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Abstrac t 

A recognition model which defines a measure of shape 
similarit y o n th e direc t  outpu t  o f  multiscal e an d 
multiorientatio n Gabo r  filters  doe s no t  manifes t  qualitativ e 
aspect s o f  huma n objec t  recognitio n o f  contour-delete d 
image s i n that :  a )  i t  recognize s recoverabl e an d 
nonrecoverabl e contour-delete d image s equall y wel l 
wherea s human s recogniz e recoverabl e image s muc h better , 
b)  i t  distinguishe s complementar y feature-delete d image s 
wherea s human s d o not .  Addin g som e o f  th e know n 
connectivit y patter n o f  th e primar y visua l  corte x t o th e 
model  i n th e for m o f  extensio n field s (connection s betwee n 
collinea r  an d curvilinea r  units )  amon g filters  increase d th e 
overal l  recognitio n performanc e o f  th e mode l  and :  a ) 
booste d th e recognitio n rat e o f  th e recoverabl e image s fa r 
mor e tha n th e nonrecoverabl e ones ,  b )  increase d th e 
similarit y o f  complementar y feature-delete d images ,  bu t 
not  part-delete d ones ,  mor e closel y correspondin g t o 
human psychophysica l  results .  Interestingly ,  performanc e 
was approximatel y equivalen t  fo r  narro w (±15' )  an d broa d 
(±90" )  extensio n fields. 

Introduction 

A tas k tha t  bot h biologica l  an d artificia l  visio n system s 
hav e t o solv e i s t o recove r  boundarie s o f  object s from  man y 
time s imperfect ,  nois y input .  Th e Gestal t  groupin g 
principle s o f  co-curvilinearity ,  proximity ,  constanc y o f 
curvatur e ca n hel p recoverin g meaningfii l  informatio n unde r 
thes e circumstances .  Ther e i s considerabl e evidenc e fro m 
neuroscienc e (e .  g .  Gilber t  &  Wiesel ,  1989 )  an d 
psychophysic s (e .  g .  Fiel d e t  al. ,  1993 )  tha t  thes e groupin g 
principle s ar e buil t  int o th e mammal ia n visua l  syste m i n th e 
for m o f  connectivit y pattern s a m o n g processin g units . 
Ther e i s bot h anatomica l  an d physiologica l  evidenc e tha t 
cell s wit h approximatel y collinea r  orientatio n ar e 
interconnecte d mainl y b y excitator y connection s (Gilber t  & 
Wiesel ,  1989) .  Psychophysica l  result s see m t o sugges t  a 
broade r  fiel d o f  connection s betwee n no t  onl y collinea r 
units ,  bu t  als o curvilinea r  one s (Fiel d e t  al .  1993) .  Fo r 
eithe r  th e narro w o r  th e broa d fields,  th e excitator y 
connection s revea l  smoothl y decreasin g strengt h wit h 
increasin g distanc e an d curvatur e difference s (Fiel d e t  al . 
1993 ;  Gilbert ,  1992 ;  Pola t  &  Sagi ,  1994) .  Ther e i s als o 
evidenc e fo r  facilitatio n (increas e i n sensitivit y fo r  detectin g 
Gabor  patches )  w h e n loca l  an d globa l  orientation s ar e 9 0 
degree s offse t  (th e virtua l  lin e connectin g tw o segment s i s 
perpendicula r  t o thei r  orientation )  whic h i s no t  modele d here . 

Th e smoothl y decayin g excitator y field  aroun d a n oriente d 
segment  i s referre d t o a s a n extensio n fiel d i n thi s paper . 
Th e term s 'associatio n field'  o r  'stochasti c completio n field' 
ca n b e foun d i n th e literatur e t o refe r  t o simila r  constructs . 
Thes e term s ar e generall y applie d t o fields  considere d t o 
manifes t  broa d tuning .  Th e ter m 'horizonta l  connections ' 
has bee n employe d t o refe r  t o th e mor e narrowl y tune d 
excitator y connection s documente d fo r  neura l  units .  T o 
compar e th e effect s o f  bot h narro w (collinear )  an d broa d 
(collinea r  an d curvilinear )  connectivit y pattern s amon g 
processin g unit s w e decide d t o implemen t  tw o version s o f 
th e extensio n field:  a  narro w an d a  broa d one .  I n th e absenc e 
of  precis e neurophysiologica l  dat a fo r  th e strengt h o f 
connection s betwee n collinea r  an d curvilinea r  unit s w e 
choos e th e algorithmi c definitio n o f  narro w an d broa d 
extensio n fields  t o b e a n excitator y gradien t  +/-1 5 an d +/-9 0 
degree s respectivel y centere d o n a n oriente d segment . 

Th e goa l  o f  th e presen t  stud y wa s t o investigat e th e 
consequence s o f  addin g extensio n fields  t o a  recognitio n 
model  tha t  compute d shap e similarit y base d o n 
representation s o f  V 1 hypercolum n activity .  Specifically , 
we studie d whethe r  th e extensio n fields  woul d increas e th e 
resemblanc e o f  th e recognitio n performanc e o f  th e mode l  t o 
tha t  show n b y humans . 

Brief comparison with previous work 

Severa l  previou s compute r  visio n model s hav e use d 
extensio n field  typ e algorithm s t o guid e th e groupin g 
proces s (Grossber g &  Mingolla ,  1985 ;  Sha'ashu a & 
Ullman ,  1988 ;  Paren t  &  Zucker ,  1989 ;  Heitge r  &  vo n de r 
Heydt ,  1993 ;  G u y &  Medioni ,  1996 ;  William s &  Jacobs , 
1996) .  Th e mai n contributio n i n th e presen t  effor t  i s  th e 
implementatio n o f  suc h a  schem e o n a  biologicall y 
plausibl e multiscal e an d multiorientatio n filte r 
representation ,  roughl y simila r  t o tha t  o f  a  lattic e o f  V I 
hypercolumns .  Thi s representatio n allowe d a  measur e o f 
shap e similarit y base d o n th e combine d activit y produce d b y 
bot h th e inpu t  imag e an d th e groupin g proces s (althoug h 
thi s doe s no t  necessaril y  mea n tha t  groupin g result s i n 
activit y tha t  i s  indistinguishabl e fro m tha t  produce d b y th e 
origina l  image) .  Th e previousl y cite d effort s di d no t  resul t 
i n a  measur e o f  shap e similarity . 

Othe r  difference s distinguishin g th e presen t  effor t  fi-om 
prio r  one s wa s tha t  th e latte r  studie s use d onl y on e scal e a s 
oppose d t o ou r  multiscal e approach .  Sinc e ou r  tes t  image s 
wer e line-drawings ,  onl y on e scal e size-chose n t o b e th e 
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widt h (frequency )  o f  th e lines-coul d hav e ver y wel l  bee n 
used ,  bu t  a  multiscal e representatio n bette r  resemble s th e 
samplin g propertie s o f  biologica l  visio n systems .  M a n y o f 
th e studie s i n th e groupin g literatur e (e .  g. ,  Paren t  & 
Zucker ,  1989 ;  Sha'ashu a &  Ullman ,  1988 )  use d a n iterativ e 
relaxatio n algorith m a s oppose d t o th e mor e biologicall y 
plausibl e one-pas s operatio n whic h wa s implemente d here . 
An additiona l  featur e o f  th e curren t  stud y i s tha t  i t  directl y 
compare d th e recognitio n performanc e o f  a  groupin g mode l 
t o tha t  o f  human s o n a  larg e numbe r  o f  tes t  images ,  whic h 
i s relativel y rar e i n th e literature .  I n th e followin g w e wil l 
describ e tw o experiment s o n objec t  recognitio n an d compar e 
human dat a t o th e performanc e o f  ou r  baselin e model . 

Human experimental results and comparison of 
per formanc e witl i  a  baselin e m o d e l 

I n a  psychophysica l  experimen t  (Biederman ,  1987 )  equa l 
amount  o f  contou r  wa s delete d fro m lin e drawing s i n suc h a 
way tha t  th e part s wer e eithe r  recoverabl e o r  nonrecoverabl e 
as illustrate d i n Figur e 1 .  Subject s wer e abl e t o recogniz e 
recoverabl e versions ,  bu t  no t  nonrecoverabl e ones .  A  mode l 
(Lade s et .  al. ,  1993 )  base d o n th e direc t  outpu t  o f  a  numbe r 
of  column s o f  multiscal e an d multiorientatio n Gabo r  filters 
(eac h colum n i s roughl y analogou s t o th e simpl e cell s i n a 
VI  hypercolumn )  wa s teste d o n th e sam e image s (thi s 
recognitio n syste m wa s originall y develope d fo r  fac e 
recognitio n an d i t  ha s achieve d hig h accurac y i n recognizin g 
face s fro m severa l  fac e database s an d continue s t o b e a 
succes s a s a  commercia l  applicatio n o n th e acces s contro l 
marke t  (Konen ,  1995)) .  Th e mode l  recognize d th e 
nonrecoverabl e image s a s wel l  a s th e recoverabl e ones ,  a 
resul t  tha t  doe s no t  correspon d t o huma n dat a (se e result s 
later) . 

I n anothe r  task ,  subject s name d briefl y presente d contour -
delete d image s (Biederma n an d Cooper ,  1991) .  Fo r  eac h 
image ,  tw o set s o f  complementar y pair s wer e create d b y 
deletin g ever y othe r  verte x an d edg e fro m eac h simpl e par t  i n 
th e first  se t  (feature-deleted )  an d b y deletin g approximatel y 
hal f  th e component s fi-om  eac h imag e i n th e second  se t  (part -
deleted )  (Figur e 2) .  I f  th e member s o f  th e complementar y 
feature-delete d pai r  o r  th e part-delete d pai r  wer e superimpose d 
the y woul d provid e a n intac t  imag e withou t  an y overla p i n 
contour . 

Members o f  a  complementar y feature-delete d imag e pai r 
(Figur e 2 .  left )  wer e equivalen t  t o eac h othe r  fo r  huma n 
subject s a s teste d wit h th e primin g paradig m (Biederma n an d 
Cooper ,  1991) ,  bu t  no t  fo r  th e mode l  sinc e th e similarit y o f 
members o f  a  pai r  wa s markedl y lowe r  tha n similarit y o f 
one o f  th e image s fro m th e pai r  t o itsel f  Part-delete d 
complementar y image s (Figur e 2 .  right)  wer e no t  equivalen t 
neithe r  t o human s no r  t o th e model . 

Figure s 3  an d 4  giv e a  visua l  illustratio n o f  th e activatio n 
field s (th e response s o f  th e individua l  kernel s i n th e mode l  t o 
an image )  create d b y convolvin g a n imag e wit h th e 
differentl y oriente d an d scale d kernel s i n th e baselin e mode l 
(th e intac t  an d recoverabl e 'boat '  image s ar e use d a s 
examples) .  I n th e visua l  representatio n th e activatio n value s 
of  th e mode l  ar e normalize d t o intege r  value s betwee n 0-25 5 
fo r  8-bi t  graphica l  display . 
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Figur e 1 .  Example s o f  intac t  (left) ,  recoverabl e (middle )  an d 
nonrecoverabl e (right )  tes t  image s (Biederman ,  1987) . 
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Figur e 2 .  Example s o f  feature-delete d complementar y imag e 
pair s (left )  an d part-delete d complementar y imag e pair s 
(right) .  Eac h m e m b er  contain s approximatel y hal f  th e part s 
of  th e object . 

t o t h e base l in e m o d e l 

field  i s essentiall y  a  probabilit y 

A d d i t i o n s 

Th e extensio n tiel d i s 
directiona l  vector-fiel d describin g th e contributio n o f  a  singl e 
unit-lengt h edg e elemen t  t o it s neighborhoo d i n term s o f 
directio n an d strengt h (Gu y &  Medioni ,  1996) .  I n othe r 
words ,  i t  describe s th e preferre d directio n an d th e probabilit y 
of  existenc e o f  ever y poin t  i n spac e t o shar e a  curv e wit h th e 
origina l  segment .  Th e field  directio n a t  a  give n poin t  i n 
spac e i s chose n t o b e tangen t  t o th e osculatin g circl e passin g 
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Figur e 3 .  Activatio n field s o f  th e baselin e m o d e l  t o th e 
intac t  'boat '  image .  T h e thre e row s represen t  th e thre e scal e 
size s use d i n th e experiment .  T h e first  co lum n show s th e 2 D 
pictur e o f  th e G a b o r  kernel s a t  th e thre e differen t  scales . 
F r o m th e secon d t o th e secon d t o las t  co lum n th e normalize d 
activation s o f  th e differentl y oriente d kernel s t o th e intac t 
'boat '  i m a g e ar e displaye d startin g wit h horizonta l 
orientatio n an d incrementin g b y 22. 5 degrees .  T h e las t 
c o l u m n s h o w s th e normalize d cumulativ e activatio n o f  th e 
thre e differen t  scale s a t  al l  orientations . 
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Figur e 4 .  Activatio n fields  o f  th e baselin e m o d e l  t o th e 
recoverabl e 'boat '  image .  T h e thre e row s represen t  th e thre e 
scal e size s use d i n th e experiment .  T h e first  c o l u m n show s 
th e 2 D pictur e o f  th e G a b o r  kernel s a t  th e thre e differen t 
scales .  F r o m th e secon d t o th e secon d t o las t  c o l u m n th e 
normalize d activation s o f  th e differentl y oriente d kernel s t o 
th e recoverabl e 'boat '  imag e ar e displaye d startin g wit h 
horizonta l  orientatio n an d incrementin g b y 22. 5 degrees .  T h e 
las t  c o l u m n s h o w s th e normalize d cumulativ e activatio n o f 
th e thre e differen t  scale s a t  al l  orientations . 

extensio n fields  ha d zer o value s abov e an d be lo w th e mai n 
diagonals ,  a s illustrate d i n Fig .  6 .  T h e narro w extensio n 
field  i s a  subse t  o f  th e broa d extensio n field  i n tha t  i t  use s 
th e s a m e directio n an d strengt h fields  excep t  tha t  th e 
excitatio n are a i s limite d t o ±15 °  orientatio n difference .  Th e 
absenc e o f  groupin g activit y i n th e region s outsid e o f  th e 
extensio n field  merel y m e a n s tha t  additiona l  informatio n i s 
neede d t o reconstruc t  curve s betwee n suc h pairs . 

T h e extensio n fields  wer e incorporate d int o th e baselin e 
model  b y allowin g a  field  t o operat e o n eac h o f  th e 2 4 
activatio n fields  create d b y convolvin g th e 2 4 kernel s wit h 
a n image .  Becaus e ther e wer e 8  orientation s fo r  th e 
activatio n fields  ther e w e r e als o 8  orientation s fo r  th e 
extensio n fields.  T h e additiona l  excitatio n a s provide d b y th e 
extensio n field  w a s distribute d t o th e activatio n fields  i n 
suc h a  m a n n e r  tha t  onl y th e correspondin g orientation s o f 
th e activatio n fields  an d extensio n fields  wer e convolved : 

{EFWI)(J,x,) = I EF.(x„ x)WI_ (x)d'x = EF_ * WI_ (2) 

where / gives the orientation of both the extension and 
activatio n fields.  Fo r  th e broa d extensio n field  mode l  th e 
activatio n fields  no t  onl y ge t  excitatio n fro m th e extensio n 
field  wit h th e s a m e orientation ,  bu t  als o fro m al l  th e othe r 
orientations .  Fo r  computationa l  eas e th e excitatio n fields 
wer e divide d int o 8  subregion s base d o n orientatio n an d onl y 
th e correspondin g rang e o f  orientation s wer e applie d t o a n 
activatio n field  wit h a  give n orientation .  Fo r  th e broa d 
extensio n field  mode l  th e overal l  excitatio n applie d t o a n 
activatio n field  i s the n give n b y s u m m i n g u p th e excitatio n 
c o m i n g from :  (a )  th e extensio n field  wit h th e preferre d 
orientatio n o f  th e give n activatio n field  an d (b )  th e excitatio n 
fro m al l  th e othe r  extensio n fields.  I n th e narro w extensio n 
field  mode l  th e activatio n field  wit h a  give n orientatio n wa s 
onl y convolve d wit h th e excitatio n field  havin g th e sam e 
orientation . 

throug h th e edg e elemen t  an d tha t  point ,  whil e it s strengt h 
i s proportiona l  t o th e radiu s o f  tha t  circl e (Figur e 5.) .  Also , 
th e strengt h decay s wit h distanc e fro m th e origi n (th e edg e 
segment) .  T h e deca y o f  extensio n field  strengt h i s se t  t o b e 
Gaussia n fo r  bot h th e proximit y an d curvatur e constraints : 

EF{x,p )  =  e .-Ax\-Bp ' 
(1 ) 

wher e x  i s th e distanc e alon g th e circula r  ar c an d p  i s th e 

curvatur e o f  th e give n arc .  Recently ,  Will iam s an d Jacob s 
(1996 )  describe d a  ver y simila r  typ e o f  prio r  probabilit y 
distributio n o f  boundar y completio n base d o n computin g th e 
probabilit y  tha t  a  particl e followin g a  rando m wal k wil l  pas s 
throug h a  give n positio n an d orientatio n o n a  pat h joinin g 
tw o edg e segments . 

F r o m eac h en d o f  a n edg e segment ,  a n extensio n field 
expande d t o defin e a  triangula r  are a a s s h o w n i n Fig .  6 .  T h e 
m a x i m u m orientatio n differenc e spanne d b y th e broa d 
extensio n field  w a s ±90° ,  wh ic h wer e a t  th e ±45 °  boundarie s 
o f  th e extensio n field  (Figur e 6) .  B e y o n d thos e values ,  th e 
Gaussian s fo r  orientatio n we r e se t  t o zer o s o th e broa d 

Osculatin g circl e 

Chosen orientatio n i s 
tangen t  t o circl e 

Poin t  i n spac e 

Uni t  edg e a t  origi n 

Figur e 5 .  Fiel d directio n fo r  ever y poin t  i n spac e i s chose n 
t o b e th e tangen t  t o th e osculatin g circl e passin g throug h th e 
edg e segmen t  an d th e give n point . 

366 



Figur e 6 .  Lef t  panel :  Th e brightnes s code d directiona l  m a p 
of  th e broa d extensio n fields  give n a  horizonta l  edg e elemen t 
i n th e middle .  Withi n th e butterfl y  shape d extensio n fields, 
blac k refer s t o horizonta l  an d whit e t o vertica l  orientations . 
The region s abov e an d belo w th e edg e elemen t  hav e n o 
assigne d orientatio n an d ar e show n i n blac k t o clearl y 
deliniat e th e ±45 °  boundarie s o f  th e extensio n field.  Righ t 
panel :  Th e strengt h m a p o f  th e extensio n field  fo r  location s 
and direction s show n i n th e lef t  figure.  Strengt h decline s 
wit h increasin g orientatio n difference s an d distanc e fi"om  th e 
edg e element .  Ther e i s n o strengt h assigne d abov e an d 
belo w th e diagonal s (right) . 

Figure 7 shows the activation fields created by convolving 
an imag e wit h th e differentl y oriente d an d scale d kernel s 
(altogethe r  2 4 kernel s wer e used )  an d wit h th e narrowl y 
tune d extensio n field  (agai n th e 'boat '  recoverabl e image s i s 
use d a s a n example) .  Again ,  fo r  th e visua l  representatio n 
th e activatio n value s o f  th e mode l  ar e normalize d t o intege r 
value s betwee n 0-25 5 fo r  8-bi t  graphica l  display . 
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Figur e 7 .  Activatio n fields  produce d b y narrowl y tune d 
extensio n fields  fo r  th e recoverabl e 'boat '  imag e (th e mode l 
wit h broa d extensio n fields  gav e simila r  results) .  Th e thre e 
row s represen t  th e thre e scal e size s use d i n th e experiment . 
The first  colum n show s th e 2 D pictur e o f  th e Gabo r  kernel s 
at  th e thre e differen t  scales .  Fro m th e secon d t o th e secon d 
t o las t  colum n th e normalize d activation s o f  th e differentl y 
oriente d kernel s t o th e recoverabl e 'boat '  imag e ar e displaye d 
startin g wit h horizonta l  orientatio n an d incrementin g b y 
22. 5 degrees .  Th e las t  colum n show s th e normalize d 
cumulativ e activatio n o f  th e thre e differen t  scale s a t  al l 
orientations . 

Figur e 8  provide s a  direc t  visua l  compariso n o f  th e 
working s o f  th e thre e differen t  mode l  types .  Th e to p ro w 
display s thre e version s o f  th e 'boat '  imag e fro m th e set : 
intact ,  recoverabl e an d nonrecoverabl e i n left ,  middl e an d 
righ t  column s respectively .  Belo w th e 3  x  9  block s o f 
image s sho w th e cumulativ e activatio n pattern s induce d b y 
th e thre e image s i n th e thre e examine d models :  baseline , 
wit h narrowl y tune d extensio n fields,  wit h broadl y tune d 

extensio n fields  (fro m to p nin e imag e t o botto m nine) .  I n 
eac h o f  th e thre e nin e imag e block s th e first  ro w represent s 
th e cumulativ e activatio n pattern s o f  th e kernel s a t  th e 
highes t  scal e an d a t  al l  8  orientations .  Th e secon d ro w 
represent s th e cumulativ e respons e a t  th e highes t  an d 
med iu m scal e an d th e las t  ro w show s th e 'total '  o f  th e 
activatio n fo r  al l  scale s an d al l  orientation s a s wel l 
(similarl y t o th e las t  column s o f  Figure s 3 ,  4  an d 7) .  Thi s 
visualizatio n o f  mode l  activatio n als o show s tha t  fo r  th e 
secon d an d thir d bloc k o f  nin e image s (mode l  wit h narro w 
and broa d extensio n fields)  th e activatio n pattern s fo r  intac t 
and recoverabl e image s ar e m u c h mor e simila r  tha n fo r  th e 
baselin e mode l  (firs t  bloc k o f  nin e images) . 

Simulations 

I n th e recoverable-nonrecoverabl e experimen t  th e 
similarit y o f  3 6 intac t  image s wit h th e recoverabl e an d 
nonrecoverabl e version s (altogethe r  10 8 images )  w a s 
calculate d an d compare d t o eac h other . 

I n th e feature-delete d vs .  part-delete d experimen t  th e 
similarit y o f  th e feature-delete d complementar y imag e pai r 
was compare d t o th e similarit y o f  th e par t  delete d 
complementar y imag e pai r  fo r  1 8 image s (altogethe r  7 2 
used) . 

Result of the simulations 

The result s o f  th e simulation s ar e displaye d o n Figure s 9 
and 10 .  Th e additio n o f  narrowl y tune d extensio n fields 
betwee n similarl y oriente d kernel s increase d th e similarit y o f 
bot h th e recoverabl e an d nonrecoverabl e version s t o th e 
origina l  intac t  image ,  althoug h i t  increase d th e similarit y o f 
th e recoverabl e versio n more .  Wherea s fo r  th e baselin e 
model  ther e wa s n o differenc e betwee n th e similarit y o f 
recoverabl e an d nonrecoverabl e image s r(35 )  =  .64 ,  p  =  .5 2 
th e additio n o f  narro w extensio n fields  significantl y increase d 
th e differenc e betwee n th e similarit y o f  recoverabl e an d 
nonrecoverabl e type s compare d wit h th e origina l  image s 
t(35 )  =  4.8,/ 7 <  .001 .  Th e additio n o f  broa d extensio n fields 
furthe r  improve d similarit y fo r  recoverabl e images ,  bu t  di d 
not  improv e similarit y fo r  th e nonrecoverabl e one s compare d 
t o th e narro w extensio n fields.  Consequently ,  th e broa d 
extensio n field  mode l  furthe r  increase d th e differenc e betwee n 
th e similarit y o f  recoverabl e an d nonrecoverabl e image s 
compare d wit h th e intac t  version s t{35 )  =  9.09 ,  p  <  .001 . 

Th e additio n o f  narro w an d broa d extensio n fields 
significantl y increase d th e similarit y o f  feature-delete d 
complementar y image s pairs ,  bu t  di d no t  improv e th e 
similarit y o f  th e part-delete d pairs .  Th e similarit y o f  tw o 
complementar y feature-delete d image s w a s alread y 
significantl y highe r  tha n o f  tw o complementar y part-delete d 
one s r(17 )  =  3.04 ,  p  <  .01 ,  bu t  th e additio n o f  horizonta l 
connection s furthe r  improve d thi s differenc e r(17 )  =  8.54 ,  p 
< .001 ,  jus t  a s di d th e additio n o f  extensio n fields  r(17 )  = 
9.12 ,  p  <  .001 .  Th e fac t  tha t  similarit y di d no t  improv e fo r 
part-delete d imag e pair s wa s expecte d considerin g tha t  ther e 
was n o an y globa l  knowledg e provide d tha t  coul d relat e th e 
tw o differen t  par t  structure s i n th e pai r  t o eac h other . 
However ,  th e significan t  increas e o f  similarit y fo r  th e 
feature-delete d pair s wa s no t  a n obviou s outcom e o f  th e 
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simulation .  T h e additio n o f  th e b roa d extensio n field  di d no t 
i m p r o v e similarit y fo r  feature-delete d i m a g e s c o m p a r e d t o 
th e n a r r o w extensio n fields,  w h i c h m i g h t  b e d u e t o th e larg e 
n u m b e r  o f  m a n - m a d e object s i n th e stimul i  se t  wi t h most l y 
straigh t  contours . 
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Figur e 8 .  Th e to p ro w display s th e intact ,  recoverabl e an d 
nonrecoverabl e version s o f  a n imag e respectively .  Th e 3 x 9 
bloc k o f  image s belo w th e to p ro w displa y th e activatio n 
pattern s o f  th e thre e mode l  type s (Baseline ,  Narro w 
Extensio n Fields ,  an d Broa d Extensio n Fields )  t o thes e 

images .  Th e first  ro w i n eac h thre e block s represent s th e 
cumulativ e activatio n o f  th e highes t  frequenc y kernel s a t  al l 
eigh t  orientation s t o th e thre e images .  Th e secon d ro w i n 
eac h thre e block s show s th e cumulativ e activatio n o f  th e 
highes t  an d mediu m frequenc y kernel s a t  al l  orientations . 
Finally ,  th e thir d ro w i n eac h block s represent s th e 
cumulativ e activatio n o f  al l  thre e kerne l  size s a t  al l 
orientation s (al l  2 4 kernels) . 

0.»f . 
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F igu r e 9 .  A v e r a g e similarit y va lue s fo r  m a t c h i n g th e 
origina l  intac t  i m a g e s w i t h th e r e c o v e r a b l e a n d 
nonrecoverabl e version s i n th e thre e m o d e l  types . 
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Figure 10. Average similarity values for matching 
c o m p l e m e n t a r y feauire-delete d pair s an d comp lementa r y part -
delete d pair s i n th e thre e m o d e l  types . 

Conclusions 

The additio n o f  extensio n fields  t o a  baselin e mode l  o f 
objec t  recognitio n tha t  operate s o n th e outpu t  o f  multiscal e 
and multiorientatio n Gabo r  filters  improve s it s overal l 
recognitio n performanc e (a t  m in imu m fo r  th e give n se t  o f 
images )  an d bring s it s performanc e significantl y an d 
qualitativel y close r  t o tha t  o f  huma n objec t  recognition . 

Interestingly ,  addin g broa d extensio n fields  t o th e origina l 
model  di d no t  improv e it s performanc e significantl y beyon d 
th e improvemen t  alread y achieve d b y narro w extensio n 
fields. 

An obviou s directio n fo r  futur e developmen t  o f  th e mode l 
i s t o incorporat e inhibitio n an d endstoppin g int o th e 
connectivit y pattern ,  bot h wel l  know n characteristic s o f 
biologica l  lo w leve l  visio n systems .  W e migh t  mentio n 
thoug h tha t  eve n withou t  thes e addition s th e model' s 
performanc e coul d significantl y b e improve d jus t  base d o n 
th e additio n o f  excitator y connections .  Th e extensio n field 
model  i s currentl y bein g teste d o n 8-bi t  gray-scal e images . 
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