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In t roduc t io n 

Th e necessit y  t o ac t  quickl y i n a n uncertai n an d dynami c worl d 
require s agent s t o develo p representation s tha t  ca n tightl y cou -
pl e action ,  perception ,  reasoning ,  an d executio n monitoring . 
Our  wor k o n languag e learnin g als o require s tha t  agent s inter -
naliz e thei r  knowledg e o f  verb s b y simulatin g th e associate d 
action s an d sensorimoto r  states .  W e refe r  t o suc h activ e repre -
sentation s a s X-schema s (Feldma n et .  al ,  1996 )  (th e X  refer s 
t o executing) .  I n thi s work ,  w e develo p a  structure d con -
nectionis t  realizatio n o f  X-schema s base d upo n ou r  previou s 
wor k o n SHRUTl ,  a  connectionis t  mode l  o f  reflexiv e reasonin g 
(Shastr i  &  Ajjanagadde ,  1993) ,  an d "routines "  (Feldma n & 
Shastri ,  1984) . 

X-schema s mus t  satisf y a  numbe r  o f  requirements .  The y 
must  dea l  wit h sequentia l  an d partiall y  ordere d activatio n 
of  actions ,  concurrency ,  iteration ,  conditiona l  action ,  event -
base d interruption ,  an d termination .  I t  shoul d als o b e possibl e 
t o for m comple x X-schema s compose d o f  othe r  X-schemas . 
X-schema s shoul d suppor t  a  broa d notio n o f  action .  Thi s 
include s action s tha t  affec t  th e environmen t  an d see k infor -
matio n fro m th e environment .  I t  als o include s action s tha t 
updat e an d quer y variou s form s o f  memor y (thi s include s re -
trieva l  an d inference) .  Sinc e X-schema s operat e i n dynami c 
and wide-rangin g situations ,  the y mus t  ge t  dynamicall y boun d 
t o differen t  entitie s a t  ru n tim e an d execut e wit h differen t  pa -
ramete r  setting s (e.g. ,  amoun t  o f  force) . 

Connectionist Encoding 

The connectionis t  encodin g o f  X-schema s make s us e o f  fo -
ca l  cluster s an d feedbac k loops ,  th e propagatio n o f  dynami c 
binding s vi a tempora l  synchrony ,  an d a  unifor m mechanis m 
fo r  interactio n betwee n schemas ,  sensory-moto r  processes ,  a s 
wel l  a s high-leve l  reasonin g an d memory .  M a n y o f  thes e con -
nectionis t  mechanism s hav e bee n draw n fro m SHRUTl  (Shastr i 
& Ajjanagadde ,  1993 ;  Shastr i  &  Grannes ,  1996) . 

X-schema s ar e compose d o f  interconnecte d foca l  cluster s 
tha t  m a y contai n paramete r  nodes ,  rol e nodes ,  an d contro l 
node s suc h a s + ,  -  an d ? .  Th e significanc e o f  node s i n a 
foca l  cluste r  i s a s follows :  th e activatio n o f  paramete r  node s 
set s paramete r  value s i n th e invoke d schema .  Fo r  example , 
i n a n X-schem a fo r  push ,  th e firin g rat e o f  a  suitabl e param -
ete r  nod e m a y indicat e th e relativ e forc e t o b e applied .  Rol e 
node s provid e a  mechanis m fo r  dynamicall y bindin g a  schem a 
rol e wit h a  fille r  a t  th e tim e o f  schem a invocation .  Fo r  ex -
ample ,  a n X-schem a fo r  pus h m a y hav e a  rol e fo r  indicatin g 
th e intende d objec t  o f  th e pus h action .  A  dynami c bindin g 
betwee n a  rol e an d it s  filler  i s  expresse d b y th e synchronou s 

firing  o f  th e rol e nod e an d th e foca l  nod e representin g th e 
filler  o f  thi s role .  Suc h binding s ar e communicate d amon g 
rol e node s b y th e synchronizatio n o f  th e activit y  o f  connecte d 
rol e node s a s i n SHRUTl .  Neurophysiologica l  evidenc e sug -
gest s tha t  suc h propagatio n o f  synchronou s activit y i s  neurall y 
plausibl e (Singer ,  1993) . 

The ? ,  -I- ,  an d -  node s serv e a  contro l  an d coordinatio n 
function .  Th e ?  nod e ca n b e viewe d a s a n initiat e o r  quer y 
node .  A  proces s initiate s a n actio n (o r  pose s a  quer y fo r 
information )  b y activatin g th e ?  nod e o f  th e appropriat e foca l 
cluster .  Th e +  an d -  node s indicat e th e outcom e o f  schem a 
execution .  Th e activatio n o f  th e +  (- )  nod e o f  a  foca l  cluste r  b y 
a schem a indicate s th e successfu l  (unsuccessful )  completio n 
of  th e schema . 

Conclusion 

I t  i s interestin g tha t  th e sam e mechanism s see m sufficien t  fo r 
reflexiv e reasonin g a s wel l  a s perceptua l  moto r  schemas .  Thi s 
i s no t  surprisin g i f  on e take s seriousl y th e notio n tha t  concep -
tua l  structure s ar e grounde d i n ou r  bod y an d shape d b y ou r 
moto r  an d perceptua l  systems .  I n ongoin g work ,  w e an d ou r 
colleague s ar e investigatin g th e implication s o f  thi s wor k fo r 
languag e acquisition ,  reasoning ,  an d metaphori c inference . 
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