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Abstract 

A m a j o r i t y  o f  t h e  c u r r e n t  e x p e r t  
s y s t e m s  Eocus on t h e  s y m b o l i c - o r i e n t e d  
l o g i c  and i n E e r e n c e  mechanisms oE 
a r t i f i c i a l  i n t e l l i g e n c e  ( A I ) .  Common r u l e -  
b a s e d  s y s  teins employ  emp i r i c a l  
a s s o c i a t i o n s  and  a r e  n o t  w e l l  s u i t e d  t o  
d e a l  w i t h  p rob lems  o f t e n  a r i s i n g  i n  
e n g i n e e r i n g .  T h i s  p a p e r  d e s c r i b e s  a 
p r o t o t y p e  e x p e r t  s y s t e m  which  combines  
b o t h  s y m b o l i c  and  n u m e r i c  comput ing .  The 
e x p e r t  s y s t e m ' s  c o n f i g u r a t i o n  i s  d e s c r i b e d  
and i t s  a p p l i c a t i o n  t o  a s p a c e  c r a f t  
a t t i t u d e  c o n t r o l  p rob lem i s  p r e s e n t e d .  

Introduction 

C u r r e n t  NASA p l a n n i n g  t o  d e v e l o p  a 
low e a r t h - o r b i t  Space  S t a t i o n  p o s e s  a 
u n i q u e  o p p o r t u n i t y  f o r  t h e  deve lopmen t  o f  
a n  e x p e r t  s y s t e m  f o r  c o u p l i n g  s y m b o l i c  
p r o c e s s i n g  and n u m e r i c a l  c o m p u t a t i o n s .  

Computer s i r n u l a t i o r i s  are  u s e d  
e x t e n s i v e l y  by  NASA t o  v e r i f y  s y s t e m  
d e s i g n .  T h e s e  s i m u l a t  ioris a r e  d e v e l o p e d  by  
h i g h l y  s k i l l e d  s i m u l a t i o n  s p e c i a l i s t s  and 
t h e  c o m p l e x i t y  o f  t h e s e  s i m u l a t i o n s  
r e q u i r e  t h a t  t h e  s p e c i a l i s t  b e  i n v o l v e d  i n  
t h e  o p e r a t i o n a l  p h a s e  as w e l l  a s  i n  
d e v e l o p m e n t .  T h i s  r e s u l t s  i n  a p o o r  
u t i l i z a t i o n  o f  p e r s o n n e l .  An e x p e r t  s y s t e m  
c o u p l i n g  s y m b o l i c  p r o c e s s i n g  and n u m e r i c a l  
c o m p u t a t i o n s  may s o l v e  t h i s  problem by  
p e r m i t t i n g  d e t a i l e d  e x p e r i m e n t s  and 
s t u d i e s  t o  b e  p e r f o r m e d  w i t h o u t  t h e  
i n v e s t i g a t o r ' s  need  t o  h a v e  a d e t a i l e d  
knowledge  o f  t h e  model i m p l e m e n t a t i o n .  

Development  o f  t h e  S p a c e  S t a t i o n  w i l l  
a l s o  r e q u i r e  c l o s e  c o o r d i n a t i o n  among 
s y s  tein d e s i g n e r s  from NASA, t h e  a e r o s p a c e  
i n d u s t r y  and  o t h e r  p a r t i c i p a n t s .  An 
i n t e l l i g e n t  s y s t e m  w i t h  enough knowledge  
of s y s t e m  d e s i g n  may b e  a b l e  t o  a s s i s t  i n  
t h i s  c o o r d i n a t i o n .  Such  a s y s t e m  c o u l d  
i n t e r a c t  w i t h  e a c h  s y s t e m  d e s i g n e r  i n  a n  
i n t e l l i g e n t  way, a l l o w i n g  f o r  t h e  
e x p l o r a t i o n  o f  a l t e r n a t i v e  d e s i g n s ,  

p o i n t i n g  o u t  p o t e n t i a l  p r o b l e m s ,  c a t c h i n g  
f o r g o t t e n  d e t a i l s ,  e t c .  (De J o n g  ( 1 9 8 3 ) ) .  
T h i s  s y s t e m  c o u l d  a l s o  i n f o r m  t h e  o t h e r  
members o f  t h e  d e s i g n  team o f  c r i t i c a l  
d e c i s i o n s  made. 

Most c u r r e n t  e x p e r t  s y s t e m s  f o c u s  on 
s y m b o l i c  r e a s o n i n g  and  i n f e r e n c e  
mechanisms and  t r a d i t i o n a l l y  h a v e  n o t  b e e n  
c o n c e r n e d  w i t h  t h e  n u m e r i c a l  p r o c e s s e s  
t r e q u e n t l y  u s e d  on e n g i n e e r i n g  p rob lems  
( e . g . ,  t h e  s i m u l a t i o n  o f  dynamic  s y s t e m s )  
(Kawamura ( 1  9 8 5 a ) ) .  However,  t h e  
i n t e l l i g e n t  u s e  o f  t h e s e  n u m e r i c a l  me thods  
i n v o l v e s  t h e  k i n d s  of  e x p e r t i s e  w i t h  which  
A I  h a s  d e a l t ,  and wh ich  is  f r e q u e n t l y  i n  
s h o r t  s u p p l y .  

R e c o g n i z i n g  s u c h  a n e e d ,  NASA's 
George  C. M a r s h a l l  S p a c e  F l i g h t  C e n t e r  
awarded  a c o n t r a c t  t o  t h e  V a n d e c b i l t  
U n i v e r s i t y  C e n t e r  f o r  I n t e l l i g e n t  S y s t e m s  
t o  d e v e l o p  a n  e x p e r t  s y s t e m  t o  run  a c l a s s  
of  s p a c e c r a f t  s i m u l a t i o n  p rograms .  T h i s  
c o n t r a c t  had t h e  E o l l o w i n g  l o n g - r a n g e  
o b j  e c t  i v e s  : 

1 . )  To c r e a t e  an e x p e r t  s y s t e m  t h a t  
can  a s s i s t  t h e  u s e r  i n  r u n n i n g  a v a r i e t y  
o f  s i m u l a t i o n  p rograms  employed i n  t h e  
d e v e l o p m e n t  o f  t h e  Space  S t a t i o n .  

2 . )  To c rea te  a n  e x p e r t  s y s t e m  t h a t  
u n d e r s t a n d s  t h e  u s a g e  o f  a NASA-supplied 
s i m u l a t i o n  and t h a t  c a n  a s s i s t  t h e  u s e r  i n  
t h e  o p e r a t i o n  o f  v a r i o u s  f e a t u r e s  o f  t h i s  
s i m u l a t i o n .  

A s  a n  i n i t i a l  s t e p  toward  d e v e l o p m e n t  
of  s u c h  a n  i n t e l l i g e n t  s y s t e m ,  a n  e x p e r t  
s y s t e m  c a l l e d  NESS (NASA E x p e r t  S i m u l a t i o n  
Sys  tern) was d e v e l o p e d ,  which  u n d e r s t a n d s  
t h e  u s a g e  o f  a c l a s s  o f  s p a c e c r a f t  
a t t i t u d e  c o n t r o l  s i m u l a t i o n  s o f t w a r e  and  
c a n  a s s i s t  t h e  u s e r  i n  r u n n i n g  t h e  
s o f t w a r e .  NESS w a s  b u i l d  u s i n g  a 
k n o w l e d g e - e n g i n e e r i n g  t o o l  c a l l e d  G E N I E  
(GENeric I n f e r e n c e  E n g i n e )  ( S a n d e l l  
( 1  9 8 4 ) ) ,  d e v e l o p e d  a t  Vanderb  i l  t 
U n i v e r s i t y .  The s i m u l a t i o n  s o f t w a r e  
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r e p r e s e n t s  a s i m p l i f i e d  model o f  a t y p i c a l  
s p a c e c r a f t .  I t  h a s  many o f  t h e  same 
f u n c t i o n s  which a p p e a r  i n  t h e  s i m u l a t i o n  
s o f t w a r e  o f  an a c t u a l  s p a c e c r a f t .  The 
pu rpose  o f  t h e  g e n e r i c  s i m u l a t i o n  model i s  
t o  s e r v e  as a t e s t - b e d  s i m u l a t i o n  d u r i n g  
t h e  development  o f  NESS. S i n c e  i t  was 
developed a t  V a n d e r b i l t ,  t h e  g e n e r i c  
s i m u l a t i o n  model i s  w e l l  u n d e r s t o o d  and is 
e a s i l y  mod i f i ed .  I ts  u s e  made t h e  
u n d e r s t a n d i n g  of  how t o  i n t e r f a c e  e x p e r t  
sys t ems  t o  s i m u l a t i o n  programs much easier  
t h a n  i f  a n  a c t u a l  s i m u l a t i o n  program had 
been used .  

COUPLED EXPERT SYSTEM 

Design P r i n c i p l e  

One o f  t h e  inajor d e s i g n  d e c i s i o n s  o f  
t h i s  p r o j e c t  w a s  t o  m a i n t a i n  a c l e a r  
s e p a r a t i o n  between t h e  g e n e r i c  s i m u l a t i o n  
model ,  which performs t h e  numeric  
c o m p u t a t i o n s ,  and t h e  e x p e r t  s y s t e m ,  which 
p e r f o m s  symbolic  p r o c e s s i n g .  T h i s  
p a r a l l e l s  t h e  s i t u a t i o n  i n  which a human 
e x p e r t  s e t s  o u t  t o  perform a n u m e r i c a l  
s i m u l a t i o n  e x p e r i m e n t .  The human e x p e r t ,  
u s i n g  h i s  o r  h e r  knowledge o f  t h e  sys t em 
t o  be modeled and t h e  c h a r a c t e r i s t i c s  o f  
t h e  s i m u l a t i o n  s o f t w a r e ,  makes d e c i s i o n s  
abou t  how t o  run  t h e  expe r imen t .  These 
d e c i s i o n s  a r e  t h e n  f r e q u e n t l y  implemented 
by  c r e a t i n g  an i n p u t  f i l e  t o  be  r e a d  by 
t h e  g e n e r a l  pu rpose  s i m u l a t i o n  s o f t w a r e .  
T h i s  f i l e  c o n t a i n s  p a r a m e t e r s  d e s c r i b i n g  
t h e  s i m u l a t i o n  model and s w i t c h e s  which 
inform t h e  program o f  t h e  o p t i o n s  s e l e c t e d  
by t h e  u s e r .  The u s e r  t hen  i s s u e s  a 
command t o  t h e  o p e r a t i n g  system t o  run t h e  
s i m u l a t i o n  program. I f  i t  r u n s  w i t h o u t  
e r r o r ,  t h e  u s e r  t h e n  examines t h e  o u t p u t  
f i l e s  and i n t e r p r e t s  t h e  r e s u l t s .  

Fo l lowing  t h i s  a p p r o a c h ,  t h e  e x p e r t  
sys t em (NESS) w a s  d e s i g n e d  a s  a s o f t w a r e  
sys t em s e p a r a t e  from t h e  g e n e r i c  
s i m u l a t i o n  model.  F i g u r e  1 shows t h e  
i n t e r a c t i o n  o f  t h e s e  two sys t ems  
s c h e m a t i c a l l y .  Each sys t em was w r i t t e n  i n  
t h e  l anguage  most n a t u r a l  t o  i t .  The 
g e n e r i c  s i m u l a t i o n  model was w r i t t e n  i n  
FORTRAN f o l l o w i n g  y e a r s  o f  t r a d i t i o n a l  
e n g i n e e r i n g  p r a c t i c e ,  and NESS was b u i l d  
u s i n g  a g e n e r a l  i n f e r e n c e  e n g i n e  (GENIE) 
w r i t t e n  i n  FRANZ LISP, f o l l o w i n g  c u r r e n t  
A I  p r a c t i c e .  

The knowledge-base o f  NESS c o n t a i n s  
t h r e e  t y p e s  of knowledge : g e n e r a l  
knowledge abou t  s p a c e c r a f t  a t t i t u d e  
c o n t r o l  s i m u l a t i o n  expe r imen t s  ; s p e c i f i c  
knowledge o f  t h e  i n p u t  p a r a m e t e r s  and 
t h e i r  f o r m a t s  r e q u i r e d  by t h e  g e n e r i c  
s i m u l a t i o n  program; and se l f -knowledge  
which i s  used t o  p r e v e n t  f o o l i s h  b e h a v i o r ,  
such  a s  a t t e m p t i n g  t o  examine r e s u l t s  
b e f o r e  a s i m u l a t i o n  r u n  h a s  been e x e c u t e d .  

The u s e r - i n t e r a c t i o n  s c e n a r i o  i s  
e n v i s i o n e d  as f o l l o w s .  The u s e r s  i nvokes  
NESS which q u e r i e s  him o r  h e r  abou t  t h e  
system t o  b e  modeled and t h e  expe r imen t  t o  
be  performed.  T h i s  i n t e r a c t i o n  s h o u l d  
avo id  r e q u i r i n g  t h e  u s e r  t o  s p e c i f y  a l l  
t h e  l o w - l e v e l  p a r a m e t e r s .  R a t h e r ,  i t  
shou ld  c o n c e n t r a t e  on t h e  inajor  
e n g i n e e r i n g  d e c i s i o n s  r e q u i r e d  t o  g e t  an 
answer t o  your  q u e s t i o n s .  The s e t t i n g  o f  
t h e  l o w - l e v e l  p a r a m e t e r s  s h o u l d  be  
i n f e r r e d  and performed by NESS, u s i n g  i t s  
knowledge. A f t e r  g a i n i n g  s u f f i c i e n t  
i n f o r m a t i o n  t o  s p e c i f y  a comple t e  
e x p e r i m e n t ,  NESS r u n s  t h e  S i m u l a t i o n  and 
checks  f o r  run - t ime  e r r o r  messages from 
t h e  o p e r a t i n g  system. 

NESS s h o u l d  then  examines t h e  o u t p u t  
f i l e s  c r e a t e d  by t h e  s i m u l a t i o n  model and 
i n t e r p r e t  them f o r  t h e  u s e r  i n  l i g h t  o f  
h i s  o r  h e r  ma jo r  q u e s t i o n s .  T h i s  i n v o l v e s  
e x h i b i t i n g  p l o t s  o f  model r e s p o n s e s  and 
comments on t h e  s t a b i l i t y  o f  t h e  proposed 
system d e s i g n .  

Sys tem A r c h i t e c t u r e  

NESS was des igned  u s i n g  f r a m e s ,  
agendas ,  menu-inputs  and r u l e - b a s e s ,  a l l  
o f  which a r  f a c i l i t i e s  p r o v i d e d  by G E N I E .  
Frames a r e  one o f  t h e  b a s i c  d a t a  
s t r u c t u r e s  c u r r e n t l y  used i n  A I .  Agendas 
p r o v i d e  t h e  c o n t r o l  i n f o r m a t i o n  n e c e s s a r y  
f o r  runn ing  an e x p e r t  system. A menu-input 
s t a g e  i s  used t o  g a t h e r  i n f o r m a t i o n  from 
t h e  u s e r .  Ru le -bases  c o n t a i n i n g  i n d i v i d u a l  
r u l e s  s t o r e  knowledge o b t a i n e d  from a 
domain e x p e r t .  The a r c h i t e c t u r e  o f  NESS i s  
i l l u s t r a t e d  i n  F i g u r e  2 .  

A s  can  b e  s e e n  from F i g u r e  2 ,  NESS 
c o n s i s t s  o f  f i v e  s p e c i f i c  f u n c t i o n a l  
modules c o n t r o l l e d  by  a t o p - l e v e l  Manager. 
The Model I n s t a n t i a t o r  o b t a i n s  i n i t i a l  
p a r a m e t e r  v a l u e s  from t h e  u s e r ,  t h e  
S i m u l a t i o n  Execu to r  r u n s  t h e  s i m u l a t i o n  
model ,  t h e  L i b r a r i a n  s t o r e s  and r e t r i e v e s  
pa rame te r  v a l u e s  from d i s k  f i l e s ,  t h e  
Parameter E d i t o r  a l l o w s  t h e  u s e r  t o  e d i t  
p a r a m e t e r  v a l u e s ,  and t h e  Graph ics  module 
d i s p l a y s  t h e  s i m u l a t i o n  r e s u l t s .  The top -  
Level  Manager c o n t r o l s  t h e  f i r i n g  o f  e a c h  
o f  t h e  f i v e  modules by means o f  a fo rward -  
c h a i n e d  r u l e - b a s e .  T h i s  a r c h i t e c t u r e  a l o n g  
w i t h  t h e  r u l e - b a s e  c o n t r o l  r e s u l t s  i n  a 
modu la r ,  f l e x i b l e  and expandab le  e x p e r t  
s y s  t e i n .  

System Implemen ta t ion  

FRANZ LISP p r o v i d e s  a number o f  ways 
i n  which a LISP p r o c e s s  s u c h  a s  NESS can  
e f f e c t  o p e r a t i n g  system c a l l s .  These c a l l s  
a l l o w  NESS t o  do t h i n g s  l i k e  w r i t e  a d i s k  
f i l e  c o n t a i n i n g  t h e  p a r a m e t e r s  t h a t  t h e  
s i m u l a t i o n  program n e e d s ,  c a u s e  i t s  
e x e c u t i o n  and read t h e  o u t p u t  f i l e s  i t  
creates  ( a s  i l l u s t r a t e d  i n  F i g u r e  1 ) .  
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The most  s t r a i g h t f o r w a r d  u t i l i z a t i o n  
o f  a s y s t e m  c a l l  i s  s i m p l y  t o  i n c l u d e  a 
F R A N Z  L I S P  f u n c t i ~ i n  " e x e c "  ( F o d e r a r o  
( 1 9 8 3 ) )  t o  c a u s e  t h e  e x e c u t i o n  o f  a 
s t a n d a r d  U N I X  commands, d i r e c t l y  i n  a r u l e  
c l a u s e .  Fii r e x a m p l e ,  
o u t p u t - d i s p  lay- rb- ru le6  c h e c k s  t h e  
p r e c o n d i t i o n  t h a t  i n s u r e s  t h a t  t h e  
s i m u l a t i o n  program h a s  r im ( s e l f  
knowledge )  and  t h d t  t h e  u s e r  wan t s  t o  see 
a p l o t  o f  t h e t a ,  w h i c h  t h e  s i m u l a t i o n  
program would h a v e  d e p o s i t e d  i n  a d i s k  
f i l e  c a l l e d  'I t h e  t a O p l  t . s t p  ." The ' t h e n  ' 
s i d e  o f  t h e  r u l e  l o o k s  ,is f o l l o w s :  

( $ t h e n  ( e x e c  c a t  t h e t a 0 p l t . s t p ) ) .  

T h i s  c a u s e s  t h e  U N I X  " c a t "  command t o  
e x e c u t e ,  wh ich  s i m p l y  c o p i e s  t h e  named 
f i l e  ( t h e t a O p l t . s t p )  t o  t h e  u s e r ' s  
t e r m i n a l .  

A s l i g h t l y  inore i n v o l v e d  method i s  t o  
w r i t e  a demon ( i . e . ,  a s p e c i a l  p u r p o s e  
L I S P  f u n c t i o n )  t o  perforin some s p e c i f i c  
o p e r a t i o n  wh ich  may i n v o l v e  o n e  o r  more  
c a l l s  t o  U N I X  s y s t e ' n '  € u n c t i o n s .  Fo r  
e x a m p l e ,  a tJ emon named 
"se  t u p - i n i  t-Val-in s i m u l a .  i n p "  c a l l s  t h e  
s y s t e m  f u n c t i o n  " f i l e o p e n , "  " c l o s e , "  and 
" c p r i n t f  ," which  pe r fo r ins  fnt-indtted f i l e  
w r i t e  o p e r a t i o n s .  T h i s  demon i s  c a l l e d  by 
run-rb-rul e 1 . 

T h i s  r u l e  a l s o  c a l l s  t h e  demon 
"start-sim," which  u s e s  t h e  F R A N Z  L I S P  
f u n c t i o n  " p r o c e s s "  t o  f o r k  a c h i l d  
p r o c e s s ,  which  i 4  t h e  a c t u a l  e x e c u t i o n  o f  
t h e  s i m u l a t i o n .  

C u r r e n t l y  NESS and t h e  g e n e r i c  
s i m u l a t i o n  model  r e s i d e  on a VAX 1 1 / 7 8 5  
r u n n i n g  u n d e r  t h e  V M S / E U N L C E  o p e r a t i n g  
s y s  t e m .  

GENERIC SIMULATION MODEL 

S p a c e c r a f t  A t t i t u d e  C o n t r o l  Problem 

The € u n c t i o n  o f  a s p a c e c r a f t  a t t i t u d e  
c o n t r o l  s y s t e m  i s  t o  maneuver  a s p a c e  
v e h i c l e  i n t o  a c e r t a i n  o r i e n t a t i o n  d e f i n e d  
by  a r e f e r e n c e  v e c t o r ,  and  t o  m a i n t a i n  
t h a t  o r i e n t a t i o n  o v e r  a n  e x t e n d e d  p e r i o d  
o f  time. A s  a n  example  o f  a t t i t u d e  
c o n t r o l ,  c o n s i d e r  t h e  p o i n t i n g  c o n t r o l  
s y s  t e i n  € o r  t h e  S p a c e  T e l e s c o p e  ( D o u g h e r t y  
( 1 9 8 2 ) ) .  The c o n t r o l  s y s t e m  mus t  maneuver  
t h e  t e l e s c o p e  t h r o u g h  a 9 0  d e g r e e  a r c  i n  
l ess  t h a n  20 m i n u t e s ,  and  t h e n  m a i n t a i n  a 
s t a b l e  l i n e - o f - s i t e  t o  w i t h i n  0 .007  a rc -  
s e c o n d s  f o r  24  h o u r s .  T h u s ,  t h e  c o n t r o l  
s y s t e m  m u s t  b e  d e s i g n e d  to  maneuver  
t h r o u g h  a l a r g e  c h a n g e  i n  d i r e c t i o n  and  
t h e n  t r a c k  t h e  v e h i c l e s ' s  p o s i t i o n  a b o u t  a 
c o n s t a n t  d i r e c t i o n .  The v e h i c l e ' s  dynamics  
c o u l d  b e  r e p r e s e n t e d  by  n o n l i n e a r  

d i E f e r e n t i a 1  e q u a t i o n  d u r i n g  t h e  
maneuver ing  mode; i n  t h e  t r a c k i n g  mode, 
t h e  e q u a t i o n  c o u l d  h e  l i n e a r i z e d  a b o u t  t h e  
d e s i r e d  o p e r a t i n g  p o i n t .  I n  t h e  i n i t i a l  
p h a s e  o f  o u r  p r o j e c t ,  o n l y  t h e  s i m u l a t i o n  
o f  t h e  v e h i c l e  and c o n t r o l  s y s t e m  d u r i n g  
t h e  t r a c k i n g  mode was c o n s  i d e r e d .  

The commanded i n p u t s  t o  t h e  c o n t r o l  
s y s t e m  would g e n e r a l l y  b e  a n g u l a r  
p o s i t i o n .  Both a n g u l a r  p o s i t i o n  and 
a n g u l a r  r a t e  would b e  measu red  by  s t a r  
t r a c k e r s  and r a t e  gy ros . ,  and t h e s e  
measu remen t s  would b e  a v a i l a b l e  t o  t h e  
c o n t r o l  s y s t e m .  The t o r q u e  r e q u i r e d  t o  
a c c o m p l i s h  t h e  maneuver s  would be p r o v i d e d  
by a s e t  o f  c o n t r o L  moment g y r o s  (CMGs) .  
G e n e r a l l y ,  r e d u n d a n c y  i n  s e n s o r s  and 
a c t u a t o r s  c o u l d  h e  a d e s i g n  f e a t u r e  o f  t h e  
c o n t r o l  s y s t e m .  For  e x a m p l e ,  f o u r  s e n s o r s  
c o u l d  b e  p o s i t i o n e d  t o  m e a s u r e  t h e  
v a r i a b l e  i n  t h r e e - d i m e n s i o n a l  s p a c e  s u c h  
t h a t  a n y  t h r e e  o f  t h e  s e n s o r s  would 
p r o v i d e  l i n e a r l y  i n d e p e n d e n t  measu remen t .  
With t h i s  t y p e  o f  c o n f i g u r a t i o n ,  a l l  f o u r  
s e n s o r s  c o u l d  b e  used  and  c o n s i s t e n c y  
c h e c k s  made on t h e  m e a s u r e m e n t s .  I f  a n y  
o n e  s e n s o r  f a i l e d ,  t h e  r e m a i n i n g  t h r e e  
c o u l d  p r o v i d e  c o m p l e t e  c o v e r a g e  o f  t h e  
d e s i r e d  v a r i a b l e .  F i g u r e  3.  i s  a 
s i m p l i f i e d  i l l u s t r a t i o n  o f  t h e  p o i n t i n g  
c o n t r o l  s y s t e m  f o r  t h e  S p a c e  T e l e s c o p e .  
The c o n t r o l l e r ,  r e a c t i o n  whee l  a s s e m b l i e s ,  
and r a t e  and  p o s i t i o n  s e n s o r s  m e n t i o n e d  
a b o v e  c a n  e a s i l y  b e  i d e n t i f i e d  i n  t h e  
f i g u r e .  The F i n e  Gu idance  S e n s o r  b l o c k  i s  
u s e d  i n  d i f f e r e n t  ways f o r  t h e  d i f f e r e n t  
modes o f  s e a r c h i n g  f o r  a new t a r g e t ,  
c o u r s e  t r a c k i n g  oE t h e  t a r g e t ,  and f i n a l l y  
m a i n t a i n i n g  a n  a t t i t u d e  l o c k e d  o n t o  t h e  
t a r g e t .  

One f a c t o r  wh ich  makes t h e  c o n t r o l  o f  
a s p a c e  v e h i c l e  more i n v o l v e d  t h a n  t h e  
t r a d i t i o n a l  p o s i t i o n  c o n t r o l  p rob lem i s  
t h e  need  t o  u s e  s e v e r a l  c o o r d i n a t e  f r a m e s  
i n  d e f i n i n g  t h e  v e h i c l e s ' s  Loca t ion  a n d  
o r i e n t a t i o n .  I t  i s  common p r a c t i c e  f o r  t h e  
v e h i c l e s ' s  a t t i t u d e  to  b e  s p e c i f i e d  by  a 
s e r i e s  o f  t r a n s f o r m a t i o n s  f rom a n  i n e r t i a l  
f r a m e  t o  f r a m e s  t h a t  a r e  g e o c e n t r i c ,  
d e f i n e d  i n  t h e  o r b i t a l  p l a n e ,  and  
d e p e n d e n t  on  o r b i t a l  s h a p e .  I n  a d d i t i o n ,  
t h e  v e h i c l e ' s  o r i e n t a t i o n  i s  d e f i n e d  
r e l a t i v e  t o  a l o c a l  v e r t i c a l  f r a m e  d e f i n e d  
a t  t h e  v e h i c l e ' s  c e n t e r  o f  mass and  
o r i e n t e d  w i t h  r e s p e c t  t o  t h e  o r b i t  n o r m a l  
and  l o c a l  v e r t i c a l  d i r e c t i o n s .  O t h e r  
r e f e r e n c e  frames a re  d e f i n e d  f i x e d  wj t h i n  
t h e  v e h i c l e  a t  t h e  l o c a t i o n  o f  s e n s o r s ,  
a c t u a t o r s  and b e n d i n g  modes ; t h e s e  
i n t e r n a l  f rames r e l a t e  s e n s o r  d a t a ,  
g e n e r a l i z e d  f o r c e s ,  and b e n d i n g  
d e f o r m a t  i o n s ,  r e s p e c t i v e l y ,  t o  t h e  
v e h i c l e ' s  dynamic  e q u a t i o n s .  

T r a n s f o r m a t i o n s  are  p o s s i b l e  b e t w e e n  
t h o s e  v a r i o u s  c o o r d i n a t e  f r a m e s  ( R r a d y  
(1982)  and  P a u l  ( 1 9 8 1 ) ) .  A m a t r i x  c a n  b e  
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def ined  which can m u l t i p l y  a v e c t o r  i n  one 
coord ina te  frame t o  conve r t  i t  i n t o  t h e  
equ iva len t  vec to r  i n  a second coord ina te  
frame. Transformation m a t r i c e s  can be 
clef ined i n  terms of  r o l l - p i  tch-yaw a n g l e s  
between t h e  coord ina te  frames o r  i n  terms 
app l i ed  t o  s p a c e c r a f t  a t t i t u d e  c o n t r o l  
problems through t h e  concept  of  
Quaternions ( I ckes  ( 1  970)  and Grubin 
( 1 9 7 0 ) ) .  A Quaternion i s  a fou r  parameter  
system composed of  a v e c t o r  about  which 
t h e  r o t a t i o n  is t o  be made and a scalar  
which is  a measure of  t h e  a n g l e  of  
r o t a t i o n .  

Model Overview 

The g e n e r i c  s imula t ion  model shown i n  
F igure  4 r e p r e s e n t s  t h e  s i m u l a t i o n  of t he  
s p a c e c r a f t  and c o n t r o l  system dur ing  the  
t r a c k i n g  mode. 

A s imple  s p a c e c r a f t  a t t i t u d e  c o n t r o l  
system would have a minimum number o f  
t h r e e  ( 3 )  coord ina te  Erames. These 
coord ina te  frames would r e p r e s e n t  t h e  
i n e r t i a l  c o o r d i n a t e  sys tem,  t h e  a c t u a l  
v e h i c l e  o r i e n t a t i o n ,  and  the  t a r g e t  
r e f e r e n c e  d i r e c t i o n .  Zero p o s i t i o n  e r r o r  
i s  achieved when the  r e f e r e n c e  and v e h i c l e  
c o o r d i n a t e  €rames a r e  i d e n t i c a l  t o  each 
o t h e r .  These t h r e e  frames a r e  used i n  t h e  
g e n e r i c  s i m u l a t i o n  f o r  t h i s  r e sea rch  
p r o j e c t .  The f u n c t i o n  of  t he  a t t i t u d e  
c o n t r o l  s p a c e c r a f t  u n t i l  i t s  c o o r d i n a t e  
frame becomes i d e n t i c a l  t o  t h e  reverence  
c o o r d i n a t e  frame, and then  t o  m a i n t a i n  
t h a t  o r i e n t a t i o n  u n t i l  new r e f e r e n c e  
d i r e c t i o n  commands a r e  g iven .  The 
d i f f e r e n c e s  between a c t u a l  and commanded 
angular  p o s i t i o n s  and a c t u a l  and commanded 
angu la r  r a t e s  would be used by t h e  c o n t r o l  
system as the  e r r o r  s i g n a l s  used t o  
compute command s i g n a l s  f o r  t h e  a c t u a t o r s .  
These s i g n a l s  would command torque  from 
t h e  a c t u a t o r s  a b o u t , a n  a x i s  de f ined  by t h e  
Quaternion Transformat ion  t o  f o r c e  the  
e r r o r s  t o  zero .  This  amounts t o  
de te rmining  the  t r ans fo rma t ion  m a t r i x  
between t h e  c u r r e n t  v e h i c l e  o r i e n t a t i o n  
and t h a t  of  t h e  r e f e r e n c e  v e c t o r ,  and 
de termining  t h e  c o n t r o l  s i g n a l s  necessa ry  
t o  p h y s i c a l l y  implement t h a t  
t r ans fo rma t ion  ma t r ix .  

Implementat ion S t a t u s  

C u r r e n t l y  we a r e  running NESS w i t h  a 
s i m p l i f i e d  s i m u l a t i o n  model,  i . e . ,  t h e r e  
a r e  no bending modes, t h e  i n e r t i a  ma t r ix  
i s  d i a g o n a l ,  a n d  t h e  c o n t r o l l e r  i s  of  t h e  
P I D  ( p r o p o r t i o n a l - i n t e g r a l - d i f f e r e n t i a l )  
type.  The inpu t  command i s  angu la r  
a t t i t u d e .  Runge-Kutta a n d  l i n e a r  m u l t i s t e p  
i n t e g r a t i o n  a lgo r i thms  are  a v a i l a b l e  f o r  
performing the  numerical  i n t e g r a t i o n  of 
the  equa t ions  of  motion. The s i m p l i f i e d  
model (P ro to type  I )  is shown i n  F igure  5 .  

SAMPLE SESSION WITH NESS 

The primary knowledge i n  NESS i s  
concerned wi th  g a t h e r i n g  i n p u t  d a t a  f o r  
t he  s i rnulacion experiment .  NESS asks  t h e  
u s e r  t o  p rov ide  i n i t i a l  v a l u e s  of  some 
parameters  and o b t a i n s  o t h e r  by a sk ing  
q u e s t i o n s  from which i t  can i n f e r  them. 
This  i s  done i n  a s y s t e m a t i c  manner as 
fo l lows  : 

a )  NESS g a t h e r s  a l l  t h e  d a t a  r e q u i r e d  t o  
d e f i n e  the  s y s  t e m  t o  be s imula t ed .  
This  i nc ludes  g e t t i n g  v a l u e s  f o r  t h e  
i n e r t i a l  and c o n t r o l l e r  m a t r i c e s ,  
i n i t i a l i z i n g  the  Quaternion module 
and s e l e c t i n g  a method o f  
i n t e g r a t i o n .  

b) NESS asks  f o r  t he  type of  response  t o  
be ob ta ined  from t h e  system. A cho ice  
of  STEP o r  FREQUENCY response  i s  
o f f e r e d .  

c )  NESS then  completes  t h e  s e t  o f  
parameters  r equ i r ed  t o  run t h e  
s i m u l a t i o n  experiment .  

CONCLUSIONS AND FURTHER WORK 

This  paper  has  i l l u s t r a t e d  an e x p e r t  
system t h a t  can ass is t  t h e  u s e r  i n  running 
a c l a s s  o f  s p a c e c r a f t  a t t i t u d e  c o n t r o l  
s i m u l a t i o n s .  Although t h e  knowledge-base 
a n d  the  s imulat  ion model a r e  r e l a t i v e l y  
s imple  and l i m i t e d ,  w e  have demonstrated 
the  coup l ing  of symbolic  p rocess ing  and 
numer ica l  computat ion.  That w a s  t h e  
purpose o f  Phase I of  t h i s  r e s e a r c h  
(Kawamura (1 985b)) .  

I n  the  subsequent  phase ,  t h e  
c a p a b i l i t i e s  o f  bo th  t h e  s i m u l a t i o n  model 
and the  e x p e r t  system w i l l  be extended.  
The s i m u l a t i o n  model w i l l  be  extended t o  
inc lude  a c t u a t o r  and s t e e r i n g  d i s t r i b u t i o n  
equat ions .  Bending modes a r e  be ing  added 
i n  t he  body dynamic equa t ions  s i n c e  t h e y  
r ep resen ted  a s i g n i f i c a n t  concern t o  t h e  
c o n t r o l  system des igne r .  The e x p e r t  system 
i s  be ing  extended t o  a s s i s t  t h e  u s e r  i n  
running a wide v a r i e t y  o f  s i m u l a t i o n  
models. I t  w i l l  i n t e r p r e t  t h e  o u t p u t  d a t a  
to  de te rmine  system c h a r a c t e r i s t i c s  such 
as pe rcen t  ove r shoo t ,  s e t t l i n g  t ime ,  g a i n  
margin and phase margin.  Ness w i l l  a l s o  be 
extended t o  recommend a s u i t a b l e  s e r i e s  
compensator t o  be added t o  the  s imula t ion  
model t h a t  i s  r equ i r ed  t o  achieve  t h e  
d e s i r e d  f requency  O K  t i m e  response  e . g . ,  
ach ieve  a s p e c i f i e d  overshoot  or  phase and 
g a i n  margins .  

REFERENCES 

[ l  ] De Jong,  K . ,  I n t e l l i g e n t  Con t ro l :  

128 



I n t e g r a t i n g  A I  and C o n t r o l  Theory,  
Proc.  T rends  and A p p l i c a t i o n s  1983,  
N a t i o n a l  Bureau o f  S t a n d a r d s  (1 983) 
158-1 61 

[ 2 ]  Kawamura, K . ,  Coupl ing Symbolic and .. - 
Numer i c a l  Cornputat i o n s ,  Proc . 1 985 
I E E E  I n t e r n a t i o n a l  Confe rence  on 

Sys tems ,  Man and C y b e r n e t i c s  (1 985a) 
507-510. 

[ 3 ]  S a n d e l l ,  H . ,  Bourne,  .J. and S h i a v i ,  
R., G E N I E :  A G e n e r i c  I n f e r e n c e  Engine 
f o r  Medical  A p p l i c a t i o n s ,  P roc .  S i x t h  
Annl. Conf. lEEE Engr. Med. R i o l .  
(1 984) 66-69. 

f o r  Medical  A p p l i c a t i o n s ,  P roc .  S i x t h  
Annl. Conf. lEEE Engr. Med. R i o l .  
(1 984) 66-69. 

[ 4 ]  DeCeraro,  J . K .  ( e d . ) ,  e t  a l . ,  The 
FRANZ LISP Manual ( U n i v e r s i t y  o f  
C a l i f o r n i a ,  B e r k e l y ,  1 9 8 3 ) .  

[ 5 ]  Dougherty,  H . ,  e t  a l . ,  Space 
T e l e s c o p e  P o i n t i n g  C o n t r o l  S y s t e m ,  
J o u r n a l '  o f  Gu idance ,  Control- ,  and 
Dynamics 5 ( 4 )  (1 982) 403-409. 

[ 6 ]  Brady ,  M. ( e d . ) ,  e t  a l . ,  Robot 
Motion: P l a n n i n g  and C o n t r o l  (MIT 
P r e s s ,  Camhr i d g e ,  1 9 82) . 

[ 7 ] P a u l ,  R. P. , Rob0 t N a n i p u l a t o r s  : 
Mathemat i c s ,  Programming and C o n t r o l  
(MIT Press,  1981) .  

[8 ]  I c k e s ,  B .P . ,  A New Method f o r  
Pe r fo rming  D i g i t a l  C o n t r o l  System 
A t  t i t ude Computation u s i n g  
Q u a t e r n i o n s ,  A I A A  J o u r n a l  8 (1 ) (1 970) 
13-17. 

[ 9 ]  Grub in ,  C., D e r i v a t i o n  o f  t h e  
Q u a t e r n i o n  Scheme v i a  t h e  E u l e r  Axis 
and Ang le ,  . Journal  o f  S p a c e c r a f t  
7(10)  (1970)  1261-1263. 

[ 10 J Kawamura, K. , B e a l e ,  G.  , Schaf f e r ,  
J . ,  Hs ieh ,  9 . - J . ,  Pa t f a lka r ,  S . ,  and 
Kodriguez-Moscoso, J . ,  Research on an 
Exper t  System f o r  Database O p e r a t i o n  
o f  Simulat ion/Emul.at ion Math Models,  
NASA Phase I F i n a l  Report  Vol. I and 
I1 C o n t r a c t  ijNAS8-36285, Cen te r  f o r  
I n t e l l i g e n t  Sys t ems ,  VanJer 'oiLt 
U n i v e r s i t y .  (Augus t ,  1985b) .  

NOTE : 

T h i s  e d i t e d  p a p e r  d e s c r i b i n g  NESS 
Phase I aDDears i n  i t s  comDLete form as a 

L .  

c h a p t e r  i n  Coupling Symbo1;c and Numerical 
Computing i n  Expe r t  Systems e d i t e d  by 
J a n u s z  Kowalik and p u b l i s h e d  hy t h e  North-  
Holland Company i n  -1986. Phase  I 1  o f  NESS 
was completed i n  May of  1986,  and i t  
r e s u l t e d  i n  t h e  development  of  more 
g e n e r a l  i n t e r f a c e  s p e c i f i c a t  i o n s  a l l o w i n g  
NESS t o  i n t e r a c t  w i t h  a w i d e r  r ange  o €  
d i g i t a l .  s i m u l a t i o n s .  Emphasis Jas a l s o  
p l a c e d  on i n c o r p o r a t i n g  knowledge s p e c i f i c  
t o  t h e  d e s i g n  o f  s e r i e s  c o n t r o l  systein 
compensat ion y i e l d i n g  a sys t em t h a t  
a s s i s t s  t h e  c o n t r o l  sys t em d e s i g n e r  i n  
a c h i e v i n g  d e s i r e d  sys t em performance.  T h e  
r e s u l t s  oE Phase T I  are documented i n  t h e  
F i n a l  Repor t  t o  MSFC on C o n t r a c t  IINASS- 
36285, C e n t e r  f o r  I n t e l l i g e n t  Sys t ems ,  
V a n d e r h i l t  U n i v e r s i t y  (May 1986) .  
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