
AUTOPILOT: A DISTRIBUTED PLANNER FOR AIR FLEET CONTROL* 

P e r r y W. T h o r n d y k e , Dave M c A r t h u r , and S t e p h a n i e Cammarata 

The Rand C o r p o r a t i o n 
1700 Ma in S t r e e t 

Santa M o n i c a , CA 90406 

ABSTRACT 

D i s t r i b u t e d p l a n n i n g r e q u i r e s b o t h 
a r c h i t e c t u r e s f o r s t r u c t u r i n g m u l t i p l e p l a n n e r s 
and t e c h n i q u e s f o r p l a n n i n g , commun i ca t i on , and 
c o o p e r a t i o n . We d e s c r i b e a f a m i l y of systems f o r 
d i s t r i b u t e d c o n t r o l o f m u l t i p l e a i r c r a f t , i n w h i c h 
each a i r c r a f t p l a n s i t s own f l i g h t p a t h and a v o i d s 
c o l l i s i o n s w i t h o t h e r a i r c r a f t . AUTOPILOT, t h e 
k e r n e l p l a n n e r used by each a i r c r a f t , compr ises 
s e v e r a l p r o c e s s i n g " e x p e r t s " t h a t sha re a common 
w o r l d mode l . These e x p e r t s sense t h e w o r l d , p l a n 
and e v a l u a t e f l i g h t p a t h s , communicate w i t h o t h e r 
a i r c r a f t , and c o n t r o l p l a n e x e c u t i o n . W e d i s c u s s 
f o u r a r c h i t e c t u r e s f o r t h e d i s t r i b u t i o n o f 
a i r s p a c e management and p l a n n i n g r e s p o n s i b i l i t y 
among t h e s e v e r a l a i r c r a f t o c c u p y i n g t h e a i r s p a c e 
a t any p o i n t i n t i m e . The a r c h i t e c t u r e s d i f f e r i n 
the e x t e n t o f c o o p e r a t i o n and communica t ion among 
a i r c r a f t . 

1. INTRODUCTION 

D i s t r i b u t e d p l a n n i n g r e f e r s t o t h e p rocess b y 
wh ich m u l t i p l e p r o c e s s o r s c o o p e r a t e t o ach ieve a 
se t o f common o b j e c t i v e s . Development o f 
d i s t r i b u t e d p l a n n i n g systems r e q u i r e s two ma jo r 
a c t i v i t i e s : t h e s p e c i f i c a t i o n o f a r c h i t e c t u r e s 
f o r s t r u c t u r i n g t h e c o o p e r a t i n g p r o c e s s o r s , and 
the d i s c o v e r y and i m p l e m e n t a t i o n o f p l a n n i n g 
t e c h n i q u e s to be used by each p r o c e s s o r . We have 
unde r taken b o t h a c t i v i t i e s i n a n e f f o r t t o d e v e l o p 
methods f o r d i s t r i b u t e d c o n t r o l o f a i r c r a f t moving 
t h r o u g h a n a i r t r a f f i c c o n t r o l s e c t o r . T h i s t a s k 
domain has p e r m i t t e d us t o i n v e s t i g a t e t h r e e 
i m p o r t a n t q u e s t i o n s c o n c e r n i n g c o o p e r a t i o n : 

( 1 ) What a re t h e c o m p u t a t i o n a l c o s t s and 
b e n e f i t s o f d i f f e r e n t a r c h i t e c t u r e s f o r 
d i s t r i b u t i n g p l a n n i n g f u n c t i o n s ? 

( 2 ) How s h o u l d d i s t r i b u t e d p l a n n e r s cope 
w i t h i n c o m p l e t e and e r r o r f u l i n f o r m a t i o n ? 
D i s t r i b u t e d p l a n n e r s t y p i c a l l y possess d i f f e r e n t 
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knowledge b a s e s , and no i n d i v i d u a l has a comple te 
and a c c u r a t e w o r l d m ode l . Such d i f f e r e n c e s 
i n c r e a s e t h e c o m p l e x i t y o f c o o r d i n a t i n g p l a n n i n g 
e f f o r t s . 

( 3 ) What a re t h e p r a g m a t i c s o f c o o p e r a t i o n ? 
D i s t r i b u t e d p l a n n i n g s h o u l d b e s u p e r i o r t o 
c e n t r a l i z e d p l a n n i n g o n l y i f methods can b e 
d e v i s e d f o r e x p l o i t i n g t h e r e s o u r c e s o f t h e 
m u l t i p l e p r o c e s s o r s . These methods must c o n f r o n t 
t h e t r a d e o f f s between l o c a l p l a n n i n g and r e q u e s t s 
f o r c o o p e r a t i o n , and between i n f e r r i n g i n t e n t i o n s 
and r e q u e s t i n g i n f o r m a t i o n f rom o t h e r s . 

To i n v e s t i g a t e t h e s e q u e s t i o n s , we have 
implemented a p l a n n e r c a l l e d AUTOPILOT. AUTOPILOT 
s i m u l a t e s t h e s e n s i n g , r o u t e p l a n n i n g , and 
communica t ions a c t i v i t i e s o f a s i n g l e a i r c r a f t 
f l y i n g t h r o u g h a h i g h - t r a f f i c a i r s e c t o r . I t 
c o n t r o l s a n a i r c r a f t b y c o o p e r a t i n g w i t h v i r t u a l 
c l ones o f i t s e l f , each o f w h i c h i s a s s i g n e d t o and 
c o n t r o l s a d i f f e r e n t a i r c r a f t . I n t h i s p a p e r , w e 
d e s c r i b e t h e p l a n n i n g t e c h n i q u e s embodied i n f o u r 
s p e c i f i c v e r s i o n s o f AUTOPILOT t h a t d i f f e r i n t h e 
amount o f commun ica t ion and c o o p e r a t i o n among t h e 
m u l t i p l e p l a n n e r s . 

2. THE ATC TASK DOMAIN 

The t a s k env i ronmen t f o r AUTOPILOT is 
p r o v i d e d b y a r e a l - t i m e a i r t r a f f i c c o n t r o l (ATC) 
s i m u l a t i o n . F i g u r e 1 i l l u s t r a t e s a p o r t i o n o f 
a i r s p a c e used by t h e s i m u l a t i o n . The a i r s p a c e 
i n c l u d e s a i r w a y s ( i n d i c a t e d b y commas) t h a t l i n k 
e n t r y / e x i t f i x e s ( 0 - 9 ) a t t h e a i r s p a c e b o u n d a r i e s , 
two a i r p o r t s ( " V and " # " ) , and a n a v i g a t i o n a i d 
( " * " ) t h r o u g h w h i c h a i r c r a f t can b e v e c t o r e d . 
D u r i n g each r u n o f t h e s i m u l a t i o n , t w e n t y - s i x 
a i r c r a f t a r r i v e i n t h e a i r s p a c e a t random t i m e s . 
Every a i r c r a f t e n t e r s t h e a i r s p a c e a t a p a r t i c u l a r 
e n t r y f i x o r o r i g i n a t e s i t s f l i g h t a t one o f t h e 
a i r p o r t s . A i r c r a f t must b e i s s u e d commands t o 
d e p a r t , l a n d , change c o u r s e , a n d / o r change 
a l t i t u d e i n o r d e r t o s u c c e s s f u l l y n a v i g a t e them t o 
t h e i r d e s t i n a t i o n s . The s i m u l a t i o n p r o v i d e s two 
t ypes o f i n f o r m a t i o n : t h e a i r s p a c e d i s p l a y and t h e 
f l i g h t p l a n s f o r a c t i v e and a p p r o a c h i n g a i r c r a f t . 
The a i r s p a c e d i s p l a y (shown o n t h e l e f t s i d e o f 
F i g u r e 1 ) p o r t r a y s t h e l o c a t i o n s o f a l l a i r c r a f t 
i n t h e a i r s p a c e , t h e i r i d e n t i f i e r s , and t h e i r 
a l t i t u d e s i n thousands o f f e e t ( e . g . , A5 , X 6 ) . 
Every f i f t e e n seconds t h e d i s p l a y i s upda ted and 
t h e a i r c r a f t move one m i l e ( t o a n a d j a c e n t " . " o r 
" , " ) i n t h e d i r e c t i o n o f t h e i r c u r r e n t b e a r i n g . 
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The f l i g h t p lan for each a i r c r a f t (shown on the 
r i g h t s ide of Figure 1) d i sp lays , reading l e f t to 
r i g h t , i t s s tatus (ac t i ve o r approaching), i t s 
i d e n t i f i e r , i t s current l oca t ion (or o r i g i n , for 
pending a i r c r a f t ) , i t s des t i na t i on , i t s a l t i t u d e 
( i n thousands of f e e t ) , and i t s bear ing. For 
example, a i r c r a f t R, w i l l enter the airspace in 
one t i ne - s tep of the s imulat ion at i n f i x locat ion 
2, heading northwest at an a l t i t u d e of 6000 fee t . 
I t s des t ina t ion is ex i t f i x 0 . A po ten t i a l route 
for R would take R northwest to "*" and then north 
t o 0. 

Successful cont ro l of a i r c r a f t requires 
issu ing commands to navigate planes to t h e i r 
desired dest inat ions and maintaining at least 
three miles of hor izonta l separat ion or 1000 feet 
of v e r t i c a l separation between any two a i r c r a f t . 
A v i o l a t i o n of any of these const ra in ts produces 
an e r r o r , as does al lowing an a i r c r a f t to exhaust 
i t s fue l supply. 

3. IBS DISTRIBUTION OF PUNNING EFFORT 

In our s imu la t ion , planning r e s p o n s i b i l i t y is 
d i s t r i b u t e d among the a i r c r a f t . Each a i r c r a f t is 
con t ro l l ed by an automated planner ca l led 
AUTOPILOT. We re fe r to t h i s a l l oca t i on of 
func t ion as an object-centered a rch i tec tu re for 
d i s t r i b u t e d planning. Whenever a new a i r c r a f t 
appears in the ai rspace, a new AUTOPILOT clone is 
created and pertorms a l l planning and cooperation 
f o r that a i r c r a f t as i t navigates from i t s o r i g i n 
t o des t ina t ion . 

A l l AUTOPILOT clones are behaviora l ly 
i d e n t i c a l and can be viewed as v i r t u a l copies of a 
generic ATC planner. The s t ruc tu re of AUTOPILOT 
resembles that of an independent actor ( 1 ) , or 
o b j e c t , as in SMALLTALK | 2 ) , DIRECTOR | 3 ] , or ROSS 
( 4 ) . In the current implementation, we simulate 
m u l t i p l e planners by a s ing le planning system that 
assumes d i f f e r e n t perspect ives for each a i r c r a f t . 
The planner spawns o f f sp r i ng for d i f f e r e n t 
a i r c r a f t that contain the data base and world 
model spec i f i c to each. The computational 
exper t ise resides in the generic planner and can 
be appl ied to any of the various data bases. 

4. THE AUTOPILOT DESIGN 

AUTOPILOT contains a design kernel common to 
a l l a rch i tec tu ra l var ian ts we have inves t iga ted . 
Figure 2 i l l u s t r a t e s t h i s ke rne l . 

Several processing modules funct ion as 
experts that share data and resu l t s via a common 
data base, the World Model. As in a Hearsay- l ike 
model (5, 6 ) , performance of these experts is 
t r i ggered by p a r t i c u l a r condi t ions in the World 



M o d e l , and each e x p e r t p o s t s i t s r e s u l t s i n t h e 
Wor ld Model as new knowledge or changes to 
e x i s t i n g know ledge . The Wor ld Model c o n t a i n s such 
i n f o r m a t i o n a s a i r c r a f t l o c a t i o n s , t h e i r f l i g h t 
p l a n s o r assumed f l i g h t p l a n s , and i t s own 
d e s t i n a t i o n and t e n t a t i v e p l a n s . 

The Sensor r e c e i v e s s i m u l a t e d rada r r e t u r n s 
i n t h e fo rm o f a i r s p a c e d i s p l a y s eve ry f i f t e e n 
seconds . By compar ing new d i s p l a y s to knowledge 
i n t h e Wor ld M o d e l , t h e Sensor comp i l es a l i s t o f 
l o c a t i o n upda tes t o b e p o s t e d . 

When AUTOPILOT is ass igned to a new a i r c r a f t , 
t he P lan Gene ra to r p roduces a s e t o f t e n t a t i v e 
f l i g h t p l a n s t o n a v i g a t e t h e a i r c r a f t f rom i t s 
o r i g i n t o i t s d e s t i n a t i o n . The E v a l u a t o r t e s t s 
t hese t e n t a t i v e p l a n s a g a i n s t t h e r e a l o r i n f e r r e d 
f l i g h t p l a n s o f o t h e r a i r c r a f t and p o s t s 
p r e d i c t e d c o n f l i c t s i n t h e Wor ld Mode l . The P lan 
Gene ra to r uses t h i s i n f o r m a t i o n t o e i t h e r 
a t t a c h a m inor p a t c h t o an e x i s t i n g p l a n o r t o 
rep Ian c o m p l e t e l y . 

The Communicator exchanges i n f o r m a t i o n and 
r e q u e s t s w i t h o t h e r a i r c r a f t . When p l a n n i n g i s 
t h w a r t e d b y e n v i r o n m e n t a l u n c e r t a i n t y , t h e 
Communicator may reques t l o c a t i o n s or i n t e n t i o n s 
f rom o t h e r s . I f t h e P lan Genera to r has f a i l e d t o 
p roduce a c o n f l i c t - f r e e r o u t e , t h e Communicator 
may r e q u e s t o t h e r a i r c r a f t t o p a t c h o r r e p l a n 
t h e i r r o u t e s . 

F i n a l l y , t h e C o n t r o l l e r implements t h e 
a i r c r a f t ' s f l i g h t p l a n . I t m o n i t o r s t h e l o c a t i o n 
o f t h e a i r c r a f t and i s sues commands t o a l t e r 
cou rse o r a l t i t u d e a t t h e a p p r o p r i a t e l o c a t i o n s i n 
t h e a i r s p a c e . 

5. INCREMENTAL PUNNING 

AUTOPILOT r e p r e s e n t s a p l a n in t h e Wor ld 
Model as a schema w i t h s e v e r a l s l o t s to be f i l l e d 
d u r i n g t h e p l a n n i n g p r o c e s s . For example , t h e 
comp le ted p l a n f o r a i r c r a f t R i n F i g u r e 1 i s 

(PLAN008 
AIRCRAFT R 
COMMANDS (a4 :0 a5) 
CONSTRAINTS ( ( 12 13) (12 13) (4 1 ) ) 
ROUTE ( ( 12 13 6 285) (11 12 6 300) . . . ) 
CONFLICTS 2 
CONFLICTSUM ( (X (6 7 ) ) ) (X (4 1 6 ) ) ) 
LENGTH 13 
VALUE 106 
PARENT NIL 
OFFSPRING N I L ) . 

The s l o t s i n t h e p l a n schema c o n t a i n 
i n f o r m a t i o n about t h e commands r e q u i r e d t o execu te 
the p l a n , t h e x - y c o o r d i n a t e s a t wh i ch t h e 
commands must be e x e c u t e d , e s t i m a t e s of t h e 
o v e r a l l u t i l i t y o f t h e p l a n , a n n o t a t i o n s o f t h e 
p l a n ' s c u r r e n t p r e d i c t e d c o n f l i c t s , and a f o u r -
d i m e n s i o n a l map o f t h e execu ted p l a n ( i . e . , a 
s p e c i f i c a t i o n o f t h e l o c a t i o n o f the a i r c r a f t a t 
each p o i n t i n t i m e ) . Some s l o t s i n t h e p l a n 
schema a re f i l l e d d u r i n g p l a n g e n e r a t i o n , some 
d u r i n g e v a l u a t i o n , and o t h e r d u r i n g p l a n p a t c h i n g . 

The f o l l o w i n g p a r a g r a p h s d i s c u s s t h e s e p r o c e s s e s 
i n more d e t a i l . 

5 . 1 . P lan G e n e r a t i o n 

AUTOPILOT produces r o u t e p l a n s i n c r e m e n t a l l y 
by p l a n n i n g a p p r o x i m a t e l y . The P l a n G e n e r a t o r 
f i r s t p roduces w i t h m i n i m a l e f f o r t a few s t a n d a r d 
r o u t e s f rom i n f i x t o t h e d e s i r e d d e s t i n a t i o n b y 
i n d e x i n g a l i b r a r y o f p l a n t e m p l a t e s . Each 
t e m p l a t e i s l i s t o f commands, i n d e x e d b y 
i n f i x / o u t f i x , t h a t i s g u a r a n t e e d t o t a k e a n 
a i r c r a f t t o i t s d e s t i n a t i o n f rom i t s e n t r y f i x . 
These p l a n s a re t h e n e v a l u a t e d t o d e t e r m i n e t h e 
n a t u r e and l o c a t i o n o f expec ted c o n f l i c t s . 
F i n a l l y , t h e b e s t p l a n s a re r e f i n e d u s i n g a 
v a r i e t y o f t e c h n i q u e s t o p roduce l o c a l pa tches 
t h a t a v o i d t h e c o n f l i c t s . T h i s i n c r e m e n t a l 
approach t o p l a n n i n g has f o u r adv an tages . F i r s t , 
i t emphasizes t h e g e n e r a l adherence t o d e s i g n a t e d 
a i r w a y s and c o n v e n t i o n a l r o u t i n g s t r a t e g i e s . 
Second, p l a n f a i l u r e s a re s i m p l e t o d iagnose and 
d e s c r i b e ; t h e r e f o r e , i t i s p o s s i b l e t o p a t c h 
a c c u r a t e l y . T h i r d , t h e i n c r e m e n t a l p l a n n i n g 
s t r a t e g y r e f l e c t s t h e approach used b y r e a l a i r 
t r a f f i c c o n t r o l l e r s and b y e x p e r t humans 
p e r f o r m i n g i n t h e ATC s i m u l a t i o n . F o u r t h , t h i s 
s t r a t e g y i s w e l l s u i t e d t o t h e d i s t r i b u t e d 
p l a n n i n g e n v i r o n m e n t , s i n c e p r e d i c t e d c o n f l i c t s 
i d e n t i f y s e t s o f a i r c r a f t t h a t must c o o p e r a t e t o 
s o l v e t h e i r common p r o b l e m . 

5 . 2 . P l a n E v a l u a t i o n and C o n f l i c t D e t e c t i o n 

The E v a l u a t o r d e t e c t s c o n f l i c t s i n c a n d i d a t e 
p l a n s u s i n g a f a s t - t i m e l o o k a h e a d . Once c a n d i d a t e 
i n i t i a l p l a n s a re g e n e r a t e d , t h e E v a l u a t o r 
computes a f o u r - d i m e n s i o n a l r o u t e map of t h e 
l o c a t i o n s t o b e o c c u p i e d b y t h e a i r c r a f t under 
each p l a n . C o n v e r t i n g p l a n commands i n t o r o u t e 
maps i s c o s t l y ; however t h i s c o s t i s o f f s e t b y 
c a c h i n g the r e s u l t s i n t h e ROUTE s l o t o f t h e p l a n 
schema. Hence, each p l a n undergoes t h i s e x p a n s i o n 
o n l y once . The r o u t e map i s t h e n compared to 
s i m i l a r maps o f t h e p r o j e c t e d o r known p l a n s o f 
o t h e r a i r c r a f t i n t h e a i r s p a c e . Maps a re compared 
u s i n g a n i n t e r s e c t i o n s e a r c h t h a t r e q u i r e s 
ma in tenance o f a 36 -squa re m i l e window a round each 
a i r c r a f t . D e t e c t e d c o n f l i c t s t r i g g e r a n n o t a t i o n s 
o f a p l a n ' s p rob lems and u t i l i t y t h a t a re s t o r e d 
in t h e CONFLICTS, CONFLICTSUM, and VALUE s l o t s o f 
t h e p l a n schema. 

5 . 3 . P l a n Re f inement 

The P lan Gene ra to r r e f i n e s i n i t i a l p l a n s 
whenever t h e E v a l u a t o r d e t e c t s c o n f l i c t s i n e v e r y 
i n i t i a l p l a n . The pa t ches f a l l i n t o t h r e e 
c l a s s e s . T i m i n g pa t ches a l t e r t h e t i m e a t w h i c h a 
p l a n ' s commands a re e x e c u t e d w i t h o u t chang ing t h e 
commands themse lves ( e . g . , b y d e f e r r i n g o r 
p r o m o t i n g an a l t i t u d e change command). D e l a y i n g 
pa tches i n s e r t new commands in a p l a n to d e l a y an 
a i r c r a f t ' s a r r i v a l a t a p a r t i c u l a r p o i n t ( e . g . , 
l o o p i n g ) . Course a l t e r a t i o n pa t ches i n s e r t a 
d e t o u r t o a v o i d t h e c o n f l i c t l o c a t i o n . T h i s 
r e q u i r e s d e l e t i n g s e v e r a l commands f r om t h e f l i g h t 
p l a n and r e p l a c i n g them w i t h new ones . 
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These p a t c h t y p e s a re r e p r e s e n t a t i v e o f more 
g e n e r a l r e p l a n n i n g c a p a b i l i t i e s . For example , 
i n t e r p o l a t i n g a l o o p i s a k i n d o f p r e r e q u i s i t e 
i n s e r t i o n [ 7 ] , and cou rse c o r r e c t i o n s amount t o 
s u b s t i t u t i o n o f subgoa ls [ 8 ) . 

Each p a t c h is r e p r e s e n t e d as a schema w i t h 
s l o t s e n c o d i n g t h e compu ta t i ons r e q u i r e d t o 
e v a l u a t e p a t c h e f f e c t i v e n e s s and m o d i f y a p l a n . 
The f o l l o w i n g p r e s e n t s an a b s t r a c t i o n o f a p a t c h 
t h a t i n s e r t s a l e f t - l o o p i n t o a p l a n : 

(PLAN-PATCH LOOP-LEFT 
TYPE d e l a y i n g 
DIRECTION l e f t 
PREREQUISITE < c o n f l i c t p o i n t must n o t be t o o 

c l o s e t o a n a i r s p a c e boundary e l s e 
t h e l oop w i l l t a k e a i r c r a f t o u t o f 
a i r s p a c e > 

INITIATEPOINT <use t h e e a r l i e s t p o i n t t h a t 
s a t i s f i e s p r e r e q u i s i t e s and i s 
p r i o r t o c o n f l i c t > 

DELETECOMMAND n i l 
ADDCOMMAND < t u r n l e f t 360 degrees> 
COST low 
EFFECTIVENESS h i g h ) 

To i n s t a n t i a t e a p a t c h schema f o r use w i t h a 
p a r t i c u l a r p l a n , t h e P lan G e n e r a t o r a t t e m p t s t o 
s a t i s f y t h e PREREQUISITES o f t h e p a t c h i n t h e 
c o n t e x t o f the p l a n . I f s u c c e s s f u l , t h e Gene ra to r 
a p p l i e s t h e h e u r i s t i c s i n t h e INITIATEPOINT s l o t 
t o s e l e c t a p o i n t a t w h i c h t o i n s e r t a r e m e d i a l 
command. The s p e c i f i c commands a re t h e n c o p i e d 
f rom t h e ADDCOMMAND s l o t i n t o t h e p l a n i t s e l f . I n 
some cases ( e . g . , when d e f e r r i n g an a l t i t u d e 
c h a n g e ) , commands i n i t i a l l y i n t h e r o u t e must a l s o 
b e e x c i s e d . The s p e c i f i c a t i o n s f o r such d e l e t i o n s 
r e s i d e i n t h e s l o t DELETECOMMAND. F i n a l l y , t h e 
ROUTE s l o t i s upda ted t o r e f l e c t t h e new f l i g h t 
p a t h e n t a i l e d b y t h e p a t c h e d p l a n . 

The p a t c h i n g p rocess is b e s t v iewed as a 
sea rch i n v o l v i n g t h e P lan G e n e r a t o r and E v a l u a t o r 
as c o - r o u t i n e s . The Gene ra to r i t e r a t i v e l y expands 
a p l a n t r e e f o r t h e a i r c r a f t i n t h e Wor ld Model 
u s i n g p o s s i b l y f l a w e d i n i t i a l p l a n s a s t h e p a r e n t 
nodes . O f f s p r i n g a re g e n e r a t e d t h r o u g h t h e 
a p p l i c a t i o n o f one o r more pa t ches t o t h e i n i t i a l 
p l a n s . Patches a re a p p l i e d t o c o p i e s o f t h e 
p a r e n t p l a n r a t h e r t h a n t h e o r i g i n a l p l a n i t s e l f . 
Hence, t h e m o d i f i e d o f f s p r i n g a r e d i s t i n c t d a t a 
s t r u c t u r e s . Whenever a new p l a n i s p o s t e d in t h e 
Wor ld Mode l , t h e E v a l u a t o r c r i t i c i z e s t h e p l a n and 
p o s t s t h e r e s u l t s o f i t s c r i t i q u e . 

The Genera to r s e l e c t s p l a n s f o r expans ion 
( i . e . , p a t c h a p p l i c a t i o n ) a c c o r d i n g t o w h i c h 
c u r r e n t p l a n has t h e h i g h e s t v a l u e i n i t s VALUE 
s l o t . T h i s v a l u e r e f l e c t s t h e number o f c o n f l i c t s 
r e m a i n i n g t o b e r e s o l v e d and t h e l e n g t h o f t h e 
f l i g h t p a t h . Once a p l a n has been s e l e c t e d f o r 
p a t c h i n g , t h e P l a n Genera to r a p p l i e s o n l y pa tches 
t h a t gene ra te b e t t e r o f f s p r i n g ( i . e . , have h i g h e r 
VALUEs) t h a n t h e i r p a r e n t s . T h i s h e u r i s t i c 
r e s u l t s i n d e p t h - f i r s t / b e s t - f i r s t searches s i n c e 
o f f s p r i n g p l a n s a r e a lways b e t t e r t h a n t h e i r 
p a r e n t s . P l a n n i n g t e r m i n a t e s whenever one 
o f f s p r i n g p l a n has n o c o n f l i c t s o r when t h e p l a n 

space i s e x h a u s t e d - - t h a t i s , when n o p l a n f o r t h e 
a i r c r a f t has a se t o f pa tches t h a t remove a l l 
c o n f l i c t s . I n t h i s c a s e , t h e E v a l u a t o r s e l e c t s 
t h e p l a n w i t h t he h i g h e s t VALUE f o r e x e c u t i o n . 

I n t he c u r r e n t i m p l e m e n t a t i o n s , searches 
t y p i c a l l y converge q u i c k l y o n a s o l u t i o n . Rate o f 
convergence i s governed b y t h e d e n s i t y o f 
s o l u t i o n s i n t h e p rob lem space (an i n v e r s e 
f u n c t i o n o f t he number o f a c t i v e a i r c r a f t ) , t h e 
b r a n c h i n g f a c t o r o f t h e p l a n t r e e , and t h e d e p t h 
o f t h e p l a n t r e e . Both t h e b r e a d t h and t h e d e p t h 
o f t h e t r e e are l i m i t e d . The b r a n c h i n g f a c t o r i s 
l i m i t e d by t h e number o f p a t c h t y p e s known and by 
t h e f a c t t h a t p a r t i c u l a r pa t ches d o n o t s a t i s f y 
a l l p r e r e q u i s i t e s f o r a p p l i c a t i o n i n a g i v e n 
s i t u a t i o n . The d e p t h o f t h e t r e e i s l i m i t e d b y 
t h e number o f c o n f l i c t s found i n i n i t i a l r o u t e s . 

6. DISTRIBUTED PUNNING ARCHITECTURES 

We a re c u r r e n t l y e x p l o r i n g t e c h n i q u e s f o r 
d i s t r i b u t e d p l a n n i n g i n f o u r v e r s i o n s o f t h e 
o b j e c t - c e n t e r e d a r c h i t e c t u r e . The f i r s t two 
v a r i a n t s e x e m p l i f y c o o p e r a t i o n w i t h o u t 
n e g o t i a t i o n . I n t h e f i r s t v e r s i o n , t h e use o f 
common p l a n n i n g r u l e s and l o c a l i n f e r e n c e o b v i a t e s 
t h e need f o r communica t ion o f p l a n i n t e n t i o n s . I n 
t h e second , a i r c r a f t communicate t h e i r p l a n s b u t 
no t r e p l a n n i n g r e q u e s t s . The t h i r d and f o u r t h 
v a r i a n t s employ c o o p e r a t i v e p l a n n i n g u s i n g 
d i f f e r e n t c o n t r o l r e g i m e s . The f o l l o w i n g s e c t i o n s 
d e s c r i b e t hese f o u r v a r i a n t s and t h e m o d i f i c a t i o n s 
i n t h e k e r n e l p l a n n e r t h e y e n t a i l . 

6 .1 O b j e c t - C e n t e r e d Autonomous - -No Communicat ion 

I n t h i s most r e s t r i c t e d fo rm o f c o o p e r a t i o n , 
a i r c r a f t p l a n autonomous ly w i t h o u t commun ica t i on . 
Thus , i n t h i s v e r s i o n we e x c i s e t h e Communicator 
f rom the AUTOPILOT k e r n e l . I n l i e u o f o b t a i n i n g 
f l i g h t p l a n s f rom o t h e r a i r c r a f t , t h e Sensor 
i n f e r s t h e i r p l a n s f r om a l t i t u d e s , b e a r i n g s ! and 
n e a r e s t e x i t f i x e s o r a i r p o r t s a l o n g t h e i r c u r r e n t 
f l i g h t p a t h s . 

Due t o t h e u n c e r t a i n t y a s s o c i a t e d w i t h such 
e x t r a p o l a t i o n , t he Sensor must c o n t i n u a l l y m o n i t o r 
the r a d a r r e t u r n s and t h e Wor ld Model t o d e t e c t 
changes i n a i r c r a f t l o c a t i o n s and v i o l a t e d 
assumpt ions about t h e i r f l i g h t p l a n s . U p d a t i n g 
t he h y p o t h e s i s e d f l i g h t p l a n s t r i g g e r s new 
c o n f l i c t d e t e c t i o n checks b y t h e E v a l u a t o r . I f 
new c o n f l i c t s are p r e d i c t e d , t h e P l a n n e r a t t e m p t s 
t o p a t c h t h e c u r r e n t p l a n t o a v o i d t h e new 
c o n f l i c t ( s ) . I f u n s u c c e s s f u l , t h e P lanne r 
d y n a m i c a l l y r e p l a n s a new r o u t e . E f f e c t i v e 
c o o p e r a t i o n i s a c h i e v e d t h r o u g h t h e use o f g l o b a l 
" r u l e s o f t h e r o a d " and p recedence r u l e s , l i k e 
those used b y o p e r a t o r s o f s m a l l v i s u a l l y -
c o n t r o l l e d a i r c r a f t , b o a t s , and a u t o m o b i l e s . 

6 . 2 . O b j e c t - C e n t e r e d Autonomous- -
L i m i t e d Communicat ion 

I n t h i s v e r s i o n a n a i r c r a f t can r e q u e s t p l a n s 
from o t h e r a i r c r a f t . I n t e n t i o n s can t h e r e f o r e b e 
pos ted w i t h c e r t a i n t y and r o u t e maps a c c u r a t e l y 
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modeled r a t h e r t h a n mere l y e s t i m a t e d . T h i s 
v e r s i o n o f AUTOPILOT t h e r e f o r e r e q u i r e s t h e 
Communicator , communica t ions c h a n n e l s , and 
p r o t o c o l s . P r o s c r i b i n g n e g o t i a t i o n among a i r c r a f t 
p l aces t h e burden o f m a i n t a i n i n g a i r c r a f t 
s e p a r a t i o n o n t h e a i r c r a f t a t t e m p t i n g t o f o r m u l a t e 
a p l a n . As each new p l a n e e n t e r s t h e a i r s p a c e , i t 
must d e v e l o p a c o n f l i c t - f r e e p l a n w i t h r e s p e c t t o 
t he f i x e d f l i g h t p l a n s o f o t h e r a i r c r a f t a l r e a d y 
i n t h e a i r s p a c e . 

The Sensor f i r s t p o s t s o t h e r a i r c r a f t 
l o c a t i o n s and the Communicator c o l l e c t s and p o s t s 
the f l i g h t p l a n s f o r t h e s e a i r c r a f t . I n i t i a l p l a n 
g e n e r a t i o n by t h e P lanne r may be i n t e r l e a v e d w i t h 
t h e f u n c t i o n s o f t h e Sensor and Communicator . The 
E v a l u a t o r s i m u l a t e s t h e outcome o f p l a n e x e c u t i o n 
w i t h r e s p e c t t o o t h e r a i r c r a f t l o c a t i o n s and 
p l a n s . I f n e c e s s a r y , t h e P lanner a t t e m p t s t o 
pa t ch t h e p l a n t o e l i m i n a t e c o n f l i c t s d e t e c t e d b y 
the E v a l u a t o r . When e i t h e r a c o n f l i c t - f r e e p l a n 
o r t h e bes t a v a i l a b l e p l a n i s pos ted a s f i n a l , t h e 
C o n t r o l l e r m o n i t o r s e x e c u t i o n o f t h e p l a n . 

The u t i l i t y o f t h e s e autonomous v e r s i o n s o f 
the o b j e c t - c e n t e r e d a r c h i t e c t u r e depends on 
s e v e r a l a t t r i b u t e s o f t h e p rob lem space and t a s k 
domain. F i r s t , autonomous p l a n n i n g , w i t h o r 
w i t h o u t p l a n c o m m u n i c a t i o n , s h o u l d succeed o n l y 
when t h e p rob lem space i s dense i n s o l u t i o n s - - t h a t 
i s , s o l o n g a s i t i s p o s s i b l e t o p roduce a 
c o n f l i c t - f r e e p l a n r e g a r d l e s s o f t he number and 
r o u t e s o f o t h e r a i r c r a f t i n t h e a i r s p a c e . Second, 
autonomous p l a n n i n g i s p r e f e r r e d over c o o p e r a t i v e 
p l a n n i n g when t h e c o s t ( i n t ime o r r e s o u r c e s ) o f 
l o c a l i n f e r e n c i n g and p l a n n i n g i s l e s s t h a n t h e 
cos t o f commun i ca t i ons , n e g o t i a t i o n , and 
c o o r d i n a t i o n . 

I n t r o d u c i n g n e g o t i a t i o n i n t o AUTOPILOT'S 
p l a n n i n g b e h a v i o r s e n t a i l s b o t h c o s t s and 
b e n e f i t s . I n t e r - a i r c r a f t c o o p e r a t i o n i s d e s i r a b l e 
because the c o n f l i c t i n g a i r c r a f t may have 
d i f f e r e n t o p t i o n s f o r r e s o l v i n g t h e c o n f l i c t . One 
a i r c r a f t may d i s c o v e r a s i m p l e p a t c h f o r i t s p l a n 
w h i l e i t may b e i m p o s s i b l e f o r ano the r a i r c r a f t t o 
remove t h e c o n f l i c t i n i t s p l a n . 

However, c o m p l i c a t i o n s a r i s e f rom t h e need t o 
s y n c h r o n i z e l o c a l r e p l a n n i n g a c t i v i t i e s . For 
example , assume A has a r o u t e t h a t c o n f l i c t s at p1 
w i t h B and at p2 w i t h C. Suppose t h a t A can p a t c h 
i t s p l a n t o remove i t s c o n f l i c t w i t h C bu t must 
r e l y on B t o r e p I a n t o remove t h e i r mu tua l 
c o n f l i c t . B cannot assume t h a t A ' s p l a n w i l l 
remain f i x e d s i n c e A i s p a t c h i n g i t s p l a n t o 
accommodate C . I n g e n e r a l , d i f f e r e n t c o n f l i c t s 
( subprob lems) may n o t be i n d e p e n d e n t , and l o c a l 
p l a n n i n g cannot gua ran tee a g l o b a l l y s a t i s f a c t o r y 
p l a n . Thus , c o o p e r a t i o n t h r o u g h n e g o t i a t i o n and 
communica t ion r e q u i r e s e f f e c t i v e c o o r d i n a t i o n 
r e g i m e s . The f o l l o w i n g two a r c h i t e c t u r a l v a r i a n t s 
embody d i f f e r e n t t e c h n i q u e s f o r c o o r d i n a t i o n . I n 
each case , r e q u e s t s f o r c o o p e r a t i o n a re i n i t i a t e d 
b y a n a i r c r a f t t h a t f a i l s t o f i n d a c o n f l i c t - f r e e 
p l a n f o r i t s e l f . 

6 . 3 . O b j e c t - C e n t e r e d H i e r a r c h i c a l l y C o o p e r a t i v e 

I n t h i s v e r s i o n , t h e a i r c r a f t c u r r e n t l y 
p l a n n i n g (A) o r c h e s t r a t e s t h e a t t e m p t s t o 
e l i m i n a t e c o n f l i c t s f r om i t s p l a n . F i g u r e 3 
i l l u s t r a t e s t h e c o o r d i n a t i o n r e g i m e . A ' s 
E v a l u a t o r f i r s t s e l e c t s i t s b e s t p l a n . The 
Communicator t h e n passes a message to a n o t h e r 
a i r c r a f t (say B ) t h a t c o n f l i c t s w i t h A ' s p l a n . The 
message c o n t a i n s A ' s p l a n and r e q u e s t s t h a t B 
p a t c h i t s p l a n under t h e assumpt ion t h a t A w i l l 
execu te i t s p l a n . I f B 's r e t u r n message c o n t a i n s 
a s u c c e s s f u l p a t c h , A makes t h e same r e q u e s t of 
t he nex t a i r c r a f t (say C ) w i t h a p r e d i c t e d 
c o n f l i c t . A passes b o t h i t s p l a n and B 's 
t e n t a t i v e p a t c h . I f C cannot p a t c h under t h e 
g i v e n c o n s t r a i n t s , t h e n A ' s E v a l u a t o r w i l l abandon 
t h i s p l a n , s e l e c t i t s n e x t b e s t p l a n , and t h e 
Communicator w i l l b e g i n t h e n e g o t i a t i o n p rocess 
a g a i n . 

6 . 4 . O b j e c t - C e n t e r e d Asynch ronous l y C o o p e r a t i v e 

The same t y p e of c o o p e r a t i o n may be a c h i e v e d 
t h r o u g h asynch ronous , p a r a l l e l r e p l a n n i n g e f f o r t s . 
I n t h i s c a s e , t h e p l a n n e r r e q u i r i n g a s s i s t a n c e 
does n o t d i c t a t e a p a r t i c u l a r , f a v o r e d p l a n . 
R a t h e r , t h e p l a n n i n g a i r c r a f t (A) b r o a d c a s t s i t s 
s e t o f p o t e n t i a l p l a n s t o a l l a i r c r a f t i n t h e 
c o n f l i c t s e t ( B , C , e t c . ) , b u t sends n o 
c o n s t r a i n t s c o n c e r n i n g what assumpt ions t h e y must 
adopt r e g a r d i n g A ' s o r t h e o t h e r s ' p a t c h e s . Each 
a i r c r a f t s i m u l t a n e o u s l y a t t e m p t s t o p a t c h i t s own 
p l a n t o remove c o n f l i c t s p r e d i c t e d between i t and 
A. S o l u t i o n s a re communicated to A as t e n t a t i v e 
p l a n r e v i s i o n s . 

When B r e t u r n s a p l a n to A t h a t removes a 
common c o n f l i c t , B a l s o sends t h e assumpt ions 
under w h i c h i t g e n e r a t e d t h e s o l u t i o n - - t h a t i s , 
t h e p l a n f o r A t h a t B assumed in i t s r e v i s i o n . A 
must m a i n t a i n a r e c o r d o f a l l p roposed p a r t i a l 
s o l u t i o n s and h a l t t h e r e p l a n n i n g p rocess when (a ) 
i t has r e c e i v e d a comp le te s e t o f c o n f l i c t 
e l i m i n a t i o n pa t ches f o r one o f i t s p o t e n t i a l 
r o u t e s , and ( b ) t h e p roposed p a t c h e d p l a n s o f t h e 
o t h e r a i r c r a f t d o n o t c o n f l i c t w i t h each o t h e r . 

Such c o o p e r a t i o n a c c e l e r a t e s t h e p l a n n i n g 
p rocess b y e x p l o i t i n g t h e p a r a l l e l p r o c e s s i n g 
c a p a b i l i t i e s o f m u l t i p l e a i r c r a f t . When numerous 
p a i r w i s e c o n f l i c t s must b e r e s o l v e d , t h e 
s e q u e n t i a l s o l u t i o n method e n t a i l e d b y 
h i e r a r c h i c a l c o n t r o l may r e q u i r e t o o much t ime t o 
converge on a s o l u t i o n . However, i n t h e 
asynchronous c o o p e r a t i o n r e g i m e , speed i s ach i eved 
a t t h e c o s t o f a d d i t i o n a l bookkeep ing and 
e v a l u a t i o n a t A . 

7. SYSTEM PERFORMANCE 

We have imp lemented t h e l i m i t e d - c o m m u n i c a t i o n 
autonomous v a r i a n t and t h e h i e r a r c h i c a l l y 
c o o p e r a t i v e v a r i a n t o f AUTOPILOT in INTERLISP on a 
DEC-2060 a t R a n d - A I . They communicate over t h e 
ARPANET w i t h t h e ATC s i m u l a t i o n , a C program 
r e s i d i n g on a PDP-11/70. These v a r i a n t s d i f f e r 
o n l y i n t h e a r c h i t e c t u r e i n w h i c h AUTOPILOT i s 
embedded, b u t n o t i n t h e p l a n n i n g o r s e n s i n g 
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c a p a b i l i t i e s of each a i r c r a f t . Table 1 presents 
performance data fo r these two a rch i tec tu res . 
Both perform w i t h low er ro r rates on s imula t ion 
runs in low* to medium-density airspaces ( i . e . , 
50-60 minute runs) . In h igh-dens i ty airspaces 
( i . e . , 30-40 minute runs ) , the h i e r a r c h i c a l l y 
cooperat ive va r ian t outperforms the autonomous 
system. This r e f l e c t s the add i t i ona l planning 
opt ions that can be considered in cooperative 
a rch i tec tu res and tha t are required when a i r 
t r a f f i c i s heavy. 

8. CONCLUSIONS 

We have i l l u s t r a t e d several methods fo r 
d i s t r i b u t i n g planning r e s p o n s i b i l i t y among 
mu l t i p l e processors working toward a common set of 
ob jec t i ves . In fu ture work we w i l l implement and 
evaluate the performance of other a rch i tec tures 
and other var iants on the object -centered 
a rch i tec tu re . In so doing, we w i l l emphasize the 
development of more soph is t i ca ted bargaining 
methods and communications p ro toco ls . We also 
hope to determine how dense, in so lu t ions a problem 
space must be to u t i l i z e each of our developed 
arch i tectures successfu l ly . 

In order to demonstrate our candidate 
a rch i tec tu res , we have introduced several 
s i m p l i f i c a t i o n s to our d i s t r i b u t e d p lanning 
environment. These include (1) s imu la t ion of 
mu l t ip le planners by a s ing le p lanning program, 
(2) e r ro r - f r ee communications, (3) l i m i t e d route 
planning and rev is ing h e u r i s t i c s , and \(4) complete 
cooperation w i th no competi t ion among d i f f e r e n t 
a i r c r a f t . Our fu ture work w i l l remove these 
s imp l i f i ca t i ons from our task environment. In 
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p a r t i c u l a r , w e p l a n t o ach ieve t r u e d i s t r i b u t i o n 
b y d e m o n s t r a t i n g m u l t i - p r o c e s s o r c o n t r o l o f r e a l 
autonomous v e h i c l e s . 

Our c u r r e n t work a l s o addresses g o a l s 
e x t e n d i n g beyond a r e p e r t o i r e o f d o m a i n - s p e c i f i c 
p l a n n i n g and p a t c h i n g t e c h n i q u e s . I n p a r t i c u l a r , 
t h e o b j e c t - o r i e n t e d programming t echn iques we have 
deve loped sugges t a g e n e r a l f ramework f o r 
f u n c t i o n a l l y d i s t r i b u t e d , communica t ing p l a n n e r s . 
At t h e same t i m e , we c u r r e n t l y know more about how 
to model c o o p e r a t i o n t h a n about what c o o p e r a t i o n 
shou ld be mode led . We s t i l l l ack a t h e o r y of 
c o o p e r a t i o n t h a t wou ld p r o v i d e answers t o 
q u e s t i o n s such a s : When s h o u l d 1 reques t a p l a n 
f rom ano the r? How much e f f o r t shou ld 1 expend 
p l a n n i n g b e f o r e r e q u e s t i n g ano the r t o r e p l a n ? 
Under what c o n d i t i o n s shou ld o b j e c t s p l a n f o r 
o t h e r s i n a d d i t i o n t o themselves? Such q u e s t i o n s 
are a t t h e h e a r t o f e f f e c t i v e c o o p e r a t i o n i n many 
d i s t r i b u t e d p l a n n i n g domains . 
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