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Computat iona l  Simulatio n o f  Dep t h Perceptio n 

i n th e M a m m a l i a n Visua l  Syste m 

Jess e S .  Ji n 

The Schoo l  o f  Compute r  Scienc e &  Engineerin g 
Universit y o f  N e w Sout h Wales ,  N S W 2033 ,  Australi a 

E-mail :  jesse@cse.unsw.e(lu.a u 

Abstrac t 

This paper presents a computational model for stereopsis. 
Laplacia n o f  Gaussia n filter s ar e use d t o simulat e ganglio n 
cell s an d L G N cell s an d zero-crossing s extracte d provid e 
spatia l  feature s i n th e visua l  scene .  A  se t  o f  one-octav e Gabo r 
filter s  i s use d t o extrac t  orientatio n information ,  whic h cove r  0 
t o 6 0 cycles/degre e interva l  i n th e huma n visua l  system .  A 
Gaussia n spher e mode l  i s use d t o ma p a  3 D spac e ont o tw o 2 D 
imag e planes ,  whic h combine s monocula r  cue s wit h binocula r 
cues i n stere o matching .  Th e determinan t  o f  th e Jacobia n o f 
th e mappin g i s derive d an d matchin g i s performe d usin g zero -
crossing s associate d wit h thei r  orientatio n information .  Th e 
possibilit y o f  transferrin g th e knowledg e suc h a s th e 
probabilit y  o f  occurrenc e o f  visua l  scene s t o th e matchin g 
proces s fro m th e mappin g i s discussed .  Relaxatio n labellin g i s 
used a s a  co-operativ e process ,  whic h simulate s binocula r 
fusio n an d rivalr y i n th e huma n visua l  process . 

Introduction 

Human vision, or the visual system of any vertebrate 
consist s o f  thre e majo r  sections ,  a s show n i n Figur e 1 :  th e 
photoreceptor s i n th e eye s whic h captur e ligh t  an d generat e 
message s abou t  tha t  light ;  th e visua l  pathway s (includin g 
th e latera l  geniculat e nucleu s c» -  L G N )  whic h transmi t  thos e 
message s fro m th e eye ;  an d th e visua l  corte x whic h 
interpret s th e message s i n variou s ways .  Stereopsi s i s a 
majo r  sourc e o f  dept h perceptio n i n th e mammal ia n visua l 
system .  Matchin g stereoscopi c view s i s a n importan t  ste p 
i n stere o calculation .  Differen t  method s coul d b e use d t o 
recove r  (relative )  dept h informatio n from  stereo ,  an d it s 
particula r  choic e depend s o n feature s an d th e stere o mode l 
use d i n th e matchin g process . 

I t  i s  wort h mentionin g severa l  significan t  achievement s 
i n understandin g th e huma n stereopsis :  th e respons e o f  th e 
receptiv e fields  includin g ganglio n cells ,  L G N cell s 
(Hartline ,  1938) ,  simpl e cells ,  comple x cell s an d hype r 
comple x cell s (Hube l  &  Wiesel ,  1962) ,  spatia l  frequenc y 
and contras t  o f  visua l  grating s (Campbel l  &  Robson ,  1968) , 
multi-channe l  sensitivit y (Wilso n &  Bergen ,  1979) , 
ransom-do t  stereogra m (Julesz ,  1960) ,  an d fusio n an d 
rivalr y o f  binocula r  cell s (Blak e &  Camisa ,  1979) . 
Computationa l  visio n researc h bega n whe n A I  researc h 
diversifie d i n th e earl y 70's ,  bu t  i t  wa s no t  unti l  Marr' s 
(1982 )  wor k i n th e mid-70' s tha t  computationa l  visio n 

researc h bega n t o m a k e extensiv e us e o f  findings  fro m 
biologica l  systems .  Th e mos t  significan t  achievement s i n 
Computationa l  Visio n includ e Laplacia n o f  Gaussia n (LoG ) 
filtering  (Mar r  &  Hildreth ,  1980) ,  Gabo r  filtering  (WUson , 
1983 ;  D a u g m a n ,  1980) ,  binocula r  fusio n usin g neura l 
networ k (Grossberg ,  1987) ,  an d stere o model s (Grimson , 
1981 ;  Trivedi ,  1985) . 
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Figur e 1 :  Th e layou t  o f  a  mammal ia n visua l  system . 

The famous random-dot stereograms invented by Julesz 
hav e bee n use d t o sho w convincingl y tha t  th e calculatio n o f 
stere o disparit y (i n humans )  i s no t  base d o n monocularl y 
recognisabl e form s suc h a s a  familia r  face .  Anothe r 
intriguin g aspec t  o f  binocula r  visio n whic h ha s lon g bee n 
observe d i s  binocula r  rivalr y (Wheatstone ,  1838) ,  th e 
alternatin g period s o f  dominanc e an d suppressio n 
occasione d b y stimulatio n o f  correspondin g retina l  area s 
wit h dissimila r  monocula r  stimuli .  Althoug h ther e ha s bee n 
much empu-ica l  stud y o f  thi s phenomeno n sinc e then ,  onl y 
a fe w majo r  theoretica l  development s hav e bee n m a d e i n 
stere o matchin g concernin g binocula r  rivahy . 

We develope d a  stere o mode l  t o simulat e visua l 
processin g i n th e h u m a n visua l  system .  Section s 2 
describe s h o w receptiv e fields  ar e simulated  usin g L o G 
filters  an d Sectio n 3  discusse s extractin g orientatio n 
informatio n usin g Gabo r  filters.  A  mappin g fro m th e three -
dimensiona l  spac e t o tw o stereoscopi c view s i s derive d fo r 
stere o matchin g i n Sectio n 4 .  T h e pape r  conclude s i n 
Sectio n 5  wit h a  discussio n o n expandin g th e model . 
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Figur e 2 :  Receptiv e field s o f  ganglio n cell s an d thei r 
response s t o differen t  stimuli . 

Recep t i v e Field s a n d L o G Filterin g 

The concept of the receptive field is important in 
neurophysiology .  Hartlin e (1938 )  foun d tha t  receptiv e field 
organisatio n exist s i n th e fro g retin a an d i n th e opti c 
pathway s o f  th e cat .  M a n y visua l  receptiv e fields  hav e 
circula r  organisation s whic h ar e describe d a s on-centre/off -
surroun d fields,  o r  th e opposite ,  off-centre/on-surroun d 
fields,  a s show n i n Figur e 2 . 

The siz e o f  th e receptiv e field  decide s th e respons e o f  a 
ganglio n cel l  t o th e frequency  o f  a  stimulus .  Campbel l  an d 
Robso n (1968 )  discovere d tha t  th e huma n visua l  syste m 
contain s a  numbe r  o f  differen t  mechanism s selectivel y 
tune d t o respon d t o differen t  band s o f  ligh t  (o r  spatia l 
frequencies )  an d tha t  thes e mechanism s operat e i n paralle l 
i n th e processin g o f  spatia l  information .  Th e uni t  employe d 
t o expres s spatia l  frequency  i s th e numbe r  o f  cycle s tha t  fal l 
withi n on e degre e o f  visua l  angl e (eac h cycl e i s on e 
sinusoida l  period) .  Wilso n an d Berge n (1979) ,  studie d th e 
human visua l  syste m i n th e rang e 0.25-16. 0 cycles/degre e 
and discovere d fou r  sensitiv e peaks ,  N ,  S ,  T  an d U ,  whic h 
occurre d a t  abou t  19.35 ,  9.68 ,  5.1 3 an d 2.8 6 cycles/degree , 
respectively .  Late r  Mar r  e t  al .  (1980 )  propose d fro m th e 
psychophysica l  dat a o n two-poin t  an d lin e acuit y tha t  th e 
smalle r  fovea l  channe l  i n huma n visio n mus t  hav e a n 
excitator y centr e wit h a  diamete r  o f  aroun d 1.33' ,  i.e .  4 5 
cycles/degree . 

On th e basi s o f  Campbel l  an d Robson' s work ,  Mar r  an d 
Poggi o (1979 )  first  use d a  diffCTenc e o f  tw o Gaussia n filters 
t o detec t  zero-crossing s bu t  late r  Mar r  an d Hildret h (1980 ) 
suggeste d a  Laplacia n o f  a  Gaussia n functio n (LoG) ,  a s 
show n i n Figur e 3  (a) .  Usin g thi s basi c function ,  the y 
simulate d th e multipl e channel s i n th e mammalia n visua l 
system ,  a s show n i n Figur e 3  (b) . 

L o G functio n i s define d as : 

V^G(x, y) = -J-^ (2 -i^) exp( -^) 
2na *  o ^  2a ^ 

(a ) 

.625o H 

-2 0  2 

mmM. 

(b ) 

Figur e 3 :  L o G functio n (a )  an d multi-channe l  detectio n (b) . 

Different o values detect intensity changes at different 
scales .  I n a n imag e wit h a  viewin g angl e o f  9 °  an d 
resolutio n o f  512x51 2 pixels ,  w e propos e five  channel s 
wit h o  value s o f  3,5,9,1 7 an d 3 5 pixels ,  respectively .  Th e 
frequenc y bandwidt h o f  th e five  channel s i s show n i n 
Figur e 4  (a) .  Th e centra l  excitator y regio n o f  eac h channe l 
i s  a t  abou t  1.58' ,  2.64' ,  4.75' ,  8.96 '  an d 18.46' ,  an d th e 
centr e o f  eac h channe l  i s a t  abou t  37.93 ,  22.76,12.64 ,  6.6 9 
and 3.2 5 cycles/degre e respectively .  Fo r  comparison , 
Wilso n an d Bergen' s (1979 )  result s ar e show n i n Figur e 4 
(b )  an d th e channe l  wit h th e smalles t  visua l  angl e come s 
fro m Marr' s results .  Bot h axe s ar e displaye d o n a 
logarithmi c scale . 

Th e zero-crossing s extracte d fro m five  channel s ar e 
overlai d o n th e origina l  imag e show n i n Figur e 5 . 

Orientation Selectivity and Gabor Filtering 

Although zero-crossings give a good localisation of 
intensit y change s i n a n image ,  the y ar e no t  th e onl y feature s 
compute d i n earl y visio n (Torr e &  Poggio ,  1986) .  Worse , 

452 



I  2 0 

51 0 
u 

i 

2 \ 

i  •  •  : 
0.0 2 0. 1 0. 5 

o I N D E G R E ES 

(a) 

0.0 2 0. 1 0. 5 
a I N D E G R E ES 

(b) 

Figur e 4 :  Frequenc y bandwidt h o f  th e multipl e 
channels . 

Daugman (1988 )  ha d foun d tha t  som e simpl e informatio n 
processin g operation s whic h ar e apparen t  i n patter n 
perceptio n o f  huma n visio n ar e impossibl e i n a 
representatio n o f  zero-crossings .  Neurophysiologica l 
studie s hav e propose d tha t  cell s i n th e visua l  corte x fire  i n 
respons e t o phase ,  frequenc y an d orientation .  Hube l  an d 
Wiese l  (1962 )  succeede d i n recordin g th e electrica l 
response s o f  livin g cell s i n th e visua l  corte x o f  th e ca t  an d 
th e monke y t o variou s pattern s o f  stimulation .  The y 
discovere d tha t  th e receptiv e field s i n th e cat' s visua l 
cortex ,  unlik e th e simple ,  circularl y organise d receptiv e 
field s foun d previousl y i n th e retin a an d latera l  geniculat e 
body ,  ar e thinne r  an d mor e elongate d i n shape .  The y 
respon d t o th e presenc e o f  contour s havin g a  particula r 
orientation .  Figur e 6  sum s u p response s o f  neuron s t o 
differen t  ligh t  patterns .  Marcelj a (1980) ,  Daugma n (1980) , 
and Kulikowsk i  e t  al .  (1982) ,  amon g others ,  hav e suggeste d 
th e us e o f  a  Gabo r  functio n t o mode l  thi s par t  o f  visua l 
processing . 

- ^ ^  I h 

Figur e 5 :  A  bracke t  (a )  an d it s zero-crossing s fro m fiv e 
channel s (b)-(0 . 

The general form of the 2D Gabor function is given by: 

g(x .  y )  = 

exp{-7t[(x-Xo)2a2+(y-yQ)2b2])exp{-27ti[Uo(x-Xo)+yo(y-yo)]} 

with a Fourier transform: 

G(u.v )  = 

exp{ -1 [liiZ^+llZ^] }exp{ -27ii[xo(u-uo)+yo(v-vo)]} 

We developed a set of eight one-octave Gabor filters with 
centroi d frequencie s locate d a t  0.25 ,  0.5 ,  1 ,  2 ,  4 ,  8 ,  1 6 an d 
32 cycles/degre e respectively ,  a s show n i n Figur e 7 . 

Figur e 8  (a)-(e )  giv e filterin g result s o f  tw o stereoscopi c 
view s (se e Figur e 10a )  i n differen t  orientations ,  an d (f ) 
shows feature s i n a  group . 
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Rgur e 7 :  Sensitivit y o f  multi-channe l  Gabo r  filters. 

M a t c h i n g Stere o V i e w s a n d Coopera t i v e 

Proces s 

Julesz (1971) gave another random-dot stereogram in 
whic h on e o f  th e image s i s expande d b y 15% .  Stereopsi s 
ca n stil l  b e easil y obtaine d whic h suggest s tha t  spatia l 
feature s ar e no t  th e sol e sourc e fo r  matching .  Som e othe r 
information ,  an d particularl y binocula r  arrangement ,  i s 
importan t  fo r  th e eye s t o perfor m stere o matching .  T o 
understan d th e binocula r  arrangement ,  w e hav e t o kno w 
hypercolumns .  Frisb y (1980 )  note d tha t  th e visua l  corte x 
appear s t o b e compose d o f  column s o f  cells ,  wit h eac h 
colum n consistin g o f  a  stac k o f  cell s  al l  preferrin g th e sam e 
orientation .  I t  take s roughl y eightee n t o twent y 
neighbourin g column s t o cove r  a  complet e rang e o f 
stimulu s orientations .  Thi s aggregatio n o f  adjacen t 
column s i s collectivel y know n a s a  hypercolumn .  I t  ha s 
bee n foun d th e binocula r  specialisatio n o f  receptiv e fields. 
Such fields  ar e no t  necessaril y  i n exactl y correspondin g 
point s i n th e tw o retinas .  Neuron s whos e performanc e fits 
the m fo r  depth  perceptio n requir e a  binocula r  stimulu s 
eithe r  i n front  of ,  behind ,  o r  i n th e plan e o f  fixation  (Kuffie r 
& Nicholls ,  1984) .  Fusio n i s no t  th e al l  activit y o f 
binocula r  neurons .  Kaufina n (1964 )  raise d th e ide a tha t 
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Figur e 8 :  Featur e extractio n usin g Gabo r  filtering . 

rivalr y suppressio n underlie s ordinar y binocula r  vision .  A 
clas s o f  cooperativ e mechanism s exist s i n huma n stereopsi s 
(Mar r  &  Poggio ,  1976) . 

To simulat e stere o matchin g an d cooperativ e processin g 
i n th e huma n visua l  syste m w e develope d a  stere o mode l 
usin g zero-crossing s an d thei r  orientations .  However ,  on e 
proble m i n stere o matchin g usin g bot h feature s i s tha t  the y 
eac h requir e a  differen t  coordinat e system .  Consequently , 
th e final  disparitie s obtaine d depen d criticall y upo n th e 
scal e use d i n th e measurement .  Tlii s  proble m i s overcom e 
by usin g probabilities . 

Let  th e visio n spac e S  be :  X x Y x Z wit h X ,  Y  an d Z G R . 
Conside r  a n edg e o f  a n objec t  passin g throug h a  poin t  (x ,  y , 
z) .  I f  w e represen t  thi s edg e a s a n oriente d vecto r  i n 3 D 
space ,  i t  ha s a n angl e 6  wit h th e x  axi s i n x- y plan e an d a n 
angl e ( p wit h th e z  axis .  B y usin g thes e tw o angles ,  th e 
edg e ca n als o b e represente d a s a  poin t  o n di e surfac e o f  a 
uni t  sphere ,  whos e origi n i s (x ,  y ,  z) .  Thi s i s know n a s th e 
Gaussia n spher e (Arnol d &  Binford ,  1980) ,  an d an y poin t 
locate d o n it s surfac e i s define d i n term s o f  it s spherica l 
coordinate s 8  an d 9  (se e Figur e 9) .  Th e Gaussia n spher e 
thu s define s a  m o p i n g (Ax ,  Ay ,  Az)->(9 ,  9) . 
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Figur e 9  :  Th e Gaussia n spher e mode l  fo r  matching . 

Given a corresp)on(ling pair of edges, one in each image, 
as show n i n Figur e 9 ,  w e ar e intereste d i n h o w thei r  angle s 
ar e relate d an d h o w w e ca n us e thi s relationshi p t o guid e 
our  matchin g fffocess .  Althoug h th e angle s Q\  an d 0 r  coul d 

be o f  an y values ,  the y ar e usuall y o f  fairl y  simila r  values . 
Thi s i s partl y du e t o a  moderat e o r  a  smal l  offse t  o f  th e 
baseline .  Th e matchin g proces s i s t o find  th e correspondin g 
point s i n th e lef t  an d righ t  imag e an d th e mor e clue s t o 
guid e th e searc h th e bette r  i t  woul d be .  W e k n o w tha t  a 
continuou s functio n Q  exist s fo r  mappin g th e point s o n th e 
Gaussia n spher e t o th e imag e angle s (Bi ,  9r) ,  i.e .  9x< p - ^ 
6ix9r ,  .  Mo r e importantly ,  however ,  ther e exist s als o a n 
invers e functio n P  whic h map s point s i n th e spac e 9ix9 r  t o 

point s o n th e Gaussia n sphere ,  9x(p .  Fro m th e probabilit y 
theorem ,  th e probabilit y  distributio n o f  (9i ,  9r )  equal s th e 

probabilit y  distributio n o f  (9 ,  (p )  multiplyin g wit h th e 
Jacobia n determinan t  o f  th e mappin g P .  I f  w e assum e al l 
edge s o f  object s ar e randoml y an d uniforml y distribute d i n 
th e (9,9 )  domain ,  th e probabilit y  distributio n y  o f  (9i ,  9r ) 

wil l  b e v(9i ,  9r )  =  — IJpl ,  wher e A  i s th e are a o f  th e 
A 

definitio n domai n Q  o f  (9 ,  (p) .  W h e n th e visua l  distanc e z 
i s fa r  enoug h comparin g wit h baselin e B ,  i.e .  B/ z «  1 ,  w e 
hav e th e determinan t  o f  th e Jacobia n matri x define d as : 

IJp h 
yi  [(X f  -  xi )  -  Bcos^9i ] 

(x ? +  y ? +l)Vx ? +  y ? sin (̂9i -  9r ) 

The detaile d deductio n ca n b e foun d i n (Jin ,  1992) .  Thi s 
distributio n give s a  correlatio n functio n fo r  9 i  an d 9r .  I t  i s 
noteworth y tha t  th e mappin g P  i s no t  a  bijectiv e mapping . 
I t  i s  no t  define d a t  (0 ,  0) ,  a s th e circl e z  =  0  o f  point s o n th e 
spher e fo r  whic h 9  =  0  al l  m ^  t o (0 ,  0) .  Th e mappin g i s 

(a ) 

(b ) 

Figur e 10 :  Stereoscopi c view s (a )  an d recovere d dept h 
fro m stere o calculatio n (b) . 

not  invertibl e a t  tha t  point ,  whic h i s w h y w e us e P  t o 
represen t  th e mappin g 9ix9 r  - » 9x( p rathe r  tha n Q'^ .  Thi s 
fac t  talUe s wit h th e effec t  i n h u m a n vision .  W h e n peopl e 
vie w a  horizonta l  wire ,  the y ofte n los e thei r  dept h 
perception .  Thi s i s becaus e th e unifor m textur e o n th e wir e 
wipe s ou t  th e siz e perceptio n s o tha t  th e stere o matchin g 
depend s solel y o n orientation ,  bu t  th e zer o orientation s i n 
bot h eye s fai l  t o stimulat e binocula r  neuron s t o caus e 
fusion .  A  cooperativ e proces s i s neede d t o reflec t  th e 
fusio n an d rivalr y proces s i n th e h u m a n visua l  cortex .  W e 
use relaxatio n labelling ,  whic h ca n b e represente d a s 

" pl'\e,)[i-Hf\9i)] 
? 

wher e qi('̂ )(9i )  = 1 1 rij(9 i  er)Pj(9r) ,  rij(0 i  9, )  =  IJpl , 

and Pj(9r) are constants equal to one of the number of Unes 
i n th e righ t  view . 

Th e mode l  ha s bee n use d successfull y i n matchin g 
stereoscopi c views ,  show n i n Figur e 1 0 (a) ,  an d dept h i s 
recovere d an d show n i n intensit y i n Figur e 1 0 (b) . 
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Discussio n an d Conclusio n 

The significance of our model is that it defines a relation 
betwee n th e visua l  worl d an d th e tw o stereoscopi c views . 
The mappin g a s define d allow s u s t o manipulat e th e mode l 
i n variou s way s an d reflec t  severa l  characteristic s o f  stere o 
visio n i n humans .  First ,  an y a  prior i  knowledg e abou t  th e 
world ,  eithe r  from  ou r  knowledg e o f  th e visua l  scene s o r 
from  th e feature s extracte d from  eac h stereoscopi c view , 
can b e applie d i n th e mapping .  Second ,  w e ca n adjus t  th e 
focu s o f  th e vie w poin t  eithe r  t o improv e th e succes s rat e o f 
th e stere o matchin g o r  increas e accurac y o f  stere o 
calculation .  Th e distributio n o f  th e determinan t  o f  th e 

Jacobia n varie s wit h xĵ +yi ^  (i.e .  concentrically) .  Clos e t o 

th e centre ,  w e hav e a  stee p distributio n alon g B j  =  9 ,  whic h 

give s mor e weigh t  fo r  matchin g th e stere o tha n tha t  fo r 
calculatin g stere o disparity ,  an d vic e versa . 

The curren t  mode l  ha s difficult y i n dealin g wit h 
complicate d visua l  scenes .  Th e relaxatio n labellin g proces s 
take s a  lon g tim e t o converg e an d ma y eve n fai l  t o 
converg e whe n th e numbe r  o f  simila r  feature s i s large . 
The us e o f  differen t  kind s o f  informatio n coul d hel p bu t 
anothe r  solutio n i s t o decompos e th e (global )  computatio n 
int o man y loca l  computation s usin g locall y activate d 
region s o f  neurons .  Ou r  suggestio n i s a  networ k usin g th e 
Radia l  Basi s Function s (Ji n e t  al. ,  1993) . 
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