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A b s t r a c t 

Th is paper d e s c r i b e s a number of new ideas 
f o r p l a n n i n g and f o r the e x e c u t i o n o f p lans in a 
w o r l d wh ich i s not c o m p l e t e l y s p e c i f i e d . Such 
s i t u a t i o n s o f t e n occur i n r e a l wo r ld e n v i r o n m e n t s . 
Most of the ideas con ta i ned here have been i m p l e 
mented in a system f o r computer -a ided d e c i s i o n 
making f o r f l i g h t o p e r a t i o n s . 

1 . P lann ing and E x e c u t i o n i n I n c o m p l e t e l y 
S p e c i f i e d Envi ronments 

I n c o n v e n t i o n a l computer a p p l i c a t i o n s , da ta 
i s i npu t and man ipu la ted a c c o r d i n g to p r e d e f i n e d 
p lans s p e c i f i e d by the programmer. Programs a re 
w r i t t e n t o p r o v i d e s o l u t i o n s t o problems f o r wh ich 
a l g o r i t h m s are known. Whi le the numer i ca l da ta 
may be changed e a s i l y , a l t e r i n g the goa l of the 
program may r e q u i r e e x t e n s i v e m o d i f i c a t i o n . Th i s 
type of approach may be unacceptab le in systems 
where the exac t problem s p e c i f i c a t i o n i s not 
known at the t ime of programming. 

In o r d e r to make programs which are ab le to 
so l ve a w ide r v a r i e t y of prob lems, much t ime has 
been spent c o n s t r u c t i n g systems which a t tempt to 
make the computer " u n d e r s t a n d " the s u b j e c t s w i t h 
wh ich i t i s d e a l i n g . Many o f the systems are 
p l a n n e r s , programs which take a goal as an i n p u t 
and genera te a p lan w h i c h can be e x e c u t e d , at 
wh ich t ime the g i ven task w i l l have been s a t i s f i e d . 

Most o f the e x i s t i n g h i g h l e v e l p lanners such 
as STRIPS [ 4 ] and PLANNER [ 6 , 1 4 ] w i l l r e p o r t a 
success o n l y when a d e t a i l e d p lan has been d e v e l 
oped. These p lanners have p r i m a r i l y been a p p l i e d 
t o s imp le domains i n wh ich a l l r e l e v a n t aspec ts 
conce rn ing the s t a t e o f the wo r l d a re known to the 
p l a n n e r . In these domains, n o t h i n g can change 
w i t h o u t the e x e c u t i o n o f a system i n i t i a t e d a c t i o n . 

Many of the p l a n n i n g systems are based upon 
the idea t h a t a problem may be d i v i d e d i n t o a 
s e r i e s o f subgoals ( o r p r e c o n d i t i o n s ) . Any one 
of a number of techn iques or ope ra to r s can be 
employed In o r d e r to t r y to so l ve the s u b g o a l . A 
sequence o f c o r r e c t o p e r a t o r s would de te rmine the 
s o l u t i o n . However, much of the d e d u c t i o n may 
depend upon the presence o f c e r t a i n da ta in the 
da tabase . I f t h i s da ta were not known a t the t ime 
o f p l a n n i n g , then a n e n t i r e s e c t i o n cou ld f a i l . 
In many cases i n f o r m a t i o n may be m i s s i n g because 
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o f i ncomp le te mode l ing o f the wo r l d due to the 
domains c o m p l e x i t y . But i n o t h e r cases , the o v e r 
a l l concept may have been modeled, but the spe
c i f i c p iece of datum may not be "known" to the 
p l a n n e r , much as a person may not know what is 
go ing on in the next room. 

I n o r d e r t o i nc rease the c o m p l e x i t y o f 
problems and domains wh ich can be accommodated, 
i t i s necessary t o extend the c a p a b i l i t i e s o f the 
d e d u c t i o n languages and systems in the f o l l o w i n g 
a r e a s : 

The d e d u c t i o n mechanism must have the capa
b i l i t y t o c o n s t r u c t p lans i n a dynamic e n v i r o n 
ment . By dynamic, i t i s meant t h a t movements o f 
o b j e c t s o r changes In the w o r l d can occu r w i t h o u t 
b e i n g mere ly consequences o f system a c t i o n s . I n 
t h i s type o f s i t u a t i o n , i t may b e f u t i l e t o 
f o r m u l a t e a d e t a i l e d p l a n based upon s p e c i f i c 
da ta when a dynamic a l t e r a t i o n of t h i s da ta may 
t o t a l l y i n v a l i d a t e the remainder o f the p l a n . 
P lann ing f o r a l l o f the p o s s i b l e a l t e r n a t i v e s 
w o u l d , in most cases , be u n f e a s i b l e due to the 
l a r g e number o f f u t u r e s t a t e s p o s s i b l e . One 
a l t e r n a t i v e would be to have a p l anne r wh ich 
would "know" t h a t i t e x i s t s i n the r e a l w o r l d . 
The p lanner would have the a b i l i t y to v a r y the 
c o m p l e x i t y o f the p lans generated a c c o r d i n g to 
the s i t u a t i o n . Th is would lead to a case where 
t h e r e would be no necessary d i s t i n c t i o n between 
the p l a n n i n g and e x e c u t i o n phases. I n c e r t a i n 
cases , the p lans wh ich would be generated would 
be of a more gene ra l n a t u r e , r e f l e c t i n g an o u t 
l i n e o f the impo r t an t s teps and tasks to be done . 
As the e x e c u t i o n p rog resses , new i n f o r m a t i o n 
would be rece i ved and added to the da tabase . 
Th is would a l l o w more d e t a i l s o f the p lan to be 
computed as e x e c u t i o n c o n t i n u e d . 

A d e d u c t i v e mechanism should be ab le to o p e r 
a t e i n an environment i n which t h e r e i s a l a c k o f 
I n f o r m a t i o n . Th i s would cor respond t o the r e a l 
w o r l d s i t u a t i o n where a human be ing has to make 
an i n t e l l i g e n t e v a l u a t i o n m i s s i n g some o f the 
f a c t s . Th is c a p a b i l i t y has to be a t t a i n e d b e f o r e 
the dynamic p l a n n i n g and e x e c u t i o n can o c c u r . 
Th i s i s because w h i l e i t may be recogn ized t h a t 
a c e r t a i n aspect of the wo r l d may be expected to 
e x h i b i t dynamic a c t i o n , i t may no t be known what 
the va lue would be when needed. P lann ing may 
have t o con t i nue w i t h o u t the d e f i n i t e i n f o r m a 
t i o n . The p lanner must have the a b i l i t y t o g a t h e r 
new i n f o r m a t i o n . Among the p o s s i b l e ways in wh i ch 
t h i s cou ld be accompl ished a r e : have the system 
deve lop a q u e s t i o n or a l l o w the mechanism to seek 
out i n f o r m a t i o n by i n s p e c t i n g the env i ronment 
u s i n g any sensory equipment a v a i l a b l e . I f i t i s 
r e a l i z e d t h a t w h i l e c e r t a i n p o s s i b l y r e l e v a n t 
i n f o r m a t i o n i s no t known d u r i n g the p e r i o d s o f 
i n i t i a l p l a n n i n g , i t may b e p o s s i b l e t o p l a n i f 
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i t i s r e a l i z e d t h a t the i n f o r m a t i o n i s t o become 
a v a i l a b l e a t some f u t u r e t i m e . I n t h i s case , i t 
may be necessary to ana lyze c e r t a i n p o s s i b l e 
f u t u r e s t a t e s o f the w o r l d . For t h i s , t h e r e must 
be a mechanism f o r s t o r i n g g l o b a l knowledge and 
models conce rn ing t h i s unknown i n f o r m a t i o n . I t 
may a l s o be d e s i r a b l e to i n c o r p o r a t e p r o b a b i l i t i e s 
and cos ts i n t o the d e d u c t i v e and d e c i s i o n making 
p rocedu res . 

2 . Related Research 

Research conce rn ing the a p p l i c a t i o n o f 
gene ra l d e d u c t i o n mechanisms to r e a l w o r l d p r o b 
lems which are dynamic in n a t u r e and /o r a re 
i n c o m p l e t e l y s p e c i f i e d have been ex t r eme l y l i m i t e d . 
I t appears t h a t many o f the e x i s t i n g systems are 
i ncapab le o f be ing extended to hand le these types 
o f problems w i t h o u t e x t e n s i v e m o d i f i c a t i o n s . 

PLANNER [ 6 , 1 4 ] a l l ows s t r a t e g i e s and r e l a t i o n 
sh ips to express as procedures c a l l e d theorems. 
These theorems a re executed in o r d e r to t r y to 
s a t i s f y the problem which c o n s i s t s o f a s e r i e s o f 
g o a l s . The c o n t r o l s t r u c t u r e is based upon a 
dep th f i r s t search w i t h b a c k t r a c k i n g . I t appears 
t h a t i t would b e d i f f i c u l t t o express the idea 
t h a t c e r t a i n f a c t s may not be known at a g i ven 
t i m e . PLANNER unders tands o n l y one type o f f a i l 
u r e , t h a t be ing when a goa l cannot be s a t i s f i e d . 
I f , however, a goal i s not s a t i s f i e d not because 
i t i s ' W o n g * ' but because some o f the necessary 
da ta a re m i s s i n g , then a d i f f e r e n t type o f f a i l u r e 
has o c c u r r e d , a type wh ich PLANNER cannot under 
s t a n d . When d e a l i n g w i t h t h i s " u n s p e c i f i e d 
i n f o r m a t i o n " , i t i s necessary t o m a i n t a i n s e v e r a l 
a l t e r n a t i v e s from which one may be chosen. 
S t o r i n g t h i s type o f i n f o r m a t i o n i s very d i f f i c u l t 
in PLANNER. 

When e v a l u a t i n g a theorem, PLANNER t r e a t s 
each o f I t s s teps o r subgoals as e q u a l . Du r i ng 
the p l a n n i n g , a l l o f these subgoals a re o f equa l 
impo r tance . I f one f a i l s , the theorem f a i l s . 
B u t , i t appears t h a t i n r e a l i t y , subgoals have 
d i f f e r e n t l e v e l s o f impo r tance . Th i s means t h a t 
more t ime should be spent in o r d e r to s a t i s f y a 
key subgoal than a r e l a t i v e l y m inor one. PLANNER'S 
dep th f i r s t c o n t r o l s t r u c t u r e would not a l l o w the 
c o n s i d e r a t i o n o f a l l major subgoals f i r s t . 

Many of the p h i l o s o p h i e s in PLANNER are a l s o 
con ta i ned in QA4 [ 1 0 ] . The c o n t e x t mechanism 
which i s a v a i l a b l e in QA4 would a l l o w the s to rage 
o f a l t e r n a t i v e p lans r e s u l t i n g from d i f f e r e n t 
p o s s i b l e va lues o f u n s p e c i f i e d i n f o r m a t i o n . QA4's 
l i m i t e d e f f e c t i v e n e s s , as w i t h PLANNER, a r i s e s 
from the b a c k t r a c k i n g ph i l osophy wh ich is embedded 
in bo th of the sys tems. The i n t r o d u c t i o n of new 
types o f f a i l u r e s makes b a c k t r a c k i n g an u n d e s i r a b l e 
search t e c h n i q u e . As in PLANNER, the i n f l e x i b i l i t y 
of the recommendation l i s t s means t h a t once a 
sequence o f theorems is fo rmed, i t cannot be 
a l t e r e d o r e d i t e d . Th is appears to be i n a p p r o 
p r i a t e when d e s i r i n g to a l t e r c o n t r o l as new 
i n f o r m a t i o n i s d e t e r m i n e d . 

CONNIVER's [ 7 , 1 3 ] main advantages over 
PLANNER and QA4 are freedom from compulsory back
t r a c k i n g , the i n c l u s i o n o f a c o n t e x t mechanism, 
and f l e x i b l e p o s s i b i l i t i e s l i s t s . The p o s s i 
b i l i t i e s l i s t , which s p e c i f i e s the next procedure 
to be t r i e d , can be inspec ted or e d i t e d a t any 

t i m e . The c o n t r o l s t r u c t u r e is based upon the 
frame concept [ 1 ] wh ich a l l o w s a t o t a l d e d u c t i o n 
env i ronment to be ma in ta ined and c o n t i n u e d . Th i s 
a l l o w s g rea t f l e x i b i l i t y i n s p e c i f y i n g how a 
theorem i s to be e v a l u a t e d . Desp i te i t s advan
tages , i t appears t h a t CONNIVER has not ye t been 
a p p l i e d i n systems which r e q u i r e the i n t e g r a t i o n 
of p l a n n i n g and e x e c u t i o n , such as those d e a l i n g 
w i t h dynamic s i t u a t i o n s i n u n c e r t a i n e n v i r o n m e n t s . 

Much of the work wh ich has been done con
c e r n i n g the problems found in e x e c u t i n g and p l a n 
n i n g have been ou tg rowths and ex tens ions of the 
STRIPS [ 2 , 3 , 4 , 5 ] sys tem. STRIPS is used to 
genera te a p l a n wh ich cou ld be so lved th rough 
the a p p l i c a t i o n o f a sequence of o p e r a t o r s . An 
o p e r a t o r can be executed when a l l o f i t s p r e 
c o n d i t i o n s have been s a t i s f i e d . The PLANNEX [ 6 ] 
system takes a complete STRIPS p lan and m o n i t o r s 
i t s e x e c u t i o n . Us ing t h i s sys tem, a c t i o n s may be 
d e l e t e d from the p l a n i f i t i s de te rmined t h a t 
t h e i r consequences are not needed. I t can a l s o 
recogn ize i f necessary I n i t i a l c o n d i t i o n s a re 
absen t , which would lead to a r e p l a n mode. I t I s 
a l s o p o s s i b l e to take s o l u t i o n s which have been 
generated and g e n e r a l i z e them. These MACROPS [ 5 ] 
a re saved and can be used to s a t i s f y f u t u r e t asks 
or s u b t a s k s . STRIPS o n l y succeeds when a comple te 
p l a n has been g e n e r a t e d . The presence of u n s p e c i 
f i e d i n f o r m a t i o n would in most cases lead to a 
f a i l u r e . STRIPS would respond to t h i s type o f 
f a i l u r e b y sea rch ing f o r a n a l t e r n a t e p l a n . 

Recent r e s u l t s have demonstrated t h a t STRIPS-
l i k e systems can be made more e f f i c i e n t by employ
i n g a h i e r a r c h i c a l approach [ 9 , 1 1 , 1 2 ] . These 
systems have been c o n s t r u c t e d u s i n g t h e p r i n c i p l e 
t h a t p r e c o n d i t i o n s o f a n o p e r a t o r are o f v a r y i n g 
impor tance and some shou ld be examined and s a t i s 
f i e d b e f o r e o t h e r s . B y t r y i n g t o s a t i s f y the 
p r e c o n d i t i o n s wh ich a re most bas i c o r a re h a r d e r 
t o ach ieve f i r s t , i r r e l e v a n t ope ra to r s can b e 
e l i m i n a t e d sooner . The p r e c o n d i t i o n s a re ass igned 
a c r i t i c a l i t y o r r ank . The h i g h e r v a l u e d p r e 
c o n d i t i o n s rep resen t the t asks which must be 
s a t i s f i e d f i r s t . So, i n ABSTRIPS [ 1 1 ] , (TYPE (box 
room)) has a h i g h e r rank than (INROOM (box room)) 
and bo th have a h i g h e r rank t h a t (INROOM ( ROBOT 
r o o m ) ) . When a problem s p e c i f i c a t i o n is r e c e i v e d , 
the c r i t i c a l i t y i s se t to a maximum v a l u e (wh i ch 
would c o n t a i n a l l p r e d i c a t e s r e p r e s e n t i n g unchang-
ab le i n f o r m a t i o n ) . P r e c o n d i t i o n s w i t h c r i t i c a l i t y 
below t h i s va lue a re i n i t i a l l y i g n o r e d . A p l a n i s 
c o n s t r u c t e d us i ng whatever techn iques a re a p p r o 
p r i a t e to the system and domain. The p lans p r o 
duced w i l l s a t i s f y a l l o f the f i n a l c o n d i t i o n s , b u t 
the ope ra to rs s p e c i f i e d w i l l o n l y b e s a t i s f i e d 
through t h e i r most c r i t i c a l p r e c o n d i t i o n s . As t h e 
c r i t i c a l i t y i s l owered , new p r e c o n d i t i o n s a re 
i n t r o d u c e d f o r the a l r e a d y s p e c i f i e d o p e r a t o r s . 
As these p recond t ions a re s a t i s f i e d , new o p e r a t o r s 
are in t roduced fo rm ing a more d e t a i l e d p l a n . When 
the c r i t i c a l i t y has been se t t o i t s lowest v a l u e 
and a l l p r e c o n d i t i o n s have been s a t i s f i e d , a 
comp le te , d e t a i l e d p l a n w i l l have been c o n s t r u c t e d . 
Whi le t h i s type o f p l a n n i n g has proved to be more 
e f f i c i e n t t h a t STRIPS, o f more i n t e r e s t a re the 
types o f p lans wh ich a re g e n e r a t e d . Some of t h e 
h i g h - c r i t i c a l i t y p lans have many o f the d e s i r e d 
a t t r i b u t e s o f a p a r t i a l p l a n o u t l i n e . The p lans 
do not c o n t a i n every necessary d e t a i l , bu t r a t h e r 
o n l y the major s teps wh ich must o c c u r . These 
approaches have not been used to s a t i s f y problems 

170 



i n domains wh ich a re dynamic o r i n c o m p l e t e l y 
s p e c i f i e d . In [ 8 ] Minsky d e s c r i b e s a framework 
f o r a r e p r e s e n t a t i o n of knowledge wh ich would 
pe rm i t the i n c l u s i o n o f s i t u a t i o n dependent 
d e f a u l t v a l u e s . The scope o f the w o r l d model 
wh ich is cons ide red a t any t ime is a f u n c t i o n 
o f the p resen t env i ronmen t . 

Systems which are to opera te in an incom
p l e t e l y s p e c i f i e d , r e a l wo r ld envi ronment must o f 
n e c e s s i t y ope ra te d i f f e r e n t l y than the e x i s t i n g 
p l a n n e r s . There must be a r e a l i z a t i o n t h a t 
knowledge conce rn ing some of the r e l e v a n t p o r t i o n s 
of the wo r l d may be u n a v a i l a b l e d u r i n g some of the 
stages of p l a n n i n g . This may be because the 
unknown p o r t i o n o f the wor ld i s o u t s i d e o f the 
sys tem's m o n i t o r i n g c a p a b i l i t y a n d / o r may be 
changing as t ime p rog resses . Because o f t h i s , 
t he p lanner must r e a l i z e t h a t i n many cases i t 
i s not f e a s i b l e , i f not f u t i l e , t o i n s i s t upon 
the c o n s t r u c t i o n o f a comp le te l y d e t a i l e d p lan 
be fo re the i n i t i a t i o n o f e x e c u t i o n . The system 
must have the knowledge t h a t m i s s i n g i n f o r m a t i o n 
may be o b t a i n e d in v a r i o u s ways, such as th rough 
o b s e r v a t i o n or q u e s t i o n i n g . The system may have 
to p lan around some of the m i s s i n g i n f o r m a t i o n by 
making reasonable assumpt ions . 

When a problem is s p e c i f i e d to a p l a n n i n g or 
e x e c u t i o n sys tem, i t may be done in s e v e r a l ways . 
The most common method is to s p e c i f y aspec ts of 
the wo r l d wh ich must e x i s t a f t e r the p l a n has been 
execu ted . Th is i s g e n e r a l l y accompl ished by 
s p e c i f y i n g a goa l s t a t e . I t may a l s o be d e s i r a b l e 
to s p e c i f y p o s s i b l e i n t e r m e d i a t e s t a t e s which may 
have to be s a t i s f i e d in a c e r t a i n o r d e r . Most o f 
the e x i s t i n g p lanners p lace l i t t l e emphasis o n 
how the goa l s t a t e is to be a c h i e v e d . There is 
l i t t l e o r no concern about whether the p l a n wh ich 
has been generated is o p t i m a l or n e a r - o p t i m a l 
a c c o r d i n g to any c r i t e r i a . However, i n more 
r e a l i s t i c s i t u a t i o n s , people s t r i v e f o r a more 
e f f i c i e n t p l an even though t h e i r a n a l y s i s may not 
i n c l u d e a fo rma l s ta tement of what is b e s t , A 
p lanner shou ld a l s o be ab le to accept a s ta tement 
o f what c r i t e r i a shou ld be used* 

I n these types o f problem s p e c i f i c a t i o n s , 
t h e r e a re r e a l l y o n l y t h r e e gene ra l methods wh ich 
can be used to i n s u r e t h a t a p o r t i o n of the goa l 
i s s a t i s f i e d . F i r s t , the goa l cou ld a l r e a d y b e 
t r u e i n the w o r l d and rep resen ted i n the sys tem's 
w o r l d mode l . Second, the goa l cou ld be t r u e in 
the w o r l d model bu t no t e x p l i c i t l y rep resen ted i n 
the sys tem's model and i t cou ld be deduced t h a t 
t h e goa l i s a l o g i c a l consequence o f a v a i l a b l e 
i n f o r m a t i o n i n the mode l . T h i r d , i t may be t h a t 
the goa l i s no t t r u e i n e i t h e r the model o r the 
w o r l d bu t i t i s p o s s i b l e t o per fo rm a c t i o n s wh ich 
w i l l a l t e r the w o r l d i n such a manner t h a t the 
goal w i l l b e s a t i s f i e d . The e x i s t i n g genera l 
purpose p lanners s a t i s f y goa ls u s i n g these gene ra l 
t e c h n i q u e s . 

But a l l o f the s i t u a t i o n s above are p r e d i c t e d 
o n the concept t h a t a l l r e l e v a n t I n f o r m a t i o n i s 
d i r e c t l y known or cou ld be deduced. But these 
are c l e a r l y no t r e a l i s t i c assumpt ions . The w o r l d 
model wh ich the system ma in ta i ns cou ld be 

d e f i c i e n t in many ways. Some i n f o r m a t i o n cou ld be 
m i s s i n g due to the necessary s i m p l i f i c a t i o n s wh ich 
must occur when mode l ing a comp l i ca ted domain. 
However, i f some aspect o f the wo r l d were expected 
to be i m p o r t a n t f o r p l a n n i n g , i t would s u r e l y be 
r e p r e s e n t e d . And some of the i n f o r m a t i o n cou ld be 
m i s s i n g because i t i s j u s t not known, no ma t te r 
how r e l e v a n t i t may b e . The l a t t e r case is o f 
major i n t e r e s t because t h i s type o f u n s p e c i f i c a -
t i o n occurs i n r e a l i s t i c problems when a p o r t i o n 
o f the w o r l d i s beyond m o n i t o r i n g c a p a b i l i t y o r 
when dynamic s i t u a t i o n a l t e r p r e v i o u s l y known 
v a l u e s . 

One ma jo r problem is how to recogn ize t h i s 
type o f m i s s i n g i n f o r m a t i o n , wh ich w i l l b e r e f e r 
red to as "unknown" i n f o r m a t i o n . When a p re 
c o n d i t i o n t o a n o p e r a t o r i s encoun te red , i t I s 
i m p e r a t i v e to know whether i t be longs to a p r e v i 
o u s l y ment ioned ca tego ry o r i s unknown i n f o r m a t i o n . 
No m a t t e r how complete the mode l , c e r t a i n i n f o r m a 
t i o n may be absent i f the system is s o l e l y respon
s i b l e f o r c o l l e c t i n g and s t o r i n g the i n f o r m a t i o n . 
But by u s i n g semant ic knowledge about the w o r l d , 
i t may be p o s s i b l e to de te rmine someth ing about 
how to s a t i s f y the p r e c o n d i t i o n s . The I n i t i a l 
a t tempt to s a t i s f y a p r e c o n d i t i o n i n v o l v e s 
examin ing the database i n o r d e r t o see i f the 
p r e c o n d i t i o n i s s a t i s f i e d because i t i s a l r e a d y 
t r u e . As soon as i t i s determined t h a t the needed 
f a c t i s no t i n the da tabase, the system checks t o 
de termine i f t he concept i s u n s p e c i f i e d . I n many 
cases i t i s p o s s i b l e t o de termine t h a t a p recon 
d i t i o n i s no t s a t i s f i e d b y i n s p e c t i n g the d a t a 
base f o r c o n t r a d i c t o r y i n f o r m a t i o n . I f t h i s i s 
the case, then the system can conc lude t h a t the 
I n f o r m a t i o n i s s p e c i f i e d and t h a t some a c t i o n i s 
needed. Sometimes, however, s u f f i c i e n t i n f o r m a 
t i o n i s not a v a i l a b l e t o make the d e t e r m i n a t i o n 
and the system may have to postpone the d e c i s i o n . 
I n i t i a l l y , r esea rch conce rn ing unknown i n f o r m a 
t i o n w i l l be c o n f i n e d to p r e d i c a t e s whose 
r e s t r i c t i o n s a re l i m i t e d . I n these cases the 
a l t e r n a t e va lues and c o n t r a d i c t i o n s can be e x p r e s 
sed i n a f a i r l y s t r a i g h t f o r w a r d manner. 

When the database i s be ing r e f e r e n c e d , i t i s 
no t enough to f i n d a s p e c i f i c f a c t r e p r e s e n t e d . 
The dynamic p r o p e r t i e s of t he domain have to be 
c o n s i d e r e d . Some of the a t t r i b u t e s may change 
d y n a m i c a l l y in a random or p rede te rmined manner. 
Th is would a f f e c t t h e con f i dence i n the t r u t h o r 
f a l s i t y o f a f a c t . 

I n o r d e r t o a s c e r t a i n the va lue f o r a n i t e m 
o f unknown i n f o r m a t i o n , i t i s necessary t o a c t i 
v a t e some type of i n p u t . Th is may i n c l u d e any 
sensory dev i ce a v a i l a b l e , such as a camera f o r 
o b s e r v a t i o n . I t may a l s o take the form o f a 
response to a q u e s t i o n . In any case, the system 
must know the a p p r o p r i a t e methods a v a i l a b l e . I t 
must a l s o be aware of when types of i n f o r m a t i o n 
can be o b t a i n e d . 

As has been s t a t e d , a planned s o l u t i o n to a 
task is a sequence of a c t i o n s whose e x e c u t i o n 
would a l t e r the w o r l d from an i n i t i a l s t a t e t o a 
goa l s t a t e . The proper a c t i o n s are de termined by 
e v a l u a t i n g o p e r a t o r s . The form o f the o p e r a t o r s 
i s shown in F igu re 1 . The o p e r a t o r s r ep resen t 
a l l o w a b l e a c t i o n s in a domain . They a re STRIPS-
l i k e i n r e p r e s e n t a t i o n but have d i r e c t coun te rpar ts 
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in PLANNER and CONNIVER. Each o p e r a t o r has a se t 
o f p r e c o n d i t i o n s wh ich must be s a t i s f i e d b e f o r e the 
a c t i o n can be executed ( e i t h e r r e a l - t i m e o r d u r i n g 
p l a n n i n g ) . The o p e r a t o r s have ADDITION and DELE
TION l i s t s . These rep resen t the aspec ts o f the 
w o r l d wh ich a re expected to be a l t e r e d when the 
a c t i o n i s execu ted . These are on l y used to update 
the sys tem's w o r l d mode l . The system is respon
s i b l e f o r making any obse rva t i ons necessary to 
i n s u r e t h a t the changes i n the w o r l d cor respond to 
the expected changes. 

Each o f the p r e c o n d i t i o n s , a d d i t i o n s and 
d e l e t i o n s has a number assoc ia ted w i t h i t . Th is 
i s the c r i t i c a l i t y o f a p r e d i c a t e . There i s an 
upper l i m i t f o r the c r i t i c a l i t y i n a domain . T h i s 
i s f o r concepts wh ich cannot be a l t e r e d by any 
system a c t i o n . The concepts rep resen ted by p r e d i 
ca tes w i t h lower c r i t i c a l i t i e s can be changed. 
The c r i t i c a l i t i e s rough ly rep resen t the o r d e r i n 
wh ich the p r e c o n d i t i o n s must b e s a t i s f i e d . I f 
t h e r e a re two p r e c o n d i t i o n s w i t h d i f f e r e n t c r i t i 
c a l i t i e s , the one w i t h the h i g h e s t c r i t i c a l i t y i s 
s a t i s f i e d f i r s t ; the lower p r e c o n d i t i o n w i l l b e 
s a t l s f i a b l e in some manner. 

A s i g n i f i c a n t research area concerns how to 
s a t i s f y the p r e r e q u i s i t e s and the development o f 
a c o n t r o l s t r u c t u r e which would f a c i l i t a t e the 
e f f i c i e n t c o n s t r u c t i o n o f i n t e l l i g e n t p l a n s . The 
c o n v e n t i o n a l methods f o r s a t i s f y i n g the p r e 
r e q u i s i t e s have been desc r i bed above. Research 
is b e i n g conducted concern ing the p o s s i b i l i t y o f 
c o n s i d e r i n g a p r e r e q u i s i t e to be s a t i s f i e d by 

" a s s u m p t i o n " a t c e r t a i n l e v e l s o f c r i t i c a l i t y and 
s tages o f p l a n n i n g . In these cases , a p r e c o n d i -
t i o n may be assumed to be s a t i s f i e d ( o r s a t l s 
f i a b l e ) a t an e a r l y p l a n n i n g s t a g e . The system 
must be aware of the assumpt ions be ing made and 
have reasons f o r these a c t i o n s . To d a t e , seve ra l 
c lasses of assumpt ions and t h e i r reasons have been 
f o r m u l a t e d . The most bas i c is a l o w - c r i t i c a l i ty 
p r e c o n d i t i o n . I n most cases i t i s p o s s i b l e t o 
assume t h a t a p r e c o n d i t i o n w i t h a c r i t i c a l i t y 
below some c u t o f f can be s a t i s f i e d . Th is is 
because t h i s type of p r e c o n d i t i o n was to be 
c o n s t r u c t e d as an e a s i l y done d e t a i l . The 
c r i t i c a l i t y c u t o f f cou ld be de te rmined by the 
stage o f p l a n n i n g , the domain used , as w e l l as the 
sys tem 's knowledge of what tasks cou ld always be 
accomp l i shed . 

Another type o f assumpt ion i s c a l l e d a l o g i 
c a l assumpt ion . Th is type o f assumpt ion o r i g i 
n a l l y would occur when unknown i n f o r m a t i o n was 
i n v o l v e d . The v a r i o u s p o s s i b l e va lues would have 
been examined. I f , f o r each case i t was d e t e r 
mined t h a t the p r e c o n d i t i o n cou ld be s a t i s f i e d , 
the p r e c o n d i t i o n would be assumed to be l o g i c a l l y 
s a t l s f i a b l e . The i n f o r m a t i o n d e r i v e d from s e a r c h 
i n g a l l o f the p o s s i b i l i t i e s should somehow be 
saved so t h a t an assumpt ion cou ld be made i f t he 
proper c o n d i t i o n s a re met . 

In many cases a p r e c o n d i t i o n can be assumed 
t o b e s a t l s f i a b l e i f c e r t a i n r e l a t i o n s h i p s e x i s t 
between the p r e c o n d i t i o n o f the o p e r a t o r b e i n g 
eva lua ted and the p r e c o n d i t i o n o f any o p e r a t o r 
used t o s a t i s f y the o r i g i n a l p r e c o n d i t i o n . T h i s 
is c a l l e d a dominance assumpt ion . An o p e r a t o r , 
0 P 1 , i s d e f i n e d t o dominate ano ther o p e r a t o r , 0P2, 
i f a l l o f 0P2's p r e c o n d i t i o n s a re among the p r e 
c o n d i t i o n s o f 0P1 w i t h the same r e l a t i o n s h i p 
r e s t r i c t i n g any u n i n s t a n t i a t e d v a r i a b l e s . Now, 
I f a p r e c o n d i t i o n of 0P1 may p o s s i b l y be s a t i s f i e d 
by the a p p l i c a t i o n o f 0P2, then the p r e c o n d i t i o n 
may be assumed to be s a t l s f i a b l e by dominance. 

In the p rev ious two cases , the assumpt ions 
wh ich cou ld be made are ve ry dependent upon the 
p l a n n i n g envi ronment wh ich e x i s t s when a p r e 
c o n d i t i o n i s encoun te red . H o p e f u l l y , t h i s w i l l 
l ead to a system which has a b e t t e r knowledge of 
what i t i s t r y i n g t o accompl ish a t any g i v e n t ime 
as w e l l as a knowledge of s i t u a t i o n methods of 
d e a l i n g w i t h the p r e c o n d i t i o n s . 

The l a s t type of assumpt ion wh ich has thus 
f a r been cons idered has been c a l l e d a l i n k a g e 
assumpt ion . This type o f assumpt ion a r i s e s 
because the lack o f knowledge conce rn ing the 
exact o r d e r o f e x e c u t i o n o f a p l a n s a t i s f y i n g 
p a r t o f a top l e v e l goa l w i l l cause unknown 
i n f o r m a t i o n t o e x i s t . I n t h i s case the i n f o r m a 
t i o n i s known in the r e a l w o r l d bu t may be a l t e r e d 
d u r i n g p l a n n i n g o f ano ther p l a n . I n many cases 
the o v e r a l l goal w i l l b e d i v i d e d i n t o s u b p l a n s , 
each o f wh ich is developed i n d e p e n d e n t l y . The 
exac t o r d e r i n wh ich the p lans w i l l be execu ted 
is no t known at the t ime of p l a n n i n g . When 
t r y i n g t o s a t i s f y c e r t a i n p r e c o n d i t i o n s , a p l a n n e r 
may examine the r e a l - w o r l d database (as opposed 
to a l o c a l , p l a n n i n g d a t a b a s e ) . But i n f o r m a t i o n 
found in the r e a l w o r l d database may be a l t e r e d 
by o t h e r subplans by the t ime the subp lan is 
a c t u a l l y execu ted . The system must have knowledge 
o f whether database e n t r i e s a r e expec ted t o 
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change. For those t h a t a re expected to change, the 
a p p r o p r i a t e assumpt ion may be t h a t the p r e c o n d i t i o n 
w i l l b e s a t i s f i a b l e d u r i n g the e x e c u t i o n phase. 

The l a s t type o f assumpt ion mentioned i s 
b a s i c a l l y r e s t r i c t e d t o a t t r i b u t e s which a re 
expected to change. There a re some types of 
i n f o r m a t i o n wh ich a re not expected to change (even 
though they may) . In these cases , the system may 
use va lues found in the l a t e s t r e a l wo r l d model . 
But these shou ld be noted in the p lan be ing 
p roduced . 

A problem concerns when the system shou ld 
i n i t i a t e e x e c u t i o n . Th is a l s o i n v o l v e s the ques
t i o n o f how d e t a i l e d shou ld the p l a n n i n g b e . I n 
t h e o r y , the e x e c u t i o n cou ld b e i n i t i a t e d d u r i n g 
any s tage of p l a n n i n g . However, a more r e a l i s t i c 
approach would have the e x e c u t i o n beg in when a 
" r e a s o n a b l e " p lan has been deve loped . In some 
cases the i n i t i a l course o f a c t i o n may be so w e l l 
d e f i n e d ( or may be the o n l y a l t e r n a t i v e ) t h a t the 
system may dec ide to s t a r t e x e c u t i o n b e f o r e the 
i n i t i a l p l a n n i n g has t e r m i n a t e d . Obse rva t i ons , 
which a r e a type of e x e c u t i o n , cou ld be per formed 
a t any t ime d u r i n g p l a n n i n g o r e x e c u t i o n i f the 
p roper c o n d i t i o n s occur i n the r e a l w o r l d . 

A f t e r the p lan o u t l i n e s s a t i s f y i n g p o r t i o n s 
o f the t o p l e v e l goals have been gene ra ted , i t i s 
necessary to l i n k them i n t o a coherent p l a n o u t 
l i n e . To do t h i s , an o r d e r o f e x e c u t i o n must be 
de te rmined and i n t e r m e d i a t e connec t i ng programs 
must be deve loped . The subplans are c lassed 
a c c o r d i n g t o the c r i t i c a l i t i e s o f the tasks 
wh ich a re s a t i s f i e d . An a t t emp t i s made to l i n k 
the h i g h l y ra ted subplans t o the i n i t i a l w o r l d . 
When a " s h o r t e s t " l i n k a g e is found to a s u b p l a n , 
t h i s subp lan is assumed to be executed n e x t . 
L inkage is a t tempted between the remain ing sub-
p lans and the w o r l d model of the. most r e c e n t l y 
assumed executed s u b p l a n . Th is con t inues u n t i l 
a l l o f the subplans have been l i n k e d . 

Among the major problems wh ich s t i l l must be 
cons ide red f o r e f f e c t i v e l i n k i n g i n c l u d e : how t o 
d i s t i n g u i s h between the case when two subplans of 
d i f f e r e n t c r i t i c a l i t i e s have the same i n i t i a l 
env i ronment c o n d i t i o n and shou ld be executed 
c o n s e c u t i v e l y and the case when the lower c r i t i -
c a l i t y subp lan must be executed w i t h subplans o f 
i t s own c r i t i c a l i t y t o a v o i d making o the r subplans 
undoab le ; what types o f searches a re necessary to 
promote the most " e f f i c i e n t " l i n k a g e f o r the e n t i r e 
p lan? S u r e l y a most e f f i c i e n t f i r s t l i n k a g e i s 
no t enough. 

I t would be v e r y d e s i r a b l e to have the system 
be aware not o n l y o f what p a r t o f the p lan i t i s 
e x e c u t i n g bu t a l s o the knowledge needs and p r e 
c o n d i t i o n s o f o t h e r s u b p l a n s . I n the present 
f o r m u l a t i o n , an a t t emp t i s b e i n g made to o b t a i n 
t h i s type o f per fo rmance. When o b s e r v a t i o n s a re 
needed and the necessary env i ronment does not 
e x i s t , demons w i l l be e s t a b l i s h e d so t h a t , shou ld 
the o p p o r t u n i t y a r i s e , the o b s e r v a t i o n s cou ld be 
made. C e r t a i n aspec ts o f the w o r l d cou ld be 
p r o t e c t e d a s p r e c o n d i t i o n s f o r f u t u r e subp lans , 
t o p - l e v e l goals as w e l l as any c u r r e n t l y a c t i v e 
o p e r a t o r s . I f a subp lan t r i e s t o undo ano the r 
s u b p l a n ' s i n i t i a l assumpt ions , the p lanner b e i n g 
c o n s t r u c t e d w i l l b e warned o f t h i s . 

In some cases , a p lan may be e x e c u t i n g and 
d u r i n g an o b s e r v a t i o n , some p r e v i o u s l y unknown 
i n f o r m a t i o n is a c q u i r e d . Th is new i n f o r m a t i o n may 
lead the system to r e - e v a l u a t e the manner in wh ich 
the o v e r a l l goa l is to be s a t i s f i e d . Th is may 
i n v o l v e s a t i s f y i n g a subgoal w i t h a d i f f e r e n t 
o p e r a t o r a n d / o r a l t e r i n g the o rder i n which sub-
p lans are e x e c u t e d . For t h i s type o f performance 
to o c c u r , the system must be aware of some of the 
impo r tan t p o s s i b l e a l t e r n a t i v e s . I n v e s t i g a t i o n 
has been concerned w i t h two poss ib l e cases: new 
i n f o r m a t i o n l e a d i n g to a l t e r n a t e p l a n s , and new 
i n f o r m a t i o n l e a d i n g t o s h o r t c u t s . 

When t r y i n g to s a t i s f y a g o a l , the system 
may be c o n s i d e r i n g s e v e r a l p o s s i b l e approaches, 
A s i t u a t i o n wh ich can occur i s t h a t a f t e r p l a n n i n g 
has been s u c c e s s f u l t h rough a c e r t a i n c r i t i c a l i t y , 
a f a i l u r e due to unknown i n f o r m a t i o n is encoun
t e r e d . I n the p rev ious cases d i s c u s s e d , i t was 
p o s s i b l e t o "assume" t h a t the p r e c o n d i t i o n cou ld 
be s a t i s f i e d , bu t t h i s i s no t always the c a s e . 
I f the unknown p r e c o n d i t i o n i s found to be 
s a t i s f i e d , the system shou ld be ab le to pause 
and cons ide r the new i n f o r m a t i o n . I f a new sub-
p l a n were found wh ich was expected to be s u p e r i o r , 
the l i nkages may have to be r e f o r m u l a t e d . In most 
cases , i t i s not expected t h a t t h i s would a l t e r 
the compos i t i on o f o t h e r subp lans . When the sub-
p l a n i s be ing r e f o r m u l a t e d , o the r unknown f a i l u r e s 
may s t i l l be encountered wh ich may d issuade the 
system from pu rsu ing these pa ths . 

The p o s s i b i l i t y of a s h o r t - c u t a l s o may 
occur when a f a i l u r e due to unknown i n f o r m a t i o n 
i s encountered d u r i n g p l a n n i n g . I n t h i s c a s e , 
the o p e r a t o r wh ich was b e i n g cons ide red when the 
f a i l u r e occu r red i s l a t e r found t o b e p o t e n t i a l l y 
u s e f u l i n the f i n a l l y c o n s t r u c t e d p l a n . T o 
determine t h i s , the system examines the f a i l u r e 
and subplan produced and asks the q u e s t i o n s : 
1) Is the o p e r a t o r wh ich was be ing examined when 
the f a i l u r e occu r red s t i l l p o t e n t i a l l y u s e f u l i n 
t h a t the change the a c t i o n would have y i e l d e d 
was r e a l i z e d in some manner l a t e r on in the p l a n 
(o r more p r e c i s e l y , d i d p l a n n i n g con t i nue u n t i l 
a subp lan to r e a l i z e the a c t i o n goal was obtained)? 
2) I f the f a i l e d p r e c o n d i t i o n were assumed to be 
t r u e , would a l l o f t he o p e r a t o r ' s p r e c o n d i t i o n s 
be s a t i s f i e d o r s a t i s f i a b l e to a c e r t a i n 
c r i t i c a l i t y ? 

I f these c o n d i t i o n s are met , t hen the p l a n 
shou ld b e a l t e r e d t o i n d i c a t e t h a t i f the p r e 
c o n d i t i o n i s found t o be t r u e , an a l t e r n a t e 
s h o r t e r subp lan cou ld r e p l a c e pa r t o f t he p l a n 
w i t h o u t a f f e c t i n g any o f the o the r l i n k a g e s o r 
s u b p l a n s . I t i s hoped t h a t t h i s type o f p l a n n i n g 
w i l l not o n l y make the system more respons ive to 
new i n f o r m a t i o n which i s r e c e i v e d , but w i l l a l s o 
a l l o w the system to demonst ra te a b e t t e r unde r 
s t a n d i n g o f what i t i s t r y i n g t o d o a t a l l l e v e l s 
o f p l a n n i n g and e x e c u t i o n nc luded as u n s p e c i f i e d 
parameters . I t i s sometimes p o s s i b l e t o judge 
the s u p e r i o r i t y o f one p l a n over ano the r w i t h o n l y 
t h i s i n f o r m a t i o n . 

The p reced ing d i s c u s s i o n was p r i m a r i l y con 
cerned w i t h p l a n n i n g when m i s s i n g some r e l e v a n t 
i n f o r m a t i o n . Another prob lem which a r i s e s i s t o 
c o n s t r u c t a p l a n wh ich i s most compa t ib le w i t h 
the o v e r a l l m i s s i o n . T o accomp l i sh t h i s , i t i s 
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necessary t h a t the system be aware of the o v e r a l l 
m i s s i o n , i n c l u d i n g an o v e r a l l p l an o f how the 
m i s s i o n is to be accomp l i shed . The system must 
a l s o be aware of bo th the p i l o t and system capa
b i l i t i e s ; who is to complete a task and how is i t 
to be done. The system should then be ab le to 
deve lop a p l a n wh ich would conserve the most 
e s s e n t i a l on-board c a p a b i l i t i e s and would l e a s t 
i n t e r f e r e w i t h the p i l o t ' s a c t i o n s . 

4 . Conc lus ions 

Systems which a re to be ab le to p lan and 
execu te s o l u t i o n s to r e a l w o r l d problems must be 
a b l e t o p l a n i n i n c o m p l e t e l y s p e c i f i e d e n v i r o n 
men ts . The system shou ld have the knowledge t h a t 
c e r t a i n r e l e v a n t i n f o r m a t i o n may not be known at 
a l l s tages o f p l a n n i n g . The system shou ld be ab le 
to form a p l a n o u t l i n e i n d i c a t i n g the ' 'ma jo r " 
s t e p s . For v a r i o u s s i t u a t i o n s , i t shou ld b e a b l e 
t o assume t h a t c e r t a i n tasks are s a t i s f l a b l e , 
d e f e r r i n g p lann ing u n t i l a t ime j u s t b e f o r e 
e x e c u t i o n . The system shou ld have the a b i l i t y to 
i n i t i a t e e x e c u t i o n be fo re p l a n n i n g has t e r m i n a t e d . 
As new i n f o r m a t i o n is r e c e i v e d , the p l a n and /o r 
f l o w o f e x e c u t i o n should be m o d i f i a b l e . 

When p l a n n i n g , the system shou ld be cogn izan t 
o f t he o v e r a l l m i s s i o n o u t l i n e . Us ing knowledge 
o f p i l o t and system c a p a b i l i t i e s , the p lan which 
is c o n s t r u c t e d shou ld be compat ib le w i t h the 
m i s s i o n o b j e c t i v e . 
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