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A C o n n e c t i o n i s t  L e a r n i n g M o d e l 

fo r 

3 - D i m e n s i o n a l  M e n t a l  R o t a t i o n ,  Z o o m ,  a n d P a n 

Bartlet t  W .  Me l 

Artificia l  Intelligenc e Grou p 

Coordinate d Science s Laborator y 

Universit y o f  Illinoi s 

Abstrac t 

A connectionist architecture is applied to the problem of 3-D visual representa-

tion .  Th e Visua l  Perceptio n Syste m (VIPS )  i s organize d a s a  flat,  retinotopicall y 

mapped arra y o f  16 K simpl e processors ,  eac h o f  whic h i s  drive n b y a  coarsely -
tune d binocula r  featur e detector .  B y movin g throug h it s environmen t  an d observ -

in g ho w th e visua l  field  change s fro m stat e t o stat e fo r  variou s kind s o f  motion , 

V I P S learn s t o ru n interna l  simulation s o f  3- D visua l  experiences ,  e.g .  menta l 

rotation s o f  unfamilia r  objects .  Unlik e traditiona l  approache s t o visua l  representa -

tion ,  V I P S learn s t o perfor m 3- D visua l  transformation s purel y fro m visual -

moto r  experience ,  withou t  actuall y constructin g a n explici t  3- D mode l  o f  th e 

visua l  scene .  Instead ,  th e thir d dimensio n i s  represente d implicitl y i n th e 

knowledg e a s t o ho w th e patter n o f  activatio n o n it s fiat  shee t  o f  binocularly -

drive n processor s wil l  shif t  abou t  a s V IP S moves ,  o r  onl y imagine s moving , 

throug h space .  V I P S i s  argue d t o b e mor e compatibl e wit h a  variet y o f 

phenomen a fro m th e psycholog y o f  3- D perceptio n tha n previou s visio n systems , 

particularl y wit h respec t  t o development ,  plasticity ,  an d stabilit y o f  perception ,  a s 

wel l  a s th e analogical ,  linear-tim e menta l  rotatio n phenomena . 

1.  Introduct io n 

A fascinatin g puzzl e i n th e stud y o f  visua l  per -

ceptio n lie s i n th e mechanism s b y whic h a  compellin g 

impressio n o f  3-dimensionaIit y i s  achieve d vi a two ,  2 -

dimensiona l  sensor y ports .  Withi n th e field  o f  com -

pute r  vision ,  th e mos t  c o m m o n approac h t o th e prob -

le m o f  3- D visio n ha s bee n t o develo p sophisticate d 

algorithm s tha t  us e th e 2-dimensiona l  retina l  image s 

t o construc t  explicit ,  3-dimensiona l  model s o f  th e 

visua l  scen e [e.g .  Mar r  &  Nishihara ,  1978] . 

Th e Visua l  Perceptio n Syste m (VIPS )  describe d 

herei n i s a  connectionis t  architectur e tha t  embodie s a 

ne w an d ver y difi'eren t  approac h t o 3- D visua l 

representation .  Inspire d b y th e architectur e o f  th e 

brain ,  whic h consist s t o a  remarkabl e degre e o f  2 -

dimensional ,  topographi c map s o f  th e sensor y an d 

moto r  modalities ,  V IP S demonstrate s h o w a  flat, 

retinotopicall y mappe d shee t  o f  simpl e processors ,  eac h 

drive n b y a  coarsel y code d binocula r  featur e detector , 

ca n t o a  larg e degre e achiev e th e effec t  o f  a  3- D 

representatio n withou t  actuall y constructin g a n expli -

ci t  3- D mode l  o f  th e visua l  scene .  Furthermore ,  VIP S 

i s argue d t o b e mor e compatibl e wit h a  variet y o f 

phenomen a fro m th e psycholog y o f  3- D perceptio n 

tha n previou s visio n systems ,  particularl y wit h respec t 

Thi s wor k wa s originall y supporte d b y Thinkin g Machine s Corporation ,  Bosto n MA,  an d subsequentl y b y a  Hewlett -
Packard/AE A Fellowship . 
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t o development ,  plasticity ,  an d stabilit y  o f  perception , 

as wel l  a s th e analogical ,  linear-tim e menta l  rotatio n 

phenouiena . 

T wo tenet s illustrat e th e natur e o f  th e VIP S 

approac h t o 3- D vision .  Th e first  hold s tha t  th e 

facult y fo r  runnin g interna l  simulation s o f  visua l 

events ,  o r  envisionment ,  i s  o f  centra l  importanc e t o a n 

intelligen t  visio n system .  Mor e concretely ,  V I P S learn s 

t o driv e stat e sequence s o n it s internal ,  binocula r 

visua l  m a p tha t  approximat e th e stat e sequence s o n 

th e tam e m a p tha t  woul d b e drive n externally ,  b y th e 

retinae ,  wer e V IP S actuall y movin g throug h it s 

environmen t  an d observin g th e visua l  changes .  A  3 -

dimensiona l  visua l  experienc e i s therefor e represente d 

as a  sequenc e o f  state s o n a n interna l  binocula r  visua l 

map,  wher e eac h stat e code s fo r  th e instantaneou s 3- D 

surfac e layou t  i n th e visua l  field.  V IPS '  representa -

tiona l  repertoir e consist s o f  an y mostly-continuou s 

transformatio n o f  th e binocula r  visua l  array ,  tha t  is , 

any transformatio n i n whic h mos t  o f  th e low-leve l 

feature s i n th e visua l  field  follo w smoot h trajectorie s 

fro m stat e t o stat e i n a  motio n sequence .  Thi s i s t o 
say tha t  i n eac h state ,  onl y a  smal l  fractio n o f  th e 

feature s i n th e visua l  field  shoul d appea r  o r  disappea r 

abruptl y a t  a n occludin g contour .  Include d i n thi s 

clas s o f  transformation s ar e zoom ,  pan ,  an d rotatio n o f 

th e visua l  field  alon g o r  abou t  an y axi s i n 3  dimen -

sions ,  a s wel l  a s arbitrar y combination s o f  these ,  an d 

optionally ,  wit h differen t  sub-portion s o f  th e visua l 

field  undergoin g differen t  transformations .  Visua l 

change s brough t  abou t  b y autonomousl y movin g 

bodie s fal l  withi n th e representationa l  powe r  o f  VIPS , 

but  canno t  ye t  b e learne d o r  predicted .  Thi s limita -

tio n i s discusse d i n th e concludin g sectio n wit h respec t 

t o futur e stage s i n V IPS '  design . 

Th e secon d tene t  hold s tha t  n o a  prior i 

knowledg e o f  3- D visua l  transformation s nee d b e buil t 

in .  Rather ,  V IP S i s base d o n th e philosoph y tha t  a n 

extremel y ric h sourc e o f  knowledg e abou t  th e 3- D 

worl d i s availabl e t o a n intelligen t  visio n syste m tha t 

can ac t  o n th e environmen t  throug h it s "musculature" , 

and observ e an d recor d th e resultin g change s i n it s sen -

sor y stream .  I n jus t  thi s way ,  V IP S learn s th e rela -

tionshi p betwee n it s o w n stat e o f  motion ,  an d th e 

resulting ,  highl y predictabl e wa y i n whic h th e visua l 

scen e change s throug h time .  I n la y terms ,  V IP S embo -

die s a  "learn-by-doing "  approac h t o 3- D vision ,  a s 

dependen t  o n it s o w n stat e o f  activit y a s o n th e con -

ten t  o f  th e incomin g sensor y stream . 

Whil e V I P S an d it s constituen t  element s ar e 

bein g propose d elsewher e a s a n abstrac t  mode l  fo r  a 

visual/moto r  associatio n corte x i n th e brai n [Mel , 

1986a] ,  i t  wil l  b e describe d her e onl y i n it s capacit y a s 

a connectionis t  architectur e applie d t o th e proble m o f 

3- D visua l  representation ,  wit h particula r  attentio n t o 

it s compatibilit y  wit h a  variet y o f  phenomen a i n th e 

psycholog y o f  3- D visua l  perception . 

2. The Organization of VIPS 

2.1. Connectivity 

Structurally ,  V I P S consist s o f  16 K simpl e proces -

sors ,  o r  Contextrons ,  organize d i n a  flat,  retinotopi -

call y mappe d grid ,  wit h eac h processo r  receivin g it s 

dominan t  input ,  an d therefor e it s "meaning" ,  fro m a 

coarsel y tune d binocula r  featur e detecto r  tha t  respond s 

optimall y t o a  short ,  physica l  micro-featur e a t  on e o f  4 

orientation s an d 4  depth s i n th e visua l  field.  Thi s typ e 

of  visua l  featur e detecto r  i s purposel y analogou s i n 

desig n t o th e binocula r  cell s i n th e m a m m a l i a n visua l 
corte x [e.g .  Hube l  &  Wiesel ,  1979] ,  wher e th e dept h i s 

give n b y th e horizonta l  disparit y betwee n th e 

Contextron' s lef t  an d right-ey e receptiv e fields.  I n 

additio n t o thi s powerfu l  retinally-derive d input ,  a 

Contextro n receive s a  weighted ,  excitator y feedbac k 

connectio n fro m eac h o f  it s  neighbor s withi n som e fixed 

radius ,  allowin g th e curren t  stat e o f  activit y i n it s 

neighborhoo d t o influenc e it s o w n nex t  state .  Finally , 

eac h Contextro n receive s a  motion-contex t  inpu t  fro m 

VIPS '  controllin g "moto r  center" . 

2.2. The Contextron 

Th e Contextro n i s th e simpl e connectionis t  pro -

cesso r  ou t  o f  whic h V I P S i s built ,  essentiall y  perform -

in g th e functio n o f  a  multiplexe r  (fig .  l) .  I n eac h state , 

a contex t  field  select s som e subse t  o f  a  Contextron' s 

contex t  field 

I 

oat  pu t 

iehte d 
inpat 5 

Figur e 1 .  T h e Contextron . 
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weighte d input s t o b e gate d t o th e output' .  It s func -

tio n a s a  multiplexe r  i s mos t  easil y understoo d fo r  th e 

degenerat e cas e i n whic h th e contex t  field  enable s onl y 

a singl e weighte d input .  I n thi s case ,  th e Contextro n 

simpl y gate s th e singl e inpu t  directl y t o th e outpu t 

throug h a  weightin g factor .  I n general ,  however ,  a 

contex t  field  wil l  usuall y enabl e no t  one ,  bu t  som e 

smal l  numbe r  o f  weighte d inputs .  Crucially ,  eac h o f 

th e enable d input s i n a  give n contex t  stat e i s signallin g 

th e presenc e o f  th e sam e physica l  even t  E ,  wher e th e 

weigh t  fo r  eac h inpu t  i s a  measur e o f  it s  historica l  reli -

abilit y  i n reportin g E .  Th e Contextro n ca n therefor e 

be though t  o f  a s takin g a  weighte d "poll "  o f  it s selecte d 

input s i n orde r  t o determin e th e probabilit y  tha t  even t 

E occured .  I n VIPS ,  th e subse t  o f  weighte d input s tha t 

i s  enable d i n a  give n contex t  stat e wil l  ten d t o ori -

ginat e fro m a  localize d cluste r  o f  th e Contextron' s 

neighbors ,  an d wil l  b e see n t o signa l  th e imminen t 

incursio n o f  a  physica l  micro-featur e int o it s ow n 

receptiv e field. 

2.8. Theory of Operation 

Th e operatio n o f  V IP S depend s mos t  directl y o n 

th e assumptio n tha t  withi n a  give n motion-context , 

suc h a s "mov e forward" ,  mos t  o f  th e physica l  feature s 

i n th e visua l  field  wil l  follo w smooth ,  predictabl e tra -

jectorie s relativ e t o th e movin g observer .  Thi s i s 

identica l  t o th e continuit y o f  flow  assumptio n detaile d 

by Mar r  [1982] . 

Conside r  F ,  a  short ,  verticall y oriente d featur e i n 

th e near-righ t  visua l  field,  an d C^ ,  th e Contextro n 

tha t  i s  mos t  strongl y activate d b y F .  I f  VER S i s mov -

in g smoothl y forwar d i n space ,  the n th e sam e physica l 

featur e tha t  i s  excitin g C ^  i n stat e i  wil l  mov e deter -

ministicall y int o a  ne w positio n relativ e t o VIPS , 

dependin g onl y o n th e rat e o f  forwar d motio n (fig .  2a) . 

I n stat e i+ 1 therefore ,  th e sam e physica l  featur e wil l 

be somewha t  les s distan t  an d furthe r  t o th e righ t  i n 

th e visua l  field,  an d wil l  therefor e excit e a  differen t 

Contextron ,  C j  (fig .  2b) .  Assumin g th e featur e ha s no t 

ha d tim e t o trave l  fa r  acros s th e retin a i n a  singl e stat e 

i n th e motio n sequence ,  the n C j  wil l  b e a  relativel y 

clos e neighbo r  t o C^ ,  withi n th e radiu s o f  th e feedbac k 

paths .  Unde r  th e continuity-of-optic-flo w assumption , 

i t  i s  clea r  tha t  i n th e contex t  o f  forwar d motion ,  C ^  i s 

an excellen t  predicto r  o f  th e nex t  stat e o f  C j .  Thi s 

fac t  i s  reflecte d b y a  heavil y weighte d feedbac k connec -

tio n fro m C ^  t o C j ,  fo r  th e contex t  o f  forwar d motio n 

(fig .  2c) .  A s a  usefu l  abstraction ,  C ^  m a y b e give n th e 

specia l  titl e Probabilisti c  Physica l  Predecesso r  (PPP )  o f 

'  I n th e curren t  implementation ,  th e outpu t  i s compute d a s a 
simpl e weighte d s u m o f  th e selecte d inputs ,  bu t  th e particula r 
transfe r  functio n i s no t  o f  immediat e importanc e t o th e model . 

Visua l  Fiel d 

I 
I 
I 
» 
o Si+ 1 

••• •  / ^ ' 
V IP S 

(a )  Visua l  chang e wit h forwar d motion . 

near-dept h 
vertica l  cel l 

c. 

Si  ^i. l 
o -  » -  o 

; 

neaiesl-dept h 
vertica l  cel l 

Cb 

(b )  Interna l  binocula r  state . 

forwar d motio n 
contex t 

near-dept h 
vertica l  cel l 

nearest-dept h 
vertica l  cel l 

(c )  Resultin g feedbac k connection . 

Figur e 2 .  (a )  A s V IP S move s forward ,  a  vertica l 
featur e i n it s near-righ t  visua l  field  move s close r  an d 
furthe r  t o th e right ,  (b )  Thi s sam e vertica l  featur e 
stimulate s a  verticall y oriente d near-cel l  i n stat e i , 
followe d b y >•  verticall y oriente d neores(-cel l  i n stat e 
t+1 .  (c )  Sinc e C^ ,  tend s t o predic t  th e activit y o f  C j 
i n th e contex t  o f  forwar d motion ,  a  stron g feedbac k 
connectio n wil l  develo p fo r  tha t  context . 
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Cj  fo r  thi s "forward "  motion-context ,  thoug h becaus e 

th e featur e detector s drivin g V I P S ar e coarsel y tuned , 

a smal l  populatio n o f  Contextron s d u icre d aroun d th e 

P PP wil l  als o develo p connectio n •. •  C j .  I n th e con -

tex t  o f  revers e motion ,  C ,  shoul d receiv e strongl y 

weighte d connection s fro m th e opposit e neighborhood , 

tha t  i s  on e tha t  code s fo r  a  physica l  featur e eve n 

furthe r  t o th e righ t  i n th e visua l  field  an d stil l  nearer . 

For  eac h motion-context ,  som e differen t  subse t 

of  Cj' s  neighbor s wil l  ten d t o predict ,  on e stat e i n 

advance ,  th e onse t  o f  it s o w n activation .  Thi s reflect s 

th e determinis m o f  th e trajectorie s o f  physica l  feature s 

movin g i n 3- D space ,  whe n th e motio n stat e o f  th e 

observe r  i s known . 

2.4. The Contextron Learning Rule 

We hav e see n th e desire d final  distributio n o f 

weight s fo r  a  Contextron ,  i n whic h eac h motion -

contex t  enable s onl y th e weighte d inpu t  connection s 

fro m thos e neighbor s tha t  ten d t o predic t  th e 

Contextron' s o w n activation ,  on e stat e i n advance .  I n 

orde r  t o justif y thi s final  distributio n o f  weights ,  w e 

describ e her e th e Contextro n learnin g rule ,  a  varian t  o f 
th e Perceptro n learnin g rul e [Rosenblatt ,  1958] ,  an d 

tracin g it s  root s t o a  learnin g rul e propose d b y Heb b 

[1949 ]  fo r  neurons : 

"I f  a  neuron ,  A ,  i s nea r  enoug h t o another ,  B , 
t o hav e an y possibilit y o f  firing  it ,  an d i t  doe s 
tak e par t  i n firing  i t  o n on e occasion...th e pro -
babilit y  i s  increase d tha t  whe n A  fires  nex t  B 
wil l  fire  a s a  result. " 

Within VIPS, the weight modification rule takes the 

followin g form :  wheneve r  th e feedbac k inpu t  fro m a 
neighbo r  i s repeatedl y i n tempora l  agreemen t  wit h th e 

retina l  inpu t  t o a  Contextron ,  whic h act s a s a 

"teacher" ,  the n th e weigh t  fo r  thi s neighbor' s feedbac k 

inpu t  i s  selectivel y increase d fo r  th e motion-contex t 

currentl y i n effect .  Feedbac k input s tha t  ar e uncorre -

late d i n thei r  activit y wit h th e retina l  inpu t  ar e pun -

ished ,  dow n t o a  m i n i m u m weigh t  o f  zero .  Th e detail s 

of  th e weigh t  modificatio n algorith m ar e ommitte d 

here ,  a s the y ar e essentiall y  identica l  t o iterativ e 

weigh t  modificatio n rule s describe d elsewher e [e.g . 

Rosenblatt ,  1958] . 

The physica l  significanc e o f  thi s rul e i s a s follows : 

i f  th e current-stat e activit y o f  som e neighbor ,  a s con -

veye d b y it s  radiall y projectin g feedbac k path ,  i s 

repeatedl y "felt "  t o arriv e a t  th e sam e tim e a s th e reti -

nal  stimulatio n t o a  Contextron ,  the n th e retina l  inpu t 

becomes ,  i n a  sense ,  informationall y redundant .  Ulti -

matel y therefore ,  a  Contextro n i s  abl e t o comput e it s 

nex t  stat e solel y o n th e basi s o f  th e curren t  stat e o f  it s 

neighbors ,  th e primitiv e capacit y tha t  enable s V I P S t o 

internall y simulat e visua l  event s withou t  benefi t  o f  th e 

retina .  N o negativ e weight s ar e neede d o n th e assump -

tio n tha t  visua l  micro-feature s wil l  no t  i n genera l  ac t 

consistentl y a s negativ e evidenc e fo r  othe r  visua l 

micro-features ,  fro m stat e t o stat e i n a  motio n 

sequence . 

T h e motivatio n behin d th e continuity-of-optic -

flow  assumptio n ca n n o w b e m a d e mor e clear .  V I P S 

ca n represen t  exactl y thos e globa l  visua l  transforma -

tion s tha t  ar e bot h smoot h enoug h an d slo w enoug h 

tha t  eac h Contextro n ca n k n o w (wit h hig h probability ) 

it s  nex t  stat e a s a  functio n o f  curren t  stat e o f  activit y 

i n it s fixed  loca l  neighborhood . 

8. Current Status of VIPS Implementation 

3.1. A Simple Visual/Motor Environment 

A standar d graphic s packag e i s use d t o generat e 

left -  an d right-ey e view s o f  simpl e 3- D object s o n th e 

32 b y 3 2 bi t  retina e (fig .  3) .  VIP S "moves "  b y issuin g a 

moto r  command ,  whic h ha s th e dua l  functio n o f  set -

tin g u p th e motion-contex t  inpu t  t o th e field  o f  Con -

textrons ,  a s wel l  a s stimulatin g it s virtua l  "muscula -

ture" ,  havin g th e desire d side-efi"ec t  o f  producin g 

motion-relate d change s t o th e binocula r  visua l  display . 

Thus i f  VIP S wer e t o issu e th e comman d "circl e objec t 

t o left" ,  i t  woul d "see "  th e binocularl y depicte d 3  - D 

objec t  rotatin g t o th e righ t  i n depth ,  i n 10 °  interval s 

abou t  a  vertica l  axi s i n th e cente r  o f  th e visua l  field. 

3.2. Visual—Motor Learning Phase 

Sinc e eac h VIP S motion-contex t  enable s a  logi -

call y distinc t  (thoug h perhap s physicall y overlapping ) 

set  o f  feedbac k connection s fo r  eac h Contextron ,  th e 

singl e typ e o f  circula r  motio n describe d abov e ha s bee n 

implemente d a s a  tes t  o f  syste m principleŝ . 

lef t  v i e w righ t  y/iev i lef t  v i e w righ t  v ie w 

Figur e 3 .  Example s o f  binocularl y displaye d VIP S objects . 

^  Pragmatically ,  th e numbe r  o f  possibl e motion-context s fo r 
each Contextro n i s limite d b y th e numbe r  o f  resolvabl e PPP' s fo r 
tha t  Contextron ,  a  poin t  tha t  i s  develope d furthe r  i n |Mel ,  1986b{ . 
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Durin g thi s phase ,  eac h Contextro n learn s t o 

anticipat e retina l  stimulatio n o n th e basi s o f  th e 

curren t  stat e o f  it s  relevan t  neighbors .  I n activel y cir -

clin g a  numbe r  o f  randoml y constructe d an d situate d 

parallelograms ,  th e patter n o f  weighte d inpu t  connec -

tion s t o eac h Contextro n i s  sharpene d i n th e followin g 

way:  inpu t  weight s fro m neighbor s tha t  onl y spuri -

ousl y concu r  wit h a  Contextron' s retina l  inpu t  wil l 

eventuall y deca y t o zero ,  whil e input s fro m neighbor s 

tha t  reflec t  real ,  physica l  predecessor s i n a  motio n 

sequenc e wil l  becom e strengthe d ove r  time .  I n thi s 

way ,  eac h Contextro n i n V I P S begin s t o preferentiall y 

develo p feedbac k connection s fro m it s P P P .  Figur e 4 

shows th e patter n o f  inpu t  weight s t o a  particula r  far -

depth/obliqu e cel l  tha t  develope d throug h trainin g 

wit h 6 0 tota l  view s (e.g .  5  object s throug h 1 2 rotatio n 

step s each) .  Th e figure  show s tha t  thi s particula r  Con -

textro n develope d heavil y weighte d inpu t  connection s 

exclusivel y fro m it s  neighbor s o f  simila r  orientation , 

lyin g slightl y t o th e righ t  an d slightl y les s distan t  o n 

th e average ,  an d line d u p i n a  curious ,  obliquely -

oriente d macro-patter n aroun d th e P P P .  Thi s 

miacro-patter n wa s unexpecte d bu t  ha s th e followin g 

explanation :  wheneve r  th e P P P i s  active ,  s o wil l  a 

continuou s lin e o f  othe r  Contextron s o f  simila r  orienta -

tio n an d dept h b e activ e i n general ,  sinc e th e object s 

see n b y V I P S ten d t o b e compose d o f  line s muc h longe r 

tha n th e receptiv e field  o f  singl e Contextrons .  Thes e 

m ay b e referre d t o a s th e physica l  correlate s o f  th e 

P P P.  A n interestin g consequenc e o f  thi s elongate d 

patter n o f  feedbac k connection s i s  tha t  a  Contextron' s 

P PP nee d no t  itsel f  b e presen t  i n th e curren t  stat e i n 

orde r  fo r  th e Contextro n t o fire  i n th e nex t  state — 

instead ,  V I P S ha s a  tendenc y t o "see "  a n absen t  featur e 

i f  it s  presenc e i s  strongl y implie d b y it s physica l  corre -

lates .  Th e possibl e relationshi p o f  thi s effec t  t o th e 

perceptio n o f  subjectiv e contour s ha s ye t  t o b e investi -

gated . 

3.2.1. Envisionment Phase 

Th e secon d phas e o f  V IPS '  operatio n i s th e phas e 

of  interna l  simulatio n o r  envisionment ,  an d run s con -

currentl y wit h phas e 1—bu t  onl y become s accurat e 

afte r  sufficien t  phas e 1  training .  I n phas e 2 ,  le t  u s 

assume th e arra y o f  Contextron' s i n VIP S i s  excite d 

int o som e initia l  stat e o f  activatio n b y th e retina ,  whe n 

confronte d b y a  nove l  3- D objec t  viewe d fro m a n arbi -

trar y perspective .  Thi s interna l  visua l  stat e o f  th e Con -

textro n arra y m a y b e though t  o f  a s a  "menta l  image" . 

(Graphi c representation s o f  severa l  menta l  image s ca n 

be see n i n figure  6 ,  eac h actuall y a  16 K elemen t  vecto r 

of  activatio n level s ove r  th e field  o f  Contextrons ,  wher e 

th e intensit y a t  eac h pixe l  represent s th e combine d 

activatio n level s fro m cell s o f  4  orientation s a t  4 
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Figur e 4 .  On e Contextron' s patter n o f 
weighte d input s fro m it s neighbors . 

depths with receptive fields centered on that pixel.) By 

issuin g a  motion-contex t  t o it s  Contextron' s an d tem -

poraril y  inhibitin g th e retina l  pathway ,  V IP S ca n 

transfor m (e.g .  rotate ,  zoom ,  o r  pan )  thi s menta l  imag e 

throug h tim e i n a n approximatio n t o th e interna l  stat e 

sequenc e tha t  woul d b e drive n b y th e retinae ,  wer e 

V IP S actuall y movin g throug h it s  environmen t  an d 

"seeing "  th e changes .  Thi s Interna l  simulatio n ca n b e 

successfu l  sinc e eac h Contextro n ha s learne d durin g 

phas e 1  t o comput e it s probabl e nex t  stat e o f  activatio n 

solel y o n th e basi s o f  th e curren t  stat e o f  it s 

neighbors— a leve l  o f  activatio n tha t  i s  normall y 

confirme d b y th e retina e durin g a  rea l  motio n 

sequence .  A n interna l  simulatio n wil l  continue ,  stat e 

by state ,  unti l  th e rando m erro r  introduce d a t  eac h 

stat e transitio n render s th e menta l  imag e unrecogniz -

able . 

I t  wa s first  desire d t o establis h VIPS '  capacit y t o 

represen t  3- D visua l  transformation s unde r  optima l 

conditions .  T o thi s end ,  V IP S wa s traine d fro m 

scratc h wit h a  singl e visual-moto r  sequence ,  i.e .  cir -

clin g a  wire-fram e rectangl e t o th e lef t  throug h 7 0 ° , 

and wa s simpl y aske d t o reproduc e th e sequenc e inter -

nally .  I n thi s configuration ,  V IP S simpl y acte d a s a 

sensor y "tape-recorder" ,  an d performe d wit h a  hig h 

degre e o f  accuracy .  Figur e 5  depict s bot h th e ideal , 

retinall y drive n sequenc e an d th e subsequent ,  inter -

nall y simulate d sequence ,  wit h a  correlatio n coefficien t 

reflectin g th e increasin g diS'erenc e betwee n th e tw o 

sequences .  Afte r  7  step s i n th e sequenc e (7 0 degrees) , 

V IP S maintaine d a  correlatio n o f  0.7 4 t o th e idea l  reti -

all y  produce d state .  Fo r  purpose s o f  comparison ,  tw o 

adjacen t  state s i n a  visua l  sequenc e ar e typicall y 



correlate d a t  onl y 0.25 ,  thi s bein g a  measur e o f  th e 

differenc e betwee n tw o view s o f  th e sam e objec t 

separate d b y 1 0 degrees .  Thi s first  tes t  therefor e indi -

cate s tha t  V I P S i s i n fac t  capabl e o f  accuratel y 

representin g 3- D transformations . 

vtenil r 

(Lnternkll y flninkMi J (diive o b y reilme ) 

\ ) 

0 

' J 

I 

,' f 

f  i 

|. M / 

) 

i f 

^ 

/ / 

/ ? 
^ 

>*• • 

The result s o f  a  mor e comprehensiv e trainin g ru n 

i n th e sam e motion-contex t  appea r  i n Figur e 6 ,  whic h 

shows th e gradua l  improvemen t  i n VIPS '  abilit y  t o 

mentall y rotat e a  nove l  objec t  ( a wire-fram e pyramid ) 

throug h on e ste p (i.e .  1 0 °) .  T h e left-han d colum n 

represent s th e same ,  ideal ,  retinall y produce d codin g i n 

eac h case ,  whil e th e right-han d colum n represent s th e 

internall y transforme d codin g afte r  on e step .  T h e 

absolut e accurac y o f  th e simulation s i s stil l  unspectacu -

lar ,  bu t  improvin g a s th e implementatio n i s refined . 

4. VIPS: Psychological Issues 

Th e ide a tha t  visua l  perceptio n i s  fundamentall y 

an interactiv e visual-moto r  proces s extendin g throug h 

time ,  i s a  rathe r  ol d one .  Wherea s th e prevailin g philo -

soph y i n th e fields  o f  artificia l  intelligenc e an d com -

pute r  visio n hav e focuse d o n th e algorithmi c extractio n 

of  invarian t  feature s fo r  th e recognitio n o r 

classificatio n o f  stati c visua l  images ,  m a n y author s i n 

th e psycholog y o f  visua l  perceptio n hav e emphasize d 

th e dynami c characte r  o f  visio n [Miles ,  1931 ;  KofiTca , 

1935 ;  Gibso n e t  al. ,  1959 ;  Wallac h &  O'Connell ,  1953 ; 

Ullman ,  1979) .  Gibso n [1979 ]  argue s forcefull y tha t 

optica l  motio n i s th e tru e substanc e o f  visua l  percep -

tion ,  tha t  visio n fundamentall y involve s th e extractio n 

of  meanin g fro m a  continuousl y changin g retina l 

image ,  an d tha t  optica l  res t  i s  bu t  a  limite d specia l 

case . 

Other s hav e stresse d mor e explicitl y  tha t  visual -

moto r  interactton e ar e th e essentia l  ingredien t  i n th e 

perceptio n o f  spac e an d i n th e developmen t  o f  suc h 

perceptio n [Berkeley ,  1709 ;  Washburn ,  1916 ; 

Helmholtz ,  1925 ;  Piaget ,  1956 ;  Hel d &  Hein ,  1963 ;  Gy r 

et  al. ,  1979] .  Piage t  [1952 ]  give s a  detaile d accoun t  fo r 

th e developmen t  o f  a  child' s conceptio n o f  spac e i n 

term s o f  th e coordinatio n o f  earl y moto r  an d visua l 

schemas ,  a n accurat e i f  metaphorica l  descriptio n o f 

VIPS '  learnin g phase .  H e furthe r  describe s th e child' s 

transitio n fro m th e sensory-moto r  t o th e pre -

operationa l  perio d a s th e tim e w h e n th e chil d learn s t o 

tak e hi s  moto r  schema s "underground" ,  allowin g 

"abbreviated "  movemen t  t o driv e visua l  imagery . 

Again ,  a n ap t  metapho r  fo r  V IPS '  envisionmen t  phas e 

of  operation . 

Metapho r  aside ,  thre e genera l  area s fro m th e 

experimenta l  psycholog y o f  visua l  perceptio n see m t o 

suppor t  th e V I P S accoun t  fo r  3- D visua l  representa -

tion . 

Figur e 5 . 

4.1 .  Perceptua l  Stabilit y 

Th e intimat e lin k betwee n visua l  an d moto r 

processe s i n perceptio n i s  perhap s mos t  eviden t  i n th e 

lon g traditio n o f  wor k i n perceptua l  stabilit y  [e.g .  Held , 
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Figur e 6 .  Gradua l  improvemen t  i n 
10 °  menta l  rotatio n wit h training . 

1965; Epstein, 1977; Wallach, 1985). The question 

addresse d b y these  worker s i s a s follows :  Give n tha t 

th e retina l  image s chang e wit h grea t  rapidit y durin g 

no rma l  visua l  behavior ,  w h a t  account s fo r  th e subjec -

tiv e stabilit y o f  perception ? T h e cleares t  answe r  t o 

emerg e f ro m a  larg e bod y o f  experimenta l  w o r k hold s 

tha t  th e brai n allow s activ e m o v e m e n t s o f  th e eyes , 

head ,  an d bod y t o generat e precis e expectation s o f 

chang e i n th e visual  field.  T o th e exten t  tha t  th e inter -

na l  prediction s concu r  i n real-tim e wit h th e actua l 

change s i n th e visua l  field,  the  visua l  environmen t  i s 

subjectivel y perceive d a s stable ,  whil e a  lac k o f  con -

currenc e betwee n interna l  predictio n an d perceptio n i s 

a n indicatio n o f  m o v e m e n t  o r  chang e i n th e environ -

m e n t .  I n on e o f  it s  m o d e s o f  operation ,  V I P S ca n b e 

describe d a s jus t  suc h a n "on-line "  predictio n mechan -

ism ,  wher e it s  interna l  motion-contex t  field  indirectl y 

cause s V I P S t o "move" ,  whil e simultaneousl y maintain -

in g eac h Contextro n i n th e appropriat e contex t  i n 

wh ic h t o c o m p u t e it s o w n probabl e nex t  stat e o f 

activation .  V I P S ha s ye t  t o b e pu t  t o th e tas k o f 

identifyin g part s o f  it s  internal  visual  m a p fo r  whic h 

th e locall y predicte d next-stat e o f  eac h cel l  i s  no t  i n 

agreemen t  wit h th e incomin g retina l  signal ,  thoug h i t 

i s  ideall y suite d t o perfor m thi s kin d o f  computation . 

T h e identificatio n an d analysi s o f  autonomousl y m o v -

in g bodie s i n th e visual  field  i s a n are a o f  particula r 

interes t  fo r  futur e w o r k an d i s discusse d briefl y i n th e 

concludin g section . 

4.2. Development and Plasticity 

Interestingly ,  th e brain' s predictiv e mechanism s 

fo r  perceptua l  stabilit y  ar e plastic .  Tha t  is ,  i f  th e rela -

tionshi p betwee n movement s o f  th e sel f  an d th e associ -

ate d pattern s o f  visua l  chang e i s suddenl y altered , 

artificiall y  o r  otherwise ,  th e predictiv e mechanism s wil l 

at  first  m a k e incorrec t  predictions ,  generall y b y report -

in g a  stationar y environmen t  t o m o v e i n disconcertin g 

ways .  A s th e subjec t  o f  suc h a  sudde n alteratio n con -

tinue s t o m o v e abou t  however ,  h e graduall y learn s th e 

ne w visual-moto r  relationship ,  unti l  hi s interna l  pred -

iction s coincid e onc e agai n wit h th e strea m o f  retina l 

input ,  a t  whic h tim e th e visua l  environmen t  i s 

reporte d t o b e stabl e onc e again .  Thi s illustrate s th e 

fac t  tha t  th e stabilit y  o f  perceptio n i s m u c h les s a  func -

tio n o f  th e absolut e rate-of-chang e i n th e visua l  field, 

tha n i t  i s  o f  th e degre e o f  correspondenc e betwee n 

predicte d visua l  chang e an d tha t  whic h i s actuall y 

reporte d b y th e retinae .  Stratto n [1896 ]  wa s th e first 

t o experimen t  wit h thi s effect ,  demonstratin g tha t  per -

ceptua l  stabilit y  coul d b e reattaine d i n les s tha n a 

week ,  eve n whe n th e visua l  field  wa s turne d upsid e 

down wit h invertin g lenses . 

Entirel y i n keepin g wit h th e notio n tha t  th e 

developmen t  o f  3- D perceptio n involve s th e learnin g o f 

visual-moto r  relationships ,  neithe r  developmen t  i n th e 

youn g no r  suc h plasticit y effect s i n th e adul t  ar e 

observed ,  i n general ,  i n th e absenc e o f  activ e moto r 

participatio n o n th e par t  o f  th e perceiver .  A  startlin g 

exampl e o f  thi s fac t  i s  witnesse d i n a n experimen t  o f 

Hel d &  Hei n [1963] .  T w o cat s wer e yoke d togethe r  o n 

opposit e side s o f  a  circula r  treadmill ,  on e o f  th e cat s 

walkin g unde r  it s o w n power ,  th e othe r  bein g passivel y 

carrie d throug h th e sam e circula r  trajector y i n a 

baske t  (fig .  7) .  Thus ,  whil e bot h cat s share d essentiall y 

identica l  visua l  experience ,  onl y th e activ e ca t  ha d th e 

opportunit y t o lear n a  consisten t  relationshi p betwee n 

it s o w n activit y an d th e resultin g change s i n it s visua l 

array .  O n subsequen t  testing ,  th e activ e ca t  appeare d 

normal ,  whil e th e passiv e ca t  wa s determine d t o b e 

deficien t  i n a  variet y o f  3- D spatia l  tasks .  A  secon d 

developmenta l  stud y wit h relate d result s i s th e cele -

brate d visual-clif f  stud y o f  Gibso n &  W a l k [1960] ,  i n 

whic h th e initia l  hypothesi s an d ultimat e conclusio n 

bot h state d tha t  infant s o f  a  variet y o f  specie s begi n t o 
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1980 ;  Shepar d &  Cooper ,  1982 ;  Fink e &  Pinker ,  1983 ] 

elucidate s a  furthe r  qualit y o f  th e interna l  representa -

tion s o f  3- D object s i n h u m a n subject s wit h whic h 

V I P S i s  compatible .  T h e mos t  strikin g characteristi c 

c o m m on t o al l  o f  thes e menta l  transformation s ha s 

bee n tha t  th e tim e necessar y t o carr y ou t  th e menta l 

transformatio n grow s wit h it s  spatia l  extent ,  ofte n 

linearly .  Thus ,  fo r  example ,  i t  take s twic e a s lon g t o 

mentall y rotat e a n objec t  throug h 6 0 °  a s 3 0 ° .  Whi l e 

thi s resul t  m a y see m intuitive ,  i t  i s  ver y troublesom e 

fo r  thos e theorie s o f  visio n tha t  argu e fo r  a n internal , 

view-independen t  representatio n o f  a  3- D object,  fo r 

whic h n o menta l  rotatio n shoul d b e necessar y [e.g . 

Marr ,  1982] .  O n th e basi s o f  th e chronometr y an d 

othe r  data ,  Shepar d [1979 ]  draw s th e followin g conclu -

sio n o n th e natur e o f  th e interna l  visua l  representa -

tions : 

Figur e 7 .  Activ e vs .  passiv e visua l  chang e durin g 
development .  (Fro m "Movement-produce d stimula -
tio n i n th e developmen t  o f  visuall y guide d behavior" , 
by R .  Hel d &  A .  Hein .  I n Journa l  o f  Comparativ e 
and Phytiologica l  Piychoiogy ,  1963 ,  56 ,  872-876 . 
Copyrigh t  196 3 b y th e America n Psychologica l  Asso -
ciation . 

"Th e menta l  transformatio n i s carrie d ou t  ove r 
a pat h tha t  i s  th e interna !  analo g o f  th e 
correspondin g physica l  transformatio n o f  th e 
externa l  object...B y analogica l  o r  analo g pro -
ces s I  mea n jus t  this :  a  proces s i n whic h th e 
intermediat e interna l  state s hav e a  natura l 
one-to-on e correspondenc e t o appropriat e 
intermediat e state s i n th e externa l  world. " 

appreciat e th e behaviora l  significanc e o f  th e thir d 

dimensio n abou t  th e tim e the y begi n t o m o v e unde r 

thei r  o w n power . 

V I P S display s bot h o f  thes e effect s o f  develop -

ment  an d plasticity :  moto r  activit y mus t  b e correlate d 

wit h visua l  chang e fo r  successfu l  developmen t  o f  3- D 

appropriat e behavior ,  an d i f  th e visual-moto r  relation -

shi p i s eve r  altered ,  th e simpl e weigh t  modificatio n rul e 

wil l  adaptivel y maintai n V I P S '  predictiv e functio n i n 

as clos e agreemen t  wit h th e retina l  strea m a s possible . 

Fro m a  system s poin t  o f  view ,  thi s stat e o f  affair s i s 

extremel y advantageous ,  sinc e th e syste m designe r 
need no t  anticipat e a  particula r  se t  o f  visual-moto r 

transformation s b y buildin g i n th e appropriat e se t  o f 

special-purpos e algorithm s [e.g .  Hinton ,  1981 ;  Kossly n 

& Schwartz ,  1977 ;  Funt ,  1983] .  Instead ,  onl y th e 

continuity-of-optic-flo w conditio n o n th e visua l 

transformation s nee d b e assume d a  priori ,  an d t o th e 

exten t  tha t  th e visua l  worl d i s wel l  behave d i n thi s 

respect ,  VIP S ca n lear n (an d relearn )  t o reliabl y 

predic t  3-D ,  movement-induce d visua l  change . 

4.8. Mental Rotation 

A extensiv e an d elegan t  bod y o f  wor k o n th e 

chronometr y o f  menta l  rotation ,  zoom ,  pan ,  folding , 

and apparen t  motio n [Shepar d &  Metzler ,  1971 ; 

Robin s &  Shepard ,  1977 ;  Shepard ,  1978 ;  Kosslyn , 

VIP S ha s exactl y thes e analogica l  properties , 

wher e th e intermediat e state s durin g a n interna l  simu -

latio n correspon d t o intermediat e visua l  states ,  an d th e 

tim e necessar y t o carr y ou t  a  transformatio n i s indee d 

a linea r  functio n o f  it s  extent .  Kossly n &  Schwartz ' 

influentia l  mode l  [1977 ]  capture s thi s sam e propert y 

fo r  a  variet y o f  2- D imag e plan e transformations ,  bu t 

give s n o accoun t  fo r  th e developmen t  o r  plasticit y 

effects ,  an d mor e importantly ,  doe s no t  dea l  wit h 3- D 

visua l  transformations .  Fun t  [1983 ]  model s stepwis e 

3- D menta l  rotation s wit h a  built-i n spherica l  shel l  o f 

processors ,  bu t  point s ou t  tha t  th e mode l  canno t 

accoun t  fo r  stepwis e transformation s o f  an y othe r 

kind . 

5. Conclusions and Future Directions 

The VIP S architectur e ha s bee n propose d a s a 

more "natural "  approac h t o th e representatio n o f  th e 

3- D visua l  worl d an d it s transformations .  Startin g 

onl y wit h a  se t  o f  simple ,  built-i n binocula r  featur e 

detector s drivin g a  regula r  gri d o f  radiall y intercon -

necte d Contextrons ,  VIP S learn s t o envisio n th e visua l 

consequence s o f  a n arbitrar y motio n i n it s repertoire . 

VIPS '  knowledg e o f  th e thir d dimensio n i s no t  embo -

die d i n explici t  3- D model s o f  th e visua l  scene ,  a s i s th e 

common modu s operand i  i n compute r  visio n systems . 

Instead ,  th e knowledg e lie s i n th e patter n o f  modifiabl e 

weight s tha t  determin e ho w th e patter n o f  activatio n 
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ove r  it s interna l  binocula r  m a p o f  th e 3- D visua l  worl d 

shift s abou t  durin g eac h kin d o f  motion . 

B e y o n d simpl y improvin g th e performanc e o f  th e 

curren t  implementation ,  ther e ar e thre e direction s 

currentl y planne d fo r  V I P S tha t  reflec t  it s  significan t 

limitations . 

Firstly ,  V I P S ha s a  disturbin g "out-of-sight , 

out-of-mind "  quality ,  wit h n o representatio n o f  sur -

face s hidde n f ro m view .  Thi s limitatio n highlight s a n 

importan t  futur e directio n fo r  thi s project .  Currently , 

th e initia l  visua l  stat e tha t  begin s ever y V I P S simula -

tio n i s restricte d t o c o m e fro m th e retinae .  I f  instead , 

V I P S wer e configure d a s on e o f  severa l  distinc t  fields  o f 

Contextron s representin g a  variet y o f  modalities ,  the n 

a visua l  stat e coul d b e induce d i n V I P S vi a a  paralle l 

projectio n f ro m on e o f  th e othe r  interna l  fields,  sup -

plantin g th e functio n o f  th e retinae .  T h e induce d 

visua l  stat e could ,  a m o n g othe r  things ,  b e a  " remem -

bered "  v ie w o f  th e backsid e o f  a n object .  Clearly ,  how -

ever ,  th e comple x an d varie d processe s underlyin g ful l 

object-recognitio n remai n fa r  fro m specifie d withi n 

thi s mode l ,  an d ar e topic s fo r  futur e work . 

Secondly ,  V I P S canno t  currentl y "understand " 

autonomousl y produce d mot io n i n it s visua l  field.  O n 

th e othe r  hand ,  V I P S i s capabl e o f  representin g an y 

s m o o t h transformation s o f  th e binocula r  visua l  field, 

includin g thos e produce d b y autonomousl y mov in g 

bodies .  O n e possibl e solutio n t o thi s proble m i s a  pro -

ces s b y whic h V I P S ca n "fiddle "  wit h it s interna l 

mot io n context s unti l  it s  Contextron s ar e predicting ,  a s 

wel l  a s i s possible ,  th e autonomousl y produce d visua l 

changes . 

M o st  importantl y however ,  t o b e trul y useful , 

V T PS m u s t  b e e m b e d d e d i n a  large r  syste m tha t  ha s 

s o me for m o f  representatio n o f  plan s an d goals . 

Currently ,  V I P S i s capabl e o f  runnin g interna l  simula -

tion s o f  3- D visua l  transformations ,  bu t  embodie s n o 

knowledg e a s t o wh y a  particula r  simulatio n migh t  b e 

usefu l  fo r  s o m e particula r  goal ,  suc h a s bringin g a 

nove l  vie w o f  a  3- D objec t  int o registratio n wit h 

anothe r  fo r  comparison .  V I P S i s therefor e a  usefu l 

too l  t o a  syste m tha t  wishe s t o ru n particula r  interna l 

simulation s i n servic e o f  it s  goals .  Thi s remain s a  ric h 

an d unexplore d are a fo r  furthe r  research . 
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