
ADAPTIVE PRODUCTION SYSTEMS 

ABSTRACT 

Adaptive p roduc t ion systems are def ined and 
used to i l l u s t r a t e adapt ive techniques in produc
t i o n system c o n s t r u c t i o n . A learn ing paradigm is 
descr ibed w i t h i n the framework of adapt ive produc
t i o n systems, and is appl ied to a simple ro te 
learn ing task , a nonsense s y l l a b l e assoc ia t ion and 
d i sc r im ina t i on task , and a s e r i a l p a t t e r n a c q u i s i 
t i o n task . I t i s shown tha t w i t h the appropr ia te 
product ion b u i l d i n g mechanism, a l l three tasks can 
be solved using s i m i l a r adapt ive product ion system 
lea rn ing techniques. 

I. INTRODUCTION 

This paper presents r esu l t s in the design and 
use of adapt ive product ion systems (PS 's ) . A PS 
(Newell & Simon, 1972; Newel l , 1973) is a c o l l e c 
t i o n o f product ion ru les (PR's) , tha t i s , c o n d i t i o n -
ac t i on p a i r s , C => A, where the l e f t s ide is a set 
of cond i t ions re levant to a data base or working 
memory (WM) and the r i g h t s ide is a l i s t of act ions 
which can modify WM. The PS's to be discussed are 
w r i t t e n in PAS-II (Waterman & Newel l , 1973; Water
man, 1973) and each is a set of ordered PR's. The 
con t ro l cyc le cons is ts of se lec t i ng one PR from 
the set and execut ing i t s ac t ions . The f i r s t r u l e 
( i n the ordered set ) whose condi t ions match WM is 
the one se lec ted . A f t e r the act ions of the se lec ted 
ru le are executed the cycle repeats. This process 
continues u n t i l no cond i t ions match. 

An adaptive PS is one which can modify i t s own 
PR's. There are three ways t h i s can take p lace : 
by adding new r u l e s , de le t i ng o ld r u l e s , and chang
ing e x i s t i n g r u l e s ; however, the PS's descr ibed 
here use only a d d i t i o n of new ru l es . 

We now pos tu la te a common machinery f o r l ea rn 
i n g : (1) a PS i n t e r p r e t e r f o r ordered PS's, (2) a 
PS representa t ion f o r learn ing programs, (3) PR 
act ions f o r b u i l d i n g ru les and adding them to the 
system, and (4) the learn ing technique of adding 
new PR's above e r ro r -caus ing ru les to cor rec t the 
e r r o r s . Three learn ing tasks are i n v e s t i g a t e d : 
a r i t h m e t i c , verba l assoc ia t i on , and ser ies comple
t i o n . 

The programs fo r the tasks are w r i t t e n as shor t 
PS's which access a s ing le WM composed of an ordered 
set of memory elements (ME's). When PR's " f i r e , " 
i . e . , t h e i r ac t ions are executed, they modify WM by 
adding, d e l e t i n g , or rearranging ME's. Such changes 
may cause d i f f e r e n t ru les to f i r e on the next cycle 
and new memory mod i f i ca t i ons to be made. Thus the 
system uses WM as a b u f f e r f o r ho ld ing i n i t i a l data 
and in termedia te r e s u l t s . Most ac t ions modify WM. 
Some modify the PS by assembling WM elements i n t o 
a PR and adding it to the PS. These act ions give 
the PS i t s s e l f - m o d i f i c a t i o n c a p a b i l i t y . 

The a r i t hme t i c task consis ts of l ea rn ing to 
add two in tegers g iven only an order ing over the 
set of i n t ege rs . From t h i s o rde r i ng , PR's which 

def ine the successor f unc t i on are created and then 
used to ca l cu la te the des i red sum. The verbal 
assoc ia t ion task is a PS implementat ion of EPAM 
(Feigenbaum, 1963). Instead of growing an EPAM 
d i s c r i m i n a t i o n ne t , the system creates a set of PR's 
equiva lent to such a ne t . The ser ies complet ion 
task consis ts of p r e d i c t i n g the next symbols in a 
sequence, such as AABBAABB.. Here PR's are created 
which represent hypotheses about which symbol con
tex ts lead to which new symbols, i . e . , "two A 's a l 
ways lead to a B." These ru les c o n s t i t u t e the con
cept of the ser ies and are used to p red i c t new 
symbols. 

I I . PAS-II PRODUCTION SYSTEM 

The PAS-II PS i n t e r p r e t e r is modeled a f t e r PSC 
(Newel l , 1972, 1973). PR's in PAS cons is t of cond i 
t i o n - a c t i o n p a i r s , where the cond i t i on side is a set 
of cond i t ions w i th i m p l i c i t MEMBER and AND func t i ons 
and the ac t i on side is an ordered l i s t of independ
ent ac t i ons . A ru le to deposi t (C) and (D) i n t o WM 
i f i t already contains (A) and (B) i s : 
(A) (B) => (DEP (C)) (DEP ( ! ) ) ) , where the ac t i on DEP 
deposi ts i t s argument i n t o WM. The con t ro l cyc le 
of the PS i n t e r p r e t e r cons is ts of two mechanisms: 
RECOGNIZE and ACT. A cycle is def ined to be a 
s ing le RECOGNIZE-ACT sequence, and is repeated un~ 
t i l e i t h e r no ru les match WM or a PS h a l t i n g a c t i o n 
is executed. 

RECOGNIZE. RECOGNIZE se lec ts a ru le to be 
executed. When many ru les match WM a c o n f l i c t oc
cu rs , as RECOGNIZE must produce one ru le f o r ACT to 
work on. C o n f l i c t r e s o l u t i o n cons is ts of app ly ing 
a scheme to se lec t one r u l e from those that match 
WM. The only c o n f l i c t r e s o l u t i o n used here is 
p r i o r i t y o rde r i ng . Thus the r u l e recognized is the 
h ighest p r i o r i t y r u l e whose condi t ions match WM. 

The match mechanism assumes i m p l i c i t MEMBER 
and AND n o t a t i o n and scans cond i t i on elements 
(CE's) in order from l e f t to r i g h t to see i f each 
element is in WM. When a l l the CE's in a r u l e 
match corresponding ME's, the ME's are brought to 
the f r o n t of memory ( j u s t before act ions are exe
cuted) in the order s p e c i f i e d in the r u l e . A ME 
can match only one CE in any r u l e and the order of 
the ME's does not have to correspond to the order 
of the CE's. For example, the condi t ions (A) (B) 
(A) w i l l match WM; (B) (A) (A) , but not WM: (A) (B) . 
A CE w i l l match a ME if the ME contains a l l i tems 
the CE con ta ins , in the same order , s t a r t i n g from 
the beginning of the ME. Thus CE (A T) w i l l match 
ME's (A T ) , and (A T E) but not (A ) , (T A) , o r 
( T A T ) . The match rou t i ne searches fo r the absence 
of a ME if the CE is preceeded by a minus s ign ( - ) . 
Thus (A) - (B) w i l l match WM if it contains (A) but 
does not con ta in (B) . Free va r iab les can be used 
in the CE's and are denoted x1, x 2 , . . . x n . When a 
match occurs each i tem in the ME which corresponds 
to a va r i ab le is bound to t ha t v a r i a b l e . For example, 
w i t h WM; (A) (B(L)) and PR: ( x l ) (B x2) -> (DEP x 2 ) , 
xl is bound to A, and x2 to ( L ) . The ac t ion taken 
w i l l be to deposi t (L) i n t o WM. 
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ACT. ACT takes the r u l e s p e c i f i e d by RECOGNIZE 
and executes a l l i t s a c t i o n s , one at a t ime , in o r 
der from l e f t to r i g h t . Act ions in a PS are c r i t i 
ca l s ince they determine the g ra in of the system. 
If the g ra in is too coarse a s ing le ac t i on may em
body a l l i n t e r e s t i n g a c t i v i t y , obscuring i t from 
view. The c r i t e r i o n in de f i n i ng act ions is to make 
them p r i m i t i v e enough so the PS t race w i l l e x h i b i t 
the a c t i v i t y deemed i n t e r e s t i n g . 

The three types of PAS act ions a re : bas ic , 
m o d i f i c a t i o n , and s p e c i a l , as shown in Table 1. 
They assume WM is an ordered l i s t of ME's going 
from l e f t to r i g h t . Thus DEP places ME's i n t o WM 
at the l e f t , and REP counts ME's s t a r t i n g from the 
l e f t . The mod i f i ca t i on act ions w i l l now be 
i l l u s t r a t e d . 

Count and nn are loca l var iab les i n i t i a l i z e d to 
zero and n respec t i ve l y . Count and nn are con
t inuous ly incremented by one, using the successor 
f unc t i on , u n t i l count equals m. At t h i s po in t the 
answer is nn. 
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ADO performs these steps w i t h some d i f f e r e n c e s . 
F i r s t , i t has no successor f u n c t i o n , so i t creates 
a PR representa t ion of t ha t f u n c t i o n . Second, once 
a sum is ca lcu la ted it adds a ru le t ha t produces 
the answer d i r e c t l y the next t ime. Thus i t b u i l d s 
the add i t i on tab le f o r i n t e g e r s . 

There is a d i r e c t mapping, however, between 
the code in (2) and t h a t in Figure 1. Rules 1 and 
2 in Figure 1 correspond to l i n e 2 . 1 . Rule 3 cor
responds to 2 .2 , and r u l e 4 to 2.3 and 2 .4 . Rule 
5 has no correspondent in (2) s ince the code assumes 
the existence of the successor f u n c t i o n , wh i le the 
PS creates i t . Note t ha t 2 .5 , the GOTO statement, 
has no correspondent in Figure 1. In ADD the func
t i o n of the GOTO and l abe l is handled by c o n t r o l 
cyc le r e p e t i t i o n , which permits l oop ing , and memory 
m o d i f i c a t i o n , which in t h i s case makes ru les 1 and 2 
i n o p e r a t i v e . A t race of ADD s o l v i n g 4 + 2 is shown 
in Figure 2 . 

IV. PRODUCTION SYSTEM IMPLEMENTATIONS OF EPAM 

EPAM (Feigenbaum, 1963; Feigenbaum & Simon, 
1964) is a program which simulates verbal l ea rn ing 
behavior by memorizing t h r e e - l e t t e r nonsense s y l l a 
b les presented in associate p a i r s . The program 

learns to p red i c t the co r rec t response when g ive r 
a st imulus s y l l a b l e by growing a d i s c r i m i n a t i o n 
net composed of nodes which are tes ts on the values 
o f c e r t a i n a t t r i b u t e s o f the l e t t e r s i n the s y l 
l a b l e . Responses are s to red at the te rm ina l nodes, 
and are r e t r i e v e d by s o r t i n g the s t i m u l i down the 
ne t . A pa i red associate t r a i n i n g sequence f o r t h i s 
l ea rn ing task is shown in Figure 3. 
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I n i t i a l l y WM (here ca l l ed STM) contains (READY). 
Rule 2 f i r e s and the system asks f o r the s t imu lus . 
Then 1 f i r e s , adding s t imulus components to memory. 
Next 6 f i r e s and p r i n t s a quest ion mark as the sys
tem's rep l y to the s t imu lus , adds t h i s rep ly to 
memory, and asks f o r the cor rec t response. 

4 TRUE IN PS 
STM: (WRONG ?) (RESP CON) (1 P ?) (3 X ?) (2 A ?) 

(STIM PAX) 

7 TRUE IN PS 
NOW INSERTING 
(I P ?) -> (USED) (DEP (REPLY CON)) (SAY CON) 
ON LINE 5.5 

STM: (1 P ?) (RESP CON) (WRONG T) (3 X ?) (2 A T) 
(STIM PAX) 

Since the reply (?) does not match the response 
(CON), 4 f i r e s and changes the labe l REPLY to WRONG. 
Now 7 f i r e s c rea t i ng r u l e 5.5. 

Before the second p a i r o f s y l l ab l es is pre
sented, memory is i n i t i a l i z e d back to (READY), and 
the system is r e s t a r t e d . Again 2 and 1 are f i r e d 
to ob ta in and perceive the s t imu lus . But now 5.5 
matches WM and causes (1 P ?) to be marked USED, 
and the system to rep ly CON and add the rep ly to 
memory. This is an example of s t imulus genera l 
i z a t i o n : the system confused PUM wi th PAX since it 
was only n o t i c i n g f i r s t l e t t e r s . 

Now memory contains a rep ly but no response, 
so 3 f i r e s and e l i c i t s the co r rec t response (JES) 
from the user. Rule 4 f i r e s , since the rep ly 
d i f f e r s from the response, marking the rep ly wrong. 
Next 5 f i r e s , changing the USED labe l to COND. 
F i n a l l y 7 f i r e s and creates a new ru le w i t h two 
cond i t i on elements, one from the COND already in 
memory and one from the COND inser ted by r u l e 7, 
The two ru les j u s t added a re : 

PAX w i l l now e l i c i t the response CON, and PUM the 
response JES, as des i red . 

EPAM2. Figure 5 shows EPAM2. This complete 
vers ion of EPAM grows a PS in which response cues 
ra the r than complete responses are stored in some 
te rm ina l nodes. These cues ( i . e . , C_N) are re 
t r i e v e d by dropping the st imulus through the n e t , 
and are then themselves dropped through the net 
to r e t r i e v e the responses stored in o ther term
i n a l nodes. 
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EPAM2 was given the st imulus-response pa i rs 
of Figure 3 and produced the output shown in 
Figure 6. There were two instances of s t imulus 
g e n e r a l i z a t i o n , two of response g e n e r a l i z a t i o n , 
one of both s t imulus and response g e n e r a l i z a t i o n , 
and two of st imulus-response confus ion. 

The PR's learned by EPAM2 and the correspond
ing d i s c r i m i n a t i o n net are shown in shorthand 
n o t a t i o n * in Figure 7. Note tha t the cond i t i on 
elements are analogous to in termedia te nodes and 
the response elements to the te rm ina l nodes in 
the ne t , and the path through the net from the 
top to a te rmina l node corresponds to the sequence 
of cond i t ions tested in the PS to ob ta in a response 

* C o n d i t i o n s , l i k e (1 P ) , a re e lements d e n o t i n g a 
l e t t e r and i t s l o c a t i o n i n the s y l l a b l e , and a r e 
o rde red ( f i r s t , t h i r d , second) a c c o r d i n g t o s y l 
l a b l e l o c a t i o n . A c t i o n s a re response words l i k e 
CON, o r p a r t i a l response cues l i k e (1 M) . 
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V. PRODUCTION SYSTEM FOR SERIES COMPLETION 

Computer models of ser ies complet ion (Simon 6 
Kotovsky, 1963; Klahr & Wallace, 1970; W i l l i ams , 
1972) have been complex programs w i th s t ruc tu res 
q u i t e d i s s i m i l a r from those of more basic learn ing 
models. Here we prov ide a common s t r u c t u r e f o r 
these learn ing tasks . The essence of t h e i r common
a l i t y is (1) an ordered PS represen ta t ion of what 
is learned, and ( 2 ) , the technique of adding new 
PR's above the e r ro r -caus ing r u l es to co r rec t e r ro rs 
A PS w i l l now be descr ibed which can solve complex 
l e t t e r ser ies complet ion tasks which requ i re the use 
of same, successor, or predecessor operat ions on the 
a lphabet . 

Learning Technique 

PR's are created which represent hypotheses 
about what symbols come next g iven a cur ren t con
t e x t of symbols. These hypotheses are tes ted by 
checking the given ser ies to see i f the cur ren t 
set of PR's ( the learned PS) c o r r e c t l y p red i c t s 
each symbol in the ser ies given the p a r t i a l ser ies 
up to tha t symbol. When every symbol is c o r r e c t l y 
p r e d i c t e d , the system uses the learned PS and the 
e n t i r e problem ser ies to p r e d i c t the next symbol 
i n the s e r i e s . 

For the ser ies CABCAB the r u l e C A - ^ B would 
be learned. This means " i f the l a s t two l e t t e r s 
of the p a r t i a l se r ies are CA, the next is B." 

Before being added to the system, ru les are gener
a l i z e d to take i n t o account the re levant l e t t e r 
r e l a t i o n s h i p s . The problem is t ha t r u l es can be 
genera l ized many ways, each being a hypothesis 
about which l e t t e r r e l a t i onsh ips are re levant f o r 
the s e r i e s . The v a r i a t i o n s on C A -> B are shown 
below. 

The f i r s t r u l e above means "any l e t t e r fo l lowed 
by A leads to B", the second is "C fo l lowed by any 
l e t t e r leads to B", and the t h i r d "any l e t t e r 
fo l lowed by A leads to the predecessor of t ha t 
l e t t e r . " 

I f f o r every new r u l e the system a r b i t r a r i l y 
p icked a g e n e r a l i z a t i o n , in tend ing to backtrack 
to t r y the o thers when an e r r o r occur red, a huge 
t ree of p o s s i b i l i t i e s would be generated, making 
the problem unso lvab le . The s o l u t i o n is to use 
t ree -p run ing h e u r i s t i c s to l i m i t the number o f 
genera l i za t ions at each s tep . The PS to be des
cr ibed uses one powerfu l h e u r i s t i c , the template 
h e u r i s t i c . 
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The template heur is t i c consists of hypothe
siz ing period s ize, and recognizing only re lat ions 
between le t te rs which occupy the same re la t ive 
posi t ion w i th in the per iod, while generalizing on 
a l l l e t t e r s . For example, i f given the series 
ACABA with period 2, then the re lat ions looked for 
are shown by the arrows below. 

Learning proceeds as fo l lows: period size is 
hypothesized and the series goes through a p a r t i 
t ion-pred ic t ion cycle. Generalized rules are 
added, and the cycle is performed once for each 
period hypothesis. A period hypothesis is false 
i f : 

(1) no re la t ion is found between le t te rs 
occupying the same re la t i ve posi t ion w i th in 
the period 

or (2) the number of in ter -per iod rules added 
exceeds the period size hypothesis. 

When the period hypothesis is fa l se , it is 
increased by 1, and the cycle s ta r ts over. Table 
2 shows th is procedure for the series ABHBCICD. 
In l ine 1 we see the default ru le x1 -> x1 (always 
considered to generate an error) and the p a r t i 
tioned ser ies. Everything to the l e f t of the 
slash (/) is the current context. Context A is 
dropped through the rules and A is predicted. 
This is not va l id ( - ) , as the actual next l e t t e r 
is B. Now the system takes context A and next 
l e t t e r B to form A -. B, generalizes it to get 

x1 -> x1' , and places i t above the e r ro r -caus ing 
(de fau l t ) r u l e as shown. In l i n e 2 the number of 
ru les added (2) exceeds the per iod s ize hypothesis 
(1) so a new s ize hypothesis (2) is made in l i n e 3 
In l i n e 4 the r u l e cannot be genera l ized since no 
r e l a t i o n can be found between A and H*, thus s ize 
3 is hypothesized in l i n e 5. Line 11 completes 
the learn ing cyc le and l i n e 12 i l l u s t r a t e s the PS 
making i t s f i r s t ac tua l extension to the s e r i e s . 
The concept of the ser ies is now embodied in the 
numbered ru les ( the i n t e r - p e r i o d r u l e s ) . Thus we 
say tha t xl x2 x3 -> x1' is the concept learned by 
the system, and the ser ies p red ic ted by t h i s con
cept is ABHBCICDJDEK... . 

Product ion System 

Figure 8 shows the PS f o r l e t t e r ser ies com
p l e t i o n . Rules 1 and 2 prov ide i n i t i a l i z a t i o n , 
r u l e 16 acts as the de fau l t r u l e , and ru le 13 
adds product ions to the system. Figure 9 shows 
concepts learned using the 15 ser ies from Simon 
and Kotovsky (1963). The co r rec t p red i c t i ons are 
made in a l l cases. For more on s e r i a l p a t t e r n 
a c q u i s i t i o n see Waterman (1975). 

•The system does not search f o r r e l a t i ons h igher 
than t r i p l e predecessor or successor. 
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V I . CONCLUSION ACKNOWLEDGMENTS 

The PAS- I I system has been d e s c r i b e d and used 
t o i l l u s t r a t e a d a p t i v e t echn iques i n p r o d u c t i o n 
system c o n s t r u c t i o n . The focus has been on the 
mach inery needed t o implement s e l f - m o d i f i c a t i o n 
w i t h i n a PS f ramework. I t has been demons t ra ted 
t h a t u s i n g a s imp le p r o d u c t i o n b u i l d i n g a c t i o n i n 
an o r d e r e d PS leads to r e l a t i v e l y s h o r t , s t r a i g h t 
f o r w a r d p rograms. 

Moreover , i t has been shown t h a t one can c r e a t e 
a l e a r n i n g parad igm wh ich a p p l i e s to (1) s i m p l e r o t e 
l e a r n i n g tasks such a s l e a r n i n g t h e a d d i t i o n t a b l e , 
(2) more i n v o l v e d l e a r n i n g t asks l i k e nonsense s y l 
l a b l e a s s o c i a t i o n and d i s c r i m i n a t i o n , and (3) com
p l e x i n d u c t i o n t a s k s such as i n d u c i n g the concept 
o f a s e r i a l p a t t e r n . I n a l l t h r e e cases t h e p a r a 
digm c o n s i s t e d of c r e a t i n g an o rde red PS r e p r e s e n 
t a t i o n o f the concept l e a r n e d by add ing new PR's 
( o r hypotheses) above t h e e r r o r - c a u s i n g r u l e s . 

A d a p t i v e PS's a re q u i t e p a r s i m o n i o u s ; t h a t i s , 
t he system wh ich l e a r n s t h e concept i s r e p r e s e n t e d 
in the same way as t h e concept be ing l e a r n e d . Both 
a re r e p r e s e n t e d as PR's in a s i n g l e PS. Th i s e l i m 
i n a t e s t h e need f o r two t ypes o f c o n t r o l i n t h e 
sys tem; one f o r a c t i v a t i n g t h e l e a r n i n g mechanism 
and a n o t h e r f o r a c c e s s i n g t h e concept l e a r n e d . The 
concepts l e a r n e d are no t p a s s i v e , s t a t i c s t r u c t u r e s 
wh ich must be g i v e n a s p e c i a l i n t e r p r e t a t i o n , b u t 
r a t h e r a re s e l f - c o n t a i n e d programs which a re e x e c u t 
e d a u t o m a t i c a l l y i n the course o f e x e c u t i n g t h e 
l e a r n i n g mechanism. 

The ADD PS is somewhat d i f f e r e n t f rom t h e PS's 
f o r v e r b a l l e a r n i n g o r sequence p r e d i c t i o n . T h i s 
i s because ADD i s s e l f - m o d i f y i n g b u t n o t r e a l l y 
a d a p t i v e i n t h e s t r i c t sense o f the wo rd . I t 
c r e a t e s new r u l e s , no t on t h e b a s i s o f e x t e r n a l 
f eedback , bu t r a t h e r o n t h e b a s i s o f i n t e r n a l 
i n f o r m a t i o n , i . e . , t h e o r d e r i n g o n the s e t o f 
i n t e g e r s . F u r t h e r m o r e , r u l e s are added o n l y when 
needed to s o l v e t h e p rob lem a t hand. T h i s i s a 
good example o f an e x p l i c i t v iew o f p r e d e t e r m i n e d 
deve lopmenta l p o t e n t i a l . The system has t h e cap
a c i t y t o deve lop the a d d i t i o n t a b l e o r t h e succes 
s o r f u n c t i o n on i n t e g e r s b u t does so o n l y when 
the env i ronment demands i t . 

The EPAM and s e r i e s c o m p l e t i o n PS's a re 
e x t r e m e l y compact p i e c e s o f code wh ich p e r f o r m 
s i z a b l e amounts o f i n f o r m a t i o n p r o c e s s i n g . T h e i r 
power comes f rom the s t r o n g p a t t e r n match ing cap
a b i l i t i e s i n h e r e n t i n t h e PS i n t e r p r e t e r and f rom 
t h e p r i m i t i v e b u t h i g h l y u s e f u l memory m o d i f i c a t i o n 
and system b u i l d i n g a c t i o n s employed. The compact
ness i s due, i n p a r t , t o t h e use o f o r d e r e d P R ' s , 
s i n c e much i n f o r m a t i o n c o n c e r n i n g r u l e a p p l i c a 
b i l i t y i s i m p l i c i t i n t h e l o c a t i o n o f t h e r u l e s . 
Wi th o r d e r e d r u l e s the system can use t h e s imp le 
h e u r i s t i c "add a new r u l e immed ia te l y above the 
one t h a t made t h e e r r o r " to g r e a t advan tage . 

F i n a l l y , t h e ana logy between an o r d e r e d PS 
and a d i s c r i m i n a t i o n n e t has been made c l e a r , i . e . , 
t h a t t h e c o n d i t i o n e lements a re n o n - t e r m i n a l nodes 
i n t h e n e t , t he a c t i o n e lements a re t e r m i n a l nodes, 
and the searches t h r o u g h t h e c o n d i t i o n s in t h e PS 
a re analogous t o t h e p a t h s f rom the t o p element t o 
the t e r m i n a l e lements i n t h e n e t . 

The a u t h o r thanks Dav id K l a h r , Dick Hayes, 
H e r b e r t S imon, and A l l e n Newel l f o r t h e i r sug
g e s t i o n s c o n c e r n i n g t h i s pape r . Th i s work was 
suppo r ted by NIH MH-07722, and by ARPA 
(1 -58200 -8130 ) . 
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