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.1.

This paper deals with a model of lanq iaqe syntax acquisition.

It is assumed that the ar t i f i c i a l  language has a ft hit e  description

which we hooc to discover on the basis of a f i ni t e  sample of sentences.

Specifically excluded is the simple formulat ion of the observations

actually made , although a naIve descr ip t ion  is h igh ly  d e si r a b l e .  In

the terminology of learning models , an ins igh t fu l  model is to ho preferred

over the rote learning exemplified in a l is t .

Proposal for the study of this problem was posed in the paper

“Pattern Conception” by Miller and Chomsky [1957]; this paper elaborated

on the virtues of finite state automata models. An early description of

a machir.e to carry out grammar discovery is given by Solomonoff in [1957].

The various guises end disquiscs off this problem ~ir~ found in artifici.~

intelligence , hu man cognitive studi es, pattern recognition , lineuistics

and in sys tems theory under labels such as inductive infe rence, automaton

identification and grammatical inference. The fine exl osition by Fu [1974]

in a chapter entitled “Grammatical Inference for S ntncti-’ Pattern Recognition ”

surveys many approaches and also con tains 49 r cr o~ s. Additional

references can be found in Trakhtenbrot an~ r~ c~in~ [1973].

As far  as modc!llins of acquisition is ~~oi i ~~~~~~n t d , little attention

has been focussed on possible na tu ra l  so lu t ions .  i N c  foi] .owing investi-

gation is motivated toward the prcscn t~it i on  of L N ~ rcsiel~~. The ~nvcs ti—

gation follows the paths in i t ia ted  by Gren andor  [1974] in his  abductory

induction models. If we restric t cons~ dcra t ion  to r eg ula r  grammars ,

the nunther of possible grammars is over’.’helmincjly ic~r~j fl~ r cve~ ~~:~mali s ixe

alphabets and modest numbers of variables. Thi s imp lies ~hat models for
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analogy to real world phenomena which exhibit language acquisition

ability cannot be based on enumerative inference or finite search techniques~

for this reason , we also seek an alternative to direct implementations

of maximum lik elihood solutions which se lect one granr~ar over another on

probabilistic criteria determined by the solution of large scale linear

systems .
I

The model consists of two components; the f i r st componen t is a teacher

in a dual role. The teacher acts as a generative grammar which produces

strings in a syntax—controlled probability language (Grenander [1967]).

The random structure of the language is induced by imposing probabilities

on the rules of the grammar. In this way , the production of some strings

can be inhibited while the produc tion of others can be made more likely.

This adds to the tea cher ’s grammar a face t  of l inguistic performance

although it does not increase the generative power of the grammar .

4 The teacher also serves as an acceptor of str ings ; it can ju dge whether

H or not a sentence presented to it by the learner is within its competence .

The second component, called the learner , consists of two principal

procedures which carry out the construction of a copy of the teacher.

The f i r s t  procedure or phase is devoted to the classif i ca tion of words

into equivalence classes on the basin of q rammrit i c al  s u b s t i t u t a b i l i t y;

this procedure is in pri 1ip ie i n f i n i tar y . These classes arc Eam .liar in

structural linguistics where they are called fa mi l i e s  (Kulagina  [1958]) or

categories (Miller and Chomsky [1963]) a l though we do not use these

• classes in qui te  the same way . T h y  are introduced here to r~ duce the

combinatorial complexity of the constructions.

_ __ _ _ _ _
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The f i rs t  phase begins with the assumption tha t all words are

in one equivalence class; this is the tabula rasa with which the learner

begins. The discovery of the classes is carried out by the resolution

of the dictionary into the classes which form the required par t i t ion.

The teacher randomly generates s t r ings  which arc presented to the learner

as a training sequence. For each string in the t r a in ing  sequence , a

word is selected according to a weighted probabilistic strategy ; this -

• might be thought of as an attention function. This string is used to

either strengthen the learner ’s belief about the selected word ’s

membership in its present gramma tical class or it is used to in troduce

a new hypothesis to be enter tained abou t the rela tion of this word to

the sought for partition of the dictionary . The term abd uction , introduced

by C. S. S. Peirce to describe the star ting of a hy p o th e s i s , is app lied

to describe this process which either changes the class membership of

the selected word or forms a new class wi th  this selected word. All

classes formed are characterized by a fixed repres enta tive word called a

prototype.

The second phase carries ou t the di scov ery of the syn tac tic var i ables

and the rewrite rules which govern these variables, Initially in this

phase, the learner has a tabula rosa with respect to va r iab l es ;  the

discovery of variables proceeds in a analogous manner  to the i-hose one

process. Each str i ng in the trainirsi reaucuce is analvned to scm•~ prese t

depth to determine initial string equivalence clan~;es , i. e. th~ syntactic

variables. Each ini tial s t r ing  can he dc-coded ‘.•.‘ .~tN res~ ect to the word

— class par tition determined in pl1~~ ’2 one as descr i i i  above • Thi ind o> : i ns

scheme is utilized to implent efficiently the r . s~ sess ‘~N ich i t s~ :~ inc s the
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partition of initial strings into the sought for syntactic variables.

A subsequent encoding of initial strings is a representation of the rewrite

rules. A simple tally scheme compu tes the experimen tal frequency

defined probabilities.

The model described above is a blueprint for a language discovery

machine. Such a machine has been implemented in /ifL\360; this machine

has been tested on a fragm ent English grammar and on several formal

grammars. The fragment English grammar consi sts of 67 rules on 52 words

in 23 classes; the rules govern the 18 syntactic variables in this

syntax—controlled probability grammar. The expected sentence length is

7.05 words. In a typical experiment , 115 sentences were “listened to”

by the learner to determine 20 of the 23 classes and to correctly

H classify 48 of the words in the dictionary . After 27 sentences were

analyzed to a dep th of 8 words , 17 of the 18 variables were discovered;

when the depth was increased to 15, 20 additional sentences

were generated before the remaining variable was discovered. The graphs

in figures (1) and (2) illustrate the learning characteristics exemplified

I
by the word class discovery procedure.

‘!
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NUMBER OF WORD CLA~~S~-~t v , ~:y:-~r3ER or -:t:’r z~:;c~- .s

(b )
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The Word Class Discovery A lgo r it hm

Experimental Resul ts  and Data ~ aa lysLs

1. After t sentences have been generated , ~~ have observat ona

(r , z1,), for  r=l ,2 ,3, . . .,t , ~.-;here Z r might  represent ~he

total number of words correctly classif ied ( w )  or’ the total

number of discovered ~-:ord classes (wc ) a f ter  the rth sentence

has been processed . These data are the resul t  of’ a p robab i l i s t i c

• process so that each experi::~ont f rom BIRTH ’ ~-:ill have d i ffer e n t

charac to ris tics ;  it is hoped tha t  those d i ff ’or en ce s  might be

• s l ight . It has been suggested tha t  Casset  stu d en t s  ‘ t est s

might be applied to the results  .of several  e~~;or imcnts

Another  procedure might  be to average over th e  several  cx~ -2r iments

the da~ 1sm observed at each r and then to LLP Iv she data  analvs s

descr ibed  oelc- ,-: to th :Ls s~.oc thcd , p i p  ocessed data . ::oiu - -~r~

of the :-~ has at been done nor oxp lored ~ur tho r  at th i s  t ire

2 .  The graphical representation of th e  data  in f igu r e  1,

~- :hlch Lu depict clJ as c o n t in u o u s  2cr c-:~~~c n on ce , -; ssa lp

~~ avn ~ ~~~ 
Ci1r~!e ru op  out  ~. n; • The da ta  p l ot t ed  cs a

~: u i I  1: :: I:~.~~- i C~ 55:1. CI . r r e C t J ’J  c i - . . .~ 
,‘ . . 5:.. cc ci s e s t. ::ccS 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



semi-lop scale aonears in f -:sre 2a .  A ~oas. t ~ares stra is ht

- . 
l ine  fit  to ( r , ,Cn ( z . — :s~, ) ) , shi re d J n c - t  ~i a n  asure to ti  c

value , was determined and s s s~ ei paneo  in f~ purC Pa and

used to obtain the “ f i t ” shown in f ig ur e  2b .  The t r ue  a~~’:.~p-

to t ic  value , w h i c h  in these  w-:pcr irxsIt s is i.e course  hnos~ i

a erice~i , is increased by one so that  in  seni le ; coor d ina te s

(r ,O) courcapo nu s  to “all word~ correcf iy  c l a ssi fi e d ’ .

F~ su~~~~:; ~ o
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dc~-;cver , th1~ fi t  does not f l O V I O  the v : tall~’ • : i i ~or t s n t  T .e-ov-.e- tv

which  u~ d~ r ’llos the  t heo ret i c s  I model : the t a cu l a  rosa

~~p~~ hesis  whi ch  makes natural  a cons tr a ined  least square s f i t

to force  the curve thr ough  the po in t  (1 , 1 );  th is  po Int  c o r s e s —

ponds to the i ni tia l  equ ivalen ce  c lass

3. That is , l e t t ing  :/~ 
= .~r i( 5a Z r )~ 

we sock a and P to
t

m i n i m L z e  -i ~~~~~ mu - b)~~, sub jec t  to the c o n s t ra i n t

y1 = 
~n ( Z a

_ i )  = a -I- b .  Tois enables us to de ter -m ine  that

-- — 

~~~~~~ 
— 1 )J ~ u/ ( u .u )

b — -rn + £n ( z  1),

~-:hore the  t - v e c t c u u  u (r - 1 ) ,  ~ (y r ) en:~ 1 
~~

- Cl ,! , . . .,i)

have boon introduced for clari.t~~. T:ie line i.~ t hus  -:- 5

w h i c h  y ie lds  the o x u c u l n o nt a l  foaoula  to be

Z a — exp(~nr o- b) = Z a~~ ~~a l ) e x p ( — m ) e x ~. ( m v )

Toe data pre sent ed  in  table 1 has b een  and y: :01  acce- ufing to

t h s  p l an ;  the  r e su l t s  of t h L ;  n u f l y u is  ep~ -sar I n  t~~si e 1.

_ _  -
~~~~~~

- -— - -
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4 .  The Euclidean norr t of the r esidua l  vector  can of course be

reduced by the direct  appl ica t ion  of’ the least squares orocedure

to the form A -I- Bcxp(Cr )  with  the observed data . The

constrained problem : find A , B and. C to :oinLnizc

- 

- 
~~~ 

=~~~ ( Z ~~ 
- A -Boxp (Cr))2 subject to the tabula rasa cons t r a in t

z
1 

= A + I3cxp(C) can be readily computed as follows :

the t ranscendent a l  ecua tt on  In C

(z - i ) . ( v ’ - f ( v . v ~~ / (v .v ) ]v )  =

where v =(e xo (C) -e : - :n (Cr ) )  and v ’ = is solved for  C

and tn~ s va.iuo as used to ucrernine 13 = - v.  (
~-~) / ( :~~

)
and A=l — B exp (C)  . This has been done and the resulto  are

also recorded in table 1 and dep icted graphical ly  In figure 1.

Fi~ urc ~(or i lnel  dat a  SI ce-:ri 1: red

~~~

-

~

—--

~~

--

~~~

‘(‘0
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frea //correct cum frea

1 1 1
1 2 2

H 1 3 3
2 4 5
1 5 6

- :  - 
- 1 6 7

1 7 8
1 8 9
1 9 10 Section ~:

10 11
1 11 1 2
1 12 13 5 2 .  [1 — . 5 9 3 d 2 ( . o 9 . c 3 7 Y ]
3 13 16
1 1 4 17
1 i S  10
4 10 22  Sect ion ,  ~:

-
- - 2 17 24

1 18 2 5
I 19 26
1 20  2 7  ‘;2 . ; - ~ 1. 1 — l. ODi: ( •

.~~~2 , ) r ]
1 21 23
1 2 2  2 5
1 23 30
1 24 3i
1 25  3 2
4 26 36
1 2 7  37
5 2 0  42
7 2 9  4 0
1 30 50
2 31 55
5 3 2  ~ 7
5 33 u2
6 34 66
5 35 73
7 30 30
1 37 t i

• 15 30 96
18 30 114

— 7 40 121
H 19 4 1 14 0

~ 42 i ’~S

I ’/ . L .
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5.  A conjecture based on visual  observat ion is that  the

learning cha ract e r i s t i cs  fal l between the values de termined

in section 3 and. sect ion 4 ;  the sought fo r  charac te ri st i cs

would bet ter  represent  both the early ( r ap id )  learning and

the asympto t ic  qua l i t i es  vie: • , the t:Li ::e to de t e r m i ne :C1 the

words correct ly . A heu r i s t i c  procedure based on the observed

data  could be ~mo 1emcnt ed ; th i s  would  especial ly be of use

if predict ive  qua l i t i es  of the model were desired . In the

least squares  procedure , a we igh ting  f u n c t i o n  ar rnrepr ia te iy

chosen would improve the f I t .  ~‘Je ment Ion  here that  the t r u e

asymptot ic  value ( e . g .  the numocu of words to cc clas s ifi c e) ,

which is kno~-in a priori , denoted here by Z a could be Introduced

as an addi t ional  const rain t  to rofor~::niate the least  squares

probl em as:  f i n d  C to m i n i m ise  ~~~(s~~- s~~
[l - (l_ l/ s~~) c ; - : p ( C ( r _ l ) ) J ) 2 .

This lead s to a transcendental aerat ion in C

[(z - lZa)/(l 
— Z

a) 
- exp(Cu)J.a = 0

where the t-vector u = (r-i)

Reference

• Davis , P . J . f 196~~], In t e r o c l a t t o n  and A :  p r - - :-: !oa t .L cn , Blaisci.oll ,
W alt ’-nim .
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The Word Class Discovery A l r 1-o rL t h m

A ~Ia themat I cal  ~1odcl

1. Consider an i n e idenc u  oatrds-: ’ of wor d enu iva lent s  whose

entries are updated as the par t i t ioning procedure is carried

out . Al]. the entries are in i t ia l ly  cot to some number p1,
— 

- 0~p1~ l. At each stage of the procedure, the entry corresponding

to the pair of words selected for testing is either augmented

or set to zero according as the test resul t for this pair Is
!(believed equivalent ” or “not equivalent ” respectively; the

other entries are unchanged. Thus the x,y entry in the matrix

after the r-l-lst stage is

(
~~~~(r) the pair x,y nut tested

p (r ~-F- 1) = 
0 discovered that x~~y

xy 
~r(~~~( r ’ ) )  s t rengthened  belief that :-:Ey

where f(.) denotes a function which augments  en t ri es  in the

believed equivalent case.

2. The rate of convergence of this matr ix  to the true

incidence mat~’I:-: of the in f ln i t a r y  equivalence relation will

be delayed by a non—zero  p~’cb:~b i l ity  of tes t in  two words for

equivalence and sett ing an “ incorreet ’~ resul t .  That Is ,

if two word s ;-: and :i are not equivalent  it is possible that

for example , out of 101 sentences which involve the word x

only 20 of these sentences would separate  a fr om y ;  i .e .  only

20 of those sentences would be un drammat ical  w i t h  the word -

y subst i tu ted ror the word x .  This suggests  that  the ratIo

-~~~ 

of the number of s~ nt~ neeZ wh~ oh soparate x from y 
-~~~~~~~~ 

C total
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number of sentences involving a ( in  the case that x and y

are not equivalent) he considered as a candidate for the afore-

mentioned probability ; note that this quantity, which will

be denoted by epsilon, cepencis on each pair of’ words . If

epsilon Is one, then all grammatical sentences involving a

separate x from y when they are not equivalent; in such a case,

the non-equivalent words are separated as soon as they are

presented. together for testing . If epsilon is zero, then

every graamat:Lcal sentence involving a is also g-ramsatical

with y substituted f  or a and hence x and y are equivalent .

3. The rate of convergence will also depend upon the frequency

4 wi th which pairs of words are brought for th  for  comparison with

respect to the equivalence relation. For fi::ed words a and y

which are not equivalent , it is of interest to compute the rate

at which the corresponding matri ;-~ entry ~~~ converges to zero .

Since the underlying process is probabil ist ic, ‘-:e propose to

compute the mean rate at WhiC h such an entry converges to zero .

This will  indicate how to estimate the mean time to determine

the true incidence matrix and. hence the mean time to determine

all non-equivalent words.

Let 0xy denote thc probabil i ty  that  words x and y arc brought

forth for comparison . Then the expected value of the sum of

the possible entries P~~ (r )  for  non-equivalent words is

estimated by 

~~- - - . - .~~ - - .. -- 
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E[ > p~~ ( r ) J = ~~~ E[o .~~(r ) ~~~~(n o . o f  non-eq.
- 

- - ;-:~y X~ y 
‘

~ 
(

*~up ~~E [p.,~~( r ) J  ~
x ,y

4 . The augmentation funct ion  r( ) is a concave funct ion which

increases an entry in the matrix from the ini t ial  ( tabula rasa)

value p1 to a value according as the strength of belief of

equivalence of the corresponding pair of words increases .

The r-th iterate of this function which enters the estimate

of the rate of convergence behaves asymptot ica lly like the

function 1 — ab”, as will be shown below ; such a choice is

natural for the function which is to indicate increasing strength

of belief in the word class equivalence of’ words.

Let f (x)  denote the r-th iterate of the funct ion  f (x )  wh ich

maps the interval {o,iJ  into It sel f ;  moreover , assume that

f ( x )  is continuous , that fT (x) exists in (o,i) and that  r(i)=i.

Then by the successive application of the mean value theorem,

= f [f r ( X ) }  f [ f r
( X ) J  - r(~) + f(l)

= 1 - ~~f ( ] . )  - f [ f r ( ) ] ~~

1 - kr[l 
- f~ (x)]

C
= 1 — k~~ l — Li — 

i’—l 
(i — f~ (a) ) ]

= 1 — 1c~,1c~ i Ll — 
~~~~ ( c - :) ]

~~~2 —

= - 

~~r~r-l l c ) [ 1  - 1(x) ]

= 1 — ( T I k ) ( 1 — x)
— ab’~~
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where the are constants ( values of the derivato of r(.)

at the appropriate Intermediate va lue) .

5. Suppose that we center attention on a fixed pair of non-

equivalent wor ds x and y .  Af te r  t sentences in the partit ioning

procedure have been processed , suppose that Ic of them produced

the pair for comparison : then the x ,y entry in the matrix

where I (.) denotes the k-th iterate of the augmentation function .

This entry Is non—zero in the case tint k trials tool: place

with a and. y believed equivalent ; each such trial has probability

d = 1 
~~~~~~~~~~~~~~~~ 

wher e epsilon was described in section 2. Hence,

E[p (t): of which 1: trials involve x,y]

where 0~ - k~~t.

‘5. Recall that c denotes the probabi l i ty  that words :-: and y

are brought f or th  for  comparison ; then  for  the t trials

performed , we ha v e

E ( p ( t )  3 — ( i - ~)t 
~ ~~~~ - c) t

~*if( p1) - . . . I - c tdt f t~~(p 1)

~~~~~ ca (l - c ) t I , 1 4~~ C~ (~~~)

~~~~~~~ 
(cc i ) h (1 - c)

t_
~ {l - a b’~ ]

_ _ _ _ _  

÷
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‘~~[(cd) + (i — c ) ] t , since 0~b~ 1;

thus ,

H[p (t)3 [1 - c ( l~ d ) J t

- c 6 ]~

7. Pc:’ a gi~’en pair of words which is equivalent , after t

sentences the :-:,y entry wil l  be

-- p(t)

for Ic sentences (out  of the t)  which involve this pair.

Then the mean value of’ the entry is

E I p( t ) J  = ~~ (~~
) C~~(1 -

L , 1 - a [ (c b ) + (1 - c ) 3~

8. To summ a:’isc , af ter  t sentences have boon generated Ic of which

involve the pair :-:,y, the corresponding entry in this “Incidei i~ e

- 
- siatr-lx” has moan value for large number of trials t gi von by

L~~ 

Cl — aL l  — c ( l  — b ) J t if a~~y
E L  -• j~

’ t her w i s e .

- - - ~~----~~~~~~— —~~~~~ --~~~~~~~~~~—- —- - - - -— -
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I n t r o d u c t i o n

This  pap eo deals  w i t h  a m-ahel of ] a r ~g u a n c  s y n t a x  a c q u i s i t i o n .

i t  is assumed t h a t  th e  a~~t i f l c~~tt1 la n gu s  c lai n a finite descr iption

which we hope to discover on t h e  basis of a fInite sample of

sentences. Specific ally exclud :d is the simple formulation of the

observations actually macic , a l t h o u g h  a n a iv e  d e sc r i p tI o n  is h i g h l y

desirable. Tn t h e  t u r m i n o 2 o ~y; of l e a r n i ng  mode l s , an i n s ig h t f u l

• mod el is to be o r e f e r r e d  over the  ro te  l e a r n i n g  e x e mp l i f i e d  In a

list.

Propos al fo~ the study of t h i s  problem was posed in the

paper “P a t t e r n  C o n c ep t i o n ” by P i l le r  and Chomsk y [1957 ] ;  t h i s

paper  e l a b o rat e d  on the  a i r t u en  of C ir c it e  s t a t e  au tom at on  mo i els .

A n ea r ly  d e s c r i p t i o n  of :~ machine to carr y ou t  grammar discovery

Is g i v e n  by l o l o m o n o f f  in  [l ’~~ 7]  . V ar i a t i o n s  01’ t h i s c ro b le m

a r e  found  in a r t i f i c ia l  i n t e ll ig e n c e, hur~,cn c o ng a it i v e  s t u d i e s ,

p a t t e r n  r e c o g n i t i o n , li n g u i s t i c s , and in s y s t em s  t h e o ry  un d er

l ab ls such  as i r ci u ct ;  ~ve in f e r en c e , a u t o m a ton  i d e n t i f i c a t i o n  an d

;r-rm nae:cc~ l:~~ - : ’ -a c t .  ~he fin-c e xp o s i t i o n  sy l u  [~~9 i ~~] in a

~

- 
; ci . a ; - a c - r -~~a t~. -~~ d r c : - a m t t 1  cci Inference fo r  Sy r t a c t i c  P a t t e r n

ih-Co~ :iit ~O : i ” • ;cra . -r- ,’n :: n ’  a n r  r o a c h e S  an I a l so  c o n t a i n s  9

:~~~- e - ~ - -
~~~ b ~‘:, :r  I : e  feia-: -u’ es c a n  be f o u n d  in Tr ak h t e nb r o t

a:. P-u : :1 :  C .  ~] .  - i , -  r e a n t  et ’ c-rc ces  a r e  A l i e n o r : and

b~~ .m ~~5~~- ]  - .: hh.  i c a . : -  s i t ’s d - ~ g f c L- S of  w.soivabi lity Of i n du c t i v e

i n :  - s e n s e  p r : :  1~-r , .; or. i d r g 1 u ~ n [ 1976]  ‘. c a i ch  ex p l o r e s  c o m p l e x i t y

01’ t h e  i n  ~~~~~~ ~t v ’ c f (‘in I t ’~ s t a  t o  ~sa:em a r s  f’~- . ru a f in ~ te set  of

- s 1 t 1 . c  a: . . .  s - g d ve : a . :p i e  : ; t s i n g s . •

— - —~ 

•

~~~~ — — ~~~~ — — --- --- 
~~~~~ 

— 
-— —-
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The followIng investigation is motiv ated toward the pre-

sentation of natural models. The investigation follows the paths

initiated by C r e na n d er  [ 197 11] In his abductor :,’ Induction models.

If we restrict corisld ~ ration to regular grarsr :rars , the number of ’

pOS3ibiC grarrraars is overwhelmingly large for even small size

alphabets and. modest numbers of variables. This implies that

models for analogy to real world pheno m ena wh ich exhibit language

acquisition abilit y cannot be based on enumerative inference ci’

finite search t e c h n i t o c s ;  for this reason , we also seek an

alternative to di. e ct ir:olementations of maximum likelihood

SOISt I O n S  w h i c h  select one  gr ammar over  an o t h e r  on p r o b a b i l i s t i c

criteria by the solution of large scale linear systems.

In pa sr icu t ar , a l g e r  i t h a s  ar e  p r e se n t  c-h st • i ch  c a r r y  out

~-, manmar ’  i s cove ry  h ”  t h e  s on ot  r o e  ion of the (right in v ar I an t  )

e qu i v a le n c e  ciasse : ;  i ndu cec by t i e  f i n i te  s t a t e  a u t o m a t o n .  The

c l a s s e s  are est~~Uiished b:,- mesrrs of a training sequence and a

teacher . the r I L : :w r of ç o s n l o i e  p a r t i t i o n s  i r :J u s u L I  by an

equivalenc e r’eJ ~~~
‘. ion  is 1-ar-c ’- ::: to  be g i ;en  op corn s of S t i r l in g

• numbers of the seson I - r i n d .  To r e d u c e  the combinatorial complexity

H 
of the  p rob lem , an equiv alence relation defined on t h e  word

d i ct i o n a ry  in a n a t u r a l r ay  by g,i - a m r c a t i c n l  su b s t i t u t a b i li t y  is

U 500  to l ar’uiu io : t i n  s ‘ : .  ctio r ,rr:p into urrr:r::r:a ticai equi valence

c l a s se s .  ~‘he prototype of each word c lass , t h a t  is , th e re p i ’e—

-aer tor  of each  of th e  e s t a h i  i shed c l a s se s , Is t h e n  used to c a r r y  - 

-~

ou t  t f l c  sy n l : - i i - c G 15 of the ru i r. a L l  s t a t e  n u t  nest  t o n  . he aigori t hms

are imbe di -c i in a statistical e n — : J r o n : n t - n t ;  th e :-,’ are studied c-x~-uol—

m en t a l l y  nw d l t ee i ’ .P- icnu I 1y. 9’ - Lt l  :i t r . t : : t t -  tort is f o c u ss e d  on the 



~~~~~
— -- 
.~~~~

“.‘ —v-, 
~~~~~~~~~~~~~ 

- ---—‘---
~~~~~

- ---.--.- -• 

~~~~~~ 

.
~~~~~ ~~~~~~~~~ “ ‘~~~~~~~~~~ 

-
~~

.--—- - 
~~~~~~~~~~~~~~~~~~~~ 

.--—,..-, “.
~
-.--.- -

P

3

f l e x i b i  I i t y  of ’ t i n e  a l g o r i t hm s  to a c c o m r n : o ( r a t e  n o r r — s y s t c : ; , a t i C

errors ( e . g .  a t e ache r  w h i c h  o c c a si o n a l l y  ma i-:o s e r r o r s ) .

The model  c o n s i s t s  of t ao  c o mp o n e n t s :  t h e  f i r s t  componen t

is a teacher in a dual x’o Le . Tite teacher acts as a {eneratave

grammar w h i c h  p r o d u c e s  s tn rngs i n  a s y n t a x — c o n t r o l l e d  p r o b a b i l i t y

lang uage ( Grenan c l er  [ l 9 G 7] )  . The random structure of the language

is induced  by im p o s i ng  i r obnLbi lit les on the rules of the grammar .

• In t h i s  w a y ,  t h e  p r o d u c t io n  of some s t r i ng s  cart be inhibited while

th e  p r o d u c t i o n  of o t he r s  can be made more l i k e l y .  This adds to

t h e  t eache r ’s gr anr rea r  a f a c et  of li ngu i s t i c  p er f o ru a n ce  although

It does n ot  increase t h e  g en e s e r t l v o  p o w e r  of’ t h e  g r ar s r e a r .  The

teacher’ also s e r v e s  as r~o a c c e p t o r  of strings; it can judge

whether ’ or not a ser it ct: -e presented to it by the learner is ‘-i t h i n

its competence .

~~1 LC secorn i c o m p o n o n t ~ , called the b arnes , consists of tn-n o

p r i n c ip a l  p roc eu rr ’es w h i c h  c a rry  out  the  c o n s t r u c t i o n  of a copy

of ’ t h e  t e a ch e r .  t h e  f i r s t  pr oc  e s u x e or p h a se  i s  he— icteh to t h e

cI a-ssit’ic at ioui of ;-:ords into equivalenc e ciosoco s - r i  t i e  b a s i c  of

graernrra tical ~~l :t i’eutab ~lity ; thiS procedu re is in  principle

in f in i t a ry . These ci asses a x e  f am i l r a r  in structu ral I irgu isti cs

r-:hese they are culled I n i t u i l i e s  (‘sulagina [ 19 5 8 ])  or c a t e r o n ie s

(-i 11cr and Ch or shy  [ i  e6~~] )  rclthsso gii we do rot , soc these classes

in uui~ e to-c sass- - -n ay. t n o :,.~ :rr -e i: tx’ :- ;!:c~-o here to r e o -o c e  tne

com b I r a  t ~- : i  ni l ce:: ; lex . p or tI1e .:o :rstiuc icr::;

T i -  fir st tor so :e irs ~ n- l th t o e  a r s : c p t i - ~l t i~~t all wo rd :;

~ o t i ~ ecju i i i  f l (  C r I c~
1.

~~~ - ~~~~~ - -  
~~.
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H - the learner begins . The discovery of the classes Is carried cut

by the resolut;Ion of the dictionary into the classes which  for m

the  requir ’ed  p a r t i t i o n.  The t e a c h er  r a n d o m l y  ge : .e r ’a tes  string:;

which are presented to tite learner as a t r a in i ng  s e q u e n c e .  For

each string in the  tra ining sequence , a word is selected according

to a we igh ted  p r o b a b i l i s t i c  s t r a t e gy ; t h i s  might be thought of as

- I 
an attention function. Th is s t r i ng  Is used to either strengthen

the learner ’s be l i e f  a b o u t  th e  s e l ec t ed  word ’ s m e m b e r s h i p  in i ts

present  g r ammat i ca l  c lass  or i t  is used to In t r o d u c e  a new

hypothesis to be entertained about the relation of this word to

the  sought  for  p a r t i t i o n  of t he  d i c t io n a r y . The t e r m  a bd u c t i o n ,

i n t roduced  by C . S . S .  P o l i c e  [ 193 1] to d e s c r ib e  the  starting of a

h y p o t h esis , is a p p l i e d  to d e s cr ib e  t h i s  p x ’o cc - s s  w h i c h  eIther changes

the class  m e m b e r s h ip  of ’ t h e  s e l e c t e d  ;-:ord or’ forms a nc-a class with

t h I s  se lec ted  word . All  c lasses  f o r m e d  a r e  c h a r a c t e r i z ed  by a

f i x e d  r e p r e s e n t a ti v e  word ca l led  a p r o tot ~~~e.

The second ;:iinr se car r i e s  out  t h e  d i s c o ver y  of’ the syntactic

v a r i a b l e s  and the  r e wr i t e  r u l e s  wh i c h  g o v e r n  t he s e  v a r i a b l e s .

Initially in this phase , the li:ai’ner has a t a b u l a  r asa with

respec t  to v a r i a b l e s ;  t h e  discove r y of variables proceeds In a

m a n n e r  an a l o~ , uu s  to the p i n a s e  ens  ;u’;cc:u; . hnrch string in the

t r al  ning sequence is an a l y z ed  to o c r r n o pm -set d ep t h  to gut  erm i ne

i n i t i a l  s t r i n g  e q u i v a l en c e  c l as se s , i . e .  t h e  syntactic variables.

Each s t r i n g  can be decod -d w i t h  i e sp e c t  to t h e  word c l a s s  p a r t i t i o n

( IC t e l n f l i u L - d  in  p inni nn o one an ;  i~~~c i ’ t  b ed a b o v e .  Th i s i n d e x i n g  schem e

is :tx;ed to impi (m - o u t :  e f ’ t ’ I c i o t l ’ ,’ I n c  J )ro ces: ;  wh i ch d e t e r m i n e s  th e

- ~~~~~~~~~- - - - -
~~~~~~~ 

- ~~-
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part ition of init Ial s t r i n g s  in t o  the  sough t  fo r  s y n t a c t i c

v a r i a b l e s .  ~ s u b s e q u e n t  e n c o d i n g  of I n i t i a l  s t r i n g s  Is a

r e p r e s e n t a t i o n  of ’ t he  rear ’  I t o  r u l e s .  A s imp l e  t a l l y  scheme

computes  the e xp e r i m e n t a l  f r e q u e n c y — d e f i n e d  p r o b a b i l i t i e s .

The model described above is a bluepr int for a language

discovery machine. fuch a machIne has been Implemented in A

programming L~~~~uage  (APL): this mac hine has been tested on

a fragrr.ent En gi  isli grammar  and on severa l  fo rma l  g r a m m a r s .

The fragment E n g li s h  gr’asnr n r r consists of 87 rules on 52 words

in 23 classes; the ru le :;  govern the 18 sy n t a c t i c  v a r i a b l e s  In

this syntax—controlled probab lity grammar’. The teacher—learner

irnteract:Lon is O I ’ O t I ’E I V L ’ .I w i t h  no ex p l i c  it sc-mont . ics and no

environment -. ‘lout is , ( c o n t e x t ) -  s er r a n t i c s  and pna u r a t ~~:un are

c o n t a i n e d  in n e i t h e r  the toach :r or learru -e r nor’ the tr’a Ln ing

s e q u e n c e .  The la n g u ag e  st r i n gs  appear’ to h a v e  a semantic aspect :

t h i s  is b u i l t  i n t o  the  sy n t a c t i c  re m - -r i t e  r u l e s,  t h e  e xp e c t e d

se n t e n c e  l e n g t h  ( c o m p u t e d  fr o m  the  u n a t h e s r r t  I c ab  uc i o l )  is 7 . 0 5

-J w o r d s .  in a t y p i c a l  ex p e x ’i nr en t ;  , 115 s e n t e n c e s  m-u - m ’ e h e a r d  by t oe

learner  to deter’:::ine 20 of t h e  23 c l a s s e s  a o l  to c o r r ec t l y

c l a s s i f y  :~~ of’ t h i s  w o r d s  in  t h e  d i c t i on a r y .  Af t e r  27 sen t e n c e S

were  analyzed to a crc pt h of’ 8 w o r d s , 17 of t i n - l b  v a r I ab l e s  s- n - s

d i s c o v e r e d ; m-;her the de~-th n .’ :ns  i n c r e a s ed  to 15, ~0 a d d i t i o n a l

:;c n n t e n c e s  n -n ero ge n er a te d  bc f ’ ox ’ : th e  r - ’;uai n i n g  van ab le  was

discovered . The graphs in f ’t g u  u - o r ’ ( 1)  a n !  (?) Illustra te the

l e a r ’n i r t g  c h n i r a c  t- -n’is t : ten Ox en: ; Ifl l et by t h e  ;-u r ’d c l a s s  d i s c o ver y

-
~~~ pi ’ - c e du rc - . -lo ne c o u : i - l ( t ( -  e X - . . n i t u i ~ 

i - - a u  i t s  ; t o I  a nr nr t - i : c n a t  Lc ~~r

-~ - 

~t ienu r’nir ug un -i d o l up ; c:i:’ in  l at e r  : -  etlon:: .
- 

-
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Preliminaries

The f o l l o w i n g  s e c t i o n s , n - ; i n i c h  present no r :ew r e su l ts ,

c o n t a i n  t he  d o f i i i i t i o u u r ;  and  r e su l ts  f r a n  f ’o i ’uuu al  l anguage  theory

and aut onnn — rt on t i e o r - p  w h i c h  :~a - i ’v e  as r e s e ar c h  b n r c I - : g i - o u n d  for

s :;n tact ic  a n d u c t i o n  of l i n e a r  st r i n g s  p r e se n t e d  in t -he l a te r

c h a p t e r s .  The e x p o s I t i o n  f o l l o w s  h i o p c r o f ’t  and U l l m a n  [1969) .

The e x p o s i t i on  on ’ t h e  s y : : t u x — c c n a r o l b e d  p r o b a b I l i t ie s  f o l low s

Gx’enander [lb ~ 7~~.

~

~-
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1. let 
~~~~~, 

(tenno te a :- nite art of o - y rnn t - ’ L s  c~ T1ed t e r n~i : : a L n :  or ’

n -n erd s ;  ~et ‘-.~~~i-~n ot e  n - h e  set c t ’  u ]~ :‘ n~~~~- 1cr - tb  : ; t n i n n g s  or ’

t h e s e  n- :erds ; as - i  ~et tH d e n o t e  H~ U ( h L -ar re t i r e  e s n u t y

s tr i ng  o:~ Ic :ng t : :  ne ro  Li ; d~~n n o ’. e i  L’:,’ ~ W b .  T h u  age  Is an : ,’

ol-e::rc n:; of t i r e  c-o:-:er set of H , . Those (~ - sn ; I b i : :  i n f i ni t e )

sub s e t s  of ~~~~~ whi ch have  f i n i t e  gen el ’ni  t l o g  r - ; - r e s e n t a t i o r : s  a r e

called m ’ e c - s r -n i v c H ’  en - r : : or-~~b le  . T hc s r  f i n i  t . - -a n - r a t I n g  ris : : - e —

se tari r-na or’ c o s t L f I c a t i o n s  a r e  ca ll i o h m - o n e

gr i snmars  ans i a r e  f o : -n n u i a t o d  as f’o l l o w :n  : i n t r i m i u c i n  an  : _ rm• : i l  :ar :, ’

f~~n;~ te -set of nyrnio ls , denotcu by \ . ,  -allen n m : : — : - : ’ u C n - a L s  na’

sy r ;t ;a c t ;  in vct I ’ r n o i  s . ; , ‘ n i t : ;  a. d .  .;t ~~n r - -- ;  - -s - ;: : n n o  S Ca -

in t r o du c e  a f ii - u i t - ~ :; :-t 01 ’ r -n -: : i t - oul - .: Ii .-:h Ldn - ‘‘ - c n n  t h e n - c

‘ r a b~ ~ and i~~ur sub a ,

V.. U\ rn . ~h cr ;  t ao  ph rase  s tr u c tu r e  ~ n n n : s n : g :  c o r r o L o t :  Ca un - c

strings which can be d c;’ivo’~ fr oc S (the :5-ar-I. n ; g : . i o l  ) n y

successive a p p l i c a t i o n  of th e  m ’ s l e n ;  . l b  r I:; r’ a ;  n - c u  cit

cr e scr iced  by t h e  in;t;r-cducl;ion on ’ a 1’i ni t  our fr- - n:: ‘
~~~~~ to no

follo;’:s: for any u and v C V~ , u is arid  to J h ’c ct l y  d e n ’iv e

v (in L i r e  g r a m m a r - ) if th e r e  a n s t m - i r :n I , ,  , :-: , v ~~~ s u c i .  t h a t

= x iy  ‘s = xJ y and  ( I , ) E F .  Tb I s c n n  i c  enS  .d - ci I :,- n o : ’ i n c —

u ciei’ .Lv c’n; v in t b -  g m ’ n c : n : n o r -  11’ -1t 1 n - i ’  u = v  o r -  n m - n : - ?  i s  a

i ’ lrni •
~ n ’ o e - g a -n c e  S . ,.~ , 

‘
,, , . . . , ~ ‘~

x , r n  ~
‘ I , .a :er  t h a t  ; n b 0

~~~~~~ arid 
~~ 

directly der ives for  =0 (1 )m— 1 . t h e n  t he

l a n n :unge : : snor ’nl t er !  1 :7 t i r  I: ; go;: n: . - -a ; ’  I:; ic f’i  n ; - I u s  t - i : -~ s c -  of

st:’i::gs of ’ n-n e rd s  n-. i n L c : h e n n u i  b i n  u :r ’ i ’; sI r b -  :1 t i : - s t - ni ot~ sy m b o l  S.

F ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ 
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- -

If S de r ives  u ( d e n o b c -d~ by S -
~ u) and u contains variables ,

- - t hen  u is called a sent en t ia l  for ’m . Note  t h a t  th e  e l e m e n t s  in

the  set of ’ r e w r i t e  rule :; , for  Cm ;-orun p io (I- -ri ot ed by (L ,j ) , n i n e

c u s t o m a r i l y  a lso  w r i t t e n  as L -
~~ 
y. lh’ t n-n o g r ’ n m ; - m a n ’ s  o n o r - a t o

the  same l anguage , t h e n  they nm -c said to be ‘cneai :ly e q u i v al e nt

2. C o n t e x t — Fr e e  L an g u a g c -s. Ii’ the r-c-s m’:: to ru es R n i re

r e s t r i c t-e d  to i’i n i t o  s u b ~~ct :n  of ’ ‘J X ’/ * , t i~c - zu t i e -  r ’e :nn :  L t ; a n i I .

grammar is called a context—f ree grain:; ::- .

3 . i-’iu -iite— St~ te Lun g ;: aes .  ~‘ho:;e subsets of s o n i t c x t — f r c c

grammars  to w h i c h  we f-ecus our  a t t e n t i o n  ar - c c a ll e d  f i n i t e  sn - a t e

g r a m m a r s .  The va r i ables  ar e govern ed  i~ C n o n - n m - i t o  ~u l v~ oI’ t :-.’o

t y p e s :  c o n t i  n u in g  u -
~ xj or t e r n : r l n n r t  i n n -: i. -

~~ x , wm;e:’e ~ 
,j  (~ H .

and rn (~~ 1T , Denote the f i n i t e  set  ot’ r -sie: ;  ;-n h d r  1’ L wr i t e  I by
I

and assume that the generating algorithm bei- :ino ov the

ap p l i c a t i o n  of a ru le  se l ect -ed  f r ’ o n - ~ R .

The language generated by such : a o;:’mi ;n ;tr , w h i c h  censict in

a.- -
~ of’ V, , V .. and E , is denoted by b(il ); tie: s ymb o l  -l denotes the

triple (V T, V~ ,F) and F denotes ti n e finite set of all rules.

The language L((~) cono sts of a l l  th o s e  ru n - m g:; in: V ., r-.- h:c :-; c o i n

* be produced by thc appli cati on L t i n e  r - - n i r - s  i n  :i~ inca e t h a t  a n y

string i nn L ( C )  is as l i l - :c ly  t o  :-: ; p - o a r -  an ;  a i ry  other n m _ n a r ’e s ;ni t

cf the an al ianal ;Ionr of thin gu ::::mc:- (~

1;. Y v - l  ;t t io : i  to F in  I n c  d t n t e  ;n a t c —  at :. the lnr ro- -oag-o ::‘e n c r a t - t n d

~~ a gr’ an: ::~~u’ Inn corns’ Zen of : n t i - i n g; as d -cs c ni r j ;~1 o v ’ . t h i s

~ et is also t ine r n - b a c i n c c p t e d  t v  son ; : I’.i n i t -  s; a t e  a u t e i n n i t o n .
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~~--~~~~~~~ - - - -~~~~~~~~~~~ -. —-~~~~~~~-— - - —---  ~~~~~ -- ----- -~~—~~~~~~~~~—-- - — -  ~~ --- -— -



-~~ “--~~r -~ ----. - ‘  - - w~~ --~~-~~ ~~ ~~~~~~~~~~~ 
_ .  ~~~~~ r-~ ~~~~

¶ 
~~~~~~~~~~~~~~~~~~~~~ ~ ~~~~~~~~

- _ _

The i d en ;t i f i cu t : i c n ;  or ’ L ( G )  ;-n !ti it: ; :‘ir : i  n e  s 1 -[r t c  n : . S e a ~~I~ON

acce ptor’ proceeds as follown- :

the  va r - 1 n bl e s n. ; ., c o u n m ; t i t c n ’r c- ~n s t — n t - c : -  ~, 2 , . . . , n ;  ; m i

a dd i t i on , i n t o -u d u c e  a f in a l  s t a n - u  -‘ -.-:h~ ci  n d : 1 - ‘ L ; o n n :t ” :; ‘_ n : n n - -

for those  va r i ab l e s  uh:i ch ar ’o c- \-’em ’ nc-ar-g ;  to ’s::; r n ;  t i n t  n ’ - - .-ns t o

ru l e s .

5. S y n t n r x — C o n t r n i  I c - I  P r - a h a b  i I l o ~n . P - c : ’  - e m 1

F .  = ( r .  , r .  , . . . , r .  ) , ;- n h c r - c- 1’ . .  1 : - a c t -n- i; a n - T h e  r i m . - : : : .
1 11 

12 
in.

the number of rules rewriting I i n n t r u d u c r c :1 ~ r - : i a u  lt ; ,’ l i d .  0 : , : —

tion over so that

~ i’(r 1.  ) =

where  1=1, 2 , ..

6. i~ark ov  Chain.  Cons ider  the arpli cation of t :rrc gr amm ar  G

together’ n -ni t -h t he  p r o b a b i l i t y  di . s t r ibu : . l cc . In n t- er’mri of t i r e

automa t-on description , th e  p r ob n r b : L l i t y  th a t  t h e  : :n a ch i r e  n-dll

h o  at  s t a t e  ~. at t: i mr:c 1+ 1 ‘liven that ;  i t  is a t  s tat e  ~-: at tiro

t is snecil’ied . A s-y s  tern: w h i c h  evo lves  t h r o u~;n; a f in i t e  nu:nb- c r’

of st a t - e r ;  ) w i t h  a s p e ci f i e d  c o r :d i t i  ona I n a - o b a b i l i ty  of

transit-Ion b e t w e en  t m-n o :;t-ates for a givon stat ? at time t n-nh; ica

is independen t  on ’ t I:: (n a i l e d  a f i n it e  hc n : - o - n m - n a - -o un -~ : - :n : : ’p ov chai :r

(I :cr a eny arid Sneil  [ 19 6 0 ) ) .  ‘Ih -; fa m i l i a r  s t a te  d i a g r am  for

f i n i t e  au t o m at a  ( n -n i t -h  l~~U~~l t d  a r ’ c n m  n-ni:  i c i ;  i n n J i L - n n t o  leIg em in  V ,~

and the  :‘m’obabilit ;y) has a dc:; ; r ’ i p t i o n  i n  t-cn ;cn of t n-n o : : ;a t r - i e e c :  -
-

a mat r ix  of pi’obabilit .i c- n; and a anti-I ;-: mdi  i c h  p:’cccr I Ic es the

le t ter’s r-dui ch c o r n ’ o n p e r u f  to t - :- .;;:; . I t i o n  ,~-t i :c . -r n  s I .a tc - : ;  .
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