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Abstract 

Networks that model the planning and execution of goal-
directe d sequence s o f  movement s ar e described ,  includin g 
th e involvemen t  o f  bot h th e prefronta l  corte x an d th e 
corpu s striatum .  Thes e network s mode l  behaviora l  dat a 
indicatin g tha t  fronta l  damag e doe s no t  disrup t  th e 
learnin g an d performanc e o f  a n invarian t  sequenc e o f 
movements .  I f  th e orde r  o f  performanc e o f  th e movement s i s 
allowe d t o vary ,  however ,  fronta l  damag e markedl y reduce s 
abilit y  t o perfor m th e sequence . 
I: Introduction 

The frontal lobes have been implicated in forming 
strategie s fo r  goal-directe d behavio r  (se e Nauta ,  1971 ; 
Fuster ,  1980 ;  an d Stus s an d Benson ,  198 6 fo r  summaries) . 
Thi s genera l  functio n seem s t o involv e co-ordinatio n o f 
subsystem s tha t  integrat e motivationa l  an d cognitiv e 
informatio n (e .  g .  Milner ,  1964 ;  Pribram ,  1961 )  wit h 
othe r  subsystem s tha t  lin k pas t  event s o r  action s acros s 
tim e (Pinto-Hamu y an d Linck ,  1965 ;  Fuster ,  1980 ,  1985 )  an d 
anticipat e futur e event s o r  action s (Ingvar ,  1985 ;  Gevin s 
et  al ,  1987 )  . 
The motivational-cognitive linkages have previously 
bee n simulate d i n neura l  network s b y Leve n an d Levin e 
(1987 )  an d Levin e an d Prueit t  (1989 )  .  Th e networ k 
architecture s use d i n thos e simulation s wer e base d o n 
principle s suc h a s adaptiv e resonanc e (Carpente r  an d 
Grossberg ,  1987 )  an d opponen t  processin g (Grossberg ,  1972) . 
In  thi s article ,  w e loo k a t  network s tha t  mode l  dat a o f 
Pinto-Hamu y an d Linc k (1965 )  o n th e performanc e o f  movemen t 
sequence s b y frontall y damage d monkeys . 
The function of learning goal-directed sequences 
involve s classificatio n o f  spatiotempora l  patterns .  Hence , 
base d o n a n ide a o f  Dawe s (1989) ,  w e combin e th e adaptiv e 
resonanc e architecture ,  whic h classifie s spatia l  patterns , 
wit h th e avalanch e architectur e (Grossberg ,  1978 )  whic h 
generate s sequences .  Th e simpl e spatiotempora l  processin g 
area s woul d see m no t  t o b e locate d a t  th e prefronta l 
cortex ,  bu t  possibl y i n th e corpu s striatum .  Th e fronta l 
cortex ,  w e believe ,  exert s higher-orde r  control s ove r  th e 
function s o f  thi s sequence-classifyin g region .  Some o f 
thes e control s enabl e formatio n o f  comple x rule s fo r 
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sequenc e classificatio n (se e Dehaen e an d Changeux ,  1989 , 
fo r  anothe r  mode l  o f  thi s process) .  other s caus e biase s i n 
th e competitio n betwee n sequenc e representations ,  favorin g 
longe r  ove r  shorte r  sequence s t o facilitat e attentio n t o a 
moto r  plan .  Possibl e architecture s fo r  suc h higher-orde r 
control s wil l  b e describe d i n Sectio n III . 

II: Experimental Data 

Some effects of frontal lesions on performance of 
sequentia l  task s wer e studie d b y Pinto-Hamu y an d Linc k 
(1965 )  i n immatur e macaqu e monkeys .  Postoperativ e 
retentio n wa s assesse d i n tw o type s o f  test :  one ,  i n whic h 
th e subject s wer e t o respon d i n suc h a  wa y tha t  the y ha d t o 
pus h al l  o f  severa l  cue d panel s withou t  repetition s bu t  in 
an y orde r  (internall y ordere d o r  flexibl e sequenc e test ) , 
and another ,  i n whic h the y ha d t o respon d in  a n exac t  orde r 
by pushin g a  serie s o f  panel s base d o n give n cue s 
(externall y ordere d o r  invarian t  sequenc e tes t ) .  Th e 
hypothesi s wa s tha t  frontall y damage d subject s woul d hav e 
difficult y retainin g o r  relearnin g flexibl e sequences ,  a s 
i t  woul d cal l  fo r  interactio n betwee n a n interna l 
representatio n o f  a  sequenc e an d a  flexibl e recal l  base d o n 
previou s actio n performe d s o a s t o avoi d repetitions .  I n 
th e cas e o f  invarian t  sequences ,  o n th e othe r  hand ,  th e 
frental s woul d no t  hav e difficulty ,  a s ther e ar e sensor y 
cue s (lighte d panels )  availabl e fo r  guidin g moto r  act ions) . 
The experimental results for one subject are 
illustrate d i n Figur e 1 ,  whic h show s th e percentag e o f 
correc t  response s fo r  on e eac h o f  th e externall y an d 
internall y ordere d sequence s bot h pre -  an d post -
operatively .  Th e subject s wer e t o respon d i n th e 
internall y ordere d tes t  situation ,  fo r  example ,  i f  a n "O " 
and a  gree n circl e ar e lighted ,  b y pressin g the m i n eithe r 
order .  I n th e externall y ordere d situation ,  fo r  example , 
th e subject s wer e t o respon d b y pressin g a  gree n circl e an d 
a re d circle ,  lighte d o n a  panel ,  exactl y i n tha t  order . 
Another experiment, by Poppen et al (1965), explored 
th e effect s o f  fronta l  lesion s o n samplin g an d searc h i n 
human patients ,  wherei n th e subject s wer e t o modif y thei r 
strategie s fo r  winnin g candy ,  workin g throug h a  sequenc e o f 
twent y programs .  I n eac h program ,  onl y on e o f  th e 
geometri c figure s displaye d randoml y o n a  four-by-fou r 
pane l  set-u p i s rewarding .  Thes e patient s ha d simila r 
difficultie s t o th e frontall y lesione d monkey s i n 
maintainin g th e strateg y require d t o complet e th e tas k t o 
criterion .  Involvemen t  o f  th e fronta l  lobe s i n 
coordinatio n o f  movemen t  sequence s i s als o supporte d b y 
singl e cel l  dat a o n th e contingen t  negativ e variatio n o r 
expectanc y wav e (se e Fuster ,  198 5 fo r  discussion) .  Thoug h 
thi s wor k doe s no t  directl y sugges t  neura l  architecture s 
modelin g th e capacit y fo r  spatiotempora l  patter n 
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process ing ,  i t  g i v e som e ev idenc e o f  whe r e poss i b l e t im in g 
cont ro l s l ie . 

nmimio-o-t ) 
i»tiB<i«i N TU T roRsguCMc a 
Figure 1 

I n th e nex t  sec t ion ,  w e descr ib e poss i b l e neura l 
network s tha t  ca n captur e thes e va r iou s even t s an d w a y s o f 
in tegrat in g them .  I n par t i cu la r ,  w e d i scus s me thod s fo r 
qua l i ta t ive l y s imu la t in g th e resu l t s o f  P in to -Hamu y an d 
Linc k ( 1 9 6 5 ) . 

Ill; Network Architectures 

First consider how a specific sequence of movements 
migh t  b e encode d i n a  neura l  ne twork .  On e poss ib l e 
mechanis m i s show n i n F igur e 2 .  Th i s a rch i tec tu r e wa s 
or ig ina l l y deve lope d b y Grossber g (1978 )  an d w a s base d o n 
h i s ow n p rev iou s no t io n o f  a n ava lanche .  Th e ava lanch e i s 
a ne twor k fo r  per fo rmanc e o f  a  r i tua l i s t i c sequenc e o f 
moto r  ac t s .  Th e networ k show n her e ex tend s th e ava lanch e 
t o inc lud e sens i t i v i t y t o externa l  feedback .  Th e node s 
V.  .  i n tha t  f igur e ar e moto r  reprsen ta t ions .  Th e v .  ^  ar e 
act iv e i n success ion ,  bu t  externa l  event s ca n a l te t  t h e 
exac t  t imin g o f  the i r  f i r ings ,  o r  eve n in te r rup t  th e 
sequenc e a l toge ther .  Hence ,  th e goa l -d i rec te d ac t i on s 
encode d b y th e ne twor k ca n b e over r idde n b y s ign i f i can t 
change s i n con tex t .  Eac h v .  ^  ha s cor respond in g t o i t  a 
V.  -  t o kee p i t  reverbera t in g i n shor t - te r m memor y a s lon g 
as 'needed ,  an d a  v .  _  ( inf luence d b y a n arousa l  source )  t o 
shu t  of f  i t s  reve tbera t ion .  Eac h v .  _  a ls o ac t i va te s th e 
nex t  s tag e v^^^ ^  ^  o f  th e sequence .  ' 

If the sequential performance network of Figure 1 is 
combine d w i t h a  two- laye r  ne twor k suc h a s A R T (Carpente r 
an d Grossberg ,  1987 )  fo r  cod in g spat ia l  p a t t e r n s ,  th e 
resul t  ca n b e a  ne twor k fo r  cod in g spa t io tempora l  pa t te rn s 
(Figur e 3 ) .  I n F igur e 3 ,  eac h o f  th e v -  .  f ro m F igur e 2 
become s a  nod e a t  th e ca tegor y leve l  FL .  Th e node s a t  F 2 
lear n ca tegor ie s o f  ac t iv i t y vec to r s a t  th e inpu t  leve l  F- . 
Dur in g learn ing ,  i f  th e inpu t  pa t te r n a t  F ,  m isma tche s th e 
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patter n o f  synapti c weight s fro m F -  t o F, ,  nod e A  cause s 
short-ter m memor y reset ,  leadin g t o testin a o f  a  ne w 
categor y a t  F2 . 

STM RESET 

u 
Figur e 2 

INPUT 

1-2. 1 

AROUSAL 

Figur e 3 

Nigri n (1990 )  develope d anothe r  ART-base d architectur e 
fo r  codin g spatiotempora l  patterns ,  wit h particula r 
applicatio n t o speec h recognition .  Hi s networ k differ s 
fro m our s i n tha t  i t  transform s spatiotempora l  pattern s 
int o purel y spatia l  pattern s befor e encodin g them ,  wherea s 
ou r  networ k include s th e tim e dimensio n explicitly . 

Recall from above the result of Pinto-Hamuy and Linck 
(1965 )  tha t  learnin g an d performanc e o f  externall y ordere d 
sequence s i s no t  disrupte d b y prefronta l  lesions .  Hence , 
i f  th e spatiotempora l  categorizatio n networ k o f  Figur e 3  i s 
analogou s t o an y rea l  brai n locus ,  i t  i s  probabl y elsewher e 
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tha n th e prefronta l  cortex .  On e goo d candidat e locatio n 
fo r  suc h a  moto r  contro l  structur e i s th e corpu s striatum , 
a par t  o f  th e basa l  ganglia .  Extensiv e functiona l 
connection s exis t  betwee n th e prefronta l  corte x an d corpu s 
striatu m (see ,  e .  g. ,  Gerfen ,  1989 )  .  I n th e networ k o f 
Figur e 3 ,  suc h control s coul d b e exerte d throug h th e 
arousa l  node .  Thi s networ k hypothesi s i s i n lin e wit h th e 
genera l  theor y (Nauta ,  1971 ;  Levin e an d Prueitt ,  1989 )  tha t 
th e fronta l  lobes ,  throug h thei r  reciproca l  connection s 
wit h th e limbi c syste m an d hypothalamus ,  mediat e 
motivationa l  influence s o n cognitiv e an d moto r  functions . 
In Leven and Levine (1987) and Levine and Prueitt 
(1989) ,  aspect s o f  th e fronta l  damag e syndrome ,  namely , 
perseverativ e behavio r  an d excessiv e attractio n t o novelty , 
wer e replicate d i n neura l  network s b y th e reductio n o f  gai n 
fro m reinforcemen t  signals .  A  simila r  decrease d signa l 
fro m th e arousa l  nod e i n Figur e 3  coul d mak e a  moto r  pla n 
more subjec t  t o distractio n b y interferin g events .  Indeed , 
fronta l  lesion s ofte n lea d t o distractibilit y  (e .  g . 
Grueninge r  an d Pribram ,  1969 ;  Wilkin s e t  al ,  1987) . 
But this simple diminution of a reinforcement 
paramete r  i s fa r  fro m sufficien t  t o mode l  al l  effect s o f 
th e fronta l  lobe s o n behavior .  We believ e tha t  th e fronta l 
lobe s als o exer t  som e higher-orde r  control s o n th e striata l 
spatiotempora l  categorizatio n fiel d (F-) •  We shal l  no w 
discus s tw o type s o f  control s o n thi s field . 
Speculatively ,  w e sugges t  tha t  thes e tw o control s ar e 
mediate d b y th e tw o majo r  functiona l  subdivision s o f  th e 
prefronta l  cortex ,  th e dorsa l  an d orbita l  region s (cf . 
Fuster ,  1980 )  . 
One type of control is a bias in the competition 
betwee n node s a t  th e Y ^  leve l  o f  Figur e 3 .  Thi s bia s i s 
designe d t o favo r  representation s o f  longe r  sequence s ove r 
representation s o f  shorte r  ones ,  s o tha t  i f  a  lon g sequenc e 
of  action s i s followe d b y reward ,  th e entir e sequenc e o f 
actions ,  no t  jus t  th e se t  o f  action s clos e i n tim e t o th e 
reward ,  i s likel y t o b e positivel y reinforced . 
An architecture for imposing such a bias on the 
competitio n amon g sequenc e representation s i s th e maskin g 
field ,  develope d b y Cohe n an d Grossber g (1987 )  an d applie d 
t o speec h recognitio n b y Cohe n e t  a l  (1987) .  I n speech , 
fo r  example ,  representation s o f  a n entir e wor d (e .  g . 
MYSELF)  ten d t o dominat e representation s o f  part s o f  tha t 
wor d whic h ar e themselve s word s (e .  g .  MY,  SELF ,  o r  ELF) . 
An exampl e o f  a  maskin g fiel d i s show n i n Figur e 4 .  I n 
thi s field ,  F ^  an d Y ^  ar e a s i n th e adaptiv e resonanc e 
networks ,  but :  F ,  node s ar e interprete d a s codin g item s i n 
sequence s an d F ^  a s codin g sequences .  I n Figur e 4 (a ) , 
connection s fro m F ^  t o F ^  gro w randoml y alon g positionall y 
sensitiv e gradients .  Th e node s i n th e maskin g fiel d F -
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g r o w s o t h a t  l a rge r  i te m g r o u p i n g s ,  u p t o som e opt ima l 
s i z e ,  ca n ac t i va t e node s w i t h b roade r  an d s t ronge r 
i nh ib i to r y i n t e rac t i ons .  I n F igur e 4 ( b ) ,  in te rac t ion s 
w i t h i n F -  inc lud e pos i t i v e feedbac k f ro m a  nod e t o i tsel f 
an d nega t i v e feedbac k fro m a  nod e t o i t s n e i g h b o r s .  Lon g 
te r m memor y t r ace s a t  th e end s o f  F, - to-F 2 pa thway s 
adap t i ve l y t un e t h e f i l te r  de f ine d b y thes e pa thway s t o 
amp l i f y th e F -  respons e t o i te m g roup ing s wh ic h hav e 
p r e v i o u s l y ac t i va te d the i r  ta rge t  F ,  n o d e s .  Ten ta t i ve ly , 
we p r o p o s e t ha t  sequence s represen te d a t  th e corpu s 
s t r i a tu m hav e " c o p i e s "  a t  th e dorsa l  f ron ta l  co r te x wh ic h 
a r e con f i gu re d i n a  mask in g f ie ld . 

ADAPTIVE 
FILTE R 

ITE M FIEL D 

(a) 

^̂ 2 

Figur e 4 

(b ) 

Th e o the r  t yp e o f  con t ro l  tha t  th e f ronta l  cor te x i s 
l i ke l y t o exe r t  invo lve s ca tegor i za t i o n o f  poss ib l e 
sequence s lead in g t o re in fo rcement .  I n th e cas e o f  th e 
in te rna l l y o rdere d sequence s s tud ie d b y P in to -Hamu y an d 
L inc k ( 1 9 6 5 ) ,  a  mechan is m i s neede d fo r  p lac in g al l 
p o s s i b l e o rde r i ng s o f  a  sequenc e i n th e sam e ca tegory ;  fo r 
e x a m p l e ,  i f  t h e pane l s t o p res s ar e a  g ree n c i r c le ,  a 
l e t te r  " O " ,  an d a  numbe r  " 4 " ,  th e sequence s G 0 4 ,  G 4 0 ,  0 G 4 , 
04G,  4 G 0 ,  an d 40 G shou l d b e ca tegor i ze d toge the r .  Th i s 
c l ass i f i ca t i o n mus t  b e med ia te d b y t h e assoc ia t i o n o f  al l 
t h e s e o rde r i ng s w i t h a  reward .  Th e ro l e o f  th e fronta l 
lobe s i n suc h h ighe r -o rde r  ru l e genera t i o n ha s bee n studie d 
i n ano the r  mode l  b y Dehaen e an d Changeu x ( 1 9 8 9 ) . 

We suggest that the orbital frontal cortex, through 
i t s connec t i on s w i t h l imb i c re in fo rcemen t  a r e a s ,  ma y exer t 
con t r o l s wh i c h a l l o w man y d i f f e ren t  o rde r i ng s o f  th e sam e 
sequenc e t o b e c lass i f i e d toge the r  i f  a l l  o rde r ing s ar e 
rewarded .  Suc h con t ro l s cou l d b e med ia te d b y a  se lec t i ve -
v i g i l a n c e c r i t e r i o n fo r  ma tch in g sequence s t o p ro to type s 
(se e Leve n an d Lev ine ,  1987 ,  fo r  a n examp l e o f  se lec t iv e 
v i g i l a n c e i n a n A R T n e t w o r k ) .  I n cu r ren t  s imu la t i ons ,  w e 
a r e teach in g th e ne twor k severa l  d i f f e ren t  o rde r ing s o f  th e 
same s e q u e n c e ,  the n tes t in g i t  o n ye t  ano the r  order in g 
wh ic h ma y o r  ma y no t  hav e bee n p resen ted . 
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IV :  Discussio n 

The frontal lobes are widely recognized as an 
importan t  par t  o f  a  large r  contro l  circui t  tha t  mediate s 
context-dependen t  categorization s o f  bot h sensor y even t 
sequence s an d moto r  plans .  Thi s circui t  als o include s 
part s o f  th e limbi c system ,  basa l  ganglia ,  an d midbrain , 
and severa l  monoamin e transmitte r  systems .  Foot e an d 
Morriso n (1987 )  summariz e experimenta l  result s o n function s 
of  thes e areas .  Hestene s (1990 )  an d severa l  othe r  article s 
in  Levin e an d Leve n (1990 )  relat e thes e result s t o possibl e 
neura l  networ k model s o f  menta l  illness .  Ou r  wor k herei n 
i s par t  o f  thi s large r  bod y o f  modelin g research . 
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