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Abstract

A model 0 1  language syntax acquis I t  i o n  is l ( r r l u l a t  e’l as an

1 infe rence problem : to  i~~ss t .h w i r i ng U i a gr a m  of  ‘u J a r o ~ a h i ’

I 
a u l  om a t o n  . A c o r i s~ r u c t  lye  m e t h o d  is d e v e ia p t d w h i c h  se l  vt :; t h

~~r . i n i r i a ~ ical lnfci’e nce probl em v i a  an a b d u c t  o i y  i I I l I l c l ;  I ’

applied to the sarcr lo strings general ed by t l i e  : : I . o c h a n  t I

a u t o m a t o n  whose  i n te r n a l  w Li ~ in ~-. l i . agr a rn  i n  u r i a v a  i l i b  I ~

I I n s p e c t i o n .  ‘Fhe r i gh t  i n v a r i a n t ,  e q u i v a l e n c e  c l ass e s  xn ~ cH

co r r e spond  to t h e  s t a t e s  of t h t ’  s o u g h t — f o r  a u t o m a t  on a : ’ .

e s t a b l i s h e d  by t h e  t r a i n i ng  s eq u e n c e  and  a t c ache :’ . The

I s t r u c t u r a l  d e s c r i p t i o n  v i  s t riw’s  is found  d l i ’ t c t l .’,’ W i I . h O H ~

a Lr i o r i  a s s u m p t i o n s  on t h e  num ber of ’ s t a t c~~ ( c i  l u g :  i s  01’

s t r i ng s ) .  Severa l  e x a m p l e s  arI’  m e t  t o  i 1 . 1 i i ~~ ra ft I h a v i  ~i ’

of va r i ous  a l g o r i t h m s  w h i c h  a ’:’ ’ dev e loped Lv e n t r y  m t  I i t

sy n t he s i s , among t h e s e  is a f r a g m e n t  of hr i i ’ l I s h  g : :‘ n . i r ’ . Tne

I same me thod  fo r  s o l u l  ion of I hi above  p r o b l e m  can  h ~ scd t o

e s t a b l i s h  word c l a s s e s .  The dictionary is pa rti t ioned into (h~

c la s s e s  i n d u c e d  by an e q u i v a l e n c e  r e l a t i o n  d e f i n e d  by g i ’a rnu a l  i c • i i

S t i r  st  I t u~ ab L i  i t . ’1’ O f’  we n U n  . A l l  th e  a ig i m i ’  I t hms a l ’c i’o i’nin I I Y

dt s c r i b e d  a n d  i m p l e n ’ i t f e d  o t t  a m I i I , I t al  C O I I 1 p U I  0 1 ’  f l t  ~\ ri’O?~t’ . a I :  ‘a —

I t a r i g l i a gI’  ( A P L )  . A f t e r  semI . f i n i t e  t i m e , t h e  a l g o r i t h m  I ’SI  .‘ m h l  h ;hI ’s

the  m i n i m a l s t al e , c o m p l e t e l y  s p e c i f i e d , d e t e r m i n i s t i c . pe r f o r n a a ’ e

I mI t t  1 a u t o m a t o n .  T l i # ’  e r i g in a l  gramma r Is o b t a i n e d  toge t h e r  w i t h

t he f r e q u e n c y _ d * ’ f I t I I t px ’ t t t : t b  1 l I t  t e n  w h i c h  a t I l ) r OX i t t l f l I e 1 liv

II 
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L i b i l i t .  i i’S Im I n e d  or :  t h e  r u le s  of’  t h e  g r a m m a r .  Th a I 
~~~~ ,

st a t e s , wires , and  a p p r o x i m a t e t r a r i st t i o n  j r ’ v b a t I L J t  j e~ of ’ t n e

0:1 ~ Ira 1 au t orn a t , e~~ are obtal n e d  . These ‘~~ l d ’ m c  t . ion  m a c h i n e s ” :1

: m n a l v n e d  for  conver ’g ’. i i c e rat ,es and  : ‘ o h u s t r m v s s  (s~ .abii I~~’ : ‘ ‘ a
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¶

of  t he  i n f ’ . r ’ ’ r e e  i t ’ f i  m l  ¶ ,~ :‘, n t . ’ ’  g r ’ : l r n n m : r  t m :  f t  u ’~ a fI n i te set  of

posi. ’ I v ’  a o l  fl Sr O t  ly E ’  :‘, a r : m l I e  ~ u

‘ I  

- .-- .. - -..~ ~~~ --. --~~~~-~~~~
.- 



. .

‘ ‘m a ’  f i b  ‘ ..‘ i n ~—” r iv -’ s.t i 1 sn t  ( t m  . S~ r t O ’ 1 ’ 1’’ t . t  I ‘ os’ r’’l t F i ’ ’  r . r ’ t ’s ’ r m t . , a —

I n n  o r  ‘ a o l  ‘ m i l e l s.  . ‘ F m ~’ :~v ’mI  i r a ’ o r  o il :’i ’. ‘U u

‘ ‘ , I ~~ I ’ ~~ ’ ’ i  t ’ ,’ 1:’ ’ r m r m n i ’ ’ r ’  ; ‘~~~ I n  h I s  ‘rb t~~’ : t . o~~’; ‘ : : l u ’ l . i o : l  r . t e l s .

I t ’ ~~~‘ :‘ - s ~ .: ‘5 c o r : s I l ’ r ’a ’ l o t . ‘ 0 a’ ’ i ’u l’ m m ’ 5r ’ri r u: : : i r ’ c  , t l : t ’  r i nuat ..’ ’ r ’  of ’.

I :  1 ’  ‘ . ‘ ‘ar t t a r ’ ’ 1: o v t ’ : s r v l : ’  ‘ :i5 1y l o t ’ ” S r  evL ’ t .‘ur: . ’~ 1 .f. S I 50

‘ : l : h a L ’ ’ :: ‘~~ : : t ’ . . . m ’ . ’ m ’ t  ‘ : r i m,l i ‘s o f ’  ‘,‘ a r i a l j ’ ’~:. T h i n  b a r  i L . ;

cc l  a S a ,a r n  1 — • : o r ’  ‘: a l  : ; :1  a :~ a c . ‘ ma :‘:h I oh ~~ x h  f~ 1 a

a ’  a . I n ’ ’ ~~ i :  :‘~~ ~‘~~‘ . r i o t  1~~’ l o t : ’., 1 on ‘.‘ r m ’ m r n ’  r a t  I v ’ ’ i n f e r e ’ : , c e  1’

s .‘i t ’ .’ t , ‘ c a n i c c ’s ; f t  h i  s u ’ ‘as 0: , w’ ‘ t i l  ~ O ‘c’ ’ k mm

a l ’  t-’m ’ ’ : : iv l’,’ ’’ ‘ o : I: ’ ’ ’ , .’ f  P . m  i ’m ’ ’  nsa ’ P m c  o f ’ :t , a :.I :- . v  ;U’,’ l i h o o .J  , ‘ o l u —

‘ i o n S  ~~~~~~ ~~~ ‘ O r ’ ’ ’. : ’  ‘ ‘ t i P  .v t - ’:’ a r . i . ’ h ’:r ( I t  ‘ r i  c. l ~~~~~~ ‘m C

‘ “ : 1 ’  ‘-‘ r ’ n L v  ‘h ’  so l u t  .10: 0 !  1 a r ’ s~.’ s t a l ’ ’  1 P ’ a r ’  ‘os. n t .

I a : a ’ . P t : ‘ m r ’ , ‘1 11’r.r ’ t t r n. . : O t ’ ’ l r ’~’ ’ ’’ r1 ’ ‘ ‘:  ~.
‘ : m  I r a  ‘ i m r ’ ’. 4

-s ’an:nLa m m s ~ ‘ i v .’:” l~ .’ r ,i m a i n . 0 t m  ‘ S . O~~ ~~ ~~~~~~~‘ ( a I s h ’  Inv or ta n ’.)

i ii , I V 1 ‘ n a ’  1 n Se,’: ’ a l  ‘ , ‘U l v  he S I r . ~ ‘ e t a ’ , ‘ a .m .a ‘ i a .

c .l a~~:.:’’c a :’ ’ c’ s ’ i 1 1 s 1 4 ’ d  l v  - ‘ a n n  of a ‘O’O t , r m ” , : ‘  : ‘ : ‘ ‘‘ ce :urd a

t ’ ~~’ f j ~~~i• , ‘i ’h ’’ n :r ’ . l ’ ’ r  o f  t o s s  I s i t  : m r ’  I ’ ,. l o t s. I a : , ”:~’ ,
‘,‘ ‘ m M  ‘‘

vaic ’nc : x l  ~~t , I on d ’ s l  rm ~’ m  on a 5 1 : 1 :  ‘‘ to ’ ’, O f  e l ’ ’ r t : v r m r  I s  kn  a: C’

. ‘ i v e m :  : . ‘ ,‘ s r ’ , : o r ’ S: . i r l r m y  r i m : r , l u r : ..’ .1 f 5 . ’ c r .’ ’. ’ ’ : i d  k i t s .  To

‘I u c ‘ - ‘ r i ’ ’  a ml i r s  ¶ 0’ a I r t’ I I ’i 1 cx ‘I of ’ .  ¶ 5 ’’ a r ’ S I t ’.’ ’ , ri M i t t  h~ i eq i m  —

4 ’’Ien ’’  r e i n ’  i n  Pt d .’ f ’ I r m e i i  i ’ ” i cc’ w t ’ I d l , : I b o r i a r ’ v  in  a n a t u r a l W t t ’ ~

i . ’; t h e  x” :’ ’~mmat . , ca l ‘ ‘ d m 1  i t .u 4 .t .n l i L l l t .y o r ’ w0 r ’ J s .  I t  ‘Pt m . t , ’ d t i

~‘a: ’ 1 . 1 S i or i  ‘ i t ’ s.. ‘ l i i ’ I . l o r i o r ’ y  b i t t  0 r l r ’ t i r n m a t  i c n b  & ‘ ‘ t : : t v ; i l ’ r : i ’ i ’  c la s st ’s .

‘.‘
I~ ~ r ’ ’ c l . ,’j~~ 01’ ‘ r i c h t’,’o t ’ t c l a ss , .k ’i ’ i s , t he i’  p x ’~’s~ ’ r : t . i i I ’  of

‘‘0 ( l) of ‘1: ’ . ~~t o Ld. :t hi  i i  S J u t : ; ’ ’ : , 1:: I l : ’ ’ : :  A , O ’ i I  1 0  a r t y  r i m i t  t I n ’

n / t - i t  h ’’s l s  of ’  t,,h ~’’ m l  ri l ru si i st .a, :  .‘ r r A t r m ; t t , ” r i .  ‘ l i t ’ . 1  l i o r ’ l t l m r n : ;  at’ ’’

ci i t .  a a a t, I ~~t . l e o  1 ‘ ‘ n v I x ’ : u ’ ’ : 1  ; 1 5 ’  ‘~‘ a ‘ ‘ m l  i i ’ i l  t ’  X I  c r 1  —

mentally arid t . l i ’ ‘ i r ’ , ’ t I i ’ : i  I l y .  t p , tc  i i  a’ . t i ’ r i t l o r i  1:: t ’ o C t m m ; m ; i  d t - i t i  t l i t ’
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$ i
f l ex i l I  l i t . ’,’ o f  t he  aj p ’nnl . ’ : :c is  ‘ 0  : m c t c ~, r : t : , , 1 ; m t , e  n i n _ s y s t t ’ r r , t i t i c

er r or s  ( e . c .  a f ‘ ‘a o h ’ :x ’  .,, h i c h  o c°a s ’ r : : i l i y  mak ’ :t .. - r ’ r ’ . .r ’ . : : )

Tt’ m ’ ’ c: ’ . d i ’ I s a n d s ’ s of ’  ¶ a c a p  t en t : t i~ f i r s t  “ '~~c i l ‘ ,~~. ‘ ‘ r t

i s  a t .e a ’h ’ .’r i n  a u m a l  t i e . T i m ’ ‘ t ’O : ’h ” .’t ’ a o t , n as ri r.- ( ’ n ’’: ’a’ , i v ’ ’

i c h  pr’ o .I u c ’ ’m: s t ,, r in s , :; i t  a s y nt  a x — ’ ’ a : m 1., :” . 1Jo’i  r ’ • t a n  i i  i ty

l a r , c m  ace  ( P ’ .  ‘na t  : 1 ’  i [L i ’  “ ] ) . T i m ’ :  r ’ o r : i ” i r r , n ’  n i~ 
‘ ‘ : n i ~. of  ‘ I ,~ ’ la r : 5 Ua  SC’

I .  r : . i l l c i - ’ d  Sy I r ” :p o s i r : . ’ i r n o b a l ’ i  I i  t i ’ s .  on t h e  r u l~~,o 5 ‘ he  s ’ornm ar ’ .

‘hIs v - c , t o .’ : r ’a ’la O i o n  of coo ’ ’ ~ t t ’ 1 r:~~s ( ‘ : m r :  i ’ -  . r i h i l i t e d  ‘~ m : ~~le

F ’ ’  r , 1’ . . i ;c’ i o n  of u t b ’ ’r s s t i r :  l ‘.‘ m o d e  mor e  1 i k i .~i y .  T h i s  adds  to

t he  ~, “ avh ’-~r ’ s , -, r ’asnrs r a f a c e t  of ’  1 .1: ., -a i . ; t i c  I’ c ’x ’Ioor ’.r n anCe  a l t  ho ’ash

t i ce s  a ct  i t - c r” ’ ’ i~~~~.’ t lie ’ ~ ‘ ‘ : ‘ ‘ r ’ ’ : ’ ly e  m a w r ‘f ’ 1.h ~ sr ’omn .’ir .  The

t ’ n C I ~’ : ’  ‘Jose s e r ve : :  as  an ‘~~: t ’ m t ’  r of s t r i n m t - n c ; i t . can  l i d s ”

w i : ’ ’ ’h ~.’i’ or no ’ a ,;‘. n u , ’n v v  :.. a e ’ c € ’ : m t i ’ U  t o  i t 1. .;; t he  b arr : ’:’ ‘ S ~‘ i f  h i t :

F ’ s c . t n : . : . . ’ r s ” .

The s e c o n d  ‘ . : t : r . . r en t , i’: ,a i le,i  t . h l e a r n e r , c o n si  s a n  of two

r r ~ m c i  p a l  ar ” . ~e l u r ’ ’ : .; a n .i ch c.’ t r y  ou t  t he  c o n s f  r u st  I on  of ’ .  a ‘ O p y

1’ t he  ‘ ‘ .‘ ‘m C t v ’ t ’ . T a ’  f i rs t  p r o c e du r e  or T : 1 : t I : e  Is d ev o t e d  t o  t he

c l a s s :  11 aa’. i o n  of ’ w o r d s  I n t o  i ’~~ u i v a l e n c e  c l as se s  on t h e  b a s i s  of

r” r ’a ’ n : r i t m tj c a l  :;ui ~ct ~i t~u t a b i l L t . y ;  t h i s  p r o c e d u r e is in p r in c i p l e

: r : f ’ b r 4 i t a r y .  These  classes ax ” ’’ f’ t i r : : i l i ; i x ’  in s t . n ’u . ’t u r a l  l .i r m : : u l s t l c ’S

W I i e C ”  t h e y  t i n ’ , . ’ c a l l e d  families (Kulagina [1958]) or cat . ’p~or ’ 1 t - ’n

( r
~

i. l i n ’  t i t :  I Che:r : sky [ 19” 3 ] )  a l t h o u g h  we do not  use then~’ classes

1: . a I Se the  t am ”  way . They ar e  i n i t . r o d u c e d  h e r e  t .u r educe  I h i .’

i ’e r :h l r i ; j t n ’ i t j l c’o r r i p l ’ x  i t y  of ’ t h e  ‘ o r : s t , r ’ n m c t , i o r m s .

The f ’lr ’ : : t  ph: .ic e b ’’1., ; .c w i t  S t h e  assumption that . all words

‘ m r” a 1 , 1 1 1 ’  equ i. va l ’ .rie ’ .’ class: t’ Is I: ; 1.1: ’ S t i L e  1:: rasa w .l t h  which

~ 

‘.,..- ,.- ‘~~ ‘.‘ . ‘.
~~~‘“ ‘ ‘ ‘ ‘.  ‘ ‘  —_‘z~
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i t :: ’  r a n ’ be’s ’ :::. :‘h~— . 1 1 : . ’ ~‘4’ ’ ’ I ’~~’ of r i m , ’. c l ass’’:: I , .  : t a r  r ’ i ’ l  o il ’

:‘ .e t ’ t ’ : c t lj f  ‘F O t I  of t i m ”’ l b  l o t : ; : : , , 1 : . ’ o ‘ t m ’ . : l’ j S :n ’ ’ s  .sLP’ah S . r c ,

‘ I :  a’ s t I r  I ’ : ’ ’ H i o n : .  ‘ P :’  t~~a c h ’ ’ n ’ .  :‘ ‘ : a : m o: : l ’; c r , : ‘ r a t .. ’’: c t : ’ i n ’ _;

a n ’ ’ ’  r’ . ’ . . r . t e l  ‘ Si : ’ :  i t - i n : : . ’ : ’  as a t r ’ J o r m i f l ~ s ’ ’p i ’ r . c ’ ’ . l” i~r

a a ’ ’ ‘
0 ‘ I : ’ ’  ‘ : ‘ ‘ : , r : i n { ~ t o ’ : .  c c , a w o n ’t  i s  ~‘‘l ’c c: ’ ‘ ‘ 1  a ’ ’ : ’ ’ ’r ’ : i n r I

‘ 0  t~i ‘.‘,e I — t . ’ ’’ l : r ’ . f a b I l l: ; ’ I c ’  s t r a ’ ea ,’; t h i s  n. h ’.::’ F ‘ ,h o i , m~~i : t .  o f ’  ‘15

is ea t I .s~ 1 ’ : r : c t  I i : .  T h I s  c t r i n ~— i s  ‘ose.i ‘ .
~~~ ei~ h” ’ r s’. r ’ . e r : : Jo:en ;

‘ me , ‘ ‘ ‘ t ,” t , ’ ’r ’ :t ‘ ‘ J o e t ’ aS a ’ t he : : ° ‘ F ’ ’ ,: ’,ed wo r n ’ s : :a ’rr :be rshH r : !  i t .s

: ‘ ‘ t ’S ’’ t ’ 
~-r ’a r, :- .rt ’ I ‘ .‘~l c l a s s  n ’ H i n  u , :’. ’ . l  ‘.0 I . n t x ” :’ . iu c e  a ::’-’ w

a , j ,: ’ :. ’ sJo’ ‘ F ’ ’  en ’ ‘ ‘ r ’ ’. o i n  ‘ 1 ‘U : m a  ‘:1: ’ : ‘.r ’la t. i . : , of t h is  v o l  ‘ 0

‘ h r ~~~,’.cr . ’a , ’ S a o’t . i ’  I n of t l: — ’ i i i c t i  rs .m r ’ v .  The ‘ ‘ m n :  a m  l u c t i ’ . rn ,

I 
~
,
‘ ~

,O ’, .  t ” i ! : ’ . ’ , ’  [193 1] to .ie:;r’ : ’ ’, t . ~~ t l m i ’  s t a r t  Ing  of a

:: ,;po ’. r ” : t . ,  I s ’ m : :  l i i  to .  d i ’ n c r i t ”  t ,h s r ocess  ‘,‘Jl : I C } i  e i f , h e n ’  chances

F , ’ s i : m . ; n n , ’ ’ n , F , i .’ r : ; F : i : x  o f  t h e  t i c st  ed ~J ird or S a t a n  a :0 ’ .’: :10:5 w i~~h

S: I , :  :‘, :‘lec !. , . i i ‘
~~ n .j .  A l l  c l a sse s  f i : ’n: ’ ,ej are ch’ m r ’ ; : c t  ‘ ‘ r i c e d  I v a

f i : ’ . ’Jo a ’:! r’. ’ - c e u t ’ t t , i ’j ’ v t - n ’ : c a l l’ :  a p r ’ u t e t ~~j e .

‘Ft:e s’~ C ’ i : m . l  i i f m : i . :e c ar r i es  o m i t ,  55e d i m : s o v e r y  of ‘ h e  . : y r : r  .‘~,c 1 I c

V .’ : : 1  a b l e . .: ‘i r d  t i m e  r e w x ’ b  Jo.: r u l es  w h i c h  c’novern hese v:: : ob le , s

Int l t F o l l y  l x i  ‘ r .  i s  I .i i :. ’ i s e  , t h e  le : i rn ’ ’r  has a t a F t - a l a  r an : :  a i ’ .

r” . ‘ nec ’ 0 v.’i r ’i a b l ’ ’n ;  L I i ’  i i i m - s : i i v : ’ r y  i t - f  v ar i ;ib l ’ ’ m t ! ‘ r i . c , ,’ t- ” l m :  I n  a

r : m 0 t : r m ’  . r ‘m a l t - m r - eu : :  I . )  t i m ’ ’  phase  one ’ pr o c e s s .  Eac F m s t r i n g  i n :  t i m ’ .’

¶,ra I n:: ri ’ s’ :qu t  ‘cia ’ 13 a n a l yz ed  tO ( I ’ ’ ‘ O t t O  r : ’ ”

i n i t I a l  string ‘.‘(lu i’ Jjj ” n:(.e class’ s, i.e. t h e  : ; y n m t a c t  I c  v a x ’ i t : b l e m ; .

Each s t r i n g  o m i t :  t i ’ d ’ ’c i .i:I d w i . t ,h r’ . i ’ m : p t - ’ c t .  t i ’  t he  w o r d  slass part 1t.i or i

d~’t , ’’r ’ m i.ned I n p f i : u t ( ’  one  as : l , ’ : ; ’. :~ 1 br’ d a b o ve . T h i s  I r i . l e x i  i m n ~ sche me

I: ; w ’t ’”I to i m p I ’ ’ m :r t . eI f .l c l ’ ’ r m i . l y  t h e  p t a  m i t t s .  w h i c h  d , ’ t . er ’n x l r m m ’ :  t i m ’ ’



I
I

~ t~r ’ I t  b r :  of H:1’ . l al  s t , r i r , , ’: I t : ’ ~ ‘ h ’  ‘ a : ’ 1 ’ ’ . : ’  mm , ; I I  a r t  I c

A sut . . t e  a c m : ’ c ’o’o J o n  0!’ H i ’  I i i  s ’ r u m , ’:: I: ;  a

:‘.c pr ’ ’e:e: r ‘ ‘ S i  ri 0 : ’ : ‘ i ’ ’ ,‘‘ ‘ ‘ ‘~,‘ m ’  I ¶ : ‘u I ’ ’c .  ,‘. s i r : p I ‘~‘ t i  F :i ‘ ‘ ‘ h ’ :’’’

t I  a r e : ;  ‘ h t - .’ ‘ ‘
~~~~~~

“ r ’ i n l ’, ’ n t . a l  1 n ’  Jo” r . ‘:, ‘ — I e l ’ .h , ’ ’ i i  a n ’ m a :  Jo. I t  I ’ ,-’. .

‘ l ime  t :, . Id .i : ’s c : ’ib e d  aho ve Jo a a l i t ’ ’ :  i’~ at .  f t  ‘m

: i s c o v’ ’r ’y r ; : , , t h l t m C .  U ’ i c l m  m a c i l : :  1 : : ;  b e e r .  I rt .~t i  ‘ ‘a. ’ ’ :  t . ’ ‘ i  I t  A

Pro~~n ’amm ij~~~ h an gu a g e  ( A P L )  : t h i s  m a c h i n e  ht l s Jo ‘ n  ‘ e : ’t ’ ’t - l  on

ii t” r ’ . m gme t : ’.. ‘c. :. ’l i :1: , ‘., :‘ott: :t:a :’ rm n F on s ’ ’v ’ ’a ’ i l f ’ ’ r ’m a i  a m m a n ’ s .

T i : ’ ’  Jo ’ m ’O ‘n ’ 1’ :~~l 1s F :  ~- t ” r: r’ , ’ : ’  i ’ O i m ,  I :0 :: O S  is”  n . m  ‘ ‘3 or: h 2

In 2~ c las t ’ ’ : ’.; ‘. 1: ’’ ru les r i v e r ’ : :  t a ’  I S  s ,’ : , ’ m c ’ l°  c a r l a :  Jo’ :: in

‘ h i : :  . o ’n . t : i x — i ’ u r : S r ’u l l i ’  m p r o i ’ : l  l i l t  y s: ’ttn’ r:smn ’ . T i : ’ ’ ‘ c o o l , ’ r ’— H ’ . : : ’ t : ’ t -r

i n ’, ’. ’n a c t i  n I s  an : ’ t :” j y ’ ’d w i t h  no e x: . l .J o ’ b f .  S ’’ t ’ : O n t b . S  a t ,  I no

I ‘‘r ’i v l : ’  r t ’ , ’ ’ : s (c o : : ’’y, t ) .  Tha t I: : , e ,~ne1 t~~~ C s r n . :  t ;r’ :. ’r: ’ :1. i : ’ r: . ‘i n ’ ’

l. a  n i PS ’ ’ : ’ .  1 : ’ ’  ‘ c o o l , - : ’  ox ’  l ’ ’ ”m r ’ .n ”.n ’  rn ’~r ‘ 1 ”  t n t - I t O : : ,’

I :a ’qu e n c e ’ . Th ’’  lo . ’ : ’ : ’ m g e  s t . r ’ I n c , ;  , m : I e t t r  ‘ .j Save  a ,:‘ “. ‘ :n : ’ Pc a sp e c t

— I 
‘ t a b s  is F,.a i lt  i n t o  I F: ’ ’  s ’ / m t,a ::’’ i c  r , w : ’ i t ’ ’  r u l e s .  ‘l. ’h ’’ e~ p’’. ’ ’ ‘ ‘‘I

5 ’ ’ : , ’ ’ . t m C e  le : m r l . t :  ( c r i a : u i u t ..ed 1 r ::: t he  rna t . i ’ r ’ , ’ m ’ l s a i  a. m ’ ’ )  i~ : 7 . 05

( ‘t-, r a m s .  1cm a t ’ . ,’r . J o a~ a’x !e ’ n ’ s : : i ’ n ) t , 115 sen t e n : c e m ’ ‘ ‘  ;‘e ta m : ’  I t ’y  ‘ i i ’

1 ’ ’ t i t ’ t ’ ’ r ’  to t- I ’ ’ t ’ ’ r ’ r t : i r : ’ ’  20 o f ’ t h ’ ’  23 c l a s s e s  a t : ’ I  t D ‘ ‘r r , s ’ ly

I c l a s s i fy  ~48 01’ ‘ H e  v,’or ’ds i n  t i m ’ ’  d c t . i i r t m n ’ y .  A f t  &~r 1 s ’ r m ’ ‘ ‘ ‘  ces

i; r ’’  a r c :  I ,‘ z l  , 1 1 of ’ 1 . 1 : i ’  I S v a r i ‘ 1  1”:.; W e : ” ’  : S C’  V ‘ I ” ’  .

t m  S I ‘ , f I r~~ n’  14 , ~ 1 1 lus  ‘ . i n : ’ ‘ ‘ S I l~: ’ ’  1 o t t  t n  : : ~~~
—

‘ ‘ l m :is’;i c ’  e r i : ; ’. i c m ;  ‘ ‘ x ’ ’ u ’ . i I P 1 : 1  i ’y  t i ’ ’  ~,“ r ” i  c l a s s  ‘ I b s c ” o v e r ” ,’

r r ’ ~~~’ ’ ‘d i : ,”’ . ”I u r ’ , ’  c in 5 ’  I ‘‘te ‘~‘X p ’ ’r ’  i t:: ’ ‘ru ,‘ii r ’ i ’s~, l r  S a t i d  ci m a ’  1 ’  ‘t ’ . ’ t- I ‘ ‘ m l

I t ’ : ( i d ’ ’ l  f o r ’  t .5 ’ ’  w o r d  c l a n s  le~’ . ’ a t r r l I  n u t - p a r ’  I n  l a t e r  :a ’c t , i i ’ r m s .

I
I 

- — - _ _ _

~

_ , -‘ - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ “~~~~~~ _ _

-
~~~~~



u’~~. . i  ‘ :: ‘~~: ‘ ‘ ‘ 1e’ m m

T n . ’ f ’  1 1 c ‘ ‘ . — ‘ ‘ ‘ ‘ ‘ ‘ : , wI  ‘ . 1:  c’ ’’ se n ’ I , ’ , ‘ ‘ ~.
‘ n ’ ‘ . : ‘ S

S t : ‘ ti . I. a I, 1 ’  ‘ 1 ’ ” t ’ i t :  1 1 r i S  t : , ’ I n’ ‘ ‘5 :1  1 ‘ n f r  in :  f r ;  :‘m :: 1 1 a nsa:: c’ ‘ : h en :

a : , i t h i s  ‘ ‘ m i t - ’  t S r : ’ ’ ,’ s t  I c : ’ :” ’ ’r ’,’ ’ ’ a . ’ r ’ ’ : ’ ’” a: ’ ’ ’ . t’i t a c , .t :’’ n” i . i , m r : ’ I  f r ’

:; V r i S a ’ i . ~ ‘ m m i : ~~ la i n a t ’ l i r ~’ ’a r ’ s t r l r m , ’s u ’ : ” ’ :.; “ ‘rU  : 1: . ‘ h -  lcm ’ ’’r

‘ r n .  “ ‘c  ‘ ‘ : :~ t- n t - ’  l ‘a f r i l l  ~~ I in !. . ” :: ’ f ’. ‘oH t t l l : : ; j r :  [p i t  5 ] ,

e’ x p . o : i ’  I o n  u ’  I I m e  . ‘. ‘,‘ a i  n t ’ , — . ’ o : m ’ r o l i e ’l  : r o b a S b l I ’ , Jo’s f ’ .~ lio ;ç , :

P”. ’ : , t ’r ,  h r  [ LP’ T ]

_____________ _ _ _ _  - 4
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I
‘ n t - n t  ‘ ‘ S x ’ m i ’ ’ u . ’; : ’ ’ La ’ i ‘ ‘ ‘ m a

. Let  ‘T ~~~~~~ ‘ ‘  t ,  a f l r .  I t  €‘ : ‘ o f ’ ‘ “ at  e l m ;  c a l l ’  “ 1 ‘ C r ”  I t : :  in  n

a t m , ’. ;  1 ’ ’ . ‘,‘
~~~ I ’ ’ a ’ ’ e t h ~ :t. ’:S of a l l  t i t U S ”  l i ’n : ” I m  , : ‘ r H , , - : :  of

* +
‘ l a ’s ’ ,~‘: r ’.d :: ; I ’ . I j ’ ’ t i ’ no t ’~ ‘T t,,,,_J { I  , I ,~ w t : ’ ’ c ’ S t . ’ ‘ ‘t ’ t t 1,’

of let . ’’ F : .r ’ r ’  o i s  .k ’n ot . ’’d ‘: ‘ L I I I , !, .  A, 1 : t n , s c ,  , . ‘‘ is  ‘ ‘ i ’ ’

*c i t - r a n t  of t n : ’  po t - c ’  : 50  0: ’ ‘Jo , .  S’hase (p o n : : ’i L l ~,’ 
: t . f l . i . , .

su h : ” 't  s of J o .  w H i  ‘h 5cc, ’ ’’ f l a b  . ‘i ’ r : , ’ r , ’m ’ i n s  n ’ ~‘n ”  . . t ’ t s a ’ 10:. :: ‘ m t ’ t .’.

c’ill’.’ ’i :‘e c’a roi’; ’. . ’i v  enu :n ’ ’ ’~’ai 1. ’ . ‘‘ m ’s’ ” f ’ l : , ’ ’~~’ . “ ‘ n i t ’ ’ m t i r a r  : 5 :  0 ’ ’ —

::e n : n a t  I ’  r i m :  on ’ :.: r t - e s i f h ’ t - n t l o t : , : a n ” ’  c a l l e  I p i : r ’ .’ : ne  Sb n ’ac ’’. ur e

~~~~~~~ and i s o  f ’ o r ’ . r : : ’ i l -i t ’ d  a:; S . 110w. :: .1 : 1  a r t - d u n e  or :  ‘ i .. x I l i ; r r ’ y

f i : . 1 ’ . ’: se ’ of ’  s y n m l ’o l s , cIt .’ : : ’ ’ ’ ‘H 1. . ,’ V , , ,  . ,‘ c l l e d  t , ” n — ’ ‘. n ’ r — , i r m ’: l:’ :r ’ .

Sy n : t : m c ’ t i C  v a r iab l e s , w i t h :.: i l l s ’ Inca  I .  h ‘ ‘ . f ::i: r :F ’o l  S(E ’.’ , . )

I rU n” Jo ’~e a f i r.  ‘ t o  set uf ’ r ’ ’’ ’sr’ i t i . : r ’ul” :  R w h i c h  g o v e r n .  ta t ’s ’..’

v a r i a b i ’ .’: a t m i  w h I c h  is a su b s e t  of “.“~~ x * , m a r  S i ‘ : , . . i t ’ .’n

F m r a m ; e  : :t r o ’ t u r ’ e t : , r . ’:,:a~~e c o n s is t s  O f ’ t i e -

:‘ r i r m U n  w h i  .‘r : c a n  be den ’ I veil t n t -. ’” . S ( t he  s t i n t . sa ’r ’ :F ’o l )  by

s u s c t ’ s s l v ’ ’  ; i : ’p l H r a t  I o n  i t - f  t h e  ru l ’s. ‘1 1 : 1 : ;  i t  r .1 ,~ isr ’ t - : u , ; iy

t -j e s c r i b c ’ I by t he  I n t r o d u c t i o n  of a r e lat :i , : nm t ’ : ” m  t o  V~ as

f ’ 11 as :  t ’ r any i l E , + and v . t-4 ’~~~ , u in  said to d i : ’ e c l . l y  d e r i ve

v ( I n :  th ’’  U r ’ ’ m rr ,rc: : :r ’ ) I f ’  t h o r n ’  tr am ’ ’’ mU :‘it :r :  l , ,~ , x ,y t-~~~ such  t h a t

u xiv , ; = :.tjy and ( t , j ) ’ . H .  T h i s  S t i r  be ex t . t- ’t m d e ’ ,F by  sa ,y F r m ~— t h a t

( a i n ’  I y e ; ’ ’ ’ ’ ‘ F ’  ml r ’ a r r i I r : t i r  i f  e i t i m ’ ’r  u = v  or i f  t a r e  i s  a

f l a b , ’ ’ : ; ‘ “ !u ’ :r  ‘t ’  Z 0 , Z 1, Z 2 ,  . . . .lI
~~
C V~~, m > 1, s u c h  t h a t  u 7 0 ,

‘m i m i  d i r ” ’ ’’ l y  d e r i v e s  Z 1+1 Sot’ 1 0 ( l ) m — l .  ‘ I ’ I m ” n m  t i : ’

l a r m x b m m a V ’ ’  ~r en ’c ’r : i I , ’ ’ 1  by tb : :  ‘ u ’ t m r umr: : ’ t r ’  Is  d e f i ned as the  set of’

I rm g : ;  of wi n d s  which s t i r :  S a ‘‘lv i f rom l . i m t ’ s t a r’  sy mbol  S.

I
I



I S  U i c r ’  iv ’’ :  a ( m t - r a t t~~d t y  1’ u ) o i l  u ‘ ‘  . ‘ . r  m x.: v t ~ r ’ I ‘ ml  i c ’ s

5’ ‘ t :  am I s c m i  I 1 ’ ‘ 1 ti ~~~~~~~~~ ‘ S U ‘n a l  1’. i r ’ ~ . I t  a ’  I, hot .  F i t  ‘‘I ‘ ‘u ’: e r , I , m’ . I t :

r m e  t i  0 1 ’ r ’a:’I Sc r ’m l e s , f i r  ‘ ‘x c ar u le m e n u ’ “1 l .~,’ C I , ,~ 
) , a x ” ’

‘ r ’ : ’ m r I  1, ’ a l : ;o  wr ~~t t . a : . as i ‘ 
. i f ’  ‘,,:o s, n ” :t’ , n : . ’ t r: : c .’ u : ’ ’ r a t ,e

5. m ; t i t ’ i ’ ’ l:. x r : ’ 2 t : ~~’ ’ , t h ”r  I 5 ’ ,’ ‘ t O  ‘.0 1 . 1  ‘ 0 F e  wr ’ ’:F: l~ ‘ . : c t - t i ’,’ .a l e n t

2 .  ‘.1 a ’ ‘ ‘c t  — i n c Lanru ’:Ir es .  I f  t i : ’  r cw r  I t o  rule :;  H a re

r ’ t -’ n ’ c r i t t ’  I to : 1 ’ , , :. t a l : sei s 0 1 ’ ,Jo ~~~~ t i m e r :  t h e  r ’ ’ , ; m l H ; i n m ’.

I : :  t - : ,ll,’rj a c:~r t ’ ’ x ’ — t n ’ ’’” ‘r ’ : ir r imar .

Jo “ “ H .  I ’  e— , t . ’ . ’. ’’ i’ a r ’ ~~ m o ~~’ ’s .  Tho, :, . : :;u t ’ s’..’ t . : ”. of ” ‘ ‘  ‘ : t e x ’ — f : ’ ’ ’ :

sn ” .:r:i:t ,ars t .o  w h I c h  a ’’ (“ e t - t u : ,: 0 It ’  a S Se n t  i o t .  a r ’ ’  c - i l l ’ ’ . .: m i t e  n a ’

-n t n t - a ’ s .  ‘ l i m e  v a n ’  l . ab le s  ar’ s cai’,’ , ,rra:r j  U ’,’ :‘‘ ‘ w r ’j t t r  r u l e s  ‘ i f ’  ‘. w

‘ “ m ’ s :  c o n t i r i i nr  I :c , ’ or ‘ t - ’ n ’ a i n : ’m t . i n c  I x , when ’~. ’ ~~~~ Jo .

‘ t a :  x ’ — ‘
:
‘
., ~~. D e r m o t , ’ . ’ 1.1 ,  f i n i t e  mas t ‘0’ m a l e : ;  w h i  ‘ r .  r ’ ’ ’ ~, : ’ i ’ ’ ’ ’  I m c

B .  .a:. ’i ‘ m n- ; sun : ’ ’ S l a t . t he r~e n ’ ’ m ’ a t . i ::r .1 a 1~~~i r i  t l r t :  b~~t r l t m :  F a’ ‘ h i ’

-i ! , p l i c a t  ion  of’  a r u l e  s r i ” ’:’ ’ ‘ ‘ : 1  f r  ‘ u - i H 1.

The I a n t - s m - i F — ’: r en , ’ ’ r”. ’ i I ,, act l y  n a m e S  a c r ’ : nt: :  i t ’  , ~J F .1  c I ,  a’ n : , :  I

of ‘ T ’~~~’ a t :  I R , Jo,; l t ’ r m ” t - t , ’ : 3  by L ( ’ l )  ; r i o  sy t ’i ’ . I d ’ ’ r ,  ‘ ‘ ‘ ‘ : ‘. h ’

‘ r O p l e  (S’T, V .;, S)  mt - i  H I , ’ t , ’i t , . ’s t h e  f i r m i t e  ~~~0 o f ’  a l l  rules.

The l a n m e ’ m : :re L ( U )  corn ; Ha t , :: o t ’  t i l l  h ose S t r u m s ” . in  V ,,, w i m l ’ ’h c an

u ’  r ’ . ‘ i ’ m c ot - i  I ,i L i i ’ ’  a J a i ’ r m f .  i t :  o f ’  ‘h ’ ” rule:: in : H .

LI . H € ’ I . ’ m t i o n  to i ” l n l t  e I’ “~ ‘t a :  A t - .m t . o r n a t a .  The language ,- l i ’ rme ra t &‘d

by a gramma r ’  Is some si ‘ t. e l  : L’ r’ I a r m :  am ; l’’scr I bed a b o ve  . This

I s also  I l l ’ ’  s~~t a c c ’ ’p t ‘ 1 by ma r: ’ ’ fin iSh ’ sl it ’ ’  m i t t  m ’ n u : m t o n .

___  ‘
. . “ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ - 
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I
F m ‘ ‘ t ‘ t ‘ ‘‘ I ‘ ‘a or ‘ 5 1., ( ; ) w i  ‘ I: ‘ ‘ , - ‘ ‘ ‘

. ‘ . I t  ‘ ‘ : ‘ t a ‘ ‘ ‘ ‘m cu t ’  ut m a I on

‘ m ’ t ’ : t.:’ r ’ :o’~ a’ ~~~~: m - c x . ’ ‘‘ ‘ H ’  m ’ s :  ‘ J o  ‘,‘ . ‘ m n i ’ t- b ] ~~ , ’ I ’ m  7 . , ,  o t ’ : ‘ i ia l ’ :h

‘ r i i ’ n ’ t ’  c i : ’  :: , ‘ is’:’- s
~~’ n ’  H ‘ 0 ¶ ‘co ~~~

‘ ct - ‘ “ ‘S  L , , :1 ,,  ‘si n ’ ’ ” I 
~~~‘ s ’ ‘0 ‘‘ 1

~‘ “ : ‘ t ’ ’ ’ n a i o n  ~~~ ‘ ¶ 5 ’ ’  t - O s ’ I :  , , “ r : I : ’. b m . — ’ ’l v ’ m : . • ci t- l’~ U I ’ m n t - i  i , ’ I ‘ m i t - v ’  a r t - i ,

I ’ . “i F m l ’  ‘ 
‘ cm , ‘,~:e ‘ t ,  ‘ ‘‘:a ’Ii ’ , a ‘ ‘ 1  n i a  I . ‘ ‘  ‘ , . 

~~ I ‘ i I :‘t ‘ he ‘‘ t a t ’ ” ’ ’ ’

I .t- ‘ ‘ t- S “ I D  a ‘ S s ‘ cam ‘ ‘  1cr : T o n  ,: t ,  I i t  I ’m ,‘m r ’ ’ s. r i  ~‘ ‘ e  : r 
~
,‘ 5 ’ ’ : s- I a:: ‘ I -

I 
‘

I — + t- ( j i  I 
‘ 

m r ( i i

I - , 
I ~~

‘ ‘ , , . . , r ’ ~ } ‘cr ’ :‘‘‘ r ‘1 ‘ ‘u ‘ .: cm r at I ’ ’  t ie r I

10’  : , t t ’n ’r ’t ’  f ’ ‘‘ r i P ’ ; :  r ’ ; ~,’:’ I * t n  1 I a ’ on l i t - ’ , — ’ ci n ’ F ’ a l l  ~~~~ 1 I s ’ t ’ I

5 1 0 ’ . c ’v e r ’  i’ , so ‘ h a t

I 11
I 

~ F ( : ’ . ) =

I a r  n’ 1 = 1 , 2 , . , , , n~~.

I ~~~~ t - v  C h a I r .  L’en : . ’. i . I ’  S h e : .‘ in ~~ l i c  U i o n  O t ’ t i m ’  , ‘:‘:i r:m ’ u ’ ‘I

;. ‘a ,i ’O . a’. r r ’ ’ s I ’ F ;  t h e  L i t ’ ’ . t : ’ ;i ’m . i l t y  . i i n t t ’ I b u t , i o r ’m .  In  I ’ t ’ : t .,’ a t ’  t he

a i ’ ’ m : c : ’ i p ’ io n , ‘he , r ’ o t , : : b I i it ;  i, .1~~’j t  t he  m a c h i n e  w i l l

I F, ’’ a t .  s t a t e  i ‘:1, t I m e  ‘+ 1  s i v e m t  t h i S  I t , is cit  st at e  k at .  t i r n L

Is , : m o : c l fj ’ ’ ” . I . A :;‘,‘ : : t , ’un w h i c h  e v o l ve s  t h i  t - M ” h  ‘1 f i  n i t , ” t :un:L ’er

I c t ’  st a t e s  (r x + l )  w i t h  :~ s p e c i f i e d  c o n d i t I o n a l  p :’ r : ’ F” .’ ib i l I t . y  of

I 
t i ’a a s l n . I ‘0: t i ’ ’ ’, w ’m e n  t w j  s t a t e s  for a r i v en  s t a t e  a t .  t i m e  S w h i c h

Jo; i nid ,’ r ’ ’ r . l ’ ’n t  of 1 i s called :‘ f in I I . e  i , i i n:o ,: - i ’ r m e o u s  Markov  c h a i n

I (K ’ ’r : : ’ :ny an d Sr ’r l l  [ l ’) 6 0 ]  ) . Tb: ’  t ’ t u r r : I l I a r  mU :ite d i a g r a m  for

1’I r ut  I , ’ ’  ‘m u t ’nt , ’~ r t i  (w I SF :  I a l e  i ’ d  t h i ’ : s w h i c h  I nm ~ I ’n  L i ’ 1 “ t I ,  ‘i’:: 1 cm VT

I ‘ 

~u r ~ ’i t h ’ ’  ~ r’i : t ~t~ i ’ l l 1 t . y )  b m t t S  mc ‘ F ’  m a i n  I ; ’ ’ H a r m  I n  t e rms of ’ t w o  mat x’Ini ’s:

a n t m c m U , r ’ l x  of ’ b r ’’ l t t l . ’ I l I t l  i ’ m :  t i I ”hi l  ci mc . ’ r ’ lx  w h i c h  p r e : :m ~’ n ’ l t ’ t ’ s  t .h ’ ’.

I e t t ’ ’ n ’ : m  w r i e t u  i ’ ’ r ’ r ’~’ sp o r : d  to I , i ’ : : u ’ , ’ l t i O f l S  l e t  w o n  , :i  il ~~s.

I
rn -’,- .~~~~~— --‘- ‘—-, ‘-‘ -- ‘



I
* ‘ ‘ n ’  2

I:. ’ ‘~‘~ n ’ m  la s s  7 i i :’~’o v i c r y _ A lg ’n ’  i J o m m : t.

.1 .  ‘ :‘ , ‘ m l ’ ra I ’S , ’ : ’ ~‘to” : : ’

Thc : — : ‘ ‘ : r a r - , o r ’  1 :j ’, ’f ’ n+ ,’ ’ F  ‘ ‘ F : ’ ’  a r t - a l  I l i t  I n ary i : : d a r ’r s an

,:‘ : a lv a l e r i ce  n ’ . ’ l a t i ’ i ’  ~~~ ‘ ‘  ‘ T il a na i m . , , l  wa ,. ThIs ~.‘ q u 1 v a l ’ ’ n m c i .’

n ’ 1 0 5 1 0 1  Is a s i  , n~ :“ :‘ : :r c n m :i i .  ical s m: n ’ t i I , r m t a h  i l l ’ , ’,’ . T n t : ’  i l u i ’ , ’

a h o o l e a t ,  i s n ’ t ’  n m ” , t i m ’ ’  ‘ r i t a : : . ’: ’ i c ’ m l l t y  f a n ’ ’ : or t -  , I . ’~f i : , ’ ’ n  ~‘,n ’ t h e

*Set 0 1’ a l l  s t a i n ” : ’. V ,,. : :u tF : : t

1 Jo’ u i n  L ( a ’ )
=

0 oth ”r ’, v i, ’. r .

Tm: ’  a a : ’ ’’  word  squ  i v a l ence  r e la ’ i o n :  (F ~J o I V )  I i ~~ i x ’ : i  on 
~T I::

a” . . :’ ::“ ly  . . l e f ir :” d  b y :

1’’n ’ x ,I , t- i n  I r :e f I  I t e  set  ‘ T ’ ~ IV :‘ I f

~‘ ( u x v )  = r ( u v ’J ) S n ’  al l  u , v i n  V ,., .

De l ’  In, ’. ’ a m a r ”. i t  l a x ;  of V T to be a set of i i  s , l o i r m t  n o n — c a r t - f  y s u b —

:;ets o f ’  VT w h o S e  u n i o n  I s  VT . W ’’ h ave  t b ’ ’  f . ’ J l ow i n i : .

L e m m a .  The r e l a t i o n  F0~U J V  o r :  VT i n d u c e s  a t a r t  i~ ion  ‘
~~t ’ V T i n t o

c lasses  i2 L [ J ] ,  J=1 , 2 , . . . , I J C .  For each  J .  a n t  my  I~~ .T

1. x ,y  I n  CL [ J]  Im p l i e s  TRUE = x EQUIV y and

2. x i n  c i [ i ] ,  y i n  c L [ J ]  l r r m n i l l e m :  F A I l - I F = x EQ U IV y .

Lm~r r m u t ,e tUe .’ t m p t y  sa t .  by N U L L .  D e n o t e  t i m e  set d l f f e r” 'n i ”e i: m f A

ar v .l B by A CMP I ,  B ( :.u l s o  c a l l + ’ l  t he  :‘~o m p i e m . : : ’ n m f  of ’ B in  A ) .  Tho n

t h e  ~r’uof  p r o c e , ’ d m ;  t i m ;  f ’ i i i l i m w m :

_ _ _  _ _ _  

.3’



I 1,1

I ~ l ]  I~ 1 ‘ U

~~
:) ‘

~ A

L~ ] i i :  ~~ T l ~ A = I, 1,1.

I I . . ’ I~ ‘ ‘1- i

[5~ I i c k  x~ A

I E, I r ’ j [ ’ a ~ ] {:~ E A : ,’,’ i ’ ‘, “ JV  x }

[‘‘ I c~ A ‘ ‘ I t - i  I .  i. ‘ ,[ ‘I , ’ I
1 

H ]  ‘ Li

I [
~ 

] Ha: ‘ 5 3 IF  Ii

r io ~ II ‘ 1

I L i i i

[] ? ]  L3 : 0

‘ In :’,’ ~.r obl ’ ’sm 1:: to car r y  i r u ’. s tep  [ I .  Tb” f o r m a t i o n  of ’ th e set

I { :~‘ +  A :  y F ,O I IV x m u s t  ha :“ .a x ’ried ~‘~ut  over  V w h i c h  1:;

( d e n m a r a ’. .’r ’a b l y )  i , n t ’ T n I ’ .e.

I 2. W ’ ’ n i t - a ’  i”’ ’,’el : t h e  a m  m i t t s :  to , a n p r o x i r a o t  a t , h , ’  :‘i r ’ t it i o r :

w h i c h  I : ;  I r , d m m : ’ ’d Ly t b ’ ’ ’  i n U ’ i n i t a r y  equ i v a l e n ce  n ’ ’ ’l ’m t . i n t :  E~~t- 1’v’ .

I Slak e Sh e l” l j e w i r , n  ob n ’ ’r ’vat  i o n :  fo r  w i i r d s  x c i : : ’ !  y , i f

~(axv)#n(uyv) for :ini :, ’ s t r i n g s  u and v , t h t -.’n + h i m ;  I ;; s u f f t c i e r : t  t . o

c us ludo tha t words  x a r i d  y t i x ’ , : not eq u i v a l e n t . . : : i t - w t ’v ’ ’r , I’ . ’ r

I word x and y ~~ for sein e p a r t i c u l a r  s t r l n m c ’n; u arid v , ~ Is

~‘osm ’:lble that g(uxv) = g ( u y v )  bu t  x and y c ì n ’ i’ net equivalent , I t

I is f o r  t h i s  reason I,ha t S l i t , ’ u : : : ra l  p r c n ’+ ’ i l m i r e s  S :r ’ i t - a r t  i t ,  lorting a

m a i : t ,  i i r m d + ’ r  a r m  ‘‘iulval+ ,’ne+: rel:tt,ion (Knut,h [1973]) or’ ’ not

I r e c o m m en d e d . I’r’ , i r , ’ d u r a ’ s  base a: aggregation of classes (or

c o al° s cing ,  or ‘ ‘ : ;t , a l : l  H a l i n g  l i n k : :  t ’ ’ t ’ mc ’ , ’ n i  i ’ l : j m : n ; i ’ m ; )  m l r ,h t

I
_ _ _ _ _ _ _ _ _ _ _ _ _  ‘ - S
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en ‘: ‘ r ’: ’ ’ i c m t s iy  c i m n m f ’ i t r i  I w o  t - , I , f l s e t 01: i i i ’ ’  b a s i s  of ’  :1 s .i r m n , l ’  pe s lt , Iv r :

,‘o l ’  of ’  t h e  ‘ ‘ ‘ m ; t ‘~~n ’ n l r n : m l t  a r m e o u s  nx’ : im r ’ m : t - f , H a a l l t y  of s I n  r t - r s

c o r , ’ci i n m ! t , t- - t: F :’ W i )  , ‘~~‘, eii  ar m” !: ; . ‘m ’ ne a h ’ t - r n i t b m r t r  ie~’ a i l t - ’ ’I I t :  I l : ’ ’

ne st .  s ’ c t ,  I ’ m ’ , is m a s H  o n :  ‘h e  m : e c ’ i nni ” a . s i t .  I n of Sh i ’ ’ d i e t  ‘I

i n t o ’  c l a s s e s ;  t}a i ” ’r l a s s e m ’. ar’: f’ ’ n ’ r - ’ , ’ ’ . i am ;  hey  ore  nee c :’’d

3. Ar , A~. m n ’  ‘ x l m a t ,l r : - A l g o r i t t : n r . F-i a’ ’ i : ‘ c~ l ’ ’ a n n , i n ’m t ~ r i . i .r i ’du r c ’

a n t - i L’h ~‘r c v i  :CS arc a : ’p r o x i r r ’m :. in~ a l -  m l  t h r n  I ’ n t i c ’’  ~~.t r ’ t  i t  i o t m  of

t - 1 J ’’ t l ,  n ’sis ’~ i n t o  m ’.a r’ ’ l ‘ , n , m i v a l , , n n r .  c l ,a, ; , :e,; . ~‘m ’ ’  ‘ m , : , : r r n : : ( ’  t hcO.

tb ’. a n , :, Jo” ’ u i c r i i t - r m : t r ’ y  .Jor k r i ; ’ ~: : ;  t h e  ‘: ‘ c t . t- o t ,  n v  I s ,:,fol i’ d

I n m ’ ‘ t t m ’  c ici . :nc ’s  a~; desc r  1. 1 ‘ ‘‘ ,i Halo, :

th  ‘.1: ’ . ’ or  serv ’ t~ ion  no t ed  in ii ’.’ p: ’ev l i x ; ;  .c’o ’t  l o t . ,  :‘.x r ’ n ’ o s + ’

t y m a t  x a n d  :v’ ’ t r e  a t  some s t . ’m s~’ C l a : , m r ’ ’ ’ I  t e r ’ t h ~’: ’ t i n ’ ’ !  t h a t  n a ’

:c’ r I t : , ~s ‘J , v, t : (cm :’, ’,r )� . ” ( u , y v ) ;  t h e r m  t h i n’ ’’ I:; m aca n ,  t o  r ’ ’ ’ i .’ l a s n i l ’,’;

o n ’ ’  01 t i e  won ’  is . The c.t- 1 sor t  t i m n i  F a r  in s  ,‘,‘ I t h the F i c  ‘. I or: :  a , ’ as

‘ ii’:’ O t : 1 ’ J  “ : 2 1  v a l ’ ’ r m c ’ ’  c l ass ;  new c l a s ses  t~~ ’,’~ f’ r : r ’ r’ nmr ’ , , , as I h ’.- n . ’ ’ ’ d

‘, o cr ’’ .’ t t e  : ii ’’ ::: ocn.;n’:: . Ea ch  c las s  is c h a r act . ’:’ 1 m l  by ri r .m : . i q r t + ’

f’ x ’. -r . I r ” i r ’ . s e n t i , r ’  a’ r i  c a l l i ’ i F  a p r o t o ty p e .  Once a c l a ss  i s i s

a est: -’t b l  i s i : ’ ’ ’l , ‘ b e n t:  i s  r m ’ :  m e c h a n i s m  to r’ i ’m ovi . ’ i t  f t ’ ’. ’ ” I he

I i t , .



‘‘3

I
A . A ‘.c n !  ‘ ‘a ‘ m a i m  f o r ’: + I i ’ ’ ’  x l  ‘t ’ o n m o t ’ ,’ I : ’: u s ’ ”d  a :’: ‘ l ie  t : m ’~~’ ‘ ‘ a ’ ’

S t b ’ ’  ( ::t- I I ,, ,~,o n’ I a F ‘i s, ’r . TF , I mx :‘ ¶ . h i ’  ~~~~~~~~~~~~~ r a in ’ F ’:’’ ’
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LABEL W(’ : i’l L , c P r o h : : Li l i t ,v  f : ’ , ’ .,’ ” m n’ I m t - t n - i n ’
I a

c i  ac - n-

a 3/ 10 1’ 1

mca t :m ”  1/2
th e  1/5

A .,JH c lov ’ ”r l /~ human -c mj ~I ’  ‘ m m ’ ‘ vt -
, : h : ~c n t- 1/Li
‘ a l l  l / ’I
F o o t : ’ 1/LI

A’!, f r i — k ’ ,’ 1/2 a r n l n , ’. l a
1/2

AJ 1I.  ( ‘ i t : , ’ 1/): n ’ m ” u t e n ’  F , ’ e d .  ~, ve
m m ’  “,, ‘ 1/11 ar o u t ,
v a l u a b le  1/;.’

A ’j ,. ’il  b lu ’ ’  1/3 r : ” :ut e r ’  ‘ : “ l , ~. m n - :  l v ’ . . ’
s m e a r ,  1/3 n - r o w

1/3

511 boy 1/1: hum:’ n:
: ‘I .i r l 1/LI
man:  1/Il
W C t - : m n - i r :  1/LI

5!, cat 3/ 10  ‘m m :  i m a l  t a m

1/5
l it t er :  3/11 0
p u p p y  1/5

115 c h m : ’m l.r 1/3 : : e l n ’ or n : c m o r :
d e sk  ‘ 1/3
“, aj ,’ l m ’  1/3

A U X  is 1/2 a u x i l i a ry  v m ’r b
wa s  1/2

VI’ h” lped  1/3 fl .’: sn - ’ m l ’ le v e n t - b
hurt 1/3
m o a n  1/3

VT dislIkes 1/2 trans itIve v t-rb
lIkes 1/2
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mc 1/2

an . I L I / 5  ‘ ‘ a : m , F ‘ m r m c t  l a i r ’,
w i l l”

PH H he 1/2 Fm : ,m r :c ,’m mm t n t - a n n - u n
n - S m ’  1/2
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1/2 bu r sar :  F . x ’ ” r t -  o r :
1/2

I’S!,  F in -j r 1/2 an:  0 1  I n a m m o m n
1/2

ADV i r r mrc ’ ’ n : .’. m ’ l y  1/2 adv~~n”b
v i ’ . l e n m t  ~ F 1/2

‘ n ~ 0 1 in s  1/2 “n- ‘cl (ci c: I r c )
m~m , ’~’/s 1/2
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B’! by 1 i n n s t , m” smm , ’: : tal

SoT not , 1 n e g a t i o t m

SOT . 1

T n t - f ’  1 + ’  - I — ‘i ; r :~ m u ’  U

3 .  ‘0. ’ t t - r ’~~s~- n- m~r’Iu ’,’ ’,ure 1’ m r ’ , .. ‘ m m :  ‘f the rewrite’ rules ‘m v + ’i’ this
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-



I 
3]

I
F ’ r : c m u l a s

S ‘ ÷ 5 I ’ + A i ’ X + V F ’ ’l n e u t ’  n

I SF FF5 i ’i ’I ’F + ( A J 2 I ;  ) + 111;

‘!F1-~ ( S O T ) + ,.’, , 2 5 ‘ m d ,~ec l , iv : i i I ’ : ’ed i  c a t ”

S ‘~ Si + A V X + ’:’I ’ l anl ir i a l

I SF ‘÷ PSA I ls~lT+ ( /,,TA ) +NA
vPi ’~ ( N O T ) + V P + B Y + f m I P i
SF1 -‘ 1’: 11 ‘F + I i  AU’J H

I I1~ “ l i P + A : . T X + V P  2 1 S P+ V I  ‘.

SF’ ‘~ PRH UPNH
V P ?  -

~~ 
(AD’,.’)

~
’:T÷F.;PllVI

I 51 1 -÷ SI’ i’+l ., A F I S H

~ ( I IC T ) + “ ,‘ I ’ + l : Y + I J i ’ 2
512  DF’I + (~~J } j ) + f ’ J F j

:1 s m t - +~v~c+ r r HAT+F ;  r ’ ‘laS i V ” S
:55 PRI - { (,J c 

~~

S ,“ + C f l N j + : I  s loba l  S

‘F a b l e  “ 1 ,2

4 . These rules are m~xpressed in another f o rm  below. Int roduce

F s y n t a c t i c  v a r i a b l e s , denot,m ” i by l ,2,3,...,f1V 18. The ~ “ n e r : m t i n t ~

I a 1~m r a r i t h m  L ’e~~i n s  by t ,he application of a rule which rewrit es

v a r i a b l e  1. The p r o b a b i l i t y  of’ each r u le  i m ;  shown I n  t h e  l as t

I column .
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1 1 ‘ FI’ ’T’ 2 1/ 5

2 1 I’i’I i { l ,L” Si { 6 1/5

1 l I l A  7 / 4

I 5511 8 1 /4

5 2 AS H 3 1/ ’

6 2 AJA “~ 1/6

7 2 1111 “t- 1/ ’ .

3 2 l I f t -  7 1/6
2 2 .. A J 1 I I  5 1/5

110 2 -~ 5’ 8
ci  3 l : m J  5 1

12 -
~ I J A  7 1

H 5 -~ 55 8 1

S VI 12 1/5

15 6 .t- ADV 17 1/ 5
L i ,. -~ VT 9 1/5
l’,~ 6 -~ AUX i~ . 1/5
18 1 • 18 1/5
i’I ~ 7 A U X  l~ 1

20 8 - ~ AUX 10 1
21, 9 -

~ DET 11 1
22 10 -~ AJ2N 12 1/ 2
23 10 .

~~ NOT ii i /~
11 -

~ NHUN A 12 1

25 12 * CONJ 1 1 / .
, ‘6 12 -* DOT 0
27 13 -* VP 114 1/2
28 13 -

~ I’JOT 15 1/2
2’,’ 114 BY 9 1
30 15 VP 1)4

31 1(. -* AJ2N 12 1

32 17~~ VT ‘5 1

3 3 18 .
~ R E L  1 1
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1, n e ’  i n .  I e ‘ m t,, i’ f m m :: ,: oF ’ ‘t- . . ‘ m I :a ‘ I t . ~ I . F ’ ’ ’, n o rr’  ‘ , m p t -  ‘
~ ‘1 I m 

~~~ 
ox n :ns I a nn-

O f  ‘ F t - ’ r u i n - m m  I t :  m m ’ c S . i ’ n - n ‘: , ~‘f F m ’ ’ m :  t , h i : m  e~: J ‘ r n - i o n :  I . ’. ‘,n r i n ’ : ’ i ’ ’ r F ‘ ‘U t

m n -’~~’ 3 m  :‘ a l a s ,  F ‘n ’  ‘ .‘ x . m r : m I ’ l ’ ’ , S F ’ ’  r e w n ’ L t , e’ m m m i , ’ : , ; f o r  ‘j a n ’ I ’ : F . l e  1

w I ’ S  n~~ ~ r” .. ’ S u t I l i t I e m ;  of ’  c~~ ; ’ i i t - ” a t . i on a re

5 , Pn ’c , m b . ’m t t -  l i l t ’ ,’

1 ‘ ci 2 3/140

s’s:;’ 2 1/20

I t i : : 2 1/8

1 F : ’ ’  ‘ ‘ i / n - i

1 , :ic” “ 1/8

1 , . :c , r ’v 6 i/LI

I ‘~ J’. m n m  6 1/8

1 -* F’s v ’ r 7 1/ LI

1 -
~ ‘l o u / a  7 1/8

I ‘ i t  8 1/14

6. Tb” n - r a s h  of ” t , f : m ’  c i : r ” r ’ m c n 3 p o m m d l n n -  f i n i t e  s I m i l e  a u t t - ’ r n m : m t o n  I : ,:
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• w I t h  war ’ ) c l o t - a m  r:ames. The I , T m r ’ l r e t  s t a t e  fo r ’  t ,he t e r m i n a t I n g  r u l e s

mm ‘I’ ‘ a n - t a t - :  b’~ F’.
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I
keep t r a c k  of t he  s t a t e  r e l ’ a ’e a en t o r s .  The alscn r ’l t hm  b”' 5’ in ’,s

w i t h the start state and its successor word  ( t h e  f I r s t  w o . ’d of

the  c u r r e n t  s t r i n g) ;  the  i r : i t i a l  s~~a ” i n n -  r e p r e s e r : t m e d  by t h i s  ~‘air

is cla s si f : t e d  to a s t a t e  of Fmhe partitIon under con strmm ~’tion. The

“ t a rg e t”  s t a te  is noted  n - n d  t he  s t a t e  e q u i v a len c e  ‘lass of t h i s

s t a t e  and its successor word i,s determined , and so on in t h I a ’

f a sh ’ie n. A graphical oven-v iew of the algorithm is given b” ’S”w

in  f l o w  diap ’rac i:  form :

34—X DUCTION REWRITE

v*-. 0

“~° E~EL ICF’~- (V sO~3 )€ V F’ROTOS

E L I E F  ESTABLISH BEL IEF

V4— NOTEV f SUDII
D4-D+i ‘ —_____________

-‘ F INAL V

F igure  6 . 1

? . na .  The a l g o r i t h m  is b a s . m l  on the  ob s c ’r v a t  io n  t h a t :

I F ’ ~1 ( m a z )  ~ g,(v z )  for  any  a c t r i r :g s ”  u , v at : ’)  son:: ’’ z , t h e n u ar: ) V

n” ‘ ‘ , ‘, “' r m u l v a l e n : t , . As i n  n - h ’ ’  ( ‘ c a se  w i t h  word c l a s s  p a r t  i t  t o n i ng ,

‘‘~~I n w ith u , ’ ’ equiv alc”rs-’e c l a s s  (V ~~~~~
- 0 )  a n d  t hn- ; u 1 ” ’ r’i t l :nc u w i ll

“ ; ‘ m ~~~ ’ ‘ ‘ I n ;  m n - a t . ” - i n t o  15’’  m n - a t e :  o n ’ I he a n - I  omal  n: as r’m ” qm mir’ ’ ’ d ;

‘he (‘‘cfl l’rC’p I . of ’  c m ( ‘ i x , ’ ’ !  T r ’ ’ ’ t O ’ ,V F ’ ’ (~or ‘ ‘ n - c a b m c t . n - I  a

I icc :: ‘ ‘ m m  11 ’~-’ ) a n’ ‘ m r a n m nHn-r. Tb ’’ r ’ i ’ ’ w  ~~ l s - i t  em ; c ii’ ’ ’
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introduced into the partition as they are “discovered” (i.e.,

established by the algorithm).

Each string is analyzed from left to right with a depth

pointer D which keeps track of the depth of the construction

relative to this current string . The string is completely

analyzed; that is , the synthesis Is carried out for the entire

length of each string from the start state to the final state.

b. The representation of a state V followed by a word S[D]

Is denoted by V F S[D] . Moreover , this pair (V,S[ D])  Is deco ded

as an integer to radix NC (the number of discovered word classes).

As the construction of the automaton is carried out , this list of

non—decimal radix integers can be recursively unwound in an obvious

way to relate a string and its production sequence relative to the

current belief about the partition. That is to say, the structural

( derivation of a string is developed by the algorithm directly from

the string. This scheme eliminates the need for a priori knowledge

J of all possible combinations of words which might serve as initial

strings to which the partitioning is applied ; the algorithm builds

a list of initial string codes as they occur ; It is this list ,

denoted by VC , to which this abduction algorithm for state

discovery applies.

c. At some stage in the algorithm (i.e., the t—th sentence ,

depth D and having just established that the Initial string

S[iD—l] belongs to s ta te  V ) ,  suppose  t h a t  the i n i t i a l  s t r i n g

‘l [iD], whi ch we denot,c’ by V F SED], has occurred for the first

t in-ye. Then this pair’ cannot yet be the representor of any state;

I
I
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i ,e , it cannot, be among the elements of the list of state

r’(’!’:’csentors ( V P R O T O S ) .  There fore , we ESTABLI SH BELIEF a b o u t

this new initial string as follows: either V F S[D] is to He

classified to an existing state of the partition , or , i f  i t  is

n-at e o n -  ~va l€ : r : t  to any of t h e s e  s t a t e s , it b e c o m e s  the  r e p r e se n tn - ’r ’

of a newly  CREATEd s t a t e .

d. E S T A B L I S h i n g  BELIEF about  an i n i t i a l  s t r i n g .  Suppose  t h at

a new i n i t i a l  s t r i n g  b e i n g  c l a s s i f i e d  is V F S E D ] .  Then to

ESTABLISH BELIEF about this initial string we successively rein-lace

it by the representors of the existing s t an - a s  b e g i n n i nr -  w i t h  t he

r e p r e s e n t o r  of the s t a r t  s t a t e , w h i c h  is NULL , and test’. t hr ’

r e s u l t a n t  s t r i ng  ( e . g .  NULL S D4S) to determine the r n - lat I n - m u of ’

tIn-i an new inItial string to the current , established Ina r’t iti ’..’ n - .

If a state representor is rejected , then the algorithm wi ll either

move the new initial string to another state of the part itI c ” rt - or

CREATE a n c .’w s t a t e  (if all the existing states ar ’ re,iected). In

either of these la w n - cases , the string is moved m o a highen’ index

*state. N o t e  t h a t  it is possible that for some string zEV 1 ,

g( u z )  = i” (vz), but u and v are r’m ot equivalent (and this has yen-

to be discovered). However , once an ini t ial sn-n a” has been

n n ; o v e ’ i  m a t - u t , of a st , ’ I ,e to a h i  ‘her ”  index stat a , it . I ma never mac eyed

F c , ’,n k  ¶ .u a lower ’ i n d e x  s t at e -

e. To ESTABL I NH BELIEF  m m ) ’ o m : t  V F l I E D ]  which ham ; a l i ’~’c r : i y

“occurred” atm an ear li ’’r ’ slep (and which Ian m mo t it self cm sta t e

i”~ a ” ’ m a r a r i t o r ’ ) , r”’pl ’acc’ t h i s  i n i t i a l string by the i’ m ’ l r’ c ’ m m ’ t m I  or of

t,h(’ sn - n - cl ,’- I , c, w h i c h  I ‘a is bc’l 1ev - m i  to  i m c ’ l o n g .  I f  t h i s  s t a t  a inc

r’~’jr ” n - t,’’d , t he n e x t , , h i t - S n - - n ’  in ci ’x stat. ’’ Iu ’m ”omes the cand idal a for ’

t hi ,’ “ t , m ’,r ’ 1r ’a’ ’ “ s i n - i . ,’ to m . n l a s m : i f y  t h i s  s t r i n g .



75 

-

f. If the initial string V F SED] is a state representon ,

this means that at some earlier stage in the process carr ied out

by this algorithm this pair was established as a new state n-f’ ‘he

partition into states; denote this state by V ’ . As in tSr- case

of word  c l a s s  d i s c o v e r y ,  a r e f i n e m e n t  of the  p a r t I t i o n  n ’ I r h t  i . ’

tomcs-i’b .l’e ’~~~-~ In- . pa-rtic.u l,ar., . s ~~me in i t i a l .  stn ing~,u E.,V’,,,(,~jh’:~ n 0 IS

distinct from th’;.’ representor) is selected to test in n-he s-on-rent

sentence in the place of the pair V F SED]; the non_ gramma ticality

of the “test” initial string is sufficient to reject the hyn c:Cmhes ls

• that the initial string u belongs to the state V’ and u is- mov ” d

to a higher index state. This nnom ,ii fies the partition. As wI ll be

e l a n - o r a t e d  in a later section , we note that the strins a in’

in the higher index state sin ’ne it, was moved without a sentence in

w h ic h  it may have occurred. Tb” t. c ’, ’g i n r ’  will expedite some future

selection of this initial string (i.e. when it appears in some

future sentence ) for nlassifi :’nlti (,n to a state of the h a r t  i t  ion .

g. The establi shment of st ,atem : , the classification of init i a l

strings to states , and th’’ cod’’ sch”rnc ’. (initial strings as integer

‘ m n - d e s )  aietermine the part It ion of V* to within a renumber- Ins ~~ the

stat -s of l , h ma ’  - r ’ F g i n a l  aul ,o m a t o n .  That  is , t I n - :  s t a t e s  and  b i n - i n c h e s

r a r e  r j e t m a r n : j r : , . ,  A S i rr: 1’l~m TALLY scheme s use d tn n’mb u la t e I he

fre’iu ’.’ r:ey ief’ i ned pr” ,bah liii ~~~ of t,he t ranan .i l ions bet. ween St  n - i t es .

3. a .  The f l o w  d i a g r a m  below ‘ ic ’I . m l c t s  the compon ”rmt . parts of t h e

p r ’ e n - n e s a n  fe r ’  i ’ I F I T A B L I F ’ 1 F ! u t - t -’ B E L I E F .  rrhe a l g m .m r c  I Ft - i : :  is ‘m~’in l I ’d to

‘ x c m n ’ .l ’ .’r; In : t h i s  m m ’ s - n t  i o n  to I l l u m : l , r a t , t ’ t h e s e  s tep s  and  1 .0

I l l ’ : a n t r ’ a t , ’ -  t , F : e a 1 n ” , r i t h m  R E F I N E V  w h i c h  F m :  c m n s : l o g o m n s  to t he  R E P I N E

I n  w o r n  ci  ct - sn :  ‘ I i  s covery . In c c  dd I i .  I on , a I. ’ ‘ : ‘ h r m  I qua  F a d i s c ’  over

I
‘ ‘-: “~~~ “ — — — - r --
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w h e t h e r  or not  loops  of a p a r t i cu l a r  k ind  miget  occu r  is i n t r” —

du”ed; this speeds state discovery at small increase’ in corn: n t c : -

t I ‘.a n - n .

BELIEF”-O

RV~—K INL IST WROTOS

BELIEF’4-SPEAKV ItRY
BELIEF ” 0=~’RV ~° RV~- I ‘1,, RV

£LIE 
Mo 

BELIEF’e—CREATE

ALGORITHM : Establish belief about an initial str’ins

F i r ” u n r ’ r’ 6.2

b. Consider the grammar over {a,b ,c}: 1 ~ al ,l -
~ 12 ,2 b3 ,

2 -
~ c ,3 -÷ al ,3 -

~ c , and the correspondin c’ autorna fs-. n model

b~~~~~~~~

:-“ i gure 6.3

where the peri od , “ . “ , is a symbol added t o label th e  arc ’ t~~ t i n - ’

‘:“i ”J’:d f’I, n : n i  1 s t a l , ’’ —

For t he’ purposes of this rxampJe , the probab ilit. ic ’S an” ’ rimS

nt - e r ”  ‘over , t, ha word c l a s s e s  ar e rep i ” ’a ’rdc ”l by I ha 1~ ’t F
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t h e m s e l v e s .  I t  w i l l  be u s e f u l  to describe the automaton

graphically during the various stages oF ’  t he  c o n s t r u c t i o n .

Initially, it is as shown

Figure 6.)4

The (ca r t - li ) initial state is the start st~ate; l,he algorithm must

decorn-iprise or split this state into the sought for states 01’ the

I automaton. TI’’ algorithm will be appli- ”! to the tr’a inl m ip’

sequence ab’,n ,bF.a ’ n , abbabc

I
— I
I
I
I
I
I
I

1 1 
. . ‘_--

~~~~~~~~~~

‘—-. -

~~~~~~~~
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T”— I S~—~~ c

Di— I
O F A~~VPROTOS ?

— 

NO . RV4—NU IL
SPEAKV: (NULI,sc) E LI
YES. 0 F A TARGCTTED TO 0
CHECK: T(o F *)F A

u.t., (~ a~cj € LI
YES.v4-. 0

D ~—2
O F eEVPROTOS ?

— 

NO. RV~—N ULL
SPEAKV : (NUIL ,c)€ LI

NO. CREATE

I F c~~VPROTOS 7
— 

NO . RV#-NULI B
SPEAKV : (NULL) E 1?

NO.
SPEAKV: (8) EL? NO. CREATE

FINAL

T~— 2 S”-BeC
V~-0
D~— I

O F e€VPROTOS?
YES. 

F

V ’~~I F i g u r ’-  6 . 5

I F B€VPROTO S?
— 

NO. RV’—NULL ~ ec
SPEAKV : (NUL L ,c)e 1?

NO.
SPEAKV : (

~~ ,c)€L ?
YES. I F e TARGETT (D TO I
CHECK: (Ti F 8)FB ,c) €L ?

NO. RC JfC T
SPEAKV : (ec ,c)€ 1?

NO . CREATE



I
i
I 3 F c € VPROTOS ?

NO. RV~~NULL B BC BB
SPEAKV : (NtJLL)~ LI 

NO.
SPEAKV : ( B )

~~ 
IT

NO .
J SPEAKV: (ec )

~~ 
IT

YES. 3 F C TAROETT (D TO 2
CHECK : 13 F c as ((o F e)F a)F c

2 IS NOT IN THE HISTORY OF 3
YES.

V ~—2

I FINAL o

I T4— 3 S 4—ABBABC

04— I
0 F AEVPROT OSI FI t- -’ n . m r ” -  ~.6

NO. RV~— NULL B ~C BB
SPEAKV : (NULL ,eaAeC) ~ LI
YES. 0 F A TARGETTEe TO 0

V CHECK: (To F A)F  A ,BB ABC )€ LI
a .c., (AABB A B C)E It

‘I YES.
V 4—O
D4—2
0 F e€VPR OTOS ?
YEL
V4— I
D4—3

f I F
I

D’—
3 F A €VPROTOS ?

NO. RV4— NUII a ec ee
SPEAKV : (NUIL ,ec)€ LiI YES. 3 F A TARG (TTCD TO 0
CHECK:~~~F A  a s ((O F B)F 5)F A

0 IS IN TH ( HI STORY or 3
I ((((((Ofe)Fe)fA)Fa)Fe)fA ,ec)~~L?

.t., (ea*saaac )~u~ L?
YES.

I
I

_ _ _  _ _ _ _  
~~~~~~ .—- — ‘



80

V4—0
D4-5
o F e€VPROTO S T
YES.

I F c€VPR OTOS?
YES.
REFIN EV :(3 F c)E~L?

I .E~~,
YES.

F I N A L

i” ir ”ure  6 . 7
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I
c. The function SPEAKV determines whether or not a “trial”

tar~”e n- state (a provisiona l target state) is co be accepted or

rejected. That is , suppose that 1. F SED] is being classified.
‘D—l

S up p o s e  that V ’ is the state being considered as the tori-el . state

‘nd that this state has representor V F X. Then if the sentence

(V F X), D~S is not grammatical , the state V’is rejected ct - s the

t.’~1’ge t staIn-” fn-’r this initial string. Suppose however that it

is ma’ rammat ical . Then the state V1 is unwound to explicitly
D—1

give the structural derivation of the initial string, being

-“lassll ’ied; this is called the history of this initial strinr .

If the trial target state is among the states in the history of

the initIal string being classified , then the algorithm can

quickly verify that the implied cycle of st.ttes is indeed possibl e .

This is done by trying the implied cycle relative to the curre nt

irm itial string and in the current sentence.

If the string associated with the imp lied cycle cannot , tm- -

— ‘imhr~dded in the corresponding test string to produce~ ~a sentence

grammatical In the language L (G), ‘aheni this is - suf fl ”ierc t to

r”n- ,~ect the trial t a r ge t stat -a as target to  w h i c h  1 Sm ’ .Ii i t. ial

string in - ; to be clas sified .

In terms of the worked example above : for the first sen t”rmc e

wit -’. :, 0 F a is believed to belong to the trial target state (at

D 1) by dint of the grammat icality of ((C F a),bc) , we not .e that

t,hls tnt -pli e s that — at the v”ry least — ((0 F a)F a ,bc) must also

La r’r ’ c c r u rna t ,ical. OtherwImu ’ , 0 1” a could not be state equival ent.

‘an - t J n - ’  st , rite 0. At ‘a ~‘ 2 (D 2) 1 F b Is targeted to state 1.

[ ‘I’hIan impli es t , Fc al , (1 F b)F b Is a substring which can be imbedded

S .
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in the  i n i t i a l  s t r i n g  and p r o d u cn ”  a g r a m m a t i c a l  s e n t e n c e .  S ince  i t

I c e s  n c ’ t , the state 1 is sp l i t ; t h at  i s , d e s p i t e  t ,he g r a m m a t i c a l i ty

of (b , c ) ,  the  s t a t e  1 is r ’e j ec t ma ’i . In t h i s  case , the  e s t a b l i s h e d

s t a t e s  of the  c u r r e n t  p a r t i t i o n  were  a l l  re ,i e c t ’ ’J and so t h e  new

st a t e  (3) was r n t r o d u c e d  to the  p a r t i t i o n .

It is i m m i r ’ e n ’ t a n t  to no te  t h a t  t h i s  t e c h n i q u e  dea l s  w i t h  a

s i m ” c i a l  case  of the  more  genera l  p rob l em w h i c h  c o n f r o n t s  the  s t a t e

discovery alrn -n’i tiim and for which the’ algorithm REFINEV was

d e v e l o p e d ;  t h a t  is to  sa’,’ , REFI N EV is sn - , f f i c ie n t  to carry out  t he

r n - d i n e  s y n t h es i s .  By c h e c k i n g  f o r  t h e s e  c y c l e s  d u r i n g  t he

c l a s s i f i c a t i o n  of an i n i t i a l  s t r i n g  the  conv m .- r ’g e i mce  oF  t he  p rocess

i s  i m p r o v e d .  In particular , states are d i s c o v e r ed  e a r l i e r ;  t h i s

in-c i r r im or 4a a nt  in t h e  ea r ly  stages of the  a l g o r i t h m  b e c a u se  of the

f r e q u e n c y  t a b u l a t i o n s  wh i c h  are ’  l a t~.’r used to es l,  i mr i c’n t e  t h e  t r a t m s i . —

t i o r  : r c m b n c ’ i l i t i e m a .

-1 . The second example is based on the  o u t p u t  of an 1 sf ’, r n - r e

machine described in Bim’rmarin and Feldma n [1972]; the grammar is

1 -
~ a2 2 -

~ al 3 -* a14 a14

1 ~ a 2 -
~ b 14 3 -

~ a 11 a

1 h 3  2 i t -  3 -+ P 3 14

The t. r r m n s l t i o n  diagram of the corresp ormmH ng n ’u :~~d e t , e r r Sn i s 1 ic

a u t o m a t o n  i n :  shown In ~“ i m ~un’e 
( .8.

I’
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I 
F i g u r e  6 . 8

The d e t e r m i n i s t i c  sy n t ,” t x _ a r m n t r n l l e r l  t m r a n s i t i o n  d i a g r a m  is  s h s -w n

in Figure 6 . 9 :

I” I ~‘ ur r ’  6 - 14

I 1.5€ ’ a r e s  are  label ed w l t ,h t~he t r a r m an ,i t l o n  p r ’e h a h i l i t ie s .  T h i s  is

( the sought—for automa t en.

The notat. inns on the print ed Outpu i w h i c h  f l ]  : ,w s -  a t ” ’  ‘ ‘x p l  n-i i ma ’ci

( in sect ,thn 7 .  Far ’  c l an 1 y ,  st a g e s  of t h e  a u t o m a t o n  u t - n - I c r ’

c’)nant ,ru (’t, l o f l  ar e shown  i n :  Fl  n m t - 1 ” m r  6 . 1 0  (a t  t- =1) and 6 . 1 1  ( a t  1 2 )

I The details of’ t h e  c o m p u i ’ - r  lmp l em r ’n i - ; i i  i t - m i t -  follows in sect ion P .

I Tn F igur e ’  6 .12 , t , h c ’  c m , r , s i . r u c l  ‘‘d automa t art - Is shown ; t h e  relat ive

f’ r ’eq m i c r on ‘I es of t h e  in t e r na l  t m r a n s ’l I . t o r t - s a n ’ ’ al so  g i v e n  in p ar e d  h - s a n



P 5 2  814

1. A B B B B B A A A B B A
TARGET B E D ]  CODE FRE QU ENCY

I 

- 

“ i n - m i r e  ‘ . 10

2 .  A A B B B B B A B B A B A A A B A .4
TARGET S [D]  CODE FREQUENCY

0
1 A 1 2
o A ‘4 1
0 B 2 8
o B 2 9
0 B 2 10
0 B 2 11
1 B 2 1
0 A ‘4 2
1 B 2 2
2 B 5 1
2 A 7 1
0 B 8 1
1 A 1 3 t 0 2
0 /1 4 3
1 A 1 ‘4
2 B 5 2 ~ 1 2
2 A 7 2
2 A 7 3

- ‘i n t - i t - ’  f - 11

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — — —  ~~~~~~~~~~~~~~~~ — --— -— . — — — — _ .
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8
2A ~~GE~ 

B 
S~

I
D ]

B A 
~ OD~~~F~ EQ~~FNgY

’ B A B A

TARGET B E D ]  CODE F R E Q U E N C Y
0
1 A 1 8
2 13 5 ‘4 c~, 5 2
2 A 7 10

( 5. B B A B iF -

TARGET BED ] COPE FRE QUENCY
0
2 A 2 6

1 0 B 8 6
1 .4 1 9

f 2 B 5 5 c~ 7 2
2 A 7 11

I J)5 10

6. B B B A B A B

I T.4 RGET B E D ]  CODE FREQUENCY
0
2 B 2 8

1 0 B 8 7

1 2 B 2 9
2 A 7 12
0 B 8 8

I 1 A 1 10
2 B 5 6 + 1 2

I

. . -“ S ~~~~~~~~~~~~~~~~ - - . . - --- - - -
.-

-__
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7 . B B B A A B B A A A
YARGET .J[D] CODE FREQUENCY

0
3 B 2 2
o 13 11 1
3 B 2 3
o A 10 1
1 A 1 11
2 B 5 7 ~j  13 7
0 B 8 C)
1 A 1 12
0 A 4 5
1 A 1 13

8. 1? A A B B B B A B A
TARGET S[P] CODE FREQUENCY

0
3 B 2 ‘4
o A 10 2
1 A 1 14
2 B 5 8 ~ 14 7
0 B 8 10
3 B 2 5
0 B 11 2
1 A 1 15
2 B 5 9 w 15 7
2 A 7 16

9. B B A A 13 B A A
TARGET S[D] COD1~’ FRE QUENCY

0
3 B 2 6
o 13 11 3
1 A 1 16
0 A 6
3 B 2 7
1 p ii 1
o /1 4 7
1 A 1 17 + 0 1 1

10. A
TARGET Sf 03 COD? FREQUENCY

0
1 A 1 18

11. A
TARGET S[D1 CODE FREQUENCY

0
1 A 1 19

(

I L
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12. Ar TARGET B [D] CODE FREQUENCY
0
1 A 1 2 0

13. 23 A
TARGET SCD ] CODE FREQUENCY

0
3 B 2 8
1 A 10 1

14. A
TARGET Sf 0] CODE FREQUENCY

0
1 A 1 21 w 2 1 0

15 . A B B A A A A B A A B A B B e4 A A A A B

TA RGET S[D] CODE FREQUENCY
0
1 A 1 22 + 0 1 0
2 B 5 10 . 1 1 0
0 B 8 11
1 A 1 23
o A 4 8
1 A 1 24
0 A 4 9
3 LI 2 9
2 A 10 2
2 A 7 17
0 23 8 12
1 A 1 25
2 B 5 11 + 0 1 1
0 B 8 13
1 A 1 26
O A 4 10
1 A 1 27
0 A 11

— 1 A 1 28
2 8 5 12 w 3 1 0

I
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16. B B B B B B A B A B B A B .
TARGET Sf 0] CODE FREQUENCY

0
3 B 2 10 ~i 1 1 1
3 B 11 2
3 23 11 3
3 23 11 4
3 B 11 5
3 B 11 6
2 A 10 ‘4
O B 8 ‘14
1 A 1 29
2 B 5 13 w 18 7
o 23 8 15
1 A 1 30
2 23 5 14 c~j 19 7

17 . B B B B A  A B A B A
TARGET S(D] CODE FREQUENCY

0
3 B 2 11 .~ 7 1 1
3 B 11 8
3 B 11 9
3 B 11 10
2 A 10 5
2 A 7 20
o B 8 16
1 A 1 31
2 B 5 15 Gi 6 1 0
2 A 7 21

18. 23 A B B A B B A A A A A
TARGET 5[D] CODE FREQUENCY

(I
3 B 2 12 ~ 11 11
2 A 10 7
o B 8 17
3 LI 2 13 ~i 12 11
2 A 10 8
0 B 8 18
3 B 2 14 c~i 13 11
2 #1 10 9
2 A 7 22
2 A 7 23
2 A 7 24
2 A 7 25



19. A B A A A A A .

P 1 ~“ARGET Sf0 ] COPE FREQUENCY
0
1 A 1 3 2
2 B 5 1€~ ~ 10 10
2 A 7 26

A 7 27
2 A 7 28
2 A 7 29
2 A 7 3 0

20 .  A
TARGET S[ 1] CODE FREQUENCY

()
1 A 1 33

21 .  B B A .4
TARGET sLy ] CODE FREQUENCY

U
3 B 2 15 ~ 14 11
3 23 11 15
2 A 10 11
2 A 7 31

2 2 .  B A
TARGET Sf 0] COPE FREQUENCY

0
3 B 2 16 .i 16 11
2 A 10 12

23. A A A A B B B A B A B
TARGET Sf 0] CODE FREQUENCY

0
1 A 1 3’4
0 A ‘4 12
1 A 1 35
0 A 4 13
3 B 2 17 ~ 17 11
3 B 11 18
3 B 11 19
2 A 10 13
o LI 8 19[ 1 A 1 36
2 II 5 17 oi 32 7

24. B A .
TARGET Sf 03 CODE FREQUENCY

0
3 B 2 18 w 20 11
2 A 10 14

25. 13 II A A A
TARGET S [D] CODE FREQUENCY

0
3 B 2 19 c~i 21 11

• 3 B 11 22
2 A 10 15
2 A 7 33
2 A 7 34
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I
Ti~~ C ~~~~~ t o ns  ~~~t ’r~~~~d ‘i~ aL~~v use h ’

o~ t: ] ‘ - r ~~~~~~ b ’ i n 1- ~1, ~~~~~~~ ( t h ~ ~~~ ~a1 s~ r 1n~r~~ ) ~~

V F S[ Di ;  ha , a V w h i  ~ h s ~ . 1m w rj t y  w e i  s[D 1

~~ no~ eJ  ar  i e x , he : . a t ’~s ~~~ w r t ;  a r c  r v  n i e r c . l y  d r io ’. ’ d

1 :~’ c~~~ r s .  Th~ ~~~~~~ u r a l  o i 1 v a ~ I o n  o? a r~~no (
~ h seu A~~r~~’ i-.

of s~ at~~ L c H n n ~~r u — w~~ .h he G~~a r t  s~ a t  and  en d i e c ’.’ I ~. h t h e  f i r a l

~~~
‘ a a ~ ;r ~~~~ i co~ a~~~e ~ n L ~ o he c t r  r~~~) eo 4 a ~r’ l J : 4 ’ v : r i t t  ~ n

h t he  s~ r i  a~~. F or  ~:t I e , t a r  h :t r t r ~ V of i r~ ’th  14 , ~~

~r in  s h w  H.s s t r u c t u r a l I n  i v a l  io n :

V [ 1 ]  [ 2 ]  V [3 ]  V
O=V 0 V 1 V 2 V

3 
F

T iiI~ ~~~~ th~ ni~~b 1 rr h~ V ’~ I ’c  i ~~~ ~O 1V’ d ~H h~ S C E O ’ O~ 1.~ ‘ 0

~ r a O  o~”H t r i v a t  f ’ :  s 4 r 1n~~ H v e n  a ;a: :n1 o?

s ’ r n - a  1:. ‘h  la ri ~~a a ; hr  a I h:~: V a t he  I n t  at ’ . a t  e ”

S ‘~ ‘ eS V 1, ’1 2 , .  ) T any  a ’ :‘~~no ot  I n ’ ’  a L .  Th e x n l i c i~

t ar ’ . o f  ‘ h .  r~~~X ’ ‘ a ’  H C  or  c a n  i . ’  j ’ . J ’ I ‘ t a  a 1 ~~m a 1  ~ r t e a 4 ~r

wE ‘h s ar ~ ~ u ’ 1  z a a a e  Ia ’ H 0 tE ’  p o a lt  ¶ o n t  1 r i a a t . ’ r a  V ( he

~~~~ i r i ’~~ ) ~~ (
~ ~~~~~ ~~ ~ i rai x )  ‘ o a ra~ r a H  >, KEY ( an  he ~~~~

‘ 1 ’  n o ,  o r i ~~) an “x+ , . • K E Y ” . ‘~‘h t . a r n - . t  at a ~ to w h i c h  a ode

¶ : ;  class :fI i and ‘h.~ ‘ I i f . ’ ’ ’” I n ’ ’  ~he t x ’ s’ a~~’’ far •~~i.o’ f i r

a te V ar ~~~
I n  t c ’r ’ t ’ a e l  t ia’ w i r k e l • x : ~~~~h~ o ’~ ‘~c~ u n 3h a l iv e , l . t  t h e

a Is a ,l , and (‘ en  ro * ; r r r I  t o  he he a-’~rs 1 , 2 , a n d  3 ; l e t

YE ’! 4 
~ ( t ho se r  i i ’  as ‘h. t i a r r i l er of w o r i t  . i n i ‘ ‘ i t ’’ = }

n

1’
O P h • 2

I _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



1 F ‘7

3 E c  ‘15

3 i a  . 1 ;

¶ , he 1 s ‘ o t i o ’ l ’  wE E o t ” e ’ s r  cci  to  h~ I n i t

a a -a o f ‘~ 1 ar e’: i

1 2 7 1~ ~~

wh~~ch e o r ’ r ” H r d  t o  t h e  : ;t a t ’ ’  r i  r o t . : / r . ’a  a r .  0 , ~~,

‘in 7 . F a ‘ i i v ’ r 1~~r i i c , ’ , w ~nc1 .: : 1  t r e  a~ r i r . ~ ~~~
‘ Li ( ‘ i n  .4 er’ r n

o f ’  ‘,‘*)  w r i c r h w a 1. .’ as 0.  In t h e  ‘ X .a rt .t  J ’  ‘i t ’  , f

a aa ’ o:~a t  a w a s  d l . ’ r ’ r ’ . h .  a w i  h i r i  a r ’ :r , r ’ l e r l r i e  of ’ i c ’  s ’ ’ i. t ’  S

( o f  ii  “ r i V r i a l ”  1~~ r ’ . r ’ it ,o r/ ’ ( ’ ’ ; : ,e r .‘ u t , r , a t o r r ) .  ‘‘ hr t a t  a l

r .r’ , l a of m c ’ h : ’ i ~ t l  : i tr i r i e  ‘ los  ~‘~l h r h  c o a l l  b .. f i t  I a

c x t e c r ;  ‘ ri ’’ : ;  a r ’ ’ 0 , 1 , ...,  i 4 , ~ r r d  15. A f a r t i ’  a r l , ’,t r ’ A c t  i o n

E a c  i i ’ : :  cr i r r i i n i t , a : : i s e ’ o~ ‘ t : i s  l i s t  of i rt e r e r s  i c

a t ” . i t  I or : ’  : i n t o  t h e  s t a t e  ~i l va 1en c e  c la sc e .s  as Vol w a :  s r  a ’

c r 0  eon ’ a I nc  c o l a 1 a n t  1 ( f o r  c o n ven i e n c e , L i t ’  cod 0 I s  r ’ . ’

i r i e l u d at ~ri t h i s  l i s t ) ;  ct :i ’ e or i . ’  c o n t a i n s  C O d e  2;  c i  i t o  two

c u r i t ’ i i r i a  cod ’’s  7 r i nd  15; and  a t a t  r ’ t h r e L ’  c ri t a i n s  code 6 .  The

a’ r n a i r i i r i e  ‘‘~ ‘ i i  I. ” In S  ( o v e r ’  t he  a l p h ; t t e ’ t  f’ w ads a , b , a r t  I C

a r d  t h i  f i r’ a t at , ’s) , v i z . ,  3 ,  5, ~~, 10 , 11 , and 1 4 , ar ’ ’ t he

“ I~~s car d s ” ; t h ’a ’ n r l i ’ c  co t ’r ’ ’s; nd t o  c l ’rn ’ .’ r i ;  s o f ’  V~ w h i c h  ‘ i i i : ’

no ’. h i l t  h i  st r i r i t o ;  of’ a n y  . ‘ l e r n e n t n  of l i i  l : i r i t — u a g e  L .  N a t , ’ ’ t h a t

‘n d , ’ : ;  14 , 8 , a r l  12 a r e  t i o t . c . n c i d ’ ’ r ’ ’ i  as a d m i s s I b l e  due t o  the  4

: ; i . ’ ’c I r i l s i en i f ’ I ’:in ’ . ’ of ’ t I i ’  s ymbo l  “ . “ . ¶ i e l t , i e ’r  t h e  d i s c : t i ’ t l a  Ta r

t he  i r ’i , ’ i i rri i s : i L l e  c a d o n  e n t e r  t h e  ~a r t i t . I i r i i n g ~ : : 1 4 ~nr I i h r ’  ex ~~11c ~~t ly .

i_ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. -. . 

~~~~~

. 

~~~~~~~~~~~~~~~~~~~ 
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I
‘4 3

‘ is  n ec , .’ a a i r ’ v  t O a ’ ’ I e ’ t .  t h e  ~: i : ’~’ 1ar’ t~ ‘ ‘ ‘ r i  i i c f t  t , o  , n t , ; 1 : r ’

‘ h i ’ a l l  th e  a , ; n j i ’ I p  l i a , t j n i ’ t, i n i ’ , i a l a t r ’i r , e  n i l ’ ; a r ’  1 1. 1

‘i n  r h o  Ira ’ ’ h4 t ~~~~
—
~~~~~ ‘ e n r a . I t t  t h e  can . ’ of a I L ’ t j o r a t r v  of ¶ 1W

y r  : , ‘~~~~~~ ‘ ~~‘~Y ~~ ~~~‘;. In t h ’  e l s e  h a t , a L a r i r u a ~~e f n . i S  w . r ’d

:r l’ t a a e s , :i cor ’ : ’ r i  ‘ n t  K E Y w,’ ’ : ld be t h e  n r i r r :b . ’r ’  of t h en , ’  c l a n s ’s

( N ’ )  ‘ i i ’ ’ ‘ ‘a  a l l  the  c l a sse a  have  b er n f o u n d . H e r . . ’ r i n d  e l s e w I  ‘ n ” ’ ,

ah a l  a s a u r r ,  t i t . ’ , t  i n c  l a r l i r u a r e  has Hi’ r i a s n e n  ( w h i r r  ~ f i a

s a i l  ie  t h a t  f h  a ’ t a  I n s  t h e  v a l u e  N W ) .  Then t h e  n ir ’ ,t ’ r ’  o : ’

i~~s ’ I n c t  I . ” s a l l i ”  ~ des  ( i . e . , t he  n u mt ’r ’ of d i n i i r n ’ H i t  H i

0 r ’ i r , — c— el ’ ’:’. )  I n  ( F ’ ,’ ) .  ( F e )

a t e  o f ’  t h e  ai . l v ’ i r l  r ien s a t ’ t h i s  r a d i x  t’ . ’ r ’ r ’ , ’n c ’n t  a t i o r ;  ( o v ’ ’n ,

s’ t :; , t i ”  ‘ h o ’:: I a b u I ’ , r ’  f e r n )  i s  t h a t  ( 1)  O n ly  th o se  i . ;  ‘ . 1 ’  1

7a] ~os ,‘;h i c h  r’ r ’ ’ a r  ad ~‘ H i  t , i ~± l  st r ~~n — s  of the  l a r t ; ” i ’ ic — ’

c ’  i r a n ;  ( 2 )  T h i n  h a t  st r ’u c t u r e  of in t e g e r s  i s  l a r l h : ’ r ’ I

a ’ o ‘ he st a~ ‘ e q i  v a L ’n .’ ’ r’ l a s ses  by an a l c ’ or it  hm I a a m u r i e l ’

a r a l . e . i ’ a  ‘ 0  t h ’ ’ re ’  d v ’ ’  h n e d  e a r l i er :  b ’, c1c ’~~”i r ’ ; r ’  s i ’  i o n  c a r ’

a : h h t h c  of c l a s n . ’. c ;  ( 3 )  The r’ ’p r ’ ” s e n t a t . t o n  of r n  1 : 1 ’  ¶ ‘ c i  s H i n , —

:,, “ s t r f n ~- f’ c’;’ ” can b ’ e a s i l y  ren vered by t h e  i r i ’. ; ’ ’ra r ~ ’ o f ’  ‘ t i c ’

‘neco Ih ’a- f ’ o c t  1 r F ( i e s c r I L .’d b e l n w ) ;  and ( 1 4 )  ‘FE r e n r ”a ’ n r t  a t  I n n

of ‘h ’  I r ~I ¶ ‘ i i  c i  l I n er : ; c a r r y  t h eir  St  r u c t ,ura l d e r i v a t  I ‘ ‘ t i n  ‘,\ ‘ H f u n

t h ea . ar ’l v e s .

Tt , ’ I n v e r ’ , ;r ’ of F Is W ’ f ’ t r i ’ ’ d  as f o l l o w s :  fi r ’ a n y  c~~de K , a n d

fa r ’ a r t y  t n t ‘~y ’r  KEY , K = ( V ) ’  K E Y + X .  The repres.” n t a r ’  of s t a t e  V ,

[ IE ’ rv 4 ed b:i K ’ , Is e n c r c d , ’ d  in the  same way : K ’  = ( V ’ ) K E Y + X ’ .

Cor O ,  I n u n  i r i  h i s  way  u n t i l  t he q u o t  l e n t  ( I n  L i t  i s  d i v i s i o n

a l c ’c ’ r l t h m )  I: ;  r e n a .  The a ’ c l i : . ’ n n ( ’ . ’  of q u o tI e n t s  0 , . . .  ,V ’  , V in t h e

s t r u c t u r a l  c d . ’ r l v :j t  I o n  of t h e  I n i t i a l  c t . r I n ~ whose cod .’ I : ;  K .  The

a l e ’~ r ’ I t , h m  w h i r l  ‘ar ’n i . ’s  out .  thes e ~ t ‘pr ; i n  c d l i i E N C O D E .

I
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5. a. T f n  ,
~:,‘n1,,, a x _ c o r n t , r ’o l lt ’ 1 I r ’ a b a f l I  i ’ ’ ~ :‘. ‘‘nt ’nCr’ a’ ne a t  r ’

a :; ’’ r i t c ’ nce s  V 1 ,
,‘ ,~ , . . . , V , , . . . at  t i r n ~ ir : ’ ’ ’r ’v a l  :; t =  I , c ,

ta 1 , ,  ur r . i ’ ’ r ’ l v l r i —  au ’ a n n a : . H H h .’na  i n ’ “ ‘r n ’ ~1 s t a t e S  1, 2 , . . .  ,‘~~~~~, ‘ i c

f i r :  1 s l a t , , ’  F a r i d  a n . ’x ’ . st.a t , ’ ’ f’ an c t i o r i  1
~~~~~

’1 T “n O L ’ T i ’  ‘ ‘  t V

f t b . ’  n:: ’ ‘ran  ¶ a of f . I e f  I n d  h ’j

t ’ ( V , F t : L L)  =

t ’( l , V )  = F f ’ .:’ a l l  V I L;

rjr~J to n ’ ,E 1 , :“ E “ T ’ . i n i f ’ ‘ I ’  i l l  ii E V
T

=

l ,~~ t h e  a d d i ~. i o n  of t En ’ s t at e  T w f i t n h  c o r r enp o n c i s t o  ‘, f n ’ ’

eu ro U r r c ’ r t of V~ UF  i n  V~ the  r i a t o m a t o n  M is s a i d  to  be

c ’m r ’ l e t ’ .’ l j  Spec I f  H I .  In t he  f o h l o w i  ne Wi ’  w r i t e  H For H and  1’

f ar ’  F ‘ t n i I ‘, ; c . a s sume t h a t  H is d e t e r m i n i s t i c  w i t  In t I n ’ ’  m i n i m a ~

a u t t e r  of ’ s t a t e s .

t .  Ar . t , =t , t t ’ r ’ e i: ;  o n l y  one s t a t e  V (r’ i ’p r e sr .’n t e i  by J U L L )

~.t ’ u~~ ” n S  each n e r r t . .’ r i r e  
~~ , by the  nn~ e ’ni ’ t t h m  i e s c r i b ’ d  e a r l  H r .

‘i’ n a t  m a , f or  each  s e n t e n ce  3 ( t )  a t ,  t im u ¶ of ’ lerni ’ ’ h L ( t  ) , a n i

f ’ a ‘Inn  th  d=1 , 2 , .  . . J V ( t ) J r’ ’wr I te

= :
d (t), z

d
(t)

= (Vv:
~
:
d
(t
~
)), zd (t ).

I f ’  f r ’  a l l  t i n ’ s  t, , :; 1 ( t ) E L , t h a t ,  i s

VVX d (t . ) = Q

r i n d  c o r u v . r t r , n I c E ~ o b t , , ’j i r i e d . O t h e r w i s e , a t , n, ome f i n i te  t , for  se n t ’

dep t h ‘I
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I
0 = V I” X d ( t )  / 0

i . .  ( : :uL ’, ) , :~ (‘.) t~ L ‘ i ’ i ’ i  y : ‘i ’ t i O t (~ ~~~~ a 
~~~~~~~ 

: ; t , r i t e  l l : ’ , r .’ ‘ ‘. ‘1’e r ’ ’ ’d

I w h H h  i s  .I ’ t ’ i n c ’ i  by V F Y 1 ( n )  ; i r u i h u t , ; t i c  i s  r et  r n c ’ ’ n i ’ . r ’ ‘h ’

I .~‘H ’ h:1’ . J r a u Q l , ’d [v1,] w h i ~~ is  N IJ LL , Y 1( t , )  = ‘h ( t ) .  F’i , I :t o w

n o~’ ’ n ’ ”  nt ot iS . i~~~ or ’ L i t ’ ’  h i ’. .’ r ’ r u ’.i J  s ta’  en of H.

I~’ a n ’ ,’ ‘ 1 st ’ ’  t. u n c u t ’ :  a t ; ’ .’ rn r u ( ’  ) s t a t e s  h a v e  b e n  d l a c o v e r ’ ’  . 1

a r ’~ r f o r  acr e ‘ i t  Th 1= 1 or 2 ca r , . . . ,  or IS( t)~

V ( t  ) = “IPX , ’ ’ ;  t E n  e i t he r

( 1)  F’~~X I : ’ . e l a s a i f m ’ d  to ar P y , i S t i n t -  a t a t e  a r n o r i V  t . i i ’  . , I i n c r o v e r e ’ d

sI a ’ ~ 5 ~~~~~~~ ‘ 1 ‘ ‘ 
~~~~~ ~, 

or

( 2 )  V~”X scove r s  a s t a te  V .

I In  nr ’ci ”o’ to c r ’eat ,e t h i s  st a ’e , we r’ c ” q u i r ’ 4 , ’ t h a t  e ( u , c )  � I

a l l  A~~ [V
0 ,V 1, . . . ,‘I~~~~~], c’i h e r ’ n [V 0 , V 1, . ~V~~~1] 

, .ie nic’tes tbc’ set

u t  r ’~~l r ’ en ~n nt or s  o f ’  the ::..’ a l a l  “ a .  ~
‘
~~

‘ t i e. .. ’ t , f i r j t

I t n t ’ ’  set ‘I , V~, , . . .  ~~~ i n  a subset oF 1 ,2 ,.. .,n
~~
.

C l e a r l y ,  r n ( ’ . ) < n for a l l  t i m ’s. Ot ,h er w  ise , for a rn”

f V = V!”X , Z E L  we w o u l d  have

e ( VFX , z )  # g ( [ k ] , z )  f o r  k = l , 2 , . . . , n

I . e .  V FX no t  e q u i v a l e n t  to any  of t h e  s u bs et s  of t h e  t a r t  it  i on

I of V~~. This  is i m p o s s i b l e .  Note  that .  t h I s  e nsu r e s  t h a t  t he

I c o n s t r u c t e d  a u t o m a t o n  w i l l  h a v e  a t  most. t he  m i n i m a l  n u m b ’ n ’  of

s t a t e s  r ’ ’n u l  ~‘ed .
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