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ABSTRACT 

The p r o b l e m s t u d i e d i s t h a t o f l e a r n i n g 
p r o b l e m s o l v i n g h e u r i s t i c s b y d o i n g . The pu rpose 
i s t o e x p l o r e t h e l e a r n i n g b e h a v i o r o f a h i g h l y 
c o n s t r a i n e d mechan ism. The c o n s t r a i n t s a r e 
choosen o n t h e b a s i s o f D s y c h o l o g i c a l 
c o n s i d e r a t i o n s . Computer r u n s show t h a t t h e 
c o n s t r a i n t s d o n o t p r e v e n t s u c c e s s f u l l e a r n i n g . 
T h e l e a r n i n g s t y l e o f t h e p rog ram t u r n s o u t t o b e 
a f u n c t i o n o f t h e s t r u c t u r e o f t h e p r o b l e m s p a c e . 

I HEURISTICS LEARNING 

The t a s k s t u d i e d i n t h i s paper i s t h a t o f 
d i s c o v e r i n g p r o b l e m s o l v i n g h e u r i s t i c s b y d o i n g . 
We p resuppose a t a s k - i n d e p e n d e n t , weak p r o b l e m 
s o l v e r w h i c h can t a k e a p r o b l e m space and a 
p r o b l e m a s i n o u t , and s e a r c h f o r t h e s o l u t i o n t o 
t h e l a t t e r . We add a s e t o f l e a r n i n g mechanisms 
w h i c h s p e c i f y how t h e i n f o r m a t i o n g e n e r a t e d d u r i n g 
s e a r c h s h o u l d b e encoded f o r f u t u r e u s e . The t a s k 
o f t h e sys tem i s t o c o n s t r u c t a s t r a t e g y f o r 
s e a r c h i n g a p r o b l e m space on t h e b a s i s o f r e p e a t e d 
p r o b l e m s o l v i n g t r i a l s i n t h a t s p a c e . Systems o f 
t h i s k i n d have been d e s c r i b e d by Anza i & Simon 
( 1 9 7 9 ) , by L a n g l e v ( 1 9 8 ? ) , by O h l s s o n ( 1 9 8 2 ; 
1983), a s w e l l a s b y o t h e r s . They w i l l h e r e b e 
c a l l e d h e u r i s t i c s l e a r n e r s . 

The pu rpose o f t h e work r e p o r t e d he re i s n o t 
t o c o n s t r u c t t h e most i n t e l l i g e n t l e a r n i n g sys tem 
w h i c h t h e s t a t e o f t h e a r t a l l o w s , b u t t o s t u d y 
how a p a r t i c u l a r s e t o f c o n s t r a i n t s on an 
i n f o r m a t i o n p r o c e s s i n g sys tem a f f e c t s i t s l e a r n i n g 
b e h a v i o r . The c o n s t r a i n t s chosen f o r s t u d y a r e 
based o n p s y c h o l o g i c a l c o n s i d e r a t i o n s , a l t h o u g h n o 
d e t a i l e d c o m p a r i s o n between t h e Drogram and human 
b e h a v i o r w i l l b e made i n t h i s p a p e r . 

II THE UNIVERSAL PUZZLE LEARNER 

A n e a r l i e r v e r s i o n o f t h e U n i v e r s a l P u z z l e 
L e a r n e r (UPL) p rogram has been d e s c r i b e d i n 
O h l s s o n ( 1 9 8 2 ; 1 9 8 3 ) . The t h i r d and c u r r e n t 
v e r s i o n c o n s i s t s o f t h r e e l a y e r s : t h e 
i m p l e m e n t a t i o n l a n g u a g e , t h e p rob lem s o l v e r , and 
t h e l e a r n i n g mechan isms . 

A . I m p l e m e n t a t i o n Language 

UPL i s w r i t t e n i n PSS, a n e o - c l a s s i c a l 
p r o d u c t i o n sys tem language ( O h l s s o n , 1979 ) . I t 
a l l o w s t h e u s e r t o o r g a n i z e p r o d u c t i o n memory i n t o 
n o d e s , each node c o n t a i n i n g one o r more 
p r o d u c t i o n s . When PSS i s " i n " a node , i t w i l l t r y 
t o f i r e a p r o d u c t i o n f r om t h a t node b e f o r e i t 
c o n s i d e s p r o d u c t i o n s f r om o t h e r n o d e s . C o n t r o l 
can be t r a n s f e r r e d f r o m one node to a n o t h e r by t h e 
f i r i n g o f a p r o d u c t i o n . 

The PSS c o n d i t i o n ma tche r r e c o g n i z e s a 
c o n s t r u c t c a l l e d sequence v a r i a b l e s , w h i c h f u l f i l l 
t h e same f u n c t i o n a s t h e " t h r e e d o t s " o f i n f o r m a l 
m a t h e m a t i c s ; t h e e x p r e s s i o n " ( A <SEQ> B ) " i n 
w h i c h <SE0> i s a sequence v a r i a b l e i s i n t e r p r e t e d 
a s "any l i s t c o n t a i n i n g A , f o l l o w e d b y any number 
o f e x p r e s s i o n s , f o l l o w e d b y B " . Sequence 
v a r i a b l e s match a g a i n s t t h e empty sequence , s o 
t h a t " ( A B ) " i s a n I n s t a n c e o f " ( A <SEQ> B ) " . A s 
a n example o f t h e use o f sequence v a r i a b l e s , t h e 
e x p r e s s i o n " (<SE0> X 1 ) " w i l l b i n d t h e v a r i a b l e X 1 
t o t h e l a s t e x p r e s s i o n i n any l i s t w h i c h has a t 
l e a s t one e l e m e n t . As a second e x a m p l e , t h e 
e x p r e s s i o n "(ALTERNATIVES: X1 <SEQ>)" w i l l 
r e c o g n i z e a l i s t w i t h one o r more a l t e r n a t i v e s . 
The sequence v a r i a b l e s a r e bound t o t h e sequences 
t h e y match a g a i n s t . The PSS sequence v a r i a b l e s 
can be seen as a deve lopmen t o f t h e " r e m a i n i n g 
segment " f e a t u r e ( " ! " ) o f t h e OPS language f a m i l y 
( F o r g y & M c D e r m o t t , 1 9 7 7 ) . 

B. The Prob lem S o l v e r 

The n e x t l a y e r o f UPL i s a t a s k - i n d e p e n d e n t , 
weak p r o b l e m s o l v e r c o n s i s t i n g o f 1 3 nodes w i t h 
v a r i o u s t a s k s , such a s s e t t i n g g o a l s , m a i n t a i n i n g 
t h e g o a l - s t a c k , g e n e r a t i n g a c t i o n s , c e n s o r i n g 
a c t i o n s , d o i n g c o n f l i c t r e s o l u t i o n , e x e c u t i n g 
a c t i o n s , e v a l u a t i n g r e s u l t s o f a c t i o n s , b a c k i n g 
u p , and r e s t a r t i n g . The p rogram t a k e s a p r o b l e m 
space and a p r o b l e m as i n p u t . A p r o b l e m space is 
g i v e n to t h e p rogram in two p a r t s , a BNF grammar 
d e f i n i n g a k n o w l e d g e - s t a t e , and a l i s t o f o p e r a t o r 
d e f i n i t i o n s . A p r o b l e m i s p r e s e n t e d a s a n o r d e r e d 
p a i r o f s t a t e s , t h e i n i t i a l s t a t e and t h e g o a l 
s t a t e . The p r o b l e m s o l v e r i s t a s k - i n d e p e n d e n t i n 
t h e sense t h a t i t does n o t make any a s s u m p t i o n s 
a b o u t t h e e x p r e s s i o n s w h i c h a r e used a s t h e 
k n o w l e d g e - e l e m e n t s o f t h e p r o b l e m s p a c e . 
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The problem so lver works as f o l l o w s . The 
cur ren t goal is analyzed by subgoal ing r u l e s . 
Act ions to be taken are generated e i t h e r by 
forward-searching proposers, by a rudimentary form 
of means-ends a n a l y s i s , or bv random genera t ion . 
When one or more ac t ions have been generated, they 
are subject to sc ru t i ny by censors which may or 
may not r e j e c t some of them. (Not ice tha t the 
censors apply before the ac t i on is taken. ) I f more 
than one ac t i on surv ive the censor, c o n f l i c t 
r e s o l u t i o n is app l i ed . Execution o f the selected 
ac t i on is done by an i n t e r p r e t a t i v e procedure 
which takes an operator d e f i n i t i o n as i n p u t . An 
operator d e f i n i t i o n is a schema-l ike s t r uc tu re 
w i t h s l o t s f o r the name of the opera tor , cen t ra l 
parameters, a u x i l i a r y parameters, background, 
i n p u t s , ou tpu ts , and s i d e - e f f e c t s . The outcome is 
eva luated, and the program then e i t h e r r e s t a r t s 
from the i n i t i a l s t a t e , backs up to the 
immediately preceeding s t a t e , or re tu rns to the 
goa l -hand l ing node. 

The problem solver is constra ined in three 
ways. 

1. Context independence—The ru les by which 
the system sets subgoals, generates a c t i o n s , and 
censors ac t ions are r e s t r i c t e d to perform tes t s on 
the cur rent knowledge-state on l y . This cons t ra in t 
imp l ies tha t the choice of ac t ion in the cur rent 
knowledge-state cannot depend on the h i s t o r y of 
the problem so l v ing at tempt . Looking forward in 
t i m e , i t imp l ies tha t the problem so lver cannot 
p lan in the sense of dec id ing upon a sequence of 
a c t i o n s . In s h o r t , ac t i on se lec t i on is l oca l i zed 
to the cur rent knowledge s t a t e . 

2. Fragmentary path memory—The program has 
four d i f f e r e n t knowledge-states a v a i l a b l e : the 
i n i t i a l s t a t e , the s t a t e in which the cur rent goal 
was s e t , pushed, or popped, the cur ren t s t a t e , and 
the immediately proceeding s t a t e . Immediately 
a f t e r ac t i on execu t ion , f i v e s ta tes are a v a i l a b l e , 
because what was former ly the " immediately 
preceeding s t a t e " i s not deleted u n t i l a f t e r 
eva lua t ion of the new s t a t e . Thus, the eva lua t ion 
node has a s l i g h t l y wider view of the so l u t i on 
path than the other nodes. 

3. Incomplete search con t ro l—Since deleted 
s ta tes are l o s t the program cannot backup to any 
a r b i t r a r y s t a t e . Search is organized as f o l l o w s : 
Immediately upon en te r i ng a new s t a t e , t ha t s ta te 
i s evaluated s t a t i c a l l y . I f the outcome i s 
nega t i ve , a backup is made to the immediately 
preceeding s t a t e . I f the outcome is p o s i t i v e , an 
e f f o r t is made to push ahead: i f dynamic 
eva lua t ion reveals t ha t the s ta te i s , a f t e r a l l , 
bad, then one of the bad ac t ions is taken anyway. 
I f dynamic eva lua t ion shows t h a t there are no 
" l e g a l " ac t i ons in the cur rent s t a t e , the program 
r e s t a r t s from the i n i t i a l s t a t e . 

These cons t ra i n t s are s tud ied because they 
exempl i fy the k ind of cons t ra in t s which can be 
caused by psycho log ica l l y re levan t memory 
l i m i t a t i o n s , eg l i m i t e d capaci ty working memory. 

C. Learning Mechanisms 

The lea rn ing s t ra tegy of the program is to 
no t i ce s i t u a t i o n s in which some product ion r u l e 
should have f i r e d , but d id n o t . For example, an 
ac t i on w i t h a good outcome should have been 
suggested by some proposer r u l e , because i t is the 
task of those ru les to know about good a c t i o n s . 
I f i t were, in f a c t , generated by task- independent 
methods, then some change in the set of proposers 
is ca l l ed f o r . The program then assembles a 
product ion i n s t a n t i a t i o n which corresponds to tha t 
i n s t a n t i a t i o n which would have f i r e d , had there 
been any proposer capable of f i r i n g . Next, i t 
t r i e s to general ize e x i s t i n g proposers in such a 
way tha t one of them acquires the a b i l i t y to 
generate t ha t i n s t a n t i a t i o n . I f no e x i s t i n g 
proposer can be general ized to cover the 
i n s t a n t i a t i o n , a s i t u a t i o n - s p e c i f i c product ion is 
created and added to product ion memory ( t o 
c o n s t i t u t e raw mater ia l f o r f u tu re genera l i za t i on 
a t t emp ts ) . S i m i l a r l y fo r the c rea t ion o f the 
other types of r u l e s . 

Revision of e x i s t i n g product ions is done 
through a gene ra l i za t i on a l go r i t hm . The a lgor i thm 
is w r i t t e n as a L isp program, and cons t i t u t es 
about h a l f the code of the e n t i r e UPL program. I t 
takes any two L isp S-expressions as input and 
genera l izes the f i r s t of them in such a wav tha t 
i t would match against the second, i f the two of 
them were given as inputs to the PSS pa t te rn 
matcher. The complexi ty of the a lgor i thm depends 
to a large extent on i t s a b i l i t y to handle PSS 
sequence va r iab les (see above). For example, 
given the three expressions 

(EP (P => Q) P = Q), 
(EP (A r> B) A * B ) , and 
(EP (C1 C? => B) C1 C2 • B ) , 

where a l l atoms are i n te rp re ted as constants , the 
a lgor i thm responds w i t h the expression 

(EP (X1 <SEQ>) X1 <SEQ> * X2), 
where X1 and X2 are ord inary va r iab les and <SEQ> 
is a sequence v a r i a b l e . 

The a lgor i thm d e l i v e r s some output f o r any 
pa i r o f i n p u t s ; i f the two S-expressions given to 
i t have noth ing i n common, i t w i l l r epo r t a s ing le 
v a r i a b l e . The a lgo r i thm computes an i n t e r p r e t a b l e 
measure of how much i t s f i r s t argument had to be 
changed in order to "cover" i t s seoond argument. 
This measure is used to d i r e c t search through the 
space o f poss ib le g e n e r a l i z a t i o n s . I f the 
a lgor i thm f i nds a g e n e r a l i z a t i o n , the 
corresponding product ion is r e v i s e d . There is 
only one gene ra l i za t i on a l g o r i t h m ; thus , 
proposers, censors, and subgoal ing ru les are 
rev ised in a uni form way. 

Revision of product ions is attempted under 
the f o l l o w i n g c o n d i t i o n s . I f an ac t i on has a good 
outcome, t r y to rev i se the proposers so tha t they 
can produce t h a t a c t i o n in the f u t u r e . The 
c r i t e r i o n f o r a good outcome is t h a t the cur rent 
knowledge-state has a h igher over lap w i t h the 
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a c t i v e g o a l t h a n t h e p r e c e e d i n g s t a t e , i e t h a t i t 
has more k n o w l e d g e - e l e m e n t s in common. (The 
p rog ram can use a t a s k - s p e c i f i c e v a l u a t i o n 
f u n c t i o n , i f t h e u s e r c a r e s t o s p e c i f y o n e . ) The 
ease f o r c e n s o r r u l e s i s a n a l o g u o u s : I f a n a c t i o n 
has a n e g a t i v e o u t c o m e , t r y t o r e v i s e t h e c e n s o r 
r u l e s . I f a s t a t e i s i n t e r e s t i n g , w i t h o u t b e i n g 
e i t h e r good o r b a d , t r y t o r e v i s e t h e s u b g o a l i n g 
r u l e s s o t h a t t h e y w i l l s e t u p t h a t s t a t e a s 
s u b g o a l . I n s h o r t , t h e l e a r n i n g b e h a v i o r o f t h e 
p rogram i s gove rned b y i t s c o n c e p t i o n o f g o o d , 
b a d , and i n t e r e s t i n g k n o w l e d g e - s t a t e s . F i n e 
t u n i n g o f t h e l e a r n i n g mechanisms p roceeds m a i n l y 
b y a d j u s t i n g t h e c r i t e r i a f o r t h o s e t h r e e 
c a t e g o r i e s . 

III RESULTS AND DISCISSION 

The UPL3 p rog ram l e a r n s s u c c e s s f u l l y i n 
s e v e r a l p u z z l e d o m a i n s , i n c l u d i n g t h e M i s s i o n a r i e s 
and C a n n i b a l s p r o b l e m , t h e Tower o f Hanoi p u z z l e , 
and t h e T i l e s and Squares t a s k . I t s o l v e s t h e 
f i r s t - m e n t i o n e d p r o b l e m w i t h o u t s e a r c h o r 
u n n e c e s s a r y s t e p s o n i t s f i f t h pass o v e r t h e 
p r o b l e m . The s i m p l e r T i l e s and Squares p r o b l e m i s 
s o l v e d t h r o u g h t h e m i m i n a l s o l u t i o n p a t h a l r e a d y 
o n t h e f i r s t t r i a l . 

I n t e r e s t i n g l y , t h e " l e a r n i n g s t y l e " o f t h e 
p rog ram v a r i e s w i t h t h e t a s k t o w h i c h i t i s 
a p p l i e d . I n t h e T i l e s and Squares P u z z l e , t h e 
p rog ram l e a r n s m a i n l y t h r o u g h t h e a c q u i s i t i o n o f 
p r o p o s e r s . I t c r e a t e s r u l e s o f t h e f o r m " I f i t i s 
p a r t o f t h e g o a l t o p l a c e o b j e c t X i n p o s i t i o n Y , 
and p o s i t i o n Y i s e m p t y , t h e n move X to Y " . The 
c e n s o r s and t h e s u b g o a l i n g r u l e s c r e a t e d a r e 
u n i m p o r t a n t f o r subsequen t p r o b l e m s o l v i n g . 
I n d e e d , t h e two a c q u i r e d s u b g o a l i n g r u l e s a r e 
n e v e r a p p l i e d . I n c o n t r a s t , i n t h e Tower o f Hano i 
t a s k , UPL 3 i m p r o v e s m a i n l y by l e a r n i n g to 
decompose t h e t o p g o a l i n t o t h e a p p r o p r i a t e 
sequence o f s u b g o a l s , i e i t d i s c o v e r s t h a t g e t t i n g 
d i s c s 1 , 2 , and 3 o n t o some peg X i m p l i e s g e t t i n g 
2 and 3 o n t o X , w h i c h i n t u r n i m p l i e s g e t t i n g 3 
o n t o X . The d i f f e r e n c e between t h e two t a s k s 
w h i c h i s r e s p o n s i b l e f o r t h e d i f f e r e n c e i n 
l e a r n i n g b e h a v i o r i s t h a t more work i s n e c e s s a r y 
b e f o r e p a r t o f t h e t o p g o a l becomes s a t i s f i e d i n 
t h e Tower o f H a n o i p r o b l e m t h a n i n t h e s i m p l e r 
p r o b l e m . 

On t h e M i s s i o n a i r i e s and C a n n i b a l s p r o b l e m , 
o n t h e o t h e r h a n d , UPL3 l e a r n s m a i n l y b y t h e 
a c q u i s i t i o n o f c e n s o r s . The o n l y g e n e r a l p r o p o s e r 
i t can f i n d f o r t h i s t a s k i s "When t h e r e a r e two 
c a n n i b a l s and a boa t on one s i d e , and a s i n g l e 
c a n n i b a l o n t h e o t h e r , t h e n l e t t h e two c a n n i b a l s 
row a c r o s s " , w h i c h , a s i t h a p p e n s , c o r r e c t l y 
g e n e r a t e s two o f t h e s t e p s o n t h e s o l u t i o n p a t h . 
The d i f f e r e n c e between t h e p r o b l e m s w h i c h causes 
t h i s d i f f e r e n c e i n l e a r n i n g b e h a v i o r i s s i m p l y 
t h a t t h e r e a r e f ewe r r e g u l a r i t i e s t o b e d e t e c t e d 
i n t h e p r o b l e m space f o r t h i s p r o b l e m t h a n i n t h e 
v e r y r e g u l a r spaces a s s o c i a t e d w i t h t h e o t h e r two 
t a s k s . 

The re a r e two b a s i c phenomena o f human 
l e a r n i n g w h i c h UPL3 seems i n c a p a b l e o f m i m i c k i n g . 

1 . E x p o n e n t i a l l y d e c r e a s i n g l e a r n i n g 
c u r v e s — I t i s a b a s i c f e a t u r e o f human l e a r n i n g 
t h a t change i s most r a p i d d u r i n g t h e i n i t i a l 
e n c o u n t e r w i t h a new t a s k . A n e a r l i e r v e r s i o n o f 
UPL had r e l a t i v e l y f l a t l e a r n i n g c u r v e s , and s o 
does UPL3. We c o n j e c t u r e t h a t " e m p i r i c a l " o r 
" i n d u c t i v e " l e a r n i n g sys tems i n g e n e r a l w i l l have 
d i f f i c u l t i e s i n m i m i c k i n g t h i s p r o p e r t y o f human 
l e a r n i n g . The re i s a c e r t a i n t e n s i o n between 
r a p i d i n i t i a l change and l e a r n i n g t h r o u g h 
g e n e r a l i z a t i o n o v e r a sequence o f s u c c e s s i v e l y 
e n c o u n t e r e d i t e m s , o r i n s t a n c e s . 

2 . A u t o m a t i z a t i o n — B y a u t o m a t i z a t i o n i s 
meant t h a t t h e amount o f c o m p u t a t i o n a l e f f o r t (eg 
number o f p r o d u c t i o n sys tem c y c l e s ) t o r e a c h 
s o l u t i o n o n a p rob lem d e c r e a s e s i n t h e abscence o f 
improvemen ts i n t h e s o l u t i o n . The same sequence 
o f " m o v e s " , s t e p s , i n f e r e n c e s , e t c . , i s g e n e r a t e d , 
b u t w i t h l e s s w o r k . T h i s i s a c e n t r a l f e a t u r e o f 
human l e a r n i n g . However , i t does n o t appear i n 
t h e b e h a v i o r o f UPL3, because t h e number o f 
p r o d u c t i o n sys tem c y c l e s needed to make a move 
does n o t d e c r e a s e as new h e u r i s t i c s a r e a c q u i r e d . 
A u t o m a t i z a t i o n r e q u i r e s a m o v e - c h u n k i n g o r 
c o m p o s i t i o n mechan ism. 
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