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ABSTRACT 

The c o n t r o l s t r u c t u r e o f the JPL r e s e a r c h 
r o b o t and the o p e r a t i o n s o f the n a v i g a t i o n s u b s y s 
tem a re d i s c u s s e d . The r o b o t f u n c t i o n s as a 
n e t w o r k o f i n t e r a c t i n g c o n c u r r e n t p r o c e s s e s d i s 
t r i b u t e d among s e v e r a l compute rs and c o o r d i n a t e d 
by a c e n t r a l e x e c u t i v e . The r e s u l t s o f scene 
a n a l y s i s a r e used t o c r e a t e a segmented t e r r a i n 
model i n w h i c h s u r f a c e r e g i o n s a r e c l a s s i f i e d b y 
t r a v e r s i b i l i t y . The model i s used by a p a t h -
p l a n n i n g a l g o r i t h m , PATH*, w h i c h uses t r e e s e a r c h 
methods t o f i n d t h e o p t i m a l p a t h t o a g o a l . I n 
PATH*, t h e s e a r c h space i s d e f i n e d d y n a m i c a l l y a s 
a consequence o f node t e s t i n g . M a z e - s o l v i n g and 
t h e use o f a n a s s o c i a t i v e d a t a base f o r c o n t e x t -
dependen t node g e n e r a t i o n a r e a l s o d i s c u s s e d . 
E x e c u t i o n o f a p l a n n e d pa th i s a c c o m p l i s h e d by a 
f e e d b a c k gu idance p r o c e s s w i t h a u t o m a t i c e r r o r 
r e c o v e r y . 

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

The R o b o t i c s Research P r o g r a m 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 i s a imed a t d e v e l o p i n g t h e 
c a p a b i l i t i e s i n mach ine i n t e l l i g e n c e systems 
r e q u i r e d f o r a semi -au tonomous v e h i c l e t o b e used 
i n r emo te p l a n e t a r y e x p l o r a t i o n . T o a c h i e v e t h i s 
e n d , a " b r e a d b o a r d " r o b o t has been c o n s t r u c t e d 

* ( F i g . 1 ) t o s e r v e as t e s t bed and d e m o n s t r a t i o n 
t o o l f o r t h e programs and h a r d w a r e . Resea rch i s 
b e i n g c o n d u c t e d i n t h e a reas o f r o b o t v i s i o n , 
p r o b l e m - s o l v i n g and l e a r n i n g , h a r d w a r e and s y s t e m 
a r c h i t e c t u r e , m o t o r - f u n c t i o n c o n t r o l i n m a n i p u l a 
t i o n and l o c o m o t i o n , a s w e l l a s t h e t e r r a i n 
m o d e l i n g and n a v i g a t i o n t a s k s d e s c r i b e d h e r e i n . 

I n t h e JPL e x p e r i m e n t s , t h e r o b o t i s d e p o s i t e d 
i n a n unknown l a b o r a t o r y e n v i r o n m e n t c o n s i s t i n g o f 
many a r b i t r a r y o b s t a c l e s ( r o c k s , w a l l s , and 
o t h e r o b j e c t s ) and i s g i v e n t a s k s such a s f i n d i n g 
and c o l l e c t i n g s e l e c t e d r o c k s a m p l e s . As a r o b o t 
s u b s y s t e m , t h e n a v i g a t i o n s y s t e m has t h e r e s p o n s i 
b i l i t y o f f i n d i n g a n u n o b s t r u c t e d p a t h t o a 
d e s i g n a t e d g o a l and t h e n c o n t r o l l i n g t he v e h i c l e ' s 
movement a l o n g t h e p a t h . T o d o t h i s , i t must 
m a i n t a i n a n i n t e r n a l r e p r e s e n t a t i o n o f i t s e n v i r o n 
ment f r o m s e n s o r y i n p u t f o r use i n t h e p l a n n i n g 
phase and t h e n use a d d i t i o n a l s e n s o r y i n p u t t o 
m o n i t o r e x e c u t i o n o f movement. The e n v i r o n m e n t i s 
i n i t i a l l y c o m p l e t e l y unknown, and t h e p a t h p l a n n e r 
r e q u e s t s upda tes t o t h e t e r r a i n model a s needed 
f o r p l a n n i n g . 

F i g u r e 1 . JPL Research Robot 

A t e r r a i n model was chosen f o r t he r o b o t t h a t 
s i m p l i f i e s t h e t a s k o f p a t h p l a n n i n g w h i l e s i m u l 
t a n e o u s l y p r o v i d i n g a means o f r e p r e s e n t i n g l a r g e 
a r e a s o f t e r r a i n i n a c o m p a c t , segmen ted , h i e r 
a r c h i c a l s t r u c t u r e t h a t i s e a s i l y u p d a t e d o r 
e x t e n d e d . H a v i n g a n u m e r i c d e s c r i p t i o n o f t h e 
l o c a t i o n and shape o f o b s t a c l e s a l l o w s t h e p a t h 
p l a n n e r t o a c c u r a t e l y model t h e c h a r a c t e r i s t i c s o f 
t h e v e h i c l e w h i l e c o n d u c t i n g t h e o p t i m a l p a t h 
s e a r c h , s o t h a t t h e r e s u l t i n g p a t h i s i n a f o r m 
t h a t i s r e a d i l y e x e c u t a b l e b y t h e gu idance programs 
t o w i t h i n a known e r r o r t o l e r a n c e . 

2. Robot Sys tem S t r u c t u r e 

The JPL r o b o t o p e r a t e s as a h i e r a r c h y o f 
s e p a r a t e c o n c u r r e n t p rocesses w h i c h a re d i s t r i b u t e d 
among t h r e e c o m p u t e r s . The m a i n c o n t r o l s t r u c t u r e 
( F i g . 2 ) c o n s i s t s o f a Robot E x e c u t i v e (REX) w h i c h 
communicates w i t h t h e o p e r a t o r v i a t h e " g r o u n d 
s y s t e m . " O t h e r p r o c e s s e s , whose f u n c t i o n i n g i s 
c o o r d i n a t e d b y t h e e x e c u t i v e ( t h o u g h n o t n e c e s 
s a r i l y d e t e r m i n e d b y i t ) , p e r f o r m t h e t a s k s o f 
v i s i o n , m a n i p u l a t i o n , and n a v i g a t i o n . The c o n t r o l 
h i e r a r c h y i s n o t s t r i c t l y e n f o r c e d , h o w e v e r , a s 
p r o c e s s e s may i n t e r a c t f r e e l y i n such f u n c t i o n s a s 
h a n d - e y e c o o r d i n a t i o n , e t c . Recent a d d i t i o n s t o 
t h e s y s t e m i n c l u d e p rocesses f o r e r r o r r e c o v e r y 
and p r o b l e m - s o l v i n g , w h i c h w i l l b e t h e n u c l e u s o f 

T h i s p a p e r 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 , u n d e r C o n t r a c t No. NAS 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 . 

K e y w o r d s : o p t i m a l p a t h p l a n n i n g , t e r r a i n m o d e l i n g , p a r e n t b a c k u p , s u b g o a l s t a c k i n g , and m a z e - s o l v i n g . 
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a system f o r automatic p l ann ing , e r r o r co r rec t i on 
and l e a r n i n g . The sensory-motor processes have 
sub-processes on the minicomputer con ta in ing the 
ac tua l veh i c le i n t e r f a c e s . Processes suspend 
themselves when not needed. 

Communication between the processes is 
handled by a shared program segment "mai lbox" 
method, s i m i l a r to tha t of the Stanford Hand-Eye 
System (FS1). Messages passed w i t h i n one computer 
are merely s to red in the appropr ia te s l o t i n the 
shared segment, whereas in ter -computer messages 
are t ransmi t ted by a separate communications 
process to the appropr ia te machine and then deposi 
t ed . This s t r u c t u r e i s ex tens ib le t o m u l t i p l e 
processors. A process need not know on which CPU 
another process runs. At present , three CPU's 
are connected: a DEC PDP-10, a GA SPC-16 m i n i 
computer, and an IMLAC PDS-1D graphics system. 
The " h i g h - l e v e l " processes run on the PDP-10, and 
are implemented in the SAIL language and, r e c e n t l y , 
in LISP. In the minicomputer, FORTRAN and assem
b l y code are used. A l l i n te r faces to the veh i c l e 
hardware are c u r r e n t l y contained in the m i n i , but 
s ince i t has l i m i t e d capaci ty fo r p a r a l l e l proces
ses, the use of a microcomputer network is be ing 
i n v e s t i g a t e d . 

The nav iga t ion system runs as th ree concurrent 
processes: the nav iga t ion execut ive (NEX) , the 
path planner module (PPM), and the veh i c l e guidance 
module (VGM) . Both NEX and PPM access the t e r r a i n 
model f i l e s . NEX is the c o n t r o l l i n g process f o r 
a l l nav iga t i on f u n c t i o n s . I t contains the command 
i n t e r f a c e to the robot execut ive which t rans la tes 
acceptable commands i n t o the appropr ia te a c t i o n . 
The NEX process invokes the path planner upon 
request and processes map update requests generated 
by PPM. Map requests are forwarded to the v i s i o n 
system, and rep l i es from the v i s i o n system are 

processed by NEX procedures i n t o the t e r r a i n model 
format and added to the data base. The requi red 
t ransformat ions w i l l be discussed below. NEX also 
invokes the VGM e i t h e r to move the veh i c l e along 
planned paths or to execute movement p r i m i t i v e s . 

3. The Ter ra in Model 

In order to perform path p lann ing , the n a v i 
ga t ion system must mainta in a model of the r o b o t ' s 
environment in which features tha t would a f f e c t the 
v e h i c l e ' s movement are represented. Since the area 
explored by the robot may be large, and many such 
obs t ruc t ions encountered, i t is des i rab le to have a 
t e r r a i n model that is p a r t i t i o n e d i n t o segments of 
a convenient s i z e , w i t h i n which the features have 
a compact numerical rep resen ta t i on . The map 
segments should normal ly res ide in bu lk storage and 
should have an access s t r uc tu re that al lows rap id 
load ing when needed. The model used in the n a v i 
ga t ion system was designed to meet these r e q u i r e 
ments. In a d d i t i o n , s ince the t e s t i n g of proposed 
path l i n k s is the major computat ional expense of 
pa th -p lann ing , the represen ta t ion i s opt imized f o r 
t h i s purpose. The segments, when loaded, form a 
h ie ra rchy f o r accessing the b a r r i e r desc r ip t i ons 
and, as discussed below, the s t r u c t u r e of the 
desc r ip t i ons was chosen to f a c i l i t a t e the process 
of path search. 

The t e r r i t o r y represented in the t e r r a i n model 
is p a r t i t i o n e d i n t o map sectors by a f i x e d l a t t i c e 
of g r i d l i n e s . The g r i d l i nes are drawn p a r a l l e l 
to the axes of the robo t ' s absolute ( lab-based) 
coordinate system and are equal ly spaced, so tha t 
the sectors are square and may be numbered r e l a t i v e 
to the o r i g i n . The sec to r number may thus be used 
to compute the absolute coordinates of the sec to r . 
The map sec tor is de f ined by p rov id ing to the model 
a f i l e con ta in ing the t e r r a i n d e s c r i p t i o n f o r the 
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area covered; the r e s u l t a n t d i r ec to r y of sectors 
is thus analogous to a cata log of cha r t s . At 
p resen t , a three-meter g r i d spacing is used f o r 
w i t h i n the l a b . 

The primary source of input to the model is 
the v i s i o n system. When a d e s c r i p t i o n of a 
sec to r is requested by NEX f o r use by the p lanner, 
the request is sent to the v i s i o n system, which 
perforins the requ i red t e r r a i n ana l ys i s . Here 
the perceptual problem is that of producing from 
s tereo TV and laser rangef inder inputs a segmen
t a t i o n of the area covered by the requested sector 
i n t o regions descr ibed as t r a v e r s i b l e , obst ruc ted 
(non - t r ave rs i b l e ) or unknown (YCl , YC2). The 
i n fo rma t i on a v a i l a b l e from a new v iewpoint must 
be combined w i t h that already in the model to 
produce a new sector d e s c r i p t i o n . This map 
maintenance process is sub ject to e r ro rs which 
w i l l be discussed l a t e r . 

I t i s o f i n t e r e s t to note that what i s 
descr ibed in the map is the t r a v e r s i b i l i t y of the 
t e r r a i n su r face . This is adequate f o r the 
purposes of pa th-p lann ing and allows a two-
dimensional representa t ion f o r a l l types o f 
o b s t r u c t i o n s , as shown in F i g . 3. As a greater 
v a r i e t y of t e r r a i n desc r ip to rs are added to the 
model, such as s lope and a l t i t u d e , i n fo rmat ion 
p e r t a i n i n g to the t h i r d dimension may in f luence 
the cost of a path on the. goals of the robo t . 
Should i t become necessary to descr ibe m u l t i 
l e v e l s t r u c t u r e s , new d e s c r i p t i o n types may 
eas i l y be added to the model. 

W i th in a map sec to r , t e r r a i n regions are 
descr ibed by polygonal boundaries which are 
represented as l i s t s of the ve r t i ces (corners) of 
the polygon. At present , regions are c l a s s i f i e d 
e i t h e r as obstac le (non- t ravers i b l e ) or unknown. 
A l l e l se is presumed c l ea r and t r a v e r s i b l e . Some 
g e n e r a l i t y i s l o s t by d i v i d i n g ba r r i e r s tha t 
over lap a sec to r boundary between the adjacent 
sec to r s , but the path planner detects t h i s case 
and regards the par ts as a s i ng le obs tac le . 
There is also a c a p a b i l i t y f o r a region at sec tor 
l eve l to represent a c l u s t e r o f o b j e c t s , in which 
case the d e s c r i p t i o n contains a l i s t o f o ther 
boundary or c l u s t e r d e s c r i p t o r s . When loaded 
i n t o memory, the desc r i p to rs f o r regions w i t h i n 
a sec tor become the "datums" of SAIL " i t e m s , " so 
tha t the assoc ia t i ve search features of SAIL may 
be used in the pa th-p lann ing process (VL1). 

In new map sector desc r ip t ions provided by 
the v i s i o n system, the borders of the t e r r a i n 
regions are represented by l i s t s of predef ined 
u n i t vec to r s , i n which consecut ive vectors 
descr ibe (15 cm) u n i t steps along the boundary. 
The nav iga t ion system must t r a n s l a t e t h i s rep re 
s e n t a t i o n i n t o the polygon v e r t e x l i s t used i n 
the map. The t r a n s l a t i o n procedure locates the 
minimum number of corners necessary to descr ibe 
the boundary to w i t h i n a known to le rance . 
The operat ions i nc lude smoothing, e l i m i n a t i o n of 
i naccess ib le regions in the i n t e r i o r o f c losed 
boundaries and f i n a l l y , an i t e r a t i v e polygon 
approximation to the boundary. The r e s u l t i n g 

Figure 3. A Ter ra in Map Sector 

d e s c r i p t i o n i s a l i s t o f corners in order o f 
t h e i r connect ion, plus a c e n t r o i d and clearance 
rad ius used to s i m p l i f y the path t e s t i n g process 
( T l , F l ) . 

In the normal mode of ope ra t i on , when the PPM 
is assigned a p lanning task, i t s f i r s t operat ion i s 
to determine which map sectors l i e along the 
s t r a i g h t l i n e path from s t a r t to goa l . Queries 
f o r the i nd i ca ted sectors are sent to the v i s i o n 
system, which then determines if a map update is 
poss ib le f o r any requested sec tor . Each sec to r 
update is dated, so tha t i f the veh ic le has moved 
s ince the l a s t update, a d d i t i o n a l in fo rmat ion may 
be ava i l ab l e from the new po in t of v iew. In the 
l a t t e r case, the v i s i o n system would provide 
a new sec to r update; otherwise i t would i n d i c a t e 
that the planner should use the e x i s t i n g model. 
As the queries are answered the corresponding 
sec to r maps are loaded i n t o memory fo r use by the 
path-p lann ing process. The boundary between the 
loaded and not- loaded sectors is represented in 
the map as a s p e c i a l obs tac le . I f , du r ing the 
course of p lann ing , the map border is encountered, 
the map must be expanded by adding a d d i t i o n a l 
sec to r s . The appropr ia te queries are then genera
ted and the process is suspended u n t i l the r e p l i e s 
are rece ived. Thus, the sector load ing mechanism 
forms a s o r t of " v i r t u a l memory" f o r the segmented 
map. The system is s t ruc tu red so tha t the map 
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updat ing process of the v i s i o n system may operate 
f r e e l y i n p a r a l l e l w i t h the nav iga t ion process, 
c o l l e c t i n g t e r r a i n data a v a i l a b l e from the 
cur rent v i ewpo in t , even though the updates may 
not be needed immediately. 

4. The Path-Planning Process 

The task of using the t e r r a i n model to f i n d 
an unobstructed path to a se lec ted goal is 
performed by the path p lanning module. N a t u r a l l y , 
there may be many a l t e r n a t i v e routes to a goa l , 
so a measure of path cost is in t roduced to de f ine 
a s e l e c t i o n c r i t e r i o n f o r op t ima l path search. 
At p resent , the cost of a path is the d is tance 
along i t , but o ther measures, such as time or 
energy, may be used in the f u t u r e . The cost 
me t r i c could also be redef ined by the system from 
one path search to the next to so lve s p e c i f i c 
problems. 

True op t ima l search is poss ib le only when 
a l l obs t ruc t ions in the area encountered by the 
search are known. The p lanner , however, has 
access only to t e r r a i n i n fo rma t i on represented in 
the map at the time of p lann ing plus those fea 
tures observable from the robo t ' s cu r ren t l o c a t i o n . 
From the robo t ' s i n i t i a l po in t of v iew, much of 
the t e r r a i n may be obscured (by occ lus ion or 
d i s t a n c e ) , but s ince the obscured t e r r a i n is also 
represented in the model by unknown reg ions , the 
planner can de tec t the case where a proposed 
t raverse i n t e r s e c t s the unknown and may terminate 
the search at tha t po in t . An o p t i m i s t i c execut ive 
could move the robot to tha t po in t (o r near enough 
to c l a s s i f y the unknown a rea) , update the map, 
and plan a new path to the o r i g i n a l goa l . A 
pess im is t i c execut ive could regard unknown 
t e r r a i n the same as an o b s t r u c t i o n and look fo r a 
(poss ib ly ) longer path. The p lanning a lgor i thm 
is capable o f f u n c t i o n i n g in the l a t t e r mode, and 
may be t o l d to sw i t ch to t h i s mode a f t e r de tec t ing 
(and remembering) the f i r s t (poss ib ly opt imal) 
p a r t i a l pa th . 

With the s e l e c t i o n of a cost met r i c and a 
f unc t i on f o r d e f i n i n g nodes in the search space, 
t r a d i t i o n a l methods of opt imal path search may be 
used (HNR1). The dec is ion to use the energy 
requ i red f o r the t raverse (which in a zero slope 
lab environment t rans la tes to d istance) as a met r i c 
was motivated by the need to demonstrate a system 
s u i t a b l e f o r a p p l i c a t i o n i n an ac tua l robot p lane
tary exp lo ra t i on v e h i c l e , as compared t o , f o r 
example, SRI 's r obo t , SHAKEY, which simply used 
search depth as the c o s t , r e s u l t i n g in a path w i t h 
the fewest number of l i n k s ( R l ) . A l though , as one 
would expect , the s t ra tegy of avo id ing an obs t ruc 
t i o n by generat ing candidate paths to e i t h e r s ide 
of i t is a fea ture common to previous path p l a n 
n e r s , the minimum dis tance requirement, as shown 
below, demands a more complex node generat ion 
scheme than tha t requ i red f o r s imp ler cost 
measures. A l s o , proper choice of successor nodes, 
combined w i t h p r u n i n g , keeps the problem one of 
t ree search ra the r than graph search. 

Path Planning Defined 

For the purposes of t h i s d i scuss ion , path 
p lann ing w i l l be def ined f o r a po in t veh ic le and 
then e laborated fo r the f i n i t e case. The map w i l l 
be def ined in terms of a set of v e r t i c e s , _V, and 
a set of n o n - t r a v e r s i b l e w a l l s , W, where 

The set of v e r t i c e s , w i t h the a d d i t i o n of two 
po in ts d e f i n i n g the s t a r t and the goa l , de f ine 
P, the set of a l l po in ts in the map. Then f o r 
each po in t P i in P we def ine a set L i. , where 

L i. is ca l l ed the l i n k set of P. and is composed of 

the wa l l s adjacent to P. ( i f P. is a ver tex) p lus 

a l l l i n e - o f - s i g h t l i n k s from P. to other members 

of P. A path from the s t a r t to some po in t Q E P 
i s a l i s t o f l i n k s 

Path search may be def ined in these terms. 
We def ine a successfu l node in the search as a 
po in t ( i n P) to which there is a known p a t h . The 
l i n k of a node is the path segment from the parent 
node to the given node. S i m i l a r l y , successor 
l i n k s go from a node to successor nodes. A goal 
l i n k is the l i n k from a node to the goa l . For 
each node P, in the search, we se lec t successor 

l i n ks from L u n t i l the (opt imal ) path is found. 

In our map d e f i n i t i o n , however, the l i n k sets must 
be de r i ved , s ince on ly the wa l l s are represented. 
By d e r i v i n g the l i n k set as needed, we avoid the 
combinat ional exp los ion that would r e s u l t from 
represent ing the l i n k set o f each po in t in the 
map. Ihe l i n k set from a node is found by pro
posing candidate l i n k s to be tes ted f o r membership 
i n the s e t . Normal ly , the f i r s t candidate i s the 
goal l i n k from the node. A candidate l i n k P, P. ^ 

is tes ted by examining the set W f o r i n t e r s e c t i o n s . 
I f P k P k ' £ W, the membership asse r t i on is t r u e . 

I f P i ^ k ' cuts no w a l l , the asse r t i on i s t r u e , and 

Pk becomes a node in the search w i t h P, as i t s 
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parent and ( t y p i c a l l y ) the goal l i n k from Pk as 

i t s successor candidate. However, i f there i s an 
i n t e r s e c t i o n w i t h some A.B. in ]W the asser t ion is 

f a l s e , and l i n e s P. A. and P. B. then become cand i -k i k i 
date l i n k s f o r f u t u r e t e s t i n g . Note also that 
l i n e s P A , and P i B i , j = l , 2 , . . . k - 1 , may also be 

candidates f o r t h e i r own l i n k s e t s , b u t , in an 
op t ima l path search, a l l but one of the successor 
candidates to A, or to B, may be pruned as 

discussed below. 

With the goal of f i n d i n g the minimum cost 
path from s t a r t to f i n i s h , the A* a lgor i thm (HNRI) 
may be a p p l i e d , w i t h m o d i f i c a t i o n s , to perform 
op t ima l path search in the space def ined above. 
Given a node generat ing f u n c t i o n , r, and an 
admissible node cost c r i t e r i o n , the A* method is 
guaranteed to f i n d the lowest cost path through 
the space def ined by T, i f i t e x i s t s . In PATH*, 
the a lgo r i t hm used in the JPL robo t , a node in 
the search space is a c t u a l l y what is descr ibed 
here as a path l i n k , s ince i t is the l i n k record 
tha t is tes ted f o r success or f a i l u r e . A lso , the 
not ions of parent and successor are d i f f e r e n t 
from those of A*. A f t e r a path l i n k is t es ted , 
PATH* may se lec t one or more po in ts in the map as 
des t i na t i ons f o r candidate l i n k s , bu t , by a 
procedure discussed below, the search t ree is 
t raced back to f i n d the op t ima l parent f o r each 
chosen d e s t i n a t i o n . The des t i na t i on then becomes 
a candidate f o r the l i n k set of tha t paren t . New 
candidate l i n k s generated as a consequence of the 
f a i l u r e of a l i n k are sa id to be "engendered" by 
the f a i l e d l i n k and are associated w i t h i t f o r 
poss ib le use in subgoal genera t ion . The a lgor i thm 

* uses these and o ther r e l a t i o n s between l i n k s to 
form an assoc ia t i ve data base descr ib ing the 
search context f o r use in node generat ion and 
p run ing . These techniques w i l l be i l l u s t r a t e d in 
the examples below. 

The cost f unc t i on f o r a l i n k is the ac tua l 
d is tance a long the (unique) path from the s t a r t 
to i t s endpoint plus the s t r a i g h t l i n e d is tance 
remaining to the goa l . Since the s t r a i g h t - l i n e 
d is tance from the endpoint to the goal is the 
lower bound on the ac tua l path cost of reaching 
the goa l , t h i s h e u r i s t i c est imate s a t i s f i e s the 
a d m i s s i b i l i t y requirement o f A*. In ce r t a i n 
maze- l ike c o n f i g u r a t i o n s , t h i s h e u r i s t i c est imate 
may be increased to improve search e f f i c i e n c y . 
As in A*, untested candidate l i n k s are kept in a 
l i s t ordered by t h i s cost es t imate, so that the 
main loop may always se l ec t the l e a s t - c o s t l i n k 
f o r the next t e s t . 

The quest ion remains, of course, whether the 
successor generat ion procedure descr ibed above is 
capable of cover ing the l i n k set from a node o r , 
in the case o f op t ima l search , o f generat ing that 
member of the l i n k set tha t l i e s on the op t ima l 
path from the given node. This turns out to be 
the hear t of the p lanning problem, because there 
are maze- l ike con f igu ra t i ons of concave b a r r i e r s 
where the search must move away from the goal in 

order to reach i t . Ba r r i e r s w i t h concave bound
ar ies must be avoided on the edge-by-edge ( w a l l 
fo l l ow ing) basis discussed above, ra ther than by 
generat ing l i n k s to the extreme tangent po in ts of 
the b a r r i e r (which is adequate fo r convex 
b a r r i e r s ) . A l so , as w i l l be shown, i t i s o f t en 
necessary to choose as the successor candidate 
l i n k from a new node some l i n k other than the goal 
l i n k . This a l t e r n a t i v e to the goal l i n k i s ca l l ed 
a subgoal l i n k , whose end node ( the subgoal) 
is the end node of the l i n k whose f a i l u r e (obst ruc
t ion ) led to the generat ion of the given (success
f u l ) l i n k . 

To i l l u s t r a t e these p r i n c i p l e s , consider the 
search space shown in F ig . 4a. The s t r a i g h t path 
from s t a r t to goal is obst ruc ted by w a l l CD. 
Candidates SC and SD are generated. In the search 
t ree no ta t i on shown in F ig . 4b, the l i n e c u t t i n g 
the t ree l i n k from parent to node impl ies an 
obs t ruc t i on of the phys ica l l i n k , as w e l l as 
i n d i c a t i n g that the successor nodes have the 
same parent as the f a i l e d l i n k . The parent node 
is mentioned in the box f o r the successor f o r 
convenience, and also i l l u s t r a t e s the interchange-
a b i l i t y of the not ions of node and phys ica l l i n k . 

The successors would be tes ted in order by 
cos t , but fo r the purpose of d iscuss ion we w i l l 
consider a more d e p t h - f i r s t approach. Link SD is 
unobst ructed, so the goal l i n k is generated. This 
l i n k is in tu rn obs t ruc ted by w a l l FH. Note that 
the successor H is to the r i g h t of the parent l i n k 
SD, and that SD is avo id ing w a l l CD on the r i g h t . 
This impl ies tha t H may be reached from the parent 
of D ( i n t h i s case the s t a r t po in t S) and is 
guaranteed to avoid CD on the r i g h t , so the l i n k 
SH is generated instead of DH. In p rac t i ce the 
successor generator f unc t i on w i l l t race back 
perhaps severa l generat ions to f i n d the o ldes t 
ancestor tha t does not s a t i s f y the "parent-backup" 
c o n d i t i o n , thus s e l e c t i n g the parent w i t h the 
shor tes t path to the successor that w i l l avoid 
on the same s ide those same wa l l s avoided by the 
i n t e r ven ing l i n k s . Of course, the new l i n k from 
the backed-up parent is not guaranteed to be 
unobst ructed, j u s t tha t i t w i l l not h i t those 
wa l l s avoided by the i n te rven ing l i n k s . I f the 
shor tes t path to the successor l i e s on the oppos i te 
s ide of one of the i n t e r ven ing w a l l s , i t would be 
found by the normal search process proceeding 
from the nodes on the oppos i te ends of the w a l l s . 

Cont inuing w i t h the example, the new l i n k SH 
is obst ruc ted by w a l l I J . The l i nks SJ and SI are 
generated as usua l . However, note that l i n k SI 
h i t s the w a l l near D again . This r e p e t i t i o n is 
detected by an assoc ia t i ve mechanism (discussed 
below) , and s ince SD was prev ious ly found to be 
success fu l , the l i n k DI may be generated at once. 

Returning to consider l i n k SC, o ther features 
of the a lgo r i thm may be shown. SC f a i l s , suggest
i n g SB as a candidate avo id ing B on the r i g h t . 
SB succeeds, but note tha t now the goal is on the 
r i g h t o f the l i n e con ta in ing SB. This s t a t e would 
normal ly i nd i ca te parent backup, but s ince the 
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Figure 4, Path Search Examples 

goal l i n k from any parent would have already been 
considered, the d e s t i n a t i o n o f the f a i l e d l i n k 
tha t engendered SB is proposed, in t h i s case C, so 
BC is generated to avoid CD on the l e f t . This 
remembering of subgpals is accomplished by assoc i 
a t i ng w i t h the successor l i n k s the l i n k whose 
f a i l u r e l e d t o t h e i r genera t ion . I n t h i s case, 
the f a i l e d l i n k SC is associated w i t h both l i n k s 
SA and SB. Note that SB could be obstructed as 
w e l l , and new l i n k s from S would be engendered 
w i t h B as the sub goa l . Such an occurrence would 
represent the "pushing" of a new l e v e l of sub goal 
onto an imp l ied " s t a c k " . In genera l , once a node 
is success fu l l y reached and i f the successor l i n k 
is generated to a sub goal ( ins tead of the goal) , 
the subgoal o f the l i n k associated w i t h the 
successfu l l i n k is then passed along (associated) 
to the successor, i . e . , i f the successor is a 
subgoal , i t i n h e r i t s the subgoal o f tha t subgoal . 
This represents a "pop" of the imp l ied subgoal 
s tack . 

Pruning The Search Space 

One of the advantages of performing op t ima l 
cos t -d i r ec ted search is that the f i r s t path found 
to a node is the optimum (HNR1). This al lows a 
node marked as having been success fu l l y v i s i t e d to 
be used f o r pruning the search. No d i f f e r e n t path 
to that node need be considered l a t e r in the 
search. This e l iminates the need f o r a graph 
search process in which a lower cost to a node may 
be discovered l a t e r in the search, r e q u i r i n g 
updat ing of a l l successor node cos ts . Thus, f o r 
example, when the goal l i n k from A h i t s wa l ] CD in 
the f i g u r e , ne i t he r AC nor AD should be generated. 
Pruning is i nd i ca ted in the t ree of F i g . 4b by a 
dot in place of the successor. The requirement 
f o r b a r r i e r s to be c losed polygons Is d i c t a t e d by 
t h i s pruning cons ide ra t i on , s ince I f the same-
ver tex could be reached from both sides of a 
b a r r i e r i t would be necessary, when t e s t i n g a 
candidate f o r p run ing , to determine i f the cand i 
date is on the same side of the w a l l as the 
success fu l l i n k . That would not always be a 
simple t e s t , so considerable time is saved by the 
requirement that b a r r i e r s have " t h i c k n e s s " . 

The o ther category of pruning deals w i t h the 
de tec t i on of dup l i ca te l i n k s w i t h the same parent , 
which can occur as a consequence of r e p e t i t i v e 
f a i l u r e c o n f i g u r a t i o n s , or due to parent backup 
(as shown above) , or in cases where the search 
o r ig ina tes w i t h i n a concave b a r r i e r . Whenever a 
new l i n k is to be proposed, the d e s t i n a t i o n of the 
l i n k i s compared w i t h tha t o f every o ther l i n k 
proposed from the parent . The parent-successor 
assoc ia t ions are used to der ive t h i s s e t . I f no 
match is found, the proposed l i n k may be generated. 
However, i f the l i n k had been prev ious ly generated 
( i . e . , a match is found) , the l i n k could be e i t he r 
unobst ruc ted, obs t ruc ted , or not yet t es ted . 
For each of these cases, ac t i on is taken that 
r esu l t s i n the generat ion o f the appropr ia te l i n k 
requi red to guarantee con t inua t ion of the op t ima l 
search. Required sub goals may be assoc ia ted w i t h 
untested nodes, o r , as in the example, the t ree 
below the parent may be examined f o r the proper 
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node from which to generate a l i n k to the 
subgoal . A l so , the r e p e t i t i o n de tec t ion w i l l 
recognize those b a r r i e r con f igura t ions in which a 
gap is too narrow f o r a f i n i t e - s i z e d v e h i c l e . In 
F i g . 4c the c i r c l e s around the ve r t i ces A and B 
i n d i c a t e the radius by which the ( f i n i t e - s i z e d ) 
veh i c l e must avoid the corner. When l i n k SA 
attempts to avoid A on the r i g h t i t encounters 
the w a l l at B. Then when SB attempts to avoid B 
on the l e f t , A is encountered aga in , but t h i s is 
de tec ted , and s ince SA engendered SB, the r e p e t i 
t i o n is suppressed, e f f e c t i v e l y t r e a t i n g the gap 
as c losed. 

Maze-Solving 

Another case tha t requires spec ia l treatment 
is tha t o f maze-solv ing, where w a l l - f o i l owing is 
needed i f the shor tes t (o r even the only) path is 
to be found. In F ig . 4d the s t a r t i n g po in t is 
conta ined w i t h i n a concave polygon. From the 
ve r tex B, the goal l i n k is generated, but is 
obs t ruc ted by w a l l CD. Since there is no path to 
the r i g h t of D, the search would proceed to the 
l e f t of C, perhaps i n d e f i n i t e l y , i f there were no 
other r u l e . However, as mentioned in the d e f i n i 
t i o n of the search space, the wa l l s connected to 
ve r tex B are contained in the l i n k set of B, and 
in t h i s case the shor tes t path is along the w a l l 
AB. It should be noted that unless an adjacent 
w a l l is encountered by the normal search that 
always proceeds toward the goa l , w a l l - f o l l o w i n g 
i s needed only i f i t becomes necessary to c i r c l e 
back around the s t a r t i n g po in t of the search. 
This a l lows the normal h e u r i s t i c est imate of the 
remaining d is tance to the goal (used in computing 
the node cost tha t determines the order of 
t es t i ng ) to be increased by the s t r a i g h t - l i n e 
d is tance from the s t a r t to the node in quest ion, 
s ince tha t is a lower bound on the path leng th 
back around the enc los ing o b s t r u c t i o n . This 
increase in t o t a l node cost r esu l t s in fewer 
unnecessary t e s t s . Thus, when a new successfu l 
node is found, i t s t o t a l cost is increased by the 
def ined amount and then re inse r ted in the l i s t of 
untested nodes as a candidate f o r w a l l - f o l l o w i n g 
which would not be tes ted unless the observed 
search cost reached i t s new cost est imate. 

Using these r u l e s , the search w i l l cont inue 
u n t i l a te rmina t ing s t a t e is reached. I f a 
successfu l goal l i n k is found, or i f an o b s t r u c t 
i n g w a l l is the border of an unknown reg ion , 
normal t e rm ina t i on occurs . I f the goal i s 
enclosed w i t h i n a b a r r i e r , o r i f the l i s t o f 
untested nodes is exhausted due to r e p e t i t i o n 
p run ing , the goal is declared inaccess ib le . 
A lso, the search could run out of memory, in 
which case, the path to the successfu l node 
nearest the goa l is re tu rned . 

Real-World Considerat ions 

I t i s use fu l f o r the path p lanner to conduct 
the path search in accordance w i t h the ac tua l 
veh ic le s i ze and maneuvering c o n s t r a i n t s . The 
s ize and shape of the veh ic le must of course be 
considered in de tec t ing c o l l i s i o n s , and model l ing 

the veh ic le t u rn i ng c a p a b i l i t y dur ing path search 
e l iminates the need f o r ad jus t i ng and r e - t e s t i n g 
the planned pa th . Model l ing the v e h i c l e ' s tu rn ing 
geometry is eas i l y done in the path l i n k generator 
by s t o r i n g in each l i n k record the center of a 
tu rn ing c i r c l e at (or near) the subgoal and the 
s t r a i g h t l i n e path that is the tangent between 
that c i r c l e and the t u r n i n g c i r c l e at the parent 
l i n k endpoint ( F i g . 5a). A l i n k is then def ined 
as a turn from the parent 's endpoint to the l i n k 
heading fo l lowed by a s t r a i g h t t raverse ending at 
the tangent po in t of the subgoal tu rn ing c i r c l e . 
The s ign o f a t u r n , i n d i c a t i n g l e f t o r r i g h t , i s 
d i c ta ted by which s ide of an o b s t r u c t i n g edge the 
l i n k i s a v o i d i n g , i . e . , i f the parent l i n k ends on 
the l e f t o f an edge, i t s successors w i l l begin 
w i t h a r i g h t t u rn about the ve r t ex , e tc . The 
tu rn ing center at a ver tex need not be loca ted on 
the ve r tex . As shown in F ig . 5b, the tangent is 
found between the t u rn i ng c i r c l e at the parent 
node and the avoidance c i r c l e (of radius r ) 

centered on the ve r tex . The s o l u t i o n is obtained 
by s o l v i n g the geomet r ica l ly equivalent problem 
f o r the r i g h t t r i a n g l e shown, where S is the s ign 

of the tu rn at the parent node and S is the 

des i red s ide of the d e s t i n a t i o n ve r t ex . (S v=0 
v 

indicates ra = 0.) The endpoint and d i r e c t i o n 
of the l i n k then determine the l o c a t i o n of the new 
tu rn i ng center near the ve r t ex . Turns in reverse 
may be represented fo r those s i t u a t i o n s where a 
shor te r path may be obta ined by backing up ( i n i t i a l 
or te rmina l heading cons t ra in t s ) or where normal 
forward movement is r e s t r i c t e d ( F i g . 5c) . The 
v e h i c l e ' s leng th and w id th must a lso be considered 
by the l i n k - t e s t i n g procedure which searches the 
map fo r the f i r s t o b s t r u c t i n g w a l l ( i f any) 
encountered by e i t he r the t u r n toward the l i n k 
heading or the s t r a i g h t pa r t o f the l i n k . The 
t e s t i n g procedure is discussed in the appendix. 

PATH* a lso has several spec ia l purpose move 
generators fo r such cases as conf ined spaces 
r e q u i r i n g complicated maneuvers or fo r spec ia l 
goal ca tegor ies . A goal may be s p e c i f i e d as a 
requirement tha t the r o b o t ' s manipulator be 
pos i t i oned near enough to a se lec ted ob ject to 
reach i t , e tc . A lso , goals near an edge may 
impose heading cons t ra in ts on the veh ic le at the 
goa l . The use of t ree search methods and s t a t e -
space representa t ion by node records is an improve
ment over recurs ive reduct ion in th is domain. In 
f a c t , examples may be const ructed in which the 
success of the search depends upon the a b i l i t y of 
PATH* to abandon attempts to reach an inaccess ib le 
subgoal in favor of proceeding toward the goal 
d i r e c t l y from some in termediate node. A recurs ive 
a lgo r i t hm that requ i red reaching the subgoal would 
f a l l . In PATH*, the search t r ee and the other 
assoc ia t ions become a data base f o r a v a r i e t y of 
operators w i t h a l l l eve ls access ib le through 
the parent-successor and other r e l a t i o n s . 

5. Planned Path Execution and Er ro r Recovery 

Upon command to execute a planned p a t h , NEX 
invokes the VGM and sends it the path l i n k s in 
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Figure 5. Path Link Examples 

succession. The VGM has a system of feedback 
c o n t r o l loops f o r t r a n s l a t i n g the movement 
commands sent by NEX i n t o veh ic le s t e e r i n g and 
d r i ve s i g n a l s . Vehic le odometer and gyro-compass 
heading feedback is used to mainta in an estimate 
o f the v e h i c l e ' s cu r ren t l o c a t i o n , which is then 
used in the guidance loops to keep the veh i c l e on 
the planned pa th . Front and rear wheels s teer in 
opposi te d i r e c t i o n s , p l ac ing the t u rn i ng radius 
through the veh i c l e center . I t i s des i rab le t o 
make heading changes w i t hou t s topp ing the v e h i c l e , 
and since the r o l l i n g t u rn is not a c i r c l e due to 
the f i n i t e s t e e r i n g r a t e , t h i s creates a systema
t i c t rack ing e r r o r . 'The path planner requ i res 
a clearance along the planned path tha t is 
ac tua l l y l a rge r than the veh ic le w i d t h , so that 
t h i s e r ro r i s t o l e r a b l e . 

The veh ic le w i l l be equipped w i t h p rox im i t y 
and t i l t sensors and al ready possesses a scanning 
laser rangef inder to a id in the de tec t ion of 
unexpected obstac les . L im i ted evasive maneuvers 

by the VGM are a l lowed, but if avoidance of the 
o b s t r u c t i n g region requi res s u b s t a n t i a l d e v i a t i o n 
from the planned rou te , the path is abor ted , and 
e r r o r recovery procedures are invoked. 

There are numerpus e r ro r sources having d i r e c t 
impact on the r o b o t ' s performance. The uncer ta in ty 
in veh ic le p o s i t i o n as determined by dead 
reckoning grows w i t h d is tance from a known 
l oca t i on and may be reduced only by ex te rna l 
references such as landmarks. The sensory l i m i t a 
t i ons o f the v i s i o n system r e s u l t in uncer ta in ty 
i n the r e l a t i v e p o s i t i o n o f t e r r a i n features 
which at present are added to the map by using the 
v e h i c l e ' s l o c a t i o n as an absolute reference p o i n t , 
thus increas ing e r ro r . Te r ra in c l a s s i f i c a t i o n s 
are themselves p r o b a b i l i s t i c in na tu re , and in an 
uns t ruc tured environment, mistakes w i l l be made. 
The end resu l t is tha t the robot w i l l even tua l l y 
encounter a rock it never saw, and update the map 
by remembering the rock in the wrong l o c a t i o n 
r e l a t i v e to a l o s t robot ! A f t e r an i n t e r ven ing 
so journ it may even repeat the process on the same 
rock. Of course, laser and p rox im i t y sensors 
should prevent ac tua l c o l l i s i o n , but both the 
p o s i t i o n and map er rors remain. 

Landmark n a v i g a t i o n , when pe r fec ted , w i l l 
a l low the system to reduce the robo t ' s p o s i t i o n a l 
unce r ta in t y below some upper bound. The map 
updat ing process provides another oppor tun i t y f o r 
e r ro r reduc t ion . Knowing the sensory unce r ta in 
t i e s , the p o s i t i o n o f perceived t e r r a i n fea tures , 
and given the loca t ions of prev ious ly detected 
f ea tu res , the new perspect ive may be matched 
against the o l d by vary ing the est imated veh i c le 
p o s i t i o n ( w i t h i n the e r ro r bounds) u n t i l the best 
f i t is found. Data s t ruc tu res have been proposed 
(Ml) that record a robo t ' s perceptual h i s t o r y and 
associated u n c e r t a i n t i e s , so as to f a c i l i t a t e such 
a process. 

U n t i l such features are implemented, e r ro r 
recovery w i l l cons is t of a simple map update from 
the cur ren t est imated p o s i t i o n , fo l lowed by 
execut ion of a replanned pa th . 

6. Future Work 

I t i s expected that the nav iga t i on c a p a b i l i 
t i e s of the robot w i l l be expanded in the f o l l o w 
ing areas, more or less in o rde r : 

1 . I n conf ined quar ters i t i s necessary fo r 
the path planner to generate moves tha t 
s imul taneously avoid severa l obstacles 
and tha t make heading changes by a com
b i n a t i o n of forward and reverse turns or 
movements. In some s i t u a t i o n s reverse 
search is u s e f u l . Such features w i l l be 
prov ided e i t h e r as an improvement to the 
cur ren t a l go r i t hm or else be i n t e g r a t e d 
w i t h the general problem so l ve r . 

2. A landmark l o c a t i o n f u n c t i o n , to be 
provided as pa r t of the v i s i o n system, 
w i l l be used to reduce p o s i t i o n uncer
t a i n t y e i t h e r when e r ro r estimates in 
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the dead-reckoning p o s i t i o n exceed 
a maximum or e lse cont inuous ly by 
landmark t rack ing feedback dur ing 
veh i c l e mot ion . S i m i l a r l y , r e a l - t i m e 
v i s u a l feedback would be used to ass is t 
obstac le avoidance. 

3. The t e r r a i n model w i l l be expanded to 
ca tegor ize areas by s lope , t e x t u r e , 
e t c . Objects may be g iven f u n c t i o n a l 
p rope r t i es such as "pushab le , " or 
" f u e l - s o u r c e , " e tc . to be used in 
con junct ion w i t h " h i g h - l e v e l " p lann ing . 
Prev ious ly executed paths may be 
remembered, forming a so r t of " road 
map." 

Appendix. C o l l i s i o n Test ing in the 
Ter ra in Map 

The veh i c l e is approximated as a rec tang le , 
w i t h var iab les VL2 and RS represent ing h a l f the 
leng th and w id th r espec t i ve l y . The value RS 
def ines a " sa fe t y rad ius" on e i t h e r s ide of the 
pa th . The actua l coordinates of path endpoints , 
e t c . contained in a path l i n k record r e f e r to the 
p o s i t i o n of the veh ic le center p o i n t , so tha t 
ac tua l c o l l i s i o n t e s t i n g i s performed r e l a t i v e to 
tha t p o i n t . The t e s t consis ts of de tec t ing whether 
any edge of an obstac le i n t e r s e c t s the area swept 
out by the veh ic le along the path ( F i g . 6 ) . Turns 
are tes ted by t e s t i n g successive 0.5 radian chord 
l i n e s u n t i l the t u r n i s completed. 

When a path l i n e is to be t e s t e d , the endpoint 
is extended VL2 un i t s a long the path and used to 
loca te the veh i c l e f ron t edge l i n e as shown. Co l 
l i s i o n w i t h an obstac le i s detected i f e i t he r o f 
the f o l l o w i n g tes ts i s t r u e : 

E, 
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a) Any ve r tex is < RS un i t s from the 
extended p a t h - l i n e . 

b) Any edge i n t e r s e c t s e i t h e r the path l i n e 
or the veh ic le f r o n t edge. 

The nearest c o l l i s i o n to the s t a r t o f the path is 
found, and the l e f t and r i g h t (o f path) ve r t i ces 
of the o b s t r u c t i n g edge are o f fe red as poss ib le 
subgoals. 

I t is usefu l to l i m i t the search to only those 
obstacles t ha t l i e near the path l i n e to avoid 
per forming the de ta i l ed search of every obstacle 
in the map. Inc luded in the obstacle record is a 
cen t ro id and clearance radius (RC, the radius of 
the superscr ibed c i r c l e about the c e n t r o i d ) . 
Ba r r i e r s w i t h i n the map sectors that contain the 
path are tested to see i f the d istance from the 
cen t ro id to the p a t h - l i n e is < RC + VL2. If so, 
then the de ta i l ed tes t is performed. 
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