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p l a n s y n t h e s i s i s d i s c u s s e d , and a u n i f o r m s o l u t i o n 
t o t h e g e n e r a l p rob lem i s p r e s e n t e d . The two 
phases o f the t h e o r y a r e d e t e c t i o n and c o r r e c t i o n 
o f a n n i h i l a t i o n e r r o r s . D e t e c t i o n i s c a r r i e d o u t 
v i a a t h e o r y o f spontaneous c o m p u t a t i o n i n w h i c h 
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s i z e d g o a l s . C o r r e c t i o n i s accomp l i shed by a g i v e 
and t ake t e c h n i q u e c a l l e d " u n r a v e l l i n g , " w h e r e i n 
c o n f l i c t i n g p a r t s o f t he p l a n back o f f t e m p o r a r i l y 
t o a l l o w o t h e r p a r t s t o c o m p l e t e . The t h e o r e t i c a l 
f ramework o f the p l a n s y n t h e s i z e r i s d e s c r i b e d , a 
d e t a i l e d computer example o f d e t e c t i o n and u n r a v e l 
l i n g i s g i v e n , and o t h e r a p p l i c a t i o n s m o t i v a t e d b y 
t h i s t h e o r y a re s u g g e s t e d . 
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1. I n t r oduc t i on 

One of the sub t l e r issues of automatic problem 
so lv ing and program synthesis is subgoal 
a n n i h i l a t i o n or in f r ingement . Subgoal a n n i h i l a t i o n 
occurs when. dur ing the course of so lv ing one-
aspect of a l a rge r problem, some other aspect of 
ttie problem whose so l u t i on has already been ob
tained is i n t e r i e r e d w i t h , or undone completely. 
Subgoal infr ingement is a mi lder form of subgoal 
a n n i h i l a t i o n in which the p r i o r so lu t i on of one 
subgoal causes the so lu t i on of a not tier l a t e r sub-
goal to become more d i f f i c u l t or ted ious. 

in t h i s paper, we describe a uniform procedure 
f o r de tec t ing and reso lv ing subgoal a n n i h i l a t i o n s . 
The scheme is app l icab le to both small-domain and 
general problem so lve rs , and r e l i e s on an associa
t i v e s t y l e of computing which we c a l l "spontaneous 
computat ion" fo r the detec t ion phase, and a tech
nique we c a l l " u n r a v e l l i n g " fo r the co r rec t ion 
phase. 

We f i r s t provide a b r i e f mot iva t ion of the sub
j ec t and a review of ex i s t i ng techniques fo r sub-
goal p ro tec t i on . Then we describe the problem 
so l v ing framework from which we have approached the 
problem, and present the paradigm for spontaneous 
computation. Next, we describe the p r o t e c t i o n -
un rave l l i ng theory and i l l u s t r a t e i t on a small 
blocks-world example run on our system. F i n a l l y , 
we discuss the imp l i ca t ions and extent of our 
scheme, po in t i ng out some possible f u tu re develop
ments and re la ted app l i ca t ions of the theory. 

2. Mot iva t ion and Background 

In so lv ing a complex problem, i t i s near ly a l 
ways necessary to break the i n i t i a l problem down 
irvto smal ler problems such t h a t , i f each subproblem 
were to be so lved, the i n i t i a l problem would also 
be solved. This approach is commonly ca l l ed problem 
reduct ion or means-ends analysis (see e .g . [ENl] or 
[H I ] ) and has been the paradigm for most problem 
so lv ing systems in A l . 

Problem reduct ion is an i n t u i t i v e l y adequate ap
proach to problem s o l v i n g , espec ia l l y i f the po in t 
is to propose models of human problem so l v i ng . 
However, problem reduct ion su f fe rs from an inherent 
d i f f i c u l t y . This is that the act o f delegat ing r e 
s p o n s i b i l i t y f o r the so lu t i on o f the i n i t i a l prob
lem to smaller subproblems must obviously give some 
degree of autonomy to the processes which solve the 
subproblems. (Otherwise, there would be no point in 
reducing the i n i t i a l problem.) At one extreme, 
there is t o t a l autonomy, where each subgoal solver 
has complete freedom to generate whatever type of 
s o l u t i o n seems best f o r the subproblem, d is regard
ing the fac t the tthe subproblem pa r t i c i pa tes in a 
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l a rger plan which must eventual ly be cons is ten t . At 
the other extreme, every subgoal so lver takes u t 
most care in i n t e r a c t i n g and cooperating w i th a l l 
other subgoal solvers so that harmony of the 
o v e r a l l p lan w i l l be ensured. 

The f i r s t extreme suf fe rs from too much 
independence; the second extreme su f fe rs from too 
l i t t l e independence. However, the f i r s t approach is 
conceptual ly and computat ional ly much cleaner than 
the second, because it makes possible a more modu
l a r representat ion of problem so lv ing s t r a t eg i es . 
If there were some uniform method of no t i c i ng and 
reso lv ing c o n f l i c t s among r e l a t i v e l y autonomous 
subgoal so lvers , then we could have the best of 
both wor lds: modulari ty in problem so lv ing know
ledge, yet harmony in the synthesis of large p lans. 

Subgoal a n n i h i l a t i o n problems are e x t r a o r d i n a r i 
ly pervasive, both in expert domains, and in every
day human problem so l v ing . Consider a simple exam
ple from the blocks wor ld : 
GOAL: Achieve the s ta te (AND (ON A B) (ON B C)) 

s t a r t i n g from the s tate shown below under the 
cons t ra in t that only one block at a time can 
be l i f t e d . 

I f the problem solver 
attempts to solve the 
subgoals (ON A B) and 
(JN B C) in the order 
given in the s t a t e 
ment of the goa l , 
then i t w i l l back i t -
se l f i n t o a corner in 
which it must undo 

par t of the plan fo r the f i r s t goal in order to 
solve the second goal , as shown above. 

To i l l u s t r a t e an analogous a n n i h i l a t i o n problem 
in everyday problem so l v i ng , consider the midnight 
snack scenario: an AI researcher has j us t made a 
de l i c ious (but greasy) co ld-cut sandwich, and 
wishes to clean up before consuming i t . "Clean up" 
might mean: (a) wash his hands, and (b) throw the 
greasy cu t t i ngs away. Obviously, if he solves these 
subgoals in t h i s order, he w i l l not only have to 
wash h is hands tw ice , he might also lose h is job at 
the Al lab i 

The cen t ra l problem in both these examples, and 
indeed in many instances of subgoal a n n i h i l a t i o n , 
is o rder ing . In the absense of any p r i o r knowledge, 
it is d i f f i c u l t to see how to have the problem 
solver prefer any p a r t i c u l a r order for the s o l u t i o n 
of subgoals. Hence, it must undertake them in some 
a r b i t r a r y order, simply to begin. The object of 
any system of subgoal p ro tec t ion must there fore be 
(a") to detect when fo l l ow ing the simple syn tac t i c 
order ing leads to subgoal ann ih i l a t i ons or 
in f r ingements, and (b) to recover from such v i o l a 
t ions w i th the minimum degree of resynthes is . 

Not a l l subgoal ann ih i l a t i ons stem from order ing 
problems. The other major source of ann ih i l a t i ons 
is inappropr ia te st rategy se lec t i on . This occurs 
when, having several a l t e r n a t i v e s t ra teg ies fo r 
some subgoal, the solver se lects one (perhaps even 
the best , based on the l oca l evidence surrounding 
the subgoal) which turns out to be i n im i ca l to some 
other subgoal in the larger p lan. For example, i f 
our Al researcher wishes to i nse r t a stake in h is 
garden for the purpose of n a i l i n g a cookie t i n to 
i t s top as a b i rd feeder, se lec t ing and apply ing 
the "pound it in wi th a sledgehammer s t ra tegy 
might severely s p l i n t e r the top of the s take , mak
ing i t impossible o r d i f f i c u l t t o n a i l anyth ing to 
the stake. In t h i s case, se lec t ing some other s t r a 
tegy would be ca l led f o r . We w i l l comment on t h i s 
type of subgoal v i o l a t i o n l a t e r , but concentrate 
p r i n c i p a l l y on ann ih i l a t i ons stemming from bad 
order ings. 

Past Work 
Much a t t e n t i o n has been paid recen t l y to the 

subgoal a n n i h i l a t i o n problem. This a t t e n t i o n seem
ing ly stems from Sussman's HACRER system [S2] , In 
f a c t , the p red ispos i t i on to the blocks wor ld by r e 
searchers in t h i s area may be somewhat Sussman's 
doing; he was able to c i t e some conceptual ly simple 
but t h e o r e t i c a l l y troublesome blocks wor ld 
problems. The very nature of HACKER as a system 
which produces plans under the assumption of abso
l u te subgoai independence, and then proceeds to de
bug them fo r the er rors they i n e v i t a b l y have be-
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cause of subgoal i n t e r a c t i o n , po in ts out the need 
f o r subgoal i n t e r a c t i o n schemes. 

Several i n t e r e s t i n g subgoal i n t e r a c t i o n schemes 
have been devised. In Sacerdot i ' s NO All system 
[ S I ] , subgoals are solved independently and in 
p a r a l l e l . At each step in the planning process, 
the p lan is incrementa l ly made more d e t a i l e d . 
A f te r each such s tep, procedural experts examine 
the p lan to remove any p o t e n t i a l i n t e r a c t i o n er rors 
or redundant operat ions. A powerful idea here is 
the use of a two-dimensional (non- l inear ) represen
t a t i o n f o r p lans , a lso a cen t ra l feature of our 
Commonsense A lgor i thm system. 

Waldinger [Wl] and Tate [T l ] both advocate the 
mod i f i ca t i on of p a r t i a l plans to a l l e v i a t e detected 
p ro tec t i on v i o l a t i o n s . Their schemes involve de
t e c t i n g that the current goal v i o l a t e s a prev ious ly 
pro tec ted goal and that the v i o l a t i o n can be r e 
l i e v e d by spec i f y ing that the s o l u t i o n to the cur 
rent goal occur before the v i o l a t e d goa l . 

Because of space cons t r a i n t s , we must omit a de
t a i l e d d iscussion of the r e l a t i v e mer i ts of the 
var ious problem so lv ing s t ra teg ies deal ing w i th 
subgoal a n n i h i l a t i o n problems. Such d iscuss ions, 
formulated from var ious points of view can be 
found, fo r example, in [S1] or [Wl ] , What should 
be pointed ou t , however, is that there is general 
agreement that some form of dynamic subgoal i n 
t e r a c t i o n scheme is required fo r so lv ing even bare
ly complex problems. We expect that the scheme we 
are proposing w i l l provide us the l a t i t u d e to ex
p lore the sub t l e r issues of v i o l a t i o n detec t ion in 
complex domains and the r e l a t i o n of s t ra tegy se lec
t i o n er rors to subgoal v i o l a t i o n . 

3. Theore t i ca l Framework 
There are two aspects of our subgoal p ro tec t i on 

theory that re la te to ongoing work w i t h i n our 
Commonsense Algori thms (CSA) Pro ject at Maryland. 
These are (1) the plan synthesizer and i t s repre
sen ta t ion fo r plans and cause-ef fect knowledge, and 
(2) our paradigm of spontaneous computation. We de
scr ibe each of these b r i e f l y in t h i s sec t i on . For 
more complete d iscuss ions, the reader is re fe r red 
to [R1J, 1R2J, and [R3J. 

3 . 1 . CSA Problem Solver Representation 

The basis of the problem s o l v e r ' s representat ion 
both f o r the s t ra teg ies i t w i l l use in cons t ruc t ing 
p lans, and for the f i n a l plans themselves, is a set 
of 16 l i n k s . Each l i n k connects two or more events 
and represents one of the p r i m i t i v e [ c a u s a l i t y -
re la ted event-event r e l a t i ons in the CSA theory . We 
w i l l not discuss a l l the l i n k s in t h i s paper, but 
instead concentrate on one of the const ruct ions of 
most i n t e r e s t to our problem so lver . 

This cons t ruc t ion is 
the gated causal l i n k w i th 
e x p l i c i t enablements. I t , 
i s represented g r a p h i c a l l y ^ I 
as shown to the r i g h t . The 
cen t ra l v e r t i c a l l i n k w i th 
the bulb i s the c a u s a l k 
r e l a t i o n . I t s "syntax" d e - ' 
mands tha t the event on 
i t s t a i l be an a c t i o n - l i k e 
event and that the event 
on i t s head be e i t he r a 
s ta te o r s t a t e c h a n g e I 
event. The events f e e d i n g ' 
i n to the bulb from the 
r i g h t are ca l l ed the g a t 
ing s ta tes , in that they represent a c o l l e c t i o n of 
s ta tes which must be t rue in order fo r the ac t ion 
to e f f e c t the s ta te or statechange on the causal 
l i n k s head. Semant ica l ly , these are the cond i 
t ions that govern not the ac t ion i t s e l f , but the 
in f luence the ac t i on w i l l have on i t s surroundings. 
As such, the i n t e r p r e t a t i o n is tha t the gates must 
a l l be t rue s imul taneously , and fo r the dura t ion 
that " causa l i t y must f l ow" from the ac t ion to the 
caused s ta te or statechange. In t h i s sense, gates 
w i l l cons t i t u te subgoals to be solved before per
forming the a c t i o n . 

The wavy l i n k s are enablement l i n k s . These i n d i 
cate e x p l i c i t enabl ing condi t ions that must be in 
e f f e c t to i n i t i a t e and susta in the ac t i on i t s e l f . 
The syntax of the enablement l i n k demands that i t s 

We express t h i s in the LlbP rorm shown to the l e r t 
of the diagram, and enter it i n to the database of 
problem solver s t ra teg ies each of which we c a l l an 

abst ract a l go r i t hm" . Each such s t ra tegy is a sche
ma that can be as simple as t h i s one, or as complex 
as we des i re . More complex pat terns t y p i c a l l y i n 
clude add i t i ona l leve ls of s p e c i f i c a t i o n on the 
gates and enaolenients, p rov id ing more than one l ev 
e l o f so lu t i on w i t h i n the st rategy i t s e l f . Roughly 
speaking, the la rger the s t ra tegy pat te rn i s , the 
more stereotyped a so lu t i on i t represents, in that 
it provides a more thorough s p e c i f i c a t i o n of the 
next several leve ls of the plan at once. Smaller 
pat terns con t r ibu te only the cen t ra l causal idea 
and the gates and enablements, leav ing the s t r a t e 
gies f o r so lv ing a l l subgoals up to the 
synthes izer . 
3 .2 . Operat ion of the CSA Synthesizer 

In the CSA system, the act of i n s e r t i n g a new 
s t ra tegy pa t te rn in the synthesizer s database of 
s t r a teg ies i nhe ren t l y a lso suggests to the system 
where to s tore the pat te rn and when to r e t r i e v e it 
as a re levant s t ra tegy fo r some goa l . This organ
i z a t i o n occurs v i a the APPROPRIATE-WHEN fea tu re in 
the s t r a t e g y ' s input d e s c r i p t i o n . 

The APPROPRIATE-WHEN condi t ions speci fy the c i r 
cumstances under which it might be most appropriate-
to p re fer t h i s s t ra tegy over the possib ly numerous 
other s t ra teg ies ava i lab le to the system fo r the 
sarae general goa l . For example, the APPROPRIATE-
WHEN condi t ions fo r the "send it by m a i l " s t ra tegy 
are d i f f e r e n t from the appropriateness cond i t ions 
fo r the hand carry i t " s t ragegy, even though both 
s t ra teg ies accomplish the same goal of causing a 
change in l oca t i on of a smal l ob jec t . 

The system uses the APPROPRIATE-WHEN cond i t ions 
to decide where in one of the system's d i sc r im ina 
t i o n networks to s i t ua te the s t ra tegy . There is 
one d i sc r im ina t i on network f o r each goal predicate 
( e . g . LOC) in the system. It is the purpose of a 
network, whenever a goal i nvo l v i ng the n e t ' s p r e d i 
cate appears dur ing plan synthes is , to se lec t the 
most appropr ia te s t ra tegy in that p a r t i c u l a r 
ins tance. For t h i s reason, we c a l l these networks 
"causal se lec t i on networks" (CSN's). CSN's are de
scr ibed in more d e t a i l in [ R l ] . 

The se lec t i on process is sens i t i ve to the f ea 
tures of a l l known s t ra teg ies which best d i f f e r e n 
t i a t e those s t ra teg ies according to t h e i r contex
t ua l relevance. The nodes of a CSN therefore are 
intended to probe as much as necessary of the con
t e x t of the goal whose s o l u t i o n is sought and i t s 
environment to make a "most appropr ia te" se lec t i on 
in that environment. In using a cen t ra l CSN s t r u c 
ture f o r t h i s se lec t i on process, ra ther than 
adopting a more d i s t r i b u t e d scheme in which s t r a t e 
gies compete ( e . g . as do PLANNER theorems [SW1] or 
product ion ru les [DK1]), we are r e f l e c t i n g our very 
st rong t h e o r e t i c a l bias that i n t e l l i g e n t , coor
dinated se lec t i on from among a l t e rna te s t ra teg ies 
is one of the cen t ra l issues of A I . 

Our system there fore cons is ts of a p o t e n t i a l l y 
la rge number of CSN's, each of which contains (at 
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i t s t e r m i n a l nodes) a se t o f s t r a t e g i e s . Each 
s t r a t e g y i s exp ressed v i a c a u s e - e f f e c t p a t t e r n s s i 
m i l a r t o t he one i l l u s t r a t e d above. 

I n t h i s e n v i r o n m e n t , the p l a n s y n t h e s i z e r ' s 
o v e r a l l b e h a v i o r i s a s f o l l o w s . The i n i t i a l g o a l 
( t h e r e may be s e v e r a l c o n c u r r e n t g o a l s , bu t we w i l l 
c o n s i d e r t h e s i m p l e s t case where t h e r e i s j u s t one) 
causes t h e r e l e v a n t CSN to be c a l l e d up and 
a p p l i e d . The CSN poses q u e r i e s to the d a t a b a s e -
d e d u c t i v e component i n o r d e r t o s e l e c t the most a p 
p r o p r i a t e s t r a t e g y , w i t h i n the l i m i t s o f i t s a v a i l 
a b l e s t r a t e g i e s and a v a i l a b l e i n f o r m a t i o n about the 
c o n t e x t o f t h e p r o b l e m . Once s e l e c t e d , t he s y n t h e 
s i z e r c r e a t e s a s i t s subgoa l s any g a t i n g and 
e n a b l i n g s t a t e s (as s p e c i f i e d by t h e ga tes and 
enab lements o f t h e s e l e c t e d s t r a t e g y ) w h i c h cannot 
be e x p e c t e d t o be t r u e a t p l a n e x e c u t i o n t i m e . I n 
t h i s manner, t he s y n t h e s i z e r r e c u r s i v e l y a t t a c k s 
t h e i n i t i a l g o a l u n t i l n o d e t a i l s remain o r u n t i l a 
s p e c i f i e d l e v e l o f d e t a i l ( dep th bound) i s 
a c h i e v e d . The pa rad igm i s t h a t o f p rob lem 
r e d u c t i o n , where the r e d u c t i o n o p e r a t o r s a re 
( p o s s i b l y q u i t e complex) CSA . s t r a t egy p a t t e r n s , and 
where a l t e r n a t e s t r a t e g y s e l e c t i o n occu rs 
" i n t e l l i g e n t l y " v i a the CSN's . 

The most common sou rce o f subgoa l v i o l a t i o n in 
t h i s e n v i r o n m e n t seems to be ( c o n t e x t u a l l y ) bad 
o r d e r i n g s o n t h e g a t i n g and enablement s t a t e s i n 
one o r more s u b g o a l s t r a t e g i e s . A l t h o u g h i t seems 
t o b e f e a s i b l e t o l e a r n and r e c o r d good o r d e r i n g s , 
i n i t i a l l y , t h e s y n t h e s i z e r cannot b e assumed t o 
know a n y t h i n g abou t p o t e n t i a l o r d e r i n g p r o b l e m s . By 
d e f i n i t i o n ? t h e r e f o r e , i n the absence o f e x p l i c i t 
o r d e r i n g i n f o r m a t i o n , the s y n t t i e s i z e r a lways a t 
t a c k s the g a t i n g and enablement c o n d i t i o n s i n the 
o r d e r t hey appear i n t he i n t e r n a l r e p r e s e n t a t i o n . 
S i m i l a r l y , f o r compound i n i t i a l g o a l s ( r e p r e s e n t e d 
b y a n o t n e r o f our l i n k s ) , t h e components a r e a t 
t a c k e d i n t h e o r d e r s p e c i f i e d . 

W e w i l l r e t u r n t o the o v e r a l l s y n t h e s i z e r s t r a 
t egy l a t e r . We now t u r n to a d e s c r i p t i o n of the 
spon taneous c o m p u t a t i o n component o f the 
s y n t h e s i z e r , and d e s c r i b e how i t r e l a t e s t o t he 
s y n t h e s i z e r s t r a t e g y j u s t o u t l i n e d . 

3 - 3 . Spontaneous Compu ta t i on 

The spon taneous c o m p u t a t i o n (SC) component of 
t h e CSA sys tem p r o v i d e s us w i t h a d e m o n - l i k e , a s s o 
c i a t i v e access mechanism. I t i s o f use and i n t e r 
e s t i n o t h e r phases o f our p r o j e c t ( e s p e c i a l l y as a 
model o f c e r t a i n c a t e g o r i e s o f i n f e r e n c e i n l a n 
guage c o m p r e h e n s i o n ) . However, we f o c u s here o n l y 
o n t h e a s p e c t s w h i c h r e l a t e t o t h e s y n t h e s i z e r . 

The CSA SC component is a g e n e r a l i z e d imp lemen
t a t i o n o f t h e n o t i o n o f p a t t e r n - d i r e c t e d i n v o c a t i o n 
i n t h a t i t p r o v i d e s f o r more complex i n v o c a t i o n 
p a t t e r n s and f o r a more s o p h i s t i c a t e d h i e r a r c h i c a l 
o r g a n i z a t i o n of i n v o c a t i o n p a t t e r n s . A CSA SC i n 
v o c a t i o n ( t r i g g e r ) p a t t e r n i s a c o l l e c t i o n o f 
n e s t e d n - t u p l e s composed v i a AND, OR, and ANY r e l a 
t i o n s t o v i r t u a l l y any c o m p l e x i t y . Each nes ted n -
t u p l e i s i d e n t i f i e d a s (1 ) a n a s s o c i a t i v e component 
o f t h e t r i g g e r p a t t e r n , ( z ) a n o n - a s s o c i a t i v e com
ponen t o f t h e t r i g g e r p a t t e r n , o r ( J ) a " compu ta 
b l e " , a n S - e x p r e s s i o n w h i c h must e v a l u a t e n o n - N I L . 
A s s o c i a t i v e components a re those t h a t have the p o 
t e n t i a l f o r t r i g g e r i n g the e x e c u t i o n o f the s p o n 
taneous c o m p u t a t i o n . N o n - a s s o c i a t i v e components a re 
p a t t e r n s t h a t must b e t r u e ( i . e . i n the da tabase o r 
i i e d u c i b l e ) i n o r d e r f o r a n S C t o r u n . b u t w h i c h 
t h e m s e l v e s have n o p o t e n t i a l f o r i n i t i a l l y t r i g g e r 
i n g t he c o m p u t a t i o n . We denote a s s o c i a t i v e compo
nen t s b y t he symbol " + " , n o n - a s s o c i a t i v e components 
by t h e symbol " - " , and computab les by any o t h e r 
LISP p r e d i c a t e . 

I n a sys tem w i t h t h i s t y p e o f i n v o c a t i o n 
p a t t e r n , an i m p o r t a n t i s s u e i s now t o o r g a n i z e the 
a s s o c i a t i v e p a r t s o f t r i g g e r s s o t h a t , g i v e n some 
s t i m u l u s , a l l " n i b b l e r s , i . e . t r i g g e r p a t t e r n s 
w h i c h c o n t a i n a component t h a t matches the 
s t i m u l u s , can b e accessed a l l a t once . For t h i s 
p u r p o s e , we employ a c o n s t r u c t i o n c a l l e d a " t r i g g e r 
t r e e " , and use the metaphor o f " p l a n t i n g " a t r i g g e r 
p a t t e r n i n a t r i g g e r t r e e . The I n t e r n a l s t r u c t u r e 
o f t r i g g e r t r e e s a r e i r r e l e v a n t t o t h i s d i s c u s s i o n , 
and a re d e s c r i b e d in [ R 3 ] . We need o n l y the t e rm 
h e r e , and t h a t i s because each t r i g g e r t r e e w i l l 
c o r r e s p o n d t o a p o p u l a t i o n o f S C ' s , namely the c o l 
l e c t i o n o f SC's whose t r i g g e r p a t t e r n s ' a s s o c i a t i v e 

components have been p l a n t e d i n t he t r e e . 
To i l l u s t r a t e , suppose we w i s h to c r e a t e an SC 

w h i c h r e a c t s a s s o c i a l l v e i y whenever BLOCKl comes to 
be l o c a t e d a t l o c a t i o n A w h i l e BLOCK2 i s l o c a t e d a t 
l o c a t i o n B , ££ whenever any b l o c k g r e a t e r t h a n 10 
cm in h e i g h t comes to be l o c a t e d a t l o c a t i o n C. 
Then we wou ld d e f i n e t h i s SC to our sys tem as 
f o l l o w s : 

(^PLANT ' (OK (AND 

(AND 

(LOG BLOCK1 A ) ) 
(LOG UL0CK2 B ) ) ) 
(LOC -X C) ) 

1 (HEIGHT -X - Y ) ) 
(GREAT ERP -Y 1 0 ) ) ) 

<some body> <some t r i g g e r t r e e > ) 
T h i s i l l u s t r a t e s a l l t h r e e t ypes o f t r i g g e r compo
nen ts ( a s s o c i a t i v e , n o n - a s s o c i a t i v e . and 
c o m p u t a b l e ) . The body is any EVAL-able LISP S-
e x p r e s s i o n , and the t r i g g e r t r e e i s the name o f the 
t r i g g e r t r e e ( e . g . " T T i ) i n wh i ch we want the a s 
s o c i a t i v e components o f t h i s p a t t e r n p l a n t e d . The 
i n t e g e r s ( a l l l ' s i n t h i s case) i n t h e p a t t e r n a re 
used by the d a t a b a s e - d e d u c t i v e component , and 
r e p r e s e n t the energy budget (measured i n da tabase 
f e t c h e s ) wh i ch can be expended i n a t t e m p t i n g t o d e 
m o n s t r a t e t h a t t h e a s s o c i a t e d component o f the p a t 
t e r n i s t r u e a f t e r a n i n i t i a l t r i g g e r i n g b y some 
o t h e r component. Atoms p r e f i x e d w i t h hyphen s i g n s 
denote v a r i a b l e s . V a r i a b l e s a re g l o b a l t o t h e e n 
t i r e t r i g g e r p a t t e r n , i n t h a t two v a r i a b l e s w i t h 
t he same name must be c o n s i s t e n t l y bound to t h e 
same c o n s t a n t in a s t i m u l u s p a t t e r n (as in PLANNER 
and CONNIVER [MS 1] ). 

A s s o c i a t i v e access t o a l l SC's wh i ch " n i b b l e " a t 
a s t i m u l u s p a t t e r n is caused by a c a l l h a v i n g 
e i t h e r o f the f o l l o w i n g f o r m s : 

( S A C T I V A T E < t r i g e e r - t r e e > < s t i m u l u s > ) 
o r ( < t r i g g e r t r e e > < s t i m u l u s > ) 

( i . e . t r i g g e r t r e e s can be used s e m a n t i c a l l y as 
f u n c t i o n s a l s o ) . I n e i t h e r c a s e , < s t i m u l u s > i s a 
f u l l y c o n s t a n t nes ted n - t u p l e . 

A p p l i c a t i o n o f a t r i g g e r t r e e i n t h i s manner r e 
s u l t s in a queue of SC b o d i e s w h i c h a re ready to 
r u n . I n the p rocess o f a c t i v a t i o n and the d e t e r m 
i n a t i o n o f wh i ch n i b b l e r s a r e a c t u a l l y ready t o 
r u n , t h e r e i s c o n s i d e r a b l e I n t e r a c t i o n w i t h t he 
d a t a b a s e - d e d u c t i v e component i n d e t e r m i n i n g wh i ch 
p a t t e r n s a re f u l l y s a t i s f i e d (beyond the s u p e r f i 
c i a l a s s o c i a t i v e t r i g g e r i n g ) . Some o t h e r t h e o r e t i -

Lca t i ons o f 
in R3r]. 

Tr igger trees can then be regarded as popula
t ions of con tex tua l l y re la ted SC s to p a r t i c i p a t e 
in a la rger construct we c a l l a "channel ' . I t is 
the channel construct that gives us a f i n a l pa t te rn 
d i rec ted invocat ion f a c i l i t y akin to PLANNER and 
C0NNIVER, except that channels provide fo r more 
genera l i t y in the h i e r a r c h i c a l con t ro l over popula
t ions of bC's. Since we use channels only t r i v i a l l y 
in the plan synthesizer at present, we do not d i s 
cuss them fu r the r here. In terested readers are r e 
fer red to [3] . 

We now re tu rn to the main topic of the paper, 
f i r s t descr ib ing the subgoal a n n i h i l a t i o n de tec t ion 
s t ra tegy . 

4 Subgoal V i o l a t i o n Detect ion 

As the synthesizer a t tacks and solves each sub-
goal in the manner described e a r l i e r , i t p ro tec ts 
that subgoal by p lan t i ng one or more v i o l a t i o n p a t -
terns in a cen t ra l syn thes izer - re la ted t r i g g e r 
t r ee . A v i o l a t i o n pa t t e rn , conceptua l ly , is any 
pa t te rn which would be d i r e c t l y i n i m i c a l to the 
pa t te rn represent ing the subgoal which is being 
pro tec ted. For t h i s reason, we c a l l p r o t e c t i o n 
pat terns "guardian c l u s t e r s . " I t i s the respons
i b i l i t y of a guardian c l u s t e r , fo r the dura t ion of 
i t s ex is tence, to ensure the con t inua t ion of the 
s ta te i t p ro tec t s , spontaneously f i r i n g when i n i m i 
ca l pat terns ma te r i a l i ze . 

To i l l u s t r a t e , to protect the s ta te (LOC BLOCKl 
A) , we would p lant a r e l a t i v e l y simple pa t te rn such 
as: 

(AND (+ 1 (LOC BLOCKl -X) ) 
(NOT-EUAL -X 'A ) ) 

i . e . a guardian that would react i f the l o c a t i o n of 

Lggi 
1 app l i ca t ions of t h i s i n t e r a c t i o n are discussed 
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BLOCkl is ever predicated to be anywhere but loca
t i o n A, the protected s t a t e . 

The p lan t ing of a guardian c lus te r occurs im
mediately upon the successful so lu t i on of the s ta te 
the c l us te r i s designed to p ro tec t . ( i . e . a l l ga t 
ing and enabl ing s t a t e s ) . Gating and enabl ing 
s ta tes which are found to ex is t a l ready, and which 
there fo re requi re no synthes is , are also protected 
as though they had been solved by the synthesizer . 

The point of guarding each subgoal as it is 
solved Is to ensure that at the end of a l l the gate 
and enablement so l u t i ons , a l l subgoals w i l l s t i l l 
be in e f f e c t so that (a) the ac t ion of the CSA 
schema can be performed ( a c t u a l l y , added to the 
output ac t ion stream) in the presence of a l l i t s 
enablements, and (b) performance of the ac t ion w i l l 
achieve the intended resu l t in the presence of a l l 
i t s gates. Therefore, guardian SC s are destroyed 
( a c t u a l l y , masked) a f t e r the synthesizer f i n a l l y 
generates the ac t i on . Semant ical ly , since the ac
t i o n has been performed, the protected states are 
no longer needed for the time being. 

There are some i n t e res t i ng t heo re t i ca l questions 
abouTwhat, exac t l y , cons t i tu tes a guardian c lus te r 
of SC's fo r any given s ta te . In i t s simplest form, 
we conceptual ize the guard to t r i g g e r on " the 
negat ion" of the guarded s t a t e . However, th ings are. 
seldom so simple that p lan t i ng j us t the syn tac t i c 
negation of the pat te rn w i l l be'adequate. 

We do not yet have what we would c a l l a general 
theory of guardian c lus te r generat ion. However, we 
expect the semantics of the predicate in the pro
tected state can provide the synthesizer wi th 
d i r e c t i o n in const ruc t ing the guardian c l u s t e r . For 
example, fo r those predicates which are un i -va lued , 
but which have a continuous range (such as LUC), we 
plant a pa t te rn of the form shown e a r l i e r , namely: 
Protect (LOG X Y) > (AND (+ 1 (LOG X Z)) 

(NOT-CqUAL Z Y)) 
f o r predicates which are e i t he r t rue or f a l s e , we 
p lan t a pa t te rn i nvo lv ing the predicate which is 
the opposite of the protected s t a t e ' s p red ica te , 
e .g . to protect the s ta te (FREE <hand>), we p lan t : 
Protect (FREE - i l ) > (+ 1 (GRASPING - i l ) ) 

** We fee l that studying the processes of subgoal 
a n n i h i l a t i o n de tec t ion w i l l shed some l i g h t on the 
i n t e r e s t i n g quest ion of how problem so lv ing and 
inference i n t e r a c t . As an example of problem 
solver - in ference i n t e r a c t i o n , reconsider the mid
night snack exampLe. There, the two goals are (1) 
have clean hands, and (2) get the greasy l e f tove rs 
(GL) i n t o the t rash can. Now, the essence of the 
model concept that represents the greasy l e f t ove rs 
i s SC-l ike i t s e l f ; namely, i t represents an ob jec t , 
one of whose features i s : whenever t h i s object is 
touched ( i . e . whenever an asser t ion matching 
(GRASPING -H GL) is made), the grasping object w i l l 
become greasy. This is an inference which "plays the 
ro le of an " a c t i v e " component in the o b j e c t ' s de
f i n i t i o n ( s im i l a r to an " imp" in Winograd's t e r 
minology [W2J ). 

i i our synthesizer were to synthesize and pro
tec t the plan for clean hands f i r s t , one s ta te that 
would be d i r e c t l y asserted at some point dur ing the 
" throwing away" subgoal (the second one) would be 
(GRASPING liANI) GL), where GL is the model concept 
i o r the l e f t o v e r s . This grasping s t a t e , being a 
component of the t r i g g e r pa t te rn fo r t h i s ac t i ve 
feature of GL, would cause the inference (GREASY 
HAND) to be generated. That in turn would set o f f 
the guardian c lus te r fo r the clean hands s t a t e , 
assuming of course that t h i s c lus te r were s u f f i 
c i e n t l y r i ch to inc lude (GREASY HAND) as a 
component. This could be arranged, fo r ins tance, by 

i nc lud ing a r e l a t i v e l y exhaustive d e f i n i t i o n of the 
s ta te "c lean hands", namely, an enumeration of a l l 
c l ose l y - r e l a t ed i n i m i c a l s tates (DIRTY, GREASY, 
e t c . ) A l t e r n a t i v e l y , some of these problems might 
be avoided if we were to break a l l these concepts 
down i n t o f u r t he r p r i m i t i v e s , and arrange to 
t r i g g e r on the more p r i m i t i v e symbols ra ther than 
the higher l e v e l ones. In any event, the po in t is 
that wi thout t h i s inference that connects a 
grasping of something greasy to the r e s u l t i n g grea-
siness of the grasper, the grasping s ta te asserted 
dur ing the so l u t i on of one of the subgoals would 
not t r i g g e r the guardian c l u s t e r . However, w i th 
such an in fe rence, the guardian c lus te r is h i t . 
Thus, d e t a i l s as ide, we get a glimpse of how i n f e r 
ence can i n te rac t w i th plan synthes is . 

Prob lem-So lv ing -4 : R IEGER 
490 

Guardian Clusters vs. In ference 
I t is d i f f i c u l t at t h i s time to assess the range 

of problems involved in p lan t i ng good guardian 
c l u s t e r s . However, one requirement is assured: we 
must re l y heavi ly on a good inference system which 
generates a moderately r i c h set of inferences from 
each event a r i s i n g during synthes is , i . e . meaning 
paraphrases, imp l i ca t i ons , and so f o r t h . Our bias 
is to keep the guardian c lus te r f a i r l y concise, r e 
l y i n g on Inference to h i t t h i s v i o l a t i o n ta rge t in 
a shotgun f a s h i o n . * * 

To summarize, there are two issues r e l a t i n g to 
spontaneous subgoal guardians: (1) how to express 
the guardian c l u s t e r , and (2) how much r e s p o n s i b i l 
i t y to delegate to the guardian vs. how much to 
place on a more general inference f a c i l i t y . 

5. Unrave l l ing 
The p ro tec t i on paradigm described above sug

gested i t s e l f r e l a t i v e l y soon a f t e r the development 
of the SC component of the CSA system. We then 
puzzled for a wh i le about what should ac tua l l y hap
pen at subgoal v i o l a t i o n t ime. Our c r i t e r i a were 
two fo ld : (1) that v i o l a t i o n s be detected at the 
e a r l i e s t possib le phase of synthes is , and (2) that 
as much as possible of the plan up to the v i o l a t i o n 
point be salvaged. 

The f i r s t c r i t e r i o n seems to be solved by the SC 
detect ion paradigm. The general mot iva t ion f o r 
ear ly de tec t ion is t h a t , dur ing the e a r l i e r phases, 
there is more fundamental knowledge about the how s 
and why's of the p lan 's cons t ruc t ion . This makes 
poss ib le both more accurate diagnosis of v i o l a t i o n s 
and more accurate analys is of the imp l i ca t ions of 
p lan rearrangement. The second c r i t e r i o n of maximum 
plan salvage has more p r a c t i c a l mot iva t ions , but 
also coincides w i t h our i n t u i t i o n that human prob
lem so lv ing involves considerable salvaging and 
s t i t c h i n g together of p lans. 

Since the source of c o n f l i c t s we are p r i m a r i l y 
consider ing is bad order ings, the repai r of a con
f l i c t w i l l amount to reorder ing par ts of the plan 
in a way that avoids the c o n f l i c t . The simplest and 
most obvious s t ra tegy would be simply to s t a r t over 
tfith a new order , possib ly resynthes iz ing many gate 
and enablement suboals. This is not a good 
approach, because i t is inherent ly combina to r ia l , 
and because it dup l icates el f o r t * It would be more 
des i rab le to have a give-and-take arrangement 
wherein c o n f l i c t s can be resolved by having one 
subgoal back o f f fo r a moment to al low the other 
subgoal to complete, then having the re t reated sub-
goal simply r e j o i n wi thout having to resyntheslze. 

Uur theory oi co r rec t ion fo l lows these idea ls . 
We c a l l the technique that implements t h i s g i ve -
and-take st rategy " u n r a v e l l i n g " . The un rave l l i ng 
scenario goes as fo l lows (see f i gu re below). 
Suppose gat ing s ta te A has been achieved as a 
subgoal, and"has been pro tec ted. Suppose that dur
ing the synthesis of another brother subgoal B 
(e .g . a brother ga te ) , A's guardian c lus te r is 
t r i gge red , i n d i c a t i n g that some s ta te lust achieved 
in the p a r t i a l l y completed synthesis oi B has v i o 
la ted s ta te A. The plan which leads up to A then 
unravels one l e v e l by reve r t i ng to the context 
which ex is ted immediately p r i o r to the attainment 
of A, i . e . , the un rave l l i ng mechanism undoes the 
ac t i on which causes A. It then removes A, a l l e v i a t 
ing the immediate v i o l a t i o n , and notes that i t w i l l 
have to reconstruct t h i s l as t step in the plan 
leading up to A. 

As A is unrave l led , the gates on A's causal l i n k 
and the enablements of A's causing a c t i o n , once 
protected themselves dur ing the e a r l i e r par t of the 
syn thes is , are re-pro tec ted by reawakening t h e i r 
guardian c l u s t e r s . These gates and t h e i r c lus te rs 
are then melded i n to the current context ( i . e . that 
in which B is being synthesized) . Then B is a l 
lowed to proceed. When B completes, A re j o i ns (n .b . 
A does not resyntheslze, but rather simply closes 
in "around" the plan fo r B, which now has concep
t u a l l y been sp l i ced in ) by re issu ing the ac t ion 



which achieves s ta te A. A's gates and enablements 
are then once again unprotected, and A i t s e l f is 
again p ro tec ted . At that po in t , both A and B w i l l 
coex i s t , pe rm i t t i ng the synt l iesizer to get on w i th 
the next gate or enablement, o r , in case a l l have 
been completed, issue the ac t ion at the l eve l 
awai t ing such a complet ion. 

The semantics of t h i s u n r a v e l l i n g - r e j o i n i n g are 
t h i s : O r d i n a r i l y , , brother subgoals do not have to 
know of each other s existence. However, when one 
does something which is i n im i ca l to the o ther , they 
must at that po in t become aware of each o ther . By 
un rave l l i ne the f i r s t one a s ing le l e v e l , we a l l e 
v i a t e the immediate problem, but at that point also 
force pieces of the two goals ( a c t u a l l y , the plans 
leading up to them) to coexist in the same context . 
This is because, the process of un rave l l i ng A casts 
A s gates and enablements i n to the populat ion of 
cu r ren t l y guarded s ta tes . 

Unrave l l i ng is t ree to occur wherever and 
whenever i t is needed to permit the current subgoal 
to proceed. This means that one un rave l l i ng can set 
o f f other un rave l l i ngs , e . g . , that subgoal B might 
cause more than one un rave l l i ng ins ide of A 's plan 
a f t e r being allowed to proceed past the f i r s t con
f l i c t , that the melding; o f A's p r i o r context ( i . e . 
i t s ga t ing and enabl ing s tates) i n to the e x i s t i n g 
context could in tu rn t r i g g e r an un rave l l i ng of 
par t of B's p lan , and so f o r t h . A l l problems a r i se 
because of now having to force two brothers (or , in 
the l i m i t , d i s t an t cousins) which prev ious ly knew 
nothing of each other to l i v e in the same 
environment. 

This give and take paradigm i s , we f e e l , the 
best poss ib le c o n f l i c t reso lu t ion paradigm. At one 
end of the spectrum, un rave l l i ng amounts to one 
simple backof f , wh i le at the other end of the 
spectrum, it can amount to mu l t i p le backoffs which 
in the l i m i t amount to a complete reversa l of a l l 
subgoals ( i . e . each l a t e r one comes to be sp l iced 
in before former ones). The important po in t (and 
the fea ture that we feel gives t h i s approach 
elegance) is that only the unrave l l ings that have 
to be done are ac tua l l y done. There is no wholesale 
reorder ing of subgoals, and (conceptual ly) l i t t l e 
overhead fo r c o n f l i c t - f r e e plans. 

' - • DENOTES: UNPROTECTED 
• ♦ • DENOTES: PROTECTED 
NUMBERS IN NODES DENOTE SEQUENCE OF ACTIONS 

b . l . Context Requirements 

When an un rave l l i ng occurs, prev ious ly protected 
states come to be unmasked and repro tec ted . The de
mand on the context mechanism there fore is that it 
be able to rever t to the context immediately p r i o r 
to the f i r s t masking of those subgoals. As the r e -
p ro tec t i on occurs and the p r i o r context is exhumed, 
items from that context are melded i n to the ex
i s t i n g contex t . This process can i t s e l f t r i g g e r 
other subgoal v i o l a t i o n s pending in the current 
context . Although any given example can grow to be 
qu i te complex in i t s un rave l l i ng behavior , unrave l -
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6. Example 

We now i l l u s t r a t e the theory v i a a simple blocks 
wor ld example which conveys some of the s u b t l e t i e s 
of the un rave l l i ng process. S ta r t i ng w i th an i n i 
t i a l con f igu ra t ion as shown in Figure 1 (a) , we pick 
up the. ac t ion as it stands in Figure 1(b) , so lv ing 
the goal (uN A B). The synthesizer has been able 
to construct a standard synthesis wi thout any pro
t ec t i on v i o l a t i o n s up to t h i s po in t and is about to 
at tack the. subgoal (FREE-HAND) — s ta te S l l . 

F i r s t l e t us remark that 
there are two CSA l i n k s 
(shown to the r i g h t ) in 
t h i s graph that have not 
been prev iously mentioned 
in t h i s paper. They are 
the "s ta te-coupl ing 1 1 l i n k , 
and the "gated one-shot 
byproduct" l i n k . (See [R1], 
[H2] and [RG1] fo r a com
ple te coverage of the CSA 
l i n k s . ) The s ta te -coup l ing 
l i n k connects two states 
and impl ies that the s ta te at i t s head can be con
sidered to be t rue because of the t r u t h of the 
s ta te at i t s t a i l . The gated byproduct l i n k is 
i d e n t i c a l in syntax and semantics to the gated cau
s a l i t y l i n k . However, the i n ten t of the causa l i t y 
l i n k d is t ingu ishes i t from tne Dyproduct l i n k , in 
that the s ta te caused by the ac t ion on a byproduct 
l i n k is not the s ta te intended by the performance 
of the ac t i on , but merely a byproduct. Thus, the 
fa te of a Dyproduct s tate is i r r e l e v a n t to plan 
synthesis and it need not be pro tected. But a by
product s ta te can cause a v i o l a t i o n as dec is i ve ly 
as any other s t a te . Therefore, byproduct s tates 
must be t reated as other achieved states w i t h r e 
spect to v i o l a t i o n de tec t ion . 

In at tempt ing to solve the goal (ON A B) , the 
synthesizer has set up subgoals (GRASPING A) , (LOC 
HAND B) , and (CLEARTOP B). (GRASPING A) has been 
solved ( i t s subgoals S3, S4, and S5 were already 
t rue In the i n i t i a l con f igura t ion) by performing 
the ac t ion (GRASP A). S i m i l a r l y , the second sub-

fo a l t S6, has been solved by per-
ormmg act ion A3. (S6 had no 

subcoals). To t h i s p o i n t , the 
synthesizer has proposed an ac
t i on sequence (A2,A3). 

The las t subgoal to be solved 
is (CLEARTOP B) , S7. The ac t ion 
AA can only achieve t h i s goal 
a f t e r the subgoals S9, S10, and 
S l l have been solved. S9 is t rue 
because S6 is t rue and t h i s fac t 
is e x p l i c i t l y denoted by a s ta te 
coupl ing l i n k ( b u i l t by the 
syn thes izer ) . S10 is t rue in the 
i n i t i a l con f igu ra t ion and nothing 
lias negated i t . Now the synthe
s izer attempts to solve S l l , 

(FREE-HAND). The cur ren t l y protected s ta tes S2, 
Sb, S9, and SiO are marked w i th ' + ' in Figure 1 (b) . 
Since S l l is a v i o l a t i o n of the protected s ta te S2, 
l e t us describe the steps taken by the synthesizer 
to complete t h i s p lan . 
— The ac t ion (A2) which causes the v i o l a t e d s ta te 
(S2) is unrave l led . This leaves a new ac t ion se
quence (A3). The context in which S2 s subgoals 
were protected is exhumed and melded in w i t h the 
current contex t , y i e l d i n g a set of protected s tates 
S3,SA,S5,S6,S9,S10. An item (S2.A2) is pushed onto 
an "unravel s tack" . 
— A tes t fo r secondary v i o l a t i o n s is made ( i . e . a 
tes t to determine whether any of the c u r r e n t l y ac
t i v e states (S6,S9,S10) v i o l a t e any of the newly 
reprotected states (S3,S4,S5)). This is done in 
the order of the most recent ly solved s ta te f i r s t 
( i . e . SIO, then S9, then S6). The v i o l a t i o n of S9 
v i o l a t i n g S3 is detected, S3 is un rave l l ed , and i t s 
entry is pushed onto the unravel s tack. The unravel 
stack now looks l i k e : (S3.NIL) , (S2.A2). The ac t i on 
entry f o r S3 is NIL because there is no ac t i on to 
be unravel led for S3. This NIL ent ry w i l l s i g n i f y 
that the synthesizer must construct a p lan t o r S3 
at the time S3 is re jo ined . (The reason f o r t h i s 
new synthesis is that S3 is no longer t rue — tha t 
is why it was v i o l a t e d ! ) 
— No more secondary v i o l a t i o n s are detected and 
S l l can now be pro tec ted. Since a l l the subgoals 



— The e n t r y f o r S6 i s popped o f f t h e u n r a v e l s t a c k 
and t h e s y n t h e s i z e r i s a g a i n c a l l e d r e c u r s i v e l y t o 
g e n e r a t e a new s o l u t i o n f o r (LOC HAND B ) . T h i s 
p r o c e s s does n o t cause any f u r t h e r v i o l a t i o n s . 
F i g u r e 2 d i s p l a y s t he new p l a n ; A8 i s t h r e a d e d o n t o 
the a c t i o n sequence , y i e l d i n g ( A 3 , A 4 , A 6 , A 7 , A 8 ) . 
(LOC HAND B) is a g a i n p r o t e c t e d and t h e s y n t h e s i z e r 
r e t u r n s t o the l e v e l t h a t was s o l v i n g S5. 
— S5 i s r e p r o t e c t e d , l e a v i n g the s e t o f s t a t e s 
S4 ,S5 ,Sb ,S7 p r o t e c t e d . The s y n t h e s i z e r e x i t s f r o m 
t h i s r e c u r s i v e c a l l , r e t u r n i n g t o the l e v e l t h a t 
was w o r k i n g on S7 ( remember?) . I t was a t t h i s l e v 
e l t h a t S 8 v i o l a t e d S3. 

(a) Figure 1. (b) 
fo r S7 are now solved, these subgoals' guardian 
c l us te r s can be hidden (by popping con tex ts ) , leav
ing only s tates S4,S5,Sb pro tec ted. The ac t ion A4 
is appended to the ac t ion sequence, y i e l d i n g 
(A3,A4). A t es t must now be raade to see if S7 or 
ti\e byproduct s ta te S8 cause a v i o l a t i o n of any of 
the cu r ren t l y protected s ta tes . 
— It is detected that S8 v io la tes S3. S5 is unra
v e l l e d , y i e l d i n g an unravel stack: (S5.N1L), 
(S3.NIL) , (S2.A2) . No secondary v i o l a t i o n s need be 
considered since secondary v i o l a t i o n s are caused 
only by the r eac t i va t i on of hidden guardian 
c l u s t e r s . S5 has no subgoals and, thus, no guard
ian c lus te rs are reac t i va ted . The ac t ion sequence 
remains (A3.A4). The cu r ren t l y protected states 
are S4,So,S/. 
— Since subgoals of S7 caused v i o l a t i o n s , The top 
entry on the unravel s tack, (S3.NIL), is popped. 
I f the ac t ion s l o t i t i s time to s t a r t r e j o i n i n g , 
on the unravel stack entry is not NIL, the ac t ion 
is threaded onto the ac t ion sequence and the v i o 
la ted s ta te is repro tec ted . In t h i s case, the ac
t i o n s l o t is NIL, so that there is no ac t ion to be 
threaded. Thus, the synthesizer is ca l l ed recur 
s i ve l y to generate a s o l u t i o n to the goal S5. Of 
course, there is the p o s s i b i l i t y of a new pro tec
t i o n v i o l a t i o n , which is exact ly what happens in 
t h i s case. The plan generated by the synthesizer 
as a s o l u t i o n to (FREE-HAND), S5, Involves s ta te 
S12 and act ions A 6 and A7 as seen in Figure 2. A6 
is threaded onto the ac t ion sequence (A3,A4,A6), 
but when a tes t is made to determine if S1 2 causes 
any v i o l a t i o n s , the con t rad i c t i on between (LUC HAND 
FREE-SPACE) and (LOC HAND B) is detected. Since S6 
was p ro tec ted , a v i o l a t i o n occurs. 
— As in t h i s case, when a v i o l a ted goal is s t a t e -
coupled . to another, spec ia l care must be taken in 
u n r a v e l l i n g . I t should be reca l led that the reason 
fo r the coupl ing is to denote the fac t t h a t , fo r 
example, S9 is t rue only because Sb is t r ue . Thus, 
if we were to unravel S6 by s p l i c i n g A3 out of the 
ac t ion sequence, then S9 would not have been t rue 
when we thought it was. The so lu t i on is to break 
the causal l i n k between the unravel led ac t ion (A3) 
and the unravel led s ta te (S6), and construct a 
causal l i n k between the ac t ion and the coupled 
s ta te (SV). This t ransformat ion is depicted below. 
State Sb is l e f t w i thout a causing ac t ion as i t s 
ent ry is pushed onto the unravel stack: 
(S6.N1L).(S3.NIL) , (S2.A2). The protected s ta tes are 

— The synthesis fo r S5 now continues w i th A7 being 
threaded onto the ac t ion sequence: (A3,A4,A6, A7). 
The guardian f o r (LOC HAND FREE-SPACE) is hidden 
and Sb can be re jo ined . 
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l u s t r a t e s u b g o a l I n f r i n g e m e n t i n our everyday 
doma in , c o n s i d e r the B a t t l e o f the T r o u s e r s 
s c e n a r i o : ; i os t o f u s know t h a t i t i s e a s i e r t o pu t 
l o n g pan ts o n b e f o r e shoes ! S t r i c t l y s p e a k i n g , 
n u t t i n g t h e shoes o n f i r s t does not v i o l a t e the 
g a t i n g c o n d i t i o n f o r p u l l i n g the p a n t s o n : " p a t h i s 
u n o b s t r u c t e d . However, i t c e r t a i n l y i n c r e a s e s the 
c o s t o f t h e subsequent o p e r a t i o n . Somehow, the. 
s y n t h e s i z e r must have access t o nom ina l e f f o r t s r e 
q u i r e d f o r s t r a t e g i e s , b e a b l e t o h a l t s y n t h e s i s 
whenever the nomina l e f f o r t f o r some s t r a t e g y seems 
to have been s e r i o u s l y exceeded, t h e n i d e n t i f y and 
u n r a v e l the c u l p r i t . W e c o n s i d e r s u b g o a l i n f r i n g e 
ment to be an open t o p i c . 

b . O t h e r A p p l i c a t i o n s 

The a s s o c i a t i v e d e t e c t i o n aspec t o f our d e s i g n 
i s a p p l i c a b l e t o c e r t a i n forms o f p l a n o p t i m i z a t i o n 
a s w e l l a s subgoa l v i o l a t i o n d e t e c t i o n . One i n 
t e r e s t i n g f o r m concerns a p rocess we c a l l " o b j e c t , 
a d o p t i o n . T h i s i s the p rocess w h e r e i n the s y n t h e 
s i z e r commits i t s e l f t o p a r t i c u l a r o b j e c t s , t i m e s , 
l o c a t i o n s , e t c . i n the i n s t a n t i a t i o n o f a p l a n i n 
the c o n c r e t e te rms r e q u i r e d f o r a c t u a l e x e c u t i o n . 

One i n s t a n c e o f o b j e c t a d o p t i o n t h a t p r o v i d e s an 
i n t e r e s t i n g example o f SC-based p l a n o p t i m i z a t i o n 
i s t h a t o f f r e e a rea s e l e c t i o n . C o n s i d e r the b l o c k s 
p rob lem i l l u s t r a t e d b e l o w . A c o m p u t e r - w i s e mundane 
s o l u t i o n is to p l a c e B on the t a b l e , p l a c e A on B, 
a t t e m p t to p l a c e B on C, by c l e a r i n g B 's t o p , 
g e n e r a t i n g a subgoa l v i o l a t i o n , and p r o c e e d i n g as 
d e s c r i b e d above . The p l a n e v e n t u a l l y g e t s b u i l t , 
Dut c o n t a i n s a s u p e r f l u o u s i n t e r m e d i a t e l o c a t i o n 
f o r B , namely the t a b l e . C l e a r l y , the s i m p l e r s o l u 
t i o n w o u l d have been to p l a c e B d i r e c t l y on C in 
the f i r s t o p e r a t i o n o f c l e a r i n g A ' s t o p , t h e n p l a c 
i n g A on B. ^__^ 

The p r o b l e m here c o u l d have been a v o i d e d had the 
s y n t h e s i z e r been w i l l i n g t o l e a v e B's l o c a t i o n 
" f l o a t i n g " a f t e r c l e a r i n g A ' s top i n the f i r s t s t e p 
( i . e . , t o d e f e r t he o b i e c t a d o p t i o n ) . I n our 
s y s t e m , t h i s can be accomp l i shed by d e s c r i b i n g some 
f e a t u r e s o f B ' s l o c a t i o n , t o g e t h e r w i t h a d e f a u l t 
r ecommenda t i on , v i a a CSA d e s c r i p t o r : 

( *D* X ((CLASS X AREA) 
(XYSIZe X < the x y - s i z e o f t h e b l o c k > ) ) 

(REC (PART-OF X TABLE)) ) 
and b y d e l e g a t i n g r e s p o n s i b i l i t y t o t h i s d e s c r i p t o r 
r o r e v e n t u a l l y e n s u r i n g t h a t i t b i n d s i t s e l f t o 
some c o n c r e t e o b j e c t ( a l o c a t i o n i n t h i s case) b e 
f o r e the end o f t he s y n t h e s i s . T h i s r e s p o n s i b i l i t y 
i s p h r a s e d by a s s o c i a t i n g w i t h t he d e s c r i p t o r an SC 
w n i c h w i l l r e a c t t o p a t t e r n s (ON B - X ) , s i n c e the 
d e s c r i p t o r i s w i l l i n g t o commit i t s e l f t o any - X . 

Now, each t i m e the s y n t h e s i z e r i s about t o u n 
d e r t a k e the s y n t h e s i s o r a s u b g o a l , i t f i r s t shou ts 
a t t h i s p o p u l a t i o n o f " c o n c r e t i z a t i o n " S C ' s , i n e s 
sence a s k i n g whe the r t h e r e a re any f l o a t i n g r e f e r 
ences w h i c h wou ld make s h o r t s h r i f t o f the s u b g o a l , 
i . e . o b v i a t e a s t a n d a r d s y n t h e s i s . I n t h i s 
examp le , the s y n t h e s i z e r e v e n t u a l l y shou t s (ON B C) 
b e f o r e u n d e r t a k i n g i t a s a s u b g o a l . T h i s shout e x 
c i t e s our f l o a t i n g c o n c r e t i z a t i o n SC, i t responds 
a f f i r m a t i v e l y , c o m m i t t i n g i t s e l f a t t h a t p o i n t t o C 
( s i n c e the t o p s o f b l o c k s a re l e g i t i m a t e a reas 
a l s o ) , a n d , v o i i a ! , t he s y n t h e s i z e r i s spa red the 
s y n t h e s i s ! 

There a re some o t h e r i n t e r e s t i n g fo rms o f s u b -
g o a l o p t i m i z a t i o n i n t h i s f a s h i o n . A f u t u r e r e p o r t 
w i l l t r e a t them i n more d e t a i l . 

9 . D i s c u s s i o n and C o n c l u s i o n s 

We have p r e s e n t e d a g e n e r a l t h e o r y of d e t e c t i o n 
and c o r r e c t i o n f o r s u b g o a l a n n i h i l a t i o n p rob lems 
w h i c h s tem f r o m bad o r d e r i n g s . The t h e o r y i s , we 
f e e l , e f f i c i e n t , u n i f o r m , and g e n e r a l . I t i s e f f i 
c i e n t i n t h e sense t h a t i t does o n l y the minimum 
amount o f work necessa ry t o a m e l i o r a t e 
a n n i h i l a t i o n s , and does no t i n c u r r e s v n t h e s i s . i t 

P r o b l m s - S o l v i n g : Rieger 
493 

D a v i s , K. and J . K i n g , An Overv iew of 
P r o d u c t i o n Systems, S t a n f o r d AIM 2 7 1 , 197b. 
E r n s t , G. . and N e w e l l , A . , GPS: A case Study 
i n G e n e r a l i t y and Prob lem S o l v i n g , Academic 
P r e s s , 1969 
McDermot t , Drew V. and G . J . Suss man, The 
C0NN1VER Refe rence Manua l . MIT Al Memo 
259a, Jan . 1974. 
N i l s s o n , N i l s J . , Prob lem S o l v i n g Methods i n 
A r t i f i c i a l I n t e l l i g e n c e * M c G r a w - H i l l , 197TT 
K i e g e r , C , A n O r g a n i z a t i o n o f Knowledge f o r 
Prob lem S o l v i n g and Language Comprehens ion , 
A r t i f i c i a l i n t e l l i g e n c e , v o l . 7 , no . 2 , 
19 76. 
R i e g e r , C , The R e p r e s e n t a t i o n and S e l e c t i o n 
o f Commonsense Knowledge f o r N a t u r a l 
Language Comprehens ion , P r o c . Georgetown 
U n i v e r s i t y L i n g u i s t i c s R o u n d t a b l e , 1976. 
R i e g e r , C . , Spontaneous Compu ta t i on i n 
C o g n i t i v e Mode ls , t o appear i n C o g n i t i v e 
S c i e n c e . 
R i e g e r , C , and G r i n b e r g , M. , The 
D e c l a r a t i v e R e p r e s e n t a t i o n and P r o c e d u r a l 
S i m u l a t i o n o f C a u s a l i t y i n P h y s i c a l 
Mechanisms, P roc . U C A l - 7 7 , MIT , August 
1977. 
S a c e r d o t i , E a r l , The N o n l i n e a r N a t u r e o f 
P l a n s , P roc . 4 I J C A I , T b i l i s i , USSR, S e p t . 
1975. 
Sussman, Gerald J. , A Computer Model of 
S k i l l A c q u i s i t i o n . MIT AI-TR 297, Aug. 
1973. 
Sussman, Gerald Jay and Terry Winograd., 
Micro-Planner Reference Manual. MIT Al Memo 
203, J u l y , 1970. 
T a t e , A . , I n t e r a c t i n g Goals and t h e i r Use, 
P r o c . 41JCAI . T b i l i s i , USSR, S e p t . 1975. 
W a l d i n g e r , R i c h a r d , A c h i e v i n g S e v e r a l Goa ls 
S i m u l t a n e o u s l y , SRI Tech . Note 107 , J u l y , 
1975. 
W i n o g r a d , T e r r y , Frame R e p r e s e n t a t i o n s and 
the P r o c e d u r a l - D e c l a r a t i v e C o n t r o v e r s y , i n 
R e p r e s e n t a t i o n and U n d e r s t a n d i n g , D.G. 
Bobrow and A . CoTTTns, e d . Academic P r e s s , 
1975. 

i s u n i f o r m i n the sense t h a t i t i s a t h e o r y o f c o n 
t r o l t h a t w i l l f u n c t i o n w i t h any s u i t a b l y f o r m a t t e d 
p r o b l e m s o l v i n g r e p r e s e n t a t i o n ( i n our c a s e , CSA 
c a u s e - e f f e c t s c h e m a t a ) . I t i s g e n e r a l i n the sense 
t h a t i t does no t r e l y o n any s o r t o f doma in -
s p e c i f i c know ledge , w i t h the p o s s i b l e e x c e p t i o n o f 
h a v i n g to know the seman t i cs o f t he sys tem s p r e d i 
c a t e s when p l a n t i n g a p p r o p r i a t e g u a r d i a n c l u s t e r s . 

There a re many complex i s s u e s o f subgoa l a n n i h i 
l a t i o n t h a t remain t o b e e x p l o r e d . One p rob lem w i t h 
any pe r fo rmance sys tem such a s ou rs i s t h a t i t o f t 
en has a myopic v iew o f what i t i s d o i n g . There 
seems to be a need f o r " m e t a " w a t c h e r s (SC s) whose 
r e s p o n s i b i l i t y i t i s t o wa tch the o v e r a l l 
d e t e c t i o n - u n r a v a l l i n g p rocess f o r r e c u r r i n g p a t 
t e r n s o f a c t i v i t y . S ince our scheme is a f o r m o f 
r e l a x a t i o n , such a n ove rsee r wou ld p resumab ly i n 
t e r v e n e when i t p e r c e i v e d the u n r a v e l l i n g t o b e 
l o o p i n g ( i . e . t r y i n g t o s o l v e a n i n s o l u b l e o r d e r i n g 
p r o b l e m ) , and so f o r t h . 

o t h e r i n t e r e s t i n g p rob lems have to do w i t h bad 
s t r a t e g y s e l e c t i o n , as opposed to bad o r d e r i n g . We 
have s t e e r e d c l e a r o f t h i s t o p i c i n t h i s phase o f 
our r e s e a r c h , p r i m a r i l y because s w i t c h i n g s t r a t e 
g i e s i n m i d - s t r e a m seems t o c a l l f o r more r a d i c a l 
r e c o n s i d e r a t i o n o f the. t o t a l p l a n , p o s s i b l y l e a d i n g 
to p a r t i a l o r comple te r e s y n t h e s i s . We do no t p r o 
pose t o l e a v e t h i s p rob lem a t r e s t , o n l y t o s i d e 
s t e p i t t e m p o r a r i l y . I n s h o r t , w e w i l l b e w o r k i n g 
on our s y n t h e s i z e r f o r q u i t e some t ime to come. 
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