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E n e r g y Min imizat io n a n d Directionalit y i n Phonologica l  Theorie s 

David S. Touretzky and Xuemei Wang 
School  o f  Compute r  Scienc e 
Carnegi e Mello n Universit y 

Pittsbuigh ,  P A 1521 3 

Abstrac t 

Goldsmith (1990.1991) and Lakoff (in press) have 
bot h propose d phonologica l  theorie s involvin g par -
alle l  constrain t  satisfaction ,  an d makin g explici t  ref -
erenc e t o Smolensky' s (1986 )  harmon y theory .  W e 
sho w her e tha t  th e mos t  straightforwar d implemen -
tatio n o f  phonologica l  constrain t  satisfactio n mod -
el s a s spi n glasse s doe s no t  work ,  du e t o th e nee d fo r 
directionalit y i n constraints .  Imposin g directional -
it y negate s som e o f  th e advantage s hope d fo r  fro m 
suc h a  model .  W e hav e develope d a  neura l  networ k 
tha t  implement s a  subse t  o f  th e operation s i n th e 
Goldsmit h an d Lakof f  phonologica l  theories ,  bu t 
prope r  behavio r  require s asymmetri c connection s 
and essentiall y  feed-forwar d processing .  Afte r  de -
scribin g th e architectur e o f  thi s networ k w e wil l 
move o n t o th e issu e o f  whethe r  spi n glas s model s 
ar e reall y a n appropriat e metapho r  fo r  phonologica l 
systems . 

Introductio n 

Goldsmith (1990,1991) and Lakoff (in press) have both 
propose d phonologica l  theorie s involvin g paralle l  con -
strain t  satisfaction ,  an d makin g explici t  referenc e t o 
Smolensky' s (1986 )  harmon y theory .  Thes e proposal s 
hav e bee n criticize d b y Touretzk y an d Wheele r  (Touret -
zky ,  1989 ;  Touretzk y &  Wheeler ,  1990a ;  Wheele r  & 
Touretzky ,  i n press )  a s computationall y infeasible .  The y 
offe r  a n alternativ e theor y usin g deterministi c  rules ,  wit h 
no reapplication ,  tha t  i s implementabl e b y purel y feed -
forwar d circuitr y (Touretzk y &  Wheeler ,  1991) .  Gold -
smit h (persona l  communication )  ha s i n tur n criticize d 
thi s theor y o n th e ground s tha t  i t  ma y no t  b e powCT -
fu l  enoug h t o handl e th e complexit y o f  rul e interaction s 
foun d i n som e huma n languages .  A n answe r  t o thi s chal -
leng e await s furthe r  wor k b y Wheele r  an d Touretzky . 

Smolensky' s harmon y theor y i s  equivalen t  t o th e 
Boltzman n machin e mode l  o f  Hinto n &  Sejnowsk i 
(1986) ,  an d thu s fall s int o th e categor y o f  spi n glas s 
energ y minimizatio n model s (Hopfield ,  1982) .  Her e w e 
wis h t o addres s th e origina l  criticis m directe d a t  th e con -
strain t  satisfactio n proposal :  tha t  i t  i s no t  obviou s ho w 

suc h model s coul d b e implemente d i n a  spi n glas s ar -
chitecture ,  an d eve n i f  the y could ,  th e compulatio n re -
quire d t o find  a  max imu m harmony/minimu m energ y 
stat e woul d b e excessive . 

I n thi s pape r  w e sho w tha t  th e mos t  straightforwar d 
implementatio n o f  phonologica l  constrain t  satisfactio n 
model s a s spi n glasse s doe s no t  work ,  du e t o th e nee d 
fo r  directionalit y  i n constraints .  Imposin g directionalit y 
negate s som e o f  th e advantage s hope d fo r  fro m suc h a 
model .  W e hav e develope d a  neura l  networ k tha t  im -
plement s a  subse t  o f  th e operation s i n th e Goldsmit h 
and Lakof f  phonologica l  theories ,  bu t  prope r  behavio r 
require s asymmetri c connection s an d essentiall y  feed -
forwar d processing .  Afte r  describin g th e architectur e o f 
thi s networ k w e wil l  mov e o n t o th e issu e o f  whethe r 
spi n glas s model s ar e reall y a n appropriat e metapho r  fo r 
phonologica l  systems . 

The Goldsmith and Lakoff Models 

Goldsmit h an d Lakof f  utiliz e simila r  three-leve l  models , 
wher e th e level s ar e labele d M (underlying ,  o r  morpho -
phonemic) ,  W (word) ,  an d P  (surface ,  o r  phonetic). *  Se e 
Figur e 1 .  Th e initia l  underiyin g for m o f  a  wor d i s de -
note d M l .  Fre e reapplicatio n o f  unordere d intra-leve l 
( M , M )  rule s produce s a  ne w string .  A/, .  Interaction -
free ,  paralle l  applicatio n o f  inter-leve l  (M ,  W )  rule s the n 
produce s th e initia l  W-leve l  representation ,  VVi .  Th e 
proces s continue s wit h free  reapplicatio n o f  unordere d 
\ w , W )  rules ,  paralle l  applicatio n o f  {W,P )  rules ,  an d 
finally,  free  reapplicatio n o f  unordere d (P,P )  rules . 

A sampl e derivatio n i n thi s formalism ,  take n fro m 
Lakof f  (i n press) ,  i s show n below .  Th e dat a come s from 
Yawelmani ,  a n America n India n dialec t  from  Californi a 
(Kenstowic z &  Kisseberth ,  1979) .  Yawelman i  ha s a n 
epenthesi s proces s tha t  insert s a n /i/afte r  th e first  member 
of  a  triconsonanta l  cluster .  I t  als o ha s a  vowe l  harmon y 
process ^  i n whic h roun d vowel s caus e al l  contiguou s 

'i n th e origina l  versio n o f  hi s pape r  Lakof f  calle d thes e 
leve k M ,  P ,  an d F ,  an d Touretzk y an d Wheele r  use d thes e 
label s i n thei r  earlie r  papers .  Subsequently ,  the y an d Lakof f 
adopte d Goldsmith' s notation . 

^Not  t o b e confuse d wit h Smolensky' s harmon y theory ,  a n 
unrelate d us e o f  th e word . 
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M, 

W, 

Pi 

Pn 

(M,  M )  rule s 

(M, W) rules 

(W, W) rules 

(W, P) rules 

(P, P) rules 

Figur e 1 :  Structur e o f  Goldsmith' s model ,  take n fro m 
(Goldsmith ,  1990:324) . 

succeedin g vowel s o f  th e sam e heigh t  t o becom e round , 
back ,  an d non-low .  Th e harmon y rul e ca n b e state d a s a 
{W,  W )  constrain t  a s follows : 

W:  I f  [+syl,+rd,ahigh ]  C o X , 
the n i f  X  =  [+syl,ahigh] , 

the n X  =  [+rd,+back,-low ] 

In /du:ll+hin/"climbs," the (M, W) epenthesis process 
insert s a n /i/afte r  th e first  /!/ .  Thi s epentheti c vowe l  i s  no t 
onl y subjec t  t o th e (W ,  W )  harmon y process ,  i n roundin g 
i t  become s th e trigge r  fo r  harmon y applyin g again ,  t o th e 
vowel  i n /hin/ .  Afte r  a n independen t  lowerin g proces s a t 
iW,P) ,  th e surfac e for m i s [do:lul-hun] . 

M:  d  u :  1  1  -  h  i  n 
W:  d  u :  1  u  1  h  u  n 
P:  d  o :  1  u  1  h  u  n 

Goldsmith and Lakoff see constraints as maximizing 
th e linguisti c "harmony "  o r  well-formednes s o f  a  string . 
Rule s ac t  a s "repai r  strategies "  triggere d b y constrain t 
violation s (Sommerstein ,  1974) ;  the y alte r  th e strin g 
i n language-specifi c  way s s o a s t o bes t  satisf y al l  ap -
plicabl e constraints .  Spi n glas s model s als o perfor m 
constrain t  satisfaction ,  an d thus ,  spi n glasse s ar e a n ap -
pealin g metaphor  fo r  phonologica l  processing .  Bu t  thi s 
analog y i s no t  withou t  problems . 

Criticisms of the Constraint Satisfaction 

Model 

Lakoff ,  i n introducin g hi s theor y o f  "cognitiv e phonol -
ogy. "  argue s tha t  classica l  linguisti c derivation s ar e to o 
length y t o b e take n literall y a s menta l  theorie s o f  phono -
logica l  processing .  However ,  allowin g free  reapplicatio n 
of  unordere d intra-leve l  rule s lead s t o th e sam e so n o f 

length y derivations ,  a t  leas t  i n Goldsmith' s versio n o f  th e 
theory ,  wher e eac h representationa l  leve l  goe s throug h a 
sequenc e o f  form s (e.g. ,  A/i,... ,  Af ,  i n Figur e 1 )  du e t o 
seria l  effect s o f  constraints .  Goldsmit h make s a n anal -
ogy t o travelin g downhil l  i n constrain t  violatio n space . 
(H e als o suggest s i n (Goldsmith ,  1991 )  tha t  a n actua l 
implementatio n woul d us e unit s wit h grade d activation s 
tha t  settl e int o a  minimu m energ y stat e i n a  continuou s 
dynamica l  syste m sor t  o f  way ,  whic h seem s a t  odd s wit h 
th e notio n o f  well-define d symboli c intermediat e states. ) 

Ourinterpretationo f  Lakof f  i s  tha t  h e take s a  nondeter -
ministi c approac h t o derivations ,  suc h tha t  ther e i s onl y 
one for m a t  eac h leve l  rathe r  tha n a  sequenc e o f  forms . 
The tw o requirement s of ,  say ,  a  H -̂leve l  for m ar e tha t  i t 
must  satisf y an y ŝ plicabl e constraint s a t  tha t  level ,  an d 
tha t  it s point s o f  dififerenc e fro m A/-leve l  mus t  al l  b e "li -
censed "  b y som e combinatio n o f  (A/ ,  WO rule s an d (W ,  W ) 
constraints .  Fo r  example ,  rathe r  tha n positin g a n inter -
mediat e Wi  for m /du:lil+hin/resultin g fro m epenthesi s 
i n th e Yawelman i  derivatio n o f  [do:lulhun] ,  Lakof f  goe s 
directl y t o th e final  IV-leve l  for m /du:lul+hun/ ,  whic h i s 
license d b y a  combinatio n o f  (M ,  W )  epenthesis ,  (W ,  W ) 
harmon y applyin g t o th e epentheti c vowel ,  an d (w ,  W ) 
harmon y reapplyin g t o th e vowe l  o f  th e suffi x  /hin/ . 
Thi s abstrac t  notio n o f  licensin g o f  derive d form s avoid s 
addin g sequentialit y  t o th e theory ,  bu t  a t  a  cost :  deduc -
in g th e surfac e for m fro m th e underlyin g for m o f  a  strin g 
require s eithe r  nondeterminis m (no t  availabl e i n actua l 
physica l  computin g devices )  o r  search . 

Structure of Our Model 

A straightforwar d wa y t o encod e constraint s i n a  con -
nectionis t  ne t  i s  a s propositiona l  implications .  Pinka s 
(1991 )  showe d tha t  an y sentenc e i n propositiona l  logi c 
ca n b e encode d direcU y i n a  Hopfiel d ne t  wit h /i-ar y 
(highe r  order )  connections ,  suc h tha t  th e globa l  energ y 
minim a o f  th e networ k correspon d exactl y t o thos e trut h 
assignment s tha t  satisf y th e sentence .  Fo r  example ,  th e 
implicatio n ab c —•  d  woul d b e encode d a s show n i n Fig -
ur e 2  b y a  third-orde r  connectio n amon g a ,  b ,  an d c 
wit h weigh t  - 1 ,  plu s a  fourth-orde r  connectio n amon g 
a,  b ,  c ,  an d d  wit h weigh t  +1 .  Al l  unit s hav e 0/ 1 state s 
and zer o thresholds .  Th e min imu m energ y state s o f  thi s 
networ k ar e thos e wher e eithe r  a t  leas t  on e o f  a ,  b ,  o r  c 
i s  i n stat e 0 ,  o r  al l  fou r  node s ar e i n stat e 1 .  I f  a ,  b ,  an d 
c ar e clampe d on ,  the n afte r  settling ,  d  wil l  b e on .  I f  a  i s 
clampe d o n an d d  i s clampe d off ,  the n afte r  settling ,  a t 
leas t  on e o f  b  an d c  wil l  b e off . 

Figur e 3  show s th e structur e o f  a  portio n o f  ou r  model . 
A segmen t  (phoneme) ,  depicte d a s a  rectangl e i n th e fig-
ure ,  i s  represente d a s a  binar y featur e vector .  B y default , 
eac h M-ltve l  segmen t  i s mappe d t o a n identica l  W-leve l 
segment ;  thi s i s  accomplishe d b y wea k one-to-on e con -
nection s betwee n correspondin g elements .  (A/ ,  W )  rule s 
may alte r  thi s mappin g i n on e o f  thre e ways :  the y ca n 
alte r  individua l  feature s o f  a  segment ,  the y ca n caus e th e 
segment  t o b e delete d b y turnin g o n it s deletio n bi t  a t  W-
level ,  an d the y ca n caus e a  ne w segmen t  t o b e inserte d 
t o th e righ t  o f  th e curren t  segment .  Th e las t  i s  achieve d 
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Figur e 2 :  Encodin g o f  ab c - •  d  i n a  Hopfiel d ne t  wit h 
higher-orde r  connections . 

by turnin g o n th e segment' s insertio n bi t  an d writin g th e 
binar y featur e patter n int o th e associate d insertio n slot , 
whic h appear s belo w an d t o th e righ t  o f  th e segmen t  i n 
th e figure. 

I n orde r  t o permi t  thes e change s t o affec t  th e envi -
ronmen t  o f  subsequen t  rul e applications ,  eac h segmen t 
i s augmente d wit h dynamicall y compute d lef t  an d righ t 
neighbo r  slots ,  show n a s diamond s i n th e figure.  Le t  Del , 
and Ins ,  stan d fo r  th e deletio n an d righ t  inser t  bit s asso -
ciate d wit h segmen t  / .  The n th e lef t  neighbo r  o f  segmen t 
J i s compute d a s show n i n Figur e 4 . 

A simila r  computatio n i s use d t o find  th e neares t  vow -
el s t o th e lef t  an d righ t  o f  a  segmen t  (require d fo r  har -
m o ny rules ,  whic h operat e o n th e "vowe l  tier". )  Inser t 
slot s als o hav e lef t  an d righ t  neighbo r  an d lef t  an d right 
vowe l  slots . 

Thi s rathe r  a d ho c solutio n place s som e limit s o n mul -
tipl e insertio n an d deletio n processes .  I t  i s  no t  possibl e 
t o inser t  mor e tha n on e segmen t  a t  W-leve l  betwee n seg -
ment s tha t  wer e adjacen t  a t  M-levcl ,  sinc e ther e i s onl y 
a singl e insertio n slo t  i n eac h position .  I n orde r  fo r  lef t 
and right  neighbo r  computation s t o wor k correctly ,  i t 
i s  forbidde n t o delet e adjacen t  segments ,  thoug h thi s re -
strictio n coul d b e relaxe d b y increasin g th e complexit y o f 
th e neighbo r  computations .  Finally ,  segment s tha t  hav e 
bee n inserte d b y (Af ,  W )  rule s ca n b e modifie d b y (W ,  W ) 
rules ,  bu t  no t  deleted ,  sinc e th e insertio n slo t  doe s no t 
hav e it s o w n deletio n bit . 

Afte r  th e H -̂leve l  ha s settled ,  th e strin g i s copie d int o a 
fres h buffer ,  removin g an y segment s marke d fo r  deletio n 
and makin g roo m fo r  n e w segment s wher e a n insertio n 
bi t  wa s turne d on .  Finally ,  th e mechanis m fo r  mappin g 
string s fro m W \ o P  leve l  i s  employed ;  i t  i s  identica l  t o 
th e M- io - W mechanis m jus t  described . 

Rule s i n th e mode l  ar e replicate d a t  eac h bufife r  posi -
tion ,  a s i n (Touretzky ,  1989) .  Intra-leve l  rule s ca n refe r 
t o segments ,  thei r  lef t  an d right  neighbors ,  an d th e near -
est  vowe l  t o th e lef t  an d right.  Inter-leve l  rules ,  sinc e 
the y canno t  reapply ,  d o no t  nee d t o conside r  insertio n 
and deletio n bits ;  the y therefor e ca n refe r  t o mor e distan t 
neighbor s wit h n o increas e i n circui t  complexity . 

Directionalit y 

Cross-leve l  rule s hav e a n inheren t  directionality .  Fo r  ex -
ample ,  i f  on e clamp s th e A/-levc l  representatio n an d let s 
th e Vy-Ieve l  portio n o f  th e networ k settle ,  th e applicabl e 
(Af ,  W )  rule s wil l  exer t  thei r  influenc e an d modif y th e W-
leve l  representatio n a s specified ,  jus t  a s clampin g a ,  b , 
and c  i n Figur e 2  wil l  caus e d  t o tur n on .  However ,  a  grea t 
deal  o f  th e powe r  o f  th e Goldsmit h an d Lakof f  model s 
comes fro m i/i/ra-leve l  constraints .  Th e (W ,  W )  harmon y 
constrain t  i s  a  cas e i n point .  Wit h intra-levc l  constraint s 
non e o f  th e relevan t  part s o f  th e representatio n ca n b e 
clamped ;  th e entir e W-leve l  strin g i s movin g downhil l 
i n constrain t  violatio n spac e t o find a  mor e harmoniou s 
state .  Th e proble m i s tha t  ther e i s usuall y mor e tha n on e 
way t o resolv e a  constrain t  violation .  Consu-aint s slate d 
as implication s hav e a n implie d directionalit y o f  infer -
ence ,  bu t  th e straightforwar d encodin g o f  constraint s a s 
symmetri c highe r  orde r  connection s doe s no t  retai n thi s 
directionalit y Specifically ,  i f  node s a ,  b ,  c ,  o f  Figur e 2 
happe n t o b e o n whil e nod e d  i s off ,  th e networ k ca n 
resolv e th e constrain t  violatio n equall y wel l  b y turnin g 
d o n o r  b y turnin g on e o r  mor e o f  a ,  b ,  o r  c  ofif . 

W h en w e implemente d th e Yawelman i  {W ,  W )  har -
m o ny rul e a s a  logica l  implicatio n i n a  higher-orde r  Hop -
field  ne t  versio n o f  ou r  model ,  w e foun d tha t  th e lac k o f 
directionalit y coul d indee d produc e thi s undesirabl e be -
havior . 

I t  i s  o f  cours e possibl e t o replac e a  nondeterministi c 
searc h fo r  satisfyin g trut h assignment s fo r  prepositiona l 
sentence s wit h th e deterministi c applicatio n o f  directe d 
inferenc e rules .  W e di d thi s b y switchin g t o a  mode l 
wit h asymmetri c connections ,  s o tha t  rule s wer e im -
plemente d b y essentiall y  feed-forwar d circuitry .  Th e 
resultin g mode l  succesfull y performe d th e Yawelman i 
derivation s i n Lakoff' s  paper ,  includin g reapplicatio n o f 
th e vowe l  harmon y rul e i n th e exampl e cite d above ,  an d 
wit h a  sligh t  modification ,  als o replicate d Lakoff' s  ex -
ampl e o f  a  M o h a w k derivatio n tha t  involve s si x rul e 
^plications . 

Reconsidering Constraint Satisfaction 

What  doe s th e asymmetri c mode l  jus t  describe d reall y 
say abou t  constrain t  satisfaction ? I t  is ,  afte r  all ,  merel y 
applyin g rule s i n a  deterministic ,  feed-forwar d fashion , 
thoug h i t  employ s som e cleve r  trick s t o mak e thi s happe n 
i n a  connectionis t  framework .  W e hav e severa l  observa -
tion s t o mak e abou t  this . 

First ,  man y phonologica l  processe s appea r  quit e com -
patibl e wit h a  deterministi c model ,  an d d o no t  requir e 
tru e constrain t  satisfaction .  W e woul d no t  clai m tha t 
al l  o f  phonolog y fits  thi s mold ;  Goldsmit h an d other s 
ar e emphati c tha t  i t  doe s not .  Bu t  eve n i n area s lik e 
syllabification ,  wher e on e ca n easil y imagin e multipl e 
constraint s competin g t o mar k a  consonan t  a s a n onse t 
or  a  coda ,  Touretzk y &  Wheele r  (1990b )  hav e show n 
tha t  ther e ar e perfectl y adequat e paralle l  bu t  determinis -
ti c  accounts .  S o w e remai n skeptica l  abou t  th e nee d fo r 
constrain t  satisfactio n a s a  computationa l  mechanism . 
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MSeg 

W se g 

O ins .  bi t 

O del .  bi t 
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mappin g 
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O Ho i 
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bi t 
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W 

(M.W) 
rule s 

seg 

W 

MSeg 

W se g 

W Inser t O ins .  bi t 

O del .  bi t 

W Inser t 

lef t  righ t 
neighbo r  neighbo r 

Figur e 3 :  A  portio n o f  th e circuitr y o f  ou r  phonologica l  model . 

Lef t  neighbo r  o f  i  = 

inser t  slo t  /  -  1 
segment  /  -  1 
inser t  slo t  i  -  2 
segment  /  -  2 

i f  Ins , 
i f  Ins , 
i f  Ins , 
i f  Ins , 

- 1 =  1 
_i  = 0 an d De l 
_i  = 0 an d Del , 
_i  = 0 an d Del , 

- 1 = 0 
- 1 =  1  andlns,_ 2 =  0 
- 1 =  1  an d Ins,_ 2 =  0 

Figur e 4 :  Formul a fo r  th e lef t  neighbo r  o f  a  segment . 

Furthe r  investigatio n i s require d o n thi s point . 
A secon d point ,  though ,  i s  tha t  ther e i s a  tensio n 

betwee n th e computationa l  flavor  o f  spi n glas s model s 
(symmetri c connections ,  nondeterministi c behavior )  an d 
th e directe d wa y phonologica l  system s resolv e constrain t 
violations .  Thi s bring s u s bac k t o th e traditiona l  separa -
tio n o f  constraint s fro m repai r  strategies .  Th e linguisti c 
motivatio n fo r  thi s ha s bee n parsimony :  th e sam e repai r 
strateg y ma y b e used  t o fix  severa l  constrain t  violations , 
but  i t  shoul d onl y hav e t o b e state d once. '  Th e com -
putationa l  motivatio n fo r  suc h a  separatio n ha s receive d 
les s attention ,  perhap s becaus e phonologica l  theorie s ar e 
rarel y implemented .  Bu t  i t  n o w seem s tha t  i f  al l  seg -
ment s ar e potentiall y  subjec t  t o modificatio n (a s i s th e 
cas e wit h intra-leve l  constraints) ,  an d rule s ca n freel y 
reappl y (s o clampin g o f  rul e antecedent s i s  no t  possible) , 
the n ther e ca n b e n o straightforwar d mappin g o f  linguis -
ti c contraint s int o a n energ y minimizatio n mode l  du e t o 
th e los s o f  directionality . 

Compar e thi s situatio n wit h Touretzk y &  Hin -
ton' s (1988 )  distribute d connectionis t  productio n syste m 
(DCPS) ,  a  Boltzman n machin e tha t  used  simulate d an -
nealin g t o matc h productio n rule s agains t  workin g m e m-
ory .  Rule s coul d reappl y i n D C P S ,  bu t  ther e wer e tw o 
crucia l  difference s fro m th e phonologica l  model .  Onl y 
one rul e coul d appl y a t  a  time ,  an d afte r  eac h rul e appli -

^Sommerstei n (1974) ,  cite d i n Goldsmit h (1990:321 )  show s 
five  phonotacti c constraint s i n Lati n tha t  shar e a  repai r  strategy . 

catio n th e stat e o f  workin g memor y wa s latche d t o pro -
vid e a  stead y inpu t  fo r  th e nex t  rul e match .  O n e coul d 
of  cours e d o th e sam e thin g i n th e phonologica l  model , 
whic h woul d brin g u s bac k onc e agai n t o sequentia l  rul e 
application .  Bu t  i t  i s  th e potentia l  fo r  simultaneou s ap -
plicatio n an d interactio n o f  multipl e rule s tha t  make s th e 
constrain t  satisfactio n mode l  interesting . 

Conclusions 

We hav e show n h o w t o implemen t  a  limite d versio n o f 
th e Goldsmit h an d Lakof f  proposal s usin g connectionis t 
styl e hardwar e wit h asymmetri c connections .  However , 
th e rea l  contributio n o f  thi s pape r  i s a  negativ e result , 
namely ,  tha t  whe n yo u loo k closel y a t  th e details ,  en -
erg y minimizatio n i n spi n glas s model s i s no t  a s ap t  a 
metapho r  fo r  linguisti c constrain t  satisfactio n a s previ -
ousl y thought .  I n phonology ,  directionalit y i s  important . 

Thi s no t  t o sa y tha t  constrain t  satisfactio n doe s no t 
exis t  i n phonology ,  bu t  w e mus t  decid e whic h feature s o f 
th e proposa l  ar e mos t  importan t  t o preserve .  I f  w e wan t 
constraint s t o direc t  th e applicatio n o f  repai r  strategies , 
the n w e m a y hav e t o replac e th e notio n o f  derivatio n 
as massivel y paralle l  settlin g int o ener y minim a denot -
in g well-forme d string s wit h a  mor e sequentia l  for m o f 
derivatio n b y succesiv e repairs .  Thi s woul d appea r  t o un -
dermin e Lakoff' s  (an d our )  goa l  o f  a  mode l  fas t  enoug h 
t o b e cognitivel y pausible . 

Alternatively ,  w e coul d giv e u p th e linguist' s  goa l  o f 
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parsimon y an d abando n th e separatio n o f  constraint s an d 
repair  strategics .  Constraint s woul d becom e muc h mor e 
complicate d structure s tha t  includ e knowledg e o f  no t 
jus t  individua l  repai r  strategies ,  bu t  als o desire d rul e in -
teractions .  I n thi s wa y w e coul d maintai n efficienc y o f 
derivation s -  a t  th e cos t  o f  mor e comple x rules. * 

Can th e spi n glas s approac h b e salvaged ? I t  i s  con -
ceivabl e tha t  a  mor e comple x encodin g o f  phonologica l 
constraint s int o a  spi n glas s mode l  coul d preserv e direc -
tionalit y a s a n additiona l  typ e o f  constraint .  Thi s woul d 
see m t o requir e tha t  point s o f  applicatio n o f  a  partic -
ula r  constrain t  b e explicitl y  represented  a s par t  o f  th e 
network' s final  state ,  resultin g i n a  derivatio n tha t  wa s 
annotate d wit h licensin g information. ^  W e thin k thi s 
ide a deserve s furthe r  study . 
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