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Abstrac t 

One of the classical problems faced by theories of 
menta l  imager y i s th e Indeterminac y Problem :  a 
certai n leve l  o f  detai l  seem s t o b e require d t o con -
struc t  a n imag e fro m a  generatin g description ,  bu t 
suc h detai l  migh t  no t  b e availabl e fiom  abstract , 
categorica l  descriptions .  I f  w e commi t  t o unjusti -
fied  detail s an d incorporat e the m int o a n image , 
subsequen t  querie s o f  th e imag e migh t  indiscrimi -
nantl y repor t  no t  onl y informatio n implie d b y th e 
descriptio n bu t  als o informatio n tha t  wa s arbitrar -
il y fixed.  Th e Indeterminac y Proble m i s studie d i n 
a simplifie d domain ,  an d a  computationa l  mode l 
i s propose d i n whic h image s ca n b e incrementall y 
adjuste d t o satisf y a  se t  o f  inter-constrainin g as -
sertion s a s wel l  a s possible .  I n thi s model ,  querie s 
ca n discriminat e betwee n thos e detail s i n a n im -
age whic h ar e necessar y (implie d b y th e generatin g 
description )  an d thos e whic h ar e incidenta l  (con -
sisten t  bu t  arbitraril y  fixed).  Th e computationa l 
model  exploit s th e grade d prototypicalit y o f  th e 
categorica l  relation s i n th e simplifie d domain ,  an d 
suggest s th e importanc e o f  a  grounde d languag e 
fo r  reasonin g wit h categories . 

Introduction 

Althoug h th e psychologica l  validit y o f  menta l  imager y 
has lon g bee n debated ,  image s hav e ofte n serve d use -
full y fo r  modelin g knowledg e i n computationa l  system s 
(Fun t  1980 ;  Walt z &  Bogges s 1979) .  On e o f  th e argu -
ment s agains t  imagina l  representation s an d fo r  propo -
sitiona l  one s ha s bee n tha t  image s see m t o posses s a 
certai n leve l  o f  detcii l  i n representatio n tha t  canno t 
jJway s b e provide d b y a n abstrac t  descriptio n bein g 
use d t o generat e th e imag e (Pylyshy n 1973) .  Fo r  ex -
ample ,  i n imaginin g a  tiger ,  peopl e ofte n repor t  tha t 
th e tige r  ha s stripe s bu t  the y canno t  sa y ho w man y 
(Kossly n 1980) .  Ye t  i f  a n imag e o f  a  stripe d tige r  ha d 
been generated ,  i t  i s  argued ,  surel y it s  stripe s coul d 

hav e b e counted .  I f  defaul t  informatio n ha d bee n use d 
t o fill  i n th e require d details ,  th e imag e woul d hav e 
bee n unjustl y over-committed ;  th e necessar y informa -
tio n i n th e imag e woul d hav e bee n indistinguishabl e 
fro m thos e deteiil s  whic h wer e consisten t  bu t  arbitrary . 
Pinke r  (1984 )  cleiim s tha t  thi s proble m "woul d spea k 
agains t  a  totall y factore d structura l  description, "  sug -
gestin g tha t  imagina l  representation s ar e inherentl y in -
capabl e o f  handlin g suc h indeterminacy .  W e cal l  thi s 
th e Indeterminac y Problem . 

Th e Indeterminac y Proble m ha s bee n acknowledge d 
i n a t  leas t  on e computationa l  syste m tha t  use s image s 
fo r  reeisonin g (Walt z &  Bogges s 1979) .  Boggess' s com -
pute r  progra m take s a  sequenc e o f  (restricted )  natura l 
languag e sentence s a s input ,  construct s a n interna l  im -
age o f  th e spatia l  relationship s implie d b y th e preposi -
tione J phrases ,  an d answer s question s abou t  thes e spa -
tia l  relationship s b y examinin g th e image .  Noun s lik e 
"table, "  "box, "  an d "goldfis h bowl "  ar e draw n a s righ t 
parzdlelpiped s wit h defaul t  height ,  width ,  an d dept h i n 
a three-dimensiona l  bitma p representation s o f  space .  ̂ 
Preposition s lik e "on "  an d "in "  ar e realize d a s pro -
cedure s fo r  placin g an d locatin g object s i n th e imag e 
relativ e t o othe r  objects . 

I n Boggess' s program ,  th e meanin g o f  a  prepositio n 
ca n b e sensitiv e t o th e kind s o f  object s bein g related ,  s o 
a shado w ca n b e "on "  a  wal l  i n a  diflferen t  wa y tha n a 
boo k ca n b e "on "  a  table .  Nevertheless ,  fo r  an y instan -
tiate d proposition ,  th e progra m ha s defaul t  knowledg e 
fo r  drawin g an d evaluatin g images .  Fo r  example ,  t o 
dra w a  boo k o n a  table ,  a  specifi c  spo t  whic h "tend s 
t o a  particula r  corner "  o f  th e tabl e i s  used .  Thi s o f 
cours e simplifie s th e tas k o f  finding  th e boo k o n th e 
tabl e later ,  bu t  th e us e o f  suc h defaul t  informatio n ca n 
lea d t o som e embarrasin g conclusions .  Conside r  Walt z 
an d Boggess' s ow n example :  th e progra m i s give n "Th e 
shel f  i s o n th e wall "  an d "Th e fly  i s o n th e wall "  a s in -
put .  Usin g defaul t  knowledge ,  th e progra m construct s 
an acceptabl e mode l  i n whic h th e fly  i s belo w th e shelf . 
W h en th e progra m i s  querie d wit h "I s th e fly  belo w 

'Thi s materia l  i s  base d upo n wor k supporte d unde r 
a Natione d Scienc e Foundatio n Graduat e Fellowshi p an d 
C NR gran t  N00014-88K0124 . 

'Bitmap s ar e quantize d representation s o f  spac e an d 
it s occupatio n b y objects .  I n thi s paper ,  a  Cartesia n 
coordinat e syste m wil l  b e assumed . 
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X i s ABSOLUTELY 
NOT Lef t  o f  Y 

Figur e 1 :  Th e categorica l  prepositio n Lef t  ha s man y 
meanings ,  whic h ar e distinguishe d b y th e us e o f  variou s 
hedge s i n natura l  language . 

th e shelf? "  i t  respond s affirmatively .  Ye t  th e progra m 
was no t  tol d thi s directly ,  no r  wa s i t  implie d b y th e 
input .  Th e informatio n wa s derive d a s a n artifac t  o f 
usin g default s t o construc t  th e image ;  thi s i s a  direc t 
demonstratio n o f  th e Indeterminac y Problem . 

A Simplified Domain 

To stud y th e Indeterminac y Problem ,  w e defin e a  sim -
plifie d domai n i n whic h categorica l  relation s ar e use d 
t o generat e an d quer y images .  Th e domed n consist s o f 
thre e structureles s points ,  labelle d X ,  Y ,  an d Z ,  ini -
tiall y  assume d t o exis t  i n som e arbitrar y spatia l  ar -
rangemen t  o n a  plane .  W e decompos e th e us e o f  im -
ages int o tw o processe s tha t  interact .  Ther e i s a  clien t 
proces s whic h ca n mak e a  sequenc e o f  (possibl y inter -
leaved )  assertion s an d querie s t o a n imag e serve r  i n a 
propositiona l  language .  Th e languag e consist s o f  thre e 
constants-X ,  Y ,  an d Z—and fou r  two-plac e predicates -
Left ,  Right ,  Above ,  an d Below .  Th e imag e serve r  mus t 
updat e th e imag e whe n give n assertions ,  an d mus t  de -
riv e th e answer s t o querie s b y examinin g th e imag e (a s 
oppose d t o provin g theorem s wit h th e assertions) . 

The categorica l  natur e o f  th e fou r  relation s ca n b e 
explore d b y first  makin g som e intuitiv e observation s o n 
ho w peopl e migh t  hedg e description s i n thi s simplifie d 
domai n (se e Figur e 1) .  Ther e i s a  technica l  sens e o f 
th e Lef t  relatio n betwee n tw o points ,  sa y X  an d Y :  X 
i s "definitely "  lef t  o f  Y  i f  X  i s o n th e lef t  half-plan e wit h 
respec t  t o Y  an d th e lin e X Y i s horizontal .  However , 
i f  th e absolut e valu e o f  th e angl e betwee n th e lin e X Y 
and th e horizonta l  i s  smal l  bu t  non-zero ,  w e migh t  sa y 
tha t  X  i s "sor t  of "  lef t  o f  Y .  A s th e lin e X Y approache s 
verticality ,  w e migh t  sa y tha t  X  i s "no t  very "  lef t  o f 
Y.  An d finally,  i f  X  i s anywher e o n th e righ t  half-plan e 
wit h respec t  t o Y ,  the n X  i s "absolutel y not "  lef t  o f  Y . 
The othe r  relation s ca n b e define d symmetrically .  Not e 
tha t  thes e definition s d o no t  depen d o n th e distanc e 

betwee n X  an d Y  an d ar e invarian t  unde r  translation . 
Als o notic e th e interna l  symmetr y i n eac h relation ;  fo r 

example ,  give n an y image ,  X  i s jus t  a s muc h t o th e 
lef t  o f  Y  a s th e imag e i n whic h X  i s flippe d acros s th e 
horizonta l  peissin g throug h Y . 

Lakofr(1973 )  ha s show n tha t  th e us e o f  hedge s wit h 
proposition s constructe d fro m a  particula r  predicat e 
strongl y suggest s tha t  th e proposition s shoul d b e al -

lowe d t o tak e o n no t  onl y Tru e an d Fals e a s trut h val -
ues ,  bu t  als o intermediat e degree s o f  truth .  I f  w e fol -
lo w th e convention s o f  Fuzz y Logi c (Zade h 1965 )  an d 
map trut h vtJue s int o th e uni t  interval ,  [0,1] ,  wher e 0 
represent s falsit y an d 1  represent s trut h i n thei r  classi -
cal  senses ,  th e intermediat e value s ca n b e interprete d 
as prototyicalit y  ratings-estimate s o f  th e closenes s o f 
some stat e o f  th e worl d (i n thi s case ,  modele d b y a n im -
age)  t o th e "centra l  meaning "  o f  th e categorica l  pred -
icat e (Smit h &  Medi n 1984) .  Give n thes e tw o rep -
resentatio n languages-image s an d fuzzy-truth-value d 
propositions-w e mus t  specif y ho w the y ar e relate d s o 
tha t  asserte d proposition s ca n b e use d t o updat e im -
ages an d s o image s ca n b e use d t o answe r  queries . 
Specificeilly ,  fo r  an y instantiate d proposition ,  suc h a s 
'(Lef t  X  Y ) ,  w e mus t  describ e ho w image s ar e relate d 
t o trut h vailues . 

The example s o f  hedgin g i a Figur e 1  sugges t  tha t  th e 
prototypicalit y ratin g o f  a n imag e fo r  th e th e propo -
sitio n '(Lef t  X  Y )  i s a  functio n o f  onl y th e absolut e 
valu e o f  th e angl e betwee n th e lin e X Y an d th e hor -
izonta l  (base d o n independenc e fro m distanc e an d o n 
interna l  symmetry). ^  Prototypicalit y i s highes t  whe n 
th e angl e i s zero ,  decrease s monotonic2ill y  a s th e abso -
lut e valu e o f  th e angl e increase s t o 9 0 degrees ,  an d i s 
essentiall y  zer o whe n X  i s i n th e righ t  half-plan e wit h 
respec t  t o Y  (althoug h ther e ar e stil l  sligh t  difference s 
i n distance s fro m th e prototypica l  Lef t  relationship) . 
Figur e 2  describe s a  metho d fo r  computin g th e trut h 
valu e o f  a n imag e fo r  th e propositio n '(Lef t  X  Y )  us -
in g a  functio n L E F T tha t  ha s thes e properties .  Th e 
othe r  relation s ca n b e compute d similarl y t o th e Lef t 
relatio n b y first  rotatin g th e image .  Th e negatio n o f  a 
propositio n wit h a  fuzz y trut h valu e q  i s define d t o b e 
th e sam e propositio n wit h th e trut h valu e 1- q (Zade h 
1965) . 

Thi s metho d fo r  computin g prototypicalit y onl y 
model s th e "perception "  o f  image s i n term s o f  fuzzy -
truth-value d propositions .  Th e invers e relatio n i s one -
to-man y because ,  fo r  an y instantiate d propositio n an d 

*We assum e tha t  th e hedge s i a Figur e 1  roughl y re -
flect  prototypicality .  Tha t  is ,  fo r  an y propositio n P , 
an exampl e o f  "definitely "  P  i s mor e prototypic2i l  tha n 
an exampl e o f  "sor t  o P P ,  whic h i s mor e prototypica l 
tha n a n exampl e o f  "no t  very "  P ,  whic h i s mor e pro -
totypica l  tha n a n exampl e o f  "absolutel y not "  P .  Se e 
Lakofl F (1973 )  fo r  a  forma l  discussio n o f  th e relation -
ship s o f  hedge s t o prototypicalit y base d o n possibilit y 
distributions . 
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Figur e 2 :  T o comput e th e trut h valu e o f  '(Lef t  X  Y ) 
fo r  a  particula r  image ,  translat e bot h X  an d Y  s o tha t 
Y i s a t  th e cente r  o f  th e image .  The n appl y a  func -
tio n LEFT ,  whic h migh t  loo k lik e thi s plo t  bu t  mus t 
be investigate d empirically ,  t o th e translate d locatio n 
of  X .  Th e numbe r  tha t  i s returne d represent s th e pro -
totypicalit y o f  th e imag e a s a n exampl e o f  '(Lef t  X 
Y) .  Th e functio n L E F T decrease s monotonicall y a s th e 
absolut e valu e o f  th e angl e betwee n th e lin e X Y an d 
th e horizonta l  increase s fro m 0  t o 9 0 degrees .  Ther e 
i s a  sligh t  gradien t  i n L E F T whe n X  i s i n th e righ t 
half-plan e wit h respec t  t o Y  because ,  eventhoug h X 
i s "definitel y not "  lef t  o f  Y  fo r  an y o f  thes e positions , 
the y ar e no t  equivalent ;  som e relativ e position s o f  X 
ar e close r  t o th e prototypica l  Lef t  relationshi p wit h Y 
tha n others . 

some trut h value ,  ther e ar e man y equivalen t  image s 
whic h diffe r  i n distanc e betwee n th e argument s o r 
whic h ar e symmetric .  Als o not e tha t  th e "meaning "  o f 
a propositio n become s a  possibilit y  functio n amon g im -
ages suc h tha t  th e distributio n reflect s prototypicality . 
Thi s propert y wil l  late r  b e exploite d t o generat e de -
faul t  informatio n whe n updatin g image s wit h asserte d 
propositions . 

I n thi s simplifie d domain ,  querie s shoul d retur n on e 
of  fou r  values : 

•  Y E S mean s th e querie d propositio n wa s perviousl y 
asserte d verbatim ,  o r  th e imag e i s sufficientl y cons -
triane d b y th e previou s assertion s tha t  th e querie d 
propositio n mus t  b e tru e (hav e a n acceptabl y hig h 
trut h value) .  Fo r  example ,  afte r  assertin g '(Abov e X 
Y)  an d '(Abov e Y  Z) ,  th e quer y '(Belo w Z  X )  shoul d 
retur n YES . 

•  N O mean s th e previou s assertion s sufficientl y con -
strai n th e imag e s o tha t  th e negatio n o f  th e querie d 
propositio n mus t  b e true .  Fo r  example ,  afte r  assert -
in g '(Abov e X  Y ) ,  th e quer y '(Abov e Y  X )  shoul d 

shoul d retur n N O . 

• UNSPECIFIED indicates that the assertions have 
not  constraine d th e mode l  enough  t o favo r  eithe r 
th e querie d propositio n o r  it s negation ;  bot h ar e 
consisten t  wit h th e previou s eissertions .  Fo r  exam -
ple ,  initiall y  X ,  Y ,  an d Z  ar e i n som e arbitrfr y ar -
rangement .  Sinc e n o assertion s hav e bee n made ,  an y 
quer y shoul d retur n UNSPECIFIED . 

• CONTRADICTION should be returned if the pre-
viou s assertion s containe d tw o contradictor y propo -
sitions ,  lik e '(Abov e X  Y )  an d '(Belo w X  Y ) ,  o r  wer e 
similarl y overconstraine d t o mak e an y sense . 

A Computational Model 

We propos e tw o procedure s a s a  computationa l  mode l 
of  ho w th e imag e serve r  ca n proces s a  sequenc e o f  as -
sertion s an d querie s an d sti U avoi d th e Indeterminac y 
Problem .  Conside r  th e cas e whe n th e imag e serve r 
i s give n a n assertio n tha t  i s  categorica l  an d ha s som e 
choic e a s t o ho w t o updat e th e imag e t o satisf y th e as -
sertion .  A s a  workin g example ,  suppos e w e first  asser t 
'(Abov e X  Y ) .  A s lon g a s X  i s o n th e uppe r  half-plan e 
wit h respec t  t o Y ,  th e imag e woul d satisf y th e assertio n 
somewhat .  But ,  sinc e ther e ar e n o othe r  constraints , 
th e bes t  imag e i s on e i n whic h X  i s directl y abov e Y . 
Even i f  w e choos e thi s spatia l  arrangemen t  w e mus t 
arbitraril y  choos e a  distanc e betwee n X  an d Y  t o con -
struc t  th e image .  T o se e ho w thes e choice s ca n b e 
defeate d wit h additiona l  constraints ,  suppos e w e no w 
asser t  '(Righ t  X  Y ) .  A s lon g a s X  i s o n th e half-plan e t o 
th e righ t  o f  Y ,  th e imag e woul d satisf y thi s ne w propo -
sitio n somewhat ,  an d th e wa y t o satisf y th e propositio n 
i n th e mos t  prototypica l  sens e woul d b e t o hav e X  di -
rectl y t o th e righ t  o f  Y .  Bu t  thes e constraint s interact ; 
intuitively ,  th e mos t  appropriat e spatia l  arrangemen t 
i n whic h X  i s bot h abov e an d t o th e righ t  o f  Y  ha s 
X o n a  4 5 degre e angl e abov e th e horizonta l  fro m Y . 
Thus w e hav e t o modif y som e o f  th e detail s tha t  w e 
arbitraril y  chos e fo r  modelin g th e first  assertion . 

Figur e 3  show s th e Adjustmen t  Procedure ,  whic h 
can b e use d b y th e imag e serve r  t o handl e a  sequenc e 
of  assertion s properly .  Th e Adjustmen t  Procedur e 
assumes th e imag e serve r  i s maintainin g a  recor d o f 
th e previou s assertion s an d ha s a  curren t  imag e whic h 
model s th e previou s assertion s a s wel l  a s possible .  T o 
determin e ho w wel l  a n imag e model s a  se t  o f  proposi -
tions ,  w e tak e th e minimum ^  prototypicaUt y ratin g o f 
th e imag e fo r  an y previousl y asserte d proposition ;  thi s 
i s calle d th e evaluatio n o f  th e imag e wit h respec t  t o 
th e se t  o f  propositions .  Whe n a n assertio n i s mad e t o 
th e imag e server ,  i t  call s th e Adjustmen t  Procedure , 
passin g t o i t  th e se t  o f  previou s assertions ,  th e ne w 
assertion ,  an d th e curren t  image .  Th e imag e serve r  re -
set s th e curren t  imag e t o th e on e whic h i s returne d b y 

^Thi s i s a  standar d aggregato r  functio n fo r  conjunc -
tion s i n Fuzz y Logi c (se e Zade h 1965) . 
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1.  Generat e a  se t  $  o f  adjuste d images . 

2.  I f  n o imag e i n $  ha s a  bette r  evaluatio n wit h tespec t 

t o r  U  {P }  tha n I ,  the n retur n I . 

3.  Els e rese t  I  t o som e imag e J  i n $  suc h tha t  n o othe r 
imag e i n #  ha s a  bette r  evaluatio n wit h respec t  t o 
r  U  {P} ,  an d got o ste p 1 . 

Figure 3: The Adjustment Procedure takes as input 
a se t  o f  proposition s F ,  a  ne w propositio n P ,  an d a 
startin g imag e I ,  whic h i s expecte d t o b e th e bes t  mode l 
of  F  tha t  coul d b e found .  Th e procedur e return s a n 
update d imag e tha t  model s th e proposition s F  U  {P } 
as wel l  a s possible . 

th e Adjustmen t  Procedure ,  an d i t  als o add s th e ne w 
assertio n t o th e se t  o f  previou s assertions . 

Rathe r  tha n searc h al l  possibl e spatia l  arrangement s 
fo r  a n imag e fo r  whic h n o othe r  imag e ha s a  bette r 
evaluation ,  i t  i s  a  centra l  proposa l  o f  th e Adjustmen t 
Procedur e tha t  th e searc h procee d i n a  directe d an d 
incrementa l  way .  Th e onl y image s tha t  ar e considere d 
ar e th e one s constructe d b y adjustin g th e positio n o f 
th e first  argumen t  o f  an y leeist-satisfie d assertio n (wit h 
respec t  t o th e curren t  image )  a  smal l  distanc e i n an y 
direction, *  an d th e one s forme d b y similarl y adjustin g 
th e positio n o f  th e secon d argumen t  o f  suc h a n asser -
tion .  K  non e o f  thes e evaluate s bette r  wit h respec t 
t o th e se t  o f  proposition s (includin g th e mos t  recen t 
assertion) ,  the n w e ar e don e s o w e retur n th e curren t 
image .  Otherwis e w e rese t  th e curren t  imag e t o on e 
of  th e adjuste d image s suc h tha t  non e o f  th e othe r 
adjuste d image s ha s a  bette r  evaluation ,  an d the n w e 
iterate .  Thi s searc h procedur e i s calle d hill-climbin g 
(Winsto n 1984) .  I t  i s  guarantee d t o halt ,  possibl y a t 
a locall y bu t  no t  globall y bes t  image ,  i f  th e represen -
tatio n o f  image s admit s onl y a  finite  numbe r  o f  states , 
whic h i s tru e fo r  bitmaps . 

I t  shoul d b e clea r  tha t  th e Adjustmen t  Procedur e 
wil l  find  a n appropriat e spatia l  arrangemen t  fo r  ou r 
workin g example .  Give n a n imag e tha t  satifie s th e 
first  assertio n '(Abov e X  Y )  prototypicaUy ,  th e proto -
typicalit y o f  th e secon d assertio n '(Righ t  X  Y )  wil l  b e 
nearl y  0 .  Accordin g th e th e Adjustmen t  Procedure ,  w e 
construc t  an d evaluat e th e image s i n whic h X  o r  Y  ar e 
adjuste d independently ,  an d w e discove r  tha t  movin g 
X t o th e righ t  o r  Y  t o th e lef t  increase s th e evaluatio n 
of  th e image .  Thi s proces s iterate s unti l  X  i s o n a  4 5 
degre e angl e abov e th e horizonta l  wit h respec t  t o Y ; 
any adjustment s o f  thi s imag e woul d hav e equivalen t 
evaluation s (i f  X  wer e move d directl y towar d o r  awa y 
fro m Y )  o r  th e prototypicalit y o f  on e o f  th e asserte d 

*Wit h bitma p representations ,  spac e i s alread y 
quantize d (a t  a  hopefull y adequat e resolution )  s o th e 
finite  numbe r  o f  possibl e adjustment s t o th e positio n 
of  a n objec t  i s  explicit . 

1.  Cal l  th e Adjustmen t  Procedur e wit h F ,  P ,  an d I . 
Let  A  b e th e evaluatio n o f  th e returne d imag e wit h 

respec t  t o F  U  {P} . 

2.  Cal l  th e Adjustmen t  Procedur e wit h F ,  th e negatio n 
of  P ,  an d I .  Le t  B  b e th e evaluatio n o f  th e returne d 
imag e wit h respec t  t o F  U  {th e negatio n o f  P} . 

3.  I f  A > C an d B < C ,  the n retur n YES . 

4.  I f  A < C an d B > C ,  the n retur n N O . 

5.  I f  A > C an d B > C ,  the n retur n UNSPECIFIED . 

6.  I F A < C an d B < C ,  the n retur n C O N T R A D I C T I O N. 

Figure 4: The Decision Procedure takes as input a set 
of  proposition s F ,  a  querie d propositio n P ,  an d a n im -
age I ,  whic h i s expecte d t o b e th e bes t  mode l  o f  F 
tha t  coul d b e found .  Th e Decisio n Procedur e return s 
one o f  fou r  responses .  A  represent s ho w consisten t  P 
i s wit h F  sinc e i t  i s  th e evaluatio n o f  th e bes t  mode l 
of  F  U  {P }  tha t  coul d b e foun d b y th e Adjustmen t 
Procedure .  Similarly ,  B  represent s ho w consisten t  th e 
negatio n o f  P  i s wit h F .  Sinc e thes e consistenc y val -
ues com e fro m evaluation s o f  images ,  whic h ar e min -
im a o f  prototypiceilit y  ratings ,  the y fal l  int o [0,1] .  W e 
differentiat e hig h consistenc y fro m lo w consistenc y i n 
thi s rang e wit h a  cutof f  C ,  whic h shoul d b e determine d 
empirically . 

proposition s woul d drop ,  decreasin g th e overal l  evalu -
ation . 

Figur e 4  show s th e Decisio n Procedure ,  whic h use s 
th e Adjustmen t  Procedur e t o avoi d th e Indeterminac y 
Proble m whe n answerin g querie s abou t  a n image .  T o 
answer  a  query ,  w e mus t  first  chec k t o se e ho w th e 
querie d propositio n interact s wit h th e previou s asser -
tions .  S o w e cal l  th e Adjustmen t  Procedur e t o find 
a bes t  adjuste d imag e i f  w e wer e t o asser t  th e propo -
sition ,  an d w e evaluat e tha t  image .  I f  i t  ha s a  hig h 
evaluation ,  the n th e Adjustmen t  Procedur e wa s abl e 
t o find a  spatia l  arrangemen t  i n whic h al l  o f  th e as -
serte d proposition s plu s th e querie d on e coul d b e sat -
isfie d fairl y  well .  Thi s alon e doe s no t  impl y tha t  th e 
previou s assertion s necessitat e th e querie d one ,  how -
ever ;  i t  migh t  spuriousl y b e consisten t  o r  jus t  no t  in -
terac t  wit h th e previou s assertions .  Thu s w e hav e t o 
cal l  th e Adjustmen t  Procedur e t o se e wha t  th e effec t 
woul d b e i f  w e ha d asserte d th e negatio n o f  th e querie d 
proposition ,  an d w e evaluat e th e imag e tha t  i s returne d 
thi s tim e a s well . 

The tw o evaluation s ar e enoug h t o mak e a  decision . 
To respon d affirmativel y t o th e query ,  i t  mus t  b e th e 
cas e tha t  th e querie d propositio n i s consisten t  wit h th e 
previou s assertions ,  bu t  it s  negatio n over-constrain s 
th e image ,  producin g a  lo w evaluatio n fo r  th e bes t 
model  tha t  coul d b e foun d i f  th e negate d propositio n 
had bee n asserted .  Th e analysi s b  symmetrice d fo r 
th e negativ e response .  I f  bot h th e querie d propositio n 
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and it s negatio n ai e consisten t  wit h th e pieviou s as -
sertions ,  the n th e pieviou s asseition s d o no t  constrai n 
th e answer ,  and ,  regardles s o f  th e actua l  detail s o f  th e 
imag e maintaine d b y th e server ,  th e respons e i s UN -
SPECIFIED .  Finally ,  i f  neithe r  th e querie d propositio n 
nor  it s  negatio n ar e consisten t  wit h th e previou s asser -
tions ,  th e previou s assertion s mus t  b e contradictor y 
(over-constrained )  sinc e fo r  an y not-over-constraine d 
model  w e expec t  a t  leas t  on e o f  th e ptopostion s t o b e 
true . 

Thi s computationa l  mode l  hei s bee n implemente d fo r 
th e simplifie d domai n i n ISR ,  a  compute r  progra m 
writte n i n C o m m on LISP .  A n imag e i s represente d 
wit h a  1 0 X  1 0 bitmap ,  whic h i s a  lis t  o f  te n list s o f 
te n symbols .  IS R avoid s th e Indeterminac y Proble m 
by usin g th e Adjustmen t  Procedur e t o updat e image s 
when assertion s ar e made ,  an d b y usin g th e Decisio n 
Procedur e t o answe r  querie s abou t  th e curren t  image . 
As a n example ,  IS R begin s wit h a n arbitrar y spatia l 
arrangemen t  o f  th e point s X ,  Y ,  an d Z ;  al l  querie s re -
spon d wit h UNSPECIFIED .  I f  w e asser t  '(Lef t  X  Y ) 
and the n '(Lef t  Y  Z) ,  IS R ca n tel l  tha t  u s '(Lef t  X  Z ) 
and '(Righ t  Z  X )  ar e tru e bu t  '(Righ t  X  Y )  i s  false .  I f 
we quer y '(Abov e X  Y ) ,  IS R respond s UNSPECIFIE D 
becaus e X  coul d b e eithe r  abov e o r  belo w Y  an d stil l 
satisf y th e constraint s o f  th e previou s assertions .  IS R 
can als o handl e interactin g assertion s an d ca n find  a n 
appropriat e imag e (wit h X  o n a  4 5 degre e angl e abov e 
and t o th e righ t  o f  Y )  i n ou r  workin g example ,  afte r 
'(Abov e X  Y )  an d '(Rjgh t  X  Y )  hav e bee n asserted . 

Discussion 

Kossly n (1980 )  ha s develope d a  detaile d computa -
tiona l  mode l  o f  imager y base d o n a n imagina l  repre -
sentatio n cedle d a  visua l  buffer ,  whic h i s essentiall y  a 
two-dimensiona l  bitmap .  However ,  th e Indeterminac y 
Proble m i s no t  a  difficult y i n thi s mode l  becaus e o f  th e 
restricte d rang e o f  task s i t  wa s designe d t o explain . 
The phenomeno n Kossly n wa s tryin g t o mode l  i s  how , 
give n a  questio n abou t  th e appearanc e o f  som e ob -
ject ,  peopl e see m t o retriev e a n imag e an d examin e 
i t  t o find  th e answer .  Fo r  example ,  i t  wa s hypoth -
esize d that ,  t o comput e ho w fa r  apar t  th e &on t  an d 
rea r  wheel s o f  a  ca r  are ,  on e simpl y scan s th e distanc e 
i n th e visua l  buffe r  betwee n th e tire s i n a  defaul t  im -
age o f  a  car .  Thus ,  defaul t  informatio n wa s expecte d 
t o b e use d t o answe r  queries ,  an d n o subsequen t  eisser -
tion s wer e mad e whic h coul d interac t  wit h an d defea t 
suc h detail s i n a n image .  Whe n addressin g th e com -
mon introspectio n tha t  image s ca n someho w b e sketch y 
and abstract ,  Kossly n claim s tha t  thi s effec t  coul d b e 
achieve d i n visua l  buffer s b y simpl y leavin g ou t  deteiils , 
but  i t  remain s unclea r  ho w thi s woul d work . 

Fro m a  genera l  computationa l  perspective ,  w e migh t 
want  t o us e image s a s menta l  model s (Johnson-Lair d 
1983 )  t o reaiso n abou t  knowledg e i n othe r  formats .  Fo r 
example ,  image s ca n for m a n oracl e fo r  inferrin g thing s 
fro m a n alternat e descriptio n becaus e thei r  fixed  leve l 

of  detai l  i n representatio n make s implication s explicit . 
The sourc e o f  th e Indeterminac y Proble m lie s i n trans -
latin g betwee n th e languag e i n whic h th e knowledg e i s 
describe d an d th e "language "  o f  images .  Fo r  proposi -
tiona l  representations ,  description s migh t  b e indeter -
minat e becaus e the y simpl y d o no t  mentio n som e as -
pect  o f  th e world ,  o r  becaus e the y ar e categorica l  i n 
th e sens e tha t  the y ca n onl y giv e a  possibilit y  distribu -
tio n ove r  som e state s rathe r  tha n implyin g whic h ar e 
necessaril y  tru e an d whic h ar e necessaril y  false .  Thi s 
abstractio n awa y horn ,  insignifican t  deteiil s  i s  th e powe r 
of  propositiona l  representations ,  bu t  modelin g knowl -
edge i n thi s forma t  wit h image s i s no t  streiightforward . 

Our  solutio n t o usin g detaile d image s t o mode l 
indeterminat e propositiona l  description s i s t o incre -
mentall y adjus t  a n imag e t o satisf y a s man y o f  th e 
previousl y asserte d constraint s a s possible ,  makin g 
and modifyin g consisten t  bu t  no t  necessar y choice s ei s 
needed .  T o distinguis h th e necessitate d fro m th e just -
consisten t  informatio n i n a n imag e whe n w e quer y it , 
we conside r  bot h th e consistenc y o f  th e querie d propo -
sitio n an d o f  it s  negatio n wit h th e previou s assertions , 
agai n relyin g o n adjustmen t  t o find  th e mos t  satisfac -
tor y models .  Thi s computationa l  mode l  discredit s a 
classica l  argumen t  agains t  imager y b y showin g ho w 
detaile d model s o f  indeterminat e description s ca n b e 
maintaine d an d use d withou t  committin g t o consisten t 
but  unnecessar y detail s require d b y th e representation . 
I t  ha s bee n acknowledge d tha t  statement s abou t  th e 
limitation s o f  imagina l  representation s ofte n fai l  t o ad -
dres s th e variet y o f  possibl e processe s tha t  coul d op -
erat e o n the m (Anderso n 1978 ;  Johnson-Lair d 1983) . 
Our  computationzi l  mode l  suggest s a n interestin g pro -
cess tha t  surprisingl y woul d provid e imagina l  represen -
tation s wit h th e potentia l  t o handl e indeterminacy . 

I f  w e vie w th e imag e serve r  fro m th e perspectiv e o f 
th e propositiona l  client ,  i t  appear s t o b e doin g defaul t 
reasonin g wit h categories .  Thi s capabilit y  ca n b e ex -
pleiine d b y th e grounde d natur e (Lakof f  1987 )  o f  th e 
"language "  o f  images ;  thi s languag e i s s o clos e t o per -
ceptio n tha t  i t  ca n distinctl y represen t  al l  th e relevan t 
state s o f  th e world ,  an d th e interaction s amon g cat -
egorie s ca n b e explicit y describe d a t  thi s level .  Ou r 
computationa l  mode l  demonstrate s ho w a  grounde d 
languag e ca n b e use d t o mode l  categorica l  knowledg e 
i n suc h a  wa y tha t  1 )  default s ca n b e assume d a t  on e 
tim e an d retracte d o r  modifie d a t  a  late r  time ,  an d 
2)  implication s o f  th e generatin g descriptio n foun d b y 
examinin g a  detaile d mode l  ca n b e distinguishe d fro m 
informatio n i n th e mode l  tha t  i s  consisten t  bu t  no t 
necessary .  Thus ,  i f  knowledg e ca n b e translate d int o a 
grounde d language ,  defaul t  reasonin g wit h categorie s 
reduce s t o a  Constrain t  Satisfactio n Proble m (Mack -
wort h 1990) . 

The domai n i n whic h w e develope d ou r  computa -
tiona l  mode l  wa s greatl y simplified ;  w e shoul d con -
side r  th e possibilit y  o f  extendin g th e mode l  t o han -
dl e mor e interestin g categorie s use d i n imager y (Her -
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skowit z 1986) .  Eve n fo r  Left ,  Right ,  Above ,  an d Below , 
ther e ar e complication s w e hav e ignored ,  suc h a s th e 
fac t  tha t  th e sens e o f  thes e predicate s ca n b e influence d 
by thei r  argument s o r  b y context .  On e subtl e aspec t 
of  determinin g th e meeinin g o f  spatia l  prepositiona l 
phrases ,  fo r  example ,  i s  choosin g a  fram e o f  referenc e 
(Clar k 1973) .  A s anothe r  example ,  th e spatia l  preposi -
tio n "over "  ha s bee n show n t o hav e nearl y on e hundre d 
qualitativel y differen t  senses ,  a s oppose d t o quantita -
tiv e difference s i n distanc e o r  angl e (Brugma n 1983) . 
Hopefully ,  thes e ca n b e disambiguate d prio r  t o asser -
tio n t o kee p th e prototypicalit y function s amenabl e t o 
hiQ-climbing .  Eve n still ,  i t  i s  possibl e tha t  hill-climbin g 
czinno t  find  th e globidl y bes t  adjuste d image .  Mayb e 
we ca n cal l  o n prototype s t o hel p u s "jump "  ou t  o f 
loca l  maxima .  O r  perhap s w e ca n detec t  th e nee d t o 
chang e representations ,  lik e switchin g t o highe r  reso -
lution ,  thre e dimensions ,  o r  pola r  coordinates . 

I n th e simplifie d domain ,  object s ar e structureles s 
points ,  whic h w e ca n easil y locate .  Imagin g extende d 
object s introduce s a  numbe r  o f  interestin g complica -
tions .  First ,  th e object s themselve s wil l  b e describe d 
by possibl y categorica l  predicates .  Fo r  example ,  ou r 
defaul t  imag e fo r  a  tige r  coul d hav e exactl y ninetee n 
stripes ,  fou r  legs ,  an d a  tai l  thre e fee t  long .  Simi -
larly ,  size ,  posture ,  an d perspectiv e (fo r  projectin g ont o 
tw o dimensions )  woul d hav e t o b e determined .  Simpl y 
finding  object s an d features ,  whic h migh t  hav e bee n 
adjusted ,  coul d b e a n extremel y difficul t  recognitio n 
task .  However ,  Kosslyn' s computationa l  mode l  give s 
a simplifie d metho d fo r  scannin g fo r  object s an d fea -
tures ,  an d perhap s w e coul d exploi t  th e fac t  that ,  i n 
image s w e construct ,  w e hav e knowledg e o f  wha t  thing s 
ar e where .  Additionally ,  w e nee d t o kno w a  ver y lim -
ite d numbe r  o f  relevan t  adjustment s fo r  eac h categor -
ica l  predicat e s o th e Adjustmen t  Procedur e wil l  no t 
degenerat e int o a  ful l  search . 

Conc lus i o n 

We have presented a computational model of how de-
taile d image s ca n b e use d t o mode l  spatiall y  indeter -
minat e information .  Th e centra l  thesi s o f  th e mode l  i s 
tha t  image s shoul d b e incrementaU y adjuste d t o sat -
isf y interactin g constraint s i n th e for m o f  previousl y 
asserte d categorica l  propositions .  B y considerin g th e 
consistenc y no t  onl y o f  a  querie d propositio n bu t  als o 
it s negatio n wit h th e se t  o f  previou s assertions ,  th e nec -
essar y informatio n i n th e imag e ca n b e distinguishe d 
fro m th e detail s whic h wer e require d fo r  representa -
tio n bu t  no t  implie d b y th e description .  Thi s compu -
tationa l  mode l  specificall y relie s o n grade d prototyp -
icalit y function s whic h guid e th e searc h fo r  th e bes t 
model  o f  a  se t  o f  categorica l  propositions .  Th e us e o f 
a grounde d languag e lik e image s fo r  modelin g knowl -
edge reduce s reasonin g wit h categorie s t o a  Constrain t 
Satisfactio n Problem . 
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