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Stnictiir" !  an d riinclio n 

i n Ih c earl y procrssin c o f  lisua l  iiironnalio n 

Shimon Ullman 

lli c  Anificica l  liilclligcnc c l^ibnralor y 

Mas'^chtiscii s Jnslltut c o f  Technolog y 

I. Iiilroducllon 

A centra l  notio n i n contemporar y cognitiv e scienc e i s tha i  menta l 

pi(x:c";<;c s involv e computation s define d ove r  interna l  representations . 

Thi s genera l  vie w suggest s a  distinctio n betwee n th e stud y o f  th e rep -

resentatio n an d computation s pciforme d b y ou r  cognitiv e system s o n 

tli e on e hand ,  an d tli c  physica l  brau i  mechanism s supportin g tlies c com -

ptnation s o n th e other .  I  h e tw o studie s procee d alon g differen t  paths , 

an d neithe r  i s completel y reducibl e t o Ui e other .  I t  i s th e hop e o f  cogni -

tiv e Science ,  however .  Uia t  th e studie s o f  functio n an d mechan is m ca n 

coiii|)lcnicn t  eac h other ,  an d iha t  Uicoric s c m b e develope d fo r  variou s 

cognitiv e subsystem s tha t  wil l  describ e an d explai n tliei r  computationa l 

aspects ,  thei r  underlyin g mech.inisms ,  an d Ui c interaction s betwee n Ih c 

two . 

I n thi s pape r  I  shal l  dcsciib e s o m e attempt s t o combin e th e stud y 

of  brai n mech.inisin s wit h conipui.itiona l  consideration s i n lli c  firs t 

stape s o f  visua l  informatio n processing .  Thi s wor k combine s th e con -

Irilnitior s o f  m a n y individuals ,  mos t  notabl y th e lat e Davi d Marr ,  an d 

a grou p o f  peopl e w h o wer e fonuiiat e t o wor k wit h him ,  primaril y a t 

M.I .  I  " s Artificia l  Inielligenc e l.iboiaior y an d l\\cholog y IX'parlment . 

I. lU'prisciilini; inliiisil) chances In iniaKCS 

Ih c fii^t  ciMiipMlalion.l l  incihlcii i  ill.i t  ariv.- s i n Ih c earl y piocessin g 

of  visua l  inli'iin.ilio n i s th e initi.i l  niL.iiii/.iiio n .m d rcprcsoii l  uiii n o f 

th e inpu t  KLislcte d b \  Ih c r\es .  \ i  tli o pliotouLcpini' ,  lc\cl .  ih c inpu t 

111 llu -  Msiia l  s\sici n consist s o f  o,c i  . '  11 )  iiiilliiu i  liiili t  iniiu-.il v  iiir.isiirc -

niriit s  (lep i  .icic. l  I n ovr r  IJI I  iiiillin M ciiiic s am i  iml s i n c.ic h c\, '  I  I  hi s 

IS .II I  iiiiwklil v  luc e .mi l  iiiiiriaiii i  , 1 sc l  i; f  iiiM'.imnK'iils .  \ \  i .  ca n 

therefor e expec t  th e visua l  syste m t o construc t  a  m o r e economica l  repre -

sentatio n o f  th e input ,  tha t  wil l  m a k e explici t  th e relevan t  informatio n 

fo r  lalc i  priKcssin g stages . 

A reasonabl e candidat e fo r  th e tas k i s a  representatio n tha t  ca n b e 

roughl y describe d .i s a n edg e represcniatio n o f  Ih c im.age .  lli c  ide a i s 

t o m a k e explici t  th e location s i n iJi e imag e wher e ligh t  intensit y change s 

sharpl y fro m on e leve l  t o anothci .  Hi e motivation s fo r  thi s typ e o f  a 

repiescm.ilio n ar e (i )  i t  wil l  achiev e a  mor e concis e descriptio n o f  th e 

imag e tha n lii e origina l  arra y o f  intensit y value s ,  an d (ii )  shar p change s 

i n ligh t  intensit y value s usuall y hav e a  physica l  signiricancc .  Ilie y ar e 

ofte n associated ,  fo r  example ,  wiil i  objec t  boundaries ,  marking s o n ob -

jects '  surfaces ,  an d s o fort h A n edg e representatio n i s Uieiefor c usefu l  i n 

makin g th e transitio n fro m th e domai n o f  ligh t  intensitie s i n di e imag e 

t o analy?in g di e physica l  structur e o f  di e visibl e environmen t  O n e 

genera l  observatio n ofte n raise d i n suppoi t  o f  th e edg e representatio n 

approac h i s tha t  m a n y object s ar e recognisabl e fro m a  sketc h o f  thei r 

edge s anr t  contour s alone ,  althoug h i n term s o f  th e underlyin g ligh t 

intensit y distributions ,  lli e sketc h an d th e origina l  imag e ar c markedl y 

dilTerenl . 

T h e representatio n o f  localize d intensit y change s i s no t  tli e onl y 

approac h Dia l  ha s bee n propose d fo r  Ih c first  stnge s o f  analyzin g visua l 

information .  O n e popula r  alternativ e i s tli e Kourie r  analysi s approac h 

tlia t  receive d wid e attentio n i n di e psychophysica l  literatur e followin g 

Campbe l l  an d Rohson' s (1968 1 discover y o f  spatia l  frequenc y tune d 

channel s i n di e visua l  system .  I  h e approac h presente d her e i s i n a 

sens e a  combinatio n o f  th e frequenc y channel s an d tli c  edg e detectio n 

approaches ,  bu t  i l  i s  concerne d primaril y wit h di e detectio n o f  intensit y 

changes . 

A larg e variet y o f  technique s hav e bee n propose d i n di e pas t 

(primalil y  withi n di e ciH'incerin g field  o f  iniag c processing )  fo r  Ih c 

detectio n o l  inleiisil )  cli.m.Kc s i n images .  A  iii.ijo r  piobloi n llia t  ha s 

bee n (liscmcic d i n th e ciiiiis e o f  ilc\clo|iin p thes e lecliiii(|iios .  i s  iha t 

sicnifii.iii l  iiilcnsii )  cIi,iii(.h s i n .i n iiu.it' C ca n occu r  a t  a  v.iiiei y o f  scales . 

Siiiii o cli.iiipc s ai e ci.idua l  an d smniiili :  the y c m .iK u h e ilcsciihc d i n 

lrct|iicnc \  diini.ii n triiiiuinloi n a- -  lo w fiet|iK'iicv  lIliii:''". .  (>|Iici s ar e 

hig h frequenc y an d sharpl y hKali-'e d changes .  T o captur e al l  o f  di e 

significan t  intensit y changes ,  i t  i s  possibl e t o examin e tli e imag e n t  a 

n u m b er  o f  differen t  resolutions ,  o r  scales .  A  lo w lesolutio n "copy "  wil l 

serv e fo r  capturin g di e gradual ,  gros s changes ,  a  hig h resolutio n "copy " 

fo r  th e fine  details ,  l-igur e 1  show s a n exampl e o f  wha t  i t  m e a n s fo r  th e 

s a me imag e t o b e examine d a t  thre e differen t  resolutions .  T h e resolutio n 

decrease s fro m l a t o Ic .  I t  ca n b e see n tha t  i n di e lowe r  resolutio n 

copie s fine  detail s ar e progressivel y blurred .  Ih c lo w resolutio n cop y 

ca n b e obtaine d b y a  puKCS s calle d gaussia n filtering  (an d thi s filtering 

i s i n a  sens e optimal ,  se e Mar r  &  llildied i  1980) .  Thi s simpl y mean s 

tha t  a t  ever y poin t  a  loca l  averag e i s take n o f  di e intensit y values ,  usin g 

a gaussia n weightin g function .  Th e resolutio n o f  th e resultin g cop y i s 

controlle d b y th e sis e o f  tJi e gaussian .  A  large r  giiassia n average s di e 

intensit y value s ove r  a  wide r  neighborhood ,  an d henc e i s les s sensitiv e 

t o fine  details .  Hi e gaussia n smoothin g i s als o calle d i n mathematica l 

term s di e convolutio n o f  th e imag e wit h a  gaussia n filter,  denote d b y 

C * I  (wher e /  i s  th e image ,  G  i s di e gaussia n smoothin g function) . 

As a  resul t  o f  th e first  operatio n w e hav e a  n u m b e r  o f  "copies "  o f 

th e origina l  im.ige ,  a t  a  n u m b e r  o f  differen t  resolutions ,  a s detcnnine d 

by th e si/c s o f  th e gaussia n fillets  (figur e 2) .  Mi e nex t  ste p i s t o iso -

lat e th e shar p intensit y change s i n eac h copy .  W e shal l  conside r  thi s 

proble m first  i n th e contex t  o f  one-dimensiona l  signals .  I n dii s  case , 

di e imag e /  i s  a  functio n o f  a  singl e variable ,  denote d b y i .  A  shar p 

chang e i n th e signa l  /(i )  ca n b e define d a s a  pea k i n it s first  derivative , 

sinc e di e derivative ,  b y definition ,  measure s di e signal' s slope .  I'ro m 

clcinentiii y  calculus ,  peak s i n th e first  derivativ e ca n als o h e locate d b y 

7cro-<rossing s o f  th e secon d derivativ e (i.e .  place s wher e di e secon d 

dcrivaiiv e change s sign) .  Mathematicall y th e tw o criteri a ar e equiv -

alen t  bu t  th e secon d characteri/alio n ha s certai n advantage s w h e n two -

diiiiciisiiin.i l  signal s ar c concerne d |Mar r  &  llildiet h I98()| . 
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I n siiiiiniar) ,  Ih c iDi.ili/.iin m ofshnr p ch;inpi' ;  i s  dhiiiinci l  b y per -

riiiMiInt: : 

,; ' ;k.-v )  (! ) 

Mk- /cm unssinr'- iii the oiilpiit »ill iiuln.iH' ilic Icn.ilicms dl sh.iip 

intensit y change s i n th e iinng c n t  tli c  scni c determine d b y lli c  gaiissian . 

Ihi s nie.in s tha t  th e imag e /  i s first  passe d Ihroug h a  gaiissia n 

sitioolliin g finiclio n G ,  an d iJic n a  secon d derivativ e o f  th e resul t  i s 

taken ,  lit e tw o operation s o f  scalin g an d diffeientialio n h e combine d 

i n a  convenien t  manner ,  lli c  combinatio n i s base d o n a  mathcinallca l 

identit y tha t  slate s ih.i t  ih c oide r  ofdilTctcnliatio n an d convohilio n ca n 

b e cli.in.cc d withou t  alTcctin g th e resul t  I n ni.ithematica l  notation ; 

£ . ( ^ ^ • 0 =  ( £ , « ) • / (2) 

The imphcatio n i s tJia l  th e tw o opeiation s ca n h e collapse d int o a 

singl e one :  simpl y filter  th e imag e no t  throug h a  gaussia n function ,  bu t 

throug h ll]; G (th e secon d derivatn c o f  a  gaussian) .  Ihi s functio n i s 

s h o w n i n figure  l i  (.l b show s it s fourle r  tiaiisform) .  lli c  analogu e i n tw o 

dimension s woul d h e a  simila r  hu t  circularl y svinmetri c fimction  whic h 

ha s th e appcar.nic e o f  a  "nicxica n hat "  Mathematically ,  i n Ih c two -

ihmensiona l  cis e th e filter  i s V ' G .  wher e V ^  i s tJi c laplaii.i n an d G  a 

two-diuiensiima l  g.iussia n function . 

Th e schem e i s n o w stiaightforward :  th e rcpicsentatio n o f  intensit y 

change s i s dhiainc d fro m th e /cro-crossin g i n th e resul t  o f  passin g th e 

imag e throug h filters  tha t  hav e th e shap e o f  V ' C . 

Ibos e «li o hav e s o m e familiarit y wit h Ih c physiolog y o f  di e visua l 

syste m woul d readil y iccogni/ e Ih c shap e o f  thes e filters  a s correspond -

in g t o ili e shap e o f  retin.i l  ganglio n receptiv e fields.  I n othe r  words .  Ui e 

retina l  structur e ca n b e viewe d a s approvim.iiin g th e convolutio n o f  th e 

imag e wit h th e V ' G filicis.  (Iti r  m o r e detai l  se c Mar r  &  llildiet h 1980 . 

Mar rc t  Ullin.n i  1 9 8 0 . 

ligur e 4  show s ev.iniplc s o f  image s followin g ihi s rclin.i l  operation , 

an d th e lesultin g /cio-crossinp s representation s (generate d b y I  lie n 

llildieth) .  Ih c fiisi  ro w show s tw o iniaee s piio i  t o th e lillcrin g stage . 

I  h e scton d lo w show s th e image s lillcrc d Ihioug h di e lelina l  operation . 

I t  .iiivc s MPiii c  idc. i  o f  th e li'in i  o f  th e iiii.iii e .i s  i t  Ii.imI s u p th e opii c 

ner\ e Inii i  th e c>e .  M a .ii i  iiiuinud i  il c  si.iiiui i  calKi l  lli e l ( iN .  t o 

Ih c visua l  loiie x i n aie. i  I  '  o ^  th e hrai n I  li e ihm l  ro v illusii.iU' s ih e 

icsullin e /rii > iiossii r  ii-pi.- i  ul.ilioii s  I  iriu .  5  sln.w s .ii i  lu i  I' e lo f  . i 

sculptur e h > Henr y M o o r e )  an d it s /cro-<rossiii g icpresc'niatio n a t  thre e 

difTeren i  resolutions . 

Hcfor c turnin g t o th e physiologica l  aspect s o f  th e ^cro-crossin g 

representations ,  i t  wil l  b e o f  inleies t  t o not e tha t  7ero-crossing s i n 

bandp.is s fillers  ar e k n o w n t o he ,  i n a  sense ,  "ric h i n information " 

II .  I  oga n o f  th e Hel l  l,aboi,itorie s ha s show n tha t  a  onc-diinensiona l 

sigii.i l  wit h a  bandv,idt h o f  les s dia n on e octav e c.i n b e completel y 

reconstructe d (u p t o a n overal l  mulnplicaliv c consi.uii )  fro m it s /cro -

crossing s alone ,  provide d tha t  s o m e simpl e condition s ,ir e mi l  | l  oga n 

1977| ,  I t  i s  no t  clear ,  however ,  whethe r  di e dieorc m ca n h e extende d 

t o tw o dimensions ,  an d unde r  wha t  condition s di e one-iictav c restric -

tio n ca n b e relaxe d (thi s proble m arise s sinc e th e filters  i n Ui c h u m a n 

visii.i l  syste m ar e probabl y mor e Uia n a n octav e wide) .  I f  appropriat e 

extension s alon g thes e line s ca n b e m a d e ,  i t  woul d impl y tha t  th e 7Cro -

crosslng s provid e no t  onl y a  convenien t  representatio n tha t  capture s th e 

significan t  aspect s o f  th e image ,  bu t  als o a  complet e one .  Ilia l  is ,  n o 

essentia l  inlonnatio n i s los t  b y discardin g tJi e imag e an d analyzin g th e 

?cri)-crossin g representatio n alone .  (Se e Marr ,  I'oggi n &  Ul lma n 1979 . 

fo r  fil l  thc r  discussio n o f  thi s issue. ) 

.1 I lie liioloKical detection of zero-crossings 

I  h e analysi s s o fa r  lead s t o th e genera l  suggestio n tha t  fiillowing 

di e retina l  operatio n Ih e nex l  ste p i s t o local e an d lepreseii t  a  m a p ofUi c 

zero-crossing s I n th e oulput .  I f  thi s siiggeslio n i s correct ,  the n a  mai n 

fiinclio n o f  di e primar y visua l  corte x shoul d b e di e constructio n o f  th e 

zerinrossing s rcpicsentation .  I  shal l  nex t  tur n t o conside r  hriefi y h o w 

zero-crossing s m a v b e detecte d b y th e mechanism s ofih e visua l  cortex . 

I  h e fibers  o f  th e opti c nerv e romin g fro m th e ey e t o th e brai n carr y 

Ih c imag e filtered  Ihroiigl i  Ih e V  V ;  rccepliv e fields  (llii s  is ,  o f  course ,  a 

ciimpul.iiioDa l  icleali/.ilioii) .  Thi s luiir.i l  im.ip e i s i n la d carrie d b y iinit < 

ol  tw o coinplemcni.ii \  t>pes ,  calle d on-cciilc i  ,iiii l  ollienle r  iinils .  Ih c 

oHn-iiic i  uiiils.u e siiiipi v "iineilii l  iiK\ii.,ii i  h.ils "  vsiil i  pu-g.pliieceiilc i 

,iik I  iHiMin c siiirouiu l  lo t  u s iKr v cdiMcli' i  lii c  ii'iiii.i l  diiipii l  il l  Ih c 

Mciiii h d l  a n cili'c ,  lit'iu c l<. \  drpitl s  , i  sic| i  edge ,  .iiii l  fi h i s ili c  rcsiil i 

dl  p  issiiir .  fi i  lliidiM' h icliii.il-ld. c II I  cpliv c lirld v I  In s dul|;ii l  toiil.iiii ' 

bot h negativ e an d positiv e values .  I n contrast ,  th e opti c nerv e carrie s 

n o negativ e values ;  di e positiv e par t  o f  th e signa l  i s  carrie d b y th e on -

cente r  units ,  an d di e negativ e par t  b y th e off-ceiuc r  ones .  I  hi s mean s 

dia l  withi n di e syste m di e zero-crossin g itsel f  i s  alway s flanke d b y tw o 

peak s o f  activity :  o f  on-ccnte i  cell s o n on e side ,  an d olT-cenle r  cell s o n 

di e other .  Ih e detectio n o f  a  zero-crossin g ca n easil y b e acconiplislied , 

dierefore .  b y a  simpl e comhiiialio n o f  th e on -  an d olT-ccnte r  units . 

W h en tw o adjacen t  units ,  on e off-ccnicr ,  th e othe r  on-center ,  ar e activ e 

simultaneously ,  the y indicat e di e existenc e o f  a  zero-crossin g ninnin g 

m i d w a y betwee n them .  Not e dia t  a  poin t  o f  zer o valu e i s detecte d i n thi s 

schem e b y detectin g peak s o f  activit y radie r  tha n zer o activity . 

The basi c zero-crossin g detecto r  i s show n i n figure  7a ,  I t  i s  com -

pose d o f  di e tw o siih-unil s (on -  an d off-center )  combine d wit h a n 

"and "  operation .  Ibi s m e a n s tha t  th e tw o unit s ar e require d t o b e activ e 

simultiincousl y t o produc e a  response .  Ih e uni t  ca n b e m a d e oriente d 

by combinin g a  numbe r  o f  suc h detector s lyin g i n a  ro w (figur e 7b) . 

Suc h a n oriente d uni t  wil l  exhibi t  m a n y o f  di e propertie s o f  cortica l 

simpl e cell s ("edg e detectors" )  originall y discovere d b y iliibe l  &  VVicse l 

i n di e visua l  corte x o f  di e ca t  | 1 % 3 |  an d m o n k e y (19fi8| .  I t  wil l  stil l  l.ick , 

however ,  on e fundamenta l  property ;  cell s i n di e visua l  corte x ar e als o 

ode n selectiv e fo r  directio n o f  motion .  The y respon d wel l  w h e n diei r 

preferre d stimulu s m o v e s i n on e direction ,  bu t  littl e o r  no t  a t  al l  whe n i t 

m o v es i n di e opposit e direction . 

4. Vrldini; (ilrcitiiinal selecliiity 

Wit h th e additio n o f  on e siihuni t  i t  i s  possibl e t o m a k e th e b.isi c 

zero-crossin g dclecto r  diic c tionall y selective ,  an d us e i t  fo r  Ih e incisure -
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mcni  o f  visua l  moliiin .  l o se c bow .  conside r  ag.ii n ih c zer o crossin g 

iiwcialc d uii h a n inlcnsil y edg e (figur e 6b) .  A t  Ih c /cro-iiossin g itsel f 

ih c ciiirti u \,ilii c  is .  o f  course ,  zero .  I i  c m b e rc;idil. \  see n fro m ili c 

flptii e Iba l  i l  ih c piolil c  m m move s l o th e iiphl .  Ih e i.ilii c  a l  Ihi s poiji l 

wil l  b e iiicriMsiiip .  I I  I I  iiiii\ c  l o ili o Irli .  ib e \alii c  mi l  b e diLHMsiii p 

lt > sinipi v in̂ pitliiii ;  lli c  sii; n o l  (li e leio|iiM.i l  tliaii,i;i. '  i l  iIu k lui e be -

comes p(ftvibl e l o dcli.-miin c (b e iliKilioi i  o f  motion .  I l  i s  mi l  ililliiiil l 

l o csliblisl i  lli.i l  I t  I S liiKlii i  po '  ihl '  t o niiMsni e Ib e spiii j  o l  millio n 

111 Ui c directio n o f  Ib c uni t  b y comparin g lli e slop e o f  Ih c zero-crossin g 

an d Ib e ral e o f  tempora l  clinngc .  Ih c extr a sub-uni t  shoul d respon d 

tlicrcfor c t o tempora l  changes .  Ideally ,  i t  shoul d behav e lik e th e tim e 

dciivalivcnfthcsigii.il .  i.e .  ,'/j(V'G) . 

As it turns out. the population of retinal cells contain a natural 

candidat e fo r  thi s task .  Ihcs c ar c th e s o calle d Y-lyp c cells ,  originall y 

discovere d b y rnrolh-Cupcl l  &  Kobso n (lOMil .  Ihi s  i s a  relativel y smal l 

siib-popiilaiio n o f  cell s tha t  ar c k i um n l o b e "transient "  I  ha t  is .  iJic y 

rc-pon d l o a  sicacl. v stimulu s b y a  sluir t  aiu 1 bris k respons e w h e n Ih c 

stimulu s i s turne d o n o r  o(T .  I  h e ntlic r  majo r  populalio n o f  retina l  cell s 

ar c th e sustained .  X-typ c cells .  Suc h a  cel l  respond s t o a  stationar y 

siunulii s  will )  a  sustaine d respons e tJia t  usuall y conlinue s a s lon g a s Ui e 

stimulu s i s presen t  Milhi n it s rcccpti\ c licld . 

dii r  schemati c mode l  o f  di e simples t  directionall y selectiv e unit s i s 

therefor e constniclc d fio m thre e type s o f  sub-units .  A s before ,  i t  ha s 

a ro w o f  on-cente r  cells ,  an d a  ro w o f  oir-centc r  cells ,  bot h o f  th e sus -

tainci l  Ijpc .  I n addilion .  i l  ha s ,ii i  inpu t  fro m a t  leas t  on e transien t  Y -

lyp e uni t  (figur e 7i) .  A  mor e detaile d discussio n o f  thi s genera l  schem e 

ca n b e foun d i n ( M a n &  Ullnia n 1981) . 

Ihis general vhcme for zcro-trossing and motion detection w:i 

d ino n prim,inl y b y computalion.i l  consider.ilions .  I'liysiologically ,  a l 

Ihoiigl i  \-t)p e unit s wer e ofte n <lcsciil)e d a s transient ,  i t  wa s no t  cic a 

wlicthe r  ihe y ca n als o b e dcscfihc d .i s  a t  leas t  approximatin g di e r e 

quire d tim e deru.iiiv c opcr.ilion .  W e Ibereforecoinpaie d th e respons e 

icqiiiici l  h y th e ciiiii|iui.ilion,i l  sihciii c  wit h pluvioKigna l  respons e 

(lakci i  finn i  Rodirc k i ^  Stone .  lOfA .  Diche r  &  S.iiulcrso n 197. V se i 

Mil l  iV ;  Ullina n l')S l  lo r  del.ills )  S o m e uimp.insims,ir e show n i n figiin 

u (fo r  \  cells )  an d 9(fo i  V  lcHs) .  I  Ik -  to p ro w i n figiii e N  i s Ib e coinol u 

lio n ii f  \.irimi s profile s (edge ,  thi n h.ii ,  wid e b.ir )  wii h V ' G .  O n 

icnie i  coll s  ,iu '  cv|Hxle d t o cari \  th e po'.iliM. '  |i,ii l  o f  thes e profiles ,  an c 

oi l  (cni'- i  th e ncr.ilii e |Vii t  I n th e iiix l  in o run s th e pos im e pu t  i. l 

th e si;;ii.i l  iscomp.iu d wit h reLonliiii' s  fioii i  o n ceiile i  cells ,  .-in d i n Ih c 

Lis t  lo'A s th e 11 1 e.iiuc -  p u t  i s l o m p m d wit h lerordinr s linii i  oi l  (.enle i 

I  ill s  '.111111,1 1 ioiM|i.iii.on s .li e ̂  111'I'l l  II I  li-iiu -  ' )  I n I' M ,  i i  di e iniiipol.i -

tiona l  model ,  base d o n •',{(•*I) -  '" ^  physiologica l  recordings .  I t  ca n b e 

see n tha t  eve n i n th e case s wher e th e profile s .n e r.ithe r  complicated ,  di e 

genera l  agreemen t  i s good . 

linall v i n Ihi s section ,  figure  I d show s a n exampl e o f  applyin g th e 

motio n deteclioi i  schem e describe d abov e U i  a  mo\ in g rando m texture . 

I  igurc s Id a an d h  shov v a  pai r  ori.iiidoi n d m patterns ,  A  centra l  squar e 

il l  ID. i  i s  sliilli' d il l  lOl i  sliplitl )  t o di e right ,  whil e th e h.itkground s o f 

di e tw o figures  ar c uncorrclale d W h e n thes e figures  ar c presente d l o 

h u m an observer s i n a  rapi d ailcrnadon .  th e centra l  squar e i s imniedalcl y 

perceive d t o m o v e h,ic k an d forl h agains t  a  backgroun d o f  uncorrclale d 

molio n Figur e 10 c show s iJi c zero-crossing s representatio n o f  lOa . 

ligur e lO d i s th e resul t  o f  di e molio n analysi s o f  th e zero-crossin g (Ih e 

ligh t  dot s indicat e di e directio n o f  motio n o f  di e z.cro-crossings) .  I n 

figure  10 c tli c  ligh t  dot s wher e remove d fro m tli c  are a wher e coheren t 

motio n (t o tli c  right )  wa s found .  Ili c  motio n assignmen t  wa s correct , 

wit h di e exceptio n o f  a  fe w isolate d points ,  an d a s a  resul t  th e mov in g 

squar e wa s detected . 

1 have sketched above some aspects of an evolving dicory of early 

visua l  informatio n processing .  Ih e mai n goa l  ha s bee n no t  t o presen t  a 

comprehensiv e revie w o f  th e theory ,  bu t  t o illustrat e a n alienip t  a ime d 

at  combinin g di e stud y o f  structur e an d functio n i n th e earl y stage s o f 

visua l  perception .  M.ijo r  pait s o f  th e Iheoi y wer e consequcnd y lef t  ou t 

o f  Ih e discussion ,  mos t  notably ,  di e us e o f  Ib c earl y iepresent;iti(m s i n 

sicrc n \isi(ii i  [M.ir r  &  I'ocgii i  1979 .  Cr imso n 19S1) . 

l-'in.illy .  1  woul d lik e t o en d wit h tw o hiie f  cautionar y notes .  Ih c 

first  ha s t o d o wit h Ih c specifi c  pmhlcii i  o f  aii.dy/in g imag e contours . 

l-.vc n i f  Ib e zero-crossin g .in.iljsi s i s .ilon g th e righ t  track .  i |  provide s 

onl y th e first  slacc s i n th e ,inal>si s o f  cdgt s .in d liii.ig e ciiiiloiii s  ligur e 

11 illiisiiate s example s ofcontuur s ih.i t  ar e e  isil y  peicoive d bu t  canno l 

be c.iplure d b y an y simpl e iiit',iisit\-base d .iimKsi s o f  th e im.ige .  I n 

(igiii c  H a al l  Ih e line s In -  .ilciiij ;  Ili c  I S deii .  di.i.fon.il s  Ih e lioiizoiil.i l 

.iii d \eitic.i !  Iioinid.'iric s whii h .ii c  .ipp.iieii l  i n Ih e im.ig e .ir e |iioducet l 

not  b \  .thiiip t  intensii s cli.tiirr. .  bii i  b y uiLiii i  '.'inupi'u ;  pioccssos . 

lî 'iii e 111 )  i s .11 1 es.niipl c o f  s o i  tll. d "(ii!'iiili\< -  <  iitiloni'." .  I  hc \  d o 

not  exis t  i n th e im.age .  an d canno l  h e detecte d b y simpl e intensity-base d 

operations .  Thes e exampl e sene s t o illustrat e tha t  e\c n a  seemingl y 

simpl e an d elementar y tas k suc h .i s di e detectio n o f  imag e contours ,  re -

quire s i n fac t  comple x processin g tha t  i s  stil l  fa r  fro m bein g complelel y 

understood . 

Ili c  secon d an d mor e genera l  comiiieii t  h.i s  t o d o wit h lli c  iiitcgra -

lii m o f  theorie s o l  riinclio n an d struclur e i n mor e comple x systems ,  lli c 

example s I  hav e oullinc d c o m e fro m a  syste m lh.i t  i s  relativel y simpl e 

an d eas y l o explore .  U s anatimiica l  structur e i s orderly ,  th e inpu t  l o th e 

syste m i s relativel y eas y t o contro l  an d manipulat e expeiimenlally ,  an d 

m u ch i s k n o w n abou t  it s physiology .  I've n unde r  Uics e favorabl e condi -

tions ,  th e integratio n orsliuctur e an d functio n prove s l o b e exceedingl y 

difiicult .  W h a t  i s di e hope .  then,  fo r  achievin g tompiehensiv e theorie s 

of  structur e an d functio n fo r  higher ,  mor e complicaicd .  cognitiv e sys -

tems ? 

•fli c  tas k i s certainl y fiuniid.ible.  hu t  i t  i s  piobabl v worth y o f 

exploratio n a t  leas t  i n certai n instancs .  sinc e i t  appear s unlikel y dia l 

th e sitiictur e ti f  comple x system s t.i n h e understoo d withou t  s o m e 

guideline s supplie d b > computationa l  theories .  I t  ha s t o h e admitted . 

however ,  tha t  give n th e dilTicultie s o f  di e tas k i l  i s  unclea r  whethe r 

coheren t  an d detaile d liieoiic s combinin g stiiictur c an d fuiictln n ca n b e 

achieve d a l  presen t  beyon d Ih e simples t  congniliv e systems . 

AekiMiMleilgnunt: I wish to thank I llildicth and K, Stevens for 

thei r  invalu.ilil c  help . 
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Tigur c 1  a .  T h e shap e o f  J'̂ 'iG .  b .  It s 1'miric r  liansrorm . 
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I'igur c 4 .  l-.xamplc s o f  /cro-crossin g rcprescntnlions .  I'irs t  row :  th e 

origina l  linages .  Secon d row :  th e image s followin g th e convolutio n wit h 

V ' G .  niiri l  rwo :  th e rcsullin g ?enn:rossing s representations . 
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Fig .  5 

/ c r o - c n w i n g representation s o f  (li e s.im c imag e a t  tlirc e diflcrcn t  resolutions . 
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I'igiM C () .  A  <;it' p C(lj; c  h c f m c (.1 )  ;in d .iClc i  [h e cfMunliiliiM o wil h (!i c 

rctin.'i l  opcintD i  {h) . 
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(•'igiir c  7  A  schemali c di.igr.ii n o f  ih c li,i<;i c /cro-trossin g dclcclor .  a . 

Oii-ccnic i  nn d oir-cciiic r  iirii K ;ir c ANPci i  logcthcr .  b .  A  ro w o f 

suc h siibiinil s  in.ike s Ih c dclcctu r  orirnlation-spocific .  e .  Will i  th e 

.nddilic m o( n liiii c  dcriv.itiv c suhiini l  Ih c (I'-i c  !n r  hccomc ;  dircclionnll y 

selective . 
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I  igiM C 11 .  Comdiir s tha i  caniid l  h e dcicclc d h y simpl e inlcnsil y base d 

(ipcralors . 
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