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Similarit y t o referenc e shape s a s a  basi s fo r  s h a p e representatio n 

Shimo n Edelma n Flori n Cutz u Sharo n Duvdevani-Ba r 
Dept .  o f  Applie d Mathematic s an d Compute r  Scienc e 

The Weizman n Institut e o f  Scienc e 
Rehovot  76100 ,  Israe l 

edelman@wisdoin .  weizmann.a c .  i l 

Abstrac t 

We present a unified approach to visual representation, ad-
dressin g bot h th e need s o f  superordinat e an d basic-leve l  cate -
gorizado n an d o f  identificatio n o f  specifi c  instance s o f  famil -
ia r  categories .  Accordin g t o th e propose d theory ,  a  shap e i s 
represente d b y it s similarit y t o a  numbe r  o f  referenc e shapes , 
measure d i n a  high-dimensiona l  spac e o f  elementar y features . 
Thi s amount s t o embeddin g th e stimulu s i n a  low-dimensiona l 
proxima l  shap e space .  Tha t  spac e turn s ou t  t o suppor t  repre -
sentatio n o f  dista l  shap e similaritie s whic h i s veridica l  i n th e 
sens e o f  Shepard' s (1968 )  notio n o f  second-orde r  isomorphis m 
(i.e. ,  correspondenc e betwee n dista l  an d proxima l  similaritie s 
among shapes ,  rathe r  tha n betwee n dista l  shape s an d thei r  prox -
ima l  representations) .  Furthermore ,  a  genera l  expressio n fo r 
similarit y betwee n tw o stimuli ,  base d o n comparison s t o ref -
erenc e shapes ,  ca n b e use d t o deriv e model s o f  perceive d sim -
ilarit y rangin g fro m continuous ,  symmetric ,  an d hierarchical , 
as i n th e multidimensiona l  scalin g model s (Shepard ,  1980) ,  t o 
discret e an d non-hierarchical ,  a s i n th e genera l  contras t  model s 
(Tversky .  1977 ;  Shepar d an d Arabic ,  1979) . 

I n t r o d u c t i o n 

Al l  bu t  a  fe w curren t  theoretica l  treatment s o f  visua l  represen -
tatio n stil l  adher e t o th e Aristotelia n doctrin e o f  representatio n 
by similarity ,  accordin g t o whic h a n interna l  entit y represent s 
an externa l  objec t  b y virtu e o f  resemblanc e betwee n th e two. ' 
Simpl y put ,  th e origina l  versio n o f  tha t  doctrin e hold s tha t  th e 
representatio n o f  a  tomat o ha s somethin g o f  th e rednes s an d 
of  th e roundnes s o f  th e rea l  thing .  T h e predominan t  theorie s 
of  visua l  shap e representatio n stil l  spea k abou t  isomorphism : 
typically ,  i t  i s  assume d tha t  structura l  (Biederman ,  1987 )  o r 
metri c (Ullman ,  1989 )  informatio n store d i n th e brai n reflect s 
correspondin g propertie s o f  shape s i n th e world .  I n compar -
ison ,  n o studen t  o f  colo r  visio n seriousl y believe s tha t  rep -
resentation s o f  tomatoe s ar e red ,  o r  eve n tha t  th e reflectanc e 
spectr a o f  tomatoe s ar e explicitl y  stored ;  thi s ha s bee n sup -
plante d b y th e featur e detecto r  theory ,  accordin g t o whic h th e 
respons e o f  interna l  mechanism s tune d t o particula r  sensor y 
stimul i  constitut e th e basi c representatio n fo r  thos e stimuU . 
A majo r  goa l  o f  th e presen t  pape r  i s t o sho w tha t  shap e too , 
ove r  an d abov e colo r  o r  loca l  orientation ,  ca n b e encode d i n a 
low-dimensiona l  featur e space . 

A n importan t  ste p toward s tha t  goa l  ha s bee n m a d e b y 
Roger  N .  Shepard ,  w h o pointe d ou t  tha t  instea d o f  a  first-order 
isomorphis m betwee n th e shape s an d thei r  representations ,  i t 

'"Representatio n o f  somethin g i s a n image ,  model ,  o r  reproduc -
tio n o f  tha t  thing, "  (Suppes ,  Pavel ,  an d Falmagne ,  1994) . 

makes mor e sens e t o expec t  a  second-orde r  isomorphis m be -
twee n similaritie s o f  shape s an d similaritie s o f  th e interna l 
representation s the y induc e (Shepard ,  1968) .  Essentially ,  thi s 
i s a  cal l  fo r  representatio n o/similarit y instea d o f  representa -
tio n b y similarity . 

A representatio n o f  a  collectio n o f  shape s i s veridica l  i n 
Shepard' s sense ,  i f  th e mappin g i t  implie s betwee n (som e 
parameterizatio n o O th e dista l  shap e spac e an d th e internal , 
or  proximal ,  representatio n spac e preserve s similarit y ranks . 
Elsewhere ,  w e sho w tha t  a  dista l  t o proxima l  mappin g realize d 
by a  ban k o f  typica l  connectionis t  classifiers ,  eac h tune d t o a 
particula r  shape ,  i s likel y t o satisf y th e requirement s fo r  simi -
larit y ran k preservatio n generically ,  ove r  appropriatel y limite d 
region s o f  th e dista l  spac e (Edelman ,  1995b ;  Duvdevani-Ba r 
and Edelman ,  1995) . 

Here ,  w e exten d thi s theor y o f  representatio n i n tw o direc -
tions .  First ,  w e outlin e a  c o m m o n framewor k fo r  treatin g cate -
gorization ,  recognitio n an d identificatio n a s measurement s o f 
similaritie s t o subspace s o f  th e imag e space .  Second ,  w e sho w 
h o w similarit y ca n b e define d i n suc h a  manne r  a s t o for m a 
bridg e betwee n theorie s o f  representatio n base d o n continuou s 
featur e spaces ,  an d thos e base d o n list s o f  discrete-value d fea -
tures .  W e conclud e wit h a  brie f  mentio n o f  som e o f  th e result s 
supportin g th e theory ,  i n area s rangin g fro m psychophysic s 
and physiolog y t o computatio n an d philosophy . 

Representation = measurement + 

d i m e n s i o n a l i t y r e d u c t i o n 

I n an y cognitiv e system ,  th e interna l  representation s ar e con -
structe d b y subjectin g th e inpu t  t o a  se t  o f  measurements , 
whos e ai m i s t o provid e a n efficien t  descriptio n o f  th e stim -
uli ,  e.g. ,  a s point s i n som e low-dimensiona l  paramete r  space . 
Becaus e suc h a  spac e i s neithe r  directl y accessibl e no r  know n 
a priori ,  an d becaus e differen t  task s m a y cal l  fo r  differen t 
aspect s o f  th e stimul i  t o b e represented ,  i t  i s a  goo d strateg y t o 
carr y ou t  a s man y measurement s a s possible ,  t o increas e th e 
likelihoo d o f  correspondenc e betwee n som e subspac e o f  th e 
measuremen t  spac e M an d th e relevan t  par t  o f  th e parame -
te r  space .  Thi s make s M high-dimensional ,  an d necessitate s 
subsequen t  dimensionalit y reduction ,  whos e ai m i s t o recove r 
th e relevan t  subspac e o f  M .  Likewise ,  th e inpu t  t o a n objec t 
recognitio n syste m -  a n n  x  n  imag e -  ca n b e considere d a s 

a poin t  i n a  n^-dimensiona l  imag e o r  raste r  spac e H  =  R "  , 
whic h w e identif y wit h th e measuremen t  spac e M (i n biolog -
ica l  vision ,  on e m a y thin k o f  th e spac e o f  pattern s transmitte d 
by th e opti c nerv e t o th e brain) .  T h e tas k o f  recognitio n is , 
give n X  €  72̂ ,  t o determin e whethe r  X  i s a n imag e o f  a n 
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Figur e 1 :  Th e imag e space ,  T Z (depicte d her e a s 3-dimensional ,  t o facilitat e visuahzation) ,  an d som e o f  it s  subspaces .  Th e V , 
(show n a s dashe d lines )  ar e th e vie w space s fo r  th e thre e exemplar s E j ,  (marke d b y fille d circles) ,  al l  o f  whic h belon g t o th e 
same clas s C \  (th e clas s o f  4-legge d animal  shapes) .  S o m e o f  th e differen t  view s o f  E n ar e show n (marke d b y ope n circles) . 
The surfac e patc h represent s a  par t  o f  th e shap e spac e <S ,  an d th e vecto r  n  -  a  norma l  t o it .  Movemen t  alon g thi s directio n i n 
Tl  correspond s t o a  reductio n i n th e resemblanc e betwee n th e resultin g imag e an d th e image s o f  coherentl y lookin g objects . 
Imag e X  shoul d b e classifie d a s belongin g t o exempla r  E n ,  clas s C\ ,  and ,  o f  course ,  t o th e shap e spac e S . 

objec t  ( a coheren t  entity ,  which ,  i n intuitiv e terms ,  look s lik e 
something ,  rathe r  tha n lik e rando m pixe l  noise) ,  and ,  i f  i t  is , 
t o establis h th e categor y t o whic h th e objec t  belongs ,  and ,  i f 
possible ,  th e object' s identity .  I t  i s  convenien t  t o cas t  thi s 
proble m i n term s o f  attributin g t o X  a  prope r  location ,  re -
spectively ,  i n th e shap e spac e S ,  th e clas s spac e C ,  an d th e 
exempla r  spac e £ ,  wher e T l  D  S  D  C ,  an d £  =  £{C )  (se e 
Figur e 1) .  A  complet e characterizatio n o f  a n inpu t  call s fo r 
determinin g i ,  j ,  k ,  suc h tha t  X  G  E /̂t ,  an d S .  C  S ,  C j  C  C , 
E, k  C  £ ,  (£ ,  ̂  £{C,)) . 

Basic level. Consider first the basic-level categorization 
problem :  give n X ,  fin d j  suc h tha t  X  €  C j .  Th e majo r 
obstacl e t o b e overcom e her e i s th e dependenc e o f  th e appear -
anc e o f  X  6  C j  o n factor s suc h a s illuminatio n an d viewpoint , 
i n additio n t o th e categor y identit y  j .  I f  C j  i s  take n t o cor -
respon d t o th e imag e o f  a  member  o f  j  i n som e canonica l 
orientation ,  th e viewin g condition s ca n b e see n t o spa n a  vie w 
spac e Vj ,  whic h is ,  t o a  first  approximation,  orthogona l  t o 
th e clas s spac e C ,  an d pierce s i t  a t  C  =  C_, .  B y trainin g a 
general-purpos e functio n approximatio n modul e t o perfor m 
th e mappin g T{ j )  :  V ,  —» C j ,  on e ca n largel y eliminat e th e 

dependenc e o f  categorizatio n o n viewin g condition s (Poggi o 
and Edelman ,  1990) .  Th e normalizin g transformatio n T{ j ) 
ca n wor k eve n fo r  input s no t  previousl y encountere d b y th e 
syste m (tha t  is ,  fo r  differen t  instance s Ejk) ,  provide d tha t  the y 
belon g t o th e clas s j  (Land o an d Edelman ,  1995) . 

Subordinat e levels .  Th e centra l  proble m i n determinin g 
th e identit y A;  lie s i n th e fine  resolutio n tha t  mus t  b e attaine d 
withi n th e instanc e spac e £j ,  i n th e fac e o f  th e residua l  mis -
alignmen t  lef t  ove r  fro m th e actio n o f  th e normalizin g transfor -
matio n T .  Thi s proble m ca n b e approache d b y learnin g hyper -
acuit y i n th e instanc e space ,  a s i t  i s  don e i n othe r  hyperacuity -
relate d task s (Poggio ,  Fahle ,  an d Edelman ,  1992) ;  experienc e 
shows tha t  hyperacuit y ca n b e attaine d despit e considerabl e 
misalignmen t  o f  th e stimulu s a s a  whole ,  relativ e t o it s  "home " 
or  trainin g pose . 

Superordinat e levels .  Th e mos t  challengin g proble m 
arise s whe n th e syste m encounter s a n unfamilia r  shape ,  be -
longin g t o non e o f  th e classe s fo r  whic h speciall y traine d cat -
egorizatio n module s ar e available .  Th e ke y t o a  solutio n her e 
lie s i n considerin g th e population  respons e a t  th e basi c cat -
egorizatio n leve l  (Edelman ,  1995b) .  I f  th e existin g module s 
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hav e sufficientl y wid e respons e profile s i n th e shap e spac e iS , 
a numbe r  o f  module s wil l  respond ,  effectivel y representin g 
th e similaritie s betwee n th e inpu t  an d th e preferre d shaf) e o f 
eac h module .  Thi s highl y informativ e patter n o f  similaritie s i s 
los t  i f  th e classificatio n decisio n i s mad e i n a  winner-take-al l 
manner  amon g th e respondin g modules ,  rathe r  tha n base d o n 
th e ensembl e respons e o f  severa l  module s (Edelman ,  Reisfeld , 
and Yeshurun ,  1992) . 

A Chorus of Prototypes 

A collectio n o f  module s {p,} ,  eac h traine d t o recogniz e a 
basi c shap e category ,  provide s a  representationa l  substrat e 
tha t  i s suitabl e fo r  eac h o f  th e thre e level s o f  categoriza -
tio n liste d above .  W e refe r  t o th e categorie s fo r  whic h suc h 
module s ar e availabl e a s prototypes ;  thes e ar e define d a s 
C,  =  ar g m a x Q ^ ^  P.(C) .  Becaus e a  numbe r  o f  module s 
respon d fo r  an y give n input ,  th e resultin g schem e i s calle d 
a Choru s o f  Prototype s (Edelman ,  1995b) .  Th e patter n o f 
response s o f  th e module s t o a  stimulu s X  i s th e ordere d lis t 
p ( X )  =  {pi(X)} ,  i  -  l...k .  Not e thatp,(X )  depend s no t 
on th e point-to-poin t  distanc e betwee n X  an d som e X, ,  bu t 
rathe r  o n th e distanc e betwee n X  an d tha t  member  C ,  o f  th e 
clas s spac e C  t o whic h p i  i s  tuned .  I n th e remainde r  o f  thi s 
paper ,  w e concentrat e o n tw o aspect s o f  th e Choru s scheme : 
(1 )  th e characterizatio n o f  th e shap e spac e S  i n term s o f  th e 
prototyp e respons e vecto r  p ,  an d (2 )  th e us e o f  p  i n task s tha t 
involv e judgmen t  o f  similarity . 

Similarities to prototypes and the shape space S 

Th e natur e o f  dimensionalit y reductio n performe d b y Choru s 
ca n b e characterize d b y describin g th e relationshi p betwee n 
th e shap e spac e S  an d th e vecto r  o f  response s o f  th e prototyp e 
modules ,  p .  O n e wa y t o d o tha t  i s b y viewin g th e actio n 
of  Choru s a s interpolation :  intuitively ,  on e woul d expec t  th e 
shap e spac e t o b e a  (hyper)surfac e tha t  passe s throug h th e 
referenc e classe s {Ci }  an d behave s reasonabl y i n betwee n 
(se e Figur e 1) .  N o w ,  differen t  task s carr y wit h the m differen t 
notion s o f  reasonabl e behavior .  Conside r  first  th e leas t  specifi c 
leve l  i n a  hierarch y o f  recognitio n tasks :  decidin g whethe r  X 
i s th e imag e o f  som e (familiar )  object .  Fo r  thi s purpose ,  i t 
woul d suffic e t o represen t  < S a s a  scala r  field  ove r  th e imag e 
spac e 5 ( X )  :  1 Z - *  R ,  whic h woul d expres s fo r  eac h X  it s 
degre e o f  membershi p i n S .  Fo r  example ,  w e ma y se t  S  = 
max,{p, }  (th e activit y o f  th e strongest-respondin g prototyp e 
module) ,  o r  shap e =  JZ ,  P i  (th e tota l  activity ;  cf .  Nosofsky , 
1988) .  W e remar k tha t  i t  shoul d b e possibl e t o characteriz e 
a superordinate-leve l  categor y o f  th e inpu t  image ,  an d no t 
merel y decid e whethe r  i t  i s  likel y t o b e th e imag e o f  a  familia r 
object ,  b y determinin g th e identitie s o f  th e prototyp e module s 
tha t  respon d abov e som e threshol d (i.e. ,  if ,  say ,  th e cat ,  th e 
shee p an d th e C O W module s ar e th e onl y one s tha t  respond , 
th e stimulu s i s probabl y a  four-legge d animal) . 

At  th e basi c an d th e subordinat e categor y levels ,  w e ar e in -
tereste d i n th e locatio n o f  th e inpu t  withi n 5 ,  which ,  therefore , 
ca n n o longe r  b e considere d a  scalar .  Not e tha t  parametri c 
interpolatio n i s no t  possibl e i n thi s case ,  a s th e intrinsi c di -
mensionalit y o f  S  i s no t  give n a  priori }  N o w ,  th e prototyp e 

respons e field  p  induce d b y th e referenc e classe s {C, }  con -
stitute s a  nonparametricall y interpolate d vector-value d repre -
sentatio n o f  5 ,  i n th e followin g sense :  (1 )  changin g th e shap e 
("morphing" )  C ,  int o C j ,  correspondin g t o a  movemen t  o f 
th e poin t  i n S ,  make s th e vecto r  p  rotat e smoothl y betwee n 
p(C, )  an d p (C j ) ;  th e representationa l  valu e o f  thi s prop -
ert y o f  th e Choru s transfor m i s discusse d i n (Duvdevani-Ba r 
and Edelman ,  1995) ;  (2 )  th e interio r  o f  th e conve x hul l  o f 
th e referenc e classe s {Ci }  i s mappe d ont o th e interio r  o f  th e 
conve x hul l  o f  {p(Ci)} ;  moreover ,  th e mappin g i s one-to -
one i f  a  minimum-nor m (i.e. ,  m in imu m s u m m e d distanc e t o 
th e prototypes )  requiremen t  i s impose d o n it s inverse ;  (3 )  th e 
Vorono i  tessellatio n induce d over C b y {C, }  i s  preserve d b y 
th e mappin g p . 

Similarities to prototypes and similarities between 

stimul i 

In Chorus, each pi is, in a sense, a feature, whose value 
fo r  A  6  7? ^  i s signifie d b y th e activatio n p,(A) .  Conside r 
th e similarit y structur e induce d b y thi s featur e spac e ove r 
th e univers e o f  stimuli .  A  natura l  wa y t o measur e similar -
it y betwee n tw o stimuli ,  A  an d B ,  i s b y th e Euclidea n dis -
tanc e betwee n th e correspondin g featur e vectors ,  p ( A )  an d 

p ( B ) :  5 £ ( A , B ) - '  ~  E L i  [p>(A)-p,(B)] ' .  However , 
a unifor m scalin g i n th e response s o f  al l  prototyp e detector s 
p —» c  p  (a s i n seein g throug h fog )  shoul d no t  b e interprete d 
as a  chang e i n th e shap e o f  th e stimulu s object .  T o mak e th e 
similarit y insensitiv e t o suc h scaling ,  w e defin e similarit y b y 
th e cosin e o f  th e angl e betwee n p ( A )  an d p ( B ) ,  i n th e spac e 
spanne d b y th e prototyp e responses : 

5 „ ( A , B )  ~  ^ p , ( A ) p . ( B )  =  (p(A),p(B) )  (1 ) 
.= 1 

This definition of similarity must, however, be further mod-
ified ,  fo r  tw o reasons .  First ,  S a i s independen t  o f  context , 
wherea s perceive d similarit y depend s o n th e "contras t  set " 
agains t  whic h i t  i s  t o b e judged .  Second ,  S q i s symmet -
ric ,  wherea s huma n perceptio n o f  similarit y appear s t o b e 
asymmetri c i n man y case s (Tversky ,  1977) .  T o mak e S a de -
pen d o n th e context ,  w e introduc e a  vecto r  o f  weights ,  on e 
per  prototype ,  suc h tha t  Wi  =  Wi  { {A ,  B ,  C,.. .}) .  Thus , 
comparin g A  an d B  i n tw o contexts ,  { A ,  B  |  C ,  D ,  E }  an d 
{ A ,  B  I  F ,  G ,  H } ,  ma y resul t  i n differen t  value s o f  similarit y 
betwee n A  an d B .  T o mode l  th e asymmetr y whic h frequend y 
arise s whe n subject s ar e require d t o estimat e th e similarit y o f 
some stimulu s A  t o anothe r  stimulu s B ,  w e observe ,  follow -
in g Mumford ,  tha t  subject s i n thi s cas e behav e a s i f  the y tak e 
" A i s simila r  t o B "  t o mea n " B i s som e kin d o f  prototyp e i n a 
categor y whic h include s A .  Thus ,  th e stimulu s inpu t  A  bein g 
analyze d i s treate d differentl y fro m th e memor y benchmar k 
B "  (Mumford ,  1991) .  T o giv e B  th e require d distinction , 
eac h featur e p,(B )  ca n b e weighte d i n proportio n t o it s long -
ter m salienc y sal(p, ,  B )  i n distinguishin g betwee n B  an d th e 
othe r  stimuli .  Th e resultin g expressio n fo r  similarity ,  whic h 
provide s fo r  th e effect s o f  contex t  an d fo r  asymmetry ,  i s ^Thi s i s unlik e th e cas e o f  th e three-dimensiona l  vie w space ,  pa -

rameterize d b y th e Eule r  angles .  However ,  i t  ma y stil l  b e possibl e t o 
estimat e th e dimensionalit y o f  5  b y examinin g th e neighbo r  structur e o f  th e referenc e points ;  see ,  e.g. ,  (Tversk y an d Hutchinson ,  1986) . 
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Figur e 2 :  Th e respons e o f  a  radia l  basi s functio n module ,  traine d o n 1 0 rando m view s o f  a  parametricall y define d object ,  t o 
stimul i  differin g fro m a  referenc e vie w o f  tha t  objec t  (marke d b y th e bi g circle) ,  i n thre e ways :  (1 )  b y progressiv e vie w change , 
marke d b y o's ;  (2 )  b y progressiv e shap e change ,  marke d b y x's ;  (3 )  b y combine d shap e an d vie w change ,  marke d b y  *'s . 
The point s alon g eac h curv e hav e bee n sorte d b y pixel-spac e distanc e betwee n th e tes t  an d th e referenc e stimul i  (show n alon g 
th e abscissa) .  Point s ar e mean s ove r  1 0 repetition s wit h differen t  rando m view-spac e an d shape-spac e direction s o f  change ; 
a typica l  erro r  ba r  ( ± standar d erro r  o f  th e mean )  i s show n fo r  eac h curve .  Not e th e insensitivit y o f  th e module' s outpu t  t o 
view-spac e changes ,  relativ e t o shape-spac e changes .  Thus ,  th e outpu t  ca n b e interprete d a s signallin g th e proximit y o f  th e 
stimulu s t o th e vie w spac e o f  th e referenc e object . 

. (A ,B)~ | :» ,P , (A) (^ )  (2 , 

Not e tha t  thi s definitio n ha s th e sam e for m a s th e additiv e clus -
terin g ( A D C L U S )  similarit y measur e o f  (Shepar d an d Arabic , 
1979) ,  which ,  i n turn ,  instantiate s Tversky' s (1977 )  discret e 
contras t  mode l  o f  feature-base d similarity .  A t  th e sam e time , 
i t  i s buil t  o n to p o f  a  continuou s metri c representationa l  sub -
.strat e -  th e shap e spac e spanne d b y proximitie s t o prototypes . 
The degre e o f  compromis e betwee n thes e tw o approache s t o 
similarit y ma y depen d o n th e demand s o f  th e tas k a t  hand ,  vi a 
th e parameter s o f  equatio n 2 .  A t  th e on e extreme ,  a  Chorus -
base d syste m ma y behav e a s i f  i t  map s th e stimul i  pertainin g 
t o a  tas k int o a  metri c space ,  wit h th e ensuin g symmetri c sim -
ilarit y an d possibl e interactio n amon g differen t  dimensions ; 
th e othe r  extrem e ma y involv e discret e all-or-non e features , 
as i n th e example s surveye d b y Tversk y (1977) . 

Similaritie s t o prototype s a s a  basi s fo r  veridica l 
perceptio n 

The veridicality of representation of parametrically defined 
shape s i n huma n subject s ha s bee n teste d i n tw o recen t  stud -
ie s (Edelman ,  1995a ;  Cutz u an d Edelman ,  1995) .  I n eac h 
of  a  serie s o f  experiments ,  whic h involve d pairwis e simi -
larit y judgmen t  an d delaye d matchin g t o sample ,  subject s 
wer e confronte d wit h severa l  classe s o f  computer-rendere d 
3 D animal-lik e shapes ,  arrange d i n a  comple x patter n i n a 
c o m m on paramete r  space .  Respons e tim e an d erro r  rat e dat a 
wer e combine d int o a  measur e o f  subjectiv e shap e similarity , 
and th e resultin g proximit y matri x wa s submitte d t o non -
metri c multidimensiona l  scalin g ( M D S ;  Shepard ,  1980) .  I n 
th e resultin g solution ,  th e relativ e geometrica l  arrangemen t 
of  th e point s correspondin g t o th e differen t  object s invariabl y 
reflecte d th e comple x low-dimensiona l  structur e i n parame -
te r  spac e tha t  define d th e relationship s betwee n th e stimul i 
classe s (se e Figur e 3) . 

Compute r  simulation s showe d tha t  th e recover y o f  th e low -
dimensiona l  structur e fro m image-spac e distance s betwee n 
th e stimul i  wa s impossible ,  a s expected .  I n comparison ,  th e 

263 



2 

1 5 

1 

05 

0 

-05 

-1 

-1 5 

-2 

'  / 

>C 

^ 

»-* 

"N< 

\ 

/ 

• 

• 

y 

• 

2 

1 5 

1 

05 

0 

-05 

-1 

-1 5 

- 2 

»-i ) 

-s< 

e" 

I 

/ 

\ 

• 

\ 

- 2 - 1 5 - 1 - 0 5  0  0  5  1  1 5 2 - 2 - 1 5 - 1 - 0 5  0  0  5  1  1 5 2 

F igu r e 3 :  Left :  th e p a r a m e t e r - s p a c e configuratio n use d fo r  generat in g th e s t i m u h i n o n e o f  th e e x p e r i m e n t s descr ibe d i n (Cutz u 
and Edelman ,  1995) .  Middle :  th e 2 D M D S solutio n fo r  al l  subjects .  Symbols :  o  -  tru e configuration ;  x  -  configuraUo n 
derive d b y M D S fro m th e subjec t  data ,  the n Procrustes-transforme d (Bor g an d Lingoes ,  1987 )  t o fit  th e tru e one .  Line s connec t 
correspondin g points .  Th e coefficien t  o f  congruenc e betwee n th e MDS-derive d configuratio n an d th e tru e on e wa s 0.99 .  I n 
comparison ,  th e expecte d rando m value ,  estimate d b y bootstra p (Efro n an d Tibshirani ,  1993 )  fro m th e data ,  wa s 0.8 6 ±  0.0 3 
(mean an d standar d deviation) ;  10 0 permutation s o f  th e poin t  orde r  wer e use d i n th e bootstra p computation .  Th e Procruste s 
distanc e betwee n th e MDS-derive d configuratio n an d th e tru e on e wa s 0.6 6 (expecte d rando m value :  3.1 4 ±  0.15) .  Right : 
th e 2 D M D S solutio n fo r  th e R B F model ;  coefficien t  o f  congruence :  0.9 8 (expecte d rando m value :  0.8 6 ±  0.03) ;  Procruste s 
distance :  1.1 1 (expecte d rando m value :  3.1 4 ±0.17) . 

psychophysica l  result s wer e full y  replicate d b y a  mode l  pat -
terne d afte r  a  highe r  stag e o f  objec t  processing ,  i n whic h 
nearl y viewpoint-invarian t  representation s o f  individua l  ob -
ject s ar e available ;  a  roug h analog y i s t o th e inferotempora l 
visua l  are a IT ;  see ,  e.g. ,  (Tanaka ,  1993 ;  Logothetis ,  Pauls , 
and Poggio ,  1995) .  Suc h a  representatio n o f  a  3 D objec t  ca n 
be easil y formed ,  i f  severa l  view s o f  th e objec t  ar e available , 
by trainin g a  radia l  basi s functio n (RBF )  networ k t o interpo -
lat e a  characteristi c functio n fo r  th e objec t  i n th e spac e o f  al l 
view s o f  al l  object s (Poggi o an d Edelman ,  1990) .  Followin g 
th e Choru s approach ,  w e chos e a  numbe r  o f  referenc e object s 
(i n Figur e 3 ,  th e corner s o f  th e parameter-spac e CROSS),  an d 
traine d a n R B F networ k t o recogniz e eac h suc h objec t  (i.e. ,  t o 
outpu t  a  constan t  valu e fo r  an y o f  it s views ,  encode d b y th e 
activitie s o f  th e underlyin g receptiv e field  layer) .  A t  th e R B F 
level ,  th e similarit y betwee n tw o stimul i  wa s define d a s th e 
cosin e o f  th e angl e betwee n th e vector s o f  output s the y evoke d 
i n th e R B F module s traine d o n th e referenc e object s (equa -
tio n 1) .  Th e MDS-derive d configuration s obtaine d wit h thi s 
model  showe d significan t  resemblanc e t o th e tru e parameter -
spac e configuration s (se e Figur e 3 ,  right) . 

Conclusion 

Because the reference shapes can be considered complex fea-
tures .  Choru s effectivel y extend s th e notio n o f  representatio n 
by featur e detectio n fro m simpl e "primary "  perceptua l  qual -
itie s suc h a s colo r  t o al l  visua l  dimensions ,  includin g shape . 
Thi s make s i t  possibl e t o us e multidimensiona l  featur e space s 
i n whic h differen t  dimension s correspon d t o radicall y differ -
ent  qualities ,  no t  al l  o f  whic h nee d eve n b e visual .  Moreover , 
th e syste m ca n maintai n a  hig h degre e o f  plasticity ,  a s ne w 
comple x feature s ca n b e learne d b y memorization ,  withou t 
payin g fo r  versatilit y  b y th e nee d fo r  dynami c binding ,  a s i n 
structura l  representatio n involvin g generi c features . 

The ensembl e o f  featur e detector s respond s (J .  J .  Gibso n 
woul d say ,  resonates )  t o th e environmen t  (whil e extractin g 
task-specifi c  information) ,  withou t  reconstructin g i t  inter -
nally .  B y merel y mirrorin g proximall y  th e similarit y structur e 
of  a  dista l  shap e space .  Choru s embodie s th e idea s o f  thos e 
philosopher s wh o argue d tha t  "meanin g ain' t  i n th e head " 
(Putnam ,  1988 )  an d tha t  "cognitiv e system s ar e largel y i n th e 
world "  (Millikan ,  1995) ,  circumvent s th e sever e difficultie s 
encountere d b y th e reconstructionis t  approache s i n compute r 
vision ,  an d ma y explai n th e impressiv e performanc e o f  bio -
logica l  visua l  systems ,  which ,  i n an y case ,  appea r  t o b e to o 
slopp y t o d o a  goo d jo b o f  reconstructin g th e worl d (O'Regan , 
1992) .  Thus ,  i n a n importan t  sense .  Choru s let s th e worl d b e 
it s ow n representation . 
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