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E M P I R I C A L A N A L Y S ES A N D C O N N E C T I O N I ST M O D E L I N G O F R E A L - T I M E 
H U M AN I M A G E U N D E R S T A N D I NG 

IRVING BIEDERMAN, THOMAS W. BLICKLE, GINNY JU, H. JOHN HILTON, AND 
J O HN E .  H U M M EL 

UNIVERSITY OF MINNESOTA 

In less than 100 msec, humans can accurately interpret Images of objects and scenes 
tha t  hav e neve r  bee n experience d previously ,  o r  tha t  ar e extensivel y degraded ,  o r  ar e viewe d 
fro m a  nove l  orientation .  Recen t  researc h an d theor y (Biederman ,  1987a ,  b ,  c )  sugges t  tha t 
thi s achievemen t  ma y b e base d o n a  proces s tha t  decompose s comple x visua l  entitie s int o 
simpl e components ,  typicall y a t  region s o f  matche d concavities .  Suc h concavitie s ar e almos t 
alway s produce d whe n shape s ar e arbitraril y  joine d (Hoffma n &  Richards ,  1985) .  Th e 
resultan t  component s activat e th e closes t  fittin g member  o f  a  particula r  se t  o f  conve x o r  singly -
concav e edge-base d volumetri c primitives ,  calle d geons ,  tha t  ar e invarian t  unde r  change s i n 
viewpoin t  an d visua l  nois e an d allo w object s s o represente d t o posses s th e sam e invariance . 
The geon s requir e onl y categorica l  classificatio n o f  edg e characteristic s (e.g. ,  straigh t  v s curved ; 
paralle l  v s nonparallel ;  verte x type )  rathe r  tha n precis e metri c specificatio n (e.g. ,  degre e o f 
curvatur e o r  lengt h o f  a n edge) .  Th e latte r  typ e o f  Judgment s carmo t  b e mad e wit h sufficien t 
spee d o r  accurac y b y human s t o b e th e controllin g processe s fo r  rea l  tim e huma n objec t 
recognition . 

The capacity to represent the 106 objects that people can rapidly classify derives from 
an allowanc e o f  severa l  viewpoin t  invarian t  relation s (e.g ,  TOP-OF ,  CENTER-CONNECTED) 
define d fo r  joine d pair s o f  geon s suc h tha t  th e sam e subse t  o f  geon s represen t  differen t  object s 
i f  the y ar e i n differen t  relation s t o eac h other .  A  descriptio n o f  th e inpu t  consistin g o f  geon s + 
relation s i s matche d agains t  a  simila r  typ e o f  descriptio n i n memory .  Fo r  example ,  on e kin d o f 
lam p ca n b e describe d a s a  cylinde r  CENTERED U N D ER T H E LARGER E N D o f  a  cone . 
Matchin g i s grade d i n tha t  th e activatio n o f  a  representatio n wil l  b e slowe r  (an d o f  lowe r 
maximu m value )  whe n imag e description s diffe r  i n geon s o r  relations .  Geon s thu s pla y a  rol e 
highl y analogou s t o th e rol e playe d b y phoneme s i n speec h perception . 

A Principle of Geon Recovery, derived from the theory, can account for the major 
phenomena o f  objec t  recognition :  I f  a n arrangemen t  o f  tw o o r  thre e geon s ca n b e recovere d 
fro m th e image ,  object s ca n b e quickl y recognize d eve n whe n the y ar e occluded ,  rotate d i n 
depth ,  novel ,  extensivel y degraded ,  o r  lackin g customar y detail ,  color ,  an d texture . 

Empirical Studies of Human Image Understanding 

An extensive series of experiments on the perception of briefly presented pictures by 
human observer s ha s provide d empirica l  suppor t  fo r  th e theory .  I n thes e experiment s th e subjec t 
names o r  verifie s briefl y presente d (10 0 msec. )  objec t  pictures .  Reactio n time s an d error s ar e th e 
primar y dependen t  variables .  Som e ke y results : 

1. Simple line drawings showing only the edges t)f the major geons are identified as rapidly as 
ful l  color ,  texture d image s (Biederma n &  Ju ,  1988) .  Thi s document s th e sufficienc y o f  edge -
base d description s i n accountin g fo r  th e initia l  activatio n o f  a  representatio n o f  a n object . 

2. When only two or three geons of a a complex object (such as an airplane or elephant) are 
visible ,  recognitio n ca n b e fas t  an d accurat e (though ,  predictably ,  no t  a s fas t  a s wit h th e 
complet e image) .  Thi s support s th e derivatio n o f  th e sufficienc y o f  thre e geons . 
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3. Complex objects requiring six or more geons to appear complete are not recognized any more 
slowl y tha n simpl e object s (suc h a s a  flashligh t  o r  cup) .  Thi s i s consisten t  wit h a  mode l  positin g 
paralle l  activatio n o f  th e geon s i n favo r  o f  a  seria l  contou r  tracin g process ,  suc h a s 
eyemovement s o r  th e kind s o f  seria l  routine s posite d b y Ullma n (1984) . 

4. If contour is deleted so that an object's geons cannot be recovered from the image (by 
deletin g cusp s fo r  parsin g an d alterin g vertices )  th e objec t  i s  rendere d unrecognizable .  I f  th e 
same o r  greate r  amoun t  o f  contou r  i s delete d bu t  i n suc h a  manne r  tha t  th e geon s ca n b e 
recovere d throug h smoot h continuation ,  object s remai n identifiable .  Thi s resul t  establishe s th e 
necessit y o f  th e contour s posite d b y R B C . 

5. A surprising finding in the previous experiment was the large disruptive effect on error rates 
and reactio n times  o f  interruptin g (deleting )  contour ,  suc h a s woul d b e produce d whe n viewin g 
an objec t  behin d ligh t  foliage ,  eve n whe n th e contou r  coul d b e restore d b y routine s fo r  smoot h 
continuation .  Thi s suggest s tha t  th e routine s fo r  contou r  restoratio n ar e no t  particularl y rapid . 

6. In the studies described in the previous paragraph, the contour that was removed was 
remove d fro m ever y geo n i n th e object .  Identificatio n performanc e i s als o slowe d whe n object s 
ar e missin g geon s (parts )  wit h th e res t  o f  th e objec t  intact ,  suc h a s woul d occu r  i f  th e objec t  wa s 
partiall y  occlude d b y a  soli d surface .  Accordin g t o th e theory ,  th e effec t  o f  missin g o r  occlude d 
geon s i s o n th e matchin g stage ,  rathe r  tha n o n th e initia l  determinatio n o f  th e geons . 

7. Rotation of the object in the plane slows recognition to a much greater extent than rotation in 
dept h (i n contras t  t o mos t  robo t  visio n models) .  Accordin g t o th e theory ,  rotatio n i n th e plan e 
affect s th e TOP-O F relatio n bu t  th e geo n description s themselve s ar e largel y unaffecte d b y 
rotatio n i n depth . 

8. Complementary images of objects, in which altemative vertices and edges have been deleted, 
so tha t  di e composit e wil l  revea l  th e origina l  intac t  image ,  a s illustrate d i n th e uppe r  portio n o f 
figur e 1 ,  ar e treate d equivalently .  Thi s suggest s tha t  th e memoria l  representatio n ca n b e 
describe d i n term s o f  geon s rathe r  tha n th e precis e imag e feature s tha t  elicite d th e geons . 

A Connectionist Model of RBC 

Hummel, Biederman, Gerhardstein and Hilton (1988) are implementing a connectionist 
model  o f  R B C a s show n i n Figur e 2 .  Th e mode l  i s a  thre e layere d networ k whic h take s a s it s 
inpu t  a n activatio n vecto r  representin g th e vertice s an d cusp s i n di e imag e o f  a n objec t  a s show n 
i n Figur e 3 .  Th e mode l  give s a s outpu t  a n activatio n vecto r  representin g a  geon-base d 
descriptio n o f  th e objec t  fro m whic h th e imag e wa s derived .  Retinotopi c mappin g i s preserve d 
i n al l  thre e o f  th e model' s layers .  Give n th e spatiall y  specifie d verte x an d edg e description s i n 
th e inpu t  vector ,  a  majo r  goa l  o f  thi s effor t  i s t o determine :  a )  i f  parsin g o f  a n imag e o f  a n objec t 
int o it s constituen t  geon s ca n b e achieved ,  an d b )  i f  th e spatia l  relation s amon g th e geon s an d th e 
globa l  propertie s o f  th e geon s themselve s (i.e. ,  parallelism ,  symmetry) ,  ca n b e derived . 

The model's first layer is organized into 182 hexagonally arranged edge and vertex 
detector s a t  thre e spatia l  scale s (20 '  [N=138] ,  40 '  [N=37] ,  an d 80 '  [N=7]) .  Th e receptiv e field s 
of  adjacen t  detector s overla p and ,  together ,  spa n th e centra l  4 o o f  th e visua l  field .  Eac h o f  th e 
detector s ha s 2 6 node s fo r  expressin g th e variou s vertice s (Y ,  Arrow ,  Tangen t  Y ,  L ,  T) ,  th e edg e 
type s comprisin g the m (straight ,  curved ,  o r  cusp )  a t  on e o f  eigh t  orientations . 

The next (or hidden) layer is organized into 119 100-node clusters, each of which is 
terme d a  geo n field .  Eac h geo n field  receive s inpu t  fro m seve n contiguou s featur e detector s a t  a 
give n scal e an d passe s input ,  1:1 ,  t o a  correspondin g geo n field  i n th e uppe r  layer .  Eac h detecto r 
i s mappe d t o it s seve n contiguou s geo n field s a t  th e appropriat e scale .  Th e se t  o f  seve n detector s 
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mapped to their middle and upper layer geon fields is termed a column. The representation in 
th e lowe r  an d uppe r  layer s hav e bee n designe d a  prior i  t o expres s genera l  assumption s abou t 
edge codin g an d RBC' s objec t  representations ,  respectively .  A s th e mode l  i s bein g traine d t o 
recogniz e object s throug h bac k propagation ,  th e representatio n i n th e middl e laye r  wil l  emerg e 
as a  functio n o f  th e constraint s o f  th e mappin g betwee n th e lowe r  an d uppe r  layers . 

The columns all have identical connection matrices and no connections exist between 
columns .  I n thi s manner ,  th e respons e o f  th e syste m wil l  b e identica l  independen t  o f  wher e a n 
objec t  happen s t o fal l  i n th e visua l  field .  A  significan t  econom y i n th e numbe r  o f  connection s 
result s from  thi s columna r  organization .  I n tota l  th e mode l  contain s 17,93 2 node s (4,73 2 i n th e 
firs t  laye r  [2 6 node s pe r  featur e detecto r  X  18 2 detectors] ,  12,00 0 i n th e middl e laye r  [10 0 pe r 
geon fiel d fo r  12 0 geo n fields] ,  an d 1,20 0 i n th e to p laye r  [1 0 pe r  geo n fiel d fo r  12 0 geo n 
fields]) .  Wit h th e syste m full y interconnecte d thi s woul d resul t  i n 71,184,00 0 connections .  Bu t 
th e columna r  restrictio n result s i n onl y 2,304,00 0 connections ,  a  saving s o f  96.76 % i n th e 
number  o f  connections . 

The upper layer codes distributed representations of geons by locally representing geon 
attributes ,  suc h a s whethe r  th e cros s sectio n i s straigh t  o r  curved .  I n thi s laye r  relation s amon g 
th e geon s ar e represente d implicitl y  i n term s o f  th e spatia l  relation s amon g th e pattern s o f 
activatio n representin g thos e geons .  Th e distribute d codin g o f  geon s a t  thi s laye r  produce s a n 
object-centere d representation . 
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Figure 1. Complementary images of a single object. When viewed separately, these images are 

treate d equivalently . 
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Figur e 2 .  Th e connectionis t  mode l  o f  objec t  recognition . 
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Figur e 3 .  A n exampl e o f  th e codin g o f  a  singl e object ,  a  flashlight .  Th e firs t  tw o value s b y eac h 

verte x giv e th e X  an d Y  coordinates .  T h e nex t  valu e i s th e scal e a t  whic h tha t  verte x woul d 

be detected ,  th e first  lette r  provide s th e verte x typ e ( A =  Arrrow ,  F  =  Fork ,  L  =  L ,  T  =  T .  Th e 

followin g letter s an d number s specif y th e edg e typ e ( S =  straight ,  C  =  Curved )  an d orientatio n 

of  tha t  edg e (eigh t  values) .  Cusp s ar e designate d wit h a  K . 

Rashligh t 

7.30,5.6 3 16TC8S3C4 K 

8.10.5.6 3 1 6 TS1S5S7 K 8.10,5.1 5 1  AS3S4S 5 

7.00 ,  5.4 5 4  LS7C 4 

4.55. 5.45 4 YS3C6C4 

4.55 .  8.0 0 4  YS3C8C2 

^ 

10.13,5.1 5 1  LS7S 4 

•„.0..e3,STS3S,SSK 

15.10,5.60 16 LS7C4 

J 10.50 ,  5.2 8 1  AS7S8S 5 

10.50.5.80 1 LS1S7 

8.48,5.2 8 1  FS3S5S 8 

7.00 .  8.0 0 4  LS7C 2 

8.10.5.7 0 1  LS3S 8 

8.48,5.80 1 AS1S3S8 

15.10.7.6 3 1 6 LS7C 2 

7.30,7.7 0 16TC2C6S3 K 
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