
M o d e l i n g th e E m e r g e n c e o f  Syllabl e S y s t e m s 

Melissa Annette Redford (mradf ordOutxvmB. cc .utaxae. edu) 
Departmen t  o f  Psycholog y 

The Universit y  o f  Texas ,  Austin ,  T X 7875 1 

Chun Chi Chen (ccch«nOca .utaxas .adu) 

Departmen t  o f  Compute r  Science s 

The Universit y  o f  Texas ,  Austin ,  T X 7871 2 

Risto Miikiculainen (rlato9cs .utexas. edu) 

Departmen t  o f  Compute r  Science s 

The Universit y  o f  Texas .  Austin .  T X 7871 2 

Abstrac t 

In  this paper wc present an approach to modeling emergent syl-
labl e system s usin g simulate d evolutio n o f  a  "vocabulary "  o f 
"words. "  Th e mode l  i s aime d a t  testin g th e genera l  hypothesi s 
tha t  language-universa l  soun d pattern s emerg e fro m selectio n 
>ressure s exerte d o n th e syste m b y th e perceptua l  an d articu -
ator y constraint s o f  languag e users .  Th e mode l  i s abl e t o dis -

tinguis h betwee n hypothese s abou t  ho w specific ,  biologically -
motivate d constraint s affec t  th e soun d structur e o f  language . 
For  example ,  i t  i s show n tha t  mandibula r  oscillatio n provide s 
a stron g constrain t  o n th e sequentia l  organizatio n o f  phoneme s 
int o words .  Futur e wor k wil l  explor e th e potentia J o f  othe r 
constraint s that ,  wit h mandibula r  oscillation ,  wil l  b e sufficien t 
t o describ e th e emergenc e o f  syllabl e systems . 

I n t r o d u c t i o n 

Althoug h m u c h variabilit y  exist s i n th e soun d structure s o f 
languages ,  ther e ar e a  numbe r  o f  c o m m o n patterns .  Severa l 
independen t  statement s ca n b e m a d e tha t  captur e thes e uni -
versa l  (o r  highl y frequent )  soun d pattern s o f  language .  Fo r 
example ,  th e mos t  c o m m o n vowe l  sound s i n th e world' s lan -
guage s ar e [i] .  [u] ,  an d [a] ,  an d voiceles s sto p consonant s 
[p] .  [t] ,  [k ]  ar e th e mos t  c o m m o n se t  o f  consonant s (Mad -
dieson ,  1984) .  Accordin g t o a  numbe r  o f  phoneti c theories , 
suc h pattern s emerg e fro m perceptua l  an d articulator y con -
straints .  Thi s ide a i s inspire d b y th e biologica l  theor y o f  evo -
lutio n b y natura l  selection .  Jus t  a s th e morphologica l  struc -
tur e o f  a n organis m reflect s th e type s o f  selectio n pressure s 
t o whic h i t  ha s bee n exposed ,  th e soun d structur e o f  languag e 
reflect s th e pressure s originatin g fro m th e perceptua l  an d ar -
ticulator y system s o f  languag e speaker s an d listeners .  Fo r 
example ,  Lindblo m (1986 )  ha s demonstrate d tha t  th e criteri a 
of  maxima l  perceptua l  distinctivenes s i s sufficien t  t o predic t 
th e systemati c occurrenc e o f  [i] ,  [u] ,  an d [a ]  i n vowe l  system s 
of  differen t  sizes .  Similarly ,  th e prevalenc e o f  th e voiceles s 
sto p serie s ca n b e understoo d a s resultin g fro m a  pressur e fo r 
soun d system s t o maximiz e eas e o f  articulatio n (Willerman , 
1994) . 

I n thes e examples ,  a  language-universa l  soun d patter n i s 
identifie d an d explaine d a s resultin g fro m a  constrain t  tha t  i s 
eithe r  perceptua l  o r  articulatory .  Lik e i n th e specifi c  exam -
ple s provide d above ,  th e soun d pattern s tha t  ar e usuall y ex -
plaine d ar e context-fre e segmenta l  patterns .  O n e migh t  won -
der  whethe r  thes e type s o f  perceptua l  an d articulator y expla -
nation s wil l  als o b e sufficien t  t o accoun t  fo r  pattern s tha t  aris e 
from  th e organizatio n o f  segment s int o large r  unit s suc h a s 
syllables .  MacNeilag e (1998 )  ha s propose d a n articulatory -
base d hypothesi s t o explai n on e aspec t  o f  super-segmenta l 

soun d patterns .  Accordin g t o MacNeilage ,  th e seria l  organi -
zatio n o f  consonant s an d vowel s int o syllable s emerge s natu -
rall y from  th e basi c close-ope n cycl e o f  th e ja w tha t  charac -
terize s al l  o f  speec h production .  I n MacNeilage' s view ,  th e 
close-ope n cycl e i s basi c becaus e i t  reflect s th e evolutionar y 
histor y o f  speec h productio n i n whic h h u m a n ancestor s im -
pose d phonatio n ont o a  cycl e tha t  existe d (an d i s stil l  cur -
rentl y i n us e acros s m a m m a l s )  fo r  a  variet y o f  ingestiv e pro -
cesses . 

To tes t  a  hypothesi s abou t  emergence ,  instrumenta l  (i.e .  ex -
perimental )  phoneti c research ,  whic h identitie s th e percep -
tua l  o r  articulator y constraints ,  mus t  b e complemente d wit h 
demonstration s o f  h o w soun d pattern s ca n emerge .  O n e wa y 
t o accomplis h suc h demonstration s i s vi a computationa l  sim -
ulations .  Fo r  example ,  i t  i s  possibl e t o se t  u p a  mode l  wit h 
an initiall y  randoml y organize d vocabulary .  Th e phonemi c 
structur e o f  word s change s ove r  tim e b y a  proces s o f  selectio n 
t o satisf y th e specifi c  constraint s o f  th e system .  Th e final  re -
sul t  i s a  well-organize d an d regularly-structure d vocabulary . 

I n th e first  hal f  o f  thi s pape r  w e describ e suc h a  mode l  fo r 
syllabl e system s tha t  ar e evolve d unde r  th e selectio n pres -
sur e o f  specifi c  perceptua l  an d articulator y constraints .  I n 
th e secon d hal f  o f  th e paper ,  w e presen t  result s from  sim -
ulation s i n whic h th e emergenc e o f  on e universa l  aspec t  o f 
syllabl e structure ,  namely ,  di e occurrenc e o f  C V syllable s 
(Bel l  an d Hooper ,  1978) ,  i s  modeled .  Specifically ,  w e tes t 
whethe r  mandibula r  oscillation ,  a s describe d b y MacNeilag e 
(1998) ,  provide s a  bette r  constrain t  o n th e seria l  organiza -
tio n o f  phoneme s tha n eithe r  a  simpl e rando m concatenatio n 
of  phoneme s o r  tha n a  constrain t  tha t  ensure s maxima l  per -
ceptua l  distinctivenes s betwee n word s i n a  vocabulary .  Oiu ' 
findings  indicat e tha t  mandibula r  oscillatio n doe s provid e a 
stron g organizationa l  constrain t  o n th e system ,  bu t  tha t  othe r 
constraint s mus t  als o b e involved .  I n conductin g thes e sim -
ulation s w e ai m t o demonstrat e th e utilit y  o f  thi s typ e o f  op -
timizatio n mode l  i n testin g biological ,  constraint-base d hy -
pothese s o n th e emergenc e o f  linguisti c soun d patterns . 

I t  shoul d b e note d tha t  i n spit e o f  th e us e o f  terminolog y 
suc h a s "fitness "  an d "selection "  th e mode l  i s no t  a  mode l  o f 
languag e evolution .  T h e goa l  i s  t o demonstrat e tha t  specifi c 
perceptua l  an d articulator y constraints ,  whic h ar e hypothe -
size d t o creat e th e regula r  syllabl e system s o f  languag e vi a 
selection ,  ar e i n fac t  capabl e o f  doin g so . 

The Emergent Syllable System (ESS) Model 

I n orde r  t o simulat e th e emergenc e o f  syllabl e systems ,  i t 
i s  necessar y t o simulat e th e emergenc e o f  a  vocabular y o f 
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words .  Thi s i s becaus e th e syllabl e syste m o f  a  languag e 
can b e determine d fro m th e organizatio n o f  phoneme s i n th e 
word s o f  tha t  language .  Thu s ou r  model ,  whic h wil l  b e re -
ferre d t o a s th e Emergen t  Syllabl e System s model ,  o r  ESS , 
simulate s th e emergenc e o f  a  "vocabulary "  o f  "words. " 

Architecture of Vocabulary Evolution 

The E S S mode l  i s base d o n Symbioti c Evolutio n (Moriart y 
and Miikkulainen ,  1996) .  I n thi s method ,  geneti c algorithm s 
evolv e a  populatio n o f  partia l  solution s tha t  combin e t o yiel d 
an optima l  solutio n t o th e give n problem .  I n th e presen t  adap -
tatio n o f  thi s mode l  a  se t  o f  word s ar e randoml y generate d t o 
for m vocabularie s an d th e "fitness "  o f  thes e vocabularie s i s 
evaluate d accordin g t o a  se t  o f  specifie d perceptua l  an d ar -
ticulator y constraints .  Th e fitnesses  o f  al l  vocabularie s tha t  a 
wor d participate s i n ar e average d t o ge t  a  fitness  fo r  th e word . 
Words ar e the n sorte d accordin g t o thei r  fitness  value s an d a 
percentag e o f  th e bes t  word s ar e bre d t o creat e a  ne w popu -
latio n o f  words .  Th e subsequen t  generatio n o f  vocabularie s 
i s the n randoml y selecte d fro m thi s population ,  an d s o on .  I n 
thi s way ,  word s tha t  participat e i n successfu l  vocabularie s ar e 
more likel y t o reproduc e an d becom e highl y represente d i n 
th e population .  Vi a thi s proces s th e searc h spac e o f  potentia l 
vocabularie s i s explore d unti l  a  vocabular y wit h hig h fitness, 
satisfyin g th e constraint s a s wel l  a s possible ,  i s  discovered . 

Word Representation 

The vocabularie s eac h consis t  o f  a  se t  o f  word s (2 5 i n thes e 
simulations )  tha t  hav e bee n randoml y draw n from  th e entir e 
populatio n o f  words .  I n th e first  generation ,  th e word s rep -
resen t  rando m concatenation s o f  phonemes .  Thes e phonem e 
string s hav e a  m a x i m u m lengt h (se t  t o 1 5 i n thes e simula -
tions) ,  bu t  word s m a y b e o f  an y lengt h unde r  th e m a x i m u m 
length .  I n th e subsequen t  generations ,  a  ne w populatio n o f 
word s i s produce d b y "interbreeding "  th e bes t  word s (i.e. , 
word s wit h th e highes t  fitness)  fro m th e previou s generation . 
Interbreedin g take s plac e throug h crossove r  wher e a  portio n 
of  on e wor d i s concatenate d t o a  portio n o f  anothe r  wor d t o 
for m a n offsprin g word .  Th e offsprin g i s novel ,  bu t  n o longe r 
randoml y organized ,  sinc e i t  contain s part s o f  word s tha t  hav e 
been foun d t o b e highl y fit.  A  fixed  rat e o f  mutatio n i s als o ap -
plied .  Fo r  eac h phoneme ,  ther e i s fixed  probabilit y  (1% )  tha t 
th e phonem e wil l  b e replace d b y another ,  randomly-selecte d 
phoneme.  Mutatio n ensure s tha t  diversit y i s  maintaine d i n th e 
populatio n o f  word s outsid e o f  th e crossove r  operations . 

Phoneme Representation 

I n th e presen t  simulations ,  th e phoneme s includ e [i ,  a ,  u ,  p ,  t , 
k,  s ,  1 ,  n] .  Thes e phoneme s ar e encode d i n th e mode l  alon g th e 
followin g dimensions :  (1 )  vowe l  height ;  (2 )  vowe l  front-bac k 
dimension ;  (3 )  vowe l  roundedness ;  (4 )  consonanta l  plac e 
of  articulation ;  (5 )  consonanta l  manne r  o f  articulation ;  (6 ) 
consonanta l  voicin g characteristics ;  (7 )  segmen t  clas s (eithe r 
consonan t  o r  vowel) ;  an d (8 )  ja w opennes s scores .  Param -
eter s (1 )  -  (7 )  ar e th e standar d distinctiv e feature s propose d 
by Chomsk y an d Hall e (1968 )  t o describ e consonant s an d 
vowels .  Paramete r  (8 )  ja w opennes s score s -  reflect s a n 
articulator y characteristi c o f  consonant s an d vowel s tha t  i s 
not  include d i n standar d featur e lists .  Thi s paramete r  wa s 
include d i n orde r  t o tes t  th e hypothesi s tha t  mandibula r  oscil -
latio n play s th e mai n organizationa l  rol e i n syllabl e systems . 

Th e opennes s score s wer e derive d from  measurement s m a d e 

by Lindblo m (1983) . 

Constraints 

Th e fitness  measur e i n th e E S S mode l  incorporate s a  num -
ber  o f  constraints ,  eac h o f  whic h i s base d o n th e premis e tha t 
th e soun d pattern s o f  languag e emerg e i n respons e t o selec -
tio n factor s provide d b y th e perceptua l  an d articulator y sys -
tem s o f  languag e speaker s an d listeners .  Th e constraint s ar e 
weighte d b y th e experimenter .  Th e weigh t  value s determin e 
th e penaltie s tha t  les s fit  vocabularie s (an d consequentl y thei r 
constituen t  words )  receiv e durin g evaluatio n i f  the y violat e 
th e constraints .  Th e penaltie s ar e adde d togethe r  t o determin e 
th e fitness  fo r  th e vocabulary .  I n th e presen t  simulation s th e 
followin g constraint s wer e used : 

1. No two identical words are allowed in the vocabulary. 
Thi s first  constrain t  follow s directl y fro m th e functio n o f  lan -
guage .  Differen t  concept s wil l  onl y b e understoo d i f  the y ar e 
labele d wit h differen t  acousti c patterns .  Give n tha t  word s ar e 
represente d a s string s o f  phoneme s an d vocabularie s consis t 
of  a  se t  o f  thes e strings ,  th e constrain t  i s  easil y implemente d 
by comparin g eac h wor d i n th e vocabular y t o ever y othe r 
wor d o n a  phonem e b y phonem e basis .  Th e penalt y P i  as -
sociate d wit h thi s constrain t  i s  calculate d as : 

(1 ) 

wher e H^ i  i s  th e weigh t  associate d wit h thi s constraint ,  x  an d 
y ar e word s i n th e vocabulary ,  an d 

•  _  /  1  ifV p X p =  yp , 

' ^ ~ \ 0 o otherwise , 

where Xp is phoneme p in word x. 

(2 ) 

2.  Shor t  word s ar e preferred .  Thi s constrain t  assume s tha t 
th e utteranc e o f  ever y segmen t  i n speec h require s energy ,  an d 
tha t  natura l  system s tr y t o conserv e energy .  Th e productio n 
of  longe r  word s therefor e require s mor e energ y tha n th e pro -
ductio n o f  shorte r  words .  Consequently ,  al l  othe r  thing s bein g 
equal ,  th e syste m shoul d favo r  shorte r  words .  Thi s constrain t 
i s  implemente d b y countin g th e tota l  numbe r  o f  segment s i n 
th e vocabular y an d dividin g th e su m b y th e larges t  possibl e 
number  o f  segment s i n th e vocabulary : 

Wi 
^ - f k E E ^ . (3 ) 

wher e W 2 i s th e weigh t  associate d wit h thi s constraint ,  x  i s  a 
wor d i n th e vocabulary ,  p  i s a  phonem e i n thi s word ,  N x i s th e 
number  o f  word s i n th e vocabular y (2 5 i n thes e simulations) , 
and N p i s th e m a x i m u m lengt h o f  th e phonem e strin g (1 5 i n 
thes e simulations) . 

3. The sound structure of different words should be as 
differen t  a s possible .  Thi s constrain t  assume s tha t  th e cog -
nitiv e tas k o f  accessin g th e conceptua l  structur e tha t  underlie s 
languag e i s mad e easie r  i f  th e differen t  label s tha t  encod e dif -
feren t  concept s ar e a s perceptuall y distinc t  from  on e anothe r 
as possible . 
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Give n th e elaborat e representatio n o f  phoneme s i n E S S i t 
i s  possibl e t o construc t  a  metri c o f  similarit y betwee n word s 
tha t  i s based ,  i n part ,  o n th e similarit y o f  th e characteristic s o f 
th e phoneme s i n word s and ,  i n part ,  o n th e positio n withi n th e 
wor d i n whic h th e phonem e occurs .  Eac h wor d i n th e vocab -
ular y i s compare d wit h ever y othe r  wor d i n th e vocabulary , 
and th e numbe r  o f  c o m m o n feature s share d b y eac h o f  th e 

phonemes i n th e correspondin g position s i s counted : 

P3 = 
W3_ 

NfNi E E E E ^ - ' v p / ' (4 ) 
I  yjt x p  f 

wher e W 3 i s th e weigh t  associate d wit h thi s constraint ,  x  an d 
y ar e word s i n th e vocabulary ,  p  i s a  phonem e locatio n i n 
thes e words ,  /  i s  a  featur e i n th e phoneme ,  N f  i s th e numbe r 
of  feature s i n th e languag e ( 8 i n thes e simulations) ,  N i  i s th e 
number  o f  phoneme s i n th e languag e ( 9 i n thes e simulations) , 
and 

,  , _ /  1  '^fxpf=ypf^ 
^'VP f  -  -j ^  0  otherwise , 

where Xpj is feature / of phoneme p in word x. 

(5 ) 

4.  Mandibula r  oscillation .  Th e mandibula r  oscillatio n con -
strain t  i s  base d o n wor k b y Davi s an d MacNeilag e (1995) , 
w ho sugges t  tha t  simpl e syllabl e structur e i s derive d from 
th e basi c cycli c gestur e o f  mout h openin g an d closing . 
Th e constrain t  implie s tha t  i n th e sequentia l  organizatio n o f 
phonemes ,  eac h phonem e mus t  mov e awa y from  th e positio n 
of  th e precedin g segmen t  eithe r  toward s opennes s o r  closur e 
unti l  a  m a x i m u m opennes s o r  closur e i s attained .  Onc e a t  th e 
max imum,  th e followin g segmen t  mus t  mov e i n th e opposit e 
direction .  I n th e presen t  model ,  th e constrain t  ha s bee n im -
plemente d t o encourag e a  maxima l  differenc e i n ja w heigh t 
betwee n adjacen t  segments .  Opennes s score s (paramete r  8 
above )  fo r  adjacen t  segment s ar e compare d an d th e differ -
ence s i n opennes s ar e calculated : 

P4 = 
Ĥ 4 

4 =  /  = , 
E x y/Epio p -  Op+i) ^ 

(6 ) 

wher e W 4 i s th e weigh t  associate d wit h thi s constraint ,  x  i s a 
wor d i n th e vocabulary ,  p  i s a  phonem e i n th e word ,  an d O p i s 
th e "openness "  featur e o f  phonem e p .  B y thi s method ,  vocab -
ularie s wit h th e bigges t  differenc e score s receiv e th e smalles t 
fraction  o f  th e penalt y associate d wit h th e constrain t 

Experiments 

Th e se t  o f  simulation s describe d i n thi s pape r  explor e ho w 
differen t  constraint s effec t  th e sequentia l  organizatio n o f 
phonemes withi n evolvin g vocabularies .  Vocabularie s wer e 
evolve d unde r  thre e separat e condition s i n th e E S S model : 

1. As a control, only constraints 1 and 2 were active, that is, 
no constrain t  wa s place d o n th e sequentia l  organizatio n o f 
phonemes . 

2. In addition to constraints 1 and 2, constraint 3 was in-
cluded ,  tha t  is ,  th e syste m wa s constraine d t o produc e a 
vocabular y o f  word s tha t  wer e maximall y perceptuall y  dis -
tinc t  from  on e another . 

Tabl e 1 :  Initia l  an d fina l  vocabularie s i n th e mandibula r  con -

dition . 

Initia l 
8 
nkksnusupi ipa s 
tas t 
t s 
ukn 
i 

upi l 
_ 
_ 
kusni tka u 
_ 
usuksukanisak s 
1 
n 
uuat lap l 
nnktsksnpkkt l k 
s 
nln ia l 
k i lnpauuut laa p 
a int t tu i tuk in l 
np 
atsni p 
ianai t lu i 

Fina l 
nun lpu i 
s ip l 
suslp s 
su 
nun a 
nan a 
tunik a 
tus l 
tus a 
sapa s 
suna s 
tun l 
sun ls n 
s i tas p 
pnsa s 
k l t l s n kunl s 
s ls i s 
n ip l 
p i s l s 
k l t l s 
kut s tuslpu l 
t ln i n 
tusl s 

3.  I n additio n t o constraint s 1  an d 2 ,  constrain t  4  wa s in -
cluded ,  tha t  is ,  th e sequentia l  organizatio n o f  phoneme s 
was constraine d b y mandibula r  oscillation. ' 

The hypothesis was that a vocabulary with a simpler sylla-
bl e system ,  tha t  is ,  on e wit h mor e C V syllable s an d fewe r 
consonanta l  clusters ,  woul d b e produce d onl y i n th e condi -
tio n wher e th e organizatio n o f  phoneme s int o word s wa s con -
straine d b y mandibula r  oscillation . 

I n al l  thre e conditions ,  th e bes t  vocabular y o f  2 5 word s wa s 
take n from  th e 750t h generatio n o f  evolution .  Th e 750t h gen -
eratio n wa s chose n becaus e b y thi s poin t  di e progres s i n fit -
nes s ha d levele d off .  Twelv e simulation s wer e ru n i n eac h 
condition .  Eac h simulatio n bega n a t  a  differen t  startin g poin t 
(generate d wit h a  differen t  rando m numbe r  seed) ,  bu t  from 
th e sam e poin t  i n eac h condition .  Tabl e 1  show s exampl e ini -
tia l  an d fina l  vocabularie s i n th e mandibula r  oscillatio n con -
dition . 

Th e fina l  bes t  vocabularie s (o f  th e 750t h generation )  wer e 
analyze d i n term s o f  (1 )  th e numbe r  o f  consonant s an d vowel s 
the y contained ,  (2 )  th e numbe r  o f  C V syllables ,  an d (3 )  wor d 
initia l  an d wor d fina l  consonan t  cluste r  sequences .  Repeate d 
measur e analyse s o f  varianc e ( A N O V A )  wer e conducte d t o 
tes t  th e strengt h o f  th e difference s betwee n differentiall y  con -
straine d vocabularies . 

Results and Discussion 

Simple Syllable Structure 

A n analysi s o f  th e numbe r  o f  C V syllable s presen t  i n eac h 
conditio n showe d that ,  i n keepin g wit h th e prediction ,  mor e 
C V syllable s occurre d i n th e conditio n i n whic h th e organiza -
tio n o f  phoneme s wa s constraine d b y mandibula r  oscillatio n 
tha n i n eithe r  o f  th e othe r  tw o conditions . 

'Whic h o f  th e constraint s ar e include d i n th e simulatio n make s 
a bi g difference ,  bu t  th e relativ e weightin g o f  th e consU-aint s i s no t 
crucial .  Value s C i  =  1000 ,  C 3 =  5000 ,  C *  =  1000 0 wer e use d 
throughout ,  an d d  =  1000 0 wa s use d fo r  th e control ,  C j  =  700 0 
fo r  th e perceptual ,  an d C j  =  250 0 fo r  th e mandibula r  condition . 
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Contro l Mandibtill r Peroeptu d 

Figur e 1 :  T h e averag e n u m b e r  o f  tota l  C V syllabl e token s i n 

twelv e fina l  vocabularie s i s plotte d a s a  functio n o f  simulatio n 

condition . 
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Contro l Mandibula r Perceptua l 

Figur e 3 :  T h e averag e n u m b e r  o f  C C cluster s an d C V syl -

lable s ar e plotte d a s a  functio n o f  conditio n i n simulation s 

wher e a  fifth,  mandator y vowel ,  constrain t  w a s included . 

Contro l Mandibula r Perceptua l 

Figur e 2 :  T h e averag e numbe r  o f  C C cluster s an d C V sylla -

ble s ar e plotte d a s a  functio n o f  conditions . 

Figur e 1  present s thi s resul t  graphically .  T h e averag e n u m -
ber  o f  C V syllable s pe r  vocabular y i s  plotte d o n th e y-axi s 
and th e differen t  condition s ar e plotte d o n th e x-axis .  Ther e 
was a  significan t  differenc e betwee n th e mandibula r  condi -
tio n o n on e han d an d th e rando m an d perceptua l  condition s 
on th e othe r  (F( l )  =  7.9, p <  .01) .  Thi s effec t  wa s no t  du e 
t o a  highe r  rati o o f  vowel s t o consonant s i n th e vocabulary . 
An analysi s o f  th e relativ e ratio s o f  vowel s t o consonant s i n 
th e thre e condition s indicate d tha t  a  significan t  differenc e ex -
iste d betwee n th e condition s (F(2,11 )  =  21.48 ,  p  <  .01) , 
but  i t  wa s th e perceptua l  condition ,  no t  th e mandibula r  os -
cillatio n condition ,  tha t  exhibite d a  highe r  rati o o f  vowel s t o 
consonant s tha n th e othe r  tw o conditions .  Thus ,  th e larg e 
number  o f  C V syllable s presen t  i n th e vocabularie s tha t  wer e 
constraine d b y mandibula r  oscillatio n indicat e tha t  thi s con -
strain t  provide s a  powerfu l  organizationa l  force . 

Complexity of Organization 

A second aspect of sound structure is the relative complexity 
of  th e syllabl e structure s foun d i n eac h condition .  Clusters ,  o r 
phoneme sequence s tha t  consis t  o f  tw o o r  mo r e adjacen t  con -
sonants ,  ar e typica l  o f  m o r e comple x syllabl e structure .  Thus , 
th e numbe r  o f  cluster s a t  th e beginnin g an d en d o f  word s wer e 
counte d fo r  eac h o f  th e vocabularies . 

Th e result s o f  thi s analysi s di d no t  suppor t  th e hypothe -
si s tha t  vocabularie s i n whic h th e sequentia l  organizatio n o f 
phonemes w a s constraine d b y mandibula r  oscillatio n ar e sim -

ple r  tha n vocabularie s tha t  wer e no t  constraine d o r  tha t  wer e 
constraine d i n anothe r  manner .  Al l  condition s ha d th e s a m e 
averag e numbe r  o f  nonmedia l  consonan t  cluster s (Figur e 2 ) . 

A n eve n mor e disturbin g finding  w a s tha t  i n al l  conditions , 
th e averag e numbe r  o f  nonmedia l  cluster s exceede d th e av -
erag e tota l  numbe r  o f  C V syllables .  However ,  a n examina -
tio n o f  th e type s o f  consonan t  sequence s indicate d tha t  clus -
ter s i n th e mandibula r  oscillatio n conditio n wer e systemati -
call y organize d accordin g t o th e close-ope n cycl e suc h tha t 
th e mos t  "closed "  consonant s occurre d a t  th e edge s o f  syl -
lable s (words )  an d th e mos t  "open "  consonant s occurre d i n 
th e nucleu s o f  th e syllabl e (Tabl e 1) .  Thi s resul t  contraste d 
wit h th e result s fro m th e othe r  tw o condition s wher e a  singl e 
consonan t  w a s ofte n repeate d dire e o r  fou r  times . 

"Syllabi c consonants "  exis t  i n a  n u m b e r  o f  language s in -
cludin g th e famou s example s o f  Bell a Cool a an d Berber . 
Nevertheless ,  language s i n whic h s o m e syllabl e peak s ar e 
consonanta l  ar e m u c h rare r  tha n language s i n whic h al l  sylla -
bl e peak s mus t  b e vocalic .  I n addition ,  thes e exceptiona l  lan -
guage s hav e m u c h large r  consonanta l  inventorie s tha n th e 6 -
consonan t  an d 3-vowe l  inventorie s use d t o evolv e thes e (tiny ) 
vocabularies .  I f  pur e combinatoric s i s a t  w o r k i n shapin g 
th e structur e o f  thes e actua l  languag e vocabularies ,  i t  migh t 
be expecte d tha t  vocabularie s wit h m a n y m o r e consonant s 
tha n vowel s woul d hav e syllable s wit h consonanta l  peaks , 
but ,  again ,  thi s i s  no t  th e cas e here .  T h e fac t  tha t  s o m a n y 
sequence s o f  adjacen t  consonant s ar e found ,  eve n i n th e vo -
cabularie s consU-aine d b y mandibula r  oscillation ,  therefore , 
indicate s tha t  othe r  constraint s m a y b e operativ e i n th e orga -
nizatio n o f  phoneme s int o syllables . 

T o verif y thi s hypothesis ,  a  secon d se t  o f  simulation s w a s 
ru n wit h a n additiona l  constrain t  include d i n al l  thre e condi -
tions .  Thi s constrain t  specifie d tha t  eac h wor d i n a  vocabular y 
must  contai n a  vowel : 

Ps =  w^Y.t^ , (7 ) 

wher e W 5 i s th e weigh t  associate d wit h thi s constraint ,  x  i s a 
wor d i n th e vocabulary ,  an d 

wher e X p i s phonem e p  i n wor d x . 

ifV p X p 6  [p ,  t ,  k ,  s ,  1 ,  n] , 

otherwise , (8 ) 
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'Dibl e 2 :  Initia l  an d fina l  vocabularie s i n th e mandibula r  con -

ditio n wit h a  fifth,  mandator y vowel ,  constrain t  included . 

Initia l 
i ta p 
ussnappklsnnk a 
ipn p 
ip i 
su s 
knplsss l 
P. 
uk n 
k lnuan u 
t k 
k lnuan u 
kuninpauklnna k 
st iuemsatnskl a 
sulu la l 
np s 
iisuascinuspsu p 
psnut i 
p i 
apapkai l lu l 
pn lsn ls t i lkap t 
I tuniss u 
nalpkuiusasun u 
psa lpss i ip l a 
In t ia lk i k 

Fina l 
pisans k 
pis t 
pisin i 
p is u 
l isuk l 
spnuks p 
sasuk l 
sanuks p 
sas u 
takun t 
pusu n 
sasun s 
sala p 
spnuk i 
snkuns a 
sik u 
pisunl k 
p ikak s 
sisukl s 
pusukl s 
sa n 
pisan i 
l isukl s 
sikln i 
Dunan u 

Th e vocabularie s evolve d unde r  thi s constrain t  shoul d hav e 
an increase d vowel-to-consonan t  ratio .  Thi s constrain t  wa s 
develope d i n a  post-ho c fashion ,  bu t  th e result s ar e neverthe -
les s informative .  Tabl e 2  give s a n exampl e initia l  an d fina l 
vocabular y i n th e mandibula r  oscillatio n condition ,  an d Fig -
ur e 3  show s th e averag e numbe r  o f  C C an d C V structures . 

W h en mor e vowel s ar e presen t  i n th e vocabulary ,  an d th e 
seria l  organizatio n o f  phoneme s i s constraine d b y mandibula r 
oscillation ,  man y mor e C V syllable s occu r  whil e th e numbe r 
of  initia l  an d final  cluster s remain s stable .  Th e increas e i n C V 
syllable s relativ e t o th e numbe r  o f  cluster s result s i n a  syste m 
wit h mor e realisti c proportion s tha n i n th e precedin g simula -
tions .  Not e als o tha t  eve n wit h a  greate r  presenc e o f  vowel s 
i n th e vocabularies ,  i f  seria l  organizatio n i s no t  constraine d o r 
i f  i t  i s  constraine d followin g a  perceptua l  criterion ,  fe w C V 
syllable s emerge . 

Th e result s fro m thi s las t  se t  o f  simulation s impl y that , 
althoug h mandibula r  oscillatio n provide s a n importan t  con -
strain t  o n th e sequentia l  organizatio n o f  phonemes ,  othe r  con -
straint s ar e als o operativ e i n th e emergenc e o f  a  syllabl e sys -
tem ,  an d th e E S S syste m i s a  usefu l  too l  i n identifyin g them . 
Th e natur e o f  thes e othe r  constraint s wil l  b e explore d i n fu -
tur e research . 

Conclusion 

Th e E S S mode l  demonstrate s tha t  specifi c  perceptua l  an d ar -
ticulator y constraint s ar e capabl e o f  creating ,  vi a selection , 
th e regula r  syllabl e system s o f  language .  Th e mode l  ca n b e 
use d t o veri ^  hypothese s abou t  th e emergenc e o f  particula r 
soun d pattern s b y assessin g th e relativ e powe r  o f  specific ,  hy -
pothesize d constraints . 

I n futur e wor k th e mode l  wil l  b e scale d u p s o tha t  large r  vo -
cabularie s wit h large r  phonemi c inventorie s ca n b e evolved . 
Th e purpos e wil l  b e t o provid e comprehensiv e demonstra -
tion s tha t  soun d pattern s coul d hav e emerge d durin g evolu -
tio n from  th e selectio n force s provide d b y th e perceptua l  an d 
articulator y system s o f  languag e users . 
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