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Abstrac t 
Thi s pape r  describe s a  clas s o f  procedure s fo r 

discoverin g linguisti c structure ,  alon g wit h som e 
specifi c  procedure s an d measure s o f  thei r  effec -
tiveness .  Thi s approac h i s  well-suite d t o prob -
lem s lik e learnin g th e form s o f  word s fro m con -
necte d speech ,  learnin g wor d formatio n rules ,  an d 
learnin g phonotacti c constraint s an d phonologica l 
rules .  Thes e procedure s acquir e a  symboli c rep -
resentation ,  suc h a s a  lis t  o f  wor d forms ,  a  lis t 
of  morphemes ,  o r  a  se t  o f  contex t  sensitiv e rules , 
eac h o f  whic h serve s a s th e language-particula r 
componen t  o f  a  generativ e grammar .  Eac h pro -
cedur e consider s onl y a  clearl y define d se t  o f  pos -
sibl e generativ e grammars .  Thi s hypothesi s spac e 
ca n b e though t  o f  a s th e procedure' s "universa l 
grammar" .  Procedure s ar e evaluate d fo r  effective -
nes s b y compute r  simulatio n o n inpu t  consistin g 
of  naturall y occurrin g language .  Thus ,  the y mus t 
be robust .  Tha t  is ,  smal l  change s t o th e inpu t 
must  lea d t o littl e o r  n o chang e i n th e conclusions . 
Thi s researc h progra m resemble s th e connection -
is t  progra m i n it s focu s o n phenomen a lik e word -
segmentation ,  morphology ,  an d phonology ,  it s em -
phasi s o n robustness ,  an d it s relianc e o n compute r 
simulation .  However ,  i t  i s  close r  t o paramete r  set -
tin g an d learnabilit y  theor y i n it s focu s o n learn -
in g generativ e grammar s selecte d fro m a  clearl y 
define d hypothesi s space ,  o r  "universa l  grammar" . 
Further ,  t o th e exten t  tha t  connectionis m i s abou t 
neura l  implementation s whil e paramete r  settin g 
an d learnabilit y  theor y ar e abou t  universa l  gram -
mars ,  th e stud y o f  effectiv e procedure s fo r  lan -
guag e acquisitio n stand s a t  a n intermediat e leve l 
of  abstrciction . 

1 Introduction 

Recent advances in the theory of induction have 
m a de i t  possibl e t o desig n algorithm s tha t  discove r 
generativ e grammar s fo r  som e linguisti c regular -
ities .  Thi s pape r  explain s th e principl e behin d 
thes e algorithm s an d present s on e particula r  algo -
rith m fo r  th e discover y o f  morphemi c suffixes .  Im -
plementin g suc h algorithm s an d runnin g the m o n 
naturall y occurrin g languag e ca n she d ligh t  o n th e 
informationa l  structur e o f  natura l  languages ,  th e 

robustnes s o f  languag e acquisition ,  an d th e valu e 
of  searc h heuristic s fo r  languag e acquisition . 

Informationa l  Structure .  Conside r  th e var -
iou s domain s o f  linguisti c knowledge ,  suc h a s th e 
form s o f  words ,  thei r  meanings ,  thei r  syntacti c 
properties ,  th e form s o f  morphemes ,  th e morpho -
tacti c rule s governin g thei r  combination ,  phono -
tacti c constraints ,  an d s o on .  T o wha t  exten t  i s 
knowledg e i n eac h domai n usefu l  o r  necessar y fo r 
learnin g abou t  eac h o f  th e othe r  domains ? 

Robustness .  Languag e acquisitio n i s  robus t 
i n th e sens e tha t  garble d o r  ungrammatica l  in -
put  doe s no t  hav e catastrophi c effect s o n th e out -
come.  I n fact ,  a t  naturall y occurrin g frequencie s 
i t  seem s t o hav e n o effec t  a t  all .  Further ,  creoliza -
tio n processe s sugges t  tha t  childre n ar e attracte d 
t o linguisti c rule s an d ten d t o discoun t  inconsis -
ten t  evidence. ^  W h a t  d o thes e propertie s hav e 
i n c o m m o n ,  an d wha t  kind s o f  languag e learnin g 
procedure s hav e them ? 

Controllin g Search .  Eve n whe n know n uni -
versa l  constraint s ar e take n int o account ,  th e num -
ber  o f  possibl e hypothese s consisten t  wit h a  give n 
linguisti c inpu t  i s generall y s o larg e tha t  evaluat -
in g the m al l  i s  computationall y intractible .  Fo r 
example ,  th e phon o ogica l  effect s o f  morpholog -
ica l  processe s i n th e world' s language s ar e ex -
tremel y diverse ,  includin g suffixes ,  prefixes ,  in -
fixes,  circumfixes ,  ablaut/umlaut ,  vowel-tie r  mor -
phemes,  tona l  morphemes ,  metatheses ,  an d trun -
cation s (Anderson ,  1992) .  On e techniqu e tha t 
migh t  ai d childre n i n th e identificatio n o f  mor -
phemes i s searc h ordering ,  wher e th e mos t  likel y 
hypothese s ar e explore d first.  Fo r  example ,  suf -
fixation  appear s t o b e th e mos t  c o m m o n effec t  o f 
morphologica l  processe s i n th e world' s languages , 
and al l  language s i n Greenberg' s surve y tha t  hav e 
non-affixa l  morpholog y als o hav e prefixes ,  suffixes . 
or  bot h (Greenberg ,  196 6 
sens e fo r  childre n t o loo k 

Thus ,  i t  woul d mak e 
fo r  suffixe s an d pre -

'  Newpor t  (1993 )  report s o n a  dea f  chil d raise d 
by dea f  parent s wh o ar e lat e lê û ler s o f  America n 
Sig n Lctnguage .  Althoug h th e pcirent s us e a  particu -
la r  morphem e i n onl y 6 5 % o f  obligator y contexts ,  th e 
chil d regularize s it ,  reachin g abou t  9 0 % o f  obligator y 
contexts . 
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fixes  befor e lookin g fo r  metathese s an d trunca -
tions .  Searc h orderin g woul d clearl y spee d th e 
identificatio n o f  suffixes ,  a s compare d t o search -
in g fo r  al l  sort s o f  phonologica l  effect s a t  once , 
and sinc e suffixe s ar e s o c o m m o n ,  th e averag e rat e 
of  acquisitio n woul d b e improve d too .  Bu t  look -
in g fo r  suffixe s first  migh t  actuall y spee d th e ac -
quisitio n o f  non-affixa l  morpholog y a s well .  Th e 
rapi d discover y o f  som e suffixe s migh t  provid e th e 
chil d wit h a  toe-hol d o n th e language' s morphol -
ogy ,  makin g possibl e partia l  analysi s o f  th e inpu t 
and thereb y simplifyin g th e searc h fo r  othe r  mor -
)hemes .  H o w m u c h ca n searc h orderin g hel p i n 
anguag e acquisition ? W h a t  othe r  searc h heuris -

tic s exist ,  an d ho w muc h d o the y help ? 

These questions can be investigated by devis-
in g algorithm s fo r  learnin g i n a  particula r  domain , 
suc h a s morphem e discovery ,  implementin g the m 
as compute r  programs ,  an d runnin g th e program s 
on naturall y occurrin g language .  Th e informa -
tiona l  structur e o f  language s ca n b e investigate d 
by varyin g th e informatio n provide d fro m domain s 
othe r  tha n th e on e t o b e learned .  Fo r  example , 
ho w muc h doe s knowin g th e majo r  syntacti c cat -
egor y o f  eac h wor d hel p i n discoverin g morphemi c 
suffixes ? Thi s questio n i s addresse d i n Sectio n 3 . 
I f  experiment s o n naturall y occurrin g inpu t  leav e 
any doub t  abou t  th e robustnes s o f  a n algorithm , 
i t  ca n b e teste d o n inpu t  tha t  ha s bee n artificiall y 
corrupte d i n variou s way s an d t o variou s degrees . 
Finally ,  compute r  simulatio n ca n b e use d t o ex -
plor e th e effect s o f  variou s constraint s o n th e hy -
pothesi s spac e an d heuristic s fo r  searchin g it ,  bot h 
i n term s o f  th e tim e require d fo r  learnin g an d th e 
outcome .  Fo r  example ,  give n a n effectiv e proce -
dur e fo r  identifyin g morphemi c suffixes ,  wha t  hap -
pen s whe n infixe s an d circumfixe s ar e considere d 
too ? H o w m u c h longe r  doe s i t  tak e t o find  th e 
suffixes ,  t o wha t  exten t  ar e incidenta l  regularitie s 
mistake n fo r  infixe s an d circumfixes ,  an d ho w doe s 
tha t  affec t  whic h suffixe s ar e found ? 

This paper presents a robust algorithm for dis-
coverin g morphemi c suffixes .  Thi s algorith m i s 
not  linguisticall y universal ,  i n th e sens e tha t  ther e 
ar e morphologica l  processe s othe r  tha n suffixa -
tion .  Further ,  i t  i s  no t  intende d a s a  detaile d 
model  o f  ho w childre n proces s eac h inpu t  utter -
ance .  Rather ,  i t  shoul d b e see n a s a  too l  fo r 
evaluatin g certai n strategie s tha t  m a y b e use d b y 
children' s languag e acquisitio n algorithms .  Ulti -
mately ,  thi s algorith m m a y lea d t o other s tha t 
ar e mor e linguisticall y universa l  an d mor e faith -
fu l  t o th e incrementa l  natur e o f  languag e acquisi -
tion ,  bu t  tha t  await s furthe r  research .  Finally ,  a s 
a practica l  matter ,  th e experiment s tha t  hav e bee n 
don e t o dat e us e a s inpu t  journalisti c tex t  i n or -
thographi c form .  Th e condition s o f  chil d languag e 
acquisitio n woul d b e mor e accuratel y reflecte d b y 
phoneti c transcript s o f  child-directe d speech ,  an d 
suc h experiment s ar e planned .  Nonetheless ,  th e 
type s o f  morphologica l  phenomen a t o b e foun d i n 
th e tw o form s o f  inpu t  are ,  a t  a n appropriat e leve l 
of  abstraction ,  similar . 

2 G e n e r a t i v e E x p l a n a t i o n s 

The algorithms presented here are based on an 
ide a tha t  Rissane n (1983 )  dubbe d th e M i n i m u m 
Descriptio n Lengt h Principle .  Thi s ide a ha s dee p 
root s i n th e theor y o f  probabilit y  an d computa -
tion ,  and ,  ultimately ,  i n th e philosoph y o f  scienc e 
Li  an d Vitanyi ,  1992) .  Recently ,  practica l  in -
erenc e procedure s usin g thi s ide a hav e bee n pro -

pose d b y researcher s i n statistic s (Rissanen ,  1983 ; 
Rissanen ,  1986 )  an d artificia l  intelligenc e (Quinla n 
and Rivest ,  1989 ;  Ellison ,  1991 ;  Ellison ,  1992) . 

Languag e Jicquisitio n procedure s base d o n th e 
M i n i m u m Descriptio n Lengt h Principl e ar e per -
hap s bette r  describe d a s M i n i m u m Generativ e Ex -
planatio n procedures .  Thes e procedure s attemp t 
t o find a  generativ e explanatio n fo r  th e regulari -
tie s i n th e input .  Par t  o f  a  generativ e explanatio n 
i s a  theor y abou t  ho w th e inpu t  i s generated .  A 
generativ e theor y i n thi s sens e coul d b e somethin g 
as simpl e a s th e theor y tha t  utterance s ar e gener -
ate d b y selectin g word s fro m a  lexico n an d con -
catenatin g them .  A n instantiatio n o f  thi s theor y 
woul d includ e a  hypothesi s abou t  th e wor d form s 
i n th e lexico n fro m whic h th e inpu t  wa s generated . 
Such a n instantiatio n woul d provid e a  partia l  ex -
planatio n fo r  th e fac t  tha t  th e an d do g occu r  re -
peatedl y i n th e inpu t  i n variou s differen t  contexts , 
whil e the d an d o g appea r  i n a  ver y limite d rang e o f 
context s — frequentl y togethe r  an d i n tha t  order . 
I n thi s way ,  identifyin g th e wor d stoc k o f  th e in -
put  languag e fro m connecte d speec h ca n b e cas t  a s 
finding  a  language-particula r  wor d lis t  fo r  th e con -
catenatio n theory ,  whic h itsel f  i s par t  o f  a  searc h 
fo r  a  generativ e explanatio n o f  regularitie s i n th e 
input . 

Genera l  theorie s suc h a s th e on e tha t  sentence s 
ar e generate d b y concatenatin g word s shoul d b e 
though t  a s heuristic s fo r  learnin g — the y ca n b e 
usefu l  withou t  explainin g al l  th e regularitie s i n th e 
input .  Fo r  example ,  th e wor d concatenatio n the -
or y leave s m a n y regularitie s unexplained ,  includ -
in g thos e create d b y phonotactic ,  morphological , 
syntactic ,  an d semanti c constraints .  I t  i s  possibl e 
tha t  thos e regularitie s migh t  overwhel m an d con -
fus e th e regularitie s du e t o wor d forms ,  makin g i t 
impossibl e t o discove r  wor d form s usin g phonolog -
ica l  informatio n alone .  I t  i s  als o possibl e that ,  fo r 
example ,  phonotactic ,  morphological ,  an d lexica l 
regularitie s i n th e soun d pattern s o f  languag e ca n 
be detecte d independentl y o f  on e anothe r  — i n ef -
fect ,  tha t  the y constitut e distinc t  signal s o n th e 
same channel .  Thi s i s th e typ e o f  questio n abou t 
th e informationa l  structur e o f  languag e whic h I 
hop e t o answer . 

Anothe r  simpl e generativ e theor y i s tha t  En -
glis h word s ar e forme d b y concatenatin g a  ste m 
and a  suffix ,  eac h chose n fro m a  fixed  set .  Thi s 
theor y i s somewha t  les s accurat e tha n th e theor y 
abou t  sentence s bein g generate d b y concatenat -
in g word s — fo r  instance ,  mor e tha n on e suffi x 
m ay b e use d i n formin g a  give n word .  Further , 
phonologica l  an d orthographi c rule s ofte n adjus t 
a concatenate d ste m an d suffix ,  a s i n watche s (no t 
"watchs" )  an d boxe s (no t  "boxs") .  Nonetheless , 
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th e concatenativ e morpholog y theor y i s no t  a  ba d 
zeroth-orde r  approximatio n t o Englis h wor d for -
mation .  A  somewha t  refine d theor y i s that ,  af -
te r  concatenatio n o f  ste m an d suffix ,  phonologica l 
segment s (o r  letters )  ar e inserte d o r  delete d a t  th e 
m o r p h e me boundary ,  i n a  wa y tha t  depend s o n th e 
origina l  segment s surroundin g th e boundary .  An -
other ,  independen t  refinemen t  i s th e theor y that , 
onc e a  ste m an d a  suffi x  hav e bee n chosen ,  a  syn -
tacti c categor y i s chose n fro m a m o n g thos e avail -
abl e fo r  th e suffix .  Instantiation s o f  thes e theo -
ries ,  includin g specifi c  stems ,  suffixes ,  adjustmen t 
rules ,  an d s o on ,  woul d hel p th e learne r  explai n 
why th e observe d inpu t  contain s th e pattern s i t 
does . 

M i n i m u m Generativ e Explanatio n procedure s 
attemp t  t o find  th e bes t  instantiatio n o f  th e gen -
era l  theory ,  give n a  certai n bod y o f  input ,  wher e 
bes t  mean s mos t  accurat e a t  predictin g whic h ut -
tercince s ar e acceptabl e an d whic h ar e not .  Thi s 
proble m ca n b e separate d int o tw o subproblems . 
First ,  give n tw o instantiations ,  ho w ca n th e learne r 
decid e whic h on e i s better ,  i n vie w o f  th e input ? 
Second ,  ho w ca n th e learne r  generat e som e plau -
sibl e instantiation s t o evaluat e an d compare ? 

Give n a  genera l  theory ,  a  generativ e explanatio n 
of  th e inpu t  consist s o f  a n instantiate d theor y plu s 
an accountin g o f  th e propertie s o f  th e inpu t  tha t 
ar e no t  explaine d b y th e theory .  Fo r  example ,  th e 
instantiate d theor y migh t  includ e th e assertion s 
tha t  do g i s a  possibl e ste m an d - s i s a  possibl e suf -
fix,  bu t  i t  coul d no t  predic t  whethe r  o r  no t  th e 
wor d dog s wil l  appea r  i n som e particula r  inpu t 
sampl e — tha t  depend s o n wha t  peopl e choos e 
t o tal k about ,  whic h i s outsid e th e domai n o f  th e 
theor y o f  wor d formation .  A n explanatio n fo r  th e 
occurrenc e o f  th e wor d dog s i n a  give n sample , 
then ,  ha s tw o parts :  first,  th e theor y tha t  inpu t 
word s ar e generate d b y a  procedur e tha t  i s capa -
bl e o f  generatin g dog s becaus e do g i s o n it s ste m 
lis t  an d - s i s o n it s suffi x  list ;  second ,  th e asser -
tio n tha t  th e ste m do g an d th e suffi x - s happe n t o 
hav e bee n chose n fo r  concatenatio n a t  som e par -
ticula r  m o m e n t ,  du e t o unknow n factors .  Eac h o f 
thes e tw o part s constitute s a  stipulation .  Onc e ac -
cepted ,  thes e tw o stipulation s completel y explai n 
th e input ,  includin g it s predictabl e an d it s unpre -
dictabl e properties .  M i n i m u m Generativ e Expla -
natio n algorithm s formaliz e th e venerabl e notio n 
tha t  th e shortes t  explanatio n i s mos t  likel y t o pre -
dic t  futur e observations . 

For  th e sak e o f  illustration ,  conside r  th e inpu t 
sampl e consistin g o f  th e word s show n i n th e lef t 
han d tabl e o f  Figur e 1 .  Th e remainin g table s o f 
Figur e 1  provid e a  plausibl e generativ e explana -
tio n fo r  th e presenc e o f  thes e word s i n th e input . 
Namely ,  word s i n th e inpu t  ar e generate d b y a 
procedur e tha t  concatenate s a  ste m fro m th e ste m 
tabl e wit h a  suffi x  fro m th e suffi x table ,  an d th e 
stem s an d suffixe s tha t  happe n t o hav e bee n con -
catenate d t o for m th e inpu t  sampl e ar e a s indi -
cate d o n th e wor d table .  Th e wor d tabl e i s rep -
resente d her e a s a  sequenc e o f  pair s o f  indices , 
or  cod e words .  Th e ste m tabl e show s th e corre -
spondenc e betwee n stem s an d ste m cod e words , 

whil e th e suffi x tabl e show s th e sam e fo r  suffi x 
cod e words .  I n orde r  t o allo w eac h wor d t o b e 
represente d uniforml y a s a  ste m an d a  suffix ,  eac h 
monomorphemi c wor d i s assigne d a  "nul l  suffix, " 
denote d b y th e symbo l  t . 

N ow conside r  tw o alternativ e explanation s tha t 
rel y o n differen t  suffixe s an d stems .  I n Figur e 2 , 
th e first  ro w o f  table s show s a  generativ e expla -
natio n i n whic h eac h suffi x i s  on e characte r  longe r 
tha n before ,  whil e th e secon d ro w show s a n ex -
planatio n i n whic h eac h i s on e characte r  shorter . 
Each o f  th e thre e explanation s i s equall y consis -
ten t  wit h th e data ,  bu t  th e first  on e seem s mor e 
likel y t o accuratel y predic t  whic h word s ar e ac -
ceptabl e tha n th e latte r  two .  Fo r  example ,  th e ex -
planatio n usin g lon g suffixe s predict s tha t  dumrtn g 
and dumke d ar e possibl e Englis h words ,  wherea s 
dumped an d dumpin g ar e not .  Th e first  analy -
si s correctl y predict s th e opposite ,  eve n thoug h 
dumped an d dumpin g hav e neve r  bee n observed . 
(Of  course ,  eve n first  analysi s make s som e fault y 
predictions ,  sinc e th e genera l  theor y i t  instantiate s 
ignore s man y o f  th e constraint s o n Englis h wor d 
formation. ) 

Th e difi"erenc e i n th e predictiv e accurac y o f 
thes e thre e theorie s ca n b e understoo d i n term s 
of  th e widel y hel d intuitio n tha t  th e shortes t  ex -
planatio n i s th e mos t  likel y one .  Throughou t  th e 
moder n period ,  scientist s hav e use d thi s intuition , 
whic h i s ofte n calle d Occam' s Razor ,  t o choos e 
among alternativ e explanation s o f  thei r  observa -
tions .  Th e succes s o f  moder n scienc e lend s credi -
bilit y  t o th e intuition .  I n term s o f  computationa l 
resources ,  shorte r  explanation s hav e th e advantag e 
of  usin g les s m e m o r y tha n longe r  ones .  Th e us e 
of  Occam' s Razo r  fo r  inductio n ha s bee n formal -
ize d an d justifie d mathematicall y i n severa l  way s 
(L i  an d Vitanyi ,  1992 ,  an d source s cite d therein) , 
but  ther e i s a  substantia l  lea p o f  fait h i n goin g 
fro m th e mathematica l  idea l  t o rea l  procedure s fo r 
finding  shor t  explanations .  Th e mos t  convincin g 
argumen t  fo r  Occam' s Razo r  i s stil l  th e powerfu l 
intuitio n behin d i t  an d th e fac t  tha t  i t  ha s serve d 
wel l  i n th e past . 

2.1 Evaluating Explanations 

If a learning procedure is to choose the shortest 
explanatio n i t  mus t  hav e som e forma l  measur e o f 
explanatio n length .  Thi s sectio n sketche s som e o f 
th e issue s involve d i n developin g suc h a  measure , 
usin g concatenativ e morpholog y a s a n example . 

Give n a  genera l  theor y suc h a s th e concatena -
tiv e theor y o f  wor d formation ,  th e first  ste p i n de -
velopin g a  measur e o f  explanatio n siz e i s t o choos e 
a representatio n fo r  explanation s i n term s o f  a  fi-
nit e se t  o f  symbols .  Th e representatio n i n Figur e 1 
i s a  first  step ,  bu t  i t  i s  no t  expresse d entirel y i n 
term s o f  a  finite  symboli c alphabet .  S o m e o f  th e 
informatio n i n Figur e 1  i s represente d b y th e dis -
tance s betwee n character s o n th e pag e an d thei r 
alignmen t  int o row s an d columns .  On e alternativ e 
woul d b e t o represen t  th e explanation s usin g on e 
lon g strin g o f  keyboar d characters ,  suc h as : 
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wal k 
walk s 
walke d 
walkin g 
referre d 
referrin g 

Inpu t  Word s 
referra l 
refe r 
refer s 
dump 
dumps 
preferentia l 

Ste m Tabl e 
code ste m 

wal k 
refer r 
refe r 
duin| > 
preferent i 

Suffi x Tabl e 
suf .  I  cod e 

T 

s 
ed 
in g 
al 

ste m 
T 
1 
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Figur e 1 :  A n inpu t  lexico n an d a  generativ e explanatio n fo r  it . 
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Figur e 2 :  Generativ e explanation s usin g suffixe s tha t  ar e to o lon g (firs t  line )  an d to o shor t  (secon d line ) 

walk-referr-refer-dump-preferenti:<e>-s-e d 
-ing-al:1/1-1/2-1/3-.. . 

I f  th e convention s fo r  convertin g betwee n th e tabl e 
representatio n an d th e strin g ar e lai d ou t  clearl y 
the n th e numbe r  o f  character s i n th e strin g ca n b e 
take n a s a  measur e o f  th e representatio n lengt h o f 
th e explanation .  I n fact ,  th e numbe r  o f  charac -
ter s coul d b e calculate d fro m th e table s withou t 
actuall y constructin g th e string .  Thi s measur e o f 
representatio n lengt h coul d the n b e use d t o de -
cid e whic h o f  tw o explanation s i s mor e plausible . 
Clearly ,  thi s measur e woul d prefe r  th e explanatio n 
i n Figur e 1  ove r  thos e i n Figur e 2 . 

Althoug h th e strin g representatio n give n abov e 
migh t  wel l  wor k fo r  th e proble m o f  finding  stem s 
an d suffixes ,  i t  doe s no t  pu t  th e bes t  fac e o n eac h 
explanatio n b y representin g i t  a s briefl y a s possi -
ble .  Further ,  th e wa y i n whic h th e 4 1 character s 
ar e use d lead s t o a  certai n arbitrarines s i n th e rep -
resentatio n length .  Fo r  example ,  i f  th e number s i n 
th e las t  segmen t  o f  th e tabl e ge t  larg e enoug h t o 
requir e severa l  digits ,  i t  i s  wastefu l  t o encod e the m 
i n bas e 10 ,  whic h use s onl y 1 0 o f  th e 4 1 availabl e 
symbols .  A  shorte r  encodin g woul d us e a  fo r  10 , 
6 fo r  11 ,  an d s o on .  Conceivably ,  ther e migh t  b e 
tw o explanations ,  A  an d B ,  suc h tha t  A  i s shorte r 
when th e number s ar e encode d i n bas e 10 ,  an d B 
i s shorte r  whe n the y ar e encode d i n bas e 36 . 

Thi s sligh t  arbitrarines s become s mor e pro -
nounce d whe n mor e comple x generativ e theorie s 

ar e considered .  Fo r  example ,  th e concatenatio n 
theor y ca n b e elaborate d t o accoun t  fo r  th e ob -
serve d syntacti c categorie s o f  word s (assumin g fo r 
th e m o m e n t  tha t  th e categorie s ar e know n t o th e 
learner )  a s wel l  a s fo r  thei r  orthographi c an d pho -
neti c forms .  Th e theor y woul d b e tha t  eac h suffi x 
has a n associate d lis t  o f  syntacti c categorie s tha t 
ar e availabl e t o word s endin g i n tha t  suffix .  Word s 
ar e generate d b y pickin g a  ste m an d a  suffi x a s be -
fore ,  the n assignin g th e wor d a  syntacti c categor y 
fro m th e suffix' s categor y list .  A n instantiatio n 
of  thi s theor y woul d includ e a  ste m list ,  a  suffi x 
list ,  an d a  categor y lis t  fo r  eac h suffix .  T h e inpu t 
sampl e woul d consis t  o f  word s paire d wit h thei r 
syntacti c categories .  (I n thi s representation ,  am -
biguou s word s occu r  onc e wit h eac h o f  thei r  cat -
egories. )  Thi s schem a i s  illustrate d i n Figur e 3 , 
assumin g th e sam e ste m an d suffi x table s show n 
i n Figur e 1 .  Th e representatio n lengt h o f  a n ex -
planatio n usin g a n instantiatio n o f  thi s theor y i s 
a functio n o f  th e length s o f  th e categor y list s a s 
wel l  a s th e stem s an d suffixes .  Fo r  example ,  i f 
th e suffixe s i n som e instantiatio n ar e to o short , 
the n the y wil l  no t  predic t  syntacti c categor y accu -
rately .  Fo r  example ,  word s endin g i n -tf y ar e likel y 
t o b e verbs ,  bu t  word s endin g i n - y m a y als o b e 
noun s {day ,  bunny) ,  adjective s {easy ,  funny) ,  ad -
verb s {quickly ,  slowly) ,  o r  preposition s {by) .  Thus , 
i f  - y i s chose n a s a  morphemi c suffi x  whil e -l y an d 
-if y ar e not ,  th e representatio n siz e o f  th e cate -
gor y lis t  wil l  b e longer .  Often ,  finding  th e short -
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Figur e 3 :  Inpu t  lexicon ,  categor y table ,  an d encode d lexico n fo r  th e clas s o f  inductio n o f  generator s tha t 
labe l  word s wit h syntacti c categories . 

est  explanatio n mean s finding  th e optima l  tradeoff " 
betwee n th e length s o f  diff"eren t  part s o f  th e rep -
resentation ,  suc h a s th e ste m lists ,  suffi x  lists ,  an d 
categor y lists .  However ,  i f  ther e i s arbitrar y wast e 
i n th e representatio n o f  th e variou s components , 
an d i f  th e wast e i s greate r  i n som e component s 
tha n i n others ,  th e optima l  tradeoff "  wil l  b e cor -
respondingl y biase d towar d reducin g th e siz e o f 
some component s a t  th e expens e o f  others .  Thi s 
CEUi  aff'ec t  whic h explanatio n ha s th e minima l  rep -
resentatio n cost . 

Ther e i s n o wa y t o ensur e a  complet e absenc e o f 
wast e i n a  representation ,  bu t  muc h o f  th e obviou s 
wast e ca n b e remove d b y standar d change s o f  rep -
resentatio n calle d encodings .  Th e first  ste p i s t o 
represen t  al l  portion s o f  th e explanatio n usin g th e 
ssmfi e alphabet .  I n vie w o f  th e wa y curren t  digita l 
computer s operate ,  a n obviou s choic e i s th e two -
symbo l  alphabet ,  whos e symbol s ar e usuall y writ -
te n a s 1  an d 0 .  I  wil l  assum e th e binar y alphabet , 
bu t  i n th e final  analysi s th e explanatio n chose n 
wil l  no t  depen d o n th e alphabet .  Th e represen -
tatio n discusse d above ,  usin g typewrite r  symbols , 
coul d b e triviall y  converte d t o binar y b y choos -
in g a  uniqu e binar y sequenc e o f  si x bit s fo r  eac h 
character ,  regardles s o f  wher e i t  occur s i n th e rep -
resentation .  However ,  tha t  woul d simpl y multipl y 
th e numbe r  o f  symbol s i n eac h representatio n b y 
six ,  withou t  eliminatin g an y waste .  A t  a  mini -
m u m,  integer s shoul d b e represente d i n bas e two , 
rathe r  tha n translatin g eac h decima l  digi t  int o a 
sequenc e o f  si x bits .  However ,  i t  i s  possibl e t o g o 
m u ch furthe r  tha n that . 

An expositio n o n codin g theor y woul d b e ou t  o f 
plac e her e (see ,  e.g .  H a m m i n g ,  1986 ;  L i  an d Vi -
tanyi ,  199 2 ) ,  bu t  Figur e 4  give s a  genera l  flavor 
fo r  codin g techniques .  Rathe r  tha n simpl y assign -
in g sequentia l  integer s t o th e stem s an d suffixes , 
we ca n assig n binar y cod e word s i n suc h a  wa y 
tha t  th e common l y use d one s ar e shorte r  tha n th e 
rarel y use d ones .  A n exampl e i s show n i n Fig -
ur e 4 .  I n th e to p representation ,  mor e commonl y 
use d stem s an d suffi x ar e assigne d shorte r  code -
words ,  wherea s i n th e botto m representatio n th e 
situatio n i s reversed .  Th e tabl e o f  encode d word s 
i n th e first  representatio n take s onl y 6 0 bits ,  whil e 

tha t  i n th e secon d take s 69 .  Th e representatio n i n 
whic h al l  stem s an d suffixe s ge t  equa l  lengt h code -
word s i s eve n longe r  — five  stem s i s to o m a n y t o 
represen t  i n tw o bits ,  s o eac h code-wor d ha s t o 
hav e three . 

Shannon' s Noiseles s Codin g Theore m show s 
tha t  th e lengt h o f  a  sequenc e o f  cod e word s i s min -
imize d whe n th e lengt h o f  eac h individua l  code -
wor d i s approximatel y th e logarith m o f  th e invers e 
of  it s  relativ e frequenc y i n th e sequence .  Thi s ef -
fectivel y determine s ho w binar y cod e word s shoul d 
be assigne d t o stem s an d suffixes .  Le t  u s us e 
th e ter m symbo l  t o refe r  t o th e entities ,  suc h a s 
th e stem s an d suffixes ,  t o whic h frequency-base d 
cod e word s ar e assigned .  The n th e representatio n 
lengt h o f  th e entir e explanatio n is ,  t o a  first  orde r 
approximation ,  th e su m o f  th e Shanno n informa -
tio n o f  eac h o f  th e symbo l  sets .  (Furthe r  detail s ar e 
provide d i n Brent ,  Lundberg ,  an d Murthy ,  1993. ) 
Th e Shanno n Informatio n i s a  simpl e functio n o f 
th e frequencie s o f  th e symbol s — i t  ca n b e com -
pute d withou t  actuall y constructin g binar y code -
word s fo r  eac h symbol .  Thus ,  evaluatin g hypothe -
ses i s a  computationall y inexpensiv e procedure . 

Figure s 1  an d 2  illustrat e th e stron g intuitiv e 
connectio n betwee n th e numbe r  o f  character s i n 
th e ste m an d suffi x list s o f  a n instantiate d the -
or y an d it s predictiv e power .  However ,  th e impor -
tanc e o f  choosin g stem s an d suffixe s tha t  minimiz e 
th e siz e o f  th e "Encode d Words "  tabl e i s les s ob -
vious .  T o se e wh y i t  i s  important ,  conside r  th e 
refine d theor y tha t  trie s t o explai n th e syntacti c 
categorie s o f  word s i n term s o f  thei r  morphemi c 
analysis ,  a s show n i n Figur e 3 .  Th e lengt h eac h 
entr y i n th e categor y tabl e i s a  functio n o f  th e 
number  o f  diff'eren t  categorie s tha t  word s forme d 
wit h th e correspondin g suffi x belon g to .  Thus ,  i f 
al l  word s i n th e inpu t  endin g i n -/ y ar e adverbs , 
th e categor y tabl e entr y fo r  -l y  wil l  b e short ,  re -
wardin g th e choic e o f  a  suffi x  tha t  predict s syn -
tacti c category .  If ,  o n th e othe r  hand ,  th e inpu t 
happen s t o contai n th e nou n bully ,  an d tha t  wor d 
i s erroneousl y analyze d a s bein g forme d wit h th e 
morpheme -ly ,  the n th e lengt h o f  th e entr y fo r  -l y 
i n th e categor y tabl e wil l  nearl y double .  Th e entr y 
woul d b e th e sam e lengt h a s i f  hal f  th e word s end -
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Figur e 4 :  Efficien t  an d wastefu l  choice s fo r  ste m an d suffi x cod e word s 

in g i n -/ y wer e noun s an d hal f  adverbs .  Intuitively , 
though ,  th e suffi x -l y  remain s a  goo d predicto r  o f 
syntacti c categor y eve n wit h th e bull y exception , 
wherea s it s  predictiv e powe r  woul d b e seriousl y 
diminishe d i f  hal f  th e word s forme d wit h i t  wer e 
nouns .  Althoug h thi s distinctio n i s no t  reflecte d 
i n th e lengt h o f  th e categor y table ,  i t  i s  reflecte d 
i n th e representatio n lengt h o f  th e particula r  out -
comes o f  th e nondeterministi c choice s m a d e b y 
th e generatin g procedur e — i.e. ,  i n th e "Encode d 
Words "  table .  Th e frequency-base d encodin g o f 
symbol s ha s th e followin g property :  amon g al l  se -
quence s o f  n  symbol s draw n fro m a  fixed  symbo l 
set ,  th e mor e equa l  th e frequencie s o f  th e symbol s 
i n th e sequenc e th e longe r  it s encode d form ;  con -
versely ,  th e mor e th e sequenc e consist s o f  a  fe w 
c o m m on symbol s plu s som e rar e ones ,  th e shorte r 
it s encode d form .  Fo r  example ,  sequence s o f  9 9 
copie s o f  Adver b an d on e cop y o f  Nou n ca n b e en -
code d muc h mor e briefl y tha n sequence s o f  6 0 an d 
40 ,  respectively .  A s a  result ,  th e cos t  o f  encod -
in g th e categorie s o f  word s i s greate r  i f  th e word s 
forme d wit h -l y ar e equall y likel y t o b e adverb s 
or  noun s tha n i f  the y ar e almos t  al l  adverbs ,  wit h 
a fe w exceptions .  Thi s reflect s th e intuitio n tha t 
th e misanalysi s o f  bull y shoul d no t  b e to o damag -
in g t o th e explanatio n tha t  word s forme d wit h -l y 
ar e (generally )  adverbs . 

This example illustrates a key point about using 
representatio n lengt h t o evaluat e hypothesis :  i t  i s 
robus t  i n th e fac e o f  error .  A  singl e misanalysi s 
of  bull y a s bul-l y  ha s a  smal l  rathe r  tha n a  catas -
trophi c eff"ec t  o n th e evaluatio n o f  a  hypothesis . 
Further ,  th e evaluatio n i s responsiv e t o frequency . 
A fe w exception s t o a  generalizatio n d o no t  nec -
essaril y  caus e th e generalizatio n t o b e rejected . 
Eve n i f  ever y suffi x  cooccurre d occasionall y wit h 
ever y syntacti c category ,  th e generalizatio n tha t 
suffixe s provid e informatio n abou t  syntacti c cat -
egor y migh t  stil l  reduc e th e cos t  o f  explanation s 
tha t  us e th e correc t  suffixe s relativ e t o thos e tha t 
use th e wron g suffixes .  A s a  result ,  learnin g proce -
dure s tha t  exploi t  thi s evaluatio n ar e quit e differ -

ent  fro m thos e i n whic h a  singl e exampl e trigger s a 
genera l  conclusio n abou t  al l  example s o f  th e sam e 
type .  Suc h approache s canno t  maintai n general -
ization s i n th e fac e o f  exception s tha t  occu r  rarel y 
but  regularly . 

3 Experiment: Discovering 

M o r p h e m i c Suffixe s 

This section describes an experiment aimed at an-
swerin g th e followin g question s abou t  th e informa -
tiona l  structur e o f  English : 

1. To what extent can morphemes, which have 
consisten t  characteristic s o f  form ,  syntax ,  an d 
meaning ,  b e discovere d o n th e basi s o f  for m 
alone ? 

2. To what extent do non-morphemic regulari-
tie s i n th e form s o f  words ,  suc h a s th e rela -
tivel y hig h frequenc y o f  final  -s k an d -I d i n 
Englis h roots ,  interfer e wit h th e detectio n o f 
morphemi c regularities ? 

3.  T o wha t  exten t  d o adjustmen t  rules ,  suc h a s 
th e deletio n o f  final  "e "  befor e suffixe s begin -
nin g i n a  vowel ,  obscur e th e form s o f  mor -
phemes an d interfer e wit h th e discover y o f 
morphemi c suffixes ? 

4. To what extent does the constraint between 
a composit e word' s final  suffi x an d it s majo r 
syntacti c categor y hel p i n identifyin g suffixes ? 

In this experiment, a computer program gener-
ate s a  serie s o f  hypothese s abou t  th e morphemi c 
suffixe s use d t o for m word s i n a n inpu t  sampl e 
and evaluate s the m b y computin g th e represen -
tatio n lengt h o f  th e correspondin g generativ e ex -
planations .  Th e inpu t  consist s o f  word s i n stan -
dar d orthograph y gleane d fro m journalisti c text . 
Th e word s ar e distinct ,  s o thi s experimen t  test s 
a syste m o f  informatio n flow  i n whic h th e iden -
tificatio n o f  whol e word s precede s th e identifica -
tio n o f  morphemi c suffixes .  O f  course ,  ther e ar e 
othe r  interestin g configurations ,  suc h a s th e on e 
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i n whic h word s an d morpheme s ar e identifie d si -
multaneously .  Othe r  configuration s ca n b e inves -
tigate d usin g simila r  methods .  Th e progra m use d 
i n thi s experimen t  attempt s t o formulat e brie f  ex -
planation s usin g instantiation s o f  th e tw o genera l 
theorie s describe d above :  tha t  word s ar e forme d 
by concatenatin g a  ste m an d a  suffix ;  an d that ,  i n 
addition ,  composit e word s ar e assigne d a  syntac -
ti c categor y chose n fro m a  lis t  tha t  depend s o n th e 
suffi x (bu t  no t  th e stem) .  Thes e genera l  theorie s 
ca n b e restate d a s constraint s o n morpheme s i n 
th e followin g way :  stem s an d suffixe s ar e entitie s 
tha t  recombin e wit h on e anothe r  t o for m multi -
pl e words ;  an d suffixe s ar e entitie s tha t  constrai n 
th e syntacti c categorie s o f  word s i n whic h the y oc -
cur .  Detail s o f  th e representations ,  th e formula s 
use d t o comput e thei r  length ,  an d th e procedur e 
fo r  generatin g hypothese s ca n b e foun d i n Brent , 
Lundberg ,  an d Murth y (1993) . 

O ne poin t  abou t  chil d languag e acquisitio n i s 
wort h makin g a t  th e outset :  althoug h natura l 
language s hav e m a n y non-concatenativ e morpho -
logica l  processe s (Anderson ,  1992) ,  childre n m a y 
nonetheles s hav e innat e mechanism s o f  searchin g 
fo r  concatenativ e morphemes .  The y mus t  hav e 
some wa y o f  discoverin g non-concatenativ e mor -
pholog y too ,  bu t  th e discover y proces s nee d no t 
be homogeneous . 

3.1 Generating Explanations 

Methods for choosing among alternative expla-
nation s hav e bee n discussed ,  bu t  th e proble m o f 
generatin g explanation s t o choos e amon g ha s not . 
Conside r  explanation s fo r  th e form s o f  words ,  set -
tin g asid e th e questio n o f  syntacti c categories . 
Eac h possibl e wa y o f  analyzin g th e word s i n som e 
inpu t  int o stem s an d suffixe s constitute s a  dis -
tinc t  explanatio n wit h it s ow n representatio n size . 
For  a  wor d o f  lengt h n ,  ther e ar e potentiall y  n 
ways t o analyz e it .  I n orde r  t o limi t  th e searc h 
t o stem/suffi x combinations ,  avoidin g mos t  pre -
fix/stem  combinations ,  onl y analyse s i n whic h th e 
lef t  hal f  i s  a t  leas t  a s lon g a s th e righ t  hal f  ar e 
considered .  Approximatel y j  analyse s remai n fo r 
a wor d o f  lengt h n . 

Changin g th e analysi s o f  eve n a  singl e wor d 
change s th e explanation ,  s o th e numbe r  o f  pos -
sibl e explanation s i s th e product ,  ove r  al l  word s 
i n th e input ,  o f  one-hal f  thei r  length .  Thi s num -
ber  grow s exponentiall y  wit h th e numbe r  o f  inpu t 
words ,  s o i t  i s  no t  possibl e t o evaluat e al l  o f  th e 
explanations .  However ,  th e ai m o f  thi s procedur e 
i s t o discove r  morphemi c suffixes ,  no t  t o analyz e 
individua l  words .  M a n y explanation s yiel d th e 
same suffi x  set .  Fo r  example ,  i f  th e inpu t  contain s 
walkin g an d string ,  an d i f  a t  leas t  on e o f  the m 
i s analyze d a s havin g bee n forme d wit h th e suf -
fix  -in g i n th e shortes t  explanation ,  i t  i s  doe s no t 
matte r  whic h on e in g wil l  b e o n th e suffi x lis t 
fo r  tha t  explanatio n i n an y case .  Th e procedur e 
teste d her e evaluate s onl y on e o f  th e m a n y pos -
sibl e explanation s tha t  correspon d t o eac h suffi x 
set .  Differen t  explanation s usin g th e sam e suffi x 
set  m a y hav e differen t  lengths ,  s o i t  i s  possibl e tha t 

th e bes t  explanatio n o f  al l  wil l  no t  b e th e bes t  ex -
planatio n tested .  However ,  th e explanatio n teste d 
fo r  eac h suffi x se t  i s  chose n i n a  wa y tha t  seem s 
likel y t o mak e i t  on e o f  th e bes t  i f  th e suffi x se t 
contain s morphemi c suffixes .  I n particular ,  th e ex -
planatio n teste d i s th e on e i n whic h al l  word s tha t 
end i n a  give n suffi x ar e analyze d a s havin g bee n 
forme d wit h it .  Thi s correspond s t o th e intuitio n 
tha t  ther e ar e man y mor e word s endin g i n mor -
phemi c -in g tha n ther e ar e word s lik e strin g an d 
bring ,  ther e mor e word s endin g i n morphemi c -e d 
tha n ther e ar e word s lik e see d an d weed ,  an d s o 
on. 

I n orde r  t o ensur e tha t  eac h hypothesize d suffi x 
set  lead s t o onl y on e analysi s o f  eac h inpu t  word , 
th e followin g constrain t  i s  imposed :  n o suffi x m a y 
end i n anothe r  suffix .  Thi s constrain t  i s  overl y 
strong .  Fo r  example ,  suffi x  set s containin g - s can -
not  als o contai n -nes s o r  -ous ,  an d thos e contain -
in g -l y o r  -it y canno t  als o contai n -y .  Ther e ar e 
variou s possibilitie s fo r  relaxin g thi s constraint , 
but  the y hav e no t  ye t  bee n tested .  Se e Bren t 
(1993 )  fo r  additiona l  heuristic s governin g th e gen -
eratio n o f  hypotheses . 

3.2 Methods 

Input. The evaluation function and search tech-
nique s describe d abov e wer e teste d o n lexicon s o f 
variou s sizes .  Th e lexicon s wer e prepare d fro m 
sampl e o f  th e Wal l  Stree t  Journa l  tagge d fo r  part -
of-speec h b y th e Pen n Treeban k project .  Al l  word s 
excep t  thos e containin g capita l  letter s o r  non -
alphabeti c symbol s wer e sorte d b y frequency ,  an d 
inpu t  lexicon s o f  differen t  size s wer e prepare d b y 
takin g th e mos t  c o m m o n word s fro m th e to p o f  th e 
sorte d list .  Experiment s wer e don e usin g th e the -
or y o f  wor d for m alon e an d th e combine d theor y 
of  wor d for m an d syntcicti c category .  I n th e lat -
te r  case ,  th e Pen n categorie s wer e mappe d dow n 
t o a  se t  o f  five  representin g al l  c o m m o n nouns ,  al l 
verbs ,  al l  type s o f  adjectives ,  al l  adverbs ,  an d al l 
othe r  words . 

Scoring .  Th e result s wer e score d i n thre e ma -
jo r  categories :  th e boun d morpheme s lik e -in g an d 
-ism ,  th e fre e morpheme s i n compound s lik e -6a// , 
-mark ,  an d -man ,  an d th e non-morphemi c end -
ing s lik e "-Id "  an d "-sk" .  Th e referenc e fo r  scorin g 
boun d morpheme s wa s Marchan d (1969 )  Inde -
penden t  word s tha t  appea r  a s suffixe s o f  anothe r 
wor d an d whos e independen t  meanin g contribute s 
i n an y wa y t o tha t  o f  th e whol e wer e score d a s fre e 
morphemes . 

Some o f  th e suffixe s hypothesize d b y th e sys -
te m ar e clearl y extension s o f  rea l  morphemes . 
For  example ,  on e experimen t  yielde d th e suffi x " -
mental, "  a s i n governmental ,  whic h clearl y con -
tain s th e morphem e -al .  Sinc e thes e contai n lin -
guisticall y meaningfu l  morphemes ,  the y see m t o 
hav e a  differen t  statu s tha n non-morphemi c end -
ings ,  suc h a s th e final  "Id "  o f  mold ,  hold ,  held , 
build ,  sold ,  yield ,  bald ,  sol d etc .  Extension s o f 
boun d an d fre e morpheme s wer e score d i n thei r 
categories . 
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Words 
500 

1000 
2000 
4000 
8000 

B E B 
6/ 7 

10/1 0 
15/1 6 2/ 1 
19/1 8 7/ 7 
27/2 8 9/ 9 

F E F E 

2/ 2 
8/ 8 1 / 

19/l S 

10/ 3 
3/ 0 
1/ 1 

1 V' ) 
3/ 6 

Tot  % M 
16/1 0 38/7 0 
13/1 0 78/10 0 
20/2 0 95/9 5 
39/3 9 90/8 7 
58/6 1 95/9 0 

%P 
38/7 0 
78/10 0 
85/9 0 
70/6 7 
79/7 5 

Figur e 5 :  Categorizatio n o f  suffixe s outpu t  a. s a  functio n o f  th e numbe r  o f  word s i n th e inpu t  lexicon .  Sinipl e 
recombinatio n /  syntacti c categor y an d recombination . 

3. 3 Result s 

Th e result s o f  th e experiment s ar e summarize d i n 
Figur e 5 .  Eac h ro w represent s tw o experiments : 
one usin g recombinatio n onl y (abov e th e slash ) 
and on e usin g bot h recombinatio n an d syntacti c 
categor y predictio n (belo w th e slash) .  Th e first 
colum n show s th e numbe r  o f  word s m th e inpu t 
lexico n fo r  eac h o f  th e tw o experiments .  Th e fol -
lowin g fiv e column s sho w th e numbe r  o f  boun d 
morphemes identifie d (B) ;  extension s o f  boun d 
morphemes (EB) ;  fre e morpheme s (F) ;  extension s 
of  fre e morpheme s (EF) ;  an d error s (E) ,  whic h in -
clude s al l  output s tha t  ar e no t  assigne d t o on e o f 
th e othe r  fou r  categories .  Th e final  thre e column s 
sho w summar y statistics :  th e tota l  numbe r  o f 
item s hypothesize d a s morpheme s (Tot) ;  th e per -
centag e o f  thos e tha t  wer e linguisticall y meaning -
fu l  i n som e way ,  eithe r  a s morpheme s o r  exten -
sion s o f  morpheme s (%M) ;  an d th e percentag e o f 
th e tota l  tha t  wer e perfec t  morphemes ,  neithe r  ex -
tension s no r  error s (%P) . 

For  th e procedur e tha t  attempt s t o explai n th e 
distributio n o f  syntacti c categories ,  th e bes t  expla -
natio n o f  th e 100 0 wor d lexico n use d th e followin g 
suffixes :  ag e a l  e d in g io n it y  l y men t  ne e an d s . 
nee wa s counte d a s correc t  becaus e i t  i s  th e or -
thographi c sequenc e c o m m o n t o a  morphologica l 
proces s tha t  yield s eithe r  ance ,  a s i n guidance ,  o r 
ence ,  a s i n preference .  Fo r  th e 200 0 wor d lexico n 
th e bes t  explanatio n include d al l  th e suffixe s fro m 
th e 100 0 wor d lexicon ,  plu s th e followin g ne w suf -
fixes:  abl e aryful  iv e I d nc y on e ou t  shi p an d sure . 

3.4 Discussion 

Th e result s o f  thi s experimen t  indicat e tha t  th e 
forma l  combinator y propertie s o f  morphemi c suf -
fixes  alon e provid e a  tremendou s amoun t  o f  in -
formatio n abou t  th e stoc k o f  morpheme s i n En -
glish .  Th e inpu t  lexicon s containe d thousand s o f 
non-morphemi c ending s an d mer e dozen s o f  mor -
phemi c suffixes ,  bu t  th e outpu t  containe d primar -
il y  morphemi c suffixe s i n al l  case s bu t  one .  Thus , 
th e effect s o f  non-morphemi c regularitie s ar e min -
imal .  Adjustmen t  rule s hzi d n o noticeabl e effect . 
Thus ,  th e "signal "  fro m morphologica l  recombi -
natio n emerge s quit e clearl y fro m th e confusio n o f 
othe r  signals ,  i f  th e learnin g algorith m i s tune d t o 
it . 

Conside r  first  th e effect s o f  vocabular y siz e whe n 
syntacti c categorie s ar e no t  used .  W h e n th e inpu t 
consist s o f  onl y th e 50 0 mos t  c o m m o n word s i n th e 
corpus ,  th e forma l  recombinatio n propert y alon e 

di d no t  d o ver y wel l  a t  identifyin g morphemi c suf -
fixes.  Thi s i s no t  surprising ,  sinc e on e woul d ex -
pec t  th e 50 0 mos t  c o m m o n word s i n a  journal -
isti c corpu s t o contai n a  ver y hig h proportio n o f 
monomorphemi c words ,  especiall y syntacti c func -
tio n words .  Sinc e ther e ar e s o fe w instance s o f 
genuin e morphemi c suffixe s t o compet e with ,  th e 
spuriou s regularitie s i n th e corpu s dominate .  Fo r 
inpu t  lexicon s betwee n 100 0 an d 800 0 word s th e 
percentag e o f  output s tha t  ar e genuin e morpheme s 
fluctuates  aroun d 8 0 % ,  bu t  show s n o long-ter m 
trend . 

Now consider the effect of adding in a syntactic 
propert y o f  morphemi c suffixe s — th e fac t  that ,  i n 
anguage s wit h right-hezide d words ,  th e final  suf -

fix  o f  a  comple x wor d predict s it s majo r  syntacti c 
category .  W h e n explanation s fo r  th e distributio n 
of  word-form s an d thei r  categorie s ar e represente d 
as i n Figur e 3 ,  categor y informatio n appear s t o b e 
a mixe d blessing .  Fo r  vocabularie s o f  200 0 word s 
or  smalle r  i t  improve s accurac y substantially ,  bu t 
when vocabular y siz e reache s 400 0 t o 800 0 words , 
i t  show s a  sligh t  tren d towar d reducin g accuracy . 
One possibl e explanatio n i s  tha t  morphemi c suf -
fixes  d o no t  predic t  syntaicti c categor y ver y wel l 
i n lowe r  frequenc y words .  A  mor e plausibl e expla -
nation ,  however ,  i s  that ,  sinc e ther e ar e onl y five 
categorie s i n thi s formulation ,  chanc e regularitie s 
ar e a  significan t  facto r  b y 800 0 words .  Syntacti c 
informatio n abou t  word s woul d probabl y b e mor e 
usefu l  i f  i t  wer e no t  limite d t o majo r  categories . 
Sinc e th e eff'ect s o f  synta x ar e reflecte d i n word -
adjacenc y distributions ,  descriptiv e categorie s ca n 
be induce d b y clusterin g thes e distribution s (Finc h 
an d Chater ,  1992) .  Suc h categorie s migh t  ai d mor -
pheme identificatio n mor e tha n a  prior i  majo r  cat -
egories ,  sinc e th e induce d categorie s woul d als o 
reflec t  auxiliar y structure ,  agreement ,  an d relate d 
syntacti c effect s o f  morphology .  I n ciddition ,  ther e 
ar e mor e regularitie s t o exploi t  eve n usin g th e m a -
jo r  categories .  Notably ,  th e categor y o f  th e ste m 
constrain s th e rang e o f  morphemi c suffixe s tha t 
ca n attac h t o it .  Syntacti c categorie s woul d prob -
abl y b e eve n mor e usefu l  fo r  a n algorith m tha t  ex -
ploite d thi s regularit y t o hel p distinguis h betwee n 
morphemi c suffixe s an d non-morphemi c endings . 
I n summary ,  thi s experimen t  suggest s tha t  know -
in g syntaicti c categorie s i s marginall y useful ,  bu t  i t 
doe s no t  sugges t  tha t  the y ar e an y grea t  bonanza . 
I f  the y ar e no t  particularl y usefu l  fo r  predictin g 
syntacti c category ,  the n perhap s th e flow  o f  infor -
matio n shoul d b e primaril y i n th e opposit e direc -
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tion ,  fro m morpheme s t o categor y assignment .  O n 
th e othe r  hand ,  morphem e discover y algorithm s 
tha t  mak e us e o f  lexica l  syntacti c informatio n i n 
more sophisticate d way s ma y ye t  demonstrat e tha t 
i t  i s extremel y valuable . 

Presumably ,  i t  i s  mos t  importan t  fo r  childre n 
t o lear n th e mos t  productiv e morpheme s -  thos e 
whic h speaker s appl y mos t  freel y t o for m word s 
tha t  hav e neve r  hear d o r  hea r  ver y rarely .  Al -
thoug h man y o f  th e mos t  productiv e Englis h 
morphemes wer e discovere d i n thes e experiments , 
many lo w productivit y morpheme s wer e als o dis -
covered .  Thus ,  i t  woul d b e interestin g t o refin e 
th e algorithm s use d i n th e experimen t  s o the y fo -
cus mor e narrowl y o n th e productiv e morphemes . 
One wa y t o d o thi s i s t o lear n onl y fro m th e lowes t 
frequenc y word s i n th e input ,  sinc e th e lo w fre -
quenc y word s ar e les s likel y t o b e memorize d an d 
more likel y t o b e forme d b y productiv e morpho -
logica l  processe s (Baaye n an d Lieber ,  1991) .  A t 
a minimum ,  thi s woul d hav e th e benefi t  o f  elimi -
natin g th e syntacti c functio n word s fro m consid -
eration .  I t  woul d als o fit  i n nicel y wit h a n on -
lin e processin g mode l  i n whic h nove l  word s dra w 
th e "attention "  o f  th e morphem e discover y proce -
dures ,  wherea s familia r  word s ar e quickl y memo-
rize d an d n o longe r  subjecte d t o analysis .  How -
ever ,  experimentatio n wit h suc h a  mode l  await s 
futur e work . 

4 Conclusions 

Minimum Generative Explanation algorithms are 
a promisin g too l  fo r  researc h i n languag e acqui -
sition ,  especiall y i n domain s lik e morpholog y an d 
phonology .  The y appea r  t o b e th e first  algorithm s 
tha t  ar e robus t  enoug h t o lear n generativ e theorie s 
fro m naturall y occurrin g input .  I f  thi s researc h 
progra m i s successful ,  i t  wil l  ultimatel y yiel d a  col -
lectio n o f  technique s fo r  discoverin g linguisti c reg -
ularitie s i n variou s domains .  Take n together ,  thes e 
technique s wil l  b e capabl e o f  learnin g th e regular -
itie s i n typologicall y divers e languages .  Beyon d 
elucidatin g th e question s o f  informatio n flow,  ro -
bustness ,  an d searc h heuristics ,  the y ma y als o lea d 
t o model s o f  ho w childre n modif y thei r  hypothese s 
incrementally ,  i n respons e t o individua l  inputs . 

Thi s researc h progra m emerge s fro m a  vie w o f 
th e languag e acquisitio n a s a  comple x syste m gov -
erne d b y th e interactio n o f  loosel y couple d mecha -
nisms ,  eac h specialize d fo r  finding  regularitie s o f  a 
particula r  type .  O n thi s view ,  th e languag e au;qui -
sitio n devic e i s analogou s t o a  cell ,  whic h consist s 
of  a  collectio n o f  comple x molecules ,  eac h special -
ize d t o a  particula r  task .  Th e enzymes ,  fo r  ex -
ample ,  eac h carr y ou t  a  particula r  chemica l  reac -
tion ,  an d thes e reaction s ar e couple d i n a  dynami -
cal  system .  Further ,  th e behavio r  o f  esic h individ -
ual  enzym e o n a  shor t  timescal e i s stochastic ,  bu t 
it s  averag e behavior ,  stabilize d b y th e behavio r  o f 
othe r  enzymes ,  i s predictable ,  an d th e syste m a s 
a whol e i s robus t  t o a  wid e variet y o f  input s fro m 
th e environment .  Thi s leve l  o f  analysi s contrast s 
wit h tha t  o f  connectionis t  models ,  i n whic h th e 
individua l  element s ar e homogeneous ,  rathe r  tha n 

specialized .  I t  als o contrast s wit h th e leve l  o f  anal -
ysi s i n paramete r  settin g model s an d learnabilit y 
theory ,  whic h loo k a t  th e mode s o f  behavio r  o f  th e 
syste m a s whole ,  rathe r  tha n a t  th e specialize d 
element s fro m whic h i t  emerges . 
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