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1. To learn  s’.’n t .-tc~~~c n nt t ~ rns .

The 1ollot;~ n f ~ s t u d y  was s t a r t ed  fo~~low ;.nC a a t scu s s ion

wi th  Leon Cooper , ~‘a i t cr  Frc1ber~ cr , and ~~n~’y K u c e r a .  The

topic  had been l anr ~uaCe lcarn ~ n~~, how c hi l dr c : ’i iCa ~~a a lan~ ua~ c ,

and to what  dc,~:’ue it is poss.Lble to consttu ~ t; a mode l  — an

ahduc t~~o~ r .ach i .nc ’  — th a t  can p er fo rm su ch t a s k s.

We sinr ~led cut  one par t  of language l e a r n i ng ,  nam ely  to

discover  the  s yn t a x .  This means that  we leave aside the

~n tr i cat c  p rob l ems  preceding syntax  ~ea rn inC,  such as speech

segmentation , learninC and recognizing words , and semantic

association.

Also we would of course t ry  any a bdu c t i o n  : chine on

formal  languaCe s r a t her  than na tu ra l  languai~e .  it ;  seem s

natural to start with some •simplc classes of iar.~ u ag e s .

A question that  arises immeaiat e ly  is wn ota cr  our pro~~em

is solvasle  ~.n tne  sense of logic.  ~t is well  ~:nown t n at  some

~eeming1y simple  que s t i ons  in formal  languages  arc not  so lvable .

To men t ion  j u s t ;  one example : it Is unso lvabl e  if  the  languages

produced oy two context free graxr.mars arc er~t~ ca~~.

However , this is not what we are really trying to find out.

Indeed , 11. we could construct an abduction mac;Ur.e th a t per— ________

formed its t a sk  in principle but required an enorm ou s  c o mp u t I n g 1~~ 1~~1~~~~
~~~~~~~~~ ~~effort to do it , then we would not consider  this a satisfactory

solutIon . Also we would require tha t  the  f u n c ti o n i n g  of the  
_____

machine should be natural in the sense that its operatIon

resemble the way that humans learn syntax , or at ~east does

not seem completely artifIcial .

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
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On the other hand , If we had an unsolvable problem at

hand , bu t  could produce  a machine tha t  produced a learning e f f o c t

w i th  reason able  co:nput ing e f f o r t  and w i t h  r e su l ts  t hat  ~~ o r o x L —

mate the true r r amin ar , then we may be wI l l i ng  to accept  It as

a so lu t ion  to cur  problem .

In other  words , what we are a f te r  is not competence  but

performance. ome important consequence of this decision wi l l

turn up in lat er  s ac tions .

It is obvious  tha t  the amount of pro pro gr amming of the

neural net  tha t  is requIred for this task w ill depend upon how

general is the class of grammars that we allow . ~or th~ presen t

paper we shall assume that the grammars are at least csmtext free

and most of the tiac even finite state gr ars .

The neural machir.es used will  resemble the ones we have

used in earlier work. They can still be considered as dynamIcal

sytems in a wide sense , but where the sys tem Is no t represented

by ordinary differential equatIons but have the structure of

automata.

We shall perform experiments that  wIl l  help us ur~d~ r stand 
-

how abduc t ion  mach in e s  should be c o n s t r u c t e d .  For this  purpose

it will be conveni en t  to have available a pro grcu~ th at will ho ip

us set up the grammar easily and wi l l  generat e sentences  accord —

ing to it.

The model used will be the one Introduced Th Grenander (1966)

and studied in some later reports. ‘iith a given lexIcon of

words a,b ,c ,... we postulate context free rules of the form

—~——.— ~~~~ ~~~ ~~~- ,,



—~~

0

(1.1) -~

where  v en~ o~’ ~~.e sy n t a c t I c  var iab les  and st r i n g  is made

up o~ werle aa~. v~~’~~Wies . The variables :111 be labeled by

3 Yor a g L v c n  v a r iab l e  v we assume a

p r ob ab l i l ev  fl:Y b i Y c n  over  th e  rules  tha t  r e wr It e  tha t

symbo l .  ~ e h~ ’:~ : : n  e l s ewh e r e  wha t pr op e r t i e s  those

pro~ aL ’i l e t y  d l e tr lb st ons mus t have in order t h a t  the  p r o b a b i l i t y

measure  In d u c e d  o v e r  t h e  set of all finIte word—str ings be a

real one in the  sense that this set have t o t a l  p robabil i t y  one .

It will  be assumed tha t  these  proper t ies  hold for  the  grammars

we d e f i n e .  ~ e then speak  of a synt a : . :—ccnt ro l le i  crob ab i l i ty

~ranmar.

A c o n v e n ie nt  v e hi c l e  for  doing t h i s  is the  A?L program

SETUP given in the Append ix .  It i n t e r r o g at e s  the  user  about

the size of the lexicon , what syntactic rules , what probabilities

associated w i t h  the rules and so on. Then the function F~E~1RITE

will generate one grammatical sentence according so the model.

Repeated calls of R WR1TE will give us a samp le from the

language .

It will be Instructive for the user to generate a sample

and see how a hum an would t ry  to d iscover  the u n d e r l y i n g  grammar .

• It is not so easy , even for simple grammars . ~e now burn to the —

main questIon : construe a machIne that does it.

_______ .— . _,w~ ~~~~~ ~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
-

~ 
—— _

~~~~~-1- ~~~~~~~~~~~~~~~ •~~~‘ •~ ________________________________
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• 2. A na~ ve a bdu ct i cu  m a c h i n e .

How does someone learn a language wIthout explicit Instruc-

tion in Its L~r ammar?  Do children group word s into word classes ,

employ c o n c e pt s  like parts of speech , scorch  fo r  rules?

~1hcthcr t h is  ~s Os or not it Is at least  t r u e  t h a t  t hI s  is the

way . grarnrnari ans have been opera t ing  from P a nin i  and Thrax on.

Let us t ry  to imitate this. To put It more formally let us

consider two s t ring s  u and v of words . T2hc s tr i n g s  need not

themseivos be grammatical sentences. ~f It ~s ~rue for any

pair x ,.y of strangs that xuy and xvy are s~mult:r.cous y

grammatical or ungrammatical the origina~ s;r .~ngs are saio ~o

be equivalent , written as uEQ v .  O b vI o u s l y  ~ is an caulvalence

• relation and it divides the set of a l  finite strings into

equivalence classes. ThIs ~s an estableshod aoproach in formal

linguistics.

To simolify the dIscussIon we shal l  assume that our language

~~ i& a finite state ~anguage , waler, 15 t ao  sa;se th:ng as to say

that it is generated by a finito state grammar C , ~~ = L(G)

Then , after sorso simple changes all the syntact ic rule take the

form , eIther

(2.1) 1

where i and j arc syntactic variables and a is some word from

the lexIcon , or 
-

( 2 . 2 )  1 -
~~ a .

_________ -~ ~~~~~- :  ~~~~~
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In the  l a t t e r  case one speaks of a t e r m i n a tIn g  ru le . ( 2 . 1)

and ( 2 . 2 )  nrc ru les  of a r Igh t  l inear  grammar .

Lot us t ake  as an cxasv le a, = asober LL ’ words = 3 , so

t ha t  LE XI C ON ~a , b ,c} and n~ = number of v~~ri~~bie~ = 3, so

tha t  1=1 , 2 ,3 .  The ru les  w I t h  their probabil Ities could be

r l - ~~al .5

l - ~~b2 .5

2 - ~~b3 .5
(2.3) 2-p c .5

3 - ~~al .5

L 3 - ~~b .5

E qu iva len t  to t h i s  Is the  de tc r m ir • i s t i o  f i n it e  ~t~~tc a u t o m a t o n

in Figure 2.1. Tao au toma ton starts ~a state ama ~o~lows the

transitIons In the  wrong diagram accord ing  to the successIve

words in the inp u t  s t r i n g .  ‘~,hen it comes to th e  end of the

string the zentonce IS  accepted as grammotis.a l If and or. y If

• 

. 

- 

•

F~~ru ro  7 . ’.

_  
-~~~~~~~ 

•

~~~A ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ * ~~~
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the machIne Is in the final state F. The functIon SETUP

generated a sample beginning with

A A13 C

AABBAAAI 3BAABC
BBAB BABBB

• r3BA~ C

AB C
(2 .~~) BC

ADD AAAB C
DC
AAAAAA D C

~or a r ight  l inear  gr ammar one need o n y  cons ider  uy and

vy to d e f i n e  e q u I v a l e n c e .  If u = ab and v U It is seen tha t

wi th  these two s t r ings  as a beginning the a u t om a t o n  in Figure

• 2 .1 will be In state 2. Whatever fo~~o~:s o~ ~s c~ car t iat the

result ~i11 be either grammatical or u n gr a mm a t i c a l  so tr•at

aEQab . They belong to the same equivalence citso . On the other

hand the string Ub onus ~n stabe 3 so toat 55 oe~ cn::. to another

.equiva~ence class. The s t r ing co cannot be gonera~eu by toe

machine but It 11 be convenicr .t to add a new s ta t e  to take

case of such strings and theIr asju ivalen ce  c l a s s .  Thea it Is

sccr ~ that the  strttcs of the automaton and the associated syntactic

Var ia bles corre spond u l re c t ly  to the eq u I va l en ce  c l a s se s .

__________ —— _~~~~~~~~~~~~~ -_~~~~~- — a=—=-_=.——~-——~~~ -~
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Consider  no w the  reactions of the Imag:Lr.od chIld to its

language environmunt . Woen I~ 1is~ ons to p r c s ur n ab iy  gra~r~na tlca 1

sent ences  it  w c u . ~d look for  equ iva l ence  c la sse s .  To r e p r e s e nt

them it is en ough to  se lect  one s t r i ng  fr om cash  and shor t

s t r i ngs  w I l l  he adequ a ~ e unless  toe nu m s er  of var iab~ es Is quite

large . Say that one considers the set of all strings of length

at most equal to  ci , fo r  dep th , as c a n d i d a te s .

The maximu m number  of e cuiva l enco  c lasses  t h a t  could  be

found in this way :s

(2.5) n
~ 

= n
~ 

+ n~ + n~ + • . .  ÷ fl~~ = _ _ _ _

Note that ri increases fast with ci.

As sentences are being encountered the  listerner tries

the in i t i a l  s u bs t r i n gs  up to depth ci as candidates for the

distinct equivalence classes. A sen tence  ux is compared w i t h

earlier encountered sentences of the form vx. If they can be

found in memory i t  a lso looks for  se nt e n c e s  uy and ‘iy. an

Ins tance  iS x o u n d  in woich uy ~s gramma saca~ bu~ vy not it ~ 3

clear that  u and v are not equiva len t .

Create a m a t r i x  and put  a large nega t ive  r .umb cr  in

the cell co r respond ing  to the indIces of u ~nd v each tIme the

above event occurred : this ~Ignifie~ that u and v be long to

d I f f e r e n t  c l ass es .  On the  o ther  hand If uy and vy are

grammat ica l  for  some y increase  the  value i~ the  cell one u n It .

L • 
-• 

~~~ 
-
~~~~~~ • •  

•
~~~~~~~~~~~

• • - • - •. ~~~~—
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• The latter Is done by 3 soak ln f l .  The se nt e n c e  vy Is

spoken and i~ i t  is accepted by the e n v i r on m e n t  as cor rec t  the

cell  va lue  of t l io  ma t r ix  Is increased as m en t I o n e d .

As t . Ime ~ oes on the p a r t i t i o n  w i l l  be i .Lner , lack of

e q u i v a l e n c e  wi l l  be e s t ab l i shed  w i t h  c e r t ain t y ,  wh I l e  e q u I v a l en c e

only Is gr a d u a l l y  Increased .  ~- e  r .ow apPly a tareshold logic.

If u and v have i cell value whI ch  Is p o s i t i ve  we t re a t  t h e m

(temporarily) as equivalent. This wil l  not necessarily be a

t rue  e q u i v a l e n c e  r e l a tIon  since it need not be transitIve. ‘~?e

t he re fo re  have to extend it by forming chains by pa rwise

equ iva len t  pair s  of i nit i a l  s t r i n g s .

The m at r i x  is in i tia l ized  by p u tt in g  oll ontrios ecuol to

a modera te ly  large negative number: the tab:ia r~ ee hypothesis.

The flow chart looks as in Figure 2.2.

The block SPEAK AND TEST involve a good dc~ l of computing

with comparisons and matching . Here we need a fl t e a c h i n g r~

program called ACCEPT , see Ap pendix , that ‘.~ill also b~ used in

a more ambitious abductIon mach ine .

ThIs machine was coded and run w i t h  the  :‘o~~ o~:ing ~xpor i—

ences .  The m a c h i n e  worked ~.n the sense thas fox’ very smal l

number  of v a r I a b T L e s , t hey  and the  c o r r cz D o n d i n g  ru les  w e r e
• eventually di~~cnvcee c i . In sp i te  of t h i s  It wa s  deemed a

fa~ lurc ~or three redsons.

1. Even i:~ these extremely sImple cases It was

exas~eratingly slow .

~iA
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2. The space requirement was growIng -at an unaccep t ab l e

rate as each ( n o ’ .- ’) s e n t e n c e  heard had to be s torc:i  in i t~
memory . This Is very  u n l ik e l y in humai~ L e a r n i n g ,  perhaps

imp o ss i b le  b e c a u s e  the  s torage volume r ecu r e J .

3. The s ear c h  in SPEAK AN D TEST and the  followIng blocks

in Figur e 2 . 2  is too s y s t e m a t i c .  Wha teve r  way hu m a n s  may u se

to learn graramar t h i s  is not it .

0 t h e r e f o r e  cxocided to scrap tais aeduoteon ma cmane arid

bui ld  a b e t t e r  one .

3 .  A s mar t er  m a c h i n e .

The ide: to  look for e q u i v a l e n c e,  c l asses  ss i l seems r r cm i s i a g ,

but  not the  way i t  was done . To v~ sualI :c  t h -  n e u r a l  ne t ’:o rk

needed for t he  c om p u t i n g  in Figure  2 . 2  look at - the  d iagram is.

FIGure 3.1.

Figure P .1

_ _ _  
_ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _ _ _ _  • - 

--~ -- -~~~~~~~
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Here = 
~~~ 

d = 2 , 
~ c 12. We set up a c o n n e ct iv I t y  m a t r Ix

of size 12x12. We do not need more than the cntricz above the

maIn diagonal w h i c h  mean s  n c ( i
~c

_ l )  va lues , In t h e  p i ct u r e  132.

Id; TAR U LI \  R A g .A al l  the se  values  wi l l  be m o I i c x a ~.oly Large

negative n u m b e r s  - :hi ch wi l l  be updated f o l l o wi n g  the  r e su l t s  of

SPEAK AND TEST . Already for  s li gh t l y  Larger  v a l u e s  for n and

this would lead to enormous storage r e q u i r e m e n t .

What is wr o n g  in th is  machIne is t h a t  It aeo~~~oci~~~b ’,r

aggr ega t ion :  s t ar t i n g  from lots of poss ib le  ec u lv a l o n ca  classes

they are coalesced into fewer until we have a r rIved  at- the t rue

number of classes.

Inst ead  we should  s t a r t  from the o p p os it e  cad . A ssum ing

tha t  there  is Or i ij  eri e e q u i v a l e n c e  class ( th e  f u n c t i o n  TA~~JLA

in the Appendix) the machine listens to grammatIcal sentences.

• I t  takes initial substrings and determines it s  number ari d class

(from the upda~ed matrax CLASS). Tnis C L ~~SS may contaan several

oth ox s uo s t rj n g s .  Ore of them as selectee . a; ~‘nriL~om ~no

systematic search; nnd  it wi l l  be t e s ted  for  e qu i v a l en c e  w at a

the fIrst one. DependIng upon the outcome 0.’ the  comp ar ’isos

• either a now v a r i ab l e  (row i~ CLASS ) is c r e a t e d , or a s ub s tr ir . g

Is moved from one row to another , or no act I o n  i s  t a k e n .  Al l  of

thIs is done by t h e  pro gram LI NGU A which calls the comparison

function TNP T , s~~e A p p e n d i x .

We now cla im t h at  t h i s  abduction r’achTne is censtston t in

the  foi 1o~-:ing a er ’f o~’man ce sen se .

• —— — - 
~~~~~~~~~~~~~~~~~~~~~~~ 

-
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/
Theor er t .  Consi~ie r  t h e  a lg or i t h m  d e sc r i b e - i  : ~~ i’enr’esentod by

the__flowchart; in ~-Jgui’e 3.2. Assume t h a t  DH P TH d t h e  c len th  o f ’

t h e  t r u e  g tm ’in: : i~ . As th e  t o t a l  n u m b e r  o 1’ ~‘a 1; en s , TOTAL ,

ten d~ to r iLi ri t v  1 o-a r n In g~~~f the grzirss-a r’ o c c l n v;  ~‘: th s r abab ,L i ,t tv

one : the  number or classes and the  c l a s ses  the:rr~eives will

• converge to a l im i t  such  t h a t  it and th e  cc r : ’e r r - cnd in ”  r u l e s

fo rm a grammar - “u  ‘ ‘alent  w i t h  th e  t r c e  one

Proof :  ~ inco the  search is not s y s t em a s ac  bu ;  ~t -o some e x t en t )

random any convergence  must be of a p r ob ab I L i s t c k In d .

Say now t aat  for  a large number of T a cer ~ ain se~ of

classes have been e s t a b li s h e d .  As new s en t ences  come along two

action  can be t aken : e s t a b l i s h  a n ow class ~~ acre  an in I ti a l

sub st r ir ~g f rom on e c lass  to an o t her .

The f i r s t  ac t i on  wI l l  occur  if the s e nt e n c e  s t a r t s  w i t h

a u s t i l l  be long ing  to the  f i r s t  class set up in TA DUIA , but

r ep re sen t ing  a r eal sy n t a ct a c  variacle  ais~~a n ct  f rom ~ne a n it aa l

symbo l .  ~f u has not  ye t  been e st a o l a s s~ea taci”; it  a pos i t ive

prooaoi i~ ty  in coca at er a t lo n  T tnat  i~ wI1~ be aiscoverce. .

Hence w i t h  p r o b a b i lI t y  zero th i s  will happen a ft e r  a finite

number of iterations.

The sccon i actIon means that it is dIscovered that two

• s t r I n gS u and v , that are put in the same class temporarily ,

will be detected to be nun—equ~.va1ent but v is belIeved (for

tne moment)  to su e q uiv a l e n t  to s ome oc iong in g  to as. a reae.’j

established c.~nsr . Then v wal l  be moved to t~ e c~ ass o:

In order thaw oh~s snould nappen let us assume chat aa~ c lasses

• 
• 

- 
- - ~~~~~~~~ 1I ~~=’ ~~~~~~
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• have been c re a te d  (we ai r cad ~ kno~r that thia ; ‘:111 happen after
‘finite time). ~Juc to the finite depth only a f in i t e  number  of

arrangements exitt for the grouping of the ir i l t i a l  str ~ nr ; s

For each one there is a uo~ itiv~ probabilit’,’ ~ot or . L r corx ’ec t

groupIn g s hal l  be d et e c te d  in one tr i a l . :rc: -ice , as -
~~ ~~ , all

the equiva le n ce  c lasses  wil l  be cor rec t l y  established after a

f ini te  n umb er  of it:ar’atioris, again with p~’eb~~ I’~~~’c o’ -~
This c o n c l u d e s  tao proof  of conve rgence  bu~ i~ :nou~ e. be

noticed that the pos i t i ve  p robabI l i t ies  me r .u loneu may bc small

which wi l l  r e s u lt  in a very low learning ra te.

It Is clear tha t  this  abduction machIne  ha s  only a modest

memory r equ i rement  compared to the ear l ier  one .  Old s e n ten c e s

need not be r e m embered , nor is it n eces sa ry  to st -o re  the  enormous •

matr ix  t h a t  represented the syntactIc rc-LatIcsa mips in cu ar i t i t i v e

terms of s t r e n g t h  o ’. b e l i e f .

The learnIng  mechanism also appears less ar t I f i cI a l . It

st i l l  has the LISTE N—SPEAK cycle but the spoken sen tences  are

beIng correc ted  in a less sys temat ic  manner .

• It should also be remarked that no claim is made sh~ t the

• or iginal grammar is learnt in exac t ly  the same form as i t  has

been def ined .  The claim Is tha t  as it conver ges  In the  sense of

• weakly cquiv a1en ~; grruamars .

• 

• 

a m a t t e r  ol’ fa c t  the search I’or ccu iv e . l c~~ce classes wi ll

r esul t  In a l Im t t  mg r,rammar w i t h  a min Imum numbe r  of varlab cs

or classes. In thiz sense the abduction machine appeals to

Occa m ’ s raz or .

- ~~~~~~~~~~~~~~~~~ •- ~~~~~~~ ~~~~~~~~~~~~ 
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To test  for  speed of convergence  the m a c h i n e  was exposed

to var ious  f i n i t e  s t a t e  languages .  The speed or l ear nIn g  was

much h igher  In n’,-neral than for  the n a i v e  machine . For example ,

the grammar  ( 2 . 1 ) , ‘.- ihi ch took very long to  l e a rn  b e f o r e  was now
• 

learnt almost immediately . For T=l the varloblc- s S and B3 were

es tab l i shed , for  T=2 the  var iab les  A , for  6~ 5 the  var iab le  30:

TA SULA
LI::GUA 20

NE~1 vARIf ~ r~E 13 0 SEATED AT SENTE N CE N O.  1 = F AS:AASSS
Nm” VAFL~r3LE flB CESATED AT SENTENCE NO. I = s:3AS ~~AA3i33
I-~E 1.T VA E1AI2LE A USEAT ED AT SENTENCE NO.  2 =

NEW VARIAi3LE BC CRE ATED AT SENTENCE NO.  6 = so

In other’ runs the performance of the abduction machine was

sImilar , in no case requiring more than 10 It era tions before

convergence was established. -

For other finite state grammars with many variables and

rules the  t ime it took was longer c o r r e s p on din gl y  bu t  no

• exorb i t an t  number  of iterations was r equ i red  in th i s  series of

• t e s t s .

I would l Ihe to report  on one tes t ) not because the  gramm ar

• was more compl ica t c ’d,but  because the  r e su l t  seemed surp r i s i ng  at

f i r s t  and lea to  some r e f l ec t i ons  on t ao n o t i on  of s t y l e  tha t

• ought to be exp lo red  in more dep th .

I had been looking at languages where  the  sen tence  is not

j u s t  expressed as a l inear s t r ing  of words but  t ak es  the  form of

a colored picture . ~ore precisel~’, the question was whether one

_ _ _  
— -~A

L ~~~~~ 
—— .~- $ ~~~~~~~~~ •~~~~,•

.~~~~~~~~~~~~~~ • • • • -~~~~~~~~~~ •- •‘— -~~~~~~~~~ -‘~~~~~ • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~!‘. ~~~ - •



16

could f i n d  syntactic rules that would genera te  at least  t yp ica l

f ragments  of hi~~h l y  stylized pIctures , say in the style of

r~ondr ian .

The gr~unmar t r ied  was the fo l lowing  one . The words were

f ive  A ,D ,C , D , and E with the rules ifl the  w~ r~ ng diagram of

Figure 3 .3 .  G e n e r a t e  two sen tences  from t hI s  finite s t at e

aut omat on, code A ,3 ,0 ,D ,E i n to  0 ,1,2 ,3 ,~4 w i t h  th e color key

0 — whi te

I — blue

2 — r e d

3 — yel low

— black

Use one sen tence  for  ho r izon ta l  e f f e c t s , the other one verticaL.y

and add the  key va lues  rn odulo 5. PIctures are then  obtaIned

lookIng like the one in Figure 3.14. It can be q ue s t i o ne d  whether

this  is rea l ly  yc ’ndr ian~ 1ike , bu t  t h is  is not  the poInt here .

When the  ab d u c t i o n  mach Ine  was exposed  to  sen t e n c e s  con-

vergence seemed to be much slower than  for other , seemingly more

d i f f i c u l t  l angu ar ~es .  it CoU ld look l ike t h i s

_____ — ______ ______________ •• --- • 
_______‘F 

— -•--

~~~~~ 

—
• •- .~~~~~~—‘—- - - • • • --- ~~~~ .• - __ --
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• ‘ T~{E ?4ONDFIIAN MAC~ IN~
Figure 3 .3



- - w—~~~~~~~~ :~~ ~~~~~ — ‘-
~~~~

-

18

• 
- 

, 5tN 1~~NCEt
‘AC AE A D AB A E ADAB AEAE A CA A . .a AC AC~.3A~~AA ’

• •

~ 
~~~~~ : - - - 

- _ — - , - • •

— 
~

- -—
~~

‘
~~ ~~v:~’—- ’~ , ‘ ‘ ‘  

~
—‘ —-

~
‘- 

~~~~~ •- ~~ 

~~~ 
r-~~~ r~’

~~ ~~~~~~ 
~~~~~~~~~~~~~~~~~~ ~~~~~- - l?, ..~ ~~

. -- ~ ‘
~-‘~ e’ 

~~ f ~ 
; t i - -  • . -

.,._ .‘~ i . h  ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~“ r~”~’. et Li 4~~~r1~’~’ .~.J L._.......~ ‘t~. .gj _....~.,
~~ ‘m ,r~ ~~

- -—-
~

-. 
~~~ ‘~~~C 1  ~~~

- ——--i
• _ ~~~‘‘“‘~~~~ v~-y-”~ ~~~~~~~~~~~~~~~

( • ~--~•~~_ (: 
~~~~~~~~~~ ~~~~~~~~~~ .._ ...~... .

-~ -~ —— ~ --~~ ~~~~~~~~~~~~~~~~~~~~~~~~ -r •
~ • ~~~

. •~~~. , • %

~ 
p ‘ —

- • • • • - - ,l. ’ r •. ,-

~~~~~~~~~~ 
_-..-- --.

~1 ç..~c 
~~~~~~~~ 

—;
- 

- t,., j 1. -~~~~~~~ ~~~~~~~~~~~~
-
~~~ ~~~~~~~~ - 

~~~~~~~~~~~~~~~ ~~~~~ “I{ _L 
, I

~ • ,t t~
-
~k~ ~~~~~~~~~~~ 

- -

• • 
• :- . - : - ;. ••-~ -‘:~;a’ 

~~
- ‘ 

• 
- - 

-

- 
- - - . .-:-

- ‘- -  :~ 
: ~~., 

-
. -

Fip ure 3.~

—a-,-- -—



— 

-

~~~~~~~~ 

-

19

:J t !G~J f i  ~ I)
A l ) , 1 l ) f i 1 ) , ’t
tii~;i vi ~,r1i ~ r. i: ,~ 

(~~ :A ~~~ ~ ~“ s-i ,-: ~‘l~t ’C.~ !If l  . 4 i ”A ~~~i’ T) ~~

I-! i::/ ‘~‘/ l l f A? [. i- ’ A P  C/ ~i ’.-1 ,”l’, , ’) ,4T 51-:llY’i- I /C !  f / V .  :

.1 /f,i 1)/t i ; -~ ~/ 
f) ,’~ (:i

’ j ) I  jl /)/ ~A A

i: ‘~t. nA ni :r- CA PA Pf i~’~i~ lf . -1 114 cn f l A  CA 114 CA EA BA P/ I ~~ /14 PA (14 flA PA )A 114 CA p~ r~ CA C/~ L , CAfi
i~ CA ~‘/ C ’  / ~1 .

A ,14 L ’A 114 C1! P A CA CA 114 1-14 CA PA 114 Cr1 PA P A 114 CA PA CA CA .4
A Pt CA LI/ PA t i’L PA CA L A  CA CA EA A -

i t i ’ A C A C I  P A A
/ C,: C, ?14; ; , , A 1 ) A C A P A . C / . P /~PA~~4 CA f / . P AEA 114 l - / S ~/ . P / ~
/~ LI/! !)A. / 1,1 C,I A

A 17, ct. y r . (:~‘ PA CA ~~i; A
AC,~Vf i C A ( , ~P 1P , h ii i14 CAC/ ~il
/!j 14f14j ).’ C.’,C/ ~ ~~~ I:,’; CAlM C1 CA DA 2~Al?t.C,4~~i.E, / ~Cf l CA C/ ~,f l ’ A
)ACAC/, CA/ -

A ~~ PA f),P 
~~ 111 

‘~ii LI A

.~iP:.’ VA i’~i t ~ A/  c:~:1~ ‘[PP A ~
‘ ~~~rP;, ’ ci; ‘~~~~ - -

.

‘ it PA E/I CI.A 
. • 

-

with only A ,AD ,AA as established variables after 20 iterations .

Fur ther  It e r a t I o n s  yielded no mere variables. The ser.tences tend

to be r a the r  long ,  in one extreme case over 100 words long, but

th is  should only margInal ly  In f luence  the comput Ing  tIme needed

since most  of it goes In to  process ing  shor t  I n i t i a l  z u bst r ln g s .

The s o l u t ion  Is quIte simple . The grammar recovered ~s

. indeed weakly equivalent to the gIven one as can be seen by

Inspection of the wiring diagram in the autornator. of FIgure 3.5.

The abduction machine has reconstructed a correct grammar although

in a different , simpler form , equivalent  bu t  not equal  to the  one

we started out from . It therefore Leems that we could j u c t  as

_______ - 
~~
“

~~~~~~~~~~~ -• - - -- --
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A

- 

_ _ _ _ _

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

~ rL~~~_~e .j . )

well have started out with the- simpler form originally .

Not so. If we had done this it would not have been

possib le  to d i f f e r en t i a t e  the p r o b a b i lit ie s  as soc i at ed  w it h  the

transitlor .s b e t w e e n  d i f fe r e n t  colors and ban ds of d i f f cr er .t w i d t h .

This would have meant that we could not havc- incor3ora:ed such

s t y l i s t i c a l l y  s ign i f i c a n t  e l e me n t s .  - 

-

ThIs lesson teaches us that the notion —
~~~~ style seat we

have adon ted  h e r ’ ,  !s not  so m u c h  a n r o r e r t v  e~ 1-h e r~r’ mmar ,

as the una C e of ~-r a c r r .a i’. It Is r e l a ted  to  r:’er~ an ce ,  no t  o n ly

c Cm p e t c n c e .  - -

_ - , _ _ _  - - - _ _ _  ____
_______ ________________________________________ ________ -
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If this point of view Is accepted It theans , as ‘was the

case for the i1ondr,i -an machine , that it may be necessary to

incrcaso i;ho s.’t o[’ ’,~vr.tactje variables by other t- .~]istic -

v arj a b l — s .  -

Th!s raison t h e  quest i on  of how to f in d  au c qu at c  and
t
~effi.ci~ntU stylistic variables In situations of - grea te r  i nt e r e s t

than th~s rather artIfIcial examole . it is cle ar  tha t  the

a b d u c t I on  mach,tn~ learns Crarnmri r but not s’-vle . Can one formalIze

the search for stylistic varIables?

_ _ _  
_ _ _ _ _ _ _ _ _ _ _ _ _  

- 
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Appendix

To d e f i n e  a s y n t a x — c o n t r o l l e d  p r o bab i l i t y  mode the u ser

should e x e c u t e  the f u n c t i on  S TUB .
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It stores the informatIon in the form of arrays LEXICON , RULES ,

LEN , CUM . I,i orth’r to save space the  u ser  has been r e st r I c t e d

to at most 15 words , 9 variables , and 5 rewrI t ing ruleo for each
- 

variable . If  th~ s is not enough the statements ~lJ, 9] ,  [10],

~~ d [12] should be changed accordingly . The i n i t I a l  varIab le

Is the one label led 1.

L ~~~~~~~~~~~~~~~~~ 
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~fter calling SETUP executIon of the function REWRITE

will gcr.orate one grammatical string r.e~aod -STEI:-Ic; according to
• the model STRINt is a lexical .vector , but if one needs a

numerica l  vec tor  thin is easily obtained by t h e statement

LEXICON t STRING

r e sul t ing  in a vec tor  of the sa~ne l eng th  bu t wi t h each word
replaced by the number of it in the LEXICON .

If I) ‘ ‘ P  ‘ l:’

.-: _ “ -f;- . -~
_
, ‘~~

- : r~ — 1 -  -‘ ,‘ ‘‘

I ~ 1 •~~; ‘ -— ,‘~
- - :? . r ?  ;: -‘ii - ‘  T A P L 1 ’ff;

I , I~~~ -~.-( O -~v / ; :;:- ”) /, ? T 7

I i?1~:? _r ,- ,7 ,--~ ;- : ~— :~ ~~
‘ ‘ ‘

1 7 1 
~~~~ ?~-P ’~ ,r ‘~~~

I - ‘ 1  /~1 :) T;:i ) T ’~’-÷ ( ~~~~~~~ ~1i.~I/ ,p~,i: 
- ) / 1

H .1 iP/~
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Tb~e f u n c ti o n  ACCE P T takes an input  st r i n g  CEN as an

a lphabetic  vector’. The result Z is 1 or 0 acco rding  to whether

the string SEN in jcranvnatical or not . -
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It uses nri array ;:\TE :x whose rows are the numtcrs (In LEXICON )

of the words  and whose  columns are the s tat e s  1, 2 , 3 , . . .  i f

necessa ry  increased wIth additIonal s t a t es  an deccr !bed in the

t e x t .  The en t r t c s  are the next state whor e  0 st a n d s  fo r  the

final state. The automaton in FIgure 2.1 fo r  ex amp le would have

(3. 2 14

-1 4 3 0
=

1 0 0

4 1 4 )

The f u n c t i o n  TABULA se ts  up one singTh equivalence class

and soise se lec ted  var iab les .  The matri :- : CLA -g : 111 have N COL

nu~ib er of colu ;nn n = n .
‘1 nii /l1!L;1

- 1i ~i Ci0~ O 1 ( ( i J ) ) o . �i 1 ) ) + . x .7 ’’~’: j P
r :~ :i ;!co r.-~— cu [ n  + ~ .1

[ I : ] C 1/ ~~’d3 4— ( 1 , ~/CO J, ) ç 1

I ~~~~~ ~~~~~ 1

The function LINGUA has one argument :10EE num~ ei’ of

additional sentenco~ to be generated and p r e s e n t e d  to  the  l i s t e n e r .

It u~ cs the subrnut].nos CODE which  t akes th e  nu ; :ib cr ’ of the

substring and pe-oduces the substr ing  and DECOD E which  is the

inverse function , both for substrlng In the  form of numer ica l

vc ctors . -

-~~~~ 
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LINGUA p r i r 1 t n  out  each sentence  heard ~nd ca l l s  the  comp ar i son

~ 1• function TEST . -

V TJ N G U A  MOR E
C i ]  T-- 1
[2 ]  £ i , 1 : R E W R I T E
[3]  S T R I N G
[ 14 ] SF’IT+LEXICON’LSTRING
[ Si  ~‘nxs- ~-i
[S i  LL2; BEGIN~~, SEJVT[ t TAKEJ
[7 ]  V- *-DE COOE B E G I N  

-

[ 8 1  •~; Ef -4 - CT,ASS[ C LAS S[  ; V ] / ’ i L V ; ]
[91 SST4-Sh’T [l;]/lIICOL 

-

[10]  ‘J ’ESTV~-SETL ?(pSET)[1]J
[i i i TIcST
[12J TAXE÷TAKEi - 1
[1 3]  -~(T/lXE�DLpSENT)/LL2
[114 ] T4-T1- 1
[i s ]  T ’1XE~— 1 -

[ 1 6 , 1 ‘J’ O ’°-. - TOT÷ 1
[1~~,i 

_
~( 1 ’~ ,~ , L ) R t ) / L~~:

I

TEST prInts Qut on. c~i. decision to i n t r o du c e  a n ew class , th e

subs t ring  cor r c-sponding  to  it , the  sen tence  ~umtcr  when it

occurred , and the r o nt en c e  i t s e l f .

Af t e rwards  t y p i n g  CLASS wi l l  p r in t  cut th e  LASS array

which  t e l l s  us h ow th e  classes that have t e en  e st ab l I s h ed  up

t I l l .now are composed from substrlngs . ThIs will ena~1c us to

easily r e c on s t r u c t  the  corr esponding :‘e~-:r i t ing ru l es  and the
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wirIng diagram ol’ the fInite state automaton that generates the

- 

language as It has been l ea rn t  up t i l l  n ow.

V TPST
i i]  U - ’-CODE TE S Ty
[2 1  YES’-ACCEPT IEXI CON[U . TA K 1~~3EN T ]
[3] ~YES/0
[p 4 ] COMP-’- ,(CLAS.7[ ; Vj ~~O ) / t L V
[5]  TL1:-’-(0~~~COMP)/Tt2[6] ROW ~ (CTiASS[COf’JP[1);j)/jtJCQT,
L 7 i  ROW i-i?OW [ ?0R0WJ
[8] TESTW-’-CODE J?Oii C l ]
t: g] -‘-(--ACCEPT LEXICON [TI-’STW ,T A K E + S E N T ] ) /TL 3
110j CLASS[ (CLASS[ ;V]~~1)/’iLV ;V]i-0
1_ il) CLASSU COHP{1];v3÷1
1, 12] —‘- o
13] TL2:CLASS[(CLASS[ ;V)’1)/lT,V;VJ4-0

~~~~ £ V~-L V+ 1  -

L 1 5 J  ‘ NEW VARIA BLE ‘ , ti~x T C O ; ; [ l 3 E G I Nj~~’ CR E A T ED  AT .3~~~TE N C E  ‘0. ‘ ;TO T; ’: ‘~~STR t NC
1 16] CLASS~- (LV ,f/C0L)p(.,CLA 5[3),V~~t NCOL
.17] -~-o
18] TL3 C0f-IP+1 +CO.~1P

[ 19] -‘-TM
V

- 1

I - .- ~~~~~~~~~~~~~~~~~~~~~~~ —~ —~~~~~
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