heas
right joystick controls the lifting of the hook. The central knob adjusts the swing of the hook during
the crane's movement on the track. Additionally, the knobs bethegthysticks regulate the move-
ment speed and modes for both the overhead crane and the hook lifting mechanism.
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Figure3.3 The red x andy-axison the left joystick show the directions aligned with the screen
on the ontroller, and the right joystick controls the lifting operation of the hook.
The positioningsensor in the limatar smart crane is lasased and the positioning information
can be read directly from the screas,Figure 3.3 shows. Befodeing experiments with the II-
matar, | decided to use a combination of IMU and GPS modules to receive the positioning infor-
mation andset up some preliminary experiment (see AppendixT@¢ experiments did not con-
tinue after workingvith the limatar,

3.3 TurtleBot 3 Burger

Section 2.3 introduces the different kindsabots inthe serial TurtleBot3. | chose to userile-

Bot3 Burger to complete the thesisnsideringts compact sizdjghtweight,andpowerful LIDAR
scanning faction. As Figure 3.4 showshe TurtleBot3 Burger robot is equipped with two motors,
each driving one wheel, a Light Detection and Ranging (LIDAR) sensor, an acceler@gter,
roscope, a-&xis magnetometer, and a RaspberfBPj. With its two independently driven wheels,

the TurtleBot3 Burger is classified as a differential wheeled robot. Directional changes are achieved
by varying the speeds of the tweelqd38]. With the LIDAR sensor, the robot can detect obstacles
distancebetweernl.2~3.5 meters. The sampling rate of the LIDAR is 1.8 kBf].
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TurtleBots Burger

360° LIDAR for SLAM & Navigation

Scalable Structure

Single Board Computer
(Raspberry Pi)

OpenCR
(32-bit ARM Cortex®-M7)

DYNAMIXEL x 2 for
Wheels

Sprocket Wheels for
Tire and Caterpillar

Li-Po Battery

Figure3.4 TurtleBot3 Burger
This thesisalso involves navigation and computer vision tasks that demand significant computa-
tional power. Therefore, | replaced the Raspberry Pi 4B with the official Raspberry Pi 3 version
and installed a USB camera in front of the TurtleBot3 Burger. The camenposiiisned lower
than the LIDAR scanner to avoid interfering with LIDAR data. FigliEgllustrates the TurtleBot3
Burger used in this thesis

Figure3.5 Turtlebot3 Burger installed with Raspberry Pi 4B and W&Biera
After replacing the Raspberry Pi on the TurtleBot3 Burger robot, | discovered that the robot was
unable to execute the launch file or receive LIDAR data. Through a series of troubleshooting steps,
the issue was traced to the OpenCR setup. The new RasphdBydid not have the OpenCR
setup required for the TurtleBot3 Burger installed. The detailed installation process for the OpenCR
setup is provided in Appendix A.b.vi.
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The TurtleBot3 Burger is a standardized robotic platform specifically designed for ROS. When the
virtual machine running Ubuntu 22.04 is connected to the TurtleBot3 Burger, it establishes a con-
nection with the Raspberry Pi 4B mounted on the robot. Danedraspberry Pi 4B configuration

the router credentials (SSID and password) are preconfigured, allowing the RasptoeconRect

to the WiFi upon booting automaticallyrhe virtual machine can connect to the samd-Wouter
through bridge network na®. As a result, both the virtual machine and the TurtleBot3 Burger
robot can communicate within the same local area network.

In this thesisthe TurtleBot3 Burger communicates with the virtual machine running Ubuntu 22.04

to publish topics and receive commands. To facilitate communication and improve usability on the
virtual machine, | assigned a static IP address (192.168.1.108) to theeRa$i4B as Fgure
3.6shows This configuration allows the virtual machine to consistently use SSH to connect to the
static IP address, eliminating the need to check the dynamically assigned IP address of the Rasp-
berry Pi 4B each time.

0| BBREAB | MERATIE

Figure3.6 IP address binding
In addition to assigning a static IP address, the Raspberry Pi used on the TurtleBot3 Burger also
requires the configuration of essential environments, such as ROS 2 Humble, the TurtleBot3 pack-
age, and other necessary components and packages. The det#filgurations for the Raspberry
Pi 4B and the virtual machine running Ubuntu 22.04 are providagpendix A. b. and B.b

3.4 Path planning experiments

This Section will introduce the detailed path planning experirsetip angbrocess

3.4.1 Nav 2 stack

The Navigation 2 (Na®) Stack, developed on the ROS 2 platform, serves as a loigimiyatible
framework for robotic navigatioand path planningndoffers abroadset of features and flexibil-
ity [40]. It includesmanyfunctions including global and local path plannirafstacle avoidance,
mapping, localizationandevenrecovery behaviorsyhichmakeit areliableand powerfukolution
for autonomous navigation tasks.

An excellentfeature otheNav 2 stackis its adaptability to aroadrange of robot platforms, sensor
configurations, and operational setups. It suppoésyrobot types, including wheeled and tracked
platforms, an@ouldwork effectivelywith sensors such as LIDAR, depth cameras, IMUs, and GPS.
Thisadaptability ensures efficient navigatiorstatic and dynamic environmenmtssimulation and
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real environmentsaind solveshallenges such as rdahe obstacle avoidance and dynamic path
replanning.

As a resultusingthe Nav 2 stack in this thesisuld effectively realize the path planning, static,
and dynamic obstacle avoidance goalse detailednstallation process of Nav 2 stack is in Ap-
pendix. B. b. vii.

As admitted globally, thdifferent approaches to navigatioan be divided into different categories:

global planning, local planningnd hybrid approaché41]. Global planning typically depends on
amapoft he environment to plan a route from the
[42]. The robot will create a path teachthefiNavigation2 Goabbased on the global path planner

and therthe robotwill move along the patidowever,if an obstacle is placed in the path, the Nav

2 will use local path planner to avoid the obstacle.

Navigation experiments are complex due to the numerous steps, plugins, and issues that need to be
addressed. Additionally, controlling and navigating the TurtleBot3 Burger can be challenging.
Compared to the simulation environment, the-meaifld environmat introduces even greater com-
plexity. Thereforefirst gaining experience in the simulation environment is essential, as it helps
simplify navigation experiments in the real environment.

The optimal approach isonductingnavigation experiments in the simulation environment to ad-
dress potential challenges and refine the profiets This preparation saves time and ensures a
smoother transition when performing experiments with the TurtleBot3 Burger robot in the real
world environment. Section 3.5d&scribe the detailed process of navigation experiments in the
simulation environment, while Section 3.5.3 focuses on the experiments conducted in the real en-
vironment.

3.4.2 Navigation experiment setupin the simulation environment

The navigation experiment in the simulation environment is conducted using Gazebo and RViz.
Gazebo provides the TurtleBot3 world, which includes a virtual environment with predefined maps,
obstacles, and physical interactions, enabling realistic testihg obbot's navigation capabilities.
RViz is a visualization tool, displaying the robot's navigation path, sensor data, aticheestatus.

It also offers a variety of plugins for setting navigation goals, visualizing costmaps, and configuring
the robos parameterd’he complete and detailed process of conducting navigation in the simula-
tion environment is outlined below

Gazebo

Gazebo is strong and powerfdD simulation tool designed for robotics development. It supplies
physical engine, sensor simulation and realistic environment rendeakigng it suitabldor sim-
ulating the real environmerdazebds widely used in simulation experiments in the fields of robot
navigation perception motion planning, etcGazebo is the primary simulator used with ROS and
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is integrated into ROS through a set of Gazebo plugins that enable communication between ROS
and the simulat§87]. The predefined models in Gazebo includarious robots and other elements,
such as wallsobstacles andhany kinds of objectavhich can be used to create a test environment.
Gazebo also supports the creation of custom models by providing a graphical editor for designing
userspecific model$43].

The first step is to launch the TurtleBot3 world in Gazebo to initiate the navigation experiment in
the simulation environmenOpen a new terminal window by pressigrRL+t0 andrunthe fol-
lowing commands:

$ source /opt/ros/humble/setup.bash

$ source ~/nav2_wslinstall/setup.bash

$ export TURTLEBOT3_ MODEL=burger

$ export ROS_PARAM_USE_SIM_TIME=true

$ ros2 launch turtlebot3_gazebo turtlebot3_world.launch.py

As Figure3.7 shows, thelurtleBot3 world inGazebdauncthes successfully.

AR S IndEE | L X IR AL LA I

Figure3.7 Turtlebot3 Burger map in Gazebo simulation environment
The first four lines of commands are standard in the navigation experiment within the simulation
environment. The first two lines load the ROS2 environment and the custom workspace, ensuring
that command and package paths are correctly configured. Tehéinkispecifies the robot model

to ensure the simulation and navigation processes load the appropriate TurtleBot3 configuration.
The fourth line enables simulation time, ensuring synchronization between the simulation time and
the ROS system time.
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These commands can be added to~thieashrc  file to avoid manually running them in every

new terminal window. However, since this thes®so involves navigation experiments in real en-
vironments, where the required commands differ from those used in simulation, it is more practical
to execute these commands manually in each new terminal window during the simulation phase.

AMCL

In the Gazebo simulation environment, the robot's initial position may be inaccurate when it starts
which needs the helpff AMCL. AMCL (Adaptive Monte Carlo Localization) is an adaptive local-
ization algorithm based on particle filtering in R@&signed to locate the robot on a known map.

It estimates the robot's position (including its position and orientation) on the global map using
sensor data (e.g., LIDAR or camera) and map information.

During navigation, AMCL plays a critical role in correcting the robot's position on the map using
reattime sensor data. Navigation algorithms depend on the robot's global posepatptaeffec-

tively. AMCL aligns sensor data, such as LIDAR scans, with the known map to compute the robot's
current pose. If the pose is inaccurate, the robot may fail to reach the goal point. Without AMCL,
the navigation system cannot accurately deternfiegobot's position on the map, making navi-
gation tasks impossible.

Furthermore, even in dynamic environmethtat havemoving or newly appeared obstaclés,
example AMCL dynamically adjusts the robot's positioning data usingtiesd sensor input. Las
but not leastrobot actions during movement and navigatilg on the current pose to make local
path adjustments, ensuring precise and efficient navigation.

To launchthe AMCL, gen a new terminal window by pressiffi@TRL+t0 andrunthe following
commands:

$ source /opt/ros/humble/setup.bash

$ source ~/nav2_wsl/install/setup.bash

$ export TURTLEBOT3_MODEL=burger

$ export ROS_PARAM_USE_SIM_TIME=true

$ ros2 launch nav2_bringup localization_launch.py
use_sim_time:=true map:=/home/monda/nav2_ws/src/naviga-
tion2/nav2_bringup/maps/turtlebot3_world.yaml
The fourth commandaunche the localization_launch.py file, which initializes thdo-
calization functiorof Nav 2 This includes startinfMCL toe st i mat e t he robot ds
map server to load the specified static nzaqa other dependant nodes, suctf agransformation.
Additionally, this command instructs all nodes to use simulated timédthek  topic) instead
of realtime. In the Gazebo simulation environment, Gazebo publitessmulation time, making
it necessary to use this parameter to ensure all ROS 2 nodes synchronize with the simulation time.
In addition, explicitly setting whether to use virtual time in the startup commaniigher priority
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than running the command to set simulation time in the terminal, @ad verride the configu-

ration in thenav2_params.yaml file. After executing the above commands, AMCL will be
launched. Once the operations are complete, the system will prompt, "Set the initial pose." At this
point, it is necessary to start RViz.

RViz

RViz(ROS Visualization) is a strong and powerful @Bualtool in ROSthat displays the status
information of robots and their environments. It is an adjustment and debugging tool in robotics
research, enabling researchers to observe sensor data, monitor robot status, and evaluate perfor-
mance in real time

To launch the RViz, pen a new terminal window by pressiii@TRL+to andrun the following
commands:

$ source /opt/ros/humble/setup.bash

$ source ~/nav2_wsl/install/setup.bash

$ export TURTLEBOT3_MODEL=burger

$ export ROS_PARAM_USE_SIM_TIME=true

$ rviz2
After launching the RVizthe mapmay not always appear in the middle of the R¥fierface In
such case AMCL mustberelaunched to load the maptanRViz. To do this,pressiCTRL+co to
terminate thecurrentAMCL process andgerun AMCL laund command. Repeat this operation
until the TurtleBot3 world mapsuccasfully appears irthe RViz interface as Figure3.8 shows
The TurtleBot3 world map is included in the Ngv@&ckage and can be used directly, eliminating
the need to run SLAM to map the TurtleBot3 world in Gazebo.
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Figure3.8 TurtleBot3 world map in RViz simulation environmetite white area iaccessible
area for robot.
On the left side of the RViz interface, plugins can be added to receive sensor data and monitor the
robot's status. An important plugin for this thesithe "Image"” plugin. By setting the topic to
fVturtlebot3/camera/image_raw 0, this plugin allows realime monitoring of the images
captured by the camera in front of the robot.

Next, it is time to set the initial pose and goal pose for the TurtleBot3 Burger to complete the
navigation task. However, an issue may ar&e Figure3.9 shows, where the map becomes in-
creasingly covered by yellow laser scans after setting these. gssesore navigation tasks are
completed, the density of yellow laser scans increases, making the RViz interface difficult to mon-
itor clearly.
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Figure3.9 Map covered with yellow lasers
After troubleshootingthis thesisdentified that the issue was caused by the "Covariance" option
under theOdometry plugin. Unchecking the "Covariance" option resolved the problem of yel-
low laser scans. Additionally, it is necessary to set the values for "Shaft Length,"” "Shaft Radius,"
"Head Length,” and "Head Radius" tpds Figure 3.10 show®therwise, the shafts and shaft
heads will obscure the map along the navigation piaih essentiato save the configuration file
in RViz to avoid the need to add the necessary plugins manually each time.
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After resolving all issuesand setting the initial pos¢he RViz interface wilappearasshownin
Figure3.11.
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Figure3.11 Turtlebot3 Burger map in RViz simulation environment

Nav 2

As introduced in Section 2.1, Nav2 is the official navigation framework in RP®widing robust

and comprehensive functionality for path planning, local obstacle avoidance, global path manage-
ment, and more. These features enhance the reliability of autonomous navigation.

Nav 2 supports global path planning algorithms, such as A* and Dijksicdocal obstacle avoid-

ance algorithms, including DWA (Dynamic Window Approach), TEB (Timed Elastic Band), and
others. Additionally, the framework is compatible with various sensor inputs, such as LIiDAR, cam-
eras, and IMUsNav 2 can dynamically replan paths when encountering obstacles, automatically
avoiding themgnabling navigation istatic and dynamic environmenEurthermoreNav 2 also
allows users to adjust parameters to suit different robot platforms and envirorihhentscovery
function in Nav2 also plays maimportantrole in navigation tasks. When the robot becomes stuck,
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the recovenbehaviourenables ito automatically move backward or rotate to replan a feasible
path

To launch the Nav i thevirtual machine running Ubuntu 22.0dnew termiral is requiredand
thenrunthe following commands:

$ source /opt/ros/humble/setup.bash

$ source ~/nav2_wsl/install/setup.bash

$ export TURTLEBOT3_MODEL=burger

$ export ROS_PARAM_USE_SIM_TIME=true

$ ros2 launch nav2_bringup navigation_launch.py
use_sim_time:=true map:=/home/monda/nav2_ws/src/naviga-
tion2/nav2_bringup/maps/turtlebot3_world.yaml

After launching Nav2, the navigation task can begin. | wrote Python code to execute navigation by
specifying the goal point within the code and running it. The robot in the TurtleBot3 world map
will then navigateautomatically to the specified goal powhile also performing obstacle avoid-
ance.Thegoal pointcode logic is agigure 3.12 showbelow:

Goal point Python Code in Pseudocode

Algorithm 1: Goal Publisher for ROS2 Navigation
Data: Target coordinates: (z,y, )
Result: Publish goal pose to ‘/goal_pose topic in ROS2

1 Initialize ROS2 node as Goal Publisher;
Create a publisher on topic ‘/goal_pose' with message type
PoseStamped,
Wait for 2 seconds to ensure node readiness;
Create a PoseStamped message goal_msg;
Set goal_msg.header. frame_id «+ "map”;
Set goal_msg.header.stamp to current timestamp;

[ ]

- w

Set goal_msg.pose.posilion.x + x;

Set goal_msg.pose.position.y + y;

9 Set goal_msg.pose.posilion.z < z;

10 Set goal_msg.pose.orientation.z < 0.0;
11 Set goal_msg.pose.orientation.y < 0.0;
12 Set goal_msg.pose.orientalion.z + 0.0;
13 Set goal_msg.pose.orientation.w « 1.0,
14 Publish goal_msg to ‘/goal_pose';

15 Log "Published Goal Pose: x, 4, 2"}

16 Call relpy.spin_once(node, timeout_sec = 2) to ensure message delivery;
17 Destroy the node;

18 Shutdown ROS2 context;

x 9 & &

Figure 3.12 Goal point Python code in pseudocode
After running the Python code as above, the navigation will automatically start and execute.

3.4.3 Navigation experiment setupin the real environment

SLAM

Simultaneous Localization and Mapping (SLAM) is the process of simultaneously building a map
of the environment while determining the robot's position within it. A common challenge in the
SLAM process is loop closure, which occurs when the robot revisies/aously explored location.
During mapping, it is crucial for the robot to continuously track its position within the environment
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and on the map. When the robot revisits a familiar area, it should recognize this and use the infor-
mation to correct and refine the map for improved accurtly

The navigation task ia real environment is conducted with the real TurtleBot3 Burger, R¥ i,
SLAM. The SLAMis a techique to establish a map by estimating the current location in an arbi-
trary spaceThe detailed process of using SLAM in virtual machine running Ubuntu 22.04 is as

below:
1. Open Turtlebot3 Burger and wait for several seconds to make sure the robot has connected
with the WiFi.
2. Connect with TurtleBot3 Burgersing SSHand launch th@urtleBot3 BurgemBringup pack-
age
$ ssh yelin@192.168.1.108
$ export TURTLEBOT3_MODEL=burger
$ ros2 launch turtlebot3_bringup robot.launch.py
3. Open a nevterminal window andiseSSH to connecio the TurtleBot3 Burgerobot, then
launch theusb_cam_node_exe node inthe usb_cam package tacapture video stream
from the USB camera and publish image data to a ROS 2 topic
$ ros2 run usb_cam usb_cam_node_exe -- ros -args \
- p video_device:="/dev/video0" \
- p image_width:=640 \
- p image_height:=480 \
- p framerate:=30.0 \
- p pixel_format:="yuyv"
4. Open a new terminal window the virtual machine running Ubuntu 22.04 and lauticl

SLAM node

$ export TURTLEBOT3_MODEL=burger

$ ros2 launch turtlebot3_cartographer  cartogra-
pher.launch.py use_sim_time:=false

In the real environmenttieuse_sim_time  status should be falselaunch the SLAM node.

The defaultSLAM methodCartographer will open a@rViz window to scan and establish the
map.While using SLAM to build a map in RViz, the directions of thaxis and yaxis of the
coordinate system are determined according to the ROS standard coordinate system specifica-
tion and the map's starting direction.

The ROS standardcoordinate systerns defined as followsand shown in Figuse3.14 and
3.15 the xaxisrepresents the forwairection, the yaxis representshe leftward direction
perpendicularto thex-axis andthez-axisrepresentthe upvarddirectionperpendiculato the
ground.In terms ofcolor representation, the red arrow represents {vass the green arrow
represents the-gxis, and thdluearrowrepresents the-axis.
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Themap coordinate system is defined globalhd is usuallyused to describe thgosition of
the robot and obstacles in the environm&he map's origin(0,0) isdeterminedased on the
startingpoint of SLAM mapping.The xaxis represents the right (front) directiand the y
axis represents the upward (left) direction.

Figure 3.13 shows theaxis direction in the real environment and the established ofstacl
environment for testingzigure 3.14 shows the axis direction inRViz and also the scanning
map

y

Figure3.13 TurtleBot3 Burgerobot on the starting jrat
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Figure3.14 Scanning map in RViz

Use teleoperation toontrol the TurtleBot3 Burger robot éxplore unknown area of the map
after the SLAM nodesuccessfully up and runnin@o ensure successful mapping with the
TurtleBot3,avoiding abrupt movements, such as rapidly changing linear or angular speed is
important For optimal results, thoroughly scan mlap cornersluring the mapping process.
The command used and t8eAM scanning process are as below and Figut® shows:

$ export TURTLEBOT3_MODEL=burger

$ ros2 run turtlebot3_teleop teleop_keyboard

Figure3.15 SLAM process shown in RViz
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6. The map i s dr awn /ddereteyd, /tlo and/tsdare informdiiant These
map dataaredrawn in the RViz window as the TurtleBoBRirger robottravels Launch the
map_server_cli node to create the map files.
$ ros2 run nav2_map_server map_saver_cli - f ~/map
7. The mapis represemdd as atwo-dimensionalOccupancy Grid Map (OGM), which is com-
monly used in ROSn the saved ma@sFigure3.16 shows white areas represent free space,
black areas indicate occupied and inaccessible regions and gray areas denote unknown regions.
This map is used for navigation tasks.

b

LN -

Figure3.16 Saved map
Before starting Navigation, ensure that the terminals running the SLAM node and manually con-
trolling the TurtleBot3 Burger are closed. This prevents interference with the AMCL parameters
and ensures propérnctionality during navigation.

Navigation

Navigationis a crucial aspect of autonomous mobile robbisvolves moving the robot from its
current location to a specified destination within a given environndemtap contais geometric
information about furniturandobjects As described in the previous SLAM section, this map was
created using distance data from the robot's sensors and pose inforMateover different ap-
proaches to navigain can be divided into different categories: global planning, local planning,
and hybrid approachptl].

Navigation enables the robot to move from its current pose to a designated goal pose on the map
by utilizing the map, the robot's encoder, IMU, and distance sensors. The procedure for executing
this task is outlined as follows
1. If the TurtleBot3 Burgerringup is not running on the TurtleBot3 SBC, launch the bringup
first. Connect with TurtleBot3 Burger using SSH and launch the TurtleBot3 BBrgegup:
$ ssh yelin@192.168.1.108
$ export TURTLEBOT3_MODEL=burger
$ ros2 launch turtlebot3_bringup robot.launch.py
2. Repeat the Step 3 ihé SLAM process:
$ ros2 run usb_cam usb_cam_node_exe -- ros -args \
- p video_device:="/dev/video0" \
- p image_width:=640 \
- p image_height:=480 \
- p framerate:=30.0 \
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- p pixel_format:="yuyv"
Monitoring the front image ofthe robot requires high resolution The camera supporting
resolution could be checked using ttedow command and select the proper resolution to re-
place themage width andimage_height values.
$v4 12 -ctl T-list -formats -ext 1-device=/ dev/videoO
Open a new terminal window thevirtual machine running Ubuntu 22.@#4d launch the Nav

2 node.
$ export TURTLEBOT3_MODEL=burger

$ ros2  launch turtlebot3 navigation2  naviga-

tion2.launch.py map:=$HOME/map.yaml \

params_file:=/home/monda/nav2_ws/src/naviga-
tion2/nav2_bringup/params/nav2_params.yaml \

use_sim_time:=false
In the nav2_params.yaml file, the sim_time parameter for each behaviour is set to
true , which is appropriate for simulation. However, in the real environment, it is necessary
to setuse_sim_time:=false to launchNav 2properly. Specifying this parameten the
launching commanthkespriority over the settings in theav2_params.yaml file.

Thenew RViz window used for navigation is Bgjure 3.7 showsbelow:

Joptfros/humble/shara nava_bringupfrviz/nava_detault_view.rvirs -

Figure3.17 RViz windowfor Nav 2 node
Before running the Na®2 node and tasks, initial pose estimation mucltdrapleted This
process initializeshe AMCL parametes, whichareimportantto Nav 2.Additionally, the
TurtleBot3 Burger must be correcthpsitionedon the mapensuring thathe LDS sensor data
aligns neatlywith the displayed magfhe result of LDS dataverlappingon the saved map is
shownas belowas Figure 3.8
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5.

Figure3.18 Initial pose estimated on the saved map
If estimating TurtleBot3 Burger's initial pose and orientation is challenging, launch the tele-
operation node to locate the robot on the map precisely. Alternatively, place the TurtleBot3
Burgerrobot at the starting poinivhere setting the initial pose morestraightforward
As described in Sectidh5.2.4 the navigatiortask could beompleted by publishing the goal
point. In the RViz opened by Nav 2, there are two optiornstoplete thenavigationtask
Nav 2 goal and publishing gopbintusing Python code.

3.4.4 Navigation experiment with hook

There is a lasebbased positioning sensor in the lImatar to supply the positioning information on
the screen of the controllérhe navigation process is dsscribed abovehe coperation between
TurtleBot3 Burger and the hook is as below:

1.

Place the TurtleBot3 Burgeset the initial posen the scanned map and control the htwke
in front of the robot.
Control the TurtleBot3 Burgemantally with theteleoperation package face the hook di-
rectly. Run the command below to remember the coordinate informattbe abbot. Control
the hook withthecontroller and read theaxis and yaxis values from theontrolleiGs screen.
$ ros2 run tf2_ros tf2_echo map base_link
Move the hook to lift loads argtop somewhere. Read th@xis and yaxis valuesnanually
from the screen again and calculate the distance between the initial and currentTpeints
goal pointfor the TurtleBot3 Burger willthenbe calculatd manuallybased orthe same dis-
tancemoved by the hoakThe examplechartTable 3.1in the experimenbelow shows this
process.

(x-axis, yaxis) (unit:m)
Hookés initial coordinate (6.47, 13.93)
Hookés current coordinate (9.30, 14.33)
Robofs initial coordinate (0.554, 3.218)
Robofs current coordinate (3.218, 0.706)

36



Table3.1 Coordinate changes
After calculating the gogboint for the TurtleBot3 Burgeinput the coordinateinto the Py-
thon codeiftroduced in Section 3.5.2) aeslecutdt. The TurtleBot3 Burger wilthennavi-
gate to the goal point automaticallys described irSection 3.54, along distance between
the initial and goal pointsr anarrow spacenay significantly increase thgrobability oftrig-
geling therecovery behavioin some caseshe inspectomay needo set a new goal e
closer tahe TurtleBot3 Burgés current psitionby clicking thefiNav 2 Goabbutton in RViz

When the TurtleBot3 Burgesuccessfullyarrives at the goal point, the robot will always face
the forward direction of the-axis in RViz.However, the hoals directionmaychange during
operation Therefore,the inspector needs to rotate amegositionthe TurtleBot3 Burger to
adjust the perspectivdisplayed bythe Almage plugin in RViz.
When theperspective irthe filmage plugin is aligneddirectly with the hook executethe
command taapturethe picture

$ fswebcam -d /dev/videoO -- no- banner -r 640x480 -S'1
/homelyelin/hook_1205/hook_1.jpg
Tip: The frame rate specified in the command should match the frame rate supported by the
USB camera.

While doingthe experiments in real environments, it is totally diffiéfeom the simulation envi-
ronment It will be affected by many fetors and solutianareas below:

1.

Avoid resetting the initial pose randomly during navigation, as this can lead to errors in coor-
dinate information and inaccurate goal point coordinates.

If the robot's battery runs out during navigation, the experiment must be restarted from the first
stepto eliminate the error caused by the different initial pose

Be aware of the difference in precision between thgig and yaxis values of the hook and

the robot's coordinates. The hook's valuesererded to two decimal places, while the robot's
coordinates are recorded to three decimal places, which may introduce minor errors.

In some cases, due to the inflation radius, which is visualized as light red or blue areas in RViz,
the robot mayot approach the hook automatically to capture the picture. While the inflation
radius helps the robot avoid obstacles, it can also prévieai getting close enough to the
hook. In such situations, thespectomeeds to manually control the robot to move closer to
the hodk.

3.5 Computer vision experiments

OpenCV (Open Source Computer Vision Library) is an egmurce computer vision and machine
learning library initially developed by Intel in 1999. It has become one of the most widely used
tools in image processing and computer vision. OpenCV provatégsusfunctions, ranging from
basic image processing to advanced applications involving deep learning models.
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Considering the complexity of the industrial environment and the obstacles around the hook, it is
challengingfor TurtleBot3 Burger to rotate around the hook and cawignificant numbeof
accuratepictures Using OpenCV computer vision technology, contour detection can be performed
with a single imagénstead ofrequiring up to 50 images to construct a 3D madekh is hug
workload for contour detection

3.5.1 Computer vision experiment setup inthe simulation environment

As introduced in Section 3.5.2,a@ebo is an independenpensourceproject It offers physical
engines simulate objectand many kinds of obstaclds.the Gazebo simulation environmend,
monitor theimage in front of the robott is necessary to add the camera plugin imtbéeel.sdf
file. The detailed process refers to Appendix B. b. iv.

In the Gazebo simulation environmetite most convenient and effective way to add an object to
take a picture and make contour detection later is to select anfobiadt h e i inens Ehis t 0
object should have a simple shap# aclear contourasmooth surfacegnd a color thatontrass

well with the groundIt should alsdoeappropriate for theamera'perspective and position. After
careful selection, Wisedfibowloin theGazebo sibmulation environmems Figure3.19 shows.
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Figure3.19 Bowl and robot in the TurtleBot3 world map
As shown in Figure.11, the image in front of the robot can be viewed in the "Image"” window.
Additionally, in the simulation environment, the "rgt_image_view" tool can also be used for mon-
itoring, providing a larger viewing window, as shown in Figeu). The command used for calling
this tool is as below:
$ ros2 run rqt_image_view rqt_image_view

Additionally, while monitoring the TurtleBot3 Burger robotiound the object buiot facing the
object,there is a need to control the robot rotate manaasllgelow:
$ ros2 run teleop_twist_keyboard teleop_twist_keyboard
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While monitoring the TurtleBot3 Burger robot is facing the object, then run the command to save
the picture as below:

$ ros2 run image_view image_saver -- ros -args -r image:=/tu-
etlebot3/camera/image_raw

rat_image_view_ImageView - rat
[Bimage view o - o

[Jturtlebot3/camerafimage raw ~ ||@&| @ o 1000m | &

bot3fcamerafimage_raw_mouse left | Smoothscaling L 0° o

Dt

Figure3.20 rgt_image_view tool

3.5.2 Computer vision test inthe real environment
The real environment is totally different from the simulation environment, includingetisor
data, physical characteristics, system uncertainty and performance, etc.

The simulation environment ideal. In the simulation environment, takinige Gazebpfor exam-

ple, the sensor data in the Gazebo is generated by the physical engine and simtitetalatsois
idealizedwithout noise or errorsThe camera image is usually free of lighting changes or lens
distortion. The obstacles in the simulation environment are completely known, and the map ob-
tained by the robot is close to the real environm&here are nalynamicobstacles unless set
manually.

In contrast, he real environment has various factors influenahbgct contour detection, such as
light, shadowperspectivesetc The camera image thereal environment isotally different from

the simulation environment, including tAmbient light changes, reflectiorss)d dynant changes

in the environmentAdditionally, if there is dust, holes, and slippery surfaces, they will cause the
TurtleBot3 Burger tslip andpositioning drift.

In the real environment, | used a USB camera, which differs significantly from the virtual camera
used in the Gazebo simulation environment. The USB camera is influenced by various factors such
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as changing light conditions, color contrast between the background and the object, and other en-
vironmental variationsAs a preliminay test forthe real navigation taskio achieve optimal con-

tour detection performanead improve the color contrast for contour detectliosed a red object

placed on a white table to capture images and perform contour detection.

Connect with the TurtleBotBurger andexecutehe commandbelowto capture the picturdfter
several testshts commandhas optimal performance with proper liglunditionsand rate frante
$ sshyelin@192.168.1.108
$ fswebcam -d /dev/videoO -- no- banner -r 640x480 -S 1
/homelyelin/hook_1205/hook_1.jpg

In virtual machine running Ubuntu 22.04, open a new terminal window and execute the command
as below tdransfer and save the pictures from the TurtleBot3 Burger.

$ mkdir /home/yelin/hook 1205

$ scp yelin@192.168.1.108:/homelyelin/fhook _1205/hook_1.jpg
/home/monda/hook_1205/hook_1.jpg

In Figure3.21, the raw image shows that the color contrast between the object and the background
is clear; however, there are shadows around the object's contour. As a result, in the contour detec-
tion output, the contour lines also encompass the shadt®eting the contour detection accuracy

w

Figure3.21 Contour detection example

3.5.3 Computer vision experiment setupin the real environment

As described in Sectiohl1.1, the commands and process clear to execute to capture ancthe

plete the contour detection the simulation environment. Similarly, &detailed experiment pro-

cesgn thereal environmenis as follows:

1. Connect with the TurtleBot3 Burger using SSH and launch the,rol&® cameraandnavi-
gationnodes.
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2. After starting navigation in RViz, use the "Image" plugin to verify whether the TurtleBot3
Burger is directly facing the hook. If it is not, manually adjust the robot's position to ensure a
direct perspective in thémage" plugin.

3. Atfter verifying theperspective executethe commands described in Sect#@ to capture,
transfer,and save the pictures tihevirtual machine running Ubuntu 22.04.

4. As described in Sectiof.21, use Python code to complete the contour detectiith each
picture in the folder.
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4 Result

Section 4 will introduce the results from thieove eperiments.

4.1 Path planning result

The results in path planning are divided into simulation and real envirositoestiow the rgults

clearly.

4.1.1 Navigation experiment result inthe simulation environment

Running the Python code publishes the goal point coordinates, allowing the robot to complete the
navigation task. In RViz, the green line represents the path from the robot's current pose to the goal
poseFigure4.1shows thathe path avoids obstacles and reaches the goalqumicessfullyFigure

4.2 shows the TurtleBot3 Burger model robot arrivinghat goal point.

Figure4.1Navigation path shown in RViz simulation environment
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Figure4.2 Navigation result in Gazebo
While running the Gazebo and RViz, it is important to checkfthereg which defines and man-
agesthe transformation relationship of robot coordinate systems. The core meatifindgreé is
to help the robot understand the relative position and pose of each coordinate system in itself and
environment, to realize the spatial relationship calculations in navigation, path planning, perception
and so on. The command to chéicktree is as below and Figude3 shows the result:

$ ros2 run tf2_tools view_frames

view frames Result

Recorded at time: 1734187308.8348074

map

Broadcaster: default_authority
Average rate: 4.969
Buffer length: 0.805

Most recent transform: 3079.945

Oldest transform: 3079.14

<D

Broadcaster: default_authority
Average rate: 30.08
Buffer length: 1.496

Most recent transform: 3078.949
Oldest transform: 3077.453

Broadcaster: default_authority
Average rate: 10000.0
Buffer length: 0.0
Most recent transform: 0.0
Oldest transform: 0.0

Broadcaster: default_authority
Average rate: 15.48

Broadcaster: default_authority

X Broadcaster: default_authority
Average rate: 15.4.

Broadcaster: default_authority
Average rate: 10000.0

Average rate: 10000.0

Broadcaster: default_authority
Average rate: 10000.0

Buffer length: 1.292 Buffer length: 1.292 Buffer length: 0.0 Buffer length: 0.0 Buffer length: 0.0
Most recent transform: 3078.881| Most recent transform: 3078.881 | Most recent transform: 0.0 Most recent transform: 0.0 Most recent transform: 0.0
Oldest transform: 3077.589 Oldest transform: 3077.589 Oldest transform: 0.0 Oldest transform: 0.0 Oldest transform: 0.0

wheel left link ‘wheel right link caster back link

Figure4.3tf frame in simulation environment
In Figure4.3, the transformation chain is shownmmap -> odom -> base_link ->
sensor_frame , ensuringaccurate and correct transformations.

base scan
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4.1.2 Navigation experiment result inthe real environment

Thefirst method involves clicking the "N& Goal" button in RViz and then selecting the desired
goal point on the map. Na¥ will then begin planning the path for the TurtleBot3 Burger and
control the roboin reattime to follow the planned path, as shown in Figie In this figure, he

A Nav i g ganelonrthe Bfbside of th&Viz interface displays the navigation statdhaits
more, the video olf¥ouTubeshows the navigation procdgs].

/ot fros/humble/share/navz_bringup/rvizjaav2_default _view.rviz*

Figure4.4 Navigation path to the Nav 2 goal
Moreover, when new obstacles appear in the scanned map, the TurtleBot3 Burger can detect them
and avoid them imeattime. As shown in Figurd.5, a new and tall obstacle was introduced into
the scanned map, requiring the TurtleBot3 Butgedetect the obstacle and perform an obstacle
avoidance manoeuvre quickMWvhaits more, thevideo onYouTubeshows thebstacleavoidance
procesg46].
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Figure4.5Navigation with newobstacle
As shown in Figureél.6, the TurtleBot3 Burger successfully detected the new, tall obstacles in a

timely manner and planned a path to the goal point, avoiding both the existing and newly detected
obstacles.

{opt fras/humble share fnavz_bringupfrviz/nav2_deFault view.rviz® - RViz

Topic
sensor_msgsjmsg/image topic to subscribe to

Add
> Navigation 2 °
Navigation:  sctive
Localizstion: sctive
Feedback:

= image 0

Figure4.6 New obstacle was scanned on the map
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As measured on the TurtleBot3 Burger robot, the LIDAR sensor's height is 160 mm. Consequently,
the TurtleBot3 Burger cannot detect obstacles shorter than this Hedghihstance, the height of

black bag above with a height of 540 mm was successfully detected, and the TurtleBot3 Burger
navigated well around it.placed a short obstacle 25 mm shorter than 160 mm to test the sensor's
performanceAs shown in Figurd.7, the TurtleBot3 Burger was unable to detect or scan the short
obstacle and, as a resullided with it during navigation to the goal point.

This issue also affected the odometrypdom) data during navigation, causing positional drift.
Although the robot's wheels continued to rotate, causingdbenetry data to update, the Turtle-

Bot3 Burger remained stuck at the same location. This mismatch resulted in inaccurate positional
data.Figures4.7 and4.8 show the result with shodbstacles

After the positioning drift occurs in RViz, thespectomustreset the TurtleBot3 Burger's current

pose and orientation using the "2D Pose Estimate" tool. This process should be repeated several
times until the LIDAR (LDS) sensor data aligns accurately with the displayedikeagpetting the

initial pose before navigation.

it

Figure4.7 TurtleBot3 Burger was stuck by short and new obstacle
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Figure4.8 TurtleBot3 Burger was stuckesultingin positioning drift
If the TurtleBot3 Burger robot becomes stuck during navigation, it will continuously attempt to
adjust its pose and orientation to escape the stuck position as long as the navigation command is
still running. This process is known as the recovery behavior i2Nav

In Nav 2 frame, the recovery behaviors refer to automatic error correction actions taken by the
robot while encountering difficulties during navigation, such as local path planning failure or be-
coming stuck near the obstacl@&is operation aims to restore the rotma navigable status so

that it can resume navigation taskggure4.9 shows thatwvhen recovery behaviors are triggered
during navigation, the "Navigation 2" window in RViz will display an increased time taken and the
number of recoveries. Alitionally, waiting for recovery behaviors to restore the robot to a navi-
gable state may tal@mnsiderabl¢ime.

Recovery behaviors typically involve clearing tBestmap and performing &pin recovery to

scan the environment for an accessible path to the goal point. Additionally, when the robot cannot
move forward and requires space to replan, it will move backward for a certain distareever,
experimental results indicate that the longer the navigation distance, the higher the likelihood of
recovery behaviors being triggered during ilagigationprocess.
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foptjros/mumble/share navz_bringup/rviz/nava_default_view.rviz® - RVIZ
Eile Panels Help

Frowcamen | [ drcncames e

ining:
Time taker: 125
Recoveries: 1"

Reset

Waypoint /Hav Theough Poses Mede

3 Image o

B

Figure4.9fiNavigation 2 panel changes during recovery behaviors

As introduced in Section 3.5.2.4, it is essential to checK thieame during navigation. As shown
in Figure4.1Q the transformation chain ohap -> odom -> base_link -> sen-
sor_frame is presented, indicating the transformations are correctifiguredand ensuring the
collection and accuracy of coordinates.

view frames Result

Recorded at time: 1733739381.5967944

Broadcaster: default_authority
Average rate: 5.367
Buffer length: 2.609
Most recent transform: 1733669484.703214
Oldest transform: 1733669482.094704

Cotom
Broadcaster: default authority
Average rate: 20.206
Buffer length: 4.85
Most recent transform: 1733669483.851512
Oldest transform: 1733669479.00135

Broadcaster: default authority
Average rate: 10000.0
Buffer length: 0.0
Most recent transform: 0.0
Oldest transform: 0.0

Broadcaster: default_authority
Average rate: 13.061
Buffer length: 4.9
Most recent transform: 1733669483.851512
Oldest transform: 1733669478.951326

wheel left_link

Broadcaster: default_authority

Broadcaster: default authority
Average rate: 13.061

Average rate: 10000.0

Buffer length: 4.9 Buffer length: 0.0

Most recent transform: 1733669483.851512 | Most recent transform: 0.0
Oldest transform: 1733669478.951326 Oldest transform: 0.0

wheel right link caster back link

Figure4.10tf frame in real environment

Broadcaster: default authority
Average rate: 10000.0
Buffer length: 0.0
Most recent transform: 0.0
Oldest transform: 0.0

Broadcaster: default_authority
Average rate: 10000.0
Buffer length: 0.0
Most recent transform: 0.0
Oldest transform: 0.0

base_scan

4.2 Computer vision result

The results from computer visios also divided into simulation and real environmentshow
the results clearly.
4.2.1 Computer vision experiment result inthe simulation environment
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After completing the navigation task in Section 3.5 computer vision task uses OpenCV to
detect contoursThe contour detection using OpenCV algorithm logishewnin Figure 4.11

Contour detection Python Code in Pseudocode

Algorithm 2: Image Folder Contour Detection

=R - A -

[
=

e
[

-
«

14
15
16
17
18
19
20

21

Data: Folder path: folder_path, Output folder: output_folder
Result: Processed images with contours saved in output_folder
Initialize parameters: debug_view, canny_low_threshold,

canny_high_threshold,

Create output_folder if it does not exist;
Retrieve all “.jpg’ files from folder_path;
foreach image in image files do

image_path < folder_path + image;
Print " Processing image_path”;
img + ReadlImage(image_path);
if img is None then
Print ”Cannot read image”;
L Continue to next image;

gray_image + ConvertToGrayscale(img);
blurred image + GaussianBlur(gray_image, kernel =
(5,5), sigma = 0);
edged_image
Canny(blurred_image, canny_low_threshold, canny_high_threshold);

contours + FindContours(edged_image);
Draw contours on img in green color;
output_path <+ output_folder + image;
Save img to output_path;

Print ”Saved result to output_path”;

if debug.view is True then

Display img in debug window;
Wait for 1 millisecond;

22 Close all display windows;

Figure 4.11 Contour detection Python codpsaudocode
After running the contour detection Python code, the contour detection result and comparison with
theraw picture are as Figuel2shows:
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Figure4.12Raw picture and contour detection picture
From the comparison results, the object shows clear differences in colour and brightness from the
ground, andho surrounding oleicts or obstaclesterferewith the contour detection. As a result,
the contour detection produces a clear and continuous contour line of the bowl, indicating that the
low and high threshold parameters are appropriately set. However, due to the complex textures and
uneven shadowsside the bowl, there is minor interference with the Canny edge detection. Nev-
ertheless, this does naffect the accuracy of the outer contour detecfldve contour detection in
thesimulation environment validates tbede's accessibility, which could alsouseful in the real
environment.

4.2.2 Computer vision result in the real environment
In the process of contour detection in the real environment described in Se2Ztigmfter execut-
ing the Python code of contour detection, the results Figui@s4.14and4.15are as below:
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Figure4.13Contour detection result 1

H

Figure4.15Contour detection result 3
The figures above show that the green lines represehbtiiés contourFrom these figureghis
thesissummarizedhat the major factormfluencing the contour detection results are the back-
ground around the hook and reflections. If the backgr@rodnd the hookn the raw image is
complex, the contour detection may include parts of the background, affecting the continuity of the
hook's contour line. Additionally, reflections on the hook caused by uneven lighting can result in
unnecessary regions being detectedl @utlined pnegatively impactinghe contour detection results.
As a result, when performing inspections in complex industrial environments, it is necessary to
capture images with a clear background and ensure proper lighting talateiting unnecessary
areasToinspect the contour of the hook after the operation, the inspector could observe the green
line indicating the contour from the contour detection resmudicould useéhe HausdorffDistance
(HD) method to ompare the contour before and after the operation and evaluate the degree of
alignment between the canir and the object's edgehese two methods are described as below:
Visual observation
Check whether the contour forms a complete closed curve along the outer edge and the inner hole
of the hook. Verify that there are no broken segments or missing areas. Ensure that the contour
accurately covers the key feature areas of the hook and tpattsmf the background are mistak-
enly detected as part of the contour.
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Hausdorff Distance

If the complex backgrouh reflections on the hoolor other factors make it difficult for the in-
spector to distinguish whether there are deformations or cracks on the hook after the operation, the
Hausdorff distance method could be usedutomatically check the precise degree of contour

For manyyears, the Hausdorff Distan@dD) has served as a fundamental metric in solving com-
puter vision and pattern recognition challengleq. Unlike other distance measur#ss distance

can be used to determine the degree of similarity between two objects superimposed on each other.
An efficient algorithm for computing the Hausddifistance for all possible relative positions be-
tween a binary image and a model is presef#8H However, despite its strengths, HD remains
highly sensitive to outliers and noise. Previous research indicates that these limitations have not
been sufficiently addresseth this situationthis thesisuses Apple Photos' cutouteaturdalso

known as "subject extraction” or "drag and drop separationtjy iPhone 14 Pro MaxBased on
machine learning and image recognition algorithms, it can qussqharate the subject from the
photo and perform independent operatioks Figure4.16 shows, the hook could be completely
extractedrom the complex backgrounéiowever, there ia mosaic background around the hook
contour,which could affect the binary imagesTo eliminatethe mosaic background around the
hook, | adjusted the filter tblackandwhite mode shown in Figurd.17. The backgroundis

Figure4.17White background around the hook contour
The Hausdorff Distance algorithm logic is shown in Figure 4.18 as below:
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Python Code in Pseudocode

Algorithm 3: Hausdorff Distance Calculation Between Two Images

Data: Two images: imgl, img2
Result: Hausdorff distance between contours of the two images
Read imgl and img2 from specified paths;
if imgl is None or img2 is None then
L Unable to read images. Check file paths.

W N =

Convert #mgl and img2 to grayscale if they are in color;

Resize img2 to match imgl dimensions;

Apply Otsu thresholding to imgl and img2;

Apply Canny edge detection to both images;

Combine binary and edge-detected images using bitwise OR;
Perform closing operation with kernel size (11,11) and 2 iterations;
10 Perform opening operation with kernel size (7,7) and 1 iteration;
11 Find external contours in both images;

12 if No contours found in either image then

13 L Unable to extract contours. Check morphology results.

© 0 N o e

14 Select the largest contour from each set based on area;

15 Extract contour points from the largest contours;

16 Compute directed Hausdorff distances d1 and d2;

17 Set Hausdorff distance as max(dl, d2);

18 Print Hausdorff distance;

19 Overlay contour points on original images: - Red for imgl - Green for
img2

20 Display both images with contours highlighted;

Figure4.18Hausdorff Distance calculation algoritHPython code in pseudocode
After executing the Hausdorff Distance calculation algorifython code, the Hausdorff Distance
value will show in the terminabnd two image windows with different contour colors will show
in the interface, as Figure 4.19 shows. These two images preseobk®contour point set, which
directly shows the contour point set before and after the oper&timmthe definition of Hausdorff
Distance and Figure 4.19, the lower value means, the more simitardtoentours are.

monda@monda-VirtualBox: ~

: § python3 /home/monda/OpencV/hausdroff.py
Hausdorff Distance: 13.9284

Contour Points Image 1 - % Contour Points Image 2 - %
CONEEAR@AO GOONNAEEE®O

{x=138, y=351) ~ R:106 G:106 B:106 (x=138, y=19) ~ R:49 G:45 B:49
Figure 4.19 Hausdorff Distance and the comparison of contour point set
In the Hausdorff Distance methoithis thesiscompared every two images thfe hook and got
different HausdorfDistance values, which are 13.9284, 28.8617, 30.4138, 145.4132, 17.0000,
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22.4722,and 15.6205Substituting these values talculatethe average and variance valuwés
Hausdorff Distancas Formula 4.1 and 4.2.
‘ B w
g @
B o °
R
After calculation this thesiggot theaverage and covariangalues ofthe Hausdorff Distance
o® mpxé Q 1 @ T uliR fact, after adjusting the parametdtss thesifound thatthe same
set of photos will have relatively large differences for different algorithm paramsteitss nec-
essary to set a threshold for the final Hausdorff Distance algorithis thesischose the quantile
method, using the 90% quantile of the Hausdbifitance distribution as the threshold. This is
more effective in the case of noormal distribution. However, this method is sensitive to noise
and outliers, and the black and white filter and cutout | chose to reduce the influence of these factors.
As a result, the range threshold of the Hausdorff Distance, based on the 90% quantile, is
[14.9437,76.4136 The lower limit, referred to as P10, is 14.9437, while the upper limit, referred
to as P90, i¥6.4136 As for the analysis with the Hausdorff Distance valuesa thelow 14.9437
was categorized as a confidence match, data within the range [14.9437, 76.4136] was considered a
normal match, and datdbove 76.4136 indicated a failed match or an anomaly requiring attention.
Among the Hausdorff Distance values mentioned above, 13.9284 represents a confidence match,

145.4132 indicates a failed match, while the remaining values correspond to normal matches.

In the followingcomputer vision experiments conductedhareal environment, the inspector can
usethe Hausdorff Distance range threshold [14.9437,76.4136] to compare the hook's contour be-
fore and aftethe operation. This comparison provides a quantitative basis for detecting potential
deformations, cracks, or other structudtamageand offergeliable statistical evidence for contour
assessment.
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5 Summary, conclusionsand future work

5.1 Summary

In industrial inspectiohuman inspectors often find it hazarddo®nter industrial environments

due to the presence of heavy equipment and dynamic conditions with many unknowA risks.
practical anceffectivesolutionis to establisha robot system that can autonomously move along
industrial sites to inspect the hooks of overhead cranes vistUiatiyugh testing and experimenta-

tion, such a system was successfully established and demonstrated its ability to perform the hook
inspection taskThe goals proposed are achieved successfully.

5.1.1 Analysis of the results

The experimental results demonstrate that the developed navigation system effectively achieves
theintendedgoak under the short patlAs for the longdistancelike over 3 meterghe pathplan-

ning algorithmwill always be affected by the complex environment and long distance which will
trigger the recovery behavior and spend more tomeaavigateThe TurtleBot3 Burger successfully
navigates to specified goal points, captymesures, and accurately performs the contour detection
process.The contour detectionould be completed by the observation and Hausdorff Distance
threshold rangelhe system's overall performance indicates reliable functionality in both simula-
tion and realorld scenarios, fulfilling navigation and visual processing requirements. Setting up
the simulation environmeniteforereatworld deployment saves both time and costs. id8ga-

tion to the goal pointandHausdorff Distance threshold rand4.9437, 76.41363onfirm that the
system igroperfor its intended tasks and demonstrates promising outcomes in terms of precision
and consistency.

Nevertheless, some limitations and areas for improvement remain. While the navigation system
performs well, its robustness could be enhanced when operating in complex or dynamic environ-
ments where unexpected obstacles or sensor noise may introduce @tchsibenges. Similarly,

the contour detection procgssrforms welunder controlled lighting conditions bechibitsminor
inaccuracies when faced with uneven illumination or objects with more intricate surface details.
Furthermore, the computationafiefency of the system, particularly during image processing and
navigation planning, could benefit from further optimization to improve itstn@& responsive-

ness.

In future work, these limitations can be addressed by incorporating more advanced obstacle avoid-
ance strategies, implementingpre precise&eomputer visiortechniquessuch asrensorFlow,to

improve the accuracy of contour detection, and optimizing the system's processing speed for en-
hanced reatime performance. Such improvements would further increase the reliability and ver-
satility of the navigation system, enabling it to perform mdiecavely in diverse and challenging
operational environments.

5.2 Conclusion
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The work in this thesis develops and tests a navigation and contour detection system for the reali-
zation of autonomous navigation to specified target points, the capture of images of the scene, and
the carrying out of contour detection. In experiments ootetl, it was established that the pro-
posed system performed satisfactorily toward the intended objectives. In fact, the robot attained
target locations, captured relevant images, and carried out contour detection with high grecision
Hausdorff Distance tieshold range

These promising results still leave room for further improvement in certain aspects. For instance,
while the navigation system did an excellent job, its robustness could be further enhanced in dy-
namic or highly cluttered environments where unexpecteddbstmayarise Similarly, the con-

tour detection accuracy, though satisfactory umtian background argbod lightnesstends to
decrease witltomplex backgroundjneven illuminatioror reflective surfaces. In addition, com-
putational efficiency within the system can &ghieved in such a way as to maximize -teak
performance, particularlynage processing and navigation planning.

In order to overcome these shortcomings, future research work will be able to focus on the integra-
tion of higherorder obstacle avoidance strategies for enhanced navigation robistobasging

and testing the optimal navigation parameters in Nath integration oEomputer vision and
lighting normalization techniques for better contour detection under variable conditions, and over-
all system architecture optimization in order to get faster computation. Alsacthgionof more
sophisticated percepti algorithms, such as deep learrbagsed object detecti@nd 3dimension

model technologies;an be done to improve the accuracy and adaptability of the system.

Consequently, this thesis has rtiet main objectives through the presented research, illustrating a
very reliable and efficient solution for navigation and contour detection. Although the existing sys-
tem is of great promise, refinements in it will make it perform proficiently under exrgsid
dynamic environments, thus widening the realms for applications in autonomous robotics.

5.3 Future research

1. Attach a QR code to the hook as a reference point for the robot. This will allow the robot to
accurately align itself at a@degree angle relative to the hook, ensuring that the captured images
maintain a consistent angle each tild@reover, it is beneficial to get more precisausdorff
Distancethresholdrange

2. In Nav 2, the parametecould bemodified with different situations.

3. Add more quantiletandards, such as mision degree, recasind F1 scoren the Hausdorff
Distance to receive more precise threshafthe

56



References

[1] A. K eSshalEJ. Smoczek, and J. Szpytko, "Magnetic memory
inspection of an overhead crane girder: experimental verification,"
Journal of KONES, vol. 26, no. 2, pp. 69-76, 2019.

[2] K.Hoang, P. Gibson, G. C. Lin, and J. Tanoto, Performance Evaluation
Of A Low Cost Vision-Based Inspection System (1988 Cambridge
Symposium on Advances in Intelligent Robotics Systems). SPIE, 1989.

[3] J. Yang, M. Huang, W. Chien, and M. Tsai, "Application of machine
vision to collision avoidance control of the overhead crane," in 2015
International Conference on Electrical, Automation and Mechanical
Engineering, 2015: Atlantis Press, pp. 361-364.

[4] T.X.Dinh,N.T. T.Huong, N. N. Tuan, and N. T. Tien, "Motion planning
and control of an autonomous mobile robot,"” Vietnam Journal of
Science, Technology and Engineering, vol. 65, no. 4, pp. 3-10, 2023.

[5] A. K. Grover and M. H. Ashraf, "Autonomous Mobile Robots for
Warehousing and Distribution Industry: A Step Toward Intralogistics
4.0," in Digitization in supply chain management: trends, challenges
and solutions: World Scientific, 2024, pp. 153-183.

[6] M. Javaid, A. Haleem, R. P. Singh, and R. Suman, "Substantial
capabilities of robotics in enhancing industry 4.0 implementation,”
Cognitive Robotics, vol. 1, pp. 58-75, 2021.

[7] R. Farkh, H. Marouani, K. Al Jaloud, S. Alhuwaimel, M. T. Quasim, and
Y. Fouad, "Intelligent autonomous-robot control for medical
applications,” Computers, Materials & Continua, vol. 68, no. 2, pp.
2189-2203, 2021.

[8] R.Jawad, R. Anikesh, and G. Gayathri, "Autonomous mobile robot for
visual inspection of MEP provisions," in Journal of Physics: Conference
Series, 2021, vol. 2070, no. 1: IOP Publishing, p. 012199.

O] T. Karadaj, “"Transformative role of
occupational health and safety: A systematic review and meta-
analysis," The European Research Journal, pp. 1-28, 2024.

[10] M. Igbal, K. Zhang, S. Igbal, and I. Tariq, "A fast and reliable Dijkstra
algorithm for online shortest path," Int. J. Comput. Sci. Eng, vol. 5, no.
12, pp. 24-27, 2018.

[11] L. Liu, X. Wang, X. Yang, H. Liu, J. Li, and P. Wang, "Path planning
techniques for mobile robots: Review and prospect,” Expert Systems
with Applications, vol. 227, p. 120254, 2023.

[12] D. T.Wooden, "Graph-based path planning for mobile robots," 2006.

[13] A. Candra, M. A. Budiman, and K. Hartanto, "Dijkstra’'s and a-star in
finding the shortest path: A tutorial," in 2020 International Conference

57



[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

on Data Science, Artificial Intelligence, and Business Analytics
(DATABIA), 2020: IEEE, pp. 28-32.

S. Lin, A. Liu, J. Wang, and X. Kong, "A review of path-planning
approaches for multiple mobile robots," Machines, vol. 10, no. 9, p. 773,
2022.

S. LaValle, "Rapidly-exploring random trees: A new tool for path
planning," Research Report 9811, 1998.

H. Wang, G. Li, J. Hou, L. Chen, and N. Hu, "A path planning method
for underground intelligent vehicles based on an improved RRT*
algorithm," Electronics, vol. 11, no. 3, p. 294, 2022.

L. A. N. Wibawa, "Effect of Load Variations on The Static Stress and
Fatigue Life Estimation of Crane Hook Using Finite Element Method,"
in MATEC Web of Conferences, 2024, vol. 402: EDP Sciences, p.
01004.

K. Kishore et al., "Failure analysis of a 24 T crane hook using multi-
disciplinary approach,” Engineering Failure Analysis, vol. 115, p.
104666, 2020.

J. Autiosalo, "Platform for industrial internet and digital twin focused
education, research, and innovation: lImatar the overhead crane," in
2018 IEEE 4th World Forum on Internet of Things (WF-loT), 2018:
IEEE, pp. 241-244.

ROBOTIS.
https://emanual.robotis.com/docs/en/platform/turtlebot3/overview/#not
ices (accessed 5.12.2024.

D. Singh, E. Trivedi, Y. Sharma, and V. Niranjan, "TurtleBot: Design
and hardware component selection,” in 2018 International Conference
on Computing, Power and Communication Technologies (GUCON),
2018: IEEE, pp. 805-8009.

ROBOTIS.
https://emanual.robotis.com/docs/en/platform/turtlebot3/features/#spe
cifications (accessed 28.11.2024.

M. Mohamad, M. Y. M. Saman, M. S. Hitam, and M. Telipot, "A Review
on OpenCV," Terengganu: Universitas Malaysia Terengganu, vol. 3, p.
1, 2015.

G. Bathla et al., "Autonomous vehicles and intelligent automation:
Applications, challenges, and opportunities," Mobile Information
Systems, vol. 2022, no. 1, p. 7632892, 2022.

A. Bonci, F. Gaudeni, M. C. Giannini, and S. Longhi, "Robot Operating
System 2 (ROS2)-based frameworks for increasing robot autonomy: A
survey," applied sciences, vol. 13, no. 23, p. 12796, 2023.

P. H. Vardhan, "Development and Integration of an Autonomous
Robotic System for Enhanced Lane Detection and Following Using

58


https://emanual.robotis.com/docs/en/platform/turtlebot3/overview/#notices
https://emanual.robotis.com/docs/en/platform/turtlebot3/overview/#notices
https://emanual.robotis.com/docs/en/platform/turtlebot3/features/#specifications
https://emanual.robotis.com/docs/en/platform/turtlebot3/features/#specifications

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Jetson NX," North Carolina Agricultural and Technical State University,
2024.

B. Za'aba and K. Azim, "Real-Time Canny-Edge Based Obstacle
Detection Model for Mobile Devices with Monocular Camera,”
Swinburne, 2019.

A. Duda and U. Frese, "Accurate Detection and Localization of
Checkerboard Corners for Calibration," in BMVC, 2018, vol. 126.

C. Sun, X. Wu, J. Sun, N. Qiao, and C. Sun, "Multi-stage refinement
feature matching using adaptive ORB features for robotic vision
navigation," IEEE Sensors Journal, vol. 22, no. 3, pp. 2603-2617, 2021.
T. A. Kumar, R. Rajmohan, M. Pavithra, S. A. Ajagbe, R. Hodhod, and
T. Gaber, "Automatic face mask detection system in public
transportation in smart cities using 10T and deep learning," Electronics,
vol. 11, no. 6, p. 904, 2022.

K. Tsiakas, |. Kostavelis, A. Gasteratos, and D. Tzovaras,
"Autonomous vehicle navigation in semi-structured environments
based on sparse waypoints and LIDAR road-tracking,” in 2021
IEEE/RSJ International Conference on Intelligent Robots and Systems
(IROS), 2021: IEEE, pp. 1244-1250.

M. Slamani, A. Nubiola, and I. Bonev, "Assessment of the positioning
performance of an industrial robot," Industrial Robot: An International
Journal, vol. 39, no. 1, pp. 57-68, 2012.

S. Shafique, S. Abid, F. Riaz, and Z. Ejaz, "Computer vision based
autonomous navigation in controlled environment,” in 2021
International Conference on Robotics and Automation in Industry
(ICRAI), 2021: IEEE, pp. 1-6.

S. Yin, Y. Ren, J. Zhu, S. Yang, and S. Ye, "A vision-based self-
calibration method for robotic visual inspection systems," Sensors, vol.
13, no. 12, pp. 16565-16582, 2013.

C. Li, J. Sifakis, Q. Wang, R. Yan, and J. Zhang, "Simulation-based
Validation for Autonomous Driving Systems," in Proceedings of the
32nd ACM SIGSOFT International Symposium on Software Testing
and Analysis, 2023, pp. 842-853.

C. Ltd. "Ubuntu 22.04 LTS Release Image."
https://cdimage.ubuntu.com/releases/22.04/release/ (accessed
20.8.2024.

F. H. Martiez, "TurtleBot3 robot operation for navigation applications

using ROS," Tekhné, vol. 18, no. 2, pp. 19-24, 2021.

F. Arvin, K. Samsudin, and M. A. Nasseri, "Design of a differential-
drive wheeled robot controller with pulse-width modulation,” in 2009
Innovative Technologies in Intelligent Systems and Industrial
Applications, 2009: IEEE, pp. 143-147.

59


https://cdimage.ubuntu.com/releases/22.04/release/

[39]

[40]

[41]
[42]

[43]
[44]

[45]

[46]

[47]

[48]

[49]

ROBOTIS.
https://emanual.robotis.com/docs/en/platform/turtlebot3/appendix_lds
_01/ (accessed 8.12.2024.

M. De Rose, "LiDAR-based Dynamic Path Planning of a mobile robot
adopting a costmap layer approach in ROS2," Politecnico di Torino,
2021.

R. R. Murphy, Introduction to Al robotics. MIT press, 2019.

K. Cai, C. Wang, J. Cheng, C. W. De Silva, and M. Q.-H. Meng, "Mobile
robot path planning in dynamic environments: A survey," arXiv preprint
arXiv:2006.14195, 2020.

GAZEBO. https://gazebosim.org/docs/latest/tutorials/  (accessed
10.12.2024.

R. Siegwart, I. R. Nourbakhsh, and D. Scaramuzza, Introduction to
autonomous mobile robots. MIT press, 2011.

Y. Hou. "Navigation to goal point video." Yelin Hou.
https://youtube.com/shorts/ccRCPUKS8tJI?si=YInjpK4Ww92tcn2t
(accessed 31.12.2024, 2024).

Y. Hou. "Navigation of obstacle avoidance video." Yelin Hou.
https://youtube.com/shorts/cDMmoygXmPg?si=KTLud-1lioyoZjrgb
(accessed 31.12.2024, 2024).

B. J. Maiseli, "Hausdorff distance with outliers and noise resilience
capabilities," SN Computer Science, vol. 2, no. 5, p. 358, 2021.

D. P. Huttenlocher, G. A. Klanderman, and W. J. Rucklidge,
"Comparing images using the Hausdorff distance," IEEE Transactions
on pattern analysis and machine intelligence, vol. 15, no. 9, pp. 850-
863, 1993.

C. Ltd. "Ubuntu 22.04 LTS (Jammy Jellyfish) Release."
https://releases.ubuntu.com/jammy/ (accessed.

60


https://emanual.robotis.com/docs/en/platform/turtlebot3/appendix_lds_01/
https://emanual.robotis.com/docs/en/platform/turtlebot3/appendix_lds_01/
https://gazebosim.org/docs/latest/tutorials/
https://youtube.com/shorts/ccRCPUK8tJI?si=YlnjpK4Ww92tcn2t
https://youtube.com/shorts/cDMmoyqXmPg?si=KTLud-1ioyoZjrqb
https://releases.ubuntu.com/jammy/

A. Installation and Configuration Instructions on Raspberry Pi 4B

a) Installation

After downloading the appropriate image file, | usedfiRaspberry Pi Imageéttool to burn

the image file to the SD card. The whole process is as below:

1. Insert a blank SD card into the card reader and then intmthputer's USB part

2. Clickl Choose deviceo under ARaspberry Pi Dev
is decidel by the type of device.

3. Click "Select operating system" under "Please select the operating system to be written”,
scroll to the bottom, and click "Use custom" to select the location of the downloaded image
file.

4. Click "Select SD Card" under "Storage Card" and select the SD card connected to the USB
port.

After completing the above operations, the page of the Raspberry Pi imageibasngiown
in theFigureA.1:

8, HETRRERERE v1.85 _ o x

' Raspberry Pi

Raspberry Pi Device WEFRESANRERS

RASPBERRY. UBUNTU-22.04.5-PREINSTALLED-DESKT... s@MASS STORAGE DEVICE USB ..

NEXT

FigureA.1 Raspberry Pimage burner page
Next, | clicked"NEXT" in the lower right corner of the page and c&dkEdit Settings" to
configure thesystem's password, VFi, and language settings in advance. After saving the
configurations) clickedid Y E S 0 t Q5 cuwstpnpization settings. Until this, the installation
of Ubuntu 22.04 for Raspberry Pi 4B is completed.

b) Configuration
After burning is complet# insert the SD card into the installed Raspberry Pi 4B and start the
Raspberry Pi 4B.
i. IP
The Raspberry Rinust communicate with the host computekjrdual machine in
VM VirtualBox. To achieve thisthey should have the same Ubuntu version, ROS
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version and under the sartexal area netwoik AN). Therefore the virtual ma-

chine's network configuratiomust be bridged network, not NAT modéie process

of checking the network configuration is as below:

1. Open the terminal of the virtual machine.

2. Enter the following command to view the IP address of the network interface:
$ ip addr

3. Find the network interface named ethO or enp0s3.

Ifthereisan | P addr ess affinetl92.A68.rne&itsbould dethe e x a
IP address of the virtual machine. If there is not, the network configuration should be
changed into bridged network. The process of changing the network configuration is
as below:
1. Shut down the virtual machine.
2. Open VirtualBox, select the virtual machine and click Settings > Network.
3. Setthe Network Adapter t8ridged Adapter.
4. Selectthehost network interface (such as-lior Ethernet) in the Name drop
down menu.
5. Start the virtual machine. This way, the virtual machine will get an IP address in
the same network segmentths hostcomputerso that the virtual machine and
the Raspberry Pi are in the same LAN and can communicate directly.
After setting the network configuration, we could repeat the checking process and
check whether the IP address could be found &fteto.

ROS 2 Humble
The procesf instaling ROS 2 Humble on a Raspberry Pi 4B with Ubuntu 22.04
(Desktop) are as follows:
1. Open the terminal.
2. Update the system:
$ sudo apt update && sudo apt upgrade
3. Setting the origin and key

$ sudo apt install software - properties - common

$ sudo add - apt - repository universe

$ sudo apt update && sudo apt install curl -y

$ sudo curl -sSL  https://raw.githubusercon-
tent.com/ros/rosdistro/master/ros.key - 0 /usr/share/key-
rings/ros - archive - keyring.gpg

$ echo "deb [arch=arm64 signed - by=/usr/share/key-
rings/ros - archive - keyring.gpg] http://pack-
ages.ros.org/ros2/ubuntu $(Isb_release - €s) main" | sudo

tee /etc/apt/sources.list.d/ros2.list > /dev/null
4. Installing ROS 2 Humble
$ sudo apt update
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$ sudo apt install ros - humble - desktop
5. Setting Environment Variables
Add to ~/.bashrc file to automatically configilR®S 2 Humblenvironment var-
iables
$ echo ‘"source /opt/ros/humble/setup.bash" >>
~/.bashrc
$ source ~/.bashrc
6. Initialize rosdep
Rosdep isatool used in ROS to install dependencies and needed to be initialized:
$ sudo rosdep init
$ rosdep update
7. Install dependent tools
Install some common development tools and dependency packages:
$ sudo apt install python3 - argcomplete  python3 - col-
con - common extensions python3 - rosdep
8. Testing the ROS Blumble nstallation
1) Sendpublishemode
$ ros2 run demo_nodes_cpp talker
2) In another terminal window, run tiseibscribenode:
$ ros2 run demo_nodes_cpp listener
If the two nodes casommunicate normally, then ROS 2 Humble is installed
successfully.

Python 3
On Ubuntu 22.04 for Raspberry Pi 4B, Python 3 is usually installesl process of
installing Python 3 is as below:
1. Update package lists
$ sudo apt update
2. Install Python 3:
$ sudo apt install python3
3. Installpip3 :
$ sudo apt install python3 - pip
4. Check if Python 3 and pip3 are installed successfully
$ python3 i version
$ pip3 T version
5. Installpyserial  module:
$ sudo pip3 install pyserial

OpenCV
Ubuntu software repositories usually include OpenCV, but it may not be the latest
version.Therefore, it still needs to be installgnlough the apt package managédre

process of installing the OpenCV is as below:
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Vi.

1. Update package lists:
$ sudo apt update
2. Install OpenCV:
$ sudo apt install python3 - opencv
3. Verify the installation:
$ python3 - c "import cv2; print(cv2.__version_ )"
If the OpenCV version number is outptite OpenCVis installed successfully

TurtleBot3
This thesisis based on the TurtleBot3 robotics platform, TurtleBot3 package is im-
portant and necessary to install on the Raspberry Pi 4B. The process of installing the
TurtleBot3 package is as below:
1. Install TurtleBot3 package
$ sudo apt install -y ros -humble - turtlebot3*
2. Configure environment variableaAdd at the end of/.bashrc  file
$ export TURTLEBOT3_MODEL=burger
Then run
$ source ~/.bashrc
3. Verify the installation
$ ros2 launch turtlebot3_bringup robot.launch.py
If seefiRun!o at the end of terminal window, the installatiorsigcessful.

USB camera

The camera used in thihesis experiment is a ngiven USB cameravhich could

beconnected with the Raspberry Pi@RJSB porinstalledon the TurtleBot3 Burger

In order to present the retne image in RVizthe USB camera driver is necessary

to run before running SLAM node wirtual machindJbuntu 22.04. The detailed and

whole process adrive USB camera in Raspberry Pi is as below:

1. SSHTurtlebot3 Burgeim the virtual machine Ubuntu 22.(efore running this
command, there is a needhavea static IP address for the Raspbéd?iyfor
convenience.

$ sshyelin@192.168.1.108
2. Installusb_cam package
$ sudo apt update
$ sudo apt install ros - humble - usb - cam
3. Connect and verify USB camera
1) Check if the camera is detected
$ Is /dev/video*
There should bédev/videoO  or other/dev/videoX  devices.
2) Verify camera capabilities:
$ sudo apt install v4l - utils
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Vii.

$ v4l2 -ctl -- list -formats -ext -- device=/dev/videoO
There should list all supported resolutions and pixel formats{ddRG, YUYV).
4. Launchusb_cam node
Basic command: Launch thisb_cam node with basic parametaascording to the
USB camera formats
$ ros2 run usb_cam usb_cam_node_exe -- ros - args
- p video_device:="/dev/video0" | am running a few
minutes late; my previous meeting is running over.
- p image_width:=640 \
- p image_height:=480 \
- p framerate:=30 0\
- p pixel_format:="yuyv"
5. Verify Node and Topics:
1) Check nodeVerify that the node is running:
$ ros2 node list
There shouldaveusb _cam in the list.
2) Checktopics:Verify the topics being published:
$ ros2 topic list
There should havémage raw andcamera_info in the list.
3) Inspectimage dat&heck if theimage_raw topic is publishing:
$ ros2 topic echo /image_raw
6. Visualize Camera Feed in Rviz
1) Launch Riz: Open Rz on the virtual machine Ubuntu 22.04:
$ rviz2
2) Add image pluginin RViz, click iAddo, and seleciiimaged from the list.
3) Configure the Image plugin: Set Image topiditnage_raw and ensure
the camera feed is visible.

Turtlebot3 Burge©OpenCR setup

After changing théraspberry Pi 4B on the TurtleBot3 Burgére OpenCR need to
be set up agaito communicate anceceive the topics information. The commands
and versions are decided by the version of R@8e is ROS 2 HumbleThe whole
anddetailedOpenCR setup process is as below:

1. Connect th®©OpenCRto the Rasbperry Pi using the micro USB cable.

2. Install required packages on the Raspberry Pi to uploa@pkaCR firmware
$ sudo dpkg -- add- architecture armhf

$ sudo apt update
$ sudo apt install libc6:armhf

3. Depending on the platform
$ export OPENCR_PORT=/dev/ttyACMO

$ export OPENCR_MODEL=burger
$rm -rf./opencr_update.tar.bz2
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4. Download thdirmware and loader, then extract the file
$ wget https://github.com/ROBOTIS - GIT/OpenCR - Bina-

ries/raw/master/turtlebot3/ROS2/latest/opencr_up-
date.tar.bz2
$tar - xvf./opencr_update.tar.bz2

5. Upload firmware to the OpenCR
$ cd ~/opencr_update

$ ./update.sh SOPENCR_PORT $OPENCR_MODEL.opencr
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B. Installation and Configuration instructions on virtual machine

Ubuntu 22.04 LTS

a) Installation
To begin the installation, we need to download the image file of Ubuih@4 2 TS on
the official websitg49]. There are two kinds of imagébe s kt op i mageo0o an
i ma gOaitcof the same reasons described in 31i.4,d Be s Kit op | ébge, 0 t
PC (AMD64) desktop image wchosen for download and installation.

After downloading the appropriate image file, | burned the image filef@tacle VM
VirtualBoxo. The whole process is as below:
1. Open the Oracle VM VirtualBox, clickNewo button and fill in the Ubuntu system
information.
2. |l recommend allocating 4096 MB(4GB) memory and 2 processors for the virtual ma-
chinebecause the Gazebo needs more memory and processors to run in Ubuntu 22.04.
3. Create a virtual hard disk:
1) Select Create a virtual hard disk file, and then diiCkeat® button
2) SelectivDI o (VirtualBox Disk Image) as the hard disk type.
3) SelectfiDynamically allocatedas the storage method.
4) | recommendsetting20 GB or largefor hard disk size.
4. Configure the virtual machine:
In VirtualBox's main interfacaight-click the newly created virtual machine and click
t h Settifig® button
1) Adjust the video memory to 128 MB.
2) Under Storage Devices, click the blank CD icom. the right, select CIROM,
click Select a disk file, and load tdewnloadedJbuntu 22.04 ISO file
3) The default choice for internet is NAT which could not communicate with Rasp-
berry Pi. If use NAT by fault, remember to change it into bridge internetas 3.2.1.1
described.
5. Start the VirtualBox and install the Ubuntu 22.04.

After burning the image filejoubleclick the Ubuntu 22.04 to run it in VirtualBox.
b) Configuration
Initially, the Ubuntu 22.04 operating system needs to be optimizédiktyalBox Guest
Additionso. It is convenient to select it frothe VirtualBox main interface page.
When Istarted a new Ubuntu operating system, | always found that there was a problem

with theTerminal. The Terminad oul d not al ways open by fACt
i n AShow A phebkolutoais changirgy the language A Engl i sh( Can:
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To complete thepath planning and computer vision tasks, the detailed installation and
configuration process of some necessary applications are shown as below:

ROS 2 Humble
1. Update the system:
$ sudo apt update
$ sudo apt upgrade
2. Setthe Locle
$ sudolocale -genen_USen US.UTF -8
$ sudo update - locale LC ALL=en US.UTF -8
LANG=en_US.UTF 8
$ export LANG=en_US.UTF -8
3. Add ROS 2 APT repository
1) Install necessary dependencies:
$ sudo apt install software - properties - common
2) Add the Universe repository:
$ sudo add - apt - repository universe
4. Addthe GPG key
$ sudo apt update
$ sudo apt install curl
$ curl -sSL https://raw.githubusercon-
tent.com/ros/rosdistro/master/ros.asc | sudo apt - key add

5. Add ROS 2 repository

$ sudo sh - c'echo "deb [arch=%$(dpkg -- print - archi-
tecture)] http://packages.ros.org/ros2/ubuntu $(Isb_re-
lease -cs) main" > /etc/apt/sources.list.d/ros2 - lat-
est.list'

6. Install ROS 2
1) Update APT cache:
$ sudo apt update

2) Install the full version

$ sudo apt install ros - humble - desktop
7. To set theenvironment variables automatically each time you start the terminal,
execute:
$ echo ‘"source /opt/ros/humble/setup.bash" >>
~/.bashrc

$ source ~/.bashrc
8. Installcolcon
$ sudo apt install python3 - colcon - common extensions
9. Test for installation
1) Run the publisher node:
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$ ros2 run demo_nodes_cpp talker
2) In another terminal, run the subscriber node:

$ ros2 run demo_nodes_cpp listener
If the two nodes can communicate normally, then ROS 2 Humble is installed
successfully.

TurtleBot 3
In thisthesis, research is done using the TurtleBot3 Burger robot with an integrated
Raspberry Pi 4B to communicate with a host computer. Moreover, in the case of the
TurtleBot3 robot, this flying robot uses the Gazebo simulation environment to simu-
late itself, ® it needs to be configured in the ROS 2 framework as well. The whole
configuration process is shown as below:
1. Update the system:
$ sudo apt update && sudo apt upgrade -y
2. Install theTurtleBot3package
1) Install the corepackages
$ sudo apt install -y ros - humble - turtlebot3*
This will install all TurtleBot3 related packages, including simulation tools, de-
scription files, and controllers.
2) Verify installation
$ ros2 pkg list | grep turtlebot3
3. Configure environment variables
TurtleBot3 usegnvironment variables to specify the robot model, usually Burger,
Waffle or Waffle Pi. Here is how to set it up:
1) Edit ~/.bashrc file:
$ nano ~/.bashrc
2) Add the following content to the end of the file (modify according to the robot
model):
$ export TURTLEBOT3_MODEL=burger
3) Save and refresh the environment variables:
$ source ~/.bashrc

Rviz
The RViz has some versions and 22 is the suitable version for Ubuntu 22.04. The
installation process is as below:
1. Update the system:

$ sudo apt update
2. Install the RViz

$ sudo apt install -yros -humble - rviz2
3. Common RViz supporting function installation

1) Navigation and SLAMsupport
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$ sudo apt install -y ros -humble - navigation2 ros -
humble - slam - toolbox

2) Gazebo support:
$ sudo apt install -y ros -humble - gazebo - ros - pkgs

Gazebo
Given the Ubuntu 22.04 operating system, ROS 2 Humble has been installed as the
corresponding middleware framework. Additionallising Gazebo 1]1compatible
with ROS 2 Humbleis essential for this thesis research's experimental and simula-
tion componentsThe process of installation is shown as below:
1. Install Gazebo aniis dependencies
1) Open aterminal and update the system's package manager:
$ sudo apt update
$ sudo apt upgrade
2) Add the official package source of Gazebo:
$ sudo sh -c 'echo "deb http://packages.osrfounda-
tion.org/gazebo/ubuntu - stable $(Isb_release - SC) main" >
letc/apt/sources.list.d/gazebo - stable.list'
3) Add the Gazebo GPG key:
$ wget https://packages.osrfoundation.org/ga-
zebo.key -O - |sudoapt -keyadd -
4) Install Gazebo 11.:
$ sudo apt update
$ sudo apt install gazebol1l
5) Make sure Gazebo's dependencies are installed correctly:
$ sudo apt install libgazebol1 - dev
2. Install the ROS 2 and Gazebo integration tools
Install the Gazebo plugin for ROS 2:
$ sudo apt install ros - humble - gazebo - ros - pkgs ros -
humble - gazebo - ros - control
3. Start Gazebo
Start Gazebo in Terminal:
$ gazebo
4. Gazebo and ROS 2 integration
1) If we want to use Gazebo with ROS 2, we can run the following command to
start Gazebo and communicate with ROS 2:
$ ros2 launch gazebo_ros gazebo.launch.py
2) If we want to use Turtlebot3 world in Gazebo, we can run the following com-
mand to start Gazebo with TurtleBot3 world:
$ ros2 launch turtlebot3  gazebo turtle-
bot3_world. launch.py
5. Verify the installation
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$ gazebo -- version
If there is the Gazebo version number,@azebo is installeduccessfully.

During the installation of the Gazebo simulation environment on the virtual machine,
the application did not launch successfully after executing the start command in the
terminal. After reviewing the setup, the compatibility of both the Gazahd ROS
versionswas confirmed. The problem wésally identified as missing graphics de-
pendencies essential for the application's proper functionality.

Gazebo is a 3D simulation toaquiringthe correct graphics driver. If the computer
does not have the appropriate graphics driver installed, Gazebo may nokhstart.
revolution process is outlined below:

1. Check the graphical interface
When running Ubuntu in VirtualBox, there may be 3D acceleration or graphics
driver problems, which prevents Gazebo's graphical interface from displaying
correctly. In this caseye should ensure that VirtualBox's 3D acceleration func-
tion is enabled and the virtual machine has the correct Guest Additions installed.
In VirtualBox, find the Display optionnder the machine settingmd enable 3D
acceleratiofensuring the virtual machine is aff)

2. Check the virtual machine settings
Video memonallocation: Enter the virtual machine settings, click "Display", and
adjust "Video memory" to the maximugat least 128 MB.)

3. Ensure installing the VirtualBox Guest Additions to suppleetgraphics accel-
eration functionlf the 3D rendering dependencies in the virtual machine are in-
sufficient, the Gazebo graphical interface may falil to start.

4. After analyzing the log files, conflicts between Wayland and X11 graphics ren-
dering were identified. X11, being the default graphics rendering platform for
Gazebo, is highly compatible and wslipported. In virtual machine environ-
ments, X11 tends to be meostable, minimizing the need for additional configu-
rations and reducing potential compatibility issues associated with Wayland. As
a result, switching tdUbuntu onXorgo before logging into Ubuntu 22.04 is the
most effective option for running Gazebmsilations smoothlyThe correct login
interface is shown in theigureB.1:
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<9 Ubuntu

FigureB.1 Ubuntu 22.04 login page

To monitor and capture images in front of the TurtleBot3 Burger robot, it is necessary
to add a camera plugin in Gazebo. This requires modifying the model fileturthe
tlebot3_gazebo  package. Théurtlebot3_gazebo package is specifically
designed for Gazebo simulations and includes the SDF model and other simulation
settings used in Gazeb&ddding the camera plugiwvill be integrated into the Turtle-
Bot3 Burger model in the simulation. The detailed process is outlined below:
1. Find turtlebot3_gazebo package under /opt/ros/hum-
ble/ share/turtlebot3_gazebo/models/turtlebot3 burger/
andopen thenodel.sdf file.
2. Edit themodel.sdf file and add the camera plugmthe<base_link>
<link name="camera_link">
<pose>0 0 0.2 0 0 O</pose>d<tet the camera position and orientation
<sensor name="camera" type="camera">
<pose>0 0 0.1 0 0 O</pose>
<camera>
<horizontal _fov>1.047</horizontal_fov>
<image>
<width>800</width>
<height>800</height>
<format>R8G8B8</format>
</image>
<clip>
<near>0.02</near>
<far>10</far>
</clip>
</camera>
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Vi.

Vii.

<plugin name="camera_controller" flename="libgazebo ros camera.so">
<ros>
<namespace>/turtlebot3</namespace>
<remapping>image_raw:=/camera/image_raw</remapping>
</ros>
</plugin>
</sensor>
</link>
3. Save the modification in themodel.sdf file and launch Gazebo simulation
again. Now, the camera plugin shobkve been added to the TurtleBot3 Burger.

Python 3
1. Update the system package manager
$ sudo apt update && sudo apt upgrade -y
2. Install Python 3
$ sudo apt install - y python3
3. Verify installation
$ python3 T version
If the Python version prints, the installation of Python 3 is successful.
4. Install and verify installation gbip (Python Package Manager
$ sudo apt install -y python3 - pip
$ pip3 -- version

OpenCV
1. Update the system packages list:
$ sudo apt update && sudo apt upgrade -y
2. Install OpenCV:
$ sudo apt install -y python3 - opencv
3. Verify installation
Open the Python interpreter and run the following command:
$ import cv2
$ print(cv2.__version_ )
If the OpenCV version number is printed successfully, the installation is complete.

Nav 2
1. Install Nav 2

$ sudo apt update

$ sudo apt install ros - humble - navigation2 ros - hum-
ble - nav2 - bringup
2. Install dependencies

$ sudo apt update

$ rosdep update
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$ rosdep install -- from - paths src -- ignore -src -r -
y

Last but not least, heteonly briefly introduce the necessary applications @ROS platform
in the process. Ithere is aneed to install other things in the process, just follow the official
instructions to install them.
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C. Additional Experiments

Initially, | decide to use IMU&GPS module fusion to get velocity, acceleration, positioning
information and so on. However, the smart overhead sensor hasa positioning sensor on
the trolly to instead of the GPS module What& more, the IMU module is given up by the
single accuracy.

a) Ubuntu 18.04in VMware Workstation Pro

Create a new virtual machine

According to the version of thenage file, | choose to create the virtual machine

AUbuntu 18.04 on VMware Workstation Pralhe Ubuntu 18.04 image file | use is

a mature image file that has been configured, so | only need to complstefke

outlined as follows:

1. Open the VMware Workstation Pro on the host sysiathselecfiCreate a New
Virtual Machine.

2. The fiNew Virtual Machine Wizard prompts for the type of configuration.
Choose théiTypical(recommended) option to streamline the setup process

3. The next screen prompts for the location ofitistallation media. The Ubuntu
18.04 1SO image file, previously downloaded on the host computer, was selected
as the installation source.

4. PresgiDoned after selecting the installation source, then the Ubuntu 18.04 virtual
machine is under the VMware Workstation Pro.

Allocate IP address

Once the virtual machine createdpower itonand selectfiOpen the virtual machiie
underfiUbuntu_18.04. In this thesis project, the virtual machine needs to communi-
cate with Raspberry Pi 4B so that it needs to be allocated the IP address. However,
this Ubuntu 18.04 operating system could not get the IP address initially.

In orderto promise the communication with Raspberry Pi, | checkediing
Virtual Machine Settings and under théNetwork Adapted column, it appears
fiBridge Mode (Automati@), which was correciThen | en VMware as an adminis-
trator and opeed"Edit" - "Virtual Network Editor" to check the network connection
mode. It showd"VMnet0 Bridge Mode", whiclwasalso correct.

At that time fiBridge modeé mear that he virtual machineauld automatically con-

nect to the network that the hasés connected to and should be assigned an IP ad-

dressAfter troubleshooting the network adapter, the problem was still not setved

| turned my attention to the router configuratidhe specific inspection steps are as

follows:

1. Enter the management username and password to log inrtutbe

2. Make sure the DHCP service is enabled, and that the AP Isolation (Device Isola-
tion) setting is turned off

75



3. Run the'ip addr” command in the virtual machine to find the MAC address
of the virtual machine and assign an IP address to this MAC address on the router
settings page.

4. Run VMware as an administrator and open "Edit'Virtual Network Editor"
again, thenleeckiBridged: Connected directly to the physical network

5. Under the Bridge Mode option, there is a Bridge to etown menu. Select the
host's WiFi adapter (usually identified as a wireless card, such ad-iW\ir a
name with wireless identification).

6. Restart Ubuntu_18.04 and run the addr" commandagain. The allocated
IP address is undéens3®, meaning that the allocatiaves successful.

b) IMU Module
The IMU module type is JY901Bt is a highperformance thredimensional motion at-
titude measurement system based on MEMS technology. It includes @axigag/ro-
scope, a threaxis accelerometer, a thragis electronic compass motion sensord a
barometer. By integrating various higlerformance sensors and using the independently
developed attitude dynamics core algorithm engine, combined with aljngimic Kal-
man filter fusion algorithm, it provides higirecision, highdynamic, reatime compen-
saton threeaxis attitude angles and meets different application scenarios through flexible
selection and configuration of various types of data.

i. IMU module with Windows

Before using this IMU module in Ubuntu 22.04, this IMU module must be connected

to the host computer for operations such as configuration parameters, calibration, and

graphical display of data. The detailed procesgreparatiorwork in Windows op-
erating system are outlined as follows:

1. Download the CP2102__USB driver file thee local computer and unzip it. In-
stall the CP210xVCPInstaller_64.exe file and keep clicking "Next" until the in-
stallation is completeRight-click "This Computer”, select "Manage", then click
"Device Manager", doublelick "Port" to display the listif "Ports" is not dis-
played in "Device Manager", click "View" and select "Show hidden devices".
Then thefiPoro should be therdnsert the USBTypeC data cable to connect the
module to the computer USB ppats FigureC.1shows and a CP210x USB de-
vice port will be added.
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FigureC.1 IMU model

2. After connecting the IMU module to the computer USB port, open the host com-
puter software. If the IMU module is already physically connected, the host com-
puter will automatically connect to the modukenter and select the product
model JY901B. Then click "Automatically Detect Device" in the menu bar.

3. If the connection is successful, you can see the data changes of angle X, angle Y,
and angle Zas the FigureC.2 shows If the connection is unsuccessful, please
confirm whether the serial port driver has been installed, or try another USB port.

FigureC.2 Data changes in angles
4. The following pins can be set as alarm status output ports through the host com-
puter alarm settings. Take the settings shown ifrignere C.3as an example. In
normal state, the output of the four ports is low level (0V). When taaXyY
axis angle value is greater than the maximum value of 10°or less than the mini-
mum value of-107 the corresponding port outputs a high or kevel alarm.
Click Write to take effect.
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