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Preface to the
Second Edition

Welcome to the second edition of Mobile Robots: Inspiration to Im-
plementation. In the five years since the original publication of our
book we have witnessed a transformation in mobile robotics. Once
an arcane craft practiced only in a rarefied set of university research
labs, mobile robotics is now gaining an expanding following. Robots
are regularly featured in TV shows and magazines, Emﬁ,cﬁuos in
robotics is available at numerous high schools and colleges; &ONmSm of
robot contests are held annually around the world, robot clubs have

sprung up m<9.%€59.¢ and thousands of web pages are devoted to’

robots.

As we had hoped and expected, the pace of robotic development
has quickened- and the achievements of mobile robots have become
ever more impressive. Thus, we felt it was high time to update,
revise, and expand Mobile Robots to reflect this progress.

To the many readers of our first edition; we offer our heart-felt
thanks and appreciation. The success of Mobile Robots: Inspiration
to Implementation has both surprised and gratified us. The book has
been reprinted a dozen times and has been translated into Japanese,
German, and French. Enthusiasts new to robotics and vetern roboti-
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cists alike have responded to our text more positively than we ever
imagined. Our goal was to widely disseminate knowledge of how to
design and build robots. The achievement of this goal has outpaced
our dreams. ,

Changes

This new edition has several expanded and updated chapters as well
as three completely new chapters.

Chapter 2 has been completely revised using Fischer-Technik
~ parts to build the TuteBot. These parts are easier to acquire in
single quantities than LEGO components ai‘:ow were used for the
original TuteBot.

Chapter 3 has been expanded. It now includes a full explanation
of how to add memory-mapped devices to your robot.

The chapter on sensors, Chapter 5, includes new devices and
more driver code. Revisions to other chapters have been made as
well.

To answer the oft asked question “But what can you do with a
robot?” we have added a new chapter, Chapter 10. Here a number
of engaging projects suitable for Rug Warrior, the robot presented
in the book, are described. Some projects even include crucial code
segments.

Examples are key to understanding. And there can be few more
pertinent examples in robotics than attempts by commercial and
research interests to build “real” robots. A second new chapter,
Chapter 11, contains examples of this kind.

In the course of our continuing experience in robotics we have
seen many examples of less than optimal robot design. A third new
chapter, Chapter 12, contains heuristics and advice we hope will be
helpful in this regard. Here we list principles that have guided us
toward the successful completion of robot projects.

Appendix B has been completely revised. In the first edition, this
appendix contained a single all-encompassing, but perhaps confusing
program. The revised appendix contains numerous simpler and more
easily understood programs for Rug Warrior.

The World Wide Web offers to the robot builder informational re-
sources vastly greater than the ones with which we originally worked.
The Yellow Pages, Appendices C-E, one of the most applauded fea-
tures of the first edition, have been updated and revised and now
include web references wherever possible.

Finally, a new appendix, Appenndix F details the large and grow-
ing list of robot contests.

We have included the preface to the first edition of Mobile Robots
for completeness. The reader should note that the chapter references
there reflect the original chapter numbering which has changed for
this new edition. Also, the Motorola MC68HC811A0 microprocessor
which was indicated at the time to be out of production is in fact
still available.

Opening the Black Box

Modern technology sometimes succeeds too well at hiding the details
of its functionality. In years past, a child could gain an understanding
of mechanics by disassembling a wind-up clock. A child of today will
find inside the black box of a digital clock only more black boxes.
The function of these boxes (integrated circuit chips) is Ta&ms at a
level impenetrable to eyes of the curious.

Robots are at a stage of development where they can Udbm back
some of this lost “discoverability.” You can still take off the top
of the robot, poke around inside, change some things mba see what
happens. This is a key goal for us: to open the black box and 3/6@_ :
what is inside. And it is for this reason that we strongly encourage
you to work with a robot of your own. A deep understanding of the
technology can be-attained not by reading, but only by doing.

Rug Warrior and Rug Warrior Pro

For the first edition of Mobile Robots: Inspiration to Implementation
we developed a robot called Rug Warrior. Rug Warrior was a con-

_ venient vehicle for us as it gave us a consistent platform on which

to hang our examples. We imagined that readers would acquire
the components for Rug Warrior and build their own robots from
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scratch. Toward that end we included in the first edition detailed
information about how specific components could be purchased.

Unfortunately, building a robot from scratch is a daunting task
especially if you do not have access to a fully-supplied stock room.
Many readers who tried to construct a robot in this way found that
they learned much more about ordering from vendors, fulfilling min-
imum purchase requirements, and tracking down scarce components
than they learned about robot building. It was the vocal distress of
such readers that led our publisher to offer Rug Warrior in kit form.

Recently, a new version of the robot called Rug Warrior Pro™
was developed. Rug Warrior Pro™ is fully compatible with the
original version but has increased functionality. The original Rug
. Warrior, however, is highly embedded in the text. This led to a
dilemma in regard to updating the book. Should we simply ignore
the advances of Rug Warrior ProT™? Or should we redo every ex-
ample to conform to the new robot even when the changes are not
material to the point under discussion?

We resolved the problem by adopting a two-robot policy. Rug
Warrior continues in its original roll as our primary example robot
for describing sensor and actuator attachment. Information about
Rug Warrior’s circuit board and components is provided for those
stalwarts who wish to build from scratch. Significant new features
implemented in Rug Warrior Pro™ are described separately. These
new features need not be lost to builders of Rug Warrior—an inex-
pensive upgrade module that effectively converts Rug Warrior into
Rug Warrior Pro™ is available from the publisher.
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Preface

The design and construction of mobile robots is as much an art as a
science. The intent of Mobile Robots: Inspiration to Implementation
is to explain the skills involved in a manner amenable to as. broad
an audience as possible. Our aim is to teach you, the reader, how to
build a robot. With the recent wide availability ‘of home computers
and the tremendous reductions in costs for microelectronics, building
mobile robots with an assortment of sensors and actuators is within
the reach of nearly everyone. e .

This book is designed to appeal to readers on a variety of levels.
First, for novices and those eager to jump in and get their hands
dirty, there are basic lessons on the tools of the trade and the craft
of building things and long appendices of suppliers and distributors
of interesting robot parts. Chapter 2 plunges right in and leads
the reader through a tutorial design example of possibly the world’s
simplest robot, but nevertheless a complete system. This is TuteBot
(for, Tutorial Robot), an obstacle-avoiding robot comprised solely
of two motors, two wheels, two bump switches, and a few discrete
-electronic components. The TuteBot exercise should conjure up a
plethora of questions and incite the imagination for many ways to
make the robot better and act more intelligently.
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With TuteBot as a warmup, we then introduce a more sophisti-
cated robot based on software control, Rug Warrior. The remaining
chapters after TuteBot are designed to convey basic knowledge about
the building-block technologies that make up a robot: sensors, actu-
ators, a power supply, and an intelligence system. The progression of
Chapters 3 through 8 instructs you on how to put together the hard-
ware subsystems of Rug Warrior: microprocessor-controlled sensors
and actuators, the mechanics of a locomotion system, and a capable
battery supply. Rug Warrior has enough sensors and actuators to
enable a richer class of behaviors than TuteBot (such as chasing peo-
ple, avoiding obstacles, moving towards noises, hiding in the dark,
and playing music).

; Our purpose is not to publish a cookbook but rather to put to-
gether an exposé on enough basic skills so that a generation of en-
thusiasts will not only widen their imaginations but also have the
requisite tools to implement those dreams. This is, to us, the real
excitement of robotics.

Chapter 9 of the book is directed at just that issue: How can
we put all the pieces together to build truly intelligent systems? As
we add more sensors, more actuators, and more software, how do
we manage complexity? How do we coerce interesting behaviors
to emerge? And in the end, how can such machines solve useful
problems for us? We conclude our book in Chapter 10, with some
discussion of new directions in artificial intelligence and arising tech-
nologies that may take these ideas to the next step.

Although this book is intended to be an exposition on build-
ing mobile robots rather than a literature review of the field, we
have included some annotated references at the end of each chap-
ter, pointing to sources of further reading or background of concepts
mentioned. There is a full bibliography at the end of the book.

Mobile Robots has grown out of research at the MIT Artificial

. Intelligence (AI) Laboratory under Rodney Brooks and his mobile

robot group. The half dozen years that the “mobot” lab has been in

existence have seen the birth of a wide variety of artificial creatures:
some avoid obstacles, some collect things, a few wander and build
maps, several walk and climb over rough terrain and a tiny one
hides in dark corners. While the research has focused on the issue of
how to organize the “insect-level” intelligence of these mobile robots,
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we have found that we have also had to do extensive engineering
throughout several generations of newly available technology.

In 1989, we staged a Robot Talent Show, transferring much of
this technology to the Al Lab as a whole, Students were given kits
of parts and computers and were encouraged to pick their own prob-
lems and solve them. Vacuum cleaners, laser tag-playing robots, au-
tonomous blimps, and cross-country skiers were a few of the resulting
mechanical participants in the talent show. Photographs from that
night are included at the end of this section. We put together a robot
builder’s manual before the event, outlining the basics of building au-
tonomous creatures, and handed it out to all the students. The idea
for this book sprang directly from that first manual.

Our expectations and experiences in building mobile robots over
the years have not always matched, but the lessons learned have been
invaluable and we hope to share these with you. Our method is to
give general background in each chapter on how different robot sub-
systems work and then to ground the discourse in specific examples
with a robot we have designed solely for this book as a teaching aid.
In this way, specific circuits and bits of code are sprinkled through-
out, and readers who follow along can implement their own robots
and see them evolve step by step. The complete system is laid out
in one place in the appendices at the end of the book. A ‘gives the
schematic for Rug Warrior’s brain along with all the interface elec-
tronics to drive its sensors and actuators and B lists a program that
defines Rug Warrior’s behaviors. The entire robot has been reduced
to eight chips and six connectors, a very EmEBm:mﬁ;mxmBEo of a
mobile robot. .

Getting started in robotics involves not only learning how to
build things but knowing where to get materials. The remaining
appendices contain a compendium of parts, suppliers, and informa-
tion that we have found helpful. Appendix C lists a yellow pages of
over 150 suppliers and distributors for robot parts, such as motors,
sensors, prototyping equipment, electronic components, and power
supplies. Hopefully, this collection will help you overcome the iner-
tia of getting started, whether it be in a basement workshop or in a
university laboratory. -

Technology changes rapidly, and while a book such as this can
provide a general foundation, it cannot be dynamic enough to pro-
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vide up-to-date information on new product announcements. Stay-
ing abreast of technology is crucial in making design decisions. We
have discovered that systems we engineered in house one day would
often become commercially available the next, or that components
we relied on for years would suddenly become discontinued, so in
Appendix D, we have listed a number of magazines, trade jour-
nals, and electronic bulletin boards that we have found invaluable
for staying current. (In fact, just as this book is going to press,
the microprocessor that we chose for Rug Warrior has gone out of
production. Fortunately, however, the Motorola MC68HC811A0 mi-
croprocessor mentioned throughout is upward compatible with the
"Motorola MC68HC11A1, so simply substitute that part into Rug
Warrior.) :

Semiconductor manufacturers’ data books are another source of
current technology; we have annotated our collection in E. G adds
a few more tables that are handy to have in one place, such as the
resistor color code and the ASCII code for alphanumeric symbols.

As technology marches on, a book that emphasizes specific hard-
ware will quickly become outdated. But the art and the means and
the basic concepts survive, and these we hope to share with you.

Cambridge, MA Anita M. Flynn
April, 1993 Joseph L. Jones

Introduction

The rise in popularity of the single-chip microcomputer and the dras-
tic reductions in size and cost of integrated circuits in recent years
have opened up huge new arenas for creating wsdoywwabﬂ systems.
Building a robot, however, requires more muauowﬁmo than simple pro-
gramming. A roboticist must be a generalist. The robot designer
must own a compendium of basic skills from fields such as mechanical
engineering, electrical engineering, computer scienice, and .artificial
intelligence (AI). Unfortunately, few people have the opportunity to
study so broadly. In this book, we attempt to outline.a few basic
ideas from each of those areas and, more importantly, to suggest
strategies for putting the pieces together. Hopefully, with a little
creativity, you will be able to later use this toolbox of techniques to
design far more intriguing machines than those outlined in this book.

Robotics is about building systems. Locomotion actuators, ma-
nipulators, control systems, sensor suites, efficient power supplies,
well-engineered software—all of these subsystems have to be de-
signed to fit together into an appropriate package suitable for carry-
ing out the robot’s task. Where do we start?

We think of a robot as an intelligent connection of perception to
action. The implementation of that goal might take on a variety
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Figure 1.1. TuteBot is a very simple robot, yet it can exhibit two distinct
behaviors. It will follow a wall and when it bumps into something, it will backup
and turn. TuteBot’s brain is an analog computer, which is programmed only by
adjusting potentiometers.

of “costumes,” from mechanical logic to microprocessor control to
networks of neuron-like gates. Our approach is to create abstrac-
tion barriers in terms of thinking about the intelligent capabilities
our robot might possess and then to gradually break them down by
explaining the specific hardware details that we might employ to cre-
ate those competences. The theme throughout is to build systems
early and build systems often—to start with very simple systems
that connect perception to action and to gradually move to more
sophisticated machines.

We start with a tutorial in the next chapter that describes how
to build a robot, TuteBot, that is able to wander around a room and
avoid obstacles. This example robot, pictured in Figure 1.1, is im-
plemented without recourse to a microprocessor. TuteBot is merely
an agglomeration of switches, relays, motors, and discrete electronic
components, all of which can be assembled rather easily. You will be
able to adjust TuteBot’s reflexes by tweaking two potentiometers.

From this very simple example of a robot, we introduce the mi-
croprocessor and the advantages of using software to manage the
complexity of large numbers of sensors and actuators. The view-
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point from this moment on is to build systems with the intent of
getting to software as soon as possible. To keep parts count, size,
and costs down for our readers, we describe minimalist ways to inter-
face sensors, motors, and power supplies in another example robot,
Rug Warrior. The microprocessor becomes the heart of Rug War-
rior, and the following chapters describe the workings of mechanical
and electrical components and the interface circuitry that enables
them to be driven from a microprocessor. Software-primitive oper-
ations are threaded throughout the book as each new perception or
locomotion system is introduced. )

Although this book describes the details involved in actually
building robots, we' hope also to raise some deeper points about
models of intelligence. What is intelligence? Is it the contemplative
thought involved in playing chess? Is it the reflexive action that oc-
curs as you try to keep the gnats out of your eyes while walking down
the street on a hot, muggy summer night? Or is it the common-sense
reasoning used in deciding what to make for breakfast? We will stick
with the notion that intelligence is the foundation for how people act
most of the time. It will be interesting to keep some of these ques-
tions in mind as we investigate the sorts of Bm,ormamgm.. we can use
to endow our example robots with low-level behaviors.

Other features of intelligence have to do with the role the mbi-
ronment plays in our view of cleverness. How connected are sensing
and actuation to intelligence? How much of what we acknowledge
as complex behavior is merely a reflection of simple behaviors off of
a complex environment? For instance, if we observe ‘the behayior -
of ants scurrying around their anthills, we might begiti“to wonder
whether their complex paths result from careful planning and deep
contemplation, or perhaps merely from simple rules of behavior acted
out in an environment full of uneven terrain, obstacles to climb over
and other ants. ;

TuteBot and Rug Warrior will not answer many of these ques-
tions pertaining to the structure of intelligence, but we hope that
they can be the platforms for an inexpensive, easily attainable Al
input/output device—a collection of sensors and actuators that pro-
vide a little bit of input, a little bit of output, and a little bit of

computation to readers interested in experimenting with some of

these issues.
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Many of the modern theories in artificial intelligence grew from
work in a number of other fields. Cybernetics, in the 1940s and
1950s, was a field of research that tried to understand intelligence
through the study of the control of machines. Cybernetics developed
in parallel with classical control theory. Its model of computation
was analog, and it tried also to understand intelligence in animals by
modeling them as machines. Our example of TuteBot is very much
in the same spirit as the early work in cybernetics.

For instance, Figure 1.2 illustrates the extent of TuteBot’s tal-
ents. The long dashed lines at the bottom of the figure exemplify
one initial behavior, where TuteBot moves forward in a straight line
until it hits an obstacle. It then backs up, turning left for some
period, and then proceeds forward again in a straight-line motion.

A number of mechanisms could be imagined necessary to achieve
this behavior. We could suggest contemplative recognition of chair
legs and walls and TuteBot making explicit decisions concerning

when to back up and how far to turn, but TuteBot has no such

model of the world. Instead, TuteBot has a simple analog electri-
cal circuit for a control system, which directs TuteBot’s two wheels
to move it forward until a bump sensor on the front detects a colli-
sion. The signal from the bump sensor directs both motors to reverse
direction, and TuteBot then backs up. What makes it turn is an el-
ement of state, or timing, in the system that is implemented with a
resistor-capacitor (RC) circuit, one for each wheel. If the RC circuit
on each wheel is set differently, one wheel will back up for a longer
period of time than the other wheel, causing TuteBot to turn. When
TuteBot resumes forward motion, it no longer has the same heading
and so avoids ramming the obstacle it first bumped.

A second behavior can be added to TuteBot using a similar strat-
egy. If, during the forward motion, one wheel is allowed to turn faster
than the other (for instance, by adding a resistor in series with one
motor) TuteBot will move in an arc. The short dashed lines at the
top of Figure 1.2 illustrate this behavior. As TuteBot moves for-
ward, arcing to the left, it tends to bump into obstacles. When this
happens, the initial obstacle-avoiding behavior just described is trig-
gered and TuteBot backs up, turns toward the right, and proceeds
forward in a new direction. However, the bias between the wheels
causes the robot to veer off to the left again. The result of these two
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"Figure 1.2. Two TuteBots each displaying a different behavior. Dashed'lines in-

dicate the paths they have traveled. In one behavior (long dashed lines) TuteBot
moves along a straight path until it encounters an obstacle. It then backs up,
turns left to change its heading, and proceeds forward again, performing straight-
line navigation. In the second behavior (short dashed lines), the robot’s forward
motion forms an arc to the left. When it bumps into an obstacle, the robot backs
up and turns right; then it arcs to the left once again as it moves forward. With
this strategy, TuteBot demonstrates a wall-following behavior.

SRR e

e



6 1. Introduction

behaviors is that TuteBot tends to follow along the edges of clutter.
We call this behavior wall following.

In the 1960s after cybernetics, and with the rise of the digital
computer, the field of artificial intelligence was born, and with it
came computational models of intelligence. The contributions of
AT to the understanding of intelligence were the notions of repre-
sentation, search, and modularity. Information could be explicitly
represented in data structures inside a computer, which could then
be searched for the desired answer. Representations could be more
easily formulated, as the model of computation was no longer time-
varying analog signals, but bits and numbers. This capability en-
abled modularity and led to increasingly sophisticated information-
.processing systems. Chess-playing programs, expert systems, nat-
ural language interpreters, and problem solvers were some of the
demonstrations developed in this era of traditional Al.

Unfortunately, some of the ideas involved with representation led
to problems when intelligence systems were designed for machines
that interacted with the dynamically changing real world. Tradi-
tional Al had formulated the problem of robot intelligence as sensing,
building a world-model representation from the fusing of sensor data
and then planning actions based upon that model. Computational
bottlenecks, noisy sensors, and the complexity of reality led some
researchers to look for new models of intelligence that would be ro-
bust and would work in real time. These new ideas have collectively
come to be known as Nouvelle Al or behavior-based robotics. Rod-
ney Brooks at the MIT Mobile Robot Lab proposed the subsumption
architecture which is a way of organizing the intelligence system by

means of layering task-achieving behaviors without recourse to world

models or sensor fusion. This book grew directly from that research,
and Rug Warrior is our example robot that illustrates many of the
ideas in a subsumption architecture.!

The word subsumption is used to describe the mechanism of arbi-
tration between the layers of task-achieving behaviors. Arbitration is
the process of deciding which behavior should take precedence when
many conflicting behaviors are triggered. In a subsumption architec-
ture, the designer of the intelligence system lays out the behaviors in

'Subsumption architecture is an example of what is now more commonly
referred to as behavior-based robotics or behavior control.
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such a way that higher-level behaviors subsume lower-level behaviors
when the higher-level behaviors are triggered.

For instance, if the lowest-level behavior enables a wandering
action and the highest-level behavior initiates following light, then
normally, the robot will wander around, moving along randomly cho-
sen headings. However, should someone point a flashlight at Rug
Warrior, the highest-level behavior would trigger, suppressing wan-
dering for the duration of time that the flashlight is directed at the
robot. Instead of random headings, Rug Warrior’s wheels would be
commanded to turn toward the point of highest light intensity and

"move forward in that direction. If the flashlight were turned off, the

follow-light behavior would no longer be activated and would cease
subsuming the wandering behavior. Random wandering would then
resume.

In order to experiment with a richer set of behaviors than mere
wandering and following of lights, we have designed Rug Warrior
to have as many different kinds of sensors as possible, within the
constraints of trying to keep it as simple, and inexpensive as we
could. We have built several versions of Rug Warrior, each very
different from the other. T'wo are shown in Figure 1.3. We think of
Rug Warriors as a class of robots rather than an instance. Basically,
we will refer to a Rug Warrior as any robot that incorporates our
electronics (illustrated in Appendix A) but where vehicle Bmowwéom
and software behaviors may vary widely.

The Rug Warrior on the left in Figure 1.3 has two 9.:8 s.?mm_m
which enable the robot to spin around its center point, mb& m passive
caster for three-point stability. The Plexiglas ring around the robot
is a bump skirt, which is mounted on three switches; this feature tells
the robot it has bumped into an obstacle. The motors used in this
robot came from a surplus dealer; and the chassis was made from
Plexiglas that was cut, drilled, and punched in a machine shop.

The Rug Warrior on the right in the figure, running over this
book, is a tank-drive robot made from LEGO bricks, gears, axles,
and treads. The two motors used in this version of Rug Warrior are
model airplane servo motors, ordered through a hobbyist catalog.

- While the robots look and act rather differently, their electronics
are the same. The board we have designed (which you can prototype
yourself using Speedwire or Scotchflex prototyping technology, as
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Figure 1.3. Rug Warriors I and II, wandering around their environment, bump-
ing into chairs and driving over books.

discussed in Chapter 4.) is 3.4” x 4.5” in size and contains a Motorola .

MC68HC11A0 microprocessor, 32K bytes of memory, a serial port,
two motor drivers, a piezoelectric buzzer, and a number of sensors.
Three bump sensors detect collisions, two near-infrared proximity
detectors notice obstacles up to one foot away, two photoresistors
sense light level, a microphone listens for noises, and a pyroelectric
sensor detects moving sources of heat (such as humans, cats, and,
oops, sometimes even fireplaces).

Figure 1.4 illustrates a day in the life of these Rug Warriors.
Rug Warrior I, the wheeled version, moves across the room in a
straight line until it bumps into the television set. As it turns left
to a new heading, the microphone detects a loud noise from the TV,
which triggers a behavior to play “Bicycle Built for Two” on the
piezo buzzer. As it wanders on, near-infrared proximity detectors
see an imminent collision and a wall-following behavior becomes ac-
tive. Wall following times out after a few moments, and straight-line
motion resumes. A low-lyirig (but very interesting) book on mobile

robots is in the path, but the near-infrared proximity detectors are

pointed upward and miss it. Rug Warrior I then drives into the
book, but the bump skirt detects the collision, causing the robot
to back up and turn away to a new heading. It catches a peak of
light intensity coming from the doorway, and a follow-light behavior
becomes activated. Rug Warrior I then leaves the room.
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Figure 1.4. Two versions of Rug Warrior, wandering around their environment.
Subsumption networks for the intelligence systems prescribe a layering of be-
haviors that become active upon the proper triggers. Behaviors such as wall
following, straight-line motion, obstacle avoidance, noticing sounds, playing mu-
sic, homing in on light sources, and hiding in the dark are all possible with the
sensors available on Rug Warriors.
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In the meantime, Rug Warrior II, the tank, has been following
walls outside the room and now comes maneuvering down the hall-
way. As it nears the open door, the wall-following behavior causes
the robot to turn to the right, as if the wall were still there. As
it does this, the cone of detection of the pyroelectric sensor sweeps
past the space heater, mistakingly triggering a people-following be-
havior. Rug Warrior IT does not see its favorite book lying in the
way and drives right over it. As it nears the space heater, the people-
following behavior happens to time out and a hide-in-dark-corners
behavior activates. This directs Rug Warrior II to veer off on a new
heading, wandering around until it lands in a shadow, where it sits
and hides under a chair.

These illustrations are meant to give a flavor of a subsumption
architecture intelligence system. The main idea is that there are
no explicit geometric representations of the world from which the
robot plans its actions. Instead, there are a number of control loops
granting a very tight coupling of perception to action, and from
the interaction of many simple behaviors, complex activity seems to
emerge. The following chapters will expand on these ideas and reveal
the details involved in making things work.

1.1 References

A long history of research predates nouvelle AI. Some of the early
ideas from cybernetics can be found in Norbert Wiener’s works
(1948, 1961). Grey Walter (1950, 1951) built several vacuum tube-
based robots that could home in on goals and exhibit learning be-
haviors. Many years later, Valentino Braitenberg’s work (1984) with
imaginary vehicles containing simple connections between sensors
and actuators nicely illustrated many of these ideas.

Marvin Minsky (1986) proposed the notion of multiagent intelli-
gence systems in which parallel processes interact to produce emer-
gent behavior. The first work on subsumption architectures, in-
corporating the modularity of layered behaviors was presented in
Brooks (1986). One influence during this time was work in the field
of ethology, the study of animals in their environments. Ridiger
Wehner (1987) underscored the fact that, in animals, many sensors

1.1 References 11

are specifically matched to their environments. A paper by Brooks
(1991b) gives a more thorough exposition on the prior work and con-
tributing ideas that gave birth to behavior-based robotics. Brooks’
forthcoming book (Brooks 1998) spells out his approach in great de-
tail. We will return again to this subject toward the end of this book.

But enough of history and philosophy. Let’s get started!
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2.1 A Tutorial Robot

Building a robot can be a lot of work. All the more so, if the first plan
is unnecessarily complex. This chapter is intended to ‘help get you
started with building robots while also illustrating some key points
about designing a robot’s intelligence system without becoming too
encumbered in the myriad of details involved in nmmmibm a more
sophisticated creature. We will show just how simple a H,oAcoﬁ can be
and launch you on your way to building one.

Before proceeding to the more sophisticated W:m Warrior de-
scribed in the next several chapters, we will begin here by construct-
ing TuteBot—a robot which is simple yet complete. Do not under-
“estimate the elegance of simplicity, however. It is often the simplest
solution which takes the longest to comprehend, and yet it is also
often the simplest solution which illustrates the main lessons with
the most clarity. Experienced designers of robotics and automation
systems agree that the first way they design something is usually the
most complex way. Difficulty usually arises when trying to simplify
the system.

TuteBot will exemplify how a robot-as a system, a collection of
sensors, actuators and computational elements, can be organized in
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Figure 2.1. TuteBot is a robot that can explore its surroundings, escape from
collisions with obstacles, and be programmed to follow walls.

such a way that intelligent actions result in response to certain stim-
uli. TuteBot will consist of a circuit, a chassis, a sensor, a battery,
and two motors. It can be programmed by adjusting two poten-
tiometers. The entire robot will be built from Fischer-Technik parts
and a few electronic components which are readily available from
Radio Shack and other electronic stores.

What will the TuteBot be able to do? Its repertoire of behaviors
will endow it with the capabilities to explore its world, escape from
objects with which it collides, and follow along walls that it detects
with its bumper.

A completed TuteBot is shown in Figure 2.1. The front bumper
acts as a sensor and detects collisions with obstacles in its path. A
trailing caster wheel maintains stability. Above the chassis is the
battery case and mounted on top of the batteries is the breadboard
containing TuteBot’s electronic circuitry.

All the mechanical components used here are Fischer-Technik
parts: motors, gears, axles, wheels, switches and connectors. Fischer-
Technik is an excellent source of parts for building robots as the
designer can prototype mechanisms quickly without recourse to a
machine shop. The Fischer-Technik parts and pieces are available in
multiple quantities. Catalogs are available and should be requested.

2.2 TuteBot Behaviors 15
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Figure 2.2. The essence of TuteBot. Two motors, two wheels, a bump sensor,
two potentiometers for programming, and two motor drivers are enough to create
a concrete example of a simple robot—an intelligent connection of perception to
action.

An address and phone number for Fischer-Technik is listed in Ap-
pendix C. Other types of mechanical building block kits are also
quite usable and widely available, EO_E&DW LEGO, bMQO Technik
and Meccano.

TuteBot’s brain is entirely @Sm&om o:.o&?%. Zo integrated cir-
cuits are required and almost all of the components, including the
breadboard, can be found at a Radio Shack store. The only tools
required to put TuteBot together are wire cutters, wire strippers,
and possibly a soldering iron for making connectors. An oscilloscope
is not necessary although having one always makes &m,cﬁmm:um easier.
A multimeter should suffice for debugging TuteBot . v

A block diagram of TuteBot, shown in Figure 2.2, illustrates how
the bump sensor is connected to the actuators. The signal created
when the bump sensor detects contact is sent to the motor-driver

~circuitry for each wheel, signaling the robot to back up. Adjustable

timers associated. with each motor driver determine for how long
each wheel should reverse.

2.2 TuteBot Behaviors

With a minimal amount of hardware, obstacle avoidance can be im-

plemented on TuteBot. Figure 2.3 depicts the sequence of actions



































































































































































































































































































































































































































































































































































































































































































