
UC Merced
Proceedings of the Annual Meeting of the Cognitive Science 
Society

Title
Harmonic Grammar -  A Formal Multi-Level Connectionist Theory of Linguistic Wll-
formedness: Theoretical Foundations

Permalink
https://escholarship.org/uc/item/0ww6k3g3

Journal
Proceedings of the Annual Meeting of the Cognitive Science Society, 12(0)

Authors
Legendre, Geraldine
Miyata, Yoshiro
Smolensky, Paul

Publication Date
1990
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0ww6k3g3
https://escholarship.org
http://www.cdlib.org/


H a r m o n i c G r a m m a r  -  A  fo rma l  multi-leve l  connectionis t  theor y o f 

linguisti c wel l - formedness :  Theoretica l  foundation s 

Geraldine Legendre'•^ Yoshiro Miyata'-^'*, Paul Smolensky''"''* 

^Institute of Cognitive Science, ^Department of Linguistics, ^Department of Computer Science, 

& *  Optoelectroni c Computin g System s Center ,  Universit y o f  Colorad o a t  Boulde r 

Abstract 

In this paper, we derive the formalism of harmonic grammar, a conncctionist-based theory of linguistic well-

formedness .  Harmoni c gramma r  i s a  two-leve l  theory ,  involvin g a  lo w leve l  connectionis t  networ k usin g a  particula r  kin d o f 

distribute d representation ,  an d a  second ,  highe r  leve l  networ k tha t  use s loca l  representation s an d whic h approximatel y an d 

incompletel y describe s th e aggregat e computationa l  behavio r  o f  th e lowe r  leve l  network .  Th e centra l  hypothesi s i s tha t  th e 

connectionis t  well-formednes s measur e Harmon) ^  ca n b e use d t o mode l  linguisti c well-formedness ;  wha t  i s crucia l  abou t  th e 

relatio n betwee n th e lowe r  an d highe r  leve l  network s i s tha t  ther e i s a  harmony-preservin g mappin g betwee n them :  the y ar e 

isoharmoni c (a t  leas t  approximately) .  I n a  companio n pape r  (Legendre ,  Miyata ,  &  Smolensky ,  1990 ;  henceforth ,  "LMSi") , 

we appl y harmoni c gramma r  t o a  syntacti c problem ,  unaccusativity ,  an d sho w tha t  th e resultin g networ k i s capabl e o f  a 

degre e o f  coverag e o f  difficul t  dat a tha t  i s  unparallelle d b y symboli c approache s o f  whic h w e ar e aware :  o f  th e 76 0 sentenc e 

type s represente d i n ou r  data ,  th e networ k correctl y predict s th e acceptabilit y  i n al l  bu t  tw o cases .  I n th e presen t  paper ,  w e 

describ e th e theoretica l  basi s fo r  th e tw o leve l  approach ,  illustratin g th e genera l  theor y throug h th e derivatio n fro m firs t 

principle s o f  th e unaccusativit y networ k o f  LMS j . 

Introduction 

Our starting point is the approach to connectionist cognitive modeling called the subsymbolic paradigm (Smolensky, 

1988) : 

(1 )  Hypothese s o f  th e subsymboli c approac h t o cognitiv e modelin g 

a.  Ther e ar e tw o importan t  level s fo r  cognitiv e modeling . 

b.  A t  th e lowe r  level ,  th e natura l  descriptio n o f  th e cognitiv e architectur e i s a s a  massivel y interconnecte d 

networ k o f  simpl e paralle l  numerica l  processin g units :  cal l  thi s LNe t  (Lowe r  leve l  Network) . 

c.  I n LNet ,  element s o f  th e proble m domai n (e.g. ,  i n syntax ,  word s an d phrases )  ar e represente d no t  b y 

individua l  units ,  bu t  a s distribute d pattern s o f  activity ;  a  give n uni t  i n LNe t  ha s n o semanti c interpretatio n 

by itself :  i t  play s a  smal l  par t  i n th e representatio n o f  man y differen t  elements . 

d.  W h e n th e representation s an d computationa l  processin g o f  LNe t  ar c describe d a t  th e highe r  leve l  o f  th e 

semanticall y meaningfu l  activit y patterns ,  w e ge t  description s o f  th e cognitiv e architectur e a t  th e highe r 

level .  Suc h description s wil l  ofte n b e approximate ,  idealized ,  o r  incomplete . 

e.  Unlik e th e lowe r  level ,  description s o f  th e highe r  leve l  ar e no t  computationall y uniform .  Som e o f  thes e 

description s involv e symboli c computatio n wit h har d rules .  Other s involv e loca l  connectionis t  networks ,  i n 

whic h individua l  unit s hav e semanti c interpretation s correspondin g t o thos e o f  th e pattern s o f  LNet .  Suc h 

network s wil l  b e calle d HNet s (Highe r  leve l  Networks) . 

f .  Th e symbol s an d rule s o f  symboli c account s correspon d i n LNe t  t o pattern s o f  activit y an d t o th e aggregat e 

effect s o f  group s o f  connection s o n thes e pattern s o f  activity . 

g.  A n importan t  goa l  o f  connectionis t  modelin g i s t o develo p LNet s supportin g highe r  leve l  description s tha t 

ar e simultaneousl y (i )  sufficientl y clos e t o symboli c cognitiv e theor y t o explai n th e successe s o f  symboli c 

accounts ,  ye t  (ii )  sufficientl y differen t  t o improv e upo n thes e successes . 

The centra l  ide a o f  harmoni c gramma r  i s t o star t  b y partiall y  specifyin g a  LNe t  fo r  a  domai n o f  linguisti c interest ,  an d 

then ,  rathe r  tha n full y specifyin g an d simulatin g it ,  a s i s conventionall y don e i n connectionis t  modeling ,  t o embod y th e mos t 

importan t  aspect s o f  LNe t  i n a  higher-leve l  ne t  HNet .  Thi s model ,  o r  rathe r  a  nolationa l  varian t  o f  it ,  HNet' ,  i s  wha t  get s 

simulated .  HNet '  (or ,  equivalently ,  HNet )  i s  interprete d a s gramma r  fragmen t  expressin g linguisti c regularitie s vi a sof t  rules . 

Wherea s symboli c rule s o f  well-formednes s hav e th e for m (2a) ,  th e sof t  rule s o f  harmoni c gramma r  hav e th e for m (2b) . 

(2 )  a .  Conditio n A "  mus t  neve r  b e violate d i n well-forme d structures . 

b.  I f  Conditio n X  i s violated ,  the n th e well-formednes s (harmony )  o f  th e structur e i s diminishe d b y C^ . 

The statu s o f  th e tw o network s LNe t  an d HNe t  ar e rathe r  different .  Th e leve l  o f  LNe t  i s presumabl y close r  t o ih c 

neura l  level ,  an d therefor e provide s a  mor e appropriat e mode l  fo r  question s relate d t o ncurolinguistic s (althoug h th e 

problemati c relationshi p betwee n connectionis t  an d neura l  models ,  emphasize d i n Smolensky ,  19S8 ,  suggest s cautio n here) . 

For  languag e acquisitio n an d real-tim e languag e processin g models ,  a s well ,  LNe t  woul d presumabl y b e th e mor e appropriat e 

network .  Bu t  fo r  grammar ,  i t  i s  HNe t  tha t  i s  th e focu s o f  attention . 
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Thi s pape r  precede s a s follows .  W c begi n wit h a  numbe r  o f  technica l  preliminarie s which ,  afte r  brie f  introductio n o f 

th e linguisti c proble m o f  unaccusativity ,  motivat e LNet ,  a  partiall y  specifie d lowe r  leve l  mode l  fo r  th e unaccusativit y data . 

We the n deriv e a  correspondin g highe r  leve l  model ,  HNet ,  an d the n it s notationa l  variant ,  HNct' ,  whic h i s th e mode l 

discusse d i n L M S j .  HNe t '  allow s standar d connectionis t  learnin g t o automaticall y extrac t  fro m th e dat a th e constant s C ^  i n 

th e sof t  rule s (b )  o f  harmoni c grammar .  W e clos e b y summarizin g th e methodolog y an d identifyin g s o m e o f  it s nove l 

features . 

Technical preliminaries 

The subsymbolic approach outlined in (1) and its application to the domain of language presents the following research 

challenges ,  a m o n g others ? 

(3 )  A .  Representation : 

1.  Develo p a  formalis m fo r  highe r  leve l  descriptio n o f  distribute d representations :  a  calculu s o f 

pattern s o f  activit y (i t  i s  thes e pattern s tha t  correspon d t o symbols ;  (If) ) 

2.  Appl y thi s calculu s t o th e representatio n o f  constituen t  structur e 

B.  Processing : 

1.  Develo p a  formalis m fo r  highe r  leve l  descriptio n o f  connectionis t  processing :  a  calculu s o f  th e 

aggregat e effect s o f  group s o f  connection s o n pattern s o f  activit y (i t  i s  thes e effect s tha t 

correspon d t o rules ;  (If) ) 

2.  Appl y thi s calculu s t o th e processin g o f  constituen t  structur e 

The nex t  fou r  subsection s successivel y addres s thes e fou r  problems :  A.l ,  A.2 ,  B.l ,  an d B.2 . 

A calculus of patterns of activity 

A natura l  "calculu s o f  pattern s o f  activity "  i s  straightforward :  vecto r  calculus ,  wher e th e vector s ar e th e list s o f 

activatio n value s fo r  th e units .  Th e centra l  ide a o f  distribute d representatio n (Ic )  ca n b e state d ver y simply :  i t  i s  activit y 

vector s (not ,  e.g. ,  individua l  units )  tha t  hav e semanti c interpretations ,  i.e. ,  interpretation s a s element s o f  th e proble m domai n 

(th e kin d o f  informatio n tha t  i s  represente d b y symbol s i n th e symboli c paradigm) . 

I f  differen t  symbol s ar e represente d b y differen t  pattern s o f  activit y ove r  th e sam e se t  o f  units ,  a s hypothesize d i n (Ic) , 

ho w i s i t  possibl e t o represen t  severa l  suc h symbol s a t  once ? Vecto r  calculu s suggest s a  simpl e answer :  b y superimposing , 

i.e ,  addin g together ,  th e vector s representin g th e individua l  symbols .  I n th e symboli c paradigm ,  structure s ar e forme d b y 

some kin d o f  (e.g. ,  strin g o r  tree )  concatenatio n o f  thei r  constituents ;  i n th e subsymboli c approach ,  pattern s combin e b y 

superpositio n rathe r  tha n concatenation .  Thi s principl e i s discusse d a t  som e lengt h i n Smolensk y (1986b) ,  wher e a n 

importan t  consequenc e i s derived :  t o a  give n networ k usin g distribute d superpositiona l  representations ,  ther e correspond s 

anothe r  networ k usin g loca l  representation s whic h provide s a  highe r  leve l  descriptio n o f  th e distribute d network .  Th e forma l 

relatio n betwee n th e lowe r  an d highe r  leve l  model s ca n b e though t  o f  a s a  "rotatio n o f  th e coordinates "  i n th e activatio n 

space ,  s o tha t  th e n e w coordinat e axe s li e alon g th e direction s o f  th e distribute d pattern s wit h semanti c interpretation ; 

alternatively ,  w e ca n thin k o f  thi s relatio n a s changin g variable s fro m th e lowe r  leve l  variable s — units '  activatio n value s — 

t o highe r  leve l  variable s — th e strengt h o f  semanticall y interpretabl e patterns. ' 

Vectorial representation of constituent structure 

H o w ca n simpl e vecto r  additio n replac e concatenation ? O n e basi c proble m tha t  immediatel y suggest s itsel f  i s  tha t  th e 

forme r  i s a  commutativ e operation ,  whil e th e latte r  i s  not ;  e.g. ,  c o r i c a t ( a , b )  =  a b =*  b a =  c o n c a t ( b , a ) ,  whil e 
sum(a,b )  =  a+ b =  b + a =  sum(b,a) .  A  solutio n t o thi s an d relate d problems ,  calle d tenso r  produc t  representations ,  i s 

formalize d an d analyze d i n Smolensk y (i n pres s 1) .  Th e firs t  ste p i s t o recogniz e tha t  vecto r  superpositio n reall y represent s 

conjunctio n rathe r  tha n concatenation,  an d tha t  concatenation ,  an d othe r  structure-buildin g operations ,  ca n b e achieve d 

throug h conjunctio n togethe r  wii h filler/rol e decompositions .  I n suc h decompositions ,  a  structure ,  e.g .  a b c ,  i s describe d a s 

th e conjunctio n o f  a n unordere d se t  o f  proposition s o f  th e form ,  structura l  rol e r  i s  fille d b y / ,  whic h ar e denote d b y tli e 

filler/rol e binding s f/r ;  ihus ,  e.g. ,  a b c i s identifie d wit h th e conjunctio n o f  th e filler-rol e binding s {a//, ,  c/zj ,  b/r2} .  Th e 

vecto r  representin g a b c ,  unde r  thi s filler/rol e decomposition ,  i s  ab c =  a/ri+c/r3+b/r 2 Th e vector s representin g filler/rol e 

bindings ,  e.g .  fc/rj,  ar e constructe d fro m vector s representin g th e unboun d fillers  an d vector s representin g unboun d roles , 

e.g. ,  b  an d r2 ,  b y a n operatio n fro m vecto r  calculu s calle d th e tenso r  product :  b/r 2 =  b O r2 .  Th e tenso r  produc t  i s simila r  t o 

th e oute r  produc t  o f  matri x algebra ,  e.g .  {x ,  y ,  z ) © (a ,  P )  =  (xa ,  x^ ,  yet ,  y^ ,  za ,  z^ )  excep t  tha t  th e resul t  i s 

interprete d no t  a s a  matri x bu t  a s anothe r  vector ;  th e resultin g vecto r  ca n i n tur n b e use d recursivel y i n furthe r  products , 

allowin g recursiv e representation s employin g higher-orde r  tensors .  Smolensk y (i n pres s 1 )  analyze s tlies e idea s — 

decomposition s o f  structure s int o conjunctions  o f  filler/role  bindings ,  th e superpositiona l  representatio n o f  conjunction ,  an d 

representatio n o f  filler/rol e variabl e binding s vi a th e tenso r  produc t  — an d show s tha t  togethe r  the y formaliz e an d generaliz e 

a numbe r  o f  previou s connectionis t  approache s t o representin g structure ,  an d tha t  the y represen t  structure d dat a i n a  w a y tiia t 

naturall y permit s th e usua l  feature s o f  connectionis t  processing ,  e.g. ,  massivel y paralle l  (an d structure-sensitive )  associativ e 

processing ,  gracefu l  degradation ,  an d statistica l  learning. * 
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Thus ,  fo r  th e purpose s o f  thi s paper ,  w e assume : 

(4) Tensor product representation of structure 

At  th e lowe r  level ,  i n LNet ,  a  structur e s  i s represente d b y th e activatio n vecto r  s  =  ̂ ^c^ ^  wher e eac h Cq 

represent s a  constituen t  o f  s ,  whic h i s a  filler/rol e bindin g fjrg ^  wit h respec t  t o som e filler/rol e 

decompositio n o f  5 ;  th e constituen t  vector s ar e ĉ ,  =  f^ O fa ,  wher e f „  an d r ^  ar e activit y vector s 

respectivel y representin g / „  an d r ^  (possibl y recursivel y define d a s tenso r  produc t  representation s 

themselves) . 

A calculus for connectionist processing 

Viewe d a t  th e lowes t  level ,  connectionis t  processin g i s th e sprea d o f  numerica l  activatio n b y som e se t  o f  numerica l 

equation s i n whic h th e connectio n strength s ente r  a s parameters .  A  calculu s o f  th e aggregat e effect s o f  connectio n strength s 

on pattern s o f  activit y relie s o n th e ide a tha t  thes e activatio n equation s ar e tryin g t o achiev e som e characterizabl e en d 

product :  a  patter n o f  activit y tha t  encode s a  se t  o f  inference s whic h i s justifiabl e fro m som e notio n o f  statistica l  inference . 

Smolensk y (1983 ,  1986a )  develope d suc h a  highe r  leve l  description ,  derivin g fro m a  well-define d statistica l  inferenc e 

proble m a  measur e calle d th e harmon y functio n //whos e globa l  max imu m constitute s th e solutio n t o th e inferenc e problem . 

I n a  larg e variet y o f  connectionis t  models ,  th e activatio n function s tur n ou t  t o b e implementin g loca l  maximizatio n o f  thi s 

function ,  whic h ca n b e writte n ver y simply : 

(5 )  //(a )  =  X.fl,vv,.>fl;=aTW a 

wher e a  =  (aj ,  a2 ,  ... )  i s  th e tota l  activit y vecto r  o f  th e network ,  an d W =  {w^j )  i s  th e matri x o f  connectio n weights .  (Th e 

negativ e o i  H  i s ofte n referre d t o a s "energy" ;  Hopfield ,  1982 ;  Hinto n &  Sejnowski ,  1983 ,  1986.J '  I n a  variet y o f  networks , 

includin g bot h feed-bac k an d feed-forwar d architectures ,  eac h updat e o f  th e units '  activation s wil l  increas e H  (Cohe n & 

Grossberg ,  1983 ,  Golden ,  1986 ,  1988 ,  Hopfiel d 1982 ,  1984 ,  1987 ,  Smolensky ,  1983 ,  1986a ,  Hinto n &  Sejnowski ,  1983 , 

1986. )  Thu s fo r  a  majo r  subse t  o f  connectionis t  models ,  i t  i s appropriat e t o regar d th e goa l  o f  th e sprea d o f  processin g t o b e 

th e creatio n o f  a n activatio n vecto r  tha t  maximize s H .  Fo r  th e purpose s o f  formulatin g approximat e highe r  leve l  account s o f 

connectionis t  processing ,  w e wil l  thu s assum e tha t  suc h harmon y maximizatio n i s wha t  processin g i n LNe t  achieves ,  eve n 

thoug h a  mor e detaile d lowe r  leve l  accoun t  migh t  wel l  nee d t o conside r  condition s unde r  whic h th e networ k fail s  t o actuall y 

find  th e globa l  m a x i m u m o f  H .  Thu s fo r  ou r  purpose s w e assum e tha t  unde r  suitabl e approximatio n o r  idealization ,  th e 
followin g holds : 

(6) Principle of harmony maximization 

Give n a n inpu t  vecto r  i  an d connectio n weight s W ,  processin g i n LNe t  establishe s activit y vector s h  an d 0 

ove r  th e hidde n an d outpu t  units ,  respectively ,  tha t  maximiz e //(a) ,  wher e a  =  (i ,  h ,  0 )  an d th e harmon y 

functio n H  i s define d i n (5) . 

Given the connection between H and statistical inference, this principle can be interpreted as follows: the network draws a 

set  o f  inference s tha t  provide s a  bes t  fit  t o th e inpu t  dat a an d th e statistica l  constraint s embodie d i n W (e.g. ,  th e "Bes t  Fi t 

Principle "  o f  Smolensky ,  1988;Golde n 1988) .  Th e valu e of/ /  tha t  i s  achieve d i n thi s maximizatio n proces s i s a  quantitativ e 

measur e o f  th e degre e t o whic h i t  i s  possibl e t o mee t  th e statistica l  constraint s i n \ V b y appropriatel y processin g th e give n 

inpu t  data .  Thi s motivate s th e followin g centra l  assumptio n o f  harmoni c grammar : 

(7 )  Th e H  valu e achieve d i n processin g a n inpu t  i s a  quantitativ e measur e o f  tha t  input' s well-formedness .  A n 

informant' s judgement s o f  acceptabilit y  o f  sentence s ca n b e modele d a s a  monoioni c functio n /  o f  th e 

harmon y value s achieve d i n processin g thos e sentence s (th e highe r  th e harmony ,  th e mor e acceptable) . 

I n thi s paper ,  w e tak e /  t o b e th e particula r  monotonicall y increasin g functio n f {x )  =  (1+e"*)"' :  a  logistic ;  th e sam e 

methodolog y coul d b e carrie d ou t  fo r  an y othe r  choic e o f  (differentiable )  / . 

Connectionis t  processin g o f  constituen t  structur e 

N o w w e brin g togethe r  (4 )  an d (5) ,  assumin g tha t  th e activit y vecto r  a  i n (5 )  i s th e structur e representatio n s  i n (4) . 

The n (6 )  state s tha t  processin g i n LNe t  maximizes : 

(8 )  H is )  =  S M V S  =  Y . y a W IpC p =  So/Z a +  2a ,  p/̂ o .  ? 

Here ,  th e su m 2]a, p i s understoo d t o includ e on e ter m fo r  eac h pai r  o f  distinc t  constituent s c^^c ^  i n s ,  an d th e first-  an d 

second-orde r  harmon y term s ar e define d by : 

(9 )  a .  // a =  c I W c „  =  X^.(cJ,»v,^.(cJ ; 

b.  // ^  p  =  d  W Cp+C J W C „  =  C l  [ W + W ^ ]  C p =  2 ,  _y (Ca) ,  [h', ;  ̂ ^ H ]( c J y 

For example, if .s = abc is decomposed as {a/r,, clr^ b/rj}, then //(abc) = //a/r+''b/r,+^c/r,+'Za/r, b/rj 

+Hgjr ^  c/r,+̂ b/r » c/r, -  ̂ a ' S th e interna l  harmon y associate d wit h constituen t  c,, ,  an d //„ _ p  i s th e pairwis e harmon y arisin g 

fro m combinin g th e constituent s c „  an d C p i n th e sam e structure .  Not e tha t  term s dependin g o n mor e tha n tw o constituent s 

canno t  aris e becaus e H  i s quadratic . 
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N o w i f  ou r  specificatio n o f  LNe t  wer e sufficientl y complet e tha t  w e kne w th e weigh t  matri x W an d th e activit y 

pattern s representin g th e constituent s Cq ,  w e coul d comput e eac h o f  th e term s i n (8 )  throug h th e equation s (9) .  Thi s woul d 

amount  t o computin g a t  th e lowe r  level .  Alternatively ,  w e ca n operat e wit h th e harmon y term s i n (8 )  directly ,  treatin g eac h 

// „  an d H a ,  p  a s a n independen t  variable ;  thi s i s computin g a t  th e highe r  level .  Exploitatio n o f  thi s alternativ e i s a  centra l 

innovatio n o f  harmoni c grammar . 

Th e distinctio n betwee n computin g a t  th e lowe r  an d highe r  level s ca n b e viewe d a s follows .  Equatio n (5 )  expresse s 

th e harmon y a s a  functio n o f  th e lowe r  leve l  variables :  activitie s o f  individua l  unit s an d strength s o f  individua l  weights . 

Equatio n (8) ,  o n th e othe r  hand ,  expresse s th e harmon y a s a  functio n o f  th e highe r  leve l  variables :  th e constituent s i n th e 

structure .  Th e derivatio n o f  (8 )  fro m (5 )  [an d (4) ]  amount s t o a  chang e o f  variable s fro m th e lowe r  leve l  variable s associate d 

wit h unit s an d connection s t o th e highe r  leve l  variable s associate d wit h constituents .  Thes e highe r  leve l  variable s wil l  shortl y 

be use d t o defin e HNet . 

We conclud e thes e preliminarie s wit h a  fe w remarks . 

(10 )  a .  I n a  give n problem ,  som e o f  th e constituent s c ^  wil l  b e "inputs, "  other s wil l  b e "outputs, "  an d stil l  other s 

wil l  b e "hidden "  constituents .  E.g. ,  a  sentenc e interpretatio n mode l  migh t  tak e a s inpu t  constituent s a  strin g 

of  words ,  migh t  produc e a s outpu t  constituent s th e element s o f  som e meanin g representation ,  an d migh t  fil l 

i n a s hidde n constitents ,  say ,  non-termina l  node s i n a  pars e tree .  Th e "inferred "  constituent s — th e hidde n 

and outpu t  constituent s — ar e determine d throug h th e principl e o f  harmon y maximizatio n (6) :  the y ar e th e 

choic e o f  Cq S tha t  maximiz e H  i n (8) . 

b.  Th e highe r  leve l  harmon y value s // „  an d //„ ^  p  wil l  late r  b e interprete d a s th e constant s i n th e sof t  rule s o f 

(b) .  The y wil l  b e compute d b y a  numerica l  fit  t o data .  W h e n i s thi s paramete r  fittin g exercis e appropriatel y 

constrained ? Not e that ,  sinc e H  i n (8 )  i s quadrati c i n th e constituents ,  th e numbe r  o f  differen t  term s tha t 

m ay appea r  o n th e right-hand-sid e o f  (8 )  scale s a s {ftfillers)̂ ,  whil e th e numbe r  o f  possibl e structure s o n th e 

left-hand-sid e o f  (8 )  scale s roughl y a s (Ufillers)*'°''' .  Thus ,  a s th e numbe r  o f  role s i n th e structur e 

increases ,  th e formalis m rapidl y become s mor e an d mor e constrained ,  an d th e significanc e o f  goo d 

paramete r  fi t  become s increasingl y mor e meaningful . 
c.  I s i t  correc t  t o trea t  th e highe r  leve l  harmon y variable s // „  an d H ^  p  a s independent ? Thi s clearl y depend s 

on th e structur e assume d i n LNet .  Crudel y speaking ,  i f  ther e ar e m a n y mor e lowe r  leve l  variable s tha n 

highe r  leve l  variables ,  i t  i s  likel y tha t  an y se t  o f  value s fo r  th e highe r  leve l  variable s H ^  an d H^ ,  p  ca n b e 

achieve d b y som e choic e o f  th e lowe r  leve l  variables ,  th e representation s c< ,  an d weight s W .  O n th e othe r 

hand ,  i f  i t  i s  possibl e t o identif y som e stron g constraint s o n th e lowe r  leve l  variable s — e.g. ,  i f  a  larg e 

number  o f  differen t  constituent s wer e constraine d t o b e represente d a s differen t  activit y pattern s ove r  a 

m u ch smalle r  numbe r  o f  unit s — then ,  effectively ,  ther e migh t  b e fewe r  lowe r  leve l  variable s tha n highe r 

leve l  ones ,  s o tha t  th e spac e o f  possibl e value s fo r  th e highe r  leve l  variable s migh t  b e genuinel y constraine d 

by th e fac t  tha t  the y ar e derive d fro m th e lowe r  level . 

A sample application: Unaccusativity in French 

Unaccusativity 

Sinc e th e proble m o f  unaccusativit y i s discusse d i n som e detai l  i n L M S j ,  w e ar e extremel y brie f  here .  I n man y 

languages ,  i n particula r  French ,  intransitiv e verb s divid e int o tw o classes :  itnergalive s an d iinacciisatives ,  whic h yiel d 

differen t  acceptabilit y  judgement s i n certai n syntacti c environment s calle d diagnosti c context s (here ,  simpl y "contexts") . 

Consider ,  fo r  example ,  th e sentenc e L a glac e es t  facil e a  fair e fondr e "Ic e i s eas y t o mak e melt. "  Here ,  th e diagnosti c contex t 

i s  Objec t  Raisin g o r  "OR, "  whic h i s a  sentenc e fram e es t  facil e a  fair e havin g tw o slots ;  th e first ,  "argument, " 

slo t  i s filled  b y th e N P L a glace ,  an d th e second ,  "predicate, "  slo t  i s filled  b y th e intransitiv e ver b fondre .  Th e dat a o f  L M S ] 

ar e 76 0 suc h Frenc h sentences ,  generate d fro m fou r  differen t  diagnosti c contexts ,  14 3 differen t  intransitiv e verbs ,  an d 

argument s wit h varyin g semanti c features .  Th e patter n o f  acceptabilit y  judgement s fo r  thes e 76 0 sentence s i s quit e complex . 

The acceptabilit y  pattern s acros s differen t  context s o f  roughl y hal f  th e verb s ca n b e explaine d b y a  standar d symboli c 

syntacti c accoun t  whic h postulate s tha t  al l  th e diagnosti c context s hav e well-formednes s condition s requirin g th e argumen t  t o 

be a  dee p Direc t  Objec t  o f  th e predicate ,  an d tha t  eac h intransitiv e ver b i s marke d i n th e lexico n a s requirin g it s argumen t  t o 

be eithe r  a  dee p Subjec t  (unergativ e verbs )  o r  a  dee p Direc t  Objec t  (unaccusativ e verbs) .  Th e othe r  hal f  o f  th e dat a ca n onl y 
be explaine d b y assumin g tha t  th e acceptabilit y  reflect s no t  onl y thes e "structura l  features "  (dee p Subject ,  Direc t  Object) ,  bu t 

als o semanti c feature s o f  th e argumen t  an d predicate .  A t  th e sam e time ,  thes e semanti c feature s alon e d o no t  see m t o b e 

sufficien t  either ;  structura l  an d semanti c feature s ar e bot h require d t o explai n thes e data . 

LNet 

Applyin g (Ig )  an d (4 )  t o th e cas e a t  hand ,  w e assume : 

(11 )  a .  Symboli c structura l  description s o f  sentence s ar e approximat e highe r  leve l  description s o f  th e pattern s o f 

activit y i n a  lowe r  leve l  mode l  LNe t  representin g thos e sentences .  I n particular ,  th e argumen t  o f  a n 

intransitiv e ver b fills ,  amon g othe r  roles ,  eithe r  th e structura l  rol e o f  dee p Subjec t  o r  tha t  o f  dee p Direc t 
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Object . 

b.  I n particular ,  thes e pattern s o f  activit y ca n b e approximate d a s tenso r  produc t  representation s base d o n a 

rol e filler/rol e decompositio n exemplifie d a s follow s fo r  th e vecto r  representin g th e Objec t  Raisin g (OR ) 

sentenc e L a glac e es t  facil e a  [air e fon d re : 

La_glace_est_racile_a_faire_fondr e = 

La_5lace/AR G +  O R / C O N T E XT +  fondre/PRE D +  D I R E C T _ O B J E C T / S T R U C T U RE = 

A + C + P +S 
That  is ,  th e vecto r  representin g a  sentenc e ca n b e approximate d a s th e su m o f  fou r  vectors ,  eac h o f  whic h represent s a  kin d o f 

constituen t  tha t  i s  speciall y designe d fo r  th e particula r  dat a unde r  study :  a n argumen t  A ,  a  contex t  C ,  a  predicat e /* ,  an d a 

"structure "  (dee p grammatica l  function )  5  (eithe r  Subjec t  o r  Direc t  Object) . 

We wil l  no t  furthe r  specif y thi s partia l  descriptio n o f  LNet ;  i n particular ,  w e wil l  no t  specif y vector s representin g th e 

individua l  filler s an d roles .  I n th e mos t  genera l  case ,  thes e vector s ma y b e presume d t o b e full y distributed ,  givin g ris e t o a 

representatio n o f  sentence s i n whic h ever y uni t  i s  par t  o f  th e representatio n o f  eac h constituent ;  i t  wil l  no t  matte r  t o ou r 

analysi s whethe r  thi s full y  distribute d cas e o r  a  mor e localize d specia l  cas e obtains ,  e.g. ,  on e i n whic h th e fou r  role s o f  (lib ) 

ar e localize d t o disjoin t  region s o f  th e network . 

Ther e i s n o particula r  poin t  i n drawin g a  pictur e o f  LNet ;  w e nee d onl y imagin e a  larg e networ k holdin g a 

representatio n o f  th e sentenc e a s a  patter n o f  activit y whic h i s th e su m o f  fou r  constituen t  pattern s (eac h o f  whic h ma y wel l 

involv e activatio n ove r  th e entir e network) ,  accordin g t o (lib) .  Thre e constituent s o f  thi s vecto r  — th e argument ,  context , 

and predicat e — ar e specifie d i n th e input :  th e surfac e wor d strin g o f  a  give n sentence .  Th e fourt h constituen t  — th e 

structur e featur e — i s no t  give n i n th e input ;  i t  i s  "hidden "  (10a) ,  an d mus t  b e inferre d b y th e networ k throug h activatio n 

sprea d t o maximiz e harmony .  Followin g (7) ,  th e degre e o f  acceptabilit y  o f  th e sentenc e t o th e networ k i s take n t o b e / ( / / ) , 

wher e H  i s th e harmon y o f  thi s activatio n pattern ,  an d /  i s th e logisti c function .  I n LNet ,  acceptabilit y  i s a  distribute d 

property ;  ther e i s n o "outpu t  unit "  givin g th e network' s acceptabilit y  judgement . 

W hy d o w e assum e th e filler/rol e decompositio n o f  (lib) ? Becaus e i t  i s  th e simples t  imaginabl e on e wit h whic h t o 

start .  Th e remarkabl e succes s o f  th e consequen t  mode l  provide s som e evidenc e i n favo r  o f  thi s ver y simpl e assumption .  I t 

shoul d b e mad e clear ,  however ,  tha t  th e methodolog y permit s assumin g a  differen t  filler/rol e decompositio n o f  th e sentences , 

and followin g i t  throug h t o a  correspondin g highe r  leve l  mode l  HNe t  operatin g i n term s o f  th e differen t  constituen t  filler/role 

pairs ,  jus t  a s w e n o w d o fo r  th e filler/rol e decompositio n assume d i n (11) . 

HNet 
Combinin g (6) ,  (7) ,  (8) ,  an d (lib) ,  w e have : 

(12 )  Th e acceptabilit y  o f  a  sentenc e s  consistin g o f  th e argumen t  A ,  th e contex t  C ,  an d th e predicat e P  is : 

acceptability(5 )  =  / [maxg / / (A+C+P+S) ] 

wher e S  range s ove r  th e tw o possibl e structures ,  Subjec t  an d Direc t  Object ,  an d 

H ( A + C + P + S )  =  H ^  +Hc+Hf ,  + H s +// ^  c+f^A P ̂ ^a s +f^c p -̂ f̂ c s +Hp s 
Thi s equatio n fo r  H  involve s a  prohibitivel y larg e numbe r  o f  higher-leve l  parameter s H ^  an d //op .  W e eliminat e a  grea t 

many o f  thes e parameter s b y appealin g t o a  numbe r  o f  linguisticall y motivate d constraints : 

(13 )  a .  H ^  :  assum e al l  argument s i n th e sentence s use d ar e equall y well-forme d internall y 

b.  Hp- .  assum e al l  predicate s i n th e sentence s use d ar e equall y well-forme d internall y 

c.  H s :  assum e th e gramma r  ha s n o intrinsi c preferenc e betwee n dee p Subject s an d dee p Direc t  Object s 

d.  H^c' .  assum e th e grammatica l  restriction s o n th e diagnosti c contex t  ca n refe r  onl y t o genera l  semanti c 

feature s o f  th e argumen t  (not ,  e.g. ,  t o specifi c  NPs) ;  w e tak e thes e feature s t o b e V O (volilionality )  an d A N 

(animacy ) 

e.  H^p- .  assum e th e lexica l  entr y fo r  th e predicat e ca n onl y expres s preferenc e fo r  genera l  semanti c feature s o f 

th e argumen t  (again ,  V O an d A N ) 

f .  H^ s ' •  assum e th e grammatica l  preference s fo r  semantic/structura l  correspondence s o f  th e argumen t  ca n onl y 

depen d o n it s genera l  semanti c feature s ( V O ,  A N ) 

g.  H c p '  assum e th e grammatica l  restriction s o n th e diagnosti c contex t  ca n refe r  onl y t o genera l  semanti c 

feature s o f  th e predicat e (not ,  e.g. ,  t o specifi c  verbs) ;  w e tak e thes e feature s t o b e T E (telicity )  an d P R 

(progressivity f 

h.  H c s -  assum e th e grammatica l  restriction s o n th e diagnosti c contex t  ca n refe r  t o th e structur e (Subjec t  vs . 

Direc t  Object )  o f  th e argumen t 

i .  Hps' .  assum e th e lexica l  entr y fo r  a  predicat e ca n includ e a  structura l  preference ,  bu t  no t  a n absolut e bia s o n 

grammaticalit y 

Assumin g thes e constraint s t o hold ,  an d droppin g H^ ,  H p an d // j  becaus e the y d o no t  var y acros s sentence s (13a-c) ,  w e ca n 

rewrit e th e harmon y function : 

(14 )  / / ( A + C + P + S )  =  H c ^ H y Q c + H ^ ^ c ^ H v o , p + H ^  p+Hvo,s'^^AN,s'^^c.TE'^^c.PR'*'^c.s'*'^p. s 
N o w w e recogniz e thi s a s th e harmon y functio n o f  anothe r  network ,  HNet ,  illustrate d i n Figur e 1 .  HNe t  use s a  loca l 
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representation ,  wit h a  singl e uni t  fo r  eac h eac h context ,  argumen t  feature ,  predicat e feature ,  structura l  feature ,  an d individua l 

predicate .  Th e unit s i n HNe t  correspon d t o pattern s i n LNet ;  HNe t  i s a  highe r  leve l  networ k tha t  i s isohannoiii c  t o LNet :  th e 

harmon y o f  correspondin g state s i n th e tw o model s ar e th e same . 

Thi s networ k ca n b e use d t o comput e acceptabilit y  a s follows .  A  give n sentenc e i s represente d ove r  th e inpu t  units . 

We activat e whic h eve r  o f  th e hidde n unit s give s th e greates t  harmony ;  thi s ca n b e achieve d b y havin g th e tw o unit s compet e 

so tha t  th e uni t  wit h th e greate r  ne t  inpu t  wins :  th e ne t  inpu t  t o eac h hidde n uni t  i s  precisel y th e contributio n t o th e tota l 

harmon y tha t  tha t  hidde n uni t  woul d mak e i f  i t  wer e t o hav e activit y valu e 1 .  Th e hidde n unit s thu s ar e a  littl e "winner-take -

all "  grou p i n whic h th e winnin g uni t  get s activit y valu e 1 ,  an d th e other ,  0 .  N o w w e comput e th e harmon y H  o f  th e networ k 

as a  whol e usin g (5 )  (wit h th e variable s // „  an d H „ ^  n o w playin g th e role s i n (5 )  o f  th e weight s  W ) .  Puttin g thi s valu e H 

into/ ,  w e ge t  th e acceptabilit y  / ( / / ) ,  followin g (7) . 

Th e weight s i n thi s networ k ar e th e harmon y value s H ^  an d //q ^  o f  (10) ;  fro m th e poin t  o f  vie w o f  th e origina l  lowe r 

leve l  model ,  eac h o f  thes e weight s represent s th e aggregat e harmon y o f  a  se t  o f  weight s an d activit y vectors ,  a s indicate d i n 

(9) .  We ' d lik e t o wor k backward s fro m th e dat a t o infe r  wha t  thes e aggregat e value s mus t  b e i n orde r  t o produc e th e 

observe d well-formednes s pattern ,  bu t  trainin g th e harmon y value s tha t  ar e distribute d throughou t  thi s networ k i s no t 

straightforward .  A  fe w simpl e modification s i n th e network ,  though ,  wil l  fi x  this . 

HNet ' 
I n orde r  t o perfor m standar d supervise d learnin g fro m th e data ,  w e n o w creat e a  networ k HNet '  tha t  i s  precisel y 

equivalen t  t o HNet ,  bu t  whic h possesse s a  singl e outpu t  O  uni t  whic h explicitl y  compute s acceptability .  Th e mai n trick , 

illustrate d i n Figur e 2 ,  i s  simple :  replac e th e connectio n betwee n inpu t  unit s a  an d | 3 o f  HNet ,  carryin g weigh t  H^^ ,  b y a 

conjunctio n uni t  c„ p whos e activit y i s th e produc t  a„flp ,  an d connec t  c^ p t o O  wit h a  connectio n o f  strengt h //„p .  The n th e 

contributio n t o O  ' s ne t  inpu t  comin g fro m c^ p i s a^a^H^^ ,  whic h i s jus t  th e amoun t  o f  harmon y i n HNe t  contribute d b y th e 

origina l  connectio n betwee n a  an d p .  Thu s th e tota l  ne t  inpu t  t o O  i s th e tota l  harmon y H .  \ i O use s /  t o transfor m it s ne t 

inpu t  t o it s activatio n value ,  the n it s valu e i s exactl y th e acceptabilit y  judgemen t  o f  Figur e 1 . 

Th e onl y remainin g ste p concern s th e hidde n units .  I n definin g HNet' ,  th e tric k o f  replacin g HNe t  connection s wit h 

conjunctio n unit s shoul d no t  b e applie d t o th e connection s t o th e hidde n units ;  thes e connection s jus t  sta y a s i n HNet .  A s 

note d above ,  th e ne t  inpu t  t o eac h hidde n uni t  i s  precisel y th e contributio n t o th e tota l  harmon y tha t  tha t  hidde n uni t  woul d 

make i f  i t  wer e t o wi n th e competition .  Suppos e w e defin e th e activatio n function s o f  HNet" s hidde n unit s so  tha t  thei r 

activit y value s prio r  t o competitio n ar e jus t  equa l  t o thei r  ne t  inputs ;  thi s i s als o thei r  contributio n to// .  T o maximiz e // ,  w e 

le t  thes e tw o unit s compet e s o tha t  th e on e wit h th e highe r  activit y valu e retain s it s  value ,  whil e th e othe r  ha s it s valu e se t  t o 

zero .  N o w ,  th e hidde n unit s sen d thei r  activatio n value s t o O  (alon g connection s wit h strengt h 1) ;  th e hidde n uni t  capabl e o f 

contributin g th e greates t  harmon y send s tha t  harmon y valu e u p O .  whos e ne t  inpu t  n o w include s th e correc t  contributio n 

fro m th e hidde n units ,  namely ,  th e harmon y arisin g fro m pickin g th e structura l  featur e tha t  maximize s harmony . 

The networ k HNet '  w e hav e jus t  defined ,  show n i n Figur e 3 ,  i s  precisel y th e networ k use d i n L M S j ;  an d w e hav e 

complete d it s derivatio n fro m basi c principles .  Thi s networ k ca n n o w b e traine d usin g th e appropriat e for m o f  standar d bac k 

propagatio n (Rumelhart ,  Hinton ,  &  Williams ,  1986) ,  a s describe d i n L M S j .  Not e tha t  th e assumptio n o f  independenc e o f  th e 

highe r  leve l  variables ,  discusse d i n (10c) ,  i s  relevan t  here ,  i f  th e trainin g procedur e incorporate s n o constraint s betwee n 

weights .  Not e als o tha t  th e "learning "  i n HNet '  i s  no t  a  plausibl e mode l  o f  languag e acquisitio n (fo r  on e thing ,  positiv e an d 

negativ e dat a ar e crucial) ;  "learning "  i n HNet '  i s  purel y a  computationa l  procedur e fo r  paramete r  fitting,  a  forma l  tric k fo r 

automatin g ( a particularl y nasty )  par t  o f  th e jo b o f  th e harmoni c grammarian :  determinin g th e numerica l  constant s C ^  i n th e 

sof t  rule s (b) .  Presumably ,  a  plausibl e mode l  o f  rea l  languag e acquisitio n woul d operat e a t  th e lowe r  level ,  i n LNet ,  rathe r 

tha n i n HNet' . 

Summary of the methodology 

Th e methodolo y o f  harmoni c gramma r  exemplifie d abov e ca n b e summarize d a s th e followin g serie s o f  steps . 

(15 )  a .  Choos e a  filler/role  decompositio n fo r  th e structure s whos e well-formednes s i s t o b e accounte d for . 

b.  Postulat e a  lowe r  leve l  mode l  LNe t  usin g a  tenso r  produc t  representatio n wit h thi s filler/role  decomposition . 

c.  Tak e th e formul a (5 )  fo r  th e harmon y o f  LNe t  i n term s o f  it s  weight s an d activities ,  an d chang e variable s .. . 

d.  .. .  t o ge t  a  formul a (8 )  fo r  th e harmon y a s functio n o f  th e constituent s o f  th e structur e bein g represented ; 

thi s functio n involve s aggregate d harmon y value s indexe d b y pair s o f  constituents ;  trea t  thes e value s a s 

independen t  hig h leve l  variables . 

e.  Prun e th e numbe r  o f  thes e variable s b y appealin g t o linguisti c constraint s (a t  least )  unti l  th e numbe r  o f 
variable s i s considerabl y fewe r  tha n th e numbe r  o f  dat a point s t o b e accounte d for . 

f .  E m b o d y th e resultin g harmon y functio n a s a  loca l  connectionis t  networ k HNe t  whos e connectio n strength s 

ar e th e hig h leve l  harmon y variables . 

g.  Creat e HNet '  b y addin g t o HNe t  a n outpu t  uni t  tha t  explicitl y  compute s th e harmon y an d correspondin g 

acceptabilit y  valu e b y mean s o f  additiona l  conjunctiv e unit s an d winner-take-al l  linea r  hidde n units . 

h.  Trai n HNet '  usin g more-or-les s standar d connectionis t  supervise d learning . 
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i .  Interpre t  HNe t '  a s embodyin g sof t  grammatica l  an d lexica l  rules . 

j .  Analyz e thes e rule s fo r  n e w linguisti c insigh t  int o th e origina l  linguisti c problem . 

Ste p (15j )  i s  th e subjec t  o f  curren t  research . 

T h e metho d exhibit s th e followin g nove l  features : 

(16 )  a .  I t  i s  founde d o n a  distribute d lowe r  leve l  connectionis t  mode l  tha t  i s  onl y partiall y  specified . 

b.  I t  operate s primaril y throug h a  highe r  leve l  formalis m tha t  approximatel y describe s certai n aspect s o f  th e 

aggregat e behavio r  o f  th e lowe r  leve l  networ k i n term s o f  another ,  local ,  connectionis t  network . 

c.  Th e grammatica l  an d lexica l  rule s o f  th e formalis m ar e soft ,  an d represen t  a  se t  o f  quantifie d tendencies ; 

but  th e mode l  i s full y  formal ,  i n tha t  i t  make s precis e prediction s (eve n grade d ones )  o f  acceptabilit y o r 

well-formedness . 

d.  Th e strengt h o f  th e sof t  rule s i s determine d automaticall y fro m th e data . 

e.  Existin g linguisti c knowledg e play s th e importan t  rol e o f  constrainin g th e for m o f  th e grammar . 
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F o o t n o t e s 

1. Other conncctionist approaches to linguistics appealing to the notion of harmony include John Goldsmith's "harmonic phonology" (Goldsmith, to 

appear )  an d Georg e Lakoff s "cognitiv e phonology "  (Lakoff ,  1988) . 

2.  I n addition ,  ther e ar e correspondin g problem s relate d t o learning ,  bu t  thes e ar e no t  ye t  relevan t  l o thi s research . 

3.  I n Smolensk y (1986b) ,  th e dynamica l  questio n i s als o considered :  d o th e lowe r  an d highe r  leve l  model s evolv e isomorphicall y i n time ? I n thi s 

paper ,  w e d o a n en d ru n aroun d th e dynamics ,  workin g directl y wit h th e optima l  equilibriu m stale s th e (incompletel y specified )  dynamic s i s tryin g t o find. 

4.  Smolensk y (i n pres s 2 )  use s thi s techniqu e a s th e technica l  basi s fo r  a  repl y t o th e putativ e dilemm a o f  Fodo r  &  Pylyshy n (1988) :  connectionisr a 

must  choos e betwee n associationis t  an d structure-sensitiv e processing . 

5.  Thi s simpl e for m fo r  H  arise s fro m treatin g biase s a s weight s t o a n extr a uni t  wit h constan t  valu e 1 ,  an d treatin g inpu t  line s a s thoug h the y 

originate d i n unit s interio r  t o th e network .  I n thi s form ,  H  i n th e tex t  i s maximize d whe n eac h uni t  achieve s it s maximu m o r  minimu m activatio n values . 

Network s whos e unit s ar e no t  drive n t o thei r  limit s — e.g. ,  quasi-linea r  unit s wit h sigmoi d non-linearities ,  discusse d i n Smolensk y (1986b )  an d ver y popula r 

sinc e Rumelhart ,  Hinton ,  &  William s (1986 )  i n "back-propagatio n networks "  — ca n b e analyze d b y addin g t o / /  a  ter m -^./•(a, )  whic h doe s no t  introduc e 

furthe r  interaction s amon g th e units ,  bu t  i s  designe d t o penaliz e unit s wit h extrem e values .  E.g. ,  fo r  th e popula r  logisti c non-linearit y a, -  =  (1+«"'"''"'')'' ,  w e 

set  A  (a )  =  a\na-^{\-a)\n{\.-a) .  Thi s fiinctio n h ,  lik e th e othe r  term s in// ,  ha s a n interpretatio n i n term s o f  statistica l  inferenc e an d informatio n theory . 

6.  Thi s constrain t  i s  particularl y importan t  sinc e withou t  it ,  ever y pai r  o f  contex t  an d individua l  predicat e woul d hav e it s ow n fre e parameter ,  givin g 

ris e t o 57 2 parameter s o f  thi s typ e alon e — wit h onl y 76 0 dat a point s t o fi x  th e parameters . 
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