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ABSTRACT 

A major  g u i d e l i n e  f o r  t h e  des ign  of the United 
S t a t e s '  Spoce S t a t i o n  i s  t h a t  t h e  Space S t a t i o n  
a d d r e s s  a wide v a r i e t y  of func t ions .  These 
f u n c t i o n s  inc lude  t h e  s e r v i c i n g  of unmanned 
a s s e t s  i n  space,  t h e  suppor t  of commercial la-  
b o r a t o r i e s  in space  and t h e  e f f i c i e n t  management 
of t h e  Space S t a t i o n  i t s e l f ;  t h e  l a r g e s t  space  
a s s e t .  For t h e  Space s t a t i o n  to a d d r e s s  suc- 
c -ss f t i l ly  t h e s e  and o t h e r  f u n c t i o n s ,  t h e  opera t -  
ing c o s t s  must be minimized. Furthermore,  crew 
time i n  space  w i l l  b e  an exceedingly s c a r c e  and 
v a l u a b l e  c o m o d i t y .  The human o p e r a t o r  should 
perform only  those  t a s k s  t h a t  a r e  t iniqut i n  
dmanding  t h e  use  O E  t h e  h u m n  c r e a t i v e  cnpa- 
b i l i t y  i n  coping w i t h  u n a n t i c i p a t e d  events .  

The technologies  of Automation and Robot ics  
(ALR) have t h e  promise t o  h e l p  i n  reducing  Space 
S t a t i o n  o p e r a t i n g  c o s t s  and t o  achieve  a h ighly  
e f f i c i e n t  use  of t h e  human i n  space.  The use  of 
advanced automation and a r t i f i c i a l  i n t e l l i g e n c e  
techniques ,  such a8 e x p e r t  systems, i n  Space 
S t a t i o n  subsystems for a c t i v i t y  planning and 
f a i l u r e  mode management w i l l  enable  us  t o  reduce 
dependency on a miss ion  c o n t r o l  c e n t e r  and could 
u l t i m a t e l y  r e s u l t  i n  breaking  t h e  u d i l i c a l  l i n k  
Cram E a r t h  t o  t h e  Space S t a t i o n .  The a p p l i c a t i o n  
of r o b o t i c  technologies  wi th  advanced percept  ion 
c a p a b i l i t y  and h i e r a r c h i c a l  i n t e l l i g e n t  c o n t r o l  
t o  s e r v i c i n g  systems w i l l  enable  u s  eo s e r v i c e  
a s s e t s  e i t h e r  a t  t h e  Space S t a t i o n  or i n  s i t u  
wi th  a high degree  of human e f f i c i e n c y .  

T h i s  paper p r e s e n t s  t h e  r e s u l t s  of s t u d i e s  con- 
ducted by NASA and i t s  c o n t r a c t o r s ,  a t  t h e  urg ing  
of t h e  Congress ,  l ead ing  toward t h e  formula t ion  
of an automation and r o b o t i c s  p lan  f o r  Space 
S t a t i o n  development. 
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? I t  has  become customary t o  r e f e r  to c o g n i t i v e  
and manipula t ive  t a s k s  by t h e  terms "automation" 
and " r o b o t i c s , "  r r s p r c t i v r l y .  T h i s  convent ion 
w i l l  b e  used throughout  t h i s  paper.  

%n assignment  to NASA Headquar te rs  from t h e  J e t  
Propirlsion Labora tory ,  C a l i f o r n i a  I n s t i t u t e  of 
Techno 1 ogy . 

INTRODUCTION 

The United S t a t e s '  Space S t a t i o n  i s  a permanent 
mul t ipurpose  f a c i l i t y ,  w i t h  an i n i t i a l  crt'w of 
s i x  t o  e i g h t  a s t r o n a u t s ,  t h a t  w i l l  s e r v e  a s  a 
r e s e a r c h  l a b o r a t o r y ,  a permanent observa tory ,  a 
t r a n s p o r t a t i o n  node, a s t o r a g e  depot ,  and a b a s e  
f o r  s t a g i n g  miss ions  t o  h i g h e r  o r b i t s ,  t h e  pla-  
n e t s  and beyond. I t  i s  a l s o  a f a c i l i t y  for  
assembling complex payloads and f o r  s e r v i c i n g  
s a t e l l i t e s  and ins t ruments .  To f u l f i l l  t h i s  
v a r i e t y  of f u n c t i o n s ,  t h e  S t a t i o n  i s  designed a s  
a very complex system c o n s i s t i n g  o f  a modular 
manned base  and s e v e r a l  unmanned f ree  f l y r r s  
provided by s e v e r a l  n a t i o n s ,  Fig. 1. 

Fig. 1.  I n i t i a l  Space S t a t i o n  Complex 

I n  t h e  words of t h e  Nat iona l  Commission on Space 
(NCOS, 1986), t h e  S t a t i o n  is the  f i r s t  of 1 2  
t e c h n o l o g i c a l  m i l e s t o n e s  i n  space eoward a b r i d -  
ge  between worlds  and t h e  beginning of t h e  E a r t h  
Spaceport :  f o r  such a "port" we can e a s i l y  
e n v i s i o n  a r i c h  and always growing ferment of 
v a r i e d  a c t i v i t i e s .  Because of t h e  s i z e  of t h e  
investment  i n  the Space S t a t i o n  and t h e  expected 
long l i f e  o f  t h i s  f a c i l i t y ,  v e r s a t i l i t y  of a r -  
c h i t e c t u r e  and c a p a b i l i t y  to add new f e a t u r e s  
must be provided from t h e  beginning i n  t h e  des ign  
of t h e  system and i t s  subsystems. 

ROLE OP AUTOMATION AND ROBOTICS 

Two resources  t h a t  a r e  c r i t i c a l  for t h e  con- 
s t r u c t i o n  and o p e r n t i o n  of t h e  S t a t i o n  a r e :  
payload i n  o r b i t  and crew t i m e .  Because of t h e  
legacy of t h e  d e s t r u c t i o n  of Chal lenger  and t h e  
l i m i t a t i o n s  of c u r r e n t  trchnology, both a r e  
becoming more p r e c i o u s  a s  we impose s t r i c t e r  
l i m i t a t i o n s  t o  enhance s a f e t y .  While t h e  
payload l i m i t a t i o n s  may be ovrrcome i n  t h e  n o t  
too  d i s t a n t  f u t u r e  by t h e  development of heavy- 
l i f t  v e h i c l e s  and performance improvmcmts to 
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the shuttle, the availability of crew time will 
always be at a premium. 

The judicious application of the technologies 
of automation and robotics can overcome the 
limitation of this vital rcsource as  shown in 
Fig. 2, which summarizes one result of a recent 
study (Boeitig, 1986) .  The study indicates that, 
by implementing a series of A6R applicationa 
consibtent with the advancement of technology 
and the scope of the station program, a given 
crew can increase the number of its members 
devoted to prductivc functions by a factor of 
two to thrce. (Although the Skylab technology3 
uscd in tlie comparison is not a realistic option 
for the Station, it is the only I1.S. long term 
experience and, therefore, a useful baseline 
for comparisons). As we shall see again later, 
such a productivity increase by a factor of two 
to thrce has been noted by other analysts. 

The issue o t  which specific A6R technologies 
h a w  tit* greatest levrrage on Space Station 
productivity waq studied by the Automation and 
Robnrics Panel (UP), a group of over 30 leading 
technologists. The results of their six-month 
analysis arc sumarized in F i g .  3 (NIP, 1985).  
For each one of the three broad classes, the 
panel indicated the specific technologies where 
NASA should. respectively, load, leverage, and 
exploit. As we examine this table, we find 
tlint. in thr r a n p  of .ititm~wiv d ~ ~ v ,  1-pmt.nt shown - ,,,y 
r :  1 suppomd 

* c t m w d  

Tekop.cmd 

lupmvhrd 

n w  

Fig. 2. Space Station Productivity Projection 
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Replacement of direct manual control of s stwn 
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in Fig. 4, the Space Statiun thrust is in 
teleoperated and supcrvisod control. Those 
technologies are at the leading edge for appli- 
cations to flexible manufacturing and informa- 
tion management, the major frontiers in terres- 
trial applications. 

CHARACTERISTICS OF SPACE STATION 

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

Costa and Benefits 

The cost of implementing any one of the ABR 
applications currently considered for the Sta- 
tion is comparable to that of implementing the 
equivalent terrestrial one and is quite sub- 
stantial, ranging from the low IO6 dollars to 
the high IO7 dollars. However, on Space Sta- 
tion, the ensuing productivity gains have ex- 
traordinary value: IO4 - IO5 dollarslwork-hour 
saved, depending on whether it is for IVA or 
EVA, and also depending on the valuation method. 
Thus, tlie high initial investment is much more 

-or example: Open-cycle life support system; 
semi-active thermal control; inertial, solar, 
and ?,-vertical attitude control. No self-check- 
ing, trcnd analysie, etc. (NASA, 1977) .  
Manual 1 Unaided WAfEVA.nith dmoleIun(Miclsdlh.ndf~l~ 

lndmpwdd Brslr~4y reif-actuatlnp. self heallnp. Independen; 
operations mlnlmlrinp requiremen$ for dirQrt human 
InterventIan (dependent on autometian and aniflde4 
hlt.llip.lKe) 

Fig. 4. Range of Autonomous Operation 
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Fig. ?. Space Station C1assc.s of A M  Technology 
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r e a d i l y  j u s t i f i a b l e  i n  space than i n  t e r r e s t r i a l  
a p p l i c a t i o n s  where a t y p i c a l  work-hour i s  worth 
10 - lo2 d o l l a r s .  

i: iiv-ci L2pznL 

'rile. r p a r r  vnvircww nt i s  r c l a t i v c i y  w r l  I s tr i ic-  
t u r d  and f o r r s r c e b l e ,  by comparison wi th  t h a t  of 
a n  urban o r  an o f f i c e  s e t t i n g ,  where a mul t i tude  
o f  l i v i n g  e n t i t i e s  i n t e r a c t  unpredic tab ly ,  and 
t lws ,  i t  lends  i t s e l f  t o  t h e  modeling t h a t  is 
ind ispensable  t o  autonomous systems.  I t  is a l s o  
very complex, w i t h  m i l l i o n s  o f  p a r t s ,  i n t e r s e c t -  
inp c o n t r o l  loops ,  cascading  i n t e r a c t i o n s  from 
subsystem to subsystem, and m l t i - l a y e r e d  Iiicr- 
a r c h i e s  of f u n c t i o n s  t!rat a r e  very tax ing  f o r  
humans, s p e c i a l l y  when working under  p r e s s i n g  
tier! c o n s t r a i n t s .  F i n a l l y ,  because of i t s  com- 
pla-xi cy and notwi ths tanding  i t s  r e l a t i v e  predic-  
t a b i l i t y ,  t h i s  environment has  a s u f f i c i e n t l y  
l a r g e  v a r i e t y  of p o s s i b l e  c o n f i g u r a t i o n s  t h s t  
pr-programmed automation or even d e t a i l e d  proce- 
dura1  p r e s c r i p t i o n s  for  a l l  foreseeable  eventu- 
a l i t i e s  are. no t  f e a s i b l e .  Thus, humans can be 
very  e f f e c t i v e l y  e l e v a t e d  t o  the superv isory  
r o l e ,  once t h e  machines a r e  endowed wi th  autono- 
mwis l o c a l  seirsors and feedback, wi th  s u f f i -  
c i e n t l y  compreliensiJe d e c l a r a t i v e  models, and 
w i t h  o v e r r i d e s  f o r  u n t e s t e d  or unmodelrd circum- 
s '3ncrq .  

If* ' rs  

The e x c e p t i o n a l  q u a l i f  i c a t i o n s  of the  space 
u s e r 8 ,  who a r e  a l l  e x p e r t  and t r a i n e d  tech- 
n o l o g i s t s  and s c i e n t i s t s  a b l e  and i n t e r e s t e d  i n  
c o n t r i b u t i n g  t o  t h e  development of t h e  rech- 
nology, a r e  of s i g n i f i c a n t  advantage i n  de- 
ve loping  t h e  o p e r a t o r  i n t e r f a c e s ,  o f t e n  one of 
t h e  most d i f f i c u l t  and l i t t l e  understood a r e a s .  

S t a t e  of tlie Art 

The s i t u a t i o n  presented  i n  F ig .  3, which shows 
t h a t  t h e r e  a r e  a r e a s  whitre NASA must lead ,  o t h e r s  
where i t  can  adapt  and leverage  c u r r r n t  advances, 
and o t h e r s  y r t  which i t  can  e x p l o i t ,  i n d i c a t e s  
t h e  brcadth  of t h e  range of approaches a v a i l a b l e  
f o r  RLD and t h e  ample p o s s i b i l i t i e s  f o r  advaticing 
t h e  s t a t e  of t h e  a r t .  

- -  

HISTORICAL SUMMARY 

The Congress  of t h e  United S t a t e s  sought to t a k e  
advantage o f  t h i s  unique s e t t i n g  and of t h e  
h i s t o r i c  oppor tuni ty  t o  f o s t e r  A6R by reques t -  
ing  i n  1984, t h a t  tlie O f f i c e  of Technology 
Assessment condiict a workshop (March 1984) to 
e x p l o r e  t h e  r e l a t i o n s h i p  between t h e  Space 
S t a t i o n  Program and advanced ALR (OTA. 1985) and 
by i n c l u d i n g  A6R i n  t h e  Space S t a t i o n  enabl ing  
l e g i s l a t i o n .  

Puhl ic  Law 98-371 mandates t h a t  NASA i d e n t i f y  
Space S t a t i o n  systems t h a t  would advance ALR 
technologies  beyond what i s  i n  u s e  i n  c u r r e n t  
s p a c e c r a f t .  ConRress f u r t h e r  reques ted  t h a t  a n  
Advanced Technology Advisory Committee (ATAC) 
be  e s t a b l i s h e d  to f u l f i l l  t h e  mandate and t o  
r e p o r t  t o  Congress  every s i x  months on NASA's 
progress .  

A t  NASA's d i r e c t i o n ,  f i v e  aerospace  f i rms  ex- 
amined, "without r r g a r d  to cos t , "  t h e  ALR ap- 
p l i c a t i o n s  t h a t  might be included i n  t h e 6 t a t i o n  
a s  i t  evolves .  The c o n t r a c t o r s '  six-month 
s t u d i e s  focused on t h e s e  a reas :  

Boeing Companies: Operator-system i n t e r f a c e  
(WEING. 1984); 

General  E l e c t r i c  Company: Manufactur ing i n  
space (GE, 1984); 

Hughes A i r c r a f t  Company: 
ground stipport  (HUGHES. 1984); 

Mar t in  M a r i e t t a  Aerospace: Autonomous systems 
and assembly (MARTIN, 1984); 

TRW: S a t e l l i t e  s e r v i c i n g  (TRW, 19841. 

In a d d i t i o n ,  NASA funded SRI I n t e r n a t i o n a l  to 
conduct  an assessment  of t h e  s t u d i e s  from t h e  
viewpoint  of a r t i f i c i a l  i n t e l l i g e n c e  technology 
(SRI, 1985) and t h e  C a l i f o r n i a  Space I n s t i t u t e  
l o  organize  t h e  ARP - mentioned e a r l i e r  - and 
conduct  an independent  study. T h i s  panel  con- 
firmed t h a t  advanced ALR would improve produc- 
t i v i t y  on t h e  S t a t i o n  and y i e l d  b e n e f i t s  nn- 
t ionwide; recommended a major NASA investment  
i n  r e l a t e d  R6D (c l imbing  r a p i d l y  to between 100 
t o  200 m i l l i o n  d o l l a r s l y e a r ) ;  and s t a t e d  c l e a r -  
l y  t h e  requirement  t h a t  t h e  S t a t i o n  program must 
be designed f o r  growth from t h e  beginning  (ARP, 
1985). 

'flu f i n d i n g s  of a l l  t h e s e  s t u d i e s  were con- 
s o l i d a t e d  by t h e  ATAC i n  i t s  f i r s t  r e p o r t  t o  t h e  
U.S.  Congress  (ATAC, 1985a). The committee, 
recogniz ing  t h e  d i f f i c u l t y  of a c c o m o d a t i n g  t h e  
ambi t ious  proposa ls  and t h e  p r o j e c t e d  budgets  
a r t i c u l a t e d  i t s  p o s i t i o n  i n  13 recommendations 
segrega ted  i n t o  two groups.  The f i r s t  group of 
e i g h t  - to be implemented w i t h i n  t h e  n o a i n a l  
budget - focused on: ALR a s  a s i g n i f i c a n t  
element of; t h e  Space  S t a t i o n  Program; maximm 
adopt ion  of c u r r e n t  RLD; t h e  requirement  t o  
des ign  € o r  e r o v t h ;  t h e  importance of v e r i f i c a -  
t i o n  and v a l i d a t o n ;  and t h e  use  of A6R f o r  t h e  
management process .  Thr  second group of f i v e  
r e c o m r n d a t i o n s  focuaed on a g g r e s s i v e  develop- 
ment of advanced ALR,  c o n d i t i o n a l  on budget 
augmentat ion.  

In November 1985, t h e  U.S.  Congress expressed  
d e s i r e  t h a t  g r e a t e r  and f a s t e r  progress  b e  made 
i n  ALR than  what would be p o s s i b l e  w i t h i n  t h e  
normal Space S t a t i o n  budget  and provided,  i n  
s u c c e s s i v e  augmentat ions,  a d d i t i o n a l  funding 
f o r  a f l i g h t  t e l e r o b o t .  T h i s  w i l l  b e  a versa-  
t i l e  sys t rm to be used as a n  a i d  i n  S t a t i o n  
assembly and maintrnance,  and i n  payload s e r -  
v i c i n g  t a s k s ,  and i t  w i l l  be t r a n s p o r t a b l e  irr  
space  by a v a r i e t y  of carriers based on S t a t i o n  
and on s h u t t l e ,  Fig.  5. 

Addi t iona l  i n s i g h t  i n t o  tlie need and r o l e  of ALR 
is pr0vidc.d by a White Paper  from t h e  Ast ronaut  
O f f i c e  (ATAC, 1985b), which recommended: ap- 
p l i c a t i o n  to r e p e t i t i v e ,  time consuming, time 
c r i t i c a l ,  t a x i n g ,  hazardous,  bor ing  t a s k s ;  per-  
formance of e a r l y  f l i g h t  t e s t s ;  p r o v i s i o n  f o r  
human o v e r r i d e .  

More r e c e n t l y ,  the nerd f o r  ALR w a s  a l s o  present  
i n  t h e  c a l l  for  t h e  development of t e l e s c i e n c e  
by t h e  Space and E a r t h  Sc iences  Advisory Com- 
m i t t e e  (SESAC, 1986) through i t s  Task Force on 
S c i e n t i f i c  u s e s  of Space S t a t i o n .  S p e c i f i c -  
a l l y ,  t h e  t a s k  f o r c e  recognized t h e  p r o j e c t e d  
e v o l u t i o n  from space s c i e n c e  ( p r i n c i p a l l y  ob- 
s e r v a t o r y  i n  c h a r a c t e r )  t o  labora tory  s c i e n c e  
i n  space  ( p r i n c i p a  1 ly exper imenta l ) .  T e l e s c i -  
ence is d e s c r i b e d  a s  t h e  a b i l i t y  t o  conduct  

Subsystem c o n t r o l  and 

3 



ORIGINAL PAGE IS 
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experiments and reprogram them quickly - and 
remotely - as current rewlts are understood and 
nvu opportunities uncovered. This also re- 
quires advanced forms of telecoaraunications and 
. I V L C ~ . I I  inn i iring supcrvirury control. 

Fig. 5. Plight Tclerobotic System:' A Concept 

APPROACH TO AUT@MTION AND ROBOTICS 
AND STATUS 

The Space Station is now nearing the end of the 
definition and preliminary design phase which 
will be complcted in December 1986. The four 
Space Station Lead Centers: Marshall Space 
Flight Ccnter, Johnson Space Cmter. Coddard 
Space Flight Center, and Lewis Research Center 
and their eight industrial conttactors have 
been prrforming prel iminaw designs and eval- 
uations of over a hundred different A6R concepts 
for spec if ic applications. Evaluation criteria 
include: reduction of crew tine devoted to 
operations and maintenance; initial costs and 
operation savings; system avai lab i1  icy; safcty ; 
terrcstrial spin-offs; design risk; and impact 
on ground operations. 

In addition. experimental and tliroretical R6D 
efforts are led by the Amrs Research Center (for 
cognitivr functions) and by the Jet Propulsion 
Laboratory (JPL) (for manipulative functions). 
Demonstrations of their R6D are planned at 
approximately two to three year intervals in 
collaboration with the Space Station Lead Cen- 
ters. The first demonstration is scheduled to 
be by JPL, on telerobotics, in 1988. 

NASA contractors (BOEINC. 1986; CE. 1986; MAR- 
TIN, 1986; KCDONNELL. 1986; RCA. 1986: ROCKET- 
DYNE, 1986; TRU. 1986: ROCKWELL, 1986) have 
identified ovrr  LOO usrful A6R applications for 
the initial cnnfi@iration of the Station and 
ATAC (1986) Itas culled the list to about 18 
cognitivr. eight manipulative and four addi- 
tional applications requiring nore advanced 
trchniqurs. Of principal interest in the first 
category, we find: system management and crew 
activity planners; data base management; power 
system control and management; and m i t o r i n g  
and fault detection for life support systems. 
In the second category: Space Station assenbly. 

inspection and repair: payload srrvieing; and 
docking. 

The studies conducted at the NASA Centers, and 
at the contractors, confirm the selection of 
this approach to A6R for the Space Station: the 
human operator, who is in charge of the task at 
all times. assigns to the machine. directly or 
by default, those operations that, in his jud- 
g m n t .  cau be well perforned automatically at 
that time. The operator reserves the option to 
res- control during the execution and com- 
plete the operation directly. The "level of 
abstraction" of the operator's actions can be 
adjusted dynrmkally: the machine functions 
similarly to the apprentice of a master crafts- 
man. Thus. the terminology: "astronaut assis- 
tant" or "aide." This spproach is well suited 
to the traditions and needs of the manned space 
endeavor8 and is conceptually and technically 
different from that generally followed in the 
unmanned space flight (Pivirotto, 1986; Varsi. 
Han, and Rodriguez. 1986). where machines are 
given cmplete autonoay. but within narrouer 
bounds. specified in advance (e.&, Viking's 
landing sequence). 

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

Prograraostically, the guidelines to  the con- 
tractors for the next phase of work: deaign. 
development and construction, are expected to 
emphasize the themes discussed here and require 
a plan for the implementation oE A6R applica- 
tions. Information from the preliminary plans 
available now indicates that levels of autonomy 
that are technically achievable by 1993 - 1994 
can increase productivity on the Station by a 
factor of two to three and allow recovery of the 
investment in about two to three years for the 
majority of applications. It has been s h o w  
(THURIS. 1984) that it is necessary to pay 
particular attention to the sequence according 
to which applications are developed and imple- 
mented: in financial terns, the investment 
hurdle of an application can be reduced by 
several-fold if that application is implemented 
as a part of a group of related applications. 

AUTOMATION AND ROBMICS BEREFlW 

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

System Management 

This application is varinusl7 conceived and 
called "System flanager." "Station Coordinator." 
"Operation Manager," In its broad conception. 
it ha8 the function of translating Station 
performance and acheduling requirements into 
task sequences for subsystems. It can be 
considered an "expert systrm" hierarchically 
controlling other expert systems. 

It contains a representation of the Station and 
of the systems it interacts with. receives real 
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tinic inforni,itinn on t h e  s t a t u s  o f  tlrr crcw, tltc 
h.irdvatc and soCtwarr e f  the S t a t i o n .  arid tlic 
opt 'rnt  inn . i i i d  s c i r n c r  rt.gfiiirc*mrnts, and con- 
s t r u c t s  and updates  scl i rdulcs  of a c t i v i t i r s .  One 
conf i s u r n t i o n  of tli i s a p p l i c a t i o n  (MCDONNELL, 
1986)  is expec t rd  to r q i i i r c  a b w t  8,000 "rulrs" 
and to  c o s t  40 m i l l i o n  d o l l a r s .  I t s  y e a r l y  
b r n r f i t s  have b rcn  e s t ima tcd  a t  90 EVA hours, 
1,350 I V A  hours ,  and 32,000 work-hours on t h e  
ground: w i th  a to ta l  v a l u e  of about  60 m i l l i o n  
d o l l a r s .  

Powr-r Management 

Ihr-c c p t i o n s  can  be  considnred:  a ground based 
o r  "maniia I" s y s  t cm; a "ronvrn t iona 1 .iu toma t ion" 
( " . e , .  , on-board load shedding on tlic b a s i s  ot 
prcproj:rnmed p r i o r i t i e s ) ;  and a more advanced 
managrmvnt ( ' - . . g . ,  on-board r e sources  opt imiza-  
t i o n  and f a i l u r e  r ecove ry ) ,  based on e x p e r t  
s y s t m  tPcIinnlogy. On a uniform b a s i s ,  tlie 
i n i t i a l  cr*+:s  a r e  e s t ima ted  a t :  4 5 .  75 ,  and 8 5  
m i l l i o n  d o l l a r s .  r e s p c r t i v - l y ;  and the  o p e r a t i n g  
c u s t s  a t :  111. 1 3 .  10 m i l l i o n  d o l l a r s / y c a r  
(t::.\SA/LcRt, . 1986 1 .  T hi s exaiapl e i I Ius t r a  t e s  
v i v i d l y  the  programmatic dilemma o f f e r 4  by ACR 
a p p l i c i t i o n s :  01: one hand, tlir 20 i n i l l i on  
dol  l a r d y e a r  d i f f e r e n c e  brtwrt3n t h e  extreme ca- 
s<  s a l l ~ w s  r r cnvc ry  o f  t ; i c  4 0  m i l l i o n  d o l l a r  
d i f f  . r  I I C V  i n  i n i t i a l  rose: i l l  or Iv t w o  y r a r s ;  on 
[ ! i t  et l i i r  h i n d .  t l int  40 n i r l l i on  dol1.41. d i f f r r c n c e  
r p r ? s . n t s  about  a doub i ing  e f  t he  i n i t i a l  c o s t ?  - hard ly  n f f o r d a b l c  program-widr. Thus, the  nerd 
for  a j u d i c r o u s  s e l c r t i o n  of a p p l i c a t i o n s  based 
PII a c a r r f u l  S t a t ion -wid r  system a n a l y s i s .  

T* l p robo t  

Tlic S t a t i o n  t e l e r o h o t  i s  an  evo lvab lc  systc*m t h a t  
w i l l  i nc lude  the  c a p a b i l i t y  For both pure t e l r -  
o p e r a t i o n  wi th  t r l e p r e s c n c r ,  a s  wel l  as  f u l l  
autooonry 3 f  s e l t , c t ed  func t ions ,  t h -  r c p r r t o i r r  
of which i s  designed to  expand g r - a t l y  du r ing  the  
u s e f u l  l i f e  of  t h e  S t a t i o n .  I n  a d d i t i o n ,  i t s  
a r c h i t e c t u r e  w i l l  a l l ow f o r  gracr,f!il sha r ing  O F  
c o n t r o l  hetwecri o p e r a t o r  and mncliinr. ' C h c  ann- 
l y s i s  summarized l iere (CRUMFIAN, 1986)  compares 
EVA wi th  t h e  t e l r o p e r a t i o n  c n p a b i l i t y  o n l y  f o r  an 
assembly t a sk .  T h i s  a n a l y s i s  u s e s  EVA work-hours 
a5 a u n i t  oE acconn t  and s idests lps ,  i n  p a r t ,  t l ic 
d i f f i c u l t y  of a s s i g n i n g  c o s t s  wli?n c x y e r i r n c r  i s  
uniformly l ack ing  and, a s  i t  i s  t h e  c a s e  w i t h  
marginal  c o s t s .  even t h r  methods f o r  dc t r rmin ing  
them a r c  s p e c u l a t i v e .  I t  is g e n e r a l l y  as?umrd 
t h t  p resen t  trcIinoloe,y pe rmi t s  about  50 EVA 
l icurs per  week-long s l i u t t l r  f l i g h t ,  on t h e  b a s i s  
of  two days of space adap t ion ,  two teams o f  two 
EVA and one I V A  a s t r o n a u t s  each,  working s i x  
Iiour/day on a l t e r n a t e  days,  and one day o f  c l ean -  
up. The i n v e s t i g a l o r s  found, expr r imen ta l ly  011 
t h e  ground, t h a t ,  w i t h  comparablr  t r a i n i n g ,  thP 
exccu t ion  timc i i i c r r a ses  by a maximum of  a f a c t o r  
f i v e  i i i  t e l e o p e r a t i o n ,  f o r  t a s k s  r e q u i r i n g  dcx- 
t e r i t y ;  howrvg-r, tlir t ' . lCrobot cou ld  b e  o p r r a t c d  
a t  l = a s t  16 l ~ n u r s / d a v .  i n  s h i f t s ,  f o r  a lmost  s i x  
days.  The conlbtnntion of  t h e s e  f a c t o r s  f o r  t h e  
expected mix of assembly t a s k s  would producc a n  
incrr*asm of nvi 'r  50 pe rcen t  i n  p roduc t ion  p e r  
a s t r o n m t  a p p l i w l  t o  Llir t a s k .  I f  autnnomous 
o p e r a t i o n ,  r'ven to a v r r y  l i m i t e d  degree  ( e . g . ,  
tlio a1 ignment nnd lockiiig s t e p s )  wrrr cons i -  
d.r'Ad. t h e  advantagcs would b e  even g r e a t e r .  

CONCLUSIONS 

r h r  Spire S t n t i m i  Program p rov ides  a h igh  payoff  

cnvironmrirt condiicivr to tlie developmrnt of  
advanctsd A6R teclinology i n  t h r  a r r a s  or: h i e r -  
a r c h i c a l  a r c h i t v c t u r r s .  a r t i f i c i a l  i n t e l l i g -  
ence  t o o l s  and p ro to typ ing  t rchnology.  adap t  i vc  
c o n t r o l s ,  r a p i d  p l ann ing  and rrplanning:, and 
v e r i f  i c o t  i on  and  vat i d a  t ion .  N o t w i  t h s  tand ing 
t he  e x c e p t i o n a l  c o n d i t i o n s  f o r  a high r c t u r n  on 
i nvcs tmrn t ,  t h e  cost  of t h i s  technology is high,  
bo th  i n  a b s o l u t e  and r e l a t i v e  terms ( a s  shown i n  
tlir example abovr ,  i t  c a n  doub le  t lw c o s t  of a 
subsystem) and. t h e r e f o r e ,  a con t inu ing  commit- 
ment to  A6R is r e q u i r e d  on t h e  p a r t  of t h e  
program and t h e  U.S. Congress. 

The e f f o r t  and t h e  investment  w i l l  no t  only 
enjoy a r r l a t i v e l y  r a p i d  r r t u r n ,  bu t ,  i n  ad- 
vancing t h e  t e c h n o l o g i e s  mentioned above, w i l l  
s p c c i f i c a l l y  f o s t r r  g r e a t e r  v e r s a t i l i t y ,  f l r x -  
i b i l i t y  and " i n t e l l i g e n t  behavior" i n  machines 
and h a s t e n  t h e  d e p a r t u r e  from preprogrammcd 
automation,  which r e q u i r e s  very long product ion 
runs  to j u s t i f y  i t s  adop t ion .  T h i s  i s  now t h e  
main form of au tomat ion  i n  i n d u s t r i a l  app l i ca -  
t i o n s :  about  50 p r r c e n t  o f  a l l  robo t s  a r e  used 
i n  automotive p roduc t ion .  The n r rd  and the  
p o t e n t i a l  impact o f  t h e  more advanced forms of 
ACR, which t h e  Space S t a t i o n  will Eoster, can be 
gaged by t h e  f a c t  t h a t  ovpr  75 percen t  of t h e  
t o t a l  v a l u r  addrd i n  manufactur ing is  a t t r i b u -  
t a b l e  t o  non-mass p roduc t ion  methods (Hiller,  
1986). Tlic p o t e n t i a l  impact of the  in t roduc t ion  
of f l r x i b l e  automation f o r  a s s m b l y  has  been 
analyzed r e c e n t l y  by Funk ( 1 9 8 4 )  and one repre-  
s e n t a t i v e  e s t i m a t e  i s  d i sp l ayed  i n  Fig.  6 .  l h e  
c o s t s  a r e  d e r i v e d  for a "standard" product  on 
t h e  b a s i s  of i n d u s t r i a l  s t a t i s t i c s  f o r  a v a r i e t y  
of ass tmbly t a s k s .  

OW 

I :  
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Fig.  6 .  I twp3~ t o f  Advancrd Robotics  on 
Manufactur iiig (Adapted from Funk, I Y 8 5 )  
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