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Abstrac t 

Previous work in visual cognition has extensively explored the 
power  o f  parts-base d representation s o f  object s fo r  recogni -
tion ,  categorization ,  an d functiona l  reasoning .  W e propos e a 
novel ,  parts-base d representatio n o f  objects ,  wher e th e part s o f 
an objec t  ar e foun d b y groupin g togethe r  objec t  element s tha t 
move togethe r  ove r  a  se t  o f  images .  Th e distributio n o f  objec t 
configuration s i s the n succinctl y describe d i n term s o f  thes e 
functiona l  part s an d a n orthogona l  se t  o f  moda l  transforma -
tion s o f  thes e parts .  I f  th e distributio n ha s a  natura l  se t  o f  prin -
cipa l  axes ,  th e compute d mode s ar e stabl e an d functionall y 
significant .  Moreover ,  th e representatio n i s alway s uniqu e an d 
robustl y computabl e becaus e i t  doe s no t  rely  criticall y o n th e 
propertie s o f  an y particula r  elemen t  i n an y particula r  instanc e 
of  th e object .  Mos t  importantly ,  th e representatio n provide s a 
set  o f  direc t  cue s t o objec t  functionalit y withou t  makin g an y 
assumption s abou t  objec t  geometr y o r  invokin g an y high-leve l 
domai n knowledge .  Thi s robusmes s an d functiona l  transpar -
enc y ma y b e contraste d wit h standar d representation s base d o n 
geometri c parts ,  suc h a s generalize d cylinder s (Mar r  an d Nish -
ihara ,  1978 )  o r  geon s (Biederman ,  1987) ,  whic h ar e sensitiv e 
t o accidenta l  ahgnment s an d occlusion s (Biederman ,  1987) , 
and whic h onl y suppor t  functiona l  reasonin g i n conjunctio n 
wit h high-leve l  domai n knowledg e (Tversk y an d Hemenway , 
1984) . 

G e o m e t r i c P a r t s a n d F u n c t i o n a l  P a r t s 

Previous work in visual cognition has extensively explored 

th e powe r  o f  parts-base d representation s o f  objects . 

Representation s tha t  mak e explici t  th e part s o f  object s an d th e 

relationship s betwee n part s hav e bee n hypothesize d t o 

underli e visua l  objec t  recognitio n (e.g .  Mar r  an d Nishihara , 

1978 ;  Hoffma n an d Richards ,  1982 ;  Biederman ,  1987 ; 

Shapir a an d Ullman ,  1991 ;  Dickinson ,  Pentland ,  an d 

Rosenfeld ,  1992) ,  a s wel l  a s mor e abstrac t  operation s suc h a s 

categorizatio n an d reasonin g abou t  functio n fi-o m structur e 

(e.g .  Tversk y an d H e m e n w a y ,  1984 ;  Star k an d Bowyer , 

1991) .  Conventiona l  notion s o f  par t  i n visua l  cognitio n ar e 

geometric .  Object s i n a  stati c scen e ar e typicall y segmente d 

int o part s a t  point s o f  extrem e curvature ,  eithe r  cusp s o r 

concavities ,  an d a  se t  o f  deformabl e model s ar e the n fit  t o th e 

extracte d parts .  Propose d model s fo r  geometri c part s includ e 

two-dimensiona l  contou r  primitive s suc h a s codon s 

(Hoffma n an d Richards ,  1982) ,  an d three-dimensiona l 

volumetri c primitive s suc h a s generalize d cylinder s (Mar r 

and Nishihara ,  1978) ,  superquadric s (Pentland ,  1986) ,  o r 

geon s (Biederman ,  1987) . 

Tversk y an d H e m e n w a y (1984 )  argu e tha t  part s bridg e th e 

ga p betwee n structur e an d functio n becaus e the y ar e bot h 

perceptuall y salien t  an d functionall y significan t  aspect s o f 

objects .  Bu t  i n general ,  th e geometri c part s tha t  ar e 

perceptuall y salien t  i n a  stati c scen e d o no t  necessaril y 

correspon d t o th e functiona l  aspect s o f  object s i n a  simpl e 

way.  Fo r  instance ,  compar e th e drawing s o f  tw o everyda y 

object s i n Figur e 1 .  Th e geometri c part s o f  a  han d an d a  for k 

ar e ver y similar ,  consistin g i n bot h case s o f  a  broa d bod y an d 

severa l  long ,  thi n projections .  Bu t  som e crucia l  functiona l 

informatio n i s missin g fro m thi s stati c scene .  Wherea s th e 

tine s o f  a  for k ar e al l  rigidly  joine d t o th e bod y o f  th e fork ,  th e 

fingers  o f  a  han d ca n m o v e independentl y o f  th e pal m an d o f 

eac h other ,  t o assum e a  wid e rang e o f  possibl e configurations . 

That  is ,  th e geometri c part s o f  a  for k alway s functio n 

together ,  bu t  th e geometri c part s o f  a  han d ca n an d ofte n d o 

functio n independently .  W e coul d sa y tha t  th e han d ha s 

severa l  distinc t  functiona l  parts ,  whil e th e for k reall y ha s onl y 

on e functiona l  part . 
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Figur e 1 .  A  han d an d a  for k hav e simila r  geometri c par t 

structures ,  bu t  differen t  functionality . 

This distinction between geometric parts and functional 

part s i s fundamenta l  t o h o w w e perceive ,  thin k about ,  an d 

eve n tal k abou t  objects .  Th e Gestal t  psychologist s showe d 

tha t  eve n ver y dissimila r  o r  disconnecte d visua l  element s 
m ay b e groupe d b y correlate d motion ,  o r  " c o m m o n fate " 

(Kohler ,  1947) .  Developmentally ,  infant s pars e th e worl d 

int o object s base d o n functiona l  propertie s suc h a s correlate d 

motio n befor e the y ar e sensitiv e t o objec t  boundarie s define d 

by static ,  geometri c propertie s (Spelke .  1990) .  Ou r  adul t 

languag e als o support s th e distinctio n betwee n functiona l  an d 

geometri c parts .  Conside r  th e linguisti c representation s o f 
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th e part s o f  a  han d an d th e part s o f  a  fork .  "Finger "  an d 

"palm "  ar e c o m m o n ,  basic-leve l  terms ,  wherea s "tine "  i s a 

much les s ordinar y term ,  an d ther e i s n o ter m t o describ e th e 
"palm "  o f  a  fork .  Moreover ,  th e individua l  fingers  o f  a  han d 

hav e individual ,  functionally-oriente d names ,  suc h a s "inde x 

finger",  "pointer" ,  o r  "rin g finger",  whil e on e neve r  eve n 

refer s t o a n individua l  tin e o f  a  fork .  W e d o no t  mea n t o pus h 

thi s poin t  o n languag e to o far ,  bu t  simpl y t o motivat e th e 

proposa l  tha t  functiona l  parts ,  an d no t  jus t  geometri c parts , 

shoul d provid e th e lin k betwee n visio n an d cognition . 

N o w,  i f  th e functiona l  part s o f  object s ar e no t  perceptuall y 

salien t  i n scene s suc h a s Figur e I ,  mus t  w e abando n th e 

attractiv e positio n o f  Tversk y an d H e m e n w a y (1984) ,  tha t 

part s bridg e th e ga p betwee n stnictur e an d functio n b y virtu e 

of  thei r  perceptua l  salienc e an d functiona l  significance ? N o , 

but  w e d o hav e t o revis e wha t  w e mea n b y "perceptuall y 

salient, "  t o includ e informatio n tha t  i s unavailabl e i n single , 

stati c images ,  an d tha t  onl y become s salien t  ove r  a  se t  o f 

images .  Thi s pape r  propose s a  novel ,  parts-base d 

representatio n o f  objects ,  wher e th e part s o f  a n objec t  ar e 

foun d b y groupin g togethe r  objec t  element s tha t  m o v e 

togethe r  ove r  a  se t  o f  images .  I n th e simplified ,  two -

dimensiona l  case s considere d here ,  "objec t  elements "  ar e 

edg e elements ,  o r  "edgels "  fo r  short ,  bu t  i n th e mor e general , 

three-dimensiona l  case ,  functiona l  part s m a y b e extracte d b y 

groupin g surfac e element s tha t  m o v e together .  Thi s approac h 
assumes tha t  th e proble m o f  edge l  correspondenc e acros s th e 

set  o f  image s ha s alread y bee n solve d b y lowe r  leve l 

processes ,  s o tha t  w e k n o w whic h edgel s correspon d i n an y 

tw o configuration s o f  a n object . 

Figur e 2  illustrate s th e basi c idea :  a  simplified ,  two -
fingered  han d assume s severa l  differen t  configuration s a s th e 

fingers  pivot ,  an d sinc e th e fingers  ca n m o v e independently , 

th e orientation s o f  th e edgel s ar e perfectl y correlate d onl y 
withi n eac h finger.  W h e n a  for k assume s differen t 

configurations ,  however ,  th e tine s canno t  pivo t 
independently ,  s o th e orientation s o f  al l  edgel s ar e alway s 
perfectl y correlated .  B y lookin g a t  th e covarianc e pattern s o f 

edge l  orientations ,  th e visua l  syste m ca n infe r  th e differen t 

functiona l  par t  structure s o f  th e han d an d th e fork . 

Of  course ,  ther e i s mor e t o functio n tha n jus t  correlate d 

motion .  A  part' s  geometri c shap e certainl y place s stron g 
constraint s o n it s possibl e functions .  Nonetheless ,  correlate d 
motio n i s on e o f  th e mos t  direct ,  an d henc e on e o f  th e mos t 

important ,  visua l  cue s t o functionality .  Th e link s betwee n 

shap e o r  textur e an d functio n m a y b e somewha t  subtle ,  bu t 

motio n indicate s th e basi c unit s o f  functio n withou t  requirin g 
any high-leve l  knowledge .  Functiona l  part-base d 

representation s shoul d no t  replac e geometri c part-base d 

representations ,  bu t  rathe r  supplemen t  the m fo r  th e purpose s 
of  functiona l  reasoning .  Th e goa l  o f  thi s preliminar y pape r  i s 

t o demonstrat e h o w m u c h usefu l  informatio n abou t  functio n 

can b e extracte d fro m pattern s o f  edge l  covariance ,  withou t 
makin g an y assumption s abou t  objec t  geometr y o r  invokin g 

any high-leve l  domai n knowledge . 

Figur e 2 .  A s functiona l  part s ar e articulate d b y rotating ,  th e 

orientation s o f  thei r  componen t  edgel s covary .  Th e 

orientation s o f  han d edgel s ar e onl y correlate d withi n 

eac h finger,  whil e th e orientation s o f  al l  for k edgel s ar e 

perfectl y conelated .  Dot s schematicall y separat e 

individua l  edgel s alon g contours . 

Constructing Functional Representations 

We begin with a set lot N instances of an object in various 

configuration s (e.g .  th e se t  o f  two-fingere d hand s i n Figur e 

2) .  W e represen t  th e a h instanc e o f  a n objec t  a s a  vector ,  v, , 

of  edge l  properties .  Fo r  example ,  v  migh t  b e a  lis t  o f  edge l 

length s an d orientations .  I f  th e objec t  consist s o f  K  edgels , 

eac h wit h P  properties ,  the n v ,  ha s dimensio n K x P ,  an d th e se t 

of  instance s i s a  (ATxP )  b y A'matrix ,  define d b y [V /  V 2 .. .  V/y/] . 
Ultimately ,  w e see k a  representatio n tha t  mos t  simpl y 

account s fo r  th e variabilit y  i n objec t  configuratio n acros s L . 

Let  V  b e th e averag e instance ,  define d b y 

1 = 1 

Th e it h instanc e the n differ s fro m th e averag e b y u ,  =  v ,  -  v . 
The n th e ful l  variabilit y  acros s i s embodie d i n th e edge l 

covarianc e matri x 

c--,!.'." ! 
I  =  I 

However, a functional parts-based representation can 
describ e thi s variabilit y  acros s I  m u c h mor e succinctly ,  b y 

makin g onl y tw o wea k assumption s abou t  h o w a n object' s 
configuratio n m a y vary . 

1. An object is composed of one or more functional parts, 

eac h o f  whic h alway s move s o r  deform s a s a  unit . 

2. When a part moves or deforms, i.e. when a parameter of a 

par t  changes ,  a  correspondin g chang e occur s i n s o m e 
paramete r  o f  eac h o f  th e part' s  componen t  edgels . 

These two conditions respectively provide the motivation and 
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th e basi s fo r  extractin g functiona l  part s b y groupin g togethe r 

edgel s tha t  m o v e together .  Not e firs t  tha t  th e edge l 

parameter s mus t  reflec t  th e transformation s b y whic h w e 

expec t  functiona l  part s t o b e articulated .  I f  part s ar e 

articulate d b y rotation ,  the n w e nee d t o represen t  edge l 

orientatio n explicitl y  i n th e instanc e vector s v, ,  becaus e th e 

orientatio n o f  al l  edgel s i n a  par t  wil l  covar y a s th e par t 

rotates .  I f  part s ar e articulate d b y translation ,  the n w e nee d t o 

represen t  edge l  position ;  i f  part s ar e articulate d b y stretching , 

the n w e nee d t o represen t  edge l  length ;  an d s o on .  Functiona l 

part s becom e simpl y cluster s o f  coviuiance .  Then ,  instea d o f 

characterizin g th e variabilit y  acros s E  i n term s o f  h o w th e 

propertie s o f  eac h edge l  covar y wit h th e propertie s o f  ever y 

othe r  edgel,  a s i n th e ful l  edge l  covarianc e matri x C ,  w e 

grou p edgel s int o functiona l  part s an d describ e th e sam e 

variabilit y  i n term s o f  h o w th e propertie s o f  thes e part s 

covary .  W e us e th e ter m functio n i n a  ver y specifi c  sens e t o 

refe r  t o th e allowe d relation s betwee n functiona l  part s tha t 

determin e th e possibl e configuration s o f  th e object .  Sinc e th e 

number  o f  functiona l  part s wil l  generall y b e m u c h les s tha n 

th e numbe r  o f  edgels ,  a  representatio n i n term s o f  functiona l 

part s an d function s amount s t o a  significan t  simplificatio n o f 

th e ful l  edge l  covarianc e matri x C . 

Mathematically ,  w e simplif y C  b y mean s o f  principa l 

component s analysi s (PCA) .  P C A an d othe r  moda l 

representation s o f  shap e hav e recentl y becom e popula r  i n th e 

compute r  visio n literatur e (Coote s e t  al. ,  1992 ;  Sclarof f  an d 

Pentland ,  1993) ,  bu t  thi s pape r  i s th e firs t  effor t  t o m a k e 

functiona l  part s an d function s explici t  throug h P C A .  I f  al l  th e 

edgel s withi n a  singl e functiona l  par t  m o v e a s a  unit ,  the n al l 

th e row s (an d columns )  o f  C  correspondin g t o thes e edgel s 

wil l  b e essentiall y  th e same .  Thus ,  C  wil l  hav e a  dominan t 

bloc k structur e whic h ca n b e extracte d b y findin g it s 

dominan t  eigenvectors .  Th e eigenvector s wil l  correspon d t o 

function s an d wil l  articulat e th e individua l  functiona l  parts . 

Th e easies t  w a y t o appreciat e th e specia l  structur e o f  C  i s 

t o conside r  a  simpl e example .  Figur e 3  show s si x instance s 

of  a  stick-figur e han d wit h tw o "fingers" .  Th e orientatio n o f 

th e lef t  finger  i s randoml y distribute d abou t  -30 °  wit h a 

varianc e o f  30° ,  an d th e orientatio n o f  th e righ t  finge r  i s 

randoml y (an d independently )  distribute d abou t  +30° ,  als o 

wit h varianc e 30° .  Figur e 4  show s th e distributio n o f  finger 

orientation s fo r  3 0 suc h objects .  Eac h finger  i n Figur e 3  i s 

represente d b y te n edgels ,  wit h constan t  lengt h bu t  varyin g 

orientation .  Becaus e part s ar e onl y articulate d b y rotation ,  w e 

onl y nee d t o kee p trac k o f  th e orientatio n o f  eac h edgel .  S o 

eac h instanc e i s represente d b y a  2 0 dimensiona l  vecto r  o f 

edge l  orientations .  I n orde r  t o demonstrat e tha t  th e 

representatio n i s robus t  i n th e presenc e o f  perceptua l  noise , 

th e orientatio n o f  eac h edge l  i s randoml y perturbe d abou t  th e 

tru e finger  orientation ,  wit h a  varianc e o f  7.5 °  ( 2 5 % o f  th e 

whol e finge r  variance) . 

Th e ful l  edge l  covarianc e matrix ,  C ,  i s depicte d graphicall y 

i n Figur e 5 .  Th e bloc k structur e correspondin g t o th e tw o 

functiona l  part s i s clearl y evident ,  an d thes e functiona l  part s 

ca n b e extracte d b y standar d technique s o f  cluste r  analysis . 

y  - y 

F i g u r e 3 .  Si x  instance s o f  a  stick-figur e h a n d wit h t w o 

fingers.  D o t s separat e th e 2 0 individua l  edgels . 

OMnlMon ol  Fing w 1  (i n ndm l 

F i g u r e 4 .  Distributio n o f  finger  orientation s fo r  3 0 t w o -

fingered  hands .  T h e s a m p l e m e a n i s indicate d b y 'x' . 

Having found the functional parts, we can then completely 

characteriz e th e variabilit y i n th e origina l  se t  o f  3 0 instance s 

mere l y b y specifyin g h o w thes e t w o part s interact .  P C A 

provide s a  natura l  f r a m e w o r k fo r  thi s step .  W h e n th e 

eigenvector s o f  C  ar e c o m p u t e d ,  w e find  tha t  th e first  t w o 

principa l  c o m p o n e n t s d o m i n a t e th e othe r  m o d e s ,  accountin g 

fo r  ove r  9 5 % o f  th e varianc e i n th e origina l  data .  Thi s i s t o 

b e expected ,  g ive n tha t  w e b e g a n wit h essentiall y t w o 

independen t  degree s o f  f reedom ,  plu s noise .  Figur e 6  s h o w s 

h o w th e m e a n shap e d e f o r m s i n th e t w o significan t  m o d e s . 

N o t e tha t  th e m o d e s articulat e th e t w o functiona l  parts , 

reflectin g th e bloc k structur e o f  C .  Startin g f r o m onl y th e 

orientation s o f  2 0 edgel s i n eac h o f  3 0 objec t  configurations , 

w e h a v e recovere d a  concis e representatio n o f  th e object' s 

functionalit y i n term s o f  it s t w o functiona l  part s an d a  se t  o f 

t w o orthogona l  transformation s o f  thes e parts . 
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F i g u r e 5 .  Graphica l  representatio n o f  C ,  th e edge l 

covar ianc e matri x fo r  th e two-fingere d hand .  Fo r  eac h 

pai r  o f  2 0 edgels ,  th e shadin g o f  a  squar e indicate s th e 

m a g n i t u d e o f  covariance .  W h i t e indicate s m a x i m a l 

covariance ,  blac k indicate s w e a k covariance . 
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M o d el M o de 2 

Figur e 6 .  Th e tw o significan t  principa l  component s o f  th e 

distributio n i n Figur e 4 ,  depicte d a s deformation s o f  th e 

mean shape . 

Functional Modes 

The modes, or principal components, of C account for how 

th e functiona l  part s interac t  t o produc e th e rang e o f  objec t 

configuration s observe d i n Z .  Ideally ,  w e woul d lik e t o 

identif y thes e mode s wit h functions ;  tha t  is ,  w e woul d lik e th e 

observe d mode s t o hav e som e functiona l  significance . 

LxK)kin g a t  Figur e 6 ,  i t  i s  no t  a t  al l  clea r  wha t  functiona l 

significanc e ca n o r  shoul d b e attribute d t o thes e modes .  W e 

migh t  vie w th e individua l  mode s a s roughl y representin g th e 
functio n o f  th e han d a s a  whole ,  wit h th e firs t  m o d e 

representin g "han d orientation "  an d th e secon d m o d e 

representin g "han d shape, "  th e relativ e angl e betwee n th e tw o 

fingers .  Bu t  thi s interpretatio n i s no t  particularl y compelling , 
becaus e whil e bot h finger s d o participat e i n eac h mode ,  the y 

do no t  participat e equally .  I n m o d e 1 ,  th e lef t  finge r  pivot s 

significantl y mor e tha n th e right  finger ,  an d vic e vers a fo r 

mode 2 .  Thu s neithe r  m o d e trul y reflect s a  simpl e paramete r 

of  th e whol e hand .  Alternatively ,  w e migh t  vie w th e 

individua l  mode s a s roughl y representin g th e functio n o f 
individua l  parts ,  wit h m o d e 1  bein g th e "lef t  finger "  m o d e 

and mod e 2  bein g th e "righ t  finger "  mode .  Bu t  thi s 

interpretatio n i s eve n les s compelling ,  becaus e althoug h on e 
finge r  predominate s i n eac h mode ,  bot h finger s als o 

participat e significantl y i n eac h mode .  I n fact ,  no t  onl y d o th e 
compute d mode s fo r  thi s objec t  def y a  straightforwar d 
functiona l  interpretation ,  the y ar e als o quit e unstable .  Th e 

modes ar e liabl e t o b e completel y differen t  i f  w e comput e 

the m agai n fo r  a  differen t  se t  o f  3 0 instance s draw n fro m th e 

same distribution . 

The functiona l  ambiguit y an d th e instabilit y  o f  th e mode s 

ar e deepl y related .  Bot h difficultie s resul t  fro m th e fac t  tha t 

th e generatin g distribution s o f  th e object' s tw o functiona l 

part s ar e completel y independen t  an d hav e equa l  variance . 

P CA wil l  onl y giv e a  stable ,  functionall y meaningfu l  solutio n 

when th e distributio n o f  objec t  configuration s scatter s mor e 

i n som e direction s tha n i n others ,  givin g a  natura l  se t  o f 

principa l  axes .  Th e functiona l  characte r  o f  th e solutio n wil l 

depen d o n th e orientatio n o f  thi s distribution ,  whic h i s no t 

well-determine d fo r  dat a tha t  scatte r  roughl y equall y i n al l 

directions ,  a s i n Figur e 4 . 

W h en th e distributio n o f  objec t  configuration s strongl y 

reflect s a  singl e functiona l  structure ,  P C A wil l  find  it . 

Conside r  a  simila r  two-fingere d han d i n whic h bot h finger s 

stil l  m o v e independently ,  bu t  eac h finger  ha s a  different , 

characteristi c wa y o f  moving .  Specifically ,  th e join t  o n finger 

1 i s stiffe r  tha n th e join t  o n finge r  2 ,  s o tha t  th e distributio n o f 

finge r  1  orientatio n ha s onl y hal f  th e varianc e (15° )  o f  th e 

finger  2  distributio n (30°) .  Th e bivariat e distributio n fo r  3 0 

instance s o f  thi s objec t  i s  show n i n Figur e 7 .  N o w th e dat a 
hav e a  natura l  se t  o f  principa l  axes ,  correspondin g t o th e tw o 

fingers.  A s expected ,  th e compute d mode s alig n wit h thes e 

axe s an d individuall y articulat e th e tw o functiona l  part s 

(Figur e 8) . 
N o w conside r  th e cas e i n whic h th e tw o finger s hav e 

equall y stif f  joints ,  bu t  the y ar e no t  articulate d independently . 

For  example ,  th e whol e han d m a y pivo t  abou t  th e vertica l 

wit h a  varianc e o f  30° ,  bu t  th e han d shape ,  i.e .  th e angl e 

betwee n th e tw o fingers,  m a y hav e a  varianc e o f  onl y 15° . 
The bivariat e distributio n fo r  3 0 instance s o f  suc h a n objec t  i s 

show n i n Figur e 9 .  N o w th e natura l  se t  o f  principa l  axe s 

correspond s t o tw o propertie s o f  th e whol e hand ,  rathe r  tha n 

t o propertie s o f  th e individua l  fingers,  whic h ar e no t 

functionall y independen t  unit s o f  thi s object .  A s expected , 
th e compute d mode s articulat e thes e tw o functiona l 
properties ,  han d orientatio n i n m o d e 1  an d han d shap e i n 

m o de 2  (Figur e 10) . 

Onwitalio n o f  nng» r  1  (I n radana) 

Figur e 7 .  Distributio n o f  finger  orientation s fo r  two-fingere d 
hands ,  wit h finger  I' s  join t  stiffe r  tha n finger  2' s joint . 

M o d el M o de 2 

Figur e 8 .  Th e tw o significan t  principa l  component s o f  th e 
distributio n i n Figur e 7 ,  depicte d a s deformation s o f  th e 

mean shape . 
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Figur e 9 .  Distributio n o f  finge r  orientation s fo r  two-fingere d 

hands ,  wit h th e varianc e i n han d orientatio n significantl y 

greate r  tha n th e viirianc e i n han d shape . 

M o d el M o de 2 

Figur e 10 .  Th e tw o significan t  principa l  component s o f 

th e distributio n i n Figur e 9 ,  depicte d a s deformation s o f 

th e mea n shape . 

A N o n - l V i v i a l  E x a m p l e 

Finally, in case these examples seem too simplistic, we give 

a non-trivia l  exampl e whic h demonstrate s th e powe r  o f  a 

representatio n base d o n functiona l  parts .  Figur e 1 1 show s 6 

instance s o f  a  jointe d ro d compose d o f  six ,  separatel y movin g 

segments .  Th e firs t  segmen t  i s constraine d t o li e withi n 15 ° 

of  th e horizontal ,  an d eac h successiv e segmen t  i s constraine d 

t o li e withi n 15 °  o f  th e previou s segment .  Eac h segmen t  i s 

represente d b y te n edgels ,  agai n wit h constan t  lengt h bu t 

varyin g orientation ,  an d thu s eac h instanc e i s represente d b y 

a vecto r  o f  6 0 edge l  orientations .  Th e orientatio n o f  eac h 

edge l  i s randoml y perturbe d abou t  th e tru e segmen t 

orientation ,  wit h a  varianc e o f  3° .  Becaus e thes e six-segmen t 

object s hav e mor e inheren t  variabilit y  tha n th e two-fingere d 

hands ,  w e carr y ou t  ou r  analysi s o n a  large r  populatio n o f  18 0 

instances . 

Figur e 1 2 show s th e covarianc e matri x an d Figur e 1 3 

show s th e si x significan t  principa l  components .  Notic e tha t 

th e mode s correspon d roughl y t o th e physica l  mode s o f  strin g 

vibration ,  an d tha t  the y ar e ordere d b y frequency.  Als o not e 

tha t  individua l  segment s ar e onl y weakl y articulate d i n th e 

stronges t  modes ,  an d consequentl y th e ful l  edge l  covarianc e 

matri x doe s no t  hav e th e desire d bloc k structure .  However , 

we ca n obtai n th e desire d bloc k structur e b y reweightin g th e 

contributio n t o C  o f  eac h principa l  m o d e t o b e independen t  o f 

eigenvalue .  Normally ,  w e hav e C  =  0  Q  O^ ,  wher e O  i s a n 

orthonorma l  matri x o f  eigenvector s an d Q  i s a  diagona l 

matri x o f  eigenvalues ,  ordere d b y frequency  o f  vibration , 

whic h weight s th e contributio n t o C  o f  eac h eigenvecto r  i n <I> . 

Suppos e tha t  b y thresholdin g o n eigenvalue ,  w e hav e 

determine d tha t  onl y th e first  M mode s ar e functionall y 

significant .  The n defin e Q '  b y replacin g th e firs t  M diagona l 

entrie s o f  Q  wit h 1 ,  an d th e remainin g diagona l  entrie s wit h 

0.  Th e resultin g matri x C  =  O  Q '  O^ ,  weight s th e contributio n 

of  eac h functiona l  m o d e equally ,  regardles s o f  eigenvalue , 

but  completel y eliminate s highe r  frequenc y mode s tha t  ar e 

presumabl y du e t o noise .  I f  th e between-par t  variation s ar e 

significantl y large r  tha n th e within-par t  variations ,  the n thi s 

eigenvalu e threshol d wil l  ensur e tha t  C  display s th e desire d 

bloc k for m tha t  make s thes e part s explicit .  Figur e 1 4 show s 

tha t  thi s transformatio n indee d capture s th e functiona l  par t 

structur e o f  th e six-segmen t  jointe d rod .  Finally ,  w e not e tha t 

althoug h discussio n i n thi s pape r  i s restricte d t o a  linea r 
analysi s o f  simpl e artificia l  objects ,  ongoin g wor k i s 

providin g evidenc e tha t  functiona l  part-base d representation s 

pla y a  crucia l  rol e i n visua l  cognitio n fo r  real ,  everyda y 

object s suc h a s hand s an d faces .  W e ar e als o explorin g th e 

applicatio n o f  nonlinea r  dimensionalit y reductio n technique s 

(e.g .  Hinto n an d Zemel ,  1994) ,  i n orde r  t o exten d th e rang e o f 

potentia l  par t  structure s beyon d th e limitation s o f  P C A . 

Figur e 11 .  Si x instance s o f  a  six-segment ,  60-edge l  rod .  Eac h 

segment  i s constraine d t o li e withi n 15 °  o f  th e precedin g segment . 

For  clarity ,  individua l  edgel s ar e no t  shown . 
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Figur e 12 .  Graphica l  representatio n o f  C ,  th e edge l 

covarianc e matri x fo r  th e six-segment ,  60-edge l  rod . 
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Figur e 14 .  C ,  th e reconstructe d covarianc e matri x wit h 

th e contribution s o f  al l  si x  functiona l  mode s weighte d 

equally ,  independentl y o f  eigenvalue . 

Model Mode 2 

Mode 3 Mode 4 

Modes Modes 

Figur e 13 .  Th e si x significan t  mode s o f  th e covarianc e 

matri x i n Figur e 12 ,  depicte d a s deformation s o f  th e 
mean shape .  Not e tha t  th e mode s ar e naturall y ordere d b y 

frequency ,  wit h th e dominan t  mode s expressin g th e 

lowes t  frequenc y deformations . 
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