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Abstrac t 

Metrical phonology is a relatively successful theory that at-
tempt s t o explai n stres s system s i n language .  Thi s pape r  dis -
cusse s a  perceptro n mode l  o f  stress ,  pointin g ou t  interestin g par -
allel s betwee n certai n aspect s o f  th e mode l  an d th e construct s 
and prediction s o f  metrica l  theory .  Th e distributio n o f  learnin g 
time s obtaine d fro m perceptro n experiment s correspond s wit h 
theoretica l  prediction s o f  "markedness. "  I n addition ,  th e weigh t 
pattern s develope d b y perceptro n learnin g bea r  a  suggestiv e 
relationshi p t o feature s o f  th e linguisti c analysis ,  particularl y 
wit h regar d t o iteratio n an d metrica l  feet .  Ou r  result s sugges t 
tha t  simpl e statistica l  learnin g technique s hav e th e potentia l  t o 
complement ,  an d provid e computationa l  validatio n for ,  abstrac t 
theoretica l  investigation s o f  linguisti c domains . 

B a s i c s o f  me t r i ca l  t h e o r y 

Thi s sectio n outline s th e structur e o f  th e syllabl e an d th e basic s 
of  metrica l  theory^ .  A  syllabl e i s compose d o f  a n onset ,  whic h 
contain s th e materia l  befor e th e vowel ,  an d a  rime .  Th e rim e 
i s compose d o f  a  nucleus ,  whic h contain s th e vocali c mate -
rial,  an d a  coda ,  whic h contain s an y remainin g non-vocali c 
material . 

A syllabl e m a y b e ope n (end s i n a  vowel )  o r  close d (end s 
i n a  consonant) .  Viewin g syllabl e structure s a s trees ,  a n ope n 
syllabl e ha s a  non-branchin g rime  (th e rime  ha s a  nucleus ,  bu t 
no t  a  coda) ,  whil e a  close d syllabl e ha s a  branchin g rim e (th e 
rime  ha s bot h a  nucleu s an d a  coda) .  A  syllabl e m a y als o hav e a 
lon g vowel ,  i n whic h cas e th e nucleu s i s considere d t o branch . 

I n m a n y languages ,  stres s tend s t o b e place d o n certai n kind s 
o f  syllable s rathe r  tha n o n others ;  th e forme r  ar e terme d heav y 
syllables ,  an d th e latte r  ligh t  syllables .  W h a t  count s a s heav y o r 
lightdiflfer s acros s language s but ,  mos t  commonly ,  a  heav y syl -
labl e i s on e wit h a  branchin g rime  ([Goldsmit h 1990 ,  p .  113]) . 
However ,  i t  i s  possibl e fo r  othe r  propertie s t o contribut e t o syl -
labl e weight .  Fo r  example ,  i n som e languages ,  onl y syllable s 
wit h a  lon g vowe l  (i.e. ,  branchin g nucleus )  coun t  a s heavy . 
Close d syllable s wit h shor t  vowel s d o no t  coun t  a s heavy ,  a s 
the y woul d i n th e mor e commonly-occurrin g heavy/ligh t  dis -
uncuo n ([Goldsmit h 1990 ,  p .  179]) . 

Language s tha t  distinguis h betwee n heav y an d ligh t  sylla -
ble s ar e terme d quantity-sensitive ,  whil e language s tha t  d o no t 
m a ke thi s distinctio n ar e terme d quantity-insensitive .  Ther e 
seems t o b e theoretica l  agreemen t  that ,  i n quantity-sensitiv e 
systems ,  th e placemen t  o f  stres s i s sensitiv e t o th e structur e 
o f  th e rime,  bu t  no t  th e onset .  W e follo w thi s assumption^ . 

*Th e secon d autho r  wa s supporte d b y a  gran t  fro m Hughe s Aircraf t  Corpo -
ration ,  an d b y th e Offic e o f  Nava l  Researc h unde r  contrac t  numbe r  N00014 -
86-K-0678 . 

^For  a n overvie w o f  metrica l  phonology ,  se e [Goldsmit h 1990 ,  chap -
te r  4] ,  [Kayel989 ,  pp .  139-145] ,  [va n derHuIst & Smit h 1982 ]  o r 
[Dresher&Kayel990,pp .  140-147] . 

^See,  fo r  example ,  ([Dreshe r  &  Kay e 1990 ,  p .  141 ]  o r  [Goldsmit h 1990 , 
p.  170]) .  However ,  bot h [Davi s 1988 ]  an d [Everet t  &  Everet t  1984 ]  presen t 
evidenc e tha t  onset s ma y i n fac t  b e relevan t  t o th e placemen t  o f  stress . 

Thu s rime  structur e i s take n t o b e th e basi c leve l  a t  whic h 
account s o f  stres s system s ar e formulated .  Stres s pattern s ar e 
controlle d b y metrica l  structure s buil t  o n to p o f  rime  structures . 
Th e versio n o f  metrica l  structur e adopte d her e i s metrica l  feel . 
We assum e th e parameter s formulate d b y Dreshe r  &  Kay e 
([Dreshe r  &  Kay e 1990 ,  p .  142]) : 

(PI) The word-tree is strong on the [Left/Right] 
(P2 )  Fee t  ar e [Binary/Unbounded ] 
(P3 )  Fee t  ar e buil t  fro m th e [Left/Right ] 
(P4 )  Fee t  ar e stron g o n th e [Left/Right ] 
(P5 )  Fee t  ar e Quantity-Sensitiv e {QS )  [Yes/No ] 
(P6 )  Fee t  ar e Q S t o th e [Rime/Nucleus ] 
(P7 )  A  stron g branc h o f  a  foo t  mus t  itsel f  branc h [NoAfes ] 
(P8 )  Ther e i s a n extra-metrica l  syllabl e [Yes/No ] 
(P9 )  I t  i s extra-metrica l  o n th e [Left/Right ] 
(PIO )  A  wea k foo t  i s defoote d i n clas h [NoA'es ] 
(P I  1 )  Fee t  ar e non-iterativ e [NoA'es ] 

As an example of the application of these parameters, con-
side r  th e stres s patter n o f  Maranungku ,  i n whic h primar y stres s 
fall s o n th e first  syllabl e o f  th e wor d an d secondar y stres s o n 
alternat e succeedin g syllables .  Figur e 1  show s a n abstrac t 
representatio n o f  a  six-syllabl e word ,  wit h eac h syllabl e rep -
resente d a s (J .  Th e assignmen t  o f  stres s i s characterize d a s 
follows .  Binary ,  quantity-insensitive ,  left-dominan t  fee t  ar e 
constructe d iterativel y fro m th e lef t  edg e o f  th e word .  Eac h 
foo t  ha s a  "strong "  an d a  "weak "  branc h (labele d " S "  an d "W, " 
respectively ,  i n th e figure).  Th e strong ,  o r  dominan t  branc h as -
sign s stres s t o th e syllabl e i t  dominates .  Sinc e th e fee t  ar e left -
dominant ,  odd-numbere d syllable s ar e assigne d stress .  Ove r 
th e root s o f  thes e metrica l  feet ,  a  left-dominan t  word-tre e i s 
constructed ,  whic h assign s stres s t o th e structur e dominate d b y 
it s leftmos t  branch .  Th e thir d an d fifth  syllable s ar e eac h domi -
nate d b y th e dominan t  branc h o f  on e metrica l  structur e ( a foot) , 
whil e th e first  syllabl e i s dominate d b y th e dominan t  branche s 
of  tw o structure s ( a foot ,  an d th e word-tree) .  Even-numbere d 
syllable s ar e dominate d onl y b y non-dominan t  branche s o f  feet . 
Th e resul t  i s  tha t  even-numbere d syllable s receiv e n o stress ; 
th e thir d an d fifth  syllable s receiv e on e degre e o f  stres s (sec -
ondar y stress) ;  an d th e first  syllabl e receive s tw o degree s o f 
stres s (primar y stress. )  Th e paramete r  setting s characterizin g 
Maranungk u are :  [P I  Left] ,  [P 2 Binary] ,  [P 3 Left] ,  [P 4 Left] , 
[P 5 N o ] ,  [P 7 N o ] ,  [P 8 N o ] ,  [PI O N o ] ,  [P1 1 N o ] .  Parameter s 
P6 an d P 9 ar e irrelevan t  becaus e o f  th e setting s o f  parameter s 
P5 an d P8 ,  respectively . 

Sixteen stress systems 

Si x quantity-insensitiv e (QI )  language s an d te n quantity -
sensitiv e (QS )  language s wer e examine d i n ou r  experiments . 
Th e data ,  summarize d i n Tabl e 1 ,  wer e take n primaril y fro m 
[Haye s 1980] .  Not e tha t  th e Q I  stres s pattern s o f  Latvia n & 
French ,  Maranungk u &  Weri ,  an d Lakot a &  Polis h ar e mirro r 
image s o f  eac h other .  Th e Q S stres s pattern s o f  Malayala m & 
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Word-tre e 

Mecrica l  fee t 

c  < r  < r  < r  o "  < r  syiiMt s 
1 2 3  4  S  6 

Figure 1: Metrical structures for a six-syllable word in Mara-
nungku . 

Yapese ,  Osseti c &  Rotuman ,  Easter n Permya k K o m i  &  East -
e m Cheremis ,  an d Khalk a Mongolia n &  Aguacate c M a y a n ar e 
als o mirro r  images^ . 

Learning stress with a perceptron 

I n separat e experiments ,  w e taugh t  a  perceptro n t o produc e th e 
su-es s patter n o f  eac h o f  th e sixtee n languages .  Th e domai n 
was limite d t o singl e words ,  a s i n th e previou s learnin g model s 
of  metrica l  phonolog y develope d b y Dreshe r  &  Kaye ,  an d 
Nyber g ([Dreshe r  &  Kay e 1990 ,  Nyber g 1989]) .  Agai n a s i n 
th e othe r  models ,  th e effect s o f  morpho-syntacti c informatio n 
(suc h a s lexica l  category )  wer e ignored ,  an d th e simplifyin g 
assumptio n wa s mad e tha t  th e onl y relevan t  informatio n abou t 
syllable s wa s thei r  weight . 

Words u p t o 7  syllable s lon g wer e sli d acros s a  13-elemen t 
inpu t  w indo w a s show n i n Figur e 2 .  A t  eac h tim e step ,  th e 
perceptro n wa s traine d t o predic t  th e stres s o f  th e cente r  ele -
ment .  I n orde r  t o distinguis h heav y fro m ligh t  syllables ,  eac h 
inpu t  elemen t  consiste d o f  tw o units .  Thu s th e perceptro n ha d 
a tota l  o f  2 6 inputs ,  plu s a  bia s connection .  Th e inpu t  pattern s 
use d wer e [ 1 0 ]  fo r  a  heav y syllable ,  [ 0 1 ]  fo r  a  ligh t  syllable , 
and [ 0 0 ]  fo r  n o syllable." *  Th e outpu t  target s use d i n trainin g 
wer e 1. 0 fo r  primar y stress ,  0. 5 fo r  secondar y stress ,  an d 0  fo r 
no stress . 

The inpu t  dat a se t  fo r  al l  stres s system s consiste d o f  al l 
255 word-form s o f  u p t o seve n syllables .  Eac h wor d wa s 
processe d on e syllabl e a t  a  time .  Connectio n weight s wer e 
adjuste d a t  eac h tim e ste p usin g th e back-propagatio n learn -
in g algorith m o f  [Rumelhart ,  Hinto n &  William s 1986] .  O n e 
epoc h consiste d o f  on e presentatio n o f  th e entir e trainin g set . 
The networ k wa s traine d fo r  a s man y epoch s a s necessar y t o 
ensur e tha t  th e stres s valu e produce d b y th e perceptro n wa s 
withi n 0. 1 o f  th e targe t  value ,  fo r  eac h syllabl e o f  th e word , 
fo r  al l  word s i n th e trainin g set .  A  learnin g rat e o f  0.0 5 an d 
momentum o f  0.9 0 wa s use d i n al l  simulations .  Initia l  weight s 
wer e uniforml y distribute d rando m value s i n th e rang e ±0.5 . 

'We hav e somewha t  simplifie d th e description s o f  Pohs h an d Malayala m 
compare d wit h thos e i n [Hall e &  Vergnau d 1987,pp .  57-58 ]  an d [Haye s 1980 , 
p.  66 ,  109] .  However ,  thi s doe s no t  detrac t  fro m ou r  discussio n i n an y way , 
as stres s system s correspondin g t o ou r  simplification s ar e reporte d t o exist : 
Swahi h ([Hall e &  Qement s 1983 ,  p.l7] )  an d Gurkha L ((Haye s 1980 ,  p.66]) , 
correspondin g t o Polis h an d Malayalam ,  respectively . 

*Not e tha t  th e distinctio n betwee n heav y an d ligh t  syllable s i s irrelevan t 
i n a  quantity-insensitiv e language .  However ,  thi s representatio n wa s use d i n 
al l  simulation s t o maintai n consistenc y acros s quantity-sensitiv e an d quantity -
insensitiv e systems . 

• 

H 

O L T P t T UNI T 

Inpu t 

INPUT L A Y E R ( M units ) 

F igur e 2 :  Perceptro n m o d e l  use d i n simulations . 

E a c h simulatio n w a s ru n a t  leas t  thre e t imes ,  a n d th e learnin g 
time s averaged .  Result s ar e s h o w n i n Tab l e 2 . 

IVf arkedness, learnability, and simulations 

A universa l  gramma r  ( U G )  o f  stres s shoul d incorporat e a  theor y 
of  markedness ,  s o a s t o predic t  whic h feature s o f  stres s system s 
ar e a t  th e cor e o f  th e huma n languag e facult y an d whic h ar e 
at  th e periphery .  Th e distributiona l  approac h t o markednes s 
treat s a s "unmarked "  thos e linguisti c form s tha t  occu r  mor e 
frequentl y i n th e world' s languages .  Thi s seem s t o b e th e 
approac h take n by ,  fo r  example ,  Hayes^ . 

Such a n approac h ca n b e criticized ,  however ,  o n th e ground s 
tha t  th e frequenc y o f  occurrenc e o f  som e linguisti c for m doe s 
not  necessaril y  determin e it s statu s a s "core "  o r  "peripheral" , 
and th e non-occurrenc e o f  som e for m doe s no t  sho w tha t  i t  i s 
"impossible. "  Th e distributio n o f  language s i n th e worl d i s a 
functio n o f  al l  kind s o f  historical ,  non-linguistic ,  factors ,  an d 
doe s no t  necessaril y  hav e linguistic-theoreti c significance* . 

Anothe r  approac h t o markednes s i s learnabilit y  theory , 
whic h examine s th e logica l  proces s o f  languag e acquisition^ . 
Thus ,  fo r  example ,  Dreshe r  &  Kay e taJc e iteratio n t o b e 
th e defaul t  o r  unmarke d settin g fo r  paramete r  P l l ,  becaus e 
ther e i s evidenc e tha t  ca n caus e revisio n o f  thi s defaul t  i f  i t 
turn s ou t  t o b e th e incorrec t  setting :  th e absenc e o f  an y sec -
ondar y stresse s serve s a s a  diagnosti c tha t  fee t  ar e no t  iterativ e 
([Dreshe r  &  Kay e 1990 ,  p .  191]) .  Ifnon-iteratio n wer e th e de -
fault ,  thei r  learnin g syste m migh t  no t  encounte r  evidenc e tha t 
woul d enabl e i t  t o correc t  thi s defaul t  setting ,  i f  i t  wer e i n fac t 
incorrect .  I t  shoul d b e note d that ,  whil e thi s  i s a  representativ e 
applicatio n o f  subse t  theory ,  th e choic e o f  defaul t  paramete r 
value s depend s o n th e particula r  learnin g algorith m employed . 

'([Hayes 1980, p. 50]): "In justifying a foot inventory as the unmarked 
one,  a  minima l  requiremen t  i s t o sho w tha t  al l  th e member s o f  th e inventor y 
ar e atteste d i n a  fai r  numbe r  o f  languages... " 

'  T o quot e Pullum([PuUu m 1982 ,  p .  343;p .  340]) ;  •'.. .  n o on e ha s an y ide a 
t o wha t  exten t  th e histor y o f  th e huma n rac e ha s skewe d th e distributio n o f 
[linguistic ]  type s b y skewin g th e distributio n o f  people.. .  t o postulat e a  defaul t 
assumptio n that ,  say ,  w/i-movemen t  canno t  b e rightward,  merel y becaus e i t  i s 
commoner  (i n currentl y well-studie d languages )  fo r  i t  t o b e leftward ,  i s surel y 
pervers e a s wel l  a s unnecessary .  Languag e acquisitio n lake s plac e withi n 
th e infant ,  no t  withi n th e contex t  o f  a  statistica l  surve y o f  currentl y atteste d 
languages... " 

"A s a n example ,  th e Subse t  Principl e ([Berwic k 1985] , 
[Wexler & Manzin i  1987] )  ha s implication s fo r  markedness .  Suppos e tha t 
tw o possibl e setting s a  an d b  fo r  paramete r  P  resul t  i n th e learne r  respectivel y 
acceptin g set s S a an d 5 *  o f  linguisti c  forms .  I f  S a i s a  subse t  o f  5* ,  then ,  onc e 
P ha s bee n se t  t o valu e b ,  i t  wil l  neve r  ge t  re-se t  t o a ,  eve n i f  tha t  wa s th e 
correc t  setting .  Uimiarke d value s fo r  parameter s shoul d therefor e b e th e one s 
yieldin g th e mos t  constrame d system . 
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Languag e 
Latvia n 
Frenc h 
Maranungk u 
Weri 
Lakol a 
PoUsh 
Koy a 

Eskim o 

Malayala m 

Yapes e 

Osseti c 

Kotuma n 

K o mi 

Cheremi s 

Mongolia n 

M a y an 

DESCRIPTION O F STRESS PATlTiR N 
Fixe d word-initia l  stress . 
Fixe d word-fina l  stress . 
Primar y stres s o n first  syllable ,  secondar y stres s o n alternat e succeedin g syllables . 
Primar y stres s o n las t  syllable ,  secondar y stres s o n alternat e precedin g syllables . 
Primar y stres s o n secon d syllable . 
Primar y stres s o n penultimat e syllable . 
Primar y stres s o n first  syllalDle ,  secondar y stres s o n heav y syllables . 
(Heav y =  close d syllabl e o r  syllabl e wit h lon g vowel. ) 
(Primary )  stres s o n final  an d heav y syllables . 
(Heav y =  close d syllable. ) 
Primar y stres s o n first  syllabl e excep t  whe n first  syllabl e ligh t  an d secon d syllabl e heavy . 
(Heav y =  lon g vowel. ) 
Primar y stres s o n las t  syllabl e excep t  whe n las t  i s ligh t  an d penultimat e heavy . 
(Heav y =  lon g vowel. ) 
Primar y stres s o n first  syllabl e i f  heavy ,  els e o n secon d syllable . 
(Heav y =  lon g vowel. ) 
Primar y stres s o n las t  syllabl e i f  heavy ,  els e o n penultimat e syllable . 
(Heav y =  lon g vowel. ) 
Primar y stres s o n first  heav y syllable ,  o r  o n las t  syllabl e i f  non e heavy . 
(Heav y =  lon g vowel. ) 
Primar y stres s o n las t  heav y syllable ,  o r  o n first  syllabl e i f  non e heavy . 
(Heav y =  lon g vowel. ) 
Primar y stres s o n first  heav y syllable ,  o r  o n first  syllabl e i f  non e heavy . 
(Heav y =  lon g vowel. ) 
Primar y stres s o n las t  heav y syllable ,  o r  o n las t  syllabl e i f  non e heav y 
(Heav y =  lon g vowel. ) 

Example s 

S'5"5"5"5"5"5 " 
5"5"5"S"S"S"5 ' 
S'5°S^S°S^S°S ^ 
S^S°S^S°S^S°S ^ 
5"5'S"S"S"S"S " 
S"S"S"S"S"5'S " 

L'L''L''H L̂°L''L' ' 

L°L°L''H'L°L° 0 
L°L°L°L'L''L°L ' 

L°H'L'>H°L''L°L ° 
L°L°L°fr'L''L° 0 

H'L''L''lfL''L°L ° 
l°Ol°l°l°l°l ° 

l''l''l°l''l°Ol ° 
L°L''H'L°L°tfL ° 
L°L°L°L''L°L°L ^ 
L°L°H°L'>L°H'L' ' 
L'L°L°L'L'L'>L ° 
L''L°H'L°L°H°L' > 
L^L°L°L°L°L°L ° 

L°L°L°L°L°L°L ^ 

Tabl e 1 :  Stres s patterns :  descriptio n an d exampl e stres s assignment .  Example s ar e o f  stres s assignmen t  i n seven-syllabl e words . 
Primar y stres s i s denote d b y th e superscrip t  1  (e.g. ,  S') ,  secondar y stres s b y th e superscrip t  2 ,  an d n o stres s b y th e superscrip t  0 .  " S "  indicate s 
an arbitrar y syllable ,  an d i s use d fo r  th e Q I  stres s patterns .  Fo r  Q S stres s patterns ,  " H "  an d "L "  ar e use d t o denot e Heav y an d Ligh t  syllables , 
respectively . 

I f  leamabilit y  argument s shoul d propos e th e settin g x  fo r 
paramete r  P ,  the n s o m e explanatio n wou l d b e neede d i f  9 5 
pe r  cen t  o f  th e world' s language s coul d b e analyze d a s havin g 
th e settin g y  fo r  th e s a m e parameter .  Althoug h distributiona l 
observation s m a y no t  b e a n appropriat e startin g poin t  fo r  theor y 
construction ,  the y d o provid e a  se t  o f  additiona l  dat a points . 
H o w e v e r ,  give n th e previousl y note d criticisms ,  i t  appear s the y 
ca n onl y provid e a  w e a k constrain t  o n metrica l  theories .  S o m e 
othe r  sourc e o f  evidenc e wou l d b e valuable . 

It is therefore interesting to note that the simulations de-
scribe d i n thi s pape r  d o provid e "leamability "  result s fo r  a 
variet y o f  stres s patterns .  B y extension ,  the y m a k e prediction s 
abou t  th e leamabilit y o f  variou s linguisti c form s i n metrica l 
phonology .  W e clai m tha t  thes e result s provid e a  sourc e o f 
dat a tha t  ca n comp lemen t  theoretica l  investigations . 

Table 2 shows the stress systems grouped by their theoretical 
analyse s i n term s o f  th e paramete r  schem e discusse d i n th e 
firs t  section .  T h e las t  co lum n o f  th e tabl e show s th e averag e 
learnin g tim e i n epoch s fo r  eac h grou p o f  stres s patterns .  A s ca n 
b e seen ,  ther e appear s t o b e a  fairl y systemati c differentiatio n 
o f  leamin g time s fo r  group s o f  stres s pattern s wit h differen t 
cluster s o f  paramete r  settings . 

First of all, leaming times appear to be significantly higher 
fo r  stres s system s i n group s 5  throug h 9 ,  whic h hav e non -
iterativ e feet ,  tha n fo r  thos e i n group s 1  throug h 4 ,  whic h 
eithe r  d o no t  hav e metrica l  fee t  a t  all ,  o r  els e hav e iterativ e 
feet .  Thi s m a k e s th e interestin g predictio n tha t  non-iterativ e 
fee t  ar e m o r e difficul t  t o learn ,  an d henc e marked .  Thi s predic -
tio n correspond s wit h bot h Hall e &  Vergnaud' s Exhaustivit y 

Condition^ ,  an d wit h th e choic e o f  marke d an d unmarke d set -
ting s i n Dreshe r  &  Kaye' s paramete r  schem e (Paramete r  P I  I)' . 

Compar iso n o f  leamin g time s fo r  grou p I  vis-a-vi s group s 
2,  3  an d 4  suggest s tha t  a  stres s syste m wit h onl y a  word-tre e 
(i.e. ,  wit h n o metrica l  feet )  i s  easie r  t o lear n tha n on e wit h 
(iterative )  metrica l  feet . 

T h e dramati c differenc e i n leamin g time s betwee n group s 8 
an d 9  suggest s tha t  i t  i s  marke d fo r  th e dominan t  nod e t o b e 
obligatoril y  branching'^ .  G r o u p 8  differ s fro m grou p 9  onl y i n 
no t  havin g obligator y branching ,  an d averag e leamin g time s 
wer e 2 1 8 epoch s vs .  230 8 epochs . 

Thi s predictio n agree s wit h th e distributiona l  vie w tha t 
obligator y branchin g i s relativel y marked'' .  However ,  i t  run s 
counte r  t o Dreshe r  &  Kaye' s choic e o f  defaul t  value s (param -
ete r  P7)i 2 

However ,  compariso n o f  grou p 6  wit h grou p 7  suggest s tha t 
system s wit h obligator y branchin g m a y b e m o r e easil y learned : 
grou p 6 ,  wit h obligator y branching ,  ha s a  leamin g tim e o f  1 9 

*"Th e nile s o f  constituen t  boundar y consiructio n appl y exhaustivel y ... " 
([Hall e &  Vergnau d 1987 ,  p .  15]) . 

'i n Dreshe r  &  Kaye' s model ,  iteratio n i s  th e defaul t  o r  unmarke d paramete r 
setting ,  becaus e ther e i s evidenc e tha t  ca n caus e revisio n o f  thi s default .  Th e 
absenc e o f  an y secondar y stresse s serve s a s a  diagnosti c tha t  fee t  ar e no t 
iterativ e ([Dreshe r  &  Kay e 1990 ,  p .  191]) . 

'"Thi s mean s tha t  th e stron g branc h o f  a  foo t  mus t  dominat e a  heav y syllable , 
and canno t  dominat e a  ligh t  one . 

"(Haye s 1980 ,  p .  113]:".. .  th e maximall y unmarke d labelin g conventio n 
i s tha t  vk-hic h make s al l  dominan t  node s stron g .. .  th e conventio n tha t  win s 
secon d plac e is :  labe l  dominan t  node s a s stron g i f  an d onl y i f  the y branch... " 

'̂ Obligator y branchin g i s  th e defaul t  becaus e evidenc e (th e presenc e o f  an y 
stresse d ligh t  syllable s tha t  d o no t  receiv e stres s fro m th e word-tree )  ca n forc e 
it s revisio n ([Dreshe r  &  Kay e 1990 ,  p .  193]) . 
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1 

2 

3 

4 

i 

6 

7 

8 

9 

Languag e 
Latvian , 
Frenc h 
Maranungku , 
Weri 
Koya 

Eskim o 

Lakota .  Polis h 

Malayalam , 
Yapese 

Ossetic , 
Rotuman 

Komi , 
Cheremi s 

Mongolian , 
Mayan 

CHARACTERIZATION 
Word-tree ,  n o lee t 

Word-tree ,  iterativ e binar y 
Qlfee t 
Word-tree ,  iterativ e un -
bounde d Q S fee t 
No word-tree ,  iterativ e un -
bounde d Q S fee t 
Word-tree ,  non-iterativ e 
binar y Q I  fee t 
Word-tree ,  non-iterativ e 
binar y Q S feet ,  dominan t 
node branche s 

Word-tree ,  non-iterativ e 
binar y Q S fee t 

Word-tree ,  non-iterativ e 
unbounde d Q S fee t 

Word-tree ,  non-iterativ e 
unbounde d Q S feet ,  dom -
inan t  nod e branche s 

EPOCHS 
1 

2 

2 

3 

9 

19 
(±1 ) 

29 
(±1 ) 

218 
(±1 ) 

2308 
(±4 ) 

ANALYSIS A 

Tabl e 2 :  Learnin g time s fo r  Q I  an d Q S stres s pattern s groupe d 
by theoretica l  analysis .  Eac h figur e i s th e averag e 
lim e fo r  language s i n th e group . 

earnin g 

epochs ,  compare d wit h grou p 7 ,  withou t  obligator y branching , 
but  wit h a  learnin g tim e o f  2 9 epochs .  Thi s run s counte r  t o th e 
distributiona l  argument ,  bu t  agree s wit h th e leamabilit y  view . 

T wo point s ar e wort h noting .  First ,  i t  i s  interestin g tha t  wher e 
ther e i s a  conflic t  betwee n th e distributiona l  an d leamabilit y 
theor y prediction s o f  markedness ,  ther e i s als o conflictin g evi -
denc e fro m th e perceptro n simulation .  Second ,  thes e conflict -
in g perceptro n result s highligh t  th e fac t  tha t  i t  m a y b e infeasibl e 
t o analyz e th e effect s o f  differen t  setting s fo r  mdjv/dMa/param -
eters ;  i t  ma y onl y b e possibl e t o mak e broade r  analyse s o f  th e 
effect s o f  cluster s o f  paramete r  settings .  Stron g interaction s 
betwee n parameter s hav e als o bee n observe d i n othe r  compu -
tationa l  learnin g model s o f  metrica l  phonolog y (Eri c Nyberg , 
persona l  communication) . 

However ,  i n vie w o f  th e greate r  differentia l  i n learnin g time s 
betwee n Group s 8  an d 9  tha n betwee n Group s 6  an d 7 ,  w e con -
clud e tha t  th e effec t  o f  obligator y branchin g i s  t o increas e learn -
in g time .  Thatis,w e vie w ou r  learnin g result s a s supportin g th e 
markednes s o f  obligator y branching .  Thi s raise s th e interestin g 
possibilit y  tha t  learnin g result s suc h a s thos e fro m th e presen t 
perceptro n simulation s ca n provid e a  ne w sourc e o f  insigh t  int o 
question s o f  markedness .  A s previousl y noted ,  ther e i s contro -
vers y ove r  th e relevanc e o f  distributiona l  fact s t o theorie s o f 
markedness .  Moreover ,  th e distributiona l  vie w o f  th e marked -
ness o f  obligator y branchin g ([Haye s 1980 ,  p .  113] )  seem s t o 
conflic t  wit h th e leamabilit y  vie w ([Dreshe r  &  Kay e 1990 ,  p . 
193]) .  Th e presen t  simulation s see m t o agre e wit h th e distri -
butiona l  view ,  and ,  w e suggest ,  provid e a  potentia l  mean s o f 
validatio n fo r  theoretica l  analyses . 

Thi s contributio n t o theoretica l  analysi s ca n b e furthe r  illus -
trate d fo r  th e stres s system s o f  Lakot a an d Polish ,  whic h ar e 
mirro r  images .  Th e analysi s s o fa r  adopte d fo r  Lakot a i s tha t 
i t  ha s non-iterativ e binar y right-dominan t  Q I  fee t  constmcte d 
fro m lef t  t o right ,  wit h a  left-dominan t  word-tree'̂ .  Le t  u s cal l 
tiiis  Analysi s  A .  A s illustrate d i n Figur e 3 ,  thi s lead s t o th e con -
structio n o f  on e binar y right-dominan t  Q I  foo t  a t  th e lef t  edg e 

A 

Word-tre e 

Foot 

W S  W W 
c r  c r  o "  c r 

ANALYSIS B 

Word-tre e 

Syllable s 

Extra-metrica l  syllabl e 

'̂ Thi s i s base d o n Hayes '  analysi s o f  penultimat e stres s ([Haye s 1980 ,  p . 
551) . 

Figur e 3 :  T w o metrica l  analyse s fo r  a  four-syllabl e w o r d i n 
Lakota .  Stron g branche s ar e labele d " S " ,  an d w e a k branche s 
" W " . 

of  th e word .  This ,  togethe r  wit h th e left-dominan t  word-tree , 
result s i n th e assignmen t  o f  primar y stres s t o th e secon d syl -
lable .  A s ha s bee n shown ,  unde r  thi s analysis ,  th e perceptro n 
learnin g result s suppor t  th e markednes s o f  non-iteratio n (recal l 
th e differin g learnin g time s o f  Group s 1  throug h 4 ,  vs .  Group s 
5 throug h 9) . 

However ,  a n altemativ e analysi s i s  tha t  Lakot a ha s a  left -
dominan t  word-tre e wit h n o metrica l  feet ,  an d th e firs t  syllabl e 
i s extra-metrica l  ([Dreshe r  &  K a y e 1990 ,  p .  143]) .  Le t  u s cal l 
thi s Analysi s B .  A s illustrate d i n Figur e 3 ,  th e leftmos t  syllabl e 
i s treate d a s "invisible "  t o th e stres s mles ,  an d th e word-tre e 
assign s primar y stres s t o th e leftmos t  o f  th e "visible "  syllables . 
Th e resul t  i s  tha t  th e secon d syllabl e receive s primar y stress . 
Under  thi s analysis ,  Lakot a an d Polis h (Grou p 5 ,  i n Tabl e 2 ) 
diffe r  fro m Latvia n an d Frenc h (Grou p 1  i n Tabl e 2 )  onl y i n 
havin g a n extra-metrica l  syllable .  T h e differin g leamin g time s 
fo r  th e tw o group s ( 1 epoc h vs .  9  epochs )  the n sugges t  tha t 
extra-metricalit y i s  marked .  However ,  thi s m n s counte r  t o 
bot h th e distributiona l  vie w ([Haye s 1980 ,  p .  82] )  an d th e 
leamability-theoreti c vie w ([Dreshe r  &  K a y e 1990 ,  p .  191]) . 

To summarize ,  Analysi s A  view s Lakot a an d Polis h a s hav -
in g non-iterativ e feet ,  whic h bot h th e distributional/theoretica l 
an d leamabilit y  approache s trea t  a s marked .  Analysi s B  view s 
thes e stres s pattern s a s havin g a n extra-metrica l  syllable ,  whic h 
bot h approache s trea t  a s unmarked .  S o far ,  ther e i s  noth -
in g theory-externa l  t o hel p choos e betwee n th e analyses .  W e 
clai m tha t  th e presen t  simulatio n result s provid e suc h a  means : 
sinc e th e learnin g result s ar e consisten t  wit h th e theoretica l 
markednes s o f  non-iteration ,  bu t  no t  wit h th e unmarkednes s 
of  extra-metricality ,  the y provid e a t  leas t  w e a k suppor t  fo r 
preferrin g Analysi s A  ove r  Analysi s B . 

I n summary ,  th e presen t  leamin g result s ar e fro m a  mode l 
whos e initia l  stat e i s devoi d o f  an y informatio n abou t  th e con -
struct s o f  metrica l  theor y tha t  characteriz e differen t  stres s sys -
tems .  Nevertheless ,  th e leamin g result s exhibi t  interestin g 
correspondence s wit h theoretica l  predictions .  Thes e result s 
sugges t  tha t  computationa l  modelin g m a y hav e somethin g t o 
contribut e t o th e developmen t  o f  a  markednes s theor y and , 
mor e generally ,  t o aspect s o f  linguisti c analysis . 

Analysis of weight patterns 

I n leamin g a  stres s pattern ,  th e perceptro n ha s acquire d an d en -
code d i n it s connectio n weight s it s "knowledge "  o f  tha t  pattem . 
Connectio n weight s fo r  al l  th e language s studie d ar e show n i n 
Figur e 4 .  Eac h displa y i s a  representatio n o f  th e networ k a s 
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™ Frenc h 2.1 8 

Figur e 4 :  Learne d connectio n weight s fo r  th e sixtee n stres s patterns . 

a whole .  T h e larg e gre y shade d rectangl e represent s th e inpu t 
laye r  o f  th e network ,  wit h it s tw o row s o f  inpu t  units .  Th e sin -
gl e squar e protrudin g fro m th e lef t  o f  th e inpu t  laye r  i s th e bia s 
connection .  T h e outpu t  uni t  i s  represente d b y th e protrudin g 
squar e a t  th e to p o f  th e inpu t  layer . 

A blo b i n a  particula r  positio n denote s a  weigh t  fro m th e 
uni t  i n tha t  positio n t o th e outpu t  unit .  Whit e blob s denot e 
positiv e weights ,  an d blac k blob s negativ e weights .  Th e siz e 
(area )  o f  th e blob s i s proportiona l  t o th e absolut e magnitud e 
of  th e weight .  Weight s ar e scale d s o tha t  th e larges t  absolut e 
magnitud e i s depicte d i n eac h displa y as  a  perfec t  square ;  othe r 
weight s i n tha t  displa y appea r  as  blob s o f  proportionat e size . 
T h e scal e (i.e. ,  absolut e magnitud e o f  th e larges t  weight )  i s 
s h o w n i n th e titl e ba r  o f  eac h display .  Thus ,  fo r  Maranungku , 
th e absolut e magnitud e o f  th e larges t  weight s i s 2.18 ;  thes e ar e 
th e larg e (black )  negativ e weight s lef t  o f  cente r  i n th e inpu t 
layer . 

Jus t  a s wit h learnin g times ,  th e fac t  tha t  tw o stres s pattern s 
ar e mirro r  image s o f  eac h othe r  i s reflecte d i n th e connectio n 
weights .  Moreover ,  ther e see m t o b e correspondence s betwee n 
th e for m o f  th e encode d knowledg e an d th e characterizatio n o f 
th e stres s patter n i n term s o f  parameters .  Maranungk u an d Wer i 
ar e th e onl y stres s system s wit h iterativ e binar y fee t  (Grou p 
2 ,  Tabl e 2) .  Fo r  thes e systems ,  bu t  fo r  n o others ,  ther e i s a 
ver y clea r  binar y alternatin g patter n o f  positiv e an d negativ e 
weight s (se e th e alternatio n o f  blac k an d whit e blob s i n th e 
weigh t  display s fo r  Maranungk u an d Weri) .  If ,  a s i s natural ,  w e 
tak e a  positiv e weigh t  t o correspon d t o th e stron g branch ,  an d 
a negativ e weigh t  t o correspon d t o th e wea k branc h o f  a  foot , 
the n fo r  Maranungk u w e se e left-dominan t  binar y feet ,  an d 
fo r  Wer i  right-dominan t  binar y fee t  -  jus t  a s i n th e theoretica l 
analysis'"* .  I t  doe s no t  see m to o far-fetche d t o sa y tha t  th e 
perceptro n ha s discovere d a  versio n o f  iterativ e binar y feet . 

**As discussed previously, Maranungku has binary, left-dominant QI feet 

T h e singl e se t  o f  negativ e weight s fo r  Latvia n an d Frenc h 
(immediatel y t o th e lef t  an d right  o f  center ,  respectively )  ca n 
perhap s b e interprete d a s a  left-dominan t  an d right-dominant 
word-tree . 

Recal l  tha t  Lakot a ha s non-iterativ e binar y right  dominan t 
QI  fee t  constructe d fro m lef t  t o right ,  an d tha t  Polis h ha s non -
iterativ e binar y lef t  dominan t  Q I  fee t  constructe d fro m right 
t o left .  Tha t  is ,  ther e wil l  b e a  singl e binar y tree ,  constructe d 
at  th e lef t  edg e o f  th e wor d fo r  Lakota ,  an d a t  th e right  edge , 
fo r  Polish .  Unde r  thi s analysis ,  th e weight s t o lef t  an d right  o f 
cente r  fo r  Lakot a an d Polis h ca n b e interprete d respectivel y a s 
(single )  right-dominant  an d left-dominan t  binar y Q I  feet . 

T h e weigh t  pattern s fo r  K o y a an d Esk im o ar e clos e t o mirro r 
images ,  bu t  no t  completel y symmetric .  K o y a assign s primar y 
stres s t o th e first  syllabl e an d secondar y stres s t o non-initia l 
heav y syllables ,  whil e Esk im o assign s onl y on e leve l  o f  stres s 
t o final  an d heav y syllables .  T h e chie f  theoretica l  differenc e 
betwee n th e tw o language s i s tha t  th e former ,  bu t  no t  th e latter , 
has a  word-tree .  Thi s differenc e i s reflecte d i n th e fac t  tha t  ther e 
ar e tw o magnitudes ,  o r  levels ,  o f  cente r  connectio n weight s fo r 
K o y a (th e larg e negative ,  an d th e smalle r  positiv e weights) , 
wherea s fo r  Eskimo ,  ther e i s onl y on e leve l  o f  weight s (th e 
positiv e an d negativ e weight s a t  th e cente r  ar e approximatel y 
equal. )  Thi s ca n b e viewe d a s analogou s t o th e tw o level s o f 
metrica l  structur e i n K o y a (metrica l  fee t  an d word-tree )  vs .  th e 
singl e leve l  o f  structur e i n Esk im o (metrica l  fee t  only. ) 

Tabl e 2  show s tha t  Malayalam ,  Yapese ,  Osseti c an d Rotu -
m an (Group s 6  an d 7 )  ar e th e onl y language s wit h non-iterativ e 
binar y Q S feet .  Thes e ar e als o th e onl y pattern s tha t  hav e mor e 
tha n tw o larg e negativ e weight s groupe d togethe r  t o th e lef t  (fo r 
Malayala m an d Ossetic )  o r  right  (fo r  Yapes e an d Rotuman )  o f 
center .  W e ca n tak e thes e three-or-fou r  negativ e weigh t  struc -

constructe d iierativel y fro m th e lef t  edg e o f  th e word .  Wer i  ha s binary ,  right -
dominan t  Q I  fee t  constructe d iterativel y fro m th e righ t  edg e o f  th e word . 
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lure s 1 0 correspon d t o a  non-iterativ e binar y Q S foot .  Ther e i s 
a clea r  structura l  differenc e a s compare d wit h th e (analogue s 
o O non-iterativ e binar y Q I  fee t  i n th e weight s fo r  Lakot a an d 
Polish . 

Komi ,  Cheremis ,  Mongolia n an d Maya n ar e th e onl y lan -
guage s wit h non-iterativ e unbounde d Q S fee t  (Group s 8  an d 
9,  Tabl e 2) .  Th e connectio n weight s fo r  thes e system s sho w a 
patter n o f  nearly-identica l  negativ e weight s spannin g a  se t  o f 
severa l  inpu t  units ,  an d suc h a  patter n doe s no t  occu r  fo r  an y 
othe r  o f  th e stres s systems .  Suc h a  se t  o f  "spanning "  weight s 
seems analogou s t o a n unbounde d foot .  Th e patter n o f  weight s 
fo r  Kom i  seem s t o correspon d t o a n unbounde d right-dominan t 
QS foot ,  whil e weight s fo r  Cheremi s see m t o correspon d t o 
an unbounde d left-dominan t  Q S foo t  (not e th e singl e positiv e 
weigh t  a t  th e righ t  an d left ,  respectively ,  o f  th e set s o f  weights , 
simila r  t o th e dominan t  branc h o f  th e foot) .  Th e differenc e i n 
analysi s betwee n K o m i  &  Cheremi s an d Mongolia n &  Maya n 
i s tha t  fee t  i n th e latte r  pai r  hav e obligator y branching ,  mean -
in g th e stron g nod e o f  th e foo t  mus t  dominat e a  heav y syllable . 
As fo r  Kom i  an d Cheremis ,  th e weight s fo r  Mongolia n an d 
Mayan sho w a  patter n tha t  ca n b e interprete d a s a n unbounde d 
QS foot .  However ,  the y additionall y hav e a  se t  o f  weight s 
adjacen t  t o th e positiv e weigh t  (i.e. ,  t o th e "dominan t  branch " 
of  th e unbounde d foot) ,  whic h ar e no t  presen t  fo r  Kom i  an d 
Cheremis ;  thes e additiona l  weight s ca n loosel y b e interprete d 
as correspondin g t o a  branchin g dominan t  node . 

I t  shoul d no t  b e to o surprisin g tha t  correspondence s ca n b e 
foun d betwee n learne d weigh t  pattern s an d metrica l  constructs : 
bot h representation s ar e derive d fro m th e sam e dat a i n a n at -
temp t  t o explai n o r  mode l  th e sam e phenomena .  Nonetheless , 
we find  i t  somewha t  encouragin g tha t  thes e correspondence s 
exist . 

Conclusions 

One o f  th e suppose d attraction s o f  connectionis t  learnin g i s 
tha t  network s ca n star t  ou t  wit h n o theoretica l  preconceptions , 
developin g thei r  representation s d e novo .  I n truth ,  though ,  an y 
computationa l  mode l  i s founde d o n preconceptions ,  an d our s 
i s n o exception .  W e hav e preprocesse d th e dat a t o remov e 
al l  detai l  fro m th e word s excep t  fo r  th e heavy/ligh t  syllabl e 
distinction .  I n addition ,  w e assum e tha t  al l  th e syllable s o f 
th e wor d ar e simultaneousl y accessible ,  i.e. ,  tha t  th e wor d 
fits  i n a  buffer ,  an d tha t  th e stres s assignmen t  proces s ca n 
acces s th e entir e buffe r  i n parallel .  Thes e ar e no t  unreasonabl e 
assumptions ,  bu t  neithe r  ar e the y indisputable . 

We hav e trie d t o sho w that ,  withi n th e rang e o f  observe d 
human stres s systems ,  ou r  mode l  exhibit s interestin g behav -
iors ,  providin g a  fres h sourc e o f  insigh t  abou t  linguisti c  stress . 
However ,  th e mode l  doe s no t  accuratel y reflec t  huma n capabil -
itie s fo r  processin g stres s systems .  Fo r  example ,  i t  i s  incapabl e 
of  learnin g som e existin g huma n stres s pattern s (e.g. ,  Warao , 
Souther n Paiute) ,  an d i s capabl e o f  learnin g stres s pattern s tha t 
ar e unlikel y eve r  t o exis t  amongs t  huma n languages .  (How -
ever ,  a s ha s bee n argue d here ,  distributiona l  evidenc e i s i n 
itsel f  onl y weakl y suggestiv e o f  wha t  i s  "impossible") .  Thus , 
our  mode l  i s  no t  suitabl e fo r  definin g th e boundarie s o f  huma n 
abilities ,  bu t  thi s i s scarcel y surprisin g give n tha t  w e ar e merel y 
optimizin g a  linea r  threshol d function . 

Nevertheless ,  thi s simpl e mode l  ha s produce d interestin g re -
sults .  Althoug h th e simulation s di d no t  incorporat e th e foo t  an d 
wor d tre e construct s o f  metrica l  phonolog y a s computationa l 
primitives ,  ther e appea r  t o b e correspondence s betwee n th e 
performanc e o f  th e mode l  an d th e analyse s o f  metrica l  theory . 
First ,  th e learnin g result s correspon d wit h theoretica l  predic -
tion s o f  markedness .  Th e theoretica l  predictions ,  a s the y stand , 

may b e base d eithe r  o n distributiona l  fact s o r  o n leamabilit y 
theory .  Ou r  simulatio n result s provid e prediction s o f  marked -
nes s tha t  ar e base d o n actua l  "learning. "  Second ,  ther e see m 
t o b e parallel s betwee n theoretica l  characterization s o f  variou s 
stres s system s an d th e knowledg e o f  thos e stres s system s en -
code d i n th e perceptron' s weights .  Thes e parallel s ar e a t  leas t 
suggestiv e o f  a  mappin g betwee n th e leve l  o f  representatio n a t 
whic h th e perceptro n perform s it s computation s an d th e leve l 
of  investigatio n a t  whic h metrica l  phonolog y i s formulated . 

I n conclusion ,  thes e experiment s sugges t  tha t  simpl e statis -
tica l  learnin g technique s suc h a s th e perceptro n mode l  hav e 
th e potentia l  t o provid e computationa l  validatio n for ,  an d t o 
complement ,  theoretica l  investigation s o f  domain s o f  languag e 
suc h a s stres s systems . 
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