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THE PAINTING ON THE RIGHT WAS CREATED BY MR.
RICK GUIDICE. IT CAPTURES THE SPIRIT OF THE SPACE
MISSIONS DESCRIBED IN THIS STUDY. HUMAN BEINGS ARE
IN THE CCNTER OF THE PICTURE BECAUSE WE BELIEVE THEY
WILL CONTINUE TO HAVE A CONTROLLING ROLE IN FUTURE
SPACE MISSIONS. TO THE RIGHT OF THE CIRCLE ARE TWO
SPACE SYSTEMS WHICH REPRESENT A PARTIALLY-AUTOMATED
SPACE MANUFACTURING FACILITY, WHICK WOULD EVENTUALLY
USE NON-TERRESTRIAL MATERIALS. 1IN THE UPPER RIGHT
1S SATURN. JUST BELOW IS IT'S SATELLITE TITAN WHICH
OUR SPACE EXPLORATIGN MISSION WOULD STUDY. THE UPPER
LEFT CORNER SUGGFSTS THE DEEPER REACHES OF SPACE WHICH
HUMANS MAY SOMEDAY EXPLORE. IN THE CENTER-LEFT IS
EARTH UNDER STUDY BY ADVANCED EARTH-SENSING SYSTEMS
CAP£BLE OF OBTAINING AND OELIVERING INFORMATION IN A
MUCH MORE EFFECTIVE MANNER THAN PRESENT SYSTEMS. IN
THE LOWER LEFT, A MAIUFACTU NG FACILITY IS RISING ON
THE MOON. SOMEDAY SUCH A FACILITY MIGHT REPLICATE
ITSELF, OR AT LEAST MOST OF ITS COMPONENTS, SO THAT
THE NUMBER OF FACILITIES MIGHT GROW VERY RAPIDLY.
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Y. Introduction

This summary report describes a study o? the feasibility of us-
ing machine intelligence, including automation and robotics, in future
space missions. The ten-week study was carried out during the summer
of 1980 by 18 educators from universities throughout the !'nited States,
working with 15 NASA program engineers. The specific study objectives
were to {dentify and analyze several representative missions which
would requira extensive applications of machine intelligence, and then
to identify technologies which must be developed to accomplish these
types of missions.

The study was sponsored jointly by NASA, through the Office of
Aeronautics and Space Technology (OAST) and the Office of University
Affairs, and by the American Society for Engineering Education, as
part of their continuing program of summer study faculty fellowships.
Co-hosts for the study were the NASA-Ames Research Center and the Uni-
versity of Santa Clara, where the study was carried out. The project
co-directors were Jim Long of the Jet Propulsion Laboratory, and Tim
Healy of the University of Santa Clara.

The study was supported by NASA because of an increasing reali-
zation that advanced automatic and robotic dcvices, using machine in-
telligence, must play a major role in future space missions. Such
systems will complement human activity in space, accomplishing tasks
which people cannot do or which are too dangerous, too laborious, or
too expensive. The opportunity to develop the powerful new merger of
human intelligence and machine intelligence is a result of the growing
capacity of machines to accomplish significant tasks. The study has
identified some of the ways this capacity may be used, and some of the
research and development efforts which will be necessary in the years
ahead if this promise is to be realized.

The starting point for the study was the work presently under way
in the field of "artificial intelligence.® Research in this area ad-
dresses the question of how robots, computers, and intelligent machines
operate, and how they can be used to solve particular problems. The
field, as brief'y surveyed in Part 2, covers a very wide range of
topics, most of which seem to uve 1ikely candidates for application to
space missions.
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Part 3 recounts the long-standing tn%erest of NASA in the use of |
automation in space, and the growing realization that machine intelli-
gence offers extraordinary new opportunities for future applications.
NASA's interest has been focused by a series of recent studies, which
are described.

The major task of the summer study group was to consider hypothet- ‘
ical future missions which NASA might undertake, in the context of cur- '
rent work in the field of artificial intelligence and robotics. The ;
approach taken by the group was to identify four specific “driver”

missions which will have extensive need for machine intelligence and l
automation, and then to describe these missions in some detail. The
missions are summrized in Part 4, l

The final step in the study was to assess from the mission des-

criptions those artificial intelliqgence and automation technologies ;

which will require significant research and development. This tech- .

. nology assessment is summarized in Part 5. The report finishes with
‘ a series of specific conclusions and recommendations.
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2. Survey of Artificial Intelligence

Many of the concepts and technologies considered in this s tudy
for possible use in future space missions are elements of a diverse
field of research known as "artificial intelligence” or Al. The term
has no universally-accepted definitfon or 1ist of component subdisci-
plines, but commonly is understood tc refer to the study of thinking
and perceiving as general information-processing functions -- the
science of intelligence. Although in the words of one researcher,
"it is completely unimportant to the theory of Al who {s doing the
thinking, san or computer,” the historical development of the field
has followed largely an empirical and engineering approach. In the
past few decades, computer systems have been programmed to prove
theorems, diagnose diseases, assemble mechanical equipment using a
robot hand, play games such as chess and backgammon, solve differen-
tial equations, analyze the structure of complex organic molecules
from mass-spectrogram data, pilot vehicles across terrain of 1imited
complexity, analyze electronic circuits, understand simple human
speech and natural language text, and even write compu’er programs
according to formal specifications -- all human mental activities
said to require some measure of "intelligence.” If a general theory
of intelligence eventually emerges from the Al field, ic¢ could help
guide the design of intelligent machines as well as illu.inate var-
fous aspects of rational behavior as it occurs in humans and other
animals.

Al researchers are the first to admi* that the development of a
general theory of intelligence remains more a goal for the future
than an accomplishment of the present. In the meantime, work is
progrescing in a number of limited ..ubdisciplines. The seven topi-
cal research areas described helow include most of the elements
usually considered to be a part of the field.

2.1 _Planning and Problem-Solving

A1l of Artificial Intelligence involves elements of planning
and problem-solving, a rather generic category. 7This includes plan-
ning and organization in the program developmert phase as well as

I oy /M T T



the dynamic planning which may have to proceed during an actua) mission.
Problem-solving implies a wide range of tasks including decision-making,
optimization, “ynawic resource allocation, and many other calculations
or logical operctions which arise throughout & mission.

2.2 Perccpticm

Perception is the process of obtaining data from one or more sen-
sors, and analyzing or processing the data to facilitate some subse-
quent decisfon or action. A simple example 1s a visual perception
system which would view a scene, determine whether or not a specified
round object was in the scene, and {f so fnitfate a signal which would
cause an automatic arm to move the object out of the scene. Perception
may be electromagnetic (visual, infrared, x-ray, microwave, etc.), aural,
tactile, chemical -- the possibilities are virtually unlimited.

The basic problem in perception is to extract from a large amount
of sensed data some feature or characteristic which permits the neces-
sary object identification. If the scenes being viewed or sensed can
contain only two objects, say, round or square, then the problem of de-
ciding which is present may be relatively simple. But {f thcusands of
objects can be present in the scene, the task of creating a perceptual
model of sufficient richness 0 permit unambiguous identification may
be formidatle indeed.

2.3 Natural Languages

One ot the most diffi.i1t problems in the evolution of the digital
computer has been the communication which must take place between the
machine and the human operator. The operator would like to use an
every-day language -- a natural language -- to gain access to the com-
puter system. But proficiercy in conmunication between human beings,
and between machines and people, requires mutual intimate familiarity
with contextual understanding, a very large base of data, ‘inguistic
inferential capability, and broad utilization of jointly accepted
models and symbols. The process is quite complex and rich in detail,
demanding expensive computer hardware and software to achieve accurate
and efficient translation between machine and human languages. Exten-
sive research is now in progress in the Al f.eld to better understand

——
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the fundamentai, of humar language and to improve the quality of com-
munication between man and machine,

2.4 PErpert Syatema

Scfentific expertise typically develops in human beings over many
years of trial and error in some chosen field. So-called "expert sys-
tems® permit such individual expertise to be stored in a computer and
made avajiable to other users who have not had the equivalent experi-
ence. Successful expert systems have been developed in fields as di-
verse as mineral exploration, mathematical problem-sol-+ing, and medical
diagnosis. To generate such a system, the scientific expert consults
with software specialists who ask a great many questions in the chosen
field. Gradually, over a period of many months. the team pbuilds a com-
puter-based interactive dfalog system which to some extent makes tie
expert’'s experiencos avaflable to ‘ e eventual user. The computer sysé
tem not only stores scientific expertise hut also permits ready access
to the knowledge base because of a programmed capaciiy for logic and
inference to guide the uscr or the system,

Typically, a user interrogates the expert system via a computer
temminal, typing in, for example, stateents about some apparent symp-
toms in a medical case. The system may then inquire abo.t other condi-
tions or symptoms. request that specific tests be performed, or suggest
some preliminary diagnosis, attaching a probability or level cf confi-
dence to its conclusion and supplying an explanation upon demand. The
user and the system thus interact and gracdually app-oach an answer tc
some question, whetner a diagnosis of an illness, the location of a
mineral deposit, or the solution to a problem in mathematics.

2.5 Automation, Teleoperatiom, and Robotizs

Automatic devices are those which opcrate without direct human
control. NASA has used many such machines for years for div. 'se pur-
posas including antenna deployment, mid-flight course changes, and re-
entry parachute release.

Teleoperation implies a human operator in cont.:ol of a mechanical
system, hut remotely. Executive signals may be transmitted from the
controller to the device over hard wires if ti2 distance is quite small,
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as ¢n the case of a set of master-slave arms in an {soation room
(e.g., "P4" biohazard facility, radioisotope handling, etc.). Or,
control signals may travel millions of miles over a radiowave link
to a planet light-hours away.

Robotic devices have th2 capacity to manipulate or control ather
devices. They may be mobile, able to move to some distant physical
location where an action must be taken. Robots can be either automa-
tic or teleoperated.

2.6 Distributed Data Maragement

Large amounts of data are involved in the operation of automa-
tic ard robotic devices. This may include control information which
specifies the next action to be taken in some sequence of operations,
archived data whick 1s being transmitted from cne memory bank to
another, or sensed or measured data which gives the status of a geo-
graphical area, the position of an actuator, or the speed of a space-
craft. The field of distributed data management is concerned with
ways of organizing such data t:ansmission and distribution so that
it is accomplished rapidi,, efficiertly ana in a manner which best
supports overall system operation, and with ways of optimizing coop-
eration among independent but mutually interacting data bases.

2.7 Coynition and Learming

Used in the sense of this study, cognition and learning refer
to the davelopment of a machine intelligence capable of dealing with
new facts, unexpected events, and contradictory information in novel
situations. Many potential applications of advanced automation re-
quire a ievel of adaptive flexibility unavailable with present tech-
nology. Today's automatic computer-controlled machines handle new
data Yy means of a method or approach which was programmed into them
when they were developed. Tomorrow's more sophisticated tools may
need the ability to learn, even understand, in the sense of changing
their mode ov operation as they encounter new situations.

2.8 Research and Development in Artificial Intelligence

At the present time there is a great deal of theuretical research

e
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and in some cases practical development in progress at a large number
of institutions in the United States and throughout the world. Much
of the early work in the field was done at five major centers: Car-
negie-Mellon University, Edinburgh University, MIT, SRI International,
and Stanford Untversity. Touday, however, the Tist of active sites is
much Yonger ard includes, in the Unfted States alone, such schools 2s
the University of I1linois, the University of Massachusetts, Yale Uni-
versity, the University of Southern California, Texas University, the
Untversity of California at Berkeley, and many more. Corporations
with ongoing work fnclude Bolt Beranek and Newman, General Motors,
IBM, Lockheed, Rand, S-hiumberger, Texas Instruments, and Xerox-PARC,
Other instituticns in this country have shown increasing interest in
the field. !nternational activity is concentrated in Great Britain,
Japan, and the Soviet Unfon, with some work under way in Canada,
France, Italy, West Germany, and Sweden,

These research and development programs are necessary for the
eventual success of the applications described in this report. They
are also a part of the environment which has led to NASA's strong in-
terest in the potential of machine intelligence in space. However,
even 1 vigorous research effort does not necessarily imply an appli-
cations development process adaptable to future NASA needs. The
technology transfer problem is further aggravated by the relative
scarcity of qualified varkers in the Al field. NASA may begin to
alleviate this marpower crisis by directly supporting artificial in-
telligence and robotics research in colleges and universities thmugh-
out the United States.
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3. History of NASA Au: mation Activities

Since 1ts nception in the late 1950's, NASA has been primarily
an agency devoted to the acquisition and communication of information
about the Earth, the planets, the stars, and the universe, To this
end it has launched an impressive string of spectacularly successful
exploration missfons including the manred Mercury, Gemini, and Apollo
vehicles and the unmanned Surveyor, Mariner, Pioneer, Viking, and Voy-
ager spacecraft to the Moon and beyond. NKumerous Earth-orbiting NASA
satellites have added to an immense, growing fund of useful knowledge
about terrestrial resources, weather and climatic patterns, global
cartography, and the oceans. Each mission has made use of some level
of automation or machine intelligence.

Mission complexity has increased enormously as instrumentation
and scientific objectives have become more sophisticated over time.
The Mariner 4 m:-sion to Mars in 1965 returned about 106 bits of in-
formation and was considered a tremendous success; when Viking revisi-
ted the planet only a decade later, roughly 10'0 bits were returned
with greatly increased flexibility in data acquisition. Even at the
present time, the amount of data made available by NASA missions is
more than scientists can easily sift through in times on the order of
a decade or less. The situation can only become more intractable as
mission sophistication continues to increase in the future, {f tra-
ditional data acquisition and handling techniques are retained.

A 1978 JPL study suggested that NASA could save from $500 million
to $5 billion per annum by the year 2000 A.D, if the technology of ma-
chine intelligence is vigorously researched, developed, and implemented
in future space missions. According to a special NASA Study Group:
“Because of the enormous current and expected advances in machine in-
telligence and computer scierce, it seems possible that NASA could
achieve orders-of-magnitude improvement in mission effectiveness at
reduced cost by the 1990's (and) that the efficiency of NASA activi-
ties in bits of information per dollar and in new data acquisition
opportunities would .~ very high.“' Modern computer systems, appro-
priately programmed, .hould be capable of extracting relevant useful
data and returning only desired output, thus permitting analysis faster
and more responsive to user needs.,

During the next two decades, there is 1ittle doubt that NASA will
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shift 1ts major focus from exploration to an increased emphasis on
utilization of the space environment, including public service and
industrial activities. Current NASA planning for this eventuality
envisions the construction of large orbital energy collecv.on and
transmission facilities and space stations operated efther in Earth
or lunar orbit or on the surface of the Moon. Tue first steps to-
ward space industrialization have alrcady been taken by the astro-
nauts aboard NASA's Skylab mission who in 1973 performed a number
of successful materials processing experiments {in space. Progress
will resume when the Space Shuttle delivers the first Spacelab pallet
into orbit and this line of experimentation continues.

Economy is perhaps the most important reason why robotic devices
and teleoperated machines will play a decisive role in space indus-
trialization. Conservative estimates of the cost of safely maintain-
ing a human crew in orbit, including launch and recovery, are approxi-
mately $2 million per year per person.2 Since previous NASA mission
data indicate that astronauts can only perform one or two hours of
zero-gravity extra-vehicular activity (gEVR) per day, the cost per
astronaut is on the order of SIO“ per hour as compared to about $10-
100 per hour for ground-based workers. This suggests that in the
near term there will be a tremendous premium attached to keeping hu-
man beings on the ground or in control centers in orbit, and in send-
ing teleoperated machines or robots (which are expected to require
less-costly maintenance) into space to physically perform most of the
materials-handling jobs required for space industrializatiovn.

The growth in capability of on-board machine intelligence will
make possible many missions that were either technically or economi-
cally infeasible without it.3 The startling success of the recent
Viking and Voyvager robot explorers has already demonstrated the tre-
mendous potential of spacecraft controllers even when computer memory
alone is augmented. Earlier spacecraft computers were limited to
carrying out sequences entirely predetermined by programmed instruc-
tions; the advanced Viking and Voyager machines could be reprogrammed
remotely to enable them to perform wholly different missions than
originally planned, a flexibility which ultimately yielded more and
better data than ever before.

¢
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3.1 NASA Study Group on lMachine Intelligence and Robotice (1977-1978)

Recognizing the tremendous potential for advanced automation in
future space nission planning and development, and suspecting that
NASA might not be fully utilizing the most recent results 1: modern
computer science and robotics research, Stanley Sadin at NASA Head-
quarters requested Ewald Heer, JPL, to organize the NASA Study Group
on “achine Intelligence and Robotics, chaired by Carl Sagan. The
Study Group was composed of many of the leading researchers from al-
most all of the major research centers in the 7ields of artiticial
intelligence, computer science, and autonomous systems in the United
States, and included NASA personnel, scientists who worked on previous
HASA missions, and cxperts in computer science who had 1ittle or no
prior contact with NASA. The Study Group met as a full working group
or as subcommittees between June 1977 and December 1978, devoting
about 2500 man-hours to a study of the influence of current machine
intelligence and robotics research on the full range of NASA activi-
ties, and making recommendations as to how these subjects might assist
NASA in future missions.

After visiting a number of NASA Centers and faciliifes over a
two-year period, the Study Group reached four major conclusions:

e NASA is 5 to 15 years behind the leading edge
in computer science and technology.

e Technoloay decisions are, to much too great a
degree, dictated by specific mission goals,
powerfully impeding NASA utilization of modern
computer science and automation techniques.
Unlike its pioneering work in other areas of
science and technology, NASA's use of computer
science and machine intelligence has been con-
servative and unimaginative.

e The overall importance of machine intelligence
and robotics for NASA has not been widely ap-
preciated within the agency, and NASA has made
no serious effort to attract bright, young
scientists in these fields.
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® The advances and developments in machine in=
telligence and robotics needed to make future
space missions economical and feasible will
not happen without a major long-term commit-
ment and centralized, coordinated support.

The Study Group recommenced that NASA should adopt a policy of vigor-
ous and fmaginative research in computer science, machine intelligence,
and robotics; that NASA should intrcduce advanced computer science
technology into its Earth orbital and planetary missions, and should
emphasize research programs with a multimission focus; and that mis-
sfon objectives should be designed flexibly to take best advantage of
existing and likely future technological opportunities.l

The Study Group ccncluded its deliberations by further recommend-
ing that the space agency establish a focus for computer science and
technology at NASA headquarters to coordinate R & D activities, that
computer scientists should be added to the agency advisory structure,
that a task group should be formed to examine the desirability, feas-
tbility, and general specification of an all-digital, text-handling,
intelligent communication system for the transfer of information be-
tween NASA Centers, and that close liaison should be maintained between
NASA and the Defense Mapping Agency's (DMA) Pilot Digital Operations
Project because of the similarity of interests.

3.2 Woods Hole New Directions Workshop (1979)

Soon after the NASA Study Group on Machine Intelligence and
Robotics completed its work, the NASA Advisory Council (NAC) con-
vened a New Directions Workshop at Woods Hole in June, 1979. The
HAC, a senior group of scientists, engineers, sociologists, econo-
mists, and authors chaired by William Nierenberg (Director of Scripps
Institute of Oceanography), had become concerned that people in the
space program "might have lost some of their creative vitality and
prophetic vision of the future.““ Before setting off for Woods Hole,
30 members of the Workshop assembled at NASA Headquarters for brief-
ings on the agency's current program and long-range plans, the pro-
Jected capabilities of the Space Transportation System, and other
interesting concepts that had not yet found their way into formal
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NASA planning, The Workshop members then divided themselves into 8
working groups, one of which, the Telefactors Working Group, was
charged with examining possible future applications of \ery advanced
dutomation technologies in space mission planning and implementation.

The Telefactors Working Group, however, recognized that the cost
of traditfonal space operations, even if transportation becomes rela-
tively inexpensive, makes many proposed large-scale enterprises so
expensive that they are not likely to gain approval in any currently
foreseeable funding enviromment. Long delays between large invest-
ments and significant returns make the financial burden still less
attractive. The crux of these difficulties is the apparent need to
carny.fully manufactured machinery and equipment to manufacture such
things as oxygen, water, or solar cells in sttu, The Group decided
to see if the feasibility of certain large-scale projects could be
enhanced using machines or machine systems able to reproduce them-
selves from energy and material resources already available in space.
Such devices might be able to create a rapidly increasing number of
identical self-replicating factories that could then produce the de-
sired finished machinery or product. The theoretical and conceptual
framework for self-reproducing automata, pioneered by von Neumann
three decades ago, already exists, though it has never been trans-
lated into actual engineering designs or tzchnological models.

The difference in output between linear and exponentiating sys-
tems could be phenomenal. To demonstrate the power of the self-replica-
tion technique in large-scale enterprises, the Telefactors Working
Group assumed a sample task involving the manufacture of 106 tons of
solar cells on the Moon for use in solar power satellites. A goal
of 500 GW capacity was set, to be produced using only self-contained
machinery, naturally-occurring lunar materials, and sunlight for
energy. From an initial investment estimated at $1 billion to place
a 100-ton payload cn the surface of the Moon, a nonreplicating or
"linear" system would require 6000 years to make the 10° tons of
solar cells needed -- clearly an impractical project -- whereas a
self-replicating or "exponentiating” system would require less than
20 years to produce the same 108 tons of cells.

The Working Group concluded that replicating machine systems
offer the tantalizing possibility that in the not-too-distant future
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NASA could undertake surprisingly ambitious projects in space explor-
ation and extra-terrestrial resource utilization without the need for
unreasonable requests for funding from efther public or private sources.
In practice this approach might not require building totally autonomous
self-replicating automata, but rather only a largely automated cystem
of diverse components which could be integrated into a production sys-
tem able to grow exponentially tuv reach any desired goal. Such systems
for large-scale space use would necessarily come as the end result of
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a long process of research and development in advanced automation,
robotics, and machine intelligence, with developments at each incre-
mental stage finding wide use both on Earth and in space in virtually
every sphere of technology.

The Telefactors Working Group, believing that robotics, computer
science, and the conceot of replicating systems could be of immense
fmportance to the future of the space program, recommended that NASA
should proceed with studies to answer fundamental questions and to
determine the most appropriate development course to follow.

3.3 Pajaro Dunes Symposium on Automation and Future Missions in
Svare (1980).

Because of the growing interest in machine intelligence and
robotics within NASA, in September 1979 the decision was made to
fund an Automation Feasibility Study to be conducted the following
year as one of the annu2l joint NASA/ASEE Summer Study programs fn
1980, To help provide the Summer Study with a set of futuristic
goals and possibilities, a one-week interactive sympos tum was organ-
ized by Robert Cannon at the request of Robert Frosch to take place
the week before the opening of the summer session. During June 15-
22, 1980, 23 scientists, professors, NASA personnel, and science
fiction writers gathered at Pajaro Dunes near Monterey, California,
to consider two specific questions: (1) What goals involying self-
replicating telefactors might NASA possibly pursue during the next
25, 50, or 100 years, and (2) what are the critical machine intell-
igence and robot? - technologr areas that most need to be developed?

A large number of highly imaginative missions were discussed,
including automatic preparation of srace colonies, an automated
meteor defense system for the Earth, terrestrial climate modification
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and planetary terraforming, space manufacturing and power satellites,
a geostatfonary orbiting pinhole camera to permit high resolutfon
solar imaging, lunar colonies, a Sun Diver probe capable of penetrat-
ing and examining the solar photosphere, advanced planetary surface
eyploration, and so forth, Kowever, the Workshop participants selec-
ted four missions which they regarded as most significant to NASA's
future and ¢o the development of advanced automation technology:

Mission I - Very Deep Space Probe, highly automated
for Solar System exploration, eventually
to be extended to include interstellar
missions capable of searchiug for Earth-
1ike planets elsewhere in the Galaxy.

Mission IT - Asteroid Resource Retrieval, including
asteroids, jovian satellites, and lunar
materials, using mass drivers, nuclear
pulse rockets, and so forth for propul-
sion,

Mission IIl - Hazardous Experiment ("Hot Lab") Facility,
an unmanned scientific laboratory in geo-
stationary orbit with isolation necessary
to safely handle such dangerous substances
as toxic chemicals, high explosives, radio-
isotopes, and genetically-engineered bio-
materials.

Mission IV - Self-Relicating Lunar Factory, an automated
unmanned (or nearly so) manufacturing faci-
Hty, consisting of perhaps 100 tons of the
right set of machines, tools, and teleoper-
ated mechanisms to permit both production
of useful output and reproduction to make
more factories.’

Mission IV appears to have gencrated the most excitement among
the Workshop participants, in part because it is one that has not yet
been extensively studied by NASA (or elsewhere) and the engineering
problems are largcly unexplored. A number of important issues were
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raised and ccncepts dafined, and there was a general concensus that
virtually every field of automation techrology would need to be fur-
ther developed if the self-replicating factory was to become a reai-

ity.

Six important robotics and machine intelligence technology cate-
gories were identified as most critical by the Workshop participants,
as follows:

(1)

(2)

(3)

(4)

(5)

(6)

Machine vision capabilities, especially in the areas
of depth perception, multispectral analysis, modeling,
texture and feature, and human interface;

Multisensor integration, including all nonvision sens-
ing such as force, touch, proximity, ranging, acoustics,
electromagnetic wave, chemical, and so forth:

Locomotfon technology to be used in exploration, ex-
traction processes and beneficiation, with wheeled,
tracked, or legged devices under teleoperated or
autonomous control;

Manipulators, usefui in handling materials both in-
ternal and external to the machine, general purpose
and special purpose, teleoperated or fully automatic;

Reasoning or intelligerce, including logical deduc-
tions, plausitie inference, planning and plan execu-
tion, real-world modeling, diagnosic and repair in
case of malfunction; and

Man-machine interface, fncluding teleoperator con-
trol, kinesthetic feedback during manipulation or
locomotion, computer-enhanced sensor data process-
ing, and supervision of autonomous systems.
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4. Misaion Degeriptions

Immediately following the conclusion of the Pajaro Dunes Sympo-
sfum, the present summer study was convened on June 23, 1980, complet-
ing its formal work (roughly 10,000 ma7-hours) on August 29, 1980,
During the first two weeks of the study the group was introduced to
the status of work in Artificial Intelligence by a series of lectures
given by scientists from SRI Internztional. During the same period a
number of NASA program engineers participating in the study reviewed
agency interests in relevant mission areas for the group.

The study members then focused their work by selecting four
space missions which appear to have great potential for the use of
machine intellicence and have relevance to future NASA program goals,
There was no assumptfon made that these spacific missions would ever
be carried out. The four teams and the missions they chose to study
wer2: Terrestrial Applications (an intelligent Earth-sensing infor-
mation system), Space Exploration (Titan demonstration of a general-
purpose exploratory system), Non-Terrestria] Utilization of Materials
(automated space manufacturing facility), and Replicating Systems
Concepts (self-replicating lunar factory and demonstration),

The four teams spent the major part of the summer elaborating
these missions (summar{zed below), particularly the special roles
which machine intelligence and robotics technology would play in
each.

4.1 Terrestrial Applicationg: 4w Intelligent Earth Senstng Infor-

mation system

The Terrestrial Applications team was charged with identifying
a sample near-Earth NASA mission that could be implemented during the
next two or three decades and which would require intensive applica-
tion of artificizl intelligence and robotics techrologies. The team
initially ccas.dered a wide-ranging 1ist of missions including the
design and automated fabrication of a solar power satellite, weather
sensing and prediction, Crop assessment, large communication satel]-
lites, and disaster monitoring, As the catalogue of possible tasks
evolved, it becaine clear that artificial intelligence would be most
useful when applied to missions that generate data at very high rates
== such as the NASA applicaticns s:iallites (e.g. Landsat) which
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provide imaging data of the Earth. The tezm decided to focus on the
development of an integrated, user-oriented, Earth sensing information
system incorporating a maximum of artificial intelligence capability
for two primary reasons.

First, substantial economic benefits may accrue from the effec-
tive use of an integrated, fntelligent remote Earth sensing svstem,
For exampie, the reduction in weather damage to crops, the location
of mineral deposits and earthquake fauits, and more effective and
efficient means of surveying large tracts of land may save time,
money, and even human Tives. Such a system would alto permit defi-
nitfon of models of weather forecasting, climate and oceanic pro-
cesses which eventually may make possible more precise mcteorolcgi-
cal prediction and ultimately even weather control 2nd global climate
modification,

Second, HASA currently is obtaining and storing data from Earth
sensing satellites at a rate far out of proportion to the present or
expected utilization of information. The potential utility of data
actually collected is not being realized, both because the raw data
are not accessible in a timely and conveniant manner, and because
most potential users do not have the resources to extract vseful
information from the raw files. The current philosophy of data
collection and storage had its origin in the early days of space
research wher sensors were nlaced in space, turned on, and all re-
sults sent back and stored. While this appears to maximize the
utilization of the space vehicle, it has proven to be a false econ-
omy -- the vast majority of this un.ategerize” generally unorgan-
fzed data has never been and possibiy never will be analyzed or used.
The data format, its raw condition (digital conversions of analog
senc - readings), and the complete lack of cross referencing of con-
tenis makes the data extremely difficult to find, interpret, and use.
The tremerdous volume of information already amassea and the expe:ted
increases in future rates of zollection due to improved sensor tech-
nology make the pnilosophy of unorganized data acquisition ohsolete.
Thus an alternate philosophy of goal-oriented data collection (in-
formation is gathered to meet specific objectives) was taken by the
team as the cornerstone of the proposed mission.
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4.1.1 IESIS Deseripticn

The Intelligent Earth Sensing Information System (1ESIS) has the
following major features:

1. An intelligent satellite system which gathers data in a goal
¢irected manner, based on specific requests for observation and on
prior knowledge contained in a detailed self-correcting world model
(Section 4.1.2). The world model eliminates the processing and stor-
age of redundant information.

2. A user-oriented interface which permits natural language re-
quests to be satisfied, without human :ntervention, trom infcrmation
retrieved from the system 1ibrary or from observations made by a mem=-
ber satellite within the system.

3. A medium level on-board cecision-making capability whick op-
timizes sensor utilization without compromising users' requests.

4. A library of stored information which provides a complete
detailed set of all sigrificant Earth features and resources adjust-
able “or seasonal and other identifiable variation. The features uid
their characteristics are accessible through a comprekensive cross-
referencing scheme,

The system operates in two basic modes, called backaround and
foreground. The basic or background mrde of operation is used to
obtain continuous goal-oriented observations of the Earth and to ab-
stract from these observations useful information and store it in a
readily accest ible, cross-referenced data base. The background mode
builds a broau scientific knowledge base which provides usable histor-
{cal data at low cnst for verification and testing of theories. The
foreground mode allows individual users to request that observations
be taken and processed in non-standard ways. The syctem must be suf-
ficiently intelligent to help the naive user obtain the informatiun
desired in an optimal or near-optimal fashior, without restricting or
unduly burdening the sophisticated user.

BACKGROUND MODE

In the background mode, the system continuousiy observes the
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Earth and gathers information to update the world model and {dentify
anomalies (sensor readings that significantly differ from expected
readings). The system uses its world model to eliminate the trans-
missfon of duplicate data and to implement the basic principles of
management by exception. The system uses the world model, whict
describes the topography and environment of the Earth, to predict
what the satellite will record during the next observation period.
During the observation period, the system collects data for “fea-
tures* (e.g., a lake, forect, coastline) and identifies all anoma-
1ies. The information in a feature is summarized to specify the
state of the feature without describing every pixel that was ob-
served. For example, if the height of a lake is known at its inlet
and its outlet, then the height of the lake at all points and its
flow rate can be determined. Hence only two pieces of data need be
transmitted and stored by IESIS rather than one piece of data for
each pixel of the lake.

Anomalies are of two types. The first consists of transient
normal events occurring at random which are not to be permanently
included in the world model, Examples might be a ship on an ocean,
cars on a road, an iceberg or a forest fire. The system should be
capable of identifying such events by their signatures. Observa-
tions of this kind of anomaly may produce a sample count of the
observation type, trigger an alarm, or generate a report of the
incident which is automatically sent to persons who should be made
aware of the phenomenon. The second type of anomaly is an unex-
pected or not previously observed event. Upon observation of such
an anomaly (e.g., the eruption of Mount Saint Helen's volcano) all
sensor data is sent to Earth for analysis, identification, and
(possibly) action. The expected anumaly file is updated to include
the identity of the phenomenon as well as directions concerning the
actions to take upon re-observation, if any. The processed sensor
readings for the features encountered during an observation are
archived. As previously stated, this archival data which is col-
lected on the basis of features and their properties can then be
used to improve the accuracy of the world model or to build de-
tailed models of a particular feature (e.g., Lake Erie) or types
of features (fresh water lakes). Individually observed data points
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lose informational valur over time and can be reduced to models such
as a Fourier time series to indicate long term trends once sufficient-
ly detailed surveys have been accumulated. While the importance of
this aspect of data reduction will grow over time, the majority of
such reduction is associated with the world model to eliminate the
storage of redundant data. The world model enables individual fea-
tures as well as groups of features to be studied and/or summarized
easily.

POREGROUND MODE

The foreground mode of the system allows fndividual users to
make natural language requests for particular data to be collected
and processed for their own purposes. The fulfillment of this re-
quest becomes a goal of the system. The system determines sensor
algorithms to be used and the requested data is taken the next time
the required sensors are within viewing distance of the feature or
area to be observed. The system ascertains that the conditions speci-
fied b, 12 requester are met at the time observation is to be made
(e.g., absence of cloud cover, proper sun angle) and, if they are
not, informs the user and reschedules the observation. The user
also can request specific data processing to be performed on sensor
data by the system, which outputs the result in any user-specified
format. The system has default processing and output modes as well
as a choice of several optional pre-programmed methodologies. An
unsupported user-written software library could also be provided.

IESIS has 5 major components: (1) system/user interface, (2)
uplink, (3) satellite sensing and processing, (4) downlink, and (5)
on-ground processing. The user co:inects to the on-ground processor
via a comunicaticn iink and defines his needs with the aid of the
system, accessing the data base or directing the system to collect,
process, and deliver information as required. The user-requested
observations are scheduled by the on-ground processor and uplinked
to the appropriate satellite via geosynchronous communication satel-
lites. The observing satellite then acquires and processes the de-
sired data and sends it to ground processing via the communication
satellites. The ground processing unit may then further refine or
format the data and send it to the user. IESIS operates with only
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one human being in the loop. This degree of autonomy enables the
system to be cost-effective and capable of rapid response.

4.1.2 HWorld Model

The world model is a crucial element in the achievement of
goals. Without a sophisticated world model two serious problems
are encountered with remote Earth sensing data, particularly images.

1. It is very difficult, i{f not impossible, in many
fnstances to accurately separate the interesting
observations from the uninteresting ones.

2. It is difficult to comprehend raw sensor data in
terms readily understandable by human beings.

The first of these problems leads to the collection and retention
of great volumes of data, simply because there is no practical way
to perform an appropriate selection of the useful subset of data
applicable to the user request. The second problem leads to gross
underutilization even of potentially useful data. The lack of a
world model in present-day spacecraft leads to a voluminous and
costly stream of highly redundant data which must be transmitted
and collected on the ground before useful information is retrieved,
leaving a huge reservoir of unprocessed data in expensive storage
facilities.

The IESIS world model has two separate components. The first
is the state component, which defines the state of the world to a
predetermined accuracy and completeness at a specified time. The
second component is the theory component, which allows the deriva-
tion of the following information from the state component: (1)
values of parameters of the world state which are not explicitly
stored in the state component; and (2) a forecast of the time evo-
lution of the state of the world.

The disparity between the derived information and reality in-
creases with greater computational distance between the starting
information and the derived result. A major research goal for the
effective operation of IESIS is to develop the Al capability to
construct an effective world model which can act both as a data
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base for answering questions about the stzte of the world, and as a
predictive mechanism tor controlling observation satellites and in-
terpreting observations. The world model data base must contain
state component fnformation about the expected character of points
on the Earth. This includes such things as land use -- crop type,
urban types, etc., -- and topography of the ground. The world model
theory component must be able to predict some rather ubiquitous
changes that occur, such as alterations in foliage color and foliage
loss for certain vegetation areas as a function of season and pre-
cipitation history; ice formation and melting with the seasons;
variations in appearance of rivers from flow rate due to watershed
runoff; and so forth.

As with the ensemble of observing satellites, it should be
possible initially to set the Earth sensing system into operation
with a Timited world modeling capability, and later extend this
model as the technology progresses.

4.1.3 Possible System Configuration and Development Approach

The Terrestrial Applications team envisions the IESIS satellite
program developing in a long term sequence carrying well into the
next century. A detailed world model of land features already ex-
ists as contour maps which cover a significant portion of the con-
tinents. Land features have sharp boundaries and vary only slowly
over time. Oceans have wider geographical features which vary
seasonally. The atmosphere requires three dimensional modeling of
rapidly varying phenomena. An obvious difference between land and
ocean or atmosphere from a user standpoint is the large human popu-
lation on land and its virtual absence elsewhere.

The logical deployment sequence of user-oriented resource satel-
lites should begin with a set of basic land observing satellites whose
world model can already be rather fully detailed. Since the satel-
lites will spend about 75 percent of their time over the ocean it is
natural to include ocean sensing capability along with as much ocean
modeling as will be feasible at the time of design and launch. At-
mospheric sensing and rudimentary modeling should be included, both
for understanding the state of the atmosphere and also as a necessary
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part of the interpretation process for sensor readings of land and
ocean observations.

In order to assure long life for these sophisticated satellites
reasonably high orbits are required. Atmospheric path distortion
and sun angle introduce errors and complications into the interpre-
tation process for imaging data. Path distortion causes reddening
and other wavelength-dependent absorptions, and Raleinh and Mie
scattering are especially sensitive to particie size in the atmos-
phere and to sun angle. The use of sun-synchronous satellites simpli-
fies the situation considerably, a rational initial constraint
which could be removed at some later time when more sophisticated
modeling becomes available. It appears reasonzble to have a set of
sun-synchronous satellites operating continuously so that each Earth
point will be covered every 2 days by at least one of the satellites
of the set. Sun-synchrony produces the same sun angle conditions
for an observed land point for a particular satellite, helping to
standardize image interpretation for that satellite at that point.

A sun-synchronous orbit with nominal altitude just under 1000 km

and 14-1/8 orbits per 24 hours if possible. With such an orbit,

the around trace of a satellite will repeat every 8 days, and 4

such satellites will cover the Earth with the desired 2-day period.
The swath width required of a satellite for 8-day coverage at 14-1/8
rev/day is about 350 km. However, in order to take account of par-
tial cloud cover the team proposes 6 satellites in sun-synchronous
orbits. If they are placed substantially uniformly about the Earth's
circumference the local viewing times for each satellite are spaced
about 2 hours apart. Bunching of satellites may be desirable if
there are reasons to pick a particular local viewing time. Polar
conditions can be monitored by a seventh polar satellite which also
may act as a spare if one of the sun-synchronous satellites is dis-
abled.

In order to relay data to the continental U.S. two geostation-
ary satellites are required. These also are used to monitor global
conditions, particularly cloud cover. Global cloud cover informa-
tion is used by IESIS to prepare each satellite for the tasks which
it can most usefully perform during its upcoming orbit, by enabling
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modifications in sensors and processing to optimize the information
obtained from each series of observations.

Ocean coverage of a particular ocean point 3 times per day with
a 700-km swath width requires 12 satellites, and atmiospheric coverage
at a rate of 12 times a day with a 1400-km swath requires 24 satel-
lites, each with an 8-day repeat (assuming the same sun-synchronous
orbital parameters given above for land satellites).

The technology available in the year 2000 (hypothetical IESIS
deployment date) will, of course, dictate the actual satellite con-
figuration used. Stil1, the initial set of satellites should empha-
size 1and observation with more sophisticated oceanic and atmospheric
satellitesphased in as the ability to model “hese systems develops.

4.2 Space Exploration: Titan Demonstration of a General-Purpcse
Exploratory Sustem

The Space Exploration team was charged with defining a challeng-
ing mission for the next century which could be a technology driver
in the development of machine inteiiigence and robotics. Interstellar
exploration was early identified as the ultimate goal, where this
would focus on an investigation of planetary systems in the solar
neighborhood discovered through SETI operations or by searches with
large apodized visual telescopes7 in Earth-orbit. Though previous
studies of interstellar exploration missions are few in number, even
these clearly suggest the need for high levels of automation.8

The team defined a general concept of space exploration centered
on the notion of an autonomous extrasolar exploratory machine system.
This system incorporates advanced machine intelligence and robotics
techniques and combines the heretofore separate and manpower-intensive
phases of reconnaissance, exploration, and intensive study into a
single, integrated mission. Such an automatic scientific investiga-
tion system should be useful in the exploration of distant bodies in
the Solar System, such as Jupiter and its satellites; Saturn and its
rings; Uranus, Neptune, Pluto and their moons; and perhaps comets and
asteroids as well; and may provide tremendous economies in time, man-
power, and resources. Interstellar exploration seems virtually im-
possible without this systen.

The Space Exploration team proposed sending a general purpose
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robot explorer craft to Titan, iargest of Saturn's moons, as a tech-
nology demonstration experiment and major planetary mission able to
utilize the knowledge and experisn-a gained from previous NASA ef-
forts. Titan was chosen in part because it lies far enough from
Earth to preclude direct intensive st.dy of the planet from terres-
trial observation facilities or 2asy teleoperato:: control, yet still
is close enough for system monitorine and human inte'vention as part
of a developmental process in the demonstration of a fully autonomous
exploration technclogy capability. Such capability must include in-
dependent operation from launch in 1ow Earch orbit, navigation and
propulsion system control of spiral Earth e-cape and interplanetary
transfer to Saturn followed by rendezvous with Titan, orbit estab-
1ishment, deployment of components for investigation and communica-
tion, lander si“e determination, and subsequent monitoring and con-
trol of atmospheric and surface exploration and intensive study.

The target launch date for tne Titan Demonstration Mission, includ-
ing five years on-site, was taken as the year 2000 A.D.

4.2.1 Miasion Punctions

A fully automated mission to Titan (and beyond) needs a very
adve:.ced machine intelligence and a system which is highly adaptive
in its interactions with its surroundings. The latter aspect is
extremely significant in extrasclar missions because a sufficient
operational knowledge base miy not be available prior to an encoun-
ter with new planetary environments. The explorer must generate
and use its own knowledge of initially unspecified terrain, and
this knowledge must evolve through the updating of databases and
by the continual construction and revision of models. Such a ma-
chine system should be capable of considerably higher-order intel-
1igent activities than can presently be implemented with state-of-
the-art techniques in artificial intelligence and robotics.

The short-term mission objective is to encompass the previously
sequential tripartite staging of NASA missions -- that is, recon-
naissance, exploration, and intensive study -- in a single, fully
automatic system capable of performing scientific investigation and
analysis, the irmediate objective being a full scientific account
of Titan. Later, given the successful achievement of the short-term

* —




-——

oy B

PRIOR MISSION CONTR!BUTIONS TO DESIRED
TITAN MISSION CAPABILITIES

1880 1885 1990 1995 2000
| T T T q
‘ SCIENCE DATA BASE I
PIONEER 11 VOYAGER
SO® |- — — — »
EARTH EARTH SMART SENSOR N
>
LAB ORBITAL
LEARNING/REASONING
ANALYSIS/ CARTH EARTH
[
THEORY =1 a8 [ "] orBeiTAL o
EARTH SURFACE MOBILITY o £
LAB [} A z
._J I =
LUNAR }—— MARS - — =
EARTH SAMPLE SELECTION/COLL./ANAL. -~
vikieg | {5 1 I »
LUNAR |—— —J MARS |}~ ~J
Pl ZER | ALILE ATMOS. ANAL. o
VENUS > GALILEO
E———
LIFE DETECTION
EARTH -
VIKING »| EART I
mars |- —
L . 1 1 3
1880 1985 1990 1995 2000

it e A Gt SRR e 0

e et ——— St e s



‘e o
\A\ \\.\.. 7= l.\b..nﬂl
.r\.\’\l -.-., r \ [}

\.\
\ - V\
\\\l\\\\ \‘)!\)l\

-
=2 wﬂ

™

gF POOR QUALLT

MOGINAL FAGE T




T PENy @ gEN W U Py P Ay ) BN 2 EaEn

P |

3

[

[ R ]

K}

obiective, a similar exploration of the outermost planets and bodies
of the Solar System could be conducted with improved equipment, build-
ing on the systems opzrations knowledge gained at Titan,

The proposed exploration system must te capable of the following
basie functions:

(1) Select interesting problems/sites.

(2) Plar and sequence mission stages, including deploy-
ment strategies for landers and probes.

(X) Navigate in space and on the ground by planning
:r?jﬁctories and categorizing regions of travers-
bility.

(4) Autonomously maintain precision pointing, thermal
control, and conmunications links.

(5) Budget the energy requirements of the on-board in-
strumentation,

(6) Diagnose malfunction, correct detected faults, ser-
vice and maintain.

(7) Determine data-taking tasks, set priorities, and
sequence and coordinate sensor tasks.

(8) Control sensor deployment at any given time.
(9) Handle and analyze samples.

{10) Selectively organize and reduce data, correlate
results from different sensors, and extract in-
formation,

(11) Generate and test hypotheses.

(12) Use, and possibly generate, criteria for d.scard-
ing or adopting hypotheses with confidence.

One way to formalize the precise characteristics of a proposed
missfon is in terms of a series of prerequisite steps or stages
which in aggregate capture the nature of the mission s a vhole.
The operational mission stages used for the Titan demonstration
analysis were: Configuraticn, Launch, Interplanetary Flight,
Search, Encounter, Orbit, Site Selection, Descent,Surface, and
Build -- each of which is discussed in the Final Report.




—— r : ’ . b
a— L rll"h o [Ty [ ] [ TR . e an. a . - —— ® “- e . . . - boe @ ] P |

NOILJO NOILNIAHILNI NVIHNH HLIM W3LSAS NOILVHOdX3 JINONOL(IV 1IN V0O

ALITNIEVAYD HOSNIS ILTNW CILVHOILNS —

HiHY 3 OL NOILVIINNWINOD
NOILYWHONI *NOIL1ONA3H ANV 39VHOLS viva —

$311717134VS ‘SYIAOY ‘SHIANV 'SIHOU
SWILSAS-ENS SNONONOLNV-IWIS —
AN3I10144NS 38

LON AVW 1N9 “IVILNISSI SI S3SIHLOJAH ALIMISY Hivd3Y GNY HO1INOW 4138 —
A41H3IA GNV 3LVINWYOL 04 378V 38
** INJWNOHIANS O1 14VAV ONV WOU4 NHVYIT SWILSAS LHIdX3 GNV NOISIJ3Q a3Ln8iYisIa —

04 318V 39 LSNK NOLLYHOTdX3 FIVdS HOd IN —
ADYINI/NOISTNIOHd ANVANNAIY

NO! LYHO1dX3 3IVdS HOd /318VI134 JHOW HO SUV3A OL — 341771 WILSAS ONOT —
SA33N IN SNOWONOLAY JAIIHIV LON 1TIM
HOHY3IS3IH ANV SILLITISVdVD IV INIHEND NVLIL GNNCHY ONV NO
Y314Hva 3ONIDITT1ILNI 3HL IWOJHIAC — ALINNINIWOD J1314N319S 3LVO0HYUNS JILVNIQHOOD V —
JONIOITIILNI ADO0TONHIIL

SHIAIMG NOISSIW NOLLYHOIdX3




*SW33SAS

———— e e e c————

*jueriadoad apnisur ou saoq_

aoeyans jo saydwes asejins jo 3rodsueay {adeyins jo JIITY2IA
sAoarns [erade  {oroydsouwze s,uely] jo Lpnis aArsuajuj 000°1 axaydsomje ueary 1 11y paxamod
*931s Jutpuey wouaj wy Qf w
03 dn paidarrod sarduwes era adejans s,ueiry e Apnis 008°t asejans uelyy Z
JATSUIIUT SIDNPUOD {spaezey SPIOAE {d31S palddfoasaad
e spue| {yIomiau jedrdojousias pue [ed31807010332u aoejins
SWI0J $SIWII puUB SUOYIEDO[ [BIIAIS B AANIINIIS 03 daaydsouwie lapue]
Stisydsoure pue sarlasdoxd Burasaurlus asejans sautmialag 002 uelr] ydnoayy 9 /3qo14 [lews
*satyzadoad dIN woxy wy
aaaydsomie 1addn pue aisydsojzsuSew ainsesw sajrjyaies 001 SIdYy3aj uo
Pal1aylal “AE[31 SUOTILITUNUANOD SNONUIIUOD SB SIAIIS pue $I94y3o ‘3urod
UB3T] JEaU JUAMUOITAUS sJolluom 3T[[a3es Julod ddueadeq 00¢ 93ueafe] v e aup €n 231113388QNg
*UOY3IDI[IS 231S Burpue] pue ‘Apnis SATSUIIUT pue uoIl
-B21I33deaeYd [eqQold yYioq Joj sanbruysay Sursuas ajowas
Buyrsn 9dejans pue aaaydsomie s,uerry 3uidpnis ‘yiiesz
Y3itm pue 3IJeid I3Yl0 Yitm 3urjediunwwod ‘3Ijeadadeds
aay3o Burdoydop ‘sjvaulordap ax03aq 3jesdaseds 1oyio apnitiie wy 009
3uyiaoddns pue yitm 3ir¢oejyaojur Jurpnyour ‘saseyd uejry 38 31qI0 uelt; 31jead3oedg
pue Axejaue(diaju¢ 3ujanp suopjerado uoissiw pajewoiny 002°1 1etod zeInOIY) 1 Bur3tqu urey
*31q10 I1efod 1efndI1d wy g9 o3utr axnided (d3N)
Teaids pue fueir]l yiim snoazapual ‘uanjes o3 J3jsuelry 11qio0 uorsyndoayd
A1ejouerdiajuy 31q10 Ylzeg mof woxy adedse yexydg .oco.o~ ue3jtr] o3 yiaeg 1 21432313 JedldnN
SJuawys | [AWOIdyY (bx) uo§3eda0] 43quny  adA} jjeddddeds
ssey Leuoteaadp
[
e B ]
m»zmzux~:Mux 14¥¥°3I¥dS NOISSIW NVilIlL
L ]
JAILVINIL
[Nl s S A S S 0 s SR G SR AU SR SCICE N . —

T e it o e A - S s g St e Wt < Bl e 4 B

= d e D




32

4.2,2 Mission Automation

In outlining the operatioral mission stages for a Titan demon-
stration and for the exploration of deep space, a number of automa-
tion technology drivers were identified in each of two general cate-
gories of mission functions: (1) mission integrity, including self-
maintenance and survival of the craft and the optimal sequencing of
scientific study tasks, and (2) methodical analysis of data and the
formation of scientific hypotheses and theories. Both categories
fmpose considerable strain on current Al technology for development
in several overlapping areas of machine intelligence. These require-
ments represent research needs in domains of present concern in the
Al community, as well as new research directions which have not yet
been taken.

Success in mission intecrity requires the application of soph-
isticated new machine intelligence systems in computer pgrception
and pattern recognition for imaging and low level classification of
data. This also presupposes the utilization of a variety of - mote
and near sensing equipment. On-board processing of colleciod :ta
would serve to coordinate the distributed systems and planning activ-
ity in terms of reasoning, action synthesis, and manipulation, More
capable remote sensing is the key to efficient exploration, making
more selective and effective use of highly complex equipment for
atmospheric and planetary surface monitoring.

With respect to reasoning, automated deciston-making emerges as
an important research area. Within this field, development might de-
part from current expert systems with advancements coming in the
form of interacting simulation models of the processes which struc-
ture given domains and hypothesis formulating logics. New research
directions 1ie in the areas of alternative computer logics and in
self-constructing knowledge bases and self-learning systems.

With respect to action synthesis, or procedural sequencing, a
need has been identified for representing the relationship between
pre-defired goal states and the current state, and for reducing the
discrepancy between the two th-ough automated implementation of sub-
goals and tasks. Such a system implies the utilization of a sequen-
tial informational feedback loop. A more difficult problem is

re-.®
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simultaneous coordination through anticipation, or prediction of the
most appropriate action patterns followed by implementation of such
action before a large discrepancy occurs. Complementary to the above
capability is the capacity for automated construction of unprogrammed
goal states as the result of environmental feedback. These latter
two technology drivers fall under the general heading of automated
learning and are not part of current research interests in the Al
community.

Another broad technology requirement within the category of
mission integrity is manipulation. A fully autonomous system should
be capable of self-maintenance and repair, as well as sample collec-
tion for data analysis and utilization in decision-making processes.
The former task presupposes some initial ability for self-diagnosis,
while both tasks require a variety of effector capabilities for deal-
ing with a wide range of situational demands, from gross to very re-
fined manipulation. Here advances in robotics with respect to hand-
eye coordination and force and proprioceptive feedback information
systems emerge as important,

The technology drivers identified for the scientific investi-
gatfon category of mission functions overlap to some degree those
outlined for mission integrity. Automated intelligent planning is
perceived as a general requirement in terms of defiring scientific
goals (both pre-programmed and self-generated) and for the defini-
tion of appropriate subgoals. Advanced decision-making is also an
essential prerequisite for implementing scientific research and for
conducting experiments, Decisions such as whether or not an experi-
ment should be carried out, or wherc and when it should be carried
out, could probably be accomplished, as in the case of mission in-
tegrity, through extensions of current expert systems technology.

Reduction of collected sensory data into informational cate-
gories is also a significant technology driver. Here a number of
requirements emerge, starting with the ability to describe data at
the simplest perceptual level. A higher order task is the addition
of -lata descriptions to a knowledge base for purposes of classifi-
cation. Classification may be accomplished in terms of given cate-
gories of knowledge requiring some low level hypothesis generation
and testing. More advanced is the necessary capability for
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reorganizing old categories into new schemes or structures as a result
of active acquisition of information. Underlying this form of classi-
fication activity is again the self-learning process of hypothesis
formation and testing. A1l of the above mertioned tasks require vary-
ing levels of research and development to transform them into fully
realized capabilities.

Finally, a requirement exists within the area of communication --
the reporting of acquired information to human users. Here the em-
phasis 1s on an automated selection process, one in which an advanced
decision system determines what acquired knowlecae and what interest-
ing hypotheses are appropriate to report. In addition to decision
capabilities, this area underscores the need for development in the
field of natural language interfaces.

4.2.3 Advanced Machine Intelligence Requirements

The automated Titan, outer planet, and interstellar missions pro-
posed by the Space Exploration team require a machine intelligence Sys=-
tem which can autonomously conduct intensive studies of extraterrestrial
objects. The artificial intelligence capability of these missions must
be adequate to the goal of producing scientific knowledge regarding pre-
viously unknown objects. Since the production of scientific knowledge
s a high-level intelligence capability, the machine fntelligence needs
of the missions can be defined as "advanced-intelligence machine intelli-
gence," or, more briefly, "advanced machine intelligence."

The advanced machine intelligence requirements for autonomous deep
space exploration systems can be summarized in terms of two tasks: (a)
learn new environments by (b) formulating hypotheses about them. If it
was true that the classification schemes applicable to the Earth were
complete and correct for al}l extraterrestrial bodies, then an autonomous
system which utilized these schemes zlg_anaIytic inferences which com-
pare (or relate, or connect) the particular entities and processes repre-
sented by the data with the universals constituting the classification
schemes could successfully complete the knowing process. However, it
fs probably true that at least some of the available classification
schemes are either incomplete or incorrect in the extraterrestrial con-
text, and, in any case, the most prudent design criterion for a space
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exploration system would be to assume that they are. Under the
assumption that novelty will be encountered in space, an autonomous
exploration system may successfully complete the knowing process

only if it can utilize already formulated classification schemes and
fnvent new or revised ones -- that is, only if it can make inferences
of the inductive and abductive types in addition to inferences of the
analytic type.

4.3 MNon-Terrestrial Utilization of Materials: Automated Space Manu-

Tacturing Fuciiity

The Hon-Terrestrial Utilization of Materials team developad
scenarios for a permanent, growing, highly-automated space manufac-
turing capability based on the utitization of ever-increasing frac-
tions of non-terrestrial materials. The primary focus was the initi-
ation and evolutionary grouth of a general-purpose Space Manufactur-
ing Facility (SMF) in Low-Earth Orbit (LE0). The second major focus
was the use of non-terrestrial materials to supply the SMF. A third
major focus was on SHF automation technology requirements, particu-
larly teleoperation, robotics, and automated manufacturing and ma-
terials processing techniques.

The team adopted a systems approach beginning with a review of
inputs to the SHF system, including sources of raw materials in the
solar system, processes for converting non-terrestrial materials into
feedstock, and costs of transporting raw materials and feedstock to
LED. Initiation and growth of the SMF next were considered. A tax-
onomy of terrestrial manufacturing techniques was developed and ana-
1yzed to determihe space-cnmoatibility, automatibility, and cost-,
mass-, and energy-efficiency. From this selection process emerged
several “starting kits" of first-generation equipment and manufactur-
ing techniques. One, for example, was based on powder metallurgy,
extrusion/spray forming, laser machining, robotic forming { through
cold welding) and fabricating, surface "poisoning” (to prevent un-
desired cold welding), and process control via central computer or
a distributed network. These tools and techniques would provide an
initial space manufacturing presence for the production of second-
generation machines and capabilities.

As the SMF grows it evolves in several dimensions beyond mere
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expansion of manufacturing capability. First, the original factory
is highly dependent on Earth for its raw material inputs. This de-
pendency lessens as non-terrestrial sources of raw materials --
especially the Moon and the asteroids -- are developed. Second, the
inftial facility is run almost entirely by teleoperation (equipment
operated by people located at sites remote from the SHMF such as Earth),
but later these teleoperators may be largely replaced by autonomous
robots. Finally, the SMF system originally manufactures solar power
stations, communications satellites, and a n .aber of other products
difficult or impossible to make anywhere but in space (e.g., certain
biomedical substances, foamy metals, etc.), but eventually should bLe-
gin also to produce some outputs for use in other NASA missions in
space or back on Earth. Examples include hulls and nressure vessels,
fntegrated circuits and other electronic components for robots and
compucers, laser communication links, gigantic antennas, lunar tele-
tourism, and solar sails.

4.3.1 Surveu of Won-Terrestrial Resources, Processes, and Tr-anspor-
tation Ccets

A survey of off-Earth resources reveals a number of major sources
of raw materials and energy within the Solar System. Ultimately the
most significant of these sources is the Sun itself, Total solar
power production is 4 x 1026 watts, which is approximately 6 x 10
as much as will be produced on Earth in 1980.

In the near term, the most directly accessible source of mater-
jals in Low-Earth Orbit is abandoned components of the Space Trans-
portation System (Space Shuttle). Used fuel tanks, for example, can
provide a great deal of useful bulk aluminum metal at relatively low
cost. Looking further ahead, other relatively nearby sources of non-
terrestrial raw materials are the Moon and the asteroids, particularly
those asteroids whose orbits pass close to Earth. The Moon is rich
in refractory materials, oxygen, silicon, and metals such as iron,
aluminum, and titanium. Further exploration of the lunar surface
will almost certainly reveal additional resources, perhaps even
water-ice ¢t the poles. The asteroids should be an even richer
source of volatile materials than the Moon. Some appear to contain
large quantities of rare elements such as chromium and vanadium as

13
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well as common metals like {ron and nickel. The combined resources
of the Moon and the asteroids should provide most, if not all, of
the raw materials required by an SMF in LEO.

The development of material processing techniques suited to non-
terrestrial conditions is absolutely essential if the proposed SMF
growth scenario is ever to take place. 0One key factor worth noting
is that there will always be trade~offs between the availability of
primary materials in any given location (e.qg., the Moon, an asteroid),
processing options, and substitution of materials, Of the various
pirocessing options devised to date, the most suitable ones appear to
be carbothermic reduction, carbochlorination, electrolysis, NaOH
treatment, and HF acid ieaching, Despite thermal dissipation, re-
cycling, and leakage concerns, the latter appears to be the most
efficient process currently available.

One promising new option is electrophoretic separation. This
1s a one-step automated technique which takes advantage of the fine
grain size of lunar soil. Roughly speaking, differences in the elec-
trostatic potentials of the various minerals of interest cause sep-
aration to occur when an electric field is applied to a mixture of
Tunar soil and a flyid suspension medium such as water or (possibly)
low-temperature basalt slag.

Another promising new option is the "metallurgy" of tholentic
basalt, a substance which is quite abundant on the Moon. PRasalt can
be cast, sintered, or spun to produce tiles and pipes, nozzles and
wire-drawing dies, or very fine fibers (1-20 microns) for wire in-
sulation and coi'ntless other applications. Its compressive strength
and modulus of elasticity compare favorably with iron, carbon steels,
and other metal alloys.

An SMF in LEO initially will be supplied with material from the
Earth, the Moon, or both. Transportation costs for shipment of ma-
terial via the Shuttle are substantial ($500/kg or more). The team
suggested two possible alternative scenarios. First, a large-scale
Earth-based electromagnetic catapult could launch 1000 kg payloads
at a cost of approximately $1.25/kg - a combinration of near-vertical
launch to geosynchrenous orbit, thrust from solid boosters, and aero-
braking would do the job. Second, for lunar materials efficient
retrieval is possible using lunar silicon and oxygen plus Earth-
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supplied hydrogen to produce silane/oxygen propeliant. This would
permit approximately 8 kg of lunar matcrial to be brought to the LEO
SMF for every extra kilogram of terrestrial nydrogen supplied.

4,3.2 Survey of Manufacturing Processes

A survey of 220 commonly employed terrestrial manufacturing
processes provided a means of selecting appropriate firs.-generation
tools for an SMF. Major areas investigated were castiny and molding,
deformation (forming and shaping), machining, and joining.

Many conventional techniques were rejected because they did not
meet the unique requirements for space manufacturing specifiad by the
team. For instance, mcst standard nachining processing options must
be rejected due to the cold weld effect which occurs in a vacuum en-
vironment. Many joining techniques require prohibitively large quanti-
ties of imported consumables and are therefore inappropriate for space
manufacturing. Some casting and molding techniques must be rejected
because they reguire gravitational forces. Many deformation techniques
are eliminated because of their tendency to produce inconvenient waste

debris.

Hovever, 23 terrestrial manufacturing technologies appear to meet
many ., ot all, of the criteria specified by the team. An additicnal
12 tech: s seem likely to be useful with recycling or adaption, and

9 otherr .. “ifically designed to take advantage of space conditions
have beca jicaned from previous research orn space manufacturing or de-
vised by members of the siudy group.

4.3.3 Space Manufacturing Starting Kits

A starting kit is an initial manufacturing unit which, give.. a
supply of feedstock material, can produce second-generation tools with
which production capability may be further expanded. Careful znalysis
of 44 high-potential space manufacturing techniques suggests several
possible starting kit scenarios.

The basic kit, called the "Impact Molder", consists of a materials
powder-producing system, a powder/liquid spray former, a laser cutting
and trimming device, a robot former and fabricator, a gas extractor
(surface poisoner), and a computerized control system. Power would be



PREFERABLE

a.
b.

C.
d.
el
fl

b.

Manufacturing Processes Applicable to Space

1. CASTING

Permanent
Centrifugal
Dle
Full-mold
Low-pressure
Continuous

1._MOLDING

Povder metals and ceramics

11. DEFORMATION

Thread Rolling
Magnetic Pulse [orming

Electroforming (basalt electrolyte)

Rolling--reversing mill

111, MACHINING

Laser
gEle~tron beam

1V, JOINING

Celd/friction welding (metals)
Laser beam welding
Electron-beam welding
Induction/HF Resistance welding
Fluxless/vacuum brazing

Focused solar energy

Metai fasteners (permanent)

Stitching (metal or inorganic threads)

Staples
Shrink and press fitting

V. CONTAINERLESS

surface Tension
Fields--1. E & M
2. Centrifucal
3. Gravity Gradients
Direct Solar Heating
(differential}
Vapor deposition

VI. CONTAINMENTS

Powder/S1ab--cnld welding
Foaming (metals/ceramics)

BASED ON TERRESTRIAL EXPERIENCT
USABL

E HITH RECYCLING OR ADAPTATION

g.
h.
i.

Sand
Shell
Investment

Forging (with electrical drives)
Lead-in mill

Extrusion (basalts)

Spinning (glass & basalt)

Turning (basalts)

Drilling (basalts)

Grining (recycle binder, using
A|203-grit)

Metal fastewvers (need fusion
reventers)
Glues (need carbong

Metal &/or ceramic clays
(binder loss)

Metal &/or ceramic clays
(binder loss)

% In 2 vacuum environment most machine techniques will require a pressurized

container to prevent cold welding effects.
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supplied to these units from a solar energy unit.

marts formation begins with the reduction of feedstock into
powde: with a fairly broad grain distribution. The powder grains
first separated, then recombined via cold welding as they are sprayed
onto a flat surface to form the desired shape. The distribution of
grain sizes .. the recombination sten 1s adjusted to produce optimum
cold welding on impact. The laser trims the part to precisely the
required shape. A1l completed parts are surface poisoneu by the gas
extractor to prevent undesirable cold welding. Assembly is completed
by a fabrication robhot. A computer system insures proper operation
of the starting kit, provides quality checks, and so forth.

A number of variations on this basic theme have been suggested.
The powder-producing system could be replaced by & milling machine
or a grinder. The powder liquid sprayer might be replaced by a solar
furnace plus a rolling machine, a continuous caster, or a die caster.
A simpler though less powerful and flexible substitute for the laser
would be an electron-beam device. A possible problem for the milling
machine in particular (and certain other options as well) might be un-
desired cold welding of the part to the machine producing it., Ex-
iremely tough surface poisoning agents or pressurized vessels to con-
tain tools subject to cold welding may be required. (Of course, a
sufficiently large pressure vessel could contain an entire terrestrial
machine shop in orbit). Another variation which would be especially
useful for the production of very complex parts is a clay metallurgy/
metal pottery system., Binder supply aud recycling pose some problems
for this version of the starting kit, but it seems extremely flexible.

One of the most important characteristics of these starting kits
is the automatability of the tools included. In the basic kit, the
forming and shaping functions of the fabrication robot are the areas
that are farthest from deployable state-of-the-art. Tools and tech-
niques were chosen that can produce a wide variety of products of
differing complexity using relatively few simple modes of operation.
This is a starting kit that could be deployed in the near term as a
fault-tolerant, easily re-programmable prototype SMF.

4.3.4 Ivolution of the Space Manufacturing Facility

Following its deployment, the starting kit begins to manufacture
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parts for use in second-generation tools as well as replacement parts
for itself. These tools can be used to produce additional types of
equipment and early products. Eventually, space-compatible equiva-
lents of all of the major terrestrial manufacturing processes will

be present in the evolving SMF.

As examples of how second-generation tool production would pro-
ceed, several promising deformation processes were shown to be manu-
facturable by the starting kit. A thread-rolling process could be
produced by using the laser to scribe reverse threads onto rolling
dies made of hardened steel or a non-terrestrial substitute. An ex-
truded rod of aluminum, for example, might be impressed by the threads,
the necessary pressure being provided by tne fabricator robot. Simi-
lar descriptions have been supplied for the fabrication of a magnetic
pulse former and an electroforming unit.

Some of the functional elements which the SMF would need to pro-
duce early on would include structures, refractories, dies, heaters,
insulators, electrical conductors, glasses, and adhesives. Lubri-
cants and fluids present special problems in space for a variety of
reasons. Early larger-scale products could be constructed of the
aluminum derivable from external Shuttle tanks. The fabrication of
a solar furnace made of large mirrors and a bubble-blcwing device
could lead to the manufacture of pressure vessels for habitation or
storage, hulls for spacecraft, more perfect mirrors, large antennas,
solar sails, and so forth,

Further growth and increased complexity are required if the SMF
1s to evolve from the starting kit into sophisticated manufacturing
centers which depend less and less on Earth to supply their raw ma-
terfials. One key growth area considered especially significant in
view of the heavy requirements for computers and robotics in space
is the fabrication of integrated circuits and other electronic com-
ponents. Certain characteristics of the space environment (such as
its “clean" vacuum) when combined with anticipated advances in laser-,
electron-, and jor-beam technologies may produce automated machinery
capable of manufacturing higily sophisticated integrated circuits as
well as resistors, capacitors, printed-circuit boards, wire, and
transformers in space, using raw materials supplied entirely from
the Moon.
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4.3.5 Technology Drivers

In order to transform the above-described space manufacturing
scenarios into actuality, a variety of technological development
programs should be initiated in the near future. It is strongly
recommended that NASA focus research attention on improvements in
teleoperators and robotics, manufacturing techniques, and materials

processing technologies.
It is anticipated that initial space manufacturing efforts will

draw more heavily on teleoperation, with a gradual evolution over
many decades to the exclusive use of autonomous rcbots. Advances in
teleoperation are needed immediately in the areas of tactile, force,
and visual sensors, sensor scaling and master-slave range scaling.
Robotics requirements include improvements in decision and modeling
capabilities, sensors and sensor scaling, mobility, adaptability to
hazardous conditions, and natural language comprehension.

Better automated control systems for manufacturing processes
are imperative. Machine intelligence controlled laser-, electron-,
and ion-beam technologies would make possible the highly sophisti-
cated cutting and trimming operations, integrated circuit fabrica-
tfon, etc. required in an efficient SMF cperation. Further work is
needed to devise fabrication techniques specifically designed for
space, such as automatic beam builders.

In the materials processing area, maximum usage should be made
of undifferentiated materials such as cast basalt. Beneficiation
systems even more suited to non-terrestrial conditions must be de-
veloped in order to achieve production of differentiated materials
with maximum process closure.

4,3.6 Implications for Planet Earth

It is impossible to predict the exact nature of the implications
of an SMF for Earth because many would be second- and third-order
perturbations. However, several areas of maximum impact were out-
lined by the team to aid in developmental planning and to minimize

potential negative effects.
From an economic standpoint, the SMF scenario is expressly de-

signed to reduce its demands on Earth resources -- both material and

e v ot

i
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monetary -- as it develops. Thus initial costs are the major issue,
and proposals have been made for reducing these. Other studies sug-
gest that an SMF can provide a very reasonable return on investment.
Certainly the government wiil be highly involved in both the approval
of the project and {ts implementation. The establishment of an SMF
has definite legal implications, and close cooperation between nations
may be necessary in order to create a mutually satisfactory system.
Finally, the public stands to benefit from the establishment of solar
power stations, the creation of new wonder drugs, super-pure materials,
and other products unique to space and the potential for unusual and
fascinating vacations via teletourism. ‘
Besides reducing environmental pollution hazards and increasing
world interdependence, in the long term the advanced SMF will un-
doubtedly have major impacts on private enterprise, labor, industrial
capacity, and social conditions in general. While expanded capacity
and increased product variety seem quite 1ikely to be a positive con-
tribution, competition for markets and jobs must certainly be a con-
cern. Careful planning plus a very gradual evolution will minimize
disruption. A system for equitable involvement of private enterprise
in the SMF needs to be devised. The gradual retraining of labor to
carry out the more supervisory and high-adaptability roles for which
humans are uniquely suited has already been made necessary by advanc-
ing automation on Earth. But it fs important to note that this re-
training, though initially potentially painful, casts human beings
in the fundamentally most apprcpriate role: Telling machines what
to do for the benefit of all mankind.

4.4 Replicating Sustems: Self-Replicating Lunar Factoru and Demon-
gtration

The Replicating Systems team proposed the design and construc-
tion of an automated, multi-product, remotely controlled, re-program-
mable lunar manufacturing facility capable of constructing duplicates
of itself which would themselves be capable of duplication. Succes-
sive new systems need not be exact copies of the original but rather
could, by remote design and control, be improved, reorganized, or
enlarged so as to reflect changing human requirements. HKumanity
would continue to decide what kinds of factories should be constructed,
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when new factories were to be made, how many of them were to be made,
where they should be sited on the lunar surface, and what kinds and
amounts of goods would be produced -- all of these decisions imple-
mentable by remote command.

The benefits to be gained include the following:

1. The process of design and development of the highly sophis-
ticated automated processing and assembly capability necessary for a
lunar replicating factory will serve to improve present Earth-based
manufacturing productivity, and will lead to the emergence of novel
manufacturing techniques and new forms of industrial organization and
control.

2. The self-replicating lunar manufacturing facility can aug-
ment human industrial production without adding to the burden on
Earth's limited energy and natural resources.

3. The lunar manufacturing facility can, unaided, construct
additional production machinery, and thus increase its production
capacity; by replicating, {t can enlarge its production capacity at
an increasing rate. There is a regenerative effect attainahle since
not only can new production machinery be produced, but machines to
produce new machines can be constructed.

4. The initial lunar manufacturing facility may be viewed as
the first step in a demonstration-development scenario leading to
the indefinite continuation of the process of automated exploration
and utilization of non-terrestrial resources. Replicating facilities
can a~hieve a very general manufacturing capability including such
products as space probes, planetary landers, and transportable "SEED"
factories for siting on the surfaces of other worlds. A major bene-
fit of replicating systems is that they will permit extensive explora.
tion and utilization of space without straining Earth's resources.

4.4.1 Theoretical Background

The notion of a machine reproducing itsel€ has great intrinsic
interest and invariably elicits a considerable range of responses --
some directed toward proving the impossibility of the process, others
claiming that it can be carried out, but almost all o them indicating
an unwillingness to subject the question to a thorough examination.
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The Hungarian-American mathematician John von Neumann first
seriously came to grips with the problem of machine reproduction.

Von Neumann envisioned a machine residing fn a "sea" of spare parts.
The machine has a memory tape inside it which instructs it to go
through certain mechanical procedures, using a manipulative arm and
an ability to move around in the environment, pick up parts and
connect them together. The tape-program first instructs the machine
to reach out and pick up a part, then go through a selection or iden-
tification routine to figure out whether the part it holds is or is
not the specific part called for by the instruction tape. (If not,
the part is thrown back into the “"sea" and another part withdrawn

for similar testing, and so on until the right one is found). Having
identified a required part the device searches in like manner for the
next correct part, then joins the two together in accordance with the
instructions.

The machine continues following the instructions to make some-
thing, without really understanding what it is doing. When it has
finished, it has produced a physical duplicate of ftself. But the
second machine does not yet have any instructions, so the first ma-
chine must go through a process of copying its own memory tape into
its offspring. The last instruction for the first machine is to acti-
vate the second device.

Von Mzumann's logical organization for a kinematic machine is not
the only one possible, but probably is the best and the simplest way
to achieve machine replication. In its logic it is very close to the
way living organisms seem to reproduce themselves. One conceptual
problem with the mode! is that the parts involved are supplied free
to the machine, and those parts are of a relatively high order. The
machine dwells in a universe which supplies precisely the sorts of
things it needs as a kinematic device to make a duplicate of itself.
This raises the issue of closure, a problem which is discussed and
resolved in the Final Report.

4.4,2 Feastbility

The design and construction of a fully self-replicating factory
system is a tremendously complicated and difficult task. It may also
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be fairly expensive {n the near term. Before embarking upon such an
ambitious undertaking it must first be shown that machine self-repli-
cation and growth is a fundamentally feasible goal. To this end, the
Replicating Systems team considered two specific designs in some de-
tatl -- a unit replication system and a unit growth system,

The Self-Replicating System (SRS) design for unit replication is
intended as a fully autonomous, general-purpose replicating factory
to be used on the surface of any planetary body or moon. The precise
anatomy of an SRS is defined by two end conditions: (1) the type and
quantity of products required within a certain time, and (2) the avail-
able material required co manufacture these products as well as the
SRS itseilf.

There are four major subsystems which comprise each SRS unit.
First, a Materials Processing Subsystem acquires substances f.om the
environment and prepares industrial feedstock from this material.
Second, a Parts Production subsystem uses the feedstock to make ma-
chine or other parts. At this point SRS output bifurcates. Parts
may be transported to the Universal Constructor subsystem, where
they are used to construct a new SRS (replication), or parts may
flow to a Production Facility subsystem where they are made into
commerc!ally useful products. The SRS also has a number of other
important but subsidiary subsystems, inciuding a Materials Depot,
Parts Depots, Product Depot, Control and Command, and an Energy
System. A Work Breakdown Structure was developed which lists all
the SRS elements and their functions.

The Lunar Manufacturing Facility (LMF) design for unit growth
ds intended to be a fully automatic general-purpose factury which
expands to some predetermined adult size starting from a relatively
tiny "SEED" initially deposited on the lunar surface. The deployed
SEED is circular in shape with an assumed mass of 100 tons, and
expansion is radially outward at an accelerating rate during the
growth phase. Replication and production phases may proceed se-
quentially or simultaneously with growth activities.

The growing SEED unit is arranged in two identical halves, each
comprised of three major subsystems. First, the Chemistry Sector
accepts raw lunar soil, extracts neeued elements and prepares process
chemicals and refactories for use in the LMF. Second, the Fabrication

.
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Sector takes in elements and compounds in powdered or gaseous form
and manufactures parts, tools, and electronic components. Third,
Assembly Sector assembles fabricated parts into complex working
machines or useful products of arbitrary design, A number of sub-
sidiary but nonetheless important éupport subsysteme are also re-
quired including Paving Robots, Mining Robots, Automated Transport
Vehicles, Warehouse Robots, Machine Assembly and Repair Robots, a
Transporder Network, Computer Control and Communications, and the
Photovoltaic Solar Canopy to provide electrical power for the system.

Useful products generated by a self-replicating or growing lunar
factory may include: Lunar soil thrown into orbit by mass drivers
for orbital processing, construction projects, reaction mass for
deep space missions, or as shielding against radiation; processed
chemicals and elements extracted from lunar dust, such as oxygen to
be used as fuel for inter-orbital vehicles and as reaction mass for
jon thrusters and mass drivers; metals and other feedstock ready-made
for space construction or large orbital facilities for human occupa-
tion (scientific, recreational, and medical); components for large
deep-space research vessels, radio telescopes, and large orbital
solar power satellites; complex devices such as rnachine shop equip-
ment, computer microelectronics, sophisticated e’ectronics gear, and
even autonomous robots, teleoperators, or any of their subassemblies;
solar cells, rocket fuels, and mass driver subassemblies. Also, a
SEED which has undergone thousand-fold growth (doubling once a year
for ten years) represents a 2 GW power generation capacity, a com-
puting capacity of 16 terabits, and a memory capacity of 272 terabits,
all of which have many useful applications.

4.4.3 Realization

The Replicating Systems team envisions a three-pronged approach
to achieving working self-replicating systems. First NASA should in-
augurate a top-down program, starting with a strawman mission and de-
fining the hierarchy of required steps for achieving that mission.
Second, NASA should initiate in-house and sponsored research on en-
abling technologies, a "bottom-up" approach. Participating in re-
search will keep NASA involved at the leading edge of automation
technology and allow new developments to be fed into the mission
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design of the top-down program and other NASA programs in a timely
manner. The third recommended 1ine of attack is a "middle-out"
near-term hardware feasibility demonstration which will provide a
focus for NASA involvement in self-replicating systems. The recom-
mended feasibility demorstration is at the threshold of present-day
technology, will be extendable in a bottom-up manner to systems of
greater capability and complexity, and can be decomposed in a top-
down fashion to proceed from a feasibility demonstration to the self-
replicating systems.

The top-down approach suffers from the fundamental impossibility
of conceptualizing at the outset, in such an alien field of endeavor,
Just what the final system should be 1ike. The bottom-up approach
suffers from a lack of focus for driving it toward useful, realizable
goals. Both approaches have merit and should be pursued, especially
in the long run. But in the near term NASA should follow tlie middle-
out approach and perform a feasibility demonstration which will strain
the present state-of-the-art in robotics, gain NASA experience, and
establish a NASA presence in state-of-the-art machine intelligence
and robotics technology. The feasibility demonstration has been con-
ceived, however, to have three other benefits. First, when success-
ful, it may have regenerative impact on U.S. productivity by, for
example, decreasing the cost of robot manipulators. Second, the in-
sights gained in performing the feasibility demonstration will be
valuable in formulating a top-down mission plan for achieving extra-
terrestrial self-replicating systems. Third, NASA can start at the
demonstration level and begin to work progressively upward toward a
geﬁeralized lunar autonomous replicating facility.

4.4.4 Conclusions and Recommendations

The Replicating Systems team reached the following technical
conclusions:
1. The theoretical concept of machine self-
replication is well-developed, and strate-
gies exist by which machine self-replication
can be carried out in a pragmatic engineering
sense.

9 act [ou—— L
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2. There is available a large body of theoretical
automaton concepts in the areas of machine con-
struction by machine, in machine inspection of
machines, and machine repair of machines which
can be drawn upon to design practical replicat-
ing systems.

3. An engineering demonstration project can be
initiated immediately to establish a simple
duplication of robot assembler by robot assemb-
ler (with supplied parts).

4. The raw materials of the lunar surface, and
the materials processing techniques available
in the lunar environment, appear sufficient
to support an automated lunar manufacturing
facility capable of complete self-replication.

5. Preliminary design of a replicating or growing
Yunar manufacturing facility can begin at once
employing current knowledge and state-of-the-
art technology, but final design should await
the initial results of the demonstration-
development project.

The Team believed that the replicating system concept if imple-
mented could have a number of important consequences:

1. It will accelerate the development of sophis-
ticated automated assembly techniques useful
in carrying out NASA missions, and of improved
automated assembly and processing techniques
applicable to the problems of achieving in-
creased Earth-based manufacturing productivity.

2. By constructing an automated replicating,
mul ti-purpose, multi-product, Yunar manufac-
turing facility, NASA capacity for space ex-
ploration and research could, with modest con-
tinuing expenditures. be enormously and perma-
nently expanded.




plicating Systems team of fered the

3. The low-cost expansion of mining, processing,
and manufacturing capacity, once the initial
investmeat is made in a single automated
replicating system, makes more feasible the
commercial utilization of the abundant energy
and rich mineral resources of the Moon.

4. The establishment of a replicating lunar manu-
facturing facility could be a stepping stone
to the design and construction of replicating

manufacturing complexes on the surfaces of other

planets. These new complexes might themselves
be the offspring of automated self-replicating
factories.

Based on their mission definition work during the study, the Re-
following recommendations to NASA:

1. Begin immediately the development of a simple

demonstration replicating system on a laboratory

scale, with (teleoperated or fully automated)
phased steps to higher levels of sophistication
as the technology is proven and matures.

2. Support significant further research in lunar
materials processing, lunar resource explora-
tion, and the design and operation of automated
manufacturing facilities.

3. Design, develop, and construct ar automated,
multi-product, remotely reprogramiiable lunar
factory system to begin operation on the lunar
surface early in the next century.

4. Initiate studies of scenarios in which a suc-
cession of replicating multi-purpose, multi-
product, automated, remotely reprogrammable
factories could be placed on other planets,
these systems perhaps themselves products of
earlier established non-terrestrial replicating

facilities.
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5.

Initiate studies of the social, political, and
economic consequences of the proposed work.
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5. Technology Assesement of Advanced Automation for Space Missions

A principal goal of the summer study was to identify advanced
automation technology needs for mission capabilities representative
of desired NASA programs in the 2000-2010 time period. Six general
classes of technology requirements derived during the mission defi-
nition phase of the study were identified as having maximum impor-
tance and urgency, including autonomous “world mode!" based infor-
mation systems, learnirg and hypothesis formation, natural language
and other man-machine communication, space manufacturing, teleoper-
ators and robot systems, and computer science and technology.

The general classes of requirements were individuallv assessed
by considering the following sequence of questions in each case:

{1) What is the current state of the relevant technology?

(2) What are the specific technological goals to be achieved?

(3) What developments are needed to achieve these goals?
After the mission definition phase was completed, summer study per-
sonnel were reorganized into formal technology assessment teams with

assignments based on interest and expertise. The results of this
activity are summarized below.

5.1 _Autonomous "World Model" Based Information Su:tems

The first assessment team considered the technology necessary
to autonomously map, manage, and reinstruct a world model! based in-
formation system, a part of which is operating in space. This prob-
lem encompasses technology requirements in a wide range of complex,
computerized data systems that will be available twenty or thirty
years hence, and which are specifically required for the terrestrial
IESIS and Titan exploration missions defined during the summer study
and described earlier in this report.

The goals of the Titan mission differ widely from those of the
intelligent Earth-sensing system. In comparison with the Earth,
Titan is basically unknown. The space exploration goal is to explore
that body and to send back as much general information as possible
to Earth researchers who are unfamiliar with Titan. The Earth is
tetter known, so a goal of the terrestrial applications mission is




to return very specific data in response to user requests or system
demands. Each mission will develop a unique philosophy for handling
the relevant data. Other capabilities that will be regquired are: \

e Techniques for autonomous management of an intelli-

gent space sys tem,

e Mapping and modeling criteria for creation of com- {

pact world models.

e Autonomous mapping from orbital

e Efficient, rapid image processing based on compari-
son with world model information.

e Advarced pattern recognition, signature analysis
algorithms and multisensor data/knowledge fusion.

e Models of the system users.

e Fast, high-density computers suitable for space
application of world mcdel computations and pro-

cessing.

To achieve these jmportant mission capabilities, specific technology
areas werc assessed and are summarized in the following paragraphs of
this section. Autonomous hypothesis formation and a natural language
{nterface are important additional capabilities discussed in subse-

quent sections.

5.1.1 Land and Ocean Modeling

gach world model is specific for a

land-sensing Earth mission the satellite mode) may be as simple as
a flat map with discrete "niches" specified by type, coordinates,

rough boundaries and nominal sensor and
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imagery.

PRSI

given mission goal. For a

characteristic values. The

niche type may be separately catalogued and 2 file stored containing
important niche characteristics, sensor combinations useful in deter-
mining boundaries between two niches, normal anomalies and informa-
tion extraction and sensor use algorithms. The ground component of
the model will be more sophisticated, combining finer detail, hiz:
torical data, local names, seasonal and temporal jinformation ant
sophisticated modeling equations. Oceanic and atmospheric components
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of the world model will require sophisticated dynamic representation,

The satellite model is the component of the world model used
for onboard processing. Without the satellite component, it is not
possible to accomplish the very large data reduction inherent in
model-based systems. The satellite model must be stored so that it
1s compact, consistent with its use in image processing, consistent
with the particular orbit overpass, sensor specific, and capable of
updating.

Technology requirements include:

¢ [Identification and characterization of important
niches -- land, ocean, atmosphere and in boundary
regions,

e Optimum niche size for use in space image process-
ing.

® Determination of well separated, easily identified
niches to serve as geographical footprints.

® Compact representation of niche boundaries.

® Optimum sensor combinations for each niche.

® Optimum sensor combinations for boundaries.

® Anomaly specifications for niches.

® Convergent set of niche specific characteristics.

e Nominal values for niche characteristics in spec-
{fic sensor mode(s) and for various sensor combi-
nations.

¢ Dynamic models for temporal variations of land,
ocean, and atmospheric niches.

e Optimum distribution of a complex world model
within a multicomponent system,

e Advanced data cataloguing.

e Models of the users and their requirements.
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5.1.2 Earth Atrosphere Modeling

The choice of sensor measurements most appropriate for terres-
trial meteorological monitoring will require great advances in cur
present understanding of the atmosphere. Because of their dynamic
and highly interactive ~haracter, the boundaries of homogeneous at-
mospheric three-dimensional niches will be far more difficult to
define than surface niches whose features are essentially stationary
by comparisor.

Examples of possible lower atmosphere niches might be regions
where: (1) Certain temperature or pressure regimes such as 17w
pressure cyclones are operative; (2) there is a concentration of a
particular molecular species; or (3) there is a characteristic cloud
pattern indicative of an identifiable dynamic process. However, such
niches will often overlap and be highly interactive and transient.

If the concept of a niche is to be efficient its boundaries should be
essentially independent of the major properties describing the niche,
but property-dependent niches will also be useful. Lower atmospheric
niches will be time varying in size and location, constantly appear-
ing, disappearing, and merging.

The long-term goal is the development of an iatelligent Earth
sensing information system which can compare synopses of complex
numerical models of the upper atmosphere with specific observations
which are a subset of the original observations required to design
those models. Comparisons could be simply the matching of predicted
or acceptable values with ubservations. To reach the required level
of understanding of the atmosphere, extensive studies must be under-
taken to develop and validate complex models that are complete in
their inclusion of aerial chemistry, distribution of minor constitu-
ents, radiation fields and large-scale dynamics as a three-dimensional
time-dependent problem, When the upper atmosphere is sufficiently
understood, appropriate parameters to be monitored and modeled can
be determined. Useful techniques for verifying models will involve
checking model predictions with the distribution and concentration
of chemically active species, some of which may also be useful as
tracers of atmosphere motions.

Technology requirements are as follows:
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® Definition of Yower and upper atmosphere niches
(spatial location or characteristic properties). '

® Adaptive modeling of meteorological phenomena,
requiring complex pattern recognition algorithms
and weather expert systems.

® Scnsors for measuring lower atmospheric proper- .
ties. Ai

® Determination of sets of atmosphere niche pro-
perties.

® An understanding of the atmosphere sufficient
to know what parameters need to be monitored,
including development of high resolution satel- A .
lite microwave sensing and techniques for measur- -
ing minor constituents,

¢ Use of microwave limb-sounding techniques for
continuous global coverage.

® Developmert of an optimum sensor set for moni-
toring the upper atmosphere.

5.1.3 Planetary Modelina

For a ielatively uaknown body, surface and atmosphere modeling !
must evolve in greater detail during the course of a mission as more
information on important characteristics is obtained. A systematic 3
methodology is required for understanding and exploring a new environ-
ment using high sensor technology. Tnis methodology must be deter-
mining the questions which should be asked, and in what order, to
efficiently and unambiguously model the atmosphere and planetary sur-
face.
The technology requirements are:

® Systematic methodology for exploring an initially
unknown environmert.

® Modeling to establish norms of a planetary surface
which identify scientifically interesting sites.
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e Autonomous creation and updating of planetary models
using a variety of complementary sensors.

e Adaptive programming of atmosphere modeling to estab-
1ish key parameters.

e Modeling of complex organic chemistry processes.

e Expert systems for spectral line identification of
complex and ambiguous species.

e Develop an adaptive exploration spacecraft and sensor
system capability for determining and confirming ini-
tially uncertain atmospheric and surface conditions,

5.1.4 Data Stcrage

The terrestrial world model will require satellite storage
capability of from 1 x 1010 to as much as 5 x 10" bits with per-
haps 10‘“ bits on the ground. The data storage should be struc-
tured in a manner compatible with build-up of an image and extrac-
tion for image processing during orbital overpass. Optical disc,
electron beam, and bubble memories are possible candidates in addi-
tion to more conventional alterable memories.

Technology requirements include:

e High density, erasable memory suitable for the space
eavironment.

e Optimum memory architecture for read-out of world
model during orbit overpass.

e Error-correcting memory.

§5.1.5 Automatic Myping

Terrestrial automatic mapping by IESIS can be accomplished us-
ing geographical data already obtained from Earth or satellite data
alone. The Defense Mapping Agency has developed digital techniques
for various regions oi the globe. By contrast, the mapping of Titan
must be accomplished almost entirely from orbit. Still, in either
case information in the form of niche jdentification, basic modeling
equations, and known planetary parameters will be supplied from Earth
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both initially and during operations. Automatic mapping from space
requires state-of-the-art Al techniques including boundary and shape
determination, optimum sensor choice, niche identification and learn-
ing techniques.

Mapping technology ultimately must prove sensor-independent
since the map produced should reflect a reality existing in the ab-
sence of the sensor data. However, specific sensor combinations
will produce a completed map more rapidly and reliably depending
upon the niche environment which is to be mapped. Orbits which re-
peat over fixed portions of the planet are especially advantageous in
assisting automatic mapping and memory structuring.

The required technolagies are as follows:

e Rapid autonomous mapping techniques using orbital
data.

e Optimum sensor ccmbinations for reliable and rapid
mapping.

e Determination of relative advantages of radar, op-
tical and IR mapping.

e Optimum orbit height and orbit type for automatic
mapping.

e Techniques to rapidly, reliably, and automatically
update world model components in satellites and on
ground directly from orbital image data.

e Digital mapping techniques.

e Autonomous hypothesis formation techniques.

5.1.6 Image Processing via World Model

The satellite memory component of the world Jodel is used for
image processing. The actual image data in one or sevsral sensors
must be cross-correlated with a pass map (retrieved from memory)
in strips along the orbit to produce an optimus match of image
niches with their map locations. This process rectifies the
sensed inage and produces geometrical corrections recessary to
adjust the sensed image to tre reality reflected in the stored
map.
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Very sophisticated computer technology is required on board the
satellite to accomplish the image processirg. Such processing is
not done on any present-day satellites, and is done on-ground only
in very linited form today. Fully parallel processing techniques
are anticipated as a possible alternative to serial processing.
Optical processing techniques should be investigated as well, since
these techniques are naturally parallel.

Technology requirements include:

e Automatic techniques to rapidly correlate memory-
stored mapping and modeling information with visual
and radar imagery obtained in orbital pass.

e Fast image enhancement and thresholding techniques.

® Rapid cross-correlation, boundary determination,
and Fourier transform techniques.

e Algorithms for improved automated data associations.

® High-density rapid computers for use in the space
environment.

e Parallel processing computer techniques involving
large wafers, advanced cooling techniques, advanced
interconnection tetween array elements, more 1ogic
functions between elements performed in each clock
cycle, and advanced direct data output from array
to central controller,

e Ability to load and unload imaging data in full
parallel manner at all stages of raw data handling.

e Investigation of possible use of optical process-
ing technigues such as holography or integrated
optics for satellite processing of imagery via
world model,

e Techniques to rapidly, reliably and automatically
update world model in satellite and on-ground
directly from image data.

e Advanced data compression and compaction tech-
niques for transmission and storage.
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5.1.7 Smart Sensors

Complex sensor configurations are required for both IESIS and
Titan missions. A high degree of autonomous sensing capability is
required within the detectors themzelves. These sensors must be
smart enough to perform automatic calibrations, compensations, and
to reconfigure themselves automatically - tasks requiring advanced
memory capabilities and operating algorithms. The use of a world
model in conjunction with smart sensors confers an extraordinary
degree of intelligence and initiative to the system. In order to
mate the sensors most efficiently with the world model, the model
should itself possess models of the sensor components. Since the
sunlight at Titan is weak and the planet cold, efficient visible
and IR sensors are required.

Technology requirements are as follows:

Advanced efficient solid state imaging devices and
arrays.

Sensor operation at ambient spacecraft temperature.
Electronically tunable optical and IR filters.

Advanced automatic calibration and correction tech-
nigues.

Distributed processing sensors,

Rapid, high responsivity detectors in near IR up to
3 microns.

Optimum set of sensor arrays for particular plane-
tary missions.

Sensor models.

Silicon-based sensors with dedicated microprocessors
and on-chip processing.

Investigation of piezoelectric technology for sur-
facing wave acoustic devices.

Sensor sequence controls which can adapt to condi-
~jons encountered.

Pracision pointing and tracking.

S
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5.1.8 Information Extraction Techniques

Information can be extracted from sensory data originating from
an object by recognizing discriminating features of the object. Such
features ave of three kinds: (1) physical features (color), (2)
structural features (texture and geometrical properties), and (3)
mathematical features (statistical means, variance, slope, correla-
tion coefficients).

Humans generally use physical and structural features in pat-
tern recognition because features can easily be discerned by our
eyes and other senses. Human sensory organs are difficult to imi-
tate, so these methods are not always effective for machine recog-
nition of objects. However, by using carefully designed algorithms,
machines easily can extract mathematical features of patterns which
humans may have great difficulty in detecting.

The intelligent use of 2 world model requires autonomous real-
time identificatfon of niches (through their features) and determin-
ation of their characteristics. Real-time pattern recognition and
signature analysis also must be accomplished in order to supply
useful information to the user. Algorithms must be developed for
fdentification, pattern recognition and signature analysis. A wide
variety of additional algorithmic techniques are needed. For example,
texture analysis can be accomplished using gray-tone statistics and
the time-rate of change of spatial contrast along scan lines in order
to distinguish among wheat, rye, and oats.

Technology requirements are:

e Rapid methods for area centroid and orientation
determination.

e Rapid partitioning of image features,
e Motion and relative motion detection.

e Development of wide range of classification al-
gorithms for user-defined applications.

e Multispectral signature ratioing analysis and
multisensor correlations.

e Rapid texture analysis.
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e Investigation of usefulness of focal plane trans-
formations for satellite use.

e Schemes to allow disparate algorithmic techniques
to interact to speed recognition process.

e Determination of parameters of decision functions
for various classification schemes.

5.1.9 Active Scanning

The sensors discussed to date have been essentially passive -
they do not generate the radiation they detect. for a variety of
purposes the satellite systems will engage in active scanning by
RADAR or LIDAR, all weather imagery, nighttime imagery, absolute
and differential height determination, absolute and differential
velocity determination, atmospheric probing and leading edge scan-
ning. Of course the mission to Titan, a planet relatively far from
the Sun, will not have large amounts of power available.

The technology requirements include:

e [Efficient RADAR.
e Efficient LIDAR.

e Fast, efficient computers for generating imagery
from SAR (synthetic-aperture radar).

e Ability to determine heignt differential to within
several centimeters at boundaries.

e Ability to determine differential velocities to
within approximately 1 km/hr at boundaries.

5.1.10 Global Management of Complex Information Systems

Each mission explored by the study group consists of a very
large, complex array of equipment and people widely geographical\y
distributed, all of which must function in a cooperative and coor-
dinated fashion to achieve mission objectives. An important con-
cern thus becomes the overall architecture of such a system, the
way in which decisions are made and communicated, the coordination
of tasks within the system, the flow of information, and so forth,




62

These types of difficulties are not new in human endeavors and in
fact have been addressed within several disciplines which focus on
specific aspects of the problem. A brief review of relevant fields
resulted in several recommendations for high priority research in
systems theory and control.

The decentralized control problem for large scale systems with
a common (or at least coordinated) objective has received increasing
attention in recent years. The "team” notion has since been adopted
within the control theory community and has led to "non-classical
control theory”, or contrcl theory which addresses multiple decision-
maker types of problems.9 Much of this work, while in principle
capturing the proper notions, is supported heavily by the DOD and
focuses on problems of little direct relevance to NASA., Vigorous
support by NASA of work in non-classical control theory is recom-
mended to develop the appropriate theories for the types of systems
which comprise the missions of the future. Much of the DOD work
addresses guidance and control problems. NASA's prime interest in
this area would more appropriately be in information systems control.

Technology requirements are as follows:

e Determine system-wide objectives of missions and
develop the theoretical and practical to achieve
those objectives,

e Development of non-classical control theory of
complex man-machine information systems.

® Probability theory applicable to complex informa~
tion systems,

e Markov decision theory for complex information
systems,

5.1.11 Plan Formation and Scheduling

Whether one is talking about a small mobile robot such as might
be used in planetary surface exploration, or a large distributed in-
telligence such as an Earth-sensing inforration system, several com-
mon features are dominant with respect to effective, flexible opera-
tion:
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¢ The ability to represent the state of the relevant ' )
parts of the world (the "world model").

¢ The deductive ability to recognize consequences of o
a particular world state description.

® The ability to predict what changes will occur to
the world state, possibly due to some action or
actions a complex autonomous system itself might
perform.

In most realistic environments it will be impossible to complete-
ly build a detailed plan and execute it in an unmodified form to ob-
tain the desired result. A further complication arises when the plan
must meet real time constraints - that is, definite short-term re-
quirements for actions where failure to meet the timing requirements
carries significant undesirable consequences. Because of the above,
it 1s important that complex autonomous systems have plan formation
capabilities well in excess of current state-of-the-art.

A considerable amount of work has been done in Al on problem
solving in general, and planning and plan execution in particular.

In the last ten years the problem solving emphasis has shifted away
from planning towards the perceptual processes of vision and speech
recognition. Traditionally the field of Al has been predominantly

a researci-oriented activity which implemented systems primarily for
experimental purposes. There is a growing awareness among Al re-
searchers that the time has come to produce 1imited capability but
useful working systems.

In 1ike manner, NASA should obtain experience at the earliest
possible date with elementary space robot systems in such areas as
fully automatic spacecraft docking and sophisticated Earth sensing
satellites. Theoretical research in Al problem solving and planning
techniques will be an active area for several decades to come. If
NASA is to become effective in directing this research toward its
own goals, then early experience is necessary with elementary state-
of-the-art techniques -- although substantial advantages can even be
obtained by relatively unsophisticated, near-term Al planning and
monitoring techniques.

One major research area for developing advanced planning and i
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scheduling capability is hypothesis formation leading to complex
systems with significant learning capability. (This area is dis-
cussed in detail in the next sectfon.) Other important technolo-
gies relevant to plan formation and scheduling are:

General robot reasoning about actions.

The combining of Al problem solving and plan
formation with operations research scheduling
techniques.

Techniques for classifying problems into cate-
gories and selecting the appropriate problem
solving method to apply.

Expert systems.

Generalized techniques for dynamic accumulation
of problem-specific knowledge during a problem
solving attempt.

Techniques for abstraction and the use of ab-
straction for seerch guidance.

Methods of combining several representations and
search techniques together in a coherent manner.

System structures to use fundamental theories to
allow g _priori reasoning, along with a procedural
level of skill to allow efficient real-time response,

Models and representations of reality.

5.2 Learning and Hypothesis Formation

The Titan exploration mission description, summarized in Sec-
tion 4.

2 of this report, discusses the characteristics and capa-

bilities a machine intelligence system must possess in order to

achieve autonomous self-learning.

bilities, their relation to state-of-the-art Al, and the new re-
search directions they demand are summarized below.

5.2.1

Churacterietics and State-of-the-Art

Learning, or knowing, a previously unknown environment involves

These characteristics and capa-
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both the deployment of knowledge structures which hold for known
environments and the invention (or discovery) of new knowledge
structures. A machine intelligence system which learns is one
that can formulate (1) hypotheses which apply existing concepts,
laws, theories, generalizations, classification schemes and
principles to the events and processes of the new environment,
and (2) hypotheses which state new concepts, laws and theories
whenever the existing ones are not adequate.

Different logical patterns of inference underlie the forma-
tion of these different types of hypotheses. Analytic inferences
support the formation of hypotheses which apply existing concepts,
laws and theories. Inductive inferences and abductive inferences
support the jnvention of hypotheses which state new concepts.
Analytic, inductive, and abductive inference are mutually and
logically distinct -- one of them cannot be replaced by some com-
bination of the others. State-of-the-art Al lacks adequate and
complete treatments of all three inferential classes necessary for
the development of machine intelligence systems able to learn in
new environments.

Analytic inferences receive the most complete treatment. For
example, rule-based expert systems can apply detailed diagnostic
classification schemes to data on events and processes in some
given domain and produce appropriate jdentifications. However,
these systems consist solely of complicated diagnostic rules des-
cribing the phenomena in some domain. They do not include models
of the underlying physical processes of these phenomena. In gen-
eral, state-of-the-art Al treatments of analytic inference fail to
link the detailed classification schemes used in these inferences
with the fundamental models required to deploy this detailed know-
ledge with maximal efficiency.

Inductive inferences receive a less complete treatment than
analytic inferences, although some significant advances have been
made. For instance, a group at the Czechoslovak Academy of
Scienceslo has developed formal techniques for moving from data
about a restricted number of members of a domain, to observation
statement(s) which summarize the main features or trends of this
data, to a theoretical statement which asserts that an abstractive |
feature or mathematical function holds for all members of the domain B

' .
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and produce appropriate identifications. However, these systems con-

‘sist solely of complicated diagnostic rules describing the phenomena

in some domain. They do not include models of the underlying physi-
cal processes of these phenomena. In general ,state-of-the-art Al
treatments of analytic inference fail to link the detailed classifi-
cation schemes used in these inferences with the fundamental models
required to deploy this detailed knowledge with maximal efficiency.

Inductive inferences receive a less complete treatment than
analytic inferences, although some significant advances have been
made. For instance, a group at the Czechoslovak Academy of SciencesIo
has developed formal techniques for moving from data about a restricted
number of members of a domain, to observation statement(s) which sum-
marize the main features or trends of this data, to a theoretical
statement which asserts that an abstractive feature or mathematical
function holds for all members of the domain. Another research ef-
fort attempts to integrate fundamental models with specific abstrac-
tive, or generalizing, techniques. However, this work is at the stage
of theory development -- a working system has yet to be implemented in
hardware.

Abductive inference has scarcely been touched by the Al community,
though tentative first steps have been made. Several papers on "non-
monotonic" logic were delivered at the First Annual National Confer-
ence on Artificial Intelligence held at Stanford University during
August 1980. These attempts to deal with the invention of new or
revised knowledge structures are hampered (and finally undermined)
by their lack of a general theory of abductive inference -- with one
notable exception, the recent work of Frederick Hayes-Roth." Hayes-
Roth takes a theory of abductive inference developed by Imre Lakatos
for mathematical discovery and operationalizes two of the low-level
members of the family of abductive inferences which Lakatos identi-
fies. Still, this work is only a preliminary step toward implemented
systems of mechanized abductive inference, and, unfortunately, it
seems to represent the extent of theory-based AI work on abductive
inference to date.

There appears to be a growing acceptance within the AI commun-
ity that overcoming the aforementioned gaps in current treatments of
analytic, inductive, and abductive inference is an important future
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research direction for the entire field. For example, Charles Rieger
at the University of Maryland is beginning to address the question of
layering models under rule-based systems. Several recent Al initia-
tives with respect to inductive and abductive inference have already
been noted.

5.2.2 Initial Research Directions for NASA

Several research tasks and methodologies can be undertaken by
NASA which have the potential of contributing to the development of
a fully automated hypothesis formulating ability needed for future
space missions:

s Continue to develop the perspective and theoretical
basis for machine intelligence which holds that (a)
machine intelligence and especially machine learning
rest on a capability for autonomous hypothesis for-
mation, (b) three distinct patterns of inference
underlie hypothesis formation -- analytic, inductive,
and abductive inference, and (c) solving the problem
of mechanizing abductive inference is the key to im-
plementing successful machine learning systems,

(This work should focus on abductive inference and
begin laying the foundations for a theory of abduc-
tive inference in machine intelligence applications.)

e Draw upon the emerging theory of abductive inference
to establish a terminolugy for referring to abductive
inference and its role in machine intelligence and
learning.

e Use this terwinology to translate the emerging theory
of abductive inference into the terminology of state-
of-the-art Al; use these translations to connect ab-
ductive inference research needs with current AI work
that touches on abduction, e.g., non-monotonic logic;
and then discuss these connections within the AI com-
munity. (The point of this exercise is to identify
those aspects of current AI work which can contribute
to the achievement of mechanized and autonomous
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abductive inference systems, and to identify a sequence
of research steps that the Al conmunity can take towards
this goal.)

® Research proposals for specific machine intelligence
projects should explain how the preposed groject con-
tributes to the ultimate goal of autonomous macaine
intelligence systems which lea .- by means of analytic,
inductive, and abductive infere-ves, Enough now is
known about the terms of this criterion to distinguish
between projects which satisfy it and those which do
not.

5.3 WNatural Languuge and Other Man-Machine Communication

It is common sense that various specific communication goals are
best served hy different forms of exchange. This notion is borne out
by the tendency in technical fields of human activity to spawn jargon
which only slowly (if ever) filters into more widespread usage. In
the general area of communication between man and machine, a few tasks
are already relatively well-handled by available languages. For ex-
ample, in the area of numerical computations the present formal langu-
ages, while not perfect, are highly serviceable.

Hhen one consideres the introduction of sophisticated computer
systems into environments where it is necessary that they communicate
frequently, competently, and rapidly with people who are not special-
ists in computer programming, then the need for improvement in man-
machine communication capability quickly becomes apparent.

Man-machine information exchanges can be broken into two broad
types: (1) iconic communication (pictures), (2) symbolic communica-
tion (such as formal computer languages and human natural languuge).
These differ significantly in the amount and kind of interpretation
required to understand and react to them - for instance, formal com-
puter languages are laraely designed to be understood by machines
rather than people. For further discussion, man-machine communica-
tion is sub-categorized as follows:

® Machine understanding of keyed (i.e. typed) natural
language.
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o Machine participation in natural language dialogue.
e Machine recognit1on/understanding of spoken language.
e Machine generation of speech.

e Visual and other communication (includes {conic com=
munication forms).

5.3.1 Keyed Natural Langquage ad Man-Machine_Diagolue

In those instances {n which the environment is highly restricted
with respect to both the domain of discourse (semantics) and the form
of statements which are appropriate (syntax), serviceable interfaces
are just possible with state-¢/~the-art techniques. However, any
significant relaxation of semantic and syntactic constraints produces
very difficult problems in Al. A large amount of research is present-
1y under way in this area. It seems that the semantic aspects of
normal human use of language override a large part of the syntactical
aspects. Computer languages traditionally have been almost entirely
syntcx-oriented, and so the considerable knowiedge available concern-
ing them has very little relevance in the natural language domain.
Progress in flexible natural language jnterfaces is 14kely to be tied
to progress in areas such as representation of knowledge and "common
sense" reasoning.

Accepting the close relatfonship between human-grade natural
language proficiency and general intelligence level, and the improb-
ability of near-term attainment of human-grade general intelligence
in machines, it is appropriate to focus instead on achieving usable
natural language {nterfaces at a lower level of machine peyformance.
This leads to an examination of man-machine dialogues which meet the
following conditions: The goal of the man {s to communicate 2 clear
and immedi>.< ctatement of information, or 2 request for information
or action, to the machine, and the {nformation or request is in a
domain for which the machine has a competer.t model. In this sphere
of activity the following component capabilities are thought to be
highly desirable, and probably necessary, for efficient and effec-
tive communication:

e Domain model.

-
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o User mode) (general, idiosyncratic, contextual).
e Dialogue model,
e Explanatory capability.

o keasonable default assumptions.

5.3.2 Machine Recognttion/Unleratanding of Spoken Lizuage

Recognition and understanding of fluent spoken lanquage add fur-
ther complexity to that of keyed language/phoneme ambiguity. In noise-
fre environments where restricted vocabularies are involved, it is
possible to achieve relatively high recognition accuracy, though at
present not in real-tine, [In more realistic operating scenarios,
oral fluency and recognition divorced from semantic understanding is
not 1ikely to succeed. The critical need is the coupling of a lingu-
{stic understanding system to the spoken natural language recognition
process. Thus the progress in speech recognition will depend upon
that in keyed natural language understanding.

Eariy application. will probably involve single word control
directives for machinery that acts upon the physical world, using
commands like "stop*, "lower", etc. Some comrercial equipment is
available for simple sentences, but these require commands to be
selected from a small predetermim:d set and recessitate machine
taining for each individual user,

§.3.3 Machine Generation of Sreech

At the present time mechanical devices can generate artificial-
sounding but easily understood (by humans) spoken output. Thus the
physical aspects of speech generation are ready for applications,
but sone additional “aesthetics-oriented" technology work will be
decirable. (The more frportant aspects of deciding what to say ard
how to phrase 1t are covered in the above discussion of keyed natural
1anguage. )

5.3.4 Visual and Other Communication

Some motor-orfented transfer of information from humans to
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machines already has fourd limited application. Light pens and joy
sticks are rather common, and come Gatection of head-ey2 position

has been employed for target acquisition. Graphics {nput/output (1/0)
{s also an active research area, and three-4imensional graphical/
pictorial interaction is likely to prove useful.

An interesting alternative approach in communicating information
to robot systems is called "show and tell.” In this method a human
physically manipulates an iconic model of the real enviromment in
which the robot is to act. The robot observes this action, perhaps

receiving some simple coordinated information spoken by the human oper-

ator as he performs the model actions, then duplicates the actions tn
the real environment. The distinctions between show and tell and
typical teleoperator modes of operation are:

e Show and tell does not assume real-time actioﬁ of the
robot with the human instruction,

e For show and tell, the robot has the time to analyze
the overall plan, ask questions and generally form an
cptimal cours> of action by commnicating with the
human.

e The fidelity of the robot actions to the human example
can vary in significant ways, allowing the r %ot to
optimize the task in a manner alien to human thinking.

e The show and tell task can be constructed plecensal,
thus allowing a task to be described to the machine
which requires many simultaneous and coordinated
events.

Show and tell permits a high degree of cooperative problem solving
and reasoning about actions between humans and machines. This novel
technique probably has an important functional role to play somewhere
between autonomous robots and pure teleoperation.

§.3.5 Tuchnoloay Requirements

Theoretical work in keyed and spoken natural language for manag-
ing restricted domain databases will proceed without NASA involvement.
The fmpact of such systems is widlely recognized, and muct research is
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in progress. 1In applications, DOD 1s already involved in funding
research whose results will probably be directly applicable to NASA
database interactions in the immedfate future. It {s recosmended
that NASA now make plans to inftiate implementation cf systems using
keyed natural language for internal use witi.in NASA, Such implemen=
tation not only will provida useful production tools for NASA, but
also will generate the in-house experience necessary to provide these
techniques to outside users of space-acquired data as in the 1ESIS
mission,

The areas of motor and graphic interaction are ready for current
implementation. NASA should consider these as tools appropriate both
for its own internal use and, as with the keyad matural language, for
outside users of NASA-collected data. The area of show am! tell com-
munication would be extremely useful in zero-g robet-assisted con-
structfon. Current research efforts {n this area are minimal. It
seems that many of the specific capabilities of interest to NASA will
not be developed if the space agency does not take a direct, active
role.

5.4 Space Mmufacturing

To achieve the goal of non-terrestrial utilization of materials,
space manufacturing must progress from terrestrial simulation to Low-
Earth Orbit experimentation with space production techniques, and
ultimately to processing lunar materials and other non-terrestrial
resources into feed-stock for more basic product development. The
central focus of this assessment is upon the technologies necessary
to acquire a major space manufacturing capability starting with an
automated Earth orbiting industrial experimental station established
either as an independent satellite or in conjunction with a manned
platform such as a manned orbiting facility or "space station.”

5.4.1 Earth Orbiting Maowfacturing Experiment Station

There are four major components of any productfon system: (1)
extraction and purification of raw materials, (2) forming of product
components, (3) product component assembly, and (4) system control.
The Earth orbiting station will conduct experiments to determine the
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relative merits of alternative methods of implementing these elements
in a space manufacturing Tacility.

Product formation involves two general operations -- primary
shaping to achieve the :pproximate shape and sfze of the compcnent
and finishing to meet all surface and dimensional requirements. The
most promising primary shaping technologies for space manufacturing
are casting and powder processing techniques. Properly controlled,
both methods produce parts ready for use without further processing.
Casting techniques appear more versatile in terms of the range of
materfals (metals, ceramic, metal-ceramic) that can be shaped, but
powder processes may outperform casting for metallic components. A
determination of the relattve utility of these two processes should
be one of the primary goals of the space manufacturing experiment
station,

Assembly reguires robotic/teleoperator vision and end-effectors
which are smart, self-preserving, and dexterous. Accuracy of place-
ment to 0.001 inch and repeatability to 0.0005 inches {s desirable
for electronics assembly. Fastening technologies, including non-
volatile adhesives, cold welding, mechanical fasteners, and welding
all require special adaptation to the space environment.

Control of a large-scale space manufacturing system demands the
use of a distributed, hierarchical, machine-intelligent information
system, Material handling tasks require automated, mobile robots/
teleoperators. In support of these activities, visfon and high
capacity arms, multi-arm coordination, and dexterous end-effectors
must be developed, For inventory contrul, an automated storage and
retrieval system well-suited to the space environment is required.
The ability to gauge and measure products (quality control) benefits
from automated inspection, but a general-purpose machine-intelligent
high resolution vision module 15 needed for quality control of com-
plex products.

While it is expocted that the orbitina space manufacturing ex-
periment station initially will be supplied with differentiated raw
feed-stock for further processing, some interesting experiments in
systems operaticns and materials extraction are possible and should
be vigorously pursued. One such experiment could be a project to
build one reasonably complex machine tool using a minimum of human
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{ntervention and equipment. Two logical candidates emerge. The
first is a milling, grinding, or melting device that could be used
to reduce Shuttle external tanks to feadstock for further parts
building or experiments, This project would allow experimentation
in materfal separation and processing using a well-defined and
1imited input source which can be obtained at relatively low cost
when the Space Shuttle carries a volume-limited rather than a weight-
restricted 1oad. Such a large-scale experiment could be used as
"extra-laboratory" verification of extraction, manfpulation and con-
trol mechanizations, as well as providing relatively easy access to
pure metal powders for research. A second candidate project would
be the fabricacion and assembly of a beam-builder for use in large
structure construction experiments. These two machine tool projects
could then be combined to study materials handling and storage prob-
lems by having the first project provide feedstock for the second.

5.4.2 E-truction and Durification of Ra Miterials

The technoloqy required for permanent facilities to process non-
terrestrial materials on the lunar surface or elsewhere lies far be-
vond currently proposed space materials processing capabilities. Num-
erous workers have proposed processes such as electrolysis, hydrogen
fluoride leaching and carbochlorination, which are adequate for short-
term usage hut cannot reasonably be expected to meet long-term growth
requirements. Processes must be developed wnich yleld a far broader
range of elements and materfals, including flourine, phosphates, silica,
and many others. Volatiles such as water and radon, and desirable
rock types such as alkalic basalts and hydrothermally-altered basalts,
could be acquired as a result of lunar surface exploration., High-grade
metals can probably be retrieved from asteroids.

Sophisticated highly automated chemfcal, electrical, and crystal-
Vization processing techniques must be developed in order to supply the
wide variety of required feedstock and chemicals. Some possible solu-
tfons may be generated by studying controlled fractionation and chemi-
cal doping of molten lunar materials in order to achieve crystalliza-
tion of Jdesired phases. Zone refining and zone melting techniques may
also be fruitful areas for investigation. New oxygen-based chemical
processing methods should also be examined.

-
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Techwlogy Requiremente

The following sre required for the establistment of space manu<
facturing facilities:

Basic research on materials processing in the space
enviromment.

Improvement in primary shaping technologies of cast-
ing and powder processing for both metils and non-
metals with emphasis on the economic elimination of
manual mold production, possibly by the use of con-
tainerless forming.

Improvement in heat dissipation abilities in relation
to the tool/chip {nterface in space, and control of
cooling rates in castings.

Comprehension o! cold-welding as 3 1imiting factor
for metal curing and as a joining technique.

Improvement of robot dexterity and sensors (especi-
ally visfon).

Genreral and special purpose teleoperator/robot sys=
tems for materials handling, {nventery control,
assemoly, inspection and repair.

Improvement in computer control of large, integrated,
dynamic hierarchical systems using sophisticated
sensory feedback.

Study and improvement of lasers and electron-beam
machining devices.

gmbodiment. of managerial skills in an autonomous,
adaptive-control expert system.

§.5 Teleoperators and Robot Systems

A teleoperator is 2 device that allows action or observation at
a distant site by a human operator. Teleoperators represent an in-

terim

position between fully manned and autonomous robot operation.

Teleoperators have motor functions (commanded Oy the man) with many

possib

le capahilities, and have sensors (possibly muitiple, special-
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purpose) to supply information. The humen being controls and super-
vises operations through a mechanfcal or computer interface. As tech-
nology advances and ncw requirements dictate, wore and more of the
command and control functions will reside in the computer with the
man assuning a more supervisory role; as artificial intetligence
methods are developed and are applied, the computer eventually may
perform "mental” functions of greater complexity, making the system
more autonomous. The following discussion concerns teleoperators

and their functions, applications to NASA programs, aecessary support-
ing technology, and the evclutionary path of robotics.

5.5.1 Program Applications

A teleoperator will be on the tirst Space Shuttle flight. The
Shuttle has a six-degree-of-freedom general-purpose Remote Manipula-
tor System (RMS) with a2 50-foot reach. The RMS 1ifts heavy objects
in and out of the pavload bay and assists in orbital assembly and
maintenance. An astronaut controls the rate of movement of the RS
using two three-axis hand controllers. One proposed follow-on is
{nstallation of a work platform so that the RMS could be used as @
*cherry picker", carrying the astronaut to nearby work sites.

Two other distinct classes of teleoperation will be required
for complex, large-scale space operations typified by the space wman-
ufacturing facility described elsewhere in this report. The first

s a free-flying system which combines the technology of the Maneuver-

ing Unit with the safety and versatility of remote manipulation, Tre
free-flying teleoperator could be used for satellite servicing and
for stockpiling and handling materials. Both of these operations
require autonomous rendezvous, stationkeeping, and attachment or
docking capabilities. sateliite servicing requires the design of
modular, eacily serviceable systems and concurrent development of
teleoperator systems.

Manufacturing processes and sazardous materials handling may
utilize mobile or "walking devices”, the second distinct class of
teleoperators. The teleoperator would autonomously move to the de-
sired internal or external siie and perform either preprogrammed or
remotely controlled operations. For manufacturing or repair such a
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system could transport an astronaut to the site and the menipulator
could be controlled locally for view/clamp/too) operations or as a
workbench.

The size and level of teleoperator mobiifty (free-flying or
walking) is dictated by mission needs. Some tasks, such as construc-
tion of large structures or spacecraft fueling and resupply, may
actually require both.

§.5.2 Characteristice and Requirements

The uniqueness and utility of teleoperators 1i{es not in their
mode of locomotion, but rather in the "telepresence” they provide --
the abflity of the man to sense the remote environment and his abil-
ity to remotely affect the environment, Sensor and manipulator tech-
nology is advancing apace, largely through the rapid growth in the
fields of industrial robotics and computer science.

Approximately 40% of human sensory input s in the form of
vision, so it is perhaps reasonable that most work in physical per-
ception relates to visual information processing and remote scene
{nterpretation. Algorithms and specialized sensors developed for
satel1ite on-board pattern recognition and scene analysis can enable
the teleoperator to perform many of these functions. Teleoperation
has several unique characteristics such as viewing and working in
three dimensions under variable conditions of scene {11umination, and
the options of wide or restricted fields of view. Three-dimensional
informatfon can be obtained from stero displays, lasers, planar light
beams, radar and proximity sensors, or it may be distilled from two-
dimensional pictures.

Besides vision, a teleoperator should give the human 2 *feel
for the task. Marvin Minsky at MIT notes that no present system has
a true sense of feel, and insists that "we must set high objectives
for the senses of touch, texture, vibration and all the other {nfor-
mation that informs our own hands®. In additfon to communicating
via sight anc¢ touch, an audio interface between man and computer
also is feasible. Voice input/output systems are commercially avail-
able and 1n use. Research continues, though, in artificial intelli-
gence and computer science on natural lanquage understanding, faster
algorithms, and connected speech processing.
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Much of a teleoperator's capability {s sensory; much is associ-
ated with menipulation, Although configurational details require
further definitfon of task requirements, overall general purpose
space teleoperator characteristics can be partly inferred. A tele-
operator amm must have enough freedom so that the manipulation and
arm locomotion systems can position the hand or end-effector at any
desired position in the work environment. There must also be a locus
of points which all of the teleoperator's hands can reach simultane-
ously. If such a region does not exist, manipulator cooperation {s
precluded -- cooperation and coordination of multiple manipulator
arms and hands are what give teleoperators {and humans) such tremen-
dous potential versatility.

How many manipulator arms might the general-purpose teleoperator
have? Despite man's two arms, the telecperator will probably need
three. Most mechanical operations require just two hands - one to
grasp the material and the other io perform some task. A third hand
would be useful for holding two objects to be joined, or in aiming
a TV camera (or other appropriate sensor). In many two-handed opera-
tions on Earth the human worker moves his head “to g»t a better look”
- the third teleoperator arm would sove the man's remote cyes for
that purpose.

Teleoperators will always be vital to many operations in space
because they extend man's senses and motor functions to remote Toca-
tions. But extraterrestrial exploration and utilization and other
advanced systems will require remote autonomous systems, systems with
on-board intelligence. These will evolve along with current Al efforts
at representing knowledge functions in a computer. The integration of
Al technology with teleoperator/ robot systems is a major development
task in 1ts own right and should be timed to support space programs
that require this capability.

5.6 Computer Science and Technology

NASA's role, both now and in the future, is fundamentally one
of information acquisition, processing, analysis, and dissemination.
This requires a strong institutional expertise in computer science
and technology. Previous study efforts and reports have made recom-
mendations to integrate current technology more fully into existing
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NASA programs and to develop HASA excellence in selected relevant
fields of computer science. Of particular concern to this techrol-
ogy assessment is the evolving computer science and technology (CSaT)
program required within the space agency to support a major involve-
ment of automation and machine intelligence capabilities in future
NASA missions. The agency presently is not organized to support such
a vigorous program in CS&T. Most apparent is the lack of a discipline
office at the Headquarters level which supports research and develop-
ment in computer science and serves as an agency advocate for the
incorporation of state-of-the-art capabilities in NASA programs,

5.6.1 Computer Scierze and Technology Requirements

The Final Report of the present study, and the report of the
NASA Study Group on Machine Intelligence and Robotics, explore the
application of advanced automation within NASA, A number of computer
science related technology requirements already have been identifiec
and discussed. In addition, there are a number of general computer
scfence capabilities required to develop and implement the types of
missfons described in this document, These are briefly summarized
below.

COMPUTFR_SYSTEMS

Especially in space borne applications but also in ground-based
systems, NASA has a fundamental dependence on computer systems. Re-
quircments incliude LSI and VLSI circuit design, fabrication and test
techniques as well as fault-toierance, error detection and recovery,
component reliability, and space qualificatior. Beyond the comvoneat
level, very significant orimary ..d secondary storage requirements
emerge. System-level issues become dominant, such as computer archi-
tecture (for example, parallel processors) and system architecture
(for instance, computer networks). Many of NASA's systems have severe
real-time constratnts, and techniques for adequate control demand
attention,

SOFTWARE

Much of NASA's technology resources are spent on software, yet
only relatively modest attempts have been made to improve the process
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of software development, management, and matintenance. Given the ex-
citing prospects for computer-based advanced automation in future
missions, a program for more efficient, effective, and timely soft-
ware development, management, and maintenance {s mandatory.

For example, most programming currently is done within NASA on
ten-year-old batch-oriented systems, where programmers still manipu=-
late card decks and experience turn-around times measured in hours
or even days, This programming environment is not compatible with
a dynamic, computer-based mission operation as required for machine
intelligence technologfes. A fully {nteractive on-line prograrming
capability is needed. !

MANAGEMENT SERVICES

NASA has, to a large extent, avoided the application of contem-
porary CSAT to the management of the agency and {ts programs, Cur-
rent cormercial offerings in management information and word process-
fng systems can substantially enhance the efficiency and effective-
ness of NASA management, both at Headquarters and at the field centers.
State-of-the-art capabilities in on-1ine records management, calendar
coordination, and “bulletin board” can likewise have a significant
positive impact. Prasently unexplored is the potential application
of machine intelligence techniques such as problen solving, reasoning,
and hypothesic formation to the managemen’ of projects and the explor-
ation of policy aitarnatives,

Sy. TEM ERCINEERING

.

There are many component technologies which must come together
to build a system, CSST can aid in the process of enginee~ing sys-
tems solutions, rather than component sclutions, to systems problems.
formaily managing the definition of requireme~ts for a system {s one
example. Other contributions of CS&T include formalized methocalo-
gies, techniques for performance wonitoring and evaluation, and quasi-
rigorous approaches to system architecture and contru). Requirements
in each of these areas pervade NASA programming.

P ki
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5.6.2 Corputer Science and Technology Frogram Needs With NASA

An analysis was made of NASA technology requirements in the



81

varfous CSET disciplines. In general, it shows that the agency has
8 wide, multi-disciplinary dependence on CS&T. It suggests a posi-
tion of leadership for KASA in the areas of the natural sciences and
artificial intelligence as applied to mission operations and remote
sensing, and real-time systems for robotics and mission operations,
It further argues for & substantfal commitment to engineering appli-
cations (e.q., CAD/CAM technology), natural language processing,
artificial intelligence and real-time systems in general, informa-
tion retrieval, supervisory software, computer systems technology,
and simulations and modeling.

A cursory and admittedly fncomplete review of existing capabil-
fty within NASA suggests that state-of-the-art technology already f{s
a part of agency programs in the natural sciances, engineering, and
simulatfon and modeling., Further, some good work is being done in
an attempt to bring NASA's capabil‘.. up to the state-of-the-art in
natural language processing, although primsrily through contracted
research activities. But in order tuv fully realize the potential of
CSST within the space agency, it would appear that a substantial com-
mitment to research in machine intelligence, real-time systems, in-
formation retrieval, supervisory systems, and computer systems is
required. In many caces it was concluded that NASA has much of tne
requisite in-house expertise in isnlated individuals and orqaniza-
tions, but that the agency as 3 whole has been relustant or disinter-
ested in applying this expertise. An apparent lack o’ expertise
doea exist in the field of "mathematics of computation” (with »
possible exception in the engineering area). This discipline can
easily be overlooked as seemingl+ irrelevant, but in reality is a
fundamental theoretical component of a broad-based and effective
machine ivtelligence capudility.

The orgamzational structure required to perforw both state-of-
the-art research and to apply modern computer science and tect .ology
was vorsfdered. The study group concluded that this tonic deserves
a complete organizational analysis of alternatives, s task which can
most effectively be done within NASA itself. Such a study should be
given high priority in consideration of responses to requirements
for implementing an adva.ced machine intelliger:e based program with-
in NASA,
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6. Conclusions and Recommendations

Many detailed conclusions and recommendations regarding techinol-
ogy needs and development requirements havc been {dentified and dis-
cussed in the preceding parts of this sumnary report. An effort is
made in this part briafly to highlight the major tnemes and milestone
recommendations of the entire study activity.

An evolutionary NASA space program scenario was developed by the
study group, based on various relevant planning documents and iaforma-
tion. The major scenaric premise was that coordinuted developmental
initiatives would be undertaken by NASA in the next twenty years to
establish a basis for an aggressive, multidisciplinary program of
space exploration and utilization early in the next century. Although
the specifics of cuch a program can vary significantly, several generic
-haracteristics were thought probable for any intensive space explora-
tion and utilization effort. These could be used as meaningful guides
for the mission problems selected by the study group to identify future
sutomation technology requirements. They include:

e A major Farth resonrces observation program.
e JIntensive exploration of the Salar System and beyond,

¢ Major Low-Earth Orbit activities requiring the contin-
uous presence of man as troublesh.ooter, supervisor, and
operations coordinator.

e A significant capability for acquiring and utilizing
nontarrestrial materials for products to be used in
spae, such as large struciures, power systems, an-
tennas, expendabler, and so forth.

e An advanced mobile communications system. (The impor-
tance of this program element was recognized by the
study group but was not addressed by any of the selec-
ted mission pioblems since the automation requirements
sere not considered unique.)

Advanced automation technology as described in this report is
helieved essential in rcalizing a major space program capability for
exploration and utilization within realistic resource limits. To
this end, the following general conclusions and recomendztions are

——
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worthy of special consideration:

Machine inteliigence systems with automatic hypothesis
formation capauility are necessary for eutonomous exam-
ination of unknown environments. This capacity is hignly
desirable for efficient exploration of the Solar System
and fs essential for the ultimate investigation of other
star systems.

The development of efficient models of Earth phenomena
end their ‘ncorporation into a world model based infor-
mation system are required for a practical, user-oriented,
Earth resource observation network.

A permanent maaned facility in Low-Earth Orbit is an im=
portant element of a future space program. Planning for
such a facility should provide for a significant auto-
mated space manufacturing capability.

New, automated space materials processing tect:niques
must be developed to provide long-term space manufac-
turing capability without major dependence on Earth
resupply.

Replicatio. of complex space manufacturing facilities
{s a long-range need for ultimate large-scale space
utilization. A program to develop and demonsirate
major elements of this capabilily should be undertaken,

General and special purpose teleoperator/robot systems
are required for a number of space manufacturing, assem-
bly, inspection and repair tasks.

An aggressive NASA development commitment in computer
science is fundamental to the acquisition of machine
intel)1gence/automation expertise and technology re-
quired for the mission capabilities described earlier

in this summary report. This should include a program
for increasing the number of people trained in the rele-
vant fields of computer science and artificial intelli-
gence,
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