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Abstrac t 

To date, the major focus of research in knowledge rep-
resentation s fo r  artificia l  intelligenc e ha s bee n o n sen -
tentia l  o r  linguisti c formalism s involvin g logi c an d rule -
base d reasoning .  Ther e i s a  growin g bod y o f  evidenc e 
suggesting ,  however ,  tha t  muc h o f  huma n proble m solv -
in g i s achieved ,  no t  throug h th e applicatio n o f  rule s o f  in -
ference ,  bu t  rathe r  throug h th e manipulatio n o f  menta l 
models .  Suc h a  mode l  i s represente d b y a  syste m wit h 
a simila r  relationa l  structur e t o th e realit y i t  represents . 
Moreover ,  spatia l  reasonin g wit h model s involve s th e in -
spectio n an d transformatio n o f  representation s i n way s 
tha t  ar e analogou s t o visuall y inspectin g an d physicall y 
transformin g entitie s i n th e world .  Sinc e a  crucia l  com -
ponen t  o f  knowledg e acquisitio n i s t o captur e a n expert' s 
menta l  stat e an d reasonin g strategies ,  i t  i s  importan t  t o 
shif t  som e o f  th e attentio n o f  A I  researc h t o th e stud y o f 
representatio n technique s tha t  correspon d t o th e menta l 
model s use d b y humans .  Th e pape r  begin s wit h a  cogni -
tiv e perspectiv e o n model-base d reasoning .  A  knowledg e 
representatio n schem e fo r  spatia l  reasonin g wit h model s 
i s the n presented .  I n thi s scheme ,  whic h ha s evolve d 
fro m researc h i n computationa l  imagery ,  spatia l  model s 
ar e represente d a s symboli c array s wher e dimension s o f 
th e arra y correspon d t o transitiv e orde r  relation s amon g 
entities . 

Introduction 

Contemplat e th e plannin g proble m o f  rearrangin g th e 
furnitur e i n you r  livin g room .  On e approac h t o solvin g 
thi s proble m i s t o physicall y mov e th e furnitur e abou t 
th e roo m t o evaluat e th e alternativ e arrangements .  A 
les s backwrenchin g approac h i s t o mentall y visualiz e an d 
analyz e th e variou s possibilities .  Cognitiv e psycholo -
gist s hav e acknowledge d tha t  menta l  model s ar e funda -
menta l  t o h u m a n proble m solving ,  particularl y fo r  thei r 
predictiv e an d explanator y powe r  i n understandin g hu -
m an interaction s wit h th e environmen t  an d wit h other s 
(Steven s k  Centne r  1983) .  Thes e model s correspon d 
t o internalize d representation s tha t  ca n b e mentall y in -
specte d an d trcinsformed .  Menta l  model s ca n als o b e ap -
plie d metaphoricall y i n proble m solving ;  a  heuristi c cite d 
by orator s i s t o conside r  a  speec h a s a  voyag e throug h 
a buildin g wher e object s alon g th e wa y ac t  a s cue s t o 
th e nex t  topic .  Althoug h som e menta l  model s m a y b e 
specialize d an d requir e trainin g t o develo p (e.g .  mod -
el s fo r  reasonin g abou t  th e physica l  behavio r  o f  comple x 
mechanica l  devices) ,  other s ar e mor e accessibl e an d cor -
respon d t o everyda y proble m solvin g (e.g .  a  menta l  m a p 

Figur e 1 :  Mode l  o f  a  molecula r  structur e 

fo r  plannin g a  rout e fro m you r  bedroo m t o th e refriger -
ator) . 

Johnson-Lair d (1983 )  describe s severa l  type s o f  menta l 
models .  Th e first ,  an d mos t  fundamental ,  i s a  relationa l 
model ,  whic h i s a  stati c fram e consistin g o f  token s tha t 
represen t  entitie s i n th e worl d an d a  se t  o f  relation s tha t 
defin e th e physica l  relationship s a m o n g entities .  A  spa -
iia l  mode l  i s a  relationa l  mode l  i n whic h th e relation s o f 
interes t  ar e spatia l  i n nature ;  token s ar e locate d withi n 
a symboli c multi-dimensiona l  space .  Fo r  example ,  th e 
graphica l  depictio n i n Figur e 1  coul d b e considere d a s 
a spatia l  mode l  o f  a  moleculii r  structure :  eac h entit y 
(atomi c part )  withi n th e structur e i s  represente d a s a 
symboli c toke n (nod e i n th e graph )  an d structura l  re -
lation s a m o n g entitie s (relativ e locatio n an d bonding ) 
ar e represente d usin g spatia l  dimension s an d links .  Thi s 
model  i s  neithe r  complet e o r  totall y  accurate ;  knowledg e 
abou t  th e bon d length s an d angles ,  an d th e relativ e siz e 
of  atom s i s no t  captured .  However ,  i t  explicitl y  depict s 
informatio n tha t  ca n b e use d fo r  reasonin g abou t  molec -
ula r  structur e an d interactions ,  whil e discardin g irrele -
van t  details . 

Jus t  a s menta l  model s ar e pervasiv e t o humei n proble m 
solving ,  computationa l  model s fo r  spatia l  reasonin g pro -
vid e a  foundatio n fo r  proble m solvin g i n AI .  Thi s pape r 
i s concerne d wit h th e developmen t  o f  a  computationa l 
methodolog y fo r  spatia l  reasonin g wit h models . 

A knowledg e representatio n schem e i s  presente d i n 
whic h symboli c arra y dat a structure s ar e used ,  i n con -
junctio n wit h imager y inspectio n an d transformatio n op -
erations ,  t o reaso n abou t  th e spatia l  propertie s o f  a  do -
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Figur e 2 :  Arra y mode l  o f  a  molecula r  structur e 

main .  Eac h dimensio n i n a n jirra y define s a  linear-orde r 
relatio n junon g entitie s i n th e domain .  Th e orde r  m a y 
correspon d t o relativ e locatio n (e.g .  left-of) ,  geographi c 
(e.g .  north-of) ,  tempora l  (e.g .  before )  o r  conceptua l 
(e.g .  taller-thcin )  relations .  I n particular ,  w e ar e con -
cerne d wit h trjinsitiv e relation s — i.e .  relation s r  suc h 
tha t  i f  r{x ,  y )  an d r{y ,  z )  the n r{x ,  : ) .  Fo r  example ,  th e 
worl d represente d b y th e spatia l  mode l  i n Figur e 1  coul d 
alternativel y b e represente d ei s th e symboli c arra y mode l 
i n Figur e 2 .  I n thi s representatio n th e relativ e location s 
of  symbol s withi n th e arra y correspond  t o th e relativ e 
location s o f  atom s withi n th e molecula r  structure .  T h e 
relation s left-of ,  right-of ,  above ,  etc .  i n th e arra y m a p 
t o th e correspondin g relation s i n th e world .  Topologi -
cal  relations ,  suc h a s bonded-to ,  contained-in ,  touching , 
etc. ,  ca n als o b e represente d i n a n array .  I n th e abov e 
example ,  adjacenc y i n th e arra y correspond s t o bondin g 
betwee n atom s i n th e molecula r  structure .  Reasonin g a t 
varyin g level s o f  abstractio n i s achieve d i n th e schem e b y 
allowin g arra y representation s t o b e define d usin g recur -
siv e dat a structures ;  symbol s i n th e arra y ca n themselve s 
denot e model s a t  a  mor e detaile d leve l  o f  abstraction . 

Th e formalis m presente d i n thi s pape r  ha s evolve d 
fro m researc h i n th e are a o f  computationa l  imager y 
(Glasgo w &  Papadia s 1992 ;  Glasgo w 1993b) ,  whic h in -
volve s th e stud y o f  A I  knowledg e representatio n an d in -
ferencin g technique s tha t  correspon d t o th e representa -
tion s an d processe s fo r  menta l  imagery .  I n computa -
tiona l  imagery ,  a  mathematica l  theor y o f  array s provide s 
a basi s fo r  representin g an d reasonin g abou t  visua l  (e.g . 
shape )  an d spatia l  (e.g .  relativ e location )  propertie s o f 
entitie s i n th e world .  Althoug h result s o f  cognitiv e stud -
ie s offere d initia l  motivatio n fo r  th e representation s an d 
functionalit y o f  th e formalism ,  th e ultimat e concern s o f 
researc h i n computationa l  imager y ar e expressiv e power , 
inferentia l  aidequac y an d efficiency ;  wheneve r  possible , 
th e limitation s o f  th e h u m a n informatio n processin g sys -
te m ar e overcome . 

To provid e a  cognitiv e perspectiv e o f  th e researc h area , 
th e pape r  begin s wit h a  discussio n o f  menta l  model s an d 
thei r  us e i n spatia l  reasonin g an d proble m solving .  A 
representatio n schem e fo r  spatia l  reasonin g usin g sym -
boli c array s i s  presente d i n Sectio n 3 .  Th e pape r  con -
clude s wit h a  a  s u m m a r y o f  th e describe d re.searc h an d 
it s contributions . 

Menta l  Model s 

Result s o f  experimenta l  studie s i n cognitiv e psychol -
ogy sugges t  tha t  muc h o f  h u m a n proble m solvin g i s 
not  achieve d throug h rule-base d reasoning ,  bu t  rathe r 
throug h th e manipulatio n o f  menta l  models .  Tha t  b , 
humans ofte n reaso n b y constructin g an d transformin g 
a clas s o f  representation s tha t  ar e structurall y simila r 
t o th e realit y the y depict .  T h e primar y purpos e o f  thi s 
pape r  i s t o presen t  a  computationa l  framewor k fo r  rea -
sonin g abou t  spatia l  model s o f  th e world .  Althoug h w e 
do no t  sugges t  tha t  th e propose d representatio n schem e 
i s necessaril y a  mode l  o f  cognition ,  a n understandin g o f 
th e underlyin g principle s an d behavio r  o f  menta l  model s 
i s importan t  t o th e developmen t  o f  A I  system s fo r  spa -
tia l  reasonin g an d proble m solving .  I n paurticular ,  i t  i s 
usefu l  t o discriminat e betwee n menta l  model s an d othe r 
form s o f  menta l  representation . 

Principles of Mental Models 

Althoug h ther e doe s no t  appea r  t o b e a n agree d o n ac -
coun t  fo r  wha t  constitute s a  menta l  model ,  Johnson -
Lair d (1983 )  ha s propose d som e wea k constraint s o n 
thes e representations : 

• Mental models, and the machinery for constructing 
and interpretin g them ,  ar e computabl e an d finite. 

•  A  descriptio n o f  a  singl e stat e o f  affair s i s represente d 
by a  singl e menta l  model .  Indeterminacie s ar e directl y 
represente d onl y i f  thei r  us e doe s no t  resul t  i n expo -
nentia l  growt h i n th e numbe r  o f  models . 

•  Th e structur e o f  a  menta l  mode l  i s isomorphi c t o th e 
structur e o f  th e stat e o f  affair s i t  represents ;  a  mode l  i s 
constructe d fro m token s correspondin g t o th e entitie s 
i n th e domain . 

Johnson-Laird asserts that models are akin to how peo-
pl e perceiv e th e world ,  ye t  m a y b e incomplet e o r  sim -
plified .  Moreover ,  menta l  model s ar e specific ,  an d ca n 
be use d t o represen t  relation s concernin g spac e o r  time . 
Inference s ar e formed ,  no t  throug h th e applicatio n o f  for -
mal  rules ,  bu t  throug h th e constructio n an d inspectio n 
of  alternativ e model s tha t  ar e use d t o validat e o r  refut e 
a putativ e conclusion . 

Proble m solvin g wit h spatia l  model s i s  ofte n asso -
ciate d wit h th e reasonin g abilitie s o f  menta l  imagery . 
A larg e bod y o f  experimenta l  dat a ha s bee n generate d 
an d theorie s propose d concernin g th e representation s in -
volve d i n imagery .  Thes e theorie s fal l  int o thre e cate -
gories :  1 )  theorie s tha t  sugges t  tha t  imag e representa -
tion s ar e analogu e o r  picture-like ,  2 )  theorie s tha t  Uke n 
imag e representation s t o linguisti c descriptions ,  an d 3 ) 
thos e tha t  sugges t  tha t  ther e m a y exis t  multipl e im -
age representations ,  correspondin g t o differen t  tas k de -
mands.  Johnson-Lair d proposes ,  a s a  resolutio n t o th e 
imager y debate ,  tha t  ther e exis t  thre e kind s o f  repre -
sentatio n involve d i n imagery :  a  propositiona l  descrip -
tiv e representation ,  a  menta l  mode l  an d a  visua l  image . 
W h at  distinguishe s a  mentc J mode l  fro m othe r  form s o f 
representatio n i s th e degre e o f  specificity ,  whic h cs m b e 
measure d b y th e amoun t  o f  informatio n tha t  i s  mad e 
explici t  b y th e representation . 
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Reason in g w i t h M e n t a l  M o d e l s 

One purpos e o f  a  menta l  mode l  i s t o simulat e an d thu s 
predic t  and/o r  pla n fo r  th e behavio r  o f  a  system .  Hu -
mans ar e adep t  a t  reasonin g abou t  space ,  ye t  i t  i s  no t 
wel l  understoo d ho w thi s i s accomplished .  Forbu s (1983 ) 
suggest s tha t  i t  i s  no t  throug h logica l  theore m provin g 
or  throug h adgebrai c calculations ,  bu t  throug h diagram -
mati c reasoning ,  tha t  w e achiev e thi s competence .  H e 
state s tha t  th e spatia l  structur e o f  a  diagra m allow s u s 
t o us e ou r  perceptua l  apparatu s t o inspec t  an d interpre t 
model s i n a  wa y tha t  i s  analogou s t o ho w w e inspec t  an d 
interpre t  entitie s i n th e world .  H e furthe r  conjecture s 
tha t  peopl e ca n reaso n wit h les s detaile d representation s 
tha n diagram s — representation s whic h symbolicall y de -
scrib e pl2u;e s an d relationship s amon g thes e places . 

Theorie s o f  inferenc e base d o n menta l  model s hav e 
suggeste d tha t  th e processin g o f  syllogism s ca n b e 
achieve d b y th e inspectio n o f  symboli c spatia l  model s 
(Huttenloche r  1968) .  I n suc h theories ,  a  mode l  i s con -
structe d i n whic h th e symbol s denotin g entitie s i n th e 
domai n ar e mappe d alon g a n axi s correspondin g t o com -
parativ e dimension s suc h a s taller-than/shorter-tha n o r 
older-than/younger-than .  Fo r  example ,  th e descriptio n 
"Joh n i s talle r  tha n Mar y an d Mar y i s talle r  tha n Jane " 
i s representabl e a s th e arra y |  Joh n \  Mar y \  Jan e | , 
wher e th e /e/(-o/relatio n i n th e arra y i s interprete d a s 
taller-than .  Usin g thi s model ,  question s suc h a. s "I s 
Joh n talle r  tha n Jane? "  ca n b e answere d usin g inspec -
tio n operation s analogou s t o thos e use d i n visua l  in -
spection .  Althoug h i t  i s  possibl e t o construc t  a  logi -
cal  descriptio n an d rule s o f  inferenc e fo r  syllogisti c rea -
soning ,  experimenta l  result s sugges t  tha t  menta l  mod -
el s tha t  incorporat e arra y representation s increas e th e 
efficienc y an d accurac y o f  proble m solvin g involvin g 
transitiv e inference s (Shaver ,  Pierson ,  k ,  Lan g 1974 ; 
Kossly n 1983) . 

Experiment s carrie d ou t  b y Taylo r  an d Tversk y (1992 ) 
presente d subject s wit h bot h rout e an d surve y descrip -
tion s o f  spatia l  domains .  Thei r  finding s include d th e 
fac t  tha t  th e subject s constructe d menta l  model s tha t 
wer e sufficientl y abstrac t  t o allo w inference s fro m alter -
nativ e perspectives .  The y sugges t  tha t  th e advantag e o f 
suc h a  representatio n lie s i n it s  flexibility,  sinc e i t  sup -
port s exploratio n o f  a  worl d fro m uniqu e point s o f  vie w 
as wel l  a s adaptatio n resultin g fro m chang e i n th e envi -
ronment .  Othe r  studie s b y Tversk y (1981,1991 )  provid e 
evidenc e tha t  spatia l  menta l  model s migh t  b e distorte d 
by a n alignmen t  wit h existin g landmark s o r  frame s o f  ref -
erence .  Fo r  example ,  whe n colleg e student s wer e aske d 
t o choos e a  correc t  m a p o f  Americ a fro m tw o possibili -
ties ,  th e majorit y chos e th e incorrec t  versio n wliic h wa s 
altere d s o tha t  Sout h Americ a appeare d directl y belo w 
Nort h America . 

Johnson-Lair d (1993 )  cite s thre e fundamenta l  differ -
ence s betwee n reasonin g wit h menta l  model s an d rea -
sonin g wit h logica l  representations : 

•  Model-base d reasonin g i s semantic :  i t  relie s o n th e 
constructio n an d inspectio n o f  alternativ e models , 
wher e eac h mode l  represent s a  uniqu e stat e o f  af -
fairs .  Logic-beise d reasonin g i s syntactic :  conclusion s 

ar e forme d b y applyin g rule s o f  inferenc e t o syntacti c 
form s i n orde r  t o deriv e ne w forms . 

•  I n menta l  models ,  symboli c token s correspon d t o indi -
vidua l  entities ;  model s d o no t  contai n variables .  M u c h 
of  logica l  reasonin g i s base d o n th e instantiatio n o f 
generalize d term s containin g variables . 

•  Wherea s logica l  form s mirro r  th e structur e o f  dis -
course ,  menta l  model s ar e structure d t o mirro r  th e 
relation s amon g entities . 

Furthermore ,  Johnson-Lair d suggest s tha t  th e principle s 
involve d i n menta l  model s hav e seriou s advantage s fo r 
computationa l  reasoning .  I n particula r  the y allo w fo r 
th e integratio n o f  deductiv e an d nonmonotoni c reason -
ing .  Derivation s occu r  b y simpl e mode l  checkin g (inspec -
tio n o f  mode l  representations )  an d updatin g o f  model s 
ca n b e achieve d withou t  th e cos t  o f  undoin g previousl y 
compute d deduction s resultin g fro m defaul t  reasoning . 

Representation of Spatial Models 

Thi s sectio n present s a n approeic h t o knowledg e repre -
sentatio n fo r  model-base d reasonin g where ,  simila r  t o th e 
spatia l  componen t  fo r  computationa l  imager y (Glasgo w 
k.  Papadia s 1992) ,  symboli c array s depic t  th e entitie s 
and relation s i n a  world .  Th e schem e wa s develope d us -
in g a  forma l  theor y o f  arrays .  Arra y theor y i s th e math -
ematic s o f  rectangularl y arranged ,  neste d dat a object s 
(Mor e 1981) .  A n arra y consist s o f  zer o o r  mor e item s 
hel d a t  position s alon g multipl e axes ,  wher e rectangula r 
arrangemen t  i s th e concep t  o f  object s havin g spatia l  po -
sition s relativ e t o on e anothe r  i n th e collection .  Simila r 
t o se t  theory ,  arra y theor y i s concerne d wit h th e concept s 
of  aggregation ,  nestin g an d membership .  A n arra y ca n 
be considere d a s a  multi-dimensiona l  extensio n o f  th e lis t 
dat a structur e use d i n Lis p (Jenkin s k .  Glasgo w 1989) . 
Th e representatio n o f  spatia l  model s involve s a  specia l 
clas s o f  array s — thos e whos e symbol s an d structur e de -
not e entitie s an d thei r  relativ e location s i n th e domai n 
of  interest .  I n orde r  t o specif y th e spatia l  relations ,  a 
symbol  m a y occup y on e o r  mor e cell s o f  a n array .  Fo r 
example ,  th e descriptio n "Th e bal l  an d th e lam p ar e o n 
th e tabl e an d th e lam p i s t o th e righ t  o f  th e bai r  coul d 
be represente d a s th e array: ^ 

6a/ /  lam p 
tabl e 

Visua l  informatio n suc h a s shape ,  relativ e distanc e an d 
relativ e siz e i s ofte n discarde d i n a  model .  However ,  i f 
desired ,  distanc e an d shap e attribute s ca n b e preserve d 
i n th e arra y representation .  Figur e 3(a )  illustrate s a n 
islan d m a p simila r  t o th e on e use d b y Kossly n an d col -
league s (Kossly n 1980 )  t o stud y ho w human s stor e an d 
inspec t  menta l  maps .  Muc h o f  th e informatio n deriv -
abl e throug h th e visua l  inspectio n o f  th e m a p imag e ca n 
als o b e inferre d fro m th e symboli c arra y representatio n 
i n Figur e 3(b) .  Geographi c direction s ar e determine d i n 
thi s representatio n b y comparin g th e relativ e location s 
of  entitie s i n th e array ,  e.g. ,  th e hu t  i s south-o f  th e lak e 

'I n th e notatio n presented ,  adjacen t  cell s containin g th e 
same symbo l  ar e merge d int o a  sing e cell . 
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an d west-o f  th e beach .  A s well ,  i t  ca n b e determine d tha t 
th e tre e i s nea r  th e lak e an d tha t  th e beac h i s close r  t o 
th e hu t  tha n i t  i s  t o th e lake .  Relativ e siz e an d shap e 
informatio n c& n b e preserve d i n a  representatio n b y in -
creeisin g th e granularit y o f  th e array .  Fo r  example ,  th e 
shap e o f  th e islan d m a p i s computabl e fro m th e arra y 
representatio n depicte d i n Figur e 3(c) . 

A larg e collectio n o f  total ,  primitiv e functions ,  cho -
sen t o expres s fundamenta l  propertie s o f  arrays ,  ar e de -
scribe d fo r  arra y theory .  Thes e functions ,  whic h sub -
sume mos t  o f  th e operation s o f  A P L an d Lisp ,  hav e bee n 
implemente d i n th e programmin g languag e Nia l  (Jenk -
ins ,  Glasgow ,  &  McCrosk y 1986) .  Arra y theor y provide s 
a high-leve l  languag e tha t  ca n b e use d fo r  expressin g an d 
provin g propertie s o f  spatia l  models .  I t  i s  currentl y be -
in g employe d t o specif y th e primitiv e operation s fo r  con -
structing ,  transformin g an d inspectin g arra y representa -
tions .  Sectio n 3. 2 describe s th e primitiv e arra y function s 
fo r  model-base d reasonin g tha t  hav e bee n implemente d 
i n Nial . 

In the remainder of this section, we define an approach 
t o knowledg e representatio n fo r  spatia l  reasoning .  Th e 
scheme consist s o f  arra y representalions ,  whic h mode l 
th e entitie s an d relation s i n th e world ,  an d a  se t  o f  prtmi -
tiv e arra y function s {o i  generating ,  inspectin g an d trans -
formin g representations . 

A n arra y representatio n i s constructe d s o tha t  ther e 
i s a  correspondenc e betwee n th e structur e o f  th e sym -
boli c arra y aji d th e structur e o f  th e worl d bein g mod -
eled .  Mor e precisely ,  a  worl d i s representabl e b y a n arra y 
i f  ther e exist s a  mappin g betwee n symbol s i n th e arra y 
an d entitie s i n th e worl d tha t  preserve s th e relativ e lo -
catio n o f  entities .  Arra y representation s provid e a  basi s 
fo r  deductiv e reasonin g i n a  spatia l  domain . 

In the proposed formalism, a world is defined as a set 
of  entitie s an d a  se t  o f  spatia l  relation s tha t  ar e define d 
on th e entities .  Ou r  definitio n assume s a  finite  se t  P  o f 
predicat e symbol s tha t  i s  use d t o inde x th e relation s i n 
th e world . 

Definition .  A  wor l d w  i s define d a s a  pai r 
< S , R > suc h that : 

•  S  i s a  finite  se t  o f  symbol s tha t  denot e th e en -
Utie s o f  interes t  i n th e world . 

•  R  i s a  finite,  P-indexe d se t  o f  spaiia l  relation s 
define d ove r  th e se t  o f  symbol s 5  fo r  th e world . 
Eac h n-ar y relatio n i n R  i s define d i n term s o f 
a se t  o f  n-tuple s containin g entitie s i n S .  Th e 
notatio n Wp i s use d t o denot e th e relatio n i n R 
correspondin g t o predicat e symbo l  p  ̂  P . 

Definition .  A n arra y representatio n A  i s 
define d a s a  pai r  <  A , F >  suc h tha t 

•  > ^  i s a  multi-dimensiona l  arra y containin g th e 
set  o f  symbol s S y m { A ) .  A  symbo l  m a y occup y 
mor e tha n on e locatio n i n A ,  bu t  eac h locatio n 
contmn s a t  mos t  on e symbol . 

•  F  i s a  P-indexe d se t  o f  boolea n arra y func -
tions .  Fo r  eac h n  -| -  l-ar y functio n f p £  F  an d 

symbol s «!,...,« „  G  S y m { A ) ,  fp{8 u ...,Sn,A) £ 
{true ,  false] . 

Th e assumptio n tha t  a  locatio n i n a n arra y m a y contai n 
at  mos t  on e symbo l  correspond s t o th e fac t  tha t  a t  mos t 
one entit y ca n occup y a  singl e locatio n i n space .  Thi s 
does no t  preclude ,  however ,  th e concep t  o f  containmen t 
or  th e fac t  tha t  a  symbo l  m a y denot e a  comple x entit y 
consistin g o f  subentities . 

An arra y representatio n i s a  mode l  fo r  a  worl d i f  al l  o f 
th e world' s relation s ar e representabl e b y a  functio n fo r 
th e array . 

Definition . 
Give n a  worl d w  = < S ,  R  >  an d a n arra y repre -
sentatio n A = < A , F > ,  a n n-ar y relatio n Wp £  R 
i s represente d i n A  i f  an d onl y i f  S  =  S y m { A ) 
an d fo r  al l  symbol s Si,... ,  s „  G  S : 

fp(s i  s„,A )  =  tru e i f  an d onl y i f 
(si,...,s„ )  €  Wp 

fo r  functio n f p G  F . 

An array representation A is an array model for 
worl d w  i f  an d onl y i f  fo r  ever y relatio n Wp G  R , 
Wp i s represente d i n A . 

If there exists an array model for a world w then 
we sa y tha t  w  i s representable . 

Simila r  t o a  world ,  a n arra y representatio n contain s 
a se t  o f  spatiall y  organize d parts .  Th e spatia l  relation s 
a m o ng part s ar e determine d b y a  se t  o f  boolea n function s 
tha t  ar e use d t o inspec t  a n arra y dat a structure . 

A representabl e worl d i s complet e i n th e sens e tha t  al l 
spatia l  relationship s a m o n g entitie s ar e m a d e explici t  b y 
th e relation s i n R ,  an d ca n thu s b e represente d b y eirra y 
inspectio n function s i n F . 

To illustrat e th e concep t  o f  a n axra y model , 
conside r  th e worl d describe d b y th e se t  S  = 
{Britain,PortJigal,Spain,... ]  o f  countrie s i n Europ e an d 
thei r  correspondin g geographica l  relationship s R  indexe d 
by th e se t  o f  predicat e symbol s P  =  {north-of ,  west-of , 
east-of ,  south-o f  an d borders-on] .  W e ca n defin e a n ar -
ra y mode l  A  = < A , F >  io x w  where : 

•  > t  i s  th e arra y depicte d i n Figur e 4 . 

•  Th e arra y function s i n F  ar e define d t o mode l  th e 
spatia l  relation s i n th e world .  Fo r  example ,  th e rela -
tio n Wu)fit-o j  i s  represente d b y th e functio n fwest-oj , 
whic h i s define d s o tha t  a n applicatio n o f  th e for m 
fwest-ojisi,S2,A )  return s th e valu e tru e i f  an d onl y 
i f  symbo l  S i  occur s i n a  locatio n tha t  i s t o th e lef t 
of  th e left-mos t  occurrenc e o f  symbo l  S 2 i n th e arra y 
dat a structur e A .  Similzurl y th e relatio n Wborder>-o n 
i s represente d b y th e functio n fborders-on ,  wher e 
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Figur e 3 :  Representation s o f  Kosslyn' s islan d m a p 

horderi-on{si,S'i,A )  evaluate s t o tru e jus t  i n th e cas e 
wher e symbol s s \  an d s o ai e situate d i n adjacen t  cell s 
of  arra y A . 

Deductive reasoning is achieved in the representation 
scheme throug h inspectio n o f  arra y models .  Thi s ap -
proac h relie s o n th e semantics ,  o r  th e mappin g betwee n 
th e representatio n an d th e domai n o f  interest .  Conclu -
sion s ar e derive d b y applyin g arra y function s tha t  m a p 
t o th e relevan t  spatia l  relation s i n th e world .  Thi s ap -
proac h t o reasonin g ca n b e though t  o f  a s a  restricte d 
for m o f  model-theoreti c deduction ,  on e whic h i s limite d 
t o inference s tha t  ar e m a d e explici t  b y inspectio n o f  ar -
ra y representations . 

The notio n o f  a n arra y mode l  presente d i n thi s sectio n 
assumes tha t  a  worl d i s representable ,  tha t  is ,  al l  o f  it s 
relation s ar e m a d e explicit .  I t  i s  possibl e t o exten d th e 
representatio n schem e t o includ e indeterminat e world s 
(Glasgo w 1994) .  A n indeterminat e worl d i s  on e whic h 
has multipl e possibl e interpretations ,  represente d a s a 
set  o f  arra y models . 

Discussion 

The work described in this paper extends research in 
computationa l  imager y b y relatin g th e spatia l  represen -
tatio n fo r  imager y t o cognitiv e studie s o f  menta l  mod -
els ,  an d b y formall y definin g a n arra y mode l  i n term s o f 
a mappin g fro m symbol s i n a n arra y t o entitie s i n th e 
world ,  an d fro m spatia l  function s i n th e arra y mode l  t o 
spatia l  relation s i n th e world . 

A characteristi c o f  th e arra y representatio n fo r  model -
base d reasonin g i s tha t  i t  bring s relevan t  spatia l  proper -
tie s t o th e forefront .  Th e entitie s an d spatia l  relation s 
i n th e worl d ar e explicitl y  denote d a s symbol s an d rela -
tion s i n a  multi-dimensiona l  array .  Thi s representatio n 
provide s fo r  a  simplifie d mode l  o f  th e worl d — on e tha t 
capture s salien t  spatia l  feature s an d suppresse s unneces -
sar y o r  irrelevan t  details .  A  benefi t  o f  th e arra y repre -
sentatio n lie s i n it s succinc t  encodin g an d it s provisio n 
fo r  updatin g an d change .  I t  ca n als o b e distinguishe d 
fro m traditiona l  logi c representation s b y th e fac t  tha t 

i t  impose s specificit y o n a  representation ,  ye t  symboli c 
array s ar e mor e abstrac t  tha n th e visua l  representation s 
propose d fo r  reasonin g wit h diagrams . 

Th e arra y representatio n fo r  spatia l  reasonin g 
has measurabl e computationa l  advantage s ove r  proof -
theoreti c logi c systems .  I n particular ,  arra y model s ca n 
be use d t o develo p vivi d knowledg e bases .  Levesqu e 
(1986 )  define s a  vivi d knowledg e bas e a s on e tha t  i s 
structure d s o tha t  ther e i s a  one-to-on e correspondenc e 
betwee n th e entitie s i n th e worl d an d th e symbol s i n 
th e knowledg e base ,  an d fo r  ever y simpl e relationshi p 
of  interes t  i n th e worl d -  i n ou r  cas e spatia l  relation -
ship s -  ther e exist s correspondin g connections  emion g 
symbol s i n th e knowledg e base .  Vivi d knowledg e base s 
ar e consisten t  an d complete .  Levesqu e argue s tha t  th e 
mai n benefi t  o f  vivi d knowledg e base s i s tha t  the y pro -
vid e fo r  efficien t  wors t  cas e reasonin g behavior ,  sinc e 
calculatin g wha t  i s  logicall y implici t  generall y reduce s 
t o retrievin g wha t  i s  explicit .  Furthe r  argument s con -
cernin g th e computationa l  advantage s o f  th e arra y rep -
resentatio n ar e presente d elsewher e (Glasgo w 1993b ; 
1993a) . 

Th e propose d model-base d approac h t o reasonin g ca n 
be motivate d an d justifie d b y h u m a n needs .  S imo n 
(1978 )  ha s propose d criteri a fo r  assessin g an d select -
in g representation s base d o n informatio n conten t  an d o n 
eas e o f  programming .  Thes e criteri a ar e tas k dependen t 
an d partiall y  rel y o n th e abilit y o f  th e programme r  t o 
represen t  th e stat e o f  knowledg e i n th e worl d an d th e 
transformation s an d inference s tha t  m a y occur .  Exper -
imenta l  result s i n cognitiv e psycholog y sugges t  tha t  hu -
mans appl y model-base d reasonin g fo r  proble m solvin g 
i n a  variet y o f  domains .  Certainl y a  formalis m tha t  cap -
ture s th e representation s an d processe s associate d wit h 
model-base d reasonin g woul d facilitat e th e implementa -
tio n o f  computationa l  reasonin g system s i n suc h proble m 
solvin g domains .  Althoug h th e schem e wa s motivate d b y 
h u m an needs ,  i t  ca n overcom e inheren t  limitation s o f  th e 
cognitiv e system .  I n particular ,  contro l  strategie s ca n b e 
develope d s o tha t  n o consisten t  interpretatio n fo r  a  worl d 
i s oveillooked . 

379 



Irelan d 

Portuga l 

Britai n Hollan d 

Belgiu m 

Franc e 

Spai n 

Norway 

Denmark 

Germany 

Switzerlan d 

Ital y 

Sweden 

Polan d 

Czech 
Republi c 

Austri a 

Finlan d 

Slovaki a 

Hungar y 

? Yugoslavi a ? 

Greec e 

Figur e 4 :  Arra y representatio n o f  Europ e 
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