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ABSTRACT

Pick-and-place robots have their applications limited in a system where it is fed with

all the information regarding its target. In other words, the robot is given a complete

specification of each motion for a manipulation. This work considers the approach

taken in automating the manipulation process of an in-house designed pick-and-place

robot. It reports the studies of flexible manufacturing concepts using a combination of

vision and motion.

The arm links of the five degree-of-freedom (DOF) pick-and-place robot are actuated

using a combination of stepper and DC motors while a force sensor and a limit switch

act as feedback devices. Arm links are controlled based on calibration with respect to

the controlling motors while the sensors handle the opening and closing of the

gripper. In addition, a graphical user interface (GUI) acts as the interface between the

user and the system such that the work-piece to be manipulated can be specified. A

PC is used for vision processing and motion planning of the robot. Based on the

planned motion, the PC then communicates through the enhanced parallel port (EPP)

to a PIC microcontroller which in turn controls the robot in a sequential manner. The

error of the joints controlled by stepper motors is found to be constant, unlike the

linear relationship for the DC motor, with respect to the angular movement.

Maximum error was obtained for the elbow joint, at -2.45°, in one of its two operation

regions. Also, the absolute maximum error of the end-of-arm-tool (EOAT) of the

robot around its operation area is (4.24, 4.06, 3.60) mm for the x,y, and z directions

respectively.

The development of a vision system is also presented that automates the work-piece

recognition and localization process for the pick-and-place robot. Work-pieces, placed

on the two-dimensional (2D) work-plane of the robot, are differentiated with respect

to their shape and color. The location of a work-piece is then utilized to pick it and

then placing it a predefined position. Two methods were tried each for shape and

color recognition. These are the geometric features of roundness and radius ratio,

combined to form a 2D feature vector, and corner detection for shape recognition and

the RGB (Red, Green, and Blue) and the HSV (Hue, Saturation, and Value) color

spaces for color recognition. The latter methods for each were utilized in the final

vision system since they produced total success in the recognition process.

This work has been carried out as part of development of a smart flexible

manufacturing system. The pick-and-place robot is primarily employed for transfer of

work-pieces to/from automatic guided vehicles, used for carrying the work-pieces

around in the work-cell, from/to the different work-stations, mainly for drilling and

milling. Rather than considering different methods of implementation of the whole

system for this work, in-house developed technologies over the past years has been

XI



preferred. This includes the choice of materials in the mechanical and electronics
design of the robot along with the overall architecture of the system such as parallel
communication between the master and slave units. Similarly, preference has been
given to an in-house designed vision system rather than an off the shelf package so
that full knowledge can be gained about its operation. In the case of shape and color
recognition of the work-pieces, the more natural methods have been preferred such as
the number of corners for shape recognition and the HSV color space for color
recognition. These are discussed in detail in the following sections.
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Chapter 1: Introduction and Literature Review

CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

In industry, a large number of tasks such as manufacturing, packaging and assembly

are still carried out manually. This implies a decrease in productivity and continued

pressure on workers to usually perform the same tasks under undesirable conditions.

Examples of such tasks include manufacturing, excavation, construction, undersea

and space exploration, toxic waste clean up, and robotic assisted surgery. Therefore,

the prime aim of robotics research is to design intelligent autonomous machines to

perform tasks that are difficult, repetitious, or beyond the scope of humans (Ghita and

Whelan, 1998; Spong, 1996).

The term robot is applied to a wide range of mechanical devices. According to Somlo

et al (1997) a robot is termed as

"a device (machine) which performs transportation and/or manipulation tasks in an

automated way and the actions of which may be programmed".

Robots can be classified into two broad categories, mobile robots and industrial robots

(Onwubolu, 2005). Mobile robots, as the name suggests, have capability of

maneuvering or moving in its work-cell in an automated way. Their applications may

range from transportation of materials in industry to the exploration of Mars. On the

other hand, an industrial robot is essentially a mechanical arm fixed to the floor, wall,

ceiling, or another machine, fitted with a special end-effecter which can either be a

gripper or an end-of-arm-tool (EOAT) (Scott, 1984).

An important class of industrial robots is a manipulator arm. The arm works under the

direction of a controller and moves by means of actuators. Performance of the arm is

monitored by sensing devices and may include positional feedback from the joints of

the arm and force information of the gripping fingers. The performance of the

manipulator arm is mainly categorized by its reach, dexterity, payload weight,

quickness, and precision (Lewis et al, 2004).

Reach is defined as the size of the workspace described by the robot motion and

dexterity as the angular displacements of the joints of the arm. Payload is the range of

weights that the robot can manipulate and usually may differ for different velocity and

reach conditions. Quickness is the average speed in a working cycle and precision is
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characterized by measuring repeatability, that is, the ability of the arm to perform the

same tasks under the same conditions.

Robotic manipulators are usually used for repetitive tasks and their operations can be

handled by simple position control strategies. This insists on a complete specification

of each motion of the robot and not simply a description of the desired goal. To

expand the applications of robots it is vital to control the motion of the manipulator in

its workspace (Cheah and Wang, 1998). A feedback scheme is needed so that the

exact target locations are known and then providing this knowledge to the

manipulator to carry out its tasks. Arguably, a vision-based solution is thought to be

the most valuable sense of automating a robotic system. Integration of vision provides

an improved flexibility for adapting to various task requirements in a robot-based

manufacturing work-cell (Nagchaudhuri et al, 2000).

A robot vision system analyzes and produces descriptions of what is imaged and

provides autonomy to task specific problems (Awcock and Thomas, 1996). In general,

it takes in some raw data and generates some description or understanding as an

output. An important goal of vision systems to robotic manipulators is to recognize

and manipulate objects with as much precision as possible. A vision system can make

a robot manipulator much more versatile by allowing it to deal with variations in part

position and orientation (Horn, 1986). Due to continual improvements in computer

technologies and vision systems, there have been a lot of developments in vision-

based algorithms, which usually require high computation power.

The technique in robot vision can be thought of as a combination of sensing and

perception (Ranky, 2003). Sensing is the process of acquiring the image into the

computer memory with possibly the environmental constraints, such as lighting,

minimized. Due to its wide range, quality, reliability, availability, and now the

decreasing costs, the most common source for imaging, amongst others, is a camera.

It provides the most natural and comprehensive information (Scherer, 2003).

Vision perception refers to the observation, collection, processing, and understanding

of information from spatial measurements. Image preprocessing seeks to modify and

prepare the pixel values of the image to produce a form that is more suitable for

subsequent operations. The image is then broken down into meaningful regions and

this is termed segmentation. Features are then extracted from the segmented regions,

that is, inherent characteristics of the different regions identified within the image are

obtained. The objects are then classified into different classes based on these inherent

features.

- 2 -
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1.2 Literature Review

The first industrial robot is considered to be designed by George Devol in 1954
(Scott, 1984). It consisted of a general purpose manipulator with a playback memory
and point to point control. His idea was actually implemented in 1958 as a flexible
machine for factory automation. Industrially, Planet Corporation (USA) developed a
pick-and-place device in 1957 that could be mechanically programmed by means of
cam-wheels.

However, the present generation of robots rely more on sensory information such as
vision with the help of sensory devices such as video cameras and sensor arrays. The
first vision based robot is believed to be SIRCH (Semi-Intelligent Robot for
Component Handling), built at Nottingham University (UK) in 1973 (Horn, 1986). It
could interpret simple shapes in the field of view of the camera and utilized a movable
gripper under the control of a computer for manipulation.

The following section presents literature survey with relevance to robotic
manipulators and/or vision systems.

1.2.1 Mechatronics Education using an Industrial SCARA Robot

A manipulator arm in combination with a vision system for educational purposes is
presented by Nagchaudhuri et al (2000). Their project was designed to demonstrate
flexible and agile manufacturing concepts to students by integrating imaging and
motion. It involved the recognition and manipulation of the letters 'H', 'E,', 'L' (two),
and 'O' by appropriately programming a four DOF industrial Selective Compliance
Articulated Robot Arm (SCARA) robot. The robot was equipped with a two finger
gripper and was guided by an overhead CCD (charge coupled device) camera as
shown in Figure 1.1.

As part of the project, student teams wrote programs such that the vision system could
identify the different letters and determine its position and orientation. Based on this
analysis, the robot was then used to manipulate these letters. The letters were to be
placed at predefined positions so that they read "HELLO" when placed together.

The eight connectivity chain code was used for area, centroid and perimeter
determination, whereby, the geometric features, area and perimeter, were used for
letter recognition. Moreover, the camera was calibrated with respect to the SCARA
robot. The coordinates obtained using the vision system was transformed to the robot
coordinate system, which had the base as the origin, and therefore, the manipulations
were carried out with these coordinates.

- 3 -
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Fig. 1.1: Experimental setup for "Mechatronics Education using an Industrial SCARA

Robot" (Nagchaudhuri et al, 2000).

1.2.2 A Service Robot

Scherer et al (2003) used a Mitsubishi PA-10 robot arm mounted on a mobile

platform for automating sample management in biotechnological and cell cultivations.

The arm was equipped with a force sensor, microhead color camera and an electric

parallel yaw gripper.

To compensate for positional errors of the mobile platform, a color vision system was

employed. The objects in the work-space of the robot had colored labels and a color

based approach was used to detect objects by searching for known colors. With

respect to the positions of the located colors, the robot was able to determine its

location in its workspace. Color recognition was performed using the YUV color

space rather than the RGB color space. It is mentioned that the traditionally used RGB

color space mixes the color and brightness information compared to the YUV

representation which separates the color (Y) and brightness (U/V) information making

it more suitable for color recognition. However, the HSV color space, which is similar

to the U/V representation of the image with color and saturation, can also be applied

for color recognition.

1.2.3 Task level Planning of Pick-and-Place Robot Motions

A task level robot system named Handey has been developed at the MIT artificial

intelligence laboratory (Perez et al, 1989). It had a design of a task level system

whereby it performed simple pick-and-place operations involving picking and placing

- 4 -
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parts at predefined positions for assembly purposes. The major steps involved in

assembly planning were choosing a grasp on the part, planning a motion to grasp the

part, planning a motion to the assembly location for the part, and planning a motion to

extract the gripper. Handey has been designed for operation in complex environments

and the motion planning is done such that it can avoid obstacles and collisions in

grasping a part in its configuration space (C-space).

1.2.4 Estimation of feature vectors in object recognition processing

Different features that can be used for representing objects in an image are compared

by Ruiz et al (2004). Their research involved creating an image database of all the

objects to be tested and each of these objects was represented using a feature vector.

An unknown input feature vector was then assigned to one of the objects in the

database based on maximum probability. The features considered were:

> Normalized area - the area of the object divided by the area of an ellipse that

fits in a rectangle with maximum length and width enclosing the object.

> Normalized perimeter - the perimeter of the object divided by the perimeter of

the ellipse mentioned above.

> Average of gray - the average gray value of the object is used for recognition.

> Variance - this is relative to the grey level.

> Compactness - relating the area with the perimeter of the object, that is,

C=P2

4rrA

> Roundness - relates the major diagonal of the object with its area as

AA

R =
nD

max

The conclusion of their research states that the precision of the image capturing

device and a properly designed lighting system helps reduce the processing of the

image. Also, the choice of the features that represent the objects is essential for best

results. This is because some features might give excellent results with a particular

type of object contrary to other objects. On the other hand, the database with which

the input objects are matched with should include all its possible positions and

orientations in the working environment so that a slight variation in the feature value

does not produce inconsistent results.

- 5 -
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1.2.5 Machine Vision Approach for Robotic Assembly

Neural based architecture for invariant object recognition and its application to a self-

adapting industrial robot to perform assembly tasks is discussed by Pena-Cabrera et al

(2005). The robot was initially trained with clues of the objects that the robot had to

manipulate in its workspace that formed its knowledge base. This information then

activated the online learning subsystem based on an artificial neural network (ANN),

whereby, a new image vector replaces the initial clues. In this way, the robot learnt to

recognize familiar objects and learn new ones.

Their setup included a 6 DOF KUKA KR15 industrial robot, KRC2 robot controller,

KUKA control panel, PC master computer, JR3 force/torque sensor attached to the

wrist of the robot, a CCD camera mounted on the ceiling and a conveyor belt as

shown in Figure 1.2.

Master
Assembly

Block

Figure 1.2: Work cell for machine vision based assembly system (Pena-Cabrera et al,

2005).

The vision system utilized a high speed CCD black/white (b/w) camera with 640 x

480 resolution. The object recognition process included finding the region of interest

(ROI) and histogram of the image, searching for pieces and calculating the centroid,

orientation, and boundary object function (BOF). A generalized vector was then

obtained that described the object. Neural network was used to process this

information.

- 6 -
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1.3 Motivation

For the past few years, the School of Engineering and Physics at the University of the
South Pacific has been involved in robotics research. This started with its
participation in the Asia-Pacific robot contest in 2002, which has since become an
annual event for the school. Research in robotics also intensified since then, with the
initial focus on mobile robots, mainly automatic guided vehicles (AGVs). Till today,
three versions of AGV, named ROVER I (Roaming Vehicle for Entity Relocation)
(Kumar, 2003), ROVER II (Singh and Onwubolu, 2005), and ROVER III (Onwubolu
et al, 2006), have already been developed with each an enhanced version of the
previous.

Later, the Robotics and Automation Group (RAG) at the School embarked on a
research project with the aim of creating a Smart Flexible Manufacturing System
(SFMS) to include an AGV, a pick-and-place robot, and two workstations, drilling
and milling, to start off. The AGV would move around in the work-cell and transport
work-pieces, to be milled or drilled, to the various workstations. A pick-and-place
robot was to be employed for loading/unloading these work-pieces to/from the AGV.

As part of a final year undergraduate project in 2003, design work on a pick-and-place
robot was undertaken (Narayan and Sharan, 2003). The aim of the project was to
pick-and-place work-pieces to/from predefined positions. Due to constraints faced by
the School in obtaining materials for implementing the design, the work could not be
completed. A year later, the design, as shown in Figure 1.3, was partially
implemented and it was named RABBIT (Robotic Arm for Broadly Based Inter-
station Transfer) (Prasad, 2004; Sharan 2004).

Elbow

Shoulder
Wrist Gripper

Figure 1.3: Initial design of RABBIT (Prasad, 2004).
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RABBIT was designed as a four DOF pick-and-place robot for a payload of 1 kg. The
four DOF includes the mobility of the base, shoulder, elbow, and wrist joints. A
gripper is included as the EOAT for manipulation purposes. Four 4-phase hybrid
stepper motors, which provide high working torque and good positional integrity, and
a nylon geared light duty direct current (DC) motor actuate the base, shoulder, elbow,
and wrist and open/close the gripper respectively. Since all the motors, except for the
gripper, are mounted on the base of the robot, timing belts, timing pulleys, and gears
transfer the torque from the motors to the joints. The timing belts are those of sewing
machines and the timing pulleys are locally machined while some are adapted from
old photocopier machines. The gripping mechanism includes a force sensor that limits
the force between the work-piece and the contact point on the gripper fingers and a
limit switch to limit the opening of the gripper. A PIC microcontroller acts as the
central control unit.

The setback of this design was its mechanical structure. The timing belts are those of
a sewing machine and, hence, cannot cater for the torque requirements considered for
the robot. This is evident with the belt often getting loose and slipping through the
timing pulleys. Due to the high positional accuracy of stepper motors, the robot was
designed to work in a calibrated way where a certain number of input pulses
correspond to a certain angular movement of the respective joint. However, the
slippages caused by the timing belts make it very difficult to calibrate the robot.
Hence, the timing belts need to be changed with that of high strength and durability.
Also, the gripper could not rotate around the wrist, limiting its manipulation to objects
that are placed in-line with the gripper. Therefore, the wrist joint is to be redesigned to
increase its range of operations to arbitrary oriented work-pieces.

Prior to the start of this research, the robot had never been functional, that is, it had
never performed any pick-and-place operation mainly because it could not be
calibrated. My continued involvement in this research, with the electronics design and
the control of the robot, prompted me to continue work in this area and fine tune
RABBIT such that it could be utilized for simple pick-and-place operations. Since the
initial design of the system only considered pick-and-place operations at predefined
positions, further work was sought such that the work-pieces could be manipulated
from arbitrary positions within the work-plane of the robot. Since vision offers its
application in both mobile and industrial robots and has a wide range of applications
in industry, a vision based pick-and-place robot was proposed for this research. This
also gave an opportunity to have a vision-based research in the School.

1.4 Objectives

Therefore, the aim of this research is to consider design changes to a pick-and-place
robot, named RABBIT, so that it is operational and is able to manipulate work-pieces
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placed at arbitrary positions within its work-plane. A vision system is also to be

developed that differentiates the work-pieces with respect to its shape and color and

determines its location and orientation in the work-plane of the robot. The predefined

shape and color considered in this context are rectangle, circle, and triangular shapes

and red, green, blue, yellow, and black colors respectively. In summary, a pick-and

place-robot in combination with a vision system is to be developed to study flexible

manufacturing concepts through the integration of imaging and motion.

1.5 Proposed System

Figure 1.4 shows a block diagram representation of the desired system. The vision

system comprises of a vision sensor, camera, and a lighting system suited to this

application. The camera is connected to a personal computer (PC), which acts as the

master control unit (MCU). It handles the vision processing and motion planning

aspects of the robot. Also, the PIC microcontroller is maintained in the system but

now acts as a slave unit which simply controls the robot relative to the instructions

given from the master controller. The enhanced parallel port (EPP) of the PC through

the EPP interface card handles the communication between the PC and the

microcontroller.

Vision System
PC- Master
Control Unit

(MCU)

Enhanced
Parallel Port

(EPP)

EPP Interface
Card <—>

PIC
Microcontroller

(slave unit)
<—>

Pick-and-Place Robot
-Mechanical Structure
-Control Electronics

(actuators and sensors)

Figure 1.4: Block diagram representation of the proposed system.

A graphical user interface is used as the interface between the user and the vision

based pick-and-place robot system. The user specifies the shape and color of the

work-piece to be manipulated upon which a snapshot of the work-plane is taken using

the overhead mounted camera, which is surrounded by an application based lighting

system. This image is then processed and analyzed to determine its shape, color and

location on the work-plane. Based on the user selection, the coordinate of the selected

work-piece is utilized in planning the motion of the robot for manipulation.
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The motion planning of the robot is handled by the MCU and the action to be taken is

then conveyed to the slave unit which controls the robot. This communication

between the MCU and the slave unit is performed using the EPP, by means of the

EPP interface card, and the information been transferred is the joint of the robot to be

rotated, the direction of rotation along with the angle of rotation. The slave unit then

utilizes this received information to perform the actual movement of the links of the

robot.

The choice of the subsequent subsystems has partially been decided upon whatever

technology is already available in-house except in cases where no previous work has

been done. This includes the usage of parallel communication between the master and

the slave units. A similar project had been undertaken in the school a few years ago as

part of development of a computer numerically controlled (CNC) drilling machine

(Onwubolu et al, 2002). The operation of the CNC drilling machine had a PC

interfaced to the electronics hardware of the machine using an EPP interface card. In

addition, the PIC microcontroller has been in use for research and teaching in the

school for the past few years and was also present in the design the original pick-and-

place robot, that is, prior to the start of this work. It is not only that their history of

usage has been the driving factor in their preference for this work but also because of

their direct application to the requirements of this system. However, the development

of the vision system, the linking of each subsystem and then the overall system is

purely based on research work focused towards the application needs.

1.6 Thesis Overview

From here on, the thesis is organized in five chapters. The design (mechanical and

electronics) and arm rotations used for motion planning of the pick-and-place robot is

discussed in Chapter 2. Furthermore, Chapter 3 looks at the design and

implementation of the vision system. This includes vision setup and the approach

taken in image acquisition, image processing, feature extraction, and feature

classification. The technique involved in integrating the preceding two chapters using

the different software platforms is outlined in Chapter 4. In addition, the

experimentations performed to classify the performance of the system with the results

are presented in Chapter 5. Finally, Chapter 6 summarizes the work done for this

course and presents some directions for further research.

- 1 0 -



Chapter 2: Pick-and-Place Robot

CHAPTER 2

PICK-AND-PLACE ROBOT

2.1 Introduction

The previous design of the pick-and-place robot enabled it to have four DOF, with a

payload of 1 kg (Narayan and Sharan, 2003; Prasad, 2004; Sharan, 2004). However,

after implementation, it was clearly evident that the robot needed serious design

changes due its weak structure. The actuators to handle the movement of the robot

arms had more than adequate torque for the task requirement but the mechanical

structure had lot of flaws. Especially, the timing belts, utilized for the transfer of

torque from the motors to the joints of the robot, were very thin and could not handle

the load requirements. Although tensioners were employed to tighten the timing belts,

it often became loose and even broke a few times. Since the robot joints were to be

operated based on calibration, the structure had to be redesigned for good calibration

results.

Moreover, the gripper could not rotate about the wrist joint constraining the robot not

to be able to manipulate randomly oriented work-pieces. That is, the robot could only

manipulate work-pieces with manipulation point in-line to the contact points on the

gripper.

Taking into consideration the factors mentioned above, the robot was redesigned. The

aim of this work is to realize the principle of pick-and-place operations. Therefore,

not much emphasis was given to the payload, which was decreased to 500 g. The

following sections present the redesign issues involved for the pick-and-place robot.

Firstly, the torque calculations and the implementation of the design are

conceptualized. The next section focuses on the electronics involved for the control of

the robot. The ability of the robot to successfully grasp an object is dependent on the

motions involved in getting the arm links to a particular position. Calculations of the

angles involved in planning these motions are discussed in the final section.

2.2 Mechanical Design

Firstly, the design issues have to be determined. As mentioned already, the prime

purpose of the pick-and-place robot is to be able to study its operation. Thus, not

much emphasis has been given to the payload and is taken to be 500 g. In addition,

due to its light weight and strength requirements, aluminium was the ideal choice for

the construction of the robot, mainly the base, arm links and the gripper. The length of

the arm links is dependent on the length of the available industrial timing belts.
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Hence, lengths of 181 mm and 185 mm were considered for the shoulder and elbow

links respectively. The gripper design remained the same except that the mobility of

the gripper about the wrist joint was incorporated, resulting in the length of the

gripper to be 150 mm. The following section presents the design overview and design

calculations.

2.2.1 Design Overview and Calculations

The design configuration that is used to approximately determine the torque

requirements for each joint is based on Figure 2.1. The upper base is constructed of 5

mm thick aluminum while the bottom base is made of 1 mm steel plate. Arm links,

namely the shoulder and elbow are made of 4 mm thick aluminium while the gripper

(fingers and casing) is designed with 2 mm thick aluminium. The parameters that are

used for the calculations are defined in Table 2.1, where Rb denotes the average radius

of the base and Ls,Le, and Lg define the length of the shoulder link, elbow link and the

gripper respectively. Likewise, Mb, Ms, Me, Mg, and Mpi define the approximate mass

of the upper base, shoulder, elbow, gripper, and the payload respectively.

Table 2.1: Parameters defining the robot.

Radius/Length (m)

Rb

Ls

Le

Lg

-

0.075

0.181

0.185

0.150

-

Mass (kg)

Mb

Ms

Me

Mg

Mpl

3.00

0.25

0.25

0.50

0.50

The mass of the upper base and gripper also account for the mass of the motors that

are mounted on it. In addition, the mass for the shoulder, elbow, and wrist accounts

for the mass of the timing belts, timing pulleys, and tensioners amongst others. The

acceleration due to gravity, g, is taken to be 9.81 m/s2. Also, Tb, Ts, T\e, Tg, and Tpi

define the maximum torque due to the mass of the base, shoulder, elbow, gripper and

the payload with regards to the joint under consideration respectively. Since the

acceleration for all the joints are low, inertia forces have been neglected.

Base Joint

The base joint is the link between the bottom base and the upper base. The bottom

base simply provides the platform or stand for the robot to be mounted at the desired

location while the upper base rotates about the fixed bottom base. A 44 teeth gear is

fixed to the bottom base and the base motor shaft is fitted with a 22 teeth gear. When

the motor is on, it revolves around the gear on the bottom base, with the upper base.
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The bottom base and upper base are held in place by a bolt whereby bearings separate
the two. Perspex, with grooves engraved in it, is placed on either side of the bearings
for ease of rotation.

FIXED FINGER MOVING FINGER

WRIST
JOINT

GRIPPER MOTOR

ELBOW
JOINT

BOTTOM BASE

ALL DIMENTIONS IN MM
(NOT TO SCALE)

- 1 5 0 - -150-

FRONT VIEW LEFT SIDE VIEW

Figure 2.1: Pick-and-place robot design configuration.

The upper base also houses the motors for the shoulder, elbow and wrist joints. This
ensures that minimal load is placed on the arm joints itself, thus, minimal load on the
motors. However, the motors for rotating the gripper and the opening/closing of the
gripper are placed on the wrist joint and the gripper respectively. A few possible
designs were tried such that the motor for rotating the gripper could be placed on the
base but unfortunately all failed.
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The maximum torque on the base joint is due to the force acting at perpendicular

distances, from the base joint, due to the mass of the base, shoulder, elbow, wrist,

gripper, and payload. In all the calculations, it is assumed that the mass of the

shoulder, elbow, and gripper are uniformly distributed across their lengths and,

therefore, the effective force acts on the mid-point of the respective link. Also, since

the gear on the bottom base is fixed, it does not help reduce the torque requirements.

Thus, the maximum torque on the base motor is given as

Tbase = F x d + = T b + T s +Te+Tg + Tpl

Tbase = {{Mbxg)xRb)+{{Ms xg)x) .5L s)+{{M exg)x{L s + 0.5Zj)+

{{Mg x g)x {Ls +Le + ).5Le))+ {{Mpl X g)x )Ls + Le+Lg))

Tbase =2.21 + 0.22 + 0.67 + 2.16 + 2.53

Tbase=7.79 Nm.

Shoulder Joint

The shoulder joint is actuated using a motor placed on the upper base. An 18 teeth-

gear on the shaft of the motor is coupled directly to a 78 teeth gear fixed to the

shoulder joint giving a 13:3 gear ratio. The maximum torque on the shoulder joint is

defined as the force due to the shoulder and elbow links and that of the gripper and

payload acting at perpendicular distances, from the shoulder joint, multiplied by the

reciprocal of the gear ratio. Thus, the maximum torque on the shoulder motor is

Tshoulter =

shoulder

Tshoulder =

T =
shoulder

Fxdix3/13

((MS x g)x0.5Ls) +((Me x g) xLs

((Mgx g x

[0.22 + 0.67

2.79 Nm.

0.5

(Ls +

+ 2.16

+

)+

Le

5 +

Te+Tg

+ 0.5Le

2.53]x

+Tf

g)x

))+

3/13

,x 3/13

(L.

((M

+ 0.5Lf

pixg)

)) +

X(LS +Le +Lg
x3/13

Elbow Joint

The elbow joint, is also actuated using a motor mounted on the upper base of the

robot. Timing belts and timing pulleys link the motor to the elbow joint. The motor

shaft, with a 13 teeth timing pulley, is linked, using a timing belt, with a freely

rotating 22 teeth timing pulley on the shoulder shaft at a distance of 11 cm. This

results in a gear ratio of 22:13. In addition, a 12 teeth timing pulley, fixed to the 22
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teeth freely rotating timing pulley on the shoulder shaft, is linked using a timing belt
to another 12 teeth timing pulley fixed to the elbow shaft at a distance of 181 cm from
the shoulder joint. This enables the movement of the elbow joint. Compared to the
previous design, the freely rotating timing pulleys have bearings inserted in them as
shown in Figure 2.2, to reduce friction. This design has also been incorporated for the
shoulder, elbow, and wrist joints for rotation of the respective joint shaft. In
calculations, zero friction has been assumed for bearings.

TIMING PULLEY

Figure 2.2: Timing pulley with bearing inserted in it.

Thus, the maximum torque on the elbow motor is the summation of the force due to
the elbow link, gripper, and the payload at perpendicular distances, from the elbow
joint, multiplied by the reciprocal of the gear ratio and is given as

Telbow = [{{Me xg)x0 .54)+K xg)x(4 + 0.5Lg))+ ((Mpl xg)x(4 + Lg

Wrist Joint

The principle behind the operation of the wrist joint is similar to that of the elbow
joint. The drive motor is mounted on the upper base and a timing pulley, with 13
teeth, fixed to the shaft of the motor is connected through a timing belt to a freely
rotating 22 teeth timing pulley on the shoulder shaft resulting in a gear ratio of 22:13.
A 12 teeth timing pulley fixed to this 22 teeth timing pulley then connects, using a
timing belt at a distance of 181 mm from the shoulder joint, to another 12 teeth freely
rotating timing pulley on the elbow shaft. This in turn connects to another 12 teeth
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timing pulley fixed to the shaft of the wrist joint using another timing belt at a

distance of 185 mm from the elbow joint.

The load at this joint is composed of the forces due to the gripper and the payload

multiplied by the reciprocal of the gear ratio. Thus, the maximum torque on the wrist

motor is given as

0.5Lg)+ {{pl x g)x Lg

Twrist= 0.66 Nm.

Rotating the Gripper about the Wrist

The bearing mechanism used for the rotation of the gripper is from a castor wheel.

The drive motor is mounted to the fixed end of the bearing mechanism, which in turn

is fixed to the shaft of the wrist joint, while the shaft of the motor is attached to the

rotating gripper. The bearings separate the gripper from the fixed end and, therefore,

actuating the drive motor results in the rotation of the gripper.

The torque on the motor to rotate the gripper is the same as that required to turn it

around the wrist, that is, the force due to the gripper and payload, and so

Tgripper rotate = 0 . 6 6 Nm.

Gripping and Releasing

The performance of an industrial robot is mainly categorized by its EOAT. In this

robot design, the EOAT is a gripper as shown in Figure 2.1. Its sole purpose is to

firmly grip the work-piece while is being transported from one position to another.

The lead screw principle is used for opening and closing the gripper. That is, of the

two fingers the gripper has, one is fixed while the other is movable through the lead

screw. A drive motor, mounted in parallel to the lead screw, connects to the lead

screw through gears.

The torque acting on the gripper joint, Tgripper, is given by the power screw equation

(Onwubolu, 2005)

T Fdm umiim+Fucdc
gripper ~ 2 x ------- 2

umi — ul
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where, for a single thread, square-threaded power screw, the mean diameter of the

lead screw is dm, the collar diameter is dc, the pitch is p, the coefficient of the lead

screw material is u, the coefficient of the collar or bearing material is uC, the distance

that the load moves axially in one revolution of the lead screw is /, and the axial

compressive force is F.

The axial compressive force or the effective moving load is given as

F = (Mpl+0.5xMg_m)xg. (2.2)

where Mg.m refers to the mass of the gripper minus the mass of the gripper motor, that

is, the mass of the gripper link only and is estimated as 0.3 kg. Hence,

F = (0.5 + 0.5x0.3)x9.81 = 6.38 N

In addition, using the principle of lead screw:

• lead screw pitch,p = 2 mm,

• lead screw outer diameter, d = 5 mm,

• l=p = 2 mm = 0.002 m,

• dm = 5 -p/2 = 5 - 1 = 4 m m = 0.004 m,

• coefficient of friction of stainless steel, n = 0.3, and

• coefficient of friction of hardened steel, uc = 0.2.

Thus,

_6.38x0.004x0.3xrrx0.004+ 0.002+ 6.38x0.2x0.01

Tgripper= 2 rrx0.004- 0.3x0.002 2

Tgripper=0.0062 + 0.0064

A summary of the torque consideration for the motors of each joint is given in Table

2.2. Also, a picture of the completed design of the pick-and-place robot is given in

Figure 2.3.
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Table 2.2: Summary of torque consideration for the joints.
Joint (Actuation)

Base
Shoulder
Elbow
Wrist

Gripper (rotate)
Gripper (open/close)

Torque (Nm)

7.79
2.79
1.87
0.66
0.66
0.013

Shoulder motor
(rear side)

Figure 2.3: Picture of the completed pick-and-place robot.

2.2.2 Work-plane Dimensions

The work-plane, work-area of RABBIT, dimensions was determined using the
maximum reach of the robot. Maximum reach is defined as the maximum distance at
which the robot can manipulate a work-piece. This in turn is used define the
dimensions of the work-plane. Since a camera captures an image covering a
rectangular area, the work-plane is rectangular in shape with the length to width ratio
same as the horizontal to vertical pixel ratio of the captured image. At the maximum
reach, both the shoulder and elbow links will be parallel to the horizontal axis while
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the gripper points vertically downward to enable it to appropriately position itself to

randomly oriented work-pieces. This is realized in Figure 2.4.

SHOULDER JOINT ELBOW JOINT WRIST JOINT

I I I

1

t
BASE JOINT

160

I

W

GRIPPER
L50

WORKPLANE

SIDE VIEW

-366-
-181- -185-

\

(0, 0, 0)

WORKPLANE

PLAN

Figure 2.4: Work-plane dimensions.

A perpendicular clearance distance, L^, of 66 mm separates the work-plane from the

shoulder joint of the robot such that the robot at its default {home) position does not

get in the view of the overhead mounted camera during image capturing. To enable

this, the home position of the robot has all the arm links facing vertically upwards. In

addition, a perpendicular horizontal distance, Lbs, of 43 mm separates the base joint

from the shoulder joint. Also, the width w of the work-plane is given as a function of

the length / as
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(2.3)

since the camera captures an image with the vertical to horizontal pixel ratio of 3:4.

To determine the maximum possible dimensions of the work-plane, it is important to

know the maximum reach of the robot, dmaz. From Figure 2.4,

m̂ax =181 + 185 + 43

<3x = 409mm.

Now, considering the right angle triangle, AXYZ,

=XY2 +YZ2

(409)2 =(43 + 66 + w)2+( -

167281 = 111881 + — / + — / 2 l + f-/2

2 16 J U

_ 155400.
16 2

Using the quadratic formula,

b±4b -Aac
~ 2a

/ =

(3TT) _/l3V327
~ ± J —I -41U J 116

!|(-155400)

21
.16

yields, h = 348.14 and 12= -549.37. Hence, the work-plane dimensions are defined as,
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/ = 348.14 mm

and

3
w = — I = 261.11 mm.

4

2.3 Electronics Design

In any mechatronic system the electronics are as much important as its mechanical

structure since without the electronic components it can virtually do nothing. The

typical electronic components of a mechatronic system consists of a control unit,

actuators, sensors, and a power unit (Alciatore and Histand, 2003; Onwubolu, 2005).

A control unit, mainly microprocessors or microcontrollers, handles the primary

computation and system control operations. It basically requires software

programming whereby various control architectures are implemented for input and

output handling. Actuators are devices that perform the actual motions based on

instructions from the control unit. The different types of actuators include electric

motors, such as DC, servo, and stepper motors, solenoids, hydraulics, and pneumatics.

The ability of the control unit to keep itself informed on the status of the system

depends on the feedback from the sensors, often referred to as a transducer. Various

sensors are available for measurement of position and speed, stress and strain,

temperature, vibration and acceleration, pressure and flow, etc.

Hence, this section discusses the electronics involved with the pick-and-place robot.

Figure 2.5 gives an overview of the electronics components relative to the pick-and

place-robot.

The PC, denoted as the master control unit (MCU), does all the major processing such

as vision and motion planning strategies of the robot. An enhanced parallel port (EPP)

interface card handles the communication between the EPP of the MCU and the PIC

microcontroller. Parallel communication has been preferred instead of serial it

provides fast data communication. The PIC microcontroller acts as a slave unit which

performs tasks based on commands received from the MCU. The PIC microcontroller

existed in the previous design and was then utilized as a MCU. It is maintained in this

architecture, though as a slave unit, mainly due to the inherent features that it offers.

The MCU itself could have handled the processing of the tasks for the pick-and-place

robot but a microcontroller has been preferred so that the tasks can be distributed.

Their relatively small memory makes them ideal for simple tasks and also helps

extend the capabilities of a system. For example, this system can easily be controlled

using wireless technology, with incorporation of transmission circuits, since the robot
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has its own controller operating on instructions from the MCU. In addition, this

system can be utilized for control of more than one robot where the MCU can be

controlling several slave units rather than clustering everything in one controller.

Also, some of the features that microcontrollers offer help reduce considerable

manipulation time of the system. The software architecture for the control of the robot

using the PC and the PIC microcontroller is discussed in Chapter 4.

Master Control Unit (MCU)
- PC (MCU)

Enhanced Parallel Port
(EPP) Interface Card PS

24 V/12V

Sensors
• Force sensor
- Limit switch

Slave Unit \
- PIC microcontroller l /

Actuators
- Stepper motors

- DC motors

Pick and Place
Robot

Figure 2.5: Block diagram representation of the electronic components.

Furthermore, the slave unit controls the actuators, namely the stepper motors and the

DC motors, through the required control signals. Four stepper motors are used with

each for actuating the base, shoulder, elbow, and wrist joint respectively. Also, two

DC motors perform the rotation of the gripper and opening/closing of the gripper

respectively. On the other hand, two sensors, a limit switch and a force sensor,

provide feedback on the operation of the gripper. The force sensor and the limit

switch help control the gripping and releasing of the work-pieces respectively and are

controlled by the slave unit. Lastly, a power distribution unit powers the whole

system.

The following subsections give an overview of the EPP interface card, PIC

microcontroller, motor drives, motors, sensors, and the power distribution board.

2.3.1 Enhanced Parallel Port (EPP) Interface Card

The enhanced parallel port (EPP) was initially developed, by Intel, Xircom, and

Zenith Data Systems. The prime purpose was to have a high performance parallel port

link that would still be compatible with the standard parallel port (SSP) link. The EPP
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is designed for high rate of data transfer, around 500 kb/s to 2 mb/s, provides bim

directional communication and is aimed specifically at non-printer devices that

connect to the parallel port (Peacock, 2005).

The EPP protocol provides four types of data transfer cycles:

1. Data Write Cycle

2. Data Read Cycle

3. Address Write Cycle

4. Address Read Cycle

A data cycle is intended for data transfer between a host computer and a peripheral.

Similarly, an address cycle can be used to transfer address information. They are

basically two different data transfer cycles and their usage can be based on a

particular application.

The adapted EPP interface card acts as a medium for data transfer between the PC and

the external hardware. Direct connections of any external hardware to the parallel port

of the PC can cause serious damage to its internal components due to its limited

current supply. Also, more data pins can be made available for external hardware

through multiplexing and decoding. The design of the EPP interface card is adapted

from Chand (2002) that was designed for a PC-based CNC (Computer Numerically

Controlled) drilling machine (Onwubolu et al, 2002). It offers 16 input and 16 output

pins and utilizes the 8 data pins and 3 control pins from the parallel port of the PC.

Table 2.3 gives an overview of the parallel port pin configurations utilized by the EPP

interface card.

Table 2.3: EPP pin configurations.

Pins

1

2
3
4
5
6
7
8
9

11

14

17

EPP Signal

nWRITE

ADD./DATA-0
ADD./DATA-1
ADD./DATA-2
ADD./DATA-3
ADD./DATA-4
ADD./DATA-5
ADD./DATA-6
ADD./DATA-7

nWAIT

nDATASTROBE

nADDRESS_STROBE

Function

A low signal on this pin indicates a write

operation and a high indicates a read operation

Bi-directional data bus for address and data

signals (bit 0 - 7)

Indicates the correct conditions for the EPP

cycle to be started (active low signal)

Indicates data transfer (active low)

Indicates address transfer (active low)
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The block diagram representation of the EPP interface card is shown in Figure 2.6

(Chand, 2002). The pins referred to in Table 2.3 are connected to the parallel port

connector, through a parallel port cable. A 3-to-8 74LS138 decoder is used for

enabling the input and output 74LS373 octal d-type transparent latches based on the

three control signals, nWRITE, nADDRESSSTROBE, and nDATASTROBE. To

increase the output current, 74LS244 octal buffer is connected after the output latches.

Moreover, a delay block, using a wait state, controls the data transmission between

the parallel port of the PC and the EPP interface card.

nWAIT

nDATASTB

nADDSTB

nWRITE

3

8-bit data

Delay

Latch
8-bit

Buffer
8-bit

' Enable

Latch
8-bit

Buffer
8-bit

1 Enable

Latch
8-bit

-i- Enable

Latch
8-bit

Enable

Figure 2.6: Block diagram representation of the EPP interface card.

Table 2.4 shows the four modes of operation obtained through the three control

signals. A data write operation requires the nDATASTROBE and nWRITE pins to

be active low. Similarly, an address write operation means the nADDRESSSTROBE

and nWRITE pins are active low. Likewise, read operations of the data and address is

performed except that the nWRITE pin is high to indicate a read operation. The

nWAIT pin is active low and goes high, with some delay, after nDATASTROBE or

nADDRESSSTROBE is selected.

Table 2.4: Four modes of operation of the EPP interface card.

EPP Signal

Pin No.

Operation

Data Write

Address Write

Data Read

Address Read

nWRITE

1

0

0

1

1

nADDSTB

17

1

0

1

0

nDATASTB

14

0

1

0

1

nWAIT

11

1 (delayed)

1 (delayed)

1 (delayed)

1 (delayed)
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2.3.2 PIC Microcontroller

According to Predko (2000), an estimated five billion microcontrollers are used in

products globally. The use of microcontrollers has been driven due to its small size,

broad functionality and their ability to be physically embedded in a system to perform

all the necessary control functions (Alciatore and Histand, 2003). Their application

varies from simple home appliances to the much sophisticated automobile industry.

The microcontroller used for this project is the Peripheral Interface Controller (PIC)

which is developed by Microchip (2001). PIC is essentially an input/output (I/0)

controller and is designed to be very fast. Its program memory is made from flash

technology, that is, it can be reprogrammed. The PIC microcontroller was present in

the previous design of the pick-and-place robot and is again utilized in this design but

acts as a slave unit. That is, its sole purpose is to read command from the MCU,

through the EPP, and carry out the instructed tasks.

The PIC16F877 microcontroller has been preferred for this work. It offers features

such as interrupt functions (both internal and external), 10-bit eight channel analogue-

to-digital converter (ADC), two 8-bit and one 16-bit timer/counter, two 16-bit pulse

width modulation (PWM) modules and five I/0 ports amongst others. Such features

help eradicate the use of external circuitry as would be the case if only a PC was used,

especially for the ADC needed for the force sensor. Also, PIC is relatively cheap

when compared to other microcontrollers of the same caliber.

The PIC16F877 is essentially a 40-pin microcontroller with 33 input/output pins.

However, a port that is multiplexed for a peripheral feature may not be used as an I/O

port if the peripheral is enabled. Port A is a 6-bit wide bi-directional port and its

configuration depends on the setting of its data direction register, TRISA. That is,

setting the TRISA bit to 1 configures it as an input port and vice-versa. All pins

except pin RA4 have TTL inputs levels and full CMOS output drivers. These pins can

also be used as analogue inputs upon configuration of the appropriate registers. Pin

RA4 offers a Schmitt trigger input and an open drain output. Ports B, C, and D are 8-

bit wide bi-directional pins and their data direction can be configured through their

respective TRIS registers. Four pins on port B, RB7:RB4, offer the interrupt on

change feature while pin RB0 is configurable as an external interrupt. Moreover, port

C pins offer several peripheral features such as the inter inter communication (I2C)

module, Schmitt trigger input buffers and the PWM mode. All port D pins are also

configurable as Schmitt trigger inputs and parallel slave port mode. On the other

hand, port E has only three I/O pins multiplexed as Schmitt trigger inputs and

analogue inputs.
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In addition, there are four power supply pins, namely two VDD (positive supply) and

two Vss (ground) pins, along with a master clear (reset) pin. A further clock or

oscillator input and output complete the 40-pin configuration of the PIC16F877

microcontroller chip.

For ease of programming, the PIC16F877 is housed on a board, known as a

bootloader board. The bootloader board houses the PI

F877 along with a crystal

oscillator and a RS232 transmitter and receiver chip (MAX232) to communicate with

the serial port as shown as a block diagram in Figure 2.7. Pins RB2 and RC7 and pins

RBI and RC6 are connected to the receiving and transmitting pins of MAX232

respectively. The board also includes a general ON/OFF switch and two push button

switches for SET/RESET, connected to master clear, and for programming, connected

to pin RBO, respectively. The SET/RESET switch is pressed once to either set or reset

the microcontroller. However, getting the microcontroller in the programming mode

requires both the pushbuttons. First the SET/RESET switch is pressed followed by the

programming switch. In a similar fashion, first the SET/RESET switch is released

followed by the programming switch. The standard circuit for the bootloader board is

provided by Microchip (2000).

Figure 2.7: Block diagram representation of the bootloader hoard..

The pin assignment of the PIC16F877 is shown in Table 2.5. The first set of pins is

assigned for communication with the PC through the EPP interface card. Pins RB3 to

RB6 carry the actual data while the other three pins denote the data enable, mode, and

status pins. The data enable pin, RB7, informs the slave that a set of data is placed on

the data lines. But whether this data is for calibration of the robot or for actual

manipulation depends on the mode, pin RE1. All these pins are inputs to the PIC

microcontroller and give details of the tasks it has to perform. However, the PIC

microcontroller then informs the MCU on its status, using pin RC5, on whether it has

completed the requested tasks and is ready for another set of instructions.

The next set of pins is assigned to the actuators or the motors required for the actual

movement of the arm links. Stepper motors are used for controlling the first four
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joints, namely the base, shoulder, elbow, and wrist, and it requires two control signals,

direction and clock. However, DC motors are used for rotating the gripper and for

opening/closing of the gripper. Two pins are utilized for each DC motor to achieve bi-

directional rotation.

Table 2.5: Overview of the pin assignments of the PIC16F877.

Description

Communication

with EPP

interface card

Actuators

Sensors

Bootloader

Power Supply

Master Clear

data bit 0

data bit 1

data bit 2

data bit 3

Enable

Mode

Status

Base motor-direction

Base motor-clock

Shoulder motor-direction

Shoulder motor-clock

Elbow motor-direction

Elbow motor-clock

Wrist motor-direction

Wrist motor-clock

Gripper motor-rotate

Gripper motor-open/close

Force sensor

Limit switch

Switch

MAX232 Transmit 1

MAX232 Receive 1

MAX232 Transmit 2

MAX232 Receive 2

vDD
Vss

Push Button Switch

Port Pin

B3

B4

B5

B6

B7

El

C5

DO

Dl

D2

D3

D4

D5

D6

D7

CO

Cl

C2

C3

AO

E2

BO

Bl

B2

C6

C7

Pin No.

36

37

38

39

40

9

24

19

20

21

22

27

28

29

30

15

16

17

18

2

10

33

34

35

25

26

11,32

12,31

1

The sensors acquire the next set of pins in the form of a force sensor and a limit

switch. The force sensor has an analogue output, prompting it to be connected to one

of the ADC pins, pin RAO in this case. The output of the limit switch is connected to
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pin RE2. The rest of the pins are allocated for the power supply, master clear, and in

the implementation of the bootloader board while the left over are unconnected.

2.3.3 Actuators

Actuators are used for the movement of the joints, namely the base, shoulder, elbow,

wrist, and the rotation and opening/closing of the gripper. Stepper and DC motors are

used for performing these purposes. The choice and rating of each of these motors

along with their drive units are discussed below.

2.3.3.1 Stepper motors

The stepper motors used are the 4-phase, 8 wire hybrid stepper motors (RS

Components, 2001). Hybrid stepper motors provide high stepping rates (1.8°) and

high working torque compared to permanent magnet (7.5° and 15°) types. Their

ability to maintain a high detent torque even when not energized makes them an ideal

choice for positional integrity. To meet the torque requirements of the individual

joints, stepper motors are used alongside their gearboxes. The ratings of all the

stepper motors used are same while the ratings of the gearboxes vary according to

their availability and required torques at the joints. A summary of the utilized stepper

motors along with the choice of the gearboxes is given in Table 2.6.

Table 2.6: Summary of the utilization of the stepper motors.

Joint

Description

Base

Shoulder

Elbow

Wrist

Torque

(Nm)

7.79

2.79

1.87

0.66

Motor

Rating

Torque

(mNm)

500

500

500

500

Voltage

(V)

5

5

5

5

Current

(A)
1

1

1

1

Gearbox

Ratio

5:1

25:1

25:2

25:1

Overall

Torque

(Nm)

2.50

12.5

6.25

12.5

The actual rating of the motor and gearbox that handle the torque requirements for the

base joint is much less than the calculated value. Through experimentation, with the

use of bearings in between the upper and bottom bases, it was concluded that the use

of bearings significantly reduces the torque needed for the base joint and the current

combination of motor and gearbox is more than adequate to meet the torque demand.

Also, for the shoulder, elbow, and wrist joints, from the overall torque produced by

the combination of the stepper motors and the gearboxes, it can be deduced that they

are over rated. These were basically the surplus gearboxes that were available from
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past projects and were utilized rather than purchasing new ones. Since this system

works on calibration, that is, on a relationship between the input to the stepper motors

and the angular movement of the joints, it is required that the joints have a slow

angular speed such that calibration is easier and more efficient. The choice of the

highly rated gearboxes helps reduce the speed with the ratio that it increases the

torque.

The stepper motors are controlled using commercially available driver boards. Based

on the ratings of the stepper motors, a unipolar 2A stepper motor drive board is the

preferred choice of drive control. The technical specifications of the unipolar drive

board are given in Appendix A.

The unipolar drive board is compatible with the 4-phase stepper motors with a rating

of up to 2 A and 30 V DC per phase. The clock frequency refers to the steps per

second and can be typically in the range of 1 Hz to 25 kHz. In addition, the external

control inputs have logic '0' of 0 V and logic '1 ' of 12 V.

Appendix A gives an overview of the pin configurations of the unipolar drive board.

Only the major connections have been referred here as others are either not used or

have internal connections.

Depending on the availability of the suitable power supply to meet the voltage and

current ratings of the whole system, a voltage of 24 V is used for the driver cards and

motors. The phase connections of the motors are based on color coding given in

Appendix A. These color coding and phase numbering is based on the phase layout of

the stepper motor as shown in Appendix A and it is usually manufacturer specific.

The value of the resistor, R, connected to the common of the phase windings is

determined as (RS Components, 2002)

V -V
n motor rated
(2.4)

Irated

where Vrated and Irated denote the rated voltage and current for the motor and Vmotor

denotes the supply voltage. Thus,

The power dissipated by the resistors is then given as
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A series combination of resistors was used to achieve the approximate value of R and

high wattage aluminium cased resistors were preferred due to the high power

requirements.

The next set of connections is for the external control inputs. The external control

signals required are full/half step, clock, direction, and preset. Full/half step determine

the step per pulse. That is, in a half step mode, the motor will rotate half a step which

is 1.8°/2 = 0.9°. In a full step mode the motor will rotate a full step or 1.8°. The

preset input is for setting the initial configuration of each of the phase windings. The

full/half step and preset inputs were not of interest so they were just connected to

logic'1'or 12 V.

However, the direction and clock inputs were used for controlling the stepper motors.

They are controlled by the slave unit, that is, the PIC microcontroller. The direction

input determines the direction of rotation of the stepper motor, which in turn

determines the direction of rotation of the respective joint. Logic '0' rotates the motor

in an anticlockwise direction and logic '1 ' in a clockwise direction.

The clock input (frequency) directly corresponds to the speed of the stepper motor.

For the full step and half step modes, the relative speeds in revolution per minute are

given as

RPM = — x steps Is (2.5)
200

and

RPM = — x halfsteps/s (2.6)
400

respectively (RS Components, 2002).

The input frequency for all the motors was determined such that the joints have a

smooth operation. Initially, with a frequency of 500 Hz the motor speed was high

enough causing the robot arms to shake at start and stop times for some of the joints.

The input frequency and the corresponding speed of the motor and joint, through the

gearbox, gears, and/or the timing pulleys are given in Table 2.7. The duty cycle,

defined as the on or high time with respect to the period of a pulse, of all the

frequencies are 50%.
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Table 2.7: Summary of input frequency and the corresponding speed of the motors

and joints.

Joint

Base

Shoulder

Elbow

Wrist

Input

frequency

(Hz)

50

500

125

500

Motor Speed

(RPM)

15.0

150.0

37.5

150.0

Gearbox

ratio

5:1

25:1

25:2

25:1

Gears and/or

timing pulleys

ratio

22:44

18:78

13:22

13:22

Joint speed

(RPM)

1.500

1.385

1.773

3.545

As mentioned earlier, since the speed of the joints is low, the acceleration is low and

so the inertia forces have been neglected. The low speed also ensures ease of

operation, usually the starting motion of the joint, and thus, sources of input such as

ramp have not been considered. From the speed of the joints, it can be seen that the

speed of the wrist motor is high compared to all the other joints. Later, in the motion

planning section, it is explained that the wrist joint requires exactly 90° of movement

at a time. Thus, not much emphasis has been placed on the speed of the wrist joint

only that it gives a smooth operation and is slow enough for good calibration results.

Lastly, the auxiliary output is not needed and is therefore left unconnected.

Moreover, the output from the slave unit, PIC16F877 microcontroller, has logic '0' of

0 V and logic '1 ' of 5 V. But the logic low and high signals required as input for the

unipolar drive board are 0 V and 12 V respectively. Hence, a voltage step up or

amplifying circuit is designed such that the logic low and high output signals from the

microcontroller are converted to 0 V and 12 V respectively.

The circuit includes a LM324 operational amplifier (op-amp) used as a comparator.

The LM324 consists of four independent, high gain, internally frequency

compensated operational amplifiers which can operate from a single power supply

over a wide range of voltages (National Semiconductor Corporation, 2000). A single

drive board requires two control signals, thus, a single LM324 integrated circuit (IC)

accommodates for the control signals of two driver boards. However, the circuits for

all are same as shown for a single op-amp in Figure 2.8.

The positive input to the op-amp is the output from the PIC microcontroller which is

either a clock or a direction signal. The negative pin is connected to the threshold

voltage. Threshold voltage is the value below which a signal from the PIC

microcontroller gives an output voltage of 0 V and a signal below this value produces

an output voltage of 12 V on the op-amp. Since the PIC microcontroller gives a TTL

(transistor-transistor logic) output, that is, a logic '0' is in the range of 0 V to 0.5 V and

a logic '1 ' in the range 2.7 V to 5 V, the threshold is taken to be approximately 2.5 V.
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That is, any input voltage below 2.5 V will give an output voltage of 0 V and voltage

above 2.5 V will produce an output voltage of 12 V.

Driver Card

Figure 2.8: Circuit diagram of the comparator circuit.

To determine the value of the resistors R1 and R2 we define the current / using Ohm's

law as

V = IR

12 = 1(R1+R2)

I =
12

R1+R2

(2.7)

Also, Ican be denoted as

V = IR

2.5 = IR2

2.5
7 =

Equating Eq. 2.7 and 2.8 together gives

(2.8)

12

R1+R2

12R2

9.5R2

R1

2.5

R2

= 2.5(R1

= 2.5R1

= 3.8R2

+R 2)

(2.9)

Hence, R1 andR2were chosen as 3.8 kQ and 1 kQ respectively.
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2.3.3.2 DC motors

The DC motors are used for actuating the end effecter or the gripper. Since these
motors are to be mounted on the gripper itself, light duty DC motors were sought so
that minimum weight is placed on the gripper. Specifications of the motors used are
given in Table 2.8.

Table 2.8: Specifications of the light duty DC motors (RS Components, 2005).
Joint

Description

Rotate gripper
Open/close gripper

Torque
(Nm)

0.66
0.013

Motor

Rated load values:

Voltage

(V)
12
12

Current

(4)
0.185
0.185

Torque
(Nm)

0.125
0.025

Speed
(RPM)

60
330

The required torque for rotating the gripper is 0.66 Nm but the bearings in the castors
considerably reduces the torque requirement and so a 0.125 Nm DC motor was
utilized for actuation of this joint. The DC motors are controlled using the quadruple
half-H driver (SN754410) IC. A schematic of the IC is shown in Figure 2.9. This is a
very cheap and probably the most appropriate method of controlling light duty DC
motors rather than the design or purchase of expensive motor driver cards. It is a
bidirectional driver and provides current of up to 1 A at a voltage range of 4.5 V to 36
V. All the inputs are compatible with TTL and low-level CMOS logic.

The drivers are enabled in pairs where drivers 1 and 2 are enabled by 1,2EN while
drivers 3 and 4 are enabled by 3,4EN. Table 2.9 gives the truth table for the driver IC
where the response of the output, Y, is shown with respect to the input, A, and the
respective enable. The input X means that it is a don't care and so has no effect on the
output.

1,2EN

HEAT SINK
ANDGROUND\J

2Y[
2A[

VcciC

1

2

3

4

5

6

7

8

_

' / • ,

r
y•r.

16

15

14

13

12

11

10

9

]Voci
]4A
]4Y
]"l HEAT SINK
i /AND GROUND

]3Y

]3A
3,4EN

Figure 2.9: Schematic of the motor driver IC (Texas Instruments, 1995).
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When a driver is not enabled, its output pins, irrespective of the input, are in a high
impedance state or simply off. On the other hand, if the driver is enabled, the output
pins are directly in phase with in the input.

Table 2.9: Truth table for the DC motor driver IC for each driver (Texas Instruments,
1995).

Inputs
A
X
0
1

EN
0
1
1

Output
Y
Z
0
1

0 - Low level, 1 - High level
Z - High impedance (off)

Moreover, Vcci and V<x2 refer to the supply voltage for the logic input circuits and
the output circuits respectively. Thus, voltages of 5 V, for the logic circuits, and 12 V,
for the motor, are supplied to the pins Vcci and Vcc2 respectively. To enhance the
performance of the motor and make sure that the driver IC is able to supply enough
current, two drivers are combined such that the current output could be increased.
The circuit diagram for the connection of the motor driver IC to the logic inputs and
the DC motors is given in Figure 2.10.

PIC

?5V 12V

I

1

2

3
4

6

7

8

16

IS

14

| 13

S 11

10

Figure 2.10: Connection diagram of the DC motor driver IC.

Since the motor can be controlled only with the input pin, the enable is permanently
connected to a 5 V voltage supply. In addition, two drivers are combined to increase
the output current to the motors. If the input signal is high in pin 2 and low in pin 7,
point a will have a positive supply of 12 V and point b will have 0 V causing the
motor to rotate in the clockwise direction. Similarly, if a high signal is supplied at pin
7 and a low signal at pin 2, points a and b will have voltages of 0 V and 12 V
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respectively, thus, causing the motor to rotate in an anticlockwise direction. In
addition, if both the inputs are low, the motor terminals will have a voltage of 0 V and
so the motor will not rotate. Finally, the condition that both the inputs are high is not
allowed and can damage to the motors.

2.3.4 Sensors

A sensor is termed as a device that measures or detects a physical parameter and
relays this information to the control mechanism (Alciatore and Histand, 2003).
Various sensors exist for different measurement purposes. The capabilities of a pick-
and-place robot hugely depend on the intelligence of the EOAT or gripper. This is
because it is the gripper that performs the actual manipulation of the work-pieces.
Hence, it is necessary, to prevent any physical damage to the gripping mechanism and
motors, that the correct force is applied when gripping a work-piece. Also, the gripper
should not be allowed to open beyond its limit, which is the maximum distance
between the two fingers.

Thus, a FlexiForce force sensor and a limit switch are utilized to control the force
between the contact point on the gripper and the work-piece and to restrict the
opening of the gripper to the maximum permissible distance between the fingers
respectively. The mounting of the force sensor and the limit switch on the gripper is
shown in Figure 2.11.

2.3.4.1 Force Sensor

The FlexiForce force sensor operates on the principle of resistance (Tekscan Inc.,
2004). Applying a force to the active sensing area, the dark spot shown in Figure 2.11,
causes a change in the resistance of the sensing element. This change has an inversely
proportional relationship to the applied force.

Figure 2.11: Mounting of the force sensor and the limit switch on the gripper.
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However, this resistance has to be in a form such that it could be read by the ADC in

the PIC microcontroller. Since the ADC reads analogue voltage from OV to 5V, a

voltage divider circuit is designed, as shown in Figure 2.12, whereby a particular

voltage corresponds to an applied force. The calibration results of the force sensor are

given in section 5.3.1. The choice of the load resistance, RL, for the voltage divider is

from the calibration results in section 5.3.1; as it is evident that the output resistance

of the force sensor, Rs, is approximately 20 kQ around the payload.

VS=5VQ

Figure 2.12: Voltage divider circuit design for the force sensor.

The output voltage can now be related using Ohm's law as

VL=IRL. (2.10)

where VL is the load voltage and / is the current in the circuit. In addition, the current,

/, is equated using Kirchhoff s voltage law (KVL) as

I--Z- (2.11)

Hence, the load voltage is now equal to

(2.12)

Since the maximum mass of the work-piece to be gripped is 0.5 kg, using Eq. 5.1, the

corresponding resistance Rs at the force sensor terminals would be approximately

R = U'621= 24.59
(0-5)°,0.9618

- 3 6 -



Chapter 2: Pick-and-Place Robot

To grip a work-piece of approximately 0.5 kg, the output voltage should be
approximately,

7L. =2 .24^ .

Thus, the force with which the work-piece with maximum mass can be gripped is
utilized to grip all the work-pieces. This is because the system does not have the
intelligence to automatically determine the mass of the work-piece it has to
manipulate. The other option would be to manually specify the mass of the work-
piece each time a manipulation is to be carried out but this has not been considered.

2.3.4.2 Limit Switch

The limit switch used is a lever type as shown in Figure 2.13(a). When the gripper
opens, it applies a force to the lever, thus, pressing the switch. The three terminals of
the limit switch, C, NC, and NO stands for common, normally closed, and normally
open respectively. The circuit diagram for the connection of the limit switch is shown
in Figure 2.13(b). The common terminal is connected to a supply voltage of 5 V and
to counter for the floating voltage when the switch is open, a pull-down resistor of
150 Q is connected in between the normally open terminal and the ground. The
normally closed terminal is left unconnected. On a switch press, the output voltage Vo

is equal to the supply voltage of 5 V and 0 V otherwise. The output terminal is
connected to the slave unit, that is, pin RE2 of the PIC microcontroller.

C "
NC"

NO"

1
^Switch

V"—Lever
V* Force

la) (hi

Figure 2.13: (a) Overview of the operation of the limit switch, and (b) circuit diagram
for connection of the limit switch.

2.3.5 Power Supply Unit

A 24 W 20 A power supply unit (PSU) is used to power a distribution board (PDB)
that powers all the electronics. The PSU is in turn powered through a single phase,
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that is, 240 V, 50 Hz, supply. The voltage and approximate current requirements for

all the electronics is given in Table 2.10.

Table 2.10: The voltage and current requirements of all the loads.

Description

EPP interface card

Bootloader board

Motors

Sensors

Stepper

motors

DC motors

Force sensor

Limit switch

Quantity

1
1

4

2
1
1

Voltage

(V)

5
12'

24

12
5
5

Approximate

Current

(A)/unit

0.500

0.200

2.000

0.200

0.010

0.005

Approximate

Current

Demand (A)

0.500

0.100

8.000

0.400

0.010

0.005

* PIC16F877 requires a 5 V supply, but the bootloader board has a 5 V regulator (requiring a supply of
approximately 12 V) which powers the PIC16F877.

Based on the figures in Table 2.10, a power distribution board, as shown in Figure

2.14, is designed. The stepper motor and DC motor current requirements also cater for

the current demands for the respective driver cards. In addition, it is assumed that the

current demand for the force sensor and limit switch is very small and is taken to be

negligible. The approximate current rating for the EPP interface card is seen as

enough to meet the needs for the sensors as they all require a 5 V supply.

240 V/10 A

240 V
50 Hz

PSU
24V/20A

24 V/K A 24 V

24 V/l A

T. T

r r
24 V/0.5 A

X
7805

T

T
7805

PDB

12 V

12 V

5 V

5 V

GND

Figure 2.14: Schematic of the power distribution board.
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The PSU is connected to the 240 V single phase supply mains with a 240 V/10 A
(AC) on/off switch controlling the powering of the PSU. Direct 24 V output is used
for the stepper motors while the voltage needs for all other loads are met by the use of
voltage regulators. Two 24 V/6 A switches are used to turn on/off the 12 V and 5 V
circuits respectively. Also, fuse is used for each class of load to prevent any damage
to the electronic loads in case of short circuits and overloads. Having a separate fuse
for each class of load also makes it easier for identifying the defective circuits.

Moreover, for the 5 V loads, the 24 V output from the PSU is first stepped down to
12 V and then to 5 V. Direct reduction of voltage from 24 V to 5 V is not
recommended by the manufacturer as this is a large voltage drop. Lastly, a separate
set of ground terminals provide the return path of current for all the loads. Based on
this circuit design, a printed circuit board (PCB) has been designed which houses all
the components.

2.3.6 Overall Circuit Mounting

Finally, all the designed electronics is mounted on a board which in turn is mounted
inside the experimental frame, refer Appendix B, as shown in Figure 2.15. The
complete circuit diagram for all the electronics is given in Appendix C.

7
1

i.

1

i II •
T.

•mwM

HI.;. ^

:? i-

¥ HM

i

Si
rlN

Key:
A - Aluminium cased resistors
B - Stepper motor drive boards
C - Power distribution board
D - DC motor driver and sensor

board
E - Comparator circuit board
F - Bootloader board
G-EPP
H - 2A V/20 A Power supply

Figure 2.15: Complete electronics mounted inside the experimental frame.
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2.4 Arm Positions

This section looks at the computation of the necessary data required for manipulating
a work-piece. The actual motion planning of the robot is discussed in section 4.3.1.
The data required is the position at which the arms of the robot are and that it takes for
manipulating work-pieces. Firstly, the fixed position of home is defined in the C-
space of the robot. The pick and the place positions are then defined with respect to
Figure 2.16 where the points B, S, E, and W represent the base, shoulder, elbow, and
wrist joints respectively.

The home position is where the robot will initially be located and return to this
position after performing the required manipulations. This position is defined taking
into consideration that no component of the robot should be in the view of the camera
during image acquisition. Hence, all the arms are facing vertically up at the home
position.

/ WORKPLACE

FkO\T VIEW

WOBKPLANE

W (G) E

PLACE
POSITION

s • a

7 \
/ \ •OV(G)

WORKPLANE
(PICK POSITION)

NOTE:
l .THELIGHTLINES [ND1CATETHE

t:LHARAKt>: r iKITHJN.
2. THE.y.y, A N D ; AXIS ARE! SHOWN

WITH RESPECT TO THE BASE
JOINT, B.

Figure 2.16: Front, side, and top views of RABBIT at home, pick, and place positions.
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Next, the pick position can assume any position within the work-plane as this is where

the work-pieces to be manipulated will be located. To prevent the fingers of the

gripper hitting the work-plane when moving to the pick position, the work-plane is

located 10 mm below its actual position. Also, to be able to position the gripper with

respect to the orientation of the work-piece, the gripper at the pick position is always

vertically down.

Lastly, after the pick position, the robot moves to the defined place position. Since the

pick position and the place position are at the same height, the arms assume another

predefined position, termed the clearance position, in between the pick and the place

positions. This is to avoid the arms colliding with any other work-piece while the base

rotates from the pick position to the place position. The place position is same as the

centre of the work-plane but at an angle of 90° clockwise with respect to the origin,

the base joint.

Since all the positions except the pick position are predefined, consider an arbitrary

pixel with coordinates {xp, yp), in terms of pixels, on the work-plane, as shown in

Figure 2.17.

The first step is to transfer the pixel coordinates into the work-plane coordinate

system. The factor through which the pixel coordinates can be transformed into the

work-plane coordinates are

Px 320

or

j ^ = 2 6 1 I l l =

Py 240

where / and w denote the length and width of the work-plane respectively and Px and

Py represent the maximum pixels in the JC saAy directions respectively of the captured

image, refer to section 3.2.4. The constant, k, indicates that a pixel is represented by a

distance of 1.088 mm in the JC and y directions on the work-plane. However, a pixel is

estimated to be represented by its centre resulting in half-a-pixel being eliminated

from the JC and y pixel coordinates of a point. Thus, the points (JC ,̂ yp) on the pixel

coordinate system is represented as (JCW, yw) on the work-plane coordinate system

where
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xw={Xp-0.5)xk

and

yw = (yp-0.5)xk.

(2.13)

PIXEL (320, 240)

PLAN

Figure 2.17: Representation of the pick position.

Also, using the minimum distance of the work-piece from its centre, the gripping
distance is found as

gripping ^ flmin

- 2 x (2.14)
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where dminrW is the actual minimum distance of the work-pieces from its centre to its

boundary with xminiW and ymmiW being its JC and y components respectively, dmm,P
represents the minimum distance of the work-pieces from its centre to its boundary in

terms of pixels with xmm,P and ymmiP being its JC and y components respectively, refer

section 3.4.3.2.1.

Finally, the work-plane coordinates are transformed to the robot coordinate system.

With respect to the origin, the point in the top left corner of the work-plane can be

given as

,109 + 261.ll)= (-174.07,370.11)

where ybw is the perpendicular distance between robot origin and the work-plane.

Now, the point (JCW, yw) can be represented as (JC,-, yr) on the robot coordinate system,

where xr and yr are represented with respect to the top left corner as

and (2.15)

The next step is to find the angles of the base, shoulder, elbow, and wrist at the pick

position. The angular position of the base, 6B, as shown in the plan view in Figure

2.19 is determined as

(2.16)

The principle of inverse kinematics is utilized for calculating the angular positions of

the arms. Inverse kinematics is based on using the coordinates (JC, y, z) on the work-

plane to find the angular positions of the arms at the pick position. The height, z, is

not of importance in this system since it is assumed that at the pick position, the

shoulder and the wrist joint will always be in a horizontal line with each other while

the wrist will always be pointing vertically downwards, as shown in Figure 2.20.

Using the law of cosine, the hypotenuse, H, for the side view in Figure 2.18 can be

represented as,

H2=L2
S+L2

E- 2LSLE cos/?. (2.17)
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Ls=18J
L,,=18S

W

Figure 2.18: Angular positions of the arms.

The hypotenuse, H, with respect to the plan view in Figure 2.19, can be found using,

(2.18)

where Zfa is the distance between the base and the shoulder joints.

The angle opposite to H, fi, can be determined by making fi the subject of the formula

in Eq. 2.17 and is given as

= cos"11 ^ ^= cos -2LSLE

(2.19)

The angle that the elbow link makes relative to the shoulder link, 9E, is given as

0E=\SO°-/3. (2.20)

The angle that the shoulder link makes with respect to the jcy-plane, 9s, can now be

computed using the law of sine as

sin0s _ sin/?

0s = sin
.__,f% sin/?

H

(2.21)

Based on 6s and OB, the angle that the wrist makes relative to the elbow link, 6w, is

given as

0W=90°-{0E-0S\ (2.22)
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Finally, the angle of rotation of the gripper, 9G, is to be determined such that it is

oriented with respect to the orientation of the work-piece. However, this angle is

equal to what is found in section 3.4.3.1 as the orientation.

Moreover, the place position is defined at the same distance to the centre of the work-

plane but at an angle, 9B, of 90° clockwise from the origin. The centre of the work-

plane has the exact value of ( 3 4 8 - 8%, 2 6 L 1 J ^ ) = (174.07, 130.56). The above

derived formulas for the pick position have been used to determine the angular

position of the arms at the place position, as shown in Table 2.11. Note that the work-

plane coordinates are used to determine the arm position at the place position but the

actual place position has the base of the robot rotated through 90° clockwise.

Table 2.11: Calculation of the angular position of the arms at the place position.

Description Procedure (calculations) Position/Angle

Coordinates on

the work-plane

(x v \-W w
\xw>sw)- \/2' /

-(348.14/ 261.11/)
~V / 2 ' /2>

= (174.07,130.56)

(174.07, 130.56)

Coordinates

relative to the

robot

-l

-348.14
+ 173.53,109 + 261.11-130.01

(0,239.55)

= (0,239.55)

Hypotenuse, H = V0 2+239.55 2 -43

= 196.55

196.55

Angle of the

arms relative to

the origin on the

jcy-plane, 6B

At the place position, the arms are at an

angle of 90° to the origin on the jcy-plane
90c

Angle opposite

the hypotenuse,

P

= cos

= cos
_/l96.552-(l812+1852)'

[ -2(181X185) y

64.95C

= 64.95°
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Angle that the

elbow link

makes relative

to the shoulder

link, 9E

Angle of the

shoulder link

relative to the

jcy-plane, 9S

Angle of the

wrist link with

respect to the

elbow link, 9W

Angle of

rotation of the

gripper, 9G

9E=\m°-p

= 180°-64.95°

= 115.05°

9S — sin

. / 1 8 5 sin 64.95 "l

(, 196.55 )

= 58.51°

9w=90°-{9E-9s)

= 90°-(115.05-58.51)

= 33.46°

The gripper at the place position is at its

default position, that is, at an orientation of

0°.

115.05°

58.51°

33.46°

0°

A summary of the angular position of the arms at home, pick, and place positions is

given in Table 2.12.

Table 2.12: Angular positions of the arm at home, pick, and place positions.

Arm position

Home

Pick

Place

Joint

Base, 6B, ho**

Shoulder, 6s,home

~E\bow,dEyhome

Wrist , 6w,home

Gripper, 6G, home

Base , 6B, pick

Shoulder, 6s,pick

Elbow, 6EyPick

Wrist, 6w,pick

Gripper, 6G,pick

Base, 6B,p,ace

Shoulder, 6s,Piace

Elbow, 6E,place

Wrist , 6mpIace

Gripper, 6G,place

Angle (°)

0

90

0

0

0

6B, pick

6S, pick

6E, pick

6 w, pick

6 G, pick

-90

58.51

115.05

33.46

0

Note: The pick position is not constant and is found using Eq. 2.13 - 2.22 derived above.
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CHAPTER 3

VISION SYSTEM

3.1 Introduction

A generic model of a machine vision system is shown in Figure 3.1. Scene constraints

refer to the environmental distractions, mainly due to uneven lighting, that surround

the vision system hardware. Removal of these distractions or noise make image pre-

processing much simpler and, therefore, a lighting system is designed to cater for this.

Optical
image

Scene
Constraints

Image
array,

Image
Acquisition

Pre-
processing

Segmentation

Actuation
Classification

and/or
interpretation

Feature
extraction

Scene
descriptions

Feature
I descriptions

('Imaged
^ array )

Figure 3.1: Generic model of a machine vision system (Awcock and Thomas, 1996).

Image acquisition refers to the retrieving of the image from the image acquisition

hardware. In addition, image pre-processing seeks to remove unwanted data or noise

from the image while image segmentation is performed to separate the objects in an

image from the background. The inherent features of these segmented objects are then

taken out and this is termed as feature extraction. Since image pre-processing, image

segmentation, and feature extraction require processing of the captured image, these

subsystems can be referred as the steps involved in image processing. After the

extraction of features, a feature classification subsystem classifies them so that the

objects could be recognized.

Figure 3.1 presents a very general approach towards the desired vision system. Based

on the requirements and path taken with this research, Figure 3.1 is modified and the

proposed vision system is shown in Figure 3.2. The four major components the vision

system has been divided into include scene constraints, image acquisition, image

processing, and feature classification.
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Feature
i descriptions .

••! • h: Constra ints

• Lighting design
• Background color

[mii^c Acquisition
' l:n.:.:•..• acquisition setup
• Retrieve information
that identifies the
camera

• Creating a video input
• Taking a snapshot of
the workplane

Image I'rat-rains;
• linage pre-processing
- Spatial filtering
- Grayscale conversion
- Histogram equalization
- Binary conversion

• Image segmentation
- Distance trans formation
- Watershed segmentation

• feature extraction
- Geometric properties

(perimeter, area, cenlroid &
orientation) detenu ination

- Shape recognition
(roundness and radius
ratio, and comer detection)

- Color recognition

Feature Classification
• Statistical feature

classification
- Training
- Testing

Figure 3.2: Proposed vision system.

The image acquisition and image processing operations have been implemented using

the image acquisition and image processing toolboxes in MATLAB respectively.

MATLAB is an array processor that deals with data formatted as one or multi-

dimensional arrays. In addition, it provides a platform where data can be visualized

and manipulated interactively and has become widely accepted software in the

engineering world.

The MATLAB toolboxes have a collection of functions that extend the capability of

the MATLAB numeric computing environment. The image acquisition toolbox (IAT)

extends the MATLAB technical computing environment with functions for acquiring

video and images from PC-compatible video devices such as a camera. It allows

previewing a video and stream images directly into MATLAB for analysis and

visualization (Mathworks, 2005). In addition, the image processing toolbox (IPT)

provides a comprehensive set of reference-standard algorithms and graphical tools for

image processing, analysis, visualization, and algorithm development (Mathworks,

2004).

The following subsections discuss the subsystems shown in Figure 3.2.

3.2 Scene Constraints

Scene constraints are the first and probably the most important element in any vision

system (Awcock and Thomas, 1996; Davies, 1997). It refers to the environment that

the vision system will be subjected to which in turn depends on the application. The

aim is to reduce the complexity of the captured image so that fewer processing is

required at subsequent sub-systems in Figure 3.2. This is achieved through gaining

some a priori knowledge on the constraints and incorporating some solutions for

minimizing unwanted data from the captured image.
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Two most critical factors that influence a captured image are the lighting system and

the color of the background on which the work-pieces are scattered.

3.2.1 Lighting Design

Lighting is a critical factor in any machine vision system especially when it comes to

color recognition (Muehlemann, 2000; Ranky, 2003; Sangwine and Home, 1998).

Complex image filtering and processing can be avoided through careful selection of

light source and its positioning. Also, uniformity and stability of incoming lights play

a major role in determining the performance of color machine vision systems. Since

the vision system is trained to specific colors, color drifts due to changing spectral

properties of incoming illumination gives incorrect results relative to the work-pieces

under test.

The major problems encountered with this vision system are specular reflections and

shadows. Specular reflections are caused by the mirror-like reflections from the

surface of the work-pieces on the lens of the camera. This restricts the capturing of the

true color of the work-pieces and so makes color recognition very challenging. In

addition, shadows are referred as the dark spots or areas that form between adjacent

work-pieces and around a work-piece itself. This makes the problem of work-piece

separation from the background and separation of two adjacent work-pieces difficult.

Thus, the purpose of lighting design is to get the best quality image, that is, one which

requires least processing time and easiest processing methods through the elimination

of unwanted data such as specular reflections and shadows.

Various lighting techniques have been proposed with all based on their respective

applications. Some lighting techniques include structured lighting, backlighting, ring

lights, oblique lighting, near-in-line lighting, and front lighting amongst others.

Structured lighting is applicable where features are to be extracted from the surface of

the objects by projecting light on to it. In backlighting the objects are lit from behind

and best suited to cases where the edges or dimensions of the objects are of interest.

Ring lighting provides reduced shadows and is preferred for highly reflective

surfaces. It gradually reduces specular reflections from shiny surfaces. Oblique

lighting, also known as extreme directional lighting, is ideal for situations where

maximum contrast of textured surfaces is needed. In addition, near-in-line lighting is

where the lighting is very close to the camera and so the angle of incident is very

small. This method reduces the formation of shadows but increases specular

reflections. Front lighting technique is similar to that of oblique lighting except that

the angle of incidence is greater providing more information from flat surfaces

(Awcock and Thomas, 1996; Davies, 1997; Dolan-Jenner Industries, 2000).
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Due to the high costs involved in purchasing any well designed lighting system, an

approach similar to that of a structured lighting system is taken. It takes into account

some prior knowledge in the design of a low-cost but efficient lighting system to suit

this application.

Firstly, the vision system is based in an indoor environment which does not have a

structured lighting system. Secondly, the vision system will be operating on 2D

shapes. Finally, the face of the work-pieces to be manipulated has a flat surface and

therefore, limiting the reflection of light in all directions.

Hence, the lights are placed at an angle which reduces shiny surfaces on the work-

pieces and work-plane and also reduces shadow around and in between work-pieces

in the image captured by the camera. The design of the lighting system is shown in

Figure 3.3. Four 11 Watt (W) energy-saver lamps, producing white light, are mounted

on the ceiling with respect to each side of the work-plane. The overhead camera is

mounted on a separate frame constructed for experimentation, details of which are

given in Appendix B.

w

workplane

camera •H-

TOP VIEW

-ceiling-

- ^ — • « — * ^ - M

FRONT VIEW

Figure 3.3: Design of the lighting system.
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To minimize specular reflections, the reflective angle should be greater than the

incident angle, that is, a > 6. Assuming Ah to be negligible, the height of the camera

and the lights from the work-plane are approximately same, that is, hi = hc = h. Using

the relationships of a right angle triangle,

tana = —
h

(3.1)

and

tan<9 = —.
h

(3.2)

Since h and b are constant, it can be said that for a to be greater than 6, a has to be

greater than b, where b = 1/2 with / defining the length of the work-plane. Similarly,

replacing / with w, the width of the work-plane, for the side view, c has to be greater

than d, whered = w/2. Referring to section 2.2.2, / = 348.14 mm and w = 261.11 mm.

Therefore, b is equal to 174.07 and d is equal to 130.55.

Thus, the distances a and c have to be greater than the minimum limits of 174.07 mm

and 130.55 mm respectively. To obtain the best results, the lights were placed at their

minimum limits and then moved outwards as depicted by the arrows shown on the

lights in Figure 3.4. Appendix D compares the captured RGB color image and its

binary format, discussed in section 3.4.1.4, using the same set of codes at different

distances (randomly chosen) of the lights.

workplane

camera

TOP VIEW

Figure 3.4: Procedure to determine optimum lighting results.

The quality of the image, that is, the specular reflections and shadows on the work-

pieces and work-plane, and ease of processing were taken into consideration at
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different distances. It can be noted that the best quality image is obtained at quite a
distance from the minimum values of a and c. With respect to the results in Appendix
D the optimum results for this setup is taken to be approximately 220 mm and 175 mm
for a and c respectively. Figure 3.5 shows the picture for the layout of the final
lighting design.

Figure 3.5: Picture showing the layout of the lighting design.

3.2.2 Background Color

The ideal choice for the color of the work-plane, the background on which the work-
pieces are located, is either black or white. This is because the work-pieces are easily
separable from black and white colored background during image segmentation.
Since the work-pieces also have a possible black color, the color of the work-plane
has been limited to white.

3.3 Image Acquisition

The steps involved in image acquisition are as follows (Mathworks, 2005):

1. Image acquisition setup.
2. Retrieving information that identifies the camera.
3. Creating a video input.
4. Taking a snapshot of the work-plane.
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3.3.1 Image Acquisition Setup

The image acquisition setup includes a Sony digital video camera (model DCR
HC42E) connected via the USB port to a PC (DELL dimension 2400), and a designed
lighting system with the choice of work-plane color mentioned in sections 3.2.1 and
3.2.2 respectively. The main features of the camera are 1/5" advanced HAD CCD
sensor, color support, 480 x digital zoom, and 12 x optical zoom, USB port
connection, 320 x 240 video capture, backlight compensation, and super night shot.
The work-plane with the work-pieces as seen by the camera is streamed to the PC
(MCU), which handles the vision processing, through the USB port. The
specifications of the MCU are 512 RAM, 80 GB HDD, and USB port connections
with the windows XP platform.

3.3.2 Retrieving Information that Identifies the Camera

The adapter winvideo, that provides a Windows Driver Model (WDM) or Video for
Windows (VFW) driver, including those with USB connections, is used to
communicate with the camera. The properties of the camera as detected by MATLAB
are given in Table 3.1.

Table 3.1: Properties of the camera detected by MATLAB.

General Settings

Parent

Selected

Source Name

Type

[1x1 video-input]

on

inputl

video-source

Device Specific Properties

Frame Rate

Video Resolution

-

-

25

[320 240]

-

-

The general settings refer to the settings of the video source, being the camera in this
case, which is the only input connected and so recognized. This input is selected on,
that is, MATLAB can communicate with the device. The device specific properties
refer to the features of the camera. It has a video frame rate of 25 frames per second
(fps) and a video resolution of 320 x 240 pixels. The frame rate of the camera is not
considered in this case since only a single frame is needed for processing.

3.3.3 Creating a Video Input

This represents the connection between MATLAB and the camera and can be used to
control or adjust the properties of the image acquisition process. The quality of the
image can also be seen by previewing the video input for video streaming. The
functions in the LAT to create a video input and then preview the video are given as:
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vidobj = videoinput('winvideo');
preview(vidobj);

The window that shows the video input is shown in Figure 3.6. The top left hand-side
of the video input represents the pixel (1, 1) while the bottom right hand-side
represents the pixel (320, 240).

Video Preview win video:1

12:47:36.575 320x240 Waiting for START.

Figure 3.6: Window for video input.

The video input has pixels represented using the primary red, green, and blue (RGB)
components with 8-bit data (0 - 255) for each component in a pixel. The RGB color
space is shown in Figure 3.7. A maximum value of 255 for a component and zero for
the others denotes it as an ideal red, green, or blue color depending on the maximum
component. That is, if a pixel has the RGB values as [255 0 0], then it is an ideal red
color. However, the values in the RGB color space for Figure 3.7 are normalized to
the range 0 to 1 rather than 0 to 255.

\kiLit-nUi

(1,0,0)

I

Blue

Black

(0,0,1)

/

/
White

Gray
scale

Cyan

(0.1,0)

Green

Red Yellow

Figure 3.7: The RGB color cube.
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3.2.4 Snapshot of the Work-plane

A snapshot of the video input is taken to get a single image frame, as shown in Figure
3.8, for analysis. The function, in the IAT, to get the snapshot from the video input is
given as:

RGB = getsnapshot(vidobj)

where vidobj denotes the video input object.

Figure 3.8: A snapshot of the video input image.

Similar to the video input in Figure 3.6, the snapshot image is represented using 320 x
240 pixels and has the top left hand-side pixel as (1, 1) while the bottom right hand-
side pixel has the coordinates (320, 240). This single frame is taken for further
analysis in the subsequent processing steps. Also, the captured image is represented
using the RGB values with 8-bit data (0 - 255) for each color component in a pixel.

3.4 Image Processing

After the image has been acquired, it is processed so that useful information such as
the location and orientation of the work-pieces can be determined. Also, their features
can be extracted so that they can be classified based on its color and shape. Image
processing follows the following steps (Awcock and Thomas, 1996; Sangwine and
Home, 1998):

1. Image pre-processing.
2. Image segmentation.
3. Feature extraction.
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3.4.1 Image Pre-processing

Image pre-processing refers to operations that are required prior to the main data

analysis and extraction of information. This is also referred to as image restoration.

By preprocessing, unwanted variations/noise in the captured image is reduced, and the

desired features are enhanced. The feature extraction for work-pieces requires that the

image should be in binary format compared to the captured RGB format. Thus, image

pre-processing seeks to prepare the image for feature extraction by getting it to a

binary format. Techniques for pre-processing such as spatial filtering, grayscale

conversion, histogram equalization, and binary conversion are discussed in the

following subsections (Gonzalez and Woods, 2002; Gonzalez et al, 2004; Mathworks,

2004).

3.4.1.1 Spatial Filtering

Spatial filtering refers to the direct manipulation of the pixels in an image on the

image plane itself and is denoted by the expression

foix>y) = Tn\fiix,y)~\ (3-3)

where ^{JC, y) andfo(x, y) are the input and output or processed images respectively

(Gonzalez et al, 2004). In addition, Tn, an operator on^, is outlined about the point (JC,

y) over a specified neighborhood.

The spatial neighborhood is usually a square or rectangular region centered at a point

(JC, y) on the image plane. Starting from the origin of the image, the top left-hand

corner in this case, the centre of the region is moved from pixel to pixel. Using the

neighborhood, the operator Tn is implemented at each pixel (JC, y) of the input image to

yield the output image fo at (JC, y). Since these computations are linear, it is referred to

as linear spatial filtering (Gonzalez et al, 2004).

The linear operations considered here include multiplying each pixel in the

neighborhood by a corresponding coefficient with the summation of the results

denoting the response at each point (JC, y). The mxn matrix containing the

coefficients is referred to as the kernel or filter. The application of linear spatial

filtering has two closely related concepts, correlation and convolution. Correlation

directly imposes the kernel on the input image whereas convolution has the kernel

rotated by 180° prior to its application. In this work, linear spatial filtering using

correlation has been looked at since it provides satisfactory results and, thus, there

was no need for convolution.
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The steps involved in the application of correlation are (Gonzalez et al, 2004;
Mathworks, 2004):

1. Impose the centre element of the correlation kernel on the pixel to be filtered.
2. Multiply each coefficient in the correlation kernel, h, by the pixel it is imposed

upon.
3. Sum the individual products.

But prior to the application of these steps, the size (mxn) and coefficient of the
correlation kernel has to be determined. Usually, the kernel is odd sized, since they
offer a unique centre point, with the smallest significant size being 3 x 3 . The size and
coefficient were determined through trial and error by taking in various sizes and
coefficients of the kernel and then viewing the quality of the captured image. A few
combinations with different size and coefficient of the kernel are given in Appendix E.
With respect to Appendix E, the best results for the output image was obtained using a
7x7 correlation kernel, h, with coefficients of 0.04, that is,

h =

0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.04 0.04 0.04 0.04 0.04 0.04 0.04

0.04 0.04 0.04 0.04 0.04 0.04 0.04

(3.4)

Using a small portion of the RGB image pixels from Figure 3.9(a) around the pixel
(95, 105), which has the RGB component as [30 40 51]; the filtered pixel is
represented as [102 125 143] as in Figure 3.9(b). The pixel (95, 110) is located
towards the edge of the black rectangle as pointed by the cursor in Figure 3.10 and is
the centre pixel shown in Figure 3.9(a) and Figure 3.9(b).

As an illustration, for computation of the B component of the filtered pixel, the centre
of the correlation kernel, h, is first imposed on the pixel (95, 105) of the original RGB
image. The coefficients of the filter are then multiplied by the value of the B
components that it is imposed on and the result is summed to give the filtered B
component. Since all the coefficients are same, the result is same as multiplying the
coefficient by the summation of the pixel values that the kernel is imposed on and is
given as
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B = 0 .04x^(48,45 , ...,52,50,..., 49,52,..., 50,56,..., 47,50,..., 48,45, ...,51,41,...)

= 142.64

«143.
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Figure 3.9: Pixels values of (a) original RGB image, and (b) filtered RGB image.

Hence, the initial B value of the pixel (95, 110) is 51 but has a value of 143 after

filtering using correlation, that is, its value now takes into consideration the values

from its neighborhood. The R and G components of the filtered image are found

similarly. These steps are implemented in the IPT using the functions

h = ones(7,7)*0.04;

RGBfilter = imfilter(RGB, h);
//Implements the filter h.

//Filters the original RGB image

//using correlation kernel h.

The output RGB image after filtering using correlation with the kernel, h, is shown in

Figure 3.10. Background pixels are now clearly separated from the work-pieces with

virtually no shadows around the work-pieces.
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nage Tool 2 - RGB_filter

Figure 3.10: The output RGB image after linear spatial filtering using correlation.

3.4.1.2 Grayscale conversion

As a step towards converting the RGB image to binary format, after filtering using

correlation, it is converted to a grayscale image. A grayscale image, also known as an

intensity image, is in this case represented using 8-bit data and has pixel values

ranging from 0 to 28-l (0 to 255), where 0 represents black and 255 represents white.

The grayscale values are obtained from the NTSC (National Television Standards

Committee) color system, used in television in the United States. It separates the

grayscale data from the color data and is represented using luminance (Y), hue (I),

and saturation (Q). Grayscale values are same as the luminance (Y) of the YIQ

components and are obtained from the RGB components of the filtered image through

the transformation (Gonzalez et al, 2004)

0.299 0.587 0.114

0.596 -0.274 -0.322

0.211 -0.523 0.312

(3.5)

For example, for the pixel (95, 110), the filtered RGB component is [102 125 143] as

shown on the bottom left hand corner in Figure 3.10. Its corresponding grayscale

value is obtained as

F = (0.299xl02)+(0.587xl25) + (0.114xl43)

= 120.175

«120.
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The above transformation is implemented using the IPT function

Grayscaleimage = rgb2gray(RGB_filter);

where RGBJilter denotes the filtered RGB image.

The grayscale image for the filtered image in Figure 3.10 is given in Figure 3.11 with

the value of the pixel at (95, 110) given as 120 on the bottom left hand corner. The

background is now represented using pixel values very close to 255, that is, white,

while the work-piece pixels assume the grayscale values from 0 to less than 255,

depending on the work-piece color. Positioning of the grayscale values in the RGB

color space is shown in Figure 3.7.

J Image Tool 2 - Grayscale

File Tool? Window Help

o. <a. r>

•

Pixel info: (95,110) 120

[

00%

i
• •

Display range: [0 255]

Figure 3.11: Grayscale image.

3.4.1.3 Histogram Equalization

The histogram of an image refers to the plot of intensity values, from 0 to 255, against

the number of pixels corresponding to that intensity value. A grayscale image often

has most of its intensity values concentrated within a particular range. Histogram

equalization tends to enhance the contrast of the image by transforming the intensity

values of the grayscale image so that the histogram of the output image has the

intensity values evenly distributed. Therefore, a grayscale transformation Tg is found

such that to minimize

(3.6)

where c0 is the cumulative histogram of the grayscale image and c, is the cumulative

sum of the of the desired histogram for all intensities k (Mathworks, 2004). This is

subject to the condition that Tg must be monotonic and Ci(Tg(a)) should not overshoot

co(a) by more than half the distance between the histogram at counts a.
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For example, consider the intensity histogram of the grayscale image of Figure 3.11 in

Figure 3.12. Majority of the pixels have an intensity value in the upper range

compared to the few number of pixels in the lower intensity range.

14000
Plot of Intensity Values against the Number of Pixels

50 100 150 200 250

Figure 3.12: Intensity histogram of the grayscale image.

The aim now is to evenly distribute the 255 discrete intensity values so that the

contrast of the grayscale image can be enhanced. Since there are 76800 (320 x 240)

pixels in the grayscale image, using 64 discrete gray levels (the maximum allowed in

the IPT), it is desired to have a total of 1200 (76800/64) pixels at each gray level for

the enhanced image. Each gray level is an increment of 4.048 (255/63 = 4.048), that

is, 0,4.048, 8.096, ....,255.

For the first output gray level, that is, 0, from the intensity histogram of the grayscale

image in Figure 3.12, there are a total of 1092 and 1212 pixels from the intensity

value of 0 to 40 and 0 to 41 respectively. The difference between the desired number

of pixels at a gray level, that is, 1200, and the number of pixels in the grayscale image

at intensity values of 0 to 40 and 0 to 41 are 108 and 12 respectively. Since 12 is the

minimum value between the histogram of the grayscale image and the desired

histogram, with respect to Eq. 3.6, the transformation is chosen such that pixels with

intensity values less than and equal to 41 in the grayscale image now have an intensity

value of 0.

The next gray level is 4.048, where we again desire to have 1200 pixels or a

cumulative sum of 2400 pixels. The first transformation sees input intensities

(intensity of the grayscale image) from 0 to 41 converted to zero for the image with

enhanced contrast. Input intensities for the next gray level starts at 42, which is the

next discrete level after 41 for the grayscale image, and finishes at the intensity which

results in the difference between the desired number of pixels and the actual number

of pixels to be minimum. For the input intensity range from 42 to 76 and 42 to 77,

- 6 1 -



Chapter 3: Vision System

there are 1179 and 1419 pixels respectively. Compared to the desired number of

pixels, the differences are 21 and 219 for the range 42 to 76 and 42 to 77 respectively.

Hence, input intensities in the range 42 to 76 are transformed to an intensity of 4.048

on the enhanced image. This procedure is continued till all the 64 intensity levels have

been covered.

The resulting transformation for the 64 discrete gray levels is given in Figure 3.13 and

the histogram of the image with enhanced contrast is shown in Figure 3.14. The input

and output intensity values for the grayscale transformation correspond to the

intensity of the grayscale image and the 64 gray levels of the image with enhanced

contrast respectively. However, the values have been normalized to the range 0 to 1

and so the input intensity values of 41, 42, and 76 correspond to 0.1608 (41/255),

0.1647 (42/255), and 0.298 (76/255) respectively. Also, the output intensity value of

4.048 is normalized to 0.0159 (4.048/255).

Plot of Input Intensity against Output Intensity

1, 1—

0.9

0.8

0.7

« 0.6
| 0.5

1
•g 0.4
o

0.3

0.2
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0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Input Intensity

Figure 3.13: Grayscale transformation.
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Figure 3.14: Intensity histogram of the enhanced image.
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Considering the upper level of the intensity histogram of the grayscale image in

Figure 3.12, a lot of pixels have a particular intensity level. Hence, the intensity

histogram of the enhanced image in Figure 3.14 has some of the intensity levels

having a high number of pixels. But this also covers for the previous intensity levels

that did not satisfy Eq. 3.6 and had more than the required pixels compared to the

desired value of 1200. The desired number of pixels at such intensity levels is 1200

multiplied by the number of previous intensity levels that did not satisfy the

conditions of Eq. 3.6.

The function that performs histogram equalization in the IPT is:

[HistogramEqualized, Tg] = histeq(Grayscaleimage);

where Histogram Equalized denotes the enhanced intensity image with a default of

64 discrete levels and Tg is the grayscale transformation that maps gray levels in the

grayscale image to the gray levels of the enhanced image. In addition,

Grayscale image is the grayscale image having its contrast enhanced using the

function histeq.

After histogram equalization, the output image of the grayscale image in Figure 3.11

is shown in Figure 3.15. In the original grayscale image the work-pieces with pixel

values close to 255, namely with color yellow, were very hard to distinguish with

respect to the white background. However, after enhancing the contrast of the

grayscale image through histogram equalization, the pixels representing the image can

be easily distinguished from the background.

Imaee Tool 3 - Histosram Eaualized

e Tools Window Help

o c

elinfo:(X,Y) Intensity Display range: [0 255]

Figure 3.15: Histogram equalized image.
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3.4.1.4 Binary Conversion

A binary image has pixel values either as 0 (black) or 1 (white). The binary image is

derived from a grayscale image. A threshold, Tb, is determined such that a normalized

pixel value below it is converted to 0 and above it is converted to 1. That is, any pixel

(JC, y) on the enhanced grayscale or histogram equalized image, ge, for which

ge(x, y) > Tb is denoted as a white pixel (background pixel) and a pixel satisfying

ge(x, y) < Tb corresponds to a black pixel (work-piece pixel). In other words, the

binary image, b, is defined as

ifge{x,y)<Tb
(3.7)

The IPT uses Otsu's (1979) method in computing the threshold and the function for

determining the threshold and then converting it to binary format is given as

Tb = graythresh(Histogram_Equalized);

Binary = im2bw(Histogram_Equalized, Tb);

I/Determine the threshold

I/Conversion to binary format

The binary image of the histogram equalized image from Figure 3.15 is shown in

Figure 3.16(a). However, for further processing of the image using the IPT functions,

the complement of the binary image is found, as shown in Figure 3.16(b), where the

background pixels are now represented as black and the work-piece pixels as white.

The function to find the complement of the binary image in the IPT is given as

Binarycomplement = ~Binary;

where Binary corresponds to the binary image of Figure 3.16(a).

(a) (b)

Figure 3.16: (a) Binary Image, and (b) complement of the binary image.
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3.4.2 Image Segmentation

Image segmentation aims to partition an image into meaningful regions which
correspond to objects of interest in the image. Thus, the work-pieces have to be
separated from the background so that its location is established within the work-
plane and then its properties or features can be determined for shape and color
recognition. Since, from the complement of the binary image, the work-piece pixels
are represented as white (1) and the background pixels as black (0), the white pixels
that are connected to each other denote a single work-piece.

In other words, the number of work-pieces is defined as the number of connected
components using white pixels. The 8-connectivity is used for determining if a pixel
is connected to its neighboring pixels or not as shown in Figure 3.17. A pixel in any
of the 8 directions to pixel P is connected to P and forms part of a connected
component.

<-
t
p

/

Figure 3.17: The 8-connectivity of a pixel.

The function in the IPT that identifies the connected pixels and then determines the
number of connected objects is given as

[O, Num] = bwlabel(Binary_ complement, 8);

where O labels the pixels of the connected objects and Num denotes the number of
connected objects.

However, the process of identifying work-pieces in an image can be made more
complicated if they are touching or overlap each other. These are extreme cases for
the work-pieces placed on the work-plane and are a wide research area on its own. As
part of this work, an attempt has been made to partially study the separation of
touching work-pieces while the case of overlapping work-pieces has not been looked
at. These cases were not part of the initial work plan but have been mentioned mainly
to serve as the foundation for further research in this area. Also, since they have not
been fully studied, they do not form part of the final vision system.

It is important to be able to separate touching objects in an image since touching
objects are seen as one entity which does not represent the true features of the
individual objects (Awcock and Thomas, 1996; Gonzalez and Woods, 2002;
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Sangwine and Home, 1998). Two commonly used object separation techniques are

skeletonization and watershed segmentation, with the latter being more common due

its wide and complex application areas. A skeleton of touching objects in an image is

the medial axis of the objects, and is obtained with a sequential erosion of the outer

most pixels of each connected component (Gonzalez and Woods, 2002; Xu et al,

1999). The resulting set of pixels represents the longitudinal shape of the touching

objects. A minimum distance from the boundary of the objects to its longitudinal axis

then possibly forms a connecting point between two touching objects. However, this

method may not work in scenarios where different shaped objects are touching each

other.

Hence, the watershed algorithm was partially studied for separation of touching work-

pieces. The following steps are followed on the binary image for separation of work-

pieces (Mathworks, 2004):

1. Finding the distance transform and

2. Applying the watershed segmentation algorithm.

For the purpose of demonstrating the approach in separation of touching work-pieces,

a different image to the previous ones is considered. Figure 3.18(a) shows an original

RGB image with the corresponding binary image, in Figure 3.18(b), which includes a

triangle touching a circle, another triangle touching a rectangle, and a circle touching

a rectangle.

Image Tool 1 - Test

e Tools Window Help

o •

%

elinfo:(X,Y) [RGB|

File Tools Window Help

Pixel info: (X,Y) EW

(a) (b)

Figure 3.18: Image for demonstration of watershed segmentation, (a) original RGB

image, and (b) the corresponding binary image.
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3.4.2.1 Distance Transform

The distance transform is the Euclidean distance of every pixel in a binary image to

the nearest non-zero valued pixel. The Euclidean distance between two pixels with

coordinates (JCI, yx) and (JC2, y2) is given as

(3.8)

The pixel value of a portion of the binary image in Figure 3.18(b) is given in Figure

3.19(a) and the distance transform of these pixels is given in Figure 3.19(b). The pixel

information mentioned at the bottom of the window for both the cases is for the

coordinate (150, 38). This pixel is at the top left hand corner of Figure 3.19(a) and (b).

Pixel Region (Image Tool 3)
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Figure 3.19: (a) Sample binary pixels, and (b) the corresponding distance transform.
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Pixel values obtained through distance transformation are then transformed into a

grayscale image where the maximum distance assumes the color white and pixels

with 0 distance values are represented as black. The pixels in between the minimum

and maximum distances assume the grayscale values. Figure 3.20 shows the

corresponding grayscale image obtained through distance transformation of the binary

image in Figure 3.18(b).

Image Tool 3 - D - n x

Figure 3.20: Grayscale image through distance transformation.

The distance transform is found using the IPT function

D = bwdist(Binary);

where Binary corresponds to the binary image.

To apply the watershed algorithm, a complement of the distance transformed image is

taken and pixels not belonging to an object are forced to negative infinity values

giving an output image as shown in Figure 3.21. This is performed using the IPT

functions

D = -D; //Complement of the distance transform

D(Binary) = -Inf; I I Force pixels that don't belong to the objects to

//be at -Inf.
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Figure 3.21: Complement of the distance transform with the non-object based pixels

forced to negative infinity.

3.4.2.2 Watershed Segementation

Theoretically, watershed is a geographical term and it refers to a ridge that divides

catchments by separate rivers as shown in Figure 3.22. According to Gonzalez and

Woods (2002), for topographic interpretation, three types of points can be considered:

1. points that lie in the regional minimum,

2. points on which if a drop of water is placed would certainly fall in one

regional minimum, and

3. points on which if a drop of water is placed has equal chance of falling in one

regional minimum.

Watershed line Catchment basins

Figure 3.22: Watershed ridge line and catchment basins (Eddins, 2002).

The set of points satisfying condition (2) for a particular minimum are referred to as

catchment basins or watershed of that minimum. On the other hand, the set of points
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satisfying condition (3) represent the crest lines on the topographic surface and are

termed as watershed lines.

Application of the watershed algorithm in separation of work-pieces in image

processing requires the visualization of a grayscale image, in Figure 3.21, as a

topographical surface. The objective of segmentation using this concept is to find the

watershed lines that separate touching work-pieces. The watershed algorithm used in

the IPT is adapted from Vincent and Soille (1991) and is modified and discussed in

detail in Gonzalez and Woods (2002).

The function for performing the watershed segmentation in the IPT toolbox is

Watershed = watershed(D, 8);

Watershedcomplement = -Watershed;

I I Watershed segmentation

//Complement of the watershed

//segmented image

where D corresponds to the distance image with the non-object pixels forced to zero.

The resultant image after applying the watershed algorithm is shown in Figure 3.23.

Image Tool 3 - Waters he eMnverted

File Tools Window Help

Figure 3.23: Resultant image after the application of watershed segmentation.

It can be seen that there are more than one line separating the touching work-pieces

and in some cases, especially for the rectangles, the work-piece itself has been

segmented. This improper separation is referred to as oversegmentation. One

approach to this problem is the use of gradient magnitude before applying the

watershed algorithm. However, no further work has been done on this and it is a

recommendation for further work in conclusion.
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3.4.3 Feature Extraction

The aim here is to extract important features that describe or interpret the work-pieces
within an image. This research involves recognition of the shape and color of the
work-pieces and, therefore, features that differentiate both shape and color are
discussed. The shape recognition is based on the 2D image of the work-pieces, that is,
2D shape recognition. Also, the procedure for determining the centroid and
orientation is presented.

3.4.3.1 Perimeter, Area, Centroid and Orientation Determination

Perimeter

Perimeter, the length of the outline of an object, with continuous boundary is defined
as

(3.9)

where t is the boundary parameter (Jain, 1989). However, for a digital binary image,
this can be modified to

where z = l, 2, 3,...,Z denotes the coordinates of the boundary pixels of the binary
image (complement of the binary image in this case) b(x, y) for a single work-piece.
The boundary pixels are the outline pixels of a work-piece with z = 1 = Z + 1 defining
a random first boundary pixel. The boundary pixels is determined using the IPT
function

Boundaryset = bwboundaries(Binary_complement, 'noholes');

where Boundaryset contains N matrices with each matrix having the pixel
coordinates that form the boundary of a single work-piece and N denotes the number
of work-pieces.

Calculation of the perimeter of a sample object is given as an example since the
calculation for an actual work-piece, which compromises of many pixels, would be
tedious. Figure 3.24 shows a sample image with the procedure for finding the
perimeter outlined in Table 3.2. The first boundary pixel is taken to be (2, 5) but any
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other boundary pixel can always be used as the first pixel. Also, note that xi = xz+1 and

1

3

4

5

6

:

9

1 2 3••7
K•

1

4

•
±

1

5

•

•

6

!

i
7 8 9•
••

Figure 3.24: Sample image for perimeter calculation.

Table 3.2: Procedure for determining the perimeter.
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Area

In a digital binary image, for a single work-piece, the area can be defined as number

of pixels that represent that work-piece. That is the number of either the white or

black pixel that constitute a particular work-piece represent the area of that work-

piece in terms of pixels. For example, for the sample image shown in Figure 3.24, the

area is equal to the number of white pixels or 27 units2.

Centroid

The moment of the work-piece is used to determine the centroid of the work-pieces in

a binary image (Awcock and Thomas, 1996; Jain, 1989; Nagchaudhuri et al, 2000).

The basic equation that defines the moment of order (i + j) for a 2-D continuous

function^.*, y) is given as (Awcock and Thomas, 1996; Gonzalez and Woods, 2002)

For a digital binary image b(x, y), this can be rewritten as

where JC and y represent the pixel coordinates of the binary (complement) image and

b{x, y) denotes the pixel value, that is, 0 for black and 1 for white.

The centroid, defined as the centre of area or centre of mass, specifies the location of

a work-piece on the work-plane of the robot in terms of pixels. In terms of moments,

the centroid is expressed as

3 c = ^ and y = ̂ - (3.13)

where (x,y)are the coordinates of the centroid with respect to the origin of the image,

mm denoting a zero-order moment, and mO\ and mw denoting first-order moments.

Again, since it would be tedious to compute the centroid of a work-piece in an image

that constitutes many pixels, a sample image has been utilized for illustrative

purposes. Referring to the sample square shown in Figure 3.25, the coordinates are
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V V xb(x, y)
JC =

( lx9)

y = -
'01

( l x 9 )

_36
9

2 3 4 5 6

Figure 3.25: Sample image for centroid calculation.

The centroid ' C is the pixel with coordinates (3, 4) in Figure 3.25.

The area and centroid of a work-piece are found using the following functions in the
IPT:

objectdata = regionprops(O, 'all'); //Finds all the properties of the labeled

//objects

Area(i) = objectdata(i).Area; //Extracts the area and centroid informa-

Centroid = objectdata(i).Centroid; lltionfrom the determined properties

Orientation

The orientation of a work-piece is defined as the angle through which the gripper has

to rotate about the wrist so that it gets to the contact point of gripping. Due to the

complexity and risks involved in manipulating a triangle with a two-finger gripper, it

was excluded from the manipulation process. Figure 3.26 shows the contact points for

gripping a circle and a rectangle.
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j>r, p)

Figure 3.26: Orientation determination.

For a rectangle, the contact point for gripping is at the minimum point, or minimum

distance, from the centroid. The procedure for finding the minimum radius (or

distance) is discussed in section 3.4.3.2.1. If (xp, yp) represents the centroid of a

rectangular work-piece and {xmin,p, ymin,p) represents the minimum point on the

boundary from the centre in pixels, then the rotation angle for the gripper is defined as

0G=tan-ymin'p~_yp 1. (3.14)
^ Xmm,p ~Xp )

Since, a circle has equal lengths from the centre to the boundary pixels, the contact

point is always assumed to be at any point along the centre. Therefore, the orientation

is always taken to be zero degrees for a circle with respect to the orientation of the

gripper.

3.4.3.2 Shape Recognition

The choice of the features is based on the fact that the objects to be differentiated have

either a rectangular, circular, or triangular shape. Two different methods, roundness

and radius ratio, and corner detection, were considered with the latter found to be

more efficient.

3.4.3.2.1 Roundness and Radius Ratio

Roundness, sometimes also referred to as compactness, is defined as

R = (3.15)
AizA
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where P and A refer to the perimeter and area of the work-piece respectively (Jain,

1989).

Similarly, radius ratio, also referred to as a measure of eccentricity or elongation, is

defined as

R ^=_^

d
max

where dminrP and dmaXrP denote the minimum and maximum distances to the boundary

pixels from the centre of the work-piece in pixels respectively. Thus, for all the

boundary pixels the distance from the centre of a work-piece to a boundary pixel is

given as

(3.17)

Now, the pixel with coordinates (xminrP, ymm,p) has minimum distance to the centroid if

d^p < dz,p for all z, z * min. (3.18)

Similarly, a pixel with coordinates (xmaXrP, ymax,P) has maximum distance to the

centroid if

><*,., for all z , z * max. (3.19)

Figure 3.27 shows the clustering of the two features, roundness and radius ratio,

against each other. In Figure 3.27(a), the rectangle and triangle had approximately

equal length for all the sides, that is, square and equilateral triangle, making it easily

distinguishable compared to Figure 3.27(b), where the rectangle and triangle had all

the sides varying. Circular shapes were, however, easily recognized regardless of its

radius.

Thus, Figure 3.27(b) shows that it is relatively complex to differentiate rectangular

and triangular shapes, though, circular shapes are easily recognizable, prompting the

use of some other feature for shape recognition.
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Figure 3.27: (a) Clustered features for rectangle and triangle for sides with equal
length, and (b) clustered features for rectangle and triangle with sides of different

length. (Note: The plot shapes correspond to the shape of the work-piece.)

3.4.3.2.2 Comer Detection

Based on the range on shapes to be differentiated, comer detection provides a much
more realistic approach to the problem of shape recognition. This is because it is
usually the number of sides or comers that humans use for differentiating shapes.

A comer is a location on the boundary of an object where the curvature becomes
unbounded and is defined as

-77-



Chapter 3: Vision System

(3.20)

where t represents the distance along the boundary and a comer is declared whenever

\k(t)\ assumes a large value (Jain, 1989). For a digital binary image, for the boundary

pixels z = 1, 2, 3, ..., Z, if

Ax = x -x (3 2\}

Ayz=yz+s-yz (3.22)

and with the approximation that

Atz=-yjAxz +Ayz (3.23)

then using the curvature of a continuous object in Eq. 3.20,

Ay .. Ay | (Ax ., Ax \
_Zi±l ££. + —2±L 2. (3.24)

,K+l K) {K+l K)
where s denotes the sample length of the curvature in pixels. Ideally, s = 1 but in a

practical case, the curvature needs to be found at sample lengths since the pixels are

not aligned as they are in an ideal case.

A sample image of a square is shown in Figure 3.28 as an illustration of the comer

detection technique. Table 3.3 shows the technique involved in implementing Eq.

3.24 for an ideal case with s=l. From the values of the curvature \k(t)\, all the points

have zero curvature except the points just before (2, 5), (5, 2), (8, 5), and (5, 8) and,

therefore, these points define the comers for the given object. The curvature changes

just before the actual comer point because the method of calculation sees the gradient

or rate of change at a pixel defined with respect to the next pixel.
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Figure 3.28: Sample image of a square for illustration of comer detection.

Table 3.3: Steps involved in the implementation of the comer detection technique.
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A plot of t against \k{i)\ is shown in Figure 3.29 where the peaks refer to the corners,

that is, four corners. Likewise, there would be three peaks and zero peaks indicating
the number of comers for a triangle and circle respectively.

1.5
Plot oft against |k(t)|

0.5

10 12

Figure 3.29: Plot oft against \k(t

However, in practice, the sides of an object are not so straight and the comers are
usually curved. This brought about the need to sample the boundary pixels at different
lengths. Through experimentation, the best sample length was found to be 5 pixels.

Figure 3.30, 3.31, and 3.32 shows plot of t against \k{i)\ for different sample lengths

for rectangle, circle, and triangle respectively. Although, at about a sample length of 3
pixels the comers become evident, a sample length of 5 pixels was found to give best
results for all the range of work-pieces. Also, for a peak to be classified as a comer, it
has to have a value above a threshold of 0.7. The threshold is determined with respect
to the range of work-pieces being looked at. In this way, the peaks of a circle would
not classify as corners. In addition, the peaks around a major peak are not counted as a
corner.
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Figure 3.30: Sampling of a rectangle.
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Figure 3.31: Sampling of a circle.
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Figure 3.32: Sampling of a triangle.
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3.4.3.3 Color Recognition

Color, as defined by Sangwine and Home (1998), is how one interprets light and is

something which is invariant with respect to light intensity. Various color spaces are

used for representing color images for image processing. Color spaces are where

colors are specified by points in three-dimensional spaces. Some commonly used

color spaces for digital image processing are the basic RGB color space, the CMY

and CMYK color spaces, the XYZ color space, and the HSV and HSI color space.

Colors are interpreted as the varying components of the primary red (R), green (G),

and blue (B) or the RGB color space as shown in Figure 3.7. This basic color space

can be easily transformed into other color spaces. However, the RGB color space is

not preferred in inconsistent environment due to the varying R, G, and B components

of the capturing device (Gonzalez and Woods, 2002; Sangwine and Home, 1998;

Scherer et al, 2003).

Cyan (C), magenta (M), and yellow (Y), also known as the secondary colors of light,

are additions of the primary colors. A further addition of the black color to the CMY

color space produces the true black color referred to as the CMYK color space.

Furthermore, the amount of red, green, and blue required in the formation of a color,

known as the tristimulus values, are denoted as X, Y, and Z respectively. A color is

then represented by its trichromatic coefficients, x, y, and z, which are defined from

the tristimulus values. In image processing the XYZ color space is taken as rather

supplementary.

On the other hand, the color spaces HSV (hue, saturation, and value) and HSI (hue,

saturation, and intensity) are a more natural way to how humans perceive color and is

more often used for color image processing than any other color space mentioned so

far. Due to its compatibility with the current IPT, the HSV color space has been

preferred.

The HSV model was created by A. R. Smith in 1978 and this color characteristic is

also sometimes referred to as tint, shade, and tone. The HSV color model has colors

defined inside a hexcone as shown in Figure 3.33(a) with the positioning of the hue

and saturation in the model, for an arbitrary point, shown in Figure 3.33(b). Hue

describes the color type given as an angle from 0° to 360°. Typically 0° is red, 60° is

yellow, 120° is green, 180° is cyan, 240° is blue, and 300° is magenta. Saturation the

purity of a color or the amount of white added to the color and has values from 0 to 1

where 5 = 1 specifies a pure color, that is, no white. Value is referred to as the

brightness of a color and ranges from 0 to 1, where 0 is black.

- 8 4 -



Chapter 3: Vision System

Cyan
Green Yellow

Cyan( White Red

Blue Magenta

(b)

Figure 3.33: (a) The HSV color model, and (b) hue and saturation in the HSV color
model. The dot is an arbitrary color point.

The transformation from the RGB color space to that of HSV in the IPT is similar to
Rogers (1997). Consider Min = minimum[R G B] and Max = maximum[R G B], that
is, the minimum and maximum values in the vector [R G B]. The RGB values
referred here are the normalized values, that is, divided by 255 to get the range as 0 to
1 rather than 0 to 255. Computation of Hue, Saturation and Value is summarized
below.

Hue

H =

60x-
G-B + 0,

Max-Min
60x G~B +360,

Max — Min
60x B~R +120,

Max — Min
60x R~G +240,

Max-Min

if Max = RandG>B

if Max = RandG<B

if Max = G

if Max = B

(3.25)

Saturation

S =
Max-Min

Max
(3.26)

Value
V = Max. (3.27)
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For the case with Max = Min, S= 0, that is, the color lies along the central line. This

insists that it has no hue or H is undefined. Also, if Max = 0, V=0, specifying a pure

black color and since the color model reduces to a single point, by default it has no

hue and saturation.

The conversion from the RGB color space to the HSV color space is performed using

the IPT function

HSVimage = rgb2hsv(RGB);

where RGB corresponds to the original RGB (snapshot) image.

The HSV values for a single work-piece are taken from an average of 16 random

pixels between the JC and y limits of an inscribed square in the circle as shown for a

rectangle, triangle, and circle in Figure 3.34 (a), (b), and (c) respectively. The

inscribed circle has a radius equal to the minimum distance from the center of the

work-piece to its boundary as mentioned in section 3.4.3.2.1.

(a) (b) (c)

Figure 3.34: Inscribed square for (a) rectangle, (b) triangle, and (c) circle.

With reference to the dashed lines that represent a circumscribed square, the points

selected within the JC and y limits may assume values outside the boundary of the

work-piece, resulting in inaccurate values for color description. Thus, the inscribed

square is preferred with the resulting vector diagram as shown in Figure 3.35 where

JC;> mtn and JC7( „«, and yh mtn and y;, „« denote the minimum and maximum limits in the JC

andy directions respectively.
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xI,n y

Figure 3.35: Inscribed square with vector components.

Using the right angle triangle that the vectors form,

2 . ;2

+1
;2 . ;

=1+1

or

1 min,p
(3.28)

Thus, the minimum and maximum limits in the JC and y directions of the random

points are:

(3.29)

and

(3.30)

respectively. With respect to the limits, 16 random points are generated for the JC andy

directions. Finally, the &"1 random point is denoted as (xk,yk) where k= 1, 2, 3, ...., 16.

The mean color values, HSV, of a particular work-piece is then denoted as

HSV = k=\

fv{xk,yk)
k=\

K K K
(3.31)
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where K is the number of random points, 16 in this case. The 16 random points for
each work-piece that were used to approximate its color for the original RGB image
in Figure 3.8 are shown in Figure 3.36.

Figure 3.36: Scatter of the 16 random points for color recognition.

3.5 Feature Classification

Feature classification aims to categorize an object within an image to a particular
feature class from a number of possible feature classes. A feature class is defined as a
group of objects that share common feature or properties. There are basically three
types of feature classification techniques; statistical feature classification, syntactic
feature classification and using artificial neural networks (Awcock and Thomas,
1996).

In statistical feature classification, a group of feature measurements are extracted from
an input image that forms its feature vector. The feature vector is then assigned to a
particular feature class based on either some a priori knowledge of its expected
representation or from information gained through a training system. In addition,
syntactic feature classification utilizes the relationships between the structure of the
feature vectors, rather than the information within the feature vector, for classification
purposes. Moreover, the neural network architecture uses a network to store
experimental knowledge attained through a process of learning and then utilizing it at
a later stage.

For this work, the recognition of the shapes of the work-pieces is based on the fact
that a rectangle, circle, and triangle always have four, zero, and three corners
respectively. But the recognition of the color of the work-pieces requires some
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knowledge on the positioning of the color components for each color and then using
the gained knowledge to classify unknown colors. Thus, a statistical feature
classification system is utilized for this research.

3.5.1 Statistical Feature Classification

The statistical feature classification system utilized is similar to that proposed by Jain
et al (2000), as shown in Figure 3.37. The classification system is operated in two
modes: training (learning) and classification (testing). In the training mode, a database
of images is built that contains known work-pieces. The knowledge gained from the
extracted features forms the database for known work-pieces with which the classifier
is trained to distinguish the different feature classes in the feature space. An input
feature vector is then classified into one of the feature classes depending on its
measured features.

test

pattern
Acquired

Image

Classification
Training

train

pattern
Stored
Images

Pre-processing
&

Enhancement

Pre-processing
&

Enhancement

Feature
Extraction

Feature
Extraction

Classification

i

Decision

i

Learning

Figure 3.37: Model of a statistical feature classifier.

3.5.1.1 Training

Since the number of shapes and color to be differentiated is three and five
respectively, there are fifteen different possible feature classes. The training phase is
composed of five images of each class resulting in a total of seventy five images, with
each image containing three work-pieces of the same class. For shape recognition, the
a priori knowledge is utilized since the number of corners for a rectangle, triangle, and
circle are always four, three, and zero respectively. However, for color recognition,
the H, S, and V color values are obtained to represent a feature class.

Using samples of 45 work-pieces, fifteen work-pieces of each of the three shapes, for
each color, a scatter of the RGB values of each color in the RGB color space is shown
in Figure 3.38. However, in a varying environment, especially when the number of
work-pieces on the work-plane varied, color recognition using the RGB color space
produced inconsistent results. The HSV color space was then utilized, as mentioned
earlier. The mean RGB and HSV color values are given in Table 3.4. Also, the ideal
RGB values for the five colors are given. The RGB values are represented using 8-bit
channel having a range [0 255]. Hue, normally represented in degree from [0 360°], is
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normalized by division of 360°. The saturation and value are in the range [0 1]. The
mean RGB color values are different to that of the ideal values. Major reasons for
these could be the purity of the color, surface reflection of the work-pieces with
respect to the lighting setup.

250 -4 '

2 0 0 -

150 -

100 -

200

0 0

Figure 3.38: Scatter of the RGB color values for each color.

Table 3.4: The ideal RGB color values and the mean RGB and HSV color values.

Color

Red

Green

Blue

Yellow

Black

Ideal RGB color
values

[255, 0, 0]

[0,255,0]

[0,0,255]

[255,255,0]

[0, 0, 0]

Mean RGB color
values

[173.8, 64.0, 47.6]

[44.2,88.1,57.9]

[47.7, 75.2, 142.9]

[176.5, 192.8,19.7]

[45.5, 49.3, 46.3]

Mean HSV color values

[0.0271,0.7260,0.6816]

[0.3850, 0.4984, 0.3454]

[0.6184,0.6661,0.5603]

[0.1824,0.8967,0.7561]

[0.5354, 0.2304, 0.2245]

The feature vector for work-piece recognition is based on the shape recognition
feature, corner detection, and the color recognition features, H, S, and V color values.
Therefore, the four-dimensional mean feature vector, m,, is represented as

m.. =

C

H

S

V

(3.32)
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where C denotes the number of corners and H, S, and V represent the hue, saturation,

and value of the different colors for they*11 class respectively. The mean feature vector

for the fifteen different feature classes is given in Table 3.5.

Table 3.5: Mean feature vector for the fifteen feature classes.

Class, j

Red rectangle

Green rectangle

Blue rectangle

Yellow rectangle

Black rectangle

Red circle

Green circle

Blue circle

Yellow circle

Black circle

Red triangle

Green triangle

Blue triangle

Yellow triangle

Black triangle

Mean Feature Vector, m,

[4,0.0271,0.7260,0.6816]

[4, 0.3850, 0.4984, 0.3454]

[4,0.6184,0.6661,0.5603]

[4,0.1824,0.8967,0.7561]

[4, 0.5354, 0.2304, 0.2245]

[0,0.0271,0.7260,0.6816]

[0, 0.3850, 0.4984, 0.3454]

[0,0.6184,0.6661,0.5603]

[0,0.1824,0.8967,0.7561]

[0, 0.5354, 0.2304, 0.2245]

[3,0.0271,0.7260,0.6816]

[3, 0.3850, 0.4984, 0.3454]

[3,0.6184,0.6661,0.5603]

[3,0.1824,0.8967,0.7561]

[3, 0.5354, 0.2304, 0.2245]

3.5.1.2 Testing

In the testing phase, an input feature vector, obtained from a test image, is to be

assigned to one of the fifteen feature classes. The classification technique is based on

decision-theoretic approach

Decision-Theoretic Approach

In decision-theoretic approach, also known as decision or discriminant function

approach, an input feature vector gives different responses when operated on separate

feature classes. From Gonzalez and Woods (2002) and Gonzalez et al (2004), if x =

(JCI, JC2, ..., Xr)T represents an rr-dimensional feature vector, then for W feature classes
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Wi, w2, ..., ww, this approach finds Wdecision functions di(x), d2(x), ..., d^x) such that

if x belongs to class w,, then

dl{x)>dJ(x) j= 1,2,3, ...,W; j±i. (3.33)

That is, an unknown feature x is assigned to the ?th feature class if dt{x) returns the

largest numerical value after substitution in all decision functions.

Various recognition techniques, such as minimum distance classification, probabilistic

approaches, and neural network are used as decision functions. However, due to the

distinct nature of the feature classes, the simplest approach of minimum distance

classification is been taken.

A minimum distance classifier assigns an unknown feature vector based on the

minimum distance between the unknown feature vector and each of the feature

classes. The distance here refers to the Euclidean distance which is determined as

7 = 1 , 2 , . . . , W (3.34)

where || a || = (ara)1/2 is the Euclidean norm (Gonzalez and Woods, 2002; Gonzalez et

al, 2004). Hence, a feature class x is assigned to class w, if dt(x) is the smallest

distance.

For example, the classification of an unknown feature vector [4.0000, 0.5846, 0.1563,

0.1806]r using the minimum distance classification is shown in Table 3.6. The mean

feature vectors are used from Table 3.5. Since 0.1446 is the minimum Euclidean

distance, the unknown feature vector is classified as a black rectangle.

Table 3.6: Euclidean distance calculation for the unknown feature vector [4.0000,

0.5846, 0.1563, 0.1806]r.

Class

Red rectangle

Green rectangle

Blue rectangle

Yellow rectangle

Black rectangle

Red circle

Green circle

Blue circle

Euclidean Distance

0.7514

0.3705

0.5341

0.9306

0.1446

4.0700

4.0171

4.0355

Class

Yellow circle

Black circle

Red triangle

Green triangle

Blue triangle

Yellow triangle

Black triangle

-

Euclidean Distance

4.1068

4.0026

1.2508

1.0664

1.1337

1.3660

1.0104

-
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Thus, for feature classification, knowledge is first gained on the fifteen possible
feature classes through a training system. In the testing phase, an input feature vector
is assigned to one of these fifteen feature classes based on its minimum Euclidean
distance to these classes in the feature space.
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CHAPTER 4

SOFTWARE ARCHITECTURE

4.1 Introduction

This section details the software used and coding that has been performed to achieve

the operation of the overall system. Little knowledge on the usage of these was

initially available and so each step has been implemented through gathered

information and then applying them to the application needs for this work. The coding

for each phase has been done from scratch and is purely focused on the operation of

this system. Basically, three software platforms are utilized, all for different purposes.

The block diagram in Figure 4.1 shows the relationship between them and how they

interact with the external devices.

MATLAB
-Image Acquisition Toolbox
-Image Processing Toolbox

PC(MCU)

GUI

Work-piece Data
(Notepad files (.txt))

Interface Routine
(Borland C++

Compiler)

PortTalk
Driver

Enhanced
Parallel

i Port (EPP)

PCW C Compiler Tera Term

EPP
Interface

Caid

/I—N
vV

Serial Port
(RS232)

Bootloader Board
(PIC-slave unit)

Pick-and-Place Robot
Electronics Hardware

-Actuators
-Sensors

Figure 4.1: Block diagram representation of the software architecture.

MATLAB handles the general processing required for the vision section as outlined in

Chapter 3. The image acquisition and the image processing toolboxes have been

utilized for image acquisition and image processing respectively. Necessary data is

extracted from the work-pieces and saved as a notepad file in the American Standard

Code for Information Interchange {ASCII) text format.
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The interface routine, which has C++ codes complied using Borland C++ compiler,
then reads this data and does its computation of the pick position of the arms and also
the motion planning. Since the EPP cannot be accessed directly, PortTalk software is
utilized as the medium for communication. From the motion planning algorithm, the
information on the joint to be actuated, its direction of rotation, and the angle to be
rotated is communicated with the PIC microcontroller through the EPP, with the EPP
interface card as the medium.

However, the procedure for gripping and releasing are bit different compared to other
joints. The slave unit is just informed on whether to grip or to release the work-piece
and it takes care of the rest. When gripping, the PIC microcontroller processing stops
proceeding any further when enough force has been reached to successfully lift the
work-piece. Likewise, when releasing the work-piece, the gripper opens until the limit
switch has been triggered. The MCU keeps on monitoring the status of the PIC
microcontroller and as soon as the PIC microcontroller completes its specified
instructions, the MCU provides the next set of instructions. The PIC microcontroller,
housed on the bootloader board, is programmed through the RS232 serial port with
the help of the Tera Term software.

In addition, a graphical user interface (GUI) is used to integrate MATLAB with
Borland C++. The GUI is implemented using MATLAB which executes the Borland
C++ programs in the DOS command window.

The following sections discuss the individual operation and interface of all software.
Also, the design and operation of the GUI is presented.

4.2 MATLAB

The version of the MATLAB used is 7.0.4.365 (R14) with service pack 2. The
versions of the image acquisition and image processing toolboxes are 1.8 and 5.0.2
respectively. Chapter 3 gives a detailed description of the uses of each of the
toolboxes. An overview of these tasks is given in Figure 4.2.

The first three components in the form of image acquisition, image processing, and
work-piece classification have already been thoroughly discussed. Work-pieces are
classified based on their shape and color and there are fifteen classes of work-pieces.
All the work-pieces on the work-plane that belong to the same class have information
regarding their x and y coordinates (in pixels) on the work-plane, orientation, and
minimum radius saved as a n x 4 vector, where n represents the number on work-
pieces in that particular class. For example, if two objects belong to class C, then the
2 x 4 vector would be saved in the classC.txt file as
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yp

p,2 y p,2

(4.1)

where xp and yp denote the x and y coordinates of the work-piece in pixels

respectively, Oc denotes the orientation angle, and dmin p denotes the minimum

distance in pixels from the centre of the work-piece to its boundary.

Image
Acquisition

Image
Processing

Work-piece
classification

Save work-
piece data

Figure 4.2: Overview of MATLAB tasks.

The pixel coordinates xp and yp are later converted to the robot coordinate system, as

outlined in section 2.4, to compute the angular positions of the arms at the pick

position. Orientation angle of the work-piece determines the angular movement of the

gripper to align itself with the target. Lastly, the minimum distance of the work-piece

is used to estimate the gripping distance of the work-piece where the gripper will be

closing in. If the gripping distance is greater than what the gripper can cater for, then

the user is informed of this and the manipulation of the next object is dealt with.

4.2.1 Graphical User Interface (GUI)

The GUI provides an easy way for the user to relay the selection information to the

pick-and-place robot. Without the GUI, the user would need to open the respective

software and make appropriate changes regarding the work-piece specifications. This

can be useful if only specific classes of work-pieces are to be manipulated. But for

experimental purposes, the GUI is the ideal choice.

The created GUI is shown in Figure 4.3. It offers three options in the form of

analyzing the work-plane {Analyze Workplane), calibrating the robot {Calibrate), and

stopping the robot during manipulation {Stop Manipulation). For the user to view the

captured image and see if the work-pieces were recognized accurately, the analyze
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work-plane option can be selected. The calibration mode allows the user to reset the
arms of the robot and is explained in detail in section 4.3.4. The stop option is more of
an emergency button where the user has to close the DOS window performing the
manipulation process and then this icon to stop manipulation. Since the Analyze
Workplane option was taken, the images on the right of the GUI show the original
RGB image and its analyzed (binary) image.

SELECT THE OPTIONS

Analyze Workplane Calibrate Slop Manipulation

Selectthe'COLOR' and' 'SHAPE'of the Work-piece(s

COLOR

• Red

• Green

• Blue

• Yellow

• Black

SHAPE

• Rectangle

• Circle

• Triangle

Fig. a: Original Image

Fig. n: Analyzed (binary] Image

Figure 4.3: An overview of the graphical user interface (GUI).

The user can also make a selection on the color and shape of the work-piece to be
manipulated. Next, the user can click the OK button to start the manipulation. Prior to
starting the manipulation, the work-plane will again be analyzed, regardless of it
being analyzed using the Analyze Workplane option. Based on the analysis, the class
of the selection and the number of work-pieces in that class is saved in a file named
class.txt. Thus, the file contains a 1-by-2 vector as

[class n] (4.2)

where class and n represent the class of the work-piece, refer to Table 3.5, and the
quantity respectively. The Borland C++ .exe file is then executed in a dos window by
MATLAB.
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Moreover, there are also some restrictions on performing the manipulations and if the

user violates them, then an error message window displays the error. The cases for the

error with the respective error message are given in Table 4.1.

Table 4.1: Possible selection error with the respective error message.

Selection Error

Trying to manipulate without making a

selection on the shape and color of the

work-piece.

Selecting only the color and trying to

manipulate.

Selecting only the shape and trying to

manipulate.

Selecting a triangle for manipulation.

None of the work-pieces have the

selected shape and color.

Message

Please select the color and shape of the

work-piece.

Please select the shape of the work-piece.

Please select the color of the work-piece.

The robot is not capable of manipulating

a triangle. Please make another

selection.

There is no work-piece present with

respect to your selection.

For illustration of the error message window, the error message displayed for

selecting the shape and color of a work-piece that is not present on the work-plane is

given in Figure 4.4.

Selection Error

There is no work-piece present with respect to your selection.

Figure 4.4: Error message when none of the work-pieces have the selected shape and

color.

4.3 Interface Routine

The interface routine has the C++ codes compiled using the Borland C++ compiler.

The version used is Borland C++ 5.02. Since Borland C++ itself cannot communicate

with the I/O port, the PortTalk drivers are installed (Peacock, 2002). Another

executable file, Allowlo.exe, is then copied in the folder in which the actual

executable file is stored. Allowlo.exe is run together with the actual file to get access

to the I/O port.
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Furthermore, the interface routine handles the computation of the robot arms at

different positions and does the motion planning. The procedure for computing the

arm positions has been discussed in section 2.4. Hence, this section focuses more on

planning the motion to the respective positions. The program control structure is

shown in Figure 4.5. The first step is to read the class of the work-piece and the

number of work-pieces in that class respectively by reading the class.txt. If the class is

C, where C = 1,2,3, ..., 15 denoting the fifteen feature classes, then routine will open

the classC.txt file and read the JC andy coordinates (xp, yp) of the centroid, orientation

(OG), and the minimum distance (dmHp) information. The next step is to compute the

arm positions, as in section 2.4, and then plan its motion for manipulation as

discussed in the next section. Based on the number of work-pieces in the class, n, the

next set of work-piece information will be read or the manipulation will finish if there

are no more work-pieces present in the selected class.

Manipulation
(slave unit)

class.txt

(m = 0) ̂
[class fl]

r

classC.txt

(m = m+l)
t

Compute Arm
Positions

i

(pick position)

Motion Planning

i

m — n

Exit

m < n

Figure 4.5: Overview of the Borland C++ program control structure.

4.3.1 Motion Planning

For this work, the motion is planned based on some predefined conditions or

assumptions. Firstly, the joints, base, shoulder, elbow, and wrist, are actuated through

stepper motors, which give very good position integrity. Thus, the number of steps or

pulses directly corresponds to the angular movement of the respective joints. In

addition, the DC motor for rotating the gripper is also operated in a similar way, that

is, through a relationship that has been determined between the number of pulses and

the angle of rotation of the gripper. The calibration results for the stepper motors and

the DC motor for rotating the gripper are given in section 5.3.2. Instead of calibrating
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the robot, the calculated speed of the links could have been utilized in determining the

appropriate number of pulses for respective movements. But this method would not

be efficient due to the load on the joints and the different sources of errors on the

joints, mainly the looseness (or play) in the joints. Thus, calibrating the angular

movement of the robot with respect to number of steps is a more efficient approach.

Also, the opening and closing of the gripper are handled with the use of a limit switch

and a force sensor respectively. But the system does not have the intelligence to

determine the approximate weight of the work-piece it is to manipulate. So the force

with which the work-piece with maximum mass can be gripped is used for gripping

all the work-pieces.

There are basically three major positions that the EOAT can have in the C-space of

the robot. They are the home, pick, and place positions. Since the pick and the place

positions are at the same height, an additional position is taken for movement between

the pick and the place positions, termed the clearance position. The clearance position

has the same arm positions as the place position except that the elbow link rotates 30°

in an anticlockwise direction as this angle was found to be enough to rotate the base

without interference of the gripper with other work-pieces on the work-plane. Hence,

all the positions except the pick position are predefined. The initial position of the

robot has already been defined as the home position. The other positions that the robot

takes are shown as a flowchart in Figure 4.6.

Home

i r

Pick

r

Clearance

1 r

Place

Clearance

m<n

Figure 4.6: Motion planning of the EOAT.

From the home position, the robot picks the work-piece on the work-plane. It then

places the work-piece at the predefined place position by utilizing the clearance

position between the pick and the place positions. The next position depends on

whether all the work-pieces have been manipulated or still pending. If all of them

have been manipulated, then the robot returns to the home position. Otherwise, the

robot goes on to manipulate the next work-piece.
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The motions from one position of the EOAT to another are based on the differences in
the predefined or calculated angular positions of the arms from Table 2.14. Also, it is
not feasible to rotate some links in a single motion. In such cases, two motions are
taken to reach the desired angular position.

Motion planning is carried out in a sequential manner, that is, a single operation is
carried out at a time. It has to be noted that the motions are performed by the slave
unit. Borland C++ is only utilized for motion planning since this cannot be performed
with the limited memory the PIC microcontroller. The organization of the sequence is
based on the best way to reach and move away from the target position. Angular
differences between the position to reach and the initial position of the arm are used to
find the angular movement of the links.

However, it is not only these angular differences that define the movement of the
links. It theory, it is assumed that if the shoulder link moves through an angle, 6, then
the elbow and gripper links are fixed to it and rotate with it. But, in practice, the
elbow and gripper links stay in parallel to what they were initially and only rotate if
their respective actuators are energized. This concept is visualized in Figure 4.7.

Initial Position

n
Figure 4.7: The ideal and practical positions of the arms after an angular movement of

the shoulder.

After an angular movement of the shoulder joint through an angle 6 from its initial
position, the ideal and practical positions for the elbow and wrist links is shown in
Figure 4.7. It can be seen that the elbow and wrist will also need to be rotated through
the angle, 8, so that the arms are at the ideal position. This is also the case when the
elbow is rotated through an angle, but this time it is only the wrist that is affected.
However, this complexity actually makes handling of the wrist much easier. It means
that to rotate the wrist from the home to the pick position or from place to home
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position, it will need to rotate through 180°, irrespective of the movement of the other
links. Thus, the calculation of 6W, serves no purpose in motion planning of the arms.
The possible positional movements that the EOAT can have are given as a sequence
in Figure 4.8. Referring to Figure 4.8(a), the sequence of motions taken by the robot
to move from the home position to the pick position is outlined. The gripper at the
home position is facing in an upward direction and so the wrist needs a rotation of
180° to be at the pick position. Practically, the design of the gripper will cause it to
come in contact with the other links if the motion is performed in a single sequence.
This could result in a possible damage to the gripper and/or the other links it comes in
contact with. Hence, two separate motions with 90° of rotation before and after the
movement of the elbow joint get the wrist to the pick position.

(a) (b) (c) (d)

Home

| Wrist

| Elbow

| Wrist

| Base

| Gripper

C.V. place-pick >0 L Pick
-<(i

| Shoulder | Elbow

Elbow | Shoulder |

| Shoulder

| Elbow

I Grip

Clearance
(pick)

Base |

Elbow

Gripper

lRelease
Limit - /{

L""'l = n

f<F | Place ~ |

Place

+
Elbow

|
Clearance

(place)

j
Base

Gripper
T

Shoulder

Elbow
|

Grip
•P |

Pic*

| P/tfCX>

| Base

| Wrist~r
| Elbow

| Shoulder

I Elbow

1
1 Wrist

1 Home

| Pick |

Figure 4.8: Sequence of motions for (a) home to pick, (b) pick to place, (c) place to
pick, and (d) place to home.

Also, the elbow link moves to its destination in two separate motions. During the
calibration process, it was found the elbow has two separate linear relationships in
two regions, refer to section 5.3.2. Based on this, the elbow moves an angle of 90° in
the first motion, since the first region finishes at 90°, and performs the rest of the
rotation in a separate motion which is in the second region.

The gripping of the work-piece is performed by keeping in mind the feedback from
the force sensor. The threshold force, F, is the force needed to grip the work-piece.
This is the force with which the payload, maximum mass of the work-piece, can be
gripped. Determination of this force is discussed in section 5.3.1. In addition, /

-102-



Chapter 4: Software Architecture

denotes the actual force between the gripper and the work-piece, which will initially
be approximately zero. The gripping process will continue until/= F.

As with most pick-and-place systems, this system takes it for granted that the next
operation after picking (gripping) a work-piece is to place it. But the pick and the
place positions are at the same height and it would not be wise to rotate the robot arms
directly from the pick position to the place position. This is because it will result in
the gripper colliding with other work-pieces on the work-plane while on its way to the
place position. Hence, an intermediate position, termed the clearance position, is
utilized between the pick and the place positions. Only the shoulder and elbow
movements are required to get the arms to the clearance position as in Figure 4.8(b).
Basically, the clearance position has the same angular position of the shoulder as that
at the place position but the elbow clears itself in an upward (anticlockwise) direction
of 30° to the angle the elbow has at the place position. This is to avoid collision with
any other work-piece when the base rotates to the place position.

Since the shoulder is already positioned at the place position, its movement is not
required when placing the work-piece. Rotation of the elbow through the clearance
angle of 30° clockwise and anticlockwise will move the EOAT to and from the place
position respectively. The gripper also rotates so that it is at its default position, that
is, 0° orientation. When releasing the work-piece, the gripper opens until the moving
finger hits the limit switch.

From the place position, the options are to move on to pick the next work-piece, if
there are any of the same class, or to return home if there are no more work-pieces of
the same class. Figure 4.8(c) shows the sequence of motions in moving the EOAT
from the place to the pick position. The arms are rotated to the clearance position at
the place position and then to the pick position based on the difference in the angular
positions of the arm links between the two positions.

Likewise, Figure 4.8(d) shows the sequences to return to home from the place
position. The wrist is again rotated in two separate motions of 90° each to the home
position. Similarly, the elbow requires two separate motions to reach home. It is first
rotated in region 2 by an angle which is 90° less than the actual angle and so the
second motion, which is region 1, rotates the elbow through 90° to the home position.

Figure 4.9 (a), (b), (c), (d), and (e) show the picture of the robot at the home, pick,
clearance position after picking, clearance position before placing, and the place
position respectively.
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4.3.2 Communication between MCU and the PIC microcontroller

After planning each motion, Borland C++, through the EPP interface card, sends the

appropriate data to the PIC microcontroller. The data includes information on the joint

to be actuated, its direction of movement, and the angle of movement. But for

gripping and releasing, the data just includes information on either to grip or release

the work-piece. The angle information is not utilized by the PIC microcontroller when

gripping or releasing.

(c)

Figure 4.9: Picture of the RABBIT at (a) home, (b) pick, (c) clearance position after

picking, (d) clearance position before placing, and (e) place position.

There are seven lines used for the communication between the MCU and the PIC

microcontroller with the EPP interface card as the medium. The communication pins

on the EPP interface card are shown in Figure 4.10. Four lines, do to d3 are utilized for

sending the actual data, that is, the joint to be actuated, direction to be rotated, and the

angle of rotation, to the PIC microcontroller. The data enable pin informs the PIC

microcontroller that there is a data on the data line. In addition, mode selection pin

signifies whether the data is for calibration of the arms or for manipulation. A high
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signal on this pin implies calibration mode and a low signal implies manipulation
mode. The status pin informs the MCU whether the slave is busy or ready for
receiving data.

PC
(ENHANCED PARALLEL PORT)

5 V Z >

status

Vss
OND

2
7
4

6

PARALLEL PORT
CONNECTOR

EPP INTERFACE CARD

-

IP
U

o

0
_L
3
4
5
fi
7

- d-
-d,
-data enable
• mode

Figure 4.10: Connections to and from the EPP interface card.

4.3.3 Manipulation Mode

Figure 4.11 gives an ideal timing diagram for data transfer between Borland C++ and
the PIC microcontroller. Initially, the status pin is high, indicating that the PIC
microcontroller is ready to receive data. Borland C++ sends the first set of data, which
contains information regarding the joint, while activating data enable. This 4-bit data
is classified by the PIC microcontroller as given in Table 4.2.

Status

Data Enable

Data

Figure 4.11: Ideal timing diagram for communication between Borland C++ and the
PIC microcontroller.
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Table 4.2: Interpretation of the first 4-bits of data transfer between the MCU and the

PIC microcontroller.

Data Bits

D3

0

0

0

0

0

0

0

0

1

1

1

1

1

1

1

1

D2

0

0

0

0

1

1

1

1

0

0

0

0

1

1

1

1

D1

0

0

1

1

0

0

1

1

0

0

1

1

0

0

1

1

Do

0

1

0

1

0

1

0

1

0

1

0

1

0

1

0

1

Decimal

value

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

Joint

Stop

Base clockwise

Base anticlockwise

Shoulder clockwise

Shoulder anticlockwise

Elbow clockwise

Elbow anticlockwise

Wrist clockwise

Wrist anticlockwise

Gripper clockwise

Gripper anticlockwise

Grip

Release

{don't care)

{don't care)

Stop

The next data sent, followed by the rising edge of the status signal, is the angle of

rotation of the respective joint. The maximum angle data that can be sent at an

instance is 4-bits or 15° (24-l). But the maximum angle information that needs to be

sent will be below 180°. If 8-bits are used, the maximum angle information sent can

be 255° (28-l), which is acceptable. Therefore, the angle information is sent twice

with 4-bits at a time. The first set of 4-bits corresponds to the least significant bits

while the second set of 4-bits corresponds to the most significant bits. The PIC

microcontroller then goes on to perform the task at hand, keeping the status pin low to

indicate it is busy. After completing the task, it again activates the cycle of

communication by activating the status pin.

4.3.3 Calibration Mode

During manipulation, if for some reason the manipulation has to be stopped, then the

calibration mode can be utilized to help guide the robot back to the home position.

Also, since the robot works on calibration, after some finite (but many)

manipulations, the joints will deviate from their desired position. The calibration

mode can again be utilized to manually reset the robot.
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The calibration mode works on simple user inputs from the computer keyboard. Table

4.3 gives the user inputs with the respective arm movement. The keyboard buttons

used are those towards the upper side and not those towards the right hand side of

standard computer keyboards. Along with the space bar, any other unused button can

be utilized to stop any movement.

Table 4.3: Summary of the user inputs from the keyboard and the arm movement for

calibration.

Keyboard Input

1

2

3

4

5

6

7

8

9

0

-

+

Space bar or

any other unused key

Arm Movement

Base clockwise

Base anticlockwise

Shoulder clockwise

Shoulder anticlockwise

Elbow clockwise

Elbow anticlockwise

Wrist clockwise

Wrist anticlockwise

Gripper clockwise

Gripper anticlockwise

Grip
Release

Stop

After Borland C++ reads the user input from the keyboard, it activates the mode pin to

indicate calibration mode and then latches the corresponding data from Table 4.2.

Unlike, in the manipulation mode, the data enable pin and the status pins are not

utilized. The PIC microcontroller continuously actuates the respective joint until the

latched data is changed.

4.4 PIC C Compiler

The PIC CCS Compiler has been used for programming the PIC microcontroller.

Since the written programs cannot be directly loaded onto the PIC microcontroller,

the Tera Term (Pro) version 2.3, free software, was utilized. Amongst others, Tera

Term also supports communication with the serial port.

As mentioned earlier, the PIC microcontroller is only used as a slave unit performing

tasks specified to it by Borland C++. Data sent by Borland C++ is read in using an

interrupt function, implemented using an in-built timer. Timer 1, which is a 16-bit

timer, is used for this purpose. With reference to the user manual, when used with a 4
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MHz clock, an interrupt is caused every 104.8576 ms. Thus, the interrupt function
keeps on reading the input from Borland C++ every 104.8576 ms.

The communication between Borland C++ and the PIC microcontroller has already
been discussed. For all the joints, except the gripping/releasing movement, the angular
data is utilized for actuation. But, as mentioned earlier, the gripping and releasing
movements are controlled by a force sensor and limit switch respectively. The force
sensor is connected to the analogue input port, pin A0. Since port A has an 8-bit
ADC, the input voltage from the force sensor has a range from 0-255 corresponding
to 0 - 5V respectively. However, the output voltage would not reach the maximum
limit since the force sensor reaches saturation for heavier loads. The input voltage, in
volts (V), corresponding to the 8-bit value, v, is given as

V= x5. (4.3)
255

Finally, the input from the limit switch is connected to pin 2 on port E of the
PIC16F877. When opening the gripper for releasing the work-piece, the PIC
microcontroller keeps on reading the status of the limit switch and stops the gripper
open/close motor as soon as the limit switch is triggered.
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CHAPTER 5

EXPERIMENTATION AND RESULTS

5.1 Introduction

This section has been divided into two main categories. The first section discusses the

experimentation and results for the vision system. This includes the calibration of the

camera with respect to the work-plane and the accuracy of the vision system in

recognizing work-pieces based on its shape and color.

The second section looks at the calibration of the force sensor and the robot arms

along with the accuracy determination of the robot arms and the EOAT. Calibration of

the force sensor aims to determine a relationship between the applied force and the

output (response) of the force sensor. This will in turn help to determine the force

required to grip work-pieces. Similarly, the calibration of the joints of the robot aims

to find a relationship between the number of input pulses and the angular movement

of the respective joint. The accuracy for the calibration of the arms is found by

comparing the actual movement of the arms with a desired movement. The next test

aims to determine the accuracy of the EOAT through comparison of its actual position

to the desired position in a complete manipulation cycle.

5.2 Experimentations with the Vision System

5.2.1 Calibration of the Camera

The camera has been focused to its field of view on the work-plane with dimensions

of (348.14 x 261.11) mm, that is, to the horizontal to vertical ratio (4:3) of the camera

pixels. With respect to this ratio, a pixel represents approximately 1.088 mm on the

work-plane. But since the camera is manually focused on the work-plane, the position

of any point on the work-plane might not be accurately represented in the captured

image.

The following experiment intends to determine the error in determining the location

of a point on the work-plane in the x and y directions respectively. A few known

points were marked on the work-plane and their corresponding location using the

vision system was determined as given in Table 5.1. The error between these points

was then used to determine the relationship between a random point on the work-

plane and its conversion error using the vision system. This relationship can then be

used to compensate for the error in determining the centroid of a work-piece.
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Table 5.1: Actual and calculated location of the test points on the work-plane.

Actual Position

38.75

114.50

240.75

311.25

294.25

246.00

105.00

53.50

69.25

38.25

44.25

96.00

178.50

229.50

224.50

181.00

Calculated Position

39.71

115.87

239.89

310.61

293.20

246.42

106.07

54.94

yw,c

70.17

38.62

45.15

96.28

177.88

229.01

224.66

182.23

Mean Error

Standard Deviation

Error

Axw

-0.96

-1.37

0.86

0.64

1.05

-0.42

-1.07

-1.44

±0.98

0.32

Ayw

-0.92

-0.37

-0.90

-0.28

0.62

0.49

-0.16

-1.23

±0.62

0.33

A single pixel of the camera represents a distance of 1.088 mm on the work-plane.

Since the centre of the pixel is used to represent a point, there is always a

measurement error of ±0.54 mm. The mean error can now be reduced by this value

and, thus, the mean error between the actual and calculated values can be taken to be

negligible.

5.2.2 Accuracy in Recognizing Work-pieces

The aim of this experiment is to determine the accuracy of the vision system in

recognizing the work-pieces with respect to its shape and color. Experimentation is

performed in the stable environment that the overall system is located in, which

includes the structured lighting system.

Testing included work-pieces with all the range of colors and shape scattered within

the work-plane of the pick-and-place robot. The color of the work-pieces was exactly

the same as the ones utilized during the training phase. But the size of the work-pieces

varied implying that rectangles, circles and triangles of different dimensions were

tried out. Also, the number of work-pieces on the work-plane varied from one to fully

congested. This was done because while working with the RGB color space, the

accuracy in color recognition decreased as the number of work-pieces on the work-

plane increased. One reason for this is that reflections from work-pieces cause

variation in the true color of the neighboring work-pieces and this variation increases

with the number of work-pieces surrounding a work-piece. This also confirms the

knowledge gained from literature work that the RGB color space is usually not the

best way forward for color recognition. The HSV color space was then utilized for

color recognition and this gave 100% accuracy for color recognition.
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For shape recognition, the combined features of roundness and radius ratio were

initially utilized. The combined 2D features gave 100% accuracy only when the sides

of the rectangle and triangle were equal in length, that is, with the shapes square and

equilateral triangle. However, as the lengths were varied, the accuracy of the system

decreased, except for the circle, and this prompted the use of the number of corners

for shape recognition. This approach yielded 100% success for shape recognition.

5.3 Experimentation with the Robot

5.3.1 Calibration of the Force Sensor

The output value of the force sensor is resistance, that is, when a force is applied to

the active sensing area of the sensor, the resistance at the terminals decreases. Firstly,

masses at an increment of 100 g, up to 1.0 kg, were appropriately gripped by closing

the gripper. Table 5.2 shows the resistance at the terminals of the force sensor

corresponding to the different masses.

Table: 5.2: Data for force sensor resistance for gripping work-pieces with different

masses.

Mass (kg)

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Resistance, Rs (kQ)

110.0

63.6

42.0

30.1

23.9

19.8

18.0

15.5

14.0

12.8

A plot of the work-piece mass against the corresponding output resistance of the force

sensor is shown in Figure 5.1. It can be seen that there is a hyperbolic reduction in the

resistance of the sensor with an increase in the mass of the work-piece.

Mathematically, this hyperbolical relationship is given as

R =
12.623

m
0.9618

(5.1)
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where m and Rs denote the mass (kg) of the work-piece and the corresponding
resistance (kQ) at the terminals of the force sensor respectively.

In addition, an increase in the mass of the work-piece means an increased amount of
force to successfully grip it. It can be said that the force sensor resistance decreases
hyperbolically with an increase in force between the gripper fingers and the work-
piece.

I
O
c
to

a.
o
V)
<B
CO

110

100

90

80

70

60

50

40

30

20

10

Plot of Work-piece Mass against the Sensor Resistance

\
\
\
\
A
\
\
\
\
\
\

\

u X: 0.4
Y: 30.1

^ \ ^ ^ I

I
I
I
I

_ _

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Work-piece Mass (kg)

0.8 0.9

Figure 5.1: Relationship between the mass of the work-piece being gripped and the
resistance at the terminals of the force sensor.

However, the above relationship cannot be used to determine the actual force that
corresponds to a particular resistance at the terminals of the force sensor. Thus,
another experiment is performed to determine the resistance at the terminals of the
force sensor at different forces. This is achieved by applying a known force on the
active sensing area of the force sensor and then measuring its output resistance. Table
5.3 shows the values of the known forces and the corresponding resistance at the
terminals of the force sensor.

Similar to Figure 5.1, the force sensor resistance decreases hyperbolically with an
increase in the applied force, as shown in Figure 5.2. Referring to Figure 5.1, when a
work-piece with a mass of 400 g (0.4 kg) is gripped, the output resistance is 30.1 kd..
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Thus, from Figure 5.2, a resistance of 30.1 kQ. corresponds to approximately 16 Nof

force.

Table 5.3: Data for the resistance of the force sensor at different applied forces.

Force (N)

1.0

2.0

3.0

4.0

5.0

6.0

7.0

8.0

9.0

Resistance

(*n)
1120.0

410.0

227.5

156.6

116.8

96.9

74.0

63.9

59.5

Force (N)

10.0

11.0

12.0

13.0

14.0

15.0

16.0

17.0

18.0

Resistance

(*n)
52.0

43.8

40.2

37.1

34.4

32.8

30.2

28.0

26.6

Force (N)

19.0

20.0

21.0

22.0

23.0

24.0

25.0

26.0

27.0

Resistance

(*n)
25.2

23.9

22.6

21.0

19.5

18.2

16.9

16.2

15.4

1200

1000

CO

OH
o

800

S 6 0 0

400

200

Plot of Force against the Sensor Resistance

" 4

\
\\\\

^ -^

X: 16
Y: 30.2
-

10 15
Force (N)

20 25 30

Figure 5.2: Relationship between the applied force and the force sensor resistance.

The relationship between the applied force, F, and the related resistance, Rs, of the

force sensor from Figure 5.2 is given as

R =
933.64

771.2452 (5.2)
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where F and Rs denote the applied force (N) and the corresponding resistance (kQ.) at

the terminals of the force sensor respectively.

Equating the two resistances from Eq. 5.1 and 5.2 and making F the subject of the

formula gives

12.623 933.64
0.9618 7^1.2452

1.2452 _ 9 3 3 . 6 4 0.9618

12.623 ( 5 3 )

933.64 ngfi.oV-2452

m
U 2.623

F = 31.69m07724

Hence, Eq. 5.3 provides a means of estimating the force needed to manipulate work-

pieces of different masses. Using Eq. 5.3, the force needed to grip a work-piece with a

mass of 0.4 kg would be approximately

^ = 31.69(0.4)07724

= 15.615 JV

which is very close when compared to the force of 16 N determined previously.

5.3.2 Calibration of the Pick-and-Place Robot

As mentioned earlier, the joints of the robot are actuated using stepper motors and DC

motors. These motors, except the DC motor to open/close the gripper, are operated

based on calibration. The speeds of the stepper motors are already known but due to

the error in the transformation of this speed from the motor to the respective joints, it

becomes very difficult to predict the speed of the joint. These errors can be mainly

attributed to the looseness (or play) in the machined timing pulleys which allow the

timing belts to slip in the groove. Thus, the stepper motors have been calibrated to

determine the relationship between the number of input pulses and the angular

movement of the respective joint.

The DC motors do not offer the sort of position integrity that stepper motors possess,

unless they are equipped with feedback sensors such as encoders. However, to

determine an approximate relationship, similar to stepper motors, the DC motors are

operated with input pulses.
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The calibration of the motors for the different joints is presented below. The

calibration results for the both, clockwise and the anticlockwise, directions are same

for all the motors.

Base

Table 5.4 shows the calibration data for the base motor where a dash (-) denotes the

set/reset position. Calibration has been done for the clockwise direction and is also

same for the anticlockwise. Five tests were carried out with ten runs in a single test.

Also, the tests were carried out with a fixed number of pulses, forty in this case, as it

is taken into consideration that the rotation of the stepper motors has a linear

relationship with the number of pulses sent to it. That is, increasing the number pulses

by a factor k will also increase the angular rotation by the same factor.

Pulses

(APs=40)

0

40

80

120

160

200

240

280

320

360

400

Aft,(

Test

e
-48.50

-41.00

-33.50

-26.50

-20.00

-12.00

-5.25

2.25

9.00

16.25

23.25

Table
1

Aft
-

7.50

7.50

7.00

6.50

8.00

6.75

7.50

6.75

7.25

7.00

7.18

; 5.4: Calibration data for the base joint.
Test

9

-47.25

-40.25

-33.00

-26.50

-18.50

-11.50

-4.75

2.50

9.50

16.50

23.75

2

Aft
-

7.00

7.25

6.50

8.00

7.00

6.75

7.25

7.00

7.00

7.25

7.10

Test

9

-49.50

-41.50

-34.25

-27.25

-20.50

-12.75

-5.25

1.75

8.50

15.50

22.50

3

Aft
-

8.00

7.25

7.00

6.75

7.75

7.50

7.00

6.75

7.00

7.00

7.20

Tesi

9

-43.00

-34.75

-27.75

-20.50

-13.50

-6.00

0.50

8.00

15.00

22.50

29.50

4

Aft
-

8.25

7.00

7.25

7.00

7.50

6.50

7.50

7.00

7.50

7.00

7.25

Test

9

-45.00

-37.50

-30.50

-23.00

-16.75

-8.75

-1.50

5.50

12.25

19.25

26.50

5

Aft
-

7.50

7.00

7.50

6.25

8.00

7.25

7.00

6.75

7.00

7.25

7.15

The angle 9 denotes the angular position of the base while Aft denotes the angular

rotation with respect to the previous position of the base. The average angular

movement of the base joint for a single test, Aft,,, can be expressed as

N
(5.4)

thwhere n represents the n input till N and each input has forty pulses.
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Finally, with the number of tests carried out, the number of pulses, APB, required to

rotate the base through the angle, Aft, is then given as

APB = mBA0B (5.5)

where mB denotes the calibration constant for the base. With t being the f" number of

tests till T, mB can be expressed as

APBxT
(5.6)

That is, the calibration constant is the number of input pulses divided by the average

rotation of the base joint for all the tests.

Hence,

(40X5)
^(7.18,7.10,7.20,7.25,7.15)

= 5.57

Shoulder

The calibration of the shoulder joint is similar to that of the base. Calibration data for

the shoulder is given in Table 5.5. Equations derived for the base joint are also

applicable for the shoulder joint.

Pulses

(AP^200)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Aft,(

Table 5
Test

e
352.25

348.75

345.50

341.75

338.50

335.00

331.75

328.50

325.00

321.75

318.50

1

Aft
-

3.50

3.25

3.75

3.25

3.50

3.25

3.25

3.50

3.25

3.25

3.38

.5: Calibration <
Test 2

e
350.00

346.75

343.50

340.25

337.00

333.75

330.25

327.00

323.75

320.25

317.00

Aft
-

3.25

3.25

3.25

3.25

3.25

3.50

3.25

3.25

3.50

3.25

3.30

iata for the shoulder joint.
Test

e
349.00

345.75

342.75

339.25

336.25

332.75

329.50

326.25

323.25

319.75

316.50

3

Aft
-

3.25

3.00

3.50

3.00

3.50

3.25

3.25

3.00

3.50

3.25

3.25

Test 4

e
348.50

345.00

341.75

338.75

335.25

332.00

328.50

325.25

322.00

318.50

315.25

Aft
-

3.50

3.25

3.00

3.50

3.25

3.50

3.25

3.25

3.50

3.25

3.33

Test

e
347.25

344.00

340.75

337.25

333.75

330.75

327.00

323.75

320.50

317.00

313.50

5

Aft
-

3.25

3.25

3.50

3.50

3.00

3.75

3.25

3.25

3.50

3.50

3.38
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Using the equations derived for the base joint (Eq. 5.6), the calibration constant for
the shoulder joint is similarly given as

m (200X5)
s ^(3.38,3.30,3.25,3.33,3.38)

= 60.10

Elbow

However, the behavior of the elbow link was found to be varying for the two separate
regions shown in Figure 5.3. This can be mainly attributed to the looseness (or play),
as mentioned earlier, in the elbow joint which did not give a fixed relationship with
the angular movement of the link. The approach taken for analysis of the elbow joint
in both the regions is similar to the previous two joints.

• f Wrist Joint

Elbow Joini

ion I

I
Wrisi Joini

+ f

Region 2

-r Wrisi Joini

Figure 5.3: Calibration regions for the elbow link.

The calibration data for the elbow joint in regions 1 and 2 is given in Table 5.6 (a) and
(b) respectively.
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Pulses

(APE1=50)

0
50

100

150

200

250

300

350

400

450

500

A0E,,t

Table 5.
Test

6

207.75
203.50

198.75

194.75

190.50

186.50

183.00

179.25

175.25

170.75

166.75

5(a): Cahbratior
1

AGn

-
4.25

4.75

4.00

4.25

4.00

3.50

3.75

4.00

4.50

4.00

4.10

I data for the elbow joint in region 1.
Test 2

6

205.50
201.50

196.25

192.50

187.50

183.50

179.75

176.50

172.00

167.25

163.00

A0n

-
4.00

5.25

3.75

5.00

4.00

3.75

3.25

4.50

4.75

4.25

4.25

Test 3

6

203.50
199.25

194.50

190.50

185.75

181.25

177.00

173.75

169.50

165.50

161.50

A0n

-
4.25

4.75

4.00

4.75

4.50

4.25

3.25

4.25

4.00

4.00

4.20

Test 4

6

206.00
202.00

198.00

193.75

189.25

184.25

180.00

176.25

172.75

168.75

164.25

A0n

-
4.00

4.00

4.25

4.50

5.00

4.25

3.75

3.50

4.00

4.50

4.18

Test

6

204.25
200.25

195.75

192.00

187.25

182.00

178.00

174.50

171.00

166.50

162.50

5

A6n

-
4.00

4.50

3.75

4.75

5.25

4.00

3.50

3.50

4.50

4.00

4.18

The calibration constant for the elbow joint in region 1 is given as

(50X5)
^(4.10,4.25,4.20,4.18,4.18)

= 11.96

Region 2

Pulses

(AP^=50)

0
50

100

150

200

250

300

350

400

450

500

A9E2,t

Table
Test

6
142.25
138.25

134.75

131.00

127.50

124.00

120.75

117.00

113.00

108.75

105.25

5.6(b):
1

AGn

-

4.00

3.50

3.75

3.50

3.50

3.25

3.75

4.00

4.25

3.50

3.70

Calibration data for the <
Test

6

139.75
136.00

132.75

129.00

125.25

121.75

117.75

114.25

110.50

107.25

103.50

2

AGn

-

3.75

3.25

3.75

3.75

3.50

4.00

3.50

3.75

3.25

3.75

3.63

Test

6

136.50
133.25

129.75

126.00

122.25

118.25

114.75

111.25

108.00

105.00

101.50

;lbow joint in region 2
3

AGn

-

3.25

3.50

3.75

3.75

4.00

3.50

3.50

3.25

3.00

3.50

3.50

Test 4

6
144.25
141.25

137.50

133.75

130.25

126.50

122.75

118.75

115.25

111.50

107.75

A9n

-

3.00

3.75

3.75

3.50

3.75

3.75

4.00

3.50

3.75

3.75

3.65

Test

6

141.50
138.50

135.00

131.75

128.25

124.75

121.00

117.50

113.75

110.00

106.75

5

AGn

-

3.00

3.50

3.25

3.50

3.50

3.75

3.50

3.75

3.75

3.25

3.48
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The calibration constant for the elbow joint in region 2 is given as

- - (50X5)
(3.70,3.63,3.50,3.65,3.48)

= 13.92

Wrist

The calibration data for the wrist joint, with a similar approach as with the base and

shoulder joints, is given in Table 5.7.

Pulses

(A/V200)

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Mw.t

Test

e
288.25

279.75

271.50

263.25

254.50

245.50

237.50

228.75

220.50

212.00

203.50

Table
1

Aft
-

5.50

5.25

5.25

5.75

9.00

8.00

8.75

8.25

8.50

8.50

8.48

5.7: Calibration
Test

6

285.75

277.50

269.00

260.50

251.75

243.75

235.25

227.00

218.25

209.75

201.25

2

Aft
-

5.25

5.50

5.50

5.75

5.00

5.50

5.25

5.75

5.50

5.50

8.45

data for the wrist joint.
Test

6

282.75

275.00

266.50

257.75

249.75

241.25

233.50

225.00

216.25

208.00

200.25

3

Aft
-

7.75

8.50

8.75

8.00

8.50

7.75

8.50

8.75

8.25

7.75

8.25

Test 4

6

286.25

278.25

269.75

261.75

252.75

244.75

236.50

227.75

219.50

211.75

202.75

Aft
-

5.00

5.50

5.00

9.00

8.00

8.25

8.75

8.25

7.75

9.00

8.35

Test

6

283.25

275.00

266.50

258.75

250.25

242.25

233.50

225.50

217.00

208.75

200.50

5

Aft
-

5.25

5.50

7.75

8.50

8.00

8.75

8.00

8.50

8.25

8.25

8.28

The calibration constant for the wrist joint is given as

(200X5)
w ^(8.48,8.45,8.25,8.35,8.28)

= 23.92

Gripper (rotate)

As mentioned earlier, the motor for rotating the gripper is a DC motor. DC motors do

not offer good position integrity compared to stepper motors until feedback sensors,

such as shaft encoders are utilized. However, for this work, the approach taken is

based on an open loop system where the DC motor is operated at a fixed frequency

and duty cycle. It has been calibrated under these conditions and the calibration
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procedure considered here is different to that of stepper motors. That is, different

number of pulses was used to drive the DC motor and the average angular rotation of

the gripper was then used to find the relationship between the two variables. The

calibration data for rotating the gripper about the wrist is given in Table 5.8.

Table 5.8
Pulses (P)

Angle

Mean

: Calibration data for the rotation of the gripper about the wrist.
10

6

175.50

178.00

180.50

183.00

185.50

188.00

190.50

193.00

195.00

197.50

200.25

-

2.50

2.50

2.50

2.50

2.50

2.50

2.50

2.00

2.50

2.75

2.48

20

6

197.00

204.25

211.50

217.50

225.50

232.50

239.75

246.25

253.25

258.00

263.25

-

7.25

7.25

6.00

8.00

7.00

7.25

6.50

7.00

4.75

5.25

6.63

40

6

183.25

199.00

215.25

231.25

247.00

262.50

277.25

291.25

305.25

319.50

202.25

218.00

-

15.75

16.25

16.00

15.75

15.50

14.75

14.00

14.00

14.25

-

15.75

15.20

60

6

191.50

215.50

240.25

263.75

286.25

308.50

328.75

194.00

218.50

243.00

265.75

289.50

-

24.00

24.75

23.50

22.50

22.25

20.25

-

24.50

24.50

22.75

23.75

23.28

Table 5.8 contd

80

e
193.00
226.50

260.00

291.00

320.00

187.50

220.75

254.50

285.50

315.75

182.50

216.25

250.50

A0n

-
33.50

33.50

31.00

29.00

-

33.25

33.75

31.00

30.25

-

33.75

34.25

32.33

100

e
176.00
218.25

259.25

297.50

197.50

241.00

280.50

316.00

203.25

245.75

285.50

321.50

208.75

251.75

A0n

-
42.25

41.00

38.25

-

43.50

39.50

35.50

-

42.50

39.75

36.00

-

43.00

40.13

120

6

180.00
231.25

280.50

192.25

244.25

292.25

203.25

253.25

301.00

211.75

263.75

308.75

219.00

270.00

315.50

A0n

-
57.25

49.25

-

52.00

48.00

-

50.00

47.75

-

52.00

45.00

-

51.00

45.50

49.18

150

6

188.00
248.50

307.50

177.75

243.25

303.50

187.00

252.00

310.75

181.00

246.50

306.00

176.00

243.00

304.50

A0n

-
60.50

59.00

-

65.50

60.25

-

65.00

58.75

-

65.50

59.50

-

67.00

61.50

62.25
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The relationship between the number of input pulses, APG, and the angular rotation of

the gripper, A0G, can be mathematically expressed as

APG=mGA0G (5.7)

where mG represents the calibration constant for the gripper. The calibration constant

is found using the calibration data, in Table 5.8, by determining the equation of the

best fit line for a plot of the input pulses against the average angular rotation, and it

was found to be 2.3.

A summary of the calibration results for all the joints is given in Table 5.9. The

relationship for each movement is given such that the number of pulses required for a

particular angular movement could be determined.

Table 5.9: Summary of the calibration results.

Movement

Rotate base

Rotate shoulder

Rotate elbow
Region

Region

Rotate wrist

Rotate gripper

1

2

Relationship

APB

APS--

*Pw =

APG

= 5.57A0J

= 6O.1OA0S

= 11.96A0B,

= 13.92A0g2

= 23.92A<9r

= 2.3A0G

5.3.3 Accuracy of the Joints

The accuracy of the joints is performed by sending a command to rotate an arm link

through a desired angle and then measuring the actual movement of the joint. Tests

are again carried out for one direction only and it is assumed that it has the same

accuracy in the opposite direction.

Results for the accuracy tests are presented in Table 5.10 - 5.14 for the base,

shoulder, elbow (region 1 and 2), wrist, and the gripper joints.
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Table 5.10: Accuracy tests for the base.

Desired Angle

Mean Error

20

Actual

-47.75

-29.00

-46.50

-27.50

-45.25

-26.00

-44.50

-25.75

-47.00

-28.00

Error

-7.25

-7.00

-0.75

-1.25

-1.00

-1.05

40

Actual

-46.50

-8.00

-45.25

-6.50

-44.25

-5

-47.25

-8.25

-45.75

-7.00

Error

-7.50

-7.25

-0.75

-1.00

-1.25

-1.15

60

Actual

-48.25

10.25

-47.00

11.75

-45.50

13.25

-47.25

11.25

-46.00

13.00

Error

-7.50

-7.25

-7.25

-7.50

-7.00

-1.30

80

Actual

-47.50

31.25

-46.50

32.00

-44.50

34.50

-47.00

32.00

-46.50

32.25

Error

-7.25

-7.50

-7.00

-7.00

-7.25

-1.20

Table 5.11: Accuracy tests for the shoulder.

Desired Angle

Mean Error

20

Actual

351.00

331.50

351.75

332.00

352.25

332.75

352.75

333.50

353.50

334.00

Error

-0.50

-0.25

-0.50

-0.75

-0.50

-0.50

40

Actual

350.00

310.75

350.75

311.50

351.75

312.25

352.25

313.25

353.25

314.00

Error

-0.75

-0.75

-0.50

-1.00

-0.75

-0.75

60

Actual

349.50

290.00

350.25

290.75

351.00

291.50

351.75

292.25

352.50

293.00

Error

-0.50

-0.50

-0.50

-0.50

-0.50

-0.50

80

Actual

353.25

274.00

353.75

274.25

354.25

275.00

355.00

275.50

355.50

276.00

Error

-0.75

-0.50

-0.75

-0.50

-0.50

-0.60
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Desired Angle

Mean Error

Table 5. L2a: Accuracy tests for the elbow-region

20

Actual

262.25

245.00

258.00

240.00

255.75

237.50

258.00

240.50

260.00

242.50

Error

-2.75

-2.00

-1.75

-2.50

-2.50

-2.30

40

Actual

261.25

223.75

259.75

221.75

257.5

220.25

262.00

224.50

261.50

224.25

Error

-2.50

-2.00

-2.75

-2.50

-2.75

-2.50

60

Actual

260.50

202.75

258.50

201.00

257.00

199.00

261.50

204.25

259.75

202.25

Error

-2.25

-2.50

-2.00

-2.75

-2.50

-2.40

1.

80

Actual

261.75

184.00

260.25

183.25

258.75

181.25

260.00

182.75

258.25

180.75

Error

-2.25

-3.00

-2.50

-2.75

-2.50

-2.60

Desired Angle

Mean Error

Table 5.

20

Actual

176.00

157.75

174.50

156.00

173.50

154.50

172.00

154.00

171.25

153.00

12b: Accuracy tests for the elbow-region

Error

-7.75

-7.50

-7.00

-2.00

-1.75

-1.60

40

Actual

201.25

162.50

199.75

161.75

198.00

159.25

196.50

157.75

195.00

156.50

Error

-7.25

-2.00

-1.25

-1.25

-1.50

-1.45

60

Actual

209.25

151.00

207.00

148.50

204.50

146.00

202.25

144.00

199.75

141.75

Error

-7.75

-7.50

-7.50

-7.75

-2.00

-1.70

2.

80

Actual

211.25

132.50

208.00

130.25

205.00

126.50

202.00

123.00

198.50

120.25

Error

-7.25

-2.25

-1.50

-1.00

-1.75

-1.55
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Desired Angle

Mean Error

Table 5.13
20

Actual

288.25

269.25

287.00

268.25

285.50

266.25

284.00

265.25

283.00

264.25

Error

-7.00

-7.25

-0.75

-1.25

-1.25

-1.10

: Accuracy tests
40

Actual

289.00

250.50

287.50

248.50

286.25

247.5

285.00

246.75

283.75

244.75

Error

-7.50

-7.00

-7.25

-7.75

-7.00

-1.30

for the wrist.
60

Actual

290.00

231.00

288.75

230.50

287.25

228.5

286.50

227.50

285.00

226.25

Error

-7.00

-7.75

-7.25

-7.00

-7.25

-1.25

80

Actual

291.50

213.25

289.00

210.50

288.50

210.5

287.00

208.25

286.00

207.00

Error

-7.75

-7.50

-2.00

-1.25

-1.00

-1.50

Desired Angle

Mean Error

Table 5.14:
20

Actual

181.25

202.25

183.25

204.75

185.00

206.75

187.00

208.25

189.25

210.75

Error

7.00

7.50

7.75

7.25

7.50

1.40

Accuracy tests for the gripper.
40

Actual

179.00

221.50

181.25

223.25

183.75

227.00

185.50

228.00

188.00

230.75

Error

2.50

2.00

3.25

2.50

2.75

2.60

60

Actual

178.25

241.75

180.50

245.00

182.25

245.75

184.50

247.75

187.00

250.75

Error

3.50

4.50

3.50

3.25

3.75

3.70

80

Actual

180.25

265.00

182.75

268.00

185.00

270.5

187.25

271.50

189.00

273.50

Error

4.75

5.25

5.50

4.25

4.50

4.85

A summary of the accuracy tests for all the joints is given in Table 5.15. It can be seen

that the error for the base, shoulder, elbow, and wrist joints are approximately

constant. On the other hand, the error present for the rotation of the gripper has a

linear relationship with respect to the desired angular movement and the number of

pulses. This is because the base, shoulder, elbow, and wrist joints are actuated using

stepper motors while the gripper is rotated using a DC motor. Stepper motors provide

high position integrity compared to DC motors, unless the latter has a feedback

system incorporated in it.

- 124 -



Chapter 5: Experimentation and Results

Since the speed of the links or joints of the robot is low and the payload is small, it is

assumed that inertia effects due to acceleration and torque on the joints under load are

negligible. As mentioned earlier, the only source of error evident is the looseness (or

play) in the joints. That is, the joints had an inconsistent amount of movement as was

seen when one tried to move the links manually. This can be improved by further

considering the design issues surrounding this problem as no more work has been

carried out on this.

Table 5.15: Summary of the results for the accuracy of the joints.

Movement/rotation

Base

Shoulder

Elbow
Region 1

Region 2

Wrist

Gripper

Error (°)

e ,=-1 .18

e s =-0 .59

^ , = - 2 . 4 5

eE2 =-1.58

ew =-1.29

eG=O.O5730G +0.275

Standard Deviation

(<0
0.09

0.10

0.11

0.09

0.14

-

Repeatability

(±3o)

±0.27

±0.30

±0.33

±0.27

±0.42

-

5.3.4 Accuracy of the EOAT

The final tests involved determining the accuracy of the EOAT. Seven points were

defined within the work-plane as pick positions as shown in Figure 5.4. These points

were defined in terms of pixels which include the minimum reach for the arms at

point E and the maximum reach at points A and C.

WORKPLACE

am

F E

~?

D
•

ROBOT ORIGIN
<BASE JOINT) ( 0 ^ v

PLACE POSITION

Figure 5.4: Pick positions for accuracy tests of the EOAT.
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From the home position, the robot plans its motion to the pick position and then to the

place position. Finally, the arm makes its way back to the home position. The results

only include the accuracy of the EOAT at the pick position since the error at the place

and home positions is negligible and difficult to measure using the measurement

method being utilized.

Table 5.16 gives the coordinates of these points in terms of pixels and its

corresponding coordinates in the robot C-space. Also, the centre of the pixels is used

for transforming the coordinates to the C-space of the robot. With respect to the origin

(base), the height of the gripping point is given as the height of the gripper minus the

vertical distance between the base and the shoulder joints and is equal to 86.

Table 5.16: Coordinates for the accuracy tests of the robot.

Pick position

Point

A

B

C

D

E

F

G

Coordinates

(pixels)

(1.1)

(160,1)

(320,1)

(320,240)

(160,240)

(1,240)

(160,120)

Coordinates in robot

C-space

(-173.53, 369.56, -86.00)

(-0.54, 369.56, -86.00)

(173.53, 369.56, -86.00)

(173.53, 109.54, -86.00)

(-0.54, 109.54, -86.00)

(-173.53,109.53, -86.00)

(-0.54,240.10,-86.00)

Five test runs were done for each point and the results for points A-G are presented in

Table 5.17.

Table 5.17: Test results for accuracy for the EOAT at positions A-G.

Test 1

Test 2

Test 3

Test 4

Test 5

Pick-A

(-173.53, 369.56, -86.00)

(-169.00,368.50,-84.00)

(-170.00, 369.50, -83.00)

(-169.00,368.50,-83.00)

(-169.50,368.50,-83.50)

(-169.00,368.50,-83.00)

Mean Error

Standard Deviation, o

Repeatability, ±3o

Error

(-4.53,1.06,-2.00)

(-3.53, 0.06, -3.00)

(-4.53,1.06,-3.00)

(-4.03,1.06,-2.50)

(-4.53,1.06,-3.00)

(-4.23,0.86, -2.70)

(0.40,0.40, 0.40)

±(1.20,1.20,1.20)
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Test1

Test 2

Test 3

Test 4

Test 5

Pick-B
(-0.54, 369.56, -86.00)

(4.00, 365.50, -85.00)

(3.00, 365.50, -85.00)

(3.50, 365.00, -84.00)

(3.50, 366.00, -83.50)

(4.00, 366.00, -83.50)

Mean Error

Standard Deviation, 0

Repeatability, ±30

Error

(.4.54,4.06,-1.00)

(-3.54,4.56,-1.00)

(.4.04, 4.56, -2.00)

(-4.04, 3.56, -2.50)

(-4.54, 3.56, -2.50)

(-4.14,4.06, -1.80)

(0.37,0.45, 0.68)

±(1.11,1.35,2.04)

Test 1

Test 2

Test 3

Test 4

Test 5

Pick-C
(173.53, 369.56, -86.00)

(171.50,367.00,-87.00)

(170.00, 367.50, -87.00)

(173.00, 367.50, -86.50)

(172.50, 367.00, -87.00)

(172.50, 367.50, -86.50)

Mean Error

Standard Deviation, o

Repeatability, ±3o

Error

(2.03,2.56,1.00)

(3.53,2.06,1.00)

(0.53, 2.06, 0.50)

(1.03,2.56,1.00)

(1.03,2.06,0.50)

(1.63,2.26, 0.80)

(1.07,0.24, 0.24)

±(3.21,0.72,0.72)

Test1

Test 2

Test 3

Test 4

Test 5

Pick-D
(173.53,109.54, -86.00)

(172.00,110.50,-82.50)

(172.00,110.75,-83.00)

(171.50,111.00,-82.50)

(172.50,111.00,-82.50)

(172.50,110.00,-83.00)

Mean Error

Standard Deviation, 0

Repeatability, ±3o

Error

(1.53,-0.96,-3.50)

(1.53,-1.21,-3.00)

(2.03,-1.46,-3.50)

(1.03,-1.46,-3.50)

(1.03,-0.46,-3.00)

(1.43, -1.11, -3.30)

(0.37,0.37, 0.24)

±(1.11,1.11,0.72)
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Test1

Test 2

Test 3

Test 4

Test 5

Pick-E
(-0.54, 109.54, -86.00)

(-4.00,113.00,-83.00)

(-4.00,114.00,-82.00)

(-3.00,113.00,-82.50)

(-4.00,113.50,-83.00)

(-3.50,113.00,-82.50)

Mean Error

Standard Deviation, o

Repeatability, ±3o

Error

(3.46, -3.46, -3.00)

(3.46, -4.46, -4.00)

(2.46, -3.46, -3.50)

(3.46, -3.96, -3.00)

(2.96, -3.46, -3.50)

(3.16, -3.76, -3.40)

(0.40,0.40, 0.37)

±(1.20,1.20,1.11)

Test1

Test 2

Test3

Test 4

Test 5

Pick-F
(-173.53,109.53, -86.00)

(-172.00,108.50, -82.00)

(-171.00,108.00,-82.50)

(-171.50,108.00,-82.50)

(-171.00,107.50,-82.00)

(-172.50, 108.50, -83.00)

Mean Error

Standard Deviation, o

Repeatability, ±3o

Error

(-1.53,1.03,-4.00)

(-2.53,1.53,-3.50)

(-2.03,1.53,-3.50)

(-2.53, 2.03, -4.00)

(-1.03,1.03,-3.00)

(-1.93,1.43, -3.60)

(0.58,0.37, 0.37)

±(1.74,1.11,1.11)

Test 1

Test 2

Test 3

Test 4

Test 5

Pick-G
(-0.54,240.10,-86.00)

(4.00, 237.50, -83.00)

(3.00, 238.50, -83.50)

(4.00, 237.00, -83.00)

(3.50, 237.50, -83.50)

(4.00, 237.50, -83.00)

Mean Error

Standard Deviation, o

Repeatability, ±3o

Error

(-4.54, 2.60, -3.00)

(-3.54,1.60,-2.50)

(-4.54,3.10,-3.00)

(-4.04, 2.60, -2.50)

(-4.54, 2.60, -3.00)

(-4.24,2.50, -2.80)

(0.40,0.49, 0.24)

±(1.20,1.47,0.72)
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The absolute value of the maximum error for each axis for all the points is

(4.24, 4.06, 3.60). The error of the EOAT in the z-direction is not so important

compared to the JC and y directions since it determines the dimensions of the work-

piece that the gripper can manipulate. With respect to the maximum error for the JC

and y directions respectively, the work-piece should be approximately 5 mm shorter

along the axis of gripping for a possible manipulation.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

A vision system capable of locating and differentiating work-pieces placed of the 2D
work-plane of a pick-and-place robot has been developed. The vision system consists
of an overhead mounted camera along with an application specific lighting system.
Upon user interaction with a GUI, a snapshot of the work-plane is taken and analyzed.
The work-piece recognition is done with respect to its shape and color. Two methods
in the form of the combined features roundness and radius ratio, and corner detection
were tried for shape recognition and the RGB and HSV color spaces were utilized for
color recognition.

A combination of features roundness and radius ratio was initially tried out for shape
recognition. Due to inefficient results, a more natural approach of corner detection
was later utilized which turned out to give 100% results for shape recognition. Also,
for color recognition, the initial method of representing the color of the work-pieces in
the basic RGB color space produced inconsistent results especially under a varying
environment. However, the latter method of representing and recognition using the
HSV color space proved better results by giving 100% results for color recognition.

Moreover, the design of the pick-and-place robot that performs the manipulation of
the work-pieces, based on the user specifications and analysis using the vision system,
already existed but a few design changes were sought especially to the weak
mechanical structure. The robot is powered through a power distribution board that
itself is powered by a 24 V/ 20 A supply. Actuators in the form of stepper and DC
motors perform the movement/rotation of the arm links and joints. Sensors in the form
of a force sensor and a limit switch control the operation of the gripper.

The control structure of the system constitutes of a MCU (PC) and a slave unit in the
form of a PIC microcontroller. The MCU performs the general vision processing and
motion planning for manipulation. It then informs the slave on the joints of the robot
to be actuated along with the angle and direction of rotation. In case of the movement
of the gripper, the MCU just instructs the slave whether to grip the work-piece or to
release it and the slave unit handles the rest.

Furthermore, the vision system hardware, especially the camera, has been calibrated
to the field of view of the work-plane and it produces negligible errors in locating the
true position of the work-pieces. The accuracy of the EOAT of the robot is though
quiet low with absolute maximum errors expected around the work-plane to be (4.24,
4.06, 3.6) mm. This can be attributed mainly to the loose joints of the robot that have a
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certain degree of looseness (or play) in it mainly due to inaccurate machining of

timing pulleys. Taking into consideration that there is no feedback on the joints of the

arm, these sorts of errors can be expected as it forms an open loop system.

However, the major aim of this research was to get the robot in a functioning state and

integrate it with a vision system so that work-pieces located within the work-area of

the robot can be recognized and located. This has been successfully achieved and

shows dimensions for further research.

Firstly, for the vision system, all aspects were achieved successfully except the

separation of touching and overlapping work-pieces. Some work, using the watershed

segmentation, has already been carried out for touching work-pieces and this can be

extended further for better results in separation of touching and overlapping work-

pieces. Also, more work on shape recognition can be done such that three-

dimensional (3D) shape recognition could be performed.

Next, to increase the accuracy of the EOAT, feedback in the form of vision or

positional on the joints may be utilized. This would ensure higher accuracy of the

EOAT and, hence, would mean more accuracy in manipulating work-pieces. It would

also allow for work-pieces of greater gripping length to be manipulated. In addition,

the sequential motion planning technique makes it difficult to manipulate work-pieces

that are not oriented in-line with the gripper. Possible solutions to this could be to

either reconsider the motion planning algorithm or to modify the EOAT. The later

seems to be more appropriate since the first approach might require a possible change

in the overall architecture of the system. Change in the gripping process through

utilization of methods such as magnetic force or suction would be easier to apply. In

addition, using this method, the DC motor for rotating the gripper would not be

needed as there will not be any need to rotate the gripper to orient with the work-

pieces. This change will also solve the problem of manipulating a triangle.

Also, with reference to the SFMS mentioned in section 1.3, it is desired to have the

overall system implemented in the Linux platform so that it can also be controlled

over the internet. Linux is preferred because it offers high security in terms of data

transfer between computers and in restricting unauthorized access of the control

system.

Finally, this dissertation presents the design and implementation of a vision based

pick-and-place robot. It looks at the use of in-house available technology in

development of this system which is intended at understanding the usage of vision

and motion in demonstrating flexible manufacturing concepts. Since this is a purely

in-house developed system rather than the use of off the shelf products in achieving a

goal, it would be valuable for anyone intending to do similar work.
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Appendix A

Appendix A: Details of stepper motor and its driver card

Technical specifications of the unipolar stepper motor drive board (RS Components,

2002).

Technical Specifications

Board supply voltage

Board supply current

Motor current per phase

Motor supply voltage

On-board dc output

Clock (step) input frequency

External control inputs

15-30 Vdc

60mA*

2A max.

30V dc max.

12V dc, 50mA max.

1 Hz - 25 kHz max.

IOJIS min. pulse width

C-MOS/open collector

T.T.L. compatible

Logic ?0?: 0 V

Logic T : 12 V

*Note: If the motor and board are sharing the same power supply, the current capability of the supply
should be at least 2x(motor current per phase)+board current

Auxiliary output
(12 V50mAdc)

1
External Controls

Full/half step -

Clock

Direction -

Preset

OVdc
(ground) Board supply

(15-30 Vdc)
i+V

-r

-25 27

-24

-23

-22

32 31 30 29

Unipolar Stepper Mo lor
Drive Board

Board and motor share
same supply

V motor (30 V de max.)

Motor windings
(DI-O4

Pin configuration of the unipolar stepper motor drive board (RS Components, 2002).
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Appendix A

Phase numbering and color coding of the stepper motors (RS Components, 2001).

Phase

0 1

$ 3

0 1 & 0 3
common

0 2

0 4

0 2 & 0 4
common

Lead

1

3

5

6

2

4

7

8

Color

Orange

Blue
White

Red

Brown

Black

Green

Yellow

Phase layout of the stepper motor (RS Components, 2001).
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DETAIL 1: CAMERA MOUNTING DETAIL 2: WORKPLANE MOUNTING

KEY:
o - SCREW SLOTS

RONEEL VIKASH SHARAN

THE UNIVERSITY OF THE SOUTH PACIFIC
APPENDIX B: DESIGN OF EXPERIMENTAL SETUP (DETAILS)

15/08/05
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FORCE SENSOR

I

LIMIT SWITCH 1

PARALLEL PORT
CONNECTOR

EPP INTERFACE CARD

•Full/half step GND

• Clock
UNIPOLAR STEPPER MOTOR 13 B

-Direction DRIVEBOARD

.GRIPPER OPEN/CLOSE

NOTE:
1. THE POWER SUPPLY FOR ALL THE CIRCUITS COMES

FROM THE POWER DISTRIBUTION BOARD.
2. THE RESISTOR R CONNECTED TO THE PHASE OF THE

WINDINGS IS A COMBINATION OF THE RESISTORS SHOWN
BELOW.

ion >ion

ion ?ion

GRIPPER ROTATE
MOTOR

•Full/half step GND

• Clock
UNIPOLAR STEPPER MOTOR 13 •

•Direction DRIVEBOARD

Board and motor
share same supply

1 Clock

UNIPOLAR STEPPER MOTOR 13 B

1 Direction DRIVE BOARD

RONEEL VLKASH SHARAN

THE UNIVERSITY OF THE SOUTH PACIFIC
APPENDIX C: ELECTRONICS CIRCUIT DIAGRAM



Appendix D

Appendix D: Comparison of the captured image at different lighting positions

a = 175 mm and c = 131 mm
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) Image
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Window
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Appendix D

a = 205 mm and c = 160 mm

File Tools Window Help

4
Pixel info:(X, Y) [RGB]

ace Tool 2 - Binarv inverted

a = 220 mm and c = 175 mm

File Tools Window Help

Pixel info: (X,Y) [RGB]

A.

Image Tool 4 - Binary_inverte(f
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Appendix E

Appendix E: Comparison of different size and coefficient of the correlation kernel

Size: 3 x 3

Coefficient: 0.7 Coefficient: 0.4

File Tools Window Help
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File Tools Window Help
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Size: 5 x 5

Coefficient: 0.7 Coefficient: 0.4
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Size: 7x7
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Size: 9x9
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