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U S I N G F R E Q U E N C Y-  A N D O R I E N T A T I O N -  T U N E D C H A N N E LS 

T O D E T E R M I N E S U R F A CE S L A N T 

PAUL KUB E 

The Institut e o f  Cognitiv e Studie s 
and 

The Departmen t  o f  Electrica l  Engineerin g an d Compute r  Science s 
Universit y o f  California ,  Berkele y 

INTRODUCTION 

The thesis that spatial frequency analysis of the retinal image plays a fundamental role in 
th e earl y stage s o f  visua l  processin g ha s receive d considerabl e evidentia l  suppor t  recently ,  bot h 
fro m psychophysic s (e.g. ,  (Campbel l  &  Robso n 1968) ,  (Sachs ,  Nachmia s &  Robso n 1971) , 
(DeValoi s &  DeValoi s 1980) ,  (Daugma n 1984a) )  an d neurophysiolog y (e.g. ,  (Campbel l  e t  al .  1969) , 
(Maffe i  &  Fiorentin i  1973) ,  (Schiller ,  Finla y &  Volma n 1976) ,  (DeValois ,  Yun d &  Heple r  1982)) . 
What  rol e th e spatia l  frequenc y informatio n s o extracte d play s i n late r  stage s o f  processin g 
remain s a n ope n question ,  thoug h on e tha t  ha s increasingl y receive d th e attentio n o f  theoretician s 
and modeller s (e.g. ,  (Ginsbur g 1978) ,  (Watso n 1983) ,  (Jane z 1983) ,  (Daugma n 1984b)) .  Her e w e 
presen t  result s whic h sho w ho w thi s informatio n coul d b e use d i n th e determinatio n o f  th e orien -
tatio n o f  environmenta l  surfaces ,  an d discus s th e limit s o f  suc h a  mode l  a s a n accoun t  o f  huma n 
perceptua l  capacities . 

ANISOTROPY,  SLANT ,  A N D S P E C T R UM 

Suppose a planar environmental surface is oriented perpendicular to the line of sight and 
produce s a n irradianc e patter n I(x,y )  o n th e retina ,  relativ e t o som e suitabl y chose n retina l  coor -
dinat e frame .  Rotatin g th e environmenta l  surfac e abou t  a  lin e paralle l  t o th e retina l  y  axi s b y a n 
angl e a  no w foreshorten s th e retina l  image :  i f  th e distanc e t o th e surfac e i s larg e enoug h wit h 
respec t  t o th e siz e o f  th e surfac e fo r  orthographi c projectio n t o b e a  goo d approximation ,  th e reti -
nal  irradianc e patter n become s r (x ,y )  =  I(x,y/cos(T). ^ 

^  Ignorin g effect s du e t o an y chang e i n angl e betwee n th e surfac e norma l  an d th e illuminan t 
vector . 
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If appropriate assumptions can be made about what the unforeshortened retinal image is 

like ,  th e slan t  angl e a  ca n b e recovere d fro m th e foreshortene d imag e /' .  I t  ha s bee n suggeste d 

(e.g. ,  b y Witki n (Witki n 1981) )  tha t  i f  th e retina l  imag e i s a  foreshortene d isotropi c image ,  i t 

shoul d b e s o interpreted .  Tha t  is ,  i f  I'(x,y )  i s suc h that ,  fo r  som e a ,  /'(z.ycosa )  i s isotropic ,  the n 

th e image d surfac e shoul d b e suppose d t o b e slante d a t  angl e a . 

Witki n count s a n imag e isotropi c i f  th e distributio n o f  tangen t  direction s alon g contour s i n 

th e imag e (o r  a n edge-enhance d versio n o f  th e image )  ar e approximatel y unifor m o n [0,7r] .  Here , 

we sugges t  tha t  a n imag e b e considere d isotropi c i f  it s  Fourie r  powe r  spectru m i s approximatel y 

circularl y symmetric .  Thi s i s a n acceptabl e conditio n fo r  isotrop y fo r  th e followin g reason .  Con -

side r  th e definitio n o f  th e two-dimensiona l  Fourie r  transfor m o f  th e retina l  imag e I{x,y) : 

X » 

This expresses the spectrum / in polar coordinates of frequency o) and orientation 6. Fix 6 = 0. 

Now 
X X 

/(u),o )  =  /  J e •''" -  /(i.y )  '̂ y  <̂ ^ 
X X 
X 

r  g  i2irr<. .  J  I[x,y )  d y d x 

X * 

But  thi s i s jus t  a  one-dimensiona l  Fourie r  transfor m o f  th e functio n I{x )  suc h tha t 

X 

I(x )  =  Jl{x,y)d y 

I(x) represents what I{x,y) is like, 'on average', in the direction parallel to the x axis, and /(w.O) 

jus t  encode s thi s informatio n a s a  functio n o f  frequency .  N o w sinc e th e orientatio n o f  th e retina l 

coordinat e fram e wa s arbitrary ,  it' s  clea r  tha t  a  'slice '  throug h th e two-dimensiona l  spectru m 

/(a>,9 )  fo r  an y fixed 9  represent s wha t  th e imag e i s lik e 'o n average '  i n th e directio n makin g angl e 

6 wit h th e z  axis ;  an d thu s i f  th e spectru m i s circularl y symmetric ,  s o wil l  th e imag e be .  An d a 

circularl y symmetri c imag e i s intuitivel y isotropic . 

But  circula r  symmetr y o f  image s i s to o stron g a  necessar y conditio n o f  isotropy .  Requirin g 

onl y tha t  th e Fourie r  powe r  spectru m F(a),9 )  =  |/(w,9)| 2 b e circularl y symmetri c relaxe s th e con -

ditio n i n a  satisfyin g way .  N o w isotrop y i s insensitiv e t o translation s o f  th e retina l  coordinat e 

fram e (sinc e translatio n onl y affect s th e phas e o f  th e spectrum ,  no t  it s magnitude )  an d t o othe r 

perturbation s o f  phas e o f  component s o f  th e spectrum .  Moreover ,  th e powe r  spectru m represent s 

th e foreshortenin g effect s o f  slan t  i n a  systemati c way .  B y th e similarit y theore m o f  Fourie r 

analysi s (cf .  (Bracewel l  1978 )  ,  p .  244) ,  i f  F(uj,9 )  i s  th e powe r  spectru m o f  th e imag e I(x,y) ,  the n 

F'(a),e )  =  cos V F 
cos G 

(1 ) 

i s  th e powe r  spectru m o f  /(z,y/coso-) . 

The powe r  spectru m characterizatio n o f  isotrop y an d Witkin' s tangen t  distributio n charac -

terizatio n agre e fo r  man y images .  W e hav e adopte d th e spectru m characterizatio n becaus e i t 

establishe s a  relationshi p betwee n th e presenc e o r  absenc e o f  isotrop y i n th e retina l  imag e an d th e 

activatio n o f  biologicall y plausibl e tune d channel s i n a  wa y tha t  permit s th e extractio n o f  slan t 

informatio n fro m som e kind s o f  images .  Thi s relationshi p wil l  b e develope d i n th e remainde r  o f 
th e paper . 
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T HE T U N E D C H A N N EL M O D EL 

T o sa y tha t  ther e ar e spatia l  frequency -  an d oriention-tune d channel s i n th e visua l  syste m i s 

jus t  t o sa y tha t  ther e ar e neuron s i n visua l  corte x whos e firing  rate s ar e elevate d onl y whe n th e 

power  spectru m o f  th e retina l  imag e show s energ y i n certai n region s o f  th e Fourie r  plane .  Th e 

power  spectru m o f  th e retina l  imag e ca n b e wel l  represente d b y th e activatio n leve l  i n m a n y suc h 

channels . 

The poin t  sprea d function s ('receptiv e fields')  an d spectra l  respons e o f  tw o channel s ar e 

shown i n Figur e 1 .  Channel s var y i n thei r  nomina l  orientatio n an d frequenc y bu t  ar e assume d t o 

be identica l  i n orientatio n an d relativ e frequenc y bandwidt h a t  3 0 degree s an d on e octav e respec -

tively .  Thes e bandwidt h parameter s ar e thos e use d b y Jane z (Jane z 1983 )  an d ar e clos e t o th e 

averag e observe d i n corte x (DeValois ,  Yun d &  Heple r  1982) ;  Watso n (Watso n 1983 )  an d Daug -

man (Daugma n 1984a )  propos e slightl y differen t  parameters .  I n th e presen t  application ,  what' s 

importan t  i s  tha t  th e channel s b e fairl y narrowl y tune d i n frequenc y an d orientation ,  an d tha t 

ther e b e enoug h o f  the m a t  enoug h differen t  nomina l  frequencie s an d orientation s t o cove r  th e 

Fourie r  plan e ove r  th e frequenc y rang e o f  interest . 

(a ) (b ) 

Figur e 1 

Poin t  sprea d (above )  an d frequenc y respons e (below )  function s fo r  tw o tune d channels : 

(a )  frequenc y Wq,  orientatio n 0° ;  (b )  frequenc y 2u)o ,  orientatio n 30" .  Eac h channe l  ha s 

half-amplitud e bandwidt h o f  on e octav e i n frequenc y an d 3 0 degree s i n orientation . 
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The activation in a single tuned channel responding to a retinal image is calculated as fol-

lows .  Le t  th e powe r  spectru m o f  th e Imag e / ,  b e describe d b y th e functio n o f  frequenc y an d 

orientatio n Fi{a),6) ,  an d tha t  o f  th e respons e o f  channe l  centere d a t  frequenc y (o q an d orientatio n 

9o b e F̂ _̂9̂ (u),0) ;  the n w e sa y tha t  th e activatio n produce d b y th e imag e i n th e channe l  a t  /o.̂ o i s 

^-..e.U.) = -^^^-ir^; (2) 

That is, channel power is the sum of image frequency power weighted by the response of the 

channel ,  an d normalize d b y th e tota l  frequency-plan e are a o f  th e channel . 

DETERMIN ING T H E S L A N T O F SCALIN G NOIS E S U R F A C ES 

The distribution of markings on surfaces in the natural environment is typically random In 

some sense ;  highl y regular ,  structure d pattern s ar e rare .  Her e w e conside r  th e clas s o f  surface s 

marke d wit h isotropi c scalin g noise ,  a  clas s o f  marking s tha t  see m t o mode l  som e naturall y 

occurin g textures. ^  W e defin e suc h surface s a s thos e whic h hav e spatia l  radianc e function s whos e 

power  spectr a ar e o f  th e for m 

Fp{i3i,Q )  =  k  o}- ^ 

with P^O, and with random phase. Here 3 is a parameter that determines how rapidly changing 

th e radianc e acros s th e surfac e is ;  a s ( 3 increases ,  th e powe r  a t  hig h spatia l  frequencie s o n th e sur -

fac e decreases ,  an d s o th e surfac e ha s a  mor e slowl y varyin g patter n marke d o n i t  { k  i s a  propor -

tionalit y constan t  tha t  ca n b e take n a s unit y i f  th e marking s ar e suitabl y normalized) .  Not e tha t 

th e spectru m i s  independen t  o f  orientatio n 0 ,  s o w e shoul d expec t  suc h a  surfac e t o loo k statisti -

call y th e sam e i n ever y directio n (thu s isotropi c scalin g noise) . 

Image s o f  isotropi c scalin g nois e surface s wit h varyin g 3  ar e show n i n Figur e 2(a-d )  viewe d 

wit h zer o slant ,  i.e. ,  'straight-on' ,  wit h lin e o f  sigh t  norma l  t o th e surface .  A n extrem e cas e i s 

3 = 0 whic h produce s two-dimensiona l  whit e noise ,  perhap s resemblin g th e surfac e o f  a  fracture d 

granit e rock .  ( 3 =  1. 0 give s a  surfac e whic h look s lik e a  gravelle d walk ;  3  =  2. 0 ha s a  mor e graduall y 

varyin g texture ,  a  fai r  renderin g o f  a  kin d o f  tre e bark ;  3  =  3. 0 look s lik e a  gentl y sun-dapple d 

patc h o f  lawn .  A s noted ,  eac h ha s a  powe r  spectru m proportiona l  t o l/o)̂ ,  independen t  o f  9 .  W e 

nex t  conside r  ho w th e powe r  spectru m o f  th e imag e change s whe n thes e surface s ar e viewe d a t  a 

nonzer o slant . 

Give n Cartesia n coordinat e axe s x',y '  i n th e surfac e paralle l  t o th e imag e plane ,  th e distri -

butio n o f  surfac e marking s i s som e two-dimensiona l  isotropi c scalin g nois e functio n Î {x',y') .  Th e 

orthographicall y projecte d imag e o f  thi s surfac e i s th e sam e functio n Ifi(x,y )  relativ e t o axe s x, y 

i n th e imag e whic h ar e projection s o f  x',y' .  N o w rotat e th e surfac e abou t  it s  x '  axi s b y a  slan t 

angl e ct:  thi s cause s foreshortenin g alon g th e y  directio n i n th e imag e proportiona l  t o 1/cosa ,  an d 

no foreshortenin g alon g th e x  direction ;  tha t  is ,  th e imag e i s no w describe d b y 

Ifi.a{̂ >y )  =  /(3(z,y/cosa) ,  whic h i s n o longe r  a h isotropi c scalin g noise .  (Example s o f  image s o f 

2 Thi s clas s i s a  superse t  o f  th e surface s marke d wit h isotropi c fractiona l  Brownia n plane-to -
intensit y function s ((Mandelbro t  1983 )  ,  ch .  25-27) ,  whic h restric t  | 3 t o th e rang e 2  t o 4 .  Th e 
imagin g o f  unmarke d nonplana r  surface s whos e shap e i s  describe d b y a n isotropi c fractiona l 
Brownia n piane-to-e/eua<io n fimctio n i s  anothe r  matter ,  an d i t  doesn' t  see m t o hav e bee n ye t 
adequatel y treate d (Pentland' s fracta l  Brownia n surface s (Pentlan d 1984 )  ar e no t  fracta l  i n 
elevation) . 
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{» ) 

(b ) 

(c ) 

(d ) 

(b' ] 

(d' ] 

Figur e 2 

{a)-(d): Images of scaling noise surfaces, (3= 0, 1, 2, and 3 respectively; slant ct=0. 

(a')-(d') :  Image s o f  scalin g nois e surfaces ,  P = 0 ,  1 ,  2 ,  an d 3  respectively ;  slan t  ct=70 

degrees . 
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scaling noise surfaces slanted at 70 degrees are shown in Figure 2(a'-d'); their anisotropy should 

be eviden t  a t  leas t  whe n 3  i s large. )  B y th e similarit y theore m (cf .  (1 )  above )  th e powe r  spectru m 

of  th e imag e /p,̂ , ,  whic h i n th e unslante d cas e tj== 0 wa s 

becomes, for 9 = tt/2 (i.e., parallel to the foreshortened y-axis): 

F̂ ,r{*ji,TT/2 )  =  coŝ ' a A;  (ojcosa )  ̂  , 

and ,  fo r  0 = 0 (i.e. ,  norma l  t o th e foreshortene d direction) : 

/̂ 3.„(oj,0 )  =  cos V )f c 0 )  P  . 

T h e rati o o f  th e powe r  i n thes e tw o orientations ,  a s a  functio n o f  spatia l  frequency ,  i s  then ^ 

R,..M  -  ^i^  -  M.)  » .  (3) 

and we can write 

log^,},„((o) 
a =  arcco s ex p 

- P 
(4 ) 

Thus ,  w e ca n determin e th e slan t  o f  th e image d surfac e i f  w e ca n measur e bot h 3  an d /Jp,,, .  Bu t 

thi s i s eas y t o do ,  give n th e availabilit y  o f  frequenc y an d orientatio n tune d channel s o f  th e sor t 

introduce d above .  Sa y w e hav e fou r  channel s wit h orientation s a t  0  an d 17/ 2 centere d a t  eac h o f 

tw o an y distinc t  frequencie s m an d aw .  Then ,  sinc e a  i s known ,  a  goo d estimat e o f  p  ca n b e 

obtaine d fro m eithe r  th e fac t  tha t 

P̂ .o(h.cr )  ^  P̂,a('̂ >0 )  ^  COSV if e h )  P 

Pau..o{h.<r) " ^P,a(aw,0) COsV /fc (aw) P 
= a P 

= « p 

or 

•Pm,ir/2(^P,j) __ ^P.ir(<^>'T/2) _ COsV k (cOsVto)) P 

âo,,:7'2(/p,a )  FfiJau},Tt/2 )  cos V k  (acosVoj )  P 

an d then ,  wit h p  known ,  an d R^, ,  estimate d directl y fro m 

^oj,o(^P,(r) Faio.oUlfi.a) 

th e slan t  o -  ca n b e determine d b y (4).* * 

Sinc e th e channel s i n th e mode l  hav e appreciabl e orientatio n bandwidth ,  the y respon d t o 

imag e powe r  i n a  rang e o f  orientations .  Thi s mean s tha t  P̂ ,-̂ 2{̂ fi.a )  wil l  ten d t o b e somewha t  les s 

tha n F̂ {̂(i},Tt/2) ,  an d P̂ ôî .̂a )  wil l  ten d t o b e somewha t  large r  tha n F p (j(a),0) ,  whic h i n tur n 

means tha t  th e estimat e o f  R^^ „  obtaine d i n thi s wa y wil l  b e smalle r  tha n i t  shoul d be ,  an d s o wil l 

lea d t o a n underestimat e o f  slan t  cr .  Bu t  a s ca n b e see n b y inspectin g th e result s o f  simulatin g 

th e mode l  o n image s o f  isotropi c scalin g nois e surface s a t  variou s slant s show n i n Figur e 3 ,  th e 

error s ar e no t  substantial, ^ 

'  Th e fac t  tha t  /?p, a depend s no t  o n u )  i s th e reaso n fo r  callin g thes e markin g function s scal -
in g noises . 

*  I n practice ,  P<i,_ e ca n b e observe d a t  a  larg e assortmen t  o f  frequencies ,  an d th e resultin g es -
timate s o f  3  an d <t  ca n b e subjecte d t o averagin g o r  a  mor e sophisticate d typ e o f  evidenc e com -
position . 

^  Th e cas e o f  th e whit e nois e surfac e i s excluded ;  p  =  0  leave s (4 )  undefined .  Fo r  suc h a  sur -
face ,  slantin g doe s no t  brea k th e isotrop y o f  it s  image' s powe r  spectrum ,  an d onl y change s it s 
contrast :  i t  i s  theoreticall y impossibl e t o determin e th e slan t  o f  suc h a  surfac e fro m a  normal -
ize d image .  Perhap s thi s i s wha t  Pentlan d ((Pentlan d 1984) ,  p .  673 )  ha s i n min d whe n h e say s 
"Characterizatio n o f  a n imag e i n term s o f  radia l  slice s o f  th e Fourie r  domai n .. .  constrain s th e 
shap e o f  th e 3- D surfac e hardl y a t  al l  .. .  Illuminatio n effect s ca n accoun t  fo r  mos t  variatio n i n 
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Figur e 3 

Estimates of slant generated by the 'adaptive P' model for (a) scaling noise surfaces, and 

(b )  circle s an d disks . 
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Figur e 4 

Estimate s o f  slan t  generate d b y 'nonadaptiv e 3 '  mode l  base d o n Equatio n 5 ,  P o ~ 4 ;  fo r 

(a )  scalin g nois e surfaces ,  an d (b )  circle s an d disks . 
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DETERMIN ING T H E S L A N T O F CIRCLE S A N D DISK S 

The results of the previous section are not applicable only to stochastically textured sur-

faces ;  an y surfac e marke d wit h a  functio n whos e powe r  spectru m i s approximatel y proportiona l 

t o o )  P  ca n hav e it s slan t  estimate d i n th e sam e wa y fro m a  powe r  spectru m o f  it s image .  I n thi s 

section ,  w e demonstrat e ho w thi s work s fo r  isolate d circle s an d disks . 

Let  a  plana r  environmenta l  surfac e b e marke d wit h a  circl e o f  radiu s r , 

c/r(a:',y' )  =  8({z' *  +  y'*)''-r) ,  wher e 8  i s th e uni t  impuls e function .  Th e orthographicall y  pro -

jecte d imag e o f  thi s surfac e a t  zer o slan t  i s ĉ r(x,y )  whic h ha s powe r  spectru m 

F,(a),e )  =  (2TTryo(2'rrcor)) 2 . 

Here Jo is the Bessel function of the first kind of order zero, which can be closely approximated 

when i>i T b y (cf .  (Kreyszi g 1972) ,  p .  129 ) 

so, if u) is not too small, we have 

FJio,Q) ~ — sin2(27rcjr + —). 
(o 4 

Thus ,  a n unslante d circle' s powe r  spectru m ha s a n envelop e lik e ko i ^  wit h ( 3 =  1 ;  an d thoug h th e 

phas e o f  th e spectru m i s no t  rando m a s i t  i s  fo r  scalin g nois e surfaces ,  th e sam e tuned-channe l 

technique s wil l  wor k fo r  slante d circles .  Th e projectio n o f  a  circl e slante d a t  angl e ct  i s th e ellips e 

cIr{x,y/cosa) ,  whic h ha s powe r  spectru m i n th e relevan t  direction s 6  =  0,tt/ 2 

F, ^(a),TT/2) = cos^CT sin^(2iTcorcosa-l ) 
U)COS(T 4 

F, „((o,0) = cosV — sin2(2';ra)r + —). 
oj  4 

N o w th e rati o F ,  „(a),TT/2)/F ,  „((j,0 )  wil l  b e undefine d fo r  som e w  sinc e th e denominato r  wil l  vanish , 

but  th e averagin g effec t  o f  th e tune d channel s (du e t o thei r  havin g appreciabl e frequenc y 

bandwidth )  wil l  preven t  th e observatio n o f  zero s i n F ,  „  an d wil l  extrac t  th e envelop e o f  th e spec -

tru m wel l  enoug h t o determin e 3  =  1  an d the n ct  i n th e sam e wa y a s fo r  scalin g nois e surfaces . 

A dis k 

Dtr(x,y )  = 
1 whe n x' ^  +  y^<r , 

0 otherwis e 

has a  u )  P  powe r  spectru m envelop e a s doe s a  circl e o f  th e sam e radiu s c^r{x,y) ,  bu t  th e scalin g 

exponen t  p  is ,  somewha t  surprisingly ,  ver y differen t  i n th e tw o cases .  Th e dis k ha s powe r  spec -

tru m 

n(a>,e) = (-Ji(27ru)r))2 , 

where J^ is the Bessel function of the first kind of order one, approximated when i >Tr by 

Ji{x)= —)— V^sin(a:-7T/4) . 

Thus the power spectrum can be approximated by 

F,(a),e) ^ ^— sin2(27r<or-^) 
77̂0) 3 4 

suc h a  description. "  Bu t  thi s i s no t  tru e fo r  value s o f  3  othe r  tha n 0 . 
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which has an envelope like km ^ with P = 3, compared to the circle's 3 = 1. Again, the same tuned 

channe l  technique s permi t  a n accurat e estimatio n o f  th e disk' s slant .  Th e result s o f  a  simulatio n 

of  th e mode l  o n thes e figure s ar e displaye d i n Figur e 3 . 

D ISCUSSION O F T H E M O D EL 

How suitable is this slant detection model as a model of human visual perception? One 

strikin g featur e i s it s unrealisticall y accurat e performanc e o n image s o f  scalin g nois e surface s wit h 

smal l  (3 :  th e mode l  perform s virtuall y flawlessly  (cf .  Figur e 3 )  ove r  nearl y th e entir e rang e o f 

slant s whe n 3 ^ 1 ,  bu t  suc h image s see m t o produc e ver y wea k slan t  illusio n fo r  h u m a n 

observer s and ,  eve n a t  a  slan t  o f  7 0 degree s d o no t  hav e ver y salien t  anisotropies .  A s p  increases , 

however ,  th e salienc e o f  anisotrop y seem s t o increas e until ,  a t  3  =  3 .  Figur e 2(d' )  look s fairl y  con -

vincingl y lik e a  slante d patc h o f  sun-dapple d lawn . 

Thi s suggest s tha t  ou r  model' s 'adaptive '  determinatio n o f  th e scalin g facto r  3  tailore d fo r 

eac h imag e i s unrealistic .  Perhap s instea d o f  (3) ,  th e visua l  syste m ha s 

or 

Fp,„(o),Tr/2 )  ̂  3 o 

Fp_„(w,0 )  cosc r 

or 

— 
2 

1- - = ( J 
l  +  3o(̂ p,c(w,TT/2)-F3,„(u>,0) ) 

or some other monotonic mapping between a measure of anisotropy in the frequency plane and 

th e possibl e rang e o f  slan t  angle s wit h fixed  paramete r  3o -  Give n dat a fro m th e psychophysica l 

experiment ,  i t  woul d b e possibl e t o fit  on e o r  anothe r  suc h function ;  a s a n example ,  th e result s o f 

a simulatio n o f  (5 )  wit h 3 o =  4  ar e show n i n Figur e 4 ,  an d the y ar e close r  tha n th e adaptiv e mode l 

t o wha t  on e migh t  expec t  fro m h u m a n performance . 

A proble m wit h an y suc h modification ,  however ,  i s  tha t  t o distinguis h betwee n th e slant -

detectabilit y  o f  scalin g nois e surface s wit h 3  =  1  an d 3  =  3  t o fit  huma n performanc e i s ips o fact o t o 

distinguis h t o th e sam e exten t  betwee n th e slant-detectabilit y  o f  circle s an d disks. *  A n d whil e th e 

experiment s hav e no t  bee n done ,  i t  seem s likel y tha t  circle s an d disk s ar e ver y simila r  i n respec t 

of  slant-detectability ,  an d 3  =  1  an d 3  =  3  nois e surface s ar e ver y different . 

I  sugges t  tha t  th e conclusio n t o dra w i s tha t  th e powe r  i n area s o f  a n image' s globa l  fre -

quenc y spectru m doe s no t  exhaus t  th e informatio n availabl e t o th e perceptua l  system ;  spatia l 

informatio n als o exists .  I n fact ,  a s ha s bee n note d elsewhere, ^  i f  spatia l  frequenc y analysi s i s per -

forme d o n th e retina l  image ,  i t  i s  performe d locally ,  no t  globally ;  an d th e orientation -  an d 

'  Thi s i s tru e i f  th e lowes t  spatia l  frequencie s ar e ignored .  A t  frequencie s lo w enoug h t o 
make th e Besse i  functio n approximation s use d her e innacurate ,  o r  lo w enoug h t o mak e th e un -
dulation s i n th e circl e an d dis k spectr a observabl e b y octave-bandwidt h channels ,  a  spatia l  fre -
quenc y mode l  coul d distinguis h betwee n nois e o n th e on e han d an d circle s an d disk s o n th e oth -
er .  Bu t  lo w spatia l  frequencie s ar e no t  th e issue ;  lo w pas s filtering  th e surface s t o remov e thes e 
frequencie s appear s t o chang e th e slant-detectabilit y  o f  a  larg e circl e hardl y a t  all ,  whil e practi -
call y eliminatin g th e alread y scarcel y detectabl e anisotropie s I n a n imag e o f  a  slante d 3~ 1 
nois e surface .  Anisotropie s i n image s o f  a  3~ 3 surfac e remai n salient . 

^  Fo r  example ,  i n (Daugma n 1984a) . 
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frequency-tuned channels that exist are almost optimally designed, from an information-theoretic 
poin t  o f  view ,  t o carr y bot h spatia l  an d frequenc y information .  N o w a  scalin g nois e surfac e ha s a 
ver y uninterestin g spatia l  organization ;  practicall y al l  it s  distinctivenes s come s fro m th e statistic s 
of  it s  radianc e distribution ,  whic h i s capture d wel l  i n it s powe r  spectrum .  Circle s an d disk s an d 
thei r  projections ,  however ,  hav e a  determinat e shape ,  an d i t  shoul d pla y a  rol e i n th e judgin g o f 
slant .  A  parameterize d tune d channe l  mode l  o f  th e sor t  sketche d her e ma y tel l  th e stor y o f  slan t 
detectio n fo r  stochasti c surfaces ,  bu t  i t  wil l  no t  b e th e whol e stor y o f  slan t  detection . 
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