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Abstract 

This thesis explores the feasibility of using Field-Programmable Gate Array 

(FPGA) technology for formation control of multiple indoor robots in an ubiquitous 

computing environment. It is anticipated that in the future, computers will become 

integrated with people’s daily lives. By way of a hub of surrounding sensors, computers 

and embedded systems, indoor robots will receive commands from users and execute 

tasks such as home and office chores in a cooperative manner. Important requirements 

for such scenarios are power efficiency and computation reliability. The focuses of this 

project are on exploiting the use of the System-on-Programmable Chip technology and 

ambient intelligence in developing suitable control strategies for the deployment of 

multiple indoor robots moving in desired geometric patterns. 

After surveying the current problems associated with computing systems and 

robotics, this research was determined to design an ubiquitous robotics system using 

Field-Programmable Gate Array (FPGA) technology, a serial of the Register-Transfer 

Level (RTL) and gate level hardware for image processing, and control implementation. 

Work was done to develop novel, FPGA-feasible algorithms for colour identification, 

object detection, motion tracking, inter-robot distance estimation, trajectory generation 

and formation turning. These algorithms were integrated on a single FPGA chip to 

improve energy efficiency and real-time reliability. With the use of infrared sensors and 

a global high-resolution digital camera for environment sensing, all computation 

required for data acquisition, image processing, and closed- loop servo control was then 

performed on an FPGA chip as an external server. Battery-powered miniature mobile 

robots, Eyebots, were used as a test-bed for experiments. For realization, all the 

proposed algorithms were implemented and demonstrated via real- life video snapshots 

as shown on a PC monitor. These live images were captured from the on-board digital 

camera and then directly output to the monitor from a VGA interface of the FPGA 

platform. These together serve as the main contributions of this thesis, in both algorithm 

development and chip design verified by experiments. 

The digital circuit designs in the chip were simulated using software specifically 

developed for FPGAs in order to show the timing waveforms of the chip. Experimental 

results demonstrated the technical feasibility of the proposed architecture for 

initialization and maintenance of a line formation of three robots. Effectiveness was 

verified through the percentage usage of the chip capacity and its power consumption. 

The prototype of this ubiquitous robotic system could be improved for promising 

applications in home robotics or for concrete finishing in construction automation.
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1 

Introduction 

 
In past years, the coordinate intelligence for specific formations has been broadly 

studied in transportation and construction systems. Nowadays, the challenge in robotic 

formation control is the use of embedded system in this new era of ubiquitous robots. 

The control methodologies which used to be implemented in general-purpose computers 

(PCs) are now unsuitable for imitation in miniature systems because of the difficulties 

regarding real- time and energy efficiency. In this research, a novel multi- robot 

formation control was designed to achieve minimal computing effort. Notably, my 

research focused on the viability of reconfigurable devices. Instead of a specific 

high-performance microprocessor, I proposed a portable global vision prototype using 

the system-on-programmable-chip (SOPC) concept. Here the object tracking would 

lock a colorific label on the robot, and the relative distance between robots could be 

derived by a digital camera. For mobile robots’ steering and formation establishment, a 

behaviour-based steering control was proposed with a 2D trajectory generation in order 

to reach research objects. 

 

1.1 Motivation 

Ubiquitous computing (UC or Ubicomp) has been heralded as a design criterion for the 
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anticipated smart computing systems of future human society. The goal of UC is to help 

people enjoy the conveniences of computers anywhere and at any time. In order to 

weave a service network into our living environment, UC relies on many embedded 

systems and portable sensors. The activity capability in such a computing environment, 

therefore, is entrusted to mobile robots which function as UC tentacles. These robots will 

either be controlled by a UC node or will directly play the role of a UC node ministering 

to their customers. Due to the new trend towards UC, challenges in mobile robot control 

have arisen from miniature systems’ computation performance and power efficiency. 

These requirements have renewed the imperative of designing a low-cost robot with 

ubiquitous embedded systems. Realizing the necessity of the miniature robot in a UC 

society, a research motivation for developing a novel multi-robot formation control 

system came into being. 

 

1.2 Research objectives 

Designing a multi-robot system with effective coordinative control in specific 

formations remains a challenging topic in robotics. One of the motivational reasons 

derived from the possibility of providing massively improved services in warehouses 

and construction, where several robots need to coordinate whilst moving to execute a 

task. All robots will be organized in a group to perform a desired motional geometry 

such as line, column, wedge, diamond or square. For this, feasibility of control 

strategies is essential, especially when addressing the emerging trend toward ubiquitous 

robotics.  

 

The first object of this research was to use a digital camera as an environmental global 
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camera to design robotic tracking and steering. The advantage of such a surveillance 

system lay in the consequent convenience of tracking robots’ identifications. 

Additionally, digital cameras used as passive sensors do not suffer from interference as 

do other active sensors in crowded deployment situations. The information required for 

object tracking, distance measurement and steering was to be gathered from a single 

generic camera for minimal sensor cost. 

 

Secondly, a feature of this system was to be portable dimensions. The whole control 

system was to be implemented on an integrated digital chip to achieve this. There was 

no need to cooperate with other devices such as microprocessors or memory devices. 

Meanwhile, the real-time computing and energy efficiency performances were to be 

comparable with general-purpose computers (PCs) or even better.  

 

Thirdly, this system was to be designed to an economic budget for feasibility of 

implementation. Due to the high developing costs of exploiting new components, any 

extra efforts to customize integrated digital/analog chips or sensors were to be avoided 

in this project as far as possible. Components of the system such as the reconfigurable 

chip, digital camera and remote media were to be taken directly from popular IT 

(information technology) and sensor technologies.  

 

Based on the three above research objectives, it was determined that using colour 

discrimination had the advantage of requiring lower computing effort than traditional 

pattern recognition methodologies. Such an approach was realised by observing the 

identification (label) on top of a robot. The dynamic images also provided the feasibility 

of designing a security function, as the motion detection. Instead of using ground truth 
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on the floor, an algorithm with fast inter-distance estimation between robots with the 

same information from labels was indispensable. Finally, by measuring the movement 

of tracked identifications via pictures, robots’ 2D trajectory generation was also 

designed for developing behaviour-based steering and robotic formation control. These 

proposed approaches demonstrated the feasibility of creating a miniature robotic 

formation control system with a single digital camera and minimal computing effort. 

 

1.3 Research methodology and justification 

Designing an ubiquitous robot (Ubibot) with portable dimensions, real-time 

performance and power efficiency is currently an urgent task in UC. With the limited 

autonomous ability in specific working environments, one can use deliberative 

algorithms to achieve UC’s criteria. Compared to traditional design philosophy with the 

requirement of PCs, design a mobile robot system by using a specific microcontroller or 

system-on-chip (SOC) is more feasible than the general-purpose microprocessor (Basten 

et al., 2004).  

 

Due to the constraints of traditional computer systems, which do not meet the ideals of 

the Ubibot in real-time and power efficiency, I resolved the problems of the Ubibot 

system using a single FPGA chip. Communication interfaces such as the USB, RS-232 

and the internet were intellectual properties (IPs) already invented, so there was little 

scope for this research to improve the standard specifications of communication 

interfaces. On the other hand, there was still plenty of potential for research in the sensor 

and system control areas. These were the focuses of my research. 
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In this thesis, I set my research goal at a higher criterion than using commercial 

microcontrollers and SOCs. With both components mostly working as a software-based 

system, the usual defects stemming from traditional computing architectures would have 

still been unavoidable. Instead, this research, by way of innovative hardware designs, 

exploited a brand-new SOC architecture to control an entire robot system. My design was 

directly transferring logic control from high- level programming logic into low-level 

hardware circuits by register-transfer level (RTL) and gate level designs (see Appendix 

C). This design guideline, via a brand new incompatible digital system, simply achieved 

immunity from the external threat of hackers. It ignored the considerations of 

compatibility and flexibility, but set power efficiency, real-time computation and 

reliability as the highest priorities.  

 

The benefit of transferring the control mechanism from high- level programming logic to 

RTL level and gate level circuits is that it saves on the extra procedures of shifting data 

between memories, registers and the ALU (arithmetic and logic unit), as in a 

general-purpose microprocessor (Hwang, 2005). Parallel processing architecture, 

therefore, can also be easily implemented. However, even with such an advantage, it is 

still unsuitable for designing a Ubibot system, because this kind of design methodology 

is well-known as having very poor capability on chip. The reason is that hardware 

resources in the new chip are not shared as in a general-purpose microprocessor. 

Capabilities in the chip, therefore, cannot be infinitely extended, as in software 

programming. Implementing complicated mathematical functions directly in hardware 

circuits would not be viable, as this would consume too many logic gates in the 

reconfigurable chip.  
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The best solution to the dilemma described above was to develop novel algorithms 

without any complicated mathematical functions. This allowed integrating all control 

functions into a single chip without requiring external memory space, except for a VGA 

(Video Graphics Array) image buffer for test purposes. Thus, the image-processing and 

control mechanisms in the research did not involve complex computing such as matrix 

operations, trigonometric functions, exponential functions and floating point numbers. 

These traditional methodologies usually require external memory space to buffer data or 

consume many system clocks in recursive calculation (Deschamps et al., 2006, 

Patterson and Hennessy, 2009). All deliberate algorithms were performed only with 

basic binary operations in order to achieve minimal logic gate usage. It guaranteed the 

algorithms were performed before the next processing cycle or even faster. For example, 

in the image processing, detection of the target with the pixel clock was achieved during 

the scanning of the digital sensing array. 

 

1.4 Main contributions of the thesis 

General-purpose computers have evolved noticeably since the 1990s. In particular, in 

2007, the novel 45nm process with multi-core CPUs (central processing units) of Intel 

opened a new era in PC markets (Mistry et al., 2007). This innovation allows the user to 

experience less delay and thermal dissipation using current operating systems (OS). 

Meanwhile, the ability of embedded systems has also been remarkably improved by the 

advanced transistor process (Altera, 2007). These developments increased the feasibility 

of creating a UC system (or node) with low-power computing components. Although 

current computing performance on miniature systems has been significantly improved, 

software-based computing designs are still inheriting the defects of unavoidable delay 
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and higher power consumption. Moreover, invasion from hackers and viruses is always 

a concern with popular OS. The contributions of my research are to resolve the issues of 

energy efficiency, real- time computing feasibility and additional security reliability. 

These issues and improvements are discussed below. 

 

1.4.1 Energy efficiency 

In past years, the transistor dimension in chips and static leakage has been significantly 

improved. At the same time, however,  reconfigurable devices have also been 

appreciably developed. This begs the question: is there any new programmable chip 

which could be faster, but with less power consumption, and with low development 

costs? If the answer to this question is positive, it would be a huge motivation for 

designing UC facilities with such an embedded system. Compared to the current 

computing technologies, I achieved low power consumption without increasing the 

system clock or cooperating with large cache in chip. The proposed multi- robot 

formation algorithms implemented on an FPGA only consume about 0.4W. That is 10 

times lower than the low power CPU Atom 230 of Intel (Intel, 2010). The predicted 

power consumption on ASICs (application specific integrated circuits) is less than 

30mW. This result is quite sufficient for the low power requirements of Ubibot systems. 

 

1.4.2 Real-time computing feasibility 

The FPGA design is such that it synchronizes with the rising edge of the 77MHz pixel 

clock from the digital camera. Colour discrimination and object motion detection are 

both performed during the scanning of the digital image sensor array. The object 
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tracking, inter-distance estimation of robots, behaviour-based steering and formation 

control algorithms are all respectively completed within eight clock cycles at the last 

row of sensor array, and total execution per image page is less than 70. This result is 

even faster than an operation in a traditional computer. For example, performing an 

operation in a computer, requires the designation of an address in memory, followed by 

the approval of bus ownership, the fetching of data from memory, the reading of data 

from the bus into the ALU, completion of the calculation, storage of data in the registers 

and keeping recursive computing or saving data back to memory. If it is assumed that 

every step only consumes one system clock, there will be seven or eight clock cycles to 

perform each operation. Compared to other hardware designs, the proposed algorithms 

are also faster than a novel single precision trigonometric operation for 18 clocks in 

100MHz (Detrey and Dinechin, 2007). Finally, real-time performance can also be 

observed in the computing clock. The maximum computing clock on the designed 

FPGA chip with the edge latched only for 77MHz synchronous with digital camera. On 

the other hand, the core clock of an Intel low power Atom 230 CPU needs 1.6GHz to 

perform computation and 500MHz for the front side bus (Intel, 2010).  

 

1.4.3 Security reliability  

In South Africa in 2007, a robotic cannon was triggered due to a malfunction. Nine 

soldiers were killed and 14 others were seriously injured in this accident (Shachtman, 

2007). In 2008, the US delayed sending the armed SWORDS robots to Iraq as one of 

these mobile robots randomly moved its machine gun (Weinberger, 2008). Although 

details of these incidents are of course classified, even if the AI system is well 

programmed and tested, it is not very difficult to imagine interference from hackers, 
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viruses, failed hardware connections, and bugs in operating systems (OS) presenting 

potentially serious threats in military contexts. Hence, before humans authorize more 

capabilities in mobile robots, they should firstly find an efficient solution to the security 

issues arising from hardware and intruders. Here, designing a new chip without the 

potential for hacking from intruders and viruses is critically important. Implementing 

the whole system in a single chip also has advantages in harsh environments. Both 

issues are resolved by a system being implemented on a single chip and designed with 

architecture incompatible with PCs.  

 

1.5 Structure of thesis 

This thesis is organized into eight chapters. In Chapter 2, the literature review, I present 

a summary of my studies into the backgrounds of ubiquitous computing, ambient 

intelligence, ubiquitous robots, different constructions of ubiquitous robots, main 

architecture of FPGAs, robotic designs with FPGAs and the proposed designing 

methodologies for this research. Chapter 3 is an introduction to system devices and 

developing tools for this research. Proposed tracking and steering algorithms are 

detailed in Chapters 4 to 7. In Chapter 4, real- time colour discrimination is proposed to 

replace pattern recognition for object tracking. How an FPGA chip can track robots via 

attached colorific markers is detailed. An extra security function called motion detection 

is also explained at the end of this chapter. Using the data from robots’ identifications 

(labels), this helps to derive an inter-distance estimation between robots, as set out in 

Chapter 5. Chapter 6 describes behaviour-based robotic steering. Chapter 7 extends this 

work to entire multi-robot formation control. Chapter 8 is a summary of FPGA design 

and contributions. Future developments of this research are described at the end of this 
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chapter. 
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2 

Literature Reviews and Proposed 

Methodologies 

 
As stated in Chapter 1, the subject of my research is the construction of ubiquitous robot 

design for multi- robot formation control realized on a single reconfigurable chip. In this 

chapter, an overview of relevant literatures concerning ubiquitous computing and robots, 

different constructions of the ubiquitous robot, the introduction of FPGA architecture 

and robotic with FPGAs will be presented. The proposed approaches will be explained 

at the end of this chapter.  

 

This chapter is arranged as following. After the studies of ubiquitous computing and 

robotic systems in Section 2.1, different constructions of Ubibot systems will be 

compared in Section 2.2. The surveys of FPGA architecture and applications in robotics 

are contained in Sections 2.3 and 2.4. Finally, the proposed approaches are treated in 

Section 2.5. 

 

2.1 Ubiquitous computing 

Ubiquitous computing is the substituent and compromise of traditional artificial 
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intelligence (AI). Instead of realizing a fully humanoid cognitive system (Hollnagel and 

Woods, 2005), the goal of UC is more modest in its ambition, which is to design an 

intelligent system using current computing machines. The concept referred to by the 

word “ubiquitous” indicates the presence of computer services anywhere and at any-time 

via surrounding sensors, computers (embedded systems) and networks. Such an 

environment, replete with UC services, is called an ubiquitous space (u-space) (Kim, 

2006). 

 

2.1.1 Origins 

After facing the frustration of failure in his ambitious dream to build a fully cognitive 

system in the 1980s, the scientist Mark Weiser first proposed a modest, more feasible 

intelligent system called the Ubiquitous Computing System in 1991. A similar concept 

was also later named the Pervasive Computation by IBM industry (Mühlhäuher and 

Gurevych, 2008).  

 

The concept of ubiquitous computing (UC) may be defined as a distributed, embedded, 

context-aware and unobtrusive computing system. In Mark Weiser ’s original vision, 

human society will in the future be surrounded with intelligent services, controlled by 

computer technologies. For this purpose, traditional centralized computing control will 

be replaced by distributed nodes (called UC nodes). A novel virtual creature will be 

expected to take on the role of current user interface, and embedded systems will be 

more suitable for achieving the ubiquitous goal than general-purpose computers (PCs) 

(Mühlhäuher and Gurevych, 2008). Unlike with the usual procedures for developing 

products, there is not any industrial standard to specify the IT product, sensor and 

communicating technologies for this new trend. In fact, UC design has been 
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qualitatively changing in past years, utilizing the latest computer and sensor 

technologies. 

 

The differences between traditional and ubiquitous computing environments are shown 

in Fig. 2.1. A traditional computing system is known as a centralized control system, as 

in Fig. 2.1(a). In this kind of system, input devices like sensors, keyboards, or mouses 

receive instructions from or detect signals from people then pass the service 

requirements through the networks to the server. The central server will make decisions 

and relay answers or services to people. In this situation, the server has a heavy load, 

handling many requirements from various sensor locations. However, in the ubiquitous 

computing system, people only need to interact with specific UC nodes and receive the 

services from these nodes. The server is just an optional function in the background to 

monitor or learn the serving experience from UC nodes (Mostefaoui et al., 2008). 

 

 

a. Traditional computing environment. 
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b. Ubiquitous computing with immersing sensors networks. 

Fig. 2.1. The comparison between traditional and ubiquitous computing. 

 

The most salient features of UC include network and application scalability, wireless 

network connectivity, adaptability and context-aware computing, information 

technology security and reliability and human-computer interaction (Dopico et al., 

2009). The main features of UC were modified from those of virtual reality, artificial 

intelligence and user agent as follows (Mühlhäuher and Gurevych, 2008): 

 

UC vs. Virtual reality (VR):  

Virtual reality is an interactive environment simulated by a computer. Currently, most 

virtual reality environments are visual-based systems. These systems usually require a 

big computer screen for stereoscopic display or the wearing of a helmet with an onboard 

displayer (Dopico, 2009). In this kind of system, the computer is the centre of the world. 
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After the computer learned more knowledge, human will finally play the role of a 

peripheral device in computer (Mühlhäuher and Gurevych, 2008). 

 

The concept of VR involves taking the human world into the computer. In the view of 

Mark Weiser, UC, conversely, takes the computer into the human world. For example, 

in a house, humans are the centre of the living environment, and lots of UC nodes 

provide different computer services to them. Mark Weiser used the term “embodied 

virtuality” as the opposite to common VR (Mühlhäuher and Gurevych, 2008). 

 

In the virtual reality world of UC, a vivid 3D virtual creature is usually the incarnation 

of UC in such an environment. It is the highest level in a UC system to respond human’s 

command or pose. An example is the work of Kim et al. (2007), who developed an 

animated dog called Rity. Rity was shown on a computer monitor and interacted with 

customers. Rity was implemented on a mobile robot, but could move anywhere via 

internet devices as the host of an intelligent system.  

 

UC vs. Artificial intelligence (AI):  

In the past, the focus of artificial intelligence was on the methodologies for creating a 

machine to think and behave as a human (Russel and Peter, 2003). In the times of Mark 

Weiser, as sufficient realization and definition of the human brain was lacking, artificial 

intelligence was thought of as an unrealistic ideal (Mühlhäuher and Gurevych, 2008). 

Instead of building an omnipotent computer, Mark Weiser proposed that an autonomous 

intelligent system should be based on limited knowledge and task, and work within a 

specific environment. The ultimate goal of reaching the equivalent performance of a 
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real cognitive system would be realized by connecting every subset in UC. Thus he 

preferred to substitute the term intelligent with smart. That means where every UC node 

only took care about the limited understanding by its incoming information from 

individual environment. This kind of computing system is also known as the 

context-aware computer (Dopico et al., 2009, Mostefaoui et al., 2008). 

 

UC vs. User agents (UAs): 

This was a software-based function, proposed as another intelligent function beyond AI, 

which was supposed to be an essential intermedium between users and computer 

systems. Ideally, UAs would communicate and provide advice to users. In addition, the 

UA was also required to be loyal to humans and learn experiences from them. In 

comparison with VR and AI, this function was thought of as a redundant consideration, 

since it overlapped with some features of AI but lacked detailed realization. As this 

function was denounced for over-expectation, the general concept of UC nowadays 

usually denotes a combination of VR and AI (Mühlhäuher and Gurevych, 2008). 

 

From these UC features, it can be seen that Mark Weiser’s motivation was still based on 

the ambition to build a cognitive system. However, in spite of the ethical problems 

involved in humanoid AI technologies, the issue of overcoming the predicaments of 

cognitive intelligence development was from over capability of general-purpose 

computers. Therefore, in order to increase the feasibility for a modest cognitive system, 

Weiser attempted to distribute specific tasks into different miniature systems (embedded 

systems).  
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2.1.2 Ambient intelligence (AmI) 

Although Mark Weiser did not express the detail mechanisms to build a UC system 

(Mühlhäuher and Gurevych, 2008), UC has become an important stream in distributed 

computing. The most specific and successful development is nowadays recognized as 

ambient intelligence (AmI) technologies and home robotics systems.  

 

The ambient intelligent system is a collection of human-centric and UC based 

technologies, originating from the European Commission in 2001. Utilizing the 

advantages of UC, the ultimate objective of AmI is to provide an information-based 

intelligent environment for working and living places. In such an environment, a 

multiplicity of embedded systems collaborates with infrastructure, portable devices, 

artificial intelligence technologies, wireless communication, sensing technologies and 

mobile agents in order to satisfy people’s living and entertainment needs (Dopico et al., 

2009). Living in such intelligent environment, people would be surrounded by 

communication and sensor networks. The current sensor technologies such as laser 

range-finders, infrared transceivers, microphones, ultrasonic sensors, radio devices, radio 

frequency identifications (RFIDs) and digital cameras can be designed for small, reliable 

and low-cost perceptional features. Communication technologies such as the infrared 

transceiver, internet, mobile phone, Bluetooth, GPS (Global Positioning System) and 

Wi-Fi are utilized as the media between users and UC systems (Basten et al., 2004, 

Boleslaw et al., 2005). 

 

Power consumption is another important criterion for AmI. Based on Mark Weiser’s 

definitions of VR, AI and UA, UC nodes can also be classified according to levels of 
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power consumption. There are three power consumption levels in AmIs: 

micro-watt-nodes, milli-watt-nodes and watt-nodes. The jobs of micro-watt-nodes are 

gathering and transacting the data inside an embedded system, and it also possibly 

supplies the power for a miniature sensor. A power-supply- like solar cell could be 

sufficient for this kind of node. On the other hand, milli-watt-nodes work for media 

requiring more power, such as audio or video signals or local storage devices. The 

power consumption level is suitable for batteries or low-power management systems. 

Finally, watt-nodes work like a general-purpose computer; lots of media and 

computation tasks deal with several local storage devices. However, the problem of 

watt-nodes’ computing speed usually depends on Moore’s law.  

 

Therefore, since the UC node designs need to satisfy the requirements of portability, 

variance, distribution, intelligence in AmIs systems, the high power consumption of PCs 

is unsuitable for AmI. The novel embedded system, in contrast, is more feasible in such 

a system (Basten et al., 2004). 

 

2.1.3 Ubiquitous robots 

For ubiquitous computing on robotic systems, called Ubibot, developments have also 

been based on Mark Weiser’s concepts. The Ubibot was created as a mobile platform 

(robot) for UC. It can spare the interfaces to communicate with a server or system 

operator, sensing targets or receiving requirements from people. It possesses the ability 

to understand the environment and to make decisions based on a specific environment, 

which is called being context-aware.  
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The better definitions of a Ubibot’s structure are belonged to Kim’s job (2006), who 

divided his Ubibot into Mobot, Sobot and Embot. Comparing to the features of UC, the 

user interface of VR is called Sobot, e.g. the virtual dog Rity; it is the software-based 

virtual creature with the capability of interacting with people (customers) and its 

environment. The Sobot does not have any physical mobile ability, so it needs to 

collaborate with Mobot. The Mobot is a hardware-based mobile platform (robot) 

equipped with actuators providing physical services to customers. Meanwhile, a staff in 

the background monitors the robot via a graphic user interface (GUI). Finally, the 

sensory systems on the mobile robot are named Embot to detect the customers’ or other 

robots’ locations by utilizing the cameras, microphones or RFIDs underlying the floor 

or the gate of a path (Kim, 2006).  

 

Having surveyed the current robotics developments with UC features, I have found that 

there are three successful systems working in domestic and public environments. The 

first example of Ubibot is the Roomba carpet cleaner (Fig. 2.2) (Tribelhorn et al., 2007). 

The basic model Roomba vacuums the floor by random moving. Some more advanced 

models can even produce a map of the indoor environment when they bump into any 

obstacle. This kind of robot is also a low-cost and programmable embedded system. 

Interactive ability can be enhanced by implementing extra sensors such as digital 

cameras, Wi-Fi and Bluetooth on top of the robots. Roomba’s vendor also provides the 

OS to reprogram the robot with C or C++ programming languages for various tasks as a 

Mobot. Re-programming ability can be achieved through the interfaces of RS232 and 

USB to a working station or another mini-computer installed on top of the robot (Kurt, 

2007). 
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Fig. 2.2. Vacuum cleaner Roomba. (Tribelhorn et al., 2007) 

 

 

Fig. 2.3. Guarding robot MDARS. (NNSA, 2010) 

 

Another well-known design is the guarding robot working in the US army. The mobile 

detection assessment response system (MDARS) can control mobile robots carrying 

wireless communication systems, GPS, sensors or even machine gun to patrol in 

hazardous areas, barracks, airports or the border; see Fig. 2.3. MDARS is a 
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semi-autonomous robot system and follows the scheduled paths in field. When it detects 

an intruder, a warning will be sent to system operator for decision making (Holland et 

al., 1995, NNSA, 2010). 

 

In the manufacturing industry, an inventory robotics system for warehouses called Kiva 

has been developed (D’Andrea, 2008), shown in Fig. 2.4. The Kiva robot is a flat, round, 

wheeled platform which has shelves on top and moves in the warehouse. Operators in 

the warehouse can command these mobile robots to pick up the inventories from 

specific locations via a desktop computer, then ask the robots to bring these inventories 

to the operators’ locations (D’Andrea et al., 2008). 

 

 

Fig. 2.4. Kiva carrying things. (D’Andrea et al., 2008) 
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Although people did not implement vivid 3D creatures on the above-mentioned robots, 

they were all designed with some UC features. Firstly, each robot operates around 

peoples’ living spaces and receives requirements from customers via various sensor 

technologies. Secondly, these robots were only designed with limited knowledge of 

their working environments. Thirdly, every remote station can provide services 

independently or via exchanging information from other stations. This fits in with the 

operations of a single UC node, node to node or node to a server.  

 

In conclusion, when people are keen to explore the trend and necessity of a fully AI 

society, mobile robots within the concept of ubiquitous computing can provide hope of 

lessening humans’ burdens in the house, factory, or in any hazardous location. Therefore, 

while human-like cognitive systems are still in their infant stages, UC-based products 

have revealed a new commercial opportunity in the AI industry and army.  

 

2.2 Classification of ubiquitous robots 

As mentioned in the above description of research methodology and justification 

(Section 1.3), research focus was on exploiting novel sensor and system control 

technologies. In this section, various Ubibot systems are surveyed, with focus on their 

hardware features. These systems can be classified by different control schemes and 

tracking media. 

 

2.2.1 Survey of control schemes 

Three Ubibot control schemes can be differentiated according to the location of the 
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computing system. The first type of Ubibot system is the onboard computing robot. This 

kind of control design carries the whole computing system on a robot. The robot is 

equipped with the capability of interacting with customers and finishes specific tasks by 

itself (Kim, 2006). An additional feature is that the system operator can communicate 

with and monitor the robot via wireless communication.  

 

The second type of Ubibot is the outboard computing robot. The intelligent control 

system is not embedded in the robot, and the robot has only basic control functions 

onboard. The outboard computer generally has no limitation on the dimension or 

computing ability. It can be constructed as a server tracking and controlling the robot 

remotely via wireless communication (Stubbs et al., 2006).  

 

The third type is the hybrid computing system. This robot sends only complicated 

computing tasks to an external server. Meanwhile, this kind of robot is also equipped 

with some intelligent abilities, such as making the decisions for steering control and 

obstacle avoidance (Fierro et al., 2002).  

 

2.2.2 Survey of tracking media 

When classifying Ubibots’ configuration by their tracking media, the relevant 

discussion deals with sensor technologies. The sensors for robotic tracking can also be 

classified as passive or active sensing devices. 

2.2.2.1 Passive sensors 

The most popular passive sensor in Ubibot systems is passive wireless RFID. An RFID 
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system is composed of tags, a reader and a host. The tags are attached to targets such as 

products in a shop or warehouse, and store information about the products, such as 

names and weights. A tag is designed with an antenna and units to process, receive and 

transmit information. The reader is designed to read the contents of the tag, then send 

them back to the host (Yan et al., 2008).  

 

Unlike active RFID tags, which are equipped with batteries for long distance 

communication, passive RFID can only operate using the inductive energy of the RF 

(radio frequency) signals from readers. This kind of RFID, therefore, has only a short 

communicating distance (Zhang et al., 2010, Symonds et al., 2009). Such limited 

communicating distance allows people to design specific indoor environments with 

large RFID matrices underlying the floor. The robot can thus realize its location by 

reading the RFID information below the floor (Kim, 2006). Reasonable accuracy can be 

easily achieved by controlling the density of RFID tags. 

 

Finally, the digital camera is another popular passive sensor. In recent years, the image 

quality and price of digital cameras have been significantly improved. More information, 

such as colours, contours and textures, can be gained from the features of image than 

from RFIDs (Nixon and Aguado, 2008). For example, a popular algorithm called 

Scale-Invariant Feature (SIFT) detection utilizes the digital camera to capture the 

interested image frame for feature matching (Wang et al., 2006). 

 

2.2.2.2 Active sensors 

A disadvantage of using passive sensors is that there is less flexibility for 
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implementation. The underlying RFID matrices involve high costs and working-hours 

for indoor or outdoor construction, and the digital camera usually needs to re-calibrate if 

the installation conditions are changed. Using active sensors seems more viable in 

various installations. For example, an alternative scheme to the sensing matrix under the 

floor is the installation of sensors on the ceiling. In such a situation, one can measure 

the relative distance by using active RFIDs or ultrasonic sensors to calculate the 

time-of-flight (TOF) between the sensors and the robot and sending the information to 

the host (Cho et al., 2008a). The RF signal can also cooperate with stationary or mobile 

landmarks. In a similar way to the mechanism of TOF, the location of a robot can be 

measured by comparing the arrival time of the RF signal to each landmark in the 

sensing matrix. From the same radio system, the distances between the robot and the 

landmarks are roughly estimated by the RF received signal strength (RSS), which is a 

function related to the distances between a robot and landmarks (Chen, 2006). 

 

Nowadays, GPS is the best-known IT product used for robotic tracking systems. That is 

a satellite-based matrices laid out on the orbit. The orbital matrix is normally divided 

into six regions, and every region contains four satellites. This arrangement guarantees 

that any location on the earth can face four to ten satellites. Only four satellites, 

however, are sufficient to provide information about a target’s position and speed 

(Ahmed, 2002). Currently, a low-cost GPS system can provide reasonable accuracy, 

with an error within 5 metres (Tessier et al., 2006). This feature is very useful in 

outdoor environments. Unfortunately, GPS signals are easily shielded in indoor 

environments. 

 

Besides ultra-sonic and RF signals, laser is another popular medium using TOF for 
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distance detection. A product called the laser scanner can scan and measure the distance 

between a robot and surrounding obstacles, compare with an inbound map or create a 

new map in real-time (Chung et al, 2006). However, laser signals are easily reflected by 

mirrors, rain and fog. 

 

When a digital camera is combined with lasers for TOF distance measurement, a digital 

camera which is an active sensor is produced. This kind of camera is equipped with 

many laser LEDs (Light Emitting Diodes) illuminating the target. The reflection of the 

laser is captured by the camera. The image produced by the camera is displayed in 

specific colours that represent in depth to the target (Dubois and Hüglí, 2007).  

 

2.3 Brief discussion of Field-Programmable Gate 

Array 

2.3.1 Overview 

Digital logic circuit designs on chip are generally based on standard large-scale 

integrated (LSI) modules, such as the microprocessor or system clock generator. 

Sometimes, as a complete system, there are still additional logic functions (call glue 

functions) which need to be integrated into the chip in order to reduce the complexity of 

printed circuit board (PCB) layout (Deschamps et al., 2006). This kind of extra 

requirement can be solved by ordering a custom integrated chip. Custom integrated 

circuits are classified as full-custom and semi-custom application-specific integrated 

circuits (ASICs) (John, 1997). However, developing a custom chip is quite expensive. 
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Hence, in 1984, XilinxTM first introduced the hardware-programmable device FPGA as 

an alternative low-cost scheme. This allows a customer to implement the glue functions 

on a chip by programming (Deschamps et al., 2006).  

 

2.3.2 FPGA architecture 

In comparison with ASICs, FPGAs have fewer choices for circuitry optimization. In 

fact, the FPGA is only similar to the gate array category in ASICs (Zeidman, 2007). The 

inside of an FPGA is regularly laid out with configurable logic blocks, I/O blocks and 

interconnections, as shown in Fig. 2.5. New generations of FPGAs might also include 

embedded memory, microprocessors, hardware multipliers and phase- locked loops 

(PLLs) circuits (Dueby, 2009), called Macro cell in Xilinx (Chu, 2008). 

 

 

Fig. 2.5. Architecture of FPGAs. (Zeidman, 2007) 
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2.3.2.1 Configurable logic blocks 

Configurable logic blocks are designed with the programmable logic of FPGA. Every 

block can be subdivided into basic logic units called logic cells (LCs) in Xilinx. 

Nowadays, a basic logic cell is usually a memory RAM (random-access memory) based 

look-up table (LUT). It can be thought as an n-input and one output memory storing 

desired gate logic as shown in Fig. 2.6(a). Logic cells also contain carry circuits for 

arithmetic functions and output multiplexor circuits. Two to six LCs comprise a larger 

unit called a slice in Xilinx’s latest FPGA, and two to four slices comprise a big block, 

which is the configurable logic block (CLB), for higher flexibility and performance 

reasons (Chu, 2008, Dueby, 2009), as in Fig. 2.6(b). 

 

 

 

a. A basic logic cell. 
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b. CLB block consisted by LCs. 

Fig. 2.6. Structure of a CLB block on Xilinx SPARTAN-3. (Dueby, 2009) 

 

In this research, the adopted FPGA Cyclone II is from Xilinx’s competitor Altera. 

Similarly, Altera’s basic logic unit is called a logic element (LE), as in Fig. 2.7(a). Every 

LE in the Cyclone II also contains a four input LUT. Sixteen LEs directly comprise a 

big logic array block (LAB) in Cyclone II. The register chain input signal shown in Fig. 

2.7(a) can cascade the LUTs in the same LAB together to perform a combinational 

function or shift register. There are two operating modes in LE, named normal and 

arithmetic modes. The LE under the normal mode is designed to perform the general 

logic applications and combinational functions (see Fig. 2.7(b)). When the LE is under 

the arithmetic mode, the LE becomes a 2-bit full adder with carry chain function, as in 

Figs. 2.7(a) and (c). The arithmetic mode is designed for the adders, counters, 

accumulators, or comparators (Altera, 2007). 
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a. Structure of a LE. 

 

 

b. LE in a normal mode. 
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c. LE in an arithmetic mode. 

 

 

d. Cyclone II EP2C20 block diagram. 

Fig. 2.7. Architecture of Altera Cyclone II. (Altera, 2007) 
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Finally, the block diagram of a Cyclone II EP2C20 FPGA is shown in Fig. 2.7(d) as an 

example. The LABs in FPGA are mainly divided into four blocks, and one block of 

multipliers is located at the middle of FPGA, which can directly connect to adjacent 

LABs or via row/column interconnections. Two M4K blocks are the embedded memory 

RAM where every sub-block in this area contains 4k-bit memory space with operating 

speeds up to 260MHz. In addition, the Cyclone II also includes four PLLs which can be 

utilized as a high speed system clock generator (Altera, 2007). 

 

2.3.2.2 FPGA-interconnection 

The interconnections in a FPGA is consisted with direct-link (or short line) and 

programmable switches (Zeidman, 2007). Direct- link allows a logic block, e.g. CLB or 

LAB, directly connecting to its neighbouring blocks (Altera, 2007, Zeidman, 2007). 

When a logic block needs to communicate with another block at long location, it will 

need various traces in row and column directions to route the signal. The row and 

column traces are passing by different blocks. The connection and routing mechanism, 

therefore, depend on the programmable switches (Chu, 2008, Zeidman, 2007). 

 

The programmable switches of FPGAs are based on three technologies: static RAM 

(SRAM), erasable flash-based and anti- fuse (Dueby, 2009) interconnection switches. 

These technologies are also correlative to FPGAs’ programmable logic structures. 

SRAM interconnection switches are currently main-stream in Altera and Xilinx. SRAM 

is a volatile component and will lose configuration after power is turned off, so this kind 

of device usually needs external memory to store the configuration of connections.  

Meanwhile, these devices also have a higher static power consumption to maintain their 
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configuration (Dueby, 2009). The advantages are that SRAM-based FPGAs have the 

features in easy reprograming and including low cost memory (Zeidman, 2007).  

 

Contrary to SRAM, the non-volatile flash-based memory can keep interconnection 

configuration after power is removed, and the static power consumption is much less 

than in the SRAM structure (Dueby, 2009). The structure of flash-based FPGAs is 

basically the same as the SRAM-based FPGAs except the different reprogramming 

mechanism (Zeidman, 2007). 

 

The anti- fuse method programs gate arrays in a similar way to blowing a fuse. In the 

initial state, the fuse is a link between two conductors (traces). Once a large voltage is 

applied across the link, the link melts and leads both conductors migrate across the link 

to create conducting. Although interconnection programming with such a method is 

permanent and less flexible, the anti- fuse based FPGAs have the advantage of avoiding 

interferences from radiation and power glitches, and they are also faster than SRAM 

(Zeidman, 2007).  

 

Finally, since the interconnection of latest FPGAs are designed with SRAM 

components, the signal propagating speed is much slower than in ASICs, in which 

signals are routed in metal layers, leading to pure RC delay (Zeidman, 2007).  

 

2.3.2.3 Configurable I/O block 

The configurable I/O block is the buffer between the logic blocks and external devices. 

Fig. 2.8 shows an example of the configurable I/O circuits of Cyclone II, the IOE (I/O 
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element), where the interface supports differential and single-ended signals. The 

differential signal consists of two single-ended ports with inverted signals. Additional 

reconfigurable pull-up resistor is designed for every single open-drain output signal. An 

IOE consists of three registers for bi-directional communication, named as the input, 

output and OE registers. The input register is only synchronous with the system I/O 

clock for fast setup time, but the output register has the additional choice to hold output 

signal by an enable signal from OE (output enable) register (Altera, 2007). 

 

 

Fig. 2.8. Configurable IOE on Cyclone II. (Altera, 2007) 
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2.4 FPGAs in robotic design 

An attractive feature of the FPGA is its omnipotent capability in digital circuit designs. 

From the basic RTL level, it can be utilized for the automation control. For example, in 

a smart car system, a braking nervous factor (BNF) is proposed to predict the braking 

responses of a driver for arbitrary values of the safe stop distance to the front vehicle and 

relative speed of the two vehicles moving in a straight line. The proposed RTL-based 

SOPC and BNF control system can also learn the braking behavior of the driver to create 

an experience database for the autonomous driving mode (Yu et al., 2008). 

 

Besides, FPGA is the interface between a microprocessor and peripheral sensors (Xu et 

al., 2008). One of the resultant applications is translating image data from digital 

cameras into the instruction format of a microprocessor. Meanwhile, object tracking 

with digital cameras can also be achieved by classifying specific colours on objects or 

using particle filter methodology (Meng et al., 2007, Zhou et al., 2005, Cho, 2007).  

 

For mathematics, FPGA is the favoured choice for real-time computation (rather than 

microprocessors). By implementing the differential and integral operations as a PID 

(proportional- integral-derivative) controller, one can achieve a motor control system 

(Kim, 2007b). Common arithmetic such as trigonometric functions with floating point 

numbers in hardware circuits is faster than in a microprocessor (Kurian, 2009, Detrey 

and Dinechin, 2007).  

 

In addition, FPGA can also realize low-cost DSPs (digital signal processors) for signal 
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processing such as digital signal filters (Kilts, 2007). Some FPGA vendors even provide 

the IPs for low-end microprocessors which allow users to run the OS with C 

programming language. Users can directly implement the whole system on a single 

FPGA chip without cooperating with extra microprocessors (Chakravarthy and Xiao, 

2006, Dueby, 2009). 

 

2.5 Proposed approaches 

Having examined the above approaches to robotic control scheme designs, sensor 

technologies and applications to FPGAs, this research determined to introduce the 

outboard computing model for multiple robot formation control. This strategy was 

inspired by the work of Stubbs (Stubbs et al., 2006). A global digital camera with an 

FPGA platform for surveillance and robot control as built.  

 

The consideration of an outboard scheme was based on the limited battery power 

capacity and computing ability of a mobile robot, which leaded difficulties using 

onboard computing system. A high power consumption system not only reduces robot’s 

operating duration, but also reduces battery life by frequent recharging. Secondly, 

although a microprocessor with a low system clock consumes less power, low 

computing abilities might have significant delay with complicated tasks. Thirdly, using 

the hybrid computing model to send computed data to the robot via wireless 

communication might face limited data throughput and security issues. Consequently, 

research was focused on the methodologies for developing a power-efficient and 

integrated computing node, which could guide deployed robots without extra 

modification of the robot or of the indoor environment. Here the microprocessor on the 
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robot was only dealing with mechanical steering. All tactical decisions and robotic 

tracking were performed on an external FPGA platform.  

 

For the detection abilities, a digital camera was to be utilized as the global passive 

sensor with an outboard computing system. The different information for control 

algorithms was expected to be attained from a single camera. Thus reduced the 

hardware cost without installing various sensors. Besides, the passive sensors also have 

the advantage of operating without disturbance between robots within crowded active 

sensor networks. Moreover, not possessing the active detecting components found in a 

laser range finder or TOF camera, the low-end digital camera generally consumes less 

power. Finally, based on price, the infrared signal was temporarily adopted for wireless 

communication with the robots. 

 

To reach a low-cost detection system with digital image, the FPGA obtained all the 

critical information from a monocular digital camera. This camera worked as a global 

camera tracking the robots by their circular identification (label) on their tops via the 

colour discrimination algorithm. Each robot’s label was designated with the same 

colours. Thus, every robot had to start off its manoeuvre from a specified docking area. 

In this docking area, the FPGA locked the label by the specific colour and tracked it 

around the working area. Unlike the dual or multiple colours designs described by Liang 

et al. (2008), Stubbs et al. (2006) and Riggs et al. (2010), this arrangement mitigates the 

burden of recognizing various colours on multiple robots. By discriminating the feature 

of dynamic colour pixels on serial pictures, a real- time motion detection using the 

one-page-comparison (OPC) algorithm and inbound memory of FPGA was proposed for 

security function.  
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Without the detection algorithms with the TOF mechanism, a method to estimate the 

inter-distance of a robot group was proposed, which was also to be derived from a 

digital camera. The difference is that the algorithm does not utilize any homography or 

camera calibration procedures due to their complication. The proposed algorithm allows 

a user to directly install with the generic camera by lacking the information about focal 

length of the lens, installation height and tilting angles. The required information of 

estimation is only the dimensions of robots’ circular label. In the following chapter, it 

will demonstrate the satisfactory accuracy and real-time performance for relative 

distance estimation. 

 

Finally, since a monocular camera can derive relative distance between robots, the 

trajectory tangent of a robot can also be derived by a similar method. A trajectory 

generation design can measure a robot’s 2D orientation and movement by integrating 

the instant moving distance. Using behaviour-based steering such as left turn (L), right 

turn (R) and straight drive, the complicated kinematics of low-speed mobile robots on a 

2D plane can be simply replaced by the calculation of the trajectory tangent, called 

slope in mathematics. These algorithms realized a real-time multi-robot formation 

control without any complicated functions or operations but with comparable 

performance in computing speed and energy efficiency. 
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3 

System Architecture and Devices 

 
This chapter provides a comprehensive introduction to system architecture, devices and 

FPGA design tools. In Section 3.1, a description of robotic formation control schemes 

and chip functions is provided. The leading role of the Cyclone II FPGA developing 

platform is introduced in Section 3.2. The specification of the digital camera module 

follows in the next section. In Sections 3.4 and 3.5, the configuration of the miniature 

robot Eyebot and remote mechanism are detailed. Introductions to the hardware 

description language and design tools for FPGA are contained in the last section. 

 

3.1 System architecture 

Fig. 3.1(a) depicts the operating scheme of the proposed Ubibot system. In this prototype, 

a monocular digital camera is installed as the global camera, facing the floor. The picture 

quality is set to 1280  1024 pixels and 34 fps frame rate. A low-power FPGA chip plays 

the role of an outboard server for image processing, object tracking and multiple robot 

formation control. Control signals are transmitted to the robots via infrared. With this 

blueprint, the FPGA aims to perform a basic three robot formation with Eyebots. 

 

Once the FPGA receives the commands to track the robots and to perform formation 
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driving, the closed loop feedback control starts from the input images of the digital 

camera. Here, the FPGA tracks objects with the ability to tilt and pan the camera for a 

larger monitoring area. To initialize the tracking mechanism, every Eyebot needs firstly 

to pass through a docking area designated on the monitor. The FPGA can thereafter 

track the labels attached to the top of the robots. During the driving procedures, a 

window of interest follows every label at all times. After the FPGA derives the tracking 

and steering strategies, it transmits the guiding signals to the robots via an infrared 

spotlight for a wide range remote control.  

 

The proposed image-processing and formation control mechanisms are all integrated 

into a single FPGA chip. Fig. 3.1(b) is a systematized function diagram of the FPGA 

chip. There are three group designs in FPGA handling tracking and steering abilities. 

These three group data paths in the chip work in parallel and individually, where each 

group in the chip is assigned to control an Eyebot. Such architecture is also classified as 

the decentralized control in the chip.  

 

The system installation and real- life image on the monitor are shown in Fig. 3.2, where 

an FPGA developing platform cooperates with an infrared spotlight on the top, a 

computer monitor and three Eyebots on the floor. With the arrangement in Fig. 3.1(b), 

all functions are intended to be designed with RTL or gate level circuits in order to 

reach the real-time requirement. Whole algorithms are directly transferred from 

high- level programming logic into lower level circuits. Thus no external memory device 

is required to save the program for operations. The only external memory used here is 

for buffering the image data for the VGA interface. Captured images shown on the 

monitor represent surveillance function to a system supervisor. Finally, by comparing 
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the dynamic pixel of sequential images, an extra security design cooperating with the 

digital camera is also integrated into the FPGA chip as the motion detection in Fig. 

3.1(b). 

 

Based on the concept of Ubibot, the chip design of the FPGA realizes node computing 

as a reconfigurable embedded system. The surveillance function is represented by the 

image on monitor. Context-aware computing is achieved for multiple robot formation 

driving by the knowledge of colour discrimination and relative distance estimation.  

 

 

 

(a) Formation of multiple robots. 
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(b) Functions of chip designs. 

Fig. 3.1. Multiple robot formation control scheme with chip design. 

 

 

Fig. 3.2. Whole system installation. 
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3.2 FPGA developing platform 

The Altera DE2-70 developing platform is designed with a low-power Cyclone II 

FPGA, EP2C70F896C6. It is produced using the 90nm transistor process and has a 

maximal power consumption of about 3.9W when running at 150MHz and 85℃ (worst 

case). A comparison of the Cyclone II family features is shown in Table 3.1 (Altera, 

2007). 

 

 

Table 3.1. Cyclone II family features. (Altera, 2007)  

 

 

 

 

The EP2C70 is the biggest FPGA of the Cyclone II family. It is designed with 68,416 

LEs and inbound 1.152M bits RAM. Four PLLs blocks can be utilized to generate a 

high speed clock for VGA and external memory SDRAM (Synchronous Dynamic 

Random Access Memory). The maximum operating speed of the Cyclone II is up to 260 

MHz, so it can support the low-speed memory modules of DDR (double data rate) or 

DDR2, the common interface PCI (Peripheral Component Interconnect) or PCI Express 

interface (Altera, 2007). However, although the EP2C70 can support some high speed 
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devices, the highest system clock is still much lower than current PCs. 

 

The DE2-70 developing platform is produced by Terasic. It is a versatile developing 

platform and used in many top universities as an educational kit for digital and 

microprocessor design courses. The advantage of this FPGA developing platform stems 

from various peripheral interfaces of current computer systems, such as USB (Universal 

Serial Bus), RS-232 serial port, VGA, Ethernet, audio, IDE (Integrated Device 

Electronics), video, TV, SD memory card and infrared transceiver. These interfaces 

provide a suitable environment for helping designers to implement communication 

between UC systems and PCs. In spite of the support for various interfaces, another 

attractive feature of the Cyclone II FPGA is the capability for low-end microprocessor 

design. The standard IP for the general-purpose microprocessor Nios II is provided by 

Altera. The user can directly implement Nios II on FPGA and p rogram with C language. 

For signal processing, the Altera IP also provides low-cost DSP for users with 

Mathworks Simulink and Matlab design environments (Altera, 2007).  

 

An outline of the DE2-70 platform is shown in Fig. 3.3 (Terasic, 2007). Two 32M bytes 

SDRAM are working as the image buffer for the VGA interface. One on-board LCD 

(Liquid Crystal Display) module is for reading the data of the FPGA. Eighteen toggle 

switches are used to designate the initial state of the system. Four push-buttons provide 

the triggers to initialize the tracking and formation procedures. The camera frame rate is 

shown on the 7-segment displays in hexadecimal readings. Designer’s circuits can be 

downloaded from the USB blaster port 1. The RS-232 port is reconfigured for the 

infrared signal output. Finally, the expansion header No. 2 is assigned to digital camera 

image input. 
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3.3 Digital camera module 

Using CCDs (Charge Coupled Devices) and CMOS (Complementary Metal Oxide 

Silicon) based components is main-stream in modern digital cameras. Both image 

sensors are designed with the array structure. Resolution of an image is decided by the 

number of image sensors (pixels) on an array. The pixels of a CCD camera accumulate 

charge proportional to the incident light strength, which is then transferred into digital 

signals. On the other hand, CMOS cameras contain several transistors on every pixel to 

amplify the incident light signal (Nixon and Aguado, 2008). Recently, CMOS cameras 

have significantly improved in noise. Having the advantages of lower power 

consumption, smaller pixel dimension, low-cost and high frame rate, CMOS digital 

sensor modules have been developed for mobile phones, PDAs, toys and other 

battery-powered products (Micron, 2004). 

 

In the proposed Ubibot system, the adopted digital camera module TRDB-D5M is also 

produced by Terasic, as in Fig. 3.4. It is a low-cost, high resolution and high frame rate 

CMOS camera module. This module provides a wide range of image qualities for 

designers. The various choices for frame rate and resolution can be seen in Table 3.2 

(Terasic, 2008). The digital shutter speed (frame rate) of camera is decided by the 

exposure time of pixels. Low shutter speed will degrade the performance of real-time 

object tracking. Here the digital camera in my Ubibot system is set for SXGA standard 

with 1.3M pixels resolution and 34 fps frame rate for better image quality and tracking 

performance.  
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Fig. 3.4. TRDB-D5M digital camera module. 

 

 

Table 3.2. Different operating modes of TRDB-D5M digital camera module. (Terasic, 

2008) 

 

 



3. System Architecture and Devices 

 

49 
 

3.4 Mobile robot Eyebot 

The mobile Eyebot, also known as the differential drive robot, is a two wheel 

battery-powered miniature robot as shown in Fig. 3.5(a) (Bräunl, 2006). The software 

programming based embedded system comes equipped with a 25MHz/32bit 

microprocessor (Motorola M68332) and 1-2MB of external RAM. 512KB of read-only 

memory (ROM) is used for storing the basic input/output system (BIOS) of the Eyebot 

or for downloading the driving programs from a computer. In this project, the driving 

program was programmed with C language, and the instruction library was provided by 

the system vendor. 

 

The name Eyebot originates from its frontal digital camera of 60  80 pixels resolution. 

The object detected by the camera is shown on a grey-coloured LCD monitor on the top 

of the Eyebot with 64  128 pixels resolution. Operating conditions such as downloaded 

programs, functional menu and system conditions can also be read from this LCD 

monitor; see Fig. 3.5(b). However, due to the robot formation system being designed 

with the outboard computing system, the digital camera on the Eyebot was not used in 

this project. 

 

Some important interfaces are also shown in Fig. 3.5(b). The IR receiver in the 

top-right-hand corner receives an infrared signal with TV remote codes. The infrared 

signal is from the FPGA platform, transmitted by an infrared spot light. Actually, the 

Eyebot system only provides 35 buttons (instructions) from a TV controller for robotic 

control. Serial 1 allows user to download the programs through a RS-232 interface. Four 

input buttons are used to select the system functions and to set the start of the driving 
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programs. The schematic of the Eyebot is shown in Fig. 3.6 (Bräunl, 2006).  

 

 

 

a. Side view of Eyebot. 

 

 

b. Interfaces of Eyebot (Bräunl, 2006). 

Fig. 3.5. The Eyebot. 
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For driving control on the robot side, the Eyebot’s two wheels are driven by individual 

motors as the differential driving. When the user assigns a specific driving speed, the 

Eyebot’s instruction library automatically links the PI (Proportional, Integral) controller 

to track the desired driving velocity, orientation and distance, as shown in Fig. 3.7. 

 

 

Fig. 3.7. Driving control scheme of Eyebot. (Bräunl, 2006) 

 

Finally, in this project, there was little effort involved in programming the Eyebots, 

because the driving decisions were designed and integrated in the FPGA chip. The 

programs on the Eyebot only deal with constrained driving abilities, e.g. driving 

forward or turning.  

 

3.5 Wireless remote signal 

A low-cost infrared system was adopted for one-way wireless control. The remote 

instructions are from the SP-URC-81 TV controller provided with the Eyebot system. 

Without hacking the instruction library of the Eyebot, here the original infrared 

instruction sets are kept for wireless communication.  

 

Fig. 3.8 illustrates the real waveform structure of the SP-URC-81 TV remote code on 
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the oscilloscope with button “0”. It can be seen that the infrared signal combines with 

modulation and Manchester encoding in 16 bits format. The modulation mechanism was 

with 37 kHz pulses, as in Fig. 3.8(a). Based on the modulation pulses, a 432ms interval 

represents a digital bit; see Figs. 3.8(b) and (c). Finally, the remote instruction consists 

of 16 bits which are transmitted in series for 55ms. 

 

The Manchester encoding is utilized to represent the different instructions for driving 

control and data. This is translated in Hexadecimal in Eyebot’s instruction library (see 

Appendices A and B). However, unlike the formal bi-phase Manchester encoding, the 

battery-powered system only has the physical transition from 0V to positive voltages. 

Thus the logic “1” in the Eyebot is confirmed when the digital signal transits from 0V to 

positive voltages, and the signal transiting from positive voltages to 0V is for logic “0”. 

Total SP-URC-81 TV remote codes of the Eyebot are shown in the Table A.1 of 

Appendix A. One TV button (instruction) only represents single behaviour or data. 

Therefore, without hacking the Eyebot’s instruction library, there are only totally 35 

activities or data sets can be used in this Ubibot system.  

 

3.6 FPGA development kits 

Contrary to the digital system design by drawing schematics, a complicated digital 

circuit can be conveniently programmed by hardware description language (HDL). In 

this project, two of the most widely used hardware description languages, VHDL and 

Verilog, were adopted alternately. Both languages were developed as industry standards 

for digital hardware modeling and synthesizing for programmable devices such as 

FPGAs, complex programmable logic devices (CPLDs) and ASICs. The FPGA and 
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CPLD devices are mostly reconfigurable logic devices, while ASIC has fixed 

customized-function (Pedroni, 2004).  

 

VHDL is the acronym for VHSIC (Very High Speed Integrated Circuit) hardware 

description language (Hwang, 2005). It was initially funded by the United States 

Department of Defense in the 1980s, and standardized by the Institute of Electrical and 

Electronics Engineers (IEEE). Another hardware description language, Verilog, was 

developed by the CAD (Computer-Aided Design) vendor Gateway in the 1980s and 

also standardized by IEEE for modeling the programmable devices above. The main 

difference between two languages is that VHDL is based on the syntax of ADA and 

PASCAL programming language, and Verilog is based on the C programming syntax 

(Hamblen et al., 2006). A brief introduction to VHDL and Verilog programming 

structures has been laid out in Appendix D. 

 

Both hardware description languages for FPGA designs are working with the Quartus II 

software from Altera. Similar to the other professional CAD tools, Quartus II is a CAD 

tool to design the programmable FPGA, CPLD and ASIC products of Altera. It allows a 

user to design digital circuits (modules) via HDL or by drawing real gate circuits. It 

provides services such as synthesis, initial thermal estimation, circuits in RTL module, 

generation of the finite state diagrams, calculation of LE resource usage, simple timing 

waveform analysis and downloading of designs to devices. For simple digital circuit 

design, the timing waveform simulation result can be directly attained without 

cooperating with third party software. Detailed steps for starting off a new project and 

design with Quartus II are contained in Appendix E. 
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In this project, some of the basic interface modules were authorized and modified from 

the intellectual property (IP) of Altera and Terasic for academic purposes only. These 

interfaces included capturing images from a digital camera module, VGA interface and 

data path controller for external SDRAM memory chips. 

 

 

(a) 37kHz modulation signal. 

 

(b) A basic digital bit width. 



3. System Architecture and Devices 

 

56 
 

 

 

(c) Bits structure of button “0”. 

Fig. 3.8. TV remote code “0” with modulation and Manchester encoding. 
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4 

Colour Based Real-time Object 

Tracking 

 
Digital cameras are popular candidates for devices employed in visual sensing 

applications. Their attractive features, including wide detection ranges, high resolution 

and reliable performance, have made them indispensable sensors in surveillance and 

machine vision systems. Meanwhile, detecting objects by their colour is essential in 

robotic sensing. A simple way to achieve this is to capture images with a digital camera 

and then use algorithms to determine the different colours in each image. In this chapter, 

two real-time object tracking designs using an FPGA are proposed. The first design is 

colour discrimination (detection) which was developed to track a robot’s label 

(identification). This approach has the disadvantage of being constantly affected by 

issues such as light reflection and shadows on the object's surface. Although some 

sensory methodologies for colour detection are available, they are not necessarily good 

choices for ubiquitous robotic systems, where real-time computation ability and low 

power consumption are of the utmost importance. Overly complicated image processing 

techniques will cause some practical problems when implemented in an embedded 

system. The second design is motion detection prepared as a security function of the 

system. The proposed one-page-comparison (OPC) mechanism contributes to the 
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reduction of the memory and logic gates used in an FPGA chip. By utilizing the 

proposed approach implemented in circuit designs, real-time colour discrimination and 

motion detection can be achieved with good performance, as demonstrated in this 

chapter. 

 

4.1 Introduction 

4.1.1 Colour discrimination review 

Ubiquitous robots serve as a good demonstrator for a UC society. A mobile platform 

carrying multi-sensory functions and intelligent information can respond to different 

clients in a broader navigational range than the stationary server system (Kim, 2006). 

However, in contrast, a Ubibot has more critical requirements to be satisfied in a 

battery-powered system than the stationary computer. A solution to the limited power 

capacity problem has become the first priority before sensory devices and computing 

units can be designed (Basten et al., 2004). 

 

One of the most important applications of sensory technologies is for robotic 

localization. Currently, robotic localization can be achieved by different sensors such as 

encoders, infrared transceivers (Cho et al., 2008b), ultrasonic sensors (Lee et al., 2008), 

wireless networks (Wen et al., 2007) and laser range finders (Trawny et al., 2007). 

However, their performance may not always be satisfactory. For example, quadrature 

encoders may lose accuracy due to wheel slippage. Active sensing with infrared, 

ultrasonic, laser and radio signals may suffer from interference. In addition, every 

sensor can only provide limited environmental information based on the physical 
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phenomena being measured. Therefore, a mobile platform needs to be equipped with 

sensors of different types. In addition to active communication strategies, passive 

identification is also proposed with the use of wireless RFID tags (Kim, 2006). The 

identifying sensor can be installed on the equipment, gate or engraved in the floor.  

 

Compared to the aforementioned sensory technologies, the digital camera seems to have 

more versatile abilities with passive detection. For instance, a designated object can be  

tracked by identifying its contour or colour (Nixon and Aguado, 2008), the distance 

between camera and object can be derived by the extrinsic and intrinsic parameters of a 

camera system (Hartley and Zisserman, 2003), and moving objects can be detected from 

information gathered by surveillance video streams (Huang et al., 2008). Recently, the 

time-of- flight (TOF) principle has been applied to digital cameras for short-distance 

measurement (Rapp, 2007). The TOF camera system measures the flight time of a laser 

beam between the camera and objects then presents the image in a depth map with 

different colours. This kind of device realizes the possibility of obtaining distance 

information by using a monocular camera. Unfortunately, image processing with a 

digital camera often consumes a lot of computing effort. Thus, unless the computing 

speed is dramatically increased, e.g. by improving the clock speed, a significant delay 

will occur with increasing picture resolution and frame rate. 

 

During the past few years, there have been promising developments for fast image 

processing in automation. Portable cameras can be installed to read the path information 

from barcodes positioned on the floor, allowing Kiva robots to instantly derive their 

location (if the barcodes are accurately observed) (D’Andrea and Wurman, 2008). 

Alternatively, image processing on embedded robots can be achieved with an external 
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server via unobstructed wireless networks. The external computer processes image data 

and then sends back tactical decisions to the robot (Fierro et al, 2002). More feasible 

models can be found in Stubbs et al. (2006) and Riggs et al. (2010), wherein the inboard 

camera is replaced by an array of overhead cameras, mounted on the ceiling. These 

cameras track coloured markers on top of each robot in a group. However, 

inconveniences may arise from the building fixture and calibration of the camera array. 

 

Surveying the robot vision subsystem above, colour discrimination is the most essential 

perception ability. This is useful not only in helping a robot to recognize the objects by 

a specific colour but also in assisting the central surveillance system to track robots by 

their colour labels (Stubbs et al., 2006, Riggs et al., 2010). The challenges in tracking 

objects by their colour arise from different interferences from reflection and shadow 

which lead to non- ideal image representations. Reflection can be described by the 

physical phenomena of diffuse and specular reflection. Diffuse reflection occurs when 

light rays penetrating an object's surface are reflected in multiple directions, and 

specular reflection is known as the mirror- like reflection on the surface (Ren and Wang, 

2008). Shadow can also be classified into self and cast shadows. A self-shadow is the 

shadow attached to the object's body that is not illuminated, while a cast shadow is 

projected by the object onto the ground or other objects (Salvador et al., 2001). 

Consequently, in real-world practice, the colour discrimination function becomes a 

complicated task by the occurrence of various surface colours with interferences. 

 

A survey of the literature on reflection and shadow removing technologies reveals that 

the earliest reflection removing methodology can be traced back to Shafer (1985). The 

work details the use of the dichromatic reflection model to separate spectral properties.  
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An improved methodology with photometric linearization applied to remove the 

reflection from a smooth metallic surface can be found in the work of Ren and Wang 

(2008). The other methodologies for removing reflection and shadow images include 

comparing different statistic measures of edges between shadow and reflection (Tappen 

et al., 2002), mitigating overlapped edges inside the reflection image via edge detection 

and comparing templates in a database (Levin et al., 2004), extracting reflection and 

shadow from a sequence of moving pictures (Szeliksi et al., 2000), or using a polarizing 

filter with kernel independent component analysis (KICA) to reduce reflection 

(Yamazaki et al., 2006). These complicated methodologies are based on analysis of 

stationary pictures on a computer monitor that may not meet the real-time requirements 

for a mobile ubiquitous robotic system unless the embedded system's processing speed 

is tremendously increased. 

 

When robotic vision is incorporated into a cooperative control framework, the 

performance of the overall system will rely critically on a high-speed digital camera and 

the subsequent image processing procedure. However, high-speed image processing 

uses large amounts of power and so a feasible and effective algorithm is proposed to 

perform the real-time colour discrimination functions with hardware circuit designs 

using an FPGA. Here the colour discrimination quality is enhanced using an additional 

tuning parameter, implemented for dynamic adjustment of boundaries with light 

reflection and shadows. After the specific colour is discriminated by the FPGA, an 

object tracking mechanism using the window of interest can be realized by tracking the 

threshold of pixel numbers. 
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4.1.2 Motion detection review 

Motion detection is one of the challenges that demands modern methodologies in 

machine vision. Solutions to this problem provide not only an early alarm in security 

systems but also contribute to the success of such systems. A typical motion detection 

design with digital image sensors is based on the image comparison method (Jing et al., 

2005). The computer system receives an image from a CCD or CMOS camera module 

(Jáhne, 2005) and then compares subsequent images in a video stream. The variant parts 

of images contain dynamic scene information and can be extracted from the static  

background as a moving object (Nixon and Aguado, 2002). 

 

When a motion event has occurred, the search for effective  ways to express and 

interpret the moving object is another important issue. By using modern image 

processing methodologies, the moving object can be presented by different textures. In 

the work of Wu et al. (2004), the basic shape of a moving object is presented by a grey 

level image whereby the static background might be simply defined as the black area. 

Other popular algorithms usually subtract the moving object directly from its static  

background (Yang et al., 2007) or present the moving object by extracting and 

illustrating its edge (Tsai and Chiu, 2008). An efficiently realizable method to identify a 

moving object is to assign a mark directly on the moving image (Daniels et al., 2007). 

This type of design can help the user to assess the detection performance quickly 

without a lot of modifications from the original image. A similar marking concept can 

also combine with a tracking algorithm to localize the moving target within a square 

frame (Huang et al., 2007, McErlen, 2006).  
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Although motion detection using modern image processing gives a satisfactory result, 

most of the algorithms used still rely on software programs running in traditional 

sequential computing architecture. Consequently, even for the simplest motion detection 

scheme, the requirements for large memory space and fast computation speed cannot be 

easily satisfied. Moreover, the need for high image resolution and frame rate has 

imposed further demands for efficient motion detectors. The difficulties with traditional 

computing for the detection system design are not only inefficient but also impose 

severe constraints for developing systems using a miniature sensor such as those 

employed for robot vision with a battery power supply (Tuan et al., 2007, Bräunl, 2006). 

To solve the dilemmas of real-time processing, the common but undesirable solution 

remains a compromise with a lower resolution camera in order to reduce the 

computation time. 

 

Furthermore, power consumption is another serious issue in miniature sensor 

applications. Some design examples, i.e. the one-bit algorithm (Lee et al., 2004), have 

been developed to mitigate the drawback of power limitation. The one-bit motion 

detection system detects motion using a reduced pixel algorithm. When the moving 

object does not appear in front of the camera, the motion detection system will be kept 

in standby mode until any moving object is detected again. However, this algorithm is 

also subject to defects associated with unreliable detection due to lower image 

resolution when in standby mode. Moreover, large power consumption is still 

unavoidable when tracking a moving object in normal operations.  

 

Taking into account energy efficiency and the design challenges in a miniature motion 

detection system, a refined hardware circuit-based design, which aims to perform 
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motion detection, could be an attractive alternative. Here, this moving object detection 

system considers the balance for processing delay, image resolution, low power 

consumption and a reduced computation complexity. These advantageous features have 

been verified in a prototype and simulated on an FPGA chip (Yu et al., 2009c). The 

proposed motion detection system using the one-page-comparison (OPC) technique is 

shown to be comparable to traditional motion detection designs. 

 

4.2 Capturing images from the digital sensing array 

The digital camera is an image sensing device composed of a number of photo-sensitive 

elements (e.g. photodiodes). With embedded colour filters on top, every element on the 

digital image sensor array only detects a monochromatic colour in red (R), green (G), or 

blue (B). The output strength of each element is then transformed into digital data, in 

pixels, by an analog-to-digital converter (ADC) inside the camera module. The digital 

image sensor array in the adopted camera module is arranged in a Bayer pattern (Lukac et 

al., 2005); see Fig. 4.1(a). A monochromatic sensor array such as this generates a 

mosaic- like output image, called a raw image, which is of lower merit than a normal 

image. 

 

In demosaicking, or the procedure to convert a raw image into its full colour image, the 

missing colours in each pixel are interpolated by manipulating the strengths from 

adjacent pixels (Wang et al., 2005). The simplest way to achieve this is by using a method 

called nearest-neighbour interpolation, which restores a missed colour by picking the 

same colour from pixels in any 22 vicinity, pipelined for two rows by the shift register 
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structure. This method does not consume any calculation resource and is suitable for a 

high-speed system. 

 

 

a. Bayer pattern. 

 

   

b. Four possible combinations for 33 arrangement of pixels. 

Fig. 4.1. Bayer pattern arrangements. 
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The problem with the nearest-neighbour algorithm is that it may produce intolerable 

saw-toothed or blurred artifacts at the edges of images (Acharya and Ray, 2005). These 

artifacts typically come about with changes in image directions because the interpolated 

colour loses coherence with the original image. This phenomenon is expressed in Fig. 

4.2 where a snap shot of a 22 square needs to interpolate the missing colour of pixel 

number 4. Considering the different directions of the images, only Fig. 4.2(d) will 

interpolate the lost blue colour correctly with the similar colour from vicinity. Figs. 

4.2(a) to (c) will therefore display the saw-toothed or blurred artifacts which result from 

incorrect colour interpolation.  

 

 

  

(a) (b) 

  

(c) (d) 

Fig. 4.2. Nearest-neighbour interpolation for pixel number 4 with different image 

directions. 

 



4. Colour Based Real-time Object Tracking 

 

67 
 

The saw-toothed or blurred artifacts phenomenon can lead to errors when estimating 

relative distances in the following chapter. This is because the algorithm for relative 

distance estimation relies on the measurement of a label’s dimension. The saw-toothed 

or blurred artifacts may result error of a 2D label image. This depends on the 

combinations of the 22 square and the directions of the image. This error will become 

significant at longer distance with smaller label images. 

 

Consequently, by considering the image quality, circuit dimension and computing speed, 

a basic 33 bilinear interpolation can be adopted as a moderate scheme for real-time 

demosaicking. The realization of a 33 square can also be achieved in hardware by shift 

registers whereby the output image data is pipelined for three rows of the image sensor 

array. Fig. 4.1(b) shows the possible pixel combinations for bilinear interpolation. In 

these combinations, the fifth pixel is the interpolated pixel for every read-out instant in 

the FPGA. The bilinear algorithm alleviates the saw-toothed artifacts by interpolating the 

missing colours with an average of the same colour in any neighbouring 33 square 

(Acharya and Ray, 2005). As a result, the colour located at the boundary between two 

different colours will be presented in transitional colour meaning the saw-toothed 

artifacts at the edge of an image will appear smoothed. This helps to reduce the error of 

a robot’s label dimension. By using the colour discrimination algorithm, the smoothed 

edges are enough to provide expected accuracy.  

 

Based on advantages of bilinear demosaicking, if the colour of an image is not changing 

frequently with complicated patterns, then the bilinear algorithm can be replaced with a 

simplified linear algorithm. This results in less computing effort again. Table 4.1 shows 

the different algorithms for a number of pixel arrangements such as a rhombus, column, 
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row or square. The linear algorithm is similar to the bilinear algorithm except that the 

proposed algorithm only averages the strength of two different pixels’ with a desired 

colour via considering different directions of the images. Repeating the judgment in Fig. 

4.2, the considerations of the algorithms in Table 4.1 are listed in Fig. 4.3.  

 

 

Table 4.1. Linear Demosaicking. 

 

Interpolated 

Colour 

Neighbourhood 

Geometry  
Algorithm 

GP5 Rhombus 
 

2

64 PP GG 
 

RP5 (BP5 ) Column 
 

2

82 PP RR 
 

RP5 (BP5 ) Line 
 

2

64 PP RR 
 

RP5 (BP5 ) Square 
 

2

37 PP RR 
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a. Green interpolation with rhombus vicinity. 

  

  

b. Blue or red interpolation with column or line vicinity. 
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c. Blue or red interpolation with square vicinity. 

Fig. 4.3. Simplified linear demosaicking. 

 

A timing simulation showing the demosaicking result with a 77MHz pixel clock is 

shown in Fig. 4.4. The input signal iX_cont denotes the input pixel sequence in columns, 

and the iY_cont is the sequence for rows. Three rows of buffered image data are 

represented as iData_0 to 2 with constant strengths, and the interpolated full colours are 

on oBlue, oGreen and oRed ports. Here a snap shot of the timing waveform is provided 

to survey the iX_cont changing from pixels (259, 256) to (263, 256). Observing the two 

cursors between two positive edges in Fig. 4.4, any interpolated colour including one 

addition and one division operation only consumes about 0.7 pixel clocks, simulated 

with Verilog programming. This demonstrates real-time demosaicking with hardware 

circuitry in an FPGA. 

 

A shift register structure is frequently adopted in FPGA design. This does not affect 

real-time image processing but will lead to a shift in the image. For example, the 33 

pipelined array structure will shift the image by two rows on a monitor. The shift 

register structure will also be used for the noise filter in next section. If this structure 
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causes any error in real-world applications, it can be easily compensated by a constant. 

 

 

Fig. 4.4. Snap shot of simulated timing waveform of colour interpolation. 

 

4.3 Colour discrimination 

Real-time tracking is directly related to camera speed. Under some situations, the image 

processing needs to complete during the scanning of the image sensor. For the low-power 

requirement on embedded systems, it chooses the upper bound of the system clock which 

is coherent with the pixel clock from the digital camera. The tracking schemes with 

pattern recognition will not satisfy such criterion unless the computing speed is 

dramatically faster than the pixel clock.  

 

Unlike the design used in the Kiva system (D’Andrea and Wurman, 2008), if barcodes 

are installed on top of the robots, the tracking performance will be affected by observing 

angles and distances. Other alternatives, as proposed by Stubbs et al. (2006) and Riggs 

et al. (2009), use colorific discs, where each disc contains several colours used to 
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identify an individual robot. Inspired by the colorific label for robotic tracking, here an 

algorithm to judge a label’s colour in real-time was developed. In this project, a dual 

colour bull’s-eye label on the top of a robot is adopted for colour tracking. The outer 

ring of the bull’s-eye label is green, and the inner circle is blue. This arrangement 

mitigates the burden of recognizing many colours for multi-robot deployment. 

 

According to the linear model, a full colour I in every pixel at row i and column j is 

composed by three ingredients, namely red (R), green (G) and blue (B): 

 

        ,, ,,, satjiBsatjiGsatjiR BmGmRmjiI                (4.1) 

 

where Rsat, Gsat and Bsat are the saturated colour strength, and the magnitudes of R-G-B 

colours are denoted as mR, mG and mB. These vary with different lighting conditions 

such as illumination, colour, reflections and shadows. As colour and illumination are 

monitored in an indoor environment, the specular reflection may be mitigated by using 

a rough surface for the marker. Now the condition imposed on discriminating the green 

outer ring of a bull’s-eye label can be expressed as: 

 

       
jinjinnnjin BRtgGG ,,,   ,           (4.2) 

 

where ng  denotes the tolerance in association with the green ring and n is the different 

threshold level of pixel strength. Once the algorithm in (4.2) detects a green patch 

  njin gG ,  that is stronger than the red and blue colours, the green colour is approved 

for a real label, and a region of interest (ROI) is established with the corresponding pixels. 
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On the other hand, if the strength of the blue colour is significantly lower than the green 

and red colours, the discriminating mechanism just needs to compare the strengths 

between the green and red colours. Furthermore, in equation (4.2), a self-adjustable 

discriminating boundary nt  for automatic regulation is proposed. Here the initial value 

for   00 nt  is firstly defined, and a given value *

nt  
is chosen for a given ROI, then nt  

is iteratively updated as: 

 

*1

n

l

n tt  , if     n

l

jin

l

jin gRG  ,, ,            (4.3) 

 

and increases gradually for the following pixel (l+1) as: 

 

    n

l
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),(,
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,            (4.4) 

 

with     n

l

jin

l

jin gRG  ,, , and     n

l

jin

l

n

l

jin gRtG  ,, . 

 

Notably, nt  will be reset to *

nt  if the strength of red with ng  is weaker than green again, 

and the relevant ROI will be discarded when other colours are scanned.  

 

The relations of equations (4.3) and (4.4) are represented in Fig. 4.5. The discriminating 

boundary can be adjusted automatically with a moderate fluctuation of green unless the 

strength of red is drastically increased. The timing waveform simulation for green clour 

is shown in Fig. 4.6. Observing cursors’ positions between column “261” and “262” of 

iX_cont, the green colour strength is stronger than red colour during column “261”, the 

confirmation of green colour “tGreen” will be latched after one clock (pixel) during 

column “262”, one pixel delay. 
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Fig. 4.5. Green colour discrimination with adjustable threshold. 

 

 

Fig. 4.6. Time sequence of green colour discrimination. 

 

To meet the requirements of real-time image processing, the multiplication operation 

given in equation (4.1) is replaced by addition and subtraction operations. This can be 
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implemented in small and parallel computation units without the additional delay that 

occurs when using a finite state machine approach in general purpose microprocessors. 

 

In the output stage, a green filter is included. Here a simple AND logic is utilized for 

real-time filtering. By judging the integrity of the interested colour, the stray green 

pixels will be thought of as random interference and can be eliminated by: 

 

       jijijiji GGGG ,3,2,1, 0|1   .             (4.5) 

 

where the true logic “1” will be confirmed in an adjacent green area while the random 

green pixels will be classified as noise with false output logic “0” (Yu et al., 2009).  

 

Using a similar algorithm, the successful discrimination of the green outer ring can also 

be applied to the blue colour of the inner area of the bull’s-eye label. Furthermore, the 

noise filter can also be designed by the shift register structure, so three row image shifts 

were considered and compensated for the dimension of the labels’. 

 

4.4 Demosaicking and colour discrimination tests 

The demosaicking test results are shown in Fig. 4.7. A mug painted with multiple 

pictures and colours was used as the test sample. The key point in this test is observing 

the artifacts at the boundary between different colours. Since the nearest-neighbour 

algorithm interpolates the missed colour directly from the neighbouring pixels, the 

saw-toothed and blurred artifacts can be clearly observed at the interface between 

different patterns. This is shown in Figs. 4.7 (b) and (d). In addition, this algorithm also 
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caused the black contours of the pattern to look thicker. The saw-toothed and blurred 

artifacts improved significantly after the proposed algorithm to interpolate missing 

colours was used. In figures 4.7(c) and (e), it can be seen that the same edges with 

artifacts in Figs. 4.7(b) and (d) were smoothed by averaging strengths with 

neighbouring pixels. 

 

 

 

(a) Tested target: a mug painted with multiple pictures and colours. 

 

  

(b) (c) 
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(d) (e) 

Fig. 4.7. Demosaicking effects. 

 

An additional test compared the green colour discrimination ability by using both the 

single threshold and multi- threshold with adjustable boundary algorithms. These are 

shown in Figs. 4.8 and 4.9 respectively. The test scenarios were set, respectively, with a 

rough green cloth and a smooth green miniature robot depicted in Fig. 4.8(a) and Fig. 

4.9(a). The detected green colour areas in these pictures were marked by white dots 

(pixels). In Fig. 4.8(a), a green cloth was folded in a spiral shape, so that the colour 

inside would be mixed with its own shadow and some diffuse reflections. The setup of 

the smooth miniature robot shown in Fig. 4.9(a) was used so as to test specular 

reflections and cast background shadows. 

 

Fig. 4.8(b) shows the worst result of colour discrimination by using the single threshold 

algorithm including a noise filter. As can be seen, a large black patch is spreading from 

the centre of the spiral area. Meanwhile, as shown in Fig. 4.8(c), the proposed 

multi- threshold algorithm could discriminate the green colour in different illumination 

levels, so the black patch mentioned was mostly filled with white pixels. 
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The different colour discrimination abilities were also compared and the results are 

illustrated in Fig. 4.9. The green mobile robot has its smooth surface resulting in 

specular reflections from the background (red colour) and metal posts on the top. The 

white marks shown in Fig. 4.9(b) are relatively sparse when using the single threshold 

algorithm and noise filter. On the other hand, the white pixels with the multi-threshold 

and adjustable boundary algorithm appeared more solid, as shown in Fig. 4.9(c).  

 

Finally, similar results between single and proposed algorithms for the cast shadow and 

specular reflection cases are shown in Figs. 4.9(d) and (e). The light projection was 

blocked from the top with a blue object. Some weak specular reflections could be 

observed on the robot, coming from the desk, top object and background. When using 

the single threshold algorithm, the white pixels are almost non-existent. However, there 

are an abundance of clearly visible white pixels when using the proposed algorithm. 

 

By observing the results in Fig. 4.8 and Fig. 4.9, when proper values for the tolerance 

ng  and tuning parameter nt  had been chosen, the multi-threshold with adjustable 

boundary algorithm could track the desired colour with little influence from shadows 

and reflections on the object's surface. From the test result, it is indicated through the 

observation of the overlapped images between green and white marked pixels 

mentioned above that by using the dynamic threshold algorithm, the pixels of a 

particular colour can be accurately detected by following the ROI pixels unless the  

region is not for the desired colour or shifted too far from an intrinsic colour. 
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(a) 

 

(b) 

 

(c) 

Fig. 4.8. Colour discrimination with the self-shadow and diffuse reflection cases. 

(See Appendix F videos 4.8) 
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(a) 

 

  

(b) (c) 

  

  

(d) (e) 

Fig. 4.9. Colour discrimination with specular reflection and cast shadow tests. 



4. Colour Based Real-time Object Tracking 

 

81 
 

 

As the blueprint of surveillance system with digital camera in Section 3.1, the redundant 

colour detecting marks might disturb the tracking window of interest if the window is 

bigger than the label, and it is also inconvenient for monitoring. In the noise filter test, 

three robots with dual colour labels, green and blue, were running on the carpet mixed 

with bluish- green fabric. Hence the output stage of colour discriminating will combine 

with many redundant marking pixels beyond the label, considered as noise; see Fig. 

4.10(a). Due to the non-deterministic nature of noise, the proposed real-time filter in 

equation (4.5) can mitigate its influence, judging by the continuity of marking pixels, as 

shown in Fig. 4.10 (b). 

 

 

  

(a) Output image without filter. (b) Improvement with noise filter. 

Fig. 4.10. Noise filter for the output marks of adjustable multi-threshold. 

 

4.5 Localization 

The colour tracking system, as shown in Fig. 3.1, is controlled by an external server 

designed on an FPGA development platform. The FPGA chip monitors the miniature 

robots via a single camera, mounted overhead. For starting off the tracking mechanism, 
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every Eyebot needs to pass through the docking area and then locked by the FPGA chip. 

Here the FPGA chip recognizes the specific colour of the label on the top of robot as the 

window of interest (Carvalho et al., 2000). 

 

 

Fig. 4.11. Eyebots with bull’s-eye labels. 

 

A dual colour bull’s-eye label was designed for an FPGA chip, to track and recognize 

robots from the docking area, shown in Fig. 4.11. A green colour was set for the outer 

ring and a blue colour is in the inner area. This bull’s-eye design has the advantage of 

larger detecting areas for each colour. This is very important for keeping the stability of 

tracking when the robot is located further away.  

 

During the normal operating mode, shown from Figs. 4.12(a) to (b), the FPGA 

successfully discriminated the green and blue colours of the bull’s-eye labels and marked 

the labels with the same colours with saturation strength for surveillance purposes. The 

outer ring of the label is marked with green pixels and blue pixels are in the inner area. 

The outer ring is designated to isolate the interference from the background and  

initializing an outset of colour tracking for the blue colour. Three rectangular docking 
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areas, shown at the bottom side of the monitor, were provided to lock the robots. In Fig. 

4.12(a), the Eyebots drove into the docking areas and were tracked in three rectangular 

docking areas if the inner blue pixel numbers in docking area were over the specific 

threshold. 

 

 

  

(a) Eyebots locked in docking area. (b) Tracking at different locations. 

Fig. 4.12. Colour tracking scenarios for moving Eyebots as seen on a monitor. (See 

Appendix F video 4.12) 

 

 

Finally, the FPGA tracked and controlled three Eyebots that drove away from the docking 

areas by monitoring the interested windows on labels and sending command via an 

infrared spotlight. The dimensions of the interested window are determined by the speed 

of the blue label. During the updating of pictures, the FPGA detects the width/length of 

the blue label in the x and y coordinates, the central point of the blue label is then 

determined by the intersection of the x and y coordinates. With the updating of pictures, 

if the Eyebot’s moving distance is still within the interested window, the location and 

dimensions of the interested window will be dynamically updated by calculating the 

lengths and central point of the blue label (see the outer white square marks on labels in 
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Fig. 4.12 (b)). 

 

4.6 Motion detection 

The approach for motion detection adopted in this work treats the digital camera as an 

image sensor. To avoid image processing with large matrices, it follows the approach 

presented in previous sections for colour correction and noise filtering, whereby the 

image obtained from the camera is formulated as a mosaic-like Bayer pattern (Lukac et 

al., 2005), in which every colour strength level is represented in a 12-bit digital format. 

 

4.6.1 One-page-comparison algorithm 

The design of the one-page-comparison algorithm is based on the comparison between 

sequential pictures. The dynamic regions in an image will be extracted while the 

constant regions are considered as stationary objects. Unlike other motion detection 

algorithms implemented on PCs, where pictures are compared in an external memory 

space, here a motion event is determined during the update of a picture. For this purpose, 

there must be at least one picture stored in the inbound memory of the FPGA. As a 

trade-off, recording the complete pixel information of a high-resolution camera also 

remains a challenge for the SOPC implementation. In fact, if we assume the resolution 

of pixel strength is 12 bits for a 1280×1024 pixel camera, it will consume a space of 

over 94 Mbits when comparing two images. This is calculated from equation (4.6).  

 

Total two pages image space =  

row pixels × column pixels × strength bits × 2 (pages) × 3 (RGB)     (4.6) 
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Such demands will prevent an FPGA chip implementation without the use of an 

external memory. 

 

In order to maintain low memory usage, a novel one-page-comparison (OPC) 

architecture for moving-object detection in an FPGA was developed and is shown in Fig. 

4.13. An input signal is obtained from a digital camera with 1280×1024 pixels, 12 bits 

pixel strength, and containing over 47 Mbits of data for each picture. The FPGA input 

interface is the Demosaicking function discussed in Section 4.2. In the Threshold 

Counter block, the pixels’ strength is determined within bands of thresholds, separated 

with intervals to be chosen. If a pixel’s strength falls within an assigned threshold, a 

verified logic will be recorded as “1”, and a “0” logic will be recorded for the pixel 

strength beyond the thresholds. Before storing the image data in the inbound RAM of 

the FPGA chip, the number of bits “1” are additionally accumulated for every 32-pixel 

clock and translated in a 5-bit data format. Such transformation dramatically reduces the 

pixel data amount from 47 Mbits one page down to 614 Kbits for a full colour 

representation. Finally, before the latest 5-bit data are stored in RAM, there is another 

signal branch connected to the Image Comparison block. Therein, the new data are 

compared with the previous data from RAM with one page picture space. 

 

The corresponding simulated timing diagrams are depicted in Figs. 4.14(a) and (b). 

These show the data read-out from the RAM in the next page cycle and data variation 

during the image update. The system starts after the reset signal iRST is terminated, the 

digital camera begins scanning with a column for Xcont and a row for Y cont, then 

advances with the pixel clock iCLK. Here it explains the timing of design by an 
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example with the input green colour data CCD_G, which is always set within the 

multi- threshold regions. The final maximal accumulated threshold counter value will 

reach, for instance, 29 and will be sent to the output port iDATA with the write trigger 

wren to RAM, as illustrated in Fig. 4.14(b) with value 26. Port oProg_cont in both 

figures indicates the next address of the 5-bit data package in RAM, it updates the new 

address at the beginning of a new 32-pixels clock slot. Finally, the read trigger rden 

reads the content of RAM at the beginning of the 32-pixels clock slot then the read-out 

value will be shown on the output pin q of RAM, Fig. 4.14(a) with value 29. Thus the 

sequential image data can be found by iDATA (26) and q (29) for image comparison, see 

Fig. 4.14(b).  

 

Fig. 4.13. Flow chart of OPC processes. 
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a. Circuit reading out the content of RAM from the following page cycle. 

 

 

b. Data variation during image updating. 

Fig. 4.14. OPC timing diagrams. 

 

4.6.2. Image comparison 

The image comparison result is obtained from: 
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)(1)(01 TPTPs DDC  .            (4.7) 

 

where Cs is the motion detection output event, D denotes the data record in the same 

32-pixel clock slot Tsec of the sequence of images where each image is denoted as P, 

and ⊕ represents the XOR operator. When an exclusive condition occurs, Cs = 1, the 

moving event will be confirmed, activating the circuit to assign a white mark on the 

moving object. On the other hand, the previous 32-clock slot is considered as a static 

background image. 

 

By considering the time delay, the variant part of the moving object image is compared 

by the XOR logic circuits with data from q and iDATA. However, the basic comparison 

mechanism, simply constructed from XOR gates, will be vulnerable to a lot of detection 

errors from the camera noise, so a modification for enhanced sensitivity control is 

necessary. 

 

Fig. 4.15 shows a flowchart of the image comparison algorithm used in the OPC motion 

detection system. Instead of a simple comparison using XOR operations, here the 

design improves the comparison performance by using different weights of image data 

bits in order to maintain real-time performance and reduce the detection error. In the 

proposed algorithm, the two left-most bits have higher weights. This means that the 

high possibility of abrupt image variance is caused by a real moving object. When the 

bit changes are observed at these two positions, a basic moving event will be declared. 

In contrast, the three right-most bits have lower weights. The lower binary value 

denotes a high possibility of data change from noise or temporary intensity fluctuat ion. 

It will frequently cause false motion detection, so the criterion of defining the 
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movement event by the three right-most bits is higher than the two left-most bits. In 

practical implementation, it is proven that image comparison by judging the different 

weights of data bits can be completed in real- time. Finally, after detecting that the RGB 

colours are changed simultaneously, the system will generate a white moving mark on 

the moving object. 

 

 

Fig. 4.15. Image comparison algorithm. 
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4.6.3 Noise filter and time delay reduction 

An additional noise filter is also implemented for sensitivity control. Similar to the 

proposed algorithm in Section 4.3, noise filtering is performed by checking the 

congregate of moving marks: 

 

     TlTlTl MMMM 321  .          (4.8) 

 

where M denotes the white mark on the moving object. When the white marks occur at 

the same T timing position on the different image scanning line l, a moving mark will be 

output to the monitor screen. 

 

Traditional motion detection performed by software always needs to buffer the camera 

image (Bräunl, 2006) and prepare another two picture spaces for image comparison. In 

contrast, the OPC technique is performed during the image data update period with the 

same memory space. The real-time detection speed is mainly limited by the pixel clock 

speed of the camera.  

 

If we ignore the propagation time delay in logic gates, the difference of processing 

speed between the traditional motion detection and the OPC design could be expressed 

as: 

 

P

EP

OPC
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T

TT

T

T 
 .              (4.9) 
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where TTr and TOPC denote the motion detection execution time of the traditional design 

and OPC mechanism, respectively. If the memory RAM has already stored the 

background image data, OPC only uses the same page memory (one page) reading time 

TP to update the new image and performs motion detection during the same time. 

However, the traditional comparison design will need an extra execution period of time 

TE for image buffering, transferring, storing and comparing the new image pixel by 

pixel between the CPU and memory.  

 

Furthermore, the OPC memory usage is very small when compared to other designs: it 

only consumes 204,800 bits for every RGB component with the camera used in the 

experiment. In contrast, the two-page comparison algorithm will consume over 94 

Mbits of memory under the same conditions. A summary of the parameters is given in 

Table 4.2. It shows that only a minor amount of logic elements (LEs) are consumed in 

FPGA and the total inbound memory consumption is only 693,088 bits, including the 

external memory data path of the VGA image buffer. 

 

Table 4.2. OPC design resource usage. 

 

Family Cyclone II 

Device EP2C70F896C6 

Timing Models Final 

Total logic elements 2,152 / 68,416 (3%) 

Total combinational functions 1,845 / 68,416 (3%) 

  Dedicated logic registers 1,384 / 68, 416 (2%) 

Total registers 1446 

Total pins 212 / 622 (34%) 

Total virtual pins 0 

Total memory bits 693,088 / 1,152,000 (60%) 

Total PLLs 2/ 4 (25%) 

Embedded multiplier 9-bit elements 0 /300 (0%) 
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4.7 Motion detection test 

The motion detection circuit is also implemented on the same Altera DE2-70 

development platform with a Cyclone II EP2C70 90-nm low power FPGA chip, shown 

in Fig. 3.1(b) as a security mode. The design is using inbound RAM with space 1 Mbits. 

The same digital camera module with the SXGA resolution of 1280 ×  1024 pixels 

whose frame rate is set at 12 fps for better detection, after tested with different object’s 

speeds. 

 

The flexible design features of FPGAs, however, make them liable to large power 

consumption when compared to ASICs. Unlike ASICs that can designate the specific 

low power standard-cell for chip design, the FPGA wastes a lot of power on unused 

logic gates and reconfigurable architecture. The definition of power loss can be found 

from static and dynamic power dissipation (Ho et al., 2005), both of which are 

determined by the component’s leakage and transition loss. However, due to the large 

development cost of ASICs, FPGAs are still a good choice to build and simulate the 

prototype before the design is transferred to ASICs.  

 

On the other hand, when comparing the low power consumption to a general-purpose 

computer, it is frequently the case that FPGAs provide a good chance to build a specific 

system on chip (SOC). The estimated thermal power dissipations of design are shown in 

Table 4.3. These were obtained using the Quartus II PowerPlay Power Analyzer Tool. 

According to the works of Ho et al. (2005) and Kuon et al. (2005), the dynamic power 

consumption ratio for an FPGA compared to an ASIC is about 12-14:1, and the static 
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power dissipation is at least 87:1. Even if I choose the more critical of dynamic power 

dissipation ratio of 10 and 80 for static power dissipation, the equivalent ASICs power 

consumption with inbound RAM is only around 30 mW under the worst case (in Table 

4.3). This test result is also comparable to the power saving scheme which performs 

motion detection with low image resolution on an ASIC’s embedded system (Lee et al., 

2004). Therefore, since motion detection is used with an optical sensor embedded in 

miniature systems, the low power consumption characteristic of the OPC mechanism 

should be a very appreciable consideration in system design. 

 

 

Table 4.3. Thermal power dissipation of motion detection. 

 

Power Dissipation 

25℃ 

Still Air 

No Heat Sink 

85℃ 

Still Air 

No Heat Sink 

   

Core Dynamic Thermal Power Dissipation 152.52mW 152.52mW 

Core Static Thermal Power Dissipation 159.60mW 269.99mW 

I/O Thermal Power Dissipation 112.61mW 112.61mW 

   

Total Thermal Power Dissipation 424.73mW 535.12mW 

Estimated ASIC power dissipation 28.508mW 29.887mW 

 

 

Fig. 4.16 shows a real test with a person walking. A test session with the walker is 

included to assess the motion detection performance in different conditions associated 

with distance, moving direction, light source and noise rejection. After a motion event 

has been confirmed, the system presents varying pixel data by marking white lines on 

the walker. The test sessions show a walker moving forward, backward and turning 

around a corner 10 metres away, travelling at normal walking speed. From the results 
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shown in Fig. 4.16, the OPC detection system demonstrates its accuracy by coherently 

placing the moving marks on the walker at different positions.  

 

  

(a) (b) 

  

(c) (d) 

  

(e) (f) 

Fig. 4.16. Motion detection: from (a) to (d), Walker moving away and detected 

from faraway; from (e) to (f), Walker moving forward from the camera. (See 

Appendix F video 4.16) 
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Finally, experimental tracking scenarios of mobile robots can also be seen from a snap 

shot on a monitor, shown in Fig. 4.17. When the Ubibot system was set to idle operation, 

as in Fig. 3.1, the colour tracking will be switched to the security mode. The moving 

object detecting function could discriminate two moving Eyebots, which appeared with 

white strip marks, as shown in Fig. 4.17, to be distinguished with the stationary robot 

located at the middle position. 

 

 

Fig. 4.17. Motion detection with mobile Eyebots. 

 

4.8 Discussion 

By observing the demosaicking performance from the Bayer pattern, the interpolation 

algorithm with simple averaging can still provide satisfactory performance to smooth 

saw-toothed distortion. In addition, the real-time noise filter is designed and 

implemented by a shift register in an FPGA structure. This will improve the 
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surveillance quality, i.e. to remove the random green/blue pixels from the undesired 

colour area in my case study. 

 

The dimension of interested window is decided by the speed of robot (label). Thereby, 

there exists a lower bound of dimension to keep the mobile label image always inside 

the window of interest. In next chapter, it will suggest that the unit of perspective 

distance in pixel had better to be replaced by the length of labels. Due to the rectangular 

window of interest, each side length of window counted from the central point of label 

can be approximated as: 

 

Extra length each side > [(label speed/ label length)  (2/ frame rate)]   (4.10) 

 

It leads the minimum length of each side in longitudinal and lateral directions is, 

 

Each side length > [(extra length each side) + (half label)]      (4.11) 

 

Equation (4.10) reveals the unit of extra length on each side is the proportion of label’s 

speed to entire label length per frame. It is to be irrelevant to the perspective view.  

 

In the motion detection, the OPC mechanism and digital camera module in the proposed 

motion detection system can be seen as very promising in machine vision applications. 

The employed high resolution camera and high frame rate have remarkably extended 

the real-time processing ability more than other designs. It can be utilized to provide 

reliable early alerts in a security system.  
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On the other hand, the moving event label can also be integrated with real images on 

existing display devices. In the experiments, it examined the performance of motion 

detection by implementing an additional VGA interface to the computer monitor as a 

security system. Unlike the one-bit low-power algorithm, the threshold data transform 

cooperates with the OPC mechanism, makes it able to deliver precise detection and low 

power consumption advantages at the same time.  

 

Although the FPGA has higher power loss than low-power ASICs, it is still a good 

choice when used as a prototype or commercial product. The refined circuit design by 

an FPGA obviously provides a better solution in power management and real-time 

processing than a general-purpose computer. Possible applications are from the security 

necessity during the idle time of robot operation or working place. By cooperating with 

colour discrimination, it can also track an object by the specific colour of a worker’s 

safe vest or helmet to prevent unauthorized workers entering or staying in forbidden 

areas. 

 

4.9 Conclusion 

In this chapter, I proposed an FPGA based real- time image processing design for 

demosaicking and colour discrimination using a multi- threshold algorithm with 

adjustable boundary. Extended designs include noise filtering, robotic localization, and 

motion detection. With traditional methodologies, the real-time reflection and shadow 

removal with a high pixel resolution camera and picture frame rate usually rely on a 

high-speed computing system. Similar real-time processing constraints are also found in 

motion detection systems. With the proposed colour discrimination algorithm, the 
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FPGA can track a bull’s-eye label as the interested window without complicated 

computation, and the proposed chip-based circuit utilizing a one-page-comparison 

mechanism exhibits high performance in real-time processing, minimum memory usage 

and low power consumption. In the proposed embedded system with limited computing 

ability, comparable performance can be achieved with satisfactory real-time 

requirements. Particularly for ambient intelligence systems, where low power 

consumption is a constraint. The test results have demonstrated feasibility of the 

proposed technique for colour discrimination and motion detection with promising 

applications for ubiquitous robots in the future.
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5 

Relative Distance Estimation for Robots 

Control Using Monocular Digital Camera 

 
Distance measurement methodologies based on the digital camera usually require 

time-consuming calibration procedures. Some are even derived from complicated image 

processing algorithms resulting in low picture frame rates. In a dynamic camera system, 

due to the unpredictability of intrinsic and extrinsic parameters, odometric results are 

highly dependent on the quality of extra sensors. In this chapter, a simple and efficient 

algorithm is proposed for relative distance estimation with robotic active vision by using 

a monocular digital camera. Accuracy of the estimation is achieved by judging the 2D 

perspective projection image ratio of the robot labels obtained on a TFT-LCD (Thin Film 

Transistor-Liquid Crystal Display) monitor without the need for any additional sensory 

cost and complicated calibration effort. Further, the proposed algorithm does not contain 

any trigonometric functions so that it can be easily implemented on an embedded system 

using the FPGA technology. Experimental results are included to demonstrate the 

effectiveness of the technique. 

 

5.1 Introduction 

For relative distance measurement and localization in a multiple robot system, the use of 



5. Relative Distance Estimation for Robots Control Using Monocular Digital Camera 

 

100 
 

laser range finders (Trawny et al., 2007), ultrasonic sensors (Lee et al., 2008), or 

communication networks (Wen et al., 2007) is quite popular. Laser range finders and 

ultrasonic sensors use the concept of time-of- flight (TOF) to measure the relative distance 

between two robots. In communication networks, distance measurement requires a 

routing time and also reception of a received signal strength indication (RSSI). The robot 

will then be able to perform odometry by judging the attenuation of radio strength from 

adjacent objects (Xiao et al., 2006). Although these sensors are feasible for range 

measurement, there are few disadvantages due to the limited information content. For 

example, they may not be able to comprehensively understand and model the operating 

environment. In contrast, digital cameras seem to be more versatile owing to a large 

amount of information in terms of texture, colour, illumination, edges, optical flows, 

distance, etc. Furthermore, while the use of laser, ultrasonic and radio signals may be 

limited by active interferences due to crowded sensors, the camera, being a passive sensor, 

has no such limitation.  

 

Recently, the combination of infrared (or laser) and digital camera sensors has been 

reported as a feasible technology for odometry purposes via time-of-flight (TOF) 

measurement using a camera. It measures the traveling time of the reflected light between 

the camera and the target. This distance is then presented in a depth map (Dubois et al., 

2007). Unfortunately, these kinds of camera designs usually have disadvantages in terms 

of a low dynamic range of depth maps, high power consumption for active illumination 

with LEDs, and computational complexity (Rapp et al., 2007). Therefore, they are 

generally not considered for design of embedded systems in ubiquitous robotics (Kim, 

2006) using ambient intelligence, where limited power capacity remains the first priority. 
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Despite possible improvements of power capacity with energy saving components and 

new battery technologies in the future, real-time computation has become an issue in 

wireless communication networks (Li et al., 2005), where the external server needs to 

accommodate to computation requirements. This can lead to other problems due to 

inherent bottlenecks of the network data throughput and security problems. Consequently, 

in recent years, global camera systems with onboard computation (Stubbs et al., 2005) 

have become increasingly popular in distance measurement. For a fixed camera set up, it 

is possible to determine the distance to an object based on colour region (Chen et al., 2008) 

and optical properties (Yamaguti et al., 1997) as: 
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,                      (5.2) 

 

where x is the distance from the object to the camera lens with its perpendicular height 

0h , f is the lens focus, and y is the image distance with relative pixel height '

0h  on the 

camera digital sensor array. In practical applications, (5.1) and (5.2) can also be modified 

for real-world applications such as obstacle detection in smart car systems (Chang et al., 

2006). For this, it is convenient to compare the variant dimension of images by shifting 

the camera position on a straight line (Yamaguti et al., 1997). 

 

For indoor robot navigation, the control of multiple robots in a formation often requires a 

flat floor and available information of relative distances between robots (Nguyen et al., 

2008). To localize robots markers are installed on the floor (D’Andrea et al., 2008) or 

attached as visual features on the robots so they can be easily detected by a global camera 
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system without modifying the indoor environment (Stubbs et al., 2006). However, 

depending on where the camera is mounted, scene interpretation and dep th calculation 

may involve complicated expressions, as illustrated in Fig. 5.1.  

 

 

 

Fig. 5.1. Image projection in a global camera system with 2D labels in single direction 

view. 

 

 

The separation distance between robots therein is obtained by a trigonometric equation: 
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            (5.3) 

 

Here, h is the installation height of the camera lens, p is the projected image distance from 

the image sensor array to lens, 1y  and 0y  are the label lengths of leading and 
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following robots, the relative distance between the two robots is d, and the lengths of the 

images on a digital image sensor array are respectively '1y , 'd  and '0y . When the 

focal length of lens is available, the intrinsic parameters for equation (5.3) can also be 

decided by a complicated calibration technique (Hartley and Zisserman, 2006). 

 

Although the distance given in (5.3) is a feasible solution, in a dynamic camera system, 

the height of the camera and its tilting angle θ0 are usually changing. Furthermore, the 

focal length of the camera might be unknown; recalibrating the camera for every 

operating instant may be a difficult requirement in real time. These issues can be 

overcome by integrating additional sensors and choosing high-end cameras. However, 

hardware risk may also occur with the uncertainties of additional sensory readings. 

 

In this chapter, a new and efficient relative distance measurement algorithm for 

monocular cameras is proposed, based on the digital photography framework (Galer, 

2006). By detecting the 2D labels on the top of indoor robots, the algorithm can estimate 

the relative distance between robots by calculating the perspective projectio n image ratio 

(PPIR) of labels, motivated by the usually-adopted human’s use of foot length in distance 

estimation but with a higher accuracy. This algorithm can estimate the relative distance of 

robots under various dynamic conditions such as unknown tilt angle, height to lens and 

focal length of the camera without recalibrating or mounting extra sensors.  

 

Moreover, by avoiding all complicated expressions including trigonometric or 

exponential functions, the algorithm can be implemented in an embedded system using 

the FPGA technology (Yu et al., 2009a, Yu et al., 2009b). Here, unlike jobs in the work 

of Kurian and Pillai (2009) where the CORDIC algorithm is used, the PPIR algorithm is 
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simply based on approximating a series. 

 

5.2 PPIR algorithm 

Let us first assume that 2D circular labels are fixed on top of robots and the floor is flat.  

Estimated distances in lateral and longitudinal are discussed separately in the following 

subsections: 

 

5.2.1 Estimation of longitudinal distance  

A typical configuration of multiple robots in a formation and its perspective view on the 

TFT-LCD monitor is shown in Fig. 5.2, where label lengths for the leader and follower 

are respectively 1y  and 0y . They are separated by a distance d in longitudinal direction.  

 

To find the real relative distance d by utilizing the perspective images with labels of the 

same dimension, the ratio between this distance and the label length can be expressed as: 

 

'

'

'

'

100 y

d

y

d

y

d
 , and ,10 yy             (5.4) 

 

where '0y , '1y  and 'd  represent respectively the relative perspective length of the 

follower, leader and their relative distance on the flat monitor. In accordance with the 

discussion in Chapter 4, the image on the flat monitor is directly transferred from the 

image of the digital sensor array, and the lengths of '0y and '1y  are derived from the 

dimensions of discriminated colorific labels, e.g. blue circular label in the bull’s-eye disc. 
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Consequently, if both robots are very close to each other or the camera is perpendicularly 

oriented to the floor, the real distance may be roughly estimated by the average of the 

perspective label lengths: 
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In real world operations, (5.5) will result in an intolerable error when the leader is moving 

further away, because the fast decreasing label length of the leader will be dominant, thus 

yielding a large positive error. Therefore, the ratio vR  denoted as 0/ yd  can be 

estimated by its upper and lower limits as given in the following proposition. 

 

Proposition 1: With a sufficiently small tilting angle, the ratio vR  is found between an 

upper limit, which is the average perspective projection image ratio (PPIR), and a lower 

limit as given in the following inequality: 
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where y  = '/' 01 yy . 

 

Proof: 

To prove the relationship (5.6), one can translate the perspective image by using Fig. 5.1 

as: 

 



5. Relative Distance Estimation for Robots Control Using Monocular Digital Camera 

 

106 
 

00 ' kyy  , and 01' yy  ,              (5.7) 

 

where λ≤ k ≤ 1. So, with 10 yy   and a small angle θ0, due to similarity, one can use the 

following trapezoidal formula: 
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where vR  denotes the ratio 0/ yd . Now by substituting  
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into (5.5) and noting   kk  4
2
 , one has 
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This verifies the upper limit in (5.6). The lower limit can also be derived by noting λ≤ k 

as: 
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So the new estimated distance range can be rewritten as in (5.6).     

  

The above proposition suggests the use of a coefficient v  which is greater than y  

but less than 1 in order to estimate the real relative distance ratio in longitudinal direction 

as: 
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To approximate v  in the proposed algorithm, it notes the convergent series: 
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which leads to the choice 
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According to the experiments, by using several generic digital cameras (normal lens 

camera), the reasonable value for v  is obtained when n is between 3 and 4 for an 

expected tolerance less than 5% of the real distance.  

  

Remark 1: By using (5.15) the PPIR algorithm can avoid the calculation of 

trigonometric functions in (5.3), and hence such an algorithm as the CORDIC 

(Deschamps et al., 2006) is not used in this design.  

 

Remark 2: It can be seen that coefficient v  can be adjusted automatically without 

requiring any additional optical installation or information of the camera. Particularly, in 
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the case when both robots are found closely to each other or the camera has a zero tilt 

angle, the leader’s label length '1y  will converge to the label length of the follower, 

'0y . This makes v  approach 1, and therefore (5.15) is simply brought to (5.5). 

 

 

(a) Formation configuration 

 

 

(b) Perspective view 

Fig. 5.2. Deployed robots and their perspective images. 
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5.2.2 Estimation of lateral distance  

In the lateral displacement of the robotic formation, shown in Fig. 5.2, the leader is 

moving in parallel to a follower on its left side. The label width of the leader, follower and 

relative distance in real world coordinates are denoted as 1x , 0x  and s, as shown in 

Fig. 5.2(a), while the relative parameters of the perspective images are '1x , '0x  and 

's , as shown in Fig. 5.2(b). In the lateral direction the relative distance may be estimated 

by using the above algorithm in Section 5.2.1.  

 

In fact, due to the perspective phenomenon displaying on the TFT-LCD monitor, the oval 

image of the leader will be a little bit smaller than its follower (Fig. 5.2(b)), located at the 

centre of the monitor. Correspondingly, coefficient x can also be redefined as '/' 01 xx . 

Now it follows that  
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Finally, in light of Proposition 1 and by noting the 1 hx  , coefficient h  for the 

PPIR in the lateral direction is chosen as: 
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            (5.18) 

 

5.2.3 Estimation of Euclidean distance  

Consider now the generic case of a triangular robotic formation, where the hypotenuse 

distance between labels’ edges is obtained as: 

 

.22

hvs RRR                 (5.19) 

 

Remark 3: On the monitor screen, it may not be ready to determine the PPIR horizontal 

distance hR  of such a triangular formation due to the unavailability of the lateral label 

width with respect to the follower at the centre line.  

 

The equations (5.16) to (5.18) are only working when the leader and follower are in 

parallel. For reference, a virtual width tx  is adopted for '0x  in (5.16-5.18) as: 

 

.
'1



x
xt                   (5.20) 

 

where α is decided empirically such that the average error is less than 5% at any 

reasonable operational location in a half plane. This is illustrated in Fig. 5.3 for deriving 

the relative distance in the lateral direction. 
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Fig. 5.3. Extended PPIR estimation in the lateral direction. 

 

 

5.3 Experimental results 

5.3.1 Static estimation 

For the PPIR static estimation, the rigid circles (labels) were installed horizontally on top 

of miniature mobile robots, the Eyebots, having the same height. Circular discs were cut 

with 10cm of diameter and the separation distance was set to 1m edge to edge. The “blue” 

colour was chosen for the labels to improve the contrast. A general camera was used with 

5M pixel resolution and adjustable focus from 7.1 to 21.4 mm. The focal length change 

was judged by reading the relative adjustable aperture range from f2.8 to f4.8. Constant α 

was set at 0.95.  

 

To verify the estimation, the robots’ perspective images were printed and measured by a 
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digital caliper. Fig. 5.4 shows some of tested schemes with PPIR algorithm. From Figs. 

5.4(a) to (d), the images with the same longitudinal deployment were captured randomly 

by different tilted angles, installation heights and focuses. In Fig. 5.4(e), a basic triangular 

layout in the left plane was shown for simulating a formation scenario, where the robot 

located on the left-top corner represented the leading robot and the follower located at the 

bottom. The robot at the middle-top represented the virtual robot included here to account 

for the selection of constant α. 

 

The estimation results about choosing the degree n for values of v  and h  in (5.15) and 

(5.18) were demonstrated in the Table 5.1. When n = 3, the PPIR estimation had negative 

error while the positive error was observed with n = 4. The measured errors here were 

defined as the difference between the real value, 100cm (141.5cm), and the estimated 

distance in percentage.  

 

All functions were implemented in hardware circuits for real-time processing taking into 

account the efficiency of logic gate usage. To achieve this, the floating point operations 

were not considered in PPIR design. Here it suggests the floating number in PPIR 

algorithm to be re-scaled by simply multiplying 100 and keep the numbers in unsigned 

values for the basic binary operations, and the square  root in (5.19) is executed by the 

abridged RTL approximation (Chu, 2006): 

 

   abaaRR hv ,5.0125.0max22  ,             (5.21) 

 

where a = max (| vR | , | hR |), and b = min(| vR | , | hR |). The floating point value such as 
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0.5 and 0.125 in (5.21) is fortuitously expressed by right shift operations for 1 and 3 bits 

(Chu, 2006).  

 

Table 5.1 gave a summary to show the accuracy of PPIR in relative distance estimation. 

The value n = 3 yields less than 5% in error, which was quite satisfactory.  

 

 

Table 5.1. PPIR test results with different degrees of n. 

 

Tests 
Real Distance 

(cm) 

Error 

n = 3 

(%) 

Error 

n = 4 

(%) 

(a) 100 -3.37 +0.58 

(b) 100 -2.3 +1.31 

(c) 100 -3.17 +1.6 

(d) 100 +4.7 +9.72 

(e) 141.5 -1.7 +0.35 

 

5.3.2 Dynamic estimation 

The second scenario tested the PPIR relative distance estimation with real moving 

objects. The devices used in the test scenarios were the same as in Chapter 4, but two 

Altera DE2-70 platforms with Cyclone II FPGA were chosen. The extra FPGA platform 

was installed for PPIR distance reading and showed the reading on another computer 

monitor. For the miniature digital camera module, the Terasic TRDB-D5M was adopted 

with the setting for 34 fps and 1280  1024 pixels resolution.  
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Continuing the previous work on FPGA-based colour discrimination described in 

Chapter 4, here the test scenarios utilized three bull’s-eye labels in a line formation on the 

top of a mobile robot. Three bull’s-eye labels were mounted on a bar to simulate three 

robots running at the same height. The leader was settled at the central position while two 

followers were located on both sides. One of the FPGA platforms was assigned to track 

the robots’ labels by locating the blue circles in the inner area of bull’s-eye labels. 

Meanwhile, another platform observed the PPIR ratio reading from the LCD monitor of 

the first FPGA platform.  

 

The blue circles were cut with a diameter of 6 cm, and the arranged relative distance for 

any follower to the leader was 24 cm (4 labels), measuring from the central points of the 

circular discs. Degree n and α were chosen respectively as 3 and 0.95. Finally, results 

from both FPGA platforms were directly output to two TFT-LCD monitors via the VGA 

interfaces on the FPGA chips. The camera frame rates were shown on the 7-segment LED 

indicators as “22” reading in hexadecimal.  

 

Fig. 5.5 shows snapshots captured from the distance estimation video. The images 

presented on the left monitor screen show labels tracked from the ducking area while the 

measured relative distances are shown on the right monitor screen, corresponding to the 

values at A and B positions on LCD. The reading are updated for every 0.5 seconds, and 

displayed by the ratio for 1 to 100, e.g. a distance of 4 (PPIR labels) is displayed as 400. 

The satisfactory accuracy of PPIR estimation can be verified from the results shown in 

Figs. 5.5(a), 5.5(b) and 5.5(c). 



5. Relative Distance Estimation for Robots Control Using Monocular Digital Camera 

 

115 
 

 

(a) Camera height: 111cm/ tilted angle: 30o/ aperture: f4.0. 

 

  

(b) Camera height: 111cm/ tilted angle: 

75o/ aperture: f4.8. 

(c) Camera height: 51cm/ tilted angle: 90o/ 

aperture: f2.8. 

  

  

(d) Camera height: 19cm/ tilted angle: 

90o/ aperture: f4.0. 

(e) Camera height: 112cm/ tilted angle: 

30o/ aperture: f2.9. 

Fig. 5.4. Different scenarios in static testing. 
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(a) PPIR estimation in lateral direction. 

 

(b) PPIR estimation - cruising in the left side 

 

(c) Distance estimation - cruising in the right side 

Fig. 5.5. PPIR estimation in dynamic testing. (See Appendix F video 5.5) 
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Finally, since the PPIR distance is designed with the unit of label, the distance of PPIR 

between central points of any two labels can be rewritten from the (5.21) as: 

 

22 )1()1(  hvs RRR .             (5.22) 

 

Equation (5.22) expresses the relative distance between two central points are longer 

than the edges’ distance for one label length. It counts a half label length respectively 

from leader and follower in longitudinal and lateral directions. 

 

 

 

Fig. 5.6. Timing waveform of the PPIR algorithm. 

 

A simulated timing waveform of the PPIR algorithm between two labels is shown in Fig. 

5.6. In implementation, the parallel processing circuit works with the camera pixel clock 

Pixel_clk of 77MHz. The relative distance was calculated at the final row of the image 
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sensor array, iYcont=1023. The circular width and length labels expressed in pixels 

number are assigned as R_leader, L_leader, R_follower, L_follower, Up_leader, 

Down_leader, Up_follower and Down_follower. The PPIR ratios in longitudinal and 

lateral directions are attained in 8 clocks (80 ns), see rRatio_v and rRatio_h, then the 

output results are obtained at oRatio_v and oRatio_h. The hypotenuse ratio by square 

rooting is performed only in 1 clock, shown in the last item “Distance”.  

 

The total resource usage of the FPGA platform is 30% of 68,416 logic elements in 

Cyclone II. That includes all image processing, labels tracking, VGA interface, test 

circuits for LCD displayer and 7-segment indicators, and the relative distances estimation 

for three robot labels. 

 

5.4 Discussion 

The PPIR algorithm has obtained satisfactory results in estimation of the relative distance 

between robots during static and dynamic test results with different cameras. It can be 

seen that the proposed algorithm can satisfactorily estimate the relative distance by using 

the perspective image changing ratio between labels. Moreover, the PPIR technique can 

track the real changing curve of the perspective distance without involving any 

complicated mathematical functions.  

 

In reference to equation (5.3), computation time can be significantly reduced even 

without using a look-up table in memory, as in (Kurian and Pillai, 2009, Deschamps et al., 

2006). Since a look-up table of CORDIC in external memory and floating point 

operations are not used in this design, resource usage can also be kept minimal, less than 
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recursive computation. 

 

Notably, the results obtained by using the proposed technique are not much affected by 

camera parameters. For example, within a reasonable working range, the PPIR algorithm 

is insensitive to the camera focal length. From Fig. 5.4 and Table 5.1, it can be seen that 

the algorithm still maintains its accuracy even when the camera’s focus is changed 

(variant aperture readings). Hence, the proposed technique can also be used with 

changing views with an adjustable focus for higher quality imaging. 

 

The label designed as a circle leads to an elliptical shape in the perspective view for a 

better illustration of the derivation of the relative distances in both lateral and longitudinal 

directions. For different object sizes (robots), the dual circles in a concentric design may 

be used. After estimating the PPIR distance for the inner circle, the relative distance with 

larger dimensions of circles (robots) can be obtained by deducting the difference of radii 

from the PPIR distance. 

 

5.5 Conclusion 

This chapter has proposed a new relative distance measurement algorithm for multi- robot 

systems with least calibration and computation efforts. With conventional distance 

measurement techniques, the low dynamic range of depth maps, complicated image 

algorithms, and high power consumption for active illumination may make the 

time-of-flight methodology unsuitable for compact indoor robot design. In contrast, the 

PPIR algorithm with a single digital camera is immune to these mentioned concerns. The 

algorithm is based on the upper and lower bounds of the perspective image ratio. By 
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observing the labels attached to indoor mobile robots, the algorithm can calculate the 

relative distance accurately and instantly with different ratios between perspective labels 

and distance images. Simplicity in the algorithm derivation allows it to be implemented 

with the FPGA technology. Experimental results demonstrate the effectiveness of the 

proposed technique.
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6 

Slope-Based Point Pursuing Manoeuvres 

of Nonholonomic Robots 

 
Steering manoeuvres are an essential component of robotic motion planning. Despite 

many steering mechanisms having been successfully developed in past years, for 

miniature robots, real-time computation is still a limitation for robot path tracking. The 

design issues in cooperative control of battery-powered nonholonomic robots rest with 

the complexity of control strategies, low power consumption and real-time processing 

capability. Conventionally, improvements in computing speed mostly rely on the 

increment of the system clock and often result in some transition loss. Thus, an 

elaborate control algorithm developed for PC might not work on an embedded system. 

This chapter presents a comprehensive steering algorithm which, via issuing 

predicaments for computation, will dramatically reduce the resource usage in hardware 

circuit designs. The proposed algorithm is implemented on an embedded system for 

ubiquitous robotics using FPGA technology. 

 

6.1 Introduction 

The most popular non-holonomic steering systems of wheeled robots are the 

differential-drive and Ackermann steering. The motion of a differential-drive robot is 
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achieved by individually controlling the motors driving each wheel. Motors running at 

the same speed produce straight line motion whereas different speeds cause the robot to 

turn. On the other hand, the Ackermann steering vehicles use two separate actuators for 

driving and turning (Bräunl, 2006).  

 

Steering control of non-holonomic robots at relatively low speeds in indoor environments 

can be modeled by using the space coordinates such as the turning angle, angular turning 

speed, and orientation of robots (Li and Zhang, 2006). The lateral sliding problem in an 

indoor environment is not as significant as in a high speed car (Jazar, 2008). During an 

autonomous driving scenario, two essential parameters can be considered for steering 

strategies. The first parameter is called the look-ahead distance, i.e. a specified virtual 

distance in front of the robot. In real-world applications, the specified look-ahead 

distance helps a vehicle to decide the deviation from the central line of road (Marion et al., 

2009), or it can also be extended to calculate accordingly the speed with respect to ground 

(Hayakawa et al., 2003). The second critical parameter is the pursued point, which is the 

destination in the look-ahead distance direction. Consequently, a long and sweeping route 

can be composed from sequential pursuing points, and the expected trajectory of the robot 

is achieved by different angles of turning. If we assume a wheeled indoor robot is tracking 

on planned points, the shortest path will depend on the least swing of every look-ahead 

path. 

 

There have been many techniques successfully developed in past years to obtain op timal 

path tracking for differential-drive and car-like vehicle steering, (Bhattacharya et al., 

2007, Lamiraux and Laumond, 2001). Minimizing errors in vehicle path tracking can be 

achieved via the use of rigorous control techniques, (Marion et al., 2009, Hayakawa et al., 
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2003). However, autonomous steering requires the availability of measurable parameters 

from the robots and their environment, often resulting in much increased computing 

effort for higher accuracy.  

 

In an indoor environment, real-time computation remains a limitation for robot path 

tracking with miniature robots. The complexity of control strategies, low power 

consumption and real-time processing capability are design issues for cooperative control 

of battery-powered nonholonomic robots. Even implementing complicated strategies for 

vehicle control on an embedded system, the overall motion may also inherit the problem 

of driving stability. This problem has been discussed by Wu et al. (2009), revealing the 

swing of steering control with short horizons, and is generally ascribed to the requirement 

of a drastic error correcting reaction to a large deviated angle in order to maintain the 

desired path. Reactive tracking for a group of robots is proposed by Ha and Dissanayake 

(2006) using the variable structure methodology, but also faces implementation 

difficulties. Such driving stability problems could be alleviated by employing a larger 

look-ahead distance (Morales et al., 2009). Unfortunately, such long look-ahead schemes 

may not be realistic in an indoor environment where the driving space is limited. 

 

In contrast to control theoretic solutions, the pure-pursuit task executing the shortest path 

between two points can be realized only with a single turning (Morales et al., 2009). 

Although the pure-pursuit algorithm is an efficient mechanism to reach the expected 

destination, it does not guarantee the orientation of the robot aligning with the path at the 

destination (Suzuki et al., 2006). The problem originates from the nature of curve steering 

which is always required to maintain an incident angle to the path.  
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Towards a valid solution, the use of a behaviour-based model for robot steering seems to 

be feasible with the small values of speed and acceleration of a robot navigating in an 

indoor environment. The steering behaviour can be represented by geometric 

representations which have been used to coin the shortest path planning in mobile 

robotics. Dubins first estimated the shortest path between two points in an obstacle free 

space by combining clockwise turning (R), anticlockwise turning (L) and a straight line 

driving (S), i.e. RSL or LSR manoeuvres (Dubins et al., 1957). Although Dubins’ method 

proposed a good paradigm for behaviour-based steering, finding the start and end point of 

a tangent between two turning arcs is not an easy task for embedded systems (Giordano 

and Vendittelli, 2009).  

 

From the work of Lamiraux and Laumond (2001), one can see that the shortest path for 

nonholonomic robots in an obstacle free environment comprises in general a trajectory 

combining three labels. Motivated by this framework and Dubins’ turning mechanisms, 

this chapter introduces a slope-based arc- line-arc (SBALA) algorithm, aiming at 

implementation of robot steering on a programmable chip for a compromised shortest 

path that is feasible for the chip capacity.  

 

Notably, this algorithm involves reduced computing effort, hence allowing the steering 

manoeuvres to be realized directly on an embedded system with hardware circuit designs. 

This targets directly the rising trend of ubiquitous robotics, which mainly entails 

embedded systems with limited computational power. Therefore, the possibility that the 

proposed algorithm can be implemented on an embedded system using the FPGA 

technology underlines the significance of the idea. 
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6.2 Robotic path planning with Dubins’ car 

Developing motion plans to guide a wheeled robot from an initial point to a final 

desired destination and orientation is an essential part of robotics. This subject is known 

as trajectory planning, trajectory generation or nonholonomic motion planning (Kelly, A 

and Nagy, 2003). In 1957, based on the natural turn of a car, Dubins proposed that a 

wheeled robot could reach a specific location via turn and straight driving (Dubins, 

1957). Thus, the generic two or four wheeled robots are sometimes called Dubins’ cars 

(Balluchi et al., 1996) or even nonholonomic robots due to their kinematic model 

(Bräunl, 2006). 

 

Study from the definitions of basic motion planning problem. The world of robot 

running with is  with n dimension. The flat plane of activity is called a 2D world 

defined as  = 2. The obstacle region in the world is denoted as  and ⊆. A 

robot is assumed as a rigid body represented as , ⊂, which is a subset of 2 or 

3. When the points of  map into the world , this procedure is called rigid-body 

transformation, as a function h: → : 

 

    }.|{   aahh                (6.1) 

 

A 2 world can even be detailed with specific configuration to reflect real structure of 

activity space. One of the most popular methodologies is the topological space, and the 

configuration involved in such a space is named manifold or configuration space as 
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-space. The activity space without any obstacle is also denoted as free. Therefore, if a 

robot has n degrees of freedom, the set of the transformation is usually a -space with n 

dimension. The configuration of robot  is usually represented as q with possible state 

(x, y, θ, k). The x and y is the coordinates on 2D. The θ is the orientation of  to x axis, 

and k denotes the curvature of a curve (Scheuer and Fraichard, 1997). 

 

Surveying the simple car model in Fig. 6.1, it can be thought of as a rigid body running 

on a 2D plane, so this -space is also well-known as  = 2  1. Here 1 means a circle 

as the 1D manifold as: 

 

  }.1|,{ 2221  yxyx               (6.2) 

 

 

Fig. 6.1. Simple car model with velocity space in two-dimensions. (Valle, 2006) 
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Here the configuration of the car is q(x, y, θ), and the velocity is represented as ),( yx  . 

Coordinates x and y in figure 6.1 are the reference points of the car at the centre of the 

rear axle. Orientation of the car is denoted as θ, φ is the steering angle, L is the 

distance between front and rear axles, and ρ is the turning radius from the centre of the 

curve to the rear axle. Based on the notations above, the motion of the car can be 

expressed as: 
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                (6.3) 

 

where s denotes the (signed) speed. Due to the small Δ t,  cos/sintan/ dxdy , 

the kinematic model above can be rewritten by using the Pfaffian constraint as: 

 

0cossin   yx  ,                (6.4) 

 

This constraint is satisfied by cosx  and siny , and also holds with multiplying a 

scalar of speed s for cossx   and sinsy  . Thus, assuming h denotes distance 

traveled by the car, the instant orientation of the car is, 

 

dh
L

d



tan

  , by dh =ρdθ, and ρ =L/ tanφ,          (6.5) 

or 

 tan
L

s
 , by sh  ,               (6.6) 
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where s is speed of the car. Now designate the speed s and steering angle φ as action 

variable us and uφ as a two-dimensional action vector u = (us, uφ). The configuration 

transition equation of a simple car can be re-written as: 

 

.tan
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ux

s

s

s













                 (6.7) 

 

The simple car model then, can be justified as a nonholonomic system by Frobenius’ 

theorem (Valle, 2006, Scheuer and Fraichard, 1997). According to Dubins’ publication, 

a nonholonomic wheeled robot moving from a starting point qI to a goal point qG with 

constant speed, lower bound radius of turning arc and only moving forward, will travel 

the minimum path length with speed us ∈ {0, 1}. It can be realized with less than 

three components of a straight line or arcs (Dubins, 1957). The straight line is known as 

the tangent Tq(2) between two arcs, In Fig. 6.2, it shows two optimal paths by Dubins 

with the straight line (S), left arc(L) and right arc(R): 

 

  

 LSR d   RLR  

Fig. 6.2. Examples of Dubins’ turning. (Valle, 2006) 
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Based on the notations above, six turning schemes proposed by Dubins can be 

expressed as: 

 

},,,,,{  RSRLSRRSLLSLRLRLRL dddd ,         (6.8) 

 

or translated into steering vectors as shown in the Table 6.1: 

 

Table 6.1. Three motion primitives. (Valle, 2006) 

 

Symbol Steering: u 

S 0 

L 1 

R -1 

 

Since the speed of the robot is constant, the system can be simplified as: 

 

.

sin

cos

u

y

x



















                  (6.9) 

 

where u holds from the interval U = [-tanφmax , tanφmax]. Even assumes tanφ = 1, the 

results also satisfies for φ max ∈  (0, π /2) (Valle, 2006). Although Dunbins’ 

shortest-path planning has been solved, some trajectory generation problems have 

occurred in the past few years (Kelly, A and Nagy, 2003), nonholonomic robots with 
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nearest path constraint also has been denounced with the problems to correct error 

during driving (Morales et al., 2009). In the next section, an efficient algorithm will be 

proposed to steer robot for formation control with arc-line-arc turning and reasonable 

accuracy. 

 

6.3 Slope-based arc-line-arc algorithm 

A great deal of research has been devoted to the problem of planning collision-free 

optimal trajectories for nonholonomic mobile robots that move either forward only 

(Dubins et al., 1957) or forward and backwards (Reeds and Shepp, 1990), whereby the 

shortest paths comprise straight line segments and arcs subject to a bounded turning 

radius (Bhattacharya et al., 2007).  

 

6.3.1 SBALA algorithm 

By considering the least computing effort and resource usage on embedded systems, 

particularly relating to hardware circuit design, the angular and trigonometric 

representations are firstly replaced by the instant tangent slope of the robot’s trajectory on 

a 2D plane. Fig. 6.3 shows an example of the slope-based arc- line-arc algorithm (SBALA) 

in 2D representation. Here, this algorithm only considers cases where a nonholonomic 

mobile robot is pursuing a target that is distant by at least four minimal turning radii. 

 

The SBALA algorithm is primarily composed of seven critical points, from A to G. Point 

A is the expected pursuit destination, and B is the central point of the robot at its initial 

location. Slope m represents the trajectory tangent at point A in  yx, -coordinates, and 
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another slope, denoted m’, perpendicular to the trajectory at A in the direction AF . The 

look-ahead distance shown in Fig. 6.3 is the straight distance between point A and B. 

Point C is the perpendicular intersection point from B and the desired orientation at point 

A. To provide a turning reference for the robot, AC  is separated into four equal sections 

where R0 is the first turning radius, equal to 1/4AC at point B. More division numbers may 

be used for differential-drive robots while a section length will be limited by the 

maximum turning curvature of a vehicle- like robot. The orientation of the robot at B is 

conveniently set aligned to BC . 

 

 

Fig. 6.3. A representation of SBALA on 2D plane. 

 

Next, the robot starts to pursue point A with an initial anticlockwise turn (L). Line DG  is 

tangent to the robot’s first turning arc. After the robot has reached point G, it starts a 

straight line driving (S) toward point D, which is determined by AD =1/4 AC . Point E is 

the starting point for the second arc, located on the ring which circles point D with radius 
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1/4AC. Once the robot reaches point E, the second arc can be derived with radii AF=EF 

(where point F is the centre of the second arc), completing the path from B to A with an 

aligned orientation. 

 

6.3.2 General cases of the SBALA algorithm 

Considering cases of robots moving ahead only, Figs. 6.4 (a) to (e) show five examples of 

SBALA manoeuvres using R, S and L combinations. These diagrams show realistic 

steering to the pursued point. The different turning directions on both sides of AC  can 

be represented as LSR, RSR, RSL and LSL. Thereby, even on a straight path, the first arc 

will be transited to straight drive immediately and the curvature of the second arc will be 

approximated to zero, so the robot derives close to a straight line with the same 

orientation as that of destination point A. This is known as SSS driving, and is shown in 

Fig. 6.4 (e).  

 

From Fig. 6.4, one might ask which turning path (L or R) should be chosen by the SBALA 

algorithm. As the variant length on the second arc is limited for short range operation, this 

problem can be discussed for finding the shortest path for the first arc toward point D, 

then determining the second turning by R or L manoeuvre. From Fig. 6.5, the shortest 

turning rules for the first arc with arbitrary initial orientations of the robot are summarized 

in Table 6.2 by comparing the slopes of the straight line BD  and at the starting point B. 

 

In Table 6.2, BDm  is the slope of BD , and Bm  is the slope at point B for an arbitrary 

initial orientation of the robot. The notation “Up” in Fig. 6.5 represents a robot that is 
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moving forward on a 2D plane while “Down” indicates the reverse direction.  yD  and 

 yB  represent the coordinates on the y axis at D and B. The turning rules shown in Table 

6.2 will reverse with different longitudinal driving directions or when point D crosses the 

horizontal axis at B corresponding with a polar angle 0 or  .  

 

Similarly, the second arc can be summarized via comparing the slope of point A and line 

BD as soon as the robot reaches point E. The possible trajectories for the second arc turn 

are depicted in Fig. 6.6. Four possible trajectories of the slope between line BD and point 

A in every quadrant are shown. Like Table 6.2, the sixteen turning rules of the second arc 

can also be generalized as shown in Table 6.3. 

 

The rule based turning in Table 6.2 and Table 6.3 can be easily implemented in hardware 

circuits by the “IF……THEN” and “ELSE IF……THEN” conditions complied in a rule 

table. Unlike the rule tables created in memory and shared with the common bus, such 

hardware tables are composed of basic logic circuits and can process in parallel to reach 

real-time speed requirements. 

 

  

(a) LSR on right side of AC . (b) RSR on right side of AC . 
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(c) RSL on left side of AC . (d) LSL on left side of AC . 

 

(e) SSS driving. 

Fig. 6.4. Examples of the SBALA algorithm. 

 

 

Fig. 6.5. Point pursuing for different locations of point D. 
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Table 6.2. Shortest turning rules for the first arc toward point D. 

 

mBD mB
 mBD   mB 

D(y)   B(y) D(y)   B(y) 

Up Down Up Down 

    

  0 L R R L 

  0 R L L R 

  
  0 L R R L 

  0 R L L R 

   x L R R L 

   x R L L R 

 

 

 

 

 

Fig. 6.6. Possible of trajectories from point E to point D. 
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Table 6.3. Turning rules for the second arc toward to point A. 

 

ADm  BDm  
BDAD mm   D(y)   B(y) D(y) < B(y) 
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6.4 SBALA implementation on an FPGA  

The experimental scenario was also tested on an Altera DE2-70, equipped with a Cyclone 

II FPGA and the same 5-Mega pixel digital camera module from Terasic. The camera’s 

shutter speed was 34fps with 1280  1024 pixel resolution. In the test scenario, the 

monocular digital camera with an FPGA platform is used as the environment mounted 

global camera (as in Fig. 3.2) to track and control two differential-drive Eyebots with 

bull’s-eye labels on their top (shown in Fig. 4.11).  

 

For implementation of the proposed SBALA algorithm, the required coordinate data 

inherits the results from Chapters 4 and 5. By using the colour discrimination algorithm, 

the central point of a bull’s-eye label can be decided by the tracking window. The 
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coordinates of point B to F can be derived by the PPIR algorithm. Moreover, based on the 

concepts of the PPIR algorithm, it can also be used to measure the robot’s total or instant 

movement. 

 

Here the instant movement is also derived in the longitudinal and lateral directions. For 

instance, if the FPGA needs to measure the moving distance of a robot, e.g. 1/3 label 

length, the movement in the longitudinal direction can be directly integrated from every 

instant deviation of the perspective label images. Within a reasonable working range and 

using a high picture frame rate, the ratio of the instant movement in the longitudinal 

direction to the whole perspective label length can be approximated in a linear 

relationship.  

 

Nevertheless, a similar estimation is not applicable for the lateral instant movement. This 

is because a straight drive in the longitudinal direction will also indicate some lateral 

movement if the robot is not running on the centre of the camera. This mistake is due to 

the conical view of the perspective phenomenon. Such a problem can be overcome by 

integrating the instant variances of the PPIR in lateral distances to the centre of the 

camera. After the instant movement distances are decided, the trajectory parts of SBALA 

can be expressed as the tangent value by instant movements in the longitudinal and lateral 

directions. 

 

The experimental scenario demonstrates applications of the SBALA algorithm in 

multi-robot initialization control. Fig. 6.7 depicts a test scenario whereby a following 

robot, located at the bottom of the figure (point B), is to pursue point A and align with the 

leading robot on the left-top corner of the figure. First, the central point of a leader’s label 
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at L(x0,y0) = L(40,40) is deliberately defined as the global coordinates in the PPIR 

distance ratio. This value is determined by the ratio of the maximum view range of the 

camera over the blue circular label diameter. The instant trajectory tangent (slope) m is 

measured by movement of 1/10 of a label length. Once the pursuance has started, the 

Eyebots move forward a small amount then stop, the slopes of trajectories on a 2D plane 

are then recorded by the FPGA (Yu et al., 2010). 

 

 

 

Fig. 6.7. Test scenario for the SBALA algorithm. 

 

 

In the next step, the follower robot starts to pursue the expected point with a constant 

speed and driving distance (curve length) in every remote instruction received, e.g. 10 

cm/sec and 6m. The FPGA continuously sends driving angles in radians to the following 

Eyebot for turning. The pursued point A(x1,y1) can be derived by the FPGA as:  
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where its coordinates are obtained from 
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in which the signs of “± ” are respectively decided by the location of point A to the leader 

and slope m, nR is the PPIR distance ratio. X1 will be positive if the polar angle θ for point 

L to A ranges from -π/2 to π/2, and positive Y1 from 0 to π. The location of the following 

robot B(x2, y2) is decided by the relative PPIR distance ratio to the global point L. 

Coordinates C(x3,y3) in Fig. 6.7 are derived from slopes m and m’ as: 
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Similar to the equations from (6.10) to (6.12), point D(x4,y4) is determined according to 

the SLABA algorithm from coordinates C(x3,y3) minus 3/4 AC : 
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where nR2 denotes the length of line CD  in PPIR distance ratio. X4 is positive if the 

polar angle θ for point C to D ranges from -π/2 to π/2, and positive Y4 for 0 to π. 

 

Moreover, the follower’s trajectory slope and line BD  can be transformed into a look-up 

table tan  in the FPGA for angles from 0 to 90 degrees, designed by the “IF……THEN” 

syntax. Thus, due to the control delay caused by the Eyebot’s reaction time, if the 

follower’s trajectory tangent is matched with the BD  slope, point G is reached, then it 

will start the segment of straight driving (S). As soon as the follower reaches the circle 

around point D at a distance of about 1/4AC, point E is determined by ED =1/4AC. The 

centre, point F(x6,y6), can be derived via coordinates of A, D and E and slopes m2 and m’ 

as: 
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The robot is then driving along the second arc (R) with radius AF = EF. However, in real 

applications, the length AC might be fixed, so the radii of the second arc can also be 

simplified by a look-up table which corresponds with the look-up table of the BD  slope 

at point E. This arrangement leads only (13) consumes most multipliers in SBALA 

steering. The real driving SBALA strategy is implemented on the FPGA platform with the 

following pseudo code: 

 

If |slope(B) - slope( BD )| > tolerance  

then  

arc_1  

end 

else  

reach point G and load straight line drive ”S” 

end 

  

If |length( BD ) – length( AD )| <= tolerance 

reach point E and load arc_2 

end 

     

If arc_2 

If AB  = shortest distance  

then  

stop or reload arc_1 

end 

 

All the other functions including image processing, relative distance estimation, target 

tracking, remote control, and VGA interface for external image buffer are implemented 

on an FPGA chip using pure hardware circuit designs. The total FPGA resource usage is 
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39% of 68,416 LEs. The parallel processing structure guarantees the calculations of the 

PPIR estimation and points of the SBALA both to be performed in 70 clocks 

synchronizing with every two pixels at the final image line “1023” (38.5MHz).  

 

6.5 Experimental results and discussion 

Real-time driving images from the digital camera are shown on a computer monitor 

through a VGA interface of the FPGA platform. Fig. 6.8(a) shows the initial deployment 

of the SBALA algorithm. A rectangular mark on the floor with dimensions 24  48 cm2 is 

used to present the coordinates. The central point of the leader is initially located on the 

left-up side at the 42 cm point. Every section of AC  is 12 cm long. In Figs. 6.8(b) and 

(c), the leader and follower robot first move forward by one blue label length (6cm). Then 

the follower starts the first arc turning, as seen in Figs. (d) and (e), with a fixed 12cm 

radius. Through Figs. (f) to (h), the follower can be seen performing the straight and 

second arc driving without interruption, before reaching the destination on the right-up 

corner.  

 

The resolution of the look-up tables for the BD  slope and the second turning are selected 

as 5 degrees. The remote communication for the Eyebots is an infrared signal with a 

transmitting interval of 0.055 seconds. The reaction delay of the robot is about 0.3 to 0.5 

seconds. The driving speed of the Eyebot is set at 10 cm per second, and the PPIR 

distance estimation error is less 5%. With a detected movement of 1/10 label, the 

deviation between the robot’s orientation and slope is about 5 degrees. Errors become 

critical when the separating distance is increased. Thus, by setting the trajectory to D with 
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error ± 5 degrees, the maximum deviation at the destination is about 10 degrees and 1/4 

label shift if the robot begins the first turning at six labels away from point C.  

 

Notably, since the proposed SBALA algorithm is developed based on Dubins’ “L”, “S” 

and “R” manoeuvres, in order to suit the requirements of FPGA implementation, the start 

and terminal points of the tangent between arcs are determined by using basic arithmetic 

operations. All kinematic parameters are derived from a single sensor, the digital camera, 

and the PPIR algorithm.  

 

Another interesting feature is that the SBALA algorithm compromises the absolutely 

shortest tracking path of the second arc in calculating with slopes, and makes the final 

turning less abrupt. Such a design has the advantage for easing off the error from sliding 

motion during the final turning process. In real- life experiments, SBALA operations can 

cope with large incident angles. The unstable driving swing is mitigated since the second 

arc is aimed to align with the path to keep steering small when the robot is fluctuating 

slightly from the path. Contrarily, the swing conditions in control techniques may require 

a small incident angle to avoid drastic error correction from over steering control.  

 

 

  

(a) Initial deployment (b) Leader move forward. 
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(c) Follower move forward. (d) Running on first arc. 

  

(e) Keeping first arc. (f) Running on straight. 

  

(g) Running on second arc. (h) Reaching destination. 

Fig. 6.8. Point pursuing for line formation with two Eyebots. (See Appendix F 

video 6.8) 

 

The requirements of real- time and low power consumption on embedded systems are also 
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considered in the proposed SBALA algorithm. Although both issues have been overcome 

via hardware circuit designs, unfortunately, floating point operations with trigonometric 

functions consume too many logic gates. As a result, it is infeasible to implement the 

whole system directly in hardware circuitry with a programmable embedded system 

(Detrey and Dinechin, 2007). Here, the SBALA algorithm is designed so as to interpret 

the robots’ trajectory tangent in a 2D slope with the purpose of demonstrating the 

possibility of realizing steering control via basic binary operations. Similarly to Chapter 5, 

by incorporating the PPIR algorithm, a smaller space unit can be represented in ratios 

with respect to the label diameter. With a reasonable error, it accepts numbers which are 

simply re-scaled by multiplying by 100. The square rooting problem can also be easily 

approximated by using the same algorithm as in Chapter 5 (Chu, 2006): 

 

   abaayx ,5.0125.0max22  .          (6.17) 

 

where a = max (|x| , |y|), and b = min (|x| , |y|), with values 0.5 and 0.125 being expressed 

by right shift operations for 1 and 3 bits.  

 

Finally, based on equation (6.17), the error of square rooting algorithm was surveyed 

with the derivation of point A in Fig. 6.9. It surveyed leader’s orientation at 90, 45 and 0 

degrees. In Fig.6.9, the distance from the leader to point A was set for 4 labels length 

from the central point of lead’s label to point A. Due to the minimum look ahead 

distance of Eyebot was at least set for 8 labels away, the minimal slope is safely set for 

0.05 with the value of tan2.86 and re-scaled as 5. Besides, the maximal slope was set for 

20 with tan87.13 and re-scaled for 2000. The calculation of point A started with 
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iSlope_ok, it is the trigger when leader’s orientation iSlope_leader is detected. The 

iFlag_f, iFlag_b, iFlag_l and iFlag_r denoted the conditions of leader’s moving direction 

in forward, backward, left and right directions. For the case shown in Fig.6.9(a), the 

robot nearly moved forward in vertical with slope m = 2000, so the m’ was derived for 5. 

After the slope of m’, oNeg_slope, was attained, the coordinates of point A on oA_x and 

oA_y were derived from the equations (6.10) to (6.12) within 8 clocks delay from 

iSlope_ok. Meanwhile, it also sent the ready signal of point A to trigger the calculation of 

point B. In this case, the derived point A is (4400, 4020) which was only with 0.5% error 

to the actual coordinate (4400, 4000) in y axis. Similarly, it can be seen the square 

rooting algorithm had 0.143% error when the leading robot’s orientation was 45 degrees 

moving left-forward, and 0.5% error happened at x axis for moving on left direction 

only. 

 

 

 

(a) Orientation for 90 degrees. 
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(b) Orientation for 45 degrees. 

 

 

(c) Orientation for 0 degree. 

Fig. 6.9. Timing waveform of point A. 

 

6.6 Conclusion 

This chapter has presented an effective algorithm for robot steering, its implementation 

being on an FPGA chip. By improving Dubins’ turning manoeuvres, the SBALA 
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algorithm has solved the steering problems for robotic path tracking with minimum 

design effort. This innovative feature can contribute to the required real-time 

implementation with low-power computation in embedded systems. According to the 

experimental results, the proposed SBALA algorithm demonstrates its comparable 

abilities in stable steering and path tracking. By breaking away from the concept of 

trigonometric modeling, the algorithm can model the steering manoeuvres by trajectory 

tangents in 2D. Consequently, the operations of floating point become an option in such 

an algorithm. These advantages make the proposed SBALA algorithm feasible and 

efficient for implementation on embedded systems, particularly for the application of the 

FPGA technology in ubiquitous robotics.
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7 

Low-Power Vision-Based Approach to 

Multi-Robot Formation Control 

 
Cooperative control of a group of mobile robots remains a challenging problem in 

robotics. In the emerging trend of ubiquitous robotics, real-time implementation of 

control strategies requires embedded systems with limited computational power and 

battery energy savings. In this chapter, a novel multi-robot formation control system is 

designed and implemented to achieve these requirements using a single field 

programmable gate array (FPGA) chip in pure register-transfer level and gate level 

circuits. A slope-based arc-line-arc algorithm is suggested for robot turning. The system 

features capabilities for formation initialization, manoeuvrings, velocity control, 

colour-based motion object tracking, and inter-robot distance estimation. All algorithms 

are developed from localization with global vision. The chip design and experiments 

with miniature robots in line-formations are described. Analysis of the FPGA resource 

usage and power consumption is included to show the efficiency of the proposed 

system.  

 

7.1 Introduction 

Formation control of multiple robots or vehicles can occur by three principle approaches. 



7. Low-Power Vision-Based Approach to Multi-Robot Formation Control 

 

150 
 

These are respectively the leader- following method, behaviour-based controller and 

virtual structure (Barfoot and Clark, 2004). In the leader-following approach, every 

robot takes reference coordinates from its neighbours. Any robot occupying the leading 

position is called the leader, and its following robot is then called the follower. However, 

a leading robot might also simultaneously be a follower to other robots. This implies the 

possibility of many leader- follower pairs in a formation. When the formation is moving, 

the routes of the group are decided by the leader of the highest level or an external 

supervisor. Every follower generates its trajectory with reference to their relative leader 

(Shao et al., 2007).  

 

In the virtual structure approach, the whole formation group is thought of as a rigid body. 

Robots in the group are modeled as particles to maintain a geometric formation. To find 

the geometric location of each robot, a virtual robot is implemented in the group as a 

reference point. The control system derives every robot’s trajectory via the imagined 

movement of the virtual robot (Hernandez et al., 2009, Kwok et al., 2007, Yuan and 

Tang, 2010). 

 

The leader-following and virtual structure approaches are usually modeled with full 

kinematic states of the robot. Contrary to both methods, the behaviour-based controller 

uses high level logic to control the robots as if they were wandering within a “flock”. 

This kind of design has been considered to be difficult to model mathematically and to 

lack the accuracy required to maintain the desired formation. However, it may consume 

fewer computing resources (Lazed et al., 2008). 

 

Implementation of robotic formation control traditionally requires integrating object 
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recognition, localization, communication, and steering control algorithms into the robot’s  

onboard microprocessors (Fredslund and Mataric, 2002, Mariottini et al., 2009). The 

low-computing ability of microprocessors usually leads to a trade-off in real-time 

processing and energy consumption issues, especially with battery-powered systems. In 

addition, the active detecting media from sensors such as ultrasonic, radio, infrared and 

laser are related to problems not only of power consumption but also of interference in a 

crowded deployment. Moreover, detecting ability in a horizontal installation is also 

impeded by neighbours. Consequently, an unobstructed communication technique to 

enquire about a robot’s relative location is indispensable (Zhang et al., 2008).  

 

Recently, surveillance systems with overhead digital cameras in indoor environments 

have been reported as a feasible scheme (Fiala, 2004, Stubbs et al., 2006, Riggs et al., 

2010). These designs intuitively have the advantage in real-time computation by virtue of 

their cooperation with an external server. Secondly, they also remove the problems 

regarding power capacity for high speed computation. Thirdly, the surveillance system 

can easily localize the objects via the identification (label) on the top of the robots. In the 

past, identification of a robot was achieved by designing different patterns or bar codes 

(Fiala, 2004). Nowadays, identification in the real world has been simplified and 

improved by using multiple colours to discover a robot’s status and trajectory (Stubbs et 

al., 2006, Riggs et al., 2010, Liang, 2008).  

 

For indoor fixtures in a surveillance system, the digital camera should be installed in a 

perpendicular direction to the floor in order to minimize the perspective phenomenon 

that results from a conical view. Extra markers (grids) are also required on the floor as a 

reference for localization and distance measurement. Due to the inconvenience, 
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homography methodology can be used to correct conical images into 2D undistorted 

ones for counting the grids on the floor, or in combination with camera calibration 

procedures for pose estimation in order to derive the coordinates of an object (Fiala, 

2004, Hartley and Zisserman, 2003). Both algorithms are complicated and generally 

work with a stationary camera where the intrinsic and extrinsic parameters are derived 

beforehand. 

 

With the new trends in ubiquitous robotics, computation performance and low power 

consumption in miniature robotic systems can make use of ambient networks to provide 

computing services anywhere and at any time. This network is composed of many 

distributed ubiquitous computing (UC) nodes, ministering to their customers in the 

individual environment (Mühlhäuher and Gurevych, 2008). The mobile capability in 

such computing networks is entrusted to mobile robots functioning as UC’s tentacles 

(Kim, 2006). 

 

An important requirement for UC is that power consumption be extremely constrained, 

from several watts to microwatts (Basten et al., 2004). Thus, complicated computation 

with high power consumption is not achievable in UC. This ideal is due to the 

consideration of minimal interference to customers by designing invisible embedded 

systems. The issue in the future will be the methodologies to design an efficient 

formation system combined with UC intelligence. To address this problem, this chapter 

seeks to develop feasible computational algorithms for robotic formation control and to 

implement them on an energy-efficient embedded system.  

 

This chapter proposes the construction of a surveillance system to improve the current 
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issues. The adopted solution utilizes the algorithms described in the previous chapters to 

implement a system in a low power FPGA chip. This will simultaneously resolve the 

problems associated with computing speed, power consumption, cost and installation. In 

this chapter, object tracking uses a window of interest to lock a colorific disc (label) on 

the top of a robot, and the relative distance between robots can be derived from the 

same labels. For steering and formation control of mobile robots’, a slope-based 

arc-line-arc (SBALA) algorithm is utilized to control the trajectory on a 2D plane. No 

trigonometric function, floating point numbers or matrices operations are applied in the 

design. 

 

7.2 Extended SBALA 

Multiple robot formation comprises two procedures. The first procedure is the 

initialization phase and leads to establishing a robotic formation. This procedure starts 

from a point B to pursue the destination, point A, before the formation maintenance task.  

The second procedure is formation maintenance. The following robots have to drive in 

formation with the leading robot and maintain constant isolating distances. In Chapter 6, 

the SBALA algorithm revealed the feasibility of pursuing the desired destination using 

behaviour-based left (L), right (R) and straight (S) steering, then aligning with the leader. 

In this chapter, with a minimal circuit design, the SBALA algorithm will be extended to 

encompass the entire range of formation procedures. 

 

Going back to Fig. 6.3, the basic SBALA operation originates from the division of the 

line AC into four sections. The lower bound of the pursuing distance AC is decided by the 

minimum turning radius of the robot. This basic SBALA model functions well with 
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short look-ahead distances. However, the robots may start an initialization procedure at 

any location, so the basic four-sections scheme, working with initialization in formation 

procedures, will unnecessarily increase the itinerary in real-world operations. The 

problem being that the follower drives from a long starting off distance with longer 

turning radius R0. Thus, before implementing the formation control, the basic SBALA 

model needs to be refined for actual operations.  

 

In the SBALA algorithm, the following robot is always moving toward point D with a 

turning and straight drive. To simplify the procedure, the turning radius R0 is assumed to 

be constant, e.g. the minimum turning radius. Using R0, the FPGA calculates the first two 

divisions respectively from points A and C. The remnants of AC are kept with an arbitrary 

length. Besides, this model will degenerate into the basic SBALA with four section 

divisions in Fig.6.3 if the remnant distance is converged to zero. This extended model 

still inherits the features from the basic SBALA model, but it is more flexible in 

real-world operations.  

 

Hence, instead of calculating point D from point C, point D is re-considered to derive 

from point A as: 
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where nR3 denotes the length of AD in a PPIR distance ratio. The new deployment of the 

SBALA algorithm is re-drawn in Fig. 7.1 with multiple divisions of AC. 
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Fig. 7.1. Improved SBALA algorithm. 

 

7.3 Formation control with SBALA 

The basic and extended SBALA algorithms are also suitable for trajectory control in 

formation maintenance. This can be realized by continually changing the pursuing points 

of the robots. Fig. 7.2 depicts the case where two robots perform basic geometry in a 

line-formation by using the SBALA algorithm with a constant turning radius. The 

follower’s point B was at a previous destination and needs to catch up with the leader. 

First, the leader shifts point A forward to a virtual destination A’, then the follower 

pursues A’ in a clearance rectangle in order to maintain the expected formation. The 

virtual length A’C’ is a constant previously defined as the virtual look-ahead distance. 

The virtual point A’ is regularly updated by the leader after the initialization phase 

according to the leader’s trajectory, which is programmed by the designer. Notably, the 

clearance rectangle is quite generic in establishing common formations such as a line, 
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column, wedge, square and diamond. For example, with the length of A’C’, a wedge 

geometry with three robots can be realized by pulling back the virtual point A’ for one A’C’ 

in a back rectangular geometry. 

 

 

 

Fig. 7.2. Depiction of two robots in a line formation driving. 

 

 

After the follower’s trajectory is decided by the virtual point A’, the essential problem is 

velocity control. Unlike the traditional formation control methodologies, the speed and 

steering controls here may be decoupled for low-speed miniature robots. The follower’s 

acceleration is determined by the difference between A’C’ and the projected length of A’B 

onto the leader’s trajectory of slope m. If the projection distance is longer (shorter) than 

A’C’, the follower is lagging (leading) the leader. 

 

For speed control, the PID or fuzzy controls may be a good choice with minimal 
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computing effort (Bräunl, 2006). However, the robot system may have a one-way 

communication mode that does not allow feedback from a robot to a central server. As a 

result, the integral and differentiation algorithms will not work on this kind of system as 

an acknowledgment from a robot is required. Besides, the format of control instructions 

might be limited, so it is impossible to send an arbitrary number to the robot. In this 

project, there is a limit of five infrared instructions (TV buttons) for speed control. After 

considering these issues, I adopt a basic multiple threshold structure which has been 

demonstrated as feasible with a reasonable accuracy (Fredslund, 2002). Thus, if the 

leader’s speed is set as constant, a real-world multiple threshold speed controller for the 

follower can be expressed in the following pseudo code: 

 

 

If (error <= 0.5 label) 

  begin 

        Keep the normal speed as leader. 

End 

 

Else if (lagging error > 0.5 label) and (lagging error <= 1.5 labels) 

     begin 

           First level acceleration. 

End 

 

Else if (lagging error > 1.5 labels)  

     begin 

           Second level acceleration. 

End 

 

Else if (Leading error > 0.5 label) and (leading error <= 1.5 labels) 

     begin 

           First level deceleration. 

End 

 

Else if (leading error > 1.5 labels)  
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     begin 

           Second level deceleration. 

End 

 

The multi- threshold algorithm is similar to the on-off control but abridges the hysteresis 

mechanism, because hysteresis in the on-off control can be naturally replaced by the 

reaction delay of the robot. 

 

Another critical issue of formation control is the reset interval for follower pursuing. A 

signal can be activated at any time to reset the SBALA procedure back to the first turning 

in order to pursue the next virtual point D’. Actually, the second turning will not be 

reached between reset signals, because the convergence of deviation is mainly relying on 

first turning and straight driving.  

 

According to real tests, the mobile Eyebot has a reaction time of 0.3 to 0.5 seconds for 

mechanical inertia and computing delay (onboard the robot). This means that the robot 

would not change its current state when a new reset signal arrives, unless the reset 

interval is longer than 0.5 seconds. In addition, manoeuvring the robot is achieved via 

the infrared instructions, which adds another 0.7 seconds. Therefore, the reset interval 

should be equal or longer than 1.2 seconds for pursuing rest.  

 

In the pursuing procedure, a maximum reset interval Treset can be defined as: 
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where vspeed denotes the normal driving speed of the leader and follower, R0 is the first 

turning radius of the follower. Treaction is the reaction delay due to the computation, 

mechanical inertia and the transmission time of the remote signals to Robots. Equation 

(7.2) expresses the upper bound of Treset which is the sum of the reaction delay and 

duration with maximum turning distance, as 1/2 circumference in the right or left turn.  

 

Since the system reaction delay is approximated as constant, the reset interval of pursuing 

control can be reduced by less turning distance, e.g. 1/4 circle, and the minimum reset 

interval will be Treaction. However, if Treaction is too short, the FPGA will keep transmitting 

remote signals and reduce motors’ or actuators’ life by frequently speed changing.  

Therefore, a moderate curve driving duration is indispensable for formation maintenance.  

A proposed enhanced reset algorithm is shown in the following pseudo code: 

 

 

If (Driving time = Treset ) or (Facing point D’) 

  begin 

        Reset SBALA. 

End 

 

Else  

     begin 

           Keep SBALA turning 

End 

 

where Treset is the reset interval with curve driving. This algorithm makes the reset delay 

from curve driving less sensitive, because the reset interval may be finished in advance 

while facing point D’. A flowchart illustrating the initialization and maintenance of two 

robots in a leader-follower formation is shown in Fig. 7.3. 
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Fig. 7.3. Two-robot formation control flowchart. 

 

7.4 Implementation and experiments 

The implementation of formation control continues the FPGA design from chapters 4 to 

6 with a single FPGA chip and using the same digital camera (TRDB-D5M) with a 

frame rate of 34 fps. The installation is shown in Fig. 7.4. Test results can be observed 

with real- life images on a monitor and recorded in video. The diameter of the blue label 

of interest is the same as in chapter 6, this being 6 cm. Parallel isolation distances 

between the leader and followers is 24 cm (4 labels) calculated from the leader’s central 

point to point A. The follower’s turning radius is set to 12 cm. The normal speed of the 

leader and follower is set to 10 cm/sec. For the lagging situation, the first level of the 



7. Low-Power Vision-Based Approach to Multi-Robot Formation Control 

 

161 
 

follower’s acceleration is 12 cm/sec and second level is 15 cm/sec. When the follower is 

in leading to the leader, the follower has the first deceleration to 7 cm/sec and second 

deceleration 5 cm/sec. Finally, the reset interval is set to 1.5 seconds. 

 

 

 

 

Fig. 7.4. Installation of multiple robot formation test. 

 

 

Similar to the test scenario in Fig. 6.7, the following robot needs to first pursue point A 

and then align with the leading robot in the initialization stage. The follower will stop at 

the destination if the PPIR distance to point A is shorter than a designated range, e.g. the 

length of one label. This mechanism might make the follower stop before the 

destination with less accuracy and keep a deviation angle to the trajectory of the leader. 

After the follower completed the initialization phase, a “ready” signal will sent to the 

leader to enter the formation. The leader moves forward at a constant speed of 10 

cm/sec and generates a new virtual point A’. The other SBALA points then update 
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accordingly with this virtual point. The leader also signals the follower to catch up and 

establish a line formation. Speed control performance would be observed for the 

follower to catch up leader.  

 

A basic line formation with two robots was tested and is shown in Fig. 7.5. A similar 

initialization procedure depicted in Fig. 6.8 is shown in Figs. 7.5(a) to (d). As soon as 

the procedure commenced, both robots moved forward, then the FPGA recorded the 

location of the Eyebots and derived coordinates for points A, B, C and D. The follower 

then performed the first turn (L), a straight path (S) and a second turn (R) without 

interruption and reached the destination at the upper-right corner of the white marker.  

From (e) to (f), the leader moved forward and the follower caught up with the leader in 

line formation. Any deviations were self-rectified using the proposed algorithms to 

maintain the desired formation. In Fig. 7.5(e), the follower is shown turning to the right 

side at the beginning of formation following. This error may have been caused by the 

mismeasurement of the PPIR due to random unreliable label information. Regardless, 

the system quickly corrected and went back to the desired track, see Fig. 7.5(f).  

 

The basic two-robot formation mentioned above can be extended to several formation 

shapes within the rectangular clearance framework. As an example, test results for a line 

formation of three robots are shown in Fig. 7.6. By following the same initialization 

procedure, two following robots firstly performed initialization with SBALA in turn and 

reached the standby positions. The formation starting-off sequence was set in the leader, 

right follower then the left follower. The left Eyebot was the last robot to set out in the 

following procedure and had to catch up with the leader and right follower as shown in 

Figs (a) to (f). In Fig. 7.6(g), a multi- threshold speed control algorithm helped the left 
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follower to accelerate so as to catch up with the leader and kept in line formation. This 

is shown in Fig. 7.6(h). 

 

7.5 Discussion 

The advantage of behaviour-based steering and formation control is that it can 

implement or add nonlinear control easily with high level programming logic - thus 

avoiding extra effort to re-develop system modelling. Meanwhile, reasonable accuracy 

can be achieved by refining behaviour algorithms. Compared with traditional 

behaviour-based formation control where a rule based “IF THEN” logic is normally 

used to steer the robot (Lazea et al., 2008), the SBALA based behaviour steering control 

with left, right and straight steering is more realistic in real-world operation.  

 

The surveillance formation system with the PPIR algorithm also provides another 

contribution in monitoring range. In Figs. 7.5 and 7.6, the FPGA and digital camera 

were installed at approximately 45 degrees to monitor the robots on the floor. More 

monitoring range can be attained if the digital camera is installed on the ceiling as the 

camera can pan and tilt from 0 to 45 degrees. With such installations, the PPIR 

algorithm can also keep satisfactory accuracy by adjusting the tilting and panning 

angles for a larger monitoring range. 

 

The high level logic behaviour represented in the RTL and gate level based hardware 

circuit is used to realize the real- time formation control with fewer hardware resources 

and power consumption. For robot steering, the proposed SBALA algorithm also has 

lower dynamic dissipation by avoiding the use of floating point numbers and 
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trigonometric functions while achieving real-time steering control based merely on 2D 

trajectory slopes. The single SBALA algorithm is applicable in both initialization and 

formation manoeuvres at the same time. This design is very useful to economize the 

gate usage in an FPGA. Particularly, the inter-robot distance estimation only requires 

some traditional image processing to convert from a 2D perspective image. It does not 

require a high system clock to deal with complicated matrix operations for each pixel, 

and thus does not incur large dynamic power dissipation. The entire three-robot 

formation system is implemented on a single FPGA chip without an additional cooling 

systems or a heat sink.  

 

 

Table 7.1. Formation chip designs resource usage. 

 

Family Cyclone II 

Device EP2C70F896C6 

Timing Models Final 

Total logic elements 47,978 / 68,416 (70%) 

Total combinational functions 44,496 / 68,416 (65%) 

    Dedicated logic registers 8,319 / 68, 416 (12%) 

Total registers 8381 

Total pins 174 / 622 (28%) 

Total virtual pins 0 

Total memory bits 128,868 / 1,152,000 

(11%) 

Total PLLs 2/ 4 (50%) 

Embedded multiplier 9-bit elements 108 /300 (36%) 

 

 

The final synthesized FPGA resource usage is 70% of 68,416 LEs excluding the motion 

detection function. This number includes the external SDRAM control data path for the 
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VGA image buffer, as memory used shown in Table. 7.1. The main design includes raw 

image demosaicking (x1), colour discrimination (x2), robot tracking (x3), relative 

distance estimation (x2), robot steering and formation control (x3), infrared 

transmission (x1), an external SDRAM controller (x1), and a VGA interface (x1). 

Notably, the whole system is designed in a single FPGA chip as depicted in Fig. 3.1(b). 

 

Power consumption of the FPGA was mainly estimated with dynamic, static and I/O 

dissipation. Dynamic dissipation is directly proportional to the transition frequency of 

signals. This is also similar to the I/O dissipation, but the infrared remote control signal 

was calculated from DC power to drive the amplifier in the infrared spotlight. Static 

power dissipation was from the leakage of transistors under a stable state. This is 

affected by process variation, die size and junction temperature (Vámous and Rencz, 

2008).  

 

Estimated Power dissipation for three-robot formation control in an FPGA is in Table 7.2 

(calculated using the Quartus II PowerPlay Power Analyzer Tool). The estimated total 

power dissipation is between 0.37 to 0.49 watts. Power simulation conditions were set 

for 12.5% toggle rate and still air without a heat sink. As was discussed in Section 4.7, 

the dynamic dissipation ratio between FPGA and ASIC is set for 10 and 80 for static 

power dissipation. Estimated ASIC power consumption therefore is less than 25mW, 

even under the worst case. This result is much more efficient than the formation control 

system using a PC and low resolution camera. 

 

Table 7.2 shows that the highest dynamic power dissipation of the design occurred in the 

I/O ports. This is due to the image data being transferred between the camera, FPGA and 
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external SDRAM every clock cycle (including 6.25mW for driving the amplifier in 

spotlight). For the same reason, the circuits for real-time colour discrimination also had 

higher dynamic power dissipation. An interesting point is that the proposed object 

tracking, relative distance estimation (PPIR) and robotic steering and formation control 

(SBALA) algorithms, unlike microprocessor-based formation control techniques, 

consumed just 0.5mW. This is well-justified as these algorithms are performed only at 

row 1023 within 70 clocks cycles, so the transition frequency is less 2.5 kHz. This is even 

less than the clock cycle required for a trigonometric operation with floating point 

numbers on CPU (Detrey and Dinechin, 2007). 

 

 

Table 7.2. Power Dissipation of Three Robot Formation Design. 

 

Power Dissipation 

25℃ 

Still Air 

No Heat Sink 

85℃ 

Still Air 

No Heat Sink 

   

Core Static Thermal Power Dissipation 158.78mW 269.99mW 

Colour Discrimination Core Dynamic 

Thermal Power Dissipation 
95.48mW 95.48mW 

Tracking, PPIR and SBALA steering 

control Core Dynamic Thermal Power 

Dissipation 

0.5mW 0.5mW 

I/O Thermal Power Dissipation 115.45mW 115.45mW 

Infrared Core Dynamic Thermal Power 

Dissipation 

2.57mW 2.57mW 

   

Total Thermal Power Dissipation 372.78mW 483.99mW 

Estimated ASIC power dissipation 23.384mW 24.774mW 
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(a) (b) 

  

  

(c) (d) 

  

  

(e) (f) 

Fig. 7.5. Two robots leader-following in line formation. (See Appendix F video 

7.5) 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

Fig. 7.6. Three robots in line formation. (See Appendix F video 7.6) 
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7.6 Conclusion 

This chapter presented a new low-power vision-based embedded system for multi- robot 

formation control using a single FPGA chip. In contrast to the use of microprocessors 

with a higher system clock for data transactions between registers, memory devices and 

computing units in real-time, the FPGA was designed to handle formation initialization 

and establishment using pure register-transfer level and gate level circuits. Feasible 

algorithms have been developed for slope-based arc-line-arc robot turning, formation 

manoeuvres, velocity control, colour-discriminated motion object tracking, and 

inter-robot distance estimation, based on localization with global vision. Experiments 

with miniature robots and implementation of the FPGA chip are described. Resource 

usage and power consumption are analyzed to show capability and energy efficiency of 

the proposed system. Using an FPGA can result in a level of design flexibility to 

accommodate different requirements while ensuring a low power consumption with 

parallel processing architecture. This advantage is promising for the development of 

ubiquitous robotic systems.  
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8 

Summary and Future Developments 

 
Interesting features of the image processing, colour tracking, relative distance estimation, 

robotic steering and multiple robot formation control design proposed in this research are 

that software programs are directly transferred into RTL and gate level circuits in parallel 

and hierarchical structures, and that computing resource and buses are not shared inside 

the FPGA chip. This gives designers more flexibility for implementing other control and 

management tasks in the chip. Such a strategy is very different to traditional computing 

architecture. In a traditional computer, an extra delay arises from the shared computing 

resources and buses where tasks are queued and executed by a finite-state-machine 

(Nurmi, 2007). Therefore, when cooperating with a digital camera, an embedded system 

equipped with microprocessors usually needs to reduce the resolution and frame rate of 

the camera in order to attain better real-time performance. 

 

8.1 Introduction 

Traditional software-based computer systems are based on the concept of the sequential 

computing machine (Anderson and McNeill, 1992). Various programs queue and share 

the same computing hardware resources in order (Shanley, 2004). Normally, every 

program needs to queue to obtain permission to use the hardware resource.  Although 
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parallel processing architecture might consume less computing time in a complicated 

task, in a PC, the bus to approach the CPUs (or computing cores) is a lso very 

constrained, usually one or two sets. Thus, when too many programs need to be 

performed at the same time, the priority to get the bus for accessing the CPUs becomes 

a critical problem in real-time performance.  

 

Computing delay also stems from uniform architecture and computing procedures; 

software instructions must be regularly relayed between memories, registers and ALUs, 

then obtain expected results. This kind of software-based design is adopted for the 

maximum flexibility and compatibility demanded by commercial competition. However, 

when the program becomes larger, the computing delay will be more significant.  

 

To mitigate this predicament, a large memory called Cache from KB to MB is 

implemented in the CPU to reduce the required frequency of fetching data from 

peripheral devices. Meanwhile, a higher bus clock is also adopted to reduce the 

occupation of hardware resources. Here, the dynamic power dissipation of current 

CMOS-based integrated digital circuits is approximated as: 

 

Power = Capacitive load  Voltage2  Frequency switched.        (8.1) 

 

It can be seen that embedding more transistors and increasing the system clock in chips 

also increases the transition loss at the same time (Patterson and Hennessy, 2009).  

 

Due to the issue of climate change, high power consumption is not so desirable. On the 

other hand, high power consumption is also not applicable to a UC node (like 

milli-watt-node) or the battery-powered Ubibot, and it also reduces battery service life 
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by the limited recharging cycles. A design example is the Ubibot HotDec, from the 

University of Illinois. HotDec uses a microprocessor with 6 to 10 watts’ power 

consumption for robot control and communication (Stubbs et al., 2006). Although 

HotDec’s power consumption seems much less than that of a general-purpose computer 

system, the power consumption is still large in comparison with the low-power 

microprocessor which runs from milli-watt to one watt level (Abdelli et al., 2007). 

Unfortunately, the low-power microprocessor, in contrast, has a lower computing 

performance than the general-purpose computer.  

 

For issues in real-time, traditional computer architecture maximizes compatibility and 

flexibility for software programming. This makes the marvelous successes and 

contributions in our life possible. However, when people are arbitrarily programming 

complicated mathematical functions, they assume that computers will be faster enough 

for a real-time required system such as the autonomous driving system. Consequently, 

software and sequential-based computer architecture becomes a critical bottleneck and 

risk. In this research, I resolved the real-time feasibility issues in two ways. Firstly, no 

algorithm in this project has any complicated mathematical functions involving 

exponential, trigonometric, matrix and floating number operations. All image 

processing and robotic control was performed with basic digital binary operations and 

simple computation with the integral number. Secondly, I use RTL and gate level 

circuits to finish the computing task. Unlike traditional computer architecture where 

computing procedures are control by a finite state machine, this system is directly 

synchronous with the system clock. 

 

In this chapter, the efficiency of the FPGA designs, the contributions of this research 
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and its possible future developments will be discussed. A short conclusion is to be found 

at the end of the chapter. 

 

8.2 Resource usage and power dissipation review 

Table 8.1 shows the total LEs used in the FPGA to be 48,351 out of 68,416. Nearly 30% 

of the LEs are left for a user interface or a future communication module. Surveying 

with this result, multiplication and division operations consumed more LEs resources in 

FPGA. This situation has been reflected on the PPIR and SBALA algorithms that 

designed with the most of the multiplication and division procedures in project with at 

least 12-bit of numerators and denominators. Although Cyclone II is embedded with 

three hundred 9-bit multipliers, LEs were still quickly consumed with large numbers. 

The reason for this is that extra LEs were utilized for routing and buffering data 

between multipliers and control circuits. Using fewer LEs can be achieved by replacing 

the embedded multiplier with simpler gate level circuits. 

 

Table 8.1. Total FPGA resource usage. 

 

Design LEs Percentage 

Image capture /Demosaicking/ VGA 1779 2.6% 

Green & Blue colours discrimination 4215 6.16% 

Motion detection 373 0.54% 

3 robots tracking 2141 3.12% 

2 PPIR relative distance estimations 15998 23.38% 

3 robots steering and formation control 23845 34.85% 

Total logic elements 48351 / 68,416 70.67% 

 

Besides, given colour discrimination consumed 4215 LEs, it does not look so efficient 

without any complicated operation. The most resource usage of colour discrimination 
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was from the shift register structure for noise filter in equation (4.5). This function 

consist of three rows buffers of the shift register structure. It costs over 3000 LEs for 

two colour discriminations. This result maybe looks clumsy. In fact, the resource usage 

is just a little bit higher than a trigonometric operation with a standard single precision 

floating point number in hardware (Detrey and Dinechin, 2007). Contrary to the noise 

filter in colour discrimination, the resource usage of the noise filter in motion detection 

does not look significant. This is because the image data was output by every 32 pixels, 

so three rows noise filter in motion detection only maximal consumed 120 LEs. Fewer 

LEs consumption can be achieved by using the Mega function from Altera IP. 

 

By comparing the power dissipation in Table 4.3 and Table 7.2, it can be seen that the 

power consumption of motion detection is even higher than three robot formation 

control. This phenomenon can be explained by Table. 8.2 where it can be seen that the 

total power dissipation of basic circuits for demosaicking and VGA is close to final the 

three robot formation control as in the discussion above. Besides, the static power 

dissipation is approximately constant due to the simulation tool estimated static power 

based on whole logic gates in FPGA. The extra power consumption of motion detection 

was from the M4K inbound RAM for continually refreshing the contents of memory.  

 

Table 8.2. Power consumptions between motion detection and other designs. 

 

Design/ 25℃ Still Air & No Heat Sink 
Total 

dissipation 

Static 

dissipation 

Image capture /Demosaicking/ VGA 361.48mW 158.76mW 

Image capture /Demosaicking/ VGA/ 

Motion detection 
424.73mW 159.60mW 

3 robots steering and formation control 372.78mW 158.78mW 
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Finally, in addition to being an efficient circuit design with low power consumption, 

components of this system such as the FPGA platform, the digital camera module and 

infrared spot light are all off-the-shelf items. The total cost for these components would 

be under $500 AUD. As a result, the goal of building low-cost Ubitbot control systems 

for ubiquitous networks has been achieved. 

 

8.3 Thesis contributions overview 

8.3.1 Energy efficiency and real-time feasibility 

The idea for real- time and low-power multi-robot formation control is based on the 

deliberately-designed algorithms proposed here to solve problems in image processing, 

inter-distance measurement and formation establishment while being able to achieve 

minimal transition loss in hardware circuits. Notably, the inter-robot distance estimation 

merely requires some traditional means of image processing for conversion from 2D 

perspective images, but not complicated matrix operations for every pixel with a high 

system clock incurring large dynamic power dissipation. For robot steering, the 

proposed SBALA algorithm also has lower dynamic dissipation by avoiding the use of 

floating point numbers and trigonometric functions while achieving real- time steering 

control based merely on 2D trajectory slopes. Experiments have shown that the 

proposed SBALA can handle both initialization and formation maintenance tasks well. 

The prototypical system is helpful in terms of real-time implementation of coordinative 

control strategies with embedded systems subject to limited computational power and 

battery energy savings, an important requirement in ubiquitous robotics. 
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8.3.2 Security reliability 

In regards to security issues, the FPGA chip is wholly designed with different 

architecture to that of the general-purpose computer. Current computer viruses are not 

viable in this chip, as they do not possess any compatibility. Unlike software-based 

systems, in which the conditions of an operation operating system (OS) are usually 

attacked by the defects of programs, here the system is only designed with 

behaviour-based hardware circuits. The system would not be corrupted by way of 

simply embedding programs and running them in the FPGA chip. Meanwhile, the 

concept of integrating all system functions into a single chip can be used to meet the 

requirements of surviving complex operation conditions, and to provide increased 

robustness and reductions in cost. 

 

8.3.3 Inter-robot distance estimation using PPIR 

Surveillance with an overhead camera and the PPIR algorithm in order to track mobile 

robots via tilting, panning and zooming is another significant feature. Compared with 

traditional methodologies using homography (Fiala, 2004) and camera calibration 

(Hartley and Zisserman, 2003), this algorithm significantly enlarges the surveillance 

range and observation quality, but avoids complications such as trigonometric functions 

and matrix operations. Real- time relative distance estimation with a high pixel camera for 

mobile robots is thus achieved. 

 

8.3.4 Improvement in behaviour-based steering and formation 

The slope-based arc- line-arc (SBALA) steering provides sufficient accuracy and 
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feasibility for behaviour-based formation control. Real-time steering control is achieved 

by replacing the complicated kinematic states and trigonometric functions with geometry 

of 2D slope. With the same circuits, three steering behaviours by left turn, right turn and 

straight drive is feasible to separate as an individual function for different applications. 

The SBALA algorithm, therefore, is applicable for both initialization and formation 

manoeuvres. This design has the advantage of economizing gate usage in FPGA. 

 

8.3.5 Real-time colour discrimination and motion object tracking 

Colour discrimination is essential to this research for object recognition. The real-time 

raw image processing ability is not significantly affected by the high resolution digital 

camera. The proposed image processing in this thesis with colour and tags can achieve 

good real- time tracking performance without a high system clock. Comparable 

performance in this system has been demonstrated with a high resolution and frame rate 

camera. Based on the same concept, an extra security function was also realized with 

real-time motion detection design. It can be utilized to track moving objects in buildings 

or hazardous areas by their colour. In the future, the inflexible docking area can be 

provided by the popular touch panel via a supervisor designating robots randomly. A 

developing product for the touch panel has been provided by Terasic, the TRDB_LTM. 

 

8.4 Future developments 

The possible developing with this project is the new trend in construction which is the 

emerging home design and technologies to accommodate personal indoor robots moving 

among and assisting their occupants. Home robotics has been identified as one of the 
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emerging research areas in construction automation with personal home robots and 

robotic devices becoming ubiquitous in our daily lives (Balaguer, 2007).  

 

Meanwhile, coordination of mobile robots in an indoor environment or in industrial 

processes is essential for the autonomous execution of required services. For example, in 

warehouse automation, battery-powered mobile robots can pick up inventories from 

different locations and pack them in assigned places (D’Andrea and Wurman, 2008). 

Heavy loads beyond the handling capacity of single robots can be transported 

cooperatively by several robots to a desired destination (Fierro et al., 2002). For domestic 

maintenance, extensively-produced robotic vacuum cleaners have demonstrated their 

ability in routine operations (Tribelhorn and Dodds, 2007). Miniature mobile robots have 

also been used in executing construction tasks, e.g. carrying trowels for concrete finishing 

(Shin and Han, 2003), or grinding in order to polish concrete or marble floors (Seo et al., 

2006). A great deal of potential has been recognized in automating construction of whole 

structures as well as sub-components using contour crafting and robotics-related 

technologies (Khosnevis, 2004). These robotic systems foreshadow the increasing 

interaction between humans and robots, wherein it will be necessary to track the locations 

of robots or people working in coordination.  

 

Thus, in the execution of indoor automation tasks requiring the coordination of multiple 

robots, such as concrete floor finishing, surface grinding or the emerging home robotics, 

the proposed prototype has the advantageous features of offering low-cost options in the 

maintenance of embedded systems by potentially replacing them with a single FPGA chip. 

Future work includes implementing and testing the method in real-world construction 

applications, tracking of worker ’s location or a moving object/labor monitoring, resource 
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management, or machine coordination for construction automation.  

 

8.5 Conclusion 

In conclusion, in comparison with PCs, the proposed FPGA designs have advantages 

resulting in lower power consumption and efficient real-time computing. Notably, the 

proposed algorithms also reduce the resource usage of logic gates in the FPGA chip. Here, 

multiple sensory functions can be designed using only a monocular camera. This 

approach saves more resources for other monitoring and management tasks such as 

steering control, communication and user interface. For example, during idle operations, 

the security mode of the motion object detection function allows for an additional 

burglar-proof system to be integrated into the SOC chip, which might be extended for 

detecting locations of workers’ safety vests and helmets in prohibited areas. Although 

real-time and low power computing problems have been resolved with hardware circuit 

designs, the integrated function capability in SOC is very limited. The reason is that 

computations of trigonometric functions and floating point numbers consume too many 

hardware resources, making it difficult to design complete computing functions with pure 

hardware circuits in a single chip. In contrast to the traditional machine computation, the 

proposed colour-based tracking and formation driving system require only basic 

mathematic and logic operations. This enables the implementation of all computing 

functions within a single reconfigurable chip. Even for the floating-point value given in 

square rooting, it can be also represented in simple shift register structure. Those 

algorithms have created a paradigm for creating an ubiquitous robot system with an 

embedded system and totally fulfill the requirements for ubiquitous computing and AmI 

environments. In addition, by implementing extra interfaces, the FPGA chip also 
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provides possibility for communicating with an external UC server. Due to the critical 

role of embedded systems in UC, it can be predicted that FPGAs will be key technologies 

for home robotics in a successful future UC society. 
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Appendix A 

SP-URC-81 TV Codes List 

Table A.1. SP-URC-81 TV codes list. 

 

TV remote 

key 
Hexadecimal 

code  
TV remote 

key 
Hexadecimal 

code 

Power 303C  Return 300A 

Mute 303D  Pause 3024 

CH+ 3020  Stop 3036 

CH- 3021  Rec 302E 

VOL- 3011  Full TV 303F 

VOL+ 3010  RW 3037 

Info 300F  Play 3032 

TV/VCR and 

A/B 
3038  FF 3034 

0 3000  Text 303C 

1 3001  Small 3029 

2 3002  Up 3012 

3 3003  Down 3013 

4 3004  Left 3015 

5 3005  Right 3014 

6 3006  OK 3023 

7 3007  Menu 300E 

8 3008  Exit 300B 

9 3009    
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Appendix B 

Manchester Encoding 

Manchester encoding is a bi-phase single-encoding algorithm for networks. The data 

format designed with bi-phase must have one transition in every bit interval. Meanwhile, 

single-encoding represents the positive high level as logic state “1”, and denotes the 

negative level as logic state “0”; the transition state between positive and negative states 

is not utilized. Under such physical specifications, if the transition in a bit interval is 

from high to low state, the transition will be interpreted as a “0” bit. On the other hand, 

the transition from low to high state will represent a “1” bit, shown in Fig. B.1 (Feibel, 

1996).  

 

 

 

Fig. B.1. Manchester encoding. 
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Appendix C 

The Register-Transfer Level (RT-level) Abstraction 

The register-transfer level is one of the abstractions in digital system design (Fig. C.1). 

This level is the module that builds from basic logic gates. The functions of RT level 

include comparators, mathematical operations, memory and multiplexers (Chu, 2006). 

 

 

 

 

Fig. C.1. Levels of abstraction with relative behaviour view. 
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Appendix D 

Brief Structures of VHDL and Verilog Language 

D.1 Structures of VHDL 

VHDL is a highly structured hardware description language. The structure of a 

VHDL-based design consists of three parts. These are the library declarations, entity 

and architecture (Perry, 2002, Pedroni, 2004). 

 

LIBRARY declarations:  

Library declarations are usually placed at the beginning of a program to involve the data 

type of input/output ports in design. The default declared libraries in VHDL are called 

standard and work library expressed as: 

 

LIBRARY std; 

USE std.standard.all; 

 

LIBRARY work; 

USE work.all; 

 

here the user does not need to type it into the program, but the other basic bit types of 

STD_LOGIC and STD_LOGIC_VECTOR must be declared as: 

 

LIBRARY IEEE; 

USE IEEE.STD_LOGIC_1164.ALL; 
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STD_LOGIC library allows circuits working with various bit conditions such as normal 

1/0, high impedance or unknown condition. The “VECTOR” type is provided for 

multi-bit data. An example in architecture statements is: 

 

SIGNAL x: IN STD_LOGIC; 

SIGNAL y: IN STD_LOGIC_VECTOR(7 DOWNTO 0); 

 

where signal x and y are designated as the input port, and y contains data with eight bits 

width. For the signed and unsigned binary numbers, the libraries declarations are: 

 

USE IEEE.STD_LOGIC_SIGNED.ALL; 

USE IEEE.STD_LOGIC_UNSIGNED.ALL; 

 

Entity: 

This is a piece of program (statements) to define the I/O ports (interface) of circuits. A 

complete entity should include the names of entity and ports, the directions of signals 

and bit width of data. An example with library declaration is as: 

 

LIBRARY IEEE; 

USE IEEE.STD_LOGIC_1164.ALL; 

ENTITY Circuit IS  

PORT ( 

DATA_A : IN STD_LOGIC; 

DATA_B : IN STD_LOGIC; 

DATA_C : IN STD_LOGIC; 

DATA_OUT: OUT STD_LOGIC ); 

END Circuit; 

 



 

200 
 

Architecture: 

By following the library declarations and entity statement, the program of architecture is 

the main body of design which details the behaviour of circuits. The structure of the 

architecture statement is: 

 

ARCHITECTURE architecture_name OF entity_name IS 

[declarations] 

BEGIN 

(code) 

END architecture_name; 

 

In the declaration part, the signals, ports or constants are defined. The code section 

between “BEGIN” and “END” expresses the behaviour of circuits. The syntax of 

architecture section is classified for dataflow, behaviour and structural model. In the 

dataflow model, statements in the code section are occurring in concurrent (parallel). An 

example is: 

 

…………………………….. 

ARCHITECTURE Circuit_detail OF Circuit IS 

SIGNAL condition: STD_LOGIC; 

BEGIN 

condition  <= DATA_A OR DATA_B; 

DATA_OUT   <= condition AND DATA_C; 

END Circuit_detail; 

 

where signal declaration condition is declared as the bit type in the STD_LOGIC library. 

The other concurrent operations in the code section are also achieved by WHEN/ELSE 
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and GENERATE as: 

 

ARCHITECTURE mux_circuit OF mux IS 

BEGIN 

y <= a WHEN select ="00" ELSE 

b WHEN select ="01" ELSE 

c WHEN select ="10" ELSE 

d; 

END mux_circuit; 

 

and GENERATE a statement for loop behaviour: 

 

G1: FOR i IN 70 GENERATE 

z(i) <= x(i) AND y(i+1); 

END GENERATE; 

 

On the other hand, the declarations in architecture statement such as PROCESS, 

FUNCTION and PROCEDURE all belong to sequential declarations, so the logic in the 

code section is executed sequentially. These sequential declarations are used in the 

behaviour model as: 

 

ARCHITECTURE Circuit_detail OF Circuit IS 

SIGNAL condition: STD_LOGIC; 

BEGIN 

PROCESS (DATA_A, DATA_B, DATA_C) 

BEGIN 

condition  <= DATA_A OR DATA_B; 

DATA_OUT   <= condition AND DATA_C; 

END PROCESS; 

END Circuit_detail; 
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The PROCESS states itself as a concurrent statement. When any signal in the 

PROCESS statement is triggered, the conditions in the code section will be executed in 

sequence. There are some statements in the code section that can perform sequential 

behaviour. The best-known is the IF THEN ELSE structure: 

 

IF count /= 20 THEN -- not equal 

count := count + 1; 

ELSE 

count := 0; 

END IF; 

 

where the “ := ” is the variable assignment operation to occur instantaneously. This 

statement can also work with the trigger of the clock: 

 

PROCESS (clk, reset) 

BEGIN 

IF (reset= '0') THEN 

state_reg <= idle; 

p2s_reg   <= ( others => '0'); 

n_reg     <= ( others => '0'); 

bcd3_reg  <= ( others => '0'); 

bcd2_reg  <= ( others => '0'); 

bcd1_reg  <= ( others => '0'); 

bcd0_reg  <= ( others => '0'); 

 

ELSIF (clk' EVENT and clk= '1') THEN 

state_reg <= state_next; 

p2s_reg   <= p2s_next; 

n_reg     <= n_next; 

bcd3_reg  <= bcd3_next; 

bcd2_reg  <= bcd2_next; 

bcd1_reg  <= bcd1_next; 

bcd0_reg  <= bcd0_next; 
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END IF; 

END PROCESS; 

 

A similar behaviour syntax is also using CASE as: 

 

CASE select IS 

WHEN "00" =>  

x <= input0; 

WHEN "01" =>  

x <= input1; 

WHEN "10" =>  

x <= input2; 

WHEN OTHERS =>  

x <= input3; 

END CASE; 

 

or use FOR in a loop condition: 

 

save := 0; 

FOR count IN 1 TO 10 LOOP 

save := save + count; 

END LOOP; 

 

The structural model is also a concurrent circuit, but it has no behaviour or functionality 

in a statement. This model expresses a circuit as the inter-connection between 

components via a PORT MAP instruction as: 

 

ARCHITECTURE structural OF circuit IS 

 

COMPONENT inverter IS 

PORT (a: IN STD_LOGIC; b: OUT STD_LOGIC); 
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END COMPONENT; 

 

 

COMPONENT nand_2 IS 

PORT (a, b: IN STD_LOGIC; c: OUT STD_LOGIC); 

END COMPONENT; 

 

COMPONENT nand_3 IS 

PORT (a, b, c: IN STD_LOGIC; d: OUT STD_LOGIC); 

END COMPONENT; 

 

SIGNAL g: STD_LOGIC; 

 BEGIN 

U1: inverter PORT MAP (b, g); 

U2: nand_2 PORT MAP (a, b, X); 

U3: nand_3 PORT MAP (g, c, d, Y); 

END structural; 

 

structural codes above perform the circuit connection as shown in Fig. D.1. 

 

 

 

Fig. D.1. Circuit of a structural model example. 
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D.2 Structures of Verilog 

Compared to the highly structured VHDL, Verilog performs the design using only a 

single module, starting from the module statement and ending by endmodule (Bhasker, 

1998). A basic NOT logic with Verilog is programmed as: 

 

module Logic_NOT ( 

Signal_In,  

Signal_Out 

); 

input  Signal_In; 

output Signal_Out; 

 

assign Signal_Out = ~ Signal_In; 

 

endmodule 

 

where the symbol “ ~ ” denotes the NOT logic. File name of the circuit Logic_NOT 

follows after the statement module. All I/Os must be listed at the beginning in brackets, 

then define the direction of signals with input and output statements. Assign is for 

designating a connection. Besides, the connection inside the circuit is using wire, wor 

and wand: 

 

module WireExample ( 

A, B, C, D, E 

); 

 

input A, B, C, D; 

output E; 

wire E; 

 

assign E = A & B; 
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assign E = C | D; 

 

endmodule 

 

the output port above is a wire that connects two output signal from AND (&) and OR (|) 

results. This kind of circuit, sometimes, has a short circuiting problem, so it can be 

improved by a wor to collect output signals. Another useful definition is reg for storing 

data in the register: 

 

…………………. 

wire wA, wB, wC; 

reg rA, rB, rC; 

 

always @ (wA or wB or wC) 

begin 

rC = rA & rB; 

end 

………………….. 

 

statement always means the following statement in the begin end section will be always 

executed if any expression after the @ occurs. Begin……end block is for grouping the 

circuit behaviour. This syntax makes the possibility to work with the reset or system 

clock by the IF ELSE behaviour structure: 

 

always@(posedge iCLK or negedge iRST) 

begin 

if(!iRST) 

mSTART <= 0; 

else 

begin 

if(iSTART) 
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mSTART <= 1; 

if(iEND) 

mSTART <= 0; 

end 

end 

 

the program above describes a circuit that latches the positive rising edge of the input 

clock iCLK or the negative falling down edge iRST. Symbole “ ! “ denotes negative in 

the program. The notation “ = ” is called a blocking procedural statement while “ <= “ is 

for non-blocking. The difference is that non-blocking execution in sequential circuits 

synchronizing with the clock is buffered (delayed) by a flip- flop register. More IF ELSE 

structures are: 

 

if(expression) 

begin 

codes 

end 

else if(expression) 

begin 

codes 

end 

.............. 

else 

begin 

codes 

end 

 

Similar to the VHDL, Verilog also provides CASE statement as: 

 

module ALU (Sel, A, B, Z); 

……………………. 
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always @(Sel or A or B) 

case (Sel) 

ADD : Z = A + B; 

SUB : Z = A - B; 

MUL : Z = A * B; 

DIV : Z = A / B; 

Endcase 

.................................. 

 

and looping behaviour is using “for”, “while”, “forever” and “repeat”. An example of a 

“for” statement is: 

 

module DeMulx ( 

Address, Line 

); 

input  [1:0]  Address; 

output [3:0]  Line; 

reg [3: 0]    Line; 

 

integer J; 

 

always @ (Address) 

for (J = 3; J >= 0; J = J - 1) 

if (Address == J) 

Line[J] = 1; 

else 

Line[J] = 0; 

endmodule 

 

where “integer” defines an integral value. 
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Appendix E 

Starting a New Project and Design with Quartus II  

The following procedures are based on the Quartus II 9.1 (32-bit). 

Starting a new project 

After installing the Quartus II software, double-click the icon on the desktop of the OS. 

Open the “New Project Wizard” under the “File” option of Quartus II’s main window, 

as in Fig. E.1. In the top blank of the first page, fill in the desired directory then put in 

the name of the project in the second blank. The top- level name of the design will 

appear with the project name at the same time. Click the “Next” button. 

 

 

Fig. E.1. New project wizard page 1 of 5. 
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Fig. E.2. New project wizard page 2 of 5. 

 

In figure E.2, a design file to join this project needs to be designated. If there is no file 

which needs need to be involved in this project, just click the “Next” button.  

 

On page 3 of 5, the FPGA chip on the adopted developing platform must be selected. 

The serial number of the FPGA can be found on the surface of the chip. In Fig. E.3, I 

am choosing the Cyclone II with EP2C70F896C6. The specifications of the selected 

FPGA chip can also be observed in the window. 
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Fig. E.3. New project wizard page 3 of 5. 

 

 

Fig. E.4. New project wizard page 4 of 5. 
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Although Quartus II provides the synthesis and timing waveform simulation, there is 

some third-party software which can work with Quartus II for more powerful 

applications, such as simulation with floating number,  as in Fig. E.4. If there is no 

necessity to introduce third-party software in the project, this page can be ignored. Click 

“Finish” on the fifth page. 

 

Starting design with a new project 

When a new project has been created, before designs can be implemented or reviewed, 

the project first needs to be opened. To open the project, select “Open Project” under the 

“File” option of the Quartus II main window. As shown in Fig. E.5, the project file has 

been saved as a “.qpf” file. 

 

 

 

Fig. E.5. Opening a project. 

 



 

213 
 

 

Fig. E.6. List of new functions. 

 

Now a new design can commence. Once again, open the “New” function under the “File” 

option, as in Fig. E.6. This includes choosing a design method of VHDL, Verilog or 

schematic. In this section, a simple example is introduced with the schematic method. A 

plain working space will be shown after choosing “Block Diagram/ Schematic File” and 

clicking “OK”.  

 

The basic component libraries can be found by click ing the AND symbol on the 

left-hand-side tool bar, or by double clicking the design sheet, as in Fig. E. 7. In the 

primitives/logic library, I placed two AND and one OR logic gate to draw the circuit as 
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shown in Fig. 8. The connection tool of components can be found on the left-hand-side 

tool bar “Orthogonal Node Tool” for a single bit data or using “Orthogonal Bus Tool” 

for multi-bit data. After placing the input and output pins, the circuit needs to be set as 

the top level entity under the project option “Set as Top Entity”. Then save the design as 

a “.bdf” file. 

 

 

Fig. E.7. Component libraries. 

 

 

Fig. E.8. A design example. 
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The next step is to synthesize the circuit. This can be realized by clicking the “Start 

compilation” button, and a brief resource usage will be shown, as in Fig. E. 9. 

 

 

Fig. E.9. Resource usage of circuit. 

 

For a simple timing waveform simulation, open the “New” function again, then choose 

the “Vector Waveform File”, as in Fig. E.6. A plain timing diagram will be opened, as in 

Fig. E. 10. 

 

 

Fig. E.10. Plain timing diagram. 
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To insert the signals, right click the mouse on the left “Name” column, and choose 

“Insert”, “Insert Node or Bus” and “Node Finder”. In the node finder, choose “Filter” 

for showing all pins, then click “List”; see Fig. E. 11. Select all signals from the left 

sub-window to the right side window then close the “Node finder” window back to the 

plain timing diagram. 

 

 

Fig. E.11. Node finder window. 

 

Use the “Wave Form Editing Tool” on the left-hand tool bar to plot the expected logic 

sequence on the plain diagram and set the Data_output pin to the “Forcing Low (0)” 

state. Finally, save the file as a “.vwf” file.  

 

The timing waveform of the circuit can be simulated by clicking “Start Simulation” on 

the top tool bar; see Fig. E.12. 



 

217 
 

 

Fig. E.12. Simulated timing. 

 

In real-world applications, there are lots of chances to create the system in a hierarchical 

structure. The circuits shown in Fig. E.8 might be just the lowest level circuit in the 

whole system. Under this situation, it is better to pack the circuit as a component 

(Symbol) in a library, so other circuits can call this component from library. The higher 

level component can be done by opening the “Create/Update” and “Create Symbol File 

for Current File” from the “File” of the current circuit. A “.bsf” file will be created. 

Open a new plain schematic sheet, the new component symbol of the circuit can be 

found under the “Project” directory of the “Symbol” window. After designating the 

same input/output pins from Fig. E. 8, a new top side circuit is realized as in Fig. E. 13. 

When double clicking this new symbol of a component, it should link to the lower level 

circuit as in Fig. 8.  

 

Finally, by repeating the same procedure, the highest level can also be created by a 

function block. Here it uses a new schematic sheet with the name of the project and 
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chooses the “Block Toll” on the left side tool bar to draw a square firstly. Right click on 

this function block and key in the block name of the second level name. This function 

block then links to the second level circuit. 

 

 

Fig. E.13 Packed new symbol. 

The difference in the highest level circuit is that circuit connections use the “Orthogonal 

Conduit Tool” from the left tool bar, see Fig. E.14. The advantage is that the user does 

not need to arrange detailed connections in a complicated system, because the Quartus 

II will synthesize it automatically. Thus three levels of hierarchical system have been 

created. A user can compile and simulate the system directly by designating the highest 

level circuit via “Set as Top Entity" 

 

 

Fig. E.14. Block circuit with conduit connection. 
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Appendix F 

List of Attached Videos 

 

Videos Descriptions 

Video_Fig. 4.8_1 
This video is about the experiment in Fig. 4.8 using a single 

threshold and noise filter to detect a folded green cloth. 

Video_Fig. 4.8_2 

With the same experiment, this video shows the performance 

with proposed multi-threshold, adjustable boundary and noise 

filter algorithms. 

Video_Fig. 4.8_3 
The performance based on the multi-threshold algorithm but 

without noise filter. 

Video_Fig. 4.12 
A single robot tracking with attached window of interest. The 

driving speed was set at 70cm/sec. 

Video_Fig. 4.16 Motion detection tests with a walker moving in a large office. 

Video_Fig. 5.5 

PPIR test for three dynamic labels with a tilting and panning 

camera. Three labels are located on a bar with calibrated 

distance. The driving speed of robot was set at 10cm/sec. 

Video_Fig. 6.8 
Basic SBALA steering with two robots. Driving speed was 

set at 10cm/sec. 

Video_Fig. 7.5 
Two robots drive in line formation. Driving speed was set at 

10cm/sec. 

Video_Fig. 7.6 
Three robots drive in line formation. Driving speed was set at 

10cm/sec. 
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