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Preface

Welcome to the fascinating world of intelligent machines! Imagine machines that
might someday think, see. and communicate by voice very much the same as you
and T do. Such machines will become a reality through the direct application of
concepts from a branch of computer science called artificial intelligence, or Al In
this book, you will learn about the basic concepts of Al and how Al is applied to
produce intelligent machines.

An area that is particularly suited to applied machine intelligence is robotics.
An intelligent robot must be capable of sensing its surroundings and responding to
a changing etvironment much the same as we do. In fact, the robot that can
perform humanlike intelligent tasks is the ultimate. intelligent machine. For this
reason, this book focuses on the applications of artificial intelligence to robotic
systems. You will learn about voice communication systems, vision systems, range
and navigation systems. and tactile sensing svstems.

In the field of artificial intelligence, it often seems as though the author is
talking to his or her colleagues rather than you, the student. In robotics, important
operational concepts are often left out of the discussion. This book is my attempt
to separate the wheat from the chaff. I have strived to write a readable text that
zeros in on the important concepts of artificial intelligence and how those concepts
can be applied to produce intelligent machines. At the end of this book, you will
not only understand the what’s, but more important, the why’s and how to’s,

One prerequisite to reading this book is a fundamental knowledge of Boolcan
algebra, such as you might get in a digital electronics or introductory computer
science course. In addition, vou should have a basic understanding of how simple
electronic components, such as resistors, caracitors, inductors, diodes, and trans-
istors, operate.



x Preface -

This book is meant to be used at the introductory level as a first exposure to
artificial intelligence and/or intelligent machines. As a result, the book is ideal for a
one semester introductory course in undergraduate technology, engireering, and
computer science programs. The basic concepts learne here will prepare you for
niore advanced study in the areas of artificial inielligence, vision systems, voice
communication systems, tactile sensing systems, and intelligent machines in
general. ' .

. The first chapter lays the foundation for the rest of the text. Chapters 2 and
3 are devoted entirely to a discussion of the basic concepts of artificial intelligence
and the related field of knowledge representation. Chapters 4 through 8 discuss the
application areas of speech synthesis, speech recognition and understanding, vision,
range finding and navigation, and tactile sensing, respectively.

Several people have made valuable suggestions and contributions during the
preparation of this book. I want to thank Vince Leonard and Bob Kochersberger
of Jamestown Community College, Pete Ho of the University of Missouri—Rolla,
and finally, Marvin Minsky of the Massachusétts Institute of Technology for giving
me insight into the tremendous potential of Al

Andrew C. Staugaard, Jr.
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1 Intelligent Robotics

The field of robotics is in a state of rapid development. Early robots were nothing
more than clever mechanical devices with cams and stops that performed simple
pick-and-place operations. As computer technology improved, robots became more
sophisticated. Computer contro} allows robots to perform more precise industrial
operations, such as welding, spray painting, and simple parts assembly. However,
such operations do not really require the robot to “think.” The robots are simply
programmed to perform a seties of repetitive tasks. If anytiung interferes with the
preprogrammed task, the robot must be stopped, since it is not capable of sensing
its external environment and thinking igs way out of a problem. For robots to
become more efficient, maintenance free, and productve, they must be capable of
sensing external conditions and thiaking very much like you do. Such abilisies
require the direct application of artificial intelligence and sensory. perception.

THis brief chapter lays the foundation for the entire text. The chapter begins
with an overview of robot technology leading to a discussion of industrial versus
personal robots, the limitations of robots, and the future of robotics. Elements of
intelligent robotics, such as programmability, flexibility, input/output, an& sensory
feedback are introduced in preparation fo. subsequent chapters.

L J

1-1 ROBOT TECHNOLOG / ' .

There has been much discussion as to what type of apparatus constitutes a robot.
For instance, a pilot flying an airliner operates controls that activate various air
control surfaces to allow the plane to fly a course {:om point A to point B: Clearly,
this is not a robotic type of action, but rathe: the effect of ditect mechanical -

*
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2 : Intelfigent Robotics  Chap. 1

linkages between the pilot and the control surfaces. But suppose that the airliner is
equipped with a'computer-based navigation control system. Such systems are
capable of literally “flying” the airplane from take-off to landing without any inter-
ference from the pilot. A passenger cannot tell who is flying the airplan€, the pilot
or the computer. Does the plane become a robot when being flown by the com-
puter? Many contend that a machine becomes a robot when it can pertform physical
tasks without human intervention. Does this make the computer-flown airplane, or
for that matter your automatic dishwasher, a robot?

Webster defines a robot as “an automatic apparatus or device that performs
functions ordinarily ascribed to human beings or operates with what appears to be
almost human intelligence.” The Robot Institute of America says, “a robot is a
reprogrammable, multifunctional manipulator designed to move material, parts,
tools, or specialized devices through variable programmed motions for the per-
formance of a variety of tasks.” Do either of these definitions rule out a computer-
flown airliner or your automatic dishwasher from being classified as a robot?

Most people think of the devices pictured in Figure 1-1 as robots. But what
makes these devices different from your automatic dishwasher? Is it the fact that
they are computer controlled? Many automatic dishwashers on the market today
are microprocessor based, and thus computer controlled.

As you can see, it is rather difficult to nail down a precise definition for a

"

Figure 1-1 (a) Ideal for complex or
heavy-duty materials-handling tasks,
the 73586 Robot from Cincinnati
Milacron has infinitzly variable six-
axis positioning and a payload capac-
ity up to 225 pounds. In addition to
handling hefty loads at high speeds
and performing in hazardous or
difficult-to-reach places, it can load
and unload machines, palietize, in-
spect, sort, weld, and assemble. Tne
T2586 features a hydraulic power
system, a simple hand-held reach
pendent for the operator to lead it
through its moves, and an advanced
computer control. (b) Cincinnati




Sec. 1-1 Robot Technology

Milacron’s all electric, computer-
controlled, T3726 Industrial Robot
-for welding, plasma cutting, parts
handling, or assembly applications.
The T3726 Robot features a pay-
load capacity of 14 pounds, six axes
of motion, and Milacron’s unique
three-roll wrist for true application
flexibility. Each axis is powered by
its own dc motor. (c) Cincinnati

Milacron has introduced a low-cost
new robot specifically developed for
materials-handling tasks. The new
T?363 is the first in a series Milacron
designed to bring the flexibility of
robots to materials-handling applica-
tions at an affordable price. At an
average cost of under $30,000, the
all-electric T*363 will move payloads
up to 110 pounds and perform most
materials-handling tasks, including
palletizing, parts handling, package
handling, and machine loading and
unloading. It has three standard axes
of motion, with the option of a
fourth, and an easy-to-use micro-
processor-based control capable of
running a work cell. (Courtesy Cin
cinnati Milacron)




4 Intelligent Robotics  Chap. 1

robot. However, most people think “robot” when they see a machine performing
much like a human being, exhibiting a certain degree of “intelligence.” Thus, a
robot must possess a certain degree of rgachine, or artificial, intelligence: For now,
I will leave the precise definition of a robot to Webster and the Robot Institute of
America. However, I will attempt to define machine, or artificial, intelligence in a
subsequent chapter. ) .
-Robots have developed along two paths: industrial and domestic. Industrial
robots, such as those pictured in Figure 1-1, have been developed to perform a
variety of manufacturing tasks, such as machine loading/unloading, welding, spray
painting, and simple product assembly. However, most industrial robots have very
limited sensing ability. If assembly parts are not presented to the robot in a precise,
repetitive fashion, the robot cannot perform its task. If an object enters the work
area of a 1obot, the robot and the object will likely collide, resulting in damage to
both. In other words, most industrial robots are unintelligent, and cannot hear, see,
or feel. Imagine trying to teach a person with all these handicaps to perform pre-
cision assembly operations. To become more efficient and productive, an industrial
robot must be capable of sensing its suryoundings and possess enough intelligence
to respond to a changing environment much the same as we do. Thus, elements of
"sight, touch, and corrective action (intelligence) are essential to the evolution of
industrial robotics. i

Domestic or personal robots have been developed primarily for the home
hobbyist market. Most of these devices are capable of voice synthesis (speaking),
sensing light levels, detecting motion, and moving about with simple programmed
instructions and sonar-type navigation systems. However, existing domestic robots,
like their industrial counterparts, have limited intelligence, thereby limiting their
applications.

Suppose you require a domestic robot that will perform a simple everyday
task: like cleaning off the kitchen table and washing the dishes after each meal.
Imagine the sensing abilities and intelligence that such a robot must possess! First,
it must be able to distinguish the dishes and eating utensils from other objects, like
the morning paper, that might be on the table. Then it must have the ability to
pick up and manipulate the delicate dishes, perform the washing and drying task,
and place the dishes and utensils in their proper storage location. In addition, it
must be capable of sweeping up and disposin 3 of any broken dishes, as well as com-
pensating for any change in its environment during the cleaning task. And what
happens if the pet cat gets in its way during the washing operation? Of course, the
robot must also be capable of receiving voice commands to warn it of any impending
disaster or to alter its operation. ' '

Now imagine the additional sensing abilities and intelligence that the same
domestic robot must have to perform other household tasks, such as washing

. clothes, running the vacuum, cleaning the bathroom, taking out the garbage, and
mowing the grass. Such an advanced robot must pcssess sensing and intelligence
abilities similar to those of a human. .

From the preceding discussion, it is clear that the two ma’requirements of

O
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Sec, 1-2 End-Effectors . @ 5

an advanced robot (industrial or domestic) are that it must sense its surroundings
and be intelligent enough to compensate for changes in its environment. In fact,
you could say that sensory perception and intelligence are the common denomina-
tors of any advanced robot. ‘

In most cases, intelligent robots will eventually incorporate elements of vision,
touch, and speech recognition, all of which require the direct application of artificial
intelligence. Such a robot must also possess adequate manipulators and end-effectors
to perform the given task. Thus, the three key ingredients 8 an intelligent robot
must be sensory perception, intelligence, and adequate end-effectors 10 perform a
variety of applications tasks. Let’s take a closer look at each of these three funda-
mental components of an intelligent robot in preparation for the material that
follows in later chapters. :

1-2 END-EFFECTORS

Robot end-effectors, or hands, can take on many forms. In general, end-effectors’
are the mechanical devices with which the robot manipulates the real world. The -
devices required to operate the robot’s sensors must also be included. If a robot
uses a TV vision system, it.must be able to turn and focus the camera in the direc-
tion it wishes to see. For industrial robots, end-effectors also include the tools
required to perform a given task. .

Much of the research on robot endgeffectors has been centered on improving
the flexibility of the robot’s hands and arms. Currently, most industrial end-
effectors are single degree of freedom devices specialized to a given task. Examples
include welding torches, paint sprayers, two-fingered grippers, and vacuum cups.
Several of these specialized industrial end-effectors are illustrated in Figure 1-2.
However, such designs are not well suited for general-purpose operations. As ®
result, many researchers are attempting to develop multifingered grippers similar
to the human hand. This is not an easy task since the human hand has 22 individual
joints, or adis of motion. The best attempts have only resulted in three-fingered
grippers.

The design of end-effectors is a science in itself. Aside from the actual me-
chanical design, any associated control software must be developed. This is com-
plicated by the fact that the end-effector %iﬂcorporate various sensing devices.
The sensing devices are used to measure an ed back process variable data so that
control decisions can be made. This"is referred to as sensory feedback. The con-
troller software must then coordinate any movement of the end-effector with the
sensory feedback data. The mechanical design technology required for sophisticated
and-efectors will not be covered in this book. Rather, my emphasis in subsequent
lapters will be on the fundamental concepts of artificial intelligence and sensory
feedback ‘hat must be incorposated into any sophisticated end effector, or manip-
1 lator, design
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(c) (d)

Figure 1-2 Most industrial end-effectors are singie degree of freedom devices
specialized to a given task: (a) standard gripper; (b) arc welder; (c) spot welder;
(d) paint spraver.

1.3 SENSORY PERCEPTION

Sensory perceation, or feedback, must be incorporated into 1.bot designs if robots
41e to becorae more than just mechanical manipulators. The categories of sensory
perception include vision, tactile sensing, range finding, and voice comrnunication,
In most robot applications, tae preceding order of categories represents the relative
: pplication enhiancement priority. In other words, the possible range of applications
of a robot is enhanced the most by vision. Tactil* sensing, or touch, runs a close
second, especially for industrial asserably operations. Many existing product assem-
bly tasks employ some form of tactile sensing in lieu of vision. Range finding is
reqaired for three-dimiensional (3-D) vision and also for position and proximity, or
nearness, sensing. Range{inding techniques are also important for robot navigation,
wherther a reobot is stutionary and navigetes its gripper ¢ moebile and navigates its
Bony. Finally, voice corwmunication is iess important. but makes the rohot
friendly and permits verbai person-to-rcbot communicazion for prog
nd contro’ purposss. Let’s take a short look at each of ¢

more
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Sec. 1-3 Sensory Perception 7
Vision

Vision is probably the single most important sensing ability that en intelligent
robot can possess. An industrial robot that can “see” is capable of patts recognition,
parts sorting, and precision assembly operations. Likewise, a domestic robot requires
a sense of vision to perform everyday household tasks and to navigate from room to
room. Any robot would be more intelligent if it could acquire information about its
environment through its own vision system rather than being limited to a knowledge
base provided by its programmer. Thus, a robot vision system can actually be used
to build the knowledge base of the robot.

The science of computer vision is called visual machine perception. Visual
perception is easy for us since once we become familiar with an object it 1s easily
recognized. We scem to just “know” that a dog is a dog and a cat is a cat. However,
visual perception is very difficult for a computer. An enormous amount of artificial
intelligence is required for a computer, or robot, to distinguish between a dog and
a cat.

Simple computer vision systems detect different levels of light. These systems
typically utilize a light-dependent resistor (LDR) or phototraasistor circuit to trans-
late light levels to a proportional analog voltage level. The analog voltage is then
converted to a digital value with an analog-to-digital {A]D) converter and read by
the compuier. Such a system is illustrated in Figure 1-3. A robot using this system
can be rcadily programmed to awaken you at sunup or to detect when an object is
in a given position. However, it cannot really rzcognize an object or perceive its
sur-oundings. Actually, you could say that the system described is a light-detection
system rather than a vision system.

True computer vision involves the transformation, analysis, and understanding
of light images. As a result, the science of computer vision can be reduced to three
fundamnental tasks: image transformation, image analysis, and image understanding.

Image transformation involves the conversion of light images into electrical
signals that can be used by a computer. Many existing computer vision systems

+Vee

| 1 T T
] Arlog ‘
Digital } signal
dat.
b g deta | Q"I‘“ LDPR or
- ' SR— phototransistor
(,on'_muter ! A/D converter
circuit
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8 Intelligent Robotics Chap. 1

utilize a TV camera, photodiode array camera, or change-coupled device (CCD)
camera for the imaging device, or eye, as illustrated in Figure 1-4. As the camera
scans a scene, its output is converted to a digital code by an A/D converter and
stored in memory as a digital image. The computer must then analyze the digital
images and apply some degree of artificial intelligence to understand the scene. - A
“Once a light image is transformed into an electronic image, it must be
analyzed to extract such image information as object edges, regions, boundaries,
color, and texture. In some systems, the digital images are compared to imagé
templates to classify and recognize objects in the scene. The image templates have
been previously stored in the computer memory for the comparison task. Using the
template technique, the computer can recognize distinct, well-defined patterns.
However, the problem is in storing enough memory templates to cover all possible
scenes in a given environment. More intelligent systems use edge and region image
analysis methods. In these systems, the edges and regions of objects in the scene
are analyzed in order to generate information for the image-understanding process.
For a c@puter to truly see, it must be capable of understanding a given
scene and use the knowledge gained from the scene for future problem-solving
tasks. This is by far the most difficult of all computer vision tasks and requires the
direct application of artificial intelligence. Image transformation, analysis, and
understanding are covered in Chapter 6.

Analog
signal

Computer
system —
Digital
data | A/D
converter
Memory Digital
template scene

- —_— . TV camera
— Compare ———

e =

—— —_— -

Figure 1-4 Many existing vision systems utilize a TV camera as the visual sensing
device.

2
Tactile Sensing

Next to vision, tactile sensing, or touch, most enhances a robot’s abilities.
Like a blind person, a blind robot can be extremely eifective in performing an
assgmbly task using only a sense of touch. In fact, many times tactile sensing is
more critical to a precision assembly operation than is vision.

Dunng a precision assembly task, an industrial robgt must be capable of
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sensing any problems encountered during assembly from the interaction of parts
and tools. Such interference and fit problems are created by part tolerance, mis-
talignment of parts, tool wear, and the like. For example, suppose an industrial
robot is making a gear assembly. One gear is to be placed on an axle, followed by
a second gear on an adjacent axle. The teeth of the second gear must mesh with the
teeth of the first gear. Using its tactile sensing abilities, the robot must sense any
interference between the two gears and rotate the second gear until its teeth mesh
with those of the first gear. If the robot cannot see what it is doing, this would be
an impossible assembly task without tactile sensing. Imagine trying to perform the
same operation blindfolded and without any sense of touch—impossible!

The term compliance describes the allowed movement between mating parts
for the purpose of alignment during assembly tasks. In other words, a compliant
obot “complies” with external forces by modifying its motions in order to mini-
L)ize those forces. A robot that could successfully perform the preceding gear
assembly operation by compensating for interference bétween the gears would be
called a compliant robot. There is both active and passive compliance. Active com-
pliance employs sensory feedback, such as tactile sensing, whereas passive compli-
ance does not incorporate any sensory feedback.

As you will discover in Chapter 8, simple tactile sensing can be accqmplished
by placing microswitches, strain gauges, pressure transducers, and optical sensors
in the end-effector of the robot. Magnetic Hall-effect devices and sonas-sensors are
also sometimes used. However, the most important parameter that must be measured
to achieve tactile sensing is force. To accomplish this, strain gauge and pressure
transducers are commonly placed on the robot’s arm, wrist, and fingers. In addition,
artificial skin pads that sense pressure are placed on the robots gripper. These tactile
arrays provide a sense of feel for the robot and can be used to determine the posi-
tion and orientation of an object and to aid in the identification of unknown
objects.

Information generated by these various force-sensing devices can be trans-
mitted to the central robot computer or analyzed by sensing cellsSocated within
the manipulator. Sensing cells are single-chip microcomputers dedicated to the
tactile sensing task. This subject is dealt with further in Chapter 8.

_ Range Finding and Navigation
¥ .

Range, or distance, data must be obtained in order for a robot to create the
3.D information necessary for real-world navigation. Such information is required
whether the robot is stationary and navigating its gripper or mobile and navigating
its body. Vision systems can employ stereo cameras used like your eyes to deter-
mine depth through triangulation. However, vision systems are relatively sophis-
ticated and expensive. Many simple robot navigation problems do not require such
a sophisticated solution. ) :

A simpler solution to range finding is found in time-of-flight ranging systems.
These systems measure the amount of time it takes a radio signal, sound, or light to



