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1.  Introductio n 

O ne o f  th e principa l  problem s i n natura l 

languag e processin g (NLP )  i s th e rol e o f  con -

tex t  i n understandin g th e sens e o f  a  particula r 

wor d i n a  particula r  situation .  Therefor e th e 

connectionis t  approach ,  whic h ha s fare d quit e 

wel l  i n accountin g fo r  contex t  sensitivity ,  hji s 

become a n attractiv e approac h t o N L P (eg . 

Cottrel l  &  Small ,  1983) .  Thi s repor t  present s 

a networ k tha t  learn s th e spatia l  relationship s 

tha t  ca n b e communicate d throug h th e us e o f 

a locativ e preposition .  Th e goal s o f  thi s net -

wor k wer e t o bot h "decode "  an d encode " 

prepositiona l  phrases .  (Herskovits ,  1986 )  Th e 

decodin g tas k involve s understandin g th e spa -

tia l  relationshi p betwee n tw o noun s (N l  an d 

N2)  describe d b y a  locativ e prepositio n (LP) ; 

consider ,  fo r  example ,  th e differen t  use s o f  th e 

L P i n accesse d b y th e phrase s wate r  i n glas s 

and crac k i n glass ;  i n th e first  case ,  N 2 i s  act -

in g a s a  containe r  fo r  N l  wherea s i n th e 

secon d N l  i s  withi n th e substanc e o f  N 2 .  Th e 

encodin g tas k i s th e convers e problem :  finding 

th e appropriat e prepositio n t o expres s a  give n 

spatia l  relationshi p betwee n tw o particula r 

objects . 

In addition to discovering whether the 

networ k coul d lear n t o encod e an d decod e 

prepositiona l  phrases ,  anothe r  are a o f  interes t 

was studyin g th e context-fre e meaning s o f  th e 

preposition s themselves .  Th e abilit y o f  con -

nectionis t  network s t o complet e partia l  pat -

tern s (e.g .  McClelland ,  Rummelhar t ,  an d Hin -

ton ,  1986 )  make s i t  possibl e t o stud y th e 

respons e o f  th e networ k t o a  prepositio n alone . 

i n th e absenc e o f  th e nouns .  I n thi s case ,  th e 

questio n o f  whethe r  thes e meaning s wer e th e 

same a s th e idea l  meaning s define d b y Hersko -

vit s (1986 )  wa s investigated .  Herskovits' s 

(1986 )  theor y o f  th e meaning s o f  locativ e 

prepositiona l  phrase s i s  buil t  aroun d th e 

notio n o f  a n "idea l  meaning" ,  whic h i s  lik e a 

prototype .  (Herskovits ,  1986 ,  p .  39 )  I t  i s  con -

structe d ou t  o f  th e "perceptuall y salient " 

characteristic s o f  a  se t  o f  object s an d thei r 

relationshi p (Herskovits ,  1986 ,  p .  54) .  He r 

idea l  meaning s o f  th e preposition s in ,  on ,  an d 

at  are : 

The Idea l  meanin g o f  in : 
The inclusio n o f  a  geometri c construc t 
i n a  one- ,  two- ,  o r  three-dimensiona l 
geometri c construct .  (Herskovits ,  1986 , 
p.  48 ) 

The ideal meaning of on: 
For  a  geometri c construc t  X  t o b e 
contiguou s wit h a  lin e o r  surfac e Y ;  i f  Y 
i s th e surfac e o f  a n objec t  O y an d X  i s 
th e spac e occupie d b y anothe r  objec t 
Ox,  fo r  O y t o suppor t  Ox .  (Herskovits , 
1986 ,  p .  49 ) 

The ideal meaning of at: 
For  on e poin t  t o coincid e wit h another . 
(Herskovits ,  1986 ,  p .  50 ) 

Finally ,  th e wa y th e networ k groupe d 

th e noun s use d a s argument s t o th e preposi -

tio n wa s studied .  Th e networ k wa s designe d 

t o buil d it s  o w n interna l  representatio n fo r 

eac h noun .  Onc e again ,  Herskovits' s (1986 ) 

theor y o f  locativ e prepositiona l  phrase s pro -

vide s clue s a s t o n o w th e noun s migh t  b e 
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divide d b y th e system .  Whil e Herskovit s feel s 

tha t  th e idea l  meanin g i s a t  th e cor e o f  eac h 

use o f  a  preposition ,  sh e als o state s tha t  i n 

actua l  us e th e meanin g i s  ofte n change d o r 

shifte d i n som e manner .  (Herskovits ,  1986 ,  p . 

39 )  A  particula r  us e o f  a  prepositiona l 

phrase ,  then ,  ofte n ha s a  meanin g simila r  t o 

(bu t  no t  exactl y th e sam e as )  th e idea l  mean -

in g o f  th e preposition .  Th e structur e sh e use s 

t o hol d th e relationshi p betwee n a n idea l 

meanin g o f  a  prepositio n an d th e meanin g 

embodie d i n a  particula r  instanc e o f  usin g a 

prepositio n i s  calle d a  us e type .  (Herskovits , 

1986 ,  p .  87 )  W e di d no t  represen t  al l  th e us e 

type s i n ou r  simulation ;  i n particular ,  ou r 

curren t  architectur e canno t  suppor t  thos e 

whic h requir e mor e tha n tw o argument s t o th e 

preposition ,  an d w e hav e chose n t o exclud e 

abstrac t  relationship s suc h a s membershi p 

(e.g .  studen t  i n school )  i n ou r  initia l  studies . 

Th e us e type s tha t  wer e represente d I n th e 

stimulu s se t  suggeste d possibl e way s tha t  th e 

networ k migh t  categoriz e th e nouns .  Thes e 

division s ar e show n i n Tabl e 1 . 

2.  N e t w o r k architectur e 

The network currently under study is 

feed-forward ,  wit h a n inpu t  laye r  partitione d 

int o fou r  banks ,  thre e intermediat e banks ,  an d 

an outpu t  laye r  partitione d int o tw o banks , 

organize d a s i n Figur e I . 

The network is a variation of the "encoder 

architecture "  introduce d b y Ackley ,  Hinton , 

and Sejnowsk i  (1986) ,  whic h i s  traine d t o 

replicat e pattern s o f  inpu t  a t  th e outpu t  layer . 

A patter n o f  th e for m NI-LP-N 2 o r  N1-SP-N 2 

i s presente d t o th e networ k b y activatin g fro m 

thre e t o 6v e units :  on e uni t  i n ban k A 

correspondin g t o N l ,  a  noun ;  on e uni t  i n ban k 

D correspondin g t o N 2 ,  a  secon d noun ;  an d 

eithe r  on e uni t  i n ban k C ,  correspondin g t o 

th e LP ,  th e locativ e prepostion ,  o r  fro m on e t o 

Institutio n 

Gap 

Part/Whol e 

Geometri c Entit y 

Spatia l  Entit y 

Physica l  Objec t 

Poin t 

Lin e 

Plan e 

Geographi c Locatio n 

Landmar k 

Generi c Locatio n 

Offer s suppor t 

I s a  Medi a 

Has a n Outlin e 

One o f  a  grou p 

Containe r 

Usabl e Artifac t 

Perso n 

Tabl e 1 .  Possibl e division s o f  nouns , 
correspondin g t o distinction s require d 
by Herskovits . 

SPATIAL LOCATION 
UNITS 
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UNITS 

•  n o a o 

aaaoaDDDaoDDnan 

oaaa a 

(  2- ;  !«• !  " I 
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/ \ 

DDDDOODOOa 
SPATIAL LOCATCH 

UNITS 

c 
onaa o 
PRtPOSITON 

>*IIT « 

•  D D D D 

(  ZSloti l  ̂  

F igur e I .  N e t w o r k architectur e fo r  th e 
prepositio n task .  Input s ar e presente d 
at  th e lowes t  layer ,  acros s eithe r  b a n k s 
A,  B ,  an d D  o r  A ,  C ,  an d D .  Th e bol d 
arrow s indicat e th e flow  o f  informatio n 
fro m on e ban k t o another .  Fo r 
example ,  ever y uni t  i n ban k F 
contribute s t o th e activatio n o f  ever y 
uni t  i n ban k G .  Afte r  eac h patter n 
presentation ,  th e output s a t  H  an d I  ar e 
compare d wit h th e correspondin g S P 
and L P component s o f  th e inpu t  patter n 
(banl< 3 U  an d C )  t o generat e a n erro r 
signa l  fo r  th e learnin g procedure . 
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thre e unit s i n ban k B ,  whic h correspon d t o th e 

SP portio n o f  th e input ,  th e unit s tha t 

describ e th e spatia l  relationshi p betwee n th e 

tw o nouns .  Tabl e 2  give s a  lis t  o f  al l  o f  th e 

unit s tha t  hav e bee n used .  Becaus e th e net -

wor k receive s incomplet e stimuli ,  an d th e out -

put  leve l  i s  traine d t o suppl y bot h th e L P an d 

SP units ,  th e networ k ca n b e sai d t o perfor m 

a patter n completio n task . 

Banks E and F receive information 

exclusivel y fro m bank s A  an d D  respectively . 

Therefore ,  th e weigh t  matri x fro m A  t o E  (le t 

thi s matri x b e denote d [A,Ej )  mus t  adap t  suc h 

tha t  representation s o f  N l  ar e distribute d i n a 

manner  tha t  facilitate s solutio n o f  th e task . 

Similarly ,  F  mus t  com e t o giv e appropriat e 

representation s o f  N 2 .  Carefu l  stud y o f  thes e 

representation s wil l  b e a  majo r  componen t  o f 

th e tas k analysis .  I t  shoul d b e note d tha t 

matri x [A,E ]  i s  constraine d t o b e equa l  t o 

matri x  [D,F] ;  tha t  is ,  a  give n nou n come s t o 

hav e th e sam e representatio n i n ban k E  a s i t 

has i n ban k F ,  s o tha t  importan t  propertie s o f 

noun s whe n the y occu r  i n th e first  positio n 

may carr y ove r  t o situation s wher e the y occu r 

i n th e second . 

3.  Simulat io n 

3125 (25 X 5 X 25) pattern combinations 

ca n b e forme d wit h th e twenty-fiv e noun s an d 

five  prepositions ;  o f  these ,  9 9 wer e chose n t o 

constitut e a  "trainin g corpus" .  Durin g eac h 

trainin g cycle ,  tw o input-outpu t  pair s wer e 

presente d t o th e network .  Th e first  half-cycl e 

consiste d o f  presentin g N l  o n ban k A ,  L P o n 

ban k C ,  an d N 2 o n ban k D ;  a n erro r  signa l 

was generate d b y comparin g th e resultin g 

respons e a t  H  an d I  wit h th e desire d response , 

consistin g o f  S P an d L P respectively .  Thi s 

erro r  signa l  wa s applie d usin g th e back -

propagatio n procedur e o f  Rumelhart ,  Hinton , 

an d William s (1986 )  t o adaptivel y modif y th e 

weigh t  value s throughou t  th e network .  T h e 

secon d half-cycl e use d th e sam e stimulu s pat -

ter n excep t  th e inpu t  consiste d o f  N l  o n ban k 

A,  S P o n ban k B ,  an d N 2 o n ban k D .  Eac h 

uni t  i n th e networ k respond s a s a  semi-linea r 

functio n o f  it s inpu t  values ;  tha t  is ,  th e input s 

wer e linearl y s u m m e d t o giv e a  ne t  activatio n 

valu e X ,  fro m whic h th e respons e r  wa s calcu -

late d usin g th e logisti c function : 

r  = 
1 - .  ' 

1 +  e 

Noun Unit s 

(25 ) 

Bank s A  an d D 

Semanti c Unit s 

(10 ) 

Bank B 

Prepositio n Unit s 

(5 ) 
Bank C 

cloud s lak e 

sky rive r 

plan e roa d 

boat  cit y 

wate r  islan d 

Nl  ove r  N 2 

N2 ove r  N l 

Nl  a t  edg e o f  N 2 

Nl  embedde d i n N 2 

N2 contain s N l 

i n a t 

campsit e tabl e 

schoo l  glas s 

hous e bow l 

floor  crac k 

roo m chi p 

Nl  withi n borde r  < 

Nl  touchin g N 2 

Nl  nea r  N 2 
Nl  fa r  fro m N 2 

N2 support s N l 

on unde r 

book 

Bowers 

gras s 

man 
fish 

Df  N 2 

abov e 

Tabl e 2 .  L'ai t  label s fo r  codin g inpu t  pattern s acros s bank s A ,  B ,  C ,  an d D 
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Th e networ k require d fro m 1,50 0 t o 

2,50 0 passe s throug h th e corpu s t o lear n th e 

prepositiona l  phrase s wit h a n averag e erro r  o f 

les s tha n 2 % .  Variou s test s wer e performe d o n 

th e traine d networ k i n orde r  t o determin e th e 

idea l  meanin g o f  eac h prepositio n an d th e 

network' s classificatio n o f  th e variou s nouns . 

Specifically ,  th e questio n o f  whethe r  th e net -

wor k woul d follo w Herskovits' s (1986 )  theor y 

fo r  th e preposition' s meaning s an d th e type s 

of  noun s tha t  ca n b e argument s t o th e prepo -

sitio n wa s studied .  I n addition ,  th e rol e o f 

contex t  i n determinin g th e meanin g o f  a 

prepositiona l  phrase ,  an d th e response s o f  th e 

networ k t o nove l  stimul i  wer e investigated . 

Th e followin g paragraph s wil l  dea l  wit h eac h 

of  thes e findings  separately . 

Afte r  training ,  t o tes t  whethe r  th e net -

wor k develope d idea l  meaning s consisten t  wit h 

Herskovit s (Se e Introduction) ,  eac h L P (Ban k 

C)  wa s presente d t o th e networ k alone ,  an d 

th e S P outpu t  (Ban k H )  wa s observed .  Th e 

outpu t  representation s ar e show n i n Figur e 2 ; 

filled  rectangle s indicat e positiv e activit y 

values ,  an d ope n rectangle s indicat e negativ e 

activities . 

Not e tha t  durin g training ,  onl y th e 

prepositio n at ,  alway s co-occur s wit h th e sam e 

SP representation .  Whil e th e meaning s o f  on , 

at ,  an d abov e d o matc h thos e tha t  woul d b e 

expected ,  th e meanin g o f  i n i s no t  inclusion ,  a s 

woul d b e predicted .  Thi s i s  probabl y du e t o 

th e hig h numbe r  o f  phrase s tha t  hav e t o d o 

wit h a  physica l  objec t  embedde d i n som e 

medium ,  e.g .  th e cloud s i n th e sky .  Th e sam e 

i s tru e fo r  th e prepositio n under ,  wher e th e 

majorit y o f  th e trainin g example s wer e 

phrase s suc h as ,  th e fish  unde r  th e water . 

The distribute d representation s o f  th e 

noun s wer e als o studied .  Becaus e th e weigh t 

matrice s [A,E |  an d [D,F ]  wer e constraine d t o 

hav e th e sam e values ,  th e representatio n o f  a 

nou n i s th e sam e i n bank s E  an d F ;  thes e ar e 

show n i n Figur e 3a .  W e wer e no t  abl e t o 

determin e a  clea r  meanin g fo r  eac h uni t  i n th e 

distribute d nou n representations .  However , 

th e similarit y structur e o f  thi s representatio n 

was reveale d throug h cluste r  analysis ;  th e 

organizatio n impose d upo n th e hidde n unit s 

by thi s networ k vi a th e learnin g procedur e i n 

• • • a a n n n 
abov e 

•  D D d - h D c z , - . 
icfe r 

D D  • 

u n 

-  D  D  •  _  • 
o n 

•  D  n 
?t 

•  a n 

•  •  • D a a 
I n 

Figur e 2 .  Ban k I  (spatial )  outpu t 
generate d fro m preposition s alone . 
Afte r  trainin g fo r  fro m 150,00 0 t o 
250,00 0 patter n presentation s (unti l  a 
ver y lo w erro r  i s  achieve d b y th e 
network )  th e syste m i s  probe d b y 
observin g th e outpu t  o f  th e H  (SP )  ban k 
t o eac h L P (ban k C )  input .  Th e 
positivel y value d output s (dar k 
rectangles )  correspon d to :  tr » = 
embedded io ,  an d touching ;  o n =  1  ove r 
2,  touching ,  an d supporte d by ;  a t  = 
touching ;  unde r  =  2  ove r  1 ,  embedded , 
and touching ;  an d abov e =  1  ove r  2  an d 
far . 

orde r  t o solv e th e tas k (Figur e 3b) ,  correlate s 

nicel y wit h th e on e predicte d fro m 

Herskovitz' s theor y (Se e Tabl e 1) . 

Th e outpu t  o f  th e networ k i s  contex t 

sensitive ;  man y o f  th e prepositiona l  phrase s 

use d b y th e networ k d o no t  hav e a n outpu t 

representatio n tha t  correspond s t o th e 

preposition' s idea l  meaning .  Th e outpu t 

representatio n o f  a  prepositiona l  phras e i s 

determine d no t  onl y b y th e preposition ,  bu t 

als o b y th e particula r  noun s use d i n th e 

phrase .  Fo r  example ,  th e phras e boa t  i n wate r 

i s generall y associate d wit h th e S P uni t  N l  o n 

to p o f  N 2 an d N l  supporte d b y N 2 ,  wherea s 

fish  i n wate r  fits  muc h mor e nicel y wit h N l 

ernbedde d i n N2 .  T o tes t  contex t  sensitivity , 

al l  th e pattern s o f  on e nou n an d on e preposi -

tio n wer e presente d t o th e network .  A t  times , 

thes e representation s ar e differen t  fro m no t 

onl y th e preposition' s idea l  meaning ,  bu t  als o 

fro m th e final  meanin g o f  a  ful l  prepositiona l 

phras e tha t  incorporate s tha t  nou n an d tha t 

preposition .  A n exampl e o f  thi s i s  show n i n 

Figur e 4 . 
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floo r  crac k a a 
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D I D DD 
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d d D I i 
house 

D I Q D a m i a 1 
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O l l l l 
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dDiD d 
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ddDI i 
schoo l 

= 0 1 - 1 
glas s 

oDIi i 
flower s 

••  roa d 

I I I  c,Dia i  D a D I I 
cloud s lak e campsit e 

linea r 

•  cracJ c 
i- f  c M p 

•  Q l D i 
tabl e 

• a l . i 
book 

physica l 

object s 

generi c 
locatio n 

provid e 
suppor t 

caapsit e 
r—*•  schoo l 
I—••  hous e 

••  roc m 
get̂ raphic ,  » .  cit y 

•»•  Islan d 
*-  boa t 

riTe r 

locatio n 

containmen t 

-• •  bov l 

r C 
•^  plan e 

floo r 
-• •  lak e 

'—»•  glas s 
- » flOVCE S 
- •  boo k 

- •  tabl e 

medi a 

mediu m 
specifi c 

*•  late r 
*  aJc T 

^ ^ 
cloial s 
gras s 

require s 
specia l  mediu m 

- *  fis h 

Figur e 3 .  Distribute d representation s o f  th e nouns .  I n orde r  t o accomplis h th e tas k 
successfully ,  th e learnin g procedur e wa s force d unde r  thi s architectur e t o "discover "  suitabl e 
distribute d representation s fo r  th e nouns ,  (a )  th e nou n representations ;  (b )  th e tre e represent s 
th e annotate d result s o f  a  cluste r  analysi s o n thes e representations . 
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DDIOO D D O D D l l D a i 
il-on-l k 
DD lOa l O a D a O a a D i 
on-lak e 
DD lD O D D a D D D a i D n 
isl-o n p 
D^DnD _ a n U D D a D _ D 
1ake- l 
__Da D d o D D d - I D D d 
isl- l 

.Jo. a al l .DOIO . 
pre p 

Da. i iaBi .QDia. i 
hidde n 

•  -•a a 
man 

_•_•-- . 
[under ] 

.•II I 
wate r 

Figur e 4 .  Cootex t  Sensitivity .  Th e 
network' s outpu t  i n respons e t o eac h 
stimulu s i s  different .  Th e respons e t o 
eac h wor d alon e i s  differen t  fro m tha t 
give n b y on e nou n an d a  preposition , 
and fro m th e respons e t o th e ful l  phrase . 

Figur e 5 .  Networ k processin g o f  th e 
inpu t  ma n (under /  water .  Th e respons e o f 
eac h laye r  i n th e networ k t o th e inpu t  i s 
depicted .  Not e tha t  th e outpu t  unit s fo r 
bot h th e prepositio n unde r  an d th e 
prepositio n i n ar e weakl y activated . 

Th e traine d networ k wa s als o ru n o n a 

stimulu s se t  o f  thirty-thre e nove l  phrases . 

Twenty-thre e wer e interprete d correctly .  O n e 

of  the  mor e interestin g result s (Figur e 5 )  wa s 

th e respons e t o th e phras e m a n [under j  water , 

wher e th e bracket s denot e th e appropriat e 

semanti c representatio n fo r  unde r  ("N 2 ove r 

N l "  an d "N l  embedde d i n N2'') .  W h e n th e 

networ k wa s give n N l ,  N 2 ,  an d SP ,  th e prepo -

sitio n chose n b y th e networ k wa s under .  I n 

addition ,  however ,  anothe r  prepositio n 

receive d activatio n (althoug h les s activatio n 

tha n under) :  in .  S o m e o f  th e result s tha t  wer e 

differen t  fro m th e correc t  respons e wer e plau -

sibl e interpretations .  Fo r  example ,  th e phras e 

gras s o n wate r  evoke s eithe r  o f  tw o image s -

gras s floating  o n water ,  o r  gras s standin g o n 

th e edg e o f  th e water .  Th e network ,  whe n 

give n N l ,  N 2 ,  an d L P gav e th e semanti c unit s 

fo r  th e latte r  relationship ,  whic h initiall y 

surprise d us ,  sinc e w e ha d no t  considere d tha t 

interpretatio n before . 

5.  Discussio n 

The network was able to solve both the 

encodin g an d decodin g tas k wit h negligibl e 

error .  T o solv e th e problem ,  reasonabl e 

meaning s fo r  th e preposition s alone ,  an d rea -

sonabl e distribute d representation s fo r  th e 

noun s wer e developed .  Becaus e o f  this ,  th e 

networ k wa s abl e t o reasonabl y handl e m a n y 

of  th e nove l  inputs .  Perhap s th e mos t 

interestin g aspec t  o f  thi s networ k lie s i n th e 

fac t  tha t  i t  i s  use d t o expres s th e semanti c 

conten t  o f  an y o f  a  numbe r  o f  locativ e prepo -

sition s i n a  variet y o f  contexts .  W e pla n t o 

explor e th e followin g conjecture :  Thi s seman -

ti c representatio n i s  languag e independent , 

therefor e th e mappin g o f  semanti c conten t  t o 

prepositio n i s  learne d i n bot h direction s (i.e . 

preposition s ca n b e decode d int o semantic s 

and semantic s ca n b e encode d int o preposi -

tions) ,  semanti c representation s ca n b e use d t o 

translat e locativ e preposition s fro m on e 

languag e t o another . 

Thus, we plan to explore the potential 

applicatio n o f  thi s wor k t o machin e transla -

tion .  Othe r  possibl e direction s fo r  extendin g 

thi s wor k Includ e (l )  increasin g th e scal e o f 

th e mode l  syste m (bot h i n term s o f  th e word s 

use d an d th e numbe r  o f  inpu t  patterns) ,  [2 ] 

alternativ e architecture s tha t  ca n b e use d fo r 

variation s o n th e encodin g an d decodin g task , 

includin g metaphorica l  use s o f  prepositions , 

and [.3 |  extendin g th e use s o f  th e preposition s 

beyon d concret e spatia l  relationship s t o mor e 

metaphorica l  roles . 
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