
UC Merced
Proceedings of the Annual Meeting of the Cognitive Science 
Society

Title
Topological Invariants and Apparent Motion

Permalink
https://escholarship.org/uc/item/83g1s0vg

Journal
Proceedings of the Annual Meeting of the Cognitive Science Society, 5(0)

Author
Chen, Lin

Publication Date
1983
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/83g1s0vg
https://escholarship.org
http://www.cdlib.org/


Topologica l  Invariant s an d Apparen t  Motio n 
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The People' s Republi c o f  Chin a Irvine .  C A 9271 7 

INTRODUCTION 

As many authors (Ullman, 1979; Anstis, 1979; Marr, 1982) have pointed out, at the core of how to understand 
apparen t  motio n lie s th e correspondenc e problem :  i n th e proces s o f  perceivin g apparen t  motion ,  on e ha s t o establis h a t 

some leve l  a  correspondenc e identifyin g th e part s o f  tw o succeedin g stimulu s frame s whic h represen t  th e sam e object . 
One distinguishin g fac t  o f  apparen t  motio n i s  tha t  whe n on e perceive s apparen t  motion ,  ofte n h e als o perceive s 

some sor t  o f  traijsformatio n fro m on e stimulu s patter n t o another ;  fo r  example ,  a  squar e i s movin g an d changin g shap e 
simultaneousl y t o becom e a  circle .  Koler s &  Pomerant z (1971 )  foun d tha t  thre e kind s o f  transformations ,  no t  onl y trans -
latio n an d rotatio n o f  rigi d shap e bu t  als o intriguin g plasti c deformation ,  occure d whe n th e dissimila r  pair s gav e 
apparen t  motion .  Th e interestin g questio n is :  Wha t  kind s o f  invarian U unde r  th e transformatio n o f  'plasti c deformation ' 

does th e visua l  syste m depen d o n t o determin e tha t  tw o figures,  howeve r  shape-change d the y ma y be ,  nevertheles s 
represen t  th e sam e object ? 

As Che n (1980 ,  1981 ,  1982a,b,c,d )  ha s argued ,  a  primitiv e an d genera l  functio n o f  th e visua l  syste m ma y b e th e per -
ceptio n o f  globa l  topologica l  invariants ,  suc h a s connectivity ,  closur e an d holes ,  whic h ar e define d a s invariant s unde r 
topologica l  transformation s (plasti c deformation s withou t  breakin g an d fusion) .  Man y paradigm s an d approache s i n visua l 

perception ,  suc h a s th e objec t  superiorit y effec t  (Weisstci n &  Harris ,  1974 ;  McClelland ,  1978 ;  William s &  Wcisstein , 
1978;  Chen ,  1982c) ,  groupin g (Olso n an d Attneave ,  1970 ;  Pomerantz ,  Sage r  &  Stover ,  1977 ;  Chen ,  1982a) ,  car d sortin g 

(Palmer ,  1978) ,  effortles s textur e discriminatio n (Julesz ,  1981) ,  visua l  sensitivit y t o distinctio n mad e i n topolog y 
(Pomerantz ,  1980 ;  Chen ,  1982b )  an d competin g organizatio n wit h severa l  simultaneou s factor s (Chen ,  1982d )  hav e pro -
vide d som e evidenc e fo r  detectio n o f  topologica l  propertie s i n visua l  perception .  Th e man y fact s mentione d abov e als o 

lea d u s t o conside r  topologica l  invariant s a s candidate s fo r  th e correspondenc e token s i n apparen t  motion . 

METHOD 
The genera l  metho d fo r  th e followin g experiment s wa s advance d b y Ullma n (1979 )  an d i s  calle d 'th e competin g 

motio n technique' .  I n thi s metho d tw o stimulu s display s ar e successivel y presented .  Th e first  on e contain s a  singl e figure 
i n th e center ,  whil e th e secon d contain s tw o figures  locate d o n eithe r  side s of ,  an d a t  th e sam e distanc e from ,  th e center . 
The questio n aske d i s whethe r  th e figure  i n th e first  stimulu s displa y i s perceive d t o mov e t o on e o r  th e othe r  o f  th e tw o 
figures  i n th e second .  I n Ullman' s demonstrations ,  eac h se t  o f  tw o stimulu s display s wer e alternate d repeatedly ,  an d 
withou t  providin g precis e data ,  h e reporte d th e subjects '  motio n preference .  Fo r  collectin g accurat e data ,  i n th e follow -
in g experiment s eac h se t  o f  tw o stimulu s display s wa s presente d o n jus t  on e cycl e fo r  eac h trial ,  bu t  man y trial s wer e 
used a s experimenta l  presentations .  Thi s metho d provide s u s a n experimenta l  measur e t o compar e an d characteriz e th e 

effec t  o f  variou s structura l  invariants . 
A three-fiel d tachistoscop e wa s use d fo r  presentin g stimuli .  Subject s wer e aske d t o loo k a t  a  fixation  poin t  a t  th e 

cente r  o f  th e preexposur e field  the n pres s a  butto n whic h resulte d i n a  presentatio n cycle .  Eac h first  stimulu s displa y con -
tainin g a  middl e figure  o f  eac h pai r  wa s presente d fo r  100-15 0 msec ,  an d eac h secon d stimulu s display ,  fo r  100 0 msec , 
wit h a  inter-stimulu s interva l  (ISI )  o f  20-3 0 msec .  Fo r  eac h presentatio n subject s wer e require d t o choos e i n a  force d 

choic e procedur e on e o f  tw o responses :  'right *  (motio n fro m a  middl e figure  t o a  figure  a t  right )  o r  'left '  (motio n t o a 
figure  a t  left) ,  guessin g i f  necessary .  Fo r  eac h subjec t  th e presentatio n duration s wer e adjuste d i n orde r  t o produc e 
stron g effect s o f  apparen t  motion .  Eac h subjec t  wa s initiall y  familiarize d wit h th e phenomeno n o f  apparen t  motio n unde r 
th e conditio n o f  singl e alternat e exposure .  A t  leas t  thre e trial s o f  eac h pai r  wer e use d a s a  practic e presentation .  Th e 
orde r  o f  presentation s wa s randomize d an d counterbalance d acros s subjects .  Fou r  block s o f  2 1 trial s pe r  block ,  whic h 

containe d thre e presentation s o f  eac h pair ,  wer e use d fo r  tes t  presentation . 
Four  subject s participate d i n al l  thes e experiment s involvin g seve n pair s o f  stimulu s displays . 
Pai r  1  (adapte d fro m Pomerant z e t  al ,  1977 )  consist s o f  th e tw o stimulu s display s show n i n Fig.l .  Th e first  contain s 

an arro w (stimulu s a) .  Th e secon d contain s tw o figures  whic h ar e mad e u p o f  exactl y th e sam e thre e lin e segment s a s th e 
arrow .  Th e differenc e betwee n stimulu s b  an d c  i s  jus t  tha t  th e on e o f  th e shorte r  lin e segment s i s  locate d i n tw o 
differen t  positions ,  displace d b y a  constan t  distanc e fro m th e sam e lin e segmen t  i n th e arrow .  Bu t  th e close d natur e o f  a 
triangl e make s i t  topologicall y differen t  fro m th e othe r  tw o figures. 



Pai r  2  i s show n i n Fig.2 .  Eac h o f  th e thre e figures  i s m a d e u p o f  five  lin e segment s with,tw o sort s o f  lengths .  A m o n g 

th e thre e figures  ar c stimulu s a  an d b  adapte d fro m Jules z (1980) .  Althoug h stimulu s a  ha s a  differen t  numbe r  o f  'termi -
nators '  fro m stimulu s c  an d th e sam e numbe r  o f  terminator s a s stimulu s b ,  stimulu s a  possesse s th e sam e topologica l 

invariant ,  simpl e connectivity ,  a s stimulu s c  an d i s differen t  i n topologica l  invariant s fro m stimulu s b ,  whic h i s discon -

necte d wit h a  closure . 

FIGURE 1 FIGURE 2 

I n Pai r  3 .  stimulu s a  i s a  soli d circle ,  stimulu s b  i s a  rin g an d stimulu s c ,  a  soli d square .  F ro m ou r  intuitiv e experi -

ences ,  a  soli d circl e seem s t o hav e mor e 'similarity *  t o a  rin g tha n t o a  square ;  however ,  fro m topology ,  th e differenc e 
betwee n a  dis k an d a  rin g i s m u c h deepe r  tha n tha t  betwee n a  dis k an d a  soli d square .  Fo r  th e latter ,  th e differenc e wil l 

dissolv e unde r  a  topologica l  transformation ,  a  plasti c deformatio n withou t  breakin g an d fusion .  O n th e othe r  hand , 
stimulu s b  i s characterize d a s a  connecte d componen t  wit h a  hol e i n it ,  a  typica l  topologicall y invarian t  description . 

Fig. 4 show s Pai r  4 .  whic h i s simila r  t o Pai r  3  excep t  tha t  a  squar e wit h a  squar e hol e i n i t  wa s use d instea d o f  th e 

disk ,  th e middl e figure  i n Pai r  3 . 
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T h e thre e figures  containe d i n Pai r  5  hav e th e c o m m o n featur e o f  possessin g hole s i n a  connecte d componen t 
(show n i n Fig.5) .  However ,  stimulu s b  ha s tw o hole s i n it ,  whil e stimulu s a  an d c ,  jus t  one .  T h e numbe r  o f  hole s i s a 

topologica l  invariant ,  'th e orde r  o f  connectivity* .  So ,  stimulu s a  i s  topologicall y equivalen t  t o stimulu s c ,  bu t  no t  t o 
stimulu s b .  Th e inne r  diamete r  o f  stimulu s c  i s 0.7 1 (  2/2 )  time s tha t  o f  stimulu s b ,  s o th e tota l  are a o f  th e tw o inne r  cir -
cle s o f  stimulu s b  i s equa l  t o tha t  o f  th e inne r  circl e o f  stimulu s c . 

Pai r  6  (show n i n Fig.6 )  involve s anothe r  kin d o f  globa l  topologica l  invariant ,  whethe r  a  targe t  lin e i s withi n a  close d 
curv e o r  outsid e it .  I f  th e tw o stimulu s display s wer e superimposed ,  bot h stimulu s a  ( a lin e segment )  an d th e targe t  lin e 

i n stimulu s c  woul d li e withi n th e bi g circl e o f  stimulu s c ,  whil e stimulu s b  (anothe r  lin e segment )  woul d b e outsid e th e 
circle . 

Discret e dot s wer e use d t o mak e u p Pai r  7  (show n i n Fig.7) .  Thes e figures  ar e adapte d fro m Zeema n (1965) .  Eac h 
figure  i s a  se t  o f  discret e dots ,  bu t  globall y the y loo k lik e Pai r  3 .  Eve n thoug h a t  th e viewin g distanc e i n th e experimen t 
on e ca n se c tha t  thes e stimul i  ar e discret e dots ,  on e stil l  ha s a  wholisti c perception ,  tha t  is ,  stimulu s a  look s lik e a  soli d 

circle ;  stimulu s c ,  a  soli d square ;  stimulu s b ,  a  ring .  Fo r  a  clearl y discret e set ,  wh y d o w e hav e continuou s an d wholisti c 
perception ? Thi s fac t  suggest s tha t  th e visua l  syste m ca n ignor e detail s withi n a  certai n rang e fo r  attachin g importanc e t o 
globa l  structur e (Chen ,  1980 ,  1981) . 
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RESULTS AN D DISCUSSIO N 

Pai r  1 

Pai r  2 

Pai r  3 

Pai r  4 

Pair s 

Pai r  6 

Pair ? 

Subjcc c 1 

92% 
83% 
83% 
92% 
83% 
92% 
83% 

Subjec t  2 

83% 
92% 
92% 
83% 

100 % 

92% 
92% 

Subjec t  3 

75% 
83% 
92% 
92% 
83% 
83% 
83% 

Subjec t  4 

75% 
83% 
83% 
92% 
92% 
83% 
75% 

Averag e 

81% 
85% 
88% 
90% 
90% 
88% 
83% 

T A B LE 1 .  Th e percentage *  o f  reportin g motio n fro m eac h middl e 6gur e t o th e figure  wit h th e sam e topologica l  invariants .  Th e 
differenc e i n averag e percentage s betwee n figures  wit h th e sam e topologica l  invariant s an d figure*  wit h differen t  one s ar c al l 

significant .  p < .01 . 

T h e result s wit h al l  seve n pair s ar c show n i n Tabl e 1 .  The y clearl y sho w tha t  subject s sa w stron g preferenc e fo r 
motio n fro m a  middl e figure  t o a  figure  tha t  ha s th e sam e topologica l  invariant s a s th e middl e figure.  T h e figures  use d i n 
th e first  pai r  wer e mad e u p o f  exactl y th e sam e lin e segments .  Accordin g t o th e theor y (Oilman ,  1979 )  considerin g lin e 
segment s a s correspondenc e tokens ,  th e onl y differenc e betwee n stimulu s b  an d c  i s tha t  on e componen t  lin e segmen t 
was translate d wit h a  constan t  distance .  I t  seem s difficul t  fo r  thi s kin d o f  theor y t o interpre t  th e preferenc e fo r  motio n 
fro m stimulu s a  t o stimulu s c . 

I n Marr' s "prima l  sketch '  (1978 )  an d Julesz '  theor y o f  effortles s textur e discriminatio n (1981) ,  terminator s ar e als o 
considere d a s basi c primitives .  Alon g thi s line ,  somebod y migh t  lik e t o argu e tha t  th e preferenc e fo r  motio n betwee n 
stimulu s a  an d c  i n Pai r  1  wa s observe d no t  becaus e o f  closur e bu t  jus t  becaus e o f  terminators .  However ,  th e resul t  wit h 
Pai r  2  seem s t o rul e ou t  thi s objection .  Stimulu s a  possesse s th e sam e numbe r  o f  terminator s a s stimulu s b  bu t  no t 

stimulu s c .  I n som e cases ,  terminator s ma y reflec t  closur e an d connectivit y properties ,  bu t  no t  always . 
Assumin g tha t  th e visua l  respons e t o closur e resulte d fro m topologica l  structur e i n visua l  perception ,  i t  woul d b e 

predicte d tha t  subject s woul d se e motio n preferentiall y  betwee n a  dis k an d a  soli d squar e rathe r  tha n betwee n a  dis k an d 
a ring .  Th e resul t  wit h Fai r  3  support s thi s prediction . 

I t  i s  interestin g t o not e tha t  fo r  Pai r  3  an d 4  onl y th e stimulu s i n th e first  displa y changed ;  ye t  th e preferre d direc -
tio n o f  apparen t  motio n strongl y reverse d fro m th e soli d squar e i n Pai r  3  t o th e rin g i n Pai r  4 .  Thi s patter n strongl y sug -
gest s topologica l  explanation .  I n fact ,  Ramachandran ,  Ansti s an d Ginsbur g (1982 )  hav e alread y reporte d tha t  subject s 
displa y preferenc e fo r  motio n fro m a  soli d squar e t o a  soli d circl e rathe r  tha n a n outlin e squar e an d fro m a  cros s t o a 
rotate d cros s rathe r  tha n a  squar e mad e b y th e sam e lin e segments .  T h e fact s hav e bee n interprete d assumin g tha t  'lo w 
spatia l  frequenc y dominate s apparen t  motion' .  Alon g thi s lin e o f  thinking ,  th e preferenc e fo r  motio n fro m a  hollo w 
squar e t o a  rin g woul d hav e t o b e interprete d a s hig h spatia l  frequenc y dominatio n o f  apparen t  motion .  Thes e tw o obser -

vations ,  therefore ,  cas t  som e doub t  o n th e valu e o f  explanation s o f  apparen t  motio n usin g th e notio n o f  spatia l  fre -
quency .  Unde r  plasti c deformatio n o f  stimuU ,  lik e line s o r  blobs ,  spatia l  frequencies ,  whethe r  lo w o r  high ,  woul d b e 
difficul t  t o imagin e a s invariant s fo r  th e correspondenc e tokens . 

Becaus e th e numbe r  o f  hole s i n a  connecte d componen t  represent s a  typica l  topologica l  invarian t  an d it s intuitiv e 
meanin g i s no t  obvious .  Pai r  5  wa s designe d t o giv e mor e evidenc e fo r  th e topologica l  hypothesi s an d als o t o furthe r  rul e 

out  som e othe r  factor s tha t  ar e ofte n relevan t  t o th e stud y o f  brightnes s sensitivit y o r  spatia l  frequenc y analysis .  T h e fac t 
tha t  th e tota l  are a o f  th e tw o inne r  circle s i n stimulu s b  i s equa l  t o tha t  o f  th e bigge r  inne r  circl e i n stimulu s c  make s th e 
explanatio n i n term s o f  difference s i n brightnes s o r  spatia l  frequenc y difficult ;  however ,  th e resul t  i s  consisten t  wit h th e 
topologica l  explanation .  O n e migh t  argu e tha t  th e motio n fro m stimulu s a  t o stimulu s c  arise s fro m th e 'similarity * 
betwee n them .  However ,  i n Pai r  3 ,  th e motio n fro m th e dis k t o th e squar e rathe r  tha n t o th e rin g alread y indicate s tha t 

th e correspondenc e token s ar e no t  thes e kind s o f  similarit y factors . 
S o me long-standin g debate s abou t  th e natur e o f  apparen t  motio n hav e ofte n centre d o n th e fundamenta l  questio n 

of  h o w t o understan d groupin g (Anstis ,  1979) .  Che n (1980 ,  1981 )  ha s considere d groupin g als o a s th e extractio n o f  globa l 
topologica l  invariants .  Th e ver y natur e o f  visua l  perceptio n i s discrete ,  an d th e approac h o f  perceptua l  organization ,  say , 
th e Gcstal l  laws ,  i s ofte n aime d a t  som e obviousl y discret e stimuli ,  suc h a s do t  arrays .  Therefore ,  genera l  topolog y can -
not  b e directl y use d t o describ e perceptua l  organization .  Fo r  a  clearl y discret e set ,  wh y d o w e hav e continuou s an d 

wholisti c perceptions ? I n thi s sense ,  th e Gestal t  perceptua l  phenomen a loo k puzzling .  T h e mathematic s o f  Toleranc e 
Space s (Zccman .  1962 )  tell s  u s ho w t o formulat e th e globa l  propertie s o n a  discret e set .  Toleranc e i s a n algebrai c relatio n 
chose n no t  onl y t o represen t  th e concep t  o f  th e leas t  noticeabl e differenc e bu t  als o t o represen t  a  m i n i m u m measur e 
withi n th e rang e o f  whic h detail s wil l  b e ignore d b y th e perceptua l  syste m fo r  attachin g importanc e t o globa l  properties . 



I n a  toleranc e space ,  w e ca n buil d u p a  mathematica l  structur e simila r  t o topology .  Groupin g represent s a  visua l  functio n 

t o ignor e detail s withi n a  certai n toleranc e an d t o extrac t  globa l  toleranc e invariants ,  suc h a s toleranc e connectivity ,  clo -
sur e an d holes .  Takin g a  toleranc e o f  on e centimeter ,  th e tw o mos t  noticeabl e globa l  toleranc e propertie s o f  th e secon d 

stimulu s o f  Pai r  7  ar e tha t  i t  ha s tw o piece s (tw o toleranc e connecte d components )  an d on e o f  the m ha s a  hol e i n it .  So , 

i f  groupin g ca n reall y b e considere d a s th e extractio n o f  globa l  toleranc e invariants ,  the n preferenc e o f  apparen t  motio n 
shoul d b e observe d fro m th e toleranc e circl e t o th e toleranc e squar e rathe r  tha n t o th e toleranc e ring ,  th e globa l  toler -

anc e propert y o f  whic h i s differen t  fro m tha t  o f  th e others .  T h e resul t  wit h Pai r  7  help s u s wit h th e suggeste d theoreti -
cal  basi s fo r  understandin g grouping .  Correspondenc e processe s wit h eithe r  groupin g o r  norma l  pattern s ca n b e describe d 
consistentl y i n term s o f  topologica l  invariants . 

SUMMARY AND GENERAL DISCUSSION 
Usin g th e adapte d 'competin g motio n technique' ,  seve n pair s o f  stimulu s figures  showin g topologica l  variatio n wer e 

designe d t o revea l  som e evidenc e fo r  tha t  topologica l  invariant s pla y a  rol e i n correspondenc e processe s o f  apparen t 

motion .  Thes e experimenta l  data ,  whic h sho w tha t  subject s reporte d stron g preferenc e fo r  motio n fro m a  centra l  figur e 
t o a  figure  wit h th e sam e topologica l  invariant s a s its ,  cam e fro m variou s kind s o f  stimulu s pattern s tha t  represen t  quit e 

differen t  structura l  form s an d tha t  contro l  othe r  explanator y factors ,  suc h a s brightness ,  spatia l  frequenc y an d termina -
tors .  Nonetheles s al l  o f  the m ar e consisten t  wit h th e topologica l  explanatio n an d strongl y sugges t  a  topologica l  structur e 

i n visua l  perception . 

T h e ke y poin t  i s  tha t  th e unit s o f  figure  perceptua l  representatio n ar e invariant s a t  differen t  geometrica l  level s 
(Chen ,  1981) .  Alon g thi s lin e w e ca n deepe n ou r  comprehensio n o f  som e o f  th e long-standin g debate s abou t  apparen t 

motion .  Fo r  example ,  n o w i t  i s  clea r  tha t  th e questio n o f  whethe r  motio n perceptio n precede s for m perceptio n i s no t  a 

goo d question .  Fo r m perceptio n include s differen t  level s an d a t  th e leve l  o f  extractio n o f  topologica l  invariant s i t  pre -
cede s motio n perception ;  however ,  a t  th e level s o f  mor e detaile d properties ,  say ,  th e differenc e betwee n a  squar e an d a 

triangle ,  motio n perceptio n ma y preced e for m perception .  So ,  w e canno t  simpl y clai m tha t  'th e correspondenc e token s 
ar e no t  structure d forms '  (Ullman ,  1979) .  T h e righ t  questio n i s whic h kind s o f  structure d form s shoul d b e considere d a s 

th e correspondenc e tokens ,  an d whic h kind s ar e not .  I n fact ,  topologica l  invariant s ar e a  kin d o f  importan t  structure d 

form . 
T h e critica l  ac t  i n formulatin g Ullman' s computationa l  theor y fo r  apparen t  motio n i s o f  usin g th e rigidit y con -

strain t  o n th e wa y th e worl d behave s (Marr ,  1978) .  Ullman' s theor y i s note d fo r  th e discover y o f  a  vali d constrain t  o f 
rigidity ,  whic h 'enable s u s t o solv e th e structure-from-motio n proble m unambiguously"(Marr ,  1982) .  Bu t  a t  th e sam e tim e 
a certai n limitatio n o f  th e theor y als o come s fro m rigidity .  Plasti c deformatio n i s a  stron g an d c o m m o n phenomeno n i n 

apparen t  motion .  Mar r  (1982 )  pointe d ou t  tha t  a  ne w theor y ma y b e neede d fo r  whe n th e objec t  i s  no t  onl y movin g bu t 
als o changing .  T h e experimenta l  fact s reporte d i n th e presen t  pape r  an d thei r  topologica l  explanatio n hav e suggeste d a 
ne w typ e o f  analysi s o f  apparen t  motion ,  whic h ha s bee n motivate d b y th e genera l  transformation ,  plasti c deformation . 

T h e suggeste d topologica l  approach ,  supporte d b y empirica l  data ,  ha s als o raise d som e interestin g issue s abou t 

Marr' s 'prima l  sketch' .  'Th e prima l  sketch '  ha s emphasize d 'th e loca l  geometr y o f  a n image' .  H o w shoul d w e conside r 
th e relationshi p betwee n topologica l  propertie s an d "th e prima l  sketch' ? I t  seem s tha t  i t  i s  implausibl e mathematicall y t o 
comput e ou t  topologica l  propertie s fro m loca l  geometrica l  properties ,  suc h a s oriente d edges ,  lines ,  blobs .  A n d th e fac t 
tha t  perceptio n o f  topologica l  invariant s precede s motio n perceptio n ha s show n th e earl y extractio n o f  topologica l  pro -
perties .  M a n y othe r  experiments ,  fo r  example ,  th e configura l  superiorit y effec t  (Chen ,  1981 )  an d competin g organizatio n 
wit h severa l  simultaneou s factor s (Chen ,  1982d) ,  hav e als o provide d som e evidenc e fo r  th e extractio n o f  globa l  topologi -

cal  invariant s earlie r  tha n tha t  o f  loca l  geometrica l  properties ,  suc h a s orientations ,  positions .  So ,  considerin g th e tim e 

dependenc e o f  perceive d properties ,  i t  seem s difficul t  t o assum e tha t  topologica l  propertie s ar e derive d fro m loca l 
geometrica l  properties .  Minsk y an d Paper t  (1972 )  prove d tha t  fo r  perceptrons ,  th e topologica l  predicat e i s no t  finite 
order ;  however ,  lower-orde r  perceptron s ca n b e use d fo r  computin g geometrica l  properties .  Thu s fro m th e perspectiv e o f 

computationa l  theory ,  th e globa l  natur e o f  topologica l  propertie s make s the m essentiall y  differen t  fro m loca l  geometrica l 

properties .  I t  therefor e seem s difficul t  fo r  'th e prima l  sketch '  t o accommodat e topologica l  propertie s withou t  changin g 
it s loca l  nature .  Thes e question s ar e fundamenta l  fo r  understandin g visio n an d deserv e furthe r  study . 

Not e abou t  figure s 
Al l  stimulu s figure s use d i n thes e cx[>criiDcnt s ar c blac k o a whit e paper .  Lin e segment s i n Pai r  1 ,  2  an d 6  wer e draw n b y a  pe n wit h 

lin e widt h i n J O ram. 



T wo o f  thre e lin e tegmcnt i  o f  eac h stimulu s figure  i o Pai r  1  hav e equa l  lengt h i o 2 4 m m,  th e other ,  3 2 m m.  Tb e distanc e betwee n 
stimulu s b  an d c  i s 3 6 m m 

Thre e o f  fiv e lin e segment s o f  eac h stimulu s figure  i n Pai r  2  hav e equa l  lengt h i n 2 6 m m,  th e others ,  1 1 m m.  Th e distanc e betwee n 
stimulu s b  an d c  i s 3 4 m m 

I n Pai r  3 .  th e diamete r  o f  th e dis k i s th e sam e 3 2 m m a s th e oute r  diamete r  o f  th e ring  an d on e sid e lengt h o f  th e square .  Th e inne r 
diamete r  o f  th e rin g i s 1 8 m m.  Th e distanc e betwee n th e rin g an d th e squar e i s 4 0 m m. 

I n Pai r  4 ,  on e oute r  sid e o f  stimulu s a  i s th e sam e 2 7 m m i n lengt h a s on e sid e o f  th e squar e an d th e oute r  diamete r  o f  th e ring. 
The inne r  sid e o f  stimulu s a  i s 1 4 m m i n length .  Th e inne r  diamete r  o f  th e ring  i s 1 8 m m.  Th e distanc e betwee n th e squar e an d th e rin g 
i s 4 0 m m. 

Th e oute r  diameter s o f  thre e stimul i  i n Pai r  S  ar e al l  th e sam e 4 0 m m.  Th e diamete r  o f  th e inne r  circl e i n stimulu s a  i s th e sam e 
I S m m a s tha t  o f  on e inne r  circl e o f  stimulu s b .  Th e inne r  diamete r  o f  stimulu s c  i s approximatel y 2 1 m m.  Th e distance s betwee n 
stimulu s a  an d b  an d stimulu s a  n d c  ar e al l  2  m m. 

The length s o f  thre e lin e segment s i o Pai r  6  ar e al l  th e sam e 2 1 m m.  Th e diamete r  o f  th e circl e i s 5 9 m m.  Th e distanc e betwee n 
stimulu s a  an d b  i s th e sam e 2 S m m a s tha t  betwee n stimulu s a  an d th e targe t  lin e i o stimulu s c . 

I n Pai r  7 ,  th e diamete r  o f  stimulu s a  i s 3 3 m m,  th e oute r  diamete r  an d th e inne r  diamete r  o f  stimulu s b  are ,  respectively ,  4 3 m m 
and 1 9 m m,  an d on e sid e lengt h o f  stimulu s c  i s 3 0 m m.  Th e distance s betwee n stimulu s a  an d b  an d stimulu s a  an d c  al l  3  m m. 
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