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ABSTRACT 

With the rapid development of machine vision-related technologies, machine vision has 

drawn great attention from researchers in other engineering areas. In fields like mechanical 

engineering, a visual system could play a significant role in solving problems for robots’ 

motion control. If the pose of a machine tool manipulator can be obtained easily and 

accurately, the control strategies for mechanisms would become more efficient. And this 

would highly promote newly designed machines into the real application. The trend of 

advanced manufacturing is that mechanical systems are moving towards full automation. 

However, during the transition, certain human involved processes of manufacturing still 

cannot be replaced completely. How to create a safe and efficient human-in-the-loop 

working environment with well-developed machine vision technologies would be one of 

the keys to the success of advanced manufacturing.  

This study focuses on control schemes with the visual system for different types of 

mechatronics devices. This dissertation has been organized with three steps of studies. In 

the first step, we study how to promote well-designed machines for application. A vision-

based motion control approach is proposed and validated for a recently designed 

generalized parallel robot. As we understand that it is hard to ignore that human-involved 

manufacturing is happening before the full automation, the second stage of this study is on 

how to design a control scheme for a robot to understand information from the 

surroundings and to be able to accomplish certain tasks by itself. A mobile robot motion 

control scheme is proposed and implemented in this study with the advanced visual 
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technology to achieve the function of a certain moving target following. In the third part, 

the study focuses on an advanced Human-Robot Interaction with providing a control 

scheme for a mobile manipulator by signals from common hand gestures in real-time, 

which would contribute to the technology access ability in areas that robots has replaced 

intensive labor work but human experience is highly required. Each of these three parts has 

been present with a project that includes a control approach design for a specific robot 

system and the system validation experiment. 



 iv 

ACKNOWLEDGEMENTS 

I would like to express my great gratitude to my supervisor Prof. Dan Zhang for being a 

great supervisor and mentor in the past few years. It was fortunate to me for working with 

Prof. Dan and his extraordinary research group. I greatly appreciate that he saw my research 

potential and accepted me as a candidate without any mechanical engineering background. 

To be encouraged by his dedication to international engineering research and education, 

not just my research ability in interdisciplinary areas have grown, I have also found my 

passion for my future career. With his mentorship and guidance, this doctoral program 

becomes an incredible experience. 

I also appreciate my committee members Prof. George Zhu and Prof. Alex Czekanski for 

their constructive feedbacks in every meeting we had and for their kindness advice 

whenever I researched out. My great thanks to my exam committee members Prof. Siyuan 

He and Prof. Jimmy Huang for your kindness suggestions.  

Thanks to those faculties and staffs who have shown their great support for my research, 

teaching, learning experience during those years. And my special thanks to Dr. Garrett 

Melenka for all his advice and guidance outside of research. I am lucky to work with an 

incredible research team and all my labmates’ kindness support. I would like to thanks to 

my labmates Hongyan, Guangyu, Xiaodong, Haiqiang, Moritz, Andrea A., Andrea P., Qi, 

Naijing, Zhibo and Chong for their great ideas in terms of inspiring me to explore new 

research topics, their help in my study of mechatronics related topics, those hand-on 

experiences they have shared. And special thanks to Andrea A. for some experimental 



 v 

assistance and contribution he had made for Chapter 6. Besides, thank you to my friends I 

have made in this wonderful department and those incredible minds which inspired and 

supported me throughout the past four years.  

Thank you to my parents for your endless love and all your supports in every decision I 

have made. I also grateful for Haoduo’s encouragement, accompany, love and commitment 

as a life partner. And thank you all for being my rock. Thanks to my supportive families 

and friends in my home country.  

I dedicate this work to my uncle a passionate family chef whose encouragement for me 

pursuing this degree and his inspiration for my life was invaluable. Although he did not 

see my completion, his spirit will be with me and always in my cooking. May he rest in 

peace. 

 

 

 

 



 vi 

TABLE OF CONTENTS 

ABSTRACT ........................................................................................................................ ii 

ACKNOWLEDGEMENTS ............................................................................................... iv 

TABLE OF CONTENTS ................................................................................................... vi 

LIST OF TABLES ............................................................................................................. ix 

LIST OF FIGURES ............................................................................................................ x 

LIST OF ACRONYMS ................................................................................................... xiii 

CHAPTER 1 Introduction ...................................................................................................... 1 

1.1 Background and Motivation of the Research...................................................... 1 

1.1.1 Background of the Research ........................................................................... 1 

1.1.2 Motivations of the Research ........................................................................... 6 

1.2 Research Objectives ............................................................................................ 8 

1.3 The Dissertation Organization ............................................................................ 9 

CHAPTER 2 Literature Review ........................................................................................... 12 

2.1 Machine Vision ................................................................................................. 12 

2.2 Vision System for Robots’ Motion Control ...................................................... 17 

2.3 Parallel Robots Control Strategies .................................................................... 21 

2.4 Real-time Control for A Mobile Robot with A Visual System ........................ 26 

2.5 Human-Computer/ Robot Interaction ............................................................... 28 



 vii 

CHAPTER 3 Vision-based Three-Dimensional Measurement ............................................ 31 

3.1 Stereo vision...................................................................................................... 31 

3.2 Camera calibration ............................................................................................ 32 

3.3 Feature Extraction ............................................................................................. 34 

3.4 Three-dimensional Information Reconstruction ............................................... 36 

3.5 Discussion ......................................................................................................... 42 

CHAPTER 4 Vision-based Control: An Approach for Generalized Parallel Robots .......... 43 

4.1 Introduction of Generalized Parallel Robot and Its Control Strategy ............... 43 

4.2 Design of A Generalized Parallel Robot Vision-based Control Model ............ 46 

4.2.1 The kinematic of the mechanism .................................................................. 46 

4.2.2 Vision-based control scheme ........................................................................ 51 

4.3 Validation of the Models .................................................................................. 54 

4.4 Experiment on Proposed Method...................................................................... 57 

4.5 Discussion ......................................................................................................... 60 

CHAPTER 5 Advanced Visual System for Robot Control .................................................. 65 

5.1 Introduction Real-time Moving Target Following Systems ............................. 65 

5.2 A Real-time Moving Target Following System with Depth Camera ............... 67 

5.2.1 A Modified Kernelized Correlation Filter Tracker ....................................... 67 

5.2.2 The Mobile Robot Control Scheme .............................................................. 70 

5.3 Validation and Experiment ............................................................................... 75 

5.3.1 The Validation of the Modified KCF Tracker .............................................. 76 



 viii 

5.4 Discussion ......................................................................................................... 79 

CHAPTER 6 Beyond Vision-based Control: The Vision System for Human-Robot 

Interaction ......................................................................................................................... 82 

6.1 Introduction of Hand Gesture Recognition ....................................................... 82 

6.2 Real-time Two-hand Gesture Recognition for Mobile Robot Control ............. 87 

6.2.1 Two-hand Gesture Recognition .................................................................... 88 

6.3 The Experiment of Proposed Method ............................................................... 94 

6.4 Discussion ......................................................................................................... 99 

CHAPTER 7 Conclusion and Future Work ....................................................................... 102 

7.1 Conclusions ..................................................................................................... 102 

7.2 Contribution of the Dissertation...................................................................... 104 

7.2.1 Vision-based Control: An Approach for Generalized Parallel Robots ....... 104 

7.2.2 Advanced Visual System for a Mobile Robot Motion Control .................. 105 

7.2.3 Beyond Vision-based Control: The Vision System for HRI ...................... 105 

7.3 Future Work .................................................................................................... 106 

Bibliography ................................................................................................................... 110 

Appendices ...................................................................................................................... 158 

Appendix A: List of Publication ................................................................................. 158 

 

 



 ix 

LIST OF TABLES 

Table 6-1 Accuracy of the hand recognition algorithm .................................................... 94 

Table 6-2 Comparison of the proposed method and existing methods ........................... 100 

 



 x 

LIST OF FIGURES 

Figure 1-1. A typical robot motion control system with visual feedback ........................... 3 

Figure 2-1. A typical imaging and image processing flow ............................................... 13 

Figure 2-2. The pinhole camera model ............................................................................. 14 

Figure 2-3. The control block of image-based visual servoing ........................................ 25 

Figure 2-4. The control block of position-based visual servoing ..................................... 25 

Figure 3-1. Epipolar geometry .......................................................................................... 32 

Figure 3-2. Binocular cameras calibration configuration ................................................. 33 

Figure 3-3. Center detection configuration [270] ............................................................. 35 

Figure 3-4. Stereo vision matching result from two camera views .................................. 37 

Figure 3-5. The calibration algorithm ............................................................................... 39 

Figure 3-6. Images obtained from the Kinect camera: RGB image and depth image ...... 39 

Figure 3-7. Color camera calibration with the feature detected result .............................. 40 

Figure 3-8. Depth camera calibration with the feature detected result ............................. 41 

Figure 4-1. The planar general parallel mechanism configuration ................................... 47 

Figure 4-2. Control sachem of a generalized planar parallel robot ................................... 52 

Figure 4-3. The simulation of the parallel platform .......................................................... 55 

Figure 4-4. Poses of the mechanism ................................................................................. 56 

Figure 4-5. Simulation result ............................................................................................ 57 

Figure 4-6. The vision-based control scheme ................................................................... 58 

Figure 4-7. Experiment setup ............................................................................................ 59 



 xi 

Figure 4-8. Experiment result ........................................................................................... 60 

Figure 4-9. Comparison of the EE position in translational directions between experiment 

result and the simulation result ......................................................................................... 61 

Figure 4-10. Comparison of the EE in the rotational direction between the experiment 

result and the simulation result ......................................................................................... 62 

Figure 4-11. Comparison of the EE’s moving trajectory .................................................. 63 

Figure 5-1. The system coordinate during tracking .......................................................... 71 

Figure 5-2. The detection result from a depth camera with robot height ......................... 72 

Figure 5-3. The configuration of the robot ....................................................................... 73 

Figure 5-4. The proposed algorithm ................................................................................. 75 

Figure 5-5. Test result on videos of a benchmark [266] ................................................... 76 

Figure 5-6. Test result in Dataset BAHNHOF [232] ........................................................ 77 

Figure 5-7. The mobile robot system with an RGB-D camera ......................................... 78 

Figure 5-8. Test result in the experimental scene ............................................................. 79 

Figure 5-9. Tracking result comparison ............................................................................ 80 

Figure 6-1. The system working flowchart ....................................................................... 88 

Figure 6-2. Hand gesture coordinate ................................................................................. 89 

Figure 6-3. The 7 different operational gestures for mobile robot navigation .................. 92 

Figure 6-4. Hand gesture for the gripper’s operation ....................................................... 93 

Figure 6-5. The system configuration ............................................................................... 95 

Figure 6-6. The experimental field ................................................................................... 96 

Figure 6-7. The proposed hand recognition algorithm ..................................................... 97 



 xii 

Figure 6-8. The result of mobile robot navigation with the hand gesture ......................... 98 

Figure 6-9. The result of mobile robot navigation and operation with the hand gesture .. 99 

 



 xiii 

LIST OF ACRONYMS 

2D   Two-Dimensional 

3D   Three-Dimensional  

AR   Augment Reality 

DOF   Degrees of Freedom 

EE    End-effector  

EKF   Extended Kalman Filter 

GPM    General Parallel Mechanisms  

HCI   Human-Computer Interaction 

HITL   Human-In-The-Loop 

HRI    Human-Robot Interaction 

IBVS   Image Based Visual Servoing 

KCF   Kernelized Correlation Filter 

KF   Kalman Filter 

ML   Machine Learning 



 xiv 

OOI   Objects of Interest 

PBVS   Position Based Visual Servoing 

PM   Parallel Mechanism 

SLAM   Simultaneous Localization and Mapping 

VR   Virtual Reality 

 

 



 1 

Chapter 1 Introduction 

What is a robot? I believe there would be a number of definitions from different individuals. 

The word “robot” was firstly invented in a science fiction play called “Rossum’s Universal 

Robots” by the Czech writer Karel Capek. In the past decades, fiction movies and novels 

already helped us visualized what robots could be. However, the reality is that existing 

robots are far behind the fantasy of films. There is no doubt that robot-related technology 

will play a significant role in this century.[1] Luckily, we already see a lot of smart robotic 

appliances active in our daily life, such as cleaning robots, smart speakers, even robotic 

waiters in certain restaurants. And we could simply summarize the future of robotics as 

machines with intelligence. 

1.1 Background and Motivation of the Research 

1.1.1 Background of the Research 

To review the industrial development process, machines have done a lot for us and 

promoted us to move towards the fourth revolution of industry. Since the innovation of 

steam power in the late 17th century, industrial processes rapidly developed into the mass 

production century in the 18th century. Now we are in the information century with a highly 

automated manufacturing level and renovating towards the next stage. The next level of 

requirement for manufacturing processes would be higher productivity, better working 

environment, the flexibility of manufactory, etc. Machines have been doing great so far. 
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They have been significantly promoted production efficiency, they have significantly been 

released humans from working hazards, and they have been making our daily life 

convenient. With the diversity of demands in manufacturing and daily life, we start to 

expect more from machines such as instead of having massive numbers of the limited 

variety of products we expect for product diversity, instead of driving cars around we 

expect cars moving to the destination by themselves. And the smart machine will make 

those expectations into a reality.  

The invention of machines derived from the need that humans would like to have 

replacements in the roles of heavy labour work. The process of its development could be 

simply described into three steps. In the first stage, we solved the actuation problem and 

the machine can move by itself with certain power sources. In the next stage, we solved 

the sensing problem with the development of sensor technology. So, the machine could get 

information from the surroundings and be able to accomplish certain tasks by itself. For 

the third stage, we expected that machines could not only operate as desired but also could 

‘think’ as desired. It worth mentioning that the machine vision has played an important role 

in moving from stage two to stage three. Since the machine vision works as the function of 

human eyes. After it could see as humans, it is now developing towards ‘seeing and 

thinking’ as humans. Comparing with traditional sensing devices, the vision system has 

great advantages such as non-contacting sensing, easy for installing and maintenance and 

reusability. With the development of machine vision technology, it shows great potential 

in motion control for machines.  
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The vision system could understand the position or behaviour of the machine with the 

camera system mounting on the machine or monitoring the working process of the 

machine.  In Figure 1-1, a typical vision-based robot motion control system is shown. The 

camera system is able to recognize locations of objects for picking up and the recognition 

result could contribute to the control strategies of the robot system. After years of study 

about the system’s reliability and stability, this type of highly automated system starts to 

be applied to today’s manufacturing. However, there are still a lot of challenges for this 

type of robot system such as payload, efficiency, flexibility which can be solved by 

researches about mechanisms. The robot arm in Figure 1-1 is a typical serial robot system 

with a large workspace and less complicated control strategies. However, it is also highly 

limited in load capability, flexibility and efficiency.  

 

Figure 1-1. A typical robot motion control system with visual feedback 
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As the development of the industry, the future manufactory processes will be less labour 

intensive but become more flexible, efficient, reliable for high precision assembly, surface 

finishing and fast product handling[12]. To meet those demands, researchers on mechanism 

design have been focused on parallel robots and to solve problems of flexibility, payload, 

and efficiency of mechanisms. Today, parallel robots like ‘Stewart Platform’[7], ‘Delta-

robot’[13], etc. are widely applied in manufacturing. Besides, parallel robots like [14, 109], 

etc. have shown great potential in modern manufacturing. Such mechanisms are normally 

consisted of multiple linkages to support one common platform or EE and formed as 

closed-loop chains [180].  

With the boosting number of studies about parallel mechanisms, there are a lot of excellent 

designs shown in recent years. One of the challenges for promoting a well-designed parallel 

mechanism into the real application is that the validation economy and control efficiency. 

An increasing number of researches start to focus on coupling the visual servo technologies 

and parallel robots to create accurate, flexible and efficient control schemes. With the 

revolution of technologies and shifts of market demands, we must study the machine from 

design to application with new scopes. The visual servo will just become a part of the robot 

motion control strategies.  

Studies show that most of the human jobs with lower-skilled would be replaced or 

eliminated with the development of technologies in countries like the US, German, Sweden 

and other Northern European countries [181, 182] and the remaining jobs need human 

involvement would become more comprehensive and complex [183, 184]. Although a lot 
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of labour works will be replaced by machines in the soon future, there is the fact that hard 

to be denied that during this transition there will be a period that humans still involved in 

a lot of manufacturing processes. How to adapt advanced visual systems into human-in-

the-loop manufacturing will become another popular research area. Visual devices have 

already widely been used as surveillance systems in a lot of scenarios, and a few numbers 

of advanced intelligent technologies have been widely applied commercially such as 

vehicle number plates recognition [113] and bio-information recognition [185, 186]. 

Integrating the exiting visual system with intelligence in a manufacturing scenario would 

provide a safe, reliable and efficient manufacturing system that would also require a high 

level of reliability and accuracy of the smart system.[187] The machine could work as an 

assistant, an alarm or a collaborator for a human involved manufacturing process.  

Beyond visual servo for motion control of machines and advanced visual assisted system, 

in some specific industrial tasks which highly rely on experiences, the Human-Robot 

Interaction (HRI) will become an ideal manufacturing process before the smart machine 

becomes mature and reliable enough. Keys of this type of technology do not just make sure 

the system is accurate and dependable which is also about user experience. To optimize 

human involved manufacturing systems for better interaction, how to make new 

technology accessible to common users will also become an important research area such 

as an easy interface process, common communication between humans and machines, etc.  

In a word, the research about adapting the visual system into robot motion control and HRI 

would play an important role in the development the advanced manufacturing. How to 
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make the machine become smart will become one of the focuses of future manufacturing 

as well. The intelligent machine will become a general engineering study with a wide range 

of engineering fields involved such as mechanical, electrical and software engineering, etc. 

And there will be more and more new terms of research invented related to this study such 

as mechatronics, cyborg and bioroid. 

1.1.2 Motivations of the Research 

Technologies in machine vision have been highly valued in a lot of areas such as biometrics 

recognition[187], video surveillance analysis[111], medical imaging diagnosis[112], 

optical character recognition[113], defect detection in the industry [114], etc. and start to 

be recognized in areas as autonomous driving[115], augmented reality, etc. With visual 

applications in commerce and transportation that have been widely studied, have proved 

with high reliability, high accuracy and great flexibility and such researches become mature 

application products in the market, researches about visual applications in agriculture and 

industry would become the focus in the next decades. The expectation of machine vision 

technology in the area as industry and agriculture which traditionally have highly intensive 

labour involved workload would be how the technology helps the industry transformation 

with the shifting of the labour market caused by the new technology.  

To adapt the vision system for advanced manufacturing, there are a few challenges that 

need to overcome. The first one is how the machine vision system could promote the 

development of the technology in terms of increasing the productivity of the manufacturing 
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processes and how to combine the visual technology into machine design so the next 

generation of the machine would become not just efficient but also more flexible, more 

robustness to the working environment. As researches about mechanisms’ design have 

proved those novel parallel mechanisms would suitable for more diverse requirements in 

the future industry theoretically such as with high flexibility, high load ability and high 

accuracy, how to evaluate the novel design with a prototype efficiently and accurately 

would be a big challenge for researchers in the area of the mechanism design[12, 14]. 

Although we already realized that the labour market for manufacturing would have a 

massive change with the development of advanced machines in the next decade, advanced 

machines get into manufacturing is unstoppable and human involved manufacturing 

process would still exist at the same time. During the transition stage of manufacturing, 

how to create a safe and friendly co-working environment between humans and robots will 

become a huge challenge for researchers as well. The machine vision system could bring 

intelligence into machines so the machine would work by itself or work with humans for 

specific manufacturing processes. Additionally, if the visual system could understand the 

manufacturing process and predict environment hazards, the safety of the manufacturing 

process will get into another level. 

With the understanding that labour workers would be replaced by machines eventfully, the 

job market would start to shift according to novel technologies. Although manufacturing 

is working towards full automation, before machines become intelligent enough for 

working all by themselves, there are certain processes still highly rely on humans’ 
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experience. Besides, certain human involved processes of manufacturing cannot be 

replaced such as maintenance. Novel technologies have responsivity to build a smooth path 

for adapting new manufacturing processes with traditional workers. So how to make new 

technology accessible to common users such as easy interface processes, common 

communication between humans and machines, etc. will also become another challenge 

for researchers. 

1.2 Research Objectives 

The goal of this research is to develop control schemes for mechatronics devices with 

different types of visual technologies. According to the flexibility of machine vision 

technology, this study could be conducted into three levels of studies and the big picture 

of research objectives are as follows: 

1) To design a methodology on how to integrate the visual system into control of well-

designed mechanisms. The system should be able to control the motion of parallel 

mechanisms and provide evaluation information for design improvement. The 

system should have characters as reusable, easy for setting up, accurate, real-time 

and economy. Besides, the methodology should be easy to be adopted for other 

systems.  With the result of this research object, the control scheme of a well 

designed parallel robot would have one more topic that a vision-based control 

strategy. 
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2) Although the visual system has been proved that it would improve the level of 

autonomy of machines and it would promote newly designed machines into 

applications, the fact that we would still have a large number of Human-In-The-

Loop (HITL) scenarios in daily life or manufacturing processes. One of our 

research objectives would be to design a methodology on how to integrate advanced 

machine vision into controller design for the human-machine co-working 

environment.  

3) One other research objectives of this study would be to design an easy interaction 

framework between humans and robots. Beyond vision-based control technologies, 

to optimize human involved manufacturing systems for a better interactive 

experience. The focus of this topic would be how to create an accurate, robustness 

interaction strategy that could easy understand by users with limited knowledge 

about the interaction knowledge itself.    

1.3 The Dissertation Organization  

This dissertation is organized as follows:  

Chapter 1 has introduced the background of this dissertation which includes how the 

machine and machine vision get into our daily life and how they affected areas as 

commercial, manufacturing, etc. As the background have been introduced, the motivation 

of the study on vision-based motion control for parallel mechanisms, the research on 

advanced visual technology for robots’ motion control and vision system for HRI are 
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presented. Then a brief about the dissertation organization is presented at the end of this 

Chapter. 

In Chapter 2, a range of research areas that relate to this study are reviewed respectively 

since this study is interdisciplinary research among machine vision, mechatronics and 

mechanical engineering. Topics include machine vision, vision system for robots’ motion 

control, parallel robot control strategies, real-time control for a mobile robot with a visual 

system, human-computer/robot interaction. In this chapter, related works under each topic 

are reviewed. Besides, discussion and challenges with those works are also presented in 

this chapter. 

In Chapter 3, theories about stereo vision and related work that we have contributed to are 

presented. As the later chapters are all related to 3D vision, this chapter is the base of our 

following research. A novel circle detection method is presented for the camera’s fast and 

accurate calibration.  

In Chapter 4-6, three different branches of studies about vision-based control schemes are 

presented, respectively. In each chapter, a research project is presented for demonstration 

of the thesis’ major contributions. 

Chapter 4 present a novel vision-based control scheme for a well designed parallel 

mechanism. The system model is analyzed and verified theoretically. And the system 

prototype is built and demonstrated the efficiency and accuracy with the proposed model. 
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This chapter provides a new approach for a well-designed mechanism to create a control 

strategy that overcame challenges with the parallel robot forward kinematics.  

 In Chapter 5, an advanced target tracking method is proposed for a mobile robot motion 

control. And the experiment result has proved the efficiency of the proposed method.  

In Chapter 6, a novel two-hand gesture recognition method is proposed for a mobile 

manipulator. The proposed method is designed according to certain common senses of 

gesture directional language which would provide a super easy understandably control 

signals from human gesture to intact with the movement of a mobile manipulator.  

Chapter 7 concludes these three studies by discussing their performance and limitations. 

Besides, we have summarized this interdisciplinary study and its impact on the 

manufacturing process. Additionally, a few potential research topics are highlighted based 

on the current achievement of this dissertation. 
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Chapter 2 Literature Review 

2.1 Machine Vision 

The establishment of machine vision is derived from that human devoted to designing an 

information processing system that consists of cameras and computers, and the system 

could have similar functions as the human vision system. The system would be able to 

recognize and understand the surrounding environment as the same as humans through 

image processing technology. The camera system works as the signal receiving device; 

then, the signal sends to computers for processing. An image processing, recognizing and 

understanding system is build-in with the computer so the system works as one could 

understand the real world around it. The purpose of related researches is empowering 

computers with intelligence that could understand the real scenarios as humans. Machine 

vision as one of the most important disciplines under computer science is a cross-area 

subject that involves optical, electrical, image processing, artificial intelligence, etc.[3, 

188]. The success of machine vision has to be a good understanding of all characters in its 

imaging process. According to Figure 2-1, it can be told that machine vision is a complex 

area that involves a wide range of engineering fields such as optical engineering, electrical 

engineering, software engineering, etc.  
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Figure 2-1. A typical imaging and image processing flow 

How the imaging process obtain the information from a 3D world to the 2D image with a 

camera system? The general imaging model was simplified as a linear projection matrix to 

transfer the world coordinate to the image coordinate. The commonly used model is the 

pinhole model which shown in Figure 2-2.  

The relation between the 3D point 𝑁 [𝑋𝑊,  𝑌𝑊, 𝑍𝑊] and the point 𝑛′[𝑢,  𝑣] in the virtual 

image plane could express with the following equation:  

𝒄 [
𝒖
𝒗
𝟏
] = 𝑴𝒘𝒄 [

𝑿𝑾
𝒀𝑾
𝒁𝑾
𝟏

]          (2-1) 

where 𝑐 is the scale factor and 𝑀𝑤𝑐 is the camera parameters which can be written as the 

combination of the camera extrinsic parameters and intrinsic parameters. 

𝑴𝐰𝐜 = [
𝑹𝒘
𝒕𝒘
]𝑲𝒘          (2-2) 
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where [𝑅𝑤 𝑡𝑤]
𝑇 is the extrinsic parameter matrix for the camera to transform the world 

points to camera coordinates and 𝐾𝑤  is the intrinsic parameters to map the camera 

coordinates into the image plane.  

 

Figure 2-2. The pinhole camera model  

During the camera parameter calibration, we could put the above parameters together to 

obtain a 3 × 4 camera matrix as follow: 

𝑴𝐰𝐜 = [

𝐦𝟏𝟏
𝒘𝒄 𝒎𝟏𝟐

𝒘𝒄 𝒎𝟏𝟑
𝒘𝒄 𝒎𝟏𝟒

𝒘𝒄

𝐦𝟐𝟏
𝒘𝒄 𝒎𝟐𝟐

𝒘𝒄 𝒎𝟐𝟑
𝒘𝒄 𝒎𝟐𝟒

𝒘𝒄

𝐦𝟑𝟏
𝒘𝒄 𝒎𝟑𝟐

𝒘𝒄 𝒎𝟑𝟑
𝒘𝒄    𝟏 

]        (2-3) 

With the understanding of a camera imaging process, researches also notice that the 

distortion of the camera system caused by the manufacturing process would also affect the 

efficiency of understanding 3D information from the 2D image. So there are a lot of 

researchers focused on solving the distortion problems of the camera system. [189, 190] 
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During the 1950s, researchers start to focus on pattern recognition with two-dimensional 

image processing. This is the first time in human history that the computer has been used 

as an equipment to sense the real world. In those decades, the compute vision technology 

was mainly applied in optical character recognition and aerial image analysis [2]. In the 

1970s, the Massachusetts Institute of Technology officially opened the course Machine 

vision which becomes an important milestone for machine vision application. [191] The 

1980s is the decade that the number of researches about machine vision is rapidly growing. 

Additionally, in the middle of the 1980s, the diversity of researches about machine vision 

shown up. There were a lot of new concepts and frames proposed such as the framework 

of perceptual feature-based objects recognition theory, the theory of the active vision, the 

framework of vision integration etc. [192] With those new concepts and frameworks, new 

challenges showed up which promoted researches about related areas. After we are moving 

into the 20 centenaries, researchers started to devote to artificial intelligence which drives 

researches about machine vision towards general applications.[188] In the early 90s, there 

were a few commercial products in the market and those products had been applied to 

specific academic and industrial tasks. However, the system limitation did not promote the 

wide application. In the recent few years, researches about machine vision started to 

consider characteristics of biological vision such as high resolution, high robustness and 

real-time. Besides, with the rapid development of computer hardware, machine vision 

technology is moving towards the next generation. The machine vision shows great 

potential in areas as entertainment, commerce, the medical, industry even aerospace. It is 

not difficult to realize that machine vision technology has begun to enter people's daily life, 
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bringing a lot of convenience and entertainment such as biometrics recognition on the cell 

phone, vehicle number plates recognition for a parking garage, intraoral digital scanners 

for dental treatment, etc.  

The early vision was focusing on understanding environmental information and extracting 

objects of interest from images. Besides, features of the object are limited within a certain 

range like color, texture or shape to ensure the computing efficiency. With the development 

of artificial intelligence, computer vision starts to move toward a higher level in terms of 

duplicating the abilities of human vision [3]. Methods such as neural network [278], 

support vector machine [279], principal components regression [275], etc. highly support 

the development of machine vision. With those supervised learning methods, machine 

vision technology would be able to deal with more complex recognition problems with 

high accuracy like disease diagnosis assistance [278], facial recognition [276, 277], etc.  

Supervised learning is a typical machine learning method that could make decisions and 

predictions with the training dataset. With training datasets, a learning model could be 

created for predicting the response values for new datasets. In order to increase the 

accuracy of the model, a lot of efforts have to be put in gathering efficient datasets. Since 

image training methods also highly rely on labels of the object of interest, and effective 

labelling method would also be the key to supervised training. To increase the flexibility 

of the learning algorithm model for multiple target detection, there are a certain number of 

efforts putting on active learning like learning with multiple labels [284], multi-class 

learning [285], learning with Gaussian processes [286], multi-level prediction [287], etc. 
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With the potential of reinforcement learning and unsupervised learning shown in data 

training, researchers in machine vision also start to consider their possibility in vision 

recognition like facial recognition [288] and other image feature recognition [289, 290]. 

Although machine vision is rapidly growing with great potential for application in almost 

everywhere, to apply machine vision technology for more general applications, there are 

still many problems that need to be solved such as accuracy, real-time, etc. In the past a 

few years, the number of new methods has promoted the visual system becomes more 

intelligent [11]. Besides, there are a huge number of researchers still committed to this field 

and its related applications field such as virtual reality, and argument reality, etc. 

Applications with machine vision would be a boost at an unpredictable rate in the next 

decade.  

2.2 Vision System for Robots’ Motion Control 

There are more than 800,000 robots have been widely applied in industrial environments 

and this population is continuedly growing [18]. However, the application for such robotic 

systems is excluded from those working or manufacturing scenarios where are required for 

high precision control and high reliability. Now the modern robots still highly rely on the 

robots’ model to find the position of the end-effector (EE) the manipulator of the robots, 

especially highly reliant on forwarding kinematic models. So there are a few challenges for 

promoting application for such systems that need to be overcome. Firstly, sensor accuracy 

is a challenge for robot motion control. Although the number of sensing technologies is 
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still growing, the commercial machines are still limited by the cost of high precision sensor 

systems, nonefficient sustainability, and requirements of maintenance of such systems. 

Secondly, there are some other factors that would cause errors of robots’ final position such 

as manufacturing error in the machine parts. The other challenge for robot motion control 

is the stiffness of the robot. In order to avoid the error of the rigid body caused by material 

elastic deformation, the common solution to that is to build robots with high stiffness 

material, especially heavy metal in a lot of cases. As a consequence of that, manufacturing 

robots normally need to be driven by powerful motors but have limited capability in 

loading. As the machine vision technology has been highly valued as an alternative sensing 

technology which has high accuracy, non-contacting sensing feature and great flexibility 

as well as the rapid development of imaging devices commercial products, vision systems 

start to draw attention in the area of robot motion control study.  

If the visual system can be efficiently used for robots’ motion control, the control strategies 

for mechanisms would become more economical with high flexibility and high accuracy. 

Vision-based motion control for robots must be related to the research of the humanoid 

robot. There are a certain number of researches shown that vision plays a significant role 

in human motion control [72-74] that inspire researchers in robot motion control area to 

consider vision-based control schemes [75, 84]. As the expansion of robot application, 

various vision-based motion control approaches for different types of robots have shown 

such as eye-in-hand manipulator[61, 89] which has been considered in a lot of industrial 

scenarios, vision-based localization approaches for mobile robot control [90, 91] which 
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have promoted a vital research area under artificial intelligence known as Simultaneous 

Localization and Mapping (SLAM) [92]. In the meantime, researchers also located 

challenges for this area, such as hardware qualities[79],  image processing efficiency[85], 

image stabilization [84], image feature selection [87], etc.  With the feature of flexibility, 

vision-based control has been applied for not just rigid mechanisms but also novel designs 

as cable-driven robots[55,62],  continuum robots[94, 96] and flexible manipulator [95]. 

Continuedly, as the improvement of accuracy and reliability of image processing 

technology, vision-based control has shown great potential in medical applications as 

surgical robots[99, 100], medical assisting mechanical systems[98].  

In the early stage of the development of vision-based vision control for industrial 

applications, researches are mainly focused on transfer the information from the real 3D 

world to 2D image accurately or rely on the information from the 2D image to estimate the 

position of the robot in the 3D scene [138]. The visual servoing is the most typical method 

which uses for transfer the position information to certain algorithm as the feedback of a 

robot autonomous control loop without human interaction. There are two main kinds of set 

up for implementing the vision-based motion control. The first one is an eye-in-hand 

system that equips the camera system on the robot gripper or manipulator to measure the 

location of the robot's end-effect to the target or object of interest [120, 123]. One of the 

most significant advantages of such systems is that with an ideal algorithm the effect of 

system default error would be minimized on the motion control accuracy. However, this 

type of approach needs typically to continuously update the target location until the 
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manipulator reaching the object which would be a computationally expensive process. 

Besides, such systems could only have the location of the object but the coordinate of the 

gripper which means that the feedback control does not include the location of the end 

effect of the system. Additionally, if there is any interference from the environment which 

causes the error between the end effect to the destination, the system could not be able to 

make the adjustment for that. The other type of vision-based motion control setup is eye-

to-hand which fixes the camera system in a static position and has the robot manipulator 

on the camera scene.[122] The advantage of such an approach is that the camera system 

could work as not just the sensor between the manipulator and the object of interest but 

also could work as the surveillance system for the whole robot system as well as the 

working environment. Under this case, the camera system could assist the robot system in 

finding a path or planning for an efficient grasping without conflicting any environment 

uncertainty. Challenges for such approaches are how to understand the location of the 

target in a complex 3D environment and how to plan an ideal trajectory of the robot motion 

which are out of the scope of machine vision or robotic motion control itself [123]. There 

are also some researches to combine the above two types of approaches together for reliable 

and robust control schemes[124 -126]. However, those combinations highly increased the 

cost of the implementation. 

As advantages of the vision-based control shown, researchers also notice that one of the 

keys to increasing the system accuracy is to get the 3D information directly from the vision 

system. To compare the eye-in-hand system with a monocular camera and a stereo camera 



 21 

system, the system with a stereo camera would provide more flexibility in a complex 

working environment such as multiple nearby objects picking up, small objects picking up, 

etc.[121] 

Visual servoing methods which are utilized as feedback from image features to control the 

motion of robot systems have been proposed to handle many stability and reliability issues 

in vision-based control systems. Beyond visual servoing for robots, a similar idea is 

proposed for human motion capture [154]. Such a system could detect the motion timely 

and accurately. Besides, those ideas could contribute to a wide range of areas like the 

medical and entertainment industry. With the department of artificial intelligence in data 

science, machine learning (ML), Virtual Reality (VR)/ Augment Reality (AR), there will 

be more and more novel technologies and control schemes that appeared in robot motion 

control-related research. 

2.3 Parallel Robots Control Strategies 

Parallel robots have drawn great attention with their higher stiffness, higher force-to-

weight ratio and efficiency compare with serial robots [155]. In terms of the parallel robots 

control scheme, it could be generally designed from two frameworks: designing from leg 

space/ actuator space or designing from the workspace. The former approach focuses on 

designing a control scheme to compute the actuation signal from a desired moving platform 

position by inverse kinematic. If all actuators are well controlled in the system, the moving 

platform or manipulator of the robot could move desirably. One of the challenges for such 
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control schemes is the dynamic model for actuators. To take hydraulic actuator as a typical 

example, the dynamic model of hydraulic systems is complicated as they resemble velocity 

sources, they are forces or torques dynamic range limitation and highly nonlinear [156, 157, 

158]. So there are a certain number of researches devoted to the actuator modelling for 

creating high-performance controllers for parallel robots by minimizing fluid 

compressibility or flow pressure characteristics [159, 160, 161, 162, 163]. On the other 

hand, there are also researchers focusing on taking advantage of hydraulic systems for 

creating control schemes with high responding speed under large forces and high stiffness 

[164, 165, 166, 167]. Some researches are focusing on improving robots’ dynamic models 

by considering removing the mass and inertia of the parallel robots’ linkages [169, 170] 

which could provide simplified dynamic models for controllers with a certain range of error. 

The second approach is to describe the dynamic system model by the workspace 

coordinates which means the position of the end-effect of the robot needs to be provided. 

Normally, this type of measurement is done by orientation sensors. Without those direct 

measurements, the workspace coordinates would be calculated by the robot forward 

kinematic model which is well known as a challenging problem for parallel robots [168, 

171, 172, 173]. Although we could use a sensor to make the measurement happening, the 

challenge is the cost of such a 6 degree-of-freedom (DOF) sensor and its maintenance [174, 

175]. As this approach could directly evaluate the system performance, there are a lot of 

researchers devoted to solving problems in finding the desired way to obtain the parallel 

robot forward kinematic [176, 177, 178]. Although above mentioned parallel robot control 

strategies are devoting on making an effective control scheme possible, the parallel robot 
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kinematic could still be highly nonlinear and the performance of the robot could still be 

unpredictable with modelling uncertainties. [179]  

A vision-based sensing system as the most promising novel sensing technology has drawn 

great attention from researchers in the arear of robot motion control. The visual servo 

system for parallel robot control is first introduced by Koreichi and Kallio[5, 6] and 

becomes an important research aspect in parallel robots’ motion control. With essential 

features of parallel robots as high load capacity，flexibility high stiffness shows excellent 

potential in modern industry as well as the advantages of visual sensing technology, visual 

servo becomes increasingly important research subject in motion control. For serial robots, 

the vision-based control kinematic model could provide a Cartesian desired velocity which 

could be easily and relatively accurately converted into robots’ joint velocity with the 

inverse kinematic model. In the case of parallel robots, the inverse kinematic model highly 

depends on the Cartesian pose which needs to be estimated. [101-103] Traditionally, 

parallel mechanisms are designed with particular structures to have analytical forward 

kinematic models and the inverse kinematic models would be formed with estimation poses 

of the end effect according to the forward kinematic models correspondingly. [7, 69, 104] 

Consequently, there are two main challenges in terms of motion control to promote those 

well-designed parallel mechanisms into a real application. The first challenge is to 

kinematic modelling accuracy. Researchers not just in mechanical engineering but also in 

mathematic have been devoted to such studies.[7, 105] However, solving the forward 

kinematic model for parallel mechanisms are always one of the great challenges for 
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modelling. The vision-based control could provide feedback from direct measuring results 

which efficiently replaced the role of the forward kinematic model and simplified the 

control schemes for parallel mechanisms.[1] To measure the end effect of mechanisms in 

3D, the visual servo technology is widely studied for creating control schemes with 3D 

poses measuring[23, 106]. The six degrees of freedom (DOF) platform Gough-Stewart [7] 

is one of the typical examples. Once the visual system directly measures the pose of the 

end-effect, the inverse kinematic model is obtained with the visual feedback[65] which 

would minimize errors from modelling and create a robust control scheme. There are two 

main types of visual servoing: Image-Based Visual Servoing (IBVS) and Position-Based 

Visual Servoing (PBVS) with different transfer approaches of frames in the system.[23, 

29, 106] Both of them are widely used in robot motion control. These two approaches 

would have a lot of differences in detail. But we could summarize and introduce them as 

follows. The control block of IBVS and PBVS could be found in Figure 2-3 and Figure 2-

4, respectively. 

The IBVS is an image processing focused approach which the main idea is to minimize the 

position error of the object in the image plane. This method does not need a pose model of 

the object of interest. Features of the object in the image are important. Besides, features 

of the object desired position in the camera image must know, so this approach could keep 

compare the current position with the desired one and drive the system to the desired pose. 

In this case, the control law designed with the image plane is critical for the system 

efficiency which means a reasonable choice about image features would be significant. The 
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features could be points coordinates, lines, or geometric parameters in the image plane.[1, 

22, 25] Since this method is processing in the image plane, one of the most significant 

advantages of this approach is the system would be less sensitive to the camera's intrinsic 

or extrinsic parameters. However, also because of the 2D control process, this approach is 

relatively difficult for a 6 DOFs motion control [193, 194]. 

 

Figure 2-3. The control block of image-based visual servoing  

 

Figure 2-4. The control block of position-based visual servoing  

The PBVS is based on a geometric model of the object of interest and highly relied on the 

known camera parameters. This approach is to estimate the 3D position of the object and 

to find the relation from the camera to the object, then the comparison result of the current 
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and desired 3D pose would drive the robot to the desired position. It is straightforward to 

compare the current directly and desired position and easier to plan the motion for the robot 

comparing with IBVS.[195, 196] However, this method is challenged by the accuracy of 

calibrated camera parameters and the method which would profoundly affect the accuracy 

of the 3D pose estimation process.[197]  

To integrate the advantages and discard the drawbacks of these two approaches. Some 

hybrid methods have been proposed by integrating features of the object of interest in both 

2D and 3D space [198, 199, 200].   

With new ideas about parallel manipulators shown, the research about their control 

strategies would still be a popular area. Focuses in this area would not only just on the 

improvement of dynamic modelling for parallel robots but also on adapting highly growing 

technologies such as machine learning for minimizing computing cost or for predicting 

control disturbances. With the development of novel sensor technology, there will be more 

and more researchers join this area with their unique perspectives.  

2.4 Real-time Control for A Mobile Robot with A Visual System 

Mobile robots are one of the most commonly used robotic systems in an industrial or 

commercial application. As its relatively simple dynamic model, a mobile robot is one of 

the first types of robots that have been widely used for studying novel control schemes 

such as vision-based control or HRI. Traditionally, mobile robots are controlled based on 

human experience similar to the driving process. The human visual system is feedback or 
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sensing process during the motion control to evaluate if the robot is moving desirably or 

not. Then the control signal of actuators on the robot would be adjusted by human operation 

for making changes for the motion. With the development of sensing technology, mobile 

robots start to move towards full automation. Distance sensors have been equipped on a 

mobile robot for avoiding obstacles so the robot could move in a designed scene without 

collision. [201] The more advanced system could able to plan a moving path with certain 

prior knowledge about the environment. [202] According to the experience of manual 

control of a mobile robot, researchers are expected for a powerful scheme that is 

comparable to manual control or more advanced. The visual system has changed 

researchers’ vision of mobile robot motion control. When the robot equipped with ‘eyes’, 

focus on its motion control becomes how to make it ‘think’ like a human. In the last decade, 

there are tones of research about vision-based mobile robot motion control. The mobile 

robot starts to be able to understand the static environment around it and would be able to 

plan a path for itself to move towards a given destination [203]. The more advanced system 

would be able to find multiple paths for its movement and to choose the best one for later 

action [204]. There are also some derivative applications about such systems like applying 

a mobile robot with a visual system for autonomous 3D environment information 

reconstruction [205]. However, most of those applications are not time-sensitive. 

Researchers believe real-time application would still be a great challenge for mobile robot 

motion control and visual technologies could make mobile robot systems even more 

flexible for different task requirements. One of the biggest challenges for real-time 

applications is how to process complicated surrounding information timely for mobile 
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robot motion control. Some researchers work simplifying the surrounding information by 

reducing image features so there would be less kind of information for the visual system to 

process and more would be more efficient in generated control signals [206]. In a dynamic 

environment, existing visual technologies already been about to understand or capture the 

information of interest such as pedestrian recognition and tracking, human behaviour 

identification and environment hazard learning [207]. How to apply such technologies for 

real-time mobile robot control would be a challenge. There are some researches devoted to 

developing novel learning or tracking technologies so the mobile robot could be able to 

work in a real-time application such as patrol without collision or avoiding dynamic 

pedestrians [208, 209]. Besides, after the robot is able to understand the working 

environment timely, how to respond to the environment is the next stage of the mobile 

robot motion control. Some contributions have been made in path planning for a mobile 

robot in a dynamic environment [210, 211]. As a result, there is an important research area 

about this topic is the autonomous car which has been a popular area in the last decade and 

would still be an important research area in the next decade. As there are some limitations 

on visual sensing technologies such as sensing range and lighting sensitivity, the future of 

the motion control of mobile robots would also move towards senor fusing [212, 213, 214].  

2.5 Human-Computer/ Robot Interaction 

With computers become one of the most important kinds of electronic devices in our daily 

life, users are looking for novel interaction ways with computers for applying the computer 

system in more complex scenarios such as commercial, education, entertainment, etc. So 
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the interaction between users and computers can no longer be limited with interaction 

devices like keyboards and mice. With the development of wireless technologies, 

interaction devices move toward interacting-in-distance like wireless keyboards, mice and 

laser pointers.  The great potential of interacting-in-distance starts to show in areas as 

commercial and entertainment. Researches are inspired and devoted to more user-friendly 

interaction formats such as Human-Computer Interaction(HCI) by tracking laser point on 

projection aera[142], sensor-based somatosensory gaming with Nintendo Wii, or the more 

advanced HCI with Kinect by Microsoft based on tracking human skeleton. In recent years, 

as the rapid development of computer hardware, computers in a small or even micro size 

become affordable and have been equipped in a wide range of devices or machines such as 

robots. With inspiration from HCI, research starts to work on the communication between 

humans and robots. HRI is the collaboration between humans and robots which is a popular 

area in robotics research in the past few years. The main ideas of such types of systems are 

to understanding orders send by humans and operate to accomplish certain tasks with 

humans’ experiences, to build the communication between robots and humans, to promote 

applications of robots in daily life and industrial environment. As a result, the main 

evaluations about such systems are focus on the capabilities of the design of the robot, how 

well robots are trained, etc.  In nature, this research draws increasing attention in disciplines 

as artificial intelligence, mechatronics, computer vision, etc. and becomes an 

interdisciplinary research area.[49] As the goal of the interaction is to work together to 

accomplish a goal, robots could be introduced as co-workers, helpers or assistants to 

humans[37,38,45,47]. There are a few certain factors that could be used for evaluating an 
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HRI system: autonomy level, the natural level of information exchange, how well the 

collaboration in terms of accomplishing a given task and adaptability, reliability of the 

system.  

The most common and efficient existing interaction method with computers/robots is using 

body language for communication specially hand gestures. There are certain numbers of 

researches devoted to increasing the efficiency of hand gesture recognition such as creating 

a model for hand pose estimation [143], mapping the shape of certain gestures for 

recognition [144],  using motion history image for recognition [145], etc. There are also 

other methods for HCI/HRI such as wearable devices [146] or recognizing other human 

body parts [147]. The reason that body language is widely used for interaction is that certain 

features from those gestures are relatively easy or convenient to be extracted from the 

background and understood by computers. Now such methods become mature for real-life 

applications in medical [148, 151], robot motion control [149] and entrainment [150]. With 

the development of machine learning technologies that computers would be able to 

understand more complicated features in real-time, there are more alternative ways shown 

for HCI/HRI such as dialogue recognition [152] and eye movement [153]. 
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Chapter 3 Vision-based Three-Dimensional Measurement 

3.1 Stereo vision 

As the machine vision is to try to help computers understanding the 3D world from 2D 

images, there are a lot of efforts have been put on 3D reconstruction from 2D images. The 

most common method that has been used is the stereo vision with two cameras following 

the binocular vision theory. The binocular stereoscopic calculates the corresponding 

position of the two images of the deviation relationship to obtain the measured object of 

three-dimensional information which has numerous advantages such as efficient, accurate, 

simple system, low cost, etc. Such systems are also called passive stereo vision as they 

consisted only of image receiving devices. The working principle of passive stereo vision 

could be described as a geometry theory which is called epipolar geometry which is shown 

in Figure 3-1. In one on the two-dimensional view, each pixel is a line in the real 3D space. 

In the other view, this line in the pixels becomes a line in the new view which provides the 

corresponding information to calculate the 3D coordinate of each point in 3D space. [17]  
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Figure 3-1. Epipolar geometry 

To obtain 3D information by binocular vision could be divided into the following six steps: 

camera calibration, image acquisition, feature extraction, stereo matching, 3D information 

recovery and processing of recovery information.  

3.2 Camera calibration 

Camera calibration is a process that must be included in 3D vision for building the 

relationship between 2D images and 3D real-world information. The technique of camera 

calibration can be generally classified into two categories: 1) the traditional camera 

calibration method. Under this type of approach, it is necessary to put a reference object in 

front of the visual system, so the internal and external parameters of the camera could be 

calculated by a 3D reconstruction process with a set of known 3D points’ coordinates. This 

method could provide high precision, but this process also limits the camera system in a 
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fixed location. Camera parameters need to be updated once the standing location of the 

camera is changed. 2) the camera self-calibration. Directly use constraints relationship in 

image views to calculate the internal camera parameters. This method could be convenient 

for a special working environment such as a moving visual system. 

The camera calibration process is to build the relationship between the real-world and 

cameras. So we put a reference object in front of cameras and to establish the relationship 

between 3D coordinates of the reference object which are known and its image in cameras 

to calculate the parameter of cameras. We called the reference object standard target which 

should put in front of the cameras also has certain features to be detected. Figure 3-2 shows 

the configuration of the cameras’ calibration.  

 

Figure 3-2. Binocular cameras calibration configuration  
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In Figure 3-2, the standard target we applied has multiple circles as the target feature. So 

one of the challenges of this calibration process is to detect centers of the circles on the 

target in image views. This detection process is called feature extraction. 

3.3 Feature Extraction 

In this part. a feature extraction method we used in the calibration is introduced. In the 

calibration, we use a circular target as a three-dimensional target detection target instead 

of the traditional calibration of the checkerboard as a detection target [270]. In the detection 

of the checkerboard, the Harris corner detection method [133] is usually applied which 

would impact by the error from the black and white edge of the checkerboard. To avoid 

this problem, centers of circles as feature points are created for detection.  

The feature point extraction method of the center detection method is a feature point 

detection method based on geometric principles. At first, we detected the edge of each 

circle or ellipse. Then, a recursive detection starts at any point inside of the circle or ellipse. 

The detection process is presented as follow:  

• To start the detection from a random point O, a horizontal line, as well as a 

vertical line, are drawn from the point; 

• According to the above two lines, the intersection point C is found by drawing 

the bisector line for the two lines, which could be found in Figure 3-3 (a). Then 

the distance between the point O and the point C need to be calculated; 
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• Repeating the above processes, the position of the next point Ci could be found 

according to the location of point C. The distance between the point C and the 

point Ci need to be calculated; 

• When distance between Ci and C(i + 1) are less than 1 which means the distance 

less than one pixels, we believe that C(i + 1) is the center of a circle  

 

(a)Center detection in circle                                 (b)Center detection in ellipse 

Figure 3-3. Center detection configuration [270] 

The same process could be used for processing the center detection of an ellipse. In Figure 

3-3 (b), the distance between C1 and C2 is less than 1, so we find that C2 is the center of the 

ellipse. 

The above present idea is a method that could be widely used for feature detection with 

simple features such as labels or markers’ detection. For complex target detection such as 
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a moving human target or a dynamic hand gesture, there are more advanced feature 

extraction approached applied for detection. Instead of find edges or points like this 

approach, the feature of the target is normally considered as an image pitch from a whole 

image view. Mathematically, the feature would be considered as a feature matrix that 

contains features of the target like texture, color or optical flow. In chapter 5, an advanced 

feature extraction method is presented for moving target detection. There are also some 

hybrid approaches for target detection as the approach for hand gesture recognition we 

present in chapter 6. The 3D geometry and the morpho of the target are combined as the 

feature of the target for detection.  

3.4 Three-dimensional Information Reconstruction 

Once the camera system parameter is obtained and the feature of the target is detected from 

the image view, the next step is to understand the location of the target in the 3D space or 

respect to the camera system in the space. To take the classic stereo vision setup as an 

example, stereo matching is a necessary process for 3D information reconstruction. 

When two paired images from two cameras in a stereo vision system are obtained, any 

feature in two image views could be matched with the camera calibration result. According 

to the epipolar geometry theorem, in a binocular vision system, a feature point in one of 

the cameras has a unique correspondence in another camera. According to the definition of 

the camera definition in equation (2-1) to (2-3), the camera parameter matrix could be 

obtained with the calibration process. After calibration, we have two matrixes mmc1 and 
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mmc2for the two cameras in the system. According to the epipolar geometry shown in 

Figure 3-1, the Normalized Cross-Correlation [271, 272] is applied for effectively 

matching the corresponding point in a paired image. An experiment result is shown in 

Figure 3-4, there are five pairs of corresponding points shown in a calibrated camera 

system. 

 

Figure 3-4. Stereo vision matching result from two camera views 

After paired features are detected in image views, the 3D information of the object could 

be calculated. With the camera parameters and detected features in image views, the 3D 

coordinates 𝐖 = [XW   YW   ZW]T  of a pair of corresponding points [xc1   yc1]  and 

[xc2   yc2]could be calculated by the equation 

𝐖 = (𝐀𝐓𝐀)−𝟏𝐀𝐓𝐛                                   (3-1) 

where  
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𝐀 =

[
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𝐰𝐜𝟐𝐱𝐜𝟐     𝐦𝟐𝟐
𝐰𝐜𝟐 −𝐦𝟑𝟐

𝐰𝐜𝟐𝐱𝐜𝟐     𝐦𝟑𝟑
𝐰𝐜𝟐 −𝐦𝟑𝟑

𝐰𝐜𝟐𝐱𝐜𝟐

𝐦𝟐𝟏
𝐰𝐜𝟐 −𝐦𝟑𝟏

𝐰𝐜𝟐𝐲𝐜𝟐     𝐦𝟐𝟐
𝐰𝐜𝟐 −𝐦𝟑𝟐

𝐰𝐜𝟐𝐲𝐜𝟐     𝐦𝟐𝟑
𝐰𝐜𝟐 −𝐦𝟑𝟑

𝐰𝐜𝟐𝐲𝐜𝟐]
 
 
 
 

          (3-2)        

𝐛 =

[
 
 
 
 
𝐦𝟑𝟒
𝐰𝐜𝟏𝐱𝐜𝟏 −𝐦𝟏𝟒

𝐰𝐜𝟏

𝐦𝟑𝟒
𝐰𝐜𝟏𝐲𝐜𝟏 −𝐦𝟐𝟒

𝐰𝐜𝟏

𝐦𝟑𝟒
𝐰𝐜𝟐𝐱𝐜𝟐 −𝐦𝟏𝟒

𝐰𝐜𝟐

𝐦𝟑𝟒
𝐰𝐜𝟐𝐲𝐜𝟐 −𝐦𝟐𝟒

𝐰𝐜𝟐]
 
 
 
 

                    (3-3) 

According to the stereo vision theory, other types of 3D vision systems could apply a 

similar approach to reconstruct 3D information from images or combined image-sensor 

information.  

During the validation, the proposed method is achieved with the following pseudocode in 

Figure 3-5. In the later chapters of the thesis, the main visual system applied for vision-

based control is an RGB-D camera which consists of one RGB view and one depth map 

view which could be found in Figure 3-6. Instead of providing traditional feature 

information, the depth map is providing the depth length from the scene to the camera.  
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Figure 3-5. The calibration algorithm 

 

Figure 3-6. Images obtained from the Kinect camera: RGB image and depth image 
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The calibration process would be similar to the binocular cameras system calibration. For 

the RGB camera calibration, we applied the above-mentioned process to detect the features 

on the standard target. The detection result is shown in Figure 3-7. According to equations 

(2-1) to (2-3). The camera parameters could be calculated. The different part of this process 

compare to the binocular system is the parameter calibration with the depth map. The 

parameter for the depth sensor could be expressed as 

𝒛𝑫 =
𝟏

𝒄𝑫𝟐𝒅𝒖+𝒄𝑫𝟏
             (3-4) 

where  𝑐𝐷1 

and 𝑐𝐷2 are the depth camera parameters, and the 𝑑𝑢 is the undistorted disparity [273, 274]. 

  

Figure 3-7. Color camera calibration with the feature detected result 
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As the depth map is not able to provide texture or color information, the calibration needs 

to be processed with certain known depth information. While building the standard target, 

the 3D dimension of the target is also measured as pre-knowledge. So during the 

calibration, the depth map detection would focus on finding edges of the standard target. 

The detection result could be found in Figure 3-8. With the equation (3-4), the depth image 

view could be calibrated with the known depth information from the target. 

  

Figure 3-8. Depth camera calibration with the feature detected result 

It would always be recommended to calibrate a visual system before applying for 

measurement or applications since the manufacturing process would make almost every 

individual device has its own parameter, especially for accurate measurement. However, 

in certain application scenarios, it is not very necessary to calibrate the camera system. For 

example, in chapter 5 a moving target following method is presented which not really need 
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the camera to be calibrated since the dynamic system would need a relatively larger 

tolerance on error. 

3.5 Discussion 

In this chapter, the foundation of 3D measurement via the vision system is presented 

through the analysis of a stereo vision 3D reconstruction process.  With the understanding 

of the theory of the stereo vision, a 3D reconstruction process is derived with three steps. 

First, the geometry relationship between the camera and the real-world has been built with 

the camera calibration process. In the feature extraction process, we have introduced a 

novel feature detection strategy for fast and accurate camera calibration. The key to the 

accuracy of calibration is to detect features from the standard target. This method has 

avoided the detection error in traditional checkboard detection causing by the corner 

detection error. Additionally, since the standard target proposes is designed as a 3D target, 

the camera calibration could be finished with one picture taking from the system instead of 

multiple images. This process also benefits the calibration for the depth camera, which 

needs a depth standard for the calibration process. Once the coordinates on the standard 

target have accurately detected, the 3D measurement for the location of the object of 

interest could be achieved with the camera parameters.  
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Chapter 4 Vision-based Control: An Approach for Generalized Parallel 

Robots 

4.1 Introduction of Generalized Parallel Robot and Its Control Strategy  

Parallel mechanisms (PM) have shown great potential in industrial or manufacturing 

applications such as pick-and-place and high-speed operation which requires high 

repeatability and high load [50, 51, 52]. As the traditional PMs, in general, are built by 

connecting rigid platforms and limbs which are parallel arranged [53]. This type of typical 

design is also limited to such systems in terms of workspace, the capability of platforms’ 

rotation. Researchers in mechanisms design are devoted to solving such problems in the 

past few years. There are groups of general parallel mechanisms (GPM) proposed to 

overcome the platform rotational limitation and workspace limitation such as a family of 

singularity-free redundant planar parallel mechanisms [51] and a class of generalized 

parallel mechanisms with large rotational angles [52]. Such systems are validated 

theoretically with their new features which would benefit the future manufacturing in terms 

of productivity, efficiency and flexibility, to verify those features with prototypes become 

urgent and necessary. However, with a large number of links and a certain amount of 

passive joints, precision and accuracy are challenges for PM and GPM which are also the 

reason that the number of different types of PMs for such applications is still limited. 

With the development of additive manufacturing, to build a prototype for a well-designed 

mechanism is less challenged than before for the research on well-designed mechanism 
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system performance analysis with prototypes. Now the most challenging part of this type 

of validation is how to build the control schemes in an economical, accurate and efficient 

way. The cartesian control [215] is the most common strategy for PM’s motion control 

with a massive number of researches about building the relationship between the joint 

velocity and the Cartesian velocity through the inverse kinematic model or the robot 

Jacobian. Unlike serial robot inverse kinematic, the kinematic model of the PM not just 

build with joint configurations but of the pose of the robot’s EE. Building a control model 

with the inverse kinematic brings a new challenge for PM’s motion control that how to 

estimate or measure the pose of the EE. There are a lot of efforts in creating approaches for 

EE pose estimation with the forward kinematic model and measurements from joint space. 

However, researchers also proved that how challenging it is to form an analytic formulation 

for the PM’s forward kinematic model [215]. There is a promising alternation for PM’s 

motion control called metrological redundancy [216] by involving more sensors into 

mechanisms in order to simplify the kinematic model of the system [217]. There is another 

efficient way for estimating the pose of EE – vision-based control which could be applied 

as an alternative control for Cartesian control of PM. Unlike traditional control strategies 

for PM which are designed from the joint space or moving platform space [54] to estimate 

the position of the platform. With the vision-based sensing system, the pose of EE could 

be measured accurately and timely as a feedback signal for the control scheme. With those 

features, a vision-based control scheme could significantly promote the efficiency of PM's 

motion control and could remove barriers for mechanisms’ research in terms of system 

validation. There two types of typical methods for such systems: vision as a sensor for 
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motion control [218] and visual servo control [56]. With electronic sensors shows 

drawbacks as expensive, hard for maintenance, and unsustainable, visual servo control has 

drawn great attention in the past decades as features of non-contact sensing, flexibility, 

sustainability and high robustness to application environment uncertainties[57- 60]. 

According to the different ways of setting up a visual system, visual servo systems could 

be generally classified into two categories: the dynamic visual system which mounted on 

and moved with the robotic system and static visual system which keep the robotic system 

on the scene and monitor its movement. The former setup is well-known as an eye-in-hand 

system [61] and widely applied in the motion control for serial manipulators, unmanned 

aerial vehicles (UAV) or cable-driven robots [62 - 64]. Another configuration of a visual 

system can be that cameras are located on fixed positions in which the movement of the 

robotic system can be monitored, such as systems are introduced in [65] or [66]. In general, 

visual servo control can have two basic approaches: IBVS and PBVS [67]. In IBVS, the 

visual system is considered as a 2D sensor most likely. Such a system can be robust and 

straightforward. However, the IBVS approach focus on building the relationship between 

2D images and the 2D information of the robotic system, the accuracy of the system may 

not be stable enough if there is massive position displacement occurred in the robotic 

system. Besides, it is also challenging to convert 3D information into 2D accurately. 

Thanks to the robustness design of the IBVS scheme, the method could perform very well 

in such working scenarios that object of interest could be stably located in a certain place 

and wait for the camera system to match with its orientation. For PBSV, the visual system 
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is considered as a 3D sensor in Cartesian space [67]. If there is enough knowledge of the 

system such as the system’s model, a particular relationship from a fixed coordinate to the 

robot moving coordinates can be determined by using image information [68]. The visual 

servo control scheme is able to minimize the difference between the current pose and the 

desired pose of the robotic system.  

This chapter focused on vision-based control modelling and performance analysis for a 

generalized parallel mechanism with a fixed camera system. As a novel designed method, 

instead of dig into its application potential, the focus is to verify how efficient the system 

and if any potential problems need to be solved or if the system needs to be improved in a 

certain perspective. For the intent of controlling the system with observation, the camera-

to-hand setup is an ideal choice for this research. We took a planar mechanism with a 

parallelogram EE from [52] as an illustrative example to verify the analysis process. The 

proposed method can be used for spatial mechanisms or other types of parallel mechanisms 

with a similar modelling process. Besides, the model of the system can be used for 

advanced control schemes design in future research as well as applying advancing visual 

technologies for systems observation. 

4.2 Design of A Generalized Parallel Robot Vision-based Control Model  

4.2.1 The kinematic of the mechanism 

The configuration of a planar mechanism with a parallelogram EE [52] is shown in Figure 

4-1, and our approach of the control scheme is based on this mechanism which has 3-DOF 
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for the manipulator and 1 DOF for the end-effect. In the configuration, parameters  

𝑎, 𝑏, 𝑐, 𝑑, 𝑒, and 𝑓 are constants as the length of the linkage of the parallelogram EE, the 

linkage length of AB, BC, CD and parameters on the based that distances between 

actuators, respectively. 

  

Figure 4-1. The planar general parallel mechanism configuration 

In the Cartesian coordinates 𝑂𝑒𝑥
′𝑦′of the end effect,  the position vector 𝒑𝒆 = [𝒙𝒆  𝒚𝒆] of 

the reference point 𝑂𝑒  on the moving platform 𝐴𝑖 is defined and can be written as,   

𝑨𝒊
𝒆 = (−𝟏)𝒊𝒂 ∗ [𝐬𝐢𝐧𝛗 𝟎]𝐓, (𝒊 = 𝟏, 𝟐)           (4-1) 

where a is the distance between each two adjacent 𝐴𝑗  (𝑗 = 1,2,3,4)  and 𝜑  is the 

operational angel of the end effect which would change for different tasks such as pick-
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and-place. With the change of the 𝜑, the EE of parallelogram would be able to ‘open’ and 

‘close’ to a certain degree with a different dimension of the object of interest. 

The distance |𝐴𝑖𝐵𝑖| (𝑖 = 1,2) is a constant 𝑏 which is connection limb between the EE and 

one side of the five-bar mechanism. So, the coordinates of points 𝐵𝑖 respect to the EE frame 

could be written as,  

𝑩𝒊
𝒆 = [(−𝟏)𝒊𝒃 + 𝑨𝒊

𝒆 𝟎]𝑻, (𝒊 = 𝟏, 𝟐)      (4-2) 

Let rewritten 𝐵𝑖
𝑒 to a vector 𝒗𝒊 a simplified expression 

 𝒗𝒊 = [𝒕𝒊 𝟎]𝑻           (4-3) 

where  𝒕𝒊 = (−𝟏)
𝒊(𝐚 ∗ 𝐬𝐢𝐧𝛗 + 𝒃), (𝑖 = 1,2) and the derivative of this position would be 

written as  𝒕𝒊̇ = (−𝟏)
𝒊𝐜𝐨𝐬𝛗𝝋̇ = 𝒏𝒊𝝋̇.  

The rotation of the moving platform 𝑂𝑒𝑥’𝑦’ to the reference frame 𝑂𝑏𝑥𝑦 on the base could 

be represented by the rotational matrix R which was written as,  

𝐑 = [
𝐜𝐨𝐬𝛉 −𝐬𝐢𝐧𝛉
𝐬𝐢𝐧𝛉 𝐜𝐨𝐬𝛉

]                 (4-4) 

where 𝜃 is the angle between the fixed frame 𝑂𝑏𝑥𝑦 and the moving frame 𝑂𝑒𝑥’𝑦’. Then, 

points 𝐵𝑖
𝑒 could be written from the EE frame to the base frame as 

𝑩𝒊
𝒃 = 𝒑 + 𝑹𝒗𝒊, (𝒊 = 𝟏, 𝟐)             (4-5) 
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where 𝑝 = (𝑥, 𝑦) is the coordinates of the vector 𝑝𝑒 in the 𝑂𝑏𝑥𝑦 frame. Differentiating (3-

5) with respect to time would obtain the velocity vector of points 𝐵𝑖
  in the frame 𝑂𝑏𝑥𝑦 

𝑩𝒊
𝒃̇ = 𝒑̇ + 𝜽̇𝑸𝑹𝒗𝒊 + 𝑹𝒗𝒊̇ , (𝒊 = 𝟏, 𝟐)           (4-6) 

where  

𝐐 =  [
𝟎 −𝟏
𝟏 𝟎

]         (4-7) 

Now, let’s move to the expression of points 𝐶𝑖. Position vectors of joint 𝐶𝑖 in 𝑂𝑏𝑥𝑦 frame 

could be written as the expression with actuators’ parameters 

𝐂𝒋
𝐛 = [ 𝒅𝒊 + 𝒅𝒔𝒊𝒏𝜶𝒋 −𝒅𝒄𝒐𝒔𝜶𝒋]𝑻     (𝒋 = 𝟏, 𝟐, 𝟑, 𝟒)     (4-8) 

where [𝑑1, 𝑑2, 𝑑3, 𝑑4] = [−(𝑒 + 𝑓), −𝑓 , 𝑓, (𝑒 + 𝑓)], respectively.  

Considering legs BiCj of the mechanism, length of legs is constant c and which provide a 

constraint by the distance between points BiCj of the system as  

𝒄𝟐 = (𝑩𝒊 − 𝑪𝒋)
𝑻
(𝑩𝒊 − 𝑪𝒋)   (𝒇𝒐𝒓 𝒊 = 𝟏, 𝒋 = 𝟏, 𝟐 𝒂𝒏𝒅 𝒇𝒐𝒓 𝒊 = 𝟐, 𝒋 = 𝟑, 𝟒)  (4-9) 

Differentiating the equation (3-9) respect to time in 𝑂𝑏𝑥𝑦 frame would obtain  

(𝑩𝒊
𝒃 − 𝑪𝒋

𝒃)
𝑻
𝑩𝒊
𝒃̇ = (𝑩𝒊

𝒃 − 𝑪𝒋
𝒃)
𝑻
𝑪𝒋
𝒃̇             (4-10) 

where 𝑪𝒋
𝒃̇ =  𝒅 ∗ 𝜶𝒋̇ [𝒄𝒐𝒔𝜶𝒋 𝒔𝒊𝒏𝜶𝒋]𝑻. Let write (𝑩𝒊

𝒃 − 𝑪𝒋
𝒃)
𝑻
= 𝒖𝒋 
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To rearrange (3-6) and (3-9), the equation would be expressed as follow  

𝒖𝒋(𝒑̇ + 𝜽̇𝑸𝑹𝒗𝒊 + 𝑹𝒗̇𝒊) = 𝒖𝒋(𝜶𝒋̇ 𝒎𝒋)            (4-11) 

Where 𝑚𝑗 = 𝑑 ∗ [𝑐𝑜𝑠𝛼𝑗 𝑠𝑖𝑛𝛼𝑗]𝑇.  

In the equation (3-11), 𝑝̇ is the Cartesian velocity of the end-effect in frame 𝑂𝑏𝑥𝑦, 𝛼𝑗̇ 

(j=1,2,3,4) is the velocity of the joint on the base which locates on point 𝐷𝑗 . 

According to the Jacobian analysis of parallel manipulators [70], we can write the relation 

between the velocity of the end-effect and joints as  

 𝑱𝒙𝒔̇ = 𝑱𝒒𝜶𝒋̇             (4-12) 

where 𝑠̇ = [𝑝̇𝑇 𝜑̇ 𝜃̇]T . 𝑝̇𝑇  is the velocity of translation and 𝜑̇  is the velocity of the 

manipulator which only occurs when a task is happening such as picking up or placing. 

And 𝜃̇ is the velocity of rotation, respectively. To rearrange the equation (3-11), the matrix 

𝐽𝑥 can be express as  

𝑱𝒙 = [

𝒖𝟏
𝒖𝟐
𝒖𝟑
𝒖𝟒

𝒖𝟏𝑻𝒏𝟏
𝒖𝟐𝑻𝒏𝟏
𝒖𝟑𝑻𝒏𝟐
𝒖𝟒𝑻𝒏𝟐

𝒖𝟏𝑸𝑹𝒗𝟏
𝒖𝟐𝑸𝑹𝒗𝟏
𝒖𝟑𝑸𝑹𝒗𝟐
𝒖𝟒𝑸𝑹𝒗𝟐

]        (4-13) 

where 𝑇 = 𝑅 ∗ [1 0]𝑇and 𝑛𝑖 here is (−1)𝑖cosφ according to equation (3-3). And 

𝑱𝒒 = (𝒖𝒋𝒎𝒋)𝑰𝟒×𝟒          (4-14) 
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Then the relation of joints velocities and velocity of the manipulator in Cartesian coordinate 

can be written as 

 𝜶𝒋̇ =𝑨
𝒃𝒔̇           (4-15) 

where 𝑨𝒃 = 𝑱𝒒
−𝟏𝑱𝒙.  

This is a typical process to create the relationship between the EE and actuators of a parallel 

mechanism system. The key to building a control scheme with this kinemics model is the 

pose of the EE. As advantages we have discussed the visual system, a vision-based control 

scheme would be presented. 

4.2.2 Vision-based control scheme 

Vision-based control is to control the motion of a robot by vision data which obtain from 

camera systems. In IBVS, most of the schemes are based on points feature, or few advance 

schemes are based on lines or image moments [234]. Since IBVS commonly have no 

requirement of on poses of the manipulator only changes in depth of the feature need to be 

considered, IBVS is not robust in certain scenarios such as large rotational motion 

happened in the robotic system. In PBVS, the camera system can be a camera fixed in the 

workspace so that the robot motion can be observed [69], or a set of cameras mounted on 

pan-tilt heads for observation [60] which is so-called eye-to-hand. The eye-in-hand setup 

could also apply the PBVS. According to the system kinematic model (3-15) which 

depends on the 3D pose of the manipulator, both eye-in-hand and eye-to-hand visual 

systems with PBVS can provide an adequate scheme for this mechanism. As the proposed 
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system consists of a novel mechanism that has not been widely studied, the focus of this 

work is to create a convenient control system to verify the system efficiency. The eye-to-

hand system for observing the EE of the system seems like an ideal setup for the research 

purpose. So, we are modelling the proposed scheme. The eye-to-hand system with PBSV 

could be considered for future applications of the mechanism.  

For the mechanism in Figure 4-1, a mobile reference frame ℱ𝑚 is defined which is attached 

to the frame of the manipulator and ℱe. And ℱ𝑑which are considered as the fixed frame 

of the base. According to the PBVS control scheme in Figure 4-2., the pose vector is 

defined as P and 𝑃∗ which are located in the current frame ℱ𝑚 and the desired frame ℱ𝑚∗, 

respectively. The error e can be defined as 𝒆 = (𝒆𝒕  𝒆𝝑 ), in which 𝒆𝒕 = [𝒆𝒙, 𝒆𝒚, 𝒆𝝋]
𝑻
is the 

translation error and 𝒆𝜽 = 𝒖𝝑 in which 𝑢 is the axis and 𝜗 is the angle of the rotation 

matrix  𝑚𝑅𝑚∗  . In the mechanism, 𝜑 is contributed to the translation in the z direction of 

the manipulator. 

 

Figure 4-2. Control sachem of a generalized planar parallel robot 
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The relationship between 𝑒̇ and the velocity of the platform in its own Cartesian coordinate 

can be written as: 

𝒆̇ = 𝑳𝒔𝒔̇𝒎           (4-16) 

where an exponential decoupled form is selected as 𝒆̇ = −𝜆𝒆. 

According to the definition of the interaction matrix, the matrix related to error e can be 

written as: 

𝑳𝒔 = [
−𝑰𝟑 [𝒆𝒕]×
𝟎 𝑳𝒖𝝑

]          (4-17) 

where 𝐼3 is the identity matrix,  [𝑒𝑡]× is the skew symmetric matrix: 

[𝒆𝒕]× = [

𝟎 −𝒆𝝋 𝒆𝒚
𝒆𝝋 𝟎 −𝒆𝒙
−𝒆𝒚 𝒆𝒙 𝟎

]         (4-18) 

 and Luθ is given by [18]: 

𝐋𝐮𝛝 = 𝑰𝟑 −
𝝑

𝟐
[𝒖]×

 + (𝟏 −
𝐬𝐢𝐧𝐜(𝛝)

𝐬𝐢𝐧𝐜𝟐(
𝛝

𝟐
)
) [𝒖]×

𝟐        (4-19) 

where sinc =
sin𝜗

𝜗
.  

So the instantaneous velocity of the manipulator can be presented as a function of the pose 

error:    
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𝒔̇𝒎 = − 𝝀𝑳𝒔−𝟏̂𝒆          (4-20) 

where 𝑳𝒔−𝟏̂ is the inverse of an estimate of 𝐿𝑠 and it is a full rank matrix[18]. 

The relation between the velocity of the platform in the ℱ𝑚 and the ℱ𝑑 can be expressed 

as: 

𝒔̇ = 𝑨𝒅𝒔̇𝒎           (4-21) 

where 𝐴𝑑 is the adjoint matrix which can be expressed as: 

𝑨𝒅 = [
𝑹 
𝒅

𝒎 [ 𝒅𝒕𝒎]× 𝑹 
𝒅

𝒎

𝟎𝟑 𝑹 
𝒅

𝒎

]         (4-22) 

where  𝑑𝑡𝑚 is the vector from 𝑂𝑚 to 𝑂𝑑. 

Under our control scheme, since we chose an eye-to-hand setup the ℱ𝑚 is the same frame 

as the ℱ𝑒. If the model is applied in an eye-in-hand setup, the ℱ𝑚 is the same frame as the 

camera frame. 

4.3 Validation of the Models 

To verify the proposed method of in previous sections, a simulated generalized parallel 

mechanism with a parallelogram EE is shown in Figure 4-3. The mechanism is a 3DOF (2-

translational motion, 1 rotational motion) + 1DOF (1 motion in the end-effect) parallel 

robot. In the simulation, all lengths of the robot are designed into a realistic dimension. 
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Corresponding to Figure 4-1, {a, b, c, d, e, f} = {50, 30, 100, 80, 60, 35} where all lengths 

are in mm.  

 

Figure 4-3. The simulation of the parallel platform 

In the first simulation, we choose a case that no end-effect motion happened in the system. 

It is a motion from the initial position 𝒔𝟏 = [0,−130, 0,
𝑝𝑖

4
]
𝑇

 to the desired position 𝒔𝟐 =

[−30,−90,
𝑝𝑖

6
,
𝑝𝑖

4
]
T

 which are shown in Figure 4-4. 

.  
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(a) The initial pose 𝒔𝟏 

  

(b) The desired pose 𝒔𝟐  

Figure 4-4. Poses of the mechanism 

To verify the robustness of the proposed vision-based control, random noise is added to 

the robot pose in the Cartesian coordinate. In Figure 4-5, the simulation result is shown. 
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Figure 4-5. Simulation result  

4.4 Experiment on Proposed Method 

During the validation, the proposed method is achieved with the following pseudocode in 

Figure 4-6. 
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Figure 4-6. The vision-based control scheme 

The system is built with the same parameters used in the simulation part. All mechanism 

linkages are made through 3D printing. The printer is the LulzBot TAZ 5 with printing 

material PLA. The printing error is about ± 2-3 mm. The camera system that is applied 

here is an RGB-D camera that could use a stereo visual set up as an alternative by 

Microsoft. The main processor here is an ASUA laptop with an i7-6700 processor. Before 

the experiment starts, the camera system should be calibrated to get accurate detection later. 

This calibration process of the camera system is achieved according to the process 

mentioned in chapter 3. During this experiment, a spatial standard target was used for the 

camera’s calibration, as shown in figure 4-7.  
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Figure 4-7. Experiment setup 

The result of the experiment is shown in Figure 4-8 with the same movement in simulation. 

The performance of the experiment has the same trend as the simulation result. However, 

due to system error caused by linkage errors and assembling errors, the system noise is 

hard to be eliminated completely. The experiment result has validated the efficiency of the 

proposed model. Based on this result, the proposed approach could be extended for 

dynamic control of the system. Besides, with the position control result, the system could 

be applied for applications like picking up and placing. 



 60 

 

Figure 4-8. Experiment result  

In the experiment result, we notice that the system would still be able to reach the desired 

position in a short period, although the system error is greater than the ideal system.This 

result has validated the efficiency of the proposed control scheme. 

4.5 Discussion 

In this chapter, a novel vision-based control scheme is proposed for a generalized parallel 

mechanism. The methodology building process starts with a traditional kinematic analysis 

of a parallel mechanism. Then, instead of predicting the position of EE, we create a control 
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logic with the know position of EE. To minimize the error of the EE from the visual 

feedback, a visual servo control scheme is proposed. In the simulation, the proposed control 

strategy is verified in an ideal system. The simulation result has shown a great response to 

the system that would minimize the system error into zero. Additionally, a prototype is 

built for the validation of the control scheme. The prototype is not a perfect system that 

would have errors from the 3D printing of linkages, assembling. Additionally, in order to 

avoid interference between linkages, linkages are intentionally arranged with displacement 

in the depth direction. In the experiment result, the system error starts with a relatively high 

level, the control scheme would be able to minimize the system error to a low level within 

2 seconds and the system error could be controlled under 3mm. The comparison of the EE 

position in translational directions between the experiment result and the simulation result 

is shown below.  

 
(a) Position of the EE in the x direction         (b) Position of the EE in the y direction 

Figure 4-9. Comparison of the EE position in translational directions between 

experiment result and the simulation result 
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In Figure 4-9, the desired position of the EE and the measured result of the EE in both x 

and y directions are shown below. The comparison of the EE position in the rotational 

direction between the experiment result and the simulation result is shown in Figure 4-10.  

 
               Figure 4-10. Comparison of the EE in the rotational direction between the 

experiment result and the simulation result 

Apparently, the mechanism starts with a position that has a certain distance to the desired 

initial position. This could be the result of assembling error and linkage manufacturing 

errors. In order to see the difference between the experiment and the desired movement, 

the comparison of the EE’s moving trajectory is shown in Figure 4-11. 
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Figure 4-11. Comparison of the EE’s moving trajectory 

During the experiment, the mechanism starts at the position [6.73, -136.76, 0] and ends at 

the position [-30.23, -89.12, 31.62°]. The system would be able to move to a position near 

the desired position in a short time. Then, the system would adjust its position towards the 

desired position quickly as well. The actuation signal range is the position of the motor that 

from 0 – 4096 correspond to degrees 0 - 360°. When the step of the actuation signal is 

smaller than 10 which is less than 1 degree, the motor will not move. During the 

experiment, after 1.7s, the mechanism has arrived at the final position. Since the detection 

stopped after 3s, there are still detection results after 1.7s. The detection errors from there 

are all less than 1mm. 

As the simulation and experiment result has implemented the desired performance of the 

system, this method could be applied for other parallel mechanisms. Although the proposed 

method is implemented on a planar mechanism that only has movement in a planar area, 
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the system model is built according to a 3D pose measurement. In other words, if the pose 

of the EE on any mechanism could be kept in the view of the visual system, the control 

scheme analysis process that we proposed here would be able to adapt to any parallel robot.  

Since the method provides a promising sensing approach to measure the pose of the EE 

which has highly simplified the modelling of the mechanism kinematics, the proposed 

approach is valuable for an easy, economic and accurate for the mechanism’s position 

control. The next step of this study could extend this work for the system’s torque control. 

As we only created a signal feedback control with the visual information, the extended 

work about this study could also focus on building control strategy with sensor fusion 

technology like include additional feedbacks from joint space. Additionally, since the 

visual system is supervising the motion of the mechanism, there is another approach that 

could be studied in the future that to observing linkages of the system for motion control. 

If all the locations of joints in the system could be measured, the visual feedback signal 

could not just only be applied for motion control but also as the performance feedback for 

the mechanism kinematic model calibration. In this case, the mechanical system could also 

have calibration guidance from the visual information. Furthermore, with the accurate 

measurement of the position of EE as the output of a system, this approach could also be 

considered to extend into a system recognition study. 
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Chapter 5  Advanced Visual System for Robot Control  

5.1 Introduction Real-time Moving Target Following Systems 

When we start to see a delivery robot on the street, it is easy to feel that the robot is really 

about our daily life now. However, the truth about the delivery robot is that a pilot is 

monitoring the robot behind the screen to make sure it could be functional [265]. But it is 

not hard to see the potential of applications of a mobile robot in our daily life. Before the 

technology could send such mobile robots to achieve full automation, human tracking is 

one of the most promising applications for a robotic system in the service industry and 

manufacturing. A human tracking robot could play an important role in daily life such as 

cargo transportation assisting robots at the workshop or individual luggage carrying robots 

at any transportation terminal [220]. Therefore, a human following robotic system should 

able to detect the target continuously and follow the movement of the target while could 

acknowledge the surrounding environment to find its own path. Unlike surveillance 

systems with static cameras, a human following robotic system is equipped with a typical 

eye-in-hand visual system and needs to work in a dynamic environment with timely 

changing positions of the system itself and the target. In this case, the idea from the visual 

servo is not suitable here for a mobile robot system since the pose of the objects of interest 

(OOI) cannot be easily obtained. Before controlling the motion of the robot, the OOI should 

be located accurately and timely. There are a lot of challenges in terms of locating a 

specified moving target such as illumination variation, the target’s shape variation and 

target occlusion. [221] Researchers have seen the potential of HRI application with a 
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human following robot system. So there is a large number of efforts have been put on 

moving target detection and tracking [222]. To achieve the human following for a robotic 

system, there are approaches presented with multiple sensor sets like using a laser scanner 

to discriminate human legs for a complex background [223] or applying integrated range 

sensors for moving targets tracking [224]. Besides, there are several studies present on path 

planning and localization for moving target following [225]. Among those researches, to 

apply a visual system for moving target tracking is one of the most popular approaches.  

There is a vast number of existing studies devoted to it in terms of achieving the moving 

target recognition and tracking.  For discriminating the OOI from a complex background, 

texture features are most commonly applied on targets localization with RGB images, and 

those features could be generally classified as global features and local features. A common 

challenge of such methods is how to locate and track the OOI in real-time. There are a few 

remarkable works devoted to improving image processing efficiency by using the local 

feature in visual tracking filed [226, 227, 228]. Discrete Fourier Transform (DFT) is 

another typical method that has been widely studied to build correlation filters and to 

achieve high calculating efficiency [229]. However, such methods are applied in two-

dimensional image processing in most cases.  In a real-world application scenario, the OOI 

is in a 3D environment and its tracking should be a three-dimensional problem as well. 

Besides, it is different from general pedestrians tracking that all humans in the scene are 

targets for the system and the key is to discriminate humans from other objects in the 

picture.  
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We have proposed an efficient and accurate method for dynamic target detection and 

tracking. And the tracking result is used for a mobile robot motion control in real-time with 

a mounted RGB-D camera system on the robot. The visual tracker is achieved by applying 

a modified Kernelized Correlation Filter (KCF) which would detect and track the target 

timely and accurately. Besides, the camera system could provide surrounding information 

in three-dimensional for robot motion control and obstacles avoiding. The validation 

experiment of the proposed system shows that the system could achieve the detection, 

tracking and following of the determined target smoothly, timely and accurately. 

5.2 A Real-time Moving Target Following System with Depth Camera 

5.2.1 A Modified Kernelized Correlation Filter Tracker 

This part will start with the introduction of the traditional Kernelized Correlation Filter 

(KCF) which is the foundation of the proposed tracking algorithm. There are a few numbers 

of trackers designed according to KCF. Such approaches are designed for searching target 

in a window without drift and tracking without failure when the target is moving with 

changing speed. As we are looking for a real-time application, to achieve the above 

approaches, more calculations are needed which highly reduce the computing speed of the 

algorithm [230] is not applicable in our system requirement. In our proposed approach, the 

variation velocity of the target is considered to modify the KCF tracker, and the same vector 

of the movement for the mobile robot is applied for predicting the target’s trajectory. In the 
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meantime, we also include the depth camera information in the algorithm for the mobile 

robot to avoid obstacles in its path. 

The focus of KCF tracker [226] is to solve the ridge regression problem which is an 

approach for minimizing the error between input image patches 𝑡𝑤,ℎ  (w × h)  and its 

regression labels  𝑦𝑤,ℎ. The model of this problem could be written as, 

𝐦𝐢𝐧∑ |〈𝒇(𝒕𝒘,𝒉),𝑾〉 − 𝒚𝒘,𝒉|
𝟐
+ 𝜸‖𝑾‖𝟐𝒘,𝒉        (5-1) 

where 𝑓 represent the mapping to the nonlinear space that introduced by the kernel, 𝑡𝑤,ℎ is 

the image patch of the OOI, the 𝛾 is a regulation parameter to control overfitting 𝑊. So, 

the target has to be selected manually at the beginning of the tracking. The shifts 𝑡𝑤,ℎ 

((w, h) ∈ {0,… ,𝑊 − 1} × {0, … , 𝐻 − 1}) around the target would be considered as the 

training sample.  𝑊 is the solution of 𝑊 = ∑ 𝛼𝑤,ℎ𝑤,ℎ 𝑓(𝑡𝑤,ℎ). The variable is presented as 

calculating discrete Fourier transformation and its inverse of the following expression: 

𝜶 = 𝑭−𝟏 [
𝑭(𝒚)

𝑭(𝑲(𝒕𝒘,𝒉,𝒕))+𝜸
]         (5-2) 

where 𝐾(𝑡𝑤,ℎ, 𝑡) is the kernel correlation of the target model 𝑡. Then the target position 

within a pitch z could be found by the maximum response of  

𝒇̂𝒛 = 𝑭
−𝟏 (𝑭 (𝑲(𝒕𝒘,𝒉, 𝒕))  𝑭(𝜶))        (5-3) 
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With the above training model, real-time tracking could be built. To track a target without 

constant moving speed and to predict its motion, the OOI variable vector could be defined 

as 𝒙 = [𝑝𝑥, 𝑝𝑦, 𝑣𝑥, 𝑣𝑦]
T
, where (𝑝𝑥, 𝑝𝑦) is the centre location of the target and (𝑣𝑥, 𝑣𝑦) is 

the velocity of the target.  

As it is mentioned above, the initial position of the target is selected manually and initial 

velocities vectors are zero. A second-order autoregressive model is applied here for target 

status estimating [230]: 

𝒙𝒌+𝟏 = 𝑨𝒙𝒌 +𝑵(𝝉)         (5-4) 

where A is the state matrix and 𝑁(𝜏) is the noise matrix. The noise matrix satisfies the 

Gaussian distributed. 

Additionally, to build a more efficient tracking model and a real-time controller for the 

mobile robot, the OOI is described as a three-dimensional vector for position prediction as 

𝒙𝒑 = [𝑝𝑥, 𝑝𝑦, 𝑝𝑧 , 𝑣𝑥, 𝑣𝑦, 𝑣𝑧]
𝑇
, where (𝑝𝑦)

2
= (𝑑𝑥)

2 − (𝑝𝑥)
2 + (𝑝𝑧)

2 is the depth position 

of the target respect to the mobile robot which is obtained by the depth camera and 𝑑𝑥 is 

the depth of position x. The position offset between the x direction and the z direction is 

𝑠𝑖𝑛 𝜃𝑟 =
𝑑𝑦

𝑝𝑥
 , where 𝜃𝑟  is the rotation vector which would be applied as the signal for 

mobile robot motion control. The moving velocity of the OOI in the depth direction is the 

differential of the depth length respect to time as 𝑣𝑦 = 𝑑 (𝑝𝑦). 
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In order to obtain a smooth tracking process, A Extended Kalman filter (EKF) is applied 

for the OOI’s position predicting. The state of it could be written as  

𝑿̂𝒌+𝟏 = 𝑿̂𝒌           (5-5) 

and the measurement equation is  

𝑷𝒌+𝟏 = 𝝓𝒌+𝟏𝑷𝒌𝝓𝒌+𝟏
𝑻 + 𝑸        (5-6) 

where Pk+1 is the covariance matrix and 𝜙𝑘+1 is the observation matrix. Q is the noise of 

the system. The state of the system would be updated by 

𝑲𝒌+𝟏 = 𝑷𝒌+𝟏𝑯𝒌+𝟏
𝑻 (𝑯𝒌+𝟏𝑷𝒌+𝟏𝑯𝒌+𝟏

𝑻 + 𝑹)
−𝟏

     (5-7) 

𝑿̂𝒌+𝟏 = 𝑿̂𝒌+𝟏 +𝑲𝒌+𝟏 (𝒁𝒌+𝟏 − 𝒉̂(𝑿𝒌+𝟏))      (5-8) 

𝑷𝒌+𝟏 = [𝑰 − 𝑲𝒌+𝟏𝑯𝒌+𝟏]𝑷𝒌+𝟏       (5-9) 

Where ℎ̂(𝑋𝑘+1)  is the predicted measurement model of the system and 𝑍𝑘+1  is the 

measurement result of the system. 

5.2.2 The Mobile Robot Control Scheme 

As the proposed method would be applied on a system that equipped with an RGB-D 

camera that provides RGB and depth images synchronously, the control scheme of the 

robot motion could include a process to avoid obstacles in the camera view with the depth 
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information. The information that needs to be determined here is the relative position of 

obstacles to the camera view. 

When there is no obstacle in the scene, the directional vector [Xr, Yr, θr, 𝑉𝑟]
T with [Xr,

Yr, θr] as moving direction would be the control signal for the robot motion which is 

obtained from the prediction in 5.2.1. And 𝑉𝑟 is the moving velocity of the robot which is 

obtained from the 𝑣𝑥 𝑎𝑛𝑑 𝑣𝑦 since the robot is not able to move in the vertical direction. 

In Figure 5-1, the module of the tracking system is shown when 𝑝𝑥 = 0. 

 

Figure 5-1. The system coordinate during tracking 

When obstacles occurred in the path of the robot, the information from the depth camera 

would provide additional navigation signals. To reduce the processing time and calculation 

in terms of sensing abnormal objects in the path, only part of the information from the 

depth camera is considered. As the robot would only operating within a limited height 

range, the maximum height Hr,max would be the range that considered from the depth 

camera. In Figure 5-2, a detection result is presented with a depth camera in robot height. 
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Marked points in the figure are the edges of obstacles in the scene which would be used 

for accessibility judgement with the understanding of the perspective. The robot is assumed 

that could pass through an alley with a minimum width Wmin or it will stop. To adjust the 

control vector for the mobile robot’s motion 

So the robot will have an adjusting vector [𝑥𝑟 , 𝑦𝑟 , 𝜌𝑟 , 𝑣𝑟]
𝑇. where 𝑥𝑟 is the location in 

the x direction of the obstacle, 𝑦𝑟 will be the same as Yr, sin ρr = 𝑓1(𝑋𝑟 − 𝑥𝑟 , 𝑌𝑟) and 𝑣𝑟 =

𝑓2(𝑋𝑟 − 𝑥𝑟 , 𝑌𝑟). 

 

Figure 5-2. The detection result from a depth camera with robot height 

The Omnidirectional robot that proposed to use in our approach is able to move in more 

direction. Unlike a traditional mobile robot, different motions of this robot are decoupled 

like translation or rotation which could provide improved performance in terms of 

flexibility and fast response for the system. [231] The mecanum wheeled robot is a typical 

omnidirectional system which is shown in Figure 5-3, 
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Figure 5-3. The configuration of the robot 

where the coordinates OXY is the fixed coordinate and the Or𝑋𝑟𝑌𝑟  is the moving 

coordinates for the robot. Besides, the coordinates 𝑜𝑤𝑖 (𝑖=1, 2, 3, 4) are the coordinates 

frame for each wheel. 

The position of each wheel is described as Swi = [𝑥𝑤𝑖, 𝑦𝑤𝑖, 𝛼𝑖]
𝑇  (𝑖=1, 2, 3, 4). The 

angular velocity around the hub and the roller are   𝜃̇𝑥𝑖  and 𝜃̇𝑟𝑖  , respectively. And the 

angular velocity about the contact point is  𝜃̇𝑧𝑖. The radius of the wheel and the rollers are 

R and r, respectively. As the wheel is designed with certain angles, in the proposed 
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approach, the slope angler for the roller and in the robot is 𝜑𝑖 in which 𝜑1 = 𝜑3 =45° and 

𝜑2 = 𝜑4 = −45°. So the velocity of the robot could be written as  

𝐒̇𝐰𝐢 = [

    𝒙𝒘𝒊̇
   𝒚𝒘𝒊̇
 𝜶𝒊̇

] = [
𝟎    𝒓 𝐬𝐢𝐧𝝋𝒊 𝟎
𝑹 −𝒓𝐜𝐨𝐬𝝋𝒊 𝟎
𝟎 𝟎 𝟏

] [

   𝜽𝒙𝒊̇

   𝜽𝒓𝒊̇

   𝜽𝒛𝒊̇

]      (5-10) 

To build the relationship between the wheel rotational angel with the robot coordinates 

𝑇𝑤𝑖, the translation matrix could be formed as a homogenous matrix: 

𝑻𝒘𝟐𝒓𝒊 = [
𝒄𝒐𝒔𝜶𝒘𝟐𝒓𝒊 −𝒔𝒊𝒏𝜶𝒘𝟐𝒓𝒊 𝒅𝒙𝒘𝟐𝒓𝒊
𝒔𝒊𝒏𝜶𝒘𝟐𝒓𝒊 𝒄𝒐𝒔𝜶𝒘𝟐𝒓𝒊 𝒅𝒚𝒘𝟐𝒓𝒊

𝟎 𝟎 𝟏

]      (5-11) 

where 𝛼𝑤2𝑟𝑖 (𝑖=1,2,3,4) is the rotation angle of wheel respect to the Or𝑋𝑟𝑌𝑟 coordinates, 

𝑑𝑥𝑤2𝑟𝑖 and 𝑑𝑦𝑤2𝑟𝑖 are the translational displacement.  

So the position vector of the robot could be written as Sr = [𝑥𝑟 , 𝑦𝑟 , 𝛼𝑟]
𝑇=𝑇𝑤2𝑟𝑖𝑆𝑤𝑖.  

Then, the kinematics of the robot is obtained as  

[

𝒙̇𝒓
𝒚𝒓̇
𝜶𝒓̇

] =
𝑹

𝟒
[

−𝟏 𝟏
𝟏 𝟏

𝑾+𝑳

𝟐
−
𝑾+𝑳

𝟐

    

−𝟏 𝟏
𝟏 𝟏

−
𝑾+𝑳

𝟐

𝑾+𝑳

𝟐

]

[
 
 
 
 
𝜽̇𝟏
𝜽̇𝟐
𝜽̇𝟑
𝜽̇𝟒]
 
 
 
 

      (5-12) 

Where [𝜃̇1, 𝜃̇2, 𝜃̇3, 𝜃̇4]T is the angular velocity of each wheel. 

In the control of the robot, the signal could be sent in as the coordinate[𝑥̇𝑟 , 𝑦𝑟̇ , 𝛼𝑟̇]. 
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5.3 Validation and Experiment 

During the validation, the proposed method is achieved by the following pseudocode in 

Figure 5-4.  

 

Figure 5-4. The proposed algorithm 
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5.3.1 The Validation of the Modified KCF Tracker 

Traditionally, the efficiency of a tracker would be tasted with available online benchmark 

videos like trackers [226, 230, 291, 292] are all tested with certain benchmarks. To verify 

the efficiency and accuracy of the proposed tracker, the proposed approach has been tested 

on videos of a benchmark [266]. The result could be found in Figure 5-5. During the 

tracking, the algorithm is able to track the target when the target is occluded and lost for a 

short time. When the target is partially occluded and fully occluded, the target box is still 

located on the target path. With a relatively long tracking period with complex interference, 

the target could still be tracked.  

 
Figure 5-5. Test result on videos of a benchmark [266] 
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This test is done with videos from static camera systems which make the detection and 

tracking less complicated. There are a few more tests done on a dynamic benchmark. In 

Figure 5-6, the test result on a dynamic video is shown which is a benchmark taken by a 

dynamic camera located on a mobile robot. The proposed method has shown the expected 

result during detecting and tracking. And the result has been demonstrated that the system 

would be able to be tracking in a complex environment. Additionally, with the prediction, 

the target would be able to be located even there is a short period of full-occlusion. 

 

Figure 5-6. Test result in Dataset BAHNHOF [232] 

To implement the proposed approach for a real-time application, the mobile robot system 

used in the experiment is shown in Figure 5-7. The system consists of an omnidirectional 

mobile robot, a Kinect camera system by Microsoft and an ASUS laptop with an i7-6700 
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processor as the system main processor. As the system required for a wireless application, 

a wireless power supply is designed for the camera. 

  

Figure 5-7. The mobile robot system with an RGB-D camera 

The system is tested in an experimental environment. In Figure 5-8, a few scenes from a 

series of experiments are shown. The first row is shown the tracking result in the colour 

image space, and the second row shows the accessibility judgment result from the proposed 

method. The maximum moving velocity for the robot is 10m/s. And the accessibility 

detection range Hr,max is set to 40 cm. The distance from the target to the camera system 

is around 2.7 – 3.5 m during the tracking process. 
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Figure 5-8. Test result in the experimental scene 

In the figure of the accessibility result (the second row in Figure 5-8), a line is drawn to 

indicate if there are any obstacles in the path of the robot within the height range. 

5.4 Discussion 

In this chapter, we have proposed an effective tracker for dynamic target detection and 

tracking which is achieved by applying a modified KCF for OOI’s learning and tracking. 

The tracking performance of the modified tracker has been tested on multiple benchmarks 

and has been demonstrated its accuracy and efficiency. To verify the real-time tracking 

feature of the tracker, the proposed method has also been adapted for a mobile robot system 

which has equipped with an RGB-D camera. And an EKF has been applied for enhancing 

the tracking performance. Besides, the prototype system would be able to provide 

information on the robot working environment to guide the robot avoiding obstacles on its 

path with the three-dimensional information providing by the camera system. The 

validation experiment of the proposed system shows that the system could achieve the 

detection, tracking and following of the determined target smoothly, timely and accurately. 

With the feature of the designed system that sensing information with an RGB-D camera, 
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this novel approach provides a promising application that could be widely applied in a 

human involved working environment. Such a system could be applied to carrying robots 

in the workshop as a robot assistant, the following robot for transporting luggage for 

tourists, or it could be applied in hospitals for patient’s transportation. 

The tracker we have applied in this chapter is a modification from the KCF tracker with 

extended application in 3D tracking. In Figure 5-9, we have shown the tracking result 

comparison between the proposed tracker and the KCF tracker. For the most challenge 

tracking scenario that targets occlusion, the KCF tracking result shows an obvious drifting. 

And the modified KCF tracker has a better performance on following the target moving 

trajectory. 

 

Figure 5-9. Tracking result comparison  
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Although the experiment result has proved the efficiency of the proposed method, there are 

still a few improvements that could be made for the system. In terms of obstacles avoiding, 

we considered a relatively simple strategy to achieve a real-time application. So these 

obstacles preventing approach could be less efficient in a dynamic working environment 

that obstacles may not always be in static statues. Besides, the mobile robot moving speed 

is set with a relatively low moving speed range to ensure the system efficiency which 

performed very well with a normal walking speed target. If the moving target raising the 

moving speed, the mobile robot may not be able to avoid obstacles with a high operational 

speed effectively. There are some effort could be put on the path planning for this system 

since the depth map could provide information within five-meter. With certain planning 

strategies, the system would provide more flexibility while tracking a complex dynamic 

target. With the improvement mentioned above, this human-following robot would be able 

to work in a general environment that consists of more unpredictable noises or a more 

critical environment like criminal following and chasing as an AI police. 
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Chapter 6 Beyond Vision-based Control: The Vision System for Human-

Robot Interaction  

6.1 Introduction of Hand Gesture Recognition 

With the development of HCI, among all kind of interaction approaches, hand gesture 

recognition based HCI becomes one of the most popular implementations as this is the 

most convenient method for sending the interacting signal in the natural distance and it is 

one of the closest approaches to daily operation activities between humans [241]. 

Comparing with other human natural communication ways like vocal signal or eye 

contacting signal, hand gestures have the most common and notable features between 

different individuals which make the recognition of hand gestures become realistic and 

reliable with current technologies and could be widely used and could be easily adapted 

into different applications.  

There are several researchers devoted to the study of effective hand gesture recognition in 

the past decades. Those approaches could be generally classified into two categories with 

the way of sense. The first one is hand gesture recognition with contact sensors such as 

‘Cyberglove’ [242] which is a glove-liked system would detecting gestures with changing 

signal from electronic components[233], and the more advanced system like body-worn 

inertial sensors [243] which sensing bio-signal for gesture recognition. Most of those 

approaches are focusing on converting gestures into electrical signals, then creating a 

mapping relation between different electrical signal features to their corresponding 
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gestures. With this kind of framework, the detection result is accurate and reliable as well 

as less sensitive to lighting conditions, and this type of technology has already been applied 

for HCI and used in military, industry and commercial fields. However, challenges for 

those wearable devices are system manufacturing and maintenance since such systems 

normally consist of multiple electronics parts needed to be wired together and systems 

normally require complex calibrations [245]. Besides, some of those systems may not be 

very user friendly since the wearing process and the wearing period could be 

uncomfortable. As an alternative approach, there is a comprehensive gesture sensing 

system proposed which combined inertial measurement unit (IMU) and Electromyography 

(EMG) sensors for detecting the motion of hand [256]. But such a system would need a 

certain number of pre-learned patterns to be created for effective recognition.  

The second classification of the hand gesture recognition method is achieved with non-

contact sensing technology which mainly achieved with camera systems. Although the 

former approach for gesture recognition has already been widely studied and already has 

mature products on the market with high accuracy and reliability, non-contact sensing start 

to get more attention as drawbacks of contact sensing systems have shown with wide 

application. At the same time, features such as natural interaction, measuring without 

physical contact of non-contact sensing seen to be promising for better interaction and 

better user experience. In certain application scenarios, non-contact sensing shows great 

advantages comping with contact sensing systems like the object of interest is fragile, 

concerned for contact or preferred to be contactless. With the booming of machine vision 
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technologies, a vision-based hand gesture recognition system has been widely studied and 

products with such functions start to take the market in areas as smart surveillance, 

teleconferencing, HCI, etc. [248]. Besides, such systems with comprehensive sensing and 

recognition ability have shown great potential in filed like medical and military. For 

example, the vision-based sensing system in a visual environment for very large-scale 

biomolecular modelling [249] and the integrated controller for the virtual environment 

Battlefield [250].  

Although hand gestures own relatively notable features, there are a lot of different 

perspectives in terms of understanding features from gestures. One of the approaches is 

based on the colour space to determine gestures from the background. Such a method could 

be which could effectively reach the desired result and could also solve problems like 

partially occluded [251]. By applying a pattern recognition approach like mean filtering in 

HSV color space and through morphological image processing, the system could be able 

to recognize static gestures effectively [252]. Applications for such color space based 

methods would be troublesome in a cluttered environment due to their sensitivity to color 

models [246, 247].  The above-mentioned approaches are mainly studied in the image plane 

which is hard to solve the recognition problems in 3D. There is a lot of effort on 3D 

recognition from image planes with the understanding of projection perspective and the 

inspiration from human eyes, and that valuable information provided by 3D data would be 

able to solve problems like self-occlusion[262, 263]. However, the efficiency of 3D 

reconstruction is still a challenge for applications that require high accuracy, real-time and 
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high robustness [264, 265]. There is another promising alternative technology for 3D 

contactless measurement – 3D sensors, especially depth sensors (e.g., Kinect and Intel 

RealSense 3D camera). Among numerous applications, one of the most interesting 

applications is using gestures for mobile robot control. With the inspiration from the traffic 

police officers’ hand signals, there are some different approaches proposed for mobile 

robot motion control with understanding a series of hand gestures. There is an electronic 

sensor-based system proposed for an omnidirectional wheel-chair motion control [253] 

with a hand gestures classifier algorithm. The system consists of a wearable IMU sensor 

and two EMG sensors for obtaining wrist movement and two forearm muscle activities. To 

encode electrical signals that corresponding to different gestures as well as to train the data 

received, there are seven different gestures that could be accurately detected for controlling 

maneuverability of the wheelchair. As the system efficiency has highly relied on sensors 

and a designed training process, this approach may need to be modified or calibrated for 

different users. And sensors have to be handled carefully during the application to make 

sure the system would keep functioning. Besides, time-consuming would also be a 

challenge for an effective application of such a method. Another approach proposes in 

[252] presented a gesture-based control scheme for a mobile robot with five different 

gestures that corresponding to certain control signals. In this method, a library with 

multiple pre-learned gestures is required, then the later recognition would be processed as 

a looking-for-table format to find the best contour correspondence. Although a gesture-

based state-feedback control strategy is applied for robot motion control to guarantee the 

real-time operation, the limited number of gestures that could understand by the system 
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would narrow the application of such a system for complex operational requirements. 

Besides, since the library is built in the color space, as we mentioned above, the system 

performance could be concerned in a non-experimental environment with complex 

background information. To take advantage of the depth sensor, a robotic wheelchair 

motion control scheme which based on hand gesture recognition by a Kinect sensor is 

proposed [253]. This novel approach applies a Fuzzy controller to establish a 

corresponding relation from gestures to speed and direction for the wheelchair which could 

efficiently provide the understanding of a gesture movement trend as a command of the 

robot’s moving trend. The system is well functional and could accurately work in real-

time. However, the system is less robust to vibrations that occurred during the operation 

which is not avoidable for this operation process that users’ hands must hold in the air. 

Besides, the system is also not working perfectly during a high-speed operational model 

[253]. 

So, the mobile robot motion control with hand gesture recognition needs to overcome 

challenges like accurate and time-efficient recognition in a complex environment, variable 

gesture recognition, efficient processing for real-time motion control and less sensitivity to 

users’ diversity. In this chapter, a comprehensive approach is presented. The experiment 

of the proposed method has validated features like real-time, accurate and flexible of the 

system. 
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6.2 Real-time Two-hand Gesture Recognition for Mobile Robot Control 

We developed a gesture recognition approach with a depth camera for motion control of a 

mecanum wheeled mobile robot manipulator. Control signals of the robot are 

corresponding to gestures from users’ both hands. The system proposed system consists of 

two parts of processes: the process of real-time gesture recognition and the interaction 

process between the detected gesture and robot motion controller. This approach proposes 

a 3D geometry-based method for gesture recognition and the system working flow is shown 

in Figure 6-1. To start with the system initialization, a few seconds pre-setting for the 

individual user is required. Once it is finished, the system starts to process the detection 

and recognition in real-time. As the proposed recognition scheme could understand 

gestures from both hands, there is a primary set of gestures and a secondary set of gestures 

for control logic. When an operational gesture is detected, the system will determine if the 

mobile robot is moving or not. The operational signal for the designed gripper would only 

send when the robot is not moving. 

There are seven different gestures defined for mobile robot moving operation and three 

gestures defined for the gripper’s operation. Once the system started, the gesture signal 

would be detected and recognized timely, then a corresponding operational signal for the 

motion control of the robot or the gripper would be sent. The system could be able to move 

desirably and able to achieve certain tasks with users’ orders. 
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Figure 6-1. The system working flowchart  

6.2.1 Two-hand Gesture Recognition  

As we understand that one of the biggest challenges for gesture recognition is to distinguish 

the gesture of interest from a complex background, the proposed method determines a 
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depth range for detection to eliminate the background noise affection for the detection. 

Besides, gestures’ features are defined in 3D space for creating a series of flexible 

operational gestures. To discriminate 7 different gestures with geometric features, a 

coordinate system of a hand is defined and shown in Figure 6-2. In the coordinates, there 

are three length parameters used for gestures definition ℎ, 𝑤 and 𝑑 which are the length of 

the mass centre to the tallest point of the finger in the vertical direction, the mass centre to 

the farthest point in the thumb horizontal direction and the mass centre to the thumb in-

depth direction, respectively.  

  
Figure 6-2. Hand gesture coordinate 

Before the detection started, the system needs to be initialized for getting initial hand 

parameters according to the coordinates system. There are two gestures required for this 

process which are the gesture “Left” and the gesture “Stop”. The former is to set the user’s 

hand with thumb open and the other four fingers close in order to get the initial number for 



 90 

𝑤. The latter gesture is to set the hand with the thumb close and the other four fingers 

upright to acquire the initial number for ℎ. This process could be finished within 2 seconds. 

And with this process the proposed method could have a unique parameter set for each 

individual. Additionally, this quick initialization process could also provide an operational 

range for users automatically. This process is achieved with a pre-arranged detection range 

in depth space which would only have detection results. In another word, the user would 

only see an effective initialization process when they put their hands in the designed range 

from the camera to the hand. 

After a successful initialization of the system, the logic for discriminating different gestures 

could be described with the following expression (6-1). When the geometric parameters 

are under certain conditions, the directional signal could be obtained. 

𝐺(𝑤, ℎ, 𝑑) =

{
 

 
𝑤(𝑇𝑊𝑁) && ℎ(𝑇𝐻𝑁)          …𝐵𝑎𝑐𝑘𝑤𝑎𝑟𝑑

𝑤(𝑇𝑊𝑋) && ℎ(𝑇𝐻𝑁)           …𝑅𝑖𝑔ℎ𝑡          

𝑤(−𝑇𝑊𝑋) && ℎ(𝑇𝐻𝑁)        … 𝐿𝑒𝑓𝑡            

𝑤(𝑇𝑊𝑁) && ℎ(𝑇𝐻𝑋)           … 𝑆𝑡𝑜𝑝            

   (6-1) 

where, 𝐺(𝑤, ℎ, 𝑑)  is the current gesture geometric parameters as 𝑇𝑊 = 𝑤, 𝑇𝐻 = ℎ, and 

𝑇𝐷 = 𝑑. The gestures for orientational operation recognition could be divided into two 

situations. When there is no rotation trend detected, the gesture detected would be 

discriminated by the logic equation (6-1). With the initial hand parameters, thresholds are 

set for geometric recognition as – 𝑇𝑊𝑁  for the thumb closed, - 𝑇𝐻𝑁  for the four-finger 

closed status, - 𝑇𝑊𝑋  for the thumb opened and – 𝑇𝐻𝑋  for the opened four-finger, 

respectively. There are five detection scenarios with the above logic expression: 
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• While both 𝑇𝑊 < 𝑇𝑊𝑁  and 𝑇𝐻 < 𝑇𝐻𝑁  are detected, the state of the detection is 

“Forward”; 

• When  𝑇𝑊 ∈ 𝑇𝑊𝑁  and 𝑇𝐻 ∈ 𝑇𝐻𝑁  are detected, the state of the detection is 

“backward”; 

• With the 𝑇𝑊 ∈ 𝑇𝑊𝑋 and 𝑇𝐻 ∈ 𝑇𝐻𝑁 detected, the state of the detection is “right”; 

• For the detected result as 𝑇𝑊 ∈ −𝑇𝑊𝑋 and 𝑇𝐻 ∈ 𝑇𝐻𝑁, the state of the detection is 

“left”; 

• As the 𝑇𝑊 ∈ 𝑇𝑊𝑁 and 𝑇𝐻 ∈ 𝑇𝐻𝑋 detected, the state of the detection is “stop”; 

When there is a rotational trend appearing in the system, the rotation direction of the system 

can determinate by the changing trend of the 𝑇𝐷 which means checking the movement of 

thumb in the depth direction. The method “convexity defects” [254, 255] is adapted for the 

rotational detection which is the status when fingers are open and a few contours shown 

between fingers. Then there are two detection scenarios with this condition: 

• When 𝑇𝑊𝑁 and changing 𝑇𝐷  are detected, the state of the detection is clockwise 

rotation; 

• When −𝑇𝑊𝑁  changing 𝑇𝐷   are detected, the state of the detection is counter-

clockwise rotation. 

The above 7 gesture that defined for mobile robot navigation could be present as Figure 6-

3. Images of gestures in the figure are detected results from the system.  
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Figure 6-3. The 7 different operational gestures for mobile robot navigation  

A similar logic is used for defining gestures for the gripper’s operation but less complex 

than the navigation gestures. There are two static gestures and one dynamic gesture for the 

gripper’s operation which is shown in Figure 6-4. One more condition for this detection is 

that when there is a ‘stop’ detected and the second hand detected as well then the 

recognition would be processed. As the understanding of two hands may locate in a 

different depth location, second-hand recognition also starts with a pre-set value. The 

simple gesture used here for initialization is thumb open with four fingers folding to obtain 

the −𝑇𝑊𝑋 and 𝑇𝐻𝑁.  

• When the 𝑇𝑊 ∈ −𝑇𝑊𝑋 and 𝑇𝐻 >> 𝑇𝐻𝑁 detected, the state of the detection is “to 

open the gripper”; 

• For the detected result as 𝑇𝑊 ∈ −𝑇𝑊𝑋 and 𝑇𝐻 ∈ 𝑇𝐻𝑁, the state of the detection is 

“to close the gripper”; 

• With the “to open the gripper” or the “to close the gripper” detected, if there is an 

additional movement of the gesture detected in vertical direction of on the center 
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mass of the area of interest, the state of this operation would be “gripper move” as 

the signal of lifting or putting down; 

  

Figure 6-4. Hand gesture for the gripper’s operation  

During the operation, if the depth of the mass centre is detected with the change in the same 

position from the initial value, then there is an update of all threshold ranges with the same 

ratio. But this change of the depth length can not happen outside of the designed detection 

range. 
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6.3 The Experiment of Proposed Method 

For the proposed system validation, an HRI experiment is designed with certain tasks like 

operating the mobile robot in a designed map. There are some objects on the map for the 

robot system to do some picking up and placing operation. Additionally, the system is 

operated in real-time. As hand gesture recognition is the key to the proposed method, 

before we applied it for the HRI implementation, the efficiency of the detection must be 

tested. The testing process is created according to methods in [141, 240, 253].  In the test, 

all hand gestures are repeated for detection and recognition multiple times in a certain order 

with nature changing speed which means the user would present all gestures one-by-one in 

a certain order and repeat the order several times. Besides, during the testing, the user is 

required to present gestures as normal as she/he can. 

Table 6-1 Accuracy of the hand recognition algorithm 

 Detected (Number) Correctly detected 

(Number) 

Accuracy (%) 

Forward 217 206 94.93 

Backward 194 185 95.36 

Right 226 213 94.25 

Left 207 196 94.69 

Stop 191 183 95.81 

Clockwise rotation 213 197 92.49 

CCW rotation 192 179 93.23 

Gripper close 230 221 96.09 

Gripper open 217 209 96.31 

Gripper lifting 208 201 96.63 
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To set up the HRI implementation with this hand gesture recognition method, a laptop with 

windows 10 system, Inter I7-6700 CPU is arranged as the main processor for gesture 

detection and recognition. The mobile robot with mecanum wheels is equipped with a 

designed 2-DOF gripper for operation. And the robot has a micro-controller inside as the 

second processor for sending control signals to actuators on wheels and on the grippers.  

 

Figure 6-5. The system configuration  

The communication between the main processor (an ASUS laptop with i7-6700 processor) 

and the second processor (an Arduino Mega) is achieved with a pair of Bluetooth chips. 

The system configuration could be found in Figure 6-5, where the Kinect camera by 

Microsoft is applied in the system as the visual sensor for gesture recognition. The 

operational depth range is set as 50 cm – 70 cm from the camera to the hand. This is the 

key to the proposed method for eliminating background noises for the detection. The 

mentioned range is for this specific experimental setup. For other working scenarios, this 

range could be adjusted to meters away from the camera. For the Kinect sensor that we 
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applied here, depth range within 3 meters would be recommended and the 20cm 

operational range would also recommend ensuring recognition accuracy. 

  

Figure 6-6. The experimental field 

As the implementation is an HRI process that relies on human experience or judgment 

about the working environment, a labelled experimental field is arranged for verifying if 

the mobile robot could follow the navigation signal correctly. The labelled map is shown 

in Figure 6-6 with straight paths as well as curved paths. The latter would need the robot 

to be more flexible and the system must have a high level of real-time that could respond 

to the change. During the real-time experiment, there are several obstacles and objects 

placed on the map for the robot to remove and pick up. 

During the validation, the proposed method is achieved with the following pseudocode in 

Figure 6-7 : 
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Figure 6-7. The proposed hand recognition algorithm 



 98 

In this experiment, for the recognition initial value setup, the ‘stop’ and the ‘left’ gesture 

are detected from the user’s right hand and the ‘gripper close’ gesture is detected from the 

user’s left hand. To ensure later detection has a reliable result, this process is designed to 

be finished manually. So the user has to make sure those three gesture is detected clearly 

during the initialization. In Figure 6-8, a series of pictures are shown which are taken during 

the real-time experiment. In the figure, gestures are detected as forward, backward, right 

and counter-clockwise rotation in the order of left to right. In the meantime, the robot would 

be able to follow the gesture order correctly and timely. 

   

Figure 6-8. The result of mobile robot navigation with the hand gesture  

To implement the ability of the proposed system as working for certain tasks, a few objects 

are arranged on the map.  The user should operate the robot for moving through the path 

and clearing objects located on its way with the two-hand operation. 

In Figure 6-9, a set of pictures are shown which are taken during a path following while 

finishing certain tasks HRI operation. In Figure 6-9 (a) and 6-9 (c), the robot is responding 

to the navigation signal “forward” and “counter-clockwise rotation”, respectively. In 

Figure 6-9 (b), the robot is executing the “counter-clockwise rotation” order while holding 
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the same lifting operation on the gripper. This is the process that the robot tries to move 

the object out of its path. Similarly, Figure 6-9 (d) is shown the robot stopping for picking 

up the final object on the path. 

 

Figure 6-9. The result of mobile robot navigation and operation with the hand gesture  

During this experiment, the HRI process performed very well. The robot could follow the 

signal from the hand gesture accurately and timely.  

6.4 Discussion  

As the key to this research is on the accuracy of the hand recognition algorithm, to further 

evaluate this work, we take two existing research for comparison. These two methods are 

one of the most successful methods under their approach category. The first one is an online 

detection method which is also using the Kinect camera as the sensor [244]. This method 
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could recognize five different gestures with 93.9% accuracy and 4s initial setup time. 

Although it provides robustness and real-time recognition method, the capability of 

detecting more gestures would improve its flexibility. The second method is a learning-

based recognition method that could recognize 7 different gestures with a 97.71% accuracy 

[141]. This approach provides a competitive result in terms of accuracy and the capability 

of detecting different hand gestures. However, data training is a long process that can not 

be done within seconds. When the system has been applied with more and more users, the 

accuracy of the detection may decrease since the training library only contains gestures 

from 20 users. Although the library could always be updated, each updating would require 

another training process. A comparison result is present in table 6-2 among the proposed 

method in this chapter and the above-mentioned methods.  

Table 6-2 Comparison of the proposed method and existing methods 

 Proposed method Ren’s method [244] Li’s method [141] 

Accuracy 94.73% 93.9% 97.71% 

Initial setup time 1-2s 4s 20 people and 7 gestures 

for training (a long 

training period) 

Recognition goal  7 gestures 5 gestures 7 gestures 

From the numeric data of the table, the proposed method could be a competitive approach 

with existing methods. And in the experiment, the proposed method has an excellent 



 101 

performance in terms of accuracy and real-time. Additionally, the designed gestures in the 

proposed method are easy to be understood by any user with the common directional sense, 

which could be one of the greatest advantages of it. This user-friendly design would allow 

those who are new to the system to learn and operate the system with a brief period. For 

users who have been practiced with different interaction systems, this design would have 

less chance to make them feel confused about the different operational gestures. 

Although the proposed method seems reliable and effective for a real-time HRI application, 

there are still some improvement could be done with this approach. During the 

initialization, a bad process would lead to a high failure rate in the later detection. In order 

to have high accuracy, the user should try to keep each initialization gesture as stable as 

possible with less dynamic noises such as vibration or quick changing in the depth 

direction. Although the system has certain tolerance on initialization errors that small 

rotation angle of each gesture could be adjusted by the threshold ranges and the slow 

change in depth direction could also be accepted by the algorithm, the process for setting 

initial system parameters still need some attention from users. So if the initialization system 

could be improved by becoming more robustness with users' unconscious behaviours 

which could affect the quality of system parameters, this method would become more user-

friendly and more efficient. 

 



 102 

Chapter 7 Conclusion and Future Work 

7.1 Conclusions  

This dissertation has present studies of vision-based control schemes for different 

mechatronics devices. In the first part, a novel vision-based control approach is proposed 

for a well designed parallel mechanism. A prototype is built for the validation of the control 

scheme. As the simulation and experiment result has implemented the desired performance 

of the system, this method could be applied for other parallel mechanisms. Since the 

method provides a promising sensing approach to measure the pose of the EE which has 

highly simplified the modelling of the mechanism kinematics, the approach could be 

further studied for the system dynamic control. Additionally, since the visual system is 

supervising the motion of the mechanism, there is another approach that could be studied 

in the future that to observing linkages of the system for motion control. If all the locations 

of joints in the system could be measured, the visual feedback signal could not just only be 

applied for motion control but also as the performance feedback for the mechanism 

kinematic model calibration. 

With the discussion made in the research background, we believe it is valuable to study a 

human involved robot motion control scheme. The second part of this dissertation has 

presented a human-following robot application approach. An advanced target tracking 

method is proposed for a mobile robot motion control. With the feature of the designed 

system that sensing information with an RGB-D camera, this novel approach provides a 
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promising application that could be widely applied in a human involved working 

environment. Although the experiment result has proved the efficiency of the proposed 

method, there are still a few improvements that could be made for the system. In terms of 

obstacles avoiding, we considered a relatively simple strategy to achieve a real-time 

application. So the proposed obstacles preventing approach could be less efficient in a 

dynamic working environment that obstacles may not always be in static statues.   

Another important aspect that has been studied in this dissertation is in a popular research 

area – HRI. An advanced motion control approach is proposed for a mobile robot 

manipulator. The proposed method has an excellent performance in terms of accuracy and 

real-time with a series of designed hand gestures that could be easily understood by any 

user with their common sense. Although the proposed system seems reliable and efficient, 

there are still some improvement could be done with this approach. For obtaining the high 

accuracy of the system, the user should be careful with the initialization gesture setting up 

process, although the system has tolerance on small errors So if the initialization system 

could be improved by becoming more robustness with users unconscious behaviours which 

could affect the quality of system parameters, this method would become more user-

friendly and more efficient. 

With our wide range of studies on vision-based control schemes, it is not hard to list the 

advantages of such visual systems, and it is also not hard to tell how promising it is for 

such application with a visual system. However, there is still a lot of work that must be 

done to promote these technologies in solving general engineering problems. Besides, there 
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are some limitations of visual systems that cannot be ignored, like its sensitivity to lighting 

condition and computing intensity which is always a concern for image processing 

technology. For a reliable, real-time, and efficient application in areas like advanced 

manufacturing, real-life interaction, combining different types of sensors together for 

designing a comprehensive system could be one of the promising solutions. 

7.2 Contribution of the Dissertation 

7.2.1 Vision-based Control: An Approach for Generalized Parallel Robots 

The vision-based control scheme for a well designed parallel mechanism has 

provided a simplified kinematic model for the mechanism that helps to create the feedback 

control. The methodology of the proposed method is based on 3D visual information that 

could be easily adapted to other types of parallel mechanisms.  

And the system prototype is built and demonstrated the efficiency and accuracy 

with the proposed model. The system would respond to the change and stabilize in 2s and 

the system error would be minimized in 3mm. The potential application of the proposed 

method could be for system model calibration as the system performance would be directly 

measured, and this research could be extended into a study for system recognition for 

systems like a complicated soft parallel mechanism. 
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7.2.2 Advanced Visual System for a Mobile Robot Motion Control 

The advanced target tracking method for a mobile robot’s motion control has 

proposed a real-time and accurate tracker that could be applied in a relatively challenging 

environment. Additionally, the 3D tracking strategy brings more flexibility to this method. 

In the implementation and experiment, the system has shown great performance in 

tracking the selected target and control the movement of the mobile robot in real-time. The 

potential application for such a system could work as an assistant robot for carrying the 

weight and following the user in a warehouse or work as a service robot. 

7.2.3 Beyond Vision-based Control: The Vision System for HRI 

The two-hand gesture recognition method for a mobile manipulator has provided 

an efficient mobile manipulator interaction strategy. The proposed method has designed 

7+3 of user-friendly gestures that could be detected timely for real-time applications. 

Besides, the 3D detection strategy makes the system highly robust to environmental noise. 

In the system implementation and validation, the proposed method has presented 

high accuracy with a 94% correct detection rate. The application of such an interaction 

method has presented its flexibility and real-time during communication with the mobile 

manipulator. The potential application for such a system could carry chemical or other 

types of hazard products in the manufacturing process or interact with other types of robotic 

systems. 
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7.3 Future Work 

As the development of the industry, the future manufactory processes will be less labour 

intensive but become more flexible and reliable. Let’s take a manufacturing process as an 

example to understand the current status of manufacturing. The traditional mechanical 

manufactory system such as vibration feeders [267] are longer suitable for industrial 

requirements as flexibility and labour economy. Randomized bin-picking was raised 

attention since the 1980s. This problem is related to an industrial application of automatic 

picking an object from a randomly stacked group of items by a robotic system. In the recent 

decade, With the development of vision systems, a visual assisted randomized bin-picking 

system became a popular research topic. And part of those research results already been 

used for industrial applications. Machines involve more and more manufacturing process 

and our daily life is unstoppable. There are more works could be done in the future of this 

study.  

In terms of using a vision system for machine tools motion control, there are a few future 

work that could be done with the study as a foundation. 

How the machine vision system could promote the development of the technology in terms 

of increasing the productivity of the manufacturing processes and how to combine the 

visual technology into machine design so the next generation of the machine would become 

not just efficient but also more flexible, more robustness to the working environment. There 

are a few aspects in details that we would like to devote to: 
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• To further apply a visual system for parallel mechanisms motion control, the vision 

system as a position sensor could also be applied for linkage observation. If the 

mechanism could be observed not just from the EE but also from all linkages, the 

system would have less uncertainty during the control. 

• With the mechanism system been controlled with visual signal feedback, this 

approach could be further studied for the system’s dynamic control. As force or 

momentum is not a visible vector for a system, the future dynamic control strategy 

could be conducted with a sensor fusion method. 

• As the visual system is applied for system observation, another possible future 

research could be the combination of MV and machine learning for system 

recognition. With a certain amount of learning process, the advanced approach of 

system recognition could provide a system model for the future application. 

• Since the visual system is working as a surveillance system to observe the system 

performance, it could also be applied for observing the working environment for 

machine tools path planning or obstacles avoiding. 

How to create a safe and friendly co-working environment between humans and robots will 

become a huge challenge for researchers as well. The machine vision system could bring 

intelligence into machines so the machine would work with humans for specific 

manufacturing processes. There are a few future directions that we would like to contribute 

to in the future.  
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• As the application potential of the human-following robot technology, to continue 

working on the current system and to minimize its current limitation would be 

interesting work. And we believe that this technology would be widely applied in 

the soon future.  

• If the visual system could understand the manufacturing process and predict 

environment hazards, the safety of the manufacturing process will get into another 

stage. To study on machine learning for creating a reliable environment library is 

one of the directions we would like to work on. One of the challenges of this study 

would be how to extract features of these working scenarios of interests as they are 

formed with dynamic information. 

• The real-time application would always be one of the most significant challenges 

for applying those well-designed visual technologies into the application. We 

would like to work on optimization for an advanced visual system for providing 

less computing intensity approaches for robot motion control. 

So how to make new technology accessible to common users such as natural interface 

processes, common communication between humans and machines would also be another 

future area of this study. The HRI system from this work already has the ability for a non-

experimental application. But there is more to be done since we believe that novel 

technologies have responsivity to build a smooth path for adapting new manufacturing 

processes with traditional workers. 
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• The presented work in this dissertation focuses on interaction with a relativity 

simple robot system by hand gestures. Further study could be working on an 

interaction scheme with an advanced robot system like a robot arm by not just 

gestures but also other body languages.  

• As we all know that if you like to train yourself for programming in a certain 

language, you will able to take certified training online. But if you like to learn to 

operate a machine, there is no such way yet. Assisting by VR/AR technology and 

HRI approaches, this could become a future. 

• To teach the robot with human experience would be another promising area. In the 

working environment or manufacturing process which highly relies on human 

experience, if the machine would be trained through the HRI process, this would 

make a huge step for machines walking towards full automation. 
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