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From the beginning of time, humans have attempted to recreate themselves, first as drawings
on cave walls, then as statues, and finally as humanoid robots. Humanoid robots have been popu-
larized by science fiction for decades through books and movies. Fortunately, with today’s rapidly
advancing technology, science fact is getting closer to science fiction. Humanoid robot research
and development are global phenomena, with new projects emerging everyday. This paper details
one of these humanoid projects. Information regarding the current state of the art is presented and
discussed, and Preuman, a humanoid robot, is discussed in detail. Design considerations, con-

struction details, and control issues are presented and explained.
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CHAPTER 1
INTRODUCTION

1.1 Historical Perspective

“The ultimate quest, the Grail of many roboticists today, is to build a humanoid robot,”
stated Peter Menzel and Faith D’Alusio, after visiting the world's top robotics research labs to
learn about the current state-of-the-art humanoids for their book Robosapiens.: Evolution of a New

Species [1:18]. But why do robotics researchers feel this way? The answer can by found in history.

The human form was idealized from the beginning of recorded time. The first known civili-
zations in Egypt had many skilled craftsmen that made human or human-like figures. Most were
used for religious purposes, others for decoration. The familiar sculptures of Queen Nefertiti, the
Tutankhamen sarcophagus, and the Sphinx all came from this civilization [2]. Additionally, Egyp-
tian hieroglyphics contain pictures and references to human and human-like figures [3]. Another
well know ancient civilization existed in ancient Greece. Greek artists are responsible for a count-
less numbers of human sculptures, including the great bronze Zeus, The Chryselephantine Snake

Goddess, Hercules, Venus de Milo, and many more [4].

While these early attempts to recreate the human form illustrate the skills of the sculptors,
they still lacked an obvious human attribute; movement. The mechanisms needed to animate stat-
ues had not yet been invented. Over time, however, the Greeks began to apply their knowledge of
pneumatic and hydraulic systems, providing movement for small figurines and statues [5]. The
first moving statues were made by the Greek engineer Ctesibius in approximately 200 B.C.E. His
work, along with other Greek engineers, include numerous moving scenes, such as Hercules

shooting a snake, Hercules slaying a dragon, and singing birds at a fountain [6].
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Perhaps the best know pre-modern engineer is Leonardo da Vinci. He studied many of the
Greek engineering texts and actually re-created Greek mechanical figures. Other mechanical cre-
ations from da Vinci include a mechanical clock, a moveable gamecock, and a small organ. In
addition to building these devices, he drew hundreds of inventions and included them in his books.
Unfortunately, most drawings never became a reality. The the anatomical diagrams in his books
remain as evidence that he wanted to re-create the human form. Da Vinci showed an interest in the
inner working of the human body, by studying ligaments, tendons, muscle, and bone structure, and
how everything interacted to create human movement. His studies of mechanisms and anatomy
were precursors to the initial concept of a humanoid robot [6].

There were other pioneering craftsmen who built moveable figurines. The Cittern Player, a
movable 17 inch figurine, resembles a small female, with the mechanisms made of wood and iron,
and it was covered with cloth. When operating, it appears to mimic bipedal locomotion by way of
a small wheel attached to the feet. Additionally, its arms appear to strum a cittern while the head
turns. See Figure 1-1. Similar figurines were made by the Swiss and Japanese craftsmen, both

allowing a small human statue to move and mimic human movement [6].

Figure 1-1: The Cittern
Player.
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The above mentioned “mechanical statues” and mechanisms are the precursors to modern
humanoid robots. Even though these figurines could move fingers, open and close their mouths, or
even mimic bipedal locomotion, none were anything more than a mere entertainment piece. No
one had envisioned the true possibilities of a “mechanical statue,” until the Czech playwright
Karel Capek wrote and released his famous play R.U.R. (Rossum's Universal Robots) from 1920-
1923. This play was the first mention of the word robot, conceived from the Czech word robota, or
slave labor. Capek understood the possible applications of these “mechanical statues,” and in the
play the robots were designed as artificial slaves. They eventually overtake their human creators

by revolting, resulting in the demise of the entire human race [1].

Although the idea for the slave robot existed since the early 1920's, robots were limited to
science fiction. This began to change during the modern industrial revolution, particularly WWII,
which brought about many advances in electro-mechanical systems. The first entrepreneurs to
develop and market robots were George Devol and Joe Engelberger. Their factory robot was the
Unimate, the first automotive assembly line robot, and their company pioneered the industrial
robotics industry. Later, advances in artificial intelligence, control theory, and manufacturing led to

the development of the advanced robotic systems we know today [7].

Capek was indeed a visionary. So much so, that today's state of the art humanoid robots, 80
years after the idea was conceived, can not do many of the tasks in R.U.R. Many universities, com-
panies, and even individuals, are currently working on humanoid robots or an important aspect of
them. The reason that these robots can not achieve the goals once thought possible in R.U.R. is
simply because of the level of difficulty. Menzel speaks about the current state-of-the-art in robot-
ics, “We had seen a number of very advanced robots, but most worked haltingly, and some only

after interminable delays™[1:16].

The goal of robotics is, “to build and realize humanoid robots, artificial men equipped with

proper intelligence capable of operating autonomously, thus replacing trained individuals for dex-
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terous jobs”[8:66]. Humanoid robots will eventually become home robots or personal robots.
There is even some speculation that a soccer match will take place 50 years from now with human-

oid robots playing against the actual world champions [8].

While the technical aspects of humanoids will one day be realized, how will the robots gain
social acceptance? How will people interact with humanoid robots? Will they be afraid of them?
Researchers at Vanderbilt University conducted a study and concluded that humanoid “robots will
eventually become a part of our daily lives” [9:894]. They suggest that “successful integration”
will be achieved after the following conditions must be met: human-like sensors similar to ears and
eyes, human-like mannerisms, intelligent decision mechanisms, and natural interaction [9]. Swin-
son and Bruemmer, researchers at DARPA and Strategic Analysis, Inc., claim, “Ultimately,
humanoids might prove to be the ideal robot design to interact with people. After all, humans tend

to naturally interact with other humanlike entities” [10:12].
1.2 Literature Review

Current state of the art humanoid robotics research is being conducted in many different
areas in locations throughout the world. Because humanoid robotics involves so many different
disciplines, every facet cannot be covered in this thesis. Instead, a general overview of the current

research and recent advances will be discussed.

Full humanoid robot projects are currently underway at many universities and research insti-
tutions. Perhaps the most well known humanoid robots are from Honda R&D Corp., a subsidiary
of Honda Motor Corp. Honda has been researching and developing humanoid robotics since 1986.
They believe that household domestic robots will be useful in the future and that a humanoid robot
is an ideal form to move around domestic locations and obstacles [11]. This means that humanoids
are ideal for home servants. Their latest robot, P3, shown in Figure 1-2, has 30 degrees of freedom
(DOF): six in each leg, seven in each arm, and two for each gripper. A goal of Honda was to

improve bipedal locomotion. In addition, other goals were accomplished: walking on normal, even
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surfaces such as tile, ability to pass through narrow openings, ability to straddle steps and mounds,
the ability to walk up staircases, and the ability to walk up a slope. Dexterous manipulation goals
included the ability to grasp and hold objects and the ability to perform light work with the dexter-

ous hands via remote control [11].

humanoid robot, the P3.

Other universities are also developing bipedal humanoid robots. Tohoku University, in
Japan, designed and built a 30 DOF humanoid, Saika-3. Their primary objective was to develop a
lightweight humanoid robot that could be easily handled by a person [12]. Another lightweight
humanoid robot was constructed at Monash University in Australia. The researchers selected poly-
urethane plastic as their building material, indicating that “it is an ideal material for indoor robot-
ics” [12:1571]. The Monash Man, as the researchers call it, has 43 DOF. Their long-term
humanoid robotics research will focus on humanoid motion, sensory perception, control systems,
and human-robot interaction [13]. WABIAN-RII is the name of a humanoid robot designed and
built at Waseda University in Japan. This robot also has 43 DOF, and its primary goal is to mimic

human-like motion, even expressing emotion by its particular gait [14].
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The above-mentioned humanoids are attempts to recreate the complete human form. How-
ever, some researchers have opted to concentrate on the upper torso, developing new and
improved control techniques for robotic arms, dexterous robotic hands, and active stereo vision
heads. The following projects are not complete humanoids, rather some portion of them, typically
the upper torso.

The National Aeronautics and Space Administration (NASA) has undertaken an ambitious
project to develop Robonaut, a space humanoid that will be used for teleoperation in space. The
humanoid form is ideal because it can use the same tools and work in the same space that was
designed for an astronaut. The NASA researchers have focused on the upper torso, designing an
arm and head that has more thermal endurance, sensing, strength, and more dexterity than any cur-
rent system [15]. The NASA researchers claim that, “Unlike humanoid robots now being devel-
oped for entertainment or as technical curiosities, Robonaut will actually perform work” [15:57].

See Figure 1-3.

Figure 1-3: NASA's humanoid robot,
Robonaut.
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Researchers at the Electrotechnical Laboratory in Japan developed a “high strength upper
torso, using high performance actuators that allow the robot to do push-ups. They claim that most
of the previous work assumes that the upper torso of a humanoid robot is supported by the lower
torso and that the robot's main objective is to gesture in free space, which they feel is false. There-
fore, they are developing new control techniques to “exploit redundant degrees of freedom, strong
dynamics, and global dynamic structures inherent in each task situation and achieving these tasks

in the presence of uncertainty” [16:1578]. See Figure 1-4.

Figure 1-4: Electrotechnical
Laboratory’s robot, the ETL-
humanoid.

While many full humanoids use bipedal locomotion, some have been developed that use
wheels for mobility. A robot developed at Waseda University called WENDY (Waseda Engineering
Designed sYmbiont) has four drive wheels. The researchers claim that a true symbiot (a humanoid
robot that interacts with people) must not be bipedal, and bipedal research is “not applicable to the

human symbiotic robots directly” [17:3183].

The above mentioned humanoid systems are attempts to recreate autonomous systems.

However, some researchers feel that humanoid systems do not have to be autonomous. Lee et al.
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developed a teleoperated master-slave humanoid robotic arm system that accurately senses the
master operator's arm position and can provide force feedback. They accomplished this by using
pneumatic actuators embedded in the master control arm and explained that “Human[s] can feel
virtual volume in [their] hand with force reflection” [17:2576]. They also state that force feedback

is required to achieve complex tasks of manipulation [17].

Biologically inspired actuation methods have been developed. Researchers at the University
of Salford, in England, created a humanoid robot using pneumatic Muscle Actuators (pMAs).
These actuators are designed to mimic the effects of human muscle tissue. They are lightweight,
compliant, and have a very high power to weight ratio, making them ideal for an autonomous
humanoid robot. The pMAs are arranged in antagonistic pairs for each degree of freedom, allow-
ing stiffness control of each joint. This allows for more human-like movement. Overall, their robot
was a successful attempt to create a “biomimetic” humanoid due to the implementation of muscle-

like actuators [19]. See Figure 1-5.

Figure 1-5: Pneumatically actuated
humanoid robot.
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Advances in biomimetic learning algorithms were made possible by the use of humanoids.
Taddeucci, Dario, and Ansari, from the ARTS Laboratory in Italy, state, “a robot endowed with a
means to perceive external events and a cognitive system able to process the perceived data to
dynamically accomplish a particular task (in other terms a “humanoid”), provides the necessary
substrate for a serious exploration of body-based intelligence hypothesis” [20:537]. Their end goal
was to have a humanoid robot interact with humans in an everyday environment with minimal
impact. Implementation of various machine learning techniques such as neural networks and syn-
thetic psychology coupled with a humanoid robot provided insight about the best way to teach nat-
ural human-humanoid interaction [20].

Research on efficient control and computation of inverse kinematics for humanoid robots
was conducted at the University of Southern California. Because humanoid robots have so many
degrees of freedom, an efficient inverse kinematic solution is needed. Their paper examines two
common techniques, the pseudo-inverse with explicit optimization and the extended Jacobian
method. Their claim is that pseudo-inverse methods are a more efficient choice when determining
the inverse kinematics of a humanoid robot. Their results were tested on a 30 DOF humanoid robot
with promising results; they concluded that the pseudo-inverse method had much better conver-
gence then the other methods [21].

Computer vision research continues to extend the vision capabilities of humanoid robots. A
common arrangement consists of an active stereo head with two cameras. Yamato developed a
control system for a humanoid robot, named Cog, based on infant eye development. The task of
tracking an object was divided into three sub-tasks: ocular alignment, sensory binocularity, and
convergence. They successfully implemented the sub-tasks as individual modules, and then the
modules were combined to permit object tracking. The entire control system was shown to track

objects on an active stereo head [22].
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While many researchers have focused on development of humanoids, the systems required
for motion, and the artificial intelligence aspect, a group of researchers at MIT are using human-
oids as tools for testing developmental psychology and cognitive science. They are applying psy-
chological theories to humanoid systems to test their hypotheses. They want to implement

psychological theories on humanoids and see how accurately the theories mimic humans [23].

1.3 This Work

A humanoid robot, Omnibot 2000, was developed at the University of Florida's Machine
Intelligence Laboratory (MIL) in the summer of 1999. Omnibot is not a full humanoid, however, it
consists of an upper torso with a head, neck, two arms, all resting on a mobile base. Each arm has
five degrees of freedom, including a gripper as an end-effector. The robot also has two degrees of
freedom for the head, allowing it to pan and tilt. Additionally, the base contains six drive wheels.
The robot has a total of 12 degrees of freedom; each actuated by a servo. The wheeled base also
has two drive motors, each rotating a pair of wheels on each side of the robot. It is 30 inches tall,
24 inches wide and 15 inches deep [24]. See Figure 1-6.

anlien

Figure 1-6: MIL’s first humanoid,
Omnibot 2000.
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Omnibot is designed to be a personal assistant, capable of helping the elderly or disabled.
Additionally, Omnibot can entertain and perform. Behaviors include obstacle avoidance, wall fol-
lowing, obeying commands, and performing. The user determines the behaviors via Omnibot'’s
voice recognition system. Commands are issued to Omnibot, and it responds by repeating the
words, and performs the specified behavior. Omnibot contains four different sensor suites, includ-
ing infrared emitters and detectors, bump switches, voice recognition, and low-resolution vision.
During wall following behavior, Omnibot will turn away from objects in its path. When it is doing
wall following, it will follow the walls of a room, and it will also avoid bumping into obstacles.
When Omnibot is in its “obeying commands” behavior, the user can instructs it to move the arms,
grippers, head, and body; Omnibot is a slave, performing any tasks the user requests. When it is
told to dance, it will start singing and dancing to The Village People’s “YMCA?”, or any other song

programmed.

Due to the success of the Machine Intelligence Laboratory’s (MIL) Omnibot project, another
humanoid project was started. The new robot, called Preuman, is currently being designed and
developed at the University of Florida's MIL. Pneuman will be a more advanced version of Omni-
bot and it will interact with the world by means of a voice synthesizer and voice recognition. Addi-

tionally, there will be a text user interface to adjust Prneuman's parameters and control its joints.

Pneuman'’s primary purpose is to advance humanoid research. Areas of interest include arti-
ficial cognition, natural language processing, active stereo vision, path planning, autonomous nav-
igation, inverse kinematics, manipulator control, and human-humanoid interaction. This thesis
discusses the details regarding the design, construction and control of Pneuman. Chapter 2
explains the details regarding the physical aspects of Pneuman, including the size of the structure,
the degrees of freedom, the drive system, and the kinematics. Chapter 3 details the electronic sys-
tems on Pneuman including the power system, the computer system, the custom electronics, and

the sensor systems. Chapter 4 talks about the control theory and trajectory generation techniques
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Pneuman uses. Chapter 5 illustrates the text user interface used for development. Chapter 6 con-
cludes by suggesting future areas of work. See Figure 1-7 for a computer aided design (CAD) ren-

dering of Pneuman.

Figure 1-7: University of
Florida’s humanoid, Pneuman.



CHAPTER 2
PHYSICAL STRUCTURE

2.1 Overall Design Considerations

The overall goal of building Preuman is to develop a platform that has several useful
attributes conducive to humanoid robot research. In addition to research, the robot will give guided
tours of the MIL. Other possible uses include entertainment and operation as a personal assistant.
Due to these requirements, a humanoid platform was ideal.

A humanoid robot provides many areas for research. The two main areas can be classified as
artificial intelligence and control. Artificial intelligence may be divided further into human-robot
communication, path planning, machine learning, machine vision, and cognition. The overall con-
trol area may be divided into kinematics and dynamic systems control. The areas that will be dis-
cussed in this paper include kinematics and dynamic systems control.

Natural human-robot communication will be possible with verbal interaction. A speech rec-
ognition system combined with a natural language processing system will allow Preuman to
understand simple phrases and respond verbally with a voice synthesizer. Pneuman will navigate
throughout its environment using a verity of sensors, including sonar, infrared emitter/detector
pairs, bump switches, and optical encoders. The sonar and infrared sensors will provide the robot
with obstacle distance information. The bump switches will signal to the robot that an obstacle was
contacted. Finally, the robot can use dead-reckoning to estimate the amount of distance traveled
with the optical encoders. This information is processed by Pneuman's computers and used to
compute the possible paths it may take to move from one point to another.

Machine learning techniques will be used to improve the kinematics for the position if the

end effectors, as well as positioning the drive wheels. The techniques will compensate for any

13



14

unmodeled effects such as machining tolerances, backlash, flexing, friction, etc. An advantage of
using these techniques is that the kinematic and dynamic models are simpler. A disadvantage is

that the systems must be trained. However, the benefits outweigh the disadvantages.

Pneuman's vision system will also use machine learning techniques to identify objects in an
image. Color models of objects will be generated and stored in Pneuman's computer. When an
object is identified in the stereo images, Pneuman's active stereo head will focus onto the objects,
and each eye will converge to center the object in the field of view. The disparity between the eyes
will provide Pneuman with information about the location of the object in space. Pneuman can
then use this information to position its end effectors in the proper location, possibly to pick up the

object.

Cognition is defined as, “The act or process of knowing” by Webster s Dictionary [25:156].
Many researchers throughout the world are currently trying to make robots that “know” things or
“think.” Some claim that it is an impossible task, while others feel that it can be done in the future.
But the most advanced artificial intelligence today still falls short of anything portrayed in science
fiction. Consequently, Pneuman will not be able to “know” everything, but it will have the ability
to carry out specific tasks. Pneuman will be programmed to talk and demonstrate its abilities, or it
may be programmed to grab a soda from a cooler. Whatever the programs are, ever so trivial by
human standards, Pneuman will be an excellent platform for many types of artificial intelligence

research.

Additionally, when Preuman gives tours of the MIL, its humanlike appearance, humanlike
motions, gestures, and communication should enhance the overall impact of the robot. People
should feel comfortable interacting with Preuman due to the humanlike structure. The eyes will
wander around similar to a human's eyes. While speaking, natural gestures and motions should
enhance Pneuman's verbal communication ability. The arms will point at objects of interest just as

humans do. The articulated waist allows Prneuman to bend over, as if it were picking an object up
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from the floor. Finally, the maneuverable base will allow Prneuman to translate in any direction and
rotate about any point. All of these features contribute to Pneuman's overall ability to give tours

and entertain an audience.

Due to Pneuman's humanoid form, it will also make an ideal personal assistant. Pneuman
can use the five joint articulated robotic arms and end-effectors to reach for and grasp objects. The
natural communication interface will allow a user to issue verbal commands to Pneuman, instruct-
ing the robot to perform any needed tasks. The highly maneuverable base is ideal for a cluttered

area, such as a home, where a personal assistant may be needed.
2.2 Specifications
2.2.1 Overall Size

Pneuman stands approximately 59 inches tall, measured from the bottom of the drive wheels
to the top of the stereo head. The widest points are from shoulder to shoulder and across the base,
both measuring 26 inches across. Each of the five DOF arms allows Pneuman to grasp objects
approximately twenty inches away. The base consists of the lower 29 inches of the robot, while the

rest is the upper torso. See Figure 2-1.
2.2.2 Weight

The overall weight of the structure is a primary concern because Prneuman is an autonomous
robot. Therefore, the power source for all electronics and actuators are carried on-board and no
external power may be used. While efficient control and motor operation techniques are utilized,
an ideal way to ensure a long battery life is to minimize the weight of the robot. The weight-mini-
mized configuration was not conceived initially; previous revisions called for a much bulkier
structure as shown in Figure 2-2. The final design removed much of the material covering the

wheels, and removed the unnecessary circular platform of the base.
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Figure 2-2: Pneuman’s original design.

26,0000
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The entire robot weighs approximately 102 pounds. A major portion of the weight may be
attributed to the four sealed lead acid batteries, each weighing approximately 10 pounds. Pneu-
man's base weighs approximately 25 pounds (excluding the batteries), the upper torso weighs
approximately 30 pounds (including the five DOF arms), and the head weighs approximately
seven pounds.

2.2.3 Mobility

In terms of mobility, the goal was to give Pneuman access to the same areas humans live and
work in. Two main locomotion options included a wheeled base or a legged walking mechanism.
The wheeled base is more efficient for accomplishing a given task, and it simplifies the overall
design considerably. While a legged mechanism offers some advantages over rough terrain, Pneu-
man will primarily travel over smooth surfaces. Due to these constraints, a wheeled drive base is
used. The wheeled drive base is explained in detail in a later section.

2.2.4 Degrees of Freedom (DOF)

The human body has over 40 DOF. While Prneuman attempts to mimic the human form, sim-
plifications were made to ensure autonomous real-time control. Therefore, Pneuman has 25 DOF.
To accomplish the humanlike motions, two five DOF arms will be used. Each arm will have a grip-
per as an end-effector. In addition to the arms, Pneuman will have an active stereo head, contain-
ing two cameras, with three DOF. Each camera may be considered and “eye.” Both eyes will tilt
together, while each eye can converge independently. The head will sit on a two DOF neck, allow-
ing the entire head to pan and tilt. The entire upper torso connects to the wheeled base via a two
DOF waist. The waist will allow the upper torso to tilt front to back and side to side. Finally, Pneu-
man's base moves via four drive wheels, each wheel steering independently, giving Preuman max-

imum maneuverability.
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2.3 Drive System
2.3.1 Overview

Pneuman'’s base contains four drive wheels arranged in a square. Each wheel is capable of
steering independently, known as a modified-synchronous drive system. This gives Pneuman max-
imum maneuverability. The drive system can operate in three different steering modes; “skid-
steer”, Ackerman, and four-wheel or "crab" steer. While crab steering is primarily used, each has
advantages and disadvantages that will be explained in later sections.

The wheels are approximately six inches in diameter, 13 inches apart. The wheels pivot
about their center line and have an operating range of 180 degrees. Each wheel and steering mech-
anism is geared to a 485 oz.-in. planetary gearhead motor, providing adequate torque. The maxi-
mum velocity of the motors is approximately 45 r.p.m., permitting each wheel to change steering
direction at a maximum rate of 180°/1.3s. The given motor/wheel combination also allows Preu-

man to translate at a maximum rate of 14 in./s.

A quantitative description of motion involves a way to describe the path of the agent and the
kinematics of the mechanism required for that motion. A straight path is described by the distance
traveled, d. An arc of radius », and a sweep angle 0, may describe a curved path. The kinematics
may be determined from simple geometry. The instantaneous center of curvature (I.C.C.), a point
where the base’s motion appears to move around, lies where the perpendicular bisectors of each
wheel intersect with each other. Any configuration of the wheels that do not allow all of the bisec-
tors to intersect at a common point will cause wheel slippage, resulting in inaccuracies while path
planning. See Figure 2-3.

Pneuman has three steering modes: skid, Ackerman, and “crab,” and each mode will be
explained in detail in this section. Skid steering is not typically used due to inaccuracies associated
with it. Ackerman steering is commonly used on automobiles, and much research has been done

on the theory and modeling of this steering configuration.
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Path of mobile base

Sweep angle 6! .
radius 7
> | I1.C.C.

Figure 2-3: The instantaneous center of curvature, I.C.C.

However, there are kinematic constraints that limit its use. The final and preferred method is
“crab” steering where all wheels are capable of changing their orientation. Pneuman will primarily
use this method of steering.

2.3.2 Skid Steering

Many wheeled robots use “skid steering”. This simply means that the orientation of each
drive wheel is fixed, and turning is made possible by varying the speed of each side's drive wheels
with respect to the other side. This is an effective and easy solution to steering the robot. However,
it is not as accurate as other steering methods; certain characteristics including friction, wheel slip-
page, and other unpredictable attributes cause problems [26]. This steering configuration is a spe-
cial case where the bisectors of the wheels do not intersect and the fact that the wheels slip is

exploited to cause the robot to rotate. See Figure 2-4.
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Figure 2-4: Skid steering. Note that the perpendicular
bisectors do not intersect, and the I.C.C. is not exactly
known.

2.3.3 Ackerman Steering

This type of steering is used in most automobiles.The two rear wheels remain at a fixed ori-
entation, facing towards the front of the vehicle.This means that the perpendicular bisector is the
same for both rear wheels, extending in a line away from the vehicle. The two front wheels change
their steering angle to steer the vehicle. Note that the steering angle for each of the front wheels is
different to insure that their perpendicular bisectors intersect at the same point along the rear wheel
perpendicular bisector. See Figure 2-5.
2.3.4 Four-wheel Steering

Four-wheel, or “Crab” steering, has the same requirement as Ackerman steering; all of the
wheel's perpendicular bisectors must intersect at a common point to avoid wheel slippage. In this
mode, however, all of the wheels are allowed to change orientation. This means that the /.C.C. can

be anywhere, not just along the mutual perpendicular of the rear wheels as in Ackerman steering.
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A major advantage of this mode is that the turning radius can vary from zero to infinity, and it can

lie anywhere in the plane of motion. See Figure 2-6.

Path of mobile base

radius »

Figure 2-5: Ackerman steering. Note that the I.C.C. lies
along the mutual perpendicular bisector of the rear wheels.

Figure 2-6: Four-wheel or “crab” steering. Note that all four
wheels are turned, and the |.C.C. is the center of the base.
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2.3.5 Physical Implementation

The base assembly consists of a round aluminum plate with four drive wheel assemblies
mounted in a circular arrangement. The large aluminum plate provides mounting space for all of
Pneuman s batteries, power supplies, computers, sensors, and the waist assembly. See Figure 2-7.

Each drive wheel assembly contains two motors; one for steering the drive wheel and one
for rotating the drive wheel. The steering motor has an operational range of 180 degrees. This is
limited by the wires for the drive motor and for the optical encoder. A limit switch is integrated
into each steering assembly to insure that the operational range is not exceeded, which may dam-

age the wires. See Figure 2-7.

Figure 2-7: The base and wheel assemblies.
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2.4 Kinematics
2.4.1 Active Stereo Head Design Considerations

Preuman's vision system consists of a four DOF stereo head with convergence, tilt, and pan.
These DOF are needed to allow Prneuman identify the location of an object in a 3D space. Each
eye can move independently, allowing each camera to converge on to an object. Additionally, each
eye uses an optical encoder providing an angular resolution of 0.036 degrees. This will allow
Pneuman to determine the location of objects with high accuracy. See Figure 2-8.

The geometry required to determine the location of an object with the stereo head is illus-
trated in Figure 2-9. Each eye will be able to determine the object of interest using computer vision
techniques. After the centroid of each object is determined, each camera will converge on the
object such that the center of the image will correspond to the centroid of the object. The disparity
between the camera angles, 0, and 0, will allow Preuman to know the location of the object in

3D space.

Figure 2-8: Pneuman’s active stereo head.
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object

R eye

Epipolar plane

Figure 2-9: Epipolar plane formed by two
cameras and the object.

2.4.2 Robotic Arm Design Considerations

The two arms discussed below are five degree-of-freedom (5 DOF) serial link manipulators.
Constructed entirely from aluminum, the arms were designed to perform tasks similar to human
arms. Upper and lower arm lengths are proportional to that of an adult human. Explosion of kine-
matics equations were kept to a minimum by aligning the axes of rotations from joint to joint as
shown in Figure 2-10. The arms are mirror images of each other and are identical in all other
respects [27].

When designing a serial link manipulator, one must consider the kinematics equations
behind each joint placement. The arm was designed so that joint axis i intersects joint axis i+/,
where i is the number of joints in the arm. Each new link is offset from the previous link by 90
degrees as shown in Figure 2-11. See Table 2-1 for joint characteristics [27].

Joints ShoulderA, ShoulderB, and ShoulderC are coincident at the shoulder. This alignment
allows for the arm to rotate as if a ball and socket joint were implemented. The Elbow and Wrist
joints are also coincident. All joints are actuated by planetary gearhead motors [27]. The forward
and inverse kinematic solutions are straightforward due to the fact that the principal axes of all the

joints are aligned. Figure 2-12 shows the coordinate frame assignments.
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Figure 2-10: One of Pneuman’s robotic arms.

ShoulderA
ShoulderB

ShoulderC

Elbow

Figure 2-11: Kinematic representation of
Pneuman’s arms.
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Figure 2-12: Coordinate frame assignment for arms.
Note that frame {0} is coincident with frame {1} when 6, = 0. The DH parameters are

shown in the table below.

Table 2-1: D-H Parameters for 5 DOF Arm

1 &y a1 d; 0,
1 0 0 0 0,
2 g 0 0 0,
3 —g 0 d; 0,
4 g 0 0 0,
5 —g 0 0 05

Note the base frame {0} is positioned at the shoulder. This is the arm's point of attachment to
the body of Pneuman. The origin of frame {5} is located at the wrist. A dexterous hand may be

attached here in the future [27].
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The overall forward kinematics of the manipulator, derived from the DH parameters, is

given by the transform (Note: ¢, = cos(0,) and s, = sin(0,), where 0, refers to the position 0

of joint x.)

where

1

rp

1

5Y)

11 T2 713 Px
(S)T: 21 722 "3 Py
31 I'3p 733 P;
0 0 01

= csleq(cjeyey —5153) —15,8,4] — (38, T ¢1Cp83)55

= —cs(e3sy Fe1eps3) = [ey(erepc; = 5153) = €1584185

P13 = — €048y — (€103 —5153)8,

Py = —dsc;s,

= csleg(eyess) +ey53) =515554] = (€28153 = ¢1¢3)85

= —cs(cy8y53 = c1¢3) —[egcyeys) +¢153) = 515,5455]

Tay = —Cy818, —(CyC38) T ¢ 853)8,
Py = —dss,5,
ry; = s5(C3¢45, 1 €58,4) = 555355
F3p = —C58583—(C3C48y) +Cp84)585
I'33 = CpCy—C35,84

p, = dsc,

(2-1)

(2-2)

(2-3)

(2-4)

(2-5)

(2-6)

(2-7)

(2-3)

(2-9)

(2-10)

(2-11)

(2-12)

(2-13)
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where d; is the distance between ShoulderB (frame {2}) and ElbowA (frame {3}) and that the ori-
gin of the frame for ElbowA is the same as the origin of the frame for ElbowB (frame {4}) [27].
After the forward kinematics solution was determined, the closed form inverse kinematic

solution was found for the 5 DOF arm. The solutions for the joint angles are

0, = atan2(-p,, —p,) (2-14)
[2, 2
0, = atan2(+,/p; +py,pz) (2-15)
05 = atan2[(—r,c ¢y T 7538,y T 7335,), 7'158| — '3C4 ] (2-16)

2 2
0, = atanz[(i«/(rmcz—(’”ncl t79181)8,)" + (r30, — (1561 +7281)s,) ),j (2-17)

(r33¢5 = 1185 = 7235157)

(c3(rycy ’”1131)(”110102+’”213102+’”3152)S3),J (2-18)

05 = atan2(
(c3(rppcy —ryp8y) = (r1pc ¢y Frpps ¢y +13585)s3)

2.4.3 Waist Joint Design Considerations

The waist joint kinematics must be considered in addition to the arm kinematics. The waist
is a two DOF joint, exactly like a universal joint, providing Preuman s upper torso pitch and yaw
movement. As in the arm design, both axes of rotation are aligned to keep the kinematics simple.
See Figure 2-13 for a kinematic representation of the waist joint and placement of the reference
frames. The D-H parameters for the waist joint are shown in Table 2-2. Note that frame {0} is

coincident with frame {1} when 0, equals zero.

The overall forward kinematic transform is

P11 12 713 Py cos(0,)cos(6,) —cos(0,)sin(0,) —sin(0,) 0

gT _ |r21 T2 T3 py| _ | €08(6,)sin(0;) —sin(B;)sin(6,) cos(6,) 0 (2-19)
31 732 133 P: —sin(6,) —cos(6,) 0 0

0 0 01 0 0 0 1
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Figure 2-13: Kinematic figure of Pneuman’s waist joint.

Table 2-2: D-H Parameters for 2 DOF Waist

1 oy a; d; 0,

1 0 0 0 0,

2 -z 0 0 0,
2

The closed form inverse kinematic solution for the waist was also determined:

0, = atan2(-r3,7y3), (2-20)

A CAD drawing of the waist assembly is shown in Figure 2-14.



Figure 2-14: Pneuman’s waist joint.
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While much time and effort was devoted to the mechanical structure of Prneuman, it would
be a lifeless statue without the electronic systems. Pneuman's electrical system consists of four
sealed lead-acid batteries, a power distribution block, a regulated power supply, an embedded

computer, control electronics, actuators, and sensors. Each sub-system will be discussed, and a

CHAPTER 3
ELECTRONIC SYSTEMS

3.1 Overview

block diagram of the overall system is shown in Figure 3-1.

12V Battery

24V Battery

Voltage Regulator

¢

Power System

Control System

Motor Drivers

Optical encoderpr _\
potentiomete

Feedback

Motor

Figure 3-1: Block diagram of Pneuman s electronics and control

systems.
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3.2 Power System

Sealed lead-acid batteries were chosen due to their high capacity and low cost. Two 12V,
12Ah batteries are arranged in parallel for 12V@24Ah and two are arranged in series for
24V@12Ah. These four batteries provide Preuman with enough power to operate autonomously
for approximately 30 minutes. The 12V system supplies power to the computer voltage regulator

and the 24V system powers all of the actuators. See Figure 3-2.

12V 12V 12V 12V
@ @ @ @
12Ah 12Ah 12Ah 12Ah

1 1

DC-DC Converter and
voltage regulator

v
Regulated Regulated Bnregulated 24V for
5V 12V motors

Figure 3-2: Pneuman s battery and power system.

3.3 Computer System
3.3.1 Hardware

Pneuman's computer is a JUMPtec Intel Pentium with a 166 MHz internal clock and 32 kB
of write-back-cache. It has 128 MB of SDRAM, an 18 GB hard disk drive, a 100 BaseT ethernet
connection, two serial ports, one parallel port, a floppy driver interface, a real time clock, and 128
kB FLASH BIOS. The computer is in a pc/104 form factor, making it ideal for an embedded con-

trol system.
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The pc/104 bus allows for easy expansion. A voice synthesizer module from RC Systems,
Inc. connects to the pc/104 bus and provides Preuman with the ability to speak an infinite number
of words. Additionally, wireless communication is possible with the use of a pc/104 to PCMCIA
wireless network card adapter. Other modules using the pc/104 bus include the PWM module and
the PID module. These two modules form the main components of the digital control systems on
Pneuman.

3.3.2 Software

The operating system is Mandrake Linux 8.1. Software was developed in the C program-
ming language. The code is modular; each module is a separate process that communicates via a
shared memory space. The main executable is a process manager that initializes memory space for
the other processes and executes the requested modules. The current modules display the text user

interface, generate the timer signals, and execute the control algorithms. See Figure 3-3.

Process Manager

!

Real Time
Text User
Control | qu=p Interrupt

Interface

4

Shared Memory Space %

Figure 3-3: Software structure.

The results from the processes are then sent to the other modules via a shared memory space.

The movement control module keeps precise records of the current and desired states of all the
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actuators. This data is used to determine what control output is necessary to move to a desired
position. The text-based user interface module allows the user of the system to change the parame-
ters for Pneuman.

3.4 Pulse Width Modulation (PWM) System

All of the actuators on Pneuman are brushed direct current (DC) motors. Their torque is con-
trolled by pulse width modulating their current. The control signals are generated by custom pc/
104 cards. Each card has three main systems, including PWM components, digital input/output
(I0) components, and an analog-to-digital converter. The overall goal is to provide a complete pro-
portional, integral, and derivative (PID) controller for each motor, implemented in software. This
will be possible by using the analog inputs for angle position sensors, and controlling the motors
via a motor driver board with PWM and direction signals.

The first system is responsible for generating PWM using three standard 8254 programma-
ble timers. Each timer chip contains three individual timers, for a total of nine timers on each pc/
104 board. Each timer has a count register and an output pin associated with it. When the count
register reads zero, an event on the corresponding timer pin may occur. An event may involve the
output going high, low, changing from its current state, or nothing at all. One of the timers is set to
operate as a real-time interrupt (RTI) providing a signal that corresponds to the period of the PWM
signals. Note that all eight of the PWM signals generated must have the same period. This RTI sig-
nal is connected to the trigger inputs of all the other timers. Furthermore, the remaining eight tim-
ers are operating in “one-shot” mode. This means that once the trigger is asserted, the outputs of
these timers are asserted until their corresponding timers count down to zero, thereby de-asserting
the output. Additionally, the values in the count registers may be loaded with different values via
the pc/104 bus, thereby changing the time that the outputs remain high. Thus, this may be used in

combination with the RTI as mentioned above for hardware PWM [27]. See Figure 3-4.
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N Real—time
interrupt
: Counter 0 —» PWMO
Ic) Y Counter 1 — PWM I
i : Counter2 —» PWM?2
g : Counter 3 +—» PWM3
b : Counter 4 —» PWM4
lsl : Counter5 +—» PWMS5
: Counter 6 —» PWM6
: Counter 7 —» PWM7

Figure 3-4: Pulse width modulation system.

The next system provides eight digital input/output connections (I0's) for the direction con-
trol of each motor, eight outputs to control the analog to digital converter, and eight inputs to read
the analog values. This system uses a standard Intel 8255 parallel peripheral interface (PPI) IC.
The final component of the board, the analog-to-digital conversion system, uses an Analog
Devices ADCO0808 IC. This particular IC provides eight input channels as well as eight bits of res-

olution for each channel [27]. See figure 3-5. An image of the pc/104 card is shown in Figure 3-6.
3.5 Hardware-Implemented Control System

The above mentioned PWM boards are ideal for a closed loop position control system utiliz-
ing a potentiometer for feedback. However, the drive wheels use an incremental quadrature optical
encoder for feedback. The encoders allow 360° of rotation, as required for a drive wheel, and the
incremental count permits significant wheel travel before the counter can overflow. A different
system was required to control the velocity and position of the drive wheels because incremental
encoders are used. Therefore, custom pc/104 cards were designed to interface to the encoders and

control the corresponding drive motors.
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Figure 3-6: Image of the PWM and A to D pc/104 card.

The boards have four National Semiconductor LM629 motion control IC's. The embedded
computer interfaces to these IC's via the pc/104 bus. They are dedicated motion control processors

that use a quadrature incremental position feedback signal. The optical encoders mounted directly
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to each drive wheel provide these signals. There are four PWM outputs (each with eight bit resolu-
tion), for directly driving an H-bridge motor driver. Each IC may operate in position and velocity
mode or velocity only mode. Position and velocity mode will be useful for doing navigation
through dead reckoning. Velocity mode will insure that the wheels are all operating at the appro-

priate speeds even if distance information is not needed [28]. See Figure 3-7.
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Figure 3-7: Image f L9 pc/104 card.
3.6 Solid State Motor Drivers

The PWM and PID systems generate the digital control signals for the motors. The control
signals are connected to solid state H-Bridge motor drivers. The motor drivers act as amplifiers,
allowing the logic level signals control the high current from the batteries. The motor drivers con-
tain four metal oxide semiconductor field effect transistors (MOSFETs) arranged in an H configu-
ration. This allows current to flow in both directions to the motor, controlling the direction of
rotation. The switches can turn the current on and of rapidly, controlling the speed of the motors
[26]. The details of this control method are discussed in Chapter 4. See Figure 3-8 for a block dia-

gram, and Figure 3-9 for an image of the circuit board.
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Figure 3-8: Block diagram of the H-bridge motor driver.

Figure 3-9: Solid state H-bridge motor driver.



CHAPTER 4
CONTROL THEORY

4.1 Overview

Pneuman'’s mechanical structure has 25 degrees of freedom (DOF). Each DOF is actuated by
a direct current (DC) motor and has a sensor for feedback. The embedded computer analyzes the
information from the sensor and controls the corresponding DC motor to achieve the desired out-
put. Each DOF, with its own DC motor and sensor, constitutes a complete closed loop control sys-
tem. There are two different types of sensors used on Prneuman; potentiometers provide absolute
joint position for 19 of the 25 DOF and incremental optical encoders are used on the drive wheels
and stereo head. The details regarding the use of each sensor will be discussed in the following

sections.

Although a control system provides a way to achieve a desired output, the methods used to
determine what the desired output should be are also considered. For example, if a particular joint
is positioned at 0 degrees and the desired position is 90 degrees, how should the joint move from
the initial to the final position? Do you simply command the controller to position the joint at 90
degrees as fast as possible? Will that cause too much mechanical strain on the joint? What if you
wanted it to move “smoothly” over a period of 5 seconds? These issues, commonly known as joint

trajectory generation, will also be discussed in detail.
4.2 Control of Direct Current (DC) Motors

Essentially, a DC motor consists of a stator, a rotor, and a commutator. The stator is the
housing of the motor and contains magnets, bearings, etc.. The rotor is the rotating part of the

motor and contains a coil of wire through which current flows. The coil of wire in the rotor con-

39
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nects to the commutator and receives current via brushes. The commutator insures that the current

flows in the proper direction while the rotor turns [26].

In understanding this topic, it is important to have an understanding of the operation and
mathematical model of a DC motor. When current flows through the coil of wire in the rotor, a
torque is created that causes the rotor to spin. The relationship between the motor output torque

and the current is given by

o=k @4-1)

where t,, is the output torque, k,, is the torque constant, and i, is the rotor coil current. Conse-
quently, the amount of torque generated is proportional to the current flowing through the wire.
However, there is a limit to the amount of torque a given motor can produce. The coil of wire in
the rotor is an inductor, and the voltage across the inductor is

di

v=L-% (4-2)

di

where v is the voltage across the coil, L is the inductance of the coil, and =

is the changing current
across the inductor. This coil-induced voltage opposes the voltage that is applied to the motor,

causing a decrease in current through the rotor. This is called the back-emf voltage and the nega-

tive feedback eventually causes the motor to settle at a steady state point of operation [26].

Changing the voltage across the motor terminals will vary the current flowing through the
coil thereby changing the torque produced by the motor. However, this technique is not used to
control Pneuman's motors. Instead, a constant voltage is pulsed through the motor coil. This puls-
ing, or pulse width modulation (PWM), changes the average current through the motor over time.
The average current is proportional to the duty cycle of the PWM signal. The duty cycle is deter-

mined by
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high time

% duty cycle = riod

100%. (4-3)
See Figure 4-1 [26].
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Figure 4-1: Pulse width modulation
4.3 Control System Implementation
4.3.1 Analog Feedback Control

Nineteen of Pneuman's joints use analog potentiometers for feedback. They operate as abso-
lute position encoders, providing a voltage reference indicating the joint angle. This voltage signal
is fed into an analog to digital converter, providing eight-bits of resolution over the potentiometer's
operational range of 300 degrees. Therefore each bit corresponds to 1.17 degrees of movement,
which is acceptable for Pneuman's designated purpose as an experimental research platform. See

Figure 4-2.

All of the joints utilizing a potentiometer use a discrete approximation of the proportional,
derivative, and integral (PID) control law, with gravity compensation (except for the steering
mechanisms), implemented in software. This robust control law was selected due to its simplicity

and good performance. The discrete PID controller is implemented with equation 4-4:



42

Control ]
— Computer ——» Motor Driver
Desired
Input
from A
user or
robot D
Analog to
Digital
Converter
Potentiometer

Figure 4-2: Block diagram of analog control system.

N

w(n) = kp-e(n)+k, z e(n) +kple(n)—e(n—1)], (4-4)
n=0

where p(n) is the motor control signal output, updated at the sampling time n, kp is the propor-
tional gain, k; is the integral gain, k;, is the derivative gain, and e(n) is the position error at the
sample time n. All of the joints have the same sampling rate of 100 Hz, and all of the gains are
individually tuned for maximum performance [28], [29].

The potentiometers used as joint angle sensors may have nonlinear characteristics. For
example, the potentiometer may physically rotate 90 degrees, but due to the nonlinear characteris-
tics the analog value does not indicate a change of 90 degrees. See Figure 4-3. Therefore, all of the
joints must be calibrated to get the most accurate measurements possible. Ideally, a large data set
collected over the complete range of motion should be collected and used for an accurate calibra-
tion. However, collecting data over the complete range of motion for each DOF is not feasible due

to difficulties in obtaining accurate position measurements without
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Figure 4-3: Output of uncalibrated potentiometer

sophisticated tools. For this reason, three data points are collected and used to calibrate each joint.

The three data points form two lines; the slopes and y-axis intercepts of each line are the cal-

ibration parameters for each DOF. The slopes are determined from the following equations:

_ Aloint Position _ Position 1 — Position 0
slope, = = (4-5)

AAnalog Value Analog 1 — Analog 0

_ AlJoint Position _ Position 2 — Position 1
slopep = = (4-6)

AAnalog Value Analog 2 — Analog 1

and the intercepts from

Intercept A = Position 1 — (slope, - Analog 1) 4-7)
Intercept B = Position 1 — (slopey - Analog 1) (4-8)

For example, each drive wheel is calibrated at -90, 0, and +90. The corresponding analog
values are recorded and used to calibrate the joint. The calculated calibration lines are then used to

interpolate joint position between the calibration points. See Figure 4-4.
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Figure 4-4: Calibrated potentiometer plot

4.3.2 Digital Feedback Control

Pneuman's drive wheels and stereo head actuators each use incremental optical encoders for
feedback. These non-contact sensors permit a full 360 degrees of rotation, a requirement for the
drive wheels. The wheel encoders have a resolution of 0.18 degrees, allowing for precision dis-
tance measurement. The stereo head convergence optical encoders have a resolution of 0.036
degrees, which is needed for precision stereo vision. Each of the encoders connects to a National
Semiconductor LM629 motion control integrated circuit (IC). This specialty-purpose controller
interfaces directly to an optical encoder and outputs a signed-magnitude PWM signal for motor
control. See Figure 4-5.

The LM629 is a specialty purpose micro controller which interfaces directly to a quadrature
optical encoder for feedback. Pneuman’s main computer issues commands to the LM629 via the
pc/104 bus, and the IC generates the desired motion trajectory. The PID filter is given by equation

4-9:
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Figure 4-5: LM629 PID controller block diagram.

N
u(n) = kp-e(n)+k Z e(n)+kple(n')—e(n'—1)] (4-9)

n=20

where () is the motor control signal output, updated at the sampling time 7, e(n) is the position
error at the sample time #, n” indicates the derivative sampling rate, k, is the proportional gain, k;
is the integral gain, and k&, is the derivative gain [28].

The proportional term contributes a restoring force proportional to the positional error. The
integral term provides a restoring force that is summed over time, insuring that the static error is
zero. Therefore, even if there is a constant load on the motor, zero error will still be achieved. The
final derivative term provides a damping force, which is proportional to the rate of error change

[28].
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4.4 Joint Trajectory Generation
4.4.1 Software Trajectory Generation

The overall desired motions of a manipulator may be considered a multidimensional trajec-
tory, which is a history of position, velocity and acceleration versus time. While a qualitative
description of a trajectory appears trivial (i.e., make the end-effector go from point A to point B), a
quantitative description is more difficult. Questions such as, “How fast should the manipulator
move?” and, “What if there is an obstacle in the way?” need to be addressed. Even though a quan-
titative description is not trivial to compute, an end user of a robotic system should not have to deal
with all details of the desired motions. Instead, a goal position and orientation may be given and

the control system calculates the best way to get there.

There are a number of ways to move a robot from point A to point B, but they all share a
common attribute; they allow the robot to move “smoothly.” A motion may be considered smooth
if it is continuous and differentiable. This type of motion decreases wear on the mechanics,

reduces vibrations, and generally improves the performance of a manipulator [29].

Calculating a smooth trajectory requires that some constraints be placed on the paths
between the points along a trajectory. These constraints guarantee a smooth path will be executed,

and they must meet the following conditions:

0(0) = 6,, (4-10)

0(t) = 0, (4-11)

which are the initial and final joint position values at the initial and final times, respectively. Two

other constraints are given by:

0(0) =0, (4-12)
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0(t) = 0, (4-13)

indicating that the initial and final velocities are zero.
These four constraints necessitate a function with four coefficients, a cubic polynomial. A

cubic polynomial has the following form:
2 3
0(t) = aytat+ta,t +ast, (4-14)
with velocity and acceleration given by:

0(t) = a, +2at +3a,t, (4-15)

0(t) = 2a,+6ast. (4-16)
By taking the previous constraints and combing them with the cubic and the derivatives we

get a system of four equations and four unknowns; therefore we can solve for the cubic polynomial

coefficients:

ay = 0,, (4-17)
a, = 0, (4-18)

3

fy

2

S

where 0, is the initial position, 8, is the final position, and l is the amount of time allotted to
complete the trajectory [29].
The trajectories of Pneuman's drive wheels are determined using this method. This simple

trajectory generation scheme was chosen because the steering assembly does not require additional



48

constraints on the velocities and accelerations. The amount of time required to execute any given
trajectory is determined by taking the ratio of the desired movement over the overall range of
motion and multiplying by the time allowed for the full range of motion:

A

_ given
allotted — 0

t

.t (4-21)

total
total

with 0,,,,, and ¢, ,,, varying for the different joints. The steering joints all use 180 degrees and 3
seconds, respectively.
For example, a steering trajectory executed with a starting position of -45 degrees and an

ending position of 30 degrees will have the following parameters:

tallotted = GLVC;H ’ ttotal = W -3s = 1.25s (4-22)
tota

ag = 0p = —45° (4-23)
a; =0 (4-24)
a = %(ef_ 0,) = 144 (4-25)

tf
az = f%(eff 0,) = -76.8 (4-26)

I

and the cubic is

0(1) = — 451+ 1447 - 76.87° (4-27)

and the plot of the above trajectory is shown in Figure 4-6.
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The previously described method may be applied if the starting and ending velocities are
zero. However, if intermediate via points are needed where the velocities are not zero, the cubic

coefficients are determined by:

ag = 0y, (4-28)
a, = 0o, (4-29)
3 2. 1.
a, = —2(9f— 60)—;60—;9f, (4-30)
7 r7
as = —5(0,~69) + =(8,+ 6p), (4-31)
ly Iy

where 0, is the starting position, 0o is the starting velocity, Gf is the final position, and éf is the
final velocity of the segment. Although the steering and drive assemblies do not use this technique,
the rest of Pneuman's joints benefit from the ability to use via points. See Figure 4-7 for a cubic
trajectory with via points; the first segment from -45 degrees to 30 degrees occurs in 1.5 seconds
with a via point velocity of 20 degrees/second, and the second segment from 30 to 75 degrees

occurs in 3 seconds with and ending velocity of 0 degrees/second [29].
4.4.2 Hardware Trajectory Generation

The LM629 motion control IC does not use cubic trajectory generation. Instead, an alternate
generation scheme with a trapezoidal profile is used. In positional control mode, the profile is gen-
erated by specifying the desired values of acceleration, maximum allowable velocity, and desired
final position. The motion controller uses this information to affect the move by accelerating con-
tinuously until the maximum velocity is reached or deceleration must begin to stop at the desired
final position. During the move, the values of maximum velocity and desired stopping position

may be changed to alter the trajectory [28].
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In velocity-only control mode, the values of acceleration and maximum velocity are used to gener-
ate the trajectory. The LM629 causes the motor to accelerate to the specified velocity until the
maximum allowable velocity is reached, and maintains this velocity until commanded to stop.
Again, the deceleration rate is equal to the acceleration rate. See Figure 4-8 for typical trajectories

[28].

Velocity
N
Standard Trapezoidal Profile

Time
Velocity
A
Modified Trapezoidal Profile

Time

Figure 4-8: Typical LM629 Motion Trajectories



CHAPTER 5
USER INTERFACE

Eventually, Pneuman will operate autonomously, but this is not the case during develop-
ment. The user requires control over all of Pneuman'’s parameters during development to insure
that the robot functions properly. Therefore, a text user interface is currently under development.
This interface allows all of Pneuman's joint parameters to be calibrated, adjusted, and controlled.
The initial startup screen allows the user to select a parameters menu or a control menu. See Figure
5-1.

root@pneuman: /home/sdn/lincode/bin
———————————————————————— PHEUMAN USER CONTROL PAMEL

L]

#OHEEEEE #

I
##
##
##

OW'T BE KILLED!

Figure 5-1: Initial Startup Screen of User Interface

The parameters menu shows all of the attributes of Pneuman's DOF. The control loop
parameters are actual position, desired position, minimum position, maximum position, default
position, kp, ki, kd, and duty cycle. Note that the duty cycle can not be displayed for the LM629

control loops because it is implemented in hardware. See Figure 5-2. All of the user adjusted
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attributes can be set from this menu. Each option may be selected by pressing the appropriate key,

identified as a capital letter on the menu bar at the top of the program window.

root@pneuman: /home/sdn/lincode/bin
it{ESC) actual deSired miN  maX  default kP kI KD duly

Figure 5-2: Parameters menu.
For example, the “S” key is pressed to set the desired position of a joint. After the initial key press,
a sub-window appears allowing the user to select the particular joint. Once the joint is selected, a

window appears asking for a new desired position. See Figure 5-3.

W root@pneuman: /home/sdn/lincode/bin
it{ESC} actual deSired miN max defFault

You have chosen to change the DESIRED position of the
Iiel-‘t Front Steering joint. Enter a new DESIRED position:

Figure 5-3: Setting the desired position of the left front
steering joint.

After a desired value is entered, the joint moves to the desired position. Upon finishing the
move, a real time plot of the desired trajectory, actual trajectory, and trajectory error is printed to

the screen. See Figure 5-4.
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Gnuplot H=l

i ‘{datafleFt_Front_steering‘dat, Sum of Error: 718
Pozition {Degrees

50

Dezired Trajectory

40 F Actual Trajectory

Trajectory Error o
20k
20k

10 F

0 0.5 1 L5 2 2,5

Elapsed Time

Figure 5-4: Real-time plot of desired, actual, and error trajectory values.

The parameters screen also accesses the calibration utility for the analog sensor joints. The
utility allows the user to control the joint with the keyboard. Initially, the user is prompted to posi-
tion the joint at the position corresponding to -90 degrees and then to press the ENTER key. Next,
the joint is positioned at 0 degrees. Finally, the DOF is positioned at +90 degrees. After the three
analog values are determined, the calibration slope and intercept values are calculated and saved to
a file so the joints do not need to be calibrated every time the robot is used. See Figure 5-5.

There is also a generic control screen that lets the user drive Preuman's base with four keys:
faster, slower, left, and right. This is useful if the robot is under remote control. Later improve-

ments will allow a user to control all of Pneuman'’s joints with a single keystroke. See Figure 5-6.



rooti@pneuman: /home/sdn/lincode/bin

Hhich DOF do you want to calibrate?

rooti@pneuman: /home/sdn/lincode/bin

You are calibrating the LEFT FRONT STEERING joint,
Press j and 1 to move the joint to —90 DEGREES,
Current &Blng Yalue: 14 Tesired Analog Yalue: 121

rooti@pneuman: /home/sdn/lincode/bin

You are calibrating the LEFT FRONT STEERING joint,
Press j and 1 to move the joint to 0 DEGREFS,
Current Analoz Value: 121 Desired fAnalog Yalue: 1210

root@pneuman: /home/sdn/lincode/bin

The calibration results are! (Press any key to exit.)
inf Intercept AT -inf
Intercept B: 10890, 000

Figure 5-5: Calibration Utility

root@pneuman: fhome/sdn/lincode/bin

PACEBAR TO KILL DRIV

HENU

Figure 5-6: Drive Control Menu



CHAPTER 6
DISCUSSION, FUTURE WORK, AND CONCLUSION

6.1 Discussion

Due to the popularization of humanoid robots in science fiction, many people may think that
we are close to developing an artificial human. Robots from The Terminator and Artificial Intelli-
gence appear to function in our society. They blend in and possess abilities equal, if not superior, to
their human creators. However, both films confront problems that can arise from humanoid robots.
These problems are not new; the first use of the word robot mentions them overtaking their human
creators. Should we worry? No. Today's most advanced robotic systems cannot “think” for them-
selves. They have trouble walking up stairs and identifying and grasping objects. All of these
tasks, trivial to humans, are prohibitively complex for humanoids.

Upon researching the state-of-the-art humanoids, it is clear that we are at the very beginning
of our science fiction fantasies. The most mechanically advanced self-contained humanoid, the
Honda P3, is primarily programmed [11]. Scenes on television of this robot walking down stairs
and opening doors may have led some to believe that we are close the realization of science fic-
tion. However, laymen do not know that millions of dollars have been spent to achieve this goal.
They do not know that there were hundreds of engineers and scientists who programmed every
move the robot made. They do not know that the robot did not think about walking down the stair
or opening the door. It was explicitly told to move each foot, bend each knee, and rotate the elbow
joint. The robot has no idea of what stairs or doors are.

The quest to build a humanoid robot must be considered carefully. Because humans are so
complicated, a divide-and-conquer approach is used. Many researchers are developing systems

that accomplish specific tasks needed for a humanoid, such as computer vision, voice recognition,
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and speech synthesis. Even if all of the individual humanoid systems were perfected, how should
they be integrated? Will the combination of these systems be enough to make a robot think? A
famous quote from Newell and Simon appears to summarize the problem of “thinking”:
I want to take my son to nursery school. What’s the difference between what I have and
what [ want? One of distance. What changes distance? My automobile. My automobile
won’t work. What is needed to make it work? A new battery. Who has new batteries?
An auto repair shop. I want the shop to put in a new battery; but the shop doesn’t know I
need one. What is the difficulty? One of communication. What allows communication?

A telephone . . . and so on. [30:15]

6.2 Future Work
6.2.1 Overall Implementation

The research and development of Pneuman and the humanoid systems will be an ongoing
project at the MIL. Before significant humanoid specific research can be accomplished, all of the
underlying control and sensor systems must be implemented. This includes the control systems for
the dual five DOF arms, the waist assembly, the neck assembly, and the active stereo head. The
sensor systems may include the machine vision system, obstacle avoidance systems, voice recog-
nition systems, and navigation systems.

Unfortunately, due to time constraints, all of the control systems needed to control Pneu-
man s joints have not been implemented. The neck, arms, and head are still under construction.
After these assemblies are completed and mechanically integrated on to Prneuman, the control sys-
tems must be updated and revised to implement the PID control methods and trajectory generation
discussed in the previous sections. This also includes the implementation of the forward and
inverse kinematics and dynamic modelling of the robot.

6.2.2 Future Research

As discussed earlier, there is a wide spectrum of systems that need to be developed for the

realization of a practical humanoid robot. All of the systems can not be discussed, however, some
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of the possibilities of future research that may be applied to Preuman deal with control improve-
ment techniques, voice recognition, computer vision, and navigation.

The objectives of Pneuman's control systems are to move the joints in the manner specified
by the trajectory generation module. This is accomplished adequately by using a PID control law,
but there are still errors between the desired and actual trajectories. These errors may be attributed
to inaccuracies with the feedback sensors, the dynamic models, friction, or a number of other non-
modelled factors. Machine learning techniques may be used to reduce the error between the
desired and actual trajectories. A proposed scheme is illustrated in Figure 6-1. This scheme aug-
ments the current control system with a trainable module. Data may be collected during execution
of trajectories and used to train the module. The module will “learn” the errors in the untrained

system and compensate for them, thereby reducing the error in the augmented system [31].

Desired Values

0(t) ———
: Dynamic
0(¢ - -
9@ Model ©(?)
0(1) L
Output of
System
.
L Neural > At(l)
L | Network

Figure 6-1: Augmented control scheme

Voice recognition is an important aspect of humanoid development. This natural communi-
cation technique is the preferred method of interaction with humanoids. With recent advances in
voice recognition hardware and software, a feasible system can be implemented for Pneuman with
minimal effort. These commercial off the shelf systems may be improved upon with the addition
of a natural language processing (NLP) system. A NLP system would give Pneuman the ability to

process and understand complex phrases.
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Pneuman’s active stereo head will be an ideal platform for stereo vision research. Implemen-
tation of the control and vision system will give Pneuman the ability to use machine learning tech-
niques to identify the location of objects in 3D space. The cameras will use wireless video
transmitters, permitting off-board image analysis. This means that the vision processing is not lim-
ited to the on-board computing power and the limitations of an embedded computer system will

not hinder the vision research.

Navigation and path planning should also be addressed. The optical encoders mounted on
Pneuman wheels provide accurate wheel position information which can be used for dead recko-
nining. This technique can be coupled with a local positioning system, allowing Preuman to navi-
gate in a building or similar environment. A global positioning system (GPS) can be used outdoors
for long range navigation. These features can help Prneuman operate autonomously in any environ-

ment.
6.3 Conclusion

In spite of the difficulties, research must start somewhere. That is why Omnibot was created.
It was a first attempt to integrate a few humanoid systems at a low cost. The robot was able to
move around without bumping into objects. It was able to talk to an audience and give presenta-
tions. It could understand a few simple phrases, and it could communicate verbally. All of these
behaviors were programmed, just as with the Honda P3 robot, but Omnibot cost approximately

$500.00.

Omnibot was not designed to withstand the rigors of everyday use. Repeated presentations
and self-demonstrations took a toll on the robot, causing major mechanical failures. Fortunately,
the idea of a humanoid robot giving tours of the Machine Intelligence Laboratory was well
received. The idea that a robot could tell you about other robotic projects in the lab is interesting
and entertaining. Therefore Prneuman will satisfy the need for entertainment and serve as a more

reliable humanoid robot research platform. Prneuman is still under construction, but when it is fin-
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ished, its abilities will exceed that of Omnibot. Pneuman will have more computing power, more
degrees of freedom, more sensors, and it will be a more reliable research platform.

Upon examining the creations from our ancestors, we can see that people have always
desired to recreate their own form. It wasn't always for religious purposes; as humans we want to
know how we work, how we think, and how we feel. It wasn't until recent years that technology
has advanced far enough to develop humanoids, therefore the development of humanoid robots is
relatively new. Humanoid development is in its infancy and the current state of the art may not
appear to be significant. Fortunately, researchers will continue to improve technology and search

for ways to achieve the “holy grail” of roboticists: to develop an autonomous humanoid robot.



APPENDIX A
MECHANICAL DRAWINGS

—6.0000——

Figure A-1: Front view of Pneuman
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APPENDIX B
SCHEMATICS

B.1 Pulse Width Modulation (PWM) pc/104 Card
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Figure B-1: PWM pc/104 card schematic
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B.2 LM629 pc/104 Card
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Figure B-2: LM629 pc/104 card schematic
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