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A b s t r a c t 

This paper describes a technique developed for modeling 
historica l  chang e i n connectionis t  networks ,  an d Wefl y 
review s previou s wor k applyin g tha t  techniqu e t o th e 
proble m o f  th e historica l  developmen t  o f  th e regula r  ver b 
syste m fro m earl y t o lat e Ol d English .  W e the n broade n 

th e scop e o f  th e simulation s an d as k wha t  th e effec t  woul d 
be o f  havin g suc h change s occu r  i n a  singl e mechanis m 
whic h i s processin g bot h th e regula r  an d inegula r  verbs , 
and extende d ove r  a  longe r  tim e period .  A s w e shal l  see , 
th e result s ar e highl y consisten t  wit h th e majo r  historica l 
developments .  Furthermore ,  th e result s ar e readil y under -
stoo d i n term s o f  networ k dynamics ,  an d provid e a  ratio -
nal e fo r  th e shap e o f  th e atteste d historica l  changes . 

Introduction 

The forms which languages take are many and varied, and 
on e o f  th e goal s o f  linguisti c scienc e i s  t o tr y t o understan d 
th e source s o f  suc h diversity .  On e wa y t o understan d wh y 
language s migh t  assum e th e form s the y d o i s t o loo k t o 
historica l  change .  Snapshot s o f  languag e behavio r  a t  an y 
poin t  i n tim e m a y b e les s revealin g tha n tracin g th e pat h 
of  tha t  behavio r  a s i t  evolve s ove r  time . 

Whil e thi s doe s no t  impl y tha t  synchroni c grammar s 
recapitulat e chang e i n th e stron g sens e sometime s as -
sumed b y earl y worit s  i n generativ e gramma r  (e.g. ,  Chom -
sk y &  Halle ,  1968) ,  th e force s whic h giv e ris e t o chang e 
ar e presumabl y presen t  i n synchroni c grammars .  Th e fo -
cu s o f  thi s pape r  wil l  b e o n thos e force s whic h m a y aris e 
fro m leamabilit y  consideration s (Kiparsky ,  1971 ;  Slobin , 
1977) .  Plunket t  &  Marchma n (1991 ;  i n press) ,  fo r  exam -
ple ,  hav e show n tha t  tension s an d stresse s aris e whe n an -
alogicall y base d connectionis t  system s ar e require d t o 
lear n an d stor e multipl e generalizations .  W e shal l  sugges t 
tha t  on e consequenc e o f  suc h tension s i s tha t  th e syste m 
change s ove r  tim e i n suc h a  wa y a s t o reliev e th e interna l 
syste m stress . 

Th e relevanc e o f  historica l  chang e t o understandin g 
contemporar y languag e i s particularl y relevan t  fo r  a n is -
sue whic h ha s receive d a  grea t  dea l  o f  attentio n i n th e psy -
cholinguisti c an d modellin g literature .  Tha t  i s  th e questio n 
of  wha t  sor t  o f  processin g mechanis m underlie s th e verba l 
morpholog y o f  English ,  an d specifically ,  th e formatio n o f 
th e pas t  tens e allomorphy .  Ther e ha s bee n considerabl e 

controvers y regardin g th e Englis h pas t  tense .  O n th e on e 
hand ,  i t  ha s bee n propose d tha t  a n analogicall y base d net -
wori c migh t  handl e al l  morphologica l  relationships ,  bot h 

regula r  an d irregula r  (Daughert y &  Seidcnberg ,  1992 ; 
MacWhinne y &  Leinbach ,  1991 ;  Plunket t  &  Marchman , 
1991 ,  i n press ;  Rumelhar t  &  McClelland ,  1986) .  O n th e 
othe r  hand ,  i t  ha s bee n argue d tha t  a t  leas t  tw o mechanis m 
ar e required :  A  network-base d syste m fo r  irregula r  forms , 
and a  rule-base d symboli c processo r  fo r  regula r  form s 
(Ki m e t  al. ,  1991 ;  Pinke r  &  Prince ,  1988 ;  Prasad a &  Pink -
er ,  i n press) .  Unfortunately ,  ther e i s considerabl e overla p 
i n th e prediction s mad e b y bot h models .  Th e differences , 
thoug h real ,  ar e subtl e an d m a y b e easil y obscure d b y 
methodologica l  artifacts . 

However ,  i t  i s  als o tru e tha t  whicheve r  mode l  i s 
adopte d fo r  synchroni c languag e mus t  als o b e consisten t 
wit h th e historica l  facts .  O n e woul d eve n hop e fo r  more . 
Ideally ,  th e correc t  mode l  woul d als o provid e som e prin -
ciple d explanatio n fo r  th e majo r  historica l  developments . 

This ,  then ,  provide s th e backdro p agains t  whic h w e 
undertoo k th e curren t  research .  First ,  w e ar e intereste d i n 
discoverin g whethe r  a n analogicall y base d mechanis m 
suc h a s a  connectionis t  networ k migh t  b e use d t o simulat e 
languag e chang e an d giv e insigh t  int o som e o f  th e force s 
whic h underli e change .  Secondly ,  w e sa w thi s a s a  wa y t o 
tes t  th e hypothesi s tha t  bot h th e regula r  an d irregula r  ver -
bal  morpholog y i n Englis h ar e carrie d ou t  b y a  single -
mechanis m associativ e network . 

The pape r  i s organize d a s follows .  W e begi n wit h 
a revie w o f  th e historica l  developments .  W e the n describ e 
a techniqu e w e develope d fo r  modelin g historica l  chang e 
i n connectionis t  networks ,  an d briefl y revie w previou s 
wor k applyin g tha t  techniqu e t o th e proble m o f  th e histor -
ica l  developmen t  o f  th e regula r  ver b syste m fro m earl y 
Ol d Englis h t o lat e Ol d English .  W e the n broade n th e 
scop e o f  th e simulation s an d as k wha t  th e effec t  woul d b e 
of  havin g suc h change s occu r  i n a  singl e mechanis m 
whic h i s processin g bot h th e regula r  an d irregula r  verbs . 
As w e shal l  see ,  th e result s ar e highl y consisten t  wit h th e 
majo r  historica l  developments .  Furthermore ,  th e result s 
ar e readil y understoo d i n term s o f  networ k dynamics ,  an d 
provid e a  rational e fo r  th e shap e o f  th e atteste d historica l 
changes . 

Historical data 

The major division in Old English (OE) verbal morpholo-
gy wa s betwee n th e so-calle d "weak "  an d "strong "  verbs . 
TTi e stron g verb s wer e th e descendent s o f  Indo-Europea n 
ver b classe s tha t  inflecte d fo r  tense ,  person ,  an d numbe r 
by changin g th e vowe l  o f  th e ste m (a s i n th e m o d e m sing -
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song) .  Th e wea k verb s forme d th e pas t  tens e b y addin g 
an affix ,  a s th e regula r  verb s d o today . 

I n Earl y O E (ca .  870 )  ther e wer e approximatel y five 
subclasse s o f  wea k verb s whic h varie d i n thei r  siz e an d 
consistenc y (Star k 1982) .  Ove r  th e nex t  severa l  hundre d 
year s th e wea k paradigm s simplified ,  eliminatin g mos t 
form s o r  ver b classe s tha t  wer e i n an y wa y irregular ,  s o 
tha t  b y lat e O E ther e remaine d onl y tw o wea k classes ,  dis -
tinguishe d b y th e presenc e o r  absenc e o f  a  suffi x  vowe l  i n 
th e pas t  tense .  Ove r  th e cours e o f  Middl e Englis h th e pic -
tur e simplifie d further ,  a s vowe l  reductio n i n unstresse d 
syllable s (an d eventua l  deletio n o f  th e unstresse d media l 
vowel )  eliminate d mos t  remainin g distinction s betwee n 
th e conjugatio n classes .  Th e resul t  o f  thes e change s i s th e 
regula r  pas t  inflectio n o f  M o d e m English .  Thi s tendenc y 
t o eliminat e irregularit y wa s no t  limite d t o th e affixin g 
verbs .  I t  affecte d th e seve n classe s o f  "strong "  o r  ablau t 
verb s a s well ,  especiall y a s th e wea k paradig m gre w mor e 
dominant .  I n E^l y O E ther e ha d bee n somethin g o f  a n 
equilibriu m betwee n th e wea k an d stron g ver b classes . 
Approximatel y 7 5 % o f  th e verb s wer e weak ,  bu t  thi s ad -
vantag e i n number s wa s counterbalance d b y th e fac t  tha t 
weak verb s tende d t o b e infrequen t  items ,  whil e th e indi -
vidua l  stron g verb s tende d t o b e highl y frequen t  (Quir k 
and Wrenn ,  1957) .  Thi s le d t o a  balanc e betwee n th e wea k 
and stron g verb s a t  a n earl y stage ,  bu t  th e equilibriu m wa s 
disrupte d fo r  th e followin g reason .  Th e wea k pas t  wa s 
generall y treate d a s th e defaul t  inflectio n an d wa s applie d 
t o ne w verb s derive d fro m noun s o r  adjective s o r  bor -
rowe d fro m othe r  languages ,  s o tha t  th e wea k clas s gre w 
i n siz e a s n e w verb s entere d th e language .  A s a  measur e o f 
th e effec t  thi s ha d o n relativ e clas s size ,  conside r  tha t  i n 
M o d em Englis h approximatel y 6 0 % o f  al l  verb s ar e bor -
rowe d fro m Frenc h o r  Latin ,  an d anothe r  2 0 % com e fro m 
noun s (Prasad a an d Pinker ,  i n press) .  Thes e exac t  num -
ber s canno t  b e applie d t o Ol d English ,  o f  course ,  bu t  the y 
illustrat e trend s tha t  wer e a s tru e o f  th e languag e the n a s 
the y ar e i n M o d e m English .  No t  surprisingly ,  then ,  th e 
weak clas s increase d rapidly ,  an d th e balanc e betwee n 
weak an d stron g wa s increasingl y dismpted .  A s earl y a s 
th e thirteent h centur y man y o f  th e stron g verb s ha d take n 
on affixe d pas t  tense s i n additio n t o thei r  stron g form ,  an d 
went  throug h a  prolonge d perio d wit h tw o possibl e pas t 
tenses .  B y th e en d o f  thi s perio d a  majorit y o f  th e alternat -
in g verb s ha d bee n firml y regularize d int o th e wea k class . 

Still ,  th e fact s ar e mor e complicate d tha n a  simpl e one -
way shif t  toward s regularizatio n woul d suggest .  Fo r  on e 
thing ,  som e alternatin g verb s los t  th e wea k alternativ e an d 
remaine d strong .  I n th e 13t h an d 14t h century ,  fo r  exam -
ple ,  th e verb s sin k an d tak e bot h appeare d variabl y wit h 
stron g an d wea k pas t  forms ,  ye t  bot h ar e stron g i n M o d e m 
English .  Othe r  verb s shifte d from  on e stron g clas s t o an-
other ,  rathe r  tha n int o th e wea k class .  A s a n example ,  mos t 
members o f  O E stron g Clas s V  regularize d earl y  i n th e O E 
period ,  bu t  severa l  member s o f  thi s clas s shifte d int o 
stron g Clas s I V instea d (Wright ,  1925) .  Thes e verbs , 
whic h includ e break ,  speak ,  weave ,  an d tread ,  hav e neve r 

regularized . 

A furthe r  complicatio n i s tha t  i n additio n t o th e regu -
larizatio n o f  th e stron g verbs ,  a  numbe r  o f  wea k verb s 

wer e "irregularized "  int o stron g classe s whos e member s 
the y resembled .  I n thi s w a y th e wea k ver b div e adopte d a 
stron g pas t  tens e b y analog y t o stron g driv e o r  rise ,  o r  th e 
weak ver b wea r  too k o n stron g inflectio n b y analog y wit h 
bea r  an d tear . 

Finally ,  althoug h th e wea k inflectio n generall y be -
have d lik e th e defaul t  for m o f  th e pas t  tense ,  a  numbe r  o f 
borrowing s an d derive d verb s adopte d stron g past s in -
stead .  Thi s wa s th e cas e wit h strive ,  borrowe d from  Ol d 
Frenc h o r  th e denomina l  string ,  amon g others . 

Give n th e complexit y o f  th e historica l  facts ,  wha t  de -
termine d whic h stron g verb s regularize d int o th e wea k 
clas s an d whic h wer e i m m u n e t o regularization ? I n th e 
remainde r  o f  thi s pape r  w e presen t  a  simulatio n mode l  i n 
an attemp t  t o thi s question . 

Model 

Previous work 
Th e mode l  presente d her e i s a n extensio n o f  previou s 
wor k explorin g h o w th e interactio n o f  frequenc y an d pho -
nologica l  coherenc e account s fo r  th e regularizatio n pro -
ces s interna l  t o th e O E wea k ver b classe s (Har e an d E lma n 
1992) .  Th e earlie r  wor k showed ,  usin g artificia l  data ,  tha t 
when a  numbe r  o f  inflectio n type s compete d fo r  networ k 
resources ,  classe s wit h extremel y lo w typ e an d toke n fre -
quenc y coul d b e learne d successfull y onl y i f  the y dis -
playe d stron g forma l  criteri a o f  clas s membership .  W h e n 
thes e forma l  criteri a wer e allowe d t o erode ,  th e learnin g 
tas k becam e mor e difficult ,  an d member s o f  smaller ,  les s 
regula r  classe s wer e increasingl y regularize d int o a  large r 
and mor e consisten t  class .  Interestingly ,  th e patter n o f 

regularizatio n closel y followe d tha t  see n i n th e historica l 
data .  I n th e curren t  pape r  w e wil l  broade n th e scop e o f  thi s 
model  t o includ e bot h th e stron g an d th e wea k systems ,  t o 
sho w tha t  simila r  principle s ca n accoun t  fo r  th e comple x 
set  o f  fact s outline d above .  W e als o dro p th e simplifyin g 
assumptio n o f  artificia l  data ,  an d develo p a  representatio n 
base d o n th e actua l  form s o f  Ol d Englis h verbs .  Thi s wil l 
allo w u s t o explor e th e model' s prediction s i n mor e detail . 

Th e learnin g procedur e use d i n th e origina l  mode l  in -
volve d trainin g a  serie s o f  networks ,  metaphoricall y see n 
as "generations "  o f  leamers .  Th e targe t  fo r  eac h n e w gen -
eratio n wa s th e output ,  afte r  learning ,  o f  th e previou s gen -
eratio n net .  Th e motivatio n fo r  tha t  trainin g regime n wa s 
t o tr y t o captur e i n a  schemati c w a y bot h th e gradua l  na -
tur e o f  historica l  chang e an d th e causa l  rol e playe d b y in -
accurat e transmission ,  withou t  makin g stron g claim s 
abou t  th e precis e relationshi p betwee n th e tim e cours e o f 
trainin g an d rea l  time .  Fo r  thi s reaso n th e generationa l 
learnin g techniqu e wil l  als o b e applie d i n th e curren t  mod -
el . 

Motivation 

Al l  thing s bein g equal ,  i f  a  numbe r  o f  pattern s ar e learne d 
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i n th e s a m e network ,  thos e wit h hig h typ e frequenc y wil l 

dominat e thos e wit h lowe r  typ e frequency .  T h u s i f  a  lim -
ite d n u m b e r  o f  stron g verb s ar e storw l  i n th e s a m e networ k 
as a  larg e n u m b e r  o f  w e a k s ,  th e stron g verb s wil l  b e harde r 

t o lear n an d wil l  ten d t o b e absorbe d int o a  w e a k class . 
H o w e v e r ,  th e pictur e i s  m o r e complicate d tha n thi s im -
plies .  U n d e r  certai n circumstances ,  stron g verb s m a y re -
m a i n stron g an d m a y eve n attrac t  n e w m e m b e r s .  Ther e ar e 
t w o factor s tha t  determin e w h i c h verb s o r  ver b classe s 
thes e are . 

T h e firs t  facto r  i s  toke n frequency .  Plunket t  an d 
M a r c h m a n (1991 ,  i n press )  hav e s h o w n tha t  hig h toke n 
frequenc y (i.e. ,  occurrenc e o f  individua l  exemplars )  im -

prove s ne twor k learning .  Thi s i s consisten t  wit h th e real -
languag e data :  m a n y o f  th e verb s tha t  ar e stil l  stron g i n 
M o d e m Englis h ar e ver y frequent ,  an d th e highl y irregula r 
(althoug h no t  strong )  verb s lik e b e an d g o ar e a m o n g th e 
m o st  frequen t  i n th e language . 

Fol lowin g th e result s o f  ou r  previou s m o d e l ,  w e wil l 
argu e tha t  th e secon d crucia l  facto r  i s th e degre e o f  pho -
nologica l  deflnitio n i n a  ver b class .  Ther e i s  a m p l e evi -
denc e i n th e rea l  languag e dat a fo r  thi s claim .  B y b e e an d 
colleague s (1982 ,  1983 )  hav e pointe d ou t  tha t  m o d e m 
s t n m g verb s ten d t o cluste r  int o set s accordin g t o a  proto -
typ e o r  "family-resemblance "  stmcture .  T h e existenc e o f 
siK h a  prototyp e stmctur e ca n ai d lexica l  m e m o r y ,  the y 
poin t  out ,  allowin g thes e item s t o b e retaine d whil e other s 
ar e regularized .  Conside r  th e followin g example s o f  m o d -
e m stron g verbs : 

Clas. s 

I 

m 

r v 

VI 

Alternatio n 

ay~o u 

I_ A 

E ~ 0 

ei~ U 

Example s 

dive ,  strive ,  drive ,  ride. 

rise,  aris e 

string ,  fling,  cling ,  wrin g 

wear ,  tear ,  bea r 

take ,  shake ,  forsak e 

For  eac h alternation ,  th e participatin g verb s shar e as -
pect s o f  thei r  phonologica l  form .  Thes e forma l  cue s t o 
clas s membershi p promot e learnin g i n a  networ k (Plun -
ket t  an d Marchma n 1991 ,  Har e an d Elma n 1992) .  Thu s 
eve n a  lo w frequenc y ite m liV̂ t  forsak e ca n b e mor e easil y 
tha n woul d b e expected ,  give n it s toke n frequency,  be -
caus e o f  it s similarit y  t o higher-frequenc y classmate s tak e 
an d shake . 

Togethe r  thes e factor s predic t  tha t  hig h frequency 
item s wil l  b e relativel y immun e t o regularizatio n errors , 
whil e lo w frequenc y member s o f  clearl y define d classe s 
wil l  als o benefi t  fro m thei r  similarit y t o hig h frequency 
classmates .  Ove r  th e cours e o f  generationa l  learnin g thes e 
factor s combin e t o predi a whic h ver b classe s wil l  los e 
thei r  member s t o regularization ,  an d whic h wil l  maintai n 
thei r  for m an d eve n attracte d n e w members . 

Architectur e a n d stimul i 

Th e networ k architectur e involve d a  feedforwar d networ k 

traine d wit h backpropagatio n (Rumelhart ,  Hinton ,  &  Wil -
liams ,  1986) .  Ther e were l  1 8 inpu t  units ,  divide d int o 1(X ) 
"verb "  unit s an d 1 8 "inflection "  units .  Th e ver b unit s rep -
resented  abstrac t  (an d i n thi s case ,  random )  lexica l  entries ; 
eac h ver b roo t  wa s assigne d a  uniqu e pattern .  Th e ver b 

representations  wer e develope d b y creatin g 7(X )  l(X)-bi t 
vectors ,  wher e eac h bi t  ha d a  0. 1 probabilit y  o f  bein g ac -
tiv e so  tha t  o n averag e eac h vecto r  ha d 1 0 o f  th e 1(X )  bit s 
on.  Thes e vector s wer e randoml y assigne d t o th e verb s o f 
th e trainin g corpu s a s thei r  inpu t  representation.  Ther e 

wer e als o si x personAiumberAens e combinations ,  eac h o f 
whic h wa s represente d a s a  three-bi t  patte m ove r  th e 1 8 
inflectio n units .  A t  eac h trainin g iteration ,  a  ver b patte m 
and a n inflectio n patte m wer e activate d simultaneously . 
The tas k o f  th e networ k wa s t o produc e th e phoneti c for m 
of  th e inflecte d ver b ove r  th e outpu t  units . 

ste m inltectio n 
|(c) |  v | M | ( c ) | c |(v)| v I 

lexica l  entr y fo r  ste m Binflectlo n 1 

T h e outpu t  consiste d o f  16 5 unit s divide d int o 1 1 pho -
n e me slots ,  eac h c o m p o s e d o f  a n IS-bi t  distinctiv e featur e 
representation .  Thi s create d a  1 1 - p h o n e m e templat e ove r 
wh ic h a  full y inflecte d ver b coul d b e represented .  T h e 
first  6  p h o n e m e s wer e ste m slots ,  allowin g fo r  a  monosy l -

labi c ver b ste m wit h a  C  o r  C C onset ,  a  singl e v o w e l  ( V ) 
or  diphthon g (VV) ,  an d a  C  o r  C C coda .  Th e final five 
slot s wer e fo r  inflectiona l  affixes :  th e media l  vowe l  use d 
i n th e presen t  tens e o f  som e wea k verbs ,  a  V C pas t  tens e 
affix ,  an d a  V C persona l  ending .  Empt y slot s wer e activat -
ed t o 0. 5 o n al l  units .  Example s o f  a  wea k an d a  stron g 
ver b i n tw o differen t  inflection s ar e give n below : 

Typ e 

weak 

stron g 

Inf . 

-beot-i~a n 

-h-elp—a n 

Pretpl . 

-beot-odo n 

-h-olp—o n 

Glos s 

'boast ' 

•help ' 

Ther e wer e 10 6 stron g verb s an d 32 7 wea k verb s i n 
th e dat a set ,  producin g a  tota l  o f  43 3 differen t  stems .  Th e 
subclasse s o f  stron g verb s wil l  b e describe d shortly . 
Stron g verb s wer e take n from  th e firs t  si x O E stron g class -
es i n Flo m (1930 )  an d Wrigh t  (1945) .  A s a  roug h measur e 
of  frequenc y w e use d th e frequency  o f  occurrenc e fo r  eac h 
stron g ver b i n a  Chauce r  concordanc e (Tatloc k an d 
Kennedy ,  1963) .  Althoug h thi s metho d relie s o n dat a 
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fro m onl y on e autho r  writin g lat e i n th e perio d unde r  con -

sideration ,  i t  give s a  non-arbitrar y estimat e o f  fi-equencie s 
fo r  individua l  verb s tha t  agree s i n genera l  bot h wit h 
claim s abou t  O E classe s (Wright ,  1945 )  an d frequenc y i n 
th e ciuren t  language .  Verb s wer e presente d t o th e ne t  onc e 
fo r  ever y 2 0 occurrence s i n th e concordance . 

101 o f  th e 10 6 stron g verb s wer e divide d int o 1 2 sub -
classes ,  followin g division s give n i n th e source s cite d 
above .  Fo r  eas e o f  presentatio n w e wil l  ran k thes e sub -
classe s accordin g thei r  relativ e strengt h o n th e parameter s 
of  size ,  toke n frequency ,  an d phonologica l  cohesion ,  an d 
refe r  t o the m a s classe s 1-1 2 accordin g t o thei r  plac e o n 
th e lis t  Whil e th e lis t  i s  no t  intende d t o reflec t  a n exac t 
gradien t  i n immunit y t o regularization ,  Clas s 1  verb s ar e 
expecte d t o b e leas t  vulnerabl e t o regularization .  an d 
classe s i n th e to p hal f  o f  th e lis t  ar e predicte d t o b e spare d 
relativ e t o thos e i n th e botto m half .  Th e tabl e belo w give s 
th e size ,  broke n d o w n int o high -  an d low-frequenc y m e m-
bers ,  fo r  eac h class ,  an d indicate s th e dependabilit y  o f 
phonologica l  cue s t o clas s membership . 

Table 1: 
(number s indicat e th e tota l  numbe r  o f  verb s i n eac h class , 

divide d int o hig h an d lo w frequenc y members ) 

Clas s 
(actua l  OEvei b 
subclas s give n 

i n parent ) 

Hi Lo Tot 
Phonologica l 

cue s appl y to : 

Most  immune : 

1 

2 

3 

4 

5 

6 

4 

5 

4 

4 

2 

2 

Most  vulnerable : 

7 

8 

9 

10 

11 

12 

3 

0 

0 

0 

1 

2 

9 

15 

14 

7 

5 

4 

13 

20 

18 

11 

7 

6 

5 

3 

6 

4 

1 

1 

8 

3 

6 

4 

1 

1 

al l  member s 

most 

most 

most 

some 

some 

fe w member s 

non e 

non e 

non e 

non e 

non e 

Althoug h th e clas s numberin g i s ou r  own ,  eac h o f 
thes e wa s a n inflectiona l  verb  clas s i n Ol d an d Middl e En -
glish ,  an d fou r  o f  th e firs t  si x classe s ar e thos e give n i n th e 

m o d em example s o n th e previou s page .  CXi r  Clas s 1  i s th e 

historica l  clas s III ,  wit h member s lik e string ,  drink ,  o r 
find.  Al l  member s o f  th e clas s en d i n a  stem-fina l  N C clus -
ter ,  an d mos t  begi n wit h a  C C cluste r  a s well .  Clas s 2  i s 
made u p o f  verb s lik e drive ,  strive ,  ride ,  wit h a  lon g i  i n 
th e presen t  tense ,  ofte n precede d b y r  (o r  a  C C cluste r  wit h 
r) ,  an d ofte n followe d b y a  fricative .  Clas s 3  contain s th e 
onl y stron g verb s t o consistentl y tak e a  diphthon g i n al l 
form s o f  th e presen t  tense .  Clas s 4  i s th e tak e class ,  whos e 
members hav e a  i n th e presen t  tenses ,  an d ofte n a  stem-fi -
nal  - k o r  -g .  A t  th e botto m en d o f  th e lis t  ar e smal l  classe s 

made u p o f  infrequen t  member s wit h n o identifyin g char -
acteristics .  Th e othe r  classe s fal l  i n between . 

I n additio n t o th e 1 2 stron g classe s liste d above ,  ther e 
wer e 5  idiosyncrati c stron g verbs ,  eac h o f  whic h wil l  b e 
treate d a s a  clas s wit h onl y on e member .  O f  th e five  sin -
gle-wor d classes ,  stand ,  wit h a  frequenc y o f  300 ,  an d 
come (100) ,  wil l  b e contraste d wit h th e low-frequenc y sin -
gleton s mour n (11) ,  shea r  (6) ,  an d laug h (1) . 

Th e 32 7 wea k verb s wer e take n fro m th e sam e tw o au -
thor s an d fro m Star k (1982) .  A t  th e beginnin g o f  th e train -
in g regimen ,  al l  wea k verb s ha d a  frequency  o f  one . 

Eac h ver b wa s learne d i n si x inflecte d forms :  1s t  sin -
gula r  present ,  2n d singula r  present ,  presen t  plural ,  1s t  sig -
nale r  preterit ,  preteri t  plural ,  an d pas t  participle .  Thes e 
specifi c  form s wer e chose n becaus e i n combinatio n the y 
illustrat e th e significan t  distinction s amon g th e subclasse s 
of  verbs . 

Training 

Th e trainin g regime n wa s a s follows .  A n initia l  networ k 
was taugh t  t o produc e th e verb s a s the y wer e forme d i n 
Earl y O E .  Th e ne t  wa s traine d fo r  1 5 passe s throug h th e 
dat a set .  A t  thi s poin t  th e pattern s wer e learne d well ,  bu t 
not  perfectly .  W e collecte d th e outpu t  produce d b y thi s ne t 
and use d i t  a s th e teache r  t o trai n a  secon d network .  Thi s 
secon d networ k wa s agai n traine d fo r  1 5 epochs ,  a t  whic h 
poin t  it s  outpu t  wa s collecte d an d use d a s th e teache r  fo r  a 
thir d net .  Th e goa l  o f  thi s metho d o f  trainin g wa s t o repro -
duc e th e effect s tha t  ca n occu r  whe n a  languag e learne r  at -
tempt s he r  tas k give n variabl e o r  imperfectl y learne d tar -
get  patterns .  Th e error s i n learnin g i n th e firs t  networ k ar e 
propagate d throug h subsequen t  nets .  Ou r  expectatio n wa s 
tha t  pattem s whic h ar e hardes t  t o lear n woul d lea d t o th e 
most  errors ,  an d woul d b e regularize d t o a  mor e c o m m o n 
pattem . 

We repeate d thi s trainin g regime n fo r  a  tota l  o f  1 0 
"generations" .  Thi s trainin g perio d wa s divide d int o thre e 
stage s o f  learning ,  wit h a  differen t  dat a configuratio n a t 
each .  Generation s 1- 4 forme d Stag e I .  Her e eac h o f  th e 
32 7 wea k verb s wa s presente d once ,  whil e th e 10 6 stron g 
verb s varie d i n frequenc y a s discusse d above .  Whil e ther e 
ar e onl y 3 2 % a s m a n y stron g a s wea k ver b types ,  wea k 
ver b token s outaumbe r  th e weak s 3  t o 2 .  Thi s configura -
tio n wa s intende d t o mimi c th e effect s o f  th e relativel y 
balance d strong/wea k relationshi p i n th e earl y stage s o f 
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k̂iag e 1 1 t)ega n a t  generatio n 3 ,  a t  whic h poin t  w e dou -

ble d th e toke n frequenc y o f  th e wea k verbs .  Thi s wa s don e 
t o simulat e th e effec t  o f  th e historica l  increas e i n th e wea k 
ver b class .  W e a k ver b token s n o w outnumbere d stron g to -

ken s 4  t o 3 .  Thi s stag e continue d unti l  generatio n 8 .  A t 
generatio n 9  w e bega n Stag e II I  b y addin g a n additiona l 
toke n t o eac h wea k verb . 

Results 

For  th e outpu t  o f  eac h generatio n w e measure d th e Euclid -

ean distanc e betwee n eac h outpu t  phonem e an d al l  possi -
bl e targets ;  i f  th e closes t  targe t  wa s th e correc t  respons e 
thi s wa s considere d a  hit .  W e the n compute d th e percent -
age o f  correc t  phoneme-by-phonem e hit s pe r  wor d an d 
average d thi s acros s clas s member s t o determin e th e cor -
rec t  percentag e o f  hit s pe r  class .  A s woul d b e expected , 
hig h frequenc y verb s consistentl y outperforme d thei r  lo w 
frequenc y counterparts .  Tabl e I  give s th e hi t  rat e fo r  th e 
single-ite m classe s a t  th e firs t  generation ,  a t  th e en d o f 
Stag e I  (generatio n 4 )  an d agai n a t  th e en d o f  Stag e I I 
(generatio n 8) .  Not e tha t  th e hig h frequency  verb s d o wel l 
despit e th e influ x o f  wea k verb s afte r  generatio n 4 ,  whil e 
th e lo w frequency  singleton s d o poorl y fro m th e begin -
ning ,  an d los e groun d rapidl y wit h increas e i n wea k verbs . 

Table 2: 
(number s i n Ge n column s indicat e percentag e o f  hitsAarget ) 

Tibl e 3 : 
(number s indicat e th e numbe r  o f  correct s inflecte d low -

frequency  verb s i n eac h clas s 

Th e hig h frequency  verb s ar e learne d equall y wel l  i n 
th e multi-membC T classes .  Ove r  9  generation s onl y 3  (o f 
28 )  verb s wit h a  presentatio n rat e o f  tw o o r  mor e ar e reg -
ularized ,  tw o o f  thes e i n th e 9t h generation .  B y contrast , 
th e performanc e o f  th e lo w frequenc y verb s i s expecte d t o 
var y acros s classes .  T o determin e i f  thi s i s th e cas e w e 
compare d th e actua l  numbe r  o f  correctl y inflecte d lo w fre -
quenc y verb s i n eac h o f  th e 1 2 multi-membe r  subclasses . 

Thes e result s ar e summarize d i n Tabl e ni .  I n th e tabl e 
Generatio n 0  refer s t o th e origirm l  teache r  (tha t  is ,  t o th e 
number  o f  potentia l  low-frequenc y verb s i n eac h class) . 
The Tabl e give s th e numbe r  o f  lo w frequency  verb s 
learne d i n eac h clas s a t  th e beginnin g an d en d o f  Stag e 
one ,  whe n stron g an d wea k verb s wer e relativel y bal -
anced ,  a t  th e beginnin g an d en d o f  Stag e II ,  a s th e wea k 
verb s increase d thei r  attraction ,  an d afte r  th e secon d in -
creas e i n wea k verb s a t  Stag e HI . 

As th e tabl e shows ,  al l  th e stron g ver b classe s los t 
members ove r  time ,  an d mor e s o fro m generatio n 5  on -
ward s a s th e wea k classe s becam e increasingl y dominant . 

CI. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

GO 

9 

15 

14 

7 

5 

4 

5 

3 

6 

4 

1 

1 

Gl 

8 

11 

7 

4 

2 

3 

-

-

1 

-

-

-

G4 

7 

7 

8 

3 

2 

2 

1 

-

-

-

-

-

G5 

7 

4 

4 

3 

1 

1 

4 

-

-

-

-

-

G8 

6 

1 

4 

1 

2 

1 

-

-

-

-

-

-

G9 

6 

2 

4 

2 

1 

-

-

-

-

-

-

-

Ver b 

come 

stan d 

m o wn 

shea r 

laug h 

Fre q 

100 

300 

11 

6 

1 

G en 1 

97 

100 

53 

70 

70 

G en 4 

97 

100 

54 

52 

53 

G en 8 

71 

97 

42 

26 

34 

Ther e i s a  clea r  difference ,  however ,  i n th e rat e o f  loss . 
Classe s 7-1 2 los e thei r  lo w frequenc y member s almos t 

immediately .  A s wa s expected ,  th e smal l  classes '  siz e 
and lac k o f  phonologica l  cue s t o clas s membershi p lef t 
thes e verb s vubierabl e t o regularization . 

Classes 1-6 lose members more slowly, and even 
among thes e classe s ther e ar e difference s i n th e numbe r  o f 
low-frequenc y item s tha t  ar e spared .  Clas s 1 ,  th e sin g 
class ,  i s  th e mos t  consisten t  phonologicall y an d als o th e 
most  successfu l  i n th e learnin g task .  Onl y 3  o f  it s 9  lo w 
frequency  verb s ar e regularized ,  eve n a t  a  poin t  whe n th e 

weak verb s dominat e th e dat a set .  Classe s 2- 5 als o retai n 
lo w frequenc y item s int o generatio n 9 .  Lookin g a t  actua l 
item s tha t  ar e spared ,  w e se e tha t  fo r  exampl e th e clas s 5 
survivo r  i s  tear ,  whic h share s th e for m o f  it s  hig h frequen-

cy classmat e bear ,  o r  i n clas s 6  wef ,  analogou s t o swef ,  i s 
th e las t  t o change .  Thi s i s consisten t  wit h th e clai m tha t  i n 

th e larger ,  mor e consisten t  classe s lo w frequenc y verb s 
tha t  resembl e thei r  hig h frequency  classmate s shar e i n 
thei r  resistanc e t o change .  Thes e classe s attrac t  ne w m e m-
ber s from  th e wea k verb s an d othe r  stron g classe s a s well . 
Over  th e firs t  5  generation s a  tota l  o f  1 1 wea k verb s 
droppe d thei r  affixe s an d wer e irregularize d int o on e o f 
th e stron g classes .  Al l  o f  thes e wen t  int o on e o f  ou r  firs t 
fiv e stron g classes ,  wit h si x o f  th e eleve n goin g int o Clas s 
1.  Verb s wer e vulnerabl e t o thi s attractio n i f  thei r  phono -
logica l  for m fi t  tha t  o f  th e targe t  group .  Fo r  example ,  th e 
weak ver b ri :  wa s adopte d b y Clas s 2  whos e member s in -
clude d drive ,  ride ;  wea k drie p move d int o Clas s 3 ,  th e 
diphthon g class ,  an d wea k tha k wa s attracte d t o Clas s 4  o n 
th e patter n o f  wak e o r  take . 
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Discussio n 

The notion that variation and imperfect learning may lead 
t o linguisti c chang e ove r  tim e i s no t  ne w wit h us ;  Labo r 
(1973 )  an d man y other s hav e provide d compellin g exam -
ple s o f  thi s phenomenon .  I n a  simila r  way ,  i t  ha s lon g bee n 
note d tha t  th e particula r  pattern s o f  change—whic h word s 
ar e susceptibl e t o chang e an d whic h ar e resistant—ca n of -
te n b e understoo d a s th e resul t  o f  analogy .  On e limitatio n 
of  suc h accounts ,  however ,  ha s bee n th e apparentl y idio -
syncrati c an d unpredictabl e natur e o f  th e effects .  Pos t  ho c 
explanation s abound ;  principle d prediction s ar e rare . 

One o f  th e value s o f  computationa l  modelin g i s tha t  i t 
may permi t  a  mor e precis e understandin g o f  mechanism s 
whic h ar e hypothesize d t o underli e behavior .  Ou r  wor k 
her e i s offere d i n tha t  spirit .  W e hav e attempte d t o repro -
duc e som e o f  th e essentia l  characteristic s o f  th e Ol d En -
glis h verba l  syste m an d t o sugges t  a  mechanis m whic h 
migh t  explai n i n a  reasonabl y detaile d manne r  th e natur e 
of  som e o f  th e change s whic h occurre d ove r  time .  W e 
hav e see n tha t  th e mode l  produce s th e overal l  effec t  o f 
levelling ,  a s man y stron g verb s assimilate d t o th e wea k 
category .  Perhap s mor e interestingly ,  w e hav e see n tha t 
th e mode l  als o capture s th e les s intuitivel y expecte d phe -
nomena o f  stron g verb s assimilatin g t o othe r  stron g class -
es,  an d wea k verb s an d loa n word s becomin g strong .  In -
deed ,  th e specifi c  ver b classe s an d form s whic h underwen t 
thes e change s i n oiu -  mode l  tur n ou t  t o b e precisel y thos e 
fo r  whic h thi s wa s tru e i n th e rea l  languag e data . 

Thi s latte r  resul t  als o seem s t o u s t o bea r  o n a n issu e 
whic h i s currentl y o f  grea t  interest :  I s th e Englis h verba l 
syste m th e produc t  o f  on e singl e mechanis m (whic h migh t 
be modele d b y a  network )  o r  o f  tw o ( a networ k t o handl e 
irregular s an d a  rul e syste m t o handl e regulars) ? Th e latte r 
hypothesi s migh t  predic t  tha t  irregular s migh t  mov e t o 
regulars ,  bu t  i t  doe s no t  obviousl y accommodat e th e op -
posit e finding:  Tha t  regular s an d loa n word s m a y also ,  un -
der  certai n conditions ,  b e treate d a s irregulars .  O n th e oth -
er  hand ,  th e single-mechanis m accoun t  w e hav e presente d 
her e no t  onl y accommodate s th e finding,  bu t  let s u s pre -
dic t  exactl y whe n i t  wil l  occur . 
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