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A Neura l  Networ k Mode l  o f  Visua l  Til t  Aftereffect s 

James A .  Bedna r  (jbednarOc s .utexa s .edu ) 
Rist o Miikkulaine n (risto@c s .  utexa s .  edu ) 

Departmen t  o f  Compute r  Science s 
Universit y o f  Texa s a t  Austi n 

Austin ,  T X 7871 2 U S A 

Abstrac t 

RF-LISSOM, a self-organizing model of laterally connected 
orientatio n map s i n th e primar y visua l  cortex ,  wa s use d t o 
stud y th e psychologica l  phenomeno n know n a s th e til t  after -
effect .  Th e sam e self-organizin g processe s tha t  ar e responsibl e 
fo r  th e long-ter m developmen t  o f  th e ma p an d it s latera l  con -
nection s ar e show n t o resul t  i n til t  aftereffect s ove r  shor t  tim e 
scale s i n th e adult .  Th e mode l  allow s observin g larg e number s 
of  neuron s an d connection s simultaneously ,  makin g i t  possibl e 
t o relat e higher-leve l  phenomen a t o low-leve l  events ,  whic h i s 
difficul t  t o d o experimentally .  Th e result s giv e computationa l 
suppor t  fo r  th e ide a tha t  direc t  til t  aftereffect s aris e fro m adap -
tiv e latera l  interaction s betwee n featur e detectors ,  a s ha s lon g 
been surmised .  The y als o sugges t  tha t  indirec t  effect s coul d 
resul t  fro m th e conservatio n o f  synapti c resource s durin g thi s 
process .  Th e mode l  thu s provide s a  unifie d computationa l  ex -
planatio n o f  self-organizatio n an d bot h direc t  an d indirec t  til t 
aftereffect s i n th e primar y visua l  cortex . I n t r o d u c t i o n 

Th e til t  aftereffec t  (TAE ,  Gibso n an d Radne r  1937 )  i s a  sim -
pl e bu t  intriguin g visua l  phenomenon .  Afte r  starin g a t  a  pat -
ter n o f  tilte d line s o r  gratings ,  subsequen t  line s appea r  t o hav e 
a sligh t  til t  i n th e opposit e directio n (Figur e 1) .  Th e effec t  re -
semble s a n afterimag e fro m starin g a t  a  brigh t  light ,  bu t  i t 
reflect s change s i n orientatio n perceptio n rathe r  tha n i n colo r 
or  brightness . 

Most  moder n explanation s o f  th e T A E ar e base d o n th e 
feature-detecto r  mode l  o f  th e visua l  corte x (Hube l  an d Wiese l 
1968) .  Individua l  orientatio n detector s becom e mor e difficul t 
t o excit e durin g repeate d presentatio n o f  oriente d stimuli ,  an d 
th e desensitizatio n persist s fo r  s o m e tim e afterwards .  Thi s 
observatio n form s th e basi s o f  th e fatigu e theor y o f  th e T A E : 
i f  activ e neuron s becom e fatigue d ove r  time ,  th e se t  o f  neu -
ron s activate d fo r  a  tes t  figure  wil l  shif t  awa y fro m th e adapta -
tio n orientation .  Assumin g th e perceive d orientatio n i s som e 
sor t  o f  averag e ove r  th e orientatio n preference s o f  th e acti -
vate d neurons ,  th e perceive d orientatio n woul d thu s sho w th e 
direc t  T A E (Colthear t  1971) . 

Th e fatigu e theor y ha s bee n discredite d becaus e i t  ha s be -
c o me apparen t  tha t  th e adaptatio n i s mediate d b y th e lat -
era l  connection s betwee n neurons ,  rathe r  tha n change s occur -
rin g withi n th e neuron s themselve s (Bedna r  1997 ;  Vidyasaga r 
1990) .  Th e now-popula r  inhibitio n theor y postulate s tha t 
til t  aftereffect s resul t  fro m changin g inhibitio n betwee n neu -
ron s (Tolhurs t  an d T h o m p s o n 1975) ,  perhap s b y increase s i n 
th e strengt h o f  latera l  connection s betwee n them . 

Althoug h th e inhibitio n theor y wa s first  propose d i n th e 
1970s ,  onl y recentl y ha s i t  becom e computationall y feasi -

^ ^ ^ ^ ^ 

Figur e 1 :  Til t  aftereffec t  patterns .  Fixat e you r  gaz e upo n th e cir -
cl e insid e th e squar e a t  th e cente r  fo r  a t  leas t  thirt y seconds ,  movin g 
you r  ey e slightl y insid e th e circl e t o avoi d developin g stron g after -
images .  N o w fixate  upo n th e figure  a t  th e left .  Th e vertica l  line s 
shoul d appea r  slightl y tilte d t o th e right;  thi s phenomeno n i s calle d 
th e direc t  til t  aftereffect .  I f  yo u fixate  upo n th e horizonta l  line s a t 
th e right,  the y shoul d appea r  barel y tilte d counterclockwise ,  demon -
stratin g th e indirec t  til t  aftereffect .  (Adapte d fro m Campbel l  an d 
Maffe i  1971. ) 

bl e t o tes t  i n a  detaile d mode l  o f  cortica l  function .  A  Heb -
bia n self-organizin g proces s (th e Receptive-Fiel d Laterall y 
Interconnecte d Synergeticall y Self-Organizin g M a p ,  o r  R F -
L I S S O M;  Miikkulainen ,  Bednar ,  Choe ,  an d Sirosh ,  1997 ; 
Siros h 1995 ;  Siros h an d Miikkulaine n 1994a ,  1996 ,  1997 ; 
Sirosh ,  Miikkulainen ,  an d Bednar ,  1996 )  ha s bee n show n 
t o develo p featur e detector s an d specifi c  latera l  connection s 
tha t  coul d produc e suc h aftereffects .  T h e R F - L I S S O M mode l 
give s ris e t o anatomica l  an d functiona l  characteristic s o f  th e 
corte x suc h a s topographi c maps ,  ocula r  dominance ,  orien -
tation ,  an d siz e preferenc e columns ,  an d th e patterne d lat -
era l  connection s betwee n them .  Althoug h othe r  model s exis t 
tha t  explai n h o w th e feature-detector s an d afferen t  connec -
tion s coul d develo p b y input-drive n self-organization ,  R F -
L I S S O M i s th e onl y mode l  tha t  als o show s h o w th e latera l 
connection s ca n self-organiz e a s a n integra l  par t  o f  th e pro -
cess .  T h e laterall y connecte d mode l  ha s als o bee n show n t o 
accoun t  fo r  m a n y o f  th e dynami c aspect s o f  th e visua l  cortex , 
suc h a s reorganizatio n followin g retina l  an d cortica l  lesion s 
(Miikkulaine n e t  al .  1997 ;  Siros h 1995 ;  Siros h an d Miikku -
laine n 1994b ;  Sirosh ,  Miikkulainen ,  an d Bednar ,  1996) . 

T h e curren t  wor k i s a  first  stud y o f  th e functiona l  behav -
io r  o f  th e model ,  specificall y th e respons e t o stimul i  simi -
la r  t o thos e k n o w n t o caus e th e T A E i n humans .  T h e R F -
L I S S O M mode l  allow s observin g activatio n an d connectio n 
pattern s betwee n larg e number s o f  neuron s simultaneously , 
makin g i t  possibl e t o relat e higher-leve l  p h e n o m e n a t o low -
leve l  events ,  whic h i s difficul t  t o d o experimentally .  T h e re -
sult s sugges t  tha t  til t  aftereffect s ar e no t  flaws  i n a n otherwis e 
well-designed  system ,  bu t  a n unavoidabl e resul t  o f  a  self -
organizin g proces s tha t  aim s a t  producin g a n efficient ,  spars e 
encodin g o f  th e inpu t  throug h decorrelatio n (a s propose d b y 
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Afferen t  connection s 
(radiu s 1 )  " 
Long-rang e inhibitor y connection s 
(radiu s 2 )  — 
Short-range excitatory connections 
(radiu s 1 )  — 

Figur e 2 :  Architectur e o f  th e R F - L I S S O M network .  A  tin y RF -
L I S S O M networ k an d retin a ar e shown ,  alon g wit h connection s t o 
a singl e neuro n (show n a s a  larg e circle) .  Th e inpu t  i s a n oriente d 
Gaussia n activit y patter n o n th e retina l  ganglio n cells .  Th e afferen t 
connection s for m a  loca l  anatomica l  receptiv e licl d o n th e simulate d 
retina .  Neighborin g neuron s hav e differen t  bu t  highl y overlappin g 
RFs.  Eac h neuro n compute s a n initia l  respons e a s a  do t  produc t  o f  it s 
receptiv e fiel d an d it s afferen t  weigh t  vector .  Th e response s the n re -
peatedl y propagat e withi n th e corte x throug h th e latera l  connection s 
and evolv e int o a n activit y "bubble" .  Afte r  th e activit y stabilizes , 
weight s o f  th e activ e neuron s ar e adapted . 
Barlow 1990; see also Dong 1994; Field 1994; Foldiak 1990; 
Miikkulaine n e t  al .  1997 ;  Sirosh ,  Miikkulainen ,  an d Bednar , 
1996) . 

Architecture 

Th e cortica l  architectur e fo r  th e mode l  ha s bee n simplifie d 
and reduce d t o th e m i n i m u m necessar y configuratio n t o ac -
coun t  fo r  th e observe d phenomena .  Becaus e th e focu s i s o n 
th e two-dimensiona l  organizatio n o f  th e cortex ,  eac h "neu -
ron "  i n th e mode l  corte x correspond s t o a  vertica l  colum n o f 
cell s throug h th e si x layer s o f  th e huma n cortex .  Th e cortica l 
networ k i s modele d wit h a  shee t  o f  interconnecte d neuron s 
and th e retin a wit h a  shee t  o f  retina l  ganglio n cell s (figur e 2) . 
Neuron s receiv e afferen t  connection s fro m broa d overlappin g 
patche s o n th e retina .  Th e N  x  N  networ k i s projecte d o n t o 
th e retin a o f  R  x  R  ganglio n cells ,  an d eac h neuro n i s con -
necte d t o ganglio n cell s i n a  circula r  are a o f  radiu s r  aroun d 
th e projections .  Thus ,  neuron s a t  a  particula r  cortica l  loca -
tio n receiv e afferent s fro m th e correspondin g locatio n o n th e 
retina .  Sinc e th e L G N accuratel y reproduce s th e receptiv e 
fields  o f  th e retina ,  i t  ha s bee n bypasse d fo r  simplicity . 

Eac h neuro n als o ha s reciproca l  excitator y an d inhibitor y 
latera l  connection s wit h itsel f  an d othe r  neurons .  Latera l  ex -
citator y connection s ar e short-range ,  connectin g eac h neuro n 
wit h itsel f  an d it s clos e neighbors .  Latera l  inhibitor y connec -
tion s ru n fo r  comparativel y lon g distances ,  bu t  als o includ e 
connection s t o th e neuro n itsel f  an d t o it s neighbors . 

Th e inpu t  t o th e mode l  consist s o f  2- D ellipsoida l  Gaus -
sia n pattern s representin g retina l  ganglio n cel l  activations . 
For  training ,  th e orientation s o f  th e Gaussian s ar e chose n 
randoml y fro m th e unifor m distributio n i n th e rang e [0 ,  tt) . 
Th e elongate d spot s approximat e natura l  visua l  stimul i  af -
te r  th e edg e detectio n an d enhancemen t  mechanism s i n th e 
retina .  The y ca n als o b e see n a s a  mode l  o f  th e intrinsi c reti -
nal  activit y wave s tha t  occu r  i n lat e pre-nata l  developmen t  i n 
m a m m a ls (Meister ,  W o n g ,  Baylor ,  an d Shat z 1991) .  Th e RF -

L I S S O M networ k model s th e self-organizatio n o f  th e visua l 
corle x base d o n thes e natura l  source s o f  elongate d features . 

The afferen t  weight s ar e initiall y  se t  t o rando m values , 
and th e latera l  weight s ar e prese t  t o a  smoot h Gaussia n pro -
file.  Th e connection 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  respons e T]i j  o f  neuro n (i,j )  i s  cal -
culate d a s a  weighte d su m o f  th e retina l  activations : 

/ 
T)i j  = a 

\a, b 

\ 
ab (1 ) 

/ 

wher e ^a b i s th e activatio n o f  retina l  ganglio n (a ,  b )  withi n 
th e anatomica l  R F o f  th e neuron ,  Hij,a b i s th e correspondin g 
afferen t  weight ,  an d u  i s a  piecewis e linea r  approximatio n o f 
th e sigmoi d activatio n function .  T h e respons e evolve s ove r  a 
ver y shor t  tim e scal 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 Y l  ̂ M 
wit h latera l  excitatio n an d inhibition : 

r)ij{t)  =  (^\Y,^^^  + 'y^Yi  Eij^kimit  -1) -

-yi^lijMVkiit-i ) 
k, l 

(2 ) 

wher e £ij,/t ;  i s  th e excitator y latera l  connectio n weigh t  o n th e 
connectio n fro m neuro n {k,l )  t o neuro n (i,j) ,  /,j,jt ;  i s  th e 
inhibitor y connectio n weight ,  an d T]ki{ t  — 1 )  i s th e activit y 
of  neuro n (fc ,  / )  durin g th e previou s tim e step .  T h e scalin g 
factor s 7 e an d 7 ^  determin e th e relativ e strength s o f  excitator y 
an d inhibitor y latera l  interactions . 

Whi l e th e cortica l  respons e i s  settling ,  th e retina l  activit y 
remain s constant .  T h e activit y patter n start s ou t  diffus e an d 
sprea d ove r  a  substantia l  par t  o f  th e m a p ,  bu t  withi n a  fe w iter -
ation s o f  equatio n 2 ,  converge s int o a  smal l  n u m b e r  o f  stabl e 
focuse d patche s o f  activity ,  o r  activit y bubbles .  Afte r  th e ac -
tivit y ha s settled ,  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  accordin g 
t o th e sam e mechanism :  th e H e b b rule ,  normalize d s o tha t  th e 
s u m o f  th e weight s i s constant : 

w. tj,m n { t  +  6t )  = 
Wij,mn{t )  +  ar j r jXm n 

(3 ) 

wher e ri, j  stand s fo r  th e activit y o f  neuro n (i ,  j )  i n th e final 
activit y bubble ,  Wij^m n i s th e afferen t  o r  latera l  connectio n 
weigh t  (/i ,  E  o r  / ) ,  a  i s  th e learnin g rat e fo r  eac h typ e o f 
connectio n ( a ^  fo r  afferen t  weights ,  a s fo r  excitatory ,  an d 
a j  fo r  inhibitory )  an d X m n i s th e presynapti c activit y  {( ,  fo r 
afferent ,  t ]  fo r  lateral) .  T h e large r  th e produc t  o f  th e pre -  an d 
post-synapti c activit y rjijXmn ,  th e large r  th e weigh t  change . 
Therefore ,  w h e n th e pre -  an d post-synapti c neuron s fire  to -
gethe r  frequently ,  th e connectio n become s stronger .  Bot h ex -
citator y an d inhibitor y connection s strengthe n b y correlate d 
activity ;  normalizatio n the n redistribute s th e change s s o tha t 
th e s u m o f  eac h weigh t  typ e fo r  eac h neuro n remain s con -
stant . 

At  lon g distances ,  ver y fe w neuron s hav e correlate d ac -
tivit y an d therefor e mos t  long-rang e connection s eventuall y 
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become weak .  Th e wea k connection s ca n b e eliminate d peri -
odically ,  resultin g i n patch y latera l  connectivit y simila r  t o tha t 
observe d i n th e visua l  cortex .  Th e radiu s o f  th e latera l  excita -
tor y interaction s start s ou t  large ,  bu t  a s self-organi/atio n pro -
gresses ,  i t  i s  decrease d unti l  i t  cover s onl y th e neares t  neigh -
bors .  Suc h a  decreas e i s necessar y fo r  globa l  topographi c 
orde r  t o develo p an d fo r  th e receptiv e fields  t o becom e well -
tune d a t  th e sam e time . 

Experiments 

The model consisted of an array of 192 x 192 neurons, and 
a retin a o f  2 4 x  2 4 ganglio n cells .  Th e circula r  anatomica l 
receptiv e field  o f  eac h neuro n wa s centere d i n th e portio n o f 
th e retin a correspondin g t o th e locatio n o f  th e neuro n i n th e 
cortex .  Th e R F consiste d o f  random-strengt h connection s t o 
al l  ganglio n cell s les s tha n 6  unit s awa y fro m th e R F cen -
ter .  Th e corte x wa s self-organize d fo r  30,00 0 iteration s o n 
oriente d Gaussia n input s wit h majo r  an d mino r  axe s o f  half -
widt h a  =  7. 5 an d 1.5 ,  respectively. '  Th e trainin g too k 8 
hour s o n 6 4 processor s o f  a  Cra y T 3 D a t  th e Pittsburg h Su -
percomputin g Center .  Th e mode l  require s mor e tha n thre e 
gigabyte s o f  physica l  m e m o r y t o represen t  th e mor e tha n 40 0 
millio n connection s i n thi s smal l  sectio n o f  th e cortex . 

Orientation map organization 

In the self-organization process, the neurons developed ori-
ente d receptiv e fields  organize d int o orientatio n column s ver y 
simila r  t o thos e observe d i n th e primar y visua l  cortex .  Th e 
stronges t  latera l  connection s o f  highly-tune d cell s lin k area s 
of  simila r  orientatio n preference ,  an d avoi d neuron s wit h th e 
orthogona l  orientatio n preference .  Furthermore ,  th e connec -
tio n pattern s o f  highl y oriente d neuron s ar e typicall y elon -
gate d alon g th e directio n i n th e m a p tha t  correspond s t o th e 
neuron' s preferre d stimulu s orientation .  Thi s organizatio n re -
flects  th e activit y correlation s cause d b y th e elongate d Gaus -
sia n inpu t  pattern :  suc h a  stimulu s activate s primaril y thos e 
neuron s tha t  ar e tune d t o th e sam e orientatio n a s th e stimu -
lus ,  an d locate d alon g it s lengt h (Siros h e t  al .  1996) .  Sinc e th e 
long-rang e latera l  connection s ar e inhibitory ,  th e ne t  resul t 
i s  decorrelation :  redundan t  activatio n i s removed ,  resultin g 
i n a  spars e representatio n o f  th e nove l  feature s o f  eac h inpu t 
(Barlo w 1990 ;  Fiel d 1994 ;  Siros h e t  al .  1996) .  A s a  sid e ef -
fect ,  illusion s an d aftereffect s m a y sometime s occur ,  a s wil l 
be show n below . 

'Th e initia l  latera l  excitatio n radiu s wa s 1 9 an d wa s graduall y 
decrease d t o 1 .  Th e latera l  inhibitor y radiu s o f  eac h neuro n wa s 47 , 
and inhibitor y connection s whos e strengt h wa s belo w 0.0002 5 wer e 
prune d awa y a t  30 ,  00 0 iterations .  Th e latera l  inhibitor y connec -
tion s wer e prese t  t o a  Gaussia n profil e wit h c r  =  100 ,  an d th e latera l 
excitator y connection s t o a  Gaussia n wit h c r  =  15 .  Th e latera l  ex -
citatio n 7 c an d inhibitio n strengt h 7 ;  wer e bot h 0.9 .  Th e learnin g 
rat e o a wa s graduall y decrease d fro m 0.00 7 t o 0.0015 ,  o e fro m 
0.00 2 t o 0.00 1 an d a \  wa s a  constan t  0.00025 .  Th e lowe r  an d uppe r 
threshold s o f  th e sigmoi d wer e increase d fro m 0. 1 t o 0.2 4 an d fro m 
0.6 5 t o 0.88 ,  respectively .  Th e numbe r  o f  iteration s fo r  whic h th e 
latera l  connection s wer e allowe d t o settl e a t  eac h trainin g iteratio n 
was initiall y  9 ,  an d wa s increase d t o 1 3 ove r  th e cours e o f  training . 
The paramete r  setting s wer e identica l  t o thos e o f  Siros h (1995) ,  an d 
wer e no t  tune d o r  tweake d fo r  th e til t  aftereffec t  simulations .  Smal l 
variation s produc e roughl y equivalen t  result s (Siros h 1995) . 
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Figure 3: Tilt aftereffect versus retinal angle. The open cir-
cle s represen t  th e averag e til t  aftereffec t  fo r  a  singl e huma n subjec t 
( D E M)  fro m Mitchel l  an d Mui r  (1976 )  ove r  te n trials .  Fo r  eac h an -
gl e i n eac h trial ,  th e subjec t  adapte d fo r  thre e minute s o n a  sinusoida l 
gratin g o f  a  give n angle ,  the n wa s teste d fo r  th e effec t  o n a  horizonta l 
grating .  Erro r  bar s indicat e ± 1 standar d erro r  o f  measurement .  Th e 
subjec t  show n ha d th e mos t  complet e dat a o f  th e fou r  i n th e study . 
Al l  fou r  showe d ver y simila r  effect s i n th e x-axi s rang e ±40° ;  th e in -
direc t  T A E fo r  th e large r  angle s varie d widel y betwee n ±2.5 °  Th e 
grap h i s roughl y anti-symmetri c aroun d 0° ,  s o th e T A E i s essentiall y 
th e sam e i n bot h direction s relativ e t o th e adaptatio n line .  Th e heav y 
lin e show s th e averag e magnitud e o f  th e til t  aftereffec t  i n th e RF -
L I S S O M mode l  ove r  nin e trial s a t  differen t  location s o n th e retina . 
Erro r  bar s indicat e ± 1 standar d erro r  o f  measurement .  Th e networ k 
adapte d t o a  vertica l  adaptatio n lin e a t  a  particula r  positio n fo r  9 0 
iterations ,  the n th e T A E wa s measure d fo r  tes t  line s oriente d a t  eac h 
angle .  Th e duratio n o f  adaptatio n wa s chose n s o tha t  th e magnitud e 
of  th e huma n dat a an d th e mode l  match ;  thi s wa s th e onl y parame -
te r  fit  t o th e data .  Th e resul t  fro m th e mode l  closel y resemble s th e 
curv e fo r  human s a t  al l  angles ,  showin g bot h direc t  an d indirec t  til t 
aftereffects . 
Aftereffect simulations 
I n psychophysica l  measurement s o f  th e T A E ,  a  fixed  stimulu s 
i s presente d a t  a  particula r  locatio n o n th e retina .  T o simulat e 
thes e condition s i n th e model ,  th e positio n an d angl e o f  th e 
input s wer e fixed  t o a  singl e valu e fo r  a  numbe r  o f  iterations , 
rathe r  tha n havin g a  unifor m rando m distributio n a s i n self -
organization .  T o permi t  mor e detaile d analysi s o f  behavio r  a t 
shor t  tim e scales ,  th e learnin g rate s wer e reduce d fro m thos e 
use d durin g self-organization ,  t o o a =  cx e =  a j  =  0.00005 . 
Al l  othe r  parameter s remaine d a s i n self-organization . 

To compar e wit h th e psychophysica l  experiments ,  per -
ceive d orientation s wer e compare d befor e an d afte r  til t  adap -
tation .  Perceive d orientatio n wa s measure d a s a  vecto r  s u m 
ove r  al l  activ e neurons ,  wit h th e magnitud e o f  eac h vec -
to r  representin g th e activatio n level ,  an d th e vecto r  directio n 
representin g th e orientatio n preferenc e o f  th e neuro n befor e 
adaptation .  Perceive d orientatio n wa s compute d separatel y 
fo r  eac h possibl e orientatio n o f  th e tes t  Gaussian ,  bot h be -
for e an d afte r  adaptation .  Fo r  a  give n angula r  separatio n o f 
th e adaptatio n stimulu s an d th e tes t  stimulus ,  th e compute d 
magnitud e o f  th e til t  aftereffec t  i s th e differenc e betwee n th e 
initia l  perceive d angl e an d th e on e perceive d afte r  adaptation . 
Figur e 3  plot s thes e difference s afte r  adaptatio n fo r  9 0 itera -
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tion s o f  th e R F - L I S S O M algorithm .  Fo r  comparison ,  ligur c 3 
als o show s th e mos t  detaile d dat a availabl e fo r  th e T A E i n 
h u m an fovea l  visio n (Mitchel l  an d Mui r  1976) . 

Th e result s fro m th e R F - L I S S O M simulatio n ar e strikingl y 
simila r  t o th e psychophysica l  results .  Fo r  th e rang e 5 °  t o 40° , 
al l  subject s i n th e h u m a n stud y (includin g th e on e shown )  ex -
hibite d angl e repulsio n effect s nearl y identica l  t o thos e foun d 
i n th e R F - L I S S O M model .  Th e magnitud e o f  thi s direc t  T A E 
increase s ver y rapidl y t o a  m a x i m u m angl e repulsio n a t  ap -
proximatel y 10° ,  fallin g of f  somewha t  mor e graduall y t o zer o 
as th e angula r  separatio n increases . 

Th e result s fo r  large r  angula r  separation s (fro m 45 °  t o 85° ) 
sho w a  greate r  inter-subjec t  variabilit y  i n th e psychophysica l 
literature ,  bu t  thos e foun d fo r  th e R F - L I S S O M mode l  ar e wel l 
withi n th e rang e see n fo r  h u m a n subjects .  Th e indirec t  effect s 
fo r  th e subjec t  show n wer e typica l  fo r  tha t  study ,  althoug h 
some subject s showe d effect s u p t o 2.5° . 

I n additio n t o th e angula r  change s i n th e T A E ,  it s magni -
tud e i n human s increase s regularl y wit h adaptatio n tim e (Gib -
so n an d Radne r  1937) .  Th e equivalen t  o f  "time "  i n th e RF -
L I S S O M mode l  i s a n iteration ,  i.e .  a  singl e cycl e o f  inpu t 
presentation ,  activit y propagation ,  settling ,  an d weigh t  modi -
fication.  A s th e numbe r  o f  adaptatio n iteration s i s increased , 
th e magnitud e o f  th e T A E i n th e mode l  increase s monotoni -
cally ,  whil e retainin g th e sam e basi c shap e o f  figure  3  (Bed -
nar  1997) .  Th e curv e tha t  bes t  matche s th e huma n dat a wa s 
show n i n figure  3 . 

D ue t o th e tim e require d t o obtai n eve n a  singl e poin t  o n 
th e angula r  curv e o f  th e T A E fo r  h u m a n subjects ,  complet e 
experimenta l  measurement s o f  th e angula r  functio n a t  differ -
ent  adaptatio n time s ar e no t  available .  However ,  whe n th e 
tim e cours e o f  th e direc t  T A E i s measure d a t  a  singl e orien -
tation ,  th e increas e i s approximatel y logarithmi c wit h tim e 
(Gibso n an d Radne r  1937) ,  eventuall y saturatin g a t  a  leve l 
tha t  depend s upo n th e experimenta l  protoco l  use d (Greenle e 
and Magnusse n 1987 ;  Magnusse n an d Johnse n 1986) .  Fig -
ur e 4  compare s th e shap e o f  thi s T A E versu s tim e curv e fo r 
h u m an subject s an d fo r  th e R F - L I S S O M model .  Th e x  axi s 
fo r  th e R F - L I S S O M an d h u m a n dat a ha s differen t  units ,  bu t 
th e correspondenc e betwee n th e tw o curve s migh t  provid e a 
roug h wa y o f  quantifyin g th e equivalen t  rea l  tim e fo r  a n "it -
eration "  o f  th e model .  Th e tim e cours e o f  th e T A E i n th e 
R F - L I S S O M mode l  i s simila r  t o th e huma n data .  Th e T A E 
increase s approximatel y logarithmically ,  bu t  i t  doe s no t  com -
pletel y saturat e ove r  th e adaptatio n amount s teste d s o far . 
Thi s differenc e suggest s tha t  th e biologica l  implementatio n 
has additiona l  constraint s o n th e amoun t  o f  learnin g tha t  ca n 
be achieve d ove r  th e tim e scal e ove r  whic h th e til t  aftereffec t 
i s  seen . 

How does the TAE arise in the model? 

The TAE seen in figures 3 and 4 must result from changes 
i n th e connectio n strength s betwee n neurons ,  sinc e n o othe r 
componen t  o f  th e mode l  change s a s adaptatio n progresses . 
Simulation s performe d wit h onl y on e typ e o f  weigh t  (ei -
the r  afferent ,  latera l  excitatory ,  o r  latera l  inhibitory )  adapt -
in g a t  a  give n tim e sho w tha t  th e inhibitor y weight s deter -
min e th e shap e o f  th e curv e fo r  al l  angle s (Bedna r  1997) . 
T h e smal l  componen t  o f  th e T A E resultin g fro m adaptatio n 
of  eithe r  typ e o f  excitator y weight s i s almos t  precisel y op -

RF-LISSO M adaptatio n iteration s 
200 40 0 60 0 80 0 

.•S O 10 0 15 0 
Human adaptatio n tim e (minutes ) 

Figure 4: Direct tilt aftereffect versus time. The circles show the 
magnitud e o f  th e T A E a s a  functio n o f  adaptatio n tim e fo r  huma n 
subject s M W G (unfille d circles )  an d S M (fille d circles )  fro m Green -
le e an d Magnusse n (1987) ;  the y wer e th e onl y subject s teste d i n th e 
study .  Eac h subjec t  adapte d t o a  singl e 4-12 °  lin e fo r  th e tim e perio d 
indicate d o n th e horizonta l  axi s (bottom) .  T o estimat e th e magnitud e 
of  th e aftereffec t  a t  eac h point ,  a  vertica l  tes t  lin e wa s presente d a t 
th e sam e locatio n an d th e subjec t  wa s requeste d t o se t  a  compariso n 
lin e a t  anothe r  locatio n t o matc h it .  Th e plot s represen t  average s o f 
five  runs ;  th e dat a fo r  0  -  1 0 minute s wer e collecte d separatel y fro m 
th e rest .  Fo r  comparison ,  th e heav y lin e show s averag e T A E i n th e 
L ISSO M mode l  fo r  a  -H2 °  tes t  lin e ove r  9  trial s (wit h parameter s 
as i n figure  3) .  Th e horizonta l  axi s (top )  represent s th e numbe r  o f 
iteration s o f  adaptation ,  an d th e vertica l  axi s represent s th e magni -
tud e o f  th e T A E a t  thi s tim e step .  Th e RF-LISSO M result s sho w a 
simila r  logarithmi c increas e i n T A E magnitud e wit h time ,  bu t  d o no t 
sho w th e saturatio n tha t  i s  see n fo r  th e huma n subjects . 
posit e th e tota l  effect .  Althoug h eac h inhibitor y connectio n 
adapt s wit h th e sam e learnin g rat e a s th e excitator y connec -
tion s (a /  =  a A =  oc E =  0.00005) ,  ther e ar e m a n y mor e 
inhibitor y connection s tha n excitator y connections .  Th e com -
bine d strengt h o f  al l  th e smal l  inhibitor y change s outweigh s 
th e excitator y changes ,  an d result s i n a  curv e wit h a  sig n op -
posit e tha t  o f  th e component s fro m th e excitator y weights . 

I n wha t  wa y d o th e changin g inhibitor y connection s caus e 
thes e effects ? Durin g adaptation ,  w e se e tha t  th e respons e 
t o th e 0 °  adaptatio n lin e become s graduall y mor e concen -
trate d toward s th e centra l  are a o f  th e Gaussia n patter n pre -
sented .  Thi s i s becaus e th e inhibitio n betwee n activ e neuron s 
increases ,  allowin g onl y th e mos t  strongl y activate d neuron s 
t o remai n activ e afte r  settlin g (equatio n 2) .  However ,  th e dis -
tributio n o f  activ e orientatio n detector s i s centere d aroun d th e 
same angle ,  s o th e sam e angl e i s perceived . 

Th e respons e t o a  tes t  lin e wit h a  slightl y differen t  orienta -
tio n (e.g .  10° )  i s als o mor e focuse d afte r  adaptation ,  bu t  th e 
overal l  distributio n o f  activate d neuron s ha s shifted .  Fewe r 
neuron s tha t  prefe r  orientation s clos e t o th e adaptatio n lin e 
n o w respond ,  bu t  a n increase d numbe r  o f  thos e tha t  prefe r 
distan t  angle s do .  Thi s i s becaus e inhibitio n wa s strengthene d 
primaril y betwee n neuron s clos e t o th e adaptatio n angle ,  an d 
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not  betwee n thos e whic h prefe r  large r  orientations ,  greate r 
tha n th e 10 °  tes t  line .  Th e ne t  effec t  i s a  shif t  o f  th e perceive d 
orientatio n awa y fro m th e adaptatio n angle ,  resultin g i n th e 
direc t  T A E . 

I n contrast ,  th e respons e t o a  ver y differen t  tes t  lin e (e.g . 
60° )  i s broade r  an d stronge r  afte r  adaptation .  Adaptatio n oc -
curre d onl y i n activate d neurons ,  s o neuron s wit h orientatio n 
preference s greate r  tha n 60°ar e unchanged .  However ,  thos e 
wit h preference s somewha t  les s tha n 60 °  actuall y no w re -
spon d mor e strongly .  Durin g adaptation ,  thei r  inhibitor y con -
nection s wit h othe r  activ e neurons ,  i.e .  thos e tha t  represen t 
orientation s clos e t o th e 0 °  adaptatio n line ,  becam e stronger . 
Sinc e th e su m o f  inhibitio n i s constan t  fo r  eac h neuro n (equa -
tio n 3) ,  th e connection s t o neuron s representin g distan t  angle s 
(e.g .  60° )  becam e weaker .  A s a  result ,  th e 60 °  lin e no w in -
hibit s the m les s tha n befor e adaptation .  Thu s the y ar e mor e 
active ,  an d th e perceive d orientatio n ha s shifte d toward s 0° . 
Thi s indirec t  effec t  i s therefor e tru e t o it s name ,  cause d indi -
rectl y b y th e strengthenin g o f  inhibitor y connections .  Th e 
R F - L I S S O M mode l  thu s show s computationall y tha t  bot h 
th e direc t  an d indirec t  effect s coul d b e cause d b y activity -
dependen t  adaptatio n o f  inhibitor y latera l  interactions . 

Discussion and Future Work 

The result s presente d abov e sugges t  tha t  th e sam e self -
organizin g principle s tha t  resul t  i n spars e codin g an d reduc e 
redundan t  activatio n m a y als o b e operatin g ove r  shor t  tim e 
interval s i n th e adult ,  wit h quantifiabl e psychologica l  conse -
quence s suc h a s th e T A E .  Thi s finding  demonstrate s a  po -
tentiall y  importan t  computationa l  lin k betwee n development , 
structure ,  an d function . 

Even thoug h th e R F - L I S S O M mode l  wa s no t  originall y de -
velope d a s a n explanatio n fo r  th e til t  aftereffect ,  i t  exhibit s til t 
aftereffect s tha t  hav e nearl y al l  o f  th e feature s o f  thos e mea -
sure d i n humans .  Th e effec t  o f  varyin g angula r  separatio n 
betwee n th e tes t  an d adaptatio n line s i s simila r  t o huma n dat a 
at  al l  orientations ,  th e tim e cours e i s approximatel y logarith -
mi c i n each ,  an d th e T A E i s localize d t o th e retina l  locatio n 
whic h experience d th e stimulus .  Wit h mino r  extensions ,  th e 
model  shoul d accoun t  fo r  othe r  feature s o f  th e T A E ,  suc h a s 
highe r  varianc e a t  obliqu e orientations ,  frequenc y localiza -
tion ,  movemen t  directio n specificity ,  an d ocula r  transfer .  Fo r 
a discussio n o f  th e matc h betwee n th e mode l  an d dat a fo r  hu -
mans fro m a  variet y o f  experiments ,  se e Bedna r  (1997) . 

The onl y prominen t  feature s o f  th e T A E tha t  d o no t  di -
rectl y follo w fro m th e mode l  ar e saturatio n o f  th e effec t  fo r 
lon g adaptations ,  an d recover y o f  accurat e perceptio n eve n 
i n complet e darknes s (Greenle e an d Magnusse n 1987 ;  Mag -
nusse n an d Johnse n 1986) .  Thes e tw o feature s sugges t  tha t 
th e inhibitor y weight s modifie d durin g til t  adaptatio n coul d 
actuall y b e a  se t  o f  small ,  temporar y weight s addin g t o o r 
multiplyin g mor e permanen t  connections .  Suc h a  mechanis m 
was propose d b y vo n de r  Malsbur g (1987 )  a s a n explanatio n 
of  visua l  objec t  segmentation ;  thi s ide a wa s implemente d fo r 
th e R F - L I S S O M mode l  b y Cho e an d Miikkulaine n (1996 ) 
and Miikkulaine n e t  al .  (1997) .  Th e T A E m a y b e merel y a 
mino r  consequenc e o f  thi s multi-leve l  architectur e fo r  repre -
sentin g correlation s ove r  a  wid e rang e o f  tim e scales . 

A mai n contributio n o f  th e R F - L I S S O M mode l  o f  th e T A E 
i s it s nove l  explanatio n o f  th e indirec t  effect .  Proponent s o f 

th e latera l  inhibitor y theor y o f  direc t  effect s hav e generall y 
ignore d indirec t  effects ,  o r  postulate d tha t  the y occu r  onl y a t 
highe r  cortica l  level s (Wenderot h an d Johnston e 1988) ,  partl y 
becaus e i t  ha s no t  bee n clea r  h o w the y coul d aris e throug h 
inhibitio n i n V I .  R F - L I S S O M demonstrat e tha t  a  quit e sim -
ple ,  loca l  mechanis m i n V I  i s sufficien t  t o produc e indirec t 
effects .  I f  th e tota l  synapti c resource s a t  eac h neuro n ar e 
limited ,  strengthenin g th e latera l  inhibitor y connection s be -
twee n activ e neuron s weaken s thei r  inactiv e inhibitor y con -
nections .  Ther e i s widesprea d biologica l  evidenc e o f  compe -
titio n fo r  a  limite d numbe r  o f  synapti c site s (Bourgeoi s e t  al . 
1989 ;  Haye s an d Meye r  1988 ;  Murra y e t  al .  1982 ;  Palla s an d 
Finla y 1991 ;  Purve s 1988) .  Ther e i s als o extensiv e compu -
tationa l  justificatio n fo r  synapti c resourc e conservation ,  be -
ginnin g wit h on e o f  th e first  computationa l  model s o f  Heb -
bia n adaptatio n (Rochester ,  Holland ,  Haibt ,  an d D u d a 1956) . 
Withou t  suc h normalization ,  connectio n weight s governe d b y 
a Hebbia n rul e wil l  increas e indefinitely ,  o r  els e eac h woul d 
reac h a  m a x i m u m strengt h (Mille r  an d M a c K a y 1994) .  Nei -
the r  outcom e woul d appea r  biologicall y o r  computationall y 
plausible ,  s o th e assumptio n o f  som e for m o f  normalizatio n 
i s well-motivate d (Siros h 1995) . 

Throug h mechanism s simila r  t o thos e causin g th e T A E ,  th e 
R F - L I S S O M mode l  shoul d als o b e abl e t o explai n simultane -
ous til t  illusion s betwee n spatiall y  separate d stimuli .  Suc h a n 
explanatio n wa s originall y propose d b y Carpente r  an d Blake -
mor e (1973) .  However ,  i t  wil l  b e necessar y t o trai n th e syste m 
wit h input s tha t  hav e longer-rang e correlation s betwee n simi -
la r  orientations ,  suc h a s sinusoida l  grating s (representin g ob -
ject s wit h paralle l  lines) .  Wit h suc h patterns ,  long-rang e con -
nection s develo p betwee n widel y separate d orientatio n de -
tectors ,  i n additio n t o th e relativel y loca l  connection s n o w 
present .  Traine d wit h suc h patterns ,  R F - L I S S O M shoul d b e 
abl e t o accoun t  fo r  til t  illusion s a s wel l  a s til t  aftereffects .  Al -
thoug h suc h experiment s requir e eve n large r  corte x an d retin a 
sizes ,  the y shoul d becom e practica l  i n th e nea r  future . 

I n addition ,  man y simila r  phenomen a suc h a s aftereffect s 
of  curvature ,  motion ,  spatia l  frequency ,  size ,  position ,  an d 
colo r  hav e bee n documente d i n human s (Barlo w 1990) .  Sinc e 
specifi c  detector s fo r  mos t  o f  thes e feature s hav e bee n foun d 
i n th e cortex ,  R F - L I S S O M shoul d b e abl e t o accoun t  fo r 
the m b y th e sam e proces s o f  decorrelatio n mediate d b y self -
organizin g latera l  connections . 

Conclusion 

The experiments reported in this paper lend strong compu-
tationa l  suppor t  t o th e theor y tha t  til t  aftereffect s resul t  fro m 
Hebbia n adaptatio n o f  th e latera l  connection s betwee n neu -
rons .  Furthermore ,  th e aftereffect s occu r  a s a  resul t  o f  th e 
same decorrelatin g proces s tha t  i s  responsibl e fo r  th e initia l 
developmen t  o f  th e orientatio n map .  Thi s proces s tend s t o 
deemphasiz e constan t  feature s o f  th e input ,  resultin g i n short -
ter m perceptua l  anomalie s suc h a s aftereffects .  Th e sam e 
model  shoul d als o appl y t o othe r  aftereffect s an d t o simul -
taneou s til t  illusions . 

Becaus e R F - L I S S O M i s a  computationa l  model ,  i t  ca n 
demonstrat e man y phenomen a i n hig h detai l  tha t  ar e difficul t 
t o measur e experimentally ,  thu s presentin g a  vie w o f  th e cor -
te x tha t  i s  otherwis e no t  available .  Thi s typ e o f  analysi s ca n 
provid e a n essentia l  complemen t  t o experimenta l  wor k wit h 
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humans an d animals .  RF -L ISSO M provide s a  comprehen -
siv e an d fundamenta l  accoun t  o f  ho w bot h cortica l  structur e 
and functio n emerg e b y Hebbia n self-organizatio n i n th e pri -
mary visua l  cortex .  I t  als o show s ho w bot h indirec t  an d direc t 
til t  aftereffect s coul d aris e fro m simple ,  biologicall y plausibl e 
mechanism s i n th e primar y visua l  cortex .  Thu s a  singl e sim -
pl e computationa l  mode l  ma y lea d t o significan t  insight s int o 
a variet y o f  cortica l  phenomena ,  an d thereb y contribut e t o ou r 
understandin g o f  th e cortex . 
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