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Abstrac t 

Performance in estimating the depth and shape of an 
elhps e o n th e basi s o f  stereo ,  motion ,  an d vergenc e an -
gl e informatio n wa s compare d fo r  thre e model s o f  visua l 
dept h cu e combination .  Th e thre e model s wer e a  wea k 
model  (stric t  modularity ,  wit h n o interactio n betwee n 
motio n an d stere o cues) ,  a  modifie d wea k mode l  (re -
stricte d interactio n allowe d betwee n motio n an d stere o 
cues) ,  an d a  stron g mode l  (unconstraine d interactio n 
betwee n al l  visua l  cues) .  Result s ar e tha t  th e modifie d 
weak mode l  performe d bes t  overal l  indicatin g tha t  it s 
structure ,  whic h contain s bot h modula r  an d interactiv e 
features ,  ha s advantage s ove r  bot h th e extrem e modula r 
organizatio n o f  th e wea k mode l  an d th e extrem e inter -
activ e organizatio n o f  th e stron g model .  I n addition , 
th e differen t  weightin g o f  motio n an d stere o cue s b y th e 
modifie d wea k mode l  i n th e dept h an d shap e judgmen t 
task s provide s a  motivatio n fo r  multipl e visua l  represen -
tation s o f  three-dimensiona l  space . 

Introduction 

Recent  year s hav e see n a  proliferatio n o f  ne w model s o f 
visua l  cu e combination ,  especiall y  i n th e domai n o f  dept h 
perception .  Thi s proliferatio n i s du e t o a  poo r  under -
standin g o f  existin g models ,  an d t o a  lac k o f  comparativ e 
studie s tha t  revea l  th e strength s an d weaknesse s o f  com -
petin g models .  Thi s pape r  studie s ho w multipl e visua l 
cues ma y b e combine d t o provid e informatio n abou t  th e 
three-dimensiona l  structur e o f  th e environment .  W e ar e 
particularl y concerne d wit h tw o relate d computationa l 
issues . 

The firs t  issu e concern s th e relationshi p betwee n rep -
resentation s o f  three-dimensiona l  spac e an d th e tas k tha t 
an observe r  performs .  Ther e i s ofte n a n implici t  assump -
tio n i n th e literatur e tha t  peopl e us e a  singl e represen -
tatio n o f  space .  Suc h a  vie w ha s bee n pu t  forwar d ex -
plicitl y b y Goge l  (1990) ,  cin d i s ofte n take n a s a  defaul t 
simplificatio n b y othe r  investigators . 

Psychophysica l  an d physiologica l  evidenc e suggests , 
however ,  tha t  differen t  task s ma y involv e th e us e o f  d -
ifferen t  spatia l  representations .  Philbec k an d Loomi s 
(1997 )  foun d tha t  observer s wer e capabl e o f  accurate -
l y estimatin g th e egocentri c viewin g distanc e t o a  poin t 
when aske d t o wal k t o i t  blindfolded ,  bu t  showe d system -
ati c biase s tha t  wer e dependen t  upo n viewin g distanc e 
when tiske d t o verball y estimat e th e depth-to-widt h rati o 
of  a  pai r  o f  perpendicula r  sticks .  The y suggeste d tha t 
differen t  representation s o f  3- D spac e wer e involve d i n 

th e tw o judgments .  Gros s an d Grazian o (1994 )  foun d 
neura l  map s i n th e parieta l  corte x o f  monkey s tha t  wer e 
centere d o n differen t  bod y parts ,  suc h a s th e ar m o r  eye . 
The y argue d tha t  differen t  task s plac e differen t  demand s 
on th e monkey' s sensorimoto r  system .  Thes e demand s 
ar e me t  throug h th e us e o f  multipl e neura l  map s repre -
sentin g object s i n spac e usin g coordinat e frame s centere d 
on differen t  bod y parts . 

Thi s pape r  examine s a  secon d motivatio n fo r  multipl e 
representation s o f  three-dimensiona l  space ,  beside s tha t 
suggeste d b y Grazian o an d Gross .  W e examine d differ -
ence s i n th e weightin g o f  motio n an d stere o i n objec t 
shap e an d objec t  dept h judgmen t  tasks ,  an d conclude d 
tha t  th e nee d t o weigh t  th e tw o dept h cue s differentl y fo r 
th e tw o task s provide s a  motivatio n fo r  havin g separat e 
representation s fo r  th e shap e an d dept h o f  objects .  I t 
i s  sensibl e t o us e differen t  combination s o f  motio n an d 
stere o cue s fo r  shap e an d dept h judgments .  Motio n sig -
nal s provid e a  cu e t o shap e tha t  d o no t  nee d t o b e scale d 
wit h viewin g distance ,  wherea s stere o signal s d o nee d t o 
be appropriatel y scale d (se e below) .  Consequently ,  mo -
tio n signal s shoul d b e weighte d mor e heavil y tha n stere o 
signal s fo r  al l  viewin g distance s whe n performin g a  shap e 
judgmen t  task .  I n contrast ,  bot h motio n an d stere o sig -
nal s nee d t o b e scale d wit h viewin g distanc e whe n judg -
in g th e dept h o f  a n object .  Therefor e stere o shoul d b e 
weighte d mor e heavil y whe n makin g dept h judgment s 
tha n shap e judgments .  Th e fac t  tha t  motio n provide s a 
scale-invarian t  cu e fo r  shap e suggest s tha t  shap e judg -
ment s shoul d b e easie r  t o mak e tha n dept h judgments . 

A secon d issu e addresse d i n thi s pape r  i s  th e ques -
tio n o f  ho w representation s o f  3- D spac e ar e construct -
ed fro m th e man y visua l  dept h cue s tha t  ar e available . 
We focu s o n th e trade-of f  betwee n modularit y an d fu -
sion .  Investigator s hav e lon g bee n awar e tha t  modula r 
system s hav e -vera l  advantage s ove r  non-modula r  sys -
tems .  First ,  som e component s o f  modula r  system s op -
erat e relativel y independentl y o f  othe r  components ,  an d 
so modula r  design s ten d t o hav e fewe r  parameter s tha n 
non-modula r  designs .  Thei r  mor e parsimoniou s orga -
nizatio n make s the m mor e constrained ,  an d simple r  t o 
understand .  Second ,  modula r  system s ofte n lear n faste r 
and recove r  fro m damag e mor e quickly .  Becaus e th e pa -
rameter s associate d wit h on e modul e ar e relativel y de -
couple d fro m th e parameter s associate d wit h othe r  mod -
ules ,  change s i n on e portio n o f  th e syste m d o no t  neces -
sitat e change s i n othe r  portions .  Lastly ,  som e theorist s 
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hav e argue d tha t  modula r  design s mak e mor e efficien t 
use o f  neura l  hardwar e tha n non-modula r  design s (e.g. , 
Barlow ,  1986 ;  Cowey ,  1981) .  Fo r  thes e reasons ,  m a n y re -
searcher s hav e favore d cu e combinatio n model s i n whic h 
modularit y i s preserved .  Thes e model s typicall y posses s 
a separat e processin g modul e fo r  eac h visua l  cue .  In -
formatio n gaine d fro m eac h cu e processe d i n isolatio n i s 
onl y combine d i n th e las t  stag e o f  th e system . 

Unfortunately ,  highl y modula r  system s ten d t o b e 
non-robus t  becaus e visua l  cue s considere d i n isolatio n 
ca n b e highl y ambiguous .  Consequently ,  othe r  re -
searcher s hav e favore d combinatio n scheme s tha t  encour -
age interactiv e processin g o f  multipl e cue s s o tha t  infor -
matio n base d o n on e cu e m a y b e use d t o disambiguat e 
th e interpretation s o f  othe r  cues .  Interactiv e model s al -
lo w th e visua l  syste m t o combin e informatio n base d o n a 
rang e o f  cue s i n orde r  t o eliminate ,  o r  a t  leas t  ameliorate , 
th e ambiguit y inheren t  i n th e informatio n carrie d b y a 
singl e cue .  However ,  suc h model s ar e difficul t  t o study ; 
thei r  highl y nonlinceu r  natur e make s the m unconstraine d 
an d difficul t  t o ctnalyze .  Th e choic e o f  a  mode l  ofte n in -
volve s a  compromis e betwee n th e competin g advantage s 
of  modularit y an d cu e fusion .  Ideally ,  on e migh t  wis h 
t o characteriz e visua l  processin g usin g a  mode l  tha t  ha s 
bot h interactiv e an d modula r  features . 

Landy ,  Maloney ,  Johnston ,  an d Youn g (1995 )  define d 
thre e classe s o f  model s fo r  combinin g visua l  cue s fo r 
depth .  Stron g model s estimat e dept h b y combinin g th e 
informatio n fro m differen t  cue s i n a n unrestricte d man -
ner .  Wea k fusio n model s comput e a  separat e estimat e o f 
dept h base d o n eac h cu e considere d i n isolation .  Thes e 
estimate s ar e the n linearl y average d t o yiel d a  composit e 
dept h estimate .  Th e coefficient s o f  th e linea r  weightin g 
of  th e differen t  cue s ar e proportiona l  t o eac h cue' s reli -
ability .  Modifie d wea k fusio n model s combin e aspect s o f 
interactiv e an d modula r  processing .  Constraine d nonlin -
ear  interaction ,  describe d ei s cu e promotion ,  i s  permit -
te d betwee n differen t  cues .  Mos t  cue s ar e incapabl e o f 
providin g absolut e dept h informatio n whe n considere d 
i n isolation ;  fo r  example ,  occlusio n onl y provide s dept h 
orde r  information ,  an d motio n paralla x onl y provide s 
shap e information .  However ,  onc e th e necessar y miss -
in g parameter s ar e specified ,  thes e cue s becom e capabl e 
of  providin g absolut e dept h information .  Cu e promotio n 
allow s th e determinatio n o f  thes e missin g paramete r  val -
ues throug h th e us e o f  othe r  cues .  Fo r  example ,  motio n 
paralla x i s a n absolut e dept h cu e onl y i f  th e viewin g dis -
tanc e i s known .  T w o way s thi s missin g informatio n coul d 
be specifie d ar e throug h knowledg e o f  th e vergenc e angle , 
or  throug h a  combinatio n o f  stere o an d motio n parallci x 
information .  I n a  modifie d wea k model ,  nonlinea r  cu e 
promotion ,  i n whic h informatio n fro m differen t  cue s i s 
combine d i n orde r  t o promot e eac h cu e s o tha t  i t  ca n 
provid e a n absolut e dept h m a p ,  i s followe d b y a  linea r 
stag e i n whic h a  weighte d averag e i s take n o f  th e dept h 
m ap estimate s o f  th e differen t  cues . 

Land y e t  al .  (1995 )  argue d tha t  th e existin g psy -
chophysica l  literatur e wa s compatibl e wit h th e clas s o f 
modifie d wea k fusio n models .  However ,  thi s i s a n ex -
tremel y broa d clas s o f  models ,  an d i t  i s  har d t o evaluat e 

th e compatibilit y  o f  psychophysica l  dat a wit h thi s clas s 
of  model s withou t  selectin g a  particula r  instanc e fro m 
thi s class ,  an d studyin g i t  i n detail .  A  motivatio n o f 
thi s pape r  i s t o investigat e full y  implemente d version s o f 
weak,  modifie d weak ,  an d stron g fusio n models . 

Thi s pape r  report s th e result s o f  simulation s o f  thre e 
model s fo r  th e combinatio n o f  stereo ,  motion ,  an d ver -
genc e angl e cue s fo r  depth .  Th e model s wer e instance s o f 
a stron g fusio n model ,  a  wea k fusio n model ,  an d a  mod -
ifie d wea k fusio n model ,  an d wer e implemente d throug h 
th e us e o f  artificia l  neura l  networks .  Th e goa l  o f  th e ex -
perimen t  wci s t o compar e th e performance s o f  th e thre e 
model s s o ci s t o evaluat e thei r  relativ e plausibilit y a s 
model s o f  cu e combinatio n fo r  bot h objec t  dept h an d 
objec t  shap e perception .  A  variet y o f  nois e condition s 
suc h a s flat  nois e an d Webe r  nois e wer e simulated ,  a s 
th e nois e mode l  migh t  b e expecte d t o hav e a  signifi -
can t  effec t  o n performance .  Result s indicat e tha t  th e 
shap e tas k wa s significantl y easie r  tha n th e objec t  dept h 
task .  Th e modifie d wea k fusio n mode l  showe d th e bes t 
performanc e o n th e absolut e dept h task ,  an d bot h th e 
stron g an d th e modifie d wea k mode l  performe d equall y 
wel l  a t  th e shap e task .  Th e superio r  performanc e o f  th e 
modifie d wea k mode l  suggest s tha t  constraine d nonlinea r 
interactio n provide s a  goo d mode l  o f  dept h cu e combi -
nation ,  combinin g goo d performanc e wit h parsimoniou s 
design .  I t  wa s als o foun d tha t  th e relativ e weightin g o f 
motio n an d stere o wa s strongl y affecte d b y th e tcis k a s 
wel l  a s b y th e viewin g distanc e and ,  t o a  lesse r  degree , 
th e nois e condition . 

General Methods 

Stimulu s 

The simulate d stimulu s wa s a  two-dimensiona l  ellips e 
whose widt h varie d alon g th e frontoparalle l  plan e an d 
whose dept h varie d alon g th e lin e o f  sight .  Sixtee n differ -
ent  ellipse s wer e presented ;  th e widt h an d dept h o f  eac h 
ellips e varie d independentl y an d too k value s betwee n 1 2 
an d 4 8 cm .  Th e ellips e wci s positione d a t  on e o f  eigh t 
viewin g distance s fro m th e simulate d observer ,  rangin g 
betwee n 7 2 an d 40 8 cm .  W e simulate d a  poin t  travelin g 
aroun d th e perimete r  o f  th e ellips e a t  a  constan t  velocit y 
instea d o f  modelin g th e ellips e itsel f  rotating .  A n advan -
tag e o f  thi s stimulu s i s tha t  i t  avoide d artifactua l  dept h 
cue s resultin g fro m change s i n retina l  angl e subtende d 
by th e ellips e ove r  time .  Fo r  eac h o f  twent y tim e slice s 
of  th e poin t  travelin g aroun d th e perimete r  o f  th e ellips e 
thre e source s o f  informatio n wer e give n t o th e simulate d 
observers :  retina l  motion ,  stere o disparity ,  an d vergenc e 
angle .  Thes e quantitie s wer e compute d base d o n th e rel -
evan t  geometri c equations . 

Th e viewin g distanc e wci s th e distanc e fro m th e ob -
serve r  t o th e ellipse' s center .  Th e observe r  fixated  th e 
cente r  o f  th e ellips e and ,  therefore ,  th e vergenc e angl e 
was inversel y relate d t o th e viewin g distance .  Stere o 
informatio n consiste d o f  th e stere o disparit y angl e sub -
tende d b y th e poin t  o n th e ellips e a t  eac h moment  i n 
time .  Motio n informatio n consiste d o f  th e monocula r 
retina l  velocity ,  expresse d i n degree s o f  retina l  angle ,  o f 
th e poin t  a t  eac h m o m e n t  i n time .  Th e velocit y o f  th e 
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poin t  wa s proportiona l  t o th e perimete r  o f  th e ellipse , 
thereb y removin g artifactua l  distanc e cue s bcise d o n th e 
overal l  magnitude s o f  th e retina l  velocities . 

Thre e nois e condition s wer e examined :  a  Webe r  nois e 
condition ,  a  flat  nois e condition ,  an d a  velocit y uncer -
taint y nois e condition .  I n th e Webe r  nois e condition ,  th e 
motion ,  stereo ,  an d vergenc e angl e cue s wer e corrupt -
ed b y additiv e Gaussia n nois e whos e distributio n ha d a 
mean o f  zer o an d whos e varianc e wa s proportiona l  t o th e 
magnitud e o f  th e signa l  (e.g. ,  th e disparit y angl e o r  th e 
retina l  velocity) .  I n th e flat  nois e condition ,  motio n an d 
stere o cue s wer e corrupte d b y additiv e Gaussia n nois e 
wit h mea n zer o an d constan t  variance .  Not e tha t  i n 
th e Webe r  an d flat  nois e conditions ,  motio n uncertaint y 
was modele d a s uncertaint y abou t  th e retina l  velocity . 
An alternativ e i s t o conside r  nois e a s arisin g fro m un -
certaint y abou t  th e velocit y o f  th e movin g poin t  i n th e 
environment .  I n th e velocit y uncertaint y condition ,  mo -
tio n nois e wa s modele d i n thi s way ,  whil e stere o an d ver -
genc e cue s wer e corrupte d b y Webe r  noise .  I n bot h th e 
flat  nois e mode l  an d th e velocit y uncertaint y mode l  (a s 
wel l  a s th e Webe r  nois e model )  vergenc e nois e wa s mod -
ele d a s bein g Webe r  noise .  Thi s Wei s becaus e a  Webe r 
nois e mode l  i s a  conservativ e one ,  du e t o th e vergenc e 
angl e bein g inversel y relate d t o viewin g distance .  I n ad -
dition ,  a  fourt h conditio n wa s considere d a s a  control . 
I n thi s n o nois e contro l  condition ,  nois e wa s no t  adde d 
t o an y o f  th e cues .  Thi s conditio n Wci s use d a s a  chec k t o 
make sur e tha t  i t  wa s adde d nois e tha t  limite d observers ' 
performances .  I n al l  conditions ,  motio n an d stere o nois e 
level s wer e equate d t o mak e th e tw o cue s approximate -
l y equall y reliabl e fo r  judgin g th e dept h o f  a n ellipse . 
Approximatel y equall y reliabl e motio n an d stere o cue s 
i s consisten t  wit h psychophysica l  dat a (Roger s an d Gra -
ham,  1982 ;  Turner ,  Braunstein ,  an d Anderson ,  1997) . 

Tasks 

The dept h o f  a n ellips e i s th e distanc e fro m th e poin t  o n 
th e ellips e closes t  t o th e observe r  t o th e poin t  furthes t 
away;  th e widt h i s th e distanc e fro m th e leftmos t  poin t  t o 
th e rightmos t  point .  Th e shap e o f  a n ellipse ,  sometime s 
referre d t o a s th e for m ratio ,  i s  define d a s th e rati o o f  th e 
ellipse' s dept h t o it' s  width .  Cue s fro m whic h shap e ca n 
be calculate d independentl y o f  absolut e depth ,  width ,  o r 
viewin g distanc e ar e know n a s scale-invarian t  cues .  Cue s 
fro m whic h shap e canno t  b e compute d independentl y 
of  suc h informatio n ar e know n a s scale-dependen t  cues . 
Motio n i s a  scale-invarian t  cu e becaus e bot h widt h an d 
dept h scal e linearl y wit h viewin g distance .  Fo r  example , 
an objec t  o f  4 0 c m dept h a t  a  viewin g distanc e o f  24 0 
c m produce s th e sam e retina l  motio n signa l  a s a n objec t 
of  2 0 c m dept h a t  hal f  tha t  viewin g distance .  Becaus e 
widt h fro m motio n als o scale s linearl y wit h viewin g dis -
tance ,  shap e ca n b e directl y compute d withou t  explic -
i t  knowledg e o f  th e viewin g distance .  Howeve r  motio n 
alon e onl y provide s a  shap e cue ;  withou t  informatio n 
abou t  th e viewin g distance ,  size ,  o r  velocit y o f  th e ob -
jec t  ther e i s n o wa y o f  inferrin g th e absolut e dept h o f  th e 
object . 

I n contras t  t o motion ,  stere o i s no t  a  scale-invarian t 
cue .  Thoug h th e widt h o f  a n objec t  indicate d b y reti -

nal  stere o disparitie s scale s linearly ,  th e dept h indicate d 
by a  give n retina l  signa l  scale s wit h th e squar e o f  th e 
viewin g distance .  Stere o disparitie s ar e therefor e scale -
dependen t  cues ;  ther e i s n o wa y o f  inferrin g shap e infor -
matio n independentl y o f  th e viewin g distance .  Thoug h 
stere o disparitie s ar e occasionall y describe d a s absolut e 
dept h cues ,  i t  i s  necessar y t o hav e a n estimat e o f  th e 
vergenc e angl e o r  th e viewin g distanc e t o provid e eithe r 
objec t  dept h o r  shap e informatio n fro m disparities .  Thi s 
need t o scal e disparitie s b y th e viewin g distanc e i s re -
ferre d t o a s th e stere o scalin g problem . 

Difference s i n th e geometrica l  informatio n provide d 
by th e scale-invarian t  cu e o f  motio n an d th e scale -
dependen t  stere o cu e motivate d u s t o examin e bot h a n 
objec t  dept h tas k an d a n objec t  shap e task . 

Models of Cue Combination 

A se t  o f  artificia l  neura l  network s traine d usin g th e back -
propagatio n algorith m wa s use d t o simulat e th e differen t 
models .  Eac h networ k performe d a  regression ,  possibl y 
nonlinear ,  tha t  mappe d input s t o outputs .  T h e instance s 
of  th e stron g fusion ,  wea k fusion ,  an d modifie d wea k fu -
sio n model s use d i n ou r  simulation s ar e illustrate d i n th e 
thre e panel s o f  Figur e 1 .  Eac h bo x i n thest f  panel s rep -
resent s a n independen t  network ,  an d th e labele d line s 
represen t  th e flow  o f  informatio n betwee n th e networks . 

Figur e 1 ,  Pane l  A  illustrate s th e stron g fusio n model . 
Thi s mode l  consiste d o f  tw o networks .  Th e first  networ k 
receive d a n estimat e o f  th e vergenc e angl e (7„ )  a s input , 
and calculate d a n estimat e o f  viewin g distanc e (du) .  Th e 
secon d networ k receive d a s inpu t  a  se t  o f  twent y stere o 
disparitie s {Si, i  =  1,... ,  20) ,  a  se t  o f  twent y retina l  ve -
locitie s {Mi ,  i  — 1,... ,  20) ,  an d th e viewin g distanc e es -
timat e produce d b y th e precedin g network .  Th e outpu t 
was a n estimat e o f  eithe r  th e dept h o r  th e shap e o f  th e 
ellips e (onl y th e dept h estimat e i s show n i n th e figure). 
The mode l  wa s relativel y unconstraine d an d coul d for -
m high-orde r  nonlinea r  combination s o f  stereo ,  motion , 
and vergenc e angl e information . 

Th e wea k fusio n mode l  (Pane l  B )  consiste d o f  fou r 
networks .  Th e first  network ,  lik e th e first  networ k i n 
th e stron g model ,  receive d a s inpu t  th e vergenc e angl e 
(7v )  an d compute d a n estimat e o f  th e viewin g distanc e 
(du) .  Th e stere o computatio n networ k use d th e view -
in g distanc e compute d b y th e initia l  networ k (d„ )  wit h 
th e se t  o f  stere o disparitie s (Si )  t o estimat e eithe r  th e 
dept h o r  th e shap e o f  th e ellipse .  Th e motio n compu -
tatio n networ k use d th e viewin g distanc e compute d b y 
th e initia l  networ k (d^ )  i n conjunctio n wit h th e se t  o f 
twent y retina l  velocitie s (M, )  t o provid e a n independen t 
estimat e o f  ellips e dept h o r  shape .  Th e weightin g net -
wor k wa s give n th e viewin g distanc e compute d b y th e 
initia l  networ k (du )  a s input ,  an d i t  compute d th e lin -
ear  coefficient s use d t o averag e th e stere o an d motio n 
components '  outputs .  Fo r  th e objec t  dept h task ,  fo r  ex -
ample ,  th e networ k compute d th e weight s w ,  an d W m a s 
a functio n o f  th e vergenc e angl e i n th e equatio n 

depth = {w, X depth,) + {wm x depths) 

wher e dept h i s th e wea k fusio n model' s estimat e o f  objec t 
depth ,  depth ,  i s  th e outpu t  estimat e o f  th e underlyin g 
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stere o computatio n network ,  depth m i s th e outpu t  es -
timat e o f  th e underlyin g motio n network ,  an d w ,  an d 
Wm ar e th e weight s use d t o averag e th e outpu t  dept h 
estimate s o f  th e stere o an d motio n networks . 

Four  o f  th e five  underlyin g network s o f  th e modifie d 
weak fusio n mode l  (Pane l  C )  wer e nearl y identica l  t o th e 
weak fusio n model .  I t  differe d fro m th e wea k mode l  i n 
includin g on e additiona l  networ k tha t  wa s use d t o mod -
el  a n instanc e o f  cu e promotion .  Johnsto n (1991 )  foun d 
tha t  th e combinatio n o f  stere o an d motio n cue s helpe d 
solv e th e stere o scalin g proble m whe n h u m a n subject s 
wer e eiske d t o choos e whic h o f  a  se t  o f  cylinder s appeare d 
circular .  W e modele d thi s combinatio n o f  motio n an d 
stere o b y includin g a  networ k tha t  mappe d set s o f  stere o 
disparitie s {Si )  an d retina l  velocitie s {Mi )  t o a n addition -
al  estimat e o f  th e viewin g distanc e {d,m) -  A s discusse d 
above ,  retina l  velocitie s scal e inversel y wit h viewin g dis -
tanc e wherea s stere o disparitie s scal e inversel y wit h th e 
squar e o f  th e viewin g distance .  Consequently ,  ther e i s 
onl y on e objec t  dept h a t  on e viewin g distanc e tha t  i s 
consisten t  wit h bot h motio n an d stere o retina l  signal -
s.  B y combinin g motio n an d stere o disparit y informa -
tion ,  throug h thi s intersectio n o f  constraints ,  bot h objec -
t  dept h an d viewin g distanc e ca n b e compute d withou t 
an y additiona l  informatio n suc h a s th e vergenc e angle . 
I n th e modifie d wea k model ,  limite d nonlinea r  interac -
tio n betwee n motio n an d stere o Wci s use d t o comput e 
thi s additiona l  estimat e o f  th e viewin g distance ,  labele d 
d,m-  Thi s viewin g distanc e estimat e wa s generall y mor e 
accurat e tha n th e vergenc e angl e estimat e {dy )  unde r  th e 
nois e condition s studied .  Thi s improve d viewin g dis -

tanc e estimat e wa s use d a s a n additiona l  inpu t  t o th e 
motion ,  stereo ,  an d weightin g network s o f  th e modifie d 
weak fusio n model . 

Experiment 

Figure s 2  an d 3  sho w th e performance s o f  th e weak ,  mod -
ifie d weak ,  an d stron g model s o n th e objec t  shap e an d 
objec t  dept h tasks ,  respectively .  (Result s reporte d i n 
thi s pape r  ar e base d o n tes t  pattern s tha t  wer e no t  use d 
when trainin g th e models. )  Th e fou r  graph s i n eac h fig-
ur e correspon d t o th e fou r  nois e condition s studied . 

Th e first  majo r  resul t  i s  tha t  th e model s learne d t o 
perfor m th e shap e tas k bette r  tha n th e objec t  dept h tas k 
(compar e Figure s 2  an d 3) .  Th e shap e teis k wa s ejisie r 
fo r  al l  thre e model s suggestin g tha t  i t  wei s no t  a  specif -
i c  propert y o f  a  particula r  mode l  tha t  wa s responsible . 
Thi s resul t  wci s als o independen t  o f  th e nois e mode l  used . 
We believ e tha t  thi s resul t  ca n b e understoo d b y not -
in g tha t  motio n i s a  scale-invarian t  cu e t o objec t  shape , 
but  tha t  ther e i s n o scale-invarian t  cu e t o objec t  depth . 
Thi s provide s a  motivatio n fo r  separat e shap e an d dept h 
representations .  Becaus e objec t  dept h representation s 
ar e necessaril y  susceptibl e t o uncertaint y i n th e viewin g 
distanc e estimate ,  makin g shap e judgment s dependen t 
on objec t  dept h estimate s woul d unnecessaril y  corrup -
t  shap e estimates .  Separat e representation s coul d re -
stric t  th e effect s o f  uncertaint y i n viewin g distanc e s o 
tha t  representation s o f  scale-invarian t  propertie s ar e no t 
needlessl y corrupted . 

Th e secon d mai n resul t  i s  tha t  th e modifie d wea k mod -
el  showe d th e bes t  performanc e i n th e objec t  dept h tas k 
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( M W ),  an d stron g (S )  model s o n th e objec t  dept h task . 

and showe d comparabl e performanc e t o th e stron g mod -
el  i n th e shap e task .  I n theor y th e stron g mode l  shoul d 
alway s b e abl e t o perfor m a t  leas t  a s wel l  a s th e modifie d 
weak model ,  becaus e i t  i s les s constrained .  Interestingly , 
th e stron g mode l  di d no t  perfor m best ;  i t  seem s tha t  th e 
complexit y o f  th e objec t  dept h tas k mean t  tha t  th e ab -
senc e o f  built-i n structur e i n th e stron g mode l  allowe d i t 
t o frequentl y fal l  int o relativel y poo r  loca l  minim a o f  th e 
erro r  surfac e i n th e presenc e o f  nois e durin g training .  I t 
shoul d b e emphasize d tha t  n o stron g conclusion s ca n b e 
draw n concernin g th e superiorit y o f  th e modifie d wea k 
model  ove r  th e stron g model .  W e suggest ,  however ,  tha t 
th e goo d performanc e o f  th e modifie d wea k mode l  pro -
vide s evidenc e tha t  th e constraint s impose d upo n i t  are , 
at  least ,  no t  overl y restrictive .  Th e modifie d wea k mod -
el  performe d significantl y bette r  tha n th e wea k mode l 
i n th e objec t  dept h task .  Constraint s impose d upo n th e 
weak mode l  prevente d an y interactio n betwee n motio n 
and stere o cues .  I n th e cas e o f  th e modifie d wea k model , 
constraine d interactio n betwee n motio n an d stere o sig -
nal s provide d a  relativel y accurat e estimat e o f  th e view -
in g distance .  Thi s secon d sourc e o f  informatio n abou t 
th e viewin g distanc e reduce d susceptibilit y  t o vergenc e 
angl e noise ,  thereb y givin g th e modifie d wea k mode l  a 
significan t  advantag e ove r  th e wea k mode l  i n th e dept h 
task .  Th e superiorit y o f  th e modifie d wea k mode l  sug -
gest s tha t  th e modularit y constraint s impose d upo n i t 
(th e mode l  contain s separat e stere o an d motio n dept h 
computatio n networks )  d o no t  preven t  i t  fro m finding  a 
relativel y goo d solution .  Th e architectur e o f  th e mod -
ifie d wea k mode l  provide s a n adequat e compromis e be -
twee n modularit y an d th e powe r  t o combin e cues . 

Figur e 4  indicate s th e weightin g o f  motio n an d stere o 
as a  functio n o f  viewin g distanc e fo r  bot h dept h an d 
shap e task s fo r  th e modifie d wea k model .  Th e horizonta l 
axi s represent s th e viewin g distance ,  an d th e vertica l  axi s 
represent s th e relativ e weightin g assigne d t o motio n an d 
stere o (i.e .  W m an d w,) . 

I n th e cas e o f  th e shap e tas k (Pane l  A ) ,  motio n in -
formatio n wa s weighte d fa r  mor e heavil y tha n stere o in -
formatio n fo r  al l  thre e nois e conditions .  Thi s i s consis -
ten t  wit h th e fac t  tha t  retina l  velocities ,  bu t  no t  stere o 
disparities ,  provid e a  scale-invarian t  cu e t o shape .  In -
terestingly ,  th e weigh t  assigne d t o stere o increase d wit h 
viewin g distanc e i n al l  thre e nois e conditions .  I n th e 
objec t  dept h tas k (Pane l  B) ,  th e opposit e result s wer e 
found ;  stere o wa s weighte d mor e heavil y tha n motio n fo r 
al l  thre e nois e conditions .  Again ,  th e weigh t  assigne d t o 
stere o increase d wit h distanc e fo r  al l  thre e nois e models . 

The relativ e weightin g o f  motio n an d stere o wa s signif -
icantl y differen t  fo r  shap e an d dept h tasks .  Thi s differ -
ence provide s a  sourc e o f  motivatio n fo r  havin g separat e 
representation s o f  objec t  dept h an d objec t  shape .  Land y 
et  al .  (1995 )  propose d th e existenc e o f  a  "dept h map "  t o 
whic h al l  cue s wer e promoted .  Ou r  result s motivat e th e 
additiona l  existenc e o f  a  separat e "shap e map. "  Separat e 
representation s fo r  th e dept h an d shap e o f  a n objec t  per -
mi t  independen t  cu e weightin g functions ,  allowin g dept h 
and shap e t o b e separatel y compute d s o a s t o minimiz e 
th e effect s o f  nois e fo r  eac h judgment . 
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C o n c l u s i o n 

We evaluate d th e overal l  performanc e o f  strong ,  weak , 
and modifie d wea k model s o f  dept h cu e integratio n an d 
foun d tha t  overal l  th e modifie d wea k fusio n mode l  out -
performe d th e othe r  tw o models .  Performanc e i n thi s 
domai n therefor e support s mor e genera l  claim s abou t 
th e advantage s o f  modifie d wea k fusio n a s a  compromis e 
betwee n modularit y an d fusion .  Stere o an d motio n wer e 
weighte d diflferentl y fo r  shap e an d dept h task s suggest -
in g th e nee d fo r  separat e representation s fo r  shap e an d 
depth . 

As ca n b e see n fro m ou r  results ,  neura l  net s provid e 
a goo d mean s o f  quantitativel y modelin g highl y non -
linea r  problem s suc h a s dept h cu e combinatio n t o re -
veal  hidde n o r  underspecifie d propertie s o f  qualitatively -
describe d theoretica l  models . 
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