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A b s t r a c t 

We argue t h a t A . I . shou ld no t l ose s i g h t o f the need 
f o r gene ra l p r i n c i p l e s when w o r k i n g w i t h problems 
in s p e c i f i c domains. We a l s o argue the case f o r 
s t u d y i n g A r t i f i c i a l L e a r n i n g . We presen t a 
computer program w i t h a ve ry l i m i t e d sense m o d a l i t y 
t h a t acqu i res some f a c i l i t y w i t h the E n g l i s h l a n g 
uage and l ea rns some n u m e r i c a l concep ts . The 
p r i n c i p l e s by which such l e a r n i n g takes p lace are 
expressed in terms of a concept of process and they 
prove to be a p p l i c a b l e to l e a r n i n g the dec ima l 
numeral system and f o rm ing e lementary u t t e r a n c e s as 
w e l l a s l e a r n i n g t o i n t e r p r e t E n g l i s h sen tences . 

1 . I n t r o d u c t i o n 

Being conv inced o f the c e n t r a l impor tance o f 
l e a r n i n g i n i n t e l l i g e n t behav iour and b e l i e v i n g 
t h a t r e a l l y complex "pe r fo rmance" programs w i l l be 
e x c e e d i n g l y d i f f i c u l t t o w r i t e and even harder t o 
ex tend by any o t h e r means, we have been add ress ing 
the prob lem o f A r t i f i c i a l L e a r n i n g ( A . L . ) . The 
term " a r t i f i c i a l " i s i n tended t o c a r r y c o n n o t a t i o n s 
s i m i l a r t o those i n " A r t i f i c i a l I n t e l l i g e n c e " . 
The i n v e s t i g a t i o n is to be in fo rmed by what we 
t h i n k we know about n a t u r a l i n t e l l i g e n c e and i t s 
development but the computer program wh ich is one 
o f the p roduc t s o f the s tudy w i l l d e p a r t f rom the 
p s y c h o l o g i c a l paradigm whenever t h i s i s e x p e d i e n t . 

The two a l t e r n a t i v e approaches to A . L . t h a t we have 
cons ide red are to inc rement a p e r f o r m i n g system 
t h a t a l r e a d y embodies some knowledge s p e c i f i c a l l y 
r e l e v a n t t o the m a t e r i a l b e i n g l ea rned o r , on the 
o the r hand , to se t up a program endowed w i t h the 
minimum o f s e n s o r i - m o t o r c a p a b i l i t y and the s k i l l s 
needed f o r expans ion . Since the incremented 
program must possess such s k i l l s in any case , the 
na i ve e n t i t y i s i n h e r e n t l y s imp le r t o b u i l d . What 
i s more, i t becomes in t ime a p e r f o r m i n g system 
t h a t can be i nc remen ted , thus subsuming the 
a l t e r n a t i v e approach. 

The lesson t h a t A . I . has lea rned s ince 1960 (1) i s 
t h a t f r u i t f u l research i s most l i k e l y b y c o n s i d e r i n g 
s p e c i f i c domains i n d e t a i l . Th i s p o i n t o f v iew i s 
e l a b o r a t e d by Minsky and Paper t ( 2 ) . That does not 
mean, however, t h a t we shou ld abandon a l t o g e t h e r the 
search f o r genera l p r i n c i p l e s , o n l y t h a t success i s 
more l i k e l y by g e n e r a l i s i n g f rom some t h o r o u g h l y 
worked p a r t i c u l a r examples. The need f o r gener 
a l i t y i s p a r t i c u l a r l y obv ious i n l e a r n i n g , s ince a 
system t h a t l ea rns o n l y a few w e l l - c h o s e n t h i n g s may 
be s u p e r f i c i a l l y l e s s impress ive t h a t a w e l l w r i t t e n 
per formance program. The methods employed by the 
l e a r n i n g program must , as f a r as p o s s i b l e , be made 
n o n - s p e c i f i c to the examples chosen. Our approach 
d i f f e r s f rom some ( e . g . ( 3 ) ) e s p e c i a l l y i n t h a t our 
program is no t g i ven express goals to which a p lan 
can be r e l a t e d l o g i c a l l y . Such would be i n a p p r o 
p r i a t e to a na ive e n t i t y ( a p a r t f rom genera l goals 
l i k e " a s s o c i a t e symbol w i t h meaning" o r " c a r r y out 
i m p e r a t i v e s " wh ich are i m p l i c i t ) . Rather i t 

r e a c t s t o i t s env i r onmen t , i n c l u d i n g feedback f rom 
i t s own a c t i o n s , l a y i n g down p a t t e r n s o f behav iou r 
f o r f u t u r e use and r e t r i e v i n g them a c c o r d i n g to a 
s u i t a b l y a b s t r a c t e d r e p r e s e n t a t i o n o f what was 
p e r c e i v e d . The l a t t e r is n o r m a l l y a p a r t o f the 
p a t t e r n o f b e h a v i o u r . 

The aspects o f i n t e l l i g e n c e wh ich are examined in 
the p resen t work i n v o l v e a d i a l o g u e conducted in 
E n g l i s h and a l s o some numer i ca l concep ts . The 
program acqu i res bo th semant ic and s y n t a c t i c 
knowledge o f some words , wh ich i t subsequent l y uses 
and "comprehends" . I t a l s o acqu i res the meanings 
o f the numerals i n the dec ima l A rab i c sys tem, u s i n g 
the same bas ic r e p e r t o i r e o f a b i l i t i e s even though 
numerals are not c o n v e n t i o n a l l y cons ide red to be 
p a r t o f a n a t u r a l l anguage. 

The domain in which these a c t i v i t i e s take p lace 
has been s e l e c t e d f o r the utmost t e c h n i c a l s i n p l i -
c i t y . The program reads f rom and w r i t e s to a 
t e l e t y p e w r i t e r where a person i s s i t t i n g . The 
d i a l ogue i s concerned w i t h p r i n t i n g c h a r a c t e r s , 
i n c l u d i n g l e t t e r s t h a t make up words and sen tences . 
So i t i s a l s o p o s s i b l e t o d i scuss what i s b e i n g 
s a i d ; no u n n a t u r a l s e p a r a t i o n a r i s e s between 
speech and o t h e r a c t i v i t i e s . 

Beg inn ing w i t h no v o c a b u l a r y and o n l y the g e n e r a l 
a b i l i t i e s desc r i bed i n s e c t i o n 2 be low , the program 
acqu i r es s u f f i c i e n t knowledge to engage in a 
d i a l o g u e o f which the f o l l o w i n g i s an anno ta ted 
sample. The conven t i on is t h a t l i n e s en te red by 
the human t u t o r are preceded by a c o l o n ; the 
o the rs are produced by the p rogram. 
: PRINT THREE ASTERISKS AND A DOT 

* * * . 
: WHAT DID YOU PRINT BEFORE YOU PRINTED A DOT 

THREE ASTERISK ( c f . ( 4 ) ) 
: WHAT DID YOU SAY 

THREE ASTERISK 
: SAY TRIPLE AFTER I PRINT THREE CHARACTERS 
The word " t r i p l e " i s new to the program. " A f t e r " 
i s l i k e "when" i n t h i s c o n t e x t but i n the domain i n 
use t he re is no s i m u l t a n e i t y or ambiguous tempora l 
p r o x i m i t y and so " a f t e r " is more a p p r o p r i a t e . A 
k i n d of "demon" has been set up to awa i t the 
s p e c i f i e d c o n d i t i o n . These demons are not t r i g g e r e d 
by goa ls l i k e those of Papert (5) but by events as 
they can be c h a r a c t e r i s e d in the p rogram's 
r e p r e s e n t a t i o n . I f , l a t e r , we en te r a group o f 
th ree c h a r a c t e r s , the d e s i r e d r e s u l t o c c u r s . 

TRIPLE 
The program l e a r n s the rud imen ts o f the dec ima l 
number system so t h a t i t can do a d d i t i o n , sub 
t r a c t i o n and m u l t i p l i c a t i o n w i t h two -p lace n u m e r a l s , 

: WHAT ARE 6 12S 
72 

The ma t te r i s d iscussed b r i e f l y in s e c t i o n 3 . 
Before t h a t we d e s c r i b e the p r i n c i p l e s on wh i ch 
t h i s work is based and then p resen t a d i a l o g u e 
demons t ra t i ng a complete l e a r n i n g sequence. At the 
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t ime o f w r i t i n g , the program t o c a r r y ou t t h i s 
d i a l o g u e has been checked by hand and is b e i n g 
c o m p u t e r - t e s t e d . 

The p r i n c i p l e s by wh ich the program l ays down 
p a t t e r n s o f behav iou r can be expressed in terms of 
process and some p r i m i t i v e o p e r a t i o n s on p r o c e d u r e s . 
I t i s t o be hoped t h a t they w i l l prove t o be 
a p p l i c a b l e o r ex tendab le to domains o t h e r than the 
s imp le t e l e t y p e w r i t e r s i t u a t i o n . 

2 . P r i n c i p l e s 

We beg in by d i s t i n g u i s h i n g between a procedure and 
a process (one of the d i s t i n c t i o n s drawn by Newel l 
( 6 ) ) and use these concepts to d e f i n e c o n s t r u c t s o f 
memory. A f t e r t h a t we show how these are used to 
d i s c e r n p a t t e r n s o f r e p e t i t i o n i n events and t o 
a s s o c i a t e words and o the r symbols w i t h t h e i r mean
ings in a c o n s t r u c t i v e way. 

2.1 Processes and Procedures 

A procedure c o n s i s t s of a sequence of i n s t r u c t i o n s 
in a t e x t . We a l l o w the t e x t of a p rocedure to be 
examined and m o d i f i e d by o t h e r procedures and f o r 
t h i s reason the t e x t i s ma in ta ined i n the fo rm o f a 
l i s t , an idea due to Newel l and Simon ( 7 ) . 
Procedures can c a l l o t h e r procedures e i t h e r by 
r e f e r r i n g i n a c a l l i n s t r u c t i o n t o a v a r i a b l e t h a t 
c o n t a i n s a procedure or by r e f e r r i n g in such an 
i n s t r u c t i o n d i r e c t l y to a procedure ( u s i n g an 
address p o i n t e r ) . I n the l a t t e r case , we te rm the 
c a l l e d procedure a s u b r o u t i n e c o n s t a n t . We app ly 
the same term to any procedure t h a t is d i r e c t l y 
addressed b y a n o t h e r , whether i t i s c a l l e d ( i , e , 
executed) o r n o t . 

A process is the e x e c u t i o n of one or more Procedures . 
The programming system (8) b u i l d s a da ta s t r u c t u r e 
to c o n t r o l a p r o c e s s . The e x e c u t i o n of a 
procedure is governed by an a c t i v a t i o n reco rd wh ich 
p o i n t s to the procedure and to the nex t i n s t r u c t i o n 
to be execu ted . I t a l s o c o n t a i n s space f o r the 
c o n t e n t s o f i t s v a r i a b l e s and p o i n t s t o the a c t i 
v a t i o n r e c o r d f o r the process t h a t i nvoked i t . 
F i n a l l y , i t c o n t a i n s p r o v i s i o n f o r n o n - l o c a l 
v a r i a b l e s . (Dynamic b i n d i n g , as in LISP (9) i s 
the d e f a u l t . ) 

We want to be ab le to do s e v e r a l t h i n g s w i t h 
processes and the most impo r tan t is to save them 
f o r l a t e r use . Th is happens t o the c a l l e r when
ever one procedure c a l l s another bu t i t can a l s o 
happen on o t h e r o c c a s i o n s . I f d u r i n g a process 
some v i t a l p i ece o f i n f o r m a t i o n i s m i s s i n g , t h a t 
process can be suspended u n t i l the i n f o r m a t i o n i s 
f o u n d . Th i s idea i s used f o r s t o r i n g the meanings 
of words : when a new word is encountered a 
procedure is syn thes i sed and c a l l e d - t h a t process 
then suspends i t s e l f t o w a i t u n t i l the word occurs 
a g a i n . 

Something t h a t can be done w i t h b o t h processes and 
procedures is to a c t i v a t e them. But when i t comes 
to i n s p e c t i n g them they are q u i t e d i s t i n c t . A 
process c o n t a i n s procedures as w e l l as o t h e r 
p rocesses ; procedures do not c o n t a i n p rocesses . 
A process may be accessed and m o d i f i e d ; the va lue 
of i t s v a r i a b l e s can be ob ta ined and updated u s i n g 
a p r i m i t i v e VALUE. These v a r i a b l e s may r e f e r to 
procedures and p rocesses . The a c t i v a t i o n r e c o r d 
f o r the process may be accessed to d i s c o v e r which 

p rocedure i s i n e x e c u t i o n and to l i n k back a l o n g 
the c h a i n o f i n v o c a t i o n 

From the c u r r e n t p r o c e s s , the e n t i r e s t a t e o f the 
program can be a s c e r t a i n e d . The s t r u c t u r e i n t o 
wh ich a l l t he processes are woven i s c a l l e d the run 
t ime s t r u c t u r e . 

2 .2 S h o r t - t e r m Memory 

The run t ime s t r u c t u r e i s the s t o r e f o r the f i r s t 
of our two memory c o n s t r u c t s : s h o r t - t e r m memory 
( S . T . M . ) . I t ho lds the run t ime s t r u c t u r e f o r the 
few most recen t e v e n t s , d i s c a r d i n g the e a r l i e s t by 
the c r i t e r i a o f s to rage space and search t i m e . 
Th i s seems p r e f e r a b l e t o l i f t i n g someth ing a r b i t r 
a r i l y out o f p s y c h o l o g i c a l t h e o r y a s , f o r i n s t a n c e , 
r e g u l a t i n g i t s s i ze a c c o r d i n g t o M i l l e r ' s c e l e b r a t e d 
"magic number 7 +_ 2" ( 1 0 ) . 

The c r u c i a l q u e s t i o n to ask of a memory is no t what 
i s s t o r e d o r how, bu t how i t i s r e t r i e v e d . 
R e t r i e v a l keys are p r o c e d u r a l t e x t ; when p r e s e n t e d 
w i t h a p rocedu re , the STM i n t e r f a c e w i l l search the 
run t ime s t r u c t u r e f o r a match t o i t . A l l 
p rocesses , i n c l u d i n g those r e f e r e n c e d on l y by 
v a r i a b l e s , are i n c l u d e d . T h e i r e x e c u t i o n 
procedures and t h e i r v a r i a b l e s ' con ten t s are 
i n c l u d e d as are a l l s u b r o u t i n e c o n s t a n t s . S ince 
the STM i s o f l i m i t e d s i z e , e f f i c i e n t per formance 
i s no t a fundamental prob lem a l t hough i t would 
o b v i o u s l y be n i c e to have some s o r t of c o n t e n t -
addressab le memory d e v i c e . 

Four types of match are a l l owed when r e t r i e v i n g 
f r om the memory, 
I Exact l i n e f o r l i n e e q u i v a l e n c e . 
I I The argument i s found comp le te l y w i t h i n a 

p rocedu re : the p a r t s p r e c e d i n g and f o l l o w i n g 
the common p o r t i o n are s u p p l i e d w i t h the r e s u l t . 

I I I Exact match a p a r t f rom a d i f f e r i n g s u b r o u t i n e 
cons tan t i n c o r r e s p o n d i n g p o s i t i o n : t h i s i s 
i n d i c a t e d w i t h the r e s u l t . 

IV Any o f the above I - I I I w i t h a s u b r o u t i n e cons 
t a n t of a p rocedu re . 

The r e s u l t o f I is a r e f e r e n c e to a process ( i . e . 
a v a r i a b l e name or e x e c u t i o n i n d i c a t o r and an 
a c t i v a t i o n r e c o r d ) . I n the o t h e r , more complex, 
cases r e s u l t s are cha ined t o g e t h e r and always 
conc lude w i t h a process r e f e r e n c e . 

No prob lem a r i s e s w i t h e s t a b l i s h i n g the e q u i v a l e n c e 
o f d i f f e r e n t v a r i a b l e names d u r i n g comparisons 
because i n t h i s work a l l the procedures used a g a i n s t 
STM are syn thes i sed by the program and obey 
s u i t a b l e c o n v e n t i o n s . 

The normal event when i n t e r p r e t i n g a word is f o r an 
o p e r a t i o n on STM to take p lace y i e l d i n g a r e s u l t 
which can then be made a v a i l a b l e f o r o t h e r s to use 
b y l e a v i n g i t i n the run t ime s t r u c t u r e i n a n 
e x e c u t i o n of a s p e c i a l p rocedure named RESULT. A 
common noun l i k e " d o t " i n i t i a t e s an STM search w i t h 
argument [ . ] and passes the r e s u l t wh ich can be any 
o f the p o s s i b i l i t i e s I - I V . We o f t e n w r i t e p r o 
cedures in square paren theses and always o m i t 
p r i n t i n s t r u c t i o n s f o r e a s i e r r e a d i n g . More 
e l a b o r a t e words and morphemes g e n e r a l l y expect 
r e s u l t s o f these v a r i o u s t y p e s , as w e l l as y i e l d i n g 
f u r t h e r ones i n t u r n ; t h e i r e x p e c t a t i o n s are 
c o n d i t i o n e d by the c i r cums tances p r e v a i l i n g a t the 
t ime they were i n i t i a l l y a c q u i r e d o r subsequen t l y 
modified. 
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The f o l l o w i n g i s a n i l l u s t r a t i o n . 
: * ,AN ASTERISK AND A COMMA 
The phrase "an a s t e r i s k " l o c a t e s [ * ] w i t h i n t * , l . 
T h i s is a type I I match and the r e s u l t i s a 
r e f e r e n c e to the p rocedure [ * , ] showing t h a t [,") 
was the p a r t f o l l o w i n g the common p o r t i o n . 

Suppose t h a t the c o n j u n c t i v e p a r t i c l e " a n d " i s a 
new word to t h e program at t h i s p o i n t . The 
p rocedure f o r h a n d l i n g new words (known as 
NEWENTITY) i s c a l l e d and i t se t s up code f o r " a n d " 
i n f u t u r e t h a t w i l l expec t a type I I r e s u l t o f t h i s 
s o r t f rom the l e f t . I n t e r p r e t a t i o n o f " a comma" 
y i e l d s as r e s u l t a r e f e r e n c e to the v a r i a b l e 
c o n t a i n i n g [ , ] w i t h i n the c u r r e n t process ( f o r 
" a n d " ) i t s e l f and aga in code t o v e r i f y t h i s i n 
f u t u r e i s i n c o r p o r a t e d i n t o " a n d " . The v e r i f i 
c a t i o n i s c o n s t r u c t i v e , wh ich means t h a t i n a 
s i m i l a r phrase i n f u t u r e [ * , ] w i l l b e re-assembled 
by " a n d " . T h i s s tep is e s s e n t i a l to make 
i m p e r a t i v e s p o s s i b l e . 

A word can impose r e s t r i c t i o n s on the processes i t 
w i l l accept f rom an STM l o o k - u p . For i n s t a n c e , 
the morpheme " - e d " , once i t has been a c q u i r e d , 
i n s i s t s on a process p r i o r to the p resen t t i m e . 
" A f t e r " demands a s i m i l a r r e l a t i o n s h i p between the 
two processes r e f e r r e d to by the two c lauses in the 
sen tence . Apar t f rom s p e c i f y i n g i t s r e l a t i o n s h i p 
to o t h e r p rocesses , one can a l s o a s s e r t t h a t the 
process found must be the e x e c u t i o n of a g i ven 
procedure and t h a t the ma tch ing p rocedure must be 
i n a p a r t i c u l a r v a r i a b l e . 

2 .3 Grammar and the R e s u l t Mechanism 

Before enumera t ing the p o s s i b l e combina t ions o f 
occur rence and e x p e c t a t i o n we must d i scuss the 
r e s u l t mechanism and i t s pu rpose . The i n p u t 
s t ream i s b e i n g scanned l i n e a r l y ( l e f t t o r i g h t , 
see s e c t i o n 2 . 4 ) , j u s t as human speech is a l s o one-
d imens iona l in subs tance . Grammar imposes a 
second d imens ion so t h a t a sentence is segmented 
i n t o u n i t s o f l esse r rank ( 1 1 ) . The embodiment o f 
t h i s phenomenon i n our program i s the a b i l i t y o f 
some word-processes to r e q u i r e (by means of a SEEK) 
t o i n t e r p r e t the f o l l o w i n g words i n the sentence 
b e f o r e g i v i n g t h e i r r e s u l t s and o f o t h e r w o r d -
processes t o take r e s u l t s f rom the i n t e r p r e t a t i o n 
j u s t conducted o n t h e i r l e f t ( w i t h the o p t i o n o f 
c l o s i n g an o u t s t a n d i n g SEEK). 

As an example cons ide r the sen tence : "A dot is what 
you p r i n t e d . " The i n d e f i n i t e a r t i c l e seeks the 
i n t e r p r e t a t i o n o f i t s d i r e c t o b j e c t , the f o l l o w i n g 
w o r d . " D o t " w i l l search STM and g i ve a r e s u l t , 
the d e t a i l s of wh ich depend on whether and how [ . ] 
can be f o u n d . The ve rb " t o be " in the t h i r d person 
looks f o r a r e s u l t on the l e f t and , e x p e c t i n g a 
p r o c e d u r e , w i l l e x t r a c t [ . 1 f rom whatever fo rm the 
r e s u l t may t a k e . " I s " a l s o r e q u i r e s a r e s u l t f rom 
the r i g h t , the complement, and seeks a c c o r d i n g l y . 
The complement is the c lause "what you p r i n t e d " . 
Each o f these words seeks to the r i g h t , s p e c i f y i n g 
c e r t a i n a t t r i b u t e s (or none) o f the process to be 
l o c a t e d i n STM. The l a s t w o r d , a l t hough i t l ooks 
f o r one , has no d i r e c t o b j e c t . So the v e r i f y i n g 
STM c a l l t h a t i t c o n t a i n s becomes, by d e f a u l t , a 
search f o r the example o f p r i n t i n g most r e c e n t l y 
r e f e r r e d t o which w i l l , i f the s ta tement i s t r u e , 
b e found f i r s t . T h i s i s because i t w i l l a l r e a d y 
have been r e f e r e n c e d d u r i n g the p r o c e s s i n g f o r 
"dot " . 

In an example such as "3 and A " , 3 w i l l seek f o r a 
d i r e c t o b j e c t i n case a noun, e . g . " d o t s " , i s 
f o l l o w i n g . "And" demands a r e s u l t f rom the l e f t 
and so causes the i n t e r p r e t a t i o n of 3 to c o n t i n u e 
w i t h o u t an o b j e c t , thus g i v i n g the answer " £ £ £ " . 
(Th is is a case of c l o s i n g an o u t s t a n d i n g SEEK.) 

D u r i n g i n t e r p r e t a t i o n a word w i l l expect e i t h e r one 
or two r e s u l t s , depending on how many i t r e c e i v e d 
i n i t i a l l y . Words t h a t expect o n l y one are s i m i l a r 
whether t h a t one comes f rom the r i g h t o r the l e f t . 
I f case I ( r e f e r r i n g t o s e c t i o n 2 .2) i s e x p e c t e d , 
p r o c e s s - t y p e c o n d i t i o n s w i l l be asse r ted and 
v e r i f i e d w i t h n o r e s u l t b e i n g passed o n i f they 
are n o t s a t i s f i e d . I n the o t h e r cases, s p e c i f i c 
p rocedures ( e . g . "CALL [ 3 ; COPY" f o r " t w o " ) w i l l 
be expected i n the p rope r t e x t u a l r e l a t i o n s h i p s 
and i f these are n o t f o r t h c o m i n g and a renewed scan 
o f STM f a i l s to r e a l i s e them, a r e s o l v i n g r o u t i n e 
i s c a l l e d . Another such r o u t i n e i s c a l l e d i f 
t h e r e i s no r e s u l t a t a l l when one i s e x p e c t e d . 
A l i t t l e more i s sa id about them i n s e c t i o n 2 . 7 . 

A t the p resen t t i m e , processes t h a t expec t two 
r e s u l t s must take one f rom each s i d e a l t h o u g h we 
hope t o l i f t t h a t r e s t r i c t i o n l a t e r . The l e f t -
hand r e s u l t can be any of the usua l cases I - I V . 
On the r i g h t , however , i t must be a process 
( p o s s i b l y the c u r r e n t p rocess ) s i nce o n l y then can 
any k i n d o f r e l a t i o n s h i p be e s t a b l i s h e d between 
l e f t and r i g h t . For example, in : "A dot is a 
c h a r a c t e r " , the word " i s " w i l l e x t r a c t f r om the 
l e f t the procedure [ . ] and " c h a r a c t e r " w i l l f i n d i t 
d u r i n g i t s STM l o o k - u p , r e t u r n i n g as r e s u l t a 
r e f e r e n c e t o the process f o r " i s " i t s e l f . I f a 
p rocedure i s expec ted on the l e f t , one w i l l a lways 
be e x t r a c t e d f r om any o f the cases I - I V . I f no 
r e s u l t appears , a r e s o l v i n g r o u t i n e i s c a l l e d . I t 
i s a l s o c a l l e d i f e i t h e r o f the expected processes 
does n o t m a t e r i a l i s e , whether or no t a p rocedure 
has occur red i n s t e a d . 

2.4 Long-Term Memory 

We t u r n now to the second memory c o n s t r u c t w h i c h , 
n o t s u r p r i s i n g l y , i s c a l l e d l o n g - t e r m memory ( L . T . M . ) . 
We are n o t concerned here w i t h a h i s t o r i c a l r e c o r d 
of events f rom wh ich a v e r b a l account m igh t be 
c o n s t r u c t e d bu t w i t h someth ing much more p r i m i t i v e 
f o r the purpose o f r e c o g n i s i n g what has p r e v i o u s l y 
been seen and f o r a c t i n g ou t p a t t e r n s o f b e h a v i o u r 
t h a t have been l a i d down by e x p e r i e n c e . 

The bas i s o f ma tch ing in LTM is a l s o on p r o c e d u r a l 
t e x t . The s t o r e c o n t a i n s a se t of suspended 
p r o c e s s e s , each w a i t i n g f o r the occur rence o f a 
p a r t i c u l a r p rocedu re . The most common example is 
t h a t o f a process f o r i n t e r p r e t i n g a word w a i t i n g 
f o r the occur rence o f t h a t word ( i n p r o c e d u r a l f o rm)■ 

One conce ivab le conven t i on f o r r e t r i e v i n g and 
a c t i v a t i n g a p rocess in LTM is to make i t a u t o m a t i c 
upon the appearance of a ma tch ing procedure in the 
run t ime s t r u c t u r e . A more conven ien t method, and 
the one adopted h e r e , i s e x p l i c i t l y to d r i v e LTM 
r e t r i e v a l a t s t r a t e g i c t imes b y d i r e c t i n g i t t o 
match e x h a u s t i v e l y every p a r t of a procedure 
r e f e r r e d t o i n a p a r t i c u l a r p r o c e s s . The p r i n c i p a l 
a p p l i c a t i o n i s the a n a l y s i s o f i n p u t ( i . e . sensory 
da ta ) wh ich proceeds in t h i s f a s h i o n . The more 
genera l scheme cou ld be implemented s imp ly by 
a p p l y i n g t h i s d r i ve -LTM p r i m i t i v e every t ime a 
procedure i s s y n t h e s i s e d . 
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By o b s e r v i n g a l e f t t o r i g h t , and f o r s u b r o u t i n e 
c o n s t a n t s top down, d i s c i p l i n e i n d r i v i n g , a 
s t r a i g h t f o r w a r d i n d e x i n g scheme in LTM i s p o s s i b l e . 
I n t h i s c o n v e n t i o n , the r e c o r d r e t r i e v e d on each 
occas ion is the one whose key has the l o n g e s t 
match w i t h the l e f t - h a n d end o f the source 
p r o c e d u r e , a f t e r wh ich the source i s t r u n c a t e d 
and r e c u r s i o n takes p lace u n t i l i t i s exhaus ted . 

2 .5 P e r c e i v i n g P a t t e r n s 

The program r e f e r s to LTM in o rder to segment da ta 
(p resen ted th rough the t e l e t y p e w r i t e r ) i n t o 
f a m i l i a r u n i t s , t y p i c a l l y words o r o t h e r symbols 
and those c h a r a c t e r s t r e a t e d as o b j e c t s because of 
pas t a s s o c i a t i o n ( e . g . " * " ) . Th is i s b a s i c a l l y 
the process o f d r i v i n g LTM b u t f o r convenience the 
r e t r i e v a l and a c t i v a t i o n s tages have been s e p a r a t e d , 
a t l e a s t f o r the t ime b e i n g . Before i t i s 
p o s s i b l e to r e f e r to LTM the program c o n v e r t s the 
da ta i n t o the fo rm o f a procedure f o r p r i n t i n g i t . 

As the segmenta t ion of da ta takes p l a c e , STM is 
used in o rde r to d e t e c t any r e p e t i t i o n t h a t may be 
p r e s e n t . I f the e n t i t y c u r r e n t l y b e i n g s c r u t i 
n i s e d has occu r red e a r l i e r i n the da ta s t r eam, the 
program hypo thes i ses t h a t the i tems i n t e r v e n i n g 
between the p resen t and the most recen t occur rence 
are about to r e c u r and t e s t s the h y p o t h e s i s on as 
many subsequent i tems as i t w i l l o b t a i n . 

T h i s process o f r e c o g n i t i o n we c a l l p r o c e d u r a l 
a b s t r a c t i o n because t h e end p roduc t i s a h i e r a r c h i 
c a l l y s t r u c t u r e d p rocedure t h a t w i l l t e x t u a l l y r e 
c r e a t e the o r i g i n a l . For example, the p r o c e d u r a l 
a b s t r a c t i o n f o r "DOT" is "ADD(IDOT))" where ADD is 
the p r i m i t i v e f o r appending a procedure to the one 
t h a t i s c u r r e n t l y b e i n g s y n t h e s i s e d and " [DOT} " 
r e p r e s e n t s a s u b r o u t i n e cons tan t t h a t w o u l d , i f i t 
were e x e c u t e d , p r i n t the word "DOT". ADD is one 
o f a number o f p r i m i t i v e s i n t r o d u c e d in ( 1 2 ) . 
When a r e p e t i t i o n is d e t e c t e d , the u n i t to be 
repeated is p laced as a s u b r o u t i n e cons tan t in a 
procedure t h a t w i l l c a l l i t and copy the r e s u l t the 
c o r r e c t number o f t i m e s . For i n s t a n c e , " * * * " w i l l 
be rep resen ted as "CALL CADD( [ * ] ) J ; COPY; COPY" 
where COPY is d e f i n e d in terms of ADD; a few 
t e c h n i c a l i t i e s have been o m i t t e d . Th i s p rocedure 
ia now in a conven ien t fo rm to be v e r b a l i s e d as 
"THREE ASTERISK" by methods s h o r t l y to be d e s c r i b e d . 

I t m igh t be v e r b a l i s e d : "Two a s t e r i s k s and t h r e e 
commas t h r e e t i m e s " a l t hough such an u t t e r a n c e 
would be beyond the c a p a c i t y o f t h i s program to 
w r i t e (as w e l l as b e i n g ambiguous) . 

Once an a b s t r a c t i o n has been made f rom a l i n e of 
i n p u t , i t i s used t o d r i v e LTM. The a s s o c i a t e d 
processes are r e t r i e v e d f rom LTM and a c t i v a t e d . 
The reason f o r u s i n g the a b s t r a c t e d v e r s i o n r a t h e r 
than the raw i n p u t i s to a l l o w p a t t e r n s to be 
p e r c e i v e d and i n t e r p r e t e d as such , so t h a t " . . . " 
ia immed ia te l y seen as " t h r e e d o t s " r a t h e r than as 
" d o t do t d o t " . I n some languages, the p l u r a l i s 

formed by repeating the noun; our program readily 
copes with that form by using the abstraction 
pr inc ip le . 

2.6 STM-LTM Complementarity 

There is an interesting and perhaps surprising 
complementarity between the two memory constructs. 
Invoking the STM interface involves searching the 
near past. A process that cal ls the LTM in ter 
face is suspended and stored un t i l the specified 
procedural argument occurs. Thus when LTM is 
invoked it is effect ively the future that is 
being searched. 

The two interfaces are uniform so that they can be 
interchanged in a procedure. This fact is used 
to great advantage in the present work where a 
process waiting in LTM for a word and then looking 
up i t s meaning in STM can use the same procedure as 
the one that waits in LTM for the meaning to look 
up the word in STM. This means that extending the 
meaning of a word in comprehension w i l l automati
cal ly extend i t s meaning in utterance because the 
same principles govern the interpretat ion of objects 
that are not synbols as govern those that are. The 
examples of patterns given in section 2.5 can be 
used to drive LTM just as words can. Indeed, 
often both are mixed within one l ine . 

We can explain more f u l l y by considering the example 
of the numeral 2. To begin wi th , it is associated 
with " " . That means that a procedure was created 
and i n i t i a ted . The process then saved i t s e l f in 
LTM with the key " [ 2 ] " . Note that the LTM and 
STM arguments are called key and signature, resp
ect ively. When 2 is encountered, that process is 
restarted and it searches STM with signature "[ff]". 
The same procedure with i t s variables reassigned is 
waiting with key " [££ ] " and signature " [2] ( i t is 
wr i t ten in a recursive loop to make both processes 
possible). Now it is taught that 2 can also 
qual i fy a noun as i n : "**2 ASTERISKS". The program 
appends a more complex procedure that includes a 
SEEK and has the signature "CALL[ ]; COPY". This 
addition necessitates the creating of one more 
process in LTM with this as key and " [ 2 ] " as 
signature. Then the program could reply: "2 dot" 
to a question such as: "What did you p r in t? " . 

For this purpose, the procedure must include code 
to expect results (e.g. the word "dots") and put 
"2" in front of i t . This code complements the 
SEEK in the version where "2" is the key. There 
are, in fact , general rules for deriving such 
complementary code although they w i l l not be given 
here. It is arranged so that in each case the 
complementary code is not executed. (The appended 
procedure recurses to the or ig inal procedure for 
this purpose.) 

2.7 How procedures are extended 

In section 2.3 we referred to the necessity for 
resolving routines. If a word is expecting to be 
passed a process reference from the adjacent phrase 
and the result it receives is procedural that means 
that some information in that procedure has not 
been explained and a word must be modified to take 
account of i t . Except where the receiving word is 
two-sided, it is the sending word that must be 
extended. A procedure known as RESOLVE sets up a 
conditional ca l l in the word-procedure to some new 
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code w h i c h i s composed a l o n g s i m i l a r l i n e s t o t h e 
i n i t i a l s y n t h e s e s p e r f o r m e d b y NEWENTITY ( m e n t i o n 
e d i n s e c t i o n 2 . 2 ) . 

The second r e s o l v i n g r o u t i n e , known a s XRESOLVE, 
( X f o r c o n t r a d i c t i o n ) i s c a l l e d when a n STM l o o k 
up f a i l s . XRESOLVE ends up d o i n g t h e same as 
RESOLVE i f i t i s u n a b l e t o use i t s own s p e c i a l 
i t i e s w h i c h a r e a s f o l l o w s . V e r y o f t e n , t h e 
p r o c e d u r e t h a t has c a l l e d XRESOLVE w i l l c o n t a i n a 
s u b r o u t i n e c o n s t a n t , known a s t h e s i g n a t u r e , t h a t 
i s t h e b a s i c m e a n i n g o f t h e w o r d . E . g . t h e 
s i g n a t u r e o f " d o t " i s [ . ] . One c o u r s e o f a c t i o n 
i s t o a l l o w XRESOLVE t o c r e a t e a n o t h e r p r o c e d u r e 
w i t h i t s own s i g n a t u r e and t h e n e x t r a c t t h e common 
p o r t i o n o f t h e two s i g n a t u r e s and a d o p t t h i s 
common p o r t i o n a s t h e new s i g n a t u r e . T h i s i s 
used f o r c l a s s w o r d s l i k e " c h a r a c t e r " and 
" n u m e r a l " ( t h e n u m e r a l s 1 t o 9 a l l c o n t a i n " £ " ; 
0 i s a s p e c i a l case and i s added on by r e p l a c i n g 
t h e XRESOLVE c a l l w i t h a new p r o c e d u r e ) . 

S p e c i a l p r o v i s i o n i s made i n XRESOLVE f o r i m p e r a 
t i v e s . The p r o c e d u r e f o r a w o r d l i k e " p r i n t " 
s p e c i f i e s t o STM t h a t t h e m a t c h i n g p r o c e s s must b e 
a n e x e c u t i o n o f t h e s e a r c h a r g u m e n t and s u b 
o r d i n a t e t o ( i . e . i n v o k e d d i r e c t l y o r i n d i r e c t l y 
b y ) t h e c u r r e n t p r o c e s s . T h i s i s c l e a r l y t h e 
most n a t u r a l way t o say " d o i t " and XRESOLVE 
r e s p o n d s b y s u p p l y i n g a p e n d i n g p r o c e s s , i . e . a n 
a c t i v a t i o n r e c o r d i n a n i n i t i a l ( u n e x e c u t e d ) s t a t e . 
T h i s i s e n t i r e l y c o n s i s t e n t w i t h o t h e r t y p e I 
r e s u l t s . I f i t s u r v i v e s t h e p r o c e s s i n g o f t h e 
c u r r e n t l i n e o f i n p u t i t w i l l a c t u a l l y b e p e r f o r m e d 
b y t h e p r o g r a m . F o r e x a m p l e , i n : " P r i n t f o u r 
d o t s " , " f o u r " e x p e c t s case I V , i . e . [ . ] a s a s u b 
r o u t i n e c o n s t a n t in "CALL C 1 ; COPY; COPY; COPY" 
s o i t c o n s t r u c t s i t and s i n c e b o t h v e r i f i c a t i o n 
and l o o k - u p i n STM f a i l , t h e r e s u l t i s passed o n 
by XRESOLVE. 

T h e r e a r e cases where a p r o c e s s r e s u l t may have 
some a t t r i b u t e s d i f f e r e n t f r o m t h o s e e x p e c t e d b y 
a w o r d . An i n t e r e s t i n g c a s e a r i s e s when a p e n d i n g 
p r o c e s s ( i m p e r a t i v e ) i s r e c e i v e d b y a w o r d e x p e c 
t i n g t h e e x e c u t i o n o f a n o t h e r , s p e c i f i c , p r o c e d u r e . 
Then i t i s t a k e n t o r e f e r t o t h e f u t u r e and t h e 
r e c e i v i n g p r o c e s s suspends i t s e l f b y c a l l i n g LTM 
w i t h t h e i m p e r a t i v e p r o c e d u r e a s k e y . Thus i f 
t he human t u t o r t y p e s i n : " I p r i n t a n a s t e r i s k " 
( e . g . i n : "Do s o m e t h i n g a f t e r I . . . " ) t h e n t h e 
p r o n o u n " I " d i c t a t e s t h a t t h e ma tch mus t b e f o u n d 
i n a r e a d i n g p r o c e s s and t h a t p r o v i s o i s i n c o n s i s 
t e n t w i t h a n i m p e r a t i v e i n t e r p r e t a t i o n . S o i t 
w a i t s u n t i l t h e p r o c e d u r e does t u r n u p d u r i n g a 
r e a d . 

3 . Spec imen D i a l o g u e 

A c o n v e n t i o n i n some e x a m p l e s i s t h a t t h e p r o g r a m 
can b e made t o p e r f o r m a n a c t i o n b y g i v i n g i t a 
p r o c e d u r e e n c l o s e d i n p a r e n t h e s e s . S i n c e i n e v e r y 
case g i v e n h e r e t h e s u p p l i e d p r o c e d u r e c o n s i s t s o f 
p r i n t i n s t r u c t i o n s , t h e s e a r e o m i t t e d . The p r o g r a m 
w o r k s b y c o n v e r t i n g a l l i n p u t t o t h e f o r m o f a 
p r o c e d u r e t h a t w o u l d p r i n t i t ( a n a l a g o u s t o t h e 
p r o p r i o c e p t i v e t h e o r y o f speech p e r c e p t i o n ( 1 3 ) ) . 
T h i s r e s u l t s i n a n u n i f o r m i t y o f r e p r e s e n t a t i o n 
w i t h i n t e r n a l l y s y n t h e s i s e d p r o c e d u r e s w h i c h i s 
q u i t e a d v a n t a g e o u s . 

W e f a m i l i a r i s e t h e p r o g r a m w i t h i t e m s i n i t s 
d o m a i n b y s h o w i n g i t some. A f t e r t h a t i t i s 

p o s s i b l e to teach the names, d i s t i n g u i s h e d f rom the 
o b j e c t s b y t h e i r u n f a m i l i a r i t y . 

:*ASTERISK 
:*AN ASTERISK 
When the u n f a m i l i a r "ASTERISK" is e n c o u n t e r e d , a 
p rocedure i s e y n t h e s i s e d t h a t w i l l b e a c t i v a t e d 
when the word is encountered a g a i n . Th i s 
p rocedure i s a l s o a s s o c i a t e d w i t h " * " and t h e r e a re 
two c o r r e s p o n d i n g processes w a i t i n g i n LTM, bo th o f 
wh ich share t h i s p r o c e d u r e . 

I n the nex t se t o f examples, the verbs " t o p r i n t " 
and " t o say" w i l l b e i n t r o d u c e d i n the i m p e r a t i v e , 
u s i n g the dev i ce o f i n d i c a t i n g the a p p r o p r i a t e 
a c t i o n in square p a r e n t h e s e s . The p rocedure so 
s u p p l i e d i s executed in a process t h a t has the 
a t t r i b u t e s o f t he i m p e r a t i v e o u t l i n e d i n s e c t i o n 
2 . 7 . We c o n t i n u e w i t h the r e g u l a r pas t tense 
morpheme " - e d " , the s t r o n g fo rm " s a i d " , and the 
pe r sona l pronouns " y o u " and " I " . 
:PRINT AN ASTERISK [*] 

* 

:I PRINTED AN ASTERISK 
The pe rsona l pronoun " I " adapts the e x p e c t a t i o n s e t 
up by " p r i n t e d " to v e r i f y t h a t the a s t e r i s k was 
r e f e r r e d to by a r e a d i n g process i n s t e a d o f h a v i n g 
been execu ted . An a l t e r n a t i v e method o f i n d i c 
a t i n g the pas t i m p e r f e c t tense i n E n g l i s h i s t o use 
the a u x i l i a r y verb " t o d o " . 
:PRINT AN ASTERISK 
* 

:YOU DID PRINT AN ASTERISK 
I t i s q u i t e easy now t o e x h i b i t the tempora l r e l a 
t i o n s " b e f o r e " and " a f t e r " . Some o f the f u n c t i o n s 
o f "when" r e l a t i n g to f u t u r e t ime can a l s o be 
c a r r i e d out by " a f t e r " , as was i n d i c a t e d in 
s e c t i o n 1 . 
:PRINT A COMMA 

:PRINT A DOT 

:YOU PRINTED A COMMA BEFORE YOU PRINTED A DOT 
:YOU PRINTED A DOT AFTER YOU PRINTED A COMMA 

I m p e r a t i v e s and the p r e s e n t tense f r e q u e n t l y 
r e l a t e to f u t u r e events and " a f t e r " can work on 
procedures to be executed j u s t as i t does on those 
a l r e a d y used in the p a s t . For example: 
:PRINT A DOT AFTER YOU PRINT AN ASTERISK 

I f the c o n d i t i o n i n the s u b o r d i n a t e c lause depends, 
on an e x t e r n a l event then the program must w a i t f o r 
i t t o happen and t h i s i s the case in the s e c t i o n 1 
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examole: "Say t r i p l e a f t e r I p r i n t t h ree c h a r a c t e r s ' , 
I t works by e x p l o i t i n g the complementary n a t u r e o f 
STM and LTM as was o u t l i n e d in s e c t i o n 2 . 7 . 

Next we dea l w i t h the ve rb " t o be" i n the t h i r d 
person s i n g u l a r o f t he p resen t tense and w i t h the 
pronoun " w h a t " bo th as a r e l a t i v e and an i n t e r r o 
g a t i v e p ronoun. I f we b e g i n by t e a c h i n g a c l a s s 
word then some reasonab le " i s " s ta tements can be 
made. 

A f t e r " * " , " c h a r a c t e r " i s taken a s synonymous w i t h 
" a s t e r i s k " bu t subsequen t l y the assumpt ion i s 
v i o l a t e d . The common a t t r i b u t e ( i . e . p r i n t e d o r 
p r i n t a b l e ) i s e x t r a c t e d and a s s o c i a t e d w i t h the 
wo rd . Now we i n t r o d u c e " i s " . 
:A DOT IS A CHARACTER 
I t can be used to c o n s t r u c t a s imp le r e l a t i v e c lause . 
:PRINT A SEMICOLON 

:A SEMICOLON IS WHAT YOU PRINTED 
Winograd (14) no ted the compu ta t i ona l s i m i l a r i t y 
between the r e l a t i v e and i n t e r r o g a t i v e p ronoun . 
"What" as a c q u i r e d above w i l l do e v e r y t h i n g 
r e q u i r e d i n the i n t e r r o g a t i v e r o l e a p a r t f rom the 
f i n a l stage o f v e r b a l i s i n g . I t would b e p o s s i b l e 
to make v e r b a l i s i n g spontaneous at such p o i n t s bu t 
the dev i ce o f s u p p l y i n g the answer in square 
parentheses the f i r s t t ime i s q u i t e s u f f i c i e n t t o 
ach ieve the d e s i r e d e f f e c t . I t a l s o r e q u i r e s a 
s imp le r i n i t i a l p rogram. I t can be argued t h a t 
i t bears analogy w i t h g u i d i n g a c h i l d ' s hand when 
t e a c h i n g h im to w r i t e bu t the re i s no such 
e q u i v a l e n t , o f c o u r s e , i n speech. 
:WHAT DID YOU PRINT [SEMICOLON} 
SEMICOLON 

:PRINT AN ASTERISK 

In the f i n a l p a r t o f t h i s d i a l o g u e , numbers and 
numerals are t a u g h t . To beg in w i t h , the program 
must b e acqua in ted w i t h " t w o - n e s s " , i . e . i t must 
encounter two o f someth ing , b e f o r e i t can 
a s s o c i a t e words w i t h i t . I t immed ia te ly 
recogn ises r e p e t i t i o n and s t r u c t u r e s i t s p r o c e 
d u r a l r e p r e s e n t a t i o n h i e r a r c h i c a l l y t o r e f l e c t 
the p a t t e r n n a t u r a l l y . A f t e r the i n i t i a l i n s t a n c e 
o f two o f someth ing , i t can l e a r n the p l u r a l 
morpheme " - s " and some numbers. 

The sequence g i ven f o r l e a r n i n g the p l u r a l mor
pheme is o p t i m a l bu t the p rocess i ng ( u s i n g 
XRESOLVE) is q u i t e robus t and an a r b i t r a r y 
sequence o f examples which i n c l u d e s these in 
v a r i o u s o rde rs w i l l e v e n t u a l l y lead t o the c o r r e c t 
s y n t h e s i s . A t the s tage o f f ou r o b j e c t s , the 
r e s o l v i n g procedure n o t i c e s t h a t the procedure 
i t i s append i rg t o i s t e x t u a l l y equal t o the new 
procedure and so i t pu ts in a r e c u r s i v e c a l l 
i n s t e a d . That takes care o f a l l cases , o f cou rse . 

For l a r g e numbers the bes t approach is to use 
numera l s . A method suggested by the use in i n f a n t 
e d u c a t i o n o f b locks t h a t c l i p t o g e t h e r i s t o 
a s s o c i a t e the numerals w i t h c h a r a c t e r s t r i n g s o f 
a p p r o p r i a te l e n g t h . 
: £ 1 
:££ 2 
We c o n t i n u e thus up to and i n c l u d i n g 10 , wh ich is 

l ea rned as an e n t i t y and no t unders tood as a t r u e 
dec ima l number. Simple a d d i t i o n and s u b t r a c t i o n 
can now be t a u g h t . 

The program can a l so l e a r n to unders tand the 
numerals in the 6ame s y n t a c t i c r o l e as the v e r b a l 
numbers. Because the r e p e t i t i o n i n "£££ " ( the 
meaning of 3) has been separa ted in a h i e r a r c h i 
c a l l y s t r u c t u r e d p rocedure f rom the r o o t " E " , the 
same p a t t e r n , in e . g . " * * * " , can be recogn ised 
and the meaning of 3 g e n e r a l i s e d to app l y the 
r e p e t i t i o n t o " £ " o n l y when the re i s no d i r e c t 
o b j e c t . 
: * * * 3 ASTERISKS 
:PRINT 3 DOTS 

:WHAT IS 3 2S 
6 

Th i s has p rov ided a road to m u l t i p l i c a t i o n . (We 
cou ld e a s i l y have taugh t " a r e " , the p l u r a l o f " i s " 
as w e l l : e . g . "Dots and commas are c h a r a c t e r s " . ) 
The word " t i m e s " cou ld have been used i f p r e f e r r e d . 

We b e g i n t e a c h i n g the s i g n i f i c a n c e o f p o s i t i o n in 
dec ima l numbers by showing t h a t the presence of 
zero j u s t a f t e r a numeral means t h a t the number is 
a p p l i e d to ten i ns tead o f t o one. 
:TWO 10S ARE 20 
:THREE 10S ARE 30 
Th is c o n t i n u e s up to and i n c l u d i n g 100. Ano ther 
complete set of examples must be g i ven to show 
t h a t any f o l l o w i n g numeral and not o n l y zero has 
t h i s e f f e c t . T y p i c a l o f these examples are the 
f o l l o w i n g . 
:THREE 10S AND 1 ARE 31 
:THREE 10S AND 2 ARE 32 
Th i s is s u f f i c i e n t f o r any number f rom 31 to 39 to 
be u n d e r s t o o d . 

Now two -p lace a r i t h m e t i c can be done. The n o t a t 
i on i t s e l f now c a r r i e s the program w i t h i t f o r 
many p lace numbers. The program is very s i m p l e -
minded i n i t s i n t e r p r e t a t i o n , though . Numbers 
l i k e 478 are expanded out to a s t r i n g o f t h a t 
l e n g t h . Teaching i t the a l g o r i t h m s f o r a r i t h 
met i c in columns would be the nex t s t e p . That 
p a r t i c u l a r prob lem has a l r eady been t a c k l e d by 
Badre (15) a l t hough h i s approach i s no t t h a t o f 
l e a r n i n g a b i n i t i o t h a t i s taken h e r e . 

There i s , o f c o u r s e , a l e v e l o f a b s t r a c t i o n a t 
wh ich the i n d i v i d u a l takes account o f the p rocedu res 
f o r i n t e r p r e t i n g the meanings o f l a r g e numbers 
w i t h o u t a c t u a l l y e x e c u t i n g them; the symbol ism 
then becomes the v e h i c l e f o r h i g h e r t h o u g h t . A 
p o s s i b l e d i r e c t i o n f o r f u t u r e resea rch i s t o f i n d 
ou t whether the p r i n c i p l e s d e s c r i b e d i n the p r e s e n t 
work would app ly a l s o to these more complex 
p rocedu res . 

4 . Conc lus i on 

There are a number of p o s s i b l e d i r e c t i o n s t h a t 
f u t u r e resea rch cou ld take w i t h i n the e x i s t i n g 
domain . We cou ld e x p l o r e n e g a t i o n and ano ther 
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t o p i c would be u n i t s of t i m e , t ime of day and 
e x t r a p o l a t i o n i n t o pas t and f u t u r e . At some 
s tage t o o , a language o t h e r than E n g l i s h ought to 
be t r i e d to assess the p rogram's p o t e n t i a l f o r 
l i n g u i s t i c u n i v e r s a l i t y . 

I t i s to be hoped t h a t the methods developed here 
w i l l ex tend to o the r domains and an obv ious 
p o s s i b i l i t y would be to have the program w r i t e 
t u r t l e procedures in LOGO. G o l d s t e i n ' s (16) 
approach t o t h i s p rob lem i s q u i t e d i f f e r e n t f rom 
what we are p r o p o s i n g . His p h i l o g o p h y , w i d e l y 
f o l l o w e d by those engaged in au tomat i c programming, 
is to t r y to f i n d a way of e x p r e s s i n g what a 
procedure is to ach ieve so t h a t a system can w r i t e 
i t . Th is i s e n t i r e l y d i f f e r e n t f rom s e t t i n g a 
program loose w i t h o n l y genera l l e a r n i n g o b j e c t i v e s 
and then t r y i n g t o educate o r tame i t , as i t we re . 

We have not assumed an i n d i f f e r e n t envi ronment f o r 
the program t h a t has been d e s c r i b e d a l t hough in 
s e c t i o n 3 we were at pa ins to p o i n t ou t t h a t 
l e a r n i n g the meaning o f the p l u r a l morpheme " - s " 
was q u i t e a rugged process and i t can be sa id t h a t 
the program wi l l cope w i t h examples i n a p p r o p r i a t e 
to i t s stage o f development s imp ly by i g n o r i n g 
them. C h i l d r e n , o f c o u r s e , are no rma l l y 
encouraged and t r a i n e d and get t h i n g s s i m p l i f i e d 
f o r them but they do seem ab le to l e a r n even in 
un favou rab le backgrounds. The assumpt ion behind 
t h i s program is t h a t a good way to work is to 
i gno re e v e r y t h i n g you d o n ' t unders tand and w a i t 
f o r the unambiguous s i t u a t i o n . 

Helen K e l l e r ' s (17) w i d e l y quoted d e s c r i p t i o n o f 
l e a r n i n g the word " w a t e r " a p t l y i l l u s t r a t e s t h i s 
i d e a . I t was the unambiguous a s s o c i a t i o n o f the 
word s p e l t in one hand wi th the s e n s a t i o n of c o l d 
water on the o t h e r than enabled h e r , at the age of 
seven, t o beg in a c q u i r i n g language. 

Our work may be c o n t r a s t e d w i t h W ins ton ' s ( 1 8 ) . 
There i s no c o u n t e r p a r t here to h i s "near m i s s " 
s i t u a t i o n . Moreover our p r o c e d u r a l r e p r e s e n t 
a t i o n seems to o f f e r a b e t t e r chance of 
g e n e r a l i s a t i o n than h i s s e v e r a l types and 
r e l a t i o n s . 
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