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P h o n o l o g i c a l  R u l e I n d u c t i o n :  A n Arch i tec tu ra l  So lu t io n 

Davi d S .  Touretzky' ,  Gillett e Elvgre n III' ,  an d Deirdr e W .  Wheeler ^ 

* School of Computer Science ^Department of Linguistics 

Carnegi e Mello n Universit y Universit y o f  Pittsburg h 

Pittsburgh ,  P A 1521 3 Pittsburgh ,  P A 1526 0 

Abstract :  Acxjuirin g phonologica l  rule s i s hard ,  especiall y whe n the y d o no t  describ e gen -

eralization s tha t  hol d fo r  al l  surfac e forms .  W e believ e i t  ca n b e mad e easie r  b y adoptin g 

a mor e cognitivel y natura l  architectur e fo r  phonologica l  processing .  W e briefl y revie w th e 

structur e o f  M ^ P ,  ou r  connectionis t  Man y Map s Mode l  o f  Phonology ,  i n whic h extrinsi c rul e 

orderin g i s virtuall y eliminated ,  an d "iterative "  processe s ar c handle d b y a  paralle l  clusterin g 

mechanism .  W e the n describ e a  progra m fo r  inducin g phonologica l  rule s fro m examples .  Ou r 

examples ,  draw n fro m Yawelmani ,  involv e severa l  comple x rul e interactions .  Th e paralle l 

natur e o f  M ^ P rul e applicatio n greatl y simplifie s th e descriptio n o f  thes e phenomena ,  an d 

makes a  computationa l  mode l  o f  rul e acquisitio n feasible . 

1. Introduction 

In previous publications [10-14] we described our work on a connectionist approach to phonology in-

spire d initiall y  b y th e idea s o f  Joh n Goldsmit h [2 ]  an d Georg e Lakof f  [6,7] .  Ou r  "Man y Map s Mode l 

of  Phonology, "  M-^P ,  i s a n attemp t  t o provid e a  computationa l  accoun t  fo r  bot h th e regularitie s an d 

pecuUaritie s o f  huma n phonologica l  behavior .  Th e paralle l  rul e formalis m w e develope d i s constraine d 

by propertie s o f  a n underlyin g connectionis t  sequenc e manipulatio n architecture .  W e suggeste d tha t  rul e 

acquisitio n shoul d b e easie r  i n thi s paralle l  formalis m tha n i n th e classica l  generativ e formalism ,  becaus e 

rul e orderin g constraint s ar e virtuall y eliminated ,  an d iterativ e rul e application ,  suc h a s require d fo r  vowe l 

harmony ,  i s replace d b y a  singl e applicatio n o f  a  clusterin g rule . 

I n thi s pape r  w e presen t  som e experimenta l  evidenc e t o suppor t  ou r  clai m tha t  rul e acquisitio n i s mor e 

tractabl e i n th e M ^ P formalism .  W e describ e a  rule-learnin g progra m tha t  examine s a  se t  o f  underlyin g 

and surfac e form s an d induce s rule s t o accoun t  fo r  th e differences .  Ou r  progra m i s language-independent , 

but  fo r  reason s o f  spac e w e wil l  confin e ou r  discussio n t o example s fro m a  singl e language .  W e choos e th e 

Yawelman i  dialec t  o f  Yokut s (a n America n India n languag e fro m California )  becaus e i t  combine s severa l 

interestin g processe s i n a  smal l  numbe r  o f  examples :  epenthesis ,  lowering ,  shortening ,  an d vowe l  harmony . 

Our  Yawelman i  dat a com e fro m Kenstowic z &  Kissebert h [4] ,  wh o dra w o n dat a fro m Newman [9 ]  an d 

th e analysi s o f  Kurod a [5] .  Lakof f  offer s a n alternativ e t o th e Kenstowic z &  Kissebert h analysi s i n [7] . 

Of  course ,  human s ar e no t  supplie d wit h underlyin g form s whe n the y lear n thei r  language ,  s o i n thi s 

respec t  a t  least ,  ou r  progra m i s no t  a  realisti c mode l  o f  huma n languag e acquisition .  However ,  w e 

vie w i t  a s a n importan t  first  ste p towar d mor e ambitious ,  human-lik e models .  W e ar e awar e o f  n o 

othe r  phonologica l  rul e learnin g program ,  connectionis t  o r  otherwise ,  tha t  ca n dea l  wit h comple x rul e 

interaction s o f  th e sor t  foun d i n Yawelman i  an d man y othe r  languages .  Phonologica l  rul e acquisitio n 

i s simpl y a  har d problem .  Ou r  purpos e her e i s t o sho w tha t  i t  ca n b e mad e les s har d b y adoptin g a 
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mor e cognitivel y natura l  architecture .  W e includ e a  detaile d discussio n o f  Yawelman i  phonolog y belo w 

t o underscor e th e complexit y o f  th e task .  Non-linguist s ca n safel y ski m th e followin g section . 

2. The Facts of Yawelmani 

In the following discussion we will focus on four rules from Yawelmani, all involving vowels. The 

(underlying )  phonemi c an d (surface )  phoneti c vowe l  system s fo r  Yawehnan i  ar e give n below .  Colon s 

denot e lon g vowels .  Not e tha t  ther e ar c n o lon g hig h vowel s (/i: /  o r  /u:/ )  a t  th e surface ,  an d tha t  /e /  an d 

/e: /  d o no t  exis t  phonemically . 

Phonemi c (underlying )  Phoneti c (surface ) 

i/i : u/u : 

o/o : 

a/a : 

i 

e/e : 

u 

o/o : 

a/a : 

1 
+ 

— 

u 
+ 

+ 

0 
-

+ 
— 

a 
-

— 

i : 
+ 

-

+ 

u: 
+ 

+ 

+ 

o: 
— 

+ 

+ 

For  typographica l  convenience ,  followin g Kenstowic z &  Kisseberth ,  th e shor t  an d lon g mi d vowel s ar e 

represented  her e a s *e '  an d 'o' ,  althoug h phoneticall y the y ar e actuall y [e ]  an d [d] .  Give n thi s phonemi c 

inventory ,  w e hav e evidenc e fo r  th e followin g distinctiv e featur e analysi s o f  th e vowel s o f  Yawelmani : 

a: 

hig h 

roun d 

lon g - - - -  +  +  +  + 

Suffixe s i n Yawelman i  exhibi t  alternation s betwee n non-roun d an d roun d vowels .  Th e basi c patter n i s tha t 

a vowe l  i s pronounce d roun d (an d back )  i f  immediatel y precede d b y a  roun d vowe l  o f  th e sam e height , 

tha t  is ,  u- i  become s u-u ,  an d o- a become s o-o .  Not e th e alternatio n o f  -hin/-hu n an d -al/-o l  below : 

xat-hi n 'eats '  xat-a l  'migh t  eat ' 

bok'-hi n 'finds '  bok'-o l  'migh t  find' 

xil-hi n 'tangles '  xil-a l  'migh t  tangle ' 

dub-hu n 'lead s b y th e hand '  dub-a l  'migh t  lea d b y th e hand ' 

Roundin g applie s iteratively ,  throughou t  a n entir e word ,  a s illustrate d i n th e followin g examples : 

Underlyin g Surfac e Glos s 

/dub-wis-mi /  [dub-wus-mu ]  'havin g le d eac h othe r  b y th e hand ' 

A'ul-sit-hin /  [t'ul-sut-hun ]  'bum s for ' 

Returnin g no w t o th e vowe l  inventorie s o f  Yawelmani ,  i t  i s  wort h notin g agai n tha t  ther e ar e n o underlyin g 

segment s /e /  an d /e:/ .  Th e surfac e segment s [e ]  an d [e: ]  ar e derive d fro m fv. /  throug h th e applicatio n 

of  tw o rules :  Lowerin g an d Shortening .  Al l  lon g vowel s lower ,  an d vowel s i n close d syllable s shorten . 

These rule s ar e show n below ;  th e $  denote s a  syllabl e boundary . 

Yawelmani  Lowerin g Yawelman i  Shortenin g 

[+lgl ^ [-"'SW V^ [-lo„gl/.C$ 

Evidence for shortening comes from paradigms like the following, which show an alternation in vowel 

lengt h (suc h a s o:/ o o r  a:/a )  i n th e root .  Notic e tha t  th e shor t  variant s ar e followe d b y tw o consonants ; 

thei r  syllabl e structur e i s C V C $ C V ( C ) ,  wit h th e first  vowe l  satisfyin g th e environmen t  fo r  shortening . 

349 



Nonfutur e 

dos-hi n 

lan-hi n 

Imperativ e 

dos-k' o 

lan-k' a 

Dubiiaiiv e 

do:s-o l 

la:n-a l 

Futur e 

do:s-e n 

la:n-e n 

'report ' 

'hear ' 

We no w argue ,  i n agreemen t  wit h previou s researchers,  tha t  no t  onl y doe s [e ]  deriv e fro m a  hig h underlyin g 

vowel ,  bu t  som e occurrence s o f  [o ]  d o a s well .  I n particular ,  th e underlyin g for m o f  th e roo t  [c'om- ] 

"destroy "  shoul d b e /c'u:m-/ .  On e sourc e o f  evidenc e fo r  thi s i s harmony .  I f  th e underlyin g for m 

wer e /c'o:m-/ ,  th e non-futur e for m woul d b e *[c'om-hin] ,  bu t  i t  i s  actuall y  [c'om-hun] .  Lx)werin g an d 

shortenin g J^pl y ord y afte r  harmon y ha s ha d it s effect .  Thi s als o explain s wh y w e ge t  [c'om-al ]  (n o 

rounding  o f  th e suffi x  vowel) ,  no t  *[c*om-ol] .  Compar e thi s wit h th e root  meanin g 'report, '  whic h i s 

underlyingl y /do:s-/ .  an d trigger s harmon y a s expected ,  givin g [do:s-ol] ,  no t  *[do:s-al] . 

c'o:m-a l  migh t  destroy '  do:s-o l  'migh t  report' 

c'om-hu n 'destroys '  dos-hi n 'reports ' 

The interactio n o f  harmony ,  lowering ,  an d shortenin g i s illustrate d below : 

/c*u:m-al /  /c'u:m-hin / 

harmon y — u 

lowerin g o :  o : 

shortenin g — o 

[c'o:mal ]  [c 'omhun ] 

Ther e i s anothe r  se t  o f  apparen t  counterexample s t o harmony ,  i n tha t  a  sequenc e o f  vowel s tha t  agre e 

i n heigh t  a t  th e surfac e d o no t  agre e i n rounding  (o-e) ,  an d vowel s tha t  disagre e i n heigh t  d o agre e i n 

rounding  (u-o) : 

bok'-e n 'wil l  find'  xat-e n "wil l  eat ' 

dub-o n "wil l  lea d b y th e hand *  giy*-e n 'wil l  touch ' 

Notic e tha t  i n [dub-on ]  th e surfac e non-hig h vowe l  o f  th e suffi x  appear s rounded  afte r  a  hig h vowe l  i n th e 

roo t  Her e again ,  th e regularit y i n th e syste m reemerge s i f  w e assum e tha t  th e futur e suffi x i s  underiyingl y 

lon g an d high ,  i.e. ,  /-i:n/ .  I t  surface s a s [-en ]  throug h th e combine d effect s o f  lowerin g an d shortening , 

or  a s [-on ]  i f  harmon y ha s applie d first. 

Ther e i s on e additiona l  rul e involvin g vowel s tha t  interact s wit h vowe l  harmony ,  namel y epenthesis . 

Ther e i s a  clas s o f  root s o f  th e for m C V C C-  whic h hav e alternant s o f  th e for m CVCiC -  o r  CVCuC-

dependin g o n th e precedin g vowe l  an d th e effect s o f  harmony . 

?ugn-a l  'migh t  drink '  ?ugun-hu n 'drinks ' 

logw-o l  'migh t  pulverize '  logiw-hi n 'pulverizes ' 

Qeariy ,  epenthesi s precede s vowe l  harmony .  Thi s i s  ftjrther  supporte d b y example s lik e [logiw-xa ]  'let' s 

pulverize' ,  derive d fro m /logw-xa/ ,  i n whic h th e appearanc e o f  th e epentheti c vowe l  block s rounding  fro m 

applyin g t o th e final  vowel . 

To summarize ,  th e phonologica l  syste m o f  Yawelman i  offer s a n exampl e o f  a  ver y comple x se t  o f 

interaction s betwee n independently-motivate d rules .  Th e classica l  generativ e analysi s o f  thi s dat a depend s 

heavil y o n ordere d applicatio n [4,5] ,  bu t  learnin g thes e rule s woul d b e easie r  i n a n architectur e wher e 

the y coul d appl y simultaneously .  Anothe r  facto r  complicatin g learnin g i s tha t  th e environmen t  o f  vowe l 

hannon y i s onl y regular  a t  th e abstrac t  underiyin g level ;  th e alternation s attributabl e t o harmon y ar e no t 

completel y systemati c base d solel y o n surfac e forms . 
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3.  Th e "Man y M a p s "  Architectur e 

As an alternative to standard generative analyses involving long lists of ordered rules, Lakoff [6,7] 

develop s a  theor y o f  phonolog y whic h i s essentiall y  non-derivationa l  i n character .  "Rules "  ar e replace d 

by "constructions, "  whic h stat e well-formednes s constraint s withi n level s an d correlation s betwee n levels . 

He recognize s thre e levels :  a  morphophonemi c leve l  (M) ,  a  phonemi c leve l  (P) ,  an d a  phoneti c leve l  (F) . 

Our  attempt s t o actuall y implemen t  Lakof f  * s wor k i n a  connectionis t  framewori c le d t o severa l  revision s i n 

th e analysi s o f  Yawelman i  [11,14] .  I n thi s sectio n w e wil l  describ e ou r  analysis ,  the n tur n t o th e questio n 

of  learnin g thi s comple x se t  o f  phonologica l  rule s i n th e nex t  section . 

I n a  generativ e analysis ,  shortenin g come s afte r  lowerin g becaus e onl y lon g vowel s ca n lower .  I n ou r 

model ,  bot h thes e processe s ar e P- F construction s tha t  appl y simultaneously .  Bot h hav e thei r  environment s 

satisfie d a t  P-leve l  an d thei r  change s realized  a t  F-level .  Th e rule s ar e presente d belo w usin g Lakoff' s 

paralle l  mappin g notation : 

Lowering :  P :  [+syll,+long ]  Shortening :  P :  [+syll,+long ]  C  $ 

I  I 

F:  [-high ]  F :  [-long ] 

Vowel  harmon y i s  traditionall y extrinsicall y ordere d befor e bot h lowerin g an d shortening ,  becaus e o f 

th e restriction  tha t  vowel s imdergoin g harmon y mus t  agre e i n height .  I f  harmon y followe d lowering , 

ther e woul d b e n o roundin g i n th e final  vowe l  o f  example s lik e [c'omhun ]  'destroys '  (underlyin g for m 

/c'u:m-hin/) .  Bu t  i n ou r  model ,  vowe l  harmon y i s  anothe r  P- F construction .  I t  applie s simultaneousl y 

wit h th e othe r  tw o P- F rules ;  al l  thre e rule s therefor e hav e thei r  environmen t  a t  P .  Ignorin g iteratio n fo r 

th e moment ,  th e vowe l  harmon y rul e migh t  b e state d as : 

Vowel  Harmony :  P :  [+syll,+round,ahigh ]  C o [+syll ,  ohigh ] 

I 

F:  [+round ] 

An exampl e o f  th e interactio n o f  thes e thre e construction s i s give n below . 

P:  c'u:m-hi n 

I  I  lowerin g an d shortenin g o f  1s t  vowel ,  harmon y o n 2n d 

F:  c' o m-hu n 

The abov e formulatio n o f  harmon y doe s no t  allo w fo r  iterativ e applicatio n i n word s lik e [t'ul-sut-hun ] 

(fro m A'ul-sit-hin/) .  I n ou r  model ,  harmon y i s  actuall y state d a s a  P- F "cluste r  rule. "  Ouste r  rule s us e 

specia l  circuitr y describe d i n [11,14 ]  t o proces s group s o f  segment s undergoin g th e sam e change .  Th e 

cluste r  rul e fo r  harmon y first  identifie s th e cluste r  "trigger "  ( a roun d vowel) ,  an d the n mark s a s cluste r 

"elements "  al l  subsequen t  vowel s i n sequenc e tha t  agre e wit h i t  i n height .  Th e chang e sanctione d b y th e 

ml e i s applie d t o al l  thes e element s simultaneously .  Ou r  cluste r  rule s ar e state d i n a  tabula r  format : 

P- F Ouste r  Rul e fo r  Vowe l  Hannony : 

Cluste r  type :  [+syllabic ] 

Trigger :  [+round ,  ohigh ] 

Element :  [ahigh ] 

Change:  [+round ] 

Our  mode l  als o include s a  syllabifie r  componen t  tha t  i s par t  o f  th e mappin g fro m M-leve l  t o P-leve l  [13] . 

Epenthesi s an d deletio n processe s i n mos t  language s ar e necessitate d b y th e requirement  tha t  string s b e 
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full y  syllabified .  I n Yawelmani ,  epenthesi s serve s t o btx:a k u p consonan t  cluster s whic h woul d otherwis e 

be unsyllabifiable ,  becaus e it s syllabl e type s ar e restricted  t o C V an d C V C [5] .  Sinc e epenthesi s i s a n 

M - P rul e an d harmon y processe s ar e alway s P-F ,  w e correctl y predic t  tha t  th e epentheti c vowe l  [i ]  wil l  b e 

visibl e a t  P-level ,  an d thu s underg o o r  bloc k harmony ,  dependin g o n th e heigh t  o f  th e precedin g vowel . 

The followin g example s illustrat e th e interaction s o f  th e fou r  rule s i n ou r  paralle l  formalism : 

M:  du:ll-a l  M :  du: l  1-hi n 

I  epenthesi s 

P:  du:ll-a l  P :  du:lil-hi n 

I  shortenin g I  I  I  lowering ,  harmon y 

F:  doll-a l  'migh t  climb '  F :  do:iul-hu n 'climbs ' 

Wit h al l  thre e mutatio n rules ,  lowering ,  shortening ,  an d harmony ,  state d a s P- F rules ,  th e proble m o f  rul e 

inductio n i s considerabl y simplified ,  sinc e ther e i s n o nee d t o stipulat e constraint s o n rul e application . 

Thes e ar e determine d b y th e architectur e o f  th e model .  We'r e no w i n a  positio n t o conside r  th e proble m 

of  rul e induction . 

4. The Rule Learning Program 

Our rule learning program takes as input a set of of M-level forms and their corresponding F-level 

realizations .  It s outpu t  i s a  se t  o f  rule s tha t  collectivel y accoun t  fo r  th e difference s betwee n th e tw o 

levels .  W e wil l  discus s th e proces s o f  learnin g th e shortenin g rul e t o illustrat e ho w mutatio n rule s i n 

genera l  ar e acquired .  Eac h rul e account s fo r  a  singl e chang e t o a  singl e segment .  Rul e enviroiunent s 

ar e induce d usin g Mitchell' s  versio n spac e techniqu e [8] .  Rule s hav e tw o environments ,  a  mos t  specifi c 

environmen t  (SPEC )  an d a  mos t  genera l  (GEN) .  Th e SPE C i s th e intersectio n o f  al l  environment s i n 

whic h th e rul e ha s bee n see n t o apply .  Initiall y  th e SPE C i s th e strin g consistin g o f  th e change d segmen t 

of  th e first  exampl e seen ,  an d u p t o thre e segment s o f  contex t  o n eithe r  side .  Th e G E N state s th e minima l 

condition s require d fo r  th e rul e t o apply .  Initiall y  i t  contain s jus t  th e majo r  clas s feature s o f  th e first 

input ,  i.e. ,  sequence s o f  [+cons ]  an d [+syll] ,  represented  belo w a s C s an d Vs .  Whe n th e SPE C an d G E N 

match ,  th e rul e ha s bee n refined  completely . 

Assume th e first  pai r  o f  input s th e learne r  examine s i s /do:shin /  an d [doshin] .  A  compariso n o f  th e tw o 

string s reveals  a  differenc e i n lengt h o f  th e initia l  vowel ,  s o a  prototyp e shortenin g rul e i s created .  Th e 

shortenin g rule' s initia l  S P E C i s <d>o<s$hi> ,  wher e segment s i n angl e bracket s denot e context ,  an d th e 

$ indicate s a  syllabl e boundar y tha t  wa s detecte d b y th e syllabifier .  Th e /o: /  i s  no t  marke d [+long ]  b y 

conventio n i n th e SPEC,  becaus e thi s featur e i s th e on e change d b y th e rule .  Th e rule' s initia l  G E N i s 

< C > V < C C V >.  Whe n shortenin g i s see n t o operat e i n othe r  environments ,  th e G E N wil l  contrac t  t o th e 

minima l  commo n substrin g tha t  characterize s al l  examples ,  namel y <C>V<C> . 

Suppos e th e secon d inpu t  happen s t o b e /c'u:mhin /  an d [c'omhun] .  Ther e ar e thre e difference s i n thi s 

string :  th e initia l  vowe l  lower s an d shortens ,  an d th e fina l  vowe l  rounds.  Th e learne r  wil l  hypothesiz e a 

separat e rul e fo r  eac h change .  Rule s ar e indexe d b y th e change s the y cause ,  s o th e previously-formulate d 

rul e fo r  shortenin g wil l  b e expecte d t o accoun t  fo r  thi s cas e a s well .  Furthe r  example s o f  shortenin g 

hel p t o relax  th e S P E C b y eliminatin g overty-restrictiv e features .  Afte r  incorporatin g th e /c'u:mhin / 

example ,  th e proto-rule' s S P E C i s < C > [V,-Hround ]  <C$hi> .  An d afte r  processin g th e nex t  pair ,  /bok'i:n / 

and [bok'en] ,  th e S P E C become s <C>V<C$> ,  an d th e G E N contract s t o <C>V<C> . 
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Example s wher e shortenin g doesn' t  appl y ar e als o important ,  becaus e the y forc e th e learne r  t o m a k e th e 

G EN mor e specific .  Th e underlyin g for m /do:sal /  satisfie s th e G E N fo r  shortenin g o f  th e first  vowel ,  bu t 

th e surfac e for m [do:sol ]  show s tha t  shortenin g di d no t  i n fac t  happen .  Thi s cause s th e learne r  t o loo k 

fo r  som e featur e o f  th e S P E C tha t  i s absen t  fro m th e G E N an d uniquel y account s fo r  th e rule' s failur e t o 

apply .  I n thi s case ,  th e onl y suc h featur e i s th e cod a maricin g o f  th e final  consonant .  Th e G E N i s update d 

t o < C > V < C $ > ,  whic h matche s th e S P E C ,  an d th e rul e i s n o w complete .  Th e lowerin g rul e i s learne d i n 

a simila r  fashion . 

W h en a  sequenc e o f  vowel s i s observe d t o underg o th e sam e change ,  a  cluste r  rul e i s postulated .  O n th e 

basi s o f  example s suc h a s A'ul-sit-hin/ ,  [t'ul-sut-hun] ,  wher e th e secon d an d thir d hig h vowel s underg o 

rounding ,  th e learne r  create s a  cluste r  rul e fo r  rounding .  I t  generate s single-segmen t  G E N s an d S P E C s 

fo r  th e trigge r  an d elemen t  portion s o f  th e rule ,  an d refines  the m a s i t  processe s additiona l  examples , 

suc h a s /do:s-al/ ,  [do:s-ol] .  Th e trigge r  G E N eventuall y settle s o n [+syll,+round] ,  an d th e elemen t  G E N 

remains  [+syll] .  Unfortunately ,  thes e specification s d o no t  explai n certai n case s wher e vowe l  harmon y 

fail s t o apply ,  suc h a s /do:s-hin/ ,  whic h doe s no t  becom e *[dos-hun] ,  bu t  rathe r  surface s a s [dos-hin] . 

The learne r  collect s correlatio n statistic s o n trigge r  an d elemen t  feature s i n orde r  t o detec t  agreemen t 

relationships  tha t  woul d b e expresse d wit h a  variable s i n conventiona l  rules .  Th e correlatio n matri x 

indicate s tha t  i n al l  case s wher e harmon y applies ,  trigger s an d element s agre e i n height ,  an d i n case s 

wher e harmon y fail s t o apply ,  the y disagree .  Therefor e th e leame r  abandon s th e origina l  harmon y rul e 

and generate s a  pai r  o f  rules .  I n one ,  th e trigge r  an d elemen t  specification s ar e bot h [+high] ,  whil e 

i n th e othe r  the y ar e [-high] .  W e find  thi s solutio n preferabl e t o introducin g variabl e bindin g fo r  a 

featur e [ohigh ]  int o th e clusterin g machinery .  Tha t  woul d increas e th e complexit y o f  th e connectionis t 

architectur e tha t  mus t  implemen t  thes e rules . 

Althoug h w e ar e coverin g epenthesi s las t  i n thi s section ,  th e leame r  i s actuall y designe d t o detec t  an d 

accoun t  fo r  epenthesi s an d deletio n phenomen a first.  The y ca n generall y b e explaine d b y syllabification , 

an M - P process .  A t  thi s stag e i n th e developmen t  o f  th e model ,  th e syllabifie r  relies  o n language-specifi c 

parameter s whic h w e suppl y fo r  Yawelmani ;  i t  doe s no t  ye t  acquir e thes e paramete r  value s o n it s own . 

Learnin g th e M - P epenthesi s proces s i n case s suc h a s /?ugn-hin/ ,  [?ugunhun ]  i s simpl e an d straightforwar d 

give n th e phonotacti c constraint s o f  Yawelmani .  Th e syllabifie r  predict s a n epentheti c vowe l  wil l  appea r 

i n thi s example ;  al l  th e rul e leame r  need s t o d o i s specif y th e qualit y o f  th e vowel .  Th e interactio n o f 

epenthesi s wit h othe r  rule s follow s fro m th e architectur e o f  th e model .  Notic e tha t  thi s automaticall y 

predict s tha t  epenthesi s (M-P )  wil l  fee d harmon y (P-F) ,  a s i t  doe s i n th e [?ugunhun ]  example . 

Afte r  epenthesi s applie s t o th e M-leve l  for m /?ugn-hin/ ,  it s P-leve l  representation  i s /?ugln-hin/ .  Th e 

/I /  i s  a  [+high,-long ]  segmen t  lef t  unspecifie d fo r  roundness ,  becaus e th e epentheti c vowe l  surface s a s 

eithe r  [i ]  o r  [u ]  dependin g o n context .  Th e P-leve l  sequenc e the n form s par t  o f  th e dat a fo r  learnin g th e 

harmon y mle .  Thu s w e se e tha t  whe n learnin g P- F mles ,  th e actua l  inpu t  string s mus t  b e obtaine d b y 

applyin g previously-acquire d M - P processe s t o th e M-leve l  strings ,  rathe r  tha n lookin g a t  th e M-leve l 

string s themselves .  Thi s als o let s th e mode l  naturall y accoun t  fo r  th e failur e t o roun d th e final  vowe l  i n 

/logw-xa/ .  I f  th e harmon y ml e looke d a t  th e underlyin g representation  w e woul d expec t  i t  t o apply ,  bu t 

th e epentheti c hig h vowe l  /I /  appearin g a t  P-leve l  i n /loglw-xa /  block s it ,  sinc e i t  doe s no t  agre e i n height . 

Thi s correctl y predict s th e surfac e for m [logiw-xa] ,  no t  *[logiw-xo] . 

As thi s sectio n ha s shown ,  ou r  ml e leame r  ha s severa l  components .  O n e componen t  learn s S P E C s an d 

G E Ns fo r  ordinar y mles .  Anothe r  leam s th e component s o f  cluste r  mles :  th e cluste r  type ,  S P E C s an d 

G E Ns fo r  th e trigge r  an d element ,  an d th e desire d change .  A  thir d componen t  recognizes  insertio n an d 
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deletio n phenomen a tha t  ca n b e accounte d fo r  b y epenihesis ,  an d s o d o no t  nee d separat e rules .  Eac h 

componen t  correspond s t o a  differen t  piec e o f  th e connectionis l  architectur e tha t  implement s thes e rules . 

5. Discussion 

Our treatment of vowel harmony is notably different from the proposals of Gasser & Lee [1] and Hare [3], 

bot h o f  whic h ar e base d o n propertie s o f  sequentia l  recurren t  networks .  Thei r  model s ar e traine d directl y 

on surfac e sequences ,  an d d o no t  deriv e underlyin g representations  t o expres s regularities,  althoug h the y 

do develo p interna l  "hidden "  representations.  The y focu s o n jus t  harmony ,  an d d o no t  conside r  possibl e 

interaction s o f  thi s proces s wit h othe r  phonologica l  rules .  Hare' s mode l  suggest s tha t  a  vowe l  wil l 

underg o harmon y t o becom e mor e lik e th e trigge r  onl y i f  i t  i s  alread y sufficientl y simila r  t o th e trigger . 

I n Yawelman i  th e crucia l  similarit y governin g harmon y i s height ,  bu t  th e [ohigh ]  constrain t  applie s onl y 

at  th e abstrac t  underiyin g level .  I t  i s  violate d o n th e surface ,  becaus e lon g hig h vowel s servin g a s trigger s 

or  element s subsequentl y underg o lowering . 

Insertion s an d deletion s ar c alway s handle d a t  M- P i n ou r  mode l  (usuall y b y th e syllabifier) ,  an d mutation s 

at  P-F .  Thi s work s fine  fo r  th e example s we'v e trie d fro m Yawelman i  an d othe r  languages ,  an d i s 

suggestiv e o f  a  mor e genera l  patter n acros s languages .  However ,  i t  remains  a n ope n questio n whethe r  al l 

language s fal l  int o thi s pattern .  I f  necessary ,  w e ca n introduc e additiona l  mechanism s t o allo w rule s t o 

migrat e betwee n M- P an d P- F t o establis h th e correc t  feedin g an d blockin g relations.  W e suspec t  suc h 

mechanism s wil l  ultimatel y b e needed . 

Our  mode l  woul d b e mor e impressiv e i f  i t  develope d it s ow n underiyin g representations  fro m exposur e 

t o aruiotate d surfac e form s alone .  W e se e n o reason  wh y thi s canno t  b e don e i n principle ,  onc e a 

lexica l  componen t  i s adde d t o provid e th e necessar y informatio n (syntacti c o r  semantic )  fo r  recognizing 

allomorphs .  W e ar e explorin g variou s possibilities . 

The mai n result  o f  ou r  wor k t o dat e i s tha t  rul e leamin g ca n b e mad e tractabl e b y adoptin g a  mor e 

cognitivel y natura l  (les s sequential )  formalism .  Ou r  M ^ P architectur e ha s anothe r  advantage :  i t  i s  com -

patibl e wit h a  connectionis t  implementation ,  an d therefor e doe s no t  violat e an y fundamenta l  computationa l 

constraint s associate d wit h neura l  processing . 
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