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Abstract 

Ensuring the safety of overhead crane hooks is essential for maintaining reliable and effi-

cient industrial operations. However, manual inspections are often time-consuming, labor-

intensive, and susceptible to human error. What's more, some industrial working environ-

ments are harzard for human inspector to get in and complete the inspection task. This thesis 

proposes an autonomous robotic system designed to inspect the appearance and structural 

integrity of crane hooks in indoor environments without requiring complete equipment 

downtime.  

 

The system integrates a laser-based positioning sensor mounted on the crane's trolley for 

accurate indoor localization. Navigation and obstacle avoidance are achieved using the 

Nav2 stack, a ROS-based framework for autonomous navigation and real-time path plan-

ning. Computer vision techniques are employed for defect detection, specifically contour 

detection using OpenCV, to identify cracks and deformations on crane hooks.  

 

The proposed system was validated through both simulation in Gazebo and real-world ex-

periments. Simulation results demonstrated reliable navigation and accurate defect detec-

tion, reducing the need for extensive real-world testing. Real-world experiments confirmed 

the system's ability to operate effectively in complex industrial settings.  

 

To quantify inspection results, the Hausdorff distance was employed to measure deviations 

between the hook's contour before and after operation. Statistical analysis using quantile 

ranges divided detection results into confidence intervals: data below 14.9437 was catego-

rized as a confidence match, data within the range [14.9437, 76.4136] was considered a 

normal match, and data above 76.4136 indicated a failed match or an anomaly requiring 

attention.  

 

This research demonstrates that the proposed system can improve inspection efficiency, 

enhance defect detection accuracy, and reduce operational downtime, contributing to safer 

and more reliable industrial crane operations.  

Keywords  ROS, Raspberry Pi, TurtleBot3 Burger, path planning, Nav 2, computer vision, 

Hausdorff distance, industrial inspection.  
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1 Introduction  
 

The overhead crane is an object-handling equipment that is vital in various industrial applications, 

particularly in heavy load handling and material transportation.  The hook of the overhead crane is 

a critical component, and its exterior and structural integrity are essential for working and operating 

safety. After operating continuously, the hook is prone to wear, deformation, or cracks, which could 

lead to significant safety hazards. As a result, regular inspection and maintenance of the hook 

should be completed to ensure the safety of operators and workers in the crane environment [1]. 

Manual inspection of the hook is a common method, but it can be error-prone, time-consuming, 

and expensive in terms of human labour [2]. Therefore, there is an increasing need for an autono-

mous system that could efficiently and precisely inspect the appearance of overhead crane hooks 

after continuous operations.  

 

The manual inspection procedures always suffer from various standards of different inspectors, 

which leads to low consistency and the possibility of undetected defects. Additionally, manual 

inspections are particularly unsuitable for harsh or hazardous environments, where human inspec-

tors face significant safety risks [3]. On the other hand, autonomous mobile robots (AMRs) with 

precise and advanced positioning technologies and computer vision systems could provide a more 

realistic and practical solution. These robots could also navigate in complex industrial environ-

ments and precisely inspect overhead crane hooks, offering both safety 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 visually. This system will include various methods 

and technologies combining path planning, indoor positioning, and computer vision, facilitating 

accurate and efficient inspection. The autonomous robot equipped with a computer vision system 

must identify exterior and structural defects in the hook, such as cracks or deformation, thereby 

improving the whole control and quality inspection.  

 

The proposed system makes use of several key technologies. Autonomous navigation and obstacle 

avoidance are implemented using path-planning algorithms running on a Raspberry Pi-based plat-

form. The communication between the host computer and Raspberry Pi is established with the ROS 

2 framework. For localization, the positioning and movement sensors will supply precise move-

ment and coordinate information. The 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 and RViz will be used extensively to test and validate the robot's 

performance in a settled environment.  

 

This research aims to fill an important gap in the industrial inspection process by providing an 

automated and practical solution that ensures consistent and precise monitoring of important crane 

components. By the goal of integrating advanced navigation and computer vision techniques, this 
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thesis and computerized system offers a reliable and practical option for manual inspections, im-

proving safety and efficiency in industrial environments.  

 

The rest of the thesis is organized as follows: Section 2 presents the related work and technologies. 

Section 3 presents the experimental design, including the integration of the navigation algorithms, 

and perception strategies. Section 4 presents the results of path planning and computer vision. Sec-

tion 5 discusses the conclusion summarized from the research.  
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2 Literature review  

 

2.1 Autonomous Mobile Robots(AMRs) and Navigation 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 decision-making abilities that facilitate their 

motion in dynamic, unstructured environments autonomously [4]. This flexibility has made AMRs 

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 aspects of manual labor tremendously, 

while operational efficiency remains highly improved [5].  

 

The utility of AMRs has a wide range of applications in industrial settings [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 production [7]. Additionally, AMRs 

with sensors and cameras find their applications increased in the inspection and maintenance type 

of tasks, which relate to detecting defects within the structure or monitoring industrial equipment 

in its worst states [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 time [7]. The adoption of AMRs 

also goes to hazardous environments, such as mining and construction, where they perform au-

tonomous transportation of materials and conduct site inspections, reducing risks to human work-

ers [9].  

 

In conclusion, the advent of autonomous mobile robots has indeed brought flexibility, efficiency, 

and safety to industrial operations at a completely new level. An AMR's self-navigation ability and 

adaptability to changing environments make it an indispensable tool in manufacturing, healthcare, 

and more. While existing technologies already provide solid solutions for most industrial chal-

lenges, further developments are required in navigation algorithms, sensor integration, and system 

optimization before the full potential of AMRs can be tapped in more complex and demanding 

scenarios.  

 

2.1.2 Navigation algorithms 

Path planning 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, graph-based methods such as the A* (A-star) algorithm and 

Dijkstra's algorithm are widely recognized for their effectiveness and reliability which will be in-

troduced as below [10]. Both algorithms operate on graph representations of the environment and 

have been extensively applied in fields such as robotics, computer graphics, and artificial intelli-

gence [11].  

 



11 

 

In 1968, the A* algorithm was introduced, which extended the algorithm with an admissible heu-

ristics to perform faster than any other method in that times [12]. The A* (A-star) algorithm is a 

widely used and efficient graph-based 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 computational cost by incorporating a heuristic function to guide the search pro-

cess. A* combines the actual cost to reach a node (known as the g-cost) and an estimated cost from 

that node to the goal (known as the h-cost or heuristic) to determine the most promising path at 

each step. This combination is expressed as Formula 2.1 where f(n) represents the total estimated 

cost of a path through node n, g(n) is the actual cost from the start node to n and h(n) is the heuristic 

estimation of the cost from n to the goal [13]. By prioritizing nodes with the lowest f(n), A* 

achieves a balance between optimality and efficiency.  

Ὢὲ Ὣὲ Ὤὲ   ςȢρ 

Dijkstraôs Algorithm is one of the earliest and simplest pathfinding techniques [12, 14] which was 

introduced by Edsger W. Dijkstra in 1956 and published in 1959 [13]. It is a graph-based method 

and ensures the discovery of an optimal path in environments where there are non-negative edge 

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 nodes. Essentially, Dijkstraôs Algorithm can be 

seen as an enhanced version of Breadth-First Search (BFS) designed to work with weighted graphs.  

 

Additionally, besides graph-based algorithms, sampling-based methods, such as the Rapidly Ex-

ploring Random Tree (RRT) algorithm, offer another approach. RRT was introduced by Lavalle et 

al. in 1998 [15]. RRT constructs a tree starting from the initial point and incrementally extends it 

toward the goal through random sampling. When the initial node reaches the goal node, the sam-

pling is completed, and an accessible path is obtained [16]. RRT has the advanced version, RRT*, 

which could is a sampling-based algorithm known for its probabilistic completeness, efficiency, 

and ability to produce smooth paths [16].  

 

2.2 Cranes 

2.2.1 Cranesô operating environment 

Cranes and their hooks are widely used in various industrial environments, especially 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 used to connect and carry heavy objects. Long-term high-load operation 

and complex environment make it susceptible to wear and tear. Figure 2.1 shows the overhead 

crane in the industrial environment.  
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Figure 2.1 Overhead crane on warehouse 

The crane hook is one of the most important components of a crane, responsible for lift ing objects 

from one location to another [17]. During operation, the crane hooks are always subjected to high 

dynamic loads, which could lead to fatigue failure over time [18]. This highlights the importance 

of regularly and periodically inspecting the contour of the overhead crane hook to ensure its integ-

rity and completeness.  

 

The lifting hooks usually come into contact with the different kinds of heavy loads which could 

cause different forms of defects and deformations. The high-density metals, and bulk materials 

always cause abrasive wear on the hook because of heavy weight and highly abrasive particles; the 

concrete and bricksô edges and impact forces of hard concrete blocks could cause local plastic 

deformation and microcracks on the hooks; whatôs more, frequent lifting containers and rapid op-

eration cause fatigue damage to the hook surfaces, especially under impact loads, which may cause 

crack propagation .  

 

2.2.2 Ilmatar  (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 software [19].  The core component of AIIC is the overhead crane called Ilmatar shown 

in Figure 2.2. The overhead crane has the latest and smartest technologies, such as sway control, 

target positioning, and shock load prevention.  
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Figure 2.2 Ilmatar, the smart crane 

Figure 2.3 shows the hook used in Ilmatar system. The 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. 

When the controller selects asynchronous or synchronous movement, it can also control whether 

the hook swings during movement. The hook is black, and 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 

360°, which is convenient for lifting 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.  

 

Figure 2.3 Hook in Ilmatar 

 

2.3 TurtleBot3 

2.3.1 TurtleBot review 
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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 language Logo in 1967. Additionally, the ñturtlesimò node, featured in ROS's 

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 beginners and 

introduce them to computer programming. Over time, TurtleBot has become the standard platform 

for ROS, embraced by students and developers worldwide [20].  

 

TurtleBot3 represents a compact, affordable, and programmable mobile robotic platform designed 

for education, research, and prototyping. Its design focuses on reducing the platform's physical size 

and cost without 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 addition, TurtleBot3 is equipped a 

cost-effective and compact single-board computer (SBC) designed for robust embedded systems, 

a 360-degree distance sensor for comprehensive environmental sensing, and 3D printing technol-

ogy to facilitate customization and adaptability [21].  

 

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 autonomously navigate within them. In addition, 

it could be remotely controlled by laptops, game controllers, and even Android-based smartphones, 

enabling tasks like following individuals within a room. While equipped with accessories like the 

OpenMANIPULATOR, TurtleBot3 can function as a mobile manipulator. Moreover, 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 series mainly includes two main types of robots: the TurtleBot3 Burger and the 

TurtleBot3 Waffle Pi [22]. While both robots share the same wheel size, they differ in body dimen-

sions and onboard equipment. Table 2.1 highlights the hardware specifications of these two robots, 

and Figures 2.4 and 2.5 illustrate their respective appearances.  

Items Burger Waffle 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 (L x W x H) 138mm x 178mm x 192mm 281mm x 306mm x 141mm 

Remote Controller - RC-100B + BT-410 Set (Blue-

tooth 4, BLE) 

LDS(Laser Distance Sensor) 360 Laser Distance Sensor LDS-

01 or LDS-02 

360 Laser Distance Sensor LDS-

01 or LDS-02 

IMU Gyroscope 3 Axis 

Accelerometer 3 Axis 

Gyroscope 3 Axis 

Accelerometer 3 Axis 

Table 2.1 Specifications of TurtleBot3 Burger and Waffle Pi 
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Figure 2.4 TurtleBot3 Burger 

 

Figure 2.5 TurtleBot3 Waffle Pi 

 

2.4 OpenCV in computer vision 

OpenCV stands apart among open-source libraries related to computer vision because of the ro-

bustness of its tools and algorithms in image processing, feature extraction, and object recognition 

[23]. Since its release in 2000, OpenCV has become a very significant library in academic research 

and industrial applications, especially for robotics, autonomous navigation, and object detection.  

 

In autonomous mobile robotics, computer vision is such an essential factor that allows the robot to 

perceive the world around it and act accordingly. OpenCV provides object detection, contour de-

tection, image segmentation, or feature matching tools [24]. Contour detection algorithms in 

OpenCV have become widely used for finding objects' boundaries, thus performing visual inspec-

tions, pathfinding, and obstacle avoidance which are essential tasks in mobile robots. Moreover, 

OpenCV is mainly combined with ROS to establish real-time image processing in robotic systems 

for decision-making [25]. It allows seamless integration whereby image streams from cameras 

mounted on robots are processed in real-time using OpenCV algorithms, and the resultant output 
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is fed directly into path planning and obstacle avoidance systems [26]. For 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 

detector, are very often used in robotics for mapping and localization [27, 28]. Moreover, feature 

extraction algorithms such as SIFT and ORB enable robust matching of key points in images, 

something useful in tasks such as SLAM and visual odometry [29]. As for object detection, these 

state-of-the-art object detection capabilities have greatly emerged using different machine learning 

and deep learning techniques combined with OpenCV. YOLO and SSD are implemented through 

the OpenCV DNN module and are in common use for detecting specific landmarks, while defect 

detection of industrial components also avails of such skills. This again creates an application for 

industrial quality inspections [30].  

 

The method of detection of contours and object 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, the quality 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 for enabling autonomous navigation with a high level of precision for a big industrial 

automation task that might be assigned to real-time for OpenCV and ROS2.  

 

In conclusion, OpenCV remains an irreplaceable tool in modern robotics. It offers immense capa-

bilities in image processing, feature extraction, and real-time 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 autonomous mobile robotics has had significant advancements in recent years, espe-

cially in navigation, obstacle avoidance and object detection areas. However, these technologies 

applied in industrial environments still have several gaps, especially in the inspection of overhead 

crane hooks with AMRs. These gaps include: 

1. Although some research has focused on autonomous navigation in controlled or semi-known 

environments, limited studies have addressed the integration of navigation systems with precise 

industrial inspection tasks. In the context of overhead cranes, the system must not only navigate 

but also locate the crane, align with its hook, and perform contour and quality inspection as-

sessments. Previous works [31, 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 on real-time hook 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 real-time 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 vision-based alignment. However, there is a 

lack of comprehensive frameworks that address these requirements in a unified manner for 

mobile robots in industrial environments. Previous attempts have partially addressed localiza-

tion and alignment challenges [34], but their approaches often lack integration with real-time 

vision and path planning.  

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 real-world industrial environments to assess their robustness and scalability. 

Previous studies demonstrated promising results in simulation environments but provided lim-

ited insights into the performance and reliability of these systems under real-world industrial 

constraints [35]. 

By addressing these research gaps, this thesis aims to contribute a unified framework that integrates 

autonomous navigation, real-time computer vision-based inspection, and robust positioning sys-

tems for overhead crane hook assessments in dynamic industrial environments.  
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3 Research material and methods 

The entire experimental process is conducted using the TurtleBot3 Burger robot and the Ilmatar 

smart crane. The experiment design involves communication between a host computer and the 

Raspberry Pi on the TurtleBot3 Burger. This communication facilitates path planning 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 and real-world environments. 

The simulation environment serves to 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 analysis of before- and 

after-operation contours 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 quantitative assessment of the de-

tection results.  

3.1 System setup 

This part will introduce the prepare work for system setup.  

3.1.1 Raspberry Pi 4B 

The Raspberry Pi 4B, shown in Figure 3.1, is a small, low-cost, and powerful single-board com-

puter with a wide range of applications in scientific research. Its flexibility and support for multiple 

programming languages and hardware interfaces make it an ideal embedded system platform for 

scientific research projects.  

 

Figure 3.1 Raspberry Pi 4B 
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Concerning the convenient communication between the robot TurtleBot3 Burger and the host com-

puter, VirtualBox Ubuntu 22.04, I used Raspberry Pi 4B to establish efficient communication. To 

complete the communication between the host computer and Raspberry Pi 4B, the same Ubuntu 

and ROS versions should be downloaded and installed on them.  

 

Ubuntu 22.04 LTS was chosen as the operating system for both the host computer and Raspberry 

Pi 4B to ensure compatibility and efficient communication. The 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 process are outlined in Appendix A. b.  

 

3.1.2 Virtual machine running Ubuntu 22.04 LTS 

Ubuntu 22.04 Jammy Jellyfish is a long-term support(LTS) version of the Ubuntu operating system, 

released in April 2022. The platform is highly useful, providing high levels of security, broad soft-

ware support, and long-term stability. These attributes make it an excellent option for academic, 

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 modern core features, package management, and large repositories on Ubuntu 

22.04 ROS 2 Humble. This backward compatibility allows easy integration of robotics, simulation 

tools, and navigation stacks. Whatôs more, to complete the path planning and computer vision tasks, 

the necessary simulation and coding applications, such as Gazebo, RViz, OpenCV, etc.  

 

The whole and detailed installation and configuration of Ubuntu 22.04 are outlined in the Appendix. 

B. b.  

 

3.2 Overhead crane and positioning sensor 

Section 2.2.2 introduces the Ilmatar in Aalto University as a smart crane. This system could use 

different kinds of information, such as positioning, hook height, load weight, etc., which can also 

be used in industrial inspection. In this thesis, I used the positioning information from the Ilmatar 

to help the TurtleBot3 Burger robot navigate to the goal point, which is important in the navigation 

part. Moreover, the Ilmatar system was established with the assistance of industry. Figure 3.2 

shows that it relies on tracks to run and cover the entire working area and is suitable for handling, 

loading, and unloading heavy objects.  
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Figure 3.2 The crane bridge (yellow) is supported by the horizontal rails (black) fixed on the wall. 

The trolly has a drum mechanism to lift the hook and it runs on the crane bridge.  

When using the controller to operate the overhead crane, the values displayed on the screen repre-

sent the x-axis and y-axis positioning information. As shown in Figure 3.3, this thesis defined the 

x-axis as the horizontal movement along the track, while the y-axis represents the vertical lifting 

of the hook. The left joystick controls the overhead craneôs movement along the track, while the 

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 beneath the joysticks regulate the move-

ment speed and modes for both the overhead crane and the hook lifting mechanism.  
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Figure 3.3 The red x- and y-axis on the left joystick show the directions aligned with the screen 

on the controller, and the right joystick controls the lifting operation of the hook.  

The positioning sensor in the Ilmatar smart crane is laser-based, and the positioning information 

can be read directly from the screen, as Figure 3.3 shows. Before doing experiments with the Il-

matar, I decided to use a combination of IMU and GPS modules to receive the positioning infor-

mation and set up some preliminary experiment (see Appendix C). The experiments did not con-

tinue after working with the Ilmatar,  

 

3.3 TurtleBot 3 Burger 

Section 2.3 introduces the different kinds of robots in the serial TurtleBot3. I chose to use Turtle-

Bot3 Burger to complete the thesis considering its compact size, lightweight, and powerful LiDAR 

scanning function. As Figure 3.4 shows, the TurtleBot3 Burger robot is equipped with two motors, 

each driving one wheel, a Light Detection and Ranging (LiDAR) sensor, an accelerometer, a gy-

roscope, a 3-axis magnetometer, and a Raspberry Pi [37]. 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 two wheels [38]. With the LiDAR sensor, the robot can detect obstacles 

distance between 1.2~3.5 meters. The sampling rate of the LiDAR is 1.8 kHz [39].  
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Figure 3.4 TurtleBot3 Burger 

This thesis also involves navigation and computer vision tasks that demand significant computa-

tional power. Therefore, I replaced the Raspberry Pi 4B with the official Raspberry Pi 3 version 

and installed a USB camera in front of the TurtleBot3 Burger. The camera was positioned lower 

than the LiDAR scanner to avoid interfering with LiDAR data. Figure 3.5 illustrates the TurtleBot3 

Burger used in this thesis.  

 

Figure 3.5 Turtlebot3 Burger installed with Raspberry Pi 4B and USB camera 

After replacing the Raspberry Pi on the TurtleBot3 Burger robot, I 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 Raspberry Pi 4B did 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. During the Raspberry Pi 4B configuration, 

the router credentials (SSID and password) are preconfigured, allowing the Raspberry Pi to connect 

to the Wi-Fi upon booting automatically. The virtual machine can connect to the same Wi-Fi router 

through bridge network mode. As a result, both the virtual machine and the TurtleBot3 Burger 

robot can communicate within the same local area network.  

 

In this thesis, the 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, I assigned a static IP address (192.168.1.108) to the Raspberry Pi 4B, as Figure 

3.6 shows. 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.  

 

Figure 3.6 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 detailed configurations for the Raspberry 

Pi 4B and the virtual machine running Ubuntu 22.04 are provided in Appendix A. b. and B.b.  

 

3.4 Path planning experiments 

This Section will introduce the detailed path planning experiment setup and process.  

3.4.1 Nav 2 stack 

The Navigation 2 (Nav 2) Stack, developed on the ROS 2 platform, serves as a highly compatible 

framework for robotic navigation and path planning, and offers a broad set of features and flexibil-

ity [40]. It includes many functions, including global and local path planning, obstacle avoidance, 

mapping, localization, and even recovery behaviors, which make it a reliable and powerful solution 

for autonomous navigation tasks.  

 

An excellent feature of the Nav 2 stack is its adaptability to a broad range of robot platforms, sensor 

configurations, and operational setups. It supports many robot types, including wheeled and tracked 

platforms, and could work effectively with sensors such as LiDAR, depth cameras, IMUs, and GPS. 

This adaptability ensures efficient navigation in static and dynamic environments in simulation and 
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real environments and solves challenges such as real-time obstacle avoidance and dynamic path 

replanning.  

 

As a result, using the Nav 2 stack in this thesis could effectively realize the path planning, static, 

and dynamic obstacle avoidance goals. The detailed installation process of Nav 2 stack is in Ap-

pendix. B. b. vii.  

 

As admitted globally, the different approaches to navigation can be divided into different categories: 

global planning, local planning, and hybrid approaches [41]. Global planning typically depends on 

a map of the environment to plan a route from the robotôs current location to the target location 

[42]. The robot will create a path to reach the ñNavigation 2 Goalò based on the global path planner 

and then the robot will move along the path. However, 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 real-world environment introduces even greater com-

plexity. Therefore, first gaining experience in the simulation environment is essential, as it helps 

simplify navigation experiments in the real environment.  

 

The optimal approach is conducting navigation experiments in the simulation environment to ad-

dress potential challenges and refine the process first. This preparation saves time and ensures a 

smoother transition when performing experiments with the TurtleBot3 Burger robot in the real-

world environment. Section 3.5.2 describes 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 setup in 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 testing of the robot's navigation capabilities. 

RViz is a visualization tool, displaying the robot's navigation path, sensor data, and real-time status. 

It also offers a variety of plugins for setting navigation goals, visualizing costmaps, and configuring 

the robot's parameters. The complete and detailed process of conducting navigation in the simula-

tion environment is outlined below.  

 

Gazebo 

Gazebo is a strong and powerful 3D simulation tool designed for robotics development. It supplies 

physical engine, sensor simulation and realistic environment rendering making it suitable for sim-

ulating the real environment. Gazebo is widely used in simulation experiments in the fields of robot 

navigation, perception, motion planning, etc. Gazebo 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 simulator[37]. The pre-defined models in Gazebo include various robots and other elements, 

such as walls, obstacles and many kinds of objects, which can be used to create a test environment. 

Gazebo also supports the creation of custom models by providing a graphical editor for designing 

user-specific models [43].  

 

The first step is to launch the TurtleBot3 world in Gazebo to initiate the navigation experiment in 

the simulation environment. Open a new terminal window by pressing ñCTRL+tò and run the fol-

lowing commands:  

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

$ source ~/nav2_ws/install/setup.bash  

$ export TURTLEBOT3_MODEL=burger  

$ export ROS_PARAM_USE_SIM_TIME=true  

$ ros2 launch turtlebot3_gazebo turtlebot3_world.launch.py  

As Figure 3.7 shows, the TurtleBot3 world in Gazebo launches successfully.  

 

Figure 3.7 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. The third line specifies 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 the ~/.bashrc  file to avoid manually running them in every 

new terminal window. However, since this thesis also 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 help of AMCL. AMCL (Adaptive Monte Carlo Localization) is an adaptive local-

ization algorithm based on particle filtering in ROS designed 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 

real-time sensor data. Navigation algorithms depend on the robot's global pose to plan paths effec-

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 determine the robot's position on the map, making navi-

gation tasks impossible.  

 

Furthermore, even in dynamic environments that have moving or newly appeared obstacles, for 

example, AMCL dynamically adjusts the robot's positioning data using real-time sensor input. Last 

but not least, robot actions during movement and navigation rely on the current pose to make local 

path adjustments, ensuring precise and efficient navigation.  

 

To launch the AMCL, open a new terminal window by pressing ñCTRL+tò and run the following 

commands:  

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

$ source ~/nav2_ws/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 command launches the localization_launch.py  fi le, which initializes the lo-

calization function of Nav 2. This includes starting AMCL to estimate the robotôs current pose, the 

map server to load the specified static map, and other dependant nodes, such as tf  transformation. 

Additionally, this command instructs all nodes to use simulated time (the /clock  topic) instead 

of real time. In the Gazebo simulation environment, Gazebo publishes the simulation 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 command is a higher priority 
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than running the command to set simulation time in the terminal, and it can override the configu-

ration in the nav2_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 3D visual tool in ROS that 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, open a new terminal window by pressing ñCTRL+tò and run the following 

commands:  

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

$ source ~/nav2_ws/install/setup.bash  

$ export TURTLEBOT3_MODEL=burger 

$ export ROS_PARAM_USE_SIM_TIME=true  

$ rviz2  

After launching the RViz, the map may not always appear in the middle of the RViz interface. In 

such cases, AMCL must be relaunched to load the map into RViz. To do this, press ñCTRL+cò to 

terminate the current AMCL process and rerun AMCL launch command. Repeat this operation 

until the TurtleBot3 world map successfully appears in the RViz interface, as Figure 3.8 shows. 

The TurtleBot3 world map is included in the Nav2 package and can be used directly, eliminating 

the need to run SLAM to map the TurtleBot3 world in Gazebo.  
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Figure 3.8 TurtleBot3 world map in RViz simulation environment, the white area is accessible 

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 thesi is the "Image" plugin. By setting the topic to 

ñ/turtlebot3/camera/image_raw ò, this plugin allows real-time 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 arise, as Figure 3.9 shows, where the map becomes in-

creasingly covered by yellow laser scans after setting these poses. As more navigation tasks are 

completed, the density of yellow laser scans increases, making the RViz interface difficult to mon-

itor clearly.  

 

Figure 3.9 Map covered with yellow lasers 

After troubleshooting, this thesis identified that the issue was caused by the "Covariance" option 

under the /Odometry  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" to 0, as Figure 3.10 shows. Otherwise, the shafts and shaft 

heads will obscure the map along the navigation path. It is essential to save the configuration file 

in RViz to avoid the need to add the necessary plugins manually each time.  
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Figure 3.10 /Odometry  plugin in RViz 

After resolving all issues and setting the initial pose, the RViz interface will appear as shown in 

Figure 3.11.  

 

Figure 3.11 Turtlebot3 Burger map in RViz simulation environment 

 

Nav 2 

As introduced in Section 2.1, Nav2 is the official navigation framework in ROS 2, providing 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 Dijkstra, and local 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 LiDAR, cam-

eras, and IMUs. Nav 2 can dynamically replan paths when encountering obstacles, automatically 

avoiding them, enabling navigation in static and dynamic environments. Furthermore, Nav 2 also 

allows users to adjust parameters to suit different robot platforms and environments. The recovery 

function in Nav 2 also plays an important role in navigation tasks. When the robot becomes stuck, 
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the recovery behaviour enables it to automatically move backward or rotate to replan a feasible 

path.  

 

To launch the Nav 2 in the virtual machine running Ubuntu 22.04, a new terminal is required and 

then run the following commands:  

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

$ source ~/nav2_ws/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. I 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 navigate automatically to the specified goal point while also performing obstacle avoid-

ance. The goal point code logic is as Figure 3.12 shown below:  

 

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 setup in 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 revisits a previously 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 accuracy [44]. 

 

The navigation task in a real environment is conducted with the real TurtleBot3 Burger, RViz, and 

SLAM. The SLAM is a technique to establish a map by estimating the current location in an arbi-

trary space. The 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 Wi-Fi.  

2. Connect with TurtleBot3 Burger using SSH and launch the TurtleBot3 Burger Bringup pack-

age:  

$ ssh yelin@192.168.1.108  

$ export TURTLEBOT3_MODEL=burger  

$ ros2 launch turtlebot3_bringup robot.launch.py  

3. Open a new terminal window and use SSH to connect to the TurtleBot3 Burger robot, then 

launch the usb_cam_node_exe  node in the usb_cam  package to capture 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 in the virtual machine running Ubuntu 22.04 and launch the 

SLAM node:  

$ export TURTLEBOT3_MODEL=burger 

$ ros2 launch turtlebot3_cartographer cartogra-

pher.launch.py use_sim_time:=false  

In the real environment, the use_sim_time  status should be false to launch the SLAM node.  

 

The default SLAM method Cartographer will open an RViz window to scan and establish the 

map. While using SLAM to build a map in RViz, the directions of the x-axis and y-axis of the 

coordinate system are determined according to the ROS standard coordinate system specifica-

tion and the map's starting direction.  

 

The ROS standard coordinate system is defined as follows  and shown in Figures 3.14 and 

3.15: the x-axis represents the forward direction, the y-axis represents the leftward direction 

perpendicular to the x-axis, and the z-axis represents the upward direction perpendicular to the 

ground. In terms of color representation, the red arrow represents the x-axis, the green arrow 

represents the y-axis, and the blue arrow represents the z-axis.  

 

mailto:yelin@192.168.1.108
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The map coordinate system is defined globally and is usually used to describe the position of 

the robot and obstacles in the environment. The map's origin (0,0) is determined based on the 

starting point of SLAM mapping. The x-axis represents the right (front) direction and the y-

axis represents the upward (left) direction.  

 

Figure 3.13 shows the axis direction in the real environment and the established obstacles 

environment for testing. Figure 3.14 shows the axis direction in RViz and also the scanning 

map.  

 

Figure 3.13 TurtleBot3 Burger robot on the starting point 
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Figure 3.14 Scanning map in RViz 

5. Use teleoperation to control the TurtleBot3 Burger robot to explore unknown area of the map 

after the SLAM node successfully up and running. To ensure successful mapping with the 

TurtleBot3, avoiding abrupt movements, such as rapidly changing linear or angular speed is 

important. For optimal results, thoroughly scan all map corners during the mapping process. 

The command used and the SLAM scanning process are as below and Figure 3.15 shows: 

$ export TURTLEBOT3_MODEL=burger  

$ ros2 run turtlebot3_teleop teleop_keyboard  

 

Figure 3.15 SLAM process shown in RViz 
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6. The map is drawn based on the robotôs / odometry , / tf  and / scan  information. These 

map data are drawn in the RViz window as the TurtleBot3 Burger robot travels. Launch the 

map_server_cli  node to create the map files.  

$ ros2 run nav2_map_server map_saver_cli - f ~/map  

7. The map is represented as a two-dimensional Occupancy Grid Map (OGM), which is com-

monly used in ROS. In the saved map, as Figure 3.16 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.  

 

 

Figure 3.16 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 proper functionality during navigation.  

 

Navigation 

Navigation is a crucial aspect of autonomous mobile robots. It involves moving the robot from its 

current location to a specified destination within a given environment. A map contains geometric 

information about furniture and objects. As described in the previous SLAM section, this map was 

created using distance data from the robot's sensors and pose information. Moreover, different ap-

proaches to navigation can be divided into different categories: global planning, local planning, 

and hybrid approaches[41].  

 

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 Burger bringup is not running on the TurtleBot3 SBC, launch the bringup 

first. Connect with TurtleBot3 Burger using SSH and launch the TurtleBot3 Burger Bringup:  

$ ssh yelin@192.168.1.108  

$ export TURTLEBOT3_MODEL=burger  

$ ros2 launch turtlebot3_bringup robot.launch.py  

2. Repeat the Step 3 in the 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  \  

https://en.wikipedia.org/wiki/Odometry
http://wiki.ros.org/tf
mailto:yelin@192.168.1.108
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   - p pixel_format:="yuyv"  

Monitoring the front image of the robot requires a high resolution. The camera supporting 

resolution could be checked using the below command and select the proper resolution to re-

place the image_width  and image_height  values.  

$ v4 l2 - ctl ï- list - formats - ext ï- device=/ dev/video0  

3. Open a new terminal window in the virtual machine running Ubuntu 22.04 and 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 set use_sim_time:=false  to launch Nav 2 properly. Specifying this parameter in the 

launching command takes priority over the settings in the nav2_params.yaml  file.  

 

The new RViz window used for navigation is as Figure 3.17 shows below:  

 

Figure 3.17 RViz window for Nav 2 node 

4. Before running the Nav 2 node and tasks, initial pose estimation much be completed. This 

process initializes the AMCL parameters, which are important to Nav 2. Additionally, the 

TurtleBot3 Burger must be correctly positioned on the map, ensuring that the LDS sensor data 

aligns neatly with the displayed map. The result of LDS data overlapping on the saved map is 

shown as below as Figure 3.18: 
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Figure 3.18 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 

Burger robot at the starting point, where setting the initial pose is more straightforward.  

5. As described in Section 3.5.2.4, the navigation task could be completed by publishing the goal 

point. In the RViz opened by Nav 2, there are two options to complete the navigation task: 

Nav 2 goal and publishing goal point using Python code.  

 

3.4.4 Navigation experiment with hook 

There is a laser-based positioning sensor in the Ilmatar to supply the positioning information on 

the screen of the controller. The navigation process is as described above, the cooperation between 

TurtleBot3 Burger and the hook is as below: 

1. Place the TurtleBot3 Burger, set the initial pose in the scanned map and control the hook to be 

in front of the robot.  

2. Control the TurtleBot3 Burger manually with the teleoperation package to face the hook di-

rectly. Run the command below to remember the coordinate information of the robot.  Control 

the hook with the controller and read the x-axis and y-axis values from the controllerôs screen.  

$ ros2 run tf2_ros tf2_echo map base_link  

3. Move the hook to lift loads and stop somewhere. Read the x-axis- and y-axis values manually 

from the screen again and calculate the distance between the initial and current points. The 

goal point for the TurtleBot3 Burger will then be calculated manually based on the same dis-

tance moved by the hook. The example chart Table 3.1 in the experiment below shows this 

process.  

 (x-axis, y-axis) (unit:m) 

Hookôs initial coordinate (6.47, 13.93) 

Hookôs current coordinate (9.30, 14.33) 

Robotôs initial coordinate (0.554, 3.218) 

Robotôs current coordinate (3.218, 0.706) 
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Table 3.1 Coordinate changes 

After calculating the goal point for the TurtleBot3 Burger, input the coordinates into the Py-

thon code (introduced in Section 3.5.2) and execute it. The TurtleBot3 Burger will then navi-

gate to the goal point automatically. As described in Section 3.5.4, a long distance between 

the initial and goal points or a narrow space may significantly increase the probability of trig-

gering the recovery behavior. In some cases, the inspector may need to set a new goal pose 

closer to the TurtleBot3 Burgerôs current position by clicking the ñNav 2 Goalò button in RViz.  

 

4. When the TurtleBot3 Burger successfully arrives at the goal point, the robot will always face 

the forward direction of the x-axis in RViz. However, the hookôs direction may change during 

operation. Therefore, the inspector needs to rotate and reposition the TurtleBot3 Burger to 

adjust the perspective displayed by the ñImageò plugin in RViz.  

5. When the perspective in the ñImageò plugin is aligned directly with the hook, execute the 

command to capture the picture.  

$ fswebcam - d /dev/video0 -- no- banner - r 640x480 - S 1 

/home/yelin/hook_1205/hook_1.jpg  

Tip: The frame rate specified in the command should match the frame rate supported by the 

USB camera.  

 

While doing the experiments in real environments, it is totally different from the simulation envi-

ronment. It will be affected by many factors and solutions are as 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.  

2. If the robot's battery runs out during navigation, the experiment must be restarted from the first 

step to eliminate the error caused by the different initial pose.  

3. Be aware of the difference in precision between the x-axis and y-axis values of the hook and 

the robot's coordinates. The hook's values are recorded to two decimal places, while the robot's 

coordinates are recorded to three decimal places, which may introduce minor errors.  

4. In some cases, due to the inflation radius, which is visualized as light red or blue areas in RViz, 

the robot may not approach the hook automatically to capture the picture. While the inflation 

radius helps the robot avoid obstacles, it can also prevent it from getting close enough to the 

hook. In such situations, the inspector needs to manually control the robot to move closer to 

the hook.  

 

3.5 Computer vision experiments 

OpenCV (Open Source Computer Vision Library) is an open-source 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 provides various functions, 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 

challenging for TurtleBot3 Burger to rotate around the hook and capture a significant number of 

accurate pictures. Using OpenCV computer vision technology, contour detection can be performed 

with a single image instead of requiring up to 50 images to construct a 3D model which is huge 

workload for contour detection.  

 

3.5.1 Computer vision experiment setup in the simulation environment 

As introduced in Section 3.5.2, Gazebo is an independent open-source project. It offers physical 

engines, simulate objects and many kinds of obstacles. In the Gazebo simulation environment, to 

monitor the image in front of the robot, it is necessary to add the camera plugin in the model.sdf  

file. The detailed process refers to Appendix B. b. iv.  

 

In the Gazebo simulation environment, the most convenient and effective way to add an object to 

take a picture and make contour detection later is to select an object from the ñInsertò menu. This 

object should have a simple shape with a clear contour, a smooth surface, and a color that contrasts 

well with the ground. It should also be appropriate for the camera's perspective and position. After 

careful selection, I used ñbowlò in the Gazebo simulation environment, as Figure 3.19 shows.  

 
Figure 3.19 Bowl and robot in the TurtleBot3 world map 

As shown in Figure 3.11, the image in front of the robot can be viewed in the "Image" window. 

Additionally, in the simulation environment, the "rqt_image_view" tool can also be used for mon-

itoring, providing a larger viewing window, as shown in Figure 3.20. The command used for calling 

this tool is as below:  

$ ros2 run rqt_image_view rqt_image_view  

 

Additionally, while monitoring the TurtleBot3 Burger robot is around the object but not facing the 

object, there is a need to control the robot rotate manually as below: 

$ 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  

 
Figure 3.20 rqt_image_view tool 

 

 

3.5.2 Computer vision test in the real environment 

The real environment is totally different from the simulation environment, including the sensor 

data, physical characteristics, system uncertainty and performance, etc.  

 

The simulation environment is ideal. In the simulation environment, taking the Gazebo, for exam-

ple, the sensor data in the Gazebo is generated by the physical engine and simulator, so the data is 

idealized without noise or errors. The 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 environment. There are no dynamic obstacles unless set 

manually.  

 

In contrast, the real environment has various factors influencing object contour detection, such as 

light, shadow, perspectives, etc. The camera image in the real environment is totally different from 

the simulation environment, including the ambient light changes, reflections, and dynamic changes 

in the environment. Additionally, if there is dust, holes, and slippery surfaces, they will cause the 

TurtleBot3 Burger to slip and positioning drift.  

 

In the real environment, I 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 variations. As a preliminary test for the real navigation task,, to achieve optimal con-

tour detection performance and improve the color contrast for contour detection, I used a red object 

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

 

Connect with the TurtleBot3 Burger and execute the command below to capture the picture. After 

several tests, this command has optimal performance with proper light conditions and rate frame:  

$ ssh yelin@192.168.1.108  

$ fswebcam - d /dev/video0 -- no- banner - r 640x480 - S 1 

/home/yelin/hook_1205/hook_1.jpg  

 

In virtual machine running Ubuntu 22.04, open a new terminal window and execute the command 

as below to transfer and save the pictures from the TurtleBot3 Burger.  

$ mkdir /home/yelin/hook_1205  

$ scp yelin@192.168.1.108:/home/yelin/hook_1205/hook_1.jpg 

/home/monda/hook_1205/hook_1.jpg  

 

In Figure 3.21, 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 shadow, affecting the contour detection accuracy.  

 

Figure 3.21 Contour detection example 

 

3.5.3 Computer vision experiment setup in the real environment 

As described in Section 4.1.1, the commands and process are clear to execute to capture and com-

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

cess in the real environment is as follows: 

1. Connect with the TurtleBot3 Burger using SSH and launch the robot, USB camera, and navi-

gation nodes.  
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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 the "Image" plugin.  

3. After verifying the perspective, execute the commands described in Section 4.2 to capture, 

transfer, and save the pictures in the virtual machine running Ubuntu 22.04.  

4. As described in Section 4.2.1, use Python code to complete the contour detection with each 

picture in the folder.  
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4 Result 

Section 4 will introduce the results from the above experiments.  

4.1 Path planning result 

The results in path planning are divided into simulation and real environments to show the results 

clearly.  

4.1.1 Navigation experiment result in the 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 

pose. Figure 4.1 shows that the path avoids obstacles and reaches the goal point successfully. Figure 

4.2 shows the TurtleBot3 Burger model robot arriving at the goal point.  

 

Figure 4.1 Navigation path shown in RViz simulation environment 
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Figure 4.2 Navigation result in Gazebo 

While running the Gazebo and RViz, it is important to check the tf  tree, which defines and man-

ages the transformation relationship of robot coordinate systems. The core meaning of tf  tree 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 check tf  tree is as below and Figure 4.3 shows the result: 

$ ros2 run tf2_tools view_frames  

 

Figure 4.3 tf  frame in simulation environment 

In Figure 4.3, the transformation chain is shown as map - > odom - > base_link - > 

sensor_frame , ensuring accurate and correct transformations.  
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4.1.2 Navigation experiment result in the real environment 

The first method involves clicking the "Nav 2 Goal" button in RViz and then selecting the desired 

goal point on the map. Nav 2 will then begin planning the path for the TurtleBot3 Burger and 

control the robot in real-time to follow the planned path, as shown in Figure 4.4. In this figure, the 

ñNavigation 2ò panel on the left side of the RViz interface displays the navigation status. Whatôs 

more, the video on YouTube shows the navigation process [45].  

 

Figure 4.4 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 in real-time. As shown in Figure 4.5, a new and tall obstacle was introduced into 

the scanned map, requiring the TurtleBot3 Burger to detect the obstacle and perform an obstacle 

avoidance manoeuvre quickly. Whatôs more, the video on YouTube shows the obstacle avoidance 

process [46].  
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Figure 4.5 Navigation with new obstacle 

As shown in Figure 4.6, 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.  

 

Figure 4.6 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 height. For instance, the height of 

black bag above with a height of 540 mm was successfully detected, and the TurtleBot3 Burger 

navigated well around it. I placed a short obstacle 25 mm shorter than 160 mm to test the sensor's 

performance. As shown in Figure 4.7, the TurtleBot3 Burger was unable to detect or scan the short 

obstacle and, as a result, collided with it during navigation to the goal point.  

 

This issue also affected the odometry (/ odom) data during navigation, causing positional drift. 

Although the robot's wheels continued to rotate, causing the odometry data to update, the Turtle-

Bot3 Burger remained stuck at the same location. This mismatch resulted in inaccurate positional 

data. Figures 4.7 and 4.8 show the result with short obstacles.  

 

After the positioning drift occurs in RViz, the inspector must reset 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 displayed map, like setting the 

initial pose before navigation.  

 

Figure 4.7 TurtleBot3 Burger was stuck by short and new obstacle 
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Figure 4.8 TurtleBot3 Burger was stuck, resulting in 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 in Nav 2.  

 

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 obstacles. This operation aims to restore the robot to a navigable status so 

that it can resume navigation tasks. Figure 4.9 shows that when recovery behaviors are triggered 

during navigation, the "Navigation 2" window in RViz will display an increased time taken and the 

number of recoveries. Additionally, waiting for recovery behaviors to restore the robot to a navi-

gable state may take considerable time.  

 

Recovery behaviors typically involve clearing the Costmap  and performing a Spin  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 distance. Moreover, 

experimental results indicate that the longer the navigation distance, the higher the likelihood of 

recovery behaviors being triggered during the navigation process.  
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Figure 4.9 ñNavigation 2ò panel changes during recovery behaviors 

 

As introduced in Section 3.5.2.4, it is essential to check the tf  frame during navigation. As shown 

in Figure 4.10, the transformation chain of map - > odom - > base_link - > sen-

sor_frame  is presented, indicating the transformations are correctly configured and ensuring the 

collection and accuracy of coordinates.  

 

Figure 4.10 tf  frame in real environment 

 

4.2 Computer vision result 

The results from computer vision is also divided into simulation and real environments to show 

the results clearly.  

4.2.1 Computer vision experiment result in the simulation environment 
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After completing the navigation task in Section 3.5.2, the computer vision task uses OpenCV to 

detect contours. The contour detection using OpenCV algorithm logic is shown in Figure 4.11:  

 
Figure 4.11 Contour detection Python code in pseudocode 

After running the contour detection Python code, the contour detection result and comparison with 

the raw picture are as Figure 4.12 shows:  
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Figure 4.12 Raw picture and contour detection picture 

From the comparison results, the object shows clear differences in colour and brightness from the 

ground, and no surrounding objects or obstacles interfere with 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 shadows inside the bowl, there is minor interference with the Canny edge detection. Nev-

ertheless, this does not affect the accuracy of the outer contour detection. The contour detection in 

the simulation environment validates the code's accessibility, which could also be useful 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 Section 4.2.1, after execut-

ing the Python code of contour detection, the results Figures 4.13, 4.14 and 4.15 are as below: 
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Figure 4.13 Contour detection result 1 

 

Figure 4.14 Contour detection result 2 

 

Figure 4.15 Contour detection result 3 

The figures above show that the green lines represent the hook's contour. From these figures, this 

thesis summarized that the major factors influencing the contour detection results are the back-

ground around the hook and reflections. If the background around the hook in 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 detected and outlined, negatively impacting the 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 to avoid detecting unnecessary 

areas. To inspect the contour of the hook after the operation, the inspector could observe the green 

line indicating the contour from the contour detection result and could use the Hausdorff Distance 

(HD) method to compare the contour before and after the operation and evaluate the degree of 

alignment between the contour and the object's edge. These 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 that no parts of the background are mistak-

enly detected as part of the contour.  
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Hausdorff Distance 

If the complex background, reflections on the hook, or 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 used to automatically check the precise degree of contour.  

 

For many years, the Hausdorff Distance (HD) has served as a fundamental metric in solving com-

puter vision and pattern recognition challenges [47]. Unlike other distance measures, this distance 

can be used to determine the degree of similarity between two objects superimposed on each other. 

An efficient algorithm for computing the Hausdorff Distance for all possible relative positions be-

tween a binary image and a model is presented [48]. However, despite its strengths, HD remains 

highly sensitive to outliers and noise. Previous research indicates that these limitations have not 

been sufficiently addressed. In this situation, this thesis uses Apple Photos' cutout feature(also 

known as "subject extraction" or "drag and drop separation") in my iPhone 14 Pro Max. Based on 

machine learning and image recognition algorithms, it can quickly separate the subject from the 

photo and perform independent operations. As Figure 4.16 shows, the hook could be completely 

extracted from the complex background. However, there is a mosaic background around the hook 

contour, which could affect the binary images. To eliminate the mosaic background around the 

hook, I adjusted the filter to black-and-white mode shown in Figure 4.17. The background is 

changed to white, which is obviously compared to the black hook.  

 

Figure 4.16 Mosaic background around the hook contour 

 

Figure 4.17 White background around the hook contour 

The Hausdorff Distance algorithm logic is shown in Figure 4.18 as below: 
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Figure 4.18 Hausdorff Distance calculation algorithm Python code in pseudocode 

After executing the Hausdorff Distance calculation algorithm Python code, the Hausdorff Distance 

value will show in the terminal, and two image windows with different contour colors will show 

in the interface, as Figure 4.19 shows. These two images present the hook's contour point set, which 

directly shows the contour point set before and after the operation. From the definition of Hausdorff 

Distance and Figure 4.19, the lower value means, the more similar the two contours are.  

 

Figure 4.19 Hausdorff Distance and the comparison of contour point set 

In the Hausdorff Distance method, this thesis compared every two images of the hook and got 

different Hausdorff Distance values, which are 13.9284, 28.8617, 30.4138, 145.4132, 17.0000, 
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22.4722, and 15.6205. Substituting these values to calculate the average and variance values of 

Hausdorff Distance as Formula 4.1 and 4.2.  

‘  
В ὼ

ὲ
   τȢρ 

„  
В ὼ ‘

ὲ
   τȢς 

After calculation, this thesis got the average and covariance values of the Hausdorff Distance‘

σωȢρπρτ ὥὲὨ „ τσȢψπυχ. In fact, after adjusting the parameters, this thesis found that the same 

set of photos will have relatively large differences for different algorithm parameters, so it is nec-

essary to set a threshold for the final Hausdorff Distance algorithm. This thesis chose the quantile 

method, using the 90% quantile of the Hausdorff Distance distribution as the threshold. This is 

more effective in the case of non-normal distribution. However, this method is sensitive to noise 

and outliers, and the black and white filter and cutout I 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, is 76.4136. As for the analysis with the Hausdorff Distance values, data below 14.9437 

was categorized as a confidence match, data within the range [14.9437, 76.4136] was considered a 

normal match, and data above 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 following computer vision experiments conducted in the real environment, the inspector can 

use the Hausdorff Distance range threshold [14.9437,76.4136] to compare the hook's contour be-

fore and after the operation. This comparison provides a quantitative basis for detecting potential 

deformations, cracks, or other structural damage and offers reliable statistical evidence for contour 

assessment.  
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5 Summary, conclusions and future work 

 

5.1 Summary 

In industrial inspection, human inspectors often find it hazardous to enter industrial environments 

due to the presence of heavy equipment and dynamic conditions with many unknown risks. A 

practical and effective solution is to establish a robot system that can autonomously move along 

industrial sites to inspect the hooks of overhead cranes visually. Through testing and experimenta-

tion, such a system was successfully established and demonstrated its ability to perform the hook 

inspection task. The goals proposed are achieved successfully.  

 

5.1.1 Analysis of the results 

The experimental results demonstrate that the developed navigation system effectively achieves 

the intended goals under the short path. As for the long distance, like over 3 meters, the path plan-

ning algorithm will always be affected by the complex environment and long distance which will 

trigger the recovery behavior and spend more time to navigate. The TurtleBot3 Burger successfully 

navigates to specified goal points, captures pictures, and accurately performs the contour detection 

process. The contour detection could be completed by the observation and Hausdorff Distance 

threshold range. The system's overall performance indicates reliable functionality in both simula-

tion and real-world scenarios, fulfilling navigation and visual processing requirements. Setting up 

the simulation environment before real-world deployment saves both time and costs. The naviga-

tion to the goal points and Hausdorff Distance threshold range [14.9437, 76.4136] confirm that the 

system is proper for 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 occasional challenges. Similarly, 

the contour detection process performs well under controlled lighting conditions but exhibits minor 

inaccuracies when faced with uneven illumination or objects with more intricate surface details. 

Furthermore, the computational efficiency of the system, particularly during image processing and 

navigation planning, could benefit from further optimization to improve its real-time responsive-

ness.  

 

In future work, these limitations can be addressed by incorporating more advanced obstacle avoid-

ance strategies, implementing more precise computer vision techniques, such as TensorFlow, to 

improve the accuracy of contour detection, and optimizing the system's processing speed for en-

hanced real-time performance. Such improvements would further increase the reliability and ver-

satility of the navigation system, enabling it to perform more effectively 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 conducted, 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 precision in 

Hausdorff Distance threshold 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 unexpected obstacles may arise. Similarly, the con-

tour detection accuracy, though satisfactory under clean background and good lightness, tends to 

decrease with complex background, uneven illumination or reflective surfaces. In addition, com-

putational efficiency within the system can be achieved in such a way as to maximize real-time 

performance, particularly image processing and navigation planning.  

 

In order to overcome these shortcomings, future research work will be able to focus on the integra-

tion of higher-order obstacle avoidance strategies for enhanced navigation robustness by changing 

and testing the optimal navigation parameters in Nav 2, the integration of computer vision and 

lighting normalization techniques for better contour detection under variable conditions, and over-

all system architecture optimization in order to get faster computation. Also, the inclusion of more 

sophisticated perception algorithms, such as deep learning-based object detection and 3-dimension 

model technologies, can be done to improve the accuracy and adaptability of the system.  

 

Consequently, this thesis has met the 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 complex and 

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 0-degree angle relative to the hook, ensuring that the captured images 

maintain a consistent angle each time. Moreover, it is beneficial to get more precise Hausdorff 

Distance threshold range.  

2. In Nav 2, the parameters could be modified with different situations.  

3. Add more quantile standards, such as precision degree, recall and F1 score on the Hausdorff 

Distance to receive more precise threshold range.  
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A. Installation and Configuration Instructions on Raspberry Pi 4B 

a) Installation 

After downloading the appropriate image file, I used the ñRaspberry Pi Imagerò tool 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 into the computer's USB port.  

2. Click ľChoose deviceò under ñRaspberry Pi Deviceò and choose ñRaspberry Pi 4,ò which 

is decided 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 image burner is as shown 

in the Figure A.1:  

 

Figure A.1 Raspberry Pi image burner page 

Next, I clicked "NEXT" in the lower right corner of the page and clicked "Edit Settings" to 

configure the system's password, Wi-Fi, and language settings in advance. After saving the 

configurations, I clicked ñYESò to apply OS customization settings. Until this, the installation 

of Ubuntu 22.04 for Raspberry Pi 4B is completed.  

 

b) Configuration 

After burning is completed, insert the SD card into the installed Raspberry Pi 4B and start the 

Raspberry Pi 4B.  

i. IP 

The Raspberry Pi must communicate with the host computer, a virtual machine in 

VM VirtualBox. To achieve this, they should have the same Ubuntu version, ROS 
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version and under the same local area network(LAN). Therefore, the virtual ma-

chine's network configuration must be bridged network, not NAT mode. The 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 eth0 or enp0s3.  

 

If there is an IP address after ñinetò, for example, ñinet 192.168.x.xò, it should be the 

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. Set the Network Adapter to Bridged Adapter.  

4. Select the host network interface (such as Wi-Fi or 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 segment as the host computer so 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 after ñinetò.  

 

ii.  ROS 2 Humble 

The process of installing 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 - o /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 $(lsb_release - cs) 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 configure ROS 2 Humble environment var-

iables:  

$ echo "source /opt/ros/humble/setup.bash" >> 

~/.bashrc  

$ source ~/.bashrc  

6. Initialize rosdep  

Rosdep  is a tool 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 2 Humble installation 

1) Send publisher node: 

$ ros2 run demo_nodes_cpp talker  

2) In another terminal window, run the subscriber node: 

$ ros2 run demo_nodes_cpp listener  

If the two nodes can communicate normally, then ROS 2 Humble is installed 

successfully.  

 

iii.  Python 3 

On Ubuntu 22.04 for Raspberry Pi 4B, Python 3 is usually installed. The process of 

installing Python 3 is as below:  

1. Update package lists: 

$ sudo apt update  

2. Install Python 3: 

$ sudo apt install python3  

3. Install pip3 : 

$ sudo apt install python3 - pip  

4. Check if Python 3 and pip3 are installed successfully: 

$ python3 ïversion  

$ pip3 ïversion  

5. Install pyserial  module: 

$ sudo pip3 install pyserial  

 

iv. OpenCV 

Ubuntu software repositories usually include OpenCV, but it may not be the latest 

version. Therefore, it still needs to be installed through the apt package manager. The 

process of installing the OpenCV is as below:  
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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 output, the OpenCV is installed successfully.  

 

v. TurtleBot3 

This thesis is 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 variables: Add 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 see ñRun!ò at the end of terminal window, the installation is successful.  

 

 

vi. USB camera 

The camera used in this thesis experiment is a non-riven USB camera which could 

be connected with the Raspberry Pi 4Bôs USB port installed on the TurtleBot3 Burger. 

In order to present the real-time image in RViz, the USB camera driver is necessary 

to run before running SLAM node in virtual machine Ubuntu 22.04. The detailed and 

whole process of drive USB camera in Raspberry Pi is as below: 

1. SSH Turtlebot3 Burger in the virtual machine Ubuntu 22.04. Before running this 

command, there is a need to have a static IP address for the Raspberry Pi for 

convenience.  

$ ssh yelin@192.168.1.108  

2. Install usb_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: 

$ ls /dev/video*  

There should be /dev/video0  or other /dev/videoX  devices.  

2) Verify camera capabilities: 

$ sudo apt install v4l - utils  
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$ v4l2 - ctl -- list - formats - ext -- device=/dev/video0  

There should list all supported resolutions and pixel formats(e.g., MJPG, YUYV).  

4. Launch usb_cam  node 

Basic command: Launch the usb_cam  node with basic parameters according to the 

USB camera formats: 

$ ros2 run usb_cam usb_cam_node_exe -- ros - args  

  - p video_device:="/dev/video0" I 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 node: Verify that the node is running:  

$ ros2 node list  

There should have usb_cam  in the list.  

2) Check topics: Verify the topics being published:  

$ ros2 topic list  

There should have /image_raw  and camera_info  in the list.  

3) Inspect image data: Check if the /image_raw  topic is publishing:  

$ ros2 topic echo /image_raw  

6. Visualize Camera Feed in Rviz 

1) Launch Rviz: Open Rviz on the virtual machine Ubuntu 22.04: 

$ rviz2  

2) Add image plugin: In RViz, click ñAddò, and select ñImageò from the list.  

3) Configure the Image plugin: Set Image topic to /image_raw  and ensure 

the camera feed is visible.   

 

vii.  Turtlebot3 Burger OpenCR setup 

After changing the Raspberry Pi 4B on the TurtleBot3 Burger, the OpenCR need to 

be set up again to communicate and receive the topics information. The commands 

and versions are decided by the version of ROS. Mine is ROS 2 Humble. The whole 

and detailed OpenCR setup process is as below: 

1. Connect the OpenCR to the Rasbperry Pi using the micro USB cable.  

2. Install required packages on the Raspberry Pi to upload the OpenCR firmware:  

$ sudo dpkg -- add - architecture armhf  

$ sudo apt update  

$ sudo apt install libc6:armhf  

3. Depending on the platform:   

$ export OPENCR_PORT=/dev/ttyACM0  

$ export OPENCR_MODEL=burger  

$ rm - rf ./opencr_update.tar.bz2  

https://emanual.robotis.com/docs/en/parts/controller/opencr10/
https://emanual.robotis.com/docs/en/parts/controller/opencr10/
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4. Download the firmware 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 $OPENCR_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 Ubuntu 22.04 LTS on 

the official website [49]. There are two kinds of images: "Desktop imageò and ñServer 

imageò. Out of the same reasons described in 3.1.1, under ñDesktop image,ò the ñ64-bit 

PC (AMD64) desktop imageò was chosen for download and installation.  

 

After downloading the appropriate image file, I burned the image file into ñOracle VM 

VirtualBoxò. The whole process is as below:  

1. Open the Oracle VM VirtualBox, click ñNewò button and fill in the Ubuntu system 

information.  

2. I recommend allocating 4096 MB(4GB) memory and 2 processors for the virtual ma-

chine because 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 click ñCreateò button.  

2) Select ñVDIò (VirtualBox Disk Image) as the hard disk type.  

3) Select ñDynamically allocatedò as the storage method.  

4) I recommend setting 20 GB or larger for hard disk size.  

4. Configure the virtual machine: 

In VirtualBox's main interface, right-click the newly created virtual machine and click 

the ñSettingsò button.  

1) Adjust the video memory to 128 MB.  

2) Under Storage Devices, click the blank CD icon. On the right, select CD-ROM, 

click Select a disk file, and load the downloaded Ubuntu 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 internet as 3.2.1.1 

described.  

5. Start the VirtualBox and install the Ubuntu 22.04.  

 

After burning the image file, double-click the Ubuntu 22.04 to run it in VirtualBox.  

 

b) Configuration 

Initially, the Ubuntu 22.04 operating system needs to be optimized by ñVirtualBox Guest 

Additionsò. It is convenient to select it from the VirtualBox main interface page.  

 

When I started a new Ubuntu operating system, I always found that there was a problem 

with the Terminal. The Terminal could not always open by ñCtrl^tò or ñTerminal choiceò 

in ñShow Applications.ò The solution is changing the language to ñEnglish(Canada).ò  

 

https://releases.ubuntu.com/jammy/ubuntu-22.04.5-desktop-amd64.iso
https://releases.ubuntu.com/jammy/ubuntu-22.04.5-desktop-amd64.iso
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To complete the path planning and computer vision tasks, the detailed installation and 

configuration process of some necessary applications are shown as below: 

 

i. ROS 2 Humble 

1. Update the system: 

$ sudo apt update  

$ sudo apt upgrade  

2. Set the Locle 

$ sudo locale - gen en_US en_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. Add the 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 $(lsb_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 the environment variables automatically each time you start the terminal, 

execute:  

$ echo "source /opt/ros/humble/setup.bash" >> 

~/.bashrc  

$ source ~/.bashrc  

8. Install colcon  

$ 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.  

 

ii.  TurtleBot 3 

In this thesis, 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, so 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 the TurtleBot3 package 

1) Install the core packages: 

$ 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 uses environment 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  

 

iii.  Rviz 

The RViz has some versions and Rviz2 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 - y ros - humble - rviz2  

3. Common RViz supporting function installation 

1) Navigation and SLAM support: 
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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  

 

iv. Gazebo 

Given the Ubuntu 22.04 operating system, ROS 2 Humble has been installed as the 

corresponding middleware framework. Additionally, using Gazebo 11, compatible 

with ROS 2 Humble, is essential for this thesis research's experimental and simula-

tion components. The process of installation is shown as below: 

1. Install Gazebo and its dependencies 

1) Open a terminal 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 $(lsb_release - sc) main" > 

/etc/apt/sources.list.d/gazebo - stable.list'  

3) Add the Gazebo GPG key:  

$ wget https://packages.osrfoundation.org/ga-

zebo.key - O -  | sudo apt - key add -  

4) Install Gazebo 11:  

$ sudo apt update  

$ sudo apt install gazebo11  

5) Make sure Gazebo's dependencies are installed correctly: 

$ sudo apt install libgazebo11 - 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, the Gazebo is installed successfully.  

 

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 Gazebo and ROS 

versions was confirmed. The problem was finally identified as missing graphics de-

pendencies essential for the application's proper functionality.  

 

Gazebo is a 3D simulation tool requiring the correct graphics driver. If the computer 

does not have the appropriate graphics driver installed, Gazebo may not start. The 

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 case, we 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 option under the machine settings, and enable 3D 

acceleration(ensuring the virtual machine is off).  

2. Check the virtual machine settings 

Video memory allocation: Enter the virtual machine settings, click "Display", and 

adjust "Video memory" to the maximum (at least 128 MB.)  

3. Ensure installing the VirtualBox Guest Additions to support the graphics accel-

eration function. If the 3D rendering dependencies in the virtual machine are in-

sufficient, the Gazebo graphical interface may fail 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 well-supported. In virtual machine environ-

ments, X11 tends to be more stable, minimizing the need for additional configu-

rations and reducing potential compatibility issues associated with Wayland. As 

a result, switching to ñUbuntu on Xorgò before logging into Ubuntu 22.04 is the 

most effective option for running Gazebo simulations smoothly. The correct login 

interface is shown in the Figure B.1:  
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Figure B.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 file in the tur-

tlebot3_gazebo  package. The turtlebot3_gazebo  package is specifically 

designed for Gazebo simulations and includes the SDF model and other simulation 

settings used in Gazebo. Adding the camera plugin will 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/  

and open the model.sdf  file.  

2. Edit the model.sdf  file and add the camera plugin in the <base_link> : 

<link name="camera_link"> 

  <pose>0 0 0.2 0 0 0</pose> <!ðset the camera position and orientation --> 

  <sensor name="camera" type="camera"> 

    <pose>0 0 0.1 0 0 0</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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    <plugin name="camera_controller" filename="libgazebo_ros_camera.so"> 

      <ros> 

        <namespace>/turtlebot3</namespace> 

        <remapping>image_raw:=/camera/image_raw</remapping> 

      </ros> 

    </plugin> 

  </sensor> 

</link> 

3. Save the modification in the model.sdf  file and launch Gazebo simulation 

again. Now, the camera plugin should have been added to the TurtleBot3 Burger.  

 

v. 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 ïversion  

If the Python version prints, the installation of Python 3 is successful.  

4. Install and verify installation of pip (Python Package Manager) 

$ sudo apt install - y python3 - pip  

$ pip3 -- version  

 

vi. 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.  

 

vii.  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, here I only briefly introduced the necessary applications and ROS platform 

in the process. If there is a need to install other things in the process, just follow the official 

instructions to install them.  
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C. Additional Experiments 

Initially, I decide to use IMU&GPS module fusion to get velocity, acceleration, positioning 

information and so on. However, the smart overhead sensor has a positioning sensor on 

the trolly  to instead of the GPS module. Whatôs more, the IMU module is given up by the 

single accuracy.  

a) Ubuntu 18.04 in VMware Workstation Pro  

i. Create a new virtual machine 

According to the version of the image file, I choose to create the virtual machine 

ñUbuntu 18.04ò on VMware Workstation Pro. The Ubuntu 18.04 image file I use is 

a mature image file that has been configured, so I only need to complete the steps 

outlined as follows: 

1. Open the VMware Workstation Pro on the host system and select ñCreate a New 

Virtual Machineò.  

2. The ñNew Virtual Machine Wizardò prompts for the type of configuration. 

Choose the ñTypical(recommended) option to streamline the setup processò.  

3. The next screen prompts for the location of the installation media. The Ubuntu 

18.04 ISO image file, previously downloaded on the host computer, was selected 

as the installation source.  

4. Press ñDoneò after selecting the installation source, then the Ubuntu 18.04 virtual 

machine is under the VMware Workstation Pro.  

 

ii.  Allocate IP address 

Once the virtual machine is created, power it on and select ñOpen the virtual machineò 

under ñUbuntu_18.04ò. 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 order to promise the communication with Raspberry Pi, I checked the ñEditing 

Virtual Machine Settingsò, and under the ñNetwork Adapterò column, it appears 

ñBridge Mode (Automatic)ò, which was correct. Then I ran VMware as an adminis-

trator and opened "Edit" - "Virtual Network Editor" to check the network connection 

mode. It showed "VMnet0 Bridge Mode", which was also correct. 

 

At that time, ñBridge modeò meant that the virtual machine could automatically con-

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

dress. After troubleshooting the network adapter, the problem was still not solved, so 

I turned my attention to the router configuration. The specific inspection steps are as 

follows: 

1. Enter the management username and password to log in to the router.  

2. Make sure the DHCP service is enabled, and that the AP Isolation (Device Isola-

tion) setting is turned off.  
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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, then check ñBridged: Connected directly to the physical networkò.  

5. Under the Bridge Mode option, there is a Bridge to drop-down menu. Select the 

host's Wi-Fi adapter (usually identified as a wireless card, such as "Wi-Fi" or a 

name with wireless identification).  

6. Restart Ubuntu_18.04 and run the "ip addr"  command again. The allocated 

IP address is under ñens33ò, meaning that the allocation was successful.  

 

 

b) IMU Module  

The IMU module type is JY901B. It is a high-performance three-dimensional motion at-

titude measurement system based on MEMS technology. It includes a three-axis gyro-

scope, a three-axis accelerometer, a three-axis electronic compass motion sensor, and a 

barometer. By integrating various high-performance sensors and using the independently 

developed attitude dynamics core algorithm engine, combined with a high-dynamic Kal-

man filter fusion algorithm, it provides high-precision, high-dynamic, real-time compen-

sation three-axis 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 process of preparation work in Windows op-

erating system are outlined as follows: 

1. Download the CP2102__USB driver file to the local computer and unzip it. In-

stall the CP210xVCPInstaller_64.exe file and keep clicking "Next" until the in-

stallation is complete. Right-click "This Computer", select "Manage", then click 

"Device Manager", double-click "Port" to display the list. If "Ports" is not dis-

played in "Device Manager", click "View" and select "Show hidden devices". 

Then the ñPortò should be there. Insert the USB-TypeC data cable to connect the 

module to the computer USB port, as Figure C.1 shows, and a CP210x USB de-

vice port will be added.  
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Figure C.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 module. Enter 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 Z as the Figure C.2 shows. If the connection is unsuccessful, please 

confirm whether the serial port driver has been installed, or try another USB port.  

 

Figure C.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 in the Figure C.3 as an example. In 

normal state, the output of the four ports is low level (0V). When the X and Y 

axis angle value is greater than the maximum value of 10° or less than the mini-

mum value of -10°, the corresponding port outputs a high or low-level alarm. 

Click Write to take effect.  


