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Abstrac t 

We consider the process by which the syntactic parameters of 
human languag e ar e set .  Previou s wor k ha s show n tha t  fo r 
natura l  language s ther e ca n b e n o instan t  "automatic " 
triggerin g o f  parameter s becaus e th e trigge r  propertie s i n 
natura l  language s ar e ofte n dee p properties ,  no t  recognizabl e 
withou t  parsin g th e inpu t  sentence .  Ther e ar e parametri c 
algorithm s tha t  lear n b y parsing ,  bu t  the y ar e inefficien t 
becaus e tlie y d o no t  respec t  th e Parametri c Principle ,  the y 
evaluat e million s o f  grammars ,  rathe r  tha n establishin g th e 
value s o f  a  fe w doze n parameters .  The y d o s o becaus e the y 
canno t  tel l  i n advanc e whic h inpu t  sentence s ar e pertinen t  t o 
whic h parameters ,  an d becaus e the y hav e n o protectio n 
agains t  misleamin g du e t o parametri c ambiguit y o f  th e input . 
Ther e i s on e mode l  tha t  doe s implemen t  th e Parametri c 
Principle .  Thi s i s th e Structura l  Trigger s Learne r  (STL) . 
For  a n STL ,  a  paramete r  valu e an d it s trigge r  ar e on e an d th e 
same thing ;  the y ar e wha t  w e cal l  a  structura l  trigge r  o r 
treele t  ( a subtre e o r  i n th e limitin g cas e a  singl e feature) . 
These structura l  trigger s ar e mad e availabl e b y U G an d 
adopte d int o th e learner' s gramma r  jus t  i n cas e the y prov e 
essentia l  fo r  parsin g inpu t  sentences .  Thi s permit s efficien t 
recognitio n o f  th e paramete r  value s entaile d b y inpu t 
sentence s an d allow s th e learne r  t o avoi d error s b y 
discardin g ambiguou s input .  However ,  th e hig h degre e o f 
ambiguit y inlieren t  i n natura l  languag e impede s learnin g 
even fo r  thi s efTicien t  system .  A n ST L mus t  wai t  a  lon g tim e 
betwee n unambiguou s inputs .  A s w e explain ,  thi s proble m 
i s particularl y acut e i n th e earl y stage s o f  learning .  I n thi s 
paper  w e giv e a  computationa l  analysi s o f  th e performanc e o f 
an STL .  W e the n identif y a n importan t  facto r  -  th e 
parametri c expressio n rat e -  tha t  hold s promis e o f  a  solutio n 
t o thi s earl y learnin g problem . 

Setting Syntactic Parameters is Hard Work 

The Parametric Principle 

Chomsky (198 1 an d elsewhere )  ha s propose d tha t  al l 
natura l  language s shar e th e sam e innat e universa l 
principle s (Universa l  G r a m m a r  -  U G )  an d diffe r  onl y wit h 
respec t  t o th e setting s o f  a  finite  numbe r  o f  parameters .  Fo r 
example ,  al l  language s hav e subject s o f  som e sort ,  bu t 
whethe r  a  language' s g r a m m a r  dictate s tha t  th e subjec t 
must  b e over t  i s  determine d b y th e settin g o f  th e "nul l 
subject "  parameter .  T h e nul l  subjec t  paramete r  i s se t  "ofi " 
i n Englis h an d "on "  i n Spanis h an d Italian . 

Thes e syntacti c parameter s ar e standardl y take n t o b e 
binar y an d thei r  tw o value s t o b e mutuall y exclusive .  I t  i s 
not  ye t  k n o w n h o w m a n y syntacti c parameter s ther e ar e 
(se e Roberts ,  i n press ,  fo r  discussion) .  Fo r  convenienc e 
here ,  suppos e h u m a n s ar e equippe d wit h 30 .  T h e n ther e ar e 
2^° = 1,073,741,82 4 possibl e languages .  Importantly ,  th e 
number  o f  language s grow s exponentiall y  wit h th e numbe r 
of  parameters .  T h e insigh t  tha t  underlie s Chomsky' s 
parametri c approac h t o languag e i s tha t  fo r  a  learne r  tha t 
set s parameters ,  th e complexit y o f  th e learnin g proces s 
nee d b e n o mor e tha n linea r  i n th e numbe r  o f  way s 
grammar s ca n diffe r  fro m eac h othe r  (i.e .  i n th e numbe r  o f 
parameters) .  Fo r  this ,  th e learne r  mus t  establis h th e valu e 
of  eac h paramete r  independentl y o f  th e value s o f  al l  others . 
We cal l  thi s th e Parametri c Principle . 

Settin g parameter s i n accordanc e wit h th e Parametri c 
Principl e permit s a  ver y rapi d reductio n o f  th e poo l  o f 
possibl e grammars .  Eac h tim e a  paramete r  i s  set ,  on e 
paramete r  valu e i s  eliminated ;  an d sinc e hal f  o f  al l 
grammar s hav e tha t  value ,  tha t  eliminate s fro m 
consideratio n hal f  o f  th e candidat e g rammar s remaining . 
I n a  domai n o f  3 0 parameters ,  settin g on e paramete r  rule s 
out  roughl y 50 0 millio n grammars ;  settin g th e nex t  on e 
exclude s anothe r  25 0 million ;  settin g five  reduce s th e poo l 
t o roughl y 3 % o f  it s  origina l  size . 

Ver y fe w existin g parameter-base d learnin g model s abid e 
by th e Parametri c Principle .  Rather ,  th e learne r  evaluate s 
complet e collection s o f  paramete r  values ,  i.e .  whol e 
grammars .  Typically ,  n o on e paramete r  valu e i s  finally 
establishe d unti l  th e learne r  discover s th e ful l  targe t 
grammar .  Statistica l  weightin g systems ,  suc h a s thos e 
propose d b y Valia n (1990 )  an d Kapu r  (1994) ,  d o settl e o n a 
valu e fo r  eac h paramete r  independently ,  althoug h alon g th e 
way the y postpon e settin g a  paramete r  fo r  som e tim e whil e 
evaluatin g th e evidence .  I t  seem s surprisin g tha t  othe r 
model s d o no t  tak e advantag e o f  th e powerfu l  reductio n o f 
th e acquisitio n proble m tha t  th e Parametri c Principl e 
makes possible .  Ther e ar e n o compensatin g advantage s t o 
be gaine d b y searchin g throug h th e spac e o f  grammars .  A t 
best ,  cleve r  searc h strategie s m a y m a k e i t  les s punishin g 
(se e Nyberg ,  1992) .  I t  appear s tha t  th e sol e reaso n fo r 
violatin g th e Parametri c Principl e i s  tha t  obeyin g i t  ha s 
bee n judge d t o b e to o difficult .  T h e literatur e o n languag e 
leamabilit y ha s no t  emphasize d this .  Onl y Clar k (1994 ) 
has addresse d i t  explicitly ,  an d h e considere d th e 
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computationa l  cost s o f  respectin g th e Parametri c Principl e 

t o b e "to o grea t  t o b e acceptable. "  W e believ e thi s 
pessimisti c conclusio n t o b e premature .  Th e learnin g 
model  \\ c presen t  her e obey s th e Parametri c Principl e a t 

minima l  cost ,  an d ha s othe r  advantage s besides . 

Parametric Ambiguity 

A sentenc e i s parametricall y ambiguou s i f  i t  i s  license d b y 

tw o o r  mor e distinc t  combination s o f  paramete r  values . 
Parametri c ambiguit y i s rampan t  i n natura l  language .  Fo r 
example ,  a n inpu t  strin g o f  th e for m Subject-Verb-Objec t 
( S V O)  i s parametricall y ambiguou s betwee n underlyin g 
S VO orde r  a s i n English ,  an d "ver b second "  orde r  a s i n 
German.  Althoug h S V O sentence s ca n b e parse d b y eithe r 
kin d o f  grammar ,  tli e derivation s wil l  b e differen t  du e t o 
th e differen t  paramete r  settings . 

A "\er b second "  languag e ha s a  positiv e valu e o f  th e V 2 
paramete r  (i.e .  + V 2 ) .  Thi s entail s tha t  th e finite  ver b i s 
transformationall y fronte d an d tha t  a  topi c phras e i s move d 
int o first  positio n befor e it .  ff  th e topi c i s th e subject ,  thi s 
give s a n S V ( 0 )  sentence .  S V O orde r  ca n b e license d b y 
+ V 2 \\it h an y value s fo r  th e parameter s tha t  contro l  th e 
imderlyin g orde r  o f  subject ,  ver b an d objec t  (i n Germa n th e 
underlyin g orde r  i s  S O V ) .  S V O orde r  ca n als o b e licensed , 
withou t  mo\ement ,  b y th e paramete r  value s fo r  underlyin g 
subject-before-ver b an d verb-before-objec t  orde r  wit h a 
negativ e \alu e o f  th e V 2 parameter ,  a s i n English .  B y 
contrast ,  a  V O S sentenc e i s no t  parametricall y ambiguou s 
(a t  leas t  wit h respec t  t o it s wor d order) .  I t  ca n b e license d 
onl y b y th e -V 2 valu e wit h underlyin g verb-before-objec t 
and verb-before-subject . 

I n orde r  t o abid e b y th e Parametri c Principle ,  a  learne r 
must  b e abl e t o establis h a  paramete r  valu e wit h sufficien t 
confidenc e t o b e prepare d t o rul e ou t  al l  grammar s i n whic h 
tha t  paramete r  take s th e opposit e value .  Otherwise ,  th e 
number  o f  candidat e grammar s coul d neve r  b e reduced . 
Thi s woul d effectivel y nullif y  th e benefi t  o f  th e Parametri c 
Principle :  th e halvin g o f  availabl e grammar s wit h eac h 
paramete r  tha t  i s  set .  Parametri c ambiguit y i s potentiall y 
ver y damagin g sinc e i t  rob s th e learne r  o f  confidence .  T o 
be certai n tha t  it s  settin g o f  a  paramete r  wa s correct ,  th e 
learne r  woul d nee d t o ru n a n exhaustiv e chec k o f  al l 
possibl e parse s o f  th e inpu t  sentence ,  ff  th e paramete r 
valu e i n questio n wer e presen t  i n ever y gramma r  tha t  coul d 

pars e th e sentence ,  the n i t  coul d b e adopte d wit h ful l 
confidence .  Anythin g shor t  o f  exhaustiv e gramma r  testin g 
woul d lea\ e i t  uncertai n whethe r  th e paramete r  valu e wa s 
indee d necessary .  Grammar s ca n b e applie d t o sentence s 
by parsers ;  however ,  a n exhaustiv e searc h throug h a  billio n 
grammar s i s hopelessl y impractical .  Th e consensu s i n 
sentenc e processin g researc h i s tha t  eve n adult s ar e capabl e 
of  onl y limite d paralle l  parsin g i f  an y (se e Gibson ,  1991) , 
eve n whe n th e alternativ e analyse s al l  involv e th e sam e 
grammar .  I t  doe s no t  see m plausibl e t o suppos e tha t  a  two -
yea r  ol d ca n appl y a  billio n grammar s t o eac h sentence . 

I t  migh t  see m tha t  a  les s demandin g alternativ e woul d b e 
fo r  th e learne r  simpl y t o establis h whic h input s wer e 
parametricall y ambiguou s an d refrai n fro m settin g 
parameter s i n respons e t o them .  Learnin g woul d b e base d 
solel y o n unambiguou s triggers .  However ,  thi s als o 

demands parsin g wit h multipl e grammars .  Parametri c 
ambiguit y ca n b e establishe d b y parsin g wit h jus t  enoug h 
grammar s t o find  tw o tha t  pars e th e input ,  bu t  non -
ambiguit y ca n b e establishe d onl y b y parsin g wit h al l 

possibl e grammar s an d finding  n o mor e tha n on e tha t 
parse s th e input .  Fortunately ,  th e S T L mode l  propose d b y 
Fodo r  (1998 )  an d describe d belo w manage s t o curtai l  th e 
excessiv e paralle l  parsin g neede d t o tes t  multipl e 
grammars . 

I n summary :  th e complexit y o f  th e learnin g proble m 
remain s exponentia l  unles s th e Parametri c Principl e ca n b e 
implemented .  But ,  thi s mus t  no t  requir e massivel y paralle l 
parsin g o f  inpu t  sentences ,  whic h appear s t o b e fa r  beyon d 
th e capacit y o f  a  huma n learner .  Wha t  i s neede d i s a 
syste m tha t  ca n tes t  g rammar s i n paralle l  withou t  havin g 
t o engag e i n ful l  paralle l  parsin g o f  inpu t  sentences .  Thi s 
i s possibl e withi n th e S T L mode l  t o whic h w e no w turn . 

The Structural Triggers Learner 

The Structura l  Trigger s Learne r  (STL )  ha s mad e paralle l 
grammar  testin g possibl e withou t  th e nee d fo r  ful l  paralle l 
parsin g o f  inpu t  sentences .  I t  achieve s thi s becaus e i t  take s 
trigger s an d paramete r  value s t o b e th e kind s o f  thing s tha t 
ar e bot h ingredient s o f  grammar s an d ingredient s o f  trees . 
What  fits  thes e specification s i s a  subtre e consistin g o f  jus t 
a fe w node s and/o r  featur e specifications .  A  trigge r  an d th e 
paramete r  valu e i t  trigger s ar e the n identical ,  s o tha t  onl y 
one innat e specificatio n i s needed ,  rathe r  tha n linke d 
specification s o f  paramete r  value s an d thei r  triggers .  U G 
provide s a  poo l  o f  thes e schemati c treelets ,  on e fo r  eac h 
paramete r  value ,  an d eac h natura l  languag e choose s t o 
emplo y som e subse t  o f  them .  Th e U G treelet s ca n b e folde d 
int o th e learner' s curren t  grammar ,  whe n th e curren t 
grammar  alon e i s insufficien t  t o pars e a n input .  Th e 
resultin g gramma r  (terme d a  ""supergrammar" )  ca n b e 
applie d b y th e parse r  t o th e inpu t  i n exactl y th e sam e wa y 
as an y natura l  languag e gramma r  woul d b e applied .  N o 
unusua l  parsin g activit y i s needed ,  ye t  al l  paramete r  value s 
ar e evaluate d simultaneously .  Parametri c treelet s necessar y 
t o tha t  sentenc e ca n b e detecte d i n th e outpu t  o f  th e parser . 
Th e learnin g devic e ca n "see "  whic h value s contribute d t o 
th e parsin g o f  a n inpu t  sentence ,  an d thu s kno w whic h 
value s t o adopt .  Onc e a  paramete r  valu e i s adopte d int o th e 
learner' s grammar ,  i t  i s  availabl e fo r  licensin g ne w 
sentences . 

Fodo r  discusse s variou s learnin g strategie s whic h coul d 
utiliz e thes e structura l  trigger s /  paramete r  values .  Th e on e 
tha t  i s o f  interes t  her e i s wha t  ha s bee n calle d th e wea k ST L 
( W S T L ) ,  whic h i s mos t  appropriat e a s a  mode l  o f  huma n 
learners .  Th e W S T L employ s wha t  i s essentiall y  a  seria l 
parse r  tha t  parse s sentence s wit h th e supergramma r  (i.e .  th e 
curren t  gramma r  augmente d wit h parametri c treelets) . 
W h en th e parse r  note s a  choic e poin t  i n assignin g structur e 
t o a  sentence ,  i t  select s on e analysi s t o pursu e fo r  purpose s 
of  comprehensio n an d i t  ignore s al l  othe r  analyses .  Bu t  i t 
report s th e presenc e o f  ambiguit y t o th e learnin g 
mechanism ,  an d th e learne r  thereafte r  adopt s n o ne w 
paramete r  value s o n th e basi s o f  tha t  sentence .  Sinc e i t 
canno t  kno w wha t  paramete r  value s migh t  hav e bee n 
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involve d i n th e othe r  parses ,  ha d i t  pursue d them ,  i t  canno t 
be certai n whic h values ,  i f  any ,  woul d b e c o m m o n t o al l 
analyse s o f  th e string ,  an d s o i t  canno t  safel y acquir e an y o f 
them.  However ,  i f  durin g th e parse ,  n o choic e point s wer e 
encountered ,  the n th e parse r  report s tha t  th e sentenc e i s 
unambiguou s an d consequentl y th e learne r  adopt s al l  o f  th e 
nove l  trcelet s tha t  wer e use d b y th e parse r  i n constructin g 

th e pars e tree . 
The W S TL thu s learn s onl y fro m full y unambiguou s 

sentences ,  s o i t  doe s no t  mak e errors .  Th e drawbac k i s 
tiiat,  du e t o th e hig h degre e o f  parametri c ambiguit y i n 
natura l  language ,  fiill y  unambiguou s inpu t  i s  likel y t o b e 
scarce .  S o th e W S T L ,  thoug h eflRcien t  i n othe r  ways ,  face s 
th e proble m tha t  i t  mus t  discar d a  hig h proportio n o f 
sentence s an d mus t  ofte n wai t  a  lon g tim e fo r  usabl e 
(unambiguous )  input .  Thi s proble m i s particularl y acut e a t 
th e earlies t  stage s o f  paramete r  setting .  I n late r  stages ,  th e 
inpu t  ha s becom e les s ambiguou s becaus e eac h paramete r 
tha t  i s  se t  disambiguate s som e previousl y ambiguou s 
sentences .  But ,  befor e progressiv e disambiguatio n get s 
underway ,  i t  woul d see m tha t  th e learne r  coul d find  ver y 
fe w unambiguou s inpu t  sentence s t o lear n from .  W e no w 
formaliz e th e W S T L mode l  t o illustrat e th e scal e o f  thi s 
proble m an d i n followin g section s w e offe r  a  solution . 

Analysis of a WSTL 

The WSTL-minus 

The WSTL outline d abov e i s th e on e w e believ e mos t 
closel y model s huma n learners .  However ,  th e complet e 
mathematic s tha t  describe s it s performanc e i s intricat e (du e 
t o th e dynami c natur e o f  th e progressiv e disambiguation ; 
fo r  detail s o f  this ,  se e Sakas ,  i n prep) .  Moreover ,  th e fiill 
matliematic s i s no t  necessar y fo r  th e presen t  purpos e o f 
analyzin g eari y paramete r  setting .  W e ca n conside r  her e a 
simple r  versio n o f  th e W S T L tha t  w e wil l  cal l  th e WSTL-
minu s (WSTL-) .  Thi s doe s n o learnin g unles s a  sentenc e i s 
completel y unambiguou s regardles s o f  whethe r  an y 
parameter s hav e alread y bee n set ,  i.e .  i t  behave s a s i f  ther e 
wer e n o progressiv e disambiguation .  Thi s ca n b e 
implemente d b y assumin g tha t  th e W S T L -  ha s access , 
whil e parsin g a n inpu t  sentence ,  t o bot h treelet s associate d 
wit h eac h paramete r  (wherea s fo r  th e "true "  W S T L ,  th e 
parser' s poo l  o f  parametri c value s doe s no t  includ e th e 
rejecte d valu e o f  a  paramete r  tha t  ha s alread y bee n set) . 
Due t o th e lac k o f  progressiv e disambiguation ,  th e W S T L -
does no t  d o justic e t o th e efficienc y o f  th e fiill  W S T L :  i t 
require s substantiall y  mor e inpu t  sentence s t o acquir e th e 
targe t  gramma r  tha n th e W S T L does .  Yet ,  a t  th e outse t  o f 
learning ,  whe n fe w parameter s hav e bee n set ,  th e 
performanc e o f  th e tw o version s differ s relativel y little ,  an d 
so th e W S T L-  i s adequat e a s a n approximatio n t o th e tru e 
W S T L. 

W S T L-  Algorithm : 

1)  Receiv e a n inpu t  sentenc e s  fro m th e 
linguisti c environmen t 

2)  Attemp t  t o pars e s  wit h th e curren t 
grammar ;  i f  successful ,  g o t o 1 

3)  Otherwise ,  begi n t o pars e s  wit h th e 
supergramma r  ( = curren t  gramma r  + 
bot h parametri c treelet s fo r  ever y 
parameter ) 

4)  I f  a t  som e poin t  i n th e parse ,  ther e i s a 
choic e o f  treelets ,  disregar d 5  fo r 
learnin g 

5)  Otherwise ,  s  i s  unambiguous ,  s o adop t 
al l  nove l  parametri c treelet s tha t  hav e 
been employe d i n parsin g s 

6)  I f  no t  al l  parameter s hav e bee n set , 
got o 1 

The numbe r  o f  inpu t  sentence s consume d b y th e W S T L -
befor e convergenc e o n th e targe t  gramma r  ca n b e derive d 
fro m th e probabilit y  tha t  th e W S T L -  wil l  adop t  som e 
number  o f  ne w paramete r  values ,  w ,  o n th e basi s o f  a  singl e 
sentence .  Ther e ar e severa l  factor s (describe d i n detai l 
below )  tha t  determin e thi s probability : 

•  th e numbe r  o f  relevan t  parameter s ( r ) 
•  th e expressio n rat e { e ) 
•  th e "effectiv e "  expressio n rat e (  e '  ) 
Not  al l  parameter s ar e relevan t  parameters .  Irrelevan t 

parameter s contro l  propertie s o f  phenomen a no t  presen t  i n 
th e targe t  language ,  suc h a s cliti c  orde r  i n a  languag e 
withou t  clitics .  Fo r  ou r  purposes ,  th e numbe r  o f  relevan t 
parameters ,  r ,  i s  th e tota l  numbe r  o f  parameter s tha t  nee d t o 
be se t  i n orde r  t o licens e al l  an d onl y th e sentence s o f  th e 
targe t  language . 

Of  th e parameter s relevan t  t o th e targe t  languag e a s a 
whole ,  onl y som e wil l  b e relevan t  t o an y give n sentence .  A 
sentenc e expresse s thos e parameter s fo r  whic h a  specifi c 
valu e i s  require d i n orde r  t o buil d a  pars e tree ,  i.e .  thos e 
parameter s tha t  ar e essentia l  t o it s  structura l  description . 
For  instance ,  i f  a  sentenc e doe s no t  hav e a  relativ e clause ,  i t 
wil l  no t  expres s parameter s tha t  concer n onl y relativ e 
clauses ;  i f  i t  i s a  declarativ e sentence ,  i t  won' t  expres s th e 
propertie s peculia r  t o questions ;  an d s o on .  Th e expressio n 
rate ,  c ,  fo r  a  language ,  i s  th e averag e numbe r  o f  parameter s 
expresse d b y it s inpu t  sentences .  Fo r  simplicity ,  w e wil l 
assume her e (no t  realistically )  tha t  e  i s th e sam e fo r  al l 
targe t  languag e sentences . 

As a  measur e o f  ambiguity ,  conside r  tha t  eac h sentence , 
on average ,  i s  ambiguou s wit h respec t  t o a  o f  th e 
parameter s i t  expresses .  Th e effectiv e rat e o f  expression , 
e' ,  i s  th e averag e numbe r  o f  expresse d parameter s tha t  ar e 
expresse d unambiguousl y (i.e .  e '  =  e  -  a) .  (Note :  Reader s 
not  intereste d i n furthe r  mathematica l  detail s ma y ski p th e 
followin g sub-section. ) 
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Derivatio n o f  a  Transitio n Probabilit y  Functio n 

We ca n n o w presen t  a  derivatio n o f  th e numbe r  o f  input s 

th e W S T L -  ca n b e expecte d t o consum e befor e convergin g 
o n th e targe t  grammar .  W e mak e th e followin g 

backgroun d assumption s throughou t  thi s section . 
•  Th e sampl e o f  th e targe t  languag e tha t  a  learne r  i s 

expose d t o entail s th e valu e o f  ever y paramete r 
rele \  an t  t o th e language . 

•  Th e sampl e i s uniforml y distribute d (i.e .  n o 
particula r  sentenc e typ e withi n i t  i s  systematicall y 
w ithhel d o r  delayed) . 

•  Al l  sentence s withi n th e targe t  languag e ar e 
ambiguou s wit h respec t  t o th e sam e numbe r  o f 
parameters.  (Thi s i s fo r  mathematica l  convenienc e 
only. ) 

O ur  approac h i s t o first  deriv e th e probabilit y  tha t  th e 
learne r  i s expose d t o a  sentenc e containin g on e o r  mor e 
parameter s (expresse d ambiguousl y o r  unambiguously )  tha t 
hav e no t  >e t  bee n set .  W e the n deriv e th e probabilit y  tha t 
th e W S T L -  doe s no t  discar d tha t  sentenc e becaus e i t 
contain s a n ambiguity .  Combinin g thes e probabilities ,  a s 
show n below ,  w e wil l  arriv e a t  a  formul a tha t  yield s th e 
probabilit > tha t  tli e learne r  wil l  adop t  w  ne w paramete r 
value s ( 0 <  w  <  e )  o n th e basi s o f  a  give n inpu t  sentence , 
give n tha t  t  parameter s ha d alread y bee n set . 

T o begi n thi s computation ,  le t  u s se t  ambiguit y asid e fo r 
a moment .  I n orde r  t o se t  al l  r  parameters ,  th e W S T L -  ha s 
t o encounte r  enoug h batche s o f  e  paramete r  value s possibl y 
(i n fact ,  probably )  overlappin g wit h eac h other ,  t o mak e u p 
th e fiill  se t  o f  r  paramete r  value s tha t  hav e t o b e established . 
Let  P(w\t.r.e )  b e th e probabilit y  tha t  a n arbitrar y inpu t 
sentence ,  s .  expresse s m-  ne w (i.e .  a s ye t  unset )  parameters , 
give n tlia t  th e learne r  ha s alread y se t  t  parameter s 
(correctly) ,  fo r  som e r  an d e  a s define d above . 

P(w\t,r,e )  i s  simpl y th e numbe r  o f  way s s  ca n expres s w 

unse t  parameter s draw n fro m th e curren t  tota l  poo l  o f  unse t 
parameter s (th e siz e o f  whic h i s r  -1) ,  time s tli e numbe r  o f 
ways s  ca n ex-pres s e- w previousl y se t  parameter s fi-om  th e 
tota l  collectio n o f  t  se t  parameters ,  divide d b y th e tota l 
number  o f  way s 5  ca n expres s e  parameter s ou t  o f  al l  r 
rele\an t  ones .  Thi s i s displaye d i n th e followin g equation : 

P(w\t,r,e )  =  -
" ' I  ' 

w K e - w 
r 

v̂ / 

N o w,  t o dea l  wit h ambiguity ,  w e brin g th e effectiv e rat e 
of  ex-pression ,  e' ,  int o pla y i n orde r  t o calculat e th e 
probabilit y  tha t  an y singl e paramete r  i s expresse d 
unambiguously .  Thi s i s e'le .  Th e probabilit y  tha t  al l  e 
parameter s expresse d b y a  sentenc e ar e expresse d 
unambiguousl y i s  (e'le)' .  Thi s i s th e probability ,  u ,  tha t  a n 
inpu t  i s  unambiguou s an d henc e usabl e fo r  learning . 

M = 
' e ' ^ ' 

v e y 

We ar e no w i n a  positio n t o giv e th e formul a fo r  th e 
probability ,  P'(\«\t,r,e,e') ,  tha t  th e W S T L -  wil l  se t  w 

additiona l  parameter s afte r  encounterin g a n arbitrar y inpu t 
sentence . 

P'(w\(,rx,e' )  = 
(l-u)+uP(w\t.r.e) .  i f w =  0 

uP( w I  / ,  r ,  e) ,  otherwis e 

For  value s o f  w  othe r  tha n 0 ,  th e probabilit y  o f  settin g w 
ne w parameter s i s simpl y th e probabilit y  tha t  th e sentenc e 
i s usabl e fo r  learnin g (i.e. ,  al l  e  parameter s ar e 
unambiguousl y expresse d ( = «) )  time s th e probabilit y  tha t  w 
of  thos e e  parameter s wer e previousl y unse t  ( = P(w\t,r,e)) . 
Th e probabilit y  o f  settin g 0  parameter s (i.e. ,  w  =  0 )  i s th e 
probabilit y  tha t  no t  al l  e  parameter s ar e unambiguousl y 
expresse d ( = 1 -  u )  plu s th e probabilit y  tha t  eve n i f  th e e 
parameter s ar e unambiguousl y expresse d ( = u )  al l  o f  the m 
ha d alread y bee n se t  ( = P(w=0\t,r,e)) . 

I n orde r  t o analyz e th e performanc e o f  th e W S T L -  afte r 
severa l  input s hav e bee n encountered ,  w e mode l  th e learne r 
as a n absorbin g Marko v syste m wher e eac h stat e depict s th e 
number  o f  parameter s tha t  hav e bee n set '  Th e syste m 
start s i n stat e S „  an d o n receivin g a n input ,  ma y sta y i n 
stat e S o o r  mov e t o an y o f  th e state s Si ,  S2 ,  S3 ,  .. .  5, .  I n 
general ,  th e transitio n probabilit y  tha t  th e syste m wil l 
chang e fro m a n arbitrar y stat e 5 ,  t o stat e S,+ ^  i s give n by : 

PiS,-*S,^J = P'{w\t,r,e,e'), O^w^e 

Given values for r, e and e' one can calculate all possible 
transition s o f  th e syste m an d presen t  the m i n a  transitio n 
matrix .  Sinc e th e W S T L -  i s error-drive n (i f  th e inpu t  i s 
license d b y th e curren t  g ramma r  n o learnin g occurs) ,  onc e 

i t  ha s se t  al l  relevan t  parameter s (i.e .  onc e i t  achieve s stat e 
Sr) ,  i t  stay s i n stat e Sr .  Thu s th e syste m i s absorbing .  A 
well-know n resul t  fro m Marko v chai n theor y i s tha t  th e 
fundamenta l  matri x o f  a n absorbin g Marko v syste m yield s 
th e expecte d waitin g tim e unti l  absorptio n (se e Wane r  an d 
Costenoble ,  1996 ,  fo r  a  readabl e presentatio n o f  Absorbin g 
Marko v Models) .  Th e ftindamental  matri x Q  i s define d a s 
th e invers e o f  th e differenc e betwee n th e identit y matri x 
an d th e sub-matrix ,  Â ,  tha t  give s th e transitio n probabilitie s 
betwee n th e non-absorbin g states .  Tha t  is :  Q  =  ( I  -  N)' . 
Th e su m o f  th e first  {So )  ro w o f  Q  yield s th e averag e 
number  o f  input s require d fo r  th e W S T L -  t o ente r  th e 
absorbin g stat e S r  startin g i n stat e So -

'  Wha t  follow s i s a  presentatio n o f  on e metho d fo r  arrivin g a t 
th e expecte d siz e o f  tli e inpu t  sampl e consume d b y th e WSTL- . 
Thi s approac h i s relate d t o discussion s i n th e literatur e b y Niyog i 
and Berwic k (1996 )  an d elsewhere .  Ther e i s a t  leas t  on e othe r 
approac h tha t  ca n b e use d fo r  establishin g thes e results .  I t  utilize s 
dynami c programmin g t o comput e th e followin g recurrenc e 
relation :  tha t  th e expecte d sampl e siz e required ,  o n average ,  t o se t 
n parameter s ca n b e determine d fro m th e siz e require d t o se t  n-i , 
0<i< e parameters ,  togethe r  wit h th e probabilit y  o f  settin g / 
additiona l  parameter s give n tha t  n- i  hav e bee n set . 
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Numer i c Result s 

Tabl e 1 ,  below ,  display s numerica l  result s derive d fo r 
dififeren t  \alue s o f  r ,  e ,  an d e' .  e '  enter s indirectl y vi a a n 
ambiguit y factor .  Rathe r  tha n usin g a  a s define d above ,  w e 
emplo y a  percentag e measur e o f  ambiguit y a '  i n orde r  t o 
make comparabl e assessment s o f  performanc e acros s 
dififeren t  situations .  W e calculat e a '  as :  a '  =  10 0 (e-eye . 

Table 1: Average number of inputs consumed by the 
W S T L-  befor e convergenc e 

e ) 

1 

5 

10 

15 

20 

»'(% ) 
20 
40 
60 
80 

20 
40 
60 
80 

20 
40 
60 
80 

20 
40 
60 
80 

20 
40 
60 
80 

R=15 

62 
83 
124 
249 

27 

li s 
871 
27,88 5 

34 
604 
34,84 8 

35,683,96 8 

28 
2,12 7 

931,32 3 

r=2 0 

90 
120 
180 
360 

40 
171 
1,29 6 

41,47 2 

54 
964 
55,57 8 

56,912,14 9 

91 
6,79 4 

2,975,11 5 

over  3 0 billio n .. . 

-

-
-
. 

87 
27,35 1 

90,949,47 0 

r=2 5 

119 
159 
238 
477 

55 
230 
1,74 7 

55,89 5 

76 
1,34 2 

77,39 7 

79,254,94 3 

135 
10,13 6 

4,438,46 4 

r=3 0 

150 
200 
300 
599 

69 
292 
2,21 8 

70,98 3 

98 
1,73 8 

100,19 3 

102,597,82 3 

181 
13,54 5 

5,931,14 8 

almos t  20 0 billio n 

256 
80,60 1 

268,017,38 3 

366 
115,41 5 

383,783,45 5 

.. .  i n th e trillion s .. . 

Adjustin g th e m a t h e m a t i c s t o tak e int o accoun t 
progressiv e d isambiguat io n a s paramete r s ar e se t  (Sakas ,  i n 
prep) ,  w e find  tha t  th e inpu t  c o n s u m p t i o n rate s i n Tab l e 1 
ar e reduce d b y a  facto r  o f  any th in g f r o m approx imate l y 1  t o 
20 .  Th i s i s  useful ,  bu t  less  o f  a  reductio n tha n o n e m i g h t 
expect .  T h e reaso n i s  tha t  th e benefi t  i s  stronges t  a t  late r 
stage s o f  learning ,  w h e r e f ewe r  a n d fewe r  paramete r s i n a 
sentenc e nee d t o b e expresse d u n a m b i g u o u s l y ;  onl y n e w 
parameter s nee d t o b e expresse d u n a m b i g u o u s l y i n orde r 
fo r  th e sentenc e t o b e usabl e fo r  learning .  T h u s ,  o n c e 
learnin g get s wel l  u n d e r w a y ,  i t  i s  quit e efficient .  B u t  a t  th e 
earl y stages ,  th e wai t  fo r  u n a m b i g u o u s inpu t  i s crippling . 

Fortunately ,  this  earl y amb igu i t y p r o b l e m i s no t  equall y 
sever e throughou t  th e learnin g d o m a i n .  Not ic e tha t  th e 
n u m b er  o f  parameter s t o b e se t  (r )  h a s relativel y littl e effec t 
o n convergenc e t ime .  W h a t  d o m i n a t e s learnin g spee d i s 
th e degre e o f  ambigu i t y a n d th e expressio n rate .  W h e n 
bot h a '  a n d e  ar e h igh ,  u n a m b i g u o u s input s ar e ver y scarce . 
Thi s i s t o b e expected .  F o r  instance :  ther e i s  littl e c h a n c e 
of  encounterin g a  fiill y  u n a m b i g u o u s inpu t  i f  ever y sentenc e 
expresse s 2 0 paramete r s a n d th e amb igu i t y rat e i s 9 9 % (th e 
probabilit y  w o u l d b e (1/100)^°) .  A s a  resuh ,  fo r  h i g h rate s 

o f  expressio n a n d a m b i g u i t y ther e ar e ver y f e w sentence s 
tha t  th e learne r  ca n mak e us e o f  Thi s i s w h y th e wors t 
case s i n Tabl e 1  occu r  fo r  hig h a '  an d e .  Fo r  lo w ambiguit y 
and/o r  lo w expressio n rate ,  however ,  learnin g proceed s 

ver y m u c h mor e rapidly . 
We emphasi s tha t  th e result s presente d i n thi s tabl e 

portra y th e weakes t  W S T L whic h doe s no t  benefi t  fro m 
progressiv e disambiguation .  Thi s serve s a s a  usefu l 
baselin e fo r  wha t  follows ,  wher e w e wil l  conside r  h o w it s 
performanc e ca n b e improved . 

How to Set the First Parameters 

To avoi d th e inefficienc y du e t o makin g an d correctin g 
errors ,  a  W S T L wait s fo r  full y  unambiguou s inpu t  t o lear n 
from .  W e hav e show n tha t  thi s ca n resul t  i n ver y slo w rate s 
of  learning .  Fortunately ,  thi s proble m i s no t  equall y sever e 
acros s th e board .  Th e generall y damagin g effec t  o f 
ambiguit y i s absen t  a t  lowe r  expressio n rates .  W e se e tha t 
humbl e sentence s tha t  revea l  onl y a  fe w paramete r  value s 
ar e th e mos t  usefu l  fo r  a  learne r  seekin g reliabl e 
information .  Thi s i s importan t  becaus e expressio n rat e i s 
th e on e facto r  tha t  migh t  plausibl y b e lo w i n rea l  lif e 
learning .  Tha t  ther e i s a  hig h degre e o f  parametri c 
ambiguit y i n natura l  language s seem s undeniable .  And , 
thoug h linguisti c researc h migh t  prov e otherwise ,  ther e 
seems littl e hop e tha t  th e numbe r  o f  syntacti c parameter s 
relevan t  t o a  languag e wil l  b e reduce d t o les s tha n a  dozen . 
So ther e i s no t  muc h prospec t  o f  a  breakthroug h i n learnin g 
efficienc y du e t o a  reductio n o f  eithe r  ambiguit y rat e o r 
tota l  numbe r  o f  parameter s t o b e set .  Bu t  i t  doe s see m 
withi n th e realm s o f  possibilit y  tha t  th e expressio n rat e fo r 
natura l  language s i s a s lo w a s hal f  a  doze n parameter s pe r 
sentence ,  particularl y a t  th e earl y stage s o f  learnin g wher e 
th e degre e o f  parametri c ambiguit y i s a t  it s  greatest .  I t  i s 
encouraging ,  therefore ,  t o find  tha t  i n th e Structura l 
Trigger s framework ,  a  reductio n i n th e expressio n rat e ha s 
a beneficia l  effec t  o n learnin g speed . 

Whethe r  th e earlies t  encountere d sentence s exhibi t  lo w 
expressio n rate s mus t  b e determine d b y empirica l  researc h 
on child-directe d language .  Bu t  i t  seem s reasonabl e t o 
suppos e tha t  mos t  o f  th e sentence s tha t  earl y learner s 
encounte r  d o no t  exhibi t  ever y syntacti c phenomeno n i n th e 
languag e packe d int o 4  o r  5  word s o r  so .  Fo r  instance , 
ther e ar e earl y child-directe d sentence s tha t  contai n 
negation ,  o r  over t  WH-movemen t ,  o r  a  subordinat e clause , 
but  probabl y fe w tha t  involv e the m all . 

T o summarize :  W e hav e observe d her e tha t  accurat e 
learnin g i s possibl e withou t  los s o f  efficienc y i f  th e learne r 
ca n tak e advantag e o f  lo w expressio n rate s a t  earl y stage s o f 
learning .  Wha t  i s essentia l  t o thi s solutio n t o th e earl y 
learnin g proble m i s th e W S T L ' s abilit y  t o distinguis h 
ambiguit y o f  paramete r  expressio n fro m irrelevanc e o f  a 
paramete r  t o a  sentence .  Th e forme r  i s t o b e avoided ;  th e 
latte r  i s  ver y welcom e a s i t  divide s th e learnin g tas k int o 
manageabl e steps .  B y contrast ,  whole-gramma r  testin g 
system s trea t  parametri c irrelevanc e a s a  specie s o f 
parametri c ambiguity .  Th e parse r  report s succes s o r 
failur e fo r  a  gramma r  withou t  distinguishin g betwee n th e 
cas e wher e al l  it s  paramete r  value s ar e eithe r  correc t  o r 

921 

file:///alues


irrelevant ,  an d th e cas e wher e it s paramete r  value s giv e a 

wron g anal.Nsi s o f  a  sentenc e tha t  i s parametricall y 
ambiguous .  Th e W S T L doe s no t  conflat e ambiguit y an d 
irrelevanc e becaus e th e conceptio n o f  paramete r  value s a s 

treelet s permit s "superparsing" ,  i n whic h ambiguit y show s 
up a s a  choic e point ,  whil e irrelevan t  parameter s neve r 
intrud e a t  all . 
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