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Abstract

This thesis presents the design paradigm and development of a mobile robot intended to
eliminate the human component in the book retrieval process by autonomously
navigating to and retrieving a specific book from a bookshelf. Notably a salient feature of
this robot is the employment of an economical and effective book detection and
identification technique, bar coding technology, in the formulation of a time-optimal and
computationally elementary method in contrast to vision-based techniques which has
been used by researchers in similar work.

The formulation of the mechanical structure of the robot with the constructional details is
presented first. This includes the robot framework, steering mechanism, the gripper and
book retrieval mechanisms. The robot moves along a predefined path leading it to the
books. Various electronic technologies are implemented for, including but not limited to,
the steering, locomotion, navigation, speed control and motor actuation. A typical
scanning device scans the barcodes of books to match the scanned book call number with
the user entered book call number. An affirmative match results in a positive
identification and the robot then executes a systematic chain of book retrieval
manoeuvres. The software development for the robot intelligence and cognition is
presented following that. An onboard laptop computer running Linux operating system is
the principal controller of the robot with an additional PIC16F877 microcontroller used
as a secondary controller. The results of the experimentation to validate and verify the
performance are then given. In addition the merits, constraints and biasing considerations
of the robot are also discussed.

The research concludes with the attainment of a robot prototype with a book
identification accuracy of 98% and performance efficacy (percentage success) of 53% in
physical retrieval of books. Recommendations for areas of further research are also
made.
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Chapter 1

Introduction and Literature Review

1.1 Introduction

A new and emerging trend towards industrial and domestic automation is ubiquitous
robotics. Ubiquitous robotics refers to the presence of robotic-based systems in aspects of
our daily life. The development of robotic platforms utilizing embedded computer
systems, micro controllers, sensory devices and actuators and their use throughput our
physical environment to perform unmanned tasks, replacing human manpower and
revolutionizing the way key tasks are now executed refers to ubiquitous robotics.
Henceforth, a growing body of robotic literature makes reference to custom built robotic
systems being used for specific applications. This has principally been feasible because
tasks which are standardized, such as mail delivery and material transportation, consist of
a sequence of activities that are repetitive in nature and can be easily replaced by robots
that mimic or replicate the sequence of movements and actions that constitute the task.
Yuta (2000) gives an excellent account of how robots are now working in daily life.

Automation remains the realm of engineers and the insatiable thirst for attainment has led
to many developments undertaken by researchers. In fact, Fukuda and Hasegawa (2003)
cite numerous instances of autonomous robots being used in material handling and
warehousing, in the assembly line and in the execution of common household chores.
Multi-faceted, multi-tasking service robots used for cleaning and housekeeping,
commercial construction and inspection, surveillance and search operations are also
quoted by Yuta (2001) to have been developed and deployed in real time. Moreover, the
number of robotics related journals and conferences around the world including, but not
limited to, Robotics and Autonomous Systems (RAS), Intelligent Autonomous Systems
(IAS), International Conference on Robotics and Automation (ICRA), Computational
Intelligence, Robotics and Autonomous Systems (CIRAS), Field and Service Robotics
(FSR), Intelligent Robots and Systems (IROS) is also evident of the growing research and
development concerning robotics and automation. According to Holland and Nof (1999),
the total number of robots in the world in 1982 was 35,000; in 1996 677,000 and
(expected to reach) 950,000 in the year 2000. That this number will continue to rise
astronomically is not to be doubted.



Service and task oriented robots is one of the multitude of the more common robotic
application fields among researchers. Examples include office robots such as the inter-
office mail delivery robot mentioned by Everett (1995) are utilized in modern offices.
Moreover, a domestic robot with a PC as its brain, being used as a personal service robot
in a house/office environment has been reported (Han et. al, 2001). In addition, a fully
autonomous robotic lawnmower capable of intelligently mowing grass and requiring no
human intervention has been designed by Arroyo (1998). A robotic lawnmower has even
been controlled through the Internet using a wireless local area network (Potgieter et. al,
2002). Elsewhere, there are mobile sentry robots patrolling premises for security
purposes. One such example is the RoboGuard, a teleoperated mobile security robot
designed by Birk and Kenn (2002).

Robots encompassing computer-integrated automation, such as the abovementioned
citations, have emerged as leading embedded control solutions and each of these radical
inventions have set an unprecedented level of automata at all levels while simultaneously
having the net effect of establishing a reduction in the need for human intervention in the
task to be executed. This directly results in a reduction of manufacturing costs and time
and relegates humans to a safer but more potent role as planner. There has been a
substantial body and contribution of research on robotics and automation and Fukuda and
Hasegawa (2003) provide concise overviews of such recent developments.

1.2 Overview of Automation and Robotic Developments

Numerous custom-made robots and robotic / automatic devices have been reported to
have been developed for various genres of applications, ranging from relatively simple
ones to hugely sophisticated systems. A formal abstracted overview of such
developments, and more specifically, task-oriented robotics and automation is cited in the
following sections.

1.2.1 Global Research

The Intelligent Robot Laboratory of the University of Tsukuba, Japan is a leading center
in robotics research and development and is credited with the development of a multitude
of ingenious robots. Remarkable robots that dance to music, collect rubbish from office
floors, robots that autonomously collect, navigate to and serve cups of tea to visiting
guests have all been developed here. Moreover, a number of vacuum cleaning based
robots have been developed by researchers and research institutes worldwide alike;



however one truly remarkable vacuum cleaning robot is the one developed at the said
laboratory by Tomono (2003). Using a camera attached to the roof and a standard
Personal Computer (PC), the operator instructs the robot to vacuum areas by clicking the
desired spot on the PC. The camera provides a top view of the environment and the user
actions are translated into motion commands. En route to the target specified by the
operator on the PC, the robot vacuums the path it takes to the target.

An outdoor, long distance autonomous robot that navigates itself in a university campus
has also been produced (Maeyama et. al, 1997). Remarkable of this robot is that it is able
to autonomously traverse a respectable distance of one and a half kilometers (1.5km) by
itself. In the first instance, a human operator manually controls the robot in real time from
the start point to the finish point. During this run, the robot uses its sensors to detect and
localize landmarks, their locations and any obstacles. Then using the Perceived Route
Map (PRM) approach for position based navigation technique, the robot generates the
navigation path as perceived by it previously and retraces over this perceived path
correcting itself as and when necessary. It is noted that the implementation and
attainment of long distance navigation in a highly dynamic environment such as a
university campus is indeed challenging. The ingenuity of this robot does not cease here.
The execution of the long distance navigation is carried out wholly non stop. The robot
uses a retroactive positioning data fusion technique to manage the parallel processing of
the sensory information and the time delays incurred in the sensor data gathering process.
With this technology, the robot continues to operate without any period of inactivity.

Another similar robot built by Yuta and Hada( 199 8) is the indoor robot that boasts the
ability of continuously being able to operate for one week utilizing its automatic self-
recharge feature without any form of human intervention. Developing such technology
implies immense benefits in areas of unmanned robotics applications for long term
activities. In addition, Ohya et al. (2002) have built an intelligent escort robot with
human-following behavior. This concept can even be extrapolated to make possible the
deployment of a number of mobile robots that can surround and cooperatively steer a
group of people to an intended location, analogous to how a herd of sheep are guided and
steered by sheep dogs. Martinez et al. (2005) present the proposed architecture for this
multi robot system (MRS) trajectory control.

Yet another popular application among researchers is robots intended for security and
sentry functions. Numerous robots have been reported to have been built (Carnegie et. al,
2004) both for indoor and outdoor environments, for different patrol functions and
security assessments and with varying intelligence levels. Mail delivery and material
transportation robots are also common. Other examples are nursing robots, escort robots



and autonomous vacuuming and lawn mowing robots to name a few. Figure 1.1
illustrates some commercially available service robots.

Fig. 1.1 | Commercially available service robots
(source: http://www. mobilerobots. com)

1.2.2 Regional Research in Robotics

Regionally, research into areas of robotics and automation in both fundamental and
application areas is also active. The Australian Robotics Network1 (ARN) and the
Australian Research Council (ARC) Research Network in Robotics2 are two institutes
that are a collaboration of a number of reputable universities and research organizations
to promote and foster robotics research in Australia. Application (applied) areas of
research include humanoid, service, medical, manufacturing and field robotics (Wyeth et.
al, 2001; Price et. al, 2000 and Adel et. al, 2002). In the service robotics research milieu,
fire fighting robots and robots acting as intelligent tour guides for applications in
museums have been engineered. Fundamental areas of research focus on robotic generic
methodologies such as robot perception, navigation, control and navigation, learning and
adaptation and human-robot interaction.

The Robotics Research Group3 from the Department of Electrical and Computer
Engineering at the University of Auckland, New Zealand is also very vibrant in robotics
research and development. Research from mobile robots navigation and localization,
Internet robot, to the formulation of embedded mobile robot controllers and vacuum
robot navigation software development have all being conducted here.

1 http://www.acfr. usyd. edu.au/community/ARN/
2 http://www. robotics, edu. au/robotics/index. html
3 http://robotics.ece.auckland.ac.nz/old_site/



1.2.3 Emerging Paradigm Shift and Technologies in Local Robotics

Developments such as the abovementioned are not necessarily overly complicated. On
the local front, the emergence of automation and custom-made robots is also apparent and
a number of research projects are noteworthy.

A PIC-microcontroller based autonomous and obstacle avoiding differential drive robot
(Figure 1.2) intended for use in an automated hall polishing system has been successfully
implemented by Reddy et al. (2003).

Fig. 1.2 | Obstacle avoiding differential drive robot

Using the low cost, mid-range P1C16F877 microcontroller, this robot has a simple
autonomous straight line target seeking behavior and a more sophisticated obstacle
avoidance behavior. It can also be controlled in real time using a computer joystick.

Kumar (2003) designed Rover I, an automated guided vehicle (AGV) specifically
designed for transportation in a manufacturing facility carrying pay loads of up to 30kg
kilograms. Using the novel Guidepath Following Certainty Grid (GFCC) technique, an
obstacle avoidance algorithm formulated locally by Kumar and Onwubolu (2003), the
AGV is capable of circumnavigating around obstacles that may obstruct its path of
movement. The Rover I shown in Figure 1.3 is credited with being the second such AGV
in the world to have an onboard intelligent obstacle detection, avoidance and
circumnavigation capabilities.



Fig. 1.3 | Rover 1

Rover II, an extension of Rover I, is another local automated guided vehicle that
encompasses a distributed microcontroller architecture in its design. The deployment of
Rover II then implies the implementation of a multitasking environment, by the virtue of
the distributed system. Rover II is depicted in Figure 1.4.

Fig. 1.4 | Rover 2

Furthermore, a Computer Numerically Controlled (CNC) drilling machine has been
developed by the School of Engineering and Physics at the University of the South
Pacific (Onwubolu et. al, 2002). Notably distinctive about this drilling machine is that it
integrates several key technologies such an artificial neural network in the solution of the
traveling salesman problem (TSP) for the sorting dilemma that will produce optimally
sorted drill coordinates, a custom made machine control unit that encompasses the



drilling and electronic hardware, and enhanced parallel port (EPP) communication
protocols in its operation. This PC based drilling machine can also be teleoperated in
real-time over the Internet (Lai, 2003). A CNC milling machine encompassing similar
technology is also being produced. The two custom built CNC machines are illustrated in
Figure 1.5.

Fig. 1.5(a) | The CNC drilling machine

Fig. 1.5(b) | The CNC milling machine

Currently under development is a robotic, vision-based pick and place device with target
locating intelligence (Sharan, 2006). Essentially a robotic manipulator by definition and
intended for use in industry, the robotic arm is to autonomously pick arbitrarily colored
and shaped objects from an arriving automated guided vehicle and place it onto a
specified position. Using stereo based vision and the centroid detection method, the
robot localizes the location and coordinates of the target objects and then issues the



motion control commands via a PIC to control the robot arm. The current status of this
manipulator is given in Figure 1.6.

Fig. 1.6 | Vision based robotic arm

In addition, the School of Engineering and Physcis of the University of the South Pacific
has also been involved in the development of mobile robots for competing at the Robocon

contest conducted by the Asia-Pacific Broadcasting Union (ABU) annually. Centered on
different themes and focused on task-oriented robots, participants from the Asia-Pacific
region build robots to compete with each other in the completion of the required tasks.
Figure 1.7 depicts the robots that have been built over the years.



Fig. 1.7 | Robocon robots designed by the School of Engineering and Physics

Such local technological advancement is a key indication of the level of automation
attainable utilizing local resources and knowledge and it directly enhances the research
status of the University of the South Pacific. To this effect, the Robotics and Automation
Group (RAG) has been inaugurated by the School of Engineering and Physics to
promote, encourage, undertake and publish engineering research on various aspects of
robotics and automation, covering elements but not limited to, control systems, software
development and custom-made hardware. This thesis project is also one of the ventures
of the Robotics and Automation Group.

1.3 Thesis Synopsis

In retrospect, a scenario also exists locally that involves much human effort and which
presents the ideal opportunity to have a custom built service robot carry out the task: A
user searching for a particular book in the University of the South Pacific Library first
consults the online database. After retrieving the call number of a book, the user goes to
the respective shelf, as indicated by the call number, and fetches the book. This library
scenario will be the case study and modeled basis on which this research focuses.

The current search for books is labor-intensive; this research therefore aims to develop a
service robot that can automate the process of book searching in a typical library system
by reducing the human component of the book retrieval process by having a robot
navigate to the book and retrieve it. Developing such a service robot offers a library user



interesting possibilities of augmenting the performance of the book retrieval system by
the formulation of a labor-optimal book retrieval process. The general framework is
explained in subsequent sections.

1.4 Conceptual Framework

A picturesque analogy of the conceptual framework is depicted in Figure 1.8 with the
highest level of abstraction. A user searching for a book using the online database first
retrieves the book call number. The user then enters the call number through a laptop
computer onboard the robot. The robot navigates to the book shelf and begins searching
for the target book. The details of the navigation routing and book selection / searching
are detailed in later sections. Customized software written in a high level language
provides the intelligence for this robotic vehicle.

Laptop

/ /u

, User enters book
call number via

, \ onboard laptop
\ \ computer

User

\J
Barcode reader & gripper

Navigation route provides
directionality to respective book
shelf

navigation route

Robot Book shelf

Fig. 1.8 | Conceptual framework

Stated formally, the principal aim of this research project is to design and develop the
hardware and software for the development of a robot that searches and retrieves for
books in a library system. The specific objectives are listed:

• Develop a mobile robotic platform
• Develop a gripping device, to be integrated with the robotic platform.
• To incorporate the necessary electronics for navigation, obstacle avoidance and

appropriate movement / manipulation of the gripping device.

• To implement the intelligence that coordinates the activities of taking user input,
navigation, book searching and retrieval.

10



Similar ideas to the one pursued in this thesis dissertation have already been explored by
research institutes elsewhere using high-technology products. Mitsubishi Materials
Corporation4 is currently using Microchip Technology's MCRF450 RFID (Radio
Frequency Identification Device) as a labeling tag on all books in a library. Similar to a
barcode but costly, these labels emit data in the form of radio frequencies to a compatible
reader device, with which books are searched for. The actual search however is executed
by a human.

A researcher in the University of Tsukuba Roboken Institute, Japan has invented a library
service robot, illustrated in Figure 1.9 which an operator controls in real time wirelessly
via the Internet (Tomizawa et. al, 2004). The robot remotely controlled by a user, moves
around bookshelves. A camera mounted on the robot provides a visual image to the user.
Using the robot, the user can remotely pick books out of shelves, open the book and turn
over pages. Once the desired page is obtained, the robot takes a real time photograph of
the text of the page and transmits the textual print back to the computer screen of the
remote operator. The robot also has gas injectors so should pages be stuck to each other
while flipping; a stream of gas is ejected to separate the pages. The user also has the
ability to remotely flip over pages and issue a zoom command to magnify the size of the
text for reading purposes. This is an extraordinary feat of engineering and depicts the
power of automation that can be attained through robotics.

Fig. 1.9 | Tele-operated, vision based library service robot
(source: http://www.roboken.esys.tsukuba.ac.jp)

Assembly Automation, Volume 23,Number 1,2003; pg 91
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In addition, engineering researchers at the Jaume -1 University, Spain have conceived an
autonomous mobile robotic system for autonomous localization and extraction of books
from book shelves (Prats et. al, 2004). Shown in Figure 1.10, the prototype encompasses
and integrates technologies such as word recognition, automatic object recognition,
image processing, visually guided grasping and force feedback to accomplish the goal.

Fig. 1.10 | The Jaime-I University robot

Moreover, researchers developing a robotic librarian that uses voice recognition software
to match book titles with book classification numbers, then using optical character
recognition (OCR) technology to search for books has been reported to be in
development. The prototype is shown in Figure 1.11. However, the cost of such high
technology products stated in the above citations is a major demerit; this research
explores a more novel and economical solution to the dilemma of book searching and
selection as explained in later sections.

Fig. 1.11 | Experimental robotic librarian
(source: http://news. bbc. co. uk/2/hi/technology/3897583.stm)

12



The hub of operations and artificial intelligence for the robot is a laptop computer,
onboard the robot. Robots frequently use microcontrollers as their principal
administrative unit to supervise the robot's overall operation; however the conventional
microcontroller places inherent restrictions in terms of memory capacity, processing
speed and the maximum number of devices that can be interfaced to it. Computers on the
other hand offer unparalleled benefits. That this statement is valid is verified by Tooley
(1995). Thus a laptop computer forms the brain of the robot with Linux as the operating
system platform as this is the operating system gaining popularity among researchers as
stated by Bellini et al. (1998) who further offers numerous reasons why Linux fares better
than other conventional operating systems such as Windows in real time hardware
operations. Researchers have used a Linux-based operating system for the design of
prototype humanoid robotics (Kaneko et. al, 2002) as one of the many examples of Linux
being used in real time operations. In addition, a microcontroller will be the secondary
control unit to coordinate attendant tasks like path planning, obstacle avoidance and
receiving sensory information.

1.4.1 Human Machine Interface

As stated previously, there shall be a laptop computer within the robot, which will be
physically connected to the robot through the PC's parallel port. This computer will form
the front-end interface medium with which the user communicates with the robot. A
suitable interface will allow the user to type in the book's call number and to submit the
call number to a micro controller residing on the robot, through the parallel port. This
communication between the computer and the robot will be mainly implemented in
software. Extensive research projects on communication using a PC's parallel port has
already been undertaken by the Department of Engineering (Onwubolu et al; 2002)

1.4.2 Navigation

Autonomous robots may either be self-navigational or be guided; McComb (2001) gives
examples of the range of navigational technologies for both cases. Thus a choice has to
be made for the proposed robot for this research.

Everett (1995) states that guidance is best suited where path flexibility is not critical or
where there are no immediate plans to alter the vehicle path layout. Hence the proposed
robot will be guided by pre-arranged external signals, in the form of suitable guide paths
that lead to the shelves.
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The basic idea is to set up the highways / paths that the robot will take utilizing suitable
guideposts. With this priori knowledge, the robot knows where the navigation route is, all
it does is to decide on what route to take. Studying the book's call number will do this.
Different shelves will have to have some distinction in the guide paths that lead to it. This
routing could be implemented in hardware, possibly using different colored / frequency
emitting guide paths or alternatively, that routing could be implemented in software. A
microcontroller unit will coordinate the sensors used to trace the guide paths.

1.4.3 Book Selection

Any object has to have a unique identity in order for it to be recognized. Barcodes
provide an inexpensive way of doing this. This is what will make the task of book
identification and selection straightforward: books will have barcodes on their spines
with their specific information available in it. More importantly this information is
available digitally, which implies that once the proposed robot reaches a specific shelf, it
can easily start scanning the spines of the books and store the information in a buffer and
constantly compare the scanned call number to the call number entered by the user. Once
it makes a match, it indicates that the target book has been identified. The comparing of
the scanned and entered call number will be implemented in software and is one of the
most basic features of artificial intelligence. A typical barcode reader will form the
scanning device. Guide paths prearranged along the shelf will enable the robot to follow
the length of the shelf linearly. Alternatively, IR sensors mounted on the sides of the
robot could also be utilized here as well.

A gripping device, extending from the robot would then retrieve the book from the shelf.
Appropriate sensors (touch, force, proximity and thickness) would be utilized for this
part. A multitude of literature on robotic arms and grippers is available. Seguna and
Seliba (2000) have designed a dexterous robotic gripper with fully anthropomorphic
hands while there also exists, a humanoid robot that can grasp any arbitrary object using a
prosthetic hand (Taylor and Kleeman, 2002).

It is recognized that a bookshelf may have many rows of shelves contained within it.
Thus the scanning barcode reader has to able to move vertically to scan the rows of
shelves located on top of each other. DC motors will be used as actuators to provide
vertical directionality to the barcode reader so that it may scan at different heights.
Several design ideas exist at this point in time which may be used to pinpoint to the robot
the exact particular row of the shelf which it has to scan; barcodes could be pasted on the
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sides of the shelves themselves. These barcodes could have information on the range of
books.

1.4.4 Obstacle Detection and Avoidance

Infra Red (IR) sensors are known to provide optimum results in obstacle avoidance and
detection, in consideration of factors such as operating conditions, performance and unit
cost (Smith, 2001). Thus GP2Y0D02YK IR Sharp Sensors have been used to detect
obstacles that may obstruct the robot's path. The microcontroller that controls the guide
path sensors stated in Section 1.4 also coordinates these sensors.

With this preamble, formal treatment is presented from subsequent chapters.

1.5 Organization of Thesis

Chapter 1 has presented an introduction to the automation and robotics milieu
supplemented with a documentation of the literature review of previous and current
developments. It is intended to introduce the thesis topic and more importantly, the
conceptual framework with a formal statement of the aims and objectives.

Separate treatments of the hardware and software components are given in Chapters 2
and 3 respectively. The hardware section addresses locomotion, mechanical design issues
and electronic circuitry of the robot while all software development for robot cognition is
exposited in the software section. Some mathematical modeling is also included.

Requirements elicitation, test cases, test metrics and results obtained from the
experimentation phase are presented, analyzed and discussed in Chapter 4. The
experimentation results are used for the validation and verification of the performance of
the system. This chapter also discusses the merits and some of the biasing considerations
of the developed robot.

Chapter 5 concludes the research, summaries the attained results and provides
recommendations for further work.
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Chapter 2

Hardware Implementation

The hardware implementation of the robot with the constructional design details,
mechanical specifications and electronic circuitry of the robot are presented in this
chapter. The book retrieval robot is essentially a mechatronic product spanning
mechanical and electrical/electronic engineering. Thus there are two principal sections;
Section 1 discusses the mechanical design of the mobile manipulation system for the
robot while Section 2 discusses the electrical, electronic and sensor circuit design.

2.1 Mechanical Design Nomenclature

2.1.1 Overview

The robot deployed for the purpose of book retrieval consists of a mobile wheel - driven
platform encompassing a gripper manipulation system with four axes of movements. A
robot with a similar structure has been developed by Kazuhiro et al. (2003). The size of
the robot is chosen such that it is able to accommodate a laptop computer while
simultaneously minimizing the weight, mechanical complexity and constructional cost.
The maximum height of one and a half meters (1.5m) to which the gripper rises is
attributed to the anticipated height of the bookshelves. This book retrieval robot is
capable of retrieving a book of dimensions 30cm x 20cm x 8.5 cm and of weight 2.0 kg.

For the following sections of discussion, some corresponding pictorial diagrams of the
mechanical components are given; the complete engineering drawings are given in
Appendix A. The electronics that control the robot mechanisms are described in Section
2. For ease of referencing in this dissertation, symbolic names have been allocated to the
various mechanical mechanisms to be discussed.

2.1.2 Chassis

The main platform or chassis of the robot is generally simplistic in nature with this being
attributed to the fact that its sole purpose was only to provide mobility. It is a skeletal
rectangular-prism structure of dimensions 75cm x 50cm x 40cm.
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Angle iron of dimensions 40mm x 40mm and thickness 3mm has been used in the chassis
construction. The selection of iron over other alternative, lighter materials such as
aluminum was made in this phase as the greater weight of iron would help make the
chassis more stable during deployment. The method of physical connection of the various
angle iron segments in the construction of the chassis was welding.

A differential drive system is employed as the steering mechanism of this chassis. Two
rubber wheels of diameters 200mm and thickness 50mm provide the needed mobility
mechanism. Each wheel is coupled to an independently driven DC motor. These DC
motors, mounted on L brackets, are mated to the wheels via the motor gearboxes which
come encased with the motors. These L brackets are of dimensions 100mm x 100mm x
4mm. Mounted in between the motor gearboxes and L brackets are 10mm bearings and
10mm bearing housings on either sides of the wheels for attendant support. The motor
shaft that connects the motor to the L bracket via the bearings and bearing housing is
10mm in thickness and its length is 150mm.

A differential drive system was chosen over the Ackerman, Synchrodrive and Omnidrive
locomotion methods principally because of simplicity; almost all book shelve are straight
length-wise in nature, thus only rectilinear motion will be required by a mobile base
intending to move along a bookshelf thereby avoiding the complex locomotion
controllability required by the latter three steering types. Additionally, a differential
steering mechanism offers the merit of not having a nonholonomic constraint. In simpler
terms, the differential drive steering mechanism is capable of rotating its base without
moving forward (Dudek and Jenkin, 2000).

The placement of the wheels and DC motors are such that they are mounted along a
common axis and are hence centered around the center of gravity of the main chassis.
The implication of such a setup is that to attain forward movement, one of the DC motors
must rotate in a clockwise direction while the other in the opposite direction for the
reason that the motors have been mounted in reverse direction to each other for a
symmetrical layout. However this problem has easily been circumvented around by
having configured the motors' directions in software. This setup is in contrast to that
done by Kumar (2003) where the DC motors are mounted to the right of each wheel so
that the forward movement is attained with a common, clockwise rotation of both DC
motors but a tradeoff of this design was the weight bias towards one side of the AGV.
The reason cited by Kumar for this configuration was the varying speeds of the motors in
the clockwise and anticlockwise directions. This statement is quite true. For the book
retrieval robot, the right hand side motor has a speed of 75 rpm (clockwise direction)
while the second motor has a speed of 55 rpm (in an anticlockwise direction). Thus the
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robot tends to veer towards one side during runs. This project however has had speed
control incorporated in it, unlike Kumar, so both motors are made to run at the same
speed. More details of speed control are given in Section 2.

Attendant freely rotating passive wheels, castors, are fixed at the two front ends of the
mobile base for easy movement and stability as well as to draw some of the total weight
of the structure from the two main wheels for a reduction in the magnitude of current
consumed by the motors mated to the wheels. The castors are as a matter of fact mounted
in such a way that it is a few millimeters above the main wheels at no load. This is so that
at full load the castors will come to rest on the same plane as the wheels. This strategy is
used to let the castors bear more of the total weight than the wheel motors.

Sheet metal, 2mm in thickness, is used to cover the bottom base surface of the platform.
Reactangular slots measuring 210mm x 60mm are fabricated into this sheet metal to allow
the extrusion of the wheels. The dimensions of the rectangular slots are selected to be
10mm greater than the diameter and the thickness of the rubber wheels so that there is a
clearance of 5mm on either sides in between the sheet metal and the wheels that extrude
through it.

Figure 2.1 presents the differential steering setup. Equations for the forward kinematics
of a differential drive system as a function of the control parameters vr, v/, and / with
respect to time t are given by Dudek and Jenkin (2000).

x(t) = \\[vr(t) + v,(01 • [cos0(t)] • dt (2.1)

dt (2.2)
o

(2-3)

where vr = velocity of right wheel (m/s)

v; = velocity of left wheel (m/s)

/ = distance between centers of the two wheels (m)

0 = orientation measured from positive x axis (°)
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Fig. 2.1 | Differential drive steering mechanism

Attached to the front of the chassis is the mechanism that houses two line tracing sensors
for navigation. It is a simple conception with a single freedom of movement. This
configuration is chosen so that in the event the line tracer sensors move vertically due to
surface undulations or irregularities (floor depressions or extrusions), they still maintain
at a constant distance away from the floor surface. This is necessary since the line sensors
used have a sensing range of 8mm to 12mm. The line tracer unit is illustrated in the
diagram of Figure 2.2. Its integration and position in the robot is depicted in Figure 2.31.

Fig. 2.2 | Line tracer unit. The line tracer sensors (not shown) are mounted on the front
panel.
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The engineering drawing of the chassis construction and wheel mounting is provided in
Appendix A.

2.1.3 Guide

This section describes the mechanical system for vertical directionality of the gripper,
barcode reader and the device that physically retrieves a book out of a shelf.

Square tubing of mild steel with dimensions 40mm x
40mm and thickness 2mm of length 1.5m serves as the
guide which provides the vertical directionality for
the gripper mechanical system. The gripper, book
retrieval mechanism and barcode reader are all
mounted on this guide. This is the mechanism that
provides vertical movement for the above stated units
during a book search operation, particularly when the
book search / retrieval process is going from one row
of the shelf to another. The height of the guide is
attributed to the height of the bookshelf utilized in the
testing phase of this research project.

This guide is attached to the right hand side of the
chassis and will face the bookshelf during a book
search operation (Figure 2.3). Centered on the square
tubing is a groove or slot cut into this. A perspex
prism has been slotted into the hollow square tubing
and all mechanisms and mountings for the gripper,
book retrieval mechanism and barcode reader are
mounted on this perspex. This perspex prism
measures 39mm x 39mm and is free to move about in
the square tubing from end to end and is visible from
that side of the square tubing where the slot or groove
is fabricated. The purpose of this slot is to allow the
extrusion and movement of the gripper, barcode
reader and book retrieval mechanisms that have been
mounted onto the perspex prism.

Fig. 2.3 | Diagram of guide
depicting mounting of
gripper, barcode reader,
book retrieval mechanism

Two 20mm roller pulleys have been fastened at either ends of the square tubing that
serves as the rack for vertical directionality. The purpose of these pulleys is to guide the

20



cable lines that act as the actuator of the perspex unit; the ends of the cable line are
wound around a aluminum motor pulley that is mated to a DC motor with grub screws.
Then they go over the two pulleys and are then fastened to the two ends of the Perspex
unit that houses all the important mechanisms used in a book search and retrieval
operation. This is how vertical movement of the book search and retrieval mechanisms
are attained; rotation of the DC motor results in movement of the line over the pulleys
which has the effect of vertically moving the Perspex unit that includes the gripper,
barcode reader and book retrieval mechanisms. The gripper, barcode reader and the book
retrieval mechanism (Probe) are mounted in a straight line on top of each other (see
Figure 2.3)

The aluminum motor pulley that is connected to the DC motor shaft has a diameter of
20mm and is of length 50mm. The DC motor itself is mounted on a mounting bracket and
is welded to the square tubing at its midpoint.

2.1.4 Book Probe

Probe is the symbolic name given to the mechanical mechanism that systematically pries
a target book out of the shelf. The principle of operation is given next followed by the
constructional details. A graphical illustration of the operation of the Probe may be found
in Section 2.2.16; this section only provides a narrative description of the Probe
operation.

Since the maximum height of a book to be retrieved is set to 30cm, the Probe is set at a
height (30.5cm) slightly higher than this prior to the commencement of a retrieval
operation. Once the scanner has identified the target book, the Probe extends horizontally
into the bookshelf and is over the top of the target book. The guide motor then rotates to
move the Probe vertically down, applying a downward force on the book. When a certain
magnitude of force is attained (the determination of the magnitude of this force is
explained later elsewhere), the Probe then retracts back horizontally. Since there is a
sufficient downward force also present, the book starts to tip on its end and into the
gripper fingers. The full operation of the Probe is graphically illustrated in Section
2.2.16, Figure 2.31. It must be noted that the Probe is constructed based on replication of
the actions of the human hand in retrieving a book. Figure 2.4 shows the various
sequences of movements of the human hand in retrieving a book out of a shelf. Based on
these movements, the book retrieval mechanism was conceived and hence the Probe

constructed to replicate the human hand. This particular book retrieval configuration was
selected as it operates completely independently of the distance with which books are
stuffed or placed in a bookshelf. As seen from Figure 2.5, the book retrieval configuration
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used by Tomizawa et al. (2003c) and Prats et al. (2004) requires the assumption (and one
of a number of constraints) that books have a few millimeters of space on either side for
their gripper to be able to grip the sides of the book. This is not realistic of how books
would be placed in an actual library shelf. Conversely, the configuration adapted in this
project does not require such assumptions or hypothesis and works on a real life scenario
of how books would be placed on a bookshelf.

(a) Single finger of human hand positioned precisely over target book.

(b) Human finger exerts downward force
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(c) Human finger pulls back. Downward force and friction present have the effect of
prying the book out of the shelf.

Fig. 2.4 | Illustration of the actions of the human hand in retrieving a book. The Probe
mechanism was constructed based on the actions of the human hand.

Fig. 2.5 | Illustration of book retrieval configuration used by Tomizawa et al. (2003c) and
Prats et al. (2004). In principle, both grippers require a few millimeters of space on either

sides of the book to able to grip them

The Probe is made out of aluminum and measures 25cm x 8cm. It has grooves fabricated
on the end that retrieves a book to create the necessary friction. A motor is used to actuate
this back and forth horizontally on a linear slider with a (nylon) rope drive being used to
transmit power from the motor shaft to the Probe.

2.1.5 Mathematical Modeling of Guide and Book Probe

The mathematical treatment and modeling of the Guide and Probe is given in this
section. The principle objectives of this modeling are:

(i) to obtain the transfer function that will relate the input motor torque, Tm (t) to

the output linear displacement x(t) of the Probe.
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(ii) to obtain the transfer function that will relate the input motor torque, Tm (t) to

the output downward force of the Guide (this in turn imparts the downward
force to the Probe)

This is done by first constructing simplified models of the system containing

interconnected elements and then applying appropriate equations to the free body

diagrams. It will be noted from the following figure above that rotary-to-linear motion is

involved in the operation of the Probe and Guide. The rotary modeling will therefore deal

with rotational motion and the linear modeling will deal with translational motion. It is

important to make this distinction as the type of motion directly determines the type of

equations used to dynamically represent a system; for translational motion, application of

Newton's second law of motion (equation 2.4) to variables like displacement (x),

velocity (x) and acceleration (x) is made to obtain the force equations of the system.

Conversely for rotational motion, the application and extension of Newton's second law

of motion for rotational motion (equation 2.5) to variables like torque (7), angular

displacement (0) and angular velocity (0) (and system elements like inertia J) is made

to obtain the torque equations of the system.

F o r c e s net = m a (2.4)

where m = mass (kg) and a = linear acceleration (m/s2)

Yjorquenet=Ja (2.5)

where J= inertia (kgm2) and a = angular acceleration (rad/s)

With this preamble, the modeling is presented next. The Probe is analyzed first. Figure

2.6 depicts a simplified model of the Probe.

pulley shaft
Rotational motion

motor shaft
Rotational motion

sliding mechanism
Translational motion

Static base

Fig. 2.6 | Simplified illustration of Probe
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The three subsystems of the Probe that are modeled are (1) rotational motion of motor
shaft, (2) rotational motion of pulley shaft and (3) translational motion of sliding
mechanism. The corresponding torque or force equations obtained for each subsystem
will then be solved together to obtain the final transfer function. The mathematical
treatment commences with the motor shaft as this is where the input torque is applied.
The torque equations of this system are written by first constructing a model of the
system containing interconnected rotational elements and then applying equation 2.5 to
the free body diagram.

' [T^(t)-T2(t)]r , effective rope pull

Fig. 2.7 | Free body diagram of Probe motor shaft

Figure 2.7 above shows the free body diagram of the motor and motor shaft. The motor

variables and parameters used above are defined as follows:

Tm (t) = input motor torque (Nm)

®m (0 = angular displacement of motor (rod )

kx = torsional shaft stiffness (Nm/rad)

Jm = motor inertia (kgm2)

B1 = friction coefficient for rotational motion friction (N/rad/'sec)

7*j (t) = tension of tight side of rope drive (N)

T2 (t) = tension on slack side of rope drive (N)

r = radius of motor shaft (= radius of pulley shaft) (m)

(Tx (t) - T2 (t))r = effective rope pull (N)

The torque equation of the system is
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J^Torquenet = J • a

where {Tx -T2)rm is the effective belt/rope pull

„ _ , d20Jt) „ </0_Ci
m v ' m dt2 ' A

taking the Laplace transform,

Tm (s) = Jls
29m (s) + Bxs 9m (s) + kl9m (s) + [Tx (s) - T2 (s)]r (2.6)

This leads to the first of a set of equations. The pulley shaft is modeled next.

The transmission of power from one actuator shaft to another uses one of a number of
flexible machine elements, such as belts or chains or rope drives (Shigley, 1986). Thus a
nylon rope drive has been used in the transmission of power from the Probe motor shaft
to the pulley shaft (and the book retrieval mechanism). The mathematical analyses of the
rope drive kinematics and tensile stresses acting on the rope drive are presented first.

The velocity with which the rope drive moves is equal to the linear velocity of the driver,
the motor shaft (disregarding slip and creep). The angular velocity of the motor shaft is
70 rpm. Conversion of this angular velocity to linear velocity gives

—F Wshaft = 0.0398m/ s
60

Formulations for the tensile stress and bending stress of a rope drive are given by
Hamrock et al. (2005). The total force acting on the rope is

Ft=Fw+Fr = (0.2 + 0.01) kg x 10 = 2.1 N (2.7)

where Fw = weight being supported (N)

Fr - rope weight (Af)

With the total force known, the tensile stress is

<r=£-= — — - = 2.6xlO6 psi (2.8)
' 4 ;r(0.0005)2

where Ar = cross-sectional area of rope (m2)
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The bending stress of the rope is the subjected stress when the rope passes over the pulley
or motor shaft.

^ = ( 1 4 x 1 0 ) x 0 . 0 Q 1 = 1 7 ,
b D 0.008

where E = modulus of elasticity of nylon rope (14 x 106 Pa)

dw = rope diameter (m)

D = shaft diameter (m)

In the transmission of power from the motor shaft to pulley shaft using the rope drive, the

effective belt pull (rx (t) - T2 (t)) now becomes the driving torque of the pulley shaft. The

free-body diagram of this system is shown in Figure 2.8. The motor variables and

parameters used are defined as follows:

4.(0
Tx{t)-T2{t))r

Fig. 2.8 | Free body diagram of pulley shaft

0m (t) = angular displacement of pulley shaft (rad)

k2 = torsional pulley shaft stiffness (Nm/rad)

Jp = motor inertia (kgm2)

B2 = friction coefficient for rotational motion friction (N/rad /sec)

Ty{t) = tension of tight side of rope drive (N)

T2 (t) = tension on slack side of rope drive (N)

r = radius of pulley shaft (m)

The torque equation of the system is

^ k A ( t ) J 2 ^
dt dt
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J2 + 1 ^
at at

taking the Laplace transform

r[T,(s)-T2(S)\ = J2s
20m(s) + B2s0m(S) + k20m(S) 2.10

Next, the linear sliding mechanism is modeled. The driving force of this system is the

effective belt pull, Tx(i) - T2(t). The free-body diagram of this system is shown in Figure

2.9. Let m represent the mass of the entire sliding mechanism and the book retrieval

device.

„ x(t)
Tdo-TAt) , — : , CM>

dt<- m

Fig. 2.9 | Free body diagram of sliding mechanism of Probe

The variables and parameters used above are defined as follows:

Tx (t) - T2 (t) = driving force of mass (N)

x(t) = linear displacement of mass (m)

c = vicious frictional coefficient (N/m/'sec)

The force equation of the system is

at at

at at

The Laplace transform gives

Tx (s) - Ts (s)] = ms2X{s) + csX(s)

= (ms2+cs)X(s) (2.11)
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Now placing equation 2.11 into equations 2.6 and 2.10 and rewriting them gives

l(s) (2.13)

Inserting equation 2.11 into equation 2.6:

Tm(s) = [J,s2 + BlS + ktf^s) + (ms2 + cs)rmX(s) (2.14)

Inserting equation 2.11 into 2.6

{ms2 + cs)rX(s) = (Js2 + B2s + k2)0m(s)

(ms2
 + cs)rX(s)

J2s + B2s + k2

Inserting equation 2.15 into equation 2.14

mK ' J2+B + k2
 K ' K)

cs)rX(s) + (J2s
2 + B2s + k2)(ms2 + cs)rX(s)

J2s
2+B2s

m ~ J2s
2+B2s +

((•̂ i-s + Bxs + kx )(ms2 + cs)r + (J2s
2 + B2s + k2 )(ms2 + cs)r)X(s)

J2s
2+B2s

and hence, the transfer function of the Probe is obtained as

X(s) _ J2s
2 +B2s + k2

xs + kx )(ms2 + cs)r + (J2s
2 + B2s + k2 )(ms2 + cs)r

Figure 2.10 illustrates the free body diagram of the Guide and the forces acting on it. The
corresponding three dimensional figure of this free body diagram is that of Figure 2.3
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T.(f)

Fig. 2.10 | Free body diagram of Guide

The entire weight of the gripper, scanner and Probe is taken as m which is actuated by the
Guide motor using two pulleys and a nylon rope drive. The input motor torque in
clockwise direction results in the downward motion of m, which by implication imparts
the downward force to the Probe that results in physical retrieval action. The four
subsystems of the Guide : motor, pulleys (x 2) and mass are modeled. The Guide motor
shaft is chosen as the starting point as this is where the input torque is applied.

(tight side)
7; cos (9(0 Tx cos 6{t) (tight side)

' T2 cos 6{t)

T2 cos 0(t)(slack side)

Fig. 2.11 | Free body diagram of Guide motor shaft

Figure 2.11 above shows the free body diagram of the motor and motor shaft. The motor
variables and parameters used above are defined as follows:
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Tm{t) = input motor torque (Nm)

0m{t) = angular displacement of motor (rad)

kx = torsional shaft stiffness (Nm/rad)

Jm = motor inertia (kgm2)

By = friction coefficient for rotational motion friction (N/rad/sec)

Tx{t) = tension of tight side of rope drive (N)

T2 (t) = tension on slack side of rope drive (N)

r = radius of motor shaft (= radius of pulley shaft) (m)

(7; (t) - T2 (t))r = effective rope pull (N)

The torque equation of the system is derived from equation 2.5.

at

Taking the Laplace Transform gives

Us) = (jms2+Bms + km)- 0m(s) + [(71 -T2)cos0(s)]-rm (2.16)

The two pulleys are considered next. The free body diagrams are given in Figures 2.12
and 2.13. By the virtue of the setup and motion of the motor shaft, the pulleys rotate in an
anticlockwise direction. The difference in tensions of the nylon drive (tight side minus
slack side) becomes the driving torque of each pulley

J,>r,>B,
T4(t)-TlCos0(t),
driving torque

Fig. 2.12 | Free body diagram of upper pulley
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dt dt

dt

The Laplace Transform gives

{T4(S)-TlCos0(S))-r= Jps
2

dt p m it)

(2.17)

• Tx cos 0{t)

T4(t)-T,cos0(t),

driving torque

Fig. 2.13 | Free body diagram of lower pulley

dt dt

p p dt

The Laplace Transform gives

{T2cos0(s)-T3(s))-r• = Jps
20Js) + Bp

dt p m it)

(2.18)

For m, the forces acting on the free body diagram is shown in Figure 2.14. T3(t) and

r4(f)are the tensions acting on the nylon rope drives. The difference T3(t)-T4(t) then

becomes the driving force that is imparted to m by the motor torque. In addition to this

force, the force of gravity, mg(t), acting on m also complements the driving force. As

such, the total output downward force is T3(t)-T4(t)+ mg(t). The ratio of the input

motor torque , Tm (t), to T3 (t) - TA (t)+mg(t) will then give the transfer function.
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mg(t)
r

m

, Ut)

T3 (t) - T4 (t), driving force

Fig. 2.14 | Free body diagram of m

The force equation of the system is

at

Taking the Laplace

mgis) + (r3 (s) - TA (j)) = ms2y(s) (2.19)

Dividing equation 2.16 by equation 2.19 to get the ratio of Tm(t) to T3(t)-T4(t)+mg(t)

then gives the transfer function

2.1.6 Gripper

The use of grippers in robotics is quite common and is a frequent discussion subject in
literature (Bicchi and Kumar, 2000). These are essentially termed as being End of Arm
Tooling (EOAT) or end-effectors that encompass some mechanical mechanism and
actuator for gripping, providing a duplication of the actions of the human hand.

Numerous methods of gripper mechanisms or grasp configurations exist. The gripper
specifically designed for the grasping of books in this project is a two-finger gripper with
one degree of freedom (dof) movement. The two-finger grasp configuration is chosen as
it is the simplest efficient gripping configuration and the application, the gripping of a
book, is easily accomplished with this configuration. Moreover, the two-finger gripping
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configuration uses the minimum number of fingers thus implying ease of control. In fact,
for the custom made gripper used for the book retrieval robot, one of the gripper fingers
is fixed and hence always remains static while the other finger is mobile and is
responsible for the gripping (closing) and releasing (opening) actions. As a result, only a
single actuator, a DC motor, is required for operation of the gripper. A direct result of this
minimalist configuration is that it greatly simplifies overall gripper assembly.

The design of the gripper for the book retrieval robot is relatively simple. Aluminum of
dimensions 160mm x 25mm x 4mm has been used for the gripper fingers. The screw that
provides the linkage and finger-moving mechanism between the two fingers has a thread
diameter of 6mm. Rotation of this screw results in translational movement of the mobile
finger in either an opening or closing movement depending on the direction of rotation.
Attachment devices including mounting plates with brackets have been additionally used
in the construction. An abstracted mechanical nomenclature of the gripper is given in
Figure 2.15. The full engineering drawing of the gripper is presented in Appendix A.

Fixe

•
)d finger

1

44-
Motor

\^^

I ^ ^
^ ^

- \ 1

Mobile finger

Fg

Fig. 2.15 | Two finger gripper configuration

From Figure 2.15 above it is evident that the gripper fingers always remain parallel to
each other; hence such a finger configuration is said to be translational. The grasping
force, Fg, of the two-finger gripper as a function of the actuator (motor) torque, r, is given
by Tanie (1999).

rtana
(2.20)
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where z = torque of actuator (motor) (N)

r = the pitch radius of the thread (m )

a= the pitch angle of the thread (rectangular)

The mathematical treatment of the determination of the magnitude of torque r, of the DC
motor that suffices to grip a 2.0 kg book is given in Section 2. Using the value of the
torque, the grasping force of the two-finger gripper may be calculated.

The computation of the minimum grasping force that suffices to securely grip an object
without slip is calculated using equation 2.20, as given by Jack (1993):

where /J = coefficient of friction

nf = number of contacting fingers

Fgmia = minimum gripper force (N)

w = weight of object (N)

g = gravitational acceleration (m/s2)

S = safety factor

In retrospect, a force sensor has been installed inside the interior surface of one of the
gripper fingers. Use of the force sensor provides some dexterity to the gripper in the
grasping and retrieval of a book as the software continually reads the force that is applied
to the gripper fingers and keeps on winding the motor until a pre-determined force (refer
to Chapter 4, Section 4.1.2 for the magnitude of this force) is attained; further
information about these sensors are presented in Section 2.

After the gripper has securely gripped the book when the Probe has pried it out of the
bookshelf, it then has to retract back horizontally to retrieve the entire book out of the
shelf. For this task, a drawer slider has been modified to provide forward / backward
movement for the entire gripper unit. The drawer slider is simply a rotary slider that is
capable of expanding its length and retracting it. The whole gripper unit has been
mounted on this slider and this concept has been used in the horizontal movement of the
gripper.
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2.1.7 Barcode Reader Mounting

The barcode reader has a simple bracket fitted on to its arm to allow mounting on the
robot. The reader is in fact also mounted on the drawer slider, like the gripper. This is
done so that the barcode reader retracts back after a successful identification and so does
not block or interfere with the physical retrieval of a book. A motor is used for this
horizontal actuation.

2.1.8 Construction

Notably the performance of any mechatronic product is directly dependant on its
mechanics. Hence the actual construction of the book retrieval robot was sub-contracted
out to the metal workshop supervisor of the Department of Engineering to guarantee a
high quality and high precision output with industry standard precision and expertise.
Additional minor modifications were made by the writer in the Mechatronics Laboratory
of the Department of Engineering.

2.1.9 Picturesque Illustration

Photographic illustrations of the various stages in the construction of and the completed
book retrieval robot are provided in Appendix B.

2.1.10 Material List and Expenditure

A listing of all the components and materials utilized in the robot development is
provided in Appendix C with the corresponding expenditure.

2.2 Electronics

This section describes the electronics and sensor systems utilized in the robot (given in
Appendix E). For each sub-section, the corresponding functional circuit diagram is also
given; the printed circuit board (PCB) diagram is included separately in User's Manual.

Color coding has also been used consistently throughout the implementation of all the
electronics. Color red is used to denote positive power supply and black the ground of all
circuits. Yellow has been used to denote the output of a circuit, for example the output of
a sensor. Where other colors have been used, they are explicitly stated in the specific
section in which they are implemented.
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2.2.1 Power Source

Direct current (DC) is far by the most predominant power source in robotic applications
(McComb, 2001). Thus two rechargeable lead acid 12V/7 Amp/hr batteries have been
used for providing current in the book retrieval robot with one of the batteries used to
supply current to all the motors and the other for all the electronic and sensor circuits.

All the sensor and electronic circuits in the book retrieval robot required an operational
voltage of 5 V. Thus a simple power supply circuit was constructed to regulate the 12 V

power supply to 5V. This power supply circuit simply encompasses a 7805 linear
regulator, a 1 OOuF electrolytic capacitor of at least 25 V voltage rating, a 1 OuF electrolytic
capacitor rated at 6V and a WOnF ceramic capacitor. The circuit, illustrated in Figure
2.16, features a well-regulated output of 5V and an output current capability of
approximately 1A.

8-18V
150mA

+5V Power

7805

IN OUT

COM

- Cl
lOOuF

Supply

: c2 =
10uF

+5V

- C3
lOOnF

Fig. 2.16 | 5V Power supply circuit

Since there were twenty components that operated on 5V (4IR sensors, 2 force sensors, 6
limit switches and 5 motor controller circuits), a total of five (5) power supply circuits
were constructed with each individual supply powering four circuits each. Moreover, the
7805 linear regulator is fixed to a heat sink so that the output current capability is
somewhat slightly increased and so ascertains that the regulator does not abnormally heat
up.

2.2.2 DC Motors and DC Motor Selection

Seven (7) Direct Current (DC) motors have been used as the principal actuators for the
overall mechanical operation of the book retrieval robot. For referencing purposes in this
dissertation, they have been labeled as:
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• Wheel motors (2): These two motors are used for the locomotion of the book retrieval
robot, embodying a differential drive system.

• Guide Motor: DC motor used to actuate the gripper, barcode reader and probe
vertically to different heights of the bookshelf.

• Probe Motor. Motor to move Probe back and forth horizontally, to pry book out of
the shelf.

• Gripper motor. Motor to extend and retract gripper horizontally

• Gripper finger motor. Motor to open and close gripper fingers.

• Barcode Reader Motor. Motor to extend and retract barcode reader

The selection of motors for a particular application is based on a number of
considerations, explained next. DC motors have been used exclusively in lieu of stepper
motors as the greater weight of stepper motors would have been detrimental. Stepper
motors do offer greater operational precision than DC motors, however use of limit
switches with the DC motors have circumnavigated around any problems of calibration.
This is explained in greater detail in Section 2.2.14.

Histand and Alciatore (2003) offer a comprehensive list of salient questions in deciding
the selection of motors; however for this application, only three major and important
factors were evaluated in the motor selection phase, namely:

• Operating Voltage

• Torque, and

• Rpm

In Section 2.2.1, it was stated that 12 V batteries have been used to provide power to the
book retrieval robot. Thus by implication this was the required operating voltage of the
motors that were to be selected. Concerning rpm, this was not as important as a selection
factor due to motor speed being a non-demanding application of the work to be done
(since the book retrieval maneuver principally demands sufficient torque rather than
speed). Thus the last parameter, torque, is the single most important motor selection
factor. Therefore, the anticipated force (torque) at each movable joint of the book
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retrieval robot was estimated and then the motors were selected from datasheets based on
the above three parameters. Specific details about individual motors are now presented.

2.2.3 Wheel Motors

The selection of the DC motors used for the robot locomotion is directly based upon
Reddy's findings (Reddy et. al, 2003). Reddy cites that motor vehicle windshield wiper
motors are quite suitable for medium sized robots since they consume minimal current,
are readily available and more importantly very economical. Thus they can be used in
lieu of the more expensive, commercial DC motors when simple locomotion is required.
In addition, these DC motors come encased with built in gearboxes that offers the merit
of increased torque.

Hence two Toyota Corolla wiper motors have been employed for locomotion in the book
retrieval robot. The basic specifications of these motors are given in Table 2.1 and for a
more technical treatment, reference to Reddy et al. (2003) is recommended. The motor
controller circuit is discussed in subsequent sections. Testing executed on these motors is
reported in Chapter 5.

Table 2.1 Wheel Motor Specifications
Parameter Value Unit
Operating Voltage 12 V
Speed (c/w) 75 rpm
Speed (anti c/w) 55 rpm

2.2.4 Guide Motor for Vertical Directionality

This section considers the selection of the DC motor used for vertical actuation of the
gripper, barcode reader and book probe unit. The motor selection methodology is
relatively simple. There are three considerations.

The combined weight of the gripper, barcode reader and book probe unit inclusive of all
the mechanical mountings is 6kg. This is the total weight acting against the gravitational
force of acceleration vertically. Hence simply, a DC motor with a minimum torque of this
amount will adequately suffice for providing vertical actuation for these entities. An
additional criterion of the DC motor employed was that it should encompass built-in
gearboxes so that should the power to the motor be temporarily suspended, the motor still
provides sufficient holding torque so that the motor shaft does not slip due to the payload
weight.
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The third consideration was based on the magnitude of downward force that suffices to
retrieve a book out of a bookshelf. In other words, this means that the Guide motor
should provide ample torque so that when the Probe is levering or pulling a book, there is
enough downward force applied to pry it out of the bookshelf. This force was obtained
empirically and as such its treatment is presented in detail in Chapter 4. This section only
provides details of the DC motor selected as a result of that testing.

The DC motor hence selected in view of the above three considerations was the Model

Geared Motor (RS Stock No. 2389670) with in line metal gears fitted and with a gear
ratio of 148:1. The specifications are given in Table 2.2.

Table 2.2 Model Geared DC Motor Specifications
Parameter Value Unit
Operating Voltage 12 V
Speed 106 rpm
Ratio 148:1

2.2.5 Gripper finger motor

The determination of the torque that was required by the DC motor providing the
actuation for the gripper fingers was the subject of mathematical analysis and is discussed
here in this section. The method given by Onwubolu (2005) in the computation of the
gripper torque is directly followed and for a more comprehensive treatment, reference to
this text is recommended.

The maximum weight of book that the robot is designed to retrieve is 2.0kg. In addition
the mass of the entire gripper link from measurements was found out to be 0.9 kg.

Therefore the effective load that the gripper motor is expected to support is the sum of the
payload and half the mass of the moving finger. But since the mobile finger is longer than
the fixed finger, only 75% of the gripper link is in fact considered in the calculations. If
the earth's gravitational acceleration is taken to be 10 m/s2, the effective payload in
Newtons, can be computed as

/. Effective moving load = (2 + 0.75 x 0.9) kg = 26.75 N.

Using following parameters,

lead screw pitch,/? = 2mm = I = 0.003m

lead screw external diameter, d = 6mm
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coefficient of friction of stainless steel, fxs = 0.3

coefficient of friction of hardened steel, pin = 0.2

The application of the principle of lead screw then gives:

dm = 6

=> 6 - 3 / 3
= 6 - 1
= 5 mm = 0.005 m

26.75 x 0.005 ( 0.3 x n x 0.005 + 0.003 ̂ | 26.75x0.2x0.010

2 X t n x 0.005- 0.3 x 0.003 ) 2

« 60 mNm.

This computation shows that just 60 mNm torque is needed by the gripper finger motor to
securely hold a 2.0kg book. The gripper finger motor therefore used was one with
300mNm of torque taking into account any future development as well as the small size
of the 300mNm motor.

With the value of the torque parameter now known, the DC motor selected for the gripper
fingers was the Nylon Geared Heavy Duty General Purpose DC Motor (RS Stock No)
from RS Components Ltd. The specifications for this motor are presented in Table 2.3
and its physical mounting within the gripper system has been discussed previously in
Section 2.1.5.

Table 2.3 Nylon Geared Heavy Duty General Purpose DC Motor
Specifications

Parameter
Operating Voltage
Rated load speed
Rated load torque
Rated load current
Starting Torque
No load speed

Value
12
60
300
310
900
70

Unit
V

rpm
mNm
mA

mMm
rpm

2.2.6 Barcode Reader, Gripper and Probe Motor

The same specification DC motor was used for the Probe, Barcode Reader and Gripper

motors for the reason that the torque parameter was not substantially demanding for the
maneuvers or actions that these actuators had to perform.

41



12
125
60
185
150

V
mNm
Rpm
mA

mNm

The motor thus selected for the Gripper, Barcode Reader and Probe was the Nylon

Geared Light Duty General Purpose DC Motor (RS Stock No 336-315). This is a
permanent magnet DC motor. Specifications are given in Table 2.4.

Table 2.4 Nylon Geared Light Duty General Purpose DC Motor
Specifications

Parameter Value Unit
Operating Voltage
Torque
Speed
Rated load current
Max load

2.2.7 Parallel Port Interfacing Card

A total of thirteen (13) electronic devices, sensors and actuators were required to be
controlled by the onboard laptop computer for the overall operation of the book retrieval
book. They are listed as follows:

• 7 DC motors

• 6 limit switches

The hardware interfacing of the above components with the laptop computer requires an
appropriate communication medium. Although commercial port-interfacing products
such as the Bytronic Parallel Port Interface card from Bytronics International Ltd are
readily available on the market, this project concentrated on using a custom made
interfacing card. There are two prime reasons for this. First is the fact that most
commercially made interfacing cards use manufacturer-specific syntax for the software
codes that are used to perform I/O (Bytronic Ltd, 1999). This would make the interfacing
card - robot intelligence software integration difficult. Conversely, the custom made
interfacing card can be controlled by standard C++ language in either Linux or Windows
platform. This would enable seamless integration of the I/O software codes of the
interfacing card with the intelligence of the robot. In addition, another merit of the
custom made interfacing card and what is a distinctive feature of this interfacing card is
that it can be configured as either an output or input port in software on the fly. Therefore
for this project, the parallel port-interfacing card designed by Chand (2003) for the CNC
drilling machine was utilized. Figure 2.17 exhibits the nomenclature of the electronics of
the interfacing card and the operating principle is given in the subsequent paragraphs.
The circuit diagram of the parallel port interfacing card is given in Appendix E.
Reference will continually be made to this circuit diagram.
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Fig. 2.17 | Custom made parallel port interfacing card

The parallel port interfacing card shown in Figure 2.17 above (and Appendix E) is an
Enhanced Parallel Port (EPP) based, bidirectional, software selectable, input and output
card encompassing a 74LS00 NAND gate, 74LS04 inventor, 74LS138 Decoder, four
74LS373 tri-state latches, two 74LS244 buffers, eleven (11) 150 Q resistors and two (2)
IKeo resistors. The laptop is physically connected to this card via a male to female
parallel port cable, mated with a DB25 Pin 90° PCB Mount connector mounted on the
printed circuit board (PCB).

Out of the twenty five (25) pins of the parallel port, eleven (11) are of specific interest as
the operation of the interfacing card is totally centered on these pins. Eight of these, Pins
2 to Pin 9 are the data pins; it is through these data pins that codes are generated by the
software and sent to the electronic devices and actuators for activation and deactivation.
(The codes are in the form of logic pulses. Logic high activates an electronic component,
say a DC motor, and conversely logic zero deactivates the motor). These data pins are the
common inputs of two 74LS373 latches; the primary function of the 74LS373's is to
latch the data sent through these pins. The eight outputs of the two 74LS373's each are
then the inputs of two 74LS244 buffers which boost the current. The outputs of the
buffers then form the overall output port of the parallel port interfacing card containing
sixteen individual output pins in the form of PCB connectors.

For the input port, PCB connectors have similarly been used to interface any input
devices, such as limit switches, to the interfacing card. There are sixteen individual input
pins on the input port; these are then fed to two 74LS373's latches so that any input data
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is latched by the 74LS373. The outputs of these IC's are then interfaced with the eight
data lines coming from the parallel port.

At this stage, it is worthy to note that both the output lines and input lines of the parallel
port interfacing card utilize the same eight data lines of the parallel port. By implication,
a means of selecting the interfacing card's instantaneous role as either an output device or
input device had to be formulated. For this, a selector, more specifically the 74LS138

decoder was used where, in addition to the eight data pins already used elsewhere, three
control signals, namely the Address Strobe, Data Strobe and Write Enable pins of the
parallel port are used as the control signal lines of the 74LS138 decoder. Two outputs of
the decoder (Q5 and Q6) are then interfaced to the two output 74LS373 latches and
likewise two more outputs of the decoder (Qi and Q2) are interfaced to the two input
74LS373 latches. The selection of the interfacing card as either an input device or output
device is implemented in software by selecting values of Strobe, Data Strobe and Write

Enable such that the respective decoder output, either the output that controls the writing
of data (Q5 and Q6) or the decoder output that controls the reading of data (Q5 and Q6)
from the parallel port is activated. The value selection originates from the decimal value
of each pin of the parallel port. For a more rigorous treatment of the parallel port
interfacing card, reference to Chand (2003) and Onwubolu et al (2003) is recommended.
A summary of the hexadecimal addresses used in the selection of the two output and two
import ports are given in Table 2.5.

Resistors of values 150 and Ik have been used to ground the above data lines ensure
correct logic levels. Thus with the description given above, the parallel port interfacing
card has two sets (Out 1 and Out 2) of eight output ports (Do D7) each and likewise
two sets (In 1 and In 2 ) of eight input ports (Do D7) each, thereby making possible,
the interfacing of a total of sixteen output components and sixteen input components. Do

is the least significant (LSB) of the pins and D7 is the most significant (MSB). It is vital
that if a certain pin of the input port is not used, then it has to be connected to ground for
the remaining pins to be operational. Table 2.5 provides a listing of the interfacing
devices / actuators and the respective ports / pins to which they were interfaced to.

Table 2.5 Pin usage of interfacing card
Pins
DO
D1
D2
D3
D4

LJO

Out1
Gripper Motor (+ve)
Gripper Motor (-ve)
Not used
Not used
Not used
ADC read signal to
E0 of PIC

Out 2
Barcode Reader Motor (+ve)
Barcode Reader Motor(-ve)
Probe Motor (+ve)
Probe Motor (-ve)
Rack Motor (+ve)
Rack Motor (-ve)

In 1
Limit switch
Limit switch
Limit switch
Limit switch
Limit switch
not used

1
2
3
4
5

In 2
not used
not used
not used
not used
not used
not used
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LJO

D7

ADC read signal to
E1 of PIC
1 bit signal to PIC

Gripper Finger

Gripper Finger

Motor

Motor

(+ve)

(-ve)

not

not

used

used

not

not

used

used

For easy and visual identification of the significance of each input and output port,
consistent color coding has been adapted throughout the parallel port interfacing card.
They are tabulated in Table 2.6.

Table 2.6 Color Coding
Pins
DO
D1
D2
D3
D4
D5
D6
D7

Color
Blue
White
Orange
Green
Purple
Cyan
Grey
Pink

2.2.8 DC Motor Controller Circuit

The rotational direction of direct current motors is dependant on the direction of the
current flowing through the motors; alternating the direction of the current changes the
direction of rotation of the motor. In simpler terms, applying a positive voltage to one
terminal while referencing the second terminal to a logical zero (ground) causes the
motor to rotate in one direction and doing otherwise causes the motor to rotate in the
other direction. There are different methods of controlling a motor's direction in this
manner and details of the controlling method adapted in the book retrieval robot are
provided in this section. Since DC motors have been used consistently throughout the
book retrieval robot, this section is generic and hence admissible as the motor controller
circuit for all the motors.

The technology employed for motor controlling in this research project was a motor diver
monolithic IC, specifically the SN754410NE Quadruple Half-H Driver from Texas
Instruments. This integrated circuit has two complete internal H-bridge circuits that can
be used to independently power and control two separate DC motors and it is capable of
supplying a continuous sustained current of 1A and 2A of current momentarily. The IC is
available as a 16-pin DIP package containing internal protection diodes, anti sinking /
sourcing circuitry and TTL and low-level CMOS compatible, high-impedance, diode-
clamped input lines. The internal flyback diodes are a desirable feature as once it has been
switched off, the back emf (electromagnetic force) or voltage spike generated by the
inertia of a motor can easily damage the electronics of the integrated chip and this is a
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problem commonly encountered in the designing of motor controller circuits (Jones et. al,
1999). Other features of the SN754410NE include an automatic thermal shutdown facility
should the temperature rise abnormally, a wide supply voltage range from 4.5 V to 36V

and separate supply voltages for the logic input pins and output driver pins for minimized
power dissipation (Texas Instruments, 1995).

Though the SN75441 ONE has a peak current output of only 2A, and the motors used for
the robot may well exceed this amount in the current it draws, a very useful feature of the
SN75441 ONE IC is that it can be cascaded in parallel for increased output current
(Acroname Inc, 2005). This was the prime reason for its selection over other similar
motor driver IC's. Table 2.7, generated early in the research phase for comparison and
selection purposes, provides a listing of the basic features of several commonly used
motor driver IC's.

Table 2.7 Comparison of motor controller IC's
Feature

Avg. Unit Cost ($US)
Num of H Bridges
Continuous Current
Peak Current
Internal Flyback Diodes?

L293D
$2
2

600Ma
1A

Yes

L298
$5
2

1A
3A
No

SN754410NE
$2
2

1A
2A
Yes

LMD18200
$12

1
3A
6A
No

The way in which the motor direction is controlled, based on the input signals provided to
the SN754410NE, is illustrated in the truth table of Table 2.8.

Table 2.8 Motor direction control
In1 In2 Out1 Out2 Motor Direction
0 0 OV OV stop
0 1 OV 12V clockwise
1 0 12V OV anticlockwise
1 1 12V 12V -

Figure 2.18 depicts the basic functional circuit diagram of the SN754410NE being
interfaced to two DC motors. This concept remains same for all the motor controller
circuits in the book retrieval robot with the only difference being the number of IC's that
are cascaded in parallel for increased output current. Exact details of the number of IC's
employed in each motor controller circuit are discussed in Chapter 3; this involves the
empirical computation of the magnitude of current drawn by the motors. Figure 2.19
illustrates how two ICs are arranged in parallel format to quadruple the current output
since the two drivers of each of the IC's are now cascaded in parallel. More specifically,
the input signals and output lines of the ICs are shorted with each other. Formal methods
employed in the testing of the motors are also included in Chapter 3.
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Motor Controller Circuit
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Fig. 2.18 | Functional Diagram of SN754410NE
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Fig. 2.19 | Two SN754410NE cascaded in parallel for increased output current

A supplementary benefit of using a motor controller integrated chip is the ease of
implementation of a speed control algorithm in addition to its primary role of motor-
direction control. This is explained next.
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Speed control of a DC motor can be attained by modulating the pulse of the applied
voltage of the motor according to the Pulse Width Modulation (PWM) technique. In
simpler terms, this means switching the motor voltage on and off very rapidly as a pulse
of logic highs and lows implemented in software. When this is done, the net effect is that
the actual applied voltage is in fact the time-average of the modulating voltage. The
SN754410NE features two enable pins for the two motors it controls; thus a pulse,
generated in software, can be applied to these two enable pins to achieve PWM and thus
attain speed control (Figure 2.20). This is how PWM signal generation has been used to
synchronize the speed of the two DC motors used for the robot locomotion. A
mathematical treatment of the PWM method in controlling a motor's speed is given next.

PWM Signal

En 1

In Al

Vcc-

In Bl -

Out Al Out Bl

heat/s heat/s

SN754410NE

gnd gnd

Out A2 Out B2

In A2 In B2

12V En 2

PWM S i g n a l

Fig. 2.20 | Applying PWM signal to Enable pins of SN754410NE

The speed of a motor, wm, as a function of the applied voltage Va is given by

wm=k-Va (2.21)

where k is the motor constant.

Making Fathe subject:

V =^-
a k

(2.22)
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This enables the computation of the value of Va. Next this value has to be set as the
applied voltage by varying the duty cycle of the applied PWM signal. The duty cycle is
defined as the ratio of the time the applied voltage is active during a frequency cycle,
mathematically represented with equation 2.23. The parameters of equation 2.23 are
labeled in Figure 2.21.

duty cycle = on

* on + toff

(2.23)

The applied voltage as a function of the duty cycle and input voltage is given by

Vin (2.24)
+ *off

Since Va is already known from equation 2.22, the duty cycle term is made the subject:

ton _ Vg

ton + toff 'in
duty cycle = (2.25)

Thus the duty cycle to attain a particular speed is now known; the PWM signal can then
be generated in software by sending logic high signal for time duration ton and a logic low
signal for time duration of toff. The pseudocode for the generation of a PWM signal is
below and it corresponds to the waveform in Figure 2.21.

while ( t rue) {
high
delay for t ime ton

low
delay for t ime toff

+V Battery

0 Volts

toff

ton
T

f-I
T

+V Average

Fig. 2.21 | Illustration of PWM signal with labeled parameters
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The above pseudo code has then been implemented in software to attain speed control.

The actual implementation has utilized the built in CCS© function set_pwm () which is

just a semantically equivalent, high level implementation of the above pseudo code. A

more detailed software synopsis of the PWM generation is given in Chapter 3.

2.2.9 Obstacle Detection

Infrared sensors have enjoyed immense success in all robotic developments undertaken
by the Department of Engineering. This has been primarily attributed to their ease of
implementation and more importantly the fact that the TTL compatible, Boolean logic
output of the IR sensors can be directly and unconditionally interfaced to a control
circuit. Researchers have even used additional complex technologies such as neural
networks for collision free navigation of mobile robots (Simon et. al, 2003).

Thus GP2Y0D02YK IR Sharp sensors depicted in Figure 2.22 having a detection range of
80cm+ 10cm have been installed in the front and rear of the book retrieval robot to detect
any dynamic obstacles, should one obstruct the path of the robot. These sensors operate
on the principle of emission and reflection of infrared pulses. The emitter component of
the sensor continually emits IR signals; the receiver component receives these signals if
they are incident on and reflected off an object, thus signaling that an obstacle has been
detected. Encompassing three pins, namely voltage, ground and output, the sensor is
supplied together with a 3-pin JST connector for easy interfacing. The color coding
adapted by the manufacturer is red for Vcc, black for ground and yellow for output.

Fig. 2.22 | Sharp GP2YODO2YK sensor with 3-pin JST connector
(source:http://www.acroname.com)
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The four IR sensors' outputs are paired as two inputs each into a DM74LS32 Quad 2-

Input OR gate IC such that if any single sensor of each pair gives a high output, it signals
to the robot that an obstacle has been detected. In addition, pull up resistors of values in
the range of 10K2 - 20K2 are recommended by the manufacturer to ensure logic
compatibility. Hence \\\£l resistors are connected between the sensor output Vo, and
Vcc, the supply voltage. The IR sensors operate on +5Fand this is supplied by one of the
power supply circuits constructed in Section 2.2.1.

The PIC16F877 micro controller coordinates and processes the sensory information from
these sensors with one of the ports of the boot loader board being interfaced to the
sensors. For as long as the sensor outputs are low, the robot moves continually; otherwise
if a sensor output is high, the robot halts indefinitely. The software logic for this control
using interrupts is provided in Chapter 3. The circuit diagram is presented in Figure 2.23.
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Fig. 2.23 | IR Sensor Interface circuit utilizing DM74LS32

2.2.10 Navigation

Attributed to the static nature of the operating environment of the robot, more specifically
the stationary bookshelves, the implication is that path flexibility is a non-requirement
concerning navigation ability. Henceforth, the navigation method adapted for the book
retrieval robot is line tracing. With this technology, optical guide paths are prearranged
marking the routes the robot will take. Line tracing sensors then enable precision tracking
of the guide paths; similar line tracing sensors have also been used by Kumar (2003) with
reasonable results.
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The line tracing sensors utilized, shown in Figure 2.24, are available from Lynxmotion
Inc. These sensors, like the IR sensors, can be unconditionally interfaced without the
need for any external circuitry (Lynxmotion Inc, 2002). This makes implementation
unproblematic.

Fig. 2.24 | SLD-01 Line tracer sensor
(source:http://www.lynxmotion.com)

Two of these sensors are mounted on the bottom of the robot. The optical guide path falls
in between these two sensors during navigation and should the robot steer off the guide
path due to wheel slippage, surface irregularities or varying speeds of the wheels, the
sensors change output. This is detected in software and correctional actions can then be
taken.

The PIC 167877 microcontroller that controls the IR sensors also coordinates these line
tracer sensors.

2.2.11 Force Sensor

The Flexiforce A201 force sensor utilized in the book retrieval robot, available from
Tekscan, is in principle a force-sensing resistor; it exhibits a decrease in resistance
commensurate with an increase in the force subjected to its active sensing area and vice
versa. The sensor is illustrated in Figure 2.25.
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Fig. 2.25 | Flexiforce A201 force sensor
(source: http://www.tekscan.com)

Two of these force sensors have been utilized in the book retrieval maneuver. The first
sensor is attached to the underside of the Probe to determine the correct magnitude of
force that suffices to retract a book out of the bookshelf while the second sensor, attached
to the inside one of the gripper fingers, determines the force with which the gripper
securely grips a book. The Flexiforce sensor is the only sensor utilized in the book
retrieval robot that provides an analog output. Henceforth the necessary step of
quantification of the analog outputs into a discrete digital representation had to be
executed using an appropriate analog to digital converter.

Since the unit of the output parameter of the force sensor is resistance, this necessitated
the step of the conversion of resistance into voltage that would then be converted into a
digital representation using an ADC converter. The digital representation would then
make software processing feasible; this would ascertain that comparisons could then be
easily implemented in software, something not feasible with resistance as the quantity.
For this, manufacturer documentation (Tekscan Inc, 2005) suggests utilizing a force to
voltage circuit as the conditioning circuit. Hence one of the drive circuits, a simple
voltage divider, given by the manufacturer was hence adapted. It is represented in Figure
2.26.

Force Sensor Interface Circuit

5V

Force
Sensor

20k

I
VO

Fig. 2.26 | Interface circuit for force sensor
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Since the force sensor is in principle a variable resistor, another electrically and
semantically equivalent form of circuit above is the circuit in Figure 2.27 which simply
depicts the force sensor as a variable resistor.

Force Sensor Equivalent Circuit

Fig. 2.27 | Equivalent circuit for circuit of Figure 2.19

This circuit will now be recognized as a voltage divider since there are essentially two

resistors in series which has the effect of dividing the source voltage Vs between them.

The expression for Vo is now known to be:

Vo =
R,

Ro + Rsensor
(2.26)

where: Vs =

Ro =

supply voltage (V)

load resistor (Q)

resistance of force sensor (Q)

A 3-pin male square pin connector is mated to each of the three pins of Flexiforce sensor

for physical interfacing to the circuit above. The output Vo of the circuit is then the input

of the ADC port of the PIC16F877 microcontroller.

The power supply circuit stated in Section 2.2.1 supplies the necessary operating voltage

of five volts to this circuit. The output of this circuit is interfaced to one of the input ports
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of the microcontroller board. The software algorithm for the processing and control of the

force sensor in the mechanical maneuvers is discussed in Chapter 3.

2.2.12 Barcode Reader for Book Identification

The notion of using a barcode reader for book identification has already been presented in

Chapter 1; the justification for its selection is given in this section.

For ease of implementation and mass-market appeal, the device chosen for the

identification of books had to be an optimum non-volatile, passive (requiring no external

power) memory product, inexpensive and readily available. A key criterion of the device

had to be that its output should be available digitally. This feature would make it possible

to implement comparisons in software through the use of elementary decision structures.

The best candidate thus identified was the barcode reader/scanner. Tomizawa et al.

(2004) and Prats et al. (2003) have used computer vision and Optical Character

Recognition (OCR) respectively but the astronomical costs associated with such high

technology products eliminated these options outright. In some ways a laser-based

barcode scanner may be even considered to be a hybrid form of laser technology since it

uses laser light to read barcodes. In fact, a laser based barcode scanner is easier to

incorporate into a robotic application than laser technology or computer vision since it

can be readily interfaced to a PC and provides input ready for processing unconditionally.

Moreover, a modest statement can also be made that a barcode scanner is actually more

effective than computer vision using OCR technology. Consider the results of Prats et al.

(2003). Since these researchers used computer vision and OCR, this sustained

computation overheads including but not limited to image processing, line detection,

magnification, histogram equalization, binarization, filtering, translation of pixels to text

using OCR, contour detection and expansion. Thus it comes as no surprise that their

results state that it takes a maximum of 1 second to localize a label from an image and an

additional 5-10 seconds for the image processing and OCR phase. This is an adverse

effect of using computationally exhausting tasks; a barcode reader on the other hand can

identify book with considerable ease. In Chapter 4, we demonstrate that the programming

of a barcode reader uses one of the most basic features of C++ programming.

The selection of a suitable barcode reader was then made based on a number of

considerations, listed in Table 2.9. In conformation to these specifications, the barcode

reader thus selected was the ProTracer ANL810-Kwith PS2 interface.
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Table 2.9 ANL810-K criteria selection
Selection factor Availability
PS2 interface? Yes
Multiple barcode decoding? Yes
Free from hardware emulation for laptop operation? Yes

Selection criteria 1 was imperative in the software programming of the barcode reader,
further explained in Chapter 3. With several types of barcode encoding formats present
for example UPCA, UPCE and EAN13, criteria 2 ascertains the non-restriction of the
usability of the barcode reader while criteria 3 ascertains the operation of barcode scanner
with the onboard laptop computer. For the reason that the internal physical construction
of a barcode reader varies from manufacturer to manufacturer, its operation is therefore
treated in oblivion to the internal electronics and hence they are not presented here; only
the data written by the scanner to the PS2 port is of specific importance and the software
retrieval of the data from the PS2 port is provided in Chapter 3. Figure 2.28 shows the
subject barcode reader.

Fig. 2.28 | ANL-810K barcode reader

2.2.13 Limit Switches

Limit switches, more specifically Single Pole Double Throw (SPDT) ON-ON

Microswitches, placed at distances corresponding to the height of rows contained in the
bookshelves, have been utilized to indicate the starting and stopping positions of the
gripper in the vertical direction. Usage of the limit switches with its Boolean output
indicate the heights at which the gripper / scanner has to stop to scan the shelves. When
the gripper rises vertically, it has to stop at different heights to scan the rows of books at
that height. The limit switches provide a way of doing this; activation of the limit
switches will trigger a halt in the gripper's vertical directionality.
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These limit switches are interfaced to the input ports of the parallel port interfacing card,
powered by the 5V power supply circuits and continually monitored by the software.
Pursuant to the requirement that unused input ports should be grounded to maintain the
operation of the rest of the input ports, the following circuit (Figure 2.29) simply
encompassing a 90Q resistor is utilized to allow only one of two operating states. Thus
with this circuit if the limit switch is activated, the output of the circuit will assume a
value of+5V, else it will be remain grounded indefinitely.

Limit Switch Interface Circuit

to input of
parallel port
interfacing card

o

Limit
switch
output

90ohms to ground of parallel
port interfacing card

Fig. 2.29| Limit switch circuit

2.2.14 Electronics Implementation

The electronics of the book retrieval robot have been mounted on perspex. This allows
easy removal of the electronics from the mechanical structure. The complete electronics
schematic is given in Appendix F.

2.2.15 Theory of Operation

The entire process of the book retrieval operation is summarized here in this section,
synthesizing the concepts (mechanical and electronic design) that have been presented so
far and each step is represented pictorially in Figure 2.30.

• The chassis of the book retrieval robot provides the locomotion for the gripper, probe
and barcode reader; the guide paths provide the routes for navigation. (Figure 2.30(a))

• Once the barcode reader has identified the target book, the chassis halts precisely in
front of it. (Figure 2.30(b))

• The barcode scanner retracts back horizontally to make clearance. (Figure 2.30(c))
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• The Probe then enters the bookshelf exactly on top of the book. (Figure 2.30(d))

• Probe then starts moving down to apply downward force. (Figure 2.30(e))

• When enough force has been attained, Probe moves back horizontally to pry the book
out of the shelf. This has the effect of tilting the book on its end, causing it to fall into
the gripper. The gripper fingers then close, gripping the book (the gripper fingers are
by default open, spanning a distance greater than the maximum book width of 8.5cm)

and the gripper retracts back. (Figure 2.30(f))

All of these mechanical actions have corresponding functions encompassed in the
software; invocations of these functions in their proper sequences attain the book retrieval
maneuvers. The steps above are depicted sequentially in Figure 2.30(a)-(f). The software
functions are exposited in Chapter 4.

(a) (b)

(c) (d)
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(e) (f)

Fig. 2.30(a)-(f) | Sequence of operations in a book retrieval operation

2.2.16 Final Specifications

A formal specification of the completed book retrieval robot is given in this section in

Table 2.10.

Table 2.10 Specifications for Book Retrieval Robot
Specifications Value

Power Source
Gross Weight
Maximum velocity
Degrees of Movement
Maximum payload
Operating Temperature
Gripper Joint Type

Actuator

12V / 7 AH Lead get battery
34 kg
30rpm
6
2.0 kg
10°c-40° C
Revolute
DC Motor

The completed robot is illustrated in Figure 2.31.
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Fig. 2.31 | (a) The book retrieval robot (b) 3D model
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Chapter 3

Software Development

This chapter discusses software development; the main elements of discussion are, but
not limited to, (1) graphical interface development using Kylix®, an object orientated
rapid application development software for the Linux platform, (2) the programming of
the barcode reader, (3) the coding of the microcontroller software and (4) the overall
intelligence of the robot. Programming was done in C++ language under Linux platform
using Red Hat® distribution version 9.0. Every endeavor was made to use codes that
were part of standard C++ libraries, for cross platform compatibility. However, for the
rare occasion when Linux-specific C++ code was used, the corresponding semantically
equivalent Windows® C++ code is also given.

3.1 Introduction and Nomenclature

The overall software developed for the book retrieval robot is in principle, an object

oriented program and closely resembles a three-tiered application in its entirety. An
object-oriented methodology was used for the programming to attain the overall objective
of object-oriented programming, namely modularity and reusability. In addition object
oriented programming also provides abstraction and encapsulation. There are three major
parts of the software. First is the graphical interface part, the second the control part and
the third the microcontroller software. All three of these programs were implemented
separately and then linked together, thus the statement that the software is a three tiered
application while also being an object oriented program. Tomizawa et al. (2003a) also
cite as having three main layers of software that constitute the intelligence for their
robotic system. The block diagram depicting the software for the book retrieval robot is
given in Figure 3.1.

From the figure, the user interface program is solely responsible for receiving user input,
specifically the desired book call number. The control software contains the intelligence
and logic behaviors of the book retrieval maneuvers while robot locomotion and interrupt
events are controlled by the micro controller software. These three separate programs are
then linked together to work in unison and should there be any changes carried out to
either of the three programs, it will have minimum effect on the functionality of the
overall software as any change is prevented from being cascaded throughout the overall
software, by virtue of the fact that there are three separate components.
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Fig. 3.1 | Nomenclature of robot software

There is a twofold reason for the implementation of the software as separate components.
The first reason has been presented in the preceding paragraph, namely to create a
modular, reusable and easily modifiable program. The second reason may be attributed to
a restriction present in Linux's C++ compiler.

RedHat Linux has a GNU C++ compiler called g++ which is frequently distributed with

the operating system. Operating systems are normally modeled as a set of rings. The first

ring is called Ring 0 and this is where the kernel and operating system together with g++

resides. All software residing in Ring 0 can access hardware directly. Application

software, on the other hand, reside on outer rings and cannot access hardware. Should

these application software need to access hardware, they invoke the kernel mode which

as stated previously have access to hardware. Thus g++ can access hardware through the

use of the o u t b () functions on the i o . h header; however this can only be done in

console or terminal mode and thus graphical interfaces cannot be created using g++. For

this reason, a two tiered application was sought where the first component, the graphical

interface was created with a third party application software while the main control

program was created using g++ which allows direct access to hardware. With this two-

tired application, both creation of a graphical interface and access to hardware is possible.

Section 3.2 now discusses, in further detail, the graphical interface component of the
software; Section 3.3 explains the programming of the barcode reader and the
formulation of the overall intelligence is presented in Section 3.4. Microcontroller
programming is also discussed also in Section 3.4. A flowchart summarizing the entire
software operation is given in the Appendix.
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3.2 Human-Machine Interface

As stated in earlier sections in Chapter 1, suitable software has to be developed as the
human - machine interface to allow the user to enter the call number of the desired book.
By implication, a graphical user interface had to be developed. For this, Kylix® was
used.

Kylix® is a visual component-based Rapid Application Development (RAD), Integrated
Development Environment (IDE) featuring an editor, compiler, linker and loader all
encompassed in one single software package. This software is the Linux version of
Borland Builder, both from Borland Inc. There are three versions of Kylix available. For
this thesis project, Kylix Open Edition version 3.0 was utilized which is available for
download from www.borland. com.

Kylix offers visual component based development featuring a Visual Components
Library (VCL) consisting of a toolbox that encompasses user-interface components
including windows, forms, controls, dialog boxes, text boxes, list boxes, scroll bars,
option buttons, command buttons and all other components with which interfaces may be
built at design time. Using the VCL, it is possible to rapidly create graphical interfaces
visually using the drag and drop method. This does not sustain any overhead in graphical
development as was case using the traditional method of hand coding classes or by
coding using an application framework such as Microsoft Foundation Classes (MFC) or
the Object Windows Library (OWL) for Windows platform to create graphical interfaces.
It is for this reason Kylix is termed as Rapid Application Development (RAD) software.
An additional merit of using Kylix is that it boasts cross platform compatibility through
the use of the Cross Platform Toolbox (CLX). Use of the CLX toolbox guarantees inter
platform deployment.

Associated with each discrete component are its properties and methods. Properties are
the component attributes such as color or size and methods are the events or actions or
"invokable" functions or more formally, event handlers.

The GUI developed for the book retrieval robot simply features two visual components: a
text box for the user input and a button to submit the desired call number and start
activation of the mechanical book retrieval maneuver. There is one event handler for the
event when the user has entered the desired book call number and pressed the button.
Figure 3.2 shows a screen capture of the graphical user interface.
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Fig. 3.2 | GUI screen capture

In the event a user clicks the button after entering a book call number, the call number is
written to an external text file as a string, immediately after which the control software is
automatically launched and executed. The control software is pre-configured as a daemon
process, hence enabling remote and automatic execution from this interface software.

3.3 Barcode Reader Programming

Absolutely imperative in the process of book identification, the programming of the
barcode reader is a fairly straightforward process as explained in this section. This section
commences with a discussion of the connector type of the barcode reader as that itself
determines the programming.

Barcode readers are commonly available as serial devices, interfaced to the serial port of
the personal computer, USB devices or alternatively as PS2 devices with a PS2 male
connector to be interfaced to the PS2 female port of the computer. The latter is utilized
here. Figure 3.3 shows the PS2 connector of the subject barcode reader.
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Fig. 3.3 | PS2 connector of barcode reader

The PS2 port is a communications specification for input devices originally developed by
International Business Machines (IBM). Pin 1 of the PS2 port is the Data pin. The input
device interfaced to the PS2 port sends data to this pin serially as an eight bit data with
the Least Significant Bit (LSB) being transmitted first. The eight bit data in is fact sent as
a packet. Associated with each bit of data is a clock pulse, generated and sent along Pin 6,
the Clock pin. Pin 3 is the ground, referenced to a logical zero (0) with Pin 4 (Vcc)
providing power to the barcode reader thus making it a passive device. Pins 2 and 3 are
functionless and thus not utilized. The PS2 port pin configurations (on the laptop side)
and descriptions are depicted in the diagram of Figure 3.4 and Table 3.1

1

Fig. 3.4 | PS2 pin configuration

Table 3.1 PS2 port pin configuration
Pin
1
2
3
4
5
6

Function
Data

Not Used
Ground
Power
Clock

Not Used

Signal
TTL
—
OV

+5V
TTL

It is noteworthy that the programming of a barcode reader with a PS2 connector shares a
high degree of commonality with the programming of a keyboard with a PS2 type
connector, as essentially, only the data written at the PS2 port needs to be accessed by the
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computer program irrespective of whether the device is a keyboard or barcode reader. By
implication, any software that is designed to read in data from a keyboard also reads the
data that a barcode reader returns. Thus a simple program using standard C++ routines
was written to read in data from a keyboard and it was then extrapolated to read in the
data of the barcode reader. A more technical explanation now follows.

The software developed for the barcode reader is fundamentally a half duplex, interrupt
driven, software implementation of PS/2 communications. Consider a keyboard as the
device attached to the PS2 port of a computer. A keyboard communicates (sends input
data) with the computer through scan codes, as apposed to the traditional ASCII codes
used in software. The scan codes are numbers representing the two states of a key. Since
a key may either be "down" when it is pressed or "up" when it is released, there are two
scan codes, namely the "up" scan code or "down" scan code for all the keys on a
keyboard. Thus each key on the keyboard is represented by two distinct scan codes and
the identification of what key on the keyboard has been pressed simply involves checking
the scan code sent by the keyboard to the PS/2 port. The scan code is in fact generated by
the internal electronics of a keyboard and scan codes may vary from hardware to
hardware. For example, the set of scan codes used by the IBM AT varies from the PC and
XT. Thus to identify what key has been pressed on a keyboard, the computer is required
to read in the scan codes and match them with their corresponding keys (and the key
state). There are a number of routines of retrieving data from the PS2 port, one such
example being the b i o s k e y O function on the b i o s . h header that returns the
machine's scan codes. However, these routines were either platform-specific or machine-
dependant and thus they were ignored as cross platform compatible and hardware
independent software was desired. Fortunately there is a high-level method of retrieving
the scan code and working out the corresponding key that does not require low-level
implementation considerations of either platform or hardware. Reception of a byte
written at the PS2 port by the barcode reader has been performed by using the c i n
object defined in the i o s t r e a m . h header. The c i n is an input stream object with its
definition and operations specified in the file i o s t r e a m and is conventionally used to
read keyboard input but it's net effect is that reads the data at the PS2 port which is
generated by some input device; in this case the input device is a barcode reader and a
read operation is just as possible, as essentially, the barcode reader emulates a keyboard.
The c i n object was used as, it being part of standard C++ language guarantees that the
code used to retrieve data from the PS2 port will be platform-independent and thus
compile under either Windows or Linux platform while simultaneously having the merit
of being machine-independent. Thus it can be seen that the software retrieval of data
scanned by the barcode reader uses elementary programming knowledge and hence does
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not constitute computation overhead as is the case with using computer vision for book

identification as done by Prats et al. (2004) and Tomizawa et al. (2003b).

The barcode reader software was implemented with Linux's built in C++ compiler g++

and it is part of the main control software, further exposited in Section 1.4.

Barcodes for providing digital signatures to books have been printed using a free trial
edition software called TbarCode5 ActiveX that takes alphanumeric strings, converts
them to their respective scan codes and creates the corresponding barcodes with a
combination of bars and spaces of varying width. Installation of this software embeds an
ActiveX component into MS-Word®. With this, a user simply enters an alphanumeric
string of infinite length into a text box; the barcode ActiveX component then creates the
corresponding barcodes. The barcodes can then be printed using any standard printer.
There are different formats of barcode encoding available but with a multiple decoder
barcode scanner, the software retrieval of the data can be treated in oblivion to the
barcode formats.

3.4 Robot Intelligence

This section discusses the development of the overall intelligence of the robot, extending
the ideas of Sections 1.2 and 1.3. This is the main control software developed for robot
cognition.

The byte read from the barcode reader in Section 1.3 is then compared to the book call
number that was previously entered by a user in Section 1.2 and stored in a buffer. The
comparison uses the s t r c m p function on the s t r i n g . h header and the decision
making is implemented through the use of elementary if else decision structures, one of
the most basic features of artificial intelligence. If the comparison returns a positive
result, it indicates a match and the software immediately generates a code via the parallel
port to a secondary controller (which controls the motor controller circuit) to halt its
movement. Following this the robot executes a systematic chain of mechanical
maneuvers that retrieves the subject book out of the shelf. Conversely if the comparison
returns a negative result, the scanned book call number differs from the desired book call
number and the robot proceeds with its scanning motion until it attains a match.

Therefore by simple decision making and invocations of mechanical functions, the book
retrieval robot has identified and retrieved the target book. All behaviors (mechanical
actions) of the robot are represented as functions and all attributes are represented as data
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variables. A listing of the functions used for the mechanical actions to retrieve a book is
given in Table 3.2, in the order in which they are executed. Logically related functions
and data are then grouped together into one structure and have been implemented in
c l a s s e s which implies Object Oriented (OO) methodology. For further
exemplification of object orientated programming, consider the operation of the gripper
of the book retrieval. There are four (4) behaviors or actions of the gripper; these are:

(i) Gripper fingers opening
(ii) Gripper fingers closing
(iii) Gripper moving forward
(iv) Gripper retracting back

These four mechanical actions or behaviors of the gripper have corresponding C++
functions written for them:

(i) void Gripper_FMotor_CW();

(ii) void Gripper_FMotor_ACW();

(iii) void Gripper_Motor_CW () ;

(iv) void Gripper_Motor_ACW () ;

It is easily observed that these four functions are logically related to one another, by the

virtue of the fact that they all govern the operation of the same device, the gripper. Hence

a class G r i p p e r is then declared and these four functions now become the methods of

this class. The code segment is given:

class Gripper {

private :
// Attributes (data)
// In this case, there are none.

public:
// Functions (methods) of the Gripper class
void Gripper_FMotor_CW();
void Gripper_FMotor_ACW();
void Gripper_Motor_CW();
void Gripper_Motor_ACW();

The invocations of any of these functions then first require the instantiation of the

G r i p p e r class, or in simpler terms, to create a new object as an instance of the class.
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Gripper gripper:

Then to invoke a function, the dot operator (.) is used preceded by the g r i p p e r

instance. For example, to close the gripper fingers, the following line of code would be

used.

gripper.Gripper_FMotor_CW();

This is how functions have been grouped into c l a s s e s signifying object-oriented

methodology. Table 3.2 depicts all the c l a s s e s and functions jointly using the

resolution scope operator (: :) together with a narrative description of the functions.

Table 3.2 Summary of functions for mechanical actions performed for a book retrieval
operation

Class::Function Description
Barcode: : BCode_Motor_cw () Move back/ retract barcode reader
Probe : : Probe_Motor_cw () Extend Probe into bookshelf
Rack: Rack_Motor_ACW () Move Probe downward
Probe : : Probe_Motor_ACW () Retract Probe
G r i p p e r : : Gripper_FMotor_ACW () Close gripper fingers
G r i p p e r : : Gripper_Motor_cw () Retract gripper back

Table 3.3 provides a listing of the remaining functions of the control software.

Table 3.3 Summary of attendant functions in the control software
Class::Function Description

Barcode: : BCode_Motor_ACW () Extend barcode reader
Probe : : Probe_Motor_ACW () Retract Probe from bookshelf
Rack:: Rack_Motor_cw () Move Rack upwards
Rack:: Rack_Motor_ACW () Move Rack downwards
G r i p p e r : : Gripper_FMotor_cw () Open gripper fingers
Gripper : :Gripper_Motor_ACW () Extend gripper forwards

Noteworthy is the fact that again most of the C++ keywords and functions used are

platform-independent, with the sole exception of the o u t b () function used to write data

to the parallel port. The header file that contains the o u t b () function is not part of

standardized C++ libraries. For this reason, the general syntax of the function varies from

compiler to compiler and from compiler vendor to vendor. Henceforth, the function is

o u t b ( ) in the i o . h header under Linux platform but becomes o u t p o r t b ( ) in

dos . h header when used with Windows. Since the emphasis in this thesis project is the

Linux platform, the o u t b () syntax of the function was used. Therefore, this is the only

function in the entire software that is not directly cross platform compatible. However,
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this problem of non-cross platform compatibility can be solved with the concept of

conditional compilation. Using the # i f and # e n d i f preprocessor directives, it is

possible to use both o u t b () and o u t p o r t b () instances of the functions in the same

program. These preprocessor directives will then conditionally compile the function,

depending on whether Linux or Windows is the underlying operating system. With this,

the software is thus now truly cross-platform compatible.

Linux does not allow direct I/O access so prior to using the o u t b () function, the

necessary permissions to access the target port must be explicitly specified. This is

accomplished using the i ope rm( ) function, also available in the i o . h header (for

g l i b c . For l i b c , the header is u n i s t d . h ) . This function sets the port input/output

access permission bits and it takes three parameters; the general syntax is given:

i n t ioperm(unsigned long address, unsigned long num., i n t turnon)

• address: the address of the desired port in hexadecimal notation.

• num: number of bytes, from address, for which access is set

• turnon: the port address up to which access is set.

Therefore the following line of code must be included in the control software:

i n t variable = ioperm (0x037 8, 5 ,1)

This will allow access to the address space from 0x0378 to 0x37c. If permission to

access the port is granted, the function returns the value of zero (0) to the variable

variable. Once this is done, the i n b () and o u t b () functions can then be used to read

and write data from the parallel port.

The final step in the software is to link the GUI software with the control software such
that when the user clicks the button on the GUI, the control software is launched or
executed. For this, the control software had to be first configured as a daemon using the
daemon () function.

The daemon function, when applied to a particular software, detaches the software from
the console terminal and lets it run in the background as a system daemon. Since the
control software was written using the console and g++ compiler, this was a necessary
step before an attempt could be made in remotely launching the control software from the
GUI software. The general synopsis is given:
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i n t daemon ( i n t nochdir, i n t nodose)

The parameter n o c h d i r should be non-zero so that the working directory is not changed

to the root directory; the n o c l o s e parameter should be zero so that messages are not

directed elsewhere. Thus the following line was included in the software to configure it

as a daemon.

int result = daemon (1,0)

Once it is a daemon, the control software can then be invoked from the GUI software

using the sys t em command. This enables the linking of the two programs.

A flow chart describing all the operations of the overall intelligence is given in the
Appendix; this has already been supplemented with a tabulated summary of all the
functions in the software in this Section.

3.4.1 Identification of Port Addresses in Linux

The hexadecimal addresses of the ports used form the parameters of the various C/C++

functions contained in the software. The addresses of the ports utilized were identified

with the c a t / p r o c / i o p o r t s command.

3.4.2 Hexadecimal Addresses Identification

This section explains how all the hexadecimal addresses of the parallel port interfacing
card used in the software were obtained.

In view of the fact that this process is mostly intuitive, constant reference will be made to
the diagram of Figure 3.5 for illustration. In addition, only two examples are presented
for exemplification purposes since the method is generic to any address identification.
The two examples are the address identification for generating clockwise and
anticlockwise -rotation for the:

(i) Barcode Reader motor
(ii) Gripper Finger motor
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Out2:
Barcode Reader Motor

+ve -ve
128 64 32 16 8 4 2 1

D7 D6 D5 D4 D3 D2 D1 DO
Decimal
value of
pins

Address Determination for: C/W

Anti C/W

Therefore pseudocode with address is:

void Barcode_Reader_Motor_CW

outportb ( 0x0378,0x02)
}

void Barcode_Reader_Motor_ACW() {

outportb ( 0x0378,0x01)

These addresses are used
here in hexadecimal form

Out2:
Gripper Finger Motor

+ve -ve
128

D7

64

D6

32

D5

16

D4

8

D3

4

D2

2

D1

1

DO
Decimal
value of
pins

C/W 1 0 = 128

Anti C/W ! 0 ! 1 ! = 64
: : :

Therefore pseudocode with address is:

void Barcode_Reader_Motor_CW() {

outportb ( 0x0378,0x80)

void Barcode_Reader_Motor_ACW() {

outportb ( 0x0378,0x70)

Fig. 3.5 | Illustration of determination of hexadecimal addresses

These addresses are used
here in hexadecimal form
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Figure 3.5 shows an abstracted block diagram of the eight individual pins (Do D7) of
the output port Out2 of the parallel port interfacing card. As per Table 2.5, the two
terminals of the Barcode Reader motor is interfaced to Do and Di and that of the Gripper
Finger motor are interfaced to D6 and D7. This is encompassed in the diagram together
with the decimal weighting of each of the individual pins. Thus Do has a decimal value of
1, Di has the decimal value 2 and likewise the remaining pins have decimal values in
increasing powers of two up till D7 which has the value of 128. (The decimal value of
each pin conforms to the formula 2n where n = 0, 1 6, 7).

Next, since the rotation of a motor requires applying a positive voltage to one terminal
while referencing the other terminal to ground, the notation used in the diagram for
clockwise rotation is 1 0 and for anti clockwise rotation it is 0 1. This is written
underneath the pins to which the motor is interfaced. Then, depending on the decimal
value of the pins corresponding to which there is a 7, the address simply is worked out. In
retrospect, consider the Barcode Reader Motor. Since, in the case of clockwise rotation,
Pin Di has the signal representation of 1 while that of Do is 0; the decimal value of Di
becomes the address that is used in the software code to generate clockwise rotation.
Thus the address is 2 which is equal to 0x02 in hexadecimal notation. Likewise for anti
clockwise rotation, the address is 1 (0x01) which is obtained from the decimal value of
PinDi

The same method is used to obtain the addresses of 0x80 (clockwise) and 0x40
(anticlockwise) for the Gripper Finger Motor. The only difference is that the first octet in
the hexadecimal representation is now used in contrast to the addresses for the Barcode
Reader motor where the second octet was used. This is attributed to the fact that the
Barcode Reader Motor is interfaced to the lower order pins (Do and D7) which
correspond to the second octet while the Gripper Finger motor is interfaced to the high
order pins (D6 and D7) which correspond to the first octet in the hexadecimal
representation.

The complete process of address identification is encapsulated in Figure 3.5 which also
provides a pseudocode of how the addresses are used in software. Complete listings of
all addresses used are included in the Supervisor's Manual of this research project.

3.4.3 Secondary Controller

The secondary hub of operations and intelligence of the book retrieval robot is a

PICmicro® microcontroller, specifically the Microchip Technology PIC16F877 eight bit

CMOS microcontroller with built in EPROM. The microcontroller is available as a 40-
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pin DIP package containing a central processor, EPROM, RAM, timer(s), and TTL /
CMOS compatible or user defined input and output lines. The PIC16F877
microcontroller is the standard didactic microcontroller used by the School of
Engineering and Physcis. This microcontroller is responsible for coordinating and
receiving sensory information from the force sensors, line tracers and IR sensors and in
addition it also controls the wheel motors of the book retrieval robot.

The decision to allocate the PIC micro controller to control the line tracers and IR sensors
instead of the onboard computer, was made based on the fact that these entities directly
determine the actions of the wheel motors. Since the micro controller controls the wheel
motors, it made sense for it to also control the line tracers and IR sensors. In addition, the
micro controller offers a feature that is not available in the parallel port interfacing card.
In fact, it is technically more correct to state that the feature is impossible to implement in
the parallel port-interfacing card as it is built-in in the microcontroller itself. The feature
is interrupts.

Two mechanisms exist in software for reading in inputs, if they are to be read frequently.
In this case, the inputs of the microcontroller are (1) the outputs of the IR and line tracer
sensors and (2) the 1-bit signal generated by the onboard computer via the parallel port
since these directly influence the actions of the wheel motors. Thus the microcontroller
will have to read these inputs very frequently as any change in them will have an
immediate effect on the motors. The two methods are polling and as stated in the
previous paragraph, using interrupts.

The concept of polling is relatively simple and basic. It involves checking for a condition

(input) iteratively; reference is made to the exemplar pseudo code provided below.

while (condition) {

// some program

The condition refers to the reading of the input. An attempt is made in reading the input,
then the program continues with its execution. All this takes place in an infinite while
loop so that the net effect is that the software will read, continue execution, read, continue
execution and so on. However if the program is significantly large, then the frequency of
the process of reading the input will decrease and thus if the input changes state, the
software may not immediately detect it. This will lead to a delay in the response of the
wheel motors. For further exemplification, consider the operation of the IR sensor. If the
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sensor detects an obstacle, its output is high and is sent to the input of the
microcontroller. But since the change is not immediately detected due to the large
program size and polling nature of the software, the robot would not halt immediately but
rather it would halt when the next cycle of reading of input takes place. Therefore the
polling method is considered inferior and to circumvent around this problem of late
detection of input state of change, interrupts are used.

Interrupts are a way of immediate detection of a change of state in input. Whenever there
is a change in input, normal program execution is immediately suspended, then a
subroutine, specially written to handle the interrupt event is executed. Once the
subroutine finishes execution, control is then handed back to the main program. In this
way, whenever there is a change in the state of the IR sensors or line tracer sensors, the
software immediately controls the wheel motors appropriately.

Therefore Pins 4-7 of Port B of the boot loader board were configured as interrupt pins
using PIC C Compiler software and the IR and line tracer sensors were interfaced to these
interrupt pins (Pins B4 - B7 are the only interrupt pins available for the PIC16F877). Thus
whenever the book retrieval robot veers off the guide path or whenever the IR sensors
detect an obstacle, the software immediately changes the actions of the wheel motors
appropriately. In a similar fashion, whenever the laptop computer generates a halt signal,
particularly in the event the comparison of the barcode scanner output with the user
entered book call number returns a true result, the software immediately detects this too
and thus halts the motor. Hence the use of interrupts theoretically guarantees the robot
will stop precisely in front of the target book. The allocation of the input pins of the boot
loader board to the various input and output devices is tabulated in Table 3.4.

Table 3.4 Microcontroller boot loader board pin usage
Port/Pin Interfaced to: Input/Output
AO Force sensor 1 output Input
A1 Force sensor 2 output Input
B7 Signal line from parallel port interfacing card Input
B4 Front + rear IR sensor's output Input
B5 Left line tracer output Input
B6 Right line tracer output Input
CO +ve signal for left wheel motor controller circuit Output
C1 -ve signal for left wheel motor controller circuit Output
C2 +ve signal for right wheel motor controller circuit Output
C3 -ve signal for right wheel motor controller circuit Output
EO 1 bit signal from EPP to read ADC port pin AO Input
El 1 bit signal from EPP to read ADC port pin A1 Input

75



As it can be seen from Table 3.4, Pins CO to C3 of the microcontroller boot loader board
are used to generate the PWM signals for the left and right wheel motors respectively. A
synopsis of the software routines for this is given next.

The CCS function s e t u p _ t i m e r _ l (Tl_INTERNAL | Tl_DIV_BY_8) is used to

initialize timer 1 of the PIC micrcontroUer. Once timer 1 has been set, it can then be read

from or written to using the s e t _ t i m e r l () and g e t _ t i m e r l () family of functions.

S e t u p _ c c p l (CCP_PWM) is then invoked to set CCP to PWM mode for the generation

of square waves. The function se t_pwml_duty (va lue ) sets the PWM signal

generation with a duty cycle of v a l u e which is passed into as the function parameter.

This is how speed control using PWM technique has been implemented.

3.4.4 Force Sensors

The PIC 167877 also features a built in, 8-bit, self clocking and successive approximation
analog to digital converter port which is capable of receiving and processing analog
signals. This was also the reason for its selection as a secondary controller as had the
onboard laptop computer been used, the purchase of an ADC IC would have been
mandatory.

The ADC port of the PIC reads the output voltage of the force sensor, coverts it to an

alias eight (8) bit numerical quantity and thus makes processing more feasible. The eight

(8) bit digital representation can then be used with elementary comparison and decision

structures to determine the application of a force that suffices to retrieve and grip a book.

Pins AO and Al of the bootloader board were configured as A/D pins for this purpose.

The CCS® function s e t _ a d c _ c h a n n e l ()is used to switch reading between ADC

pins AO and Al. A flag c h a n n e l , is used as the parameter of this function to switch

between AO and Al on the fly by setting a value of either 0 or 1.

3.5 Overall Intelligence Flowchart

A graphical representation of the various important phases of the entire software
operation of the book retrieval robot is given in the abstracted software flowchart
presented in Appendix G.
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3.6 Software Codes

All software codes written for the intelligence of the book retrieval robot are included in
the User Manual of this research project, submitted to the School of Engineering and
Physics.
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Chapter 4

Testing and Experimentation

In this chapter, important properties related to the performance of the book retrieval robot
are investigated and discussed. Test cases have been developed and metrics of
measurement have been derived from these tests for the validation and verification of the
performance of the system. There are three major sections. Section 4.1 reports testing and
experimentation in the hardware context. Section 4.2 is dedicated to the book detection
and identification test results and software testing is presented in Section 4.3. The testing
and experimentation reported in this chapter is in logical order, that is, independent
modules are tested first as part of diagnostic testing; then follows formative testing which
refers to the testing applied throughout development and finally the summative testing of
the overall complete module refers to post development testing.

In addition, some merits and biasing considerations of the developed robot are also
discussed in this chapter in Section 4.3.

4.1 Hardware Testing

4.1.1 Motors

This section reports the empirical testing executed on the DC motors utilized in the book
retrieval robot prior to the fabrication of the motor controller circuits; the parameter of
specific interest here is the current drawn by the motors as this will determine the number
of motor controller IC's that will be cascaded in parallel for that required magnitude of
current.

Two states of operating conditions, namely no load condition and blocked rotor (full
load) condition were stimulated by incrementally adding test weights and measuring the
currents drawn by the motor upon operation.

Wheel DC Motors

The results obtained from the testing on the DC motors used for the robot locomotion are
tabulated in Table 4.1. The maximum weight applied to the motor as (full) load was 30kg

as this was the maximum weight of the book retrieval structure, inclusive of all
electronics and pay load, anticipated at any point in time.
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Table 4.1 Wheel DC motor test results
Load (kg) Current (A)

0
2
4
6
8
10
12
14
15
18
20
22
24
26
28
30

1.30
1.75
2.28
2.45
2.83
3.3

3.55
3.85
4.05
4.81
5.0

5.43
5.67
6.29
6.65
6.80

Load vs Current

y = 0.3676x + 1.001 • Current Level
Line of best fit

0 2 4 6 8 10 12 14 15 18 20 22 24 26 28 30

Load (kg)

Fig. 4.1 | Relationship between load and current consumption

Inspection of the results from the above table and graph reveals that current of 6.9 A is
drawn at a maximum load of 30kg at blocked rotor condition and this was the magnitude
of current accounted for in the formulation of the motor controller circuit. This current
however does not necessarily represent the actual current consumed by the motor for the
reason that smart and intelligent mechanical design using castors, motor housings and
motor supports ensures that the weight of the robot is not directly subjected to but rather

79



somewhat drawn off from the motor's axle. During testing, the test weights were directly

suspended from the motors axle but in all actuality, for the completed robot structure, the
weight of the robot is distributed throughout its structure. Hence the test case had
subjected the axle to more weight than the actual robot setup where the weight is
distributed. In further augmentation of this, it must be noted that two motors are utilized
in the book retrieval robot, it being a differential drive system. As a result, the weight
distribution on each motor is in principle divided by half. Thus it is safe to assume that
this magnitude of current (6.8A) will, as a matter of fact, very rarely be consumed by an
individual motor. The actual current consumption of the motors, during deployment, are
investigated in subsequent sections.

Attendant DC Motors

Three different types of DC motors have been used for all other maneuverable actuations
in the book retrieval robot. The specifications of these motors are supplied by the
manufacturer documentation and they have been presented in Chapter 2 but they have
again been reproduced in Table 4.2 for comparison of current consumption.

Table 4.2 DC Motors Current Specification
Motor Rated Load Current
Nylon geared light duty ,. 5Q .
general purpose DC motor
Nylon geared heavy duty o 1 0 .
general purpose DC motor
Model geared DC motor 300 mA

Since these DC motors consume a maximum of 310 mA of current at full load, a single
motor controller IC was utilized in the controller circuits for these motors.

4.1.2 Book Gripper

The empirical determination of the magnitude of force that suffices to securely grip a
book of 2.0 kg with the gripper fingers was executed in this section; this procedure
involved the installation of the force sensor to the insides of one of the gripper fingers,
manually winding the DC motor to close the gripper fingers until the test book was
securely gripped, and then noting the force that was required to achieve this. This was in
fact repeated for test books ranging from 0.2kg to the maximum anticipated weight of 2.0
kg in regular increments. The results are stated in Table 4.3. For each test weight, the
force sensor resistance and force sensor output voltage were recorded.
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Table 4.3 Results for experiment on determination of gripping force
Test book weight Resistance Force sensor output voltage

(kg) (Q) Decimal Volts
representation (V)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

5.2 M Q
223.3 kQ
163.4 kQ
143.6 kQ
110.8 kQ
36.0 kQ
25.1 kQ
19.2 kQ
17.8 kQ
16.2 kQ
13.2 kQ

1
22
29
34
39
91
113
126
134
141
157

0.019
0.411
0.545
0.811
0.994
1.784
2.215
2.549
2.645
2.756
3.012

Applied Force vs Force Sensor Resistance

2
3
in

„ 6000

5000

4000

3000

2000

1000

-Series 1

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Weight (kg)

Fig. 4.2 | Relationship between applied force and force sensor resistance
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Relationship between Applied Force and Force Sensor Output
Voltage

3.5

3

2.5

2 2

I 1 5
o 1.5

0.5

y=0.3213x-0.3149 -Series1

• Line of best fit

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Weight (kg)

Fig. 4.3 | Relationship between applied force and force sensor output voltage

From Table 4.3, it is evident that since the maximum weight of any test book is 2.0kg, the
gripper should always plan to apply a force not less than 3.012 volts (in volt
representation). Hence this value of 3.012 becomes the reference force and in Section
2.1.5 of Chapter 2, it was stated that this value is always referred to in the software for
the PIC micro controller when it is working out if enough force has been applied to
securely grip a book. If this value is attained, the gripper halts the gripping process; else it
continues winding the motor until this value is reached. The relationships between the
applied force and the force sensor resistance and output voltages are graphically
illustrated in Figures 4.2 and 4.3.

4.1.3 Probe Force

As previously stated in Section 2.2.12 of Chapter 2, another force sensor was installed on
the underside of the book retrieval mechanism, Probe, to compute the downward force
that would successfully retrieve a book from the book shelve and place it onto the
gripper. Hence similar experimentation was involved for the book retriever with a test
book of weight 2.0kg being placed into a bookshelf and noting the force that was required
to retrieve it by manually operating the motor that applied the downward force. The
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magnitude of force empirically detected was 4.63 volts. This experiment was carried out
for various book weights. The results are given in Table 4.4 and Figures 4.4 and 4.5. Just
as for the gripping, the value of the maximum probing force becomes the reference value
for prying a book out of a shelf.

Table 4.4 Results for experiment for determination of downward force to pry
book out of shelf

Test book weight
(kg)

Resistance Force sensor output voltage
(Q) Decimal Volts

representation (V)
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

5.5 M Q
38.0 kQ
18.8 kQ
15.5 kQ
13.0 kQ
11.7 kQ
9.2 kQ
7.1 kQ
5.7 kQ
3.2 kQ
900 Q

0
93
117
139
155
163
185
199
212
222
234

0
1.91
2.47
2.79
2.99
3.25
3.53
3.78
4.01
4.55
4.63

6000

o

in

o

4000

3000

2000

1000

Applied Force vs Force Sensor Resistance

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Weight (kg)

-Series 1

Fig. 4.4 | Relationship between applied force and force sensor resistance
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Relationship between Applied Force and Force Sensor Output Voltage

y=0.3714x+0.8545

-Seriesi

• Linear (Series'!)

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Weight (kg)

Fig. 4.5 | Relationship between applied force and force sensor output voltage

4.1.4 Line Tracing Experiment

This set of experiments was designed to measure the efficacy of the navigation (line
tracing behavior) of the book retrieval robot. A 2 meter-length shelf with books was set to
model a library system; the 2-meter route layout (in the form of 50mm wide white lines)
was then arranged on a black carpet along in front of the shelf. The distance of this route
away from the shelf was such that the scanning mechanism of the robot would be five (5)
millimeters away from the spines of the books. The test set up is shown in Figure 4.6.

Fig. 4.6 | Experimentation setup
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In his line tracing experiments, Kumar (2003) suggests the measurement of two simple
metrics that provide an indication of the performance of his automated guided vehicle's
line tracing capability. These are (1) the number of times the robot has to make
corrections in order to steer and re-align itself with the navigation path and (2) the
orientation angle of the robot once it has completed the line tracing function. The
orientation angle is imperative and also applicable in this research as well since should
the robot not be aligned straight once it identifies a target book and halts in front of it,
then book retrieval may fail. Measurement of this orientation angle is recorded from the
center of the navigation route (see Figure 4.7). Similarly for the first metric; if the robot
makes many steering corrections and should the target book be reached the particular
instant when the robot makes a correction, the barcode scanner may fail to detect the
book. This experiment was conducted for different robot speeds and the two metrics were
evaluated. Ten individual runs were carried out with the robot speed being uniformly
decreased in each experiment with the maximum speed of the robot as 50rpm (measured
using a tachometer) in experiment one (1) and the lowest speed as 5rpm in experiment
ten (10). The lowest speed for which this experiment was done was selected as 5rpm as
any speed below this level would render the robot too slow and inefficient compared to
the time it takes a human to search and locate books. For each experiment, three (3) trials
were executed. The recorded results are tabulated in Table 4.5 and Figures 4.8 and 4.9.

Orientation angle

navigation
route

Fig. 4.7 | Illustration of measurement of orientation angle
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Table 4.5 Line tracing experimental results

Exp
No.

Robot
Speed
(rpm)

No. of Corrections

Trial
1

Trial
2

Trial
3

Orientation
Angle (°)

Trial Trial Trial
1 2 3

Mean No. of
Corrections

Mean
Angle

1
2
3
4
5
6
7
8
9
10

50
45
40
35
30
25
20
15
10
5

11
11
10
7
9
8
9
7
8
8

12
14
14
11
9
11
10
8
9
7

16
13
12
10
10
10
8
11
8
7

26.3
23.7
22.4
20.0
17.3
15.2
15.6
12.9
10.7
9.3

22.5
24.1
23.1
22.6
19.5
13.4
13.5
11.0
12.4
10.0

24.0
20.5
21.2
19.0
19.8
15.0
13.9
13.3
9.2
9.5

13.0
12.7
12.0
9.3
9.3
9.7
9.0
8.7
8.3
7.3

24.3
22.8
22.2
20.5
18.9
14.5
14.3
12.4
10.8
9.6

Robot Speed vs Mean No. of Corrections

- Mean no. of
corrections

50 45 40 35 30 25 20 15 10 5

Robot Speed (rpm)

Fig. 4.8 | Relationship between robot speed and mean number of corrections
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Speed (rpm)
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5

Fig. 4.g | Relationship between robot speed and mean angle

Results derived from this initial testing depict an anomalous behavior of the robot in its
navigation. The count of the number of corrections that the robot makes and its
orientation angle on conclusion of the navigation behavior are unusually and
detrimentally high. In addition it was also observed that the robot tends to steer towards
the right while following the navigation route. This behavior results in the high count of
the number of corrections and high magnitude of the orientation angle. An investigation
into this anomaly revealed that the weight bias of the robot is towards its right hand side,
by the virtue of the fact that the book scanning, retrieval and gripping mechanisms are
constructed and mounted on the right of the robot. To counter and offset this weight bias,
a 6.0 kg mass (the combined weight of the book scanning, retrieval and gripping
mechanisms) was then placed on the left of the robot. The experiment was then repeated.

Table 4.6 Line tracing experimental results with correctional measures
Orientation

Angle Mean No. of Mean
Trial Trial Trial Trial Trial Trial Corrections Angle

1 2 3 1 2 3

Exp
No.

Robot
Speed
(rpm)

No. of Corrections

1
2
3
4
5
6
7
8
g
10

50
45
40
35
30
25
20
15
10
5

5
6
5
4
5
5
4
1
0
0

g
7
6
4
5
5
5
2
1
1

7
7
5
5
4
4
3
0
1
0

g.7
g.2
6.g
7.0
6.5
5.1
4.5
3.g
5.0
3.0

g.o
8.5
7.2
7.3
6.g
5.0
5.3
4.1
3.2
2.5

8.2
8.7
7.5
7.0
7.5
6.g
4.0
4.0
3.1
3.g

7.0
6.7
5.3
4.5
4.7
4.4
4.0
1.0
0.7
0.3

g.o
8.8
7.2
7.1
7.0
5.7
4.6
4.0
3.8
3.1
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Robot Speed vs. Mean Number of Corrections

X
I

- Series 1

50 45 40 35 30 25 20

Robot Speed (rpm)

15 10

Fig. 4.10 | Relationship between robot speed and mean number of corrections

Robot Speed vs Mean Angle

10
9
8
7
6
5
4
3
2
1
0

Mean Angle

50 45 40 35 30 25 20 15 10 5

Robot Speed (rpm)

Fig. 4.11 | Relationship between robot speed and mean number of corrections

From these results of Table 4.6 and Figures 4.10 and 4.11, it is evident that the robot
speed is proportional to the mean number of corrections and orientation angle. As the
speed decreases, the number of corrections and orientation angle reduces. The number of
corrections that the robot executes in the navigation phase is not substantial and thus this
particular result may be trivialized since it is safe to assume that this will not affect the
operation of the book retrieval robot (as it will be seen and validated later). The graph in

88



Figure 4.11 depicting the relationship between the robot speed and the mean number of
corrections and mean orientation angle illustrates that the line tracing behavior of the
robot is more suited at lower speeds rather than higher speeds (the exact speed of the
book retrieval robot adapted was selected based on experiments described later).

4.2 Book Detection, Identification and Retrieval

4.2.1 Barcode Scanner and Robot Speed Experiments

In this section the focus of experimentation and discussion is the investigation into the
viability of using a barcode scanner as an identification device. A number of parameters
were studied and metrics evaluated in this experiment.

The first important metric investigated is the determination of the optimum robot speed

that suffices to accurately scan book barcodes. To identify the optimum robot speed, the
accuracy with which the barcode scanner identifies books is also determined (the
vocabulary "accuracy" in fact also encompasses some other fundamental metrics of
measurement which, when considered together constitute accuracy. This seems
reasonable, as there is no single metric of measurement that can appreciate accuracy).

The experiment, common to the two aforementioned metrics, simply involved letting the
barcode reader scan the barcodes of a number of books placed together in a row shelf and
to print the scanned book call numbers to the console screen of the laptop while the
mobile robotic platform coasts by with varying speeds during different experiments. The
speed at which the barcode scanner scans books with the best accuracy is then the
optimum scanning speed.

Concerning accuracy, four fundamental reliability-based metrics, namely Mean Down
Time, Mean Failure Rate, Failure Rate and Reliability were determined based on failure.
These metrics where selected for measurement as accuracy would be the best metric to
validate the performance of the robot. In addition, given the unique application and
nature of the developed robot, it must be noted that benchmark or standard tests were not
available (however other metrics for comparison with results of other researchers such as
book detection and identification times are investigated later).

A scan event is considered a failure when the scanned book call numbers do not coincide
with the actual call numbers. At this stage, it is worthy to note something absolutely
important. A barcode reader is universally known not to give false results so by
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implication there can never be a case in which one may say that a barcode reader has
given a different book call number than what is actually present on a barcode. What is a
slight demerit of a barcode reader is that at times, the reader may fail to read a barcode
outright. This is known as a miss and it occurs when the barcode scanner is moved at a
speed faster than its scan rate (this was the reason for using different speeds for the
mobile base in the experiments, to identify the robot speed that operates sufficiently
accurately). Henceforth the vocabulary "failure" in this section does not refer to the
barcode scanner outputting different book call number than what is actually present on a
barcode but it refers to the scanner reading barcodes a number less than the actual
present. Thus if the console output shows fourteen book call numbers, then it implies that
the barcode scanner has failed to read the barcodes of one of the fifteen books. This is
what is considered to be a failure since the scanned barcodes do not coincide with the
actual barcodes present and such an event gives rise to a down time or failure. This is
how the failure column was evaluated to be either affirmative or negative. Twenty books
of varying dimensions in random order were used in a bookshelf to model a library in this
experiment. The book dimension of specific interest here is the width as this determines
the width of the barcode attached to the spine of the book. The minimum book width was
1 cm and the maximum was 8 cm. The complete results are presented in Table 4.7. The
graph demonstrating the relationship between the reducing robot speed and the reliability
metrics is illustrated in the Figure 4.12.

Table 4.7 Experimental results for determination of optimum robot speed for accurate
barcode scanning in scanning twenty books

Exp
No.

1
2
3
4
5
6
7
8
9
10

Robot
Speed
(rpm)

50
45
40
35
30
25
20
15
10
5

(0

8

.o
fB

o
z

20
20
20
20
20
20
20
20
20
20

No. of Books

Trial
1

0
1
1
2
1
1
1
2
3
2

Detected

Trial
2

0
0
1
1
2
1
2
3
4
3

Trial
3

0
0
0
0
3
1
1
1
2
2

No. of Books

Trial
1

20
19
19
18
19
19
19
18
17
16

Missed

Trial
2

20
20
19
19
18
19
18
17
16
18

Trial
3

20
20
20
20
17
19
19
19
18
18

Failure
(Y=Yes/N=No)

Trial
1

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Trial
2

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Trial
3

Y
Y
Y
Y
Y
Y
Y
Y
Y
Y

Time taken. Z

(seconds)

Trial
1

3.2
4.1
5.5
6.4
6.7
7.2
8.0
9.3
11.6
14.0

Trial
2

3.7
4.9
5.8
6.0
6.5
7.0
8.3
9.1
11.9
16.5

Trial
3

3.2
5.0
5.3
5.8
6.6
7.0
7.8
9.1
11.5
15.8
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Table 4.7 Experimental results cont'd

Exp

1
2
3
4
5
6
7
8
9
10

Robot
Speed
(rpm)

50
45
40
35
30
25
20
15
10
5

Total (Down)
Time, Tt

(seconds)

10.1
14.0
16.6
18.2
19.8
21.2
24.1
27.5
35.0
46.3

Mean no. of
Books

Detected

detect

0.00
0.33
0.67
1.00
2.00
1.00
1.33
2.00
3.00
2.33

Mean no. of
Books

Missed

miss

20.00
19.67
19.33
19.00
18.00
19.00
18.67
18.00
17.00
17.33

% Success

Bfetect . , 1 AA
A. LKJKJ

"total

0.00
1.65
3.35
5.00
10.0
5.00
6.65
10.0
15.0

11.65

The four fundamental reliability metrics (Mean Down Time, Mean Failure Rate, Failure
Rate and Reliability) were then computed (based on the failure(s) and time(s)) using the
formulations given in Equations 4.1 to 4.3. Table 4.8 gives the corresponding results.

Mean Down Time (MDT) =
1

tf,tr
(4.1)

where Nf = number of failures and TD. = total down time

_ .. _ „ number of failures (mean)
Failure Rate = k = — =

l b f
total number of tests NB

(4.2)

Accuracy =
N

•100 (4.3)
Btotal
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Table 4.8 Reliability Results with decreasing robot speeds

EXD
No

R 0 b 0 t

S P e e d

Mean Down
Time
(MDT)

(seconds)

Failure
Rate
(A)

Accuracy

1
2
3
4
5
6
7
8
9
10

50
45
40
35
30
25
20
15
10
5

3.37
4.67
5.53
6.07
6.60
7.07
8.03
9.17
11.67
15.43

1.00
0.98
0.97
0.95
0.90
0.95
0.93
0.90
0.85
0.87

0.00
1.67
3.33
5.00
10.00
5.00
6.67
10.00
15.00
11.67

1.05 ->

1

•§ 0.95

o> 0.9

« 0.85

0.8

0.75

Robot Speed Vs Failure Rate

50 45 40 35 30 25 20 15 10 5

Robot Speed (rpm)

Failure Rate

Fig. 4.12 | Relationship between robot speed vs failure

The results from Table 4.8 indicate an unimpressive performance initially at all robot
speeds. Most books were neglected in the scanning process, even at very low robot
speeds. From this experiment, it was noticed that thinner books (< 2.0 cm) are undetected
in the scanning process, since the barcodes on these books are not sufficiently wide
enough to allow the barcode scanner to scan the barcodes. By implication, this leads to
the assumption of the first constraint of the book retrieval robot; the constraint is that
with the barcode scanner utilized, the minimum book width that can be successfully
detected is 2cm. The experiment was therefore repeated with this constraint implemented;
the minimum book width was now 2cm and as before, books of varying dimensions in
the range of 2cm to 8cm were placed randomly in the bookshelf. The results are
tabulated in Table 4.9.
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Table 4.9 Experimental results for determination of optimum robot speed for accurate
barcode scanning in scanning twenty books

Exp
No.

Robot
Speed
(rpm)

8
m

No. of Books No. of Books
Detected Missed Failure

(Y=Yes/N=No)
Time taken, Tt

(seconds)

o Trial Trial Trial Trial Trial Trial Trial Trial Trial Trial Trial Trial
Z 1 2 3 1 2 3 1 2 3 1 2 3

1
2
3
4
5
6
7
8
9
10

50
45
40
35
30
25
20
15
10
5

20
20
20
20
20
20
20
20
20
20

1
1
1
4
5
12
17
20
20
20

1
2
1
6
7
14
15
20
20
19

1
1
2
5
9
11
18
19
20
20

19
18
19
16
15
8
3
0
0
0

19
18
19
14
13
6
5
0
0
1

19
19
18
15
11
9
2
1
0
0

Y
Y
Y
Y
Y
Y
Y
N
N
N

Y
Y
Y
Y
Y
Y
Y
N
N
Y

Y
Y
Y
Y
Y
Y
Y
Y
N
N

3.1
4.3
5.3
6.3
6.9
7.5
8.0
9.5
11.8
14.9

3.6
4.9
5.9
6.4
6.6
7.6
8.5
9.4
11.4
15.9

3.3
4.7
5.5
6.0
6.4
7.2
8.0
9.3
11.2
15.3

Table 4.9 Experimental results cont'd

Exp
No.

1
2
3
4
5
6
7
8
9
10

Robot
Speed
(rpm)

50
45
40
35
30
25
20
15
10
5

Total Time
T

t

(seconds)

10.0
13.9
16.7
18.7
19.9
22.3
24.5
28.2
34.4
46.1

Mean no. of
Books

Detected

detect

1.00
1.33
1.33
5.00
7.00
12.33
16.67
19.67
20.00
19.67

Mean no. of
Books
Missed

19.00
18.33
18.67
15.00
13.00
7.67
3.33
0.33
0.00
0.33

% Success
N BMea ., i nn

A. 1 \J\J

5.00
6.65
6.65
25.0
35.0

61.65
83.35
98.35
100.0
98.35
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Table 4.10 Reliability Results with decreasing robot speeds

EXD R 0 b 0 t

No S P e e d

(rpm)

Mean Down
Time
(MDT)

Failure
Rate

Accuracy

1
2
3
4
5
6
7
8
9
10

50
45
40
35
30
25
20
15
10
5

0.1863
0.1630
0.1053
0.0645
0.0535
0.0432
0.0355
0.0106
0.0000
0.0095

0.95
0.92
0.93
0.75
0.65
0.38
0.17
0.02
0.00
0.02

5.00
6.67
6.67

25.00
35.00
61.67
83.33
98.33
100.00
98.33

Robot Speed vs Failure Rate and Accuacy

•—.

0.8
CD

I 0.6
s>
-2 0.4
co
LL

0.2

0 --£+

120

100

80

60

40

20

0

- Failure Rate

-Accuracy

50 45 40 35 30 25 20 15 10 5

Robot Speed (rpm)

Fig. 4.13 | Relationship between robot speed vs failure

Results obtained from the previous experiment with the constraint considered are
presented in Tables 4.9 and 4.10. It shows the varying robot speeds and the
corresponding accuracy with which books were detected and identified. The results show
that at high robot speeds, a number of books were undetected. This is attributed to the
fact that the robot was traveling a speed higher then the scan rate speed of the barcode
scanner. It is therefore expected that at these high speeds, books may be undetected.
However as the robot speed decreases, the accuracy increases and at speeds lower then
15rpm, it was noticed that the barcode scanner gives immensely good results with
accuracies even reaching 100%.
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Henceforth from the experimental results above, one important control parameter directly
derived is the maximum speed, vmax, with which robot can move so as to allow the
barcode scanner to correctly read barcodes. As it has been briefly exposited in the
previous chapter, barcode scanners have scan rates associated with them which determine
how fast the scanners can scan barcodes. Although not articulated in the manufacturer
documentation, it is easily observed that barcode scanners have a slightly high transient
response time compared to input read from the computer keyboard. The appreciable
transient response time implies that there is a very small but still a finite amount of delay
before the barcode scanner can stabilize the input reading and transmit it to the PS2 port
for processing. For this reason, the speed with which the robot travels while searching for
books is an issue and accordingly the experiment described above was carried out for
different motor speeds while still evaluating the accuracy. The (maximum) speed for
which the best performance values were obtained was identified as the optimum
maximum speed and as seen from the results of Tables 4.10 and 4.11, the value of the
optimum speed selected was 15rpm (approximately 15cm/s) with an accuracy of 98% and
as it has been stated earlier, this was the operating speed of the book retrieval robot in the
remaining experiments carried out (it is noted that there is 100% accuracy at the speed of
lOrpm but that fact that the accuracy again declines to 98% at a speed of 5rpm resulted in
the selection of 15rpm instead of lOrpm as the optimum speed with reasonable detection
and accuracy levels). The graph of Figure 4.13 illustrates the proportional relationship
between the increasing values of speed and failure. The curve simply depicts that for an
increase in the robot speed, the likelihood of errors or failures also increase. At the
optimum speed of 15rpm, the identification task of the barcode scanner performed best.
These results also support the notion of using a barcode scanner as a book identification
device, from the fact that it was even once successfully identifying books with an
accuracy of 100% at a robot speed of lOrpm (refer to result of accuracy at speed lOrpm).
More experiments to validate the barcode reader are described next.

From this same experiment, another important metric measured is the time required for
the detection and identification of books. This book seek-time analysis is very important
in comparing the results of other researchers and to determine the efficacy of the barcode
reader as the book identification device. Another important metric indirectly investigated
together here is the computation (computational power or algorithm) required to perform
the scanning The computation is investigated since as stated elsewhere previously, image
processing, the identification feature employed by other researchers, is computationally
very expensive (time consuming).

Since the time taken to scan and realize a single book is too small to be measured in the
absence of high precision timers, the robot was programmed to scan the barcodes of
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twenty (20) books and write the scanned book call numbers to the console screen; the
average time is then computed and the experiment is repeated for five (5) trials. The
results are tabulated in Table 4.11. Measures of central tendency such as average and
standard deviation are computed for all columnar values. For each experiment (one
experiment consists of five (5) trials), the speed of the robot was 15rpm. This was the
optimum speed of the robot obtained from the preceding experiment.

Table 4.11 Time required to scan and identify twenty books
Time taken Average time taken

Trial to scan twenty to scan one book
books (seconds)

(seconds)
1
2
3
4
5
6
7
8
9
10

Mean

9.5
8.9
9.4
9.0
9.3
9.5
9.2
8.8
9.1
9.0
9.17

0.475
0.445
0.470
0.450
0.465
0.475
0.460
0.440
0.455
0.450
0.4585

Examination of the results shows that it takes the barcode scanner, on average 9.17
seconds to scan the barcodes of twenty books and realize their identities and an average
time of 0.4585 seconds to realize the identity of a single book. Consider Prats et al.
(2003). Their results state that it takes them a minimum of 6 seconds and a maximum of
11 seconds (1 second to localize a label from an image and an additional 5-10 seconds for
the image processing and optical character recognition phase) to carry out the same task.
Thus it is clearly evident that a barcode scanner fares better than cameras in the process
of reading and realizing a book. The average time is also directly indicative of the
computation power required because as explained in Chapter 3, the programming of a
barcode reader using very basic C++ programming so there is very little overhead in
carrying out the task computationally. Had the scanning and book identification phase
been computationally exhaustive, the average time would have been much greater.

4.2.2 Overall Summative Testing — Target Stopping Response Distances

This section considers the overall testing for the complete cycle of operations in a book
retrieval process. The overall testing involves a number of control parameters and metrics
and these were all systematically studied.
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The first important test consideration investigated is the halting of the robot upon the
detection of a target book. This consideration is important because the instantaneous and
prompt halting of the robot upon the detection of a target book is of essence; if the robot
halts the exact instant the barcode scanner has identified the target book, the robot will be
positioned precisely in front of the book and it can commence with the execution of the
book retrieval maneuvers. Else if there is a delay in the halting of the robot, the robot
then may not be positioned in front of the target book, rather it may have traveled a little
past the book. Therefore the first set of experiments in this phase consisted of issuing a
number of book call numbers to the robot and measuring the target stopping response
distances (including deviations if any) upon detection of the target book by the barcode
scanner. The distance traveled by robot refers to the distance the robot has traveled
before halting in front of the detected target book. This distance is measured from the
Home position which is the starting point for all trials. The Home position is 30cm away
from the bookshelf. The actual distance is the actual hand-measured distance from the
Home position to the midpoint of the target book where the robot is supposed to stop. The
deviation therefore refers to the distance traveled by the robot past a target book.
Measurement of this distance is recorded from the midpoint of the target book barcode to
the midpoint of the barcode scanner (as the barcode scanner provides the reference point
for the book extraction operation) and it is also equal to the difference of the measured

distance and the distance traveled by robot. These distances are labeled in the diagram of
Figure 4.14. Results are presented in Table 4.12. A bookshelf of length two (2) meters
consisting of twenty (20) books were utilized as the test case. Books of varying
dimensions, with book width in the range of 2cm-8cm, placed randomly were used. Only
a single shelf of the entire bookshelf was used in this stage of experimentations. The
speed of the robot during this test was 15rpm (approximately 15cm/s) which was the
maximum optimum speed identified from preceding test cases. During the various
experiments, it was ensured that the selection of the target books from the entire book
population was made such that the robot would have to travel varying distances in each
experiment. That is, for each experiment, the target book chosen was every second book
from the twenty books available. This ascertained that the robot would have to travel
varying distances in each experiment before it detected the target book and any
correlation, if any, found between the distance traveled and stopping response would be
noted. Thus the test was conducted ten (10) times with the locations of target books in the
shelf being varied in each test; each test then encompassed three (3) trials.
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Fig. 4.14 | Illustration of key parameters

Table 4.12 Experimental results for target stopping response distances

Exp
No

1
2
3
4
5
6
7
8
9
10

Dist

Trial
1

33.0
46.0
69.5
92.6
115.7
135.8
180.8
204.5
219.5
235.8

traveled by
Robot
(cm)
Trial

2
33.0
46.0
69.7
92.6
115.7
135.9
180.8
204.5
219.6
235.5

standard deviation, a

Trial
3

33.0
46.1
69.4
92.8
115.9
135.9
180.7
204.2
219.4
235.7

Trial
1

0.0
0.0
0.1
0.1
0.2
0.1
0.3
0.4
0.3
0.5

Deviation
(cm)

Trial
2

0.0
0.0
0.3
0.1
0.2
0.2
0.3
0.4
0.4
0.2

Trial
3

0.0
0.1
0.0
0.3
0.4
0.2
0.2
0.1
0.2
0.4

Actual
Dist.
(cm)

33.0
46.0
69.4
92.5
115.5
135.7
180.5
204.1
219.2
235.3

Mean
Dist.

traveled
(cm)

33.00
46.03
69.53
92.67
115.77
135.87
180.77
204.40
219.50
235.67

Mean
Deviation

(cm)

0.00
0.03
0.13
0.17
0.27
0.17
0.27
0.30
0.30
0.37

0.122152

From the results, it is noted that as the distance traveled by the robot before detection of a
target book increases, the deviation also increases. In simpler terms, the robot tends to
slightly travel past a target book before stopping when it has traveled a longer distance.
This is attributed to the fact that when the robot has traveled a substantial distance, the
momentum and inertia attained makes it a little harder for it to exit from its persisting
state of motion and halt. Therefore it tends to pass the target book a little before it comes
to a complete halt. However, the mean of this deviation shows that this distance is quite
minute and therefore negligible. The maximum deviation recorded was just 0.37 cm and
since this value is much smaller than the width of the Probe, it may be trivialized. The
fact the concept of interrupts rather than polling was used in software to send the low
signals to the microcontroller motor control signal input pins led to these extremely low
values of deviation.
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The Repeatability of the book retrieval robot refers to the success rate of the robot or in
other words how many times the robot can stop precisely exactly where required without
failure or errors. The formulation of repeatability is given by:

R=±3a (4.4)

where <J is the standard deviation of measured deviations. With this measurement, the

repeatability of the robot is computed to be + 0.366.

4.2.3 Book Retrieval Tests

The preceding experiments were designed to validate the robot's book identification,
detection and halting ability; this experiment is a continuation of the previous test setup
designed to validate the robot's ability to retrieve books from the bookshelf.

Once the robot has successfully identified a target book (from the experiments discussed
in the previous experiments), it then invokes the book retrieval maneuvers. The first of
three maneuvers is the retraction of the barcode scanner. Second is the extension of the
Probe into the bookshelf, to pry the target book out of the shelf into the gripper with its
gripper fingers open and the third is the gripping of the book by the gripper.

The two metrics selected in this experiment is (1) the count of the number of times the
Probe is able to successfully pry the target book out of the shelf and (2) the count of the
number of times the gripper is able to successfully physically retrieve the target book
without failure. The experiment is a continuation of the same experiment which was
conducted in the preceding section. Thus for each of the individual experiments listed in
Table 4.13 below, the distance traveled by the robot may be obtained from the
corresponding experiment of Table 4.12. For the preceding experiments, the book
dimension of specific interest was the book width; here the book dimension of direct
relevance is the book weight as weight may be a factor in the operation of the two
physical book retrieval maneuvers. As such the weight of the target book in each
experiment is also listed to determine the, if there is any, correlation between the book
weight and the book retrieval maneuvers.

99



Table 4.13 Book retrieval and gripping experimental results

o

d.
X

LUU J

1
2
3
4
5
6
7
8
9
10

+•>

B
oo

k (

0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

Probe prys book
successfully?
(Y=Yes/N=No)

Trial
1

N
N
Y
N
N
N
Y
N
Y
N

% of successfu
% of successfu

Trial
2

Y
Y
N
N
Y
N
Y
Y
Y
Y

I prys
I grips

Trial
3

Y
N
Y
Y
Y
Y
N
N
N
Y

Gripper grips
successfully?
(Y=Yes/N=No)

Trial Trial Trial
1 2 3

Y Y
Y

Y - Y
Y

Y Y
Y

Y Y
Y

Y N
N Y

Count
Of number

of
successful

pries

pries

2
1
2
1
2
1
2
1
2
2
53

vUUIIl Ul

numhor rtf
IIUIIIUCI vl

successful

grips
gnps

2
1
2
1
2
1
2
1
1
1

87.5

Overall, the book retrieval robot can successfully retrieve books from the bookshelf
approximately 53% of the total attempts. Notably, the gripping action is more effective
than its retrieving action. The gripper manages to grip a book without fail most of the
time when the Probe pries the target book into the open gripper fingers. In the event the
Probe fails to pry a book, the gripper result is not recorded. That is, the gripper result is
only recoded when the Probe successfully pries the target book. It follows that the
gripper successfully physically grips a book 87.5% of the time a book is successfully
pried out of the shelf. The factors that contributed to the 47% failure of the Probe were
noticed to be mainly slippage between the Probe and book surface. Grooves had been
fabricated on the bottom surface of the Probe to create the necessary friction but despite
this, books sometimes slipped. The Probe was then replaced with inclined grooves, that is
with grooves fabricated at an inclined angle, opposite to the direction of motion for the
augmentation of friction. However the results were unvaried. In addition, it was also
noted that the slippage mainly occurred with soft cover books as the covers could not
sustain from expansion and opening, thus resulting in a massive distribution (or
"opening") of pages. For hard cover books, the covers prevented the pages from
distributing and hence did not slip.

The results and experimental observations also show that the weight of the book being
retrieved has no noticeable effect on the operation of book prying but some effect on
book gripping. It is acknowledged that an obvious effect the book weight has on the book
retrieval robot is in the increased magnitude of the "probing" and gripping forces
required in retrieving a book of greater weight. However as it was stated in Section 4.1.3,
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the maximum forces required in prying and gripping a book of the maximum weight of
2.0kg are taken as the reference forces in the software program of codes. It is for this
reason that the book weight does not have any salient impact on the probing maneuvers.
The only effect of a greater book weight is the somewhat increased probability of failure
on the operation of gripping. Similarly, the parameters deviation and distance traveled

also do not sustain any impact or influence on the operation of the book retrieval robot.
This is evident because the distribution of failures in Table 4.13 is random; failure of
book prying occurs for no single range of book weight whereas for gripping, a greater
book weight implies an increased risk of failure.

4.2.4 Summary

The experimental results for the tests designed to validate and verify the performance of
the book retrieval robot has been presented in these sections. The results irrefutably
verify that the system developed has an exceptionally reasonable book identification
technique with 98% accuracy (at a robot speed of 0.15m/s) that surpasses the
performance of robots developed in related works. In addition, the robot is capable of
accurately halting precisely in front of the target book it is to retrieve each time it is
deployed for operation. Concerning the physical retrieval of books, the Probe is able to
retrieve books with a consistency of 53%. This result is comparable and slightly
surpasses the 50% success rate result of Tomizawa et al. (2003c). It is reasonable to
expect that should the design paradigm originating from this research be undertaken
commercially with industry standard construction and quality, a more reliable robot in
terms of the mechanical framework can be built.

4.2.4 Current Consumption Levels

The current consumption of the various DC motors of the book retrieval robot with
varying and incremental addition of load (as book weight) are investigated and presented
here. Since the robot is designed to retrieve a book with a maximum weight of 2.0kg, this
was the upper limit of weight considered (with regular increments of 0.5kg). It is noted
that a single motor, namely the Barcode Reader Motor operates totally independently of
the weight of any book that is being retrieved, as a direct result of the mechanical
structure. Therefore the current consumption of this motor is unaffected by any load since
the Barcode Reader Motor has the sole assignment of providing actuation to the barcode
reader exclusively. This motor is hence excluded from load tests and only its normal
current consumption (in actuating the barcode reader) is presented. The current
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consumption rates and graphs are presented in Figures. For each motor, there are in fact
two types of current noted. These are the start up current and the normal current.
Measurement of current through any load reveals that there is an initial period of a surge
in current consumption, which then sharply declines and then stabilizes. The initial,
higher current is referred as the startup current and the steady value is referred as the
normal current. The current consumption analyses provide an indication of the
operational time of the book retrieval robot before recharging is deemed necessary. The
measurement of current through the Gripper Finger Motor is done on the application of
the force necessary to securely grip the test weight. The results are given Tables 4.14-
4.22 and Figures 4.15-4.20.

Table 4.14 Barcode Reader Motor Current Consumption
Trial Start up Current

(mA)
Normal Current

(mA)
1
2
3

mean, 3c

0.19
0.19
0.18
0.186

0.12
0.11
0.11
0.113

Table 4.15 Gripper Finger Motor Current Consumption
Load
(kg)

0
0.5
1.0
1.5
2.0

Trial 1
90.9
91.5
92.1
92.7
93.4

Start

Trail:
89.5
91.5
91.9
92.7
93.6

up Current
(mA)
2 Trail 3

90.2
91.6
92.0
92.5
93.4

Mean
90.2
91.53
92.0
92.63
93.46

Trial 1
84.4
84.9
85.1
86.3
88.3

Normal Current
(mA)

Trail 2
84.9
84.8
85.0
86.2
88.5

Trail 3
84.0
84.9
85.2
86.0
88.2

Mean
84.43
84.86
85.1
86.16
88.33
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Gripper Finger Motor Current Consumption Levels
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1.5 2.0

Fig. 4.15 | Current consumption levels of gripper finger motor

Table 4.16 Gripper Motor Current Consumption
Load
(kg)

Start up Current
(mA)

Normal Current
(mA)

0
0.5
1.0
1.5
2.0

Trail
149.
155.
175.
188.
194.

1
4
4
6
2
6

Trial 2
150.1
155.4
174.9
187.3
194.6

Trial
150.
156.
175.
189.
194.

3
1
2
3
0
5

Mean
149.86
155.66
175.26
188.16
194.56

Trail 1
130.3
135.4
139.8
141.9
145.6

Trial
130.
135.
140.
142.
145.

2
5
3
2
8
6

Trial 3
130.2
135.9
140.3
142.5
145.4

Mean
130.33
135.53
140.10
142.40
145.53

Gripper Motor Current Consumption Levels

o

250

200

150

100

50

0

-Start Up

- Normal

0.0 0.5 1.0 1.5

Load (kg)

2.0

Fig. 4.16 | Current consumption levels of gripper motor
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As it is with the Gripper Finger Motor, the measurement of current for the Probe motor
is done when the Probe motor has applied enough force to pry a book out of a shelf:

Table 4.17 Probe Motor Current Consumption
Load
(kg)

Start up Current
(mA)

Normal Current
(mA)

0
0.5
1.0
1.5
2.0

Trail 1
114.8
127.3
136.4
154.0
166.2

Trial
114.
127.
136.
155.
165.

2
5
5
7
0
6

Trial 3
118.6
127.4
135.3
154.6
166.0

Mean
115.96
127.40
136.13
154.53
165.93

Trail 1
92.5
94.9
101.9
106.7
114.7

Trial 2
92.4
94.7
102.4
106.7
114.5

Trial 3
92.5
94.9
102.5
106.9
114.9

Mean
92.466
94.833
102.26
106.76
114.70

Probe Motor Current Consumption Levels

o

180
160
140
120
100
80
60
40
20
0

-Start Up

• Normal

0.0 0.5 1.0

Load (kg)

1.5 2.0

Fig. 4.17 | Current consumption levels of Probe motor

For the rack motor, the current consumption in both the clockwise (upwards) and
anticlockwise (downwards) directions were measured since the two current levels are
different. This is since the motor is working against the force of gravity when it is
actuating the barcode, gripper and probe mechanism upwards.
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Table 4.18 Rack Motor CW (Downwards) Current Consumption
Load
(kg)

Start up Current
(mA)

Normal Current
(mA)

0
0.5
1.0
1.5
2.0

Trail 1
75.9
79.4
83.4
87.8
92.2

Trial 2
76.0
79.9
83.4
87.6
92.3

Trial 3
75.4
78.4
83.5
87.6
92.2

Mean
75.76
79.23
83.43
87.66
92.23

Trail 1
50.3
52.7
59.8
64.5
72.7

Trial 2
50.2
52.9
60.2
62.5
72.5

Trial 3
50.3
52.7
60.3
62.8
72.7

Mean
50.26
52.76
60.10
63.26
72.63

Rack Motor Clockwise Current Consumption

100
90
80

< 70
£ 60
c 50
g 40
d 30

20
10
0

-Startup
Normal

0.0 0.5 1.0

Load (kg)

1.5 2.0

Fig. 4.18 | Current consumption levels of rack motor in clockwise direction

Table 4.19 Rack Motor ACW (Upwards) Current Consumption
Load
(kg)

0
0.5
1.0
1.5
2.0

Trail
115.
123.
132.
150.
162.

1
.1
6
7
3
5

Start up Current
(mA)

Trial 2
115.3
123.8
132.0
151.3
161.9

Trial 3
114.9
123.7
131.6
150.9
162.3

Mean
115.10
123.70
132.10
150.83
162.23

Trail 1
93.4
103.4
117.7
123.5
136.6

Normal Current
(mA)

Trial 2
93.8
103.9
117.4
122.9
136.4

Trial 3
93.2
103.7
117.5
123.1
136.6

Mean
93.46

103.66
117.53
123.16
136.53
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Rack Motor Anticlockwise Current Consumption

Fig. 4.19 | Current consumption levels of rack motor in anticlockwise direction

Table 4.20 Wheel Motor Current Consumption
Load Start up Current

(mA)
Normal Current

(mA)

0
0.5
1.0
1.5
2.0

Trail
502.
503.
505.
506.
507.

1
4
2
3
2
2

Trial 2
502.4
502.7
505.5
506.3
507.1

Trial
502.
502.
505.
506.
507.

3
5
8
3
2
0

Mean
502.43
502.90
505.36
506.23
507.10

Trail
431.
431.
433.
435.
437.

1
6
5
2
7
2

Trial
431.
431.
433.
435.
437.

2
6
8
2
8
2

Trial
431.
431.
433.
435.
437.

3
7
8
2
7
1

Mean
431.63
431.70
433.20
435.73
437.16

520

500

480

440

420

400

380

Wheel Motor Current Consumption

0.0 0.5 1.0 1.5

Load (kg)

2.0

-Start Up

- Normal

Fig. 4.20 | Current consumption levels of wheel motor
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With these levels of current consumption, the book retrieval robot can continuously
operate for approximately fifty (50) minutes with the 12V 7A battery before it needs to
be recharged.

4.2 Software Testing

Three modules of software were developed altogether as part of the overall intelligence

of the book retrieval robot, namely the graphical interface GUI, c o n t r o l software and

m i c r o c o n t r o l l e r software. Notably important is the fact that testing of software is a

consideration to be applied throughout the software development life cycle in the form of

debugging and re-coding. Hence it is almost impossible to document all these software

testing activities; however some post-development (summative) testing of the software

modules is presented in this section.

Metrics for the formal testing of software program of instructions are given by Pressman
(1997). A number of these metrics were evaluated for the software developed as the
intelligence of the book retrieval robot, and they are exposited as follows and
summarized in Table 4.21.

Lines of Code (LOC): The most basic, size-oriented software metric is the number of
lines of code of software and as the name suggests, it is a measure of the length of the
software.
Memory Size: Another size-oriented metric, this refers to the memory size of the source
code files in bytes.
Function Points: This is a function-oriented metric intended to measure the cyclomatic
(logical) or algorithmic complexity of a software. It involves evaluation of the following
listed parameters, assignment of a programmer-chosen complexity value for each
parameter, summation of the resultant parameter weighting and finally calculation of the
function point using equation 4.5. The whole process is carried out in Table 4.22.

• Number of user inputs, Ninputs - Any form of user input prompted or required by

the software.

• Number of user outputs, Noutputs - Outputs such as error/success messages

displayed to user.

• Number of files, Nfiles - All relevant files, example . cpp and . h files

107



• Number of external interfaces, Ninterfaces - All machine (hardware) interfaces such

as motor controller circuits, interfacing card, force sensor circuits etc that are
interfaced to the software.

Table 4.21 Determination of function points
Count Complexity Weighting

arameter Q(J| ContrO| MC Factor GUI Control MC

N
inputs

N
outputs

Nfles

N
interfaces

count total

1

1

5

0

0

0

8

14

0

0

4

4

1

1

1

1

2

2

2

2

3

3

3

3

1
1

10

0

10

0
0

16

42

58

0
0

8

12

20
Complexity factor: simple = 1, average = 2, complex = 3

FP = count total [0.65 + 0 . 0 1 - ^ ] (4.5)

where Fi, the complexity adjustment values are obtained from Pressman (1997; pp 87).

Metric
LOC

Memory size(kB)
Function Points

Table 4.22 Summary of software metrics
GUI software

51
2

10.7

Control software
640
20

62.06

Microcontroller s/w
274
8

21.4

4.4 Discussion

This section summarizes some of the merits and biasing considerations of the book
retrieval robot. This discussion is in reference to related research carried out by Prats et
al. (2004) and Tomizawa et al. (2002, 2003a, 2003b, 2003c, 2004). Noteworthy is the fact
that all the researches has been, or are purely experimental in nature and permanent
deployment has not been achieved.

4.4.1 Merits of the book retrieval robot

Compared to Prats et al. (2004), this book retrieval robot is independent of the distance
with which books are placed in a bookshelf. The book retrieval mechanism constructed
does not require spaces on either sides of books for the gripper to grip, Instead it pries
books into the open gripper fingers which then securely grip the books.
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In addition, Tomizawa et al (2003 a) have developed a robot but that is controlled
manually, in real time while the thesis book retrieval robot has the merit of being
autonomous and freely moving during a book search operation. The identification and
selection of books here is also fully automatic in contrast to Tomizawa et al (2003 a)
which requires explicit human intervention in form of visual selection and user mouse
actions. In this case, one the user has entered the desired book call number, the robot then
transcends into a completely autonomous state while searching for books.

Furthermore, the restrictions and constraints implemented by Prats et al (2004) has
substantially limited the operation and scope of their robot. Their robot is only capable of
retrieving a 0.4 kg payload (book), however this thesis book retrieval robot is capable of
retrieving an impressive 2.0kg book of dimensions 30cm x 20cm x 8.5 cm. And as
already discussed, the mean realization time of a single book by the thesis robot is 0.45
seconds while that of Prats et al (2004) is around 11 seconds.

4.4.2 Biasing Considerations

There are two major limitations of the book retrieval robot, admittedly. First of these is
the fact that the book retrieval mechanism is unable to scan books at different heights of
the bookshelf in a single book retrieval operation, even though a mechanism was
constructed to provide vertical directionality. This is because when the guide motor is
actuating the scanner, gripper and Probe mechanisms vertically, activation of the limit
switches along the guide, placed at heights corresponding to the rows of shelves, do
trigger a halt at the next row; however the momentum and inertia gained during the
vertical movement tends to surpass the precise halt point and the mechanism travels
slightly past a row shelf. To overcome this, a lead-screw mechanism is recommended
instead of the pulley-based mechanism to provide vertical actuation. In a lead screw
system, cutting the power to the motor results in an instantaneous halt as the screw
threads prevents any movement. In the pulley based mechanism, there tends to be a slip
when the power is cut off resulting in some undesired movement before coming to a
complete halt. This was the reason for carrying out the book detection and retrieval
experiments using a single row shelf. It is also important to note that Prats et al (2004)
and Tomizawa et al. (2004) also lack the capability of retrieving books from arbitrary
heights.

The aesthetic appearance of the book retrieval robot may also be an issue; the mechanical
construction of the robot has fully utilized in-house and local resources and materials
while elsewhere procurement of inexpensive commercial off-the-shelf components
(COTS) is the norm. Prats et al. (2004) for example have used the commercially available
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Nomadic mobile platform and the Mitsubishi PA-10 robot arm with only the gripper
fingers being custom designed. This has not been the case in this research project due to
non availability of such COTS suppliers in the Fiji Islands and given its geographical
location, the procurement of such commercial components from overseas would have
been detrimental at the expense of time and most certainly surpassed the approved
budget. Nevertheless every effort was made to produce a sufficiently operational robot.
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Chapter 5

Conclusion

5.1 Research Results

The design, development and deployment of a prototype book search and retrieval robot
has been presented and successfully attained. Customized cross-platform compatible
software, written in C++ language, forms the intelligence of the robot while an onboard
laptop computer, running on Linux platform of Red Hat Distribution Version 9.0,
provides the processing and execution of intelligence of the robot. A Graphical User
Interface (GUI), developed using Borland's Kylix® acts as the human machine interface
allowing a user to submit a desired book call number. DC motors are used for
locomotion. Infra red Line traces are used for the navigation of the robot with lines
embedded in the floors marking the routes and giving the robot priori knowledge of the
paths it has to take. Bar-coding technology, using freely available software, is used to
provide digital signatures to library books, encoding its call number into the barcode. The
employment of an innovative and practical system, a typical and inexpensive barcode
reader, provides the technology with which books are searched for. A gripper
manipulation system systematically pries subject books out of the bookshelves. More DC
motors are used for actuation of the joints of the gripper system while force sensors have
been used to apply the correct amount of force to grip and retrieve books. The completed
robot prototype has an accuracy of 98% in the detection and localization of books (at a
speed of 0.15m/s) and a performance efficacy of 53% in the physical retrieval phase.

5.2 Research Implications

This research project has a twofold implication.

Firstly, the in-house development of a mobile and task-oriented robot will pave the way
for local technology and expertise in the field of automation, which is rare in the region.
Moreover, concepts such as navigation routines, sensor interfacing and software
development for various sensors and actuators do not vary much in algorithm, thus the
philosophy assumed is that the knowledge gained from the proposed research can
certainly be manipulated for use in other future robotic applications / projects undertaken
by the School of Engineering and Physics; the final product of this research project will
also be seen as a culmination of the electrical and electronic courses offered by the
School.
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The outcome of this research project also has a direct implication in the industrial domain
as well. The system developed may be extrapolated for use in other similar situations in
warehouses and factories where good and material retrieval and tracking is commonplace
and is currently carried out by humans. The fusion of such an automated system in
factories would ease the inherent limitations posed by human manpower.

5.3 Recommendations

Several designs ideas are now presented for perusal and deliberation for further research.

5.2.1 Verbal Announcement / Speech

A number of speech synthesizers integrated chips that cost as little as USD$5 are
available such as National Semiconductor's Digitalker DTI050 speech synthesizer with
preprogrammed speech as used by Everett (1995). These chips could be used to
incorporate verbal announcement of book retrieval.

5.2.2 Image Based Navigation

At the time of writing, the robot reacts reactively to its environment. A more proactive

navigation method is needed such that the robot actively interacts with its environment,
which, by the virtue of its nature, is very dynamic. Henceforth, image based navigation
utilizing laser or CCD cameras would make the ultimate navigation technique. The
current line tracing navigation method severely restricts the freedom of movement of the
robot; with image based navigation this restriction will be eliminated.

5.2.3 Robot Localization

All robotic developments taking place locally have not been localizing a robot's position.
Localization is the act of determination of a robot's instantaneous position and heading.
A recommendation is the use of a typical computer mouse to provide a two-dimensional,
coordinate based position and bearing information.

5.2.4 Optimization by Map Building

It is also possible to largely optimize the book retrieval process by making the book
search operation more time optimal; when the robot executes its initial searches, it could
be programmed to scan the books and continually write all book call numbers to an
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output text file. Thus all books contained in a single shelf will have their call numbers
captured and stored digitally in a text file, likewise for all other shelves that the robot
scans, a text file each will be created that has information of the book call numbers. This
process will make a virtual map of book locations in software. Thereafter on every
subsequent search operation, the software could first implement a simple search
algorithm that first searches the text files for the desired book call number. This has the
merit of implementing a search operation in software without any appreciable time lapse
at the expense of searching physically, had the search been implemented in hardware.
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Appendix A Engineering Drawings

1. Wheel and Motor
Top View

Plan View

Side Elevation

1(0

Side View

Mo"tor

119



Front Elevation

3D View

120



2. Gripper
Top View
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3. Line Tracer
Top View

Front Elevation
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Side Elevation

3D View
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4. Base
Top View

Plan View
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3D View
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5. Chassis
Top View
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6. Probe, Scanner and Gripper Fixture
3D View

7. Overall Robot
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3D View
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Appendix B Photographic Illustrations
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Appendix C Materials and Costing

Hardware / Software Parts Required

Laptop Computer

Software
Kylix Pro Edition

Electronic Components
Parallel Port Cable
(Male to male) 2m
Parallel Port DB25 Connector 90° PCB
Mount
74LS373 Tri- state Latch
74LS244 Buffer
74LS138 Decoder
74LS04 Inverter
74LS00 NAND gate
GP2Y0D02YK IR Sharp Sensor
Lynxmotion Single Line IR Sensor
Wiper / Power motors
Printed Circuit Boards
PCB Etching Chemical
PCB Spray Coat
12 V Batteries
12 V Battery Charger
PIC16F877
DC Motors
Perspex
Blank Barcode Labels
Barcode Scanner / Reader
Force Sensors
Motor Driver IC
Limit Switches

Quantity

1

1

2

6
4
2
2
2
10
6
3
4
1
1
2
1
2
2
2
1
1
3
10
50

Cost
(FJD)

4000

600
4600

35

20

10
10
10
10
10
600
300
200
400
55
12.50
90
40
80
700
300
50
900
400
80
100

Robot + Gripper Construction
Materials
Wheels
Aluminum
Sheet Metal
Plywood
Flat iron
Assortment of nails, screws & bolts
DC Motor
Gears / Belts
Labour cost

100
100
100
50
100
50
50
50
2000

4357.50

2600

132



Shipment and Freight

Miscellaneous

Total

200

200

200

200

$11957.50
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Appendix D Parallel Port Interfacing Card Circuit Diagram
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Appendix E Overall Electronics Schematic
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Appendix F Software Flowchart
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