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PURPOSE AND SCOPE

The main purpose of the SECOND CONFERENCE ON REMOTELY
MANNED SYSTEMS - Technology and Applications is to continue
and expand technical interchange and communication in a field that
has experienced rapid growth during the last few years. Remotely
Manned Systems extend man's sensory, manipulative and cognitive
capabilities to remote places and are concerned with the man-machine
interfaces and communications, manipulators and end effectors, sensors
and data handling, and remote control and automation. The scope of
this conference covers recent developments closely related to these areas
including new techniques and developments, new concepts of system
design and implementation, and developments in design analysis and
evaluation.
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'PREFACE

During the FIRST CONFERENCE ON :
REMOTELY MANNED SYSTEMS (RMS). - Explora~-
i tior und Operation in Space, many valid questions
: N arose concerning technology availability and
broad potential applications in areas other than
space, .For example:

! : - _What kinds of RMS should be developed,
and what are their optimum character-
istics to satisfy the requirements?

W

- What is the trend of manipulator sys-
tems technology ?

- What is the sensor and display
technology?

- What are the man-machine interface
implications and requirements?

- . How can modern control developments
be utilized in ' Remotely Manned.
Systems?

-~ What are the commonalities of RMS {or
space systems and for earth-based
systems?

= What areas other than space are in need
-of RMS apphcatlons and what are the
benefits?

A
LY ]

These questions are as vahd today as they have
been in 1972,

L The SECOND CONFERENCE ON
REMOTELY MANNED SYSTEMS has therefore
the subtitle "Technology and Applications!' with'the
intent to .cover as much as possible recent tech- : ) .
nological developments and associated applica- ) : } - o
tions in majox areas of need.  The first two Ses- : :
sions are devoted to-genetally applicable tech~
niques and developments, while the following four
sessions treat applications and associated develop-

“ments (frequently also generally applicable)
related to space, undersea, industry and produc-
tivity, and rehabilitation. '

Ewald Heer
June 9, 1975
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KEYNOTE ADDRESS
A MAN'S REACH SHOULD EXCEED HIS GRASP

Dr. Stanley Deutsch
NASA Office of Life Sciences, Washington, D. C.

Welcome to the Second Conference on
Remotely Manned Systems. The first conference
in this series was held in September 1972 at the
California Institute of Technology in Pasadena. At
that tiine, the theme was the exploration and oper-
ation in space. One session was devoted to non-
space applications, The participants were pri-
marily Americans,

At this second conference, we canh see-a
broadening of coverage to other arenas of activity,
and we have participation from many parts of the
world. The Program Committee under the able
Chairmanship of Dr. Ewald Heer has developed a

fascinating array of talent and extensive areas of

interest. This second conference is much more
international in scope.

Some of you may have seen the popular TV
program, ''"The Six Million Dollar Man, ' The
premise of the series is that'a NASA astronaut,
after surviving a near fatal ¢rash of a test air-
craft, is fitted with new limbs and organs. Each
weekly segment of the program revolves around
the exceptional capability possessed by the astro-
naut by virtue of his new legs and one arm and- his
enhanced vision and hearing. Colonel Austin's
artificial arm and legs impart the capability for
untold human speed and strength that were unri-
valled by his natural limbs.

We are concerned with the augmentation of
human capability, including the extension of capa-
bility beyond the person's physical presence or
strength or the enhancement provided to restore
lost functions, The capabilities include manipula-
tion, mobility, sensation and dexterity.

Systems and technologies which apply here
include those which are remotely controlled by
man to perform some. designated function at a
place whte man, for good reason, is not present,
A typical example is a Mars unmanned roving
vehicle that includes a system of sensors, sur-
face locomgtion, and manipulation devices which

. enable it to physically interact with the Martian"

surface under some degree of adaptive control by

‘a-man on earth.

Systems and technologies of concern also
include the devices provided to a handicapped
individual to provide him with restored mampula-
tive, mobility, or sensory capability. The science
devoted to the investigation of such augmentation/
exténsion systems has been designated teleopera-
tions, and the systems themselves have been
termed teleaperators. : : :

A teleoperator syétemis typified by two
distinguishing characteristics: it is controlled by

‘'man, and it exists to extend or ehhance specific

capab11.1t1es of man; It isina very real scusc a

‘man-machine systemi. = As such its -development
- ‘must depend on concerns for human capabilities

whlch are being extended or restored.

These two different but related aspects of
concern, the hardware and the man, serve to dis-
tinguish the technologies. These technologies
include: the man-machine interface at the control
end of the system and the manipulators, end
effectors, mobijlity devices, with the appropriate
sensors at the working end, The technologies
also involve techniques and systems which support
those specified above, including control systems
and communication systems.

The Technology and the Applications

Although we have had master/slave manipu- ‘

lators for many years, teleoperations is a rela-
tively young discipline, = At our first conference,
we explored the state-of-knowledge and the state-
of-the-technology in the teleoperator world with a
focus on formalizing the subject matter, the
research techniques, and the applications.

The objectives. of this Second Conference on
Remotely Manned Systems are to review recent
developments in hardware, subsystems, and sys-
tem design and implementation, to further explore
the technology and applications with an eye to.
establishing a general orientation for future work,
and to discuss some of the limitations in the field.

A review of the Proceedings of our first
Conference and the Proceedings of this second
Conference will confirm the strides and advance-
ments made in the last three years,

Space Science Exploratiion :

The adaptive behavior of a teleoperatox

~requires that it sense and process data concern-
‘ing its environment, understand relationships of:

objects within the environment, and make deci-
sions that are compatible with both the mission
objectives and thé real world, ‘The more unstruc-
tured the environment,  the greater the hierarchy
of decision making level required. Except in the

realm of science fiction, we have not'yet achieved -

the ultimate, i, e,, 2 robot that has achieved com-
plete independence of thought and action.

“The Mars surface roving teleoperator that I-

mentioned earlier is an example of a remotely
manned system dependernt on adaptive control.
Because of the irnordinately long communication
delays attributed to transmission and data pro-.
cessing, a direct control link from Earth to Mars
would be uneconomical from a time, power, and
perhaps vehicle ‘safety standpoint. - At’least 40

“minutes are required to.receive sensor inputs

from Mars, process the information,” make the
necessary decisions and relay the commands to.a
waiting teleoperator on Mars, Operations that
could normally be accomplished in hours would
take days, even weeks under such crude dlrect

: manual control

e
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How much autonomy must be given to a Mars
teleoperator? “As much as it can use efficiently
and still accomplish its mission,

Underseas Applications

The Navy has pioneered extensively in the
development and operations of underwater mani-
pulators, Because of the critical visibility prob-
lems encountered in the salt water environment,
the Navy is looking at advanced sensor technology
including bilateral force feedback systems. We
will hear more about the Navy accomplishments
and problems tomorrow.

Hire the Handicapped -- It's Good Business

How often have you heard that slogan?
According to the President's Committee on
Employment of the Handicapped, about 11-1/4
million Americans, aged 16 to 64 are classified as
physically or mentally handicapped.. This includes
almost two million paralyzed or physically
deformed, another million with advanced arthritis,
and 3507 000 amputees. Studies are underway to
develop advanced lightweight, structurally strong
prosthetic and orthotic arms and hands that may
be used to replace those lost due to accident,
disease or warfare, '

A session on Rehabilitation Systems provides
us with information on efforts in the United States,
Europe, ‘and Japan aimed at helping the technic-
ally handicapped to become self-sufficient members
of society. These devices assist the handicapped
to become self-sufficient members of society,
These devices assist the handicapped in various
ways, probably the most important of which is to
give them a sense of independence.

Applications of Technology in Industry

Remotely manned systems are being applied
to increasing areas, The technology developed
for the space program is currently being used to
solve the safety problems inherent in long wall
coal mining. ‘In a study for the Bureau of Mines,
the NASA Marshall Space Flight Center is develop-
ing:.a manually controlled mining machine that
operates in hazardous areas where men cannot
penetrate either due to the danger of cave-inor
because ceilings are too low to permit efficient
manual tasks :

~According to an article in the ‘Washington
“Poast, robots outnumber human beings at a new
Volvo plant in Sweden by 400 to 60. The robots
_dothe heavy work leaving the humans free to
make management decisions. The advances in
industrial automation and machine augmentation

have been-extensive, as you will see in the session ..

_on Industrial Appllcatlons Systems

I'm looking forward to our next conference
three years-hence:  Unlike the ancient gentleman
who resigned as Director of the Patent Bureau
around the turn of the century because he believed
that anything worthwhile had already been invented,
Ivisualize remotely manned systems technology
developtent and apphcatmns. in late 1970'¢ and:
1980's, that we can't even 1mag1ne today. The

- countries all around the world will be the benefici- . i
“aries of advancements in thls multl dlsc1p11nary

Field.
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CURRENT THEORIES OF MAN=-MACHINE SYSTEMS

Thomas B, Sheridan
Massachusetts Institute of Technology

ABSTRACT

This paper provides a very brief overview
of theories and models convertionally employed
to analyze man-machine systems such as remotely
manned vehicles and processes. It presents the
basic ideas of supervisory or heirarchical
manning, and assesses needs for modelling here.
Finally it poses some very general questions
about remotely manned systems.

MODELS OF PEOPLE AND MODELS OF MACHINES

Modeling man-machine systems is perilous
business. Common sense tells us that what
machines are good at (speed, power, reliability)
people ‘are not, and what people are good at
(associative memory, complex pattern recognition,
planning) machines are not.  So why force them
into the same Procrustean bed?

The reason is that to predict behavior of a
man-machine system one must have simultancous
equations  (or experimental simulations) for the
people elements and machine elements in the same
set of variables. The best analysis of an air-
craft control system is useless without the dis-
play-to-control equations for the pilot in a
given flight mode,

And only through such commonality of
measures can one face up to the fundamental
allocation or design problem: given the task to
be performed, what should people do, what should
machines do?

’

WHAT IS A REMGTELY MANNED SYSTEM?

We are inclined to think that a remotely
manned system is where the human operator per-
forms an operation spatially remote from him-
séif. In most cases of interest, however,
spafial remoteness is not a variable of functional
interest. - More important are: 1) remoteness in
certainty (lack of precise knowledge about key
state variables);  2) remoteness in time (there
is a delay in time from issuing commands until
receipt of confirmation of action or lack of if);
and 3) remoteitess in connection.

Remoteness in certainty is explicitly char-
acterized by ‘the standard metrics of information
theory and statistical signal theory.  Remoteness
in time, including both delay and distortion of
signals in time, is what dynamical system and
control ‘theory treat explicitly through use of
differential equation models. ~Remoteness in con-
nection is more closely characterized by graph
and decision theory, ' These are mot clean: and

~distinct separations, but ‘they are worth con-
sidering in the context of remotely manned
vehicles and processes. '

INFORMATION »JODELS 7 :

The best known approach is Shannon's, which’
requires for each element to be modeled an-event
matrix-of input, output and joint-event proba-
“bilities.. From these one may calculate measures
of input information, output informatiom, -
‘transuitted information, noise generated from

within the element, and equivocation =information

which goes in and doesn't come out=|(please sce
reference ' 1-Ch,5 . for derivations). The advan-
tages of these measures are that the event matrix

is easily obtained by experiment. The main dis-
advantage is that the measures are only time-
averaged indices of consistency or relative chan-
nel quality; they tell little of rightness and
wrongness and have little predictive value for
engineering purposes. One exception is in the
analysis of channel '"matching' where the assign-
ment of more reliable channels to more frequent
or more important messages is shown to make a sig-
nificant difference.

Empirically we know the human information
("'"bit") processing rate is relatively constant
for well-defined tasks of low stimulus dimension-
ality, where differences between 4 and 20 bits per
second depend upon subtleties of instructions:to
subject, stimulus mode and number of dimensions,
compatability between display and control, etc.

We also know .that short term memory is a relativel
constant number of bits. (three for one stimulus
dimension, more for more complex stimuli).

CONTROL MODELS

Much experimentation and model development
has shown the human operator controlling: (errvr-
nulling) a one-dimensional continuous linear pro-
cess to closely approximate a low order linear
differential equation plus a noise generator,

The simplest model of all, valid across a variety
of controlled processes, really models the human
and controlled process combined, where

‘ K
output of process. "1 i
error input to human  jg o0° (-juky)

a simple integrator plus time delay, wliere coef-

ficients K; and K, vary systematically with
error (input) bandwidth and the order or diffi-
culty of the controlled process.! The noise
power goes from practically nothing to.a large
fraction of the response power as input band-
width ‘exceeds 1 hz and the process becomes
undamped or of high order. ‘Best linear fits are
made with such models using standard describing
function techniques.

More sophisticated models have employed
samplers, several dimensions of control, and
often Kalman filters and optimal control relative
to assumed objective functions. These are under-
going rapid development at the present time, but
have been applied primarily to continuous station-
ary tasks.

Many cemotely manned operations dre discontin-
uous and monstdtionary, such as manipulation tasks
or vehicle rendezvous (or takeoff and landing).

The simple error-correcting or- even optimal predic-

“ting continuous control model just doesn't fit.

There is a kind of discrete-category control
model which has been widely employed in- industry
for many years for a narrow class of predictions:
I refer to the predctermined motion-time tech-
niques wherein manipulation tasks -are categorized

into “'transport loaded",”transport empty', ''grasp",
Yrelease", ‘'preposition" or ''reposition", "use',
“agsemble", ‘'disassemble’ and''mental. process"™

(or ‘similar variants). ' Standardized base times
for these task elements, which vary according to
load ‘and other task variables, cdn:-be added to
predict total task times. .Unfortunately, how-
ever,many manipulation tasks are not simply

s
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adaptable to this categorization, and the tech-
nique depends upon the human obsexver's ability
to make subjective judgments of when one element
stops and another begins, It is not particularly
useful as an analytic tool.

DECISION MODELS

In recent years, the analytic techniques of
decision theory have been found more and more
useful for analyzing man-machine systems. Mostly,
decision theory provides normative models. The
problem is, given an objective function, what are
the best decisions, how closely do the human (or
man-machine) decisions match?

In situations where the need is to make an
optimal binary choice given conflicting sensory
data, so-called signal detection theory (e.g.
discriminating noisy patterns from pure noise)
has proven useful. Cohen and Ferrell extended

‘the signals vs. noise discrimination theory to

the problem of deciding whether you will succeed
or fail in.a given task, relative to whether in
the. end you do indeed succeed or fail® Their
models, in the form of ROC (relative operating
characteristics, Figure 1), fit human data well,
and indicate by independent parameters both how
well the person predicts his own success but also
how risk-prone-or risk-averse he is. The authoi
has extended this idea to decisions ‘about how far
to move (in time or space) to:strike an optimal
compromise between reward gained and the cost
of failure. 10

D

ROC Curve
. 8
for manned
veliicle
maneuver . 2 :::l:d‘rss } CONTROLLER
L s ) SET e
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prediction (> 2 4 6 8 10
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An important problem in remote control con- -
cerns -the cost of getting information, and under
what conditions it is worthwhile to test before
committing to an action, when not. Given prior
probability Pj of environmental state i, the
value- Vijof employing action j when the environ-
ment is 1, and given the tendency pP(kli) of the
test ‘to say the environment is k when in reality
it is i, one can determine the expected value of

v, ZP rnx [Z Plilx) Vu]

where p( (q P(xl )Px./ﬂg 5 Pe= Pk P; -

and compare this to. the expected value: without the

teStEV“,. - @Ax z P Vc)

to determine whether the test is worth its cost.

SUPERVISORY MANNING

Most man-machine systems models have con-
sidered the human operator to be an element in
series. with the electromechanical processes which
remotely perform the desired task.. Robot tech-

nology, however; has increasingly relegated man to

a supervisory role (Figure 2.) where he interacts
with ‘a computer on "human terms' (many.bits per
message, but few messages per second) while the
computer. does the task on 'machine terms" i
(closing the- loop with the env1ronment at a high.
sanmpling rate) :

@ ' TAsk

plan HODEL
communicate /

intervene /

-

>
Y TN
monitor .7
ERVISO cousons Exzcurzvq+"" M EFFECTOR
D - B

The functions of the supervisor have been
reviewed by the author elsewhere as: 1) planning
(done off-1ine); 2)communication (initializing
the on-line operation); 3) monitoring (of the on
line automatic phase); 4) intervention (inserting
himself directly in the control loop in emergen-
cies); 5) developing ''trust' or understanding
of the system at an intuitive or instinctive
level.

) To theorize about the human supervisor poses
considerably more difficulty than theorizing

about a human operator directly in a control or
communication ‘loop or making a decision in a well-
defined context. Presumably the reason he is

still necessary to the system at all is because

of his adaptability, as compared to the conputer's,
in dealing with variability and ambiguity. Other-
wise the computer could be counted on for all of
it. A quantitative model, however, requires
experimentation in a controlled simulation(which
may render the supervisor role unreal and there-
fore of questionable validity) and precisc defi-
nition of the task (which, if we could do it,
would only necessitate computer intelligence for
task solution).

Probably theories about the supervisor should
not concentrate on describing the wondrous things
the human supervisor can do - because that is a
very large set and perhaps best reserved for
anecdote and poetic form. Perhaps theories of
the supervisor should best attend to his con-
straints - and how those constraints limit the
large set of things he can do.- What kinds of
constraints, then? :

One of these is the generally accepted notion
that the human supervisor can attend consciously
to but one ‘thing at a time, though the time-:con-
stants of moving physically from one thing to
another, -changing gaze, or changing thought .are
different and have different conditional depen-
dencies. ' Thus one of the fundamental problems-is
the differential allocation of the prec1ous
resource called human attention,

Differential attention is one thing. . The -
absolute “(averaged) 1levzl of attention is another,
and 'depends.- upon. task interest, physical fatique,
personal recognition and the person's own sense
of being productive. This. may be quite different
from the productlon engineer's sense of produc-
tivity.

Beyond allocatlng the supervisor! 's attention
are many problems of how to -help him - through
aids to memory, aids to. pattern recognitiom, aids
to control, fast time 51mu1at10ns, etc,  We are
still alchemlsts here. :

1. Sheridan, T.B. and Ferrell, W.R., Man Machine
" Systems, MIT Press, 1974.

2. Cohen, H.S. and Ferrell, W.R., "Human Operator
- .Decision Making in Manual Control', IEEE Trans.
MMS, (1052}, June 1969, p. 41. Es
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STOCHASTIC MODELLING OF REMOTELY MANNED SYSTEMS

Clinton J, Ancker, Jr., Chairman, Department of Industrial and Systems Engimeering

University of Southern California, Los Angeles

Introduction

The systems of concern here have been
dubbed '"Remotely- Manned Systems'' and are
described in more detail elsewhere (Refs, 1-3),
For our purposes, we may first consider a
simplified systern as depicted in Figure 1,

| DOWN-LINK

REMOTE '
o ON-BOARD ROVING
CONTROL : ‘.cormm VEHICLE

UP=LINK

EFFECTORS

Figure 1. Simplified Remotely Manned System )

" The roving vehicle will move and perform
scientific experiments on commsaund, It will be
remotely controlled and the state of the rover
and its experiments will be reported by various
sensors, The remote control will involve: one
or more humans as decision maker(s) and
various display and computation devices,

The vehicle and remote control are linked
electronically and are expected to experience
significant time delays in the link, The
possibility of autonomous on-beard. control to
perform automatically at least some of the
rudimentary control functions "will be
considered,

It is possible to model such a system in
different ways, - The choice of method will
depend primarily on what questions one wishes
to answer (and how much one can afford to
spend in seeking answers), For example, the
human decision~-making element in the system
ie critical and therefore one might wish to
examine just that aspect,  Various micro-
scopic models for this purpose zre available
. ‘or .can be adapted or can be built from scratch,
. These models usually depend on some theory
of human ‘behavior or theory of how the human
mind works as an information processing =
device and require mathematical techniques
such as. statistical decision theory,  information
theory, control theory, dynamic programming,
etc, - The purpose is to predict how well the
- human can receive, process, and respond to
stimuli (i, e., process information) under
various conditions of environmental stress, etc,

" Another technique . might ‘be: to. macroscopi=
cally model the entire system as a servo
' -mechanism, identifying each component with

its corresponding electrical analogue, The
primary emphasis here would be on questions
such . as criteria for stability, compatibility of
components, etc,

In contrast to the methods mentioned above,
it is proposed in this paper to model macro-
scopically the system as a group of stochastic
system elements, The major objective here-is
to predict times, e.g., time 'to cycle sensor
signals and response commands, or time to
complete a task, The emphasis is on the
system as a whole, rather than its parts, and
on time, Various candidate models are pro-
posed with the ultimate objective of selecting
one or more and its (their) refinement for
greatest utility, After modelling is completed,
it is contemplated that a series of experiments
will ‘be designed to determine unknown para-
meters and distributions wherever this is
possible, If the model(s) can be handled
analytically, then it may be desirable to pro-
gram a digital simulation of the model(s) and
exercise it (them) on a suitable computér. This
then would involve not only programming, but
validation, verification, and design of computer
runs to answer specific questions,

Analytical Models

Four analytical models were developed
ranging in increasing complexity from the
simplest (see Model I below) to the. most

" complicated (see Model IIA below),

Model I,

" First consider a situation in which there is
no: autonomous on-board control capability

(Fig, 2), :Let us assume

fy] ¢ e \% glt)
: = k
Figure 2, System for Model I,

'that sensors on the roving vehicle (V) send a

signal to the remote control center (C) (giving. .
some information on the state of the vehicle,

“There ' is a time ‘delay A before the signal is

received,  C then spends some time, T, (a

. positive random v:zlable (RV) with probabﬂ.xty

density ‘function (pdf) f (t)),” generating a. re- .
sponse (command) which is then transmitted

with time delay & back to V. V then executes
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the command which takes some time, T, (a
positive random variable with pdf g(t)), and
either completes the task with probability p or
fails to complete the task with probability
q=1-p, If 'the task ie completed we stop, If the
task is not completed, a new signal is gener-
ated indicating the task is incomplete and we
continue the process until success has been
attained, Each trial is assumed to be indepen-
dent of all preceéding trials, This model may
be thought of as representing situations such as
ene in which the vehicle is bemg moved or
repositioned,.

Model IIA,

‘Now, Model IIA includes on-board control,
Thus, we add a diversified on-board capability
which is. only used with probability 1-% ,
whereas on each cycle the remote control
center may be required with probability v
(see Fig, 3), :

We have added 0, the on-board capability,
We now assume that the total number of signals
which may be generated is equal to m+r and
that m will require a response from 0, Further,
the set of m signals intended for C will occur
with probabxhty Y, and the set of r signals
intended for 0 occur with probability 1-Y,
Furthermore, if a signal belongs to ‘C, the
conditional probability that it is a signal for
the jth responder in C is a.; and if it belongs
to 0, the conditional probability that it belongs

r

P}L=1 whose

respohs,e time is a random variable T,  with
,Pdf e, (t). For C there is still the constant
time lag & (both ways) but no such lags apply
S to 0, We also -assume that both C and 0 can
generate the same set of commands G, k=1,
2,..4.m, but that the associated probabilities
are different, Th%’c is, C generates ’

-7 i
Hn[1] R L o] E]’g‘,mh,
RTIEE ot »[Z] [2] ot
c N BRSBTS : v

: e
- R . l . c w -
k! Yk
0 [I< «0[Z] pORL

0]

5 5
_to the 4th responde? is Poy 4y

fot[r] “[] ‘o,,m

- Figure 3  System for Model A
command Cy with probability By, k=1 A,\...n,
whereas 0 -generates command Cxk w1th proba- ‘
n

f>b111ty' wk, -z W= =1,

The reason we: dxfferen-

“tiate between signa’l types for 0 and C is that

Jit is-assumed that all tasks suitable for 0 will
go to 0 and that only those tasks 0 is incapable
of ‘doing will be routed to C. ~On the other -
hand, we- are assuming that-either 0'or C can

issue a full set of commands to V although not
necessarily with the same frequencies,

For each of these models the characteristic
function (cf) of the time to complete the task is
derived, - For example, for Model IA we have

iZAu]

s = R ETAN N+ v e
1-q yle) [0-y) M) + v fu) &2 ]

where¢ (u), ¥ (u), n(u) and @ (u) are the cf's for
time to complete the task g(t), e(t) and f(t)
respectively,

We then analyze each model by deriving the
mean and variance of time-to~completion from
the cf's, For example, for Model I we have

1)

E{T]:{E[Tch E[T,] + zA}/ p
vITl= (V[T +VIT 1} /p +

a{E[T 1+ E[T ]+ 24 }7/p2

Next, the difficulty of inverting the cf's of
the completion time are illustrated for Model I
by assuming all times are negative-exponentially
distributed.

We also show that these models can easily
accomodate an assumption of changing proba-
bility of success on. each trial and a-specific
case is derived,

Simulation Models

Finally, digital simulation ixiodels are dis-
cugsged in a general fashion and recommenda-
tion for statistical validation of all the models
are considered,
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THE HUMAN CONTROLLER IN CAR FOLLOWING

G. O. Burnham
Jet Propulsion Laboratory, Pasadena

and

G. A, Bekey

Department of Electrical Engineering, University of Southern California, Los Angeles

ABSTRACT

This paper is concerned with the man machine
interface between the human driver and his auto-
mobile during car following tasks, A direct
connection between models of the human operator
obtained by other experimenters and those

. obtained from the theory of optimal control was

established for car following situations involving
both lincar and nonlinear car dynamics. An
essential part of this development is the assumpt-
ion that the well trairzied human operator behaves
as an optimal controller, subject to his own
limitations.

Results obtained from several types of mathe-
matical models have been obtained. Conventional
parameter identification techniques were used to
obtain the parameters of these models by compar-
ing their performance to data obtained by aerial
photogrammetry.  The results indicate that there
are two general classes of model structures:
models assumed to have preview information and
models without preview. '

I, INTRODUCTION

It is well known that the remote control of
dynamic systems by human operators is strongly
affected by the dynamic performance limitations
of the operators themselves, -The major-limitat-
jons affecting total system performance arise
from the human operator's reaction time and his
limited bandwidth, In a qualitative way it has

been known for some time that the human driver's g

limitations are responsible for the propagation of
disturbances and multiple collisions which some-
times arise in single lane car following. This
paper is concerned with the development of math-
‘ematical models of the human driver-vehicle
system, Itis hoped that the results of continuing
investigations of this type will be useful in the
development of improved man-machine interfaces
for automobiles as well as automated remiote
control vehicles or automated highways.

The models presented are based on the application

of optimal control theory to car following and
result'in a relatively simple structure, which =
performs fairly well as ¢ompared with actual
vehicle tracking data during acceleration and
deceleration phases of a trajectory,

2. ANALYTICAL MODELS

Simple car following modals .of"dr'iver behavior

were proposed by Pipes [1] and others in the
‘early 1950's and extensively developed by
Chandler and others [2], Such models assume
that in a single lane with no passing and fairly
dense traffic conditions a driver follows a lead
car largely according to the following stimulus
response relationship: ‘

Response = Sensitivity x Stimulué (1)

Numerous mathematical formulations have been
given to the above idea, the simplest of which is

a= A[vn_l(t-T) - vn(t-T)] C(2)

where A is a constant, T is a reaction time lag,
v_. and Va1 are the velocities of the leader and

follower vehicles respectively, and a represents .
acceleratiou, . Since in general Loth position and
velocity information need to be considered, a
block diagram of a general two vehicle following
situation is shown in Figure 1, Many investiga~-
tors have analyzed and verified simple models

of this type., They are generally successful for
small disturbances near a steady state, when
vehicle dynamics are assumed linear, '

Driver ‘u{t) Vehiclé

Figure 1

Recently a mumber of attempts have been made to
apply optimal control theory to the development
of human driver models.  An optimal controller
for a string of moving vehicles has been proposed
by Athans and Levine [3] and others; who show
that the problem can be formulated as a standard

'state regulator problem and théreby solved using

“well known techniques, The optimal controller
_--derived is a function of the positions and veloci-

.ties of all vehicles in the string. To implement

0? e
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such a control system in an autormatic highway
remote control system would impose serious
economic and communication problems, not to
mentionadding weight to the vehicles, Clearly,
such a model is not a reasonable representation
of the human driver strategy, since the driver
does not have all the state information necessary
for its implementation at all times.

The approach taken in this research is to reform-
ulate the problem into a model tracking problem,
where each vehicle is required to track only the
vehicle directly ahead of him, This effectively
decouples each vehicle in the string from all
other vehicles except the one directly ahead,

The optimal control laws can be obtained by
minimizing a quadratic cost function

L)

J =of (%x'Qx + u'Ru)dt (3)

where u(t) is the control vector, x(t) is the system
state vector made up of the relative velocity bet-
ween the vehicles and velocity dependent spacing
term, and Q and R are constant weighting
matrices, Burnham [4] obtained the following
time in variant specific optimal control law for
this case: :

u(t) =Cgq (sl {£)-sg(t)=Cove(t) ) ~Cy (v, (t)-ve (L) ) (4)

where u (tirepresents the human drivers control
strategy, C_ is a spacing error gain constant,

C_ is a velocity error gain constant, and C_is a
velocity dependent spacing term which relafes the
desired distance between vehicles to their speed,
The subscripts{.and f denote the leader and follow-
er regpectively. The model structure obtained
from this representation is shown in Figure 2.

- It is interesting to note that the structure is very

similar to that proposed by Helly [5] who studied
simulation of bottlenecks in single lane traffic
flow using stimulus response arguments., The
parameters of both a simpler Chandler model
such as equation (2) and of the optimal control
model of equation (4) were obtained by standard
parameter optimization techniques. The refer~-
ence data was obtained from a study by Clear and

“Treiterer [6] in which aerial photographic tech-

niques were used to obtain position and velocity
information on a string of moving vehicies on
highway 71 in Columbus, Ohio.

. When data on various vehicles were used to -

‘ Fig. 2. . Optimal Gintroller model with nonlinear car dynamics.

VELOCITY, FT/SEC

estimate the parameters of the basic Chandler
model, it was found that the parameters fell into
two groups. For one group the model time delay
was equal to zero, while for others the model time
delay was of the order of 0,25 seconds, A possi-
ble explanation of the zero time delay of certain
drivers is that these drivers receive preview in-
formation, e.g. if the size of the leading vehicle
or the contour of the roadway allowed the driver
to see more than one car ahead,

The optimal control model was also identified. It
was discovered that significant weights had to be
attached to the position error term in the criterion
function, as well as the velocity error term in
order to obtain meaningful results, Typical
curves showing the performance of both the
Chandler model and the optimal control model are
shown in Figure 3, Further results are given by
Seo [7}.:

~
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AN INVESTIGATION OF SUPERVISORY CONTROL OF REMOTE MANIPULATION

Douglas E, McGovern
Sandia Loboratories, Albuquerque, New Mexico

ABSTRACT

Various types of augmented control
for remote manipulation are discussed.
A simple supervisory control program
is described and dn estimate of system
performance is given.

1. INTRODUCTION

In any manipulation task, the
operator must observe the actions of
the remote manipulator, make judge-
ments on the commands necessary to
enact the task at hand, and carry out
those judgements in terms of manipula-
tor control. -One approach to reducing
the requirements on the operator is to
provide a computer capable of some
limited decision making and command
generation as part of the manipulator
system. Thus, a limited form of
‘computer 1nte111gence augments the
operator.

2. TYPES OF CONTROL

The extent of augmentation can
range from almost none (manual control)
to complete system autonomy (artificial
intelligence) as illustrated in Figure
1. “Two types. of augmented control are
illustrated. Supervisory control
represents a trading of control-between
operator and machine. For instance,
in a task involving retrieving blocks,
the computer can-take command when a
block is grasped to deposit. it im a.
prespecified receptacle. :

In automated control, a dual
responsibility is present in that
both the operator and the machine have
distinct, ‘separate functions. . For
example, touch sensing local to the
manipulator jaws can be used to adjust
the grasp tension. The operator
exercises no control over this function
and ‘does not mneed to acknowledge its
existence. : S

CONTROL LOCATION

MANUAL ' MAN
CONTROL COMPUTER
SUPERVISORY. MAN m
CONTROL COMPUTER
AUGMENTED
CONTROL :
AUTOMATED MAN = @— — — — -~
CONTROL COMPUTER — — — ~—~
ARTIFICIAL MAN 7
INTELLIGENCE COMPUTER
Figure 1. Types of Control

3. SYSTEM MODELING

Supervisory control lends. itself
to modeling since, if performance can
be characterized by various subtasks;
the system response time can be
estimated by adding the -times required
for a series of manual control sub-
tasks alternated with computer control
subtasks. The results of such a
performance model are discussed below.
Data used in this model are drawn

_ from the author's work (1) using a

particular manipulator and super-
visory control algorithm in a graSplng
task.

4. MACHINE PERFORMANCE
The supervisory control algorithm

used in this example is-the GROPE pro-.
gram of Hill and Sword (2).: The

-operator is in control until one.of

the manipulator fingers is touched, at
which time the computer assumes
control,
moved by an increment AI, and lowered.
This is repeated until the block is
between the fingers. The jaws are
then lowered, the block is grasped,
and control returns to the operdtor.
The time required by GROPE can be .

~The jaws are raised sllghtly,
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modeled from the speed of the manip-
ulator and the details of the program.

The effect of this program is to
increase the size target the operator
needs to aim at. That is, merely
touching the block is a sufficient
conndition for grasping.

5. OPERATOR PERFORMANCE

Previous work (3,4) showed that
various human performance models could
be applied to describe the time re-
quired to perform precision positioning
tasks under manual control. Thus, the
time for operator subtasks can be
determined.

6. PERFORMANCE OF SYSTEM

The results can be presented by
estimating the time required to com-
plete the total task using GROPE (the
manual control time plus the time re-
quired by GROPE) and comparing it to
the time required to perform the task
completely under manual control.
Figure 2 illustrates the results of
this comparison. -~ The circles indicate
conditions of task placement, toler-
ance; and GROPE movement increment for
which task times were compared.

GROPE cannot be reliably used in
the upper left portion of the graph
since ‘Al is-larger than task tolerance,
For. this set of task conditions each
adjustment of AI will overshoot the .
target tolerance and GROPE will oscil-
late. In the lower right is a region
where GROPE could be used but its use
results in longer task times ‘than under

manual control. Only for conditions in -
-the upper right region can GROPE be

used efficiently.
7. CONCLUSIONS

The most striking.conclusion of
this performance evaluation is that

this particular supervisory control

program is effective - in reducing task
time only at larger tolerances.
Different forms of GROPE will, ‘of
course, yield different results.
Comblnlng performance estimates .

~.as above with the appropriate factors

for the returh of control from the
machine . to the operator provides a
means- for evaluating numerous super-
visory .control-systems without the

T T T T T T
g F -
S N ‘ N
— . GROPE NOT USABLE n
g
e 1.0 GROPE |
§ = EFFICIENTS
- / .
= — / —
(o]
; 1 = /O o (] 3
g - / 3
g - / GROPE NOT EFFICIEN@:
e L~ y
Mooy op e 1ol i
'01.01 .1 1.0 10

TOLERANCE (CM)
Fig. 2 Performance Evaluation

expense of full scale 1mplementatlon
and experimentation.
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EFFECT OF HAND-BASED SENSORS ON MANIPULATOR CONTROL PERFORMANCE

Antal K, Bejczy, Member of the Technical Staff ORIGINAL PAGE s
Jet Propulsion Laboratory, Pasadena OF POOR QUALITY
SUMMARY
This paper discusses the effect of hand-based four diff'erent audio tones. The control is per=-
sensors (e,g. tactile, force, and proximity sen=- formed from a remote control station fully iso-
sors) on the performance of manipulator control, lated from the task scene. The operator in the
A brief overview is presented on verious experi- remote control station can utilize both mono and
mental hand-based information systems which proe stereo TV displays, and listen to the audio
vide the manipulator controller some non-visual tones of the four loudspeakers displaying the
"awareness" of the tesk environment, It is estabe proximity sensor signals. The four loudspeakers
lished that differences in manipulator task cate~ are arranged in a two by two meters vertical
gories and motion phases require different hand=- quadrungle around the operetor. The vantage point
based information systems to cope with control of the sterec TV zameras is from the shoulder of
performance requirements. the slave arm and about 0.5 m above it, The vane

The bulk of the paper is devoted to the de=-

tage point of the mono cemera is from the side,
varyirg tetween 50 to 90 degrees relative to the

scription and evaluation of control experiments field of view of the stereo caméras, Neither the

Nt et
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performed at JPL using hand-mounted proximity
sensors to guide eand control hand motion near
solid objects.

The experimental system set-up is shown in
Fig. 1. The manipulator employed in the control
experiments is the JPL/Ames exoskeleton arm in the
master/slave position control mode (Refs. 1 and 2).
The slave arm is equipped with a parallel finger
hand. Four proximity sensors are mounted on the
hand, with two sensors on each finger in a config-
uration as shown in Fig. 2, The proximity sensor
is described in Ref. 3. If the sensor is mounted
on the fingertip, the "sensitive volume" moves
with and sheal of the fingertip and generates a
voltage sign.l when the "sensitive volume" touches
a solid surface.

In the control experiments the four proximity
sensors' signels are presented to the operator as

®*This work represents one phase of research
carried out at the Jet Propulsion Laboratory,
California Institute of Technology, under Contract
No. NAST-100, sponsored by the National Aeronautics
and Space Administration.

Figure 2. Parallel Fingers
with Four Proximity Sensors



stereo nor the mono view can provide a complete
visual feedback to the operator under the described
set-up, In particular, the visual feedback is
highly degraded and obacured when the hand moves
near solid objects,

The main point of the remote control experi-
ments is that the operator can integrate the
information content of the proximity sensor
eignals with an incomplete visual feedback and
find control strategies to perform remote manipu-
lator tasks which are very difficult or near
impossible under the existing visual feedback
arrangements, Typical tasks were: locate critical
parts of the work scene (edges, corners, door
openings, holes, blocks, etc.); pick up blocks
and transfer them to designated places; put a pin
into a hole, having 2 to 10 mm clearance; open a
door; find a block in a box when the block is not
visible to the operator through TV. As examples,
Figs. 3 and L show two task scenes. In Fig. 3,
the task is to put the block on top of the other
block which is standing on the table, and align
all four edges of the two blocks. The real situa-
tion is shown on the left part of Fig. 3, while
the right part of the figure shows the actual
visual feedback to the operator as presented tc
him by the mono TV camera in a side view, As seen,
the side view visual feedback has only an income
plete information about the relative location of
the two blocks. But using the proximity sensor
audio feedback integrated with the incomplete
visual feedback, the operator can solve the con=-
trol problem quite easily. In Fig, 4, the task
is to find and pick up the block in the box. As
shown in the right part of Fig. 4, the operator
cannot see in the mono side view display where is
the block in the box. He has to search for it
using the audio feedback of the four proximity
sensors, The total clearance between the fully
open hand and the block width is about 6 mm., In
the average, it takes about 35 sec. to find and

S S

Figure 3. -Task Scane}

Figure 5. Humanoid Hand
with Mini Proximity Sensors
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Figure 6. Proportional Tactile Sensor

with Visual Display

pick up the bBlock relying on proximity sensor
feedback. Previous control experiments are de-
scribed in Ref. L.

The main conclusion of the control experi=-
ments conducted for a total time of about 25 hours
spread over five weeks is that the error has been
reduced by a factor of two using this proximity
feedback, and that the operator can work more
easily and confidently, and nearly impossible tasks
can be performed, Task completion time does not
seem shortened considerably when proximity sensor
feedback is employed under nearly normal visual
feedback conditions.

Fig. 5 shows an articulated humanoid hand
equipped with miniaturized proximity sensors. This
set-up is part of the ongoing control experiments.
Fig. 6 shows the breadboard of a proportional
tactile sensor with visual display. The sensor
will be used in future control experiments in which
direct human control inputs will be combined with
computer control mode.

References

Vykukal, H. C., et al.,, "An Anthropomorphic
Master-Slave Manipulator System," in Remotely
Manned Systems—-Exploration and Operation

in Space, E. Heer, Ed., California Institute
of Technology Publ., Pasadena, Calif,, 1973.
Bejczy, A. K., "JPL Teleoperator Breadboard
for Remote Manipulator Control Experiments,”
JPL ATS Report 760-XXX, to be published.
Johnston, A. R., "Optical Proximity Sensing
for Manipulator,”" JPL ™ 33-12, May 1973.
Bejczy, A. K., "Environment-Sensitive Manip-
ulator Control," Proceedings, IEEE Confer-
ence on Decision and Control, Phoenix,
Arizona, November 19Tk,

1.

2.

3.

1 71— e ——



-
#

Ne¢=oId¢ o0

LOCATION AND ACQUISITION OF OBJECTS IN UNPREDICTABLE LOCATIONS
A. J. Sword and W, T, Park
Stanford research Institute, Menlo Park

Abstract

One of the advantages. of augmenting a teleopera-
tor system with a computer for manipulator control
is the ability. to combine the capabilities of both
man and computer to accomplish a task. Such an
augmented teleoperator system is describea., This
system allows objects in unpredictable locations
to be successfully located and acquired. By using
a method 'of characterizing the work-space together
with man's ability to plan a strategy and coarsely
locate an object, the computer is. provided with
enough information to complete the tedinus part of
the task., ‘In addition, the use of voice control
4is shown to be a useful component of the man/
machine inteiface.

Introduction

Between the two extremes of manual control,
such as’ ocecurs in traditional master/slave systems,
#nd computer control, such as in robotic systew:,
lies a continuum of control schemes in which com-~
puters play .roles of varying importance. This in-
termediary region.may be called "augmented remote
control”, By the use of augmented remote control
schemes, the capabilities uniqﬁe to both man and

computer may be exploited to the fullest, Thus,:

tasks that neither man nor computer can perform
alone, can be successfully accomplished when both
are used. Many complex tasks can be performed by
combining man's ability to interpret scenes,; plan
a strategy, and react to the unforeseen, with the
computer's ability to save and accurately dupli-
cate arm positions, remember sequences.of posi-
tions, perform coordinate conversions in both
hand and world coordinates, and interpret touch"

.and force sensors.. This combination of man and

computer is particularly effective when used to
remotely accomplish tasks presenting the following
difficulties:

& A degraded communications-1link is present.

* The environment (in-the short term) is
significantly changing.

e . The establishment of certain forces and.
torques is vital *to task completion.

s The operator's view. of the environment may

. become obSeured in the process of performing
the task.’

¢ A manipulator- (or other device) is used
that is not anthrooomorphie in nature or
that has too'many degrees of freedom to

-easily control. :

This work was supported by the U 8.
Army under Contract DAAx5-74-C 0095 to Stanford
Research Institute,

- buffers joint commands: to the Unimate, reads tregr

An example -of a task where an augmented teleop-
erator control system may be used to best advan-
tage is that of locating and acquiring individual
M139 bomblet submunitions from an Honest John
Rocket nose base section. -(This task arose during
disposal of obsolete ordnance by the Army.) This
task requires surmounting many of the above cbsta-
cles, the most difficult of which is the unpredict~
ability of the bomblet positions, :

Each M139 bomblet is spherical with a ntumber of
small fins protruding longitudinally. The bomblets
are tightly packed together in one of four identi-
cal quadrants of the rocket section, and begcause
of the fins, any given bomblet may be.interlocked
with one or more of its neighbors, Thus when the
extraction of an individual bomblet is attempted,
neighboring bomblets may or may not be disturbed,
and due to the orientation of their fins, may or
may not be displaced. Even if displaced, the
amount of displacement is not predictable, and be-
cause of the interlocking problem, retrieval of
the topmost bomblet is not necessarily the best
choice, 'Thus the bomblet positions are extremely
unprediotable and the strategy must be reevaluated
after each retrieval attempt To circumvent these
probiems, a “method wa~ ~developed of characterizing-
the space within each quadrant., Thus, together
with allowing the operator to specify to a very
loose tolerance which bomblet to acquire, this
method provided enough information to the system
to allow the computer to finish the task during the
automatic phase. .

System Description

A functional system description of the bomblet
retrieval teleoperator system ip shown in Fig. 1.
The heart of the system is the PDP-10 command com-

puter. The majority“of the software controlling
~both the manualr and automatic control modes re-

sides in this computer, Ail coordinate transfor-

‘mations are performed in this computer and various
‘ commands. are passed to and data are received'from

the PDP-15 control computer, which acts.as an in=
put/output buffer channel to the PDP-10 computer.
The PDP-15 computer services hardware interrupts,

manipulator status, passes commands from the Pn,
to ‘the NOVA and back, and ‘reads the VIP 100 Word

Recognizer.

The NOVA-iZlO‘sensor processor is’ the key ele~

~-ment ‘in allowing successful adaptive automatic con-

trol. . The NQVA-1210, when commanded, can activate
various sensors, establish force and torque thresh-
01ds, and enter ‘a mode in which the actuated sen=
sors are‘continually'scanned.i If the output of ‘a
sensor.is above (or below)'its threShold value; the

';»"“"Avnan quickly stop the Unimate via a hard—wired

direct connectlbn ‘to the Unimate "hold" circuitry.

“In‘addition, the NOVA can provide the PDP- 10 with




the 12-bit reading of any of the sensors, and can
vary the speed of the Unimate by means of a sepa-
rate analog output.

Vital to efficient manual control and serving as
the man-machine interface is the VIP-100 Word Re-
cognizer, and the television-based visual feedback
system. The operator communicates with the system
via a microphone headset. After training the VIP-
100 to his voice and vocabulary, the operator mere-
1y "talks" the manipulator into place. The avail-
able commands were selected such that they are
pertinent only to the operator's view of the remote
environment in the television monitor, Thus, the
operator does not need to control the Unimate's in-
dividual Jjoints, he needs only to visualize,himself
sitting on top of the Unimate and moving right,
left, ‘up, or down related to where he is, This, in
effect, places the operator on the Unimate's end-
effector.

The final system component is the end-effector.
The end-effector used in this work is part of a
modular end-effector system shown in Fig. 2, More
detailed system descriptions may be found in Ref-
erences (1) and (2).

The Subvoclume Concept

The key factor in the operation of the system
is the concept of the subvolume, Each quadrant
was divided into 2} nonintersecting subvolumes, so
that the centur of a bomblet anywhere within the
quadrant would fall within one and only one sub~
volume, Then, for each subvolume, the position
and orientation from which the end-effector could
most easily acquire a bomblet at the center of
that subvolume was experimentally determined. Fi-
nally, since the bomblets did not in general 1lie
at the exact center of a subvolume in actual op-
era%ion, an automatic, touch-directed search pro-
cedure was used to find a bomblet within-a given
subvolume. S )

Since the shape Of the nose base makes it im-
possible to 1lift bomblets vertically away from
certain positions, we also had to determine exper-
imentally the best direction from which. to extract
‘a bomblet from each subvolume, . : )

The more subvolumes used, the.smaller each is,
and,; -therefore, less searching.is necessary to :
find a bomb located in its subvolume, For the
M139 bomblets in an Hcpest John nose base section,
21 subvolumes: are sufficientlykmany'to ensure.a
high suecess rate for the touch-directed search.:
With other objects atid a container of a different -
~shape, then more or fewer subvolumes would be
appropriate, but, no matter what partitioning
scheme and.search algorithm the computer prdgfam
might use, the operator would simply center. an
‘object;on his television monitor and then let: the
compufer handle the détails'of positioning the ‘éend
effector, searching for ‘the object, acquiring it,
afid ‘removing it from ‘the contginer." :

A computer-éugmenfed teleoperatdr system -such
as  the one we have demohstrated‘is both extremely
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general and 'easy to operate, and should therefore
find wide application in situations where Handling
randomly positioned objects is required.

Coarse Localization-Manual Control

The success or failure of bomblet retrieval de-
pends strongly on the ability of the operator to
center the end-effector properly over the bomblet
designated for removal. Even though thé concept of
the subvolume significantly reduces the accuracy
required, care must be exercised in locating. the
bomblet because any misalignment somewhat reduces
the probability of success and does increase. the
length of time required to acquire “that bomblet.

The operator control station is shown in Fig. 3.
The visual feedback consists.of a television camera
mounted on the Unimate, with shock mounts to absorb
the vibration of the hydraulic. system., The camera
looks into a mirror mounted on the end of the boom,
and” from there into the nose base section. When:in
the manual control mode for coarse localization,
the end-=effector is vertically positioned so as not
to obstruct the television view of the bomblets in
the nose base, The opérator then directs the Uni-
mate via voice, until the desired Homblet is cen-
tered in the reticle on the television monitor.

The available voice commands have heen specifically
designed to move:-the reticle-around relative to.the
image of the bomblet on the monitor; i.e,, when the
operator says ''MOVE RIGHT', the image of the bomb
moves to the operator's left‘making the ‘reticle
appear to move to his right, The inset of Fig. 3
shows the direction in which the reticle appears to

- move for each command. A view of the monitor with-

the designated bomblet properly positioned in the
crosshairs of the reticle is shown in the inset of
Pig, 3. 1t should be noted that the bomblet is not
centered; however, because of the adaptive nature:
of the system, a misalignment of approximately one-

. fourth of a bomblet diameter can be tolerated.

_ Precise. Localization
and Acquisition-Computer Control

The precise localization and acquisition algo-

. rithm is best ekplained by the flowcharts in Figs.

4" and 5, ~When the FINDBOMB. algorithm is entered,

‘the X-Y position of the designated bomblet has al
-ready -heen detérmined~as a result .of the manual

coarse localization,  FINDBOMB calls the algorithm

"TRYTOACQUIREBOMB:, Phis algorithm is a recursive
‘one, which means that it invokes itself as a’ sub~

routine as indicated in Fig. 5. Repardless of
success (as is usually the case) or failure, the
system returns‘control to the operator so that
‘another retrievél sequence on the same or.on a .
different bomblet may be initiated. ~The details of

‘the algorithm are discussed in Reference (3).

- Conclusions

< An advantage "of the présent'augmeqted’telebpéra—

tor system organization is that it is usable on an
item-for-item basis, i.e.,-it does not require

{that the quadrant of the nose bése'be full at the

& ‘f.’:'
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start of unloading. Furthermore, the operator may
partially unload one quadrant, switch to another
quadrant, then return to the previous one without
restarting the system or being obliged to "advance"
it manually to the correct point to deal with the
next bomblet,

The program is of an extremely general nature,
In part, this generality is achieved by considering
subvolumes, The subvolume concept allows the dif-
ficult bomblet-acquisition problem to be parti-
tioned into two, more tractable, subproblems,
neither of which requires accurate position infor-
mation for its solution, This feature, coupled
with the adaptive nature of the system and the
ability to null out forces on the end-effector,
provides the capability for accomplishing the task,

Another way in which the program is general is
that it is "table driven", That is, all the infor-
mation unique to the task is contained within
tables. Thus, given an entirely different carrier
packed with a different number of identical objects
which could be other than bomblets, then all that
is required to acquire these objects is a different
set of tables.

A valuable technique that aided in implementing
the algorithms was that of structured programming.
The flowchart in Figure 5 shows evidence of the
structured approach in the nesting pattern of the
successive tests, This technique is valuable in
writing software that is easy to debug and easy to
transfer to a different computer system, when de-
sired.

Finally, the technique of voice control was
proven to be a useful one that greatly simplifies
the control burden placed upon the operator,
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TV REQUIREMENTS FOR MANIPULATION IN SPACE

o Larry A, Freedman

RCA, Astro-Electronics Division, Princeton, New Jersey

coed , William H. Crooks

Perceptronics, Inc. Woodland Hills, California
and

Paul P. Coan
NASA, Manned Spacecraft Center, Houston, Texgs

ABSTRACT
This paper describes an analytical and experi- Performance measures included accuracy in
mental study to specify a video system for remote positioning the manipulated object, number of
manipulation in space. The study was composed of contacts between the manipulated object and fixed
three phases; they were: (1) analysis of basic objects; and task completion time. Additionally,
manipulation tasks and visual requirements; (2) " edch operator completed a subjective rating form
simulation testing to determine the effects of task, for each trial and a final preference rating for
scene parameter, and type of video system on the four video systems. The paper summarizes the
manipulation-performance; and (3)-video system performance and subjective effects of the experi-
selection and specification. mental variabies and describes the recommended
, ' video system. Selection of the recommended system
L Analysis of the visual process began with an was based on a weighted combination of the various
R operator function analysis. - Investigation of a operator experimental results and on system burden
‘ . variety of remote operation tasks resulted in - factors including weight, complexity, reliability,

derivation of ‘a set of basic operator functions power consumption, transmitted bandwidth, etc.
organized according to two characteristics:  work : :

volume and remote element relationship. These two

dimensions define four-manipulation tasks used in

the simulation testing: large body docking,

coupling the end effector to an object, manipu-

lating a small object, and transporting a large

body within close clearances.

A visual function analysis then extracted the
basic visual functions required of the operator and
listed the ‘visual ‘dimensions which might affect
performance. Rather than attempt to deal with:the
Jarge number of visual relevant factors, the
analysis developed a set of elemental -scene
parameters which grouped the visual dimensions
“into major areas of influence: In this way, the
large and unwieldy set of visual parameters was
organized into a more-manageable set of meaningful
scene dimensions. Final scene parameters chosen -
were .depth precision, object differentiation,
scene reference, and scene dynamics.

: Simulation testing was conducted with a four
degree-of-freedom motion frame: which altowed-an
operator to perform the four manipulation tasks
using a simple toggle-switch control -to-minimize
the effects of manual skill. ' For each trial of the
experiments, the operator performed one of the
manipulation tasks, using & particular TV system,
with a specified combination,of scene parameters.
Four video systems were included in the simulation
testing; these were a black-and-white and a color
monoscopic system;. d black-and-white two-view
systeni, ‘and 'd stereoscopic system. - A sequential
experimental plan first provided an-overall
-analysis of the effects of tasks, scene parameters,
and -video systems. - This was followed by a detailed

experimental examination of the critical dimensions
identified in the first. experiment.
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GRAY-LEVEL TRANSFORMATIONS FOR INTERACTIVE IMAGE ENHANCEMENT*

R. C. Gonzalez and B, A. Fittes

Electrical Engineering Department, University of Tennessee, Knoxville

Abstract

A gray-level transformation method suitable for
interactive image enhancement is presented. It is
shown that the well-known histogram equalization
technique is a special case of this method. Experi-
mental results which establish the superiority of
the procedure over histogram equalization. are also
described.

I. INTRODUCTION

Digital image enhancement techniques may be
broadly divided into two principal categories:
(1) transform-domain methods, and (2) image-
domain methods, —Approaches based on transform
methods .generally consist of computing a two- |
dimensional transform {e.g., Fourier or Hadamard
transforms) of the image to be enhanced, altering
the transform, and computing the inverse to yield
an image which has been enhanced in some: manner-
[1, 2]. Image~domain methods, on.the other hand,
operate directly on the image in question by means
of algorithms that are usually based on gray-level
content [2].~ The procedure described in this
paper deals with the latter method.

. Suppose that an image to be processed is digi-
tized to form an N x N array of elements (called
pixels), and let x be a variable which represents

the gray level of each pixel. It is assumed for
simplicity that x has been normalized to.the interval
0.< x <1, where 0 denotes black and 1 denotes white
in"the gray scale. Attention will be focused in the
following sections on transformations of the form

y=T(x) Osxsl a

“inverse, x. =

" the conditions set forth in (2).

which map a- gray ‘level x into a level y. The function

T(x) is assumed to satisfy the conditions:

(a) T(x) is str{ct]y monotonic in the interval

Oexsl, o ‘ .
_ : , ST e ()
(b)Y 0 <T{x} <1 for 0 <x<1.

“and '

The monotonicity condition preserves the order from
“black to white in the gray scale of the enhanced jma-
ge. In addition, condition (b) guarantees a mapping
that will be consistent with-the allowed range of
pixel values. -

FWork supported by NASA under contract NAS8-29271.

II. DEVELOPMENT OF THE TRANSFORMATION FUNCTION

The gray-level mapping method developed in.this
section is based on transforming the probability
density function of the gray levels in an image to be
enhanced. The density function of the levels in the
original image will be denoted by p.(x), while p
will be used to denote its counterpért in the enﬁ
image. Although these quantities are in reality
discrete functions for a digitized image, the following
development will be carried out in continuous mathe-
matics to simplify the explanation, The discrete
equivalents are obtained from these results without
difficulty.

(y)
anced

The functions py(x) and py(y) are of fundamental
importance in descriging the pﬁysical characteristics
of the original and enhanced images. For example,
Ehe average brightness of the original image is given
v ,

X =

1 ;
[o x py(x)dx (3)

while .its variance (which is a measure of contrast) is

given by i
- |
X g

For a given image, we are interested in obtaining an
enhanced image with a density function py(y) which -has
been interactively specified by the operator.

(x - %)2p, (x)dx (4

The -transformation function y = T(x) and its
T-1{y}, are guaranteed to be strictly
monotonically increasing in the interval [0, 1] by
Under these condi-
tions; it is well known [3] that py(y) can be written

in terms of px(x) and T(x) as follows:

o = dx
Pyl [px(x) ay o (5)
R ~ Coox =T (y)

The function py{x) is obtained from the original image,
py(y) is speciéied, and the problem is to determine:the
t¥ansfqrmation function T(x) which will yield the
desired;py(y). ' '

A very popular teéhnique, known as histogram

equalization [4, 5], is obtained from Eq. (5) by using
the ‘transformation function -~ ‘
Yy =T) = Io Pyls)ds 0 <x <1 - (6)

" which is the cummulative distribution function of x.

-The variable >s~ in Eq. (6) a dummy variable of inte-
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gration. From this equation we have that 9X =__1 - p(x)
and Eq. (5) reduces to dy px(x] P

, PY) =1 O0<y<l (7) ;
In othér WOrds, the use of Eq. (6) yields an image .0 L e

whose gray levels have a uniform density. ‘ . Z; e Hex)

Although histogram equalization can be very use-:
ful in some applications, this particular method s =X
not suited for interactive image enhancement since all (a) Lo X, R4
it can do is produce a density function py(y) that is (b
uniform. As will be seen below, however, histogram
equalization can be used as an intermediate step in a :
tr?niformation which will actually yield a specified P(Z\ Z
PlY). , o
¥

Suppose that the gray levels x of an image are
transformed using Eq. ?6) to yield a new set of levels l.o LOt—— - ==
z, that is, Z,

X ' ~ L l Gi(z)

z = H(x) = JO P (s)ds (8)

From the above discussion we have that py(z) is a uni- () “ (d)
‘form density function. If the inverse of Eq. (8), Py

H'l(z), is applied to the z's, we obtain the original

- image with p,(x) back. It is noted, howevar, that if

we specify a density function py(y) and apply Eq. (6)

we would obtain : 1.0

y ,
2= Gly) = J p,(s)ds (9)
0 :

Aithough G(y) is in general different from H(x), p,(2) . ' o
is the same if either Eq. (8) or Eq. (93 is used. If Lo
we now_apply the-inverse function G~1(z) to the z's, ' : (e)

the result would be a set of y Tevels with the speci- . '

fied derisity py(y). In other words, if the z's have a
uniform density, the desired p,(y) can be obtained by
using the inverse mapping G'l(g) Therefore, if the
original image is first histogram-equalized, and the
new (uniformg levels are inverse —mapped using the . . L R . .
function G~1(z), the result would be an image whose (see Fig. 2), are used to'establish a piecewise linear
_gray levels have the desired density py(y). approximation to the desired density.

Figure 1

The above conclusions can be expressed in terms: Figure 3 shows the digitized image of a face, half
of a transformation function T(x) from x to y by of which is covered by a heavy shadow. In this par-
‘noting that y = G™1(z) and, since z = H(x), ‘ ticular case, the details of the hidden features could

i not be brought out by the TV controls. The histogram

y=T(x) = ¢ [H(x)] L h

The histogram-equalization technique is a special case .
of Eq. (10) obtained by Tetting G-! [H(x)] = H(x).

:The -transformation procedure is summarized -in Fig.
}. ~ Figure 1(a) shows the original density function
which s calculated from the image to be enhanced,
Figure 1(b) shows the transformation function H(x) -~
which maps x into z. Figure 1(c) is the result of this
transformation. ~ Figure 1(d) shows.the inverse trans-
formation from z to y. The result of this transfor-
mation, shown in Fig. 1(e); 1is the desired probability
density function Py v). ‘

III. .EXPERIMENTAL RESULTS

“In the results to be described below, the desired
b densitiesiwere 'specified by four parameters: mean {m),
! ‘height gh) at m, left spread (s ) about m, and right o Bort e
spread -(Sg) about m. -These parameters, which .can be , S Figure 2
gontrolleg by a joy stick with four degrees of freedom . - . ' S

=T e L R -
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(i.e. the discrete equivalent of p,(x)) of the levels
in this image is shown in Fig. 4(a). Figure 5 shows
the histogram-equalized image and Fig. 4(c) shows its
“uniform” histogram p,(z). The improvement of Fig. 5
over Fig. 3 is quite evident.

Figure 4(b) shows the specified density, Fig. 6
the enhanced image obtained using Eq. (10), and Fig.
4(d) the actual computed histogram. The difference
between this histogram and the specified density is
due to the fact that we are dealing with discrete
rather than continuous levels. Comparing Figures 5
and 6 we see that the transformation given in Eq. (10)
yields results which are a considerable improvement
over the histogram-equalization approach. We have
found this to be consistently true in a number of
image enhancement experiments in which the two
approaches have been compared.

Figure 3

Figure 4(a) through 4(d) [from bottom to top]

ORIGINAL PAGE IS
OF POOR QUALITY

Figure 5

Figure 6
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INTERACTIVE HANDLING OF TV AND RANGE DATA FOR REMOTELY CONTROLLED SYSTEMS

ABSTRACT
STEREO DISPLAY

The sensory subsystem of the JPL robotics
project has two types of inputs, The first sensory
instrument is a pair of TV cameras, which pro-
vides a stereo view of the area of interest, The
second is a laser range finder, which can be
aimed in a requested direction and measure
distances to a surface point that reflects the beam
back, Both instruments are controlled by and are
interfaced to a computer, The paper describes
our calibration process and basic applications to
oblain measurements of the external environment,

DIGITIZED
PICTURE

CONTROL
MONITOR

Fig. 2. Control monitors and teletypes

SUMMARY

The JPL robot is equipped with three remote
sensing instruments—two TV cameras and a laser
range finder (see Fig. 1), Problems of relative
registration of the three instruments in three
dimensions had to be solved before an effective
use of the system could be made. The problems
are nonlinearities in the scanning, drifts of scans
as a function of time, and lack of thorough analysis
of the internal properties of the instruments, To
solve for the characteristic of the instruments
with a minimum effort, semi-automatic calibration
procedures of the instruments in three dimensions

were developed.

Once the registration of the instrument is
computed, the protocols of man-machine interac-
tion must be defined so as to create an effective
system, (The control monitors and teletypes are
shown in Fig, 2,) This was done in our project
with emphasis on achieving machine autonomy in
the future, The goal of achieving machine auton-
omy calls for detecting objects and feature points,
recognizing them, and measuring their 3-D pro-

The elementary man-machine interaction
An example of a stereo

LEFT CAMERA
VIEW CURSOR

~——— RIGHT CAMERA
VIEW CURSOR

perties,
is described in the paper,
display and cursors is presented in Fig, 3, and
Fig. 4 shows verification by the laser range finder
of the 3-D position of a surface point, computed
by triangulation of the cursors' positions, of stereo

TV pictures,

~———HIGH RESOLUTION

RIGHT

————HIGH RESOLUTION
LEFT

Fig, 3. Digitized stereo display and cursors
g piay

\ TV STEREOQ SYSTEM
Sm = LASER RANGE

FINDER

e CALIBRATION PLATE

COORDINATE CENTER Fig, 4, Integrated use of stereo TV and laser

Fig, 1. Instruments and calibration plate range finder

IThis paper presents the results of one phase of research carried out at the Jet Propulsion Laboratory, California Institute of Technology, under

Contract NAS7-100, sponsored by the National Aeronautics and Space Administration.
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PROXIMITY SENSOR TECHNOLOGY FOR MANIPULATOR END EFFECTORS‘.k

Alan R,. Johnston
Jet Propulsion Laboratory, Pasodena

Introduction

Optical proximity sensing techniques which
could be used to help control the critical
grasping phase of a remote manipulation will

be described in tiis paper. Although manipuletor
technology is well developed, and has had
many routine applications, one of the limitations

in a remotely operated system is the lack
of good sensory informetion to take the place
of a humans sense of feel., Proximity sensors
can be one means of simulsting & sense of
feel without requiring actual contact., They
can measure the relative position of effector
and object, and their output can be used for
direct control of hand motion, if desired.

We feel 'that it will be desirable ultimately -
to devisée ways . of using the proximity sensor
outputs in local control loops, leaving the
basic relationship between operator and
manipulator unaf?f ected.. The term reflexirve
control is useful to describe this concept,
as its connotation is accurate. Reflex
control inputs are'visualized as supplements
to the basic control loop involving the
operator and masnipulator.- The operator would
command the motions of the manipulator Just
as if the reflexive loop was not there.
Sensor inputs would override or modify the
operator inputs at critical points in such a
way that his attention is not diverted from
his visual display.

Earlier work has used tactile or touch )
sensing inecluding investigations at Stanford

- Research Institute, MIT, and Stanford: AI-Lab.-

However, little work has been done with hand
mounted optical sensors.

The proximity sensors described here use a
triangulation geometry to detect a surface
located in & predetermined region, & principle
used in g larger sensor on the Shakey Robot

at ‘SRI, and also described in the llterature
by Benjamin and others.

The design of the proxlmity'sensors themselves
will be disgussed, as well as their application
to manipulator control with a local control
loop, and possibilities for future develaopment
will be discussed.

¥This work was supported by the office of
Life Sciences of the National Aeronautics
and; Space, Administration under contract
NAST-100,
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Sensor Description
The sensor concept is illustrated in Fig. 1.

LIGHT
SOURCE

FOCAL POINT

DETECTOR

CONE SENSITIVE VOLUME

DETECTOR

Fig. 1 Sketch Showing Princlple of Operation
of Sensor,

An illuminator and compatiable detector are
both focussed on & predetermingd volume
such that light diffusely reflected from a
surface will be collected if the surface is
located within the common focus or sensitive
volume. If the surface is moved away from
the region of focus, reflected light can
not be collected beceause of the optical
geometry used.  The distance from sensor to
focal point can beé set by adJusting the
convergence angle of the two beams.

The illuminetor is & Gallium Arsenide IED,
operated in a pulsed mode at approximately
lkHz. The detector is-a gilicon detector,

and conventioqal phase detection techniques

are used to extract the desired signal from-
noise. An appropriate optical filter is

used to further reduce unwanted input to

the detector, so that the sensor is insensitive
to ambient light.

Both LED source and detector are roughly 1
mm: in diameter and ‘'l mm long. - Therefore it -
is quite easy. to fabricate a device small
enough that several can be mounted in the
finger area of an effector. A photograpi. -
of ‘a typical sensor unit is shown in Fig. 2,
and . in fact smaller sensors on the order

of 3x5x5 mm have been built. A separate
ciréuit card carries the electronics.




Fig. 2 A Photograph of The Proximity Sensor

The sensitive volume of the sensor can be
shaped and the focal distance set by means
of a replaceable lens mounted on the front
of the unit. If the optics are sharply
focussed, the sensitive volume can be made
as small as 1/2 mm by 3 mm laterally, and
roughly 2 cm in length at 10 cm focal
distance. A larger sensitive volume is
readily available with appropriate optics.

Manipulator Control Experiment

A pair of the sensors described above were used
on an experimental manipulator to guide the
effector into position for grasping under closed
loop control. Lateral motion was controlled by
the same two sensors to center the effector over
the highest point of the object. The experiment
was a simplified one mean feasibility of a
concept, involving motion in two dimensions
only. However, it illustrates how similar
techniques could be extended in the future to
three dimensional operations.

The sensors used were modified so that a pro-
portional output was obtained over a 15 cm in
nearly to contact. The two sensors were posi-
tioned such that the sum of their output in-
dicated average vertical distance to the.sur-
face, and their difference was a measure of its
slope. These signals were used to control
effector motion in such a way that it was
positioned directly above a local high point.
Positioning was accurate enough to permit
grasping of a reasonably regular convex object.

Discussion

It is straight forward to extend the experiment
to three-dimensional control using four sensors,
an effort to do so using the JPL NEVADA-Curv
Arm is planned. The key to a successful appli-
cation of these techniques, however, will be to
devise acceptable ways to combine sometimes
conflicting inputs from an operator, who may
have limited vision, and the sensors, which have
no judgement, Both techniques for automatic
switchover and for mixing of signals should

be considered.
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.In future work, the basic sensor will be

modified to obtain a device specifically
fitted to digital computer control techniques.
By replacing the single solid state detector
with a detector array, one can obtain a linear
array of sensitive volumes., Each detector
element would than sense a discrete position
and would provide one bit of positional in-
formation. The sharply focussed optical con=-
figuration would be used in order to have
each sensitive volume as well defined as
possible progress on this idea and a coop-
erative optical proximity sensor will be
discussed.
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DESIGN FOR A THREE-FINGERED HAND

Design Rationale

At the start this question was posed: if an
end effector of a manipulator arm is to be more
than just a pair of parallel-acting jaws, what is

the next step up? Should it have three or four fin-

gers or jaws? Should it be anthropomorphic at all?
The commission we received from NASA-MSFC (as in-
terpreted) was for a general-purpose end-effector
for use on the space manipulator proposed for the
Shuttle program; moreover it should optimistically
possess most of the capabilities of a human hand,
and should also have peel-off value as a human
prosthetic device, with this difference, that it
must be separable at the wrist (distal to the wrist
joint) from whatever arm it should be attached to.

A study was made of the capabilities of the
human hand. It is known that mostly the hand is
used for static gripping, and the present jaw-type
device fulfills this reasonably well. We define a
"manipulation" as an action (movement) of the fin-
gcrs while holding something. The two most impor-
tant manipulations for a garage mechanic were
identified as:

a)
b)

the pistol grip and trigger pulling,
the transferring of an object from a
finger-tip pick-up position to a firmly
nested palmar grasp.

For both of these at least three fingers are
necessary: two in apposition to hold the object,
in the manner of parallel jaws; a third for the
trigger or to retract the object held.(See Fig. 1)

Several controls are going to be necessary,
and if these are to be operated successfully with
television feedback an anthropomorphic form is
desirable.

The design evolved through two mock-up stages.
The final form is shown in the figure. It contains
four electric motors. While thumb and forefinger
bend, their ultimate phalanges maintain a parallel
stance to one another. The grip centerline is at
45 degrees to the mounting base.

Design Details
New Finger Activation Mechanism

Several alternative mechanisms are in present
use as finger activators. A crossed-four-bar
linkwork design is used, for example, by Tomovic
and others. All designs can be distinguished by
the point at which the mechanism introduces the
needed mechanical advantage. In the chain of the
drive from motor to pressure surface the later
that this velocity reduction can occur the better,
for then the force-transmitting links can be
lighter.
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Figure 1
Photograph of A Three Fingered Hand

This design incorporates a new form of screw-
operated turnbuckle to bend each interphalangeal
joint. The screws are driven at an intermediate
speed by electric motors.

The Thumb Nail

In tests on a preliminary model hand, the pro-
vision of a fixed thumb nail, projecting about 15
mm, with serrated and sharpened edge, allowed one
to pick up certain objects otherwise very diffi-
cult, for instance a flat steel rule and a drafts-
man's triangular rule lying on a table. Because
the extended nail would sometimes get in the way
and hinder a simple grip, it was made retractable.
An additional motor is needed to move it in curved
guides. This adds to weight of course, and was
probably a mistake: the fixed nail was better.

Controls

A set of button and switch controls were
mounted on the hand of an exoskeletal master arm.
These could be arranged on a joystick equally well.
The controls were arranged in two sets: preset and
run. Preset switches controlled whether thumb and
forefinger moved together or independently, also
whether the fingers open or close, also the thumb-
nail motor. If the two opposing fingers run to-
gether, two buttons control when the motors drive
the two or the third finger in the directions pre-
chosen.
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THE LEMMA CONCEPT: A NEW MANIPULATOR

Dr. Leendert Kersten, Assistant Professor of Engineering Mechanics

Fig. 1.
The LEMMA,

In future space missions remote teleoperator
systems will be applied in support of operations
such as assembly, maintenance, repair, retrieval,
nazardous activitias, and other tasks. An import-
ant part of such systems is the manipulator armm and
recent efforts In the design and development of
such manipulators have resulted in some interesting,
new and unique .designs.

One of the stipulations for the required work-
site manipulator modules states specifically that
it shall have a working envelope similar to the
human arm. With this requirement as a guide and
trying to "borrow" from mother nature as much as
possible, the LEMMA concept was born. The late
Mr. Joseph Boehm* christened the new idea with this
name as |t serves two purposes: |. the concept took
the Di(=two) out of Dilemma by focussing on this
proposal rather than an already existing arm and
2. such an action left LEMMA which is: "a prelim-
Inary proposition accepted for use in a demonstra-
tion," but more precisely defined as the Laboratory
Engineering Mode! Manipulator Arm.

The analysis of the human arm establishes the
workzone as the hemisphere; this axiom thus fixes
two degrees of freedom at the shoulder (fig. 2) in
order to reach the envelope of the hemisphere with
the outstretched arm.

Fig. 2.
Hemispherical Workzone for the Two Degrees of
Freedom at the Shoulder.

* Mr. Boehm came with Dr. Werner von Braun's group

to the USA and has been with NASA until his death
from cancer in December 1973,
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Huntsville, Alabama

To accomplish the touching of the shoulder by
the end-effector, the upper-arm and lower-arm shall
be of equal length, which requires one degree of
freedom. A careful observation of the performance
of a human arm reveals that the majority of elbow
motions are of the yaw variety rather than the
pitch variety. Most present day equipment utilizes
the pitch movement in the elbow joint but Mr,
Boehm's group decided to explore the more "human"
motion of yaw. With the wrist motions remaining,
and adhering to the six rules of sound kinematic
manipulator design - especially rule 3: the last
three degrees of freedom (exclusive of the end-
effector) shall be as close as possible to the
terminus and shall have mutually perpendicular axes
- the yaw, pitch and roll sequence is accepted.

The total number of degrees of freedom is 6 and has
been illustrated in figure 3.

Flg. 3. Degrees of Freedom.
Two in the Shoulder, One in the Elbow and Three in
the Wrist,



E

A majority of manipulators feature drive me-
chanisms at the Joints and this can be quite an
obstacle when the work area of the end-effector
needs to be seen via a television camera. To ac-
complish a minimum of Joint obstructions, thus
giving the maximum visibility, the bevel-gear con-
figuration of the Joints is utilized. This can not
be achieved without a novel drive mechanism housed
in the shoulder. Thus we see two separate ideas;
|. the differential drive assembly and 2. the con~
centric-tube arm configuration. In figure 4 we can

observe the diagrammatic function of the drive
assembly and figure 5 shows the assembly; figure 6
is an exploded isometric sketch.

Fig. 4.

Motfon Analysis of Differential Drive

Fig. 5. The I
Differential on j pet—y
Shoulder Drive |

Fig. 6.
Pictorial of Drive Assembly
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The interesting feature of this kind of a
drive unit Is that it is a self-compensating assem-
bly that maintains the relative position between
various elements, unless specifically ordered to
change the position between two related elements.
The concentric-tube arm assembly utilizes the bevel
geat arrangements as seen in figure 7. Here the
roll motion is changed into a yaw motion. In a
similar manner the roll-roll motion of figure 8 is
transformed into a yaw-rol| motion.

¢ T

ETTITYY
Hith 707419,

205777757, Ro11-Roll To
Roll-Yaw
Conversion.

A theoretical investigation of this arm has
resulted in very encouraging data, showing that the
required accuracy of the manipulator is certainly
attainable.

The proposed Laboratory Engineering Model
Manipulator Arm thus has become truly a |EMMA: |.e.
a preliminary proposition accepted for use in a
demonstration. The next phase will hopefully be
the actual bullding of a prototype to prove under
laboratory and field conditions the real feasability
of the concept.

References:
A Shuttle and Space Station
Manipulator System Part 2 and 3.
MB Associates, January 1973

A Detailed Study Of The Manipulator

Concept For The F.F.T.C.
Leendert Kersten
Research Report 1973 NASA-ASEE
Summer Faculty Research Program
BER Report No. 165-94
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MANIPULATOR SYSTEM PERFORMANCE MEASUREMENT

M. Kirkpatrick, N, L. Shields, Jr,, T. B, Malone
Essex Corporation, 11309E S. Memorial Parkway, Huntsville, Alaboma 35803

ABSTRACT

The research reported is part of a program
to develop free-flying teleoperator technology for
satellite servicing. The rationale for a series
of manipulator system tests is presented Data
are reported on movement time in a fine position=
ing task using two different manipulator system.
The movement time data showed reliable effects-
of movement direction and index of difficulty.
These data were considered to be baseline per-
formance measures for the manipulator system
used and modifications to the control and visual
systems were suggested for future testing.

Introduction

The current paper presents research performed
as part of an effort- to develop manipulator system
human factors requirements for earth orbital
teleoperators. This work is being performed by
NASA MSFC ‘to provide data on man-machine interface
criteria for free-flying teleoperator systems de-
signed to servive satellites.

The objective of the work reported here 1is to

-deruve task requirements based on payload ser—

vicing missions, develop corresponding laboratory
tests, and evaluate existing manipulator systems
in terms of task performance. The manipulator
system components being considered include:

+ Manipulator arms
» End. effectors

+ Controllers

« Control laws

+ Video systems

A number of manipulator systems may be con-—
structed using various combinations of specific
component types in the above areas. The data
presented here are the result of testing selected
manipulator systems on.a task requiring fine
position control with trained operators in the
loop.

Test Approach '

The test ‘approach being employed is derived
from requirements imposed on :-the manipulator
system by the nature of satellite servicing opera-
tions. These tests were developed based on a sur=
vey of satellite servicing operations by Malone
et.al. (1). The tasks ‘and the manipulator opera-
tions they are designed to simulate are listed .

.-below.

» Fine tip positioning mdvemeﬁts
+..Cylindrical peg removal and insertion
« Position step input response

This fesearch‘waé supported in part: by Con-
tract NAS8-30545 from NASA Marshall Space Flight
Center Huntsville, Alabama.
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« Attitude step input response

+ Graded force application in one axis
» Opening and closing of fasteners

+ Module removal and replacement

+ Antenna extension

The rationale for the application of the tests
to manipulator systems is that the tests are
ordered in terms of difficulty and degree of
specificity to servicing operations. The first
five tests measure basic or general positioning,
orienting, and forcing., The latter three tests
are directly related to servicing operations.
Manipulator systems are tested on later tests after
having performed satisfactorily on earlirer ones.
During the process, changes in parameters are made
based on test outcomes.

The present data were collected using the two
manipulator systems described below:

ESAM/Analog :
+ Five DOF Extendable Stiff Arm Manipulator

« Analog joystick controller

« Two orthogonal view video system

RAM/TEC

+ '8ix DOF Rancho Anthropomorphie Manipulator
.- URS Matrix Terminal Pointer Controller

» Computerized resolved rate control

. Iwo orthogonal view video system

The minimum position change apparatus employed
contained ‘16 conductive target contacts and one
injitial position contact. The end-effector held a
stylus. which permitted timing the movement from
initial contact to target contact. Target size
varied from 9.7 tor 1.6 cm. and movement amplitude.
varied from 2.2 to 9.0 cm. The index of difficulty
(ID) proposed by Fitts (2) thus varied from 1.5 to
4.8 bits. - The task board was positioned near the -

‘center of the manipulator reach envelope and move-

ments were required in 8 directions in the Y2 plane.
Five subjects completed all possible combinations

-of the 16 movements 1in 8 directions. To permit

comparison of manipulator movement times to cor-
responding hand or manual times, each subject also
completed the experiment manually by holding the
stylus in his dominant hand.

Results

The movement times obtalned were submitted to
analysis of variance. - All main effects--manipula-—
tor system, motion amplitude target size, and
motion direction were found to be significant at
the .05 or .0l level. Interactions involving all
four ‘variables were also found to be significant.:

AT




For this reason, the effect of ID on movement time
was assessed via correlation analyses applied
separately to the manipulator system by motion di-
rection combinations. The summary statistics re-
sulting from these analyses are shown in Table 1.

Table 1 Movement Time Descriptive Statistics

MD MMT 8 x TR
BAM/ 0 53.8  14.5 .33 %% 127.1
TPC 45 40.8 8.7 .28 % 96.4
90  30.5 7.3 .25 % 72.1
135 39.4 0.8 .02 93.1
180  43.0 9.5 .29 *k ' 101.6
225  31.4 6.5 .24 * 74.1
270 - 27.0  -0.1 . ,00 63.8
315 32.2 4,3 .15 76.2

. {

ESaM/ 0 . 12.7 3.4 .37 *%_ 30,1
Analog 45 9.3 2.6 .45 ** 22.1
90 13.7 1.4 .10 32.3
135 9.9 2.5 .46 k% 23.3
180  14.0 3.7 3k 33.2
225 9.8 2.5 Gk wk 23.2
270 12.7 4.8 40 *% 30,1
315 9.0 4.0 57 21.2

MD Movement Direction--degrees from north

MMT Manipulator Mean Movement Time--seconds .

8 - Least Squares Slope Coefficient--sec./bit

r. . Linear Correlation Coefficient

TR. Ratio of Mean Movement Times—-manipulator/
manual

*. -p < ,05

k% p < ,01

Inspection of the mean time data shows that
the task was completed more rapidly by the ESAM/
Analog system than by the RAM/TPC system. Because
a number of confounded differences exist between
the systems, direct comparison is only tentative
at present. One obvious difference is that the
RAM arin contains one more degree of freedom than
‘the ESAM. Further, the ESAM system is more
amenable to command of one joint at a time. This -
may permit-.a strategy of independently nulling
error in one axis at a time. This strategy :
would be difficult to implement with the RAM which
requires coordinated joint action to achieve
translation.

) The -two systems differ in terms of controller
used. . The test operators stated that the TPC con-
troller had too littie friction resulting in in-
advertent cross-coupling. While the RAM arm has -
s8ix joints, the TPC controller has only five out-
puts. This required the operator to achieve Z
axis translation via a complex sequence of com-
mands 1in the five controller axes.

The data should not be taken to necessarily.

support a five degree of freedom approach to the

" servicing mission. In the current test, the 'task
board was: placed near the center-of the work en-
velope for both manipulators. - If variation of the
work in the envelope were. presert, the six DOF =~
approach would presumably offer advanrages in

- flexiblity, -

: Table 1 also provides data on the relation-
‘ship between movement time and ID. - The relation-
ship for the present data was 'assessed by obtain=~
ing the linear correlation coefficicient as shown
in Tablé 1, ' It may be seen that the coefficients

are significant in most of the cases studied. The

3¢
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data for the ESAM/Analog system show a generally
higher degree of correlation between ID and move-
ment time than do those for the RAM/TPC system,

The least square slope estimates are also
shown in Table 1. These measure the additional
time taken to process one additional bit of in-
formation. The slopes for non-significant cor-
relation coefficients should not be taken as valid
estimates. As would be expected, the observed
slopes are many times greater than the .074 sec/bit
value for manual movements reported by Fitts (2).
In terms of comparison with values for other manip-
ulator systems, Hill et. al., (3) reported a slope
of little more than 1.0 sec/bit for a smaller
scale RAM arm using direct vision and a master/
slave controller. The increases over this value
for the present systems presumably reflect the fact
that these used hand controllers and video feedback.

Similar results were obtained for the manip-
ulator to manual time ratio data, This measure was
proposed by Vertut (4) who found time ratios rang-
ing from 1.5 to approximately 100 for simple con-
trolled movement and assembly tasks for a variety

of manipulator systems., The current data show the ng'
time ratios for the ESAM/Analog system to be on the Ea
order of 20 to 30. The time ratios for the RAM/TPC ?

system were found to be larger on the average and
to show greater variability with direction of mo~
tion.

Conclusions

The data presented provide baseline perform-
ance measures for two manipulator systems under the
constraints of hand controller use and video feed-
back which are necessary conditions of remote
teleoperator control from the shuttle. The data
support the utility of the ID measure to quantify
manipulator tasks and to generalize findings reg
sulting from manipulator performance tests., Areas
which should: be incorporated into future testing
include:

+ Use of the TPC in conjunction with ESAM to
determine controller effects
» Use of 'a 6 DOF controller for RAM -
«-Use of a two hand / two controller approach
- with. RAM to eliminate.cross-coupling
+ Use of stereoptic video with both systems
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INERTIA FORCES IN ROBOTS AND MANIPULATORS

Michae! S. Konstantinov,

Professor

Higher Institute of Mechanical and Electrical Engineering, Sofia

Investigation of inertia forces in the
linkages of robots and manipulators is closely
related to the determination of the Jjoint
forces (loads) and therefore to the calfula-
tion of the actual Joint sizes. Usually, the
inertia forces in spatial mechanisms are de-
termined By the matrix method, applied to the
imertia tensors of the links. However, the use
of that method calls for calculations associ-
ated with the acceleration of an arbitrary
point (pole) on the link moving in the space,
as well as with the angular velocity and ‘ac-
celeration of the link itself [1]. '

This paper deals with a method for the
simulation of the dynamic hehavior (inertia
forces) of a s0lid performing a tridimension-
al motion, wherein a discrete system of mass

By, My, Dy, m4 correspond to the above condi-

tions (1), (2), (3) reduced to

my o= m, = l!l3 = m1+ = /4 m
= o - - - = io
X; = =X, = x3 = xLIr =x, =1
- - - - - io
y} = -yz = y} = -y£+ = yO = tyy
o
Z, = ZZ = -zj = -zt\L =2, = izz

Robots and manipulators mechanical arm/
hand systems being, in fact, spatial mecha-
nisms it is convenient to replace their links

‘by point mass models [5]. Introduction of such.

models requires merely the identification of
definite points on the link to be considered.

points rigidly attached to the solid is used
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[ Aclording to three postulates are
necessary and suf 1cient for dynamical equiv-
“alence: (a) the mass of the so0lid and the to-
tal of the concentrated masses should be e-
qual, (b) the center of gravity of the solid
and of the discrete system should coincide,

: and (c¢) the inertial ellipsoid of the solid
o and of the discrete system should be equal.
T These postulates are expressed by

The accelerations of these points are deter-
mined on the basis of a generalized three-
link structure, illustrated in Fig. 2, taken

m, =m S )
fgm 749 dm ' (2)
Z‘{éé}mk {37} : (3)
wherein Fig. 2
Joex ny ez ; Xi xkyk‘xkzk as fundamental group, by the use of a vector-

2 complex operator [6] ,
Yk Yk YkPk By T iy ;
: Aste % . 3.3 W
(Z)=(F")e " %=Yu @
s :
wherein the cbndit“onal term )

7 = Avije = =(2)
M
expresses a complex vector.
The relative disposition of three adjacent
links (S-1, §,.S-1), ‘pertinent to the struc- .
tural composition,,could be described by the . 3
fecurrence operator algorithm ol

R T R
(—s-‘,)’-(-Z)eLs ).'vs,"=v$
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A specific model for gemeral motion in’
..the space is shown in Fig 1. The point masses
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>
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It is to note that (5) is a reversive al-
gorithm of the basic group shown in Fig. 2.
Indeed, the algorithm of the accelerations is
obtained by double differentiation of eg.(5).
This is an acceleration operator,

In conclusion, it is demonstrated that
the proposed operator is an appropriste means
for the formulation of a computer program
leading to the calculation of the inertia
forces.
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REMOTE SERVICING OF FREE-FLYING SPACECRAFT

F. J. Cepollina
Goddard Space Flight Center, Greenbelt, Maryland

G
J. M. Mansfield A
Rockwell International Space D!vlsI:n, Downey, California 03"6% Q\}b‘xﬁ

The Shuttle will provide flexible performance and 0“

many new utilities for potential users, Under contract to
GoLord Space Flight Center (GSFC) in cooperation with
Johnson Space Center, Rockwell International Space
Division has conducted a ground simulation to demonstrate
:rhm compatibility by enacting satellite ground installa-

on, orbit delivery, space servicing, and contingency
retrievc| with the space shuttle orbiter.

The basic configuration approach adopted by GSFC
for the spacecraft (Figure 1) groups the standardized sub-
systems in the oft portion of r%o spacecraft and leaves the
volume forward of the transition structure available for the
mission peculiar equipment and sensors. The version used
for this simulation is configured as an earth observatory
with multi-spectral mapping and high resolution imaging
sensors. Another version might have a gamma ray tele~

or a collection of solar physics sensors. Arl modules
including the Ision package and the sensor modules
are replaceable on orbit r: the event of depletion, wear=-

out, malfunction, or the availability of an improved
version,

.

n.h‘aw

with the full-scale engineering models of the retention,
deployment, and servicing systems. These systems,
collectively termed the flight support system, include o
cradle to support the spacecraft, a positioning platform,
a special purpose manipulator to perform the module
exchange, and a storage magazine which holds the spare
modules. The simulation illustrated the operations of these
systems by performing a changeout of a subsystem module.
he controls for the operation were installed at the same
location in the shuttle cabin as the flight version would
utilize (Figure 3). This permitted an assessment of the
man-machine interfaces for this class of space cperations.

The cradle is designed to provide the structural s t
of the spacecraft while it is stowed in the cargo bay.
a delivery mission, upon reaching the delivery altitude the
positioning platform would be latched to the oft end of the
spacecraft and it would then be erected into the vertical
position. This allows it to be positioned and retained
while it undergoes checkout.

The positioning platform also furnishes the functions of
retaining and positioning the spacecraft for refurbishment
missions. On a typical refurbishment mission the spacecraft

Studies mGrummon GE, TRW, and Aerospace have would be captured by the remote manipulator system of the

investigated tentiol economic benefits of the mod- shuttle and berthed to latches on the positioning platform.
ular approach selected by Goddard. They have consist- The spacecraft is rotated to present the modules to be
ently shown lower program costs with the utilization of exchanged to the special purﬁ:se manipulator, This
the shuttle to support on-orbit servicing. manipulator performs the exchange of modules between the
spacecraft and the magozine. The module exchange

The spacecraft used for this simulation was an engi= magazine is a 4 degree-of=freedom device including a
neering model mockup assembled at GSFC, This partic- rotation in the pitch plane. This rotation is necessary to
ular unit is configured to be compatible with launch on a be able to address the modules in the spacecraft and to

Titan vehicle prior to the shuttle era, with later servicing, rotate them to the correct position for insertion in the

retrieval, and relaunch on the shuttle. This spacecraft was ~ mogazine.
installed in the shuttle orbiter mockup (Figure 2) together
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The module latches designed for the Goddard space=-
craft utilizes a passive threaded shaft in each corner of the
spacecraft opening and driven nuts on the modules them-
selves. Insertion is aided by guides and rails in the
corners of each module. The concept for establishing the
electrical connection is that the connector on the back
surfage of the module is driven into a receptacle on the

d'oc:mft while the module latches are being drawn down
t.

After the module is replaced in the spacecraft and
latches torqued down, the spacecraft is retained on the
positioning platform while a checkout is performed. In a
normal refurbishment mission the remote manipulator system
would then attach to the spacecraft and move it to a safe
distance from the shuttle so that it could resume its normal
operational mission, In the event that the replacement of
the module does not restore the spacecraft to its full
operational capability, the spacecraft is rotated to its
stowage attitude and lowered into the cargo bay. The
whole system is thus stowed in the cargo bay for retum to
earth, rework, and subsequent relaunch,

Control of the whole simulation operation was under
direct control of the operator in the cabin. The direct
vision available from the cabin was found to be extremely
effective in providing controllability. The direct
vision is supplemented by the baseline shuttle TV cameras.

These include one that is on the tip of the remote manipula-

tor system and one each on the forward and oft bulkhead.
One of the examples of the use of direct vision to replace
the complexity of feedback circuits and sensors is the
rotational positioning of the magazine. It was found to be
very simple for the operator looking directly out of the
window of the shuttle cabin to position the magazine very
precisely utilizing indexing marks.

This simulation equipment utilized off=the=shelf haord-
ware extensively and simplified designs to provide the basic
functions at low cost, We feel that these activities have
been highly beneficial in evaluating the basic engineeri
feasibility of utilizing the shuttle for on-orbit servicing o
unmanned spacecraft, In addition, considerable insight
has been obtained in the areas of ground handling and
installation of payloads in the cargo bay, the simplifica~
tions permitted by utilizing mon-in-ﬂ\o-‘oop, and the
effectiveness of the basic shuttle TV to monitor details of

rations in the cargo bay. The operations have been
an to be basically simple and easy to learn. A highly
trained astronaut is not essential. Significant changes in
the design of the module exchange elements have been -
identified well before the commitment to flight hardware.
We feel that this project has been a good, early example of
shuttle users and the shuttle m cﬁorcﬂng to get the
most out of space for the dolim invested.
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ON-ORBIT SERVICEABLE SATELLITE DESIGN

Abraham Fiul
TRW Systems Group

Satellites can be designed so that failed or
worn-out equipment can be replaced while the
satellite remains on-orbit. Operation of satellites
in this mode is found to be cost effective for long
term satellite fleet operations at high altitude when
compared either with satellite replacement or with
satellite retrieval and ground refurbishment
modes, The favorable economics result from a
reduction in expenditures for hardware and from a
reduction in the number of launches required to
support fleet operations, Preventive maintenance
cuts the number of satellite failures and launches,

Satellite on-orbit repair must be kept
simple.. This is particularly true when the satel-
lite is in a high orbit where human skills cannot
be applied. A practical approach is to modularize
the satellite and to design the modules so that their
removal and replacement can be effected by sim-
ple motions, - On-orbit repair can be reduced to
replacement of modules which contain failed or
worn-out equipment, It is neither necessary nor
even desirable to attempt to replace individual
pieces of equipment, It is found that the eco-.
nomics are quite favorable even when the modules
contain whole subsystems and only one or two
pieces of critical equipment have failed. If the
modules can be retrieved so they can be repaired
and reused, additional savings accrue,

Satellite servicing is accomplished in high
orbit by -a service unit mounted on an upper stage
which provides propulsion and guidance. The

‘service unit contains a docking system (e.g., the

Apollo type probe-drogue), a storage rmagazine to
contain replacement modules, and a handling
mechanism which effects the interchange of mod- .
ules between the satellite and service -unit, A
system of arms and linkages holds the handling
mechanism and positions it over the face of the
satellite (or storage magazine) so that it can
attach itself to the replacement modules, Control
of the linkages and handling mechanism can be
provided either by a stored program or by ground
command, In the latter case, television cameras
and a reasonably w1de band commumcatmn link

are needed,

; The 'on-,orbit serviceable satellite has a )
backbone structure to which replacéable modules:

‘are-attached. An egg crate like structure is

found advantageous in many applications, ‘The
modules are inserted into the openings and bolted -
to the structure., The backbone structure also
carries a main wiring harness which provides
electrical power and signal connections between
the modules, . The replaceable modules are struc-
turally autonomous. - They support the equipment
they contain and transfer-the launch loads to.the
backbone, The modules can be attached to the .
backbone structure by a‘three point support con-

‘sisting .of a system of cones and wedges, Fasten- .
The on-orbit

ing can be achieved by a single bolt. ;
serviceable satellite is found to be heavier than
the conventional expendable satellite pr1ma.r11y

“.-because of the less efficient structure
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The module attachment and fastening system
permits a relatively simple design of the service
unit handling mechanism. A bolt driver and a
closely proximate latching probe is incorporated
into the mechanism, The forces which must be
exerted to engage or disengage the module fasten~
ing bolt are reacted locally and are not transmitted
through the relatively long arms which are used to
position the mechanism on the satellite or service
unit magazine face, This concept permits a light
weight service unit which can service large
satellites,

Most of the equipment currently used in
expendable satellites is directly useable for on-
orbit:satellites. Two changes in subsystem design
approach are, however, desirable, These are in
the electrical power and signal distribution sys-
tems, In conventional satellites, command and
telemetry functions are implemented using a
separate wire for each function. As a result the
equipment which provides command dissemination
and data collection have many hundreds of pins in
their connectors. The requirement for simple
replacement of modules appears to favor a reduc-
tion in electrical connector pin count both to
reduce forces for making and breaking connections
and also to permit the use of larger and more
rugged connectors.  A.data bus which uses a time
sequenced stream of data reduces this count to
perhaps three pins. The system requires the
addition of a remote terminal unit in each module
to provide local decoding of commands and encod-~
ing of data.

The conventional electrical power control
and distribution system also requires modification,
It is necessary to design it so that power can be
selectively shut down in each of the modules which
are to be replaced, Itis also necessary to shut
down the entire power control system so that it can
be replaced if necessary. This requires the addi-
tion of a circuit breaker system which is com-
mandable from the service unit since it is manda-
tory that the satellite be powered up before
separation,

It is also possible to limit power distribution
to primary power and to provide secondary power
conversion within-each module, This approach
further reduces connector pin count but at a
slightly increased expense for power conversiohn.

The number of modules used in packaging
the satellite avionics equipment is a design vari- =
able, Two contradictory factors operate. Satel-

- lite weight minimization (a desirable feature for
‘deployment) is favored by using a few modules,

say one per subsystem.  On the other hand, pre-

~ventive maintenance on a fleet of satellites is

favored vy using many modules since each is then
lighter and more satellites canbe visited when a'
service flight is made, .The question becomes
important when service tug performance is
limited, - It:appears, however, thatwhen module -
size permits visiting two to three satellites on a




s rE s i

single flight, a large fraction of the benefit from
servicing is achieved, = Avionic module weights of
the order of 70 pounds on the average satisfy this
condition even for relatively low performance
tugs.
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ORBITAL SERVICING AND REMOTELY MANNED SYSTEMS

George W. Smith, Manager, Man Machine Systems, and Wilfred L. DeRocher, Jr., Departmental Staff Engineer

Martin Marietta Corporation, Denver

The potential of concepts and techniques of re=
motely manned aerospace systems to fully exploit
the utility and benefits of orbital servicing is
discussed in this paper, Many studies \*7?) have
concluded that orbital servicing can significantly
enhance the primary goal of the Space Transporta-
tion System (STS) == to reduce the cost of space
programs while satisfying their mission require-
ments, Orbital servicing in the form of module
exchange enhances the STS goals through replace~
ment of failed equipment, resupply of consumables,
and updating of obsolete equipment. However,
module exchange in space 1s an operation that is
generally conducted at a distance, a situation
where remotely manned systems can make a signifie-
cant contribution,

Orbital Servicing

The primary orbital servicing operation dise
cussed, module exchange, has been shown to be eco-
nomically and programmatically advantageous over
expending the spacecraft (no servicing) or ground
refurbishment (bringing the spacecraft to the
ground for servicing and then placing it in orbit
again),: Studies led to the conclusion that space=~
craft can be designed to be serviceable with some
weight and volume penalties but with relatively
low cost penalties, Modules can contain entire
subsystems, parts of subsystems, experiment or
mission equipment; can have all redundant elements
in one module or can have them spread over several
modules,  The reasons for replacing a module are:
(1) ‘the module has failed, (2) the module has worn
out (e.g., batteries), (3) the consumables have
been expended (e.g., hydrazine tanks), and- (4) the
equipment requires updating (e.g., a new experi=-
ment design). For the STS missions; a.review* of
the July 1974 SSPD revealed 49 spacecraft
types where orbital servicing deserves serious
consideration,

A survey of servicing (module exchange) systems
identified fifteen differe?t system concepts de=-
scribed in the literature that exhibited

a range of versatility, complexity, and capability

to accept a wide range of spacecraft characteris-

~tics, Those approaches (Table 1) were categorized

as shown in the table and & single representative
selected for each class based on level of defini-
tion available and design/utility superiority.

The resulting seven then-were evaluated for vere
satility, mechanical advantage, number of mechhni-
cal functions, docking mechanism dependency, :
stiffness, size, weight, reliability, application
to both low=--and high-earth orbit; variety of

spacecraft types accommodated, dependence on dock~ -

ing mechanism type (central or peripheral), and
access to multiple spacecraft surfaces. -The re=
sult was -that a pivoting arm, .a general purpose
manipulator, and the Orbiter cargo bay module
excharge mechanism (discussed in a parallel paper)

. represented the range of useful orbital servicer

mechanisms, . This selection was primarily based on

;* This work was performed under: NASA Contract

NASS-30820
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Table 1 "Swwary cf Orbital Sarviotng Syeters

McDonnell Douglas Astranautics Company Dirett Access
Aergspace Corporation

Bell Aerospace Cartesian Coordinate

Rockwel) Internatfonal Unmanned Orbital Platform A (External)
Pivoting Am

Rockwel) International Unmanned Orbftal Platfarm 8
{Internal)

Marshail Space Flight Center
TR¥, Inc
Bell Aerospace Cylindrical Coordinate

General Purpose Manipulator
Rockwel) International Geosynchronous Platform
HcDonnell. Douglas. Astronautics Company External
Hartin Marietta Corporation Genéral Purpose

General Electric Advanced Geosynchronous. Observatjon
Environmental Satellite

Shuttle Cargo Bay Only
Marshall Spacé Flight Center
Rockwell International Earth Observatary Satellite

SPAR Aerospace Products, Ltd/Dilworth, Secord, Meagher
& Associates Earth Observatory Sateliite

need to give designers of on=-orbit serviceable
spacecraft the greatest latitude possible in num=~
ber of modules, module size, module shape, module
location, and module orientation,

The pivoting arm module exchange mechanism
(Fig. 1) is a four degree-of-freedom (DOF) con-
cept that removes/replaces modules axially from
the end of a spacecraft,  Shown ’'in Fig. 2 is a
seveén DOF general purpose manipulator that re-
moves/replaces modules radially from the outside
of the spacecraft. An on-orbit servicer consists
of the exchangel mechanism to move the modules,

a storage rack for the new and failed modules, and
a control electronics. assembly (CEA).

Fig.: 1. Pivoting Arm,Servicér Mechaniamd

; orbital gervicing‘poses the control require-
ments listed in Table 2,  The general task is to
unstow the servicer mechanism, remove a failed

- module from the spacecraft, stow the failed module,

locate the replacement module in the ‘storage rack,
.place the replacement module in the spacecraft,
verify that the replaced module is latched in
place, repeat as necessary, and then restow the
servicer mechanism. ' :

Control System Alternutivea

Three control modes are addressed : automntlc,
supervisory control, and_remocely manned,.

: ﬁg{;ki“';i
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Figure 2 General Purpose Manipulator
Servicer Mechanism

Servicing in geosynchronous orbit is our example
case, though much of what is said also applies to
operation in the Orbiter cargo bay.

Table 2 Control Syetem Requirements

Exchange Modules One at a Time

Acconmodate a Variety of Module Sfzes, Masses, Locations,
and Orfentations

Operate with Different Spacecraft on a Single Mission
Up to 25 Module Exchanges per Flight

Provide Backup Modes

Generate Stgnals for Individual Mechanism Joints
Provide Required Accuracy and Repeatability
Compensate for A1l System Tolerances

Avoid Control Anomalies (e.g., Singular Points)
Provide for Hazard Avoidance

Provide Suitable Stiffness

Be Compatible with Structural Flexibility
Minimize System Data Rates

Accommodate Data Transfer Delays

The automatic mode involves a CEA that con-
trols all of the module exchange activities in=-
cluding module trajectories, hazard avoidance,
sequencing, activity completion indications, re=-
dundancy, and fail-safe aspects., The automatic
mode can satisfy most of the Table 2 requirements,
It particularly minimizes communication system
data rates and the effects of data transmission
delays., The difficulties lie in accommodation of
system tolerances and the approach to the fail-
safe/backup mode considerations, There appears to
be no cost effective way to ensure fail-safe op-
eration and to provide a backup mode for fully
automatic operation.

The supervisory control mode involves a CEA
that controls the detail module exchange activi-
ties including module trajectories, hazard avoid-
ance, and some of the redundancy aspects, Man,
through a command and data link, selects sequenc=
ing, acknowledges completion, and provides some
of the redundancy and fail-safe aspects. To mini-
mize communications data rate, it is assumed that
the supervisory mode does not involve a television
system., The supervisory control mode also can
satisfy most of the Table 2 requirements, Super=
visory control will require higher data rates and
be slightly more affected by transmission time de-
lays; neither effect is very significant. How=
ever, supervisory control is similar to automatic
control in accommodation of system tolerances. It
is possible to involve man in the measurement of
system errors and their introduction into the CEA
biasing scheme, With regard to the fail-safe and
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backup requirements, the supervisory control mode
is no better than the automatic mode unless the
operator is provided with more data and control
path alternatives,

The remotely manned mode involves an on-board
CEA and sensor system, a two-way communication
link, and an operator at a control and display sta-
tion, The operator controls all of the module ex~
change activities including module trajectories,
hazard avoidance, sequencing, activity completion
acknowledgment, and fail-safe aspects. The re=-
dundancy aspects would still be a part of the ma-
chine, Module trajectories would be generated in
response to the operator's control inputs, Multi-
ple DOF hand controllers appear suitable for this
task when used in a rate control mode, The use of
inner-loop force feedback, where the forces at the
end effector are measured, and signals generated
to reduce the forces (and moments, in some cases)
that are not in the desired direction to zero, may
be very useful, Television is the obvious visual
sensor for orbital operations., The remotely
manned mode can satisfy many of the Table 2 re-
quirements. It does require the highest communi=-
cations data rates and is most susceptible to data
transfer delays. Hazard avoidance in the remotely
manned mode becomes difficult because the number
of trajectories that might be commanded increases
significantly. Backup modes can be provided for
remotely manned operation,

Recommendation

Each of the three control modes appears to have
both good and difficult areas; thus, it is recom-
mended that a combination system be further in-
vestigated, It would consist of supervisory con-
trol with remotely manned backup as described in
Table 3. The remotely minned system should also
be considered for measurement of initial align-
ment errors so that these error measurements can
be used, on~board, to generate exchanger mechanism
bias signals., When the TV system is to be used
only in a measurement and backup mode, it may be
possible to use very low frame rates, say one
picture per minute, and thereby significantly re-
duce the communications data rate.

Table 3 FRecomended Comtrol System “haracteristics

Primary Mode - Supervisory Control
Backup Mode - Remotely Manned Control
Stored/Interpolated Module Trajectories
Hazard Avotidance

Supervisory - Precalculated

Remotely Manned - TV and Ground Computer Graphics
System Errors Measured by Man and Biased On-Board
Separate Translation and Rotation Hand Controllers
TV and Mechanism Position Displays
Mechanism Joint Contro)

Supervisory - Position

Remotely Manned - Rate
TV Refresh Rate - Three per minute

o) (SECRET).

TR 74-168 Vol 11, THN Systems Group, March 1974,
(2) 1QPD, Unssnned Orbital Platfoee Definitics Study. S073-SA-0122, Space
Division, Rockwell Internationsl, September 15, 1973,

(3) A Study of Payloed Utilizetion of the Tug, Volume (1, Technical. McDonnell
Douglas Astronautice Company, Huntington Beach, California, June 1974,

)

(7341)+3, The Aerospace Corporation, El Segundo, Californis, June

©) farsicim the DECE-LL wich the SI8,_SLaih Status Maview. Comtract Mo.
FOLT01-74=C~0330, TRM, January 16, 1975,

)

id
. ogras Development, Marshall Space Flight Center, Wuntsville,
Alabama, July 1974,

(7) Rrocesdings of the Second Conference on Payioed Interfaces. MDC CA818, Mchomnell
Douglas Astronautics Company, Nuntington Besch, Californis, Septesber -7, 197},
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SPACE TUG SPACECRAFT/MODULE EXCHANGER (ON=-ORBIT SERVICER)

Fritz C. Runge

McDonnell Douglas Astronautics Company, Huntington Beach, Californic

Summary

On-orbit exchange of spacecraft modules
containing experiment or subsystem hardware or
consumables will be performed at geosynchronous
altitudes with the Space Tug and at lower altitudes
with the Shuttle. This unique service capability
of the new reusable Space Transportation System
will provide considerable benefits to future space-
craft programs, This paper addresses the
remotely-controlled, Tug-based, on-orbit module
exchanger service in particular.

On-orbit servicing offers two significant bene-
fits, namely, (1) sustaining hardware perform-
ance and (2) changing of scientific or applications
payloads for multiple use of a given spacecraft.
Replacement of malfunctioning spacecraft or ex-
periment hardware can result in substantial oper-
ational cost savings for the spacecraft. More sig-
nificantly, the exchange of experiment hardware
in orbit will permit an increased number of scien-
tific experimenters and applications specialists to
use a given spacecraft over the years in a given
mission. Here, therefore, is a means for in-
creasing the number of users of and thus constit-
uency for space programs in general.

On-orbit replacement of spacecraft modules
requires a servicer mechanism which incorpor-
ates high operational and volumetric efficiency
plus high reliability. One promising concept for
such a Tug-mounted spacecraft module exchange
is the McDonnell Douglas Direct- Access Servicer.
This servicer can alsc be used in low orbit,
mounted on the Shuttle. In this concept, push-pull
injector/retractor devices are combined with a
rotating indexer to provide a minimum-complexity
mechanism with a high capacity for coincident
exchange of many modules. "Minimum length for
the functions provided" is also a salient feature of
this mechaanism, which is important since length
is at a premium when stages and single or multi-

ple payloads are combined in the Shuttle cargo bay.

The concept for this servicer is also uniquely cost
effective in terms of resource utiiization since it
puts to secondary use (for the modauie injection/
extraction) the available push-pull stroke of the
Tug/payload docking mechanism. This concept
can be put to widespread use in a number of pro-
grams for economy and standardization in the
spacecraft community. It was designed to operate
with at least three completely different types of
spacecraft which were selected as representative
of the heavy traffic in proepect of geosynchronous
altitudes, Complementary serviceable designs
for these spacecraft were developed in concert
with the MDAC Servicer by General Electric and
Fairchild Industries to confirm the integration
feasibility of the overall approach,

This servicer concept was developed under
Contract NAS8-29743 with the NASA Marshall
Space Flight Center.
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Figure 1.

Figure 2.

Figure 3,
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Module Exchanger (Servicer) Being Delivered Behind Two
Satellites on Tug

Tug Servicer Approaching Satellite to be Serviced

Satellite Being Serviced (Modules Being E xchanged)
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A USER ASSESSMENT OF SERVICING. AT GEOSTATIONARY ORBIT

Gary D, Gordon, Senior Staff Scientist
COMSAT Laboratories, Clarksburg, Maryland 20734

A number of studies have concluded that
orbital servicing will reduce the cost of
space programs, Servicing has been assessed
from the viewpoint of a commercial user of
communijcations satellites at geostationary
orbit, The need for servicing is emphasized
by looking at the history of failures and
defects occurring in communications satel-
The methods used in servicing have
been evaluated in terms of the needs of a
communications satellite user; most assump-
ticns made in previous studies appear rea-
sonable, but some different methods are
suggested. A system that utilizes servic-

-ing has been studied, and some benefits in

addition to cost savings have been identi-
fied. While this study has emphasized
communications satellites, most of the
assumptions and conclusions apply also to -
earth observation satellites at geostation-
ary orbit.

Need for Servic;gg

To evaluate servicing, it is useful to
look at past failures and defects that
occurred on communications satellites (see
Table 1). While this list is not' complete,

and the same failures will not occur in the

future, the overall picture presented by
these failures is probably applicable to
failures in the future. Note that some
satellites continued to provide service in
spite of defects in some component.

In the column labeled "type," an effort
has been made to classify failures in terms
of reliability. A "design" failure occurs
early in life; its identification shows

that the reliability was not as high as
planned.- (This can result from actual de-
sign or from quality control.) A "random"
failure may occur at any time; its occur-
rence does not change the estimate of the
component reliability. A "wearout" failure
occurs late in the design life of the sat~
ellite; it may be an actual wearing out or
some other expected failure such as fuel
depletion, The column entitled "reparable"
is an estimate of whether such a failure is
serviceable; this depends on how much of
the satellite is built to be serviceable.

A striking. feature of this table is the
large number of design failures. This makes
servicing more attractive for two reasons:

a. fixing a satellite early in its de-
sign life-provides years of addi~
tional service, and

b. often such a failure suggests ser-
vicing similar satellites in which
failures have not yet occurred.

Suggested Methods of Servicing

© ‘Other studies have shown that, for sex-
vicing to be cost effective, the satellite
must be modularized. Also, because it is
une(onomical to send men into geostationary
orbii, operations must be unmanned. It is
further assumed that satellites will be
body stabilized rather than spin stabilized.
While several studies have maintained that
servicing of spinning satellites is tech-
nically feasible, it is more cost effective
for body-stabllxzed satellites.,

Table 1. Typical Communications Satellite Failures or Defects :
) . o 5435 . &
Satellite . Component Failure Type Ruparable“‘;

SYNCOM, .. INTELSAT II, III apogee motor ~design no i
INTELSAT: II fuel lines design . probably
INTELSAT IV ' thruster design 1 yes '
INTELSAT III, TACSAT structural bearings design ‘ difficult
NIMBUS , solar array bearings -design difficult
INTELSAT ‘II . o solar array degradatlon design probably
INTELSAT II, III, TELSTAR - | battery random .yes
INTELSAT III, IV i earth sensor design/random yes
INTELSAT III : receiver design yes
INTELSAT III transpondexr random yes
SYNCOM telemetry random yes
TELSTAR, COURIER decoder . design yes
EARLY BIRD fuel depletzon wearout . yes
RELAY, TELSAT power conditioning " random yes
DSCS-2 . . deployable structures "design no '
“INTELSAT. IV telemetry beacon ' random yes
ATS~5 attitude control design no b
INTELSAT IIIX “low orbit . - --random yas. - .
INTELSAT 1V receiver design - yes -
WESTAR-1, SMS-1 low orbit design . yes

This paper is based upon work performed 1n COMSAT Laboratorles under Contract

NAS 8-30849.
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It is reasonable to assume that the sat-
ellite attitude control is functioning to
the extent necessary to stabilize the sat-
ellite for rendezvous and docking, While
this may not be always true, most communi-
cations satellites have a number of backup
modes of attitude control. It is more cost
effective to neglect the small probability
of a complete :(failure in the attitude con-
trol system; should it occur, the satellite
will have to be replaced rather than
serviced.

Even with the Space Transportation Sys-
tem, the costs of returning modules to the
ground for refurbishing or analysis are
prohibitive. While exceptions are possible,
the bulk of the modules should be, left in
geostationary orbit., (Returning modules to
prevent litter in, space is a separate con-
sideration that should not adversely affect
the concept of in-orbit servicing,) Failure
analysis based on telemetered data has been
adequate to diagnose most failures in com-~
munications satellites,

There are many communications satellites
in operation in geostationary orbit, and
the weight of the modules is small, To
minimize costs, it is better to service
several satellites in a single mission and
to share the tr ransportation costs of the
servicer, - The tug can perform a few ser-
vicing operations, although its time in
geostationary orbit is limited by the
cryogenlc fuels used, A free flying ser-
vicer can be left in geostationary orbit,
perform many servicing operations on dif-
ferent satellites, and be resupplied with
fuel and modules periodically.

Satellites that are still operating
should be serviced. ~Design failures can be
eliminated, failed redundant components
replaced, wear-ocut items such as batteries
replaced, and fuel added. 1If only failed
satellites are serviced, the probability of
serv1c1ng a satellite is low; if the prob-
ability is low, then it is difficult to
justify building a serviceable satellite.
The POSSlblllty of servicing a satellite
while it is operating needs further study..
while there are problems involved 4in shut-
ting off power to a module and in main-
taining attitude contzol, they may not be
insurmountable. Even if an outage occurs
during the shock-of docking, it may be
preferable to switching the traffic to a
spare satellite,

Benefits of Servicing

Most studies have concentrated on the
average cost of ‘a satellite system.
parlson of the figures with and without
servicing shows a cost advantages for the
former. Also of interest to satellite users

"ig’ the 'possibility . of decreasing costly

overruns due to design failures or to sta-
tistical fluctuations 'in random failures.
Even if the average ‘costs were the same;,
servicing would be attractive if it can be.
shown that the 95-percentile point (costs

A com=
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will be below this point 95 percent of the
time) for servicing is substantially less
that that without servicing,

In addition to cost, servicing offers the
possibility of improved service. Commercial
satellite systems need to have high reli-
ability and availability, as demonstrated
by the in-orbit spares that are maintained.
System availabilities of the order of
99,99 percent are needed. Servicing a
satellite can improve its reliability in
many ways, and thus improve the effective-
ness of the communications system.

4

Mg



R

WY O | P i 11 )

£
=

TSI

N?7-29770

THE ASSEMBLY OF LARGE STRUCTURES IN SPACE

George W. Smith and Shepard B, Brodie
Martin Marietta Corporation, Denver

This is a summary of a paper that discusses
the work® being done at Martin Marietta Corpora=
tion on the methods and techniques for orbital
assembly of large structures. Two examples are
used in the study; namely, a 200-meter diameter
radio astronomy telescope and a 1000-meter diame=-
ter microwave power transmission system antenna.
The microwave power transmission system (MPTS)
is part of a solar power station satellite that
will be used to convert orbital solar energy into
ground electrical energy. The techniques de=-
veloped for assembling the support structure for
this microwave antenna will be discussed here.

The MPTS is a flat antenna that is to be
operated in geosynchronous orbit. A baseline de=-
sign is prescntl;*bcm developed by Raytheon and
Grumman for NASA ., We have modified the base~-
line design to make the structure more readily
transportable by the Shuttle and more feasible
to assemble in space.

Our design is made up of 2520 60-ft cubes.
Figure 1 shows the support structure. A standard
60-ft cube is shown in Figure 2. This cube is
composed of triangular horizontal beams and
square vertical beams, This structure is self=-
supporting and there is no limit to the number of
cubes that can be added to it in either direction,
Adjustment points are built into each joint to
allow continuous alignment as the structure is
built,

- 2520 60 -Ft Cubes
- Weight - 2,033,400 Lbs

i

Gimbal
Structural
Attachment -\?

SR TN TR T I IT I I

IGOﬂ
*

J.L 60 Ft

s a

60 Ft—effe-

Fig. 1 Total Microwave Antenna Support Structure

We have investigated several techniques for
attaching the structural mating joints, We have
concluded that a permanent bond is required, Our
present concept utilizes welding for joining the
beam member pads. Small, electrically activated
charges are imbedded in each attachment pad.
After final alignment, these are activated and
metal is fused between the pads at predetermined
spots. Pyrotechnic deviceés are used to drive
locking pins into the sliding tubes which serve

* Orbital Assembly and Maintenance Study,
NAS9-14319
*% Contract NAS3-17835
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as tension members,

Fig. 2 'Typical 60-ft Cube

The antenna is assembled in two phases., Phase
1 is done in low earth orbit with the use of the
Shuttle Remote Manipulator System (RMS). Phase 2
is done in geosynchronous orbit using a mobile
assembler,

During phase 1 a core assembly is constructed,
Two Shuttle flights are required to bring a tele~
scoping central section, sufficient beams to con=-
struct a core section and several attaching cubes,
and two mobile assemblers., Figure 3 shows the
Shuttle RMS completing the assembly of the core
section, After this core section is completed,

Install Beam Packages on Holders
Complete 60 f, sq. Core Assembly With Assemblers

Fig. 3 Assembly of Core Section

the mobile assemblers begin building adjoining
cubes, Figure 4 shows the core section and one
completed adjoining cube. Two mobile assemblers
are shown in the figure. These assemblers work
in conjunction with beam pallets which store
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Fig. 4 Building Cube Adjoining Core Section

collapsed beams, Both the assembler and the beam
pallets have similar mobile bases, which are sup-
ported at each end by four legs. These legs have
end-effectors which grasp the intersection of the
vertical and horizontal beams for maximum
strength, To maneuver the base, the support legs
on one end are retracted and the base is pivoted
about the opposite end. A 90 degree pivot brings
the end of the base over the opposite cormer of
the structure, Its legs are then re-attached to
the structure, The assembler has a six-degree-of=-
freedom manipulator with a 60-ft reach and a 30~
1b tip force. Electrical power is furnished from
solar cells located on the manipulator or base.
The manipulator extracts beams from the beam
pallet and places them on the structure., The
beam pallets are on mobile bases which are used to
follow the assembler around during assembly.
Figure 5 shows the mobile assembler and beam
pallet, Figures 6 and 7 show two steps in the
assembly procedure.

« Elect, Power, Max 3000 Watts = 300 sq # Solar Cells on Assembler
- Optical Alignment System Proposed
- 30 Ib Tip Force

- Video Feedback to Shuttle on Ground

? 77— 6 DOF Manipulator
i 2 Axis Assembler . : -
{ Base

i

ig
ﬂ,‘

Fig. 5 Mobile Assembler and Beam Holder Concept

Phase 2 takes place in geosynchronous orbit
after the central core and several adjoining cubes
are boosted to the high earth orbit. There the

remainder of the assembly takes place with the
mobile assemblers being operated remotely from the
ground using TV,

|
L

- -

Fig. 6 Cube Assembly Sequence, Step 1

A method has been developed for folding the
triangle beams and the square beams in such a way
that one Shuttle cargo bay can hold 92 square
beams, 192 triangular beams, and 288 (telescoped)
tension tubes. Total weight of a Shuttle load

with beam pallet is 37,870 lbs.

Fig. 7 Cube Assembly Sequence, Step 2
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CONTROL AND STABILITY PROBLEMS OF REMOTE ORBITAL CAPTURE"

M. H. Koplan and A, A, Nadkarni
The Pennsylvania State University, University Park

Introduction

Development of the space shuttle system will
permit a whole new philosophy toward handling of pay-
loads in orbit. The use of remote manipulators will
provide the capability to deploy, retrieve, and
repair satellites. Along with this new spectrum of
capabilities comes a new set of problems associated
with handling masses in orbit. Typically, a satel-
lite to be retrieved can be expected to have some
angular motion. Thus, retrieval schemes must be
designed to anticipate such situations. - Angular
momentum must be eliminated before repairs or return
can be effected. ' The process of nulling angular ’
rates 1is sometimes called "passivation." Payloads
which have been identified for potential retrieval
(a) stabilized, normally-operat-
ing satellites which require periodic servicing;

(b) freely tumbling or spinning payloads without
active attitude control; and (c) satellites that have
developed an attitude control malfunctionh and have
resulted in some unanticipated state of motion.
Typical satellites to be launched in the 1980's and
1990's have been tentatively identified in a previous
st:udy.1 Of those identified the Research Applica-
tions Module (RAM) appeared to be the most demanding
in terms of size and inertia for retrieval missions.
Such a payload is of maximum size for the shuttle
cargo bay and will require extremely precise handling.
It is envisioned with a control moment gyro attitude

‘system, which could cause random motion if a failure

occurs  during. the mission.

The dynamic state of a satellite being retrieved
could range from a completely stabilized one to a )
situation of general tumbling. A body is said to be
spinning when angular momentum and angular velocity '
vectors are parallel. This corresponds to spin about
the major or minor axis of inertia. To further
categorize motion, spin about a symmetry axis may be
called "simple spin".and about the transverse axis,
"flat spin." A general state of "tumble" éxists
when angular velocity components about all three body
principal axes are of the same order of magnitude.

In many cases a body is said to be in "nutational"

“motion. This is characterized by having the angular

velocity vector close to the major or minor axis such
that transverse velocity is small. Although given
enough time general attitude motion of a passive body
will ‘always degenerate into spin .about its major
principal axis, there are situations which require
retrieval of satellites possessing nutational motionm.
The problem of docking with-such a body is a compli-
cated one. - Special end effectors and multiple -degrees

of  freedom are required of the grappling mechanisms.

Previous studies have considered requirements
for shuttle attached manipulator52 and free-flying
teleoperators. Specific objectives included
retrieval performance for typical satellite configu-
rations and dynamic states. One study” considered
the problem of passivation of a spinning object with
nutation assuming a complicated multi-degree~of-
freedom arm. None of these studies considered
effects of misalignment during capture. Furthermore,
there are some basic stability questions that must be
answered about the dynamics and control aspects of
capture. A study of misalignment, stability, and
certain control aspects are included in this work.
The approach used 1s to allow differential angular

rates and orientation between the object and grappler.

Then control responses after capture are studied.

The feasibility of nulling combined spin and nutation
of a typical satellite is demonstrated by a Lagran-
gian formulation to establish a baseline situation.
It is apparent that a free-flying teleoperator (FFTO)
with a dynamically unbalanced grappler is not at all
desirable because extremely adverse cyclic totfques
may be generated. A dynamie¢ analysis of a combined
teleoperator-satellite system was carried out assum-
ing misalignments during capture. Related responses
‘and stability evaluations are included.

Approach and Capture Dynamics

When the FFTO reaches the vicinity of the satel-
lite, one or two circumnavigations may be necessary
in order to inspect the satellite and estimate its
angular momentum vector. This information is essen-
tial for aligning the FFTO in the appropriate
approach direction for docking. As. indicated pre-
viously, the RAM satellite was found to be the most
demanding for retrieval. Referring to Figure 1, the
expected yaw, W, bitch, Wy and roll, W, rates for
various failure modes of the RAM are estinated as:
follows: :

: 1) An abnormal shut-down of the satellite's
‘attitude control system (ACS) followed by an extended
period of satellite drift would result in: Wy = Wy
© £0,025 rad/sec, W, < 0.1 rad/sec. '

i1) " A failure of the ‘ACS about‘one axis:

(a) failure in roll would devaldp: Wy, Wy
£'0.1 rad/secy W, < 10 rad/sec.

(b) . failure in ‘pitch or yaw would develop:
Wes Uy <1 rad/sec, w, <1 rad/sec.

"This work has been supported by NASA Grants NGR 39-009-162 and NSG-7078,
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iii) A faillure of the satellite ACS about more
than one axis would develop: mx’ w, <1 rad/sec,
w, <10 rad/sec. y

The nutation cone angle 6 depends upon the ratio
of the combined pitch-yaw rate (wxy) to the roll
rate (w,). This coning angle is zero for a pure
spin (mxy = 0), When the coning angle is small, the
preferred approach for capture with convenience may
be along the momentum vector to the end face of the
satellite (end approach). However, when this angle
is large, the preferred approach may be to the waist
of the satellite at the center of mass (waist
approach),. The rendezvous phase ends with the FFTO
about 20 to 50 feet away from the satellite along
the final approach direction, as established by the
inspection maneuver. )

Before actual capture can take place angular
rates and coning angle of the satellite must be esti-
mated. Of course, it is not possible to achieve
exact alignment for capture. Hence, the FFTO
approaches the object along a direction slightly
misaligned from its argular momentum vector. It then
tries to capture the satellite with its grappling
mechanism synchronized with a slight error. :Motion
of the:combined body after capture is important,
because instability could occur. The equations of
motion for the composite body were solved via digital
computer. After capture the teleoperator returns to
the shuttle in the recovery phase. * No complicated
interactions between the two masses are anticipated.

Results

Figure 2 illustrates the grappler coufiguration
assumed here. - This is quite similar to that used in
Ref. 3. It has two-degrees of freedom in the shoulder
and two in the wrist. It-was found that of the many
torque :functions that could be applied, a constant
torque would passivate the motion in its direction of
application faster than other form of torque. For
passivating the satellite motign simultaneously in
all three directions, i.e. ¥, '8, and ¢, it was found
that the best method would be to apply a constant '
torque on all the three axes, discontinue the despin-
ning torque Ty when the ‘spin rate goes to zero, dis-
continue the detumbling torque T; when the precession
is mullified, and finally decone with the deconing
torque T9, = This operation would not suit all satel-
lites. A particular procedure of passivating would

- have to be developed after observing the approximate

spin-and tumble rates of the particular satellite to
be retrieved. It was also found that seme modifica-
tions in the design of the teleoperator.are required
for stability. These include addition of dynamic
balancing masses. .
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REMOTELY PILOTED AIRCRAFT IN THE CIVIL ENVIRONMENT

By Thomas J. G ond Walter P, Nelms
NASA, Ames Research Center, Aoffett Field

Jay Karmarkar
Systems Control, Inc., Palo Alte

Remotely piloted vehicles are of increasing
interest to the military, as evidenced by the
number of technology and development programs that
currently are funded or planned. These programs
have led to a number of test vehicles with signif-
icant capabilities, and future remotely piloted
aircraft (RPA's) are forecast to become even more
capable. As the size, weight, and cost of RPA's
is reduced, the prospect of using them for civilian
uses becomes more likely.

This paper will describe, briefly, several
of the existing RPA programs, the technology of
several important subsystems and the potential
vehicle uses and operational concepts. Regulatory
constraints and present and future study activities
will be described that may lead to demonstration
and then operational programs.

All the military services, the NASA, and sev-
eral corporations have built RPA's for test and
evaluation functions. Figure 1 shows one of these,
the NASA Flight Research Center Mini-Sniffer,
which will fly to altitudes in excess of 70,000
feet and sample the atmosphere behind supersonic
cruise aircraft. This remotely piloted research
aircraft is powered by a hydrazine engine and will
telemeter data to ground stations. The vehicle
weighs 145 pounds and carries 20 pounds of payload
and instrumentation. It has a wing span of 18
feet and and is launched from a catapult and re-
covered on a skid landing gear from a dry lake
bed at Edwards Air Force Base.

Fig, 1

This and other vehicles are demonstrating
that current technology will permit relatively
lightweight vehicles that fly for long periods
of time and cover wide territory. They have demon-
strated that with sophisticated sensors, they can
provide useful image or other information in a
test type of flight operation. This technology,
or possibly next generation technology might serve
civilian purposes on a regular operational basis.
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TABLE I.- POTENTI’L CIVIL APPLICATIONS FOR RPA'S

Airborne Esﬁoarch of
Aer cs, propulsion
Avionics & flight controls
Remote sensing
Honi;orig= & Mapping of
Weather, pollution, fires
Snow & water depth
Animals, birds, fish, vegetation
Population, buildings, traffic
Search for
People & vehicles (lost or unauthorized)
Fires, minerals, fish (tuna)
Minerals, insect & disease damage
Relay of
Warnings (storms, obstructions, etc.)
News & public broadcasting
Commercial communications
Transportation of
Survival aids (radios, medicine, etc.)
Crop dusts, sprays, fertilizer, seeds
Fire retardants
Mail
Freight

Table I lists several potential missions that
remotely piloted aircraft may serve in the future.
The category at the top of the table, airborne re-
search, is being conducted at the present time as
described in the Mini-Sniffer program. These
activities have demonstrated low cost and unique
capabilities for testing ideas considered to be
too risky with a pilot onboard. The next category
in the list, monitoring and mapping of such items
as weather, pollution, and traffic, etc. is cur-
rently done using other methods such as satellites,
permanent ground stations and manned aircraft,
Remotely piloted aircraft could conduct these
activities very effectively, since the vehicles
can be small and remain airborne for long periods
with very little requirement for pilot action.

For the search function, RPA's with high reso-
lution electro-optical systems can provide high
quality image information transmitted to a ground
based facility where image enhancement can take
place on large-scale computers. Special algorithms
and techniques to extract images having certain
spatial and spectral features could vastly decrease
the labor hours required to conduct search activi-
ties. Once detection was accomplished, the RPA
has the unique capability to fly closer to the
detected subject and verify recognition and iden-
tification. The last category describing trans-
portation functions would require vehicles of in-
creased size due to the weight and volume of the
items to be transported. Certainly many of these
civilian applications will not occur until remotely
piloted aircraft have demonstrated extremely high
reliability in either research type operations
or in sparsely populated areas.
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The question of if and how an RPA can meet
the anticipated regulatory limitations that may
be imposed by federal, state, and local governments
are key issues that are unique to civilian RPA's
as opposed to military ones. The next table de~
scribes the anticipated regulations that may apply

TABLE II.- RPA REGULATORY FACTORS

Federal Aviation Agency
License

=, vy

Safety of flight . 3

Vehicle certification w ¥

Operating areas ] g

Enroute communications #
Federal Communications Commission

License s

Transmitter power

Frequency bands

Environmental Protection Agency
Emissions
Noise
Visual observables

State & Local Governments
Approvals

to the vehicles. The primary concern will be safe-
ty of the population and property overflown by the
vehicles. Certainly the existing regulations were
not drafted with remote piloting in mind, and hence
may not be appropriate in many instances. An im-
portant factor influencing the rate of development
and eventual use of RPA's will be the objectivity
with which safety rules and regulations will be
drafted and applied. Certainly, there will be in~-
cidents in which civilian RPA's cause isolated
danger and damage, just as there is in today's
operation of locally piloted aircraft, It will be
essential that RPA technology provide vehicles that
are as safe or safer than locally piloted aircraft
as defined by some statistically finite measure.

At this point there does not appear to be a techni-
cal reason why present or anticipated technology
cannot provide safety and other features that will
meet the requirements listed in Table II.

One of the key features for providing safety
of operations will be an onboard computer,
Computer technology is currently undergoing another
revolution by the development of hybridized, large-
scale circuit integration. Technology forecasts
suggest that very small, low-power computers will
be available in the 1980 time period that cor-
respond to some of our present day powerful mini-
computers. With such computer capacity, most, if
not all, of the flight control, guidance, and
navigation functions can be performed redundantly
to provide very high reliability. Hence, the
computer will be one of the key avionic elements
to insure safety and cost effectiveness in RPA's.

Another key technology element in the remotely
piloted aircraft will be the electro-optical sensor
system. Again, solid-state electronic technology
is the key factor leading to exceptional image
capability at low cost. The next figure shows a
present day solid-state imaging camera together
with a small television monitor and a man's wrist-
watch for size comparison. The charged couple,
solid-state imaging device that is packaged inside
the small camera has an active area of about 1/4~
inch square, Many commercial systems now emerging
from the development laboratories demonstrate that
low-cost, high-quality image systems can be built
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that will have capability beydnd that of the human
eye. These systems can operate at different wave
lengths down to the infrared and can be selective
in terms of bandwidth and resoluticc., Electronic
stabilization of the optical system is being
demonstrated in the laboratory and has been
demonstrated in flight tests of military remotely
piloted test vehicles.

While the computer and the electro-optical
system will be the key avionic elements in remotely
piloted aircraft, a number of other important func-

tions and subcomponents will be required. In many
instances the functions that are now implemented

on a separate basis will be highly integrated with
the onboard computer, and hence not require as much
weight, space, and cost involved with interface
equipment, It is extremely important to reduce the
weight and size of this avionics equipment, since
+hey directly determine the weight of the vehicle
by causing corresponding weight and size reductions
in the airframe and propulsion system. Avionics
weights and volumes are not nearly so significant
in conventional aircraft. In the future we can
expect vehicles in the 100 pound class to provide
high quality image information and other sensor
data for flight periods of 12 hours at ranges up

to 200 nautical miles radius.

NASA is currently funding a small exploratory
contract to identify future markets and vehicle
concepts for remotely piloted vehicles. 7The study
activity will emphasize first, identifying and
establishing market potential with emphasis on
those civilian uses that might occur first., A
second phase of the study will be the definition of
future vehicle concepts that may best serve these
markets., The intention will be to identify areas
of increased R&D emphasis that will be critical to
RPA effectiveness and safety and to help focus
research activity in these areas. An additional
phase of the study will be to assess the safety
and reliability aspects of these future vehicles.

When this study is completed, there may be
further study activity to determine whether re-
motely piloted aircraft are the most cost-effective
alternative for performing the missions identified.
In the event these studies show good cost effec-
tiveness with adequate safety, then demonstration
programs in selected areas are likely to follow.
These demonstration programs will occur under very
controlled conditions so that the systems can be
thoroughly tested and evaluated. After such demon-
stration programs, remotely piloted aircraft may
find operational usage as theiyp effectiveness and
safety increase and their costs become less.
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AN OVERVIEW OF UNDERWATER REMOTELY MANNED SYSTEMS AND SUB-SYSTEMS
Andreas B, Rechnitzer, Ph.D.
Office of the Oceonographer of the Navy, 200 Stovall Street, Alexandria, VA 22332

The 1972 Remotely Manned Systems Conference
offered a singularly effective opportunity
to share technologies and experience in an
area of engineering and science that trans-
gresses the application in space, labora-
tories, and undersea. This 1975 forum
hopefully will be equally beneficial. A
current overview of how the underwater
facet of remotely manned systems has pro-
gressed since 1972, the current approaches
being pursued and the success of the
community, both foreign and domestic, is-
showing steady activity.

Underwater remotely manned systems develop-
ment continues to progress in both tech-
nology and utilization. Both tethered and
untethered systems have been advanced to
stage of fieldable systems wherein the
functional success of new innovations are
being tested and evaluated under the con-
straints of ocean environmental factors.
Field tests and operating experience has
provided much satisfaction and valuable
guidance to the design engineer. Few
systems have evolved to the status of true
prototypes and most are still considered
by their creators as developmental systems
suitable for continued refinement. ‘Although
the area of underwater remotely controlled
systems cannot be described as a major area
of ‘technology development in any nation
there has been a sustained interest and .
steady progress by a small dedicated cadre
of individual ‘effort in several countries,

The key driving forces for advancing the
state-of-the-art in unmanned underwater
remotely controlled systems are science,
offshore commercial ac¢tivities, search and
recovery. It follows therefore that
oceanographic institutions, the offshore
0oil ‘and gas developers, and those respon-
sible for locating inspecting, repairing

.and recovering objects on or from the sea
‘floor are supporting or encouraging the

development of new fieldable systems.
Scientific investigations in automation
are providing valuable knowledge and
illumination of erudite methods ‘that are
expected to be adopted for remote system
development, ' ‘

The current status of U.S. underwater
remotely operated. systems technology will
be covered rather thoroughly in-this
session, This overview of foreign activi-
ties shows that technical content reflects
innovative -concepts and approaches worthy
of inclusion of foreign efforts here.

There exists:-an adequate historical record

“to show the progress of underwater

remotely operated systems and the trend
toward more advanced systems is steady

and unique because of envj -onmental
constraints and functions, and tasks suc-
cessful solutions to undersea problems are
likely to be suitable for technology trans-
fer to other applications, e.g., space,
research laboratories or industry.
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AN UNDERWATER WORK SYSTEMS PACKAGE
Nomman B, Estabrook, Senior Project Engineer

N77-29774

Naval Undersea Center, Son Diego

The Werk Systems Package (WSP) is being develop-
ed under the Navy's Deep Ocean Technology Program
to help provide the Navy with a versatile work ca-
pability at ocean depths up to 20,000 feet. The
approach taken in this effort is twofold: (1) to
build a modular unit which can adapt to several
existing deep submersibles to extend their working
abilities, and (2) to use the system as a means for
acquiring knowledge of components and techniques
for working in the deep ocean environment, For the
latter purpose, the system is designed to permit
component replacement and modifications as informa-
tion is accumulated from tests., Shown in Figure 1,
the WSP is composed of an aluminum pipe structure
on which are mounted two six-function grabber arms,
a seven-function manipulator, tool suit, 1,000/1b.
capacity winch, electrohydraulic power supply,
electronics housing, lights, and television. The
unit is currently designed to be operated by itself
either remotely or with divers, attached to manned
submersibles such as the ALVIN or the Navy's AUTEC
vehicles, or mounted on unmanned cable-controlled
submersibles such as the Navy's CURV III or RUWS,

Fig, 1 Work Systems Package during assembly.
Grabber arms can be seen extending
from lower cross tube. Tool box, upper
right, can be extended and retracted.

Power § Control

All working components on the WSP are¢ hydrau-
lically powered by an electrohydraulic converter
containing a high-flow pump for tool operation and
a low-flow pump for all other functions., Signals
are transmitted using a time division multiplexing
technique to minimize the number of individual
wires to the svstem,
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Manipulative Devices

The primary working arm is a seven-function,
rate-controlled manipulator., It has been modified
to pass hydraulic power through disconnects in its
wrist to the various tools when they are grasped
a3 shown in Figure 2, A linear extension function
permits extraction and replacement of tools and
performance of work functions requiring linear in-
out movement such as drilling.

Fig. 2

Low-s;;eed rotary power head and drill
bit shown in grip of manipulator. Tool
hydraulic connections are mads when
tools are grasped.

The grabber units, mounted on each side of the
package, are intended as ''strong amms'' to stabilize
the system while working or to assist the manipu-
lator in performing various tasks. The grabbers
lack only elbow functions to qualify as complete
manipulators,

Tools

The tool box contains eight hydraulic power
heads and six velocity-powered tools, all of which
were selected to address work tasks commonly en-
countered without having to resurface for tool
interchange. When used with the appropriate tool
bit, the hydraulic tools perform chipping, drill-
ing, wire brushing, sawing, torquing, synthetic
line cutting, spreading, jacking, and cable cutting
functions, The velocity-powered tools are stud
guns and cable cutters,

ORIGINAL PAGE IS
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Arrangement

Thw WSP was laid out with considerations of
viewing areas, work area obst.uction, trim and
balance, and manipulator access in mind, The im-
portance of the inter-relationship between
operator visibility and manipulator was noted by
positioning the manipulator in the same relative
position to the viewport or center TV camera as
the human arm is to the eye, Also, the tool box
was located such that tool exchanges, long con-
sidered a difficult task, take place directly in
front of the prime viewing area, After tool ex-
change, the box can be retracted to give
unobstructed vision of the working area.

Preliminary Tests

Laboratory tests and some pierside tests have
been performed with the WSP, including diver
operation (see Figure 3) whore the tools have been
used to cut cables, drill holes in plates, tighten
and loosen nuts, spread bars, and perform numerous
other tasks on a' test fixture, The package has
beenn mated with the CUXRV T1I1, maneuvered under-
water, and checked out through the CURV cable,

Fig. 3 WSP being lowered onto submersible
platform for diver test. Test fixture
is shown in lower right.

Future

Future plans call for quantitative evaluations
of system performance by comparing relative times
required to accomplish established scenarios when
working in the various operating modes. The WSP
will be fitted up to several submersibles in the
near future, modified as needed, and hopefully
provide much valuable information toward improving
underwater work technology.

WSP Pertinent NData

Overall System

Weight: 3,200 - 10, 500 1b depending on
configuration for submersible mount-
ing.
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Current

Operating

Mode: Diver~-controlled, remote-controlled,
CURYV III and RUWS unmanned sub-
mersibles, Autec and ALVIN manned
Submersibles.

Manipulator

Type: PAR model 3000US-H-7 function,
hydraulic, rate-controlled.

Weight: 490 1b
Reach: 72 inches

Capacity: 7,000 in-lb on arm functions, 500 lb
grip force.

Grabber
Type: 6-function, hydraulic, rate-controlled.
Weight: 260 lb
Reach: 82 inches plus 24 inches extension,

Capacity: 250 1b lift at max reach of 108 inches,
500 lb grip at fingertips.

Winch

Type: Piston-type hydraulic motor turning
8 inch drum through harmonic drive.

Weight: 21 1b
Capacity: 1,000 1b @ 2,000 psi
Tool Suit

Low Speed 810 RPM, 275 in-1b torque.
Rotary:

High Speed 1,575 RPM, 125 in-lb torque.
Rotary:

Impact 1,289 RPM, 1,320 in-1b torque.
Wrench:

Reciprocat-

ing Knife: 525 RPM

Chipping Knife: 1,289 RPM

Hydraulic 2 inch wire = e,
Cable Cutter: 23,000 1b force

Spreader: 13 ‘nch spread, 2,875 Ib force
Jack: 8 1/2 inch stroke, 19,000 lb force.

Velocity-Powered
Cable Cutter:

Velocity-Powered Anchor stud in mild steel up

Stud Driver: to 5/8'" thick, max pull 500~
2,000 1b depending on pull
angle.
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CABLE. CONTROLLED DEEP SUBMERGENCE TELEOPERATOR SYSTEM

Jean Vertut

CEA, Saclay, France
and

Joel Charles
CERTSM, Toulon, France

ABSTRACT

ERIC II, cable controlled deep submergence
teleoperator system, is designed for remote
observation, investigation and intervention from
a surface ship, with a 6000 meters depth capa-
bility, = The system is in development at CERTSM
in Toulon Navy-Yard-France on contract of
Ministere Des Armees; its main parts comprise
first the heavy ancillary subsystems: cable
handling gear, main cable, tether, PAGODE
recovery fish, data and power transmission and
second the ERIC II teleoperator fish and its con-
trol module. Special attention was paid at man-
machine,interface problems in the early stage of
developmerit and the result is the current develop~
ment of ""telesymbiotic' oriented hardwares:
head mobility with T, V, and microphones sensory
feedback, force feedback dexterous arms on
sponsorship of CEA=Saclay-France, agility con-
cept in the fish dynamic control with inertia
feedback by kinesthetic motorized sticks also with
CF.A cooperation., First significative real world
experience on underwater dexterous manipulative
tasks was gained in late 1974 with great success.
First experimentation of ERIC II is scheduled for
early 1977,
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USE OF MANIPULATORS FROM MANNED SUBMERSIBLES IN A DEEP-SEA MAPPING OPERATION

Dr. Robert. D, Ballard
Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543

After ten years of development, research submers-
ibles are now capable of working on a routine basis
in water depths -in excess of 12,000 feet, In addi-
tion to a high reliability, submersibles now have
manipulators, and precision navigation and data
logging systems which permit scientists to make
observations: and collect samples within a frame of
reference accurate enough to obtain unique insight
into bottom processes, During the summer of 1974
three of the four submersible vehicles in the world
capable of working in excess of 10,000 feet were
used to carry out the most advanced underwater
mapping program ever undertaken, During this
program, known as Project FAMOUS, underwater manip-
ulators were used to collect a serles of precisely
positioned rock, sediment and water samples. Since
. the exact position of the submersible was known as
well as its orientation it was possible to recreate

the orientation of the rock samples in the labora-

tory for zubsequent analysis. The results of this
program proved the value of manned submersibles
operations and gave the scientific community a
new tool with which to map the deep sea,
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FORCE FEEDBACK SYSTEMS IN UNDERSEA MANIPULATOR APPLICATIONS

Alan J. Pesch and William R, Bertsche
:Eclectech Associates, Incorporated

and

Clifford Winget
Woods Hole Oceanographic Institute, Woods Hole, Massachusetts

SUMMARY

We have begun an investigation concern-
ing the application of force feedback in.un-
dersea manipulator systems in view of the
lack of data which describes the operator’s
capacity for the utilization of force feed-
back information at various levelsof fide-
1ity and the anticipated benefit to under-
sea applications. Qur objective is to inves-
tigate the manual control behavior of the
operator with various levels of manipulator
system complexity in order to determine the
relationships among control system dynamics,
certain base engineering variables, control-
ler designs and system performance.

Previous research has defined "breakdown
regions" of human performance in the spatial
and temporal dimensions of manipulator opera
tion. Examples inlciude displaced vision stu-
dies (Smith, 1962), T.V. camera placement
(Murphey and Wirta, 1963), and studies of
time delay (Smith, 1966; Sheriden, 1960),
Little research has been conducted in the
energic dimension which concerns the feed-
back of force and mass aspects of manipula-
tor work. Since the fidelity of force feed-
back is often more variable across various
existing manipulator designs than is. the
feedback associated with the spatial and
temporal dimension of manipulator control

this research appeared particularly warranted,

Efforts were directed to.-the identifi-
cation of key engineering variables which most
contribute to the fidelity of force feedback
and which are amenable to study in a manual con-
trol context. Table 1 shows an abbreviated
listing of selected variables from this an-
alysis which i1lustrate the area of. concen~
tration in our current study.

Qur initial concern has been with the

“variableswhich serve to.create backlash in
force signal,

In order to study the pro-
blems of backlash the phenomenon was exam-
ined . via-a series of engineertng tests which

Table 1.

describe the fidelity of the force-in/force-
out relationship across a series of opera-
ting ‘conditions. The result was a series of
data files which define the continuous track
of force through the system between the
master/slave/master, An experimental manlpu-
lator system was assembled to conduct these
tests. The system is a bilateral master/
slave system operated hydraulically and con-
nected only via an electrical system, The
system has a payload of approximated 100
pounds and is designed for testing on applied
tasks in anunderwater environment.

Based on the engineéring data, a set of
general transfer functions were prepared to
provide a mathematical model of the various
levels of potential force feedback fidelity
as a function of force backlash present in
alternate engineering designs.The general
form of the transfer functions is shown in

Figqure 1.
- "[0,{S) RANDOM DISTURBANCE
= 1 DACKLASH 5-M g
‘ ] k2 a
FORCE QUT @o TSI oesem FORCE 1K
€, TRANSFER FUNCTION
- ©. RANDOM DISTUASARCE. §04(S)
&l sackeasn H-s H
] X 3
FORCE IN 3 oy FORCE OUT
(S+c)(S+d) v
S, TRANSFER FUNCTION
~Figure ‘1. Bilateral Force

Transfer Characteristics

Key Engineering Variables

'FORCE DETECTION METHOD
A POSTTION SERVO- ERROR

B. FORCE TRANSDUCERS
~STRAIN. GAGE :
-LIGHT EMITTING DIODES

C. MECHANICAL TRANSMISSION
OF . FORCE

~HARDWARE
- ~-HYDRAULIC FLUID
D.. JOINTS VS. X,Y,Z FORCES

B, DEAD BAND
- C. MOTION RANGE

SYSTEM FORCE PROCESSING TIME DOMAIN PROCESSING SIGNAL CONDITIONING AND

(positional & force)
A, RISE.TIME : K. VELOCTTY DAMPING
B. SETTLING TIME: B. FORCE TO MOVE
OVERSHOOT COMPENSATION
- C. SLEW RATE C. ELECTRONIC COUNTER-
D.-TIME DELAY-. ~ BALANCING:
E COMPUTER WITH

. FREQUENCY RESPONSE "D,
, - SUPERVISORY .CONTROL
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We are currently using the transfer

functions to generate perturbations of the
force signal in a series of operator manual
coﬂtrol studies. The result of these stu-
dies will be a quantitative description of
the operator's utilization of various le~
vels of force feedback fidelity, and iden-
tification of "breakdown regions" of human
performance traceable to specific engineer-
ing design characteristics.
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CONTROL AUTOMATION IN UNDERSEA MANIPULATION SYSTEMS

Amos Freedy, Ph.D. ond Gershon Weltman, Ph.D.
Perceptronics, inc., Woodland Hills, Californie

ABSTRACT

This paper discusses the requirements for
the successful use of automated manipulation in an
undersea environment and establishes initial
specifications for systems which share control
between a human operator and an autonomous
control element. Examples from the literature
and the author's direct experience are used to
illustrate the various areas of concern. These
include: (1) Objectives of Automation; (2)
Characteristics of the Underwater Task; (3)
Hierarchy of Control Algorithms; (4) Man/Machine
Interface; (5) Sensory Feedback; and (6 ) General
System Organization. Special emphasis is placed
on the solutions to the problem of controlling
an undersea manipulator which is capable of per-
forming certain automatic functions . and
implementing these solutions using current
technology. - The paper concludes with a summary
of current capabilities for control automation
and recommendations for applied development work.

. Present-day undersea manipulators are con-
trolled by on-off switches which supply power
individually to the various joints. The operator
of ‘such a switch-controlled manjpulator depends
almost entirely on direct vision or TV to locate
and define his work object and to position the
manipulator's end-effector. -Factors such as
sediment, turbid water, failure of external
1ighting, or poor angle of view may prevent
adequate visual information.: In these cases,
laboratory studies and practica] experience have:
shown that performance is severely degraded,
,frequently to the point where it is 1mposs1b]e to

“proceed.

Accordingly, it appears advantageous‘in the
underwater case. to point toward a more autonomous
robot system, in which both. the manipulator and
its platform are ab]e to automat1ca11y perform
certain tasks.

A major limitation of preseht automatic

‘robots is their .inability to effectively sense.

the working environment and adapt their actions to
changes in this environment. The latter may take
the form of changes in the work-objects location,
grientation, physical shape, etc.

Efforts are currently underway to equip
robots with sensory feedback. - This.includes
capabilities for tactile sensing, force grip
feedback? and proximity sensors.3. Additional work
is being performed on robot control with visual
systems for hand-eye coordination-as we11 as

utilizing force feedback for "force steering
programs.”%*5*8 This work involves both the
development of special sensors, control programs,
and the concept of producing and "intelligent"
robot, where behavior is regulated by goal-
directed programs and "closed -loop" envﬁronmental
feedback. ,

Although current sensor and software capa-
bilities preclude the practical. realization of a

- completely autonomous robot arm, it is possible

to improve current undersea manjpulator control
through the utilization of shared man-computer
control scheme. This type of approach employs
the following elements.

1. A capacity for operator supervised task
automation.

2. A capacity for synthesis of “"natural”
visual and force feedback in an underwater
operating: environment.

3. Facititation of optimum control and a
communications interface between the
operator and the computer-manipulation
system.

The ‘integration of these elements provides a
capability to transfer part of the control to the
computer, to recreate some of the sensory feed-

back and to ease efficient control.
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ADVANCED TECHNOLOGIES FOR UNMANNED UNDERSEA SYSTEMS
G. L. Bane, W. J., Quinlan

Autonetics Division, Rockwell International

The cybernetic approach to accomplishing
missions in the deep ocean environment is inves-
tigated from both an economical and a technological
point of view. Current technology is discussed
with a typical deep water mission scenerio pre-
sented to highlight the practical advantages of
such systems, The discussion concludes with a
simple system mechanization and descriptions of
available equipments/technologies that when
properly integrated, result in satisfying basic
mission objectives.
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INDUSTRIAL ROBOTS IN EUROPE -"MARKET, APPLICATIONS AND DEVELOPMENTS -

Dipl,=Ing., Rolf D. Schraft
Institute for Production and Automation (IPA) at the University of Stuttgert, Garmany

Abstract,

A large number of work place analyses were
conducted to define the requirements for
industrial robots (IR).

On the other hand a survey of all IRs which
are offered on the world market was made and
a data base was established.

The market is already very large. More than
40 companies offer in Europe, The applications
are 20 % coating, 20 % spot welding, 60 %
loading and unloading machines and other
handling tasks.

The dévelopments go in two directions: on
the one side to relatively sophisticated IRs
and on the other side to modular systems,

1, Introduction

Research at the Institute for Production and
Automation (IPA) at the University of Stutt-
gart in the fields of work-piece behaviour,
work piece and material handling lead to the
decision to.further investigate the problems
and opportunities created with the ‘introduction
of IRs,

In orier to'gather data on the requirements
for im.astrial robots, work place analyses

in diff4rent companies, involving a wide range
of produects and manufacturing processes were

carried out. In the first stage of these analyses;

the selection of work places was randomly done
and the data presented today date back to these
early investigations. Even though they include:
handling operations performed on punch-presses,
forging-presses, ~die-casting machines,
spotwelding machines, machine-tools, for
cutting operations, spray painting a.s.o.,

-these results should not be-considered as

giving a thorough survey over the full or even
major spectrum of possible applications.

In Fig, 1 the method of analysis is roughly
described,
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Fig. 1 Method of analysis

2. Market
In 1‘\697 0 IRs were mtroduced on the
european market,

We deiine an IR as an automatic handling unit

- which is freely programmable in several

degrees of freedom, This means that the
sequence of the motions of the different axis
and the distances travelled in the different
axis has to be variable, A great number of
weil known pick an place units, iron hands,
tele-operators a. s, 0. would consequently not
be called IR~ :

But even when using this definition already a
broad variety of IRs have been introduced

“on the market, According fo cur market-

survey,  there are close to 200 different
models available, Certainly a good share out
of these will never come beyond the prototype
stage, but even then the rnumber of robots
actually applied for industrial jobs remains
amazingly high,

In the meantime 42 different companies offer
their: products 'in Europe, All together about
850 models were sold till 1974, (see Fig, 2)

3. Applications

In the first time after the m’croductmn a
number of companies bought IRs to test

their possibilities, This period is almost

‘over and today the applications are well

planed and have an economic background,

A main f1e1d of - application 1s coatmg (20 Ty

T



applicators like Volkswagen developed their

’ own IRs. On can realize that electric drives
Manufacturer _g T3] = o 5 - and modular IRs gain on the market,
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of robots for various handling tasks are ‘

installed, The fields of apphcatmn can he

'seen in F1g 6.
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and spot welding (20 %).

g Develapment

In the last few years a number of companies.
developed IRs. They cover the full range
from simple IRs to highly sophisticated
machines with computer control. Even
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DESIGNING RO

BOTS FOR INDUSTRIAL ENVIRONMENTS

J. F. Engelbzrger, President

Unimation Inc., Danbury, Connecticut

SUMMARY

Drawing upon four million hours of industrial
robot on-the-job field experience, a compendium of
likely environmental hazards has been assembled.
Figure 1 qualitatively enumerates these conditions.

Industrial Environmental Hazards

1. Ambient Temperature: Up to 120°F without

cooling air.

2. Radiant Heating: Source temperature up to
2000°F.

3. Shock: - Excursions up to % inch, repetitions
to 2/second.

4, ~Electrical noise: Line drop-outs; motor
starting transients; RF heating.

5. 'Liquid Sprays: Water and other coolzats,
often corrosive. i

6. Fumes & Vapors: Process chemicals,

steam cleaning.

7. ‘Particulate Matter:
hot slag.

Sand, metallic dust,

8. - Fire & Explosion Risk: Open flame,
explosive gas & vapor mixtures.

Figure 1l
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The paper willl discuss, some specific design
decisions made in view of application requirements.
Some of the more heinous jobs will be photographically
presented.

The final constraint (which just might be classed
as also belng environmental) is economic.. It is of mno
practical significance to build z robot which is not
cost effective in comparison with human labor. Jobs
are likely to bear wage scales that reflect how dis-
tasteful or unsafe the activity is. Figure 10 allows
one to consider the level of expenditure for ‘a robot -
which can be made for any worker pay scale, hours
operated, and return on investment - expected.

"Given the working conditions, one must also con-—
“sider just what is satisfactory performance under

these conditions. = Apart from doing the job properly,
this involves -demonstrating acceptable rellabllity
and serviceability in the particular robot
application.

Using the Unimate industrial robet as an
example, data is presented as to the inherent re-
i1iability of the design and then this is used in a

management-system to bring:the reliability performance
~up. to a level nearing what is theoretically available.

The design analyzed has ‘already paid homage to
the requirements of Figure .1l, and this design is then
shown to.be capable of a Mean Time Between Failure of
400 hours and.an average up time of 98%, These
standards compare’ favorably with that of human labor
and Bureau of Labor statistics figures are indeed the

source’ of the standard.

100 —
Labor rate - $10.00/hr

(including fringes) ,
$8.00/hx

60 [—
40—

20 —

HZERHENECZH 20 AR B2 EOW Ed

1 T
4

A% 8 10 12 14 16 18 20 22 24
—20 — AVERAGE LABOR HOURS REPLACED PER DAY

Assumptions: - Robot Investment $35,000

Annual Depreciation 4375

(8 year straight line)

# Working days/Year 250

Robot- Upkeep $0.85/hr

Robot Replaces. One Operator

Figure 10

If a robot can withstand the industrial environ-
ment, maintain an uptime of 98%, endure 10,000 hours
between major overhauls, and provide a return: on
investmernt in excess of 25%, it is probably a viable
product:

. 29778
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TOPICS IN PROGRAMMABLE AUTOMATION

C. A, Rosen
Stanford Research Institute, Menlo Park

Backgrogﬂg

Exploratory research and application programs in
programmable automation are being conducted in a
small number of laboratories.* This development of
software-programmable systems for application to ma=-
terials handling, inspection, and assembly is based
on the confluence of several ‘technologies and areas
of research:

® Numerically controlled and computer-controlled
machining, which has become. dominant in the fab-
rication of machine metal parts.

® Programmable manipulators, commonly known as in-

dustrial robots, which are becoming increasingly

acceptable to industry as pick-and-place automa-
tons and for automated spot-welding, other weld-
ing operations, and spray painting.

® Machine intelligence, a branch of computer
science devoted to the study and application of
computers to emulate human-like capabilities,
such as perception and interpretation, sensor-
controlled manipulation, naturel langnage under-
standing, modeling, and problem-solving, and
finally, of integrated robot systems that make
use of all of the foregoing disciplines.

® lLarge-scale semiconductor integration technology,
which is growing explosively to provide powerful
micro- and minicomputers and special-electronic
hardware, at a cost that is becoming increasing-
ly less important compared to the costs of the
software required to program for each applica-.
tion and to control the devices in a complex
system,

® "Smart' sensor technology, which is beginning to
provide us with the means for reliable measure-
ments useful for autonomous control of manipula-
tive functions. These means include torque,
force, visual, velocity, and position:sensors,
whose outputs can be monitored in real time by
using available microprocessors, thus facilitat-
ing ‘asynchronous local computation without bur=
dening the executive minicomputer which controls
the whole system,

We are-at the state of marrying elements of each
of the foregoing technologies into integrated pro-
grammable automation systems. There follows a dis-
cussion of two topics:  the role and development of
training -aids, and: the potential application of these
aids to augmented teleoperator systems. .

Software Training Aids

There is reasonable basis for assuming that total
hardware costs for useful systems will be economical=
ly ‘justifiable to industry. It is less certain whe-
‘ther the cost of programming for each new job will
not: be excessive. The industrial robots now in use
have gained such acceptance, iin large part, because
of the relative ease with which: they can be pro-

. grammed, by the present methods of "programming by
doing.' These methods have eliminated the need for
formal coding and enable the robots to be "trained" -
by experienced factory personnel who are not computer
scientists. It is indeed a challenge to extend this
methodology to  the far more complex. programmable sys-—

_‘tems now in development,. At SRI, a significant part

of our total automation program is conceérned with

*See references at end. of paper.
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precisely this issue. We are attempting to develop
powerful "training" aids comprising hardware and
software components, aimed at the minimization of
formal coding by the factory user of these advancer:
systems.. Experimental studies and implementationg
now in progress include:

-~

® An interactive vision system that assists an
operator to assemble a computer program thatg
will ‘execute an inspection function, by his
selection of picture-processing 2nds feature-
extraction routines from a library of such
routines, previously encoded,
® A program that automatically generates the de-
cision strategy to recognize parts and deter-
mine their position and orientation.” The op=
erator "shows” samples of the parts to be dif-
ferentiated to the visual sensing system and
it automatically selects appropriate features
and the sequence of their application to per-
form the desired recognition functions. This
procedure has been termed "training by showing.'" -
A speech input system to supplement control of
manipulators during training., At present,
manipulator trajectories are generally pro-
grammed-either manually, using switches and
joysticks, -or by coding -instructions to be
executed by computer. We are now using a
spoken-phrase-recognition device, interfaced
with the controlling minicomputer, to effect
speech control -of elemental low-level manipu-
lative actions, or, more importantly, the con-
trol of more complex multiple-degree~of-freedom
actions or sequences of such actions, It is
assumed that assembly operations will alti=
mately require the use of several sensor-
controlled manipulators acting cooperatively.
It is envisioned that' the programming of this
complex system can be implemented by an opera-
tor interacting. with ‘the system via speech
and manual control, while he or she is watch-
ing. the performance of the manipulators in the
actual factory ‘environment, The operator will
be able, via speech, to. "call" specialized
subroutines, set parameters, edit the sequence
of events, and so forth. Although the operator
will have to be trained to perform effectively
in this mode, it will: not be.necessary for the
operator to write code, and the use of tele-
typing will be minimized. .
® Coniputer programs to implement automated path
control, These control the manipulator, in
real time, so that it can execute paths pre~-
‘scribed in a specified world coordinate sys-
tem, These programs perform the coordinate
transformation calculations necessary to con-
trol the multiple manipulator joints, simul-
taneously, ‘so that the end-effector traverses
a desired path, referenced to a chosen world
coordinate 'system, ~Other programs are being:
developed to provide: for: insertion of con=
straints in path :trajectories, and to optimize
and smooth the actual paths to. be executed
after training. - These programs will be stored
as” subroutines, callable by the operator via
speech input during the training mode.

NG
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Telecpeirator Systems

Several important applications of teleoperators
require remote control of two manipulators acting
cooperatively. Instances include the maintenance,
repair, and modification of machinery in the nuclear
power field, in space and deep sea applications,
and in tbe disposal of dangerous materials., Al-
though modern teleoperator systems include stero-

vision and force~feedback to provide “presence' to the
human controller, complex operations are still slow
and tedlous and require considerable skill,

We ‘believe that the above capabilities can be
significantly augmented through the use of the visual
sensing, speech input, and path control facilities
being developed as programming aids for automated ma-
terial handling and assembly., One can visualize an
operator, while both hands were engaged with manual
controls, requesting by voice input the execution of
stored subroutines; the computer would accurately
control the subsequent manipulator actions, such as
the relative position, direction of travel, alignment,
or velocity of the two manipulators, = Other subrou-~
tines could implement fastening, unfastening, and
fitting operations, with the operator providing super-
visory control ‘and "fine tuning' as necessary.
Specialized routines could also be preprogrammed and
made available for automatic implementation in in-
stances in which particular sequences of required
actions were repeated often, ' Further, visual sensing
devices mounted in close proximity to the end-effec—
tors. could, by feedback control, effect precise
positioning of the manipulator "hands" or tools at

‘known sites of the workpieces or machinery. Image

processing and interpretation programs, using salient
features or: painted ''marks" could be developed for
such control.

Summary

The confluence of a number of disciplines has
made possible the early development of programmable
automation: systems applicable to the material~-
handling, inspection;-and assembly of batch-produced
manufactured . goods.

The development of software training or. pro-
gramming aids is a key element of this new work,
Such aids are aimed at the reduction or elimination
of formal coding by the factory user.

Ongoing work that is primarily aimed at
implementing programmable. automation appears highly
relevant to the development of a new generation of
teleoperators: By introducing a:-small-but powerful
computer into the man-machine loop, speech. control,
automatic sensing, path control, and: accurate im-
plementation of repetitive functions: become avail-
able to augment man's capability for control of
complex manipulation., : k
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INFORMATION AND CONTROL ISSUES OF ADAPTABLE-PROGRAMMABLE
ASSEMBLY SYSTEMS FOR MANUFACTURING .AND TELEOPERATQR APPLICATIONS

J. L. Nevins and D. E. Whitney
C.S. Draper Laboratory, Inc., Cambridge, Massachusetts

Introductio_n_

The early successes of Ray Goertz in
extending man's hands and sensors into
hazardous environments with first his mechanical
‘ master-slave manipulators, then later with his

| electrical manipulators, was unfortunately never
5 followed up. Some work was done by researchers
: in extending these simple devices and applying the
) techmques to underwater and rehabilitative
engineering applications to the famous Mosher
Walking Horse.  BEd Johnsen has completed a
very complete story on these activities.

At the Charles Stark Draper Laboratory
in collaboration with the MIT Mecharnical :
Engineering Dept. starting from the mid sixties
basic research was started in these areas,
supported by the AEC-NASA Space Nuclear
System Office. This work attempted to identify
the general research goals that would be
requlred if significant changes were to be made
in these systems. Significant developments
were made for a computer-controlled-man-
supervised-Multi-Moded Manipulator Remote
Manipulator System.

The remainder of this paper will

: summarize the work performed for SNSO, its

! extension to industrial assembly systems, the
importance of the National Science Foundation
sponsored industrial assembly research to
teleoperators, and finally recommend research
projects that could be done on a fairly short
time scale to make significant improvements in
some present systems and permit their use in
nuclear, mining and underwater applications.

a’.
4

SNSO Suppofted Activities

. The first of these activities was a

computer-controlled-man-supervised systerm,
in which man's role covered the spectrum from
direct control to target identification and
acquisition thru either single channel TV or.
optlcs, to a superv1sor/ planner. Supporting him
in his visual tasks was a pointing system. Once

“atarget-and task site were located in some
coordinate frame theti a computer-controlled
manipulator system could be called to perform
assembly or disassembly routines.  These
routines were a combination of open loop position
control-to get to the target site and closed loop

.~control organized about local force and tactile
.- sensors.

A force sensor array and fairly simple ..

. control strategy was used to insert a'1l.25 cm
(0.5 inch) peg into a hole with a clearance of
~1/80 of a millimeter (0.0005 inches). To achieve
the desired end point motion & new control mode
by Whitney called Resolved Motion Rate Control
was implemented. ‘To activate these new systems
required new multi-degree-of-freedom hand

controllers. A 6 DO¥ force controller which

requires minimum operator work volumsz was

built.  Finally, to avoid the trap of mobility

system designs forced by designers' pet theories

rather than the real requirements of the task or. : o
task environment, a number of design tools were ‘ i
implemented. B

Adaptable Programms/ le Assembly Systems —

NSk Sponsorship

and repeatability.

- The SNSO sponsored work brought out the
need to analyze manipulation tasks in detail,
determine the information and control needed to
accomplish them, and then design the required
sensors, movers, controllers and displays. To
describe tasks in the highly organized world of
industrial assembly it has proved fruitful to
distinguish tasks by the amount of uncertainty
displayed by the parts and the devices used to :
assemble them. Midway between people =
("'machines' which can tackle tasks of great
uncertainty) and conventional fixed automation
(incapable of dealing even with uncertainty too
small to disqualify the parts themselves) should
lie adaptable machines with sensors and control
strategies related to those described above.

N
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Work currently under way involves
expanding this point of view by carrying on
research efforts in the following areas:

Assembly descriptors: Analyses of
geometry of motions and forces of interaction
between parts, detailed analyses of particular
subassemblies to determine possible sequences
and necessary tools, and a more general search
for ways of delineating classes of assembly.

Information: Possible types and
architecture of systems, types of sensors,. and
analyses of errors

Control: Dynamic studies of motion
devices, the strategies for using the information

{0 drive the motion device, and error analyses,

which together allow prediction of assembly gpeed

Validation of the hypotheses via good:
experiments . that can be repeated by many others

is avirtual necesgsity for anything with scientific

merit. ' The output of these studies are conﬁgura— ,
tion definitions of systems that can be used in
manufacturing. :

Assembly Desecriptors

-1, Assemoly Sequence — Macro Descrlptors

A gearbox for a home automatic clothes
washing machine illustrates the complexity of
considering total assembly. 221 steps made up.



of 17 distinct tasks, of which 9 are very
similar, are required to deal with 34 parts that
range in size from 0.64 cm (1/4 inch) to 1/3 of
a meter (1 foot).

2. Geometric Analysis — Micro Descriptors

Pegs~in-holes can be categorized by the
two dimensionless variables ¢ and /D where c
essentially describes quantitatively a class of
assembly tasks and £/D defines the wobble angle
a peg would have as a function of ¢ and the.depth
it is inserted into the hole. Two issues are
important here. One is the totality of relative
error sources, such as parts variation, and the
repeatability of the mechanism used to position
the part. The other is the range of values of ¢
one is likely to encounter with certain kinds of
parts. See Figure 1.

Information

1., Motion Regimes and System Levels

Configurations for assembly need be
concerned with three things, namely: (a) fetch-
ing parts, (b) holding parts and (c) assembly of
parts. These tasks define the degree-of-freedom
available for consideration. There are many
options.  Two kinds of motion regimes have been
defined — gross motion and fine motion. Fine
motion is that motion associated with the actual
assembly of pieces while gross motion is the
fetching and moving of pieces.

In addition to the motion regimes, we have
categorized systems into three levels of informa-
tion use. The first level, level 0, is a system
requiring no information from the environment
with which it interacts. The so called "put and
place" machines are of this kind. The geometric-
analysis described above indicates that even these
crude machines can be used to accomplish specif-
ic classes of mechanical assembly.  Violation of
error constraints or lack of compliance would
lead first to large contact forceés and then to
jamming. Level 1 systems contain force and
tactile sensors for monitoring these forces.
These systems, since their information ip
restricted to.what they feel, can be descr.ibed as
capable of assembly similar to that performed by
a blind person. Level 2 systems contain
additional sensors, in particular, visual and non-
visual imaging sensors.  These systems allow a
less structured environment.

2. Sensor Technology

Two kinds of 6 degree-of-freedom force-
sensor: systems have been developed in support .
of this work: Wrist force sensors and a pedestal
sensor. .

Control

; In Level One or higher level systems, -
fine motion will be ‘accomplished using some
kind. of force or touch feedback. ‘A basic force
feedback strategy of interest is called accom=
modation, -a:procedure by which vector motion
commands. in the x.coordinate system can be.

deduced directly from vector force measurements

reflected into that same coordinate frame. When

i it is realized that motions produce forces and.

’ .strategies recommend motions based on those
forces, 1t 1s clpar that a loop has been closed
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through the mobility device, the parts in contact,
the force sensor and the motion control system.
This means that any force-motion strategy must
be designed carefully with its control servo
implications in mind.

Experiments

Experiments zre under way to verify the
above analyses. Commercial industrial robots
have been used to assemble typical machine parts.

Near Term Teleoperator Research Needed

The inadequacy of the earlier teleoperator
systems has been well documented. To jimplement
significant new systems we need to define a basic
approach to the problem that allows us to employ
scientific principles. Otherwise we fall into the
easy trap of widget building or spec1al mechanisms
for each task.

The early analysis work performed for
SNSO focussed on the specifics of the task(s) and
the operational environment. ‘The more thorough
analysis performed for NSF on mechanical
assembly has shown that tradeoffs can be made
between task complexity (defined as increasing
errors in the parts) and system configuration
complexity. -From these two previous activities
three research tasks can be suggested whose
results would help focus the research needed for
new applications. - The suggested tasks are:

1. A precise categorization and analysis
of the tasks as illustrated in the previous section,
oriented toward hazardous environments like
mining or underwater exploration as well, where
a much greater range of system accuracy and
performance is needed.

2. Evaluation and testing of the new
teleoperator modes proposed but not adequately
tested.

3. Conﬁguratlon studies based on 1tems
(1) and (2) to categorize the configurations of
interest for the required tasks and to identify the
information/control bottlenecks.
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PROFILES OF MECHANIZATION IN LONGWALL MINING

Larry N. Pearce, Ph.D., Director of Engineering
T A B Engineers, Inc., Northbrook, 1Hinois

Introduction

A flat, relatively level underground
coal seam may be developed for longwall
mining by driving parallel entries for a
distance of 1000 meters into the seam.
The entries, perhaps 150 meters apart,
consist of ventilation and access pass-
ages, which are formed by removing coal
in g grid pattern, leaving behind piliars
of .coal to support the overburden.

Figure 1.

on V/ A 0oo
0Q 41 000
Qo % : 0ooo
aa / COAL aobno
a G‘/ ooO0
aa HEAD GATE ooo
Sall TAIL GATESSE D O O
0a , 0o
O DU~ PANEL BELT 0ad
D UF MULE TRAIN oD0D
aac ROOF SUPPORTS oao
o ol ' WINNING ogoaq
0o ooag
D og D DD
0 g TR MR O 0 O
(] “:r_::“-'—“j—::t;:_ oo
8= -G ~p8n

Figure 1. Longwall Mine-Ptan

The basic equipment of a longwall
coal mining wachine:consists of roof sup-:
ports, hatulage hardware ‘and a winning
{cutting) machine. = Figlre 2. Direct la~-
bor of about 12 people is required to
operate a longwall machine., ~The: face of
the coal seam being mined by .the machine.
might be 150 meters long and perhaps 1.5
meters high, and may yield up to 5000
tons of coal per day. ~As:the winning
machine travels along the face, the “won"
coal falls into the face conveyor and is

transported away. A-roof support is’
‘quickly-moved forward to:support the ‘ex-

nosed. gyerburden. - The roof collapses be-

 hind the roof support to form the "gob,"
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Remotely Manned Longwall Mining System

The remotely manned longwall concept
has dual objectjves: -to increase produc-
tion and to remove people from the face
during production.

The concept of a complete integrated
automation system has been lacking. Past
attempts at longwall automatioen have
tended to isolate one function and mecha-
nize it. Since mine .equipment manufac-
turers tend to specialize in-a component
(such as roof supports), each has tried
to improve his product without much con-
sideration for ‘the other mining functions.

Evaluation of the results of pre-
vious mechanization attempts has varied
widely, depending on the evaluator's com-
mitment and understanding of the princi-
ples involved, The rigors of. the mining
environment have. caused failure of sub-
ordinate hardware {such as valves and re-.
lays.) Problems caused by massive Toads;
dust; explosive gases and confined spaces
have led to major design trade-offs that .
jeopardized performance.

Mechanization Profile

Longwall coal mining involves a num-

‘ber of ‘basic and elemental functions or’

operations-or-tasks. The coordinated
combination of all elemental functions
results in the “producing” of coal.

Each operation can be ranked on a
scale from 1 to 17 that reflects the lev-

el .of mechanization present in the per-

formance of ‘the elemental operation. At
the lowest level (1) the operation 4s
completely manuaty, = At the highest level
(17) the ‘elemental operation is performed
compietely automatically, not requiring:

man's- direct. intervention.

el



A system chart can be c¢reated by
Tisting every elemental operation in se-
quence as jt normally occurs in the pro-
duction process, and then plotting the
apprupriate Tevel of mechanization that
occurs at each operation, This technique
was developed by James R, Bright in 1955,

Figure 3, Mechanization Rrofile, is
a chart where it is conyenient to record,
for each elemental operation, tfie level
of mechanization used in its execution.
The levels are both numbered and describ-
ed. :
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Figure 3. . Mechanization Profile

Longwa]] Mechanjzation Profiles

A portioh‘df a mechanization profile-
for an existing longwall operation shows

the complexity of the manual observations

performed by direct labor along the face,

“Figure 4. - The portion shown is: for ad-

justing the height of a shearer drum
while cutting coal in order to - control

“the cut to the contour of the surrounding
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roof and floor. The height change is ef-
fected by push-button operation of a

solenoid-controlled, pilot-operated, hy-
draulic valve that allows the adjustment
by the movement of a cylinder pistaon,
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Figure 4.
Partial Longwall Profile Shearer

There are currently four-significant
approaches to drum height control mechan-
jzation:

1. Remote control systems -~ umbilical and
radio transmitter/receiver - operated
manually up to 50 feet away.

2. Nucleonic sensing of coal thickness by
djfferential coal/overburden. radiation
absorption.

3. Roof tracer sensing of the level of
the roof from the previous-cut.

4, Sensitized pick measuring cutting re-
sistance when picks break through into
a harder overburden. .

" Each of. the four approaches greatly
relieves operation duties but does not

-supersede his range of observations.

A systems approach is needed that
will-allow the removal-of the operator
from the face. The remotely operated.
longwall system must take into account
not only. the drum -adjustment - illustrated
above but also all . other winning machine

~function_ as well as all roof support and

haulage functions.,
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- SOME OPPORTUNITIES FOR TELEOPERATED MINING

E. R,

Palowitch

Bureau of Mines

and

P. H. Broussard, Jr,
Marsholl Space Flight Center

ABSTRACT

The need to increase coal production and
worker productivity while improving the health
and safety of the coal miner presents some inter-
esting challengés and opportunities for
teleoperation.

Systems-available for mining coal are
described briefly in terms of fragmentation, mate-
rials handling, ground control, and environmental
control subsystems. The need for automation sys-
tems, their requirements, and the state-of-the-art
are explored, 'Technologic deficiencies of longwall
mining--the system having the highest potential
for full automation are discussed,
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BILATERAL SERVOMANIPULATOR IN DIRECT MODE AND VIA OPTIMIZED COMPUTER CONTROL

J. Vertut
CEA, Saclay, France

and

P. Coiffet

University of Montpelliers, France

SUMMARY

MA 23 bilateral advanced servo manipulator
is designed as a general purpose arm to be adapted
to various hostile environments, like undersea,
space industry, medecine etc ,. This system is in
development at CEA Saclay in cooperation with
university of Montpellier, La Calhé&ne, and the
French Navy at Toulon for the undersea application,

MA 23 is based on a light articulated arm
with original zero backlash highy reversible mecha-
nical reducers operated by DC torquers all located
on the body. '

An improved position - position servo loop
operated only from the position error signal gives
full dynamics and static force feed back in the
range of 0,2 to 20 kg with accelerations over g
and speed over 1 m per second,

The master unit can be & master arm in
direct mode, An optimized computer control enables
to improve that direct mode by dynamic simulation
of the slave arm using only on the static and
dynamic position error signal (ie force feed back),
In particular the computer calculates the mass
and center of gravity-of .the ohject being handled,

This computer subsystem can also works
as a master and control any-desired dynamic trajec-
tory, to be generated from the environment analysis,
to execute a high level command.

The system works now in direct mode and

' tape recording, the computer control is in. develop

ment untild midsle of 76.

This system opens the use of bilateral
manipulator system with no, discontinuity from
full timic - manual control, to supervisory
control and more autonomous operation associated
with artificial intelligence.
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Simulation results:
"o'" complete set of equations
tx!" dynamic coupling terms removed
[®) = (0 = q]
Result for elrwith a maximum torque of 150Nm |

‘applied on the joint.
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AN EVALUATION OF CONTROL MODES IN HIGH GAIN MANIPULATOR SYSTEMS

D. R. Wilt, D, L. Pieper, A. S. Frank, and G. G. Glenn
Cybernetic Automation & Mechanization Systems Section
Re-entry & Environmental Systems Division, General Electric Company, Philadelphia

Previous performance comparisons have been
made between replica master and resolved rate
control for small (man- equivalent) manipulators.,
This paper describes results for large load
(100 1b.), and reach (14 ft,) manipulators.

Two types of tasks are studied. One is a
pick and place task simulating removing parts
from a conveyor and stacking them on a pallet
(a two dimensional target). The second task
simulates stowing palletized cargo in a container,
This is also similar to space shuttle satellite
stowage. It involves three dimensional position-
ing and demonstrates the valué of compliance
provided by a bilateral control.

Related experiments over the past several
years, including those at Draper Lab and NASA/
JSC are discussed and the resuits correlated to
this work,

Over all results of the study show the bilateral
master to have a distinct but less pronounced
advantage with large manipulators than that
demonstrated with small manipulators.
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ART]FICIAL SOFTNESS SENSING - AN AUTOMATIC APPARATUS FOR MEASURING VISCOELASTICITY

l. Kato, Y. Kudo, and K. Ichimaru
Waseda University, No. 4-170 Nishiookubo, Shinjuku~ku, Tokyo, Japan

To realize artificfally recognizing fun-
ction of softness similar to human hands,
it is not sufficient to recognize the obje-
ct to be elastic. But we should recognize
it to be viscoelastic. From this point of
view we developed an automatic measuring
apparatus for recognizing the viscoelastic
characters. Now we can get the values of
the viscoelasticity which constructs the
main factor of human recognition of soft-
ness. There 1s the prospect that we can
make the softness of the artificial sense

similar to that of human hands.
Introduction

As for the present artificial sense of
softness, the objects have been treated as
the elastic solld which 1s subject to the
Hooke's law. However we eaglly find several
discrepancies betweén almost all objects we
treat in our daily lines and those in ,
Hocke's law. They show the viscoelastic:
properties in which stresses depend on
their strains, strain rates and high degree
time differential coefficients. Therefore
they should be recognized as the viscoelas-

tic bodies., Especially when we try to apply.

it to medical manipulaters, the present way
is neither applicable nor usefol because of
its rough:approximate way. From these

agpects we mentioned above,wefhave develop-

" ed an automatic measuring apparatus so that .

we might realize the artificial sense of
softness with gimilar: function to human

~Syntheti¢ Polymer Modgl

Werroduced synthetic pb1ymer'mode1s for
the two following‘purposeé.r : :
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1., Investigate the relations between the
viscoelastic coefficients and the human
sense of softﬂess, in the way of tlese
models as the stimuli of softness for sens-
ory evaluation,

2, Evaluate the apparatus, in the way of
these models as test pleces for it,

Synﬁhetic polymer models we gselected are
those of polyester‘and silicon. We actually
produced ones of several degrees of soft~
ness. We investigated and. learned viscoela-

stic characters in the standard creep test.

Sensoxry Evaluatioﬁ

For the grasp of the human sense of
softhess,we did the sensory evaluation in
the way of the synthetic polymer models as
thestimuli of softness.(l) We used the psy-
the
ordinal scale and ratio scale and analyzed

chophysical method of congtructing

them by means of psychophysical and impiri-
cal laws.(2) As the result of careful con-
sidérations about the factors which: from
the human sense of softness, We came to
conclusion that main factors of the recog-

nizing mechanism can be expressed by the

viscoelastic coefficients.,

Theory of Measurment

As the automatic measuring method of the
appratus, we use static one, : Our method is

‘to.give the object the force of ‘a step or.a

c-ramp pattern and to meastire the strain as

the creep compliance which is the function
of time. Therefore we cadn get the éolution
of -the dynamic ahalysis in ‘the real force
pattern and the form of pellote by the vig-
‘coelas:ic theory so-that we. could judge the

viscoelastidkmodelland calculate the visco~
‘elastic coefficients of the object from the.

¥

.




‘creep compliance.(3)(4) In the dynamic ana~-
lysis we ignore the transformation of the
volume bul when it comes to the form-trans-
formation we define four typical viscoelas-
tic models(shown in Table 1 )because of the
appropriateness of the approximation and
the difficulty of the analysis.

Table | Typical Viscoelastic Models

Differential Equation

Hodel Name Stress o-Strain €

Elastic solid o= E-¢

AN\

L F

oMo | Maxwell fiuid o+ = Fré
E AR

o WA~ Kelvin sold .
E r*D (Voigt) o= Ee ¢+ Feig

Three-parameter
solid -

B by
6+ gct

F EF .
CtEV RS Tt

£ .’\|Ez
oM ¢

The Automatic Measuring Apparatus

This apparatué consigsts of two sections
,that is,the section of the measurement and
of the data processing. The former gives
‘the objet the fixed pattern force and meas-
ures its creep compliance. The latter cale
culate electrically its viscoelastic coeff-
icients from its creep compliance. The sec-
tion of the measurement consist of the
three mechanisms;that is,the driving mechar
nism,the measuring displacement mechanism,
and the measuring force mechanism. The ‘dri-
ving mechanism gives the force to the obje-
ct. The measuring displacement wmechanism
measures without contact the,displacement
of the.pellote optically. The measuring
forcé mechanism measures the driving force
’by the strain gauge. The section of the da-
ta pfoceasihg consists of two mechanigms,
.that 1is,the judging mechanism and the cal-
culating mechantsm. Theijudging mechanism
recognizes the the viscoelastic model. The
-calculating mechanisnm calculates the vaLues
of the viscoelastic model alrgady recogniz-
ed. The flowcharﬁ,o£~this apparatus is

‘shown in Fig.l.

Experiment of Measurement

‘Using this apparatus we measured the
synthetic polymers and other various kinds
of objécts. As the result of this experi-

Vtﬁe‘vaiues of viscoelastfc

Start

Approach of
Pellote
Recognition of
Contact
e ]
’ N
Constant l Zero-point i
force Drive Set(ing
y A
Press of Disglzcement
Pellote JMeasyring
s Iy S
(“HEEEEEeqt of
* Model
by

Calculztion of .

Coeffeients
Indication of
Coefficients

Indication of
Madel

Fig.1l The flowchart of the apparatus
ment,we find out that if we remove the me-
chanical effect of the apparatus,we could
get the comnsiderably accurate values of
viscoelastic coefficients. Accordingly it!s
quite possible that we apply this apparatus
to the artificial sense of softness.

Conclusion
Thanks to this apparatus we .can learn
coefficients
that form the main factors Being recogniz-
atile Human softness. If we think about
these wvalues th respect of human informa-
tion processing,we can hse this’apparatus
as the artifictal sense of softness. theree
fore the first of realfzing the artificial
sense of softness has bBeen achieved. How= "
eye&ytﬁe problem to clarify the mechanism
of ﬁum;ﬁ information processing and realize
it artificially still remains.'
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SYSTEM INTEGRATION OF PATTERN RECOGNITION, ADAPTIVE AIDED, UPPER LIMB PROSTHESES

John Lyman, Ph.D., Amos Freedy, Ph.D., and Moshe Solomonow
Biotechnology Laboratory, University of California, ios Angeles

This paper discusses  the requirements for
successful integration of a computer aided control
system for multi degree of freedom artificial arms
and establishes specifications for a system which
shares control between a human amputee and an
automatic control “subsystem.

The approach integrates the following
subsystems:

(1) myoelectric pattern recognition

(2Y adaptive computer aiding

(3) . local reflex control

(4) prosthetic sénsory feedback, and

(5) - external ly energized arm with the
functions of prehension, wrist rotation,
elbow extension and flexion and humeral
rotation.

Under the proposed integration scheme, the
real jzed configuration can be considered as a
three level control system. . These levels include

the patient voluntary control level, the: computer

aided control “level, and the reflexive control
level. The patient level utilizes the voluntary
control capability of the human and his-ability to
generate specific myoelectric patterns from
multiple electrode sites. The adaptive computer
aiding and certain reflexive elementary functions
make -up the two lower levels, i.e., the autonomous
control capability of the system,

The concept of myoelectric pattern control is a
means for efficient and compatible.control (Wirta
and Taylor, 1969; Herberts, et al., 1973), which
involves the mapping of ‘n electrode signal sources
into m classes of patterns. Each pattern: is used
as a unique contro} signal fo the total arm such
“that signals from the n control muscie sites are
transformed into m prosthesis joint control
signals, producing multijoint coordinated motions.
This is in confrast to the conventional control
approach- where each’ control site is uniquely
linked to an arm joint.

Unique to the approach considered here ‘is the
adaptive tearning by a computer generated
algorithm of the mycelectric patterns of an
individual amputee and their utilization as a

_compatible control-signal source. ‘The technigue
is based on a trainable maximum | ikelihood network
which makes up a personalized man/control system
command scheme. The control functions that are .
generated by the computer occur in parallel with
those generated by the human, -and have the e
function of providing trajectories of motion or
joint position commands. (Zadaca, Lyman and Freedy,
1974). Reflexive control refers to arm output
activity governed by a set of independent control
loops that respond automatically to sensory: inputs
_“from the arm'and the environment of operation.
The -addition of reflexive responses to the
artificial limb control loop permits some direct

interaction between the hand and the environment,

. by-passing the human operator and the computer

Wirta, R. W. and Taylor, D. R.,
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aided control.

Sensory- feedback involves such information as
grasp pressuire, elbow and wrist angular position,
efc. The objective of sensory feedback is to
provide the amputee with sensations that describe
the status and motion of the arm, and thereby
decrease the amount of visual supervision and
attention required to control the.arm. For
example, a fingertip pressure sensing system is
included in the arm prosthesis-in order to
provide the operator/amputee with: some sensation
proportional to the pressure exerted by The
fingers on various objects. The sensory feedback
system ‘includes a pressure transducer and a
transformation network which. generates the
feedback signal configuration t+o the skin surface
via contact electrodes.

In the process -of realizing a successful
system integration, a number of subsystem
interface difficulties have had to be evaluated.
Some of these difficulties and POSSIble
implementation options for reducing or eliminating
them are developed in the full paper:
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APPLICATION OF A POSTULATE BASED CONTROL THEORY FOR AN ARTIFICIAL ARM

S. C. Jdcobsen and R, B, Jerard
University of Utah

INTRODUCTION

Strictly speaking, artificial arms may be con=
sidered as manipulators. - However, there are sev-
eral factors that cause artificial arm and manipu-
lator design to be significantly different. The
close proximity of the manipulator to its operator
results in increased proprioception. Physical at-
tachment of the machine to the map allows for
force interactions which display manipulator loads
to the amputee.

The performance requirements for artificial
arms, however, are probably more severe than for
manipulators. - An artificial arm controller must
allow high speed operation with sufficient accu-
racy to permit manipulator tasks which are coordi-
nated with the rest of the amputee's body. The
arm hardware must be lightweight, strong, fast,
and totally self-contained. For example, the
entire machine, including power supply for an

above-elbow arm, should we1gh less than two and
one-half pounds.

At the University of Utah, we are developing an

artificial -arm for above- e]bow amputees. - The
project involves construction of arm hardware and
the implementation of a new theory for control.
This paper will report experimental results of a
preliminary application of the control theory.

ARM CONTROL THEORY

The controller for an artificial arm is shown
below in block diagram form.

~

CONTROLLERLg
p———

Mp - A
ROSTHETIC 222
BIO Aa RROSTHETIC
ONTROLLER py— ; -
»

Lvisual,audio,etc. | ELEMENTS [w-

_An important observation is that the contro]ler,

the artificial arm and the remnants of the natural
arm form an interrelated and indivisible system.

A controller cannot be defined without cons1dera-
tion-of the entire system. .The.blocks in the d1—
agram represent:

1. -Biocontroller. ' The biocontroller consists
~of the brain, neuro pathways, and muscles
which apply torques to the skeletal frame.
Qutput from the biocontroller is a vector
which ‘represents the torques applied to

5
L 2n’Tn
neural oo : : : .
L % ; , | -
{ neural FEEDBACK | :
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- the natural remnants of the amputee's svm..
The output M] represents the torques which

would have been applied to the amputated
parts of the arm now replaced by the pros-
thesis. Note that this pathway is inter-
rupted by amputation. Inputs to the bio-
controller are neural, visual, -and audio
information about the state of the arm-
prosthesis combination.

2. Arm, The arm block represents both the nat-
Ural portions of the arm and the electro- .
mechanical replacement for the missing arm.
Inputs to the arm block are the torques
which are applied to the natural and pros-
thetic joints by muscles and servomotors.
OQutput of the arm block is the angular po-
sition and angular velocity of the pros-
thesis Cﬁp'éb) and the angular position and

apgular velocity of the natural portion of
the arm ( - ﬁ;

3. Controller. The controller is essentlally
responsible for re- establishing communi- _,
cation in the interrupted signal pathway M1

(torques which were applied to amputated
portion of the arm). The controller inputs
are the kinematic state of the arm pros-
thesis combination, the vector of torques
which are applied by the musculature on the
remnants of the natural arm, and the param-
eter §. ~The additional parameter # will be
explained Tater.  The output of the con-
troller is the vector of torques M  which

should be the same asTﬁ. Note that the

equat1ans describing the controller may be
derived from a fundamental postulate wh1ch
will be discussed in the paper.

4, Feedback Elements. Feedback elements are
responsible for monitoring the kinematic
state of the 1imb and presenting that infor-
mation to the b1ocontro]1er

CONTROLLER DEVELOPMENT

Implementation of the controller requires com-~
pletion of three tasks.

1. Equat1ons for-the contro11er must be de- :
rived from the fundamental postulate.

2.‘ Develop the abx]lty to mon1tor the vectors

: ~Mn $, and B, Mn is obtained by monitoring

-electromyographic s1gnals of selected
shoulder muscles, - The kinematic state
of the 1imb (2,8} can be obta1ned by
suitable gon1ometers
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3. Development of artificial arm hardware with
performance sufficient to mimic the natural

arm.

Our ultimate goal is to apply the above three
steps to control a multiaxis artificial arm. We
intend to control the degrees of freedom, humeral
rotation, elbow flexion, and forearm rotation.

In preparation for a multiaxis control,.we are
currently -involved in a more limited, one degree
of freedom- experiment. We have derived the
equations for control of elbow flexion. We have
the capability to monitor n using nine EMG

signals from shoulder muscles and we have devel-
oped an arm which can be utilized with one, two,
or three degrees of freedom.

The paper will present results of the one de-
gree of freedom experiment. Of particular in-
terest will be the verification of the theory.
Also of interest will be the stability and con-
trollability of the system. The effect of vari-
ations of controller parameters will also be
discussed.

REFERENCES

1. ‘Jacobsen, S.C., and Mann, R.W., "Control
Systems for Artificial Arms," IEE Conf.
on Man Systems and Cybernetics, November
1973.

2. Jacobsen, S.C,, Jerard, R.B., and Knutti,
D., "Preliminary Report on the Utah Arm,"
Conference on Engineering Devices in
Rehabilitation, Boston, May 1974.

3. - Jacobsen, S.C., and Jerard, R.B., "Compu-
tational Requirements for Control of the
Utah Arm," ACM, San Diego, November 1974.

4. Jacobsen, S.C., and Mann, R.W., "Graphical
Representation -of the Functional Musculo-
Skeletal Anatomy of the Shouider and Arm,"
27th ACEMB, Philadelphia, October 6-10,

- 1974.

5. .Jacobsen, S5.C., and Jerard, R.B., "Torsion
of Rope-Connected Hoops Leads to Light .
Weight Prosthetic Actuator,” 26th ACEMB,
September 1973.

84

Keasd”



AR

Nv?;@gﬁ%&

VOICE CONTROLLED ADAPTIVE MANIPULATOR AND MOBILITY SYSTEMS FOR THE SEVERLY HANDICAPPED

E. Heer and G. A, Wiker
Jet Propulsion Laboratory

and

A, Karchak, Jr,
Rancho Los Amigos Hospital

At present, there are nearly two million
people in the United States with varying degrees
of payalysis with an incidence rate approaching
1/100 annually, Nearly 2/3 of these individuals
have severe deficiencies in manipulative and/or
mobility capabilities, ‘

During the past several years, NASA has
invested significant efforts in the development of
teleoperator and robot technology for space
related programs, This technology can be applied
to the benefit of the severely handicapped (e.g.,
quadriplegics) giving them greater self reliance
and independence and offering many of them the
possibility of leading productive lives,

A project jointly sponsored by the NASA and
the VA has recently been initiated at JPL in
July 1974, The primary objective of the project
is to apply available teleoperator/robot technology
to rehabilitate amputees and spinal cord injured
patients with severe loss of motor, manipulative,
and sensory capabilities in the upper and/or lower
extremities,

As a first step, during the past few months’
a powered multipurpose manipulator has been
developed and mounted on a standard Everest and
Jennings Model 33 battery powered wheelchair as
shown in Figure 1, Both the wheelchair and the’
manipulator motions are voice activated and con=-
trolled using anadaptive voice analysis and
recognition system which has been mounted at the
back of the chair, " For comparative tests, which
will be conducted at a later date, the wheelchair
mobility can also be controlled through a VAPC
two channel bidirectional proportional chinswitch;
and both, the wheelchair and the mianipulator
motions, can be controlied through a RLA nine
channel proportional torque switch controller,
For emergency situations, the power to the motors
canbe shut off by means of a head switch attached
to the rear of the patient's head support and can

“be activated by pushing the:head barkwa.rds and

slightly to the left.

The VAPC chinswitch is a-joy- stlck actuated
switch assembly mounted on an adjustable bracket
attached to the wheelchair, The chin-control
assembly is positioned by means of the bracket in

~close proximity to the patient's chin. The patient
_controls forward, backward; and turning move-

ments of the chair by similar movements of his
head, which is linked to the chin control by means
of the chin receptacle attached to the upper end of

“‘the joy. stick.:

The Rancho Los Amigos tongue switch con-
frol for the wheelchair and manipulator has a

. bank of nine bidirectional proportional lever-
_switches corresponding to six manipulator motors
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(degree of freedoms), two wheelchair motors, and
power on and off,- A novel feature of this and the
VAPC chinswitch dévice is another pair of
switches positioned on one side of the head by
means of a bracket attached to the rear of the
wheelchair, This pair of switches, actuated by a
lever, operates a small motor which swings the
entire bank of control switches or the chin control
switch assembly to the side and away from, or to,
their normal operating position by an appropriate
head movement,

The VAPC designed manipulator is a simple
six degree-of-freedom mechanism with the motion
capabilities: Horizontal ab- and adduction,
shoulder flexion and extension, telescopic exten-
sion and retraction, supination and pronation,
wrist flexion and extension, and grasping,

The Scope Electronics voice recognition
computer recognizes 35 words with fair reliability
and generates two binary coded decimal signals as
output for each processed sound set, “An interface
system has been developed that processes the -
binary coded decimal digital code to develop a set
of relay contact closures, The relay closures
connect a set of preset twin resistors to the
function to be controlled. In the case of the wheel-
chair two fast forward, two slow forward, and two
slow backward, controls are connected to produce
fast- or slow-forward, slow backward, right
turn, and left turn resistance setting for input to
the wheelchair motor controller in place of the two
joystick controlled resistors,  For the manipulator
control functions, fourteen controls are provided
to set the input voltages to the six linear power
amplifiers which drive tHe six motors on the arm,
All of the controlled functions are open loop at
this time,  so load variations or changes in battery
voltage can change the motor speeds,  This is
especially true of the manipulator functions, since
the manipulator motors are operating between ten
and forty percent of de51gn voltage and nearly at
stall speeds, .

The vocabulary for voice controlling the
wheelchair /manipula_to‘r system is shown in the

control dlsplay in Figure 2. The voice recognition '
‘computer is trained by the patient user in his

“voice and speech pattern by repeating each com-
mand about five times when the computer is work- -

ing in the ‘training mode. Switching to the execu~
tion mode enables.the patient operator to move
about or to perform simple manipulative tasks by
giving the appropriate sequence of commands.,

After turning on the computer and the inter-
face system, it is good practice to give the com-
mands "STOP" (01), "SLOW" (08), and ,
UCHANGE!' (07}, This sequence insures that the
system is in a static state.. Then to set up the




Arm commands the following sequence of
commands have to be recognized: "READY" (00),
"ARM" (03), any of the Arm control words, such
as, "UP" (11), "DOWN" (12), etc. Then to
activate the stored Arm control the word "GO"
(05) has to be recognized, The words "FAST"
(09), and "SLOW'" (08) can be used at any time to
change the rate of an active control or to preset
the desired rate of a control to be activated, To
stop an active control or to change to another
control function the words "STOP" (01), or
"HALT?" (02) have to be recognized, While in the
Stop condition a new control can be set up if
desired, then when "GO'" (05) is recognized this
new control will be activated, It is not necessary
to change the control after a "STOP'" or "HALT",
the previous control is stored and can be
re-activated with a "GO" (05) word,

To change over to the Chair control con-
dition from the Arm condition it is necessary to
have had recognized a "STOP" or "HALT'" word
then the "CHANGE" (07) word is used to reset the
Arm select, The Chair control condition can be
entered with the '"CHAIR'" (04) word., The
"RESET" (06) word resets the Ready condition as
well as any stored control, The only useable
words in this state are '""STOP", "HALT",
"FAST", "SLOW", and "READY (00)., "READY"
as previously stated is the start or enable word
used to allow activation of the interface functions,

Figure 1. Voice activated and controlled
wheelchair /manipulator system,

Although the feasibility of voice controlled
wheelchair /manipulator systems has been shown,
there are several areas which need improvement
before the system can be released for clinical
testing. The major ones include: (1) to provide a
better match of motors and loads, (2) to provide
locking for each manipulator degree-of-freedom

2

- 3 ¥ &

o/

when the power is off, (3) to provide position GO ARM (03) READY (04) CHAIR GO
feedback for all degree-of-freedoms and force (00)
T e iy iy S w on soxuaes | €
speeds and control response time, @ [oow 12 (32) BACKWARD | @
& | RIGHT (13) (33) RIGHTTURN | €
@ | eFr e (34) LEFTTURN | &
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| IN (16) (36) { &
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$ Qlmr @ 6o (05)
Q;‘ ,‘\{\' | X @ STOP {01 OR 02)
QY" Y}) O | open 20 RESET (06)
Yy & ) | CLose  (25)
@ > S ) (26)
éfgdb %) @n (09) FAST (&
& % ) (28)
) (29) (08) SLOW ©

Figure 2. Control display panel showing the
vocabulary and lights which light up when
the corresponding command has been
recognized by the computer,
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DESIGN AND CONTROL OF A MANIPULATOR FOR TETRAPLEGICS

V. Paeslack, Prof. Dr. med,
Forschungszentrum der Stiftung Rehabilitation, 69 Heidelberg, West' Germapy

and

H. Roesler, Dr. rer. nat.
Orthopadische Klinik u. Poliklinik der Universitat, 69 Heidelberg, West Germany

Summary .

With the research project Medical Ma-~
nipulators for severely Disabled Persons,
sponsored by the German -Federal Ministery
of Research and Technology, the goal was
set to produce a manipulative system which
controlled by a disabled operator takes
over tasks formerly performed by the upper
extqsmitiés oftthe handicapped. During the
work on a basic concept for the design of
such an ins’trument it turned out that dis-
ability cannct be merely considered as a
personal misfortune of the disabled, but
is ealso evoked ﬁy an environment, the
structure of which is exclusively adjusted
to. the dexterity cf the normal fully able
man. Disability in a more general sense
means & mismatch between the functional
capability of a manipulative system -
eitfer of biological or technicel origin -
and the structure of its environment. A
concept for the design of a manipulator
for tetraplegics, therefore, had to be
based on the mutual adaptation of system
determining properties of the disabled
operator, ‘the manipulator, and the envi-
ronment.

The most important property of the
disabled operator is his control ability.
Because of the high lesions in the spinal
cord movemenis of hand, srm, &nd shoulder
are 80 unsleady that tetraplegics genersl-
ly cannot use them for precise control.
One had to fall back upon the movements

of head and lips to derive control signals

and it was decided to let them operate &

.a control stick in three dimensions by
lips and mouth.

With this rather poor information
output of the disabled operator it was
not edvisable to design a manipulator
complex enough to deal with tasks in a
normel environmeni. A gtudy in which a
given set of activities was presented to
tetraplegics with different heights of
lesiocn showed that at least 15 degreez of
freedom were required to perform approxi-
mately the half of all actions which
occur in a normal environment. On the
other hand the reduced control ability of
the tetraplegics only allowed to control
g maximum of three degrees of freedom at
g time. So in & normal environment the
disabled operator together with a manipu-

" lator he was able to control would be

just a little bit less handicapped than
without it. In this situation there is
only one way out of the dilemma: to ad-
just the structure of the environment to
the functional capability of the system
disabled aperator/manlpulator.

At the present state of the research
progremm the following subsystems have
‘been designed:

1) Threedimensional control stick

2) First prototyp of a manipulator

3) Control unit : ‘

4) Modells of an adjusted environ-

» ment. :

Rate'control has been chosen for the -
_manipulator. The control stick can be

" operated in six directions up-down,
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left -~ right, forward - backwerd, and is
kept in the neutral position by very soft
springs which can be adapted to the force
of the operator. Optoelectronic sensors
are used as transducers. The control
characteristic contains a backlaéh region,
& range of creeping speed, and finally a
range for proportional control. Different
mouth pieces can be chosen by the opera-
tor.

A first prototyp of the manipulator
has been built up from 3 joints for po-
sitioning a terminal device in the working
space. The terminal device with further
3 degrees of freedom is still in the pro-
cess of gesign. Each joint is composed
of an electric motqr with a harmonic
drive reduction gear. A new principle was
developed whereby an uncontrolled driving
element is comhined with an eléctronically
controlled permanent magnétic brake.

In a first series of control experi-
ments. tetraplegics were asked to operate
the manipulator with a direct coupling of
the control stick's output to the various
joints. The observation of each single
joint, however, required too much concen-
tration on the positioning of the manipu-

“lator and the results were poor.

In the control unit now two facili-
tations are 'combined to unburden the dis-

‘abled operator from complicated control

tasks. At first endpoint control was in-
troduced. The movements of the manipulator
endpoint fqllow the directions of a
cylindric coordinate system (see Fig. 1)
and the control stick is coﬁpled to these

7direct10ns. The transformation df the rate

signals from the control stick into cor-
responding angular velocities of the dif-
ferent joints is presently performed by a

“PDP 11/40 computer. It will be taken over

by a microprocessor in the next months.

;Q"Sééoﬁajfééiiitation, much easier to

‘ design than the first one, keeps the axis
of the terminal device at a constant angle
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to the horizontal plene while the manipu-
lator is moved in ity working space. A
computer based learning system will be g
further step into the direction of control
facilitations.

The final gosl of the research pro-
ject is to set up a place of work with
the manipﬁlator where various disabled
persons can be occupied. As was mentioned
above this can only be achieved by de-
signing a specifically adjusted environ-
ment . Fig. 1 gives an example of such a
working place. Frocm the wheel chair the
disabled operator can easily reach the
control stick and use the manipulator for
the transportation of objects from and to
movaeble shelves. Additional equipment,
e. g. type writers with special key boards
or page turners, which are operated by the
manipulator but themselves perform seqﬁen—
ces of rather complex actions, complete
the adjusted environment.

os e
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Fig. 1. Working plsce for handicappedQ
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LUNAR ROVER VEHICLE - AN IMPLICATION FOR REHABILITATION

Sameul R, McFarland

Southwest Research Institute
and

Gary R. Primeaux
Lyndon B, Johnson Space Center

For the last three NASA Apollo missions

of lunar exploration, a unique Lunar

Roving Vehicle (LRV) was developed to
extend the range of activity of the astronauts.
Portions of the LRV concept have been eval-
uated as a means of extending the mobility

of paralyzed persons, especially higher level
spinal cord injury victims. As the astronaut
was limited in his freedom of movement,
balance, and force output capabilities, so the
quadriplegic is constrained by impaired upper
extremity function. The implications for
adapting the control developed for one to the
needs of the other are clearly evident,

Recognizing that independent mobility and
self-maintenance are key elements in the
rehabilitation and support of a growing popu-~
lation of spinal trauma victims, NASA, in
cooperation with Southwest Research Insti-
tue, investigated the feasibility of adapting
the LRV control concept to automobiles and
vans for quadriplegics,

The entire program was preceded by a full-
scale driving test of the LRV l-g trainer by
a C-5 quadriplegic volunteer. Using minor
adaptive equipment and harnessing, the test
subject was able to perform complex simu-
lated traffic maneuvers with a minimum of
practice. Based on that exercise, NASA has
proceeded to expand its efforts by the pro-
gram reported here.

Working in concert with the Veterans Admin=-
istration, HEW, DOT, major rehabilitation
facilities, automanufacturers, and handi-
capped driver control manufacturers, the
investigating team has sought to define the
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size and capabilities of the target population,
legal and licensing requirements, the state
of related development programs, and to
specify the interfacing requirements for
vehicle adaptation,

A functional capabilities testing device and
interview program was developed for asses-
sing a limited population of quadriplegics.
Using a copy of the LRV control joy-stick,
the simulator enabled investigators to sam-=
ple control position preferences, control
force output capabilities, and reaction times
in both steering and braking modes. Data
returned from these tests were used both as
a comparison to functional parameters coms=
mon in the literature and as quantities for
design.

This paper will present a survey of the cur-
rent state of automobile handicapped controls,
a description of the affected population, and

a design for interfacing the control system
into a passenger vehicle,
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NEW CONTROL CONCEPT OF ANTHROPOMORPHIC MANIPULATORS

M. Vukobrofovicl, D. Stokic, D. Hristic”
Institute M. Pupin, Beograd, Yugoslavia

Contreol of active articulated mechanisms
represents complex and specific problem of
multivariable systems control.Solution of
this problem (task) imposes very delicate
guestion of the nominal regimes synthesis;
i.e. the construction of the trajectories
and corresponding driving forces (torques).
Separate question represents the synthesis
of the stabilyzing algorithms for the com-.
pensation of large deviation from the no-
minal dynamic regimes.

Manipulator dynamics is attracting much
interest with investigators in the last
decade. Two procedures for assembling ma-
thematical model deserve full attention -
/1,2/. The essence of these procedures con-
sists in forming the dynamic equations of
kinematic chains by using algorithms for: .
automatic setting of differential equations
using digital computers.

However, the synthesis problem of the
nominal regimes themselves stays open, as
well the calculation of the corresponding
driving forces. These tasks, however, have’
in the case of manipulator anthropomorphic
configurations their specificities, due to
the presence of redundant degrees of fre-
edom. The excessively complex optimization

‘task of manipulators with redundant degrees-

of freedom led to unacceptable projets,con-
taining among other items, very spacious
and expencive control equipment. The first
successful attempts in overcoming these
difficulties were presented by the results
of Whitney and Nevins /3/

In order to overcame the problem of re-
dundancy there are 1ntrodured two levels
/4,5/

-~ level of. prescrlbed

motion

- levél of adaptation

The level of prescribed motion ev1dently
has to solve the problem of basic motion
(end point control), while the level of .
compensating motion should respond to cer-~
tain dynamic demands, posed -in every parti-

~cular. manlpulatlon task.

‘It ‘is clear, that in the phase of end
pOlnt control, it is not necessary to in-
clude the total number of manipulator deg-
rees of freedom. Taking into.account-only

(programmed)

the basic configuration of ‘the anthropomo-
rphic manipulator with three degrees of
freedom, it is 'possible to perform end
point control along its preselected traje-
ctory. In this manner the problem of the
redundant degrees of freedom is being avo-
ided. The control task in this procedure
can be formulated as follows: define the
dynamic-control parameters of the basic
manipulator configuration with three deg-
rees of freedom, which should perform mo-
vements at N points of the working space.
The task can be solved by forming program-
med coordinated motion which have to. rea-
lize the. adopted tip trajectory.

In ‘accordance with fig. 1, the following
kinematic relations can be formed between
the ‘point M(x,y,2) and anthropomorphic
degrees of freedom ¥, 6 and

x = £ 1 (U 6) o
Yy = fz(’l’ 8., ) (1) -
z = f (Y,08:0)

Dnuﬁlng the distances Xp- Xpr Yp~Y¥ar
between point A and. B~ in Space into

equa% intervals Ax, Ay, Az, and assuming
that they are sufficiently small, it is )
possible to get linear relations connecting
them with appropriate increments: of the
manipulator angles Ay, A0, Ad.
(afi) , (af “of :
) AP F )88+ (=) A¢ = Agi (2)
9 ymy 6=65  °% g=o  t
A%, Ag, = Ay, Aq3 Orz

Manlpu;ator tip motion, realized in that
manner via precalculated angular trajecto~
ries of the points represents the prescri-
bed motion level.: This level evidently sol~
ves only one part of the manipulator task.
For the complete solution of particular
manipulation task ‘it is indispensable ‘to
introduce the remaining manlpulator degreee
of freedom.

The 'synthesis of the prescribed motion

where Aq; =

. of the manipulator basic configuration with

three degrees of freedom can be utilized
for dynamic. control.: The'complete manipula-
tion control task with the total numbexr of .-
degrees of freedom can be solved in this

case based upon informations about the

Fo
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forces, acting between the last manipula-
tor member and the working object.

In this approach to the control of the
manipulator the so-called "mixed" problem
of mechanics and control is concerned. The
prescribed trajectories to one part of the
mechanism are impozed in ordexr to realize
particular movement of manipulator and by
measuring the reaction forces acting bet-
ween the last member of manipulator and
the working object the control torques of
the rest of mechanism are obtained. Thus,
the motion of the system and the generali-
zed forces are partially known and the dy-
namic control of complete mechanism can be
performed.

In this way the angular trajectories of
the third member could be obtained as fun-
ction of the already imposed angles to the
first two members

(+]
Br = £(0,¢,9)
Y :

where f(e1¢,¢) depends on the particular
manipulation task. However, fulfilling of
these conditions in the control sence can
be ‘achieved by dynamic compensation via
force feedback.

The minimal basic configuration with
three degrees of freedom for some predeter-
mined points in the working space has been
realized, as the first project stage of
the seven degrees of freedom industrial
manipulator.
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Fig. 1 Antropomorphic quyi‘p'ulator ‘Withy Seven
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