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ABSTRACT 

A NASA/ASEE Summer Study conducted at the U n i v e r 
s i t y o f Santa C la ra i n 1980 examined the f e a s i b i l i t y 
o f u s i n g advanced a r t i f i c i a l i n t e l l i g e n c e and a u t o 
mat ion t e c h n o l o g i e s in f u t u r e NASA space m i s s i o n s . 
Four cand ida te a p p l i c a t i o n s m i s s i o n s were c o n s i d e r e d . 
(1) An i n t e l l i g e n t E a r t h - s e n s i n g i n f o r m a t i o n sys tem, 
(2) an autonomous space e x p l o r a t i o n sys tem, (3) an 
automated space m a n u f a c t u r i n g f a c i l i t y , and (4) a 
s e l f - r e p l i c a t i n g , g row ing l u n a r f a c t o r y . The s tudy 
assessed t h e v a r i o u s AI and machine t e c h n o l o g i e s 
which must be deve loped i f such s o p h i s t i c a t e d m is 
s ions are to become f e a s i b l e by c e n t u r y ' s end. 

1. INTRODUCTION 

Dur ing t he summer of 1980 e i g h t e e n educa to rs f rom 
th roughou t t he U n i t e d S t a t e s j o i n e d w i t h f i f t e e n 
NASA program eng ineers f rom s i x NASA c e n t e r s to ex
amine ways in wh ich advanced a u t o m a t i o n , i n c l u d i n g 
a r t i f i c i a l i n t e l l i g e n c e (A I ) and r o b o t i c s , might b e 
used in space m iss ions in t he next s e v e r a l decades. 
The s tudy was suppor ted by the N a t i o n a l Ae ronau t i c s 
and Space A d m i n i s t r a t i o n (NASA) and the American 
S o c i e t y f o r Eng inee r i ng Educa t ion (ASER) because o f 
an i n c r e a s i n g r e a l i z a t i o n t h a t advanced au tomat i c 
and r o b o t i c dev i ces must p l a y a major r o l e in space 
e x p l o r a t i o n and u t i l i z a t i o n , and may p r o v i d e enor 
mously b e n e f i c i a l c a p a b i l i t i e s a t a f f o r d a b l e c o s t . 

The 10-week, 10,000-man-hour p r o j e c t was hosted 
by t h e U n i v e r s i t y o f Santa C l a r a and c o - d i r e c t e d by 
James Long and T imothy Hea l y . Team members were 
g i ven the t ask of s e l e c t i n g and d e f i n i n g a number 
o f r e p r e s e n t a t i v e space v e n t u r e s which would bene
f i t f rom o r even r e q u i r e e x t e n s i v e a p p l i c a t i o n o f 
machine i n t e l l i g e n c e and a u t o m a t i o n , and assess ing 
e x i s t i n g and f o r e s e e a b l e A I t e c h n o l o g i e s necessary 
to accompl i sh the proposed m iss i ons (Long and Hea l y , 
1980) . Major suppor t i n t h e f i e l d o f a r t i f i c i a l 
i n t e l l i g e n c e was p r o v i d e d by SRI I n t e r n a t i o n a l , and 
a number of i n d u s t r i a l concerns made c o n t r i b u t i o n s 
i n t h e area o f system i m p l e m e n t a t i o n . F u r t h e r , t he 
s tudy r e c e i v e d f i r m back ing f rom NASA Headquar ters 
p e r s o n n e l , i n c l u d i n g two unprecedented o n - s i t e p e r 
sona l v i s i t s by t he agency a d m i n i s t r a t o r , Dr . Robert 
A. F rosch . The s t r o n g NASA suppor t s i g n a l s a new 
p e r c e p t i o n o f t he tremendous p o t e n t i a l o f a r t i f i 
c i a l i n t e l l i g e n c e i n f u t u r e space m i s s i o n s . 

For purposes o f t he summer s tudy seve ra l s p e c i 
f i c areas w i t h i n A I were taken a s r e p r e s e n t a t i v e o f 
h i g h l y s o p h i s t i c a t e d computer-based systems wh ich 
may be r e q u i r e d i n f u t u r e space a p p l i c a t i o n s , i n 
c l u d i n g : P lann ing and p r o b l e m - s o l v i n g ; p e r c e p t i o n ; 

n a t u r a l languages; expe r t sys tems; a u t o m a t i o n , 
t e l e o p e r a t i o n , and r o b o t i c s ; d i s t r i b u t e d da ta man
agement; and c o g n i t i o n and l e a r n i n g (AAAI , 1980; 
A rden , 1980; Winston and Brown, 1979) . The l a t t e r 
ca tego ry i n c l u d e s the concept o f an a d a p t i v e mach
ine ab le to s tudy a new s i t u a t i o n or env i ronmen t , 
f o r m u l a t e hypotheses about t he env i ronmen t , t e s t 
those hypotheses w i t h a d d i t i o n a l d a t a , and dec ide 
whether or no t a new h y p o t h e s i s shou ld be added to 
the mach ine 's e x i s t i n g model o f the env i ronmen t . 
The 1980 s tudy was p r e d i c a t e d on the assumpt ion 
t h a t such machine c a p a b i l i t i e s w i l l become a v a i l 
ab le by the end o f t h e p resen t c e n t u r y . 

NASA has a long r e c o r d of u s i n g au tomat ion and 
computers i n i t s space m i s s i o n s . However, i n 1979 
agency a c t i v i t i e s were examined by an ad hoc a d v i 
sory commit tee and c r i t i c i z e d f o r be ing "5 to 15 
years beh ind the l e a d i n g edge in computer sc ience 
and t e c h n o l o g y " (Sagan, 1980) . The commit tee a l s o 
found t h a t " t h e advances and developments in machine 
i n t e l l i g e n c e and r o b o t i c s needed to make f u t u r e 
space m iss i ons economical and f e a s i b l e w i l l not 
happen w i t h o u t a major l o n g - t e r m commitment and 
c e n t r a l i z e d , c o o r d i n a t e d s u p p o r t . " A p a r t o f NASA's 
response t o t h i s c r i t i c i s m was t o commission the 
U n i v e r s i t y o f Santa C l a r a s t u d y , t he r e s u l t s o f 
which a re b r i e f l y d e s c r i b e d h e r e i n . 

2. MISSION DESCRIPTIONS 

The s tudy group d i v i d e d i n t o f o u r teams in o rde r 
best t o focus i t s exam ina t i on o f p o s s i b l e space ap
p l i c a t i o n s o f a r t i f i c i a l i n t e l l i g e n c e . These teams 
were : T e r r e s t r i a l A p p l i c a t i o n s , Space E x p l o r a t i o n , 
N o n - T e r r e s t r i a l U t i l i z a t i o n o f M a t e r i a l s , and R e p l i 
c a t i n g Systems Concepts . Each team chose a c h a l 
l e n g i n g v e n t u r e t h a t cou ld b e used t o i d e n t i f y c r i t 
i c a l t echno logy needs f o r f u t u r e research and de
ve lopment . A b r i e f d e s c r i p t i o n o f each m iss ion i s 
g i v e n h e r e . A f a r more complete d i s c u s s i o n may be 
found in an e x t e n s i v e T e c h n i c a l Summary of the sum
mer s tudy (Long and H e a l y , 1980) . Major c r i t e r i a 
f o r s e l e c t i o n were t h a t m iss ions be implementab le 
w i t h i n a few decades and t h a t they demonst ra te a 
s i g n i f i c a n t machine i n t e l l i g e n c e r e q u i r e m e n t . N o v e l 
ty was no t cons ide red to be a f a c t o r o f p r ima ry im
p o r t a n c e . 

2 .1 T e r r e s t r i a l A p p l i c a t i o n s : A n I n t e l l i g e n t E a r t h -
Sensing I n f o r m a t i o n System 

The T e r r e s t r i a l A p p l i c a t i o n s team concluded t h a t 
a r t i c i f i a l i n t e l l i g e n c e techn iques would be most 
u s e f u l i n n e a r - E a r t h m iss ions which genera te da ta 
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at very high rates - such as the Tiros weather and 
Landsat t e r r e s t r i a l imaging s a t e l l i t e s . One of the 
weaknesses of such systems is that they tend to re 
turn far more data to Earth than can ever be ef fec
t i v e l y used. The problem of cu l l i ng a small amount 
of valuable information from a large volumne of use
less data is a task now l e f t large ly to users. The 
team proposed a new, highly ve rsa t i l e I n t e l l i g e n t 
Earth Sensing Information System (IESIS), able to 
perform substant ia l amounts of select ion and i n te r 
pre ta t ion of incoming sensor data and provide more 
useful information ta i l o red to the needs of the i n 
d iv idual user. A new philosophy of goal-or iented 
data c o l l e c t i o n , in which information is gathered 
to meet speci f ic object ives ( e . g . , s i t e , observa
t i on t im ing , sensor se ts ) , was a r t i cu la ted by the 
team as the cornerstone of the proposed mission. 

IESIS has the fo l lowing major features: (1) An 
i n t e l l i g e n t s a t e l l i t e network which gathers data in 
a goal-di rected manner, based on spec i f ic requests 
for observation (such as a farmer requesting once-
a-week survei l lance of his corn f ie ld ) and on p r i o r 
knowledge contained in a de ta i l ed , se l f - co r rec t ing 
"world model"; (2) a user-or iented "natura l Langu
age" in ter face which permits requests to be sa t i s 
f ied in p la in Engl ish, without addi t ional human i n 
te rven t ion , using information re t r ieved from the 
system l i b ra ry or from d i rec t observations made by 
a member s a t e l l i t e w i th in the network; (3) a medium-
level on-board decisionmaking capab i l i t y that o p t i 
mizes sensor u t i l i z a t i o n without compromising user 
requests; and (4) a l i b r a r y of stored information 
which provides a deta i led set of a l l s i gn i f i can t 
planetary features and resources, adjustable fo r 
seasonal and other i d e n t i f i a b l e va r i a t i ons , and 
accessible through a comprehensive cross-referenc
ing system. 

The heart of IESIS i s , however, the world model, 
a se l f - co r rec t i ng descr ip t ion of the environment 
under observation to any desired level of d e t a i l . 
This el iminates the need for acquir ing and s tor ing 
large quant i t ies of redundant information by making 
use of two important AI elements: F i r s t , a "s ta te 
component," which defines the physical state of the 
world to a predetermined accuracy and completeness 
at some speci f ied t ime; and, second, a "theory com
ponent," which permits der iva t ion of parameters of 
the world state not e x p l i c i t l y stored in the state 
component and allows forecasts of the time evolu
t i on of the state of the world. IESIS reta ins the 
complete Earth model in a ground-based centra l sys
tems computer and an appropriate subset thereof on
board the main s a t e l l i t e . Orbi ter sensors s t i l l 
co l lec t extensive data, but only changes in the 
world model are downlinked, rather than the en t i re 
data stream. The resu l t is an e f fec t i ve data com
pression system which removes redundancy over t ime. 

2.2 Space Explorat ion: Ti tan Demonstration of a 
General-Purpose Exploratory System 

NASA has been explor ing the Solar System for more 
than twenty years. Such missions no doubt w i l l con
t inue in the decades ahead and may include v i s i t s 
to the more d is tant p lanets, moons, astero ids, 
comets and numerous yet-undiscovered bodies. It is 
conceivable that by the 21st century spacecraft may 
ex i t the Solar System in search of other planetary 
systems many l igh t -years from Earth. The Space Ex

p lo ra t ion team thus i d e n t i f i e d i n t e r s t e l l a r naviga
t i on by automatic probe as an u l t imate goal , but 
defined the i r overa l l study concept in terms of an 
autonomous general-purpose space explorat ion system. 

One of the major problems with present interplane
tary explorat ion st rategies is that they t y p i c a l l y 
require three d i s t i n c t stages: I n i t i a l reconnais
sance, exp lo ra t ion , and intensive study. Especial ly 
in the case of r e l a t i v e l y d is tant bodies, the se
quent ia l character of the examination leads to i n 
ord inate ly lengthy t o t a l invest igat ion t imes. The 
team concluded that the three stages can be t e l e 
scoped in to a single mission by incorporat ing ad
vanced machine in te l l igence to produce a single i n 
tegrated s c i e n t i f i c phase of discovery. On-board 
AI systems are required to make cer ta in i n i t i a l de
cisions about s i tes to be explored in d e t a i l , the 
nature of the exp lora t ion , and the best ways to 
conduct intensive studies. 

As a prel iminary shakedown voyage for t h i s new 
technology which could help pave the way for more 
ambitious exploratory ventures both w i th in and be
yond the Solar System, the team proposed a demon
s t ra t ion mission to T i tan (the largest natural 
s a t e l l i t e of Saturn). This would be capable of 
independent operation s ta r t i ng from launch in low 
Earth o r b i t ; navigat ion and propulsion system con
t r o l during interp lanetary t ransfer to Saturn; 
rendezvous with Ti tan and o rb i t a l i nse r t i on ; auto
matic landing s i te decision-making; deployment of 
various subsa te l l i t es , landers, and f l i e r s on and 
about T i t an ; and subsequent monitoring and contro l 
of atmospheric and surface exp lora t ion. 

Of course, decisions about succeeding steps in 
the explorat ion of T i tan could well be made d i rec t 
ly by earth bound sc ien t i s ts since transmission 
delay time is only about one hour. However, when 
explorer c ra f t are sent to other star systems the 
delay time w i l l s t retch to years, and decisions 
concerning successive stages of invest igat ion must 
be made on-board the spacecraft. The purposes of 
the Ti tan mission arc to enhance the capab i l i t i es 
of semi-autonomous vehicles in the short - term, and 
to re f ine and demonstrate the effect iveness and ver
s a t i l i t y of f u l l y autonomous explorat ion in the long-
term. 

A major f ind ing of the study team was that auto
mated hypothesis formation is h ighly desirable for 
sophist icated in terp lanetary missions w i th in the 
Solar System but is absolutely essent ia l for i n te r 
s t e l l a r exp lorat ion. Machine in te l l igences capable 
of unassisted s c i e n t i f i c and operational hypothesis 
formation must be able to handle three d i s t i n c t 
classes of i n fe ren t i a l t h ink ing : (1) Analyt ic i n 
ference (appl icat ion of ex is t ing s c i e n t i f i c c l a s s i 
f i c a t i o n schemes) , (2) induct ive inference ( log ica l 
processes for generating universal statements about 
an en t i re domain based on quant i ta t i ve or symbolic 
information from a res t r i c t ed part of that domain), 
and (3) abductive inference (a method for evolving 
new information c l a s s i f i c a t i o n schemes using old 
theor ies , old schemes, old p red ic t ions , and novel 
contradictory data as inpu ts ) . An important feature 
of the Ti tan spacecraft is that it would carry a 
world model of the target for exp lo ra t ion , the best 
avai lable record of a l l per t inent features of the 
body in view of the research to be conducted. The 
probe would use i t s sensors to accumulate data about 
T i t a n , generate hypotheses about the sensed environ-

804 



ment, tes t these hypotheses using new data, then 
update the s c i e n t i f i c model as required. 

2.3 Non-Terrestr ia l U t i l i z a t i o n of Mater ia ls : Auto-
mated Space Manufacturing F a c i l i t y 

The Non-Terrestr ia l U t i l i z a t i o n of Materials team 
studied the concept of a space manufacturing f a c i l 
i t y , i n i t i a l l y located in low Earth o rb i t and using 
t e r res t r i a l l y -p rov i ded raw mater ials but constantly 
evolving towards ever-greater independence from 
Earth resupply (M i l l e r and Smith, 1979; SAI, 1978). 
This would be a permanent, f u l l y automated or t e l e -
operated f a c i l i t y u l t ima te ly for the u t i l i z a t i o n of 
non - te r res t r i a l matter re t r ieved from astero ids, the 
Moon, and other p lanets. Extensive use of robot ics 
and te leoperat ion techniques are required for e f f i 
c ient manufacturing, repa i r , and for bu i ld ing new 
generations of equipment fo r expansion and d i v e r s i 
f i c a t i o n . Automatic and robot ic devices must be 
used to contro l processors, manipulate and transport 
components, organize f a b r i c a t i o n , and general ly per
form a wide var ie ty of t yp i ca l manufacturing tasks. 
Sophisticated new "telepresence" (Minsky, 1979, 1980) 
technology - f u l l sensory feedback and e f fec to r con
t r o l - might permit , say, an Earth-based excavation 
or construct ion worker to dr ive a t rac to r on the 
Moon from a comfortable t e r r e s t r i a l ground s ta t ion 
or a command plat form located in low Earth o rb i t 
(LEO). 

Such a mission requires important advances in 
v i s u a l , t a c t i l e , and force sensors, machine decis ion
making, adap tab i l i t y , mob i l i t y , and many other areas 
of AI technology. Rapid advancements now are being 
made in many of these f i e l d s in connection with the 
automation of fac tor ies on Earth. It i s , however, 
in NASA's in terest to promote addi t ional d i rected 
research in to problems of manufacturing unique to 
the space environment. 

2.4 Repl icat ing Systems Concepts: Sel f -Repl icat ing 
Lunar Factory and Demonstration 

Someday it may become necessary to bu i ld very 
large, massive space structures - perhaps to erect 
huge observational p lat forms, mine and u t i l i z e s ig 
n i f i c a n t quant i t ies of lunar or asteroidal resources, 
tcrraform s a t e l l i t e or planetary environments, or 
harness the energy of the Sun on a grand scale never 
before imagined. One way to bu i ld the large number 
of space fac tor ies needed to construct such systems 
rap id ly is by the use of rep l i ca t i ng systems. Such 
systems may grow exponent ia l ly , producing great 
masses of organized matter in a r e l a t i v e l y short 
period of time (Fre i tas , 1980, 1981; von Tiesenhausen 
and Darbro, 1980). 

The Repl icat ing Systems Concepts team def ined, 
as an u l t imate challenge for advanced a r t i f i c i a l 
i n te l l i gence and automation, a factory on the Moon 
which completely rep l ica tes i t s e l f using only lunar 
mater ials and solar energy. The basic concept of 
machine sel f - reproduct ion was shown theo re t i ca l l y 
feasib le decades ago by John von Neumann (1966), but 
actual implementation w i l l be extremely d i f f i c u l t . 
To ar r ive at a system capable of bu i ld ing a l l of i t s 
own components and then assembling them in to an ex
act dupl icate w i l l require major advances in auto
mated materials processing, computer-aided manufac
tu r ing and parts fabr ica t ion (CAD/CAM) technology), 

robot assembly techniques, storage and inventory 
maintenance, inspection and repair c a p a b i l i t i e s , 
scheduling and other aspects of general factory 
management requi r ing very sophist icated AI tech
niques . 

The central theoret ica l issue is c losure. Can 
a real machine system i t s e l f produce and assemble 
all the kinds of parts of which it is comprised? 
In a generalized t e r r e s t r i a l i ndus t r i a l i zed economy 
manned by humans the answer c lear l y is yes ( e . g . , 
American indus t ry ) , since the set of machines which 
make a l l other machines is a subset of the set of 
a l l machines. In space a few percent of t o t a l sys
tem mass - in pa r t i cu la r those items most d i f f i c u l t 
to produce such as ba l l bearings, motors, or i n t e 
grated c i r c u i t s - could feasib ly be supplied from 
Earth-based manufacturers as "v i tamin p a r t s . " A l 
t e rna t i ve l y , the system could be designed wi th com
ponents of very l im i ted complexity (Heer, 1980). 
The minimum size of a s e l f - s u f f i c i e n t "machine econ
omy" remains unknown. 

3. ARTIFICIAL INTELLIGENCE TECHNOLOGY ASSESSMENT 

A p r i nc ip le goal of the summer study was to iden
t i f y advanced A I , robo t i cs , and automation technol
ogy needs fo r mission capab i l i t i es representative 
of desired NASA programs in the 2000-2010 time 
per iod. Six major classes of technology requi re
ments derived during the mission d e f i n i t i o n phase 
of the project were i den t i f i ed as having maximum 
importance and urgency. These general classes of 
requirements i nd i v i dua l l y were assessed by consider
ing in each case the current state of the relevant 
technology; the spec i f ic technological goals to be 
achieved; and the developments needed to achieve 
these goals. 

3.1 Autonomous world Model Generation 

Perhaps the most important immediate requirement 
is the development of the technology necessary au
tonomously to map, manage, and re - ins t ruc t a world 
model based information system, at least a part of 
which is operating in space. Research is needed 
general ly in the fo l lowing areas: 

•Techniques for autonomous management of an i n t e l l 
igent space system. 

•Mapping and modeling c r i t e r i a for creat ion of com
pact world models. 

•Autonomous mapping from o r b i t a l imager. 
• E f f i c i e n t , rapid image processing based on com

parisons wi th world model informat ion. 
•Advanced pattern recogn i t ion , signature analysis 

algorithms and multisensor data/knowledge fus ion. 
• E x p l i c i t models of system users. 
•Fas t , high-density computer systems sui table for 

space app l ica t ion of world model computations and 
processing. 

3.2 Machine Learning and Hypothesis Formation 

Learning, the process at the heart of the prob
lem of developing " i n t e l l i g e n t machines", is a f i e l d 
of AI requ i r ing major research for space appl ica
t i ons . More work is needed to develop the theoret
i ca l basis of machine learning, to i den t i f y which 
operations are essential to learning, and to deter-
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mine how these f u n c t i o n s migh t be implemented in 
hardware . A machine i n t e l l i g e n c e which l e a r n s must 
be capable o f (1) f o r m u l a t i n g hypotheses wh ich app l y 
e x i s t i n g concepts t o even ts and processes found i n 
a new env i ronment ( a n a l y t i c i n f e r e n c e ) , and of (2) 
h y p o t h e s i z i n g new c o n c e p t s , laws and t h e o r i e s when
ever e x i s t i n g ones a re inadequa te ( i n d u c t i v e and 
a b d u c t i v e i n f e r e n c e s ) . 

A n a l y t i c i n f e r e n c e s have r e c e i v e d t h e most com
p l e t e t r e a t m e n t w i t h i n the A l r esea rch communi ty. 
For example , r u l e - b a s e d e x p e r t systems can app ly 
d e t a i l e d d i a g n o s t i c c l a s s i f i c a t i o n schemes t o da ta 
on even ts and processes in some g i v e n domain and 
produce a p p r o p r i a t e i d e n t i f i c a t i o n s . However, these 
c o n s i s t s o l e l y o f complex d i a g n o s t i c r u l e s d e s c r i b -
i ng t he phenomena in some domain. They do no t i n 
c l ude models o f t he u n d e r l y i n g p h y s i c a l p rocesses 
o f these phenomena. I n g e n e r a l , s t a t e - o f - t h e - a r t 
A I t r e a t m e n t s o f a n a l y t i c i n f e r e n c e f a i l t o l i n k 
d e t a i l e d c l a s s i f i c a t i o n schemes w i t h fundamenta l 
models r e q u i r e d t o dep loy t h i s d e t a i l e d knowledge 
w i t h maximal e f f i c i e n c y . 

I n d u c t i v e i n f e r e n c e s r e c e i v e a l ess comple te 
t r e a t m e n t than a n a l y t i c i n f e r e n c e s , a l t h o u g h some 
s i g n i f i c a n t advances have been made. For i n s t a n c e , 
a group at the Czechoslovak Academy of Sc iences has 
deve loped fo rma l t echn iques f o r moving f rom da ta 
about a r e s t r i c t e d number of members of a domain , 
to o b s e r v a t i o n s t a t e m e n t ( s ) wh ich summarize the main 
f e a t u r e s o r t r e n d s o f t h i s d a t a , t o a t h e o r e t i c a l 
s ta tement which a s s e r t s t h a t an a b s t r a c t i v e f e a t u r e 
o r mathemat i ca l f u n c t i o n ho lds f o r a l l members o f 
t h e domain (Hajek and Havranek, 1978) . Another r e 
search e f f o r t a t t emp ts t o i n t e g r a t e fundamenta l 
models w i t h s p e c i f i c a b s t r a c t i v e , o r g e n e r a l i z i n g , 
t e c h n i q u e s . However, t h i s work i s a t t he l e v e l o f 
t h e o r y development - a wo rk ing system has y e t to be 
implemented i n hardware . 

Abduc t i ve i n f e r e n c e has s c a r c e l y been touched by 
the A I community. T e n t a t i v e f i r s t s teps have been 
t a k e n , a s f o r example c u r r e n t e f f o r t s i n "non-mono-
t o n i c l o g i c " p resen ted a t a r e c e n t A I con fe rence 
he ld a t S t a n f o r d U n i v e r s i t y ( I s r a e l , 1980; Weyrauch 
et_ a l . , 1980) . These a t t emp ts t o dea l w i t h t h e i n 
v e n t i o n o f new or r e v i s e d knowledge s t r u c t u r e s are 
hampered (and f i n a l l y undermined) by t h e i r l ack o f 
a genera l t h e o r y of a b d u c t i v e i n f e r e n c e . One n o t a b l e 
e x c e p t i o n i s t h e r e c e n t work o f F r e d e r i c k Hayes-Roth 
( 1 9 8 0 ) , who takes a t h e o r y of a b d u c t i o n deve loped by 
Imre Lakatos f o r mathemat i ca l d i s c o v e r y and ope ra 
t i o n a l i zes two l o w - l e v e l members o f L a k a t o s ' f a m i l y 
o f a b d u c t i v e i n f e r e n t i a l t y p e s . S t i l l , t h i s work 
i s bu t a p r e l i m i n a r y s tep toward t he i m p l e m e n t a t i o n 
o f workab le systems o f mechanized a b d u c t i o n . 

3.3 N a t u r a l language and Other Man-Machine Communi
c a t i o n 

I f E a r t h - s e n s i n g systems and r e m o t e l y ope ra ted 
dev i ces a re to be used by a wide range of r e l a t i v e 
l y u n s o p h i s t i c a t e d u s e r s , s u b s t a n t i a l improvements 
are necessary in man-machine commun ica t ion . T h i s 
i n c l u d e s the development o f h i g h - l e v e l n a t u r a l 
languages , machine g e n e r a t i o n and r e c o g n i t i o n o f 
speech, v i s u a l p e r c e p t i o n and image g e n e r a t i o n . 

I n those i n s t a n c e s i n wh ich t h e env i ronment i s 
h i g h l y r e s t r i c t e d w i t h r e s p e c t t o b o t h t h e domain 
o f d i s c o u r s e (semant i cs ) and t h e fo rm o f a p p r o p r i 
a t e s ta tements ( s y n t a x ) , s e r v i c e a b l e i n t e r f a c e s are 

j u s t p o s s i b l e w i t h s t a t e - o f - t h e - a r t t e c h n i q u e s . 
However, any s i g n i f i c a n t r e l a x a t i o n o f semant ic 
and s y n t a c t i c c o n s t r a i n t s produces v e r y d i f f i c u l t 
problems i n A I . For gene ra l use t h e f o l l o w i n g 
c a p a b i l i t i e s are h i g h l y d e s i r a b l e , and p robab l y 
necessa ry , f o r e f f i c i e n t and e f f e c t i v e communi
c a t i o n : Domain mode l , user mode l , ( g e n e r a l , i d i o 
s y n c r a t i c , c o n t e x t u a l ) , d i a l o g u e mode l , exp lana 
t o r y c a p a b i l i t y , and reasonab le d e f a u l t assumo-
t i o n s . 

R e c o g n i t i o n and u n d e r s t a n d i n g o f f l u e n t spoken 
language adds f u r t h e r c o m p l e x i t y t o t h a t o f o r d i n a r y 
keyed language/phoneme a m b i g u i t y . I n n o i s e - f r e e 
env i ronments i n v o l v i n g r e s t r i c t e d v o c a b u l a r i e s , i t 
i s p o s s i b l e t o ach ieve r e l a t i v e l y h i g h r e c o g n i t i o n 
accu racy , though p r e s e n t l y no t i n r e a l t i m e . I n 
more r e a l i s t i c o p e r a t i n g s c e n a r i o s , o r a l f l u e n c y 
and r e c o g n i t i o n d i v o r c e d f rom semant ic u n d e r s t a n d 
i ng i s no t l i k e l y t o succeed. The c r i t i c a l need i s 
t he c o u p l i n g o f a l i n g u i s t i c u n d e r s t a n d i n g system 
t o t h e spoken n a t u r a l language r e c o g n i t i o n p r o c e s s . 
On a r e l a t e d r e s e a r c h f r o n t , t he p h y s i c a l aspec ts 
o f machine speech g e n e r a t i o n are ready f o r a p p l i c a 
t i o n s , a l t h o u g h some a d d i t i o n a l " c o s m e t i c " work i s 
s t i l l necessary f o r gene ra l use . 

Some m o t o r - o r i e n t e d t r a n s f e r o f i n f o r m a t i o n f rom 
humans to machines a l r e a d y has found l i m i t e d u s e , 
such as l i g h t pens , j o y s t i c k s , and head-eye p o s i 
t i o n d e t e c t o r s employed f o r m i l i t a r y t a r g e t a c q u i 
s i t i o n . A n i n t e r e s t i n g a l t e r n a t i v e f o r space a p p l i 
c a t i o n s i s t h e "show and t e l l " approach . I n t h i s 
method a human man ipu la tes an i c o n i c model of t h e 
r e a l env i ronmen t . A r o b o t "wa t ches " these a c t i o n s 
(perhaps complemented by some f u r t h e r i n f o r m a t i o n 
spoken by t h e human o p e r a t o r ) , t hen d u p l i c a t e s them 
in t h e r e a l env i r onmen t . Robot a c t i o n need not be 
r e a l t ime w i t h respec t to human o p e r a t o r a c t i o n -
the machine may ana lyze t h e o v e r a l l p l a n , ask ques
t i o n s , and c o o p e r a t i v e l y o p t i m i z e the o r i g i n a l 
course o f a c t i o n . The o p e r a t o r p l a y s t he r o l e o f 
" e d i t o r " o f t h e e v o l v i n g r o b o t p rogram. Show and 
t e l l t asks can b e c o n s t r u c t e d p i e c e m e a l , t hus a l l o w 
ing a j o b to be d e s c r i b e d to the machine which r e 
q u i r e s many s imu l taneous and c o o r d i n a t e d e v e n t s . 
F i n a l l y , t he f i d e l i t y o f r o b o t a c t i o n s t o the human 
example may va ry in s i g n i f i c a n t ways ( e . g . , s i z e 
s c a l e , mass s c a l e , o r speed o f p e r f o r m a n c e ) , a l l o w 
i ng t he machine to o p t i m i z e t h e task in a manner 
a l i e n t o human t h i n k i n g . 

3.4 Space M a n u f a c t u r i n g Au tomat ion 

To ach ieve t h e goa l s of space m a n u f a c t u r i n g and 
r e p l i c a t i v e a u t o m a t i o n , space p r o c e s s i n g l i k e l y 
must p rog ress f rom t e r r e s t r i a l s i m u l a t i o n s t o low 
E a r t h o r b i t e x p e r i m e n t a t i o n w i t h space p r o d u c t i o n 
t e c h n i q u e s , and u l t i m a t e l y t o p r o c e s s i n g l una r ma
t e r i a l s and o t h e r n o n - t e r r e s t r i a l r esou rces i n t o 
feeds tock f o r more b a s i c p r o d u c t deve lopment . There 
are f o u r ma jor components o f any " u n i v e r s a l " manu
f a c t u r i n g sys tem: (1) E x t r a c t i o n and p u r i f i c a t i o n 
o f u s e f u l m a t e r i a l s f rom raw r e s o u r c e s , (2) f a b r i 
c a t i o n o f p r o d u c t components, (3) p roduc t component 
assembly , and (4) system c o n t r o l . 

E x t r a c t i o n and p u r i f i c a t i o n t e c h n o l o g i e s f o r 
p r o c e s s i n g raw m a t e r i a l s on t he l u n a r s u r f a c e o r 
e lsewhere l i e f a r beyond s t a t e - o f - t h e - a r t . Soph i s 
t i c a t e d , h i g h l y automated c h e m i c a l , e l e c t r i c a l , and 
c r y s t a l l i z a t i o n t e c h n i q u e s must be developed y i e l d -
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i n g a f a r b roader range o f e lements and m a t e r i a l s 
t han i s p r e s e n t l y p o s s i b l e . Product component f a b 
r i c a t i o n i n v o l v e s p r i m a r y shaping and f i n i s h i n g op
e r a t i o n s . Shaping t e c h n o l o g i e s o f g r e a t e s t u t i l i t y 
f o r f u l l y au tomat i c space m a n u f a c t u r i n g are c a s t i n g 
and powder m e t a l l u r g y , b o t h of wh ich can produce 
p a r t s ready f o r use w i t h o u t f u r t h e r p r o c e s s i n g . 
E l i m i n a t i o n o f manual mold p r e p a r a t i o n shou ld be 
sough t , p o s s i b l y t h rough the use o f compute r -con
t r o l l e d c o n t a i n e r l e s s f o r m i n g . Laser and e l e c t r o n -
beam techn iques appear p r o m i s i n g f o r h i g h l y automa
ted f i n i s h i n g . Product component assembly r e q u i r e s 
r o b o t / t e l e o p e r a t o r v i s i o n and e n d - e f f e c t o r s which 
a re s m a r t , s e l f - p r e s e r v i n g , and d e x t e r o u s . P lace 
ment accuracy o f l / 1 0 0 0 t h i n c h and r e p e a t a b i l i t y o f 
5 / 1 0 , 0 0 0 t h s i nch are d e s i r a b l e i n e l e c t r o n i c s assem
b l y t a s k s . H i g h - c a p a c i t y arms and m u l t i - a r m c o o r d i 
n a t i o n must be deve loped . 

C o n t r o l o f a l a r g e - s c a l e space m a n u f a c t u r i n g or 
r e p l i c a t i n g system demands a d i s t r i b u t e d , h i e r a r c h i a l , 
dynamic , m a c h i n e - i n t e l l i g e n t i n f o r m a t i o n sys tem. For 
i n v e n t o r y c o n t r o l , an automated s to rage and r e t r i e v a l 
system w e l l - s u i t e d t o t he space env i ronment i s neces
s a r y . The a b i l i t y to gauge and measure p r o d u c t s -
i n s p e c t i o n o r q u a l i t y c o n t r o l - i s e s s e n t i a l , and a 
g e n e r a l - p u r p o s e h i g h - r e s o l u t i o n A I v i s i o n module i s 
needed f o r q u a l i t y c o n t r o l o f complex p r o d u c t s and 
components. Advances i n a r t i f i c i a l i n t e l l i g e n c e 
shou ld a l s o i n c l u d e the embodiment o f manager ia l and 
r e p a i r s k i l l s i n a n autonomous, a d a p t i v e - c o n t r o l ex
p e r t sys tem. 

3.5 T e l e o p e r a t o r s and Robot Systems 

T e l e o p e r a t o r s p e r m i t a c t i o n o r o b s e r v a t i o n a t a 
d i s t a n c e by human o p e r a t o r s . T e l e o p e r a t i o n r e p r e 
sen ts a t echno logy i n t e r m e d i a t e between f u l l y manned 
and autonomous robo t a c t i v i t y , hav ing motor f u n c t i o n s 
(commanded by the man) w i t h many p o s s i b l e c a p a b i l i 
t i e s and sensors ( p o s s i b l y m u l t i p l e , s p e c i a l - p u r p o s e ) 
to supp ly i n f o r m a t i o n . The human be ing c o n t r o l s and 
s u p e r v i s e s t h rough a mechan ica l o r computer i n t e r 
f a c e . As t echno logy advances and new requ i remen ts 
emerge, more and more of command/contro l f u n c t i o n s 
must r e s i d e in t he computer w i t h t he man assuming a 
more s u p e r v i s o r y r o l e . Wi th the development o f 
s u p e r i o r A l methods, computers e v e n t u a l l y may p e r 
form " m e n t a l " f u n c t i o n s o f f a r g r e a t e r c o m p l e x i t y , 
e v e n t u a l l y becoming v i r t u a l l y autonomous. 

An i m p o r t a n t goal o f t e l e o p e r a t o r development 
must be to g i v e t he o p e r a t o r the a b i l i t y to sense 
remote env i ronments as r e a l i s t i c a l l y as p o s s i b l e , 
an e f f e c t termed " t e l e p r e s e n c e " by Minsky (1979, 
1980) . The c a p a c i t y c l o s e l y t o r e l a t e a c t i o n and 
r e a c t i o n a t the remote s i t e and a t the c o n t r o l room 
r e q u i r e s major advances i n m a n i p u l a t o r s ( c o o r d i n a 
t i o n and c o o p e r a t i o n o f m u l t i p l e m a n i p u l a t o r arms 
and hands ) ; f o r c e r e f l e c t i o n and s e r v o i n g ; v i s u a l , 
a u d i o , t a c t i l e , r a d a r / p r o x i m i t y and o t h e r s e n s o r s ; 
comprehension o f v a r i a b l e c o n d i t i o n s o f scene i l l u 
m i n a t i o n , wide o r narrow v i e w i n g f i e l d s , and t h r e e -
d i m e n s i o n a l i n f o r m a t i o n v i a s t e r e o d i s p l a y s , p l a n a r 
beams, or ho log rams ; and systems to c i r cumven t t h e 
d i s o r i e n t i n g e f f e c t s o f communicat ion t ime de lays 
i n s e n s o r / e f f e c t o r feedback l o o p s . 

Two o t h e r d i s t i n c t c l asses of t e l e o p e r a t o r s may 
be r e q u i r e d f o r complex, l a r g e - s c a l e space ope ra 
t i o n s such as a m a n u f a c t u r i n g f a c i l i t y o r r e p l i c a t 
i ng f a c t o r y . F i r s t i s a f r e e - f l y i n g system combin

i ng the t echno logy o f t h e Man Maneuver ing U n i t w i t h 
the s a f e t y and v e r s a t i l i t y o f remote m a n i p u l a t i o n . 
The f r e e - f l y i n g t e l e o p e r a t o r can be used f o r s a t e l 
l i t e s e r v i c i n g , s t o c k p i l i n g and h a n d l i n g m a t e r i a l s , 
o p e r a t i o n s r e q u i r i n g autonomous rendezvous , s t a t i o n -
k e e p i n g , and dock ing c a p a b i l i t i e s . Second, mob i l e 
o r w a l k i n g t e l e o p e r a t o r s may be u s e f u l in v a r i o u s 
manu fac tu r i ng processes and f o r h a n d l i n g hazardous 
m a t e r i a l s . The d e v i c e would a u t o m a t i c a l l y move to 
a des igna ted i n t e r n a l o r e x t e r n a l work s i t e and p e r 
form e i t h e r preprogrammed o r r emo te l y c o n t r o l l e d 
f u n c t i o n s . For m a n u f a c t u r i n g and r e p a i r such a 
system cou ld t r a n s p o r t a s t r o n a u t s t o t he s i t e . Man
i p u l a t o r s cou ld b e l o c a l l y c o n t r o l l e d f o r v i e w / c l a m p / 
t o o l o p e r a t i o n s or as a mob i le workbench. 

3.6 Computer Science and Technology 

NASA's r o l e , b o t h now and in the f u t u r e , i s f u n d 
amen ta l l y one o f i n f o r m a t i o n , a c q u i s i t i o n , p r o c e s s 
i n g , a n a l y s i s , and d i s s e m i n a t i o n . Th i s r e q u i r e s a 
s t r o n g i n s t i t u t i o n a l e x p e r t i s e i n computer sc ience 
and t e c h n o l o g y . General computer sc ience resea rch 
avenues and c a p a b i l i t i e s r e q u i r e d to implement the 
t ypes o f m i ss i ons proposed by the s tudy teams i n 
c l u d e : computer sys tems, s o f t w a r e , management s e r 
v i c e s , and computer systems e n g i n e e r i n g . S t a t e - o f -
t h e - a r t t echno logy a l r e a d y is a p a r t o f NASA p r o 
grams i n t he n a t u r a l s c i e n c e s , e n g i n e e r i n g , s i m u l a 
t i o n and m o d e l i n g . A s u b s t a n t i a l commitment to r e 
search i n machine i n t e l l i g e n c e , r e a l t ime sys tems, 
i n f o r m a t i o n r e t r i e v a l , s u p e r v i s o r y and computer sys 
tems i s r e q u i r e d . 

4. CONCLUSIONS AND RECOMMENDATIONS 

Advanced machine techno logy i s e s s e n t i a l i n r e a 
l i z i n g a major space program c a p a b i l i t y f o r e x t r a -
t e r r e s t r i a l e x p l o r a t i o n and resource u t i l i z a t i o n 
w i t h i n r e a l i s t i c tempora l and economic l i m i t s . To 
t h i s end , t he s tudy group reached the f o l l o w i n g 
genera l c o n c l u s i o n s and recommendat ions: 

(1) Machine i n t e l l i g e n c e systems w i t h au toma t i c hy
p o t h e s i s f o r m a t i o n c a p a c i t y a re necessary f o r 
autonomous examina t i on of unknown env i ronmen ts . 
Th i s c a p a b i l i t y i s h i g h l y d e s i r a b l e f o r e f f i 
c i e n t e x p l o r a t i o n o f the S o l a r System and i s 
e s s e n t i a l f o r t h e u l t i m a t e i n v e s t i g a t i o n o f 
o t h e r s t a r sys tems. 

(2) The development o f e f f i c i e n t models o f E a r t h 
phenomena and t h e i r i n c o r p o r a t i o n i n t o a w o r l d 
model based i n f o r m a t i o n system are r e q u i r e d f o r 
a p r a c t i c a l , u s e r - o r i e n t e d , E a r t h resou rce ob
s e r v a t i o n n e t w o r k . 

(3) A permanent manned f a c i l i t y in low E a r t h o r b i t 
i s an i m p o r t a n t element o f a f u t u r e space p r o 
gram. P lann ing f o r such a f a c i l i t y shou ld p r o 
v i d e f o r a s i g n i f i c a n t automated space manufac
t u r i n g c a p a b i l i t y . 

(4) New, automated space m a t e r i a l s p r o c e s s i n g t e c h 
n iques must be developed to p r o v i d e l o n g - t e r m 
space m a n u f a c t u r i n g c a p a c i t y w i t h o u t major con 
t i n u i n g dependence on Ea r th r e s u p p l y . 

(5) R e p l i c a t i o n o f complex space m a n u f a c t u r i n g f a c 
i l i t i e s i s a l ong - range need f o r u l t i m a t e l a r g e -
sca le space u t i l i z a t i o n . A program to deve lop 
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and demonst ra te major e lements o f t h i s c a p a b i l 
i t y shou ld be u n d e r t a k e n . 

(6) General and s p e c i a l purpose t e l e o p e r a t o r / r o b o t 
systems are r e q u i r e d f o r a number of manu fac tu r 
i n g , assembly , i n s p e c t i o n and r e p a i r t a s k s . 

(7) An agg ress i ve NASA development commitment in 
computer sc ience i s fundamenta l t o t he a c q u i s 
i t i o n o f machine i n t e l l i g e n c e / a u t o m a t i o n exper 
t i s e and t echno logy r e q u i r e d f o r the m i s s i o n 
c a p a b i l i t i e s d e s c r i b e d e a r l i e r . Th i s shou ld 
i n c l u d e a program f o r i n c r e a s i n g the number o f 
people t r a i n e d i n the r e l e v a n t f i e l d s o f compu
t e r sc ience and a r t i f i c i a l i n t e l l i g e n c e . 
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