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Latera l  Connection s I n T h e Visua l  Corte x C a n Self-Organiz e Cooperativel y Wi t h 

Multisiz e R F s Jus t  A s W i t h Ocula r  D o m i n a n c e an d Orientatio n C o l u m n s 

Joseph Sirosh^ and Risto Miikkulainen 
Departmen t  o f  Compute r  Science s 

Th e Universit y o f  Texa s a t  Austin ,  Austin ,  TX-7871 2 

s i r o s h , r i s t o ® c s . u t e x a s . e d u 

Abstrac t 

Cells in the visual cortex are selective not only to ocular 
dominanc e an d orientatio n o f  th e input ,  bu t  als o t o it s siz e 
and spatia l  Aequency .  Th e simulation s reporte d i n thi s pa -
per  sho w ho w siz e selectivit y coul d develo p throug h Hebbia n 
self-organization ,  an d ho w receptiv e field s o f  differen t  size s 
coul d organiz e int o column s lik e thos e fo r  orientatio n an d ocu -
la r  dominance .  Th e latera l  connection s i n th e networ k self -
organiz e cooperativel y an d simultaneousl y wit h th e recept -
iv e fiel d sizes ,  an d produc e pattern s o f  latera l  connectivit y 
tha t  closel y follo w th e receptiv e fiel d organization .  Togethe r 
wit h ou r  previou s wor k o n ocula r  dominanc e an d orientatio n 
selectivity ,  thes e result s sugges t  tha t  a  singl e Hebbia n self -
organizin g proces s ca n giv e ris e t o al l  th e majo r  receptiv e fiel d 
propertie s i n th e visua l  cortex ,  an d als o t o structure d pattern s 
of  latera l  interactions ,  som e o f  whic h hav e bee n verifie d exper -
imentall y an d other s predicte d b y th e model . 

I n t r o d u c t i o n 

I n thei r  firs t  recording s fro m th e primar y visua l  corte x o f  th e 
cat ,  Hube l  an d Wiese l  (1959,1962 )  reporte d tha t  cortica l  cell s 
wer e mor e selectiv e t o th e widt h o f  pattern s tha n wer e retina l 
cells .  The y note d tha t  cortica l  cell s woul d giv e n o respons e 
t o a  ba r  coverin g th e whol e receptiv e fiel d (RF) ,  wherea s i n 
th e retin a an d th e L G N ,  cell s woul d typicall y respon d t o suc h 
patterns .  Subsequently ,  detaile d studie s b y Campbel l  e t  al . 
(1969) ,  D e Valoi s e t  al .  (1982 )  an d other s showe d tha t  cor -
tica l  cell s ar e narrowl y tune d t o th e spatia l  frequency  o f  in -
puts ,  an d ha d typica l  bandpas s responses ,  respondin g onl y t o 
input s i n a  specifi c  frequency  range .  A  continuu m o f  spa -
tia l  frequencie s from  lo w t o hig h wer e represente d i n th e cor -
te x (Silverma n e t  al .  1989) ,  an d cell s i n eac h rang e o f  spa -
tia l  frequenc y wer e organize d int o distinc t  spatia l  frequenc y 
column s (Tootel l  e t  al .  1981 ;  Tootel l  e t  al .  1988) .  I n essence , 
cortica l  cell s exhibite d a n organizatio n o f  spatia l  frequency 
selectivit y simila r  t o ocula r  dominanc e ( O D )  an d orientatio n 
( O R)  columns . 

Severa l  computationa l  model s hav e bee n buil t  t o demon -
strat e h o w othe r  R F propertie s suc h a s O R preference ,  O D , 
and retinotop y ca n emerg e from  simpl e self-organizin g pro -
cesses(e.g .  Goodhil l  1993;Milleretal.l989;Obermayeretal . 

'Cun^en t  address :  H N C Softwar e Inc. ,  Sa n Diego .  C A 92121 -
3728 ,  an d Sloa n Cente r  Fo r  Theoretica l  Neurobiolog y Th e Sal k In -
stimte .  L a JoUa ,  C A 92037 ;  sirosh9hr» c .  com . 

1992 ;  vo n de r  Malsbur g 1973) .  However ,  t o date ,  onl y on e 
computationa l  mode l  ha s include d th e developmen t  o f  spa -
tia l  frequenc y selectivit y (Mille r  1994) .  I n Miller' s model , 
O R preferenc e an d spatia l  frequenc y selectivit y develo p to -
gether ,  an d perhap s becaus e o f  th e interaction s betwee n thes e 
tw o domains ,  doe s no t  produc e a  clea r  columna r  organizatio n 
of  spatia l  frequenc y selectivity .  Althoug h th e abov e model s 
replicat e th e self-organizatio n o f  afferen t  structure s quit e well , 
the y ar e base d o n th e simplificatio n tha t  th e neurona l  respons e 
propertie s ar e primaril y determine d b y th e organizatio n o f  af -
feren t  synapses .  Latera l  interaction s betwee n neuron s ar e ap -
proximate d b y simpl e mathematica l  function s (e.g .  Gaussi -
ans )  an d assume d t o b e unifor m throughou t  th e network ;  th e 
structure d latera l  connectivit y o f  th e corte x i s no t  explicitl y 
take n int o account .  Suc h model s d o no t  explicitl y  replicat e th e 
activit y dynamic s o f  th e visua l  cortex ,  an d therefor e ca n mak e 
onl y limite d prediction s abou t  interaction s betwee n receptiv e 
field s an d cortica l  function . 

Recen t  experiment s hav e show n tha t  latera l  connectio n pat -
tern s closel y follo w th e neurona l  respons e propertie s (Gil -
ber t  an d Wiese l  1989 ;  Malac h e t  al .  1993) .  Fo r  example ,  i n 
th e norma l  visua l  cortex ,  long-rang e latera l  connection s lin k 
area s wit h simila r  O R preferenc e (Gilber t  an d Wiese l  1989) . 
Lik e neurona l  respons e properties ,  th e connectivit y patter n i s 
highl y plasti c i n earl y developmen t  an d ca n b e altere d b y ex -
perienc e (Kat z an d Callawa y 1992) .  Suc h patterne d latera l 
connection s develo p a t  approximatel y th e sam e tim e a s th e 
cortica l  column s (Burkhalte r  e t  al .  1993 ;  Kat z an d Callawa y 
1992) .  Together ,  thes e observation s sugges t  tha t  th e sam e 
experience-dependen t  proces s drive s th e developmen t  o f  bot h 
neurona l  respons e propertie s an d latera l  connectivity . 

Previously ,  w e hav e show n tha t  a  singl e Hebbia n self-orga -
nizin g proces s ca n accoun t  fo r  th e developmen t  o f  patterne d 
latera l  connections ,  afferen t  receptiv e fields ,  topographi c 
maps an d O D an d O R column s i n th e corte x (LISSOM , 
th e Laterall y Interconnecte d Synergeticall y Self-Organizin g 
M a p;  Siros h 1995 ;  Siros h an d Miikkulaine n 1995a ,  1995b , 
1996b ,  1996a) .  However ,  w e hav e no t  studie d th e selectivit y 
t o different-size d stimul i  wit h L I S S O M before ,  althoug h i t  i s 
a majo r  componen t  o f  cortica l  organization .  Thi s articl e in -
vestigate s whethe r  th e sam e self-organizin g proces s ca n giv e 
rise  t o R F s selectiv e t o differen t  stimulu s sizes .  Becaus e siz e 
selectivit y i s closel y relate d t o spatia l  frequency  selectivity . 
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F igur e 1 :  T h e Receptive-Fiel d L I S S O M architecture .  T h e affer -
ent  an d latera l  connection s o f  a  singl e neuro n i n th e L I S S O M net -
wor k ar e s h o w n .  T h e afferent s fo r m a  loca l  anatomica l  receptiv e 
field  o n th e retina . 

suc h self-organizatio n s h o u l d a c c o u n t  fo r  spatia l  f r e q u e n c y 
column s a s well . 

Severa l  ne w result s ar e reporte d i n thi s article .  I t  i s show n 
ho w afferen t  RF s o f  differen t  size s develo p fro m simpl e ret -
ina l  image s an d organiz e acros s th e networ k i n a  systemati c 
fashion .  I n addition ,  latera l  connection s self-organiz e cooper -
ativel y an d simultaneousl y wit h th e siz e selectivit y proper -
ties ,  producin g pattern s tha t  follo w th e receptiv e field  organ -
ization .  I n combinatio n wit h ou r  previou s work ,  thes e result s 
sugges t  tha t  a  singl e unifie d self-organizin g proces s ca n giv e 
ris e t o no t  onl y  al l  th e majo r  receptiv e field  propertie s i n th e 
visua l  cortex ,  bu t  als o th e pattern s o f  latera l  interactions . 

The Receptive Field LISSOM (RF-LISSOM) 
model 

The L I S S O M networ k i s a  shee t  o f  interconnecte d neuron s 
(figur e 1) .  Throug h afferen t  connections ,  eac h neuro n re -
ceive s inpu t  fro m a  "retina" .  I n addition ,  eac h neuro n ha s 
reciproca l  excitator y an d inhibitor y latera l  connection s wit h 
othe r  neurons .  Latera l  excitator y connection s ar e short-range , 
connectin g onl y clos e neighbors .  Latera l  inhibitor y connec -
tion s lin k neuron s ove r  bot h shor t  an d lon g distances ,  an d m a y 
eve n implemen t  ful l  connectivit y betwee n neuron s i n th e net -
work . 

Neuron s receiv e afferen t  connection s fro m broa d overlap -
pin g patche s o n th e retin a calle d anatomica l  RFs .  TTi e N  x  N 
networ k i s projecte d o n t o th e retin a o f  R x R  receptors ,  an d 
eac h neuro n i s connecte d t o receptor s i n a  squar e are a o f  sid e s 
aroun d th e projections .  Thus ,  neuron s receiv e afferent s fro m 
correspondin g region s o f  th e retina .  E>ependin g o n th e loc -
atio n o f  th e projection ,  th e numbe r  o f  afferent s t o a  neuro n 
fro m th e retin a coul d var y fro m ^ s x  ^ s (a t  th e comers )  t o 
« X  s  (a t  th e center) .  Typically ,  R  i s m u c h les s tha n N  an d 
s i s larg e enoug h t o cove r  m a n y receptors ,  resultin g i n larg e 
overla p betwee n receptiv e fields  o f  nearb y neurons . 

The inpu t  t o th e mode l  consist s o f  gaussia n spot s o f  "light " 
on th e retina : 

wher e Ca, b i s th e activatio n o f  recepto r  (a ,  b) ,  u ^  determine s 
th e widt h o f  th e spot ,  an d (Xnj/i) :  0  <  x, ,  j/, -  <  Hit s cen -

ter .  ^̂ l̂thou t  normalization ,  larger-size d spot s woul d produc e 

stronge r  activation .  Therefore ,  th e retina l  activit y vecto r  i s 
normalize d t o constan t  length .  Th e widt h u  i s chose n uni -
forml y randoml y i n a  give n range ,  s o tha t  input s o f  a  variet y 
of  size s ar e presente d t o th e network . 

Th e externa l  an d latera l  weight s ar e organize d throug h a n 
unsupervise d learnin g process .  A t  eac h trainin g step ,  neuron s 
star t  ou t  wit h zer o activity .  Th e initia l  response»/ ,  j  o f  neuro n 
(t ,  j )  i s base d o n th e scala r  produc t 

Vi j  =<' •  I  y]̂abtiij,a b (2 ) 
a,b 

wher e ̂ a b i s th e activatio n o f  retina l  recepto r  (a ,  b )  withi n th e 
anatomica l  R F o f  th e neuron ,  /i,- j  ,o 6 i s  th e correspondin g affer -
ent  weight ,  an d 0 -  i s a  piecewis e linea r  approximatio n o f  th e 
familia r  sigmoi d activatio n function .  T h e respons e evolve s 
ove r  tim e throug h latera l  interaction .  A t  eac h tim e step ,  th e 
neuro n combine s th e abov e afferen t  activatio n J 2 ̂A *  wit h lat -
era l  excitatio n an d inhibition : 

tiEk.iiijMm{t-i)), ^""^ 

where Eijki is the excitatory lateral connection weight on the 

connectio n fro m neuro n {k ,  I )  t o neuro n (i ,  j ) ,  Uĵ k i  i s th e in -
hibitor y connectio n weight ,  an d f/fcj( t  — 1 )  i s th e activit y o f 
neuro n [k ,  I )  durin g th e previou s tim e step .  Th e constant s 7 e 
and 7 j  determin e th e relativ e strength s o f  excitator y an d inhib -
itor y latera l  interactions .  Th e activit y patter n start s  ou t  diffus e 
and sprea d ove r  a  substantia l  par t  o f  th e m a p ,  an d converge s 
iterativel y int o stabl e focuse d patche s o f  activity ,  o r  activit y 
bubbles .  Afte r  th e activit y ha s settled ,  typicall y i n a  fe w iter -
ation s o f  equatio n 3 ,  th e connectio n weight s o f  eac h neuro n 
ar e modified .  Bot h afferen t  an d latera l  weight s adap t  accord -
in g t o th e sam e mechanism :  th e Heb b rule ,  normalize d s o tha t 
th e su m o f  th e weight s i s constant : 

( t  J -  f>i \  -  ^i j .mn(t)+QVijX,n n 
ffij.mni t  +  Ot )  =  =  r -  (.> .  ,  ̂ „  y  T '  ^̂ ^ 

Z^mn K j .mn l * )  +  ai]ijXr„„ ] 
wher e %•  stand s fo r  th e activit y o f  neuro n (i ,  j )  i n th e final 
activit y bubble ,  wtj^m n ' s th e afferen t  o r  latera l  connectio n 
weigh t  (ji ,  E  O T I) ,  a  i s th e learnin g rat e fo r  eac h typ e o f  con -
nectio n (ttf l  fo r  afferen t  weights ,  a e fo r  excitatory ,  an d a /  fo r 
inhibitory )  an d X ^ n i s th e presynapti c activit y ( ^  fo r  afferent , 
; ;  fo r  lateral) . 

Bot h inhibitor y an d excitator y latera l  connection s follo w 
th e sam e Hebbia n learnin g proces s an d strengthe n b y cor -
relate d activity .  A t  long-distances ,  ver y fe w neuron s hav e 
correlate d activit y an d therefor e mos t  long-rang e connection s 
eventuall y becom e weak .  Suc h wea k connection s ar e elim -
inate d periodically ,  an d throug h weigh t  normalization ,  inhib -
itio n concentrate s i n a  close r  neighborhoo d o f  eac h neuron . 
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(o )  Ocula r  dominanc e an d latera l  connection s (b )  Orientatio n column s an d latera l  connection s 

Figur e 2 :  Ocula r  dominanc e an d orientatio n columns ,  an d latera l  connectio n patterns .  I n figure  {a) ,  eac h neuro n i n a  self-organize d 
L ISSO M networ k i s labele d wit h a  grey-scal e valu e {blac k - ^  white )  tha t  represent s continuously-changin g ocula r  dominanc e fro m exlusiv e 
lef t  t o exclusiv e right .  Smal l  whit e dot s indicat e th e stronges t  latera l  inpu t  connection s t o th e neuro n marke d wit h th e bi g whit e dot ,  afte r 
self-organization .  Onl y th e long-rang e inhibitor y connection s ar e shown .  Th e connection s o f  a  monocula r  neuro n predominantl y lin k area s o f 
th e sam e ocula r  dominance .  I n figure  (b) ,  th e orientatio n preferenc e an d selectivit y  o f  eac h neuro n i s represente d i n gre y scale ,  an d th e latera l 
connection s o f  a  typica l  neuro n ar e plotte d a s i n (a) .  Th e connection s preferentiall y  lin k simila r  orientatio n columns . 

Th e radiu s o f  th e latera l  excitator y interaction s start s  ou t  large , 
but  a s self-organizatio n progresses ,  i t  i s  decrease d unti l  i t  cov -
er s onl y th e neares t  neighbor s (c.f .  Self-Organizin g M a p ;  Ko -
hone n 1982 ,  1989) .  Suc h prunin g o f  latera l  connection s pro -
duce s activit y bubble s tha t  ar e focuse d an d local .  A s a  result , 
weight s chang e i n smalle r  neighborhoods ,  an d receptiv e field s 
become bette r  tune d t o loca l  area s o f  th e retina . 

Self-Organization of Ocular Dominance and 

Or ien ta t i o n C o l u m n s a n d Latera l  C o n n e c t i o n s 

We hav e previousl y used  variation s o f  th e R F - L I S S O M net -
wor k t o mode l  th e developmen t  o f  O D an d O R column s i n 
th e primar y visua l  cortex .  Althoug h thes e phenomen a ca n b e 
modele d wit h a  variet y o f  technique s (Goodhil l  1993 ;  Mille r 
et  al .  1989 ;  Obermaye r  e t  al .  1992 ;  vo n de r  Malsbur g 1973) , 
R F - L I S S O M mode l  i s uniqu e i n tha t  i t  als o show s ho w th e 
latera l  connection s self-organiz e i n th e proces s an d wha t  rol e 
the y pla y i n self-organizatio n an d informatio n processing . 

I n th e ocula r  dominanc e stud y (Siros h an d Miikkulaine n 
1995b ;  Siros h an d Miikkulaine n 1996b) ,  tw o retina s wer e 
connecte d t o th e cortica l  network .  Uncorrelate d gaussia n 
ligh t  spot s wer e used  a s input ,  simulatin g strabismi c vision , 
whic h i s know n t o resul t  i n ver y pronounce d ocula r  domin -
anc e column s (Lowe l  an d Singe r  1992) .  Th e simulatio n res -
ult s ar e i n ver y goo d agreemen t  wit h th e biologica l  observa -
tion s (figur e 2a) .  Shar p an d intertwine d pattern s o f  ocula r 
dominanc e form ,  an d neuron s ar e predominantl y connecte d t o 
othe r  neuron s wit h simila r  selectivity . 

I n th e orientatio n colum n experimen t  (Siros h an d Miik -

kulaine n 1995a ;  Siros h an d Miikkulaine n 1996a) ,  elongate d 
gaussian s wit h variou s orientation s an d degree s o f  eccentri -
cit y wer e use d a s inpu t  instea d o f  symmetri c gaussians .  Th e 
cortica l  networ k develope d a  representatio n o f  orientatio n 
preferenc e an d selectivit y ver y simila r  t o thos e observe d i n 
th e visua l  corte x (Blasde l  an d Salam a 1986 ;  Blasde l  1992 ; 
figure  2b) .  Receptiv e fields  o f  variou s eccentricit y an d ori -
entatio n develop ,  an d neuron s ar e ordere d int o a n orientatio n 
m ap tha t  exhibit s linea r  zone s (wher e orientatio n preferenc e 
change s smoothly) ,  pinwheel s (singula r  point s aroun d whic h 
al l  orientatio n preference s appear )  an d fracture s (wher e pref -
erenc e change s abruptly) .  Th e latera l  connection s agai n con -
nec t  neuron s tha t  respon d t o simila r  inputs .  S o m e o f  th e latera l 
connectio n pattern s hav e jus t  recentl y bee n discovered ,  other s 
ar e prediction s o f  th e model . 

Self-Organization of Multisize Receptive Fields 

a n d Latera l  C o n n e c t i o n s 

The hypothesis tested in the present study was whether similar 
columna r  organizatio n an d latera l  connectio n pattern s woul d 
for m als o whe n th e siz e o f  th e gaussia n ligh t  spo t  wa s th e mai n 
dimensio n o f  variatio n i n th e input .  Simulation s wer e carrie d 
out  o n a  networ k o f  19 2 x  19 2 neurons ,  wit h input s comin g 
fro m a  2 4 X  2 4 retina .  Th e anatomica l  R F siz e wa s chose n 
t o b e 1 1 X  11 ,  s o tha t  ther e i s substantia l  overla p betwee n th e 
RFs.  Al l  th e connection s wer e initialize d t o rando m weights . 
A tota l  o f  25,00 0 trainin g step s wer e used .  A t  eac h step ,  a 
random-siz e Gaussia n spo t  wa s presente d o n th e retin a a s in -
put .  Th e latera l  excitator y radiu s o f  eac h neuro n starte d ou t  a s 
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(a )  S m a U RF :  neuro n (78,109 ) (b )  Larg e RF :  neuro n (69,124 ) 

Figur e 3 :  Self-organize d receptiv e fields.  Th e afferen t  weight s o f  neuron s a t  tw o differen t  location s i n a  192x19 2 networ k ar e show n 
afte r  self-organization .  Initiall y  th e weight s ar e completel y random ,  bu t  afte r  self-organization ,  a  smoot h hill-shape d weigh t  profil e devel -
ops .  Thoug h th e anatomica l  RF s ar e th e same ,  th e afferen t  weight s ar e organize d int o a  variet y o f  size s fro m narrow ,  highl y peake d receptiv e 
fields  t o larg e an d broa d ones . 

19 ,  bu t  a s trainin g progressed ,  i t  w a s graduall y decrease d t o 1 
(a s i n th e Self-Organizin g M a p algorith m (Kohone n 1989)) . 
Th e latera l  inhibitor y connection s ha d a  radiu s o f  47 ,  an d 
weak connection s wer e prune d a t  interval s o f  10,00 0 itera -
tions . 

Th e self-organizatio n o f  afferent s result s i n smooth ,  hill -
sh^je d RFs .  A  variet y o f  R F s o f  differen t  size s ar e produced , 
some narro w an d tune d t o smal l  stimuli ,  other s larg e an d mos t 
responsiv e t o larg e stimul i  (figur e 3) .  Simultaneousl y wit h 
th e RFs ,  eac h neuron' s latera l  connection s evolve ,  an d b y th e 
Hebbia n mechanism ,  ar e distribute d accordin g t o h o w wel l 
th e neuron' s activit y correlate s wit h th e activitie s o f  th e othe r 
neurons .  Le t  u s examin e th e natur e o f  suc h activit y correla -
tions .  T h e input s var y i n siz e fro m u  =  0.7 5 t o t i  =  8.0 , 
and ar e normalized .  Therefore ,  th e smalles t  input s produc e 
ver y brigh t  activit y i n a  fe w receptors .  T h e y ar e als o smal -
le r  tha n th e siz e o f  eac h anatomica l  receptiv e field.  Therefore , 
thes e input s predominantl y stimulat e neuron s wit h smal l  re -
ceptiv e fields  an d havin g anatomica l  R F s i n th e sam e positio n 
as th e spot .  Suc h neuron s wil l  hav e stron g activit y correla -
tion s wit h othe r  smal l  receptiv e field  neurons ,  bu t  littl e cor -
relatio n wit h neuron s havin g broade r  receptiv e fields  ̂ .  T h e 
globa l  organizatio n o f  siz e preference s an d latera l  connection s 
ca n b e visualize d b y labelin g eac h neuro n wit h a  colo r  tha t  in -
dicate s th e widt h o f  it s  R F ,  an d plottin g th e pattern s o f  latera l 
connection s o n top .  A s figure  4 a shows ,  th e R F organizatio n 
has th e for m o f  connected ,  intertwine d patches ,  simila r  t o O D 
column s (e.g .  se e Siros h an d Miikkulaine n 199Sb) ,  an d th e 
latera l  connection s o f  neuron s connec t  t o region s o f  th e sam e 
siz e preference .  T h e actua l  strength s o f  th e connection s ar e 
show n i n figure  4b . 

Neuron s wit h large r  receptiv e fields  hav e a  slightl y differ -

'Not c tha t  eve n smal l  spot s produc e quit e widesprea d activit y i n 
th e network ,  becaus e eac h retina l  recepto r  connect s t o a  larg e numbe r 
of  cortica l  neuron s 

ent  patter n o f  activit y correlations .  T h e large r  spot s ar e no t 
localize d withi n th e anatomica l  R F a s ar e th e smalle r  inputs , 
an d exten d beyon d it .  The y produc e activit y ove r  a  wide r  are a 
i n th e networ k tha n th e smaller ,  localize d spots .  A s a  res -
ult ,  th e input s tha t  bes t  stimulat e large r  R F neuron s als o caus e 
activit y i n larg e part s o f  th e network .  Therefore ,  th e activit y 
correlation s o f  suc h neuron s ar e no t  a s strongl y determine d b y 
siz e a s tha t  o f  smal l  R F neurons .  Therefore ,  th e latera l  con -
nection s o f  neuron s wit h large r  R F s ofte n lin k t o smalle r  R F 
neuron s also .  I n th e cortex ,  neurobiologistshav e no t  ye t  stud -
ie d h o w th e pattern s o f  latera l  connection s relat e t o eithe r  siz e 
or  spatia l  frequenc y preferences . 

T h e columna r  organizatio n doe s no t  develo p i n smal l  net -
works .  Simulation s s h o w that ,  fo r  a  give n varianc e o f  th e 
stimul i  size ,  th e rati o o f  neuron s i n th e networ k t o receptor s 
i n th e retin a (th e magnificatio n factor )  ha s t o b e greate r  tha n a 
threshol d valu e fo r  a  stabl e columna r  organizatio n t o appear . 
B e l o w th e threshold ,  smoot h R F s an d a n ordere d topographi c 
m ap develop ,  bu t  al l  th e R F s ten d t o hav e th e s a m e size ,  cor -
respondin g t o th e averag e widt h o f  th e inpu t  stimulus .  A b o v e 
th e threshold ,  symmetr y breakin g occurs ,  producin g a  vari -
et y o f  R F sizes .  Suc h symmetr y breakin g i s simila r  t o tha t  o f 
th e Self-Organizin g M a p (Kohone n 1982,1989) ,  wher e a n in -
pu t  featur e i s represente d i n th e networ k onl y i f  it s  varianc e 
i s greate r  tha n a  threshol d proportiona l  t o th e magnificatio n 
facto r  (Obermaye r  e t  al .  1992) . 

I t  i s  no t  k n o w n whethe r  th e long-rang e latera l  connection s 
i n th e corte x ar e organize d accordin g t o siz e o r  spatia l  fre -
quenc y selectivity .  S o far ,  th e latera l  connectio n pattern s hav e 
onl y bee n studie d i n relatio n t o th e organizatio n o f  O D an d O R 
preferenc e (Malac h e t  al .  1993 ;  L o w e l  an d Singe r  1992 ;  Gil -
ber t  an d Wiese l  1989) .  Howeve r ,  considerabl e psychophys -
ica l  an d neurobiologica l  evidenc e indicate s selectiv e latera l 
interaction s betwee n neuron s tune d t o differen t  spatia l  fre -
quencie s (D e Valoi s an d Tootel l  1983 ;  B a u m a n an d B o n d s 
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Figur e 4 :  Siz e selectiv e columns ,  an d latera l  connectio n patterns .  I n figure  (a) ,  eac h neuro n i n th e networ k i s labele d wit h a  grey-scal e 
valu e (blac k - > white )  tha i  represent s continuously-changin g siz e preferenc e fro m smal l  value s t o larg e values .  Smal l  whit e dot s indicat e th e 
latera l  inpu t  connection s t o th e neuro n marke d wit h th e bi g whit e dot .  Th e siz e preference s ar e organize d systematicall y acros s th e networ k 
int o connected ,  intertwine d patches ,  an d th e stronges t  latera l  connection s predominantl y lin k area s o f  th e sam e siz e selectivity .  Figur e (b ) 
shows th e weight s o f  th e latera l  connection s plotte d i n (a) .  Th e connectio n strength s represen t  th e activit y correlation s o f  th e neuro n wit h 
th e othe r  neuron s i n th e network .  Th e columna r  organizatio n o f  th e RF s i s reflecte d i n th e weights .  Th e connection s als o ar e stronges t  i n th e 
immediat e vicinit y o f  th e neuro n (a t  center )  an d becom e weake r  wit h distance .  Th e larg e area s o f  zer o weight s stan d fo r  th e connection s tha t 
hav e bee n prune d awa y durin g self-organization . 

1991) .  A s i n th e R F - L I S S O M model ,  thes e interaction s ar e 
als o k n o w n t o b e largel y inhibitor y (D e Valoi s an d Tootel l 
1983 ;  Vidyasaga r  an d Muelle r  1994) .  T h e mode l  suggest s 
tha t  th e long-rang e latera l  connection s coul d b e th e anatom -
ica l  substrat e fo r  inhibitio n betwee n spatia l  frequenc y chan -
nels .  T h e mode l  furthe r  predict s tha t  th e pattern s o f  latera l 
connection s i n th e corte x woul d b e influence d no t  onl y b y 
O D an d O R preference ,  bu t  als o b y selectivit y t o spatia l  fre -
quency . 

Discussion 

C o m b i n e d wit h ou r  previou s wor k o n O D an d O R m a p s 
an d latera l  connections ,  th e n e w result s sugges t  tha t  a  singl e 
Hebbia n mechanis m produce s th e receptiv e field s an d latera l 
interaction s i n th e primar y visua l  cortex .  I t  als o make s sev -
era l  prediction s o n th e latera l  connectivit y pattern s i n th e cor -
tex .  However ,  i t  i s  importan t  t o not e tha t  th e unit s an d connec -
tion s i n th e R F - L I S S O M mode l  d o no t  correspon d one-to-on e 
t o neuron s an d synapses .  Instead ,  eac h uni t  shoul d b e see n 
as a  vertica l  colum n o f  neurons ,  an d th e connection s stan d 
fo r  th e interaction s betwee n thes e columns .  O n e importan t 
predictio n o f  th e mode l  i s tha t  long-rang e latera l  interaction s 
ar e inhibitory :  Thi s i s computationall y necessar y fo r  th e self -
organizatio n o f  receptiv e fields  t o occur .  However ,  i t  doesn' t 
m e an tha t  th e synapse s o n long-rang e connection s necessar -
il y  hav e t o b e inhibitory ,  a s lon g a s thei r  overal l  effec t  o n th e 
colum n i s inhibitory . 

Perhap s mos t  significantly ,  th e R F - L I S S O M mode l  sug -
gest s a  computationa l  rol e fo r  self-organize d structure s i n th e 

primar y visua l  cortex .  Accordin g t o th e model ,  tw o differen t 
computation s ar e performe d durin g sensor y processing :  First , 
th e input s ar e projecte d ont o th e principa l  featur e dimension s 
represente d b y th e afferen t  receptiv e field  structure .  Then ,  th e 
redundancie s ar e filtered  ou t  b y th e inhibitor y latera l  interac -
tions .  Th e resul t  i s  a n efficient ,  redundancy-reduce d spars e 
codin g o f  th e visua l  inpu t  whic h i s the n passe d o n t o highe r 
processin g levels .  Thi s predictio n ca n probabl y b e verifie d ex -
perimentall y b y usin g informatio n theor y t o analyz e th e op -
tica l  image s o f  cortica l  activit y pattern s produce d i n respons e 
t o simpl e retina l  images .  I f  confirmed ,  i t  woul d constitu e 
a majo r  ste p i n understandin g th e functio n o f  th e observe d 
primar y visua l  corte x structures . 

Conclusion 

T h e R F - L I S S O M mode l  show s h o w a  columna r  organizatio n 
of  multisize d receptiv e fields  ca n develo p an d h o w latera l  con -
nectio n pattern s follo w thi s organization .  Combine d wit h ou r 
previou s work ,  thes e result s sho w h o w a  singl e loca l  an d un -
supervise d self-organizin g proces s ca n b e responsibl e fo r  th e 
developmen t  o f  bot h th e afferen t  an d latera l  connectio n struc -
ture s i n th e primar y visua l  cortex .  Th e mode l  suggest s tha t 
afferen t  receptiv e fields  develo p a  spars e codin g o f  th e visua l 
input ,  an d tha t  recurren t  latera l  interaction s eliminat e redund -
ancie s i n cortica l  activit y patterns . 
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