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ABSTRACT

This project uses N-Body computer generated robots to
investigate the fundamental problem of synergistic control of
robots. This facility is important in an automated
manufacturing environment and relates directly to the
expanding field of study involving nonlinear systems.
Experiments are performed utilizing this force controlled
model to investigate nonlinear control problems using one of
the techniques advanced.

The principal results of this work are summarized:

® A new simulation package is developed which uses Lagrange
equations with multipliers to model two dimensional user
defined robots. Three dimensionalization and parallelization
are discussed and a dynamic optimization algorithm is
introduced for regulating the size of the time increment.

® A control package shell is developed which allows the user
to construct and test control methodologies against this
robot model; it also allows response time delays to be
incorporated into the simulation.

® A set of programs are developed as tools for investigating
the synergism problem: neural networks, genetic algorithms,
and a controller based on Newtonian physics.

® Modified versions of genetic algorithms are investigated

and faster convergence rates are obtained.

iv



® A reinterpretation of gradient decent is proffered and
methods are found which speed backpropogation convergence in
a realtime learning environment.

@ A controller is developed, based on Newton’s second law,
which allows us to determine the "effective mass" and to
quantity and compensate for external forces.

® Experiments similar to the broomstick and inverted
pendulum are performed using the Newtonian control process.

® An experiment is performed on a human torso robot.



CHAPTER 1

INTRODUCTION

This dissertation uses N-Body computer generated robots
to investigate the fundamental problem of synergistic control
of robots., In recent years there has been a tremendous
increase in interest in the mobile robot learning process.
As advanced learning algorithms are developed they will have
many applications, their impact on the manufacturing
environment will, no doubt, be astounding. Another major
application of such learning processes is the prospect of
creating agile perambulating robots. These walking robots
will be much more mobile than contemporary wheeled robots
because much of our architecture has been designed for people
who walk, and because most of the land mass of the earth is
inaccessible to wheeled vehicles. In addition to the
practical implications, the learning process holds an
intrinsic fascination as well.

A child spends many months learning to walk and many
more perfecting the process - a colt is walking within
moments of birth. We attempt to explore the processes which
are entailed in learning to manipulate such highly nonlinear
systems.

A physical robot with a reasonable learning capability

could conceivably be allowed to operate until it has learned
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to walk - or until it has pummeled itself into a pile of
junk. A simulated robot can be run without such physical
consequences; moreover, it can be stopped in any
configuration then be restarted (numerous times) from that
exact same configuration. Additionally, using a simulated
robot allows us to simulate the processing power which may be
required (but unavailable) to control a real time robot; the
simulated reality can be slowed down to match the processing
speed available. Thus a simulated robot is a preferable tool
for an initial research project.

Although it would be desirable, the simulated robot need
not model reality precisely, as long as it presents the
control system with the same type of nonlinearity that would
be encountered in the real world. Our intent is to have a
reasonably accurate model of reality in a two dimensional, or
possibly three dimensional, world. To this end we have
developed a two dimensional prototype robot model, written in
C, which simulates realistic behavior of robots in response
to changes in external forces. We can develop control
programs based on such techniques as neural nets, genetic
algorithms, genetic programming, conventional methods, etc.;
then test these programs in conjunction with this simulator
to determine their efficacy.

Typically dynamics simulators are meticulously precise
because they are used to electronically prototype mechanisms

for engineering purposes, two examples of this are the Newton
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project at Purdue University and the DAMS (Dynamic Analysis
of Multibody Systems) program of the Mechanical Engineering
department at the University of Illinois at Chicago [38].
These are systems developed to model virtually any kind of
robot with extreme accuracy over long periods of time. Our
purpose does not necessarily require an extremely accurate
model over extended time periods - we do require a fast model
which is controlled by forces and reasonably credible for the
class of mechanisms we will be investigating. If a control
program technique, not based on physics; works well in an
environment which behaves this realistically then it will
work well in the real world.

Two separate sets of programs are required: the first
is a model of the real world using Lagrangian dynamics -
within small time increments it solves simultaneous
differential equations to predict the behavior of a multiple
rigid body system which has been defined by the user. The
second program set is a control system employing neural nets,
genetic algorithms, conventional control methods, or some
other method, to control the actuators of the multiple rigid
body system previously mentioned.

Communication between the control program and the robot
simulation model is as follows: The control program receives
configuration information from the model and responds with
torque values for the body joints - the model receives these

forces and applies them to the body over small time intervals
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(which sum to the response time) then returns the new
configuration information. If synchronized multitasking is
available then the two processes should be run concurrently.
If it is not available then concurrence should be simulated,
this can be done with a response time delay if desired. The
simulation model is a foreground process, providing a real
time graphical display of the body (which can also be
recorded and replayed).

The principal results of this work are summarized:

e A new simulation package is developed which uses Lagrange
equations with multipliers to model two dimensional user
defined robots. Three dimensionalization and parallelization
are discussed and a dynamic optimization algorithm is
introduced for regulating the size of the time increment.

@ A control package shell is developed which allows the user
to construct and test control methodologies against this
robot model; it also allows response time delays to be
incorporated into the simulation.

® A set of programs are developed as tools for investigating
the synergism problem: neural networks, genetic algorithms,
and a controller based on Newtonian physics.

® Modified versions of genetic algorithms are investigated
and faster convergence rates are obtained.

® A reinterpretation of gradient decent is proffered and
methods are found which speed backpropogation convergence in

a realtime learning environment.
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® A controller is developed, based on Newton’s second law,
which allows us to determine the "effective mass" and to

quantity and compensate for external forces.
® Experiments similar to the broomstick and inverted
pendulum are performed using the Newtonian control process.
® An experiment is performed on a human torso robot.

In this dissertation we will first describe some of the
work others are currently doing in related research, then we
will describe the robot model and a technique employing
Lagrange equations with multipliers. A discussion of the
control model interface, genetic algorithms, neural nets, and
a Newtonian control procedure will follow. A particular
robot will be investigated, a simple human torso,
observations will be made and an experiment described.

Finally, conclusions will be presented.



CHAPTER 2

BACKGROUND

A mechanism or robotic system may be considered to be
comprised of interconnected ridged (and even deformable)
bodies each of which may undergo large translational and
rotational displacements. The dynamic equations which govern
the motion of such systems are highly nonlinear.

Our intent is to model robots composed of rigid bodies
with revolute joints. This class of robots will allow us to
model a dog, horse, roach, spider, man, arm, hand, etc. The
robot modeling approach we have taken is based primarily on

information and techniques described in the book Dynamics of

Multibody Systems [38].

f o

Figure 1
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The robot model is a tool needed in order to carry out
the research on the controller which is a more state-of-the-
art subject. However, work is being published in regard to
such modeling: an interactive robot simulation package [33]
for the MacIntosh microcomputer was recently introduced. A
Lagrangian dynamics model was used to produce realistic
animation of a human walking [39]; the controller portion of
the project might be of interest to animators as seen by the
use of controller algorithms in a paper discussing the
animation of dynamic 1legged locomotion [36], although
animators would not require the realism of a response time
delay and would have no compunction about using the model
itself to determine forces. Likewise, engineers would use a
model, such as our robot model, as a controller for an actual
robot.

Numerous articles regarding control programs can be
found in current journals. Most of these control systems are
variations of either classical control theory or modern
control theory. There are many books on these subjects (see
for example [10,12,30,34]). The classical theory, called
"frequency-domain method", uses transfer functions, from
Laplace transforms, to represent processes; the
interconnection of transfer functions in a block diagram
permit visualization of the interaction of various subsystems
within a more complex system. Modern theory, called "state-

space method", characterizes system processes by coupled
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differential equations -~ this is precisely how we modeled our
robot as described in the first part of this project.
However, as remarkable as a Louisiana roach may be, intuition
tells us that it does not solve simultaneous differential
equations to determine how it should move its legs in order
to walk!

Increasingly, researchers have been addressing control
by various renditions of neural nets [1,4,5,7,8,16,22,24]1,
generally these attempt to model physical systems with very
few links and use fairly standard back propagation techniques
[40] attempting to attain an adaptive control capability.
The problem of slow convergence of neural nets using back
propagation has been addressed by using Radial Basis
expansion [32,35], the cerebellar model articulation
controller [2,3,27], variable learning and momentum
coefficients [21], or dynamic insertion of neurons [6].

A novel approach [11] based on Sparse Distributed Memory
[23] uses an associative memory instead of a neural network
to learn to correlate input patterns with their corresponding
output patterns.

By far the most impressive results were obtained though
the use of "genetic programming" [9]. Here a pair of stick
legs were self taught to walk in a lifelike manner in a two
dimensional velocity controlled kinematic model. Most
research in synergism is done on kinematic models because

they are much easier to construct and run much faster, but
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they do not provide the same level of nonlinearity found in
reality.

Research in this area is interdisciplinary, for example,
the Department of Psychology at Princeton [28] is doing
similar work on a planar six link redundant manipulator.
Their work differs in that their model is physical and uses
antagonistic actuators, also they integrate knowledge based

systems with the neural net control.

ROBOT CONTROL

MODEL MODEL
®Physical eFrequency-domain
eVelocity #State-space
oNewtonian ®Associative memory
8Lagrange Equations ®Neural Networks
(embedded-recursive) 8Neural Networks
9Lagrange Equatilons with knowledge based systems
with multipliers eNeural Networks

with Genetic Algorithms

Figure 2

Current research with similarities generally has any of
three purposes: graphics, engineering, and the study of
synergism. In the study of synergism there are several
models being used: physical robots, velocity controlled
models, older force controlled techniques (such as embedding)

and Lagrange equations with multipliers. The control methods
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used employ: frequency-domain, state-space, knowledge-based,

neural nets, associative memory and genetic algorithms.



CHAPTER 3
ROBOT MODEL

The primary motivation of this dissertation was to
develop a robot model which will be available for continuing
research into robot learning. The availability of robots is
certainly lower than that of computers, so a sophisticated
computer model is very desirable. We desire to deal with
robots controlled by forces (rather than by velocities) so
that our control methodologies will be tested against the
same nonlinearities found in reality.

The description of this robot model begins with the
three procedures of which the model is composed, followed by
a description of the primary data structure. An overview of
the methodology is followed by a derivation of the matrix of
Lagrange equations with multipliers -~ this technique is the
foundation of the model. Specific issues are addressed in
some detail, a synopsis is provided to bring the process into

clear focus.

Procedures

CREATE is a program which allows the user to graphically
create a new robot or modify an existing one. New elements
(1links) may be added to either end of any existing element

and joint limit constraints may be established. Each element

11
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has an initial orientation, a mass and a length; either end
of the link may be flagged so that this point will not be
allowed beneath the ground line (y = 0). Note that each
element will have at most one parent and one actuator
associated with the joint to that parent. Numerous single
key commands are provided which allow the user to build and

modify the robot and to control the graphics.

CREATE — STRUCTURE — REPLAY

ROBOT

Figure 3

ROBOT is a program, it loads in a robot structure file -
from the CREATE program or down loaded from ROBOT itself. It
analyzes gravity, constraints, and any externally supplied
torques (from a control program or direct user intervention)
to produce appropriate changes in the configuration over
time. Numerous single key commands are provided which allow
the user to affect the process and to control the graphical

output.
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REPLAY is a graphical ocutput program which can replay

data produced and recorded by the ROBOT program; several
single key commands are provided which allow the user to

control the speed and the graphics.

Data Structure

The term n-body refers to two or more links (ridged
bodies or components - we shall call these "elements") which
are joined together to form a system, in our case a robot.

The data structure is given in table I.

Table I
struct {
int parent, parent number
jointo, which end of the parent
groundtyp, if ground limit, which end
groundnum, temporary membrane number
torque, externally supplied torque
childtorques; sum of children’s torgques
double mass, element mass
halflength, half of the element length
childlimtorques, joint limit constraints
jointlimitl, joint freedom limitation
jointlimit2; joint freedom limitation
struct {
double R1, horizontal position
R2, vertical position
Theta, angle
Rlv, horizontal velocity
R2v, vertical velocity
Thetav; angular velocity
} n,o; at new and old time
} Elem[El] ;

We decided to maintain the elements of the robot in a

tree structure, this structure allows us immediate access to
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parent information for joint analysis. It can also allow us
to process the parents before the children or vice versa - in
this regard their order in the array is sufficient.

It simplifies our task for each element to have only one
parent and one actuator - which is associated with that

joint.

Methodology

For the initial point in time, we create and solve a
matrix of simultanecus differential and algebraic equations
to determine the instantaneous accelerations. We integrate
forward in time using simple approximating formulas for the
new positions and veleocities in terms of these accelerations.
For the next time period we again create (using the new
positions and velocities) and solve a similar matrix to
determine the instantaneous accelerations. We average these
accelerations with the initial accelerations and reintegrate;
we repeat this procedure until the positions do not change
substantially, then we use these accelerations as initial
accelerations and repeat the process for the next time
interval. The process is described in more detail below and

followed by a summary of the discussion.



15

Matrix of Lagrange Equations
Consider three elements joined together as depicted in
figure 4. We will begin to develop the matrix equations
which will be the centerpiece of our robot model program; a
matrix of simultaneous differential and algebraic equations
which will define our instantaneous accelerations in terms of

all other system variables.

Ry~
RZ- | 92\
R;- ;—l—-——ol———
ll |2 |3
Ry Ry Ry
Figure 5

The positions may be expressed as generalized coordinates:

Ry| |R?
R} |Ry
o e

Rl |R} + Val,cos@ + Vel,cos6?
g = (R = |Ry + Yel,3in6* + V20,8iné?

Ry |R? + Vel,cos@ + Val,cos®®
R}| |RZ + Yel,sin®® + Yel,sinf
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The velocity is the first derivative of the generalized

coordinates:

Rl R
Bl &
¢ |o

RE |Rl + Ve, 6'cos® + Val,6FPcosd?
g = |RZ| = |R} - V20, 6'siné' - Vel,FPsint?

R} |RZ + V2l 6Pcos®® + Vel,6cost’
R})| |RZ - V20,6Psin@® - Vel,6’sind’
G J

The system constraints are:

Rf
R?

Ri + Va0, cos®*
Ry + V20, 5in6

Val,cos@?
Yel,sin6?

R? + Vel,cos@ = R} - Val,cos®®
RZ + Vel,sin® = R} - V20,8in@®

which we express as the vector of constraint functions:

R + Val,cos6* - RE + Val,cos6?
- R} + Y24,5in@ - R} + Vel,sin@?|

Rf + Vel,cos6? - R] + Val,cos®®

RZ + %l,8in6® - R; + Yel,siné®

In the Constraint Jacobian matrix each column has been

differentiated with respect to one of the variables.

1 0 -%l,siné -1 0 -%4i,sind® 0 0 0

c - 0 1 +%lcos@ 0 -1 +%l,cosé 0 O 0

T loo 0 1 0 -%i,sin® -1 0 -Yel,siné
0 0 0 0 1 +%l,cost 0 -1 +%alcosd
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If 8q is the virtual displacement then

C,éqg=10

It follows trivially that

ATcdq =0

The A are known as multipliers, we will return to them later.
Now we consider D‘Alembert-Lagrange’s equation using
vector notation; g is the generalized system coordinates so

8q is the virtual displacement:

['E:IQIE(T‘*) —Tq—Q"] dg=Abdg=0

T is the kinetic energy and Q is the vector of external

forces:

lei =0

QRzi = - mig

Oy = torque; - Y. torque;

children

We may also adjust these forces with spring and damper

forces:

c,lg - q) +cg

c, is, of course, Hook’s constant.
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Consider a single coordinate q:
A=-L(r) -1,-0
= 9[0 (ypmaz)) - O (amy?) -
A d(aq(/zmq)) 35 (eM&?) - 0
A:i(mq)-mqﬁg-g

A

- e - ma9d
mg - g mqaq Q

The quadratic velocity vector becomes zero when the origin of

the body is at the center of mass, therefore:

A=md-0

We now return to the D’Alembert-Lagrange’s equation using M

as the mass matrix.

H‘%(a’é) -7, - Q% 6g=[Mg- QT bg=0

Recalling that

A'cdg=0

We obtain

3qT [ MG - Q@+ CjA] =0
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From this equation we can obtain a matrix of Lagrange
equations with multipliers - a matrix of simultaneous
differential and algebraic equations which will define our
instantaneous accelerations in terms of all other system

variables.

o o< ]

The Q. can be obtained from

C,&=DicC
- Cp - (CA) 4 - 2C,4

Qc

i

Which, for our purposes, reduces to

Q, = - (C) &

The matrix equation above can be solved for the
instantaneous accelerations, §, corresponding to the masses
in M, the positions in C,, the velocities in Q. and the
forces in Q, which taken together define the state space at
a given time. The values of the multipliers, A, are of no
interest to us, the multipliers are simply the glue used to
hold the simultaneous differential and algebraic equations

together.



