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ABSTRACT 

A s c a n n i n g L a s e r R a n g e f i n d e r (LRF) w h i c h 
o p e r a t e s i n c o n j u n c t i o n w i t h a m i n i c o m p u t e r a s 
p a r t o f a r o b o t i c v e h i c l e i s d e s c r i b e d . The 
d e s c r i p t i o n i n c l u d e s b o t h ha rdware and s o f t w a r e . 
A l s o i n c l u d e d i s a d i s c u s s i o n o f o u r f u n c t i o n a l 
r e q u i r e m e n t s r e l a t i v e t o t h e s t a t e - o f - t h e - a r t ; a 
d e t a i l i n g o f t he i n s t r u m e n t and i t s p e r f o r m a n c e ; a 
summary o f t he r o b o t s y s t e m i n w h i c h t he LRF f u n c ­
t i o n s ; the s o f t w a r e o r g a n i z a t i o n , i n t e r f a c e s , and 
d e s c r i p t i o n ; and some a p p l i c a t i o n s t o w h i c h t h e LRF 
has been p u t . 

INTRODUCTION 

Deve lopment o f t h e i n s t r u m e n t d e s c r i b e d i n 
t h i s paper was begun in 19 72 as a p a r t o f the c o n ­
t i n u i n g Robot Research P rog ram a t the Je t P r o p u l ­
s i o n L a b o r a t o r y ( R e f . 8) . The P rog ram was c o n c e r n ­
ed w i t h t e c h n i q u e s f o r mov ing a v e h i c l e abou t a t a 
remo te l o c a t i o n and a c c o m p l i s h i n g u s e f u l t a s k s 
a u t o n o m o u s l y , w i t h o u t d e t a i l e d human i n t e r a c t i o n . 
The t a s k s o f i n t e r e s t i n c l u d e d l o c a t i o n and m a n i p u ­
l a t i o n o f r o c k samples o n t h e s u r f a c e o f a p l a n e t . 

The m o t i v a t i o n f o r deve lopmen t o f t h e L a s e r 
R a n g e f i n d e r (LRF) was to p r o v i d e a means f o r 
g e o m e t r i c a l , t h r e e - d i m e n s i o n a l l o c a t i o n o f o b j e c t s 
o r s u r f a c e s i n t h e n e i g h b o r h o o d o f the r o b o t 
v e h i c l e f o r use a s i n p u t i n f o r m a t i o n t o t h e a u t o n ­
omous c o n t r o l s y s t e m . The LRF i n s t r u m e n t was a 
p a r t o f a " v i s i o n " s y s t e m t h a t a l s o i n c l u d e d two 
t e l e v i s i o n cameras and a m i n i c o m p u t e r . 

The p o t e n t i a l u s e f u l n e s s o f l a s e r r a n g i n g 
d e v i c e s t o t h e f i e l d s o f A r t i f i c i a l I n t e l l i g e n c e 
and A p p l i e d R o b o t i c s i s o n l y b e g i n n i n g t o b e 
r e a l i z e d . E a r l y programs tended t o r e l y p r i m a r i l y 
o n p a s s i v e o p t i c a l d e v i c e s such a s s i n g l e o r s t e r e o 
t e l e v i s i o n cameras . More r e c e n t l y , i n v e s t i g a t o r s 
such a s N i t z a n , e t a l . ( R e f . 5 ) have begun t o 
e x p l o r e t h e a p p l i c a t i o n s o f l a s e r s i n p r o v i d i n g 
r e f l e c t a n c e as w e l l as range d a t a . A s y s t e m such 
as t he LRF d e s c r i b e d h e r e i n i s a u s e f u l a d j u n c t t o 
a r o b o t s y s t e m i n t h a t 1 ) i t p r o v i d e s a n i n d e ­
penden t d e t e r m i n a t i o n p f o b j e c t l o c a t i o n , 2 ) i t s 
e r r o r c h a r a c t e r i s t i c s and s e n s i t i v i t i e s a r e d i f ­
f e r e n t f r o m those o f a t e l e v i s i o n s y s t e m ( i . e . , a 
LRF wo rks i n t h e d a r k ) , 3 ) i n many i n s t a n c e s t h e 
d e s i r e d i n f o r m a t i o n can b e o b t a i n e d f a s t e r , and 
A) t he LRF beam may be d i r e c t e d such t h a t i t appears 
i n a t e l e v i s i o n image and thus a i d i n such t a s k s a s 
the m a t c h i n g o f p i c t u r e e lemen ts i n s t e r e o p a i r s . 

The most i m p o r t a n t p r o b l e m i n i t i a l l y a d d r e s s e d 
was t h a t o f l o c a t i n g a r o c k - l i k e o b j e c t f o r g r a s p ­
i n g by a m a n i p u l a t o r . A second p r o b l e m , w h i c h i s 
j u s t b e g i n n i n g t o r e c e i v e a t t e n t i o n , i s t h a t o f 
o b s t a c l e d e t e c t i o n o r t e r r a i n mapping f o r use d u r i n g 
v e h i c l e m o t i o n . These a p p l i c a t i o n s shaped t h e 
p e r f o r m a n c e r e q u i r e m e n t s f o r the LRF i n s t r u m e n t . 

The i n s t r u m e n t beam was to be d i r e c t e d a t 
s p e c i f i e d p o i n t s o r scanned o v e r a s p e c i f i e d a r e a 

under compute r c o n t r o l . The m a n i p u l a t o r hand was 
r o u g h l y t h e s i z e o f a human h a n d , so a c a p a b i l i t y 
t o d e t e r m i n e t h e p o s i t i o n o f a t a r g e t w i t h i n a few 
c e n t i m e t e r s was d e s i r e d . T h i s a c c u r a c y was needed 
o v e r a r e g i o n e x t e n d i n g r o u g h l y f r o m 1 me te r to 
3 me te r s r a n g e . I n a d d i t i o n , r a n g i n g w i t h good 
r e p e a t a b i l i t y t o 3 0 t o 5 0 m e t e r s , b u t w i t h o u t t h e 
c e n t i m e t e r accu racy r e q u i r e m e n t , was needed f o r 
v e h i c l e m o t i o n i n p u t s . A c a p a b i l i t y f o r o u t d o o r 
o p e r a t i o n i n f u l l s u n l i g h t was a l s o r e q u i r e d . 
Reasonab ly f a s t o p e r a t i o n such t h a t t he o v e r a l l 
f u n c t i o n o f t h e r o b o t w o u l d n o t b e s l o w e d w h i l e 
w a i t i n g f o r d a t a was a l s o i m p o r t a n t , b u t n o h a r d 
r e q u i r e m e n t f o r e x c e e d i n g a c r i t i c a l minimum d a t a 
r a t e was e n v i s i o n e d . F i n a l l y , s i n c e t h e u l t i m a t e 
a p p l i c a t i o n was to a p l a n e t a r y r o v e r , a t e c h n i q u e 
w h i c h c o u l d u l t i m a t e l y r e s u l t i n a r e a s o n a b l y s m a l l 
and rugged package was needed . 

Many r a n g e f i n d i n g i n s t r u m e n t s have been d e v e l ­
o p e d , b o t h w i t h b e t t e r a c c u r a c y and w i t h l o n g e r 
maximum range c a p a b i l i t y t h a n we needed . However , 
n o e x i s t i n g i n s t r u m e n t w o u l d d o t h e e n t i r e j o b . 

For o u r a p p l i c a t i o n , a s o l i d - s t a t e i n j e c t i o n 
l a s e r r a t h e r t h a n o t h e r t y p e s o f l a s e r s o r a n LED 
s o u r c e was d e s i r a b l e i n o r d e r to ensure, bo th a 
s m a l l package and a f u t u r e c a p a b i l i t y o f o p e r a t i n g 
a t d i s t a n c e s e x c e e d i n g 30 m e t e r s . W i t h such a 
l a s e r , p u l s e d o p e r a t i o n was n e c e s s a r y . A v e r a g i n g o f 
the t r a n s m i t - t i m e measurement o v e r many l i g h t 
p u l s e s was i n c o r p o r a t e d i n o r d e r t o r educe t h e 
i n e v i t a b l e n o i s e i n t h e d a t a t o a r e a s o n a b l e l e v e l . 
A v e r a g i n g o f t h e p u l s e t r a v e l t i m e i s a n a n a l o g o u s 
to t h e heavy o u t p u t f i l t e r i n g t y p i c a l on CW p h a s e -
t y p e LRF i n s t r u m e n t s . 

I n summary, t h e s e were t h e t e c h n i c a l c o n ­
s t r a i n t s and r e q u i r e m e n t s f o r t h e i n s t r u m e n t 
d e s c r i b e d i n t h e f o l l o w i n g s e c t i o n s . 

INSTRUMENT DESCRIPTION AND PERFORMANCE 

P h y s i c a l l y , t h e LRF ( F i g . 1 ) c o n s i s t s o f two 
p a c k a g e s : (1 ) a n o p t i c a l head c o n t a i n i n g t h e l i g h t 
s o u r c e , p h o t o - d e t e c t o r , and o p t i c s f o r f o r m i n g and 
p o i n t i n g t h e beam, and (2 ) a n e l e c t r o n i c s package 
c o n t a i n i n g t h e c o n t r o l and measurement c i r c u i t s . 

A n o v e r a l l b l o c k d i a g r a m o f t h e LRF i s p r e ­
s e n t e d i n F i g . 2 . H i e l i g h t s o u r c e i s a g a l l i u m 
a luminum a r s e n i d e s o l i d - s t a t e l a s e r . A c l o c k , 
no t shown i n F i g . 2 , d r i v e s t h e l a s e r p u l s e r a t a 
1 0 kHz r a t e and a l s o p r o v i d e s t i m i n g f o r r e l a t e d 
f u n c t i o n s . The d e t e c t o r i s a t y p e C31034 p h o t o -
m u l t i p l i e r h a v i n g a g a l l i u m a r s e n i d e p h o t o s u r ­
f a c e w i t h s p e c t r a l s e n s i t i v i t y t o match t h e l a s e r 
e m i s s i o n ( R e f . 7 ) . A g a l l i u m a luminum a r s e n i d e 
l a s e r o p e r a t i n g n e a r 0 .84 mm was s e l e c t e d , r a t h e r 
t h a n a GaAs - t ype e m i t t i n g a t 0 .90 mm, because t h e 
p h o t o m u l t i p l i e r c a t h o d e e f f i c i e n c y d r o p s o f f v e r y 
r a p i d l y a t w a v e l e n g t h s a p p r o a c h i n g 0 .9 mm. 

The c o n s t a n t - a m p l i t u d e c u r r e n t p u l s e used t o 
d r i v e t h e l a s e r i s sampled a t t h e p u l s e r b y a n 

* T h i s pape r p r e s e n t s t he 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 MAS 7 - 1 0 0 , s p o n s o r e d b y 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 . 
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F ig . 1. LRF Instrument in Laboratory S e t t i n g 

i nduc t i ve loop and is used as the t iming reference 
fo r measurement of the l i g h t pulse t r a n s i t t ime. 
The p h o t o m u l t i p l i e r output pulse is of variable-
ampl i tude, depending on the nature of the ta rget 
sur face and i t s range. As a r e s u l t , a module 
ca l l ed a constant f r a c t i o n d i sc r im ina to r (Ref. 1) 
is in t roduced to minimize the e f f e c t of the amp­
l i t u d e of the r e f l e c t e d l i g n t pulse on the range 
measurement. 

The t ime i n t e r v a l measurement i t s e l f is made 
by a t ime- to -pu l se -he igh t converter (Ref. 6 ) , a 
module which produces a r e l a t i v e l y long (2 micro­
second) output pulse f o r each s t a r t - s t o p pulse 
p a i r accepted. The ampli tude of t h i s output pulse 
is accura te ly p r o p o r t i o n a l to the s t a r t - s t o p time 
i n t e r v a l , and is subsequently sampled, averaged 
over many pu lses, and converted to a d i g i t a l form 
f o r t ransmiss ion to the computer which i n te r faces 

in rea l time w i t h the LRF inst rument . Both 
c r i t i c a l elements in the time i n t e r v a l measure­
ment, the c o n s t a n t - f r a c t i o n d i sc r im ina to r and the 
t ime- to -pu l se -he igh t conver te r , are commercial 
nuclear physics ins t rumenta t ion . 

The computer, a General Automation SPC 16-85, 
also suppl ies p o i n t i n g commands which are used to 
d r i ve the beam scanner. The scanner is a gimbal led 
m i r ro r d r i ven by stepper motors in e leva t i on and 
azimuth. The s i n g l e m i r r o r r e f l e c t s both t rans ­
m i t ted and received l i g h t beams, but there are 
separate , nonoverlapping t r a n s m i t t e r and rece iver 
aper tu res . 

Although the t ime - to -pu l se -he igh t conversion 
i s s u f f i c i e n t l y l i n e a r f o r our purposes w i thou t 
m o d i f i c a t i o n , slow delay time d r i f t s in the e lec ­
t ron ics would se r i ous l y l i m i t the accuracy of the 
LRF. In order to e l im ina te the e f f ec t s of these 
d r i f t s and permi t ob jec t l o c a t i o n to roughly one-
cent imeter , a s e l f - c a l i b r a t i o n procedure has been 
incorpora ted . This procedure is equiva lent to 
opera t ing the instrument in a comparison mode in 
which an unknown p o s i t i o n is determined r e l a t i v e 
to a known t a r g e t . However, e r rors due to r e f l e c ­
t i v i t y va r i a t i ons remain. I n p r i n c i p l e , the 
s e l f - c a l i b r a t i o n procedure could be expanded to 
invo lve r e f l e c t i v i t y , but only a t the cost o f 
increased complex i ty . 

A second opera t iona l requirement, ca l l ed 
" r e s e t " , is needed to match the ac tua l m i r ro r step 
p o s i t i o n w i th i t s corresponding d i g i t a l repre ­
sen ta t i on in the computer. M i r ro r p o s i t i o n i n g i s 
by an open-loop incremental process, and no s tep -
by-s tep feedback is present to measure m i r ro r 
p o s i t i o n . The reset opera t ion must be done at 
tu rn -on t ime , but no subsequent reset is required 
u n t i l the system is shut down, the mi r ro r being 
moved one step at a time wh i l e the m i r ro r pos i t i on 
r e g i s t e r is s imul taneously incremented. Potent iom­
eters are used to monitor m i r r o r pos i t i on dur ing 
ope ra t i on , and i f a discrepancy between actual m i r ­
r o r p o s i t i o n and the p o s i t i o n r e g i s t e r occurs, an 
e r ro r ( " s k i p - s t e p " ) is s i g n a l l e d . The reset opera­
t i o n must be repeated a f t e r such an e r r o r . 

The dominant e r ro r source fo r the range meas­
urement is caused by the unknown r e f l e c t i v i t y of 
the t a r g e t , which r e s u l t s in a vary ing ampli tude of 
the r e f l e c t e d l i g h t pu lse . Angle of incidence also 
con t r ibu tes to the i n t e n s i t y v a r i a t i o n s . 

Measurement to an unknown target w i t h i n 2 cm 
o r b e t t e r i s poss ib le w i t h care . Unexpectedly 
smal l r e f l e c t e d l i g h t i n t e n s i t y (as from a very 
b lack ta rge t ) causes l a r g e r e r ro r s . Adjustment 
o f the c o n s t a n t - f r a c t i o n d i sc r im ina to r i s c r i t i c a l 
and must be mainta ined, al though it has been found 
to be s tab le over per iods of many days. Per tu rba­
t i o n of the shape of the pho tomu l t i p l i e r pulse by 
c r o s s - t a l k o r r i n g i n g in the photodetector ou tpu t 
c i r c u i t must be avoided in order to mainta in s tab le 
d i s c r im ina to r performance. 

The aforementioned errors caused by r e f l e c ­
t i v i t y v a r i a t i o n , also ca l l ed "wa l k " , are not 
fundamental in nature and are repeatab le . They 
can be reduced by shor ten ing the l i g h t pulse r i s e 
t ime, and can also be reduced if a b e t t e r type of 
in tens i ty - independent d i sc r im ina to r could be 
developed. Candidates f o r t e s t i n g e x i s t (Ref. 4) , 
but to date we have not i nves t i ga ted them. Walk 
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e r r o r c o u l d a l s o b e r educed b y m o n i t o r i n g t h e 
i n t e n s i t y o f t h e r e t u r n l i g h t p u l s e and u s i n g i t t o 
compute a range c o r r e c t i o n . A p l o t o f r e f l e c t i v i t y 
e r r o r s , caused i n p a r t b y a n i m p e r f e c t l y a d j u s t e d 
c o n s t a n t f r a c t i o n d i s c r i m i n a t o r , i s p r o v i d e d i n 
F i g . 3. 

F i g . 3. Ghange in Measured Range as a Func­
t i o n o f R e f l e c t e d L i g h t I n t e n s i t y 

A second t y p e o f r a n g i n g e r r o r , caused by 
e l e c t r o n i c n o i s e , i s p r e s e n t l y much s m a l l e r t h a n 
the r e f l e c t i v i t y walk, e r r o r , b u t can become s i g n i f ­
i c a n t i f a h i g h d a t a r a t e ( a p p r o a c h i n g , f o r i n ­
s t a n c e , 100 p o i n t s p e r second a t a 2 - m e t e r range) 
i s r e q u i r e d . Range n o i s e i s caused b y d e t e c t o r n o i s e 
a n d , u n l i k e w a l k , w i l l have a z e r o ave rage v a l u e . 

ASSOCIATEJ ROBOT SYSTEM 

Robot D e s c r i p t i o n 

The r o b o t ( F i g . A ) 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 e n v i r o n m e n t a l s e n s o r s and e f f e c t o r s . The 
s y s t e m i s a b r e a d b o a r d , i n t e n d e d t o p r o v i d e a t o o l 
f o r t e s t i n g v a r i o u s approaches t o p r o b l e m - s o l v i n g 
and autonomous o p e r a t i o n . The l o n g - r a n g e c o n ­
c e p t u a l g o a l i s a n autonomous M a r t i a n r o v i n g 
v e h i c l e a b l e t o make some i n d e p e n d e n t d e c i s i o n s , 
g a t h e r the i n f o r m a t i o n r e q u i r e d t o make those d e c i ­
s i o n s , and a c t o n t h o s e d e c i s i o n s , a l l i n a manner 

consonan t w i t h b r o a d m i s s i o n g o a l s . The ma jo r 
components a r e l o c o m o t i o n , m a n i p u l a t i o n , and 
v i s i o n s y s t e m s . 

LRF d a t a i s used b y t h e p a t h p l a n n i n g s o f t w a r e 
i n t h e g e n e r a t i o n o f o b s t a c l e maps b e f o r e t h e 
v e h i c l e moves a n d , d u r i n g m o t i o n , i n p r o v i d i n g a 
s a f e t y f u n c t i o n . 

The v i s i o n s y s t e m i n c l u d e s t h e LRF, two TV 
cameras , and a s s o c i a t e d s o f t w a r e . The cameras and 
LRF a r e mounted on a common p a n - t i l t h e a d , a p p r o x ­
i m a t e l y 1.2 me te r s above t h e s u r f a c e o f t h e 
v e h i c l e . The b a s i c t a s k o f t h e v i s i o n s y s t e m i s 
t o d e t e c t and l o c a t e o b j e c t s o f i n t e r e s t and a l s o 
o b s t a c l e s t o v e h i c l e and m a n i p u l a t o r m o t i o n . The 
d u a l TV cameras and t h e LRF combine to p r o v i d e 
much r e d u n d a n t i n f o r m a t i o n . V a r i o u s ways o f 
u t i l i z i n g t h e redundancy i n a n advan tageous way 
a r e c u r r e n t l y b e i n g i n v e s t i g a t e d . 

C o o r d i n a t e Frames 

There a r e t h r e e c o o r d i n a t e f rames r e l e v a n t t o 
l a s e r o p e r a t i o n ( F i g . 5 ) . The f i r s t i s the ARM 
s y s t e m , c e n t e r e d a t t h e base o f t h e m a n i p u l a t o r o n 
the v e h i c l e ' s s u r f a c e . The u n i t v e c t o r s o f t h e 
ARM s y s t e m p o i n t , r e s p e c t i v e l y , a c r o s s t h e v e h i c l e 

f r o n t ( X A ) , i n t h e d i r e c t i o n o f f o r w a r d v e h i c l e 

m o t i o n (Y ) , and up f r o m t h e v e h i c l e s u r f a c e (ZA ) . 

The second c o o r d i n a t e f rame i s t h e r o t a t e d 

p a n - t i l t (RPT) s y s t e m . I t s t h r e e axes ( X R , Y R , Z R , ) 

are a l i g n e d w i t h t h e p a n - t i l t h e a d ' s r o t a t e d p o s i ­
t i o n and p o i n t , r e s p e c t i v e l y , a l o n g t h e l i n e o f 
s i g h t , t i l t a x i s , and pan a x i s . T h i s f rame i s 
c e n t e r e d a t t h e l a s e r , a t t h e p o i n t where t h e beam 
w o u l d i n t e r s e c t t h e LRF m i r r o r when t h e i n s t r u m e n t 
i s a t t h e " r e s e t p o s i t i o n " . The r e s e t p o s i t i o n i s 
t he LRF a z i m u t h / e l e v a t i o n s e t t i n g t h a t d i r e c t s t h e 
beam a l o n g t h e l i n e o f s i g h t o f t h e p a n - t i l t h e a d , 
the s o - c a l l e d " s t r a i g h t a h e a d " p o s i t i o n . 

The t h i r d c o o r d i n a t e f rame i s t h e l a s e r s t e p 
(LST) s y s t e m , c e n t e r e d a t t h e r e s e t p o s i t i o n ' s 
b e a m - m i r r o r i n t e r s e c t i o n p o i n t . I t i s a s p h e r i c a l 
p o l a r s y s t e m , w i t h i t s f i r s t two c o o r d i n a t e s b e i n g 
i n t e g e r s t e p p e r - m o t o r s t e p numbers r e l a t e d t o 
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azimuth (α) and e l eva t i on ( c ) , r e s p e c t i v e l y . I t s 
t h i r d coord inate is a range number ( r ) equ iva len t 
to the time o f f l i g h t to t a r g e t . 

System-Related E f fec ts Impact ing LRF Performance 

There are three major components to any eva lu ­
a t i o n of the LRF as i t performs in the t o t a l robot 
system. These are v e h i c l e - r e l a t i v e p o i n t i n g accu­
racy, ranging accuracy, and e x t e r n a l environment-
r e l a t i v e f a c t o r s . 

It has been found tha t the l ase r beam can be 
po in ted w i t h exce l l en t r e p e a t a b i l i t y . This i s 
due in par t to the f ac t t ha t the beam cannot 
" r e s t " anywhere i n i t s two-dimensional (az imuth, 
e leva t ion ) space, but only at the l a t t i c e points 
d i c t a t e d by the incrementa l nature of the stepper 
motors. The p a n - t i l t head on which the laser is 
mounted is l i kew ise an incrementa l subsystem. Thus 
i t is t ha t the beam can be repeatedly d i r e c t e d in 
the same phys i ca l d i r e c t i o n whenever the four p o i n t ­
i ng var iab les (pan angle , t i l t angle θ, a, e) 
are repeated by command. Th i s , of course, is one 
of the features enabl ing the r e c a l i b r a t i o n process 
to f u n c t i o n smoothly; the beam can r e l i a b l y be 
d i r ec ted to the same v e h i c l e - f i x e d ta rge t po in t s . 

The accuracy of the beam d i r e c t i o n r e l a t i v e to 
the veh i c l e is somewhat degraded. The p o s i t i o n of 
the p a n - t i l t head, i t s al ignment w i t h the veh i c l e 
frame, and the o r i e n t a t i o n of the LRF azimuth and 
e l e v a t i o n axes r e l a t i v e to the p a n - t i l t assembly 
are on ly est imated. In p a r t i c u l a r , the " ze ro " 
p o i n t i n g d i r e c t i o n ( p o i n t i n g the beam in the 
d i r e c t i o n of veh i c le mot ion , p a r a l l e l to the frame) 
is accurate only to an estimated h a l f degree. 

Another source of beam p o i n t i n g e r ro r is 
veh ic le sag. The p la t f o rm on which the arm, pan-
t i l t ( i n c l u d i n g cameras and lase r ) , and e lec t ron i cs 
rack are mounted is a somewhat f l e x i b l e frame. Tne 
p l a t f o r m sags s l i g h t l y to va ry ing degrees and in 
va ry ing d i r e c t i o n s a t d i f f e r e n t l o c a t i o n s , thus 
a f f e c t i n g beam p o i n t i n g . 

Ranging inaccuracies have been descr ibed in an 
e a r l i e r s e c t i o n . S u f f i c e i t t o say here tha t the 
net e f f e c t o f e r ro rs in ranging is an inaccuracy in 
p o s i t i o n est imates along the l i n e o f s i g h t . 

These e r ro r sources a l l a f f e c t the determina­
t i o n o f p o s i t i o n o f an ob jec t in the environment. 
For precise p o s i t i o n de te rm ina t ion , a l l o f the 
parameters o f the t ransformat ions r e l a t i n g env i ron­
ment to instrument must be known. S l i g h t er rors in 
es t ima t i ng displacements between the arm and pan-
t i l t and also along the p a n - t i l t to the l a s e r , as 
w e l l as e r ro rs in ranging and p o i n t i n g (due l a r g e l y 
to veh i c l e sag) a l l a f f e c t the accuracy to which 
an ob jec t in the e x t e r n a l environment can be sensed. 

As the app l i ca t i ons presented below show, how­
ever , even w i t h a l l these sources o f e r r o r , s i g n i f ­
i can t use of the instrument can be and has been 
made. 

SOFTWARE DESCRIPTION, ORGANIZATION, 

AND USER INTERFACES 

The primary f unc t i on of the l a s e r software is 
to move the l a s e r to a s p e c i f i e d po in t and then 
take a range reading. Moving the l a s e r beam involves 
c o n t r o l l i n g the l ase r scan apparatus, p i ck i ng a 
m°de ( 8 c a n seve ra l po in ts and take read ings, or 

slew to one po in t and take a range reading t h e r e ) , 
poss ib l y moving the p a n - t i l t head, and a l l ow ing f o r 
the t a rge t po in t to be spec i f i ed in a number of 
coordinate systems. Beyond t h i s , the software must 
combine these func t ions fo r the s e l f - c a l i b r a t i o n 
procedure. In a d d i t i o n , the sof tware al lows fo r 
easy access to f requen t l y used combinations of 
these basic f u n c t i o n s . A number of c o n t r o l func­
t ions a l l ow ing d i r e c t communication between the 
user and the e l ec t r on i cs are prov ided, and s ta tus 
and e r r o r i n d i c a t i o n f lags are always re turned. 

The elementary c o n t r o l func t ions inc lude an 
azimuth slew (move instrument to s p e c i f i e d az imuth, 
take and re tu rn a range read ing ) , an e leva t ion slew, 
an azimuth scan (move instrument from present p o s i ­
t i o n to new az imuth, tak ing readings at each point 
along the way, and, if requested, use DMA i n p u t ) , 
an e l eva t i on scan, an azimuth r e s e t , and an eleva­
t i on r e s e t . The resets not only move the i n s t r u ­
ment to i t s zero p o s i t i o n , but in a d d i t i o n c l ea r 
the device a f t e r " s k i p - s t e p " e r ro rs so tha t accu­
rate beam p o i n t i n g readings (a,e) can be assured. 
Other con t ro l func t ions permit the e lec t ron i cs to 
be reset (c leared and i n i t i a l i z e d ) and var ious 
tes ts (scan busy, power on , data ready) to be 
performed. 

Several composite func t ions are made eas i l y 
ava i l ab le to the user. The s implest of these is 
the beam reset f u n c t i o n , which resets both azimuth 
and e l e v a t i o n . A second func t i on slews the l ase r 
to the s p e c i f i e d laser step (a,e) and takes n 
range readings. The average range number r is 
re tu rned. I f n > 1, then the var iance of the 
readings is a lso re tu rned . 

The t h i r d set of func t ions reads the p a n - t i l t 
head or moves it to a s p e c i f i e d ( θ) . Each time 
the p a n - t i l t head is moved, the appropr ia te t rans ­
format ion is reca l cu la ted and saved f o r fu ture use. 

The f ou r t h f unc t i on provided i s the s e l f -
c a l i b r a t i o n procedure. Here, the p a n - t i l t head is 
moved to a p respec i f i ed l o c a t i o n , and 50 range 
readings are taken at each of two c a l i b r a t i o n 
p o i n t s . The p a n - t i l t assembly is then res tored to 
i t s p r e c a l i b r a t i o n p o s i t i o n and the lase r i s r e s e t , 
ready fo r use. 

An i n i t i a l i z i n g command to the LRF software 
sets an automatic s e l f - c a l i b r a t i o n time i n t e r v a l . 
Thermal d r i f t necess i ta tes pe r iod ic r e c a l i b r a t i o n . 
The automatic ( i . e . , t ime-dependent) r e c a l i b r a t i n g 
can be suppressed in order that r e c a l i b r a t i o n on ly 
be done when s p e c i f i c a l l y requested. 

The f i f t h f unc t i on performed by the LRF s o f t ­
ware is coord ina te t rans fo rma t ion . A vector in 
any of the frames LST, RPT, or ARM can be 
re-expressed in any o ther of these three frames. 

The s i x t h func t i on is the scanning of a l i n e . 
The l i n e endpoints can be expressed in any of the 
three coord inate frames, and the r e p o i n t i n g of the 
p a n - t i l t assembly to the center of the l i n e can be 
requested as an op t i on as w e l l . The LST ( , e ) and 
associated ARM (X, Y, Z) are re turned f o r each 
scanned p o i n t . The scanning procedure generates a 
sequence o f l a t t i c e po in ts (Reca l l tha t (a ,e) are 
r e s t r i c t e d to the i n t e g e r s , as stepper motors are 
used to d r i v e the laser ) which most c l o s e l y fo l l ows 
the desi red l i n e . 

The f i n a l f unc t i on made ava i l ab le as an 
i n t e g r a l par t o f the software package is the " s t o p " 
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f u n c t i o n , which terminates the program a f t e r 
c l o s i n g the m i r r o r completely. The m i r r o r is 
c losed to avoid dust and scratches when the 
apparatus is not in use. 

The software performing these f unc t i ons , as 
a l l the l ase r so f tware , is coded in For t ran and 
assembly language on the General Automation SPC 
16-85. The basic sof tware package described above 
runs in less than 6K of core . This sof tware is 
made ava i l ab le as a subrout ine (LRF) to o ther 
use rs , and also has been combined w i t h two supple­
mental func t ions and a te le t ype d r i v e r f o r s tand­
alone use. 

The supplemental func t ions are a rec tang le 
scan and a veh ic le obstac le scan. The rectangle 
scan works l i k e the l i n e scan, accept ing four cor ­
ners expressed in any of the three coordinate-
frames. Up to 20 p a r a l l e l l i nes spanning the 
rec tang le are scanned, and the h ighest (maximum Z 
in arm coordinates) po in t i s saved. I t i s assumed 
tha t the highest po in t is part of a rock, and the 
area about tha t po in t is (re-)scanned to determine 
the rock ' s o r i e n t a t i o n . The rock 's p o s i t i o n and 
o r i e n t a t i o n are then output to a f i l e . This 
rec tang le scan has been combined w i t h the 
manipulator sof tware to y i e l d an end-to-end 
demonstrat ion o f i n t e g r a t e d laser -man ipu la to r 
ope ra t i on . 

The second supplemental f unc t i on provided 
w i t h the te le type d r i v e r is an obstac le scan at 
3 meters in f r o n t of the v e h i c l e . Here the beam 
is swept s ide to s ide in an e f f o r t to loca te 
severe ad jacen t -po in t range d i f f e r e n c e s . I f one 
Is l oca ted , a s i n g l e b i t is re turned to the 
veh i c le d r i ve so f tware . 

A l l c a l l s to the l ase r software r esu l t in an 
e r r o r / s t a t u s f l a g being returned to the c a l l e r (or 
t e l e t y p e ) . This f l a g repor ts v i o l a t i o n s o f l ase r 
azimuth o r e leva t i on l i m i t s , l ase r d r i ve s tep -
sk ipp ing (which would r esu l t in the beam p o s i t i o n 
(a ,e) be ing unknown), range numbers ( r ) out of the 
domain of p o s s i b i l i t y ( f o r example, because the 
power supply is o f f or because no r e f l e c t e d l i g h t 
pulse is r e t u rned ) , p a n - t i l t e r r o r s , and warnings 
that conversions to LST coordinates are out of the 
acceptable domain of ope ra t i on . 

APPLICATIONS 

The LRF sof tware has been made ope ra t i ona l 
and ava i l ab le to the Robot Research Program as a 
package only r e l a t i v e l y r e c e n t l y . Never the less, 
the LRF inst rument and software have already been 
app l ied to severa l tasks , w i t h more c u r r e n t l y being 
i n v e s t i g a t e d . I n t h i s s e c t i o n , these app l i ca t i ons 
are descr ibed. 

Rockf inding 

The rec tang le scan described above as the 
f i r s t supplemental f unc t i on has been combined w i t h 
the manipulator sof tware to y i e l d automatic scan­
n i n g , r e c o g n i t i o n , p o s i t i o n and o r i e n t a t i o n de te r ­
m i n a t i o n , and r e t r i e v a l o f the t a l l e s t rock in a 
30 cm x 70 cm scanned reg ion . The e leva t i on of the 
scanned po in ts is d isp layed as i n t e n s i t y data on a 
video mon i to r , as shown in F ig . 6. Higher po in ts 
appear darker on the d isp layed image. The range 
data is converted to ARM coord ina tes , the Z c o o r d i ­
nate of which is converted to an i n tege r c o r r e ­
sponding to an i n t e n s i t y datum on the moni tor . 

(b) 

F i g . 6. LRF-Generated E leva t ion P ic tu re of 
(a) A Rock and (b) Three Rocks and a Block 

(Higher po in ts d isplayed as darker) 

Er rors in the end-to-end sequence inc lude a l l 
laser and p a n - t i l t po i n t i ng e r r o r s , l a s e r ranging 
e r r o r s , veh i c le sag and other t rans format ion e r r o r s , 
and arm p o s i t i o n i n g and c a l i b r a t i o n e r r o r s . In 
e s s e n t i a l l y a l l cases, the lase r instrument and 
a lgo r i thm p rec i s i on are s u f f i c i e n t f o r the rock to 
be recognized and loca ted by a l a s e r beam aimed at 
i t , but only in about h a l f the cases to date are 
the p o s i t i o n and o r i e n t a t i o n data, t rans fo rmat ions , 
and arm p o s i t i o n i n g and c a l i b r a t i o n accurate enough 
to r e s u l t in the ta rge t rock being success fu l l y 
r e t r i e v e d and deposi ted in a sample box. Cont inuing 
work on the use of arm-mounted p rox im i t y sensors 
as grasping aids (Ref. 2) is expected to resu l t in a 
much higher success r a t e . 

Vehic le Obstacle Scan 

The s i d e - t o - s i d e laser scan descr ibed above as 
the second supplemental f u n c t i o n is to be used as an 
in -mo t ion ear l y warning obstac le de tec to r f o r v e h i ­
c le mot ion. The beam Is swept along a l i n e 3 meters 
in f r o n t o f the veh i c l e a t ground l e v e l , from the 
outs ide of one wheel to the outs ide of the o the r , 
back and f o r t h . No coordinate t ransforming of the 
raw data is performed, but r a t h e r , sharp d i f f e r ­
ences in the raw range data themselves are sought. 
Figure 7 g raph i ca l l y i l l u s t r a t e s the re turned range 
data when no obs tac le is present and when a t h r e e -
inch high box is present . The c r i t e r i o n f o r an 
obstac le c u r r e n t l y being used is a range d i f f e r ­
ence of 7.8 cm or greater between successive p o i n t s . 
I f t h i s c r i t e r i o n i s met, a f l a g i s re turned to 
the veh ic le d r i ve program, which can then stop the 
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- WITH OBSTACLE PRESENT 

• WITH NO OBSTACLE PRESENT 

AZIMUTH STEP a 

F ig . 7. Vehic le Obstacle Scan LRF Data 

v e h i c l e , gather more data about the obstac le and 
surrounding environment, and plan a new pa th . 

The present veh i c le is heavy r e l a t i v e to the 
power a v a i l a b l e to dr ive i t , so that even an 8 cm 
ob jec t is an obs tac le . Range d i f fe rences do not 
correspond d i r e c t l y t o d i f fe rences i n e l e v a t i o n , 
and i t is conceivable that an obstac le w i t h smooth 
edges and no r e a l corners could remain undetected. 
The descr ibed scan a lgo r i t hm and obsLacle c r i t e r i o n 
thus represent a compromise between s i m p l i c i t y (and 
speed) of o p e r a t i o n , on the one hand, and e f f e c ­
t iveness on the o the r . 

Another f ac to r that tends to d im in ish the 
thoroughness of the scan is the e f f e c t of veh i c l e 
mot ion. A scan takes about 2 seconds (94 points at 
50 points/second) . By moving the veh i c l e s lowly in 
areas of more danger or l e s s , complete knowledge of 
the environment, and by comparing detected 
obstacles w i t h ob jec ts already known (see be low) , 
the l a s e r in -mot ion obstac le scan is expected to be 
a usefu l ad junct to the r obo t ' s sa fe ty system. 

Obstacle Mapping 

The f i r s t user a p p l i c a t i o n to which the l ase r 
system has been put is obs tac le mapping. Before 
the veh i c l e is moved, a t e r r a i n map of the area 
must be obta ined. A s i n g l e t e l e v i s i o n image could 
be used fo r t h i s purpose, but then the in fo rmat ion 
obtained i s on ly two-d imensional ; i t s l o c a t i o n 
a long the l i n e of s i gh t would remain unknown. Te le­
v i s i o n images from two cameras or from the same 
camera at two l oca t i ons could provide t h r e e -
dimensional data , but only at the expense of co r re ­
l a t i n g the video data from the. two images. Accord­
i n g l y , the LRF, which provides th ree-d imens iona l 
data from a s i n g l e " image" , has been used to map 
the t e r r a i n in the v i c i n i t y o f the v e h i c l e . F ig ­
ure 8 shows a processed t e r r a i n map of a 3-meter 
square i n f ron t o f the v e h i c l e . "Sa fe" ( i . e . , 
obs tac l e - f r ee ) regions are shown in gray, unsafe 
ones (those whose e l e v a t i o n is 15 cm or more from 
the f l o o r , as def ined by the veh ic le wheelbase) in 
w h i t e , and unknown regions in the shadow of obsta­
cles in b l a c k . The lower obs tac le map in F i g . 8 
shows a processed vers ion of the upper map in which 
adjacent obstac les have been merged. A se r i es of 

RobotIc 

(a ) 

(b ) 

F ig . 8. Obstacle Map (Safe regions shown in 
gray, unsafe in w h i t e , and unknown in black) 

t e r r a i n maps cover ing the area between veh ic le and 
target is made, a f t e r which the t e r r a i n can be 
searched f o r a safe pa th . 

Range P ic tu res 

The LRF is qu i t e s e n s i t i v e to changes in range. 
A demonstrat ion o f i t s s e n s i t i v i t y and a b i l i t y to 
y i e l d data o f s u f f i c i e n t q u a l i t y fo r scene, ana lys i s 
work is presented in F igs . 9 and 10. These f i gu res 
are " rangep i cs " . Range data ( in tegers from 0 to 
1023) have been converted to i n t e n s i t y data (0 to 
255) and d isp layed on a video moni tor . The 
p i c t u r e d features are approximately 2 to 3 meters 
in f ron t of the v e h i c l e . The l ase r data were taken 
over a complete l a t t i c e of 64 x 64 LRF azimuths and 
e l e v a t i o n s . As d i sp layed , no co r rec t i on fo r 
angular d i s t o r t i o n has been made. The b o x - l i k e 
s t r uc tu res in the images r e s u l t from the f ac t that 
each lase r datum is d isp layed as a 4 x 4 array of 
moni tor p i xe l s i n order t o f i l l the screen. 
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F i g . 9 . Rangep ic o f C h a i r 
( L i g h t e r r e g i o n s c l o s e r ) 

P i c t u r e S e g m e n t a t i o n and Scene A n a l y s i s 

The a p p l i c a t i o n o f scene a n a l y s i s s o f t w a r e 
d e s i g n e d f o r v i d e o d a t a t o LRF d a t a i s c u r r e n t l y 
b e i n g n v e s t i g a t e d . The s t r a i g h t f o r w a r d segmen ta ­
t i o n o f l a s e r r a n g e p i c s i s one app roach b e i n g c o n ­
s i d e r e d . A i m i n g t h e LRF a t s p e c i f i e d v i d e o image 
p o i n t s f o r range d a t a o r d u a l camera i m a g e -
m a t c h i n g , t r a c k i n g o f t h e l a s e r beam a s i t moves 
t h r o u g h a v i s u a l s c e n e , and u s i n g t h e l a s e r t o 
c o n f i r m t h e e x i s t e n c e o f edges and o b j e c t b o u n d a r i e s 
a r e o t h e r avenues b e i n g c o n s i d e r e d . I t i s a n t i c i ­
p a t e d t h a t t h e d u a l TV/LRF s y s t e m w i l l u l t i m a t e l y 
p r o v i d e t h e JPL r o b o t w i t h a p o w e r f u l p e r c e p t i v e 
a p p a r a t u s . 

SUMMARY 

A s c a n n i n g l a s e r r a n g e f i n d e r f o r a r o b o t i c 
v e h i c l e has been d e s c r i b e d . I t s r a n g i n g a c c u r a c y 
app roaches 2 cm w i t h op t imum a d j u s t m e n t . The 
d o m i n a n t e r r o r s o u r c e i s t h e e f f e c t o f unknown 
r e f l e c t i v i t y and a n g l e o f i n c i d e n c e o f t h e t a r g e t 
s u r f a c e . P o i n t i n g a c c u r a c y o f t h e i n s t r u m e n t i t s e l f 
i s w e l l w i t h i n 0 . 1 d e g , a s m a l l e r r o r compared t o 
t h e r a n g e e r r o r . However , t h e c u m u l a t i v e e f f e c t s 
o r e r r o r s i n d u c e d b y x t o u n t i n g t h e LRF o n a p a n - t i l t 
a s s e m b l y , p u t t i n g t h e e n t i r e a p p a r a t u s o n a v e h i c l e , 
and t h e n r e l a t i n g t h e r e s u l t s t o t h e e n v i r o n m e n t 
a l s o t e n d t o d e g r a d e t h e p e r f o r m a n c e o f t h e LRF. 

W e f e e l t h a t the i n s t r u m e n t c o u l d b e i m p r o v e d 
s i g n i f i c a n t l y w i t h f u r t h e r deve lopmen t e f f o r t . 
F i r s t , c u r r e n t s e m i c o n d u c t o r t e c h n i q u e s appear 
c a p a b l e o f r e d u c i n g t h e r i s e t i m e o f t h e l i g h t p u l s e 
s i g n i f i c a n t l y , and s i n c e t h e a c c u r a c y a t p r e s e n t 
i s d i r e c t l y dependen t o n r i s e t i m e , t h i s w o u l d b e a 
p r a c t i c a l b e n e f i t . Improvement may r e s u l t even 
though t h e peak p u l s e power may d e c r e a s e , i f p u l s e 
r e p e t i t i o n r a t e and r i s e t i m e can b o t h b e i m p r o v e d . 

A second a p p r o a c h , i n d e p e n d e n t o f t h e l i g h t 
p u l s e s h a p e , i n v o l v e s improvemen t o f t h e t i m i n g 
d e c i s i o n t h r o u g h more e f f e c t i v e f a s t p u l s e e l e c ­
t r o n i c s . Such improvemen t c o u l d b e o b t a i n e d b y 
p e r f o r m i n g a measurement o f t h e r e f l e c t e d p u l s e 
h e i g h t and u s i n g t h e i n f o r m a t i o n t o c o r r e c t meas­
u r e d r a n g e . A c o n v e n t i o n a l i n t e n s i t y image as seen 
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u n d e r i l l u m i n a t i o n b y t h e LRF i t s e l f c o u l d b e 
o b t a i n e d as a b y - p r o d u c t . 

A l t e r n a t i v e l y , b e t t e r schemes f o r t i m i n g 
i n d e p e n d e n t o f i n t e n s i t y c o u l d b e s o u g h t , e i t h e r i n 
terms o f imp roved c o n s t a n t - f r a c t i o n d i s c r i m i n a t i o n , 
o r b y means o f m u l t i p l e d a t a p o i n t s f r o m each 
p u l s e ( R e f . 3 ) , t h e u l t i m a t e b e i n g a r e a l - t i m e 
c r o s s c o r r e l a t i o n . 

A t p r e s e n t , t h e LRF i 9 n o t d r i v e n by any 
r e q u i r e m e n t f o r a h i g h d a t a r a t e , and i n d e e d , i t s 
d a t a r a t e i s v e r y l o w . E f f o r t s t o i n c r e a s e t h e 
d a t a r a t e w i l l e n c o u n t e r a l i m i t a t i o n due t o b a s i c 
n o i s e i n t h e d e t e c t e d s i g n a l a t abou t 100 d a t a 
p o i n t s p e r s e c o n d , w i t h t h e p r e s e n t l a s e r power . 
H i g h e r d a t a r a t e w i l l i n v o l v e a t r a d e o f f i n w h i c h 
u n c e r t a i n t y o f a s i n g l e p o i n t i n c r e a s e s p r o p o r t i o n ­
a t e l y t o the s q u a r e r o o t o f d a t a r a t e . 

Even as t h e s y s t e m s t a n d s t o d a y , numerous 
p r a c t i c a l a p p l i c a t i o n s have a l r e a d y been made and 
more c o n t i n u e t o b e i n v e s t i g a t e d . T h e r e s u l t s o f 
t h e s e i n v e s t i g a t i o n s w i l l b e r e p o r t e d a s t h e c o n ­
t i n u i n g i n t e g r a t i o n o f t h e LRF and i t s s o f t w a r e 
w i t h v e h i c l e and v i s i o n sys tems p r o g r e s s e s . 
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