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A b s t r a c t 

Th i s paper d e s c r i b e s the deve lopmen t of a 
p r a c t i c a l m a n i p u l a t o r s y s t e m . The m a n i p u l a t o r 
r e q u i r e m e n t s d i c ta ted by space e x p l o r a t i o n , the 
f unc t i ona l e lements w h i c h meet those r e q u i r e 
m e n t s , and the p r o b l e m s encoun te red in i m p l e 
men t i ng those r e q u i r e m e n t s a re d i s c u s s e d . 

The paper focuses p r i m a r i l y on the i m p l e m e n 
ta t i on o f the f u n c t i o n a l e lements and the r e a l w o r l d 
p r o b l e m s encounte red by the m a n i p u l a t o r s y s t e m , 
as opposed to the spec i f i c a l g o r i t h m s and equa
t i o n s , s ince we fee l that these two f a c t o r s a re 
under emphas ized in the l i t e r a t u r e . 

Spec i f i c top ics d i scussed inc lude use r i n t e r 
f a c e s , t r a j e c t o r y p l a n n i n g , safety and obstac le 
avo idance , and l i nk m o t i o n c o n t r o l . I m p l e m e n t a 
t i on emphas i s has been p laced on f l e x i b i l i t y , m i n i 
m i z i n g c o m p l e x i t y , and i n c r e a s i n g r e l i a b i l i t y . 

I n t r o d u c t i o n 

The Jet P r o p u l s i o n L a b o r a t o r y has been w o r k 
ing fo r seve ra l y e a r s in r obo t i c s as a means of 
ex tend ing space e x p l o r a t i o n . I n c r e a s i n g task c o m 
p l e x i t y and longer t e l e c o m m u n i c a t i o n s de lays have 
been m a k i n g space e x p l o r a t i o n r e q u i r e m e n t s m o r e 
s e v e r e , as d e m o n s t r a t e d by the recen t V i k i n g m i s -
s ion whe re seve ra l days w e r e needed to move a 
r o c k . J P L has s ta r ted to apply r o b o t i c s in sup 
p o r t o f f u t u re space m i s s i o n s , i nc lud ing both 
E a r t h o r b i t i n g m i s s i o n s and deep space e x p l o r a 
t i o n . The advantages sought a re reduced cost in 
both t i m e and m o n e y . 

S e v e r a l m i s s i o n s w h i c h wou ld benef i t f r o m 
advanced m a n i p u l a t i o n c a p a b i l i t i e s have been i d e n 
t i f i e d . These m i s s i o n s inc lude su r face r o v i n g , 
a s s e m b l y o f l a r g e s t r u c t u r e s in E a r t h o r b i t , and 
s e r v i c i n g E a r t h o r b i t e r s beyond the reach o f the 
Space Shut t le . These types of m i s s i o n s a re be ing 
p lanned f o r the 1980's and 1990's, and have i n c r e a s 
ing l y comp lex needs. The m o s t i m m e d i a t e m i s s i o n 
wou ld be a M a r s r o v e r p e r f o r m i n g l i m i t e d tasks 
such as c lean ing dust f r o m lenses and s o i l s a m p l 
i n g , wh i l e m i s s i o n s r e q u i r i n g p r e c i s i o n a s s e m b l y 
o f l a rge beams a re f u r t h e r in the f u t u r e . 

Both the a b i l i t y to c o n t r o l a m a n i p u l a t o r and 
i n t e g r a t i o n o f m a n i p u l a t i o n w i t h o ther c a p a b i l i t i e s 

such as l o c o m o t i o n and v i s i o n m u s t be p r o v i d e d . 
F o r th is r eason J P L has developed a b readboard 
rov i ng veh ic le ( r o v e r ) w h i c h uses the th ree basic 
func t ions of m a n i p u l a t i o n , l o c o m o t i o n and v i s ion 
( F i g . 1). The m a n i p u l a t o r has been developed as 
an i n t e g r a l p a r t o f the J P L r o v e r . 

F i g . 1 . J P L Rover 

Deve lopmen t Goals 

As ment ioned above, m a n i p u l a t i o n tasks a re 
es tab l i shed by space m i s s i o n needs and may be 
d i v ided in to two c a t e g o r i e s : a s s e m b l y and sample 
hand l i ng . Each task has a d i f f e r e n t set of r e q u i r e 
m e n t s , as b r i e f l y c h a r a c t e r i z e d in Table I . 

A s s e m b l y tasks r e q u i r e p r e c i s i o n o f m o t i o n in 
the range of 0. 1 mm to 1 c m , the a b i l i t y to c o n 
t r o l f o r c e s and t o r q u e s , and e x t e r n a l feedback 
such as f o r c e sens ing . In g e n e r a l , the e n v i r o n 
men t and the equ ipment the m a n i p u l a t o r is w o r k 
ing w i t h a re w e l l known , though not p r e c i s e l y 
p o s i t i o n e d . An ana logy may be d r a w n w i t h an 
i n d u s t r i a l e n v i r o n m e n t , where a s s e m b l y c o n s i s t s 
o f j o i n i n g p r e c i s e l y f a b r i c a t e d p ieces whose l o c a 
t i on (but not o r i e n t a t i o n ) is g e n e r a l l y k n o w n . Such 
a task depends p r i m a r i l y on spec ia l i zed s e n s o r y 
feedback w i t h v i s i o n p e r f o r m i n g on ly a s u p e r v i 
s o r y f u n c t i o n . 

* T h i s w o r k r e p r e s e n t s one phase o f r e s e a r c h c a r r i e d out a t the Jet 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 
Ins t i t u te o f Techno logy , under c o n t r a c t N o . NAS 7 -100 , sponsored by the 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 . 
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Tab le I Spacec ra f t M a n i p u l a t o r Tasks Table I I . M a n i p u l a t o r R e q u i r e m e n t S u m m a r y 

A s s e m b l y Task Sample Hand l ing Task 

Subtasks 

L a r g e s t r u c t u r a l e lement 
a s s e m b l y 

P r e c i s i o n i n s t r u m e n t 
a s s e m b l y 

Spacecra f t modu le 
s e r v i c i n g 

Rock sample 
r e t r i e v a l 

T r e n c h i n g 

D igg ing 

Rover s e r v i c i n g 

Requ i remen ts 

P r e c i s i o n m o t i o n V i s i o n feedback 

Sma l l scale de ta i l ed E n v i r o n m e n t a l 
e n v i r o n m e n t a l i n f o r m a t i o n i n t e r a c t i o n 

F o r c e , to rque c o n t r o l 

Use of a p r i o r i k n o w l 
edge of w o r k a rea 

Deve lopment of 
own knowledge of 
w o r k a rea 

On the o ther hand , a m a n i p u l a t o r p e r f o r m i n g 
sample hand l ing tasks on a p l ane ta r y su r face 
opera tes in a d i f f e r e n t e n v i r o n m e n t . Task d e f i n i 
t i on i s s t r a i g h t f o r w a r d , ( i . e . , move r o c k s , d ig 
s o i l ) , but the e n v i r o n m e n t is u n s t r u c t u r e d and 
cannot be de ta i led p r i o r to a r r i v a l a t the s i t e . 
The spacec ra f t m u s t accommoda te a w ide v a r i e t y 
o f inputs w i t h l i t t l e a p r i o r i i n f o r m a t i o n . Though 
p r e c i s i o n r e q u i r e m e n t s a r e l o w e r (1 /2 cm to 2 
c m ) , the task i s m o r e demand ing s ince the m a n i 
p u l a t o r mus t coopera te c l o s e l y w i t h the v i s i o n 
s y s t e m , and use i ts own feedback s e n s o r s . The 
p r o b l e m becomes one o f dea l ing w i t h an u n s t r u c 
t u red r e a l w o r l d e n v i r o n m e n t , r e q u i r i n g the a b i l 
i t y to genera te and use a l a r g e data base . 

R e q u i r e m e n t s 

The J P L m a n i p u l a t o r deve lopment used a v a i l 
able components f o r both compu t ing and 
m a n i p u l a t o r - s p e c i f i c h a r d w a r e . The in tent was 
to deve lop techniques f o r m a n i p u l a t i o n t a s k s , 
r a t h e r than a spec i f i c m a n i p u l a t o r m e c h a n i z a t i o n . 
As a r e s u l t , s p e c i f i c a t i o n deve lopment p roceeded 
c o n c u r r e n t l y w i t h m a n i p u l a t o r deve lopment u n t i l 
a f i n a l set of r e q u i r e m e n t s w e r e es tab l i shed 
w h i c h w e r e su i tab le f o r the tasks in Tab le I . 

The g e n e r a l r e q u i r e m e n t s a re s u m m a r i z e d in 
Table I I , and r e p r e s e n t deve lopmen t r e q u i r e m e n t s 
wh ich e s t a b l i s h goa ls . They do not r e p r e s e n t a 
s u m m a r y o f spec i f i c r e q u i r e m e n t s needed f o r 
ac tua l spacec ra f t o p e r a t i o n , but r a t h e r a re those 
needed to d e m o n s t r a t e the technology r e q u i r e d . 
F o r e x a m p l e , once a s s e m b l y technology i s d e m o n 
s t r a t e d , a m i s s i o n - s p e c i f i c m a n i p u l a t o r m a y be 
designed to handle 25 to 50 Kg beams f o r s t r u c 
tu re assemb l y i n E a r t h o r b i t . The r e q u i r e m e n t s 
shown in Table I I r e p r e s e n t those qua l i t i es needed 
f o r both a s s e m b l y and sample hand l ing t asks . 

The f i r s t r e q u i r e m e n t i s f o r the e n v i r o n m e n t 
in w h i c h the m a n i p u l a t o r m u s t ope ra te . The e n 
v i r o n m e n t has both a known component (the r o v e r 
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I . E n v i r o n m e n t 

On veh ic le 

On w o r k sur face 

Sensing 

I I . Wo rkspace Coverage 

Vo lume 

Known, v a r y i n g 

Unknown, r a n d o m 

D is tance , p r e s s u r e , 
s ize 

Obs tac les 

I I I . Compu t ing 

C o m p u t e r 

I npu t /Ou tpu t 

I V . I n te r faces 

Mount ing 

U s e r s 

Rover subsys tems 

V . Mot ion 

Speed 

P r e c i s i o n 

3/4 h e m i s p h e r e , 4 ' 
d i a . b i l e v e l w o r k 
sur face 

30% of w o r k s p a c e v o l 
ume r a n d o m l y spaced, 
v a r y i n g 

On L ine - 16K ac t i ve core 
1 µ s e c / c y c l e 

A / d , DAC s ing le point 
3 Megabaud -senso rs to 
c o m p u t e r , 1600 baud 
c o m p u t e r to use r 

Rover 

T h r e e on l i ne and 
o f f - l i n e c o m p u t e r s 

V i s i o n , l o c o m o t i o n 

P o i n t - t o - p o i n t c o v e r 
age <5 sec. P lann ing 
<10 sec. 

< 0. 1 m m 

sur face w h i c h cons t i t u tes the upper l e v e l o f the 
m a n i p u l a t o r w o r k su r face has f i x e d , known o b 
s tac les ) and a r a n d o m l y v a r y i n g component (the 
su r face upon w h i c h the r o v e r m o v e s ) . Thus the 
m a n i p u l a t o r can have " b u i l t i n " knowledge to ease 
the task of t r a j e c t o r y p l ann ing , but m u s t a l so be 
able to rece i ve and respond to i n f o r m a t i o n on the 
changing e n v i r o n m e n t . 

Th is r e a l t i m e i n f o r m a t i o n can be supp l ied by 
the v i s i o n s y s t e m , but some d i r e c t i n f o r m a t i o n 
on the m a n i p u l a t o r ' s state r e l a t i v e to the e n v i r o n 
men t ( inc lud ing a sense of d is tance to an ob jec t 
as w e l l as a sense of touch) is a lso needed. 

The wo rkspace r e q u i r e m e n t is d i c ta ted by both 
the g e o m e t r y of the veh ic le and the w o r k to be 
p e r f o r m e d . The m a n i p u l a t o r m u s t be able to 
w o r k on both the veh ic le and a reasonable g round 
a r e a . Obs tac les may occupy up to 30% of the 
v o l u m e , and , w h i l e those on the v e h i c l e a r e 
k n o w n , those on the g round have r a n d o m l y v a r y 
ing s i z e , shape and l o c a t i o n , 
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The c o m p u t i n g f a c i l i t i e s p r o v i d e d c o n s i s t o f a 
m i n i c o m p u t e r , a G e n e r a l A u t o m a t i o n S P C - 1 6 / 8 5 
(SPC 16) w i t h d i r e c t I /O to the senso rs and a c t u a 
t o r s i n the e l e c t r o m e c h a n i c a l a s s e m b l y ( E - M 
a s s e m b l y . ) A l ow speed c o m m u n i c a t i o n l ine f r o m 
the m i n i c o m p u t e r to the o f f - l i n e c o m p u t e r (a DEC 
P D P - 1 0 ) p r o v i d e s the m a i n data l i n k w i t h the 
v i s i o n and l o c o m o t i o n s u b s y s t e m s . The m a i n 
compu t i ng r e q u i r e m e n t was to w o r k w i t h i n the 
m i n i c o m p u t e r w i t h on ly l i m i t e d data f r o m the 
o ther s u b s y s t e m s . 

A u s e r i n t e r f a c e to the m a n i p u l a t o r s y s t e m is 
r e q u i r e d a t s e v e r a l l e v e l s : t o the o n - l i n e m i n i 
c o m p u t e r ( for checkou t ) , the off l ine c o m p u t e r 
( fo r i n t e g r a t i o n in to the r o v e r s y s t e m ) , and to a 
g r a p h i c s t e r m i n a l (used to d i sp l ay the i n t e r n a l 
r o v e r s ta te ) . A l l i n t e r f a c e s m u s t supp ly data on 
the m a n i p u l a t o r ' s state as w e l l as accept o p e r a 
t i o n a l c o m m a n d s , 

M a n i p u l a t o r response t i m e r e q u i r e m e n t s w e r e 
i n i t i a l l y a r b i t r a r y and p r i m a r i l y a i m e d a t reduc ing 
the o p e r a t o r ' s w a i t t i m e . The p r i m e m o t i o n c o n 
t r o l r e q u i r e m e n t i s i n p r e c i s i o n m o t i o n c o n t r o l 
d u r i n g both m i d t r a j e c t o r y and t e r m i n a l p l acemen t 
phases . 

F u n c t i o n a l E l emen ts 

The m a n i p u l a t o r s y s t e m can be thought of as 
c o n s i s t i n g o f the E - M a s s e m b l y , i t s e l e c t r o n i c s 
and i n t e r f ace to the SPC 16 and the m a n i p u l a t o r 
so f twa re con ta ined i n that c o m p u t e r . The h a r d 
w a r e is d e s c r i b e d in Ref. 1 w i t h the so f tware 
s u m m a r i z e d in Ref . 2. F i g u r e 2 is a b lock d i a 
g r a m o f the m a n i p u l a t o r ' s f unc t i ona l e l e m e n t s . 

F i g , 2 . M a n i p u l a t o r F u n c t i o n a l E l e m e n t s 

The f i r s t e l emen t i s the u s e r i n t e r f a c e , w h i c h 
both accepts commands and data f r o m the v a r i o u s 
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u s e r s and supp l ies m a n i p u l a t o r status d a t a . The 
commands then go to the c o m m a n d i n t e r p r e t e r 
w h i c h decodes t h e m and p rov i des the n e c e s s a r y 
sequenc ing and data f o r the t r a j e c t o r y p l a n n e r . 

The t r a j e c t o r y p lanner takes the d e s i r e d t a r g e t 
po in t of the m a n i p u l a t o r hand and p rov ides angle 
ve r sus t i m e t r a j e c t o r i e s f o r the i n d i v i d u a l l i n k s . 
The t r a j e c t o r y p lanne r w o r k s i n con junc t ion w i t h 
the sa fe ty s y s t e m to de tec t poss ib le c o l l i s i o n s 
between the m a n i p u l a t o r l i nks and obs tac les . 

The s e r v o loops a re respons ib le f o r c o n t r o l l i n g 
the m o t i o n o f each l i n k so that each planned t r a 
j e c t o r y i s f o l l o w e d . The s e r v o loop c o n t r o l s the 
DC m o t o r s i n the E - M a s s e m b l y th rough the a m 
p l i f i e r s and c o n v e r s i o n equ ipment w h i c h make up 
the d r i v e e l e c t r o n i c s . 

U s e r I n te r faces 

The e n t i r e m a n i p u l a t o r s y s t e m res ides in the 
J P L Robot R e s e a r c h L a b o r a t o r y . The so f tware 
t o t a l l y r es ides in the SPC 1.6 w h i c h is ded ica ted to 
the r o b o t . M a n i p u l a t o r - r e l a t e d so f tware in the 
SPC 16 se rves to i n t e r f a c e spec i f i c u s e r s w i t h the 
m a n i p u l a t o r s y s t e m . U s e r s inc lude human o p e r a 
t o r s d i r e c t l y i n t e r f a c i n g w i t h the S P C - 1 6 , p r e d e 
t e r m i n e d sequences of ac t ions input as SPC-16 
m o n i t o r l e v e l c o m m a n d s , o ther robo t sys tems 
( i . e . , v i s i on s y s t e m ) ac t ing th rough SPC 1 6 - c o n -
ta ined s o f t w a r e , and the Robot Execu t i ve (REX) 
and o ther robo t s y s t e m so f twa re conta ined in the 
r e m o t e t i m e s h a r e d P D P - 1 0 as w e l l as the P r o t o 
type Ground S y s t e m assoc ia ted w i t h an Im lac g r a 
phic d i s p l a y u n i t . Data f l ow th rough the m a n i p u 
l a t o r s y s t e m , w i t h p a r t i c u l a r emphas is on the 
u s e r i n t e r f aces is shown in F i g . 3 . 

The m a n i p u l a t o r s o f t w a r e has been des igned to 
p e r m i t access by a w ide v a r i e t y o f u s e r s . W r i t 
ten in F o r t r a n and a s s e m b l y language and us ing 
a p p r o x i m a t e l y 10, 000 w o r d s o f c o r e , i t cons i s t s 
of a c o l l e c t i o n of ope ra t i ng subrou t ines and a 
s ing le " m a i n s u b r o u t i n e " c o m m u n i c a t i n g w i t h a l l 
u s e r s . The to ta l c o l l e c t i o n o f subrou t ines has 
on ly a s ing le e n t r y po in t and a s ing le ex i t po in t , 
both in the m a i n s u b r o u t i n e . The lack o f m u l t i p l e 
e n t r y points and the funne l ing o f a l l input ( c o m 
mands and a r g u m e n t s ) and output ( feedback to 
u s e r ) th rough the same m a i n sub rou t i ne , i n d e 
pendent o f u s e r , have f a c i l i t a t e d p r o g r a m c h e c k 
out and ma in tenance , in that a l l u s e r s opera te the 
s y s t e m w i t h the i d e n t i c a l s o f t w a r e . The ope ra t i ng 
sub rou t i nes p e r f o r m the func t ions d e s c r i b e d b e 
low ( inc lud ing p l a n n i n g , obstac le d e t e c t i o n , c o o r 
d inate t r a n s f o r m a t i o n s , and a l a rge p a r t of the 
m o t i o n c o n t r o l ) . 

Input to the m a n i p u l a t o r s y s t e m cons i s t s of an 
in teger c o m m a n d and an e i g h t e e n - w o r d a r g u m e n t 
a r r a y . Feedback f r o m the s y s t e m to the u s e r i s 
g i ven v ia the a r g u m e n t a r r a y . The a r r a y on r e 
t u r n conta ins the s i x j o i n t v a r i a b l e s and the f i n g e r 
open ing , the a r m ' s p o s i t i o n v e c t o r P , f i n g e r s l i d 
ing vec to r S, and app roach vec to r A ( F i g , 4 ) , t a c 
t i l e sensor read ings ( f r o m 2 m i c r o s w i t c h e s ) , and 
a n e r r o r i n d i c a t o r . The e r r o r i n d i c a t o r shows 
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F i g . 4 . A r m K i n e m a t i c Schemat ic 

e r r o r s in p lann ing ( i . e , , a c o l l i s i o n wou ld o c c u r ) 
as w e l l as execu t i on as shown be low . C o m m a n d 
a r g u m e n t s a re p rov i ded by m o d i f i c a t i o n o f the 
a p p r o p r i a t e a r r a y e l e m e n t s . The commands 
themse lves a l l ow f o r the p e r f o r m a n c e of the 
f o l l ow ing f unc t i ons : s y s t e m r e i n i t i a l i z a t i o n and 
s ta tus , open f i n g e r s , c lose f i n g e r s , move a r m to 
spec i f i ed p o s i t i o n w i t h spec i f i ed o r de fau l t hand 
o r i e n t a t i o n , move a l l j o i n t s t o spec i f i ed v a l u e s , 
move s ing le j o i n t by spec i f i ed amoun t , t r a n s f o r m 
coo rd ina tes ( jo in t v a r i a b l e values to P, S, A and 
back ) , squeeze f i n g e r s , we igh ob jec t , change 
speed, cen te r f i n g e r s us ing p r o x i m i t y sensor 
feedback , and t e r m i n a t e execu t i on . 

The Robot S y s t e m s o f t w a r e , con ta ined in the 
P D P - 1 0 , a l l ows f o r the execu t ion o f p l a n s . P lans 
c o n s i s t o f a c t i o n u n i t s , wh i ch a re sequences a p 
p l i cab le t o m a n i p u l a t i o n , v i s i o n , o r l o c o m o t i o n 
s y s t e m s , w i t h s y m b o l i c a r g u m e n t s r e f e r r i n g t o 
named data i n a W o r l d M o d e l . An ac t i on u n i t i n 
t e r p r e t e r conve r t s ac t i on un i ts and t h e i r s y m b o l i c 
a r g u m e n t s in to the m a n i p u l a t o r s y s t e m commands 
ou t l i ned above . A l l m a n i p u l a t o r ac t i on un i t s a re 
in one o f f i v e c a t e g o r i e s : da ta / s ta tus a c t i o n un i t s 
( i nc lud ing the s t o r a g e , d e l e c t i o n , and m o d i f i c a t i o n 
o f W o r l d M o d e l da ta ) , boundary ac t i on un i t s b e 
g inn ing and ending the o p e r a t i o n of the m a n i p u l a t o r 
s y s t e m , speed a c t i o n un i ts f o r a l t e r i n g the t i m e 
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taken b y a r m m o t i o n s , f i n g e r c o m m a n d s (open, 
c l o s e , squeeze, cen te r f i n g e r s ove r ob jec t us ing 
p r o x i m i t y sensor feedback ) , and a r m m o t i o n a c 
t i o n un i t s (move t o , move by , move j o i n t ( s ) , d r o p , 
w e i g h , d i s p l a y t o T V ) . 

A l l u s e r s i n t e r f a c e w i t h the m a n i p u l a t o r s y s t e m 
v i a the m a i n sub rou t ine in the SPC 16. O the r 
r o b o t s y s t e m s o r any o f the spec i f i c task d r i v e r s 
(wh ich a re a l l SPC 16 m a i n p r o g r a m s ) c a l l the 
m a n i p u l a t o r s y s t e m as a s u b r o u t i n e . O the r r obo t 
sys tems can a lso i n t e r f a c e w i t h the m a n i p u l a t o r 
s y s t e m by o r d e r i n g the execu t i on o f a r m a c t i o n 
u n i t s ; i n th is case , the P D P - 1 0 res iden t robo t 
so f twa re c o m m u n i c a t e s to a SPC-16 res iden t c o m 
m u n i c a t i o n s p r o g r a m that ca l l s the m a n i p u l a t o r 
s y s t e m as a s u b r o u t i n e . The o the r i n t e r f a c e to 
the m a n i p u l a t o r s y s t e m is v i a a te le type d r i v e r . 
W i t h th is m a i n p r o g r a m , a human o p e r a t o r s t a 
t ioned at a conso le or an e x i s t i n g m o n i t o r - l e v e l 
c o n t r o l sequence can c o n t r o l the m a n i p u l a t o r s y s 
t e m . In a l l cases , i t i s the i d e n t i c a l m a n i p u l a t o r 
s y s t e m w i t h w h i c h the u s e r i n t e r a c t s . 

P lann ing 

M o t i o n p lann ing in the m a n i p u l a t o r s y s t e m is 
m i n i m a l . T a r g e t p o s i t i o n / o r i e n t a t i o n o r changes 
in p o s i t i o n / o r i e n t a t i o n a re t r a n s f o r m e d to changes 
i n j o i n t v a r i a b l e s . A l l l i n ks beg in and end m o t i o n 
s i m u l t a n e o u s l y , w i t h the d u r a t i o n o f m o t i o n d e t e r 
m i n e d by sca l ing w i t h respec t to the m a x i m u m 
a l l owed ve loc i t y f o r the s lowes t l i n k . I t is the 
m a x i m u m - a l l o w e d - v e l o c i t y vec to r on w h i c h the 
speed change c o m m a n d a c t s . A l l j o i n t s a re then 
moved a c c o r d i n g to a s ing le n o r m a l i z e d p o l y n o 
m i a l (Ref 3 , 4) . 

θu) = θo + ΔӨ g (u ) , u :0 -> l , (1) 

w h e r e g i nc reases m o n o t o n i c a l l y f r o m 0 to 1 and 
has 0 f i r s t and second d e r i v a t i v e s at the boundary 
p o i n t s . Thus , the a r m moves f r o m one r e s t p o s i 
t i on to ano the r , w i t hou t changing d i r e c t i o n . The 
m o n o t o n i c i t y of the p o l y n o m i a l guarantees that i f 
the boundary po in ts a re w i t h i n the a l l owab le range 
o f m o t i o n fo r each j o i n t , then so a re a l l i n t e r 
med ia te p o i n t s . 

The e n t i r e path of each l i n k and hence of the 
a r m is thus p lanned . The path is checked a t 
p lann ing t ime f o r p o t e n t i a l c o l l i s i o n s w i t h obs ta 
c l e s . P o t e n t i a l c o l l i s i o n s a re avo ided by the 
o p e r a t o r i n s e r t i n g safe i n t e r m e d i a t e po in ts and 
then decompos ing the o r i g i n a l m o t i o n in to s e 
quences of mo t i ons connec t ing the i n t e r m e d i a t e 
p o i n t s . 

Safety 

A s i d e f r o m l i m i t a t i o n s on the ranges o f m o t i o n 
o f the j o i n t s , the J P L m a n i p u l a t o r m u s t a lso c o n 
tend w i t h twe lve p e r m a n e n t o b s t a c l e s . These i n 
c lude the veh ic le p l a t f o r m , an e l e c t r o n i c s r a c k , 
the whee ls and w h e e l m o t o r s , the t e l e v i s i o n / l a s e r 
r a n g e f i n d e r a s s e m b l y , and the g r o u n d . Each o f 
these obs tac les is d e s c r i b e d by the c i r c u m s c r i b i n g 
r e c t a n g u l a r envelope w i t h s ides a l i gned w i t h the 

A m o r e o b s t a c l e - s p e c i f i c c h a r a c t e r i z a t i o n wou ld 
p e r m i t a g r e a t e r range of m a n i p u l a t o r m o t i o n by 
m o r e a c c u r a t e l y d e s c r i b i n g the obs tac le , but a t 
the cos t of l eng th ie r and less v e r i f i a b l e s o f t w a r e . 
The d e s c r i p t i o n of an obstac le by two or m o r e 
r e c t a n g u l a r so l i ds and us ing the rec tangu la r enve 
lope as a p r e l i m i n a r y check only a re two ways of 
ob ta in ing i nc reased a c c u r a c y w h i l e s t i l l m a i n t a i n 
ing so f tware e f f i c i e n c y and v e r i f i a b i l i t y . 

Each t r a j e c t o r y is decomposed in to a sequence 
o f spec i f i c a r m p o s i t i o n s , and po ten t i a l c o l l i s i o n s 
a re cons ide red at each of these p o s i t i o n s . At 
p r e s e n t , we check f o r c o l l i s i o n s a t twenty po in ts 
a long the t r a j e c t o r y . 

The J P L m a n i p u l a t o r has two l i n k s , the s l i d i ng 
boom and the w r i s t / h a n d a s s e m b l y , that a re c a p 
able of c o l l i s i o n . Each of these is rep resen ted 
as a l i ne : 

P = B + / \ ( F - B), [ o , l ] (3) 

w h e r e B ( "back " ) and F ( " f r o n t " ) a r c the endpoint 
of the l ine p a r a m e t e r i z e d by K. The c o l l i s i o n d e 
tec t i on a l g o r i t h m w o r k s th rough the obstac le a r 
r a y 4>> d i m e n s i o n by d i m e n s i o n , and f inds the 
l i m i t i n g values of \ n e c e s s a r y f o r c o l l i s i o n . I f 
t he re ex is t s a K« |_0, ll sa t i s f y i ng 
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m a n i p u l a t o r base coo rd ina te s y s t e m . Thus , a l l 
obs tac le data a re s t o red in an n x 6 a r r a y , $ (n = 
n u m b e r of obs tac les ) , w h e r e each r o w of <(> is of 
the f o r m ( X m i n , Xma X > ^ m ^ , Y m a x , Z-mfa, 
Z m a x , ) . A po in t P = ( P i , P£ , P 3 ) is w i t h i n the 
boundar ies of obs tac le i i f i t l i es w i t h i n the o b s t a 
c le i r e c t a n g u l a r s o l i d , that i s , i f 

f o r j = 1, Z, 3, then a c o l l i s i o n can occur and the 
m o t i o n is a b o r t e d . O t h e r w i s e the mo t i on is safe 
f o r that l i n k P at that po in t of the t r a j e c t o r y w i t h 
r espec t to obs tac le i . 

Nonpe rmanen t obs tac les detected by the robot 
e n v i r o n m e n t senso rs a re added to the obstac le 
a r r a y ; the c o l l i s i o n de tec t i on so f tware r e m a i n s 
unchanged. 

Each t i m e the a r m is to be moved , the path is 
checked f o r po ten t i a l c o l l i s i o n s . I f one e x i s t s , 
both the c o l l i d i n g l i n k and the obstacle a r e i d e n t i 
f i e d , as w e l l as at what po in t o f the t r a j e c t o r y the 
c o l l i s i o n w o u l d o c c u r . Th is data i s used in o b s t a 
c le avoidance in the gene ra t i on of the i n t e r m e d i a t e 
p o i n t s . At p r e s e n t , th is mus t be done by the 
o p e r a t o r . 

An a l t e r n a t i v e o r perhaps supp lemen ta l method 
f o r the de tec t i on and avoidance o f obs tac les is c u r 
r e n t l y be ing i n v e s t i g a t e d . O p t i c a l p r o x i m i t y s e n 
so rs (Ref. 5) , c u r r e n t l y mounted on the f i n g e r t i p s 
as g rasp ing a i d s , cou ld be mounted at v a r i o u s 
po in ts on the a r m . Sui table a r r a n g e m e n t of the 



Sensors cou ld p r o v i d e enough i n f o r m a t i o n d u r i n g 
a r m m o t i o n no t on l y t o de tec t obs tac les but a l so 
to suggest an avo idance s t r a t e g y . I t i s e s t i m a t e d 
that f i f t e e n sensors wou ld be r e q u i r e d to p e r f o r m 
the task c o m p l e t e l y . I f i m p l e m e n t e d , the m a n i 
p u l a t o r w o u l d be equipped w i t h a r e f l e x i v e obs ta 
c le avo idance s y s t e m ac t ing i n r e a l t i m e and w i t h 
out any a p r i o r i i n f o r m a t i o n about the obstac le 
e n v i r o n m e n t . D i f f i c u l t i e s i n ach iev ing th is inc lude 
w i r i n g the a r m f o r a l l the s e n s o r s , i m p l e m e n t i n g 
a h a r d w i r e d c o n t r o l s y s t e m response to p r o x i m i t y 
senso r feedback to o v e r r i d e the gene ra l c o n t r o l 
s y s t e m , and i n t e g r a t i n g the two c o n t r o l s y s t e m s . 
E a r l y e x p e r i m e n t s i n r e f l e x i v e obstac le avoidance 
(Ref . 6 ) have , h o w e v e r , i nd ica ted the t h e o r e t i c a l 
f e a s i b i l i t y of such a s y s t e m . 

P o s i t i o n C o n t r o l S y s t e m 

The m a n i p u l a t o r p o s i t i o n c o n t r o l s y s t e m i s 
used to s e r v o the pos i t i ons o f i n d i v i d u a l l i nks d u r 
ing m a n i p u l a t o r t r a j e c t o r y execu t ion and to g e n e r 
ate f o r c e s d u r i n g a s s e m b l y t a s k s . I t m u s t p rov i de 
a c c u r a t e c o n t r o l d u r i n g m o t i o n as w e l l as p r e c i s e 
pos i t i on i ng a t the end o f m o t i o n . In a d d i t i o n , i t 
m u s t opera te ove r a w ide range o f s y s t e m p a r a m 
e t e r s ( i n e r t i a and f r i c t i o n ) w h i l e r e j e c t i n g e x t r a n 
eous input ( e . g . , no i se ) . 

The m a n i p u l a t o r s e r v o s y s t e m used is shown in 
F i g , 5 , w i t h a s i m p l i f i e d b l ock d i a g r a m in F i g . 6 . 
I t is a samp le data c o n t r o l s y s t e m us ing analog 
feedback sensors and c u r r e n t d r i v e to the D-C 
m o t o r s . The se r vo s y s t e m i s i d e n t i c a l f o r a l l s i x 
m a n i p u l a t o r l i n k s , w h i l e the " h a n d " se r vo loop i s 
d r i v e n by a f i x e d c u r r e n t c o m m a n d . 

The b lock d i a g r a m in F i g , 6 i l l u s t r a t e s the 
f o r m o f the p resen t s e r v o loop w h i c h i s s i m p l e r 
than the loop i n i t i a l l y used (Ref. 7) . Ga in c o n 
stants a re used in the f o r w a r d loop as w e l l as each 
feedback loop to n o r m a l i z e the v a r i o u s gains of 
the bu f fe r a m p l i f i e r s , c o n v e r t e r s , m o t o r s , e t c . 
( G 1 , G 4 , G 6 ) . Th is a l l ows the s e r v o loop to be 
p a r a m e t e r i z e d by the se r vo loop ga ins ; pos i t i on 
e r r o r ( K p ) , p o s i t i o n e r r o r i n t e g r a l (Kp i ) , v e l o 
c i t y ( K v ) , and v e l o c i t y i n t e g r a l ( K p I ) , as shown i n 
F i g . 6 . Th is p e r m i t s one set o f gains to be c a l 
cu la ted f o r a l l s i x s e r v o loops , each o f w h i c h w i l l 
have the same t h e o r e t i c a l r e s p o n s e . 

Ga in s e l e c t i o n was guided by two r e q u i r e m e n t s : 
f i r s t , t o e l i m i n a t e f i n a l pos i t i on o f fsets f o r f r i c 
t i o n and g r a v i t y to rques and , second , t o m i n i m i z e 
p o s i t i o n lag d u r i n g t r a j e c t o r y m o t i o n . The second 
r e q u i r e m e n t i s e s p e c i a l l y i m p o r t a n t f o r safe 
c o l l i s i o n - f r e e m o t i o n s . 

An i n i t i a l e s t i m a t e o f the s e r v o loop 's p e r f o r 
mance m a y be made us ing l i n e a r analog techn iques . 
The samp le data f e a t u r e may be ignored due to 
the h igh sample ra te (125 H z ) . The two cases of 
i n t e r e s t a r e the response to 1) input commands 
and 2) f r i c t i o n and d i s t u r b a n c e t o r q u e s . In each 
case a s y s t e m t r a n s f e r f unc t i on may be d e t e r 
m i n e d f r o m F i g . 6 . F o r a n input c o m m a n d the 
t r a n s f e r f u n c t i o n i s g iven by 



The fou r gains can be ad jus ted to p rov ide good 
response to v a r i o u s inputs (s tep , r a m p , e tc . ) , 
and the c o n t r o l s y s t e m as shown by the t r a n s f e r 
f u n c t i o n has the a b i l i t y to c l o s e l y f o l l o w the t r a 
j e c t o r y p o l y n o m i a l s d i scussed above . A l t hough 
the e f fec t of o f f - n o m i n a l ga ins due to changes in 
i n e r t i a , m o t o r to rque constants and feedback e l e 
ments d i r e c t l y a f fec ts the loops ga ins , expe r ience 
shows that these v a r i a t i o n s a re m i n i m a l . 

Just as i m p o r t a n t as the a b i l i t y to f o l l o w an 
inpu t t r a j e c t o r y is the a b i l i t y to respond to the 
e f fec t o f d i s t u r b a n c e t o r q u e s , p r i m a r i l y f r i c t i o n . 
The c losed loop t r a n s f e r f unc t i on f o r a d i s tu rbance 
to rque i s : 

Us ing these l i n e a r a p p r o x i m a t i o n s , the f o l l o w 
ing conc lus ions m a y be d r a w n : f o r a s tep input 
d i s t u r b a n c e to rque the f i n a l fa lue of ӨQ w i l l be 

z e r o , and i n c r e a s i n g K p j dec reases the t r a n s i e n t 
response t o d i s t u r b i n g to rques ( i . e . , f r i c t i o n ) . 

Thus s e v e r a l c r i t e r i a become ava i lab le f o r 
se lec t i ng g a i n s . W i thou t v i o l a t i n g s t a b i l i t y r e 
q u i r e m e n t s , h igh p o s i t i o n gains ( K p + K v j ) a r e 
needed f o r a c c u r a t e l y f o l l o w i n g the d e s i r e d t r a 
j e c t o r y . Second, an i n t e g r a l p o s i t i o n gain (Kp j ) 
is needed to e l i m i n a t e s tandof f e r r o r s due to F r i c 
t i o n , g r a v i t y , and o ther d i s tu rbance t o r q u e s . 
Th is i n t e g r a l ga in should be as l a rge as poss ib l e 
to m i n i m i z e the e f fec ts o f v a r y i n g d i s t u r b a n c e 
t o r q u e s . 

T e r m i n a l Guidance 

The ph rase " t e r m i n a l gu idance" r e f e r s to the 
c o n t r o l o f the m a n i p u l a t o r in the ne ighborhood of 
some goa l s t a te . Th ree basic approaches a r e 
taken by the m a n i p u l a t o r s y s t e m in i m p l e m e n t i n g 
th is f u n c t i o n . F i r s t , as the a r m approaches an 
ob jec t , an i n t e r m e d i a t e po in t r e m o v e d f r o m the 
t a r g e t along the d i r e c t i o n o f the f i n a l d e s i r e d 
approach vec to r X ( F i g . 4) is i n s e r t e d . T h i s 

720 
D o b r o t i n 



guarantees that the hand w i l l app roach the t a rge t 
f r o m the p r o p e r d i r e c t i o n . Second, the two w r i s t -
mounted p r o x i m i t y senso rs ( F i g . 7 ) can be used to 
s e a r c h a s m a l l ne ighborhood of the e n v i r o n m e n t 
to v e r i f y the p resence of the t a r g e t ob jec t and to 
c e n t e r the hand over i t . T h i r d , the f i n g e r -
moun ted t a c t i l e sw i t ches and the hand p o t e n t i o m 
e te r can be used to v e r i f y that an ob jec t o f a p p r o x i 
m a t e l y the an t i c i pa ted s ize has been g r a s p e d . 

F i g . 7 . P r o x i m i t y Sensors 

R e a l - W o r l d P r o b l e m s 

The above d i s c u s s i o n ou t l ines the basic o p e r a 
t i o n o f the m a n i p u l a t o r i n i ts p resen t s ta te . P r e 
sented be low is a d i s c u s s i o n of p r o b l e m areas that 
w e r e o v e r c o m e d u r i n g deve lopmen t , and some that 
s t i l l r e m a i n . 

T i m e shared and Noncapt ive C o m p u t e r s 

A t p r e s e n t , the e n t i r e m a n i p u l a t o r s y s t e m i s 
r e s i d e n t i n the J P L Robot R e s e a r c h L a b o r a t o r y 
and ded ica ted to the r o v e r . At one t i m e , the 
s y s t e m was s t r u c t u r e d in such a way that the 
P D P - 1 0 was r e q u i r e d to r un the m a n i p u l a t o r (Ref. 
8 ) . The d i f f i c u l t i e s in c o m m u n i c a t i n g w i t h a d i s 
tant noncapt ive t i m e shared compu te r w i t h t i m e -
v a r y i n g s y s t e m f e a t u r e s , and long and v a r i a b l e 
s y s t e m response r a t e s , as w e l l as a d e s i r e f o r 
g r e a t e r r e l i a b i l i t y led us to put a l l m a n i p u l a t o r 
so f twa re i n the l o c a l m i n i c o m p u t e r . D e m o n s t r a 
t i o n , e x e c u t i o n , t e s t i n g , and debugging of the 
m a n i p u l a t o r s y s t e m is no longer dependent on such 
v a r i a b l e s as load ing of the P D P - 1 0 , no ise in the 
data l i nks between c o m p u t e r s , o r c o m m u n i c a t i o n 
so f tware m o d i f i c a t i o n s . I t i s a lways u s e f u l to r e 
duce the n u m b e r of c r i t i c a l e lements in the s y s t e m , 
p o s s i b l y even at the expense of some loss of c o m 
put ing p o w e r . 

C a l i b r a t i o n 

The m a n i p u l a t o r has a po ten t i ome te r at each 
j o i n t . T o d e t e r m i n e f i n g e r t i p p o s i t i o n and o r i e n 
t a t i o n , i t i s n e c e s s a r y to t r a n s f o r m the j o i n t 
angles to C a r t e s i a n c o o r d i n a t e s ; and to d e t e r m i n e 
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j o i n t ang les , i t i s r e q u i r e d that the p o t e n t i o m e t e r -
j o i n t angle r e l a t i o n s h i p be known p r e c i s e l y . None 
of the p o t e n t i o m e t e r s on the m a n i p u l a t o r ' s f i ve 
r o t a r y j o i n t s a r e s t r i c t l y l i n e a r , though none i s 
so non l i nea r that a table l o o k - u p or h i ghe r o r d e r 
p o l y n o m i a l f i t i s r e q u i r e d . I ns tead , f o r each 
j o i n t , n ine pos i t i ons a r e a c c u r a t e l y d e t e r m i n e d 
and assoc ia ted w i t h the n ine c o r r e s p o n d i n g p o t e n 
t i o m e t e r r e a d i n g s . C o n v e r s i o n t o j o i n t v a r i a b l e 
va lues is then done us ing the e igh t l ine segments 
connec t ing the n ine p o i n t s . 

The nine read ings a re taken at 45 deg . i n t e r 
vals over the range of j o i n t m o t i o n . Then the 
j o i n t angle va lues c o r r e s p o n d i n g to spec i f i ed p o 
t e n t i o m e t e r va lues a re i n t e r p o l a t e d . A l l j o i n t s 
but the f i r s t can be tu rned so that a l e v e l can be 
used to v e r i f y the 45 deg . s e t t i n g s . C a l i b r a t i o n 
o f the f i r s t j o i n t p resen ts a p r o b l e m , h o w e v e r . 
That j o i n t i s c a l i b r a t e d by c a r e f u l l y p lac ing the 
a r m i n known pos i t i ons w i t h known o r i e n t a t i o n s , 
t r a n s f o r m i n g these back to j o i n t ang les , and c o m 
p a r i n g the r e s u l t i n g f i r s t j o i n t pos i t i ons w i t h the 
obse rved p o t e n t i o m e t e r r e a d i n g s . The p r o c e d u r e 
on ly need be repeated each t i m e the a r m is r e a s 
semb led a f t e r ma in tenance . The i n t r i c a c y o f the 
p r o c e d u r e r e q u i r e d i l l u s t r a t e s the i m p o r t a n c e o f 
p lann ing f o r r e a l - w o r l d p r o b l e m s d u r i n g des ign 
stages of deve lopmen t . 

P o s i t i o n C o n t r o l S y s t e m 

D u r i n g deve lopmen t of the m a n i p u l a t o r , one of 
the mos t i m p o r t a n t tasks became the s e l e c t i o n of 
p r o p e r c o n t r o l loop s e r v o gains in the p resence 
o f f r i c t i o n , back lash and no ise in the e l e c t r o m e 
chan i ca l a s s e m b l y and d r i v e e l e c t r o n i c s . H igh 
ga ins w e r e needed to assu re good response and 
p r e c i s i o n , but led to no ise p r o b l e m s . 

F o r e x a m p l e , a v a r i a t i o n of 3 m i n in L ink 1 
j o i n t angle when the boom is f u l l y extended is 1 
m m (0. 050 in ) w h i c h i s i n c o m p a t i b l e w i t h p r e c i 
s ion a s s e m b l y t a s k s . T h e r e f o r e any p o s i t i o n lag 
d u r i n g m o t i o n o r o f fset a f t e r t r a j e c t o r y c o m p l e t i o n 
cannot be t o l e r a t e d . 

The p r i m a r y p r o b l e m i s f r i c t i o n w h i c h p roved 
to have a l a rge e f fec t on c o n t r o l loop o p e r a t i o n . 
I nves t i ga t i on showed s ta t ic f r i c t i o n l i m i t e d r e s o 
l u t i on and runn ing f r i c t i o n was the m a i n e r r o r 
sou rce d u r i n g m o t i o n . F i g . 8 shows the response 
of the e l e c t r o - m e c h a n i c a l a s s e m b l y of j o i n t 1 to 
a s i nuso ida l p o s i t i o n inpu t , us ing an analog c o n 
t r o l l oop , and i l l u s t r a t e s the e f fec t o f d r i v e f r i c 
t i o n . The to rque c u r v e shows the c u r r e n t c o m 
mand to the d r i v e m o t o r . Since the c o m m a n d is 
in phase w i t h the v e l o c i t y i t m a y be assumed that 
i t r e p r e s e n t s d r i v e f r i c t i o n . The to rque r e c o r d 
ing shows the f r i c t i o n c h a r a c t e r i s t i c : s ta t ic f r i c 
t i on as the v e l o c i t y passes t h rough z e r o , a h igh 
f r e q u e n c y o s c i l l a t i o n as the l i n k r o t a t e s , w i t h the 
f r i c t i o n to rque i n c r e a s i n g as the v e l o c i t y i n c r e a s e s , 

A l l the m a n i p u l a t o r ' s r o t a r y j o i n t s that a re 
used to p o s i t i o n the hand use H a r m o n i c D r i v e f o r 
g e a r i n g be tween the d r i v e m o t o r and the l i n k . A t 
a j o i n t 1 f r e q u e n c y of 0. 06 Hz at j f 0 .4 r a d . the 
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runn ing to rque is 24 +_ 5 o z - i n , w i t h a f r i c t i o n 
f r e q u e n c y of 5 H z , as shown in F i g , 8. Th is 
f r i c t i o n f r e q u e n c y is i d e n t i c a l to that expected o f 
a. H a r m o n i c D r i v e , so that i t is reasonable to 
assume that the f r i c t i o n is deve loped in the H a r 
mon ic D r i v e . The H a r m o n i c D r i v e s used in the 
m a n i p u l a t o r a re the l ow back lash v e r s i o n s w h i c h 
have c l o s e r f i t s between the v a r i o u s p a r t s . Tes ts 
w i t h a to rque gauge on j o i n t 1 i nd ica te that the 
H a r m o n i c D r i v e has be tween 5 and 9 o z - i n b r e a k 
out f r i c t i o n m e a s u r e d on the inpu t shaf t and ap 
p r o x i m a t e l y 600 o z - i n m e a s u r e d a t the output 
shaf t . Th i s c o r r e s p o n d s to the b reakou t f r i c t i o n 
of j o i n t 1 m e a s u r e d in F i g . 8 . 

Based on these f r i c t i o n l e v e l s , s e r v o loop 
gains of Kv = 50, KvI = 1000, Kp = 100 and Kp i I= 
5000 w e r e s e l e c t e d . I n i t i a l l y , Kv I was not i n 
c luded in the se r vo l oop , but as Kp was i n c r e a s e d , 
no ise in the p o s i t i o n feedback loop r e q u i r e d e i t h e r 
a d i g i t a l f i l t e r o r i n t e g r a t i o n o f the v e l o c i t y e r r o r 
s i g n a l . Since the v e l o c i t y e r r o r was d i r e c t l y 
a v a i l a b l e , i t was used to p r o v i d e the l a rge n o i s e -
f r e e p o s i t i o n e r r o r s i gna l needed. 

The l a r g e va lue o f K p i i s needed to m i n i m i z e 
the e f fec t o f the f r i c t i o n d i s t u r b a n c e torque ( T F ) , 
As shown in E q . (5) the output response to a s i n u 
so id f r i c t i o n to rque i s i n v e r s e l y r e l a t e d to K p j . 
In a d d i t i o n , a h igh K v i is needed to assu re good 
response . H o w e v e r , us ing h igh ga in i n t e g r a t o r s 
in a se r vo loop w i t h a deadband ( f r i c t i o n or o t h e r 
w i s e ) leads t o l i m i t c y c l e s . Th is i s p a r t i c u l a r l y 
t r ue in d i g i t a l feedback l oops , when a q u a n t i z a 
t i on e r r o r i s p r e s e n t . And indeed , w i t h the gains 
men t ioned above , L i n k 1 w i l l o s c i l l a t e ubout +_ 
3 / 4 ° at be tween 1-3 H z . Th is is equ iva len t to 
+ 0 . 2 cm a t m a x i m u m ex tens ion w h i c h i s c o m 
p l e t e l y unaccep tab le . The so lu t i on used is to 

s w i t c h off the input to these i n t e g r a t o r s , r e t a i n i n g 
the i n t e g r a l e r r o r , and a t the same t i m e i n c r e a s 
ing the p o s i t i o n ga in to compensate fo r the loss 
in loop ga in . 

Remov ing K p j w i l l p roduce a s ta t i c b ias e r r o r 
o f T p / J K p . Th is b ias e r r o r may be s a t i s f a c t o r y 
f o r some m o t i o n s , i . e . , l i n e a r mo t i ons w i t h n o 
abso lu te r e f e r e n c e . H o w e v e r , o ther so lu t ions can 
give b e t t e r p e r f o r m a n c e . F i r s t , an obvious s o l u 
t i on is to reduce b reakou t and runn ing f r i c t i o n in 
the H a r m o n i c D r i v e s . One poss ib le approach 
wou ld be to use s tandard back lash H a r m o n i c 
D r i v e s . Since m e c h a n i c a l back lash has not been 
a p r o b l e m w i t h the m a n i p u l a t o r , the s m a l l amount 
o f " w i n d - u p " back l ash p resen t in the s tandard H a r 
mon ic D r i v e s should have neg l i g i b l e e f f ec t . I n 
deed, m i n i m i z i n g the d r i v e f r i c t i o n by wha teve r 
the m e a n s , wou ld e l i m i n a t e a who le cascade of 
p r o b l e m s and should have h igh p r i o r i t y in any 
m a n i p u l a t o r d e s i g n . H o w e v e r , the 6 o z - i n b r e a k 
out f r i c t i o n m e a s u r e d on L i n k 1 r ep resen t s on ly 
5% of the ava i l ab le to rque f r o m the L i n k 1 d r i v e 
m o t o r and about 1-1/2 a m p of d r i v e c u r r e n t , 
w h i c h is a v e r y low l e v e l o f d i s tu rbance t o r q u e . 

An app roach t o w a r d m i n i m i z i n g the e f fec t o f 
f r i c t i o n is to p r o v i d e h ighe r gain a l t e rna tes to the 
l i n k p o t e n t i o m e t e r feedback s i gna l . Thus , sensors 
such as the f o r c e / t o r q u e s e n s o r s , added to i n 
c rease the m a n i p u l a t o r ' s c a p a b i l i t y to opera te 
au tonomous l y , a l so p r o v i d e h igh ga in feedback 
w i t h m i n i m u m n o i s e . The f o r c e / t o r q u e sensor 
w o r k s on e x t e r n a l con tac t f o r c e s , g i v i ng a h igh 
inpu t ga in to the p o s i t i o n s e r v o . When such s e n 
so rs a r e used to m e a s u r e e x t e r n a l da ta , the s e n 
so r m u s t be p laced as c lose to the e x t e r n a l source 
of i n f o r m a t i o n as p o s s i b l e , and the i n f o r m a t i o n 
should be used to d r i v e the l i nks w i t h the leas t 
s e n s i t i v i t y t o e r r o r , i . e . , the outer l i n k s . 
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D u r i n g b u i l d - u p o f the e l e c t r o - m e c h a n i c a l a s 
s e m b l y , m a x i m u m e f f o r t was made t o m i n i m i z e 
e l e c t r i c a l n o i s e . Th i s e s s e n t i a l l y cons is ted o f 
separa te sh i e l d i ng f o r a l l power and s igna l c a b l e s , 
as w e l l as separa te power supp l ies and grounds 
f o r a l l power and s i g n a l c i r c u i t s . H o w e v e r , d u r 
ing a s s e m b l y o f the r o v e r , i t a l so became a p p a r 
ent that the same c a r e had to be taken w i t h each 
component and s u b s y s t e m . Th is was d i f f i c u l t 
s ince each s u b s y s t e m was developed by a separa te 
g roup ( v e h i c l e , v i s i o n , e t c . ) not f o l l o w i n g i d e n t i 
c a l g round ing r u l e s . Once the r o v e r was a s s e m 
b l e d , a l l p o w e r , s i gna l and d i g i t a l g rounds had to 
be r e w i r e d and separa ted to b r i n g e l e c t r i c a l no ise 
w i t h i n acceptab le l i m i t s . 

An a d d i t i o n a l source of no ise was found to be 
the pu lse w i d t h modu la ted d r i v e c i r c u i t f o r the 
veh ic le m o t o r s . The h i g h , pu lsed c u r r e n t s wou ld 
i n t r o d u c e no ise in to the d i g i t a l c i r c u i t r y . F o r e x 
p e r i m e n t a l equ ipment whe re power e f f i c i e n c y i s 
no t a p r i m e r e q u i r e m e n t , analog m o t o r d r i v e c i r 
cu i t s g ive less s y s t e m p r o b l e m s , as w e l l as s m a l 
l e r m o t i o n . 

S u m m a r y and Conc lus ions 

A p r a c t i c a l m a n i p u l a t o r s y s t e m , i n t eg ra ted 
w i t h the J P L Robot , has been d e s c r i b e d . The 
m a n i p u l a t o r s y s t e m is a g e n e r a l one, app l i cab le 
to a w ide v a r i e t y of tasks and u s e r s and not s p e c i a 
l i zed f o r the ach ievemen t o f any s ing le m a n i p u l a 
t i on j o b . We have focused p r i m a r i l y on f unc t i ona l 
e lemen ts o f the r e a l w o r l d p r o b l e m s faced by the 
s y s t e m r a t h e r than on spec i f i c a l g o r i t h m s and 
equat ions because i t is t emp t i ng to bypass the 
f o r m e r and because these f a c t o r s appear to us to 
be u n d e r e m p h a s i z e d in the l i t e r a t u r e . 

The f u n c t i o n a l e lemen ts d e s c r i b e d inc lude u s e r 
i n t e r f a c e s , p l a n n i n g , sa fe ty , c o n t r o l , and t e r m i n a l 
gu idance . Unique f ea tu res o f our i m p l e m e n t a t i o n 
of these func t ions inc lude f l e x i b i l i t y o f i n t e r f a c i n g , 
the r e l a t i v e l y s m a l l s ize of the s o f t w a r e , and the 
speed and r e l i a b i l i t y of the obstac le de tec t i on 
m e t h o d . 

A m o n g the r e a l - w o r l d p r o b l e m s not f u l l y a p 
p r e c i a t e d be fo re t h e i r c o n s i d e r a t i o n was demanded 
b y the s y s t e m are n o i s e , f r i c t i o n , b a c k l a s h , i n 
t e r c o m p u t e r data t r a n s f e r , the v a g a r i e s o f r e l y 
ing on a r e m o t e t i m e s h a r e d c o m p u t e r , sensor 
m o u n t i n g , and c a l i b r a t i o n . 

A t p resen t these p r o b l e m s have been l a r g e l y 
o v e r c o m e and the J P L m a n i p u l a t o r i s the r o b o t ' s 
m a i n e l emen t f o r i n t e r a c t i n g w i t h the e n v i r o n m e n t . 
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