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A B S T R A CT 

A computationa l  mode l  o f  a  moto r  progra m generato r  (MPG)  fo r 
horizonta l  pursui t  ey e movement s (PEM )  i s proposed .  Th e MPG mode l 
consist s o f  tw o neural  network s (velocit y  maps) .  Neuron s ar e 
arrange d i n a  singl e circula r  laye r  wit h lattic e structur e an d 
connecte d onl y t o thei r  immediat e neighbors .  Durin g PE M on e o f 
th e tw o map s alway s feature s a n activit y pea k (AP )  whic h travel s 
wit h constan t  velocit y fro m on e neuro n t o th e next .  A  memor y trac e 
of  th e mos t  recen t  portio n o f  th e trajector y i s create d b y mean s 
of  a  temporar y increas e o f  th e interneurona l  connectivit y strengt h 
betwee n previousl y activate d neurons .  Thi s nove l  MPG mode l  ma y b e 
usefu l  fo r  designin g paralle l  processor s fo r  moto r  contro l  o f 
robots . 

INTRODUCTION 

The ne w area s o f  Cognitiv e Science ,  Artificia l  Intelligence ,  an d Robotic s 
shar e a  conmo n interes t  wit h Neuroscienc e i n th e variou s topologica l  (structu -
ral )  an d functiona l  principle s o f  th e primat e centra l  nervou s system ,  whic h 
use s th e genera l  concep t  o f  paralle l  processin g an d a  hierarchica l  organiza -
tio n o f  numerou s neura l  maps .  On e importan t  functio n o f  th e primat e brai n tha t 
has concerne d neuroscientist s fo r  man y year s i s Moto r  Control .  Assumin g th e 
predominantl y accepte d vie w i s correc t  tha t  movement s i n primate s ar e base d o n 
internall y generate d moto r  program s rathe r  tha n o n reflector y response s t o 
sensor y stimuli ,  th e fundamenta l  an d stil l  ope n questio n is :  Ho w ar e moto r 
progra m generator s (MPG)  (whic h certainl y consis t  o f  neuron s an d synapses ) 
designe d i n detai l  t o contro l  th e moto r  activit y tim e course s o f  variou s set s 
of  muscle s fo r  speec h movements ,  ey e movements ,  o r  lim b movements ? 

Neithe r  neurophysiologica l  no r  neuroanatomica l  researc h ha s s o fa r  bee n 
abl e t o offe r  answer s o r  eve n plausibl e hypothese s regardin g th e architectur e 
and dynamic s o f  moto r  progra m generators ,  althoug h a n enormou s amoun t  o f  dat a 
has bee n compile d (Mile s &  Evarts ,  1979 ;  Tatto n &  Bruce ,  1981) .  On e possibl e 
exceptio n i s th e generatio n o f  locomotio n program s a t  th e leve l  o f  th e spina l 
cor d (Grillne r  &  Wall§n ,  1985 ;  Herma n e t  al. ,  1976 ;  Mille r  &  Scott ,  1977) .  B y 
means o f  cognitiv e modellin g severa l  group s hav e recentl y begu n t o identif y 
th e proble m o f  moto r  progra m generatio n an d t o searc h fo r  neura l  network s wit h 
appropriat e paralle l  processin g feature s (Anderson ,  1983 ;  Arbib ,  1981 ;  Feldma n 
& Ballard ,  1982) . 

The presen t  stud y lead s t o a  proposa l  o f  a  MPG fo r  pursui t  ey e movement s 
(PEM) .  Thi s MPG mode l  wa s develope d o n th e basi s o f  extensiv e singl e uni t 
studie s an d accompanyin g lesionin g an d neuroanatomica l  studie s o n th e pursui t 
contro l  syste m i n traine d monkey s (Macac a fascicularis) .  Accordingly ,  th e 
necessar y assumption s concernin g th e networ k topolog y an d dynamic s o f  th e MPG 
model  ar e neurophysiologicall y plausibl e o r  eve n supporte d b y direc t  neurophy -
siologica l  evidence . 
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FIG .  1 :  Mode l  o f  th e oculomoto r  pursui t  syste m i n primate s fo r  horizonta l  pur -
sui t  o f  th e righ t  ey e (OD) .  5TT :  spatio-tempora l  translation ;  MPG:  moto r 
progra m generation ;  NI :  neura l  integration .  Details ,  se e text .  Inse t  botto m 
left :  relationshi p betwee n positio n erro r  r ,  ey e velocit y t o th e righ t  0n ,  an d 
ey e positio n Sn . 

A) Neurophysiological, Neuroanatomical. and Behavioral PEM Data 
PEM i n th e horizonta l  hea d plan e (obliqu e o r  vertica l  PE M ar e assume d t o b e 

generate d b y additiona l  signal s fro m a  vertica l  PE M system )  i n pursui t  o f 
maneuverabl e o r  predictabl e (e.g .  sinusoidal )  movin g target s agains t  a  homoge -
neou s backgroun d continuousl y minimiz e th e positio n erro r  r  betwee n th e cente r 
of  th e fove a centrali s o n th e retin a an d th e retina l  targe t  projection .  PE M 
approximatel y yield s a  continuou s fixatio n o f  th e movin g targe t  fo r  th e pur -
pose s o f  patter n recognitio n (Eckmiller ,  1981 ;  Eckmiller ,  1986a) .  PE M ca n 
follo w a  continuou s tim e cours e withou t  larg e correctiona l  saccadi c ey e move -
ment s a s long^ ^  a s targe t  velocit y S| .  i s  les s tha n +  5 0 deg/se c a t  targe t 
acceleration s *8 ^  belo w +  25 0 deg/sec^ .  Thes e maxima l  value s impl y tha t 
sinusoida l  PE M a t  a n amplitud e o f  1 0 de g wil l  b e possibl e fo r  frequencie s u p 
t o a t  leas t  0. 8 H z (Eckmiller ,  1983 ;  Eckmille r  &  Mackeben ,  1978) . 

Recen t  neurophysiologica l  studie s i n traine d monkey s reveale d tha t  PE M mus t 
be controlle d b y tw o MPG fo r  ey e velocit y t o th e lef t  h ^  an d t o th e righ t  ^^ . 
Thes e tw o separat e velocit y signal s ar e probabl y represente d b y tw o cluster s 
of  pursui t  neuron s (PU )  clos e t o th e abducen s nucle i  i n th e brai n ste m (Eck -
miller ,  1983 ;  Eckmille r  &  Bauswein ,  1985) .  I n fact ,  al l  oculomoto r  contro l 
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signals at the pre-motor level exist only as eye velocity signals and have to 
be transforme d int o ey e positio n tim e course s b y mean s o f  a  neura l  integrato r 
(Eckmiller ,  1986b ;  Robinson ,  1981) . 
B)  Concep t  o f  th e MPG mode l 

The MPG mode l  consist s o f  tw o neura l  network s (velocit y  maps) ,  whic h repre -
sen t  a  continuu m o f  velocit y value s h ^  an d 6 l  respectively ,  a s location s o n 
th e ma p wit h zer o i n th e cente r  an d increasin g velocit y (u p t o 5 0 deg/sec )  a t 
increasin g radiu s R .  Th e onl y inpu t  t o eac h MPG networ k come s fro m S T neuron s 
(Eckmiller ,  1983 )  tha t  carr y th e positio n erro r  r  t o th e cente r  neuro n C . 
Fig .  1  show s tha t  positiv e value s o f  r  activat e th e lef t  S T neuron .  It s outpu t 
i s proportiona l  t o '< § i n th e sens e tha t  i t  cause s a  chang e o f  9 ^  tha t  i s 
generate d b y th e MPG network .  I f  r  become s negative ,  the n th e S T neuro n o n th e 
opposit e sid e i s activate d an d inhibit s th e cente r  neuro n i n th e lef t  MPG 
networ k whil e excitin g th e cente r  neuro n i n th e righ t  network . 
C)  Networ k Topolog y 

Neuron s ar e arrange d i n a  singl e circula r  laye r  wit h lattic e structur e an d 
connecte d onl y t o thei r  immediat e neighbor s a s indicate d i n Fig .  2 . 

t(msec ) 

FIG.  2 :  Spatia l  distributio n o f  neuron s i n th e MPG network .  Horizonta l 
connection s follo w circle s abou t  th e center -  Activit y peck ,  whic h i s presentl y 
(se e larg e arro w o n th e tim e scale )  locate d a t  th e centra l  neuro n {fille d 
circle )  o f  thi s networ k portion ,  ha d travelle d fro m th e lef t  an d i s abou t  t o 
move downward s becaus e o f  th e sudde n acceleratio n increas e (tim e cours e a t  th e 
top) .  Th e potentia l  gradien t  i s indicate d b y (++) ,  (+) ,  an d {-) .  { — ) . 
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FIG. 3: Potential field P{R,^) along a cross section of the MPG map through 
th e cente r  a t  thre e differen t  value s o f  th e inpu t  signa l  (+'0* ,  0 ,  - ^ ) .  Absciss a 
give s th e radiu s R  a s th e numbe r  o f  neuron s fro m th e cente r  a s wel l  a s th e ey e 
velocit y 6(deg/sec )  wit h a  possibl e non-linea r  scale .  Th e activit y pea k A P i s 
abou t  t o trave l  toward s th e peripher y du e t o th e potentia l  gradient . 

The connectivity strength c of tangential (horizontal in Fig. 2) connections 
c ^  an d radia l  connection s Cj .  ar e initiall y  constant ,  whereb y c ^  i s slightl y 
large r  (indicate d b y a  continuou s line )  tha n c ^  (indicate d b y a n interrupte d 
line) .  Thi s arrangemen t  give s a  sligh t  preferenc e t o activit y movement s alon g 
a tangentia l  trajectory .  Th e tim e cours e a t  th e to p o f  Fig .  2  indicate s a n 
abrup t  chang e i n 8  jus t  befor e th e movemen t  (larg e arrow )  a t  whic h th e distri -
butio n o f  connectivit y strengt h betwee n th e neuron s an d th e activit y stat e o f 
eac h neuro n i s indicated .  Th e activit y stat e o f  eac h neuro n i s give n b y it s 
potentia l  P ,  whic h i s initiall y  constan t  throughou t  th e network . 

Fig .  3  indicate s th e potentia l  fiel d P(R,8 )  o f  th e MPG networ k i n a  cros s 
sectio n throug h th e center .  Th e absciss a give s tw o possibl e an d plausibl e 
scales :  th e radiu s R  is,measure d b y th e numbe r  o f  neuron s fro m th e center ;  th e 
ey e velocit y signa l  0  ca n hav e a  non-linea r  scal e alon g th e radiu s R  a s 
exemplifie d i n Fig .  3 .  Th e topolog y ca n b e change d b y th e inpu t  signa l  t o th e 
cente r  neuro n ^  a s indicate d i n Fig .  3  fo r  severa l  neuron s a t  a  positiv e (+^ ) 
and negativ e (-*6 )  acceleratio n value .  Th e potentia l  fiel d P(R,^ )  o f  al l  neu -
ron s i s analogou s t o a  fla t  circula r  membran e whos e cente r  ca n b e pushe d u p o r 
down b y a n amoun t  proportiona l  t o th e retina l  positio n erro r  r .  Th e activit y 
pea k (AP )  wil l  b e discusse d later . 
D)  Networ k Dynamic s 

Durin g PE M on e o f  th e tw o MPG networks ,  whic h ar e connecte d i n a  push-pul l 
fashio n (Fig .  1 ) ,  alway s feature s a n activit y pea k (AP )  whic h travel s wit h 
constan t  velocit y V j  fro m on e neuro n t o th e next .  Th e shap e o f  th e potentia l 
fiel d define s whethe r  A P travel s i n a  circl e ( 6 =  constant )  i n cas e o f  ^  =  0 , 
toward s th e peripher y ( 6 increase )  o r  toward s th e cente r  ( 6 decrease) .  Th e 
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topolog y o f  th e networ k assure s tha t  onl y on e A P ca n exis t  a t  a  t im e an d tha t 

AP alway s travel s wit h V j  =  constant . 

Thes e tw o postulate s ar e neurophysiologicall y plausibl e an d ca n b e simulate d 

wit h littl e ef for t .  Th e constan t  trave l  velocit y o f  A P represent s a  l inea r 

passag e o f  rea l  t ime ,  whic h i s a n essentia l  featur e o f  an y generato r  o f  t im e 

functions .  A P i s indicate d i n Fig .  2  a s th e fi l le d circl e neuron .  Thi s f igur e 

als o show s tha t  th e connectivit y strengt h o f  th e mos t  recentl y act iv e connec -

tion s i s temporari l y  increased ,  a s indicate d b y th e numbe r  o f  connect io n 

lines .  A P cam e alon g a  circl e (horizonta l  lin e i n Fig .  2 )  fro m th e lef t  a t  a 

suggeste d trave l  velocit y o f  V j  =  5  mse c pe r  jum p betwee n neighborin g neuron s 

P(R,3 )  Righ t  P(R,3 ) Lef t 

R-̂ Go 

0. 4 s 

0. 6 s 

Memory Trac e 

0. 8 s 

1. 0 s 

FIG .  4 :  Potentia l  field s P(R,^ )  o f  th e tw o MPG network s fo r  generatio n 

of  ey e velocit y tim e course s t o th e righ t  (9r )  an d t o th e lef t  (oĵ )  a t  fou r 

differen t  t imes .  A t  0. 4 se c th e activit y pea k A P i s travellin g i n a  circl e 

sinc e th e potentia l  fiel d i s f lat .  A t  0. 6 se c A P travel s toward s th e peripher y 

and a t  0. 8 se c toward s th e center .  A t  1. 0 se c A P ha s alread y lef t  th e ma p fo r 

6r ,  an d i s travellin g o n th e othe r  map -  Not e tha t  th e potentia l  field s o f  bot h 

maps ar e alway s identica l  excep t  fo r  th e sign .  Th e mos t  recen t  trajector y i s 

temporaril y  existen t  a s a  memor y trace . 
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at P(R,'6*) = constant, when ^ changed suddenly from zero to a positive value. 
Thi s chang e le d t o th e occurrenc e o f  a  potentia l  gradien t  a s indicate d i n 
Fig .  2 .  A P wil l  no w trave l  toward s th e periphery .  Dependin g o n th e siz e o f  th e 
potentia l  gradient ,  A P ca n trave l  always ,  o r  onl y occasionall y toward s mor e 
periphera l  (o r  central )  neurons ,  thereb y generatin g trajectorie s wit h varyin g 

curvatur e o n th e velocit y map .  Alternatin g phase s o f  Qj ^  an d 6 ^  ^^ ^  f"̂ ^ ® 
possibl e b y repeate d transfer s o f  A P fro m th e cente r  neuro n o f  on e ma p t o tha t 
of  th e other . 

A memor y trac e o f  th e mos t  recen t  portio n o f  th e trajector y i s create d b y 
means o f  a  temporar y increas e o f  th e connectivit y strengt h a s alread y men -
tioned .  A  smal l  portio n o f  suc h a  memor y trac e i s indicate d i n Fig .  2 .  Fig .  4 
give s th e event s o n bot h map s includin g th e locatio n o f  A P a t  fou r  differen t 
time s an d th e graduall y increasin g lengt h o f  th e memor y trace . 
Severa l  feature s ar e noteworth y wit h regar d t o Fig .  4 : 
a)  Trajectorie s o n a  ma p alway s star t  an d en d i n th e center , 
b)  th e topolog y o f  bot h network s change s i n opposit e direction s whe n '( S change s 

fro m zer o t o a  positiv e o r  negativ e value . 
c )  I t  i s  assume d tha t  A P travel s awa y fro m th e cente r  i n th e sam e angula r 

directio n unde r  simila r  potentia l  fiel d conditions . 
d)  Th e memor y trac e graduall y fade s wit h a  tim e constan t  o f  abou t  1  sec . 

Give n a  smal l  potentia l  gradien t  toward s th e center ,  A P ca n b e pulle d ou t 
of  a  wea k memor y trac e an d trave l  toward s th e cente r  i n a  spira l  afte r 
targe t  disappearance . 

Thi s memor y trac e i s use d a s explanatio n fo r  th e neura l  predicto r  mechanis m 
(Eckmille r  &  Mackeben ,  1978 ;  Westheimer ,  1954) .  Onc e a  memor y trac e exist s i t 
ca n b e use d t o reduc e th e amoun t  o f  necessar y updatin g (positio n erro r  sig -
nals )  durin g periodica l  pursui t  movements ,  whic h ar e generate d b y repeate d 
generatio n o f  th e sam e tw o velocit y trajectorie s o n bot h maps .  I n suc h a  cas e 
sudde n an d temporar y targe t  disappearanc e episode s ca n b e bridge d sinc e A P 
simpl y follow s th e memor y trac e i n th e absenc e o f  a  retina l  input . 

DISCUSSION 

The ke y featur e o f  th e propose d MPG mode l  i s th e existenc e o f  a n activit y 
pea k A P whic h travel s wit h constan t  velocit y o n a  neura l  ma p alon g a  modifi -
abl e trajector y (Eckmiller ,  1986c) .  Thi s MPG mode l  ma y als o prov e applicabl e 
t o lim b movement s i n additio n t o ey e movements .  A  compariso n o f  th e mode l  wit h 
th e technica l  solution s tha t  ar e presentl y availabl e fo r  generatin g variou s 
movement  trajectorie s (includin g trajector y learning ,  memory ,  an d prediction ) 
indicate s tha t  i t  ma y b e use d fo r  designin g paralle l  processor s fo r  moto r 
contro l  o f  robots . 

I t  i s  eviden t  tha t  th e neura l  networ k a s propose d fo r  th e MPG canno t  b e 
detecte d b y mean s o f  singl e uni t  recordings .  Simultaneou s recording s fro m 
large r  ensemble s o f  neurons ,  however ,  ma y b e abl e t o monito r  a n A P a s i t 
travel s ove r  th e map . 

Desire d velocit y trajectorie s ca n b e permanentl y store d b y mean s o f  neuron s 
tha t  graduall y develo p connection s onl y t o thos e neuron s i n th e ma p tha t  ar e 
repeatedl y activate d b y a n A P durin g a  learnin g phas e (Eckmiller ,  1986c) . 
Thes e patter n retrieva l  (PR )  neuron s ca n late r  b e use d t o reactivat e a  stron g 
memory trac e wit h a  singl e activatio n burst . 
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