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A connectionis t  accoun t  o f  Englis h inflectiona l  morpho logy : 

Evidenc e f ro m languag e chang e 

Mary Hare 

Departmen t  o f  Psychology ,  Birkbec k College ,  Universit y o f  Londo n 
hare@crl.ucsd.ed u 

Jeffre y L .  E l m a n 

Dqjaitmen t  o f  Cognitiv e Scirace ,  Universit y o f  California ,  Sa n Dieg o 
elman@crl.ucsd.ed u 

A b s t r a c t 

One example of linguistic productivity that has been 
much discusse d i n th e developmenta l  literatur e i s th e 
ver b inflectio n syste m o f  English .  Opinio n i s divide d o n 
th e issu e o f  whethe r  regular^rregula r  distinction s i n sur -
fac e behavio r  mus t  b e attribute d t o a n underlyin g distinc -
tio n i n th e mechanism s o f  production .  Lookin g a t  th e 
cours e o f  historica l  developmen t  i n English ,  th e curren t 
pape r  evaluate s potentia l  shortcoming s o f  tw o competin g 
approaches .  T w o set s o f  simulation s ar e presented .  Th e 
flrst  argue s tha t  a  single-mechanis m mode l  offer s a  natu -
ra l  accoun t  o f  historica l  fact s tha t  woul d b e problemati c 
fo r  a  dua l  mechanis m approach .  Th e secon d addresse s a 
potentia l  proble m fo r  a  single-mechanis m account ,  th e 
questio n o f  defaul t  behavior ,  an d demonstrate s tha t  eve n 
i n th e absenc e o f  superiO T typ e frequenc y a  networ k i s ca -
pabl e o f  developin g a  "default "  category .  W e conclud e 
tha t  th e singl e networ k accoun t  offer s a  mor e promisin g 

mechanis m fo r  explainin g Englis h vei b inflection. ' 

Introduction 

A crucia l  fac t  abou t  natura l  languag e i s it s  productivity , 
and an y successfu l  mode l  o f  languag e mus t  offe r  a n ex -
planatio n fo r  h o w thi s i s  accomplished .  O n e exampl e tha t 
has bee n muc h discusse d i n th e develc^menta l  literatur e 
i s th e ver b inflectio n syste m i n English .  Althoug h th e 
grea t  majorit y o f  Englis h verb s for m th e pas t  tens e 
throug h th e regula r  an d productiv e proces s o f  addin g th e 
suffi x - d t o th e ver b stem ,  Englis h include s approximate -
l y 16 0 verb s whic h mar k th e pas t  i n som e othe r  way .  Ir -
regula r  verba l  inflectio n ha s interestin g propertie s tha t 
sugges t  i t  m a y b e qualitativel y diffnen t  fitom  th e regula r 
system . 

Ther e ar e tw o curren t  {Hoposal s o n h o w t o accoun t  fo r 
thes e facts .  O n e take s th e differ^c e i n behavio r  betwee n 
th e regula r  an d irregula r  system s t o reflec t  a n underlyin g 
differenc e i n th e mechanism s b y whic h the y ar e pro -

'' This work was supported in part by a grant from the ESRC, a 
gran t  fro m th e S E R C Computationa l  Scienc e Initiative ,  an d b y 
a contrac t  from  U.S .  Arm y Avionic s (Ft .  Mormiouth .  NJ) . 

duced .  O n thi s accoun t  th e regula r  verb s ar e th e produc t 
of  a  symboli c syste m utilizin g rule s i n th e traditiona l 
sense ,  whil e irregularl y inflecte d verb s resul t  fro m a n an -

alogica l  netwcx' k tha t  identifie s particula r  verb s a s takin g 
inegula r  pas t  tens e inflection ,  blockin g th e applicatio n o f 
th e regula r  rul e (Pinke r  an d Princ e 1988) .  Thi s vie w con -
trast s wit h th e positio n take n b y Rumelhar t  an d McClel -
lan d (1986 )  an d mor e recentl y b y Plunket t  an d March -
m an (1990,1991) .  Accordin g t o thi s work ,  bot h regula r 
and irregula r  inflectio n resul t  firom  th e sam e mechanism , 
wit h difference s i n behavio r  attribute d t o othe r  factors . 

Th e mechanis m involve d i s a  singl e connectionis t  net -
wor k operatin g o n largel y analogica l  principles .  Th e 
goa l  o f  di e curren t  pape r  i s t o consid ^  thes e proposal s i n 
th e ligh t  o f  o th ^  linguisticall y relevan t  data ,  havin g t o d o 
wit h historica l  change . 

Issues 

Bot h approache s dea l  onl y wit h th e contemporar y lan -
guag e facts .  However ,  language s chang e ove r  time ,  an d 
i t  i s  importan t  t o as k h o w eac h accoun t  woul d explai n 
historica l  change .  Th e vie w o f  languag e a s carrie d ou t 
by tw o competin g subsystem s raise s interestin g ques -
tion s abou t  th e mechanism s o f  change .  O n e reasonabl e 
assumption ,  give n thi s approach ,  i s  tha t  chang e involve s 
th e los s o f  a  speciH c "blocking "  effect *  a n exceptiona l  in -
flectio n m a y b e lost ,  allowin g th e regula r  rul e t o i^pl y t o 
a formerl y irregula r  form .  Henc e irregular s m a y ge t  reg -
ularized ,  bu t  n o mechanis m i s i n plac e tha t  woul d ac -
coun t  fn *  chang e i n th e opposit e direction ,  o r  fo r  analog -
ica l  chang e amon g th e regiila r  verb s themselves .  W e be -
liev e historica l  chang e t o b e mor e comple x tha n suc h a 
simpl e scenari o suggests ,  an d wil l  repor t  o n th e interi m 
progres s o f  a  long-ter m projec t  i n thi s area .  A s w e hop e 
t o demonstrate ,  a  single-proces s mode l  offer s a  natura l 
accoun t  o f  fact s tha t  migh t  b e {voblemati c fo r  a  dua l 
mechanis m approac h an d s o appear s t o provid e a  mor e 
promisin g mechanis m fo r  historica l  change . 

We wil l  als o addres s a  potentia l  proble m fo r  th e net -
wor k account ,  th e nee d t o lear n a  "default "  inflection .  I t 
i s  importan t  no t  t o confoun d th e phenomeno n o f  a  defaul t 
wit h categor y siz e (c f  Plunket t  &  Marchma n 1991) .  Ear -
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l y  wor k (Rumelhar t  an d McClellan d 1986 )  migh t  b e in -
terprete d a s suggestin g tha t  a  networ k ca n lear n t o trea t  a 
categor y a s a n "elsewhere "  cas e onl y i f  i t  i s  numericall y 

superio r  t o othe r  categories .  Thi s interpretatio n arise s 

fro m th e belie f  tha t  a  networ k i s a  simpl e analogica l  sys -
tem,  capabl e o f  generalizin g onl y o n th e basi s o f  frequen -

cy an d surfac e similarity .  I f  thi s wer e true ,  a  nove l  for m 

woul d b e treate d a s a  member  o f  th e defaul t  categor y 
onl y i f  i t  resemble s anothe r  for m alread y learne d i n tha t 

category .  Consequently ,  a  tru e "default "  coul d aris e onl y 

i f  th e categor y wer e well-populate d an d spanne d th e en -

tir e phonologica l  space .  W e believ e thi s t o b e a n overi y 
simplisti c vie w o f  networ k dynamics ,  an d wil l  demon -

strat e tha t  defaul t  behavio r  ca n b e learne d eve n i n th e ab -
senc e o f  superio r  typ e frequency . 

Historical data 

Earl y Ol d Englis h (c a 870 )  ha d approximatel y thre e 
classe s o f  wea k verbs ,  an d seve n cla^ s o f  stron g verbs . 

The stron g verb s wer e th e descendent s o f  th e IndoEuro -

pean vowe l  chang e o r  ablau t  serie s o f  verba l  tense/num -
ber  inflection .  Thes e classe s decrease d continuall y i n 
siz e ove r  th e Ol d an d Middl e Englis h periods ,  althoug h 

remnant s o f  th e syste m appea r  amon g th e irregula r  verb s 
eve n toda y (Stark ,  1982 .  Wrigh t  1925 ,  R o m 1930) . 

The wea k ver b classe s wer e als o i n a  stat e o f  transi -
tio n durin g thi s period .  I n earl y Ol d English ,  wea k Gas s 

I .  onc e th e mos t  {Koductiv e wea k class ,  ha d splintere d 
int o thre e subclasse s an d variou s exceptions .  Clas s II I 
was n o longe r  a  clas s a t  all ,  bu t  rathe r  fou r  exceptiona l 
and ver y common verb s (live ,  have ,  think ,  an d say) . 
Clas s n ,  th e larges t  an d mos t  productive ,  wa s th e onl y 
clas s t o exhibi t  a  consisten t  paradigm .  Ove r  th e O E pe -

rio d Clas s n  attracte d ne w member s no t  onl y fro m th e 

stron g ver b classes ,  bu t  als o fro m th e tw o smalle r  sub -

classe s o f  wea k Clas s I . 
One questio n o f  interes t  i n th e curren t  pape r  i s th e 

motivatio n fo r  thi s transfe r  fro m on e wea k clas s t o anoth -
er .  Ou r  clai m i s tha t  th e proces s o f  analogica l  attraction , 
whic h i s know n t o affec t  th e stron g verb s o f  English ,  mo -

tivate d th e movemen t  amon g th e wea k verb s a s well .  I f 
true ,  th e fac t  tha t  th e sam e ixxx:es s affecte d bot h catego -
rie s o f  verb s i s clea r  evidenc e i n favo r  o f  a  singl e mech -
anis m accoun t  Befor e continuing ,  however ,  w e mus t 
justif y a n assumptio n tha t  i s  basi c t o thi s argument :  Al l 
classe s o f  O E wea k verb s wer e regular  i n th e sens e out -

line d i n th e Introduction .  Lackin g this ,  on e migh t  pro -
pose tha t  a  dual-mechanis m accoun t  coul d easil y explai n 
th e analogica l  behavio r  o f  th e wea k v ^ s b y assumin g 
tha t  th e verb s o f  Clas s I  wer e irregular . 

The cleares t  argumen t  fo r  th e regular  statu s o f  th e 
weak verb s come s from  Pinke r  an d Prince' s descriptio n 
of  th e dual-mechanis m approac h (1988) .  Ther e th e au -
thor s explicitl y  stat e tha t  denomina l  verb s canno t  b e ir -
regula r 

"...irregularit y i s  a  propert y o f  ver b roots .  Noun s an d 

adjective s b y thei r  ver y natur e d o no t  classif y a s irregula r 

(o r  regular)  wit h respec t  t o th e pas t  tense... .  Suc h verb s 

[denominca l  an d de-adjectival ]  ca n receiv e n o specia l 

treatmen t  an d ar e inflecte d i n accor d wit h th e regula r 
system ,  regardles s o f  an y phoneti c resemblanc e t o stron g 

roots. " 

Al l  O E wea k ver b classe s wer e mad e u p o f  derive d 

verbs ,  an d i n particula r  th e member s o f  bot h Gas s I  an d 
Gass n  wer e predominantl y denomina l  (Flo m 1930 . 

Star k 1982) .  Thus ,  b y establishe d criteria ,  th e dual -

mechanis m accoun t  deflne s thes e verb s a s necessaril y 
regular. 

Ths pape r  offer s a  networ k accoun t  o f  wh y instabilit y 

shoul d aris e i n th e flrst  place ,  an d wh y th e resulting 
chang e too k th e directio n i t  did .  Sinc e thi s accoun t  relie s 
on th e forma l  (phonological )  similarit y betwee n mem-
ber s o f  th e variou s wea k ver b classes ,  w e wil l  begi n wit h 
a sketc h o f  th e relevant  dat a (dat a base d o n Star k 1982) . 

Change in the Weak verb system 

Early Old English 

Proto-germani c wea k verb s ar e classifle d accordin g t o 
th e derivativ e suffi x  the y too k betwee n th e ste m an d th e 

preteri t  suffix .  Clas s I  verb s wer e thos e whic h originall y 
too k th e suffi x  -y- .  Thi s segmen t  triggere d variou s pho -
nologica l  change s i n th e ver b stem ,  eventuall y resultin g 
i n thre e distinctiv e subclasses .  I n th e indicativ e voice . 
typica l  E O E Wes t  Saxo n Gas s I  paradigm s ar e a s fol -
lows : 

l a l b I c 
de:ma n fremma n neija n 
'judge '  *do '  'save ' 

present : 
Ists g de:m e fremm e nerj e 

2nds g de.ms t  fremest  neres t 

plura l  de:ma ? fremma d nerja ? 
past : 
Ists g deimd e fremed e nered e 
plura l  deimdo n fremedo n neredo n 
pst .  par t  de:me d freme d nere d 

The subclasse s o f  Clas s I  ca n b e distinguishe d b y th e 
for m o f  thei r  stems .  l a (de:man-typ c verbs )  i s mad e u p 
of  long-ste m verbs ,  wit h eithe r  a  lon g vowe l  o r  a  final 
consonan t  cluster .  Member s o f  l b (e.g. ,  fremman )  wer e 
originall y short-ste m verb s whos e final  consonan t  gem -
inate d unde r  certai n circumstances ,  resulting  i n a  ste m 
alternatio n betwee n C V C an d CVCC.  I c (e.g. ,  nerjan ) 
consiste d o f  a  smal l  grou p o f  short-ste m veib s endin g i n 

r .  whic h di d no t  geminate .  Verb s o f  thi s thir d sub-clas s 

als o ha d a  hig h fron t  glid e 0 )  stem-finall y i n cmai n part s 
of  th e paradigm . 

Clas s I I  verbs ,  unlik e thos e o f  th e Clas s I  subgroups . 
had n o forma l  criterio n o f  membership .  Stem s wer e con -
sistentl y CVC .  wit h n o alternatio n wit h C V C C forms , 

and n o requiremen t  tha t  th e ste m en d i n a  specifi c  conso -
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nant  ( x contai n a  lon g v o w d .  A  typica l  G a s s I I  para -
dig m i s give n below : 

lifia n 'love ' 
present :  pas L 

1st  s g U ^ g e lirfod e 
2nd s g lirfas t  lufodes t 
plura l  hifia d lofodo n 

p.  part :  lirfo d 
The distinction s o f  not e ar e these :  I n Clas s I ,  th e short -

ste m verb s (l b an d Ic )  tak e th e suffi x vowe l  e  bot h i n th e 
persona l  ending s o f  th e presen t  singula r  an d a s th e "me -
dia l  vowel "  betwee n th e ste m an d suffi x i n th e past .  Th e 

long-ste m verb s o f  l a tak e n o media l  vowe l  excep t  i n th e 
pas t  participle .  Verb s o f  Clas s I I  tak e th e suffi x vowe l  a 

i n th e present ,  an d th e media l  vowe l  -o- .  Furthermore , 
th e hig h front  vowe l  t  appear s i n th e Clas s I I  paradig m i n 
al l  th e form s wher e th e correspondin g glid e y  appear s i n 
Ic .  n  an d l a ar e larg e an d internall y coheren t  classe s o f 
verbs .  Althoug h l b i s smaller ,  i t  i s  stil l  a  good-size d 
class .  Ic ,  o n th e othe r  hand ,  i s quit e small . 

Developments during Old English 

T wo phonologica l  change s affectin g th e languag e a s a 
whol e ha d interestin g consequence s fo r  th e O E verba l 
system .  First ,  throughou t  thi s p m o d Englis h develope d 
a stron g tendenc y towar d glid e vocalization .  Bot h the y 
of  th e I c (nerjan )  verb s an d th e i g o f  th e Clas s I I  Is g 
presen t  wen t  t o / .  A s a  result ,  thes e tw o group s closel y 
resemble d eac h other ,  differin g onl y i n thei r  media l  vow -
el .  A t  th e sam e time ,  an d arguabl y a s a  resul t  o f  thi s in -
crease d forma l  similarity ,  th e tw o classe s coU^se d int o 
one .  Verb s o f  th e smal l  I c subclas s adopte d th e media l 
vowel  -o -  o f  Clas s II ,  becomin g indistinguishabl e fro m 
members o f  tha t  class . 

I t  wa s als o durin g thi s p m o d tha t  Englis h bega n t o 
simplif y it s  geminat e consonants .  Recal l  tha t  on e majo r 
distinctio n o f  th e l b (fremman )  subclas s wa s it s alterna -
tio n betwee n geminat e an d non-geminat e stems .  Thi s 
distinctio n disappeare d b y lat e O E .  Interestingly ,  mos t 
of  th e verb s o f  \h c f remma n subclas s the n adopte d th e 
Clas s I I  paradig m a s well .  A t  th e sam e tim e a  ver y smal l 
numbo'  o f  thes e verb s drifte d int o Q a s s la . 

The long-ste m verb s o f  Clas s l a continu e unaffecte d 
throughou t  ol d English .  B y lat e O E ther e remaine d es -
sentiall y  tw o wea k ver b classes .  Clas s I I  an d th e long -
stemmed (<f e .-man-type )  subclas s la .  Ove r  th e cours e o f 
Middl e Englis h th e pictur e simplifie d further .  Vowe l  re-
ductio n i n unstresse d syllable s (an d eventua l  deletic m o f 
th e unstresse d media l  vowel )  eliminate d mos t  remainin g 
distinction s betwee n conjugatio n classes . 

The resul t  o f  thes e change s i s th e regular  pas t  inflec -
tio n o f  m o d e m English .  Thu s fro m a  historica l  perspec -
tiv e th e regular  pas t  ca n b e sai d t o result  from  th e opera -
tio n o f  a n analogica l  system ,  althoug h thi s i s obscure d 
when on e look s onl y a t  th e synchroni c data .  I n th e nex t 
sectio n w e wil l  demonstrat e tha t  a  singl e networ k mode l 

i s  capabl e o f  accountin g fo r  thi s analogica l  change . 

Network account of weak-verb change 

Plunkett and Marchman (1991) analyze the conditions 
unde r  whic h competin g ste m t o inflectiona l  mapping s 
ar e learne d i n a  singl e network .  Thi s wor k suggest s tha t 
any mappin g wit h lo w typ e an d toke n frequency  wil l  b e 

difficul t  t o lear n an d i s likel y t o b e los L Learnin g i s aid -
ed,  however ,  i f  th e networ k i s abl e t o exploi t  phonologi -
cal  regularities  i n th e relationship  betwee n th e ste m an d 
inflecte d form .  Thi s i s consisten t  wit h th e weak-ver b 
fiacts .  A t  on e stag e i n th e languag e th e smalle r  wea k 

classe s exhibite d a  certai n amoun t  o f  forma l  ccrfierence . 
Thi s mad e th e learnin g tas k easier ,  sinc e i t  allowe d di e 

learn s t o exploi t  informatio n abou t  th e phonologica l 
characteristic s o f  eac h class .  I t  wa s a s genera l  phonolog -

ica l  chang e erode d thes e characteristic s tha t  membershi p 
shifted . 

I n th e simulation s tha t  follo w w e wil l  demonstrat e 
tha t  thi s combinatio n o f  factor s lead s t o th e correc t  be -
havio r  i n th e network .  Par t  o f  th e trainin g procedur e in -
volve s trainin g multipl e 'generations '  o f  networks ;  th e 
target s fo r  eac h ne w generatio n ar e th e output s (afte r 
learning )  from  th e previou s generation .  Althoug h thi s 

trainin g regimen  doe s no t  clai m t o exactl y mimi c th e 
time-cours e o f  languag e chang e acros s generation s o f 

speakers ,  i t  doe s captur e th e gradua l  natur e o f  suc h 
change ,  an d th e causa l  rol e playe d b y inaccurat e trans -
mission .  I n thi s wa y w e hop e t o mode l  on e o f  th e mech -
anism s underlyin g historica l  change . 

Architecture and stimuli 

The proble m wa s modele d wit h a  feedfwwar d networ k 
implementin g th e back-pr(^agatio n learnin g algorithm . 
The inpu t  ban k consiste d o f  48 0 unit s standin g fo r  indi -
vidua l  verbs ,  an d 6  unit s standin g fo r  individua l  tense / 
number  inflections .  A t  eac h trainin g iteration ,  on e 
"verb "  uni t  an d on e "inflection "  uni t  wer e activate d si -
multaneously ,  an d th e tas k o f  th e networ k wa s t o produc e 
a representatio n o f  th e inflecte d ver b ove r  th e outpu t 
units .  Th e outpu t  wa s designe d t o represen t  th e forma l 
feature s tha t  distinguishe d th e variou s classe s o f  wea k 
verbs .  Fo r  eac h 21-elemen t  outpu t  ther e wer e 1 2 unit s 
dedicate d t o thes e features ,  followe d b y a  9-elemen t  ran -
d o m patter n intende d bot h t o mar k eac h ver b a s uniqu e 
and t o allo w th e netwcff k t o trea t  eac h se t  o f  si x inflecte d 
form s a s individua l  manifestation s o f  th e sam e verb .  Th e 
12 "inflection "  unit s represente d th e followin g informa -
tion :  (1 )  presenc e an d identit y o f  media l  (o r  inflectional ) 
vowel ;  (2)presenc e an d identit y o f  stem-fina l  hig h seg -
ment ;  (3 )  presenc e o r  absenc e o f  gemination ;  an d (4 ) 
presenc e o r  absenc e o f  a  lon g vowel . 

Ther e wer e 48 0 "verbs" ,  divide d int o fou r  subclass -
es:  3 2 i n clas s Ic ,  6 4 i n clas s lb ,  12 8 i n clas s la ,  an d 25 6 
i n clas s II .  Eac h ver b wa s learne d i n si x inflecte d forms : 
1st  sg ,  2n d sg .  an d plura l  present ,  1s t  s g an d plura l  pret -
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erit .  an d pas t  participle .  Thes e specifi c  form s wer e cho -

sen becaus e i n combinatio n the y illustrat e th e significan t 

distinction s amon g th e fou r  subclasse s o f  verbs . 

Training and results 

A trainin g regime n wa s designe d t o tes t  th e hypothesi s 

tha t  lo w frequenc y mapping s ar e difficul t  fo r  th e networi c 

t o lear n unles s the y ar e formall y distinct .  Th e firs t  input -
outpu t  mappin g wa s base d o n th e canonica l  O E wea k 
ver b syste m a s describe d i n Sectio n III .  A  networ k wa s 

traine d fo r  3 0 passe s throug h th e se t  o f  verb s i n eac h o f 
th e si x forms .  Afte r  trainin g th e thre e larges t  classe s (II . 

la ,  an d lb )  wer e al l  produce d correctly .  Th e smal l  sub -
clas s I c showe d th e effec t  o f  attractio n t o Clas s II ,  pro -
ducin g a  vowe l  rathe r  tha n a  glid e fo r  th e stem-fina l  hig h 

segment  Th e media l  vowe l  i n thes e verbs ,  however ,  i s 

stil l  tha t  o f  Clas s I . 
At  thi s poin t  a  n e w networ k wa s se t  u p an d taugh t  t o 

produc e th e classe s a s forme d afte r  th e applicatio n o f 
glid e vocalizatio n an d degemination .  Th e secon d ne t 
was traine d fo r  1 0 sweep s throug h th e dat a set .  Onc e 
mor e th e tw o larg e an d distinctiv e classe s U  an d l a ar e 
learne d well .  Erro r  i n clas s l b i s als o lo w wit h on e ver b 

(ou t  o f  64 )  showin g a  tendenc y t o adop t  th e hig h vowe l 
of  clas s n  whil e a  secon d show s a n equall y wea k tenden -
c y t o adop t  th e lon g vowe l  o f  Clas s lb .  Th e I c verbs ,  a s 
expected ,  sho w mor e interference .  Thre e (ou t  o f  32 ) 
vCTbs ten d towar d Clas s n  vowels .  Still ,  th e grea t  major -
it y o f  verb s o f  thi s clas s remai n firmly  Clas s I  a t  thi s 
poin t 

A thir d networ k wa s die n buil t  an d give n a s it s teach -

CT th e ouqxi t  o f  th e previou s ne t  A s a  resul t  an y error s 
i n learnin g ar e propagate d o n t o th e nex t  "generation" , 
leadin g t o increasin g difficult y i n learnin g thos e patterns . 
Thi s trainin g regime n wa s repeate d fo r  5  subsequen t  net -
works ,  wit h eac h daughte r  networ k traine d fo r  1 0 epoch s 
t o rqnxxluc e th e outpu t  o f  it s  paren t  ne t  I n eac h gener -

atio n erro r  o n classe s l b an d I c increase d a s large r  num -
b o ^  o f  thes e v^b s faile d t o lear n th e correc t  m o p i n g 
and wer e produce d o n th e mode l  o f  Clas s n  instead . 
Lookin g a t  th e ou^Mi t  o f  th e sixt h gen^adon ,  w e se e tha t 

th e Clas s I c verb s ar e almos t  identica l  t o thos e o f  Clas s 
II .  N o nerjan-typ s ver b show s an y interferenc e fi^om 

Clas s la ,  althoug h a t  leas t  tw o fro m thcfremma n clas s 
continu e t o b e pulle d ver y strongl y i n tha t  direction .  Th e 

maJOTit y o f  l b verbs ,  howevo" ,  hav e b y thi s poin t  merge d 
wit h Clas s U . 

Discussion 

Conside r  th e stat e o f  th e wea k ver b syste m i n earl y Ol d 
English .  Clas s I  ha d splintere d int o thie e groups ,  eac h o f 
whic h ha d som e stron g forma l  criterio n o f  memb^^h ip . 
Clas s la ,  th e lon g ste m subclass ,  ha d th e furthe r  advan -
tag e o f  hig h typ e frequency .  Ic ,  o n th e othe r  hand ,  ha d 
extremel y lo w typ e frequency  withou t  an y particula r  to -
ke n frequency  (Wrigh t  192S) .  I f  a  patter n o f  thi s kin d i s 
t o b e learne d a t  all ,  a  networ k accoun t  predict s tha t  i t 

must  retai n it s forma l  characteristic .  A s predicted ,  i t  i s 
when th e distinctiv e for m i n th e presen t  tens e i s los t  tha t 

I c verb s begi n t o b e modele d o n Clas s n  i n th e pas t  tens e 
as well . 

A simila r  situatio n hold s fo r  th e verb s o f  clas s lb . 

Th e stem-fina l  geminatio n wa s a n identifyin g featur e o f 

thes e verbs ,  bu t  onc e degeminatio n ha d applie d thi s in -

formatio n wa s n o longe r  available .  G a s s lb ,  whil e no t 
huge ,  di d hav e a  muc h highe r  typ e frequency  tha n di d Ic . 
Thi s wa s a n advantage ,  fo r  althoug h di e los s o f  di e gem -
inat e make s th e clas s mor e difficul t  t o learn ,  frequency  o f 

occurrenc e partiall y  compensates .  Th e clas s stil l  erode d 

gradually ,  however .  Th e mor e difficul t  learnin g tas k 
cause d som e member s o f  thi s clas s t o b e mis-classified , 
and a s thi s continue d typ e fiequency  decreased ,  leadin g 

eventuall y t o a  situatio n no t  unlik e dia t  o f  Clas s Ic . 
I t  migh t  b e asked ,  however ,  w h y the^emman-typ e 

verb s assimilate d t o Clas s I I  rathe r  tha n clas s la .  Par t  o f 
th e answe r  ha s t o d o wit h clas s size ,  fo r  Clas s n  wa s b y 

fa r  th e larges t  clas s a t  thi s poin t  However ,  par t  o f  di e an -
swer  als o ha s t o d o wit h phonologica l  form :  Clas s I I  i s 

th e leas t  restricte d i n term s o f  th e phonologica l  structur e 
of  it s  members .  A  smal l  numbe r  o f  verbs ,  boU i  i n th e net -
wor k an d i n th e real-languag e data ,  di d i n fac t  assimilat e 
t o Clas s la .  Thos e tha t  di d s o <^pea r  t o hav e bee n draw n 
by surfac e similarity ,  suggestin g dia t  onl y di e restricted 
set  o f  Clas s l b verb s sufficiend y simila r  t o dios e o f  Clas s 
l a wer e abl e t o merg e wit h tha t  class .  N o suc h constrain t 
operate d o n assimilatio n t o Clas s n . 

Whil e th e tw o short-ste m subclasse s drifte d int o 
Clas s n ,  l a remained  unchanged .  Thi s i s als o di e out -
come observe d i n th e networ k model .  l a no t  onl y ha d 
stron g typ e frequency,  bu t  wa s als o th e on e Clas s I  sub -
typ e t o maintai n it s forma l  characteristic .  Th e combina -
tion  o f  dies e tw o factor s result s i n successfu l  learnin g o f 
di e pattern s involved . 

The problem of the default 

We n o w tur n t o a  separat e question ,  whic h i s whethe r 
th e defaul t  categor y ca n b e learne d eve n whe n i t  contain s 
fe w members .  Plunket t  an d Marchma n (1991 )  rais e dii s 
issu e i n a  discussio n o f  th e Arabi c plura l  system ,  i n 

whic h th e "sound "  plural ,  th e defaul t  i s  o f  relatively  lo w 
typ e an d toke n frequency.  The y sugges t  tha t  a  crucia l 
feet  o f  thi s syste m i s tha t  "th e numerou s excq}tion s t o th e 

defaul t  mapping,.. .  ten d t o b e clustere d aroun d set s o f 
relatively  well-define d features. " 

Th e inflectiona l  situatio n i n earlie r  stage s o f  Englis h 
was paralle l  i n man y respects .  A s discusse d i n detai l 

above ,  th e wea k preteri t  wa s treate d a s th e defaul t  inflec -
tion  eve n a t  a  poin t  whe n i t  enjoye d lo w typ e an d toke n 
frequency.  Fiulhermore ,  Vowel-chang e (strong )  inflec -

tion  applie d t o set s o f  verb s dia t  exhibite d interna l  pho -
nologica l  coherence .  Eac h stron g clas s ha d it s o v ^  vow -

el  serie s b y defmition ,  a s wel l  a s odie r  forma l  feature s b y 
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whic h th e classe s wer e distinguished .  Th e wea k ver b 

classe s a s a  whol e ha d n o suc h criteri a fo r  membership . 

Althoug h certai n wea k sub-classe s coul d b e formall y 

characterize d a t  differen t  point s i n thei r  development , 
thi s wa s no t  consistentl y true . 

The hypothesi s i s tha t  phonologica l  informatio n wil l 

be exploite d b y a  networi c i n followin g way .  I n learnin g 

t o produc e th e exceptions ,  th e ne t  mus t  lear n t o respon d 
t o th e phonotogica l  characteristic s tha t  ar e typica l  o f 
eac h class .  T o a  network ,  thi s absenc e o f  phonologica l 
basi s fo r  defaul t  classificatio n ca n b e equall y informa -
tive ,  allowin g al l  pattern s no t  meetin g th e criteri a fo r 

membershi p i n a n exceptiona l  clas s t o b e classifie d to -
getho^ ,  regardles s o f  surfEic e dissimilarity .  Th e goa l  o f 
th e nex t  sectio n i s t o tes t  thi s hypothesi s an d demonstrat e 
tha t  th e learnin g requirement ,  fa r  fro m bein g a  stumblin g 
block ,  lead s t o a n insightfu l  accoun t  o f  defaul t  behavior . 

Simulation of default data 

I n th e simulatio n tha t  follows ,  a  connectionis t  networ k 
i s traine d t o perfor m a  classificatio n tas k base d o n O E 
data .  Th e result s o f  thi s simulatio n sho w tha t  eve n whe n 
th e typ e frequenc y o f  th e defaul t  clas s i s artificiall y  con -
strained ,  a  networ k i s abl e t o generaliz e ̂ propriatel y t o 
nove l  patterns . 

Architecture and training 

The networ k use d a  feed-forwar d architectur e wit h 5 0 in -
put ,  1 8 hidden ,  an d 6  outpu t  units .  Th e ne t  wa s traine d 
usin g th e back-propagatio n o f  erro r  algorithm .  Input s 
wer e 50-elemen t  vectors ,  eac h Fq)resentin g a  wor d i n 
whic h a  subpar t  i s  a  particula r  V C o r  V C C pattern ,  de -
fine d ove r  distinctiv e features .  Ther e wer e si x outpu t 
nodes ,  on e fo r  eac h o f  si x categories .  Th e tas k o f  th e net -
wor k wa s t o lear n t o respon d t o eac h inpu t  patter n b y ac -
tivatin g th e appropriat e categor y labe l  o n th e outpu t 

Fiv e o f  th e si x classe s wer e mad e u p o f  patten s base d 
on th e "characteristic "  b y whic h th e O E stron g ver b 
classe s wer e distinguished .  I n th e networic ,  thes e ar e th e 
foUowing : 

1.  <-t-an y on e consonan t 
2.  e  +  on e sto p o r  fricativ e 
3.  e  +  a  consonan t  cluste r 
4.  I  -t- a nasal+sto p cluste r 

5.  fl  +  on e consonan t 
6.  an y othe r  V C o r  V C C 

The goa l  wa s t o sho w tha t  th e ne tww k coul d lear n t o 
trea t  th e sixt h clas s a s a n elsewher e cas e b y reaso n o f  it s 
phonologica l  diversity .  However ,  i f  thi s diversit y al -
lowe d th e clas s t o sampl e th e entir e phonologica l  spac e 
of  th e language ,  the n generalizatio n o f  ne w pattern s 
need no t  resul t  no t  firom  th e specia l  statu s o f  clas s six ,  bu t 
fro m similarit y t o som e othe r  member  o f  th e class .  Fo r 
thi s reason ,  th e defaul t  clas s (6 )  containe d a  mincmt y o f 
th e tota l  form s t o b e learned .  I n training ,  th e networ k 
was show n 3 2 randoml y generate d member s o f  eac h 

class .  Eac h wa s presente d onc e pe r  pas s throug h th e dat a 
set .  Th e networ k wa s traine d fo r  2 0 suc h passes ,  a t 

whic h poin t  erro r  wa s extremel y low . 

Results 

Generalizatio n test s wer e the n ̂ plie d t o asses s th e suc -

ces s o f  th e network .  A n additiona l  3 2 member s o f  eac h 

categor y wer e chose n fro m th e initia l  rando m set ,  an d 
give n t o th e fully-traine d networ k a s inpu L Al l  nove l 

form s fo r  classe s 1- 5 wer e categorize d int o th e 24}prDpri -
at e class .  O f  th e 3 2 nove l  member s o f  Clas s 6  (th e de -
faul t  class) ,  thre e wer e o f  th e for m "ae+C "  an d wer e mos t 
strongl y classifie d a s Clas s S .  A  fourt h whic h include d 
th e strin g " im "  wa s ambiguousl y categorize d betwee n 

classe s 3  an d 4 .  Al l  other s nove l  pattern s w ^ e place d 
i n Clas s 6 .  A  secon d generalizatio n tes t  wa s the n run ,  i n 
whic h th e networ k a s teste d o n 6 3 pattern s tha t  di d no t 

matc h an y subtyp e see n durin g th e trainin g phase .  Th e 
vas t  majorit y wer e treate d a s member s o f  th e sixt h (de -

fault )  class .  A s i n th e first  test ,  th e ne t  "mis-categorized " 
certai n string s o f  th e for m "a e +  C "  int o clas s 5 ,  an d ofte n 
treate d pattern s wit h th e vowe l  i  followe d b y a  C C cluste r 
as bein g i n eiUie r  3  o r  4 . 

Discussion 

Thes e result s ar e consisten t  wit h a n accoun t  whic h 
claim s tha t  th e networ k gen^alize s membershi p i n class -
es 1- 5 t o nove l  pattern s o n th e basi s o f  surfac e similarity . 
but  treat s clas s 6  a s th e elsewher e category .  Thi s accoun t 
explain s wha t  migh t  hav e appeare d t o b e error s i n gener -
alization .  Fo r  example .  Clas s 5  i s mad e u p o f  pattern s in -
cludin g th e strin g " a +  C "  an d i n th e cod e use d a s input , 
a an d c e diffe r  i n onl y on e feature .  ThCTefw e th e "a e +  C " 
pattern s ar e sufficientl y simila r  t o thos e o f  Clas s 5  t o b e 
attracte d t o tha t  class .  Not e als o tha t  Clas s 4  pattern s 
hav e I  followe d b y a  N C cluster ,  whil e Clas s 3  pattern s 
hav e C C cluster s aft » th e vowel .  Again ,  th e similarit y 
t o previousl y learne d pattern s lead s t o predictabl e over -
generalization . 

However ,  th e result s a s state d d o no t  rul e ou t  a  sec -
on d possibility :  th e networ k m a y b e generalizin g al l  nov -
el  pattern s o n th e basi s o f  perceive d similarit y t o k n o w n 
patterns .  T o argu e convincingl y tha t  th e networ k devel -
(q)e d a  tru e default ,  w e mus t  eliminat e thi s possibility . 
T wo furthe r  test s wer e devise d t o m a k e certai n tha t 
membershi p i n Clas s 6  wa s no t  base d o n similarit y t o 
know n forms . 

Similarity tests 

I n th e fas t  o f  thes e tests ,  w e carrie d ou t  a  hierarchica l 
clusterin g analysi s o n th e inpu t  vector s o f  th e trainin g 
an d initia l  tes t  items .  W e foun d tha t  fo r  eac h o f  th e five 
well-define d classes ,  th e trainin g dat a wer e clustere d int o 
th e five  ̂pnqjriat e groups .  M e m b e r s o f  clas s 6  (th e de -
fault )  wer e scattere d randoml y throug h th e cluste r  tree . 
Thi s i s a s expected ,  sinc e ther e i s n o similarit y basi s fo r 
clas s 6  membership . 
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The initia l  tes t  item s fo r  classe s 1- S wer e als o clus -
tere d wit h th e appropriat e groups .  M a n y o f  th e clas s 6 

tes t  item s als o fel l  nea r  th e clas s 6  trainin g items ,  sinc e i n 
th e firs t  tes t  man y o f  th e pattern s wer e indee d simila r  t o 
th e trainin g data .  Others ,  however ,  wer e clustere d i n a 
majo r  branc h b y themselves ,  an d dissimila r  t o an y o f  th e 

othe r  form s (includin g th e previousl y learne d clas s 6 
members) .  Thes e trul y nove l  form s wer e als o classifie d 
by th e networ k a s clas s 6 . 

Finally ,  w e constructe d a  thir d generalizatio n tes t  se t 
whic h containe d pattern s tha t  wer e no t  onl y dissimila r 

from  an y tha t  ha d bee n see n durin g training ,  bu t  deviate d 

i n variou s way s from  th e weU-fc»inednes s criteri a b y 
whic h th e trainin g dat a wer e generated .  Thi s dissimilar -

it y wa s aî iaren t  i n a  clusterin g analysis .  W h e n thes e 
ne w item s wer e presente d t o th e network ,  al l  wer e clas -
sifie d a s member s o f  clas s 6 ,  th e default . 

General discussion 

Cenai n synchroni c fact s abou t  Englis h ar e compatibl e 
wit h bot h th e dual -  an d th e single-mechanis m apfn-oach -

es t o inflectiona l  morphology .  First ,  i n th e curren t  stat e 

of  th e languag e ther e i s a  singl e "weak "  o r  d-suffixe d 
conjugation .  Second ,  thi s suffixe d pas t  i s  b y fa r  th e mos t 
c o m m on for m o f  Englis h pas t  tens e inflection .  Th e 

weak pas t  tens e i s th e defaul t  i n tha t  i t  applie s produc -
tivel y a s th e elsewher e cas e t o an y ver b no t  previousl y 
learne d a s irregula r  Borrowing s fro m othe r  languages , 
verb s derive d fro m nouns ,  adjectives ,  an d othe r  verbs , 
and neologism s al l  routinely  tak e th e - d suffix . 

Ol d Englis h an d it s immediat e predecessor s differe d 
fro m th e m o d e m languag e i n tw o crucia l  respects .  First , 
ther e wa s no t  a  uniqu e d-affixe d conjugatio n i n earl y Ol d 
English .  I n proto-Germani c ther e wer e fou r  suc h classes , 
and whil e thes e wer e distinc t  fro m eac h other ,  al l  wer e 
productive ,  applyin g t o th e man y borrowing s an d de -
nomina l  verb s tha t  ar e characteristi c o f  th e language .  B y 
earl y Ol d Englis h thes e fou r  classe s ha d bee n effectivel y 
reduce d t o two ,  an d ove r  th e cours e o f  th e O E perio d 
many vai> s o f  th e firs t  clas s bega n t o tak e o n th e charac -

teristic s o f  th e second .  Thi s shif t  present s a  difficult y fo r 
an accoun t  whic h disallow s phonologica l  informatio n i n 
th e applicatio n o f  th e regula r  rule ,  fo r  a s discusse d abov e 
th e migratio n fro m on e wea k clas s t o anothe r  wa s largel y 
governe d b y phonologically-base d analogy . 

Second ,  th e wea k preteri t  wa s a n innovatio n i n proto -

Germanic .  A t  tha t  stag e i n th e languag e i t  ha d n o statis -
tica l  edg e ove r  th e mor e establishe d ablau t  serie s o f  pas t 
tens e formation ,  ye t  eve n a t  a n earl y poin t  i t  appear s t o 
hav e bee n treate d a s th e default ,  use d t o inflec t  borrow -
ing s an d derive d verbs .  Thi s point s t o th e nee d t o sepa -
rat e ou t  th e propertie s o f  th e defaul t  from  th e effect s o f 
fr^uency  an d clas s size . 

I n thi s wor k w e hav e trie d t o demonstrat e th e impor -
tanc e (t f  consid^n g historica l  chang e whe n tryin g t o un -

derstan d th e languag e mechanis m whic h underlie s m w -

phologica l  processes .  W e believ e historica l  fact s ma y 

usefull y constrai n hypothese s abou t  th e natur e o f  th e lan -

guag e mechanis m i n case s wher e synchroni c fact s alon e 
admi t  multipl e hypotheses .  Th e curren t  work ,  althoug h 
preliminary ,  suggest s tha t  a  singl e networ k accoun t  o f 

Englis h verba l  morpholog y ma y hav e advantage s ove r 
dual-mechanis m accounts .  Th e curren t  wor k als o ac -
knowledge s tha t  defaul t  categorie s i n languag e nee d no t 

require  larg e typ e frequency ,  an d suggest s tha t  thi s prop -
ert y ca n b e successfull y modele d i n a  connectionis i  net -

work . 
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