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ABSTRACT 

This  paper  d e s c r i b e s  the  use  of 
computer g r a p h i c  s i m u l a t i o n  t echn iques  t o  
r e s o l v e  c r i t i c a l  des ign  and o p e r a t i o n a l  
i s s u e s  f o r  r o b o t i c  systems.  Use of t h i s  
technology w i l l  r e s u l t  i n  g r e a t l y  improved 
systems and reduced development c o s t s .  The 
major des ign  i s s u e s  i n  deve loping  
e f f e c t i v e  r o b o t i c  systems a r e  d i scussed  
and the  use  of  ROBOSIM, a NASA developed 
s i m u l a t i o n  t o o l ,  t o  addres s  t h e s e  i s s u e s  
i s  p re sen ted .  Three r e p r e s e n t a t i v e  
s i m u l a t i o n  c a s e  s t u d i e s  a r e  reviewed:  o f f -  
l i n e  programming of  t h e  r o b o t i c  welding 
development c e l l  f o r  t h e  Space S h u t t l e  
Main Engine (SSME); t h e  i n t e g r a t i o n  o f  a 
senso r  t o  c o n t r o l  t h e  robo t  used f o r  
removing t h e  Thermal P r o t e c t i o n  System 
(TPS) from t h e  S o l i d  Rocket Booster  (SRB); 
and t h e  d eve  l o p  men t of  a 
t e 1 eope r a t o  r / rob o t the  
O r b i t a l  Maneuvering Vehic le  (OMV) . mec han i s m  f o r  
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INTRODUCTION 

Robotic  systems have become 
i n c r e a s i n g l y  impor tan t  t o  a l l  f a c e t s  of  
manufac tur ing:  space  i s  no excep t ion .  
Perhaps t h e  most p u b l i c i z e d  space  robo t  i s  
the  Remote Manipulator  System (RMS) which 
w a s  b u i l t  by Canada f o r  t h e  U.S. Space 
S h u t t l e .  P r i o r  t o  the  RMS, robo t  
man ipu la to r s  were used on unmanned 
s p a c e c r a f t  t o  i n v e s t i g a t e  s o i l  p r o p e r t i e s  
on t h e  moon and on Mars. P lans  f o r  t h e  
U.S. Space S t a t i o n  which w i l l  become 
o p e r a t i o n a l  i n  t h e  e a r l y  1 9 9 0 ' s  i nc lude  
the  use of  t e l e o p e r a t o r s  and robo t s  t o  
perform r o u t i n e  s t a t i o n  t a s k s  e .g . ,  
i n s p e c t i o n  and maintenance.  Earth-bound 
r o b o t s  have a l s o  been used e x t e n s i v e l y  t o  

suppor t  t h e  manufac tur ing  of s p a c e c r a f t  
components (Fernandez 1983,1985) .  Although 
the  a p p l i c a t i o n s  f o r  space  and e a r t h  seem 
r a d i c a l l y  d i f f e r e n t  t h e r e  remain many 
common i s s u e s  i n  t h e  procedures  f o r  d e s i g n  
and t e s t i n g  of  robo t  systems.  Graphic  
s imula t ion  has  proven t o  be ex t remely  
e f f e c t i v e  i n  t h e  d e s i g n  of  bo th  types  of 
system. In  t h i s  paper  w e  w i l l  examine: 
des ign  i s s u e s  f o r  r o b o t s ;  ROBOSIM, a NASA 
developed computer g r a p h i c  s i m u l a t i o n  
t o o l ;  and t h r e e  r o b o t i c  systems t h a t  were 
developed u s i n g  computer g r a p h i c  
s i m u l a t i o n  t echn iques .  

Kinematic Design I s s u e s  

I n  des ign ing  a r o b o t  c e l l  t h e  
s e l e c t i o n  o f  t h e  r o b o t ' s  k inemat i c  des ign  
i s  u s u a l l y  cons idered  f i r s t .  The number of 
robo t  j o i n t s ,  t h e  t y p e  of  j o i n t  ( r e v o l u t e  
o r  p r i s m a t i c ) ,  and the  p h y s i c a l  
c o n f i g u r a t i o n  of  each  j o i n t e d  segment a r e  
a l l  e lements  of  t h e  r o b o t ' s  k inemat ic  
des ign .  The p o s i t i o n  o f  t h e  l a s t  r e f e r e n c e  
frame (hand frame) i s  determined by t h e  
j o i n t  p o s i t i o n s  and t h e  geometr ic  
r e l a t i o n s h i p s  ( k i n e m a t i c s ) .  Minor changes 
i n  t h e  k inemat i c  des ign  of a manipula tor  
can g r e a t l y  a f f e c t  t h e  volume through 
which t h e  r o b o t ' s  hand may be  moved. The 
des ign  of t h e  e n d - e f f e c t o r  ( t o o l )  and t h e  
o r i e n t a t i o n  of t h e  p a r t  (workpiece)  w i th  
r e s p e c t  t o  t h e  robo t  ( p a r t  p o s i t i o n i n g )  
a l s o  g r e a t l y  a f f e c t  t h e  a b i l i t y  of  a r o b o t  
t o  perform a g iven  t a s k .  For a p p l i c a t i o n s  
which w i l l  use  an e x i s t i n g  robo t  t h e  
d e s i g n e r  must choose t h e  a p p r o p r i a t e  
r o b o t ,  des ign  t h e  workce l l  l a y o u t  and p a r t  
f i x t u r i n g .  For systems which w i l l  u s e  a 
cus tom-bu i l t  r o b o t ,  t h e  t a s k  of  des ign ing  
t h e  robo t  i s  added. A mis t ake  i n  t h e  
des ign  of  a c e l l  w i thou t  t h e  use  of 
computer g r a p h i c  s i m u l a t i o n  may n o t  be  
d e t e c t e d  un t i 1 t h e  hardwar e i n t e g r a  t ion 
phase.  This  can r e s u l t  i n  c o s t l y  schedu le  

i n c o r r e c t  d e l a y s ,  procurement o f  
components, and a g r e a t l y  inc reased  system 
c o s t  . 
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Robot Motion Control  a c c i d e n t a l l y  wi th  o b s t a c l e s  w i th in  t h e  
workce l l .  

Robot c o n t r o l  development i s  ano the r  
a r e a  which can b e n e f i t  from t h e  use  o f  
computer g raph ic  s imula t ion  techniques .  
Robot c o n t r o l  a lgor i thms may be  viewed a s  
e x i s t i n g  a t  two l e v e l s :  t h e  k inemat ic  
c o n t r o l  l e v e l ;  and t h e  pa th  planning 
l e v e l .  Kinematic c o n t r o l  a lgor i thms a r e  a 
func t ion  of  t h e  arm's k inemat ic  des ign .  
These a lgo r i thms  r e l a t e  t he  p o s i t i o n  of 
t h e  e n d - e f f e c t o r ' s  r e f e r e n c e  frame t o  t h e  
j o i n t  p o s i t i o n  commands r equ i r ed  t o  
achieve  t h e  commanded p o s i t i o n .  These 
a lgor i thms a r e  a so f tware  implementation 
o f  t h e  inve r se  k inemat ic  equa t ions .  P r i o r  
t o  the  use  of  g raph ic  s i m u l a t i o n ,  t h e  
c o n t r o l  programs were debugged by 
observ ing  the  r o b o t ' s  motion s u b j e c t  t o  
t h e  commands of  t h e  exper imenta l  computer 
program. For robo t  systems wi th  r e l a t i v e l y  
low l i f t i n g  c a p a c i t y ,  a f a u l t y  program 
r e s u l t e d  i n  l i t t l e  more than embarrassment 
f o r  t h e  deve lope r ,  however robo t  
c a p a c i t i e s '  have increased  t o  t h e  p o i n t  
where payloads a r e  i n  t h e  hundreds o r  
thousands o f  pounds. Mistakes i n  
programming can be s e r i o u s .  Another 
d i f f i c u l t y  encountered i n  us ing  t h e  a c t u a l  
mechanism i n  t h e  debugging p rocess  occurs  
f o r  robots  designed f o r  use i n  zero-G 
which may no t  o p e r a t e  i n  a one-G 
environment.  Again g raph ic  s imula t ion  is 
t h e  i n d i c a t e d  procedure f o r  t h i s  type  of 
development.  

Robot Path-Planning/Verification 

Robot pa th-p lanning  i s  t h e  process  of  
deve loping  t h e  s e q u e n t i a l  p o s i t i o n ,  
o r i e n t a t i o n  and v e l o c i t y  commands t h a t  t h e  
r o b o t ' s  e n d - e f f e c t o r  must execute  i n  o rde r  
t o  perform t h e  d e s i r e d  func t ion .  Most 
c u r r e n t  i n d u s t r i a l  robo t s  a r e  programmed 
us ing  a t each  pendant t o  manually command 
t h e  robo t  t o  the  d e s i r e d  p o i n t s ,  t h i s  i s  
t h e  o n - l i n e  manual programming method. 
Manual programming i s  h i g h l y  i n - e f f  i c i e n t  
s i n c e  t h e  robo t  must be taken  o u t  of 
s e r v i c e ,  t h e  pa th  genera ted  manual ly ,  
rep layed  f o r  v e r i f i c a t i o n  and u l t i m a t e l y  
executed.  On robo t s  whose p a t h  programming 
i s  changed i n f r e q u e n t l y  t h i s  i s  n o t  
s i g n i f i c a n t ,  bu t  f o r  systems i n  which 
programming must be f l e x i b l e  manual 
programming i s  n o t  s a t i s f a c t o r y .  J u s t  as 
numer ica l ly  c o n t r o l l e d  (NC) machine t o o l s  
have become e n t i r e l y  programmed by o f f -  
l i n e  a lgo r i thms ,  t h e  programming o f  robo t s  
w i l l  a l s o  e v e n t u a l l y  a l l  be automated. 
Graphic s imula t ion  i s  a v i t a l  s t e p  t h a t  
must be  performed p r i o r  t o  the  execut ion  
of  an o f f - l i n e  genera ted  r o b o t i c  pa th  
program. S imula t ion  w i l l  v e r i f y  t h a t :  ( 1  ) 
t h e  pa th  s p e c i f i e d  i s  c o r r e c t  f o r  t h e  
t a s k ;  ( 2 )  t he  inve r se  k inemat ic  equat ion  
may be solved a t  a l l  p o i n t s  a long  t h e  pa th  
program ( c o n t r o l l a b i l i t y )  ; and ( 3 )  t h e  arm 
o r  o t h e r  components w i l l  n o t  c o l l i d e  

Robot Dynamics 

In  i n d u s t r i a l  a p p l i c a t i o n s  t h e  
primary dynamics i s s u e s  a r e  t h a t  t h e  robo t  
chosen f o r  a t a s k  i s  capab le  of  hand l ing  
t h e  r equ i r ed  payload weights  and t r a n s p o r t  
v e l o c i t i e s .  I n d u s t r i a l  robo t s  a r e  
t y p i c a l l y  r a t e d  f o r  l i f t i n g  c a p a c i t y  on ly .  
An approximation o f  t he  r o b o t ' s  a b i l i t y  t o  
perform a t a s k  dynamical ly  can  be  made 
through dynamic s imula t ion  of  t h e  loaded 
robot .  The maximum j o i n t  l oads  recorded  
dur ing  the  dynamic s imula t ion  a r e  compared 
t o  t h e  loads  t h a t  r e s u l t  i f  t h e  
manipula tor  were s t a t i c a l l y  loaded per  t h e  
manufac tu re r ' s  s p e c i f i c a t i o n s .  I f  t h e s e  
j o i n t  l o a d s  a r e  exceeded by t h e  dynamic 
t e s t s ,  then  t h e  robot  may n o t  . b e  capab le  
of  performing the  t a sk .  S ince  t h i s  i s  on ly  
an approximat ion ,  a s a f e t y  margin should 
be used i n  making the  f i n a l  d e c i s i o n .  

Although dynamic s imula t ion  i s  
important  f o r  i n d u s t r i a l  robot  sys t ems ,  i t  
i s  mandatory f o r  systems used i n  space .  
Man i p u l a  t o r  mechanisms and j o i n  t a c t u a t o r s  
a r e  l i m i t e d  i n  weight  due t o  launch 
c o n s i d e r a t i o n s .  Power supply  l i m i t s  r educe  
t h e  s i z e  and r a t i n g  of  t h e  mechanism's 
a c t u a t o r s .  Dynamic s t u d i e s  w i l l  h e l p  t o  
i n s u r e  t h a t  t h e  planned r o b o t i c  t a s k s  do 
no t  exceed t h e  l i m i t s  o f  t h e  mechanism. 
The zero-G environment may be an advantage 
f o r  handl ing  l a r g e r  payloads than  would be  
p o s s i b l e  on e a r t h ,  b u t  t h e  dynamic 
i n t e r a c t i o n s  of  t he  loaded manipula tor  and 
i t s  mounting p la t form a r e  s i g n i f i c a n t  f o r  
a space  based r o b o t i c  system. The 
p o s s i b i l i t y  e x i s t s  f o r  p a r a s i t i c  
o s c i l l a t i o n s  t o  occur  between t h e  
manipula tor  and t h e  s p a c e c r a f t ' s  a t t i t u d e  
c o n t r o l  system. S imula t ion  s t u d i e s  may 
r e v e a l  t h e  e x i s t e n c e  of  t h e s e  o r  o t h e r  
u n d e s i r a b l e  e f f e c t s .  

ROBOSIM OVERVIEW 

Simula t ion  Procedure 

ROBOSIM was developed over a t h r e e  
year  per iod  a t  t h e  Marsha l l  Space F l i g h t  
Center  (MSFC) t o  f a c i l i t a t e  t he  des ign  and 
development of  r o b o t i c  systems.  P r i o r  t o  
ROBOSIM, r o b o t i c  s i m u l a t i o n s  were l i m i t e d  
t o  t h e  c o n s t r u c t i o n  of s c a l e  models. Using 
ROBOSIM t h e  k inemat ic  des ign  of t h e  
manipula tor  mechanism and o t h e r  workce l l  
components a r e  modeled v i a  a s imula t ion  
language. The model c o n s i s t s  of  s o l i d  
p r i m  i t i v e  shapes wh i c h approx ima t e the  
r o b o t ' s  shape and mass p r o p e r t i e s .  The 
j o i n t  c o n f i g u r a t i o n  and t y p e ,  e i t h e r  
r e v o l u t e ,  p r i s m a t i c  o r  f i x e d ,  a r e  a l s o  
s p e c i f i e d .  Once modeled, ROBOSIM computes 
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t h e  s t anda rd  1 inkage par  ame t e r  s 
(Hartenberg 1955) ,  t h e  i n v e r s e  k inemat ics  
and t h e  m a n i p u l a t o r ' s  dynamics. The 
des igne r  may a l s o  s p e c i f y  t h e  j o i n t  
a c t u a t o r  t r a n s f e r  f u n c t i o n s .  Path motion 
i s  s p e c i f i e d  by p o s i t i o n  and v e l o c i t y  
language c o n s t r u c t s .  

ROBOSIM Hardware Conf igura t ion  

ROBOSIM i s  r e s i d e n t  on a D i g i t a l  
Equipment Corpora t ion  (DEC) VAXll/780 
processor .  During s imula t ion  development 
t h e  u s e r  may u s e  a low c o s t  t e rmina l  wi th  
TEK 401 4 g r a p h i c s  c o m p a t i b i l i t y .  Although 
a s imula t ion  may be  executed us ing  a non- 
r e a l - t i m e  t e r m i n a l ,  t h e  use  of  a r ea l - t ime  
g raph ics  d i s p l a y  i s  p r e f e r r e d .  I n t e r f a c e s  
have been provided f o r  s e v e r a l  dynamic 
d i s p l a y  systems inc lud ing  Evans & 
Suther land  PS330,  GTI Poly 2000, S i l i c o n  
Graphics IRIS wi th  o t h e r  i n t e r f a c e s  
planned. A l i m i t e d  I n i t i a l  Graphics 
Exchange Standard (IGES) pre-  and pos t -  
p rocessor  a l lows  ROBOSIM t o  communicate 
g r a p h i c s  and t o o l  motion commands wi th  any 
CAD/CAM system adher ing  t o  t h e  s t anda rd  
which was developed by t h e  U.S. Nat iona l  
Bureau of  S tandards .  

The s imula to r  ' s speed f o r  non-dynamic 
s t u d i e s  i s  g r e a t e r  than  r ea l - t ime .  This  
speed i s  decreased  f o r  ve ry  l a r g e  models 
w i th  m u l t i p l e  r o b o t s  o r  robo t s  wi th  many 
degrees-of-freedom. S t u d i e s  t h a t  requi red  
t h e  modeling o f  dynamic e f f e c t s  a l s o  load 
t h e  s imula t ion  p rocesso r .  An Applied 
Dynamics AD10 p a r a l l e l  p rocessor  i s  used 
t o  improve the  s i m u l a t o r ' s  response i n  
these  s i t u a t i o n s .  

ROBOSIM Software System S t r u c t u r e  

ROBOSIM's so f tware  s t r u c t u r e  may be 
c h a r a c t e r i z e d  as a h i e r a r c h y  of  t h r e e  
l e v e l s  of  so f tware  u t i l i t i e s .  This  
s t r u c t u r e  i s  t y p i c a l  of l a r g e  sof tware  
systems. A t  t h e  c o r e  o r  ke rne l  of t h i s  
system a r e  r o u t i n e s .  t h a t  p rovide  suppor t  
f o r  t h e  most rudimentary of  s imula t ion  
t a s k s .  Included among these  func t ions  a r e  
vec to r  and ma t r ix  a r i t h m e t i c  and d i s p l a y  
c o n t r o l .  The t y p i c a l  u s e r  of ROBOSIM 
i n t e r a c t s  w i th  t h e s e  r o u t i n e s  i n d i r e c t l y  
through h i s  use  of  h ighe r  l e v e l  u t i l i t i e s .  
A c h a r a c t e r i s t i c  o f  r o u t i n e s  a t  t h i s  l e v e l  
i s  t h e i r  i n f l e x i b i l i t y  i n  t h e i r  
i n t e r f a c i n g  requi rements  i . e . ,  d a t a  must 
be provided in  s p e c i f i c  formats .  By 
i n t e r f a c i n g  v i a  t h e  h i g h e r  l e v e l s  a u s e r  
avoids  t h e s e  r equ i r emen t s ,  however d i r e c t  
access  i s  a v a i l a b l e  when needed. 
T y p i c a l l y ,  a ROBOSIM u s e r  who i s  
performing s imula t ion  s t u d i e s  involv ing  
e x t e r n a l l y  supp l i ed  mechanism c o n t r o l  
a lgo r i thms  must communicate d i r e c t l y  wi th  
the  ke rne l  r o u t i n e s  . 

The second l e v e l  w i th in  ROBOSIM 
i n t e g r a t e s  t h e  lower l e v e l  r o u t i n e s  i n t o  
more complex a lgo r i thms  t h a t  perform o f t e n  
needed t a s k s  i n  d i s p l a y  management and 
robot  c o n t r o l .  Examples of g r a p h i c s  
r o u t i n e s  t h a t  func t ion  a t  t h i s  l e v e l  
i nc lude  subrou t ines  t o  perform viewpoint  
and p e r s p e c t i v e  t r ans fo rma t ions .  Examples 
of  r o u t i n e s  t h a t  s e r v i c e  robot  k inemat ics  
and c o n t r o l  issues  inc lude  those  which 
perform e n d - e f f e c t o r  p o s i t i o n  computat ions 
and formula t ions  of  t h e  m a n i p u l a t o r ' s  
Jacobian ma t r ix .  

The h i g h e s t  l e v e l  w i t h i n  ROBOSIM 
provides  t h e  human i n t e r f a c e .  A t  t h i s  
l e v e l  r o b o t s ,  workpieces ,  and f i x t u r i n g  
assembl ies  may be  modeled, placed wi th in  a 
workce l l ,  programmed, d ynam i c a l l  y 
si'mulated and viewed us ing  fewer than 
f o r t y  d i s t i n c t  language i n s t r u c t i o n s .  The 
s i m p l i c i t y  of  t h i s  so f tware  i n t e r f a c e  
g r e a t l y  i n c r e a s e s  ROBOSIM's use  and i t  i s  
t h i s  i n t e r f a c e  t h a t  i s  perhaps t h e  most 
important  f e a t u r e  of ROBOSIM. 

SIMULATION EXAMPLES 

ROBOSIM Vl .O became o p e r a t i o n a l  i n  
Ju ly  1985. In  t h e  year  s i n c e ,  ROBOSIM has  
been app l i ed  t o  numerous robo t  s imula t ion  
s t u d i e s ,  t h e  t h r e e  l i s t e d  below a r e  
t y p i c a l .  The s t u d i e s  inc lude  : t h e  
development of an o f f - l i n e  programming 
a lgor i thms f o r  welding on t h e  SSME; t h e  
development of  v i s i o n  senso r  guided 
c o n t r o l  f o r  a robot  used t o  r e f u r b i s h  t h e  
SRB; and t h e  des ign  o f  a robo t  manipula tor  
f o r  t h e  O r b i t a l  Maneuvering Vehic le .  For 
each s tudy  a d i s c u s s i o n  of  t h e  
a p p l i c a t i o n ,  t h e  s imula t ion  g o a l s ,  and t h e  
r e s u l t s  w i l l  be p re sen ted .  

Downhand Cont ro l  f o r  SSME Robotic Welding 

The Space S h u t t l e  Main Engine i s  
cons t ruc t ed  of s t a i n l e s s  s t e e l  u s ing  over 
2000 welded seams. A t  t h e  p r e s e n t  t i m e  30% 
of t h e s e  welds a r e  performed by f i x e d  
automation while  t h e  remaining 70% a r e  
performed manually.  A s tudy  performed of 
t h e  manufactur ing o p e r a t i o n  i n d i c a t e s  t h a t  
an a d d i t i o n a l  30% could be automated i n  a 
c o s t - e f f e c t i v e  manner us ing  r o b o t i c  
welding techniques .  The pr imary g o a l  of 
t h i s  e f f o r t  i s  t h e  improvement of  weld 
q u a l i t y  and r e l i a b i l i t y .  A f u r t h e r  
improvement i n  manufactur ing e f f i c i e n c y  
could be  obta ined  by us ing  au tomat ic  o f f -  
l i n e  robot  programming techniques  wi th  
downhand welding c o n t r o l .  Downhand welding 
i s  t h e  term app l i ed  t o  a r c  welding wi th  
t h e  p a r t  i n  an o r i e n t a t i o n  t h a t  ma in ta ins  
t h e  weld puddle  i n  a h o r i z o n t a l  p lane .  
This  a l lows  increased  puddle s i z e  wi th  a 
r e s u l t i n g  g r e a t e r  d e p o s i t i o n  r a t e ,  fewer 
passes and reduced welding times. 
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Manual robot  programming t o  perform 
downhand welding i s  extremely t e d i o u s  and 
t h e  r e s u l t s  a r e  only  approximate.  The 
a lgor i thm f o r  a u t  om a t  i c o f f - l i n e  
programming of  t h e  downhand p o s i t i o n  
(Fernandez 1986) was developed us ing  
ROBOSIM a s  a t e s t  bed. The a lgor i thm 
programs the  robot  and p a r t  p o s i t i o n e r  so 
t h a t  t h e i r  coord ina ted  motion r e s u l t s  i n  a 
cons t an t  weld t r a v e l  speed whi le  
main ta in ing  t h e  downhand p o s i t i o n .  F igure  
1 d e p i c t s  t h e  robot  c e l l  wi th  t h e  s i x  
degree-of-freedom robot  and a two degree-  
of-freedom p a r t  p o s i t i o n e r .  The p a r t  i n  
f i g u r e  1 i s  a cor ruga ted  me ta l  s h e e t .  The 
p a r t  geometry may be read from a CAD d a t a  
base  us ing  IGES format ,  o r  it may have 
been i n f e r r e d  from a manually genera ted  
pa th  program s e n t  t o  t h e  downhand 
a lgor i thm v i a  t h e  r o b o t ' s  communication 
i n t e r f a c e .  In  e i t h e r  case  t h e  a lgor i thm 
computes t h e  d e s i r e d  l o c a l  v e r t i c a l  i n  a 
r e f e r e n c e  frame moving along t h e  weld seam 
a t  t h e  s p e c i f i e d  weld v e l o c i t y .  Weld 
p o s i t i o n e r  commands a r e  computed so  t h a t  
t h e  d e s i r e d  downhand o r i e n t a t i o n  is  
achieved .  Robot p o s i t i o n  and v e l o c i t y  
commands a r e  a l s o  genera ted  t o  keep t h e  
t o r c h  moving i n  the  weld seam a t  a 
c o n s t a n t  s u r f a c e  feed  r a t e .  Figure 2 
d e p i c t s  s e v e r a l  frames from the  s imula t ion  
of  t h e  downhand welding a lgor i thm.  I n  
f i g u r e  2 we n o t e  t h a t  t h e  a lgo r i thm is 
func t ion ing  s i n c e  t h e  t angen t  t o  t h e  weld 
seam remains h o r i z o n t a l  a t  t h e  po in t  where 
t h e  t o r c h  i s  i n  c o n t a c t .  

Vision Guided Off-Line Programming f o r  SRB 
Ref u rb  i s hm en t 

The S o l i d  Rocket Boos ters  used t o  
a s s i s t  i n  launching t h e  Space S h u t t l e  a r e  
designed t o  be re -used .  To ach ieve  t h i s  
t h e  Thermal P r o t e c t i o n  System (TPS) 
p reven t s  t h e  e ros ion  of  t h e  b o o s t e r ' s  
ca s ing  du r ing  t h e  h e a t  of r e -en t ry .  The 
main component of  t h e  TPS i s  t h e  Marshal l  
Sprayable  Abla tor  (MSA) which reduces t h e  
b o o s t e r ' s  s k i n  tempera ture  by c o n t r o l l e d  
evapora t ion .  Af t e r  recovery  a t  s e a  t h e  SRB 
i s  r e tu rned  t o  t h e  b o o s t e r  process ing  
f a c i l i t y  a t  t h e  Kennedy Space Center  
(KSC). 

High-pressure w a t e r b l a s t  (20000 p s i )  
i s  used t o  remove t h e  p a r t i a l l y  burned 
a b l a t i v e  m a t e r i a l  p r i o r  t o  i t s  r e -  
a p p l i c a t i o n .  Due t o  t h e  d i f f i c u l t y  i n  
performing t h e  c l ean ing  ope ra t ions  
manual ly ,  r o b o t i c  workce l l s  were developed 
(Fernandez 1983).  Pro to types  of  t h e s e  
workce l l s  were implemented a t  t h e  MSFC 
I n d u s t r i a l ,  P r o d u c t i v i t y  F a c i l i t y  i n  
Hun t sv i l l e ,  Alabama. A computer g raph ic  
s imula t ion  of  t h e  p ro to type  r o b o t i c  c e l l  
i s  shown i n  f i g u r e  3. The r o b o t ,  a 
C inc inna t i  Milacron HT3, i s  equipped wi th  
t h e  high p res su re  nozz le .  The a f t  boos t e r  

s e c t i o n  i s  shown mounted on a computer 
c o n t r o l l e d  r o t a r y  p o s i t i o n i n g  t a b l e .  In  
the  i n i t i a l  implementation o f  t h i s  c e l l ,  
manual robo t  programming methods were 
employed. The c u r r e n t  o p e r a t i o n  inc ludes  
bo th  manual and o f f - l i n e  programming 
techniques .  One problem i n  t h e  o p e r a t i o n  
o f  t h i s  c e l l  occurs  when t h e  wa te r  b l a s t  
f a i l s  t o  remove the  MSA i n  t h e  f i r s t  
c l ean ing  pass .  A t  t h i s  po in t  t h e  robot  and 

t u r n t a b l e  must be  re-programmed manual ly  
t o  perform t h e  touch-up c l ean ing .  

A s o l u t i o n  t o  t h e  problem of 
programming t h e  robot  t o  perform touch-up 
c l ean ing  of t h e  TPS r e s i d u e  i s  the  
development of  a v i s i o n  senso r  and o f f -  
l i n e  programming u t i l i t i e s .  Graphic 
s imula t ion  v i a  ROBOSIM w a s  used t o  develop 
these  programming u t i l i t i e s  without  t h e  
danger of  damaging t h e  a c t u a l  workce l l  
dur ing  i n i t i a l  development and de-bugging 
procedures .  In o p e r a t i o n  t h e  v i s i o n  s e n s o r  
w i l l  scan s e c t i o n s  o f  t h e  SRB t h a t  a r e  
presented  by r o t a t i n g  t h e  t u r n t a b l e .  Due 
t o  the  s p r a y  and d e b r i s  r e a l - t i m e  v i s u a l  
i n spec t ion  i s  no t  p o s s i b l e ,  i n s t e a d  t h e  
in spec t ion  is  performed a f t e r  t he  e n t i r e  
c l ean ing  pass  i s  completed.  The v i s i o n  
a lgor i thm w i t h i n  the  sensor  p rov ides  
informat ion  on t h e  l o c a t i o n  of t h e  MSA 
res idues  a s  x and y-coord ina te  l o c a t i o n s  
re ferenced  t o  t h e  image p l ane  o f  t h e  
sensor  camera. Although t h e  v i s i o n  
r o u t i n e s  were developed under a s e p a r a t e  
e f f o r t ,  t h e  camera i s  s imula ted  i n  the  
g raph ic  system by p l a c i n g  an "eye-point"  
i n  t h e  same l o c a t i o n  and o r i e n t a t i o n  a s  
t h e  hardware system. The f o c a l  l e n g t h  of 
t h e  p e r s p e c t i v e  t r ans fo rma t ion  (Duda 1973) 
a s s o c i a t e d  wi th  t h e  "eye-point"  i s  
ad jus t ed  t o  match t h e  f i e ld -o f -v i ew o f  t h e  
senso r  camera ' s  l e n s .  I n  e v a l u a t i n g  t h e  
o f f - l i n e  programming a lgo r i thm a s imula ted  
MSA r e s i d u e  is placed on t h e  modeled SRB. 
The r e s i d u e  is  placed w i t h i n  t h e  f i e l d - o f -  
view of  t h e  "eye-poin t"  by r o t a t i n g  t h e  
t u r n t a b l e  i n  t h e  g r a p h i c s  model. To 
s imula t e  t h e  s e n s o r ' s  ou tpu t  t h e  sc reen  x 
and y -coord ina te s  a r e  noted and passed a s  
inpu t  t o  t h e  o f f - l i n e  programming 
u t i l i t i e s  i n  a manner s i m i l a r  t o  t h e  
a c t u a l  s enso r .  The r e s u l t i n g  t u r n t a b l e  and 
robot  motion commands were executed by t h e  
g r a p h i c  model, and t h e  r e s u l t i n g  ope ra t ion  
was viewed i n  g r a p h i c s  t o  de te rmine  i f  
proper  c l ean ing  motion would have 
occurred .  This  r e s u l t  i s  e s t a b l i s h e d  when 
t h e  g r a p h i c  r e p r e s e n t a t i o n  of  t h e  sp ray  
(do t t ed  l i n e  i n  f i g u r e  3) impinges on t h e  
s imula ted  r e s idue .  The use  of g raph ic  
s imula t ion  w i l l  con t inue  when the  sensor  
i s  i n t e g r a t e d  i n t o  t h e  c l ean ing  workce l l .  
During o p e r a t i o n s  t h e  s imula t ion  w i l l  
s e rve  as a preview v e r i f i c a t i o n  of  t h e  
o f f - l i n e  genera ted  c l ean ing  pa ths .  
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Design of A Robot f o r  t h e  O r b i t a l  
Maneuvering Vehicle  

The O r b i t a l  Maneuvering Vehic le  i s  
designed a s  a r e -useab le ,  remote ly  
c o n t r o l l e d ,  f r e e - f l y i n g  v e h i c l e  capab le  of  
performing a wide range  of  on -o rb i t  
s e r v i c e s  i n  suppor t  o f  o r b i t i n g  a s s e t s .  I t  
i s  p ro jec t ed  a s  an important  e lement  o f  
t h e  Space Transpor t a t ion  System (STS),  
designed t o  o p e r a t e  from e i t h e r  t h e  
S h u t t l e  t h e  Space S t a t i o n  o r  from t h e  
ground. h e  d e s c r i p t i o n s  o f  t h e  OMV o r  
manipula tor  mechanism conta ined  i n  t h i s  
paper a r e  n o t  s p e c i f i c  t o  any des igns  
which may be  c u r r e n t l y  under c o n s i d e r a t i o n  
by t h e  U.S. Nat iona l  Aeronaut ics  and Space 
Adminis t ra t ion ,  however, t h e  f u n c t i o n a l  
concepts  desc r ibed  are c o r r e c t  and have 
been publ i shed  elsewhere (Huber 1984) .  

The concept  o f  t h e  OMV inc ludes  the  
a b i l i t y  t o  accep t  miss ion  k i t s  t o  a l low i t  
t o  perform a v a r i e t y  of t a s k s  i n  a d d i t i o n  
t o  i t s  r o l e  a s  r ecove rab le  boos t e r .  One 
such k i t  i s  a man ipu la to r /  t e l e o p e r a t o r ,  
t h e  "Smart Front-End" (SFE), which w i l l  
a l l ow remote ly  c o n t r o l l e d  manipula t ion  t o  
accomplish s a t e l l i t e  and Space S t a t i o n  
s e r v i c e  t a s k s  o n - o r b i t .  F igure  4 
i l l u s t r a t e s  t h i s  concept .  The OMV i s  shown 
equipped wi th  a g e n e r i c  SFE manipula tor .  
The SFE p i c t u r e d  c o n s i s t s  of  a b i - l a t e r a l  
p a i r  o f  s i x  degree-of-freedom (DOF) 
manipula tors  and a manipula tor  t r a n s p o r t  
mechanism. The t r a n s p o r t  system provides  
t h r e e  DOF: a r o t a r y  t r a c k  which e n c i r c l e s  
t he  docking a d a p t e r ;  a hinged boom; and a 
s l i d i n g  j o i n t  a l lowing  t h e  b i - l a t e r a l  p a i r  
t o  t r a v e r s e  t h e  boom. The g e n e r i c  
s a t e l l i t e  which i s  be ing  se rv iced  i n  
f i g u r e  4 i s  shown detached from t h e  
OMV/SFE c l u s t e r  f o r  c l a r i t y .  In normal 
o p e r a t i o n  a s o l i d  connec t ion  would be 
e s t a b l i s h e d  by a docking mechanism. 

ROBOSIM will be  used e x t e n s i v e l y  t o  
a s s i s t  i n  t h e  development and eva lua t ion  
of  concepts  f o r  t h e  SFE manipula tor .  
Kinematic s t u d i e s  w i l l  r e v e a l  whether t h e  
SFE mechanism can be  fo lded  and s t o r e d  
wi th in  t h e  space  a l l o c a t e d  on-board t h e  
Space S h u t t l e .  Other  k inemat ic  s t u d i e s  
w i l l  be r equ i r ed  t o  de te rmine  i f  t h e  
OMV/SFE c l u s t e r  can be  s u c c e s s f u l l y  
deployed from t h e  cargo  bay by t h e  Space 
S h u t t l e ' s  RMS. In f i g u r e  5 our  g e n e r i c  
OMV/SFE c l u s t e r  i s  shown wi th  t h e  SFE 
fo lded  i n  t h e  s towable  c o n f i g u r a t i o n .  
Fu r the r  k inemat ic  s t u d i e s  w i l l  determine 
i f  c o l l i s i o n s  between t h e  SFE manipula tor  
and s a t e l l i t e  appendages occur  du r ing  t h e  
execut ion  of  planned motion p a t h s .  

The implementation o f  an SFE 
manipula tor  w i l l  a l s o  r e q u i r e  t h e  
development of s e v e r a l  modes of mechanism 
c o n t r o l .  An a lgor i thm t o  c o n t r o l  t he  SFE 
dur ing  deployment o r  un- fo ld ing  w i l l  be 

developed. Although t h i s  type  o f  a lgo r i thm 
u s u a l l y  involves  a predetermined sequence 
of  j o i n t  mot ions ,  p rov i s ion  must b e  
included t o  o v e r r i d e  t h i s  sequence,  i f  
necessa ry ,  and execute  new motions t o  
c o r r e c t  o r  avoid anomalies .  During docking 
ope ra t ions  t h e  mechanism can t ake  a 
p a s s i v e  o r  an a c t i v e  r o l e .  I f  a p a s s i v e  
r o l e  i s  assumed, c o n t r o l  a lgo r i thms  f o r  
t he  SFE can improve the  maneuverabi l i ty  of  
t h e  OMV by a r r ang ing  t h e  arm's  
c o n f i g u r a t i o n  t o  minimize i n e r t i a l  
imbalance,  avoid  o b s t r u c t i o n  o f  t h e  t a r g e t  
s a t e l l i t e  and prevent  t h e  r e a c t i o n  c o n t r o l  
system (RCS) t h r u s t e r  plumes from 
impinging on t h e  SFE. S t r a t e g i e s  of  
c o n t r o l l e d  compliance i n  t h e  SFE j o i n t  
s e rvo  c o n t r o l  loops may f u r t h e r  improve 
t h e  c o n t r o l l a b i l i t y  of  t h e  OMV dur ing  f i n e  
docking maneuvers by de-coupl ing t h e  SFE's 
mass o r  a c t i v e l y  us ing  t h e  SFE's momentum 
t o  a f f e c t  a d d i t i o n a l  c o n t r o l .  

Once t h e  OMV i s  docked wi th  t h e  
t a r g e t  s a t e l l i t e  a v a r i e t y  of d i f f e r e n t  
c o n t r o l  i s s u e s  must be reso lved .  A s  
p rev ious ly  mentioned, a lgo r i thms  t h a t  u se  
mechanisms wi th  k inemat ic  redundancy t o  
avoid c o l l i s i o n s  and minimize d i s t u r b a n c e  
torques  could s i g n i f i c a n t l y  improve t h e  
sys t em ' s  performance. Real- t ime computer 
g raph ic  s imula t ion  coupled t o  p ro to type  
t e l e o p e r a t o r  works t a t ions  can a i d  i n  
r e s o l v i n g  many i s s u e s  r e l a t i n g  t o  man-in- 
the- loop  c o n t r o l .  The placement of  cameras 
may be s imula ted  t o  i n s u r e  t h a t  t h e  f i e l d -  
of-view (FOV) is  n o t  o b s t r u c t e d .  I f  a d u a l  
arm SFE des ign  i s  chosen,  g raph ic  
s imula t ion  could h e l p  t o  de te rmine  t h e  
most e f f e c t i v e  human i n t e r f a c e  f o r  
con t r  ol 1 ing  the  b i - l a t  era1 mechanism . 
Graphic s imula t ion  w i l l  n o t  end wi th  t h e  
s u c c e s s f u l  SFE d e s i g n ,  du r ing  s e r v i c i n g  
a c t i v i t i e s ,  a g raph ic  d i s p l a y  w i l l  a l l ow 
t h e  human o p e r a t o r  t o  preview s e r v i c e  
t a s k s  i n  s imula t ion .  S ince  communication 
de lays  i n  t h e  man-in-the-loop c o n t r o l  
system may b e  l a r g e  and va ry ing ,  t he  use 
o f  a " p r e d i c t i v e  g r a p h i c  d i s p l a y "  t o  
supplement t h e  delayed v i s u a l  feedback may 
improve t h e  e f f i c i e n c y  i n  performing 
o p e r a t i o n s  remotely.  When semi-autonomous 
o r  " supe rv i so r  c o n t r o l "  methods a r e  
deve loped ,  t h e  g r a p h i c s  d i s p l a y  would 
a l low t h e  human t o  v e r i f y  mechanism 
motions t h a t  a r e  proposed by t h e  
c o n t r o l l e r .  One f i n a l  no te  r e l a t e s  t o  the  
des ign  o f  t h e  s a t e l l i t e  r a t h e r  than  t h e  
OMV i t s e l f .  Curren t  s a t e l l i t e  d e s i g n  
phi losophy i s  o r i e n t e d  toward m u l t i p l e  
redundancy and no pos t - launch  s e r v i c i n g ,  
t h e  advent  of  on -o rb i t  s e r v i c e  techniques  
w i l l  r e l a x  some of  t h e s e  des ign  
c o n s t r a i n t s ,  b u t  s a t e l l i t e  des ign  must 
change t o  t ake  advantage o f  t h e s e  new 
p o s s i b i l i t i e s .  Hardware s imula t ions  of 
s e r v i c i n g  mis s ions  on modular s a t e l l i t e s  
have been performed (Fernandez 
1980a,1980b,1984 and S c o t t  1985a,1985b) , 
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b u t  computer g raph ic  s imula t ion  provides  a 
c o s t - e f f e c t i v e  means of  p re l imina ry  
eva lua t ion  of t h e  c o m p a t i b i l i t y  between a 
s a t e l l i t e  and t h e  s e r v i c e r .  

CONCLUSIONS 

The exper ience  gained a t  t h e  Marshal l  
Space F l i g h t  Center i n d i c a t e s  t h a t  t h e  use  
of  computer g raph ic  s imula t ion  i n  suppor t  
o f  robot  systems development i s  extremely 
impor t a n  t . A 1  though hardwar e 
implementation i s  n o t  rep laced  by t h e s e  
s i m u l a t o r s ,  a cons ide rab le  c o s t  s av ings  i s  
experienced by de lay ing  hardware 
implementation u n t i l  t h e  des igns  have 
matured. Once a robo t  system becomes 
o p e r a t i o n a l  t h e  va lue  of g r a p h i c  
s imula t ion  cont inues  as a means of 
previewing planned t a s k  execut ion .  I t  i s  
expected t h a t  a s  t h e  performance o f  
computer g raph ic  s imula to r s  i n c r e a s e s  and 
a s  hardware c o s t s  dec rease  t h e  use  of  
g raph ic  methods w i l l  become widespread.  
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Fig. 2. Simulated Weld Operation with Automatic Downhand Position 
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