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0» Abst ract 

We describe REFLECT, a problem so lver in 
simulated robot wor lds. REFLECT has successfu l ly 
solved a v a r i e t y of non- l i near problems deseribed 
as a conjunct ion of subtasks, inc lud ing most of 
those found in the l i t e r a t u r e - F i r s t , during a 
preprocessing phase, the system explores i t s 
c a p a b i l i t i e s in the environment i t i s presented 
w i t h . Various i n t r i n s i e proper t ies of the given 
operators are i n f e r r e d , such as the 
u n a t t a i n a b i l l t y o f cer ta in conjunct ive tasks. 
Macro operators are b u i l t , again considering only 
the given operators . REFLECT is then ready to 
accept problems, and proceeds by conducting 
backward h e u r i s t i e search on a v a r i a t i o n of a 
regular state-space graph termed a Goal-Kernel 
graph. A t ten t ion is not focused on any one 
sub task in p a r t i c u l a r , so that a global view of 
the problem is always maintained. 

1 In t reduc t ion 

The l i t e r a t u r e on so lv ing simulated robot 
problems, represented as a conjunct ion of subgoals 
G|, G2 , •••» G which must be simultaneously 
s a t i s f i e d in the f i n a l s t a t e , has become 
extens ive. A review can be found in 
[Sik l6ssy-75] . One of the p r i n c i p a l d i f f i c u l t i e s 
in so lv ing such problems has been ca l led 
n o n - l i n e a r i t y , meaning that the problem cannot be 
solved by consider ing each subtask successively in 
some order Gp / j ) , G p ( 2 ) , • • • , G p ( n ) w h e r e P i s a 

permutat ion of ( l , « » * , n ) . As an extreme case, we 
can consider a solvable problem cons is t ing of only 
two subgoals, Gj & G2# A so lu t ion to the problem 
may be unat ta inab le if the subgoals arc considered 
successively in the order Gj G2 or in the order C2 

G^, such that once a subgoal is achieved it is 
protected ( i . e . i t s attainment cannot be 
destroyed dur ing subsequent problem s o l v i n g ) . 

One of the simplest examples, taken from 
[Sik l6ssy & Roach-73], w i l l i l l u s t r a t e the 
d i f f i c u l t y . The world contains two rooms RMA and 
RMB which communicate through DOOR. DOOR, 
i n i t i a l l y c losed, can be opened or closed by the 
ROBOT, i n i t i a l l y in RMA. To open or close a door, 
the ROBOT must be next to i t . There is also a 
BOX, i n i t i a l l y in RMB, which the ROBOT can go next 
t o . Hence we have an INITIAL STATE of : 

[(INROOM ROBOT RMA)(CLOSED DOOR)(INROOM BOX RMB)]. 

We wish to achieve a FINAL STATE of : 

[(NEXTTO ROBOT BOX)(CLOSED DOOR)]. 

If we f i r s t achieve (NEXTTO ROBOT BOX), the DOOR 

w i l l be l e f t open. It must be closed to achieve 
(CLOSED DOOR). To close the door, the ROBOT must 
go next to DOOR, which would destroy the already 
achieved (NEXTTO ROBOT BOX). I f , on the other 
hand, we f i r s t achieve the second subtask, (CLOSED 
DOOR), we need do nothing since that property is 
true in the i n i t i a l s ta te . However, p ro tec t ing 
t h i s subtask prevents us from achieving (NEXTTO 
ROBOT BOX). 

In the next sec t ion , we review previous 
approaches to the design of problem solvers that 
attempt to solve non- l inear tasks. A l l of these 
approaches seem to be character ized by the fact 
that the problem so lver concentrates i t s e f f o r t s 
on ce r ta in subtasks in p a r t i c u l a r , thereby 
temporari ly ignor ing the other subtasks. Tt 
appears that these problem solvers wear 
" b l i n d e r s " , and have no good global view of the 
problem to be solved. By cont ras t , REFLECT 
maintains an overa l l view of the problem, favor ing 
no subtask w i th i t s a t t e n t i o n . At each step, the 
so lu t ion to any subtask can be advanced, 
i r respec t i ve of which subtask was advanced on the 
previous step, depending on what seems to advance 
the t o t a l so lu t ion the most. No achieved subgoal 
needs to be protected. REFLECT draws i t s power 
from the resu l ts of i t s preprocessing stage, which 
serves to analyze the inherent c a p a b i l i t i e s of the 
robot as spec i f ied in the operators. 

During one phase of preprocessing, the system 
deduces that cer ta in sets of states are 
unat ta inab le , due to the simultaneous presence of 
incompatible assert ions such as (OPEN DOOR) and 
(CLOSED DOOR) or (INROOM ROBOT RMA) and (INROOM 
ROBOT RMB). During another phase, macro operators 
are b u i l t . These are combinations of the given 
operators which na tu ra l l y f i t together, and al low 
one new macro-step to advance a so lu t i on by 
several o r i g i n a l steps. We c a l l these macro 
operators BIGOPs, not to be confused w i th MACROPs 
In [Fikes e t . a l . - 7 2 ] . BIGOPs are based so le ly on 
the descr ip t ion of the o r i g i n a l operators, whereas 
MACROPS are based on genera l izat ions of p a r t i c u l a r 
solved problems. Therefore, BIGOPs represent the 
i n t r i n s i c proper t ies of the problem domain, and do 
not depend on any jud ic ious or acc identa l choice 
of problems. 

Preprocessing is performed once f o r a domain 
(set of opera tors) , and the resu l ts remain v a l i d 
f o r any attempt at problem so lv ing in tha t domain. 
Preprocessing is akin to what a good human problem 
so lver would do when confronted w i t h a new 
environment. Before solv ing a problem, he would 
take time to re f l ec t upon the s i t u a t i o n , examine 
the c a p a b i l i t i e s of h is too ls (opera to rs ) , perhaps 
performing some small exploratory experiments. 

REFLECT's operators are represented using a 
s t r i c t l y dec la ra t i ve formalism. The resu l t s of 
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2. Previous Research 

The conjunct ive problem is eas ier if some 
permutat ion GDn)> ^ n ( 2 ) , # * * * GD(n) e x i s t s such 
tha t the problem can be solved l e f t to r igh t in 
the order given by the permutation of the 
subtasks. In [Fikes & N i l sson -71 ] , some 
permutat ions of the i n i t i a l order ing of the 
subtasks were attempted. In [Sik l6ssy & 
I)reu8si-73] , a h ierarchy (hand input or computer 
generated) re-ordered the subtasks so that a f t e r 
so lv ing G p ( i ) ; there remained s u f f i c i e n t l i b e r t y 
to solve tasks G

D ( i+ - i ) f ° r J > 0 * A s i m i l a r 
h ierarchy scheme was developed in [Sacerdot i -73] • 

The problems become more d i f f i c u l t If 
In ter ferences between subtasks are such that no 
permutat ion as above e x i s t s . In [Sikl&ssy & 
Roach-74], co l l abo ra t i on between a problem so lver 
[Sik l6ssy & Dreussi-73] and a d isprover [Sik l6ssy 
& Roach-73] (which attempts to show that the 
problem has no so lu t i on ) solves some of these 
problems. In [Tate-75, Sacerdot i -75, 
Wald inger-75] , b a s i c a l l y , independent so lu t ions 
are obtained f o r each subtask. These independent 
so lu t ions are then postprocessed, and an attempt 
is made to mesh them together . In [Warren-74] , 
the problem is attempted l e f t - t o - r i g h t in the 
order g iven. When the next subtask G^ cannot be 
achieved wi thout dest roy ing a prev ious ly achieved 
subtask, and when no f u r t h e r way ex i s t s to achieve 
t h i s previous subtask, an attempt is made to 
i nse r t a so l u t i on f o r G^ in the sequence of 
operators tha t achieved G^, 0<i<k. Statements 
s i m i l a r to our incompatible asser t ions (Sec. 3.2) 
are input by hand to l im i t , search space growth. 
In [Sussman-73], a procedure is b u i l t 
incrementa l ly to solve a problem, and may include 
var ious mod i f i ca t i ons and patches on previous 
versions of the procedure. Non - l i nea r i t y is also 
discussed in [Hew i t t - 75 ] , where the a p p l i c a b i l i t y 
of backward search is noted. 

The ub iqu i tous blocks wor ld , made popular in 
[Winograd-71], has been used in most of these 
problem so lve rs . I t should be mentioned tha t f o r 
simple s tack ing problems, such as those tha t have 
been considered, a simple h ierarchy in the sense 
of [Sik l6ssy & Dreuss i -73 ] , e x i s t s : stack the 
blocks from bottom to top] More complicated block 
stacking problems, such as those solved by the 
spec ia l ized system described in [Fahlman-74], 
appear beyond the c a p a b i l i t i e s of any of the more 
general problem solvers mentioned. 

In the next sec t i on , we choose a blocks 
problem to i l l u s t r a t e the behavior of REFLECT, 
mentioning en route the c a p a b i l i t i e s not d i r e c t l y 
touched on by the example. 

3. A^ Deta i led Example 

In keeping w i t h the t r a d i t i o n estab l ished by 
[7 ,10 ,17 ,18 ,19 ,20 ] , we w i l l f i r s t describe how 
REFLECT handles the 3-block problem. (See Sec. 4 
f o r other sample problems.) The world cons is ts of 
a tab le and three b locks . The i n i t i a l 
con f igu ra t ion and the desired f i n a l s ta te are as 
f o l l ows : 

The fo l low ing four operators are i n i t i a l l y given 
to REFLECT: 
(BP*Binding Precondi t ions, PR«Precondit ions, DS-
Delete Set, AS-Add Set) 

OP: P i ckup ($B) 
BP: (TYPE BLOCK $B) 
PR: (ONTABLE $B)(CLEAR $B)(HANDEMPTY) 
DS: (ONTABLE $B)(CLEAR $B)(HANDEMPTY) 
AS: (HOLDING $B) 

OP: Putdown ($B) 
BP: (TYPE BLOCK $B) 
PR: (HOLDING $B) 
DS: (HOLDING $) 
AS: (ONTABLE $B)(CLEAR $B)(HANDEMPTY) 

OP: Stack ($B1,$B2) 
BP: (TYPE BLOCK $B1)(TYPE BLOCK $B2) 
PR: (HOLDING $B1)(CLEAR $B2) 
DS: (HOLDING $)(CLEAR $B2) 
AS: (HANDEMPTY)(ON $B1 $B2)(CLEAR $B1) 

OP: Uns tack ($B1,$B2) 
BP: (TYPE BLOCK $B1)(TYPE BLOCK $B2)(ON $B1 $B2) 
PR: (HANDEMPTY)(CLEAR $BI ) 
DS: (ON $B1 $)(HANDEMPTY)(CLEAR $B1) 
AS: (HOLDING $Bl)(CLEAR $B1) 

( B i n d i n g P r e c o n d i t i o n s a re used t o d e t e r m i n e 
w h e t h e r t he o p e r a t o r i s a p p l i c a b l e b y s u p p l y i n g 
t he necessa ry b i n d i n g s f o r t h e v a r i a b l e s . They 
w i l l n e v e r be s e t up as s u b g o a l s . ) 

The i n i t i a l s t a t e o f t h e w o r l d i s d e s c r i b e d 
b y t h e f o l l o w i n g se t o f p r e d i c a t e s : 

(TYPE BLOCK A) 
(TYPE BLOCK B) 
(TYPE BLOCK C) 

(CLEAR B) 
(CLEAR C) 
(HANDEMPTY) 

(ONTABLE A) 
(ONTABLE B) 
(ON C A) 

Our f i r s t a t t e m p t a t t he p rob lem w i l l b e 
w i t h o u t t he a i d o f BIGOPs, s i n c e t h i s w i l l s e r v e 
t o b e t t e r i l l u s t r a t e t h e b e h a v i o r o f t h e p r o b l e m 
s o l v e r i t s e l f . W e w i l l t hen r e c o n s i d e r t h e 
p rob lem t o i l l u s t r a t e t h e use o f BIGOPs. 

3 .1 Backward S e a r c h i n g and Goa l K e r n e l s 

B e f o r e c o n s i d e r i n g t h e p r e p r o c e s s i n g s t a g e , 
w e w i l l b r i e f l y jump ahead t o t h e a c t u a l p r o b l e m 
s o l v i n g . As p r e v i o u s l y s t a t e d , REFLECT employs 
backward h e u r i s t i c sea rch on a g o a l - k e r n e l g r a p h . 
U n l i k e a s t a t e - s p a c e g r a p h , i n w h i c h each node 
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preprocessing, however, are used in a way s i m i l a r 
to the s t r a t e g i c in fo rmat ion found programmed i n t o 
procedural representat ions of knowledge 

REFLECT, the re fo re , reduces the 
d i f f e rences between the dec la ra t i ve and procedural 
approaches to problem so lv ing by showing that 
dec la ra t i ve s t y l e operators are not qu i te as 
devoid of imperative content as many may think. 



corresponds to a d i s t i n c t s ta te of the wor ld , a 
goa l -ke rne l graph is composed of nodes which 
correspond to sets of s ta tes . Each such set is 
character ized by the fac t that i t contains a l l 
s ta tes in which the goal associated w i th the node 
is s a t i s f i e d . A node labeled [(ON A B)(ON B C ) ] , 
f o r example, corresponds to the set of a l l states 
in which these two assert ions ho ld . (ON A B) and 
(ON B C) are ca l led elements of the goal ke rne l . 
This node w i l l serve as a s t a r t node f o r the 
problem so lve r . The aim is to f ind a node 
(goa l -kerne l ) whose every element is contained in 
the i n i t i a l s ta te o f the wo r l d . 

A node is expanded by applying operators in 
reverse. We reason t h i s way: In order to a r r i ve 
at some s ta te in which (ON A B) and (ON B C) ho ld , 
we must have appl ied an operator such as 
Stack(A,B) or Stack(B,C). The app l i ca t i on of 
i r r e l e v a n t operators i s automat ica l ly prevented, 
since they would not move us to a d i f f e r e n t 
g o a l - k e r n e l . The goa l -kerne ls f o r the new nodes 
can be generated by removing the asser t ions in the 
opera to r ' s ADD se t , and adding the assert ions in 
the opera to r ' s PRECONDITION se t . We obta in the 
f o l l ow ing graph: 

N0DE1: [(ON A B)(ON B C)] 
/ \ 

Stack(A,B) / \ Stack(B,C) 
/ \ 

[(ON B C) [(ON A B) 
(HOLDING A) (HOLDING B) 
(CLEAR B)] (CLEAR C)] 

The whole idea should be a l i t t l e more, c lea r 
now. What we are saying is that given ANY s ta te 
in which (ON B C), (HOLDING A) , and (CLEAR B) are 
t r u e , i t Is always possib le to apply the operator 
Stack(A,B) to achieve our f i n a l s ta te in which (ON 
A B) and (ON B C) are t r u e . S i m i l a r l y , given ANY 
s ta te in which (ON A B) , (HOLDING B) and (CLEAR C) 
ho ld , we w i l l always be able to apply Stack(B,C) 
to achieve our f i n a l s t a t e . 

But w a i t ! Is there even one state in which 
(ON A B) , (HOLDING B) and (CLEAR C) can be 
simultaneously true? The answer is c lea r l y no, 
and t h i s is p rec ise ly what REFLECT has already 
deduced dur ing preprocessing (Sec. 3 .2 ) . In t h i s 
case, (HOLDING B) and (ON A B) form the of fending 
p a i r of incompat ib le asser t ions ( I . A . ' s ) . When 
the node expander not ices t h i s , i t refuses to 
consider Stack(B,C) as a possible operator . The 
resu l t of the expansion, then, is a s ing le new 
node, N0DE2, which makes our next choice very 
easy. 

3.2 How I. A . ' s are used in A. I . 

We now back up to consider how preprocessing 
is able to examine the operators and deduce pa i rs 
of incompat ib le asser t ions ( I . A . ' S ) . (Our 
d iscuss ion w i l l , f o r the moment, not touch on 
l a r g e r sets of I . A . ' s , such as t r i p l e t s or 
quadrup le ts . ) Given the four operators f o r the 
blocks wor ld , REFLECT considers the f i v e 
changeable predicates which appear: HANDEMPTY, 
HOLDING, ONTABLE, ON, and CLEAR. (TYPE is s t a t i c 
and there fore not considered.) Taking them one 

p a i r at a t ime, REFLECT conducts what could be 
termed "mini -exper iments" to t r y and make both 
predicates t rue at the same t ime. 

Some experiments are very easy. In 
p a r t i c u l a r , REFLECT assumes ins tant success if the 
two predicates appear together on the ADD set of 
some operator . Examples of t h i s are (ONTABLE $X) 
and (CLEAP $X), (HANDEMPTY) and (ON $X $Y), as 
we l l as (HANDEMPTY) and (CLEAR $X). Other 
experiments are seen to f a i l rather e a s i l y . For 
example, (HANDEMPTY) and (HOLDING $X) can never be 
t rue simultaneously, since f o r every ADD set in 
which one appears, the o ther is found in the 
corresponding DELETE se t . 

These experiments are ac tua l l y abstract 
problem so lv ing sessions s i m i l a r in s t ruc tu re to 
the example we are now cons ider ing. The main 
d i f fe rence is that we do not have an i n i t i a l world 
s ta te , nor do we have bindings f o r the v a r i a b l e s . 
Handling the var iab les can be t r i c k y . The 
two-var iab le predicate (ON $X $Y), f o r example, is 
ac tua l l y considered tw ice ; f i r s t to deduce 
proper t ies f o r va r iab le $X and second to deduce 
them f o r va r iab le $Y. Predicates are even paired 
w i t h themselves. This al lows us to deduce, f o r 
example, tha t (HOLDING A) and (HOLDING B) cannot 
be simultaneously t r u e . We have developed a 
special no ta t ion to represent t h i s , s i m i l a r i n 
s p i r i t to the var ious p r e f i x characters used by 
PLANNER, CONNIVER, and QAA. Given that $X 
represents a v a r i a b l e , #X denotes a va r iab le which 
can accept any binding except the current b inding 
of $X. 

As REFLECT conducts the mini-exper iments, it 
imposes a bound on the "depth" of the graph 
generated. I f the bound is ever exceeded, the 
system abandons that p a r t i c u l a r p a i r and goes on 
to the next . In t h i s way, the "obvious" I . A . ' s 
are found qu i ck l y . These can then be used on 
subsequent passes to prove f u r t h e r pa i r s of 
i n c o m p a t i b i l i t i e s . For example, in an experiment 
w i th PI and P2, the system may achieve P I ; the 
achievement of P2, however, is found to require 
P3, which has prev iously been proven to be 
incompatible w i t h P I . I f a s i m i l a r s i t u a t i o n i s 
found when t r y i n g the problem in reverse, then PI 
and P2 have been proved incompat ib le. When a pass 
produces no new resu l t s , the depth bound is 
increased, and REFLECT t r i e s again. This process 
continues u n t i l a l l experiments have concluded or 
u n t i l some maximum depth is reached. 

I t i s , o f course, possib le to const ruct a 
world in which i t w i l l take an a r b i t r a r i l y large 
amount of processing to deduce a l l poss ib le pa i r s 
o f I . A . ' s . I f an I .A. p a i r is not detected, the 
search space may become l a r g e r due to less 
e f f e c t i v e pruning, but t h i s does not a f f e c t the 
a t t a i n a b i l i t y o f the s o l u t i o n . 

I t i s also possib le to "sabotage" the 
deduction procedure by in t roduc ing what we term a 
"Garden of Eden" i n i t i a l s t a t e . Consider a 
s i t u a t i o n where REFLECT has j u s t completed 
preprocessing, having proved tha t (HOLDING A) and 
(HOLDING B) can never be simultaneously t r u e . It 
now smugly asks f o r i t s f i r s t problem, together 
w i t h the i n i t i a l s ta te of the wo r l d . Sure enough, 
f o r some mysterious reason the i n i t i a l s ta te j u s t 
as smugly asserts (HOLDING A) and (HOLDING B) ! 
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T h i s i s an example o f a "Garden o f Eden" s t a t e , 
namely one w h i c h c o u l d n o t have been a r r i v e d a t by 
any sequence o f o p e r a t o r s . I n many c a s e s , t hese 
s t a t e s f o l l o w t h e i r h i s t o r i c a l c o u n t e r p a r t and 
d o n ' t s u r v i v e v e r y l o n g , (Note t h a t any 
a p p l i c a t i o n o f Putdown($B) w i l l d e l e t e a l l HOLDING 
a s s e r t i o n s , n o t j u s t (HOLDING $ B ) . ) 

REFLECT p roduces t h e f o l l o w i n g i n c o m p a t i b l e 
a s s e r t i o n s f o r t h i s v e r s i o n o f t h e b l o c k s w o r l d : 

3 . 3 A n c e s t o r s , t r o u b l e m a k e r s , and o t h e r d e t a i l s 

We r e t u r n now to t h e 3 - b l o c k p r o b l e m , where 
t h e n e x t s t e p i s t o expand N0DE2, whose g o a l 
k e r n e l is [(HOLDING A) (CLEAR B) (ON B C ) ] . 
REFLECT f i r s t f ocuses on t h e subgoa l (HOLDING A ) . 
N0DE3 i s p roduced by r e v e r s e a p p l i c a t i o n o f t h e 
o p e r a t o r P i c k u p ( A ) . The g o a l k e r n e l [(ONTABLE A) 
(CLEAR A) (HANDEMPTY) (CLEAR B) (ON B C) ] is 
o b t a i n e d by r e p l a c i n g (HOLDING A) w i t h the 
p r e c o n d i t i o n s of P i c k u p ( A ) . When REFLECT 
c o n s i d e r s t h e subgoa l (ON B C ) , t h e a s s e r t i o n 
(HOLDING B) r e q u i r e d by S t a c k ( B C) is found to be 
i n c o m p a t i b l e w i t h (HOLDING A ) , w h i c h i s a l r e a d y i n 
t h e g o a l k e r n e l . The f i n a l s u b g o a l i n N0DE2, 
(CLEAR B ) , i s a l r e a d y t r u e i n t h e i n i t i a l s t a t e o f 
t h e w o r l d , s o i t i s no t c o n s i d e r e d . ( I t I s n o t 
a l w a y s p o s s i b l e t o i g n o r e t r u e a s s e r t i o n s i n t h i s 
manner , as we s h a l l s e e . ) The g raph now l o o k s l i k e 
t h i s : 

On l i n e [ a ] , we n o t i c e how REFLECT has a v o i d e d a 
l o o p b y I n v o k i n g t h e a n c e s t o r r u l e * T h i s r u l e 
s t a t e s t h a t i f t h e g o a l k e r n e l u n d e r c o n s i d e r a t i o n 
i s a s u p e r s e t o f one o f i t s a n c e s t o r s , w e s h o u l d 
d i s c a r d I t , s i n c e any o p e r a t o r a p p l i c a b l e i n t h e 
new g o a l k e r n e l w o u l d have been e q u a l l y a p p l i c a b l e 
i n t he a n c e s t o r . 

O n l i n e [ b ] , REFLECT i s t r y i n g t o a c h i e v e 
(CLEAR A ) u s i n g t h e o p e r a t o r U n s t a c k ( C , A ) . I t 
r e j e c t s t h i s , however , because even though 
U n s t a c k ( C , A ) makes (CLEAR A) t r u e , a n o t h e r e lement 
o f t h e g o a l k e r n e l , (HANDEMPTY), i s made f a l s e ! 
The a p p l i c a b l e r u l e , known a s t h e d e l e t i o n r u l e , 
s t a t e s t h a t n o o p e r a t o r can e v e r b e a p p l i e d whose 
DELETE s e t c o n t a i n s a member o f t h e c u r r e n t g o a l 
k e r n e l . T h i s l i t t l e f a i l u r e has had a n i m p o r t a n t 
consequence, however . Because o f i t , (HANDEMPTY) 
I s b randed a s " t r o u b l e s o m e " . T h i s l a b e l i s g i v e n 
t o a s s e r t i o n s w h i c h h o l d i n t h e i n i t i a l s t a t e o f 
t he w o r l d , b u t w h i c h may have t o be t e m p o r a r i l y 
v i o l a t e d s i n c e t hey a r e i n t e r f e r i n g w i t h t h e 
ach ievement o f a n o t h e r s u b g o a l . A t r o u b l e s o m e 
a s s e r t i o n w i l l a lways b e c o n s i d e r e d d u r i n g 
e x p a n s i o n because , i n o u r backward s e a r c h i n g , t h i s 
p o i n t m i g h t c o r r e s p o n d t o t h e t i m e when t h e 
a s s e r t i o n ( a f t e r h a v i n g been t e m p o r a r i l y f a l s e ) 
needs t o be r e a c h i e v e d . Even a f t e r U n s t a c k ( C , A ) 
i s r e j e c t e d , REFLECT checks f o r I . A . ' s , s i n c e t h i s 
c o u l d p o i n t t o o t h e r " t r o u b l e s o m e " a s s e r t i o n s . 

t h e n e x t s u b g o a l , (ON B 
in p r o d u c i n g a new node , 

S t a c k ( B , C ) . F i n a l l y , 
t r u e b u t l a b e l e d 

new 

The system now c o n s i d e r s 
C ) , and does succeed 
u s i n g t h e o p e r a t o r 
(HANDEMPTY) ( a l r e a d y 
" t r o u b l e s o m e " ) , i s c o n s i d e r e d b u t p roduces n o 
nodes . 

Expans ion of NODEA a l s o p roduces a s i n g l e new 
node when REFLECT a p p l i e s P i c k u p ( B ) to a c h i e v e 
(HOLDING B ) . A l l o t h e r a p p l i c a b l e o p e r a t o r s l e a d 
to I . A . ' s . When NODE5 is expanded , REFLECT 
g e n e r a t e s two new nodes , as shown b e l o w : 

The e x p a n s i o n o f N0DE3 w i l l i l l u s t r a t e 
v a r i o u s i n t e r e s t i n g r u l e s used by REFLECT. We 
w i l l d e s c r i b e t h i s e x p a n s i o n b y p r e s e n t i n g a t r a c e 
o f REFLECT's a c t i v i t y . 

EXPANDING N 0 D E 3 . . . 
TASK: (CLEAR A) 

OPERATOR: Putdown(A) 
REJECT-ANCESTOR: N0DE2 [a ] 

OPERATOR: U n s t a c k ( C , A ) 
REJECT-DELETE: (HANDEMPTY) [b ] 
R E J E C T - I . A . : (CLEAR C)(ON B C) 

TASK: (ON B C) 
OPERATOR: S t a c k ( B , C ) 

NEW NODE: N0DE4 [(HOLDING B)(CLEAR C) 
(ONTABLE A)(CLEAR A ) ] 

TASK: (HANDEMPTY) 
OPERATOR: Putdown(A) 

REJECT-ANCESTOR: N0DE2 
OPERATOR: Putdown(B) 

R E J E C T - I . A . : (HOLDING B)(ON B C) 
OPERATOR: Putdown(C) 

R E J E C T - I . A . : (HOLDING C)(ON B C) 

REFLECT f i n a l l y has a c h o i c e to make! S i n c e 
o n l y one o f N0DE6's subgoa l s i s n o t s a t i s f i e d i n 
t h e i n i t a l s t a t e , whereas two o f N0DE7's a r e n o t , 
t h e h e u r i s t i c e v a l u a t i o n f u n c t i o n r e p o r t s t h a t 
N0DE6's g o a l k e r n e l i s " c l o s e r " t o t h e i n i t i a l 
s t a t e o f t h e w o r l d t h a n N0DE7's i s . The sys tem 
t h e r e f o r e chooses N0DE6 to expand n e x t . The o n l y 
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app l icab le operator , Pickup(A), is re jected by the 
ancestor r u l e , however. REFLECT moves immediately 
to N0DE7, which was the cor rect choice. When 
apply ing the operator Unstack(C,A), the goal 
kerne l [(HANDEMPTY) (CLEAR C) (ONTABLE B) (CLEAR 
B) (ONTABLE A)] is produced. Problem so lv ing 
h a l t s , since a l l elements o f t h i s goal kernel are 
t rue in the i n i t i a l s t a t e . The f i n a l graph f o r 
t h i s so l u t i on of the 3 blocks problem i s : 

I 

The f i n a l p lan is obtained by simply 
t r a v e l l i n g back up to the roo t : Unstack(C,A), 
Putdown(C), Pickup(B), Stack(B,C), Pickup(A), 
Stack(A,B). 

3.4 BIGOPs 

We s h a l l now c o n s i d e r t h e 3 - b l o c k p rob lem 
a g a i n . T h i s t i m e , w e w i l l make use o f t h e r e s u l t s 
o f a n o t h e r p r e p r o c e s s i n g phase : t h e c o n s t r u c t i o n 
o f BIGOPs. The g e n e r a t i o n o f t hese combined 
o p e r a t o r s i s a c c o m p l i s h e d b y a n a l y z i n g t h e 
i n h e r e n t s t r u c t u r e o f t he o r i g i n a l o p e r a t o r s 
p r o v i d e d t o t h e s y s t e m . The b a s i c a im i s t o 
c o n s t r u c t new o p e r a t o r s w h i c h a r e made up of two 
o r more p r i m i t i v e o p e r a t o r s . T h i s a l l o w s one arc 
i n t h e g o a l k e r n e l g raph t o t a k e t h e p l a c e o f 
s e v e r a l a r c s , and r e s u l t s i n as much as an o r d e r 
o f magn i t ude dec rease i n t h e s i z e o f t h e sea rch 
space . A f t e r t h e p r o b l e m i s s o l v e d , t h e s o l u t i o n 
i s expanded back i n te rms o f t h e o r i g i n a l 
o p e r a t o r s . S ince BIGOPs can be t h o u g h t of as 
g e n e r a l i z e d o p e r a t o r s , t h e e x p a n s i o n p r o c e s s o f t e n 
i s a b l e t o l e a v e ou t c e r t a i n unnecessa ry s t e p s . 
F o r examp le , assume t h a t we have p r e p r o c e s s e d t h e 
o p e r a t o r s i n t h e STRIPS w o r l d o f [ F i k e s 
N i l s s o n - 7 1 ] to o b t a i n a BIGOP c a l l e d "CLIMBOFF & 
GOTO & OPEN & GOTHRUDOOR" w h i c h g i v e s t h e robo t 
t h e a b i l i t y t o g o i n t o a n o t h e r room. The p resence 
o f each p r i m i t i v e o p e r a t o r i s des i gned t o a c h i e v e 
one o f t h e p r e c o n d i t i o n s w h i c h w i l l u l t i m a t e l y b e 
needed i n o r d e r t o go t h r o u g h a d o o r . A t 
e x p a n s i o n t i m e , however , i t may b e f ound t h a t one 
o r more o f t h e c o n d i t i o n s a re a l r e a d y t r u e . F o r 
examp le , t h e ROBOT may a l r e a d y be on t h e f l o o r , o r 
t h e d o o r may a l r e a d y b e open . I n t h i s case , f i n a l 
e x p a n s i o n w o u l d l e a v e o u t t h e c o r r e s p o n d i n g 
o p e r a t o r s , s i n c e t h e y wou ld b e e s s e n t i a l l y n o - o p s . 

G i v e n t h e f o u r i n i t i a l o p e r a t o r s i n o u r 
v e r s i o n o f t h e b l o c k s w o r l d , REFLECT b e g i n s b y 
c o n s i d e r i n g w h i c h p a i r s o f o p e r a t o r s can b e 
a p p l i e d s u c c e s s i v e l y . O f t h e s i x t e e n p o s s i b l e 
o r d e r e d p a i r s , i t d i s c o v e r s t h a t c o n f l i c t i n g 
p r e c o n d i t i o n s p r e v e n t e i g h t o f them f rom e v e r 

b e i n g a d j a c e n t i n a p l a n : P i c k u p - P i c k u p , 
P i c k u p - U n s t a c k , Pu tdown-Pu tdown, P u t d o w n - S t a c k , 
S t a c k - P u t d o w n , S t a c k - S t a c k , U n s t a c k - P i c k u p , and 
U n s t a c k - U n s t a c k . These c o n f l i c t s a r e a l l caused 
by t h e I . A . p a i r [(HOLDING $X) (HANDEMPTY)]. The 
rema in i ng e i g h t o p e r a t o r p a i r s a re c a n d i d a t e s f o r 
BIGOPs. The method o f c o n s t r u c t i o n i s s i m p l e . 
L e t Pk , Dk , , and A^ deno te t h e P r e c o n d i t i o n s e t , 
D e l e t e s e t , and Add s e t o f o p e r a t o r 0 p k« 
O p e r a t o r s OPi and OP., may be combined i n t o a BIGOP 
where 

(+ and - a r e s e t u n i o n and d i f f e r e n c e ) . 
Even though t h e above o p e r a t i o n i s 

t h e o r e t i c a l l y p o s s i b l e o n a l l t h e r e m a i n i n g 
o p e r a t o r p a i r s , REFLECT uses some a d d i t i o n a l 
c r i t e r i a i n d e c i d i n g w h e t h e r t h e c o m b i n a t i o n 
s h o u l d e x i s t o r n o t . I t i s i m p o r t a n t t h a t t h e 
v a r i a b l e s c o r r e s p o n d p r o p e r l y . I n a P i ckup&Stack 
o p e r a t i o n , f o r example , i t i s c l e a r t h a t t h e b l o c k 
wh i ch i s p i c k e d u p i s t h e same b l o c k w h i c h w i l l b e 
s t a c k e d . I n a S tack&Unstack o p e r a t i o n , i t i s n o t 
so c l e a r . The b l o c k s may be d i f f e r e n t or t h e y may 
be one and t h e same. F i n a l l y , in a 
Putdown&Unstack, i t i s c l e a r t h a t t h e y have t o b e 
d i f f e r e n t b l o c k s . REFLECT r e q u i r e s t h a t a t l e a s t 
one v a r i a b l e i n b o t h o p e r a t o r s c o r r e s p o n d a t a l l 
t i m e s . T h i s has p r o v e d to be a good measure o f 
the " n a t u r a l n e s s " o f comb in ing two o p e r a t o r s , and 
h e l p s e l i m i n a t e c o m b i n a t i o n s o f o p e r a t o r s w h i c h 
a re s e m a n t i c a l l y u n r e l a t e d . T h i s c r i t e r i o n 
e l i m i n a t e s P u t d o w n - P i c k u p , P u t d o w n - U n s t a c k , 
S t a c k - P i c k u p and S t a c k - U n s t a c k . F i n a l l y , REFLECT 
checks f o r c o m b i n a t i o n s w h i c h wou ld e s s e n t i a l l y b e 
n o - o p s , and manages to d i s c a r d P i c k u p - P u t d o w n . We 
a re l e f t w i t h : 

OP: P i c k u p & S t a c k ( $ B l , $ B 2 ) 
BP: (TYPE BLOCK $B1)(TYPE BLOCK $B2) 
PR: (ONTABLE $B1)(CLEAR $B1)(HANDEMPTY) 

(CLEAR $B2) 
DS: (ONTABLE $B1)(CLEAR $B2) 
AS: (ON $B1 $B2) 

OP: U n s t a c k & S t a c k ( $ B l , $ B 2 , $ B 3 ) 
BP: (TYPE BLOCK $B1)(TYPE BLOCK $B2) 

(TYPE BLOCK $B3)(0N $B1 $B2) 
PR: (HANDEMPTY)(CLEAR $B1)(CLEAR $B3) 
DS: (ON $B1 $B2)(CLEAR $B3) 
AS: (ON $B1 $B3)(CLEAR $B2) 

OP: Uns tack&Pu tdown($B l ,$B2) 
BP: (TYPE BLOCK $B1)(TYPE BLOCK $B2)(ON $B1 $B2) 
PR: (CLEAR $B1)(HANDEMPTY) 
DS: (ON $B1 $B2) 
AS: (CLEAR $B2)(ONTABLE $B1) 

L e t us now t a k e a n o t h e r l o o k a t t h e 3 - b l o c k 
p rob lem g i v e n t h e p resence o f t h e s e BIGOPs. 
REFLECT i s a b l e t o s o l v e t h e p r o b l e m w i t h n o wrong 
moves i n l e s s t h a n o n e - t h i r d t h e t i m e ( 1 . 7 8 . v s . 
5 .9 s . , i n t e r p r e t e d LISP on a CDC6600) and 
p roduces t h e f o l l o w i n g g r a p h : 
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N0DE1:[ (ON A B)(ON B C ) ] 
P i c k u p & S t a c k ( A , B ) | 

NODE2:[(ONTABLE A)(CLEAR A) 
| (HANDEMPTY)(CLEAR B) 

P i c k u p & S t a c k ( B , C ) | (ON B C) ] 
I 

NODE3:[(ONTABLE B)(CLEAR C) 
| (ONTABLE A)(CLEAR A) 

U n s t a c k & P u t d o w n ( C , A ) - | (HANDEMPTY)(CLEAR B ) ] 
I 

GOAL: [(HANDEMPTY)(CLEAR C) 
(ONTABLE B)(ONTABLE A) 
(CLEAR B ) ] 

4 . O t h e r sample p rob lems 

The f i g u r e s a t t h e end o f t h i s p a p e r t o g e t h e r 
w i t h T a b l e 1 show some t y p i c a l l i n e a r and 
n o n - l i n e a r p rob lems s o l v e d by REFLECT. Many have 
been chosen f r o m t h e l i t e r a t u r e . The o r d e r i n 
w h i c h t h e sub t a s k s o f a p r o b l e m a r e g i v e n t o 
REFLECT i s i r r e l e v a n t , w h i l e i t may b e c r u c i a l t o 
o t h e r s y s t e m s . A l t h o u g h w e p r o v i d e c o m p a r a t i v e 
e x e c u t i o n t i m e s when a v a i l a b l e , compar i sons on 
t h i s b a s i s a r e tenuous a t b e s t . A s w o r k e r s i n 
t h i s a r e a know w e l l , s l i g h t changes i n t h e 
a x i o m a t i z a t i o n o f o p e r a t o r s can cause l a r g e 
d i f f e r e n c e s i n t h e b e h a v i o r o f t h e s e s y s t e m s . 

5 . C o n c l u s i o n s and F u r t h e r Work 

REFLECT has s u c c e s s f u l l y s o l v e d p rob lems 
t y p i f i e d b y t h e samples g i v e n . These p rob lems 
have o f t e n been s o l v e d o n l y w i t h d i f f i c u l t y b y 
o t h e r p r o b l e m s o l v e r s . The success o f REFLECT can 
b e a t t r i b u t e d t o a c o m b i n a t i o n o f p r e p r o c e s s i n g 
r e s u l t s and t h e g o a l - k e r n e l backwards s e a r c h , 
w h i c h has p r o v e d adequate f o r h a n d l i n g t a s k s u p t o 
s e v e r a l dozen s t e p s l o n g . However , t h e 
p r e p r o c e s s i n g h e u r i s t i c s c u r r e n t l y i n use a r e n o t 
s u f f i c i e n t l y p o w e r f u l t o p r e v e n t a c o m b i n a t o r i a l 
e x p l o s i o n when REFLECT a t t e m p t s t a s k s w h i c h a re 
s e v e r a l hund red s t e p s l o n g ( w i t h i n t h e 
c a p a b i l i t i e s o f LAWALY [ 1 2 ] ) . We can a t t r i b u t e 
t h i s t o s e v e r a l r e a s o n s . F i r s t , REFLECT has 
e s s e n t i a l l y p u t a s i d e t h e l i n e a r i t y p r i n c i p l e i n 
o r d e r t o m a i n t a i n a g l o b a l v i e w d u r i n g p r o b l e m 
s o l v i n g . I f p a r t i c u l a r w o r l d s a re n o t s t r o n g l y 
enough c o n s t r a i n e d to p r o v i d e a good s e t o f 
I . A . ' s , t h e n t h e l a c k o f e f f e c t i v e p r u n i n g becomes 
e v i d e n t q u i c k l y . L i n e a r i t y i s , o b v i o u s l y , a n 
e x t r e m e l y p o w e r f u l h e u r i s t i c when used 
a p p r o p r i a t e l y . R a t h e r t h a n u s i n g o t h e r h e u r i s t i c s 
t o overcome t h e p r o b l e m s o f l i n e a r i t y , a s a lmos t 
a l l p r e v i o u s sys tems have done , i t i s o u r a im t o 
deve lop h e u r i s t i c s t h a t t e l l u s when t o t a k e 
advan tage o f l i n e a r i t y . A l o n g t h e s e l i n e s , a 
h i e r a r c h y scheme imp lemen ted f o r backward sea rch 
seems p r o m i s i n g . 

A n o t h e r a r e a w h i c h i s b e i n g imp lemented i s 
t h e e x t e n s i o n o f I . A . p a i r s t o t r i p l e t s , 
q u a d r u p l e t s , e t c . A n a n a l y s i s o f g o a l - k e r n e l s 
g e n e r a t e d by t h e p r e s e n t sys tem shows t h a t I . A . 
t r i p l e t s a r i s e i n s u b s t a n t i a l numbers , b u t g o 
u n d e t e c t e d . T h i s means t h a t t h e sys tem i s w o r k i n g 
o n t a s k s w h i c h a r e doomed t o f a i l u r e . D e t e c t i o n 
o f new I . A . ' s d u r i n g p r e p r o c e s s i n g c o u l d b e 
c a r r i e d a s f a r a s d e s i r e d ; t h e r e i s p resumab ly a 

p o i n t o f d i m i n i s h i n g r e t u r n s , beyond w h i c h i t 
wou ld b e more p r o f i t a b l e t o s t a r t t h e p r o b l e m 
s o l v i n g i t s e l f . 

F i n a l l y , a n a r e a t h a t needs a l o t o f work i s 
t h e use o f p r e p r o c e s s i n g t e c h n i q u e s t o g e n e r a t e 
good h e u r i s t i c e v a l u a t i o n f u n c t i o n s . REFLECT 
c u r r e n t l y g e n e r a t e s a v e r y c rude e v a l u a t i o n 
f u n c t i o n d u r i n g p r e p r o c e s s i n g b y c o u n t i n g t h e 
ave rage number o f p r e c o n d i t i o n s needed t o a c h i e v e 
a g i v e n a s s e r t i o n . T h i s c o u l d use s u b s t a n t i a l 
imp rovemen t . 
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Contracts are d iv ided i n t o two classes in a 
node: those fo r which the node acts as con t rac to r , 
and those fo r which it acts as manager. The node 
f i e l d o f a cont rac t i s f i l l e d accord ing ly - w i th 
the name of the cont rac t manager in the f i r s t 
case, and w i th the name of the con t rac to r in the 
second case. Subcontracts wa i t i ng fo r serv ice are 
held at the node tha t generated them, w i th an 
empty node f i e l d . 

The p r i o r i t y desc r i p t i on is used by a 
management processor to es tab l i sh a p a r t i a l order 
over cont rac ts to be announced, and by p o t e n t i a l 
con t rac to rs to order cont rac ts fo r the purpose of 
b idd ing . S im i la r desc r ip t i ons are a lso used to 
order con t rac to rs f o r the purpose of awards. The 
concept of p r i o r i t y thus must be general ized over 
simple in teger desc r ip t i ons to inc lude such 
( layered) desc r ip t i ons o f p o t e n t i a l l y a r b i t r a r y 
complexi ty , which inc lude both a p p l i c a t i o n s -
re la ted and a r c h i t e c t u r e - r e l a t e d i n fo rma t i on . 

A task desc r i p t i on a lso conta ins two types 
of i n f o rma t i on : the l o c a l context in which the 
task is to be executed, and the app l i ca t i ons 
software requi red to execute i t . This in fo rmat ion 
is passed when a cont rac t is awarded. Depending on 
the task , the requ i red g loba l context may be 
passed wi th the award, or f u r t he r cont rac ts may be 
l e t to ob ta in i t . Software passed to a node fo r 
execut ion of a p a r t i c u l a r cont rac t is re ta ined fo r 
f u tu re use, and i t s presence has a favorable 
e f f e c t on the fu tu re bids of that node. 

A SAIL s imu la t ion has been constructed to 
t es t the formal ism. I t accepts simple app l i ca t i ons 
programs. and maps them onto a simulated 
d i s t r i b u t e d processor w i th a va r iab le number of 
nodes. The s imu la t ion is being used to determine 
the costs associated w i th the formal ism, in terms 
of both processor and communications overhead, and 
the decrease in computation t ime tha t can be 
expected fo r var ious a p p l i c a t i o n s . D i s t r i b u t e d 
h e u r i s t i c search is present ly being examined in 
t h i s way, and a l t e r n a t i v e s in d i s t r i b u t e d 
deduction w i l l be examined in the near f u t u r e . 
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