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ABSTRACT 

A Beacon based Localization System for Autonomous 
Mobile Robots and its Applications in Traffic and 

Transport Control 

ACCURATE sensing of vehicle position and attitude is still a very challenging 

problem in many mobile robot applications. The mobile robot vehicle applications 

must have some means of estimating where they are and in which direction they are 

heading. Many existing indoor positioning systems are limited in workspace and 

robustness because they require clear lines-of-sight or do not provide absolute, drift­

free measurements. 

The research work presented in this dissertation provides a new approach to 

position and attitude sensing system designed specifically to meet the challenges of 

operation in a realistic, cluttered indoor environment, such as that of an office 

building, hospital, industrial or warehouse. This is accomplished by an innovative 

assembly of infrared LED source that restricts the spreading of the light intensity 

distribution confined to a sheet of light and is encoded with localization and traffic 

information. This Digital Infrared Sheet of Light Beacon (DISLiB) developed for 

mobile robot is a high resolution absolute localization system which is simple, fast, 

accurate and robust, without much of computational burden or significant processing. 

Most of the available beacon's performance in corridors and narrow passages are not 

satisfactory, whereas the performance of DISLiB is very encouraging in such 

situations. This research overcomes most of the inherent limitations of existing 

systems. 

The work further examines the odometric localization errors caused by over 

count readings of an optical encoder based odometric system in a mobile robot due to 

wheel-slippage and terrain irregularities. A simple and efficient method is investigated 



and realized using an FPGA for reducing the errors. The detection and correction is 

based on redundant encoder measurements. The method suggested relies on the fact 

that the wheel slippage or terrain irregularities cause more count readings from the 

encoder than what corresponds to the actual distance travelled by the vehicle. 

The application of encoded Digital Infrared Sheet of Light Beacon (DISLiB) 

system can be extended to intelligent control of the public transportation system. The 

system is capable of receiving traffic status input through a GSM (Global System 

Mobile) modem. The vehicles have infrared receivers and processors capable of 

decoding the information, and generating the audio and video messages to assist the 

driver. The thesis further examines the usefulness of the technique to assist the 

movement of differently-able (blind) persons in indoor or outdoor premises of his 

residence. 

The work addressed in this thesis suggests a new way forward in the 

development of autonomous robotics and guidance systems. However, this work can 

be easily extended to many other challenging domains, as well. 
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In this modem age the autonomous or semi autonomous robot vehicles find 

applications in automated inspection systems [1], floor sweepers [2), hazardous 

environments [3], autonomous truck loading systems [4], agriculture tasks, delivery in 

establishments like manufacturing plants, office buildings, hospitals [5J, etc. and 

providing services for the elderly [6]. In addition to this, autonomous vehicles are 

widely utilized in undersea exploration and military surveillance systems [7, 8]. 

Automated Guided Vehicles (AGVs), such as the cargo transport systems are heavily 

used in industrial applications. Mobile robots are also finding their way into a growing 

number of homes, providing security, automation [9, 10], and even entertainment. In 

each of these tasks, some type of positioning system is essential. A variety of 

technologies have been developed and used successfully to provide position and 

attitude infonnation. However, many of these existing positioning systems have 

1 



Chapter 1 

inherent limitations in their workspace. These limitations generally fall into two main 

categories: line-of-sight restrictions and insufficient resolution/precision as they require 

multiple clear lines-of-sight and absolute drift-free measurements. 

In mobile robot applications, two basic position estimation methods are 

employed concurrently, viz., the absolute and relative positioning [11]. Absolute 

positioning methods usually rely on the use of appropriate exteroceptive (external) 

sensing techniques, like navigation beacons [12,13], active or passive landmarks[14], 

map matching [15], or satellite-based navigation [16] signals. Navigation beacons and 

landmarks normally require costly installations and maintenance, while map-matching 

methods are usually slower and demand more memory and computational overheads. 

The satellite-based navigation techniques are used only in outdoor implementations 

and have poor accuracy, of the order of a few metres. Relative position estimation is 

based on proprioceptive (internal) sensing systems like odometry [17], inertial 

navigation system (INS) [18] or optical flow techniques [19). The vehicle performs 

self localization by using relative positioning technique, called dead reckoning. For 

implementing a navigational system many indoor mobile robots use active beacons 

[13] together with traditional inertial navigation systems employing gyros and 

accelerometers or position odometric system or both. The latter provides accurate and 

precise intermediate estimation of position during the path execution. 

1.1 Background and Motivation 

Autonomous navigation and autonomous mobile Robots/Vehicles 

specifically, are currently of great interest to the scientific, industrial, and military 

communities. Such systems have the potential to improve human-safety and 

performance in various applications like hazardous environments, industrial 

establishments, guiding differently able personnel, autonomous highway driving, 

automated traffic and transport control system and Robotic Army that may fight in 
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the battlefields. The ability of a mobile robot to determine its location in space is a 

fundamental competence for autonomous navigation. Knowledge of self-location, 

and the location of other places of interest is the basic foundation on which all high 

level navigation operations are built. It enables strategic path planning for tasks 

such as goal reaching, exploration and obstacle avoidance, and makes the following 

of these planned trajectories possible. Without a notion of location, a robot is 

limited to reactive behavior based solely on local stimuli and is incapable of 

planning actions beyond its immediate sensing range. 

The knowledge of position and attitude information is not exclusive to the 

realm of mobile robots. Information about the location of an inanimate object, for 

example a cargo pallet, can streamline inventory and enable warehouse automation. 

Unmanned vehicles promise to allow often dangerous tasks to be perfonned from 

remote locations in a range of application domains such as mining, defense and sub 

sea exploration. With the advent of newer technologies, including a host of 

relatively cheap sensors and increase in computational speed, there has been a 

recent push to increase the level of autonomy with which remote agents are 

allowed to operate. This is seen in numerous application domains where the 

systems are required to operate for long periods with little or no input from a 

human operator. From the landing of spacecraft on distant planets [21] to 

submersible vehicles operating too deep in the oceans [22], there is a need for 

systems capable of making decisions and performing controls in an independent 

manner. 

A number of groups around the world have been concentrating their efforts 

on the development of field deployable robots and these are being taken up in a 

variety of industrial sectors. The deployment of autonomous systems in field 

environments demands high levels of robustness and system integrity. As 

Cocliin Vniversity of Science ana teclinoUJIIV 



Cfiapter 1 

technology advances the autonomous mobile robot vehicles can navigate at higher 

speeds with high resolution and precision. The need for reliable, high resolution 

localization system for indoor autonomous navigation has resulted in a 

considerable amount of research. 

1.1.1 Mobile Robot Localization 

This section briefly describes the features of localization schemes 

commonly used in mobile robot vehicles. Relative position estimation or dead 

reckoning is based on proprioceptive (internal) sensing systems, where the error 

growth rates are usually unacceptable. This is the most basic [on11 of localization, 

which is simply estimation of the vehicle pose by integrating estimates of its 

motion by the help of inertial sensors and encoder-based odomctry. The problem 

with dead reckoning is that each change-in-pose estimate includes a component of 

error and these errors accumulate as part of the integration process. Thus, 

uncertainty in the pose estimate increases monotonically with time and one cannot 

prevent this increase. The error growth rates of these systems are usually 

unacceptable. Pose estimation with bounded uncertainty is only possible through 

the availability of absolute rather than incremental pose measurements. 

Inertial Navigation System (INS) is complex and expensive and requires 

more information processing for extracting the required position and attitude 

information. The localization based on [NS uses accelerometers or gyros, where the 

accelerometer data must be integrated twice to yield the position infonnation, 

thereby making these sensors extremely sensitive to drift. A very small error in the 

rate information furnished by the INS can lead to unbounded growth in the position 

errors with time and distance. Rate infonnation from the gyros can be integrated 

to estimate the position and yields better accuracy than accelerometers. Though the 

odometric system is simple, inexpensive and accurate over short distances, it is 
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prone to several sources of errors due to wheel slippage, variations in wheel radius, 

body deflections, surface roughness and undulations. For better traction, most of 

the mobile robots use rubber tyres, which have unevenness in their diameter and 

these tyres compress differently under asymmetric load distribution or load 

imbalances, causing further position and attitude errors. 

1.1.2 Autonomous Localization Systems 

The general arrangement of a mobile robot localization system is shown in 

figure 1.1. From the proprioceptive sensors' data the pose and velocity of the vehicle 

can be estimated. The system also takes measurements from one or more exteroceptive 

sensors and uses this infonnation to provide corrections to the estimated values. 

Depending upon the sensor type and its quality the resolution and precision of the 

estimated position and attitude varies. Various algorithms and filtering techniques are 

utilized for the extraction of best estimate from the available infonnation. 

Navigation beacons and landmarks nonnally require costly installations and 

maintenance, while map-matching methods are usually slower and demand more 

memory and computational overheads. The satellite-based navigation techniques are 

used only in outdoor implementations and have poor accuracy, of the order of a few 

metres. 

Proprioceptive Corrected values of Pose 
Error Correction and Velocity 

Sensors --- and (Accelerometer, 
Gyro, Encoder) Estimation 

l 
Exteroceptive 

Sensors 
(Beacons, 

Landmarks, maps) 

Figure 1.1: A block diagram showing the general arrangement of a 
mobile robot localization system. 
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For outdoor applications Differential Global Positioning System (DGPS) 

based localization techniques provide adequate resolution, whereas for indoor use, 

this resolution is insufficient and moreover the satellite signals may be obstructed, 

which further aggravate the situation. Another technique is map based localization 

where the map of the environment defined by the locations of distinct landmarks 

provides a source of absolute position information. Thus, given an ability to sense 

its surroundings, the robot can obtain absolute pose estimates by registering sensed 

information with the map. The problem with a priori map based localization is the 

need to have explored the environment in advance, and to have surveyed the 

landmark locations before the robot can begin to navigate autonomously. 

Construction of an a priori map may be a difficult operation and a new map must 

be built for each new environment. Moreover, the resulting map is static and cannot 

adapt to changes in the environment or grow with exploration into regions beyond 

the original map bounds. The geometric feature extraction or map based navigation 

methods are highly environment dependant and sometimes it is too difficult to 

deri ve the pose. 

Substantial research works are gomg on m the area of Simultaneous 

Localization and Map building (SLAM) [20] using various sensing systems. The 

motivation for SLAM is to overcome the need for a priori maps as a mechanism 

for bounded pose uncertainty, and to enable map construction that is extensible and 

adaptive to environmental change. SLAM is performed by storing landmarks in a 

map as they are observed by the robot sensors, using the robot pose estimate to 

detennine the landmark locations, while at the same time, using these landmarks 

help to improve the robot pose estimates. As the landmarks are repeatedly re­

observed, their locations become increasingly certain and the map converges, 

eventually acquiring the rigidity of an a priori map. The complexity of the SLAM 

estimation problem is potentially huge, which require more memory and 

n 
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computational overhead for feature extraction. Further, the structure of the SLAM 

problem is characterized by monotonically increasing correlations between 

landmark estimates. For these reasons, there has been a significant drive to find 

computationally effective SLAM algorithms. This has been achieved through the 

development and use of the Kalman and extended Kalman filter as the estimation 

algorithms of choice in SLAM algorithms. 

The errors in kinematic and environmental parameters will lead to poor 

estimation of positions during the path execution and this necessitates the need for 

frequent absolute localizations. For indoor applications like localization of 

personnel, products and vehicles in warehouses as well as production 

environments, where a stable and accurate localization system is necessary, the 

ultrasonic, infrared, (23] radio frequency [24] and laser techniques (25] are 

commonly used. The use of ultrasonic sensors [26,27] is limited to the proximetry 

because of poor system characteristics like moderate axial resolution, low lateral 

resolution, and high rate of inaccuracies in measurements resulting from multiple 

reflections, environmental complexity and the aperture cone. Radio frequency 

systems are very expensive and are susceptible to reflections from metallic objects. 

These localization systems, which utilize triangulation or trilateration techniques 

(28], have high uncertainty in position estimations, incurring extra computational 

overheads, resulting possibly in slowing down the path execution process of the 

vehicle. 

Most of the high resolution systems are complex and costly. A cost 

effective commercially available infrared Beacon System used for indoor robot 

localization application is the Northstar from Evolution Robotics Inc. (29J. This 

system requires a reflecting roof for its functioning, which is not always feasible in 

an industrial or warehouse environment. The reflective characteristics as well as the 
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indoor lighting system may affect its performance. Here also the computational 

overhead due to the triangulation method exists. 

For the successful navigation and path planning of indoor mobile robots, a 

well-defined and structured workspace is required. This can provide high-rate of 

precise positioning and attitude information for reliable estimation of the vehicles' 

localization and navigation map. 

This thesis investigates the localization problem in the context of 2-D 

(planar) environments, so that the location of the robot is given by its pose (i.e., 

position (x, y) and orientation B). 

1.2 Thesis Roadmap 

The thesis deals with the necessary background by discussing common 

localization methods available for the detection of position and attitude 

measurement of mobile robot vehicles. The robotic systems have utilized various 

sensing techniques and processing algorithms for the extraction of information. 

The various sensing techniques reported for mobile robot localization are 

examined. 

Some sensors are simple but some others are sophisticated and equipped 

with complex and costly processing electronics, which can be used to acquire 

information about the robot's environment or even to directly measure a robot's 

absolute position. As the mobile robot moves around, it will frequently encounter 

unforeseen environmental characteristics, and therefore such sensing is particularly 

critical. General classification of sensors used for localization of robots and their 

features are discussed. Examples of different types of sensors and the information 

they provide are also presented. Various beacon based systems and their merits and 

demerits in the application of localization of autonomous mobile robots are 

8 
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examined. Odometric sensors, INS and active rangmg sensors are thoroughly 

discussed. Complex systems like vision based localization and SLAM are also 

briefly explained. 

The methodology of design, construction and experimental details of a 

beacon system and receiver developed for the absolute localization of autonomous 

robot vehicle is discussed. 

The development of a cost effective, accurate and reliable system, utilising 

an infrared sheet of light, which minimizes position errors during the path 

execution is presented. The encoded digital infrared sheet of light beacon (DISLiB) 

construction, method of installation and its implementation using a microcontroller 

are explained. Results of the characteristics study of the beacon transmitter are 

given. A resolution enhancement algorithm developed is described and the 

variations of the same with the environmental parameters are plotted. The position 

and attitude updating for a three wheeled mobile vehicle with one driving-steering 

wheel and two fixed rear wheels in-axis is also discussed. The characteristics, 

merits and realization details of the system are thoroughly explored. 

The realization details of an odometric error reduction system, which can be 

utilized as part of all wheeled mobile robot vehicles, are discussed. The various 

factors causing errors to the odometric system are examined. A simple and efficient 

method and its implementation in FPGA for reducing the odometric localization 

errors caused by over count readings of an optical encoder based odometric system 

in a mobile robot due to wheel-slippage and terrain irregularities is also discussed. 

The detection and correction is based on redundant encoder measurements. The 

standard quadrature technique is used to obtain four counts in each encoder period. 

The CORDIC algorithm is used for the computation of sine and cosine terms in the 

update equations. The necessary hardware IS designed and developed for the 
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independent computation and comparison of the position and attitude values from 

the rear wheel and front wheel encoder data. The digital comparators manage the 

switching of multiplexers that selects the least values among the computed values. 

The results presented demonstrate the effectiveness of the technique. 

The suitability of DISLiB system to applications where localization and 

guidance are of great importance, like intelligent control of the public 

transportation system as well as guidance of differently-able personnel are 

envisaged. The adaptive traffic control system ensures safe and smooth traffic flow 

and informs the drivers about the traffic status. The guidance and obstacle 

avoidance systems for the visually impaired personnel provide less body gear and 

adequate information about the environment. The installation and realization of 

these systems are explained. A novel technique to reduce the traffic congestions 

and location identification is introduced. The need for an intelligent traffic control 

for the modem public transportation system is well illustrated. The realization 

details of a traffic and transport control system using existing GSM network are 

discussed. The design of a flexible and friendly driver support system for the 

vehicle is also proposed. The diverse ways of position estimation and support 

systems for differently-able people that are already in use are briefed. The DISLiB 

based visually impaired personnel support system is simple, cost effective and 

provides less body gear without much computational burden or significant 

processing. The natural language assisting capability of the system by 

incorporating a chipCorder is addressed. 

A comparison of the merits and demerits of the system has also been carried 

out. This research work is carried out with an aim of developing a robust, cost 

effective and absolute position update system without any computational burden. 

The proposed absolute localization method has been realized and tested. 
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Suggestions for improving the system perfonnance are also proposed. The 

extension of the use of the system to other applications is also suggested. 

The major contributions of the work are also listed. 

1.3 Practical Systems 

There is a great demand for the practical use of service robots in a wide 

range of applications, to enable a more enriched society, in view of declining 

birthrates. unwillingness of people to join anny and aging populations in many 

countries. Fujitsu Frontech and Fujitsu Laboratories Ltd. have introduced a new 

service robot. enon (exciting nova on network) [30] that can assist in such tasks as 

providing guidance. escorting guests, transporting objects, and security patrolling. 

The robot is able to autonomously cater the customers' requirements while being 

linked to a network (Wireless LAN (802.11 alII bill g) (30(. 

Ibl 

Figure 1.2 The photographs ~f(a) enon and (b) ASlMO 

Honda engineers has created an advanced humanoid robot AS/MO with 34 

degrees of freedom that help it wa1k and perform tasks much like a human [31 J. 
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These degrees of freedom act much like human joints for optimum movement and 

flexibility. ASIMO is designed to operate in the real world, where people need to 

reach for things, pick things up, navigate along floors, sidewalks, and even climb 

stairs. Its abilities to run, walk smoothly, climb stairs, communicate, and recognize 

people's voices and faces will enable ASIMO to easily function in real world and 

truly assist humans [31). The photographs of enon and AS/MO are shown in figure 

1.2. 

1.4 Summary 
This thesis describes the development of an accurate and reliable 

localization system for autonomous mobile robot navigation, utilising an infrared 

sheet of light, which minimizes the position and attitude errors during the path 

execution. This provides a cost effective position and attitude sensing system 

designed specifically to face the challenges in a realistic, cluttered indoor 

environment, such as that of an office building or warehouse. In the proposed 

approach, a number of beacon transmitters are installed in the well defined and 

structured workspace as required and all the transmitters provide the estimates in a 

common reference frame or universal frame. Two sensor units on the mobile robot 

read the beacon and process the measurements to determine its position, attitude as 

well as traffic signaling information. The real-time identification and correction 

methods mitigate the impact of localization errors caused by the robot vehicles and 

the environment. A novel resolution enhancement algorithm suggested in this 

thesis satisfies the requirements of a high resolution localization system. The 

potential for this type of localization system for autonomous robots operating in 

structured indoor environments is enormous. 
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One of the most important tasks of an autonomous system of any kind is to 

acquire knowledge about its environment. The problem of autonomous localization 

has received considerable attention over the past two decades and, as a result, a 

variety of paradigms exist for determining the position and orientation of a robot 

vehicle in relation to other objects in the environment. This is done by taking 

measurements using various sensors and extracting meaningful information from 

those measurements. This chapter examines the most common sensors and systems 

used in mobile robots and the techniques for extracting information from them. 
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2.1 Sensors for Mobile Robots 

There are a wide variety of sensors used for the navigation and guidance of 

mobile robots. Some sensors are simple but some others are sophisticated and 

equipped with complex and costly processing electronics, which can be used to 

acquire information about the robot's environment or even to directly measure a 

robot's absolute position. As the mobile robot moves around, it will frequently 

encounter with unexpected environmental characteristics, and therefore such sensing 

is particularly critical. General classification of sensors used for localization of robots 

is listed in table 2.1. Examples of different types of sensors and the information they 

provide are also presented. Sensors are broadly collected under headings of 

proprioceptive (internal) sensing and exteroceptive (external) sensing [32]. 

I.;~f,£ ~ J;8iit.,~j:ClfllliliNtilill;~' :,,~~:;:,!}I, :':ffi):V,:/I$f,,, . I : ':j:;,: : "Ex.*NI...,:;(:ifJj':lli;:~".~ 

1. 
Tactile sensors Detection of physical contact or closeness Micro·switches. Optical barriers, 

with external obiects Proximit~ sensors 
Brush encoders 
Potentiometers 

2. Odometric Sensors Wheel/motor speed and position 
Optical encoders 
Magnetic encoders 
Inductive encoders 
Capacitive encoders 

Heading sensors Orientation of the robot with respect to a 
Compass 

3. 
fixed reference frame 

Gyroscopes 
Inclinometers 
GPS 
Optical or RF beacons 

4. Beacons localization in a fixed reference frame Ultrasonic beacons 
Reflective beacons 
Infrared beacons 
Reflectivitv sensors 

5. Active ranging 
Distance and bearing measurements Sonar 
based on time·of· flight. and geometric Radar 
triangulation technique laser rangefinder 

Structured fillht 

6. Motion sensors Speed relative to fixed or moving objects 
Doppler radar 
Doppler sonar 

7. 
Vision sensors Ranging. image analysis. object 

CCD/CMOS cameralsl recognition 

Table 2.1 General classification of sensors used for mobile robot localization 
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2.1.1 Proprioceptive Sensors 

Proprioceptive sensors measure the "kinematic states" of a platform or 

vehicle; velocity, angular rates or acceleration. These are then integrated to provide 

the location and attitude of the vehicle. Proprioceptive sensors include 

accelerometers, gyroscopes, inclinometers and encoders (odometry), for example. 

Proprioceptive sensors often provide motion rate information incrementally 

along a trajectory. Position information from proprioceptive sensors is nonnally 

obtained through time integration of measurement sequences. Measurement errors 

in such sensors are consequently integrated in providing position information. This 

causes the error in vehicle location estimates produced by such sensors to grow 

without bound (random walk). The error growth rates of these systems are usually 

unacceptable. Careful modeling of bias and other errors in these sensors is 

necessary to minimize this drift. Proprioceptive sensors are rarely used by 

themselves in a vehicle navigation system. 

However, proprioceptive sensors also have many advantages. In particular, 

sensors such as accelerometers and gyroscopes are self contained, non-radiating 

devices which do not depend on the physics of the environment for its operation. 

Further such sensors are often capable of providing very high information rates. In 

practice, most navigation systems incorporate proprioceptive sensors of some form 

to provide high-bandwidth prediction information. This information is then fused 

with landmark or beacon data from lower bandwidth exteroceptive or external 

sensors. 

2.1.2 Exteroceptive Sensors 

Exteroceptive sensors obtain measurements that depend on the external 

environment. This has the advantage of providing the vehicle with knowledge of its 

lOcal environment and subsequently in using this knowledge to navigate. These 
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sensors may measure both incremental motions (Doppler velocity sensors for 

example) [33], and also absolute motion with respect to a number of fixed 

landmarks or beacons. A special case of exteroceptive sensing is when artificial 

landmarks or beacons in the envirorunent emit signals, which is detected by 

receivers on the robot vehicle. Such is the case with GPS (on land) [23, 34] or 

long baseline sonar in subsea applications [35]. When the locations of the 

emitters are known, the absolute location of the robot vehicle can be determined 

with ease. 

Exteroceptive sensors can be either active or passive. Active sensors 

radiate energy and detect the reflected energy from the environment. Time of 

flight, phase difference or amplitude information are measured and used to 

interpret physical properties of the objects in the envirorunent. Various signal 

processing methods may then be applied to identify the objects of interest. Active 

sonar is a good example of this type of sensor. Magnetic compass, proximity 

switches and certain inclinometers come under passive sensors. 

2.2 Tactile Sensors 

Tactile sensors are critical to virtually all mobile robots, and are well 

understood and easily implemented. In order to protect the robot from collisions, 

special bumpers with mechanical or electronic proximity sensors are integral part 

of any mobile robot. The implementation point of view it is very simple and the 

microcontroller based actuator controller can easily read the status with out any 

complexity or processing. Various types proximity sensors based on magnetic, 

optic and Hall effect techniques are widely utilized in industrial and robotic 

applications [32]. 
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2.3 Odometric Sensors 

Odometry is the most widely used navigation method for mobile robot 

positioning; it provides good short-term accuracy, allows very high sampling rates 

and is inexpensive. However, the fundamental idea of odometry is the integration 

of incremental motion information over time, which leads, inevitably, to the 

unbounded accumulation of errors. Specifically, orientation errors will cause large 

lateral position errors, which increase proportionally with the distance traveled by 

the robot vehicle. Various methods for fusing odometric data with absolute position 

measurements to obtain more reliable position estimation are available [36, 11]. 

Wheel/motor shaft encoder sensors are devices used to measure the internal 

state and dynamics of a mobile robot. These sensors have vast applications in 

industry and robotics and, as a result, mobile robotics has enjoyed the benefits of 

high-quality, low-cost wheel and motor sensors that offer excellent resolution. 

Most widely used one such sensor is the optical incremental encoder. 

2.3.1 Optical Encoders 

Optical incremental encoders have become the most popular device for 

measuring angular speed and position and direction of rotation within a motor drive 

or at the shaft of a wheel or steering mechanism. In mobile robotics, encoders are 

used to control the position or speed of wheels and other motor-driven systems. 

Because these sensors are proprioceptive, their estimate of position is best in the 

reference frame of the robot and, when applied to the problem of robot localization, 

significant corrections are required. 

An optical encoder is basically a mechanical light chopper that produces a 

certain number of wave pulses for each shaft revolution [32,37,38,39]. It consists 

of an illumination source, a fixed grating that masks the light, a rotor disc with a 
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fine optical grid that rotates with the shaft, and fixed opticaJ detectors. As the rotor 

moves, the amount of light striking the optical detectors varies based on the 

alignment of the fixed and moving gratings. Resolution is measured in pulses per 

revolution. The minimum angular resolution can be readily computed from an 

encoder's pulses per revolution rating. Usually in mobile robotics the quadrature 

encoder is used. In this case, a second illumination and detector pair is placed in 

order to produce a 90 degrees shifted waveform with respect to the original. The 

resulting twin square waves, shown in figure 2.1, provide significantly more 

infonnation. The ordering of which square wave produces a rising edge first 

identifies the direction of rotation. Furthennore, the four detectably different states 

improve the resolution by a factor of four with no change to the rotor disc. 

Commercial quadrature encoders integrated with a gear-motor assembly are 

available for industrial and mobile robot applications. 
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Figure 2.1 A quadrature encoder disc and the resulting channel A and 
B pulses. 

2.4 Electronic Compasses 

The two most common modem sensors for measuring the direction of a 

magnetic field are the Hall effect and flux gate compasses [32]. Each has its own 

advantages and disadvantages, as described below. The Hall effect describes the 
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behavior of electric potential in a semiconductor in the presence of a magnetic 

field. When a constant current is applied across the length of a semiconductor, 

there will be a voltage difference in a perpendicular direction, across the 

semiconductor's width, based on the relative orientation of the semiconductor to 

magnetic flux lines. In addition, the polarity of the potential identifies the direction 

of the magnetic field. Thus, a single semiconductor provides a measurement of flux 

and direction along one dimension. Hall effect digital compasses are inexpensive as 

well as compact and hence are popular in mobile robotics. 

The flux gate compass operates on a different principle. Two small coils are 

wound on ferrite cores and are fixed perpendicular to one another. When 

alternating current is activated in both coils, the magnetic field causes shifts in the 

phase depending on its relative alignment with each coil. By measuring both the 

phase shifts, the direction of the magnetic field in two dimensions can be 

computed. The flux gate compass can accurately measure the strength of a 

magnetic field and has improved resolution and accuracy; however, it is bigger in 

size and more expensive than a Hall effect compass. Regardless of the type of 

compass used, a major drawback concerning the use of the Earth's magnetic field 

for mobile robot applications involves disturbance of that magnetic field by other 

magnetic objects and man-made structures, as well as the bandwidth limitations of 

electronic compasses and their susceptibility to vibration. Particularly in indoor 

environments, mobile robotics applications have often avoided the use of 

compasses, although a compass can conceivably provide useful local orientation 

information indoors, even in the presence of steel structures. 
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Figure 2.2 Block diagram o/a digitalflux gate compass. 

The system block diagram of a digital flux gate compass is shown in Figure 

2.2. This unit contains an AID converter to read the amplified outputs of the two 

sensor channels, and a microprocessor/micro controller, which computes the 

direction of the magnetic field. The system also incorporates a serial interface to 

the navigational system. The update rate of these systems are nonnally less than I 

Hz [39, chap2]. 

Phi lips semiconductors manufactures compass sensors [40] based on the 

magnetoresistive effect and provide the required sensitivity and linearity to 

measure the weak magnetic field of the earth. The devices are equipped with 

integrated set/reset and compensation coils. These coils allow to apply the flipping 

technique for offset cancellation and the electro-magnetic feedback technique for 

elimination of the sensitivity drift with temperature. Besides the sensor elements, a 

signal conditioning unit and a direction detennination unit are required to build up 

an electronic compass. 
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A typical low cost. Iow power. compact and robust electronic compass; 

Sparton SP3003D shown in figure 2.3 provides affordable superior performance 

[41]. The three-axis, tilt compensated digital compass provides three-dimensional 

absolute magnetic field measurement and full 3600 tilt compensated bearing. pitch. 

and roll. This digital compass can be integrated to a computer/microcontroller 

through a UART/SPI built in interface. 

Figure 2.3 A commercially available Electronic Compass SP3003D 
from Sparton Electronicj' (2008). 

2.5 Inertial Navigation Sensors 
Inertial sensors are used to detennine the robot's incremental position and 

orientation. They allow together with appropriate velocity information. to integrate 

the movement to a position estimate. This procedure, which has its roots in vessel 

and ship navigation, is called dead reckoning. 

Inertial navigation is the determination of the pose of a vehicle through the 

implementation of inertial sensors. It is based on the principle that an object will 

remain in uniform motion unless disturbed by an external force. This force in turn 
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generates acceleration on the object. If this acceleration can be measured and then 

mathematically integrated, then the change in velocity and position of the object with 

respect to an initial condition can be determined. 

Inertial Navigation System (INS) [18, 34,42,43] is complex and expensive 

and requires more information processing for extracting the required position and 

attitude information. The localization based on INS uses accelerometers or gyros. 

The accelerometer data must be integrated twice to yield the position information, 

thereby making these sensors extremely sensitive to drift. A very small error in the 

rate information furnished by the INS can lead to unbounded growth in the position 

errors with time and distance. The gyros measure angular velocity, and if 

mathematically integrated provides the change in angle with respect to an initially 

known angle. The combination of accelerometers and gyros allows for the 

determination of the pose of the vehicle. 

The principal advantage of using inertial units is that given the acceleration 

and angular rotation rate in three dimensions, the velocity and position of the 

vehicle can be evaluated in any navigation frame. For land vehicles, a further 

advantage is that unlike wheel encoders, an inertial unit is not affected by wheel 

slip. 

2.5.1 Accelerometers 

The accelerometers measure the inertia force generated when a mass is 

affected by change in velocity. This force may change the tension of a string or 

cause a deflection of beam or may even change the vibrating frequency of a mass. 

The Accelerometers are composed of three main elements: a mass, a suspension 

mechanism that positions the mass and a sensing element that returns a observation 

proportional to the acceleration of the mass. Some devices include an additional 

servo loop that generates an opposite force to improve the linearity ofthe sensor. A 
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basic functional diagram of an accelerometer with one degree of freedom is shown 

in figure 2.4. Many of the accelerometers arc based on the pendulum principle. 

They are built with a proof mass, a spring hinge and a sensing device [44]. 

1 Se.nsitive 
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Figure 2.4 Basic components of a one degree of freedom 

accelerometer. 

Test resu lts from the use of accelerometers for mobile robot navigation have 

been generally poor. Accelerometers also suffer from extensive drift, and they are 

sensitive to uneven ground because any disturbance from a perfectly horizontal 

position wi ll cause the sensor to detect a component of the gravitational 

acceleration g. One low· cost inertial navigation system aimed at overcoming the 

laller problem included a tilt sensor [18, 42]. The tilt infonnation provided by the 

tilt sensor was supplied to the accelerometer to cancel the gravity component 

projecting on each axis of the accelerometer. Nonetheless, the results obtained from 

the tilt·compensated system indicate a position drift rate of I to 8 cmls, depending 

on the frequency of acceleration changes. This is an unacceptable error rate for 

most mobile robot appl ications. 
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2.5.2 Gyroscopes 

Gyroscopes are heading sensors, which preserve their orientation in relation 

to a fixed reference frame. Thus they provide an absolute measure for the heading 

of a mobile system. Gyroscopes (also known as "rate gyros" or just "gyros") [32, 

45] are of particular importance to mobile robot positioning because they can help 

to compensate for the foremost weakness of odometry: in an odometry-based 

positioning method, any small momentary orientation error will cause a constantly 

growing lateral position error. For this reason it would be of great benefit if 

orientation errors could be detected and corrected immediately. Highly accurate 

gyros were too expensive for mobile robot applications. However, very recently 

fiber-optic gyros (also called "laser gyros"), which are known to be very accurate, 

have fallen dramatically in price and have become a very attractive solution for 

mobile robot navigation. Gyroscopes can be classified into three categories; 

mechanical gyroscopes, optical gyroscopes and micra electra-mechanical system 

(MEMS) gyroscopes. 

2.5.2.1 Mechanical Gyroscope 

The concept of a mechanical gyroscope [34, 45, 46] relies on the inertial 

properties of a fast-spinning rotor. The property of interest is known as the 

gyroscopic precession. If you try to rotate a fast-spinning wheel around its vertical 

axis, you will feel a harsh reaction in the horizontal axis. This is due to the angular 

momentum associated with a spinning wheel and will keep the axis of the 

gyroscope inertially stable. The reactive torqu~ and thus the tracking stability with 

the inertial frame are proportional to the spinning speed, the precession speed and 

the wheel's inertia 

The fundamental equation describing the behavior of the gyroscope is: 



dL T=-= 
dl 

d ( /w) = /a 
dl 

~ cif l.ocarJZQ.tiDn Sysum 

(2.1 ) 

Where the vectors 't and L are, respectively, the torque on the gyroscope 

and its angular momentum, the scalar J is its moment of inertia, the m vector is its 

angular velocity, and the vector a is its angular acceleration. 

It follows from this that a torque 't applied perpendicular to the axis of 

rotation, and therefore perpendicular to L , results in a rotation about an axis 

perpendicular to both 't and L . This motion is called precession. The angular 

velocity of precession 0,. is given by the cross product: 

(2.2) 

Figure 2.5 A mechanical gyroscope Model. 

By arranging a spinning wheel, as seen in figure 2.5, no torque can be 

transmitted from the outer pivot to the wheel axis. The spinning axis will therefore 

be space-stable (Le., fixed in an inertial reference frame). Nevertheless. the 

remaining friction in the bearings of the gyro axis introduces small torques, thus 

limiting the long-lenn space stability and introducing small errors over time. A 
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high quality mechanical gyroscope is costly and has an angular drift of about 0.1 

degrees in 6 hours. For navigation, the spinning axis has to be initially selected. If 

the spinning axis is aligned with the north-south meridian, the earth's rotation has 

no effect on the gyro's horizontal axis. If it points east-west, the horizontal axis 

reads the earth rotation. 

Rate gyros have the same basic arrangement as shown in figure 2.5 but with 

a slight modification. The gimbals are restrained by a torsional. spring with 

additional viscous damping. This enables the sensor to measure angular speeds 

instead of absolute orientation. 

1.5.1.1 Optical Gyroscope 

The commercial use of optical gyroscopes began in the early 1980s when 

they were first installed in aircrafts. Optical gyroscopes are angular speed sensors 

that use two monochromatic light beams, or lasers, emitted from the same source, 

instead of moving, mechanical parts [34, 39]. They work on the principle that the 

speed of light remains unchanged and, therefore, geometric change can cause light 

to take a varying amount of time to reach its destination. One laser beam is sent 

traveling clockwise through a fiber while the other travels counterclockwise. 

Because the laser traveling in the direction of rotation has a slightly shorter path, it 

will have a higher frequency. The difference in frequency ~f of the two beams is 

proportional to the angular velocity OJ of the cylinder. New solid-state optical 

gyroscopes based on the same principle are built using micro-fabrication 

technology, thereby providing heading information with resolution and bandwidth 

far beyond the needs of mobile robotic applications. Bandwidth, for instance, can 

easily exceed 100 kHz while resolution can be smaller than 0.0001 degreeslhr. 
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Figure 2.6. Basic components of a [tber optical gyroscope. 

The principal optical components of a fiber optical gyroscope (FOG) are 

illustrated in figure 2.6. which shows a common laser source generating both 

clockwise and anticlockwise light waves travel ing around a loop of optical fiber. 

Inertial rotation of this device in the plane of the page will change the effective 

path lengths of the clockwise and counter clockwise beams in the loop of fiber 

(Sagnac effect), causing an effective relative phase change at the detector. The 

interference phase between the clockwise and counterclockwise beams is 

measured at the output detector. but in this case the output phase difference is 

proportional to the rotation rate. Temperature changes and accelerations can alter 

the strain distribution in the optical tiber, which could cause output errors. 

Minimizing this effect is a major concern in the art of FOG design [34 J. 

2.5.2.3 MEMS gyroscope 

MEMS gyroscopes are a relatively new innovation. Fabrication 

technologies for microcomponents. mlcrosensors, micromachines and 

microelectromechanical systems (MEMS) [47. 48] have rapidly developed. and 

represent a major research effort worldwide. There are many techniques 

CUf':'ently being utilized in the production of different types of MEMS. including 
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inertial microsensors, which have made it possible to fabricate MEMS in high 

volumes at low individual cost. Micromechanical vibratory gyroscopes or 

angular rate sensors have a large potential for different types of applications as 

primary information sensors for guidance, control and navigation systems. They 

represent an important inertial technology because other gyroscopes such as 

solid-state gyroscopes, laser ring gyroscopes, and fiber optic gyroscopes, do not 

allow for significant miniaturization. MEMS sensors are commonly accepted as 

low performance and low cost sensors. These sensors have a large potential for 

different types of applications as primary information sensors for guidance, 

control and navigation systems. 

In most micro-mechanical vibratory gyroscopes, the sensitive element 

can be represented as an inertia element and elastic suspension with two 

prevalent degrees of freedom (figure 2.7). Massive inertia element is often 

called proof mass. The sensitive element is driven to oscillate at one of its 

modes with prescribed amplitude. This mode usually is called primary mode. 

When the sensitive element rotates about a particular fixed-body axis, which is 

called sensitive axis, the resulting Coriolis force causes the proof mass to move 

in a different mode. Contrary to the classical angular rate sensors based on the 

electromechanical gyroscopes, information about external angular rate IS 

contained in these different oscillations rather than nonharmonic linear or 

angular displacements. The excited oscillations are referred to as primary 

oscillations and oscillations caused by angular rate are referred to as secondary 

oscillations or secondary mode. 
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Proof millS" 

Figure 2. 7 Basic Structure of MEMS Gyro. 

It is possible to design gyroscopes with different types of primary and 

secondary oscillations. It is worth mentioning that the nature of the primary motion 

does not necessarily have to be oscillatory but could be rotary as well. Such 

gyroscopes are caJled rotary vibratory gyroscopes. However. it is typically more 

convenient for the vibratory gyroscopes to be implemented with the same type and 

nature of primary and secondary oscillations. The device's low power and smaJl size 

will benefit the design of mobile robots, automotive and industrial products. The 

tremendous inummity to shock and vibration benefits automotive. robotics and other 

applications that are subject to harsh environmental conditions. Integrating both 

accelerometers and gyros on a single chip. results in an inertiaJ measurement unit that 

would enable even tiny mobile robot vehicles to be navigated autonomously. 

Analog devices ADISI6251 [49] is a complete angolar rate gyroscope 

measurement system available in a single compact package. By enhancing AnaJog 

Devices MEMS sensor technology with an embedded signal processing solution. the 

ADlS 1625 I provides factory-calibrated and tunable digital sensor data in a convenient 

fonnat that can be accessed using a simple SPI seriaJ interface. The SPI interface 

provides access to measurements for the gyro data. temperature. power supply, and one 

auxiliary analog input. Easy access to calibrated digitaJ sensor data provides 
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developers with a ready to use device, reducing development time, cost., and program 

risk. The device can be operated at 5V single ended supply voltage. The sensor 

bandwidth is 49Hz and has a fonn factor of around 11 mm x 11 mm. The device is 

available in 20pin tenninal stacked Land Grid Array (LGA) package. The functional 

block diagram of the device is shown in figure 2.8. Figure 2.9 shows the bias and 

sensitivity characteristics of the device. We have studied a mobile vehicle position 

estimation system by incorporating this system with an optical encoder odometry. 

Photograph of a MEMS rate gyro chip is shown in Figure 2. 10. 
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Figure 2.8 Functional block diagram of ADIS16251. 
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Figure 2.9 (a) The bias vs. time and (b) The sensitivity vs. angular rate 
af ±80 degree per sec. range of AD1SJ625J. 
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Figure 2. JO Photograph of an iMEMS gyro chip. 

2.6 Beacon based Localization 

Beacon navigation systems are the most common navigation aids on ships 

and aircrafts as well as on commercial mobile robot systems. Active beacons can 

be detected reliably and provide accurate positioning infonnation with minimal 

processing. As a result, this approach allows high sampling rates and yields high 

reliability, but it does also incur high cost in installation and maintenance. 

Most of the beacon based localization systems rely on a set of beacons 

placed at known positions in the environment. The mobile robot vehicle is 

equipped with a sensor(s) that can observe the beacons. and the navigational 

system uses these observations and knowledge of the beacon positions to locate the 

robot vehicle. Accurate mounting of beacons is required for accurate positioning. 

Unlike odometry and INS, the accuracy of the localization does not deteriorate with 

time in a beacon based system. This is due to the fact that the sensor on the robot 

vehicle provides observations of position, rather than observations of motion. and 

therefore is not subject to the accumulation of integration errors. 

Beacon based localization systems can be categorized according to the type 

of signal used by the sensor, which relates to the beacon characteristics. and 
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according to the type of information processing employed by the system. The main 

types of signals used by beacon based localization systems are infrared, laser, 

ultrasound and millimeter wave radar. 

In laser systems, the mobile robot vehicle is equipped with a rotating laser 

emitter/receiver, and the beacons are reflective strips placed at known positions in 

the environment. The angle of the sensor is registered when a laser reflection is 

observed, thus giving the bearing of the observation. Laser is by far the most 

widespread signal used in beacon based localization systems. 

The second common signal type is ultrasound. This system usually relies on 

active (emitting) rather than passive (reflecting) beacons. Most objects in typical 

environments easily reflect ultrasound. Consequently, passive beacons would be 

difficult to identify using ultrasound. Another advantage of active beacons is that 

the transmitted signal may contain a specific code to identify the emitting beacon 

[50], or the beacons may identify themselves by transmitting in a particular 

sequence with the first beacon emitting a modified signal to the others [12]. 

The third type of signal used in beacon based localization systems is the 

millimeter wave radar (MMWR). The MMWR signal is reflected by metallic 

beacons placed at known locations in the environment, and the radar 

emitter/receiver provides both range and bearing to the beacons [51]. 

2.6.1 Localization Techniques 

Two main categories of beacon based localization systems can be identified 

according to the type of information processing employed by the system. These are 

triangulation or trilateration and estimation. Triangulation involves combining 

several bearing observations to deduce the position of the mobile robot vehicle, 

using the assumption that the position and attitude (pose) of the vehicle does not 

change between the observations. Trilateration uses the range measurements for the 
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computation of pose of the mobile vehicle. An alternative approach to triangulation 

is to fonn an estimate of the vehicle pose. Estimation relies on a model of the 

vehicle and the sensor. The estimate is updated each time a new observation is 

made, and the vehicle is localized from observation to observation using a 

prediction of the vehicle pose based on the vehicle control inputs, as shown in 

Figure 2.11. The Kalman filter [52, 53, 54] is widely used to fonn a probabilistic 

estimate of the vehicle pose, according to Bayesian Estimation Theory [55], in 

terms of a mean estimate and the covariance of the estimate. 

lni1jaJizatiOll 
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Figure 2.11 The estimation process 

2.6.1.1 Trilateration 

Trilateration is a method to determine the position of an object based on 

simultaneous range measurements from three stations located at known sites [28]. 

In trilateration navigation systems, there are usually three or more transmitters 

mounted at known locations in the environment and one receiver on board the 
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robot. Conversely, there may be one transmitter on board and the receivers are 

mounted on the walls or rooftop. Using time-of-flight information, the system 

computes the distance between the stationary transmitters and the onboard receiver. 

This problem has been traditionally solved either by algebraic or numerical 

methods. It can be trivially expressed as the problem of finding the intersection of 

three spheres, that is, finding the solutions to the following system of quadratic 

equations: 

(X - Xli +( Y -Yli +( Z - zli = 1/ 
(x - x2i +( Y -Y2i +( Z - z2i = 1/ 
( x - x3i +( Y -Y3i +( Z - z3i = 1/ 

(2.3) 

where Pi = (XirYirzJ, i = 1.2.3 are the coordinates of station, and is the range 

measurement associated with it. In Figure 2.12, thick segments between stations 

define the base plane, and thin ones, those connecting the moving object and the 

stations correspond to the range measurements. Global Positioning System (GPS), 

discussed in Section 2.6.2, is an example of trilateration. 

P1=(X1' )/1. Z2) 

Figure 2.12 Trilateration method to obtain location of a mobile robot 
P4 from its distance/rom three stations located at p" p] and P3 
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2.6.1.1 Triangulation 

Triangulation is the most widespread method used to localize a mobile 

robot vehicle [11]. In this configuration there are three or more active transmitters 

mounted at known locations, as shown in Figure 2. 13. A rotating sensor on board 

the robot registers the angles 01, O2 and 03 at which it "sees" the transmitter 

beacons relative to the vehicle's longitudinal axis. From these three measurements 

the unknown x and y coordinates and the unknown vehicle orientation can be 

computed. Some cases beacons are not visible in many areas, a problem that is 

particularly grave because at least three beacons must be visible for triangulation. 

Cohen and Koss [56] had performed a detailed analysis on three-point triangulation 

algorithms. The heading of at least two of the beacons was required to be greater 

than 90 degrees and the angular separation between any pair of beacons was 

required to be greater than 45 degrees for the efficient computation of the 

algorithms. 
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Figure 2.13 The basic triangulation problem on three 
observations (h (}2 and 83 
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Because of their technical maturity and commercial availability, optical 

triangulation systems are widely used in mobile robotics applications. Typically 

these systems involve some type of scanning mechanism operating in conjunction 

with fixed location references, strategically placed at predefined locations within 

the operating environment. A number of variations on this theme are seen in 

practice [43]. 

2.6.2 Global Positioning System 

The Global Positioning System (GPS) [34, 39, 57, 58] is a fonn of beacon 

based localization using active beacons. GPS based localization relies on the 

reception of signals emitted by several GPS satellites. The Navstar Global 

Positioning System (GPS) developed as a Joint Services Program by the 

Department of Defense uses a constellation of 24 satellites (including three spares) 

orbiting the earth every 12 hours at a height of about 10,900 nautical miles. Four 

satellites are located in each of six planes inclined 55 degrees with respect to the 

plane of the earth's equator [59]. The absolute three-dimensional location of any 

GPS receiver is detennined through simple trilateration techniques based on time 

of flight for uniquely coded spread-spectrum radio signals transmitted by the 

satellites. Precisely measured signal propagation times are converted to 

pseudo ranges representing the line-of-sight distances between the receiver and a 

number of reference satellites in known orbital positions. The measured distances 

have to be adjusted for receiver clock offset. Knowing the exact distance from the 

ground receiver to three satellites theoretically allows for calculation of receiver 

latitude, longitude, and altitude. 

Although conceptually very simple [60], this design philosophy introduces 

at least four obvious technical challenges: 
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• Time synchronization between individual satellites and GPS receivers. 

• Precise real-time location of satellite position. 

• Accurate measurement of signal propagation time. 

• Suflicient signal-to-noise ratio for reliable operation in the presence of 

interference and possible jamming. 

The first of these problems is addressed through the use of atomic clocks 

(relying on the vibration period of the cesium atom as a time reference) on each of 

the satellites to generate time ticks at a frequency of 10.23 MHz. Each satellite 

transmits a periodic pseudo-random code on two different frequencies (designated 

Ll and L2) in the internationally assigned navigational frequency band. 

Multiplying the cesium-clock time ticks by 154 and 128, respectively, generates the 

Ll and L2 frequencies of 1575.42 and 1227.6 MHz. The individual satellite clocks 

are monitored by dedicated ground tracking stations operated by the Air Force, and 

continuously advised of their measured offsets from the ground master station 

clock. High precision in this regard is critical since electromagnetic radiation 

propagates at the speed of light, roughly 0.3 metres per nanosecond. 

To establish the exact time required for signal propagation, an identical 

pseudocode sequence is generated in the GPS receiver on the ground and compared 

to the received code from the satellite. The locally generated code is shifted in time 

during this comparison process until maximum correlation is observed, at which 

point the induced delay represents the time of arrival as measured by the receiver's 

clock. The problem then becomes establishing the relationship between the atomic 

clock on the satellite and the inexpensive quartz-crystal clock employed in the GPS 

receiver. This is found by measuring the range to a fourth satellite, resulting in four 

independent trilateration equations with four unknowns. 



In addition to its own timing offset and orbital information, each satellite 

transmits data on all other satellites in the constellation to enable any ground 

receiver to build up an almanac after a "cold start." Diagnostic infonnation with 

respect to the status of certain onboard systems and expected range·measurement 

accuracy is also included. This collective "housekeeping" message is superimposed 

on the pseudo·random code modulation at a very low (50 bits/s) data rate, and 

requires 12.5 minutes for complete downloading [61]. Timing offset and ephemeris 

infonnation is repeated at 30 second intervals during this procedure to facilitate 

initial pseudorange measurements. 

Lt CARRIER 1575.42 MJ:h 

YItiWNIIIIIIIII ----'l! x X Lt SIGNAL 

CIA CODE 1.'13MHz 

.J\JlJIJU1IUUI. ------* 
NAV/SYSTEM DATA 50 Hz 

+ ® ... " 
@ Modu!(l 2 Sum 

~----1 

P~CODE 10.21 MHz 

1lIII1flJU\I1JI1-----'i + 
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Figure 2. J 4 GPS Satellite signals. 

To further complicate matters, the sheer length of the unique pseudocode 

segment assigned to each individuaJ Navstar Satellite (i .e., around 6.2 trillion bits) 

for repetitive transmission can potentially cause initial synchronization by the 

ground receiver to take considerable time. For this and other reasons, each satellite 

broadcasts two different non-interfering pseudocodes. The first of these is called 

the coarse acquisition. or CIA code, and is transmitted on the L1 frequency to 

assist in acquisition. There are 1023 different CIA codes, each having 1023 chips 
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(code bits) repeated 1000 times a second [59] for an effective chip rate of l.023 

MHz (i.e., one-tenth the cesium clock rate). While the CIA code alone can be 

employed by civilian users to obtain a fix, the resultant positional accuracy is 

understandably somewhat degraded. The Y code (formerly the precision or P code 

prior to encryption on January 1st, 1994) is transmitted on both the Ll and L2 

frequencies and scrambled for reception by authorized military users only with 

appropriate cryptographic keys and equipment. This encryption also ensures bona 

fide recipients cannot be "spoofed" (i.e., will not inadvertently track false GPS-like 

signals transmitted by unfriendly forces). Figure 2.14 shows various GPS Satellite 

signals. 

Another major difference between the Y and Cl A code is the length of the 

code segment. While the Cl A code is 1023 bits long and repeats every millisecond, 

the Y code is 2.35xl014 bits long and requires 266 days to complete [61]. Each 

satellite uses a one-week segment of this total code sequence; there are thus 37 

unique Y codes (for up to 37 satellites) each consisting of 6.18x 1012 code bits set to 

repeat at midnight on Saturday of each week. The higher chip rate of 10.23 MHz 

(equal to the cesium clock rate) in the precision Y code results in a chip wavelength 

of30 meters for the Y code as compared to 300 meters for the CIA code [61], and 

thus facilitates more precise time-of-arrival measurement for military purposes. 

A number of factors affect the performance of a localization sensor that 

makes use of the GPS. First, it is important to understand that, because of the 

specific orbital paths of the GPS satellites, coverage is not geometrically identical 

in different portions of the Earth and therefore resolution is not uniform. 

Specifically, at the North and South Poles, the satellites are very close to the 

hOrizon and, thus, while resolution in the latitude and longitude directions is good, 

resolution of altitude is relatively poor as compared to more equatorial locations. 
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The second point is that GPS satellites are merely an infonnation source. They can 

be employed with various strategies in order to achieve dramatically different 

levels of localization resolution. The basic strategy for GPS use, called pseudo 

range and described above, generally perfonns at a resolution of a few metres. An 

extension of this method is differential GPS (DGPS), which makes use of a second 

receiver that is static and at a known exact position. A number of errors can be 

corrected using this reference, and so resolution improves to the order of 1 m or 

less. A disadvantage of this technique is that the stationary receiver must be 

installed, its location must be measured very carefully, and of course the moving 

robot must be within kilometers of this static unit in order to benefit from the 

DGPS technique. 

The principle advantage of using GPS over land based beacons is that the 

GPS signal is readily available which reduces the deployment cost and time of the 

system. Further, a GPS system is less susceptible to damage since the satellites, the 

beacons of the GPS, are maintained by international reputed organizations. GPS is 

extremely effective for outdoor ground-based and flying robots. 

A complete GPS receiver implemented on the HPM103H-6 GPS Engine 

Module [62, 63] is shown in figure 2.15. The engine module having a fonn factor 

of only 25.4x25.4mm uses GPS radio based on uN8021 RF chip, base-band 

processor based on uN8031 chip with integrated serial data communication and 

real time clock (RTC). The system needs only 3V regulated power supply and 

consumes nearly a power of 130m W in navigational mode. An external GPS 

antenna (50 ohm, active or passive) can be connected to this sub system using the 

RF-input line. For establishing communication with the module a baud rate of 

4800, n, 8, 1 is used. This GPS module is compatible with NMEA2.1 protocol, so 

that by sending commands the control processor or GPS software (message strings) 



~ofL~twnSystem -
can read the sentences for further applications. The National Marine Electronics 

Association (NMEA) defined a RS-232 communication standard for devices that 

include GPS receivers. The GPS receivers can output geo-spatial location. time, 

headings and navigation-relevant information in the fonn of ASCII command 

limited message strings. The photograph of the GPS sub system is shown in figure 

2.16. We have realized a drivers safety system based on this module. 
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Figure 2.15 The schematic of the GPS sub system. 
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Figure 2.16 Photograph of the (iPS sub !<'ysll!m studied 

2.7 Active Ranging Systems 

Active ranging sensors continue to be the most popular sensors in mobile 

robotics [32]. Many ranging sensors have a low price point. and, most importantly, 

all ranging sensors provide easily interpreted outputs: direct measurements of 

distance from the robot to objects in its vicinity. For obstacle detection and 

avoidance, most mobile robots rely heavily on active ranging sensors. But the local 

freespace information provided by ranging sensors can also be accumulated into 

representations beyond the robot's current local reference frame. Thus active 

ranging sensors are also commonly found as part of the localization and 

environmental modeling processes of mobile robots. 

2.7.1 Time-of-Fligbt Active Ranging 

Time-of-flight ranging makes use of the propagation speed of sound or an 

electromagnetic wave. It is important to point out that the propagation speed of 

sound is approximately 0.3 mlrns whereas the speed of electromagnetic signals is 

0.3 mlns, which is 1 million times faster. The time of flight for a typical distance, 

say 3 m, is ID ms for an ultrasonic system but only 10 ns for a laser rangefmder. It 

is thus evident that measuring the time of flight with electromagnetic signals is 
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more technologically challenging. This explains why laser range sensors have only 

recently become affordable and robust for use on mobile robots. 

The quality of time-of-flight range sensors depends mainly on: 

• Uncertainties in determining the exact time of arrival of the reflected 

signal 

• Inaccuracies in the time-of-flight measurement (with laser range sensors) 

• The dispersal cone of the transmitted beam (mainly with ultrasonic range 

sensors) 

• Interaction with the target (e.g., surface absorption, specular reflections) 

• Variation of propagation speed 

• The speed of the mobile robot and target (in the case of a dynamic target) 

2.7.1.1 The Ultrasonic Rangefinder (Sonar) 

The basic principle of an ultrasonic sensor is to transmit a packet of 

(ultrasonic) pressure waves and to measure the time it takes for this wave packet to 

reflect and return to the receiver. The distance of the object causing the reflection 

can be calculated based on the propagation speed of sound and the time of flight. 

A threshold value is set for triggering an incoming sound wave as a valid 

echo. This threshold is often decreasing in time, because the amplitude of the 

expected echo decreases over time based on dispersal as it travels longer. But 

during transmission of the initial sound pulses and just afterward, the threshold is 

set very high to suppress triggering the echo detector with the outgoing sound 

pulses. A transducer will continue to ring for up to several milliseconds after the 

initial transmission, and this governs the blanking time of the sensor. Note that if, 

during the blanking time, the transmitted sound were to reflect off of an extremely 

clcse object and return to the ultrasonic sensor, it may fail to be detected. 
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However, once the blanking interval has passed, the system will detect any 

above threshold reflected sound, triggering a digital signal and producing the 

distance measurement using the integrator value or timer count. The ultrasonic 

wave typically has a frequency between 40 and 180 kHz and is usually generated 

by a piezo or electrostatic transducer. Often the same unit is used to measure the 

reflected signal, although the required blanking interval can be reduced through the 

use of separate output and input devices. Frequency can be used to select a useful 

range when choosing the appropriate ultrasonic sensor for a mobile robot. Lower 

frequencies correspond to a longer range, but with the disadvantage of longer post­

transmission ringing and, therefore, the need for longer blanking intervals. Most 

ultrasonic sensors used by mobile robots have an effective range of roughly 12cm 

to Srn. In mobile robot applications, specific implementations generally achieve a 

resolution of approximately 2 cm. In most cases a narrow opening angle for the 

sound beam is preferred in order to obtain precise directional information about 

objects that are encountered. This is a major limitation since sound propagates in a 

cone-like manner with opening angles around 20 to 40 degrees. Consequently, 

when using ultrasonic ranging one does not acquire depth data points but, rather, 

entire regions of constant depth. This means that the sensor tells us only that there 

is an object at a certain distance within the area of the measurement cone. 

However, recent research developments show significant improvement of 

the measurement quality in using sophisticated echo processing [64]. Ultrasonic 

sensors suffer from several additional drawbacks, namely in the areas of error, 

bandwidth, and cross-sensitivity. The published accuracy values for ultrasonics are 

nominal values based on successful, perpendicular reflections of the sound wave 

off of an acoustically reflective material. This does not capture the effective error 

modality seen on a mobile robot moving through its environment. As the ultrasonic 

transducer's angle to the object being ranged varies away from perpendicular, the 

AA 
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chances become good that the sound waves will coherently reflect away from the 

sensor, just as light at a shallow angle reflects off of a smooth surface. Therefore, 

the true error behavior of ultrasonic sensors is compound, with a well-understood 

error distribution near the true value in the case of a successful retroreflection, and 

a more poorly understood set of range values that are grossly larger than the true 

value in the case of coherent reflection. Of course, the acoustic properties of the 

material being ranged have direct impact on the sensor's performance. For 

example, foam, fur, and cloth can, in various circumstances, acoustically absorb the 

sound waves. 

A final limitation of ultrasonic ranging relates to bandwidth. Particularly in 

moderately open spaces, a single ultrasonic sensor has a relatively slow cycle time. 

For example, measuring the distance to an object that is 3 m away will take such a 

sensor 20 ms, limiting its operating speed to 50 Hz. But if the robot has a ring of 

twenty ultrasonic sensors, each firing sequentially and measuring to minimize 

interference between the sensors, then the ring's cycle time becomes 0.4 seconds 

and the overall update frequency of anyone sensor is just 2.5 Hz. For a robot 

conducting moderate speed motion while avoiding obstacles using ultrasonics, this 

update rate can have a measurable impact on the maximum speed possible while 

still sensing and avoiding obstacles safely. Airborne sonar devices are popular in 

mobile robotics, although they are typically limited to ranges of up to lOm [65]. 

These typically operate around 45KHz (wavelength about 7mm). Disadvantages of 

the sonar reside in its poor angular resolution (wide beam) and ambiguous returns 

from specular target surfaces. 

2.7.1.2 Laser Rangefinder (Lidar) 

The laser rangefinder is a time-of-flight sensor [39] that achieves significant 

improvements over the ultrasonic range sensor owing to the use of laser light 
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instead of sound. This type of sensor consists of a transmitter, which illuminates a 

target with a collimated beam (e.g., laser), and a receiver capable of detecting the 

component of light, which is essentially coaxial with the transmitted beam. Often 

referred to as optical radar or Lidar (light detection and ranging), these devices 

produce a range estimate based on the time needed for the light to reach the target 

and return. A mechanism with a mirror sweeps the light beam to cover the required 

scene in a plane or even in three dimensions, using a rotating, nodding mirror. One 

way to measure the time of flight for the light beam is to use a pulsed laser and 

then measure the elapsed time directly, just as in the ultrasonic solution described 

earlier. Electronics capable of resolving picoseconds are required in such devices 

and they are therefore very expensive. A second method is to measure the beat 

frequency between a frequency modulated continuous wave (FMCW) and its 

received reflection. Another, even easier method is to measure the phase shift of 

the reflected light. 

The main advantages of most laser based range measuring sensors are as follows: 

• N arrow beam footprint 
• Small beam divergence 
• Long Range 
• High accuracy 
• High bandwidth 

The main shortcoming of laser based range sensors is their limited visibility 

under adverse atmospheric effects. Small particles, such as water molecules and 

dust can distort and attenuate laser light, resulting in limited range measurements. 

Target reflectivity is another topic of concern when considering lasers. The ability 

to reflect light in a given range of frequencies will depend highly on target 

properties and the angle of incident light. Dark objects tend to absorb most light 

whilst lighter objects tend to reflect most of it. The micro-topology of a targets 

surface will affect the amount of light returned. Specular reflection occurs mostly with 
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smooth surfaces. where light is reflected in a well-defined direction. In this case. it is 

quite possible that no energy is returned to the detector (asswning the receiver lies on 

the same plane as the transmitter). An optically rough surface is defined as a surface 

with a micro-topology variability in the order of the light beam wavelength. Most 

natural features fall under this definition. and diffuse tight in many directions. 

consequently reducing the amount of light returned in the direction of the laser 

receiver. 

Due to the narrow beam footprint of typical laser systems many measurements 

are required to construct a qualitative representation of the structw"e of complex and 

large objects. Therefore. laser systems are usually mounted on a scanning device, or 

contain a built-in scanning device. The high bandwidth of laser sensors do allow for 

fast data acquisition, however most laser measuring systems are limited by the speed of 

the mechanical scanning device employed (e.g. motor-driven mirrors, parHiit units). 

As expected. the angular resolution of laser rangefmders far exceeds that of 

ultrasonic sensors. The Hokuyo UBG-OSLN laser scanner [66} shown in Figure 2.17 

achieves an angular resolution of 0.36 degrees. measurement accuracy of2% and has a 

\\ide detecting area (Smx4m). llUs device operates at 24V DC and conswnes a current 

of I SOmA or less. 

Figure 1.17 U8G-05LN laser scanner from Hokuyo Automatic: 
Company. 
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As with ultrasonic ranging sensors, an important error mode involves 

coherent reflection of the energy. With light, this will only occur when striking a 

highly polished surface. Practically, a mobile robot may encounter such surfaces in 

the form of a polished desktop, file cabinet or, of course, a mirror. Unlike 

ultrasonic sensors, laser rangefinders cannot detect the presence of optically 

transparent materials such as glass, and this can be a significant obstacle in 

environments, for example, museums, where glass is commonly used. 

2.7.1.3 Radar Devices 

By detecting a reflection of radiated electromagnetic energy, radar devices are 

able to detennine range of objects. No other sensor can measure range to the accuracy 

possible with radar, at long ranges, and under adverse weather conditions [67]. Radars 

can provide diverse information about an object, such as, velocity, angular direction, 

size and shape, in addition to range. The intensity of returned echo is also an important 

source of information. Returned intensity information can be used to determine 

changes in the radar cross-section of a target, due to changes in the target's radial 

surface projection. Intensity information can also be used for measuring induced 

modulation due to rotation and vibration oftarget components [67]. 

The size of the radar antenna mostly depends on the frequency used. The higher 

the frequency, the smaller the antenna can be, although physical and electronic 

constraints restrict the achievable frequencies. The typical waveforms that range 

measuring radars employ are the short pulse or modulated continuous waves 

(frequency or phase modulated). Millimetre wave (mmWave) radars operate in the 

electromagnetic frequency range of about 30 to 3000Hz (wavelength lmm to lern) 

[65,68]. Low atmospheric attenuation occurs at 350Hz and 940Hz. Consequently, 

many mmWave radars are designed for operating around 940Hz and possibly 770Hz 

[69]. 
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Figure 2.18 shows a schematic block diagram of an FMCW RADAR 

transceiver [71]. The input voltage to the voltage controlled oscillator (VCO) is a 

ramp signal. The VCO generates a signal of linearly increasing frequency r5f in the 

frequency sweep period Td. This linearly increasing chirp signal is transmitted via 

the antenna. A frequency modulated continuous wave (FMCW) RADAR measures 

the distance to an object by mixing the received signal with a portion of the 

transmitted signal [70]. 

v 

FFT 
Anti 

aliasing 
filter 

Linearizer 

High pass 
filter 

Low pass 
filter 

Mixer 

Figure 2.18 Block diagram of a MMW RADAR transceiver. 

Let the transmitted signal v-r(t) as a function of time, t, be represented as 

t'rCt) = [A I' + aAt)]cos[ltlJ + Ab (tdt + q>et)] 
-la 

(2.4) 

where AT is the amplitude of the carrier signal, Ab is the 

amplitude of the modulating signal, Wc is the carrier frequency (i.e., 27r x77 GHz), 

aT(t) is the amplitude noise, and qJ(t) is the phase noise present in the signal which 

occurs inside the transmitting electronic sections. 
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At any instant of time, the received echo signal, VR is shifted in time from 

the transmitted signal by a round trip time, r. The received signal is 

Where AR is the received signal amplitude, aR(t-r) is the amplitude noise, 

and qJ(t-r) is the phase noise. The sources of noise affecting the signal's amplitude 

consist of external interference to the RADAR system (e.g., atmospheric noise, 

man-made interference signals) and internally produced noise at the receiver 

antenna and amplifiers in the system. 

In the mixer, the received signal is mixed with a portion of the transmitted 

signal with an analog multiplier. 

VT(t)VR(t - r) = [AT + aT(t)] [AR + aR(t - r)] 

X { cos [Wet + ~b t 2 + cp(t)]} 

X {cos [Wc(t - r) + ~b (t - T)2 + <p(t - T)]} (2.6) 

The output of the mixer, Vout(t) is (using the trigonometric identity for the 

product oftwo sine waves) cos A cos B = O.5[cos(A + B) + cos(A - B)]) 

(2.7) 

where 
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The second cosine tenn, 82. is the signal containing the beat frequency. The 

output of the low pass filter consists of the beat frequency component, B2 and noise 

components with similar frequencies to the beat frequency. while other components 

are filtered out. The beat frequency,lb, is directly proportional to the delay time, r 

which is directly proportional to the round trip propagation time to the target. The 

relationship between beat frequency and target distance is 

R - cTs 1 fi ---b 
2 Is 

(2.8) 

where R is the range of the object, c is the velocity of the electromagnetic 

wave, Tt is the frequency sweep period, and Is is the swept frequency bandwidth 

[7 1 ). 

Figure 2.19. 76GHz Millimeter Wave Automobile Radar using 

Single Chip MMIC. 

Modem automobile vehicles equipped with Adaptive Cruise Control (ACe) 

and Collision Mitigation Systems use Millimeter Wave radar [72]. As an approach 

to price reduction aimed at expanding the use of Millimeter Wave radar, Fujitsu 

Ten Limited developed a single chip for Monolithic Microwave Integrated Circuit 

(MMIC) modules in MilIimeter wave transceivers and also developed radar that 
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utilizes that technology (figure. 2.19). The same can be adopted in autonomous 

mobile robot vehicle applications. 

Millimetre wave radars have been shown to suffer from attenuation of 

around seven orders of magnitude lower than lasers under the same environmental 

conditions [65, 69]. 

A few advantages of using radar devices as a range measuring device is as 

follows: 

• Adverse weather functionality 

• Independent of ambient radiation 

• Long Range 

• Medium-High accuracy 

• High bandwidth 

Disadvantages of such radar systems lie mostly in their higher cost and 

typically larger size. The cost of radar also makes its use somewhat prohibitive, 

although recent developments in microwave integrated circuitry have brought the 

cost of system down. 

2.7.2 Structured Light Sensor 

Sheet of light or structured lighting is another method for range 

determination. A specific, regular light pattern is projected onto the area of interest. 

A typical setup is shown in Figure 2.20. The emitter must project a known pattern 

(structured light) onto the environment. Many systems exist which either project 

light textures or emit collimated light (possibly laser) by means of a rotating 

mirror. Yet another popular alternative is to project a laser stripe by turning a laser 

beam into a plane using a prism. Regardless of how it is created, the projected light 

has a known structure, and therefore the image taken by the CCD or CMOS 
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receiver can be filtered to identify the pattern's reflection. The distortion in the 

light pattern is used to calculate range and depth infonnation [73, 74]. Lighting 

patterns can consist of single dots and lines or a regular grid depending on the 

application. Note that the problem of recovering depth is in this case far simpler 

than the problem of passive image analysis. Various light sources may be used to 

create the structured pattern depending on the desired accuracy and lighting 

conditions present. Fm1hennore, the structured light sensor is an active device so it 

will continue to work in dark environments as well as environments in which the 

objects are featureless. (e.g., unifonnly colored and edgeless). In contrast, 

stereovision would fail in such texture free circumstances. 

Vision " Camera U 
Figure 2.20 Basic Structured Light Setup. 

2.8 Motion Sensors 

Some sensors measure directly the relative motion between the robot and its 

environment [32]. Since such motion sensors detect relative motion, so long as an 

object is moving relative to the robot's reference frame, it will be detected and its 
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speed can be estimated. There are a number of sensors that inherently measure 

some aspect of motion or change. For example, a pyroelectric sensor detects 

change in heat. When a human walks across the sensor's field of view, his or her 

motion triggers a change in heat in the sensor's reference frame. 

2.8.1 Doppler Effect-based Sensing (Radar or Sonar) 

The Doppler effect is a frequency shift that results from relative motion 

between a frequency source and a listener. The doppler shift is directly proportional 

to speed between source and listener, frequency of the source, and the speed with 

which the wave travels. The measured frequency at the receiver is a function of the 

relative speed between transmitter and receiver. This change in frequency is known 

as the Doppler shift. The Doppler effect applies to sound and electromagnetic 

waves. It has a wide spectrum of applications [32,45]: 

• Sound waves: industrial process control, security, fish finding, speed 

measurement. 

• Electromagnetic waves: vibration measurement, radar systems, object 

tracking. 

Doppler systems can be used to detennine a moving object's speed by 

measuring the frequency shift of the acoustic/electromagnetic wave returned from a 

fixed reflector. Assuming the reflector to be directly ahead and the same plane as 

the transmitting/receiving transducer, the frequency shift is given by: 

E _ 2Vfo 
Jd - -c-

Where fd = fo - fr 
to - transmitted frequency 

fr - reeei ved frequency 

V- Velocity of object and 

(2.9) 

c- Propagation velocity of acoustic/electromagnetic wave. 
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The frequency deviation id caused by the movement of the object can be 

used for he computation of velocity of the object. Existing systems can provide 

infonnation on multiple targets at approximately 2 Hz. 

A Doppler radar uses the Doppler effect of the returned echoes from targets 

to measure their radial velocity. Doppler radars are used in air defense, air traffic 

control, sounding satellites, police speed guns and radiology. The Doppler sonar 

has tremendous applications in marine systems. The availability of a reflecting 

stationary or moving object with a known velocity limits their applications in 

robotics. 

2.9 Vision-based Sensors 

Vision is our most powerful sense. It provides us with an enormous amount 

of information about the environment and enables rich, intelligent interaction in 

dynamic environments. It is therefore not surprising that a great deal of effort has 

been devoted to providing machines with sensors that mimic the capabilities of the 

human vision system. The first step in this process is the creation of sensing 

devices that capture the same raw information that the human vision system uses. 

2.9.1 Visual Ranging Sensors 

Range sensing is extremely important in mobile robotics, as it is a basic 

input for successful obstacle avoidance [32]. A number of sensors such as 

ultrasonic, laser rangefinder, optical rangefinder, and so on are popular in robotics 

explicitly for their ability to recover depth estimates. It is natural to attempt to 

implement ranging functionality using vision chips as well. However, a 

fundamental problem with visual images makes range finding relatively difficult. 

Any vision chip collapses the 3D world into a 2D image plane, thereby losing 

depth information. If one can make strong assumptions regarding the size of 
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objects in the world, or their particular color and reflectance, then one can directly 

interpret the appearance of the 2D image to recover depth. But such assumptions 

are rarely possible in real-world mobile robot applications. Without such 

assumptions, a single picture does not provide enough information to recover 

spatial information. The general solution is to recover depth by looking at several 

images of the scene to gain more information, hopefully enough to at least partially 

recover depth. The images used must be different, so that taken together they 

provide additional information. They could differ in viewpoint, yielding stereo or 

motion algorithms. An alternative is to create different images, not by changing the 

viewpoint, but by changing the camera geometry, such as the focus position or lens 

iris. This is the fundamental idea behind depth from focus and depth from defocus 

techniques. 

2.9.2 Stereo-Vision 

Stereo-vision systems [75, 76] rely on images from single or multiple 

cameras in order to obtain depth information. Hager and Atiya [77] developed a 

method that uses a stereo pair of cameras to determine correspondence between 

observed landmarks and a pre-Ioaded map, and to estimate the two dimensional 

location of the sensor from the correspondence. Landmarks are derived from 

vertical edges. By using two cameras for stereo range imaging the algorithm can 

determine the two dimensional locations of observed points in contrast to the ray 

angles used by single-camera approaches [32]. 

The basic stereo techniques for creating depth maps rely on patch or feature 

correlation within various images and performing triangulation. Unfortunately, the 

quality of stereo-vision range data is typically very poor, relying highly on camera 

calibration, lighting conditions, patch/feature associations, and the baseline 

between cameras or images. Different filtering techniques can be used to reduce the 
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amount of spurious data, but this usually results in a significant loss of good data. 

At the other extreme, visual interpretation by means of one or more CCD/CMOS 

cameras provides a broad array of potential functionalities, from obstacle 

avoidance and localization to human face recognition. However, commercially 

available sensor units that provide visual functionalities are only now beginning to 

emerge. 

2.9.3 Visual Guidance System 

The role of visual guidance system (VGS) in the autonomous vehicle system 

is to capture raw sensory data and convert it into model representations of the 

environment and the vehicle's state relative to it. The sensory processing system 

that populates the world model fuses inputs from multiple sensors and extracts 

feature information, such as terrain elevation, road edges, and obstacles. As the 

vehicle moves, new sensed data inputs can either replace the historical ones, or a 

map-updating algorithm can be activated. The image processing capability of 

recent computer systems makes VGS a popular navigational tool for mobile robot 

vehicles [71]. Figure 2.21 shows the architecture of a visual guidance system. 

.... Modeling .... Task specific .... Sensor .... Wortd Sensor and , 
calibration 

, processing , fusion , mapping 

Figure. 2. 21 Architecture of a visual guidance system. 

2.10 Map Based Positioning 

Map-based positioning, also known as "map matching," is a technique in 

which the robot uses its sensors to create a map of its local environment. This 

local map is then compared with a global map previously stored in memory. If a 

match is found, then the robot can compute its actual position and orientation in 
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the environment. The presto red map can be a CAD model of the environment, 

or it can be constructed from prior sensor data [39]. 

The main advantage of map-based positioning is that this method uses 

the naturally occurring structure of typical indoor environments to derive 

position information without modifying the environment. It can be used to 

generate an updated map of the environment, which allows a robot to learn a 

new environment and to improve positioning accuracy through exploration. 

The position estimation strategies that use map-based positioning rely on 

the robot's ability to sense the environment and to build a representation of it, 

and to use this representation effectively and efficiently. The sensing modalities 

used significantly affect the map making strategy. Error and uncertainty 

analyses play an important role in accurate position estimation and map 

building. Modeling the errors by probability distributions and using Kalman 

filtering techniques are good ways to deal with these errors [78]. 

The various steps for map building process involve feature extraction 

from raw sensor data, fusion of data, matching and determining the 

correspondence between the most recent sensor models [81, 82] and updation of 

an environment model with different degrees of abstraction. [79, 80] 
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Figure 2.22 Block diagram of the concurrent map-based localization. 

Since 1990s, the problem of map building has been dominated by 

probabilistic techniques. Since then, the conjunction of the localization and 

mapping problems has commonly been referred to as simultaneous localization and 

map building (SLAM) [13, 14], The SLAM problem asks if it is possible for an 

autonomous vehicle to start in an unknown location in an unknown environment 

and then to incrementally build a map of this environment while simultaneously 

using this map to compute absolute vehicle location [83, 84, 85, 86,87,88]. 

Figure 2.22 shows the block diagram of a SLAM system that is able to 

implement concurrent localization and map building automatically. It is a closed-loop 

navigation process for position initialization, position updating, and map building [71]. 

The ability to place an autonomous vehicle at an unknown location in an unknown 

environment and then have it build a map, using only relative observations of the 
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environment, and then to use this map simultaneously to navigate would indeed make 

such a robot "autonomous". Thus the main advantage of SLAM is that it eliminates the 

need for artificial infrastructures or a priori topological knowledge of the environment. 

Disadvantage of map-based positioning is the specific requirements of enough 

stationary, easily distinguishable features that can be used for matching. The sensor 

map should be accurate enough (depending on the tasks) and a significant amount of 

sensing and processing power should be available. 

2.11 Summary 

This chapter presents the necessary background to this thesis by discussing 

common localization methods available for the estimation of position and attitude 

of mobile robot vehicles. The robotic systems utilize various sensing techniques 

and processing algorithms for the extraction of information. The wide variety of 

sensing techniques reported for mobile robot localization have been briefly 

surveyed in this chapter. 

Some sensors are simple but some others are robust and equipped with 

complex and costly processing electronics, which can be used to acquire 

information about the robot's environment or even to directly measure a robot's 

absolute position. As the mobile robot moves around, it will frequently encounter 

with unpredictable environmental conditions, and therefore such sensing is 

partiCUlarly critical. The general classification of sensors used for localization of 

robots and their features are also discussed alongwith the typical sensors. 

Odometric sensors, INS and active ranging sensors are thoroUghly discussed. 

Complex systems like vision based localization and SLAM are also briefly 

explained. The merits and demerits of various beacon based systems for the 

localization of autonomous mobile robots are examined. 
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The methodology adopted for the design, construction and experimental 

details of a beacon system developed for the localization of autonomous robot 

vehicle is briefly discussed in this chapter. A mounting assembly in conjunction 

with an encoded digital infrared sheet of light beacon (DISLiB) transmitter 

designed around a microcontrolIer has been utilized for the localization study. A 

battery operated handy beacon receiver unit has been designed and developed for 

investigating its characteristics. A networking scheme for the beacon based indoor 

mobile robot vehicle has also been proposed. A three wheeled vehicle model has 

been considered for the implementation and pose update. A PC based monitoring 

and control of the mobile robot vehicle and its traffic management is also proposed. 
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An odometric error reduction technique has been developed by utilizing the 

redundant encoder information that is implemented in FPGA with an SPI interface 

to the robot vehicle controller. Using the DISLiB developed and the existing GSM 

network, the feasibility of a roadway traffic control system has been studied in 

detail. A differently able assistance for the visually impaired has also been 

developed based on the DISLiB technology, which supports a microcontroller 

selectable voice message play back in natural language. 

3.1 Mounting Assembly 

An innovative assembly has been developed for mounting the encoded 

digital infrared beacon transmitter to produce a sheet of light for localization 

applications. The infrared beam is guided through the space between two 

identical sand blasted parallel metal plates. These metal plates will be acting as 

Lambertian scattering surfaces (diffuse reflectors) and their dimensions have 

effects on the sheet thickness as well as infrared light intensity. A single infrared 

LED mounted at the centre of the LED housing is seen to have a beam angle of 

around 45 degrees, which can be increased by mounting multiple LEDs. 

3.2 The Development Support Systems 

For carrying out the proposed work, the different application modules have 

been developed around various PlC microcontrollers. For the characterization of 

the beacon system an 8-pin flash based 8-bit CMOS microcontroller, the 

PIC12F675 has been utilized. An operating speed upto 20 MHz (200nsec/instruction), 

flash program memory of 1 Kx 14 words, six 110 pins with individual direction 

control, 64 bytes of general purpose RAM, programmable code protection, power 

saving sleep mode are some of its features. The PIC16F676, a 14-pin 

microcontroller has been used for the beacon with RS485 network. The vehicle 
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control and the localization system has been realized usmg the PlC 18F4550 

microcontroller having inbuilt usa support. PWM modules and hardware 

multiplier. 

A development system having an inbuilt 20x4 LCD module, USB. RS·232, 

RS·485 ports, inbuilt push button key switches and I/O tennination in header pins 

has been designed and constructed and used throughout the work for prototyping. 

The photograph of the development board is shown in figure 3.1. 

Figure 3.1 Photograph of the PlC Microcontroller Development 
Board 

PlC 18F2550, a compatible version of 4550. with less number of 110 pins 

has been utilized for the design and development of USB . RS485 bridge. The Hi­

Tech C and MPLub tools have been utilized for the software development for 

microcontroller systems. The Mal/ab was utilized for the study of the 

characteristics and generating the various plots. A three wheeled prototype vehicle 

has also been fabricated for the studies and is shown in figure 3.2. 
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Figure 3.2 Photograph of the fabricated three wheeled prototype 
vehicle 

3.3 Beacon Transmitter 

In order to study the characteristics of the beacon transmitter and its 

assembly a system has been designed using a PICI2F675 microcontroller [94]. The 

system transmits an encoded bit stream, which incorporates a location and traffic 

infonnation. The RS 485 networked beacons and a host computer can modify the 

position infonnation. in case of restructuring of the environment as well as online 

traffic signaling commands. The variation of the infrared effective light sheet 

thickness (ELST) against the height of the mounting structure has been studied and 

the results illustrate a linear increase in light sheet thickness for mounting heights 

from two to six metres for a particular assembly. 

3.4 Beacon Receiver 

For the study of the beacon transmitter perfonnance a handy receiver unit 

has been developed around a PlC 12F675. 8-pin microcontroller and an infrared 

remote control receiver module. For the localization of the robot vehicle a 
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receiver/controller unit has been realized using microchip PIC18F4550 

microcontroller [99]. The odometric sensors in the vehicle provide the position 

information to the micro controller, which manages the drive and control systems. 

3.5 DISLiB System 

The Digital Infrared Sheet of Light Beacons (DISLiB) developed using the 

above assembly are location encoded and are designed around a microcontroller. 

The system transmits a catTier frequency of 40kHz, which is pulse width modulated 

with 12 bit Beacon Identification Number (BIN), one parity bit and appropriate 

start pulse. The BIN is assigned to each beacon installed in the workspace. During 

path execution, the position information gathered by the infrared remote control 

receiver modules from the beacon is processed by the microcontroller system of the 

vehicle that manages its navigation and guidance. As the vehicle crosses the 

infrared light sheet, the microcontroller based navigation system directly captures 

the location encoded information (BIN) and the position is updated after retrieving 

the corresponding absolute position from the database and the attitude is computed 

using baseline technique and is also updated. A resolution enhancement algorithm 

is developed utilizing the odometric sensor information. 

3.6 Beacon Networking 

An RS 485 network among the beacons and a host computer has been established 

for interconnecting the beacons. The RS 485 interface is designed using a 

transceiver [98] chip and the RS 485-USB bridge is designed around a PlC 

microcontroller [99] with inbuilt USB support. A wireless link is established to 

monitor and assist the navigational guidance system of the robot vehicle, which 

utilizes an RF Programmable System on Chip (PSoC) module [100]. The module 

can have a range of about 200 metres and operates at 2.4GHz ISM band. It has 
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inbuilt Direct Sequence Spread Spectrum (DSSS) communication [101] facility 

with a 64 bit PN code for spreading and despreading of data. The on chip serial 

peripheral interface (SPI) of the microcontroller can be utilized for configuring and 

establishing communication with the module. 

3.7 Error Reduction 

An odometric localization error reduction system has been developed to 

improve the performance of the wheeled mobile robot vehicles. The odometric 

localization errors caused by over count readings of an optical encoder based 

odometric system in a mobile robot due to wheel-slippage and terrain irregularities 

are studied. Redundant odometric sensors are considered in this technique. In 

addition to this an adaptive speed and position measurement to reduce the error has 

been developed. The system has been realized using an FPGA. 

3.8 Traffic Control 

The application of encoded Digital Infrared Sheet of Light Beacon 

(DISLiB) system can be extended to intelligent control of the public transportation 

system. The system is capable of receiving traffic status input through a GSM 

(Global System Mobile) modem. The vehicles have infrared receivers and 

processors capable of decoding the information, which generate the audio and 

video messages to assist the driver. 

3.9 Visually Impaired Support 

The DISLiB technique is extended to assist the movement of differently­

able (blind) persons in indoor or outdoor premises of his residence. The Digital 

Infrared Sheet of Light Beacons (DISLiB) transmit the encoded location 

information and an infrared receiver module decodes this data and the message is 

retrieved from the corresponding location in a voice recorder/playback chip. The 



:Metliotfofogy 
-------------------------------------------------------------~ 

orientationllocation of the person can as well be infonned through natural 

language. This system is simple, cost effective and provides less body gear without 

much computational burden or significant processing. Therefore, the navigation 

and guidance of a visually impaired can be achieved with a reduced body gear, 

which verbally guides the personnel. The user can use this system in conjunction 

with the conventional electronic cane or a guide dog too. 

3.10 Summary 

The present work utilizes an assembly of infrared LEDs that restricts the 

spreading of the light intensity distribution and confines it to a sheet of light and is 

encoded with localization and traffic infonnation. A standard infrared receiver 

module and a microcontroller based system is utilized for the pose updating in 

mobile robot vehicle applications. An odometric error reduction scheme has been 

addressed. The use of the system is extended to intelligent traffic and transport 

control and differently able assistance. The tools and support systems used in this 

work are briefly introduced in this chapter. 
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Sensing of vehicle position and attitude is still a very challenging problem 

In many mobile robot applications. For indoor applications where a stable and 

accurate localization system is necessary, the ultrasonic, infrared, radio frequency 

and laser techniques are commonly used. The existing indoor beacon systems have 

been generally less successful for a number of reasons. The expense of 

environmental modification in an indoor setting is not amortized over an extremely 

large useful area, as it is, for example, in the case of the GPS. Furthermore, indoor 

environments offer significant challenges not seen outdoors, including mUltipath 

and environmental dynamics. A laser-based indoor beacon system, for example, 

must disambiguate the one true laser signal from possibly tens of other powerful 
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signals that have reflected off walls, smooth floors, and doors. Confounding this, 

humans and other obstacles may be constantly changing the environment, perhaps 

occluding the one true path from the beacon to the robot. In commercial 

applications, such as manufacturing plants, the environment can be carefuUy 

controlled to ensure success. In less structured indoor settings, beacons have 

nonetheless been used, and the problems are mitigated by careful beacon placement 

and the use of passive sensing modalities. 

A new absolute localization approach developed to increase the navigational 

capabilities and object manipulation of autonomous mobile robots, based on an 

encoded digital infrared sheet of light beacon system, which provides position 

errors smaller than O.02m is described in this chapter. To achieve this minimal 

position error, a resolution enhancement technique has been developed by utilising 

an inbuilt odometric/optical flow sensor information. An innovative assembly 

developed for mounting the encoded digital infrared transmitter can transmit the 

beacon identification number, so that the location coordinates can be inferred 

utilizing a database stored in the receiver unit. Hence the location identification is 

so direct that no triangulation or trilateration is needed. A single beacon reading 

specifies the location information. The possible reflected signals have no role, as 

the signal strength will be insufficient for proper decoding. Hence the ambiguity in 

receiving the signals other than the direct signal is eliminated. 

For better guidance of mobile robot vehicles, an online traffic signaling 

capability is also incorporated. Other added features are its less processing time, 

networking support, ease of restructuring the environment and online localization 

capability and all these without any estimation uncertainty. This provides a cost 

effective position and attitude sensing system designed specifically to face the 

challenges in a realistic, cluttered indoor environment, such as that of an office 
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building or warehouse. In the proposed approach, a number of beacon transmitters 

are installed in the well defined and structured workspace as required and all the 

transmitters provide the estimates in a common reference frame or even universal 

frame, which make it especially suited as a practical indoor positioning system. 

Two sensor units on the mobile robot read the beacon and process the 

measurements to determine its position, attitude and traffic signaling information. 

The real-time identification and correction methods mitigate the impact of 

localization errors caused by the robot vehicles and the environment. A novel 

resolution enhancement algorithm suggested in this thesis satisfies the requirements 

for a high resolution localization system. The constructional details, experimental 

results and computational methodologies of the system are also described. 

4.1 Brief History of Indoor Localization 

The origin of mobile robot localization extends back to the 1950s with the 

installation of wire-guided tractors in industrial factories [89]. By the 1970s the 

path following concept had been developed to the point where autonomous guided 

vehicles (AGVs) navigated by following lines on the ground-either buried wires 

(via magnetic inductance) or painted stripes [90] came into existence. Buried wires 

were reliable and pennanent but suffered from substantial installation effort and 

subsequent inflexibility. Painted lines enabled more rapid path generation and 

alteration but required continued maintenance to ensure reliability (against wear 

and fading). The basic limitation of path following is that it restricts navigation to 

fixed trajectories and, therefore, limits AGV application to simple repetitive tasks. 

Thus, the path following method, while not actually localization in the pose 

estimation sense, was a precursor to autonomous localization in establishing the 

problem of autonomous navigation and precipitating the need for more flexible 

navigation strategies. 
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Increased flexibility via pose estimation was introduced through the use of 

artificial beacons. These were either active beacons such as infrared [91] or 

ultrasonic [12] transducers, or passive beacons such as retro-reflective markers [92] 

or radar trihedrals [93], and they enabled mobile robots to localize relative to the 

known beacon locations. This meant that the prescribed navigation paths could 

easily be redefined in software without any change to the physical environment and 

the robot could generate adaptive trajectories to bypass obstacles. Nevertheless, this 

method still requires the introduction of specialized infrastructure (the beacons 

themselves) that need to be carefully surveyed so as to provide accurate landmark 

locations. 

The use of the natural environment structure to provide landmarks was the 

next step in the development of autonomous localization, removing the need for 

specialized infrastructure. By providing the robot with accurate metric maps of the 

environment [23] the sensed environment could be registered with the map to 

determine its location. The use of natural landmarks introduced the problem of data 

association: the process of finding a correspondence between elements of two data 

sets. In the case of mobile robot localization, data association concerns assigning 

sensed features to appropriate map landmarks. All the above localization schemes 

require complex processing and large amount of memory, which results in more 

cost, size and computational delay. 

The functional block diagram of a mobile robot vehicle control system is 

shown in figure 4.1. The information provided by the sensors is processed in the 

localization unit. The cognition (Planning) module derives the desired paths for 

goal reaching. The motion control unit generates the required control sequences for 

the actuators. The localization unit is very crucial in goal reaching as well as path 

planning and obstacle avoidance. Sensors attached to the actuators also have 



significant role in localization; the best example is the incremental optical encoder 

based odometry. Other sensors like inertial navigation systems (INS), range 

finders, vision systems etc. support to reduce the localization uncertainty but an 

absolute localization system that updates the position is of great importance in 

highly precise applications. 

Localization 

Figure 4. J Functional block diagram of a mobile robot vehicle 
control system. 

4.2 Sheet of Light Beacon 

The localization systems based on computer vision, range finders or other 

sensors that do not require a special arrangement of the environment are 

computationally expensive and not so robust. So they are not common in industrial 

or service applications. Localization through marks or beacons is usually preferred 

for these applications {12, 131. A number of variants are used in practice {ill like 
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scanning detectors with fixed active beacon emitters, scanning emitters/detectors 

with passive retro-reflective targets, scanning emitter/detectors with active 

transponder targets, and rotating emitters with fixed detector targets. The general 

principle is always the same i.e. some marks or beacons are placed at known 

positions in the environment and are detected by appropriate sensors. Thus the 

robot position is then obtained through a triangulation or trilateration algorithm. At 

least three beacons are required for solving the triangulation problem. However, 

more than three beacons are often desirable, in order to extend the robot operation 

area and to locate the robot even when some beacons are occluded by obstacles in 

the environment (e.g., structures, moving personals). Furthennore, the use of more 

than three beacons leads to improved localization rate and precision. In addition to 

this, most of the infrared, ultrasonic or radio frequency beacons have inherent 

emission characteristics that may affect the resolution of the measuring system. 

Hence it is essential to consider a robust, low-cost system for the absolute 

positioning of mobile robots or other moving objects. This work describes a beacon 

assembly utilizing an infrared LED source that restricts the spreading of the light 

intensity distribution confined to a sheet of light. 

4.2.1 Principle of Operation 

Sheet oflight techniques were utilized in robotics and industrial applications 

for sensing objects, its shape and size [73, 74]. Here a new approach to produce the 

sheet of light and an encoding scheme for localization application has been 

described. In order to produce a sheet of light for localization applications, an 

innovative assembly as shown in figure 4.2 has been developed. The infrared 

beam is guided through the space between two identical sand blasted parallel metal 

plates of dimensions 100 mm x 100 mm, kept 2.5 mm apart. These metal plates will 

be acting as Lambertian scattering surfaces (diffuse reflectors) and their dimensions 
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have effects on the sheet thickness as well as infrared light intensity. A single 

infrared LED mounted at the centre of the LED housing, as shown, is seen to have 

a beam angle of around 45 degrees, which can be increased by mounting multiple 

LEDs. The width of the region of the infrared light sheet where the receiving 

system can properly read the encoded information is the Effective Light Sheet 

Thickness (ELST). The variation of effective infrared light sheet thickness against 

the height (h) of the mounting structure has been studied and the results are shown 

in figure 4.3, which illustrates a linear increase in light sheet thickness for 

mounting heights above two metres. 

" IrLEO 

Figure 4.2 The infrared LED of the beacon transmitter mounted on 
the structural assembly made up of sand blasted metal plates. which 
act as Lambertian scattering surfaces providing a sheet of light. 
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Figure 4.3 Variation of effective light sheet thickness against the 
mounting height of the beacon (h). The sheet thickness varies nearly 
linear above a height of two metres. 

In order to study the characteristics of the beacon transmitter and its 

assembly a system has been designed using PIC12F675 microcontroller [94] as 

shown in figure 4.4. The system transmits an encoded bit stream, where the pattern 

of the bit stream is selected according to the status of the micro switch inputs 

(SWl-SW3). For generating a stable 40kHz carrier a 20MHz crystal oscillator is 

utilized even though the microcontroller has inbuilt RC clock oscillator. A 

switching transistor 2N3904 is used to drive the infrared emitter. The photograph 

of the prototype beacon transmitter is shown in figure 4.5. 

The schematic diagram of the beacon receiver constructed for studying the 

performance of the transmitter and assembly is shown in figure 4.6. A battery 

operated small handy unit has been constructed around PIC12F675 microcontroller 

and an infrared remote control receiver module has been used to read the beacon. 

The LED indicator D2 blinks if the IR detector receives the beacon signals and the 

LED glows stable when the system receives the encoded bit stream properly. The 

transmitter is fixed at a location and the detector unit is moved to find the ELST at 



various distances from the transmitter, which corresponds to the mounting heights 

(h) and the results are studied. The IR remote control photo modules TSOP 1740 

[95J and GPlU58Y [96J from Vishay Telefunken aod Sharp Corporation 

respectively are used in this study and their characteristics are found to be very 

similar. From the observations it is dear that for a defined transmitting power, 

assembly and detector type, the ELST varies with the beacon height. In the range 

of mounting height two to six metres the ELST variation is found to be linear for 

this assembly dimensions. This mounting height of two to six metres is reasonable 

for most of the indoor robot localization applications. 
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Figure 4.4 The schematic diagram of the beacon transmiller for the 
characterization of the assembly and the lransmiller. 
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Figure 4.5 Photograph of the prototype of the beacon (DISLiB) 
implemented using PlC 12F675 microcontrol/er with three micro 
switch inputs for configuration. 
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Figure4.6 The schematic diagram of the portable beacon receiver for 
the characterization of the assembly and the transmitter. 
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4.2.2 The Beacon Transmitter 

The Digital Infrared Sheet of Light Beacons (DISLiB) constructed using the 

above assembly are location encoded and are designed around a PICl6F676 [97] 

microcontroller as shown in figure 4.7. The system transmits a carrier frequency of 

40kHz, which is pulse width modulated with 12 bit Beacon Identification Number 

(BIN), one parity bit and appropriate start pulse. The BIN is assigned to each 

beacon installed in the workspace. The system employs a scaled version of Sony 

Infrared Remote Control (SIRe) protocol to transmit the data and the protocol 

details are shown in figure 4.8. The time taken to transmit a location information is 

around 6ms, which may vary slightly as the protocol uses different burst lengths for 

'l's and 'O's. Besides continuously transmitting the encoded position information 

the microcontroller in the beacon transmitter drives the infrared LED(s) by 

switching a transistor in series with a current limiting resistor as shown in figure 

4.4. 
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Figure 4.7 Functional block diagram of the beacon transmitter 
consisting of a microcontroller, which generates the encoded signal for 
driving the infrared LED mounted inside the special assembly and an 
RS485 networkfor establishing communication with a host computer. 
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Figure 4.8 The scheme of the scaled version of SIRe communication 
protocol format which uses 12 -bits for location encoding, one pari~y bit 
for error detection and appropriate start pulse. 

By interfacing micro-switch inputs to the microcontroller for the 

configuration of a particular Beacon Identification Number (BIN), one can easily 

encode different location information to the beacons without modifying the 

firmware in each unit. Traffic signaling information like speed limits, sharp 

turnings etc., can be communicated by sending a few more bits and properly 

encoding the beacon. A number of beacon transmitters are mounted at various 

locations to define the environmental structure. Each beacon will send fixed BIN 

plus traffic signaling bits to the receiver. By establishing an RS 485 network 

among the beacons and a host computer, the position information in case of 

restructuring, as well as traffic signaling commands can be modified online. The 

RS 485 interface is designed using MAX485 [98] transceiver chip and the RS 485-

USB bridge is designed around a 18F2550 PlC microcontroller [99, 102, 103] with 

inbuilt USB support. Thus the system can be made user friendly by incorporating 

the RS 485 network with the host computer. Figure 4.9 shows the schematic 

diagram of the USB to RS485 bridge and the photograph of the module is 

presented as figure 4.10. 
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Figure 4.9 Schematic diagram oJthe USB to RS485 Bridge. 

Figure 4. J 0 Photograph oJ the USB to RS485 bridge module. 

4.3 Vehicle localization 

Most of the absolute localization methods using ultrasonic, infrared, radio 

frequency or laser require multiple known beacons or encoded strips in the vicinity 
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of the robot vehicle as well as rotating/scanning, control and computational units to 

estimate the position of the system. If multiple localization systems are installed, a 

sensor fusion algorithm must be used to obtain a better estimate [23]. A 

prerequisite for a successful map matching or landmark based technique of 

localization, is an acceptable accuracy in the relative position estimation. By 

eliminating all the inherent problems and complexities of these existing systems a 

high resolution absolute localization is possible with the use of Digital Infrared 

Sheet of Light Beacons (DISLiB). 

4.3.1 Method of Installation 

By properly installing the Digital Infrared Sheet of Light Beacons (DISLiB) 

at known locations (B) vertically above the track as shown in figure 4.11, an 

accurate and robust representation of the workspace can be achieved for path 

planning and object identification of the mobile robot. In a typical indoor structure, 

the beacons should be mounted at a height (h) of about three metres for covering 

the entire width of the track and for greater track widths either multiple infrared 

LEDs or increased mounting heights within the reading threshold of the beacons 

are preferred. For a systematic implementation of the system, the entire workspace 

can be divided into various zones and tracks, where each track in the zones are 

properly labeled for effective functioning. The beacon distributions can be 

identified based on the systematic errors resulting from the kinematic imperfections 

of the vehicle and non-systematic errors due to the environment and depending on 

the resolution requirements. 
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Figure 4.11 A typical workspace showing the beacon positions (B) and 
mounting of the same vertically above the tracks Trl,Tr2 etc. at a 
height of" metres. 

4.3.2 The Beacon Receiver and Controller 

The receiver/controller unit is realized using microchip PlC 18F4550 40-pin 

microcontroller [99] with inbuilt SPI support. The functional block diagram of a 

typical beacon receiver is shown in figure 4.12. The odometric sensors provide the 

position infonnation to the microcontroller, which manages the drive and control 

systems. A wireless link is established to monitor and assist the navigational 

guidance system of the robot vehicle, which utilizes the CYWM6935 PAEC, the 

RF Programmable System on Chip (PSoC) module [100] from Cypress 

Semiconductor Corporation. The module can have a range of about 200 metres and 

operates at 2.40Hz ISM band. It has inbuilt Direct Sequence Spread Spectrum 

(DSSS) communication [101] facility with a 64 bit PN code for spreading and 

despreading of data. The on chip serial peripheral interface (SPI) can be utilized for 

configuration and establishing communication with the module. This RP 

transceiver module is ideal for short range indoor applications. The system 
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perfonnance can further be improved by using mUltiple microcontroller based 

designs. 

DISPLAY UNIT DRIVE AND OTHER 
CONTROLS 

c=: 
0 .... 
u 
w MICROCONTROLLER .... 
w c 
c=: SPI 

2.4GHzDSSS 
TRANSCEIVER 

SENSOR INPUTS 

Figure 4.12 Block diagram of the beacon receiver and controller 
consisting of PlC I8F4550 microcontroller. which manages motor 
control. RF link with host using CYWM6935 wireless module operating 
at 2.4GHz ISM band, 20X4 LCD display, optical incremental encoders 
attached to the wheels and the beacon receiver interface. 

The H-bridge driver chips (LMD18200) from National Instruments [104] 

interfaced to the microcontroller is utilized for' driving the pennanent magnet dc 

motors attached to the front steering driving wheel. The use of these driver ICs 

simplify the implementation of speed, direction and brake controls. This is also 

capable of monitoring the overload and stall conditions, by measuring the current 

drawn by the motors. A typical schematic diagram showing the driver le and its 

associated components are shown in figure 4.13. 
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Figure 4. J 3 Schematic diagram of the motor drive using LMDI8200 H­
bridge 

A vehicle traffic control and monitoring station can be setup for managing 

the path execution and service of the mobile rohot vehicle. The functional block 

diagram of the PC based central monitoring and control station is shown in figure 

4.14. The wireless module establishes a communication link with the robot vehicle 

and through this the system is capable of sending mission commands as well as 

monitoring the position, orientation, direction of motion and other vehicle status. 

The PICl8F2550 microcontroller is used to implement the USB to RS485 bridge 

and wireless link [102, I 03]. 
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Figure 4. J 4 Functional block diagram of the monitoring and control 
station 

During path execution, the position infonnation gathered by the infrared 

remote control receiver module from the beacon is processed by the 

microcontroller system of the vehicle that manages its navigation and guidance. As 

the vehicle crosses the infrared light sheet of thickness d, the microcontroller based 

navigation system directly captures the location encoded infonnation (BIN) and the 

position is updated after retrieving the corresponding absolute position from the 

database. By specifying certain scaling factors and the encoded value, it is possible 

to reduce the memory requirements of the system. The receiver takes 6ms for 

position decoding and hence at least 12 ms is required for a guaranteed position 

update while crossing a DISLiB. For a mounting height of about three metres the 

effective light sheet thickness (d) is around O.12m (figure 4.3), and hence the 

maximum speed of the vehicle has to be limited to a value less than 10m/s. As the 

speed of practical indoor vehicles is less than this, it does not cause any problem in 

field applications. Up to this speed, the resolution of the system remains as the 

effective light sheet thickness. The photograph of the prototype of the beacon 

receiver and controller is shown in figure 4.15. 
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Figure 4. /5 Photograph of the prototype of the beacon receiver and 
controller 

4.3.3 The Beacon Performance and Evaluation 

TIlis is an absolute localization system for correcting the errors caused by the 

inbuilt sensory system of the mobile robot vehicle. In situations where frequent 

correction is required, more number of beacons are to be installed. The beacon 

(DISLiB) perfonnance is associated with various parameten; like the speed of the 

vehicle (during beacon crossing), effective light sheet thickness (ELST) of the system 

and the reading time, which depends upon the coding scheme of the beacon 

transmitter. As the vehicle crosses the DISLiB, the system takes a certain number of 

readings depending on the reading time, ELST and the speed of the vehicle. The role 

of these parameters, which affect the perfonnance, has been studied and a resolution 

enhancement algorithm has been developed which is explained in section 4.4. The 

characteristics are plotted in figure 4.16. These 3-D surface plots show the role of 

vehicle speed, beacon' s reading time and Effective Light Sheet Thickness (ELST) on 

the resolution of the system. Figure 4. I6(a) indicates the plot of speed and reading time 

against the resolution with an effective sheet width of 0.12 metres. The discrete 

variation of the resolution depends on the nwnber of beacon readings, which is a 

function of speed and reading time. Figure 4. 16(b) shows the effect of ELST on the 

resolution and vehicle speed. 
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Figure 4.16. 3-D swface plots showing the role o/vehicle speed, beacon 
receiver 's reading time and Effective Light Sheet 11riclatess (ELS1) 
against the resolution of the system. (a) indicates the variation of 
resolution with respect to speed and reading time (b) the variation of 
resolution with respect to speed and EUT 
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4.4 Resolution Enhancement 
During path execution, as the vehicle crosses the DISLiB, the system takes n 

number of readings depending on the ELST and the speed of the vehicle. For vehicles 

moving at a speed less than the maximum speed allowed by the system, the resolution 

can be increased by making use of a resolution enhancement algorithm. Fast moving 

vehicles have to be slowed down during the localization process for achieving 

acceptable resolution enhancement. The system generates a lookup table with the 

count (n), beacon reading (BIN) and the odomertic position infonnation (Pn), as 

shown in table 4.1. Under a particular DISLiB the beacon identification number is the 

same for all the observations. The beacon identification number points to a memory 

location in the database from where the position infonnation can be retrieved. The 
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Table 4.1 Lookup table formulated for the execution of the 
resolution enhancement algorithm 

position infonnation furnished by the proprioceptive sensors corresponding to d or 

(n+l)1i" position respectively for even or odd values of n can be updated. For an even 

value of n, P nil can be replaced with an absolute position value from the database pointed 

by BIN and hence the resolution of the system is enhanced from effective width of light 

sheet d to din. In fact the algorithm replaces the PJtt-lth position value with [BIN] + (PJtt-i 
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- P nI2). The flowchart shown in figure 4.17 describes the resolution enhancement 

algorithm. The vehicles fitted with two sensors create separate tables and finally updates 

with the average value. 

The resolution is effectively improved in the present set up as it is the product of 

the speed of the vehicle and reading time, as illustrated below. The enhanced resolution 

r, which is the ratio of the effective light sheet thickness to the nwnber of readings, can 

be deduced to: 

d st 
r = - = vb::::: (Svtr) 

n INT(tb / tr ) 
(4.1) 

where 

Sv - speed of the vehicle 

tb - time taken by the vehicle to cross the light sheet (ELST) 

tr - time required for one successful beacon reading 

INT(tiltr} - integer value of the ratio (tiltJ. 

Equation (4.1) gives the inference that a reduced vehicle speed improves the 

resolution. Either we can feed the information to the receiver regarding the locations at 

which the beacons are placed or the system can keep a rough estimate about the locations 

at which the beacons are available. For high resolution applications the vehicle can 

reduce its speed while approaching the beacons if desired. When tr = tb. the resolution 

enhancement algorithm will fail since n=l, and the resolution remains as d. For a vehicle 

crossing the DISLiB at a speed of around 3 m1sec. with a reading time of 6ms equation 

(4.1) computes the resolution to be approximately O.02m. A further improvement in 

resolution can be obtained by reducing the beacon reading time which in turn is achieved 

by decreasing the infrared burst lengths. Only micro robot vehicles engaged in very 

precise work need such resolution. Usually the reading time is constant for a set up so 

that the resolution of the system varies with the speed of the vehicle. 
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Figure 4. J 7 Flowchart showing the implementation details o/the 
resolution enhancement algorithm 

4.5 Position and attitude update 

The kinematics and navigation equations for a three-wheeled mobile vehicle 

with one driving-steering wheel and two fixed rear wheels in-axis is considered for 

this study. The odometric navigational systems are implemented using four optical 

incremental encoders. The driving steering wheel (front) is attached with geared 

pennanent magnet DC motors with inbuilt encoder, which measures the angular 

increments for the measurement of the steering angle ; and the distance moved by 

the vehicle. The rear wheels are also attached with encoders to estimate the position 

and attitude of the vehicle. The DISLiB beacon receivers are utilized to update the 

position and heading of the vehicle by utilizing the update equations for this 

vehicle geometry. 
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The symbols used in the update equations are defined below: 

Xk (x, y, 0)- position and attitude vector 

a - the angle between the light sheet foot print and the line joining between the 

beacon receiver sensors SI and Sl. 

f3, - the angle between the light sheet footprint of the lh DISLiB and y axis of the fIXed 

reference frame. 

{}- the estimated attitude of the vehicle with respect to the fixed reference 

{}; -the estimated attitude of the vehicle using the lh DISLiB with respect to Ihe fixed 

reference 

t/J - the steering angle with respect 10 axis of symmetry 

R - the wheel radius of the vehicle 

nL - nR - nF - ns - the encoder incremental pulse counts from the lefi. right, front 

and steering - wheel encoders respectively. 

N - the number of pulses per revolution of the encoder. 

L -the distance between the rotation axis of the front (driver) wheel and the a-cis of the 

back wheel. 

D - the distance between rear wheels 

t" - the time required to cross the beacon light sheet 

td - the time delay between two sensor outputs 

a - half the distance between two beacon sensors 

(.'C, y) -the position estimated by sensors with respect to the fIXed reference frame of the 

point 'P' on the vehicle. 
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Figure 4.18 Kinematic scheme of the three wheeled mobile robot vehicle and 
the footprint of the effective light sheet width d. The attitude () is the angle 
between the absolute reference frame OXY and the mobile reference frame 
puv. The origin P is attached to the mid point of the axes joining the rear 
wheels and the sensors S} and Sl. The time delay td between the encoded 
signals reaching the sensors is also shown. 

Figure 4.18 shows a typical posture of the mobile vehicle with an 

orientation "fJ" and steering angle "~". Two identical DISLiB sensors S} and Sl are 

mounted at the top of the rear wheel axis of the vehicle at a distance of 2 a. If the 

vehicle's axis of symmetry is normal to the sheet of light both the sensors receive 

the signal simultaneously. From the BIN received, the mounting angle of the 

corresponding beacon transmitter, Pi can be retrieved from the database. If the 

vehicle crosses the beacon with a heading angle "fJ" (not equal to Pi) there will be a 

lag or lead between the received signals, which is a measure of the attitude of the 

vehicle. The signal waveforms derived from the start pulse is shown in figure 4.18 

(inside the circle), in which the time duration tb is the time required to cross the 
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beacon and the lag or lead time td is the time required to cover the distance "c" by 

the vehicle. The lead or lag time td is a measure of the attitude of the vehicle. The 

attitude 8; computed by the receiver unit in the vehicle is given by the following 

expresslOn: 

8, -1 ( c) +R -I ( IdS,.) R = tan - pi = tan - + PI 
2a 2a 

(4.2) 

The better a vehicle's odometry, the better will be its ability to navigate and 

lesser will be the requirement for frequent position updates with respect to external 

sensors. For the computation of the position and attitude let us consider the pulse 

counts from the two independent optical encoders attached to the rear non-driven 

idler wheels of the vehicle which have less coupling with the steering and driving 

system and very less slippage between point of contact and the floor. The update 

equations for this model are as follows [105]: 

rrR 
x(k+ 1) = x(k) + N (nR(k) + nL(k))coS B(k (4.3) 

y(k+ 1) = y(k) + re; (nR(k) + nL(k))sin B(k) (4.4) 

2rrR (nR(k)-nL(k)) 
B(k+l) = B(k) + N D (4.5) 

The distance moved by the wheel's point of contact can be derived by 

considering the vehicle's front driving steering wheel's incremental pulse count 

data and steering angle. The steering rotation is limited to ±40o about the axis of 

symmetry of the vehicle. The steering angle can be computed by counting the 

pulses (nsJ from encoder attached to the steering wheel as follows. 

r/J = rrns 
2NG 
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Where G is the gear ratio between the encoder shaft and robot steering 

coupling. 

The update equations for this model are described as follows [105]: 

( 27rR) x(k+ 1) = x(k) + - n,{k) cos 8(k) cos rjJ (k) 
N 

y(k+ I) = y(k) + ( 27rR) nF(k) cos 8(k) sin rjJ (k) 
N 

B(k+l) =B(k) + (27rR) ndk) sin~(k) 
N L 

(4.6) 

(4.7) 

(4.8) 

Equations (4.3, 4.4 & 4.5) utilize the rear wheel encoder data for the 

computation of position and attitude where as equations (4.6, 4.7 & 4.8) utilize 

front wheel encoder data and steering angle for the same. The x(k) and y(k) values 

in these equations are updated from the system database after executing the 

resolution enhancement algorithm described in section 4.4. 

The computed value of 0, which is O(k) in equations (4.5) and (4.8) is 

updated with 0, obtained from equation (4.2). Farther apart the sensors SI and S2 

are kept (i.e., the greater the baseline between them), the greater the orientation 

accuracy. Thus these systems fundamentally require a certain vehicle size for 

attitude measurements, no matter how small the electronics can be made. 

In a practical environment the pulse count received from certain encoders 

may indicate an over count due to workspace and operating conditions. So the least 

value of x(k+ 1), y(k+ 1) and B(k+ 1) estimated from the equations (4.3) to (4.8) can 

be used for computing the pose of the vehicle. A detailed description of the same is 

presented in chapter 5. Maximum resolution of the DISLiB system is limited to the 

resolution ofthe odometry. 
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4.6 Summary 

The development of a cost effective, accurate and reliable system, utilising 

an infrared sheet of light, which minimizes position errors during the path 

execution is presented in this chapter. The constructional details of the encoded 

digital sheet of light beacon, method of installation and its implementation using a 

microcontroller are explained. The results of the characteristics study of the beacon 

transmitter are also presented. A resolution enhancement algorithm has been 

developed and the variations of resolution with the environmental parameters are 

presented. The position and attitude updating for a three wheeled mobile vehicle 

with one driving-steering wheel and two fixed rear wheels in-axis is also discussed. 
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A variety of techniques have been developed and used successfully to 

provide the position and attitude infonnation of autonomous mobile robot vehicles 

operating in industries and other environments. However, many of these existing 

positioning systems have inherent limitations of their own in the workspace when 

they are guided through terrain irregularities like humps, cracks or other 

disturbances. In mobile robot applications, two basic position estimation methods 

are employed concurrently, viz., the absolute and relative positioning [11]. 

Relative position estimation is based on proprioceptive sensing systems like 

odometry [17], Inertial Navigation System (INS) [18] or optical flow techniques 

[19], where the error growth rate of these systems are usually unacceptable. For 

implementing a navigational system most of the mobile robots use position 
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odometric system together with traditional inertial navigation systems employing 

gyros or accelerometers or both. The odometric system provides accurate and 

precise intermediate estimation of position during the path execution. 

Though the odometric system is simple, inexpensive and accurate over short 

distances, it is prone to several sources of errors due to wheel slippage, variations 

in wheel radius, body deflections, surface roughness and undulations. Odometric 

system is reliable and reasonably accurate, on smooth flat terrain, and in the 

absence of wheel slippage, since a wheel revolution corresponds to linear travel 

distance. On paths having terrain irregularities the odometric systems are not 

considered to be useful, because the measured rotations of the wheels do not 

accurately reflect the distance traveled due to wheel slippage and motion over 

humps and cracks. Such odometric errors need to be corrected in practical mobile 

robotic applications. 

This chapter presents the realization of a new, simple and efficient system to 

reduce the errors caused by terrain irregularities like humps, cracks or other 

disturbances, which contribute to errors in an odometric system in a mobile robot 

vehicle. The detection and correction is based on redundant encoder measurements. 

In addition to this we present an adaptive speed measurement and standard 

quadrature technique to improve the position and speed resolution. The CORDIC 

algorithm has been used for the computation of sine and cosine tenns in order to 

solve the update equations. The system has been realized in an FPGA and the 

results are discussed. By using this system one can reduce the odometric error so as 

to increase the travel distance between absolute position updates, thereby lowering 

the installation and operating costs of the system. 



Oaometn"c P.rror 'Reauctum System 

5.1 The Odometric System 

In this work a three-wheeled mobile robot vehicle with one driving-steering 

wheel and two fixed rear wheels in-axis, fitted with incremental optical encoders is 

considered. The incremental encoders are the most frequently adopted position 

transducers for the mobile robotic applications. The low level infonnation 

furnished by the encoder in the fonn of two pulse trains namely Ch _A and Ch _ B 

are 90° out of phase (quadrature) and depending on the direction of rotation, one of 

these pulses will lead or tag the other. The optical incremental encoders are 

described in detail in section 2.3 of chapter 2. The low level signals are passed to 

the control system, which computes the actual position, speed and acceleration 

infonnation needed for the controller. Incremental encoders, which have been used 

for this purpose, are characterized by high accuracy, high resolution, high noise 

immunity, low maintenance and low cost and hence are generally preferred. 

5.1.1Position Measurement 

The position measurement involves counting the encoder pulses with the 

help of a quadrature decoder circuit and the direction of movement of the wheel 

can also be decoded from the encoder pulses. The count is incremented or 

decremented depending on which pulse leads the other. 

The simplified block diagram of the Encoder Pulse Processing Module 

(EPPM) is shown in figure 5.1. The encoder pulses Ch_A and Ch_B are fed to the 

quadrature decoder circuit, which decodes the direction indicator bit and generates 

pulses during the rise and fall fronts of both channels. A 20-bit up/down counter is 

implemented and the direction bit would set the counter as up or down depending 

Upon the direction of movement of the wheel. The computational unit resets the 
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counter after reading the position or position increment. The present position P (or 

position increment) and the position error noise oP due to quantization are given by 

rrQR p= 
2NG ' 

8P= 
rrR 

2NG 

Where Q is the counter value, R is the radius of the wheel in metres, N is the 

number of pulses per revolution of the encoder and G is the gear ratio between the 

encoder shaft and robot wheel coupling. 

QUAORATURE 
DECODER 

COUNTER 

COUNTER 

UPIDNCNTR 

SPEED 
REGISTER 

Figure 5.1 Functional block diagram of the optical incremental 
Encoder Pulse Processing Module (EPPM). which computes the 
velocity information in period mode and pulse mode depending upon 
the current speed of the vehicle. It also provides the incremental 
position (distance) update of the wheel. 

5.1.2 SpeedIVelocity Estimation 
Two major techniques for extracting the speed data from an incremental 

encoder are pulse counting and period measurement [106, 107, 108] of the pulses. 

In pulse counting mode the number of pulses Q in an observation time window T is 

counted and the speed is approximated to the discrete incremental ratio as: 

1{\{\ 

s = Tr QR 
2NTG 
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The speed error due to one bit quantization oS = 2~~G 

The other method for obtaining the speed is to measure the time between two 

successive pulses from the encoder. In this method a stable high frequency clock (/) 

and gating circuit is normally used at the front end of the counter. The gating circuit is 

controlled by the encoder pulses, so the count value depends on the number of encoder 

pulses per revolution and the clock frequency. For a given system, the clock frequency 

and the number of encoder pulses per revolution are constant and hence the count 

value is inversely proportional to the speed of the vehicle and the relationship is given 

by 

s=..!!.L 
2NQG 

The upper part of the encoder pulse processing module in figure 5.1 shows the 

velocity measurement sections. In pulse counting scheme the pulses from the 

quadrature decoder (x4) circuit is gated with the time base and fed to the counter and 

the final count value is latched. Instead of the direct pulses from the encoder, the 

quadrature decoded pulses are used as the pulse rate is four times higher. This reduces 

the switching between period measurement and pulse counting schemes. 

The implementation of the period measurement scheme is very similar to pulse 

counting except that the counting clock is from the reference clock generator and the 

gating pulse is from the quadrature decoder. Hence the count value is a measure of the 

velocity as it counts the number of period mode clocks between successive pulse 

intervals. The system can switch between these two velocity measuring modes by 

monitoring the count register value because period counting is more accurate at low 

speeds and pulse counting is more accurate at high speeds. The 3D plot in figure 5. 

2(a) shows the variation of error with respect to the time window T and encoder pulse 

per revolution N and in figure 5. 2(b) shows the error variation with respect to encoder 

pulse per revolution and the period mode oscillator frequency. From these plots it is 

1 {It 



very evident that the proper switching between these two modes facilitates the accW'8te 

measurement of velocity infonnation. If the pulse count value in the pulse mode 

counter is less than a reference value then the velocity measuring scheme switches to 

the period measuring mode and vice versa. The speed register value along with the 

mode bit (period/pulse) can be read to get the velocity infonnation. 

I 
I 

-'- • 

(a) 

(b) 

Figure 5.2 3-D surface plot showing the role of (a) quantization error 
plotted against encoder pulse per revolution and observation time 
window in pulse counting mode and (b) relative error plotted against 
encoder pulse per revolution and oscillalor clock frequency in period 
counting mode. 
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5.2 Position and Attitude Estimation 

The kinematics and navigation equations for a three-wheeled mobile vehicle 

with one driving-steering wheel and two fixed rear wheels in-axis is considered in 

this study. The odometric navigational system is implemented using four optical 

incremental encoders. The driving steering wheel (front) is attached with geared 

permanent magnet DC motors with inbuilt encoder, which measures the angular 

increments for the measurement of the steering angle and the distance moved by 

the vehicle. The rear wheels are also attached with encoders to estimate the position 

and attitude of the vehicle. A typical pose of the mobile robot vehicle with a 

steering angle t) and an orientation B with respect to the absolute reference frame 

OXY is shown in figure 5.3. 

, 

l--o 

Figure 5.3 The Kinematic scheme of the three wheeled mobile robot 
vehicle having attitude B, which is the angle between the absolute 
reference frame OXY and the mobile reference frame PUV The origin 
P is attached to the midpoint of the axes joining the rear wheels and the 
axis of symmetry of the vehicle. t) is the steering angle. 

S.2.t Position Updates from Encoder Data 

The same three wheeled mobile robot vehicle used for the position and attitude 

update in chapter 4 is considered here. The update equations for this model using the 

rear wheel as well as the front wheel are given by equations (4.3) to (4.8) in section 4.5 

of chapter 4. The pulse count received from certain encoders may indicate an over 
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count due to terrain irregularities and operating conditions. So the least value of x(k+ 1), 

y(k+l) and B(k+l) estimated from the equations (4.3) to (4.8) can be used for 

computing the pose of the vehicle. The necessary hardware is designed and developed 

for the independent computation and comparison of the position and attitude values 

from the rear wheel and front wheel encoder data. The digital comparators manage the 

switching of multiplexers that selects the least values among the computed values. 

5.2.2 The Error Reduction Technique 

Conventional systems use data from a set of encoders to compute the posture of 

the vehicle. By utilizing the equations (4.3) to (4.5) and reading encoder pulse counts 

of the rear wheels one can compute the position and attitude of the robot vehicle. Using 

equations (3.6) to (3.8), the posture of the vehicle can be computed by utilizing the 

encoder data available from the front whee1. 

The technique presented here utilises both the sets of encoder values and 

computes the position and orientation of the vehicle. Thus the redundant information 

for the computation of the posture of the vehicle is available. The wheel slippage, 

motion over humps, cracks or any other terrain disturbances cause more pulses than 

what corresponds to the actual distance travelled [109]. This may lead to over 

incremental update values of position and orientation. Independently computing the 

position increments and angular increments of the system and dropping the higher 

values eliminate this error. The new position and orientation are updated with the 

minimum (lower) values. 

Figure 5.4 shows three typical postures of the vehicle over a hump. The figure 

5.4(a) corresponds to an error condition of over counts from rear wheel encoders that 

records more distance than the actual. The front wheel encoders produce the data 

corresponding to the actual distance moved by the vehicle. Figure 5.4(b) represent a 

situation where the rear wheel encoders produce over counts and over attitude errors 
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while figure 5.4(c) shows the front wheel encoder pose over a hump that may cause 

over count from this encoder. 

t-< 

o 

., 
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Figure 5.4 Plan view of three typical postures of a vehicle over a hump 
show an error condition of over counts when (a) both the rear wheels 
are over the hump. (b) when one of the rear wheels and (c) the front 
wheel is over the hump. 
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The simplified functional block diagram of the error reduction system is 

shown in figure 5.5 which has two computation units and two switching units. The 

two computation units independently calculate the position and orientation 

incremental values by reading the corresponding encoder pulse counters from the 

encoder pulse processing modules. The switching units compare the incremental 

values and the least value will be selected for updating. 

Figure 5.5 The simplified functional diagram of the FPGA sub system 
which computes two sets of position increments and two attitude values. 
The switching, control and communication blocks are also shown. 

5.3 Implementation 
The system implementation is achieved by using an Altera development 

board consisting of Cyclone-II EP2C70F672-C6 FPGA and associated 

components. The user interface termination provided on header connectors is used 

for realizing the system. The system is implemented with the help of the Quartus-II 

FPGAlCPLD design package and modelsim simulation tools [110]. In figure 5.5 

the two encoder pulse processing modules (EPPM) used to process the pulses from 

the rear wheel encoders place the velocity and position information in the 

appropriate registers. The other two encoders' pulses from the front driving 

steering wheel are not utilized for velocity calculations. The average velocity 
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values measured from the rear wheels are available through the SPI interface of the 

system. 

The computation unit utilizes the equations (4.3)-(4.8) for the calculation of 

position and attitude incremental update values. The sine and cosine calculation 

modules are necessary to speed up the process. So the outputs from the computation 

units are two sets of X axis and Y axis increments and two attitude values (8). These 

values are stored in the corresponding registers and the switching module selects the 

least value set of position and attitude increments. All these values can be read through 

the SPI interface module. 

5.3.1 The Sine/Cosine Module 

For the computation of sine and cosine terms, the famous CORDIC 

(COordinate Rotational DIgital Computer) algorithm is used. The CORDIC 

algorithm is an iterative technique based on the rotation of a vector which allows 

many transcendental and trigonometric functions to be computed [113, 116, 117, 

120]. The highlight of this method is that it is achieved using only shifts, 

additions/subtractions and table look-ups, which map well with hardware and are 

ideal for FPGA implementation [114, 115, 118, 119]. The original work on 

CORDIC was carried out by Jack Volder [111] in 1959 for computing the 

trigonometric functions as a part of developing a digital solution to real time 

navigation problems. Since then, much research has been carried out on this 

algorithm. A thorough survey of this work with respect to FPGAs has been 

published by Andraka [112]. 

All the trigonometric functions can be computed or derived from functions 

using vector rotations. The CORDIC algorithm is derived from the Givens rotation 

transforms: 
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Xi+j = Xi cos(}(i) ~ Yi sin(}(i) 

Yi+/ = Yi COS(}(i) + Xi sin(}(i) 

which rotates a vector (Xi, YI) in Cartesian plane by an angle (}(i), These can 

be rearranged so that: 

Xi+/= cos(}(i)[ Xi ~ Yi tan(}(i)1 

YI+J = cos(}(i)[ Yi + XI tan(}(i)] 

The process of rotating a unit vector (1,0), until the angle is () is depicted in 

figure 5.6 

('-" .. ) 

Figure 5,6 A unit vector rotated to angle () using iteration, 

However if the rotation angles (}(i) are restricted to tan8(i) = ±2,j , then the 

multiplication by the tangent tenn is reduced to simple shift operation, Arbitrary 

angles of rotation are obtainable by perfonning a series of successive smaller 

elementary rotations, The iterative rotation can now be expressed as: 

Xi+/ = Ki[ Xi ~ Yi' di , 2 ' i] 

Yi+/ = KI [ Yi + Xi, di , 2,1] 



where: 

K ,,-12-1,)' 1 
i =cos, tan = ~ 

,,1+2-21 

d;=±l 
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Removing the scaling factor K; from the iterative equations yields a shift­

add algorithm for vector rotation. The product of K; 's can be applied elsewhere in 

the system. The product approaches a constant value as the number of iterations 

becomes infinity. The exact gain of the system depends on the number of iterations 

and is: 

The set of all possible decision vectors in an angular measurement system is 

based on binary arctangents. Conversions between this angular system and the 

other can be accomplished with the help of a look-up table which can be easily 

implemented in an FPGA. The angle accumulator adds a third difference equation 

to the CORDIC algorithm: 

d -I (,,,oi') 
Zi+/ = Zj - j • tan ~ 

The CORDIC rotator is normally operated in one of the two modes. The 

first, called rotation mode, rotates the input vector by a specified angle and the 

second mode called vectoring mode rotates the input vector to the X axis while 

recording the angle required to make that rotation. 
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Fjgure 5.7 The 3-D plot showing the variations in residual angle 
which is a measure of computational error against input angle and the 
number o/iterations. 

In this system the rotation mode is used to compute the sine and cosine 

values to solve the position and attitude update equations. In this mode the angle 

accumulator is initialized with the desired rotation angle. The rotation decision at 

each iteration is made to diminish the magnitude of the residual angle in the angle 

accumulator. The decision at each iteration is therefore based on the sign of the 

residual angle after each step. For rotation mode the CORDIC equations are: 

where 

X/+J = X/- Yi . d;. TI 

Y;+I= Y; + Xi· dj • Z-I 

ZHj .. Zj - d/ .tan·1 (r~ 

d;=-l if z; <O, + J otherwise 

Which provides the following results: 

xII = A II [xo cos Zo - yosin zo] 

YII = AII[yocos Zo + xosin zo] 
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An = n ~1 + 2-21 

n 

The rotation mode CORDIC operation can simultaneously compute the sine 

and cosine of the input angle. By setting Xu= 1 : yo=O:. z{) = the input angle: and 

multiplying the result with (lfA,J the sine and cosine values can be computed. 

Figure 5.7 shows the angle error plot against the variations in residual angle with 

respect to the number of iterations. The value of 1 fAn for 16 iterations is around 

0.60725293510314. More than ten iterations give a satisfactory resolution and IIAn 

is nearly a constant. 

5.3.2 The Realization Details 

The entire sub system has been designed and implemented in Altera 

Cyclone-II EP2C70F672-C6 FPGA. The main task is the implementation of the 

computational unit consisting of the CORDIC processors for the sine and cosine 

computation [121]. The design has been divided into various blocks [122, 123] like 

the Encoder Pulse Processing Module (EPPM), comput~tional unit for evaluating 

the update equations incorporating the CORDIC processor, switching module for 

selecting the least values and SPI communication interface for establishing the link 

with the control processor. There are various read/write registers involved in the 

design for scaling, initialization and data storing. 

The entire design entry process is carried out with the help of VHDL and 

the design is synthesized [124, 125, 126] with the above mentioned target device in 

Quartus 11 software. The CORDIC algorithm is implemented in sequential manner 

and the number of iterations required is seen to be 16. The sequential CORDIC 

design performs one iteration per clock cycle. With a system clock frequency of 

50MHz, the total time taken by this module is less than 400ns, which is a very 
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small value, as most of the vehicle control system require only onc sample per 

I DOllS or even less. Hence the results are ready with the sub system after 

initialization of the system registers and the role of the controller is to read the 

updatc values and velocity information through the SPI. 

Figure 5.8 Screen shot showing the various l1'ave forms 
~",ith the system clock C?/' 50MHz of encoder pulse 
processing module. 

The figure 5.8 shows thc screen shot during simulation of the Encoder pulse 

processing module, while figure 5.9 shows the various waveforms during the 

computation of sine and cosine values for 30 degrees, 45 degrees and 60 dCb'TCes. 

The inputs to the COR DIC module ANGLEin and LOAD signals are pulsed and 

RESULT READY indicates the availability of the results in the 16- bit registers 

after sixteen clock pulses. The photograph of the sub system is shown in figure 

5.10. 

Figure 5.9 Screen shot showing 'he various results of 
compl/tation along with the control and status signal associated 
with the seqllential CORDIC module. 



Figure 5.10 Photograph of the sub system implemented in AI/era 
Cyc/one-II EP2C70F67Z-C6 FPGA development board. 

5_4 Summary 

A simple and efficient method and its implementation in an FPGA for 

reducing the odometric localization errors caused by over count readings of an 

optical encoder based odometric system in a mobile robot due to wheel-slippage 

and terrain irregularities is discussed in this chapter. The detection and correction is 

based on redundant encoder measurements. The method suggested relies on the fact 

that the wheel slippage or terrain irregularities cause more count readings from the 

encoder than what corresponds to the actual distance traveled by the vehicle. The 

standard quadrature technique is used to obtain four counts in each encoder period. 

The CORDIC algorithm has been used for the computation of sine and cosine 

tenns in the update equations. The results presented demonstrate the effectiveness 

of the technique. 
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The application of Digital Infrared Sheet of Light Beacons (DISLiB) 

developed for the localization of autonomous mobile robot vehicles can be 

extended to other diverse fields. The suitability of DISLiB system to applications 

where the localization and guidance are of great importance, like intelligent control 

of the public transportation system as well as guidance of differently-able 

personnel are envisaged. An adaptive traflic control system should ensure safe and 

smooth traffic flow and inform the drivers about the traffic status. Guidance and 

obstacle avoidance systems for visually impaired personnel should provide less 

body gear and adequate information about the environment. 
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6A Traffic and Transport Control 

This section describes the design, characterization and implementation 

details of a encoded digital infrared sheet of light based beacon system for 

intelligent control of the public transportation system. The system consists of an 

encoded infrared sheet of light beacon, which can convey the current location and 

traffic infonnation to the vehicles. The system is capable of receiving traffic status 

input through a GSM (Global System Mobile) modem. The vehicles have an 

infrared receiver and a processor capable of decoding the infonnation, and 

generating the audio and video messages to the driver. 

6A.l Introduction 

Congestion and delay on roadways continue to increase everywhere. As 

congestion increases, heavier traffic loads are placed on streets. New construction 

to satisfy this ever-growing demand is not only costly but also raises 

environmental, social, and political issues. "Building our way out of congestion" is 

no longer a feasible approach. As a result, a great deal of emphasis is being placed 

upon programs to manage traffic and efficient use of available roadway capacity. 

This has led to the development of various types of intelligent traffic management 

systems. 

The modernization of public transportation system is of great importance, to 

increase the perfonnance, which may result in fuel saving, reduction of time loss in 

traffic congestion and even to overcome the constraints on building new roads and 

transit systems. The increasing motorization demands better operation and control 

of road traffic. Increased traffic congestions faced by the drivers day-by-day, lead 

to reduced safety, increased energy consumption, environmental pollution and even 

missed traffic signs or important infonnation. 
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The application of advanced technologies m electronics and 

communications to transportation systems results in the design of intelligent and 

friendly traffic management and control systems [127, 128, 129]. The various 

systems used in some developed countries include traffic flow maps, frequently 

updated websites, changeable message signs, advisory radio, electronic traveller 

information displays, etc. The use of an intelligent system for solving the traffic 

and transport problems improves the utilization of existing infrastructure, reduces 

demand for new roads, makes ~raffic better, saves cost significantly, increases 

safety, improves mobility and livability for the region. 

People use traveller information to assess traffic congestion in their route, 

judge the effects of incidents on their trip, decide among alternate routes and 

estimate their trip time to reach the destination [135]. For providing this 

information the traffic management centers/systems collect and coordinate traffic 

flow data using various sensors and technologies. Real-time data coordination 

allows traffic flows to be adjusted in response to changing conditions. This results 

in safer and more efficient traffic flow. Information regarding the conditions of the 

road gives carriers the best routing options, which may reduce delay, making them 

reach destinations early. The use of electronic clearance systems at the inspection 

points of the border crossing reduces delays and truck stops. 

The purpose of a traffic control system is to ensure safe and smooth traffic 

flow, and it has functions for controlling traffic signals by traffic data acquired by 

various sensors and informing the drivers about the traffic status [130]. Today, 

each and every country requires an upgradation of their traffic control system in 

order to solve traffic problems such as increased traffic accidents, aggravated 

traffic congestions etc. It involves heavy detectorization of the streets and highways 
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where traffic data can be transmitted to the traffic control center [131, 132],and 

appropriate traffic management can be implemented 

The concept calls for monitoring traffic flow conditions on all road ways by 

the help of various detectors like camera and providing that information in a variety 

of ways to vehicles travelling within the city or streets. The motorists can then 

make timely decisions about the route he has to take, and a more balanced usc of 

road facilities will result. A high degree of coordination is jurisdictional entities in 

the operation of traffic management and control system for roadways [133, 134]. 

This work proposes a simple, efficient and economic system to control the 

road traffic. The system consists of an encoded infrared sheet of light beacon, 

which can convey the current location and traffic information to the vehicles. The 

system is capable of receiving traffic status input through a GSM (Global System 

Mobile) modem from the traffic management center and traffic personnel, which 

eliminates the need for a dedicated channel and the associated instruments. The 

vehicles have an infrared receiver and a processor unit capable of decoding the 

information, and generating the audio and video messages to the driver. The 

receiver in the vehicle can refer to an inbuilt database and get the above 

infonnation with negligible computational overhead. The vehicle unit can be 

manufactured based on the sophistication demanded by the user. The immediate 

alterations or changes required in traffic, perhaps due to an emergency or a VIP 

being on the road can be communicated instantly to the driver. Even activating 

speed limit to conventional vehicles and restricting to sidetracks can help the easy 

passage of ambulance and VIP vehicles. 

6A.2 Outline of Traffic Control System 

Beacon based traffic and transport control as well as driver safety support 

systems are used in some developed countries to improve their transportation 
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systems [136, 137]. Most of them use infrared, ultrasonic or radio frequency 

beacons for implementing the same. These have inherent emission characteristics 

that may affect the performance of the system. Most of the existing traffic control 

systems are complex, expensive and error prone. Hence it is essential to consider a 

robust, cost effective and easy to implement system for the assistance of the driver 

and improved quality of the existing traffic. 

Figure 6.1 A traffic signa ling installation using an encoded infrared 
sheet of light beacon. 

This work describes a beacon assembly utilizing infrared LED source that 

confines the distribution of the light intensity to a sheet of light. A microcontroller 

derives the appropriate digitally encoded information and the infrared beacon 

transmits the same. The system is also capable of exchanging information through 

a GSM modem to the central or distributed traffic control stations. The traffic 

control center has a computer with GSM communication facility and is capable of 

receiving current traffic status through various means. The receiver at the vehicle 
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capable of decoding the signals displays the various traffic status and signs with 

audio indication. 

The functional diagram of the system is shown in figure 6.1. An infrared 

light sheet assembly consisting of three infrared LEDs is mounted...ooh 'an ~' .. ..... 

attached to the top of a mast as shown. The beacon controller is fixed to the bottom 

portion of the mast for convenient access. The power supply requirements can be 

met with the help of a solar panel or conventional electric supply. For tackling an 

emergency situation, portable units with the beacon assembly mounted on a stand 

in a side looking way can be used if needed. 

6A.3 Infrared Sheet of Light Beacon 

The DISLiB scheme similar to the one described in chapter 4 is considered 

here. A beacon transmitter assembly of different dimensions as shown in figure 6.2 

has been developed. The infrared beam is guided through the space between two 

identical sand blasted parallel metal plates of dimensions O.15m x O.15m, kept 15 

mm apart. These metal plates are acting as Lambertian scattering surf~.£f.l..~diffuse 

reflectors) and their dimensions have effects on the sheet thickness as well as 

infrared light intensity. Three infrared LEDs are mounted on the housing, O.05m 

apart as shown in figure 6.2. The variation of effective infrared light sheet 

thickness (ELST) against the mounting height of this assembly has been studied 

and the results are shown in figure 6.3. Above a height of three metres the light 

sheet thickness is seen to be around one metre and the beacon receiver can read the 

encoded data within this distance with vanishingly small errors. 
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Figure 6.1 The infrared LEDs of the beacon transmitter mounted on 
a structural assembly made up of sand blasted metal plates. which 
acl as Lambertian scattering surfaces providing a sheet of light. 

The Digital Infrared Sheet of Light Beacons (DISLiB) constructed using the 

above assembly are location as well as traffic data encoded and are designed 

around a 18F452 PlC microcontroller. The functional block diagram is shown in 

figure 6.4. The same carrier frequency of 40kHz with the Sony Infrared Remote 

Control (SIRe) protocol is used to transmit the position and traffic information. 

Besides continuously transmitting the encoded position and traffic information. the 

microcontroller in the beacon transmitter drives the three infrared LEDs by 

switching a transistor in series with a current limiting resistor. 
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Figure 6.3 Variation of effective light sheet thickness against the 
mounting height of the beacon (h). 
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Figure 6.4 Functional block diagram of the beacon transmitter 
consisting of a microcontroller, which generates the encoded signal 
for driving the Infrared LEDs mounted inside the special assembly 
and a GSM Modem for establishing the communication with a traffic 
management center. 

A beacon Identification Number (BIN) and the mobile number of the GSM 

service provider are assigned to every beacon transmitter for identifying the 
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location of installation and the establishing communication. The required traffic 

signaling information like speed limits, sharp turnings, warnings, etc. can be 

encoded and transmitted through the beacon. A traffic management center or a , 

mobile traffic control unit can communicate through the GSM link incorporated in 

the system, so that the traffic signaling commands can be modified online, thereby 

updating the encoded information in the beacon. Even from the mobile phone of 

the traffic control personnel the beacons can be programmed for managing the 

traffic. 

6A.4 The Beacon Receiver and Vehicle Unit 

The functional block diagram of a beacon receiver used in vehicles is shown 

in figure 6.5. While crossing the sheet of light, the information gathered from the 

beacon by the infrared receiver module is processed by the microcontroller system 

on the vehicle that manages the traffic signal and guidance. With an effective light 

sheet thickness of around lm (figure 6.3), there is no limit on the maximum speed 

of the vehicle because even at a speed of 200kmlhr the receiver can take multiple 

readings. 

IR 
Receiver 

GraphicLCD 

Microcxmtroller Audio 

Figure 6. 5 Block diagram of the vehicle unit consisting of the infrared 

receiver module, a microcontroller and its associated components. 
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The graphics LeD panel interfaced to the microcontroller is capable of 

visualizing the traffic signs and location information and the audio system provides 

appropriate sound to attract the driver. An SD card interfaced [149] to the system 

stores the database for traffic signals and location. This SD card can be easily 

updated by means of a website or fuel tilling stations or other public places where 

this can be made available to the users. Territory/state wise detailed database can 

be created and easily updated. During long journey the vehicles may pass through 

various territories, but replacing the appropriate SD card can solve the information 

update process. The on-chip SPI interface in the microcontroller is utilized for 

interconnecting the SD card module. 

The traffic authorities can classify the vehicles under different categories 

and assign different privilege levels for smooth movement of ambulances and 

official vehicles. The system generates the traffic sign and warnings by considering 

its category as well as the privilege level assigned to the vehicles. 

6A.S Installation and Working 

Most of the intelligent traffic and transport control systems require the 

installation of multiple beacons at known locations. By properly installing the 

Digital Infrared Sheet of Light Beacons (DISLiB) at known locations vertically 

above the road as shown in figure 6.1, the vehicle unit can receive the beacon while 

passing through the encoded infrared light sheet and identify the beacon (location) 

and receive the encoded traffic status and sign information. In a typical structure 

(figure 6.1), the beacons should be mounted at a height of about three metres for 

the ELST to cover the entire width of the road without any disturbance to the 

traffic flow. For greater road widths either more infrared LEDs or increased 

mounting heights within the reading threshold of the beacon is preferred. Even 
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multiple infrared assemblies with the same controller unit are recommended for 

wide highways. 

The vehicle unit finnware and database play a very important role in 

guiding and supporting the driver by displaying the optimized and time dependant 

traffic signs and warnings. The database stores all the traffic sign, symbol data and 

location infonnation corresponding to the beacons. The vehicle unit receives the 

encoded infonnation for the traffic signs and locations, which may vary from time 

to time for smooth traffic flow. The system decodes the same and displays the 

graphical sign with audio message to support the driver. The various time 

dependant traffic signs are speed limit, one ways during peak time, no left/right 

turns. no entry for certain category of vehicles etc. 

IR ReceiverM,od •• le 

Figure 6.6 Photograph oJthe prototype oJthe Vehicle Unit 

The vehicle unit can display the location name and distances from various 

reference points (main cities/streets). The unit can even calibrate the odometer by 

passing through a number of beacons. A route map can be built for frequently used 

I'"~ . : ••• •• • •• r .... _. r. .. . I'". __ 
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destinations to assist the driver. The parking places and parking restrictions can also 

be communicated to vehicles a few metres ahead of those locations/area. The driver 

must feed direction information (bit) to the system for identifying up and down 

journeys for interpreting certain functions. A pre recorded voice chip can be 

activated upon receiving the beacon and appropriate voice messages can be played 

back in driver's own language. The driver can enable or disable these features as 

required. The photograph of the prototype of the Vehicle Unit is shown in figure 6.6. 

6B Differently-able Assistance 

A guidance system for assisting the visually impaired in structured indoor 

and partially outdoor environments is described in this section. The system consists 

of a number of encoded infrared sheet of light beacons installed at appropriate 

locations and a small receiver module attached to the shoulder of the visually 

impaired person. The system is intended for use in indoor environments, such as 

home, office buildings, supermarkets and airports. The Digital Infrared Sheet of 

Light Beacons (DISLiB) transmit the encoded location information and an infrared 

receiver module decodes this data and the message is retrieved from the 

corresponding location in a voice recorder/playback chip. The orientation of the 

person can also be informed through the natural language. 

6B.l Introduction 

Considerable effort has been made over the past few decades for developing 

navigation and guidance devices for the visually impaired. Electronic Cane using 

optical triangulation technique with laser diodes and Photo-detectors have been 

developed since 1973 [138]. Thereafter various ultrasonic systems [139,140] have 

been reported for obstacle avoidance and navigation in different fonns. Radio 

Frequency Identification (RFID) based canes and robot guides have been 
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developed for assisting the visually impaired in a structured environment [6, 141, 

142]. The motorized wheelchair [150] equipped with modern sensors like vision 

system, sonars, differential GPS etc.[143] are very helpful in assisting the 

differently-able persons but the need for a powerful computational unit and reduced 

portability affects the use of these systems. 

Accurate sensing of the position and attitude of visually impaired personnel 

is of great importance in designing navigation and guidance system for them. Most 

of the localization techniques used in mobile robots can be easily adopted for the 

use of visually impaired personnel, if the physical size and shape of the system is 

wearable. In order to navigate and guide to their destinations, the personnel must 

have some means of estimating his position and direction. A variety of 

technologies [144,145,146] have been developed and used successfully to provide 

position and attitude information. However, many of these existing systems have 

inherent limitations in practical environment such as large computational overhead 

and body gear, poor performance and reliability. 

For the successful navigation and guidance of visually impaired persons, a 

well-defined and structured environment is required [147]. This can provide 

position and attitude information for reliable estimation of the position and 

navigational path [151]. For outdoor applications Differential Global Positioning 

System (DGPS) based localization techniques provide adequate resolution, whereas 

for indoor use, this resolution is insufficient and moreover the satellite signals may 

be obstructed, which further aggravate the situation. These localization systems, 

which utilize triangulation or trilateration techniques [28], have high uncertainty in 

position estimations and incur extra computational overheads as well as results in 

increased body gear. 
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The above examples brief the diverse ways of position estimation and 

support systems for differently-able people that are already in use. Their limitations 

open the scope for further research opportunities for improvement and innovations. 

The technique presented in this section is based on encoded infrared sheet of light 

beacons and receiver, which require only low power miniaturized hardware that 

reduces the body gear carried by the user. Therefore, the navigation and guidance 

of a visually impaired can be achieved with a reduced physical load, which verbally 

guides the personnel. The user can use this system in conjunction with the 

conventional navigation aids or a guide dog too. 

6B.2 Localization of the Visually Impaired 

DrSLiB transmitter and its assembly developed for guiding the visually 

impaired personnel has the same characteristics, dimensions, encoding scheme and 

features has that of the one developed for localization of the mobile robot vehicle. 

Each beacon transmitter transmits the assigned BIN and the coded navigation 

information regarding the environment. So beacon to beacon there may be a change 

in the transmitting information. This change in information normally needs a 

change in the firmware of the beacon transmitter. A generalized firmware can be 

con figured by the microcontroller by reading the changes in the status of the micro­

switch inputs interconnected to it. By establishing an RS 485 network among the 

beacons and a host computer, the position information as well as other navigational 

commands can be modified online. The system can be made user friendly by 

incorporating an RS485 network with the host computer. 

By properly installing the Digital Infrared Sheet of Light Beacons (DISLiB) 

at known locations vertically above the passage, an accurate and robust 

representation of the environment can be achieved for better assistance. The beacon 

distributions can be identified based on the structure of the environment. 
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6B.3 The Beacon Receiver 

The functional block diagram of a typical beacon receiver (shoulder unit) is 

shown in figure 6.7. Two infrared receiver modules are employed in this design for 

estimating the position and orientation of the visually impaired personnel. A user 

interface for the control and configuration is inbuilt with the system. A ChipCorder 

(voice record and playback integrated circuit from Windbond Electronics 

Corporation, USA) [148] has been used to store the natural language commands 

and description of the environment. With the help of the microcontroller the 

appropriate voice message can be retrieved from the ChipCorder and the message 

is made available to the visually impaired personnel through an earphone. For the 

prototype design, ISD4004-08MP ChipCorder has been used. This ChipCorder 

provides high quality, fully integrated, single-chip Record/Playback solutions for 

eight minutes messaging applications that are ideal for use in navigation systems 

and other portable products. Various commands for address and control are 

accomplished through a Serial Peripheral Interface (SPI) port of the 

microcontroller. The chip is integrated with sampling clock, anti-aliasing and 

smoothing filters along with the nonvolatile multi-level voice storage array, 

providing zero-power message storage. The message and guidance information are 

stored directly into solid-state memory in their natural, uncompressed form, 

providing superior quality voice reproduction. The standby current for the device is 

less than lllA, which is ideal for battery operation. 

r~ r r 
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Figure 6.7 Block diagram of the beacon receiver conslstmg of 
PIC18F2550 microcontroller. which manages the audio record play 
back ChipCorder 

During path execution, the position infonnation gathered by the infrared 

receiver modules from the beacon is processed by the microcontroller system 

attached to the shoulder of the visually impaired personnel that supports the 

navigation and guidance. As the person crosses the infrared light sheet of thickness 

ELST (d), the microcontroller based support system directly captures the location 

encoded information (BIN) and updates the corresponding absolute position from 

the database. By specifying certain scaling factors and the encoded value, it is 

possible to reduce the memory requirements of the system. The receiver takes 6ms 

for position decoding and hence at least 12 ms is required for a guaranteed position 

update while crossing a DISLiB. 

6B.4 Position and Heading 

Two infrared sensor modules arranged inline are utilized to receive the 

beacon and these information playbacks the position and heading of the visually 

impaired personnel who is wearing the module on his shoulder. The sensor can 

read the beacon data, which corresponds to a particular position as well as other 

signalling information regarding the environment for the visually impaired 

personnel. The visually impaired personnel wear the shoulder unit in which two 
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identical sensors SI and SI are mounted at a distance of2a. If the axis of symmetry 

is nonnal to the sheet of light both the sensors receive the signal simultaneously 

and the personnel is asswned to be moving nonnal to the sheet of light. If the 

person crosses the beacon with a heading angle "a" (not equal to zero) there will 

be a lag or lead between the received signals, which is a measure of the heading 

angle of the personnel. The signal wavefonns derived from the start pulse is shown 

in Figure 6.8 (inside the circle), in which the time duration tf> is the time required to 

cross the beacon and the lag or lead time td is the time required to cover the 

distance "c" by the person. The lead or lag time tll is a measure of the orientation of 

the person wearing the shoulder unit. 

For a person crossing the light sheet with a velocity P,., the heading angle 

can be estimated as follows. 
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Figure 6.8 A typical posture of the shoulder unit and the footprint of 
the effective light sheet thickness (ELST) d. The heading angle a is 
the angle between the ELST and the axis joining the beacon sensors 
SI and SI. The time delay td berv.,'een the encoded signals reaching 
the sensors is also shown. 

n. 
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Ear Phone 

Figure 6.9 Typical mounting scheme of the guidance and support 
system with an ear phone (shoulder unit). 

A typical posture of the shoulder unit under the beacon transmitter is shown 

in figure 6.9. The velocity of the moving personnel P,O has been estimated by the 

system in auto mode by measuring the beacon crossing time 16 or the ELST value d 

can be directly fed during initial configuration of the system. Microcontroller will 

compute the time td from the sensor readings. In a practical environment the sensor 

readings may be affected with the posture errors as well as the angle of incidence 

of the beacon. The resolution of the system is adequate in guiding visually 

impaired personnel. The photograph of a typical shoulder unit shown in figure 6.10 

includes an LeD for easy debugging at the development stage. which can be 

detached later. 
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Figure 6.10 Photograph of a typical shoulder unit with an LeD display for 
debugging. 

6C. Summary 

A techniques for reducing the traffic congestions and location identification 

are introduced in this chapter. The need for an intelligent traffic control for the 

modern public transportation system has been well illustrated. The realization 

details of a traffic and transport control system using the existing GSM network are 

discussed. A flexible and friendly vehicle unit design has also been proposed. 

The DISLiB based visually impaired personnel support system described in 

this chapter is simple, cost effective and provides less body gear without much 

computational burden or significant processing. The diverse ways of position 

estimation and support systems for differently-able people that are already in use 

have also been briefed. The natural language assisting capability of the system by 

incorporating a ChipCorder has also been addressed. 

, " 



7 
CONCLUSIONS 

7.1 Contributions ............................................................. 1 35 

7.2 Highlights of the Work .............................................. 1 36 

7.3 Strengths and Limitations ......................................... 1 38 

7.4 Future Rase.rch ......................................................... 141 
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This chapter consolidates the design, features, results and applications of the 

system developed for the localization application. A comparison of the merits and 

demerits of the system is also carried out. Future enhancement and correction 

methods for improving the performance of the system are proposed. The extension 

of the use of the system to other applications is also suggested. 

7.1 Contributions 

This thesis is mainly concerned with an absolute and robust localization 

system for indoor mobile robots. The principal contributions of this thesis are as 

follows: 

• Pioneered in developing an encoded digital infrared sheet of light beacon 

system especially suited for the localization and navigation of mobile 
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vehicles and personnel in a real world environment. This system 

incorporates a special assembly to produce the sheet of light and encode 

with position information, which is capable of finding the vehicle pose 

information. 

• A novel approach to find the absolute position and attitude of the mobile 

robot vehicle with the help of DISLiB beacons with out any computational 

overhead. A single reading from the beacon computes the pose, so the line­

of-sight restrictions can be minimized. 

• Developed a scheme for networking of the beacons and establishing 

communication with mobile robot vehicles in a structured indoor 

environment. 

• Developed an algorithm, which can improve the resolution of the 

localization achieved by the DISLiB system. 

• The realization of a new technique to reduce the odometry en-or is achieved, 

which reduces the frequent absolute position updates. 

• Developed a system for assisting the differently able personnel for their 

movement in a structured indoor and outdoor environment using the 

DISLiB. 

• Also extended the same technique to establish a cost effective and efficient 

traffic and transportation system for roadways. 

7.2 Highlights of the Work 

(i) A new localization approach based on an encoded digital infrared sheet of 

light beacon (DISLiB) system to increase the navigational capabilities and 

object manipUlation of autonomous mobile robots, which provides position 

errors smaller than O.02m has been presented. To achieve this minimal 
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position error, a resolution enhancement technique has been developed by 

utilising inbuilt odometric/optical flow sensor information. This system 

respects strong low cost constraints by using an innovative assembly for the 

digitally encoded infrared transmitter. For better guidance of mobile robot 

vehicles, an online traffic signalling capability is also incorporated. 

(ii) A simple and efficient method, and its implementation in FPGA, for reducing 

the odometric localization errors caused by over count readings of an optical 

encoder based odometric system in a mobile robot due to wheel-slippage and 

terrain irregularities has been introduced. The detection and correction is 

based on redundant encoder measurements. The method suggested relies on 

the fact that the wheel slippage or terrain irregularities cause more count 

readings from the encoder than what corresponds to the actual distance 

traveled by the vehicle. The standard quadrature technique is used to obtain 

four counts in each encoder period. In this work a three-wheeled mobile robot 

vehicle with one driving-steering wheel and two fixed rear wheels in-axis, 

fitted with incremental optical encoders is considered. The CORDIC 

algorithm has been used for the computation of sine and cosine terms in the 

update equations. The results presented demonstrate the effectiveness of the 

technique. 

(iii) Two applications of DISLiB have been exploited. The first is the design, 

characterization and implementation of a digital encoded infrared sheet of 

light based beacon system for intelligent control of the public transportation 

system. The system consists of an encoded infrared sheet of light beacon, 

which can convey the current location and traffic information to the vehicles. 

The system is capable of receiving traffic status input through a GSM (Global 

System Mobile) modem. The vehicles have an infrared receiver and a 
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processor capable of decoding the information, and generating the audio and 

video messages to the driver. 

(iv) The second application is a guidance system based on DISLiB for assisting 

the visually impaired in structured indoor and partially outdoor environments. 

The system consists of a number of encoded infrared sheet of light beacons 

installed at appropriate locations and a small receiver module attached to the 

shoulder of the visually impaired person. The system is intended for use in 

indoor environments, such as home, office buildings, supermarkets, airports, 

etc .. The Digital Infrared Sheet of Light Beacons (DISLiB) transmit the 

encoded location information and an infrared receiver module decodes this 

data and the message is retrieved from the corresponding location in a voice 

recorder/playback chip. The orientation of the person can also be informed 

through natural language. 

7.3 Strengths and Limitations 

The DISLiB developed for mobile robot localization is a high resolution 

system which is simple, fast and accurate without much of computational burden or 

significant processing. Most of the localization research works are carried out in 

laboratory or room like environment. But most of the service mobile robot vehicles 

are employed in industries, warehouses, etc., where a particular path is defined for 

their movement. Most of the available beacon's performance in corridors and 

narrow passages are not satisfactory but the performance of DISLiB is very 

encouraging in such situations. The installation is not limited to corridors provided 

the vehicle crosses the light sheet for position update and error correction. Even in 

indoor applications the inclined paths cause localization errors, which are very 

difficult to eliminate. But by installing DISLiBs at appropriate locations one can 

easily reduce the same. An innovative assembly of the transmitter together with the 
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database in the receiver module eliminates the time consuming triangulation or 

trilateration algorithms, which is utilized by most of the existing systems for 

position estimation. The bit length used for position encoding can be easily 

increased for mapping large workspaces. Separate firmware for encoding different 

beacons can be eliminated by incorporating either configuration switch inputs to 

the system or a RS 485 type of network and a host computer. The wireless closed 

loop monitoring increases the overall efficiency of the system. For exterior mobile 

robot localization, the beacon systems can be organised on pillars in a side looking 

arrangement. 

Normally the DISLiBs are fixed in such a way that the vehicle crosses the 

beacon with the angle between the light sheet footprint and the line joining the 

beacon receiver sensors equals to zero. As the DISLiB system requires a long 

baseline (the distance between the IR sensors) for better attitude estimation, this 

technique may not be appropriate for determining the attitude of small and micro 

vehicles. While crossing the very short distance of around 0.12 m (ELST), the 

system assumes uniform vehicle speed and accurate odometry. In order to 

guarantee this, the beacon installation points should be selected accordingly. The 

effective light sheet thickness depends on the light intensity, mounting height and 

receiver sensitivity. The non-uniform distribution of the beacon light intensity 

results in slight variations of light sheet thickness on the sides of the passage. This 

can be reduced using multiple infrared LEDs. The maximum resolution of the 

DISLiB is limited to the resolution of the odometry system. This system will 

obviate the inherent odometric and INS position errors. 

The odometric error reduction and its implementation tn FPGA is an 

efficient and effective technique. By using this system, one can reduce the 

odometric error so as to increase the travel distance between absolute position 
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updates and this results in lower installation and operating costs for the system. A 

change in the direction of motion of the robot vehicle inside a time window may 

cause error in the velocity measurement. This observation will be eliminated. With 

the use of this sub system, most of the odometric computational burden can be 

released from the control processor associated with the mobile robot vehicle. This 

approach may not be recommended for mobile robot vehicles having chances of 

frequent skidding during path execution. Under most situations this approach is 

quite satisfactory, simple and efficient. 

The use of DISLiB based traffic control system is expected to improve the 

traffic operation and safety of the driver as well as vehicle, which will subsequently 

reduce congestion and congestion-related accidents. The number of beacons 

required and their distribution can be identified based on the roadway conditions 

and the traffic rate. The traffic signs like speed limit, no-horn, etc. can be 

automatically implemented and the associated devices can be enabled or disabled 

accordingly by suitably modifying the electronics associated with the vehicle. For 

establishing the communication among the beacon systems, traffic management 

center, Mobile control unit and traffic personnel, there is no need for any dedicated 

channel, as it can utilise the standard commercial channels. All these 

communications are protected against unauthorised access. The use of intelligent 

traffic management can result in reduction of total travel time, fuel consumption 

and thereby vehicle emissions too. The presence of any object that affects the 

visibility of the beacon to the infrared receiver module installed outside the vehicle 

may disrupt the functioning of the system. Under most situations this approach is 

simple, efficient and cost effective. 

The DISLiB based visually impaired personnel support system is simple, 

cost effective and provides less body gear without much computational burden or 
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significant processing. The performance of DISLiB is very encouraging in 

corridors and narrow walkways. Normally the DISLiBs are fixed in such a way 

that the person crosses the beacon with zero degree heading angle. More bits can be 

used for encoding information for structuring in sizeable environment. For outdoor 

localization, the beacon systems can be organised on pillars or even one can 

consider the mounting of these on a street light masts. This system together with a 

conventional cane is a very helpful aid to visually impaired personnel. 

7.4 Future Research 

Use of a Wi-Fi network instead of RS 485 network for the DISLiB together 

with robot control and managing station can be investigated. The intensity 

distribution at the edges of the light sheet may not be unifonn. The correction 

algorithm for the same can be developed for improving the system performance. 

The feasibility of DISLiB mounting in a side looking way in floating 

platforms for port vessel traffic management can be studied. Guidance of tourists 

and strangers in large hospitals or hotel buildings with the help of DISLiB system 

also offers further scope for research. 

7.5 Summary 

This research work is carried out with an aim of developing a robust, cost 

effective and absolute position update system without much of computational 

burden. The proposed absolute localization method has been realized and tested. 

Two other applications of the system in intelligent traffic and transport control and 

differently able assist are also proposed. Thus, the work reported in this thesis 

provides an absolute localization system well suited for autonomous mobile robot 

navigation, and numerous other applications. 
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This section presents the realization of a simple and flexible 

microcontroller based robot manipulator controller. A web control/server module 

has been developed for the networked access of this robotic system in a laboratory. 

The robot actuator control is designed around a microcontroller, which senses the 

motor speed, position and direction with the help of a quadrature decoder and 

generates PWM signals for the motor control H-bridge. The robot controller 

developed is suitable for SCARAlXR4 robot arms from Rhino Robotics Inc., USA. 

The robot manipulators, which are equipped with permanent magnet DC motors 

with inbuilt incremental optical encoders for driving the links, and the end-effector 

are considered for the study. The controller is capable of accepting the commands 

from a host computer through an RS232 serial port. The control software in the 

host computer has a user friendly graphical interface with teach-pendant like keys 
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and functions to control the manipulator ann. The computer can be replaced with a 

small web server implemented in another microcontroller, which is having a serial 

port to interact with the robot controller and an Ethemet interface for web access. 

The web pages stored in the program memory area are very similar to the host 

computer Graphical User Interface (GUI), through which the user can control and 

monitor the robot. Without any additional hardware or software any networked 

system can be programmed (teach the robot). Some of the laboratory exercises 

using the controller and manipulator are also discussed. 

AI.I Introduction 

The capability and simplicity of web based automation systems are 

stupendously expanding their use in industrial, household and robotic applications. 

Robotic control is an exciting and highly challenging research work in recent years. 

Several solutions to the implementation of digital control systems for robot 

manipulators and mobile robots are proposed in various literatures [152, 153]. In 

order to meet the demands of a flexible robot controller, the amazingly increasing 

computational capabilities of personal computer are envisaged. By utilizing the 

inbuilt standard interfaces and resources one can easily design a practical robot 

controller, which can be upgraded even in a day-by-day manner. The compatibility 

allows the user to work omine and online. The use of PC and existing 

communication interfaces help the efficient co-ordination or synchronization of 

multiple robots in a large workspace in an industrial environment. The analog 

control schemes like PI or PID loop can be easily implemented using the host 

computer. These flexibilities are very useful in a laboratory environment to study 

the characteristics of the robot and its controller. 

The Robotic workstation described here has been developed in the 

Department of Electronics, Cochin University of Science and Technology, India by 
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utilizing the existing Rhino XR4 and SCARA Robot anus from Rhino Robotics 

Inc., USA. In 1988, the robotics laboratory was equipped with Rhino XR4 and 

Rhino SCARA robots with their own controller and RoboTalk, a high level robotic 

programming language, which is capable of establishing a serial communication 

with the host computer [154, 156]. In order to gain more control and low level 

access over the control strategies as well as to utilize the state of the art 

technologies available, the company supplied controllers have been replaced with 

the in house controllers designed in Cochin University of Science and Technology. 

The controller design has the same interface standard that is compatible with the 

existing mechanical arm. So the robot controller developed is suitable for 

SCARAlXR4 robots. It can also be used as a general purpose controller for any 

robot having compatible driving power for the actuator, by changing the interface 

connecter and configuration settings like maximum and minimum count values for 

various motors etc.. The entire controller hardware is simplified by using more 

integrated components and the inbuilt teach pendant interface is also eliminated. 

The controller is capable of establishing communication with a standard PC 

through an RS232C Port and can receive the commands for various link actuators 

to manage its position, speed, direction and count increments. The controller is 

also capable of executing the hard home command and detecting the end points and 

stall conditions for self protection of the system. The H-bridge drivers for the 

motors are designed around an integrated motor control chip from National 

Instruments [104]. A fast serial link of 28.8 kbps has been established from the 

computer to the controller. The computer is provided with a very user friendly 

interface to support the teach pendant operations and a high level language to learn 

the robotic systems. For obtaining more flexibility, another module has been 

developed for interfacing the controller to the web through an Ethernet link. The 

control GUI stored in this single chip module can be accessed from anywhere in the 

_r""' __ ' _____ ---f~ __ I':. ___ r .... _. 
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network. The technical details of the system and its implementation and use in the 

laboratory are described. 

Al.2 Robotic Workcell 

The functional diagram of the setup is shown in figure Al.l.The Robotic 

Workcell consists of Rhino XR4 and SCARA Robot manipulators and a conveyor 

platfonn for robot to increase the freedom and flexibility of the robotic system. 

The XR4 is an educational robot having five axis articulated mechanical 

manipulator with an end effector or gripper. The robotic ann requires six motor 

drives for control and additional similar drives for actuating the moving conveyor 

robot platfonn and tilt rotator tables which necessitates auxiliary drive ports. The 

joint actuators are pennanent magnet DC servomotors with inbuilt gear boxes and 

incremental optical encoders. The optical encoders mounted on the shaft of the 

drive motors result in high resolution position measurements. The shaft encoder 

pulses A and B (from Ch_A and Ch_B) are fed to the microcontroller to measure 

the position, speed and direction of rotation of the motor. 

Host 
Computer 

OR --., 
Internet 

Figure A J. J Functional diagram of the setup 
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Rhino SCARA robots are also equipped with the same types of servo 

motor drives having the same control interface. So the controller can be used 

with anyone of the Rhino robots with appropriate configuration. The SCARA 

robot is a four axis servo controlled arm with an end effector or tool. The main 

characteristic of SCARA is its high precision, repeatability and speed. The basic 

SCARA geometry is a parallel structure and it incorporates one prismatic joint 

for vertical up and down movements. 

AI.3 Robot Controller Design 

The robot controller uses PIC18F452 microcontroller, which can 

incorporate five link controllers. Each link controller consists of one direction 

control bit, one bit PWM signal and one bit brake signal. The link controller 

also uses two quadrature encoder inputs for finding the position, speed, 

direction of movement and stall condition of the link. The functional block 

diagram of the robot controller is shown in figure A1.2. It uses LMD18200 H­

bridge driver IC from National Instruments 11 04]to drive and control the link 

actuator. The LMD18200 is a 3A H-bridge designed for motion control 

applications. It accommodates peak output currents up to 6A and operating 

supply voltages up to 55V. The chip is also having a thennal shutdown (outputs 

off) at 170°C which is very helpful in short circuit and overload conditions. 

The driver chip having a current sense output is not utilized in this design as 

one can easily identify the stall condition of the robot from the PWM status and 

the encoder inputs. 
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Figure Al.2. Block diagram of the robot controller 

The optical incremental encoder attached to the motor shaft is capable of 

generating pulses A and B. The low level information provided in the form of two 

pulse trains A and B are 90° out of phase (quadrature) and depending on the 

direction of rotation, one of these pulses will lead or lag the other. From these 

signals the actual position, speed and acceleration information needed for the 

controller are computed. So a link control requires three output signals to control 

the motor and two input signals from the optical encoder and one input from a 

micro switch to sense the hard home position. The robot can achieve hard home 

position with the help of micro switch sensing. A 20x4 LeD module is interfaced 

for monitoring the control status of the robot arm. This will display the current 

position ofthe links and stall conditions if any. The control card is designed in such 

a way that if the system needs more than five control/auxiliary ports, an additional 

card can be stacked to incorporate more links/ Aux ports. A serial communication 

link has been established using a MAX 232 level converter. The power supply 

requirements of the motors is + 18V, lOA and that of the rest of the circuitry is 

+5V, lA. 



A1.4 Control Program and User Interface 

The user interface developed for the control program in the host computer is 

very flexible and modular and has three modes of operation. They are play, online 

control andfileloflline control, which can be selected from the Control menu. From 

the Settings menu the hard home can be executed and the speed (PWM duty cycle) 

for the current step or program also can be set. The Status menu is helpful in 

monitoring the current motor count value and gripper status of the robot ann. The 

count values from the optical encoders are used for representing the position or 

angle of the link with respect to the reference or home position. The angle 

corresponding to the count value depends upon the number of pulses per revolution 

of the encoder and the gear ratio of the motor shaft. For a particular motor the 

number of pulses per revolution of the encoder and the gear ratio are constants, so 

the count value is a measure of the position or angle of the link.. 

IPT ,A Y MODE 

Figure Al.3 Screen shot in play mode 
In the play mode most of the teach pendant play mode functions of the 

Rhino Mark IV Controller are implemented. By using this QUI, all the motors can 



be actuated individually and the movements can be saved by pressing the save 

button. The screen shot of the play mode GUI is shown in figure A1.3. 

--

_ ... _-
Figure A 1. 4 De/ails of the online control mode 

Figure AlA shows che OnIine Control mode screen. In this mode the user 

can select the appropriate motors by clicking the corresponding check boxes. The 

operator write the destination incremental count value for the motors and pressing 

the move button key will guide the robot arm to the respective positions with the 

selected speed by displaying the current position values of each motors at the 

current value location of the GUI. By clicking the Save button the user can store 

these movement steps in a file. The advantage of this mode is that the user can fine 

turn the movements by feeding small count values and establishing up or down 
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movements by visualizing the robot arm actions. The previous position key is also 

very useful in developing the control program or teaching the robot. 

A I' -
B ~ • 
c I' • 
D ~ • 
E I' • 
... 'IIlI . 

Figure AI.5 The GUlfar thefileloffline control mode 

The third mode is the file/omine control mode. In this mode the system can 

load a file containing several movements and other commands like PWM value, 

delay, home(hard home), soft home, switch sense etc. The program can be run by 

clicking the run button and editing is also possible with this mode. A single 

execution or repeated operation can be achieved by selecting the single/continuous 

check box. This mode is used for omine editing of the program as well as file 

execution of the robotic system. The GUI for this mode is shown in figure A I .5. 

The control file fonnat is in plain ASCII text and the user can edit or merge the 

files using an editor like notepad. A typical file is shown in figure A 1.6. 
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Figure A I. 6 A typical file structure of the control program 

Al.S Web Control Module 

The dedicated PC interface can be replaced with any networked computer 

by using a web control module. This increases the flexibility of the system and the 

micro-web control/server module[159, 160] is designed around a PICI8F67J60-

with inbuilt Ethernet peripheral module having 128k flash program memory, 8k 

Ethernet TxIRx buffer aod more thao 3k data memory [158]. 

Figure A I. 7 Block diagram of the Ethernet web control/server module 
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The functional block diagram of the system is shown in figw-e A I. 7. The 

microcontroller is having all the features to implement the Ethemet interface. The only 

additional components required are the pulse transformer, associated resistors and 

capacitors. For establishing a communication link to the robot controller an RS232C 

interface is designed by wing MAX232 level converter chip and the inbuilt serial 

peripheral module of the microcontroller. The program memory stores the code and 

web pages to interact with the user and control the robot ann. An IF nwnber must be 

assigned to the oontrol module during configuration of the system. Power supply 

requirements for the module are 3.3V for microcontroller and 5V for level converter. 

All the control interfaces are implemented in web pages and is very similar to 

the dedicated GUI. The screen shot of the Control Web page for the file10ffline control 

mode is shown in figure AI.S. The smal l web controVserver module will generate 

appropriate oommands to the oontroller. User login and password protections etc. are 

also implemented for security. The host computer or micro-web control module can 

send commands/parameters like hard home. JX>sition increments/decrement values, 

and duty ratio ofPWM etc. to the robot controller. 

' :'§ , -, . , 

- '-

Figure Ai.8 The Control Web page Jar the filelofJline control mode 
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Al.6 Exercises 

In order to learn the basics of robot manipulation and the fundamentals of 

robot motion the students must practice certain laboratory exercises like accuracy, 

precision and repeatability study, pick and place objects, manipulator 

characteristics study by leaming the actuator response etc [155,157]. 

The motor A is used as gripper or hand actuator for the SCARAlXR4 

robots. From the full gripper opening to closing the controller receives more than 

50 pulse counts from the corresponding encoder. So the pulse count value can be 

used to sense whether the object or work piece is held by the gripper or not. If the 

gripper driver is actuated and the number of pulses received by the controller is less 

than that required for a close means that the object is held by the gripper. In 

practice by applying 5 to 10 percentage of PWM signal voltage, while the gripper 

holds the object, the tendency ofthe object to slip can be eliminated. 

For the repeatability study the gripper holds a felt tipped pen above a 

drawing sheet on the work table. The robot is moved to draw arcs on the paper in 

such a way that we obtain multiple arc crossing points on the sheet. Then the arm is 

moved in a random fashion and the same movements are repeated to obtain another 

set of arc crossing point that may overlap the old points or slightly deviate from the 

earlier ones. The repeatability of the robotic system can be computed from the 

deviations by repeating the process. 

To perform the pick and place exercise, students use a number of small 

wooden blocks of various sizes. The robot can be taught or programmed to pick 

and place the objects in the desired way. Executing the same program by changing 

the speed, students can learn the speed and acceleration problems associated with 

the arm. Trapezoidal and triangular velocity schemes can be studied. Analog 

control schemes like PID or PI can be implemented by properly setting the 



parameters like delays, PWM values and increment counts for the respective 

motors. The photograph in figure Al.9 shows the fmished view and inside view of 

the controller and a typical workcell. 

Figure AI. 9 Photographs of the finished view and inside view of the 
controller and a typical worked/ 



AI.7 Summary 
The robot controller presented in this annexure replaces the existing 

XR4/SCARA robot controller from Rhino Robots Inc, USA and is capable of 

operating from a computer or micro-web controller system through Internet or 

Intranet. This setup is ideal for a laboratory to familiarize with the various control 

schemes and techniques associated with robotics. Solving the inverse kinematic 

equations and finding the pose of the arm is difficult to implement in the web 

control scheme. But in PC based controller approach, one can easily utilize the high 

level tools like Matlab for solving the same. 
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