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Investigatin g L a n g u a g e C h a n g e : 

A Mult i -Agen t  Neura l -Networ k Base d Simulatio n 

Scott C. Stoness (scs@sfu.ca) 
School  o f  Computin g Scienc e 

Simon Frase r  Universit y 

Christopher Dircks (chrisd@sfu.ca) 
School  o f  Computin g Scienc e 

Simon Frase r  Universit y 

Abstrac t 

Multiple agents, equipped with a feature-based phonetic model and a 
coiuicctionis t  cognitiv e model ,  mterac t  vi a th e namin g gam e ,  wit h 
lexico n formatio n an d chang e a s emergen t  propertie s o f  thi s comple x 
adaptiv e system .  W e presen t  a  ne w descriptio n o f  th e namin g game , 
situatin g i t  a s a  general ,  implementation-independen t  paradigm .  Ou r 
additio n o f  richer  phoneti c an d cognitiv e model s provide s th e agent s 
wit h a  greate r  degre e o f  cognitiv e validit y tha n doe s earlie r  work ,  whil e 
enhancin g th e flexibilit y  o f  th e syste m an d reproducing  empirica l  results . 
Feature-base d phonetics ,  piecewis e reinforcement  learning ,  an d a 
cotuiectionis t  architectur e wit h loca l  representation  allow s languag e 
disciiminatio n base d o n schemat a instea d o f  entir e utterances . 

Introduction 

All things change. Despite societal and personal 

predisposition s toward s stability ,  constan t  modificatio n i s a n 

incontrovertibl e fact ,  irrespectiv e o f  th e observe d irr̂ ac t  o n 

our  quotidia n existence .  W e m a y no t  b e cognizant ,  a s 

individuals ,  o f  th e proces s o f  chang e a s i t  occurs ,  becaus e th e 

brie f  tim e spa n o f  a  h u m a n lif e doe s no t  permi t  th e recognitio n 

of  development s precedin g grea t  change ;  event s d o no t  alway s 

matc h th e meteori c pac e se t  b y th e limit s o f  ou r  frai l  biology , 

but  rathe r  transpir e wit h a  certai n glacia l  implacability .  O n e 

phenomeno n wit h whic h w e ar e al l  intimatel y acquainte d tha t 

undergoe s jus t  suc h a n incrementa l  proces s o f  adjustmen t  i s 

natura l  language ;  th e idiolec t  o f  an y singl e individua l  remain s 

relativel y fixed  subsequen t  t o th e initia l  acquisitio n o f  th e 

mothe r  tongue ,  ye t  th e languag e a s a  whol e clearl y experience s 

periodi c alteration . 

I t  i s  n o coincidenc e tha t  th e descriptio n abov e o f  a  gradual , 

gradationa l  modificatio n als o ̂ plie s t o evolutio n b y natura l 

selection ,  sinc e languag e chang e share s man y o f  th e basi c 

attribute s o f  it s biologica l  parallel .  Th e deliberat e natur e o f 

thi s typ e o f  proces s ca n obfuscat e th e situatio n fro m a n 

individua l  perspective .  Thi s tendenc y wa s exacerbate d i n th e 

lat e 19" *  centur y b y th e conflatio n o f  languag e chang e wit h a n 

incomplet e coii^rehensio n o f  th e biologica l  principl e -

obsessio n wit h progress ,  an d th e usurptio n fo r  thi s goa l  o f  th e 

phras e 'surviva l  o f  th e fittest'  -  leadin g t o th e simultaneou s 

adoptio n o f  bot h historica l  reconstruction ,  whic h woul d m a p 

out  th e myria d development s i n th e evolutio n o f  languag e an d 

prescriptiv e grammar ,  wher e th e state d goa l  i s t o maintai n th e 

purit y o f  th e curren t  linguisti c norms . 

20" '  centur y linguist s hav e relinquishe d thei r  gri p o n th e rein s 

and recognize d th e inevitabilit y  o f  languag e change ,  bu t  hav e 

bee n unabl e t o converg e upo n a  singl e theory ,  o r  mor e 

accurately ,  hav e bee n unabl e t o produc e a  universall y 

compellin g explanator y mechanis m fo r  languag e change .  I t 

put s moder n linguist s i n m u c h th e sam e positio n a s biologist s 

befor e th e adven t  o f  Darwin' s theor y o f  natura l  selection ,  o r 

perhap s befor e th e discover y o f  D N A b y Watso n &  Crick ; 

ther e i s a  universa l  acceptanc e o f  a  genera l  process ,  bu t  th e 

detail s ar e no t  known . 

Unfortunately ,  th e dat a availabl e fo r  historica l  researc h i s 

limite d sinc e th e vas t  majorit y o f  th e world' s language s spoke n 

t o dat e ha d n o writte n form ,  an d m u c h o f  wha t  wa s committe d 

t o paper(o r  othe r  appropriat e media )  ha s bee n lost .  Controlle d 

linguisti c experimentatio n i s extraordinaril y  difficult ,  th e mor e 

so whe n th e phenomeno n w e ar e examinin g woul d requir e 

invesdgation s whic h woul d no t  begi n t o bea r  fhii t  fo r  severa l 

generations .  Th e linguisti c analogu e t o Drosophili a i s no t 

obvious ;  ther e sinpl y ar e n o biologica l  endtie s whic h exhibi t 

sufficien t  similaritie s t o h u m a n linguisU c communicado n t o 

make experimentatio n worthwhil e an d ar e als o short-live d 

enoug h fo r  suc h experiment s t o b e feasible .  Fortunately , 

m o d em computer s ar e sufficientl y powerfu l  t o enabl e u s t o 

produc e simulation s o f  languag e chang e whic h are ,  t o a  certai n 

degree ,  cognitivel y an d linguisticall y accurate ,  ye t  sinplisti c 

enoug h t o allo w controlle d investigatio n o f  thi s phenomenon . 

M u ch recen t  wor k ha s bee n don e i n thi s vein ,  i n particula r  b y 

th e member s o f  th e Son y C S L Paris ,  examinin g languag e a s a 

comple x adaptiv e syste m whic h produce s languag e chang e a s 

emergen t  behaviour .  [9 ]  postulate s Uia t  fou r  factor s ar e 

necessar y fo r  linguisti c variatio n an d evolutio n t o occur :  self -

organization ,  stochasticit y i n transmissio n an d production , 

toleranc e o f  mino r  linguisti c variation ,  an d a  certai n rat e o f 

populatio n change .  Th e author s firs t  produce d completel y 

deterministi c  agents ,  showin g tha t  linguisti c variatio n wa s no t 

tolerated .  A s a  result ,  th e final  mode l  (reporte d i n [8] ,  [9] ,  an d 

prototypicall y i n [7] )  o f  agent-interna l  linguisti c processin g i s 

somethin g o f  a  hybrid ,  wid i  probabilisti c  measure s grafte d ont o 

712 

mailto:scs@sfu.ca
mailto:chrisd@sfu.ca


what  i s essentiall y a  deterministi c backbone ,  whil e linguisti c 

utterance s i n th e syste m ar e represente d b y a  rando m sequenc e 

of  characters .  W e presen t  a  ne w syste m fo r  investigatin g 

lexico n chang e whic h follow s a  framewor k fo r  agcn l 

interactio n simila r  t o th e Steel s an d Kapla n model ;  however , 

we hav e m a d e ou r  syste m mor e vali d fro m a  cognitiv e 

perspectiv e b y usin g artificia l  neura l  network s fo r  th e agent -

interna l  cognitiv e mode l  an d a  phoneti c mode l  base d o n 

Chomsky-Hall e binar y feature s fo r  utterances . 

Agent Interactions: The Naming Game 

It is foolhardy to undertake research involving multiple 

softwar e agent s withou t  a  principle d framewor k withi n whic h 

th e agent s ca n interact ;  tha t  is ,  th e precis e detail s o f  al l  possibl e 

interaction s betwee n agent s an d thei r  environmen t  (an d /  o r 

eac h other )  mus t  b e specifie d i n a n unambiguou s fashion .  T o 

thi s end ,  [7 ]  introduce s th e namin g game ,  a n auster e paradig m 

fo r  interactio n tailore d especiall y fo r  th e development , 

transmission ,  an d evolutio n o f  a  lexico n i n eithe r  a  stati c o r 

dynami c populatio n o f  agents . 

The namin g g a m e i s appropriat e fo r  a  populatio n o f  agent s 

and a  numbe r  objects' ;  a n interactio n proceed s a s follows : 

1)  T w o agent s ar e selecte d fro m th e population ;  on e i s 

designate d a s th e Speaker ,  th e othe r  a s th e Hearer . 

2)  Th e Speake r  choose s a n object ,  possibl y a t  random . 

3)  Th e Speaker ,  throug h whateve r  proces s encode d i n th e 

agen t  model ,  name s th e object ;  tha t  is ,  accesse s th e 

appropriat e form-meanin g pair ,  an d produce s th e form . 

4)  Th e Speake r  (virtually )  point s a t  th e object . 
5)  Th e Heare r  interpret s thi s combinatio n o f  linguisti c an d 

extra-linguisti c informatio n produce d b y th e speake r  t o 

be a  referenc e t o som e particula r  object . 

6)  Th e gam e succeed s i f  th e Heare r  correctl y interpret s th e 
informatio n provide d b y th e Speaker ;  i f  th e agent s d o 

not  agre e o n th e objec t  referenced ,  the n th e gam e fails . 

Presumably ,  upo n completio n o f  a  namin g g a m e interaction , 

learnin g occurs ;  whil e th e bul k o f  researc h whic h follow s thi s 
paradig m use s som e variatio n o f  th e adaptiv e rule s outline d i n 

[9] ,  ther e i s n o reaso n t o suppos e tha t  thi s framewor k mus t  b e 

couple d wit h tha t  particula r  se t  o f  learnin g rules .  I n fact ,  w e 

demonstrat e tha t  th e namin g g a m e provide s a n excellen t 

paradig m fo r  us e wit h agent s possessin g differen t  interna l 
mechanism s an d learnin g procedures . 

The procedur e outline d abov e i s th e namin g g a m e i n it s 

simples t  incarnation ;  m a n y enhancement s can ,  an d hav e been , 

made,  includin g nois y channel s fo r  bot h linguisti c an d 'visual ' 
communication ,  an d changin g population s o f  bot h agent s an d 

objects . 

One migh t  imagin e tha t  th e namin g g a m e i s no t  a  vali d 
model  o f  languag e acquisition ,  sinc e th e Heare r  ha s n o wa y o f 

knowin g tha t  th e spoke n utteranc e name s th e object ;  i t  coul d 

conceivabl y b e an y for m o f  communication ,  o r  eve n non e a t 

all .  However ,  th e namin g g a m e i s intende d t o mode l  neithe r 

languag e acquisitio n no r  th e origin s o f  language ,  bu t  rathe r 

languag e coalescenc e an d chang e throug h highl y constraine d 

interaction s betwee n adul t  speakers . 

The Phonetic Model 

Rathe r  tha n retai n th e character-base d randomly-generate d 

word s o f  earlie r  systems ,  w e hav e chose n t o mov e toward s 

linguisti c validit y b y th e inclusio n o f  a  rudimentar y feature -

base d phoneti c model . 

Our  agent s communicat e b y mean s o f  single-syllabl e 

utterance s consistin g o f  a  consonan t  followe d b y a  vowel . 

Each phonem e i s represente d b y a  se t  o f  binar y feature s loosel y 

base d o n Chomsky-Hall e feature s an d th e cardina l  vowe l 

syste m (se e Tabl e 1 ) 

Tabl e 1 :  Binar y Featur e Matri x fo r  Phoneme s 

1 Consonant s 1  Vowel s 

IP A |pbfvt|ds|z|c|iU|3|k|g|x|v |  i|u|e|o|e|Aa| a 

Ant  +  + 

Cor  +  - t 

Vcd -  f  -  f  -  f  -  f  -  f 
C om -  -  f  f  -  -  f  f  -  -

+ 
• 
^ f  -  f  -  • (  I 

i i ^ ^ L i 

-1-
+ + 

-

-M-M- k 

IP A 
Z;iose c 

Mid 
B a c k 

'Usuall y thes e ar e softwar e agent s an d virtua l 
objects ,  bu t  som e wor k ha s bee n don e wit h autonomou s 
robots .  [9 ] 

Ther e appear s t o b e littl e t o differentiat e a  mode l  consistin g 

of  a  sequenc e o f  character s fro m on e whic h consist s o f  a 

sequenc e o f  abstrac t  phoneme s represente d b y binar y featur e 

sets ,  bu t  th e phoneti c mode l  w e introduc e doe s i n fac t  provid e 
at  leas t  on e majo r  advantag e othe r  tha n th e semblanc e o f 

cognitiv e validity .  Rathe r  tha n forcin g eac h o f  th e feature s t o 

hav e a  discret e binar y valu e o f  eithe r  zer o o r  one ,  w e allo w 

value s acros s th e rea l  interva l  (0,1) .  No t  onl y doe s thi s allo w 
a m u c h mor e flexibl e connectionis t  implementatio n tha n th e 

equivalen t  usin g binar y features ,  bu t  i t  i s i n fac t  phoneticall y 

justified .  Th e cardina l  vowe l  syste m i s littl e mor e tha n a  se t  o f 
standar d referenc e location s fo r  th e infinitel y variabl e tongu e 
positio n observe d i n vowe l  productio n i n th e rea l  world . 

Similarly ,  voicin g delay s o n consonant s var y fro m speake r  t o 

speake r  an d contex t  t o context ,  a s d o tongu e position s i n 

consonant . 

By movin g awa y fro m th e character-base d model ,  whic h ca n 
onl y encod e a  fixe d amoun t  o f  informatio n dependin g o n th e 

characte r  set ,  w e arriv e a t  a  representatio n whic h allow s u s t o 
encod e a  m u c h highe r  degre e o f  variabilit y i n th e utterances , 

modellin g crudel y th e acousti c signal s receive d b y th e huma n 
ear . 

Agents' Internal Neural Nets 

Each agen t  i s furnishe d wit h tw o completel y separat e 
neura l  networks ,  on e fo r  determinin g th e utteranc e fro m 

precis e objec t  informatio n (hencefort h th e S-Net ,  o r  Speec h 

Network) ,  an d on e fo r  settlin g upo n a  particula r  objec t  give n 
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an utteranc e an d (possibly )  som e non-linguisti c informatio n 

(th e H-Net .  o r  Hearin g Network) . 

The S-Net 

Th e neura l  ne t  use d fo r  th e productio n o f  utterance s i s o f 

extraordinaril y  simpl e design ,  h  i s a  two-layer ,  full y  connecte d 

network ,  wit h a n inpu t  nod e fo r  eac h distinc t  objec t  i n th e 

simulatio n an d on e nod e i n th e outpu t  laye r  fo r  eac h phoneti c 

featur e i n a  word .  Onc e th e Speake r  ha s randoml y chose n a n 

objec t  a s th e topic ,  th e activatio n o f  th e correspondin g inpu t 

nod e i s se t  t o 1.0 ,  whil e tha t  o f  al l  othe r  node s become s 0.0 . 

Th e activatio n leve l  o n a n outpu t  featur e nod e i s simpl y th e 

s u m o f  al l  input s t o th e node ,  wit h n o us e o f  a  threshol d o r 

normalization .  Thus ,  th e weight s o n th e link s fro m th e activ e 

objec t  nod e appea r  directl y o n th e outpu t  layer ;  th e rang e o f 

value s fo r  th e weight s i s th e continuou s interva l  [0,1] ,  a s thi s 

als o define s th e value s desire d fo r  ou r  features .  Th e 

activation s o f  th e outpu t  node s ca n therefor e b e interprete d 

directl y a s value s fo r  th e correspondin g features . 

The H-Net 

Th e H-Ne t  i s als o a  two-layer ,  full y  connecte d network ,  wit h 

an outpu t  laye r  whic h i s virtuall y competitive ;  inhibitor y link s 

ar e no t  implemente d directly ,  bu t  rathe r  throug h a  winner-take -

al l  choice . 

Th e outpu t  o f  th e Speaker' s S-Ne t  i s place d directl y o n 

node s i n th e inpu t  laye r  o f  th e Hearer' s H-Net ,  modellin g th e 

receptio n o f  auditor y information .  Ther e i s a  furthe r  subse t  o f 

th e H-Ne t  inpu t  laye r  whic h i s dedicate d t o extra-linguisti c 

information . 

Thi s extra-linguisti c informatio n i s  mean t  t o correspon d 

vaguel y t o th e real-worl d visua l  cue s experience d b y th e Heare r 

i n a  namin g g a m e wher e th e Speake r  point s a t  a n object . 

Accordingly ,  th e topi c receive s th e highes t  scor e o f  al l  objects : 

not  a  perfec t  score ,  bu t  rathe r  a  rando m numbe r  betwee n % an d 

1.  Fou r  o r  fiv e othe r  potentia l  object s ar e assigne d smalle r 

score s betwee n 0  an d V i  t o represen t  physica l  proximit y t o th e 

topic ,  th e mai n sourc e o f  ambiguit y i n pointing .  Th e rando m 

choic e o f  error-object s an d th e hig h degre e o f  variabilit y  i n th e 

objec t  score s i s a n attenp t  t o crudel y mode l  a  wid e variet y o f 

pointin g situations ,  wher e th e topi c wil l  b e surrounde d b y 

differen t  object s i n differen t  configuration s i n ever y 

interaction .  Thi s differ s significantl y fro m a  fixed  objec t 

layout ,  pointe d t o i n ever y interaction ,  sinc e i n tha t  restricte d 

instance ,  certai n object s wil l  neve r  nee d t o b e disambiguate d 

by phoneti c information . 

Once th e inpu t  laye r  i s full y initialized ,  activatio n level s fo r 

th e outpu t  laye r  ar e calculate d wit h a  straigh t  s u m o f  product s 

rule .  Th e score s o f  th e objec t  node s ar e con^ared ,  an d th e 

nod e wit h th e highes t  scor e i s chose n a s th e eventua l  winne r  o f 

th e virtua l  competitio n withi n thi s layer . 

Thi s objec t  chose n b y th e H-Ne t  i s  compare d wit h th e 

origina l  topic ,  an d th e succes s o f  th e gam e determined . 

T r a i n i n g R e g i m e n 

Individua l  speaker s ar e unlikel y t o drasticall y chang e thei r 

speec h pattern s whe n the y ar e bein g understood ;  similarly ,  i f 

a listene r  i s abl e t o comprehen d a  speaker ,  ther e i s littl e reaso n 

t o adap t  one' s mode l  o f  th e languag e t o thei r  accent . 

Accordingly ,  i n ou r  model ,  learnin g onl y occur s whe n th e 

namin g gam e fails . 

I n th e rea l  world ,  communicatio n occur s fo r  a  purpose ,  an d 

i n th e cas e o f  a  misunderstandin g abou t  th e topi c o f  a 

conversation ,  i t  i s  unlikel y tha t  th e participant s wil l  simpl y giv e 

up ;  th e speake r  wil l  repea t  th e word ,  an d perhap s eve n identif y 

th e objec t  physicall y i n a n unambiguou s manne r  (i.e .  b y 

pickin g i t  up) .  I t  i s  therefor e reasonabl e t o suppos e tha t  th e 

Heare r  agent s ar e familia r  wit h bot h th e utteranc e produce d b y 

th e Speake r  an d wit h th e intende d topic ,  eve n whe n th e namin g 

g a me doe s no t  succeed .  W e hav e arbitraril y  chose n t o hav e th e 

Heare r  adap t  it s  behaviou r  t o matc h th e Speaker ;  whe n 

discussin g thi s objec t  i n th e future ,  th e Hearer' s speec h wil l 

mor e closel y resembl e tha t  o f  th e Speaker ,  an d th e Heare r  wil l 

als o b e mor e acceptin g o f  utterance s simila r  t o th e Speaker' s 

designatio n fo r  tha t  topic . 

Initialization 

Al l  phoneme-objec t  weight s i n bot h th e S-Ne t  an d th e H-Ne t 

ar e initialize d t o rando m value s betwee n 0  an d 1 ,  representin g 

i n th e firs t  instanc e phonem e values ,  an d i n th e latte r  relativ e 

contributio n o f  feature s t o th e objec t  score . 

Sinc e th e weight s i n th e H-Ne t  betwee n th e inpu t  an d outpu t 

objec t  node s underg o n o training ,  thei r  initializatio n mus t  b e 

performe d mor e carefully .  Weight s betwee n inpu t  an d outpu t 

node s whic h represen t  th e sam e objec t  ar e se t  t o 0.6 ,  whil e al l 

othe r  weight s i n thi s se t  ar e give n rando m value s uniforml y 

distribute d ove r  th e interva l  [0,0.5] .  Thi s approac h attempt s t o 

model  i n a  simpl e wa y similaritie s betwee n objects ,  whil e 

avoidin g th e undesirabl e extreme s wher e objec t  informatio n 

eithe r  overpower s th e contributio n o f  th e object' s nam e o r 

canno t  affec t  th e result . 

S-Net Training 

O ne o f  th e task s o f  th e Heare r  i s t o interpre t  th e continuou s 

phoneti c outpu t  o f  th e Speake r  i n term s o f  idealize d binar y 

features .  Thi s i s implici t  i n th e norma l  action s o f  th e H-Net , 

but  explici t  durin g S-Ne t  training ;  rathe r  tha n adaptin g it s 

speec h toward s th e actua l  outpu t  o f  th e Speaker ,  th e Heare r 

moves it s  speec h toward s a n idealize d binar y featur e set . 

Becaus e w e onl y trai n th e Heare r  whe n th e namin g gam e fails , 

it s speec h wil l  neve r  reac h thi s ideal ,  bu t  wil l  onl y mov e i n tha t 

directio n a s fa r  a s i s necessar y fo r  effectiv e communicatio n t o 

occur . 

w = 
4 2 

w' = 4(̂ -1/2)'+1/ 2 

(1 ) 

(2) 
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Each featur e i n th e S-Ne l  o f  th e Heare r  i s examine d 

independentl y t o determin e i f  it s  idealize d valu e i s th e sam e a s 

tha t  o f  th e correspondin g featur e i n th e Speaker' s utterance .  I I 

so,  it s  valu e i s reinforce d (se e equatio n 1) ;  i f  not ,  i t  i s  punishe d 

(se e equatio n 2) .  Th e punishmen t  equatio n move s value s 

toward s 0.5 ,  whil e th e reinforcemen t  functio n move s value s 

toward s (bu t  no t  beyond )  1  o r  0 ,  dependin g o n th e polarit y o f 

th e weight .  A  rando m numbe r  betwee n -0.05w '  an d 0.05w '  i s 

the n generate d an d adde d t o thi s ne w value ,  an d thi s 'fuzzy ' 

resul t  i s  force d withi n th e interva l  [0,1] .  Thi s las t  ste p i s 

required ,  els e punishmen t  wil l  se t  th e weigh t  o n a n exponentia l 

growt h pattern .  Th e rando m fuz z i s als o necessary ,  sinc e th e 

punishmen t  function ,  o n it s own ,  wil l  neve r  forc e a  weigh t 

acros s th e fixe d poin t  o f  0.5 . 

H-Net Training 

The onl y weight s i n th e H-Ne t  whic h ar e traine d ar e thos e 

betwee n th e phoneti c inpu t  node s an d th e outpu t  node s (a s 

discusse d above ,  th e objec t  weight s remai n fixe d a t  thei r  initia l 

values) .  Again ,  trainin g onl y occur s whe n th e Heare r  ha s 

chose n th e wron g object ;  th e goa l  o f  thi s weigh t  modificatio n 

i s t o mak e th e H-Ne t  mor e likel y t o settl e o n th e correc t  topi c 

when give n simila r  phoneti c inpu t  i n th e future . 

Ther e ar e a  numbe r  o f  way s t o accomplis h thi s result ,  bu t  w e 

settle d o n decreasin g th e scor e o f  th e fals e positive ,  an d 
increasin g th e scor e o f  th e correc t  answer .  Thi s i s a  ver y 

sU âightforwar d procedur e whic h doe s no t  overl y complicat e 

th e dynamic s o f  th e network ,  an d tend s t o restric t  th e weight s 

t o a  reasonabl e range . 

w' = w  -  5  w  •  p  (3 ) 

w' = w  +  6  w  •  p  (4 ) 

At  th e implementatio n level ,  w e appl y equatio n (3 )  t o th e 

fals e positives ,  an d equatio n (4 )  t o th e misse d answer ;  i n thes e 

equations ,  w  'i s  th e ne w weight ,  w  i s th e ol d weight ,  6  i s th e 
learnin g rate ,  an d p  i s th e valu e o n th e phoneti c inpu t  node . 

Essentially ,  w e modif y th e weigh t  b y a  certai n percentag e o f  it s 

contributio n t o th e activatio n o f  th e objec t  nod e i n question . 
The curren t  valu e o f  6  i n th e syste m i s 0.05 ,  an d sinc e th e 

valu e o f  p  range s fro m 0  t o 1 ,  i n practice ,  th e weigh t  i s 
modifie d b y a n averag e o f  2.5 % o f  it s  o w n value . 

The Simulation World 

We hav e teste d an d ru n ou r  simulatio n wit h u p t o 5 0 agent s 

and 2 0 objects ,  bu t  fo r  th e mos t  par t  w e hav e kep t  t o 2 0 agent s 

and 1 0 objects ,  s o tha t  ou r  result s ar e comparabl e t o thos e o f 

[9] ;  thes e number s see m t o produc e interestin g results ,  ye t  hav e 

simulatio n ru n time s whic h ar e reasonable . 

Each agen t  ha s it s H-Ne t  an d S-Ne t  randoml y initialize d a s 

describe d above .  Ther e i s n o interna l  communicatio n betwee n 
th e nets ,  an d w e d o no t  explicitl y  trai n th e agent s t o understan d 

thei r  ow n utterances ;  th e eventua l  consistenc y exhibite d b y th e 
syste m i s a  resul t  o f  self-organizatio n (a t  a  societal ,  rathe r  tha n 

agent  level) . 
We conduc t  instance s o f  th e namin g gam e i n group s o f  20 ; 

th e agent s spea k i n order ,  an d a  rando m partne r  i s chose n t o b e 

th e Hearer .  Thi s approac h ha s th e advantag e tha t  speec h 

starvatio n wil l  no t  occu r  -  ever y agen t  get s it s chanc e t o spea k 

-  bu t  i t  i s  theoreticall y possibl e tha t  a n agen t  coul d surviv e a 

simulatio n completel y unchanged ,  neve r  bein g selecte d a s th e 

Hearer .  However ,  th e probabilitie s involve d ar e s o smal l  tha t 

i t  i s  no t  a n issu e a t  present ,  an d starvation-avoidanc e 

technique s coul d b e easil y adde d i t  i f  becam e a  problem . 

I n th e nex t  section ,  w e presen t  result s fro m fou r  differen t 

type s o f  simulatio n runs :  wit h an d withou t  populatio n flux , 

wit h eithe r  500 0 o r  20,00 0 group s o f  namin g g a m e 

interactions .  Sinc e eac h grou p consist s o f  2 0 namin g games , 

altogethe r  th e simulation s consis t  o f  100,00 0 an d 400,00 0 

instance s o f  th e namin g game .  I n th e simulation s wit h 

populatio n flux ,  a  rando m individua l  i s  remove d ever y 200 0 

games an d a  new ,  randoml y initialize d agen t  take s it s place ;  i n 

th e longes t  simulation s wit h populatio n flux ,  ther e hav e bee n 

20 0 ne w individual s inserte d i n th e population . 

Experimental Results 

I n som e initia l  experiment s wit h a  learnin g rat e (6 )  o f  0.20 , 

we achieve d a n 8 6 % averag e namin g gam e succes s rat e i n 

interaction s withou t  objec t  informatio n give n t o th e Hearers , 

and a  9 5 % averag e succes s rat e whe n suc h informatio n wa s 

provided .  Thi s latte r  figur e ros e t o 9 8 % whe n th e learnin g rat e 

was change d t o 0.05 .  W e recentl y ra n severa l  simulation s 

usin g onl y th e objec t  information ,  whic h resulte d i n a  succes s 

rat e o f  aroun d 5 0 % . 

I n ou r  long-ter m trials ,  w e achieve d succes s rate s aroun d 

9 5 % whe n th e populatio n wa s stable .  Certai n period s o f  th e 

simulatio n exhibite d succes s rate s aroun d 9 8 % ,  bu t  th e globa l 

averag e wa s lowe r  becaus e o f  languag e chang e an d period s o f 

instability .  Wit h a  dynami c population ,  th e succes s rat e hover s 

aroun d 8 0 % . 

Form Distributions 

I n orde r  t o quantif y th e developmen t  o f  ou r  agent s w e 
plotted ,  fo r  eac h object ,  th e numbe r  o f  speaker s fo r  eac h 

linguisti c varian t  a s a  functio n o f  time .  Sinc e w e ra n 1 5 

simulation s wit h a  stati c populatio n an d ha d 1 0 object s i n each , 

thi s give s a  tota l  o f  15 0 separat e graph s ove r  th e lengt h o f 

100,00 0 games ,  6 0 ove r  400,00 0 games .  Examinin g thes e 

graphs ,  w e recognize d tha t  the y fel l  int o severa l  differen t 

patterns ,  base d bot h o n th e overal l  appearanc e o f  th e graph , 

and som e underlyin g statistics . 

I n dominance ,  on e for m (almost )  completel y dominate s th e 

phoneti c spac e quickly ,  an d retain s contro l  fo r  th e duratio n o f 

th e simulatio n (Se e Fi g la) .  I n 70-3 0 graphs ,  tw o form s exis t 

i n th e population ,  on e spoke n b y abou t  7 0 % o f  agents ,  th e 
othe r  b y abou t  3 0 % (Se e Fi g lb) .  Parit y graph s hav e tw o 

c o m m on forms ,  splittin g th e majorit y o f  speaker s betwee n 
the m (Fi g Ic) .  W h e n a  larg e numbe r  o f  competin g form s aris e 
(usuall y  4) ,  non e spoke n b y mor e tha n 4 0 % o f  th e populatio n 

(Se e Fi g Id) ,  w e cal l  thi s a  mus h graph .  I n th e step-u p pattern , 
one for m appear s destine d fo r  dominance ,  bu t  i t  i s  overtcike n 
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Figur e 1 :  Th e graph s abov e represen t  th e numbe r  o f 
speaker s o f  linguisti c variant s a s a  functio n o f  tim e fo r  a 
particula r  object .  Th e vertica l  axi s count s th e numbe r  o f 
agent s speakin g a  form ,  whil e th e horizonta l  axi s represent s 
time .  Eac h shad e o f  gra y show s th e frequenc y fluctuation s 
ove r  tim e fo r  a  particula r  linguisti c form .  Eac h grap h i s a 
canonica l  exanq)l e fo r  it s  category :  (a )  dominanc e (b )  70-3 0 
(c )  parit y (d )  mus h (e )  step-u p (f )  switch .  A s a n exanq)le , 
grap h (c )  show s a  simulatio n wher e tw o forms ,  afte r  a n 
initia l  learnin g period ,  achiev e a  stead y stat e wher e eac h i s 
spoke n b y abou t  hal f  th e population . 

Tabl e 2 :  Relativ e Fre q 

Fo r m 
Pattern s 

Dom. 

70-3 0 

Parit y 

Mush 

Step-U p 

Switc h 

Tota l  #  o f 
Graph s 

uenc y o f  Fo i 

% o f  Stati c Pop . 

100k game s 

30 

9 

16 

30 

9 

6 

150 

400 k game s 

38 

17 

12 

7 

17 

10 

60 

r m Pattern s 

% o f  Dynami c Pop .  | 

100 k game s 

30 

9 

9 

12 

26 

13 

160 

400 k game s 

21 

2 

3 

3 

24 

47 

70 

by a  secon d form ,  whic h goe s o n t o dominanc e (Se e Fi g le) . 
Finally ,  som e o f  th e graph s exhibi t  a  for m switch ,  wher e on e 
for m dominate s wit h ove r  6 0 % o f  th e speaker s fo r  a  period , 
and the n i s replace d b y a  differen t  form ,  whic h the n dominate s 

(se e Fi g If) . 
Tabl e 2  outline s th e relativ e frequenc y (a s a  percentage )  fo r 

eac h categor y o f  graph .  W e sho w statistic s fo r  bot h ou r  shor t 
and lon g simulations ,  separate d int o run s wit h an d withou t 
populatio n flux . 

Obviously ,  thes e categorie s hav e ver y fuzz y boundaries ,  an d 
some graph s simpl y d o no t  fi t  particularl y wel l  int o an y 
category .  However ,  ther e ar e clea r  example s o f  eac h group , 
(includin g th e switc h for m representin g lexico n change )  an d 
th e fac t  tha t  thes e particula r  pattern s ar e th e mos t  c o m m o n 
provide s insigh t  int o th e learnin g processe s o f  ou r  agents . 

Discussion 

We are not willing to claim that coherence in language must 
be du e t o self-organization ,  bu t  ou r  simulatio n (alon g wit h [8 ] 
and [9] )  make s i t  clea r  tha t  extremel y singl e self-organizin g 
system s ca n achiev e a  coheren t  lexicon .  Ou r  result s reinforc e 
th e ide a (presente d i n [9] )  tha t  populatio n flu x increase s th e 
incidenc e o f  lexico n change ,  bu t  w e als o sho w significan t 
chang e eve n i n a  stati c populatio n (se e [3 ]  fo r  a  discussion) . 

W h en w e examine d th e graph s o f  ou r  simulations ,  w e a t  first 
had a  difficul t  tim e reconcilin g a  9 5 % succes s rat e wit h th e 
fairl y hig h frequenc y (30% )  i n shor t  simulation s o f  th e mus h 
graph ,  wher e ther e wer e multipl e competin g forms .  However , 
an examinatio n o f  th e lexica l  form s i n thes e mus h pattern s 
reveale d tha t  al l  form s wer e fairl y  similar .  Th e combinatio n o f 
thes e form s an d th e weight s o n th e networ k showe d tha t  ou r  H -
Net s wer e acquirin g schemata ,  whic h ma y includ e on e o r  mor e 
D (don' t  care )  values ,  t o us e th e notatio n o f  [5] .  Fo r  example , 
a particula r  H-Ne t  recognize d a  voice d anterio r  consonan t 
followe d b y a n 'i '  a s Objec t  8 ,  regardles s o f  whethe r  th e inpu t 
utteranc e wa s 'di' ,  'zi' ,  'vi' ,  o r  'bi' ;  th e agen t  ha s internalize d 
a schem a whic h include s a  •  valu e fo r  th e corona l  an d 
continuan t  features . 

Schemat a allo w u s t o explai n no t  onl y th e hig h succes s rat e 
i n th e fac e o f  man y variants ,  bu t  als o th e stabilit y  show n b y th e 
variant s themselves .  N o matte r  whic h o f  th e fou r  form s abov e 
i s heard ,  th e H-Ne t  wil l  settl e o n Objec t  8 ;  thi s allow s al l  fou r 
variant s t o flourish ,  sinc e i n th e absenc e o f  misunderstanding , 
no learnin g occurs ,  an d th e form s ar e stable . 

Wit h ou r  schemat a firml y i n hand ,  w e ca n als o investigat e 
th e hig h degre e o f  stabilit y  demonstrate d i n th e parit y an d 70 -
30 graphs .  Bot h pattern s exhibi t  tw o form s whic h togethe r 
dominat e th e populatio n o f  speakers ,  whic h ca n b e nicel y 
explaine d b y th e acquisitio n o f  a  singl e •  valu e b y th e H-Net s 
of  th e population .  Th e tw o pattern s i n fac t  represen t  differen t 
facet s o f  th e sam e underlyin g situation :  i n th e parit y case ,  th e 
single- D schem a firs t  dominate s th e populatio n a t  a  tim e whe n 
th e tw o form s hav e approximatel y equa l  share s o f  th e speakers , 
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wherea s i n th e 70-3 0 pattern ,  thi s stabilit y  i s  achieve d whe n th e 

distributio n i s somewha t  lopsided .  Th e dominanc e graphs ,  o f 

course ,  ar e a  resul t  o f  H-Net s learnin g full y  specifie d schemat a 

(i.e .  n o •  values) . 

Even th e step-u p graph s rel y t o som e exten t  o n th e existenc e 

of  schemat a i n th e populatio n o f  H-Nets .  I n thi s pattern ,  on e 

for m achieve s a  certai n degre e o f  initia l  prominenc e amongs t 

th e speakers ,  bu t  i s quickl y overtake n b y a  simila r  form .  I n 

fact ,  thi s occur s whe n par t  o f  th e H-Ne t  populatio n settle s o n 

a schem a havin g a  D  valu e whic h allow s th e initia l  form .  I f  a t 

some poin t  befor e thi s schem a dominate s th e populatio n 

(whic h woul d resul t  i n parity) ,  a  significan t  portio n o f  th e H -

Net s lear n a  full y  specifie d schem a fo r  a  differen t  for m whic h 

i s als o allowe d b y th e D-schema ,  thi s ne w for m wil l  eventuall y 

tak e over .  Eve n i f  th e usurper' s frequenc y i s initiall y  low ,  th e 

new for m wil l  dominate ,  a s i t  i s  meaningfu l  t o al l  agents , 

wherea s th e firs t  for m i s understoo d onl y b y thos e wit h th e • -

schema. 

Anothe r  interestin g phenomeno n i s th e near-disappearanc e 

of  th e mus h patter n i n longe r  simulations ,  especiall y thos e 

involvin g populatio n change .  Thi s i s a  mor e drasti c exampl e 

of  th e proces s explaine d i n th e previou s paragraph .  Longe r 

simulatio n run s involv e mor e lexico n change ,  an d thi s tendenc y 

i s exacerbate d b y a  changin g population .  Th e phoneti c spac e 

i n ou r  mode l  i s  limited ;  sinc e a  mus h for m occupie s fa r  mor e 
tha n it s shar e o f  thi s limite d resource ,  ther e i s a  certai n degre e 

of  pressur e t o reduc e th e numbe r  o f  •  features .  I f  fo r  som e 

reaso n a  for m fo r  anothe r  objec t  move s int o thi s space ,  object -

confusio n wil l  result .  Thi s wil l  appl y pressur e t o differentiat e 

th e tw o schemata ;  th e simples t  adaptatio n i s simpl y fo r  th e 

mush patter n t o los e on e o f  it s  n  values ,  resultin g i n a  70-3 0 o r 

a parity .  O f  course ,  thi s sam e proces s i s movin g thes e single- D 

pattern s int o full y  specifie d dominance . 

Althoug h les s probable ,  th e revers e operatio n als o occur s i n 

our  simulation ,  wit h parit y pattern s (on e • )  becomin g mus h 
pattern s (tw o Ds) .  Ove r  ver y lon g simulations ,  on e woul d 

expec t  thes e tw o force s t o com e int o balance ,  resultin g i n a 
relativel y stabl e distributio n o f  •  feature s ove r  th e population . 

Conclusions and Future Work 

While the results reported in [8] and [9] are exciting, the 

author s mak e littl e attemp t  t o exhibi t  an y sor t  o f  low-leve l 
cognitiv e validity .  Ou r  approac h recast s thi s earlie r  wor k i n a 

more natura l  form ,  introducin g a  connectionis t  cognitiv e mode l 

fo r  th e agent s an d a  muc h richer  phoneti c model .  W e hav e als o 
refigure d th e namin g gam e paradig m a s implementation -

independent ,  divorcin g it s descriptio n fro m th e detail s o f  th e 

accompanyin g model ,  a  characteristi c whic h i s distinctl y 
lackin g i n othe r  definitions . 

Our  mos t  significan t  resul t  i s  no t  merel y tha t  languag e 
emerge s fro m ou r  system ,  whic h we'v e take n car e t o provid e 

wit h a  cognitivel y vali d base ,  bu t  rathe r  tha t  th e linguisti c 
system s whic h ou r  agent s lear n ar e themselve s cognitivel y 
valid .  Th e schemat a learne d b y th e agent s d o no t  jus t  provid e 

an explanatio n o f  thei r  behaviour ,  bu t  represen t  vali d phoneti c 

generalization s i n thei r  o w n right.  H u m a n speaker s d o no t 

lear n full y  specifie d featur e sets ,  bu t  rathe r  schemat a wit h on e 

or  mor e D  values .  Fo r  example ,  Englis h speaker s d o no t 

differentiat e phonemicall y betwee n aspirate d an d non-aspirate d 

consonants ,  wherea s thi s ha s bee n constructe d a s a  distinctiv e 

differenc e i n proto-Indo-European ,  a  distan t  ancestor . 

Clearly ,  som e o f  th e mos t  excitin g futur e wor k involve s 

followin g u p th e notio n o f  th e schemat a whic h ou r  agent s 

learn ,  determinin g h o w th e distributio n o f  schemat a affect s th e 

evolutio n o f  th e system ,  an d t o wha t  degre e futur e behaviou r 

of  th e syste m ca n b e predicted .  Thes e schemat a shoul d als o 

prov e crucia l  i n planne d investigation s o f  th e comple x 

interaction s a t  th e borde r  o f  tw o stabl e languages . 

Bot h th e phoneti c mode l  an d th e objec t  mode l  use d i n ou r 

simulatio n coul d b e improved .  W e pla n t o mode l  physica l 

constraint s o f  th e voca l  trac t  s o a s t o hav e th e agent s produc e 

eve n mor e realisti c  soun d combinations ,  whic h wil l  allo w u s t o 

expan d th e featur e se t  an d thu s th e numbe r  o f  phonemes .  W e 

hop e t o introduc e a n objec t  mode l  wher e object s ar e 

represente d b y featur e vector s rathe r  tha n simpl y atomi c nodes , 

t o se e i f  hierarchica l  concept s migh t  b e instantiate d a s lexica l 

item s unde r  thes e conditions . 

Our  result s buil d o n othe r  recen t  work ,  demonstratin g no t 

onl y tha t  modellin g languag e a s th e emergen t  behaviou r  o f  a 
comple x adaptiv e syste m ca n b e a  valuabl e too l  fo r  linguisti c 

investigation ,  bu t  tha t  thes e system s ca n b e create d i n a 

cognitivel y vali d manner . 
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