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ABSTRACT

A major pguideline for the design of the United
States’ Space Station is that the Space Station
address a wide variety of functions. These
functions include the servicing of unmanned
assets in space, the support of commercial 1la-
boratories in space and the efficient management
of the Space Station itself; the largest space
asset., For the Space station to address suc-
cessfully these and other functions, the operat-
ing costs must be minimized. Furthermore, crew
time in space will be an exceedingly scarce and
valuable commodity. The human operator should
perform only those tasks that are unique in
demanding the use of the human creative capa-
bility in coping with unanticipated events.

The technologies of Automation and Robotics
(A&R) have the promise to help in reducing Space
Station operating costs and to achieve a highly
efficient use of the human in space. The use of
advanced automation and artificial intelligence
techniques, such as expert systems, in Space
Station subsystems for activity planning and
failure mode management will enable us to reduce
dependency on a mission control center and could
ultimately result in breaking the umbilical link
from Eacth to the Space Station. The application
of robotic technologies with advanced perception
capability and hierarchical intelligent control
to servicing systems will enable us to service
assets either at the Space Station or
with a high degree of human efficiency.

This paper presents the results of gtudies con-
ducted by NASA and its contractors, at the urging
of the Congress, leading toward the formulation
of an automation and robotics plan for Space
Station development,
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Tt has become customary to refer to cognitive
and manipulative tasks by the terms "automation"
and “robotics," respectively. This convention
will be used throughout this paper. .

20n assignment to NASA Headquarters from the Jet
Propulgion Laboratory, California Institute of
Technology.
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INTRODUCTION

The United States' Space Station is a permanent
multipurpose facility, with an initial crow of
six to eight astronauts, that will serve as a
research laboratory, .a permanent observatory, a
transportation node, a storage depot, and a-base
for staging missions to higher orbits, the pia-
nets and beyond. It is also a facility for
assembling complex payloads and for servicing
satellites and instruments. To fulfill this
variety of functions, the Station is designed as
a very complex system consisting of a modular
manned base and several unmanned free flyers
provided by several nations, Fig. 1.

Fig. 1.

initial Space Station Complex

In the words of the National Commission on Space
(NCOS, 1986), the Station is the first of 12
technological milestones in space toward a brid-
ge between worlds and the beginning of the Earth
Spaceport: for such a "port" we can easily
envision a rich and always growing ferment of
varied activities. Because of the size of the
investment in the Space Station and the expected
long life of this facility, versatility of ar-
chitecture and capability to add new features
must be provided from the beginning in the design
of the system and its subsystems.

ROLE OF AUTOMATION AND ROBOTICS

Two resources that are critical for the con-
struction and operation of the Station are:
payload in orbit and crew time. Because of the
legacy of the destruction of Challenger and the
limitations of current tcchnology, both are
becoming more precious as we impose stricter
limitations to enhance safety. While the

payload limitations may be overcome in the not
too distant future by the development of heavy-
1ift vehicles and performance improvements to
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the shuttle, the availability of crew time will
alvays be at a premium.

The judicious application of the technologies
of automation and robotica can overcome the
limitation of this vital resource as shown in
Fig. 2, which summarizes onec result of a recent
study (Boeing, 1986). The study indicates that,
by implementing a series of A&R applications
consistent with the advancement of technology
and the scope of the station program, a given
crew can increase the number of its members
devoted to productive functions by a factor of
two to three. (Although the Skylab technology3
used in the comparison is not a realistic option
for the Station, it is the only U.S. long term
experience and, therefore, a useful baseline
for comparisons). As we shall see again later,
such a productivity increase by a factor of two
to three has been noted by other analysts.

The issue of which specific A&R technologies
have the greatest leverage on Space Station
productivity was studied by the Automation and
Robotics Panel (ARP), a group of over 30 leading
technologists, The results of their six-month
analysis are summarized in Fig. 3 (ARP, 1985).
For each one of the three broad classes, the
.panel indicated the specific technologies where
NASA should, respectively, lead, leverage, and
oxploit. 48 we examine this table, we find
that, in the range of autonamy deyelopment shown
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in Fig. 4, the Space Station thrust is in
teleoperated and supervised control. These
technologies are at the leading edge for appli-
cations to flexible manufacturing and informa-
tion management, the major frontiers in terres-
trial applications.

CHARACTERLSTICS OF SPACE STATION

There are four characteristics of the Space
Station that render it an excellent setting for
developing the technologies described.

Costs and Benefits

The cost of implementing any one of the A&R
applications currently considered for the Sta-
tion is comparable to that of implementing the
equivalent terrestrial one and is quite sub-
stantial, ranging from the low 10 dollars to
the high 107 dollars. However, on Space Sta-
tion, the ensuing productivity gains have ex-
traordinary value: 10% - 103 dollars/work-hour
saved, depending on whether it is for IVA or
EVA, and also depending on the valuation method.
Thus, the high initial investment is much more

JFor example: Open-cycle life support system;
semi~active thermal control; inertial, solar,
and z-vertical attitude control. No self-check~
ing, trend analysis, etec. (NASA, 1977).

Manual Unaided IVA/EVA, with simple (unpowerad] hand tools

Supported Requires use of supporting machinery or facllities to
eccomplish assigned ‘:nh 2.9., mm;yad manauverlng
units and foot devices|

Augmented

Amplification of human sensory or motor capabllities
p d tools, keletons, microscopes, ete.

Use of ly controlled sensors and pctuators
aliowing the human presence 1o be removed from the
work site ( i y Heop:
telefactors)

Supervised | Replac it of direct i control of s‘y'sum
pe Wi p di d # { although

g h in supervisory control
Japendent | Basically sait ing, self healing, ind "

D 9 faq for diract human
intervention (depandent on sutomation and artificis!
intelligence)

Fig. 2. Space Station Productivity Projection Fig. 4. Range of Autonomous Operati
ation
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Technologies “Smart” Simulations Assembl;
Robot Mobility in Space fauit-Tolerant, Religble 18 '.“’, &
MarvMaching Interfaces are T epair Technology
‘s::g:u‘:r:d:::;uln Standards Fiutds Transfer
Automation Design for echnologies
Integrating Tachnology
NASA Robot SensorsAntegration sce-Related Custom New Fabrication
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Robots Communications Networks
High-Leval Robat Distributed Large-Scale
[ ng Language Databases
CAD-Diracted remming
Knowledge- Systensy
Development
Sensing Algorithms
Rea!-Time Systems
Facility “Seed” Funding
NASA Tarrestrial Robots Computer Architecture Locsl Aran
Exploi [} ipul Chip Technologies Networking
Lightweights Motors Spaech Technologies Dispiay
Technologies
High Sandwidth
Technologias
Communication
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Fig. 3.

Space Station Classes of ASR Technology
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rea‘dily justifiable in space than in terrestrial
applications where a typical work-hour is worth
10 - 102 dollars. :

Fuvironment

The space environment is relatively well struc-
tured and forcsecable, by comparison with that of
an urban or an office setting, where a multitude
of living entities interact unpredictably, and
thus, it lends itself to the modeling that is
indispensable to autonomous systems. It is alsc
very complex, with millions of parts, intersect-
ing control loops, cascading interactions from
subsystem to subsystem, and multi-layered hiecr-
archies of functions that are very taxing for
humans, specially when working under pressing
time constraints. Finally, because of its com-
plrxity and notwithstanding its relative predic-
tability, this envivoament has a sufficiently
large variety of possible configurations that
priprogramned automation or even detailed proce-
dural prescriptions for all foreseeable .eventu-
alities are not feasible. Thus, humans can be
very effectively eclevated to the supervisory
role, once the machines are endowed with autono-
mous local sensors and feedback, with suffi-
ciently comprehensive declarative models, aond
with overrides for untested or unmodeled circum
srances,

Uxrs

The exceptional qualifications of the sgpace
users, who are all expert and trained tech-
nologists and scientists able and interested in
contributing to the development of the tech-
nology, are of significant advantage in de-
veloping the operator interfaces, often one of
the most difficult and little understood areas.

State of the Art

The situation presented in Fig. 3, which ghows
that there are areas where NASA must lead, others
vhere it can adapt and leverage current advances,
and others yet which it cam exploit, indicates
the breadth of the range of approaches available
for R&D and the ample possibilities for advancing
the state of the art. )

HISTORICAL SUMMARY

The Congress of the United States sought to take
advantage of this unique setting and of the
historic opportunity to foster A&R by request-
ing in 1984, that the Office of Technology
Assessment conduct a workshop (March 1984) to
explore the relationship between the Space
Station Program and advanced A&R (OTA, 1985) and
by including ASR in the Space Station enabling
legislation.

Public Law 98~371 mandates that NASA identify
Space Station systems that would advance A&R
technologies beyond what is in use in current
spacecraft. Congress further requested that an
Advanced Technology Advisory Committee (ATAC)
be established to fulfill the mandate and to
report to Congress every six months on NASA's
progress.

At NASA's direction, five aerospace firms ex~

amined, "without regard to cost,” the A&R ap-
plications that might be included in the.Station
as it evolves. The contractors' six-month
studies focused on these areas:

CRIGINAL PAGE 73
OF POOR QUALITY

Boeing Companies: Operator-system interface
(BOEING, 1984);

General FElectric Company: Manufacturing in
space (GE, 1984);

Hughes Aircraft Company: Subsystem control and
ground support (HUGHES, 1984);

Martin Marietta Aecrospace:
and assembly (MARTIN, 1984);

Autonomous systems

TRW: Satellite servicing (TRW, 1984).

In addition, NASA funded SRI International to
conduct an assessment of the studies from the
viewpoint of artificial intelligence technology
(SRI, 1985) and the California Space Institute
to organize the ARP - mentioned earlier - and
conduct an independent study. This panel con-
firmed that advanced AR would improve produc-
tivity on the Station and yield benefits na-
tionwide; recommended a major NASA investment
in related R&D (climbing rapidly to between 100
to 200 million dollars/year); and stated clear<
ly the requirement that the Station program must
be designed for growth from the beginning (ARP,
1985).

The findings of all these studies were con-
solidated by the ATAC in its first report to the
U.S. Congress (ATAC, 1985a). The committee,
recognizing the difficulty of accommodating the
ambitious proposals and the projected budgets
articulated its position in 13 recommendations
segregated into two groups. The first group of
eight - to be implemented within the nowninal
budget - focused on: A&R as a significant
element of the Space Station Program; maximum
adoption of current R&D; the requirement to
design for growth; the importance of verifica-
tion and validaton; and the use of ASR for the
management process, The second group of five
recommendations focused on aggressive develop~
ment of advanced A&R, conditional on budget
augmentation.

In November 1985, the U.S. Congress expressed
desire that greater and faster progress be made
in ASR than what would be possible within the
normal Space Station budget and provided, in
successive augmentations, additional funding
for a flight telerobot. This will be a versa-
tile system to be used as an aid in Station
assembly and maintenance, and in payload ser-
vicing tasks, and it will be transportable in
space by a variety of carriers based on Station
and on shuttle, Fig. 5.

Additional insight into the need and role of ASR
is provided by a White Paper from the Astronaut
Office (ATAC, 1985b), which recommended: ap-
plication to repetitive, time consuming, time
critical, taxing, hazardous, boring tasks; per-
formance of early flight tests; provision for
human override.

More recently, the need for ASR was also present
in the call for the development of telescience
by the Space and Earth Sciences Advisory Com-
mittee (SESAC, 1986) through its Task Force on
Scientific Uses of Space Station. Specific-
ally, the task force recognized the projected
evolution from space sciemce {principally ob-
servatory in character) to laboratory science
in space (principally experimental). Telesci-
ence is described as the ability to conduct
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experiments and reprogram them quickly - and
remotely - as current results are understood and
new opportunities uncovered. This also re-
quires advanced forms of telecommunications and
antomat ion using supcrvisory control.

Fig. 5. Flight Telerobotic System: A Concept

APPROACH TO AUTOMATION AND ROBOTICS
AND STATUS

The Space Station is now ncaring the end of the
definition and preliminary design phase which
will be completed in December 1986. The four
Space Station Lead Centers: Marshall Space
Flight Center, Johnson Space Center, Goddard
Space Flight Center, and Lewis Research Center
and their eight industrial conttactors have
been performing preliminary designs and eval-
uations of over a hundred different A&R concepts
for specific applications. Evaluation criteria
include: reduction of crew time devoted to
operations and maintenance; initial costs and
operation savings; system availability; safcty;
terrestrial spin-offs; design risk; and impact
on ground operations.

In addition, experimental and theoretical R&D
efforts are led by the Ames Research Center (for
cognitive functions) and by the Jet Propulsion
Laboratory (JPL) (for manipulative functions).
Demonstrations of their R&D are planned at
approximately two to three year intervals in
collaboration with the Space Station Lead Cen-
ters. The first demonstration is scheduled to
be by JPL, on telerobotics, in 1988.

NASA contractors (BOEING, 1986; GE, 1986; MAR-
TIN, 1986; MCDONNELL, 1986; RCA, 1986; ROCKET-
DYNE, 1986; TRW, 1986; ROCKWELL, 1986) have
identified over 100 useful A&R applications for
the initial configuration of the Station and
ATAC (1986) has culled the list to about 18
cognitive, eight manipulative and four addi-
tional applications requiring more advanced
techniques., Of principal interest in the first
category, we find: system management and crew
activity planners; data base management; power
system control and management; and monitoring
and fault detection for life support systems.
In the second category: Space Station assembly,

inspection and repair; payload scrvicing; and
docking.

The studies conducted at the NASA Centers, and
at the contractors, confirm the selection of
this approach to A&R for the Space Station: the
human operator, who is in charge of the task at
all times, assigns to the machine, directly or
by default, those operations that, in his jud-
gement, can be well performed automatically at
that time. The operator reserves the option to
resume control during the execution and com-
plete the operation directly., The "level of
abstraction" of the operator's actions can be
adjusted dynamically: the machine functioms
similarly to the apprentice of a master crafts-
man. Thus, the terminology: '"astronaut assis-
tant” or “aide." This approach is well suited
to the traditions and needs of the manned space
endeavors and is conceptually and technically
different from that generally followed in the
unmanned space flight (Pivirotto, 1986; Varsi,
Man, and Rodriguez, 1986), where machines are
given complete autonomy, but within narrower
bounds, specified in advance (e.g., Viking's
landing sequence).

Technically, the general area of intelligent
autonomy is being pursued vigorously with spe-
cial focus in the areas of sensors and world and
knowledge representation. As a consequence of
the approach chosen, the key technology of
shared or "traded" control between operator and
machine is being developed and, within it,
particular emphasis is given to the control
architecture and the man-machine interfaces.

Programmatically, the guidelines to the con-
tractors for the next phase of work: design,
development and construction, are expected to
emphasize the themes discussed here and require
a plan for the implementation of A&R applica-
tions. Information from the preliminary plans
available now indicates that levels of autonomy
that are technically achievable by 1993 - 1994
can increase productivity on the Station by a
factor of two to three and allow recovery of the
investment in about two to three years for the
majority of applications. It has been shown
(THURIS, 1984) that it is necessary to pay
particular attention to the sequence according
to which applications are developed and imple-
mented: in financial terms, the investment
hurdle of an application can be reduced by
several-fold if that application is implemented
as a part of a group of related applications.

AUTOMATION AND ROBOTICS BENEFITS

We shall now review three specific applications
and summarize the analyses, albeit preliminary,
of expected benefits.

System Management

This application is variously conceived and
called "System Manager," "Station Coordinator,”
"Operation Manager." 1In its broad conception,
it has the function of translating Station
performance and scheduling requirements into
task sequences for subsystems. It can be
considered an "expert system" hierarchically
controlling other expert systems.

It contains a representation of the Station and
of the systems it interacts with, receives real
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time information on the status of the crew, the
havdware and soltware of the Station, and the
oprration aud sciencr Trequirements, and con-
structs and updates schedules of activities. One
configuration of this application (MCDONNELL,
1986) is cxpected to requirc about 8,000 "rules”
and to cost 40 million dollars. 1Its yearly
benefits have been estimated at 90 EVA hours,
1,350 IVA hours, and 32,000 work-hours on the
ground: with a toral value of about 60 million
dollars,

Power Management

Three cptions can be considered: a ground based
or "manual” system; a "conventional automation"
(~.g., on-board lead shedding on the basis of
preprogrammed priorities); and a more advanced
management (e.g., on-board resources optimiza-
tion and failure recovery), based on expert
system technelogy. On a uniform basis, the
initial costs are estimated at: 45, 75, and 85
million dollars, respectively; and the operating
costs at: 30, 13, 10 million dollars/yecar
(NASA/LcRC. 1986). This example illustrates
vividly the programmatic dilemma offernd by A&R
applications: orn one hand, the 20 million
dollars/year difference between the extreme ca-
svs allows recovery of tie 40 million dollar
differ-nce in initial costes in only two years; on
che cther hand, that 40 million dollar differcuce
roprasonts about a doubling of the initial costs
~ hardly affordable program-wide. Thus, the need
for a judicious selection of applications based
on a carcful Station-wide system analysis.

T« lerobot

The Station telerobat is an evolvable system that
will include the capability for bhoth pure tele-
operation with telepresence, as well as full
autonomy of selccted functions, the reperteice
of which is designed to expand greatly during the
useful life of the Station. In addition, its
architecture will allow for graceful sharing of
control between operator and machine. The ana-
lysis summarized here (GRUMMAN, 1986) compares
EVA with the teleoperation capability only for an
assembly task. This analysis uses EVA work-hours
as a unit of account and sidesteps, in part, the
difficulty of assigning costs when expericnce is
uniformly lacking and, as it is the case with
marginal costs, even the methods for determining
them are speculative. It is generally assumed
that present technology permits about 50 EVA
bours per week-long shuttle flight, on the basis
of two days of space adaption, two teams of two
EVA and one IVA astronauts each, working six
hour/day on alternate days, and one day of clean-
up. The investigators found, experimentally on
the ground, that, with comparable training, the
execution time increases by a maximum of a factor
five in teleoperation, for tasks requiring dex-
terity; however, the telerobot could be operated
at least 16 hours/day, in shifts, for almost six
days. The conbination of these factors for the
expected mix of assembly tasks would produce anm
increase of aver 50 percent in production per
astronaut applisd to the task. If autonomous
operation, cven to a very limited degree (e.g.,
the alignment and locking steps) were consi-
dured, the advantages would be even greater.

CONCLUSIONS

The Space Station Program provides a high payoff
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cavironment conducive to the development of
advanced ASR technology in the arcas of: hier=
archical architectures, artificial intellig-
ence tools and prototyping technology, adaptive
controls, rapid plaoning and replanning, and
verification and validation. Notwithstanding
the exceptional conditions for a high return on
investment, the cost of this technology is high,
both in absolute and relative terms {as shown in
the example above, it can double the cost of a
subsystem) and. therefore, a continuing commit-
ment to A&R is required on the part of the
program and the U.S. Congress.

The effort and the investment will not only
enjoy a relatively rapid return, but, in ad-
vancing the techmologies mentioned above, will
specifically foster greater versatility, flex-
ibility and "intelligent behavior" in machines
and hasten the departure from preprogrammed
automation, which requires very long production
runs to justify its adoption. This is now the
main form of automatinn in industrial applica-
tions: about 50 percent of all robots are used
in automotive production. The need and the
potential impact of the more ‘advanced forms of
A&R, which the Space Station will foster, can be
gaged by the fact that over 75 percent of the
total value added in manufacturing is attribu-
table to non-mass production methods (Miller,
1986). The potential impact of the introduction
of flexible automation for assembly has been
analyzed recently by Funk (1984) and one repre-
sentativé estimate is displayed in Fig. 6. The
costs are derived far a 'standard" product on
the basis of industrial statistics for a variety
of assembly tasks.
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Fig. 6. lwpact of Advanced Roboticvs on

Manufacturing (Adapted from Funk, 1985)
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