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A C T I O N S Y S T E M S:  P L A N N I N G A N D E X E C U T I O N 

Emilio Bizzi 

Departmen t  o f  Brai n an d Cognitiv e Science s 

Massachusett s Institut e o f  Technolog y 

Cambridge ,  Massachusett s 

It has been proposed that the central nervous system (CNS) 

generate s m o v e m e n t  a s a  shif t  o f  th e limb' s equilibriu m posture . 

Thi s equilibrium -  poin t  hypothesi s ha s b e e n corroborate d b y 

experimenta l  result s obtaine d i n studie s involvin g single -  an d 

multi-join t  motions .  W o r k o n single-join t  m o v e m e n t s has ,  i n fact , 

provide d evidenc e fo r  th e spring-lik e behavio r  o f  muscle s an d ha s 

le d t o th e suggestio n tha t  thi s propert y m a y pla y a n importan t  rol e 

i n th e contro l  o f  postur e an d m o v e m e n t .  Thes e studie s suppor t  th e 

ide a tha t  postur e contro l  i s  achieve d b y th e C N S throug h th e choic e 

of  agonist-antagonis t  torque-angl e curve s tha t  determin e th e 

equilibriu m positio n fo r  th e lim b an d th e stiffnes s abou t  th e joints . 

T h e s e result s ar e als o consisten t  wit h th e ide a tha t  th e C N S 

produce s single -  an d multi-join t  a r m trajectorie s b y generatin g a 

contro l  signa l  tha t  define s a  serie s o f  equilibriu m postures .  Thes e 

studie s h a v e achieve d a  unifie d descriptio n o f  postur e an d 

m o v e m e n t .  T h e importanc e o f  th e equilibrium -  poin t  hypothesi s i s 

tha t  i t  drasticall y simplifie s th e computation s th e C N S presumabl y 

m u st  m a k e t o accomplis h multi-join t  m o v e m e n t s .  B e c a u s e th e 

neuromuscula r  syste m i s spring-like ,  a t  eac h instan t  th e differenc e 

b e t w e e n th e arm' s actua l  positio n an d th e equilibriu m positio n 

specifie d b y th e neura l  activit y i s sufficien t  t o generat e th e torque s 

require d fo r  m o v e m e n t .  T h e comple x proble m o f  computin g th e 

torque s a t  th e joint s (th e so-calle d "invers e dynamic "  problem )  i s 

avoided . 

Up to this time, the experimental evidence for the 

equilibrium-poin t  hypothesi s reste d u p o n dat a derive d fro m 

psychophysica l  an d behaviora l  experiments ,  an d n o experimenta l 

parad ig m existe d wit h whic h t o tes t  th e implication s o f  thi s 

hypothesi s a t  th e neurophysiologica l  level .  Recently ,  w e hav e 

investigate d th e organizatio n o f  lim b moto r  spac e i n th e frog' s 

spina l  cor d an d foun d tha t  microstimulatio n o f  th e spina l  cord' s 

premotoneura l  networ k produce s goal-directe d le g m o v e m e n t s tha t 

brin g th e le g t o a  particula r  positio n i n th e animal' s moto r  space . 

T h e s e result s provid e th e neurophysiologica l  underpinnin g fo r  th e 

equilibrium-poin t  hypothesis . 
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T h e f o r w a r d m o d e l i n g a p p r o a c h i n s p e e c h p r o d u c t i o n 

a n d H m b c o n t r o l 

Michael I. Jordan 

D e p a r t m e n t  o f  Brai n a n d Cognitiv e Science s 

Massachusett s Institut e o f  Technolog y 

C a m b r i d g e ,  Massachusett s 

The proble m o f  learnin g t o contro l  a n unknow n environmen t  i s essentiall y  tha t  o f  findin g 

an invers e o f  th e stat e transitio n functio n o f  th e environment .  Th e forwar d modehn g ap -

proac h t o moto r  learnin g (Jordan ,  1990 )  i s a n indirec t  approac h t o findin g suc h a n inverse . 

The ide a i s t o firs t  lear n a  forwar d mode l  o f  th e stat e transitio n functio n (ove r  a n appropriat e 

subdomain )  an d the n t o lear n th e identit y mappin g acros s th e compositio n o f  th e controlle r 

and th e forwar d model .  Thi s proces s solve s impHcitl y  fo r  a n invers e mapping .  Th e forwar d 

modehng approac h i s particularl y appropriat e fo r  system s wit h exces s degree s o f  freedo m 

and i t  allow s a  prior i  knowledg e t o b e incorporate d durin g learnin g i n th e for m o f  genera l 

constraint s o n th e particula r  solution . 

I n thi s presentatio n I  illustrat e aspect s o f  th e forwar d modelin g approac h i n th e domain s 

of  speec h productio n an d lim b control .  Th e firs t  exampl e demonstrate s tha t  i n a  stochasti c 

estimatio n proble m th e approac h lead s t o biase d invers e mapping s tha t  hav e smalle r  varianc e 

tha n th e exac t  invers e mapping .  Thi s implie s tha t  ove r  successiv e generation s th e target s 

tha t  ar e passe d fro m on e learne r  t o anothe r  ten d t o evolv e t o configuration s o f  minima l 

variance .  I n th e domai n o f  speec h production ,  thi s evolutio n correspond s t o th e clai m o f 

Steven s (1989 )  tha t  soun d inventorie s o f  language s ten d t o b e compose d o f  phoneme s tha t 

hav e maximall y stabl e articulator y configurations .  I  demonstrat e thi s evolutionar y proces s 

usin g a  simulate d voca l  trac t  an d th e learnin g o f  a  vowe l  system .  Th e secon d exampl e 

demonstrate s tha t  th e forwar d modelin g approac h provide s a  techniqu e fo r  learnin g th e vir -

tua l  equilibriu m trajectorie s associate d wit h lim b movements .  I  sho w tha t  th e us e o f  virtua l 

equilibriu m trajectorie s a s contro l  signal s lead s t o advantage s associate d wit h th e stabilit y 

of  th e learnin g process .  Finally ,  I  sho w tha t  th e forwar d modelin g approac h provide s a n 

accoun t  o f  a  speed-accurac y tradeof f  know n a s Fitt' s  Law . 
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