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Abstrac t 

Knowledge about the functional properties of the 
worl d constraun s sm d inform s perception .  Fo r 
exaunple ,  lookin g a t  a  table ,  chair ,  a  buildin g o r  a 
sculpture ,  w e ar e abl e t o resolv e occlude d attach -
ment s becaus e w e kno w tha t  i n orde r  t o stand , 
an object' s cente r  o f  gravit y mus t  li e withi n it s 
footprint .  W h e n whe n w e se e a  floating  whee l  i n 
th e interio r  o f  a  vehicle ,  w e kno w tha t  i t  i s  proba -
bl y th e mejui s b y whic h th e drive r  communicate s 
steerin g informatio n t o th e chassis .  Movabl e han -
dle s impl y inpu t  t o machines ;  fixed  handle s impl y 
an upsid e an d a  downsid e t o an y objec t  the y grace . 

We ar e constructin g a  machine-understandin g 
machin e wit h whic h t o explor e th e usefulnes s o f 
semantic s i n perception .  Thi s syste m wil l  investi -
gat e simpl e mechanica l  device s suc h a s gea i  trains , 
simultaneousl y buildin g a  representatio n o f  th e 
structure s em d function s o f  parts ,  an d usin g tha t 
representatio n t o guid e an d disambiguat e percep -
tion .  I n thi s pape r  w e discus s ho w thi s wor k ha s 
le d t o a n understandin g o f  perceptio n i n whic h a 
semamtic s o f  structur e an d functio n pla y a  centra l 
rol e i n guidin g eve n th e lowes t  leve l  perceptua l 
actions . 

V i s i o n i s  C o g n i t i o n 

We distinguis h visua l  understandin g fro m visua l  recog -
nitio n b y th e centra l  question s tha t  driv e th e tw o activ -
ities .  Fo r  recognition ,  th e questio n i s  "Wha t  i s ou t 
there? "  Fo r  understanding ,  th e questio n i s  "Wha t  i s 
happening/ca n happe n i n thi s scene? "  o r  mor e specif -
ically ,  "Ho w ca n I  interac t  fruitfull y  wit h th e scene? " 

H u m a ns se e an d understan d th e worl d i n term s o f  it s 
affordance s [Gibso n 66] ,  whic h signa l  th e potentia l  fo r 
functio n an d fo r  interaction .  T o se e an d ac t  purpose -
fully ,  robot s mus t  likewis e b e designe d wit h a  capacit y 
fo r  th e visua l  understandin g o f  th e affordance s o f  thei r 
world s [Bran d i c Birnbau m 92] . 

Visua l  understandin g is ,  firstly,  explainin g th e 
scen e wit h regar d t o th e goal s an d causa l  knowledg e 
of  th e viewer ,  an d secondly ,  explainin g th e imag e 
wit h regar d t o th e scene^—wha t  i s  know n a s imag e 

understanding[Birnbau m e t  al .  92] .  A n explanatio n 
shoul d captur e th e wh y an d ho w o f  a  scene :  th e causa l 
relation s betwee n objects ,  th e source s o f  motio n an d 
stability ,  an d th e potentia l  use s o f  thes e causa l  prop -
ertie s fo r  th e viewer .  Fo r  example ,  i n th e reductio n 
engin e picture d i n figure  1 ,  tw o gear s ar e causall y relat -
ed t o eac h othe r  i n tha t  the y wil l  transmi t  (an d reverse ) 
rotationa l  motion .  Th e handl e i s  causall y relate d t o 
th e viewe r  i n tha t  i t  afford s th e viewe r  a n opportunit y 
t o injec t  motio n int o th e situation .  A  visua l  under -
standin g o f  figure  1  wil l  includ e th e assessment ,  "Thi s 
i s a  devic e which ,  whe n powere d fro m on e handle ,  caus -
es th e opposit e whee l  t o rotat e a t  a  muc h highe r  torqu e 
and slowe r  speed. " 

Figur e 1 :  A  reductio n engin e a s i t  appear s t o th e camera , 
and a n explode d schemati c o f  it s  drivetrain .  T o understan d 
it ,  w e piec e togethe r  a  coheren t  explanatio n o f  th e what , 
why,  an d ho w o f  thi s drivetrain ,  usin g clue s fro m th e image , 
fro m knowledg e o f  functio n an d structure ,  an d fro m ne w 
view s procure d b y perceptua l  acts . 

Our prescription for visual understanding dispenses 
wit h th e conventiona l  notio n o f  a n orde r  o f  processin g 
(e.g .  [Mar r  82 ,  Barro w &c Tanenbau m 78]^) .  Instea d 
of  a  visua l  fron t  en d whic h output s imag e segmenta -
tio n description s fo r  a  bac k en d t o use ,  understandin g 
i s a  matte r  o f  negotiatio n betwee n th e constraint s an d 
hypothese s o f  a  generativ e semantic s o f  functio n an d 
th e activit y o f  low-leve l  visua l  routines .  Th e seman -
tic s guid e th e activit y o f  th e visua l  hardwar e throug h 
queries :  i n th e cours e o f  buildin g a n explanator y mode l 

*I.e .  wha t  i s  traditionall y calle d compute r  vision :  group -

in g high-contras t  gradient s int o edges ,  findin g flow  bound -
aries ,  matchin g t o models ,  etc .  [DARP A 92 ] 

^Thi s filter-then-analyze  approac h ha s ha s previousl y 
been calle d int o questio n by ,  among ,  others ,  Tanenbau m 
himself ;  se e [Witki n k  Tanenbau m 83 ] 
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fro m visua l  report s o f  clue s t o function ,  gap s sm d incon -
sistencie s i n th e mode l  t o ar e use d t o genera l  querie s fo r 
th e visua l  routines ,  whic h cu e variou s perceptua l  act s 
tha t  resul t  i n ne w reports ? T h e visua l  processe s answe r 
querie s b y testin g fo r  feature s an d trackin g invariant s 
i n th e scen e tha t  hav e functiona l  significance ,  suc h a s 
trackin g paralle l  line s (generate d b y th e edge s o f  a  rod ) 
t o fin d th e en d o f  th e rod .  W e ar e i n th e proces s o f 
constructin g suc h a  syste m an d hav e analyze d sever -
al  imag e sequence s i n th e manne r  w e suggest .  Thi s 
paper s describe s aspect s o f  a  numbe r  o f  thes e analyses . 

W hy an d ho w ar e functiona l  propertie s detectabl e 
i n a n image ? Scene s ar e structured ,  an d th e causall y 
'loaded '  region s o f  a  scen e ten d t o b e wher e part s inter -
face :  wher e the y ar e joine d o r  wher e ther e ar e contrast s 
i n motion .  Thi s mean s tha t  th e part s o f  th e scen e 
wher e chang e i s mos t  likel y an d mos t  significant—th e 
part s o f  interes t  t o a  robot—ofte n hav e cheiracteristi c 
manifestation s a t  predictabl e location s i n th e image . 
For  example ,  meshe d gear s produc e adjacen t  region s 
of  optica l  flow  wit h opposit e curl .  A t  th e junctio n 
itself ,  th e flow  wil l  converge ,  the n diverge .  StaticaJly , 
a gea r  meshin g introduce s characteristi c texture s int o 
th e imag e becaus e o f  th e toothing ,  an d thi s meinifest s 
itsel f  a s a  loca l  pea k o f  a  high-frequenc y componen t  i n 
th e image .  Thi s i s wha t  robot s woul d loo k fo r  i f  the y 
wer e mad e t o fi x  ca r  transmissions . 

Understandin g jus t  a  smal l  par t  o f  a  picture—eve n a 
singl e componen t  o f  a  structure—immediatel y yield s a 
ric h se t  o f  expectation s abou t  neighborin g par t  bound -
aries ,  structura l  concomitants ,  typica l  eixe s o f  motion , 
and s o forth ,  an d thes e i n tur n hav e characteristi c m a n -
ifestation s i n th e image .  Thi s i s becaus e mos t  thing s i n 
our  visua l  experienc e hav e th e qualit y o f  design :  thei r 
constructio n reflect s a  hos t  o f  functiona l  constraints . 
Even th e simples t  functiona l  constraint—resistanc e t o 
th e pul l  o f  gravity—profoundl y influence s desig n an d 
appearance ,  an d generate s fo r  u s m a n y expectation s 
tha t  guid e visua l  cognition .  Thi s i s equall y tru e with -
i n an d outsid e th e real m o f  m a n - m a d e objects :  T h e 
worl d i s pervade d b y function . 

I n thi s pape r  w e presen t  th e beginning s o f  a  genera -
tiv e functiona l  semantic s fo r  vision ,  wit h enoug h detai l 
t o accoun t  fo r  exampl e scene s rangin g i n complexit y 
fro m stick s an d string s t o c o m m o n machines . 

The Importance of Being Connected 

I t  i s  generall y understoo d tha t  th e causa l  propertie s o f 
th e scen e ar e usuall y mediate d b y physica l  connection s 
betwee n th e part s i t  contains .  Understandin g a n objec t 
or  scen e require s visuall y tracin g throug h th e causall y 
most  "loaded "  connection s betwee n subparts." *  Towar d 
thi s end ,  w e hav e bee n developin g a  catalo g o f  connec -
tio n types ,  i n whic h eac h connectio n i s indexe d alon g 

^Thi s i s simila r  i n spiri t  t o wor k i n text-understandin g 
by [Ra m 89 ] 

'Indeed ,  whe n w e as k colleague s t o loo k a t  th e object s 
and picture s i n thi s paper ,  w e se e the m visuall y trac e ou t 
th e "functiona l  drivetrain "  o f  a n object . 

wit h a  descriptio n o f  function ,  typica l  structura l  corre -
lates ,  an d characteristi c visua l  manifestations .  W e no w 
hav e a  ric h catalo g o f  mechanica l  connection s rang -
in g fro m E-clas p fastener s t o gea r  meshing s t o hub -
axl e interfaces—nearl y 4 0 connectio n type s a t  tim e o f 
writing .  T h e description s o f  functio n an d structura l 
correlate s provid e grea t  leverag e i n visua l  search ,  gen -
eratin g hypothese s abou t  neighborin g parts ,  as-yet -
unperceive d assemblies ,  an d th e relativ e location s o f 
parts . 

Knowledg e abou t  connection s provide s a  reasone r 
wit h a  specia l  an d highl y usefu l  se t  o f  expectation s 
abou t  th e world .  I n orde r  t o us e thi s knowledge , 
we als o nee d t o hav e goo d theorie s o f  h o w an d w h y 
part s ar e pu t  together ,  an d o f  th e capabilitie s o f  ou r 
visio n syste m t o extrac t  usefu l  feature s an d invariant s 
fro m th e image .  Thi s require s a  larg e rul e bas e whic h 
expresse s th e principle s o f  rationa l  design ,  an d whic h 
describes—i n term s o f  th e visua l  routines—th e percep -
tibl e artifact s o f  design .  Desig n semantic s tel l  u s a 
goo d dea l  abou t  wha t  kind s o f  imag e processin g w e 
need .  Thi s i s tru e o f  bot h abstrac t  an d specifi c  con -
straints .  A t  th e abstrac t  level ,  fo r  instance ,  w e hav e a 
constrain t  suc h a s th e following : 

A drivetrai n assembl y ha s functio n i f  i t  transduces , 
regulate s o r  switche s motion .  I n visua l  terms ,  thi s 
functio n i s manifues t  i n th e followin g rule :  A  patc h 
of  th e scen e i s explaine d i f  i t  connect s t o tw o patches 
of  differin g motio n (transduction) ;  i f  i t  connect s t o 
jus t  on e patc h o f  motio n bu t  appear s t o hav e signif -
ican t  mas s (regulation) ;  o r  i f  ove r  time ,  it s positio n 
relativ e t o connectin g patche s change s s o tha t  thei r 
optica l  flo w i s n o longe r  relate d (connectio n an d dis -
connection ) 

Similarly ,  a t  th e specifi c  level ,  w e hav e a  rul e suc h a s 
th e following : 

Most  axis -  an d rail-mounte d machin e part s hav e 
some symmetr y wit h respec t  t o thei r  axe s o f  motio n 
so t o reduc e vibratio n (an d simplif y  manufacture) . 
Thi s include s gears ,  carriages ,  an d pistons .  I n visua l 
terms ,  thi s functiona l  constrain t  implie s th e follow -
in g rule :  Fo r  mos t  movin g parts ,  ther e i s a  wa y t o 
orien t  th e camer a s o tha t  motio n o f  th e par t  cause s 
a minima l  chang e i n it s visua l  profile . 

We hav e develope d a  se t  o f  suc h rule s sufficien t  t o 
produc e explanation s fo r  th e object s picture d i n th e 
paper .  Thi s knowledg e combine s wit h a n explici t  (i f 
somewhat  simplified )  theor y o f  th e image-processin g 
an d camera-orientin g subsystem s t o m a k e prediction s 
abou t  whic h visua l  routine s (e.g .  [Ullma n 84] )  t o 
engag e an d wha t  misclassification s the y ca n m a k e 
abou t  feature s i n th e image .  T o describ e th e visio n 
subsystem ,  w e identif y th e assumption s an d strategie s 
buil t  int o it s camera-orientin g an d feature-extractin g 
processes ,  an d the n produc e characterization s o f  whe n 
an d h o w variou s low-leve l  routine s wil l  produc e spuri -
ous reports : 

•  A  chang e o f  perspectiv e usuall y suffice s t o distin -
guis h adjacenc y fro m occlusion .  A  repor t  o f  non -
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adjacenc y fro m th e visua l  syste m i s reliable ;  report s 
of  adjacenc y ca n b e mistake n i f  th e part s ar e close . 

•  A  gradua l  di p an d the n recover y i n th e frequen -
cy o f  th e stronges t  signe d componen t  take n alon g 
a lin e throug h th e imag e implie s a  periodi c tex -
tur e m a p p e d ont o a  curve d object ,  suc h a s a  gear . 
[Bajcs y k  Lieberma m 76 ]  / /  th e camer a i s no t  ori -
ente d i n th e plan e o f  a  gea r  befor e usin g th e visua l 
toothed-whee l  detector ,  ther e m a y b e spuriou s nega -
tiv e reports . 

In sum, not only do we need knowledge of the causal 
structur e o f  th e world ,  bu t  w e nee d knowledg e o f  ho w 
tha t  cause d structur e i s reveale d (eui d sometime s mis -
taken )  b y perceptua l  actions .  O n e kin d o f  knowledg e 
tell s u s wha t  i s missin g o r  wron g i n ou r  explanatio n 
of  a  scene ;  th e othe r  kin d tell s u s ho w t o find  missin g 
informatio n i n th e image ,  o r  wher e t o find  mistake n 
interpretation s i n th e explanation . 

Examples 

Figure  2 :  View s o f  a  tensegrit y objec t  standin g up ,  o n 
it s side ,  an d fro m above .  Differen t  view s lea d t o differen t 
explanations . 

Tensegrity 

A tensegrit y [Fulle r  75 ]  i s a  rigi d structur e o f  rod s an d 
cables .  T h e simples t  possibl e construction ,  consistin g 
of  thre e rod s an d nin e cable s i s picture d i n figure  2 . 
None o f  th e rigi d element s touc h eac h other ,  ye t  th e 
whol e structur e stands .  Peopl e find  tensegrit y con -
struction s fascinatin g becaus e a  ver y bsisi c assumptio n 
of  visua l  explanation s fail s  t o apply ,  namel y tha t  a  rigi d 
objec t  i s  decomposabl e int o substructure s tha t  suppor t 
eac h othe r  [Birnbau m e t  al .  92] .  T h e onl y mean s o f 
connectio n i n th e tensegrit y i s tethering ;  ther e i s n o 
suppor t  an d onl y th e illusio n o f  suspension .  I n fact , 
gravit y play s n o rol e i n it s stability . 

I t  is ,  however ,  th e illusio n o f  suspensio n tha t  allow s 
th e tensegrit y t o b e explained .  A  first  vie w o f  th e struc -
tur e wil l  revea l  a  larg e par t  ( a rod )  whic h look s a s i f  i t 
shoul d b e falling .  T o explai n it s stability ,  on e scan s u p 
th e rod ,  lookin g fo r  a n attachmen t  whic h prevent s i t 
fro m fallin g i n th e directio n tha t  i t  leans .  Nea r  th e top , 
a cabl e fro m anothe r  ro d prevent s thi s collapse .  H o w -
ever ,  thi s doe s no t  explai n w h y th e ro d doesn' t  pitc h 
i n a  directio n perpendicula r  t o th e cable ,  an d a  furthe r 
sca n reveal s a  nearl y perpendicula r  cabl e whic h par -
tiall y  fulfill s  thi s function :  i t  keep s th e ro d fro m fallin g 
"outwards. "  T o explai n w h y i t  doe s no t  fal l  inward ,  w e 

loo k fo r  a  thir d fixating  element ,  an d find a  thir d cabl e 
attache d t o th e endpoin t  tha t  ha s a  smal l  vecto r  com -
ponen t  contrar y t o inwar d motion .  T h e ro d endpoin t 
i s  no w considere d stable ,  a s al l  motion s ar e restricte d 
(some ,  apparently ,  b y gravity) .  T h e ro d a s a  whole , 
however ,  m a y no t  be .  Thus ,  t o explai n wh y th e ro d 
doesn' t  slid e ou t  fro m underneat h itself ,  a  simila r  se t 
of  scan s discover s thre e mor e tethers .  N o w ,  th e ro d i s 
provisionall y considere d stable .  Ye t  al l  th e cable s nee d 
t o b e explained ,  an d thi s lead s t o simila r  explanation s 
of  th e othe r  tw o rods .  A t  th e end ,  ever y par t  ha s bee n 
assigne d a  function ,  an d ever y forc e appear s t o hav e 
bee n countered . 

However ,  thi s result s i n a  circula r  explanation ,  wher e 
eac h par t  is ,  ultimately ,  hel d u p b y itself .  I n orde r  t o 
"ground "  thi s explanation ,  w e mus t  invok e th e prin -
cipl e o f  symmetry .  Symmetr y i s a  desig n stratage m 
fo r  cancelin g ou t  al l  forces .  I t  i s  necessar y t o kno w 
abou t  symmetry ,  an d ho w t o loo k fo r  som e kind s o f 
symmetr y i n a n image ,  i f  on e i s t o explai n wh y stati c 
object s stan d up .  Symmetr y i s th e mos t  c o m m o n for m 
of  balance ,  whic h i s ofte n th e ultimat e explanatio n o f 
stability . 

Symmetr y i s als o a  wa y o f  resolvin g explanator y 
loops .  Fo r  th e tensegrit y objec t  w e propos e a  three -
fol d rotationa l  symmetr y aroun d a  vertica l  axis ,  an d 
orien t  th e camer a abov e th e structure .  Th e endpoint s 
ar e use d t o estimat e wher e th e symmetrica l  axi s is ,  an d 
onc e th e camer a i s coUinea r  wit h thi s axis ,  a  visua l  rou -
tin e processe s th e imag e t o find  evidenc e o f  rotationa l 
symmetry .  Findin g symmetr y complete s th e explana -
tion . 

Reduction Engine 

A reductio n engin e work s o n th e principl e tha t  a  smal l 
gear  connecte d t o a  larg e gea r  wil l  reduc e spee d an d 
increas e torque .  T o explai n suc h a  machine ,  th e inpu t 
an d outpu t  mus t  b e found ,  th e drivetrai n mus t  b e 
traced ,  an d th e part s tha t  serv e t o fram e an d stabiliz e 
th e objec t  mus t  b e identified .  T h e orde r  o f  discover y 
of  al l  thes e assemblie s i s no t  important—findin g an y 
on e o r  par t  o f  an y on e produce s m a n y functiona l  clue s 
abou t  wher e an d ho w t o loo k fo r  othe r  parts . 

For  example ,  finding  a  protuberanc e fro m th e fac e o f 
a whee l  (a n ellips e i n th e image )  i s a  goo d indicato r  o f 
an axi s o r  handle .  A n ellipsis-findin g Houg h transfor m 
wil l  tel l  u s wher e t o expec t  th e aocis .  I f  th e protruber -
anc e i s off-center ,  the n i t  i s  a  handle ,  whic h indicate s 
tha t  th e par t  i s  a n inpu t  o r  outpu t  t o th e machine . 

I n th e reductio n engine ,  a  wal l  lie s directl y behin d 
th e wheel ,  s o th e axi s i s invisible .  However ,  i t  i s  rea -
sonabl e t o expec t  tha t  th e axi s i s fixed  i n plac e b y th e 
frame ,  s o th e wal l  i s  hypothesize d t o b e par t  o f  th e 
frame ,  an d th e axi s i s hypothesize d t o pas s throug h 
it .  Scannin g alon g th e lin e o f  th e hypothesize d axi s 
bring s a  toothed-textur e int o cente r  view ,  whic h ca n 
be verifie d a s a  gea r  wit h th e appropriat e curvatur e 
fo r  th e axis .  T h e axi s i s no w provisionsdl y explained . 

T o explai n th e gear ,  i t  mus t  mes h wit h a t  leas t 
one othe r  gea r  (o r  a  chain) .  [Bran d k  Birnbau m 92 ) 
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describe s a  syste m fo r  scannin g a  camer a acros s a  trai n 
of  meshe d gears ,  reportin g whe n a  boundin g wal l  ha s 
been hi t  o r  n o mor e gear s hav e bee n found .  W h e n 
thi s finds  a  meshin g gear ,  th e first  gea r  i s explained . 
Explainin g thi s secon d gea r  require s lookin g fo r  a n axi s 
t o carr y alon g th e motio n t o anothe r  part ,  sinc e n o oth -
er  connectin g gear s ca n b e found .  Th e axi s i s almos t 
entirel y hidden ,  s o th e sam e strateg y tha t  verifie d th e 
first  axi s i s used .  A t  thi s point ,  th e operation s jus t 
describe d repea t  t o explai n th e remainde r  o f  th e mech -
anism . 

Other Examples 

Even withou t  th e abilit y  t o mov e th e camer a t o 
sca n fo r  ne w information ,  functiona l  expectation s wil l 
resolv e ambiguitie s i n th e interpretatio n o f  a  scene . 
(Halab e 92 ]  ha s implemente d a  progra m wit h a  modes t 
semantic s o f  attachmen t  an d stabilit y  tha t  wil l  "reat -
tach "  leg s o f  Tinkerto y construction s tha t  hav e bee n 
"severed "  b y occlusion . 

Figur e 3 :  A  hous e o f  card s an d a  to y horse .  Stabilit y 
constraint s mak e i t  possibl e t o reaso n abou t  occlusion s suc h 
as th e horse' s hin d le g an d th e obscure d card . 

Similar analyses have been done with various houses 
of  card s (e.g .  figure  3) ,  i n whic h connection s mediat e 
suppor t  o r  friction ,  bu t  ther e i s n o attachment . 

A Functional Analysis of Vision 

We believ e tha t  th e us e o f  functiona l  semantic s i n th e 
desig n o f  visio n system s an d visua l  primitive s applie s t o 
th e whol e rang e o f  system s tha t  proces s image s and/o r 
perfor m visua l  reasoning .  Whethe r  designin g a  hard -
wire d animat ,  o r  compilin g th e knowledg e t o b e use d 
i n a  mechanica l  reasonin g system ,  a  functiona l  analy -
si s wil l  outlin e th e kind s o f  feature s tha t  ar e neede d 
fo r  choosin g action s [Bran d 91] ,  th e kind s o f  image -
predicate s tha t  ar e necessar y t o suppor t  thos e features , 
and th e kind s o f  ambiguitie s tha t  th e syste m wil l  face . 

Semanti c constraint s ar e pervasiv e i n th e world ,  thu s 
we nee d a  functiona l  semantic s fo r  ever y kin d o f  scene . 
We outlin e belo w th e mai n functiona l  relationship s 
inheren t  i n differen t  kind s o f  scenes ,  t o sho w th e basi c 
buildin g block s o f  visua l  semantic s fo r  differen t  tasks . 
We identif y thre e genera l  type s o f  scenes ,  briefl y sketc h 
th e fundamenta l  question s tha t  driv e explanatio n i n 
each ,  outlin e th e basi c principle s use d i n thes e expla -
nations ,  an d describ e ho w the y m a y b e detecte d i n a n 
image . 

Stati c O b j e c t s 

•  Wil l  i t  fal l  apart ? (Ho w i s th e motio n o f  al l  part s 
constrained? )  Th e mean s o f  stati c constrain t  ar e 
blockag e (suppor t  an d containmen t  ar e specia l  cas -
es) ,  attachment ,  an d tetherin g (again ,  suspensio n 
i s a  specia l  case) .  Blockag e i s detectabl e thoug h 
adjacenc y i n th e image ,  especiall y i n th e horizonta l 
plane ,  wher e on e par t  i s  supportin g another .  Attach -
ment  ca n b e inferre d fro m off-horizonta l  adjacency , 
partia l  containment ,  an d characteristi c attachmen t 
artifact s suc h a s scre w an d rive t  heads .  Tetherin g 
ca n b e inferre d fro m adjacenc y t o th e en d o f  a  lon g 
thi n objec t  suc h a s a  cable . 

•  Wil l  i t  fal l  o n m e ? (Ho w i s th e cente r  o f  grav -
it y place d withi n th e footprint ? O r  ho w i s th e 
objec t  affixe d t o somethin g heavier? )  Typica l  mean s 
of  standin g includ e sprea d fee t  (o r  narro w tops) , 
counter-balancing ,  an d anchoring .  Sprea d fee t  ar e 
ofte n visibl e a s protuberanc e o n th e groun d plan e 
divergin g fro m th e object-image  center .  Narrow -
in g ca n b e calculated ,  fo r  example ,  a s a  gros s 
geometri c predicate ,  o r  b y lookin g fo r  finer  detai l 
highe r  u p i n th e imag e (e.g .  a  greate r  proportio n 
of  high-frequenc y components) .  Counter-balancin g 
an d symmetr y ar e profoundl y difficul t  t o find  i n 
an image ;  w e ar e compilin g a  hos t  o f  methods , 
includin g lookin g fo r  anomalousl y thic k o r  lon g pro -
jection s t o diagnos e counter-balancing .  Anchorin g 
ofte n require s projection s int o th e groun d plane , 
ofte n accompanie d b y b u m p s i n th e plan e (e.g .  tre e 
roots) . 

•  W h a t  ca n i t  hol d up ? (Wha t  device s o f  support , 
attachment ,  etc. ,  doe s i t  hav e tha t  ar e no t  use d i n 
it s ow n skeleta l  integrity? )  Thi s i s ofte n a  mat -
te r  o f  identifyin g object s whic h affor d suppor t  o r 
attachmen t  bu t  d o no t  participat e i n th e explana-
tio n o f  th e object' s stability .  Unuse d hig h horizonta l 
surface s (tabletops) ,  hoo k shape s o r  vertica l  point s 
(coatstands) ,  an d region s o f  concavit y (bowls )  ar e 
goo d indicator s o f  overal l  function . 

Objects with internal motion (Machines) 

•  H o w i s motio n constraine d an d channelled^ ? I n 
machines ,  th e mean s o f  constrainin g motio n alway s 
leav e a  dimensio n o r  tw o o f  freedom .  Thi s i s prin -
cipall y achieve d b y partia l  containmen t  (eyes ,  hubs , 
sockets ,  etc. )  i n th e man-mad e world ,  an d b y flexion 
i n th e natura l  world .  Thi s i s a  difficul t  proble m fo r 
us ,  sinc e mos t  o f  a  containmen t  devic e i s obscure d 
fro m view .  A t  present ,  w e pla n t o simpl y infe r  con -
tainmen t  device s fro m th e limite d motion s o f  parts . 
Ther e i s som e potentia l  i n developin g a  librar y o f 
visua l  signature s fo r  containmen t  devices ,  muc h a s 
th e screw-hea d i s a  signatur e fo r  a  largel y invisibl e 
part . 

*This is very similar to the question asked of static 
objects .  I n fact ,  w e ha d analyze d severa l  machine s befor e 
realizin g tha t  stati c object s ar e a  specia l  case ,  i n whic h al l 
motio n i s restricted . 
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•  W h y ar e al l  thes e part s moving ? (Ho w i s motio n 
communicated ? W h a t  kind s o f  connection s ar e 
there? )  T h e principi d mean s fo r  communicatio n o f 
motio n ar e attachmen t  an d friction .  Communicatio n 
produce s characteristi c pattern s o f  flo w i n adjacen t 
regions .  Optica l  flo w algorithm s m a y onl y suffic e 
t o revea l  region s o f  varyin g motion ,  requirin g othe r 
visui d processe s t o clos e i n o n an d resolv e detaiil s  o f 
ho w motio n i s communicated . 

•  W h a t  kin d o f  motio n doe s thi s produce ? Classifi -
catio n o f  motio n int o rotation ,  translation ,  lifting , 
swinging ,  hammering ,  etc. ,  provide s a  usefu l  inde x 
t o function ,  £in d ofte n suggest s a  likel y mechanism . 
For  example ,  repeate d translationa l  motio n alon g a 
lin e almos t  alway s require s a n associate d rotationa l 
motion . 

•  H o w d o I  connec t  wit h it ? (Wha t  i s th e interfac e 
t o th e res t  o f  th e world? )  Thi s i s simila r  t o th e 
use questio n aske d o f  stati c objects .  Ther e i s a 
fairl y  limite d rang e o f  contro l  device s whic h specifi -
call y interfac e t o th e h u m a n hand ,  an d whic h hav e 
characteristi c shapes :  handles ,  buttons ,  dials ,  3ui d 
steerin g wheels ,  fo r  example .  Thes e wil l  hav e t o b e 
resolve d b y loca l  seaurche s i n th e imag e fo r  charac -
teristi c shapes . 

Terrains 

•  Wher e ar e th e animat e objects ? (What' s movin g 
an d wha t  ar e ou r  relativ e position s i n th e foo d 
chain? )  Thi s i s largel y a  matte r  o f  noticin g inde -
penden t  translationa l  motio n i n th e imag e sequence . 
VisuzJly ,  w e loo k fo r  smcd l  region s o f  dept h change , 
as wel l  a s textur e anomalies . 

•  Wher e ca n I  pas s o r  flee?  (Wha t  par t  o f  th e ter -
rai n i s navigabl e fo r  a n agen t  wit h leg s o r  wheel s 
lik e mine? )  T h e mos t  importan t  constrain t  fo r  lan d 
navigatio n i s continuit y o f  groun d plane ,  followe d b y 
smoothness .  Anothe r  importan t  affordanc e fo r  nav -
igatio n ar e thing s tha t  ca n b e climbed .  Fo r  thi s rea -
son ,  i t  i s  usefu l  t o loo k fo r  low-frequenc y textur e o n 
object s tha t  ris e ou t  o f  th e groun d plane ,  fo r  exampl e 
a tre e wit h roug h bark .  O n e specia l  case-stairs-add s 
th e constrain t  tha t  th e vertica l  textur e hav e a  singl e 
stron g frequenc y component . 

•  Wher e ca n I  tak e shelte r  o r  hide ? (Wha t  par t  o f 
th e terrai n ha s limite d accessibilit y  aad/o T limite d 
visibility? )  T h e ke y t o thi s functio n i s identifyin g 
place s i n th e worl d wher e visio n itsel f  doesn' t  wor k 
ver y well .  O n e hide s i n cave s o r  overhangs ,  whic h 
ar e bounde d region s o f  relativ e darknes s an d lo w 
contrast ,  o r  on e hide s i n underbrush :  area s o f  omni -
directiona l  hig h frequenc y imag e noise . 

Vision Requires Outlook 

Visio n ha s lon g suffere d th e notio n tha t  a n artificia l 
visua l  corte x wil l  b e a  "fron t  end "  fo r  a n intelligen t 
syste m tha t  itsel f  i s  no t  necessaril y  visuall y sophisti -
cated .  A  consequenc e o f  thi s vie w i s tha t  m u c h tal -
ent  an d energ y hci s bee n investe d i n tryin g t o fin d a n 

appropriat e for m o f  outpu t  fo r  visio n systems .  Onc e a n 
outpu t  representatio n ha s bee n invented ,  ther e i s th e 
usua l  struggl e o f  findin g a  robus t  algorith m t o m a p 
image s t o reasonabl e (literally )  outputs .  Thi s ha s typ -
icall y resulte d i n recognitio n systems ,  whic h matc h th e 
imag e t o a  databas e o f  model s vi a revers e optic s trans -
formation s (e.g .  [Hor n 86]) .  W e hav e learne d fro m thi s 
wor k tha t  n o singl e algorith m o r  imag e transfor m eve r 
work s mor e tha n perhap s 8 0 % o f  th e time.̂ . 

Recently ,  som e researcher s hav e give n attentio n t o 
th e us e o f  visua l  processing ,  tha t  is ,  wha t  happen s i n 
th e "bac k end "  (e.g .  [Ballar d 89]) .  Thi s ha s le d t o a 
reformulatio n o f  visio n i n whic h processin g i s specifi -
call y aime d a t  quickl y extractin g th e feature s tha t  ar e 
most  decisiv e fo r  th e immediat e pursui t  o f  a  goal .  I n 
th e "activ e vision "  paradigm ,  th e bac k en d i s recipro -
call y considerat e o f  th e fron t  end ,  reorientin g th e cam -
er a t o procur e eve r  bette r  inpu t  fo r  th e featur e detec -
tors .  Thi s i s typica l  i n visua l  navigatio n systems ,  whic h 
extrac t  surprisingl y fe w topographi c feature s fro m th e 
image ,  an d the n mak e strikingl y goo d us e o f  them . 
Thi s i s a  significan t  developmen t  becaus e i t  incorpo -
rate s th e notion s o f  (1 )  functionall y derive d feature s 
an d (2 )  focu s o f  attention ,  bot h deploye d accordin g t o 
an analysi s o f  th e dynamic s o f  th e task . 

Recognitio n visio n build s a  mode l  o f  th e scen e b y 
explainin g th e imag e i n term s o f  th e physic s o f  ligh t 
and th e configuratio n o f  th e scene .  I t  incorporate s 
analyse s o f  optica l  physic s an d o f  shape ,  whic h giv e 
i t  a  mathematical ,  nonfunctiona l  slant .  Activ e visio n 
wor k tend s t o b e miserl y i n it s representation ,  bu t  trie s 
t o participat e directl y i n th e causalit y o f  th e scene .  I t 
incorporate s analyse s o f  th e tas k an d o f  visua l  invari -
anc e acros s motion ,  whic h giv e i t  a  decide d functiona l 
slan t  and ,  significantly ,  a  goo d measur e o f  robustness 7 

W h at  i s missin g i n vision ,  thoug h hinte d a t  b y activ e 
vision ,  i s  a  functiona l  analysi s o f  th e world—o f  wha t 
i s bein g looke d at .  Th e purpos e o f  visio n i s no t  t o 
describ e th e imag e i n term s o f  segmentatio n candi -
dates ,  bu t  t o explai n th e scen e i n term s o f  wha t  w e 
believ e abou t  th e world .  T h e primar y visua l  belie f  tha t 
humans enjo y i s th e dictu m tha t  "for m follow s func -
tion. "  Th e worl d tha t  w e se e i s on e o f  design ,  every -
wher e imbue d wit h function ,  an d interestin g mainl y 
becaus e w e hav e t o interac t  wit h it . 

T h e question s w e as k o f  ou r  eye s are :  "Wil l  i t  fal l 
on m e ? "  "Wil l  i t  suppor t  m y weight? "  "Wher e ca n 
I  pass? "  "Wha t  doe s i t  do? "  Thes e functiona l  ques -
tion s lea d straigh t  t o structura l  questions :  "Doe s th e 
cente r  o f  gravit y li e outsid e th e footprint? "  "Wha t  ar e 
th e load-bearin g lines? "  "Wher e i s th e groun d plan e 
navigabl e b y foot? "  "Ho w doe s it s motio n relat e t o a 
h u m an activity? "  Th e structura l  question s i n tur n lea d 
t o question s pose d o f  th e worl d (o f  th e imag e o r  o f  a n 
imag e stream) :  "Wher e abov e th e groun d plan e i s th e 
visua l  centroid? "  "Ho w thic k i s th e trau n o f  connect -

'Minsky ,  persona l  communicatio n 
Activ e visio n aim s t o reduc e uncertaint y throug h track -

ing ;  thu s th e importanc e o f  invarianc e acros s motion . 
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ed substructure s tha t  rise s fro m th e groun d plan e t o 
carr y m y weight? "  "Wher e i s th e illuminatio n gradien t 
smoot h o r  stripe d (steps)? "  "Wher e i s a  handle-shape d 
objec t  an d th e drivetrai n tha t  i t  moves? " 

One migh t  objec t  t o ou r  emphasi s o n question s suc h 
as,  " W h y i s thi s par t  here? "  and ,  " H o w d o thes e thing s 
relate? "  whe n human s see m abl e t o answer ,  "Wha t 
i s ou t  there? "  s o effortlessly .  H u m a n s hav e prodi -
giou s visua l  memories ,  an d equall y uncann y power s o f 
recognition .  However ,  i t  i s  no t  recognitio n w e ar e try -
in g t o explain ;  i t  i s th e origina l  cognition .  Give n th e 
amount  o f  wor k thi s takes ,  i t  i s  no t  surprisin g tha t 
we ar e equippe d wit h a  cachin g mechanis m whic h use s 
th e memor y o f  th e firs t  cognitio n t o spee d perceptio n 
of  th e sam e objec t  late r  on . 

Related Work 

Recent  wor k i n th e understandin g o f  diagram s indi -
cate s tha t  researcher s hav e foun d i t  usefu l  t o emplo y 
a simpl e semantic s i n conjunctio n wit h a  simulate d 
visua l  searc h fo r  "region s o f  interest "  i n th e diagram . 
[Naraya n i c Chandrasekara n 91 ]  giv e a n exampl e o f  a 
straigh t  flat  lin e tha t  i s a  sheire d boundar y betwee n tw o 
objects ,  whic h consequentl y hav e th e potentia l  t o slid e 
agains t  eac h other .  [Forbu s e t  al .  87 ]  provid e a  mode l 
fo r  th e qualitativ e analysi s o f  rigi d bod y interactions , 
give n a  qualitativ e descriptio n o f  th e scene .  Bot h ar e 
primaril y post-visua l  paradigms ,  wherea s w e inten d fo r 
our  semanti c analyse s t o interactivel y guid e an d dis -
ambiguat e visua l  processes .  I t  i s  als o wort h notin g 
tha t  mos t  kinemati c analyse s o f  scenes ,  whethe r  qual -
itative ,  diagrammatic ,  o r  trul y visual ,  us e a  semantic s 
of  motion .  I n contrast ,  w e ar e intereste d firstl y i n a 
semantic s o f  function ;  an d onl y secondl y i n it s mani -
festatio n a s motions ,  shape s an d textures . 

The wor k o f  th e Visio n an d Modelin g Grou p a t  th e 
M I T Medi a La b i s  als o o f  not e because ,  i n tryin g 
t o mode l  th e object s i n th e scen e i n term s o f  ben t 
and deforme d superquadric s [Pentlan d 90] ,  the y ar e 
also ,  i n a  sense ,  explainin g th e scene .  Thi s inter -
estin g approac h differ s fro m our s i n tha t  i t  i s  func -
tionall y neutral ;  suc h explanation s tel l  h o w th e scen e 
coul d b e m a d e fro m simpl e lump s o f  cla y tha t  ar e 
deforme d an d combine d t o produc e comple x shapes . 
No hypothese s abou t  causa l  relationship s an d functio n 
ar e presen t  i n thes e explanations ,  no r  doe s suc h knowl -
edge guid e explainin g a t  th e leve l  o f  image-processin g 
either .  However ,  thei r  wor k ha s interestin g possibilitie s 
becaus e th e models ,  onc e constructed ,  ar e imbue d (vi a 
simulation )  wit h a  causalit y whic h include s rigi d an d 
elasti c bod y dynamics ,  mass ,  an d gravity .  Thi s coul d 
be use d t o provid e feedbac k t o a n image-to-mode l  con -
structor ,  b y tellin g i t  whethe r  o r  no t  th e mode l  i s sta -
bl e an d static ,  o r  unbalance d an d lackin g i n structura l 
integrity . 

Acknowledgements 
Thank s t o Ke n Forbus ,  Da n Halabe ,  Bruc e Krulwich ,  Pete r 
Prokopowicz ,  an d Louis e Pryo r  fo r  man y usefu l  discus -
sions .  Thi s wor k wa s supporte d i n par t  b y th e Defens e 

Advance d Researc h Project s Agency ,  monitore d b y th e 
Offic e o f  Nava l  Researc h unde r  contrac t  N00014-91-J-4092 , 
and b y th e Nationa l  Scienc e Foundation ,  unde r  gran t  num -
ber  IRI9110482 .  Th e Institut e fo r  th e Learnin g Science s 
was establishe d i n 198 9 wit h th e suppor t  o f  Anderse n Con -
sulting ,  par t  o f  Th e Arthu r  Anderse n Worldwid e Orga -
nization .  Th e Institut e receive s additiona l  suppor t  fro m 
Ameritech ,  a n Institut e Partner ,  an d fro m IBM . 

References 
[Bajcs y k  Lieberma n 76 ]  R .  Bajcs y an d L .  Lieberman . 

Texte r  gradient s a s a  dept h cue .  I n Compute r  Graphic s 
and Imag e Processin g 5 ,  1976 . 

[Ballar d 89 ]  Dan a H .  Ballard .  Referenc e Frame s fo r  Ani -
mat e Vision .  Proceeding s o f  AAAI-89 ,  1989 . 

[Barro w &  Tanenbau m 78 ]  Recoverin g 
Instricsi c Scen e Characteristic s fro m Images .  Compute r 
Visio n Systems ,  A.R .  Hanso n L  E.M .  Bjsema n (eds.) . 
New York :  Academi c Press .  1978 . 

[Birnbau m e t  al .  92 ]  Lawrenc e Birnbaum ,  Pau l  Cooper , 
and Matthe w Brand .  Ever y Pictur e Tell s a  Story .  Forth -
comin g Technica l  Report ,  Northwester n University ,  Th e 
Institut e fo r  th e Learnin g Sciences .  1992 . 

[Bran d 91 ]  Matthe w Brand .  Incorporatin g Resourc e Anal -
yse s int o a n Actio n System .  12" *  Proceeding s o f  th e Cog -
nitiv e Scienc e Society ,  1991 . 

[Bran d L  Birnbau m 92 ]  Matthe w Bran d an d Lawrenc e 
Birnbaum .  Perceptio n a s a  Matte r  o f  Design .  I n Pro -
ceeding s th e A  A  A l  Sprin g Symposiu m o n Selectiv e Per -
ception ,  1992 . 

[ D A R PA 92 ]  Proceeding s o f  th e 199 2 D A R P A Imag e 
Understandin g Workshop .  Sa n Mateo ,  CA :  Morga n 
Kaufman n Publishers ,  Inc .  1992 . 

[Forbu s e t  al .  87 ]  Ke n Forbus ,  Pau l  Nielsen ,  &  Bo i  Falt -
ings .  Qualitativ e Kinematics :  a  framework .  Proceeding s 
of  th e 10" *  IJCAI ,  1987 . 

[FuUe r  75 ]  R .  Buckminste r  FuUer .  Synergetics .  N e w York : 
MacMilla n Publishin g Co. ,  Inc .  1975 . 

[Gibso n 66 ]  J.J .  Gibson .  Th e Sensens e Considere d a s Per -
ceptua l  Systems .  Botson :  Houghto n Mifflin ,  1966 . 

[Halab e 92 ]  Danie l  Halabe .  A  Le g t o Stan d On .  Unpub -
lishe d manuscript .  Northwester n University ,  Th e Insti -
tut e fo r  th e Learnin g Sciences ,  1992 . 

[Hor n 86 ]  Berthol d Klau s Pau l  Horn .  Robo t  Vision .  Cam-
bridge ,  M A :  Th e M I T Press ,  1987 . 

[Mar r  82 ]  Davi d Marr .  Vision .  N e w York :  W.H .  Freema n 
and Company ,  1982 . 

[Naraya n &  Chandrasekara n 91 ]  N .  Har i  Naraya n an d B . 
Chandrasekaran .  Reasonin g Visuall y abou t  Spatia l 
Interactions .  Proceeding s o f  th e IJCAI ,  1991 . 

[Pentlan d 90 ]  Ale x Pentland .  T H I N G W O R LD 2.0 .  Visio n 
and Modelin g Group ,  Th e Medi a Lab ,  MIT .  1990 . 

[Ra m 89 ]  Ashwi n Ram.  Question-drive n understanding . 
Dissertation ,  Departmen t  o f  Compute r  Science ,  Yal e 
University ,  1989 . 

[Ullma n 84 ]  Shimo n Ullman .  Visua l  Routines .  Cognitio n 
18 ,  1984 . 

[Witki n &c Tanenbau m 83 ]  Andre w Witki n &  Ja y Tanen -
baum.  O n th e Rol e o f  Structur e i n Vision .  I n H u m a n 
and Machin e Vision ,  Beck ,  Hope ,  &  Rosenfeld ,  {eds.) , 
1983 . 

725 


	cogsci_1992_720-725



