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I n t r o d u c t i o n 
NASA has embarked upon a R o b o t i c s Research P r o j e c t 
a t t h e J e t P r o p u l s i o n L a b o r a t o r y , t h e p u r p o s e o f 
w h i c h i s t o e s t a b l i s h a t e c h n o l o g y base i n r o b o t i c s 
and semi -au tonomous c o n t r o l o f unmanned mach ines o r 
v e h i c l e s t o s u p p o r t l u n a r and p l a n e t a r y e x p l o r a t i o n . 
The l o n g t e r m o b j e c t i v e o f t h e r o b o t i c s w o r k a t JPL 
i s t o p r o v i d e a n i n t e g r a t e d h a r d w a r e / s o f t w a r e s y s t e m 
w h i c h i s c a p a b l e o f n e a r l y autonomous p e r f o r m a n c e . 
The p r e s e n t d e s i g n p h i l o s o p h y seeks t o l i m i t t h e 
need f o r human i n t e r a c t i o n t o s e l e c t i o n o f g o a l s and 
s i m i l a r h i g h e r l e v e l f u n c t i o n s . The Rover must t h e n 
a n a l y z e t h e scene f o r t r a v e r s a b i l i t y , g e n e r a t e a 
p l a n n e d p a t h t o t h e g o a l , and f o l l o w t h a t p a t h , 
a v o i d i n g any o b s t a c l e s a l o n g t h e r o u t e . We have 
a c h i e v e d t h e c a p a b i l i t y o f p e r f o r m i n g t h e s c e n a r i o 
j u s t d e s c r i b e d i n a s i m p l i f i e d e n v i r o n m e n t ; a l a b o r 
a t o r y w i t h a f l a t s u r f a c e , a l i m i t e d number o f 
o b s t a c l e s and c o n s t a n t i l l u m i n a t i o n . T h i s p a p e r 
f o c u s e s upon t h e autonomous g u i d a n c e and c o n t r o l 
f u n c t i o n s o f t h e Rover w h i c h e x e c u t e s t h e p l a n n e d 
t r a j e c t o r y i n a n i n c o m p l e t e l y d e f i n e d e n v i r o n m e n t . 

The Robot ha rdware c o n s i s t s o f a f l a t b e d f o u r 
w h e e l e d r o v i n g v e h i c l e upon w h i c h i s mounted a m a n i 
p u l a t o r , a scan p l a t f o r m w i t h s t e r e o TV cameras and 
a l a s e r r a n g e f i n d e r , and a s s o c i a t e d e l e c t r o n i c s . 
The v e h i c l e i s s t e e r e d b y a n Ackerman t y p e d o u b l e 
s t e e r i n g s y s t e m w i t h p o s i t i o n s e r v o l o o p s . The 
f o u r w h e e l s a r e d r i v e n i n d e p e n d e n t l y by DC t o r q u e 
m o t o r s . The p r e s e n t n a v i g a t i o n h a r d w a r e c o n s i s t s 
o f a c o n v e n t i o n a l gyrocompass and d i g i t a l o p t i c a l 
encoder odomete rs combined to f o r m a d e a d - r e c k o n 
i n g n a v i g a t i o n s y s t e m . The r o b o t i s c o n t r o l l e d b y 
a r e a l - t i m e l o c a l m i n i c o m p u t e r ( G e n e r a l A u t o m a t i o n 
SPC-16) w h i c h i s l i n k e d t o a l a r g e remo te t i m e -
s h a r e d compute r (Decsys tem 1 0 ) . 

The Rover S o f t w a r e System c o n s i s t s o f a n i n t e g r a t e d 
s e t o f subsys tems w h i c h i n c l u d e t h e P r o t o t y p e 
Ground System (PGS) , t h e Rover E x e c u t i v e (REX) and 
V i s i o n , M a n i p u l a t i o n and L o c o m o t i o n Subsys tems . The 
Gu idance System c o n s i s t s o f t h o s e e l e m e n t s o f t h e 
L o c o m o t i o n Subsystem s o f t w a r e whose p r i m a r y p u r p o s e 
i s t o p l a n and c o n t r o l a c t i v a t i o n o f s t e e r i n g and 
d r i v e m o t o r s such a s t o cause t h e Rover t o f o l l o w 
a p l a n n e d p'ath w i t h i n a p r e d e f i n e d e r r o r t o l e r a n c e 
i n a n e f f i c i e n t manner . The p l a n n e d p a t h i s p r o v i 
ded t o t h e Gu idance System i n r e a l - t i m e b y t h e P a t h 
P l a n n i n g M o d u l e , a n o t h e r e l emen t o f t h e L o c o m o t i o n 
Subsys tem s o f t w a r e . For f u r t h e r d i s c u s s i o n o f t h e 
Rover S o f t w a r e System i n g e n e r a l and t h e p a t h p l a n 
n i n g module I n p a r t i c u l a r see Thompson ( 1 9 7 7 ) . 

* T h i s paper p r e s e n t s t h e r e s u l t s o f one phase o f 
r e s e a r c h c a r r i e d o u t a t t h e J e t P r o p u l s i o n L a b o r 
a t o r y , C a l i f o r n i a I n s t i t u t e o f T e c h n o l o g y , under 
C o n t r a c t No. NAS 7 - 1 0 0 , sponso red by t h e N a t i o n a l 
A e r o n a u t i c s and Space A d m i n i s t r a t i o n . 

D e s i g n Goa ls 
The p r i m a r y d e s i g n g o a l s o f t h e g u i d a n c e s y s t e m 
were v e h i c l e s a f e t y , subsys tem autonomy and o p e r a 
t i o n a l e f f i c i e n c y . These g o a l s a r e t y p i c a l o f 
m i s s i o n r e l a t e d p r i o r i t i e s . Accu racy o f p e r f o r 
mance i s n o t l i s t e d a s a s e p a r a t e d e s i g n g o a l s i n c e 
i t i s i m p l i e d b y b o t h t h e need f o r v e h i c l e s a f e t y 
and subsys tem au tonomy . Subsystem autonomy r e f e r s 
t o t h e g u i d a n c e s y s t e m ' s a b i l i t y t o d e t e c t and c o r 
r e c t e r r o r s i n i t s own p e r f o r m a n c e and d e t e c t and 
a v o i d any o b s t a c l e s w h i c h m i g h t b e e n c o u n t e r e d 
w i t h o u t r e q u i r i n g a s s i s t a n c e f r o m o t h e r Rover p r o 
cesses ( i . e . w i t h o u t r e q u e s t i n g a new p l a n f r o m 
t h e P a t h P l a n n i n g M o d u l e ) . The need f o r o p e r a 
t i o n a l e f f i c i e n c y r e f e r s t o t h e d e s i r e t o m i n i m i z e 
t h e r e q u i r e d t i m e t o c o m p l e t e a t r a v e r s e (max im ize 
v e h i c l e a v e r a g e t r a v e r s e s p e e d ) . I n c r e a s e d speed 
and autonomy combine t o s i g n i f i c a n t l y r educe m i s s i o n 
c o s t s . R e l i a b i l i t y i s a l s o a n i m p o r t a n t g o a l 
i m p l i e d b y t h e needs f o r s a f e t y and au tonomy. M i n i 
m i z i n g v e h i c l e a c c e l e r a t i o n i n c r e a s e s ha rdwa re 
r e l i a b i l i t y b u t c o n f l i c t s w i t h t h e d e s i r e t o m a x i 
m ize ave rage s p e e d . 

I n o r d e r t o a t t a i n t h e s e g o a l s , r e a l - t i m e maneuver 
p l a n n i n g , p e r f o r m a n c e m o n i t o r i n g and e r r o r c o r r e c 
t i o n a r e r e q u i r e d . Maneuver p l a n n i n g must b e done 
i n r e a l - t i m e t o i n t e g r a t e t u r n i n g , e r r o r c o r r e c t i o n 
and o b s t a c l e a v o i d a n c e maneuvers such t h a t a f a v o r 
a b l e b a l a n c e o f s p e e d , a c c e l e r a t i o n and d e v i a t i o n 
f r o m t h e p l a n n e d p a t h i s a c h i e v e d . The f o l l o w i n g 
p a r a g r a p h s d e s c r i b e i m p o r t a n t a s p e c t s o f maneuver 
p l a n n i n g i n g r e a t e r d e t a i l . 

Maneuver P l a n n i n g 
P a t h l i n k s p r o v i d e d b y t h e P a t h P l a n n i n g Module 
(Thompson, 1977) a r e d e f i n e d by a c o n s t a n t minimum 
r a d i u s t u r n f o l l o w e d b y a s t r a i g h t segment . T o 
f o l l o w such a p a t h w i t h minimum d e v i a t i o n w o u l d 
r e q u i r e s t o p p i n g t h e Rover d u r i n g s t e e r i n g , s i n c e 
s t e e r i n g r e q u i r e s a p p r e c i a b l e t i m e and t h e t u r n 
r a d i u s v a r i e s d u r i n g s t e e r i n g . Such a method o f 
o p e r a t i o n i s r e j e c t e d , s i n c e i t r e d u c e s t h e a v e r 
age s p e e d , and p l a c e s g r e a t e r s t r e s s upon t h e s t e e r 
i n g s y s t e m w i t h a r e s u l t a n t d e c r e a s e i n r e l i a b i l i t y 
and l i f e t i m e o f t h e s t e e r i n g d r i v e h a r d w a r e . S t e e r 
i n g w h i l e m o v i n g , h o w e v e r , r e s u l t s i n a v a r i a b l e 
r a d i u s t u r n , f o r c i n g t h e Rover t o d e v i a t e f r o m t h e 
p r e s c r i b e d p a t h . The m a g n i t u d e o f t h e d e v i a t i o n 
and i t s d i s t r i b u t i o n a l o n g t h e p l a n n e d p a t h depends 
upon t h e v e h i c l e speed d u r i n g s t e e r i n g , t h e m a g n i 
t u d e o f t h e d e s i r e d h e a d i n g change and t h e p o i n t s 
o f i n i t i a t i o n and c o n c l u s i o n o f s t e e r i n g . The 
d e v i a t i o n may b e m i n i m i z e d f o r a g i v e n s t e e r i n g 
speed b y d e s i g n i n g t h e maneuvers such t h a t t h e 
v e h i c l e b e g i n s s t e e r i n g p r i o r t o t h e p r e s c r i b e d 
t u r n i n g p o i n t and c o n c l u d e s s t e e r i n g a n e q u a l d i s 
t a n c e beyond t h e p r e s c r i b e d p o i n t o f c o m p l e t i o n . 
T h i s n o t o n l y m i n i m i z e s t h e d e v i a t i o n d u r i n g t h e 
t u r n b u t a l s o t h e o r e t i c a l l y e l i m i n a t e s any t r a n s 
v e r s e e r r o r a t c o m p l e t i o n o f t h e t u r n i n g maneuve rs . 

S e l e c t i o n o f a speed w h i l e s t e e r i n g becomes a c r i t i 
c a l p a r a m e t e r i n maneuver d e s i g n s i n c e t h i s d e t e r 
mines t h e t h e o r e t i c a l m a g n i t u d e o f t h e d e v i a t i o n a s 
w e l l a s t h e d i s t a n c e r e q u i r e d b e f o r e and a f t e r t h e 
p l a n n e d t u r n . The speed w h i l e s t e e r i n g i s t h u s 
c o n s t r a i n e d b y t h e maximum t r a n s v e r s e d e v i a t i o n 
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al lowed and the lengths of the s t r a i g h t segments 
between t u r n s . The d is tance requ i red p r i o r to the 
t u r n consumes a p o r t i o n of the s t r a i g h t segment of 
the previous l i n k . S i m i l a r l y , some p o r t i o n of the 
s t r a i g h t segment of the present l i n k must be rese r 
ved f o r the t u r n of the subsequent l i n k (undef ined 
a t t h i s p o i n t ) . A d d i t i o n a l po r t i ons must be rese r 
ved f o r t ransverse e r ro r co r rec t i ons and obstac le 
avoidance maneuvers, should these be necessary. 
Real- t ime updates to veh ic le performance and hazard 
expectancy models are needed to a l low f o r such con
t i ngenc ies . 

Guidance Software 
The s t r u c t u r e of the c o n t r o l l i n g software evolved 
as a r e s u l t of t i m i n g , core usage and CPU a v a i l 
a b i l i t y c o n s t r a i n t s . Other robot processes requ i re 
memory and CPU time to operate in pseudo-para l le l 
to the guidance sof tware , f o r c i n g the l a t t e r to 
operate d iscon t inuous ly even wh i l e the veh i c le is 
moving. To meet these c o n s t r a i n t s , the main g u i d 
ance module was designed around a one-second cyc le 
t ime , w i t h a h a l f second de lay . The one second 
cyc le was chosen to prov ide a f a s t response capa
b i l i t y to incoming commands (a sa fe ty fea tu re ) and 
s a t i s f i e s the need to perform p o s i t i o n updates at 
l eas t once per second. To reduce core requi rements, 
maneuver moni to r ing and c o n t r o l l i n g was compressed 
i n t o two general purpose sec t i ons , one f o r c o n t r o l 
l i n g a l l t u rn i ng maneuvers, and another f o r moni
t o r i n g movement along s t r a i g h t segments. The 
c y c l i c a l s t r uc tu re of the program and the general 
purpose design of the t u r n / s t r a i g h t path monitors 
requ i res tha t a complete t a s k - r e l a t i v e Rover s t a t e 
be dynamical ly def ined so tha t at any po in t of any 
cyc le the program "knows" what the Rover is do ing , 
what has a l ready been done, what must be done in 
t h i s c y c l e , and what i t must prepare to do in subse
quent cyc les , a l l w i t h a minimum " r e c o g n i t i o n 
e f f o r t " . Appropr ia te s e t t i n g and t e s t i n g o f t ask / 
Rover s ta te va r i ab les is c r u c i a l to Guidance System 
performance. 

Delays in maneuver execut ion due to the c y c l i c a l 
i n a c t i v i t y of the guidance software could cause 
s i g n i f i c a n t dev ia t i ons from the designed maneuvers. 
There a lso e x i s t s a hardware cons t ra i n t tha t veh i c le 
d r i ve motors be pulsed f requen t l y to main ta in motion 
(another sa fe ty f e a t u r e ) . P rov i s ion of separate 
h igh p r i o r i t y MOVE and STEER programs ac t i va ted on 
a clocked i n t e r r u p t basis by the Real Time Operat ing 
System (RTOS) resolves these problems by p e r m i t t i n g 
prec ise t im ing of hardware c o n t r o l s igna ls even 
wh i le the main guidance rou t i ne is i n a c t i v e . The 
main guidance rou t i ne con t ro l s these l a t t e r proces
ses by schedul ing t h e i r a c t i v i t y through the RTOS 
and passing arguments through COMMON. This s t r u c 
tu re enables the guidance software to meet the e f f i 
c iency, r espons i v i t y and f l e x i b i l i t y requirements. 

Conclusions 
The system described here has been implemented in 
software and in hardware. A d e t a i l e d eva lua t ion of 
system performance has not been conducted since 
implementat ion of t ransverse e r r o r c o r r e c t i o n capa
b i l i t i e s is incomplete as o f t h i s w r i t i n g . The path 
f o l l o w i n g c a p a b i l i t y has been success fu l l y demon
s t ra ted on numerous occasions, however. Long i t u 
d i n a l e r r o r s of 1% and (as ye t ) uncorrected 
t ransverse e r ro r s of less than 10% of the t u rn arc 
length have been achieved, w i t h f i n a l o r i e n t a t i o n 
e r ro rs of about 1 degree. The somewhat la rge t r a n s 
verse e r r o r i s a t t r i b u t e d to the s tee r i ng hardware. 
Completion of the t ransverse e r r o r c o r r e c t i o n capa
b i l i t y should reduce the t ransverse e r ro rs by a 
f ac to r of 5 or g rea te r . 
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