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Abstrac t 

We present new results of a novel computational approach 
t o th e interactio n o f  tw o importan t  cognitive-linguisti c  phe -
nomena:  (1 )  languag e learning ,  lon g regarde d a s centra l  t o 
m o d em synchroni c linguistics ;  an d (2 )  languag e chang e ove r 
time ,  diachroni c linguistics .  W e exploi t  th e insigh t  tha t  whil e 
languag e learnin g take s plac e a t  th e leve l  o f  th e individual , 
languag e chang e i s mor e properl y regarde d a s a n ensembl e 
propert y tha t  take s plac e a t  th e leve l  o f  population s o f  lan -
guag e learner s — whil e th e forme r  ha s bee n th e subjec t  o f 
much explici t  compute r  modeling ,  th e latte r  bee n les s exten -
sivel y treated .  W e sho w b y analytica l  an d compute r  simulatio n 
method s tha t  languag e learnin g ca n b e regarde d a s th e drivin g 
forc e behin d a  dynamica l  system s accoun t  o f  languag e change . 
We appl y thi s mode l  t o th e specifi c  (an d cognitivel y relevant ) 
cas e o f  th e historica l  chang e fro m Classica l  Portugues e (CP ) 
t o Europea n Portugues e (EP) .  demonstratin g ho w a  particula r 
languag e learnin g mode l  (fo r  instance ,  a  maximum-likelihoo d 
model  aki n t o man y statistically-base d languag e approaches) , 
couple d wit h dat a o n th e difference s betwee n C P an d EP ,  lead s 
t o specifi c  prediction s fo r  possibl e language-chang e envelopes , 
as wel l  a s delimitin g th e clas s o f  possibl e language-learnin g 
mechanism s an d linguisti c theorie s compatibl e wit h a  give n 
clas s o f  changes .  Th e mai n investigativ e messag e o f  thi s pape r 
i s t o sho w ho w thi s methodolog y ca n b e applie d t o a  specifi c 
case ,  tha t  o f  Portuguese .  Th e mai n mora l  underscore s th e in -
dividual/populatio n difference ,  an d demonstrate s th e potentia l 
subtlet y o f  languag e change :  w e sho w tha t  simpl y becaus e a n 
individua l  chil d will ,  wit h hig h probability ,  choos e a  particula r 
grammar  (Europea n Portuguese )  doe s no t  mea n tha t  al l  othe r 
grammar s (e.g. .  Classica l  Portuguese )  wil l  com e t o b e elimi -
nated ;  rather ,  contrar y t o surfac e intuition ,  tha t  i s  propert y o f 
th e dynamica l  syste m an d th e populatio n ensembl e itself . 

Language Change: the Population Approach 
This paper presents a computational approach to the interac-
tio n o f  tw o importan t  cognitiv e phenomena :  languag e learn -
in g an d languag e change .  Th e first ,  languag e learning ,  occur s 
at  th e leve l  o f  th e individua l  — childre n acquir e th e languag e 
(grammar )  o f  thei r  caretakers ,  a  cognitiv e abilit y  tha t  ha s bee n 
broadl y investigate d vi a a  rang e o f  computationa l  an d experi -
menta l  methodologies .  W e not e tha t  languag e chang e occur s 
at  th e leve l  o f  a  population :  i t  i s  individua l  languag e learner s 
whos e collective ,  ensembl e propertie s constitut e a  distribu -
tio n o f  linguisti c knowledge .  Thi s is ,  o f  course ,  th e c o m m o n 
biologica l  vie w use d t o bridg e betwee n suriicia l  propertie s 
of  individua l  organism s (thei r  phenotypes )  an d th e distribu -
tio n o f  thos e propertie s ove r  tim e (phenotypi c evolutionar y 
change) ,  a s underlai n b y internal ,  individua l  constitutiona l 

chang e (genotype s an d genotypi c distribution s ove r  time) .  I n 
our  linguisti c cUisUogy ,  whic h i s nearl y exact ,  initia l  individ -
ual  linguisti c (o r  "grammatical" )  knowledg e correspond s t o 
genotypes ,  an d final  attaine d state s o f  linguisti c knowledg e t o 
phenotypes ;  th e distributio n ove r  fina l  state s characterize s th e 
linguisti c propertie s o f  th e populatio n a s a  whole .  Program -
matically ,  thi s analog y ha s ofte n bee n draw n i n diachroni c 
linguisti c research ,  bu t  i n th e mai n th e correspondin g compu -
tationa l  analysis ,  whic h migh t  the n b e draw n almos t  directl y 
fro m result s i n mathematica l  an d computationa l  populatio n 
biology ,  ha s bee n lacking. ' 

Ther e ar e thre e logica l  distributiona l  possibilities :  distribu -
tion s o f  language s ove r  monolingua l  speakers ;  distribution s 
of  language s withi n non-monolingua l  speakers ;  an d combi -
nation s o f  thes e two .  Fo r  example ,  conside r  a  populatio n o f 
monolingua l  speakers ;  eac h speak s onl y on e language .  Wha t 
of  th e population ? I f  al l  speaker s spea k th e sam e language , 
the n on e migh t  sa y tha t  th e communit y speak s tha t  language . 
However ,  ther e ca n stil l  b e mixture s o f  monolingua l  speakers . 
The othe r  possibilit y  i s  tha t  a  singl e speake r  coul d internaliz e 
mor e tha n on e languag e (grammar) ,  tha t  is ,  th e possibilit y  o f 
non-monolingua l  (bi- ,  tri-lingual ,  etc .  speakers) .  I n th e re -
mainde r  o f  thi s paper ,  w e focu s o n jus t  th e first  tw o cases ,  tha t 
is ,  distribution s o f  language s ove r  monolingua l  speakers ;  a s i t 
turn s out ,  th e mathematic s fo r  th e remainin g possibilit y  (bi -
lingualism )  ca n b e capture d b y ou r  assumption ,  thoug h spac e 
prohibit s a  complet e demonstratio n o f  thi s propert y here .  W e 
procee d t o outlin e th e basi c model ,  an d the n a  particula r  cog -
nitiv e cas e o f  languag e learnin g an d languag e change ,  namely , 
Portuguese . 

The Logical Basis of Language Change 

I n ou r  mode l  th e logica l  basi s o f  chang e i s languag e learning : 
th e possibilit y  o f  mwleamin g a  particula r  targe t  gratruna r  o f 
one' s caretakers .  Not e tha t  i f  childre n alway s converge d o n 

'  Her e ther e ar e tw o chie f  exceptions :  th e genera l  wor k o n cultura l 
transmissio n an d evolutio n b y CavalU-Sforz a an d Feldma n (1981 ) 
and th e mor e narrowl y draw n wor k o f  Kroc h (1990) .  Thes e previ -
ous work s hav e complementar y strength s an d weaknesses :  CavaUi -
Sforz a an d Feldma n (1981) ,  whil e providin g a  richer  mathematica l 
model  explicitl y  connecte d t o populatio n biology ,  d o no t  actuall y 
pursu e specifi c  cognitiv e prediction s o r  linguisti c implications .  I n 
contrast .  Kroc h (1990 )  focuse s o n specifi c  languag e changes ,  lik e 
th e well-know n Enghs h Verb-secon d change ,  bu t  doe s no t  conside r 
a dynamica l  syste m model ,  an d i n fac t  posit s onl y th e possibiUt y 
of  differen t  languag e distribution s withi n a  singl e speaker ,  rathe r 
tha n ove r  a  populatio n o f  speakers ,  thu s avoidin g a  tru e populatio n 
approac h t o th e problem . 
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Ih e languag e o f  thei r  parents ,  the n thei r  languag e woul d b e th e 
same a s tha t  o f  thei r  parents ,  fro m eac h generatio n t o th e next . 
Consequently ,  fo r  language s t o chang e fro m on e generatio n 
t o th e nex t  i t  mus t  b e th e cas e tha t  childre n aitiu n a  huiguag c 
differen t  fro m tha t  o f  thei r  parents .  W e nex t  sho w ho w t o 
model  thi s computationally . 

The Computational Framework 

The procedur e fo r  mappin g languag e learnin g t o languag e 
chang e ha s bee n develope d i n a  serie s o f  previou s work s 
(Niyog i  an d Berwick ,  1996 )  an d i s reviewe d her e fo r  con -
venience . 

The thre e mai n component s o f  a  languag e learnin g frame -
wor k are : 

1.  ̂ :  a  clas s o f  grammar s (languages )  fro m whic h th e chil d 
choose s on e o n th e basi s o f  exampl e sentences . 

2.  A :  a  learnin g algorith m use d b y th e languag e learne r  t o 
choos e a  gramma r  g  £Q.( l n wha t  follow s w e wil l  system -
aticall y interchang e th e us e o f  "grammar "  an d "language " 
when ther e i s n o possibilit y  o f  confusio n o r  differenc e i n 
th e resultin g mode l  results. ) 

3.  V :  a  probabilit y  distributio n wit h whic h sentence s ar e pre -
sente d t o th e learner . 

Once eac h o f  item s (I) ,  (2) ,  an d (3 )  ar e well-specifie d w e 
hav e a  complet e descriptio n o f  languag e learnin g fo r  a  singl e 
generation .  Thi s ha s bee n deal t  wit h i n a  variet y o f  situa -
tion s unde r  a  numbe r  o f  differen t  assumption s abou t  th e clas s 
of  languages ,  learnin g algorithms ,  an d th e like ,  fro m Gol d 
(1967 )  t o mor e recen t  work .  A s on e ca n see ,  ou r  frame -
wor k i s genera l  enoug h t o encompas s eve n mor e recen t  learn -
in g method s suc h a s M in imu m Descriptio n Lengt h criteri a o r 
othe r  statistica l  methods ;  i n fact ,  i n ou r  exampl e belo w w e us e 
a Max imu m Likelihoo d searc h method ,  bu t  an y well-define d 
procedur e woul d do .  A  complet e analysi s o f  th e behavio r  o f 
th e individua l  learne r  wil l  allo w u s t o analyz e th e behavio r  o f 
th e populatio n a s w e se e i n th e nex t  section . 

Individuals versus Populations of Learners 

The languag e learnin g proble m focuse s o n th e individua l  chil d 
and attempt s t o characteriz e ho w i t  update s it s hypothesi s 
fro m exampl e sentenc e t o exampl e sentenc e ove r  it s lifetime . 
Computationa l  model s o f  thi s phenomeno n typicall y requir e 
th e learner' s hypothesi s ge t  close r  an d close r  t o th e targe t 
grammar  a s mor e an d mor e dat a become s availabl e — thi s i s 
as tru e o f  th e classi c Gol d "identificatio n i n th e limit "  mode l 
as i t  i s  o f  mor e recentl y statistically-base d method s tha t  wor k 
on corpuses .  Th e Gol d succes s criterio n require s th e learne r 
t o converg e t o th e targe t  a s th e dat a goe s t o infinity ;  a  mor e 
psychologicall y plausibl e criterio n require s th e learne r  t o b e 
at  th e targe t  wit h hig h probabilit y  afte r  a  psychologicall y  real -
isti c  numbe r  o f  example s hav e bee n received .  Le t  u s assum e 
tha t  w e ar e abl e t o completel y characteriz e th e behavio r  o f  th e 
individua l  leane r  afte r  receivin g a  finite  numbe r  o f  example s 
(positiv e o r  negative) ,  i.e. ,  w e ar e abl e t o solv e th e followin g 
problem : 

Suppos e n  example s ar e draw n accordin g t o P  o n I '  an d 
presente d t o th e child .  Then ,  fo r  ever y gramma r  ginQ ,  wha t  i s 
th e probabilit y  tha t  th e chil d wil l  hav e attaine d tha t  grammar ? 
Let : 

p„(p )  =  Probability[Leame r  hypothesize s g  afte r  n  examples ] 

(1 ) 
Eq.  1  characterize s th e probabilit y  wit h whic h a n individua l 

chil d internalize s eac h o f  th e possibl e grammar s (languages ) 
afte r  n  examples .  Naturally ,  i f  th e dat a wer e aJ l  draw n fro m 
some targe t  languag e correspondin g t o gramma r  h  (say )  the n 
realisti c languag e learnin g require s tha t  th e correspondin g 
probabilit y  (p„(/i )  t o b e high ,  i.e. ,  th e learne r  attain s th e targe t 
grammar  wit h hig h probability . 

Let  u s no w conside r  th e populatio n a s a  whole .  Th e pop -
ulatio n i s compose d o f  (i )  a  collectio n o f  individua l  adult s 
tha t  ar e th e sourc e o f  exampl e sentence s t o th e generatio n 
of  children ;  an d (ii )  a  collectio n o f  individua l  childre n w h o 
attemp t  t o acquir e th e gramma r  o f  th e parenta l  generatio n o n 
th e basi s o f  exampl e sentences .  I f  w e niak e th e populatio n th e 
objec t  o f  ou r  study ,  the n w e woul d characteriz e th e linguisti c 
compositio n o f  th e populatio n (wha t  percentag e speak s wha t 
language )  an d ho w i t  evolve s fro m generatio n t o generation . 
Sinc e th e populatio n i s a n aggregat e o f  individuals ,  i f  w e tak e 
ensembl e averages ,  w e woul d arriv e a t  th e behavio r  o f  th e 
population . 

For  th e purpose s o f  thi s pape r  w e mak e th e followin g ideal -
ization s fo r  populatio n modeling ;  however ,  al l  o f  thes e ca n b e 
systematicall y droppe d an d thei r  consequence s explored :  (1 ) 
non-overlappin g generations ,  i.e. ,  adult s an d childre n an d th e 
linguisti c compositio n o f  a  particula r  generatio n i s comprise d 
of  it s  adul t  speakers ,  rathe r  tha n a  mi x o f  childre n an d adults ; 
(2 )  n o neighborhoo d effects ,  i.e. ,  th e mi x o f  adult s determine s 
th e sourc e o f  sentence s an d thi s distributiona l  sourc e i s iden -
tica l  fo r  al l  childre n (clearl y no t  th e cas e fo r  geographica l 
boundar y conditions ,  bu t  a s mentioned ,  easil y modele d b y a 
extensio n usin g conventiona l  populatio n biolog y methods) ; 
(3 )  adult s d o no t  chang e thei r  grammar/languag e ove r  thei r 
lifetime ,  i.e, .  a  monolingua l  maturatio n hypothesis ^  (4 )  chil -
dre n hav e a  finite  tim e t o acquir e th e grammar ,  i.e. ,  a  learnin g 
maturatio n hypothesis . 

Give n th e genera l  mode l  an d thes e assumptions ,  on e ca n 
no w characteriz e th e evolutio n o f  a  populatio n o f  speaker s 
fro m generatio n t o generatio n a s a  dynamica l  system .  Le t 
th e stat e o f  th e populatio n i n generatio n i  b e define d b y a 
probabilit y  distributio n Sp(j )  o n th e se t  o f  grammar s ̂ .  Thu s 
Sp{i)[g ]  denote s th e proportio n o f  th e populatio n tha t  spea k a 
languag e correspondin g t o gramma r  g  e Q .  Childre n ar e ex -
pose d t o dat a tha t  ar e a  mi x o f  th e language s o f  th e adul t  popu -
latio n — i n thi s wa y on e ca n mode l  ver y sunpl e geographica l 
effect s (no t  detaile d area l  distributions ,  however) .  Suppos e 
we ar e abl e t o characteriz e th e behavio r  o f  th e individua l  av -
erag e child ,  a s i n eq .  1 .  Assumin g tha t  maturatio n occur s afte r 
n examples ,  whe n th e curren t  generatio n o f  childre n matur e 
int o adulthood ,  th e compositio n o f  thei r  populatio n woul d b e 
give n b y p„ .  Thu s th e updat e rul e fo r  th e entir e system ,  deter -
minin g th e languag e mi x o f  th e nex t  generation ,  i s  give n b y 
th e equation : 

Sp{i+ 1) -Pn 

Î n contradistinctio n t o a  bi-lingua l  assumption ;  however ,  a s 
noted ,  th e mathematic s fo r  mixnire s o f  language s withi n a n indi -
vidua l  i s  approximatel y th e sam e a s tha t  o f  mixture s o f  language s 
betwee n individuals ,  a t  leas t  fo r  ou r  initia l  purpose s here . 
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wher e P n clearl y depend s upo n (1 )  th e compositio n o f  tli e pre -
viou s generatio n Sp(j) ;  (2 )  th e learnin g algorith m tha t  childre n 
us e t o learnin g language s (grammars) ;  ;ui d (3 )  Ui e probabil -
it y  distnbulion s wit h whic h speaker s o f  a  particula r  languag e 
produc e exampl e sentences .  I n tli e remainde r  o f  thi s pape r 
we sho w h o w t o develo p th e for m o f  th e updat e rul e fo r  a 
concret e learning/languag e chang e situation ,  n;imel y tha t  o f 
Portuguese ,  an d ho w t o us e th e resultin g dynamica l  syste m t o 
tes t  whethe r  th e assumption s o f  th e mode l  ar e cognitiv e plau -
sible ,  e.g. ,  whethe r  th e observe d tim e cours e o f  th e dynamica l 
syste m actuall y follow s th e observe d linguisti c chang e fro m 
classica l  t o m o d e m Europea n Portuguese ,  whil e manipulatin g 
iissumption s abou t  th e learnin g algorithm ,  an d th e like . 

Portuguese: A Case Study 

Th e mai n investigativ e messag e o f  thi s pape r  i s t o sho w 
h o w thi s methodolog y ca n b e applie d t o a  specifi c  case , 
tha t  o f  Portuguese .  Th e mai n mora l  underscore s th e indi -
vidual/populatio n difference ,  an d demonstrate s th e potentia l 
subllel y o f  languag e change :  w e sho w tha t  simpl y becaus e a n 
individua l  chil d will ,  wit h hig h probability ,  choos e a  particula r 
grammar  (Europea n Portuguese )  doe s no t  mea n tha t  al l  othe r 
grammar s (e.g. .  Classica l  Portuguese )  wil l  com e t o b e elimi -
nated ;  rather ,  contrar y t o surfac e intuition ,  tha t  i s  propert y o f 
th e dynamica l  syste m an d th e populatio n ensembl e itself . 

The Facts of Portuguese Language Change 

I n thi s p^3er ,  w e focu s o n a  particula r  chang e i n phonologica l 
and syntacti c Portugues e recentl y discusse d b y Galve s an d 
Galve s (1995) .  Roughly ,  ove r  a  perio d o f  20 0 years ,  startin g 
from  1800 ,  "classical "  Portugues e (CP )  underwen t  a  chang e 
i n cliti c  placement .  Fro m th e 16t h centur y o r  befor e unti l 
th e beginnin g o f  th e 19t h century ,  bot h proclitic s an d encli -
tic s wer e possibl e i n roo t  declarativ e sentence s (nonquantifie d 
subjects) ,  a s give n b y G & G ' s example s (1 )  an d (2) ,  an d i n 
quantifie d subject s (3) ,  whic h w e wil l  refe r  t o hencefort h vi a 
thei r  referenc e numbers : 

(1 )  Pauloaama . 
E»aul o he r  love s 
'Paul o love s her ' 
(proclitic ) 

(2 )  Paul o ama- a 
Paul o loves-he r 
'Paul o love s her '  (enclitic ) 

(3 )  Q u e m a a m a? 
W ho he r  loves ? 
'  W h o love s her? ' 
(proclitic ) 

G & G summariz e th e relevan t  historica l  fact s a s follows : 
"Durin g th e 19" "  centur y a  chang e affectin g th e synta x 
of  clitic-placemen t  occurre d i n th e languag e spoke n i n 
Portugal.. .  A s a  result ,  sentence s lik e (1 )  becam e agrammat -
ica l  an d (2 )  remaine d a s th e onl y optio n fo r  roo t  affirmativ e 
sentence s wit h non-quantifie d subjects .  Thi s change ,  how -
ever ,  di d no t  concer n sentence s lik e (3 )  wit h quantifie d o r 
W/i-subject s i n whic h proclisi s was ,  an d continue s t o be ,  th e 
onl y option. " 

G & G offe r  a n explanatio n o f  thi s change ,  proposin g a  lin k 
betwee n phonolog y an d syntax .  Roughl y speaking ,  Galve s 

has argue d tha t  phonologica l  change s i n Portugues e altere d 
th e stres s awilours ,  an d consequentl y th e probabilitie s wit h 
whic h sentenc e type s occurred ;  thi s differenc e i s stres s i s 
what  learnin g hinge s on ,  an d s o th e historica l  change .  Whil e 
thi s explanatio n i s arguable ,  w e wil l  accep t  i t  t o illustrat e ho w 
differen t  learnin g algorithm s migh t  hav e differen t  evolution -
ar y consequence s fo r  historica l  prediction ,  ignorin g fo r  th e 
moment  th e linguisti c implication s o f  th e variou s algorithm s 
and concentratin g onl y o n thei r  computationa l  properties .  T o 
eac h sentenc e w e wil l  assig n (a )  a  morphologica l  wor d se -
quence ;  (b )  a  stres s contour ;  an d (c )  a  syntacti c structure .  Fo r 
example ,  agai n followin g G & G ' s analysis ,  sentenc e typ e (2 ) 
wil l  remai n onl y i n CP ,  whil e th e tw o sentence s (2)-(3 )  abov e 
wil l  hav e differen t  stres s pattern s fo r  C P an d EP .  W e omi t 
a detaile d descriptio n o f  th e stres s assignmen t  an d syntacti c 
properties ,  a s the y ar e no t  necessar y fo r  ou r  analysis .  Al l  w e 
nee d t o kno w i s tha t  G & G assum e tha t  th e stres s contour s 
correspondin g t o sentenc e type s (1) ,  (2) ,  an d (3) ,  whic h w e 
denot e simpl y a s ci,C2,C3 ,  follo w a  Marko v chai n descrip -
tio n and ,  mor e importantly ,  gover n th e probabilit y  wit h whic h 
sentence s ar e produced. '  Thus ,  i f  tw o sentence s hav e th e 
same stres s contour ,  the n the y wil l  b e produce d wit h th e sam e 
probabilit y  (give n b y th e probabilit y  o f  th e stres s sequenc e 
accordin g t o Marko v productio n rules) .  I n short ,  fo r  th e pur -
pos e o f  thi s paper ,  i t  i s  sufficien t  t o assum e tha t  ther e ar e tw o 
simpl y tw o grammar s (i n accordanc e wit h Galves '  assump -
tions) :  G c p ,  denotin g th e gramma r  o f  Classica l  Portugues e 
(earlier )  an d G e p ,  denotin g th e gramma r  o f  Europea n Por -
tuguese .  Furthermore ,  th e onl y dat a tha t  i s  relevan t  (ignorin g 
othe r  aspect s o f  th e granunar )  i s  a s follows : 
Classica l  Portugues e 
(CP-1 )  c i  :  produce d wit h probabilit y  p ;  (CP-2 )  c j  produce d 
wit h probabilit y  1  -  2p ;  an d (CP-3 )  C3 produce d wit h proba -
bilit y  p . 
Europea n Portugues e 
(EP-1 )  ci :  no t  produced ;  (2 )  (EP-2 )  C2 produce d wit h proba -
bilit y  1  -  9 ;  an d (EP-3 )  c j  produce d wit h probabilit y  q . 

A ny (historicall y changing )  populatio n wil l  no w b y as -
sumptio n contai n a  mi x o f  speaker s o f  Classica l  an d Europea n 
Portuguese .  Th e Classica l  Portugues e speaker s produc e th e 
sentenc e type s show n abov e wit h th e probabilitie s (parame -
terize d b y p) .  Th e Europea n Portugues e speaker s produc e th e 
sentenc e type s show n abov e wit h th e probabilitie s (parame -
terize d b y q) . 

Thu s w e hav e define d (1 )  th e clas s o f  grammar s (1 ) 
g -  { G e p , G c p } ;  (2 )  Probabilitie s wit h whic h speaker s 
of  G e p an d G c p produc e sentence s (parameterize d b y p  an d 
q.  W e therefor e ca n deriv e th e evolutionar y consequence s 
on th e populatio n fo r  a  variet y o f  learnin g algorithms .  W e 
first  conside r  a  probabilistic ,  m a x i m u m likelihoo d method : 
t o choos e betwee n C P an d E P give n som e inpu t  sentence s 
(conditione d o n stres s patterns) ,  pic k th e languag e (grammar ) 
tha t  maximize s th e probabilit y  o f  generatin g th e availabl e dat a 
(surfac e forms) .  Thi s i s probabl y th e simples t  probabilisti c 
learnin g algorith m an d lead s to : 

'W e ar e o f  cours e awar e tha t  thi s assumptio n o f  G & G ma y als o 
be questioned ;  on e migh t  substitut e fo r  i t  an y othe r  mor e plausibl e 
relatio n betwee n stres s an d sentenc e type s — i f  any ;  thi s assumptio n 
i s simpl y designe d a s a  bridg e t o ge t  th e chil d from a  presumabl y 
observabl e surfac e fac t  t o a  sentenc e type . 
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Galve s Batc h Algorith m 

The learnin g algorith m fo r  grammatica l  acquisitio n proceed s 
as follows : 

1.  Dra w A ^  example s (sentences) . 

2.  Comput e likelihoods ,  i.e. ,  P iS„ \Ccp )  an d F{S„\(Ji.:p) . 

3.  Us e th e Max imu m Likelihoo d principl e t o choos e betwee n 
th e grammars . 

Analysi s o f  Individua l  Learnin g Algorith m A s discusse d 
earlier ,  t o calculat e th e historica l  dynamic s w e mus t  b e abl e 
t o analyz e th e behavio r  o f  th e learnin g algorithm ,  i.e. ,  char -
acteriz e eq .  1 .  Fo r  th e analysi s o f  th e algorithm ,  w e assum e 
tha t  sentence s ar e draw n i n i.i.d .  fashio n accordin g t o a  dis -
tributio n dictate d b y thei r  stres s contour s a s indicate d i n th e 
earlie r  section . 

First ,  conside r  th e for m o f  th e likelihoods .  Le t  th e exampl e 
sentence s b e 5 n =  {si,S2 -  ,  S n } •  Du e t o th e i.i.d .  assump -
tio n P(Sn|Gcp )  isgivenb y nr^ i  P{si\Gcp) -  Suppos e tha t 
th e se t  o f  n  example s consist s o f  a  draw s o f  cj ,  6  draw s o f  c j 
and n  — a  — b  draw s o f  C2 .  The n th e followin g i s immediatel y 
clear : 

P iS „ \Gcp )=P%l -2py " - ' ' - ' ' V 

and 

P{Sn\GEp )  =  iOni-q)^"-''-'^q ' 

ConsequenUy ,  th e individua l  child ,  followin g th e likelihoo d 
principl e wil l  choos e th e gramma r  E P {Gep )  onl y i f  (1 )  n o 
instance s o f  c i  occu r  i n it s  sample ;  an d (2 )  C2 an d cj ,  occu r  i n 
number s s o tha t  ̂ ''(1-9)^""' ^  >  (1-2p)("-')p ^  Ther e ar e 
thre e case s t o consider : 
Case I .  p  <  q  <  2p . 
Decisio n Rule :  Fo r  thi s case ,  i t  i s  possibl e t o sho w tha t  th e 
chil d (followin g th e maximu m likelihoo d rule )  alway s choose s 
G ep i f  n o instance s o f  c \  occur .  Thi s i s simpl y becaus e 
\  -  q  >  \  - 2 p an d q  >  p . 
Equatio n 1  an d Populatio n Update :  Suppos e tha t  th e propor -
tio n o f  speaker s o f  G c p i n th e i\ h generatio n i s q ,  .  The n th e 
probabilit y  o f  drawin g c i  i s  give n b y o,p .  Consequently ,  th e 
probabilit y  o f  drawin g a  se t  o f  n  example s withou t  a  singl e 
dra w o f  c i  i s  ( 1 -  aip)" .  Thi s i s o f  cours e th e probabilit y 
wit h whic h th e individua l  chil d choose s th e gramma r  o f  Euro -
pean Portuguese ,  G e p Thu s th e updat e rul e ha s th e followin g 
form : 

tti+i = l-(l-a.p)" 

Case 2 .  q  <  p  <  2p . 
Decisio n Rule :  I n thi s case ,  th e max imu m likelihoo d decisio n 
rul e reduce s t o th e following .  Choos e G e p i f  an d onl y i f  (I ) 
a -  Q,  i.e. ,  n o instance s o f  C ]  occur ;  an d (2 )  b  <  n j  wher e 

M i ^ ) -.  Fo r  al l  othe r  dat a sets ,  choos e Gc p • ^  log(i^ )  +  log(f} -
Equatio n 1  an d Populatio n Update :  A s usual ,  le t  ther e b e a ; 
proportio n o f  th e previou s generatio n speakin g G c p •  I t  ca n 
be show n tha t  event s (1 )  an d (2 )  abov e occu r  wit h probabilit y 

TUlo (l) P'Q^n - k) where P = a,p + (1 - a,)q and 

Q = Qiil - 2p) + (I - ai){l -g). Thus the update rule has 
th e followin g form : 

k- 0 ̂  ^ 

Case 3 .  p  <  2 p <  9 . 
Decisio n Rule :  Th e max imu m likelihoo d decisio n rul e re -
duce s to :  choos e G e p i f  an d onl y //"(I )  a  =  0 ;  an d b  >  n y 

-.  Otherwise ,  choos e G c p . 
" ' ^ ^ ^ ^ ^ - • o . C f H ! ? ^ ^ ) -
Equatio n 1  an d Populatio n Update : 

As usual ,  le t  q ,  b e th e proportio n o f  th e previou s generatio n 
speakin g G c p -  I t  ca n b e show n tha t  th e updat e rul e ha s th e 
followin g form : 

P*Q(n- ik ) 

wher e P  an d Q  ar e a s i n cas e 2 . 

System Evolution We have shown above how the behavior 
of  th e populatio n ca n b e characterize d a s a  dynamica l  syste m 
and hav e derive d th e updat e rule s fo r  suc h a  syste m fo r  a 
maximu m likelihoo d learnin g algorith m Th e dynamica l  sys -
te m capture s th e evolutionar y consequence s o f  thi s particula r 
learnin g algorithm .  I n thi s sectio n w e describ e it s evolution -
ar y properties ,  an d se e ho w the y mes h wit h observe d cognitiv e 
(historical )  trends . 
Case 1 . 

1.  a  =  0  i s a  fixed  point ,  i.e. ,  i f  th e initia l  populatio n consist s 
entirel y o f  Europea n Portugues e speakers ,  i t  wil l  alway s 
remai n tha t  way .  Furthermore ,  i f  n p <  1 ,  the n thi s i s a 
stabl e fixed  point .  I t  i s  als o th e onl y fixed  poin t  betwee n 
0 an d 1 .  Thu s i n thi s cas e a  populatio n speakin g entirel y 
Classica l  Portugues e woul d graduall y b e converte d t o on e 
speakin g entirel y Europea n Portuguese . 

2.  I f  n p >  1 ,  the n a  =  0  remain s a  fixed  poin t  bu t  no w be -
comes unstable .  Fo r  thi s case ,  a n additiona l  fixed  poin t 
(stable )  i s  no w create d betwee n 0  an d 1 .  Al l  initia l  popu -
latio n composition s wil l  ten d t o thi s particula r  mi x o f  G c p 
and G e p speakers .  Figur e I  show s th e fixed  (equilibrium ) 
poin t  a s a  functio n o f  n  an d p . 

Case 2 . 

1.  Unlik e cas e 1 ,  th e dynamica l  evolutio n depend s no w de -
pend s upo n bot h p  an d q  i n additio n t o n . 

2.  I t  i s  easil y see n tha t  a  =  0  i s n o longe r  a  fixed  (equilibrium ) 
poin t  (unles s p  =  q) .  Consequently ,  populations ,  irrespec -
tiv e o f  thei r  initia l  composition ,  wil l  alway s contai n som e 
speaker s o f  Classica l  Portuguese . 

3.  I t  i s  possibl e t o sho w tha t  ther e i s exactl y on e fixed  (stable ) 
poin t  an d al l  initia l  population s wil l  ten d t o thi s value . 
Shown i n fig.  2  i s plo t  o f  th e fixed  poin t  a s a  functio n o f  q 
and p  fo r  a  fixed  valu e o f  n .  Notic e th e multipl e ridges  i n 
th e profil e suggestin g sensitivit y t o th e valu e o f  q  aroun d 
some critica l  points .  Show n i n fig.  3  i s a  plo t  o f  th e fixed 
poin t  a s a  functio n o f  p  fo r  variou s choice s o f  n  keepin g q 
fixed  a t  0.1 . 

Case 3 . 

1.  Lik e cas e 2 ,  th e dynamica l  evolutio n depend s upo n bot h p 
and q  i n additio n t o n . 
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Figur e 3 :  Th e fixed  poin t  o f  th e dynamica l  syste m a s a  func -
tio n o f  p  (o n th e X  axis )  fo r  variou s value s o f  n .  Her e q  wa s 
hel d fixed  a t  0. 1 an d p  wa s allowe d t o var y fro m 0. 1 t o 0.5 . 

Figur e 1 :  Th e fixed  poin t  o f  th e dynamica l  syste m (o n th e Z 
axis )  a s a  functio n o f  n  (o n th e A '  axis )  an d ̂  (o n th e Y  axis) . 

Figur e 2 :  Th e fixed  poin t  o f  th e dynamica l  syste m (o n th e Z 
axis )  a s a  functio n o f  q  (o n th e X  axis )  an d p  (o n th e Y  axis) . 
Th e valu e o f  n  wa s hel d fixed  a t  5 . 

2.  Again ,  i t  i s  easil y see n tha t  a  =  0  i s n o longe r  a  fixed  point . 
Therefore ,  th e speaker s o f  Classica l  Portugues e ca n neve r 
be eliminate d altogethe r  fo r  p  an d g  i n thi s range . 

We ca n agai n plo t  th e fixed  point s o f  th e resultin g dynami -
cal  syste m a s a  functio n o f  th e q  an d p  wher e n  i s hel d fixed 
at  5  o r  fo r  variou s value s o f  n ,  keepin g p  fixed.  W e omi t 
th e figures  fo r  reason s o f  space .  Th e result s  are :  agai n th e 
ridge s i n th e landscap e sugges t  a  grea t  sensitivit y o f  th e fi-
nal  equilibriu m poin t  t o sligh t  change s i n th e value s o f  p  an d 
q.  Classica l  Portugues e speaker s ar e neve r  completel y elim -
inated ,  althoug h thei r  frequenc y ca n ge t  quit e lo w i n certai n 
regions . 

W h at  ar e th e importan t  conclusion s fro m thi s analysis ? I n 
short ,  childre n usin g th e m a x i m u m likelihoo d rul e wil l  choos e 
G e p ove r  G c p -  However ,  a  dynamica l  system s analysi s mus t 
be carrie d ou t  t o se e i f  tha t  wil l  suffic e t o "wip e out "  Classica l 
Portuguese .  Onl y i n cas e 1  wil l  Classica l  Portugues e b e los t 
completel y (provide d p  <  1/n) .  I n al l  othe r  cases ,  ther e wil l 
alway s remai n som e speaker s o f  Classica l  Portugues e withi n 
th e community .  I n fact ,  th e evolutionar y propertie s ca n b e 
quit e subtle.' '  Conside r  th e followin g thre e exampl e cases . 

Example 1 Let p = 0.05, g = 0.02 and n - 4. In this 
case ,  i f  th e parenta l  generatio n wer e al l  speakin g Classica l 
Portuguese( a =  I )  the n a  simpl e computatio n show s tha t  th e 
probabilit y  wit h whic h th e chil d woul d pic k G e p (Europea n 
Portuguese )  i s 0.66 ,  i.e. ,  i t  i s  greate r  tha n one-half .  Thus , 
i n spit e o f  th e fac t  tha t  th e majorit y o f  childre n choos e th e 
g rammar  o f  Europea n Portuguese ,  th e speaker s o f  Classica l 
Portugues e wil l  neve r  di e ou t  completely .  I n fad .  th e fixe d 
poin t  i s  O.U .  Roughl y 1 1 percen t  o f  th e populatio n wil l 
continu e t o spea k Classica l  Portuguese . 

''Th e sam e dynamica l  propertie s woul d hol d o f  a  "bi-lingual " 
model  wher e th e distributio n oflanguage s wa s ove r  singl e individual s 
— lik e tha t  advocate d b y Kroc h (1990) .  Her e to o th e dynamica l 
propertie s an d resultin g cognitiv e change s ar e simpl y to o subtl e t o 
pic k ou t  b y intuitio n alone ;  tha t  i s  th e ke y resul t  o f  thi s paper . 
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Exampl e 2  Le t  p  =  0.05 ,  q  =  0.0 6 a n d n -  S .  I f  thi s wer e 
th e case ,  an d th e parenta l  generatio n al l  spok e Classica l  Por -
tuguese ,  i t  turn s ou t  tha t  th e probabilit y  wit h whic h th e indi -
vidua l  chil d woul d pic k G e p woul d agai n b e 0.66 .  However . 
no w th e speaker s o f  classica l  Portugues e wouldallb e los t  an d 
th e populatio n woul d mov e t o it s  stable ,  fixe d poin t  containin g 
onl y speaker s o f  Europea n Portuguese . 

Exampl e 3 I f p =  0.05 ,  q  -  0.0 6 an d n  =  2 1 however ,  i t  i s 
easil y see n tha t  Classica l  Portugues e speaker s ca n neve r  b e 
completel y lost . 

Batch Subset Algorithm 

Most  importantly ,  w e se e tha t  th e abov e learnin g algorith m 
makes specifi c  prediction s abou t  th e chang e o f  th e linguisti c 
compositio n o f  th e populatio n a s a  whole .  Fo r  purpose s o f 
exploration ,  le t  u s tur n ou r  attentio n t o a  simpl e modifica -
tio n o f  th e previou s learnin g algorith m tha t  w e cal l  th e Batc h 
Subset  Algoridi m becaus e al l  th e dat a i s processe d "a t  once. " 
Our  ai m i s t o demonstrat e ho w readil y on e ma y carr y ou t 
change s i n th e learnin g algorith m an d investigat e thei r  mode l 
consequences . 

1.  Dra w n  examples . 

2.  I f  c \  occur s eve n once ,  choos e G c p ,  otherwis e choos e 
Gep-
Sinc e Europea n Portugues e i s a  subse t  o f  Classica l  Por -

tugues e fo r  th e dat a a t  hand ,  suc h a  learne r  woul d choos e th e 
grammar  o f  Europea n Portugues e G e p a s it s defaul t  gramma r 
unles s i t  receive d contradictor y dat a (i n thi s cas e ci :  whic h 
inform s i t  tha t  th e targe t  i s no t  G e p bu t  G c p -  O f  course , 
suc h a  learnin g algorith m i s guarantee d t o converg e t o th e 
correc t  targe t  a s th e dat a goe s t o infinity .  A  natura l  questio n 
t o as k i s whethe r  i t  make s a  differen t  predictio n abou t  ho w 
th e populatio n woul d evolve .  A s i t  turn s out ,  i t  i s  possibl e t o 
prove : 

Theore m 1  Le t  a ,  denot e th e proportio n o f  th e communit y 
speakin g Classica l  Portugues e (Gcp )  i n th e it h generation . 
Then thi s evolve s a s 

a.+i = 1 - (1 - a.p)" 

where n is the number of examples drawn and p is as usual. 

One ca n alread y se e tha t  th e evolutionar y propertie s fo r  thi s 
learnin g algorith m ar e differen t  fro m th e previou s one .  Th e 
dynamic s i s alway s give n b y th e sam e updat e rul e irrespectiv e 
of  th e value s o f  p  an d q .  I n fact ,  th e evolution ,  whic h i s 
totall y independen t  o f  q ,  i s  identica l  t o th e Cas e 1  o f  th e 
previou s learnin g algorith m dynamics .  Naturally ,  i t  ha s th e 
same equilibriu m behavio r  a s Figur e 1 . 

Sinc e a  batc h algorith m i s presumabl y psychologica l  unrea l 
(du e t o memor y limitations) ,  on e coul d substitute ,  a s w e hav e 
done ,  a  memoryles s algorithms ,  suc h a s loca l  gradien t  ascen t 
(Gibso n an d Wexler' s "Triggerin g Learnin g Algorithm "  o r 
TLA,  1994) .  Du e t o reason s o f  space ,  w e leav e a  detaile d 
presentatio n o f  th e result s o f  thi s modificatio n t o on e side ,  an d 
simpl y not e tha t  on e obtain s ye t  a  differen t  historica l  dynamic . 
I t  i s  possibl e t o prov e tha t  i n thi s case ,  th e populatio n evolve s 
accordin g t o th e updat e rule : 

a, + , -1-1(1-a,p)" 

wher e a ,  an d a,.( .  j  ar e th e proportio n o f  th e populatio n speak -
in g Classica l  Portugues e i n generatio n i  an d i  -i- 1 respectively . 
As usual ,  n  i s th e numbe r  o f  example s drawn .  Here ,  not e tha t 
CP speaker s ca n neve r  b e eliminate d t o les s tha n ̂  o f  th e pop -
ulation .  Consequently ,  on e i s abl e t o se e immediatel y tha t  th e 
T L A doe s no t  hav e th e right  evolutionar y propertie s t o explai n 
th e chang e fro m Classica l  t o Europea n Portuguese .  Second , 
i t  i s  possibl e t o sho w tha t  ther e i s exactl y on e (stable )  fixed 
poin t  (betwee n 1/ 2 an d 1 )  t o whic h suc h a  syste m evolves , 
fo r  variou s value s o f  n  an d p . 

Conclusions: Letters from the Portuguese 

As th e cas e o f  Portugues e languag e chang e shows ,  individua l 
languag e chang e nee d no t  b e th e sam e a s ensembl e languag e 
change .  Difference s i n languag e learnin g strategie s ca n lea d 
t o difference s i n languag e chang e ove r  time .  Th e dynamica l 
system s mathematic s i s essentia l  becaus e intuition s ca n lea d 
one astray .  T o prob e mor e deepl y require s a  new ,  mor e sophis -
ticate d approac h lik e th e on e adopte d b y evolutionar y popu -
latio n biologists .  Mathematica l  modelin g ma y b e require d t o 
teas e ou t  subtl e difference s betwee n language-learnin g drive n 
languag e chang e — s o muc h s o that ,  t o ou r  minds ,  diachroni c 
languag e analysi s no w demand s th e sam e armamentariu m ̂ -
plie d t o "cognitive "  genotype s an d phenotype s tha t  populatio n 
biologist s hav e brough t  t o bea r  o n th e stud y o f  genotypi c an d 
phenotypi c chang e ove r  time . 

Acknowledgements 

Thank s t o Antoni o Calves ,  Morri s Halle ,  Ton y Kroch ,  an d 
Davi d Lightfoo t  fo r  usefu l  discussions .  Thi s researc h wa s 
performe d a t  th e Cente r  fo r  Biologica l  an d Computationa l 
Learnin g a t  MIT .  Suppor t  fo r  th e Cente r  i s provide d i n par t  b y 
a gran t  fro m th e Nationa l  Scienc e Foundatio n unde r  contrac t 
ASC-9217041 . 

References 

Cavalli-Sforza ,  L .  &Feldman ,  M .  (1981) .  A  Mathematica l 
Model  o f  Cultura l  Transmission .  Princeton ,  NJ :  Princeto n 
Universit y Press . 

Clark ,  R .  &  Roberts ,  I .  (1991) .  A  Computationa l  Mode l  o f 
Languag e Leamabilit y  an d Languag e Change .  Linguisti c 
Inquiry ,  24(2) ,  299-345 . 

Calves ,  A. ,  &  Calves ,  C .  (1995) .  A  cas e stud y o f  prosody -
drive n languag e change :  fro m classica l  t o m o d e m Euro -
pean Portuguese .  Unpublishe d M.S. ,  Universit y o f  Sa o 
Paolo ,  Sa o Paolo ,  Brasil . 

Cibson ,  E. ,  &  Wexler ,  K.(1994) .  Triggers .  Linguisti c Inquiry , 
25(4) ,  407-454 . 

Gold ,  E. ,  (1967) .  Languag e identificatio n i n th e limit .  Infor -
matio n an d Control ,  10 ,  447-474 . 

Kroch ,  A .  (1990 )  Reflexe s o f  gramma r  i n pattern s o f  languag e 
change .  Languag e Variatio n an d Change ,  199-243 . 

Niyogi ,  P. ,  &  Berwick ,  R. ,  (1997 ,  t o appear) .  A  dynami -
cal  system s mode l  fo r  languag e change .  Linguistic s an d 
Philosophy . 

577 


	cogsci_1997_572-577

