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Abstrac t  1 

When a  vertica l  tes t  stimulu s i s presente d 
simultaneousl y withi n a  surroundin g stimulu s o f 
orientatio n 10-30 °  clockwis e fro m vertical ,  th e tes t 
stimulu s appear s slightl y counter-clockwis e fro m 
vertical .  I n contrast ,  whe n th e surroundin g stimulu s 
i s 60-80 °  clockwis e fro m vertical ,  th e tes t  stimulu s 
appear s slightl y clockwis e fro m vertical .  Latera l 
inhibitio n betwee n orientation-selectiv e neuron s ca n 
accoun t  fo r  th e forme r  effec t  (repulsion) ,  bu t  no t  fo r 
th e latte r  effec t  (attraction) .  However ,  i f  a n 
orthogona l  "virtua l  axis "  i s  als o presen t  an d exert s it s 
own latera l  inhibition ,  bot h effect s ca n b e accounte d 
for .  A  mathematica l  mode l  demonstrate s 
quantitativel y h o w thi s m a y occu r  i n th e visua l 
system .  O n e simulatio n wit h narrowl y tune d 
orientation-selectivit y function s produce d til t 
illusion s o f  simila r  magnitud e t o tha t  observe d wit h 
humans a t  norma l  presentatio n durations .  A 
simulatio n wit h mor e broadl y tune d function s 
produce d til t  illusion s o f  m u c h greate r  magnitude ,  a s 
ar e foun d wit h human s a t  ver y shor t  presentatio n 
durations .  Base d o n th e model' s performance ,  huma n 
performanc e an d neurophysiologica l  data ,  i t  i s 
suggeste d that :  1 )  latera l  inhibitio n m a y b e th e 
immediat e caus e o f  bot h direc t  an d indirec t  til t 
illusions ,  an d 2 )  th e "virtua l  axis "  m a y b e a  rea l 
neura l  mechanis m an d m a y b e foun d i n greate r 
proportio n i n extrastriat e corte x tha n i n striat e cortex . 

Interactions between orientation-selective cells seem 
t o b e a  fundamenta l  aspec t  o f  th e visua l  system . 
Despit e decade s o f  research ,  however ,  i t  i s  stil l 
unclea r  wha t  rol e the y pla y i n orientatio n illusions . 
The presen t  mode l  provide s a  successfu l  analo g t o 
ho w certai n aspect s o f  orientatio n perceptio n m a y b e 
responsibl e fo r  til t  illusions . 

The tilt illusion (TI), also known as simultaneous 
orientatio n contrast ,  occur s whe n a  tes t  stimulu s o f 
on e orientatio n i s  viewe d withi n th e surroundin g 
contex t  o f  a n inducin g stimulu s o f  a  differen t 
orientation .  Smal l  angula r  separation s betwee n tes t 
and inducin g stimul i  produc e a  repulsio n o f 
orientations ,  s o tha t  i f  th e tes t  stimulu s i s a t  tru e 

vertica l  (b y convention ,  90° )  an d th e inducin g 
stimulu s i s  10-30 °  clockwis e fro m that ,  th e tes t 
stimulu s wil l  appea r  slightl y (1-2° )  counter-clockwis e 
fro m vertical .  Conversely ,  larg e angula r  separation s 
(60-80° )  produc e a  wea k attractio n o f  orientations , 
causin g th e vertica l  tes t  stimulu s t o appea r  .5-1 ° 
clockwis e fro m vertical .  Thi s phenomeno n wa s first 
discovere d wit h th e stimul i  presente d asynchronously , 
and wa s calle d "th e til t  aftereffect "  (Gibso n &  Radner , 
1937) .  O f  th e theorie s tha t  hav e bee n propose d t o 
accoun t  fo r  thi s effect ,  suc h a s "normalization " 
(Gibso n &  Radner ,  1937) ,  "satiation "  (Kohle r  & 
Wallach ,  1944) ,  an d "adaptation "  (Coltheart ,  1971) , 
"latera l  inhibition "  (Blakemore ,  Carpente r  & 
Georgeson ,  1970 )  m a y b e th e mos t  consisten t  wit h 
recen t  neurophysiologica l  evidenc e (e.g. ,  DeValois , 
Y u n d &  Hepler ,  1982 ;  Gilber t  &  Weisel ,  1983) . 
Figur e 1  show s h o w unit s respondin g t o a  110 ° 
stimulu s wil l  exer t  inhibitio n (dashe d line )  upo n 
unit s respondin g t o a  90 °  stimulu s (soli d line) ,  thu s 
skewin g th e pea k o f  thei r  activatio n clockwis e fro m 
90°  (dotte d line) . 

Lateral inhibition alone, however, is unable to 
accoun t  fo r  th e attractio n effec t  see n a t  larg e angula r 
separations .  First ,  th e typica l  formulatio n o f  latera l 
inhibitio n i n whic h th e mos t  immediat e neighbo r 
exert s th e mos t  inhibitio n account s onl y fo r  repulsio n 
effects .  Second ,  whe n th e inducin g stimulu s i s a t 
160° ,  th e inhibitor y flan k fro m it s responsiv e unit s i s 
to o fa r  awa y t o influenc e th e activatio n functio n o f 
th e 90 °  stimulus . 

One theory that has been proposed to account for this 
attractio n effec t  i s  base d o n "virtua l  axe s o f 
symmetry "  (e.g .  Beh ,  Wenderot h &  Purcell ,  1971 ; 
Wenderoth ,  va n de r  Zwan ,  &  Johnstone ,  1989) .  I t  i s 
suggeste d tha t  th e axe s o f  symmetr y o f  a n inducin g 
stimulus ,  thoug h no t  a  visibl e par t  o f  th e stimulus , 
ca n exer t  a  repulsio n effec t  o n stimul i  o f  nearb y 
orientation .  Thus ,  whe n th e inducin g stimulu s i s a 
gratin g se t  a t  160° ,  it s orthogona l  virtua l  axi s [a t  70 ° 
(20 °  clockwis e fro m vertical) ]  repel s th e vertica l  tes t 
gratin g counter-clockwise ,  thu s towar d th e orientatio n 
of  th e inducin g stimulus ,  a s show n i n Figur e 2 . 
Dissociation s betwee n direc t  (repulsion )  TI s an d 
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Figur e 1 .  Latera l  inhibitio n fro m nearb y orientation-selectiv e unit s shift s pea k clockwise . 
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Figur e 2 .  Latera l  inhibitio n fro m th e 160 °  stimulu s (dashe d line )  ha s negligibl e effec t  o n th e tes t  stimulu s 

(soli d line) ;  bu t  whe n combine d wit h latera l  inhibitio n fro m it s virtua l  axi s (dot-das h lin e wit h 
shallo w troug h a t  70° )  shift s pea k o f  tes t  stimulu s counter-clockwis e (dotte d line) . 

indirec t  (attraction )  TI s hav e le d Wenderot h an d 
colleague s t o hypothesiz e tha t  direc t  TI s ar e du e t o 
latera l  inhibitio n fro m th e inducin g orientatio n i n 
striat e cortex ,  bu t  indirec t  TI s ar e du e t o latera l 
inhibitio n fro m th e inducin g stimulus' s virtua l  axi s 
i n extrastriat e corte x (cf .  Wenderot h e t  al. ,  1989) . 

There is further independent support for a neural 
substrat e t o th e "virtua l  axis" .  Bowke r  an d Sharp e 
(1979 )  observe d tha t  same/differen t  judgment s fo r  tw o 

square-wav e grating s wer e muc h faste r  whe n thei r 
orientation s wer e 90 °  apar t  tha n whe n the y wer e 20 -
60 °  apart .  Fro m this ,  the y suggeste d tha t 
orthogonall y tune d orientatio n channel s ma y interac t 
i n a  facilitator y manner .  Moreover ,  i n striat e corte x 
of  th e macaqu e monkey ,  DeValoi s e t  al .  (1982 )  foun d 
a smal l  percentag e o f  narrowly-tune d orientatio n 
selectiv e cell s whic h ha d secondar y sensitivit y peak s 
at  90 °  fro m thei r  primar y peaks .  Th e latte r  finding 
place s som e par t  o f  th e virtua l  axi s i n striat e cortex , 
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thu s conflicting ,  a t  leas t  somewhat ,  wit h Wenderot h 
etal.(1989) . 

The model presented here involves a simple difference 
of  Gaussian s [generall y know n a s a  D O G (Marr , 
1982) ]  fo r  test ,  inducin g an d virtua l  axi s activation / 
inhibitio n functions .  Th e model ,  calle d Differenc e O f 
Gaussian s O N Illusion s o f  Til t  (DOGONIT) , 
simulate s th e magnitud e o f  direc t  an d indirec t  TI s and , 
somewhat  les s successfully ,  th e tim e cours e o f  thes e 
effects .  I t  i s offere d a s 1 )  a  preliminar y quantitativ e 
demonstratio n o f  ho w latera l  inhibitio n an d a n 
orthogona l  virtua l  axi s ca n accuratel y accoun t  fo r  thi s 
orientatio n illusion ,  an d 2 )  a  sourc e o f  nove l 
psychophysica l  an d neurophysiologica l  predictions . 

Simulations 

The first  simulatio n wa s no t  designe d t o captur e 
aspect s o f  th e tim e cours e o f  TIs .  I t  simpl y 
subtracte d tw o Gaussians ,  90 °  apart ,  fro m a  positiv e 
centra l  Gaussia n representin g th e vertica l  tes t 
stimulus ,  a s i n Figur e 2 .  Th e Gaussia n representin g 
th e activatio n functio n fo r  th e tes t  stimulu s i s define d 
by functio n A ,  tha t  representin g th e inhibitio n 
functio n fo r  th e inducin g stimulu s i s define d b y 
functio n I ,  an d tha t  representin g th e inhibitio n 
functio n fo r  th e inducin g stimulus' s virtua l  axi s i s 
define d b y functio n V : 

(1) A(x)^-0HT-x)2 

I(x)=.6e-0017(T+e-x) 2 

V(x)=.17I(x-90) 

wher e x  i s th e poin t  alon g th e orientatio n dimension , 
T i s th e orientatio n o f  th e targe t  stimulus ,  an d 6  i s 
th e angula r  separatio n betwee n targe t  an d inducer . 
Thi s gav e th e activatio n functio n o f  th e tes t  stimulus , 
minu s inhibitio n fro m neighborin g unit s tha t  woul d 
als o respon d t o tha t  orientation ,  a  resultin g half -
amplitud e bandwidt h o f  approximatel y 12° .  Whil e 
thi s i s considerabl y narrowe r  tha n th e mea n bandwidt h 
fo r  orientation-selectiv e cell s i n striat e corte x (-40°) , 
recal l  tha t  th e orthogona l  secondar y peaks ,  whic h ma y 
act  a s a  virtua l  axi s mechanism ,  appea r  t o b e 
associate d wit h mor e narrowl y tune d cell s (DeValoi s 
et  al ,  1982) .  Th e resultan t  activatio n functio n acros s 
orientatio n i s define d b y equatio n (2) : 

(2 ) R=A-I- V 

The mode l  the n average d th e activation s acros s al l 
orientation s t o produc e a n average d orientatio n 
percept .  Th e activatio n functio n R  wa s weighte d b y 
th e orientatio n o f  eac h uni t  (an y negativ e value s wer e 
set  t o zero) ,  summed,  an d the n divide d b y th e su m 
unweighte d activation .  Thi s wa s accomplishe d b y 
simpl e matri x multiplication ,  equatio n (3) : 

(3 ) p=(R*0)/(R*N) , 

wher e O  i s  th e rang e o f  orientation s (1-180) ,  an d N  i s 
a vecto r  o f  ones .  Subtractin g thi s resul t  fro m 9 0 
(tru e vertical )  gav e th e directio n an d magnitud e o f  th e 
illusion ,  wit h direc t  TI s a s positiv e number s an d 
indirec t  TI s a s negative .  Figur e 3  compare s th e 

D O ( j O N I T Mode l  wit h H u m a n Dat a 
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Figur e 3 .  Th e first  simulatio n compare d wit h psychophysica l  dat a fo r  bot h direc t  an d indirec t  TIs . 
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model' s performanc e t o huma n dat a fro m O'Tool e an d 
Wcnderot h (1977 )  (*'s) .  Over ,  Broers c an d Crassin i 
(1972 )  (xs) .  an d Westheime r  (1990 )  (o's) .  A 
Pearson- r  correlatio n betwee n th e model' s outpu t  an d 
combine d mean s o f  th e huma n dat a reveale d a  robus t 

correlation :  r^=.97 . 

The close correspondence between the model's 
performanc e an d huma n performanc e allow s som e 
hypothese s concernin g correspondence s betwee n 
feature s o f  th e mode l  an d feature s o f  th e visua l 
system .  Th e mode l  use d latera l  inhibitio n betwee n 
neighborin g orientation-selectiv e unit s t o produc e 
direc t  til t  illusions ,  therefor e i t  predict s tha t  th e visua l 
syste m m a y d o likewise .  Moreover ,  th e inhibitio n 
functio n i n th e mode l  (dashe d lin e o f  Figur e 1 )  ha s a 
bandwidt h approximatel y 20 °  wide r  tha n th e 
activatio n functio n (soli d line) ,  an d 30 °  wide r  tha n th e 
orientatio n sensitivit y functio n (dotte d line) .  M a n y 
differen t  relativ e bandwidth s wer e tested ,  bu t  thes e 
produce d th e bes t  fi t  t o psychophysica l  data . 
Althoug h inhibitor y connection s i n visua l  corte x 
hav e no t  bee n studie d i n suc h detail ,  th e mode l 
predict s tha t  futur e researc h m a y concu r  wit h thes e 
relativ e dimensions .  Perhap s mos t  interestin g i s th e 
necessit y o f  th e virtua l  axi s inhibitio n functio n i n 
orde r  t o simulat e indirec t  til t  illusions .  Withou t  th e 
virtua l  axi s implemente d (V=0) ,  onl y th e direc t  T I  i s 
produced . 

A second simulation used larger bandwidths and 
produce d larg e T I  magnitude s simila r  t o tha t  foun d 
wit h ver y shor t  presentatio n duration s (Calver t  & 
Harris .  1988 ;  Wenderot h e t  al. ,  1989 ;  Wolfe ,  1984) . 

I n thi s simulation ,  th e Gaussian s wer e wide r  tha n i n 
th e previou s simulation : 

(4) A(x)^-00'(T-x)2 

I(x)=.73e-O0O7(T.9-x) 2 

V(x)=.55I(x-90) 

This produced an orientation sensitivity function with 
a bandwidt h o f  36° .  Moreover ,  th e inhibitio n 
functio n is ,  a s before ,  abou t  20 °  wide r  tha n th e 
activatio n functio n an d 30 °  wide r  tha n th e orientatio n 
sensitivit y function .  Se e Figur e 4 . 

When direction and magnitude of the illusion was 
compute d i n th e sam e manne r  a s i n th e firs t 
simulation ,  a n angula r  separatio n o f  15 °  produce d a 
direc t  T I  o f  8.76° ,  an d a n angula r  separatio n o f  75 ° 
produce d a n indirec t  T I  o f  -2.13° .  However ,  t o mak e 
thi s computatio n sensitiv e t o tim e course ,  th e 
model' s outpu t  ha d t o b e decremente d b y a  deca y 

function ,  d=.99 ^  wher e t  i s  th e presentatio n duratio n 
i n millisecond s an d d  i s no t  allowe d t o g o belo w .25 . 
Thus ,  th e average d orientatio n percep t  i s define d by : 
p=d((R*0)/(R*N)) .  Wit h a  norma l  presentatio n 
duratio n (1000ms )  thi s simulatio n produce d a  T I 
functio n almos t  identica l  t o tha t  i n Figur e 3 .  A s 
before ,  absenc e o f  th e virtua l  axi s (V=0 )  eliminate d 
th e indirec t  TI .  Figur e 5  compare s simulatio n (lines ) 
wit h psychophysica l  dat a (symbols ,  fro m Wenderot h 
et  al. ,  1989 )  a s a  functio n o f  presentatio n duration . 
The model' s outpu t  correlate d wit h huma n dat a fo r  th e 

direc t  T I  (r2=.89 )  an d fo r  th e indirec t  T I  (r2=.54) . 

0 20 4 0 6 0 8 0 10 0 12 0 14 0 16 0 18 0 

Orientatio n (deg. ) 
Figur e 4 .  Th e large r  bandwidt h orientatio n sensitivit y functio n wa s mad e wit h a  simila r  increas e i n inhibitio n 

bandwidt h (compare d t o activatio n bandwidth )  a s i n th e first  simulation ;  virtua l  axi s functio n no t 
show n here . 
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Figur e 5 .  Th e secon d simulatio n modele d th e tim e cours e o f  th e til t  illusion .  Soli d lin e an d x' s ar e direc t  TI s a t  15̂ ^ 

angula r  separation ,  dashe d lin e an d o' s ar e indirec t  TI s a t  75 °  angula r  separation .  Se e tex t  fo r  discussion . 

D i s c u s s i o n 

An interestin g commonali t y betwee n thes e tw o 
simulation s i s  that ,  despit e thei r  us e o f  differen t 
absolut e bandwidth s i n orientatio n sensitivity ,  the y 
eac h us e a n inhibitio n functio n o f  approximatel y 30 ° 
greate r  bandwidt h tha n tha t  o f  thei r  orientatio n 
sensitivit y functions .  Thi s relativel y constan t 
differenc e i n bandwidth ,  betwee n sensitivit y an d 
inhibition ,  appear s t o b e necessar y t o produc e th e 
appropriat e pea k an d troug h i n th e 1 1 functio n (Figur e 
3) .  Thi s differenc e betwee n bandwidth s make s th e 
inhibitor y flank s fro m orientation-selectiv e cell s pea k 
at  -15 °  o n eithe r  side .  This ,  o f  course ,  correspond s 
wel l  wit h wher e bot h direc t  an d indirec t  TI s peak . 
Thus ,  th e mode l  i s robus t  acros s differen t  orientatio n 
sensitivit y bandwidths ,  bu t  make s specifi c  prediction s 
abou t  th e relativ e bandwidth s fo r  sensitivit y an d 
inhibition . 

Dissociations between direct and indirect tilt illusions 
hav e le d Wenderot h an d colleague s (cf .  Wenderot h e t 
al. ,  1989 )  t o hypothesiz e tha t  direc t  TI s  occu r  i n 
striat e corte x an d indirec t  TI s i n extrastriat e regions . 
Thi s distinctio n i s derive d fro m th e assumptio n tha t 
surroundin g frame s (whic h affec t  onl y indirec t  TIs ) 
hav e thei r  effec t  i n highe r  level s o f  visua l  processing , 
whil e spatia l  frequenc y difference s an d simila r 
context-independen t  feature s (whic h affec t  onl y direc t 
TIs )  ar e associate d wit h lower-leve l  visua l  processin g 
(Wenderot h e t  a!. ,  1989) .  Thi s mode l  i s no t  currentl y 

designe d t o simulat e suc h dissociations .  However ,  i n 
correspondenc e wit h Wenderot h e t  al.' s  (1989 ) 
hypothesi s tha t  th e virtua l  axi s mechan i s m i s 
predominantl y i n extrastriat e regions ,  bot h 
simulation s use d a  virtua l  axi s inhibitio n functio n o f 
greate r  proportio n (.17 1 an d .551 ,  respectively )  tha n 
th e findings  o f  DeValoi s e t  al .  (1982 )  i n striat e corte x 
woul d suggest .  Interestingly ,  i n Watson' s (1990 ) 
filte r  mode l  o f  visua l  processing ,  5 0 % o f  th e unit s 
(hi s "eve n chexago n kernels" )  hav e considerabl e 
sensitivit y orthogona l  t o thei r  preferre d orientations . 

The model clearly demonstrates the usefulness of 
latera l  inhibitio n an d a n orthogona l  virtua l  axi s i n 
simulatin g bot h direc t  an d indirec t  TIs .  I t  als o 
provide s a  basi s fo r  hypothese s whic h m a y b e teste d 
bot h psychophysicall y an d neurophysiologically . 
However ,  th e actua l  existenc e an d locu s o f  th e 
"virtua l  axis "  mechanis m i n th e h u m a n visua l  syste m 
remain s a  hypothesis .  A n importan t  question ,  a t  thi s 
point ,  is :  W h y woul d th e visua l  syste m evolv e t o 
develo p a  virtua l  axi s mechanism ? Certainly ,  it' s  no t 
ther e jus t  t o creat e illusions .  I t  i s  quit e possibl e tha t 
th e virtua l  axi s i s purel y a n accidenta l  consequenc e o f 
h o w th e input s t o a n orientation-selectiv e cel l  ar e 
organized .  Fo r  example ,  i n Watson' s (1990 )  eve n 
chexago n kernels ,  thre e o f  th e seve n unit s i n th e 
kernel' s hexagona l  inpu t  lattic e ar e excitator y an d 
alig n themselve s i n a  particula r  orientation .  Th e 
remainin g unit s ar e inhibitory ,  bu t  the y allo w a n 
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exactl y perpendicula r  contou r  t o pas s betwee n the m 
undetecte d an d thu s th e kerne l  exhibit s a n overal l 
positiv e activatio n i n respons e t o a  contou r 
orthogona l  t o th e it s "preferre d orientation" . 

AJternatively, the virtual axis may play a functional 
rol e i n th e generatio n o f  referenc e frame s a t  highe r 
level s o f  visua l  processin g (cf .  Spivey-Knowlto n & 
Bridgeman ,  i n press ;  Wenderot h e t  al. ,  1989) ,  an d 
may eve n hav e feedbac k projection s t o lowe r  levels . 
T o bette r  understan d th e functio n o f  orientatio n 
perceptio n a t  thi s level ,  wher e visua l  perceptio n 
interface s wit h visua l  cognition ,  furthe r  wor k i s 
neede d t o demonstrat e ho w explicitl y  represente d 
coordinat e axe s coul d b e use d i n constructin g object -
centere d referenc e frame s (cf .  Carlto n &  Shepard , 
1990 ;  Tipper ,  Drive r  &  Weaver ,  1991 )  o r  eve n 
environment-centere d referenc e frame s (cf .  Hayhoe , 
Lachte r  &  Feldman ,  1991 ;  Nemir e &  Cohen ,  1993 ; 
Rock ,  Wheele r  &  Tudor ,  1989) . 
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