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TRANSFCRMATICNAI  STRUCTURE AN L PSHCEPTUAL OHCAMZATION 

Stephen E, Palmer 
nnlverslt y o f  Callfprnia .  Berkele y 

The problen s o f  structur e ari d 
crganlzatio n ij ,  perceptio n ar e arron g th e ros t 
cer.tra l  i r  th e histor y "  "  -• -  — field . 

I n thi s pape r  I  sugĵ es t  ar.swer s t o tot h 
questions .  T o provid e A n Initia l  ile a c f  th e 
directio n I  wil l  take ,  her e i s a  liie f 
preview .  Th e organizationa l  phenomen a I  tak e 
t o l e rros t  critica l  fo r  understandin^ ;  th e 
stn)ctur'= '  c f  perceptio n are :  (a )  objec t 
constanc y dtsplt e change s i n ir.ag e size , 
shape ,  rcbiticn ,  an d orientation ,  (b )  motio n 
perceptio n o f  structure d objects ,  ;c )  fifcura l 
(?ccdres s o r  "goo d f^estelt" ,  ((' '  perceptua l 
grorplr g o f  th e visua l  field ,  ar d (e ) 
referenc e fram e effects .  First ,  I  wil l  argu e 
tha t  thes e phenomen a ar e relate d b y tY e fac t 
tha t  underlylr. g the n al l  i s  a  cormo n 
transformatiora l  structure .  Second ,  I  wil l 
describ e a  genera l  desig n fo r  a  comnutationa l 
systet n withi n whic h trars f  orm a ticna l 
structur e car .  b e analyze d easily .  Th e 
proposa l  i s  t o coupl e a  tra.isforiraticnell y 
base d syste m o f  analyzer s wit h a n attenticra l 
rrechanis m tha t  establishe s a  variabl e frar. ? 
of  referenc e withi n it .  Tn e jo b o f  th e 
dttentiona l  frs-r e i s t o mov e aroun d withi n 
th e spac e r f  analyzer s s o a s t o naximiz e th e 
Invarlanc e an d stabilit y  o f  th e attende d 
output .  I t  dee s s o b y ccrrpens a t i  r< ? fc r  th e 
change s brcutih t  abou t  b y th e t  rans f  orr,a t  ion s . 
Finally ,  I  wil l  maKe a  fe w rep-ark s abou t  wh y 
I  thin k tn e kii d o f  computationa l  structur e I 
!3m proprsin g i s a n interestir. g on p fro m a 
pvrel y theoretica l  starjdpoint . 
Transformational Structure 

The basis of transformational structure 
I s th e concep t  o f  trans f  cnr; d tiona l 
invariance .  Transformationa l  invarianc e 
refer s t o th e fac t  tha t  whe n a n objec t 
undergoe s a  spatia l  transformation ,  suc h a s a 
rotation ,  a  grea t  man y change s occu r  i n th e 
patter n o f  stiiulatio n o n th e retina ,  bu t  a t 
th e sam e tim e ther e i s a  grea t  d°a l  o f  highe r 
orde r  structur e tha t  doe s no t  chang e a t  all . 
Al l  sort s o f  relationship s (" r  relationship s 
among relationships ;  d o no t  charg'= ,  eve n 
thoug h eac h firs t  orde r  propert y ioe s ,  an d 
thes e unchangin g aspect s ar ^  th e 
transformationa l  invariants .  I n man y case s 
the y correspon d mer e directl y t o th e 
intrinsi c propertie s o f  tn e r>=r. l  worl d objec t 
r.ndergoin g th e trans f  crm a tic n — it s size , 
shape ,  color ,  an d s o fort n — tna n t o th e 
prcpprli= s o f  it s  projecte d image .  Tn e 

image ,  afte r  all ,  change s i n way s tha t  th e 
objec t  clearl y doe s not .  £ecaus e 
transformationa l  invariant s reflec t  objec t 
propertie s rathe r  tha n lm,a^ e properties , 
computin g the m probabl y play s a n importan t 
rol e i n gettin g fro m a n imag e base d 
representatio n t o a n objec t  o r  worl d base d 
one . 

Hew can the transformational structure 
of  a n even t  b e compute d frc m th e 
spatio-tempora l  Image s tha t  aris e fro m it . 
The problem ,  o f  course ,  i s tha t  whil e i t  i s 
trivia l  t o comput e th e imag e ove r  tim e fro m 
knowledg e o f  th e rea l  worl d objec t  an d it s 
rea l  worl d transformation ,  th e revers e i s no t 
at  al l  trivial .  I n fact ,  ther e isn' t  eve n a 
uniqu e solution ,  bu t  onl y a n infinit e se t  o f 
object/transformatio n pairs .  I n othe r  words , 
ther e ar e nan y differen t  worl d event s 
object s rndergoin g transformation s — tha t 
coul d giv e ris e t o th e sam e specifi c  even t 
image s an d n o logica l  basi s o n whic h t o 
decid e th e correc t  on e fro m purel y optica l 
information .  I t  i s  clea r  tha t  som e 
additiona l  assumption s ar e neede d abou t 
eithe r  th e natur e o f  th e object ,  th e natur e 
of  th e transformation ,  o r  bot h t o reac h a 
determinat e solution .  T o reac h th e correc t 
solutio n a s well ,  th e additiona l  assrmption s 
wil l  hav e t o b e chose n i n a  principle d way . 
•*'hat assumptions might help here? 
Clearl y a  goo d be t  woul d b e an y assumptio n 

tha t  i s generall y tru e c f  event s i n th e 
world .  Then ,  arrivin g a t  solution s tha t  ar e 
consisten t  wit h thes e assumption s wil l  almos t 
alway s resul t  i n veridica l  perception . 

Perhaps the most striking fact about the 
transformation s tha t  characteriz e event s i n 
th e worl d i s tha t  bot h object s an d 
transformation s ten d t o b e fairl y stabl e ove r 
tim e an d space .  Thi s i s certainl y tri e eve r 
shor t  interval s c f  tim e an d smal l  region s o f 
spac e an d i s usuall y tru e ove r  lon g interval s 
of  tim e (o n th e orde r  o f  a t  leas t  whol e 
seccri's )  an d large r  region s o f  spac e a s well . 
To th e etten t  tha t  thi s i s so ,  object s ca n b e 
wel l  approximate d a s rigi d an d th e 
transformation s the y underg o a s unifor m 
mction s i n thre e dimensiona l  space . 
Naturally ,  ther e ar e man y case s c f  non-rigi d 
object s undergoin g variou s comple x motions . 
But  eve n thes e ar e probabl y bes t  understoo d 
i n term s o f  ho w the y ca n b e analyze d int o a 
structur e o f  roughl y ri^i d component s 
undergoin g roughl y uniforn ^  motions .  Th e 
motio n o* '  a  perso n walkin g i s a  cas e c f 
non-rigi d motio n tha t  ha s yielde d t o suc h a n 
analysi s (Jrhansson ,  1973 ;  Cutting ,  1981) . 

The rigidity and uniformity assumptions 
sugges t  tha t  th e perceptua l  syste m operate s 
i n suc h a  wa y a s t o maximiz e invarianc e i n 
bot h object s an d motions .  ̂ ^  I n anthropcmcrphi c 
terms ,  t)- e syste m "wants "  t o analyz e bot h 
object s dn d mction s a s "changin g a s littl e a s 
possible" .  "Vantin g t o chang e a s littl e a s 
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possll)le' "  refer s simultaneousl y t o th e fact s 
tha t  tha t  th e perceive d object/motio n pai r 
irust ,  I r  som e sense ,  accoun t  fo r  th e sense d 
variation s i n th e Imag e an d tha t  thi s ca n b e 
done I n mor e tha n on e way .  T o pic k a  wel l 

kineti c dept h effect ,  I f 
simultaneousl y i n it s 
orientation ,  i t  migh t  b e 

tha t  get s shorte r  an d 
i t  rotate s i n 

(b )  a  lin e o f 

studie d exairple ,  th e 
a lin e change s 
projecte d lengt h an d 
eithe r  (a )  a  lin e 
longe r  b y certai n amount s a s 
varou s possibl e way s o r constan t  lengt h tha t  i s  rotatin g I n dept h 
(Vallac h S,  P'Connell ,  1953) .  Th e latte r  I s 
almos t  invariabl y perceived ,  althoug h i t 
sometime s take s a n observe r  severa l  second s 
t o achiev e it .  Cnc e i t  i s  perceived , 
however ,  i t  i s  stabl e an d dee s ro t 
spontaneousl y chang e t o somethin g else . 
Accordin g t o th e presen t  lin e o f  thought ,  th e 
preferre d interpretatio n arise s becaus e i t  i s 
"simpler "  tha n th e alternative s give n th e 
heuristi c assumptio n tha t  object s i n th e 
worl d ten d t o b e rigi d an d underg o unifor m 
irotion s i n thre e dimensiona l  space .  Thus , 
th e perceptua l  syste m seem s t o prefe r 
Interpretation s o f  greates t  possibl e 
invariance . 
Notion and Constancy 
The perceptual phenomena most directly 
and obviousl y relate d t o transformationa l 
invarianc e ar e thos e o f  motio n perceptio n an d 
objec t  constancy .  ^̂ otio n occur s whe n th e 
positlor .  o f  som e objec t  o r  par t  o f  a n objec t 
chanfce s ove r  time .  I t  i s  th e paradigmati c 
cas e o f  6  iransformatior. ,  o f  course ,  bu t  i t 
i s  perhap s no t  s o obviou s wha t  i t  ha s t o d o 
wit h invariance .  I n fact ,  th e whol e concep t 
of  a  distinc t  objec t  undergoin g motio n 
presuppose s invarianc e i n tha t  th e objec t  i s 
take n t o b e unchangin g (excep t  fo r  it s 
pcsition ,  o f  course )  a s i t  moves .  Logically , 
one coul d jus t  a s wel l  sa y tha t  th e worl d ha d 
change d it s Irtrinsi c natur e ove r  time .  Thi s 
wcul d b e a  mer e reasorabl e notio n i f  on e 
perceive d th e visibl e surface s o f  th e worl d 
lik e a  rubbe r  shee t  tha t  simpl y change d it s 
shap e plasticall y durin g events .  Th e fac t  i s 
tha t  peopl e t o ro t  perceiv e th e worl d i n thi s 
way,  bu t  a s consistin g o f  articulated , 
unchangin g object s tha t  underg o variou s sort s 
of  notions .  Thi s highlight s th e fac t  tha t 
perceivin g motion s o f  object s acti:all y 
presuppose s invarian t  aspect s a s wel l  a s 
varyin g ones ,  ar d tha t  a n even t  i n th e worl d 
alway s ha s bot h components . 
tancy 

fro m 
ei  ve d 

th e 
etel y 
0 b e 

too . 
,  fo r 

th e 
dept h 

th e 
thei r 
icna l 
rmln e 
of  a 

I t  a 
i s jus t 

ppears ,  the n 
th e othe r 

motio n perception .  ' ' 
transforration ;  ob j 
perceive d 
couple d 
differen t 
I n th e 
example . 
motio n 
rotation ) 
motio n i s 
combine d 
imag e ( 
colore d r 

.  invariance . 
i n tha t 

: ,  th e objec t 
cas e o f  a 

,  tha t  objec t  con s 
sid e o f  th e coi n 

ctio n i s th e per c 
ect  constanc y i s 

They ar e comp l 
fo r  th e motio r  t 
must  b e differen t 
rotatio n i n dept h 

eithe r  th e objec t  i s  rigi d an d 
i s unifor m la s i n actua l 

1 o r  th e objec t  i s  plasti c an d 
1 nonunifor m 
change s pro- ^ 
as i n th e 
•egion s ir .  a 

dept h rotation, . 

i n suc h a  wa y tha t 
uce th e tw o dimen s 

plasticall y -"ef o 
motio n pictur e 

Give n tha t  rea l  worl d event s ten d t o 
consis t  o f  rigi d object s i n unifor m motions , 
a perceptua l  syste m woul d b e biase d towar d 
veridlcallt y i f  i t  someho w embodie d 
preference s towar d perceivin g rigi d object s 
and unifor m motions .  Indeed ,  ther e i s goo d 
evidenc e tha t  thi s i s true .  When presente d 
wit h ambiguou s information ,  peopl e ten d t o 
perceiv e rigi d object s rotatin g o r 
translatin g i n three-dimensiona l  spac e a s 
lon g a s th e cptica l  structur e i s consisten t 
wit h suc h a n interpretatio n an d th e syste m i s 
give n sufficien t  time .  Fo r  example , 
Johansso n (1950 )  showe d tha t  peopl e hav e a 
stron g tendenc y t o se e tw o movin g point s a s 
fixe d a t  th e end s o f  a  rigi d ro d movin g i n 
thre e dimension s rathe r  tha n a s movin g 
non-rigidl y i n tw o dimensions .  Thus ,  a n 
ambiguou s objec t  i n unambiguou s motio n tend s 
t o b e perceive d a s rigi d rathe r  tha n 
plasticall y deforming .  Th e othe r  sid e o f 
thi s stor y i s tha t  a n unambiguousl y specifie d 
objec t  i n ambiguou s stroboscopi c motio n tend s 
t o b e see n i n unifor m motio n (Shepar d &  Judd , 
1976 ;  Farrel l  &  Shepard ,  1931) .  Clearly , 
ther e i s somethin g specia l  abou t  rigi d 
object s an d motion s fo r  th e huma n visua l 
system . 
Figural Goodness 

Anoth e 
theor y t h 
transforma t 
psychologi s 
goodness. " 
t o subjec t 
and slmpli c 
t o others . 
feelin g t o 
intuitivel y 
simpl e t o g 

r  importan t  proble m 1 
at  i s  intimatel y 
iona l  structur e 
t s hav e com e t o c 
Figura l  goodnes s ref e 
iv e feeling s o f  orde r 
it y i n certai n figur e 

The relatio n o f  t h 
transformationa l  str u 

obvious ,  bu t  i t  i s 
rasp . 

n perceptua l 
relate d t o 
i s _  wha t 

al l  "figura l 
r s primaril y 
,  regularity , 
s a s oppose d 
i s subjectiv e 
ctur e i s no t 

nevertheles s 

Figure s ar e goo d t o th e exten t  tha t 
the y ar e themselve s invarian t  ove r  certai n 
type s o f  transformations .  Th e mos t  obviou s 
cas e i s tha t  o f  standar d bilatera l  o r 
reflectiona l  ̂ symmetry .  ^_ T o illustrate ,  th e 
letter s "a "  an d "r. "  ar e re f  lectlonell y 
symmetri c abou t  thei r  vertica l  axe s becaus e 
eac h lette r  i s  th e sam e a s itsel f  afte r  bein g 
reflecte d abou t  a  vertica l  lin e throug h it s 
center .  Th e othe r  widel y know n tyg e o f 
symmetr y i s rotational .  Th e letter s " N an d 
"Z "  ar e rotationall y symmetri c throug h a n 
angl e o f  ie0-degree s becaus e eac h lette r  i s 
th e sam e a s Itsel f  afte r  bein g rotate d b y 
ie0-degrees .  Stil l  othe r  letter s hav e 
transformationa l  invarianc e ove r  a  numbe r  o f 
differen t  transformations :  "x" ,  "C" ,  "H" ,  an d 
"l "  al l  hav e tw o reflectiona l  symmetrie s 
(abou t  vertica l  an d horizonta l  line s throug h 
thei r  centers )  a s wel l  a s lEB-degre e 
rotationa l  symmetry .  A  perfec t  circl e ha s 
stil l  greate r  transformationa l  invarianc e 
becaus e i t  i s  unchange d b y al l  centra l 
rotation s an d reflections . 
There are two other, less well known 
type s o f  symmetry :  translationa l  an d 
dilationa l  (*eyl .  1952) .  The y ar e define d b y 
th e sam e abstrac t  schem e a s fo r  reflectlcr.a l 
and rotationa l  symmetries .  3ot h o f  thes e 
latte r  sort s o f  symmetrie s technicall y appl y 
onl y t o idealized ,  infinit e patterns ,  bu t  on e 
can defin e "local "  version s tha t  appl y t o 42 



finit e pattern s b y onl y requirin g invarlanc e 
fo r  par t  o f  th e patter n ove r  th e 
trarsformation .  (Se e Palmer ,  i n press ,  fc r  a 
ror e complet e discussio n o f  symtnetry ,  loca l 
synmetry ,  an d thei r  relatio n t o 
transforrratlona l  structure. ) 

It turns out that the goodness of 
figure s ca n h e wel l  predicte d fro m it s 
symmetrie s I n thi s extende d sense :  th e se t  o f 
transforn-a t  ion s ove r  whic h th e figur e i s 
Irvarlant .  Garne r  (1974 )  showe d tha t  rating s 
of  perceive d goodnes s increase d rronotonlcall y 
wit h th e numbe r  o f  transfornatio'^ s ove r  whic h 
th e figur e i s invariant .  Garne r  actuall y 
talk s abou t  "rotatio n ar, i  reflectio n (o r 
? &  P )  snlsets "  o f  a  figure ,  tu t  thi s concep t 
turr s ou t  t o b e Isomorphi c t o th e numbe r  c f 
rotationa l  an d rt f  1  ec t  ior.a l  invariant s 
(Palmer ,  i n press) .  F\jrther ,  th e amoun t  o f 
transforrraiiona l  invarlanc e a  figur e ha s als o 
strongl y affect s ho w l̂uickl y peopl e ca n natc n 
tw o figure s fo r  physica l  identity ,  ho w wel l 
the y remenbe r  a  figure ,  an d ho w easil y the y 
can describ e it .  Suc h result s demonstrat e 
th e realit y o f  figura l  goodnes s i n perceptua l 
processing .  fSe e Garner ,  1974 ,  fo r  a 
review) .  Ther e i s additiona l  evidenc e tha t 
flgvra l  goc'nes s depend s o n trarslationa l  an d 
dilatiora l  invarlance s a s wel l  (leeuwenberg , 
1971) . 

In summary, figural goodness seems tc be 
characterl2e d quit e nicel y b y th e concep t  o f 
trans f  ormatlcr.a l  invarlance .  Th e relevan t 
transformation s i n thi s cas e ar e reflections , 
rotations ,  translations ,  an d illations . 
Excep t  fo r  th e additio n o f  reflections ,  thes e 
er e th e san e se t  tha t  charactFrize d motio n 
and cbjer t  constanc y phenomena .  I t  seer s 
unlikel y tha t  thi s i s merel y a  coincidence . 

jrorplnfi 

The next phenomenon I wart to relate to 
transformationa l  structur e i s groupin g 
(Werthelmer ,  1922; .  Figur e 1  show s som e 
standar d exarple s o f  groupin g phenomen a I n 
whic h mcs t  peopl e repor t  perceivin g eithe r  a 
vertica l  o r  horizonta l  oigarizatlor .  Figur e 
l A demonstrate s th e infli.erc e o f  proximit y e n 
grouping .  Th e dot s ar e orĵ anize d int o 
vertica l  cclumr. s (rathe r  tha n hcrizc-ta l  o r 
diagona l  rows )  becaus e thei r  vertica l 
proximit y i s greate r  tha n thei r  horliorta l 
Froxlmily .  Figur e 1 3 eemcnstrate s th e 
Influenc e o f  sirilarit y o f  orientation .  Al l 
els e bein g equal ,  simila r  element s ten d t o b e 
groupe d togethe r  an d dissimila r  element s 
groupe d apart .  '̂ar y differen t  klne s c f 
similarit y hav e tee n show n t o affec t 
grouping ,  bu t  color ,  size ,  an d orientatio n 
ar e particularl y striking .  Continuity , 
symmetry ,  an d closur e ar e thre "  othe r  wel l 
documente d factors .  Lv t  perhap s th e ros t 
p ten t  o f  al l  i s  wha t  gestaltist s calle d 

common fate. "  Element s 
common fat e whP r  the y 
directio n a t  th e sam e 
completel y homogeneou s 

grou p togethe r  b y 
rnrv e ir ,  th e sam e 

rate .  ;ve n a 
fiel d c f  rando m dc t 

textur e spontaneousl y organize s Int o figur e 
and groun d ^he n a  spatia l  subse t  o f  th e dot s 
begin s t o mov e togethe r  o r  whe n th e res t  o f 
th e dot s begi n t o mov e aroun d them . 
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Fig .  1 :  Groupin g b y proximit y an d similarity . 

The poin t  I  wan t  t o 
phenomena i s Jus t  this : 
togethe r  whe n 
transformationa l 
tha n the y ar e 
Transforma t  iora l 

make abou t  groupin g 
Element s ar e groupe d 

the y ar e i n close r 
relationship s t o eac h othe r 

t o othe r  elements . 
-  "closeness "  refer s t o th e 

magnitud e o f  th e transformatio n require d t o 
achiev e transformationa l  Invarlance .  Fo r 
exarrple ,  th e dot s i n Figur e l A mus t  underg o a 
large r  translatio n t o brin g the m int o 
congruenc e wit h thei r  vertica l  neighbor s tha n 
wit h thei r  horizonta l  neighbors .  I n Fipur e 
IE ,  th e figure s mus t  underg o e  rotatio n a s 
wel l  a s a  translatio n t o coincid e wit h tr.ei r 
vertica l  neighbors ,  wherea s jus t  a 
translatio n wil l  suffic e fo r  th e horozcrta l 
neighbors . 

Now consider some of the most potent 
factor s i n groupin g phenomena .  Similarit y o f 
tw o element s i n position ,  orientation ,  an d 
siz e ca n b e define d b y th e magnitude s o f  th e 
transforration s — translations ,  rotations , 
and dilations ,  respectivel y — tha t  ar e 
require d t o mak e the m equivalent .  Continuit y 
i s similarit y ove r  loca l  translations ,  an d 
bilatera l  symmetr y i s similarit y ove r 
reflections .  An d so ,  onc e again ,  w e fin d th e 
same type s o f  transformation s lurkin g behir d 
groupin g phenomen a a s w e foun d behin d motion , 
objec t  constancy ,  an d figura l  gcodness . 
Groupin g seem s t o b e determine d b y maximizin g 
transformationa l  relatednes s withi n a 
perceptua l  group . 

Frames of Reference 

The fina l  categor y c f  perceptua l 
jjhenomen a I  wen t  t o discuss s I  wil l  cal l 

referenc e fram e effects. "  I t  Include s a 
number  c f  differen t  result s i n man y differen t 
domains .  Whet  the y al l  hav e i n common i s t o 
sugges t  tha t  perceptio n a t  an y moment  occur s 
withi n e  single ,  unitar y fram e o f  referenc e 
tha t  capture s common propertie s o f  th e whol e 
display .  Cthe r  propertie s ar e 
relativ e t o thi s frame ,  ver y lik'=l ; 
of  deviation s fro m it . 

perceive d 
•  i n term s 

example . conside r now th e As a n 
orientatio n c f  a  globa l  referer'c e fram e ca n 
affec t  shap e perception .  Fî ^ure s 2 A an d 2 3 
sho w th e sam e for m i n tw o orientation s tha t 
diffe r  b y a  4.5-degre e rotation .  Figur e 2 A i s 
perceive d a s a  squar e becaus e it s side s ar e 
hori7onta l  an d vertical ,  an d Figur e 2 1 i s 
perceive d a s a  diamon d becaus e it s side s ar e 
diagonal .  Powever ,  a n interestin g thin g 
happen s whe n a  numbe r  o f  suc h form s ar e 
aligne d diagonally .  Th e perceive d shape s 
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reverse :  horizonta l  an d vertica l  side s 
produc e th e appearanc e o f  diamond s whil e 
diagona l  side s produc e th e appearanc e o f 
square s (Attneave ,  1966 ;  Palmer ,  i n 
preparation) .  I t  seem s tha t  th e til t  o f  th e 
whol e configuratio n i s someho w "factore d cut " 
of  th e display ,  an d th e orientatio n o f  th e 
side s i s the n perceive d relativ e t o th e whol e 
configuration._ _ Th e conjectur e i s tha t  thi s 

factorin g out "  i s  don e b y establishing ;  a 
tilte d fram e fo r  th e figur e withi n whic h 4 5 
degree s i s th e referen t  orientation .  Thi s 
woul d explai n wh y th e shape s ar e perceive d a s 
the y are ,  an d i t  fit s  wel l  wit h man y othe r 
orientsticra l  phenomen a i n shap e perception . 
(Se e Hock ,  1073 ,  fo r  a  review) . 
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Fig .  4 :  Th e spac e o f  analyzers . 

aigher-order Analyzers 

The importa n 
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outpu t  i s guarante e 
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I n general ,  highe r  orde r  analyzer s ar e 
element s tha t  comput e suc h relationship s 
among th e output s o f  lowe r  orde r  analyzers . 
They respon d t o symmetrie s o r  motions , 
dependin g o n whethe r  the y compar e output s 
simultaneousl y o r  ove r  a  tim e lag .  We hav e 
jus t  discusse d a  cas e Involvin g symmetry ,  bu t 
i t  turn s ou t  tha t  motio n analysi s ha s exactl y 
th e sam e logica l  structur e excep t  fo r  th e 
intrc'uctio n c f  a  tempora l  difference .  Fo r 
example ,  suppos e tha t  a  patter n a t  som e tim e 
produce s output s i n th e firs t  orde r  aralyzer s 
and tha t  th e patter n the n moves ,  say ,  b y a 
translation .  Th e outpu t  thi s produce s afte r 
a shcr t  duratio n wil l  b e exactl y th e sam e a s 
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Perceptua l  Referenc e Frame s 

At the heart of this proposal is the 
hypothesi s tha t  visua l  attentio n i s localize d 
withi n th e analyze r  spac e an d i s centere d a t 
a particula r  position .  Thi s establishe s a 
perceptua l  referenc e fram e fo r  furthe r 
perceptua l  analysis .  Fixin g visua l  attentio n 
on on e positio n o f  th e analyze r  spac e induce s 
a referenc e fram e becaus e i t  determine s a 
positio n {o r  or igin) ,  orientatio n (o r  axis) , 
directio n alon g tha t  orientatio n (o r  sense) , 
and resolutio n (o r  uni t  o f  distance )  relativ e 
t o whic h th e content s o f  visua l  attentio n ar e 
coded .  Thus ,  positionin g visua l  attentio n 
determine s th e descriptio n give n t o object s 
unde r  analysis .  Thi s i s entirel y analogou s 
t o th e rol e o f  referenc e frame s i n analyti c 
geometry .  A  circl e ha s a  differen t  equatio n 
when th e origi n c f  it s  referenc e fram e i s a t 
it s  cente r  tha n whe n th e origi n i s 
off-center .  Th e correspondin g phenomeno n i n 
perceptio n occur s whe n th e sam e figur e look s 
lik e a  squar e o r  a  diamond ,  dependin g o n th e 
orientatio n o f  th e referenc e fram e withi n 
whic h i t  i s  perceive d (se e Figur e 2 ) . 
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pcsilicne d — thei r  symrretrie s an d 
regularities .  Th e tes,i c ide a i s tha t 
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For  a  circle ,  ther e wil l  b e n o 
particula r  orientatio n preference ,  precisel y 
becaus e i t  ha s complet e centra l  symmetry . 
For  a  square ,  however ,  o r  fo r  an y othe r 
figur e tha t  ha s significan t  asymmetries , 
ther e wil l  b e decide d preference s i n 
orientation .  A  squar e i s symmetri c abou t 
onl y th e line s Joinin g opposit e midpoint s o f 
it s  side s o r  opposit e vertice s o f  it s  angles . 
Therefore ,  onl y thes e fou r  orientation s ar e 
seriou s candidates .  I f  th e midpoin t  lin e i s 
used ,  th e figur e woul d hav e a  differen t 
perceive d shap e tha n i f  th e verte x lir e wer e 
used .  I n fact ,  thes e two_fram e orientation s 
resul t  i n th e "square" "  an d "diamond " 
interpretations ,  respectively -  Gbviously , 
not  al l  figure s hav e exac t  symmetrie s lik e 
circle s an d square s do .  lu t  th e sam e 
principle s woul d appl y t o approxiirat e 
symmetries . 

Th 
placem e 
proces s 
transf 0 
inform a 
highes t 
leas t 
severa l 
dlffer e 
maximal 
percep t 
square / 
tw o w e 
Palmer , 

e 
nt 

no 
0 

rma t l 
tio n 

out 
loca l 

pax 
nt  p e 

po 
ual 
d iam o 
11 k 

196 0 

tio n 
f  a t 
It s 
ona l 

by 
put 
ly . 
ima , 
rcep t 
siti o 

r e 
nd a 
nown 

Fal 

I  hav e 
tentio n i 

goa l  i 
invarla n 

seekin g 
i n th e 
Sometim e 
and i n 

s wil l  a r 
ns ar e 
ferenc e 
nd ambi g 

example s 
men ^  lu c 

i n 
s a 
5 
ce 
th e 

min d 
"hil l 

t o 
i n t h 

pos 
analyze r 
s ther e 

thes e c 
is e whe n 

chose n 
frane . 

uou s tr i 
^ttne a 

her ,  19f l 

fo r  th e 
climbing " 

maxiniz e 
e stimvlu s 
itio n o f 

space ,  a t 
wil l  b e 

ese s quit e 
differen t 

fo r  th e 
The 

angle s ar e 
ve .  1968 ; 

seldo m 1 
ccmplo T 
l e acc o 
fixatio n 
analyze r 
i s evid« = 
most  g 
r^asona b 
tw o gl o 
resolut i 
loca l  f 
resclut i 
tha t  t 
fixatio n 
for m a 
resul t 
descrip t 
previou s 

singl e a 
e sufflc i 
object . 
mplishe d 
s a t  o t 

spac e t 
nee c  f  a 
ilcba l  1 
l e gues s 
bal  fir a 
0"  leve l 
ixation s 
on t o co d 
he cen t 
s ar e so m 

represe n 
wil l  b e 
ion ,  muc h 
l y (Palm e 

ttentiona l  fixatio n wil l 
ent  t o cod e a  whol e scen e o r 
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Crganizationa l  Phenomen a Revisite d 

We now begin to see how motion can be 
analyze d an d constanc y ca n b e maintaine d 
withi n suc h a  transformationall y base d 
system .  Th e transformation s ar e initiall y 
o d e d b y th e highe r  orde r  analyzer s an d the n 
\;se d t o achiev e an d maintai n maxima l 
constancy .  Th e motio n finall y perceive d i s 
not  a  simpl e functio n o f  th e motio n 
analyzers ,  sinc e i t  to o depend s o n a 
referenc e fram e tha t  maximize s invariance . 
Thi s i s accomplishe d b y a n attentiona l 
mechanis m tha t  find s an d follow s maxima l 
outpu t  level s withi n th e analyzer s sensitiv e 
t o motio n an d thei r  higher-orde r  analyzers . 

Transformations of this reference frame 
ca n compensat e fo r  stimulu s transformations , 
thereb y maintainin g constancy .  I t  seem s 
necessar y tha t  muc h o f  thi s mus t  b e don e 
outsid e consciou s attention ,  however ,  becaus e 
ther e hardl y woul d b e enoug h o f  i t  t o g o 
around .  ^ov e likely ,  onc e a n object' s 
representatio n ha s bee n establishe d i n 
memory,  it s representationa l  schem a ca n 
follo w th e approriat e referenc e fram e withou t 
consciou s attention .  Thi s monitorin g proces s 
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voul d onl y requir e consciou s attentio n i f 
somethin g unexpecte d wer e t o occur ,  suc h a s 
th e oljec t  disappearin g o r  changin g it s 
intrinsi c properties . 

*^any perceptual grouping phenomena are a 
natura l  resul t  o f  thi s attentiona l  proces s 
workin g withi n a  transformationall y 
structure d space .  I t  seek s th e maxiina l 
amount  o f  transformationa l  invarianc e a t 
differen t  level s o f  resolutio n an d cede s 
element s togethe r  tha t  ar e closel y relate d 
withi n th e analyze r  space .  Give n tha t 
attentio n ca n onl y cove r  a  portio n o f  th e 
analyze r  spac e an d tha t  i t  i s  attracte d t o 
loca l  maxima ,  i t  wil l  ten d t o cod e togethe r 
item s tha t  ar e transformationall y similar . 

Finally, reference frame effects result 
fro m a n attentiona l  mechanis m tha t  i s 
centere d e n a  positio n withi n th e analyze r 
spac e an d a  codin g scheme ,  mor e fvll y 
specifie- i  elsewher e (Palmer ,  i n press) ,  tha t 
describe s shap e relativ e t o th e referenc e 
value s o f  th e frame .  Th e fac t  tha t  fram e 
effect s generall y sno w tha t  globa l  structur e 
affect s loca l  structur e mor e strongl y tha n 
vic e vers a suggest s tha t  î lota l  informatio n 
tend s t o dominat e i n determinin g th e positio n 
0*"  th e attentiona l  frame .  Highe r  orde r 
strctur e o f  th e whol e configuratio n seem s t o 
strongl y affec t  th e placemen t  o f  th e 
referenc e fram e and ,  therefore ,  t o irfluenc e 
th e resultin g perception . 

In all of these phenomena it is clear 
tha t  th e system' s preferenc e fo r  invarianc e 
eve r  transformation s hold s withi n th e thre e 
dimensiona l  spac e o f  th e world .  I t  na y hel d 
i n th e tw o dimensiona l  spac e o f  image s a s 
well ,  bv. t  whe n th e tw o conflict ,  th e simple r 
thre e direriSiona l  solutio n generall y 
("ominates .  We hav e hee n discussin g th e 
analysi s o f  tw o dimensiona l  Irages ,  an d i t  i s 
not  entriel y clea r  ho w t o exten d th e proposa l 
int o th e thir d dimension .  Cn e possibilit y 
woul o V e t o ad d serend ,  thre e dimensiona l 
leve l  tha t  ernbodie d th e sam e desig n features , 
t\; t  i n 6  highe r  dirensiond l  i  ty .  Anothe r 
woi:l d h e t c translat e th e relevan t  simpl e 
'.  rans f  ormatio'- s i n thre e dimensior s int o 
thei r  comple x counterpart s i n tw o dim^-nsicns . 
I  d o no t  ye t  hav e a  wel l  define d proposa l  t o 
make o r  thi s -rlfficiil t  issue . 

The Importance of Systemic Structure 

refore closing, I want to say a few 
wrrd s abou t  ar .  in i  terest l  "g ;  propert y o f  th e 
theor y quit e apar t  fro m it s abilit y  (o r  lac i 
thereof )  t o accoun t  fo r  perceptua l  phenomena . 
I  a m intrigue d b y i t  systemi c natrrp .  Th e 
reade r  re y nav e notice d tha t  i n explainin g 
th e theor y I  mad e almos t  r. c referenc e t o th e 
specifi c  natur e o f  th e analyzer s tha t 
compris e th e piece s o f  th e system .  A t  on e 
poin t  I  sai d tha t  the y miî h t  b e somethin g 
lik e bar -  o r  edge-detectors ,  hu t  tha t  wa s 
merel y fo r  illustra t  ior. .  I n fact ,  i t  make s 
ver y littl e differenc e wha t  th e analy?er s 
loo k lik e e s lon g a s the y satisf y certai n 
symmetr y conditions :  namely ,  the y canno t  b e 
symmetrica l  abou t  an y transfornatie n propose d 
t o exis t  withi n th e analyze r  space .  Th e 
reaso n shovl d b e clear .  I f  th e analyzer s ar e 
invarian t  ove r  a  transformation ,  the n tha t 
trarsformatio n canro t  exis t  a s a  dimensio n 

withi n th e analyze r  space .  Fo r  example ,  i f 
al l  th e analyzer s wer e rotationall y 
symmetric ,  a s ar e circula r  center-surroun d 
receptiv e fields ,  the n th e syste m coul d no t 
suppor t  th e orientatio n dimensio n o r  th e 
highe r  orde r  rotationa l  motio n analyzers . 

In any case, the fact that the 
constraint s o n th e syste m ar e s o wea k 
suggest s tha t  i t  i s  primaril y th e structur e 
of  th e whol e syste m tha t  i s doin g th e work . 
Indeed ,  thi s mus t  b e tru e i f  th e basi c 
buildin g block s o f  th e syste m ar e 
transformationa l  relations .  Transformationa l 
relation s ar e a n emergen t  propert y o f  system s 
of  analyzers ;  the y ar e simpl y undefine d fo r 
any individua l  analyze r  withou t  a  systemi c 
contex t  o f  othe r  analyzers .  Thi s suggest s 
tha t  th e interna l  structur e o f  individua l 
analyzer s migh t  bes t  b e considere d i n term s 
of  thei r  functiona l  rol e withi n th e system . 
Further ,  th e natur e o f  th e element s o f  th e 
syste m migh t  actuall y b e determine d b y 
optimizatio n o f  thei r  fvnctiona l  role s v>ithi n 
th e syste m a s a  whol e (Palmer ,  i n press) .  I 
thin k thes e ar e interestin g an d importan t 
notion s fo r  perceptua l  theory .  The y har k 
bac k t o th e gestal t  clai m tha t  emergen t 
propertie s o f  whol e system s pla y th e critica l 
rol e i n understandin g perceptua l  phenomena . 
Perhap s the y wer e right . 
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