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S y m m e t r y Detectio n an d th e Perceive d Orientatio n o f  Simpl e Plan e Polygon s 

Paul Kube 

Institute of Cognitive Studies 

and th e 

Departmen t  o f  Electrica l  Engineerin g an d Compute r  Science s 

Universit y o f  California ,  Berkele y 

1.  Introductio n 

Recent  advance s i n th e computa -

tiona l  theor y o f  visio n hav e bee n impres -

sive .  However ,  som e simpl e an d basi c 

aspect s o f  huma n visua l  performanc e hav e 

yet  t o b e explained .  Fo r  example ,  th e 

detail s o f  huma n performanc e i n seein g 

slante d isolate d textureles s plan e 

polygon s a s slante d plan e polygon s ar e 

not  predicte d b y an y curren t  theory . 

Below ,  five  constraint s o n an y correc t 

theor y i n thi s domai n ar e extracte d fro m 

psychologica l  experimen t  an d contraste d 

wit h prediction s o f  thre e o f  th e bes t 

curren t  computationa l  theories ;  n o theor y 

meet s the m all .  A  detecto r  mode l  i s  pro -

pose d whic h ca n qualitativel y accoun t  fo r 
th e evidence .  Th e mode l  i s on e obtaine d 

by simpl e elaboratio n o f  a  symmetr y 
detectio n mode l  introduce d b y Palme r 

[15 ]  t o accoun t  fo r  a  numbe r  o f  othe r 
perceptua l  phenomen a i n a  unifie d way . 

2.  W h a t  experimen t  say s 

The stud y o f  th e perceptio n o f  th e 

perspectiv e projectio n o f  simpl e polygon s 

date s fro m befor e th e classi c monograp h 

of  Stavriano s [16] .  B y 196 6 th e literatur e 

was fairl y larg e (see ,  fo r  example , 

Freeman' s bibliograph y [10]) ,  an d contin -

ued t o gro w int o th e earl y seventies . 

Most  studie s i n thi s traditio n wer e res -

tricte d t o stimul i  perceptuall y indistin -

guishabl e fro m rectangle s centere d i n th e 
lin e o f  sigh t  an d rotate d o n a n axi s paral -

le l  t o on e side ;  i.e. ,  stimul i  whic h woul d 

projec t  unde r  perspectiv e int o th e fronta l 
plan e a s isoscele s trapezoids .  Dat a fro m 
th e presentatio n o f  othe r  kind s o f  contou r 

stimul i  i s  virtuall y absent .  However ,  i t 

appear s tha t  fact s abou t  th e perceptio n o f 

eve n suc h simpl e object s ar e har d t o 

accoun t  fo r  i n a  simpl e theory . 

Dat a fro m thi s bod y o f  wor k 

disagre e o n som e point s (concerning ,  fo r 

example ,  ho w tigh t  th e couplin g i s 

betwee n a  figure's  perceive d shap e an d 

perceive d slant ,  o r  ho w th e accurac y o f 
slan t  judgment s varie s wit h stimulu s 

size) ,  bu t  ther e ar e a t  leas t  tw o unequivo -

cal  result s wort h noting .  A s summarize d 

by Floc k e t  al. ,  "th e singl e untexture d 
rectangula r  shap e whe n viewe d monocu -

larl y withou t  paralla x constitute s to o 

grea t  a  degre e o f  impoverishmen t  t o elici t 

accurat e slan t  judgment s fro m th e huma n 

visua l  system .  .  . "  [ 9 p .  58 ]  Tha t  is , 

human viewer s aren' t  ver y goo d (mea n 

regressio n n o bette r  tha n abou t  0. 7 i n th e 

reporte d experiments )  a t  seein g th e pre -

cis e slan t  o f  slante d rectangle s whe n out -

lin e i s th e onl y cue .  O n th e othe r  hand , 
the y ar e fairl y  likel y t o se e slante d 

rectangles,o r  figures  whic h projec t  out -

line s indistinguishabl e fro m slante d rec -

tangles ,  a s slanted ]  se e [5] .  Thes e simpl e 
fact s impos e tw o constraint s (C l  an d C2 , 

below )  whic h mus t  b e me t  b y an y candi -

dat e theor y o f  huma n vision . 

T wo exception s t o th e isosceles -

trapezoid-stimulu s traditio n yiel d thre e 
additiona l  constraint s (03 ,  0 4 ,  an d 0 5 

below) .  A n experimen t  reporte d b y 

Attneav e [1 ]  feature d th e solicitatio n o f 

slan t  judgment s fro m subject s upo n view -

in g frontal-plan e parallelogram s o f  vari -

ous shape s an d orientations .  Rectangle s 

at  mos t  orientation s an d aspec t  ratio s 

showed grea t  resistanc e t o bein g see n a s 

slante d i n dept h a t  all .  Highl y nonrec -

tangula r  parallelogram s wer e relativel y 

easy t o se e a s slante d figures.  I n a  pilo t 



stud y a t  th e Berkele y ICS ,  subject s ar e 

s h o w n outlin e quadrilateral s lik e thos e i n 

Figur e 1 . 

[ L A 

{» ) 

(b ) 

tio n o f  a  squar e slante d wit h respec t  t o 
th e fronta l  plane ;  th e subjec t  i s  aske d t o 
repor t  whethe r  o r  no t  sh e see s th e figur e 
as flat  an d slante d (i.e. ,  lyin g i n a  plan e 

no t  paralle l  t o th e fronta l  plane) .  Prelim -

inar y result s ar e s h o w n i n Figur e 2 ,  wit h 

th e vertica l  axi s indicatin g increasin g eas e 

i n seein g th e figure  a s a  slante d plan e 

polygon .  S o m e projection s ar e consider -

abl y easie r  t o se e i n thi s w a y tha n others , 

thoug h al l  ar e equall y correc t  projection s 

of  slante d squares . 

L I X 

(c ) 

(d ) 

\ 
(a )  (b )  (c )  (d )  (e )  (f )  (g ) 

Figure 2 

Relativ e "goodnes s o f  dept h illusion "  fo r  th e seve n 
stimul i  show n i n Figur e 1 .  Goodnes s o f  illusio n in -
crease s upwar d alon g th e vertica l  axis . 

Figur e 1 ,  »- g 

A serie s o f  seve n perspectiv e projection s o f  a  squar e 
i n a  plan e wit h slan t  ct  =  6 0 an d til t  t  =  9 0 de -
grees .  Th e -t-' s ar e no t  par t  o f  th e stimulus ,  the y 
merel y mar k her e th e origi n o f  th e imag e plan e fo r 
each projection .  Whe n a  figure  i s foveate d wit h th e 
cente r  o f  th e len s abov e th e origin ,  an d suc h tha t 
th e figur e subtend s fifteen  degree s o f  ar c vertically , 
th e retina l  imag e approximate s viewin g th e outlin e 
of  a  meter-squar e tabletop ,  wit h nea r  edg e paralle l 
t o th e imag e plane ,  a t  a  distanc e o f  abou t  tw o me -
ter s (O f  course ,  thes e reproduction s nee d t o b e 
scale d befor e bein g use d a s experimenta l  stimuli ;  a t 
th e sii e reproduce d here ,  th e focu s i s onl y abou t  4 
cm.  abov e th e pag e ) 

O ne o f  th e figures  a t  a  t im e i s  m o n o c u -

larl y presente d t o a  subjec t  s o tha t  th e 

contou r  fallin g o n th e retin a i s th e projec -

T h u s ,  fro m experimenta l  results , 

ther e ar e a t  leas t  thes e five  straightfor -

w a r d constraint s tha t  an y theor y o f 

h u m a n visua l  capacit y m u s t  meet : 

Cl. Viewers are fairly bad at judging the 

precis e slan t  o f  slante d rectangles , 

eve n w h e n the y k n o w the y ar e view -

in g slante d rectangles . 

C 2 .  Figure s whic h projec t  isoscele s tra -

pezoid s int o th e fronta l  plan e ca n b e 

easil y see n a s plan e figures  slante d i n 

depth . 

C 3.  Figure s whic h projec t  rectangle s int o 

th e fronta l  plan e ar e ver y har d t o 

se e a s slante d i n depth . 

C 4 .  Figure s whic h projec t  highl y nonrec -

tangula r  parallelogram s int o th e 

fronta l  plan e ar e eas y t o se e a s 

slante d plan e figures. 



C5.  O f  th e actua l  perspectiv e projection s 

of  a  slante d rectangl e a t  variou s 

orientations ,  som e ar e mor e difficul t 

t o se e a s slante d plan e figures  tha n 

others . 

3. What theory says 

Followin g year s o f  concentrate d 

wor k i n th e developmen t  o f  polyhedra l 

scen e understandin g system s (fo r  exampl e 

11]  [8 ]  [14] )  whic h ha d nothin g t o sa y 

abou t  th e perceptio n o f  th e orientatio n o f 

isolate d surfaces ,  recentl y ther e ha s bee n 

a flowering  o f  interes t  i n th e constructio n 

of  computationa l  theorie s whic h demon -

strat e how ,  unde r  plausibl e assumptions , 

dept h informatio n ca n b e extracte d fro m 

retina l  images ,  an d whic h sometime s d o 

hav e consequence s fo r  th e perceptio n o f 

slan t  o f  simpl e isolate d polygons .  T o 

thei r  credit ,  thes e theorie s typicall y ai m 

fo r  considerabl e generalit y an d hav e thes e 

consequences ,  i f  the y d o hav e them , 

among man y other s o f  interest .  Th e one s 

whose prediction s wil l  b e examine d belo w 

wit h respec t  t o th e experimenta l  lesson s 

of  th e previou s sectio n ar e al l  expression s 

of  one  sor t  o r  anothe r  o f  kin d o f  principl e 

of  Pragnanz :  the y predic t  tha t  a n imag e 

wil l  b e interprete d a s havin g bee n pro -

jecte d b y th e objec t  which ,  o f  al l  possibl e 
projectin g objects ,  bes t  meet s som e cri -

terio n o f  simplicity. ^ 

Severa l  recen t  theorie s o f  thi s sor t 

ar e no t  ope n fo r  consideratio n becaus e 

the y ar e no t  eve n well-define d fo r  polygo -

nal  stimuli .  Witki n [19] ,  fo r  example , 

propose s tha t  th e chose n interpretatio n o f 

a projectio n shoul d b e th e on e tha t  max -

imize s th e uniformit y o f  distributio n o f 

orientation s o f  contour s i n th e scene ; 

however ,  hi s mathematic s requir e tha t  th e 

contou r  orientation s b e statisticall y 
independent ,  whic h i s certainl y no t  th e 

^  Or ,  a t  least ,  som e criterio n tha t  i s 
correlate d wit h simplicity .  Stev e Palme r  ha s 
suggeste d t o me that ,  fo r  example ,  th e area -
divided-by-squared-perimete r  measur e o f 
Brad y an d Yuill e (se e below )  shoul d no t  b e 
seen a s a  simplicit y measur e itself ,  bu t  rath -
er  a s a  measur e th e maximizatio n o f  whic h 
happens ,  i n a  rang e o f  cases ,  t o pic k ou t 
simpl e figures. 

cas e fo r  simpl e polygons .  Barro w an d 

Tenenbau m [4 ]  sugges t  tha t  th e contou r 

whic h minimize s th e integra l  o f  th e 

squar e o f  it s  curvatur e ove r  it s lengt h 

shoul d b e chose n a s th e interpretation ; 

but  curvatur e i s eithe r  infinit e o r 

undefine d a t  eac h verte x o f  a  polygon , 

and zer o everywher e else ,  s o i t  fail s  t o dis -

tinguis h betwee n an y alternativ e projec -

tions .  Barnar d an d Pentlan d [3 ]  propos e 

tha t  th e selecte d interpretatio n b e on e 

compose d o f  circula r  arcs ,  an d the y offe r 

an ellipse-fittin g algorith m tha t  achieve s 

suc h a n interpretatio n i n som e cases ;  bu t 

i t  fail s  o n polygons .  Thre e theorie s whic h 

do mak e prediction s fo r  th e perceptio n o f 

simpl e polygon s ar e considere d below . 

3.1 .  K a n a d e 

A bilaterall y symmetri c figure  i s on e 

whose shap e i s invarian t  ove r  reflectio n 

abou t  a  line ,  th e axi s o f  bilatera l  sym -

metry .  Consequently ,  suc h a  figure  i s 

compose d o f  pair s o f  point s whic h li e a t 

equa l  distance s i n opposit e direction s 
fro m th e symmetr y axi s o n line s tha t  al l 

meet  th e axi s o f  symmetr y a t  a  9 0 degre e 

angle .  I f  a  figure  i s bilaterall y symmetric , 

any affin e transformatio n o f  th e figure 

wil l  b e skew-symmetric :  paire d point s i n a 
skew-symmetri c figure  li e o n line s (th e 

skew-transvers e axes )  whic h al l  mee t  th e 

skew-symmetr y axi s a t  som e arbitrar y 

angle ,  no t  necessaril y  9 0 degrees .  Sinc e 
orthographi c projectio n i s a n affin e 

transformation ,  bilatera l  symmetrie s i n 
th e scen e wil l  become ,  unde r  orthographi c 

projection ,  skewe d symmetrie s i n th e 
image .  Thi s fac t  i s  exploite d b y Kanad e 

[12 ]  [13] ,  t o deriv e constraint s o n per -

ceive d objec t  orientatio n upo n detectio n 

of  imag e skewe d symmetry ,  unde r  th e 

Pragnanz-l'ik e assumptio n tha t  th e per -

ceptua l  syste m shoul d prefe r  t o se e bila -

tera l  symmetrie s wheneve r  possible . 

To se e ho w thi s constrain t  o n orien -

tatio n fro m skewe d symmetr y i s suppose d 
t o work ,  conside r  th e polygo n i n Figur e 3 

wit h it s indicate d ske w symmetry .  I n thi s 

case ,  eithe r  dashe d lin e ca n b e take n a s 

th e skewed-symmetri c axis ,  an d th e othe r 

as a  skewed-transvers e axis .  Th e Kanad e 



Figur e S 

A ikew-tymmelri c polygon .  Duhe d line s sho w axe s 
of  skewe d symmetry . 

assumptio n i s tha t  a  skewe d s y m m e t r y 

observe d i n a n imag e w a s projecte d b y a 

rea l  s y m m e t r y i n th e image d scene ,  an d 

s o th e axe s o f  skewe d s y m m e t r y i n th e 

imag e ar e projection s o f  th e axe s o f  bila -

tera l  s y m m e t r y i n th e scene .  Bu t  axe s o f 

bilatera l  s y m m e t r y mee t  a t  righ t  angles ; 

9o th e assumptio n constrain s th e orienta -

tio n o f  th e plan e containin g th e bilatera l 

s y m m e t r y t o b e suc h tha t  line s lyin g i n i t 

an d meetin g a t  righ t  angle s coul d hav e 

orthographicall y projecte d th e observe d 

axe s o f  skewe d s y m m e t r y i n th e image . 

K a n a d e hat s show n tha t  thi s i s no t 

suflBcien t  t o fix a  uniqu e interpretatio n fo r 

th e orientatio n o f  th e viewe d figure; 

instead ,  th e angl e forme d b y th e skewed -

symmetr i c an d skewed-transvers e axe s 

determine s a n orientatio n whic h m u s t  li e 

on a  hyperbol a (or ,  i f  th e angl e i s 9 0 

degree s an d s o th e imag e i s alread y bila -

terall y symmetric ,  a  pai r  o f  perpendicula r 

lines )  i n gradien t  space .  (Here ,  gradien t 

spac e i s a  two-dimensiona l  spac e i n whic h 

eac h poin t  represent s th e orientatio n o f  a 

plane ,  an d eac h o f  a  se t  o f  paralle l  plane s 

m a ps t o th e s a m e point .  T h e m a p p i n g i s 

standardl y define d as  follows .  Le t  ther e 

be three-dimensiona l  cartesia n coordi -

nate s i n spac e suc h tha t  th e imag e plan e 

(e.g. ,  th e 'plane '  o f  th e retina )  satisfie s 

z = 0 .  N o w a n arbitrar y plan e i n spac e 

wil l  satisf y a n equatio n o f  th e for m 

px^q y +  d = z ,  fo r  s o m e valu e o f  p ,  q ,  an d 

d;  an d th e equatio n o f  an y plan e paralle l 

t o thi s on e wil l  diffe r  onl y i n th e valu e o f 

d,  s o specifyin g p  an d q  suffic e t o specif y 

th e orientatio n o f  th e plane .  T h e poin t 

(p,f )  i s  the n th e m a p o f  th e plan e i n gra -

dien t  space .  Alternatively ,  th e 

arctangen t  o f  th e lengt h o f  th e vecto r 

<P. 9 >  give s th e slan t  a  o f  th e plane ,  an d 

th e angl e o f  th e vecto r  clockwis e f ro m th e 

p-axi s give s th e til t  t ;  tha t  is ,  t o tal k o f 

orientatio n i n term s o f  slan t  an d til t  i s 

jus t  t o impos e pola r  coordinate s o n gra -

dien t  space. )  I n th e presen t  case ,  th e 

skewed-symmetr y axe s s h o w n i n Figur e 3 

constrai n th e objec t  plan e t o hav e a n 

orientatio n lyin g o n th e hyperbol a i n Fig -

ur e 4 . 

*t  q 

- 4 - 3 - 2 -y-- ' 

Figur e 4 

Gradien t  spac e constraint s o n th e plan e containin g 
th e skewe d symmetr y show n i n Figur e 3  (soli d hy -
perboli c curve )  an d i n Figur e 5  (dotte d orthogona l 
lines) . 

T h u s K a n a d e woul d predic t  tha t 

becaus e o f  th e detectio n o f  th e indicate d 

ske w symmet ry ,  Figur e 3  wil l  b e see n a s a 

rectangl e ( a parallelogra m contralatera l 

bisector s mee t  a t  righ t  angles )  whos e 

orientatio n lie s o n th e hyperbol a i n Fig -

ur e 4 ;  an d K a n a d e [12 ]  suggest s furthe r 

that ,  i n th e absenc e o f  furthe r  con -

straints ,  th e perceptua l  syste m shoul d 

selec t  th e leas t  slante d o f  th e orientation s 

tha t  ar e possibil e give n a  s y m m e t r y con -

straint ,  i .  e. ,  a n orientatio n o n on e o f  th e 



apexe s o f  th e hyperbola :  i n thi s case ,  a 

slan t  o f  abou t  6 5 degree s i n th e directio n 

of  on e o r  th e othe r  o f  th e Necker-reversa l 

tilts . 

This result seems plausible, but 

ther e ar e inadequacie s wit h th e approach . 

Not e tha t  th e parallelogra m o f  Figur e 3 

has anothe r  pai r  o f  skewe d symmetr y 

axes ,  a s show n b y th e dashe d line s i n Fig -

ur e 5 . 

Figur e E 

Anothe r  skewe d symmetr y fo r  th e polygo n i n Figur e 
3 

Thes e happe n t o b e axe s o f  tru e bilatera l 

symmetry ,  s o the y requir e tha t  th e plan e 

of  th e projectin g objec t  hav e a n orienta -

tio n tha t  fall s  o n on e o f  a  pai r  o f  perpen -

dicula r  line s i n gradien t  space ,  which,  fo r 

thi s example ,  ar e th e broke n line s o f  Fig -

ur e 4 .  Th e theor y doe s no t  explai n ho w 

th e constraint s fro m thes e tw o skewe d 

symmetrie s shoul d b e combined ,  an d n o 

reasonabl e combinatio n seem s t o b e con -

sisten t  wit h al l  o f  th e experimenta l  con -
straints : 

I f  minimizatio n o f  slan t  i s  t o coun t 
more heavil y tha n reconstructin g al l  pos -

sibl e symmetries ,  the n th e angl e bisecto r 

axe s o f  Figur e 5  shoul d b e th e one s tha t 

th e Kanad e constraint s ar e mean t  t o 
appl y to ;  thi s give s th e predictio n o f  see -

in g th e figure  i n th e fronta l  plane ,  i.e. ,  a t 

zer o slant .  Bu t  thi s woul d violat e con -
strain t  C4 . 

Perhaps ,  instead ,  th e theor y shoul d 
be understoo d a s predictin g tha t  al l  possi -

bl e symmetrie s wil l  b e reconstructed ,  an d 

tha t  a s a  resul t  th e figure  wil l  b e see n a t 

an orientatio n tha t  simultaneousl y 

satisfie s th e constraint s impose d b y bot h 

pair s o f  axes .  Thi s woul d correspon d t o 

th e intersection ,  i n th e p, q plane ,  o f  th e 

curve s give n b y th e tw o skewe d sym -

metries ;  se e Figur e 4 .  I n thi s example , 

thi s give s th e sam e predictio n a s minimiz -

in g ove r  th e rang e o f  slant s permitte d b y 

th e contralatera l  bisecto r  symmetr y 

alone ,  whic h wa s a  reasonabl e prediction . 

But  thi s suggestio n fail s  o n othe r 

examples .  An y parallelogra m i n th e 

imag e plan e ha s tw o pair s o f  skewe d sym -

metr y axes ,  on e pai r  connectin g th e mid -

point s o f  it s  side s an d th e othe r  connect -

in g it s vertices .  N o w th e skewed -

symmetr y assumptio n i s tha t  a  skewe d 

symmetr y i n th e imag e wa s projecte d b y 

a tru e bilatera l  symmetr y i n th e scene ; 

and s o th e skewed-symmetr y axe s mus t 

hav e bee n projecte d b y perpendicula r 

axes .  Bu t  takin g th e intersectio n o f  th e 

constraint s impose d b y bot h pair s o f  aixes , 

thi s implie s tha t  th e figure  projectin g a 

paralellogra m mus t  b e a  conve x quadrila -

tera l  whos e diagonals ,  an d whos e 

opposite-sid e bisectors ,  mee t  a t  righ t 

angles :  i.e. ,  th e projectin g figure  must ,  i n 
eithe r  case ,  b e a  square . 

Figur e 5 

Thi s rectangle ,  wit h it s tw o skewe d symmetrie s a s 
shown,  ha s th e sam e slan t  constraint s a s th e paral -
lelogra m i n Figur e 3 

So,  i n avoidin g a  violatio n o f  C 4 ,  th e 

Kanad e assumptio n seem s force d t o 
predic t  seein g ever y nonsquar e parallelo -

gra m a s a  squar e a t  som e nonzer o slant . 

Thi s violate s constrain t  C3 ,  a s ca n b e 

see n b y considerin g Figur e 6 ,  a  figure 



whose tw o pair s o f  skewe d axe s ar e thos e 

jus t  thos e o f  Figur e 3  rotate d i n th e fron -

ta l  plane .  A s a  result ,  i t  ha s orientatio n 

constraint s identica l  t o thos e show n i n 

Figur e 4  u p t o a  rotatio n i n th e p, q plane , 

and s o th e sam e slan t  constraints ;  bu t  i t 

i s  no t  naturall y perceive d a s a  slante d 

squar e i n th e manne r  o f  Figur e 3 ,  bu t 

rathe r  a s a  rectangl e i n th e fronta l  plane . 

I f  instea d (and ,  s o fa r  a s I  ca n see , 

withou t  motivatio n fro m th e theory ) 

opposite-sid e bisecto r  symmetrie s ar e 

take n a s imposin g th e importan t  orienta -

tio n constraints ,  Figure s 3  an d 6  n o 

longe r  provid e counterexamples .  How -

ever ,  th e theor y woul d stil l  violat e experi -

menta l  constrain t  C 2 .  Conside r  th e pro -

jecte d isoscele s trapezoi d i n Figur e 1.1 ;  i t 

has onl y on e pai r  o f  ske w symmetr y axes , 

whic h ar e als o bilatera l  symmetr y axes , 

and s o th e figur e shoul d b e see n onl y i n 

th e fronta l  plane .  Ther e i s nothin g i n 

Kanade' s theor y t o accoun t  fo r  it s  bein g 

eas y an d natura l  t o se e a s a  slante d rec -

tangle . 

3.2. Brady and Yuilie 

Brad y an d Yuili e [6 ]  hav e propose d 

tha t  a n imag e plan e polygo n b e inter -

prete d a s havin g bee n projecte d b y th e 

objec t  which ,  o f  al l  possibl e projectin g 

objects ,  maximize s th e rati o o f  are a t o 

perimete r  squared .  Thi s measur e tend s t o 

favo r  compact ,  nonelongate d figures,  an d 

i s maximize d b y square s withi n th e clas s 

of  quadrilaterals ,  s o thei r  theor y entail s 

th e perceptio n o f  a  squar e wheneve r  pro -

jectivel y possible .  But ,  sinc e thei r 

mathematic s i s develope d unde r  th e 

assumptio n o f  orthographi c projection , 

thi s (a s fo r  Kanade )  lead s t o a  violatio n 

of  constrain t  C 3 whe n applie d t o Figur e 

6.  Also ,  i t  i s  eas y t o sho w tha t  (unde r 

orthography )  ther e i s a  famil y o f  image -

plan e isoscele s trapezoid s whic h ar e self -

maxima l  ove r  thi s measure ;  fo r  thes e tra -

pezoids ,  th e preferre d projectin g figure  i s 

i n th e fronta l  plane ,  violatin g C2 .  Weiss , 

i n a  recen t  pape r  [18] ,  propose s a n 

improvemen t  o n th e Brad y an d Yuili e 

measure ,  bu t  i t  als o assume s orthography , 

and i t  violate s C3 . 

Althoug h th e mathematic s becom e 

mor e difficult ,  i t  i s  conceptuall y simpl e t o 

conside r  Brad y an d Yuili e measur e max -

imizatio n unde r  perspective ,  instea d o f 

orthographic ,  projection ;  the n i t  woul d 

predic t  tha t  al l  imag e plan e figures  whic h 

ar e perspectiv e projection s o f  square s wil l 

be see n u s squares .  Bu t  thi s fall s  subjec t 

t o th e sam e criticis m w e sugges t  fo r 

Barnard' s approac h i n th e nex t  section -

tha t  is ,  i t  woul d violat e constraint s C l 

and C5 . 

3.3. Barnard 

Barnar d [2 ]  suggest s tha t  angle s i n 

an imag e plan e quadrilatera l  b e inter -

prete d a s righ t  angle s wheneve r  possible , 

and show s a  wa y t o obtai n thi s interpre -

tatio n unde r  perspectiv e projection .  Th e 

proble m o f  thi s approach ,  roughly ,  i s  tha t 

i t  work s to o well ;  hi s Figur e 12 a (repro -

duce d her e a s Figur e 7 )  i s on e tha t  sub -

ject s find  difficul t  t o se e a s a  slante d 

plan e figure,  wherea s Barnard' s metho d 

flawlessly  extract s th e projectivel y dic -

tate d interpretatio n o f  i t  a s a  slante d rec -

tangle .  Th e mathematic s i s impressive , 

but  a s a  candidat e psychologica l  theor y i t 

violate s bot h constraint s C l  an d C5 . 

Figur e 7 

A perspectiv e projectio n o f  a  rectangle ,  fro m Bar -
nar d [2 ; 



4.  A  propose d detecto r  mode l 

I f  th e point s mad e i n th e previou s 

section s ar e correct ,  n o single ,  simpl e 

Pragnam-lik e accoun t  o f  goodnes s o f 

interpretatio n o f  polygona l  stimul i  sug -

geste d i n th e literatur e ca n accoun t  fo r 

eve n a  ver y modes t  rang e o f  result s fro m 

psychologica l  experiment .  Som e reason s 

why thi s migh t  b e s o ar e discusse d i n th e 

fina l  sectio n o f  th e paper .  I n thi s section , 

a syste m o f  detector s i s describe d whic h 

woul d exhibi t  performanc e consisten t 

wit h constraint s C l  -  C5 . 

Not e tha t  C l  -  C 5 ca n reasonabl y 

clai m t o al l  b e satisfie d b y a  theor y whic h 

at  leas t  qualitativel y predict s th e 

difficult y distributio n (graphe d i n Figur e 

2)  fo r  th e stimulu s sequenc e o f  Figur e 1 , 

sinc e thi s sequenc e contain s bot h 

isosceles-trapezoida l  (Figur e l.a )  an d 

(approximately )  ske w symmetri c (Figur e 

l.g )  stimuli, ^  a s lon g a s i t  i s  abl e t o 

independentl y mee t  C3 .  Thi s suggest s a 

detecto r  architectur e i n whic h a t  leas t 

some skewe d symmetr y an d perspectiv e 

gradient s — th e dept h cue s whic h see m t o 

be presente d b y nonrectangula r  parallelo -

gram s an d isoscele s trapezoids ,  respec -

tivel y — ar e detecte d independentl y an d 

combine d t o yiel d a  judgmen t  o f  slant . 

Palme r  [15 ]  ha s argue d tha t  a  wid e rang e 

of  phenomen a i n th e psycholog y o f  huma n 

visio n ca n b e accounte d fo r  b y appea l  t o a 

processin g mode l  whic h detect s sym -

metrie s ove r  member s o f  th e Euclidea n 

similarit y grou p exhibite d i n th e stimulu s 

array ,  certai n relation s amon g thes e sym -

metries ,  certai n furthe r  relation s amon g 

thes e relations ,  an d s o on .  Th e mode l 

sketche d her e ca n b e see n a s a n extensio n 

of  Palmer' s Euclidea n symmetr y detec -

tio n mode l  t o incorporat e higher-orde r 

detector s fo r  som e skewe d symmetrie s 

and perspectiv e gradients. ^ 

'  Figur e l. g b  eve n close r  t o a  tru e 
skew-symmetric& l  retina l  stimulu s tha n i t 
may appea r  i n th e reproduction ,  sinc e wit h 
th e cente r  o f  th e len s a t  th e foca l  poin t  o n 
th e imag e plan e z-axi s an d th e figure  foveat -
ed,  th e retin a i s slante d wit h respec t  t o th e 
imag e plan e b y abou t  4 5 degrees . 

3 Compar e Clark ,  e t  al.' s  |7 ]  "retina l  gra -
dien t  o f  outline" . 

Th e presen t  mode l  suppose s thre e 

layer s o f  detectors .  Th e lowes t  leve l  i s  a n 

arra y o f  first-order  analyzer s (i n th e sens e 

of  Palme r  (15]) ,  whos e pattern s o f  sensi -

tivit y t o feature s o f  retina l  stimulatio n 

can b e relate d t o one  anothe r  b y transfor -

mation s fro m th e Euclidea n similarit y 

group .  Fo r  example ,  eac h ca n b e take n a s 

detecting ,  fo r  som e locatio n o f  interes t  o n 

th e retina ,  th e presenc e o f  lin e segment s 

of  a  certai n restricte d rang e o f  length s 

and orientations .  (Obviously ,  suc h 

analyzer s ar e interrelatabl e b y transla -

tion ,  rotation ,  an d dilatio n transforma -

tions. ) 

k 
\ - - - - i ; 

\ : > " - : ^ ^ 

Figur e 8 

A translational symmetry detector element (TDE). 

The second level consists of arrays 

of  tw o kind s o f  detecto r  elements ,  eac h o f 

whic h i s constructe d b y simpl e intercon -

nection s betwee n tw o first-order 

analyzers .  A  translationa l  symmetr y 

detecto r  elemen t  (TDE )  i s show n i n Fig -

ur e 8 .  Suc h a  detecto r  b  parameterize d 

by th e retina-relativ e locatio n o f  it s 

cente r  (represente d b y th e ope n circle) , 

th e lengt h an d orientatio n (X .  an d p , 
respectively )  o f  it s  constituen t  first-order 

analyzer s (wit h receptiv e fields 

represente d b y th e ellipses) ,  an d it s o w n 

widt h an d orientatio n (u > an d a ,  respec -

tively) .  A  reflectiona l  symmetr y detecto r 

elemen t  (RDE) ,  show n i n Figur e 9 ,  i s 

define d b y th e sam e se t  o f  parameter s a s 

a T D E ,  bu t  it s constituen t  first-order 

analyzer s ar e relate d t o eac h othe r 

differently :  viz .  b y a  reflectio n abou t  a 

lin e throug h it s cente r  an d perpendicula r 

t o it s orientation ,  instea d o f  a  translation . 

At  th e thir d level ,  TDE' s an d RDE' s 

ar e connecte d t o construc t  skewe d sym -

metr y an d perspectiv e gradien t  detector s 

-  SSD' s an d PGD's ,  respectively .  A 

file:///----i


fi 
\ . • • 9 ' - i 

X - ' ^ * '  a 

i» ) 

Pisur e • 

A rcflectioDkl >ymmetry detector clement (RDE). 

constant-width SSD is shown in Figure 

10.  It s constituen t  TDE' s diffe r  fro m 

eac h othe r  onl y b y a  translatio n paralle l 

t o th e favore d directio n o f  thei r  consti -

tuen t  first-order  analyzers .  A  bilaterall y 

symmetri c P G D ,  a s depicte d i n Figur e 11 , 

i s  compose d o f  RDE' s whic h diffe r  onl y b y 

a compositio n o f  a n appropriatel y relate d 

translatio n an d dilation . 

A 

-- 1 

, - a 

\ i  " 

A 

A detecto r  d  ha s associate d wit h i t  a 

leve l  o f  activatio n A{d )  whic h depend s o n 

th e activation s o f  it s  constituen t  detec -

tor s (or ,  i n th e cas e o f  first-order 

analyzers ,  directl y o n pattern s o f  sensor y 

stimulation) .  Le t  th e activatio n o f  a  T D E 

or  R D E d  h t  a .  suitabl e nonlinea r  functio n 

of  th e activatio n o f  it s  associate d first-

orde r  analyzer s  / j ,  ft -

A{d ) 

A(/, )  +  X(/, ) 

0 

-k/,)-Mft ) 

i f  A(/,)> e an d A(/,)> e 

i f  A(/,)<e»n d A(/,)< e 

otherwiie , 

wher e 6  i s a  suitabl e threshol d value . 

(What' s importan t  i s tha t  evidenc e for , 

evidenc e against ,  an d th e absenc e o f  evi -

denc e fo r  o r  agains t  th e existenc e o f  a 

symmetr y eac h b e encodabl e i n a  second -

leve l  detector' s activity. )  Le t  th e activa -

tio n o f  a  S S D o r  P G D b e a  monotoni c 

functio n (say ,  th e sum )  o f  activation s o f 

it s  constituen t  detecto r  elements . 

, ^ 

Figur e 1 0 Figur e 1 1 

A constant-widt h skewe d symmetr y detecto r  (SSD ) A bilaterall y symmetri c perspectiv e gradien t  detec -
to r  (PGD) . 

N ow th e pattern s o f  activation s o f 

SSD' s an d PGD' s ca n giv e ris e t o orienta -

tio n judgment s consisten t  wit h con -
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straint s C l  -  C 5 a s follows .  Suppos e th e 

SSD o r  P G D wit h th e highes t  activatio n 

level ,  i f  i t  exceed s som e threshold ,  i s 

take n a s encodin g th e viewe d figure's 

most  likel y orientatio n i n depth. ^  Th e til t 

directio n suggeste d b y tha t  detecto r  i s 

the n jus t  t  i n Figure s 1 0 o r  11 :  th e bisec -

to r  o f  th e angl e betwee n th e SSD' s axi s 

and th e favore d directio n o f  it s  consti -

tuen t  TDE' s first  orde r  analyzers ,  o r  th e 

axi s o f  th e P G D.  Slan t  i s a  no t  suc h a 

simpl e functio n o f  detecto r  parameters ; 

thoug h i t  is ,  unde r  reasonabl e assump -

tions ,  monotoni c increasin g fro m zer o a s 

^  i n th e Figure s move s awa y fro m 9 0 

degree s fo r  bot h kind s o f  detectors .  (Thi s 

i s suggestiv e o f  Stevens '  [17 ]  findings  indi -

catin g tha t  til t  judgment s ar e mor e accu -

rat e tha n slan t  judgments. )  Thi s give s 

th e desire d results :  C l  i s  explained ,  sinc e 

slan t  i s onl y imprecisel y correlate d wit h 

detecto r  activation ;  C 2 an d C 4 ar e 
satisfied ,  sinc e PGD' s an d SSD' s ar e suit -

abl y activate d b y isoscele s trapezoid s an d 

nonrectangula r  parallelogram s i n th e reti -

nal  image ,  respectively ;  C 3 i s met ,  sinc e 

th e mos t  activ e detector s unde r  stimula -

tio n b y fronta l  plan e rectangle s wil l  b e a 

SSD o r  P G D wit h p  =  9 0 degrees ;  and , 
sinc e fo r  projection s intermediat e betwee n 

th e shape s favore d b y th e tw o type s o f 

detector s ther e ma y b e n o detecto r  ver y 
activated ,  C 5 i s accounte d for . 

5.  Discussio n 

We hav e extracte d fro m th e report s 

of  psychologica l  experiment s five  uncontr -

oversia l  fact s abou t  huma n performanc e 

i n th e perceptio n o f  simpl e polygon s 
slante d i n depth ,  an d argue d tha t  n o 

curren t  theor y o f  orientatio n fro m con -
tou r  i s consisten t  wit h al l  o f  them .  W e 

hav e propose d a  detecto r  mode l  whic h 

woul d exhibi t  performanc e consisten t 
wit h th e constraints . 

The model ,  however ,  i s  no t  a  com -
putationa l  theory ;  i t  i s  a  proces s mode l 

whic h i n fac t  depend s fo r  it s intelligibilit y 

on computatioDa l  theor y (withou t 

Kanade' s theorem s abou t  skewe d sym -

metr y an d fact s abou t  perspectiv e projec -

tion ,  th e correlatio n betwee n 3  i n Figure s 

10 an d 1 1 an d detecte d slan t  woul d b e 

unexplained) .  I t  succeed s wher e th e 

reporte d theorie s fai l  simpl y becaus e i t 

embodie s a n interactio n betwee n dbtinc t 

kind s o f  evidenc e fo r  orientatio n i n depth . 

But  thi s succes s say s somethin g abou t 

vision :  th e generatio n o f  orientatio n judg -

ment s o f  simpl e figures  i s no t  simple .  Th e 

computationa l  theorie s discusse d i n thi s 

pape r  are ,  individually ,  inadequate ;  bu t 

als o th e elementar y two-facto r  mode l  pro -

pose d her e i s grossl y inadequat e a s a  gen -

era l  accoun t  o f  vision ,  o r  eve n a s a n 

accoun t  o f  th e monocula r  perceptio n o f 

simpl e plan e figures.  I t  fail s  o n nonqua -

drilatera l  polygon s an d ellipses ;  i t  say s 

nothin g abou t  orientatio n effect s (rectan -

gles ,  fo r  example ,  presen t  somewha t 

bette r  dept h illusion s whe n thei r  side s ar e 

not  aligne d wit h environmenta l  horizonta l 
and vertical) ;  it' s  silen t  abou t  ho w com -

plexe s o f  polygon s migh t  b e perceive d a s 

thre e dimensiona l  solids ,  an d eve n abou t 
ho w a n isolate d polygo n ca n b e see n a t 

differen t  orientation s i n dept h a t  differen t 

times .  Bu t  it' s  unlikel y tha t  al l  th e 

phenomena o f  monocula r  visio n ar e goin g 
t o b e subsume d b y a  singl e computationa l 

principle .  What' s neede d i s a  theor y o f 

what  underlie s eac h o f  them ,  an d a  theor y 

of  thei r  interaction . 
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Many curren t  perceptua l  theorie s aaaua e a  two-atag e aode l  o f 
perceptio n I n whic h ther e l a a  faa t  globa l  analyal a o f  a  scene ,  followe d 
by a  alowe r  descriptio n o f  constituen t  parts .  Thi s genera l  vie w I s 
referre d t o a a "globa l  precedence. "  Thi s stud y report s experlaenta l 
result s tha t  suppor t  a n alternativ e mode l  o f  'Inforaatlo n precedence. " 
Ualn g patter n goodnes s a s a n operatlonal1ca1 1 o n o f  Inforaatlon ,  I t  l a 
shown tha t  spee d o f  processin g I n a  "aa*e"-"dlffersnt "  tas k I s affecte d 
by bot h globa l  an d loca l  patter n Inforaatlon .  Thi s affec t  I s partl y 
atrategl c o r  attentlona l  a s deaonstrate d b y a  chang e I n respons e patter n 
acros s thre e conditions :  attentio n t o globa l  only ,  loca l  only ,  o r  bot h 
globa l  an d loca l  dlaenalon a o f  a  pattern .  Ther e ar e ala o perceptua l 
effect a a s deaonstrate d b y th e effect s o f  atlaulu s goodnes s withi n 
conditions .  Goo d psttern s wer e processe d faate r  whe n the y conatltute d 
th e relevan t  dlaenalon .  When a  dlacnslon  wa a Irrelevant ,  goo d pattern s 
slowe d respondin g throug h stronge r  respons e coapetltlon .  I t  I s  argue d 
tha t  an y theor y o f  perceptio n aua t  b e abl e t o accoun t  fo r  th e relativ e 
Importanc e o f  thes e organizationa l  factors .  I t  I s  propose d tha t  th e 
probabilit y  o f  conatraln t  aatlafactlo n l a on e wa y t o provid e a 
processin g descriptio n o f  thes e results . 
Curren t  model s o f  visua l  perceptio n 

frequentl y mak e asauaptlon s abou t  th e 
orde r  i n whic h Infornatlo n i s processed . 
Thes e model s ar e base d o n claim s abou t 
Che kind s o f  component s tha t  ar e neces -
sar y fo r  objec t  Identification .  I n man y 
cases .  I t  I s  assume d ths t  ther e ar e 
severa l  stage s o f  imag e formation ,  fre -
quentl y specifie d b y spatia l  frequenc y 
(se e Harr ,  1982) .  Thus ,  Lockhee d 
(1972) ,  fo r  example ,  ha s argue d tha t 
ther e ar e tw o stage s I n visua l  percep -
tion ,  a n Initia l  holisti c o r  "blo b pro -
cessing" ,  followe d b y a  slowe r  seria l 
analysi s . 

Althoug h ther e ha s bee n muc h con -
trovers y surroundin g thi s Issue ,  I n man y 
basi c text s i t  ha s com e t o b e assume d 
ths t  ther e i s a n initia l  globa l  analy -
sis ,  followe d b y a n Identificatio n o f 
components .  Th e mos t  frequentl y cite d 
evidenc e fo r  thi s position ,  come s fro m 
th e wor k o f  Nsvo n (1977 ,  1981a ,  19eib) . 
I n s  serie s o f  studie s h e use d s  se t  o f 
»-. .  1  _ *  1 1 »4.... » . . 
Identif y th e loca l  letter ,  wherea s the y 
wer e goo d a t  Ignorin g th e coaponen t 
letter s whe n makin g speede d identit y 
response s sbou t  th e globa l  letter . 
Othe r  studie s hav e len t  suppor t  t o thi s 
view .  Hillspaug h (1978) ,  fo r  exaaple , 
compoaed pattern s ou t  o f  s  serie s o f 
letters ;  th e subjects '  tas k wa a t o Indi -

cat e whethe r  o r  no t  al l  o f  th e consti -
tuen t  letter s wer e th e same .  When th e 
overal l  patter n I n whic h thes e letter s 
wer e embedde d wa a highl y organized , 
subject s ha d fa r  aor e difficult y fieldin g 
a disparat e lette r  tha n whe n th e overal l 
patter n wa s les s organized . 

A numbe r  o f  studie s hav e place d 
limit s o n th e clslm s o f  globa l  prece -
dence .  I t  ha a bee n ahow n tha t  th e 
effect a o f  orde r  o f  processin g ca n b e 
change d b y manipulation s o f  th e visua l 
angl e (Klnchl a an d Wolfe ,  1979 )  o r  the 
spsrslt y o f  th e componen t  stimul i 
(Martin ,  1979) .  Other s hav e argue d tha t 
th e precedenc e effect s reflec t  otten -
tlona l  strategie s (Miller ,  1981 ;  Boe r  & 
Keuss ,  1982 ;  Ward ,  1982) ,  Thes e 
studies ,  however ,  argu e fo r  differen t 
ways o f  viewin g th e basi c theor y an d 
generall y accep t  th e fac t  tha t  globa l 
precedenc e l a a n accurat e deacrlptlo n o f 
much o f  norma l  perception . 

I n contras t  t o thes e views ,  other s 
hav e argue d tha t  ther e I s n o priorit y 
give n t o globa l  aspect s o f  s  stimulus . 
Pomerant z an d Sage r  (1975) ,  fo r  example , 
demonstrate d loca l  precedenc e i n a  car d 
sortin g task .  Subject s wer e aor e influ -
ence d b y loca l  variatio n i n pattern s 
whil e tryin g t o sor t  sccordln g t o th e 
globa l  dimensio n tha n the y wer e influ -
ence d b y globa l  variatio n whe n focusin g 
on th e loca l  dimension .  Th e explanatio n 
fo r  thi s discrepanc y i s ths t  Nsvo n an d 
other s hav e faile d t o matc h baselin e 
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dlscrlmlnabl 1 1 t y . If the e x p e r l ir e n l e r 
I s f re e t o choos e th e pe rcep tua l  sai l 
enc e o f  th e d i m e n s i o n s .  I t  I s  a  r  j ;  u  e  d  , 
the n eithe r  globa l  o r  loca l  aspecl B ca n 
be sa i d t o h a v e p r e c e d e n c e .  C r l c e , 
C a n h a m,  an d Bo rough s (1983 )  use d p o s i -
tio n a s a  wa y t o exper imental l y manipu -
lat e perceptua l  sal ience .  The y present -
ed pattern s eithe r  I n varyin g posi t ions , 
as d i d N a v o n ,  o r  I n a  f i x e d c e n t r a l 
l o c a t i o n .  The y foun d tha t  whe n th e 
posit io n varie d the y replicate d Navon' s 
results .  However ,  whe n th e patter n wa s 
I n a  f ixe d l o c a t i o n ,  ther e wa s n o e v i -
denc e o f  globa l  precedence .  Presumably . 
variatio n i n locatio n mad e i t  mor e dif -
ficul t  t o perceiv e th e constituen t  e le -
ments . 

Thes e studie s agai n sho w defect s I n 
th e e x p e r i m e n t a l  s t r a t eg i e s use d p r e -
viously ,  withou t  providin g a  conceptua l 
b a s i s fo r  th e a l t e r n a t i v e f i n d i n g s . 
Hoffman' s (1980 )  studie s suggeste d tha t 
p recedenc e I s pe rhap s du e t o th e r e l a -
t iv e qua l i t y o f  i n f o r m a t i o n tha t  i s 
a v a i l a b l e a t  loca l  an d g loba l  d i m e n -
s i o n s .  H e s e l e c t i v e l y d i s to r t e d th e 
loca l  an d g loba l  s t i m u l u s p r o p e r t i e s , 
and the n require d subject s t o determin e 
i f  th e s t i m u l i  m a t c h e d a  s p e c i f i e d 
m e m o ry se t  (S te rnbe rg ,  1 9 6 9 ) .  Usin g 
thi s technique ,  h e demonstrate d tha t  i t 
was poss ib l e t o f in d e i the r  g loba l  o r 
loca l  precedenc e b y distort in g th e othe r 
d imension . 

T h e p r e s e n t  s t u d y a t t e m p t s t o 
exten d Hof fman ' s resu l t s b y u t i l i z i n g 
ano the r  p a r a d i g m an d ano the r  se t  o f 
s t i m u l i .  H o f f m a n use d th e S te rnbe r g 
scann in g tas k w i t h a  chang in g m e m o r y 
se t .  Th e i t e m s I n th e m e m o r y se t  ca n 
serv e eithe r  a s globa l  o r  loca l  targets . 
The presen t  experimen t  use d a  sequentia l 
"same"-"different "  tas k i n whic h targe t 
i tem s wher e themselve s compose d o f  bot h 
g loba l  an d loca l  e l e m e n t s ;  a s a  c o n s e -
quence ,  loca l  st imul i  an d globa l  st imul i 
wer e a l w a y s p r e s e n t  s i m u l t a n e o u s l y . 
Th i s m a k e s i t  poss i b l e t o e x a m i n e th e 
effect s o f  goodnes s i n a  physica l  match . 
Evaluatin g di f ference s i n respons e tim e 
fo r  a  p h y s i c a l  i d e n t i t y m a t c h i s a 
fa i r l y  s t ron g tes t  o f  th e p o w e r  o f  th e 
independen t  var iables . 

The s t i m u l u s se t  wa s a ls o change d 
fo r  thi s e x p e r i m e n t .  On e o f  th e I m p o r -
tan t  c h a r a c t e r i s t i c s o f  " g l oba l "  p ro -
cess in g i s tha t  i t  ha s serve d a s a  mean s 
t o exp la i n man y o f  th e Ges ta l t  p h e n o m -
ena ,  e s p e c i a l l y pa t t e r n g o o d n e s s .  I f 
th e g loba l  p r e c e d e n c e h y p o t h e s i s i s 
correct ,  the n th e organizat iona l  proper -
tie s o f  a  s t imulu s ma y b e mad e availabl e 
be fo r e an y o f  it s  e l e m e n t s .  If ,  h o w -
eve r ,  pa t te r n g o o d n e s s i s a  s t ruc tu ra l 
c h a r a c t e r i s t i c  o f  s t i m u l i  tha t  ca n b e 
p r e s e n t  a t  an y l e v e l  o f  a  p a t t e r n 
( S e b r e c h t s ,  1980 ;  Seb rech t s &  Garne r , 
1981) ,  the n patter n goodnes s shoul d no t 
be Identif ie d wit h "global "  character is -
tic s alone .  I n addi t ion ,  althoug h mos t 

I N F O R M A T I ON P R E C E D E N CE 

of the research to date has utilized 
let te r  s t i m u l i ,  ther e ha s bee n onl y 
l im i te d stud y o f  thei r  I n f o r m a t i o n a l 
p r o p e r t i e s .  I n c o n t r a s t ,  ther e i s a n 
extensiv e literatur e o n th e relatio n o f 
perceive d patter n goodnes s an d in forma -
tio n (Garner ,  1962 ;  1976) . 

The f o l l ow in g e x p e r i m e n t s sugges t 

Lo scen e a n a l y s i s .  u n tni s v i e w ,  pe r -
ceptio n I s neithe r  top-dow n no r  bot tom -
up ,  i n principle .  Rather ,  i t  i s  define d 
by th e i n f o r m a t i o n a l  con tex t .  T o tes t 
thi s h y p o t h e s i s ,  w e p resen te d sub jec t s 
w i t h pa t te rn s tha t  var ie d i n I n f o r m a -
t iona l  sa l i enc e ( g o o d n e s s )  a t  bot h n 
g loba l  an d loca l  l eve l .  If ,  i n f ac t , 
th e orde r  o f  pe r cep tua l  p rocess in g i s 
med ia te d b y I n f o r m s t i o n q u a l i t y ,  the n 
respons e tim e shoul d var y a s a  functio n 
of  pa t te r n s t r uc tu r e a t  th e g loba l  an d 
loca l  l eve ls .  I n a d d i t i o n ,  th e con t ro l 
of  perceptua l  consequence s ma y b e med i -
ate d b y a t t en t l ona l  m e c h a n i s m s .  T o 
examin e tha t  possibi l i ty ,  subject s wer e 
presente d wit h thre e Instructiona l  con -
d l t l o n s :  a t t e n d o n l y t o th e g l o b a l 
p roper t i e s o f  th e s t i m u l u s (th e Globa l 
c o n d i t i o n ) ,  a t ten d onl y t o th e loca l 
p rope r t i e s o f  th e s t i m u l u s (th e Loca l 
condi t ion) ,  an d atten d t o bot h (th e Dua l 
cond11 1 o n )  . Metho d 

Subjects 
T w e n t y - f o u r  W e s l e y a n U n i v e r s i t y 

s t u d e n t s s e r v e d a s s u b j e c t s i n th e 
e x p e r i m e n t .  Al l  sub jec t s wer e r i g h t -
hande d an d ha d n o r m a l  o r  c o r r e c t e d - t o -
no rma l  v i s ion .  Sub jec t s wh o ha d a n 
erro r  rat e greate r  tha n 7.5 Z wer e e l im i -
nate d fro m th e study . 
Stlmnll 

The s t i m u l i  cons is te d o f  g loba l 
pattern s mad e u p o f  pattern s tha t  serve d 
as e lements .  Th e element s consiste d o f 
an arra y o f  9  dot s d i s t r i bu te d i n a  5  X 
5 ma t r i x w i t h a t  leas t  on e do t  i n eac h 
ro w an d eac h column .  Th e globa l  patter n 
was the n cons t ruc te d a s a n arra y o f  9  o f 
thes e element s distribute d i n a  large r  5 
X 5  m a t r i x .  Th e e l e m e n t s i n an y g ive n 
g loba l  pa t te r n we r e a lway s th e same . 
Ther e wer e 8  pa t t e rn s tha t  coul d serv e 
as e l e m e n t s an d a s g loba l  p a t t e r n s . 
Thes e cons is te d o f  A  "goo d p a t t e r n s " 
whic h wer e symmetr ica l  abou t  thei r  ver -
t i ca l ,  h o r i z o n t a l ,  an d d iagona l  a x e s , 
an d A  "poo r  p a t t e r n s "  tha t  we r e create d 
by rea r rang in g th e dot s i n on e o f  th e 
row s o r  c o l u m n s i n th e ma t r i x o f  th e 
correspondin g goo d pattern . 

An e x a m p l e wou l d the re fo r e b e a 
larg e "X "  (g loba l  l eve l )  cons t ruc te d o f 
smal l  d i amond s (loca l  l e v e l ) .  I n thi s 
cas e bot h th e g loba l  an d loca l  level s 
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ar e "good" .  L i kew is e a  g lobal l y good , 
locall y poo r  atloulu s wa a forae d fro a a 
larg e "circle '  forae d fro a aaal l  aberra -
tion s o f  'X's .  I n thl a way ,  a  tota l  o f 
64 st iaul i  ca n b e coni t ructe d b y c o a -
blnln g factorlall y  th e <*  goo d an d 4  poo r 
a r rangenent s o n th e globa l  an d loca l 
levels .  Thi s nuabe r  wa s reduce d t o 5 6 
by eliminatin g thos e pattern s whic h hav e 
th e sam e loca l  an d g loba l  a r rangemen t s 
(e.g. ,  ther e ar e n o globa l  diamond s mad e 
up o f  loca l  diamond s use d I n th e study. ) 
Example s o f  th e fou r  type s o f  s t imul i 
(  Cg :  Globall y good ,  locall y good ; 
Gp:  Glubabl l y Good ,  local l y poor ; 
Pg:  Global l y Poor ,  local l y good ;  an d 
Pp:  Global l y Poor , loca l l y poo r )  appea r 
I n Figur e 1 .  Eac h o f  th e 3 6 s t iau l i 
coul d b e use d a s e i the r  th e in i t ia l 
"target "  o r  a s th e fo l low in g "probe "  o n 
any give n trial . 

Apparatus 
The s t imu l i  wer e presente d o n th e 

Bonlto r  o f  a  Tera k 851 0 a  1c rocompu te r . 
Subject s sa t  i n a  wel l - l i t  r ooa ,  wi t h 
thei r  head s o n a  chi n res t  t o ensur e 
tha t  the y reaalne d 1 4 inche s fro m th e 
scree n throughou t  th e expe r i aen t .  A t 
thi s distance ,  th e overal l  patter n sub -
tende d a  v isua l  angl e o f  7  deg rees ,  an d 
eac h loca l  e leaen t  subtende d a  v isua l 
angl e o f  app rox laa te l y I  degree .  Th e 
aubject a reste d th e inde x an d a idd l e 
f inger s o f  th e righ t  han d o n tw o key s o f 
th e Tera k keyboard .  Hal f  o f  th e sub -
jec t s w e r e to l d t o us e t h e i r  i nde x 
f inge r  fo r  "saae" ,  an d thei r  a idd l e fo r 
"di f ferent" ,  an d th e othe r  hal f  wer e 
g ive n th e o p p o a l t e f i n g e r - r e s p o n s e 
asslgnae-nt .  Th e aicrocoapute r  displaye d 
th e pattern s an d recorde d th e reeponse s 
an d r e a c t i o n t i m e s .  A l l  s t i m u l i 
appeare d i n th e cente r  o f  th e screen . 

ProcedoTC 
Eac h tr ia l  consiste d o f  th e fo l -

l ow in g e v e n t s .  A  f i x a t i o n po in t 
appeare d i n th e cente r  o f  th e acree n fo r 
500 mi  1llaeconds ,  accompanie d b y a  warn -
in g tone .  Th e scree n wa a cleare d an d 
th e firs t  stiaulu s o r  "target "  wa a dis -
playe d fo r  a  dura t io n o f  20 0 m i l l i -
seconds .  Th e scree n wa s agai n cleared , 
and afte r  a  dela y o f  50 0 m i l l i second s 
(th e inter-s t  l au lus - in te rva 1 o r  IS I ) , 
th e secon d stimulu s o r  "probe "  wa s dis -
played .  Upo n str ik in g a  respons e key , 
th e scree n wa s cleare d an d th e nex t 
tria l  fo l lowe d afte r  a  dela y o f  thre e 
seconds .  I f  n o respons e wa s mad e withi n 
fou r  seconds ,  th e tria l  wa s recorde d a s 
an error ,  th e scree n wa s cleare d an d th e 
nex t  t r i a l  b e g a n .  S u b j e c t  w e r e 
instructe d t o respon d a s quickl y a s 
possibl e whil e avoidin g errors . 

ciiMll ,  GaK.  lauU r  f ^  >°« i 

CoDd l t i on s c ion s 
Eac h subjec t  par t i c ipa te d i n thre e w h i c h w e r e 

con f igu ra t ion . buni .  ig u I  s L X  uii .  I n Ch e Loca l  c o n d i t i o n , 
s u b j e c t s w e r e to l d t o bas e t h e i r  d e c i -
s i o n s s o l e l y o n c o a p a r l s o n o f  t h e e l e -
m e n t s .  F i n a l l y ,  i n th e Dua l  c o n d i t i o n 
th e tw o s t imu l i  we r e t o b e Judge d " s a n e " 
o n l y w h e n the y w e r e I d e n t i c a l  o n b o t h 
th e globa l  an d loca l  d i m e n s i o n s . 
Experlaental Design 

A represen ta t i v e saap l e o f  a p p r o x i -
m a t e l y 44 8 p a i r i n g s w e r e s e l e c t e d f r o m 
th e poo l  o f  313 6 poss ib l e ordere d p a i r -
ing s o f  th e 5 6 s t i a u l i .  T h i s s a a p l e w a s 
d i v i d e d in t o t w o g r o u p s ,  w i t h h a l f  o f 
th e sub ject s rece iv in g 22 4 o f  th e p a i r -
i ng s an d th e o t h e r  ha l f  r e c e i v i n g th e 
r e m a i n i n g 22 4 p a l r l n g a .  T h e r e w e r e a n 
e q u a l  n u m b e r  o f  m a l e s a n d f e m a l e s 
rece iv in g eac h o f  thes e set s o f  s t i m u l i . 

Eac h s u b j e c t  r e c e i v e d a  b l o c k o f 
pract ic e tr ial s fo l lowe d b y seve n b lock s 
of  r a n d o m i z e d t r i a l s fo r  eac h o f  t h e 
thre e cond i t i ons .  Subject s wer e g ive n a 
sho r t  res t  a t  th e en d o f  eac h b l o c k o f 
t r i a l s .  Th e o r d e r  o f  c o n d i t i o n s an d 
block s wa s de te rm ine d b y a  Lat i n Squar e 
des ign .  Eac h subjec t  receive d a n equa l 
number  o f  "same '  an d "d i f fe ren t "  t r ia l s 
an d a n e q u a l  n u m b e r  o f  th e f o u r  t r i a l 
t y p e s ( G r ,  G p ,  P g ,  P p )  i n e a c h 
cond i t i on . 
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INFORMATION PRECEDENCE 

Saae" Keaponae: Noa-Identleal Trlala 
The Irrelevan t  diaenalo n o f  targe t in e irreievan c ainenaio n o i  lbikci . 

Sinc e th e logi c o f  thi s typ e o f  an d prob e I n th e Identit y trial s alway a 
reactio n tin e experimen t  assume s optima l  matche d phyalcal ly .  I n thi s sec t ion , 
performance ,  subject s wit h a n erro r  rat e response s ar e analyze d fo r  stimul i  tha t 
of  greate r  tha n 7.5 Z wer e e l iminate d matc h physicall y o n th e relevan t  dl»en -
fro n th e study .  Mea n erro r  rat e fo r  th e s lon ,  thu s requir in g a  "eaoe "  response . 
*̂ vt B wii c D^uuj a iî ai i  crtiu t  to^ c «« j 
remainin g subject s wa s 3.7Z .  Ther e wer e 
to o fe w error s fo r  analysi s o f  Ind iv i -
dua l  respons e categories .  Th e followin g 
analyse s ar e base d onl y o n med ia n cor -
rec t  respons e t im e fo r  eac h typ e o f 
stlaulu s pairin g fo r  eac h subject . 
*Saae' Keaponae: Identity Trials 

Tabl e 1  present s th e respons e time s 
fo r  thos e tr ial s I n whic h th e targe t  i s 
ident ica l  t o th e probe ,  bot h g lobal l y 
an d l o c a l l y .  Th e g l oba l  an d loca l 
d imens ion s ca n b e eithe r  goo d o r  poor , 
resultin g I n th e fou r  target-prob e cate -
gorie s Gg-Gg ,  Gp-Gp ,  Pg-P g an d Pp-P p fo r 
eac h o f  th e thre < condi t ions .  Th e sam e 
se t  o f  targe t  an d prob e s t imul i  wer e 
use d I n al l  thre e cond i t ions ,  an d a 
"same "  respons e wa s alway s required ;  th e 
onl y d i f ferenc e betwee n condi t ion s fo r 
thes e tr ial s wa s th e leve l  t o whic h 
subject s wer e tol d t o attend .  Fo r 
thes e Identi t y t r ia ls ,  th e goodnes s o f 
th e relevan t  dimensio n affecte d perfor -
m a n c e ,  w h e r e a s th e g o o d n e s s o f  th e 
I r re levan t  d imens io n di d not .  I n th e 
Globa l  condi t ion ,  global l y goo d pair s 
wer e faste r  tha n global l y poo r  pair s 
(53 7 v s 56 3 msec :  F(1,2 3 )  -  7  .  3  1  ,  p-.Ol ) 
wherea s ther e wa s d o differenc e betwee n 
locall y goo d an d locall y poo r  pair s (55 0 
va 55 0 m s e c ) .  I n th e Loca l  cond i t ion , 
local l y goo d pair s wer e faste r  tha n 
local l y poo r  pair s (53 7 v s 59 3 msec ; 
F(l,23)-19.44 ,  p<.01 )  bu t  n o effec t  wa s 
obtaine d fo r  goodnes s o n th e globa l 
d imens io n (56 5 v s 56 6 m s e c ) .  I n th e 
Dual  cond i t ion ,  bot h d imens ion s wer e 

Pp-P p category . 

Tabl e 1 
Mean Reactio n Tim e (I n aaec ) 
fo r  "Sa»e, "  Identit y Trial s 

Cond11 1 o n 

Targe t  Prob e Dua l  Globa l  Loca l 

Cr 

Cp 

PR 

PP 

Gr 

Cp 

PR 

Pp 

558 

591 

581 

604 

546 

530 

556 

569 

538 

591 

537 

596 

matc h physicall y o n th e relevan t  dimen -
sion ,  thu s requir in g a  "aaoe "  response , 
but  tha t  d o no t  matc h physical l y o n th e 
i rrelevan t  d imens ion .  (Thi s wa s tru e 
onl y fo r  th e Globa l  an d Loca l  cond i -
t i o n s ,  s inc e an y v a r i a t i o n I n th e 
stimul i  fo r  th e Dua l  conditio n require d 
a 'd i f ferent *  response. )  I n genera l , 
acros s thea e trlal a subject s responde d 
feste r  whe n th e relevan t  d imens io n wa s 
good .  Thu s fo r  th e Globa l  condi t ion , 
g lobal l y goo d st imul i  wer e faste r  tha n 
global l y poo r  one s (61 1 v s 66 3 msec , 
t(23)-3,96 ,  p< .01) ,  an d fo r  th e Loca l 

ABOLVl  W li e I I  WII C &CXCVVII U UA.U1CI1VXU U 
good .  Thu s fo r  th e Globa l  condlt l 
_i-i..i,. .  J  . » < — 1 < „  «-.»- _ . . 
8 
condition, locally good stimuli were 
faste r  tha n locall y poo r  one s (62 1 v s 
681 msec ;  t(23)-4.01 ,  p<.01) . 

I n orde r  t o analyz e th e effec t  o f 
th e goodnes s o f  th e Irrelevan t  d imen -
s ion ,  i t  I s  necessar y t o extrac t  thos e 
pattern s fo r  whic h targe t  an d prob e ar e 
matche d fo r  goodnes s o n th e Irrelevan t 
d i m e n s i o n .  Tab l e 2  c o n t a i n s th e 
respons e t ime s fo r  thos e target-prob e 
pair s whic h hav e a n identica l  patter n o n 
th e relevan t  dimensio n an d thu s requir e 
a "same "  reaponse ,  bu t  hav e dif feren t 
pattern s wit h th e sam e goodnes s (goo d o r 
poor )  o n th e i r re levan t  d imens io n an d 
wer e therefor e no t  ident ica l .  Thi s 
subse t  o f  pat tern s agai n showe d faate r 
reactio n tim e i f  th e relevan t  dimensio n 
was goo d rathe r  tha n poor .  Thus ,  i n th e 
Globa l  cond i t ion ,  global l y goo d pair s 
wer e faste r  tha n global l y poo r  pair s 
(59 4 v s 66 2 msec ;  F(1,2 3 )-12.88 ,  p<.01) , 
and i n th e Loca l  conditio n locall y goo d 
pair s wer e faste r  tha n locall y poo r  one s 
(62 6 v s 67 2 msec ;  F(1,23)-8.66 ,  p<.01 ) 
The opposi t e effec t  wa s foun d fo r  th e 
Irrelevan t  dimension ;  a  goo d patter n o n 
th e Irrelevan t  dimensio n slowe d respons e 
time .  I n th e Loca l  condition ,  globall y 
goo d pair s wer e s lowe r  tha n global l y 
p o o r  o n e s ( 6 6 8 v s 6 3 0 m s e c ; 
F(l ,23)-6.27 ,  p< .02 ) ,  an d i n th e Globa l 
c o n d i t i o n ,  l o c a l l y goo d pa i r s we r e 
s lowe r  tha n local l y poo r  pair s (65 0 v s 
'•''' •  nsec ;  F(l,23)-6. 1 1 ,  p- .02) . 

606 

Tabl e 2 
Mean Reactio n Tim e (i n aaec ) 

fo r  "Same, "  Hon-Identlt y Trlal a 

Globa l Loca l 

Glob .  Identi t y Loc .  Identit y 
P Loc.Sam e Goo d Glob.Sam e Goo d 

641 

695 

61 1 

648 

Cr 

Gp 

PR 

Pp 

Gg 

Cp 

PR 

Pp 

610 

578 

689 

634 

14 
Note .  T  -  target ;  P  -  prob e 
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Different "  Trial * 

Whenever the relevant dlmention of 
targe t  an d prob e wer e no t  Identical ,  th e 
cor rec t  reapona e wa a "d i f fe ren t . " 
Table s 3  an d 4  presen t  th e dat a fo r 
"different "  trial s I n whic h goodnes s wa s 
matche d fo r  bot h globa l  an d loca l  pat -
tern s o f  targe t  an d probe .  Thes e case s 
ar e mos t  c o a p a r a b l e t o th e " same " 
response s alread y analyzed . 

I n g e n e r a l ,  th e R T d i f f e r e n c e s 
w i th i n eac h c o n d i t i o n w e r e s m a l l , 
althoug h ther e wa a substant ia l  cons is -
tenc y i n th e patter n o f  responding .  Th e 
dat a i n Tabl e 3  ar e fo r  pair ing s whic h 
had differen t  stimul i  o f  th e sam e good -
nes s o n a  relevan t  d imens ion ,  an d thu s 
r e q u i r e d a  " d i f f e r e n t "  r e s p o n s e 

Tabl e 4  contaln a th e result s fo r 
st imul i  i n whic h neithe r  globa l  no r 
loca l  pattern s o f  targe t  an d prob e matc h 
physical ly ,  a l thoug h the y ar e matche d 
fo r  goodneaa .  Fo r  thes e pa i r ings ,  th e 
dat a ar e lea a cona ls tent ,  an d ther e ar e 
no significan t  difference a betwaa n R T t o 
good an d R T t o poo r  pattern* . 

Dlacusaio m 

To the extent that reaction time la 
use d a a a  meaaur e o f  orde r  o f  proceaa -
Ing ,  th e patter n o f  reault s reporte d 
her e l a no t  conalaten t  wit h an y a impl e 
vie w o f  globa l  precedence .  Rather , 
patter n percept io n aeem *  t o reflec t  a 
paralle l  analys l *  o f  globa l  an d loca l 
characterlatic* .  Th e *pee d o f  reapona e 

r e q u x i e a .  o  i  i  i e  r  i :  u  i  r  e  n  h  o  u  •  «  ,  characterlatic* .  Th e *pee d o f  re*pon* e 
althoug h ther e wa *  a  physica l  Identit y f_ „  eithe r  dimensio n depend *  o n th e *tra -
matc h fo r  on e dimensio n o f  th e targe t  tegi c const ra in t *  (manipulate d b y th e 
and probe .  I n thea e caaes ,  response s attentio n condition s here )  an d informa -
w^r e ffenerallv  faste r  I f  th e relevan t  .. j  i  . .  <_.. .  /  <_. .  i-... j  u. . 

and probe .  I n thea e caaes ,  response s 
*er e generall y faste r  i f  th e relevan t 
dimensio n wa s good .  Th e onl y effec t 
tha t  wa s stat ist ical l y rel iabl e a t  th e 
subject s responde d mor e quickl y I f  tar -
get  an d prob e wer e bot h locall y goo d 
tha n I f  the y wer e bot h locall y poo r 
(F(l,23)-21.28 ,  p<.01) .  Responae s als o 
wer e generall y faste r  whe n th e dimensio n 
tha t  matche d betwee n targe t  an d prob e 
was poor ,  bu t  thea e effect a wer e agai n 
not  significant . 

I n aum ,  "different "  RT s wer e fairl y 
unifor m withi n condition s wit h fe w reli -
abl e ef fects .  However ,  th e absolut e 
value a o f  th e RT a sugges t  tha t  i t  ma y b e 
easie r  t o di f ferent iat e pattern s whe n 
th e relevan t  pattern s ar e goo d rathe r 
tha n poor .  I n contrast ,  a  "different " 
respons e ma y b e slowe d mor e b y a  physi -
ca l  matc h o f  goo d st imul i  tha n b y a 
matc h o f  poo r  s t imul i .  Thi s parallel s 
th e resu l t s fo r  th e " s a m e "  t r i a l s , 
a l thoug h th e d i f f e rence a ar e * -
smalle r  . 

l u c h 

Tabl e 3 
Mean Keactlo n Tim e (I n maec ) 

fo r  "Different "  Trlal a 
wit h Phyalca l  Identit y o n On e Dimensio n 

Cond11 io n 

t iona l  c o n s t r a i n t *  ( m a n i p u l a t e d b y 
change *  I n patter n goodness) . 

in e vaiiaii- y o i  (.na i  ciai m wa i 
her e b y d e t e r m i n i n g w h e t h e r  o r  no t 
change s i n globa l  an d loca l  goodnes s 
coul d a f fec t  th e re la t i v e spee d o f 
respons e t o a  give n pattern .  I n th e 
limi t  case ,  o n a  stric t  precedenc e view . 

Tabl e 4 
Mean teactlo n Tim e (I n maec ) 

fo r  -Different -  Trlal a 
vlt h H o Phyalca l  Identit y 

on Eithe r  Dlmenaio n 

Dual Globa l  Loca l 

T P  Globa l  Loca l 
Identit y Identit y 

Conditio n 

Targe t  Prob e Dual  Globa l  Loca l 

Cr 

Cp 

PR 

Pp 

Cr 

Cp 

Pr 

pp 

60A 

71 3 

601 

660 

641 

615 

6A1 

651 

661 

630 

660 

652 

637 

666 

608 

648 

Gg 

Cp 

PR 

Pp 

Gg 

Gp 

Pf? 

Pp 

556 

602 

572 

593 

756 

678 

688 

702 

653 

665 

644 

652 

Note .  T  -  tarRet ;  P  -  p robe . 

15 
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A soaewha t  les s stric t  vie w de -
scribe s visua l  precedenc e a s a  theor y 
abou t  relat iv e In ter ference .  O n tha t 
view ,  globa l  propertie s Interfer e wit h a 
respons e t o loca l  p roper t ies ,  wherea s 
loca l  propert ie s d o no t  Inter fer e w i t h 
globa l  processing .  Tha t  descriptio n o f 
precedenc e l a alt o contradicte d b y th e 
presen t  resul ts .  Whe n subject s ar e 
require d t o atten d onl y t o th e globa l 
dimension ,  processin g spee d I s affecte d 
by conflictin g Informatio n o n th e loca l 
distension .  Likewise ,  Informatio n fro m 
th e globa l  dimensio n ca n Interfer e wit h 
tha t  o n th e loca l  dimension . 

Thes e result s confl ic t  wi t h thos e 
presente d b y Navo n (1977 ,  1981a ,  1981b) . 
I t  ha s bee n suggeste d ths t  suc h differ -
ence s ca n b e attr ibute d t o th e fac t 
tha t  I n Navon' a stud y ther e wa s n o basi s 
fo r  determinin g a n appropriat e baselin e 
condition .  Th e globa l  dimensio n I n hi s 
study .  I t  I s  argued ,  wa s mor e dlscr lml -
nabl e tha n th e loca l  d lmena lon .  A s 
P o m e r a n t z ha a no te d ( P o m e r a n t z an d 
Sager,197S ;  Pomerantc ,  1983) ,  a  reactio n 
t im e a d v a n t a g e ca n b e sh i f t e d f ro m 
globa l  t o loca l  b y changin g th e salienc e 
of  dimensions .  Th e sam e kin d o f  effec t 
ha s bee n s h o w n th roug h th e us e o f 
change s I n patter n siz e (Klnchl a an d 
Wol fe ,  1979 )  an d I n patter n d is tor t io n 
(Hoffman ,  1983) .  On e respona e t o thi s 
argumen t  l a tha t  matchin g discrlmlnabll -
Itle s Indirect l y e l iminate s th e globa l 
precedenc e ef fect .  Thu s th e queat lo n 
remains ,  wha t  shoul d b e give n priority : 
s t imulu s d lscr Im I  na b 1111 y ,  o r  globa l 
precedence . 

I n th e presen t  study ,  a n a l terna -
tiv e strateg y wa s use d t o establ is h a 
baselin e tha t  avoid s th e nee d fo r  a n a 
p r io r i  s o l u t i o n t o tha t  q u e s t i o n . 
imporiani. ,  wa s no c a n aosoi u 
t latlo n betwee n t ime s fo r  g loba l  an d 
loca l  d imens ions ,  bu t  th e wa y I n whic h 
I t  wa s p o s s i b l e t o m a n i p u l a t e th e 
respons e o n thos e dimension s b y changin g 
th e at tent lona l  o r  In format iona l  con -
straint s o n th e task . 

The thre e condition s Indicate d tha t 
change s I n attentlona l  focu s ca n Influ -

B ^^ ^  mse c In te rva l ,  th e patter n o f 
respondin g change d amon g at tent lona l 
cond111on s . 

Result s o f  th e "same "  tr ial s Indi -
ca t e tha t  m a t c h e s o f  goo d p a t t e r n s 
resul t  I n faste r  RT s tha n matche s o f 
poo r  patterns .  Thi s wa s true ,  however , 
onl y fo r  th e relevan t  d imens ions .  I n 
th e Identit y trials ,  th e goodnes s o f  th e 
Irrelevan t  d imens io n di d no t  rel iabl y 
affec t  RT .  I n th e non- Ident i t y "sane " 

tr ial s (Tabl e 2 ) ,  th e goodnea s o f  th e 
I r re levan t  d imens io n di d In f luenc e RT ; 

b o t h o f  g l o b a l  m a t c h e s o n l o c a l 
response s an d o f  loca l  matche a o n globa l 
responses .  Thus ,  th e qual i t y o f  Infor -
matio n ca n Influenc e spee d o f  processin g 
at  eithe r  level . 

I n contrast ,  ther e wer e fe w signif -
i can t  e f f e c t s o f  g o o d n e s s fo r  th e 
'd i f fe ren t '  t r i a l s ,  an d th e reault s ar e 
consiaten t  wi t h a  deadl in e mode l  i n 
whic h a  "different "  respona e i s mad e I f 
a matc h l a no t  foun d afte r  a  apeclf le d 
per iod .  A a note d I n th e reault s sec -
tion ,  th e absolut e value s o f  'different ' 
RTs Indicat e tha t  ther e ma y b e aom e 
smal l  e f fect s o f  a n I r re levan t  match , 
simila r  t o thos e fo r  "same '  trials . 

Thes e reault s ar e generall y conals -
ten t  wit h a  parallel-processin g associa -
t iv e m o d e l  l i k e tha t  p r o p o s e d b y 
R a t c l l f f  ( 1 9 7 8 ;  1 9 8 1 ) .  E v i d e n c e I s 
accumula te d ove r  t im e fo r  bot h a  matc h 
and a  non-matc h o f  prob e t o target .  A 
respons e depend s o n sufflcl i 

take s roughl y th e sam e amoun t  o f  tim e a s 
a matc h I n th e longe r  o f  th e equivalen t 
G l o b a l  an d Loca l  c o n d i t i o n s .  Thi s 
argue s agains t  ser ia l  analys i s o f  th e 
tw o stimulu s dimensions . 

RT d i f fe rence s wi th i n cond i t ion , 
h o w e v e r ,  i n d i c a t e tha t  th e ra t e o f 
accumulatio n o f  evidenc e I s dependen t  o n 
stimulu s goodnes s o r  Informatio n qual -
ity .  In teres t ing ly ,  th e goodnes s o f 
s t imul i  tha t  matche d o n th e Irrelevan t 
d lmena lo n di d no t  Inf luenc e th e "same " 
RT,  I t  ma y b e tha t  an y posi t iv e ev i -
denc e I s balance d b y a  greate r  d i f f i -
cult y wit h focusin g o f  attention .  Thu s 
a goo d Irrelevan t  matc h woul d ad d t o th e 
evidenc e fo r  a  matc h mor e rapidl y tha n a 
poo r  Irrelevan t  match ;  a t  th e sam e time , 
Insofa r  a s goo d pattern s ar e mor e effec -
tiv e I n capturin g attention ,  the y woul d 
ten d t o mak e at tent lona l  a l locat io n t o 
th e relevan t  dimensio n mor e difficult . 

The majo r  1  ntereferenc e effec t  tha t 
was observe d appear s t o resul t  fro m 
respons e compet i t i on .  Goo d s t imu l i 
provid e evidenc e mor e quickly ;  whe n the y 
conflic t  wit h th e matc h o n th e relevan t 
d i m e n s i o n the y I nh ib i t  a  m a t c h i n g 
response . 

Of  course ,  th e kind s o f  match in g 
describe d here ,  ar e onl y on e par t  o f 
scen e analysis .  A s Pomerant z (1983 )  ha s 16 
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noted ,  ther e ar e differen t  way s t o 
describ e "global "  stimuli ,  an d poal -
tlona l  locatio n o f  element a l a onl y on e 
categor y o f  description .  Neverth e leas , 
th e genera l  proble m o f  segregatio n an d 
combinatio n evidence d i n ou r  experimen -
ta l  stimul i  I s a n essentia l  componen t  o f 
more comple x analyses .  A  classi c cas e 
of  a  relate d proble m I s th e block s worl d 
tha t  ha s bee n carefull y examine d I n 
compute r  visio n system s (Brady ,  1981) . 
Thi s scen e consist s o f  a  collectio n o f 
object s whic h themselve s may b e organ -
ize d Int o mor e comple x objects .  I n tha t 
context .  I t  coul d b e asked ,  fo r  example , 
I f  a n arc h l a detecte d firs t  an d the n 
decompose d int o support s an d bridg e o r 
I f  th e support s an d bridg e ar e isolate d 
and the n use d t o conatltut e a a arch . 
The presen t  experimen t  argue s tha t  ther e 
i s n o singl e answer .  I t  depend s upo n 
th e characteristic s o f  th e component s 
and th e overal l  structure .  I f  ther e ar e 
a numbe r  o f  irregula r  block s tha t  com -
pos e a  regula r  arch ,  th e arc h wil l  b e 
perceive d mor e readily .  If ,  o n th e 

Stan d ou t  first . 
The processin g explanatio n tha t  may 

accoun t  fo r  thes e dat a i s a  syste m tha t 
engage s i n paralle l  constrain t  satis -
factio n (Huffman ,  1 9 7  1 ;  Clowes ,  1971) . 
Object s ca n b e define d an d segregate d b y 
selectin g features .  Th e features ,  how -
A..  ̂ *  -*. » W-  . .  J  .. _ .. 1 4 -  1 „ 

ar e generate d b y individua l  elements , 
the n perceptio n wil l  appea r  bottom-up . 
Informatio n precedenc e fit s th e dat a 
bette r  tha n globa l  precedence ,  an d i t 
als o provlde a a  framewor k fo r  a  reason -
abl y parsimoniou s processin g mechanism . 
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T h e neura l  locu s o f  menta l  i m a g e generation : 

Convergin g evidenc e fro m bra in-damage d a n d norma l  subject s 
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Carnegie-Mello n Universit y 

Abstract 

Recent work with brain-damaged patients has provided evidence for a tentative 

neuroanatomica l  localizatio n o f  menta l  imag e generatio n i n th e posterio r  lef t  hemisphere . 

Thi s evidenc e wil l  b e briefl y summarize d an d critiqued ,  an d a  ne w tes t  o f  th e localization , 

usin g norma l  subjects ,  wil l  b e presented .  W h e n menta l  image s o f  stimul i  wer e use d a s 

template s t o facilitat e a  visua l  discrimination ,  th e effec t  o f  imager y wa s greate r  fo r  stimul i 

presente d i n th e righ t  visua l  fiel d (lef t  hemisphere )  tha n i n th e lef t  visua l  fiel d (righ t 

hemisphere) .  Thi s resul t  i s  discusse d i n relatio n t o earlie r  claim s abou t  th e hemisphericit y o f 

imagery . 

Introduction 

The ability to imagine the appearances of objects and scenes not currently in view 

require s mor e tha n simpl y havin g thos e appearance s store d i n long-ter m memory .  I t  als o 

require s th e abilit y  t o generate ,  o r  reconstruct ,  fro m thos e long-ter m memor y description s th e 

short-term ,  array-forma t  menta l  imag e (Kosslyn ,  1980) .  Recen t  evidenc e fro m th e stud y o f 

tw o differen t  neurologica l  patien t  group s ha s suggeste d tha t  thes e procedure s ma y b e 

criticall y dependen t  upo n structure s i n th e lef t  hemispher e o f  th e brain . 

In this paper a third source of evidence is presented for the left-laterality of mental 

imag e generation ,  fro m a  lateralize d tachistoscopi c stimulu s presentatio n techniqu e use d wit h 

norma l  subjects .  Th e objectiv e o f  th e experimen t  describe d her e i s t o expan d bot h 

quantitativel y an d qualitativel y th e evidenc e fo r  th e lateralit y o f  imag e generation ;  wherea s 

eac h metho d o f  localizatio n ha s it s ow n weaknesses ,  on e ca n decreas e th e liklihoo d o f 

spuriou s o r  artifactua l  finding s b y usin g multipl e differen t  methods . 

Previous findings 

Evidence for a functional localization of imate generation in the left hemisphere came 

initiall y  fro m Farah' s (1984 )  revie w o f  publishe d neurologica l  cas e report s o f  imager y deficits . 

I n thi s review ,  tas k analyse s wer e constructe d fo r  th e cognitiv e an d perceptua l  test s tha t  ha d 

bee n administere d t o th e patient s describe d i n th e cas e reports .  B y comparin g th e 

cognitiv e component s tha t  occurre d i n successfull y an d unsuccessfull y performe d tasks ,  i t 

was possibl e t o infe r  th e particula r  componen t  o f  menta l  imager y abilit y  tha t  wa s impaired . 

Ther e wer e twelv e patient s wh o coul d recogniz e visuall y presente d objects ,  ye t  coul d no t 

imagin e th e appearance s o f  th e sam e o r  simila r  objects .  T o explai n th e imager y defici t  i n 

thes e patient s w e mus t  postulat e damag e t o som e componen t  o f  th e imager y syste m tha t  i s 

not  share d wit h visua l  recognition ;  tha t  is ,  i f  visua l  recognitio n i s intac t  the n th e long-ter m 

visua l  memorie s mus t  b e intac t  an d s o mus t  th e short-ter m visua l  memor y mediu m i n whic h 

bot h image s an d percept s occu r  (Farah ,  1985 ;  Finke ,  1980) .  B y a  proces s o f  elimination , 

thi s leave s th e imag e generatio n process ,  whic h convert s th e long-ter m memor y informatio n 
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int o a  menta l  imag e i n short-ter m visua l  memory ,  a s th e impaire d componen t  o f  imager y 

ability .  I n thes e twelv e cases ,  th e predominan t  sit e o f  brai n damag e wa s th e posterio r  lef t 

hemispher e 

The laterality of image generation inferred from the effects of focal brain damage on 

imager y abilit y  i s  supporte d b y recen t  studie s o f  tw o split-brai n patient s (Farah .  Gazzaniga , 

Holtzma n &  Kosslyn ,  1985 :  Kosslyn ,  Holtzman .  Fara h &  Gazzaniga ,  i n press) .  Wherea s th e 

disconnecte d lef t  hemisphere s o f  thes e patient s wer e abl e t o perfor m task s requirin g imag e 

generation ,  th e righ t  hemisphere s wer e generall y not ,  despit e adequat e performanc e o n 

contro l  task s containin g al l  o f  th e processin g step s o f  th e imager y tas k excep t  fo r  imag e 

generatio n ge r  s e Fo r  example ,  i n eac h patien t  bot h hemisphere s coul d classif y a  lowe r 

cas e lette r  a s includin g o r  no t  includin g a  lon g "stem "  (e.g .  "t "  an d "g "  hav e lon g stems . 

"s "  an d "r "  d o not )  an d bot h hemisphere s coul d us e a n uppe r  cas e cu e t o selec t  th e 

associate d lowe r  cas e for m fro m a  se t  o f  lowe r  cas e letter s presente d i n fre e vision . 

However ,  th e performance s o f  th e lef t  an d righ t  hemisphere s diverge d sharpl y i n th e 

correspondin g imager y task :  onl y th e lef t  hemisphere s o f  th e split-brai n patient s coul d 

perfor m th e lowe r  cas e lette r  classificatio n usin g th e uppe r  cas e for m a s a  cue . 

On the one hand, these preliminary results from patients with localized brain damage 

and wit h surgicall y separate d bu t  otherwis e intac t  hemisphere s represen t  a  significan t 

convergenc e o f  evidenc e fo r  a  lef t  hemispher e locu s fo r  imag e generation .  O n th e othe r 

hand ,  severa l  fact s warran t  cautio n i n ou r  acceptanc e o f  thi s localization . 

In the analysis of cases from the neurological literature, one might argue that the 

procedur e o f  cas e selectio n b y literatur e revie w ha s a  systemati c bia s agains t  right -

hemisphere-damage d patients :  suc h patient s ar e initiall y  les s likel y t o com e t o th e attentio n 

of  neurologist s an d psychologist s (becaus e thei r  languag e abilit y  wil l  no t  hav e bee n 

endangered )  an d thi s bia s ma y b e compounde d b y th e tendenc y o f  right-hemisphere -

damaged patient s t o den y th e existenc e o f  neurologica l  deficits ,  includin g thos e fa r  mor e 

obviou s tha n a  los s o f  imagery ,  suc h a s hemiplegi a o r  cortica l  blindnes s (Hecae n &  Albert , 

1978). 

In the case of the split-brain patients, interpretation of right-hemisphere failures on the 

imager y task s i s complicate d b y th e lac k o f  independen t  evidenc e tha t  th e righ t  hemisphere . 

wit h it s inferio r  logica l  an d languag e comprehensio n abilities ,  understoo d th e task .  On e o f 

th e "Catc h 22's "  o f  split-brai n researc h i s tha t  ther e i s i n genera l  n o wa y t o determin e tha t 

th e righ t  hemispher e ha s understoo d a  tas k tha t  i t  ha s failed . 

A new test: A cognitive paradigm with normal subjects 

The purpose of the present experiment is to assess the laterality of image generation 

i n a  thir d way .  wit h norma l  subject s i n a n imager y paradig m develope d an d validate d withi n 

cognitiv e scienc e A  findin g o f  left-hemispher e superiorit y i n thi s experimen t  canno t  b e 

attribute d t o an y o f  th e potentia l  artifact s outline d above ,  an d woul d therefor e strengthe n th e 

hypothesi s tha t  imag e generatio n i s latê alize d t o th e lef t  hemisphere . 

The basic experimental paradigm is a lateralized visual discrimination task, in which the 

subjec t  i s  t o decid e whethe r  a  stimulus ,  presente d briefl y an d t o on e sid e o f  a  fixatio n 

point ,  i s  o r  i s  no t  a  pre-designate d "targe t  "  Pas t  studie s hav e show n tha t  a  visua l  imag e 

of  th e targe t  ca n b e use d a s a  templat e t o facilitat e discrimination s betwee n targe t  an d 
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non-targe t  stimul i  (Coope r  &  Shepard ,  1973 .  Posner ,  Boies ,  Eichelma n &  Taylor ,  1969). 

The two targets in this experiment are a plus sign and a rectangular-shaped capital 

"O "  character .  Non-target s ar e character s selecte d fo r  bein g visuall y simila r  t o eithe r  th e 

plu s o r  th e "O" :  "*" ,  "•" .  a n oval-shape d "O "  an d "©" .  I n thi s experiment ,  subject s 

perfor m tw o version s o f  th e lateralize d discriminatio n task .  I n th e "Baseline "  condition ,  the y 

ar e pre-cue d wit h th e informatio n abou t  th e sid e o n whic h th e stimulu s wil l  occu r  befor e th e 

stimulu s presentation .  Thei r  tas k i s t o respon d "target "  t o eithe r  o f  th e target s an d "non -

target "  t o na y o f  th e non-targets .  I n th e "Imagery "  condition ,  the y ar e pre-cue d a s befor e 

wit h th e sid e o n whic h th e stimulu s wil l  occur ,  an d the y ar e als o show n on e o f  th e tw o 

target s (i n centra l  vision) ,  whic h the y ar e instructe d t o imag e i n th e positio n o f  th e up -

comin g stimulus .  Th e tas k i s th e sam e a s i n th e Baselin e condition :  Subject s respon d 

"target "  t o eithe r  target ,  whethe r  o r  no t  i t  i s  th e sam e a s thei r  image ,  an d "non-target "  t o 

al l  non-targets . 

Subjects were given two blocks of 64 trials each of the Baseline condition, followed by 

tw o mor e block s o f  th e imager y condition .  Subject s wer e right-hande d male s wit h n o first -

degre e relative s know n t o b e left-handed .  A s a n objectiv e criterio n fo r  determinin g whethe r 

or  no t  subject s wer e o.agom g a s omstricted .  th e mea n latenc y o f  respons e t o stimul i  whil e 

holdin g simila r  an d differen t  image s wer e compare d fo r  eac h subject .  I f  a  subjec t  wa s 

successfu l  a t  usin g a n imag e a s a  templat e durin g th e Imager y condition ,  the n the y shoul d 

hav e responde d mor e quickl y t o stimul i  tha t  wer e simila r  t o th e imag e tha n t o stimul i  tha t 

wer e different .  Accordingly ,  an y subjec t  wh o showe d a n opposit e tren d woul d b e eliminate d 

fro m th e analysi s an d replace d wit h a  ne w subject .  Dat a fro m twent y subject s i s reporte d 

here .  A n additiona l  si x subject s wer e teste d an d replace d becaus e the y showe d a  negativ e 

effec t  o f  similarit y (nonsignifican t  i n al l  cases) .  Thre e o f  thes e subject s als o estimate d 

havin g image d les s tha n 7 5 % o f  th e time .  Al \  othe r  subject s reporte d comp\v\n g wWh \h e 

instruction s a t  leas t  8 0 % o f  th e time . 

The image should facilitate the visual discrimination between targets and non-targets, 

part\cu\ar\ v whe n th e imag e an d stimulu s ar e visuall y similar .  Thus ,  ther e ar e two , 

independen t  measure s o f  th e effectivenes s o f  imager y i n th e presen t  experiment :  th e 

degre e o f  facilitatio n wit h a n image ,  relativ e t o performanc e i n th e sam e visua l  discriminatio n 

tas k withou t  a n image ,  an d th e degre e o f  facilitatio n wit h a n imag e tha t  i s visuall y simila r  t o 

th e stimulu s bein g presented ,  relativ e t o performanc e i n th e sam e visua l  discriminatio n tas k 

wit h a n imag e tha t  i s visuall y differen t  fro m th e stimulu s bein g presented .  I f  th e lef t 

hemispher e i s specialize d fo r  imag e generation ,  the n thes e measure s o f  image-mediate d 

facilitatio n shoul d b e greates t  whe n th e image-stimulu s overla p occur s i n th e righ t  hemifield -

lef t  hemisphere ,  wher e th e imag e wa s generated . 

Results 

Response latencies from incorrect responses were removed from the analysis, as were 

latencie s tha t  wer e mor e tha n 1.7 5 time s th e mea n o f  th e remainin g respons e latencie s fro m 

th e sam e subjec t  fo r  comparabl e response s (i.e .  response s fro m th e sam e Orde r  x 

Lateralit y x  Respons e cel l  i n th e Baselin e condition ,  an d fro m th e sam e Orde r  x  Similarit y x 

Lateralit y x  Respons e i n th e Imager y condition) .  Mea n respons e latencie s wer e the n 

calculate d fo r  eac h subjec t  i n eac h subconditio n o f  th e experimen t  (i.e .  eac h Imager y x 

Orde r  x  Similarit y x  Lateralit y x  Respons e condition )  an d thes e mean s comprise d th e dat a 

upo n whic h th e statistica l  analyse s reporte d belo w wer e performed . 
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The mea n respons e time s an d erro r  rate s i n th e condition s o f  interes t  ar e show n i n 

Tabl e 1 .  Th e tw o prediction s se t  ou t  earlie r  fo r  th e differentia l  effect s o f  imager y o n visua l 

discriminatio n performanc e i n th e tw o hemlfield s wer e born e ou t  b y planne d comparison s 

among th e respons e latencie s i n thi s task .  Th e firs t  predictio n concerne d th e overal l  effec t 

of  imag e generatio n o n visua l  discriminatio n performanc e (i.e .  th e differenc e betwee n 

performanc e i n th e Baselin e an d Imager y conditions) .  A s predicted ,  ther e wa s a  righ t  visua l 

fiel d superiorit y onl y i n th e Imager y condition ,  t  =  2.81 ,  df=19 ,  p<.01 .  Th e mea n respons e 

latencie s t o stimul i  i n th e lef t  an d righ t  hemifield s i n th e Baselin e conditio n wer e 81 8 mse c 

and 81 5 mse c respectively ,  an d i n th e Imager y conditio n the y wer e 77 6 mse c an d 75 4 mse c 

respectively .  Not e tha t  th e smal l  fiel d differenc e i n th e Baselin e respons e latencie s wa s no t 

by itsel f  significant ,  t<1 . 

The second prediction concerned the effect of image-stimulus similarity in the Imagery 

conditio n (i.e .  th e differenc e betwee n performanc e whe n th e imag e an d stimulu s wer e visuall y 

simila r  an d whe n the y wer e visuall y different ,  i n th e Imager y condition) .  Als o a s predicted , 

ther e wa s a  greate r  righ t  visua l  fiel d advantag e whe n th e imag e an d th e stimulu s wer e 

visuall y simila r  tha n whe n the y wer e visuall y different ,  t  =  3.19 .  df=19 ,  p<.005 .  Th e 

respons e latencie s t o stimul i  i n th e lef t  an d righ t  hemifield s afte r  generatin g a  differen t 

imag e wer e 79 7 mse c an d 79 0 mse c respectively ,  an d afte r  generatin g a  simila r  imag e the y 

wer e 75 5 mse c an d 71 7 mse c respectively . 

The possibility that hemispheric differences in speed-accuracy trade-offs could account 

fo r  th e presen t  finding s wa s dispelle d b y a n examinatio n o f  eac h hemisphere' s erro r  rate s i n 

th e experimenta l  condition s o f  interest ,  show n i n tabl e 1 .  Fo r  th e firs t  o f  th e contrast s 

above ,  th e lef t  hemispher e erro r  rat e wa s th e sam e fo r  th e baselin e an d imager y condition s 

(20.5%) ,  an d th e righ t  hemispher e erro r  rat e wa s onl y 0. 3 percentag e point s highe r  i n th e 

baselin e conditio n tha n i n th e imager y conditio n (23.4 % an d 23.1 % respectively) .  Fo r  th e 

secon d o f  th e contrast s above ,  th e hemispheri c erro r  rate s a s wel l  a s respons e latencie s 

reflecte d th e predicte d patter n o f  performance ,  wit h greate r  facilitatio n fro m simila r  tha n fro m 

differen t  image s i n th e lef t  hemispher e (18.5 % an d 22.5% ,  respectively )  tha n i n th e righ t 

hemispher e (24.4 % an d 21.8 % respectively) . 

The response latencies were also submitted to a repeated measures analysis of 

variance ,  whos e factor s wer e presenc e o r  absenc e o f  imagery ,  lateralit y o f  stimulu s 

presentation ,  response ,  similarit y (o f  imag e t o stimulu s i n th e Imager y conditio n an d th e 

identica l  partitionin g o f  trial s i n th e Baselin e condition )  an d orde r  o f  occurenc e (i.e .  firs t 

bloc k o r  secon d bloc k o f  th e Baselin e an d Imager y conditions) . 

The overall interaction between laterality of stimulus presentation and presence or 

absenc e o f  imagery ,  a  specifi c  for m o f  whic h wa s teste d wit h th e firs t  planne d compariso n 

above ,  wa s o f  borderlin e significance ,  F(1,19 )  =  3.00 ,  p = 1 .  Th e overal l  three-wa y interactio n 

betwee n presenc e o r  absenc e o f  imagery ,  laterality ,  an d similarity ,  a  specifi c  for m o f  whic h 

was teste d wit h th e secon d planne d compariso n above ,  wa s significant ,  F(1,19 )  =  5.07 ,  p<.05 . 

Order of occurence had a significant effect, F(1,19) = 9.09, p<.01, and an examination 

of  th e mean s show s thi s t o b e primaril y a  speeding-u p betwee n th e firs t  baselin e bloc k an d 

th e second :  85 0 mse c mea n latenc y fo r  th e firs t  baselin e block ,  78 2 mse c fo r  th e secon d 

baselin e block ,  78 0 mse c fo r  th e firs t  imager y bloc k an d 75 0 mse c fo r  th e secon d imager y 

block .  Th e disproportionat e speeding-u p betwee n th e firs t  an d secon d baselin e blocks , 

compare d wit h th e firs t  an d secon d imager y blocks ,  i s  reflecte d i n a  significan t  interactio n 

betwee n orde r  o r  occurenc e an d presenc e o r  absenc e o f  imagery ,  F (  1,19 )  =  4.88 ,  p<.05 . 
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However ,  ther e wa s n o interactio n betwee n orde r  o f  occurenc e an d laterality ,  F(1,19 )  =  0.08 , 

p =  .79 ,  an d thu s th e lateralit y effec t  presen t  i n th e imager y block s an d no t  i n th e baselin e 

block s canno t  b e accounte d fo r  a s a n artifac t  o f  orde r  o f  occurence . 

Similarity and its interactionm with presence or absence of imagery were highly 

significant ,  althoug h thi s wa s a t  leas t  partl y artifactual ,  give n th e subjec t  selectio n procedur e 

describe d earlie r  o f  excludin g subject s whos e respons e time s wer e slowe r  whe n th e imag e 

and stimulu s wer e simila r  tha n whe n the y wer e different .  A s expected ,  similarit y ha d a n 

effec t  onl y i n th e imager y condition ,  F(1,19 )  =  9.21 ,  p<.0 1 fo r  th e interactio n o f  similarit y an d 

presenc e o r  absenc e o f  imagery :  Wit h a  simila r  image ,  a  stimulu s coul d b e classifie d a s a 

targe t  o r  nontarge t  i n a n averag e o f  73 6 msec ,  wherea s wit h a  differen t  imag e a n averag e 

of  79 4 mse c wer e required ;  whe n th e sam e tw o group s o f  trials ,  administere d i n th e sam e 

order ,  wer e performe d withou t  imagery ,  th e comparabl e mea n latencie s wer e 81 8 mse c an d 

814 mse c respectively .  Th e effec t  o f  similarit y i n th e imager y conditio n le d t o a  significan t 

mai n effec t  o f  similarit y i n thi s experiment ,  F (  1,19 )  =  20.06 ,  p<.001 .  Target s wer e responde d 

t o mor e quickl y tha n nontargets ,  F(l,19) = 14.54 ,  p<.005 ,  wit h a n averag e o f  75 0 mse c 

require d fo r  target s an d 83 1 mse c require d fo r  nontargets .  Th e three-wa y interactio n 

betwee n presenc e o r  absenc e o f  imagery ,  similarity ,  an d respons e wa s significant , 

F(1,19 )  =  26.09 ,  p<.001 ,  an d a n examinatio n o f  th e mean s i n tabl e 1  indicate s tha t  thi s 

result s fro m th e disproportionat e facilitatio n wit h imager y fo r  simila r  target s i n th e imager y 

condition ,  which ,  i n contras t  t o bot h simila r  nontarget s an d differen t  target s an d nontargets , 

constitut e a  perfect ,  template-styl e matc h wit h th e image .  Th e two-wa y interactio n betwee n 

similarit y an d respons e i s als o significant ,  F(1,19) = 10.71 ,  p<.01 ,  owin g t o th e just-discusse d 

effec t  o f  template-styl e matche s i n th e trial s o f  th e imager y condition . 

Finally, there were two four-way interactions of statistical significance: A presence or 

absenc e o f  imager y b y similarit y b y orde r  o f  occurenc e b y respons e interaction , 

F(1,19 )  =  9.40 ,  p<.01 ,  whic h th e mean s o f  tabl e 1  sugges t  reflect s a  progressiv e quickenin g 

i n respondin g "no "  t o simila r  nontarget s an d "yes "  t o differen t  target s i n th e imager y 

conditio n (i.e .  wit h practic e subject s becam e les s incline d t o fals e alar m t o a  nontarge t  tha t 

resemble d thei r  imag e an d les s incline d t o mis s a  targe t  tha t  looke d differen t  fro m thei r 

image) ,  an d a  presenc e o r  absenc e o f  imager y b y orde r  b y lateralit y b y respons e interaction , 

F(1,19) = 14.21 ,  p<.01 ,  fo r  whic h n o simpl e interpretatio n suggest s itself .  N o othe r  effect s 

wer e significant ,  p>.1 . 

Discussion 

Visual discrimination performance was more strongly facilitated by the presence of an 

imag e i n th e righ t  visua l  fiel d (lef t  hemisphere) ,  an d wa s mor e sensitiv e t o th e visua l 

similarit y betwee n th e imag e an d th e stimulu s i n th e righ t  visua l  fiel d (lef t  hemisphere) . 

Bot h o f  thes e result s wer e predicte d b y th e hypothesi s tha t  th e lef t  hemispher e i s require d 

fo r  imag e generation ,  becaus e accordin g t o thi s hypothesis ,  image-stimulu s interaction s afte r 

a lef t  visua l  fiel d stimulu s presentatio n requir e eithe r  th e imag e o r  th e percep t  t o cros s th e 

corpu s callosum ,  wit h attenden t  dela y an d degradatio n o f  information ,  wherea s callosa l 

transmissio n i s no t  necessaril y  require d afte r  a  righ t  visua l  fiel d stimulu s presentation . 

How do the present findings relate to other recent work on hemispheric differences in 

visual/spatia l  processing ? Man y author s hav e suggeste d tha t  imager y i s a  righ t  hemispher e 

function ,  althoug h Ehrlichma n an d Barrett' s  (1983 )  surve y o f  th e neuropsychologica l  literatur e 

foun d littl e empirica l  suppor t  fo r  thi s hypothesis .  A s Ehrlichma n an d Barret t  pointe d out . 
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most  claim s o f  righ t  hemispher e specializatio n fo r  imager y deriv e fro m a  conflatio n o f 

imager y wit h othe r  form s o f  visual/spatia l  ability .  W h e n on e consider s th e computationa l 

"problem "  whic h mus t  b e solve d i n imag e generation ,  i t  i s  clearl y o f  a  differen t  natur e fro m 

th e problem s o f  maz e learning ,  visua l  analog y solving ,  fac e recognition ,  an d othe r  typica l 

example s o f  visual/spatia l  task s fo r  whicx h righ t  hemispher e superiorit y ha s bee n found .  I n 

particular ,  th e wor k o f  Kossly n an d hi s associate s ha s show n tha t  imag e generatio n involve s 

th e constructio n o f  th e imag e fro m separatel y store d parts ,  eve n i n th e cas e o f  a  seemingl y 

unitar y image ,  suc h a s a n imag e o f  a  do g o r  th e lette r  "a" .  (Fara h &  Kosslyn ,  1981 ; 

Kosslyn ,  1980 ;  Kosslyn ,  Reiser .  Fara h &  Fleigel ,  1983;  Kossly n &  Shwartz ,  1978).  Imag e 

generatio n therefor e involve s th e integratio n o f  separat e part s i n functionall y spatia l  array ,  a n 

abilit y  whic h ha s bee n identifie d wit h area s i n th e posterio r  lef t  hemispher e (Kinsbourn e & 

Warrington ,  1962 ;  Levin e &  Galvanic ,  1978) . 

To summarize the outcome of the present experiment, the effect of image generation 

on visua l  discriminatio n performanc e wa s foun d t o b e asymmetrica l  i n a  directio n consisten t 

wit h a  lef t  hemispher e locu s fo r  imag e generation .  Take n togethe r  wit h th e result s 

describe d earlie r  fro m neurologica l  patients ,  th e presen t  resul t  strengthen s th e hypothesi s 

tha t  imag e generatio n depend s upo n structure s i n th e lef t  hemisphere . 
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A developmental neural model of word perception 

Richard M. Golden 
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The Interactiv e Activatio n mode l  (McClellan d &  Rumelhart ,  1981 ;  Rumelhar t  & 

McClelland ,  1982 )  ha s bee n successfull y applie d t o a  broa d rang e o f  phenomen a i n th e 

"letter-within-word "  perceptio n literature .  A  uniqu e aspec t  o f  th e Interactiv e 

Activatio n (lA )  mode l  i s tha t  al l  processin g i s base d upo n ver y simpl e loca l 

computation s simila r  i n spiri t  t o th e type s o f  computation s tha t  migh t  b e performe d b y 

neurons .  Thes e simpl e loca l  computation s however ,  giv e ris e t o interestin g globa l 

behavior s a t  th e networ k level .  Th e l A mode l  operate s b y attemptin g t o satisf y a 
grea t  man y loca l  constraint s betwee n ain d withi n a  se t  o f  lette r  an d wor d "nodes. " 

Thes e loca l  constraints ,  nevertheless ,  ar e explicitl y  give n t o th e l A model .  H o w migh t 
suc h constraint s evolv e ove r  tim e i f  learnin g wer e incorporate d int o th e L A model ? 

In this paper, a specific member of the class of neural models known as 
Brain-State-in-a-Bo x (BSB )  model s (Anderson ,  1983 ;  Anderson ,  Silverstein ,  Ritz ,  & 
Jones ,  1977 )  i s suggeste d a s a  usefu l  approac h fo r  considerin g th e developmen t  o f 

visua l  lette r  withi n wor d perception .  Interestingl y enough ,  recen t  theoretica l  result s 

(Golden ,  1985 ;  Hopfield ,  1984 )  indicat e tha t  th e dynami c behavio r  o f  th e B S B an d l A 
model s shar e importan t  qualitativ e similarities .  Th e B S B formsilism ,  however ,  i s 
comparativel y simple r  tha n th e l A formalism ,  make s interestin g reactio n tim e 

predictions ,  an d provide s a  forma l  framewor k fo r  considerin g ho w th e effect s o f 
experienc e creat e an d organiz e lette r  an d wor d representations .  Mor e specifically , 
usin g bot h reactio n tim e an d lette r  recognitio n accurac y a s dependen t  variables ,  th e 
B SB mode l  suggest s ho w th e effect s o f  experienc e influenc e th e developmen t  o f  th e 

abilit y  t o us e informatio n abou t  orthographi c redundanc y (Juola ,  Schadler ,  Chabot ,  & 
McCaughey ,  1978 ;  Lefto n &  Spragins ,  1974 )  an d cas e typ e (McClelland ,  1976 ; 
PoUatsek ,  Well ,  &  Schindler ,  1975) . 

Description of the neural model 

The testing dynamics of the model. The Brain-State-in-a-Box model is based upon 

a fe w neurophysiologica l  assumptions .  Th e first  assumptio n i s tha t  essentia l 
informatio n abou t  th e environmen t  i s assume d t o b e code d b y a  se t  o f  neurona l  firin g 

frequencie s (Anderson ,  1983 ;  Anderso n e t  al. ,  1977) .  I f  ther e ar e M neuron s i n th e 
system ,  th e momentar y activatio n patter n acros s th e neurona l  se t  i s characterize d b y 

an M-dimensiona l  stat e vecto r  i n whic h th e it h elemen t  o f  th e stat e vecto r  represent s 
th e firin g frequenc y o f  th e it h neuro n i n th e syste m minu s th e spontaneou s firin g 

frequenc y o f  tha t  neuron .  Th e magnitud e o f  th e stat e vecto r  represent s th e curren t 

signa l  strengt h whil e th e directio n o f  th e stat e vecto r  indicate s th e identit y o f  th e 

activatio n pattern .  Th e secon d assumptio n state s that ,  i n general ,  th e curren t  firin g 
rat e o f  a  neuro n m a y b e approximatel y represente d b y th e linea r  combinatio n o f  th e 

firin g rate s o f  th e othe r  neuron s i n th e syste m an d a  se t  o f  "synapti c connectivit y 
coefficients. "  Th e connectivit y coefficient s ar e a n attemp t  t o mode l  th e degre e o f 

synapti c efficac y betwee n pgiir s o f  neuron s withi n th e system .  Usin g matri x notation , 

thes e coefficient s ar e arrange d i n a  matri x suc h tha t  th e ijt h elemen t  o f  th e matri x 
represent s th e connectio n strengt h betwee n th e it h an d jt h neuron s i n th e system . 

The stat e vecto r  a t  discret e tim e slic e t  +  1  m a y no w b e rewritte n a s th e stat e vecto r 
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at discrete time slice t plus the state vector at discrete time slice t multiplied by the 

matrix .  Th e thir d assumptio n o f  th e mode l  i s tha t  eac h neuro n possesse s a  m a x i m u m 

and m in imu m firin g rate .  Thi s final  assumptio n introduce s a n essentia l  non-linearit y 

int o th e previou s linea r  syste m an d give s th e mode l  a n exceptionall y ric h rang e o f 

behavior .  Thi s assumptio n i s als o th e motivatio n behin d th e model' s nicknam e sinc e i t 

essentiall y  confine s th e M-dimensiona l  stat e vecto r  withi n th e spac e o f  a n 

M-dimensiona l  bo x o r  hypercub e (fo r  additiona l  detail s se e Anderso n e t  al. ,  1977) . 

The dynamics of the system are relatively straightforward. An initial pattern of 

neura l  activit y i s amplifie d usin g positiv e feedbac k unti l  al l  neuron s withi n th e syste m 

hav e obtaine d thei r  m a x i m u m o r  m in imu m firing  rates .  Mor e formally ,  on e cycl e 

throug h th e syste m m a y b e writte n as : 

S(i + 1) = TRUNC[AS(i) + S(i)] = TRUNC[(A + I)S(i)] (1) 

where I is the identity matrix, the notation S(i) indicates the activity vector after the 

it h feedbac k cycle ,  A  i s th e synapti c connectivit y matrix ,  an d th e T R U N C functio n 

set s al l  vecto r  element s whos e magnitude s ar e abov e som e m a x i m u m firing  frequenc y 

equa l  t o tha t  m a x i m u m firing  frequenc y an d al l  vecto r  element s whos e magnitude s 

ar e belo w som e min imu m firing  frequenc y equa l  t o tha t  min imu m firing  frequency . 

The initial state vector S(0) is presented to the system by applying equation (1) to 

S(0 )  t o generat e S(l) .  Th e stat e vecto r  S(l )  i s  the n applie d t o equatio n (1 )  t o generat e 

S(2) .  Thes e iteration s continu e unti l  S(i )  =  S( i  +  1) .  A t  thi s point ,  al l  th e element s o f 

th e syste m stat e vecto r  ar e firing  a t  thei r  min imu m o r  m a x i m u m firing  rates .  Sinc e 

i n thi s situatio n th e stat e vecto r  ha s reache d on e o f  th e h3T)ercub e corners ,  w e wil l  cal l 
thi s stat e vecto r  a  corne r  vector .  I f  th e stat e vecto r  arrive s a t  th e "correct " 

hypercub e comer ,  the n th e stimulu s i s assume d t o hav e bee n properl y categorized . 

The numbe r  o f  iteration s require d t o arriv e a t  a  hypercub e corne r  i s take n a s th e 

system' s reactio n time . 

The training algorithm. In typical simulations of the model, we assume that the 
perio d ove r  whic h learnin g occur s i s extremel y long ,  relativ e t o th e perio d ove r  whic h 

tJi e mode l  i s  tested .  Therefore ,  fo r  simplicity ,  learnin g i s no t  permitte d whe n th e 

model  i s tested .  Th e learnin g assumptio n implemente d i n thi s mode l  i s base d upo n a 

proposa l  b y Heb b (1949 )  tha t  state s i f  tw o neuron s withi n a  neura l  networ k 

simultaneousl y fire,  the n a  chang e i n th e nervou s syste m occur s suc h tha t  i f  one  o f 

th e tw o neuron s fires  a t  a  futur e dat e th e probabilit y  tha t  th e othe r  neuro n wil l  fire 

tend s t o increase . 

During the training phase, a stimulus and response vector pair are randomly 

selecte d fro m th e stimulu s set .  Th e stimulu s vecto r  i s the n perturbe d wit h rando m 

nois e an d passe d throug h (1 )  severa l  times .  Th e transforme d stimulu s vecto r  an d th e 

correspondin g respons e vecto r  ar e the n use d t o modif y th e matrix .  Usin g linea r 

algebra ,  th e learnin g assumptio n i s describe d b y th e followin g equation : 

^lew = Aold + -y tg - S(K)][g - S(K)]'r (2) 

where S(K) is the stimulus vector after K iterations through equation (1), A^^g^ is the 

update d sjmapti c connectivit y matrix ,  A ^ y i s th e origina l  matrix ,  g  i s th e desire d 

respons e o f  th e system ,  an d 7  i s a  scala r  betwee n zer o an d one .  Fo r  th e simulation s 

reporte d here ,  th e valu e o f  K  remaine d constan t  an d wa s alway s equa l  t o seven . 

Equation (2) therefore describes how the synaptic efficacy between individual 
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neurons within the system evolves over time as stimulus and response vectors are 

presente d t o th e model .  Th e exac t  for m o f  (2 )  i s no t  critical .  A n y learnin g rul e tha t 

biase s th e coefTicient s o f  th e connectivit y matri x suc h tha t  th e stimul i  withi n th e 

trainin g se t  becom e eigenvector s (associate d wit h larg e positiv e eigenvalues )  o f  th e 

matri x wil l  suffic e (Golden ,  1985) . 

Neural encoding of the stimuli. The assignment of "neural activation patterns" to 

specifi c sjrmbol s i s a s importan t  t o th e formulatio n o f  th e lette r  withi n wor d mode l  a s 

th e basi c B S B mechanis m itself .  A  uniqu e 28-dimensiona l  stat e vecto r  w a s assigne d 

t o eac h o f  th e upper-cas e an d lower-cas e form s o f  th e nin e mos t  frequen t  letter s o f  th e 

Englis h alphabe t  usin g a  lette r  featur e encodin g scheme .  A  stimulu s representin g a 

lette r  strin g coul d the n b e represente d b y concatenatin g fou r  28-dimensiona l  lette r 

subvectors .  Thus ,  four-lette r  words ,  pseudowords ,  an d nonword s wer e represente d b y 

112-dimensiona l  vectors . 

Theory 

Although the proposed model superficially seems rather homogeneous, a great 
deal  o f  structur e exist s i n th e synapti c connectivit y matri x afte r  \earmn g ha s 

occurred .  Thi s specifi c  interna l  structur e i s du e t o tw o factors .  First ,  th e syste m 
stat e vecto r  i s a  lis t  o f  position-specifi c  lette r  features .  An d second ,  th e leaimin g 
algorith m effectivel y extract s frequentl y appearin g pair-wis e featur e correlaitioTi s fro m 

th e stimul i  learne d b y th e model .  Therefore ,  th e matri x contain s tw o distinc t  type s o f 
synapti c weight s o r  pair-wis e lette r  featur e correlations .  On e se t  o f  synapti c weight s 

ar e referre d t o a s th e within-lette r  featur e correlations .  Th e secon d se t  o f  weight s ar e 
referre d t o a s between-lette r  featur e correlations .  Th e within-lette r  featur e correlation s 
i n th e matri x correspon d t o th e system' s knowledg e o f  th e spatiall y  redundan t 

informatio n i n words .  Th e between-lette r  featur e correlation s correspon d t o th e 
system' s knowledg e o f  th e transgraphemi c informatio n i n words . 

By definition, a nonword is a state vector that has not been "learned" by the 
system .  Suc h a  vecto r  ca n nevertheles s b e categorize d b y th e B S B mode l  sinc e th e 
within-lette r  featur e correlation s ca n independentl y amplif y th e familia r  lette r 

subvector s representin g th e nonwor d stimulus ,  despit e interferenc e fro m th e 
between-lette r  featur e correlations .  Whe n a  wor d o r  pseudowor d i s presente d t o th e 
system ,  bot h th e between-lette r  an d within-lette r  featur e correlation s cooperativel y 
amplif y th e syste m stat e vector .  Words ,  however ,  ten d t o b e recognize d faste r  an d 
more accuratel y tha n pseudoword s sinc e fewe r  between-lette r  featur e correlation s 

contribut e t o th e amplificatio n proces s durin g pseudowor d recognition .  Als o not e that , 
withi n th e framewor k o f  thi s model ,  th e superiorit y o f  lette r  recognitio n fo r  same-cas e 

relativ e t o mixed-cas e stimul i  i s  exactl y analogou s t o th e word-pseudowor d advantage . 

Consider now the major effects characterizing the developmental behavior of the 
model .  First ,  a s th e system' s experienc e wit h word s increases ,  letter s ar e recognize d 

faste r  an d mor e accuratel y withi n words ,  pseudowords ,  an d nonwords .  An d second , 
th e abilit y  t o us e informatio n abou t  th e orthographi c regularitie s withi n word s 
develop s ver y quickly .  Th e first  effec t  i s  a  direc t  consequenc e o f  th e numbe r  o f  time s 
a give n psu r  o f  lette r  feature s wa s presente d t o th e syste m durin g th e learnin g trials . 

The rapi d acquisitio n o f  th e abilit y  t o detec t  orthographi c informatio n occur s becaus e 

usefu l  lette r  featur e correlations ,  obtaine d fro m onl y a  fe w words ,  ar e use d t o 
categoriz e man y othe r  word s possessin g thos e featur e correlations . 

The model also makes a prediction regarding the development of alternating case 

effects .  A s experienc e wit h word s increases ,  th e advantag e o f  letter s withi n 
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same-case stimuli, relative to mixed-case stimuli, should increase at a fast rate in the 

initia l  stage s o f  developmen t  an d mor e slowl y i n th e late r  stages .  A  theor y suggestin g 

tha t  th e effect s o f  alternatin g cas e ar e locate d a t  th e "leve l  o f  singl e lette r 

discriminability "  (Adams ,  1979 ,  p .  154 ;  als o se e McClellan d &  Rumelhart ,  1981) , 

migh t  no t  mak e thes e predictions . 

Computer simulation results 

In the first set of experiments, the synaptic coefficients were initialized to zero 

and the n lette r  stimul i  wer e "taught "  t o th e syste m wit h (2) .  Afte r  150 0 

presentation s o f  lette r  stimuli ,  th e syste m wa s teste d usin g a  se t  o f  tes t  stimuli .  Th e 

tes t  stimulu s se t  consiste d o f  117 6 differen t  mixed-cas e an d same-cas e words , 

pseudowords ,  an d nonwords .  Th e reactio n tim e o f  th e syste m fo r  correctl y 

categorizin g eac h o f  th e initia l  stat e vector s representin g lette r  string s wa s the n 

recorded .  Th e abov e testin g procedur e wa s the n repeate d afte r  th e syste m ha d 

experience d 20 0 mor e presentation s o f  wor d stimuli .  Finally ,  th e trainin g o f  th e 

syste m upo n wor d stimul i  wa s continue d fo r  a n additiona l  80 0 learnin g presentation s 

smd agai n th e testin g procedur e wa s repeated . 

The simulation results are summarized in Figure 1. The reaction time of the 

model  fo r  recognizin g fou r  lette r  strings ,  lik e huma n subjects ,  tende d t o decreas e wit h 

age an d experienc e (Juol a e t  al. ,  1978) .  I n addition ,  th e qualitativ e effect s o f  a  rapi d 

acquisitio n o f  orthographi c knowledg e tha t  become s increasingl y fine-tuned  ove r  a 

relativel y longe r  perio d o f  tim e i s als o observe d (Juol a e t  al. ,  1978) .  I n addition ,  a s 
lette r  string s becom e mor e orthographicall y regular ,  letter s i n same-cas e stimul i  ar e 

recognize d faste r  tha n letter s i n mixed-cas e stimuli .  Thes e latte r  reactio n tim e result s 

hav e als o bee n observe d i n th e experimenta l  literatur e (Pollatse k e t  al. ,  1975 ;  Taylor , 

Miller ,  &  Juola ,  1977) . 

Figure 2 summarizes the results of a similar sequence of simulations where letter 

recognitio n error s wer e use d a s th e dependen t  measure .  I n thes e latte r  simulation s 

th e mode l  mad e frequen t  identificatio n error s becaus e o f  th e additio n o f  interferin g 

factor s ( a mas k an d additiv e noise )  i n th e testin g procedure .  Again ,  th e basi c 

qualitativ e effect s observe d i n th e huma n experimenta l  literatur e wer e als o observe d 

i n th e simulations .  Word s wer e recognize d mor e efficientl y tha n pseudowords ,  whic h 

wer e recognize d mor e efficientl y tha n nonwords ,  an d same-cas e stimul i  wer e 

recognize d mor e efficientl y tha n mixed-cas e stimuli .  Th e simulation s als o 

demonstrate  a  case-typ e b y orthograph y interaction .  Suc h a n effect ,  althoug h i n 

agreemen t  wit h reactio n tim e studie s o f  thi s phenomen a an d accurac y dat a obtaine d 

by McClellan d (1976) ,  wa s no t  observe d b y A d a m s (1979) .  Th e rapi d acquisitio n o f 

orthographi c knowledg e b y th e mode l  ha s als o bee n observe d usin g decisio n task s 

involvin g h u m a n subject s (Lefto n &  Spraglns ,  1974 ;  Rosinsk i  &  Wheeler ,  1972) . 

S u m m a ry 

A developmental version of the Interactive Activation model has been proposed 

base d upo n a  neura l  networ k mode l  suggeste d originall y b y Anderso n e t  al .  (1977) . 

The developmenta l  B S B mode l  offer s a  forma l  theor y tha t  motivate s th e us e an d 

connectio n o f  lette r  an d wor d node s i n th e L A model .  T o explicitl y  illustrat e thes e 

statements ,  som e simulation s o f  th e B S B mode l  wer e the n studied .  Th e result s o f  th e 

compute r  simulation s wer e compatibl e wit h th e experimenta l  literature .  Effect s o f 

orthograph y an d cas e typ e wer e observe d t o increas e i n magnitud e a s th e system' s 

experienc e wit h word-lik e stimul i  wa s extended . 
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Appendi x 1 

Vector Encodings of Letter Stimuli 

The followin g tabl e indicate s th e assignmen t  o f  specifi c  lette r  subvector s t o 

letters .  Th e assignmen t  o f  a  vecto r  codin g t o a  lette r  wa s base d upo n a n 

extensio n o f  Gibson' s (1969 ,  p .  88 )  abstrac t  lette r  featur e set .  Fo r  example ,  th e 

first  eigh t  element s o f  th e lette r  subvecto r  representin g E  ar e give n b y 

(-»-1,+1,+1,+1,-1,-1,-1,-1) .  Fo r  convenience ,  lette r  subvector s ar e describe d 

usin g hexadecima l  notatio n b y treatin g negativ e vecto r  element s a s zero s an d 

positiv e vecto r  element s a s ones .  Thus ,  th e abov e eight-dimensiona l  componen t  o f 

th e lette r  subvecto r  specifyin g E  i s represente d a s F O usin g hexadecima l  (bas e 

16)  notation .  Th e lette r  subvecto r  encoding s usin g hexadecima l  notatio n ar e 

provide d below . 

E 
T 
A 
0 
N 
R 
I 
S 
H 
X 

F003F3 F 

F00333 F 

CF033CF 

00C030 F 
33000C F 

33C30CF 

30003C F 

OOOCCOF 

F0033C F 

0F0330 F 

e 
t 
a 
0 
n 
r 
i 
s 
h 

C0CF030 
F03F0F F 

00C303 0 
00C030 0 

30300C 0 

303F0F 0 

30003F 0 
OOOCCOO 

30300C F 
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Appendix 2 

Letter string stimuli selection 

Word,  pseudoword ,  an d nonwor d lette r  string s wer e use d a s wor d vector s i n 

th e followin g experiments .  Th e wor d stimul i  wer e selecte d base d upo n moderat e 

frequenc y o f  occurrenc e i n th e Englis h language ,  an d wer e constructe d usin g onl y 

th e nin e mos t  frequen t  letter s i n th e Englis h alphabet .  Th e wor d stimul i  wer e 

the n scrambled ,  an d th e scramble d lette r  string s ranke d usin g a  spatia l 

redundanc y (i.e. ,  usin g th e likelihoo d tha t  a  particula r  lette r  woul d occu r  a t  a 

give n spatia l  positio n withi n a  word )  tabl e obtaine d b y analyzin g th e origina l  se t 
of  wor d stimul i  (se e Mason ,  1975 ,  fo r  additiona l  details) . 

Word Stimuli (ordered row-wise by decreasing frequency): THAT THIS INTO 
T H AN T H E N H E R E A R E A SEE N RAT E S O ON N E A R EAS T SORT RES T 
H E AR HAI R SEN T N O T E TES T O N ES S H OT N O NE RIS E H E A T THI N ROSE 
NIN E T O N E RAI N ART S SIT E SET S N O SE O N T O TRE E SEA T H E R O R E A R 
ASI A H A N S IRO N A N N E EAS E H A T E R A R E EAR S OHI O H O ST SEE S 
H O RN R O OT SONS T O N S N O ON STA R T O R N HIT S TIR E N E A T R E N T 
NEST T E N T TOE S THE E E A R N HERS SIN S HIR E TIE S TOR E HAT S N E O N 
S H OE R O AR TRO T ROSS TEA R SEA S SORE HIN T H O OT H O SE ION S T H O R 
TOSS TRI O S A N E A N N A A N T S HEI R OAT S R E N O RIO T STI R TAR T O A T H 
SIT S T E E N 

Pseudoword StimuIi(ordered row-wise by decreasing spatial redundancy): 
T E NE TER E TET S TORS SEN E TOS E TEO S TEI S SES E SONT SES T TET N 
RETS TAS E TEN R SOST T H N E T O N R T E A N TES N TOS N SOET SAR E T E H E 
SETN T O E N NET S TIS E TES R REA T ROES TOOR OENS AET S H O NR SOS N 
TOER THO S N O RT SOT R NEE S N O OS SAE S ROI T NOES R E T N H A S T TER A 
S O HE R A A E N O OT S O NO HES R E O NT SOSR EORS NEE T T N O E SAE T 
TROE AEE S N O ET H E OR TAT R R E A N H A E T TNO S AOST HEE R SOER 
R E ON SIS T N A R E EORT SOHT TRI E TRA T RAS T HIS T H O T O T E A H T E H N 
SIE T SET A T O S H TNE T SNA E H T N E RAE T H E R A HET A T O OH T A H T 
TAER SROE H A S N SES A SER H 

Nonword Stimuli (ordered row-wise by decreasing spatial redundancy): IRES 
A H SN O H NR TSR A OIS N OTS S EAS R SRT A SNT A OTA S ESS E ITS E IHT N 
INOT TROI  O A HT SNE O ERE T EOS H ORI T ESA E NSE T H T R O H R E O H T N A 
HSTO TSR I  RAI H ESS T ERT N STR A A N A N EIS R ESA T HTT A EHS R ISS T 
HTNI  E H OR RTT O O H T O A N E N E R A N R N E O EHE R O N EN ISE T HSE O 
E R ON STRI  E A T H O N NO OTN R ETT N IHE R EST N INE N ARE R OTS N 
E N NO ATT R AIS A HTS I  E H R A EHT A ORTO OSSN IRN O OST R AHRI  O T E N 
A S EN EIR H ISS N IRT O E N N A O T N O O S NO ARNI  ORRA EHRI  E N R A ERRA 
E N TA OTE R ITN O OSER RTOI  OHOI  NROI  ITE R ONTI  ETR A EST A OIH O 
ESSA O T A H ASA I 
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Figur e 1 .  Reactio n tim e plotte d a s a  functio n o f  cas e type ,  orthography ,  an d learnin g 
trials for Experiment 1. Solid hnes indicate same-case stimuli. Dashed hnes indicate 
mixed-case stimuli. 
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Figur e 2 .  Th e proportio n o f  correctl y recognize d letter s plotte d a s a  functio n o f  cas e 

type, orthography, and learning trials for Experiment 2. Solid lines indicate 

same-case stimuli. Dashed hnes indicate mixed-case stimuli. 
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A C o m p u t e r  M o d e l  o f  t h e N e u r a l  S u b s t r a t e s o f 

C l a s s i c a l  C o n d i t i o n i n g i n t h e A p l y s i a 

Mark A .  Gluc k &  Richar d F .  Thompso n 
Stanfor d Universit y 

"In expertmenta extending over the paat thirty years, I have been trying to 

trac e conditione d refle x path s throug h th e brai n o r  t o find  th e locu s o f 

specifi c  memor y traces"- -  Kar l  Lashle y 

WTien the essential neural circuit of a memory trace has been defined in suflTicient 

detai l  a s a  biologica l  system ,  i t  become s necessar y t o determin e i f  th e circui t  wil l  i n fac t 

generat e th e phenomen a o f  learnin g an d memor y tha t  i t  i s  presume d t o model .  Eve n i n 

elementar y circuits ,  i t  i s  no t  alway s eviden t  wha t  th e outcom e o f  a  give n se t  o f  stimulu s 

and trainin g condition s wil l  b e a t  a  qualitative-logica l  leve l  o f  analysis .  W e repor t  her e a n 

initia l  attemp t  a t  suc h modeling ,  utilizin g th e genera l  approac h o f  associativ e networ k 

modelin g fro m cognitiv e science .  W e utiliz e th e circui t  o f  th e Aplysi a tha t  exhibit s ele -

mentar y associativ e learnin g a s identifie d b y Kande l  an d associate s (Hawkins ,  Castelluci , 

and Kandel ,  1981 ;  Kande l  an d Schwartz ,  1982;  Carew ,  Hawkins ,  Abrams ,  an d Kandel , 

1985) . 

The immediate goal of our research was to implement a computational model of 

th e basi c Aplysi a circuit .  B y doin g so ,  w e hope d t o arriv e a t  a n appropriat e leve l  o f 

analysi s i n term s o f  th e degre e t o whic h th e biologica l  propertie s o f  th e neuron s i n th e cir -

cui t  ar e describe d tha t  wil l  allo w realisti c characterizatio n o f  th e behavio r  o f  th e circuit . 

Our  long-ter m goa l  i s  t o utiliz e thi s leve l  o f  computationa l  analysi s t o accoun t  fo r  th e 

phenomen a o f  learnin g an d memor y exhibite d b y th e mor e comple x memor y trac e circuit s 

i n th e mammalia n brain ,  particularl y th e cerebella r  circui t  tha t  appear s t o b e th e essentia l 

memory trac e circui t  fo r  th e learnin g o f  discrete ,  adaptiv e behaviora l  response s (McCor -

mic k &  Thompson ,  1984a ,  1984b ;  Clark ,  McCormick ,  Lavon d & ,  Thompson ,  1984 ;  Lavond , 

McCormic k & ,  Thompson ,  1984 ) 

The basic reflex studied in the Aplysia is withdrawal of the siphon, mantle shelf 

and gil l  t o tactil e stimulatio n o f  th e sipho n o r  mantl e shelf .  I f  wea k stimulatio n o f  th e 

sensor y nerve s (CS )  i s followe d b y stron g shoc k t o th e tai l  (US) ,  th e synapti c potentia l  o f 

th e moto r  neuron s t o th e C S i s facilitated .  I f  repeate d paire d trial s ar e given ,  thi s 

enhancemen t  persists ,  yieldin g th e basi c phenomeno n o f  classica l  conditioning ,  a  persistin g 

associativel y induce d increas e i n respons e o f  moto r  neuron s t o th e CS .  Thi s conditionin g 

For  thei r  insightfu l  comment s an d suggestions ,  w e ar e indebte d t o Josep h Steinmetz ,  Leo n 
Cooper ,  Mortime r  Mishkin ,  Nelso n Donegan ,  Mish a Pavel ,  Stephe n Kosslyn ,  an d Terr y Sejnowski . 

The assistanc e o f  Audre y Weinlan d an d Kati e Albisto n i s als o gratefull y acknowledged .  Thi s 

researc h wa s supporte d b y O N R gran t  #N00014-83K-0238 .  Pleas e addres s correspondenc e to : 

Mark A .  Gluck ,  Departmen t  o f  Psychology ,  Stanfor d University ;  Bldg .  420 ,  Stanford ,  C A 94305 . 
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depend s criticall y o n th e tim e betwee n presentatio n o f  th e C S an d th e US ,  a s note d above . 

Th e tai l  shoc k U S pathwa y involve s interneuron s whic h ar c though t  t o exer t  th e U S 

presynapti c actio n o n th e sensor y nerv e terminals .  Hawkin s an d Kande l  (1984 )  propos e 

tha t  conditionin g result s fro m th e interpla y o f  habituatio n an d sensitizatio n i n a  manne r 

ver y simila r  t o th e dual-proces s vie w o f  habituatio n suggeste d b y Grove s an d Thompso n 

(1970) . 

Level of Analysis 

Our primary focus in this modeling effort was on the behavioral conditioning data. 

We bega n b y specifyin g th e leve l  o f  descriptio n o f  th e dat a i n whic h w e wer e interested ,  a s 

oppose d t o specifying ,  a  priori ,  wha t  leve l  o f  biologica l  detai l  w e wante d t o includ e i n th e 

model .  Ou r  basi c goa l  wa s t o accoun t  fo r  th e effect s o f  th e tempora l  relation s betwee n 

inpu t  event s (C S an d U S )  o n th e magnitud e o f  outpu t  event s ( M N ) .  I n thi s pape r  w e 

focu s onl y o n short-ter m learnin g an d exclud e longer-ter m effects .  Ou r  strateg y i s t o b e 

onl y a s biologicall y precis e a s necessar y i n orde r  t o explai n th e relevan t  behaviora l 

phenomena .  W e bega n b y startin g wit h th e simples t  possibl e representatio n o f  the  circuit . 

Afte r  implementin g this ,  an d understandin g wha t  behaviora l  phenomen a i t  did—an d di d 

not—accoun t  for ,  w e adde d complexity ,  constraine d b y th e neurobiologica l  data. 

Components of basic model 

The initial circuit is composed of three neurons and three synapses, as represented 

i n Figur e 1(a) .  Th e neuron s include :  a  (t o be )  conditione d stimulus :  (CS) ,  a n uncondi -

tione d stimulu s (US )  an d a  moto r  neuro n ( M N ) .  On e fiber  originate s a t  th e conditione d 

stimulu s an d terminate s a s a  synpas e o n th e moto r  neuro n ( C S — • M N synapse) .  T w o 

fibers  originat e a t  th e unconditione d stimulus ;  on e terminate s a s a  synaps e o n th e moto r 

neuro n ( U S - + M N synapse) ,  an d on e terminate s a s a  synaps e o n th e C S — • MN synaps e 

(US- *  { C S - * M N }  synapse) . 

Neurons are represented continuously by an Activation which ranges from 0 to 1. 

Thi s valu e i s interprete d discretel y durin g eac h tim e cycl e a s a  binar y valu e --fire d o r  no t 

fired — determine d probabilisticall y fro m th e activation .  Synapse s ar e represente d continu -

ousl y b y a  Strength ,  whic h range s fro m 0  t o 1  an d als o ha s a  probabilisti c  interpretation . 

I t  represent s th e probabilit y  o f  a  synapti c termina l  passin g a  "pulse "  t o th e post-synapti c 

neuro n i f  th e pre-synapti c neuro n ha s fired.  Eac h C S synapti c termina l  ha s th e potentia l 

t o b e modifie d i n a  pairin g specifi c  manne r  whic h peak s som e tim e afte r  th e synaps e 

receive s a  pulse .  Th e tim e cours e o f  thi s potentia l  determine s th e possibl e Inter-Stimulus -

Intervals .  A t  thi s leve l  o f  modelin g w e assume d tha t  th e C S synapti c terminal s hav e thi s 

tempora l  informatio n withou t  specifyin g th e chemica l  o r  biologica l  source . 

The simulation begins by reading the input activation levels of the CS and US 

neurons .  Fro m thes e activation s th e state s o f  th e neuron s (e.g .  fire d o r  no t  fired )  ar e pro -

babilisticall y determined .  I f  a n inpu t  neuro n ha s fired,  the n wit h a  probabilit y  determine d 

by th e appropriat e synapti c strengths ,  a  puls e i s receive d b y th e M N .  Thus ,  i f  th e M N 

receive s a  puls e fro m eithe r  inpu t  neuron ,  the n M N Activatio n increase s exponentially , 

proportiona l  t o 1  minu s th e curren t  Activation ,  a t  a  rat e determine d b y th e Activatio n 

Incremen t  Rate .  I f  n o puls e i s receive d b y th e M N ,  it s Activatio n decrease s exponentiall y 

towzu-d s 0 ,  a t  a  rat e determine d b y th e Activatio n Decremen t  Rate .  Ever y tim e a  synapti c 
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termina l  passe s a  pulse ,  the  strengt h o f  tha t  synaps e decrease s exponentiall y  a t  a  rat e 

determine d b y th e Habituatio n Rate .  I f  th e U S — » { C S - » M N}  synapti c termina l  passe d a 

pulse ,  the n wit h probabilit y  CS-Plasticity-Potentia l  (a s determine d b y th e Plasticit y 

Parameter )  i t  wil l  sensitiz e the  C S — • MN proportiona l  t o 1  -  CS.Streagth . 

Simple Aatociative Learning 

The model successfully models the basic associative learning phenomena: In the 

initia l  state ,  th e U S produce s a  larg e amoun t  o f  activit y i n th e M N compare d t o onl y a 

smal l  amoun t  produce d b y th e C S .  Afte r  repeate d presentation s o f  th e C S followe d b y 

th e U S a t  a n optima l  Inter-Stimulu s Interva l  (ISI) ,  th e M N respons e produce d b y th e C S 

increase d significantly .  Followin g th e remova l  o f  th e U S ,  bot h th e C S — • MN strengt h an d 

th e M N activit y durin g presentatio n o f  th e C S deca y bac k t o thei r  initia l  state ,  resultin g 

i n th e behaviora l  phenomen a o f  extinction . 

With simultaneous presentation of CS and US (e.g. ISI^O), little or no learning 

occur s becaus e th e Sensitizatio n Potentia l  o f  th e C S — • MN synaps e i s a t  0  whe n th e U S 

fires.  Wit h a n IS I  tha t  i s  longe r  tha n optimal ,  som e learnin g occurs ,  bu t  les s learnin g tha n 

wit h a n optima l  ISI . 

More Complex Associative Learning 

In addition to simple conditioning, we would like to model the mechanisms respon-

sibl e fo r  differentia l  conditioning ,  secon d orde r  conditioning ,  an d blocking .  I n differentia l 

conditionin g a n anima l  learn s t o respon d specificall y t o on e conditione d stimulu s an d no t 

t o anothe r  unconditione d stimulus .  I n th e Aplysia ,  a  C S + i s presente d t o th e sipho n 

paire d wit h a  U S whil e a n unpaire d C S -  i s presente d t o th e mantl e (o r  vis a versa) .  I n 

second-orde r  conditionin g a  CS i  i s first  conditione d vi a pairin g wit h th e US .  Afte r  thi s 

trainin g i s complete ,  th e CS i  ca n serv e a s a  reinforcin g stimulu s t o conditio n a  ne w 

stimulu s CS2 .  Blockin g i s a  proces s whereb y a n anima l  learn s no t  onl y abou t  th e con -

tiguit y o f  stimuli ,  bu t  als o abou t  thei r  predictiv e contingency .  I f  th e C 5 |  i s  conditione d 

t o predic t  th e U S the n th e additio n o f  a  secon d stimulu s CS2 ,  simultaneou s wit h th e C5| , 

does no t  produc e conditionin g t o th e CS 2 alone . 

Following Haw kin & Kandel (1984) we added a second CS and a Facilitator 

Interneuron-se e Figur e l(b)~whos e behavio r  mimic s th e M N an d whic h sensitize s al l 

C S — • MN synapses .  Give n thes e additions ,  th e circui t  mode l  produce s successfu l  simula -

tion s o f  secon d orde r  conditionin g o f  CS 2 t o CSI ,  bu t  fail s  t o produc e a  blockin g effect . 

To produce blocking, we needed a mechanism to turn off the US's ability to sensi-

tiz e whe n i t  ha s alread y bee n predicte d b y som e C S .  Hawkin s an d Kande l  (1984 )  sugges t 

tha t  th e intemeuro n goe s int o a  refractor y perio d afte r  bein g activated ,  whic h i s longe r 

tha n th e possibl e ISI .  Thi s wa s implemente d computationall y b y creatin g a n additiona l 

variable ,  th e Refractor y State ,  whic h i s se t  t o a  constan t  whe n th e interneuro n activa -

tio n exceed s a  threshol d (. 9 i n th e simulation s shown) ,  an d the n decay s toward s zer o 

accordin g t o a n ogiv e (e.g .  S-shaj)ed )  function .  Th e Refractor y Stat e affect s th e inter -

neuro n b y probabilisticall y governin g th e growt h o f  interneuro n activatio n i n th e followin g 

manner :  i f  an y synaps e passe s a  puls e t o th e intemeuron ,  the n activatio n increase s wit h 

probabilit y  equa l  t o th e lesse r  o f  0  an d 1  minu s th e Refractor y State .  T o produc e th e 
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appropriat e blockin g behavio r  th e deca y o f  th e Refractor y Stat e wa s se t  s o tha t  th e 

refractor y perio d woul d b e longe r  tha n tha n th e potentia l  ISI .  If ,  however ,  th e interneu -

ro n i s i n a  refractor y perio d whe n th e U S fires,  a  direc t  U S — • MN connectio n i s neede d i n 

orde r  t o ge t  a n appropriat e unconditione d response .  Repeate d attempts ,  however ,  t o ge t 

thi s circui t  simulatio n t o produc e blocking ,  faile d t o d o so . 

We were initially convinced that the circuit really should produce blocking. We 

tried ,  withou t  success ,  t o var y al l  th e parameter s i n a n attemp t  t o produc e blocking .  Thi s 

highlight s a  methodologica l  difficult y inheren t  i n th e us e o f  compute r  model s fo r  makin g 

claim s abou t  circuitry :  B y simulatin g a  circuit ,  on e ca n demonstrat e wha t  a  circui t  ca n do , 

but  on e canno t  prove ,  base d solel y o n th e inabilit y  t o simulat e a  desire d behavior ,  tha t 

th e rea l  circui t  i s  unabl e t o produc e thi s behavior .  If ,  however ,  th e insight s gaine d fro m 

th e "hand s on "  experienc e o f  buildin g th e circui t  ca n b e translate d int o a  convincin g logi -

cal  demonstratio n o f  th e circuit' s  informatio n processin g limitations ,  the n a  simulatio n ca n 

contribut e t o makin g a n argumen t  abou t  a  particula r  circuit .  W e outlin e belo w wh y w e 

believ e tha t  th e circui t  simulatio n wil l  no t  produc e blocking . 

The Blocking Paradox 

If the activity of the F. Int determines both the acquisition of new conditioned 

pathway s an d th e retentio n o f  previousl y learne d pathways ,  the n th e F .  In t  must ,  durin g 

th e presentatio n o f  a  "predicted "  U S ,  hav e a  differentia l  effec t  o n th e C S # 1 an d th e C S 

# 2 fo r  i t  t o sensitiz e th e C S # 1 sufficientl y t o retai n th e previousl y learne d associatio n 

but  no t  sensitiz e th e C S # 2 enoug h t o acquir e thi s ne w association .  Th e curren t  formula -

tio n o f  th e blockin g mechanis m i s no t  sufficientl y detaile d t o giv e ris e t o thes e behaviors . 

Thi s i s no t  t o say ,  however ,  tha t  th e curren t  circui t  coul d no t  generat e blocking .  Rather , 

th e interactio n betwee n th e mechanism s fo r  blockin g an d habituatio n i s mor e subtl e tha n 

previousl y realized .  Th e parado x exist s no t  s o muc h i n th e circuit ,  bu t  i n th e curren t  leve l 

of  detai l  a t  whic h th e circuit' s  mechanism s ar e specified ,  a t  leas t  i n ou r  simulation . 

The locus of the paradox lies in the fact that no special mechanism for the decay 

of  a  learne d respons e i s proposed .  Instead ,  followin g th e Grove s an d Thompso n model , 

deca y o f  learne d response s durin g C S alon e trial s i s controlle d b y th e backgroun d 

phenomen a o f  habituation .  Previou s theoretica l  models,  suc h a s Sutto n an d Bart o (1981) , 

hav e misse d thi s parado x because—followin g Rescorl a an d Wagne r  (1972)~the y propos e a n 

activ e proces s whic h extinguishe s th e learne d associatio n durin g C S alon e trials . 

Possible Solutions 

A resolution of this paradox will involve specifying mechanisms of pairing specific 

sensitizitizatio n whic h robustl y predic t  th e blockin g o f  th e C S # 2 an d ye t  a t  th e sam e 

time ,  retai n th e C S # 1 association .  W e conside r  her e tw o alternatives :  th e first  involve s 

modelin g th e curren t  circui t  anatom y a t  a  mor e detaile d level ,  an d th e secon d involve s 

postulatin g additiona l  circuitr y describe d a t  th e curren t  leve l  o f  detail .  W e emphasiz e 

tha t  thes e extension s ar e no t  prediction s fo r  th e Aplysi a circuit ,  rathe r  the y ar e a n 

attemp t  t o understan d th e limitation s o f  th e curren t  circui t  b y explorin g wha t  extension s 

t o th e circui t  might ,  i n theory ,  produc e blocking . 
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I f  bot h retentio n an d acquisitio n ar e governe d b y th e sam e Interneuron—a s Haw -

kin s an d Kande l  suggest—the n th e activit y o f  th e F .  Int ,  durin g th e presentatio n o f  a 

"predicted "  U S ,  mus t  b e sufficien t  t o retai n th e C S # 1 association ,  bu t  insufficien t  t o 

acquir e th e C S # 2 association .  A  learnin g mechanis m whic h require d a  stronge r  puls e t o 

acquir e a n associatio n tha n t o retai n a n associatio n coul d perhap s giv e ris e t o th e desire d 

circui t  behavior .  A n implementatio n o f  thi s mechanis m produce d successfuli ,  bu t  weak , 

blocking . 

An alternate method for differentiating between retention and acquisition is to 

posi t  differen t  neura l  mechanism s governin g retentio n an d acquistion .  Conside r  th e addi -

tio n t o th e circui t  o f  a  secon d interneuro n whic h doe s no t  g o int o a  refractor y perio d (i.e . 

mimic s th e M N )  an d whic h sensitize s proportiona l  t o th e curren t  learne d association .  Thi s 

interneuro n woul d counterac t  th e effec t  o f  th e habituatio n o f  a n alread y learne d associa -

tio n bu t  woul d woul d hav e n o effec t  o n a n unlearne d association .  W e implemente d thi s 

possibilit y  an d th e resultin g circui t  exhibite d a  stron g blockin g effect . 

CONCLUSIONS 

Owr computational model of the basic neural circuit of the Aplyaia, as proposed by 

Kande l  an d colleagues ,  i s sufficien t  t o produc e basi c associativ e learnin g phenomena , 

namel y acquisition ,  extinction ,  differentia l  conditioning ,  an d second-orde r  conditioning . 

Ther e are ,  however ,  problem s wit h th e computationa l  circui t  i n accountin g fo r  blocking . 

Th e mechanism s propose d fo r  blockin g ar e no t  sufficientl y detaile d t o explai n bot h block -

in g an d th e habituatio n (extinction )  o f  learne d responses . 

Our analysis illustrates the complexities that arise in trying to understand a simple 

circui t  involvin g onl y fou r  neuron s tha t  generate s phenomen a o f  associativ e learning .  Ou r 

result s illustrat e th e nee d fo r  computationall y implemente d quantitativ e theorie s o f  neu -

rona l  circui t  function .  I f  th e functionin g o f  eve n thi s simpl e circui t  i s  no t  eviden t  a t  a 

logical-qualitativ e leve l  o f  analysis ,  the n th e mor e comple x circuit s tha t  code ,  stor e an d 

retriev e memorie s i n th e mammilia n brai n wil l  certainl y requir e quantitativ e modeling . 
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Abstract 

Although networks of neuron-like computing elements can be constructed to implement Mf function or 

operatio n on e desires ,  i t  i s a  highl y nontrivia l  proble m t o devis e algorithm s tha t  penni t  network s t o lear n 

reliabl y an d efficientl y ho w t o realiz e desire d nonlinea r  function s withou t  bein g provide d wit h implementatio n 

details .  I n particular ,  learnin g algorithm s tha t  wor k fo r  singl e layer s o f  adaptiv e element s canno t  b e extende d 

easil y t o multilaye r  o r  recurrentl y connecte d network s wher e structura l  change s mus t  b e produced .  W e 

describ e a n approac h t o thi s proble m whic h use s stochuti c searc h a s doe s th e Boltzman n learnin g procedur e 

(Ackley ,  Hinton ,  an d Sejnowski ,  19S5) ,  bu t  whic h i s otherwis e quit e differen t  fro m tha t  method .  W e presen t 
severa l  simulation s o f  layere d adaptiv e network s t o illustrat e ou r  method .  I n addition ,  w e briefl y revie w a 

variet y o f  previou s approache s t o thi s genera l  proble m i n orde r  t o plac e thes e variou s method s i n perspectiv e 

and t o sugges t  a  rang e o f  alternative s wit h whic h th e performanc e o f  nove l  method s shoul d b e compared . 

INTRODUCTION 

One goal of connectionist modelling as pursued by researchers in Cognitive Science and Artificial Intelli-

genc e i s t o bridg e th e ga p betwee n th e behavio r  o f  network s o f  neuron-lik e computin g element s an d comple x 

form s o f  behavio r  tha t  appea r  a t  highe r  level s (Hinto n an d Anderson ,  1981 ;  Feldman ,  1985) .  Learnin g i s 
likel y t o pla y a n importan t  rol e i n thi s researc h sinc e i t  m a y b e necessar y i n orde r  t o tak e advantag e o f 

th e representationa l  potentia l  o f  connectionis t  network s (Hinton ,  1984) ,  an d sinc e thes e network s contai n 
obviou s parameter s tha t  ca n b e adjuste d throug h experience—th e connectio n weights .  However ,  althoug h 

network s o f  neuron-lik e computin g element s ca n b e constructe d t o implemen t  an y functio n o r  operatio n on e 

desires ,  i t  i s  a  highl y nontrivia l  proble m t o devis e algorithm s tha t  permi t  network s t o lear n reliabl y an d 
efficientl y ho w t o realiz e desire d nonlinea r  function s withou t  bein g provide d wit h implementatio n details . 
I n particular ,  learnin g algorithm s tha t  wor k fo r  singl e layer s o f  adaptiv e element s canno t  b e extende d easil y 
t o multilaye r  o r  recurrentl y connecte d networks . 

A significan t  advanc e i n thi s are a i s th e Boltzman n learnin g procedur e recentl y describe d b y Hinto n 
and Sejnowsk i  (1983 )  an d Ackley ,  Hinton ,  an d Sejnowsk i  (1985 )  tha t  b  base d o n th e analog y betwee n 

thermodynami c system s an d network s o f  neuron-lik e element s pointe d ou t  b y Hopfiel d (1982) .  I n th b pape r 

we describ e a n approac h t o thi s proble m whic h use s stochasti c searc h a s doe s th e Boltzman n procedure , 

but  whic h i s otherwis e quit e differen t  fro m tha t  method .  W e presen t  severa l  simulation s o f  layere d adaptiv e 
network s t o illustrat e ou r  method .  I n addition ,  w e briefl y revie w a  variet y o f  previou s approache s t o thi s 
genera l  proble m i n orde r  t o plac e thes e variou s method s i n perspectiv e an d t o sugges t  a  rang e o f  alternative s 

wit h whic h th e performanc e o f  nove l  method s shoul d b e compared .  Mos t  o f  thes e studie s ar e quit e old ,  bu t 
we thin k the y ar e relevan t  give n th e renewe d interes t  i n network s o f  th b kind . 

1. PARAMETRIC VERSUS STRUCTURAL LEARNING 

One of the problems with learning systems using the single-layer learning procedures b that learning 

proceed s u p t o a  certai n poin t  an d the n stops .  W h e n th e parameter s tha t  ar e adjuste d b y th e learnin g 

algorithm—i n a  network ,  usuall y th e connectio n weights—reac h opt imu m values ,  th e degree s o f  freedo m o f 
th e syste m ar e exhauste d eve n thoug h th e proble m facin g th e syste m m a y b e fa r  fro m solved .  Somehow , 

th b parametri c learnin g shoul d b e augmente d wit h itruettra l  learnin g b y whic h th e role s o f  th e parameter s 

'Thi s researc h wa s supporte d b y th e Ai r  Forc e Offic e o f  Scientifi c  Researc h an d th e Avionic s Laborator y (Ai r  Forc e 
Wrigh t  Aeronautica l  Laboratories )  throug h contrac t  F33615-83-O-1078 .  W e than k Ric h Sutton ,  P .  Anandan ,  Joh n 
Moore ,  an d Harr y Klop f  fo r  thei r  theoretica l  contribution s an d helpfu l  discussions . 
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i n detenninin K behavior ,  an d no t  jus t  thei r  values ,  ar e altere d b y th e leamint ;  process .  Sinc e on e ca n alway s 

regar d structure s a s bein g parameterized ,  s o tha t  adjustin g structure s amount s t o adjustin g mor e parameters , 

thi s dutinctio n i s no t  completel y straightforward .  However ,  wha t  w e mea n b y structura l  learnin g generall y 

involve s a  spac e o f  parameter s tha t  i s  s o large ,  an d a  performanc e evaluatio n surfac e tha t  b  s o complex ,  tha t 

th e usua l  algorithm s fo r  parametri c adaptatio n d o no t  work .  Structura l  learnin g i s intimatel y relate d t o th e 

proble m o f  adaptivel y developin g ne w representations ,  fo r  example ,  b y th e creatio n o f  '̂ ne w terms, "  sinc e i t 

i s  th e representatio n tha t  determine s th e role ? o f  th e parameters . 

One ca n vie w th e adjustmen t  o f  a  connectio n weigh t  i n a  comple x networ k a s a  structura l  adjustmen t  sinc e 

i t  affect s th e role s o f  othe r  weight s i n generatin g networ k behavior .  A  comple x networ k wil l  hav e ver y m a n y 

adjustabl e weights ,  an d th e relationshi p betwee n change s i n a  weigh t  an d change s i n networ k performanc e 

(i.e. ,  th e gradien t  o f  th e networ k performanc e inde x wit h respec t  t o th e weight )  wil l  b e complicate d b y 

nonlinea r  dependencie s o n th e weight s o f  othe r  elements—dependencie s tha t  d o no t  mak e themselve s know n 
throug h informatio n loetU y availabl e t o th e connectio n i n question .  Additionally ,  eve n i f  thi s gradien t  coul d 

be determine d locally ,  followin g i t  ca n lea d t o networ k performanc e tha t  i s onl y locaU y optimal .  Globa l 

searche s tha t  d o no t  suffe r  fro m th u deficienc y m a y b e to o slo w fo r  th e larg e searc h space s tha t  aris e i n 

structura l  learning . 

2. LAYERED AND RECURRENT NETWORKS 

Our work to date has been restricted to the study of layered networks that do not have recurrently 

connecte d elements .  Th e Boltsman n learnin g method ,  o n th e othe r  hand ,  i s restricte d t o symmetricall y 

connected ,  henc e totall y recurrent ,  networks .  I n layere d network s th e entir e stag e correspondin g t o th e 

runnin g o f  a  Boltzman n networ k o r  Harmon y syste m (Smolensky ,  1983 )  t o "therma l  equilibrium "  usin g 

simulate d annealin g appear s i n a  degenerat e form :  i t  i s  jus t  th e proces s o f  evaluatin g th e input/outpu t 
functio n realize d b y th e network ,  an d n o iterativ e relaxatio n procedur e i s required .  Hence ,  layere d network s 

do no t  solv e nontrivia l  constrain t  satisfactio n problems .  O n th e othe r  hand ,  onc e a  layere d networ k ha s 
learned ,  it s performanc e i n computin g thi s functio n i s essentiall y  instantaneous . 

We hav e restricte d attentio n t o layere d network s becaus e i t  seeme d t o u s tha t  obtainin g structura l  learnin g 

i n thi s cas e woul d b e easie r  than ,  an d a  prerequisit e for ,  obtainin g i t  i n th e recurren t  case .  Boltzman n learnin g 

shows tha t  thi s u  no t  true ,  bu t  th e principl e employe d ther e doe s no t  appea r  t o exten d t o asymmetri c 

networks .  W e hav e no t  ye t  decide d o n th e bes t  wa y t o exten d ou r  approac h t o th e recurren t  case ,  bu t  w e 
do no t  thin k i t  i s  inherentl y limite d t o nonrecurren t  networks .  Futur e researc h wil l  concer n th e cas e o f 
recurren t  bu t  asymmetri c networks .  W e hav e als o bee n influence d b y th e extensiv e histor y o f  attempt s t o 

exten d single-laye r  learnin g result s t o nonrecurren t  network s havin g multipl e layers ,  an d w e briefl y revie w 

some o f  thes e studie s i n orde r  t o plac e ou r  approac h i n it s prope r  context . 

S. REVIEW OF LAYERED NETWORK STUDIES 

Assume that a multilayered network has been designed by deflning the output of each element as a 

parameterize d functio n o f  it s  input ,  an d b y specifyin g th e interconnection s amon g th e elements .  Wha t 

value s shoul d b e assigne d t o th e parameter s o f  th e networ k i n orde r  t o implemen t  som e desire d input/outpu t 

function ? Th e mos t  straightforwar d approac h b  t o directl y searc h th e spac e o f  th e network' s parameter s 

fo r  thos e value s tha t  maximiz e som e measur e o f  th e network' s overal l  performance .  B y a  direc t  searc h 

we mea n on e i n whic h successiv e set s o f  paramete r  value s (i.e. ,  weights )  ar e evaluate d b y seein g ho w th e 
networ k perform s wit h thos e value s i n it s require d task .  Relevan t  gradien t  informatio n b  no t  obtaine d 
locall y b y th e adaptiv e elements ,  an d a  centralize d searc h contro l  m e c h a n b m b  required .  Gibtra p (1971) , 

w ho ha s pursue d th b direct-searc h approach ,  use d guide d rando m searc h method s tha t  ca n b e effectiv e 

unde r  condition s encountere d wit h multilayere d networks .  Whateve r  th e searc h metho d used ,  however , 
directl y searchin g a  spac e o f  dimensio n equa l  t o th e numbe r  o f  weight s i n a n entir e networ k b  a n extremel y 

time-consumin g proces s fo r  al l  bu t  th e simples t  cases . 

Most  result s fro m earl y adaptiv e networ k researc h concer n layere d network s i n whic h onl y th e element s 
of  th e flnal  (output )  laye r  adapt .  Example s o f  suc h network s ar e th e Perceptron  o f  Rosenblat t  (1962)  an d 

network s o f  "adalines "  (adaptiv e /mea r  dements )  studie d b y Widro w (1962) .  I n thes e case s th e learnin g 

algorithm s ar e variant s o f  th e no w well-know n error-correctio n procedure s tha t  adjus t  weight s base d o n th e 
discrepanc y betwee n a  unit' s  respons e an d it s desire d respons e supplie d b y som e agenc y i n th e network' s 
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envirouneD t  ( a 'ieacher^) .  Ther e ar e obrion s di£9caltie s i n extendin g thes e error-correctio n techniqae s t o 

layere d networks .  Ad^ t i n f  th e term s o f  Hinto n an d Sejnowsk i  (1983) ,  le t  n s distinguis h a  network' s v m h U 

dement i  fro m it s hUie u dementi .  Vuibl e element s ar e thos e whos e actirit y  i s directl y availabl e t o th e 

network' s environmen t  an d tha t  ar e require d t o assum e certai n value s fo r  variou s inpu t  pattern s provide d 

t o th e network .  Hidde n element s ar e thos e whos e activit y u  no t  directl y visibl e an d tha t  ar e someho w t o 
provid e a n encodin g o f  inpu t  signal s tha t  wil l  allo w th e vuibl e element s t o respon d correctly .  Althoug h i n 

many task s i t  m a y b e possibl e fo r  th e network' s teache r  t o provid e erro r  signal s t o th e networic' s visibl e 

element s (sinc e i t  i s  thes e tha t  defin e th e network' s response) ,  i t  m a y no t  b e possibl e fo r  thi s teache r  t o 

provid e analogou s erto f  signal s t o th e hidde n element s withou t  «  prior i  knowledg e o f  th e implementatio n 

detail s o f  th e desire d input/outpu t  function .  I f  thi s knowledg e wer e available ,  the n th e proble m woul d b e 

quit e differen t  fro m th e one s i n whic h w e ar e interested :  i t  woul d b e mor e o f  a  programmin g proble m tha n 
a learnin g problem . 

Some method s rel y o n th e generatio n o f  ne w element s rathe r  tha n o n th e adjustmen t  o f  th e parameter s o f 

existin g elements .  Method s tha t  generat e ne w element s generall y divid e th e learnin g proces s int o tw o stages . 

I n th e first  stage ,  th e weight s o f  th e first  laye r  (i.e. ,  th e laye r  tha t  directl y receive s th e externa l  inpu t  signals ) 

ar e hel d constan t  whil e on e o f  th e familia r  single-laye r  learnin g algorithm s i s use d b y th e second  layer .  I n th e 

secon d stage ,  th e secon d laye r  i s hel d constan t  whil e ne w element s ar e adde d t o th e first  layer .  Thos e element s 

whose output s ar e no t  significantl y influencin g th e secon d laye r  migh t  b e discarde d t o limi t  th e numbe r  o f 

elements .  Selfridge' s Pandemoniu m provide s a n exampl e o f  thi s two-stag e learnin g proces s (Selfridge ,  1959) , 
wher e ne w element s ar e create d b y "mutate d fission"  an d "conjugation "  o f  existin g elements .  Althoug h i t  i s 
not  describe d i n networ k terms ,  th e classifie r  syste m o f  Hollan d (1980 )  i s probabl y th e mos t  highl y develope d 

exampl e o f  generatin g ne w element s vi a thi s typ e o f  "geneti c recombination "  process .  Uh r  an d Vossle r  (1961 ) 

presente d anothe r  syste m tha t  effectivel y add s ne w element s t o th e first  layer .  Eac h ne w elemen t  i s se t  t o 

respon d t o a  subpatte m o f  th e curren t  inpu t  pattern .  Reilly ,  Cooper ,  an d Elbau m (1982 )  recentl y propose d 
a somewha t  relate d metho d tha t  incorporate s inpu t  pattern s a s "prototypes. " 

Method s fo r  generatin g ne w element s ar e attempt s t o avoi d th e combinatoria l  explosio n tha t  woul d resul t 

fro m havin g a n elemen t  fo r  eac h o f  th e possibl e combination s o f  availabl e signals .  Th e heuristi c employe d 
i s tha t  usefu l  higher-orde r  feature s wil l  ten d t o b e composition s o f  usefu l  lower-orde r  features .  A  techniqu e 
usin g thi s heuristi c m a y b e viewe d a s a  typ e o f  bea m $earc h (se e Bar r  an d Feigenbaum ,  1981) .  Th e searc h b 

conducte d b y formin g al l  pairwis e (fo r  example )  combination s o f  lower-orde r  feature s a t  eac h stage ,  an d the n 
removin g from  consideratio n al l  bu t  a  certai n numbe r  o f  the m befor e formin g th e nex t  stage' s combinations . 
At  eac h stage ,  th e numbe r  o f  feature s remaining  i s th e bea m widt h o f  th e search .  A  bea m searc h b  no t 
guarantee d t o resul t  i n a n optima l  solutio n bu t  ca n b e efficien t  i f  th e bea m b  sufficientl y narrow .  Althoug h 

not  usuall y associate d wit h network s o f  adaptiv e elements ,  bea m searc h ca n obviousl y b e relate d t o layere d 
networks .  Ivanhenko' s (1971 )  Grou p Metho d o f  Dat a Handling ,  fo r  example ,  ca n b e regarde d a s a  metho d 

fo r  constructin g a  layere d networ k usin g a  bea m search . 

Anothe r  approac h b  t o trai n th e first  laye r  o f  a  two-layere d networ k i n bolation ,  independentl y o f  th e 
secon d laye r  an d o f  th e network' s performanc e o n th e require d task .  Suc h open-loo p procedure s ar e referre d 

t o a s dniterin g methods .  Clusterin g method s ar e base d o n th e assumption s tha t  th e system' s inpu t  pattern s 
ten d t o (al l  int o natura l  cluster s du e t o thei r  intrinsi c structure ,  an d tha t  detectin g thes e cluster s b  significan t 
i n som e wa y fo r  th e performanc e o f  th e system .  Block ,  Nibson ,  an d D u d a (1964 )  use d a  clusterin g algorith m 

t o trai n th e first  laye r  o f  a  two-layere d network .  Fukushima' s Cognitro n (1973 )  an d Neocognitro n (1980 )  ar e 
othe r  example s o f  clusterin g algorithm s implemente d a s networks .  I n thes e network s a n elemen t  b  selecte d 
fo r  adjustmen t  i f  it s  outpu t  b  sufficientl y i n exces s o f  th e output s o f  neighborin g elements ,  an d it s weight s 

ar e adjuste d s o a s t o caus e i t  t o b e mor e vigorousl y activate d b y th e curren t  inpu t  pattern .  T h b typ e o f 
learnin g ha s als o bee n dbcusse d b y Grossber g (1976a ,  1976b )  an d Rumelhar t  an d Zipse r  (1985) . 

For  man y type s o f  problems ,  th e nee d b  no t  jus t  t o for m cluster s o f  inpu t  pattern s bu t  t o for m cluster s 

tha t  ar e ttefu l  i n term s o f  th e network' s interactio n wit h it s environment .  I n orde r  t o accomplb h thb , 

th e initia l  layer s mus t  us e th e informatio n containe d i n a n erro r  o r  evaluatio n signa l  tha t  b  provide d b y 
th e network' s environment .  Th e problem ,  a s dbcusse d above ,  b  tha t  th b erro r  o r  evaluatio n b  directl y a 

functio n onl y o f  th e network' s vbibl e elements .  Someho w th b informatio n mus t  b e use d t o tun e th e hidde n 
elements .  Rosenblat t  (1962 )  reporte d experiment s wit h a  stochasti c back-propagatio n schem e fo r  generatin g 
erro r  signa b fo r  interio r  elements ,  bu t  th e simples t  wa y o f  doin g th b b  t o adjus t  a  randoml y chose n elemen t 

when a n erro r  b  mad e b y a n outpu t  element .  T h b approac h wa s analyze d b y Alde r  (1975 )  w h o prove d a n 

extensio n o f  th e Ferceptro n Convergenc e Theore m fo r  layere d networks .  A s h e pointe d out ,  however ,  th e 
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algorith m wa s "les s tha n efficient. " 

Anothe r  metho d fo r  selectin g element s t o adjus t  i s  t o selec t  thos e element s tha t  woul d requir e th e leas t 

amount  o f  chang e t o correc t  th e network' s error .  Widro w use d th b metho d i n network s consbtin g o f  tw o 

layer s o f  adaline s (1962) .  T h u algorith m an d simila r  one s (e.g. ,  Stafford ,  1963 )  requir e a  rathe r  sophisticate d 

agen t  t o conduc t  th e trainin g o f  th e interio r  elements .  I n som e cases ,  th e sophisticatio n require d b y thi s agen t 

ca n b e reduce d i f  th e networ k structur e i s sufficientl y constrained .  Widrow' s (1962)  stud y o f  '̂ madalines " 

(multipl e adaline$ )  ca n b e interprete d i n thi s way .  Her e th e final  laye r  implement s a  fixed  logica l  function , 

an d onl y th e initia l  laye r  lettm s i n a  manne r  tha t  depend s o n thi s logica l  function .  System s lik e thi s hav e 

bee n calle d "committe e machines. "  Method s simila r  t o th b hav e bee n dbcusse d recentl y b y Reilly ,  Cooper , 

an d Elbau m (1982) ,  mentione d above ,  an d Hampso n an d Kible r  (1982 )  an d see m t o offe r  prombin g way s o f 

usin g network s fo r  nonlinea r  patter n classification . 

Some o f  th e aforementione d method s represen t  attempt s t o exten d error-correctio n method s t o al l  ele -

ment s o f  th e network ,  fo r  example ,  b y restrictin g networ k operatio n s o tha t  desire d response s fo r  interio r 

element s migh t  b e deduced .  Anothe r  approac h b  t o us e element s tha t  d o no t  requir e desire d response s o r 

erro r  signa b bu t  tha t  implemen t  reinforcement-learnin g algorithms .  Suc h element s ar e capabl e o f  improvin g 

performanc e wit h respec t  t o a n evaluatio n signa l  tha t  assesse s th e collectiv e activit y o f  th e networ k com -

ponents .  T h b metho d differ s from  wha t  w e calle d direc t  searc h sinc e activit y pattern s rathe r  tha n weigh t 

setting s ar e directl y evaluate d an d th e element s locall y estimat e th e relevan t  gradien t  information .  Ou r 

o wn approac h an d tha t  suggeste d b y Klop f  (1972 ,  1982 )  fal l  int o th b category ,  an d w e kno w o f  onl y a 
fe w earlie r  studie s tha t  ar e similar .  I n h b Ph.D .  thesb ,  Minsk y (1954 )  describe d th e S N A R C (Stochasti c 

Neural-Analo g Reinforcemen t  Calculator )  whic h h e constructe d i n 1951 .  I t  use d component s implementin g 

a simpl e stochasti c reinforcement-learnin g procedure .  Farle y an d Clar k (1954)  experimente d wit h stochasti c 

adaptiv e element s tha t  ar e simila r  i n principl e t o th e adaptiv e element s w e hav e developed .  I n simulatio n 

experiments ,  recurrentl y connecte d network s o f  thes e element s wer e abl e t o solv e som e simpl e dbcriminatio n 

tasks .  Widrow ,  Gupta ,  an d Maitr a (1973)  presente d a n extensio n o f  th e adalin e algorith m t o allo w i t  t o d o 

a for m o f  reinforcemen t  learnin g whic h the y calle d "selectiv e bootstra p adaptation. "  The y remarke d tha t 

th b extensio n m a y permi t  th e element s t o lear n a s component s o f  layere d networks .  W e no w describ e th e 

reinforcement-learnin g approac h i n mor e detail . 

4. LAYERED NETWORKS OF REINFORCEMENT LEARNING 
E L E M E N TS 

Consider an adaptive network operating in an environment that can evaluate the behavior of the network, 

tha t  b ,  o f  th e collectiv e behavio r  o f  th e network' s elements ,  bu t  canno t  specif y th e desire d behavio r  o f  eac h 
individna l  component. ^  Suppos e tha t  th e environmen t  evaluate s eac h o f  th e network' s over t  action s b y 

generatin g a  reinforcemen t  signa l  tha t  b  mad e availabl e eac h elemen t  o f  th e network. '  I f  w e vie w th e 

proble m fro m th e perspectiv e o f  a n individua l  elemen t  embedde d i n th e interio r  o f  th b network ,  w e ca n 

gai n som e understandin g o f  th e typ e o f  learnin g capabilit y  suc h a n elemen t  migh t  hav e t o possess .  Eve n i f 

th e environmen t  determinbticall y evaluate s th e network' s actions ,  th e relationshi p betwee n th b element' s 

action s an d th e evaluatio n signa l  wil l  no t  b e determinbti c becaus e i t  als o depend s o n th e behavio r  o f  othe r 

elements .  I n additio n t o thb ,  th e contingencie s face d b y th e elemen t  wil l  var y wit h tim e a s th e othe r  element s 

adapt .  Thus ,  eve n i f  th e overal l  tas k face d b y th e networ k involve s onl y fixed  determinbti c contingencies , 
th e tas k face d b y a n individua l  elemen t  wil l  involv e nonstationar y rando m contingencies . 

I f  a U th e element s i n th e networ k ar e abl e t o improv e thei r  individua l  leve b o f  performanc e unde r  thes e 

conditions ,  the n th e collectio n wil l  ab o ten d t o improv e it s performance .  T h b typ e o f  proces s involve s 

cooperativ e behavio r  mor e closel y relate d t o tha t  discusse d i n gam e theor y an d economic s tha n i t  b  t o th e 

cooperativ e phenomen a o f  physic s t o whic h Boltzman n learnin g b  related .  On e ca n regar d th e element s a s 

self-intereste d agent s an d a  networ k a s a  "team. "  T h b perspectiv e o n connectionb t  learnin g b  du e t o Klop f 

•B y a n agenc y i n a  network' s environment ,  w e d o no t  necessaril y  mea n a n agenc y ontsid e o f  th e devic e i n whic h th e 
networ k resides ;  thi s agenc y ma y b e anothe r  componen t  o f  th e overal l  learnin g system ,  suc h a s a  modnl e specialize d 
fo r  deliveria g reinforcemen t  t o othe r  modules . 

*I n th e researc h reporte d here ,  w e hav e no t  focnsse d o n problem s create d b y delaye d evaluation .  W e hav e extensivel y 
•tvdie d thes e problem s an d resnh s ar e reporte d elsewher e (Barto ,  Sntton ,  an d Anderson ,  19S3 ;  Sntton ,  1984) . 
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(1972,1982) ,  whos e theor y o f  th e "hedonisti c nenros "  sagfnt s tha t  niui y aspect s o f  leaniias ,  memory ,  an d 

intelligenc e m a y aris e from  thi s typ e o f  cooperativity . 

6. THE An-P LEARNING RULE 

Together with R. Satton, we have studied several types of adaptive elements capable of reinforcement 

learnin g (Anderson ,  1982 ;  Bart o an d Sntton ,  1981 ;  Barto ,  Satton ,  an d Anderson ,  1983 ;  Satton ,  1984) ,  ba t 

th e on e ase d i n th e simulation s describe d her e wa s develope d b y Bart o an d Ananda n (i n press )  w h o calle d it s 

learnin g algorith m th e Mtoeiaiiv e rewiri-pentUy ,  o r  A r - p ,  tlgorith m an d prove d a  convergenc e theorem . 

Detail s o f  thi s learnin g algorith m ar e provide d i n th e appendix .  Her e ther e b  onl y spac e t o poin t  ou t  th e 

following .  A n elemen t  implementin g th u algorith m i s a  linea r  threshol d devic e wit h a  randoml y varyin g 

threshold .  W e us e th e logisti c distributio n functio n s o tha t  a n elemen t  fires  wit h probabilit y  1/( 1 +  e'*!"^) , 

wher e «  i s th e tota l  stimulu s strength .  Thus ,  th e input/outpu t  behavio r  o f  th e elemen t  i s identica l  t o 

tha t  o f  th e element s use d i n Boltzman n learning ,  wher e T  i s th e "computationa l  temperature. "  Non e o f 

our  results ,  however ,  requir e th e us e o f  thi s specifi c  distributio n function .  Afte r  eac h action ,  th e elemen t 

receive s a  reinforcemen t  signa l  takin g value s + 1 an d - 1 t o respectivel y indicat e "reward "  an d "penalty. "  B y 

updating  it s weight s a t  eac h ste p (se e th e appendix )  th e elemen t  i s abl e t o improv e it s performanc e whe n it s 

environmen t  provide s stimulu s pattern s an d reinforcemen t  feedbac k accordin g t o th e followin g probabilisti c 
scheme.  A t  eac h ste p th e environmen t  present s th e elemen t  wit h a n inpu t  patter n x  &  X  C  ^ ^  (wher e 

S denote s th e rea l  numbers) .  Fo r  eac h patter n z  m X  an d eac h o f  th e element' s actions ,  y  =  0  o r  1 ,  th e 
environmen t  return s "reward "  wit h probabilit y  d(x,y )  whe n th e elemen t  emit s actio n y  i n th e presenc e 

of  inpu t  patter n z .  I t  deliver s "penalty "  wit h probabilit y  1  -  d(z,y) .  Th e elemen t  woul d maximiz e it s 

probabilit y  o f  receivin g rewar d i f  i t  responde d t o eac h z  i n X  wit h th e actio n y  fo r  whic h d[z ,  y )  i s  largest . 
Learnin g 'task s lik e thi s on e ar e relate d t o instrumental ,  o r  cue d operant ,  task s use d b y anima l  learnin g 

theorist s (wher e a n inpu t  patter n x  correspond s t o a  discriminativ e stimulus )  an d t o "two-arme d bandit " 

task s studie d b y mathematician s an d engineer s (e.g. .  Cove r  an d Hellman ,  1970 ;  Narendr a an d Thathachar , 

1974 ) 
Sinc e i t  nee d no t  b e tru e tha t  d[x ,  1 )  +  </(x,0 )  =  1 ,  fo r  a  give n inpu t  patter n x  i t  migh t  b e tru e tha t  n o 

matte r  wha t  actio n th e uni t  produces ,  i t  usuall y receive s rewar d (i.e. ,  d(x ,  1 )  >  . 5 m d d(z,G )  >  .5) ;  o r  i t 
migh t  b e tru e tha t  n o matte r  wha t  actio n th e elemen t  produces ,  i t  usuall y receive s penalt y (i.e. ,  d(x ,  1 )  <  . 5 
tn i  d{z ,  0 )  <  .5) .  Give n thes e possibilities ,  th e feedbac k receive d from  producin g on e actio n provide s n o 
informatio n abot t  th e $*itabilit y  o f  th e othe r  action .  Thi s propert y make s thi s tas k significantl y mor e difficul t 
tha n th e task s usuall y solvabl e b y neuron-lik e adaptiv e elements ,  ye t  i t  i s a n unavoidabl e featur e o f  task s face d 

by th e hidde n elements .  Bart o an d Ananda n (i n press )  prov e tha t  th e A n - p algorith m i s asymptoticall y 
optimal '  fo r  arbitrar y probabilisti c  contingencie s i f  th e se t  X  o f  stimulu s pattern s i s linearl y independent . 
Interestingly ,  whe n th e temperatur e T  i s zero ,  th e A r - p algorith m reduce s t o th e Perceptro n algorith m 

modifie d t o accep t  reward/penalt y feedbac k instea d o f  trainin g informatio n i n th e for m o f  desire d responses . 

So restricted ,  however ,  optima l  performanc e i s obtainabl e onl y fo r  deterministi c environment s (d{z ,  y )  =  0 
or  1 ,  fo r  al l  z  an d y) ,  an d suc h element s ar e no t  abl e t o lear n reliabl y whe n embedde d i n network s whe n a 

reinforcement-learnin g paradig m i s used . 

6. A MINIMAL CASE OF COOPERATIVE LEARNING 

Fig. 1 shows a network of two Ar-p elements, ei and e^. Only ei receives input patterns from the 
environment ,  an d onl y th e actio n o f  e ^  i s availabl e t o th e environmen t  (e i  i s  hidden ;  e ^  i s visible) .  Suppos e 

th e network' s output ,  th e outpu t  o f  e^ ,  affect s th e probabilit y  o f  rewar d fo r  bot h element s i n a  manne r  tha t 

depend s o n th e stimulu s patter n presente d t o ci .  I f  ther e wer e n o mean s fo r  c i  t o communicat e wit h ej , 
th e element s woul d b e capabl e o f  achievin g onl y limite d rewar d frequencies.  Th e actio n o f  e ^  infiuence s th e 

reinforcemen t  receive d b y bot h elements ,  bu t  i n th e absenc e o f  a  communicatio n link ,  e ^  remain s blin d t o 

th e discriminativ e stimulu s z .  O n th e othe r  hand ,  i n th e absenc e o f  a  communicatio n link ,  C i  ca n sens e th e 
discriminativ e stimulu s bu t  canno t  infiuenc e th e network' s actions .  Th e complementar y specialtie s o f  th e 
tw o element s hav e t o b e combine d i n orde r  fo r  eac h t o attai n optima l  performance .  I f  th e weigh t  connectin g 

*Mor e precisely ,  i t  b  e-optima l  fo r  eac h z  €  X ,  t o as e th e terminolog y o f  learnin g automat a theor y (se e Narendr a 
and Thathachar ,  1974) . 
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ei to cj can be adjasted properly, the network can respond correctly. However, the correct value of the 

interconnectin g weigh t  depend s o n ho w Ci  ha s learne d t o respon d t o z .  Conversely ,  th e correc t  behavio r  o f 

ei  depend s o n th e valu e o f  th e interconnectin g weight .  Thu s th e tw o element s mus t  adap t  simultaneousl y i n 

a tightly-couple d cooperativ e fashion . 

To b e mor e specific ,  w e se t  u p th e simulatio n i n th e followin g way .  A  trainin g ste p consbt s o f  presentin g a 

randoml y chose n inpu t  signa l  t o th e network ,  computin g th e network' s output ,  determinin g th e reinforcemen t 

signal ,  an d the n updatin g th e weights. ^  Th e stimulu s signals ,  x  =  0  an d z  =  1 ,  ar e equall y likel y t o occu r  a t 

eac h step ,  an d th e succes s probabilitie s implemente d b y th e network' s environmen t  ar e give n b y th e followin g 

table : 

X 

0 

1 

d(x,0 )  d(x,l ) 

. 9 . 1 

. 1 . 9 

Thu s i t  i s  optima l  fo r  th e networ k a s a  whol e t o respon d t o z  =  0  wit h visibl e actio n 0  t o obtai n rewar d 

wit h probabilit y  .9 ,  an d t o respon d t o z  =  1  wit h actio n 1  t o obtai n rewar d wit h probabilit y  .9 ,  yieldin g a n 

overal l  rewar d probabilit y  o f  .9 .  I f  th e discriminatio n i s no t  m a d e s o tha t  th e networ k respond s identicall y 

t o al l  inpu t  patterns ,  th e overal l  succes s probabilit y  i s  (. 9 •+ •  .l)/ 2 =  .5 .  Sinc e eac h elemen t  ab o adaptivel y 

adjust s it s threshol d (mor e precisely ,  th e m e a n valu e o f  it s  threshol d b y a4justin g a  "threshol d weight") , 

ther e ar e tw o way s th e networ k ca n solv e thi s problem—bot h element s ca n implemen t  th e identit y m a p ,  o r 

bot h ca n inver t  thei r  inpu t  signal—an d ther e ar e m a n y way s i t  ca n tail . 

Fig .  2 a an d 2 b sho w th e behavio r  o f  th e networ k fo r  a  typica l  sequenc e o f  SOO trainin g step s wit h A  =  .0 4 

and p  =  1. 5 (se e th e appendix) .  Fig .  2 a show s th e evolutio n o f  th e behavio r  o f  e i  i n term s o f  tw o graphs .  Th e 
first  show s th e conditiona l  probabilit y  tha t  e i  fires  (y *  =  1 )  give n tha t  it s inpu t  b  0 ,  an d th e secon d show s 

th e sam e thin g fo r  inpu t  1 .  Bot h o f  thes e probabilitie s star t  a t  . 5 sinc e th e weight s ar e initiall y  zero .  Fig .  2 b 

shows th e evolutio n o f  th e mappin g implemente d b y e i  an d c j  actin g togethe r  b y showin g th e probabilit y 
tha t  c t  fires  {y '  =  1 )  fo r  th e differen t  value s o f  th e networ k inpu t  z .  Fig .  2 c show s th e evolutio n o f  th e 

overal l  rewar d probability .  Fig .  2 d i s a  histogra m o f  th e numbe r  o f  step s require d t o reac h a  criterio n o f  9 8 % 

of  optima l  performanc e fo r  eac h o f  10 0 sequence s o f  trials .  I n al l  o f  th e sequence s th e networ k reache d thi s 

criterio n befor e 1,S0 0 steps .  I n abou t  hal f  o f  th e sequence s bot h element s learne d t o implemen t  th e identit y 

m a p,  an d i n th e othe r  half ,  bot h becam e inverters . 
A serie s o f  tw o element s i n a  discriminatio n tas k provide s on e o f  th e simples t  example s w e coul d devis e 

t o demonstrat e cooperativ e reinforcemen t  learning .  W e interpre t  th e resul t  a s illustratin g cooperativit y i n 

th e litera l  game-theoreti c sense ,  wit h th e interconnectin g lin k representin g a  "bindin g agreement "  b y whic h 

th e element s for m a  coalitio n fo r  mutua l  benefit . 

*Not e tha t  i n contras t  t o Boltzmui n learning ,  th e weight s ar e npdate d afte r  th e eac h presentatio n o f  a  singl e inpn t 
pattern . 
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7. A NONLINEAR TASK 

In the task just described, cooperative learning is required only because the network lacks a direct pathway 

from  inpu t  t o output .  Th e tas k itsel f  i s  easil y withi n th e capabilitie s o f  a  singl e element .  Her e w e dbcus s 

a tas k tha t  canno t  b e solve d b y a  singl e linea r  threshol d element ,  o r  an y single-laye r  networ k o f  them .  Th e 

networ k show n i n Fig .  3  ha s si x inpu t  component s an d a  singl e principa l  outpu t  (fro m elemen t  5) .  Ther e ar e 
39 weight s t o adjust ,  on e associate d wit h eac h o f  th e pathwa y intersection s an d on e threshol d weigh t  fo r  eac h 

element .  Th e rewar d contingencie s implemente d b y th e network' s environmen t  forc e th e networ k t o lear n 

t o realiz e a  multiplexe r  circui t  i n orde r  t o obtai n optima l  performance .  A  multiplexe r  b  a  devic e wit h n 

addres s input s an d 2 "  dat a input s (her e n  =  2) .  Give n a  patter n ove r  th e addres s pathways ,  i.e. ,  a n address , 

a multiplexer' s outpu t  i s  equa l  t o whateve r  signa l  ( 0 o r  1 )  appear s o n th e dat a lin e associate d wit h tha t 

address .  I t  therefor e route s signal s fro m differen t  inpu t  pathway s t o a  singl e outpu t  pathwa y dependin g o n 
th e "context "  provide d b y th e patter n ove r  th e addres s pathways .  Fo r  eac h o f  th e 6 4 possibl e inpu t  patterns , 
we rewarde d eac h elemen t  o f  th e networ k wit h probabilit y 1  i f  th e visibl e elemen t  (numbe r  5 )  produce d th e 

correc t  output ,  an d w e penalize d eac h elemen t  wit h probabilit y 1  otherwise .  Th e inpu t  pattern s wer e chose n 

randoml y fo r  presentatio n t o th e net .  A U o f  th e element s implemen t  th e A r - p algorith m wit h T  =  . 5 
excep t  fo r  th e vbibl e elemen t  (numbe r  5 )  whic h use s 7  =  0  (an d therefor e essentiall y  use s th e Perceptro n 

algorithm) . 

Thi s i s a  highl y nonlinea r  tas k sinc e th e natura l  generalization s ove r  th e se t  o f  inpu t  pattern s ten d t o 

be wron g wit h respec t  t o th e require d action s o f  th e network .  Consequently ,  i t  doe s no t  sho w th e strength s 

of  distribute d representation s (se e Hinton ,  1984) ,  bu t  i t  represent s a  rathe r  stringen t  tes t  o f  th e learnin g 

method .  Th e hidde n element s (element s 1-4 )  ar e necessar y i n orde r  t o creat e ne w feature s t o permi t  th e 

vbibl e elemen t  t o respon d correctly .  Fig .  4  b  a  hbtogra m o f  th e numbe r  o f  step s require d fo r  th e networ k t o 

respon d 9 9 % correctl y fo r  1,00 0 consecutiv e step s fo r  eac h o f  3 0 sequence s o f  tria b wit h p  =  1  an d A  =  .0 1 

(se e th e appendix) .  Th e averag e numbe r  o f  step s require d wa s 133,149 ,  o r  abou t  2,08 0 presentation s o f  eac h 

stimulu s pattern .  I n ever y sequenc e th e networ k reache d th e criterio n befor e 350,00 0 steps . 

8. DISCUSSION 

The multiplexer simulation suggests that layered networks of Ar-p elements are able to learn to im-

plemen t  associativ e mapping s tha t  ar e beyon d th e capabilitie s o f  individua l  elements .  Mor e importantly , 

the y ar e abl e t o d o th b whe n bein g directe d b y evaluativ e feedbac k tha t  b  base d o n knowledg e o f  "what " 
th e networ k a s a  whol e shoul d accomplb h bu t  n o knowledg e o f  "how "  th e networ k shoul d accomplb h it . 

Althoug h w e hav e no t  ye t  prove d convergenc e fo r  network s o f  A r - p elements ,  al l  o f  ou r  simulation s sugges t 
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Figur e 4 t  Simulatio n result s fo r  th e multiplexe r  task .  Se e tex t  fo r  explanation . 

extremely reliable performance. However, these results also sn^^est that, like Boltunann learning, the pro-
ces s m a y tak e a  considerabl e amoun t  o f  time .  I t  b  di£9cul t  t o evaluat e th e learnin g rat e o f  A r - p network s 
withou t  comparin g thei r  performanc e wit h tha t  o f  othe r  learnin g algorithms ,  an d w e ar e currentl y i n th e 

proces s o f  performin g comparativ e simulatio n studie s usm g som e o f  th e algorithm s mentione d i n Sectio n 

3.  A t  presen t  w e onl y kno w tha t  fo r  relativel y smal l  network s th e simples t  direc t  searc h generall y yield s 

almos t  n o improvemen t  i n performanc e b y th e tim e th e A r - p network s ar e performin g nea r  optimally . 

Ther e ar e als o a  numbe r  o f  method s fo r  acceleratin g convergenc e tha t  hav e bee n develope d fo r  conventiona l 

pattern-classificatio n algorithm s wit h whic h w e hav e no t  ye t  experimented . 

Despit e thes e importan t  question s regardin g learnin g rate ,  th e learnin g metho d w e hav e describe d ha s 
a numbe r  o f  attractiv e features .  First ,  th e trainin g procedur e doe s no t  requir e an y elaborat e o r  centralize d 
contro l  structures—i t  u  a  mor e o r  les s "natural' '  consequenc e o f  th e adaptiv e element s interactin g wit h 

one anothe r  unde r  contingencie s tha t  ar e simpl e t o implement .  Second ,  i f  thei r  initia l  architecture s permit , 

network s o f  A r ^ p element s ten d t o lear n th e eas y part s o f  a  proble m quickl y s o tha t  performanc e tend s 
t o remai n relativel y hig h whil e th e har d part s o f  th e proble m ar e bein g learned .  Appropriat e architecture s 

ar e thos e i n whic h hidde n element s ar e no t  strictl y interpose d betwee n layer s bu t  rathe r  for m auxiliar y 

sid e networks .  Thi s i s illustrate d b y th e multiplexe r  networ k i n whic h th e inpu t  pathway s t o th e networ k 
connec t  t o th e visibl e elemen t  a s wel l  a s t o th e hidde n elements .  Finally ,  althoug h i t  i s  no t  illustrate d b y 

th e simulation s describe d here ,  network s o f  A r - p element s ar e abl e t o lear n i n environment s tha t  canno t 
directl y instruc t  eve n th e visibl e element s bu t  ca n onl y evaluat e th e consequence s o f  thei r  activit y o n som e 

othe r  process .  A s ha s bee n suggeste d ebewher e (Barto ,  Sutton ,  an d Brouwer ,  1981) ,  thi s m a y b e importan t 
fo r  sensorimoto r  learnin g task s wher e evaluativ e feedbac k i s a  functio n o f  th e spatia l  resul t  o f  a  network' s 
actions . 

A P P E N D IX 

THE Ar-p algorithm 

Assume that at the start of the t*'^ step, the environment provides an element implementing the Ar-p 

algorith m wit h a  patter n vecto r  x(t )  =  [xi(t),... ,  z„(<) )  o f  rea l  numbers .  Th e elemen t  the n emit s a n actio n 
y(t )  tha t  i s  determine d b y a  rando m thresholdin g process : 

v{t ) 
= { -1 : 

i f  •(< )  +  1,( 0 >  0 ; 
otherwise ; (1 ) 

wher e «(/ )  =  J3"_< ,  Wi(l)xi(t )  i s  th e weighte d su m o f  th e inpu t  signa b an d th e {fj(l), « >  1 }  ar e independent , 
identicall y dbtribute d rando m variable s (w e use d th e logbti c dbtributio n wit h T  =  . 5 i n th e simulations) . 
Let  r(t )  denot e th e reinforcemen t  tha t  evaluate s th e consequence s o f  y{t) .  I t  take s th e value s + 1 an d —1 

t o respectivel y indicat e "reward "  an d "penalty. "  Th e weights ,  a;, ,  1  <  i  <  n ,  ar e update d accordin g t o th e 

followin g equation : 
p\r(t)y{t )  -  E[v(t)\,(t)}\x,(t )  i f  r( 0 =  + 1 ;  .̂ j 

Xp\r(t)y(t )  -  E{v{t)\B(i)}\xAi )  H  r(t )  =  - 1 ; 
A«;,( 0 = 
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wher e Awi[t )  =  Wi{ t  +  1 )  -  Wi{t) ,  p  >  0 ,  an d 0  <  A  <  1 .  £?{|/(/)|«(0} .  th e expecte d valu e o f  th e outpu t 
give n th e weighte d som ,  depend s o n th e distributio n functio n used .  Fo r  th e logisti c distributio n function ,  i t 

i s 

which is a sigmoidally-shaped function of »{t) with limits of -1 and +1 for ${t) respectively approachmg 

-0 0 an d +00 .  I n th e simulation s w e recode d th e value s o f  y{t )  t o b e 1  an d 0  instea d o f  1  an d - 1 whe n th e 

element s communicate d wit h on e another . 

I f  on e let s th e rando m variabl e ti{t )  i n (1 )  b e identicall y zer o (th e deterministi c "zer o temperature " 

case )  an d interpret s th e ter m r(t)y{t )  i n (2 )  a s a  trainin g signa l  givin g th e element' s desire d response ,  the n 

th e A/t- p algorith m become s a n asymmetri c for m o f  th e Perceptro n algorithm .  Additionally ,  i f  th e inpu t 
patter n x{t )  i s hel d constan t  an d non-zer o ove r  t ,  the n th e A r ^ p algorith m reduce s t o a  stochasti c learnin g 

automato n algorith m (se e Narendr a an d Thathachar ,  1974) ;  specificall y i t  reduce s t o a  nonlinea r  reward -

penalt y algorith m o f  th e non-absorbin g typ e a s define d b y Lakshmivaraha n (1979) .  Bart o an d Ananda n (i n 

press )  discus s th e A r - p algorith m i s mor e detai l  an d prov e a  convergenc e theorem . 
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Abstract—Connectionis t  learnin g scheme s hav e hithert o seeme d fa r  remove d fro m cogni -

tiv e skill s  suc h a s reasoning ,  planning ,  an d th e formatio n o f  interna l  models .  I n thi s articl e 
we investigat e wha t  sor t  o f  worl d model s a  connectionis t  syste m migh t  lear n an d ho w i t 

migh t  d o so .  A  learnin g schem e i s  presente d tha t  form s suc h model s base d o n observe d 
stimulus-stimulu s relationships .  Th e basi s o f  th e schem e i s a  recurrentl y connecte d net -
wor k o f  simple ,  neuron-lik e processin g elements .  Th e ne t  produce s a  se t  o f  prediction s o f 

futur e stimul i  base d o n th e curren t  stimuli ,  wher e thes e prediction s ar e base d o n a  mode l 
an d involv e multiple-ste p chain s o f  predictions .  Result s ar e presente d fro m compute r  sim -

ulation s o f  th e schem e connecte d t o a  simpl e worl d consistin g o f  a  stochasti c maz e (Marko v 

process) .  B y wanderin g aroun d th e maz e th e networ k learn s it s construction .  W h e n re -
inforcemen t  i s  subsequentl y introduced ,  th e solutio n t o th e maz e i s  learne d muc h mor e 
quickl y tha n i t  i s  withou t  th e "exploration "  period .  Th e for m an d logi c o f  th e experimen t 

i s th e sam e a s tha t  o f  th e laten t  learnin g experiment s o f  anima l  learnin g research . 

World Models and Connectionism 

Many of the predominant high-level theories of cognition give a central role to internal 

model s (e.g. ,  se e Gelertne r  an d Gerstenhaber ,  1956 ;  Craik ,  1943 ;  Dennett ,  1978 ;  Simon , 

1969 ;  o r  Sutto n an d Baxto ,  1981 ,  fo r  a  review) .  Thei r  centra l  ide a i s tha t  muc h o f  wha t  w e 

mean b y "thought "  ca n b e understoo d a s th e formation ,  modification ,  an d us e o f  interna l 

model s o f  th e world .  Here ,  b y interna l  model s w e mea n cognitiv e structure s tha t  allo w u s 

t o predic t  th e futur e an d t o anticipat e th e result s o f  possibl e action s w e migh t  take .  I n 

particular ,  w e mea n model s tha t  allo w chain s o f  anticipatio n an d inference ,  e.g. ,  "i f  I  d o 

A the n B  wil l  occur ,  an d i f  B ,  the n C  wil l  occur ,  etc. " 

In connectionist networks, all concepts (e.g., perceptions of the environment, stimuli 

an d actions )  ar e represente d a s activit y i n th e element s o f  th e network .  I n othe r  words ,  th e 

activit y o f  th e networ k act s a s a  stati c mode l  o f  th e curren t  situation .  Th e natura l  plac e t o 

model  th e dynamic s o f  th e environmen t  i s i n th e connection s betwee n elements :  i f  stimulu s 

or  actio n A  i s alway s follow s b y stimulu s B ,  the n a  stron g connectio n fro m A  t o B  model s 

Thi s researc h wa s supporte d b y th e Ai r  Forc e Offic e o f  Scientifi c  Researc h an d th e Avionic s Labora -

tor y (Ai r  Forc e Wrigh t  Aeronautica l  Laboratories )  throug h contrac t  F33615-83-C-1078 .  Th e author s 

als o wis h t o than k And y Barto ,  Chuc k Anderson ,  Joh n Moore ,  an d Marth a Steenstru p fo r  discussin g 

and contributin g t o thes e ideas . 
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thi s fac t  i n th e sens e tha t  i t  cause s th e evolutio n o f  activit y i n th e networ k t o mimi c th e 

evolutio n o f  state s i n th e externa l  environment .  O f  cours e th e network' s evolutio n wil l  b e 

much quicke r  tha n th e environment's ,  s o it s prediction s wil l  b e anticipator y an d thereb y 

valuabl e fo r  directin g behavior . 

That the behavior of activity within a network might be used to model the behav-

io r  o f  th e worl d i s a  simpl y state d ide a wit h man y ramifications .  Th e advantage s ax e 

apparent :  beside s inheritin g th e parallelis m an d mechanisti c advantage s o f  connection -

ism ,  th e theor y i s als o extremel y parsimonious ,  sinc e worl d modelin g i s achieve d usin g 

th e sam e apparatus—th e connection s o f  a  network—tha t  i s use d t o implemen t  simpl e 

stimulus-respons e mappings .  Connectionis t  interna l  model s coul d conceivabl y for m a  sor t 

of  "missin g link "  betwee n cognitiv e processe s suc h a s reasonin g an d plannin g o n th e on e 

hand ,  an d stimulus-respons e learnin g an d neuroscienc e o n th e other . 

Problems with the idea are also apparent. If a network's connections are used to 

implemen t  th e dynajnic s o f  a n interna l  model ,  ho w ca n the y als o b e use d t o implemen t 

stimulus-respons e mappings ? O r  ho w ca n the y als o b e use d t o implemen t  th e structure s 

necessar y fo r  recognizin g comple x concept s an d executin g comple x actions ? I n addition , 

model s caj i  easil y involv e self-referentia l  chains ,  e.g. ,  " A i s followe d b y B  whic h i s followe d 

by A  again. "  I f  a  networ k form s cycle s o f  excitator y connection s i n orde r  t o mode l  suc h 

an environment ,  i t  court s th e dange r  o f  positiv e feedbac k an d instability .  Th e result s 

presente d her e dea l  wit h th e self-referenc e issue ,  but  no t  wit h th e issu e o f  ho w t o integrat e 

th e differen t  function s o f  a  network .  W e assum e tha t  th e othe r  function s ar e completel y 

separat e fro m th e networ k o r  sub-networ k tha t  learn s an d embodie s th e interna l  model . 

From the point of view of artificial intelligence, where the use of internal models is 

commonplace ,  th e primar y advantag e o f  connectionis t  model s i s tha t  the y ar e well-suite d 

fo r  learning .  Standar d A I  technique s includ e sophisticate d method s fo r  searchin g a  mode l 

efficientl y whe n th e mode l  i s  completel y define d an d known .  I n practice ,  th e mode l  i s  ofte n 

onl y partiall y  known ,  an d seaxc h method s fo r  suc h case s ar e les s wel l  understood .  Wha t 

i s neede d i s th e abilit y  bot h t o lezir n a  mode l  an d t o searc h i t  a s i t  i s  bein g learned .  Con -

nectionis t  structure s see m t o b e wel l  suite d t o learnin g methods ,  particularl y i n uncertai n 

and nois y domains .  A s suc h the y sugges t  a n attractiv e directio n i n whic h t o loo k fo r  way s 

of  learnin g searchabl e models . 

To limit the scope of this paper, we pay little attention to the issues involved in how 

a connectionis t  ne t  shoul d bes t  us e a  model ,  an d instea d concentrat e o n ho w i t  mayb e ac -

quired .  W e als o concentrat e o n capturin g inference s tha t  ar e no t  dependen t  o n th e action s 

selected ,  tha t  is ,  w e focu s o n stimulus-stimulu s rathe r  tha n response-stimulu s inferences . 

A networ k an d learnin g procedur e ar e presente d whic h ca n lear n t o mimi c environments , 

includin g multiple-ste p causa l  chains ,  a s outline d above .  Th e learnin g procedure ,  thoug h 

deterministic ,  i s  simila r  t o th e stochasti c learnin g procedur e use d i n th e Boltzman n ma -

chin e (Ackley ,  Hinton ,  an d Sejnowski ,  1985 )  i n tha t  i t  involve s lettin g a  recurren t  networ k 

ru n t o equilibriu m i n respons e t o tw o differen t  stimulu s patterns . 
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Ther e ar e numerou s tie s betwee n thi s wor k an d anima l  learnin g theory .  Th e learnin g 

involve d i n buildin g a n interna l  mode l  i s analogou s t o th e S- S learnin g effectivel y advo -

cate d b y Tolmaj i  an d other s i n respons e t o th e ris e o f  behavioris m (e.g. ,  se e Hilgar d an d 

Bower ,  1975) .  Th e final  simulatio n experimen t  reporte d her e i s directl y analogou s t o thei r 

"laten t  learning "  experiments ,  i n whic h i t  wa s show n tha t  animal s lear n extensivel y abou t 

thei r  environmen t  eve n i f  neve r  rewarde d o r  punished ,  th e learnin g remainin g laten t  an d 

unexpresse d i n behavio r  unti l  reinforcemen t  i s introduced .  Th e tie s betwee n thi s wor k an d 

moder n anima l  learnin g theor y ar e eve n stronger .  Contemporar y anima l  learnin g theory , 

particularl y tha t  p2U' t  concernin g classica l  o r  Pavlovia n conditioning ,  ha s a  ver y cognitiv e 

orientatio n (e.g. ,  se e Dickinson ,  1980) .  M a n y o f  it s  result s bea r  directl y o n th e issue s o f 

ho w a  declarativ e interna l  mode l  i s learne d b y animals .  Th e learnin g schem e use d her e i s 

a descendan t  o f  th e mode l  o f  classica l  conditionin g develope d b y Sutto n an d Bart o (1981) , 

pursuin g th e networ k approac h illustrate d b y Moor e an d Stickne y (1980) . 

Recurrent NetAvorks and Markov Worlds 

The network used here is of the simplest of connectionist designs. Each element receives 

as inpu t  th e activit y o f  ever y elemen t  an d a n externa l  inpu t  fro m outsid e th e net .  Thes e 

externa l  stimul i  ax e th e variable s t o b e predicted .  The y correspon d t o th e stimul i  A ,  B ,  etc. , 

mentione d earlier ,  whil e th e connection s withi n th e ne t  ar e mean t  t o mode l  th e world' s 

dynamics .  Accordingly ,  eac h connectio n betwee n element s ha s a  modifiabl e connectio n 

weight ,  whil e eac h externa l  inpu t  ha s a  direc t  an d unmodifiabl e eff̂ec t  o n th e activit y o f 

it s  correspondin g element .  Th e activit y o f  th e networ k i s update d accordin g t o 

y'=x + Vy (1) 

where y is the old activity vector, y' is the new activity vector, x is the external stimulus 

vector ,  an d V  i s th e matri x o f  modifiabl e connectio n weights .  Th e proces s give n b y (1 ) 

m ay converg e (reac h equilibrium) ,  diverge ,  o r  oscillate ,  dependin g o n th e weights .  Fo r  th e 

weight s foun d b y th e learnin g schem e i n ou r  simulations ,  i t  ha s alway s converged . 

A perfect stimulus-stimulus model would produce complete information about future 

stimuli .  Give n a  stimulu s x t  a t  tim e t ,  i t  woul d b e abl e t o repl y wit h E  {xt̂ k \  xt\ , 

fo r  an y k  >  0 .  Conside r  th e specia l  cas e o f  th e stimul i  x t  bein g generate d b y a  Marko v 

proces s wit h stat e transitio n matri x P  * ,  wher e eac h x t  i s  a  vecto r  wit h on e componen t 

fo r  eac h state ,  tha t  componen t  bein g 1  whe n th e Marko v proces s i s i n tha t  stat e an d 0 

otherwise .  The n E  {xt+ i  \  xt }  =  Px t  and ,  i n fact ,  E  {xt̂ i ^  \  xt }  =  P*Xf .  Recurren t  net s 

ar e goo d a t  computin g suc h power s o f  matrices :  I f  a n autonomou s (inputless )  recurren t 

networ k wit h connectio n matri x V  =  P  i s initialize d t o y  =  xt ,  the n it s activit y wil l 

naturall y compute ,  i n sequence ,  th e desire d P^xt . 

Thi s i s th e matri x  [pij] ,  wher e eac h p, y i s th e probabilit y  o f  a  transitio n fro m stat e j  t o stat e t , 
give n tha t  th e proces s i s i n stat e j . 
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The abov e i s a  particularl y clea r  specia l  case ,  bu t  i s o f  littl e valu e i n mos t  practica l 

cases .  Th e principa l  proble m i s tha t  thi s appro2ic h focuse s o n a  single-ste p mode l  o f  th e 

world .  I t  Cci n kno w tha t  A  precede s B  onl y i f  A  immediatel y precede s B ,  o r  i f  distinc t  stimul i 

C,  D ,  E ,  etc. ,  occu r  fo r  ever y ste p intervenin g betwee n A  an d B .  Thi s approac h force s 

th e mode l  t o b e a n extremel y local ,  myopi c one ,  whil e th e majo r  observabl e regularitie s 

inevitabl y appea r  a t  a  variet y o f  tim e scales .  Alternatively ,  w e ca n imagin e learnin g 

sepeiratel y th e 1-step ,  2-step ,  3-step ,  etc. ,  transitio n probabilitie s fo r  th e environment , 

and the n usin g eac h t o answe r  specifi c  questions .  However ,  thi s appro2Lc h violate s th e 

whol e ide a o f  maJcin g multiple-ste p prediction s b y combinin g sepajat e predictiv e steps .  I n 

addition ,  i t  i s  no t  clea r  tha t  al l  thi s informatio n i s needed .  D o w e nee d t o kno w wha t  i s 

goin g t o happe n a t  ea^ h futur e tim e ste p separately ,  o r  ca n som e o f  thi s informatio n b y 

merge d withou t  significan t  loss ? T o answe r  thi s questio n w e mus t  tur n t o tha t  o f  ho w th e 

prediction s ar e goin g t o b e used . 

The ultimate use of the model will be to answer questions of the form "how desirable 

ar e th e consequence s o f  thi s possibl e action? "  an d "no w tha t  I'v e mad e a m action ,  ho w 

wel l  doe s i t  appea r  t o hav e turne d out? "  On e consequenc e o f  thi s i s tha t  w e wil l  no t  b e s o 

concerne d wit h makin g prediction s o f  wha t  wil l  happe n a t  specifi c  futur e time s a s muc h a s 

we w e wil l  b e concerne d wit h th e su m o f  futur e predictions .  Rathe r  tha n predictin g tha t 

" A wil l  probabl y happe n a t  t  +  k, "  w e wil l  wan t  t o predic t  " A wil l  probabl y happe n n 

time s i n th e nea r  future. "  Rathe r  tha n predictin g Xf+ k w e wis h t o predic t  somethin g mor e 

lik e ̂ n= i  xt+ n •  A  simila r  approach ,  bu t  whic h avoid s a n abrup t  cutof f  a t  a n arbitrar y 

tim e limi t  t  +  k ,  i s t o predic t  Yl'̂ = i  l^^t+n ,  wher e 0  <  7  <  1 .  Thi s measur e add s u p 

al l  futur e stimul i  xt+ t  >  weightin g eac h accordin g t o 7 *  ,  i.e. ,  th e farthe r  i n th e futur e a 

stimulu s wil l  occur ,  th e les s i t  contribute s t o th e sum .  Th e valu e o f  7  determine s ho w 

rapidl y th e weightin g o f  futur e stimul i  drop s off . 

An estimate of YlnLi l"'^t+n is also readily computed by a recurrent network if its 

connectio n matri x incorporate s th e environment' s probabilit y  transitio n matrix .  Th e equi -

libriu m valu e fo r  th e proces s give n b y (l )  i s  Yln'=o^^^ t  (takin g x  =  xt) .  I f  V  i s a 

fractio n 7 P o f  th e probabilit y  transitio n matri x P  o f  a  Marko v process ,  the n thi s su m 

i s E  {Yl'̂ =ol"'̂ t+n }  ,  fro m whic h th e desire d quantity ,  E  {Yl'^=il^^t+n }  ca n b e imme -

diatel y obtaine d b y subtractin g xt .  I n othe r  words ,  i f  V  i s a  fractio n o f  th e one-ste p 

predictiv e relationship s o f  th e environment ,  the n th e networ k wil l  converg e t o prediction s 

of  ho w ofte n eac h stim.ulu s wil l  occu r  i n th e nea r  future . 

A major advantage of being concerned only with the sum of all future predictions is 

tha t  on e ca n easil y incorporat e prediction s tha t  spa n severa l  step s an d tha t  canno t  b e 

made a s chain s o f  one-ste p predictions .  Recal l  tha t  thes e ar e neede d whe n A  precede s B 

wit h a  "gap "  o f  on e o r  mor e tim e step s wit h n o distinc t  stimul i  filling  th e gap .  Le t  u s cal l  a 

predictio n "irreducible "  i f  i t  canno t  b e reduce d t o a  chai n o f  shorte r  predictions .  Al l  single -

ste p prediction s ar e irreducibl e predictions ,  and ,  a s w e discusse d above ,  fo r  th e specia l  cas e 

of  Marko v environment s tha t  revea l  thei r  stat e completely ,  thes e ar e th e onl y irreducibl e 
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predictions .  I n almos t  an y rea l  problem ,  however ,  multi-ste p irreducibl e prediction s ar e 

common. 

Irreducible predictions have a nice relationship to sums of future predictions. As a 

generalizatio n o f  th e one-ste p predictio n matri x P ,  w e propos e th e irreducibl e predictio n 

matri x P  ,  whos e element s p, y represen t  th e irreducibl e predictio n o f  th e t  t h inpu t  fro m 

th e presenc e o f  th e j  t h input .  W e conjectur e tha t  a s lon g a s on e i s intereste d onl y i n th e 

s u m o f  futur e prediction s on e ca n replac e P  wit h P ,  i.e. ,  tha t  Yln'=o^"^ ^  ~  YlnLo^^^ ^ 

Vx .  *  I f  on e i s discounting ,  thing s ar e slightl y mor e complicated .  I n orde r  fo r  Yl'̂ = o ̂ ^ ^ 

t o matc h X)nL o l^P^ ^  >  th e irreducibl e prediction s i n P  shoul d b e discounte d accordin g 

t o thei r  length ,  i.e. ,  one-ste p prediction s shoul d b e discounte d b y 7 ,  two-ste p irreducibl e 

prediction s b y 7 ^  ,  etc .  A n exampl e i s give n belo w a s par t  o f  th e simulatio n results . 

The Learning Procedure 

At each new time step t -\- 1 the environment generates a new stimulus vector xt+i. 

H ow Ce m thi s informatio n b e use d t o updat e th e prediction s mad e b y th e ne t  a t  tim e t 

usin g x t  ?  Withi n eac h tim e ste p th e networ k i s ru n completel y t o equilibriu m (b y repeate d 

applicatio n o f  (1) )  fo r  bot h x t  an d xt+i ;  le t  u s denot e th e equilibriu m valu e fo r  th e net' s 

activit y i n respons e t o x t  a s z ,  an d th e equilibriu m valu e i n respons e t o xt+ i  a s z' .  Wha t 

i s th e desire d relationshi p betwee n z  an d z '  ?  Recal l  tha t  z  i s suppose d t o estimat e th e 

discounte d su m o f  futur e x  's : 
00 

Z^Yl^^'xt+n . 

Similarly, z' « XT^o l^^t+n+i, so 2 's desired value can be rewritten in terms of z' as 

Z fii Xt + 72'. 

The difference between z and xt + '^z' can be taken as an error in z and used to update 

th e connectio n matri x V .  Accordin g t o th e learnin g scheme ,  eac h connectio n weigh t  i s 

incremente d proportionall y t o th e produc t  o f  thi s differenc e (X f  +  72 '  — 2 )  a t  th e post -

connectio n elemen t  an d th e recen t  externa l  inpu t  t o th e pre-connectio n element .  Thi s 

chang e tend s t o caus e z  t o chang e s o a s t o reduc e th e difference .  Symbolically ,  th e 

learnin g schem e i s define d by : 

AVi = /?(xf + 72' - ^jxf, Vo = 0, 

where /? is a positive learning constant and xj' denotes the transpose of a vector Xf of 

average s o f  recen t  value s o f  x  (takin g th e transpos e make s th e vecto r  produc t  her e a n 

Thi s shoul d probabl y b e take n a s a  forma l  statemen t  o f  th e definitio n o f  a n irreducibl e prediction , 

wit h th e conjectur e bein g tha t  suc h a  matri x P  exists . 
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oute r  product) ,  x t  i s  iterativel y compute d a s follows : 

xt = X£t-i + (1 - A)zt, xo = 0 

where the parameter A, 0 < A < 1, determines how strongly previous values of x influence 

curren t  change s t o V  . 

Simulation Results 

Figure 1 shows the state transition structure of a simple autonomous Markov process. 

The number s o n th e arc s indicat e th e probabilit y  tha t  th e indicate d transitio n occurs ;  thi s 

informatio n i s als o give n i n th e stat e transitio n matri x P .  Usin g th e method s describe d 

above ,  a  networ k successfull y learne d t o mode l  thi s environment .  Th e stimul i  presente d t o 

th e ne t  wer e uni t  basi s vector s distinctl y identifyin g th e curren t  state :  i f  th e environmen t 

was i n stat e i  a t  tim e t ,  the n th e i  t h componen t  o f  x t  wa s 1  an d al l  othe r  component s 

wer e 0 .  Th e parameter s use d wer e 7  =  .5 ,  / ? =  .! ,  aji d A  =  .5 .  Th e activit y o f  th e 

networ k afte r  20 0 step s wa s use d a s a n approximatio n t o it s asymptoti c behavior .  Figur e 

2 show s a  compariso n o f  7 P an d th e V  matri x foun d b y th e learnin g algorith m afte r  100 0 

steps :  Th e matc h i s quit e good ;  b y choosin g / ? smalle r  an d takin g mor e step s w e wer e 

abl e t o mak e V  approac h 7 P a s closel y a s w e desired . 

P = 

/ O 0  . 5 .5 \ 

1 0 0  0 

0 1  0  . 5 

VO 0  . 5 0  7 

Figur e 1 .  Stat e transitio n structur e an d matri x o f  a  simpl e 
au tonomou s M a r k o v process .  Eac h circl e represent s a  stat e o f 
th e proces s an d eac h ar c a  possibl e stat e transition .  Th e number s o f 
th e arc s indicat e th e probabilit y  o f  th e stat e trajisition . 

Next  w e introduce d a  "gap "  i n th e environment .  Th e stimulu s vecto r  fo r  Stat e 2 

was change d t o 0 ,  s o tha t  nothin g coul d b e associate d wit h it .  A s a  result ,  th e two-ste p 

predictiv e relationshi p betwee n Stat e 1  an d Stat e 3  becam e irreducible .  Figur e 3  show s 

th e ne w matri x found .  Sinc e stimulu s componen t  2  n o longe r  occurs ,  nothin g ha s becom e 

associate d wit h it .  Th e association s fro m 1  t o 2  an d fro m 2  t o 3 ,  whic h wer e formerl y eac h 

of  strengt h 7 ,  hav e bee n replace d b y a  singl e associatio n fro m 1  t o 3  o f  strengt h 7 ^  .  Thi s 

two-step ,  direc t  associatio n fro m 1  t o 3  compensate s fo r  th e network' s inabilit y  t o for m 
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Figur e 2 .  C o m p a r i s o n o f  7 P a n d th e foun d connectio n matr i x V  fo r  th e 
environmen t  s h o w n i n Figur e 1 . 

an indirec t  associatio n fro m 1  t o 3  b y wa y o f  th e no w undetectabl e Stat e 2 .  A s a  result , 

th e prediction s fro m al l  state s othe r  tha n Stat e 2  ar e exactl y th e sam e a s the y wer e whe n 

Stat e 2  wa s observable .  Figur e 4  compare s th e idea l  tota l  predictio n matri x Yl^= i  7"P " 

wit h th e tota l  predictio n matri x ^ ^ j  V "  foun d b y th e network . 

V = 

/.O O 

0 

.2 5 

^.0 1 

0 

0 

0 

0 

.2 6 

0 

-.0 0 

.2 5 

.2 6 \ 

0 

.3 0 

-.01 7 

Figur e 3 .  T h e connectio n matri x foun d fo r  th e 
environmen t  s h o w n i n Figur e 1  w h e n Stat e 2  w a s 
a "gap "  an d coul d no t  b e th e basi s fo r  predic -
tions . 

Finally ,  w e simulate d th e large r  Marko v environmen t  show n i n Figur e 5 ,  an d w e in -

troduce d a  reinforcemen t  learnin g mechanis m t o illustrat e ho w a  mode l  learne d b y thi s 

metho d ca n b e use d t o improv e performanc e o n reinforcemen t  learnin g tasks .  A t  eac h 

tim e ste p on e o f  tw o actions ,  L E F T o r  R I G H T ,  wa s selecte d b y th e reinforcemen t  learnin g 

system .  Thi s selectio n determine s whic h o f  th e arc s fro m eac h stat e show n i n Figur e 5  wa s 

followed ;  wher e a  stat e ha s onl y on e ar c leavin g it ,  th e ar c wa s followe d independen t  o f 

th e actio n selected .  Th e experimen t  ha d tw o phases ,  1 )  a  pretrainin g phase ,  durin g whic h 

no reinforcemen t  wa s delivere d an d th e environmen t  wa s randoml y explored ,  an d 2 )  a  tes t 

phase ,  durin g whic h reinforcemen t  wa s delivere d upo n reachin g stat e F .  Durin g th e tes t 

phase ,  optima l  performanc e i s achieve d b y selectin g th e R I G H T actio n fro m state s A ,  B , 

C,  an d D ,  thereb y movin g aroun d th e maz e a s rapidl y a s possibl e an d visitin g stat e F  a s 
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Figur e 4 .  Compar iso n o f  idea l  an d foun d tota l  predictio n matrice s fo r 
th e environmen t  s h o w n i n Figur e 1  wit h Stat e 2  a  "gap" . 

Figur e 5 .  Stat e transitio n structur e o f  a  large r  M a r k o v 
environment .  Stat e F  i s observabl e an d reinforcin g durin g 
th e tes t  phas e o f  th e experiment . 

frequentl y a s possible . 

During the test phase, all states were represented in the usual way: There was one 

componen t  o f  th e stimulu s vecto r  fo r  eac h state ,  an d i f  th e environmen t  wa s i n tha t  state , 

the n th e componen t  wa s 1 ,  otherwis e i t  wa s 0 .  A  non-zer o 10t h component ,  correspondin g 

t o stat e F ,  wa s viewe d a s reinforcemen t  b y th e reinforcemen t  learnin g algorithm .  T o 

preven t  reinforcemen t  durin g th e pretrainin g phase ,  th e 10t h componen t  o f  th e stimulu s 

vecto r  wa s hel d a t  0 ,  makin g stat e F  a  "gap "  state . 

We ran two learning systems on this experiment, called MODEL and NOMODEL. 

M O D EL constructe d a n interna l  mode l  durin g th e pretrainin g phas e an d the n use d th e 

model  durin g th e tes t  phas e b y reinforcin g it s actio n selection s accordin g t o change s i n th e 

model s prediction s o f  reinforcement ,  i.e. ,  accordin g t o th e 10t h componen t  o f  x t  +  72 '  — z . 

N O M O D EL di d no t  construc t  a  mode l  an d reinforce d it s actio n selection s accordin g t o 

externa l  reinforcemen t  directly ,  i.e. ,  accordin g t o th e 10t h componen t  o f  x .  Bot h system s 

selec t  thei r  action s b y maintainin g a  weigh t  Wi  fo r  eac h stat e i .  W h e n stat e i  i s  entered , 

R I G HT i s selecte d wit h probabilit y  1/( 1 +  e'^^l"^) ,  T  a  positiv e parameter ;  otherwis e 
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L E F T i s selected .  I f  Wi  i s zer o (a s i t  i s  initially) ,  the n thi s probabilit y  i s  1/2 .  I f  u;, -

i s  positiv e the n R I G H T wil l  b e favore d i n stat e i ,  an d i f  ly ,  i s  negative ,  L E F T wil l  b e 

favored .  Whateve r  actio n i s selecte d i n a  state ,  th e probabilit y  o f  repeatin g tha t  actio n 

wil l  b e incremente d o r  decremente d proportionall y t o th e reinforcemen t  (a s define d abov e 

fo r  M O D EL an d N O M O D E L)  tha t  follow s th e actio n selection .  Th e siz e o f  th e incremen t 

or  decremen t  als o depend s o n ho w closel y th e reinforcemen t  follow s th e actio n selection ;  i t 

i s  proportiona l  t o A *  ,  wher e k  i s th e (possibl y zero )  numbe r  o f  step s intervenin g betwee n 

actio n an d reinforcement .  Fo r  a  mor e complet e discussio n o f  th e typ e o f  reinforcemen t 

learnin g algorith m employe d her e se e (Sutton ,  1984 ;  Barto ,  Sutton ,  an d Anderson ,  1983) . 

In theory, the use of a model can be a great advantage on this task. The "wrong" 

action s fro m state s A ,  B ,  C ,  an d D  al l  ultimatel y lea d t o th e goa l  state ,  jus t  mor e slowl y 

tha n th e correc t  actions .  Withou t  a  model ,  a  learnin g syste m ca n easil y becom e stuc k 

maJfin g a  wron g actio n selectio n withou t  realizin g tha t  i t  coul d d o better .  T o avoi d this , 

learnin g mus t  b e ver y slow .  Wit h a  model ,  o n th e othe r  hand ,  thi s proble m ca n b e 

completel y avoided .  Onc e reinforcemen t  ha s bee n receive d i n stat e F ,  a  pre-existin g mode l 

ca n meik e goo d prediction s o f  reinforcemen t  fro m ever y state .  Fo r  example ,  th e mode l 

woul d immediatel y predic t  tha t  stat e C  i s bette r  (close r  t o reinforcement )  tha n stat e C , 

tha t  stat e B  i s bette r  tha n stat e B' ,  etc .  Arme d wit h thi s informatio n abou t  th e relativ e 

desirabilit y  o f  states ,  i n theor y a  muc h bette r  jo b ca n b e don e assignin g credi t  an d blam e 

t o actio n selections . 

Both the pretraining and test phases lasted until the learning system had completed 100 

circuit s o f  th e environmen t  fro m stat e A  bac k t o stat e A .  Th e first  reinforcemen t  occurre d 

on th e 101s t  circuit .  Fo r  th e N O M O D EL learnin g syste m w e use d th e parameter s tha t  gav e 

th e bes t  performanc e o n thi s problem .  Thes e wer e T  =0. 5 an d X^ ,  =0.3 .  Fo r  th e M O D EL 

learnin g system ,  w e chos e "reasonable "  paramete r  value s withou t  makin g an y attemp t  t o 

find  th e best .  Fo r  th e reinforcement-learnin g par t  o f  th e system ,  th e parameter s use d wer e 

T =10an d A^ ,  = 0 ;  fo r  th e model-learnin g par t  o f  th e system ,  th e parameter s use d wer e 

A = 0 ,  /3=0.01 ,  an d 7=0.8 .  Th e activit y o f  th e networ k afte r  1 0 application s o f  (1 )  wa s 

use d a s a n approximatio n t o it s asymptoti c (equilibrium )  activity . 

We found that the MODEL system did in fact perform much better than the 

N O M O D EL learnin g syste m o n thi s task .  Figur e 6  compare s th e performanc e o f  th e 

M O D EL an d N O M O D EL learnin g system s o n thi s experiment .  Averag e performanc e ove r 

10 run s i s plotte d fo r  eac h learnin g syste m fo r  eac h circui t  o f  th e tes t  phase .  Th e per -

formanc e measur e use d fo r  a  circui t  i s  th e numbe r  o f  step s actuall y take n i n completin g 

th e circuit .  Not e tha t  lowe r  value s ar e bette r  fo r  thi s performanc e measure .  Th e learn -

in g syste m withou t  a  mode l  clearl y ha d a  difficul t  tim e wit h thi s task .  It s performanc e 

improve d ove r  th e duratio n o f  th e tes t  phase ,  bu t  remaine d errati c an d fa r  fro m optimal . 

Th e learnin g syste m wit h a  model ,  o n th e othe r  hand ,  acheive d optima l  o r  nea r  optima l 

performanc e afte r  jus t  3  circuit s o n al l  te n runs .  Th e us e o f  a  mode l  result s i n a  muc h 

highe r  performanc e leve l  afte r  fewe r  experience s wit h reinforcemen t  o n thi s task . 
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Figur e 6 .  Averag e learnin g curve s fo r  th e 
M O D EL an d N O M O D EL learnin g system s dur -
in g th e tes t  phas e o f  th e experimen t  w h o s e en -
vironmen t  i s s h o w n i n Figur e 5 .  A  circui t  i s  a 
complet e tri p fro m stat e A  bac k t o stat e A .  Th e hori -
zonta l  axi s show s circui t  number ,  an d th e vertica l  axi s 
shows step s take n t o complet e th e circuit .  Not e tha t 
a lowe r  circui t  tim. e correspond s t o bette r  performance . 
Th e lowe r  dcishe d lin e indicate s th e optima l  (fastest ) 
performanc e level ,  an d th e uppe r  dashe d lin e indicate s 
th e chanc e performajic e leve l  (acheive d i f  R I G H T an d 
L E F T action s ax e chose n wit h equa l  probabilit y  fro m 
al l  states) . 

Conclusion s 

The modeling and internal simulation of the world is an important part of cognition, 

and on e whic h th e connectionis t  approac h mus t  eventuall y address .  Surprisingly ,  i n certai n 

respect s connectionis m i s ver y wel l  suite d t o worl d modeling .  A  dynamicall y evolvin g 

networ k caj i  b e use d a s a  worl d mode l  b y linkin g it s activit y t o state s o f  th e world ,  a s i s 

commonl y done ,  an d b y linkin g th e evolutio n o f  tha t  activit y t o th e evolutio n o f  worl d 

states ,  a s ha s bee n don e here .  Th e specifi c  metho d use d her e t o shap e tha t  th e network' s 

evolutio n ha s advantage s wit h regar d t o th e spannin g o f  gap s i n stimulu s sequences ,  but 

i s limite d t o formin g stimulus-stimulu s a s oppose d t o response-stimulu s models .  W e hav e 

trie d t o mak e th e poin t  tha t  connectionis t  interna l  model s ar e feasible ,  eve n natural ,  an d 

t o sho w a n exampl e o f  ho w the y ca n b e use d t o improv e performanc e o n simpl e learnin g 

tasks . 
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Abstract 

Determinin g whic h feature s i n a n environmen t  ar e salien t  give n a  task ,  salienc e (usignment ,  i s  a  centra l 
proble m i n machin e learning .  A  relate d phenomenon ,  contingenc y (th e condition s unde r  whic h relativ e 
salienc e amon g environmenta l  feature s i s  acquired) ,  i s  centra l  t o learnin g an d memor y i n anima l  psychology . 
Thi s pape r  present s a n analysi s o f  a  se t  o f  empirica l  dat a o n contingenc y an d a n algorith m fo r  th e salienc e 
assignmen t  problem .  Th e algorith m presente d i s implemente d i n a  workin g compute r  progra m whic h 
interact s wit h a  simulate d environmen t  t o produc e contingen t  associativ e learnin g correspondin g t o relevan t 
behaviora l  daU;a .  Th e mode l  als o make s specifi c  empirica l  prediction s tha t  ca n b e experimentall y tested . 

1 Introduction 

A rat in a laboratory cage hears a tone. It also hears the air conditioning system start, and sees a 

la b assistan t  takin g notes .  Shortl y zifterwards ,  i t  feel s a n unplezisan t  electri c shock .  Th e animal' s 

tas k correspond s t o a  salienc e assignmen t  problem :  whic h o f  th e man y possibl e cue s ar e th e 

predictiv e o r  salien t  ones ,  i.e. ,  th e one s t o b e learned ? Rat s solv e th e salienc e eissignmen t  proble m 

unde r  constraint s mor e sever e tha n thos e face d b y mos t  A I  systems .  Fo r  instance ,  learnin g mus t 

be incremental ,  fo r  th e ra t  i n a  natura l  settin g mus t  mak e goo d us e o f  th e experientia l  dat a alread y 

gathere d whil e gatherin g more .  Moreover ,  th e environmen t  i s 'noisy '  an d ma y no t  provid e perfec t 

predictors ;  th e euiima l  mus t  mak e prediction s a s bes t  i t  ca n whe n cue s indicat e onl y a  chang e i n 

th e probabilit y  o f  a n event . 

Usin g th e C E L framewor k (Component s o f  Experientia l  Lejirning )  [Granger ,  1983 ;  Grange r  an d 

McNulty ,  1984] ,  w e presen t  a  metho d o f  determinin g whic h feature s o f  a n even t  ar e predictiv e o f 

other s an d distinguishin g usefu l  cue s from  contex t  an d backgroun d noise .  Th e metho d determine s 

th e relevainc e o f  individua l  predefine d features ,  zin d form s ne w featur e description s b y conjoinin g 

Thi s researc h wa s supporte d m par t  b y th e Offic e o f  Nava l  Researc h unde r  gran t  N00014-84-K-0391 ,  th e Nationa l 
Scienc e Foundatio n unde r  gran t  IST-81-20685 ,  an d b y th e Nava l  Ocea n System s Cente r  unde r  contrac t  N66001 -
83-C-0255 . 
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or  negatin g existin g features .  Th e effectivenes s o f  th e metho d i s du e t o takin g int o account ,  i n 

additio n t o successfu l  prediction s an d error s o f  conunission ,  als o error s o f  omissio n an d event s i n 

whic h th e absenc e o f  a  cue  correctl y prevente d predictio n o f  a  secon d event .  Thi s extensio n t o 

th e simple r  ide a o f  'strengthening '  an d 'weakening '  o f  association s correspond s t o th e distinctio n 

i n psycholog y betwee n learnin g base d o n numbe r  o f  pairing s an d learnin g base d o n contingency . 

Usin g thi s metho d th e C A P - C E L (Contingen t  Associativ e Processe s i n C E L )  [Granger ,  Schlimme r 

and Young ,  1985 ;  Grange r  an d SchUnuner ,  1985 ]  progra m exhibit s contingency-base d learnin g 

behavior ,  modelin g th e learnin g behavio r  o f  animal s an d human s i n classica d conditionin g tasks . 

Th e progra m i s abl e t o functio n correctl y eve n wit h a  larg e numbe r  o f  erroneou s trainin g instances . 

O ne o f  th e basi c findings  o f  th e mode l  i s  th e identificatio n o f  categorie s o f  nois e tha t  eithe r  wil l 

or  wil l  no t  interfer e wit h associativ e contingen t  learning .  I n classica l  conditionin g terms ,  learnin g 

shoul d procee d i n th e presenc e o f  spuriou s CS s o r  US s mixe d wit h pairing s bu t  shoul d b e blocke d 

when bot h spuriou s CS s an d US s occur .  Leau'nin g i n th e presenc e o f  spuriou s CS s i s equivalen t 

t o 'partia l  reinforcement '  i n classica l  conditioning ;  learnin g i n th e presenc e o f  spuriou s US s ha s 

not  bee n systematicall y studie d o r  reporte d o n i n th e psychologica l  literature .  W e ar e currentl y 

runnin g anima l  experiment s i n ou r  la b a t  U C Irvin e t o tes t  th e specifi c  experimenta l  prediction s 

tha t  aris e fro m th e model . 

2 Contingency 

2.1 The data 

A ra t  i n a  classica l  conditionin g tas k mus t  attemp t  t o decide ,  ove r  trials ,  whic h o f  severa l  envi -

ronmenta l  feature s o r  event s shoul d b e learne d t o b e a  predicto r  o f  a  recurrin g shoc k event .  W e 

ca n vie w th e animal' s tas k Ji s hypothesizin g potentia l  causa l  relationship s betwee n th e shoc k an d 

variou s features ,  individuall y an d i n variou s combinations ,  an d weighin g thes e relation s agains t 

eac h other . 

We migh t  initiall y  assum e tha t  a  particula r  featur e o r  even t  woul d b e inferre d t o b e th e pre -

dicto r  o f  th e shoc k dependin g o n th e numbe r  o f  time s tha t  featur e actuall y occurre d immediatel y 

befor e th e shock .  Eac h tim e th e featur e i s paire d wit h th e shock ,  th e 'association '  betwee n th e 

featur e an d th e shoc k migh t  b e strengthene d (se e e.g.,[Anderson ,  1983]) .  Extensiv e experimenta l 

evidenc e i n th e psychologica l  Uteratur e show s thi s t o b e fabe .  Ove r  time ,  a  particulei r  feature ,  sa y 

a Ught ,  ma y b e peiire d wit h th e shoc k mor e ofte n tha n i s som e othe r  featur e (e.g. ,  tone) .  However , 

thi s conditio n i s no t  b y itsel f  sufficien t  t o W£irr2in t  th e aqimal' s inferenc e tha t  th e Ugh t  i s mor e 

likel y t o predic t  th e occurrenc e o f  shock .  I n particular ,  eve n i f  i t  happen s ove r  a  numbe r  o f  trizd s 

tha t  th e ligh t  precede s th e shoc k mor e ofte n tha n th e ton e precede s th e shock ,  sa y 7  time s versu s 4 

times ,  bu t  th e shoc k als o occur s a  Izurg e numbe r  o f  time s withou t  havin g bee n precede d b y th e ligh t 

(sa y 8  times )  whil e th e shoc k onl y rzirel y occur s withou t  th e ton e (sa y 3  times) ,  the n a n anima l 

wil l  lear n t o predic t  tha t  th e tone ,  an d no t  th e Ught ,  i s  th e bette r  predicto r  o f  th e occurrenc e o f 
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shock .  Hence ,  th e narr e ide a tha t  th e numbe r  o f  pairing s alon e determine s th e predictirenea s (o r 

salience )  o f  candidat e predictiv e features ,  o r  tha t  'strengthening '  alon e coul d b e th e medianis m 

fo r  learnin g aasociatioiis ,  i s false . 

Thi s resul t  require s a  somewha t  counterintuitiT e computatio n o n th e par t  o f  th e animal :  th e 

anima l  mus t  b e computin g th e probabilit y  o f  th e shoc k occurrin g givo i  th e Ugh t  an d give n th e tooe . 

Rescorla' s [1966 ,  1967 ,  1968 ]  formulatio n o f  th e necessar y computatio n i s tha t  th e probabilit y  o f 

th e shoc k outcom e (th e U S )  give n th e conditiona l  stimulu s featur e (th e C S ,  e.g. ,  th e tone )  mus t 

be greate r  tha n th e probabilit y  o f  th e outcom e occurrin g withou t  tha t  featur e havin g occurred , 

or  p{US\CS )  >  p{US\CS) . 

Thi s meuuremen t  o f  relativ e probabilitie s i s referre d t o a s contingency ;  animab ,  an d human s 

i n analogou s circumstances ,  exhibi t  contingency-drive n learnin g i n th e sens e tha t  the y someho w 

maintai n incrementally-update d knowledg e o f  th e relativ e predictivenes s o r  seJienc e o f  features . 

Throug h experienc e th e anima l  mus t  pic k ou t  th e relevan t  (salient )  feature s from  th e backgroun d 

of  uncorrelate d feature s aoi d us e onl y thes e salien t  feature s t o predic t  futur e events . 

2.2 Required computation 

We ter m th e proble m describe d her e a s aaliene e asaignment ,  i.e. ,  th e differentia l  assignmen t  o f 

predictiv e valu e t o candidat e predictiv e feature s (o r  combination s o f  features) .  Al l  tha t  th e anima l 

hei s availabl e t o i t  a s inpu t  from  th e environmen t  i s th e presenc e o f  feature s sense d ove r  time . 

What  i t  mus t  comput e from  thes e input s i s th e relativ e probabilit y  o f  som e feature s relationship s 

t o other s ove r  time . 

Ther e as e fou r  logica l  categorie s o f  thes e relationship s tha t  ca n b e computed :  positiv e pre -

dictions ,  negativ e predictions ,  uncorrelate d cues ,  an d context ;  eac h ha s a  behaviora l  correlat e i n 

animzds .  First ,  ther e ar e tw o type s o f  wha t  w e ter m predictiv e cues :  positiv e sm d negativ e pre -

dictions .  Positiv e predictiv e cue s ar e thos e tha t  accuratel y predic t  th e occurrenc e o f  a n outcome . 

Negativ e cue s accuratel y predic t  th e absenc e o f  a n outcom e (e.g. ,  thes e 'saJ'et y signals '  migh t  pre -

dic t  tha t  th e shoc k wil l  no t  follo w th e cue ,  an d therefor e tha t  th e anima l  nee d no t  fea r  it s coming) . 

Uncorrelate d cue s ar e irrelevan t  an d therefor e no t  necessar y fo r  predictio n o f  a n event .  FinjJly , 

an anima l  canno t  readil y evaluat e th e predictiv e importanc e o f  a  contex t  cue ,  i.e. ,  on e tha t  occur s 

constantl y i n th e backgroun d o f  a  trainin g session .  I t  i s impossibl e t o kno w whethe r  suc h a  cu e i s 

a necessar y preconditio n fo r  predictin g a  shock ,  unles s th e shoc k ha s bee n predicte d a  fe w time s i n 

th e absenc e o f  th e contex t  cue .  W h e n thi s happens ,  eithe r  th e contex t  cue  wil l  becom e a  positiv e 

predictiv e cu e (i f  th e predictio n wa s successful) ,  o r  a n uncorrelate d cu e (i f  th e predictio n failed) . 

The input s t o b e categorize d a s positive ,  negative ,  contex t  o r  uncorrelate d ar e occurrence s 

of  features .  Fo r  simplicity ,  w e ca n categoriz e th e logicall y possibl e pairwis e combination s o f  tw o 

featur e event s F l  an d F2 :  eithe r  F l  occur s an d the n F 2 occur s {prediction) ,  F l  occur s an d the n 

F2 doe s no t  occu r  (erro r  o f  commission) ,  F l  doe s no t  occu r  an d the n F 2 doe s occu r  (erro r  o f 
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onCUnon) ,  o r  F l  doe s no t  occu r  an d neithe r  doe s F 2 {non-prediction) }  Th e first  an d las t  o f  thes e 

combination s strengthe n th e predictiv e value ,  o r  association ,  betwee n F l  an d F2 ,  whil e error s o f 

commissio n an d o f  omissio n weake n th e association . 

Fl  presen t 

Fl  absen t 

F2 presen t 

+ + 

Predictio n 

- + 

Erro r  o f  Omissio n 

F2 absen t 

+ -

Erro r  o f  Commissio n 

Non-predictio n 

Tabl e 1 :  Possibl e combination s o f  F l  an d F 2 

The proposed algorithm for the csJculation of contingent predictiveness essentially just keeps 

a runnin g coun t  o f  eeic h o f  thes e fou r  categorie s o f  psdrwis e events; ^  thes e count s ar e use d t o 

calculat e a n estimat e o f  th e Ukelihoo d tha t  on e o f  thes e tw o feature s predict s th e other . 

3 An algorithm and implementation for contingent learning 

3.1 The basis of the algorithm: sufficiency and necessity 

Bayesie m statistic s (se e e.g. ,  [Dud a e t  al. ,  1979] )  provid e formulat e fo r  th e calculatio n o f  tw o value s 

i n inductiv e logic :  Logica l  Sufficienc y (LS) ,  whic h indicate s th e exten t  t o whic h th e presenc e o f 

one even t  predicts ,  o r  increase s th e expectatio n of ,  anothe r  particula r  event ;  and ,  reciprocally , 

Logica l  Necessit y  (LN) ,  whic h represent s th e exten t  t o whic h th e absenc e o f  a n even t  decrease s 

expectatio n o r  predictio n o f  th e secon d event .  L S an d L N ar e define d t o be : 

L S = 
_p (F2 |F l ) 

L N = 
_ P{F2\F\ ) 

p(F2|Fl )  p{F'2\F'̂ ) 

Thes e ma y b e approximate d b y a  pai r  o f  simpl e formula e compose d o f  precisel y th e fou r  possibl e 

categorie s o f  pairwis e feature s occurrence s give n above . 

c{ n +  o ) 

0{ 8 +  C ) 
L N = 

n{ s +  c ) 

wher e s  i s th e coun t  o f  successfu l  predictions ,  c  i s error s o f  conunission ,  o  i s error s o f  omission , 

and n  denote s non-predictions . 

*Not e tha t  w e mak e th e simplifyin g assumptio n tha t  even t  occurrence s ma y b e describe d i n term s o f  discret e tim e 

and trials .  Thi s i s a  common assumptio n i n th e learnin g literatur e [Rescorl a an d Wagner ,  1972 ;  Mackintosh , 

1975;  Pearc e an d Hall ,  1980] . 

'Althoug h a  non-predictio n wil l  onl y b e considere d t o happe n whe n F 2 ha s bee n predicte d bu t  di d no t  occur . 

Thi s i s becaus e al l  non-prediction s woul d otherwis e giv e ris e t o a  huge ,  ongoin g numbe r  o f  counts .  Hence ,  i n thi s 

algorithm ,  non-prediction s ar e systematicall y 'undercounted' . 
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Our  propose d algorith m make s us e o f  th e calculatio n o f  L S an d L N value s t o categoriz e th e 

relationship s betwee n a  pai r  o f  cues .  Th e categorizatio n i s base d o n th e interpretatio n o f  L S 

and L N values .  L S value s rang e fro m 0  t o oo ,  wit h hig h LS s correspondin g t o a  featur e F l 

strongl y predictin g a  secon d featur e F2 ,  (sinc e hig h L S implie s a  hig h rati o o f  successe s t o error s 

of  commission) ;  an d ver y lo w LS s correspondin g t o th e cas e wher e F l  implie s tha t  F 2 wil l  no t 

occu r  (lo w rati o o f  successe s t o commissions) .  Hence ,  fo r  a  hig h L S value ,  F l  i s  a  positiv e predicto r 

of  F2 ;  fo r  lo w LS ,  F l  i s  a  negativel y predictiv e cue ,  i.e. ,  th e presenc e o f  F l  predict s tha t  F 2 wil l  no t 

occur .  A n L N valu e nea r  1  indicate s tha t  th e absenc e o f  a  cu e ma y b e ignored ,  whil e a  lo w L N valu e 

(nea r  zero )  indicate s tha t  a  presenc e cu e i s quit e necessar y fo r  prediction .  Not e tha t  whe n L S > 

1 i t  i s  als o tru e tha t  p{F2\Fl )  >  p{F2\7l) .  Furthermore ,  L N <  1  sinc e p(F2\Fl )  =  l -p{F2\Fl ) 

and p(J2 |  J I )  =  1  -  p{F2\'Fi) .  However ,  i t  i s  no t  tru e i n genera l  tha t  L S =  LN . 

W h en th e valu e o f  L S i s approximatel y 1 ,  i.e. ,  neithe r  ver y hig h no r  ver y low ,  the n th e cu e F l 

may b e eithe r  a  contex t  cu e o r  uncorrected .  I n suc h a  case ,  i f  ther e ar e mor e error s o f  commissio n 

tha n o f  omission ,  i.e. ,  mor e faile d prediction s tha n unexpecte d shocks ,  the n th e cue  i s categorize d 

as a  contex t  cu e sinc e i t  i s  ofte n present ,  i t  ofte n fail s  t o predic t  th e shock ,  bu t  th e shoc k doesn' t 

ofte n occu r  i n it s absence .  I f  ther e ar e mor e error s o f  omissio n tha n commission ,  however ,  the n 

th e cu e i s categorize d uncorrected . 

Positiv e cu e L S »  1 

Negativ e cu e L S < < 1 

Contex t  L S m 1 ,  omission s <  commission s 

Uncorrelate d L S »  1 ,  omission s >  commission s 

3. 2 Ga the r i n g evidenc e 

Al l  count s i n CAP-CEL' s memor y ar e initiall y  1 .  Thes e count s ar e update d onl y whe n a n inde x 

nod e (correspondin g t o a  featur e complex )  i s triggere d b y matchin g cue s i n th e environment ,  a t 

whic h poin t  on e o f  th e relevan t  long-ter m memor y trace s organize d belo w thi s inde x nod e i a chose n 

fo r  reconstruction ;  i.e. ,  th e trac e contain s prediction s o f  wha t  wil l  happe n an d whic h behavio r  i s 

associate d wit h thes e predictions . 

Thi s trac e i s matche d agains t  ne w events .  W h e n a  predictio n succeeds ,  th e succes s score s o f 

matche d feature s i n th e environmen t  ar e incremented .  Cue s faiUn g t o matc h receiv e incremente d 

omissio n scores .  I f  a  predictio n fails ,  eac h cu e featur e tha t  matche d th e environmen t  score s a 

commission ;  eac h cu e featur e tha t  wa s absen t  fro m th e environment ,  a  non-prediction .  Nove l 

feature s presen t  i n th e environmen t  ar e adde d wit h a n initia l  scor e o f  1  commission ,  1  prediction , 

1 omission ,  an d 1  non-prediction . 
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Cage 

Tone 

Ligh t 

Buzi 

Whir r 

And[Tone,Light ] 

+ + 

52 

52 

52 

19 

43 

48 

+ -

11 

7 

8 

4 

10 

3 

- + 

1 

1 

1 

34 

10 

1 

— 

1 

5 

4 

8 

2 

5 

LS 

1.6 5 

5.2 9 

4.3 3 

1.0 2 

0.9 7 

5.6 5 

LN 

0.3 5 

0.1 4 

0.1 7 

0.9 1 

1.1 3 

0.0 7 

Tabl e 2 :  Positiv e Contingenc y 

3. 3 A  detaile d e x a m p l e 

Assume C A P - C E L i s i n a  situatio n wher e tones ,  lights ,  noises ,  an d shock s ar e occurring .  C A P -

CEL' s tas k i s t o construc t  a  memor y recor d whic h wil l  allo w i t  t o predic t  th e occurrenc e o f  th e 

shoc k accuratel y (presumabl y i n orde r  t o avoi d it) .  Specifically ,  give n a  situatio n wher e th e shoc k 

i s reliabl y precede d b y a  conjunctio n o f  feature s (e.g. ,  ton e an d light) ,  a  positiv e contingency ,  a 

tabl e representin g a  portio n o f  CAP-CEL' s memor y abou t  th e shoc k wil l  loo k simila r  t o tabl e 2 . 

(Not e tha t  successe s ar e indicate d b y *++' ,  commission s b y 'H—' ,  omission s b y '—t-' ,  an d non -

prediction s b y '  — ' .  Th e figures  i n tabl e 2  ar e take n fro m run s o f  a n earl y versio n o f  ou r  compute r 

model. ) 

Th e L S (logica l  sufficiency )  valu e indicate s th e degre e t o whic h a  cue  i s sufficien t  t o caus e 

expectatio n o f  a  resul t  feature ,  wit h value s greate r  tha n 1  indicatin g a  positiv e contributio n t o 

expectation .  Th e L N (logica l  necessity )  valu e indicate s th e degre e t o whic h absenc e o f  a  cu e 

preclude s expectatio n o f  a  resul t  feature .  A n L N valu e nea r  on e indicate s tha t  absenc e o f  a 

cue  ma y b e ignored ,  whil e e m L N valu e nea r  zer o indicate s tha t  a  cue  i s quit e necessar y fo r 

expectation .  Th e conjunctio n o f  ligh t  an d ton e ha s bee n propose d b y th e C A P - C E L progra m 

itsel f  (se e discussio n i n sectio n 3.4) . 

Thi s char t  illustrate s importan t  difference s betwee n contingenc y learnin g an d mor e intuitiv e 

notion s o f  strengthenin g base d o n numbe r  o f  pairings .  Cag e an d ton e receiv e th e sam e numbe r  o f 

pairing s wit h shock ,  bu t  ton e i s a  muc h bette r  predicto r  o f  shock .  Moreover ,  ton e wa s involve d i n 

a greate r  numbe r  o f  mistake n prediction s (error s o f  commission )  tha n wa s buzz ,  bu t  ton e i s stil l 

recognize d a s th e bette r  predictor . 

3.4 Combining features 

Leairnin g i n comple x environment s necessitate s notin g usefu l  combination s o f  features .  Fo r  in -

stance ,  a  conjunctio n o f  a  ton e an d a  ligh t  ma y indicat e a  shoc k whil e neithe r  th e ton e no r  th e 

ligh t  alon e do .  C A P - C E L use s curren t  association s betwee n feature s t o for m combination s o f 

features . 

Th e introductio n o f  ne w featur e combination s i s feulur e driven .  W h e n C A P - C E L make s a n 
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eiTO T o f  ccMnmiasion ,  a  ne w clause '  ma y b e introduce d from  lunon g th e predJctir e clauses .  A  claus e 

wit h a  lo w L S valu e act s a s a  negativ e predictor ;  i f  satisfie d i n a  negativ e instance ,  i t  i s  a  candidat e 

fo r  negation .  A  pai r  o f  clause s wit h lo w L N value s ac t  a s require d positiv e predictors ;  i f  on e i s 

satisfie d i n a  negativ e instanc e an d th e othe r  i s  not ,  the y ar e candidate s fo r  conjunction .  W e ca n 

thin k o f  L S an d L N value s a s guidanc e fo r  a  plausibl e mov e generzito r  searchin g throug h th e spac e 

of  conditions. ^ 

Propos e 

Not[A ] 

And[A,B ] 

When erro r  o f  commissio n 

LS(A )  «  1 ,  A  satisfie d 

LN(A )  «  1 ,  A  satisfie d 

LN(B )  «  1 ,  B  unsatisfie d 

C A P - C EL doe s no t  expem d it s representatio n o f  clause s withou t  bound .  T w o mechanism s 

serv e t o limi t  thi s growth .  Th e first  i s  simpl y tha t  ne w clause s ar e onl y introduce d followin g a 

failure .  I n a n environmen t  withou t  erroneou s trainin g instance s thi s alon e cei n b e quit e effective . 

Secondly ,  C A P - C E L utilize s competitio n betwee n a  newl y introduce d claus e am d it s compo -

nents .  W h e n a  ne w claus e i s mor e predictiv e tha n it s components ,  th e latte r  ar e deactivate d an d 

ar e isolate d fro m retrieva l  processes .  C A P - C E L measure s th e relativ e predictivenes s o f  clause s b y 

comparin g L S an d L N V2ilues .  W h e n a  ne w claus e i s introduce d i t  i s  assigne d a n L S threshold ^ 

set  a t  th e m a x i m u m o f  th e L S value s o f  th e components .  Th e competin g componen t  clause s ar e 

deactivate d whe n th e L S valu e o f  th e ne w claus e exceed s it s threshold .  Unti l  thi s tim e th e ne w 

claus e canno t  b e combine d wit h othe r  clauses . 

Utilizin g thi s mechanis m ha s th e additiona l  advantag e tha t  C A P - C E L ca n correc t  som e erro -

neou s claus e formation s whethe r  the y aris e fro m mistake n action s o n th e par t  o f  th e progra m o r 

ar e a  resul t  o f  environmenta d changes .  W h e n a  claus e fall s belo w it s threshold ,  th e clause s tha t 

le d t o it s formatio n ar e reactivate d an d no w compet e wit h th e ineffectiv e clause .  Eac h reactivate d 

claus e i s assigne d a  threshol d tha t  i s  th e coimterpar t  o f  it s  rival ;  i f  th e ineffectiv e claus e ha s au i  L S 

threshold ,  eac h reactivate d claus e wil l  hav e a n L N threshol d se t  a t  th e L N valu e o f  th e ineffectiv e 

clause .  W h e n eithe r  reactivate d claus e surpasse s it s threshold^ ,  th e ineffectiv e claus e i s de2icti -

vate d an d th e clause s ar e fre e t o for m ne w combinations .  Thi s allow s th e progra m t o recove r  fro m 

mistake s an d follo w change s eimon g effectiv e predictor s i n th e environment . 

'We wil l  us e th e ter m claus e t o refe r  t o bot h individua l  feature s an d combination s o f  feature s i n th e discussio n 

tha t  foUows . 

*I t  i s  desirabl e t o allo w bot h discriminatio n (throug h conjunction s o f  clauses )  an d generalizatio n (throug h disjunc -

tion) .  A t  thi s time ,  however ,  th e CAP-CE L mode l  propose s onl y conjunction s an d negations .  A  weake r  for m o f 

generalizatio n i s achieve d b y droppin g clause s wit h lo w predictiv e value . 

^An L S threshol d i s chose n sinc e a  mor e restrictiv e claus e i s fal»ene$ » prtaervin g [Mlchalski ,  1983 ]  an d thu s L N i s 

guarantee d t o b e a s good . 

*L N threshold s ar e satisfie d i f  th e L N valu e fall s  belo w th e threshold . 
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Figur e 1 :  A n exampl e m e m o r y inde x structure . 

3.5 Organization of indexed memory 

Th e edgorithm s describe d her e fo r  th e incrementa l  calculatio n o f  L S an d L N an d th e us e o f  thos e 

value s t o successfull y categoriz e featur e cue s ar e grounde d i n th e operatio n o f  a n indexe d networ k 

memory.  Long-ter m memor y i n C A P - C E L i s organize d a s a  networ k o f  node s an d link s accesse d vi a 

paralle l  matchin g processes .  Beside s providin g a  degre e o f  pjiralle l  processin g ou r  mode l  provide s 

a principle d metho d o f  limitin g th e sprea d o f  activatio n durin g retrieval ,  b y diagnosticit y o f  test s 

applie d durin g activation . 

Link s i n ou r  mode l  ar e simpl e one-wa y transmissio n channel s capabl e o f  communicatin g a  singl e 

non-symboli c valu e (magnitude )  betwee n nodes .  Thes e ar e categorize d accordin g t o th e interpre -

tatio n o f  th e signa l  the y carr y a s on e o f  fou r  type s o f  signal :  prob e Unks ,  trigge r  links ,  expectatio n 

links ,  o r  confirmatio n links .  Node s ax e o f  tw o types :  featur e o r  featur e combinatio n node s (hence -

fort h nodes )  an d intermediat e node s (hencefort h internodes )  whic h recor d relationship s betwee n 

featur e nodes . 

I f  a  featur e F l  i s  indexe d a s a  cue  whic h ma y lea d t o a n expectatio n o f  featur e F4 ,  the n a n 

internod e wil l  h e betwee n nod e F l  an d nod e F4 ,  si s illustrate d i n figure  1 .  Lon g ter m memor y 

trace s whic h recor d occurrence s o f  bot h F l  an d F 4 ar e accesse d vi a th e internod e betwee n them . 

Featur e F l  ma y b e triggere d b y incomin g sensor y dat a an d i n tur n sen d a  signa l  t o II ,  whic h 

adjust s th e signa l  strengt h base d o n th e predictiv e valu e o f  F l  fo r  F4 ,  an d passe s i t  on . 

Suppos e tha t  F l  an d F 2 ar e necessar y fo r  a n expectatio n o f  F4 ,  bu t  F 3 i s no t  highl y correlate d 

wit h F4 .  Conside r  wha t  happen s whe n onl y F l  i s  present .  Activatio n fro m F l  wil l  trigge r  internod e 

I I  whic h wil l  scal e expectatio n b y L S an d pas s i t  t o F 4 alon g th e expectatio n link .  F 4 wil l  the n 

sen d signal s alon g eac h o f  it s outgoin g prob e Unks .  1 2 receive s a  prob e and ,  finding  th e L N valu e 

relatin g F 2 t o F 4 i s quit e smal l  (i.e. ,  th e presenc e o f  F 2 i s quit e necessar y fo r  an y expectatio n o f 

F4) ,  1 2 send s a  prob e signa l  t o F2 .  Sinc e F 2 i s no t  presen t  a t  thi s time ,  F 2 doe s no t  retur n a  signa l 

alon g a  trigge r  lin k an d 1 2 send s a n inhibitor y signa l  alon g th e expectatio n lin k t o F4 ,  reducin g 
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Nois e Ra U 
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O---Unifor m Nois e 

Figure 2: Performance of CAP-CEL as a function of noise. 

the expectation of F4. (Values are multiplied together by the receiving node; hence, the LN value 

whic h ha s a  valu e les s tha n on e act s a s a n inhibitor y signal. )  1 3 als o receive s a  prob e signa l  from 

F 4 .  Sinc e th e L N valu e relatin g F 3 t o F 4 i s abou t  1  (indicatin g tha t  F 3 i s no t  strongl y correlate d 

t o F 4 ) ,  1 3 doe s no t  sen d a  prob e signa l  o n t o F 3 an d th e sprea d o f  activatio n i s attenuated . 

Featur e node s m a y a b o represen t  combination s o f  features .  N o d e F 8 i s triggere d w h e n F 5 an d 

F 6 jir e bot h present ,  s o F 8 function s a s th e boolea n A N D operator .  I f  F 8 i s triggere d b y eithe r  F 5 

or  F 6 ,  i t  send s prob e signal s t o both .  W h e n i t  i s  triggere d b y both ,  i t  trigger s 18 .  Othe r  boolee m 

combination s ca n b e similarl y represented .  T h e dashe d Une s i n figure 1  indicat e th e competitio n 

betwee n th e recentl y introduce d 1 8 in temod e an d th e c o m p o n e n t  in temode s 1 5 an d 16 . 

T h e principl e adveintag e o f  th e inde x networ k a s describe d abov e i s tha t  tes t  diagnoaticity ,  a s 

expresse d b y L S aji d L N vjilue s store d i n intemodes ,  provide s natura l  contro l  fo r  paralle l  retrieva l 

processes ;  th e sprezi d o f  activatio n i s Umite d i n a  principle d w a y b y thes e test s o n link s betwee n 

nodes ,  rathe r  tha n b y a  pursui t  strengt h deca y o f  link s ove r  time .  T h e n u m b e r  o f  node s neede d t o 

represen t  comp le x pattern s i s moderate ,  an d th e networ k ca n b e modifie d incrementall y a s n e w 

relation s betwee n feature s ar e discovered . 
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3. 6 E x p e r i e n c e w i t h th e C A P - C E L s y s t e m 

3.6. 1 Robustnes s 

Real-worl d environment s invariabl y entai l  som e degre e o f  noise ,  s o a  learnin g engin e mus t  b e abl e 

t o tolerat e erroneou s trainin g instances .  W e hav e bee n pleasantl y surprise d b y th e performanc e o f 

th e C A P - C E L progra m i n thes e circumstjuices .  Figur e 2  depict s th e asymptoti c performanc e o f 

C A P - C EL whe n traine d fo r  a  conjunctio n o f  ton e an d ligh t  wit h variou s rate s o f  spuriou s trials . 

Th e lin e plotte d wit h circle s i n figure  2  show s performanc e unde r  condition s o f  'uniform '  noise , 

tha t  is ,  a n equa l  numbe r  o f  spuriou s C S trizil s  an d spuriou s U S trial s hav e bee n substitute d fo r 

paire d jui d non-paire d trials ,  respectively .  A s th e rati o o f  spuriou s C S trial s t o al l  trial s tha t 

includ e a  C S (o r  spuriou s U S trial s t o al l  trial s tha t  includ e a  US )  approache s 0.3 ,  CAP-CEL' s 

performanc e fall s  towar d a  chanc e leve l  (50%) .  A s on e woul d expect ,  spuriou s tria l  rate s i n exces s 

of  0. 5 caus e C A P - C E L t o acquir e th e opposit e associatio n an d perfor m a t  les s tha n chanc e level . 

Th e triangle s i n figure  2  plo t  th e performance  o f  C A P - C E L whe n ther e ax e spuriou s C S trial s 

but  n o spuriou s U S triads .  Thi s i s simila r  t o partia l  reinforcemen t  i n conditioning .  CAP-CEL' s 

performanc e remain s wel l  abov e chanc e i n thi s cas e eve n fo r  level s o f  nois e i n exces s o f  5 0 % 

becaus e th e ton e an d hgh t  ar e i n a  positiv e contingenc y relatio n wit h shoc k eve n whe n th e absolut e 

probabilit y  o f  shoc k followin g th e cue s i s low .  CAP-CEL' s leve l  o f  performeuic e i s simila r  whe n 

onl y spuriou s U S trial s ar e introduce d (se e sectio n 4  fo r  furthe r  discussion) . 

CAP-CEL' s toleranc e o f  erroneou s trainin g instamce s i s partl y du e t o th e smoot h weightin g 

function s L S an d LN .  I n addition ,  though ,  w e foun d tha t  robustnes s depend s criticall y o n th e 

introductio n o f  combine d feature s (sectio n 3.4) .  Wit h n o nois e i n th e data ,  C A P - C E L cji n achiev e 

perfec t  performanc e fo r  simpl e conjunctiv e classification s eve n whe n th e combinatio n propose r  i s 

disabled ,  sinc e th e extrem e value s o f  L S em d L N ar e sufficien t  t o expres s logica l  necessit y an d logica l 

suflficiency .  Bu t  whe n eve n a  smal l  numbe r  o f  erroneou s instance s ar e introduced ,  performemc e 

fall s of f  precipitousl y unles s combination s ar e proposed .  Th e predictiv e valu e o f  a  combinatio n 

of  feature s i s highe r  tha n tha t  o f  an y o f  it s  componen t  features ,  an d th e influenc e o f  erroneou s 

instance s o n tha t  valu e i s correspondingl y less .  Method s whic h rel y o n a n impUci t  encodin g o f 

featur e combination s wil l  no t  perfor m a s wel l  i n th e presenc e o f  nois e a s thos e tha t  us e a n explicitl y 

combine d representation . 

3.6.2 Annotated run-time output of the CAP-CEL program 

We hav e implemente d C A P - C E L i n Fran z Lis p o n a  V A X 11/75 0 runnin g unde r  Unix .  I n th e 

followin g trainscript ,  C A P - C E L learn s tha t  th e conjunctio n o f  ton e an d hgh t  i s a  positivel y con -

tingen t  cue  fo r  th e onse t  o f  shock .  Annotation s ar e separate d from  actua l  progra m outpu t  b y 

semicolons . 
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Receiving :  cage ,  light ,  whirr ,  buz x 
strongl y expectin g shoc k (odd s -  7.8 1 

Receiving :  nothin g 
Updatin g expectation s 

•arkin g coamission s 
rkln g non-prediction s 

Deactivatin g clause : 
andCwhirr,light ] 

Introducin g ne w clause : 
and[light,tone ] 

Thes e ar e externa l  cues . 
» 1) . 
CAP-CEL predict s th e shock , 

but  doesn' t  ge t  one . 
Satisfie d cue s ge t  a  coaaission . 
Unsatisfie d cue s ge t  a 

non-prediction . 
Thi s claus e isn' t  provin g 

effective . 

The ligh t  cu e i s satisfie d (present )  i n thi s instanc e 
and ha s a  L N «  1 .  Th e ton e cu e i s no t  satisfie d 
(missing )  an d als o ha s a  L N «  1 .  Thei r  conjunctio n 
i s suggeste d a s a  ne w clause . 

Receiving :  cage ,  light ,  tone ,  whir r 
strongl y expectin g shoc k (odd s =•  31.4 9 »  1 )  . 

Receiving :  shoc k 
Updatin g Expectation s 

markin g successe s 
markin g omission s 

Establishin g clause : 
and[light,tone ] 

Deactivatin g clause : 
ligh t 

Deactivatin g clause : 
ton e 

; Long-term memory looks like this now: 

shock predicted by: 

Thi s claus e i s no w abov e it s 
threshol d an d it s rival s 
ar e deactivated . 

Patter n 

and[light,tone ] 

buz z 

whir r 

cag e 

++ 

8 

5 

11 

13 

+-

1 

2 

7 

8 

- + 

1 

9 

3 

1 

~ 

3 

7 

2 

1 

I s 1 

3.5 6 1 

1.2 7 1 

1.0 2 1 

1.2 4 1 

1 I n 1 

1 0.1 5 

1 0.6 5 

1 0.9 7 

1 0.7 6 

1 

1 

1 

1 

3.6. 3 Explanatio n o f  p rog ra m behavio r 

Confidence in CAP-CEL is calculated by multiplying together the LS vzdues of ezich satisfied 

featur e an d th e L N value s o f  eac h unsatisfie d feature .  Thi s confidenc e measur e i s the n interprete d 
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i n term s o f  odds :  muc h les s tha n 1  indicate s tha t  F 2 i s no t  expected ;  abou t  1  indicate s uncertainty ; 

much greate r  thz m 1  indicate s tha t  F 2 i s expected . 

CAP-CEL introduce s ne w clause s onl y o n error s o f  commissio n an d avoid s endlessl y makin g 

proposal s whe n i t  reztche s proficiency .  Possibl e ne w clause s ar e propose d fro m th e satisfie d an d 

unsatisfie d feature s o n th e basi s o f  L S an d L N values .  I n th e exampl e above ,  ligh t  ha s a n L N valu e 

belo w wel l  belo w 1 ,  a s doe s tone ,  an d a n erro r  o f  commissio n occur s wher e ligh t  i s  presen t  an d 

ton e i s absent ;  CAP-CE L hypothesize s tha t  ligh t  an d ton e togethe r  migh t  b e a  bette r  predicto r 

tha n eithe r  alone . 

4 An experimental prediction 

In review, contingency theory [Rescorla, 1972] states that a necess2iry condition for the formation 

of  a n associatio n betwee n a  CS-U S pai r  i s  p{US\CS )  >  p{US\CS) .  Thi s characterizatio n aros e ou t 

of  Rescorla' s origina l  anima l  experiment s [1966 ,  1967,1968 ]  wher e on e grou p o f  subject s wa s give n 

rando m presentation s o f  th e C S an d rando m presentation s o f  th e US :  p(US\CS )  =  p{US\CS) .  A 

secon d grou p receive d th e sam e rando m sequenc e excep t  tha t  th e U S wa s no t  give n £i s schedule d 

unles s i t  ha d bee n preceede d b y a  CS .  Usin g th e term s o f  sectio n 3.6.1 ,  thi s grou p wa s presente d 

wit h spuriou s C S trial s substitute d int o CS-U S trials :  p(US\CS )  >  p{US\CS) . 

A surve y o f  th e relevan t  Uteratur e indicate s tha t  2inima l  researcher s hav e faile d t o tes t  th e situ -

atio n wher e spuriou s US s ar e substitute d int o CS-U S trials .  p{US\CS )  i s greate r  tha n p{US\CS ) 

i n thi s situatio n a s well ,  s o th e mode l  predict s tha t  learnin g shoul d occur .  Usin g th e measure s o f 

LS an d LN ,  th e CAP-CE L progra m acquire s a  significan t  associatio n betwee n th e CS-U S pairin g 

give n spuriou s U S substitution s i n a  serie s o f  pairings .  Thi s lead s t o th e predictio n tha t  anima l 

subject s i n a  simila r  situatio n als o will ;  a n experimen t  t o tes t  thi s prediction ,  followin g Rescorla' s 

design ,  i s currentl y bein g ru n i n th e authors '  la b a t  U C Irvine . 

Rescorla' s origina l  characterizatio n woul d als o mak e thi s prediction ,  thoug h hi s experiment s 

didn' t  tes t  fo r  it .  However ,  i f  associationa l  strengt h i s take n t o b e a  functio n o f  th e magnitud e o f 

th e inequalit y p{US\CS )  >  p{US\CS) ,  the n i t  ma y fai l  t o b e abov e som e significanc e threshold . 

The us e o f  th e rati o o f  th e conditiona l  probabiUtie s (LS )  an d th e rati o o f  thei r  algebrai c dual s 

(LN )  yield s measure s whic h ar e toleran t  o f  spuriou s C S substitution s o r  spuriou s U S substitution s 

but  no t  bot h (se e figure  2) . 

5 Related work 

Each development and refinement of the CEL framework is driven by an attempt to accurately 

model  experimenta l  data .  Th e mode l  o f  contingenc y describe d i n thi s pape r  wer e motivate d 

by result s fro m animz d behavio r  experiments .  Anima l  learnin g theorists ,  notabl y Rescorl a an d 

Wagner  [1972] ,  Wagne r  [1981] ,  Mackintos h [1975] ,  an d Pearc e an d Hal l  [1980] ,  hav e propose d 
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model s o f  associativ e learnin g whic h accoun t  fo r  contingency .  Thes e theorie s predic t  th e strengt h 

of  associativ e learnin g a s a  functio n o f  experience ,  bu t  d o no t  describ e th e detaile d processin g 

necessar y t o form ,  retrieve ,  an d modif y associations .  Ou r  mode l  i s  intende d t o suppl y thi s furthe r 

leve l  o f  detail . 

Othe r  researcher s hav e als o formulate d system s fo r  th e purpos e o f  modellin g experimenta l  data . 

One o f  th e mos t  coiî >rehensiv e noodel s o f  learnin g behavio r  i s  th e A C T *  famil y o f  program s wer e 

develope d b y Joh n Anderso n (Anderson ,  1983] .  A C T *  use s production s system s a s a  framewor k 

fo r  describin g th e processin g underlyin g comple x behavior .  A C T *  create s ne w productio n rule s 

throug h processe s o f  composition ,  proceduraJization ,  generalization ,  an d discrimination .  O f  these , 

generalizatio n aai d discriminatio n addres s th e proble m o f  discoverin g whic h feature s ar e relevan t 

fo r  determinin g whe n a n operato r  shoul d b e appUed .  A C T *  create s a  generalize d rul e b y omittin g 

a conditio n fro m th e anteceden t  par t  o f  anothe r  rule .  Discriminatio n add s a  ne w claus e eithe r  t o 

th e anteceden t  o r  t o th e consequen t  par t  o f  a  rule .  Rule s i n A C T *  ar e strengthene d whe n the y 

ar e reinvente d an d whe n the y ar e activate d throug h th e sprea d o f  activatio n i n memory .  The y ar e 

weakene d b y negativ e feedback . 

The A C T *  framework  ha s bee n use d t o accoun t  fo r  a  wid e variet y o f  dat a fro m th e psycholog y 

of  huma n learning .  Th e schem e fo r  strengthenin g an d weakenin g rules ,  however ,  doe s no t  appea r 

t o b e consisten t  wit h th e basi c psychologica l  dat a concernin g contingency . 

Anothe r  cognitivel y oriente d artificia l  intelligenc e progra m employ s learnin g whil e parsin g 

Englis h stories :  IP P [Lebowitz ,  1983] .  Storie s rea d b y IP P ar e use d t o for m group s o f  stor y 

feature s tha t  frequently  occu r  together .  Thes e group s o f  feature s provid e top-dow n directio n fo r 

IPP' s parsin g mechzmism .  Th e numbe r  o f  feature s i n commo n betwee n tw o group s o f  feature s 

i s use d t o determin e whe n a  ne w featur e grou p shoul d b e introduced .  Thes e featur e group s ar e 

strengthene d an d weakene d b y a  unar y amoun t  give n positiv e o r  negativ e evidence .  Individua l 

feature s withi n a  grou p tha t  increas e expectatio n o f  othe r  feature s i n th e sam e grou p ar e terme d 

predictive ]  thos e tha t  d o no t  ar e terme d predictable .  Th e degre e t o whic h a  featur e i s predictiv e i s 

base d o n ho w infrequentl y i t  ha s occurre d i n featur e groups . 

IP P successfull y improve s it s parsin g o f  text s withi n th e domai n o f  newspape r  stories .  However , 

th e mechanism s fo r  determinin g predictivenes s d o no t  appea r  t o b e consisten t  wit h th e findings 

of  contingenc y experiments .  Secondly ,  a s Lebowit z notes ,  IP P ha s som e difiicult y whe n a  se t  o f 

feature s i n a  grou p ar e predictiv e whil e zui y singl e one  isn't .  Lackin g a  representatio n fo r  explici t 

conjunction s prohibit s IP P fro m assignin g predictivenes s t o onl y a  subse t  o f  features . 

Resejircher s i n cognitiv e psycholog y hav e als o outline d constraint s fo r  mechanism s tha t  attemp t 

t o Eiccoun t  fo r  experimenta l  results .  Barsalo u an d Bowe r  hav e expresse d thre e concern s ove r  th e 

formulatio n o f  memor y models :  eliminatio n o f  tes t  contingency ,  paralle l  traversal ,  an d storag e 

requirement s [1984] .  Th e first  i s  th e chau-acteristi c  o f  som e memor y model s tha t  allow s o r  inhibit s 

retrieva l  o f  item s store d i n a  networ k base d o n th e succes s o f  som e distantl y relate d test .  Barsalo u 

and Bowe r  argu e tha t  partia l  matchin g shoul d b e allowe d i n memor y retrieva l  an d tha t  ther e 
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shoul d b e a  meanin g relate d orderin g o f  test s i f  any .  Secondly ,  experimenta l  evidenc e tha t  huma n 

memory i s paralle l  hav e lea d Barsalo u an d Bowe r  t o criticiz e inherentl y seria l  model s o f  memory . 

Thirdly ,  Barsalo u an d Bowe r  doub t  th e validit y o f  memor y scheme s tha t  requir e exponentia l 

memory space ,  fo r  huma n memor y system s d o no t  appea r  t o b e limite d i n th e way s predicte d b y 

suc h schemes . 

CAP-CEL addresse s eac h o f  thes e concern s i n tha t  i t  employ s a  memor y schem e whic h allow s 

peirtia l  matchin g (long-ter m memor y trace s ar e retrievabl e b y an y o f  th e predictiv e cue s i n tha t 

trace) ,  a  paralle l  retrieva l  scheme ,  an d a  memor y containmen t  schem e whic h display s a  growt h 

bounde d o n th e averag e b y n '  (wher e n  i s th e numbe r  o f  nove l  stimul i  i n th e environment )  sinc e 

ther e ai e a t  mos t  n ? pairwis e associations .  I n th e mos t  pathologica l  case ,  expUci t  representatio n 

of  boolea n combination s require s a  boun d o f  2" . 

6 Conclusions 

The importance of contingency is well known in animal learning theory, and the extensive ex-

perimenta l  dat a concernin g contingenc y provid e a  clea r  se t  o f  computationa l  requirement s fo r  a 

proces s mode l  o f  learning .  We hav e expresse d thi s se t  o f  requirement s algorithmicall y a s a  salienc e 

assignmen t  problem ,  aai d w e hav e show n ho w thi s proble m i s solve d withi n th e CE L framework , 

vi a formula e base d o n Bayes '  algorithm .  Th e CAP-CE L progra m demonstrate s tha t  th e eiccoun t 

we hav e offere d i s i n fac t  adequat e t o distinguis h useful ,  predictiv e cue s fro m contex t  an d uncor -

relate d cues .  Moreover ,  th e performjinc e o f  CAP-CE L comprise s a  se t  o f  detaile d prediction s o f 

our  hypothese s tha t  may'b e confirme d o r  rejecte d o n th e basi s o f  experiments . 

Ther e i s a  wealt h o f  empirica l  behaviorei l  dat a waitin g t o b e «u:counte d for .  Fo r  instance ,  ther e 

i s a n interestin g bod y o f  dat a concernin g th e respons e latencie s o f  classicall y an d instrumentall y 

conditione d subjects .  We hav e begu n t o addres s thes e issue s an d hop e t o integrat e ou r  findings 

wit h previou s result s [Granger ,  Schlimme r  an d Young ,  1985] .  We inten d t o continu e t o concentrat e 

on betsi c phenomen a o f  auiims J lejirnin g rathe r  tha n followin g th e curren t  artificia l  intelUgenc e ein d 

cognitiv e scienc e fashio n o f  buildin g compute r  model s o f  comple x humz m proble m solvin g tasks ; 

we believ e thes e basi c phenomen a she d mor e ligh t  o n th e fundamenta l  propertie s o f  learnin g i n 

humans a s wel l  a s animals . 
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COMPONENT MODELS O F PHYSICAL SYSTEMS 

Allan Collins 
Bol t  Berane k &  Newman,  Inc . 

In order to get around in the world people have to make sense of Coke machines 
and computers ,  hom e heatin g system s an d electri c circuits ,  an d eve n evaporatio n 
processe s an d bouncin g balls .  The y mus t  buil d thei r  ow n fol k model s o f  ho w thes e 
thing s behav e e.g. ,  wha t  wil l  happe n i f  the y pu t  differen t  amount s o f  mone y i n a  Cok e 
machine ,  wha t  t o d o i f  th e machin e doesn' t  behav e a s the y expect .  "Menta l  Models "  i s 
th e ter m tha t  ha s evolve d fo r  a  ne w vie w o f  ho w peopl e conceptualiz e physica l 
systems .  Menta l  model s ar e mean t  t o impl y a  conceptua l  representatio n tha t  i s 
qualitative ,  an d tha t  yo u ca n ru n i n you r  mind' s ey e an d se e wha t  happens . 

In order to make the discussion concrete, I will display some mental models for 
you r  inspection .  I'v e picke d thre e domain s -  electricity ,  hom e heatin g systems ,  an d 
evaporation ,  -  becaus e the y cove r  th e diversit y o f  differen t  menta l  models ,  an d 
becaus e i t  i s  possibl e t o illustrat e a  variet y o f  hypothese s abou t  menta l  model s i n 
term s o f  thes e domains . 

Mental Models of Electric Circuits 

A number of investigators, have studied people's naive models of electric circuits 
(Fredett e &  Lochhead ,  1980 ;  Centne r  &  Centner ,  1983 ;  Osbourn e 1981 ;  Osbourn e & 
Wittrock ,  1983 ;  Steinberg ,  1983) .  Sinc e m y taxonom y i s mor e differentiate d the n th e 
others ,  I  wil l  describ e th e naiv e model s I  foun d an d poin t  ou t  ho w thes e relat e t o th e 
menta l  model s o f  electricit y foun d b y othe r  researchers . 

In the study I analyzed people s naive models of a simple battery, switch, and 
lightbul b circuit .  Fo r  th e circuit ,  I  administere d a  questionnair e t o twenty-fou r 
subject s wh o ha d n o specia l  knowledg e o f  circuits .  Th e questionnair e aske d the m (1 ) 
t o dra w a  schemati c circui t  an d explai n ho w i t  worked ,  (2 )  t o answe r  a  variet y o f 
question s abou t  th e workin g o f  th e circui t  tha t  the y drew ,  suc h a s whic h wa y th e 
curren t  flow s i n eac h componen t  an d wire ,  an d (3 )  t o evaluat e differen t  circuit s i n 
orde r  t o decid e whethe r  the y woul d wor k properly . 

I was able to categorize the types of models people were using both at the 
circui t  leve l  an d a t  th e individua l  componen t  level .  Seve n o f  th e subject s ha d a  mor e 
or  les s correc t  mode l  o f  th e wa y a  batter y circui t  functions .  Tha t  is ,  on e pol e o f  th e 
batter y act s a s a  sourc e o f  electron s an d th e othe r  a s a  sink .  Th e curren t  i s 
maintaine d b y a n io n flo w i n th e batter y betwee n th e tw o poles .  1  explai n eac h o f  th e 
incorrec t  model s below : 

(l) Converging flow model (3 subjects). This model posits that there are two 
kind s o f  electricit y (i.e. ,  positiv e an d negative )  flowin g ou t  fro m th e battery ,  an d tha t 
yo u nee d bot h kind s t o mak e th e bul b light .  I  hav e calle d thi s mode l  th e "epox y glue " 
model  o f  circui t  flow ,  whil e Steinber g (1983 )  refer s t o i t  a s th e "sink "  mode l  an d 
Osbourn e (1981 )  th e "bipolar "  model .  Lik e me ,  Steinber g find s thi s mode l  hel d b y 
approximatel y one-sevent h o f  Smit h Colleg e undergraduate s firs t  takin g physics ,  bu t 
Osbourn e an d Wittroc k (1983 )  repor t  findin g thi s mode l  i n approximatel y one-thir d o f 
youn g children . 

(2) Circular flow model (4 subjects). In this view electrons flow around and 
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aro\in d th e circuit ,  an d eac h tim e tha t  the y pas s throug h th e battery ,  the y ar e give n 
additiona l  momentum .  Thi s vie w i s incorrec t  i n tha t  i t  assume s tha t  individua l 
particle s g o throug h th e batter y muc h lik e wate r  particle s g o throug h a  pum p i n a 
circulator y wate r  system .  I  hav e calle d thi s th e "racetrack "  model ,  an d i t  i s  a  versio n 
of  th e "movin g crowd "  mode l  discusse d b y Centne r  &  Centne r  (1983) . 

(3) Impvilse-signal model (3 subjects). This model posits that the switch sends 
an impuls e t o th e batter y t o trigge r  curren t  flo w fro m th e batter y t o th e ligh t  bulb . 
I t  view s a  switc h lik e th e trigge r  o f  a  gun .  Thi s i s a  variatio n o n th e "consumer " 
model  describe d b y Steinber g (1983 )  an d Fredett e &c Lochhea d (1980) ,  an d th e unipola r 
model  describe d b y Osbourn e (1981) . 

(4) Gate-switch model (3 subjects). This model posits that current flows only 
fro m th e batter y t o th e ligh t  bulb .  Fo r  th e switc h t o wor k properly ,  i t  mus t  b e 
inserte d betwee n th e batter y an d th e bulb ,  wher e i t  act s a s a  gat e regulatin g curren t 
flow .  Thi s to o i s a  versio n o f  th e unipola r  mode l  foun d b y Osbourne ,  an d th e 
consumer  mode l  o f  Steinber g (1983 )  an d Fredett e &  Lochhea d (1980) .  I t  seem s t o 
deriv e fro m th e water-flo w analog y describe d b y Centne r  an d Centne r  (1983) ,  wher e 
th e switc h i s viewe d a s a  kin d o f  valv e regulatin g flow . 

(6) Gate-switch model with circuit (2 subjects). This is a variant of the above 
model .  I t  posit s tha t  curren t  flow s i n a  circui t  bac k t o th e battery ,  bu t  yo u nee d th e 
switc h betwee n th e batter y an d th e bul b t o kee p th e curren t  fro m reachin g th e bul b 
when th e switc h i s off .  Thus ,  i t  i s  lik e wate r  flowin g i n a  circulatin g system ;  i f  th e 
wate r  ca n reac h a  smal l  hol e i n th e pip e (analogou s t o th e light) ,  the n wate r  wil l 
trickl e ou t  (i.e. ,  th e bul b wil l  light) .  Thi s i s a  partia l  consume r  mode l  o f  th e bulb , 
wher e mos t  o f  th e curren t  i s assume d t o flo w bac k t o th e battery . 

(6) Controller-switch model (2 subjects). This model views the switch as a 
contro l  devic e tha t  i s hooke d u p t o th e battery-bul b circui t  b y it s ow n contro l 
circuit .  I t  wa s th e leas t  coheren t  o f  th e si x incorrec t  view s I  encountere d an d th e 
tw o subject s wh o propose d i t  seeme d no t  t o believ e i t  ver y strongly .  Non e o f  th e 
previou s studie s tal k abou t  an y suc h view . 

I  als o attempte d t o analyz e th e menta l  model s subject s ha d o f  th e thre e majo r 
component s i n th e circuit .  Her e I  mad e my bes t  gues s o n th e basi s o f  thei r  answer s 
t o th e question s a s t o eac h subject' s vie w o f  eac h component . 

Based on the analysis there were four different views of the battery. Ten 
subject s ha d a  source-sin k vie w o f  th e battery ,  wit h electron s flowin g fro m on e pol e 
t o th e othe r  i n th e circuit .  Seve n subject s viewe d th e batter y a s simpl y a  sourc e o f 
electricit y whic h flowe d ou t  t o th e bulb .  Fou r  subject s considere d th e batter y t o b e 
an energizer ,  lik e a  pum p i n a  wate r  circulatio n system ,  an d thre e subject s considere d 
i t  a  sourc e o f  bot h positiv e an d negativ e electricity . 

There were three prevailing views of the light bulb that I could distinguish. 
Twelv e subject s viewe d i t  a s a  narro w passag e o r  resisto r  throug h whic h curren t  mus t 
pass .  Te n subject s viewe d i t  a s a  consume r  o f  electri c current ,  thre e o f  thes e 
requirin g bot h positiv e an d negativ e electricit y t o com e togethe r  t o b e consumed .  Th e 
las t  tw o subject s ha d wha t  I  cal l  th e partia l  consume r  vie w wher e a  littl e bi t  o f  th e 
electricit y i s burne d u p a s i t  goe s throug h th e bulb . 

We distinguished four views of the switch. Most subjects had the correct 
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contact-gat e view ,  wher e th e switc h i s viewe d a s a  swingin g gat e attache d t o on e wir e 
and makin g contac t  (o r  not )  wit h th e othe r  wire .  Th e incorrec t  view s include d th e 
impulse -  signa l  vie w tha t  I  likene d t o a  gun s trigger ,  a  blockin g notio n lik e a  valv e i n 
a pipe ,  an d a  control-devic e notio n lik e th e handl e o n a  fauce t  tha t  i s  mechanicall y 
linke d t o th e valv e i n th e pip e (thoug h bot h subject s ha d th e contro l  devic e linke d 
electricall y t o th e circuit) . 

What these models illustrate is that naive subjects have a diverse set of views on 
circuits ,  whic h ar e mor e o r  les s coherent .  Thes e view s ca n b e use d generativel y t o 
gues s ho w circuit s the y hav e no t  encountere d befor e wil l  behave ,  a s w e wil l  discus s 
later .  Furthermore ,  thes e view s ar e structured :  a s w e hav e show n here ,  the y ca n b e 
regarde d a s model s o f  th e entir e circui t  o r  mor e locall y a s view s o f  specifi c 
component s o f  th e circuit .  Differen t  componen t  view s ca n i n fac t  g o wit h differen t 
syste m views .  Fo r  example ,  on e coul d hav e a n energize r  vie w o f  th e batter y wit h 
eithe r  a  contac t  gate ,  contro l  device ,  o r  blockin g vie w o f  a  switc h an d eithe r  a 
resisto r  o r  partia l  consume r  vie w o f  a  light .  Thus ,  menta l  model s o f  component s ca n 
be regarde d a s buildin g block s fo r  a  globa l  view . 

Mental Models of Home Heating Systems 

Kempton (in press) carried out a series of forty—two, in depth interviews with 
averag e American s t o determin e ho w the y se t  thei r  thermostat s an d why .  Base d o n hi s 
interview s h e identifie d tw o common fol k theorie s o f  ho w thermostat s work ,  whic h lea d 
t o quit e differen t  pattern s o f  settin g a  thermostat .  Th e tw o theorie s h e identifie d ar e 
th e Feedbac k Theor y an d th e Valv e Theory . 

The Feedback Theory. This theory views the thermostat as a device that senses 
th e temperatur e i n th e room ,  an d i f  i t  fall s  belo w th e temperatur e setting ,  th e furnac e 
turn s on ,  an d i f  i t  rise s abov e th e temperatur e setting ,  th e furnac e turn s off . 
Actually ,  a  thermosta t  ha s tw o se t  point s equidistan t  fro m th e thermosta t  setting ;  th e 
lowe r  o f  whic h turn s o n th e furnac e an d th e highe r  o f  whic h turn s i t  off .  Kempto n 
quote s on e o f  hi s subject s wh o hel d thi s view . 

"You just turn the thermostat up, and once she gets up there (to the desired 
temperature )  she'l l  kic k of f  automaticall y An d the n she'l l  kic k o n an d of f  t o kee p i t 
at  tha t  temperature. " 

The Valve Theory. This view holds that the setting on the thermostat controls 
th e rat e o f  hea t  flow ,  s o tha t  th e highe r  yo u se t  th e thermostat ,  th e harde r  th e 
furnac e work s t o produc e heat .  H e quote s a  subjec t  wh o hel d thi s view : 

"Um, I assume, um, that there is some kind of linear relationship between where 
th e leve r  i s an d th e wa y som e kin d o f  hea t  generatin g syste m functions .  And ,  um ,  tha t 
it' s  lik e steppin g o n th e ga s pedal ,  tha t  ther e I  hav e a  notio n o f  hydraulics ,  yo u know , 
th e harde r  yo u pus h ther e is ,  th e mor e flui d get s pushe d int o th e engine ,  an d th e 
more explosion s ther e are ,  an d th e faste r  i t  goes. " 

There are hints in the data Kempton quotes to indicate that the dichotomy he 
makes betwee n th e tw o theorie s reall y shoul d b e though t  o f  a s tw o point s i n a  large r 
spac e o f  possibl e models .  We ca n se e thi s spac e o f  model s bes t  i n tw o example s h e 
give s o f  peopl e wh o d o no t  quit e fi t  th e valve/feedbac k dichotomy . 
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One informan t  quit e clearl y enunciate d th e feedbac k theor y a t  first ; 

"I guess, what I always thought was when you turn the, the temperature, you 
tur n th e thermosta t  t o 65 ,  th e furnac e work s t o kee p th e roo m a t  6 5 an d the n a s 
soo n a s it' s  65 ,  th e furnac e stop s workin g an d the n whe n i t  start s t o ge t  a  littl e bi t 
col d agai n th e furnac e vril l  wor k again. " 

But when Kempton questioned her about heating up the house, she verbalized 
th e valv e theory : 

Q: Let's say it's very cold ... you come into the house and it's very cold, and you 
want  t o hea t  th e hous e up .  Let' s sa y yo u wan t  t o hea t  th e hous e u p t o 65 .  What 
woul d yo u d o .. . 

R; If it's very, very cold? 

Q; Uh-huh. 

R: 1 might turn it up to 70, for maybe 20 minutes, half an hour and then turn it 
bac k dow n t o 6 5 t o se e i f  I  ca n ge t  i t  warme r  faste r 

Let me consider how such a hybrid model might work. The essence of the valve 
theor y i s tha t  th e amoun t  o f  hea t  flo w i s proportiona l  t o th e temperature :  thi s i s a 
propositio n abou t  a  facto r  I  wil l  b e abl e rat e o f  hea t  flow .  Th e essenc e o f  th e 
feedbac k theor y i s tha t  th e hea t  turn s o n whe n th e temperatur e fall s  belo w a  se t 
point ,  an d turn s of f  whe n th e temperatur e rise s abov e anothe r  se t  point :  thi s i s a 
propositio n abou t  a  facto r  I  wil l  cal l  typ e o f  control .  Becaus e thes e tw o theorie s 
addres s differen t  factors ,  i t  i s  perfectl y possibl e t o believ e i n variabl e hea t  flow ,  a s i n 
th e valv e theory ,  an d indirec t  control ,  a s i n th e feedbac k theory .  Th e hybri d theor y 
i s simpl y tha t  th e temperatur e settin g control s bot h factors :  th e highe r  th e setting , 
th e greate r  th e hea t  flow ,  an d th e highe r  th e se t  point s a t  whic h th e furnac e turn s 
on an d off . 

Another of Kempton's protocols points up a third factor, heat loss, that affects 
th e wa y peopl e se t  thei r  thermostats .  I n particular ,  a  woman responden t  believe d i n 
settin g th e thermosta t  bac k a t  night ,  bu t  he r  husban d reasone d fro m hi s feedbac k 
theor y tha t  i t  di d no t  pa y t o d o so : 

"Now, my husband disagrees with me. He, he feels, and he will argue with me 
lon g enough ,  tha t  I  d o no t  sav e an y fue l  b y turnin g th e thermosta t  u p an d down... . 
Becaus e he ,  h e feel s tha t  b y th e tim e yo u tur n i t  dow n t o 5 5 an d al l  th e object s i n 
th e hous e dro p t o 55° ,  you'r e goin g t o us e mor e fue l  tha n i f  yo u woul d hav e lef t  i t  a t 
65 an d i t  jus t  kick s i n no w an d then. " 

The essence of the husband's argument is that the time the furnace is on when 
you mov e th e thermosta t  u p i n th e mornin g i s a s grea t  o r  greate r  tha n th e tim e i t  i s 
of f  whe n yo u se t  th e thermosta t  dow n a t  night .  Th e tw o time s ar e i n fac t  roughl y 
equivalent .  Th e saving s fro m turnin g th e thermosta t  dow n a t  nigh t  com e becaus e th e 
furnac e turn s o n les s frequentl y durin g th e night .  Bu t  i t  i s  eas y t o se e ho w he r 
husban d migh t  no t  thin k o f  thi s savings ,  i f  h e think s th e onl y effec t  o f  lowerin g th e 
settin g i s th e tw o transient s whic h offse t  eac h other .  H e i s implicitl y  assumin g tha t 
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th e furnac e i s turnin g o n an d of f  a t  th e sam e rat e a t  a  lowe r  settin g a s a  highe r 
setting ,  onc e steady-stat e i s achieved .  Suc h a  vie w make s sens e i f  yo u thin k hea t 
los s fro m a  hous e i s constant ,  o r  simpl y depend s o n th e temperatur e outside .  I n 
orde r  t o reall y "understand "  wh y ther e i s a  savings ,  yo u hav e t o hav e a  notio n tha t 
heat  los s i s proportiona l  t o th e differenc e betwee n th e temperatur e indoor s an d 
outdoors ,  o r  a t  leas t  tha t  i t  depend s o n th e indoo r  temperature . 

We have thus identified three factors that appear in Kempton's protocols, for 
whic h peopl e ma y hav e differen t  models .  Thes e factor s ar e equivalen t  t o th e 
componen t  model s I  discusse d wit h respec t  t o electricity .  I  woul d argu e tha t  mos t 
combination s o f  th e differen t  model s fo r  thes e thre e component s ar e possible . 

Let me explain each of the possible models and their combinations. With respect 
t o th e "hea t  flow "  component ,  th e grade d hea t  flo w mode l  i s wha t  th e valv e theor y 
implies .  Th e constan t  hea t  flo w model ,  whic h i s implie d b y th e feedbac k theory ,  i s  th e 
correc t  mode l  (ignorin g transients) .  Wit h respec t  t o th e "typ e o f  control "  component , 
direc t  control ,  whic h th e valv e theor y implies ,  mean s tha t  th e rat e o f  hea t  flo w 
change s a s yo u mov e th e thermosta t  u p o r  down .  Indirec t  contro l  b y temperature ,  a s 
th e feedbac k theor y implies ,  refer s t o th e mode l  wher e change s i n temperatur e caus e 
th e furnac e t o tur n o n an d off .  A  thir d possibl e mode l  i s a n adjustabl e rati o model : 
thi s mode l  assume s tha t  th e furnac e turn s itsel f  o n an d of f  wit h a  particula r 
frequency ,  an d changin g th e temperatur e settin g cause s th e furnac e t o tur n o n an d 
of f  a t  a  differen t  ratio .  Thi s migh t  b e calle d a n open-loo p mode l  a s oppose d t o a 
feedbac k model .  Finally ,  wit h respec t  t o hea t  loss ,  peopl e migh t  hav e an y o f  th e thre e 
model s I  describe d i n th e discussio n o f  th e husban d wh o wouldn' t  tur n th e hea t  bac k 
at  night . 

In summary, I see there are two dominant views of how a thermostat works and 
tha t  thes e influenc e people' s behavio r  i n substantiv e ways .  Bu t  i n additio n t o thes e 
tw o dominan t  views ,  a t  a  finer-grai n leve l  o f  analysis ,  ther e ar e a  hos t  o f  possibl e 
models .  Thes e deriv e fro m combinin g componen t  model s i n variou s ways . 

Mental Models of Evaporation 

In a study where they posed eight difficult questions about evaporation to four 
novic e subjects ,  Collin s an d Centne r  (i n press )  foun d tha t  subjects '  model s o f 
evaporatio n consiste d o f  fiv e componen t  subprocesses : 

1) How molecules behave in the water 
2)  Ho w molecule s escap e fro m th e wate r  t o th e ai r 
3)  Ho w molecule s behav e i n th e ai r 
4)  Ho w molecule s retur n t o th e wate r  fro m th e ai r 
5)  Ho w molecule s g o fro m liqui d t o vapor ,  an d vic e vers a 

They enumerated a number of different views for each of these component processes, 
tha t  wer e suggeste d i n subjects '  protocols . 

Behavior in the water. Figure 1 shows four models for how molecules behave in 
water .  Th e firs t  vie w i s calle d th e sand-grai n mode l  -  th e molecule s jus t  si t  ther e 
lik e grain s o f  sand ,  movin g an d slippin g whe n somethin g pushe s o n them .  Th e 
temperatur e o f  th e wate r  i s th e averag e temperatur e o f  th e individua l  molecules .  Thi s 
i s a  ver y primitiv e model .  Th e nex t  tw o view s assum e tha t  th e molecule s ar e bouncin g 
aroun d i n th e wate r  lik e billiar d ball s i n rando m directions .  I n bot h thes e views ,  th e 
spee d o f  th e molecule s reflect s th e temperatur e o f  th e water .  Th e differenc e i s tha t 
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i n on e versio n — th e equa l  spee d mode l  — al l  th e molecule s ar e movin g a t  th e sam e 
speed .  Th e othe r  versio n i s a  rando m spee d model ,  tha t  allow s fo r  difference s i n 
spee d fo r  differen t  particles .  O n thi s vie w temperatur e reflect s th e averag e spee d o f 
a collectio n o f  molecules .  Th e fourt h view ,  calle d th e molecula r  attractio n model , 
incorporate s attractio n betwee n molecule s int o th e rando m spee d model .  I n i t 
molecule s mov e aroun d randomly ,  bu t  thei r  path s ar e constraine d b y th e attractiv e 
(an d repulsive )  electrica l  force s betwee n molecules .  Thi s vie w i s essentiall y  correct . 

Escape from the water. Figure 2 shows three possible component models for 
escap e (pictoriall y  tw o ar e th e same) .  Th e heat-threshol d mode l  i s a  threshol d vie w 
of  escape ;  Th e molecule s hav e t o reac h som e temperature ,  suc h a s th e boilin g poin t 
of  th e liquid ,  an d the n the y po p ou t  o f  th e liquid ,  th e wa y popcor n pop s ou t  o f  th e 
pan whe n i t  i s  ho t  enough .  Th e remainin g tw o model s focu s o n molecula r  velocity , 
rathe r  tha n th e incorrec t  notio n o f  molecula r  temperature .  Th e rocketshi p mode l  i s 
base d o n th e assumptio n tha t  th e molecule s i n th e wate r  ar e movin g i n rando m 
directions .  I n orde r  t o escap e fro m th e wate r  (lik e a  rocketshi p fro m th e earth) ,  a 
molecul e mus t  hav e a n initia l  velocit y i n th e vertica l  directio n sufficien t  t o escap e 
fro m gravity .  Th e thir d view ,  th e molecula r  escap e model ,  posit s tha t  th e initia l 
velocit y mus t  b e grea t  enoug h t o escap e fro m th e molecula r  attractio n o f  th e othe r 
molecules .  Bot h thes e latte r  model s ar e i n par t  correct ,  bu t  th e majo r  effec t  i s  du e 
t o th e molecula r  attractio n o f  th e water . 

Behavior in the air. There are three component models of how the water 
molecule s behav e i n th e ai r  ar e depicte d i n Figur e 3 .  Th e containe r  mode l  posit s tha t 
th e ai r  hold s wate r  molecule s an d ai r  molecule s mixe d togethe r  unti l  i t  i s  fille d u p (a t 
100 % humidity) .  Th e variable-size-roo m mode l  i s a  refinemen t  o f  th e containe r  mode l 
t o accoun t  fo r  th e fac t  tha t  war m ai r  hold s mor e moistur e tha n col d air .  I n thi s 
model ,  molecule s i n war m ai r  ar e furthe r  apart ,  an d s o ar e les s dens e tha n molecule s 
i n col d air . 
That  leave s mor e spac e t o pu t  wate r  molecule s i n war m ai r  tha n i n col d air .  I n th e 
exchange-of-energ y model ,  th e chie f  reaso n tha t  col d ai r  hold s les s moistur e tha n 
war m ai r  i s  tha t  it s  ai r  molecule s ar e les s energetic .  When wate r  molecule s i n th e ai r 
collid e wit h ai r  molecules ,  the y ar e mor e likel y t o giv e u p energ y i f  th e ai r  i s  col d 
(an d henc e les s energetic )  tha n i f  i t  i s  warm .  I f  th e wate r  molecule s becom e les s 
energetic ,  the y ar e mor e easil y capture d b y th e molecula r  attractio n o f  othe r  wate r 
molecule s (o r  a  nucleu s particle) .  When enoug h wate r  molecule s collec t  aroun d a 
particle ,  the y wil l  precipitate .  Thi s latte r  vie w i s essentiall y  correct . 

Return to the water. Figure 4 shows three models of how water molecules return 
t o th e water .  Th e crowde d roo m mode l  assume s tha t  whe n al l  th e spac e i n th e ai r  i s 
filled ,  n o mor e wate r  molecule s ca n ge t  in .  Th e aggregatio n mode l  assume s tha t  wate r 
molecule s mov e aroun d i n th e ai r  unti l  the y encounte r  a  nucleu s o r  particl e (whic h 
coul d b e anothe r  wate r  molecule )  aroun d whic h wate r  accumulates .  Th e les s energeti c 
th e molecule ,  th e mor e likel y i t  i s  t o b e caugh t  b y th e molecula r  attractio n o f  th e 
particle .  A s thes e particle s accumulat e water ,  gravitationa l  force s overcom e th e 
rando m movemen t  o f  th e particle s an d the y precipitate .  Th e recaptur e mode l  assume s 
tha t  particle s ar e attracte d b y th e surfac e o f  th e wate r  (o r  othe r  surfaces) .  Th e les s 
energ y the y have ,  th e mor e likel y the y ar e t o b e recaptured .  Th e actio n i n thi s vie w 
take s plac e nea r  th e surface ,  unlik e th e aggregatio n view .  Bot h th e aggregatio n an d 
th e recaptur e model s ar e essentiall y  correct ,  bu t  th e aggregatio n mode l  take s plac e 
over  a  lon g tim e perio d wit h relativel y hig h humidities ,  wherea s th e recaptur e mode l  i s 
applicabl e i n an y situatio n wher e evaporatio n i s occurring . 

Liquid-vapor transition. Figure 5 shows four different views for the transition 
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fro m liqui d t o vapo r  an d fro m vapo r  t o liquid .  On e view ,  th e coterminu s model ,  i s  tha t 
th e transitio n occur s whe n th e molecule s leav e th e wate r  an d escap e t o th e air ,  an d 
vic e versa .  O n thi s vie w th e tw o transitions ,  betwee n wate r  an d air ,  an d betwee n 
liqui d an d vapor ,  ar e th e sam e transition .  I n othe r  words ,  whethe r  a  molecul e i s i n 
th e vapo r  o r  liqui d stat e depend s solel y o n location ,  al l  molecule s beneat h th e surfac e 
of  th e wate r  ar e liquid ,  an d al l  molecule s abov e th e surfac e o f  th e wate r  ar e vapor .  A 
secon d view ,  th e intrinsi c stat e model ,  treat s th e liqui d o r  ga s stat e a s a n intrinsi c 
propert y o f  th e molecule .  I f  th e molecul e become s ho t  enough ,  i t  change s fro m liqui d 
t o vapor ,  an d i f  i t  become s col d enoug h i t  change s fro m vapo r  t o liquid .  Locatio n i s 
correlate d wit h state ,  i n tha t  molecule s i n th e vapo r  stat e ten d t o mov e int o th e air , 
whil e molecule s i n th e liqui d stat e remai n i n th e water .  A  thir d view ,  th e disassembl y 
model ,  i s  base d o n a  littl e chemistry ;  i n i t  liqui d wate r  i s though t  o f  a s mad e u p o f 
molecule s o f  HgO,  wherea s th e hydroge n an d oxyge n ar e though t  t o b e separate d i n 
wate r  vapor .  Th e exper t  view ,  calle d th e bindin g model ,  i s  base d o n molecula r 
attraction ;  wate r  molecule s i n th e liqui d stat e ar e partiall y  boun d togethe r  b y 
electrica l  attractio n o f  th e neighborin g molecules ,  wherea s molecule s i n th e gaseou s 
stat e bounc e aroun d rathe r  freely .  Th e bubble s i n a  boilin g pa n o f  wate r  ar e thu s 
wate r  molecule s tha t  hav e broke n fre e o f  eac h othe r  t o creat e a  smal l  volum e o f  wate r 
vapor ,  an d cloud s an d mis t  ar e microscopi c droplet s o f  liqui d wate r  tha t  hav e 
condensed ,  bu t  ar e suspende d i n th e air . 

Combining component models. Table 3 summarizes all the component models 
describe d above .  Subject s ca n combin e thes e componen t  model s i n differen t  ways . 
Collin s an d Centne r  (i n press )  sho w answer s fro m tw o subject s wh o ha d differen t 
combination s o f  thes e componen t  models .  On e subjec t  ha d a  mode l  constructe d fro m 
th e rando m spee d mode l  o f  water ,  th e rocketshi p an d molecula r  escap e model s o f 
escape ,  th e variable-size-roo m mode l  o f  th e air ,  th e crowde d roo m mode l  o f  return , 
and th e coterminu s mode l  o f  th e liquid-vapo r  transition .  Th e othe r  subjec t  ha d a 
less ,  consisten t  an d les s stabl e mode l  o f  evaporation .  Hi s vie w include d somethin g lik e 
th e heat-threshol d mode l  o f  escape ,  th e containe r  mode l  o f  th e air ,  th e recaptur e 
model  o f  return ,  an d th e intrinsi c stat e mode l  o f  th e liquid-vapo r  transition .  I n 
contrast ,  a s I  hav e indicated ,  th e exper t  vie w i s mad e u p o f  th e molecula r  attractio n 
model  o f  water ,  th e rocketshi p an d molecula r  escap e model s o f  escape ,  th e exchange -
of-energ y mode l  o f  th e air ,  th e aggregatio n an d recaptur e model s o f  return ,  an d th e 
bindin g mode l  o f  th e liquid-vapo r  transition . 

Summary 

There have been a variety of attempts to identify naive subjects' mental models, 
but  mos t  o f  thes e hav e settle d o n tw o o r  thre e globa l  view s (e.g .  Kempton ,  1984 ; 
Osbourne ,  1981 ;  Steinberg ,  1983) .  A t  a  fine r  grai n leve l  o f  analysis ,  however ,  i t  i s 
possibl e t o identif y a  numbe r  o f  differen t  component s an d a  variet y o f  menta l  model s 
fo r  eac h component .  Thes e componen t  model s ca n b e combine d i n man y differen t  ways . 
But  frequentl y tw o o r  thre e combination s predominate ,  givin g ris e t o th e globa l  menta l 
model s identifie d b y differen t  researchers . 

T\ie convpoTvential approach has been pursued by a number of researchers in 
%T\.\l\c\e. \  mVeWigeiic e (,d e VAee r  1919 .  d e Klee r  &  Brow n 1981 ,  1983 ;  Forbu s 1981 ,  1982 , 
"Haye s \9^4 V Bu i  non e o i  thes e researcher s ha d trie d t o analyz e th e componen t 
model s huma n subject s actuall y have .  What  1  hav e trie d t o sho w i s ho w a  componentia l 
analysi s i s necessar y t o characteriz e th e wa y peopl e understan d physica l  systems . 
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Tempora l  Notatio n an d Causa l  Terminolog y 

Yoav Shoha m an d Thoma s Dea n 
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ABSTRACT 

We argue that causal reasoning is an essential part of intelligent human behavior, and that 

discussio n o f  i t  canno t  b e divorce d fro m discussio n o f  tempora l  reasoning .  W e therefor e se t  ou t 

t o defin e causatio n i n thre e stages .  I n th e first ,  w e presen t  a n ontolog y o f  time .  W e the n outlin e 

a theor y o f  "causa l  conditionals" ,  whic h allow s on e t o reaso n abou t  multipl e possibl e course s o f 

events .  Finally ,  w e defin e causatio n i n term s o f  direc t  causatio n an d causa l  origins . 

1 I n t r o d u c t i o n 

Philosopher's have long disputed the relative merits of one causal theory over another. Some 

eve n questio n whethe r  o r  no t  th e notio n i s a  usefu l  on e a t  all ,  suggestin g tha t  causalit y i s  simpl y 

an anachronis m tha t  "scientific *  m a n woul d wel l  b e ri d of . 

• Nothing exists from whose nature some effect does not follow. (Spinoza) 

• I assert that nothing ever comes to pass without a cause. (Jonathan Edwards) 

• Causality b to ut the cement of the universe. (David Hume) 

• The Law of Causality, I believe, like much that passes among philosophers, is a relic of a bygone age, 
survivin g lik e th e monarchy ,  onl y i t  i s  erroneousl y suppose d t o d o n o har m .. .  Al l  philosophers ,  o f 

ever y school ,  imagin e tha t  causatio n i s on e o f  th e fundamenta l  axiom s o f  science ,  yet ,  oddl y enough , 

i n advance d scienc e .. .  th e wor d "cause "  neve r  occurs .  (Bertran d Russell ) 

Whether or not causality is respectable in the scientific literature, it is clear that people 

emplo y causa l  terminolog y i n thei r  da y t o da y communicatio n and ,  w e wil l  assume ,  i n thei r 

understandin g o f  th e worl d aroun d them .  Conside r  th e followin g excerpt s fro m recen t  issue s o f 

Newsweek magazin e (th e italic s ar e ours) . 

• March 4, in an article on the dangers of DDT, the chemical is described as "a pesticide that 

«»7encer f  birds ,  threatene d Wes t  Coas t  peregrin e falcon s an d bal d eagles ,  an d possibl y cause d 

cance r  i n humans" . 

• March 11, on Page 3, it reads: "Newly disclosed evidence has reignited the controversy over 

Bernar d Hug o Goet z .. .  mountin g furo r  seeme d t o b e leadin g toward s a  ne w gran d jur y 

investigatio n ... " 

• In the same issue, in a letter to the editor beginning on page 4, one reads: " ... tough laws 

wil l  no t  sto p th e us e o f  dangerou s drug s bu t  wil l  instea d lea d t o obscen e profit s ... " 

• and on page 60 an article is titled "A strike cripples Pan Am". 
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The italic s m th e quotation s ar e mean t  t o highli^ t  implici t  causa l  statements .  Th e particula r 

text ,  Newswee k magazine ,  wa s no t  carefull y selecte d fo r  ou r  purposes .  Th e reafde r  i s inrite d t o 

loo k i n an y mafazin e o r  pape r  o n hi s loca l  newstan d t o verif y th e ubiquit y o f  causa l  terminoiosy : 

bringin f  about ,  provoking ,  instigating ,  affecting ,  preventing ,  enabling ,  etcetera .  Interestingl y 

thi s tendenc y b  no t  a s eviden t  i n th e scientifi c  community .  Generall y th e mor e rigorou s o r 

mathematica l  th e subjec t  th e mor e subtl e th e causality .  However ,  les t  th e reade r  b e give n th e 

impressio n tha t  causatio n i s a  lowl y for m o f  reasoning ,  h e i s referre d t o [Leme r  65 ]  fo r  a n accoun t 

of  causation' s rol e i n scientifi c  research . 

Sinc e causa l  reasonin g appear s t o b e a n importan t  componen t  o f  intelligen t  huma n behavior , 

i t  stand s t o reaso n tha t  researcher s i n A I  shoul d striv e t o understan d i t  an d mak e us e o f  i t  i n thei r 

theories .  Indeed ,  i n recen t  year s ther e ha s bee n som e interes t  i n causation .  Medica l  diagnosi s 

system s stres s th e "causa l  reasoning *  componen t  o f  thei r  system s [Popl e 82 ]  [Pati l  e t  al .  82] . 

Theorie s o f  "qualitativ e physics '  emplo y causa l  notion s •  se e th e specia l  issu e o f  th e Journa l  o f 

Artificia l  Intelligenc e o n th e topic . 

I n thi s pape r  w e propos e a  genera l  theor y o f  causation .  A  theor y intende d t o c^tur e ou r 

intuitiv e understandin g o f  th e ter m an d a t  th e sam e tim e b e rigorou s i n it s  definition .  Befor e w e 

introduc e ou r  theory ,  however ,  le t  u s explor e som e o f  th e propertie s o f  causatio n whic h make s it s 

definitio n hard . 

I n th e first  example ,  D D T i s sai d t o hav e "caused "  variou s things ,  includin g th e silenc e o f 

birds .  Wha t  th e paragrap h i n Newswee k say s i s tha t  th e silenc e o f  th e bird s (withou t  goin g int o 

it s metaphorica l  meaning )  i s explaine d b y th e presenc e o f  D D T .  Bu t  wha t  i s th e natur e o f  thi s 

explanation ? Tha t  thi s explanatio n i s distinc t  fro m materia l  implicatio n i s obvious .  T o quot e 

Quine ,  "Whateve r  th e prope r  analysi s o f  th e contrafactua l  ma y be ,  w e ma y b e sur e i n advanc e 

tha t  i t  canno t  b e truth-functional "  [Quin e 59 ]  (actuall y reproduce d fro m [Barwis e 85]) .  Thu s X 

canno t  caus e X  eve n thoug h X  logicall y implie s X ,  an d thunde r  doe s no t  caus e th e precedin g 

lightnin g althoug h i t  implie s it .  Causalit y contain s a  "direction" ;  ther e i s n o causa l  analo g o f  th e 

logica l  equivalence ,  o r  'i f  an d onl y if" .  Causa l  explanatio n embodie s som e notio n o f  a  process : 

of  machiner y i n action . 

The presenc e o f  D D T ,  Newswee k statemen t  claims ,  triggere d a  physiologica l  proces s whos e 

outcom e wa s "th e silenc e o f  birds" .  Bu t  wha t  exactl y doe s "triggering "  mean ? Conside r  th e 

late r  exampl e abou t  th e Goet z controversy .  Th e ne w evidenc e "reignited "  th e debat e -  doe s tha t 

mean tha t  i f  tha t  evidenc e ha d no t  bee n reveale d tha t  th e controvers y woul d necessaril y  hav e 

remaine d dormant ? O f  cours e not ;  ther e ar e man y othe r  possibl e factor s tha t  coul d reviv e it : 

Goet z coul d hav e confesse d t o b e a  member  o f  th e K u Klu x Klan ,  a  simila r  cas e o f  a  "subwa y 

vigilante "  coul d hav e occurre d i n th e N Y subway ,  an d s o on .  S o th e statemen t  " A cause d B "  doe s 

not  mea n tha t  A  i s a  necessar y conditio n o f  B ,  tha t  i f  A  ha d no t  occurre d tha t  B  woul d no t  hav e 

occurred .  Similarly ,  i t  i s  no t  a  sufficien t  condition .  Th e newl y disclose d informatio n (namely , 

tha t  Goet z ha d sai d t o on e o f  hi s victim s "̂ yo u don' t  loo k to o bad ,  here' s another "  an d sho t  hi m 

a secon d time )  woul d hav e passe d unnotice d i f  a t  th e sam e tim e th e U S S R ha d declare d wa r  o n 

th e U.S. ,  o r  alternativel y i f  al l  medi a wen t  o n strik e an d th e new s coul d no t  spread .  Mos t  causa l 

explanation s hid e man y implici t  conditions ,  usuall y a n infinit e numbe r  o f  them .  I n th e excerp t 

fro m th e lette r  t o th e edito r  i t  say s tha t  th e us e o f  dangerou s drug s woul d lea d t o obscen e profits , 

but  tha t  i s  tru e onl y i f  th e potentia l  profiteer s di d no t  incur e equall y larg e losses ,  whic h i n tur n 

coul d happe n i n an y numbe r  o f  ways .  T o giv e a  mor e macabr e example ,  John' s pullin g th e trigge r 

cause d Mary' s death ,  bu t  tha t  i s  onl y becaus e sh e wa s no t  wearin g a  bullet-proo f  vest ,  tha t  th e 
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gu n wa s loaded ,  tba t  tb e bullet s wer e mad e o f  lea d rathe r  tha n marshmellows ,  an d th e lis t  coul d 

be continue d indefinitely . 

Ther e i s a  ̂ ea t  dea l  o f  philosophica l  literatur e o n causatio n spannin g severa l  thousan d years . 

For  a n overvie w th e reade r  i s referre d t o [Macke y 74] ,  an d fo r  th e curren t  view s o f  som e o f  th e 

outstandin g contemporar y philosopher s t o [Sos a 75] .  Philosoph y i s not ,  however ,  constraine d b y 

th e nee d fo r  proces s model s an d no t  surprisingl y non e hav e surface d i n th e literature .  Philosopher s 

ar e concerne d wit h th e worl d a s i t  reall y  is ,  whil e w e wil l  b e satisfie d wit h findin g a  usefu l  notatio n 

fo r  expressin g knowledge .  Wit h som e luc k ou r  notatio n shoul d correspon d wit h concept s employe d 

by humans ,  bu t  a t  n o tim e d o w e expec t  ou r  theorie s t o b e "true "  i n an y sense . 

We are concerned with the way humans reason about causality because (a) they are relatively 

goo d a t  i t  an d (b )  i t  appear s t o b e a  ver y har d problem .  Whil e causalit y migh t  profitabl y b e 

excise d fro m physics ,  w e suspec t  tha t  th e basi c caiisa l  notion s pla y a n importan t  computationa l 

rol e i n th e wa y human s reaso n abou t  th e world . 

I n tryin g t o pi n dow n causatio n ther e ar e thre e mai n issue s t o b e settled : 

1. Ontology: What entities participate in the causal interactions? What is the relation between 

the m an d ho w doe s on e deriv e ne w entitie s fro m ol d ones ? 

2. Organization: Given a commitment to what things exist, how is the information about such 

entitie s store d an d ho w doe s th e storag e arrangemen t  impos e constraint s o n th e computa -

tiona l  processe s tha t  wil l  mak e us e o f  thi s information . 

3. Computation: What processes are required to make use of the stored information. 

The three issues are in many ways inextricably intertwined. However, the first can be reason-

abl y tackle d i n isolatio n an d tha t  i s precisel y wha t  w e inten d t o d o i n thi s paper .  Ou r  solutio n 

wil l  constrai n th e organizatio n an d sugges t  a  proces s mode l  bu t  ou r  immediat e concer n i s t o settl e 

th e ontologica l  questions . 

Organization of the paper: In section 2 we state our main thesis about causation, and 

contras t  i t  wit h tw o attempt s withi n AI ,  on e b y Schan k an d on e b y Simon ,  t o dea l  wit h causatio n 

i n a  somewha t  genera l  way .  I n Section s 3 ,  4  an d 5  w e outlin e ou r  theor y o f  tim e an d causation ,  an d 

i n Sectio n 6  w e ste p bac k an d attemp t  som e perspectiv e o n wha t  w e presum e t o hav e accomplished . 

2 Thesi s 

In [Simon 65] Herbert Simon offers a specific definition of causality.* The situation in which the 

causalit y i s t o b e determine d i s represente d b y a  se t  o f  linea r  equations ,  an d th e entitie s partic -

ipatin g i n th e causa l  relatio n ar e th e variable s appearin g i n th e equations .  Certai n restriction s 

appl y t o th e se t  o f  equations ,  an d causatio n i s define d essentiall y  b y th e effec t  o f  perturbin g on e 

'Since in the following we will criticize Professor Simon's formulation, it is only fair to point out that it is an old 
one,  datin g bac k i n it s origina l  for m t o th e lat e fifties .  We understan d fro m Professo r  Simo n tha t  h e ha s recentl y 
done mor e wor k o n th e topi c togethe r  wit h a  studen t  o f  his .  We hav e no t  ye t  see n tha t  wor k an d ou r  criticis m 
has n o bearin g o n it . 
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variabl e o n othe r  variables .  Th e relatio n define d b y Simo n an d calle d "causa l  ordering *  i s no t 

transitive ,  an d ther e i s n o tempora l  informatio n (fo r  example ,  a n effec t  ma y preced e th e cause) . 

I n [Schan k 75 ]  Schan k identifie s fou r  type s o f  causa l  relations :  result ,  enable ,  initiation ,  an d 

reason .  I n orde r  t o defin e thes e relation s h e distinguishe s betwee n "actions "  an d "states" .  T o 

reaso n abou t  causalit y Schan k construct s "causa l  chains" ,  an d suggest s ho w suc h chain s ca n b e 

reconstructe d give n onl y partia l  descriptio n o f  them . 

Neithe r  o f  thes e formulations ,  w e claim ,  i s acceptable .  Ou r  thesi s i s tha t  i n orde r  t o defin e 

causatio n one  mus t  hav e a  wel l  define d theor y o f  tim e an d a  representatio n an d mean s o f  reasonin g 

abou t  wha t  w e wil l  cal l  causa l  conditionals .  I n mor e detai l  w e posi t  th e following . 

• A prerequisite for defining causation is having a precise notation for temporal information, 

whic h include s precis e definition s o f  term s lik e fact s an d events .  W e wil l  cal l  i t  a n ontolog y 

of  time .  Simon' s representatio n contain s n o tempora l  information ,  a s h e himsel f  point s out . 

Schan k doe s pa y attentio n t o entitie s lik e "action "  an d "state "  an d t o th e sequencin g o f 

suc h entitie s i n time ,  bu t  thei r  meanin g i s lef t  intuitive ;  h e offer s n o precis e definitio n o f 

them . 

• Causation cannot, in principle, be defined solely in terms of constraints on the simultane-

ous trut h valu e o f  tempora l  assertions .  Fo r  exampl e th e constrain t  F = M A doe s no t  contai n 

causa l  information ,  no r  woul d tha t  informatio n b e obtaine d b y th e additio n o f  othe r  con -

straints .  Thi s i s i n contras t  t o th e approac h propose d b y Simon . 

• Instead it is defined in terms of what we will call a theory of causal conditionals. For 

example ,  th e rul e F = M A i s replace d b y others ,  on e o f  whic h ma y hav e th e roug h for m o f 

"i f  yo u di d thi s t o F  the n tha t  woul d happe n t o A ,  al l  othe r  thing s bein g equal" .  Causall y 

conditiona l  statement s d o no t  suffe r  fro m th e inheren t  symmetr y o f  constraints . 

Based on this we will outline a theory of causation in three stages - develop a theory of time, 

i n term s o f  tha t  a  theor y o f  causa l  conditionals ,  an d finally  us e th e latte r  t o defin e causation . 

3 An ontology of time 

In this section we will briefly outline the theory which is described in more detail in [Shoham 85]. 

The theor y an d notatio n ar e influence d b y th e wor k o f  Jame s Alle n [Alle n 84 ]  an d Dre w McDer -

mot t  [McDermot t  82] .  I n thi s pape r  w e wil l  ignor e mos t  o f  th e technica l  detail s an d tr y t o conve y 

th e mai n ideas .  Thes e detail s  are ,  however ,  important ,  an d th e intereste d reade r  i s encourage d 

t o refe r  [Shoha m 85] . 

The basi c statemen t  abou t  tim e relate s a n interva l  o f  time ,  denote d b y it s tw o endpoints ,  an d 

an associate d proposition .  So ,  fo r  example ,  w e wil l  writ e H0LD{t\,t2,L0CATION{haU,loc) )  t o 

represen t  th e fac t  tha t  th e bal l  6a/ /  i s  i n locatio n lo c fro m t x t o t̂ .  Th e ter m L O G A T I O N {ball ,  loc ) 

i s a  fac t  type ,  an d th e tupl e <  tx,t2 ,  L O C A T 1 0 N  {hal l  ,loe )  >  i s a  fac t  token .  I t  i s  possible ,  a s 

severa l  peopl e hav e done ,  t o similarl y defin e even t  type s an d even t  tokens .  W e fin d tha t  thi s 

separatio n i s somewha t  arbitrar y an d tend s t o obscur e importan t  distinctions .  Fo r  example .  Th e 

bal l  rolle d i s a n fac t  an d Th e bal l  change d locatio n i s a  event ,  thoug h the y bot h denot e th e sam e 

situation .  Also ,  w e wil l  wan t  t o spea k o f  Izci s lik e Th e bal l  rolle d AN D ther e wa s anothe r  bal l  i n 
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it » path ,  o r  Th e bal l  di d N O T roll .  Ho w d o w e conjoi n tw o differen t  entitie s lik e fact s an d events ? 

Furthermore ,  conside r  th e definitio n o f  a n action .  Action s ar e usuall y define d i n term s o f  a n even t 

or  fact ,  associate d wit h othe r  concept s lik e a n acto r  an d a n intention .  Bu t  tha t  intuitivel y woul d 

cal l  fo r  tw o kind s o f  actions :  "even t  actions* ,  lik e Joh n wen t  home ,  an d "fac t  actions" ,  lik e Joh n 

stoo d atill . 

Event s an d fact s hav e enoug h i n common fo r  u s t o lum p bot h int o th e generi c categor y facts . 

We wil l  separat e ou t  "event-like "  fact s fro m "fact-like "  fact s b y thei r  particula r  properties . 

We classif y fact s alon g severa l  dimensions .  A  fac t  typ e ca n b e holographic ,  meanin g tha t  i f 

i t  hold s ove r  a n interva l  I  the n i t  hold s ove r  ever y subinterva l  o f  I .  "Joh n i s stoo d still "  i s  a n 

exampl e o f  a  holographi c fact .  A  fac t  ca n b e gestalt ,  meanin g tha t  i f  i t  hold s ove r  a n interva l 

I  i t  doe s no t  hol d ove r  an y subinterva l  o f  I .  Fo r  example ,  "Joh n walke d 3  fee t  south "  i s gestalt . 

Independently ,  a  fac t  typ e ma y o r  ma y no t  b e mergeable .  Intuitively ,  a  fac t  typ e i s mergeabl e i f 

wheneve r  i t  hold s ove r  tw o overlappin g interval s i t  hold s ove r  thei r  unio n (i n fact ,  th e technica l 

definitio n i s slightl y different) .  Fac t  type s tha t  ar e bot h holographi c an d mergeabl e ar e cal l  liquid . 

For  example ,  "Joh n stoo d still "  i s  liquid . 

Alon g wit h th e classificatio n o f  fac t  type s w e impos e a  certai n structur e o n fac t  types ,  b y 

recastin g Jame s Allen' s [Alle n 84 ]  definition s int o ou r  notation .  Thi s structur e allow s u s t o 

achiev e th e effec t  o f  havin g logica l  connective s insid e th e scop e o f  H O L D ,  s o tha t  th e meanin g 

of  HOLD{ti,t2,AND{fi,f2)) ,  HOLD{ti,t2,NOT{f)) ,  etceter a ar e wel l  defined .  Quantifier s 
receiv e simila r  treatment ,  s o on e ca n spea k o f  fac t  type s o f  th e for m FORALL(x ,  f{x)) .  Th e 

particula r  definition s hav e interestin g propertie s suc h a s tha t  fo r  an y fac t  typ e / ,  NOT(f )  i s 
holographi c (thes e ar e explore d i n [Shoha m 85]) . 

4 A theory of causal conditionals 

To summarize the previous section, all temporal information is expressed by fact tokens, and 

inferenc e rule s whic h refe r  t o th e classificatio n o f  fac t  type s an d allo w th e deductio n o f  ne w fac t 

token s fro m ol d ones .  Thi s informatio n contain s n o modality .  Eac h tupl e presumabl y represent s 

an actua l  fac t  i n th e world .  We sa y "th e world" ,  sinc e ou r  notatio n s o fa r  onl y allow s u s t o 

describ e on e stat e o f  affairs .  Th e theor y o f  causa l  conditionals ,  w e said ,  woul d represen t  an d 

reaso n abou t  informatio n o f  th e roug h for m "i f  X  occur s the n Y  wil l  occur ,  al l  othe r  thing s bein g 

equal" .  We mus t  defin e wha t  th e X  an d th e Y  are ,  an d abov e al l  spel l  ou t  th e meanin g o f  "al l 

othe r  thing s bein g equal" .  Her e to o w e wil l  onl y sketc h th e mai n idea s o f  wha t  w e cal l  "potentia l 

fact s theory" ,  keepin g formalis m dow n t o a  minimum . 

Imagin e tha t  ou r  worl d -  past ,  presen t  an d futur e -  i s  inhabite d b y a  tremendou s numbe r  o f 

potentia l  fact s whic h tr y t o manifes t  themselves ,  a s i t  were .  Fo r  example ,  conside r  a  billiar d bal l 

rollin g acros s th e table .  Ther e i s th e potentia l  fac t  o f  it s  rolling ,  whic h i n thi s cas e als o manifest s 

itsel f  •  cal l  i t  ROLLIN G 1 .  No w suppos e tha t  w e rol l  anothe r  bal l  tha t  collide s wit h th e first  rollin g 

one.  Th e law s o f  physic s tel l  u s tha t  a t  tha t  poin t  th e ball s wil l  sto p rollin g i n th e "expected " 

directio n an d begi n rollin g i n a  ne w direction .  Howeve r  w e do  no t  forge t  wher e eac h bal l  woul d 

hav e rolle d wer e i t  no t  fo r  th e collision .  I n particula r  w e remembe r  ROLLIN G 1 ,  onl y i t  i s  no t  a 

fac t  an y longe r  -  i t  manifeste d onl y a n initia l  segmen t  o f  itself .  We cal l  i t  a  potentia l  fac t  -  i t 

start s ou t  a s a  fac t  bu t  du e t o interaction s wit h othe r  potentia l  fact s i t  become s a  counterfact .  I n 

th e first  scenario ,  wher e th e secon d bal l  wa s no t  rolled ,  ROLLIN G 1  actuall y manage d t o manifes t 
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al l  o f  itself .  I n th e secon d scenari o i t  manage d t o manifes t  onl y th e par t  o f  i t  whic h precede d th e 

collision .  If ,  fo r  example ,  w e rolle d ye t  a  thir d bal l  whic h collide d wit h th e secon d bal l  befor e th e 

secon d bal l  ha s a  chanc e t o collid e wit h th e first  one ,  ROLLIN G 1  woul d agai n manag e t o manifes t 

al l  o f  itself . 

The image to keep in mind then is of a world full of potential facts fighting for existence 

and ver y fe w "real "  fact s whic h ar e selecte d b y som e centra l  arbite r  -  realit y i s  bu t  th e ti p o f  a n 

iceberg . 

Withou t  goin g int o to o muc h detail ,  th e wa y w e represen t  potentia l  fac t  token s i s b y replac -

in g th e previou s S-tuple s <  t\,t2jact-type > b y 5-tuple s <  wor/rf.token-name,ti.fj/oc'-'ypO . 

Toke n — nam e i s a  uniqu e nam e associate d wit h eac h suc h token ,  an d worl d define s th e worl d t o 

whic h tha t  fac t  toke n belongs .  W e wil l  retur n t o worl d definer s soon ,  bu t  first  le t  u s loo k a t  wha t 

thes e fac t  token s mean .  The y ca n mea n on e o f  fou r  things ,  dependin g o n whethe r  th e toke n i s 

potential ,  materialized ,  ghos t  o r  real .  B y convention ,  th e token-nam e determine s whic h typ e th e 

toke n is .  Fo r  eac h potentia l  fac t  toke n <  w,pid ,  ti,t2 ,  f  >  ther e exis t  uniqu e <  w,mid,<i,<s, /  > 

and <  w,gid,ti,t2, f  >  suc h mi d =  MATERIAL(pid )  an d gi d =  GHOST(pid) .  We wil l  sa y 
more abou t  rea l  fac t  token s later . 

For  example ,  conside r  tw o billiar d ball s colliding .  W e hav e th e tw o potentia l  fac t  token s (fo r 

convenienc e w e replac e logica l  function s b y Englis h tex t  i n th e fac t  type): 

< w,rollingl ,  1,9 ,  "6a// i  rol U fro m loc i  i n directio n dirl "  > 

< w,rollingl,2,8 ,  ''ball 2 roll s  fro m loc 2 i n directio n dirS f  > 

Now suppos e w e kno w tha t  th e ball s wil l  collid e a t  tim e t= 4 an d locatio n loc 3 an d rol l  i n ne w 

directions .  W e hav e no t  ye t  sai d ho w w e kno w tha t  th e ball s wil l  collid e -  w e wil l  soo n -  bu t  her e 

we ar e jus t  demonstratin g th e representation .  W e the n als o hav e th e following : 

< w,MATERIAL{rollingl),l,4,''ball l  roll s  fro m loc i  i n directio n dirl "  > 

< w,MATERIAL{rolling2),2,4 ,  "ball S roll s  fro m loc S i n directio n dirS f  > 

< w,GHOST{rollingl),4,9 ,  "hall l  roll s  fro m loc i  i n directio n dirl "  > 

< w,GHOSTlrolling2),4,8 ,  "ball B roll s  fro m loc S i n directio n dirS "  > 

< w, rollings, 4, ti, '^balll rolls from locS in direction dirS" > 

< w,rolling4,4,t2 ,  "ball S roll s fro m loc S i n directio n dir4 "  > 

wher e th e dirS ,  dir4 ,  f  i  an d t 2 ar e agai n determine d i n a n a s ye t  unknow n way . 

What  determine s whic h potentia l  fac t  token s exist ,  an d ho w eac h i s decompose d int o it s 

materialize d an d ghos t  part ? Th e answe r  t o th e first  questio n i s wha t  w e cal l  th e generatin g 

function ,  an d th e answe r  t o th e secon d i s wha t  w e cal l  th e clippin g function .  Togethe r  the y 

represen t  th e "physics "  o f  th e world ,  th e se t  o f  rule s tha t  ar e believe d t o gover n th e world . 

The generatin g functio n i s a  collectio n o f  statement s o f  th e for m "i f  X ,  Y,.. .  materializ e the n 

A,B,.. .  potentiall y  hold" .  Fo r  example ,  i f  yo u (actually )  fire  a  gu n loade d wit h n  bullet s the n fro m 

the n o n i t  (potentially )  ha s n  — 1  bullets .  O r  i f  yo u (actually )  pu t  a  bloc k o n th e tabl e the n fro m 

the n o n i t  (potentially )  i s  o n th e table .  Notic e tha t  th e generatin g functio n onl y add s potentia l 

fact s t o existin g one s -  s o wher e d o th e "first "  potentia l  fact s com e from ? Thi s i s wher e wha t 

we calle d th e "worl d definer "  come s int o play .  A  "worl d definer "  i s  jus t  a  se t  o f  potentia l  facts : 

a se t  o f  initia l  condition s s o t o speak .  Together ,  th e worl d define r  an d th e generatin g functio n 
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t= l  2  3  4  5  6  7  8 

n bullet s i n gu n 

I  -  -  > 

fir e 

I 

I 

n- 1 bullet s i n gu n 

fire 

n- 2 bullet s i n gu n 

I  - -  > 

Figure 1: The potential fact tokens describing John's double shooting 

determine what potential facts exist'. For example, in a world defined by the set {"the gun had 

n biUlet s a s o f  1=1" ,  "Joh n fired  th e gu n fro m t= 2 t o t=3'' ,  "Joh n fired  th e gu n fro m t= 5 t o 

1=6"} ,  an d assumin g tha t  th e onl y generatin g rul e i s th e on e abou t  gu n firing  describe d above , 

we hav e exactl y potentia l  fact s show n i n Figur e 1 . 

Notic e tha t  th e generatin g fuinctio n say s nothin g abou t  ther e no t  bein g n  bullet s i n th e gu n 

afte r  i t  wa s fired.  Thi s i s th e responsibilit y  o f  th e clippin g function .  Th e clippin g functio n i s a 

collectio n o f  statement s o f  th e for m "i f  Y ,  Z,.. .  eve r  materializ e the n th e ghos t  par t  o f  X  wil l 

begi n n o late r  tha n C .  Fo r  thi s t o mak e sense ,  th e typ e o f  th e fac t  toke n X  mus t  b e holographic . 

For  example ,  th e clippin g functio n ma y includ e th e rul e "i f  yo u fire  a  loade d gu n i t  n o longe r  ha s 

th e numbe r  o f  bullet s  i t  use d to" .  Addin g thi s clippin g rul e t o th e scenari o jus t  described ,  w e ge t 

situatio n describe d i n Figur e 2 . 

Thi s i s th e basi c outlin e o f  th e theor y o f  causa l  conditionals .  Th e precis e definition s o f  th e 

generatin g an d clippin g function s appea r  i n [Shoha m 85 ]  bu t  ar e to o length y t o includ e here . 

5 Causation 

Let's summarize the theory of causal conditionals presented thus far. A world is defined by a 

set  o f  initia l  potentia l  fact s calle d th e worl d definer .  Give n a  world ,  th e generatin g functio n 

determine s wha t  potentia l  fac t  token s exist .  Fo r  eac h suc h potentia l  fac t  token ,  th e clippin g 

functio n determine s it s decompositio n int o materialize d an d ghos t  parts . 

5.1 Direct causation 

Each potential fact token X that is not in the world definer was derived by the generating function 

applie d t o a  se t  o f  othe r  potentia l  fac t  tokens .  Eac h toke n i n tha t  se t  i s sai d t o b e a  direc t  caus e 

of  X .  Notic e tha t  i n genera l  a  toke n ha s severa l  direc t  causes .  Referrin g bac k t o Figur e 2 ,  th e 

potentia l  fac t  toke n "ther e ar e n  — 2  bullet s i n th e gu n fro m t= 6 onwards "  ha s tw o direc t  causes : 

'Thi s i s no t  strictl y tru e a s w e sh&l l  see ;  th e clippin g functio n wil l  als o influenc e whic h fact s materialize . 

96 



*' l  2  3  4  6  6  7  8 
D bullet s i n gu n 

I—MATERIALIZED-- X GHOST > 
fir e 

I-MATER.- I 

n- 1 bullet s i n gu n 

I  MATERIALIZE D X — GHOST > 

lir e 

I-MATER.- I 
n- 2 bullet s i n gu n 

I  MATERIALIZE D > 

Figure 2: The potential, materialized and ghost fact tokens describing John's double shooting 

"there are n - 1 bullets in the gun from t=3 onwards' and *John fired the gun from t=5 to t=6''. 

I n turn ,  "ther e ar e n  -  1  bullet s i n th e gu n fro m t= 3 onwards '  ha s tw o direc t  cause s o f  it s  own : 

"ther e ar e n  bullet s i n th e gu n fro m t= l  onwards '  an d "Joh n fired  th e gu n fro m t= l  t o t=2" . 

However ,  "ther e ar e n  bullet s i n th e gu n fro m t= l  onwards '  ha s n o direc t  causes . 

The direc t  cause s o f  materialize d fac t  token s ar e define d t o b e simpl y th e direc t  cause s o f  th e 

potentia l  token s t o whic h the y belong .  S o i n th e previou s example ,  th e materialize d fac t  toke n 

"ther e ar e n  -  1  bullet s i n th e gu n fro m t= 3 t o t=6 '  ha s tw o direc t  causes :  "ther e ar e n  bullet s 

i n th e gu n fro m t= l  onwards "  an d "Joh n fired  th e gu n fro m t= l  t o t=2" . 

Definitio n o f  th e direc t  caus e o f  ghos t  fac t  token s i s slightl y mor e comple x an d w e wil l  no t 

giv e i t  here .  W e wil l  onl y mak e a  not e o f  th e fac t  tha t  "causin g a  ghos t  fac t  toke n X '  i s  no t  th e 

same a s "preventin g X" .  I f  " X prevente d V  the n i f  X  ha d no t  occurre d the n Y  woul d have ,  bu t 

we hav e alread y see n tha t  " X cause d Y  no t  t o occur "  doe s no t  mea n tha t  i f  X  ha d no t  occurre d 

the n Y  woul d have . 

Finally ,  w e defin e th e direc t  cause s o f  rea l  fac t  tokens .  Rea l  fac t  token s wer e mentione d earlie r 

on bu t  no t  explained .  W e wil l  explai n the m throug h a n example .  Conside r  a  worl d i n whic h Joh n 

and Bil l  bot h sho t  Mar y simultaneously .  Assum e tha t  ther e i s one  generatin g rule ,  statin g tha t 

when th e trigge r  o f  a  loade d gu n i s pulle d the n th e gu n ha s one  les s bulle t  an d th e sho t  perso n • 

i s  dead .  Ther e i s als o one  clippin g rul e statin g tha t  unde r  th e sam e condition s th e gu n n o longe r 

has a s man y bullet s a s i t  di d an d tha t  th e perso n n o longe r  lives . 

I n thi s cas e ther e ar e tw o materialize d token s assertin g Mary' s bein g dea d ove r  th e sam e 

interval .  However ,  t o us ,  observer s o f  reality ,  ther e i s onl y one  deat h goin g on .  W e therefor e 

spea k o f  rea l  fac t  tokens ,  whic h ar e th e resul t  o f  projectin g materialize d fac t  token s ont o reality , 

so t o speak .  I n particula r  ther e i s exactl y on e rea l  fac t  toke n assertin g Mary' s deat h ove r  th e 

interval .  I n general ,  <  w ,  rid ,  ti,t2 ,  /  >  i s a  rea l  fac t  toke n exactl y whe n ther e exist s (a t  leas t  one ) 

materialize d fac t  toke n <  w ,  mid ,  ti ,  tz ,  f  > .  I n ordinar y speech ,  whe n w e spea k abou t  th e cause s 

of  X ,  X  i s a  rea l  fac t  token .  W h e n w e spea k abou t  th e cause s o f  Mary' s death ,  ther e i s exactl y 

one deat h w e ar e referrin g to .  Th e fac t  tha t  i n ou r  notatio n tw o potentia l  death s materialize d i s 

transparent . 

For  eac h rea l  fac t  toke n ther e i s th e se t  o f  materialize d fac t  token s tha t  gav e rise  t o it ,  namel y 
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al l  th e materialize d fac t  token s wit h whic h i t  share s th e tempora l  exten t  an d fac t  typ e (an d o f 

cours e th e worl d definer) .  I n th e las t  example ,  th e rea l  fac t  toke n assertin g Mary' s deat h ha s tw o 

materialize d token s tha t  gav e ris e t o it ,  al l  th e res t  hav e exactl y one .  W e no w defin e th e se t  o f 

direc t  cause s o f  a  rea l  fac t  toke n X  t o b e th e se t  o f  direc t  cause s o f  al l  th e materialize d fac t  token s 

tha t  gav e ris e t o X .  Notic e tha t  thi s i s a  se t  o f  sets .  I n th e sam e exampl e th e direc t  caus e o f 

Mary' s deat h i s th e se t  {{"Bill' s  gu n wa s loaded" ,  "Bil l  pulle d th e trigge r  o f  hi s gun"},{"John' s 

gun wa s loaded" ,  "Joh n pulle d th e trigge r  o f  hi s gun"}} . 

As w e mentioned ,  th e se t  o f  direc t  cause s o f  a  rea l  fac t  toke n i s a  a  se t  o f  sets .  Ther e ar e a 

fe w specia l  cases .  I f  th e se t  o f  direc t  cause s o f  a  rea l  fac t  toke n Y  i s {{X},Sl,S2,...,Sn }  the n w e 

wil l  sa y tha t  X  i s a  direc t  disjunctiv e caus e o f  Y .  I f  th e se t  o f  direc t  cause s o f  a  rea l  fac t  toke n 

Y i s {{X,Z,...,T} }  the n w e wil l  sa y tha t  X  i s a  direc t  conjunctiv e caus e o f  Y .  I f  th e se t  o f  direc t 

cause s o f  Y  i s {{X} }  the n w e wil l  sa y tha t  X  i s th e uniqu e direc t  caus e o f  Y . 

I n th e nex t  tw o subsection s w e introduc e broade r  notion s o f  causation .  Unfortunately ,  du e t o 

lengt h limitations ,  w e ca n d o littl e mor e tha n introduc e them . 

5.2 Indirect causation 

We will say that X is an indirect cause, or simply a cause, of Y if one of the two holds: 

1. X is a direct cause of Y, or 

2. Z is a direct cause of Y and X is an (indirect) cause of Z. 

This is a generalization of the naive notion of a "causal chain". The latter is a special case of 

a lis t  o f  fac t  token s eac h bein g th e uniqu e direc t  caus e o f  th e followin g one . 

5.3 Causal origin 

Given our (informal) definition of indirect causation, we now (informally) define the caiisal origins 

of  fac t  tokens ,  "th e origina l  sin" .  Th e causa l  origi n o f  a  potentia l  fac t  toke n ar e al l  it s  indirec t 

cause s whic h ar e i n th e worl d definer .  Fo r  example ,  agai n referrin g bac k t o Figur e 2 ,  th e causa l 

origi n o f  "ther e ar e n  -  2  bullet s i n th e gu n fro m t= 3 onwards '  i s  th e se t  consistin g o f  th e thre e 

token s "ther e ar e n  bullet s i n th e gu n fro m t= l  onwards" ,  "Joh n fired  th e gu n fro m t= 2 t o t=3 " 

and "Joh n fired  th e gu n fro m t= 5 t o t=6" . 

Th e significanc e o f  causa l  origin s derive s fro m th e significanc e o f  worl d definers .  Th e latte r 

completel y characteriz e th e stat e o f  affairs ,  assumin g a  give n physic s (tha t  is ,  fixed  generatin g 

and clippin g functions) .  Thi s mean s tha t  i n orde r  t o contro l  th e worl d a n agen t  nee d onl y contro l 

th e fact s an d event s describe d i n th e worl d definer .  I f  h e wishe s t o eliminat e a n undesirabl e phe -

nomenon h e nee d onl y eliminat e som e o f  it s  causa l  origins ,  o r  alternativel y ad d som e token s t o th e 

worl d define r  tha t  wil l  preven t  th e phenomenon .  Similarl y  i f  h e notice s desirabl e manifestation s 

he ca n se t  abou t  eliminatin g unnecessar y wor k whic h doe s no t  contribut e t o bringin g abou t  thos e 

manifestations . 
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6 S u m m a r y 

We have defined what it means for one thing to cause another. In doing so we developed an 

ontolog y o f  tim e i n whic h potentia l  fact s abou t  th e worl d ar e decompose d int o materialize d 

and ghos t  parts .  T o captur e th e actua l  physic s o f  th e worl d w e presente d a  theor y o f  causa l 

conditionals .  Thi s introduce d th e ide a o f  generatin g an d clippin g function s whic h sugges t  a n 

organizatio n fo r  ou r  causa l  knowledge .  Thi s organization ,  w e claim ,  fits  wel l  wit h ou r  intuition s 

abou t  ho w peopl e represen t  an d reaso n abou t  causality . 
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Abstract 

The generatio n o f  extende d plot s fo r  melodramati c fictio n i s a n interestin g Artificia l 

Intelligenc e tas k - -  on e tha t  require s th e applicatio n o f  generalizatio n technique s t o 

carr y ou t  fully .  U N I V E R S E i s a  story-tellin g progra m tha t  use s plan-lik e units ,  "plo t 

fraigments" ,  t o generat e plo t  outlines .  B y usin g a  ric h librar y o f  plo t  fragment s an d a 

well-develope d se t  o f  characters ,  U N I V E R S E ca n creat e a  wid e rang e o f  plo t  outlines . 

I n thi s paper ,  w e illustrat e ho w UNIVERSE' S plo t  fragmen t  librar y migh t  b e 

automaticall y extende d usin g explanation-base d generalizatio n methods .  Ou r  method s 

ar e base d o n analysi s o f  a  televisio n melodr̂ 'nia . 

1 Introduction 

I n [Lebowit z 84 ]  an d (Lebowit z 85 ]  w e describe d ho w extende d stor y tellin g o f  th e sor t  use d 

t o creat e fictiona l  serials ,  nove l  series ,  televisio n melodram a ("soa p operas") ,  an d th e lik e 

involve s a  wid e rang e o f  interestin g A I  problems .  W e introduce d a  story-tellin g program , 

U N I V E R S E,  concentratin g o n it s abilit y  t o creat e realisti c character s [Lebowit z 84 ]  an d a 

scheme fo r  generatin g plo t  outline s usin g plan-lik e units ,  "plo t  fragments "  [Lebowit z 85] .  I n 

thi s paper ,  w e briefl y describ e ou r  mode l  o f  stor y telling ,  showin g ho w U N I V E R S E generate s 

a simpl e piec e o f  a  plo t  outline .  W e the n discus s ho w th e appropriat e wa y t o exten d th e 

progra m i s fo r  i t  t o automaticall y expan d it s knowledg e bas e usin g technique s closel y allie d 

t o explanation-base d learnin g method s (e.g. ,  [DeJon g 83]) .  Thi s discussio n i s base d o n 

analysi s o f  plo t  outline s fro m a  televisio n melodrama . 

The story domain we have selected for UNIVERSE is that of interpersonal melodrama, as 

suc h storie s provid e excellen t  example s o f  narrativ e constructio n tha t  ar e formulai c enoug h 

t o generat e b y computer ,  an d ye t  interestin g enoug h t o hol d th e interes t  o f  reader/viewers . 

Eventually ,  w e expec t  th e progra m t o b e abl e t o generat e connecte d storie s i n natura l 

languag e for m ove r  a  lon g perio d o f  time .  Fo r  th e moment ,  w e ar e concentratin g o n 

generatin g plo t  outlines ,  an d leavin g problem s o f  dialogu e an d low-leve l  even t  generatio n fo r 

later .  A s a n illustratio n o f  th e kin d o f  storie s w e woul d lik e t o generate ,  conside r  th e 

followin g synopsi s o f  event s fro m th e televisio n melodrama .  Day s o f  Ou r  Lives : 

STORYl - Liz was married to Tony. Neither loved the other, and, indeed, Liz 
was i n lov e wit h Neil .  However ,  unknow n t o eithe r  Ton y o r  Neil ,  Stephano , 
Tony' s father ,  wh o wante d Li z t o produc e a  grandso n fo r  him ,  threatene d Li z tha t 
i f  sh e lef t  Tony ,  h e woul d kil l  Neil .  Convince d h e wa s seriou s b y a  bom b 
explodin g nea r  Neil ,  Li z tol d Nei l  tha t  sh e di d no t  lov e him ,  tha t  sh e wa s stil l  i n 
lov e wit h Tony ,  an d tha t  h e shoul d forge t  abou t  her .  Eventually ,  Nei l  wa s 
convince d an d h e marrie d Marie .  S o later ,  whe n Li z wa s finall y fre e fro m Tony , 
Nei l  wa s no t  fre e t o marr y he r  an d thei r  trouble s wen t  on . 

STORYl exemplifies the kind of plot outline we wish to generate at this point in our 
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researc h a s a  precurso r  t o ful l  stor y generation .  Ther e ar e severa l  importan t  point s t o not e 

abou t  thi s example .  First ,  th e interaction s amon g character s ar e quit e complex .  I t  i s 

importan t  tha t  th e behavio r  o f  al l  th e character s mak e sens e i n term s o f  wha t  w e alread y 

kno w abou t  them .  O n th e othe r  hand ,  i t  i s  no t  enoug h tha t  w e simpl y simulat e th e live s 

of  thes e character s (a s i n TALEi-SPI N (Meeha n 76j) ,  sinc e i t  i s  unlikel y tha t  the y woul d 

naturall y d o suc h interestin g thing s o r  tha t  thei r  action s woul d interleav e wit h eac h othe r  s o 

nicely .  Bot h ou r  generatio n schem e an d pla n fo r  generalizin g ne w plo t  fragment s endeavo r 

t o creat e plo t  outline s tha t  ar e believabl e an d ye t  interesting . 

2 The basic UNIVERSE story-telling model 

Stor y tellin g i n U N I V E R S E i s a  plan-base d activit y (although ,  sinc e w e ar e generatin g 

extende d stories ,  th e progra m mus t  "tel l  a s i t  plans") .  I t  i s  base d aroun d a  se t  o f  "plo t 

fragments" ,  whic h ar e initiall y  built-i n b y th e progra m designer ,  tha t  pla y th e sam e rol e a s 

standar d plan s i n plannin g system s suc h a s [Sacerdot i  77 ;  Wilensk y 83] .  W e wil l  discus s i n 

Sectio n 3  ho w th e librar y o f  plo t  fragment s migh t  b e extende d automatically .  Th e plo t 

fragment s provid e narrativ e method s to-achiev e goals .  Wha t  i s crucia l  i s  tha t  th e goal s an d 

plo t  fragment s ar e no t  viewe d a s goal s an d plan s o f  th e character s (althoug h thes e mus t  als o 

be monitored) ,  but ,  instead ,  goal s an d plan s o f  th e autho r  (o r  program ,  i n ou r  case) .  Thi s 

allow s action s tha t  mak e sens e bu t  ye t  ar e no t  necessaril y  wha t  a  character ,  i f  a n 

independen t  agent ,  woul d choos e t o do .  Thi s approac h fit s nicel y wit h wor k i n narrativ e 

theor y suc h a s [Barthe s 77 ;  Ec o 79 ;  Todoro v 77] ,  tha t  ha s influence d th e developmen t  o f 

U N I V E R SE (a s ha s th e A I  wor k o f  [Meeha n 76 ;  Deh n 81 ;  Yazdan i  83]) . 

The plot fragments used by UNIVERSE can span a wide range of levels ~ from very 

general ,  themati c plan s tha t  ma y tak e a  lon g tim e t o carr y out ,  t o plan s fo r  specifi c  actions . 

They ma y includ e step s wit h th e sol e purpos e o f  settin g th e stag e fo r  late r  event s (e.g. , 

dropping-hints) .  Th e mor e genera l  plo t  fragment s ar e muc h lik e th e plo t  unit s i n [Lehner t 

81] ,  suc h a s double-crossing .  Othe r  plo t  fragment s ar e mor e specific ,  suc h a s seductio n o r 

wild-fight ,  bu t  th e rang e o f  th e fragments ,  alon g wit h th e us e o f  man y characters ,  keep s th e 

plo t  outline s interesting .  Befor e startin g a  ne w story ,  U N I V E R S E build s u p a  story-tellin g 

univers e o f  characters ,  keepin g trac k o f  personalit y traits ,  interpersona l  relationship s an d 

goal s fo r  each ,  a s describe d i n [Lebowit z  84] .  Thi s prove s t o b e precisel y th e wa y tha t  som e 

author s wor k i n developin g novels :  creat e a  se t  o f  character s an d develo p th e plo t  fro m 

ther e (se e [Ec o 84]) . 

Figure 1 shows the main features of a typical UNIVERSE plot fragment, forced-marriage. 

I t  involve s a  nast y paren t  (?parent )  forcin g hi s daughter-in-la w (?her )  t o sta y i n a n unhapp y 

marriag e (t o ?husband) ,  preventin g he r  fro m bein g wit h th e perso n sh e reall y love s (?him) , 

roughl y th e plo t  o f  S T O R Y l . 

The first piece of information about the forced-marriage plot fragment is the goal that it 

can b e use d t o achiev e ~  "churn" ,  kee p tw o lover s fro m bein g happy .  Obviousl y thi s goa l 

makes n o sens e fro m th e poin t  o f  vie w o f  th e characters ,  bu t  make s a  grea t  dea l  o f  sens e 

fo r  th e author ,  and ,  indeed ,  i s a  stapl e o f  melodrama .  Th e nex t  piece s o f  informatio n i n 

Figur e 1  ar e a  lis t  o f  th e role s involve d i n th e plo t  fragmen t  an d constraint s upo n them . 

(Generalizatio n o f  th e constraint s wil l  b e a n importan t  par t  o f  expandin g th e plo t  fragmen t 
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PLOT FRAGMEIT:  forced-urrlH e 

GOALS:  (chnr a ?hl B ?her )  {praven t  tho B fro a beli e happ7 > 
TIK E SCALE:  BODth t 
CHARACTERS:  T h U ?he r  Thaibaa d TparM t 
COISTRAIITS :  (hu-haib&n d ?her )  {th e hnsbaa d character ) 

(has-paren t  rhnabaad )  {th e paren t  character ) 
( < (tralt-Taln e ?paren t  'aiceaees )  -S ) 
(feaale-adal t  ?her ) 
(•ale-adul t  ?hlB ) 

SUB-GOALS:  (do-threate n ?parea t  ?he r  'force t  it* )  {threate n Ther ) 
(daap-love r  ?he r  ?hlB )  {hav e ?ne r  dna p This ) 
(vorrT-abon t  ?hiB )  {hat e aoBeon e worr y abon t  Thla ) 
(togethe r  «  This )  {ge t  ?hl B InTolve d wit h soaeon e else ) 
(eliBinat e Tparent )  {ge t  ri d o f  Tparen t  (breakin g threat) ) 
(do-dlTorc e Thi a ?her )  {en d th e nnhapp y carriage ) 
(o r  (chur n ?hi a ?her )  {eithe r  kee p chnrnin g or ) 

(togethe r  ?he r  ?hlB) )  {tr y an d ge t  ?he r  an d ?hl B bac k together ) 
Figur e 1 ;  A  typica l  U N I V E R S E plo t  fragmen t 

library.) For the roles that are not determiaed by the goal, UNIVERSE will find characters 

tha t  fi t  th e constraint s (o r  creat e characters ,  i f  nee d be) . 

Finally, Figure 1 shows the heart of the plot fragment - a series of subgoals (actually, a 

partia l  ordering )  tha t  mus t  b e achieve d t o attai n th e fragment' s goal .  Often ,  a  plo t 

fragmen t  wil l  includ e actua l  plo t  action s t o b e generated ,  bu t  sinc e forced-marriag e b  a 

relativel y hig h leve l  plo t  fragment ,  i t  simpl y spin s of f  th e serie s o f  sub-goal s shown .  Eac h o f 

th e subgoal s i n Figur e 1  ca n potentiall y b e satisfie d b y a  variet y o f  differen t  plo t  fragments , 

leadin g t o a  wid e rang e o f  possibl e stories . 

The basic UNIVERSE story-telling algorithm is relatively simple, relying on the richness of 

it s  plo t  fragmen t  librar y an d characte r  set .  U N I V E R S E maintain s a  precedenc e grap h 

indicatin g th e prerequisite s o f  pendin g autho r  goal s an d plo t  fragments .  Th e progra m select s 

t o pursu e a n autho r  goa l  wit h al l  it s  prerequisite s satisfie d an d a  plo t  fragmen t  t o us e fo r  i t 

(tryin g t o achiev e extr a autho r  goals ,  i f  possible) .  I t  continue s thi s proces s a s lon g a s 

unsatisfie d goal s remain ,  generatin g concret e action s whe n appropriate .  Thi s algorithm ,  muc h 

lik e th e one  use d i n TALE-SPI N (Meeha n 76 )  o r  micro-TALE-SPI N [Schan k an d Riesbec k 

81] ,  bu t  usin g autho r  goals ,  i s  summarize d i n Figur e 2 .  Thi s algorith m ca n lea d t o dea d 

ends ~  branche s o f  disjunctiv e plan s tha t  canno t  b e achieve d ~  but ,  interestingly ,  a s lon g a s 

thi s doe s no t  happe n to o often ,  i t  i s  no t  a  problem ,  bein g muc h lik e th e "re d herrings " 

ofte n introduce d i n televisio n melodrama . 

One of the positive side effects of this algorithm is that as multiple goals are pursued, 

variou s "plo t  lines" ,  i.e. ,  th e pursui t  o f  differen t  hig h leve l  plo t  fragments ,  wil l  becom e 

interleaved .  Thi s i s  importan t  i n th e productio n o f  intricat e plo t  outlines . 

Figure 3 shows a brief run of UNIVERSE. In this example, we have given the program the 

top-leve l  goa l  o f  "churning "  Li z an d Neil' s  relationshi p (e.g. ,  keepin g the m apart )  an d a 

secondar y goa l  o f  gettin g Rene e an d Nei l  together . 

The program trace in Figure 3 (with plot outline output indicated by ">>>") shows the 

expansio n o f  th e forced-marriag e plo t  fragmen t  fo r  th e chur n goal .  Onc e U N I V E R S E ha s 
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Li z become s available) .  I t  pick s th e aeductio n plo t  fragmen t  t o d o thb .  Rathe r  tha n 

pickin g a  seductres s a t  rando m fro m amon g th e character s wit h acceptabl e characteri<;t,ics , 

U N I V E R SE wa s abl e t o satisf y it s secon d goa l  a s a  side-effec t  b y selectin g Rene e a s th e 

seductress .  T h b sor t  o f  opportunisti c plannin g goe s a  lon g wa y toward s achievin g th e 

intricat e interconnection s tha t  exis t  i n mos t  popula r  melodrama . 

3 The next step: Generalizing plot fragments 

We fee l  th e generatio n framewor k outline d i n Sectio n 2  an d describe d mor e full y i n 

[Lebowit z 85] ,  whic h i s abl e t o generat e moderatel y interestin g plo t  outlines ,  provide s a 

good basi s fo r  futur e work .  T o generat e interestin g storie s ove r  th e lon g run ,  i t  wil l  b e 

necessar y fo r  th e progra m t o b e abl e t o automaticall y expan d it s plo t  fragmen t  librar y b y 

creatin g ne w plo t  fragments .  W e ar e studyin g thi s proble m b y lookin g a t  variou s plo t 

outline s fro m Day s o f  Ou r  Uvea .  Fo r  example ,  conside r  S T 0 R Y 2 : 

STORY2 - Hope and Bo were very much in love. However, Bo was involved in 
some dangerou s activitie s an d wa s worrie d abou t  Hope' s safety .  T o protec t  her , 
he tol d Hop e tha t  h e didn' t  lov e her ,  tha t  h e wa s livin g wit h Diane ,  a  childhoo d 
friend ,  an d tha t  sh e shoul d ge t  o n wit h he r  life .  Sh e wa s mor e o r  les s convinced , 
and starte d spendin g a  lo t  o f  tim e wit h Larry ,  th e DA ,  wh o wante d t o marr v 
Hope fo r  politica l  purposes .  Jus t  a s the v wer e abou t  t o b e married .  B o arrived , 
th e dange r  pas t  an d tol d Hop e tha t  h e love d her .  The y ra n of f  together . 
However ,  Maxw e 1  ( a ne w ba d guy) ,  wh o wa s intereste d i n Larry' s career ,  ha d hi s 
goon s captur e Hop e (withou t  Larry' s knowledge )  an d tel l  he r  tha t  sh e wa s t o 
retur n t o Larr y o r  har m woul d com e t o B o an d he r  othe r  friends .  Sh e di d s o 
(afte r  som e o f  Maxwell' s  goon s bea t  u p Bo) ,  an d i n fac t  marrie d Larry ,  convincin g 
Bo sh e n o longe r  care d fo r  him .  Then ,  Megan ,  a  childhoo d lov e o f  Bo' s appeare d 
and tol d hi m sn e onc e bor e hi s child .  W e assum e tha t  whe n Hop e i s finall y fre e o f 
Larry ,  B o wil l  b e entangle d wit h Megan . 

ST0RY2 at first appears rather complex. However, if we look at it closely, we realize that 

i t  i s  reall y tw o sequentia l  plo t  lines ,  eac h quit e simila r  t o S T O R Y l ,  bu t  wit h a  fe w twists . 

Thi s ca n b e see n mor e clearl y i f  w e brea k dow n S T O R Yl  an d th e tw o plo t  line s i n 

S T 0 R Y2 int o sequence s o f  event s displaye d i n parallel .  Thi s i s don e i n Figur e 4 . 

Figure 4 makes clear the similarities among the three plot lines. For example, the first parts 

of  S T O R Yl  an d S T 0 R Y 2 B diffe r  primaril y i n characte r  substitutions .  S T O R Yl  an d 

S T 0 R Y 2 A,  o n th e othe r  hand ,  ar e simila r  a t  a  somewha t  mor e abstrac t  level .  So ,  fo r 

instance ,  th e B  event s i n S T O R Yl  an d S T 0 R Y 2 B involv e a  marriag e an d a n engagement , 

respectively ,  whil e S T 0 R Y 2 A involve s som e sor t  o f  dangerou s activity .  T o recogniz e th e 

similarit y amon g thes e thre e plo t  lines ,  w e hav e t o realiz e tha t  al l  thes e event s pla y th e 

same rol e — the y creat e a  reaso n t o kee p th e lover s apart .  Th e I  events ,  again ,  hav e rathe r 

differen t  action s playin g th e sam e rol e — t o furthe r  thwar t  th e lover s eve n whe n th e prim e 

obstacl e betwee n the m disappears . 

Notice that while all of these three plot lines are quite similar, we cannot hope to generate 

S T 0 R Y 2A o r  S T 0 R Y 2 B fro m th e sam e rathe r  specifi c  plo t  fragmen t  tha t  w e use d t o 

generat e S T O R Yl  (th e forced-marriag e plo t  fragmen t  show n i n Figur e 1 ,  o r  a  somewha t 

more comple x versio n o f  it) ,  forced-marriag e ha s rathe r  specifi c  constraint s an d call s fo r 

rathe r  specifi c  events .  However ,  i n S T 0 R Y 2 B ,  instea d o f  a n over t  threa t  fro m th e woman' s 
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Pic k a  goa l  wit h n o missin g pre-condition s 

Pick a plot fragment for that goal 

(achievin g extr a goals ,  i f  possible ) 

"Execute" the plot fragment 

(generatin g plo t  action s an d addin g n e w goal s t o th e goa l  graph ) 

Repea t 

Figur e 2 :  Th e basi c U N I V E R S E story-tellin g algorith m 

*(t«ll '(((chnrn lli nell) (together renee nell)))) 

workin g o n goa l  — (CHDRI  LI Z lEIL ) 
Severa l  plan s t o choos e fro a FORCED-MARRIAGE LOTERS-FIGH T JOB-PROBLEM 
— asin g pla n FORCED-MARRIAGE 

workin g o n goa l  — (DO-THREATEI  STEPHAI O L R 'forge t  it* )  — asln g pla n THREATEI 

> » STEPHAI O threaten s LIZ :  'forge t  it * 

workin g o n goa l  — (DUMP-LOTER LI Z lEIL )  ~  usin g pla n BREAK-UP 

> » LI Z tell s lEI L sh e doesn' t  lov e hi a 

workin g o n goa l  — (fORRT-ABOO T lEIL )  — nsin g pla n BE-COICERIE D 
Possibl e candidate s — MARLEI A JULI E DOUG ROMAI  DOI  CHRI S KATL A 
Usin g MARLEI A fo r  WORRIER 

> » MARLEI A i s worrie d abou t  lEI L 

workin g o n goa l  — (TOGETHER •  lEIL ) 
Severa l  plan s t o choos e fro a SEDUCTIOI  DRUIKEI-SIEAK-I I  STMPATHETIC-UIIO I  JOB-TOGETHER 
Possibl e candidate s — DAPHI E REIE E 
Usin g REIE E fo r  SEDUCER 

» > REIE E sednce s lEI L 

workin g o n goa l  — (ELIHIIAT E STEPHAIO) 
Severa l  plan s t o choos e fro a ATTEMPTED-MURDQi  EXPOSE 
— usin g pla n ATTEMPTED-MURDER 
Usin g ALE X fo r  KILLE R 

> » ALE X trie s t o kil l  STEPHAI O 

workin g o n goa l  — (DO-DIVORC E TOI T LIZ )  — usin g pla n DIVORCE 

> » LI Z an d TOI T go t  divorce d 

workin g o n goa l  — (TOGETHER LI Z lEIL ) 
no acceptabl e plan s 

Figur e 3 :  Generatin g a  simpl e plo t  outlin e 

selected this plot fragment, each of the subgoals is pursued in turn. As it happens, in this 

exampl e eac h subgoa l  ca n b e achieve d b y a  singl e plo t  fragment .  I n a  large r  example ,  o f 

course ,  som e o f  thes e subgoal s woul d lea d t o furthe r  expansio n o f  subgoals ,  whic h migh t 

intertwin e wit h eac h other . 

An interesting point in Figure 3 comes when UNIVERSE tries to satisfy the (together * neil) 

goal ,  e.g. ,  ge t  Nei l  involve d wit h someon e (s o tha t  h e wil l  b e entangle d romanticall y whe n 
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S T O R Yl 

A Lix loved Neil 

B Liz was married to 
Ton y 

C Stephan o wante d Li z 
marrie d t o Ton y 

D Stephan o tol d Li z 
i f  sh e lef t  Ton y 
he woul d hur t 
Nei l 

E Stephano had Neil 
hur t  i n a  b o m b 
explosio n 

F Liz told Neil she 
didn' t  lov e hi m 

G Liz stayed with Tony 

H Neil believed her 

I Neil married Marie 

J Li z eventuall y go t 
fre e o f  Stephano , 
but  could n t  b e 
wit h Nei l  becaus e 
he wa s ̂marrie d 
t o Mari e 

K Still later, Liz was 
abl e t o marr y Nei l 

S T O R Y 2A 

Bo loved Hope 

Bo was involved in 
activit y tha t  coul d 
endange r  Hop e 

Bo tol d Hop e h e didn' t 
lov e he r 

Bo lived with Diane 

Hope believed him 

Hope got involved with 
Larr y an d wa s abou t 
t o marr y hi m 

S T O R Y 2B 

Hope loved Bo 

Hope was engaged 
t o marr y Larr y 

Maxwel l  wante d 
Hope marrie d t o 
Larr y 

Maxwell told Hope, 
indirectly ,  i f  sh e 
didn' t  marr y Larry , 
he woul d hur t  B o 

Maxwell had Bo 
beat  u p 

Hope tol d B o sh e 
didn' t  lov e hi m 

Hope married Larry 

Bo believed her 

Bo discovered Megan 
had ha d hi s chil d 

??? 

Bo' s dange r  passed , 
and B o an d Hop e ra n 
of f  togethe r 

Figure 4: Three similar plot outlines 

father-in-la w ther e i s a  cover t  threa t  fro m th e dange r  B o i s in .  W e could ,  however ,  hop e t o 

deriv e fro m forced-marriag e a  mor e genera l  plo t  fragmen t  tha t  woul d produc e STORY2 . 

Based on this sort of analysis of existing melodramatic plot outlines, we propose to 

automaticall y augmen t  UNIVERSE' S librar y o f  plo t  fragment s b y generalizin g existin g plo t 

fragments .  I n genera l  terms ,  w e ca n easil y se e ho w thi s coul d lea d t o th e productio n o f 

ST0RY2A an d ST0RY2B .  Th e forced-marriag e plo t  fragmen t  coul d b e generalize d int o a 

"coerc e int o stayin g ou t  o f  a  relationship "  plo t  fragmen t  wher e even t  B  involve d a 

competin g goal ,  ste p D  a  threa t  (optional) ,  ste p G  a  competin g relationshi p an d s o forth . 

An alternate ,  an d ultimatel y quit e similar ,  metho d woul d b e t o tel l  ne w storie s b y direc t 
modificatio n o f  storie s tol d previously ,  withou t  goin g throug h generalizin g plo t  fragments . 
Generalizin g ne w plo t  fragment s fit s  bette r  int o th e UNIVERS E scheme . 
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The n thi s plo t  fragmen t  coul d b e instantiate d int o eithe r  S T 0 R Y 2 A o r  S T 0 R Y 2 B (o r  bac k 

int o S T O R Y l ) . 

The main process of generalization is simply a relaxation of the constraints upon the role 

filler s fo r  a  give n plo t  fragmen t  alon g wit h modificatio n o f  th e remainde r  o f  th e plo t 

fragmen t  t o accep t  an y rol e fille r  withi n th e generalization .  So ,  fo r  example ,  instea d o f 

requirin g a  marrie d coupl e i n forced-marriage ,  w e migh t  hav e U N I V E R S E jus t  loo k fo r  an y 

sor t  o f  a  normall y positiv e relationship .  Variou s detail s wil l  b e adde d t o th e action s an d 

sub-goal s dependin g o n ho w th e plo t  fragmen t  i s instantiated . 

While it is easy to simply generalize the role constraints (in fact, we have implemented such 

generalization) ,  i t  i s  obviousl y no t  acceptabl e fo r  suc h generalizatio n t o b e arbitrar y (o r  els e 

we woul d jus t  generaliz e al l  rol e filler s t o "person") .  W e mus t  conside r  tw o issues ;  1 ) 

keepin g th e generalize d plo t  fragment s believabl e an d 2 )  makin g sur e the y stil l  generat e 

interestin g stories . 

We feel that the maintenance of believability will be accomplished through processing much 

lik e th e explanation-base d learnin g method s o f  (DeJon g 83] .  Th e basi c ide a i s tha t  w e woul d 

buil d u p a  causa l  analysi s o f  a  plo t  fragment ,  an d the n generaliz e i t  i n variou s way s suc h 

tha t  th e analysi s stil l  holds ,  a s don e i n [DeJon g 83 ]  t o buil d u p ne w stor y understandin g 

schemata .  Usin g th e causa l  analysis ,  buil t  u p i n way s suc h a s thos e describe d i n (Schan k 

and Abelso n 77] ,  w e ca n determin e variou s way s tha t  a  plo t  fragmen t  ca n b e generalize d 

whil e maintainin g tha t  sam e causa l  explanation .  So ,  fo r  example ,  i n th e forced-marriag e 

plo t  fragment ,  w e migh t  b e abl e t o generaliz e th e relatio n tha t  on e participan t  i s bein g 

force d int o fro m a  marriag e t o an y permanen t  relationshi p (e.g. ,  "livin g together") ,  bu t  no t 

int o a  les s persona l  relationship ,  lik e "roommates" ,  a s tha t  woul d undermin e th e causa l 

explanatio n fo r  th e plo t  fragment . 

There are two primary ways in which our generalization methods differ from the 

explanation-base d learnin g o f  (DeJon g 83] .  Bot h o f  thes e difference s addres s th e secon d o f 

our  concern s -  tha t  th e generalize d plo t  fragment s stil l  yiel d interestin g stories .  W e propos e 

1)  tha t  autho r  goal s b e include d i n th e explanation s o f  th e plo t  fragment s an d 2 )  tha t  w e 

not  generaliz e plo t  fragment s a s fa r  a s possibl e al l  a t  once . 

Inclusion of author goals in the causal analysis is crucial. In many cases, it will be 

impossibl e t o analyz e a  plo t  fragmen t  withou t  considerin g suc h goals .  Fo r  example ,  i n 

forced-marriage ,  th e onl y rational e fo r  gettin g th e jilte d love r  involve d wit h anothe r  perso n 

i s t o satisf y a n autho r  goa l  o f  complicatin g th e situation .  Th e character s woul d certainl y 

not  wan t  thi s t o happen ,  particularl y i f  the y kne w th e origina l  relationshi p woul d becom e 

feasibl e again .  Eve n whe n i t  i s  possibl e t o analyz e a  plo t  fragmen t  base d o n characte r 

goals ,  i t  i s  likel y tha t  onl y th e consideratio n o f  autho r  goal s wil l  inhibi t  over-generalization . 

So,  continuin g ou r  forced-marriag e example ,  w e migh t  imagin e a  generalizatio n tha t  make s 

real-worl d sens e i f  th e mai n character s merel y like ,  no t  love ,  eac h other .  However ,  suc h a 

2 
Ther e ha s bee n considerabl e othe r  wor k int o explanation-base d learnin g (se e [Michalsk i  e t 

al .  83]) .  However ,  DeJong' s stor y understandin g domai n i s mos t  closel y relate d t o ou r  work . 
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plo t  fragmeo t  i s unlikel y t o produc e interestin g stories ,  a s i t  wil l  no t  furthe r  autho r  goal s 

tha t  revolv e aroun d intens e relationships . 

Our second point is that we do not wish to generalize plot fragments as far as possible. It 

i s  unlikel y tha t  w e wil l  b e abl e t o analyz e plo t  fragment s i n enoug h detai l  t o full y 

understan d th e "flavor "  tha t  the y provide .  W e wil l  maintai n th e flavo r  o f  th e initia l 

fragment s b y onl y generalizin g som e o f  th e feature s o f  eac h plo t  fragmen t  a t  a  time .  Thi s 

wil l  hel p bot h b y simplifyin g th e histantiatio n proces s (a s ther e wil l  b e fewe r  degree s o f 

freedo m fo r  th e variou s rol e fillers )  an d wil l  maintai n mos t  o f  th e interestin g aspect s o f  th e 

plo t  fragments .  Th e richnes s o f  th e storie s tha t  w e ar e lookin g fo r  come s fro m instantiatin g 

th e generalize d plo t  fragment s wit h a  variet y o f  differen t  rol e fillers .  Th e choic e o f  eac h 

rol e fille r  ca n the n lea d t o interestin g change s require d t o kee p th e stor y consisten t  (th e 

determinatio n o f  which ,  incidentally ,  ca n als o mak e us e o f  th e causa l  analysi s neede d fo r 

generalization) . 

Even small generalizations of the plot, fragments will add considerable richness to 

universe' s stories .  Discoverin g tha t  forced-marriag e "works "  i f  th e outsid e threa t  come s 

t o achiev e politica l  goal s rathe r  tha n desir e fo r  a  grandchild ,  o r  tha t  i t  wil l  wor k i f  th e 

threa t  i s mad e t o th e man ,  no t  th e woman ,  wil l  expan d th e utilit y  o f  th e plo t  fragment . 

Such generalizatio n is-wel l  withi n th e scop e o f  curren t  explanation-base d learnin g methods . 

As a partial illustration of generalizing plot fragments, we have developed a simple module 

t o generaliz e eoEstraint s withou t  regar d t o underlyin g causalit y (whic h must ,  o f  course ,  b e 

considere d eventually) .  Figur e 5  show s th e generalize d constraint s fo r  forced-marriage .  W e 

can se e tha t  th e requiremen t  fo r  th e femal e love r  t o hav e a  husban d wit h a  nast y paren t 

has bee n generalize d int o a  requiremen t  fo r  on e love r  t o hav e a  spous e wit h a  nast y parent . 

The requiremen t  fo r  opposit e se x lover s ha s als o bee n relaxed .  Thi s give s u s a  plo t 

fragmen t  tha t  ca n describ e pressur e o n eithe r  sid e o f  a  opposit e o r  sam e se x relationshi p 

(give n prope r  definitio n o f  th e predicat e "has-spouse") .  Not e tha t  th e name s o f  th e rol e 

filler s (e.g. ,  ?him ,  ?her )  ar e no w rathe r  misleading .  Th e leve l  o f  nastines s neede d b y th e 

paren t  ha s als o bee n relaxed . 

COISTRAIITS :  (ha«-tpons e ?her )  {instea d o f  haa-hnibaad } 
(has-paren t  rhnsbaad ) 
( < (tralt-va l  fparea t  'aiceaess )  0 ) 
(adnl t  ?her )  <init«a d o f  feule-adnlt ) 
(adal t  ?hlB )  {Isitos d o f  aale-adilt > 

Figur e 5 :  Generalize d constraint s fo r  forced-marriag e 

Figur e 6  show s ho w th e generalize d versio n o f  forced-marriage ,  forced-marriage0 ,  ca n b e 

used b y U N I V E R S E .  W h e n w e as k th e progra m t o "churn "  a  relationshi p betwee n Davi d 

and Renee ,  i t  ca n us e th e generalize d plo t  fragment ,  sinc e David' s wife' s fathe r  (Alex )  i s 

nast y enoug h t o threate n David .  Th e origina l  forced-marriag e woul d no t  b e applicabl e sinc e 

Renee doe s no t  hav e a  nast y father-in-law .  Afte r  th e selectio n o f  forced-marriageO , 

processin g proceed s muc h a s i n Figur e 3 .  I t  i s  wort h reiteratin g tha t  th e plausibilit y  o f 

forced-marriage O i s somewha t  fortuitous ,  sinc e w e hav e no t  implemente d th e causa l  analysi s 

tha t  wil l  ultimatel y b e necessary . 
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•(tal l  '(((chvr n daTl d renee))) ) 

workin g o n gon l  — (CHURI  DATI D REIEE ) 
— usin g pla n FORCED-MARRIAGEO {FORCED-MARRIAGE wit h generalize d conftmlnte ) 

workin g o n goa l  — (DO-THREATEI  ALE X DA?I D 'forge t  it* )  — ntin g pla n THREATEI 

> » A i a threaten i  DAVID :  'forge t  it * 

workin g o n goa l  — (DDICP-LOTE R DATI D REIEE )  ~  u in g pla n RREAK-UP 

> » DATI D tell f  REIE E h e doesn' t  lov e he r 

workin g o n goa l  ~  (lORRT-ABOD T REIEE )  — ailn g pla n BE-COICEXIQ ) 
Possibl e candidate s ~  MARLEI A JULI E DOUG ROMAI  DOI  CHRI S EAT U 
Usin g MARLEI A fo r  lORRIE R 

> » MARLEI A i s worrie d abou t  REIE E 

workin g o n goa l  — (TOGETHER •  REIEE )  ~  nsin g pla n SEDUCTIOI 

> » REIE E sednce s ROMAI 

workin g o n goa l  ~  (ELIMIIAT E ALEX ) 
Serera l  plan s t o choos e fro a ATTEMPTED-MURDEB OPOSE 
Usin g STEPHAI O fo r  KILLE R 

> » STEPHAI O trie s t o kil l  ALE X 

Figur e 8 i  Usin g a  plo t  fragmen t  wit h generalize d constraint s 

4 C o n c l u s i o n 

Ther e ar e man y area s lef t  t o explor e befor e ou r  generalizatio n method s ca n b e full y 

implemente d - -  whe n t o generaliz e a  plo t  fragment ,  decidin g exactl y ho w muc h t o generalize , 

and usin g a  casua l  explanatio n t o adjus t  detail s o f  th e plo t  fragment ,  fo r  example . 

However ,  w e fee l  tha t  thi s kin d o f  explanation-base d generalizatio n o f  plo t  fragments ,  i n 

conjunctio n wit h th e basi c story-tellin g method s w e hav e developed ,  wil l  lea d t o dynami c 

system s tha t  ca n generat e wid e range s o f  interestin g plo t  outlines .  W h e n couple d wit h th e 

appropriat e natura l  languag e generatio n techniques ,  suc h system s wil l  produc e interestin g an d 

excitin g stories ,  a s wel l  a s hel p u s lear n a  grea t  dea l  abou t  man y area s o f  cognitiv e 

processing . 
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M U L I  I  P A R :  a  R o b u s t  Entity-Oriente d Parser ' 

Jill Fain, Jaime G. Carboncll. Philip J. tlayes and Steven N. Minion 

Compute r  Scienc e Depnrimcnl .  Carncgic-Meiio n University . 

PilLsburgh .  P A 15213 .  U S A 

I. Objectives 
Th e phenomeno n o f  h u m a n languag e comprehensio n ha s pose d a  considerabl e numbe r  o f  challengin g problem s fo r 

linguists ,  psychologists ,  philosophers ,  an d artificia l  intelligenc e researcher s alike .  O n e particularl y importan t  aspec t  i s th e 

robus t  manne r  i n whic h peopl e ar e abl e t o comprehen d nove l  utterances ,  man y o f  whic h deviat e fro m th e abstrac t  notio n 

o f  grammatica l  correctness .  Wherea s mos t  linguist s an d philosopher s focu s o n formulatin g competenc e theorie s o f  th e 

idealize d speaker ,  ou r  objectiv e i s t o mode l  human-lik e performanc e i n robus t  comprehensio n o f  naturally-occurrin g 

utterances .  Withi n tha t  genera l  objective ,  thi s pape r  present s a  concret e computationa l  mode l  o f  languag e interpretatio n 

capabl e o f  toleratin g grammatica l  deviations ,  approximatel y t o th e exten t  exhibite d i n h u m a n languag e comprehension . 

Unlik e th e psychologica l  approac h tha t  strive s t o mode l  th e fine-structure  interna l  proces s o f  a  cognitiv e task ,  w e see k 

onl y t o matc h observe d h u m a n performance .  Eliminatin g th e constrain t  o f  stric t  adherenc e t o h u m a n processin g — t o th e 

exten t  tha t  i t  ca n b e measure d o r  theorize d — enable s u s t o mak e muc h mor e rapi d progres s i n developin g a n effectiv e 
computationa l  model . 

Thus ,  ou r  objective s ca n b e summarize d a s follows : 

• Understand the information processing requirements of robust natural language comprehension, including the in-

tegratio n o f  syntactic ,  semanti c an d pragmati c knowledge . 

•  Buil d a n efTecUv e computationa l  mode l  fo r  experimentation ,  refinement ,  validation ,  o r  refutatio n o f  ou r  theoretica l 

precepts .  Thi s require s th e formulatio n o f  flexibl e contro l  strategie s an d fairl y rich  knowledg e representatio n 

formalisms . 

•  Appl y th e robus t  languag e interprete r  t o human-compute r  natura l  languag e interfaces ,  an d investigat e th e exten t  t o 

whic h suc h powerful ,  human-lik e abilitie s enhanc e th e communicatio n process . 

In order to realize these objectives, we developed an experimental parsing system called MULTIPAR [4J based on 

earlie r  wor k a t  Carnegie-Mello n University ,  suc h a s th e C A S P A R an d D Y P A R parser s [3.9.4.5] .  Unlik e previou s wor k 

o n ATN-base d robus t  parsin g [14.13.11.10] .  ou r  approac h i s base d o n mor e flexible  an d interpretiv e case-fram e instan -
tiatio n methods .  Th e case-fram e approac h enable s us  t o integrat e divers e syntacti c an d semanti c knowledg e int o a 

universa l  dat a structure ,  whic h ca n b e accesse d b y differen t  parsin g strategies .  I n essence ,  th e computationa l  mode l 

elaborate d belo w consist s o f  findin g th e bes t  possibl e pars e satisfyin g al l  th e syntactic ,  semanti c an d pragmati c constrain u 

an d expectations .  I f  on e fail s t o find  suc h a  pars e — perhap s du e t o missin g functio n words ,  misspellings ,  othe r 
grammatica l  errors ,  semanti c constrain t  violations ,  etc .  — th e constraint s ar e graduall y relaxe d i n a  principle d manne r  l o 

fin d th e bes t  possibl e parse<s) .  A  secon d them e interwove n wit h th e progressiv e relaxatio n process ,  i s th e notio n o f 

invokin g multipl e parsin g strategies ,  dependin g upo n expectation s o f  grammatica l  structure ,  semanti c role ,  an d suspecte d 

deviation s fro m th e correc t  grammar .  Th e bul k o f  thi s pape r  present s th e method s an d knowledg e source s tha t  mak e 
robus t  parsin g a n effectiv e computationa l  process .  Th e principle s underlyin g ou r  approac h are : 

• GrummaMcal tolamnce levels: The search space of possible interpretations of an utterance can grow prohibitively 

larg e i f  on e allow s compoundin g o f  al l  possibl e grammatica l  an d semanti c deviations .  Therefore ,  th e searc h i s carrie d 

out  usin g a  least-deviant-interprctation-firs t  strategy .  Thi s require s th e postulatio n o f  additiv e toleranc e levels .  Eac h 

grammatica l  deviatio n i s assigne d a  toleranc e level ,  an d multipl e deviation s i n th e sam e uueranc e correspon d t o th e 

su m o f  th e toleranc e levels . 

•  Multipl e stntegiesr .  Eac h know n deviatio n fro m grammatica l  well-formednes s indexe s on e o r  mor e recover y 

strategies ,  a s wel l  a s th e require d toleranc e leve l  incremen t  A n agenda-base d contro l  struaur e allow s strategie s t o 
pos t  hypothese s o f  suspecte d deviation s (an d thei r  associate d recover y strategies) ,  whic h ar e examine d subsequentl y 

n ^  resurc h wa s sponsore d i n pa n b y th e Defens e Advance d Researc h Project s Agenc y (DOD) ,  ARPA Orde r  No .  3S97 .  monitore d b y th e Ai r  Forc e 
Avionic s laborator y unde r  contrac t  F33615-78-C-1551 .  an d i n par t  b y th e Ai r  Forc e Offic e o f  Scientifi c  Researc h unde r  Conlrx t  F49620-79-C-0143 .  Th e 
view s an d conclusion s containe d i n thi s documen t  ar e thos e o f  th e author s an d shoul d no t  b e interprete d a s representin g th e officia l  policies ,  eithe r  exp iOK d 
or  impbed .  o f  D A R P A.  th e Ai r  Forc e Odic e o f  Scientifi c  Researc h o r  th e U S goveminen L 
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onl y i n ih c c;is e iha l  n o full y  grammalical .  o r  les s devi;in i  inlcrprelalio n i s found . 

•  Entity-orientedparsHf .  A n cniil y  i s a  generalize d tiisc-frame .  I n additio n l o storin g th e semanti c roles ,  headers ,  an d 

cas e markers ,  i t  ma y represen t  declaralivel y mullipl e syntacti c mapping s fro m th e surfac e inpu t  t o th e semanti c 

represeniiAion . 

The power of the MULTIPAR system lies in the integration of these principles into a cohesive computationaJ model. 

The centra l  objectiv e o f  th e syste m i s l o comprehen d less-lhan-perfec t  utterance s muc h a s human s would ,  rathe r  tha n t o 

hallucinat e al l  possibl e nonsensica l  interpretations .  Th e firs t  st̂ ig e i s t o develo p th e genera l  computation<i l  model ,  an d th e 

secon d i s t o tun e i t  l o find  onl y thos e interprelation s correspondin g t o human-iolerabl e grammalica l  deviations .  Afte r 

outlinin g th e continuation-passin g contro l  structur e an d th e eniity-base d knowledg e representation ,  w e presen t  i n som e 

detai l  on e exampl e o f  parsin g a  plausibl e bu t  imperfec t  utterance . 

The M U L T I P A R approac h differ s fro m earlie r  inference-intensiv e system s tha t  sough t  l o complet e a  pan w i n th e 

presenc e o f  a n unknow n wor d [7,2 ]  i n tha t  i t  provide s a  unifor m computationa l  framewor k t o recove r  fro m al l  gram -

matica l  difficultie s an d deficiencies .  Moreover ,  i t  differ s fro m text-scannin g approache s i n tha t  i t  doe s no t  reso n t o 
ignorin g larg e segment s o f  inpu t  i t  judge s eithe r  incomprehensibl e o r  uninterestin g (12.6] . 

I MULTIPAR Control Structure 

Lik e mos t  natura l  languag e parsers .  M U L T I P A R operate s b y searchin g throug h a  virtua l  spac e o f  possibl e parse s fo r  a 
give n inpu t  Th e siz e o f  th e searc h spac e depend s o n th e numbe r  o f  loca l  ambiguitie s tha t  ar e encountere d durin g th e 

parsin g process .  Becaus e M U L T I P A R i s expecte d t o pars e ungrammatica l  input ,  i t  i s typicall y confronte d wit h a  searc h 

spac e tha t  i s muc h large r  tha n tha t  explore d b y conventiona l  parsers .  Unlik e it s mor e conventiona l  predecessois , 
M U L T I P AR canno t  simpl y rejec t  a  partia l  pars e whe n a  grammalica l  constrain t  i s  violated .  Instead ,  variou s recover y 
technique s ar e applied . 

I f  th e bes t  pars e i s t o b e foun d i n a  timel y manner ,  th e exploratio n o f  alternativ e path s i n th e searc h spac e mus t  b e 

carefull y controlled .  Fo r  example ,  spellin g correctio n shoul d b e trie d befor e hypothesizin g a  missin g word ,  an d 
hypothesizin g on e wor d i s preferabl e t o hypothesizin g five.  Moreover ,  i f  a  strateg y fail s t o find a  correc t  pars e fo r  som e 
inpu t  i t  doe s no t  mea n tha t  th e recover y action s shoul d b e invoke d immediately .  I t  m a y b e tha t  som e othe r  strateg y wil l 

find  a  grammatica l  an d semanticall y consisten t  parse .  I f  so .  tha t  othe r  strateg y shoul d b e give n it s chanc e befor e an y 
recover y action s ar e attempted . 

To contro l  th e exploratio n o f  th e seard i  space ,  competin g alternative s withi n a  strateg y ar e explicitl y  specifie d usin g 
SPLI T statements .  W h e n a  SPLI T statemen t  i s encountered ,  th e compulatio n divide s int o separat e branches ;  eac h branc h 
has A  flexibility  incremen t  indicatin g th e additiona l  degre e o f  ungrammaticalit y tolerate d b y th e associate d continuatk>n .  A 
partia l  pars e i s generate d alon g eac h branch ,  an d eac h computatio n m a y procee d fiom  th e SPLI T statemen t  indepen -
dentl y o f  th e others. ^ 

(Split (^0 continuationA) 
(-•• 1 continuations ) 
(+ 3 continuatlonC)... ) 

Thus ,  a  SPLI T statemen t  suc h a s th e on e abov e produce s a  three-wa y branc h i n th e searc h tree .  Continuatio n A  doe s 
not  resul t  i n a  gai n i n flexibility  o f  th e associate d pars e (implyin g tha t  thi s continuatio n require s n o additiona l  relaxatio n 
from  grammatica l  correctness) .  Continuation s B  an d C .  i f  the y ar e eve r  pursued ,  wil l  resul t  i n gain s o f  on e an d thre e 

respectivel y (implyin g tha t  differen t  degree s o f  additiona l  relaxatio n fi-om  grammatica l  correctnes s ar e require d t o 
continu e ead i  parse) .  Al l  continuation s i n a  SPLI T statemen t  ar e poste d i n a  globa l  agenda ,  indexe d b y thei r  globa l 
flexibility  /eve/(explaine d b d o w ) .  Th e structur e o f  a  globa l  agend a look s like : 

[Agenda: (0 Continuation-A Contlnuatlon-B ...) 
( 1 Continuation- C ... ) 
( 4 Continuat1on- D . .  . )  ... ] 

^ULTIPA R i s implenwntt d i n Common Lisp . 

^  non-detenninii m provi(J« l  b y th e SPLI T sutenw i  i s als o etploiie d fijr  handlin g norma l  ambiguities .  When a  strateg y find s tha t  a  p a 
ambiguous ,  a  sepam e br»e h i s create d fo r  eac h altemaU w parse .  + 0 HexibiUt y increment s ir e use d for  eac h locaUy-ambiguou s continuation . 

Il l 



M U L T I P AR start s wit h u n agend a attainin g on e o r  mor e lop*leve I  strategic s a t  th e O-flcxihilii y  level ,  an d a  globa l 

flexibilit y  leve l  se t  t o 0  (i.e .  ful l  grainiTialicality) .  A s eac h strateg y i s applie d i t  ca n pos t  additiona l  continuation s i n th e 

agend a a t  th e 0  o r  highe r  (lexibilit y  levels .  Coniinuaiion s ar e poste d whe n SPLI T statement s ar e cnwuntercd .  an d th e 

flexibilit y  level s a t  whic h the y m c poste d correspon d t o th e su m o r  th e globa l  flexibilit y  leve l  an d th e flexibilit y  incremen t 

of  th e coniinualion .  W h e n a  continuatio n complete s executio n i t  i s  remove d fro m th e agenda . 

MULTIPAR pursues all the continuations at the O-flexibiliiy level. Ideally, exactly one of these yields a complete and 

consisten t  parse ,  indiailin g tha t  th e inpu t  wa s grammatica l  an d unambiguous .  I f  mor e tha t  on e pars e i s generated ,  w e 

hav e tru e ambiguity ,  whic h mus t  b e resolve d b y externa l  means .  I f  n o parse s ar e generate d a t  th e O-flexibilit y  level ,  th e 

inpu t  i s ungrammaiica l  (o r  semanticall y  ina)nsistent) .  an d M U L T I P A R goe s o n t o th e next-lowes t  flexibilit y  leve l  i n th e 

agenda ,  selectin g thi s on e a s th e ne w globa l  flexibilit y  level .  Th e proces s i s repeate d a t  thi s  flexibility  leve l  (perhap s 

resultin g i n mor e continuation s bein g poste d o n th e agenda) ,  an d if .  again ,  n o parse s ar e found ,  th e globa l  flexibilit y  leve l 

i s  onc e mor e augmented .  I n thi s fashion ,  th e searc h fo r  a  possibl e pars e continues ,  seekin g th e leas t  devian t  interpreta -

tion s firs t  I f  th e globa l  flexibilit y  leve l  reache s som e prese t  threshold .  M U L T I P A R judge s th e inpu t  t o b e incomprehen -

sibl e an d abandon s it s parsin g attempts . 

3. MULTIPAR Entities 

M U L T I P AR i s a n entity-oriente d parser .  A s describe d i n (81 .  eniity-orienie d parsin g i s a n approac h t o restricte d 

domai n natura l  languag e processin g i n whic h th e parse r  i s  drive n b y a  se t  o f  definition s o f  domai n entitie s (objects . 

operations ,  an d states) .  Th e entitie s ar e defme d a t  a  hig h leve l  o f  abstraction ,  primaril y i n term s o f  othe r  componen t 

entities .  Thi s approac h t o parsin g i s wel l  adapte d t o dealin g wit h ungrammatica l  input ;  i t  allow s a  parse r  t o interpre t  th e 

abstrac t  entit y definition s i n a  variet y o f  way s s o tha t  i t  ca n loo k fo r  th e entit y component s i n place s othe r  tha n th e 

syntacticall y corre a ones . 

A simplified example of an entity definition used by MULTIPAR is: 

(EntityName HoveConmand 
SemantlcCase s ( 

Objec t  (FileObjDes c o r  DirectoryObjDesc ) 
Sourc i  (OirectoryObjOes c o r  Logica10eviceObjD«$c ) 
Destinatio n (FileObjOes c o r  DirectoryObjDesc ) 
Locatio n (DirectoryObjDes c o r  LoglcalDevlceObjDesc) ) 

Constraint s ( 
(Destinatio n FileObjDes c >  Objec t  FileObjOesc ) 
(Objec t  DirectoryObjDes c >  Sourc e LogicalDeviceObjDesc )  .. . 
(Require d Objec t  Destination) ) 

SurfaceForm s ( 
(SFMame Icf-Canonica l 

Head <movehead > 
DirectObjac t  Objec t 
Cases ( 

(Prepositio n <sourcepreps > 
Bin d Source )  ...)) ) 

InstanceTemplat e ( 
Actio n 'MOV E 
Deviation s Deviation s 
Sourc e ( 

Is A (Is A i n Object ) 
Name (Nam e i n Object ) 
Extensio n (Extensio n i n Object ) 
Director y (Director y i n Objec t  o r  .. .  o r  Director y i n Location ) 
LogicalDe v (LoglcalOe v i n Objec t  o r  .. .  o r  LogicalDe v i n Location ) 
ObjDes c (Descriptio n i n Object ) 
SourceDes c (Descriptio n i n Source ) 
LocDes c (Descriptio n i n Location) ) 

Destinatio n ( 
Is A (Is A i n Destination ) 
Name (Nam e i n Objec t  o r  Name I n Destination ) 
Extensio n (Extensio n i n Objec t  o r  Extensio n i n Destination ) 
Director y (Director y I n Destinatio n o r  Director y i n Location ) 
LogicalDe v (LogicalDe v i n Destinatio n o r  LogicalDe v i n Location ) 
DestOes c (Descriptio n I n Destination ) 
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LocDes c (Descriptio n i n Locat ion))) ) 

Thi s define s th e "move "  c o m m a n d fo r  a n operatin g syste m interface .  Lik e al l  entit y definitions ,  i t  ha s fou r  m a m pans : 

• SemanticCases: this defines the basic structure of the entity in terms of the other entities that are its components. 

M o v e C o m m a n d.  fo r  instance ,  ha s a n objec t  (th e file**  o r  director y t o b e moved) ,  a  sourc e (th e director y o r  logica l 

devic e t o m o v e i t  from) ,  a  destinatio n (th e fil e o r  director y t o m o v e i t  to) ,  an d a  locatio n (th e director y o r  logica l  devic e 

i n th e contex t  o f  whic h th e m o v e lake s place) ,  fhes e semanti c case s (cxillecl i  vel y constitutin g a  case-frame )  d o no t  tel l 

M U L T I P AR ho w l o recogniz e th e cnliL y i n a n inpu t  utterance ,  the y jus t  defin e wha t  othe r  entitie s ma y o r  mus t  b e 

foun d i n th e inpu t  a s par t  o f  finding  ih e eniii y  defined .  Th e genera l  forma t  i s a  lis t  o f  cas e name s an d filler  types . 

•  Constraints :  Fo r  an y specifi c  instanc e o f  a n entity ,  th e constraint s specif y bot h relation s tha t  ar e require d t o hol d 

betwee n cases ,  an d predicate s o n individua l  cases .  Th e first  constrain t  fo r  M o v e C o m m a nd say s tha t  i f  th e Destinatio n 

cas e i s filled  b y a  file,  the n th e Objec t  cas e mus t  als o b e filled  b y a  file.  M a n y constraint s o f  thi s kin d ma y b e neede d t o 

full y  specif y a n entity .  Th e final  constram t  sa> s tha t  th e Objec t  an d Destinatio n case s ar e require d t o b e presen t  fo r 

any instanc e o f  M o v e C o m m a n d.  M U L T I P A R enforce s constraint s o f  bot h type s insofa r  a s i t  can .  I n othe r  words ,  i t 
prefer s parse s i n whic h th e constraint s ar e satisfied ,  bu t  wil l  accep t  (a s a  deviation )  input s i n whic h th e constraint s ar e 

violated . 

•  SurfaceFonns :  Thi s componen t  o f  a n entit y definitio n tell s  M U L T I P A R h o w a n entit y ca n b e describe d i n English . 

That  is .  i t  tell s  wher e i n th e inpu t  t o find  word s identifyin g th e entit y itsel f  (e.g .  "move "  o r  "transfer "  i n ou r  example) . 
as wel l  a s wher e t o find  fillers  fo r  th e SemanticCases .  Th e informatio n abou t  wher e t o loo k fo r  th e SemanticCase s i s 

implici t  i n th e specifi c  parsin g strategie s associate d wit h th e SurfaceFor m n a m e (Icf-Canonical ,  o r  "imperativ e cas e 

fram e canonical, "  above) .  Althoug h ther e i s a  1-to- l  mappin g betwee n SurfaceFor m an d strateg y i n th e curren t 
implemenution .  i t  i s  no t  necessar y tha t  thi s b e th e case .  A  strateg y ca n kno w h o w t o pars e mor e tha n on e surfac e for m 
and a  SurfaceFor m ca n b e use d b y mor e tha n on e strategy . 

The S F N a m e i s th e onl y attribut e c o m m o n t o al l  SurfaceForms .  Th e othe r  attribute s ar e specifi c  t o particula r  surfac e 
forms .  I n th e abov e example ,  th e Hea d attribut e define s th e imperativ e ver b t o b e use d t o identif y th e MoveCcMn -
mand.  th e DirectObjec t  attribut e indicate s whic h SemanticCas e i s th e syntacti c direc t  objec t  o f  th e imperativ e verb , 
and th e Case s attribut e define s whic h preposition s ar e use d t o mar k th e othe r  SemanticCase s i n Englis h inpu t 
Symbol s lik e <movehead > ar e non-terminal s i n a  g ramma r  use d b y D Y P A R [3,1 ]  (ou r  pattern-matcher )  an d expan d i n 

th e cours e o f  computatio n (e.g .  <movehead > - > m o v e |  transfer) .  SurfaceFor m slo t  fillers  tha t  ar e no t  surrounde d b y 
O' s ar e SemanticCas e name s an d tel l  th e strateg y whic h SemanticCas e t o bin d th e informatio n to .  Conside r  th e 
DirectObjec t  cas e o f  th e Icf-Canonica l  SurfaceFor m i n th e M o v e C o m m a n d.  Th e strateg y tha t  know s h o w t p pars e thi s 
kin d o f  surfac e for m wil l  b e passe d a n instanc e o f  th e M o v e C o m m a nd entit y definitio n an d a n inpu t  segmen t  t o wor k 
on .  W h e n i t  finds a  nou n phras e unmarke d b y prepositions ,  i t  wil l  chec k th e surfac e for m t o find  ou t  wha t 

SemanticCas e i t  shoul d b e tryin g t o fill.  Sinc e th e Ob je a SemanticCas e ca n b e filled  b y eithe r  a  FileObjDes c o r 
DirectoryObjDesc ,  i t  wil l  tr y t o pars e th e unmarke d segmen t  a s eac h o f  these .  Thi s wil l  resul t  i n call s  t o strategie s tha t 
kno w ho w t o handl e th e SurfaceForm s i n th e entit y definition s o f  FileObjDes c an d DirectonyObjDes c respectively .  I n 
general ,  a n entit y m a y hav e mor e tha n on e surfac e for m correspondin g t o differen t  f o n m o f  surfac e expressio n fo r  th e 
same underiyin g semanti c cases .  Th e entit y definitio n fo r  FileObjDesc .  fo r  example ,  ha s tw o SurfaceForms : 
Ncf-Canonical ^  an d Ncf-System .  Th e forme r  i s designe d fo r  recognitio n o f  inpu t  lik e "th e file s wit h extensio n Is p i n 

director y (c410jf90], "  whil e th e latte r  i s  use d fo r  recognitio n o f  description s tha t  includ e prope r  names ,  suc h a s "foo.ls p 
i n (c410jf901" . 

•  InstanceTemplate :  Thi s informatio n i s use d whe n a  strateg y ha s finishe d parsin g a n entity .  I t  tell s  M U L T I P A R th e 
final  representatio n t o us e fo r  th e entit y instanc e thu s produced .  I t  i s  essentiall y  a  metho d fo r  reformatting , 
"canonicalizing, "  an d pullin g informatio n ou t  o f  subordinat e entit y instance s t o compos e th e curren t  one .  Th e slo t 

fillers  i n th e InstanceTemplat e ac t  a s direction s t o a  routin e tha t  use s th e bindin p t o th e SemanticCase s produce d b y 
th e strategy .  A  singl e wor d mean s th e valu e o f  th e slo t  i s exactl y wha t  i s boun d t o th e SemanticCase .  A  lis t  withou t 
"or "  mean s th e valu e o f  th e slo t  i s whateve r  i s foun d i n th e slo t  wit h tha t  n a m e i n th e InstanceTemplat e boun d t o th e 

SemanticCase .  (e.g .  Is A i n Objec t  say s loo k a t  th e Is A field  i n whateve r  kin d o f  entit y i s  boun d t o O b j e a — i f  th e field 
i s no t  found ,  th e slo t  =  nil) .  Finally ,  direction s tha t  hav e on e o r  mor e "ors "  a a a s deterministi c disjuncts .  Eac h 

FileObjDes c mean s fil e objec t  deacription ;  othe r  abbreviation s ar e simila r 

^f is an abbreviation for NominalCaEeFranie 
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insiruclio n i s followe d unli l  a  non-ni l  v;ilu c i s Ibiind .  I n ihi s way .  "mov e MlOjIVOJiix )  l o m y direclory "  pnxluce s th e 

same InsUinceTemplai e a s "mov e f(X )  fro m (c410jlW l  l o m y direclor y "  I n ih e former ,  ih e direclor y nam e fo r  ih e 

sourc e o f  Ih e m o v e i s foun d i n th e FileObjDes c InsUniceremplai e boun d l o ih e Objec i  SemiuiiicCase .  I n ih c laiier , 

Ih e direclor y niim e fo r  ih e sourc e o f  ih e m o v e i s foun d i n ih e DirecloryObjDes c InsUinceTemplai e boun d t o th e 

Sourc e SemanticCase .  Finally ,  eac h Instanc e Templat e ha s a  specia l  slo t  calle d "deviations "  whic h ha s n o correspond -

in g SemanlicCase .  Thi s slo t  act s a s a  repositor y o f  informatio n abou t  th e recover y action s take n b y strategies . 

4. An Annotated Example 

T o mak e clea r  h o w al l  th e component s o f  M U L 1 I P A R combin e an d interac t  t o pars e bot h well-forme d an d ungram -

matica l  input ,  w e presen t  th e followin g extende d example .  Reader s ar e advise d t o refe r  frequentl y t o th e figures  i n thi s 

section ,  an d t o th e entit y definitio n show n i n sectio n 3 .  I n th e discussio n tha t  follows ,  functio n call s an d strateg y name s 

ar e writte n i n boldfac e type ;  entit y slot s an d value s ar e give n i n italic-s .  Th e notatio n "word....wor d "  refer s t o th e portio n 
of  th e inpu t  utteranc e st̂ u'tin g wit h word ,  an d endin g wil h wor d . 

Conside r  th e behaviou r  o f  th e syste m whe n th e use r  types : 

Move th e account s director y th e file  Data3. ^ 

Ste p I .  Initialization . 

Befor e an y par t  o f  th e inpu t  i s examined ,  th e • 

contro l  tre e i s initialize d a s i n Figur e 1 .  labe l 

(a) ^  Here .  M U L T I P A R set s u p a  branc h fo r 

eac h o f  th e c o m m a n d s i n it s curren t 
vocabulary .  Not e tha t  n o flexibility  incremen t 

i s  adde d t o th e initia l  valu e o f  zer o becaus e n o 
deviatio n ha s occurred .  T h e contro l  choose s 

th e first  leve l  0  branc h o n th e agend a fo r  con -

tinuation . 

Multlpi r  Contro l 
(t ) 

(b) 

Ste p 2 .  Tr y t o pars e 

DeleteCommand . 
'Move...Data3 "  a s a 

P«rstEntU y 
OdatiCommtn d 
••Mov«. .  .Dati3 " 

ICF-Strat 
DdottComfflan d 
"Mova...Oata3 " 
(d)[F*IL ] 

SPLI T 

ParsaEntlt y 
MovaCoamand 
"Moya...0ata 3 

I  \ 

PartaEntU y .. . 
LlstCamman d 
-Mova...Data3 -
[F*IL ] 

ParsaEntlt y 
EdltComnan d 
"Mova...Data3 ' 
[FAIL ] 

(f )  ICF-Strat/ICF-Caaa i 
MovaCommand 
'Mova...Data3 ' 

(g) unmarka d caa a li t 
ObJacfFiiaObjDai c 

(sa a Figur a 2 ) 

jnmarka d caa a li t 
Bbjae f 
OlractoryObJOas c 
(aa a Figur a 3 ) 

markad cata a li t 
ParseEntit y (Figur e l.(b) )  i s  a  functio n tha t 

m a ps entit y type s t o strategies .  A  reques t  fo r  a 

c o m m a nd entit y coul d resul t  i n th e tria l  o f  a 
n u m b er  o f  differen t  strategies .  A t  present . 

onl y top-dow n version s o f  th e parsin g 

strategie s exist ,  an d call s t o ParseEntit y tha t  loo k fo r 

strateg y (Figur e l,(c)) .  ImperativeCaseFrame-Stra t 

entit y an d wil l  fai l  withou t  schedulin g an y alternat e 

lop-dow n strategy) .  Failur e mean s tha t  processin g 

(Figur e l.(d) )  an d choose s anothe r  (Figur e l,(e)) .  O f 

m a p p ed a s abov e (Figur e 1.(0) . 

Ste p 3 .  Tr y l o pars e th e inpu t  a s a  M o v e C o m m a n d. 

ImperativeCaseFrame-Stra t  know s h o w t o us e th e Icf-canonica l  SurfaceFor m t o interpre t  th e inpu t  I n th e 

M o v e C o m m a nd entit y definitio n show n i n sectio n 3 ,  thi s i s th e onl y SurfaceForm .  A s linguisti c coverag e i s extende d t o 

include ,  fo r  example ,  declarative s an d interrogatives .  n e w SurfaceForm s mus t  b e defined .  ImperativeCaseFrame-Stra t 

coul d b e expande d t o interpre t  al l  top-leve l  form s o r  eac h for m coul d b e provide d wit h it s  o w n "expert" . 

T h e first  actio n tha t  ImperativeCaseFrame-Stra t  take s i s t o us e th e H e a d field  i n th e SurfaceFor m t o searc h fo r  a  lega l 

Figur a 1 . 
Annotata d Exaiapla .  Stap i  1 

c o m m a n ds ar e alway s mappe d int o call s t o th e imperativ e casefi^m e 
wil l  b e unabl e t o find  a n appropriat e ver b fo r  th e DeleteComman d 

branche s (i.e .  thi s ca n b e viewe d a s a  non-recoverabl e erro r  fo r  th e 

i s condnue d b y th e contro l  structur e whic h eliminate s thi s branc h 

course ,  th e n e w branc h als o contain s a  cal l  t o ParseEntity ;  thi s cal l  i s 

nii e grammaticall y correc t  vciso n o f  thi s sentenc e i s "^ov e t o th e account s director y th e fil e DataS. " 

Hereafter ,  simpl y Figur e l,(a) . 

11 4 



verb .  I l  finds  " M o v e "  an d ih e unparse d segmen t  i s reduce d l o "th e account s director y th e file  Dala3" .  T h e nex t  ste p i s t o 

cal l  a  routin e l o fill  th e SemanlicCase s o f  [h e M o v e C o m m a n d. 

Ste p 4 .  Us e ImperativeCaseFrame-Case s l o fill  M o v e C o m m a n d^  SemanlicCases . 

ImperativeCaseFrame-Casc s (Figur e 1.(0 )  i s no t  a  strateg y itsel f  bu t  onl y a  pa n o f  th e top-dow n imperativ e casefram e 

strategy .  T h e distinctio n i s importan t  becaus e th e responsibilit y  o f  a  strateg y i s t o retur n a n "instanc e list "  i.e .  on e o r  mor e 

instantiate d InsianceTemplales .  ImperativeCaseFrame-Case s wil l  retur n list s o f  consisten t  SemaniicCas e binding s whic h 

ImperativeCascFrame-Stra t  wil l  us e t o fill  i n InsianceTemplale s whe n buildin g it s instanc e lis t  Eve n i f 

ImperativeCaseFrame-Case s fail s  t o fill  an y cases .  ImperativeCaseFrame-Stra t  m a y retur n a  non-empt y instanc e lis L 

W h en filling  case s w e impos e no'orde r  o n thei r  appearanc e i n th e utterance ,  no r  d o w e fill  require d case s first  (doin g s o 

woul d eliminat e possibl e parse s a t  flexibility  level s greate r  tha n 0) .  A s w e tr y t o expan d a  partia l  pars e th e still-unfille d 

case s m a y b e constraine d i n th e kind s o f  value s the y ca n tak e o n b y th e value s boun d t o thos e case s alread y filled.  T h e 

Consiraini s field  o f  th e entit y definitio n specifie s th e requiremenis .  O f  course ,  a t  thi s poin t  n o case s hav e bee n filled  an d 

n o constraint s apply .  T h e unparse d segment ,  "th e account s director y th e file  Daia3" .  i s  examine d i n tw o ways : 

a.  T h e first  cas e w e tr y t o fill  i s  th e direc t  objec t  whic h i s unmarked .  (Figur e l.(g )  an d (h) ) 

b.  T h e first  cas e w e tr y t o fill  i s  on e o f  th e marke d cases .  (Figur e l,(i) ) 

Conside r  ste p 4.a .  W e ar e attemptin g t o interpre t  som e portio n o f  th e segmen t  a s th e Objec i  SemaniicCas e o f  th e 
M o v e C o m m a n d.  Sinc e th e entit y definitio n show s tha t  a n Objec i  ca n b e a n instanc e o f  eithe r  a  FUeObJDes c o r  a 

DirecloryObjDesc ,  w e wil l  tr y eac h o f  thes e i n tur n (Figure s 2,(a )  an d 3.(a)) . 

Ste p 5 .  Continu e ste p 4a. ;  tr y t o pars e 
Objec i  a s a  FileObjDesc .  (" •  f  jig" "  »(g » 

ImperativeCaseFrame-Case s want s t o find a  (, ,  Pirittntu y 
FileObjDes c i n "th e account s director y th e file  f  luobjci e _ 

Data3" .  T o d o so .  i t  mus t  cal l  PareeEntit y wit h y j ^ 

a reques t  fo r  a  nou n phras e tha t  ca n b e inter -  , ^ ^ ' ^ ^ ^ K \  '* '  ̂ '̂^ ^ 

prete d a s a  FileObjDesc .  Sinc e ther e ar e tw o ' ^  i T (>V^str..-c.n,„ic.uNcr-c... . 
SurfaceForm s fo r  parsin g nomina l  casefttunes ,  f  11•odjd.i c 
eac h wit h it s o w n associate d strategy ,  thi s cal l  ""*" '  """ ^ 

t o ParseEntit y result s i n a  S P L I T (Figur e C""- ]  y ^ ~ ^ ^ 
2.(b) )  W e wil l  examin e onl y th e pat h labelle d y y (  " ^ ^ 

NominalCaseFrame-Strat-Canonica l  (Figur e (d )  P.rt.Entn y (t )  parj.Entit y 
•y (f W DirtctoryOdjO»i e FlltOd C 
'̂y f̂ -  "accou(«ti...th« "  "Diti3 " 

Ste p 6 .  Fin d th e H e a d an d Quantifie r  o f  th e 
nou n phrase . 

.. .  -  ^  ~  Attrlbut«-Vilu»-Stri t 
As wit h unperauv e casetrames ,  th e first  ac -  fii*o*s c 

lio n take n t o fill a  nomina l  casefram e i s t o "oitis -
local e th e H e a d NominalCaseFrame-Strat -  „  „."'"'" •  ̂ , ,  „.< „ 
Canonica l  finds file  a s a  possibl e hea d an d 
break s th e remainde r  o f  th e inpu t  int o 
prenomina l  an d postnomina l  segments .  Th e strateg y the n look s fo r  a  quantifie r  o r  determine r  a t  th e lef t  en d o f  th e 
prenomina l  segmen t  an d finds  "the" .  "Account s director y the "  n o w constitute s th e prenomina l  segmen t  an d "Data3, "  th e 

postnomina l  segmen t  W e cal l  NominalCaseFrame-Cases ,  a  sub-routin e o f  NominalCaseFrame-Strat-Canonical ,  t o begi n 
filling  case s fro m th e prenomina l  segmen t  (Figur e 2,(c)) . 

Ste p 7 .  Pars e th e prenomina l  segmen t  "account s director y the" . 

Th e onl y FileObjDes c cas e w e wil l  b e abl e t o fill  fro m thi s segmen t  o f  th e inpu t  i s FileDirectory ,  a n instanc e o f  a 

DirecloryObjDesc .  Afte r  a  sequenc e o f  call s (Figur e 2.(d) )  a  sub-invocatio n o f  NominalCaseFrame-Strat-Canonica l  wil l 
retur n a n instanc e lis t  wit h a  singl e instance : 

(IS A DIRECTORY 

nThe reade r  shoul d kee p i n min d tha t  a t  eac h ste p i t  i s  possibl e t o hav e mor e tha n on e interpretatio n o f  th e input .  Thus ,  i f  ou r  inpu t  ha d been ,  '^ov e th e 
file  calle d transfe r  t o dskb, '  th e initia l  sca n for  a  ver b woul d hav e resulte d i n tw o partia l  pane s -  on e catchin g "move "  an d th e othe r  catchin g "transfer " 
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Name (accounts)) * 

Thus, we reium lo step 6 (Figure 2,(c)) wiih one case filled and the word "ihe" unused. 

Siep 8. Parse ihe poslnominal segment. "Dala3". 

We ar e iniercsic d i n extendin g an y partia l  piirse s create d i n ste p 7  b y usin g th e postnomina l  segmen t  t o fill  an y 

unboun d SemanlicCases .  Figur e 2,(e )  show s tha t  a  successio n o f  call s result s i n filling  th e FileNam e usin g th e Attribute -

Valu e strategy . 

Step 9. Return to step 4, Figure l.(g). 

Step s 7  an d 8  produce d on e consisten t  se t  o f  binding s fo r  tw o SemanlicCase s i n th e M o v e C o m m a nd wit h on e wor d 

leftover .  Althoug h ther e ar e unfille d cases ,  w e hav e ru n ou t  o f  inpu t  o n th e righ u Thus ,  th e instanc e lis t  o f  FileObjDesc s 
returne d b y th e cal l  t o ParseEntit y i n Figur e 2.(a )  ha s onl y on e element : 

(IS A FIL E 
Name (Data3 ) 
Director y (accounts ) 
Descriptio n ( 

Quantifie r  (the)) ) 

Referrin g t o ste p 4a .  (Figur e l.(g)) .  th e pos -
sibl e interpretation s o f  th e inpu t  suc h tha t  th e 

Objec t  i s  a  FUeObjDes c hav e bee n exhausted . 

I t  remain s t o examin e wha t  happen s whe n w e ( „ ,  Figur *  t(h) ) 

loo k fo r  a n Objec t  tha t  i s  a  DirectoryObjDesc . 

Again ,  w e wil l  cal l  ParseEntity .  spli t  an d 

suspen d on e o f  th e calls ,  an d examin e th e 
branc h labelle d NominalCaseFrame-Strat * 

Canonica l  (Figur e 3.(a )  throug h (c)) . 

n 
(1 )  PirivEntlt y 

OlrtetoryOtJOat c 
'lli«...0»ti3 -

-«0 •s ^ 
(b )  SPLI T 

(e )  NCF-StrIt-Canontci1/NCF-Ca>« > 
OlrtctoryObjOd c 
-tht...Ditl3 -

[FAIL ] 

Figur t  3 . 
Direc t  Objtc t  I S OlrtctoryObJOtt e 

Ste p 10 .  Continu e ste p 4.a. ;  tr y t o pars e th e 

Objec t  a s a  DirectoryObjDesc . 

We pic k u p th e head ,  "directory, "  an d th e 

quantifier/determine r  cas e a s i n ste p 6 .  Thi s 

leave s th e wor d "accounts "  i n th e prenomina l 

segment  an d "th e file  Data3 "  i n th e 

postnomma l  segmen t  Th e Attribute-Valu e 

strateg y finds  "accounts "  a s th e Name .  N o 

othe r  DirectoryObjDes c case s ca n b e filled,  s o 
thi s ste p returns : 

(Is A DIRECTORY 
Name (accounts ) 
Descriptio n ( 

Quantifie r  (the)) ) 

Ste p 11 .  Retur n t o ste p 4 . 

Conside r  Figur e 4,(a )  whic h correspcrd s t o th e " O R "  i n Figur e 1.( 0 Th e computation s show n i n Figure s 2  an d 3  hav e 

give n u s tw o partia l  parse s wit h th e direc t  objec t  filled;  onc e b y a  FUeObjDes c wit h th e wor d "the "  leftove r  an d n o inpu t 

lef t  1 0 fill  th e othe r  case s o f  th e M o v e C o m m a nd (Figur e 4,(b)) ,  an d onc e b y a  DirectoryObjDes c wit h "th e file  Data3 " 

leftove r  (Figur e 4,(c)) .  A s w e tr y t o exten d thi s secon d partia l  parse ,  w e hav e onl y marke d case s remainin g i n th e 

SurfaceForm .  Sinc e ther e i s n o matte r  a t  th e beginnin g o f  th e remainin g segmen t  w e hav e encountere d ou r  first  violate d 

expectation .  Th e recover y actio n associate d wit h thi s failur e i s t o hypothesiz e th e existenc e o f  th e missin g cas e marker . 

Thus ,  fo r  eac h o f  th e thre e remainin g SemanlicCase s w e schedul e a  continuatio n tha t  charge s thre e flexibilit y  point s fo r 

th e deviatio n (Figur e 4,(d)) .  Not e tha t  i f  som e othe r  branc h o f  th e searc h tre e wit h cumulativ e flexibility  les s tha n thre e 

succeed s i n consumin g th e enur e inpu t  segment ,  th e branche s jus t  spawne d wil l  neve r  b e reactivated . 

The fnstanetTtmpla u ha s man y mor e fidd s i n it ;  onl y tho K wii h a  non-ni l  valu e ar e shoim . 
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Ste p 12 .  Rclur n losie p 4.b .  (Figur e 4.(e) ) 

G)nside r  wha l  happen s w h e n w e ir y filling 

ih e marke d case s o r  ih e M o v e C o m m a nd tirs l 

(Figur e 1.(1 )  correspondin g l o Figur e 4.(e)) ; 

Ih e siiualio n i s identica l  l o ih e on e jus l  oui -

lined .  Fo r  al l  case s othe r  tha n th e direc t  object . 

th e segmen t  "th e account s director y th e fil e 

Dala3 "  mus t  hav e a  lef t  marker .  Sinc e i t  ha s 
none ,  w e hypothesiz e a  branc h fo r  eac h 

marke d cas e a t  th e curren t  flexibilit y  leve l  plu s 

thre e (Figur e 4.(e)) . 

Ste p 13 .  Al l  th e possibilitie s fo r  th e 

M o v e C o m m a n d h a \c bee n examined . 

(« )  ICf-Strtt/ICf-ClM t 
MoviCoaatn d 
•»«ov». .  .Oitt3 " 

^ /^ ^1 \ OH 

' l § v . , 
SPLI T 

(g ) 
SPLI T 

[F«IL ] 

[F«IL ] 

(• ) 
SPLI T 

continu e • / 
-[fro«]/[tp]/[1n ]  , 

til *  rii *  OataJ *  J 
[FAIL ]  / 

/ 

continu e • / 
-[to]/C1n ] 

th o iccount t 
...OittS -
[FAIL ] 

continu *  >/ o 
Ooitlnatlo n Cii o 

[FAIL ] 
A 

continu e a/ o 
Dtitlnttlo n Cia * 

[FAIL ] 

:* 5 
continu *  •It k 

"[rroa ]  th *  account * 
...OataS -

SUCCtSS • • 

Figur *  4 . 
Continuatio n o f  Figur *  I  Afto r 

Proc*i>1n g Co«pl*t* d b y Figur* *  2  an d 3 

We hav e succeede d i n finding  tw o way s t o 

fill  th e case s o f  th e M o v e C o m m a nd Befor e w e 
ca n retur n th e partia l  parse s fro m 

ImperativeCaseFrame-Case s t o 
ImperativeCaseFrame-Stra t  w e mus t  chec k 
whethe r  th e Require d cases ,  a s specifie d b y th e 
Constraint s field,  hav e bee n filled.  Indeed , 
eac h o f  th e partia l  parse s i s missin g th e re -
quire d Destinatio n case ,  a  violate d expectation . 

Th e recover y actio n associate d wit h thi s erro r 
i s  t o suspen d eac h o f  thes e partia l  parse s an d charg e tw o flexibility  point s pe r  missin g require d cas e fo r  thei r  continuatio n 
(Figur e 4,( 0 an d (g)) .  Sinc e n o parse s ha d al l  th e require d cases ,  th e leve l  0  coniinuaiio n o f  ImperativeCaseFrame-Case s 

return s a  failur e signa l  t o ImperativeCaseFrame-Strat . 

ImperativeCaseFrame-Stra t  return s a n instanc e lis t  wit h a  singl e instanc e whos e Sourc e an d Destinatio n fields  ar e nil . 
Thi s signifie s tha t  th e onl y par t  o f  th e strateg y tha t  succeede d a t  leve l  0  wa s finding  th e verb .  Sinc e ther e i s unuse d input , 
th e top-leve l  o f  M U L T I P A R interpret s thi s instanc e a s a  failur e an d signal s thi s t o th e control . 

Ste p 14 .  Exhaus t  leve l  0  o f  th e agend a lookin g fo r  a  non-deviatin g parse . 

Th e contro l  structur e take s ove r  an d continue s i n tur n eac h branc h suspende d a t  leve l  0 .  Thos e containin g request s fo r 
imperative s (Figur e l.(j) )  fai l  immediatel y a s i n ste p 2 .  Th e othe r  leve l  0  branche s wer e lef t  suspende d b y th e SPLIT S i n 
Figure s 2  an d 3 ;  thes e als o fail . 

Ste p 15 .  Exhaus t  level s 1  an d 2  o f  th e agenda . 

Havin g trie d al l  th e branche s i n leve l  0  withou t  success ,  th e flexibility  leve l  i s  incremente d an d th e contro l  structur e trie s 
t o choos e a  pat h suspende d a t  leve l  1 .  O u r  exampl e di d no t  spaw n an y leve l  1  branche s (singl e spellin g corrections) ,  s o th e 
flexibility  leve l  i s incremente d again .  Ther e ar e tw o branche s a t  leve l  2 ,  bot h i n th e sam e predicamen t  (Figur e 4 ,  ( 0 an d 
(g)) ;  eac h ha s a  missin g require d cas e an d leftove r  inpu t  I f  ther e ha d bee n n o leftove r  inpu t  (a s i n " M o v e foo") ,  the y 
woul d hav e succeede d a t  thi s level.̂ °  However ,  sinc e n o furthe r  recover y action s apply ,  eac h o f  thes e branche s fail s 
withou t  addin g t o th e contro l  tree . 

Ste p 16 .  Th e contro l  increment s th e flexibilit y  leve l  t o 3 . 

Ther e ar e tw o set s o f  branche s a t  thi s level : 

a.  Th e Objec t  cas e i s filled  an d th e missin g marke r  ha s bee n 

hypothesize d befor e "th e file  Data3" .  (Figur e 4,(d) ) 
b.  N o case s ar e fille d an d th e missin g marke r  ha s bee n hypothesize d 

befor e "th e account s director y th e file  Data3" .  (Figur e 4,(e) ) 

Althoug h consumin g th e entir e inpu t  woul d hav e guarantee d success ,  not e tha t  i f  som e branc h wit h cumulativ e nexibilit y  o f  0  o r  1  ha d succeeded ,  thea e 
branche s woul d neve r  hav e bee n retried . 
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Slc p 17 .  Conlinu e 16.1 .  (Figur e 4.(d) ) 

The Object case of the MoveCommand has been bound to a DirecioryObjDesc with the Name field bound to 

"(accounts)" .  Hypothesizin g th e appropriat e kin d o f  marke r  fo r  eac h o f  th e remainin g case s gives : 

a.  Source .  M o v e th e account s director y {from ]  th e fil e Data3 . 

b.  Destination :  M o v e th e account s director y [to ]  th e fil e Data3 . 

c.  Location :  M o v e th e account s director y (in )  th e fil e Data3 . 

Th e singl e recover y actio n o f  hypothesizin g a  missin g marke r  i s  no t  enoug h fo r  an y o f  thes e branche s t o succeed .  Eac h 

woul d b e reschedule d a t  leas t  on e mor e time .  I f  M U L T I P A R allowe d th e contro l  structur e t o searc h th e spac e in -

definitely .  17a .  woul d eventuall y succee d a t  flexibilit y  leve l  8  ( 3 point s fo r  a  missin g marker .  3  point s fo r  a  constrain t 

violaiion^ ^  an d 2  point s fo r  a  missin g require d case) .  17.b .  woul d eventuall y succee d a t  leve l  6  ( 1 missin g marker .  1 

constrain t  violation )  an d 17.c .  a t  leve l  8  ( 1 missin g marker .  1  missin g require d cas e an d 1  constrain t  violation) . 

Ste p 18 .  Continu e 16.b .  (Figur e 4.(e) ) 

Ther e ar e thre e branche s remaining ,  on e fo r  eac h o f  th e marke d case s i n th e MoveCommand,  wit h n o case s ye t  filled. 

Allowin g indefinit e expansion ,  th e followin g woul d occur : 

Source . 
a.  M o v e [from ]  th e account s director y th e file  Data3 . 

eventuall y succeed s a t  +  5 ;  3  fo r  missin g marker ,  2  fo r  missin g cas e 
b.  M o v e [from ]  th e account s director y [to ]  th e file  Data3 . 

eventuall y succeed s a t  + 8 ;  2  missin g markers ,  1  require d cas e 
c.  M o v e [from ]  th e account s director y [in ]  th e file  Data3 . 

eventuall y succeed s a t  + 1 3 :  2  missin g cas e markers ,  1  constrain t 
violatio n an d 2  missin g require d case s 

Destination: 

a.  M o v e [to ]  th e account s director y th e fil e Data3 . 
•» •  S U C C E E DS a t  thi s leve l  (leve l  3 )  ** * 

b.  M o v e [to ]  th e account s director y [from ]  th e file  DataS . 

eventuall y succeed s a t  + 8 :  2  missin g cas e marker s an d 1  missin g require d cas e 

c M o v e [to ]  th e account s director y [on ]  th e file  Data3 . 
eventuall y succeed s a t  + 1 3 ;  sam e a s Sourc e c 

Location: 

a.  M o v e [in ]  th e account s director y th e file  Data3 . 
eventuall y succeed s a t  +5 , 1 missin g marke r  an d 1  missin g cas e 

b.  M o v e [in ]  th e account s director y [to ]  th e file  Data3 . 

eventuall y succeed s a t  + 8 , 2 markers .  1  cas e 
c.  M o v e [in ]  th e account s direaor y [in ]  th e fil e Data3 . 

eventuall y succeed s a t  + 1 3 ,  sam e a s Sourc e c 

Ste p 19 .  A  successfu l  pat h i s foun d a t  leve l  3 . 

Hypothesizin g th e existenc e o f  a  marke r  fo r  th e Destinatio n enable s ImperativeCaseFrame-Stra t  t o continu e th e secon d 

branc h o f  Figur e 4,(e) .  N o w "th e account s directory "  ca n b e picke d u p a s th e Destinatio n an d "th e file  Data3 "  a s th e 

unmarke d direc t  objec t  Sinc e bot h require d case s ar e boun d an d n o inpu t  remains ,  M U L T I P A R retur n th e foUowing 

instanc e a s it s representatio n o f  th e input ; 
(Actio n MOVE 

Deviation s (MissingMarke r  Destination ) 
Sourc e ( 

Is A FIL E 
Name (Data3 ) 
Descriptio n ( 

Quantifie r  (the)) ) 

I n ConstmintsiObiec t  DinctoryObjDt x >  Sourc e LogicaiDevictObjDeK \ 
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Destinatio n ( 
Is A FIL E 
Name (Oat«3 ) 
Director y (accounts ) 
Descriptio n ( 

Quantifie r  ( t h e ) ) ) ) " 

5. Conclusion 

M U L T I P AR i s no i  a  detaile d cognitiv e mode l  o f  h u m a n languag e processing .  I t  i s  a n attemp t  t o emulat e th e 

performanc e o f  human s i n comprehendin g natura l  languag e utterance s tha t  deviat e fro m stric t  grammatica l  standards . 

M U L T I P AR use s multipl e parsin g strategies ,  an d i s drive n b y a  "grammar "  o f  description s o f  entitie s relevan t  t o th e 

domai n o f  discourse .  Th e multipl e strategie s ar e abl e t o interpre t  th e entit y definition s i n a  variet y o f  ways .  S o m e o f  th e 

ways depen d o n th e surfac e languag e constiiueni s bein g i n th e grammaticall y correc t  place .  Othe r  ways ,  thoug h mor e 

computationall y expensive ,  rela x th e grammatica l  constraints ,  an d ar e thu s abl e t o handl e grammaticall y devian t  inpu t 

T o contro l  th e potentia l  fo r  exponentia l  growt h i n th e searc h spac e o f  a  parse r  tha t  accept s ungrammatica l  a s wel l  a s 
grammatica l  input ,  M U L T I P A R incorporate s a  contro l  mechanis m tha t  allow s possibl e parse s t o b e explore d i n orde r  o f 

increasin g degre e o f  ungrammaticality .  Al l  o f  thes e feature s o f  M U L T I P A R ar e essentia l  t o it s performanc e a s a  robus t 
natura l  languag e parser . 
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ABSTRACT 

Thi s pape r  examine s th e phenomeno n o f  daydreaming :  spontaoeoasl y recallin g o r  imaginin g per -
sona l  o r  vicariou s experience s i n th e pas t  o r  future .  Th e followin g importan t  role s o f  daydreamin g i n hu -
m an cognitio n ar e postulated :  pla n preparatio n an d rehearsal ,  learnin g fro m failure s an d successes ,  sup -
por t  fo r  processe s o f  creativity ,  emotio n regulation ,  an d motivation . 

A computationa l  theor y o f  daydreamin g an d it s implementatio n a s th e progra m D A Y D R E I A M ER 
ar e presented .  D A Y D R E A M ER consist s o f  1 1 a  scenari o generato r  base d o n relaxe d planning ,  2 )  a 
dynami c episodi c memor y o f  experience s use d o y th e scenari o generator ,  3 )  a  collectio n o f  persona l  goal s 
and contro l  goal s whic h guid e th e scenari o generator ,  4 )  a n emotio n componen t  i n whic h daydream s ini -
tiate ,  an d ar e initiate d by ,  emotiona l  state s arisin g fro m goa l  outcomes ,  an d 5 )  domai n knowledg e o f  in -
terpersona l  relation s an d c o m m o n everyda y occurrences . 

T h e rol e o f  emotion s an d contro l  goa b i n daydreamin g i s discussed .  Fou r  contro l  goal s commonl y 
use d i n guidin g daydreamin g ar e presented :  rationaliiation ,  failure/succes s reversal ,  revenge ,  an d 
preparation .  Th e rol e o f  episodi c memor y i n daydreamin g i s considerea ,  includin g ho w daydreame d in -
formatio n i s  incorporate d int o memor y an d late r  used .  A n initia l  versio n o f  D A Y D R E I A M E I R whic h pro -
duce s severa l  daydream s (i n English )  i s currentl y running . 

1.  INTRODUCTION 

Daydreamin g i s th e spontaneou s h u m a n activit y o f  recallin g o r  imaginin g persona l  o r  vicariou s 
experience s i n th e pas t  o r  future .  Althoug h sometime s viewe d a s a  useles s distractio n fro m th e tas k a t 
hand ,  w e postulat e th e followin g importan t  role s o f  daydreamin g i n h u m a n cognition:* * 

• Daydreaming supports planning for the future. The anticipation of possible future situations allows 
th e formatio n o f  desirabl e retponte a t o thos e situation s i n advanc e an d thu s improve s efficiency .  B y 
assessin g th e consequence s o f  alternativ e course s o f  actio n i n advance ,  daydreamin g assist s i n 
decision-making .  Futur e daydreamin g als o provide s a  rehearsa l  functio n t o increas e accessibilit y o f 
response s an d th e skil l  wit h whic h the y ca n b e performed . 

• Daydreaming supports learning from successes and failures. Examination of alternative actions in a 
succes s o r  failur e experienc e allow s on e t o lear n plannin g strategie s t o b e remembere d fo r  us e i n fu -
tur e simila r  situations .  I n addition ,  daydreamin g allow s th e ongoin g reinterpretatio n o f  pas t  experi -
ence s i n ligh t  o f  ne w informatio n o r  i f  ther e wa s insufficien t  tim e t o diges t  a n experienc e whe n i t  oc -
curred . 

• Daydreaming supports processes of creativity. The generation of fanciful possibilities can lead to the 
discover y o f  ne w an d usefu l  solution s t o a  problem .  Whil e daydreamin g abou t  on e thing ,  i t  i s  possi -
bl e t o stumbl e int o a  sol"tio n t o anothe r  problem ,  i.e. ,  fortuitou s recognitio n o f  analogie s amon g 
problem s i s  possible .  Daydreamin g occur s i n th e contex t  o f  a n episodi c memor y whic h i s constantl y 
subjec t  t o revision .  Eac h tim e a  proble m i s examined ,  ne w informatio n m a y b e availabl e tha t  wil l 
enabl e a  better ,  different ,  o r  mor e creativ e solution .  Idea s generate d whil e daydreamin g ofte n provid e 
th e initia l  inspiratio n fo r  a  creativ e wor k an d furthe r  daydreaming ,  e.g. ,  o f  succes s o r  prais e fro m 

*  Th e wor k reporte d her e wa s mad e possibl e i n par t  b y a  gran t  fro m th e Kec k Foundation ,  wit h 
matchin g fund s fro m th e U C L A Schoo l  o f  Engineerin g an d Applie d Sciences .  Th e first  autho r  wa s als o 
supporte d i n par t  b y a n Atlanti c Richfiel d Doctora l  Fellowshi p an d th e secon d autho r  b y a n I B M Facult y 
Developmen t  Award . 

** See Mueller and Dyer (1985) for a more detailed discussion of the functions of daydreaming, both for 
humans an d intelligen t  compute r  systems . 
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others ,  ma y increas e th e motivatio n t o realii e it . 

•  Daydreaming supports emotion regulation. For example, upon a failure experience, daydreaming en-
able s on e t o fee l  bette r  o r  fee l  wort e dependin g o n succes s o r  failur e i n rationalizin g tha t  experience . 
Fear  associate d wit h a  futur e even t  ma y b e reduce d i f  on e daydream s abou t  effectiv e plan s t o 
succee d i n tha t  event ,  o r  increase d i f  daydream s o f  likel y failur e result . 

1.1 Obtaining DaydreMnlng Protocola 

Daydreaming is unlike most other human activities which artificial intelligence researchers at-
temp t  t o model ,  sinc e i t  i s  a  behavio r  whic h i s no t  manifeste d externally .  Th e fac t  tha t  ther e i s n o ap -
paren t  "I/O "  whil e a  perso n i s daydreamin g present s severa l  problem s fo r  us :  Ho w d o w e kno w whe n a 
perso n i s daydreaming ? Give n tha t  a  perso n i s daydreaming ,  ho w ca n w e find  ou t  wha t  tha t  perso n i s 
daydreamin g about ? 

Several methods for gathering data about daydreaming have been used in the past. Varendonck 
(1921 ,  pp .  215-216 )  use d a  for m o f  retrospectiv e repor t  i n whic h h e first  recalle d th e final  portio n o f  a 
daydrea m an d the n worke d hi s wa y backward .  KUnge r  (1971 )  an d Pop e (1978 )  use d th e techniqu e o f 
thinkin g alou d i n whic h subject s woul d verbaliz e thei r  strea m o f  though t  a s i t  occurred .  I n th e metho d o f 
though t  samplin g use d b y Klinge r  (197 8 ,  subject s woul d carr y a  beepe r  wit h them .  Whe n th e beepe r 
sounde d a t  a  rando m time ,  subject s wo u d  fill  ou t  a  questionnair e askin g the m t o describ e thei r  mos t  re -
cent  thoughts . 

Retrospective reports are generated by recalling a memory trace of the stream of thought which 
i s lai d dow n i n episodi c memor y (Tulving ,  1972 )  durin g daydreaming .  Althoug h thi s memor y trac e fade s 
wit h time ,  immediat e transcriptio n wil l  produc e fairl y accurat e recall .  Ericsso n an d Simo n (1984 )  argu e 
tha t  fo r  cognitiv e processe s o f  intermediat e duration ,  retrospectiv e report s wil l  giv e th e sam e informatio n 
as thinking-alou d protocols ,  provide d certai n criteri a ar e met .  However ,  experiment s conducte d b y Pop e 
(̂1978 )  hav e suggeste d tha t  thinking-alou d protocol s o f  daydreamin g ma y inhibi t  th e subjec t  o r  slo w 
down an d thu s modif y th e strea m o f  thought . 

1.2 Example Episode and Resulting Daydreams 

In order to investigate the phenomenon of daydreaming, transcripts of daydreams have been ob-
taine d fro m a  variet y o f  sources .  Whereve r  possible ,  w e hav e sough t  immediat e retrospectiv e reports .  Th e 
discussion s whic h follo w wil l  refe r  t o th e episod e belo w an d resultin g daydreams ,  whic h ar e a n edite d 
composit e o f  severa l  daydrea m transcripts : 

NUART-EPISODE 

Las t  nigh t  I  wen t  alon e t o th e Nuar t  Theate r  t o se e a  film .  Thi s actres s who m I'v e alway s ha d 
a crus h o n als o cam e alon e an d happene d t o si t  dow n nea r  me .  I  recognize d he r  an d starte d a 
conversation .  W e talke d quit e a  while .  A t  on e point ,  sh e mentione d th e obviousl y well-know n 
directo r  o f  th e fil m w e wer e abou t  t o se e an d I  didn' t  kno w th e name .  I  wa s embarrassed .  I 
Anall y aske d he r  i f  she' d lik e t o g o hav e a  drin k afte r  th e Aim .  Sh e sai d sh e ha d othe r  plans .  I 
was disappointed . 

^fUART-DAYDREAMl 
I  fee l  embarrasse d fo r  no t  knowin g wh o th e directo r  was .  1  should'v e pretende d t o kno w wh o 
th e directo r  was .  I n th e futur e I'l l  rea d u p o n th e fil m befor e I  go . 

NUART-DAYDREAM2 

I' m disappointe d tha t  sh e didn' t  wan t  t o g o ou t  wit h me .  Sh e migh t  chang e he r  min d i f  I  wer e 
t o as k he r  ou t  again .  I  woul d cal l  he r  up ,  bu t  I  don' t  hav e he r  telephon e number .  I  should'v e 
aske d fo r  he r  telephon e numbe r  whe n I  ha d th e chance .  I  imagin e tha t  I  aske d fo r  he r  tele -
phon e numbe r  an d sh e gav e i t  t o me .  The n late r  I  cal l  he r  u p an d sh e accept s m y offe r  fo r  a 
date .  I  regre t  no t  havin g aske d fo r  he r  number .  Bu t  she' s a  movi e sta r  an d ou t  o f  m y league . 
I  fee l  bette r  becaus e n o matte r  wha t  I  migh t  hav e done ,  sh e wouldn' t  hav e gon e ou t  wit h me . 

NUART-DAYDREAM3 
I' m disappointe d tha t  sh e didn' t  wan t  t o g o ou t  wit h me .  I  imagin e tha t  sh e accepte d m y offe r 
and w e soo n becom e a  pair .  I  hel p he r  whe n sh e ha s t o rehears e he r  lines .  I  g o t o th e studi o t o 
watc h he r  work .  Whe n sh e ha s t o d o a  fil m i n France ,  I  dro p m y wor k an d trave l  ther e wit h 
her .  A s w e continu e t o travel ,  I  begi n t o mis s m y work .  I  becom e unhapp y an d fee l  unfulfilled . 
She lose s interes t  i n me ,  becaus e I  hav e nothin g t o offe r  her .  It' s  goo d tha t  I  didn' t  ge t  in -
volve d wit h her ,  becaus e i t  would'v e le d t o disaster .  I  fee l  les s disappointe d tha t  sh e didn' t 
accep t  m y offer . 

NUART-DAYDREAM4 
I' m angr y tha t  sh e didn' t  accep t  m y offe r  t o g o hav e a  drink .  I  fee l  rejected .  I  imagin e tha t  I 
pursu e a n actin g caree r  an d becom e a  sta r  eve n mor e famou s tha n sh e is .  Sh e remember s 
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meetin g roe  m lon g tim e ag o i n a  movi e theate r  an d call s m e up .  I' m gla d sh e admit s sh e wa s 
wron g abou t  me .  I  g o ou t  wit h her ,  bu t  no w sh e ha s t o compet e wit h man y othe r  wome n fo r 
my attention .  I  eventuall y dum p her . 

1.3 The DAYDREAMER Program 

DAYDREAMER i s a  compute r  prograi n designe d t o implemen t  an d tes t  a  computationa l  theor y 
of  daydreaming .  Th e progra m operate s i n tw o modes :  daydreamin g mod e an d performanc e mode .  I n day -
dreamin g mode ,  th e progra m daydream s continuousl y unti l  interrupted .  Performanc e mod e allow s th e 
progra m t o demonstrat e tha t  i t  ha s learne d fro m daydreaming .  DAYDREIAMEIR take s a s inpa t  simpl e s h 
tuationa l  descriptions ,  suc h a s accidentall y meetin g a  motri *  star ,  o r  being s fira d fro m 
one ' s Job ,  an d produce s a s outpu t  1 )  action s tha t  i t  woul d perfor m i n th e give n situation ,  an d 2 )  day -
dreams ,  al l  i n English .  D A Y D R E A M EK learn s a s i t  daydream s b y indexin g daydreams ,  plannin g stra -
tegies ,  an d futur e plan s int o memor y fo r  futur e use . 

DAYDREAMER is composed of: 

• a Kenario generator consisting of a planner (Fikes & Nilsson, 1971; Meehan, 1976) and relaxation 
rules , 

• a dynamic episodic memory (Tulving, 1972; Kolodner, 1984) of experiences used by the scenario 
generator , 

• a collection of personal goals (Maslow, 1943; Schank & Abelson, 1977) and control goala which guide 
th e scenari o generator , 

• an emotion component in which daydreams initiate, and are initiated by, emotional states arising 
fro m goa l  outcomes ,  an d 

• domain knowledge of interpersonal relations and common everyday occurrences. 

I n th e section s whic h follow ,  w e describ e th e abov e components .  W e shoul d not e tha t  ou r  theor y 
i s no l  intende d t o accoun t  fo r  1 )  menta l  imager y o r  th e auasi-sensor y experience s whic h ar e ofte n a  par t 
of  daydreamin g (Singe r  &  Antrobus ,  1972 ;  Singer ,  1975) ,  2 )  th e altere d stat e o f  consciousnes s (calle d 
"fore-consciousness "  b y Varendonck ,  1921 )  whic h ofte n accompanie s daydreaming ,  an d 3 )  th e subjectiv e 
"feeling "  o f  consciousness ;  see ,  fo r  example ,  Nage l  (1974 )  an d Dennet t  (1978 )  fo r  a  discussio n o f  th e philo -
sophica l  problem s wit h suc h a n endeavor . 

2.  T H E R O L E O F EMOTIONS A N D C O N T R OL GOALS I N D A Y D R E A M I NG 

How an d whe n ar e daydream s triggered ? Give n tha t  man y differin g daydrea m sequence s ar e pos -
sibl e a t  an y give n moment ,  wha t  determine s th e wa y i n whic h a  daydrea m unfolds ? W e postulat e a  se t  o f 
goals ,  calle d contro l  goals ,  whic h ar e activate d i n par t  b y emotions ,  an d whic h bot h hel p trigge r  an d 
direc t  daydreaming .  Onc e a  contro l  goa l  i s  activated ,  th e scenari o generator ,  discusse d i n Sectio n 3 ,  gen -
erate s a  sequenc e o f  event s accordin g t o tha t  contro l  goal .  Th e purpos e o f  contro l  goal s i s generall y t o 
provid e helpfu l  modificatio n o f  emotiona l  stat e i n th e shor t  ru n an d t o hel p achiev e persona l  goal s i n th e 
lon g run .  No t  ai l  contro l  goal s serv e bot h functions .  Some i n fac t  serv e on e functio n whil e ignorin g o r 
even harmin g th e other . 

The stud y o f  daydreamin g i s interrelate d wit h th e stud y o f  emotion .  Previou s wor k o n simulatio n 
of  huma n emotion s ha s involve d modelin g th e comprehensio n b y a  reade r  o f  th e emotiona l  reaction s o f 
stor y character s (Dyer ,  1983b )  o r  modelin g emotiona l  response s t o real-worl d situation s an d th e influenc e 
of  emotiona l  stat e o n subsequen t  behavio r  (Pfeifer ,  1982) .  However ,  a  complet e mode l  o f  huma n emotion s 
must  no t  onl y accoun t  fo r  th e relationshi p betwee n emotion s an d event s i n th e externa l  world ,  bu t  als o 
betwee n emotion s an d interna l  events ,  i.e. ,  imagine d o r  expecte d outcome s (Abelson ,  1981) ,  o r  daydreams . 
Instea d o f  simpl y modelin g th e singl e emotiona l  respons e t o a n event ,  on e mus t  mode l  th e entir e sequenc e 
of  response s an d daydream s resultin g fro m a n event ,  perhap s a t  las t  restin g o n a  final  emotion . 

I n D A Y D R E A M E R,  emotion s activat e contro l  goal s whic h resul t  i n daydreaming .  Daydreamin g 
i n tur n result s i n modificatio n o f  emotiona l  stat e (i n par t  a s a  resul t  o f  th e succes s o r  failur e o f  contro l 
goak) ,  directin g th e futur e cours e o f  daydreamin g o y causin g th e activatio n o f  othe r  contro l  goals .  Thu s 
we hav e a  feedbac k loo p i n whic h I j  emotion s trigge r  daydream s an d 2 )  daydream s modif y existin g emo -
tion s an d trigge r  ne w emotions ,  whic h trigge r  ne w daydreams ,  an d s o on .  A n importan t  par t  o f  ou r 
researc h involve s specifyin g a n intuitiv e se t  o f  contro l  goal s an d thei r  interaction s wit h scenari o genera -
tio n an d emotio n processes .  I n thi s section ,  w e discus s fou r  contro l  goal s whic h commonl y appea r  i n day -
dreaming : 

• Rationalisation: generating reasons for why an outcome is satisfactory to the daydreamer in order 
t o reduc e negativ e emotion s an d maintai n seU T esteem . 

• Revenges reducing negative emotions through imagined retaliations after a goal has been thwarted 
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by another . 

• Failur«/SueeeM Reversali altering reality by imagining scenarios in which failures were prerented 
or  i n whic h successe s faile d t o com e abou t  i n orde r  t o lear n futur e plannin g strategies . 

• Preparations generating hypothetical future scenarios in order to learn planning strategies and/or 
specifi c  action s t o b e use d i n possibl e futur e situations . 

1.1 Rational! latlon 

In DAYDREAMER, recall of a goal success produces a positive emotion, while recall of a failure 
produce s a  negativ e emotio n (Dyer ,  1983b) .  Negativ e emotion s resultin g fro m recalle d failure s activat e ra -
tionalizalio n contro l  goals .  Rationalization ,  whic h involve s finding  a  reaso n wh y a  particula r  negativ e out -
come i s satisfactory ,  serve s t o reduc e th e intensit y o f  a  negativ e emotio n associate d wit h tha t  outcome .  I n 
effect ,  failure s resul t  i n a  for m o f  "cognitiv e dissonance "  (Festinger ,  1957 )  whic h mus t  someho w b e re -
duced .  Th e scenari o generato r  realize s a  rationalizatio n contro l  goa l  throug h planning .  Ther e ar e man y 
ways o f  rationalizin g a  failure . 

In NUART-DAYDREAM3, the method for rationalization is to imagine that the goal in question 
succeede d instea d o f  failed ,  an d the n imagin e tha t  thi s goa l  succes s i n fac t  lead s t o a  wors e goa l  failure . 
Anothe r  metho d o f  rationalizin g failure s involve s playin g ou t  th e consequence s o f  a  goa l  failur e an d dis -
coverin g tha t  a  mor e importan t  goa l  succes s ma y b e achieved . 

Another method for rationalization is suggested by attribution theory (Heider, 1958; Weiner ft 
Kukia ,  1970) .  A n attributio n i s th e caus e o r  cause s tha t  on e attribute s t o a  pas t  succes s o r  failure .  Attri -
bution s hav e a n impac t  o n emotiona l  state .  Fo r  failures ,  finding  a n externa l  attribution ,  i.e. ,  attributin g 
th e failur e t o anothe r  person ,  lac k o f  luck ,  environmenta l  factors ,  lac k o f  ability ,  lac k o f  effort ,  o r  fatigue , 
wil l  ofte n reduc e a  negativ e emotio n resultin g fro m blamin g onesel f  fo r  a  failure .  Thu s externa l  attribu -
tio n i s anothe r  possibl e pla n fo r  rationalization . 

S.S Reveng* 

The emotion of ANGER results when someone else causes DAYDREAMER a goal failure. The re-
veng e contro l  goa l  i s  activate d upo n presenc e o f  A N G ER an d serve s th e functio n o f  substitutin g a  posi -
tiv e emotio n fo r  th e negativ e emotio n associate d wit h th e failure .  A n exampl e i s N U A R T - D A Y D R E A M 4, 
wher e D A Y D R E A M ER imagine s tha t  th e actres s no w pursue s hi m bu t  h e reject s her .  Activatio n o f  con -
tro l  goal s suc h a s rationalizatio n an d reveng e i n respons e t o a n emotion ,  rathe r  tha n t o a n abstrac t  sitna p 
tion ,  i s supporte d b y experiment s b y Weine r  (1980) ,  whic h foun d tha t  th e presenc e o f  th e emotio n wa s re -
quired . 

2.3 Fallure/Suceesa Reversal 

Anothe r  contro l  goa l  whic h i s initiate d upo n a  negativ e emotio n resultin g fro m a  recalle d failur e 
i s tha t  o f  failur e reversal ,  whos e objectiv e i s t o generat e a  mean s b y whic h th e failur e coul d hav e bee n 
prevente d an d a  succes s achieved .  Thi s contro l  goa l  enable s learnin g throug h th e abstractio n o f  generate d 
alternative s t o plannin g strategie s fo r  us e i n futur e simila r  situations . 

I n NUART-EPISODE,  ther e ar e tw o failures :  th e failur e o f  a  socia l  regar d preservatio n goa l 
resultin g i n th e emotio n o f  E M B A R R A S S M E N T,  an d th e failur e o f  th e goa l  t o g o ou t  wit h th e movi e sta r 
resultin g i n emotion s o f  D ISAPPOINTMENT an d REJECTION .  Severa l  failur e reversa l  daydream s result . 
NTJART-DAYDREAMl  involve s havin g pretende d t o kno w th e nam e o f  th e director .  N U A R T-
D A Y D R E A M2 involve s havin g aske d th e sta r  fo r  he r  telephon e numbe r  an d havin g receive d it . 

Positiv e an d negativ e emotiona l  respons e t o goa l  succes s an d failur e occu r  durin g imagine d ep -
isode s jus t  a s durin g rea l  episodes .  Thu s whe n D A Y D R E A M ER imagine s a  wa y o f  avoidin g a  failur e an d 
achievin g a  success ,  a  positiv e emotio n result s initially .  However ,  i t  i s ofte n followe d immediatel y b y th e 
renewa l  an d intensificatio n o f  th e negativ e emotio n associate d wit h th e failure .  Thu s failur e reversa l  actu -
all y ha s a  negativ e emotiona l  function :  fo r  th e sak e o f  learning ,  i t  allow s a  negativ e emotio n t o b e 
intensified .  A s a  consequence ,  D A Y D R E A M ER generates :  " I  regre t  no t  havin g aske d fo r  he r  number "  i n 
N U A R T - D A Y D R E A M 2. 

A success reversal control goal is sometimes pursued upon a recalled success. Why do people imap 
gin e failure s a s wel l  a s successe s i n thei r  daydreams ? I t  i s  wel l  know n tha t  peopl e lear n fro m actua l 
failures ;  see ,  fo r  example :  (Schank ,  1982 ;  Dyer ,  1983a ;  Dola n an d Dyer ,  1985) .  I t  i s  reasonabl e t o expec t 
tha t  i t  i s possibl e t o lear n fro m imagine d failure s a s well .  B y notin g th e cause s o f  daydreame d failure s i n 
memory,  on e ma y avoi d simila r  failure s i n th e future . 

1.4 Preparation 

The preparatio n contro l  goa l  i s  activate d whe n thinkin g abou t  a  possibl e futur e situatio n o r  up -
comin g even t  whic h i s emotionall y charged .  Thi s contro l  goa l  serve s th e followin g functions .  First ,  i t  al -
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low s on e t o b e prepared ,  i.e. ,  i t  increise s th e chance s o f  succes s i n th e fatur e event .  Second ,  i t  serve s t o 
reduc e negativ e emotion s suc h a s anxiousnes s i f  effectiv e plan s whic h ka d t o succes s ar e found .  A n ex -
ampl e o f  pla n preparatio n an d rehearsa l  occur s i n N U A R T - D A Y D R E A M 2,  wher e D A Y D R E A M ER 
rehearse s th e pla n o f  askin g th e actres s ou t  an d spot s th e plannin g erro r  o f  no t  havin g aske d fo r  he r 
number . 

A strikin g exampl e o f  th e pla n rehearsa l  aspec t  o f  daydreamin g occurre d i n a  cas e wher e a  frien d 
F )  o f  th e secon d autho r  wa s stun g b y a  bee ,  whereupo n F  experience d a  stron g allergi c reactio n t o th e 
>ee venom .  F  wa s rushe d t o th e hospita l  an d treate d i n tim e t o avoi d anaphylacti c shock .  F  state d that , 
or  a n entir e yea r  afte r  thi s experience ,  F  woul d spontaneousl y daydrea m abou t  bein g stung .  Thes e day -

dream s wer e no t  repetition s o f  th e origina l  event ,  bu t  bega n b y imaginin g bein g stun g i n variou s situa -
tions ,  e.g. ,  b y a  pool ,  a t  th e beach ,  whil e a t  a  party ,  whil e biking ,  whil e alon e a t  home ,  etc .  Eac h day -
drea m consiste d o f  imaginin g wha t  F  woul d d o i n cas e F' s be e stin g ki t  wa s inaccessible ,  i n cas e th e 
phon e wa s ou t  o f  order ,  i n cas e th e ca r  brok e down ,  an d s o on .  F  claim s no w t o hav e rehearee d plan s fo r 
a larg e numbe r  o f  hypothetica l  circumstances ,  e.g. ,  usin g ic e fro m th e refrigerator ,  knowin g wher e a  ho» > 
pita l  i s  an d drivin g a t  breaknec k spee d t o a  hospita l  befor e collapsing ,  etc .  Thi s cas e i s rathe r  dramati c 
becaus e th e origina l  goa l  threa t  wa s t o a  ver y high-priorit y  goal ,  i.e. ,  a  healt h preservatio n goal .  Th e 
functio n o f  daydreamin g i n thi s cas e wa s t o rehears e an d examin e plan s i n imagine d situations .  Clearly , 
daydreamin g her e provide s a n advantag e ove r  plannin g system s whic h onl y initiat e plannin g whe n pose d 
wit h th e actua l  occurrenc e o f  a  goa l  threa t  o r  goa l  failure .  Prepsu'ation-base d daydream s ten d t o b e trig -
gere d b y emotion s o f  fear .  Tbus ^  generatin g thi s clas s o f  daydream s involve s specifyin g a  proces s mode l  o f 
what  migh t  b e calle d "worryin g whe n observe d i n people . 

3.  REALIZIN G A  D A Y D R E AM T H R O U GH S C E N A R I O G E N E R A T I ON 

How ar e th e variou s imaginativ e sequence s o f  event s whic h mak e u p daydreamin g generated ? I n 
DAYDREAMER,  th e scenari o generato r  generate s daydream s i n respons e t o an d unde r  th e guidanc e o f 
contro l  goals .  W e propos e tha t  th e basi c mechanis m fo r  scenari o generatio n i s plannin g (Fike s £  Nilsson , 
1971 ;  Sacerdoti ,  1974 ;  Meehan ,  1976) ,  i.e. ,  generatin g a  sequenc e o f  action s necessar y t o achiev e a  goal . 
However ,  th e scenari o generato r  differ s fro m traditiona l  plannin g mechanism s i n severa l  fundamenta l 
ways .  First ,  instea d o f  relentlessl y pursuin g a  give n goal ,  th e scenari o generato r  operate s a s a n ongoin g 
proces s unde r  numerous ,  ofte n conflicting ,  persona l  goals .  I t  i s  possibl e t o star t  plannin g fo r  on e goa l  onl y 
t o abando n tha t  goa l  i n pursui t  o f  another .  Second ,  th e scenari o generato r  incorporate s relaxation s whic h 
enabl e i t  t o generat e scenario s whic h ar e fanciful ,  i.e. ,  non-realisti c solution s t o problems .  Third ,  th e 
scenari o generato r  incorporate s a n episodi c memor y o f  experience s whic h influence s th e plannin g proces s 
I )  b y providin g th e experience s whic h ar e th e subjec t  matte r  o f  daydreamin g «!» d whic h trigge r  activitie s 
suc h a s attemptin g t o lear n fro m a  failur e o r  rationalization ,  an d 2 )  b y providin g a  sourc e o f  knowledg e 
fo r  us e b y th e scenari o generato r  i n generatin g possibl e event s o r  sequence s o f  events .  I n thi s section ,  w e 
discus s th e first  tw o abov e aspect s o f  th e scenari o generator .  Th e thir d aspect ,  th e rol e o f  episodi c 
memory,  i s discusse d i n Sectio n 4 . 
3. 1 D a y d r e m m l n g I s Influence d b y Multipl e Peraonm l  Goml a 

I n a  wish-fulfillmen t  daydrea m (Freud ,  1908 ;  Varendonck ,  1921) ,  th e cours e tha t  a  daydrea m 
take s i s  determine d b y a  wis h o f  th e daydreamer .  Wher e d o wishe s com e from ? I n additio n t o contro l 
goals ,  D A Y D R E A V ER ha s a  larg e numbe r  o f  persona l  goals ,  including :  health ,  food ,  sex ,  friendship ,  love , 
possessions ,  sel f  esteem ,  socia l  esteem ,  enjoyment ,  an d achievement .  H o w doe s th e scenari o generato r 
choos e whic h goal s o r  wishe s t o focu s upo n a t  an y give n point ? Minsk y (1977 )  espouse d a  computationa l 
theor y o f  th e min d a s a  societ y o f  intercommunicatin g an d conflictin g entities .  H e describe d a  chil d play -
in g blocks :  Internally ,  th e W R E C K ER i n th e chil d want s t o destro y th e towe r  bein g buil t  b y th e BUILD -
E R.  Meanwhile ,  th e I ' M - G E T T I N G - H U N G R Y entit y i s  growin g i n strength .  A s th e contro l  o f  th e 
B U I L D E R weakens ,  th e chil d destroy s th e towe r  an d get s u p t o g o hom e an d eat .  Schan k an d Abelso n 
(1977 )  constructe d a n elaborat e taxonom y o f  goa l  state s an d interaction s whil e Wilensk y (1978 )  showe d 
ho w knowledg e o f  goa l  competitio n an d goa l  conflic t  i s  neede d t o understan d storie s involvin g multiple , 
interactin g narrativ e characters . 

I n D A Y D R E A M E R,  goal s ar e organize d int o a  goa l  tre e (Carbonell ,  1980 )  whic h specifie s th e rels ^ 
tiv e importanc e o f  eac h o f  th e goal s a t  an y poin t  i n time .  W h e n confronte d wit h severa l  competin g goals , 
th e scenari o generato r  pursue s a  cours e o f  actio n whic h lead s t o th e satisfactio n o f  th e mor e importan t 
goal .  Fo r  instance ,  i n N U A R T - D A Y D R E A M 3,  D A Y D R E A M ER imagine s tha t  succes s i n th e relationshi p 
lead s t o los s o f  hi s job .  Suppose ,  however ,  tha t  h e wer e beginnin g t o gro w tire d o f  hi s job .  I n thi s case , 
daydreamin g tha t  h e goe s t o Franc e migh t  mor e likel y lea d t o imaginin g tha t  h e finds  a  bette r  jo b an d 
begin s a n entirel y ne w career . 

3. 2 Relaxatio n o f  Conitradnt e 

A collectio n o f  relaxatio n rule s allo w th e generatio n o f  fsmcifu l  scenarios .  I n particular ,  th e fol -
lowin g constraint s m a y b e relaxe d i n planning : 
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•  Behavio r  o f  othera t  D A Y D R E A M ER unagine s tha t  th e movi e sta r  accep U hi s ote t  i a N U A R T-
D A Y D R E A M 3. 

• Self Attributesi one might imagine beiog aa Olympic athlete or being a famous movie star. 

• Phyaleal constralnUi one might imagine being invisible or being able to fly. 

• Social constrmlntat one might imagine starting a food fight at a fancy restaurant. 

The scenario generator does not always employ relaxation rules. The level of relaxation can be 
varie d dependin g o n wha t  contro l  goal s ar e currentl y active .  Fo r  example ,  i f  th e daydreame r  i s pursuin g a 
failure-reversa l  contro l  goa l  whos e objectiv e i s t o generat e realisti c way s o f  havin g prevente d a  failur e 
(e.g. ,  N U A R T - D A Y D R E A M l ),  the n th e relaxatio n leve l  i s  se t  o n L O W.  If ,  however .  D A Y D R E A M ER i s 
pursuin g a  reveng e contro l  goa l  whos e objectiv e i s t o generat e a  fancifu l  retaliatio n (e.g. ,  N U A R T-
D A Y D R E A M 4 ),  the n th e relaxatio n leve l  b  se t  o n HIGH .  I t  i s  als o importan t  t o astet t  th e leve l  o f  relaxa -
tio n whic h le d t o a  give n scenari o i n orde r  t o avoi d raisin g expectations ,  sinc e raise d an d faile d expecta r 
tion s lea d t o negativ e emotions .  Th e resul t  o f  suc h assessmen t  ca n b e see n i n N U A R T - D A Y D R E A M 2, 
wher e D A Y D R E A M ER imagine s "Bu t  she' s a  movi e sta r  an d ou t  o f  m y leagu e .. .  n o matte r  wha t  I  migh t 
hav e done ,  sh e wouldn' t  hav e gon e ou t  wit h me. " 

Ib standard planning systems such as ABSTRIPS (Sacerdoti, 1974), relaxation of operator precon-
dition s i s employe d t o reduc e th e amoun t  o f  searchin g neede d t o solv e a  problem .  However ,  i n daydream -
ing ,  relaxatio n rule s ma y actuall y increas e th e amoun t  o f  searchin g tha t  i s  done ,  sinc e suc h rule s enabl e 
th e generatio n o f  numerou s imaginativ e situation s whic h ar e no t  realisti c method s o f  achievin g curren t 
persona l  goals .  Still ,  suc h exploration s ma y prov e usefu l  i n th e future ,  ma y enabl e th e fortuitou s 
discover y o f  realisti c  solutions ,  o r  ma y simpl y serv e som e othe r  functio n suc h a s emotio n regulation . 

4. THE ROLE OF EPISODIC MEMORY IN DAYDREAMING 

After a daydream, what remains in memory? How is information which is incorporated into 
memory durin g daydreamin g use d i n th e future ? Tha t  is ,  ho w doc s on e lear n fro m daydreaming ? Firs t  o f 
all ,  on e ma y b e skeptica l  o f  th e abilit y  fo r  human s t o remembe r  thei r  daydream s an d thu s doub t  tha t  i t 
i s  trul y possibl e t o lear n fro m them .  However ,  th e mer e fac t  tha t  i t  i s  possibl e t o obtai n transcript s o f 
daydream s fro m peopl e prove s tha t  som e daydream s ar e remembered ,  a t  leas t  fo r  a  shor t  while .  More -
over ,  man y subject s hav e reported ,  lon g afte r  th e fact ,  daydream s tha t  the y remembe r  havin g ha d 
(Singe r  &  Antrobus ,  1972) .  Varendonc k (1921 ,  p .  327 )  report s nea r  complet e recal l  o f  hi s daydream s dur -
mg writing :  "whe n I  a m composin g letter s I  ofte n afterward s writ e the m almos t  exactl y a s I  worde d the m 
i n m y phantasy. "  Eve n subtl e memor y modification s ma y occu r  durin g daydreaming .  Netsser' s (1982 ) 
analysi s o f  th e testimon y o f  Joh n Dea n show s tha t  h e ofte n remembere d conversation s i n term s o f  hi s 
own fantas y abou t  ho w thos e conversation s shoul d hav e been ,  rathe r  tha n ho w the y actuall y were . 
The dynamic episodic memory (Tulving, 1972; Schank. 1982) of DAYDREAMER is its long-term 
memory o f  persona l  o r  vicariou s experience s an d daydreams .  Thi s memor y i s calle d dynami c becaus e i t  i s 
constantl y bein g modifie d durin g daydreaming .  Thu s no t  onl y ar e actua l  experience s availabl e fo r  us e a t 
any point ,  bu t  s o ar e previousl y daydreame d ones .  Thi s give s ris e t o a  dynami c behavio r  dependen t  o n 
previou s externa l  an d interna l  experiences . 

DAYDREAMER incorporates the following information into memory as it daydreams: 

• entire daydreams, 

• future plans or actions formed during daydreaming, and 

• planning strategies formed during daydreaming. 

How i s informatio n indexe d i n episodi c memor y s o tha t  i t  i s  availabl e a t  a n appropriat e tim e i n th e fu -
ture ? Onc e informatio n i s retrieved ,  ho w i s i t  applie d t o th e curren t  situation ? Ou r  wor k o n mechanism s 
fo r  storage ,  organization ,  retrieval ,  generalization ,  an d applicatio n o f  experience s i n episodi c memor y 
build s o n previou s wor k b y Kolodne r  (1984) ,  Schan k (1982) ,  an d Anderso n (1983) .  Episode s (bot h day -
dream s an d persona l  o r  vicariou s experiences )  ar e organize d i n an d retrieve d fro m dynami c episodi c 
memory accordin g t o surface-leve l  similaritie s a s wel l  a s Plo t  Unit s (Lehnert ,  1982) ,  emotion s an d abstrac t 
theme s (Dyer ,  1983a) .  Th e decisio n t o organiz e episode s b y emotion s i s als o partl y supporte d b y th e wor k 
of  Varendonc k (1921 ,  p .  192 )  an d Bowe r  an d Cohe n (1983) . 
4. 1 Indexin g Entir e Dmydream n I n Episodi c M e m o r y 

How ar e entir e daydream s indexe d i n memor y fo r  late r  use ? Suppos e tha t  a t  som e poin t  i n th e 
past ,  D A Y D R E A M ER ha d bee n interviewe d fo r  a  jo b h e wanted ,  wa s turne d down ,  an d ha d th e followin g 
daydream : 
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JOB-DAYDREAM 

I' m angr y a t  th e interviewe r  fo r  no t  hirin g me .  I  imagin e tha t  year s fro m no w I  a m presiden t 
of  a  larg e company .  Th e interviewe r  ha s los t  hi s jo b an d come s t o m e fo r  employment .  I  tel l 
hi m tha t  h e doesn' t  hav e th e necessar y qualifications . 

In order to recall this daydream in the future, DAYDREAMER indexes it under the RETALIATION Plot 
Unit, *  whic h represent s th e abstrac t  situatio n o f  a  perso n A  achievin g a  positiv e outcom e b y causin g a 
negativ e outcom e fo r  B ,  wher e B  ha d originall y cause d a  negativ e outcom e fo r  A .  DAYDREIAMER als o 
indexe s th e daydrea m unde r  REJECTION ,  whic h i s a  negativ e emotio n o f  a  perso n A  resultin g fro m th e 
failur e o f  A' s goa l  t o activat e a  positiv e relationshi p R  wit h a  perso n (o r  group )  B ,  wher e tha t  failur e i s 
cause d b y B . 

4.S Recalling and Uilng Recalled Episodes 

Daydreams have a certain amount of coherence to them. We believe that this coherence is par-
tiall y  provide d b y abstrac t  knowledg e structure s suc h a s Plo t  Units .  Onc e a  contro l  goa l  i s  Ktivated ,  th e 
scenari o generato r  mus t  selec t  an d execut e a  pla n t o achiev e it .  Plan s fo r  achievin g contro l  g o ^  ma y 
ofte n b e capture d b y Plo t  Units ,  e.g. ,  on e pla n fo r  th e reveng e contro l  goa l  i s  RETALIATION .  Realiza -
tio n o f  plan s fo r  achievin g contro l  goal s expresse d a s Plo t  Unit s ma y b e simplifie d throug h remindin g o f 
appropriat e episode s indexe d b y thos e Plo t  Units . 

Plans for achieving the rationalization control goal may also be expressed in terms of Plot Units. 
One pla n i s expresse d b y th e MIXE D BLESSIN G Plo t  Unit ,  employe d i n N U A R T - D A Y D R E A M 3,  whic b 
represent s th e abstrac t  situatio n o f  a  goa l  succes s leadin g t o th e failur e o f  anothe r  goal .  Her e th e MIXE D 
BLESSING Plo t  Uni t  i s  realize d a s a  fantas y i n whic b datin g th e actres s lead s t o eventua l  failur e o f  th e 
relationshi p an d D A Y D R E A M E R 's career .  Anothe r  pla n fo r  rationalizatio n i s capture d b y th e SUCCESS 
B O RN O F ADVERSIT Y Plo t  Unit ,  whic h represent s th e abstrac t  situatio n o f  a  goa l  failur e leadin g inad -
vertentl y t o th e succes s o f  anothe r  goal .  Her e w e coul d imagin e a  daydrea m i n which ,  a s a  resul t  o f  bein g 
turne d down ,  D A Y D R E A M ER imagine s drownin g hi s sorrow s a t  a  ba r  an d b y chanc e meetin g a  mor e 
beautifu l  actress . 

Once J O B - D A Y D R E AM i s indexe d i n memory ,  whe n migh t  i t  late r  b e recalled ? Conside r  th e si -
tuatio n o f  NUART-EPISODE i n whic h D A Y D R E A M ER feel s REJECTIO N an d A N G ER towar d th e 
movi e star .  Th e A N G ER activate s a  reveng e contro l  goal .  Next ,  th e scenari o generato r  wil l  activat e th e 
RETALIATIO N Plo t  Uni t  i n attemptin g t o realiz e thi s contro l  goal .  JOB-DAYDREAM,  whic h i s indexe d 
unde r  RETALIATIO N an d REJECTION ,  wil l  the n b e recalled .  Th e scenari o generato r  no w adapt s thi s 
daydrea m t o th e situatio n o f  NUART-EPISODE i n orde r  t o achiev e th e activ e reveng e contro l  goa l  an d 
th e followin g daydrea m i s produced : 

NUART-DAYDREAM5 

I' m angr y tha t  th e actres s didn' t  wan t  t o g o ou t  wit h me .  I  imagin e tha t  year s fro m no w I 
a m a n influentia l  director .  Th e actres s i s havin g troubl e finding  wor k an d come s t o rea d fo r 
a par t  i n m y nex t  film.  I  tel l  he r  tha t  I  can' t  us e her . 

A recalled experience or daydream is adapted to the current situation through analogy. The 
majo r  correspondence s whic h mak e u p th e analog y ma y b e identifie d b y th e abstrac t  structure s use d t o 
recal l  th e episode .  I n ou r  example ,  th e interviewe r  ma y b e see n t o b e analogou s t o th e actress ,  sinc e the y 
occup y th e sam e role s i n thei r  respectiv e REJECTIO N an d RETALIATIO N structures .  Similarly ,  th e 
E M P L O Y E R - E M P L O Y EE relationshi p o f  J O B - D A Y D R E AM ca n b e see n t o b e analogou s t o th e 
FRIENDS relationshi p o f  NUART-EPISODE.  Th e scenari o generato r  mus t  no w complet e a  scenari o 
analogou s t o J O B - D A Y D R E AM i n th e NUART-EPISODE context .  Analogou s detai b ar e filled  i n usin g 
th e sam e plannin g knowledg e tha t  th e scenari o generato r  woul d nee d t o generat e N U A R T-
D A Y D R E A M5 fro m scratch .  However ,  i n thi s case ,  les s effor t  i s  require d (Carbonell ,  1983) . 

The use of recalled episodes is not limited to the generation of entire daydream sequences. Ep-
isodi c memor y i s als o usefu l  fo r  suggestin g possibl e continuations ,  o r  nex t  events ,  o f  a n ongoin g scenario . 
For  example ,  whe n D A Y D R E A \ & R imagine s h e i s goin g ou t  wit h a  movi e sta r  i n N U A R T-
D A Y D R E A M S,  h e i s reminde d o f  th e tim e h e helpe d a n acto r  frien d rehears e fo r  a  play .  B y analog y 
D A Y D R E A M ER produce s th e followin g scenari o even t  i n N U A R T - D A Y D R E A M 3:  " I  hel p he r  whe n sh e 
has t o rehears e he r  lines. "  Similarly ,  a  remindin g o f  a  recen t  magazin e articl e abou t  a n actres s goin g t o 
Franc e t o shoo t  a  film  lead s D A Y D R E A M ER t o imagine :  "Whe n sh e ha s t o d o a  film  i n France ,  I  dro p 
my wor k an d trave l  ther e wit h her. " 

*  Plo t  Unit s wer e develope d b y Lehner t  (1982 )  t o represen t  narrativ e plots .  Plo t  Unit s consis t  o f 
abstrac t  configuration s o f  positiv e an d negativ e outcome s linke d t o menta l  state s b y initiation , 
terminatio n an d coreferenc e links .  B y combinin g Plo t  Units ,  large r  plo t  structure s ca n b e create d 
dynamically . 
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S.  C U R R E NT S T A T U S 

Ad initial venioD of the DAYDREAMER program has been constructed using GATE (Mueller ft 
Zernik ,  1984) ,  a n integrate d se t  o f  graphica l  artificia l  intelligenc e developmen t  tool s fo r  th e T  languag e 
(Rees ,  Adams ,  &  Meehan ,  1984) ,  a  dialec t  o f  Schem e runnin g o n Apoll o Domai n workstations .  G A T E in -
clude s a  graphica l  knowledg e representatio n system ,  a  demon-base d programmin g language ,  sui d a  logi c 
programmin g system . 

DAYDREAMER currently 1) participates in NUART-EPISODE by receiving and performing ac-
tion s i n respons e t o inpu t  phrase s suc h a s Yo n ar t  nea r  Oebr a Winge r  an d Sh e tt l l s yo u th& t 
sh e doe s no t  wan t  he r  an d to o t o g o ou t  o n a  date ,  2 )  indexe s th e episod e int o memor y 
unde r  th e D E N I E D R E Q U E ST Plo t  Unit ,  3 )  generate s version s o f  N U A R T - D A Y D R E A M 2,  N U A R T-
D A Y D R E A M 3,  an d N U A R T - D A Y D R E A M4 i n Englis h produce d b y a  simpl e recursiv e descen t  generator , 
indexin g th e daydream s int o memor y vi a Plo t  Unit s an d emotions ,  an d indexin g int o memor y th e plan -
nin g strateg y forme d durin g N U A R T - D A Y D R E A M 2,  i.e. ,  no t  t o forge t  t o as k fo r  someone' s telephon e 
number ,  an d 4 )  participate s i n anothe r  episod e i n whic h i t  demonstrate s tha t  i t  ha s learne d th e abov e 
plannin g strategy .  A n abbreviate d trac e o f  D A Y D R E A M ER a s o f  Jun e 198 5 i s provide d i n Appendi x A . 

6. FUTURE WORK AND CONCLUSIONS 

DAYDREAMER is being extended to enable it to 1) participate in a larger variety of input ep-
isodes ,  2 )  generat e mor e daydream s an d possibl e scenario s i n respons e t o eac h episode ,  3 )  incorporat e 
many daydreams ,  plannin g strategies ,  an d futur e plan s int o memory ,  an d 4 )  demonstrat e th e us e o f  re -
calle d daydreams ,  plannin g strategies ,  an d futur e plan s i n futur e interna ]  (daydreaming )  an d externa l 
behavior .  Th e us e o f  analog y an d episodi c memor y i n scenari o generatio n an d learnin g o f  plannin g stra -
tegie s wil l  b e investigate d i n greate r  detail .  W e inten d fo r  D A Y D R E A M ER t o b e abl e t o daydrea m con -
tinuously ,  stoppin g onl y t o receiv e ne w experiences . 

Numerous problems and issues have faced us in the ongoing implementation and design of DAY-
D R E A M E R.  Thes e include : 

(1) The representation of knowledge in the interpersonal domain, e.g., representing conceptualixations 
for :  "havin g a  crush "  o n someone ,  "rehearsin g lines" ,  "gettin g involve d wit h someon e ,  "admittin g 
bein g wron g abou t  someone ,  an d s o on . 

(2) The interaction of processes of scenario generation, relaxed planning, emotional triggers, control goal 
activation .  Plo t  Uni t  selection ,  an d episodi c memor y remindings . 

(3) The separation of personal episodes experienced by DAYDREAMER, from vicarious episodes, from 
imagine d episode s alread y daydreame d an d store d i n episodi c memory . 

H ow an d t o wha t  exten t  i s  realit y separate d fro m imagination ? Mentall y health y individual s 
rarel y confus e wha t  the y hav e imagine d fro m wha t  the y hav e experienced .  H o w eas y i s i t  fo r  ou r  day -
dream s an d imagining s t o subtl y alte r  ou r  interpretatio n o f  pas t  events ? Thi s issu e wil l  becom e al l  th e 
more pressin g a s D A Y D R E A M E R 's memor y o f  inpu t  an d daydreame d experience s gro w an d a s w e tr y t o 
make D A Y D R E A M E R 's dream s availabl e t o system s concerne d wit h suc h creativ e task s a s conversation , 
invention ,  an d stor y invention . 

Through the continuing design and implementation of DAYDREAMER we have been exploring 
a computationa l  theor y underlyin g daydreaming .  Thi s theor y i s base d o n a  proces s mode l  whic h specifie s 
ho w emotions ,  scenari o generation ,  planning ,  plo t  structures ,  themes ,  persona l  goals ,  contro l  goals ,  ep -
isodi c memory ,  an d analog y processe s interac t  wit h on e another .  W e hav e argue d that ,  fa r  fro m bein g a 
useles s epiphenomenon ,  daydreamin g serve s a n importan t  cognitiv e functio n i n pla n preparatio n an d 
rehearsal ,  learnin g fro m failure s an d successes ,  suppor t  fo r  processe s o f  creativity ^  emotio n regulatbn , 
and motivation .  Trul y intelligen t  computer s shoul d no t  b e lef t  i n a  "diddl e loo p o r  turne d of f  whe n 
unused ,  bu t  engage d i n daydreamin g lik e ourselves . 
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A P P E N D IX A i  A B B R E V I A T E D T R A C E O F C U R R E NT D A Y D R E A M ER 

Belo w i s a n abbreviate d trac e o f  DAYDREAMER prodacin g fragment s o f  NUART-
DAYDREAM2,  NUART-DAYDREAM3,  an d NUART-DAYDREAM4.  Th e entir e trac e showin g a U goals , 
subgoab ,  preconditions ,  plans ,  relaxations ,  coptro l  goals ,  an d emotions ,  i s ove r  1 6 page s long ,  s o onl y a 
suggestiv e segmen t  wit h m u c h informatio n remove d ca n b e show n here . 

THC« r««»l« « c.it f  l.c t 
O A Y D R E A H ER (GATE/T/Apo I  I o o f  B /8 /85 ] 
Inpu t ? Yo u ar e nea r  D e b r a U i n g e r . 
Input ? 
M o d a? p e r f o r n a n c e 
I  tel l  O e b r a tha t  I  uan t  he r 
g o ou t  o n a  d a t e . 
Inpu t ? Sh e te l l s go u tha t  sh e 
Inpu t ? uan t  he r  an d uo u t o g o 
Input ? d a t e . 
Input ? 
node ? d a g d r e a a i n g 
I  fai l  a t  go in g ou t  u i t h O e b r a . 
TC*RIK*T t  PI.AIIIIIII C ro t  l'UE«.I01 > COAL FAILE D n C I  IPT-LOVEIS I  I 

a n d a e t o 

does not 
ou t  o n a 

*0 0 T O UK l-yEl.lirt i  COAL FAILE D AtESCIVATIO I  NC 
I  fai l  a t  h a v i n g a  job . 

ta mmtmr  9«a l  fsilur a CI 
THE*  failur a a f  taa l  C  i « raliana l  Iia 4 

CPISDDC INDtl i  Pla t 
ADO T O u n I-UEt.II7 S 

I t  |-HEI.II77 > PU-nllE0-iLESSI* 6 RE I 
IATI0NALI2ATI0a i 

I  r a t i o n a l i z e fa i l i n g a t  go in g ou t  u i t h 
O e b r a b g th e fac t  tha t  s u c c e e d i n g a t 
go in g ou t  u i t h he r  lead s t o fa i l i n g a t 
hav in g a  job . 
I f  cantra l  laa l 
THEN râ uc a aeal a 

t a ra t  tanal t  x a aaa l  f 
af  affac t  aaaaeiatar f 

Ilur a auccaad a 
it h ••a t  failu r 

i r 
THE* 

aal r  t«a l  fa i  lur a 
aetiwa« « natativ a 

ADO T O MH |-UCi.lt3Z i  APfEC T NEE B E 1 
I  f e e l  d i s p l e a s e d . 
EPISODE I M O i  Pla t  Un .  t  I'HEa.lEJJ i  PU-OENIEO-IEOUES T Oei* A nC I 
ir 
THEN aetivM a cantra l  «ea l  t a rat,onal<i a failiir a 

• 00 TO HB I-UCO.IOSi COAL ACTIVE (KATI0NALI2AT ION) HE CDNTNDLI 
I  u a n t  t o r a t i o n a l i z e f a i l i n g a t  g o i n g 
o u t  u i  tt r  O e b r a . 
START PLANNia C FOI  I-UCi.lS3S i  COAL ACTIV E ((ATlONALIZATION )  HE I 
COAL I-UEI.lCJS i  COAL ACTIV E (tATlONALIZATIDN I  H E CONTNDLl 

INTENDS PLA N t-UCS.lS74 i  PLA N nE I 
ADD T O u n (-UE(.lC74 i  PLA N ACTIV E HE I 
EXECUTE CODED PLA N I-IIEB.1S74 .  PLA N ACTIV E HE I 
ADO T O HA I-UEi.lS77 i  COAL SUCCEEDED (IPT-LOUEPS I  A E OELTAI 
I  s u c c e e d a t  g o i n g o u t  u i t h O e b r a . 
ADD T O u n i-uca.isaa i  ipt-lover s desv a nE i 

If 
THEN rttrtmv m apiaad a an d anatastx a t a curran t  situatio n 

ADD TO un i-uca.iiai episode jodiei 
ADD T O u n I-UE S lS7a i  n-AC T OEB»AI 
T h e t i n e J o d i e F o s t e r 
i n P a r i  a .  O e b r a a c t a 
PtOVE AL L C-(«ANO a i-uEa.7aa < ipt-love« s nE l 
PaovED laAdO a I-UCa.78a > IPT-LOVEe S nE l  ... I 
PPOVED I-UES.7a2 i  PPIQI l  1  UATlS ) 

t h e a c t r e s s a c t e d 
i n P a r i s . 

.. )  i-uEa.7az i  »p« ( 
t  HATIS I 

I f  poaitiv a interpersona l  tha a 
raquiraaan t  wiolata d 

THEN activat a prasarvatie n sea t 
on th a interpersona l  thea e 

wit h perso n an d 

ADD T O u n l-UCa.iaSS i  COAL ACTIV E IIPT-LOVE»S )  n E P>ESE»V*TlON I 
I  u a n t  t o c o n t i n u e t o b e g o i n g o u t  u i t h 
O e b r a . 
STANT PLANNIN G FOR CUEa.iaSS i  COAL ACTIV E (IPT-LOvERS I  nE l 
COAL i-uEa.iass i  coa l  activ e (Ipt-lOvepS )  h e paESEavATioa i 

INTENDS PLA N (-UEa.iaSl i  PLA N nE l 
ADD T O u n i-uEa.iasi i  pla n activ e ae i 
PEafoa n actio n i-uc a latZ i  ptpan s a e ipolitti i 
Aoo T O u n i-uEa.ietZ i  ptpan s n t  ipolitti i 
I  g o t o P a r i s . 
•DO T O u n i-uE a last i  ipt-lovc> s DEat A ne i 
TEaniNAT C plannin g Fo a i-uea.ias7 i  goa l  succeede d a e iiPT-LOvcasi i 
paov E (oAND e i-ucaaza i  n-jo *  ae i  --. i 
Paovc o (aANO a I'UEB.aza i  n-jo i  nc i  ... i  i  hatiS i 

THEN ac t  I vat  io n sea l  o n th e jo b 
-uEa.iasa i  coa l  activ e in-joa i  î t  pacsEtvATioa i 
t o c o n t i n u e t o h a v e a  j o b . 

ADD T O u n 
I  u a n t 
STAAT PLANNIN G FOP cuEa.iasa i  CORL ACTIV E in-jOO l  n t  PPESEavAT10* I 
COAL i-uEa.iasa i  goa l  activ e in-joa i  r e pacsEavATioa i 

INTENDS PLA N |-UEa.ia7« ,  PL« N RE I 
ADD T O u n i-uEa.ia?. !  pla n activ e re i 
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Integratin g Marke r -Pass in g a n d P r o b l e m Solvin g 

James A .  Hendle r 

Departmen t  o f  Compute r  Scienc e 
Brow n University ' 

I n thi s pape r  w e describ e ho w a n efficien t  underlyin g mechanism ,  a  parallel ,  spreadin g activatio n 
algorithm ,  ca n b e use d durin g proble m solving .  W e presen t  thi s mechanism,  chose n du e t o it s 
demonstrate d usefulnes s fo r  severa l  othe r  cognitiv e tasks ,  an d sho w ho w i t  ca n b e use d t o guid e 
th e proble m solve r  i n choosin g correc t  plans ,  rejectin g plan s tha t  violat e constraints ,  o r  modifyin g 
plan s a s the y ar e generated .  Example s o f  ho w thi s techniqu e i s use d ar e given ,  an d a n implementa -
tio n o f  suc h a  system ,  integratin g a  marker-passe r  wit h a  proble m solver ,  i s  described .  Th e pape r 
discusse s som e o f  th e desiderat a i n designin g suc h system s an d som e o f  th e issue s tha t  arise .  Som e 
futur e direction s fo r  th e wor k ar e als o described . 

1. Introduction 

A majo r  proble m face d b y problem-solvin g system s toda y i s tha t  o f  makin g a  choic e i n th e 
presenc e o f  multipl e alternatives .  I t  i s  ofte n th e cas e tha t  th e syste m ha s acces s t o knowledg e 
tha t  woul d lea d t o th e optima l  solution ,  o r  tha t  coul d avoi d a  conflict ,  bu t  thi s knowledg e i s no t 
used .  Conside r  th e cas e o f  a  syste m tryin g t o solv e a  goa l  suc h a s Satisf y hunger .  I t  mus t  m a k e a 
choic e betwee n alternative s suc h a s G o t o restauran t  an d Ea t  a t  home .  I n th e absenc e o f  othe r 
knowledg e i t  m a y no t  matte r  whic h pat h i s chosen ,  bu t  wha t  i f  w e ha d alread y asserte d Yo u hav e 
no mone y t o thi s system ? A t  thi s poin t  ther e i s a  conflic t  dow n th e restauran t  path ,  bu t  non e 
d o wn th e ea t  a t  hom e path .  Thu s th e syste m shoul d choos e th e latter .  Unfortunately ,  mos t 
presen t  da y system s ar e unabl e t o tak e advantag e o f  thi s sor t  o f  information ,  an d woul d m a k e th e 
choic e a t  random .  A t  a  late r  poin t  i n th e proble m solvin g i t  woul d encounte r  th e erro r  (assumin g 
i t  too k th e restauran t  path )  an d b e force d t o backtrack .  Avoidin g backtrackin g ha s bee n a  pri -
mar y goa l  o f  problem-solvin g researchers . 

I n thi s pape r  w e presen t  a  ne w approac h t o th e issu e o f  choosin g path s durin g proble m solv -
ing .  W e propos e tha t  a  suitabl y structure d "marker-passer" ,  a  parallel ,  spreadin g activatio n 
mechanism ,  ca n b e use d t o ai d th e choic e mechanis m use d b y a  problem-solver .  I n thi s pape r  w e 
wil l  describ e a n implementatio n o f  suc h a  m e c h a n b m ,  a s wel l  a s discussin g wh y suc h a  mechan -
is m i s desirable . 

2. Integrating Marker-Passing and Problem Solving 

Presen t  da y proble m solver s wor k b y usin g informatio n foun d i n M e m o r y t o generat e plans . 
Thes e plan s ar e the n subjecte d t o som e for m o f  pla n Evaluation ,  eithe r  i n th e for m o f  demon s (c f 
Sussman,  1975 ;  Sacerdoti ,  1977 )  o r  meta^rule s (c f  Wilensky ,  1983 )  whic h critiqu e th e plan s an d i f 
necessary ,  retur n the m t o th e problem-solve r  fo r  reworking . 

Most  proble m solver s wor k b y makin g step-wis e refinement s o n subplan s unti l  primitiv e 
action s ar e reached .  Thu s Restauran t  woul d b e broke n dow n int o enter ,  order ,  eat ,  pay ,  an d 
leave .  Orde r  coul d b e broke n dow n int o rea d menu ,  decide ,  an d tel l  waitress ,  etc .  Step s suc h a s 
rea d men u woul d b e primitiv e an d thu s th e final  pla n woul d b e comprise d o f  suc h steps . 

I t  i s  thi s step-wis e refinemen t  tha t  cause s th e proble m describe d i n th e introduction .  A t  th e 
tim e w e decid e whic h pla n t o us e w e d o no t  ye t  kno w wha t  step s i t  wil l  eventuall y decompos e 
into .  However ,  i t  i s  whe n w e tr y t o perfor m thes e primitive s tha t  th e conQict s wil l  mos t  ofte n 
manifes t  themselves . 

^  Thi s reseirc h wa s supporte d b y Offic e o f  Nava l  Researc h nnde r  contrac t  N00014-79-C-050 2 
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I t  i s  clea r  tha t  i f  a  m e c h a n i s m coul d b e develope d tha t  wou l d examin e al l  thes e primitiv e 
action s lookin g fo r  possibl e conflict s an d identifyin g t h e m prio r  t o th e m a k i n g o f  a  choic e the n th e 
proble m solve r  woul d benefit .  Thi s mechan is m woul d nee d t o find  al l  possibl e binding s fo r  th e 
variable s bein g passe d throug h th e variou s level s o f  substep s checkin g fo r  conflicts . 

Unfortunately ,  suc h a  m e c h a n i s m doe s no t  presentl y exist .  T o b e computationall y viabl e 
thi s m e c h a n i s m woul d nee d t o perfor m deductio n extremel y quickly .  Further ,  sinc e al l  possibl e 
binding s o f  an y variable s nee d t o b e examined ,  larg e n u m b e r s (susceptibl e t o combinatoria l  explo -

sion )  o f  low-leve l  deductions '  woul d nee d t o b e done .  Parallelis m woul d improv e th e situation ,  bu t 
no t  solv e it ,  d u e t o inheren t  limitation s o n th e efficienc y o f  suc h deduction s an d th e combinatoric s 
of  multipl e possibilitie s o f  variabl e bindings . 

I t  i s  possible ,  however ,  t o approximat e thi s m e c h a n i s m wit h a  syste m tha t  ca n examin e th e 
primitiv e action s quickl y whil e lookin g fo r  specia l  features .  A  Marker-passin g syste m i s on e suc h 

mechan ism .  I t  i s  ou r  contentio n tha t  b y mergin g a  marker-passe r  wit h a  proble m solve r  w e ca n 
provid e substantia l  improvement .  O u r  syste m (Figur e 1 )  ha s th e marker-passe r  integrate d wit h 
th e problem-solve r  an d pla n evaluator .  A t  thi s poin t  w e wil l  discus s exactl y w h a t  w e m e a n b y 
marker-passin g an d w h y w e prefe r  thi s typ e o f  system .  Followin g tha t  w e wil l  s h o w s o m e e x a m -
ple s o f  h o w th e marker-passe r  i s integrate d int o th e proble m solver . 
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2.1 .  W h a t  l a Marker-Passing ? 

Marker-passin g (c f  Quillian ,  1966 ;  Fahlman ,  1979 ;  Charniak ,  1983) ,  a  computationa l  mode l 
of  spreadin g activation ,  ca n b e though t  o f  a s th e markin g o f  node s adjacen t  t o som e nod e i n 
memory,  an d the n markin g al l  node s adjacen t  t o those ,  etc .  Thus ,  fo r  example ,  i n a  traditiona l 
semanti c ne t  syste m i f  w e marke d C A R w e woul d the n mar k W H E E L S,  VEHICLE ,  an d al l  thos e 
concept s directl y relate d t o CAR .  Followin g thi s w e woul d the n mar k R U B B E R,  R O U ND an d al l 
thos e concept s relatin g t o W H E E L,  a s wel l  a s T R A N S P O R T A T I ON an d thos e concept s relatin g 
t o VEHICLE .  Thi s proces s woul d procee d unti l  eithe r  nothin g wa s lef t  t o mar k o r  th e proces s 
was calle d t o a  halt . 

By markin g first  on e nod e an d the n anothe r  w e ca n se e ho w the y ar e relate d b y examinin g 
thos e concept s marke d b y both .  Thus ,  i n thi s exampl e fro m Charnia k (1983) : 

Joh n wante d t o commi t  suicide .  H e go t  a  rope . 

We woul d star t  passin g marker s a t  suicid e an d the n pas s marker s startin g a t  rope .  Thi s woul d 
find  a n intersectio n a t  th e nod e noos e whic h woul d b e foun d bot h fro m suicid e (th e instrumen t  o f 
a hang )  an d fro m rop e (a s a  materia l  relation) . 

The primar y differenc e betwee n th e marker-passe r  define d b y Charnia k (1983 ;  base d o n 
Quillian ,  1966 )  an d th e paralle l  mode l  propose d b y Fahlma n (1979 )  i s tha t  th e forme r  wil l  retur n 
th e pat h found ,  rathe r  tha n reportin g th e nod e o f  intersectio n (a s woul d th e latter) .  Thu s i n th e 
exampl e abov e th e marker-passe r  woul d return : 

SUICID E - > t o d o suicid e KIL L sel f  - > KIL L - > H A N G i s a  typ e o f  KIL L - > H A N G - > instru -
ment  o f  H A N G i s N O O SE - > N O O SE - > N O O SE i s mad e o f  R O P E - > R O P E 

^  DepcDdin g o n th e typ e o f  problem-solve r  bein g nse d thes e compntition s coal d involv e nnific&tion ,  pattern -
matching ,  scnp t  instantiation ,  et c I n thi s pape r  al l  o f  thes e type s o f  task s wil l  b e referre d t o a s "low-leve l  deductions " 
fo r  wan t  o f  a  bette r  ter m 
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Notic e tha t  th e marker-passe r  doe s no t  perfor m an y deduction s durin g it s run .  I f  w e ha d 
asserte d tha t  th e agen t  an d patien t  o f  a  han g ha d t o b e differen t  thi s pat h woul d stil l  b e found . 

Thi s woul d no t  b e a  vali d pat h sinc e th e definitio n o f  suicid e require s tha t  th e agen t  an d patien t 
must  b e th e same .  I t  i s  thi s "blind "  behaviou r  tha t  enable s u s t o implemen t  marker-passin g 
efficiently ,  a t  th e expens e o f  finding  som e fals e paths .  T h e issue s o f  evaluatin g fals e path s an d 

avoidin g thei r  generatio n ar e discusse d late r  i n thi s pape r  (sectio n 4.2) . 

S.2. Why Marker-PaMing? 

I n considerin g a n underlyin g mechanis m t o us e fo r  problem-solvin g i t  wa s ou r  desir e t o find 
a syste m wit h severa l  properties :  i t  mus t  b e abl e t o examin e man y possibilitie s efficiently ,  i t  mus t 
retur n informatio n tha t  th e problem-solve r  ca n us e fo r  makin g choices ,  an d i t  woul d b e desirabl e 

t o star t  fro m a n existin g system ,  bein g use d fo r  othe r  cognitiv e problems .  Marker-passin g fits  al l 
thre e o f  thes e criteria . 

Earlier ,  w e discusse d ho w th e choic e mechanis m need s t o b e abl e t o acces s th e primitiv e 
action s o f  ou r  problem-solver .  A s th e marker-passe r  proceed s fro m a  pla n i t  mark s th e substeps , 
th e substep s o f  these ,  etc .  unti l  i t  reache s th e primitives .  Sinc e i t  doe s no t  d o deductio n a s i t 

mark s i t  i s  abl e t o reac h thes e node s efficiently .  Further ,  existin g implementation s o f  marker -
passin g (Fablman ,  1979 ;  Charniak ,  Gavin ,  Hendler ,  1983 )  ar e formulate d s o a s t o b e compute d i n 
parallel '  thu s gainin g efficiency .  I n sectio n 3  w e wil l  sho w example s o f  ho w th e problem-solve r 
ca n tak e advantag e o f  th e marker-passer .  Thus ,  w e satisf y ou r  first  tw o criteria . 

Our  syste m i s not ,  b y an y means ,  th e first  t o propos e th e us e o f  marker-passin g a s a n under -

lyin g mechanism .  Quillia n (1966 )  describe d a  system ,  T L C ,  i n whic h spreadin g activatio n wa s 
use d t o analyz e sentenc e fragment s suc h a s "lawyer' s client. "  A s thes e phrase s wer e analyze d th e 
syste m woul d "learn "  thei r  meanin g an d thu s b e abl e t o buil d t o a n understandin g o f  mor e com -
ple x sentences .  Collin s an d Loftu s (1975 )  expande d som e o f  Quillian' s ideas ,  an d describe d th e 
psychologica l  relevanc e o f  th e spreadin g activatio n idea . 

Fahlma n (1979 )  describe d a  syste m i n whic h a  marker-passin g lik e schem e wa s use d a s th e 
basi s fo r  a  deductiv e system .  I n hi s system ,  N E T L ,  link s betwee n node s ha d propertie s tha t 
determin e ho w mark s pas s ove r  thes e links .  B y allowin g thi s feature ,  man y path s tha t  a  blin d 
marker-passe r  woul d find  ar e avoided .  Fo r  example ,  i f  w e wante d t o encod e th e informatio n tha t 
"Clyd e wa s a  pin k elephant "  w e woul d hav e a  regula r  lin k fro m Clyd e t o elephan t  an d anothe r 
link ,  calle d a  cancellatio n link ,  fro m Clyd e t o th e are a wher e w e recor d tha t  th e colo r  o f  a n 
elephan t  i t  grey .  Fahlma n describe d a n implementatio n schem e fo r  doin g man y standar d deduc -
tiv e inference s usin g thes e sort s o f  links . 

Charnia k (1983 )  describe d th e us e o f  th e marker-passe r  a s a  devic e fo r  aidin g i n th e proces s 
of  stor y comprehension .  Th e marker-passe r  i s use d t o find  possibl e path s throug h th e fram e 
knowledg e databas e tha t  relat e tw o frame s together .  Thes e path s enabl e th e syste m t o buil d u p a 
model  o f  th e frame s bein g instantiated .  Thus ,  i n th e exampl e o f  sectio n 2.1 ,  th e pat h fro m sui -
cid e t o rop e i s foun d b y th e marker-passer .  I t  return s thi s informatio n t o a  highe r  leve l  mechan -
is m whic h use s th e informatio n fo r  instantiatin g th e han g fram e an d fo r  buildin g a  representatio n 
of  th e event s i n th e story . 

Hirs t  (1983 )  use d Charniak' s mode l  o f  marker-passin g fo r  wor d sens e disambiguation .  Par t 

of  hi s "Polaroi d words "  syste m woul d pas s marker s betwee n th e sense s o f  word s bein g examined . 
Thus ,  i n th e cas e o f  th e sentence : 

The farme r  bough t  th e straw . 

th e marker-passe r  woul d find  th e pat h betwee n farme r  an d th e ha y meanin g o f  stra w thu s prefer -
rin g thi s meanin g ove r  th e drinkin g stra w meanin g fo r  whic h n o significan t  connectio n woul d b e 
found .  Further ,  hi s syste m explain s th e difficultie s tha t  woul d b e foun d i n disambiguating  a  sen -
tenc e suc h as : 

^Dn e t o hardwar e limitatioB S tbes e Byatem a hav e bee n implemente d a s "psnedo-parallel. "  Tha t  is ,  althoug h Fannin g 
on teha l  macbine i  the y violat e n o constraint s o f  localit y o r  temporalit y tha t  a  massivel y paralle l  syste m woul d need . 
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The astronome r  marrie d th e star . 

Granger, Eiselt, and Hoibrook (1984) developed a model of parsing based on the spreading 
activatio n model .  Thei r  program ,  A T L A S T ,  model s th e integratio n o f  lexical ,  syntactic ,  an d 
pragmati c processe s durin g natura l  languag e comprehension .  A  spreadin g activatio n mode l  o f 

memory i s use d t o propos e path s tha t  ar e the n evaluate d b y a  filtering  mechanism .  Thos e path s 
foun d t o b e significan t  ar e pursue d b y th e parser . 

3. Examples 

Th e flow  o f  contro l  whe n w e integrat e th e marker-passe r  wit h th e problem-solve r  wa s show n 
i n figure  1 .  I n genera l  th e followin g occurs :  T o start ,  th e problem-solve r  i s invoked .  I n attempt -

in g t o solv e problem s i t  passe s marker s throughou t  th e knowledg e base .  W h e n thes e marker s 
encounte r  othe r  marker s a n intersectio n i s found .  Th e path s meetin g a t  thi s intersectio n ar e the n 
returne d t o th e pla n evaluatio n mechanism .  Thi s mechanis m check s thi s pat h fo r  informatio n 

whic h ca n b e use d t o hel p guid e th e problem-solver .  I f  n o suc h informatio n i s found ,  th e pat h i s 
ignored . 

Th e syste m check s t o se e i f  thi s pat h propose s a  solutio n t o a n existin g proble m (se e sectio n 
3. 1 below) ,  cause s a  conflic t  (section s 3. 2 an d 3.3) ,  o r  suggest s a  modificatio n t o a n existin g pla n 
(sectio n 3.4) .  I f  on e o f  thes e i s identifie d th e syste m take s appropriat e actio n choosing ,  rejecting , 
or  modifyin g th e pla n a s necessary .  I n thi s sectio n w e wil l  sho w example s o f  thes e situation s an d 
informall y describ e ho w th e syste m woul d work .  I n late r  section s w e wil l  discus s th e specific s o f 
thi s implementatio n i n mor e detail . 

3.1. Example 1 

Th e first  exampl e w e wil l  examin e i s on e i n whic h th e marker-passe r  ca n hel p u s identif y a 
correc t  solutio n t o a  proble m wit h man y alternatives .  I n thi s exampl e w e conside r  th e cas e o f 

Tryin g ;t o commi t  suicid e whil e holdin g a  gun . 

Figur e 2  show s a  simplifie d vie w o f  th e knowledg e bas e use d i n thi s example . 

OLX) 

Mng(i.l )  »»«•.» )  fMn(>., )  -

nfur.2 . 

The ^stem needs to choose between each of the possible ways of commiting suicide shown. 
I t  start s b y passin g marker s t o eac h o f  th e alternatives ,  thes e i n tur n njar k thei r  subplans ,  etc . 
Whil e thi s goe s o n w e ar e als o passin g marker s startin g wit h th e frame '  gun .  Sinc e thi s ma rk s 
gun ,  an d sinc e shoo t  ha s a s a  preconditio n th e possessio n o f  a  gun ,  w e find  a n intersection .  T h e 
pat h 

SUICID E - > t o d o SUICIDE(x )  KIL L (x,x )  - > K IL L - > metho d o f  KILL(y,x )  i s SHOOT(y,x )  - > 
S H O OT - > preconditio n o f  SHOOT(y,x )  i s posses s (y.GUN )  - > G U N 

i s reporte d t o th e pla n evaluator .  Sinc e thi s pat h present s a  potentia l  solutio n t o th e tas k whic h 
ha s bee n posed ,  committ in g suicide ,  th e pla n evaluato r  ca n caus e th e proble m solve r  t o prefe r  th e 
shoo t  pla n fo r  achievin g th e suicid e goal . 

'We wil l  us e frame s her e a s a  generi c wor d fo r  a  plannin g strncture .  Th e use r  ma y replac e i t  wit h "script" ,  "sche -
ma",  "plan "  o r  othe r  sac h ter m 
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3.2 .  Exampl e 2 

We ca n als o us e th e marker-passe r  t o rejec t  plan s tha t  violat e externall y generate d con -
straints .  Consider ,  fo r  example ,  th e followin g situation : 

You ar e tol d a t  som e tim e tha t  th e Ai r  Traffi c  Controller s ar e o n strike .  A t  som e late r  tim e yo u 
ar e tol d t o pla n a  tri p t o California . 

Figur e 3  show s a  simplifie d vie w o f  th e knowledg e w e hav e i n th e database . 

•i n I 
FWmON-of  ( « y ) 

ix » t»«U((y )  • < uwontvAaL i 
niiicTK»i-ar(»3c  Mciic) 
oi-siuKC(iac ) 

I t  i s  impor tan t  fo r  ou r  problem-solve r  t o realiz e tha t  th e first  s tatemen t  (th e A T C strike )  i s 
i n conflic t  wit h ou r  pr imar y choic e fo r  th e m e t h o d o f  gettin g t o California .  W h e n th e syste m i s 
give n th e first  sentenc e i t  wishe s t o ad d i t  t o th e database .  T h e syste m enter s thi s information . 
I t  als o notice s a  forwar d inferenc e rul e o f  th e fo r m I F s o m e o n e i e o n strik e A N D tha t  perso n ha s 
s o me functio n T H E N tha t  functio n migh t  no t  b e abl e t o happen .  Sinc e th e Ai r  Traffi c  Controller s 
hav e a s thei r  functio n ATCin g thi s woul d b e marked . 

We woul d no w as k th e syste m t o pla n a  tri p t o California .  Amon g th e option s t o choos e 
fro m wil l  b e th e F L Y  frame .  W e wil l  no w pas s marker s o n ou r  alternatives .  Thi s wil l  mar k th e 
Ticket ,  Board ,  Clearance ,  an d Take-of f  frames ,  followe d b y eac h o f  th e substep s o f  eac h o f  thes e 
frames .  Sinc e ATCin g i s on e o f  th e substep s o f  clearanc e i t  wil l  b e marked .  A t  thi s poin t  th e 
marker-passe r  woul d recognis e tha t  a n intersectio n ha s bee n found ,  an d wil l  retur n th e pat h 

TRI P - > metho d tri p FL Y - > FL Y - > ste p o f  FLY :  CLEARANCE - > CLEARANCE - > ste p o f 
CLEARANCE:  ATCIN G - > ATCIN G - > ATCIN G (marke d a s unachievabl e b y FAC T o f  strike ) 

Thi s informatio n i s passe d t o th e pla n evaluato r  whic h examine s th e path .  Sinc e A T C I N G ha s 
been marke d a s unachievabl e th e syste m assert s tha t  i t  canno t  b e done .  Th e syste m no w invoke s 
a rul e o f  th e for m I F I  canno t  achiev e a  ste p i n som e plan ,  T H E N I  canno t  achiev e tha t  plan . 
Sinc e A T C I N G i s a  ste p i n th e pla n fo r  FL Y w e ca n rul e ou t  th e choic e o f  flying  a s a  metho d o f 

transpor t  fo r  th e proble m solver . 

3.3. Example 3 

Anothe r  us e o f  thi s mechanis m i s t o identif y conflict s betwee n part s o f  plans .  A s a n exam -
pl e conside r  th e cas e o f 

Buyin g a  cleave r  whil e o n a  busines s trip . 

Figur e 4  show s a  simplifie d vie w o f  th e informatio n w e us e t o proces s thi s example . 
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Th e syste m start s b y attemptin g t o pla n th e buyin g o f  th e cleaver .  A s suc h i t  passe s mark -
er s dow n th e path s fo r  Cleave r  an d fo r  Buying .  Fro m eUave r  i t  us e th e knowledg e tha t  cleaver s 

ar e use d a s kitche n tool s an d a s weapon s s o i t  mark s thes e nodes . 

Th e syste m als o mark s th e informatio n abou t  buyin g whic h include s th e ste p o f  takin g hom e 

tha t  whic h i s bought .  Vi a th e substep s o f  substep s th e marker-passe r  eventuall y notice s tha t  on e 
way t o g o hom e i s t o fly  an d tha t  withi n flying  on e mus t  pas s throug h a  weapon s check .  However , 
weapons chec k mark s weapo n an d finds  tha t  i t  i s  alread y marked .  Thus ,  a n intersectio n ha s bee n 

reache d an d th e informatio n i s passe d t o th e pla n evaluator . 

Th e pla n evaluato r  examine s thi s pat h an d discover s tha t  th e intersectio n involve s carryin g 

a weapo n throug h a  weapon s check ,  whic h lead s t o bein g arrested ,  a n undesirabl e state . 

Th e pla n evaluato r  ca n no w us e a  heuristi c whic h state s tha t  I F a  pat h cause s on e t o reac h 

an undesirabl e stat e T H E N rul e ou t  th e pla n durin g whic h thi s stat e i s enocuntered .  Sinc e Flyin g 
i s th e pla n whic h dominate s th e weapon s chec k w e ca n rul e i t  ou t  a s th e metho d o f  gettin g th e 
cleave r  home .  I t  ca n the n d o replannin g an d eithe r  rejec t  th e purchas e o r  amen d th e pla n s o a s t o 

avoi d th e illegalit y (an d thu s chec k th e cleave r  i n a s luggage) . 

3.4. Example 4 

I n th e final  exampl e th e marker-passe r  i s use d t o find  a n inferenc e rul e tha t  cause s a 
modificatio n o f  a n existin g plan .  Tak e fo r  exampl e th e followin g (fro m Wilensky ,  1983) : 

The planne r  i s give n th e tas k o f  fetchin g a  newspape r  fro m outsid e durin g a  rainstorm . 

Figur e 5  show s th e necessar y information ,  simplifie d a s usual . 

T 

As befor e w e pas s marker s fro m bot h part s o f  thi s problem .  W e thu s mar k th e element s o f 
th e ge l  newspape r  pla n an d th e rainin g statement .  I n thi s cas e w e find  th e intersectio n no t  a t  on e 
of  th e node s o f  th e plan ,  bu t  a t  a n inferenc e rul e i n th e system .  Thi s rule ,  / /  it' s  rainin g A N D i f 
someone i s outsid e T H E N a n umbrell a shoul d b e use d b y tha t  person ,  i s no w examine d b y th e pla n 
evaluator .  Sinc e th e perso n i n questio n wil l  ca n b e boun d wit h th e agen t  o f  ge t  newspaper ,  th e 
pla n wil l  b e modifie d s o tha t  tha t  agen t  take s a n umbrella . 

4. SCRAPS: An Implementation 

We hav e implemente d a  system ,  calle d S C R A P S,  tha t  combine s a  marker-passe r  an d a 
problem-solve r  a s describe d s o far .  I n thi s sectio n w e wil l  describ e thi s implementatio n an d dis -
cus s ho w w e avoi d som e o f  th e potentia l  problem s inheren t  i n th e desig n o f  suc h a  system . 

4.1. Implementation Details 

S C R A PS i s implemente d usin g th e proble m solve r  N A S L (McDermott ,  1978 ;  Charniak , 
1982 )  o n a  logic-base d semantic s system ,  F R A I L (Charniak ,  Gavin ,  Hendler ,  1983) .  Buil t  int o 
F R A I L i s a n implementatio n o f  a  marker-passer .  F R A I L an d N A S L ar e bot h implemente d i n th e 
NIS P dialec t  o f  Lis p (McDermott ,  1983 )  an d ru n o n severa l  differen t  type s o f  machines . 

One importan t  aspec t  o f  a  marker-passin g syste m ha s t o d o wit h th e overal l  organizatio n o f 
th e fram e knowledg e databas e bein g searched .  Fo r  th e purpose s o f  perforinin g marke r  passing , 
thi s databas e shoul d b e viewabl e a s a  larg e networ k o f  independen t  processors ,  eac h representin g 
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a frame ,  tha t  ar e interrelate d vi a link s alon g whic h marker s ma y b e passed .  Eac h fram e mus t  b e 
capabl e o f  bot h receivin g an d passin g marker s t o neighborin g frame s throug h thes e links ,  whic h 

correspon d t o directe d arc s relatin g frame s t o eac h other . 

T h e F R A I L languag e provide s suc h a  system .  Frame s ar e translate d int o logica l  predicate s 
whic h ar e store d i n a  LIS P databsis e a s propertie s o n atoms .  Thes e atom s serv e a s frame s an d th e 
logica l  predicate s serv e a s links .  Thus ,  F R A I L provide s bot h a  logica l  languag e fo r  deductio n an d 
a semantic-ne t  representatio n usefu l  fo r  marker-passing . 

Th e N A S L proble m solve r  use s F R A I L t o retriev e th e possibl e plan s usabl e fo r  satisfyin g a 

goal .  W h e n mor e tha n on e pla n ca n b e applicabl e F R A I L use s a  simpl e choic e mechanis m tha t 

check s fo r  plan s whic h ar e rule d ou t  o r  rule d in .  S C R A PS use s thi s mechanis m 21 s th e primar y 
communicatio n betwee n th e pla n evaluato r  an d th e problem-solver .  W h e n th e marker-passe r 
finds  a  pat h tha t  th e pla n evaluato r  recognize s a s a  potentia l  solution ,  tha t  pat h i s rule d i n an d 

al l  othe r  path s ar e rule d out .  Similarly ,  whe n th e pla n evaluato r  recognize s a  proble m i t  simpl y 
rule s ou t  tha t  pla n whic h woul d caus e th e contradiction .  Synchronizatio n i s provide d b y havin g 
th e problem-solver' s choic e mechanis m wai t  unti l  a  messag e i s receive d fro m th e pla n evaluato r 

allowin g i t  t o proceed .  Modification s t o plan s ar e don e b y havin g th e pla n evaluato r  mak e asser -
tion s directl y int o th e F R A I L database . 

As a n example ,  conside r  onc e agai n th e restauran t  exampl e o f  sectio n 1 .  Th e syste m i s 
starte d wit h th e assertio n tha t  n o mone y i s available ,  an d thu s th e payin g fram e i s mairke d a s 
unachievabl e vi a a  forwar d chainin g rule .  W e the n as k th e proble m solve r  t o solv e th e tas k o f 
eatin g wit h som e specifi c  agent ,  agentl .  N A S L call s upo n F R A I L t o retriev e th e potentia l  plan s 
an d finds  bot h restauran t  an d ea t  a t  home .  A s F R A I L retrieve s thes e plan s marker s ar e passed . 
T h e pat h fro m restauran t  t o mone y i s foun d an d reporte d t o th e Pla n Evaluator .  Th e Pla n 
Evaluato r  recognize s th e conflic t  i n th e restauran t  pla n an d therefor e generate s a  rul e ou t  state -
ment .  '  I t  the n signal s N A S L t o continue .  N A S L no w use s it s choic e mechanis m t o examin e th e 
possibilities .  Sinc e th e restauran t  fram e ha s bee n rule d ou t  i t  use s th e onl y othe r  possibility ,  ea t 

at  home ,  an d continue s on . 

4.2. Implementation laiuea 

For  ou r  syste m t o b e efficien t  i t  mus t  b e th e cas e tha t  th e adde d efficienc y o f  avoidin g back -
trackin g outweigh s th e overhea d tim e spen t  i n evaluatin g th e return s fro m th e marker-passer .  I f 
th e pla n evaluato r  take s longe r  t o rejec t  fab e path s tha n i t  woul d tak e th e proble m solve r  t o find 
th e correc t  pat h the n th e additio n o f  a  marker-passe r  lose s it s value .  Th e pla n evaluato r  mus t  b e 
designe d s o tha t  i t  ca n quickl y rejec t  thos e path s wit h nothin g t o offer . 

I n th e SCR,\P S syste m th e pla n evaluato r  i s compose d o f  a  se t  o f  a d ho c heuristic s tha t  ca n 
examin e a  pat h an d se e i f  an y usefu l  informatio n ca n b e gleaned .  Thes e rule s serv e tw o purposes : 
first,  w e wis h t o quickl y rejec t  path s whic h ar e no t  goin g t o yiel d usefu l  information ,  an d second , 
we wis h t o b e abl e t o extrac t  informatio n fro m thos e path s whic h ar e useful .  Thi s i s don e b y 
passin g th e pat h throug h a  serie s o f  rule s i n a  cascade d manner .  Th e earl y rule s ar e designe d t o 
rejec t  path s know n no t  t o b e useful ,  th e late r  rule s ar e designe d t o quickl y chec k fo r  a  certai n 
featur e an d pas s th e rul e o n t o th e nex t  heurbti c i f  i t  i s  no t  found . 

T h e earl y rule s wor k b y first  checkin g th e nod e o f  intersectio n o f  a  path .  I f  th e nod e o f 
intersectio n b  foun d t o b e a  "promiscuous "  node ,  on e wit h a  ver y hig h out-branchin g factor ,  th e 
pat h b  probabl y no t  usefu l  an d ca n therefor e b e rejected .  I f  th e nod e o f  intersectio n i s no t  o f  thi s 
form ,  th e pat h b  checke d t o se e i f  certai n feature s ca n b e detecte d tha t  wil l  caus e th e rul e t o b e 

rejected .  Fo r  example ,  a  rul e check s t o se e i f  a  pat h i s a n IS A Plateau .  Thi s woul d b e th e situa -
tio n i f  w e passe d marker s from ,  fo r  example ,  do g an d ea t  an d foun d a n intersectio n a t  animal . 
Thes e sort s o f  path s ar e usefu l  fo r  th e wor d sens e dbambiguatio n us e o f  marker-passing ,  bu t  no t 
fo r  proble m solving .  Eugen e Chamia k (fortcoming )  ha s bee n examinin g th e path s returne d b y th e 
marker-passe r  an d tryin g t o formaliz e pat h checkin g a s a  resolutio n proo f  procedure .  A s thi s 

'  Rude n wutiD g mor e detail s »boa t  th e fonn» t  o f  tb e mle a oae d b y th e choic e mechutia m i n FRAI L ut i  NAS L 
&re directe d t o Ch&nii»k ,  Gavin ,  an d Hendle r  (1083) , 
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wor k become s practica l  ou r  syste m wil l  b e change d t o us e thi s metho d fo r  th e rejectin g o f  fals e 

paths . 

Once th e obviousl y useles s path s hav e bee n rejecte d th e Pla n Evaluato r  the n use s th e 
secon d typ e o f  heuristi c t o se e i f  th e pat h yield s valuabl e data .  Thi s i s don e b y havin g eac h 
heuristi c designe d t o quickl y examin e th e pat h fo r  som e feature .  I f  tha t  featur e i s no t  foun d th e 
pat h evaluato r  immediatel y passe s thi s pat h o n t o th e nex t  heuristic .  I f  non e o f  thes e heuristic s 
find  suc h a  featur e the n th e pat h i s considere d uninterestin g an d rejected .  If ,  however ,  suc h a 

featur e i s foun d th e pat h i s subjecte d t o close r  inspectio n t o se e i f  usefu l  informatio n i s yielded . 
Due t o th e underlyin g logica l  formalis m o f  F R A I L unificatio n i s use d a s a  first  tes t  i n thes e 
situations .  I f  item s i n th e pat h d o no t  unif y i t  ca n b e rejected . 

As a n exampl e o f  thes e heuristic s conside r  wha t  th e Pla n Evaluato r  woul d d o wit h th e res -
iauran t  example .  Wit h variable s included ,  th e pat h foun d i s o f  th e form : 

G O AL E A T ('me* )  - > E A T - > To-d o EAT(x )  us e RESTAURANT(x)  - > R E S T A U R A NT - > 
step-o f  RESTAURANT(x)  i s P A Y I N G ( x y )  - > P A Y I N G - > PAYING(*me« )  i s Marke d a s 
unachievabl e 

We ar e als o informe d tha t  th e plac e wher e th e mark s intersec t  i s  o n th e nod e Paying .  Firs t  w e 
examin e th e nod e Payin g t o se e i f  i t  i s  inherentl y uninterestin g o r  "promiscuous. "  Sinc e i t  isn' t 
we g o o n t o chec k th e for m o f  th e pat h t o se e i f  w e hav e foun d a n IS A platea u ( a ver y efficien t 
heuristic) .  Again ,  thi s tes t  fails ,  s o w e d o no t  rejec t  thi s path .  W e no w mov e o n t o th e secon d 

typ e o f  heuristic ,  thos e designe d t o extrac t  information .  Th e first  heuristi c t o fire  migh t  b e th e 
heuristi c checkin g fo r  metarrule s o f  th e typ e foun d i n exampl e 3.4 .  Thi s rul e woul d chec k th e 
pat h t o se e i f  an y o f  th e link s wa s o f  th e for m Meta-rule .  Sinc e non e o f  th e link s i n th e pat h 
abov e hav e thi s for m i t  i s  passe d o n t o th e nex t  heuristic .  Thi s rul e check s t o se e i f  eithe r  o f  th e 
end-point s o f  th e pat h i s marke d a s unachievable .  Sinc e thi s i s th e case ,  th e rul e i s no w subjecte d 
t o close r  scrutiny .  Th e unificatio n algorith m i s use d t o se e i f  variable s i n th e pat h matc h up . 
Since ,  i n thi s case ,  th e perso n wit h th e Ea t  goa l  i s  th e sam e a s th e perso n tryin g t o d o th e Payin g 
th e unifie r  report s th e match .  W e no w ca n us e thi s rul e t o rul e ou t  usin g th e restauran t  pla n a s 
describe d i n sectio n 4.1 . 

Although ,  th e ke y facto r  i n designin g thes e heuristic s i s t o mak e th e test s fo r  pat h rejectio n 
as efficien t  a s possible ,  i t  i s  stil l  essentia l  tha t  th e numbe r  o f  fals e path s generate d ca n b e hel d 
down.  I f  to o man y path s ar e foun d b y th e marker-passe r  w e los e efficienc y sinc e th e evaluato r 
must  examin e al l  thos e path s whic h ar e reported .  I f  to o fe w path s ar e reporte d th e correc t  infor -
matio n ca n b e missed .  T h e marker-passe r  mus t  b e designe d s o a s t o constrai n th e numbe r  o f 
path s reported . 

We ar e presentl y explorin g som e o f  th e issue s involve d i n th e desig n o f  suc h constraints . 
The marker-passe r  i n F R A I L use s a  propagatio n limitatio n o n marker s t o hel p kee p dow n th e 
number  o f  fals e path s found .  Marker-passin g i s invoke d wit h a  certai n strengt h a t  a  startin g 
node .  Tha t  nod e divide s th e strengt h b y th e numbe r  o f  node s i t  ha s a s neighbors ,  an d passe s a 
marke r  t o eac h o f  the m wit h thi s ne w strength .  Eac h o f  thes e node s proceed s i n tur n markin g it s 
neighbor s wit h eve r  decreasin g strength .  Onc e strengt h fall s  belo w a  certai n limi t  marker-passin g 
stop s alon g tha t  path .  Thus ,  lon g thi n trail s  ar e preferre d t o shor t  multipl y branchin g ones . 

Anothe r  mean s o f  limitin g th e numbe r  o f  fals e path s i s th e remova l  o f  mark s durin g process -
ing .  A t  presen t  w e hav e develope d a  mode l  whic h degrade s marke r  strengt h ove r  time ,  dependin g 
on th e origina l  strengt h o f  th e marking .  W h e n th e strengt h i s sufficientl y decremente d th e mar k i s 
removed .  Recen t  wor k (Granger ,  Holbrook ,  1983) ,  however ,  ha s suggeste d tha t  th e remova l  o f 
mark s i s a  mor e comple x proces s tha n th e on e w e hav e implemented .  W e ar e presentl y examinin g 
thi s issue . 

5. Research Directions 

Recen t  wor k (Wilensky,  1983 )  ha s bee n examinin g th e issue s involve d whe n a  singl e agen t 
has multipl e goals ,  o r  whe n multipl e agents ,  eac h wit h thei r  ow n goals ,  ar e involve d i n a  situa -
tion .  Thi s wor k ha s concentrate d o n recognizing ,  an d resolving ,  confiict s betwee n thes e goals .  I n 
sectio n 3. 3 w e showe d a n exampl e o f  ho w a  syste m lik e S C R A PS coul d b e use d t o detec t  problem s 
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cause d b y a  conflic t  betwee n subgoal s durin g a  problem-solvin g task .  Ou r  recen t  researc h ha s 
bee n directe d a t  explorin g th e relationshi p betwee n thes e sort s o f  subgoa l  conflict s an d th e multi -
pl e agen t  goa l  conflict s bein g examine d b y Wilensky .  I t  i s  ou r  belie f  tha t  S C R A PS ca n b e 
extende d t o allo w th e pla n evaluato r  t o wor k o n suc h tasks . 

Tak e th e followin g exampl e (base d o n a n exampl e fro m Wilensky ,  1978) : 

Bil l  want s t o ge t  th e treasure ,  bu t  th e hoar d wa s guarde d b y a  dragon . 

S C R A PS woul d b e invoke d t o solv e tw o task s on e i n whic h Bil l  attempt s t o obtai n a  treasure , 

and on e i n whic h a  drago n attempt s t o guar d a  hoard .  Th e marker-passe r  finds  th e pat h fro m 
Bil l  t Q th e drago n vi a th e pat h relatin g th e treasur e t o th e hoard .  Th e pla n evaluato r  ca n no w 
examin e thi s path .  Since ,  i n thi s simpl e case ,  th e variable s ca n b e boun d consistentl y th e pla n 
evaluato r  ca n recogniz e a  potentia l  plannin g conflict .  I f  i t  ha d bee n th e cas e tha t  Bil l  ha d decide d 
tha t  th e treasur e b e wante d wa s no t  th e hoar d bu t  th e gian t  pear l  bein g guarde d b y th e hug e 

octopus ,  th e pla n evaluato r  woul d fai l  t o matc h th e dragon' s treasur e an d th e goa l  o f  Bill' s  quest , 
and thu s th e pat h woul d b e regarde d a s fals e an d therefor e rejected . 

Th e primar y proble m wit h extendin g SCR.\P S t o handl e multipl e agen t  plannin g i s th e 
growt h i n th e numbe r  o f  fals e path s reporte d whe n c o m m o n object s ar e use d i n man y o f  th e 
plans .  Conside r  th e followin g situation : 

Joh n wishe s t o bu y a  farm .  Mary ,  n o relatio n t o John ,  want s t o ge t  a  jo b s o sh e ca n ear n mor e 
money.  Bill ,  n o relatio n t o eithe r  o f  th e others ,  wishe s t o g o t o a  restaurant . 

Our  marker-passe r  wil l  retur n path s connectin g al l  o f  thes e a s potentia l  plannin g conflict s dealin g 
wit h money .  Simila r  growt h i n path s ar e cause d b y item s lik e cars ,  clothes ,  an d an y othe r  ite m 
c o m m on t o man y plans . 

Th e single-agen t  versio n o f  S C R A PS i s abl e t o us e a  heuristi c whic h reject s path s whic h 
meet  a t  c o m m o n objects .  Thus ,  i n th e cleave r  exampl e o f  sectio n 3. 3 a  fab e pat h suc h as : 

Cleave r  - > .. .  - > weapons-chec k - > A G E N T o f  Weapons-chec k i s P E R S ON - > 
- > P E R S ON - > A G E NT o f  buyin g i s P E R S ON - > B U Y I N G 

ca n b e rejecte d sinc e th e nod e o f  intersection ,  person ,  i s involve d i n s o man y frames .  I n th e 
multi-agen t  cases ,  however ,  thes e fals e paths  canno t  b e rejecte d a s simply .  I t  no w require s usin g 
our  knowledg e bas e t o recogniz e that ,  fo r  example .  Bill' s  money ,  Mary' s money ,  an d John' s 
money ar e al l  different. '  W e ar e presentl y workin g o n redesignin g th e pla n evaluato r  t o handl e 
suc h cases . 

0. Conclusions 

Integratin g marker-paissin g wit h proble m solvin g enable s u s t o avoi d backtrackin g i n man y 

proble m solvin g tasks .  A n efficien t  underlyin g mechanism ,  th e marker-passer ,  i s  use d t o choos e 
correc t  plans ,  rejec t  plan s violatin g constraints ,  o r  t o modif y existin g plans .  T h e marker-passin g 
mechanis m i s chose n du e t o it s demonstrate d usefulnes s durin g cognitiv e tasks . 

We hav e show n tha t  carefu l  attentio n mus t  b e pai d t o th e desig n o f  th e marker-passe r  an d 
th e pla n evaluato r  fo r  th e proble m solvin g proces s t o gai n efficiency .  A t  presen t  S C R A PS i s abl e 
t o provid e thi s efficienc y boos t  i n severa l  situations .  W e ar e presentl y examinin g othe r  proble m 
solvin g area s t o se e i f  othe r  classe s o f  proble m solvin g behaviour s ca n benefi t  fro m thi s technique . 
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T h e Evolutio n o f  Knowledg e Representation s 

with Increasing Expertise in Using Systems 

Dana S. Kay 

Yale University 

John B. Black 

Teachers College, Columbia University 

The kinds of knowledge that people have about a computer system and the form in which that 

knowledg e i s  represente d an d store d i n memor y change s a s peopl e progres s fro m bein g beginner s t o 

bein g expert s a t  usin g th e system .  B y combinin g a  serie s o f  studie s tha t  w e hav e conducte d ove r  th e 

las t  fe w years ,  w e hav e conclude d tha t  th e knowledg e representation s tha t  peopl e hav e abou t  a  syste m 

progres s throug h fou r  phase s a s the y becom e increasingl y expert .  I n thi s paper ,  w e describ e thes e fou r 

phase s o f  knowledg e evolutio n durin g learnin g an d justif y eac h phas e usin g th e result s o f  ou r  studies . 

The novice/expert paradigm has recently been given a great deal of attention. Studies have 

examine d th e difference s betwee n novice s an d expert s i n domain s suc h a s algebr a (Lewis ,  1981) ,  physic s 

(Larkin ,  1981 )  an d compute r  programmin g (e.g. ,  Ehrlic h an d Soloway ,  1984 ;  McKeithen ,  Reitman , 

Ruete r  an d Hirtle ,  1981 ;  Adebon ,  1981) .  Althoug h thi s paradig m provide s insigh t  int o th e conceptua l 

and performanc e difference s o f  novice s an d experts ,  i t  doe s no t  addres s th e learnin g proces s tha t 

underlie s th e transitio n fro m novic e t o expert .  T o understan d wha t  make s a n exper t  expert ,  i t  i s 

necessar y t o examin e th e learnin g process .  On e metho d fo r  accomplishin g thi s goa l  i s t o investigat e th e 

organizatio n o f  th e domain-relevan t  informatio n a t  variou s stage s i n learning .  Th e assumptio n behin d 

thi s metho d i s  tha t  a s learnin g progresses ,  th e conten t  an d organizatio n o f  th e knowledg e change s t o 

accommodat e th e acquire d knowledge .  Becaus e o f  th e recen t  interes t  i n computer s an d ho w t o mak e 

the m easie r  fo r  peopl e t o learn ,  w e chos e t o stud y learnin g i n th e compute r  domai n b y examinin g th e 

developmen t  o f  knowledg e representation s appropriat e fo r  thi s domain . 

Other s hav e studie d th e difference s i n th e knowledg e representation s o f  exper t  an d novic e 

programmer s (e.g. ,  Ehrlic h an d Soloway ,  1984 ;  McKeithen ,  Reitman ,  Ruete r  an d Hirtle ,  1981 ;  Adelson , 

1981 )  an d th e knowledg e an d performanc e o f  exper t  user s o f  c o m m a n d language s (e.g. .  Card ,  Mora n an d 

Newell ,  1983) ,  bu t  ther e hav e bee n n o previou s studie s o f  ho w people' s knowledg e representation s 

chang e a s the y lear n t o us e c o m m a n d languag e systems .  Ou r  researc h ha s focuse d o n ho w peopl e lear n 

t o us e tex t  editor s and ,  i n particular ,  ho w thei r  knowledg e representation s chang e a s the y becom e 

increasingl y exper t  a t  usin g tex t  editors .  W e ar e intereste d i n understandin g th e orde r  i n whic h th e 

component s o f  th e knowledg e representation s ar e acquire d an d ho w thi s acquisitio n proces s i s reflecte d 

i n th e conceptualizatio n o f  th e text-editin g knowledge .  Th e mode l  tha t  w e wil l  presen t  i s  a n 

incrementa l  mode l  i n whic h th e use r  build s a  comple x knowledg e representatio n b y acquirin g differen t 

type s o f  knowledg e a t  differen t  phase s i n learning . 

In our discussion here we will draw upon three studies to make our points: the Sebrechts, Black, 

Galambos ,  Wagner ,  Dec k an d Wikle r  (1984 )  stud y o f  peopl e learnin g t o us e th e I B M Displaywrite r  an d 

th e U C S D p-syste m tex t  editor ;  th e Ka y an d Blac k (1984 )  stud y o f  th e difference s i n peopl e a t  tw o 

differen t  expertis e level s wit h a  loca l  Yal e tex t  editor ,  an d th e Robertso n an d Blac k (1983 )  stud y o f  th e 

timin g change s betwee n keystroke s a s peopl e learne d t o us e a  simpl e experimenta l  tex t  editor .  Take n 

togethe r  thes e studie s us e a  variet y o f  researc h method s t o provid e convergin g evidenc e fo r  ou r  learnin g 

phases .  SpeciHcally ,  th e Sebrechts ,  e t  al .  stud y examine d th e change s i n people' s perception s o f 

c o m m a nd similarit y tha t  resul t  fro m trainin g o n tw o commercia l  tex t  editors ,  Ka y an d Blac k examine d 

th e difference s i n perception s o f  similarit y i n differen t  peopl e w h o naturall y acquire d differen t  level s o f 

expertis e wit h a  tex t  editor ,  whil e Robertso n an d Blac k examine d inter-keystrok e tim e evidenc e fo r  ho w 
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peopl e conceptaaliz e a  simpl e artificia l  tex t  edito r  a s the j  becom e practice d i o usin g it . 

The Four Phases of Learning 

The results of these studies have led us to conclude that the knowledge representations of users evolve 

throug h fou r  phase s a s the y becom e exper t  wit h a  system .  I n particular ,  i n th e beginnin g use r 

knowledg e i s determine d b y preconception s base d o n th e terminolog y use d fo r  th e system ,  bu t  wit h a 

littl e experienc e thi s change s t o knowledg e o f  wha t  syste m command s ar e relevan t  t o accomplishin g 

variou s task s wit h th e system .  However ,  wit h eve n mor e experienc e th e for m o f  th e knowledg e change s 

agai n t o for m complet e plan s (i.e. ,  sequence s o f  commands )  fo r  accomplishin g goal s wit h th e syste m an d 

wit h increasin g expertis e th e plan s becom e mor e comple x an d th e use r  learn s whe n eac h o f  thes e plan s i s 

most  appropriatel y selecte d t o accomplis h th e goal .  I n th e following ,  w e explai n eac h o f  thes e phase s i n 

detai l  an d describ e th e evidenc e supportin g each . 

Phase One: Preconceptions 

Phas e On e represent s th e completel y naiv e use r  w h o ha s ha d n o experienc e usin g a  text-editor .  A t 

thi s stag e o f  learning ,  user s hav e preconception s abou t  th e terminolog y tha t  wil l  late r  refe r  t o editin g 

commands.  A s a  resul t  o f  prio r  experienc e wit h th e terminolog y t o b e use d i n text-editing ,  user s com e 

t o th e text-editin g domai n wit h a  knowledg e representatio n tha t  m a y o r  ma y no t  correspon d t o th e 

knowledg e representatio n tha t  wil l  develo p a s text-editin g experienc e increases .  Figur e 1  present s a n 

exampl e o f  th e typ e o f  knowledg e structure s tha t  exis t  befor e an y learnin g ha s take n place .  I n thi s 

structure ,  ther e ar e tw o action s (e.g .  C E N T E R an d B A L A N C E)  tha t  ar e relate d b y prio r  knowledg e 

(e.g .  thes e ar e action s tha t  mak e somethin g even) . 

FIGURE 1 :  Preconceptio n KnoMledg e Structure s 

PRIOR KNOWLEDGE 

\ 

ACTIONl  ACTI0N 2 

Evidence of this phase was found for the Displaywriter and the UCSD systems in the Sebrechts et al. 

study .  I d thi s study ,  naiv e subject s wer e give n a  si x hou r  trainin g sessio n i n whic h the y learne d t o us e 

eithe r  th e I B M Displaywrite r  o r  th e U C S D p-system .  Befor e an d afte r  training ,  th e subject s wer e aske d 

t o rat e th e similarit y o f  non-identica l  pair s o f  th e command s use d i n eac h system .  T o analyz e thes e 

ratings ,  Sebrecht s e t  al. ,  use d thre e multivariat e analysi s techniques .  Fro m th e result s o f  a  hierarchica l 

clusterin g o f  th e rating s befor e th e trainin g session ,  the y foun d tha t  initiall y  th e command s fo r  bot h 

system s clustere d base d upo n prio r  knowledg e definition s o f  th e commands .  Fo r  example ,  i n th e result s 

of  th e clusterin g fo r  th e Displaywrite r  commands ,  C O D E an d M E S S A GE an d C A N C EL an d D E L E T E 

wer e clustere d together .  C O D E an d M E S S A GE ar e relate d i n tha t  on e ca n us e a  cod e t o conve y a 

message .  C A N C EL an d D E L E T E ar e relate d i n tha t  the y bot h sugges t  th e eliminatio n o f  something . 

I n bot h cases ,  th e similarit y o f  th e comman d name s reflect s prio r  knowledg e association s betwee n th e 

actions .  Simila r  type s o f  cluster s wer e foun d i n th e U C S D syste m suc h a s F I N D an d G E T an d 

H E A D ER an d M A R G I N . 

Although there may be some correspondence between the prior knowledge representations of the 

commands an d th e text-editin g representations ,  i n mos t  situations ,  th e tw o representation s ar e quit e 

different .  Therefore ,  user s i n Phas e On e o f  th e learnin g proces s ar e confronte d wit h th e tas k o f 

overcomin g a  bia s towar d interpretin g th e command s i n term s o f  thei r  prio r  knowledg e associations .  T o 
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accomplis h thi s tas k an d achiev e an y leve l  o f  expertise ,  th e previousl y existin g knowledg e 

representation s mus t  b e reorganize d t o accommodat e th e acquisitio n o f  text-editin g knowledge . 

Phase Twot Initial Learning 

Initial text-editing knowledge can be acquired from a manual, a class, self-teaching or any 

combinatio n o f  these .  N o matte r  wha t  th e learnin g method ,  th e mai n goa l  tha t  th e use r  ha s i s t o 

overcom e th e prio r  knowledg e bia s tha t  exist s fo r  th e text-editin g commands .  W e believ e tha t  th e 

accomplishmen t  o f  thi s goa J entail s (1 )  learnin g th e goal s relevan t  t o text-editin g an d (2 )  learnin g th e 

commands tha t  ca n b e use d t o accomplis h thes e goals .  Th e firs t  par t  o f  th e learnin g proces s take s plac e 

as soo n a s th e use r  begin s t o edi t  an d i s expose d t o variou s editin g tasks .  Knowledg e o f  genera l  goal s 

allow s fo r  th e generatio n o f  high-leve l  goa l  structure s tha t  ca n b e use d t o organiz e th e editin g 

commands.  Fo r  example ,  i f  a  use r  type s th e wor d "irhee "  instea d o f  "the" ,  the n th e goa l  o r  tas k tha t  i s 

instantiate d i s t o eras e th e extr a "e" .  However ,  befor e thi s goa l  ca n b e accomplishe d th e use r  mus t 

lear n th e actua l  editin g command(s )  tha t  ar e used .  Tha t  is ,  th e use r  mus t  lear n th e function s o f  th e 

commands an d selectivel y choos e th e mos t  appropriat e command(s) .  T o continu e th e previou s example , 

a use r  migh t  lear n tha t  th e comman d B A C K S P A CE serve s t o ge t  ri d o f  unwante d tex t  an d decid e t o 

use B A C K S P A CE t o remov e th e unwante d letter .  A t  thi s time ,  th e use r  learn s tha t  on e o f  th e possibl e 

goal s t o b e foun d i n text-editin g i s t o remov e unwante d tex t  an d on e comman d tha t  accomplishe s thi s 

goal  i s  B A C K S P A C E.  A s a  resul t  o f  thi s learning ,  th e use r  develop s knowledg e structure s tha t  lin k 

specifi c  goal s an d commands .  Figur e 2 a present s th e knowledg e structure s tha t  exis t  a t  thi s phas e o f 

learning .  Her e th e goa l  i s  linke d t o th e action s b y O R link s becaus e on e ca n us e ACTION l  o r 

A C T I 0 N 2 o r  ACT ION S t o accomplis h th e goal .  Fo r  ou r  previou s example ,  th e G O AL migh t  b e GET -

RID-OF-TEX T an d ACTION l  migh t  refe r  t o B A C K S P A C E.  A s mor e command s tha t  ge t  ri d o f  text , 

suc h a s D E L E T E an d SPACE,  ar e learned ,  the y ar e adde d t o th e representatio n wit h O R link s becaus e 

th e use r  know s tha t  i f  yo u wan t  t o GET-RID-OF-TEXT ,  yo u ca n us e B A C K S P A CE o r  D E L E T E o r 

SPACE. 

FIGURE 28 :  Initia l  Learnin g Knowledg e Structur e 

GOAL 

or f  o r 

ACTIONl  ACTI0N 2 ACTIONS 

Kay an d Blac k (1984 )  use d a  methodolog y simila r  t o Sebrecht s e t  al ,  bu t  wit h a  cross-sectiona l 

design .  I n thi s study ,  the y examine d th e difference s i n th e knowledg e structure s o f  novice s aa d expert s 

who naturall y acquire d tex t  editin g knowledge .  The y aske d bot h type s o f  user s t o rat e th e similarit y o f 

pair s o f  command s use d i n a  loca l  Yal e edito r  an d analyze d thes e rating s usin g multivariat e techniques . 

I n th e result s o f  th e hierarchica l  clusterin g fo r  th e novic e users ,  command s wer e clustere d base d upo n 

similarit y o f  functio n i n th e editor .  Fo r  example ,  INSERT ,  P U T an d R E P L A CE clustere d togethe r 

becaus e al l  thre e command s ar e use d t o accomplis h th e goa l  o f  addin g informatio n t o a  text .  Thi s 

structur e i s represente d i n Figur e 2b .  Eac h o f  thes e action s coul d b e us e t o accomplis h th e goa l  o f 

addin g information .  Therefore ,  al l  th e command s ar e linke d t o th e goa l  b y O R links .  Tha t  is ,  i f  on e 

want s t o ad d information ,  INSER T o r  P U T o r  R E P L A CE ca n b e used .  Thes e result s wil l  late r  b e 

contraste d wit h th e exper t  result s i n ou r  discussio n o f  Phas e Thre e o f  th e learnin g process . 

I t  i s  importan t  t o not e tha t  althoug h thes e user s hav e acquire d som e text-editin g knowledge ,  th e 
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organizatio D o f  thi s knowledg e i s base d apo B onl y th e "resalt "  o f  th e commajid s an d no t  th e procedur e 

tha t  lead s t o thi s resalt .  Becaus e o f  thi s narro w focus ,  th e user s d o no t  posses s th e knowledg e necessar y 

t o develo p mor e comple x structure s suc h a s plaAs .  I n particular ,  whil e th e user s kno w tha t  P U T ca n b e 

use d t o A D D I N F O R M A T I O N,  the y d o no t  readil y kno w tha t  P U T i s merel y th e mai n actio n i n a 

multi-actio n pla n t o accomplis h thi s goal . 

FIGURE 2b :  KnoMledg *  Structur *  fo r  Addin g Tex t 

ADD INFORMAHON 

or 

INSERT PU T REPLACE 

In addition to providing evidence for Phase One, the results of the hierarchical clustering in Sebrechts 

et  al .  als o illustrat e th e transitio n fro m Phas e On e t o Phas e Two .  Afte r  si x hour s training ,  user s n o 

longe r  clustere d commsmds b y prio r  knowledg e associations .  Th e cluster s change d t o b e base d mor e o n 

th e functio n o f  th e system .  Fo r  example ,  D E L E T E whic h wa s initiall y  clustere d wit h C A N C E L,  wa s 

clustere d wit h B A C K S P A CE afte r  training .  I n th e Displaywrite r  system ,  eithe r  D E L E T E o r 

B A C K S P A CE ca n b e use d t o eras e a  piec e o f  text . 

Because novice users have not reflned their deflnitions of commands, several commands are often 

linke d t o a  singl e goa l  b y O R links .  A t  thi s leve l  o f  understanding ,  th e use r  wil l  emplo y an y on e o f  th e 

action s linke d t o th e goa l  t o accomplis h th e goal .  Fo r  example ,  i n th e knowledg e structur e presente d i n 

Figur e 2b ,  P U T ,  I N S E R T an d R E P L A C E ar e conceptualize d a s simila r  becaus e the y al l  accomplis h th e 

goal  o f  addin g informatio n t o th e text .  Wit h experience ,  th e use r  wil l  develo p mor e comple x 

representation s o f  thes e command s tha t  includ e knowledg e o f  th e processe s (o r  plans )  tha t  lea d t o th e 

result s o f  th e command s an d lear n tha t  althoug h thes e command s al l  ad d informatio n t o th e text ,  th e 

adde d informatio n come s fro m differen t  sources .  Evidenc e fo r  thi s chang e i n knowledg e organizatio n 

wil l  b e presente d i n Phas e Three .  Fo r  example ,  P U T use s informatio n fro m th e buffe r  an d need s P I C K 

or  D E L E T E t o pu t  th e informatio n int o th e buffer .  However ,  I N S E R T need s onl y th e informatio n tha t 

i s type d b y th e user . 

In addition to using hierarchical clustering to examine the knowledge representations of users, Kay 

and Blac k an d Sebrecht s e t  al .  als o use d multidimensiona l  scalin g t o stud y th e overal l  organizatio n o f 

th e commands .  Th e result s o f  thi s analysi s wer e th e sam e i n bot h studies .  Th e command s wer e 

organize d alon g (a )  a  dimensio n tha t  differentiate d syste m an d edito r  command s (b )  a  dimensio n tha t 

distinguishe d formattin g fro m non-formattin g command s an d (c )  a  dimensio n tha t  differentiate d 

commands t o begi n a  sequenc e fro m command s t o en d a  sequence .  Thes e dimension s sugges t  th e 

developmen t  o f  a  goa l  spac e fo r  th e commands .  Thi s goa l  spac e help s th e use r  i n accessin g th e correc t 

goa b durin g a n editin g session .  Fo r  example ,  i f  on e i s formattin g a  document ,  i t  i s  mor e appropriat e t o 

hav e th e goa l  o f  centerin g th e tex t  (an d accessin g th e C E N T E R command )  tha n i t  i s  t o hav e th e goa l  o f 

changin g a  misspelle d word .  Th e thir d dimensio n (begin/en d o f  sequence )  i s particularl y interestin g 

becaus e i t  suggest s tha t  althoug h user s d o no t  organiz e th e command s b y specifl c  sequence s (plans) , 

the y d o understan d tha t  command s ar e use d i n sequences . 

Card, Moran and Newell (1983) proposed the GOMS model to account for the text-editing behavior 

of  expert s performin g routin e tasks .  I n thi s model ,  th e exper t  knowledg e representatio n consiste d o f 

fou r  component s Goals ,  Operators ,  Method s an d Selectio n rules .  Usin g ou r  accoun t  o f  initia l  learning . 
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we propos e tha t  i t  i s  th e G o a b an d Operator s component s o f  th e G O MS mode l  tha t  ar e acquire d first . 

Tha t  is ,  novice s ar e abl e t o understan d th e genera l  goal s involve d i n text-editin g an d th e individua l 

commands tha t  ar e relate d t o thes e goals .  I t  i s  reasonabl e tha t  th e goal/actio n lin k woul d b e th e Firs t 

lin k t o b e formed .  Durin g th e initia l  learnin g o f  a  system ,  th e use r  i s introduce d t o numerou s c o m m a n d 

names an d definition s wit h littl e referenc e m a d e a s t o whe n eac h comman d shoul d b e used .  If ,  instea d 

of  formin g link s betwee n th e command s an d th e goal s tha t  the y accomplish ,  th e firs t  link s t o b e forme d 

wer e betwee n commands ,  the n th e use r  woul d neve r  kno w whe n t o us e eac h comman d an d therefore , 

woul d hav e t o resor t  t o a  trial-and-erro r  metho d o f  achievin g a  goal .  Thus ,  th e linkin g o f  th e comman d 

t o a  goa l  provide s th e use r  wit h som e ai d i n usin g th e correc t  comman d i n th e correc t  situation . 

Novices seem to conceptualize the commands merely by what goals they are relevant for 

accomplishing .  Becaus e o f  thi s leve l  o f  specificity ,  the y hav e no t  ye t  acquire d th e procedure s o r  plan s 

tha t  ar e associate d wit h text-editin g an d thus ,  eac h text-editin g tas k become s a  problem-solvin g tas k i n 

whic h the y mus t  activel y searc h throug h thei r  representation s o f  th e command s an d fin d th e se t  o f 

commands necessar y t o accomplis h th e task . 

Phase Three; Plan Development 

Once the users have acquired the basic editing commands and goals, they learn that there are 

combination s o f  command s tha t  ar e ofte n use d togethe r  t o accomplis h a  goal .  I n Phas e Three ,  user s 

develo p th e abilit y  t o for m plan s b y combinin g th e action s tha t  wer e organize d separatel y i n Phas e 

T w o.  Thes e plan s correspon d t o th e Method s o f  th e G O MS model .  Ther e ar e variou s way s tha t  th e 

transitio n fro m Phas e T w o t o Phas e Thre e take s place .  Fo r  example ,  wit h th e syste m tha t  Ka y an d 

Blac k studied ,  user s realiz e th e ineflicienc y i n repeatin g a  comman d numerou s times .  T o overcom e thi s 

inefficienc y the y lear n t o us e th e A R G U M E NT comman d tha t  automaticall y repeat s anothe r  c o m m a n d 

fo r  th e numbe r  o f  time s specifie d a s th e argument .  Onc e the y hav e thi s knowledge ,  user s begi n t o 

notic e tha t  ther e ar e othe r  command s tha t  ca n b e use d togethe r  i n a  sequence .  Thi s realizatio n lead s t o 

a reorganizatio n o f  th e knowledg e representatio n t o accommodat e th e comman d sequence s o r  plan s tha t 

ar e use d t o accomplis h goals . 

This reorganization process entails the modification of the goal/action links that were formed in 

Phas e T w o .  I n thi s thir d phase ,  tw o type s o f  link s ar e formed .  A t  on e level ,  link s ar e forme d betwee n 

th e command s o r  action s tha t  ar e use d i n a  plan .  A t  a  highe r  level ,  link s ar e forme d betwee n th e goal s 

and th e plan s tha t  ar e use d t o achiev e th e goal .  I t  i s  als o possibl e t o represen t  thi s knowledg e a s 

production s an d explai n th e transitio n fro m Phas e T w o t o Phas e Thre e usin g th e compositio n proces s 

propose d b y Anderso n (1983) .  However ,  sinc e w e ar e primaril y intereste d i n specifyin g th e knowledg e 

tha t  i s acquire d a t  eac h phas e o f  learning ,  w e chos e t o us e a  networ k representatio n i n whic h w e trac e 

th e developmen t  o f  th e link s i n th e networ k becaus e w e thin k th e network s ar e mor e perspicuou s tha n 

productions . 

Figure 3a presents the type of knowledge structures that exist at Phase Three of the learning process. 

I n thes e structures ,  jus t  a s i n th e Phas e T w o structures ,  th e goal s wil l  guid e th e us e o f  th e commands . 

However ,  thi s guidanc e i s provide d b y th e instantiatio n o f  a  pla n tha t  consist s o f  actions ,  rathe r  tha n 

invokin g eac h actio n individually . 
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FIGURE 3a :  Beginnin g Expertis e Knowledg e Structur e 

GOAL 

PLANl : 

A a i  — > A a 2 

Again ,  bot h Ka y an d Blac k an d Sebrecht s e t  al .  provid e evidenc e fo r  th e developmen t  o f  Phas e Thre e 

knowledg e structure s usin g th e result s o f  a  hierarchica l  clusterin g analysis .  A s previousl y mentioned , 

th e novic e user s organize d command s a s individua l  action s relate d t o goals .  O n th e othe r  hand ,  exper t 

user s appeare d t o us e a  mor e sequence-oriente d organization .  Tha t  is ,  th e perceive d similarit y betwee n 

th e comman d pair s wa s base d upo n th e us e o f  th e command s i n a  pla n t o accomplis h a  give n goal .  Fo r 

example ,  i n th e Ka y an d Blac k study ,  exper t  user s clustere d P I C K an d P U T togethe r  becaus e thes e tw o 

conmiand s ar e use d togethe r  whe n a  use r  wan t  t o accomplis h th e goa l  o f  movin g a  piec e o f  text .  Thi s 

example ,  whe n contraste d wit h th e Phas e T w o knowledg e representatio n exampl e i n whic h novic e user s 

clustere d P U T wit h I N S E R T an d R E P L A C E becaus e eac h o f  individua l  command s ar e use d t o 

accomplis h th e goa l  o f  addin g information ,  illustrate s th e chamg e i n th e representatio n o f  th e command s 

fro m goal/actio n link s t o goal/pla n links .  Figur e 3 b present s a  graphi c representatio n fo r  th e knowledg e 

structur e tha t  underlie s thi s result . 

FIGURE 3b :  Mov e Tex t  Knowledg e Structur e 

MOVE TEX T 

P an d P  pla n 

PICK — > PU T 

I n Phas e T w o w e foun d tha t  i n additio n t o havin g specifi c goal/actio n knowledg e structures ,  user s 

als o organize d th e command s i n a  goa l  space .  Give n th e knowledg e structur e change s tha t  occu r  fro m 

Phas e T w o t o Phas e Three ,  i t  i s  interestin g t o loo k a t  whethe r  o r  no t  thes e change s influenc e th e goa l 

spac e o f  th e users .  Th e multidimensiona l  scalin g result s fo r  th e experience d user s i n Ka y an d Blac k 

sugges t  tha t  ther e i s onl y on e primar y chang e i n th e goa l  space .  Recal l  tha t  i n th e initia l  learnin g 

phase ,  th e dimension s o f  th e goa l  spac e ar e editor/system ,  formatting/non-formattin g an d begin/en d 

sequence .  O f  thes e thre e dimension s th e forme r  tw o wer e als o presen t  i n th e multidimensiona l  scalin g 
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fo r  th e experience d users .  However ,  th e begin/en d sequenc e dimensio n i s n o longe r  used .  Thi s resul t 

suggest s tha t  experience d user s continu e t o organiz e th e command s i n a  goa l  space ,  bu t  no w the y realiz e 

tha t  interaction s wit h th e syste m don' t  occu r  i n a s rigi d a n orde r  a s the y originall y though t  s o th e 

begin/en d dimensio n disappears .  The y stil l  hav e sequenc e knowledge ,  bu t  i t  i s  a t  th e mor e loca l  pla n 

level ,  instea d o f  th e globa l  begin/en d sequenc e level . 

Because users begin to develop plan representations for their editing knowledge, we believe that it is 

durin g thi s phas e i n learnin g tha t  user s begi n t o mol d th e syste m t o sui t  thei r  ow n editin g styl e b y 

implementin g thes e plan s a s macros .  Thi s moldin g make s thei r  performanc e mor e efficien t  becaus e 

usin g plan-macros ,  the y ca n accomplis h a  goa l  wit h on e c o m m a n d rathe r  tha n several .  W e ar e currentl y 

testin g thi s hypothesi s b y exariiinin g th e numbe r  an d conten t  o f  macro s create d b y user s a t  variou s 

level s o f  expertise . 

Phase Fourt Increasing Expertise 

Although the formation of simple plans results in some expertise in text editing it is not until 

compoun d plan s ar e forme d tha t  on e ca n accomplis h mor e advance d tasks .  Phas e Fou r  o f  ou r  mode l 

account s fo r  thi s abilit y an d represent s th e completio n o f  th e acqubitio n tha t  result s i n knowledg e 

representation s simila r  t o thos e propose d i n th e G O MS mode l  o f  exper t  performance .  I n thi s phase , 

user s (a )  combin e simpl e plan s int o mor e compoun d plan s t o accomplis h majo r  goal s an d (b )  develo p 

rule s fo r  selectin g th e bes t  pla n t o achiev e a  give n goa l  i n a  give n situation .  Onc e again ,  w e observ e a 

reorganizatio n o f  th e knowledg e tha t  result s i n th e developmen t  o f  ne w link s betwee n th e component s o f 

th e representation .  I n thi s phase ,  w e se e a  chang e fro m a  one-to-on e correspondenc e betwee n goa l  an d 

pla n t o a  one-to-severa l  correspondence :  tha t  is ,  i n Phas e Thre e eac h pla n o r  sequenc e o f  action s i s 

directl y linke d t o a  specifi c  goa l  (e.g .  mov e text )  whil e i n Phas e Four ,  ther e ar e multipl e plan s tha t  ca n 

be linke d t o eac h goal .  However ,  becaus e ther e ar e multipl e plans ,  th e link s tha t  connec t  thes e plan s 

must  hav e selectio n rule s tha t  tel l  th e use r  unde r  wha t  condition s t o acces s th e pla n t o accomplis h th e 

goal . 

Figure 4a shows the type of knowledge structures possessed by users in Phase Four. In this type of 

structure ,  ther e ar e severa l  plan s (sequence s o f  actions )  tha t  m a y b e instantiate d t o achiev e a  give n goal . 

T o b e sur e tha t  th e correc t  pla n i s chose n fro m th e se t  o f  applicabl e plans ,  th e link s tha t  connec t  thes e 

plan s t o th e goa l  ar e condition s o r  selectio n rule s tha t  mus t  b e me t  befor e a  give n pla n i s chosen .  Thes e 

condition s ca n b e base d upo n an y distinguishin g featur e o f  th e plans .  Thus ,  a t  th e highes t  leve l  o f 

expertise ,  goal s ar e linke d t o plan s usin g th e condition s unde r  whic h thes e plan s ar e invoked ,  whereas , 

goal s wer e linke d t o simpl e plan s i n Phas e Thre e an d action s i n Phas e T w o . 

FIGURE 4s :  Exper t  Knowledg e Structure s 

GOAL 

cond l cond S 

7 I  \ ' 
/  cond 2 \ 

PLANl  PLAN2 PLAN3 

/ \ 
Aai  ~ > Aa 2 ACTl  ~ > ACT3 

Aai 

Robertso n an d Blac k presen t  evidenc e fo r  th e evolutio n o f  compoun d plans .  Wit h increase d 

experience ,  th e tim e spen t  pausin g betwee n simpl e plan s decrease d suggestin g tha t  user s ha d combine d 
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th e simpl e plan s tha t  the y ha d learne d t o for m conponn d plana .  I n addition ,  th e decisio n tim e t o 

initiat e a  compoun d pla n darin g whic h subject s choos e wha t  the y thin k i s th e moe t  appropriat e pla n 

decrease d a s th e editin g sessio n progresse d snggestin g th e acquisitio n o f  selectio n rale s tha t  facilitat e 

accessin g th e mos t  appropriat e plan .  Figur e ̂ b present s a  concret e exampl e o f  a  Phas e Foa r  knowledg e 

structure .  I n th e edito r  Robertso n an d Blac k used ,  t o chang e on e wor d t o anothe r  word ,  ther e ar e thre e 

possibl e plan s (sequence s o f  actions )  tha t  m a y b e inroked .  Th e link s connectin g thes e thre e plan s t o th e 

goal  ar e condition s tha t  mus t  b e me t  befor e th e pla n i s selected .  I n th e structur e depicted ,  th e 

conditicHi s ar e base d upo n th e relationshi p i n lengt h betwee n th e ol d wor d an d th e ne w word . 

FIGURE 4b :  Knowledg e Structure s fo r  Changin g a  Wor d 

CHANGE word l  T O Mord 2 

word l < w o r d ^ 

word l  =  word 2 

PLANl : 

TYPE OVER AND 

ERASE 

PLAN2: 

TYPE OVER 

/ 

\  word l  > 

PLAN3: 

TYPE OVER 

AND INSER T 

\ 

word 2 

OVERTYPE word 2 OVERTYPE ¥ord 2 OVERTYPE par t  o f 

~> DELETE extra ¥ord2 --> INSERT 

letter s extr a letter s 

I n additio n t o providin g evidenc e fo r  th e compoun d plan s o f  Phas e Four ,  Robertso n an d Blac k als o 

foun d evidenc e fo r  th e developmen t  o f  selectio n rules .  I n th e beginnin g o f  th e trainin g trials ,  whe n user s 

had t o chang e on e wor d t o anothe r  word ,  th e majorit y o f  th e user s (approximatel y tw o thirds )  woul d 

D E L E TE th e ol d wor d the n I N S E R T th e ne w word .  However ,  a s experienc e increased ,  thes e sam e user s 

stoppe d usin g th e D E L E T E - I N S E R T pla n an d bega n t o O V E R T Y PE th e ol d wor d wit h th e ne w word . 

I n thi s example ,  user s appeare d t o develo p a  selectio n rul e tha t  ca n b e state d a s "I f  yo u wan t  t o chang e 

one wor d t o another ,  us e th e O V E R T Y PE plan. "  Thi s typ e o f  selectio n rul e organize s th e plan s 

accordin g t o th e priorit y tha t  the y hav e i n efficientl y accomplishin g th e goal . 

The Learning Process 

Our four learning phases describe the evolution in user behavior from problem-solving to plan 

instantiation .  Tha t  is ,  initiall y  user s mus t  interpre t  eac h au:tio n i n th e editin g tas k an d monito r  th e 

succes s o r  failur e o f  th e actio n i n term s o f  th e fma l  goa l  state .  However ,  onc e th e use r  i s familia r  wit h 

text-editin g tasks ,  th e command s ar e combine d int o plan s tha t  ar e applie d whe n appropriate .  I t  i s  th e 

latte r  proces s tha t  account s fo r  th e plan-boundr y pause s foun d i n th e Robertso n an d Blac k study , 

becaus e decidin g whic h pla n t o us e take s k>nge r  tha n th e transitio n fro m on e pla n actio n t o anothe r 

pla n actio n whe n applyin g th e plan . 

Throughout this discussion of our four phase model, we have made references to the GOMS model 

and th e orde r  i n whic h th e component s o f  thi s mode l  ar e acquired .  Althoug h w e ar e no t  abl e t o 

distinguis h whethe r  th e Goal s ar e acquire d before ,  after ,  o r  simultaneousl y wit h th e Operators ,  w e ar e 

abl e t o conclud e tha t  th e Goal s an d Operator s ar e acquire d befor e th e plan s tha t  ar e acquire d befor e th e 

Selectio n rules .  I n addition ,  w e note d tha t  a s th e use r  become s mor e experienced ,  th e component s buil d 
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upo n on e anothe r  s o tha t  th e chunk s o f  knowledg e represente d usin g thes e component s increas e i n size . 

Thus ,  w e wer e abl e t o trac e th e evolutio n o f  text-editin g knowledg e structure s an d extrac t  a n 

acquisitio n proces s tha t  i n th e en d result s i n knowledg e representation s simila r  t o thos e foun d i n th e 

G O MS model . 

Why do these learning phases occur: that is, what is the learning process that causes the user of a 

syste m t o progres s throug h thes e phase s <t f  learning ? T h e initial ,  preconceptio n phas e i s clearl y 

necessary ,  becaus e ne w user s hav e onl y thei r  prio r  knowledg e t o hel p the m understan d an d us e a  syste m 

i n th e beginning .  Th e fmal ,  increasing-expertis e phas e i s als o clearl y necessary ,  becaus e compoun d plan s 

fo r  accomplishin g majo r  goal s an d th e selectio n rule s fo r  choosin g plan s a t  th e mos t  appropriat e time s 

ar e bot h necessar y fo r  skille d performanc e (Card ,  Mora n an d Newell ,  1083) .  But ,  wh y ar e th e tw o 

intermediat e phase s necessary ? 

Users cannot progress directly from phase one to phase four representations, because transforming 

phas e on e representation s t o phas e fou r  representation s require s bringin g mor e informatio n togethe r  a t 

one tim e tha n humau i  workin g memor y i s capabl e o f  holdin g simultaneously .  Thus ,  th e tw o 

intermediat e knowledg e representation s aUo w th e use r  t o progres s fro m phas e on e t o phas e fou r  i n bite -

siz e chunk s tha t  correspon d t o th e limit s o f  h u m a n workin g memory .  Fo r  example ,  t o progres s fro m 

phas e on e t o phas e two ,  th e user s nee d onl y lear n th e link s betwee n th e command s an d th e goal s tha t 

ca n b e accomplished ,  the y d o no t  nee d t o simultaneousl y lear n th e sequencin g Unk s betwee n th e 

conmiand s tha t  ar e neede d t o combin e th e command s bt o plans .  The n onc e th e phas e tw o command -

goal  link s ar e mastered ,  th e user s ca n progres s t o phas e thre e b y learnin g th e sequencin g Ibk s tha t 

combin e th e relevan t  command s int o simpl e plan s fo r  accomplishin g elementar y goab .  Finally ,  onc e th e 

simpl e plan s ar e wel l  learned ,  th e use r  ca n progres s t o phas e fou r  b y combinin g thes e simple-pla n 

chunk s int o mor e compoun d plan s an d learnin g th e condition s tha t  determin e whe n th e variou s plan s 

ar e mos t  appropriatel y selecte d fo r  accomplishin g th e goals . 

However, while an intermediate step between phases one and four is necessary, phases two and three 

m ay no t  bot h b e necessary .  Th e simpl e plan s o f  phas e thre e ar e clearl y a  necessar y preconditio n fo r  th e 

compoun d plan s an d selectio n rule s o f  phas e four ,  bu t  phas e tw o migh t  b e a n artifac t  o f  th e wa y tha t 

system s ar e currentl y taugh t  t o ne w users .  I n particular ,  curren t  instructio n manual s emphasiz e 

description s o f  individua l  command s a t  th e expens e o f  describin g ho w thes e command s ar e combine d 

int o plans .  W e ar e currentl y investigatin g whethe r  plan-base d instructio n manual s wil l  allo w ne w user s 

t o ski p phas e tw o an d progres s directl y t o phas e three ,  thu s significantl y speedin g u p th e proces s o f 

learnin g ne w systems . 

We ar e als o pursuin g th e model' s generalit y an d testin g it s predictions .  I n particular ,  w e ar e testin g 

th e th e generalizatio n o f  ou r  mode l  t o othe r  domains .  Th e mos t  immediat e extensio n fro m th e text -

editin g domai n i s t o compute r  programming .  W e hav e begu n som e preliminar y wor k applyin g ou r 

model  t o thi s domai n an d pla n t o carr y ou t  a  ful l  scal e longitudina l  stud y i n th e nea r  future .  However , 

i n th e mor e distan t  future ,  w e pla n t o tr y extendin g th e mode l  t o non-compute r  domain s (e.g .  learnin g 

physics ,  algebr a an d th e operatio n o f  devices) . 

To test the model's predictions, we are using it to guide training in text-editing. Since our model was 

extrapolate d fro m ou r  observation s o f  th e natura l  evolutio n o f  knowledg e representation s fo r  text -

editin g information ,  w e believ e tha t  usin g thi s mode l  t o trai n user s migh t  facilitat e th e learnin g process . 

We ar e currentl y designin g a  stud y t o tes t  thi s hypothesi s b y comparin g th e performanc e o f  user s whos e 

learnin g wa s guide d b y th e phase s i n ou r  mode l  t o th e performanc e o f  user s whos e learnin g wa s guide d 

by commercia l  trainin g materia k i n whic h th e emphasi s i s o n th e kind s o f  command s tha t  ca n b e use d 

i n th e system . 

Acknowledgement :  Thi s researc h i s supporte d b y grant s fro m I B M ,  bu t  represent s th e view s o f  th e 

author s an d no t  necessaril y  th e view s o f  I B M . 
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Abstrac t 

Recen t  artificia l  intelligenc e model s o f 
analogica l  reasonin g ar e base d o n mappin g som e 
underlyin g causa l  networ k o f  relation s betwee n 
analogou s situations .  However ,  causa l  relation s 
relevan t  fo r  th e purpos e o f  on e analog y ma y b e 
irrelevan t  fo r  another .  W e describ e her e a 
techniqu e whic h use s a n explici t  representatio n 
of  th e purpos e o f  th e analog y t o automaticall y 
creat e th e relevan t  causa l  network .  W e 
illustrat e th e techniqu e wit h tw o cas e studie s i n 
whic h concept s o f  everyda y artifact s ar e learne d 
by analogy* . 

/A/ny two things which arc from one point of tncw 
simila r  ma y b e dissimila r  fro m anothe r  poin t  o f  view . 

•K .  Popper ,  Th e Logi c o f  Scientifi c  Discover y 

] Introduction 

A recent development in artincial intelligence (Al) 
researc h o n analogica l  reasonin g ha s bee n t o recogniz t 
iha l  analog y involve s mappin g som e underlyin g causa f 
networ k o f  relation s betwee n analogou s situation s 

'2 ,  3 .  5 ,  26, .  Often ,  however ,  ther e ar e numerou s 
causa l  network s describin g th e situations .  Whic h ar e 
th e relevan t  one s t o m a p whe n performin g a  particula r 
analogy ? Causa l  relation s relevan t  fo r  th e purpos e o f 
on e analog y ma y b e irrelevan t  fo r  another .  A  mor e 
robus t  mode l  o f  analogica l  reasonin g canno t  alway s 
reaso n fro m predefme d causa l  networks ,  bu t  need s th e 
abilit y t o automaticall y generat e th e appropriat e 
networ k base d o n th e purp>os e o f  th e analog y bein g 
performed -

This paper describes a new technique. 
Purpose-[hrecle d Analogy ,  whic h i s  designe d t o addres s 
th e abov e limitatio n usin g a  specialize d notio n o f 
'purpose '  t o automaticall y generat e th e relevan t  causa l 
network .  I n particular ,  w e ar e developin g a  syste m t o 
lear n concept s o f  everyda y artifact s b y reasonin g 
analogicall y fro m a  know n exampl e o f  a n artifac t  t o a n 
unknow n example .  Th e specialize d notio n o f  'purpose ' 
i s  th e purpos e fo r  whic h thes e artifact s wil l  b e used . 

*Th u re««»rc b U  fupportc ^  b y GT E Labor*lori«« .  uodc r  CoDtrac t  No . 
GTES40917. 

Artifact s ca n b e viewe d a. "  object s designe d t o enabl e 
peopl e t o perfor m certai n action s (chair s t o si t  on ,  pen s 
t o writ e with ,  an d s o on) .  I f  th e goa l  o f  a n agen t  i s 
t o perfor m a n action ,  ofte n th e agen t  ma y nee d t o 
recogniz e a n artifac t  whic h wil l  enabl e hi m t o perfor m 
tha t  actio n (o r  a  pla n o f  action s leadin g t o th e goal) . 
One wa y t o recogniz e suc h a n artifac t  i s  b y reasonin g 
analogicall y fro m a  know n exampl e o f  th e artifac t  t o a n 
unknow n example .  Th e centra l  ide a i s that : 

Two examples will be considered analogous if 
the y shar e a  networ k o f  relation s whic h 
demonstrate s ho w bot h ca n b e use d fo r  th e 
same purpose . 

Thus, performing an analogy can be viewed as a 
subproces s o f  a  mor e globa l  proble m solvin g proces s (a s 
i n [11]) :  t o enabl e a n agen t  t o procee d wit h a n actio n 
he desire s t o perfor m b y bein g abl e t o recogniz e object s 
tha t  facilitat e tha t  action . 

For example, suppose an agent is thirsty, and would 
lik e t o drin k ho t  liquids .  Assum e tha t  a s a  result ,  th e 
agen t  want s t o lear n th e concep t  H O T - C U P :  object s 
whose purpos e i s t o enabl e th e drinkin g o f  ho t  liquids . 
O ne wa y t o lear n th e concep t  i s  t o b e abl e t o 
determin e i f  a  ne w exampl e ( a styrofoa m cup ,  say )  i s 
analogou s t o a  known ,  prototypica l  exampl e ( a cerami c 
m u g)  i n way s relevan t  fo r  th e purpos e o f  a  H O T - C U P . 
I f  a  cu p wer e neede d fo r  a  differen t  purpos e (ornamenta l 
or  religious ,  say) ,  a  differen t  networ k o f  relation s woul d 
be relevant . 

Section II presents a unifying framework for concept 
learnin g b y analog y i n orde r  t o compar e existin g model s 
and poin t  t o a  ke y limitation .  Sectio n II I  describe s th e 
Purpose-Directe d Analog y technique .  Sectio n I V 
illustrate s th e techniqu e wit h tw o cas e studies .  On e 
cas e stud y involve s learnin g th e concep t  o f  a  cu p fo r 
th e purpos e o f  drinkin g ho t  liquids .  Th e secon d cas e 
stud y involve s learnin g th e concep t  o f  a  vehicl e i n th e 
contex t  o f  identifyin g vehicle s violatin g th e lega l  statut e 
" A vehicl e i s  prohibite d i n a  publi c park" .  W e 
conclud e i n sectio n V  wit h a  discussio n o f  limitation s o f 
th e technioue ,  futur e work ,  an d a  summary . 

I I  Relate d Researc h a n d a  Limitatio n 

A. Discussion 

A c o m m o n vie w i s  tha t  analog y i s  powerfu l  becaus e 
i t  allow s u s t o lear n abou t  a n unfamilia r  situatio n b y 
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mappin g ove r  m a n )  aspect s o f  a  familia r  situatio n wit h 
A dramati c saving s i n reasoning .  T o highligh t  th e 
directionalit y i n th e mapping ,  th e familia r  situatio n i s 
ofte n referre d t o a s th e bas e situatio n fro m whic h 
aspect s ar e mappe d ove r  t o th e unfamiliar ,  o r  targe t 
lituation ,  |5| .  Thu s i n th e analog y 'Scienc e i s lik e a 
jigsa w puizle' ,  th e les s well-understoo d proces s o f 
scientifi c  discover y i s likene d t o th e workin g ou t  o f  a 
jigsa w puzile- a mor e familia r  activity .  A s a  result , 
many o f  th e propertie s o f  scientiH c inquir y ar e 
highlighted ,  withou t  needin g separat e explanation . 

We present in this section a simple, four-stage 
unifyin g framewor k tha t  describe s existin g A l  model s o f 
concep t  learnin g b y analogy .  (I n fact ,  thi s framewor k 
encompasse s othe r  form s o f  analogica l  re2isonin g suc h a s 
problem-solvin g b y analog y an d metapho r  comprehensio n 

|8]. )  W e the n discus s thre e suc h model s 
|5 ,  2 ,  26 ]  fro m thi s c o m m o n perspective .  W e examin e 

th e limitatio n whic h w e addres s i n thi s paper :  th e 
inabilit y  o f  thes e model s t o automaticall y generat e a 
causa l  networ k relevan t  fo r  th e purpos e o f  a  particula r 
analogy . 
B. Concept Learning by Analogy: Unifying 

F r a m e w o r k 

The problem of concept learning by analogy, and the 
four-stag e unifyin g framewor k fo r  solvin g it ,  i s  state d i n 
Figur e M-1 . 

We illustrate each stage by the analogy 'The 
hydroge n ato m i s lik e ou r  sola r  system "  fro m |5| .  Th e 
framewor k w e presen t  i s slightl y mor e genera l  tha n th e 
model s i t  describes :  mos t  o f  thes e model s simplif y th e 
reasonin g b y supplyin g th e bas e exampl e instea d o f 
retrievin g it .  I n thi s analogy ,  th e potentiall y  analogou s 
bas e concep t  'sola r  system' ,  i s  provide d a s input ,  rathe r 
tha n retrieved . 

First, independent relations and causal networks of 
relation s describin g th e bas e concep t  ar e derived .  B y a 
causa l  networ k o f  relations ,  w e mea n a  se t  o f  relation s 
relate d b y an y highe r  orde r  relation s suc h a s 'physical -
cause(ri,rj)' ,  'logically-implies(ri,rj)' ,  'enables(ri,rj) '  an d 
so on .  (Thi s i s a  broade r  sens e o f  'causal '  tha n i s 
sometime s use d |S|. )  Independen t  relation s ar e thos e 
not  belongin g t o a  causa l  network .  Th e causa l  networ k 
of  relation s i n thi s exampl e describe s tha t  'th e su n 
attractin g th e planet s rai<«e « th e planet s t o orbi t  th e 
sun' .  Next ,  th e causa l  networ k i s mappe d fro m th e 
bas e concep t  ove r  t o th e target ,  t o explai n wh y th e 
electron s orbi t  th e nucleu s o f  th e atom .  Finally ,  th e 
correctnes s o f  th e mappin g i s justified :  tha t  i n fac t  'th e 
nucleu s attractin g th e electron s cause s th e electron s t o 
revolv e aroun d th e nucleus. ' 

The unifying framework does not perform any 
concep t  learning ,  i n th e sens e tha t  i t  doe s no t  modif y 
th e th e system' s representatio n o f  th e targe t  concep t  i n 
any way .  I n orde r  t o mode l  concep t  learnin g followin g 
th e analogica l  reasoning ,  thi s framewor k i s use d i n 
conjunctio n wit h (possibly )  thre e subsequen t  stages . 
First ,  th e concep t  ma y b e learne d b y simpl y retainin g 
th e causa l  structur e whic h wa s mappe d t o th e targe t 
concept .  Fo r  instance ,  mor e i s learne d abou t  th e ato m 

Figur e II-1 :  Unifyin g F r a m e w o r k fo r 
Concep t  Learnin g b y A n a l o g y 

Given: 

• a new, target concept, (e.g. the atom) 

Find: 

• a familiar, base concept, (e.g. the solar 
system ) 

• causal networks of relations of the base 
concept ,  an d 

• causal networks of relations of the target 
concep t  derive d fro m th e bas e concep t 

Process : 

R E T R I E VE 

base :  sola r  syste m target :  ato m 

D E R I V E 

massiv e ho t  yello w 

R 
attract s orbit s 

caus e ; 

J U S T I F Y 

I 

nucleus ) 

attracts orbits 

caus e 

electro n 

MAP 

by retainin g th e causa l  structur e describin g wh y th e 
electron s orbi t  th e nucleus .  I n addition ,  concep t 
learnin g migh t  involv e formin g a  generalizatio n o f  th e 
targe t  an d base ,  a s i n |26{ .  A  generalize d concep t  o f 
'attractiv e force '  ma y b e learne d a s a  resul t  o f  th e 
abov e analogy .  Furthermore ,  learnin g coul d involv e 
debuggin g o r  refinin g a  'faulty '  causa l  structur e o r 
generalization ,  b y repeate d analogica l  reasonin g wit h th e 
same,  o r  different ,  bas e concept s |2 ,  28| .  Fo r  example , 
th e descriptio n o f  th e atom' s phxsica l  mechanism s m a y 
onl y b e partiall y  correct ,  an d ma y b e revise d b y 
analog y t o othe r  concepts . 

Given the above framework, we can now discuss 
thre e recen t  model s o f  concep t  learnin g b y analog y 

|5 ,  2 ,  26| .  (Se e |6 ,  8 ]  fo r  survey s o f  othe r  wor k o n 
analogy. ) 

C. Gentner's Domain-Independence Relevance 
Criterio n 

The central idea in Gentner's structure-mapping 
theor y |5 j  i s  tha t  a  syntacti c (domain-independent ) 
principl e ca n b e use d t o selec t  th e relevan t  aspect s o f 
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situation s fo r  an y analogy .  Thi s «y5(ema(iri( y prineip U 
state s that ,  i n general ,  causa l  network s o f  relation s ar e 
relevan t  t o th e analog y betwee n situations ,  whil e 
independen t  relation s ar e not .  Th e justincatio n i s tha t 
analog y i s define d a s a  reasonin g proces s whic h map s 
ove r  a  "...syste m o f  connecte d knowledge ,  no t  a  mer e 
assortmen t  o f  independen t  facts *  |S ,  p.l62| .  Thus ,  a s 
we sa w eaVlier ,  i n th e analog y *Th e hydroge n ato m i s 
lik e ou r  sola r  system '  mor e i s understoo d abou t  th e 
a to m b y mappin g ove r  causa l  relations .  Specifically ,  th e 
causa l  networ k describin g w h y th e planet s orbi t  th e su n 
i s mappe d t o explai n wh y th e electron s orbi t  th e 
nucleu s o f  th e atom .  Not e tha t  th e analog y i s no t 
intende d t o teac h u s tha t  th e nucleu s o f  th e ato m i s 
'yellow ,  ho t  o r  massive '  lik e th e sun .  Thes e 
independen t  relations ,  no t  involve d i n th e causa l 
network ,  ar e considere d irrelevan t  t o th e analogy . 

Centner's model assumes that the re/evan( causal 
networ k i s given .  Fo r  a  differen t  purpose ,  a  differen t 
causa l  networ k ma y b e relevant .  Consider ,  fo r  example , 
a differen t  analog y wit h th e sun :  th e metapho r  "Julie t 
i s  th e sun" ,  fro m Shakespere' s R o m e o an d Julie t  (als o 
discusse d i n |S]) .  W e kno w th e contex t  i n whic h thi s 
metapho r  i s conveyed :  tha t  Julie t  is _ a  w o m a n an d 
R o m eo love s her .  Th e purpos e o f  thi s metapho r  i s t o 
analogicall y conve y positiv e qualitie s abou t  Juliet ,  no t  t o 
conve y anythin g abou t  phytiea l  mechanisms ^  Thu s th e 
causa l  networ k abou t  th e su n whic h wa s supplie d fo r 
th e previou s analog y i s n o longe r  relevant . 

D. Burstein'g Automatic Indexing Into the 
Relevan t  NetworJ t 

Burslein' s mode l  |2 J als o relie s o n th e domain -
independen t  criterio n state d above .  However ,  hi s mode l 
i s a  ste p close r  t o automaticall y selectin g th e relevan t 
causa l  networ k amon g man y candidat e networks :  i t  i s 
provide d wit h a  relatio n use d t o inde x int o th e relevan t 
causa l  network .  On e specifi c  analog y h e use s t o 
illustrat e hi s wor k is ;  " A variabl e i s lik e a  box ,  i n tha t 
number s ca n b e insid e variable s i n som e way s simila r  t o 
th e wa y object s ca n b e insid e boxes" .  (2| .  Th e actio n 
by whic h 'variable '  i s  analogou s t o 'box '  i s  explicitl y 
supplied :  the y ar e analogou s b y th e fac t  tha i  thing s 
ca n b e 'pu t  inside '  them .  Thi s eliminate s considerin g 
m a ny irrelevan t  action s involvin g boxe s (suc h a s 
stackin g boxes ,  playin g wit h boxes ,  etc.) .  Give n th e 
'put-inside '  action ,  th e syste m i s abl e t o automaticall y 
retriev e th e relevan t  goal/pla n structur e relate d t o it : 
th e 'store '  pla n i s retrieved ,  whic h describe s relate d 
action s suc h a s puttin g thing s i n boxes ,  takin g thing s 
out  o f  boxes ,  etc .  (Action s ca n b e though t  o f  a s 
relations ,  an d th e pla n structur e whic h connect s action s 
i n a  highe r  orde r  'enable '  relatio n ca n b e viewe d a s th e 
causa l  networ k o f  relations. )  Thi s goal/pla n structur e i s 
the n mappe d t o 'variable' ,  t o lear n abou t  storin g thing s 
i n variables ,  takin g thing s ou t  o f  variables ,  an d s o on , 
by analog y t o boxes . 

If the relevant action were not supplied, however, 
m a ny action s an d goal/pla n structure s associate d wit h 
'box '  coul d b e considere d whe n tryin g t o understan d th e 
analogy .  Conside r  a  studen t  tryin g t o understan d thi s 
analogy .  H e wil l  immediatel y eliminat e man y o f  thes e a s 
bein g irrelevant .  H e i s no t  likel y t o infe r  tha t  variable s 

ca n b e 'stacked '  lik e boxes ,  o r  tha t  variable s ca n b e 
'playe d with '  lik e boxes .  W h y i s that ? A  studen t 
learnin g abou t  variable s know s th e purpos e o f  th e 
analogy :  t o lear n a  c o m m a n d i n a  compute r  language , 
an d c o m m a n d s i n a  compute r  languag e enabl e th e 
compute r  t o manipulat e number s an d symbols .  Give n 
severa l  goal/pla n structures ,  th e studen t  migh t  dismis s 
'play '  o r  'stack '  a s irrelevan t  fo r  th e purpos e o f  th e 
analogy .  'Pu t  inside '  migh t  finall y b e focuse d o n a s th e 
relevan t  action ,  an d 'store '  a s th e relate d goal/pla n 
structure .  S o althoug h Burstein' s mode l  i s provide d 
wit h a n actio n 'put-inside '  whic h ca n b e use d t o 
automaticall y inde x int o th e relevan t  goal/pla n structur e 
'store' ,  i t  i s  supplie d wit h exactl y th e relevan t  action , 
an d canno t  reaso n fro m th e purpos e o f  th e analog y t o 
selec t  tha t  actio n automatically . 

£. Winston's Learning from Precedents and 
Exercise s 

The main scenario for learning and reasoning in 
Winston' s wor k o n analog y i s on e o f  guide d learnin g 
(e.g .  |26l) .  Here ,  a  teache r  supplie s th e syste m wit h a 
precedent .  Fo r  instance ,  th e syste m i s provide d wit h 
par t  o f  th e Macbet h plot ,  describin g Macbeth' s 
relationshi p t o Lad y Macbeth ,  an d wha t  cause s hi m t o 
aspir e t o becom e king .  Th e syste m i s als o give n a n 
exercis e whic h describe s personalitie s an d relationship s 
a m o ng som e people .  Th e tas k i s t o sho w tha t  i n th e 
exercis e 'th e nobl e m a y wan t  t o b e king, '  b y analog y t o 
th e precedent .  Thi s i s accomplishe d b y mappin g a 
portio n o f  th e causa l  networ k share d b y th e preceden t 
an d th e exercise .  I f  i n th e preceden t  thes e relation s ar e 
causall y connecte d t o th e relatio n 'Macbet h m a y wan t 
t o b e king' ,  the n i t  ca n b e (plausibly )  conclude d tha t  i n 
th e exercis e 'th r  nobl e ma y wan t  t o bi -  king' . 

Although Winston admits that ''...the way things are 
matche d depend s o n purpos e a s wel l  a s o n experience " 

|25 ,  p.6 |  currentl y jus t  th e appropriat e causa l  structur e 
neede d t o mak e th e analog y wa s supplied .  If ,  however , 
an analog y betwee n th e Macbet h stor y an d th e exercis e 
wer e performe d no t  fo r  th e purpos e o f  understandin g 
Macbet h ' $ motives ,  bu t  rathe r  t o t o understan d Lad y 
Macbeth' s motives ,  say ,  differen t  causa l  relation s woul d 
be considere d important . 

i n Purpose-Directe d A n a l o g y 

A .  Discussio n 

We have argued above that Centner's systematicity 
principle ,  Burstein' s indexin g int o th e relevan t  causa l 
network ,  an d Winston' s analogie s betwee n precedent s 
an d exercise s ar e al l  limite d i n thei r  abilit y  t o 
automaticall y generat e th e networ k relevan t  fo r  th e 
purpos e o f  a  particula r  analogy ,  sinc e explici t  knowledg e 
of  purpos e i s no t  supplie d a s a n inpu t  i n thes e models . 

Purpose-Directed Analogy attempts to overcome this 
limitatio n b y makin g a  specialize d notio n o f  'purpose ' 
an explici t  inpu t  t o th e analogy .  I t  use s thi s 'purpose ' 
t o automaticall y generat e th e relevan t  causa l  networ k 
fo r  learnin g concept s b y analogy .  I n thi s sectio n w e 
presen t  th e statemen t  o f  th e genera l  problem ,  an d th e 
techniqu e introduce d t o solv e it .  Sectio n I V illustrate s 
th e techniqu e b y solvin g thi s proble m i n tw o cas e 
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studie s o f  learnin g concept s o f  everyda y artifacts .  W e 
ar e illustralin g a n initia l  desig n an d partia l 
implementation ,  no t  a  full y  implemente d system .  W e 
hav e recentl y begu n a n implementatio n o f  a  prototyp e 
syste m i n P R O L O G,  a  logi c programmin g languag e |l2j . 
( A P R O L OG progra m consist s o f  a  se t  o f  hor n clauses , 
a subclas s o f  logica l  implications .  Th e computatio n i s 
base d o n resolutio n theorem-proving. ) 
B.  Statemen t  o f  th e Genera ]  P r o b l e m 

We first introduce some terminology. A concept is a 
set  o f  elements .  Th e goa l  concep t  i s th e concep t 
currentl y bein g learne d b y analogy .  A  concep t 
definitio n provide s a  specificatio n o f  logicall y necessar y 
and sufficien t  condition s fo r  bein g a n elemen t  o f  th e set , 
whil e a  sufficien t  concep t  definitio n provide s sufficien t 
condition s only .  A n exampl e o f  a  concep t  i s define d a s 
an elemen t  o f  th e set .  Th e domai n theor y consist s o f 
defaul t  IF -THE N rule s (axioms )  an d actio n operator s 
whic h represen t  wha t  i s typicall y tru e i n a  rea l  worl d 
domain .  A n explanatio n o f  ho w a n exampl e i s a 
member  o f  a -  concep t  i s a  proo f  tha t  th e exampl e i s a n 
elemen t  o f  th e set .  Th e explanatio n ca n b e viewe d a s a 
causa l  networ k o f  relations ,  consistin g o f  domain-theor y 
rule s whic h lin k prop>ertie s o f  examples ,  actions ,  an d 
goal s wit h th e relatio n 'enables(ri,rj) '  an d 'logically -
implies(ri,rj)) .  A n explanatio n relevan t  fo r  a  particula r 
purpos e ca n b e viewe d a s a  causa l  networ k o f  relation s 
al l  o f  whos e relation s ar e related ,  eithe r  directl y o r  b y 
transitivity, ,  t o relation s representin g th e purpose . 

Figur e III-l :  Purpose-Directe d A n a l o g y 

Given: 

. goal concept (e.g. HOT-CUP) 

• purpose of goal concept (e.g. enable an agent 
t o drin k ho t  liquids ) 

• domain theory (e.g. axioms such as 'Vx has-
part(x,handle )  = > graspable(x)' ) 

• a new, target example (e.g. styrofoam-cupl) 

Find: 

• a familiar, base example (e.g. ceramic-mugl), 

• an explanation of how the base example is a 
member  o f  th e goa l  concep t  (e.g .  ho w 
ceramic-mug l  i s a  H O T - C U P ) ,  an d 

• an explanation of the target example is a 
member  o f  th e goa l  concep t  derive d fro m th e 
explanatio n o f  th e bas e exampl e (e.g .  ho w 
styrofoam-cup l  i s  a  H O T - C U P ) 

Process : 

R E T R I E VE 

Concept -  learnin g b y analog y a s considere d her e 
differ s slightl y fro m tha t  studie d b y Centner ,  Burstein , 
or  Winston .  Th e analog y i s no t  mad e betwee n bas e 
and targe t  concept* ,  bu t  rathe r  betwee n bas e an d targe t 
example s o f  th e concept . 

The problem, and the four-stage technique for solving 
it ,  i s  state d i n figure  III-l . 

The system first retrieves a known, base example of 
th e goa l  concept .  Th e syste m the n explain s t o itsel f 
ho w thi s exampl e satisfie s th e purpos e o f  th e concep t 
usin g th e domai n theory .  ( W e mak e th e simplifyin g 
assumptio n tha t  ther e i s a  singl e purpose ,  whic h i s 
given. )  Mor e precisely ,  usin g A I  plannin g terminology , 
i f  th e purpos e o f  a n artifac t  i s  t o enabl e a n agen t  t o 
perfor m a  goa l  action ,  the n th e artifac t  wil l  satisf y th e 
purpos e i f  it s  structura l  feature s enabl e a  pla n o f  action s 
leadin g t o th e goal .  I t  wil l  enabl e a  pla n o f  action s i f 
i t  satisfie s thos e precondition s o f  th e action s i n whic h i t 
i s  involved .  S o fo r  example ,  a  cerami c m u g wil l  enabl e 
an agen t  tO '  drin k ho t  liquid s i f  i t  enable s thos e 
precondition s e f  action s i n a  pla n leadin g t o D R I N K i n 
whic h i t  i s  involved :  tha t  is ,  i f  i t  enable s th e agen t  t o 
P U T I N th e ho t  liquid s (i.e .  pour) ,  K E E P th e ho t  liqui d 
i n th e cu p fo r  som e interva l  o f  time ,  G R A S P th e cu p 
wit h th e ho t  liquid s i n orde r  t o P I C K U P ,  an d finally  i f 
i t  enable s th e agen t  t o D R I N K th e ho t  liquids .  Th e 
prototypica l  cerami c m u g clearl y satisfie s thes e 
precondition s wit h it s ope n concavity ,  it s  non-ptorous , 
insulatin g material ,  it s  fiat  bottom ,  handle ,  an d ligh t 
weight . 
The styrofoam cup will be considered analogous to 

bjise :  cerami c m u g target :  styrofoa m cu p 

E X P L A I N J U S T I F Y 

^  I 
enabl e D R I N K ho t  liquid s enabl e D R I N K ho t  liquid s 

f \  / ^ 
graspable ,  liftable.. .  graspable ,  liftable.. . 

/A  \  f^  \ 
ceramic ,  handle ,  stable.. .  styrof6am,conical,staDle.. . 

MAP 

the ceramic mug if it too can be used for the stated 
purpose .  T o sho w that ,  th e syste m map s th e 
explanatio n derive d fo r  th e cerami c m u g ,  an d attempt s 
t o justif y tha t  i t  i s  satisfie d b y thi s example .  Th e 
styrofoa m cu p satisfie s th e explanation ,  althoug h wit h 
slightl y differen t  structura l  characteristics .  I t  differ s 
structurall y i n tha t  th e styrofoam ,  no t  cerami c material , 
provide s insulation ;  an d th e conica l  shape ,  rathe r  tha n 
th e handle ,  make s i t  graspable . 
C. Relationship to Explanation-Based 

Generalisatio n 

The research described here adapts recent techniques 
fo r  performin g goal-directe d an d explanation-base d 
generalizatio n |4 ,  11 ,  14 ,  17 ,  18 ,  19 ,  27) .  On e ke y 
featur e o f  thes e technique s i s tha t  th e relevan t  aspect s 
of  a  singl e exampl e ca n b e extracte d b y generatin g a n 
explanatio n o f  ho w th e exampl e satisfie s a  particula r 
goal ,  o r  purpose . 
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Purpose : 

Plan : 
PUTI N 

Figur e IV-1 :  Explai n H o w th e Cerami c M u g i s a  H O T - C U P 

Enable INGEST hot-liquid 

Preconditions : 
can(contai n 
(contents) ) 

t 

KEEP 

can{kce p 
(hot-liquid,int) ) 

Structura l  Features : 
open-concavit y non-porou s 

^  insulates-hea t 
stabl e 

Attributes : 
has-parl(open-cylinder )  malerial(ceramic ) 

G R A SP 

can(be-grasped-b y 
(agent,hot-liquid) ) 

4^ 

insulates-hea t 
grasping-are a 

materia l  (ceramic ) 

P I C K UP 
A 

INGEST 
A 

can(be-picl<edup-b y can(be-ingested-b y 
(agent,hol-liquid) )  (agent,hot-liquid) ) 

light-weigh t 
stabl e 

open-concavit y 

has-par t  (flat-bottom )  has-par t  (handle ) 
weight( 6 ounces )  has-part(open-cylinder ) 
has-part(nat-bottom ) 

I n adaptin g thes e technique s t o analogy ,  th e 
distinctio n betwee n analog y an d generalizatio n ha s 
somewhat  blurred .  Whil e i n analog y th e explanatio n i s 
mapped fro m a  know n exampl e an d modiHe d t o fit  th e 
new example ;  i n generalization ,  th e explanatio n i s 
generate d ane w fo r  eac h example .  I s  ther e a n 
advantag e t o modifyin g explanation s rathe r  tha n 
generatin g the m eac h time ? Althoug h i t  seem s plausibl e 
tha t  modifyin g explanation s i s  computationall y mor e 
efficient ,  w e d o no t  ye t  hav e experimenta l  dat a t o 
suppor t  this .  On e ca n argue ,  however ,  tha t  observin g 
multipl e example s an d modifyin g th e explanatio n slightl y 
eac h tim e provide s a  principle d wa y o f  learnin g 
alternat e way s o f  satisfyin g a  particula r  goa l  o r  purpos e 
(se e als o {]3|) .  Curren t  generalizatio n technique s whic h 
analyz e a  tingl e exampl e d o no t  hav e thi s capability . 

The work described here is most closely related to 
Winston' s  |27] ,  wher e th e relevan t  ttruclura l  feature s o f 
an exampl e o f  a n artifac t  ar e extracte d b y explainin g 
ho w th e exampl e satisfie s som e pre-defme d functiona l 
features .  W e exten d thi s wor k b y providin g th e abilit y 
t o automaticall y deriv e relevan t  structura l  an d functiona l 
feature s fro m a n explicitl y  give n purpose . 

I V Cas e Studie s 

A.  Discussio n 

I n thi s sectio n w e illustrat e th e techniqu e b y tw o 
cas e studies .  Ou r  cas e studie s illustrat e th e proble m o f 
refinin g concept s o f  artifacts ,  b y analogy ,  base d o n th e 
specialize d purpos e fo r  whic h thes e artifact s ar e t o b e 

used .  Ofte n whe n learnin g a  concept ,  som e notio n o f 
th e concep t  i s  alread y known ,  an d th e tas k i s t o modif y 
i t  slightl y a s i t  i s  use d i n a  differen t  context .  T o 
simplif y ou r  techniqu e conceptually ,  w e assum e tha t  th e 
known purpos e o f  th e artifact ,  constraine d b y th e 
specialize d purpos e fo r  whic h i t  i s  intended ,  i s  th e 
'purpose '  inpu t  t o th e system .  Fo r  example ,  i f  th e 
syste m i s t o lear n th e concep t  o f  'vehicle '  i n th e contex t 
of  prohibitin g vehicle s fro m bein g drive n i n th e park ,  w e 
assume tha t  i n th e know n purpos e o f  vehicle s (t o enabl e 
transportation) ,  constraine d b y th e contex t  (interferin g 
wit h par k use )  i s  th < 'purpose '  inpu t  t o th e system :  i.e . 
vehicle s tha t  "enabl e transportatio n bu t  interfer e wit h 
par k use' . 
B. Case Study 1: A Cup for Drinking Hot 

Liquid s 

In the case study described below, a system for 
performin g Purpose-Directe d Analog y take s a s inpu t  th e 
goal  concep t  (HOT-CUP) ,  it s  purpos e (t o enabl e a n 
agen t  t o drin k ho t  liquids) ,  a  targe t  exampl e ( a 
styrofoa m cup) ,  an d domai n theor y (typica l  action s a n 
agen t  ca n perform ,  a  structura l  an d functiona l  mode l  o f 
th e artifact) .  Then ,  b y analogica l  reasonin g t o a  know n 
base exampl e o f  a  H O T - C U P ( a cerami c mug) ,  th e 
syste m determine s ho w th e targe t  exampl e (styrofoa m 
cup )  i s a  member  o f  th e concep t  (HOT-CUP) ,  derive d 
fro m th e explanatio n o f  ho w th e bas e exampl e i s a 
member  o f  th e concept . 

We now detail each step of the technique. 
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1.  R E T R I E V E ste p 

Givfn the goal concept, this step rUrirves a 
prototypica l  baa e exampi r  o f  th e goa l  concept . 
Specifically ,  a  prototypica l  exampl e o f  a  H O T - C U P { « 
cerami c mug )  i s retrieved .  T o simplif y th e problem ,  w e 
assume tha t  a  prototypica l  exampl e i s known ,  an d 
store d i n suc h a  wa y tha t  i t  ca n b e easil y retrieve d (a s 
an instanc e o f  th e genera l  concep t  i n a n instance/cla M 
hierarchy) . 

2. EXPLAIN step 

The next step uses the domain theory to explain 
ho w th e bas e exampl e (cerami c m u g satisHe s th e 
purpos e (t o enabl e a n agen t  t o drin k ho t  liquids )  (se e 
figure  IV-1) .  Thi s i s th e cru x o f  Purpose-Directe d 
Analogy :  i n thi s ste p th e relevan t  explanatio n i s 
automaticall y derived ,  give n explici t  purpos e fo r  whic h 
th e artifac t  i s  used . 

The explanation step consist of two parts: first, 
deriv e a  genera l  ezp/anotio n o f  ho w a n exampl e ca n 
satisf y th e purpos e o f  th e goa l  concept ;  second , 
rteogrtiz e tha t  feature s o f  th e exampl e i n fac t  satisf y th e 
explanation . 

Derive a General Ebcplanation: First, given the 
purpos e o f  th e goa l  concep t  an d domai n theory ,  a 
genera l  explanatio n o f  ho w a n exampl e satisfie s th e 
purpos e o f  th e goa l  concep t  i s derived .  Th e purpos e o f 
H O T - C UP ca n b e state d i n a  PROLOG-l ik e 
representatio n a s follows : 

purpose(object, 
enable-action(object,Ingest(agent ,  hot-liquid ,  object)) ) 

« hot-cup(object ) 

In words: if something is a HOT-CUP, its purpose is to 
enabl e a n agen t  t o 'ingest '  ho t  liquids .  I f  th e purpos e 
of  a  H O T - C U P i s t o enabl e ingestin g ho t  liquids ,  the n 
an exampl e o f  b  HOT-Cl ' P wil l  satisf > th e purpos e i f  i t 
enable s a  pla n o f  actio n leadin g t o th e goal .  A  planne r 
(a s i n 112] )  generate s a  prototypica l  pla n (o r  'script' ) 
whic h lead s t o th e goa l  actio n 'ingest' :  Th e pla n is : 

Putin(agent, liquid, object) 

Keep(agent, liquid, object, time-interval) 

Crasp(agent, object, liquid) 

Pickup(agent, object, liquid) 

Ingest(agent, liquid, object) 

Each action has a list of preconditions which must be 
tru e i n orde r  t o enabl e th e action .  Th e objec t 
precondition !  ar e thos e precondition s whic h mus t  b e tru e 
of  th e objec t  i n orde r  t o enabl e th e action .  Fo r  a n 
artifac t  t o enabl e th e pla n o f  actions ,  i t  i s  expecte d t o 
satisf y th e objec t  precondition s o f  eac h o f  th e action s i n 
th e plan .  Th e objec t  precondition s are : 

object preconditions for 'Putin': 
can (  conlain(object ,  contents) ) 

objec t  precondition s fo r  'Keep' : 
can (  keep(objecl ,  hot-liquid ,  lime-interval) ) 

object preconditions for 'Grasp': 
can (  be-grasped-by(object ,  agent ,  hot-liquid) ) 

object preconditions for 'Pickup': 
can (  be-pickedup-by(object ,  agent ,  hot-liquid) ) 

object preconditions for 'Ingest': 
can (  be-ingeated-with(object ,  agent ,  hot-liquid) ) 

In general, the preconditions are collected together 
by a  metho d suc h a s goa l  regressio n (22 ]  whic h collect s 
onl y thos e precondition s no t  directl y enable d b y previou s 
actions ,  an d keep s trac k o f  othe r  constraint s amon g th e 
preconditions . 

The output of this first part is a general explanation 
of  th e precondition s whic h a n exampl e i t  expecte d t o 
Mtisf y i n orde r  t o fulfil l  th e purpos e o f  a  H O T - C U P . 

Recognise Example as Satisfying tbc 
Explanat ion :  Give n th e genera l  explanation ,  th e bas e 
example ,  an d domai n theory ,  thi s ste p verifie s that ,  i n 
fact ,  th e bas e exampl e (a -  cerami c m u g )  satisfie s th e 
explanatio n fo r  membershi p i n H O T - C U P (closel y 
relate d t o pla n recognitio n |23j. )  A n artifac t  ca n satisf y 
thes e preconditions ,  o r  functiona l  requirement* ,  b y 
certai n structura l  characteristics .  Thes e ca n b e satisfied , 
i n turn ,  b y particula r  attribute s o f  th e artifact . 

The example is represented as a frame, with 
attribute s represente d b y slot s an d values .  A  fram e i n a 
PROLOG-l ik e repriseniatio n i s a  lis < o f  binar y 
predicate s |12| .  Th e fram e describin g ceramic-mug l  is : 

manufacturer(ceramic-mugl, abc-co)) 
serial-number(ceramic-mugl ,  72118) ) 
color(ceramic-mugl ,  blue ) 
material(ceramic-mugl ,  ceramic ) 
weight(ceramic-mugl ,  6-ounces ) 
has-part(ceramic-mugl ,  flat-bottom) 
has-part(ceramic-mugl ,  open-cylinder ) 
has-part(ceramic-mugl ,  handle ) 

The domain theory contains 'default' rules, 
representin g typica l  structura l  an d functiona l 
characteristic s o f  a n artifact .  A n enabl e ttruttur e rul e 
expresse s ho w a  genera l  structura l  attribut e ca n 
typicall y b e satisfie d b y a  particula r  attribut e o f  a n 
object .  Fo r  instance : 

SLruclure(object, open-concavity) « 
has-part(object,open-cylinder ) 

The enable function rule expresses how a functional 
requiremen t  ca n typicall y b e satisfie d b y a  structura l 
attribute .  Fo r  example : 

enable-function(object, 
c&n(  contain(object ,  contents) )  « 
structure(object ,  open-concavity ) 
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Recognitio n proceed s a s a  searc h fo r  rule s t o 
generat e a  proo f  tha i  attribute s o f  th e cerami c m u g 
satisf y th e functiona l  requirements .  Th e resultin g 
explanatio n i s a s follows :  (se e Figur e lV- 1 fo r  a n 
illustration) :  Sinc e th e shap e o f  th e m u g i s a n ope n 
cylinder ,  i t  ha s a n ope n concavit y whic h allow s ho t 
liquid s t o b e P U T I N i t  (i.e .  poure d in) .  Th e cerami c 
materia l  o f  th e m u g provide s a  non-porou s materia l 
whic h als o insulate s th e heat ,  an d th e fla t  shap e o f  it s 
botto m make s i t  stable—al l  whic h enabl e th e cu p t o 
K E EP th e ho t  liqui d fo r  som e interval .  It s  handl e an d 
insulatin g materia l  make s i t  GRASPable .  It s weigh t  ( 6 
oz. )  make s i t  light-weight ,  an d that ,  alon g wit h it s 
stability ,  enabl e a n agen t  t o P IC K i t  U P .  Finally , 
enablin g al l  th e previou s actions ,  alon g wit h havin g a n 
ope n concavity ,  allow s th e agen t  t o perfor m hi s goa l 
actio n o f  INGESTin g th e ho t  liquid s fro m th e cerami c 
mug. 

The output of this step, then, is an explanation of 
ho w th e bas e exampl e (th e cerami c m u g )  satisfie s th e 
purpos e o f  H O T - C U P 

3. MAP Step 

Thi s ste p copie s th e explanatio n o f  th e bas e exampl e 
ove r  t o th e targe t  exampl e (th e styrofoa m cup) . 

4. JUSTIFY Step 

This step takes as input the explanation mapped 
over ,  th e targe t  example ,  an d domai n theory ,  an d 
attempt s t o justif y tha t  th e explanatio n i s satisfie d b y 
th e targe t  example .  I f  i t  canno t  justif y i t  usin g th e 
explanatio n a s it s stands ,  i t  modifie s th e explanatio n t o 
sho w tha t  th e targe t  exampl e i s a  member  o f  th e goa l 
concep t  i n a  slightl y differen t  way . 

First, it attempts to show how the attributes of the 
styrofoa m cu p satisf y th e structura l  an d functiona l 
requirement s o f  somethin g tha t  i s a  H O T - C U P i n th e 
same wa y a s th e cerami c mug .  I f  i t  fail s  t o d o that ,  i t 
attempt s t o modif y a  portio n o f  th e explanatio n t o 
sho w tha t  th e functiona l  requirement s ar e satisfie d b y 
alternativ e structura l  features .  I f  i t  i s  unabl e t o d o 
that ,  i t  attempt s t o sho w tha t  alternativ e action s satisf y 
th e agent' s goa l  action .  I f  tha t  i s  unsuccessful ,  th e 
justificatio n ste p fails .  Thi s processin g i s simila r  i n 
spiri t  t o derivationa l  analog y |3j ,  an d partia l  provisiona l 
plannin g |24| . 

In this example, the styrofoam cup satisfies most of 
th e structura l  an d functiona l  requirement s i n th e sam e 
way a s th e cerami c mug .  I t  differ s structurall y onl y i n 
tha t  i t  i s  th e styrofoa m material ,  no t  ceramic ,  whic h 
insulate s th e heat ;  an d i t  i s  th e conica l  shape ,  rathe r 
tha n a  handle ,  whic h make s i t  graspable .  Sinc e th e 
styrofoa m cu p als o fit s  thes e relevan t  functiona l 
requirement s an d therefor e th e purpose ,  eve n i f  wit h 
differen t  structura l  characteristics ,  i t  i s  considere d 
analogou s t o th e cerami c mug ,  an d ma y als o b e 
classifie d a s a  H O T - C U P . 

The result of this step is a (possibly modified) 
explanatio n o f  ho w th e styrofoa m cu p satisfie s th e 
purpose s o f  a  H O T - C U P . 

5.  Learnin g 

Given the two explanations as input, learning is 
achieve d firs t  b y retainin g th e tw o explanation s derive d 
by th e system .  Thi s provide s th e syste m wit h th e 
abilit y  t o classif y th e targe t  exampl e a s a  member  o f 
th e concept .  Next ,  th e syste m proceed s t o for m a 
generaliiatio n base d o n th e explanation s generate d fo r 
tw o examples .  Give n thes e tw o explanations ,  th e 
syste m ca n summariz e th e c o m m o n structura l 
characteristic s (an d whe n findin g non e i n common-th e 
functiona l  ones )  t o for m a  sufficien t  definitio n o f  th e 
goal  concept .  Thu s th e outpu t  o f  thi s ste p i s a 
sufficien t  definitio n o f  a  H O T - C U P :  a n objec t  whic h ca n 
hav e a n ope n concavity ,  ca n b e mad e o f  nonp>orous , 
insulatin g material ,  ca n b e stable ,  lightweight ,  an d ca n 
be graspable .  Thi s sufficien t  definitio n ca n b e use d 
fro m no w o n t o recogniz e example s o f  a  H O T - C U P 
mor e easily ,  sinc e i t  i s  describe d i n mor e optrationa l 
term s |20j ,  i.e .  i n term s o f  structural ,  observabl e 
characteristic s (se e sectio n V. A fo r  furthe r  discussio n o f 
'operationality') . 

C. Case Study 2: Vehicle in Park 

We are also applying Purpose-Directed Analogy to a 
mor e comple x cas e study ,  tha t  o f  formin g lega l  concept s 
by lega l  reasonin g fro m precedent s (initiate d withi n th e 
T A X M AN I I  projec t  |16 ,  21)) .  (Fo r  othe r  researc h o n 
AI  an d lega l  reasonin g se e |9]) .  Give n th e lega l  statut e 
' A vehicl e i s prohibite d i n a  publi c park "  |7| ,  th e tas k 
i s t o lear n th e concep t  D I S T U R B I N G - V E H I C L E ,  a n 
objec t  whic h enable s drivin g bu t  interfere s wit h par k 
use .  W e d o no t  presen t  a  detaile d solutio n here . 
Rather ,  w e sketc h i t  briefly . 

A case is brought before the court for violating the 
statut e ' A vehicl e i s prohibite d i n a  publi c park' .  I t  i s 
th e cas e o f  T o m m y ,  a n 18-yea r  old ,  wh o wa s foun d 
speedin g throug h th e par k o n a  bicycl e b y a  policeman . 
Th e syste m performin g Purpose-Directe d Analog y ca n b e 
viewe d a s modellin g th e tas k o f  th e prosecutin g lawyer . 
Th e lawye r  wil l  argu e tha t  ridin g a  bicycl e i n th e par k 
i s analogou s t o a  cas e wher e a  passenge r  ca r  wa s drive n 
int o th e park ,  a  clea r  exampl e o f  a  vehicl e prohibite d i n 
th e park .  (Thi s styl e o f  argumentatio n fro m precedent s 
i s a  commo n for m o f  lega l  argumentation. )  Th e 
argumen t  involve s presentin g th e relevan t  fact s tha t 
justif y wh y fo r  thi s law ,  th e bicycl e cas e i s analogou s t o 
th e cas e involvin g a  passenge r  car .  Knowledg e o f  th e 
purpos e o f  th e vehicle s tha t  th e la w intend s t o prohibi t 
( D I S T U R B I N G - V E H I C L E S ,  object s whic h enabl e drivin g 
but  interfer e wit h par k use )  i s use d t o deriv e th e 
relevan t  explanatio n use d i n thi s analogy .  Th e proble m 
of  learnin g th e lega l  concep t  D I S T U R B I N G - V E H I C L E 
by argumentatio n fro m precedents ,  guide d b y knowledg e 
of  legislativ e intent ,  mor e specificall y th e purpos e o f 
D I S T U R B I N G - V E H I C L E ,  i s thu s a n instanc e o f  th e 
genera l  proble m o f  learnin g concept s b y Purpose -
Directe d Analogy . 

First, the system re(rietie« the clear precedent case 
(involvin g a  passenge r  car) .  W e assum e tha t  clea r 
preceden t  case s ar e known ,  an d ca n easil y b e retrieved . 
Next ,  th e syste m explain s wh y th e preceden t  cas e ha s 
violate d thi s law ,  an d thu s involve s a  D I S T U R B I N G -
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V E H I C L E.  Th e st»tuie' s inien t  i s l o prohibi t  drivin g 
ihos r  vehicle s whic h woul d inlerfer e wit h people' s us e o f 
th e park ,  suc h a s enjoyin g th e seren e setting ,  an d th e 
natura l  habita t  provide d b y th e park .  Drivin g a 
passenge r  ca r  clearl y interfere s wit h thes e aspect s o f  th e 
park :  i t  make s noise ,  an d thu s disturb s th e seren e 
setting .  I t  pollute s th e air ,  an d ma y trampl e th e law n 
and eve n kmal l  animals ,  an d thu s destroy s th e natura l 
habitat .  Next ,  th e syste m map s thi s explanatio n l o 
argu e (juslifj )  tha t  th e cas e involvin g a  bicycl e i s a 
D I S T U R B I N G - V E H I C L E i n th e sam e relevan t  respects . 
Becaus e th e bicycl e trample d th e lawn ,  flowers ,  an d 
spe d b y par k users ,  i t  similarl y interfere d wit h th e 
seren e settin g an d th e natura l  habita t  o f  th e park ,  an d 
i s therefor e analogou s l o th e cas e o f  a  passenge r  ca r  i n 
th e aspect s relevan t  fo r  thes e purposes ,  an d ma y als o b e 
classifie d a s a  D I S T U R B I N G - V E H I C L E .  Finally ,  th e 

syste m generalize s l o a  sufHcien l  dermitio n o f 
D I S T U R B I N G - V E H I C L E ,  base d o n th e explanations ,  s o 
tha t  futur e case s ca n b e identifie d mor e easil y a s havin g 
violate d th e lega l  siatule . 
V CoDcluaion 

A .  Limitation s a n d Fu tu r e Researc h 

We plan to complete the implementation of the 
syste m i n th e nea r  future .  I n addition ,  w e expec t  t o 
experimen t  wit h th e syste m usin g cas e studie s o f 
increasin g complexity.  W e als o pla n t o tes t  th e syste m 
on cas e studie s fo r  learnin g concept s wit h alternativ e 
purposes .  Further ,  severa l  majo r  theoretica l  issue s stil l 
need t o b e addresse d befor e w e hav e a  robus t  Purpose -
Directe d Analog y technique . 

Generalizing the technique to other domains: We 
provide d a n initia l  desig n o f  a  techniqu e t o lear n 
concept s o f  everyda y artifacts .  Ca n thi s techniqu e b e 
generalize d t o othe r  domain s suc h a s thos e studie d b y 
Centner ,  Burstein ,  an d Winston ? W e us e a  ver y 
specifi c  notio n o f  purpose ,  th e purpos e fo r  whic h a n 
artifac t  i s  intende d t o b e used .  'Purpose '  i n analog y 
ca n expres s man y differen t  intentions .  I t  ca n refe r  t o 
th e purpos e o f  th e agen t  formin g th e analogy ,  th e 
purpos e o f  th e agen t  understandin g th e analogy ,  th e 
purpos e o f  th e analog y proces s itself ,  th e purpos e o f  th e 
agen t  usin g th e concep t  learne d a s a  resul t  o f  th e 
analogy ,  an d s o on .  O n e importan t  ope n proble m t o b e 
solve d befor e th e techniqu e ca n b e generalize d i s t o 
represen t  classe s o f  purposes ,  an d thei r  relationshi p t o 
one another . 

Deriving the Goal Concept: Currently, the system is 
give n a  singl e concep t  t o learn ,  an d a  singl e purpose . 
Vet  i n mos t  real-worl d form s o f  learning ,  ther e ar e 
many concept s t o learn .  I n addition ,  ther e ar e many , 
sometime s cooflicting ,  purpose s fo r  learning .  Ca n a 
syste m arriv e a t  th e desire d concept(s )  t o learn ,  an d 
infe r  th e purpose(s )  automaticall y fro m context ? I n hi s 
researc h o n contextua l  learning ,  Kelle r  ha s demonstrate d 
a scenari o fo r  thi s i n th e contex t  o f  heuristi c searc h 

jllj .  .\ n importan t  issu e fo r  futur e researc h i s t o 
examin e th e proble m o f  formulatin g concept s an d 
purpose s i n thes e domains . 

Adequac y o f  Th e Doma i n Theory :  Th e explanation s 
derive d b y Purpose-Directe d Analog y ar e onl y a s 
adequat e a s th e underlyin g domai n theor y used .  I n th e 
cas e studie s presente d here ,  th e syste m ha d al l  th e 
correc t  domai n theor y rule s neede d t o deriv e th e 
explanations .  Ye t  theorie s o f  th e domain s o f 
commonsens e artifact s an d la w ar e bot h inexac t  an d 
information-incomplete .  I n fact ,  th e representatio n o f 
most  real-worl d domain s wil l  alway s b e lacking . 
Learnin g i n thes e domain s wil l  hav e l o accoun t  fo r  a 
weak underlyin g theor y (se e |I5 ,  16 |  fo r  on e approach) . 

The domain theory is inexact in that the axioms 
represen t  wha t  i s oiil > approxiiiialel )  true .  Fo r 
example ,  a  rul e suc h a s 'lias(vehicle,Molor )  » 
pollutes(vchicle,Air) '  i s  no t  infallible :  wha t  i f  th e moto r 
i s dead ? On e issu e l o dea l  wit h i s ho w t o lear n 
concept s whe n exception s t o thes e rule s aris e (se e als o 

|l]) .  Bot h analyti c an d empirica l  technique s tha t  dea l 
wit h exception s wil l  nee d t o b e develope d (  |28 j  i s  on e 
suc h analyti c  technique) .  I n addition ,  th e theor y i n 
thes e domain s i s information-incomplet e i n tha t  w e 
canno t  hop e t o represen t  al l  th e neede d informatio n 
abou t  thes e domains .  Fo r  example ,  ou r  representatio n 
migh t  b e missin g th e rul e 'has-parl(x ,  handle )  = > 
graspable(x) '  neede d l o generat e th e explanatio n o f  ho w 
somethin g i s a  cup .  Thu s th e issu e o f  whe n t o 
approximat e whe n generatin g a n explanatio n wil l  com e 
int o play .  I n th e lon g term ,  technique s wil l  nee d l o b e 
develope d l o lear n thes e axiom s fro m empirica l 
techniques ,  o r  fro m reasonin g fro m firs t  principles . 

0;)erafiona/t<y of Definitions: Intuitively, we want 
our  concep t  definition s t o enabl e agent s t o easil y 
recogniz e member s o f  th e concepts .  W h e n i s a  concep t 
definitio n 'operational '  i n thes e domains ? W h e n i s i t 
'non-operational '  (20) ? Currentl y w e assum e tha t 
structura l  definition s allo w a  h u m a n agen t  t o easil y 
classif y example s a s bein g member s o f  a  concep t  (henc e 
ar e operational) ,  whil e functiona l  an d purposiv e 
definition s d o no t  (an d henc e ar e non-operational) .  Th e 
notio n o f  concep t  operalionalizatio n ha s bee n 
investigate d i n |10| .  Kelle r  advocate s definin g 
operationalil y  i n term s o f  th e intende d us e o f  th e 
concept .  Th e intende d us e i n th e cas e studie s examine d 
her e seem s l o b e on e o f  classification .  A n interestin g 
ope n issu e t o explor e i s whethe r  knowledg e o f  th e typ e 
of  domai n (artifacts ,  say )  an d th e intende d us e o f  a 
concep t  (classification ,  say )  ca n b e use d t o automaticall y 
defin e operationa l  an d non-operationa l  language s fo r 
definin g concept s i n a  give n domain . 
B. Summary 
To summarize, we have outlined a framework of 
existin g model s o f  analogica l  reasoning ,  withi n whic h w e 
discusse d thre e existin g model s o f  concep t  learnin g b y 
analogy .  W e argue d tha t  a  ke y limitatio n i s tha t  thes e 
model s canno t  automaticall y generat e th e causa l  networ k 
of  relation s relevan t  fo r  th e purpos e o f  a  particula r 
analogy .  W e the n introduce d a n initia l  desig n fo r 
Purpose-Directe d Analog y i n concep t  learning ,  whic h 
addresse s thi s limitatio n b y usin g a  specialize d notio n o f 
purpos e t o automaticall y deriv e th e relevan t  explanatio n 
(causa l  network) .  Thi s specialize d purpos e i s th e 
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purpos e fo r  whic h a n arlifar l  i s  inlriide d l u b e used . 
Give n explici t  knowledR e o f  th e purpos e o f  th e artifact , 
tw o example s ar e considere d analogou s b y th e syste m i f 
the y shar e a n explanatio n whic h prove s tha i  bot h ca n 
be use d fo r  th e sam e purpose .  W e illustrate d th e 
techniqu e wit h tw o cas e studie s o f  learnin g concept s o f 
everyda y artifacts . 

Building a machine that learns by analogy and 
reason s i n comnionM-nst -  domain s i s siil l  boNon d ou r 
abilities ,  ye i  w r  ar e slowl y progressin g towar d tha i  goal . 
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L E A R N I NG C O N C R E TE S T R A T E G I E S T H R O U GH I N T E R A C T I O N 

R.W. Lawler and O.G. Selfridge 
G TE Laboratories ,  Inc. ,  Waltham ,  Ma .  0225 4 

Abstract 

We discuss learning and the adaptive generation of concrete strategies through interactive experi-

ence .  Th e domai n i s th e gam e Tictactoe .  Th e knowledg e structure s embodyin g strategie s w e represen t 

as havin g thre e parts :  a  Goal ,  a  sequenc e o f  Actions ,  an d a  se t  o f  Constraint s o n thos e action s ( G A G ) . 

We simulat e suc h structure s i n a  progra m tha t  play s Tictacto e agains t  differen t  kind s o f  opponents . 

Applyin g thes e strategie s lead s t o move s tha t  ofte n resul t  i n winnin g o r  losing ;  whic h i n tur n lead s t o 

th e creatio n o f  ne w structures ,  b y modifyin g th e curren t  G A C s .  Thes e modification s ar e controlle d b y 

a smal l  se t  o f  specifi c  rules ,  s o tha t  th e G A C s ar e relate d b y th e way s modification s ca n m a p fro m on e 

t o another .  Subjec t  t o certai n limitations ,  w e d o a  complet e exploratio n o f  certai n classe s o f  strategy . 

Thi s leamabilit y  analysi s take s guidanc e fro m previou s cognitiv e studie s o f  a  h u m a n subjec t  b y Lawler . 
Th e simulation s wer e performe d o n a  Symbolic s 360 0 i n LISP . 

This work avoids abstraction in order to explore learning based on the modification of fully ex-

plici t  strategie s learne d throug h particula r  experiences .  Th e result s ar e a  catalo g o f  specifi c experience s 

throug h whic h learnin g occur s withi n thi s syste m an d a  descriptio n o f  network s o f  descen t  o f  concret e 

strategie s from  on e another .  W e conclud e wit h a  descriptio n o f  experienc e motivate d analogy ,  a  mech -
anis m propose d fo r  th e developmen t  o f  limite d interrelation s betwee n structure s base d o n particula r 

experiences . 

Introduction 

Th e ultimat e ai m o f  thi s wor k i s t o mode l  computationall y a  sequenc e o f  developmenta l  step s 

leadin g from  naiv e knowledg e t o domai n specifi c  mastery .  W e star t  wit h a  mode l  tha t  embodie s thre e 

wel l  recognize d characteristic s o f  children' s thinkin g an d wit h a  representatio n chose n takin g guidanc e 
from  th e rich  corpu s o f  a  detaile d cas e study .  ̂  Th e thre e primar y characteristic s ar e egocentricity , 

concreteness ,  3Ji d interactivity .  E G O C E N T R I C I T Y w e tak e t o mea n a n original ,  exclusiv e focu s o n 

one's-ow n goal s an d plans .  B y C O N C R E T E N E SS w e refe r  t o th e importanc e o f  particula r  experienc e i n 

determinin g th e description s o f  wha t  thing s are .  W e tak e seriousl y th e concretenes s o f  youn g children' s 

thought ,  an d w e ar e willin g t o explor e ho w ver y specifi c  structure s functio n an d develop .  Th e self -
centerednes s o f  children' s play ,  eve n thei r  speec h (se e Piaget ,  1926) ,  i s characteristi c o f  th e naiv e learner . 

Thi s lead s u s t o us e informatio n structure s tha t  focu s almos t  entirel y o n th e intention s an d action s 

know n b y th e player .  I N T E R A C T I V I T Y i s centra l  i n th e twi n sense s o f  learnin g fro m interactio n wit h 

other s an d fro m th e interactio n o f  disparat e structure s withi n th e self .  Th e developmen t  o f  structure s 

from  suc h a  basi s i s eventuall y t o procee d t o master y throug h recognizabl y significan t  processe s suc h a s 
th e following : 

-  learnin g ne w concret e goal s an d plan s a s elementar y variation s o f  predecessor s 

-  learnin g constraint s upo n thos e plan s 

-  redescribin g goal s base d o n th e applicatio n o f  pla n constraint s t o goa l  specification s 

-  recognizin g th e applicabilit y o f  genera l  idea s (suc h a s symmetry ) 

-  internalizin g th e opponent' s rol e (thu s permittin g vicariou s play ) 

-  developin g menta l  pla y (thu s permittin g searc h fo r  a  victor y throug h th e tre e o f  possibl e games ) 

-  achievin g a  classification-base d mjister y o f  possibl e pla y i n th e domain . 

We no w explor e leaming-by-interactio n o f  concret e strategie s throug h analysi s o f  computer-base d sim -

ulations .  Th e puzzl e i s ho w t o understan d adaptivit y throug h interactio n wit h som e "other "  thin g tha t 
i s no t  itsel f  well-comprehended . 

^  Chapte r  4  o f  Lawler ,  1985 ,  i s  a  detaile d analysi s o f  th e complet e histor y o f  on e child' s pla y o f 

Tictacto e throughou t  a  tw o yea r  period .  Reference s t o dat a an d analyse s fro m tha t  stud y wil l  b e t o 

"Lawler' s subject. " 
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Althoug h thi s exploratio n take s guidanc e fro m th e stud y o f  a  singl e child ,  i t  i s N O T a  mode l  o f  a 

singl e child' s development .  Th e immediat e ai m o f  th e wor k reporte d her e i s t o explor e th e interrelatednes s 

of  th e se t  o f  concret e strategies ,  suc h a s ca n b e generate d wit h minima l  transformation s o f  a  give n 

strateg y throug h purpos e governe d interaction s wit h a n uncomprehende d opponent. ^  W e believ e tha t 

developmen t  ca n follo w from  reflectio n upo n th e disparait y betwee n anticipate d outcome s o f  plans  an d 

actua l  outcome s o f  particula r  experiences .  Th e centa l  tas k o f  thi s mode l  i s  t o modif y it s repertoir e 
of  strategie s whe n surprisin g outcome s occu r  i n playin g particula r  games .  Th e mode l  proceed s b y th e 

recognitio n o f  ne w specifi c  goal s an d th e constructio n o f  ne w plan s fo r  achievin g thos e goals .  Thi s kin d 

of  learnin g embodie s th e reflexiv e constructio n o f  concret e strategies . 

Centra l  idea s fo r  u s ar e th e disparatenes s o f  structure s an d thei r  functiona l  lability. ^  W e appl y 

th e assumptio n o f  disparatenes s i n ou r  simulation s b y creatin g a  separat e objec t  fo r  eac h strategy ;  eac h 

objec t  propose s it s nex t  mov e regardles s o f  th e proposal s o f  ever y othe r  strategy .  Ou r  analysi s combine s 

(l )  a  suitabl e representatio n o f  knowledg e structures ;  (2 )  decision s m a d e t o limi t  th e interaction s t o som e 

manageabl e number ;  (3 )  proposal s o f  learnin g mechanism s operatin g o n th e knowledg e structures ;  an d 

(4 )  th e analysi s o f  sequence s o f  simulations .  Simulatio n let s u s specif y an d activat e th e structure s an d 

developmenta l  sequence s w e conside r  important ,  creatin g thereb y a  kin d o f  experimenta l  epistemology . 
Thi s i n tur n permit s u s t o connec t  analysi s o f  th e particula r  contex t  o f  a n inciden t  o f  learnin g t o specifi c 

change s i n a n organizatio n o f  self-modifyin g informatio n structures . 

Representation of Knowledge 

We represen t  knowledg e structure s a s havin g th e part s necessar y fo r  adaptiv e functioning .  Learnin g 
what  t o d o i s essential :  G O A L S ar e explicitl y  represented .  Knowin g ho w t o achiev e a  goa l  i s  essential ; 
A C T I O N P L A N S ar e explicitl y  represented .  Knowin g whe n a  planne d actio n wil l  wor k an d whe n i t  won' t 
i s  essential ;  C O N S T R A I N TS limitin g applicatio n o f  action s ar e represente d explicitly .  Th e structur e 
compose d o f  thi s triad ,  a  G A C (Goal ,  Action ,  Constraints) ,  i s  ou r  representatio n o f  a  strateg y fo r 

achievin g a  for k I n Tictactoe .  Goal s ar e considere d a s a  thre e elemen t  se t  o f  th e learner' s mark s whic h 
tak e par t  i n a  fork .  Thi s i s th e first  elemen t  o f  a  strategy .  Plan s o f  thre e ste p length ,  whic h ad d th e orde r 
of  achievin g goa l  steps ,  ar e represente d a s lists .  Constraint s o n plan s ar e tw o elemen t  sublists ,  th e first 

elemen t  bein g th e ste p o f  th e pla n t o whic h th e constrain t  attache s an d th e secon d bein g th e se t  o f  cel l 

number s o f  th e opponent' s move s whic h defeate d th e pla n i n a  previou s game .  I n ou r  simulations ,  S L I M 
(ou r  Strateg y Learner ,  Interactiv e Model )  play s agains t  R E O ( a relativel y exper t  opponent) .  R E O ca n 
win ,  block ,  an d appl y variou s rule s o f  cel l  choic e -  thoug h ignoran t  o f  an y strategie s o f  th e sor t  S L I M i s 
learning .  Withi n th e executio n o f  ou r  simulation ,  th e structur e o f  G A C 1  belo w wil l  lea d t o th e thre e 
games show n dependin g o n th e opponent' s move s (letter s ar e fo r  SLIM' s moves ,  number s fo r  REO's ) : 

GOAL ACTIO N CONSTRAINT 
GAC 1 :  {1 3 9 }  [1 9 3 ]  <  [ 3 {  2  5  8  }  ] > 

win by plan plan defeat constrained cell numbers 
dra w 

A|3|C A| |C A|C|3 1|2|3 
|1| D 2 |  1| 3 4|1| E 4|5| 6 

2 | | B | | B D |2 | B 7|8| 9 

The player SLIM has no notion of symmetry (ongoing work explores how it may be learned). Our 
representation s an d le<imin g mechanism s ar e committe d t o cell-specificity ;  the y ar e als o self-centered , 

^  Thi s lin e o f  researc h aros e fro m th e attemp t  t o develo p th e kind s o f  concret e learnin g model s 

propose d i n Selfridg e an d Selfridg e '8 5 i n a  directio n les s dependen t  o n th e externa l  settin g o f  goals . 
^  Satinofi' ,  1978 ,  present s a  physiologica l  exampl e o f  disparat e system s fo r  therma l  regulation .  Lawle r 

1985 eissume s th e disparatenes s o f  cognitiv e structur e i n interpretin g learnin g i n th e h u m a n case .  Th e 
functiona l  labilit y  o f  structure s name s th e effectivenes s o f  a  give n structur e fo r  somethin g othe r  tha n th e 
purpos e whic h shape d it s development .  Jaco b 198 1 argue s th e importanc e o f  functiona l  labilit y i n th e 
evolutio n o f  species .  Th e ide a i s no t  forwar d i n thi s article ,  bu t  i s centra l  t o th e explanatio n o f  learnin g 
throug h experienc e generally .  Se e Lawle r  1985 ,  1985b . 
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focussin g o n th e learner' s ow n plan s an d knowledg e (a s the y mus t  since ,  b y principle ,  SLI M begin s no t 

knowin g wha t  th e opponen t  wil l  do ;  SLI M doe s no t  hav e th e abilit y  t o mode l  o r  predic t  a n opponent' s 

moves i n an y abstrac t  way). ^ 

Her e ar e th e fourtee n corner-openin g G A Cs fro m eac h o f  whic h SLI M bega n on e o f  it s  play-sequence s 

agains t  R E O (the y ar e groupe d i n symmetrica l  quartets ;  becaus e GACs five  an d si x ar e doubl y sym -

metrical ,  ther e ar e onl y tw o member s i n it s  group) : 

G AG 1  {139}[193]< > G A G 5  {137}[137]< > 

G AG 2  {179}[197]< > G A G 6  {I37}[l73l< > 

G AG 3  {139}[139]< > 
G AG 4  {179}[179]< > 

G AG 7  {135}[153]< > G A G 1 1 {125}[l52l< > 

G AG 8  {157}[157]< > G A G 1 2 {145}[154)< > 

G AG 9  {135}[135]< > G A G 1 3 {125}[l25l< > 

G AG 1 0 {157}[1751< > G A G 1 4 {145}[145]< > 

The centra l  questio n is :  whe n SLI M start s fro m on e specifi c  G A G,  whic h other s wil l  i t  discove r  throug h 

experienc e -  give n a  se t  o f  wel l  define d assumption s abou t  learnin g mechanism s an d th e opponent ,  an d 
learnin g mecheinisms .  W e wil l  describ e th e centra l  element s o f  th e domain ,  th e opponent ,  an d learnin g 

mechanisms . 

The Domain 

Ther e ar e a t  leas t  fou r  way s o f  mobilizin g knowledg e t o pla y Tictactoe .  Mos t  often ,  matur e peopl e 
thin k o f  playin g forwar d i n th e tre e o f  possibl e moves .  A  secon d kin d o f  matur e pla y i s categorical :  on e 

may grou p al l  possibl e pair s o f  opening s an d responses ,  reducin g the m b y symmetr y t o twelv e uniqu e 

game openings ;  o f  thes e twelve ,  seve n permi t  direc t  win s fo r  th e initia l  playe r  an d th e othe r  five  permi t 

settin g trap s fo r  th e unwar y opponent .  A  thir d wa y i s mor e primitiv e tha n th e first  two ;  w e cal l  i t 

tactical :  T A C T I G A L pla y i s purel y stat e dependent ;  fro m th e token s alread y played ,  choice s ar e mad e 
t o wi n whe n possible ,  t o bloc k a t  need ,  an d t o choos e on e cel l  fro m thos e available ,  on e choic e a t  a  tim e 

and wit h n o forwar d play . 

The fourt h wa y w e cal l  strategic :  i t  depend s upo n havin g a  multi-mov e action-pla n fo r  achievin g 
a fork ,  whic h distinguishe s i t  fro m tactica l  play .  Initi<ill y  i t  completel y ignore s th e opponent' s moves , 

whic h distinguishe s i t  fro m loo k ahead .  I t  involve s N O systemati c knowledg e o f  th e gam e a t  all ,  an d 

does N O T mak e A N Y explici t  us e o f  symmetr y i n play . 

Lawler' s subjec t  clearl y exhibite d us e o f  th e thir d an d fourt h ways ,  tha t  i s  tactica l  an d strategi c 
play .  SLI M wa s s o programmed ,  preferrin g strategi c play .  Bu t  whe n SLIM' s strategie s ar e frustrated , 

i t  play s wit h structure d tactic s (t o b e define d shortly) .  Winnin g wit h strategie s depend s upo n SLIM' s 
makin g a  winnin g mov e tacticall y afte r  forkin g th e opponent .  SLIM' s opponent ,  R E O,  A L W A YS play s 

tactically .  Bot h SLI M an d R E O ca n recogniz e an d achiev e a  win .  R E O alway s block s an y threa t  b y 
SLI M (o r  on e o f  tw o whe n forked) .  SLIM ,  no t  noticin g it s opponent' s moves ,  initiall y  doe s no t  bloc k 
whil e executin g a  strateg y -  unti l  a  defea t  establishe s it s vulnerability ,  an d analysi s lead s t o identifyin g 

and constrainin g executio n o f  th e vulnerabl e pla n step . 

SLI M play s i n tw o modes ,  executin g strategie s whe n possibl e an d resortin g t o tactica l  pla y whe n 

necessar y (al l  strategie s frustrated )  o r  appropriat e ( a for k ha s bee n achieved) .  Whe n playin g tactically , 

SLI M block s a s effectivel y a s REO. ^  Whe n a  singl e strateg y i s abandone d becaus e o f  a  threat ,  pla y 

revert s t o th e tactica l  mod e -  an d thu s blockin g i s effective . 

*  Th e genera l  commitmen t  t o egocentri c knowledg e representatio n ha s psychologica l  justificatio n i n 

thi s specifi c  case .  Lawler' s subjec t  suffere d th e defea t  abov e tryin g t o achiev e th e victor y o f  G A G 1 

(th e onl y strateg y sh e knew) ,  no t  attendin g t o he r  opponent' s mov e no r  anticipatin g an y threa t  t o he r 

intende d fork . 
*  SLI M doe s no t  bloc k whil e pursuin g a  strategy .  Thi s seemin g inconsistenc y reflect s th e behavio r 

of  Lawler' s subject .  Th e fragmentation  o f  knowledg e implie d b y suc h behavio r  i s implemente d i n th e 

model  throug h non-communicatin g instance s o f  Zetalis p flavors. 
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SLIM' s opponen t  R E O play s tacticall y i n thre e variations .  The y ca n b e define d i n term s o f  appli -
catio n o f  a  se t  o f  productio n rules: ' 

<own-winning-pattem>- > pla y winning-cel l  rul e typ e o f  pla y 

<opponent-win-pattem » pla y blocking-cel l  — 

<center-cel l  {rtt > - > pla y center-cel l  1 :  highl y structure d pla y onl y 

<comer-cel l  free>  - > pla y comer-cel l  2 :  highl y structure d an d structure d pla y 

<any-cel l  free > - > pla y any-free-cel l  3 :  un-structure d play ;  las t  choic e fo r  others . 

W h en al l  th e las t  thre e rule s function ,  th e opponen t  play s i n a  H I G H L Y S T R U C T U R ED fashion .  Thi s 

means tha t  rul e 1  inhibit s th e choic e o f  an y come r  o r  sid e cel l  whe n cel l  5  i s free.  W h e n ml e 1  i s no t 

functioning ,  th e opponen t  play s i n a  S T R U C T U R ED fashion .  W h e n bot h rule s 1  an d 2  ar e disabled , 

th e opponen t  play s i n a n U N S T R U C T U R ED fashio n -  movin g i n an y free  cell .  Sinc e ou r  simulation s 
generat e th e complet e space s o f  potentia l  experiences ,  disablin g th e limitation s implie d b y on e specifi c 

rul e constrainin g it s successor s generate s a n increase d numbe r  o f  game s i n th e space . 

Space s o f  Potentia l  Experienc e 

The spac e o f  possibl e Tictacto e game s i s o f  magnitud e 2  x  9! ,  o r  725,760 .  W e hav e severel y limite d 
th e portio n o f  tha t  spac e t o b e explore d i n orde r  t o permi t  ou r  tracin g ho w th e spac e o f  executabl e 

games change s wit h increasin g strategi c knowledge .  Domai n oriente d limitation s w e hav e applie d ar e 

focussin g o n come r  openin g pla y wit h SL I M movin g first.  Thes e choice s ar e base d o n th e significan t 

openin g advantag e o f  comer-oriente d pla y an d o n th e importan t  rol e w e assig n t o winnin g game s a s th e 
primar y cu e fo r  learnin g a  ne w strategy .  Thes e constraint s stil l  leav e o n th e orde r  o f  8 !  (40,320 )  games . 
We ignor e draw n game s an d hav e minimize d th e generatio n o f  redundan t  game s (alternativ e response s 
t o a  for k an d s o forth) .  W e hav e ala o omitte d th e analysi s o f  eight-mov e losse s an d nine-mov e win s a s to o 

comple x fo r  SLIM ;  w e believ e thes e circumstance s ar e to o comple x fo r  analysi s b y naiv e huma n player s 
of  Tictacto e also .  Thes e limitation s o f  choic e restric t  th e game s playable ,  bu t  the y als o permi t  u s t o 
explor e ho w verj '  simpl e 3tra.tcgie s ca n generat e other s whic h wil l  i n tur n expan d th e spac e o f  potentia l 
experiences . 

Beyon d thes e limitation s o f  choice ,  w e appl y a  mor e E S S E N T I A L limitation .  Th e mos t  natura l 
constrain t  o n pla y i s it s specifi c  purpose ,  i n th e twi n sense s o f  havin g winnin g a s a  genera l  objectiv e 

and intendin g t o appl y knowledg e availabl e a s a  mean s t o tha t  end .  I f  on e know s onl y a  single ,  ver y 
specifi c  strateg y -  suc h a s "mov e first  i n thi s comer ,  the n tha t  other ,  ain d finally  i n th e thir d on e there " 
-  an d i s determine d t o appl y tha t  knowledge ,  pla y i s ver y muc h limited .  A t  th e beginning ,  ou r  compute r 
learne r  SL I M ha d suc h commitments ,  jus t  lik e Lawler' s subject .  Ou r  compute r  simulation s ar e base d 
on generatin g th e spac e o f  K N O W L E D G E - L I M I T ED P O T E N T I A L E X P E R I E N C E S.  W e wan t  t o kno w 

ho w differen t  ne w strategie s ca n b e derive d from  th e variou s outcome s o f  a  singl e predecesso r  strategy' s 
play .  Thes e descendent s w e cal l  th e F A N - O U T fro m a  strategy .  W e wan t  t o kno w wher e yo u ca n g o 
fro m wher e yo u star t  out .  Wil l  ther e b e convergenc e t o som e singl e en d o r  residua l  difference s i n final 
states ? 

We generat e th e entir e spac e o f  potentia l  experience s whic h a  learne r  coul d hav e an d the n analyz e 
al l  thos e game s wher e learnin g occur s throug h activatio n o f  th e allowe d mechanisms .  Th e learnin g 
mechanism s ar e limite d t o changin g onl y on e elemen t  o f  a  structur e a t  a  time .  Learnin g throug h losin g 

games lead s t o th e additio n o f  a  constrain t  elemen t  i n th e thir d slo t  o f  a  G A C (i f  ther e isn' t  an y G A C 
t o whic h th e constrain t  ma y b e attache d -  a  frequent  situatio n -  n o suc h learnin g ca n occur) .  Learnin g 
throug h winnin g create s a  ne w G A C ,  ofte n two .  Eac h ha s a  goal ,  a n action-plan ,  an d a n initiall y  empt y 
lis t  o f  constraints .  Wheneve r  a  seven-mov e wi n occurs ,  i t  i s alway s possibl e t o infe r  th e patter n o f  a  ne w 

goal . 
Difference s betwee n method s o f  G A C creatio n depen d upo n ho w th e ne w pla n t o achiev e th e goa l  i s 

constructed .  Becaus e S L I M move s first  i n cel l  1 ,  an y ne w strateg y wil l  hav e plan s differen t  i n eithe r  ste p 

tw o o r  ste p three .  Th e first  mechanism ,  pla n termina l  modificatio n ( P T M ) ,  change s th e final  elemen t  o f 
a know n pla n t o matc h th e actua l  wi n tha t  occurre d i n a  specifi c  game .  P T M generate s on e ne w G A C , 

th e metho d b  dependabl e an d i s alway s trie d befor e th e second .  Goal-guide d Cente r  Deletio n ( G C D ) ; 
G CD i s mor e comple x i n inferenc e an d les s certai n i n value . 

Newel l  an d Simon ,  1972 ,  pg .  6 2 show s suc h a  syste m i n detai l  a s a n example . 
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G CD change s th e cente r  elemen t  o f  a  three-ste p plan :  onc e a  goa l  ha s bee n inferred ,  SLI M attempt s 
t o locat e a  know n goa l  wit h a t  leas t  tw o element s matchin g thos e o f  th e ne w goal .  I f  ther e i s  one ,  th e 

associate d pla n i s take n a s th e templat e fo r  constructin g a  ne w plan .  Th e elemen t  o f  th e ol d pla n no t 

i n th e ne w goa l  i s delete d fro m th e original .  Th e elemen t  o f  th e ne w goa l  lackin g i n th e origina l  pla n 

must  the n b e inserted .  Bu t  where ? SLI M i s no t  sophisticate d enoug h t o kno w o r  find  ou t  whic h i s 

appropriate .  Consequently ,  tw o ne w G A Cs ar e generate d wit h a  common goa l  bu t  wit h plan s differin g 
i n th e orde r  o f  th e las t  tw o steps .  Th e huma n counterpar t  woul d b e recognizin g a  specifi c  ne w goa l  bu t 

bein g uncertsd n a s t o th e orde r  o f  th e las t  tw o moves . 

Simulations 

Strategi c pla y proceed s unti l  i t  achieve s it s expecte d victor y -  o r  i s  blocke d o r  unexpectedl y defeated . 

The typica l  los s b y a  strateg y i s throug h it s circumventio n (RE O lay s dow n thre e i n a  ro w whil e SLI M 

pursue s it s  plan) .  Th e applicatio n o f  constraint s t o plan s turn s suc h six-mov e defeat s int o draws .  Th e 

essentia l  analysi s i s tha t  los s afte r  for k completio n implie s tha t  th e opponen t  pose d a  threa t  afte r  tw o 

moves.  Sinc e SLI M pay s n o attentio n t o wha t  th e opponen t  wa s doing ,  i t  ha s n o sens e o f  th e orde r  o f 

moves i n whic h th e REO' s victor y wa s achieved .  Therefore ,  th e decisio n t o appl y a  constrain t  t o a n 

ongoin g gam e test s fo r  th e opponent' s havin g acquire d an y tw o o f  th e thre e move s i n th e tria d b y whic h 

R EO latel y defeate d SLIM .  I f  thi s b e "look-ahead" ,  i t  i s no t  a  genera l  capabilit y  bu t  a  specifi c  functiona l 

prohibitio n motivate d b y a  prio r  defeat .  A  genera l  capabilit y  woul d requir e furthe r  development . 

An unexpecte d wi n i s th e cu e t o begi n reflection .  SLI M assume s tha t  a  victor y wa s wo n no t  receive d 

as a  gift ;  therefor e th e move s precedin g th e wi n contai n a  fork .  (Thi s work s becaus e R E O alway s win s 

when possibl e an d block s a t  need. )  Sinc e th e mos t  recen t  mov e b y whic h a  wi n wa s complete d coul d no t 

hav e bee n par t  o f  th e fork ,  th e remainin g move s ar e no t  merel y I N th e fork ,  the y C O M P R I SE th e for k 

patter n exactly .  A  vali d forkin g goa l  ca n b e foun d fo r  an y seven-mov e wi n agains t  a  relativel y exper t 
opponent . 

Play Against a Highly-Structured Opponent 

SLIM' s processe s o f  learnin g ca n bes t  b e show n b y examples .  Agains t  a  highl y structure d opponen t 

(on e wh o A L W A YS move s i n th e cente r  whe n i t  i s  empty ,  wh o A L W A YS prefer s a  come r  mov e t o a 

sid e cell) ,  th e spac e o f  potentia l  experience s i s ver y small ,  an d thu s th e learnin g tha t  occur s i s quit e 

limited .  W e exhibi t  th e actio n o f  th e learnin g mechanis m i n particula r  games .  Conside r  th e cas e wher e 
SLI M know s onl y th e strateg y represente d b y th e pla n [193] .  Becaus e o f  a  highl y structure d opponent' s 

dominan t  commitmen t  t o a n initia l  cel l  5  move ,  onl y tw o game s ar e possible. ^  Th e first  i s  succes s o f 

SLIM' s strategi c pla m i n gam e (1597326) .  Th e secon d i s a  victor y achieve d afte r  th e blockag e o f  SLIM' s 
pla n [1593726] .  Becaus e SLI M wil l  prefe r  a  come r  cel l  t o a  sid e cell ,  whe n R E O block s hi s thir d pla n 

ste p b y movin g i n cel l  3 ,  SLI M achieve s th e wi n o f  G A C 2* 8 pla n [197] . 

I n reflexiv e analysi s afte r  play ,  SLI M constmct s G A C 2 .  Th e determinatio n o f  th e goa l  i s  179 .  Th e 
pla n derive s fro m thi s analysis :  a  wi n implie s a  fork .  Th e for k i s th e thre e move s precedin g th e winnin g 

move.  Th e orde r  o f  move s mus t  b e simila r  t o th e frustrate d well-know n pla n [193] ,  becaus e i t  wa s blocke d 

onl y a t  mov e thre e b y a  toke n stil l  availabl e fo r  examination .  Th e mov e substitute d b y tactica l  pla y 

fo r  th e blocke d mov e remain s equall y present .  Th e conclusio n i s tha t  [197 ]  i s a  goo d candidat e pla n fo r 

attachmen t  t o th e goa l  179 .  Th e G A C i s forme d b y thi s termina l  modificatio n o f  a  previousl y know n 
plan . 

A cas e o f  a  wi n fo r  whic h P T M canno t  construc t  a  pla n i s gam e [1597326] ,  playe d wit h a  strategi c 
objectiv e o f  achievin g pla n [153] .  SLI M abandone d it s pla n a t  mov e tw o becaus e i t  wa s blocked .  Th e 

for m o f  th e for k actuall y achieve d wa s G A C I' s  goa l  139 .  Changin g th e final  ste p o f  pla n [153 ]  ca n i n n o 

way lea d t o a  pla n [193] .  Th e pla n wa s constructe d fro m [153 ]  a s a  templat e (onl y G A C 7  wa s know n 
at  th e time )  b y goal-guide d cente r  deletion .  I n fact ,  a  secon d plan ,  [139] ,  wa s als o constructed . 

Althoug h on e ca n alway s infe r  a  ne w goa l  fro m a  win ,  on e canno t  alway s construc t  a  ne w pla n fo r 

tha t  goal ,  a s wit h G A C 7' s pla y agains t  a  highl y structure d opponen t  i n gam e [1593748] .  Th e effectiv e 

forkin g patter n i s G A C 2 ,  bu t  t o creat e a  pla n wit h element s 9  an d 7  fro m a  templat e [153 ]  i s no t 

^  W e wil l  represen t  game s i n th e tex t  a s numbe r  string s withi n brackets .  Eac h digi t  represent s th e 
cel l  numbe r  o f  a  move .  Th e first  mov e i s tha t  o f  SLIM ,  th e secon d REO's ,  an d s o o n alternately . 
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possibl e b y mechanism s tha t  ca n chang e onl y a  singl e element .  Thi s i s Pla n Generatio n Failur e (PGF) . 
I n thi s cas e o f  strategie s descende d fro m pla y i n th e spac e o f  G A G 7' s potentia l  experienc e agains t  a 

highl y structure d opponent ,  w e ca n se e i n miniatur e th e majo r  processe s tha t  ac t  i n th e mor e extende d 

simulation s discusse d below . 

I G C D 
(193 ] 

y 
2 P TM 

[197 ] 

3 G CD 
[139 ] 

V [153 ] 

4 PGF 
{179 } 

th e roo t  G A G 

constrained {789} 

first pass generation 

second pass generation 

Thi s tre e o f  structure s descende d from  on e strateg y i s it s F A N O U T .  Ou r  simulation s hav e docu -

mente d th e fa n ou t  fo r  th e fourtee n G A C s specifie d earlier .  Agains t  a  highl y structure d opponent ,  S L I M 
i s abl e t o lear n ver y little ,  a s show n b y th e first  ru n summary : 

G A Cs 6 8 9 10 1 1 12 13 14 

games 
win s 
losse s 
draw s 

ne w G A C s 
constraint s 

2 
2 
0 
0 
1 
0 

2 
2 
0 
0 
1 
0 

1 
0 
1 
0 
0 
1 

1 
0 
1 
0 
0 
1 

1 
0 
1 
0 
0 
1 

1 
0 
1 
0 
0 
1 

6 
2 
0 
4 
2 
0 

6 
2 
0 
4 
2 
0 

2 
0 
0 
2 
0 
0 

2 
0 
0 
2 
0 
0 

6 
2 
0 
4 
0 
0 

6 
2 
0 
4 
0 
0 

1 
0 
0 
1 
0 
0 

1 
0 
0 
1 
0 
0 

Playin g Agains t  a n O p p o n e n t  o f  Structure d Preference s 

Table 1 summarizes the results. Each section shows play begun with a specific GAC as the learning 
root .  Fo r  eac h o f  th e 1 4 G A C s i s show n (1 )  it s fan-ou t  o f  leamabl e strategies ,  (2 )  th e specifi c  game s 
throug h whic h learnin g occurred ,  an d (3 )  th e mechanis m b y whic h th e ne w structur e wa s generated . 
SL I M learne d everythin g possibl e t o lear n i n tw o passes .  Further ,  th e first  si x  G A C s al l  converge d t o 
an essentiall y  unifor m resul t  wherei n the y wer e al l  known ;  eac h o f  thes e si x G A C s initiall y  generate d 
10 games ,  whil e i n th e final  c o m m o n stat e 15 6 game s wer e generate d b y them .  Thes e si x thu s for m 

a centra l  collectio n o f  strategie s whos e specialnes s need s b e emphasized .  Strateg y thre e m a y b e take n 
as typica l  o f  th e others .  Pla y i n five  specifi c  game s generate s th e othe r  five  centra l  G A C s .  A  sixt h 
game install s a  constrain t  upo n th e roo t  G A C o f  th e set .  Th e remainin g eigh t  G A C s fal l  int o thre e 
categorie s whe n see n a s base s fo r  furthe r  learning :  feeder s (7,8) ;  teaser s (9,10,11,12) ;  an d mule s (13,14) . 
Feeder s ar e strategie s tha t  themselve s fai l  bu t  generat e game s permittin g constructio n o f  strategie s i n 
th e centra l  set ;  consequently ,  the y giv e acces s t o al l  othe r  centra l  strategies .  W h e n the y ar e frustrate d 

and abandoned ,  teaser s lea d t o othe r  winnin g game s fo r  whic h SL I M i s  unabl e t o construc t  an y plan . 
Mule s ar e strategie s whic h ca n wi n som e game s agains t  th e opponen t  o f  structure d preference s bu t  whic h 
canno t  generat e win s o f  an y othe r  forkin g pattern s an d ar e thu s steril e a s generator s o f  ne w structures . 

The specialnes s o f  th e si x centra l  node s i s a  consequenc e o f  thei r  symmetr y i n respec t  o f  co -

generability .  Som e generat e other s directl y b y P T M o r  G C D.  Som e generat e other s onl y wit h th e 
interventio n o f  a n intermediar y G A C (thi s i s th e reaso n tha t  tw o passe s ar e necessar y t o complet e th e 
centra l  set) .  Som e o f  thos e directl y generabl e ca n generat e eac h other ;  the y ar e reciprocall y generable . 
Thos e whic h ar e remotel y generabl e nonetheles s lea d t o eeic h othe r  throug h intermediaries ;  the y ar e 
cyclicall y generable .  Fo r  thes e si x centra l  strategies ,  th e tree s o f  structur e descen t  fol d togethe r  int o a 
connecte d networ k o f  descen t  whos e relation s o f  co-generativit y ar e show n i n th e diagra m below ;  no -

tic e tha t  thos e strategie s cyclicall y generabl e for m th e interconnectio n b y G C D betwee n themselve s an d 
other s reciprocall y generabl e b y eithe r  P T M o r  G C D: 
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Tabl e 1 

S T R U C T U RE G E N E R A T I ON 

O P P O N E NT W I T H S T R U C T U R ED P R E F E R E N C ES 

R O OT 

G AG 

1 
[193 ] 

2 

[197 ] 

3 

[139 ] 

4 

[179 ] 

5 
[137 ] 

6 
[173 ] 

R UN 

I D 

1. 1 

1. 2 

1. 3 

2. 1 

2. 2 

1. 1 

1. 2 

1. 3 

2. 1 

2. 2 

1. 1 

1. 2 

1. 3 

1. 4 
2. 1 

2. 2 

1. 1 

1. 2 

1. 3 

1. 4 
2. 1 

2. 2 

1. 1 
1. 2 

1. 3 

1. 4 

2. 1 
2. 2 

1. 1 
1. 2 
1. 3 

1. 4 

2. 1 
2. 2 

G E N RT 

G A ME 

[1974325 ] 
» 

[1593748 ] 

[1732956 ] 

[1374958 ] 

[1974325 ] 
» 

[1795326 ] 

[1732596 ] 

[1374958 ] 

[1932745 ] 

[153298 ] 

[1395748 ] 
» 

[1974325 ] 

[1795326 ] 

[1974325 ] 

[1795326 ] 
19 

[157496 ] 
[1932745 ] 
[1593748 ] 

[1732956 ] 
[153278 ] 

[1395748 ] 
» 

[1974325 ] 
[1795326 ] 

[1795326 ] 
» 

[157436 ] 
[1374958 ] 

[1932745 ] 
[1593748 ] 

Abbreviation s use d i n th e table : 

GCD: 
moves 

Goal-guide d Cente r  Deletio n 
2 an d 3 ;  PGA: 

INFR D 

PLAN 

1 
» 
n 

5 

6 

2 
» 

» 

5 

6 

3 
» 

» 

» 

4 

2 

4 
» 

» 
n 

3 

1 

5 
i> 

» 

i> 

4 
2 

6 
» 
n 

» 

3 

1 

;  01,02 : 
Pla n Constrain t  Appl i 

REASON 

roo t 
• 
» 

01xL 3 

01xL 3 

roo t 
9 

» 

01xL 3 

OlxL e 

roo t 
71 

r> 

B 

01xL 3 

01xL 3 

roo t 
n 

» 
» 

01xL 3 

02xL 3 

roo t 
» 

» 

B 

01xL 3 
01xL 3 

roo t 

» 
B 

» 

01xL 3 
02xL 3 

GOAL/ 

PLAN o r 

LEARNG 

M E GH 

CONSTRNT 

{137 }  [137 ] 
"  [173 ] 

{179 }  [197 ] 

{139 }  [139 ] 

{179 }  [179 ] 

{137 }  [137 ] 

"  [173 ] 

{179 }  [197 ] 

{139 }  [139 ] 

{179 }  [179 ] 

{137 }  [137 ] 

<[9{258}] ) 

{179 }  [197 ] 

-  [179 ] 
{137 }  [173 ] 

{139 }  [193 ] 

{137 }  [173 ] 

{139 }  [193 ] 

» [139 ] 
([9{456}] > 
{137 }  [137 ] 

{179 }  [197 ] 

{139 }  [139 ] 
([7{258}] ) 

{179 }  [179 ] 
» [197 ] 

{137 }  [173 ] 

{139 }  [193 ] 

{139 }  [139 ] 
"  [193 ] 

([3{456}] ) 

{179 }  [170 ] 
{137 }  [137 ] 

{179 }  [197 ] 

G GD 
G GD 

P TM 

P TM 

P TM 

G GD 
G GD 

P TM 

P TM 

P TM 

P TM 

PGA 

G GD 

G GD 
P TM 
P TM 

P TM 

G GD 

G GD 

PGA 

P TM 

P TM 

P TM 
PGA 

G GD 

G GD 
P TM 

P TM 

G GD 

G GD 
PGA 

P TM 

P TM 
P TM 

G AG 

ALTERED 

5 
6 
2 

3 

4 

5 

6 

1 

3 
4 

5 

3 

2 

4 
6 

1 

6 

1 
3 
4 

5 

2 

3 

5 

4 

2 
6 

1 

3 

1 
6 

4 

5 
2 

C O M M E N TS 
> 

Guide d cente r  deletio n 
create s tw o GAGs. 

Pla n tai l  modificatio n 

create s on e GAG. 

At  th e en d o f  th e 

run s si x centra l 

plan s hav e bee n 

learned .  N o plan s 

hav e bee n constrained . 

at  all . 

Firs t  constrain t  made . 

Si x experience s mak e 
one constrain t  an d 

five  ne w GAGS. 

Root  pla n constrained . 

Si x plan s completed . 

Si x plan s completed ; 

roo t  pla n constrained . 

Symmetr y i n 
relatio n t o th e 
th e leamabilit y o f 

plan s i s discusse d 

i n th e tex t  an d 
sho w i n th e descen t 

networ k o f  Figur e 1 . 

Opponent  move s 1  an d 2 ;  PTM:  Pla n Termina l  Modification ;  L2.L3 :  Leam e 
cation ;  01xL2 :  ] Move 0 1 block s L2 ;  PGF : Pla n Generatio n Failure . 
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Tabl e 1 
S T R U C T U RE G E N E R A T I O N: 

O P P O N E NT W I T H S T R U C T U R ED P R E F E R E N C ES 

ROOT 

GAG 

7 

[153 ] 

8 

[157 ] 

9 
[135 ] 

10 
[175 ] 

11 
[152 ] 

12 
[154 ] 

13 

14 

RUN 

I D 

1. 1 
1. 2 

1. 3 

1. 4 

2. 1 

2. 2 
2. 3 

2. 4 
2. 5 

1. 1 

1. 2 
1. 3 

1. 4 
2. 1 

2. 2 
2. 3 
2. 4 

2. 5 
2. 6 

1. 1 
1. 2 

1. 1 

1. 2 

1. 1 

1. 2 
1. 3 
1. 4 
2. 1 

2. 2 

1. 1 

1. 2 
1. 3 

1. 4 

1. 1 

1. 1 

GENRT 

G A ME 

[195738 ] 

[1597326 ] 
» 

[1593748] . 

[1974325 ] 
» 

[1593748 ] 
[1374958 ] 

» 

[195376 ] 

[1597326 ] 
[1593748 ] 

3-
_ [1974325 ] 

[1932745 ] 
» 

[1795326 ] 
[1732926 ] 

» 

[1395748 ] 
[1374958 ] 

[1795326 ] 
[1732956 ] 

[195748 ] 
[195326 ] 
[1597348 ] 
[1593748 ] 
[1597326 ] 
[1593748 ] 

[195748 ] 
[195346 ] 

[1597326 ] 

[1593748 ] 

[192356 ] 

[194758 ] 

INFRD 

PLAN 

7 
» 

> 

1) 

1 
» 

1 
3 
s 

8 

» 

» 

» 

4 
2 
» 
2 
4 
» 

9 
» 

10 
n 

11 
» 
» 
» 
i> 

» 

12 
» 
» 

» 

13 

14 

REASON 

roo t 
» 

» 

• 

01 X 
» 

02 X 

01 X 
» 

roo t 

» 

» 

» 
01 X 
01 X 
» 
01 X 
01 X 
n 

roo t 
» 

roo t 
» 

roo t 

5J 
» 
» 

L2 

L3 

L2 

L3 
L2 

L3 
L3 

no othe r 
» 

roo t 
» 
» 

» 

roo t 

roo t 

GOAL/  LEARNG 
PLAN o r  M E CH 

CONSTRNT 

([3{789}) )  PC A 

{139 }  [139 ]  G C D 

"  [193 ]  G C D 

{179 }  [  ]  PG F 

[137 ]  G C D 

[173 ]  G C D 

{179 }  [197 ]  P T M 
{179 }  [197 ]  G C D 

"  [179 ]  G C D 

<[7{369}] )  PC A 

{139 }  [  ]  PG F 
{179 }  [179 ]  G C D 

"  [197 ]  G C D 

{137 }  [173 ]  P T M 
{137 }  [173 ]  G C D 

» [137 ]  G C D 
{139 }  [193 ]  P T M 
{139 }  [193 ]  G C D 

"  [139 ]  G C D 

{179 }  [  ]  PG F 
{179 }  [  ]  PG F 

{139 }  [  ]  PG F 
» [  j  PG F 

([2{789}] )  PC A 

([2{369}] )  PC A 
{139 }  [  ]  PG F 
{179 }  [  ]  PG F 
{139 }  [  ]  PG F 
{179 }  [  j  PG F 

([4{789}1 )  PC A 

([4{369}] )  PC A 

{193 }  [  1  PG F 

{179 }  [  ]  PG F 

([5{369} )  PC A 

{[5{789}] )  PC A 

G AC C O M M E N TS 
ALTERED 

7 

3 

1 

• 

5 

6 

2 

2 

4 

8 

. 

4 
2 
6 
6 
5 
1 

1 
3 

. 

• 

. 

• 

11 
11 
. 
. 
. 

• 

12 
» 

. 

• 

13 

14 

These mechanism s 
don' t  succee d whe n 

a goa l  i s no t  nea r 

known games ;  first 

example :  failur e 

Firs t  example : 

generation . 

3 P L A N S I N 
GENERATION 
intended ;  actual ; 
basi s 

[157][193][157 ] 
[157][193][157 ] 
[157][193][157 ] 
[179][173][193 ] 
[197][173][157 ] 
(197][1371(157 ] 
[197 ]  [193 ]  [197 ] 

[179][193][179 ] 
[179](139][179 ] 

No learnin g follow s 

tryin g thi s pla n 

No learnin g follow s 
tryin g thi s pla n 

Firs t  example :  tw o 
constraint s o n a  G A C ; 
the y nee d N O T forc e 
differen t  game s o f 
or  ne w learnin g 

Symmetrica l  cas e t o 
failure s o f  G A C 11 . 

2n d ru n omitted . 

Th e onl y learning . 

Th e onl y learning . 
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Figur e 1 
S T R A T E GY D E S C E NT N E J W O R K:  S T R U C T U R ED O P P O N E NT 

soli d arrow s sho w descen t  b y PTM;  dashe d arrow s sho w descen t  b y G C D 
Wit h th e tw o mechanism s assume d an d th e experienc e o f  appropriat e specifi c  games ,  th e centra l  strate -

gie s wil l  al l  b e learne d onc e an y on e i s known . 

Agains t  th e opponen t  o f  structure d choices ,  th e feede r  strategie s exemplif y bot h pla n generatio n 
failur e an d redundan t  generation .  Thu s th e goa l  17 9 fo r  whic h SLI M ca n construc t  n o pla n i n pas s 

one i s regenerate d i n pas s two .  I n th e secon d pass ,  th e expande d repertoir e o f  know n plan s permit s 

constructio n o f  G A C 2' s plan .  The y als o sho w th e valu e o f  distinguishin g betwee n SLIM' s intende d pla n 
when a  gam e began ,  th e patter n o f  th e realize d fork ,  an d th e plsi n draw n fro m it s repertoir e whic h serve s 

as th e templat e fo r  constructio n o f  th e ne w plan .  Ther e i s n o necessar y identificatio n o f  th e first  wit h 

th e third .  Th e plan s o f  G A Cs 9  throug h 1 2 ar e to o dissimila r  fro m th e actua l  fork s the y generat e t o 
permi t  constructio n o f  a  ne w pla n fo r  th e goal s SLI M infers . 

Figiir e 2  summarize s th e result s o f  comparabl e simulation s o f  pla y agains t  a n unstructure d opponent . 

Figure 2 

S T R A T E GY DESCENT N E T W O R K:  U N S T R U C T U R ED O P P O N E NT 

12 

(13,14 ) 

\ 

" n F ' ^ ^ 

(13,14 )  y 

soli d arrow s sho w descen t  b y P T M ;  dashe d arrow s sho w descen t  b y G C D 

G A Cs 1 3 an d 1 4 appea r  twic e t o simplif y th e networ k drawin g 
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G A Cs 1  t o 6  sti U remai n central ,  bu t  th e flexibility  o f  th e anatnictare d opponen t  permit s S L I M t o 
lear n additiona l  strategies .  G A C s 1 3 an d 1 4 remai n non-Ieamabl e throug h experienc e wit h thi s opponent . 

The specifi c  reaso n i s tha t  SLIM' s tactica l  preference s remaine d structure d i n thes e simulations .  Thu s 

SLIM ,  neve r  tryin g game s whos e secon d mov e i s t o a  sid e cell ,  wil l  neve r  wi n accidentall y wit h a  for k 

containin g suc h patterns ;  consequently ,  S L I M ca n neve r  lear n suc h strategies . 

Th e for m o f  thes e descen t  network s i s relate d t o symmetr y relation s amon g forkin g patterns ,  bu t  th e 
network s includ e more ;  the y reflec t  als o th e orde r  i n whic h th e for k i s achieved ,  th e pla y o f  th e opponent , 

and th e specifi c  learnin g mechanism s permitte d i n th e simulations .  Wherea s for k patter n symmetr y ca n 

be use d a s a n alternativ e mechanis m fo r  proposin g ne w fork s an d game s t o play ,  thes e descen t  network s 

ar e summarie s o f  results .  Th e questio n ye t  t o b e answere d i s whethe r  o r  no t  th e relation s represente d i n 

thes e network s ca n serv e a s th e basi s fo r  th e discover y tha t  patter n oriente d symmetr y function s wit h 
power  i n thi s domain . 

A genera l  observatio n i s tha t  th e generatio n o f  constraint s seem s les s importan t  tha n w e expected . 

Agains t  th e opponen t  o f  structure d choices ,  onl y th e roo t  G A C i s constrained .  I n on e sense ,  thi s i s a n 

artifac t  o f  programming ,  bu t  i t  point s t o a  significan t  furthe r  issue .  Ou r  simulation s generat e th e tree s 
of  potentia l  experience s b y expandin g a  lis t  o f  possibl e game s aroun d th e generatio n o f  set s o f  plausibl e 

moves accordin g t o th e appropriat e strategi c o r  tactica l  choices .  Th e se t  o f  plausibl e move s i s collecte d 
fro m separat e instance s o f  a  clas s o f  strateg y object s whic h d o no t  communicat e wit h eac h other .  Durin g 

th e first  pass ,  on y th e roo t  G A C i s accessibl e t o b e constrained .  Durin g th e secon d pass ,  th e alternativ e 

choice s offere d b y th e thre e o r  fou r  functiona l  strategie s ar e s o effectiv e tha t  forkin g th e opponen t  close s 

of f  th e possibl y vulnerabl e proposal s o f  it s  simultaneousl y activ e strategies . 

Becaus e o f  thi s collectio n process ,  th e proposa l  o f  on e strateg y coul d a t  first  b e blocke d b y a  con -
straint ;  ye t  th e "forbidden "  gam e coul d b e generate d anywa y b y a n identica l  cel l  proposa l  bein g advance d 

by som e othe r  strateg y fo r  it s ow n plan .  Thi s interactio n ha s bee n suppresse d i n thes e simulation s -
but  i t  doe s sugges t  a  futur e directio n o f  developmen t  fo r  model s o f  thi s class :  th e communicatio n o f 
constraint s upo n th e occurrenc e o f  a  "forbidde n defeat" .  Thi s ca n serv e a s th e basi s fo r  experienc e 
motivate d analogy ,  a  ne w mechanis m fo r  th e developmen t  o f  organizatio n wher e non e formerl y existed . 

Experience Motivated Analogy 

Beginnin g wit h G A C 3  a s th e roo t  o f  it s strategie s (playin g agains t  th e structure d opponent) ,  th e 
first  simulatio n se t  o f  game s permit s generatin g G A C s 2 ,  4 ,  an d 5 .  A  constrain t  i s  als o pu t  o n G A C S. 
Conside r  pla y i n th e gam e beginnin g [1532... ]  -  whil e thes e fou r  G A C s ar e simultaneousl y activ e -  a t 
move 5  (SLIM' s thir d move) : 

Proposal s from  th e Fan-ou t  fro m G A C 3 

GAC 3  > •  G A C 3 '  [139 ] 
[139 ]  ̂ -*«>.̂ ,̂ ^  constraine d {258 } 

I m '̂̂ '-'-v,, ^  make s n o proposa l 

[197 ]  ̂ ^  [179 ]  ^ " " ^ ^  [137 ] 

GAC 2  GA C 4  G A C 5 

propose d move s 9  7  7 

G AC 3 ,  wit h it s establishe d constrain t  o n a  thir d mov e t o cel l  9  recognize s th e vulnerabilit y  o f  it s  pla n 
and quits ;  i t  m2Lrk 8 cel l  9  a s a  forbidde n move .  Thi s proposa l  result s i n a  gam e bein g playe d b y th e 
tactica l  routines ,  whic h bloc k REO' s threat .  A t  thi s sam e pass ,  G A C 5 ,  whos e pla n i s compatibl e wit h 
tha t  o f  G A C 3  throug h mov e 2  an d i s unconstrained ,  propose s a  mov e t o cel l  7 .  Thi s result s i n a  differen t 
game bein g generate d an d los t  whe n R E O move s nex t  i n cel l  8 .  G A C 4  a t  mov e 5  propose s a  mov e t o 
cel l  7 ,  th e secon d ste p o f  it s  plan .  Th e pla n o f  G A C 4  m a y b e characterize d a s havin g bee n interrupte d 
i n executio n an d a s bein g dilute d b y a n extraneou s move .  Thi s gam e lose s t o REO' s threa t  a s well .  Ga c 
2 propose s a  mov e t o cel l  9 ,  th e secon d mov e o f  it s plan ,  whic h i s als o interrupte d an d diluted .  Thi s i s 
exactl y th e mov e tha t  i s constraine d i n G A C 3 .  Th e gam e i s generate d an d lost . 

W h en thes e losse s occur ,  th e proces s o f  blam e assignmen t  begins :  w h o propose d thes e losin g moves ? 
Each G A C justifie s it s behavior .  G A C 5  admit s t o th e cel l  7  proposal ,  wit h th e additiona l  informatio n 
tha t  it s pla n wa s uninterrupte d an d pur e (no t  diluted) ;  S L I M send s a  messag e t o G A C 5  tha t  i t  shoul d 
constrai n itsel f  o n th e cel l  7  mov e b y th e threatenin g patter n 258 .  G A C 4  als o propose d cel l  7 ,  bu t  it s 
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pla n wa s interrupte d an d diluted .  SLI M inform s G A C 4  t o constrai n itsel f  a t  it s  cel l  7  mov e (th e secon d 

pla n step )  wit h th e threatenin g patter n 258 .  G A C 3  forbad e th e mov e t o cel l  9 .  G A C 2  propose d th e 

move anyway .  SLI M mark s G A C 2  a s a n "idiot* .  (Etymologically ,  th e term' s Gree k meanin g refer s t o 

someone wh o onl y know s o r  care s abou t  hi s ow n affairs. )  SLI M inform s G A C 2  tha t  i t  shoul d constrai n 

itsel f  b y subordinatio n t o G A C 3 ,  whic h forbi d th e move .  Th e implicatio n i s tha t  a t  it s  secon d move , 

G AC 2  shoul d reques t  constraint s fro m G A C 3  an d appl y the m i n it s ow n proposa l  process . 

The significance of this procedure is in specifying a particular set of experiences which justify the 

judgmen t  tha t  G A C 2  i s sufficientl y simila r  t o G A C 3  tha t  i t  S H O U LD us e analog y t o determin e th e 

vulnerabilit y  o f  it s  ow n plan .  Th e first  consequenc e isimprove d play .  A  secon d i s tha t  shoul d G A C 3 

constrai n itsel f  b y som e othe r  threatenin g patter n -  fo r  exampl e th e perpendicula r  threa t  456 ,  G A C 2 

woul d inheri t  tha t  protectio n a s well .  Thi s subordinatio n create s a n interrelationshi p amon g structure s 
lecirne d throug h experienc e withou t  an y specifi c  contro l  structur e bein g impose d a t  th e tim e o f  th e 

generatio n o f  th e structure . 

Conclusions and Frontier Problems 

Our  analysi s o f  a  par t  o f  th e spac e o f  strategie s exemplifie s th e complexit y tha t  arise s fro m experien -

tia l  ein d interactiv e learning .  Th e strategie s an d th e learnin g mechanism s ar e simple ,  bu t  th e simulation s 

sho w th e surprisin g powe r  tha t  the y ca n exhibit . 

A modes t  extensio n o f  thi s mode l  lead s t o goa l  redescriptio n throug h applicatio n o f  plan-constraint s 
t o goa l  specifications ,  callin g upo n a  Sussmannesqu e inversio n o f  a  failure-descriptio n t o generat e a  ne w 

typ e o f  ter m (th e hol e o r  empty-cell )  fo r  us e i n th e goa l  description .  Network s o f  descen t  describ e set s 
of  richl y interrelate d structure s create d throug h processe s o f  reflexiv e concret e construction .  W e ar e 

no w explorin g whethe r  tw o othe r  type s o f  reflexiv e processes ,  actin g upo n thes e structure s a s objects , 
wil l  b e adequat e t o recogniz e th e applicabilit y  o f  symmetr y i n thi s domai n an d ultimatel y t o creat e a 
complet e classificatio n o f  game s adequat e t o exhibi t  domai n mastery .  Th e first  proces s classifie s object s 

by specifiabl e features ;  th e secon d classifie s object s b y analysi s o f  thei r  functio n an d genesis .  Piage t 

(1971 )  call s thes e processe s Aristotelia n classificatio n an d reflectiv e abstraction . 

A differen t  frontie r  represent s th e effor t  t o explor e ho w t o structvir e th e mode l  s o tha t  th e compo -
nent s exhibi t  th e sor t  o f  functiona l  labilit y  tha t  characterize s huma n intelligenc e an d seem s essentia l  t o 

begi n developmen t  o f  a  mode l  o f  th e pla y o f  th e opponent. '  Furthes t  fro m ou r  curren t  gras p i s explorin g 
th e exten t  t o whic h experienc e motivate d analog y an d othe r  form s o f  developin g contro l  relationship s 
permi t  th e establishin g throug h experienc e o f  coheren t  intereactio n amon g a  se t  o f  initiall y  disparat e 

structures .  Th e extensio n o f  suc h a  mode l  a s thi s t o othe r  domain s wil l  b e worthwhil e attemptin g whe n 

i t  successfull y traverse s it s pat h t o mastery .  I t  i s  ou r  expectatio n tha t  th e concret e representation s 

develope d wil l  ten d t o b e domai n limite d bu t  tha t  th e processe s fo r  th e analysi s o f  concret e strategie s 
wil l  b e les s boun d t o particulars . 
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Abstract 

The problem of manually modifying the lexicon appears with any natural language processing 
compute r  program .  Ideally ,  a  progra m shoul d b e abl e t o acquir e ne w lexica l  entrie s fro m context ,  th e 
way peopl e learn .  W e addres s th e proble m o f  acquirin g entir e phrases ,  specificall y figurative  phrases , 
throug h augmentin g a  phrasa l  lexicon .  W e sho w tha t  idiosyncrati c behavio r  o f  certai n phrase s ca n b e en -
code d i n th e lexico n onl y b y modelin g th e learnin g process .  W e als o sho w ho w metapho r  mapping s ar e 
acquire d throug h parsing .  Th e acquisitio n o f  nove l  figurative  phrases ,  encountere d i n context ,  involve s 
thre e problems :  First ,  sinc e al l  th e constituent s o f  th e phras e ar e known ,  th e existenc e o f  a  nove l  phras e 
needs t o b e detected .  Second ,  th e scop e an d th e generalit y o f  th e linguisti c patter n o f  th e ne w phras e 
needs t o b e determined .  Third ,  th e meanin g o f  th e phras e need s t o b e extracte d fro m th e context .  Ou r 
model  i s  base d o n secon d languag e speakers '  behavio r  an d observatio n o f  thei r  errors .  W e hav e designe d 
and implemente d a  progra m calle d RIN A whic h receive s ne w figurative  phrase s i n contex t  an d throug h 
th e applicatio n o f  a  sequenc e o f  failure-drive n rules ,  create s an d refine s bot h th e pattern s an d th e con -
cept s whic h hol d syntacti c an d semanti c informatio n abou t  phrases . 

1. Introduction 

The lexical approach to language processing [Becker75, Searle79, Bre8nan82, Pawley83, 
Fillmore84 ]  emphasize s th e rol e o f  th e lexico n a s a  knowledg e source .  Rathe r  tha n maintainin g a  singl e 
"generic "  lexica l  entr y fo r  eac h wor d e.g. ,  t&k« ,  th e lexico n contain s man y phrases ,  e.g. ,  tkk *  on .  t̂ k * 
t o th « § t f f ,  tak « t o itiaaiBg .  t»k « oTir .  etc .  Thi s approac h prove s effectiv e i n parsin g an d i n 
generatio n (Wilensky84) .  Howeve r  a  hug e lexico n mus t  b e acquired ,  whic h canno t  b e don e manually , 
especiall y whe n considerin g subtl e phras e meaning s an d idiosyncrati c behavio r  o f  phrases .  Moreover ,  w e 
sho w i n thi s pape r  tha t  ther e ar e phrase s whos e behavio r  ca n b e capture d an d encode d i n th e lexico n 
onl y b y modelin g th e acquisitio n process .  Therefore ,  fo r  phrase-base d program s t o communicat e 
effectivel y i n natura l  languag e the y mus t  b e abl e t o augmen t  thei r  ow n lexicon ,  b y simulatin g huma n 
learning .  Th e progra m RIN A [ZernikSS ]  whic h i s use d a s a n experimenta l  model ,  simulate s a  secon d 
languag e speake r  learnin g ne w phrases . 

Learning Figurative Phrasea 

Within language learning, our task domaia is verb-phrase acquisition. The modeled phenomenon 
i s describe d i n th e dialogue s below .  I n th e first  dialogue ,  RIN A i s introduce d t o a n unknow n phrase : 
tak *  oa .  Th e word s tak t  an d o a ar e familia r  t o RINA ,  wh o als o remember s th e biblica l  stor y o f  Davi d 
and Goliath .  RINA ,  modelin g a  languag e learner ,  interact s wit h a  nativ e speake r  a s follows : 

David vs. Goliath 

Native: Rtaaabar tka atery of Darid aad GollathT Darld took oa Goliatk. 
Learner :  Dari d too k Gollat k toaawhara r 
Native :  lo .  Dari d too k o a Goliath . 
Learner :  Ha too k o a bia .  Ha ao a tk a fight r 

*  Thi s wor k wa s mad e possibl e i n par t  b y a  gran t  fro m th e Kec k Foundation . 
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Native :  lo .  H« too k kl a o* .  DkTl d kttackt d kla . 
Learner :  H« too k kl a oa .  • •  »ce«rta d tk o ekall«ag« r 
Native :  mgkt . 

Native: H«rt it aaotkar ttorj. Joki took oa tk« tklrd cxaa qaaitloa. 
Learner :  H« too k o a a  kar d proklaa . 

Another dialogue involves pat oaa't foot doia. Again, the phrase is unknown while its constituents are 
known : 

Going Punk 

Native: Jaaaj waatad to go paak. kat k«r fatkar pat kit foot dota. 
Learner :  Ha aora d ki a foo t  doaa T I t  doa a ao t  aak a aaaaa . 
Native :  lo .  Ho pa t  ki a foo t  dowa . 
Learner :  Ha pa t  ki a foo t  do«a .  Ha rafaaa d t o la t  ka r  g o paak . 

A figurative phrase such as: pat oaa'a foot doaa is a linguistic pattern whose associated meaning cannot 
be produce d fro m th e compositio n o f  it s  constituents .  Indeed ,  a n interpretatio n o f  th e phras e base d o n 
th e meaning s o f  it s  constituent s ofte n exists ,  bu t  i t  carrie s a  differen t  meaning .  Th e fac t  tha t  thi s litera l 
interpretatio n o f  th e figurative  phras e exist s i s a  misleadin g clu e i n learning .  Furthermore ,  th e learne r 
may no t  eve n notic e tha t  a  nove l  phras e ha s bee n introduce d sinc e sh e i s familia r  wit h doa a a s wel l  a s 
wit h foot .  Followin g Becke r  (BeckerTSj ,  w e describ e a  spac e o f  phrase s rangin g i n thei r  generalit y fro m 
fixed  proverbs :  charit y bagia a a t  koa a throug h idioms :  la y dot a th a la a an d phrasa l  verbs :  pa t  a p 
•it k oaa' a apoaaa ,  loo k a p tk a aaaa ,  t o litera l  ver b phrase s suc h as :  Bi t  o a tk a ckair .  H e suggeste d 
employin g a  phrasa l  lexico n t o captur e thi s entir e rang e o f  linguisti c structures . 

iMues in Phrase Acquisition 

Four issues must be addressed when learning phrases in context. 

(1 )  Detectin g failures :  Wha t  ar e th e indication s tha t  th e initia l  interpretatio n o f  th e phrase :  tak a 
kl a o a a s "t o tak e a  perso n t o a  location "  i s incorrect ? Sinc e al l  th e word s i n th e sentenc e ar e 
known ,  th e proble m i s detecte d bot h a s a  conceptua l  discrepanc y (wh y woul d h e tak e hi s enem y 
anywhere? )  an d a s a  syntacti c failur e (th e expecte d locatio n o f  th e assume d physica l  transfe r  i s 
missing) . 

(2 )  Determinin g scop e an d generalit y o f  patterns :  Th e linguisti c patter n o f  a  phras e ma y b e 
perceive d b y th e learne r  a t  variou s level s o f  generality .  Fo r  example ,  i n th e secon d dialogue ,  in -
correc t  generalization s coul d yiel d pattern s acceptin g sentence s suc h as : 

Har  boa t  pa t  ki a laf t  foo t  doaa . 
Ha aoTa d ki a foo t  dota . 
Tkay pa t  doa a tkal r  faat . 
Ha pa t  it . 

A decisio n i s als o require d abou t  th e scop e o f  th e pattern .  Fo r  instance ,  th e scop e o f  th e patter n 
i n Jok a pa t  a p tit k Har y coul d b e (1 )  ?x:per8o n put:ver b u p wher e alt k i s associate d wit h Mar y 
or  (2 )  fx.perao n put:ver b u p wit h fy:person ,  wher e ait k i s associate d wit h pa t  ap .  Thi s issu e u 
describe d i n greate r  detai l  i n (Zernik85| . 

(3) Finding appropriate meanings: The conceptual meaning of the phrase must be extracted 
fro m th e contex t  whic h contain s man y concepts ,  bot h appropriat e an d inappropriat e fo r  hy -
pothesi s formation .  Thu s ther e mus t  b e strategie s fo r  focusin g o n appropriat e element s i n th e 
context . 

(4) Example generation: The learner must generate examples to convey her hypothesis about the 
phrase .  Memor y organizatio n i s require d t o allo w (1 )  eas y acces s t o episodi c example s an d (2 ) 
limi t  th e numbe r  o f  episode s accessibl e fo r  eac h phrase . 
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1 O u r  Appromel i  mn d It s Backgroun d 

Past work in langaage learDiag emphasized either karniag of linguistic patterns or learning of 
conceptaa l  representations .  Ther e ar e thre e mode b fo r  learnin g lingnisti c patterns : 

• PST (Reekcr76| operated by GPS principles (NewellST) and similarly ns«d a table of difference-
actio n pairs .  P S T learne d gramma r  b y actin g upo n difference s betwee n th e inpu t  sentenc e an d 
an internall y generate d sentence .  Si x type s o f  difference s wer e classifie d an d th e detectio n o f  a 
differenc e whic h belonge d t o a  clas s cause d th e associate d alteratio n o f  th e grammar . 

• LAS [Anderson??] learned ATNs (Augmented Transition Networks) from sample 
sentence/meanin g pairs .  LA S presente d on e elemen t  i n a  large r  cognitiv e mode l  whic h accounte d 
fo r  genera l  huma n inferenc e an d memor y access .  Thi s wor k intende d t o demonstrat e tha t 
languag e learnin g coul d b e modele d usin g genera l  learnin g principles . 

• AMBER [Langley82| modeled learning of basic sentence structure and function words. The learn-
in g proces s wa s directe d b y mismatche s betwee n inpu t  sentence s an d sentence s generate d b y th e 
program .  Learnin g involve d recover y fro m bot h error s o f  omissio n (omittin g a  functio n wor d 
suc h a s l a an d th « i n dadd y bovBcla g ball )  an d error ? 0/commMno n (producin g dadd y i « llk f 
la g diaaar) .  Lik e LAS ,  AMBER' s mai n thrus t  wa s t o appl y genera l  learnin g principle s i n 
languag e learning . 

On the other hand, two models emphasized learning conceptualizations: 

• FOUL-UP (Granger??] learned meanings of single unknown words from context. The meaning 
was extracte d fro m th e scrip t  [Schank?? ]  whic h provide d th e context .  A  typica l  learnin g situa -
tio n wa s Th t  ca r  ta a drlrla g o a Bwj  86 ,  wha a I t  itlvala d of t  th a road .  Th e unknow n ver b 
was guesse d fro m th e Sacciden t  script .  FOUL-U P introduce d thre e importan t  elements :  (1 ) 
Learnin g wa s invoke d b y parsin g failures .  However ,  ther e wa s onl y one  possibl e failure—th e ab -
senc e o f  a  wor d i n th e lexicon—thu s failur e analysi s wa s no t  required .  (2 )  Wor d meaning s wer e 
figured  ou t  fro m currentl y activ e scripts .  (3 )  Lingubti c clues ,  suc h a s prepositio n senses ,  too k 
par t  i n formin g meanings . 

• CHILD [SelfridgeSO] modeled a one-year old child learning native language. At that age, concepts 
rathe r  tha n languag e word-orde r  convention s accoun t  fo r  comprehension .  A  sentenc e suc h a s 
Joahva .  pa t  th a bal l  l a tb a bo x i s understoo d fro m th e conceptua l  relationship s an d conceptu -
al  clues .  Thu s CHIL D wa s abl e t o lear n basi c wor d meaning s startin g onl y wit h a  minima l 
linguisti c knowledge .  CHIL D introduce d heuristic s t o identif y th e unknow n wor d i n a  sentenc e 
and t o identif y th e intende d concep t  i n a  context .  Learnin g wa s accomplishe d b y associatin g th e 
new wor d wit h tha t  concept . 

The integration of these two aspects is at the focus of our approach. For each new phrase, RINA 
acquire s bot h th e linguisti c patter n an d th e conceptua l  meaning .  I t  turn s ou t  tha t  thes e tw o aspect s ar e 
not  independent :  Fo r  example ,  learnin g th e conceptua l  meanin g o f  tak a o a depend s o n knowledg e o f  th e 
word s aui d thei r  combination ,  whil e learnin g th e linguisti c patter n o f  tha t  phrasa l  ver b depend s o n th e 
concept s involved . 

Llterml or Figurative, Dead or Alive 

Gibbs (Gibbs84] has addressed the issue of figurative-phrase comprehension, arguing against 
Searle' s notio n o f  litera l  interpretation .  Searl e (Scarle?9 ]  ha d propose d th e existenc e o f  litera l  interpreta ^ 
tio n a s a  defaul t  compreheDsio n mechanism .  Accordin g t o Searle ,  i n comprehensio n o f  figurative  phrase s 
(speec h act s suc h a s tha t  o f  Ca a ye a piaaa a paa a tb a aait?) ,  peopl e tr y litera l  interpretatio n ("ar e yo u 
abl e t o d o that?* ^  first  an d onl y whe n thi s attemp t  fail s  d o the y resor t  t o th e intende d figurative  in -
terpretatio n ("pas s it ,  please!") .  Gibb s prove d usin g experimenta l  dat a tha t  peopl e spen d n o mor e tim e 
processin g figurative  phrase s tha n the y d o processin g analogou s litera l  phrases .  Thus ,  h e claims ,  ther e i s 
no extr a effor t  i n processin g thes e phrase s a s implie d b y Searle .  However ,  Gibb s doe s no t  propos e an y 
constructiv e mode l  fo r  th e interpretatio n o f  figurative  phrases .  Moreover ,  b e obviousl y concern s hi s dis -
cussio n merel y wit h th e interpretatio n o f  dea d phrases ,  namel y familia r  figurative  phrases ,  whil e h e doe s 
not  explai n ho w peopl e interpre t  nove l  phrases—phrase s the y hav e no t  encountere d before .  Ou r  conten -
tio n i s twofold .  First ,  a  unifor m mechanism ,  th e phrasa l  lexicon ,  account s fo r  comprehensio n o f  figura-
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tiv e a s wel l  a s litera l  phrases ,  provide d tha t  th e phras e i s alread y known .  Second ,  a n unknow n phras e re -
quire s a  specia l  treatmen t  whic h actuall y constitute s th e learnin g o f  tha t  ne w phrase . 

Regularity and Idlomatlcity in Phrases 

Idiosyncratic behavior of phrases is difficult to capture in the lexicon. For example, read the 
nex t  tw o sentences : 

• P«&c« «»• itrvck b«tit*n Iirfttl &Bd Egypt. Tk* katckat •&• b«ri«d. 
•  Fia&ll7 .  dtAt h pr«Tall»d .  Th « bseka t  «» •  kicked . 

As opposed to the second phrase kick tk« baektt, the first phrase bnrj tk« kfttck«t can take the pas-
siv e voic e an d stil l  maintai n it s  figurative  meaning .  Wha t  i s th e reaso n fo r  thi s difference ,  an d ho w ca n 
i t  b e predicte d fo r  idiomati c phrase s i n general ? Fillmore ,  Ka y an d O'Conno r  [Fillmore84 ]  addres s th e 
problemati c behavio r  o f  idiomati c phrases ,  classifyin g the m int o categorie s accordin g t o th e knowledg e 
require d fo r  th e understandin g o f  eac h idiom .  Ou r  contentio n i s tha t  th e onl y wa y t o predic t  phras e 
behavio r  i s  b y modelin g th e learnin g process . 

Modeling Second Language Acquisition 

Learning in general, and specifically learning linguistic knowledge, is an ongoing process. Two 
group s i n particula r  experienc e extensiv e languag e learning :  childre n learnin g nativ e languag e an d adul ^ 
learnin g a  secon d languag e [Hatch83 ,  Gasser85 ,  Ulm75] .  Adults ,  a s oppose d t o children ,  ma y augmen t 
thei r  linguisti c knowledg e while ,  t o a  larg e extent ,  maintainin g otherwis e unchangin g worl d knowledge . 
Thre e aspect s o f  secon d languag e acquisitio n ar e investigate d i n ou r  research : 

(1) The various types of errors committed: acquiring incorrect concepts, acquiring incorrect linguistic 
pattern s an d performin g incorrectl y whil e havin g th e correc t  linguisti c knowledge . 

(2) The processes underlying these errors (observing errors is the only way to expose these 
processes) . 

(3) Strategies for error-recovery based on faUure-analysis. 

The implications of this study, therefore, are not confined only to second language speakers. Rather, ob-
servin g secon d languag e speaker s ma y revea l  genera l  learnin g processe s whic h ar e use d mor e frequentl y 
by secon d languag e speakers . 

3. Tlie Program 

RE^A is a computer program designed to learn English phrases. It takes as input English sen-
tence s whic h ma y includ e unknow n phrase s an d convey s a s outpu t  it s hypothese s abou t  nove l  phrases . 
The progra m consist s o f  fou r  components : 

(1) Plirasal lexicon: This is a list of phrases where each phrase is a declarative pattern-concept pair 
(WUensky84l . 

(2 )  Case-fram e parser :  I n th e parsin g process ,  case-fram e expectation s ar e handle d b y spawnin g 
demons [Dyer83] .  Th e parse r  detect s comprehensio n failure s whic h ar e use d i n learning . 

(3) Pattern Constructor: Learning of phrase patterns is accomplished by analyzing parsing 
failures .  Eac h failur e situatio n i s associate d wit h a  pattern-modificatio n action . 

(4 )  Concep t  Constructor :  Learnin g o f  phras e concept s i s accomplishe d b y a  se t  o f  strategie s whic h 
ar e selecte d accordin g t o th e context . 

Schematically ,  th e progra m receive s a  sequenc e o f  tentence/contex t  pair s fro m whic h i t  refine s it s curren t 
pattern/concep t  pair .  Th e patter n i s derive d fro m th e sentenc e an d th e concep t  i s  derive d fro m th e con -
text .  However ,  th e tw o processe s ar e no t  independen t  sinc e th e contex t  influence s constructio n o f  pat -
tern s whil e linguisti c clue s i n th e sentenc e influenc e formatio n o f  concepts . 

17 4 



PhrsM J RepreaentAtlo n o f  th « Lexico n 

RINA uses a declarative phrasal lexicon suggested by Wilensky, where a lexical phrase is a 
pattern-concep t  pair .  RINA' s pattern s ar e simila r  t o thos e i n [Arens82) .  Th e notatio n i s explaine d b y 
thre e exampl e patterns : 

PI :  ?x:animat e nibblerver b <o n ?y:food > 
P2:  ?x:per»o n take:Ter b o n ?y:per8o n 
P3:  ?x:per8o n <put.-ver b root:body-par t  down > 

Figur e 1 :  T h a Patter n Notatio n 

(1) A token is a literal unless otherwise specified. For example, on is a literal in the patterns above. 

(2) fx:9ort denotes a variable called fx of a semantic class tort, fyrfbod above is a variable which 
stand s fo r  reference s t o object s o f  th e aemanti e clas s food . 

(3) Actrvtrh denotes any form of the verb tyntactic class with the root act. nlbbletveri above 
stand s fo r  expression s suc h as :  albblad .  di d le t  albkl* .  til l  B«T« r  b t  aibblad . 

(4) By default, a pattern sequence does not specify the order of its tokens*. However, based on gen-
era l  Englis h knowledg e als o provide d a s patterns ,  i t  i s  th e acto r  whic h i s expecte d t o preced e th e 
ver b i n th e activ e for m o f  a  sentence . 

(5) Tokens delimited by < and > are restricted to their specified order. In Pi above, on mujt 
directl y preced e ?y:food . 

Each pattern has an associated meaning. Meaning representations are not discussed here; they 
ar e specifie d usin g Dyer' s [DyerSS j  »-/tni k notatio n whic h define s a  se t  o f  intentiona l  link s connectin g 
primitiv e actions ,  plans ,  an d goal s [Schank77] . 

Cane-Frame Parser 

Three tasks in phrasal parsing are identified, ordered by degree of diflSculty: 

(1) Phrase disambiguation: When more than one lexical phrase matches the input sentence, the 
phras e intende d b y th e speake r  mus t  b e selecte d b y th e parser .  Fo r  example ,  Jok a too k t o th « 
•tr««t « coul d mean :  "h e le d a  crimina l  life" ,  "h e demonstrated "  o r  "h e wa s fon d o f  th e streets" . 

(2) Ol-formed Input comprehension: Even when an input sentence is not well phrased according 
t o textboo k grammar ,  i t  ma y b e comprehensibl e b y peopl e an d s o mus t  b e comprehensibl e t o th e 
parser .  Fo r  example .  Job s too k u t̂ j  fchoo l  i s  someho w telegraphic ,  bu t  comprehensible ,  whil e 
John too k Uht j  t o convey s onl y a  partia l  concept . 

(3) Error Detection: when the hypothesized phrase does not match the input sentence/context 
pair ,  th e parse r  i s require d t o detec t  th e failur e an d retur n wit h a n indicatio n o f  it s  natur e whic h 
i s geare d t o th e constructio n o f  a  mor e accurat e hypothesis . 

The key element in accomplishing these tasks is the use of case frames for pattern representation, as ela> 
borate d i n [Zernik85] . 

*  I n orde r  t o deriv e phrase s wit h a  definit e wor d order ,  lexica l  pattern s mus t  interac t  wit h orderin g 

pattern s lArens82 |  whic h hol d genera l  Englis h word-orde r  conventions . 

175 



Failure-Drive n Patter n Constructo r 

Learning of phrases is an iterative process. The input is a sequence of sentence-context pairs, 
throug h whic h th e progra m refine s it s curren t  hypothesi s abou t  th e ne w phrase .  Th e hypothesi s pertain s 
t o bot h th e patter n an d th e concep t  o f  th e phrase .  Th e basi c cycl e i n th e proces s is : 

(a) A sentence is parsed on the background of a conceptual context. 

(b) Using the current hypothesis, either the sentence is comprehended smoothly, or a failure is 
detected . 

(c) The analysis of a failure directs the update of the current hypothesis. 

The crucial point in this scheme is to obtain from the parser an intelligible analysis of the failure. As an 
example ,  conside r  thi s par t  o f  th e first  dialog : 

1 Program: h« took oa kia. Ht vob th« fisktr 
2 User :  lo .  H*  too k kl a ob .  D»Ti d Kttaeka d kla . 
3 Program :  H« too k hl a oa .  H« %ec«pt« d tk « ekftllaaf* ? 

The first hypothesis is shown in Figure 4. 

pattern :  ?x:perso n t2die:ver b < o n ?y:person > 
concept :  ? x wi n th e conflic t  wit h ? y 

Figur e 4 :  Firs t  Hypotlieai a 

Notice that the preposition on is attached to the object ?y, thus assuming that the phrase is similar to 
H« iook« d a t  Har j  whic h canno t  produc e th e followin g sentence :  H« iook« d k« r  kt .  Thi s hypothesi s un -
derlie s Sentenc e 1  whic h i s erroneou s i n bot h it s for m an d it s meaning .  T w o observation s shoul d b e 
made b y comparin g thi s patter n t o Sentenc e 2 : 

• The object is not preceded by the preposition oa. 
•  Th e prepositio n o a doe s no t  preced e an y object . 

These comments direct the construction of the new hypothesis: 

pattern :  ?x:perso n take:ver b o n ?y:perso n 
concept :  ? x wi n th e conflic t  wit h ? y 

Figur e 5 :  Secon d Hypothesi s 

where the preposition oa is taken as a modifier of the verb itself, thus correctly generating Sentence 3. 
I n Figur e 5  th e conceptua l  hypothesi s i s stil l  incorrec t  an d mus t  itsel f  b e modified . 

4. Strategies for Learning Concepts 

In the first dialog (Section 1.1), the context has been presented by the biblical story of David and 
Goliath .  R IN A come s u p wit h th e wron g hypothesis ,  assumin g tha t  tak *  o a mean s "t o wi n a  fight"*. 
What  i s th e proces s underlyin g thi s error ? W e explai n suc h error s b y th e theor y o f  ator y point s (Wilen -
sky82 |  an d salien t  expectations .  Stor y point s encapsulat e ou r  impressio n o f  th e stor y beyon d th e leve l  o f 
mundane detail s (e.g. ,  David' s hai r  color ,  th e weapon s involved ,  th e variou s move s i n th e fight)  whic h ge t 
forgotte n wit h time .  Whe n th e learne r  i s require d t o selec t  a  conceptualizatio n fro m th e context ,  sh e at -
tempt s t o us e th e dominan t  stor y point .  Sinc e "Davi d wo n th e fight  i n spit e o f  hi s physica l  inferiority "  i s 
th e salien t  poin t  o f  th e story ,  thi s poin t  serve s a s th e learner' s  first  guess . 

*  Thi s i s a  rea l  erro r  recorde d b y th e author s fro m secon d languag e speakers . 
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When th e contex t  i s  give n a s s  story ,  R IN A use s stor y point s t o construc t  th e meaning s o f  unk -
nown phrases .  Fo r  othe r  contexts ,  wher e a  variet y o f  knowledg e structure s ar e dominan t  w e hav e 
develope d a  se t  o f  strategie s fo r  extractio n o f  meaning s fro m context .  Interestingly ,  al l  thes e strategie s 
demonstrat e th e integratio n o f  learnin g an d comprehension .  Eac h learnin g strateg y presente d her e i s 
derive d fro m a n existin g comprehensio n strategy . 

Story Points 

In the context of David and Goliath, RINA selects the concepts from a set of given story points. 
Initially ,  th e first  stor y poin t  ("Davi d wo n th e fight  i n spit e o f  hi s physica l  inferiority" )  i s  selected .  Th e 
factor s i n th e selectio n o f  thi s poin t  are : 

• Prefer a story point which determines the outcome of the situation. 

• Use linguistic clues. For instance, the preposition ob carries the sense of winning (in t«ra os. 
f* t  OB.  hBB K OB,  etc. ,  OB depict s a  "positive "  state) .  I t  matche s th e outcom e o f  th e fight. 

Later in the dialogue, when the native speaker negates this interpretation by stating h« attBcktd kia, 
th e learne r  revert s t o th e secon d stor y poin t  (k « accepte d tk « chBiicBg* )  whic h depict s th e correc t 
meaning . 

Script-Based Expectations 

In a way similar to FOUL-UP (Granger77], RINA is able to associate the new phrase with script-
base d expectation .  Fo r  exampl e conside r  th e followin g text :  Aftt r  b  Iob ^  iiib«ib .  ki i  b«loT« d Bif * 
f  iBkii y kleki d th t  bBcktt .  Th e first  sentenc e invoke s Sdieeat e (th e diseas e script )  whic h incorporate s a 
chai n o f  event s suc h a s feelin g sick ,  stayin g i n bed ,  seein g a  docto r  an d eventuall y recoverin g o r  dying . 
Fro m linguisti c clue s (e.g. ,  fiBBlly )  an d fro m th e causa l  clu e ( b 1ob (  dltckf* )  R IN A select s th e las t 
even t  i n th e scrip t  a s th e meanin g t o refe r  to .  I t  i s  interestin g t o notic e wha t  triggere d th e learnin g pro -
cess :  Th e failur e i n th e litera l  interpretatio n o f  th *  bncka t  suggest s th e existenc e o f  a n unknow n idiomat -
i c phrase .  Ther e i s a  similarit y betwee n thi s metho d an d genera l  expectation-base d parsin g [Riesbeck74] . 
I n parsing ,  outstandin g expectation s ar e use d i n disambiguatio n o f  meanings .  I n learning ,  outstandin g 
expectation s ar e take n a s conceptua l  meaning s fo r  nove l  phrases . 

Goal/Plan-Baaed Expectations 

An expectation at the plan/goal level dominates the following text (in Section 1.1, Going Punk): 
JtBB y BBBiv d t o g o p«Bk ,  bu t  b* r  fBtbt r  p« t  hl i  foo t  do«B .  Th e contex t  describe s a  goa l  conflic t 
betwee n Jenn y an d he r  father .  Jenn y i s expecte d t o implemen t  a  certai n goa l  (satisfy-vanity )  whe n th e 
wor d bv t  i s  encountered ,  indicatin g tha t  th e implementatio n o f  th e goa l  i s  blocked .  Th e ac t  denote d b y 
th e phras e i s expecte d t o caus e thi s goa l  t o becom e blocked .  However ,  th e metapho r  ha s no t  ye t  bee n 
resolved . 

Metaphor Mapping 

A metaphor [Carbonell83] is defined as a mapping hetv/een patterns such as pst yo«r foot de«B. 
•hoo t  ob«' b foot ,  pa t  oB*' i  foo t  i a oaa' t  aovth ,  cliB b th e iBllf ,  etc. ,  an d specifi c  episode s i n 
memory.  I n parsin g a n alread y familia r  metaphor ,  th e lexico n provide s th e mappin g fro m th e element s o f 
th e patter n t o th e element s o f  th e episode .  However ,  whil e th e mappin g i s stil l  unknown ,  th e episod e can -
not  b e accesse d fro m th e sentenc e itsel f  sinc e "puttin g one' s foo t  o n th e floor"  doe s no t  necessaril y  con -
vey resistance .  Th e episod e ma y b e accesse d onl y b y indirec t  memor y searc h throug h link s fro m affect s 
and goal/pla n situations .  Fo r  example ,  th e proces s i n Goin g Pun k proceed s a s follows :  Sinc e th e ac t 
(movin g one' s foo t  down )  doe s no t  confor m wit h th e goal/pla n situation ,  an d th e referenc e (foot )  canno t 
be resolve d i n th e context ,  a  searc h fo r  a  metapho r  i s initiated .  A  lin k i s foun d fro m th e goal-conflic t  si -
tuatio n an d th e resistanc e stanc e t o th e episod e o f  stampin g one' s foot .  Th e phras e i s interprete d suc -
cessfull y i n tha t  episode ,  an d a s a  result ,  th e mappin g betwee n th e patter n an d th e episod e i s establishe d 
i n th e lexicon . 
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Gener  al l  lin g W o r d Meaning s 

In idioms such as: Th«7 bnrlad tha k&tehtt, H* thrat th« book at bia, and H* laid dots tho 
ikw ,  th e meanin g i s constructe d b y generalizin g singl e words '  meanings .  Aft« r  &  loa f  diipnt* .  tk « 
eevpi *  bvrit d tb « kktebtt .  Th e litera l  interpretatio n o f  th e actio n doe s no t  mak e sens e (buryin g som e 
too l  i n th e ground) ,  an d n o episod e i s foun d t o constitut e a  metaphor .  Therefore ,  a  sequenc e o f  generali -
zation s i s initiated : 

hatche t  — > weapo n — > fight-plan 
bur y — > disenabl e us e — > cease-arpla n 

Throug h thes e generalizations ,  th e ac t  i s  realize d a s th e cease-a-pla n o f  th e fight-plan  whic h finally  re -
late s t o th e context .  Thi s proces s i s triggere d b y sensin g tha t  th e wor d hatche t  i s to o specifi c  (accordin g 
t o Rosch' s [Rosch78 |  basic-leve l  principl e o f  categorization) .  Suc h a  wor d i s expecte d t o appea r  i n i n a 
specifi c  script ,  otherwis e i t  suggest s a  figurative  use . 

S. Connotations 

RINA's lexicon indexes episodic as well as generic elements. Indexed episodes which facilitate 
example-generatio n ar e buil t  u p i n th e learnin g process .  R IN A generate s sentence s whic h exemplif y th e 
correc t  us e (o r  th e curren t  hypothesis )  o f  newl y acquire d phrases .  Fo r  instance ,  R IN A coul d generate : 
Th*  Laktr t  too k o n Th *  Ctlticf ,  usin g a  familia r  episod e a s a n exampl e o f  th e phras e tak *  oa .  Exampl e 
generatio n i s th e preferre d wa y fo r  peopl e t o discus s phrase s (rathe r  tha n spea k i n term s o f  synta x an d 
semantics) .  Upo n request ,  a  perso n ma y easil y generat e a  fe w example s o f  correc t  phras e use : 

Dari d too k o n Goliath . 
Uj  brotho r  too k o a a  at *  job . 
Th*  Lakar t  too k o a Th *  Caltlea . 

relatin g t o specifi c  episodes .  However ,  beyon d a  limite d se t  o f  examples ,  generatio n o f  additiona l  exam -
ple s become s mor e difficult .  Computationally ,  exampl e generatio n seem s t o b e a  comple x task .  I n a  da r 
tabas e system ,  exampl e generatio n fo r  a  phras e woul d requir e scannin g th e entir e databas e fo r  a n ap -
propriat e situatio n whic h satisfie s th e constraint s impose d b y th e meanin g o f  th e phrase . 

Connotations Indexed by Phrases 

RINA simulates this phenomenon in terms of memory organization. A phrase in the lexicon is a 
pattern-concep t  pair .  However ,  i n addition ,  a  phras e accumulate s link s t o episode s i n whic h R IN A ha s en -
countere d th e phrase .  Whe n required ,  R IN A generate s a n exampl e b y selectin g a n episod e whic h i s 
linke d t o tha t  phrase .  Ho w ar e link s t o episode s created ? I f  o n eac h encounte r  wit h th e phras e tak *  oa , 
an episod e wer e linke d t o th e phrase ,  the n th e linkag e syste m woul d gro w ou t  o f  bounds .  Therefore ,  a 
ne w lin k i s create d onl y i n situation s wher e a  learnin g effor t  i s  required .  Thu s onl y on e episod e o f  a  kin d 
i s linked ,  avoidin g redundan t  links .  A n illustrativ e learnin g scenari o fo r  tak *  o a is : 

Native :  U j  brothe r  too k o n a  aa t  Job . 
Learner :  <lin k phras e t o episod e career-challengel > 

(Th e learne r  i s no t  familia r  wit h th e phrase .  Sh e learn s th e phrase ,  assumin g tha t  i t  mean s t o star t  a 
fight  an d sh e link s i t  t o th e episode. ) 

Native :  Th *  Lak*r f  too k o a Th *  C*ltlc* . 
Learner :  <lin k phras e t o episod e sporting-eventl > 

(Agai n a  ne w sens e o f  th e phras e i s learne d whil e th e episod e i s linked. ) 
Native :  Th *  R*dakin a too k o a Th *  fhit*fkin* . 
Learner :  < n o linking > 

(Thi s tim e ther e i s n o nee d t o lear n a  ne w sense .  Th e sentenc e wa s comprehende d usin g existin g phrases. ) 
Followin g thi s scenario ,  th e learne r  ca n generat e onl y tw o example s fo r  tak *  oa ,  whic h ar e career -
ckallenge l  an d sporting-eventl .  Th e thir d episod e i s no t  indexe d t o th e phrase . 
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0.  Coneluslon a 

The issue addressed in this paper is the construction of the phrasal lexicon. As opposed to other 
system s ( P H R A N (Arens82 l  an d P H R ED (JacobsSS] ,  fo r  example )  wher e th e lexico n i s constructe d manu -
ally ,  i n R IN A ne w phrase s ar e acquire d throug h learning .  Thi s i s significan t  no t  onl y fo r  robustnes s an d 
flexibility,  bu t  als o fo r  th e correc t  encodin g o f  lexica l  phrases .  Fo r  example ,  observ e phrase s suc h a s ksr y 
tk *  httekt t  an d kic k tk t  bvcktt .  O n th e outset ,  i t  i s  difScul t  t o determin e tha t  th e first  phras e take s 
th e passiv e voic e whil e th e secon d on e doe s not .  (Ho w ca n th e system s programmer ,  wh o set s u p th e lex -
icon ,  predic t  th e behavio r  o f  othe r  suc h idiomati c phrases? )  Moreover ,  ho w ca n suc h informatio n b e en -
code d i n th e lexicon ? On e wa y i s t o mar k th e phras e kic k tk « baekt t  b y th e syntacti c feature :  doe s no t 
tAk e the  passiv e voice .  Ou r  contentio n i s tha t  suc h a  featur e i s conceptua l  rathe r  tha n syntacti c an d 
tha t  word-orde r  restriction s actuall y refiec t  phras e concepts .  Th e methodolog y fo r  acquirin g thi s featur e 
i s throug h learning :  Th e first  phras e i s acquire d throug h word-sens e generalizatio n (se e Sectio n 4) ,  wher e 
th e entir e phras e ha s a n associate d concept ,  bu t  eac h individua l  wor d als o stand s fo r  a  certai n concep t 
(specifically ,  k»teh« t  stand s fo r  "war") .  Thus ,  th e passiv e voic e serve s a  communicativ e discours e func -
tion .  However ,  i n th e secon d phras e whic h i s acquire d a s a  whol e unit ,  th e singl e word s d o no t  stan d fo r 
concept s (o n th e contrary ,  th e phras e wa s actuall y acquire d b y noticin g tha t  neithe r  b«ek* t  no r  kic k 
coul d b e interprete d i n th e context) .  No t  onl y doe s th e passiv e voic e serv e n o function ,  bu t  i t  i s  als o 
misleading ,  causin g th e listene r  t o interpre t  th e word s literally ,  an d searc h fo r  thei r  individua l  meanings . 

We have shown in this paper a computational method for metaphor resolution. A metaphor is 
define d a s a  mappin g fro m a  patter n t o a n episode .  Familia r  metaphor s ar e comprehende d throug h th e 
mapping s themselve s whic h ar e provide d b y th e phrasa l  lexicon .  A  ne w mappin g i s constructe d whe n th e 
phras e i s hear d i n context .  Th e successfu l  constructio n depend s on :  (1 )  th e accessibilit y  o f  a  metapho r  ep -
isod e throug h salien t  element s i n th e context ,  an d (2 )  th e interpretatio n o f  th e phras e i n th e episod e 
whic h establishe s th e mappin g o f  patter n element s t o episod e concepts . 

7. Future Work 

We have shcT^s the steps in learning new phrases: a novel phrase is detected, and its pattern is 
shape d b y th e give n sentences :  detecte d comprehensio n failure s caus e patter n modifications .  Th e con -
cep t  o f  th e phras e i s forme d b y (a )  th e give n context ,  (b )  linguisti c  clues ,  (c )  generalize d wor d meanings , 
and (d )  b y metapho r  mappings .  I n th e futur e w e inten d t o investigat e mor e concept-formin g strategie s 
and focu s o n generalizatio n o f  concepts .  Fo r  example ,  tw o differen t  episode s ar e associate d wit h tak « oa : 

DkTl d too k OB Collktk . 
H« too k o a k  D« « job . 

The associate d concept s extracte d fro m th e correspondin g context s are : 
"decidin g t o fight" 
"undertakin g a  responsibility " 

The dilemm a a  learne r  i s facin g i s whethe r  ther e i s a  genera l  commo n concep t  whic h encompasse s thes e 
tw o concepts :  d o the y shar e on e lexica l  entr y o r  ar e the y tw o separat e entries ? I n thi s task ,  simila r  t o 
learnin g linguisti c patterns ,  peopl e mak e error s b y overgeneralizin g an d b y undergeneralizing .  Therefore , 
analysi s o f  erroneou s hypothese s bot h fo r  linguisti c pattern s an d fo r  conceptua l  meanings ,  account s fo r 
learning . 
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TWO KIND S O F FEATURE? A  TES T O F TWO THEORIES O F TYPICALIT Y EFFECTS I N NATURAL 
LANGUAGE CATEGORIES 

Robin A. Barr & Leslie J. Caplan, 
Departmen t  o f  Psychologica l  Science ,  Bal l  Stat e University ,  Muncie ,  I N 4730 6 
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Stat e Universit y researc h grant . 

In two experiments, we tested predictions of a 
model  whic h state s tha t  natura l  languag e categorie s ar e 
represente d primaril y b y intrinsi c feature s (feature s 
tru e o f  a n exempla r  i n isolation )  o r  b y extrinsi c 
feature s (feature s tru e o f  a n exempla r  interactin g wit h 
some othe r  entity .  We hypothesize d tha t  categorie s 
whose intension s consiste d primaril y o f  extrinsi c 
feature s woul d hav e "fuzzier "  extension s tha n thos e 
whose intension s consiste d primaril y o f  intrinsi c 
features .  Thi s hypothesi s wa s supporte d b y th e result s 
of  Experimen t  1 .  I n Experimen t  2 ,  w e demonstrate d tha t 
th e feature s whic h represen t  a  categor y ar e equall y 
descriptiv e o f  it ,  regardles s o f  whethe r  th e 
representatio n i s primaril y intrinsi c o r  extrinsi c -  a 
findin g inconsisten t  wit h a  probabilisti c  theory' s 
accoun t  o f  th e result s o f  Experimen t  1 .  We argu e tha t 
investigatio n o f  th e propertie s o f  differen t  kind s o f 
featur e i s a n appropriat e focu s fo r  futur e researc h o n 
natural-languag e categorization . 

Typicality effects in studies of natural language category representation 
hav e frequentl y bee n interprete d a s evidenc e tha t  categorie s ar e "fuzzy " 

(e.g. ,  Rosch ,  1973,  1975) .  Recently ,  however ,  othe r  investigator s hav e 
questione d whethe r  th e existenc e o f  typicalit y effect s does ,  i n fact ,  impl y 
tha t  categorie s ar e necessaril y  fuzz y (e.g. ,  Armstrong ,  Gleitman ,  &  Gleitman , 
1983 ;  Barsalou ,  1982 ;  Osherso n &  Smith ,  1981) . 

Our  purpos e her e i s t o sho w tha t  som e typicalit y effect s ar e cause d b y a 
particula r  kin d o f  categor y intension ,  rathe r  tha n b y th e fuzzines s o f  th e 
categor y pe r  se .  We previousl y (Bar r  an d Caplan ,  not e 1 )  hav e distinguishe d 
betwee n intrinsi c an d extrinsi c feature s i n describin g th e intension s o f 
categories .  Intrinsi c feature s ar e thos e whic h ar e tru e o f  a  categor y member 
considere d i n isolation .  Fo r  example ,  a n intrinsi c featur e o f  "dog "  i s "ha s 
fur" .  Extrinsi c feature s ar e tru e onl y whe n th e categor y member  interact s wit h 
some othe r  entity .  Fo r  example ,  a n extrinsi c featur e o f  "clothing "  i s "cover s 
people" . 

I n tha t  earlie r  pape r  w e foun d tha t  mos t  o f  th e feature s chose n b y 
subject s t o defin e artifactua l  categorie s (e.g .  "tools "  an d "furniture" )  wer e 
extrinsic .  Conversely ,  mos t  o f  th e feature s chose n t o defin e 
naturally-occurrin g categorie s (e.g .  "fruit "  an d "trees" )  wer e intrinsic .  We 
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als o foun d tha t  subject s agree d wit h eac h othe r  jus t  a s muc h i n choosin g 
definin g feature s fo r  artifactua l  categorie s a s i n choosin g feature s fo r 
naturally-occurrin g categories .  However ,  the y agree d les s whe n generatin g 
exemplar s o f  artifactua l  categorie s tha n whe n generatin g exemplar s o f 
naturally-occurrin g categories .  I n othe r  words ,  althoug h th e intension s o f  th e 
tw o type s o f  categor y wer e equall y clear ,  th e extension s o f  artifactua l 
categorie s wer e "fuzzier "  tha n thos e o f  naturally-occurrin g categories . 

We argue d tha t  extrinsi c feature s caus e fuzz y extension s whil e intrinsi c 
feature s resul t  i n cleare r  extensions .  Becaus e intrinsi c feature s ar e alway s 
tru e o f  a  categor y member ,  i t  make s littl e sens e t o appl y a  qualifie r  whe n 
decidin g whethe r  a n exempla r  possesse s a  particula r  featur e (e.g. ,  "Sparrow s 
ar e sometime s hatche d fro m eggs") .  Eithe r  th e exempla r  possesse s th e feature , 
or  i t  doe s not .  O n th e othe r  hand ,  i t  doe s mak e sens e t o appl y qualifier s whe n 
makin g decision s abou t  extrinsi c feature s (e.g. ,  " A sle d i s sometime s use d fo r 
transportation") .  Borderlin e categor y member s wil l  b e thos e whic h ca n b e 
considere d a  member  onl y wit h th e additio n o f  stron g qualifier s (e.g .  "Rubbe r 
band s ar e SOMETIMES use d t o hur t  people") .  Therefore ,  categorie s whic h ar e 
represente d primaril y b y extrinsi c feature s shoul d hav e fuzzie r  extension s 
tha n thos e represente d primaril y b y intrinsi c features . 

Intrinsicall y represente d categorie s will ,  however ,  stil l  yiel d som e 
effec t  o f  typicalit y o n membershi p judgments .  Severa l  differen t  factor s wil l 
contribut e t o th e siz e o f  a  typicalit y effect .  Fo r  example ,  a s som e 
investigator s (e.g. ,  Armstrong ,  Gleitma n &  Gleitman ,  1983 ;  Osherso n &  Smith , 
1981 )  hav e suggested ,  subject s may wel l  us e a n "identificatio n function "  i n 
typicalit y experiments .  However ,  becaus e intrinsi c feature s ar e tru e o f 
exemplar s withou t  qualification ,  th e effec t  o f  typicalit y shoul d b e smalle r  i n 
intrinsicall y represente d tha n i n extrinsicall y represente d categories . 

We argue d i n Bar r  an d Capla n (not e 1 )  that ,  i n practice ,  man y categorie s 
wil l  b e represente d b y a  mixtur e o f  extrinsi c an d intrinsi c features . 
Accordingly ,  th e relativ e importanc e o f  extrinsi c an d intrinsi c feature s t o 
th e representatio n o f  th e categor y wil l  determin e ho w fuzz y th e extensio n 
becomes .  Ou r  dat a implie d tha t  th e artifactua l  categorie s w e use d i n thes e 
experiment s wer e represente d mor e b y extrinsi c feature s tha n wer e th e 
naturally-occurrin g categorie s tha t  w e used .  Therefore ,  i n Experimen t  1 ,  w e 
teste d th e predictio n tha t  th e rate d typicalit y o f  a n ite m wil l  yiel d large r 
effect s o n membershi p judgment s fo r  artifactua l  categorie s tha n o n membershi p 
judgment s fo r  naturally-occurrin g categories . 

I t  als o follow s tha t  th e extension s o f  intrinsicall y represente d 
categorie s shoul d b e easie r  to  lear n tha n thos e o f  extrinsicall y represente d 
categories.T o lear n intrinsicall y represente d categories ,  childre n nee d onl y 
atten d t o th e exempla r  itsel f  whe n learnin g th e categor y label .  However ,  t o 
lear n extrinsicall y represente d categories ,  childre n nee d t o atten d bot h t o 
th e exempla r  an d t o th e contex t  i n whic h th e exempla r  occurs .  Atypica l 
exemplar s o f  extrinsicall y represente d categorie s wil l  rarel y b e encountere d 
i n context s consisten t  wit h th e category' s feature s I n th e firs t  experiment , 
we therefor e teste d th e hypothesi s tha t  school-ag e children' s extension s o f 
artifactua l  categorie s woul d b e les s adult-lik e tha n thei r  extension s o f 
naturally-occurrin g categories .  I n particular ,  w e predicte d tha t  children' s 
category-membershi p judgment s wil l  b e leas t  adult-lik e fo r  atypical , 
artifactua l  exemplars . 
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Experimen t  1 
The artifactua l  categorie s w e chos e wer e "furniture "  an d "clothing" .  I n 

our  previou s paper ,  w e aske d thre e independen t  judge s to  rat e th e fiv e mos t 
popula r  feature s definin g a  categor y (a s chose n b y ou r  subjects )  a s eithe r 
intrinsi c o r  extrinsic .  Accordin g t o thes e judgments ,  thre e o f  th e to p fiv e 
feature s fo r  "furniture "  wer e extrinsic ,  an d fou r  o f  th e to p fiv e feature s fo r 
"clothing "  wer e extrinsic .  Th e remainin g feature s fo r  bot h categorie s wer e 
judge d t o b e intrinsic .  Th e naturally-occurrin g categorie s use d i n thi s 
experimen t  wer e "birds "  an d "fruit" .  Accordin g t o ou r  independen t  judges ,  fou r 
of  th e to p fiv e feature s fo r  "birds "  wer e judge d intrinsic ,  an d thre e o f  th e 
to p fiv e feature s fo r  "fruit "  wer e judge d intrinsic .  Th e remainin g feature s 
fo r  bot h "fruit "  an d "birds "  wer e judge d t o b e extrinsic . 

We aske d subject s i n thi s experimen t  t o decid e whethe r  exemplar s whic h 
differe d i n categor y goodness-of-exampl e rating s accordin g t o Rosc h (1975 ) 
wer e member s o f  categories .  We predicte d tha t  th e difference s i n R T an d "no " 
judgment s fo r  "true "  sentence s betwee n naturally-occurrin g an d artifactua l 
categorie s woul d b e greate r  fo r  atypica l  tha n fo r  typica l  instance s o f  th e 
categories . 
Metho d 

Subjects .  Subject s wer e 2 8 colleg e students ,  som e o f  who m receive d cours e 
credi t  fo r  participation ,  an d 3 3 school-ag e children .  Seventee n o f  th e 
childre n wer e fro m combine d second -  an d third-grad e classe s (mea n ag e =  8 
years ,  7  months) ,  thirteee n o f  the m wer e fro m th e fourt h grad e (mea n ag e =  1 0 
years ,  2  months) ,  an d nin e wer e sixt h grader s (mea n ag e =  1 1 years ,  9  months) . 
Al l  o f  th e childre n wer e student s a t  Burri s School ,  a  publi c laborator y schoo l 
ru n b y Bal l  Stat e Universit y whic h serve s grade s kindergarte n throug h twelve . 
The adul t  volunteer s wer e al l  undergraduate s a t  th e sam e university . 

Stimuli .  Th e stimul i  fo r  th e practic e trial s wer e constructe d fro m tw o 
set s o f  thre e exemplar s fro m th e categorie s "animals "  an d "tools" .  The y wer e 
presente d i n sentence s o f  th e for m " A hammer  i s a  tool" .  Eac h exempla r  wa s 
presente d twice ,  onc e i n a  tru e sentence ,  an d onc e i n a  fals e sentenc e (i.e. , 
a sentenc e usin g th e exempla r  fro m on e o f  th e tw o categories ,  paire d wit h th e 
othe r  superordinate) ,  yieldin g a  tota l  o f  twelv e sentences . 

Stimul i  fo r  th e mai n par t  o f  th e experimen t  wer e constructe d fro m set s 
of  te n exemplar s draw n fro m eac h o f  th e naturally-occurrin g categorie s "fruit " 
and "bird "  an d fro m eac h o f  th e artifactua l  categorie s "furniture "  an d 
"clothing" .  A s i n th e practic e trials ,  eac h stimulu s wa s a  sentenc e o f  th e 
for m "Apple s ar e fruit" .  Fo r  eac h category ,  tw o exemplar s wer e selecte d a t 
eac h o f  fiv e differen t  level s o f  goodness-of-exampl e (Rosch ,  1975) .  A s fa r  a s 
possible ,  mea n typicalit y rating s fo r  eac h leve l  wer e equate d acros s th e 
differen t  categories .  However ,  a s onl y on e "bird "  ("bat" )  ha s a  mea n 
goodness-of-exampl e ratin g abov e 5.0 0 i n th e Rosc h data ,  i t  wa s no t  possibl e 
t o completel y contro l  fo r  difference s i n thes e numerica l  ratings .  I n addition , 
th e mea n numbe r  o f  letter s i n exempla r  word s fro m al l  categorie s wa s equate d 
as muc h a s possibl e acros s typicalit y levels . 

As i n th e practic e trials ,  eac h o f  th e exemplar s use d i n th e experimenta l 
trial s wa s presente d onc e i n a  tru e sentence ,  an d onc e i n a  fals e sentence .  T o 
construc t  th e fals e sentences ,  bir d exemplar s wer e paire d wit h th e 
superordinat e "fruit" ,  furnitur e exemplar s wer e paire d wit h th e superordinat e 
"birds" ,  frui t  exemplar s wer e paire d wit h th e superordinat e "clothes" ,  an d 
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clothin g exemplar s wer e paire d wit h th e superordinat e "furniture" .  Th e 
resultin g 8 0 sentence s (4 0 tru e an d 4 0 fals e sentences )  wer e divide d int o tw o 
tria l  block s o f  4 0 sentence s each .  Eac h tria l  bloc k include d 2 0 tru e 
sentences ,  on e a t  eac h leve l  o f  typicalit y fo r  eac h o f  th e fou r  categories . 
The remainin g 2 0 fals e sentence s wer e divide d equall y amon g th e fou r 
categorie s used . 

Apparatus .  Stimul i  wer e presente d usin g a  three-channe l  tachistoscope . 
Reactio n time s wer e recorde d b y a  voice-activate d rela y an d time r  system . 

Procedure .  Eac h subjec t  wa s teste d individually .  A t  th e beginnin g o f  eac h 
session ,  childre n wer e teste d fo r  thei r  abilit y  to  rea d th e exemplar s an d 
superordinate s t o b e use d i n practic e an d experimenta l  trials ,  b y readin g 
thes e word s alou d whe n the y wer e presente d o n flashcards .  I f  a  chil d wa s 
unabl e t o rea d a  word ,  th e chil d wa s correcte d an d tha t  wor d wa s late r 
re-presented .  Word s rea d correctl y wer e no t  re-presented .  Thi s procedur e wa s 
repeate d unti l  th e chil d ha d rea d eac h wor d alou d correctl y once .  Thi s 
procedur e wa s no t  use d wit h adul t  subjects . 

Subject s wer e instructe d tha t  the y wer e goin g t o se e a  serie s o f 
sentences ,  an d tha t  thei r  tas k wa s t o decid e whethe r  eac h sentenc e wa s tru e o r 
false .  I f  the y decide d th e sentenc e wa s false ,  the y wer e t o sa y "false "  aloud . 
I f  the y decide d i t  wa s true ,  the y wer e t o sa y "true "  aloud .  Al l  subject s wer e 
instructe d t o respon d a s quickl y an d accuratel y a s possible .  The y wer e als o 
instructe d t o fixat e a  fixatio n poin t  a t  th e beginnin g o f  eac h trial . 

Practic e trial s wer e the n presented ,  followe d b y th e experimenta l  trials . 
Each sentenc e wa s precede d b y a  fixatio n poin t  fo r  1. 5 seconds ,  an d eac h 
sentenc e wa s presente d fo r  4  seconds .  Th e orde r  i n whic h th e tw o tria l  block s 
wer e presente d wa s counterbalanced .  Reactio n time s wer e recorde d fro m th e 
onse t  o f  th e stimulu s sentence ,  fo r  experimenta l  trial s only . 
Result s 

Despit e pretrainin g i n th e readin g o f  stimulu s words ,  som e childre n wer e 
stil l  unabl e t o rea d tachistoscopicall y presente d stimulu s sentences . 
Therefore ,  dat a fro m fou r  o f  th e second -  an d thir d grader s an d fro m on e fourt h 
grade r  wer e no t  include d i n th e followin g analyses . 

We teste d th e followin g predictions :  1 )  tha t  th e numbe r  o f  "no "  response s 
woul d b e greate r  fo r  artifactua l  tha n fo r  naturally-occurrin g categories , 
especiall y fo r  atypica l  exemplars ,  2 )  tha t  subject s woul d b e slowe r  t o verif y 
atypica l  artifactua l  exemplar s tha n t o verif y atypica l  naturally-occurrin g 
exemplars ,  3 )  tha t  children' s judgment s woul d diffe r  fro m adults '  mos t  fo r 
atypica l  artifactua l  categor y exemplars ,  an d 4 )  tha t  th e differenc e i n R T 
betwee n childre n an d adult s woul d b e greates t  fo r  atypica l  artifactua l 
exemplars .  A  summar y o f  th e dat a use d i n th e analyse s reporte d belo w i s 
presente d i n Tabl e 1 . 

"No "  judgmen t  analyses .  A  three-wa y mixe d desig n analysi s o f  varianc e 
was conducte d o n th e numbe r  o f  "no "  judgment s mad e fo r  "true "  sentences ,  wit h 
categor y typ e (artifactua l  vs .  naturally-occurring )  an d typicalit y leve l 
(level s on e throug h five )  a s within-subjec t  variables ,  an d ag e (childre n vs . 
adults )  a s th e between-subjec t  variable .  Fo r  bot h thi s analysis ,  an d th e on e 
presente d below ,  childre n wer e no t  divide d int o ag e group s becaus e previou s 
analyse s ha d faile d t o revea l  an y interactio n betwee n ag e an d th e othe r 
variable s o f  interes t  whe n th e dat a fro m childre n wer e considere d alone . 

More "no "  judgment s wer e mad e fo r  artifactua l  categorie s tha n fo r 
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naturally-occurrin g categories ,  F  (1 ,  57 )  =  49.70 ,  p  <  .0001 .  Thes e judgment s 
als o increase d a s typicalit y decreased ,  F  (4 ,  228 )  =  71.84 ,  p  <  .0001 . 
However ,  a n interactio n betwee n categor y typ e an d typicalit y leve l  wa s als o 
obtained ,  F  (4 ,  228 )  =  29.74 ,  p  <  .0001 .  Subject s mad e mor e "no "  judgment s fo r 
atypica l  artifactua l  item s tha n fo r  atypica l  naturally-occurrin g items , 
althoug h th e numbe r  o f  "no "  judgment s wa s simila r  fo r  typica l  artifactua l  an d 
naturally-occurrin g categories .  Al l  remainin g mai n effect s an d interaction s 
faile d t o reac h significanc e a t  th e p  <  .0 5 level . 

The predicte d three-wa y interactio n betwee n age ,  categor y type ,  an d 
typicalit y leve l  wa s clearl y no t  significan t  i n th e abov e analysis .  However , 
our  predictio n originall y involve d atypica l  items .  Therefore ,  i n a  secon d 
analysis ,  w e investigate d th e effect s o f  age ,  categor y type ,  an d typicalit y 
leve l  onl y fo r  th e thre e leas t  typica l  conditions .  I n thi s analysis ,  th e 
three-wa y interactio n wa s significant ,  F  (2 ,  118 )  =  3.11 , 
p <  .0485 .  Children' s an d adults '  judgment s wer e simila r  fo r 
naturally-occurrin g categories .  Fo r  artifactua l  categories ,  childre n mad e mor e 
"no "  judgment s tha n adult s fo r  mediu m typicalit y items ,  an d fewe r  "no " 
judgment s tha n adult s fo r  th e mos t  atypica l  items .  A s i n th e previou s 
analysis ,  ther e wer e significan t  effect s o f  categor y typ e ( F (1 ,  59 )  =  63.14 , 
p <  .0001) ,  an d o f  typicalit y leve l  (F(2 ,  118 )  =  64.58 ,  p  <  .0001) ,  an d a n 
interactio n betwee n categor y typ e an d typicalit y ( F (2 ,  118 )  =  42.40 ,  p  < 
.0001) . 

Reactio n tim e analyses .  A  three-wa y mixe d desig n analysi s o f  varianc e wa s 
conducte d o n individua l  subjects '  mea n reactio n times ,  usin g th e sam e desig n 
as tha t  of ,  th e firs t  analysi s reporte d above .  Subject s too k longe r  t o verif y 
statement s abou t  artifactua l  categorie s tha n naturally-occurin g categories ,  F 
(1 ,  43 )  =  25.48 ,  p  <  .0001 .  Reactio n time s als o increase d a s typicalit y 
decreased ,  F  (4 ,  172 )  =  17.40 ,  p  <  .0001 .  Childre n showe d a  greate r  increas e 
i n R T fo r  atypica l  item s tha n di d adults ,  a s reflecte d i n a n interactio n 
betwee n ag e an d typicality .  F  (4 ,  172 )  =  2.92 ,  p  =  .0229 .  Th e differenc e i n R T 
betwee n naturally-occurrin g an d artifactua l  categorie s wa s marginall y greate r 
fo r  childre n tha n fo r  adults ,  F  (1 ,  43 )  =  3.63 ,  p  =  .0634 .  Th e predicte d 
interactio n betwee n categor y typ e an d typicalit y leve l  wa s no t  obtained . 
Children' s RT' s wer e longe r  tha n thos e o f  adults ,  F  (  1 ,  43 )  =  67.59 ,  p  < 
.0001 .  Al l  remainin g effect s faile d t o reac h significanc e a t  th e p  <  .0 5 
level . 

Finally ,  a s i n analyse s o f  "no "  judgments ,  w e investigate d th e effect s o f 
age ,  categor y type ,  an d typicalit y leve l  o n RT ,  usin g onl y th e thre e leas t 
typica l  conditions .  Onc e again ,  th e effect s o f  categor y typ e ( F (1 ,  43 )  = 
6.45 ,  p  =  .0058 ,  an d ag e ( F (1 ,  43 = 61.26 ,  p  <  .0001 )  wer e significant .  Th e 
mai n effec t  o f  typicalit y wa s n o longe r  significan t  a t  th e p  <  .0 5 level .  Al l 
remainin g effect s faile d t o reac h significanc e a t  th e p  <  .0 5 level . 
Discussio n 

The result s o f  thi s stud y ar e consisten t  wit h thos e o f  ou r  earlie r  wor k 
(Bar r  &  Caplan ,  not e 1) .  Onc e again ,  ther e wa s a  clea r  differenc e betwee n th e 
th e natur e o f  th e extension s o f  artifactua l  an d naturally-occurrin g 
categories .  Reactio n time s an d th e numbe r  o f  "no "  judgment s wer e highe r  fo r 
artifactua l  tha n fo r  naturally-occurrin g categories .  I n addition ,  artifactua l 
categorie s demonstrate d a  mor e pronounce d effec t  o f  typicalit y i n "no " 
judgment s tha n di d naturally-occurrin g categories .  Finally ,  children' s RT' s 
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and judgment s sugges t  tha t  the y hav e mor e difficult y learnin g th e extension s 
of  artifactua l  categorie s tha n o f  naturally-occurrin g categories . 

Our  origina l  prediction s wer e simila r  t o th e result s obtained .  However , 
we ha d expecte d t o fin d a n interactio n betwee n categor y typ e an d typicalit y 
leve l  i n th e R T data ,  whic h w e di d no t  find .  Instead ,  judgment s fo r 
artifactua l  categorie s wer e slowe r  tha n thos e fo r  naturally-occurrin g 
categorie s a t  al l  level s o f  typicality . 

How migh t  thi s resul t  b e explained ? We ha d expecte d thi s interactio n 
becaus e o f  th e natur e o f  extrinsi c features .  Presumably ,  atypica l  artifactua l 
item s woul d hav e force d subject s t o engag e i n a  length y searc h fo r  context s 
appropriat e t o th e category' s features .  Thi s searc h woul d increas e th e 
reactio n time s fo r  atypica l  artifactua l  exemplars .  However ,  th e differenc e 
betwee n artifactua l  an d naturally-occurrin g categorie s wa s th e same , 
regardles s o f  th e exemplar s bein g considered .  Thi s suggest s tha t  th e 
differenc e betwee n th e tw o type s o f  categor y i s directl y relate d t o th e 
feature s associate d wit h th e categor y label ,  no t  t o thos e o f  th e exemplar . 

When a  categor y i s represente d b y intrinsi c features ,  i t  usuall y als o 
share s man y extrinsi c feature s wit h othe r  member s o f  th e category -  Fo r 
example ,  i f  a  categor y member  ha s wing s an d feathers ,  i t  i s  ver y likel y t o 
fly .  O n th e othe r  hand ,  whe n a  categor y i s extrinsicall y represented,  i t  i s 
les s likel y t o shar e intrinsi c feature s wit h othe r  member s o f  th e category . 
For  example ,  i f  a  categor y member  i s use d t o enhanc e hous e decor ,  i t  ca n tak e 
many shapes ,  sizes ,  etc .  Therefore ,  vlie n a  subjec t  trie s t o generat e th e 
feature s o f  a n intrinsicall y represente d category ,  eithe r  th e intrinsi c o r 
extrinsi c feature s wil l  b e usefu l  i n judgin g whethe r  a n ite m belong s t o a 
category .  However ,  whe n h e trie s t o generat e th e feature s o f  a n extrinsicall y 
represente d category ,  an y intrinsi c feature s h e may generat e wil l  no t  b e 
useful .  H e mus t  instea d searc h fo r  extrinsi c features .  Becaus e thi s proces s 
wil l  tak e time ,  an d i s independen t  o f  th e typicalit y leve l  o f  th e exempla r 
involved ,  categor y membershi p judgment s wil l  b e longe r  fo r  artifactua l  tha n 
fo r  naturally-occurrin g categories . 

Althoug h thi s explanatio n ca n easil y accoun t  fo r  ou r  results ,  ther e i s a n 
alternativ e explanation .  Some theorie s o f  categor y representatio n impl y tha t 
feature s ar e onl y probabilisticall y associate d wit h a  categor y (e.g .  Rosch , 
1975) .  Membershi p i s determine d b y som e kin d o f  weighte d su m o f  thes e 
probabilisti c  features .  Presumably ,  borderlin e instance s hav e a  lowe r  overal l 
sum tha n mor e typica l  instances .  On e migh t  hypothesiz e tha t  th e feature s o f 
artifactua l  categorie s ar e associate d t o th e categor y wit h a  lowe r  probabilit y 
tha n ar e thos e o f  naturally-occurrin g categories .  This ,  i n turn ,  woul d yiel d 
result s simila r  t o thos e w e obtained .  I n th e nex t  experiment ,  therefore ,  w e 
teste d betwee n thes e alternativ e explanation s o f  ou r  results . 

Experimen t  2 
I n thi s experimen t  w e presente d t o subject s a  lis t  o f  feature s whic h wer e 

previousl y selecte d a s definin g o f  a  categor y (Bar r  &  Caplan ,  not e 1 ) .  Th e 
subjects '  tas k wa s t o nam e th e categor y describe d b y th e features . 

I f  th e probabilisti c  accoun t  o f  th e result s o f  Experimen t  1  i s correct , 
subject s shoul d b e les s likel y t o nam e th e artifactua l  categorie s describe d b y 
th e feature s tha n the y ar e t o nam e th e natura l  categories .  Afte r  all , 
accordin g t o th e probabilisti c  account ,  th e feature s o f  th e artifactua l 
categorie s w e use d shoul d hav e a  lowe r  overal l  associatio n t o th e categor y 
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labe l  tha n th e feature s o f  th e natura l  categorie s tha t  w e used . 
On th e othe r  hand ,  th e intrinsic/extrinsi c accoun t  explain s th e result s 

of  Experimen t  1  b y pointin g t o th e kind s o f  feature s associate d wit h th e 
category ,  rathe r  tha n t o thei r  relativ e probabilities .  Thi s account , 
therefore ,  predict s n o differenc e i n subjects '  abilit y  t o nam e th e artifactua l 
and natura l  categorie s describe d b y th e features . 
Metho d 

Subjects .  Th e subject s wer e 4 4 undergraduat e volunteer s a t  Bal l  Stat e 
University .  Some o f  th e volunteer s receive d cours e credi t  fo r  participation . 

Stimuli .  Th e stimul i  wer e set s o f  te n feature s writte n o n page s o f  a 
smal l  booklet ,  on e featur e t o a  page .  Th e feature s wer e chose n fro m set s o f 
feature s selecte d a s definin g b y subject s i n a  previou s stud y (Bar r  an d 
Caplan ,  not e 1 ;  Experimen t  1) .  Th e feature s use d wer e th e te n mos t  popula r 
feature s fo r  eac h categor y i n th e earlie r  experiment .  Seve n artifactua l 
categorie s (furniture ,  clothing ,  tools ,  weapons ,  vehicles ,  toy s an d sports ) 
and seve n naturally-occurrin g categorie s (fruits ,  birds ,  vegetables ,  trees , 
mammals,  flower s an d metals )  wer e used .  Th e orde r  i n whic h feature s wer e 
presente d t o subject s wa s determine d b y a  Lati n square . 

Procedure .  Subject s firs t  complete d th e consen t  form .  The y wer e the n tol d 
tha t  the y woul d receiv e 1 4 booklets ,  eac h containin g 1 0 features .  Th e feature s 
i n eac h bookle t  describe d on e particula r  category .  The y wer e instructe d t o g o 
throug h th e booklets ,  pag e b y page .  O n eac h pag e the y wer e t o writ e dow n thei r 
ide a o f  wha t  wa s bein g describe d b y th e features .  Subject s wer e encourage d t o 
gues s i f  the y ha d n o particula r  ide a a s t o th e categor y an d t o writ e dow n a 
respons e o n eac h pag e befor e turnin g t o th e nex t  page .  The y wer e permitte d t o 
loo k bac k ove r  feature s o n earlie r  pages ,  bu t  the y wer e no t  permitte d t o loo k 
forwar d beyon d th e curren t  page .  Finall y the y wer e encourage d t o thin k o f  th e 
broades t  categor y (i.e. ,  th e highes t  level )  whic h woul d fi t  th e features .  Eac h 
subjec t  receive d th e 1 4 booklet s i n a  differen t  rando m order . 
Result s 

Becaus e o f  spac e limitations ,  th e result s fro m onl y th e fou r  categorie s 
use d i n Experimen t  1  wil l  b e reported .  Thes e wer e furniture ,  clothing ,  fruit s 
and birds .  I n th e result s belo w w e counte d a s a  correc t  respons e eithe r  (1 ) 
th e categor y label ,  o r  (2 )  th e labe l  o f  a n exempla r  o f  th e category .  Fo r 
example ,  i f  a  subjec t  wa s workin g wit h th e feature s o f  "furniture" ,  hi s 
respons e woul d b e score d a s correc t  i f  h e ha d responde d wit h a n exempla r  suc h 
as "bed " 

Al l  4 4 subject s correctl y identifie d "birds "  an d 4 1 ou t  o f  4 4 subject s 
correctl y identifie d "fruit" .  Among th e artifactua l  categories ,  al l  4 4 
subject s correctl y identifie d "clothing" .  Thirty-seve n ou t  o f  4 4 correctl y 
identifie d "furniture" . 

Subject s require d a  mea n o f  1.4 0 feature s befor e firs t  identifyin g 
"bird" ,  a  mea n o f  3.2 4 feature s befor e firs t  identifyin g th e categor y "fruit" , 
a mea n o f  4.4 3 feature s befor e identifyin g th e categor y "furniture "  an d a  mea n 
of  1.6 7 feature s befor e identifyin g "clothing" . 

I t  wa s als o possibl e t o calculat e whic h feature s prove d t o b e mos t 
helpfu l  t o subject s i n identifyin g th e categories .  I n th e summar y below ,  w e 
counte d a  featur e a s helpfu l  i f  i t  allowe d a t  leas t  one-thir d o f  th e subject s 
t o identif y th e categor y correctl y fo r  th e firs t  time .  Th e categor y "birds " 
had si x suc h feature s (fou r  wer e intrinsi c an d tw o wer e extrinsic) .  "Fruit " 
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had thre e suc h feature s (al l  thre e wer e intrinsic) .  "Clothing "  ha d si x suc h 
feature s (tw o wer e intrinsi c an d thre e wer e extrinsic) .  "Furniture "  ha d jus t 
tw o suc h feature s (bot h wer e extrinsic) . 
Discussio n 

Clearly ,  nearl y al l  subject s identifie d al l  fou r  categories .  Ther e wa s 
little ,  i f  any ,  differenc e betwee n th e numbe r  o f  subject s wh o identifie d th e 
naturally-occurrin g categorie s an d th e numbe r  wh o identifie d th e artifactua l 
categories .  Ther e wer e difference s i n th e numbe r  o f  feature s neede d befor e th e 
subject s successfull y identifie d th e categories .  Bu t  th e difference s di d no t 
appea r  relate d t o th e naturally-occurrin g versu s artifactua l  distinction .  Thu s 
"birds "  an d "clothing "  require d relativel y fe w feature s befor e the y wer e 
identified ,  wherea s "fruit "  an d "furniture "  require d mor e features . 

On th e othe r  hand ,  ther e wer e dramati c difference s i n th e kind s o f 
featur e whic h prove d particularl y helpfu l  t o subject s identifyin g th e 
categories .  Th e tw o artifactua l  categorie s wer e identifie d mor e wit h th e ai d 
of  extrinsi c feature s tha n o f  intrinsi c features .  Th e naturally-occurrin g 
categories ,  o n th e othe r  hand ,  wer e identifie d mor e wit h th e ai d o f  intrinsi c 
features . 

The results ,  the n suppor t  th e "intrinsic/extrinsic "  accoun t  o f  th e 
result s o f  Experimen t  1  rathe r  tha n th e "probabilistic "  account . 

Genera l  Discussio n 
We hav e argue d tha t  "fuzzy "  extension s ar e cause d i n par t  b y th e kin d o f 

feature s whic h for m th e intensio n o f  a  category .  Extrinsi c feature s permi t 
qualifier s t o b e applie d whe n considerin g whethe r  a n exempla r  i s a  member  o f  a 
categor y (e.g. ,  a  poo l  tabl e i s OCCASIONALLY use d insid e houses) .  Th e exten t 
t o whic h qualifier s ar e necessar y determine s degre e o f  membershi p i n th e 
category .  Th e existenc e o f  degree s o f  membership ,  i n turn ,  create s a  fuzz y 
extension .  Intrinsi c features ,  o n th e othe r  hand ,  d o no t  permi t  qualifier s t o 
be applie d (e.g. ,  a n appl e OFTEN contain s vitamins?) .  Accordingly ,  whe n a n 
intensio n i s describe d entirel y b y intrinsi c features ,  th e extensio n i s clear . 

The result s o f  th e tw o experiment s reporte d i n thi s pape r  suppor t  ou r 
position .  Th e tw o artifactua l  categorie s (furnitur e an d clothing )  ar e 
apparentl y represente d largel y b y extrinsi c features .  Th e tw o 
naturally-occurrin g categorie s (frui t  an d birds )  ar e represente d largel y b y 
intrinsi c feature s (se e Experimen t  2 ) .  Th e effec t  o f  typicalit y o n membershi p 
judgment s wa s ver y muc h mor e marke d o n th e artifactua l  categorie s tha n o n th e 
naturally-occurrin g categories .  (Experimen t  1 ) .  Childre n als o differe d fro m 
adult s mor e i n thei r  judgment s o f  atypica l  artifactua l  item s tha n i n thei r 
judgment s o f  atypica l  naturally-occurrin g item s (Experimen t  1 ) .  Presumably , 
th e fuzz y extensio n create d b y extrinsi c feature s i s mor e difficul t  t o lear n 
tha n th e cleare r  extensio n create d b y intrinsi c features . 

More traditiona l  account s o f  typicalit y effect s (an d othe r  demonstration s 
of  "fuzzy "  natura l  categories )  rel y o n th e hypothesi s tha t  feature s ar e onl y 
probabilisticall y associate d wit h a  categor y t o explai n th e demonstrate d 
fuzziness .  (e.g .  Bourne ,  1982 ;  Rosch ,  1975;  als o se e Smit h &  Medin ,  1981) .  Ou r 
accoun t  doe s no t  depen d o n thi s kin d o f  uncertaint y fo r  it s  explanator y power . 
We believ e tha t  th e feature s "cover s people "  an d "i s worn "  ar e jus t  a s closel y 
associate d t o th e categor y "clothing "  a s th e feature s "ha s feathers "  an d "ha s 
a beak "  ar e t o th e categor y "bird" .  Th e result s o f  Experimen t  2  suppor t  thi s 
view ,  sinc e subject s appeare d almos t  a s abl e t o retriev e th e artifactua l 
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categor y name s fro m a  lis t  o f  thei r  feature s a s the y wer e to  retriev e th e 
naturally-occurrin g categor y names . 

We sugges t  tha t  a  researc h focu s o n th e propertie s o f  th e feature s whic h 
describ e a  category' s intensio n i s mor e likel y t o elucidat e categorizatio n 
tha n earlie r  emphase s o n th e uncertai n natur e o f  categor y boundaries . 

Reference Note: 
Barr ,  R .  A. ,  &  Caplan ,  L .  J .  Some comparison s o f  th e 

representation s o f  tw o differen t  classe s o f  categor y 
Manuscrip t  unde r  review ,  Cognition . 
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Tabl e 1 .  Mea n Respons e Time s (sec )  an d Percentag e o f  "No " 
Response s fo r  "True "  Sentence s a s a  Functio n o f  Age ,  Categor y 
Type ,  an d Typicalit y Leve l  (al l  fiv e typicalit y level s included ; 
lowe r  number s indicat e increase d typicality) . 

ARTIFACTUAL CATEGORIES 

Typicality level 

Adult s R T 
% "No " 

Childre n R T 
% "No " 

Mean R T 
% "No " 

3.11 8 
0. 0 

4.26 4 
3. 5 

3.72 9 
1. 9 

3.12 7 
8. 9 

4.43 8 
7. 8 

3.82 6 
8. 3 

3.21 9 
9. 5 

4.79 2 
21. 5 

4.05 8 
16. 0 

3.26 7 
34. 5 

4.57 9 
32. 1 

3.96 7 
33. 2 

3.31 8 
66. 4 

4.77 3 
57. 9 

4.09 4 
61. 8 

NATURALLY-OCCURRING CATEGORIES 

Typicality level 

Adult s 

Childre n 

Mean 

RT 
% "No " 

RT 
% "No " 

RT 
% "No " 

2.95 8 
1. 8 

4.13 3 
4. 5 

3.58 4 
3. 3 

3.01 1 
0. 9 

4.11 6 
4. 5 

3.60 0 
2. 9 

3.14 8 
5. 9 

4.54 4 
8. 3 

3.89 2 
7. 2 

3.25 6 
24. 4 

4.56 4 
21. 0 

3.95 3 
22. 5 

3.20 7 
17. 5 

4.45 1 
19. 4 

3.87 1 
18. 5 
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Empirica l  evidenc e fo r 

a global workspace theory of voluntary control 

Bernard J. Baars 
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1.0 Introduc tion. 

Over  th e pas t  te n year s ou r  researc h grou p ha s gathere d a 
grea t  dea l  o f  evidenc e o n speec h product io n throug h th e mediu m o f 
experimental l y el ici te d slip s o f  th e tongu e (e.g. ,  Baars ,  i n 
press ;  Mot ley ,  Camde n &  Baar s 1 9 8 3 ) .  Fo r  curren t  purpose s w e wi l l 
discus s tw o kind s o f  s l ips ,  spoonerism s an d word-exchang e s l ips . 
We ca n el ic i t  spoonerism s wit h a  variet y o f  p roper t ies ,  e.g . 

(*) (1) bad goof - gad boof (nonlexical) 
(2 )  bar n doo r  -  bar n doo r  ( lexical ) 

(* )  (3 )  vic e ner y -  nic e ver y (nonsyntact ic ) 
(4 )  ner y vic e -  ver y nic e (syntact ical l y OK ) 
(5 )  lic e neg s -  nic e leg s (sexua l  comment ) 
(6 )  ree l  fejekte d -  fee l  reje c te d (depresse d comment ) 

Word-exchange slips can be elicited, to create slips like: 

(*) (7) "She touched her nose and picked a flower." 
"Sh e picke d he r  nos e ... "  (social l y embarass lng ) 

(* )  (8 )  "Sh e hi t  th e bal l  an d sa w he r  husband. " 
"Sh e hi t  he r  husban d ... "  (aggressiv e af fect ) 

(* )  (9 )  "Th e teache r  tol d th e myth s an d dismisse d th e s tor ies . " 
"Th e teache r  dismisse d th e myths . . . "  (har d to 

pronounc e )  . 
(* )  (10 )  "Sh e looke d a t  th e bo y an d talke d soft ly. " 

"Sh e talke d a t  th e bo y an d looke d soft ly. " 
(semantical l y  anoma lous ) . 

(* )  (11 )  "I s th e gra y se a belo w th e blu e sky? " 
No,  th e blu e sk y i s belo w th e gra y sea .  ( false ) 

As one can see, experimentally Induced slips give us great 
contro l  ove r  relat ivel y norma l  speech . 

Two general phenomena have been observed. First, the 
likelihoo d o f  a  generical l y acceptabl e sli p I s Increase d b y 
primin g wit h material s relate d t o it .  Second ,  th e rat e o f  sl ip s 
tha t  ar e designe d t o violat e generi c regular i t ie s i s lowere d 
compare d t o contro l  s l ips .  Th e primin g phenomen a ma y simulat e th e 
formulatio n s  tag e o f  a  norma l  speec h plan ,  whil e th e dro p I n 
rule-violat in g slip s ma y reflec t  a n mi  smatc h ed i  tin g capabi l i ty . 
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1. 1 Empir ica l l y s imulat in g th e formulat io n o f  a  speec h p lan . 

Motley and Baars (1979) showed that semantic priming 
increase s th e rat e o f  phonolog ica l l y prime d s l ips .  Th e inf luenc e 
of  pr imin g i s no t  l imite d t o l inguist i c fac to rs .  I t  certa in l y 
inc lude s th e speaker ' s physica l  an d socia l  env i ronment .  Thu s 
Mo t ley ,  Baar s &  Camde n (1979 )  showe d tha t  subject s wh o wer e le d 
t o expec t  th e poss ib i l i t y  o f  a n electr i c shock ,  mad e mor e slip s 
l ik e sha d bo k -  ba d shock ,  whi l e mal e subject s wh o wer e ru n b y a n 
espec ia l l y a t t ract iv e femal e exper imente r  wer e mor e l ikel y t o 
make sl ip s l ik e lak e mu v -  mak e love .  Recent ly ,  Jabbou r  an d Baar s 
(1984 )  demonstrate d tha t  moo d ca n affec t  th e l ikel ihoo d o f  s l ips . 
The Vel te n Moo d Induct io n procedur e (Vel ten ,  1966 )  wa s use d to 
estab l is h a  depresse d mood ,  an d i n consequence ,  th e rat e o f  slip s 
l ik e dee l  fow n -  fee l  down ,  an d juzz a wer k -  wa s a  j  er k increase d 
s ign i f i can t ly . 

One attractive theoretical proposal to model these effects 
I s a  "spreadin g act iva t io n ne twork" ,  wit h d i f feren t  subnetwork s 
represent in g th e d i f feren t  level s o f  cont ro l .  Del l  an d Reic h 
(1980 ,  1981 )  hav e develope d a  compute r  s imulat io n o f  jus t  suc h a 
networ k wi t h tw o level s o f  con t ro l ,  phonologica l  an d lex ica l . 
Thei r  mode l  generate s spooner ism s a s wel l  a s correc t  responses . 

But  spre a 
Impor tan t  pr o 
ha s ye t  ru n a 
many level s o 
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mode ls .  I n 
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1. 2 Empir ica l l y s imulat in g th e edi t in g o f  a  speec h p lan . 

Not all manipulations of the slip task Increase the rate of 
s l ips .  B y designin g slip s tha t  v io lat e som e leve l  o f  cont ro l ,  an d 
compar in g i t  wit h matchin g rule-governe d s l ips ,  w e hav e foun d a 
number  o f  case s wher e th e rat e o f  ru le-v io la t in g slip s drop s 
prec ip i tous ly ,  sometime s eve n t o zer o (Baars ,  1977 ;  Baars ,  Motle y 
and MacKay ,  1 9 7 5 ) .  (Al l  starre d sl ip s (* )  l iste d abov e vio lat e 
suc h generi c ru les. ) 

1.2 1 Bottom-u p flo w o f  con t ro l . 

In general, we have discussed these effects as a kind of 
edi t in g (Baars ,  Mot ley ,  &  MacKay ,  1975 ;  Mot ley ,  Camde n &  Baars , 
1 9 7 9 ) .  Th e not io n o f  edi t in g ha s tw o specia l  impl icat ions . 
Conside r  a  sli p lik e (1 )  above .  Thi s i s a  spooner ism ,  i.e .  a n 
exchang e o f  consonan ts ,  a n erro r  a t  th e leve l  o f  phonem e 
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sequencing .  However ,  th e rat e o f  thes e error s i s Inf luence d b y 
whethe r  th e resul t in g phonem e strin g consis t s o f  rea l  word s o r 
nonsens e sy l lab les .  I f  i t  I s  lex ica l ,  th e sli p occur s muc h mor e 
frequent ly .  Thus ,  th e l ikel ihoo d o f  a  chang e I n phoneme -
sequencin g I s affecte d b y It s consonanc e wit h lexica l 
regular i t ies .  Bu t  i n th e norma l  l inguist i c h ie rarchy ,  th e lex ica l 
leve l  i s  abov e th e phonemi c level .  Thi s Implie s tha t  th e f lo w o f 
contro l  i n speec h product io n ca n g o "bot tom-up "  fro m a  lowe r 
structura l  leve l  t o a  highe r  one . 

The same argument can be made in the editing of word-
exchang e er ro rs ,  whic h tak e plac e a t  th e leve l  o f  word-sequencin g 
(syn tax) .  Th e probabi l i t y  o f  suc h slip s i s ver y muc h affecte d b y 
th e semanti c an d pragmati c outcom e o f  th e word-exchang e 
whethe r  i t  create s a  semanti c anomaly ,  a  fals e s tatement ,  o r  a 
statemen t  tha t  i s  social l y embarassin g (Baars ,  1977 ;  Baar s & 
Mattson ,  1 9 8 1 ) .  Again ,  a  word-sequencin g sli p i s affecte d b y 
structurall y highe r  level s o f  contro l . 

All these results imply that the flow of control in speech 
plannin g i s no t  str ict l y top-down .  I t  mus t  b e possibl e t o hav e 
informatio n flo w i n th e opposit e di rect ion .  Thi s contradict s som e 
suggestion s tha t  speec h product io n i s exclusivel y top-dow n (e.g . 
Garret t ,  1976 ;  Fay ,  1 9 8 0 ) ,  an d i s i n accor d wit h f inding s fro m 
spontaneou s s l ips ,  whic h als o suppor t  th e presenc e o f  bottom-u p 
flo w o f  contro l  (e.g .  Harley ,  1 9 8 4 ) . 

Spreading activation networks do support a flow of control 
i n bot h direct ion s (Del l  &  Reich ,  1981 ;  Rumelhar t  &  McClel land , 
1982) .  Indeed ,  Del l  &  Reic h (1981 )  hav e show n tha t  a  compute r 
simulatio n o f  a  spreadin g act ivat io n mode l  wit h phonologica l  an d 
lexica l  level s ca n simulat e th e "edit ing "  result s o f  Baars , 
Motley ,  an d MacKa y ( 1 9 7 5 ) ,  namel y th e findin g tha t  lexica l  slip s 
ar e mad e fa r  mor e ofte n tha n matche d nonsens e s l ips .  Del l  &  Reic h 
argue ,  i n ef fect ,  tha t  spreadin g act ivat io n i s al l  tha t  i s  neede d 
t o accoun t  fo r  th e "edit ing "  result s describe d s o far . 

1.2 2 Ed i  tin g involve s mismatc h detect ion . 
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& Reich , 

To sho w tha t  edit in g i n th e sens e define d her e occur s i n 
speec h product ion ,  w e neede d t o demonstrat e no t  onl y tha t  bot tom -
up flo w o f  contro l  occurs ,  bu t  als o tha t  th e speec h product io n 
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syste m ca n detec t  mismatche s betwee n a  speec h pla n an d prio r 
c r i te r ia .  Mot ley ,  Camde n &  Baar s (1982 )  repor t  tha t  fo r  a  tas k 
e l ic i t in g sexual l y express iv e slip s (lak e mu v -  mak e luv ,  bic e 
nodd y -  nic e body )  ,  ther e i s a  larg e an d immediat e ris e i n th e 
e lec t r ica l  ski n res is tanc e o n sexua l  sli p trial s eve n i f  th e sli p 
i  s  n o t  a c tual l y mad e •  O n neutra l  contro l  t r ia ls ,  ther e i s n o suc h 
e f fec t .  Sinc e th e E lect ro-Derma l  Respons e (EDR )  i s on e o f  th e 
standar d measure s o f  th e Or ient in g Respons e a  predictabl e 
phys io log ica l  concomi tan t  o f  surpr ise ,  nove l ty ,  an d mismatc h wit h 
expecta t ion s thes e resul t s sugges t  tha t  a  mismatc h wa s 
detecte d eve n whe n th e sli p wa s successfu l l y avoided . 

1. 3 Modula r  d issoc ia t ion . 

abov e result s unadorne d tha t sugges t 

A resul t  fro m Baars ,  Motle y an d MacKa y (1975 )  support s thi s 
observat io n eve n wit h respec t  t o ou r  wi l l ingnes s t o spea k 
nonsense :  whe n subject s i n th e spooneris m tas k sa w onl y nonsens e 
wor d pair s (som e o f  whic h coul d sli p int o genuin e wor d pa i rs , 
whi l e other s onl y change d int o othe r  nonsens e sy l lab les )  the y 
stoppe d edi t in g fo r  lexica l  s ta tus :  n o longe r  wa s ther e an y 
d i f ferenc e i n th e rat e o f  lexica l  v s .  nonsens e s l ips .  I t  i s  a s i f 
th e lex ica l  edi t in g cr i ter io n droppe d ou t  a s a  who le .  However , 
in t roducin g lexica l  item s int o th e tas k contex t  (a s fi l le r  i tems ) 
re instate d lexica l  edi t in g t o it s previou s leve l .  Thi s kin d o f 
d iscret e "modula r  d lssoc ia ton "  o f  a n entir e edi t in g syste m seem s 
al ie n t o th e spir i t  o f  spreadin g ac t iva t ion ,  i n whic h ever y 
knowledg e sourc e ca n sprea d polymorphousl y t o ever y other . 

There are several other kinds of such modular dissociation. 
The mos t  obviou s i s th e existenc e o f  slip s themselve s bot h 
sl ip s o f  th e tongu e an d sl ip s o f  act ion .  Slip s ar e act ion s tha t 
woul d no t  hav e happene d i f  th e prope r  sourc e o f  knowledg e ha d 
bee n brough t  t o bea r  o n th e speec h plannin g proces s befor e 
execu t ion .  The y represen t  a  fai lur e o f  Interna l  communicat io n 
betwee n th e knowledg e sourc e an d th e plannin g process .  Bu t  onl y a 
momentar y fa i lu re :  th e evidenc e i s goo d fo r  ou r  commonsenslea l 
assumpt io n that ,  w e woul d avoi d mos t  slip s i f  w e jus t  too k mor e 
tim e to  thin k abou t  ou r  speec h pla n (Del l ,  i n p r e s s ) .  S l ips , 
then ,  Involv e a  momen tar y d issoc iat io n betwee n tw o component s o f 
th e plannin g process .  Bu t  thi s d isconnect io n i s muc h mor e 
t ransi tor y tha n th e d issociat io n o f  lexica l  edit in g ment ione d 
above . 
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But  perhap s th e mos t  s igni f ican t  exampl e o f  modula r 
d issociat io n come s durin g th e proces s o f  acqui r in g a  sk i l l .  A s 
th e skil l  become s mor e an d mor e pract iced ,  I t  tend s t o becom e 
mor e an d mor e autonomou s an d dissociate d fro m detai le d vo luntar y 
contro l  (LaBerge ,  1980 ;  Shlffr l n &  Schneider ,  1 9 7 7 ) .  I n add i t ion , 
and especial l y importan t  fo r  ou r  theoret ica l  approac h ( 2 . 0 ) , 
seria l  processin g tend s t o chang e t o paral le l  process ing . 

The notion that much processing is done by special-purpose 
module s i s becomin g increasingl y popula r  (e.g .  Fodor ,  1983 ; 
Baars ,  1 9 8 3 ) .  I t  ha s a  numbe r  o f  empir ica l  source s o f  suppor t , 
bot h psychologica l  (e.g .  Swinney ,  e t  a l ,  1982 )  an d 
neurophysiologica l  (Mountcast ie ,  1980 ;  Geschwind ,  1 9 7 9 ) .  Fur ther , 
compute r  scient ist s hav e bee n invest igat in g th e propert ie s o f 
paralle l  distr ibute d systems ,  whic h consis t  o f  co l lect ion s o f 
special-purpos e module s tha t  ca n eithe r  cooperat e o r  compet e t o 
perfor m som e tas k (Redd y &  Newel l ,  1 9 7 4 ) . 

A number of action errors collected by Reason (1984a) 
sugges t  tha t  overpract ice d component s o f  act ion s ca n becom e quit e 
autonomous .  Thus : 

"I Intended to place my hairbrush in its usual place by the 
bookcase .  I  pu t  m y boyfr iend' s l ighte r  ther e Instead. " 

"I had an appointment at the dentist's, but went to the 
doctor' s instead. " 

"I went into my room intending to fetch a book. I took off 
my r ings ,  looke d i n th e mirro r  an d cam e ou t  agai n wi thou t  th e 
book. " 

Reason (1984b) calls the low-level components that can be 
exchange d wit h others ,  o r  droppe d a s a  who le ,  th e act io n 
"schemata" ,  an d suggest s tha t  the y ar e mostl y unconsciou s 
component s whic h "ca n b e independentl y act ivate d an d behav e i n a n 
energeti c an d highl y competi t iv e fashio n t o tr y t o gra b a  piec e 
of  th e act ion. " 

Since it is a relatively unitary "chunk", it is likely that 
a modul e ca n b e calle d upo n a s a  whol e to  perfor m it s funct ion . 
I f  w e ar e skil le d bicycl e r iders ,  w e d o no t  wan t  t o lea p o n a 
bicycl e onl y to  fin d tha t  w e hav e to  brin g togethe r  ou r  spatia l 
orientat io n ab i l i t ies ,  ou r  moto r  contro l  funct ion s fo r  th e fee t , 
legs ,  an d arm s (separately ,  o f  c o u r s e ) ,  ou r  balanc e mechanism , 
visua l  ab i l i t ies ,  etc .  Rather ,  w e woul d lik e t o cal l  upo n a 
singl e "bicycl e ridin g processor" ,  whic h wil l  unit e an d organiz e 
al l  th e necessar y component s o f  bicycl e r id ing . 

However, it would be awkward in getting off the bicycle to 
fin d tha t  th e "bicycle-r idin g module "  coul d no t  decompos e an d 
reorganize ,  i n orde r  t o mak e part s o f  th e sam e modul e avai labl e 
fo r  us e i n standing ,  walk ing ,  an d running .  Fo r  thes e act ion s w e 
als o nee d spatia l  or ientat ion ,  moto r  cont ro l ,  ba lance ,  an d 
vis ion ,  jus t  a s w e d o I n ridin g a  b icycle .  An d i f  somethin g goe s 
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wron g wit h th e b icyc l e whi l e w e ar e r idin g i t ,  i t  i s  cer ta in l y 
impor tan t  t o fin d ou t  whic h componen t  o f  bicycl e r idin g mus t  b e 
checke d an d modi f ie d t o dea l  wit h th e problem . 

So it seems that we need two abilities that may seem at odds 
wi t h eac h o ther :  th e abi l i t y  t o cal l  upo n comple x funct ion s i n a 
uni tar y way ,  an d th e abi l i t y  decompos e an d reorganiz e thos e 
funct ion s whe n th e tas k o r  contex t  changes .  Module s ar e l ik e 
Chines e puzzl e boxes :  I n compute r  scienc e terms ,  the y ar e de f  ine d 
recurs i ve ly ,  s o tha t  a  modul e ma y consis t  o f  a  coal i t io n o f 
m o d u l e s ,  an d i n turn ,  th e or ig ina l  modul e ma y b e a  member  o f  a n 
eve n large r  coa l i t io n o f  module s whic h ca n als o b e viewe d a s a 
modu le .  We shoul d no t  expec t  t o def in e an y funct iona l  modul e 
independen t  o f  tas k an d con tex t ,  a l thoug h ther e wil l  b e som e 
task s an d context s tha t  occu r  s o commonl y tha t  the y ma y requir e 
th e serv ice s o f  a  re lat ivel y permanen t  contro l  system . 

1. 4 Th e nee d fo r  in ter-modula r  access . 

Module s canno t  b e leak-proo f .  A s w e hav e argue d above ,  i t 
must  b e possib l e t o decompos e modu les ,  an d t o recombin e the m int o 
large r  modu les .  Fur ther ,  eve n whe n a  modul e remain s s tab le ,  i t 
must  b e abl e t o accep t  inpu t  command s an d parameters ,  an d t o 
outpu t  command s t o e f fec to rs ;  i t  mus t  b e abl e t o accep t  feedbac k 
regard in g it s succes s o r  fa i lur e i n achievin g it s governin g goa l . 
And whe n i t  ma l func t ions ,  i t  mus t  b e possibl e t o f in d whic h 
par t icu la r  submodul e mus t  b e change d t o dea l  wit h th e problem . 
Thu s ther e i s a  nee d fo r  inter-modula r  access ,  an d w e argu e belo w 
tha t  consc iousnes s i s heavi l y involve d i n case s tha t  requir e 
nove l  mean s o f  access . 

A special case of inter-modular access is our ability to talk 
abou t ,  o r  ac t  upon ,  an y consciou s content .  I f  w e assum e tha t  a 
consc iou s conten t  i s th e resul t  o f  a  special ize d modu le ,  an d tha t 
speakin g i s als o contro l le d b y special ize d sys tems ,  th e quest io n 
ar ise s ho w th e speec h modul e gain s acces s to  th e consciou s 
con ten t .  Th e syste m archi tectur e propose d belo w (2.0 )  provide s 
on e answer .  I n genera l ,  w e clai m tha t  spe c ialize d module s ca n 
hav e acces s t o man y o thers .  However ,  nove l  acces s acros s module s 
load s centra l  l im i  te d capac i ty . 
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2. 0 Th e Globa l  Workspac e Syste m ( G W S ) :  A  syste m arch i tec tur e 
tha t  support s bot h Formulat io n an d Edi t ing . 

What  sens e ca n w e mak e o f  thes e facts ? For tunate ly ,  ther e i s 
a ver y simpl e Interpretat ion .  Cognit iv e scient is t s hav e fo r  som e 
tim e worke d wit h syste m conf igurat ion s wit h propert ie s ver y muc h 
lik e thos e describe d above .  Thes e system s consis t  o f  mul t ip l e 
special ize d processors ,  whic h ar e b y themselve s quit e act iv e an d 
Independent ,  sometime s calle d "paralle l  d istr ibute d processors " 
(PDPs) .  Together ,  the y creat e a  "society "  o f  special ize d sys tems , 
eac h abl e t o handl e som e predetermine d typ e o f  problem . 

The trouble with a PDP society is that, although it can 
handl e routin e task s jus t  b y assignin g suc h task s t o th e 
appropriat e specia l is t ,  i t  ha s di f f icul t y i n solvin g ne w 
problems ^  whic h ar e bes t  approace d b y joinin g d i f feren t 
special t ies .  T o permi t  interact io n betwee n th e distr ibute d 
special ists ,  var iou s researcher s hav e adde d a  globa l  workspac e t o 
th e system ,  a  memor y whos e content s ar e broadcas t  t o al l 
processor s (e.g .  Redd y an d Newel l ,  1974 ;  Erma n an d Lesser ,  1975 ; 
Hayes-Roth ,  1 9 8 4 ) .  Recen t  wor k i n compute r  scienc e als o 
suggest s tha t  th e GWS syste m ma y provid e a  "genera l  f ramewor k fo r 
problem-solving "  (Hayes-Roth ,  1 9 8 3 ) .  Th e globa l  workspac e 
(sometime s calle d a  b lackboard )  i s reall y a  publ ici t y orga n fo r 
th e distr ibute d system .  I n pr inc ip le ,  i t  al low s an y processo r 
tha t  ca n gai n acces s t o th e globa l  workspac e t o pos e a  proble m to 
be solve d b y al l  th e othe r  processors .  (Whil e globa l  message s ar e 
availabl e t o al l  processors ,  the y ca n onl y b e interprete d b y 
thos e special ist s whic h ar e relevan t  t o th e conten t  o f  th e 
message. )  A  detaile d discussio n o f  It s funct iona l  pro s an d cons , 
and it s mod e o f  operat ion ,  ma y b e foun d i n Baar s (1983 ) . 

2. 1 Th e GWS theor y an d th e consciou s l imi ted-capaci t y componen t 
of  th e nervou s system . 
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2. 2 Th e GWS mode l  ca n incorporat e spread ing-ac t iva t ion ,  plu s 
d i ssoc ia t i on ,  cooperat io n an d compet i t io n betwee n modu les . 

A centra l  aspec t  o f  th e GWS archi tectur e i s th e abi l i t y 
of  man y d i f fe ren t  processor s t o cooperat e i n support in g som e 
g loba l  message ,  o r  t o compet e agains t  i t .  Cooperat io n betwee n 
d i f fe ren t  module s ma y occu r  b y spreadin g act ivat io n vi a th e 
g loba l  workspace .  Bu t  module s ca n ac t  a s a  who le ,  s o tha t  th e 
syste m support s modula r  assoc iat io n an d d issoc ia t io n wit h respec t 
t o an y g lobal l y displaye d p rocess .  An d o f  course ,  an y modu le ,  o r 
se t  o f  m o d u l e s ,  ca n ac t  s o a s to  compet e fo r  globa l  acces s wit h 
an y globa l  message ,  thereb y servin g to  "edi t "  th e globa l  message . 
Norman an d Shal l ic e (1980 )  refe r  t o thi s kin d o f  compet i t io n a s 
"content io n schedul ing" .  Indeed ,  w e coul d vie w cooperat io n an d 

as tw o d i f feren t  operat in g mode s o f  th e system , 
i s quit e possibl e fo r  thes e mode s t o al ternat e 

we suggeste d above ,  cooperat iv e interact io n throug h 
workspac e i s equ iva len t  t o th e Formulat io n o f  th e 

speec h pla n whic h i s neede d t o expla i n ou r  f inding s abou t  mu l t i -
leve l  pr imin g o f  sl ip s an d error - f re e speech ,  whil e compet i t io n 
betwee n module s correspond s to  th e Edit in g p rocess ,  fo r  whic h 
ev idenc e ha s bee n cite d above . 

compet i t io n 
a l thoug h i t 
rap id ly .  A s 
th e globa l 
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Connectionis t  Parsin g 

Garrison W. Cottrell' 
Departmen t  o f  Compute r  Scienc e 

Universit y o f  Rocheste r 

Abstract 

We hav e propose d a  neura l  networ k styl e mode l  o f  languag e processin g i n a n effor t  t o buil d a 
cognitiv e mode l  whic h woul d amultaneousl y satisf y constraint s fro m psycholog y an d neurophysiology . 
Thi s mode l  wa s successfu l  i n disambiguatin g wor d sense s i n semanticall y determine d sentences ,  bu t 
was unabl e t o distinguis h Agen t  fro m Objec t  i n semanticall y reversibl e sentence s suc h a s 'Joh n love s 
Mary. '  I n thi s pape r  w e rectif y th e matte r  b y specifyin g th e syntacti c portio n o f  th e model ,  whic h i s a 
massvel y parallel ,  completel y distribute d connectionis t  parser .  W e als o describ e th e result s o f  a 
simulatio n o f  th e model . 

1. Introdoction 

We hav e propose d a  massivel y parallel ,  highl y distribute d neura l  networ k mode l  o f  languag e 
comprehensio n (Small ,  Cottrel l  & .  Shastri ,  1982 ;  Cottrel l  &  Small ,  1983 ;  Cottrel l  1984 ,  1985 )  base d o n 
th e connectionis t  paradig m o f  Feldma n &  Ballar d (1982) .  Simila r  system s hav e bee n propose d b y 
Gigle y (1982) ,  Pollac k &  Walt z (1982 ;  1985 )  an d Sclma n &  Hirs t  (1985) .  Ou r  mode l  specifie s 
independen t  pathway s fro m th e lexico n t o syntacti c an d semanti c module s tha t  operat e i n parallel , 
mutuall y constrainin g one  another' s activities .  Previou s wor k ha s concentrate d o n th e semanti c 
modul e an d th e lexica l  acces s mechanism .  I n thi s pape r  w e presen t  th e desig n o f  th e syntacti c 
processor ,  an d th e result s o f  a  simulatio n o f  th e model .  Whil e thi s i s a  preliminar y version ,  lackin g 
many o f  th e feature s one  woul d wan t  i n a  complet e parsin g system ,  i t  demonstrate s th e feasibilit y  o f 
th e approach ,  an d ther e ar e aspect s o f  thi s mode l  whic h ar e rathe r  genera l  an d interestin g a s partia l 
specification s o f  a  parsin g mechanis m i n thei r  ow n right.  Thes e includ e th e mechanis m fo r  assignin g 
constituent s t o thei r  role s whic h ha s a  natura l  interfac e wit h ou r  mode l  o f  semanti c rol e assignment , 
and th e abilit y  t o represen t  syntacti c attachmen t  preferences .  Als o w e migh t  includ e her e th e fac t 
tha t  thi s parse r  use s th e massiv e parallelis m inheren t  i n th e connectionis t  approach ,  wit h th e 
concommitan t  distribute d decisio n making .  And ,  unlik e th e parse r  o f  Pollac k & .  Walt z (1982 ;  1985) , 
ther e i s n o interprete r  tha t  build s a  networ k base d o n th e inpu t  sentenc e an d the n run s i t  i n parallel ; 
thi s parse r  use s a  networ k tha t  i s fixed ,  ye t  respond s flexibl y t o th e input . 

I n orde r  t o implemen t  thi s parser ,  w e develope d a  gramma r  formalis m suitabl e t o ou r  needs ,  an d 

develope d a  LIS P progra m tha t  take s a s inpu t  a  dictionar y an d a  se t  o f  gramma r  rules ,  an d output s 
commands t o th e ISCO N simulato r  (Small ,  e t  al .  1982 )  t o buil d th e network .  Th e networ k implement s 
a top-dow n parser .  Expectation s compatibl e with a a n S  ar e se t  up .  A s inpu t  come s in ,  (word s ar e 
activate d a t  fixe d intervals )  th e structure s compatibl e wit h th e inpu t  continu e t o b e active ,  whil e 
production s tha t  ar e incompatibl e wit h th e inpu t  ar e turne d off .  Afte r  a  settlin g period ,  a  stabl e 
coalitio n i n th e networ k represent s th e pars e tree .  Ambiguou s lexica l  item s a t  th e leave s ar e 
Jisambiguate d throug h feedbac k fro m th e pars e tre e a s i t  develops .  On e importan t  differenc e fro m 
previou s parser s o f  thi s typ e (Pollac k &  Waltz ,  1985 )  i s tha t  th e assignmen t  o f  constituent s t o thei r 
syntacti c role s i s explicitl y  represente d b y node s i n th e tre e calle d bindin g nodes .  Th e combinatio n o f 
top-dow n eqjectation s an d bottom-u p evidenc e come s abou t  a t  th e bindin g nodes ,  whic h combin e th e 
evidenc e an d compet e wit h on e anothe r  throug h mutua l  inhibition .  Thes e node s ca n b e use d t o 
interfac e wit h cas e rol e assignmen t  i n th e semanti c analyzer . 

'Author' !  presen t  addrea :  lostintt e fo r  Cognitiv e Scienc e C-OIS ,  UCSD. ,  L a JoUa ,  Californi a 92093 . 
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As a  firs t  cut ,  thi s parse r  i s les s elegan t  tha n on e woul d hope ,  an d les s powerfu l  tha n wha t  i s 
neede d fo r  a  'real '  parser .  Althoug h i t  ca n handl e recursiv e constructs ,  an d thu s ha s a  mechanis m fo r 

'recruiting C constituen t  recognizer s a s needed ,  n o attemp t  wa s mad e t o d o th e sam e fo r  buffe r 
positions ,  s o i t  accept s onl y a  sentence s o f  a  fixe d maximu m length .  Also ,  th e fac t  tha t  th e networ k i s 
of  fixe d siz e mean s tha t  ther e ar e onl y a  fixe d numbe r  o f  constituen t  recognizers ,  s o th e numbe r  o f 

constituent s o f  eac h typ e tha t  ca n occu r  i n a  sentenc e i s limited .  W e believ e tha t  McClelland' s 
programmabl e buffer s (McClelland ,  198S )  migh t  b e adaptabl e t o resolvin g thes e problems ,  bu t  exactl y 
ho w i s no t  obvious .  Also ,  thi s parse r  ha s no t  bee n teste d o n a n extensiv e grammar ,  therefore ,  tak e 
any claim s wit h a  grai n o f  salt .  Finally ,  w e haven t  don e anythin g about :  (1 )  optiona l  repetitio n o f 
constituents ,  (2 )  featur e markin g o f  constituent s (henc e n o featur e agreemen t  checking) ,  (3 )  anaphora , 
or  (4 )  gapping .  W e woul d haste n t o poin t  ou t  tha t  thi s doesn' t  mea n tha t  thes e feature ? can' t  b e 
implemente d i n thi s framework ;  simpl y tha t  w e haven' t  don e i t  yet . 

The res t  o f  thi s pape r  i s organize d a s follows :  W e firs t  provid e a  bi t  o f  backgroun d Jiateria l  o n 
our  mode l  t o motivat e th e parser' s design ,  an d briefl y revie w som e o f  th e psycholiaguisti c an d 

neurolinguisti c dat a o n syntax .  The n w e describ e ou r  gramma r  formalism ,  leadin g int o a  descriptio n o f 
our  parser ,  followe d b y a  sampl e ru n o f  th e implementatio n o n a  sentence .  W e wil l  no t  giv e a n 
introductio n t o connectionis m du e t o spac e limitations .  Therefor e w e wil l  b e assumin g som e 

familiarit y wit h th e paradigm^ . 

2. Background 

Overview of the model 

The overal l  mode l  consist s o f  a  fou r  component ,  thre e leve l  networ k o f  unit s tha t  operat e i n 
paralle l  b y spreadin g activatio n an d mutua l  inhibition ,  show n i n Figur e 1 .  Th e Lexica l  leve l  consist s 
of  unit s representin g th e word s i n th e language ,  presutrubl y activate d b y phonem e o r  lette r 
recognitio n network s a t  a  lowe r  level ,  suc h a s thos e develope d b y McClellan d &  Rumelhar t  (1981) . 
Thes e unit s i n turn ,  activat e unit s a t  th e wor d sens e level ,  whic h buffer s th e syntacti c an d semanti c 
feature s o f  thei r  definitions .  I f  a  wor d i s ambiguous ,  feature s correspondin g t o al l  o f  it s  definition s 
ar e activate d an d compet e wit h on e another .  Fro m here ,  th e semanti c feature s activat e relationa l 
node s i n th e cas e network ,  whic h make s th e assignment s o f  conceptua l  constituent s t o thei r  cas e role s 
(Fillmore ,  1%8 ;  Cook ,  1979 )  base d o n th e 'bes t  fit "  amon g th e (possibl y several )  predicates ,  fillers ,  an d 
cas e roles .  Th e representatio n i n thi s networ k i s order-less ,  an d thu s i t  ca n operat e b y itsel f  i f  th e 
role s ca n b e determine d fro m semanti c constraint s alone ,  bu t  no t  whe n syntacti c informatio n i s 
necessary .  Fo r  example ,  ther e i s n o wa y fo r  a  purel y semanti c analyze r  t o mak e th e assignmen t  o f 
Agent  an d Objec t  i n Joh n love s Mary ,  sinc e bot h Joh n an d Mar y ar e equall y likel y candidate s fo r  bot h 
roles .  I n th e curren t  desig n (Cottrell ,  198S) ,  filler s ar e assigne d t o thei r  role s throug h th e competitio n 

Synta x 

( ^  Wor d Sens e ^ 

Lexica l 

Figur e 1 .  Overvie w o f  th e system . 

^rb e uninitiate d reade r  ma y connil t  Fddma n St  Ballar d (1982) . 
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of  binde r  units ,  whic h explicitl y  encod e th e assignment s (se c Figur e 2) .  Throug h mutua l  inhibition . 
one  o f  thes e binde r  unit s wil l  'win' ,  representin g th e aisignmcn t  of ,  say ,  ConcepC l  t o th e Agen t  role . 
I t  i s  thes e unit s whic h motivate d th e desig n o f  th e syntacti c processor ,  sinc e th e kin d o f  informatio n 
no w neede d fro m synta x i s o f  th e for m "NP l  i s th e Subject ,  an d NP l  correspond s t o Conceptl ,  an d th e 
ver b i s Passive' .  W e wil l  no t  worr y abou t  computin g tha t  NP l  correqxmd s t o Concept l  here .  Ou r 

parse r  wil l  comput e tha t  NP l  i s th e Subject ,  however ,  i n th e sam e for m a s suc h constituent-rol e 
assignment s ar e don e i n th e cas e network ,  ije. ,  throug h th e competitio n o f  bindin g nodes .  Th e resul t 
give s a  simpl e interfac e betwee n th e tw o systems :  th e bindin g node s i n on e constrai n th e bindin g 
node s i n th e other .  Fo r  example ,  w e ca n implemen t  th e Passiv e transformatio n a s i n Figur e 3 .  rhus , 
our  desig n o f  th e parse r  starte d 'fro m th e insid e out' ,  wit h th e necessit y o f  bindin g nodes . 

The othe r  thin g w e woul d lik e fro m synta x i s th e syntacti c disambiguatio n o f  lexica l  items ,  t o 
preven t  spuriou s predicate s an d filler s fro m confusin g th e semanti c system .  Thi s ca n b e don e throug h 
feedbac k t o th e syntacti c feature s i n th e wor d sens e buffe r  whic h for m a  grammaticall y correc t 
sentence .  Th e decisio n machiner y i n thi s buffe r  wil l  the n kil l  of f  th e meanin g feature s fo r  th e 
meaning s correqxmdin g t o th e wron g syntacti c class ,  whic h the n wil l  sto p sendin g inpu t  t o th e 
semanti c analyzer . 

Psycholinguistic uid Neurolinguistic Data 

We wil l  ver y briefl y (du e t o spac e limitations )  revie w som e relevan t  psycholinguisti c an d 
neurolinguisti c data .  W e wil l  tr y t o poin t  ou t  th e relevanc e t o th e res t  o f  th e pape r  here ,  rathe r  tha n 
retur n t o i t  later .  Fo r  a  deepe r  treatment ,  se e (Cottrell ,  1985) .  Th e curren t  bes t  estimat e o f  wha t 

To th e Agen t  networ k 

AGEtir^^^—-k^Of(C 2 =  A G E o t ) 
CONCl 

CONC2=OBJ CONCl  =  OBJ 

CONC2 =  lNST R CONCl  =  INST R 

,  T o Concept l 

Figur e 2 .  Bindin g node s i n th e cas e network . 

^ N P1 =  Subject ^ 

CONCl  =  Agen t 
ACTIVE 

^ 
CONCl  =  Objec t 

PASSIVE 

CONCl  =  Locativ e 

Figur e 3 .  Th e Passiv e transformatio n (assumin g th e feature s "Active *  an d "Passive") . 
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happen s whe n a  perso n hear s a  wor d i s tha t  al l  meaning i  ar e initiall y  activated ,  an d the n b y 20 0 
millisecond s afte r  th e en d o f  th e word ,  onl y th e appropriat e on e remaii u activ e (Seidenber g e t  al. , 
1982) .  Thi s resul t  i s  fo r  sentence-fina l  noun-ver b an d noun-nou n ambiguou s words ,  regardles s o f  th e 
strengt h o f  context .  Th e exceptio n i s th e cas e o f  noun-nou n ambiguou s word s tha t  ar e precede d b y a 
wor d tha t  i s strongl y relate d t o on e o f  it s  meanings ,  i n whic h cas e i t  appear s tha t  onl y on e meanin g i s 

activated .  O n th e othe r  hand ,  fo r  noun-nou n ambiguou s word s i n th e firs t  claus e o f  a  tw o claus e 
sentence ,  wher e th e disambiguatin g informatio n i s containe d i n th e secon d claus e (a s i n th e teache r 

looke d a t  he r  pupil s an d notice d tha t  the y wer e dilated )  peopl e appea r  t o b e abl e t o maintai n bot h 
meaning s activ e fo r  a s lon g a s SOO millisecond s (Hudso n & .  Tanenhaus ,  1984) .  Thu s a  mode l  o f  th e 
human parsin g mechanis m shoul d activat e al l  meaning s o f  a n ambiguou s word ,  an d allo w the m t o 

continu e a s lon g a s the y ar e compatibl e wit h th e res t  o f  th e sentence ,  o r  unti l  a  decisio n i s necessary , 
fo r  exampl e whe n th e sentenc e ha s ended . 

Turnin g t o higher-leve l  considerations ,  Frazie r  (1979 )  ha s propose d severa l  principle s o f  th e 
human parsin g mechanis m includin g th e Minima l  Attachmen t  Principle :  Attac h incomin g materia l  int o 

th e phras e marke r  bein g constructe d usin g th e fewes t  node s consisten t  wit h th e well-formednes s rule s 
of  th e language .  Th e Minima l  Attachmen t  Principl e i s simpl y a  statemen t  o f  wha t  appear s t o b e a 
soun d strategy :  us e th e fewes t  node s possibl e t o pars e a  sentence .  Withou t  havin g describe d th e 
model  yet ,  w e ca n explai n Minima l  Attachmen t  i n term s o f  i t  a s follows :  Imagin e a  gramma r 
representatio n whic h i s active ,  i n th e sens e tha t  a s part s o f  production s ar e recognized ,  activatio n 
q>read s t o th e nex t  par t  o f  th e production .  Differen t  production s i n th e granuna r  compet e fo r  th e 
attachment s o f  constituent s tha t  ar e foun d i n th e input .  Th e mor e node s involve d i n a  particula r 
interpretation ,  th e farthe r  th e activatio n ha s t o spread ,  an d th e longe r  i t  take s t o activat e thos e node s 
tha t  th e inpu t  actuall y attache s to .  Meanwhile ,  i f  ther e i s a  representatio n tha t  matche s th e inpu t  tha t 
involve s fewe r  nodes ,  thi s wil l  becom e activate d faste r  an d ge t  a  hea d star t  ove r  th e representation s 

involvin g mor e nodes .  Thu s ou r  mode l  explain s Minima l  Attachmen t  a s a  timin g phenomenon , 
involvin g th e latenc y o f  activatin g simpl e versu s comple x representation s throug h a  spreadin g 
activatio n network . 

Rayner ,  Carlso n Sc Frazie r  (1983 )  hav e show n tha t  ther e ar e purel y syntacti c preference s fo r 
attachmen t  o f  PP' s t o NP' s vs .  V F s i n suc h sentence s a s th e co p sa w th e burgla r  wit h th e binoculars . 
W h en th e semanticall y preferre d attachmen t  i s differen t  fro m th e syntacticall y preferre d one ,  peopl e 
appea r  t o 'backtrack '  briefl y t o recover .  Thi s argue s fo r  a n independen t  contributio n o f  synta x an d 
semantic s t o th e attachmen t  process .  I t  doe s no t  necessaril y  mea n tha t  on e precede s th e other ;  on e 
syste m ma y jus t  operat e mor e slowl y tha n th e other .  Althoug h w e wil l  no t  delv e int o i t  here ,  ther e i s 
a natura l  wa y t o represen t  thes e preference s i n ou r  syste m a s inhibitor y bia s (presumabl y learne d 
throug h frequenc y o f  attachments )  betwee n node s representin g competin g attachment s fo r  a 
constituent . 

Recent  dat a o n agranunati c aphasic s als o support s a n independen t  syntacti c processor ; 
Linebargc r  e t  al .  (1983 )  hav e show n tha t  thes e patient s wh o appea r  unabl e t o us e syntacti c clue s t o 
comprehen d sentence s ca n nevertheles s mak e relativel y comple x grammaticalit y judgements .  Thi s 
resul t  implie s tha t  agrammatic s ca n comput e syntacti c representations ,  bu t  can' t  us e the m t o for m 
semanti c interpretations .  W e interpre t  thi s dat a a s suppor t  fo r  ou r  overal l  model ,  give n tha t  th e 
observe d behavio r  ca n b e roughl y accounte d fo r  b y a  lesio n t o th e constraint s betwee n th e syntacti c 
and semanti c modules . 

The Grammar Formalism 

Recal l  tha t  wha t  w e wan t  fro m synta x i s informatio n suc h a s 'NPl=Subject' ,  represente d 
explicitl y  a s unit s wit h thi s a s thei r  value .  Th e gramma r  w e hav e develope d t o enabl e u s t o 
automaticall y generat e th e parsin g networ k explicitl y  represent s role s an d constituent s tha t  ca n fil l 
thos e roles .  Henc e w e cal l  i t  a  role-constituen t  grammar .  W e ar e no t  awar e o f  an y formalis m i n 
linguistic s tha t  i s  simila r  t o thi s althoug h i t  appear s t o b e weakl y equivalen t  t o a  contex t  fre e 
granmiar .  However ,  a s ha s ofte n bee n remarked ,  th e notatio n on e use s ca n affec t  th e wa y on e think s 
abou t  a  problem .  I n thi s case ,  th e notatio n i s hand y fo r  generatin g a  networ k whic h contain s binder s 
fo r  constituent s t o thei r  role s i n paren t  constituents .  A n exampl e gramma r  i s show n i n Figur e 4 .  Th e 
lef t  han d sid e o f  a  productio n i n thi s gramma r  i s a  constituent .  Th e right  han d sid e i s a  lis t  o f  role s 
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S- > Subject.{NP )  Prcdicatc.{VP } 
Prcdicate.{VP } 

VP-> Main.fVERB} DirObj.{NP) 
Mam.{VERB}  IndObj.{N P DirObj.{NP } 
Main.{VERB ) 

NP-> DetPhrasc.{DET} Hcad.{NOUN} 
Hcad.{NOU N P R O) 

Figur e 4 .  A  sampl e role-constituen t  grammar . 

followe d b y a  se t  o f  constituent s tha t  ca n fil l  thos e roles .  I n thi s example ,  th e Hea d o f  a  nou n phras e 
can b e fiUe d b y cithe r  a  P R O a  N O U N. 

Sinc e ther e ar e sometime s a  numbe r  o f  alternativ e constituent s tha t  ma y fil l  a  role ,  th e do t 
betwee n th e rol e an d th e se t  o f  possibl e constituent s correspond s t o a  se t  o f  binder s tha t  mus t 
compet e fo r  tha t  role .  O n th e othe r  hand ,  ever y se t  tha t  a  constituen t  i s  i n correspond s t o a  possibl e 
rol e fo r  tha t  constituent ,  s o tha t  binder s fo r  tha t  constituen t  t o thes e role s mus t  compet e a s well .  Fo r 
example ,  an y particula r  N P coul d b e th e Direc t  Object ,  Indirec t  Object ,  etc. ,  s o binder s t o thes e role s 
must  b e a )  buil t  i n t o th e networ k an d b )  mutuall y inhibitory .  Th e networ k i s se t  u p s o tha t  unles s a 
rol e i t  expected ,  the n tha t  binde r  doesn' t  becom e activated ,  s o i n practic e competitio n doe s no t 
involv e al l  o f  th e binders . 

Anothe r  thin g t o notic e abou t  thi s gramma r  formalis m i s tha t  th e rol e a  constituen t  ca n fil l  i s 
contex t  sensitiv e withi n a  production .  Fo r  example ,  i n th e first  productio n fo r  a n NP ,  a  N O U N ca n 
fill  th e rol e o f  th e Head ,  bu t  no t  a  PRO.  I n th e secon d production ,  th e Hea d ca n eithe r  b e a  N O U N 
or  a  PRO.  Thu s ther e mus t  b e tw o "Hea d recognizers" ,  on e fo r  eac h kin d o f  Head . 

N ow give n thi s grammar ,  a  dictionar y containin g th e possibl e syntacti c classe s o f  th e lexica l 
items ,  an d som e "magi c numbers *  (ho w man y copie s o f  eac h kin d o f  constituen t  recognize r  ther e wil l 
be,  an d ho w lon g th e lexica l  buffe r  wil l  be) ,  w e ca n generat e a  networ k tha t  wil l  recogniz e sentence s 
tha t  matc h thes e rules .  Afte r  a  tou r  o f  th e lexica l  buffer ,  w e shal l  describ e thi s networ k i n greate r 
detail . 

The Lexical Buffer 

We use d a  slightl y differen t  versio n o f  lexica l  acces s fro m th e mode l  reporte d i n (Cottrell ,  1984 ) 
basicall y becaus e i t  wa s easie r  t o implemen t  wit h respec t  t o th e interfac e wit h th e syntacti c analyzer . 
However ,  i t  ha s som e interestin g propertie s i n it s ow n right ,  whic h w e wil l  describ e here .  Fo r 
compariso n purposes ,  w e sho w th e networ k fo r  "deck *  i n Figur e 5 .  Th e lexica l  nod e "deck "  activate s 
"grandmothe r  cells "  fo r  eac h o f  it s  definitions .  Thes e ar e self-stimulating ,  t o kee p th e definitio n 
aroun d afte r  th e lexica l  nod e decays .  (Thu s th e lexica l  nod e ca n b e re-use d later .  Activatio n o f 
successiv e buffe r  position s i s enable d b y contro l  node s tha t  sequenc e throug h th e buffer .  Thi s figur e 
represent s on e buffe r  position. )  Th e definitio n nodes ,  i n turn ,  ar e connecte d t o featur e node s 
representin g syntacti c clas s an d meaning .  Th e definitio n node s ar e als o mutuall y inhibitory ,  bu t  th e 
inhibitio n weight s ar e suc h tha t  the y can' t  defea t  on e anothe r  unti l  decisiv e feedbac k t o th e meanin g 
nodes support s on e " D E P nod e ove r  another .  Th e "meaning "  node s ar e connecte d t o th e cas e 
network ,  an d hav e n o furthe r  connection s t o th e synta x network .  Th e syntacti c clas s node s ar e share d 

L'Oiwee n meaning s o f  th e sam e class .  Thu s feedbac k t o one  o f  thes e fro m a  rol e nod e abov e wil l 
suppor t  bot h definition s withi n a  class ,  an d kil l  of f  th e out-of-clas s syntacti c node ,  followe d b y th e 
out-of-clas s meanin g an d definitio n nodes .  (O f  course ,  i f  ther e i s onl y on e meanin g fo r  a  syntacti c 
class ,  the n feedbac k t o tha t  clas s i s enoug h t o caus e tha t  " D E P an d meanin g nod e t o win. ) 

Feedbac k t o on e o f  th e meanin g nodes ,  e.g .  SHIP'S ,  o n th e othe r  hand ,  wil l  kil l  of f  th e othe r 
meanin g nodes ,  an d th e supporte d definitio n nod e (DEFl )  wil l  increas e th e activatio n o f  N O U N, 
whic h cause s i t  t o wi n ove r  V E R B .  However ,  'DEF2 '  wil l  ge t  bot h extr a suppor t  an d extr a inhibition . 
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SHIP' S CARD 

NOUNl|& 

Qb Q—;  fi £ 
DECORATE |  [STRIK E 

-o|VERB l 

L Z ^ V i 
jDEFl l  JDEF2 1 JDEF3 |  JDEF 4 

^ "declc" 

Figur e 5 .  A  wor d sens e buffe r  position .  Inhibitor y link s betwee n D E F node s omitted . 

It gets extra inhibition from "DEFl", but since there is a positive pathway between the two, through 
th e N O U N node ,  i t  als o get s extr a support .  Th e resul t  (wit h certai n parameters )  i s tha t  'DEF2 '  get s 
inhibited ,  bu t  no t  belo w threshold .  However ,  sinc e ' C A R D '  ha s bee n kille d b y 'SHIPS' ,  'DEF2 "  i s 
invisibl e t o th e res t  o f  th e network .  Onl y th e feature s compatibl e wit h th e 'DEFl '  ar e visible .  A 
predictio n thi s networ k make s i s  tha t  i t  woul d b e easie r  t o recove r  fro m a  withi n clas s mistake n 
meanin g choice ,  sinc e th e 'DEFZ '  nod e i s stil l  firing . 

Thi s i s th e decisio n machiner y fo r  lexica l  disambiguation .  N o w ,  al l  w e nee d i s feedback . 

3. The Parser 

Th e parsin g networ k i s generate d b y a  LIS P progra m tha t  read s th e gramma r  an d a  dictionar y 
and output s command s t o th e I S C O N simulato r  t o buil d th e network .  W e wil l  star t  b y explainin g a t  a 
hig h leve l  wha t  i s generate d b y a  gramma r  rul e fo r  a  constituen t  wit h severa l  productions .  The n w e 
wil l  g o int o slightl y mor e detai l  abou t  ho w production s fo r  a  singl e constituen t  compet e wit h eac h 
other ,  an d ho w th e bindin g node s compet e wit h eac h other .  Followin g this ,  w e wil l  ski m ove r  som e o f 
th e ugl y detail s o f  th e whol e process ,  an d mentio n som e suggestion s a s t o ho w the y migh t  b e 
circumvente d i n futur e designs .  Thi s wil l  conclud e th e 'Parser *  section ;  th e followin g sectio n wil l 
describ e a  sampl e ru n o f  th e parser . 

Overview of the Network Generated by a Production 

Figur e 6  show s a  productio n an d a  hig h leve l  descriptio n o f  th e networ k fragmen t  generate d b y 
it .  Th e node s i n Figur e 6  ar e actuall y representativ e o f  network s i n th e implementation .  Fo r  th e 
purpose s o f  exposition ,  however ,  thi s leve l  o f  detai l  i s  mor e appropriate .  Th e S  recognize r  i s 
connecte d t o tw o 'productio n recognizers '  whic h correspon d t o th e tw o production s fo r  a n S  i n th e 
grammar .  Thes e implemen t  a  simpl e votin g schem e fo r  comparin g evidenc e betwee n th e tw o 
productions .  I f  th e differenc e i n th e amoun t  o f  evidenc e fo r  th e tw o production s i s greate r  tha n a 
certai n amoun t  (calle d th e competitio n window )  th e on e wit h les s evidenc e give s up . 

Th e productio n recognizer s ar e connecte d t o 'rol e recognizers' ,  tha t  sequenc e throug h th e role s 
of  th e production .  A s bottom-u p evidenc e come s i n fo r  th e Subjec t  role ,  fo r  example ,  expectation s 
ar e se t  u p fo r  th e Predicat e role ,  activatin g tha t  recognizer .  A s mentione d above ,  sinc e role s ca n b e 
filled  b y differen t  constituent s dependin g o n wha t  productio n the y ar e in ,  ther e hav e t o b e tw o 
Predicat e recognizers .  I n an y cas e th e contro l  i s  differen t  fo r  th e two ;  th e Predicat e recognize r  i n th e 
first  productio n ha s t o wai t  fo r  th e Subjec t  t o b e recognized . 

Th e rol e recognizer s operat e b y enablin g th e binde r  node s fo r  thei r  role ,  an d settin g u p 
expectation s fo r  th e possibl e role-fillin g constituents .  Thes e constituent s ar e recognize d b y anothe r 
set  o f  constituen t  recognizer s tha t  ar e activate d b y th e rol e recognize r  fro m a  poo l  o f  inactiv e 
constituen t  recognizer s o f  tha t  class .  A s inpu t  come s in ,  i t  activate s th e constituent s appropriat e t o i t 
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S • > SUBJ.(NP |  PRED.(VP |  nil « I 

PRED.(VP| nttel 

pro d 2 

r \ 
SUBJ \---*{PRE P I PRED 

VP1 =  PRE D I  Bind.r . NP1 =  SUBJ VP1=PRED 

|npi |  [vpi ] CooiUtiKii l 
rvcoffniMr * 

Figur e 6 .  Th e networ k generate d b y a  gramma r  rule . 
Dashe d rectangle s indicat e possibl e competitors . 

that are expected, and the binders for that constituent compete. If it was possible, for example, for 
bot h Predicat e recognizer s t o b e activ e (i t  isn't ,  give n tha t  th e presenc e o f  a  Subjec t  woul d kil l  of f 
productio n 2) ,  th e tw o VPl=Predicat e node s woul d compet e wit h on e another .  I n practice ,  th e 
competitio n woul d b e betwee n binder s fro m a  constituen t  t o role s i n differen t  highe r  leve l 
constituents ,  suc h a s one s wit h c o m m o n prefixes .  Binder s ge t  feedbac k fro m th e productio n 
recognizers ,  s o tha t  a  bindin g t o a  wel l  satisfie d productio n wil l  ten d t o wi n ove r  others . 

Thi s networ k i s repeate d fo r  ever y productio n i n th e grammar .  I t  'bottom s out '  o n syntacti c 
clas s nodes ,  fo r  exampl e N O U N o r  V E R B ,  whic h ar e directl y connecte d t o th e definitio n nod e fo r  a 
lexica l  item . 

Implici t  i n thi s descriptio n ha s bee n th e fac t  tha t  thi s parse r  start s ou t  wit h top-dow n 
expectations ,  an d merge s the m wit h bottom-u p input .  So ,  i n th e beginning ,  expectation s ar e generate d 
fo r  everythin g tha t  coul d star t  a n S .  Thi s mean s tha t  th e constituen t  recognizer s ar e enable d an d 
read y t o go .  The n th e inpu t  tha t  matche s wit h thos e compet e throug h th e binde r  nodes .  Th e binde r 
node s represen t  a  merg e o f  bottom-u p inpu t  wit h top-dow n expectations .  Whethe r  o r  no t  w e hav e a 
goo d algorith m fo r  combinin g thes e type s o f  evidence ,  w e a t  leas t  hav e a  paradig m fo r  testin g 
differen t  evidenc e combinatio n functions . 

Th e en d resul t  o f  a  successfu l  pars e i s tha t  ther e i s a  uniqu e binde r  tha t  ha s w o n ove r  it s 
competitio n fo r  ever y constituent ,  an d on e productio n tha t  ha s w o n fo r  ever y constituent ,  fro m th e 
to p leve l  S  o n down .  I n th e nex t  section s w e cove r  som e o f  th e aspect s o f  thi s mode l  i n mor e detail . 

Production Competition 

The productio n competitio n i s a  simpl e votin g schem e whic h favor s longe r  production s ove r 
shorte r  ones ,  an d thu s favor s 'lat e closure "  (Frazier ,  1978 )  o f  constituents .  I t  work s a s follows :  Ever y 
productio n get s tw o vote s fo r  ever y 'filled '  role .  "Filled '  her e mean s tha t  a  binde r  fo r  a  constituen t 
fillin g tha t  rol e ha s w o n ove r  al l  competin g binders .  Thi s i s conmiunicate d t o th e productio n 
competitio n networ k b y a  highe r  firin g rat e fo r  tha t  binde r  tha n i s possibl e whil e i t  i s  i n competitio n 
wit h othe r  binders .  Eac h productio n get s on e vot e fo r  a n unresolve d role .  'Unresolved '  her e mean s 
tha t  ther e i s evidenc e tha t  a  constituen t  fo r  thi s rol e exists ,  tha t  is ,  a  binde r  fo r  a  role-fillin g 
constituen t  i s firing ,  bu t  i t  i s  stil l  competin g wit h othe r  binders .  Th e evidenc e rul e fo r  eac h 
productio n the n is : 
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i f  Max(vote s fo r  al l  productions )  -  M y Vote s <  Competitio n Windo w 
the n continu e competing ; 

els e lose ; 

In the current implementation, the competition window is 2 votes. Since the votes for this production 
ar e include d i n th e Ma x o f  vote s fo r  al l  productions ,  i f  thi s i s th e winnin g production ,  th e lef t  han d 
sid e i s zero ,  an d th e productio n continues .  I f  anothe r  productio n get s tw o vote s ahead ,  i t  kill s  thi s 
production .  Thi s evidenc e combinatio n rul e favor s writin g gramma r  production s wit h alternative s tha t 
ar e no t  greatl y differen t  i n length ;  ver y lon g productions ,  eve n i f  onl y partiall y  satisfied ,  woul d alway s 
wi n ove r  shorte r  ones .  However ,  thi s seem s t o b e a  natura l  restrictio n o n grammars . 

Whil e particula r  rule s lik e thi s ar e certainl y arguabl e (compar e t o th e 'normalized '  rul e use d b y 
Selma n &  Hirs t  (thi s volume)) ,  th e poin t  i s  tha t  w e hav e a  goo d framewor k fo r  evaluatin g suc h rules ; 
the y ar e intrinsicall y interestin g becaus e the y ar e completel y loca l  t o th e productio n competitio n 
network ;  ther e i s n o globa l  interprete r  makin g decision s abou t  th e 'bes t  fit*  t o th e grammar .  Thu s 
thi s i s a  testbe d fo r  explorin g decisio n algorithm s fo r  a  parse r  tha t  work s i n a  completel y distribute d 
manner . 

The carefu l  reade r  wil l  hav e notice d a  proble m wit h th e rule s a s given .  Se e Figur e 7  (pleas e 
forgiv e th e 'mi x an d match '  linguistics) .  Give n tha t  thes e tw o production s hav e a  commo n prefix ,  an d 
give n inpu t  tha t  matche s th e prefix ,  i.e .  a  'lone "  NP ,  ho w doe s productio n 2  eve r  win ? On e answe r  i s 
t o ad d a  'Closure '  rol e t o th e en d o f  ever y productio n tha t  require s n o fille r  (se e Figur e 8) .  Then ,  i f 
no P P come s along ,  productio n 2  get s a n extr a 2  vote s an d wins .  Th e proble m i s decidin g whe n th e 
Closur e rol e shoul d fire .  Simpl y havin g i t  star t  firin g afte r  a n arbitrar y interva l  won' t  work ,  sinc e 
differen t  PP' s wil l  hav e differen t  recognitio n latencies ;  the y ma y arriv e quickly ,  unfairl y beatin g 
productio n 2  befor e th e Closur e rol e fire s (th e prope r  attachmen t  isn' t  necessaril y  t o thi s NPbar )  o r  i t 
may arriv e to o lat e t o com e t o th e rescu e o f  productio n 1 .  Th e answe r  i s t o mak e th e Closur e rol e 

fir e whe n eithe r  th e P P i s recognized ,  o r  inpu t  inconsisten t  wit h a  P P i s recognized' .  Then ,  th e 

shorte r  productio n wil l  no t  wi n to o soon .  W e ca n the n depen d o n th e semanti c feedbac k t o resolv e 
th e attachmen t  o f  th e P P (th e constraint s betwee n synta x an d semantic s ar e a  two-wa y street ;  binding s 
i n semantic s wil l  suppor t  on e attachmen t  ove r  another )  an d th e reade r  ca n chec k tha t  ou r  evidenc e 
rul e wil l  mak e th e appropriat e decisio n onc e thi s bindin g ha s bee n resolve d (an d no t  unti l  then) . 
Whil e thi s appear s plausible ,  w e won' t  fee l  confiden t  i n i t  unti l  w e hav e teste d i t  o n a  mor e extensiv e 

grammar* . 

Nbar- > Head.{NP }  Mod.{PP }  (1 ) 

Hcad.fNP) (2) 

Figure 7. Production competition: the closure problem. 

Nbar-> Head.{NP} Mod.fPP) Clos.{} (1) 

Head.{NP} Clos.{} (2) 

Figure 8. The closure problem: A solution. 

T̂hi t  ca n b e compute d directl y fro m tb e grammar ,  usin g th e *Follo w tet *  (Ab o A  Ullman .  1977 )  (use d i n predictiv e 
parser s o f  compute r  languages )  o f  tb e NP,  i n thi s eiample .  Member s o f  tb e Follo w se t  inconsisten t  wit h th e P P woul d caus e 
th e Closur e rol e t o fire.  Thi s i s no t  currentl y implemented . 

^ e woul d appreciat e counterexamples . 
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B i a d e n 

Bindin g node s us e a  simila r  rul e t o th e productio n competitio n one : 

i f  (inhibitio n -  suppor t  <  window ) 
{  / *  kee p goin g • / 

i f  (inhibitio n = = 0  & A suppor t  >  criterion )  the n win ; 
els e contlnnc ; 

} 
els e taw; 

One minor difference from the production competition code is that the inhibition' doesn't include 
what  thi s nod e send s out .  Th e competitor s o f  a  binde r  ar c determine d fro m th e rul e tha t  th e sam e 
constituen t  can' t  b e assigne d t o mor e tha n on e role ,  an d on e rol e can' t  b e fille d b y mor e tha n on e 
constituent .  Th e inhibitio n i s th e maximu m o f  th e inpu t  fro m thes e competitors .  'Support *  i s th e su m 
of  bottom-u p an d top-dow n input .  Top-dow n inpu t  come s fro m th e productio n evidenc e network ,  an d 
reflect s ho w wel l  th e predoctlo n i s doing .  A s mor e role s i n a  gramma r  productio n ge t  filled,  th e 
binder s t o thos e role s ge t  mor e feedback .  Thu s i f  a  binde r  fo r  anothe r  rol e i n th e productio n wins , 
thi s  i s communicate d indirectl y t o th e othe r  binder s throug h increase d feedback . 

Missiog Details and Weaknesses 

Ther e ar e severa l  detail s tha t  hav e bee n suppresse d i n thi s exposition ;  mos t  o f  thes e ste m fro m 
th e us e o f  a  fixe d network :  Mechanism s ha d t o b e implemente d t o allo w rol e recognizer s t o selec t 
constituen t  recognizer s fro m a  poo l  o f  them ;  th e wor d sens e buffe r  i s o f  fixe d length ,  althoug h a 
simila r  recruitin g mechanis m migh t  wor k her e too ;  an d jus t  th e existenc e o f  copie s o f  constituen t 
recognizer s wit h identica l  contro l  structure s i s no t  particularl y palatable .  However ,  recen t  advance s i n 
connectionis t  tool s mak e th e futur e loo k brighter .  McClellan d (1985 )  ha s develope d a  syste m calle d 
Connectio n Informatio n Distributio n (CID )  whic h allow s th e storag e o f  connectio n informatio n i n on e 
centra l  networ k ( a knowledg e source )  t o b e 'loaded '  int o a  programmabl e buffe r  (lik e a  Hearsa y 
blackboard ,  Lesse r  & .  Erman ,  1977 )  a s needed .  Whil e th e mappin g o f  ou r  syste m int o th e CI D 
framewor k i s no t  immediatel y obvious ,  th e ide a hold s promis e fo r  avoidin g man y o f  th e 'fixe d 
network '  uglinesses . 

Als o missin g her e i s a  detaile d descriptio n o f  al l  o f  th e uni t  function s an d th e parameter s use d 
(e.g. ,  connectio n weight s an d uni t  thresholds) .  T o ge t  thi s mode l  t o work ,  som e 'weigh t  twiddling * 
was necessary .  Thi s unsavor y practic e i s necessitate d i n par t  b y th e unconstraine d formalis m used , 
whic h a t  presen t  i s no t  amenabl e t o forma l  analysis .  Us e o f  a  mor e constraine d formalis m ca n lea d t o 
bette r  method s fo r  determinin g suc h parameters ;  se e (Selma n &  Hirst ,  1985) .  Thei r  mode l  als o use s 
pur e context-fre e grammars ,  avoidin g th e problem s o f  within-productio n contex t  sensitivit y tha t 
force d u s t o us e mor e copie s o f  recognizer s tha n thei r  model . 

Finally ,  w e don' t  hav e a  convincin g demonstratio n tha t  th e network s generate d b y ou r  progra m 
wil l  alway s converg e t o a  singl e coheren t  globa l  interpretation .  Thi s point s t o th e nee d t o eithe r  (1 ) 
conver t  t o a  analyzabl e formalis m suc h a s Boltman n machine s (Hinto n Sc .  Sejnowski ,  1983 )  o r  (2 ) 
develo p mor e powerfu l  analytica l  tools .  Fo r  th e present ,  w e wil l  hav e t o b e conten t  wit h empirica l 
demonstrations . 

4. An Example Run 

Thi s syste m wa s implemente d o n a  VAX/75 0 runnin g Fran z Lis p an d C ;  th e networ k builde r  wa s 
code d i n Lis p an d fe d command s t o th e ISCO N simulato r  whic h actuall y buil t  th e network .  Thi s i n 
tur n wa s 'compiled '  int o a  representatio n suitabl e fo r  a  muc h faste r  networ k simulato r  writte n i n C . 
The actua l  networ k fo r  th e simpl e exampl e w e wil l  presen t  containe d severa l  hundre d node s an d ove r 
a thousan d connections .  Hence ,  w e wil l  onl y giv e a  hig h leve l  descriptio n o f  th e network' s behavior . 

Give n th e sentenc e h e cu t  th e roll ,  ther e ar e tw o case s o f  syntacti c ambiguity ,  cu t  an d roll . 

'Her e w e ar c usin g th e abaolut e valu e o f  th e iDbibition ,  whic h i f  uuall y negative . 
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Ther e ar e n o interestin g closur e problems ,  a s an y differenc e betwee n thi s an d h e cut ^  ca n b e handle d 
by usin g 'period '  a s a  lexica l  item .  W e simulat e readin g thi s sentenc e b y activatin g eac h lexica l  ite m 
ever y 3 0 step s o f  th e simulation .  Thes e ar e the n 'rea d in '  t o th e wor d sens e buffe r  describe d earlier , 
and afte r  7  mor e steps ,  th e syntacti c clas s an d meanin g node s ar e activate d (thes e an d th e othe r  node s 
i n th e buffe r  accumulat e activatio n slowly) .  Abou t  th e tim e tha t  P R O i s activate d i n th e buffer ,  a n 
NP i s expecte d b y th e Subjec t  rol e o f  th e S  production .  Sinc e "he '  i s  unambiguous ,  P R O ha s n o 
competitor s an d get s highl y activ e quickly .  I t  the n rapidl y become s boun d t o th e Hea d rol e i n th e 
firs t  N P (b y iteratio n 16 )  sinc e ther e i s n o competitio n fo r  it . 

The networ k the n expect s a  VP ,  an d th e tw o production s fo r  a  V P (wit h an d withou t  a  Direc t 
Object )  se t  u p expectation s fo r  a  V E R B .  W h e n 'cut" 8 feature s ( N O U N an d V E R B )  becom e activate d 

at  cloc k ste p 38 ,  the y inhibi t  on e another ,  drivin g eac h othe r  belo w threshold .  Sinc e thi s cut s of f  th e 
inhibition ,  the y ris e u p again ,  lik e flickerin g bits ,  bu t  no w feedbac k fro m th e binde r  fo r  th e V E R B t o 
th e Mai n Ver b rol e i n th e V P give s extr a suppor t  t o th e V E R B node ,  allowin g i t  t o remai n abov e 
threshol d whil e N O U N doesn't ,  resultin g i n a  wi n fo r  V E R B i n th e secon d buffe r  position .  Thus , 

'cut '  ha s bee n disambiguate d a s a  verb .  B y a  fe w step s later ,  th e nod e corre^ondin g t o th e "meaning * 
of  'cut '  a s a  nou n als o loses . 

Afte r  thi s  i s propagate d u p th e network ,  expectation s ar e se t  u p fo r  eithe r  a  'period '  o r  a  Direc t 
Objec t  whic h ca n b e fille d b y a n NP .  Th e Direc t  Objec t  rol e recognize r  select s th e NP 2 recognize r 
(th e nex t  availabl e N P recognizer )  whic h set s u p expectation s fo r  eithe r  a  D E T ,  N O U N o r  P R O. 
Afte r  "the "  ha s bee n processed ,  th e N P recognize r  i s onl y expectin g a  N O U N,  an d s o whe n "roll " 
comes in ,  i t  i s quickl y disambiguated .  Eventuall y th e productio n correspondin g t o a  V P wit h a  Direc t 
Objec t  wins ,  an d th e resultin g stabl e coalitio n represent s thi s pars e wit h th e appropriat e bindin g node s 
i n a  highl y activ e state . 

Thus ou r  parse r  ha s disambiguate d th e tw o ambiguou s lexica l  item s o n th e basi s o f  thei r  'fit ' 
int o th e developin g pars e tree .  Anythin g incompatibl e wit h th e expectation s develope d a t  th e 
'frontier '  o f  th e developin g tre e wa s quickl y extinguished .  I f  ther e ha d bee n mor e structura l 
ambiguity ,  lexica l  item s compatibl e wit h eithe r  structur e woul d hav e remaine d ambiguou s unti l  som e 
productio n wo n ove r  another .  Whil e thi s ma y see m implausible ,  i t  i s  compatibl e wit h th e result s o f 
Hudso n &  Tanenhau s (1984) . 

5. Conclusions 

We hav e presente d a  parsin g mode l  whic h ha s th e followin g features : 

1)  completel y distribute d 
2)  massivel y paralle l 
3)  automaticall y generate d fro m a  gramma r 
4)  doe s no t  us e symbo l  passin g 
S)  matche s neurolinguisti c data . 
6)  ha s a  'natural '  explanatio n o f  Minima l  Attachment . 
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Abstract 

We describe a connectionist parsing scheme based on context-free grammar rules. In 
thi s schem e w e us e a n updatin g rul e simila r  t o th e on e use d i n th e Boltzman n machin e (Fahl -
man,  Hinto n an d Sejnowsk i  1983 )  an d appl y simulate d annealing .  W e sho w tha t  a t  lo w tem -
perature s th e tim e averag e o f  th e visite d state s a t  therma l  equilibriu m represent s th e correc t 
pars e o f  th e inpu t  sentence . 

In contrast with previously proposed connectionist schemes for natural language pro-
cessing ,  thi s schem e handle s th e traditionall y sequentia l  rule-base d parsin g i n a  genera l  manne r 
i n th e network .  Anothe r  differenc e i s th e us e o f  th e computationa l  schem e o f  th e Boltzman n 
machine .  Thi s allow s u s t o formulat e genera l  rule s fo r  th e settin g o f  weight s an d threshold s i n 
our  system . 

The parsing scheme is built from a small set of connectionist primitives that represent 
th e gramma r  rules .  Thes e primitive s ar e linke d togethe r  usin g pair s o f  computin g unit s tha t 
behav e lik e discret e switches .  Thes e unit s ar e use d a s binder s betwee n concept s represente d i n 
th e network .  The y ca n b e linke d i n suc h a  wa y tha t  individua l  rule s ca n b e selecte d fro m a 
collectio n o f  rules ,  an d ar e ver y usefu l  i n th e constructio n o f  connectionis t  scheme s fo r  an y 
for m o f  rule-base d processing . 

1. Introduction 

Recently, several connectionist models for natural language understanding (NLU) have 
been proposed ;  fo r  example .  Walt z an d Pollac k (1984 ;  Pollac k an d Walt z 1982 )  an d Cottrel l 
and Smal l  (1983 ;  Small ,  Cottrell ,  an d Shastr i  1982 )  giv e model s fo r  word-sens e an d syntacti c 
disambiguation ,  an d Reill y  (1984 )  give s a  schem e fo r  anaphor a resolution .  Th e model s ar e 
base d o n th e deterministi c connectionis t  schem e (McClellan d an d Rumelhar t  1981 ;  Feldma n 
and Ballar d 1982) .  A  centra l  aspec t  o f  thes e scheme s i s tha t  the y proces s th e differen t  source s 
of  knowledg e use d i n NLU ,  suc h a s lexica l  an d worl d knowledg e i n a  highl y integrate d way ;  fo r 
example ,  th e syntacti c an d semanti c processin g ar e combined . 

A major limitation of these schemes is their very limited capability to handle tasks 
suc h a s parsin g an d cas e filling  whic h see m t o requir e processin g t o b e base d o n a  se t  o f  rules . 
For  example ,  Pollac k an d Walt z us e th e outpu t  o f  a  conventiona l  char t  parse r  t o generat e a 
networ k fo r  th e syntacti c pars e o f  th e sentence .  Thi s networ k onl y represent s th e pars e tre e 
(o r  trees ,  i n cas e o f  syntacti c ambiguity )  o f  th e particula r  inpu t  sentence .  W e propos e a  mor e 
genera l  approach ,  namel y a  networ k tha t  directl y represent s th e gramma r  rule s an d i s t o b e 
used fo r  parsin g o f  a  larg e numbe r  o f  sentences .  A  simila r  approac h coul d b e use d fo r  othe r 
type s o f  rul e based-processing ,  lik e cas e filling. 

Thi s wor k wa s supporte d b y a  Governmen t  o f  Canad a Awar d t o th e first  author ,  an d grant s fro m th e 
Universit y o f  Toront o an d th e Natura l  Science s an d Engineerin g Researc h Counci l  o f  Canad a t o th e 
secon d author . 
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Our  motivatio n behin d thi s researc h i s twofold .  O n on e han d w e believ e that ,  a t  leas t 
par t  o f  th e natura l  languag e understandin g proces s ca n b e handle d b y a  connectionis t  architec -
tur e an d tha t  thi s for m o f  integrated ,  paralle l  processin g facilitate s th e parsin g process .  O n 
th e othe r  hand ,  w e believ e tha t  thes e scheme s ca n onl y b e o f  practica l  interes t  fo r  N L U i f  the y 
handl e rule-base d processing ,  lik e syntacti c parsing ,  i n a  genera l  an d eflficien t  wa y an d ar e un -
derstoo d wel l  enoug h t o se t  th e weight s an d threshold s correctl y i n larg e networks . 

2. The model 

2.1 Topology 

We base our scheme on a context-free grammar, but this is not essential in our ap-
proach .  Th e syntacti c categorie s o f  th e gramma r  ar e represente d i n a  localis t  manner ,  tha t  is , 
each syntacti c categor y i s represente d b y a  uni t  i n th e network .  A s w e wil l  se e thi s localis t  ap -
proac h allow s u s t o represen t  th e gramma r  rule s i n a  ver y straightforwar d manner ,  an d conse -
quentl y determine s th e se t  o f  non-zer o weight s (givin g th e topolog y o f  th e network) .  Th e 
grammar  rule s wil l  determin e ho w thes e unit s ar e interconnected . 

In the scheme we distinguish two layers. The input layer consists of a number of com-
putin g unit s representin g th e termina l  symbol s o f  th e grammar .  A n inpu t  sentenc e wil l  ac -
tivat e som e subse t  o f  thes e units .  Connecte d t o thi s inpu t  laye r  i s a  networ k tha t  represent s 
th e pars e tree s o f  al l  non-termina l  string s i n th e languag e whos e lengt h i s no t  greate r  tha n th e 
number  o f  unit s i n th e inpu t  layer .  Thi s network ,  calle d th e parsin g layer ,  i s  constructe d fro m 
connectionis t  primitives ,  whic h represen t  th e context-fre e gramma r  rules .  Figur e 1  give s tw o 
example s o f  suc h primitives .  Th e activatio n o f  al l  unit s o f  a  primitiv e correspond s t o th e us e 
of  th e associate d gramma r  rul e i n th e parse .  Th e numbe r  o f  unit s i n th e parsin g laye r  depend s 
on th e particula r  context-fre e gramma r  rule s an d th e numbe r  o f  inpu t  units .  Th e differen t 
pars e tree s ar e no t  represente d b y completel y disjoin t  set s o f  units ,  bu t  shar e common sub -
structures .  Thi s wil l  kee p th e siz e o f  th e networ k manageable . 

We use intermediate computing units to link the primitives together. These units play 

th e rol e o f  binder s i n th e networ k and ,  therefor e calle d binde r  unitŝ .  Th e computin g unit s 
representin g th e terminal s an d variable s o f  th e gramma r  ar e calle d mai n units . 

Figure 2 gives an example of the use of binder units. The four binder units are used to 
represen t  th e fac t  tha t  th e mai n uni t  # 0 i s par t  o f  thre e gramma r  rules : 

(la) 

(lb ) 

(Ic ) 

The binder s ar e linke d i n suc h a  way ,  usin g inhibitor y an d excitator y connections ,  tha t  whe n 
th e networ k reache s a  stabl e stat e th e activ e binder s (thos e whos e outpu t  equal s +1 )  tel l  u s 
whic h on e o f  th e thre e possibl e gramma r  rule s i s use d i n th e pars e o f  th e inpu t  sentenc e t o 
decompos e th e ver b phras e represente d b y uni t  #0 .  So ,  i f  binde r  # 1 stay s activ e rul e l a i s 
used i n th e parse ,  i f  binde r  # 2 an d # 3 sta y activ e rul e l b i s use d an d i f  binde r  # 2 an d # 4 
sta y activ e rul e I c i s  used . 

2.2 Computational scheme 

In this section we will consider the way in which the network finds the parse of a sen-
tence .  I n th e inpu t  laye r  o f  th e network ,  th e unit s ar e place d i n inpu t  groups .  Eac h grou p 
contain s a  uni t  fo r  eac h termina l  symbo l  o f  th e grammar .  Th e inpu t  group s ar e numbered ; 
th e n  ' *  grou p i s associate d wit h th e n  ' *  wor d i n th e inpu t  sentence .  Initiall y  th e computin g 
unit s o f  bot h th e inpu t  an d th e parsin g laye r  o f  th e networ k ar e inactiv e (thei r  outpu t  i s  -1) . 

VP 

VP 

VP 

- * 

- * 

- , 

VP 

ver b 

ver b 

PP 

NP 

'  Binde r  unit s wit h a  simila r  functio n ar e use d b y Cottrel l  (1985 )  i n hi s parsin g syste m base d o n a 
deterministi c connectionis t  model . 
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As a  sentenc e come s in ,  eac h wor d o f  th e sentenc e activate s th e computin g unit(s )  representin g 

it s associate d syntacti c categor y o r  categories .  S o th e first  wor d o f  th e sentenc e activate s on e 

or  mor e unit s (dependin g o n th e numbe r  o f  syntacti c categorie s associate d wit h th e word )  i n 

inpu t  grou p # 1 ,  th e secon d wor d on e o r  mor e unit s i n inpu t  uni t  # 2 ,  an d s o on .  Afte r  receiv -

in g inpu t  data ,  th e networ k start s th e relaxatio n process .  Durin g thi s process ,  th e output s o f 

th e activate d computatio n unit s i n th e inpu t  group s ar e fixed  a t  +1 ,  whil e th e output s o f  oth -

er  unit s i n th e inpu t  laye r  ar e fixed  a t  -1 ,  s o tha t  th e networ k ca n find  th e optima l  matc h 

betwee n th e inpu t  dat a an d th e interna l  constraint s representin g th e gramma r  rules ;  thi s 

matc h wil l  represen t  th e correc t  pars e o f  th e input . 

In our model we use a variation on the computational scheme of the Boltzmann 

machin e (Fahlman ,  Hinto n an d Sejnowsk i  1983 ;  Hinto n an d Sejnowsk i  1983a ,  1983b) ,  an d ap -

pl y th e simulate d annealin g schem e o f  Kirkpatric k e t  al .  (1983 )  t o find  th e optima l  matc h 

betwee n inpu t  dat a an d interna l  constraints .  Ou r  schem e differ s fro m th e origina l  i n tha t  w e 

use - 1 an d -1- 1 a s outpu t  value s o f  ou r  computin g unit s instea d o f  0  an d +1 .  Thi s facilitate s 

th e representatio n o f  symmetrica l  interdependenc y relation s betwee n hypothese s i n th e 

scheme ;  ther e exist s a  one-to-on e mappin g betwee n thi s schem e an d th e origina l  (Selma n 1985) . 

The fact that this scheme searches for a global energy minimum and that at equilibri-

u m th e relativ e probabilit y  o f  a  particula r  stat e o f  th e syste m i s give n b y it s energ y enabfe s u s 
t o formulat e genera l  rule s fo r  th e settin g o f  th e weight s o n th e connection s an d th e threshold s 

of  th e computin g units . 

We compute the average value of the output of each unit at the different temperatures 

use d i n th e annealin g scheme .  I n a n exampl e give n below ,  w e wil l  se e ho w thes e averag e 

value s wil l  chang e durin g coolin g o f  th e system ;  finally,  a t  a  temperatur e jus t  abov e th e freez -

in g poin t  o f  th e system ,  th e unit s wit h output s clos e t o -1- 1 wil l  represen t  th e pars e o f  th e sen -

tence .  T o find  th e temperatur e jus t  abov e th e freezin g poin t  o f  th e network ,  w e conside r  sta -

tistica l  dat a o n th e behavio r  o f  th e networ k durin g simulate d annealing . 

2.3 The setting of weights and thresholds 

The setting of weights and thresholds is probably the most difficult problem in the 

desig n o f  a  connectionis t  scheme .  Th e se t  o f  weight s an d threshold s represent s th e interna l 

constraint s an d therefor e th e knowledg e i n th e system .  S o fa r  w e hav e describe d ho w unit s 

ar e interconnecte d i n ou r  parsin g scheme ;  tha t  i s  th e se t  o f  link s wit h non-zer o weights .  N o w 

we wil l  discus s wha t  value s shoul d b e chose n fo r  th e weight s o n thes e links . 

In the Boltzmann formalism, the behavior of the system during relaxation can be 

describe d a s a  searc h fo r  a  globa l  m in imu m i n th e energ y o f  th e networ k 

E = T^Eiock (2) 
k 

I n whic h 

Eiock =[-\/2Y.rVkjSi+e,)sk (3) 
j 

i s  th e contributio n o f  th e A;' *  uni t  wit h outpu t  valu e s ^  an d threshol d ^ ^  t o th e energy ,  w^ y 

i s th e weigh t  o n th e connectio n betwee n th e A;' *  an d th e j ' *  uni t  (w e assum e symmetrica l 

connections) ,  an d th e summatio n i n equation s (2 )  an d (3 )  i s ove r  al l  unit s i n th e network . 

Given the fact that the network searches for a global energy minimum, we can, to a 

first  approximation ,  analyz e th e behavio r  o f  th e networ k b y assumin g tha t  eac h uni t  an d it s 

direc t  neighbor s wil l  chos e outpu t  value s suc h tha t  ^ ^ c t  become s minimal .  Howeve r  thi s 

metho d give s onl y a  roug h approximatio n o f  th e actua l  behavior ,  becaus e minimizin g Eî ^  fo r 

one particula r  uni t  ofte n conflict s wit h minimizin g £'/o c o f  othe r  units .  T o ge t  a  bette r  insigh t 

i n th e behavio r  o f  th e syste m w e therefor e conside r  th e contributio n t o th e globa l  energ y o f  a 
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smal l  group s o f  units. ^  Becaus e o f  th e homogeneou s structur e o f  ou r  networ k w e onl y hav e t o 

conside r  a  limite d numbe r  o f  cases .  A s a n exampl e w e wil l  conside r  th e settin g o f  th e weight s 

on th e excitator y links . 

Figure 3 shows some excitatory links in a typical configuration. The network 

represent s tw o gramma r  rules : 

VP - ^  ver b (4 a ) 

VP - ^  ver b N P (4 6 ) 

Rul e 4 a i s represente d b y th e unit s 0 ,  1 ,  an d 3 ;  rul e 4.4 b b y th e unit s 0 ,  2 ,  4 ,  an d 5 .  Durin g 

th e relaxatio n proces s ou r  networ k ha s t o decid e betwee n rul e 4 a an d rul e 4 b o r  neithe r  o f 

them .  Ther e i s n o a  prior i  preferenc e fo r  on e rul e ove r  th e other .  Therefore ,  becaus e uni t  # 2 

i s connecte d t o tw o othe r  unit s representin g th e left-han d sid e o f  gramma r  rul e 4 b an d uni t 

^ l  i s  connecte d t o onl y on e uni t  representin g th e left-han d sid e o f  gramma r  rul e 4 a w e hav e 
t o mak e th e weigh t  o n th e lin k betwee n unit s # 1 an d # 3 twic e a s stron g a s th e link s betwee n 

unit s # 2 an d # 4 an d betwee n unit s # 2 an d #5 .  (Thi s ca n b e easil y generalize d fo r  gramma r 
rule s wit h mor e symbols ;  on e chose s th e weight s suc h tha t  th e su m o f  th e input s a t  th e binde r 

unit s i s equa l  fo r  al l  gramma r  rules. )  S o w e choos e W2^4 an d ^2, 5 equa l  t o som e positiv e con -

stan t  an d w e se t  W i ^  t o twic e thi s constant .  W e se t  thi s constan t  t o 1.0 .  On e shoul d not e 

tha t  th e absolut e valu e o f  th e constan t  i s irrelevant .  Thi s valu e i s onl y goin g t o t o determin e 
at  wha t  temperatur e i n ou r  simulate d annealin g schem e th e syste m i s goin g t o freeze ,  bu t  th e 

temperatur e i s onl y a  forma l  paramete r  introduce d t o d o simulate d annealin g an d ha s n o 
meanin g i n ou r  final  result . 

For the use of a grammar rule in the parse, the presence of each symbol in the rule is 

equall y important ,  an d therefor e w e connec t  th e unit s i n a  connectionis t  primitiv e representin g 

a gramma r  rul e wit h link s o f  equa l  strength ,  s o i f  4^5 = 1.0 .  An d finally,  becaus e bottom-u p 

and top-dow n parsin g i s completel y integrate d an d o f  equa l  importanc e i n ou r  network s w e 

choos e i c 0,1= "̂'0,2 ^  2.0 . 

Selman (1985) gives similar analyses that lead to rules for for setting of weights on in-

hibitor y link s an d th e threshold s o f  th e units .  Her e i s a  summar y o f  thes e rules: ^ 

weigh t  excitator y lin k + 1 0 « "  primitiv e wit h thre e unit s (5a ) 

+2. 0 i n primitiv e wit h tw o unit s (5b ) 

weightinHibitory link -30 (5c) 

threshol d 0. 0 mai n uni t  (5d ) 

-2. 0 mai n uni t  i n symmetrica l  environmen t  (5e ) 

+2. 0 binde r  unit .  (5f ) 

A main unit in a symmetrical environment is a main unit only linked to pairs of binder 

unit s (tha t  i s  connecte d t o bot h binders )  an d a t  mos t  on e othe r  binde r  unit . 

Although the local analyses and symmetry considerations on which these rules are 

base d won' t  guarante e th e righ t  globa l  behavior ,  goo d simulatio n result s o f  a  networ k wit h 
weight s se t  accordin g t o thes e rule s sho w tha t  apparentl y suc h a  loca l  analysi s give s a  reason -

abl e estimat e o f  th e globa l  behavio r  o f  th e parsin g network .  Thi s i s mos t  presumabl y a  conse -
quenc e o f  th e highl y homogeneou s structur e o f  ou r  parsin g schem e (th e network s ar e buil t 
fro m a  smal l  numbe r  o f  primitives) . 

state s o f  th e (total )  network ; '  O f  course ,  fo r  a n exac t  analysi s on e woul d hav e t o conside r  al l  possibl e 
thi s become s clearl y infeasibl e fo r  network s wit h mor e tha n abou t  2 5 nodes . 

^ Often only the ratio of between the different weights and thresholds are relevant; Selman (1985) gives 
thes e rule s m a  mor e genera l  form . 
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NP - > 

NP - ^ 

NP - ^ 

N P2 - ^ 

N P2 - ^ 

determine r  N P 2 

N P2 

NP P P 

noun 

adjectiv e N P 2 

3.  T h e desig n an d testin g o f  a  networ k 

To illustrate our model we will now consider an example. This network is based on the 
followin g contex t  fre e gramma r  rule s (take n fro m a n exampl e i n Winogra d 1983) : 

S - ^  N P V P 

S - *  V P 

VP - K ver b N P - ^  N P P P (6 ) 

VP - ^  ver b N P 

VP - ^  V P P P 

P P - *  prepositio n N P 

We wil l  represen t  five  inpu t  groups ;  i n a  complet e networ k eac h inpu t  grou p ha s a  uni t  fo r  al l 

terminal s o f  th e grammar ,  howeve r  t o mak e ou r  exampl e networ k les s complex ,  w e wil l  no t 

represen t  eac h termina l  i n eac h inpu t  group . 

For the grammar rules in (6) we can construct connectionist primitives similar to those 

give n i n figure  1 .  T o buil d th e parsin g laye r  upo n th e inpu t  layer ,  usin g thes e primitives ,  w e 

conside r  th e difi"eren t  possibl e way s i n whic h th e syntacti c categorie s ca n b e groupe d accordin g 

t o th e gramma r  rules ,  an d desig n a  networ k tha t  represent s thos e possibilities .  On e wa y w e 

coul d hav e proceede d i s b y designin g a  se t  o f  networks ,  eac h representin g th e pars e o f  one 

uniqu e inpu t  sentence ,  linkin g al l  thes e network s t o th e inpu t  layer ,  an d placin g inhibitor y 

connection s betwee n them .  Thes e inhibitor y connection s shoul d guarante e tha t  afte r  th e pars -

in g networ k i s give n a n inpu t  sentence ,  onl y th e sub-networ k representin g th e pars e o f  th e in -

put  woul d remai n active . 

Apart from the question of whether the design of such a network is even feasible, there 

ar e tw o fundamenta l  reason s wh y w e di d no t  tak e thi s approach .  Firstly ,  man y pars e tree s 

hav e c o m m o n sub-structures .  S o on e ca n sav e computin g unit s b y representin g a  c o m m o n 

sub-structur e b y on e se t  o f  unit s an d linkin g tha t  structure ,  usin g binde r  units ,  t o th e differen t 

pars e tree s represente d i n th e network .  Secondly ,  mai n unit s represen t  genera l  concepts ,  suc h 

as 'nou n phrase' .  I t  i s  unlikel y tha t  i n th e huma n brai n (connectionis t  model s ar e t o a  certai n 

exten t  modele d afte r  th e brain )  thes e concept s ar e represente d a t  man y differen t  places . 

Therefore ,  instea d o f  representin g th e sam e genera l  concep t  a t  man y place s i n th e network ,  w e 

tr y t o limi t  th e numbe r  o f  mai n unit s representin g a  concept . 

So, instead of constructing a network from a set of separate networks, each represent-

in g th e pars e o f  a  sentence ,  w e tak e a n approac h i n whic h w e tr y t o shar e c o m m o n syntacti c 

structure s betwee n pars e tree s an d minimiz e th e numbe r  o f  mai n units .  Followin g thes e guide -

line s w e ca n construc t  fro m th e inpu t  layer ,  usin g th e connectionis t  primitives ,  a  networ k lik e 

th e on e give n i n figure  4. ^  Th e weight s an d threshold s i n thi s schem e ar e se t  accordin g t o (5) . 

To demonstrate the parsing capability of our network we consider the input sentence^ 

nou n ver b prepositio n determine r  noun ,  (7 ) 

exemplifie d b y "Joh n ra n dow n th e hiir \  Fo r  thi s sentenc e w e ra n a  simulatio n o f  th e paralle l 

networ k o n a  seria l  machin e usin g a  simulate d annealin g scheme .  T o appl y thi s scheme ,  on e 

has t o choos e a  descendin g sequenc e o f  temperature s suc h tha t  th e syste m ha s a  reasonabl e 

chanc e o f  finding  th e stat e wit h th e globa l  energ y minimum .  Therefor e on e start s a t  a  hig h 

temperatur e an d first  cool s rapidly ;  onc e th e syste m approache s th e freezin g poin t  (th e poin t 

'  Some simpl e inpu t  sentence s sho w tha t  th e multipl e unit s fo r  NP's ,  NP2's ,  an d PP' s ar e necessary ; 
however ,  on e coul d furthe r  minimiz e th e numbe r  o f  VP's .  However ,  thi s result s i n a  networ k wher e th e 
connectionis t  primitive s ar e les s visible ,  an d whic h i s therefor e harde r  t o understand . 

2 The network has been successfully tested for a number of input sentences, including some cases of 
syntacti c ambiguit y (i n suc h case s mor e tha n on e uni t  i s  activate d withi n a n mpu t  group) ,  i n whic h n o 
semanti c knowledg e i s necessar y t o resolv e th e ambiguit y (Selma n 1985) . 
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at  whic h i t  settle s dow n i n a  stat e wit h a  loca l  o r  a  globa l  energ y min imum ;  i n thi s stat e th e 

temperatur e i s to o lo w t o escap e fro m thi s min imum )  on e shoul d coo l  ver y slowly .  A s w e wil l 

see,  w e don' t  hav e t o freez e th e syste m completely ;  th e righ t  pars e o f  th e inpu t  sentenc e i s 

foun d a t  a  temperatur e jus t  abov e freezing . 

At each temperature above the freezing point one has to take sufficient computation 

step s t o allo w th e syste m t o reac h equilibriu m a t  tha t  temperature . 

To be able to choose the sequence of temperatures and the number of computation 

step s w e di d som e tes t  run s wit h th e network .  A n appropriat e sequenc e o f  temperature s wa s 

determine d b y considerin g th e numbe r  o f  change s i n th e outpu t  valu e o f  eac h computin g uni t 

and th e energ y distributio n o f  th e syste m a t  eac h temperature .  Base d o n thes e indicator s w e 

choos e a  sequenc e o f  temperature s startin g a t  T  ^  1000 0 (t o randomiz e th e system) ,  followe d 

by r  =  4.0 ,  T  =  2.0 ,  an d the n i n step s o f  0. 2 dow n t o T  =  0.6 . 

To estimate the required number of computation steps at each temperature, we con-

sidere d th e result s o f  a  sequenc e o f  simulation s i n whic h thi s numbe r  wa s slowl y increased . 

W h en th e averag e outpu t  value s o f  th e unit s becom e independen t  o f  th e numbe r  o f  computa -
tio n step s w e assum e tha t  enoug h computatio n step s hav e bee n take n t o sca n th e energ y dis -

tributio n o f  th e syste m a t  equilibrium .  T w o thousan d computatio n step s (i.e .  200 0 update s o f 

eac h unit )  pe r  temperatur e appeare d t o b e sufficient .  I t  shoul d b e note d tha t  w e di d no t  tr y t o 
minimiz e th e numbe r  o f  temperature s an d th e numbe r  o f  step s pe r  temperature . 

Figure 5 shows the anneahng process for sentence (7); we give six temperatures. Each 
pane l  show s th e averag e outpu t  valu e o f  eac h computin g uni t  a t  th e temperatur e give n belo w 

th e panel .  Th e number s 0  t o 4 4 ar e th e number s o f  th e computin g units ,  th e vertica l  positio n 

indicate s thei r  averag e outpu t  valu e o n th e interva l  [-1,+!] .  A t  T  ? « 1. 0 th e syste m freezes ; 
belo w thi s temperatur e th e syste m stay s i n on e state .  Compariso n o f  thes e result s wit h th e 
pars e tre e o f  thi s sentenc e give n i n figure 6  show s tha t  th e tim e averag e o f  th e output s o f  th e 
units ,  a t  a  lo w non-zer o temperature ,  correspond s t o th e correc t  pars e o f  th e inpu t  sentenc e i f 

one choose s th e unit s wit h output s clos e t o + 1 a s bein g par t  o f  th e pars e tree .  A t  lo w tem -
perature s ther e i s a  clea r  distinctio n betwee n unit s wit h outpu t  clos e t o + 1 an d th e othe r  un -

its ,  a s ca n b e see n i n figure  5 . 

Although the set of average output values of the units in this section does not reveal 
any significan t  difference s betwee n th e syste m i n a  froze n stat e o r  jus t  abov e th e freezin g 
point ;  mor e informatio n abou t  th e pars e ca n b e obtaine d a t  a  temperatur e jus t  abov e th e 
freezin g point ,  a s w e wil l  se e i n th e nex t  section . 

4. Changing weights and thresholds 

The weights in the example network given above were set in accordance with the rules 

give n i n (5) .  Becaus e th e settin g o f  th e weight s an d threshold s i s a n importan t  issu e i n con -
nectionis t  models ,  w e wil l  no w conside r  wha t  happen s i f  w e chang e som e o f  them .  W e us e 
agai n th e exampl e networ k give n i n figure  4  and ,  inpu t  sentenc e (7) . 

First we set the threshold of main unit #32 equal to zero; originally this threshold was 
set  t o -2.0 ,  followin g rul e (5e) .  Th e simulatio n result s sho w tha t  i n th e froze n stat e th e syste m 

give s th e correc t  parse ,  excep t  fo r  th e mai n node s # 1 8 an d # 3 2 an d th e binde r  #21 ;  tha t  i s 

th e averag e outpu t  value s o f  thos e unit s ar e -1.0 .  Howeve r  th e averag e o f  th e outpu t  value s 
of  thes e unit s a t  a  temperatur e jus t  abov e freezin g ar e almos t  equa l  t o zero .  Thi s mean s tha t 
at  tha t  temperatur e thes e unit s ar e par t  o f  th e pars e o f  th e sentenc e fo r  approximatel y 5 0 % o f 
th e tim e (al l  othe r  averag e outpu t  value s ar e clos e t o -1. 0 an d -Hl.O ,  consisten t  wit h th e 

correc t  parse) .  Thi s resul t  ca n b e explaine d a s follows .  Jus t  abov e th e freezin g poin t  th e sys -
te m jump s betwee n tw o states ,  namely : 

-  stat e a ,  al l  unit s o f  th e correc t  pars e ar e active ;  an d 
-  stat e b ,  sam e a s stat e a ,  excep t  fo r  th e unit s  18 ,  21 ,  an d 32 . 
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State s a  an d b  hav e approximatel y th e sam e lo w energy ;  howeve r  t o jum p betwee n thes e 

state s th e syste m ha s t o visi t  a  stat e wit h a  highe r  energy .  A t  a  temperatur e abov e th e freez -

in g temperatur e ther e i s enoug h therma l  energ y t o visi t  th e intermediat e stat e wit h a  highe r 

energy ;  i n othe r  word s th e syste m ha s a  reasonabl e chanc e t o visi t  i n th e intermediat e stat e 

compare d t o th e chanc e t o b e i n th e lowe r  energ y state s a ,  an d b .  Therefore ,  th e syste m wil l 

jum p betwee n stat e a  an d b  an d th e averag e outpu t  valu e o f  th e unit s 18 ,  21 ,  an d 3 2 wil l  b e 

aroun d zero .  However ,  whe n th e temperatur e i s lowere d th e syste m freezes ,  tha t  i s  i t  wil l  set -

tl e i n on e o f  th e state s a  o r  b ,  an d ther e i s no t  enoug h therma l  energ y t o jum p t o th e othe r 

low-energ y state . 

This example clearly demonstrates that the average output values of the units give 

mor e relevan t  informatio n whe n determine d jus t  abov e th e freezin g poin t  o f  th e syste m tha n 

at  o r  belo w tha t  point .  I t  als o demonstrate s ho w th e Boltzman n mechanis m no t  onl y find s a 

globa l  m in imu m i n th e energy ,  bu t  jus t  abov e th e freezin g poin t  th e syste m jump s betwee n a 

number  o f  state s wit h energie s clos e o r  equa l  t o th e globa l  energ y minimum .  Thi s i s a n impor -

tan t  advantag e ove r  a  deterministi c scheme .  Eve n i n cas e suc h a  schem e manage s t o fin d on e 

of  th e state s a  o r  b ,  i t  i s  ver y unlikel y tha t  a  deterministi c scheme ,  jus t  befor e findin g a  o r  b , 

woul d pas s throug h th e othe r  stat e wit h minima l  energy .  Thi s exampl e als o show s tha t  i f  w e 

don' t  follo w al l  th e rule s give n i n (5) ,  th e syste m doe s no t  behav e a s wel l  a s whe n w e do ;  how -

eve r  th e mode l  stil l  come s u p wit h a  resul t  clos e t o th e correc t  parse . 

We will now consider what happens if we increase both the strength of the inhibitory 

link s betwee n binde r  unit s an d th e threshold s o f  thes e units .  W e choos e a  weigh t  o f  -20. 0 o n 
th e inhibitor y link s an d threshold s o f  -i-19.0 .  Thes e value s ar e i n accordanc e wit h th e genera l 

rul e fo r  settin g th e threshold s o n binde r  unit s an d th e weight s o n inhibitor y link s betwee n 

them .  I n thi s cas e w e don' t  find  an y significan t  diff"erence s betwee n th e simulatio n result s wit h 

thi s ne w choic e o f  weight s an d threshold s an d thos e usin g th e origina l  values . 

This is an interesting result, because with this choice of weights it becomes extremely 

unlikely ,  a t  lo w temperatures ,  t o find a  pai r  o f  binde r  unit s wit h bot h output s equa l  t o +1.0 . 

Such a  pai r  woul d giv e a  larg e positiv e contributio n t o th e energy ;  se e equatio n (3) .  Therefore , 

th e pair s ar e functionin g a s three-stat e switche s wit h a t  mos t  on e uni t  wit h outpu t  equa l  t o 

+1.0 .  Thi s i s usefu l  durin g th e searc h fo r  a  correc t  pars e (o r  globa l  energ y min imum) ,  becaus e 
a pai r  wit h bot h output s equa l  t o + 1 correspond s t o th e obviousl y incorrec t  situatio n i n whic h 

tw o gramma r  rule s ar e applie d a t  th e sam e tim e t o decompos e a  syntacti c category . 

In figure 2 we saw two pairs of binder units linked in such a way that they can choose 

th e applicatio n o f  on e specifi c  gramma r  rul e ou t  o f  three .  Usin g a  simila r  approac h on e ca n 

desig n a  networ k fro m pair s o f  binde r  unit s tha t  ca n selec t  on e rul e ou t  o f  a  larg e collection ; 

suc h network s wil l  b e usefu l  i n genera l  connectionis t  scheme s fo r  rule-base d processing . 

5. Conclusions 

We have discussed how traditional typically sequential, rule-based processing like pars-
in g ca n b e don e i n a  completel y paralle l  manner .  I n th e desig n o f  suc h connectionis t  scheme s 

th e us e o f  pair s o f  intermediat e unit s tha t  functio n a s binder s betwee n unit s tha t  represen t  th e 

differen t  concept s appear s t o b e ver y useful .  On e ca n choos e th e threshold s o f  th e binde r  unit s 

and th e weight s o n th e inhibitor y link s i n betwee n the m suc h tha t  the y functio n a s three-stat e 

switche s (bot h unit s o n i s a  'forbidden '  state) .  Thes e pair s linke d togethe r  i n a  binar y tre e 

structur e ca n b e use d t o selec t  on e rul e (fo r  example ,  a  gramma r  rule )  ou t  o f  a  collectio n o f  al -

ternatives .  Durin g th e searc h fo r  a n optima l  matc h betwee n inpu t  dat a an d th e interna l  con -

straint s i n th e network ,  th e binde r  pair s selec t  differen t  rule s t o tes t  whethe r  the y shoul d b e 

used .  Interestingly ,  thi s bear s a  clos e resemblanc e t o ho w a  sequentia l  processin g schem e trie s 

rul e afte r  rule ;  th e advantag e o f  th e connectionis t  schem e i s tha t  man y rules ,  eac h par t  o f  a 

differen t  collectio n an d represente d i n differen t  part s o f  th e network ,  ca n b e applie d i n parallel , 

and als o ther e i s a  complet e integratio n o f  bottom-u p an d top-dow n processing . 
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We sa w tha t  th e specia l  propertie s o f  th e computationa l  schem e o f  th e Boltzman n 

machin e mad e i t  possibl e t o se t  th e weight s an d threshold s b y analyzin g th e energ y o f  smal l 

group s o f  unit s an d som e genera l  symmetr y considerations .  Anothe r  usefu l  aspec t  o f  th e 

Boltzman n schem e i s tha t  th e networ k a t  temperature s jus t  abov e th e freezin g point s visit s a 

number  o f  state s wit h energie s equa l  o r  clos e t o th e globa l  energ y min imu m o f  th e network . 

Such state s will ,  i n general ,  sho w onl y mino r  difference s fro m th e stat e o f  th e networ k tha t 

represent s th e correc t  parse ;  thi s make s th e networ k les s dependen t  o n th e particula r  choic e o f 
weight s an d thresholds . 

The next logical step in this research is the addition of a semantic component in our 

scheme,  t o exten d th e disambiguatio n capability .  Suc h a  mode l  woul d incorporat e rule s fo r 

cas e filling. 
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Figure 1 Two examples of connectionist primitives and their associated grammar rules. 

— excitator y lin k 

• _ inhibitor y lin k 

( ] main unit 

^~^ binder unit 

Figur e 2  A n exampl e o f  th e us e o f 
binde r  unit s (unit s 1 ,  2 ,  3  an d 4) . 

Figur e 3  Som e excitator y link s i n a 

typica l  configuratio n i n th e parsin g 

network ;  thei r  weight s ar e give n 
alongsid e th e links . 

excitator y lin k 

» _ inhibitor y lin k 

(verb \  hou h ( a 
K q J k V 
inpu t  group :  1 

Figur e 4  A n exampl e parsin g networ k base d o n th e gramma r  rule s give n i n (6) .  Inpu t  grou p 
# 1 consist s o f  unit s 0 ,  1 ,  an d 2 ;  grou p # 2 consist s o f  unit s 3 ,  4 ,  an d 5 ,  an d s o forth . 
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Figure 5 Average output values of computing units during simulated annealing. During the 
simulation s th e o u t p u t s o f  unit s 0  t o 1 4 w e r e fixed  t o represen t  th e inpu t  sentence . 
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Figur e 6  Th e pars e tre e o f  sentenc e (7) .  Th e number s betwee n parenthese s ar e th e number s 
of  th e correspondin g computin g unit s i n th e parsin g network . 
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1.  Introductio n 

Thi s pape r  i s abou t  adaptiv e planning .  Th e 

basi c proble m tha t  adaptiv e plannin g addresse s i s 

th e developmen t  o f  plannin g technique s fo r  re -

usin g ol d plans .  Th e capabilit y t o re-us e ol d 

plan s suggest s a  wa y t o avoi d th e proble m o f 

combinatoria l  explosio n tha t  i s  inheren t  i n brut e 

forc e plannin g methods .  Moreover ,  i t  account s 

fo r  som e o f  th e flexibility  o f  h u m a n planners :  a 

planne r  tha n ca n re-us e plan s ca n pla n abou t  a 

wid e rang e o f  phenomena ,  no t  s o muc h becaus e 

it s dept h o f  knowledg e i s  consisten t  throughou t 

tha t  range ,  bu t  becaus e i t  ca n refi t  ol d plan s t o 

nove l  contexts . 

A typica l  cas e o f  re-usin g plan s i s th e situa -
tio n whe n a  planne r  i s  abou t  t o rid e th e N Y C 

subwa y fo r  th e first  time ,  an d use s it s experience s 

on B A R T (Ba y Are a Rapi d Transit )  t o guid e it s 

plannin g activity .  Conside r  th e step s involve d i n 

ridin g B A R T (se e figure  1) .  A t  th e B A R T sta -

tio n I  bu y a  ticke t  fro m a  machine .  Next ,  I  fee d 

th e ticke t  int o a  secon d machin e whic h open s a 

gat e t o le t  m e int o th e termina l  an d the n return s 

my ticket .  Nex t  I  tak e th e train .  A t  th e exi t 

statio n I  fee d m y ticke t  t o anothe r  machin e tha t 

keep s th e ticke t  an d the n open s a  gat e t o allo w 

me t o leav e th e station .  Compar e tha t  t o th e 

step s involve d i n ridin g th e N Y C subway :  bu y a 
toke n fro m a  teller ,  pu t  th e toke n Int o a  turnstil e 

an d the n enter ,  rid e th e train ,  an d exi t  b y push -

in g thr u th e exi t  turnstile .  Give n th e B A R T 

Pla n a s depicte d I n Figur e 1 ,  ther e appear s t o b e 

littl e i n c o m m o n betwee n th e tw o procedures . 

Th e proble m wit h th e B A R T Plan ,  a s show n i n 

figure  1 ,  i s  tha t  i t  represent s thi s pla n i n isola -

tion .  I n Isolatio n th e ol d pla n doe s no t  provid e 

enoug h informatio n t o refi t  i t  t o th e N Y C sub -

way situation .  Ther e i s a  grea t  dea l  o f  back -

groun d knowledg e associate d wit h th e B A R T 

Pla n tha t  i s  no t  explicitl y  represente d i n th e 

figure  1 ,  bu t  i s  neede d i n orde r  t o re-us e th e ol d 

plan .  Withou t  th e backgroun d knowledg e th e 

B A RT Pla n i s  practicall y useles s i n th e con -

structio n o f  a  pla n fo r  ridin g th e N Y C subway . 

Th e ke y ide a t o understandin g th e adaptiv e 

plannin g approac h t o re-usin g ol d plan s is : 

M a k e explici t  th e conten t  a n d organi -
satio n o f  th e b a c k g r o u n d know ledg e 

associate d wit h th e ol d plan . 

W h at  i s know n abou t  th e B. \R T Pla n i s no t  onl y 

th e pla n itself ,  bu t  als o tha t  pla n i n relatio n t o 

al l  th e othe r  plannin g knowledg e tha t  i s availabl e 
t o th e planne r  (se e figure  2) .  Makin g explici t  th e 

backgroun d plannin g knowledg e allow s fo r  a 

difi'eren t  kin d o f  planner .  Rathe r  tha n plannin g 

by proble m solving ,  i t  become s possibl e t o pla n 

by situatio n matching .  Rathe r  tha n treatin g th e 

ol d pla n a s a  partia l  solutio n whic h i s  modifie d 

usin g wea k methods ,  suc h a s G P S (c.f .  [1]) ,  th e 

ol d pla n I s use d a s a  startin g poin t  fro m whic h 

th e ol d an d ne w situation s ar e matched ,  an d i n 

th e cours e o f  th e matchin g a  ne w pla n i s  pro -

duced . 

"  Thi s researc h wa s sponsore d i n par t  b y th e Defens e Advanc e Researc h Project s Agenc y (DOD) ,  Arp a 
Order  N o 4031 ,  Monitore d b y Nava l  Electroni c Syste m Command unde r  Contrac t  No .  N0003g-C-0235 . 

'" I would like to thank Robert Wilensky for getting me interested in the problems of commonsense 
plannin g an d th e rol e o f  memor y i n plannin g an d som e goo d discussio n a s th e idea s developed .  I 
woul d als o lik e t o than k th e othe r  member s o f  th e BAI R (Berkele y Artificia l  Intelligenc e Research ) 
grou p fo r  constructiv e input . 
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An adaptiv e planae r  calle d P L E X U S (se e 

dictionar y fo r  explanatio n o f  name )  ha s bee n con -

structed .  P L E X U S '  knowledge-bas e take s th e 

for m o f  a  network .  It s basi c strateg y i s t o matc h 

th e ol d pla n situatio n agains t  th e ne w context . 

Where difference s occur ,  change s ar e mad e t o th e 

ol d plan .  P L E X U S achieve s bot h th e detectio n 

of  difference s an d subsequen t  change s t o th e ol d 

pla n b j  exploitin g th e ne t  tha t  surround s th e ol d 

plan . 

2. Related Work 

Earl y artificia l  intelligenc e researc h o n 

plannin g an d proble m solvin g emphasize d wea k 

method s tha t  appl y t o situation s wher e extensiv e 

knowledg e i s no t  available .  Th e basi c ide a wa s 

t o produc e plan s b y manipulatin g an d combinin g 
many lo w leve l  operations .  Typica l  area s o f 

applicatio n wer e ches s playin g programs , 

theore m proving ,  an d robo t  proble m solving . 

Althoug h thes e kind s o f  method s ar e appropriat e 
i n knowledg e poo r  contexts ,  the y suffe r  fro m th e 

proble m o f  combinatoria l  explosio n an d ar e 
therefor e les s tha n idea l  i n th e knowledg e ric h 
domain s tha t  frequentl y occu r  i n common-sens e 

plannin g situations . 

MacTopa [2 ]  wa s th e first  attemp t  t o dea l 

wit h th e proble m o f  re-usin g ol d plans .  Thei r 
applicatio n domai n wa s robo t  proble m solving . 

Solution s t o ol d problem s wer e generalize d b y 
substitutin g variable s fo r  th e argument s o f  som e 

of  th e operators .  Durin g planning ,  i f  som e por -

tio n o f  a n ol d plan ,  i n it s generalize d form , 
achieve d som e goa l  o r  subgoa l  o f  th e ne w pla n i t 
was re-used . 

The majo r  limitatio n o n macrop s wa s tha t 
th e goal s an d situatio n o f  th e ol d plan ,  excep t  fo r 

wher e variable s wer e substitute d fo r  constants , 
had t o identicall y matc h th e ne w situation .  Fo r 
most  rea l  worl d problem s i t  i s  rarel y th e cas e 

tha t  th e ol d an d ne w pla n situations ,  o r  som e 
subportio n o f  them ,  ar e identical .  Mor e recen t 

development s i n th e are a o f  re-usin g plan s hav e 
attempte d t o increas e th e flexibility  o f  thi s origi -

nal  approach ,  i n term s o f  bot h pla n retrieva l  an d 

usage .  Kolodne r  &  Simpso n [3-5 j  an d H a m m o nd 
[6 ]  hav e propose d techniques ,  base d o n Schank' s 

theor y o f  Dynami c M e m o r y [7] ,  fo r  indexin g ol d 

plans .  Georgef f  [8 ]  ha s suggeste d guideline s fo r 
variabl e substitutio n unde r  analogica l  conditions . 

Carbonel l  ha s develope d a  theor y o f  wha t 

he refer s t o analogica l  proble m solving .  H e ha s 
suggeste d tw o approache s t o employin g analo -

gies .  Hi s first  approac h l,9 j  applie s a  means -

end s analysi s t o a n ol d problem ,  graduall y 

transformin g i t  int o a  solutio n fo r  a  ne w prob -

lem .  Hi s secon d approac h [10 )  dubbe d deriva -

tiona l  analogy ,  attempt s t o recreat e th e decisio n 

makin g proces s o f  relevan t  pas t  proble m solvin g 

situations ,  an d appl y tha t  decisio n makin g pro -

ces s t o th e ne w proble m situation . 

Bot h o f  thes e approache s suffe r  fro m th e 

proble m o f  dealin g wit h a  pla n i n isolation .  A s 

allude d t o i n th e introduction ,  withou t  th e con -

ten t  an d organizationa l  structur e o f  th e back -

groun d knowledg e th e ol d pla n wil l  b e practicall y 

useles s i n th e constructio n o f  a  ne w plan .  More -

ove r  ther e ar e mor e specifi c  problem s associate d 

wit h eac h o f  thes e approaches .  A  proble m wit h 

th e first  approac h i s th e dependenc e o f  means -

end s analysi s o n th e creatio n o f  effectiv e 
differenc e tables .  A  proble m fo r  th e secon d 

approac h i s tha t  i n m a n y case s a  derivationa l 

histor y i s no t  availabl e eithe r  becaus e i t  ha s bee n 
forgotte n o r  becaus e th e pla n wa s learne d b y rot e 

and therefor e a  derivationa l  histor y neve r 

existed . 

3. The Plan Network 

I n adaptiv e planning ,  plannin g knowledg e 

i s represente d i n th e for m o f  a  network .  Associ -

ate d wit h ever y pla n i n th e networ k ar e a  se t  o f 
condition s whic h ar e use d t o determin e i f  a  plan , 
or  a  ste p i n a  plan ,  i s appropriat e fo r  th e curren t 

plannin g situation .  Condition s includ e inten -

tions ,  (sub)goals ,  pre-requisites ,  an d expecte d 
outcomes .  Adaptiv e plannin g i s largel y base d o n 
situatio n matching ;  th e condition s provid e a 
checklis t  fo r  th e planne r  t o us e i n determinin g 
th e applicabilit y  o f  a n ol d plan ,  o r  step ,  t o a  ne w 

situation . 

Eac h pla n i s represente d a s a  sequenc e o f 
steps ,  and ,  recursively ,  eac h ste p i s a  pla n which , 

i n principle ,  ca n b e decompose d int o a  sequenc e 

of  steps .  Fo r  example ,  step s i n th e B A R T Pla n 
include :  buyin g a  ticket ,  enterin g a  B A R T sta -
tio n throug h a  turnstile ,  ridin g th e train ,  an d 

exitin g a  B A R T statio n throug h a  turnstile . 
Furthermore ,  ther e ar e substep s involve d i n buy -

in g a  ticket :  puttin g mone y int o th e machin e an d 
receivin g a  ticke t  i n return . 

Ther e i s a n 'is a hierarchy '  i n th e network , 
and a s i s th e nor m propertie s ar e inherite d 

throug h th e 'is a hierarchy' .  Fo r  example ,  ther e 

i s a  genera l  pla n fo r  buyin g tickets ,  an d ther e ar e 
at  leas t  tw o specialize d version s o f  tha t  plan : 
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buyin g a  ticke t  fro m a  machin e an d buyin g a 

ticke t  fro m a  teller .  Moreove r  bot h o f  thes e des -

cendant s inheri t  fro m thei r  c o m m o n ancestor s 

th e norma l  goa l  fo r  buyin g a  ticket ,  whic h i s t o 

gai n acces s t o som e service .  Finally ,  a s men -

tione d above ,  associate d wit h eac h pla n (o r  pla n 

step )  ar e a  lis t  o f  conditions .  Thes e ca n al l  b e 

inherite d a s well . 

4. The Adaptive Process 

4.1. An overview 

Havin g recalle d a  plan ,  P L E X U S mus t  us e 

th e embeddin g contex t  o f  th e ol d pla n i n orde r  t o 

refi t  i t  t o mee t  th e demand s o f  th e ne w situation . 

P L E X US refit s th e pla n b y usin g th e condition s 

t o matc h th e ol d planning  situatio n t o th e ne w 

one .  I n th e even t  tha t  difference s occur ,  i t  i s 

necessar y fo r  P L E X U S t o modif y th e ol d pla n t o 

meet  th e ne w situation . 

Some o f  th e difference s betwee n ol d an d 

ne w ar e anticipate d a t  th e outset ,  other s gro w 

out  o f  th e planner' s interactio n wit h th e environ -

ment .  Fo r  example ,  i n th e cas e wher e P L E X U S 

i s adaptin g th e B A R T Pla n t o th e situatio n a t 

th e N Y C subway ,  a n anticipate d differenc e i s 

tha t  th e planne r  n o longe r  expect s t o b e purchas -

in g a  B A R T ticket ,  bu t  instea d a  ticke t  fo r  th e 

N YC subway .  A  differenc e tha t  occur s a s a 

resul t  o f  th e planner' s interactio n wit h th e 

environmen t  i s th e realizatio n that ,  fo r  th e N Y C 

subway ,  on e doe s no t  bu y a  ticke t  fro m a 

machine ,  bu t  instea d fro m a  teller . 

Th e basi c procedur e work s a s follows : 

P L E X US adapts ,  i n order ,  on e ste p a t  a  time ,  th e 

step s o f  th e ol d plan .  Fo r  eac h step ,  i t  eithe r 

anticipate s o r  interact s wit h th e environmen t  t o 

determin e i f  th e condition s associate d wit h tha t 

ste p ar e me t  b y th e curren t  environment .  I f  th e 

condition s o f  tha t  ste p ar e me t  i t  adapt s i n a 

depth-firs t  fashio n th e subsequence s o f  tha t  step . 

W h en P L E X U S bottom s ou t  i t  move s o n t o th e 

nex t  step .  I f  i t  can' t  appl y a  ste p o f  th e ol d pla n 

i t  trie s t o find  a n abstractio n o f  tha t  ste p whic h 

wil l  wor k i n th e curren t  context .  I f  i t  succeed s i n 

finding  a n abstraction ,  i t  nex t  attempt s t o find a 

specializatio n o f  tha t  ste p tha t  wil l  wor k i n th e 

curren t  context .  Whethe r  i n it s abstractio n 

phas e o r  it s specializatio n phase ,  P L E X U S i s 

exploitin g bot h th e conten t  an d organizatio n o f 

th e backgroun d knowledg e associate d wit h th e 

ol d plan . 

Mor e specifically ,  th e ol d pla n i s adapte d t o 

th e ne w situatio n a s follows : 

1)  Chec k th e condition s o f  eac h ste p i n th e ol d 

plan .  Th e condition s o f  a  ste p include ,  vi a 

propert y inheritance ,  al l  o f  th e condition s 

of  th e 'isa '  ancestor s o f  tha t  step . 

2)  I f  th e condition s ar e me t  the n appl y tha t 

ste p t o th e curren t  situation . 

3)  I f  a t  leas t  on e o f  th e condition s fails ,  tr y a 

mor e abstrac t  versio n o f  tha t  ste p b y mov -

in g u p th e 'isa '  hierarchy . 

4)  I f  a  mor e abstrac t  versio n o f  a n ol d ste p 

works ,  tr y t o specializ e tha t  ste p b y movin g 

bac k dow n th e 'isa '  hierarchy . 

5)  Fo r  eac h step ,  i f  th e condition s o f  tha t  ste p 

ar e me t  appl y th e sam e procedur e i n a 

depth-firs t  fashio n t o th e substep s o f  tha t 

step .  W h e n th e procedur e bottom s ou t 

move o n t o th e nex t  step . 

I n a  sens e P L E X U S '  workin g hypothesi s i s 
tha t  th e ne w pla n unde r  constructio n an d th e ol d 

pla n shar e a  significan t  ancesto r  i n th e 'isa ' 

hierarchy .  B y significan t  I  mea n tha t  th e step s 

of  bot h th e ol d pla n an d th e ne w pla n ca n b e 

see n a s specialization s o f  th e share d ancestor' s 

steps .  I n fact ,  a s th e ne w pla n i s constructed , 

P L E X US discover s th e step s o f  th e mor e abstrac t 

plan .  Thes e step s ar e compose d o f  th e success -

full y borrowe d step s o f  th e ol d pla n (2 )  an d th e 

successfu l  abstraction s o f  step s fro m th e ol d pla n 

tha t  faile d t o appl y I n th e ne w situatio n (3,4) . 

Conside r  wha t  happen s whe n P L E X U S use s 

th e B A R T Pla n a s a  basi s fo r  constructin g a  pla n 

fo r  ridin g a  N Y C subway .  Figur e 2  show s a  por -

tio n o f  ne t  tha t  i s  relevan t  t o th e proble m o f 

adaptin g th e first  ste p o f  th e B A R T Pla n t o th e 

proble m o f  ridin g a  N Y C subway .  Th e first  ste p 

of  th e B A R T Pla n i s t o bu y a  ticke t  fro m a 

machine ,  bu t  i n th e ne w situatio n ther e i s n o 

machin e fro m whic h t o bu y a  ticket .  B y movin g 

up th e 'isa '  hierarch y i t  finds a  mor e abstrac t 

versio n o f  thi s ste p tha t  wil l  wor k i n th e curren t 

situation :  throug h abstractio n P L E X U S deter -

mine s tha t  becaus e ther e i s a  plac e fo r  buyin g a 

ticke t  th e pla n fo r  buyin g a  ticke t  wil l  work . 

Next  i t  move s bac k dow n th e 'isa '  hierarchy , 

specializin g th e pla n t o a  pla n fo r  buyin g a  ticke t 

fro m a  ticke t  office .  I n a  simila r  fashio n 

P L E X US adapt s th e othe r  thre e step s o f  th e 

B A RT Plan .  Th e followin g tw o section s wil l 

describ e i n greate r  detai l  wha t  i s involve d i n th e 

processe s o f  abstractio n an d specialization . 
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4.2 .  Abstractio n -  S o m e Issue s 

Thi s sectio n wil l  discus s severa l  critica l 

issue s involve d i n abstraction .  Associate d wit h 

eac h o f  thes e issue s i s a n answe r  tha t  wil l  fal l  ou t 

fro m th e explici t  introductio n o f  th e conten t  an d 

organizatio n o f  th e backgroun d knowledge . 

Firs t  ther e i s th e issu e o f  ho w t o choos e th e 

correc t  abstraction .  A  give n pla n ste p ca n hav e 

any numbe r  o f  abstraction s associate d wit h it . 

Choosin g th e wron g abstractio n ca n lea d t o th e 

wron g action .  Fo r  example ,  on e abstractio n o f 
'buyin g a  ticke t  fro m a  machine '  i s  t o 'us e a 

machine '  an d a  specializatio n o f  thi s i s t o 'us e a 

cand y machine '  (se e figure  2) .  I n th e N Y C sub -

way situatio n th e planne r  need s t o find  th e righ t 

abstractio n o f  'buyin g a  B A R T ticket '  els e i t 

may substitut e 'buyin g a  cand y ba r  fro m a 
machine '  fo r  'buyin g a  ticke t  fro m a  machine' . 

Th e planne r  ca n avoi d thi s proble m b y ascendin g 

th e 'isa '  hierarch y tha t  maintain s th e purpos e o f 
th e ste p i n th e pla n tha t  i s bein g refitted .  I n thi s 

cas e tha t  mean s movin g u p th e 'isa '  hierarch y 

toward s 'gai n access' . 

A secon d issu e concern s knowin g whe n t o 
loo k fo r  a n alternat e versio n o f  a  step .  Fo r 

example ,  suppos e th e planne r  i s tryin g t o adap t 

it s B A R T Pla n t o th e Washingto n D.C .  subwa y 

system .  Lik e B A R T o n th e D.C .  metr o ticket s 
ar e bough t  fro m a  machine .  Suppos e th e planne r 
trie s t o bu y a  ticke t  fro m a  machin e bu t  it s  dol -
la r  bil l  i s  rejecte d becaus e i t  i s  to o crumpled ,  th e 
planne r  shoul d no t  abando n th e ste p t o bu y a 
ticke t  fro m a  machine .  B y makin g th e back -

groun d knowledg e explici t  i t  become s apparen t 

why th e ste p i s no t  abandone d (se e figure  2) . 
Th e conditio n tha t  i s failin g i s no t  associate d 
wit h 'buyin g a  ticke t  fro m a  machine' ,  bu t 
instea d wit h on e o f  it s substep s 'inser t  dolla r 
bill' .  Th e poin t  i s  tha t  th e proble m i s no t  wit h 
th e ste p bu t  wit h th e subste p an d i t  i s  th e sub -
ste p tha t  need s t o b e refitted . 

A thir d issu e concern s th e proble m o f  whe n 
a planne r  shoul d sto p abstracting .  I n th e N Y C 

subwa y situation ,  whe n th e planne r  discover s 
ther e i s n o ticke t  machine ,  th e righ t  abstractio n 
t o mov e t o i s 'bu y a  ticket' .  I n th e cas e wher e 

th e planne r  i s tryin g t o rid e B A R T an d th e prob -
le m i s s/h e doe s no t  hav e an y money ,  th e planne r 
need s t o mov e abov e 'pa y fo r  access '  t o th e 

abstractio n 'gai n access' ,  thu s allowin g fo r  th e 
specializatio n 'brea k in '  (se e figure  2) .  Agai n th e 
explici t  introductio n o f  th e conten t  an d organiza -

tio n o f  th e backgroun d knowledg e allow s fo r  a 

simpl e solution :  th e planne r  need s t o m o v e u p 

th e 'isa '  hierarch y t o a  positio n abov e th e condi -

tio n tha t  i s failing .  I n th e cas e o f  th e N Y C sub -

way situatio n th e failin g conditio n i s tha t  ther e 

exist s n o ticke t  machine ,  whic h i s associate d wit h 

'buyin g a  ticke t  fro m a  machine' ,  bu t  no t  'buy -

in g a  ticket' .  I n th e cas e o f  th e B A R T situatio n 

th e failin g conditio n i s associate d wit h 'payin g 

fo r  access '  bu t  no t  'gai n access' .  I n eithe r  cas e 

th e solutio n i s t o mov e t o a n abstractio n tha t  ha s 

no failin g condition ,  bu t  ha s a  so n wit h one . 

A fourt h wa y i n whic h th e structur e o f  th e 

backgroun d knowledg e aid s adaptatio n i s tha t  i t 

partiall y  order s alternat e version s o f  a  faile d 

step .  Fo r  example ,  'gai n access '  i s  a  mor e 

abstrac t  versio n o f  'buyin g a  ticke t  fro m a 

machine '  the n i s 'buyin g a  ticket' .  Consequently , 

i n th e N Y C subwa y situatio n 'buyin g a  ticke t 

fro m a  teller '  wil l  b e availabl e a s a n alternat e 
pla n befor e 'breakin g in' . 

5. Specialization - Some Issues 

Where abstractio n i s initiate d b y th e expec -
tation s forme d fro m th e ol d pla n an d drive n b y 
th e planner' s observations ,  specializatio n i s no t 
necessaril y  initiate d b y expectations .  Agai n con -

side r  th e cas e o f  adaptin g th e B A R T Pla n t o th e 

N YC subwa y situation .  Th e expectatio n forme d 
fro m th e ol d pla n i s tha t  ther e wil l  b e a  machin e 
fro m whic h t o bu y a  B A R T ticket .  Thi s expecta -
tio n i s immediatel y amended ,  du e t o anticipate d 
difl"erences ,  t o a n expectatio n tha t  ther e wil l  b e a 

machin e fro m whic h t o bu y a  N Y C subwa y 
ticket .  S o th e planne r  look s fo r  a  ticke t  machine , 
non e exists ,  an d therefor e i t  continue s abstrac -
tion .  Fo r  presen t  concerns ,  th e ke y poin t  i s  tha t 
when th e planne r  observe s it s environmen t  i t  i s 

lookin g fo r  a  particula r  object ,  i n thi s cas e a 
ticke t  machine .  N o w contras t  tha t  t o th e situa -

tio n tha t  confront s th e planne r  whe n i t  attempt s 
t o for m a  specializatio n o f  th e abstractio n i t  ha s 
jus t  determined .  I n th e cas e o f  buyin g a  subwa y 

ticket ,  throug h th e proces s o f  abstraction ,  th e 
planne r  determine s tha t  i t  stil l  want s t o bu y a 

ticket ,  bu t  ther e i s n o machin e fro m whic h t o 
bu y it .  Th e poin t  i s  tha t  specializatio n i s no t 
necessaril y  initiate d b y a n expectatio n generate d 
fro m th e planner' s memory .  I t  i s  entirel y possi -

bl e tha t  th e planne r  look s aroun d an d notice s a 
ticke t  booth ,  whic h thereb y initiate s th e speciali -
zatio n o f  th e pla n 't o bu y a  ticket '  t o a  pla n 't o 

bu y a  ticke t  fro m a  ticke t  teller' .  O n th e othe r 
hand ,  i t  i s  equall y possibl e tha t  th e planne r  first 

form s a n expectatio n tha t  a  ticke t  boot h migh t 
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exis t  an d the n i t  look s fo r  it . 

Such consideration s shoul d sugges t  tha t  th e 

movement  toward s specializatio n i s a  mor e com -

plicate d blen d o f  expectatio n an d observatio n 

tha n i n th e cas e o f  th e movemen t  toward s 

abstraction .  Rathe r  tha n applyin g a n absolut e 

rul e fo r  initializin g specializatio n b y on e o r  th e 

othe r  means ,  i t  appear s tha t  th e planne r  mus t 

deal  wit h specializatio n o n a  cas e b y cas e basis . 

However ,  i t  i s  possibl e t o provid e a  criteri a fo r 

choosin g on e metho d o f  initiatio n ove r  th e other . 

For  example ,  i t  coul d b e th e cas e tha t  a n alterna -

tiv e i s strongl y suggeste d b y th e typ e o f  failur e 

tha t  occurs .  S o i f  a  planne r  i s tryin g t o ge t 

chang e fro m a  change-machin e an d th e dolla r  i s 

returne d becaus e i t  i s  t o crumpled ,  a n alternat e 

pla n i s strongl y suggeste d b y th e natur e o f  th e 

failur e (i.e .  flatten  ou t  th e dolla r  bil l  an d tr y 

again) .  Ther e ar e als o case s wher e th e expecta -

tio n tha t  a  particula r  alternat e pla n migh t  wor k 

i s dictate d no t  s o muc h b y th e natur e o f  th e 

failure ,  bu t  rathe r  b y a  bia s toward s th e norma l 

specializatio n o f  a  particula r  abstraction .  Suc h I 

believ e i s th e cas e o f  buyin g a  ticke t  fo r  th e N Y C 

subway .  W h e n th e pla n t o bu y a  ticke t  fro m a 

machin e fail s an d th e planne r  determine s tha t  i t 

stil l  want s t o bu y a  ticket ,  th e planne r  i s biase d 

toward s th e norma l  pla n fo r  buyin g a  ticke t 

whic h i s t o bu y ticke t  fro m a  ticke t  teller .  O n 

th e othe r  hand ,  whe n n o alternativ e stand s out , 
th e valu e o f  observin g th e surroundin g environ -

ment  fo r  clue s greatl y increases .  Overal l  th e 

planner' s strateg y i s t o tr y a  likel y specializatio n 

i f  i t  i s  someho w suggeste d b y circumstances ,  an d 

i f  tha t  fail s  observ e th e plannin g environmen t  fo r 

clues . 

6. Summary and Conclusions 

Adaptiv e plannin g i s a  nove l  approac h t o 

planning .  A s oppose d t o plannin g b y wea k 

methods ,  it s basi c procedur e i s t o recal l  simila r 

plannin g situation s an d refi t  the m t o mee t  th e 

demands o f  th e curren t  context .  Th e basi c ide a 

i s tha t  th e networ k o f  relationship s i n whic h a 

plannin g procedur e i s embedde d ca n b e exploite d 

t o refi t  a n ol d pla n t o a  ne w situation .  Th e 

difi'erence s i n th e curren t  plannin g situatio n an d 

th e contex t  associate d wit h th e ol d pla n guid e 

th e adaptiv e process .  B y exploitin g th e conten t 

and organizatio n o f  th e backgroun d knowledg e i t 

becomes possibl e t o pla n b y situatio n matching . 
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»t-b»rt.it*tio n tiektUretorae d INSERT-TICKE T TURNSTILE-OPE N 

F i g u r e 2 .  B A R T P l a n w i t h B a c k g r o u n d K n o w l e d g e Explicit . 
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Abstract 

I n thi s paper ,  w e presen t  a  proces s mode l  o f  editoria l  comprehension ,  representation ,  an d retrieval . 
Editoria l  comprehensio n involve s buildin g a n argumen t  grap h organize d b y abstrac t  argumen t  strategie s 
whic h ar e represente d declarativel y a s argumen t  unit$ .  Issue s include :  (a )  organizin g an d indexin g goals , 
plans ,  events ,  states ,  beliefs ,  an d belie f  justification s instantiate d durin g comprehensio n o f  editoria l  argu -
ments ;  an d (b )  retrievin g informatio n fro m conceptua l  representation s o f  editoria l  arguments .  Thi s pro -
ces s mode l  o f  reasonin g an d argumen t  comprehensio n i s currentl y bein g implemente d i n OpE d (Alvarad o 
et  al. ,  1985a) ,  a  compute r  syste m tha t  read s shor t  politico-economi c editorial s an d answer s question s 
abou t  them . 

1.  Introductio n 

Understandin g a  newspape r  o r  magazin e editoria l  require s buildin g interna l  conceptua l  representa -

tion s o f  editoria l  argument s tha t  includ e goals ,  plans ,  events ,  states ,  beliefs ,  an d belie f  justifications .  Thi s 

involve s applyin g linguisti c knowledg e (e.g. ,  knowledg e o f  lexica l  item s tha t  refe r  t o domain-specifi c 

objects ,  beliefs ,  causality ,  etc. )  a s wel l  a s recognizin g an d instantiatin g a  disparat e numbe r  o f  knowledg e 

structures ,  suc h as :  goal s an d plan s (Schan k an d Abelson ,  1977 ;  Wilensky ,  1983) ;  ideologie s (Carbonell , 

1981) ;  affectiv e reaction s (Dyer ,  1983) ;  belie f  an d belie f  justification s (Alvarad o e t  al. ,  1985a ;  Flowers , 

1985 ;  Flower s e t  al. ,  1982 ;  Toulmin ,  1979) ;  an d argumen t  unit s (Alvarad o e t  al. ,  1985a ,  b) .  Fo r  example , 

conside r  th e followin g editoria l  excerp t  fro m (Thurow ,  1983) : 

E D - T A R I F F S 

The Reaga n administratio n argue s tha t  Americ a doe s no t  nee d a n industria l  polic y sinc e al l  govern -
ment  ha s t o d o t o guarante e economi c succes s unde r  capitalis m i s kee p ou t  o f  th e way .  Ye t  th e Reaga n 
administratio n ha s jus t  .. .  increase[d ]  tariff s o n larg e motorcycle s fro m 4. 4 percen t  t o 49. 4 percent . 

Understandin g E D - T A R I F F S require s realizin g that :  (a )  th e Reaga n administration' s belie f  tha t  n o indus -

tria l  polic y i s neede d i s supporte d b y it s laissez-fair e belief ;  (b )  tariff s ar e P R O T E C T I O N - P L A NS use d b y 

th e governmen t  t o contro l  imports ;  an d (c )  th e Reaga n administration' s behavio r  i s  hypocritica l  sinc e 

increasin g tariff s g o agains t  a  laissez-fair e policy . 

T h e m e m o r y representatio n o f  a n editoria l  mus t  als o includ e indexin g structure s an d acces s link s 
whic h ar e create d durin g editoria l  comprehensio n an d late r  use d b y searc h an d retrieva l  processe s durin g 

questio n answering .  Fo r  instance ,  answerin g th e followin g questio n abou t  E D - T A R I F F S : 

Q:  Doe s Americ a nee d a n industria l  policy ? 

A:  T h e Reaga n Administratio n believe s tha t  Americ a doe s no t  nee d a n industria l  policy . 

requires :  (a )  indexin g structure s fro m genera l  an d specifi c  plan s t o thei r  instantiation s an d acces s link s 

betwee n instantiate d P L A N S an d thei r  associate d BEL IEFS ;  an d (b )  retrieva l  function s tha t  tak e P L A N S 

and G O A L S a s inpu t  an d retriev e appropriat e BEL IEFS . 

I n thi s paper ,  w e discus s memor y representatio n an d memor y retrieva l  technique s whic h ar e 

currentl y bein g implemente d i n O p E d (Opinion s to/fro m th e Editor )  (Alvarad o e t  al ,  1985a) ,  a  compute r 
progra m tha t  read s an d answer s question s abou t  short-politic o economi c editorials .  O p E d i s a n integrate d 

natura l  understandin g system ,  i.e. ,  i t  use s th e sam e conceptua l  parse r  durin g editoria l  comprehensio n an d 

questio n answering .  OpE^l' s desig n i s  base d o n th e demon-base d conceptua l  parse r  implemente d i n 

B O R I S (Dyer ,  1983 )  an d th e questio n answerin g theor y develope d b y Dye r  an d Lehner t  (1982 )  a s a n 

extensio n o f  previou s wor k b y Lehner t  (1978) .  T h e example s presente d i n thi s pape r  wil l  b e take n fro m 
th e followin g editoria l  segmen t  b y Milto n Friedma n (1982) : 

^Th c wor k o f  thc M kotho n wa a putlAll y rappoitcd  b y »  fiu t  t n m th « W .  M .  Kee k FoandatloD ,  wtt h imtchio c Aud i  fh>ii i  th e U C L A Schoo l 
of  Eb(liieerij> c an d Aî lle d Sdeoec .  Suppor t  w m aJi o provide d throng b u > IB M Facult y Developmen t  Awar d t o th e tecon d author . 

228 



E D - J O BS 

Recent  protectionis t  measure s b y th e Reaga n administratio n hav e disappointe d u s .. .  (voluntary ] 
limit s o n Japanes e export s o f  automobile s .. .  ar e .. .  ba d fo r  th e natio n .. .  Fa r  fro m savin g jobs ,  th e limita -
tion s o n import s wil l  cos t  jobs .  I f  w e impor t  less ,  foreig n countrie s wil l  ear n fewe r  dollars .  The y wil l  hav e 
les s t o expen d o n U.S .  exports .  Th e resul t  wil l  b e fewe r  job s i n expor t  industries . 

2. Conceptual Representation of an Editorial 

Th e memor y representatio n o f  a n editoria l  form s a  grap h o f  conceptua l  construct s instantiate d dur -

in g editoria l  comprehension .  Withi n thi s graph ,  instantiate d construct s ar e connecte d b y m e m o r y link s 

tha t  indicat e ho w the y relat e t o on e another ,  i.e. ,  th e link s indicat e knowledg e dependencie s suc h as : 

causa l  dependencies ,  support/attac k relationships ,  containmen t  relationships ,  an d indexin g relationships . 

Fiv e majo r  element s compos e th e conceptua l  grap h o f  a n editorial : 

1)  Instantiation s of :  domain-specifi c  object s (e.g. ,  nations) ,  goak ,  plans ,  events ,  states ,  affectiv e 

reactions ,  an d participant s i n editoria l  argument s (e.g. ,  th e editoria l  write r  an d hi s implici t 

opponents) . 

2)  Instantiation s o f  belief s o f  participant s i n editoria l  arguments . 

3)  A n argumen t  grap h (Birnbaum ,  1982 ;  Flower s e t  al. ,  1982 )  whic h include s al l  instantiate d 

beliefs ,  belie f  relationships ,  an d belie f  justification s involvin g th e differen t  participant s i n edi -

toria l  arguments . 

4)  Instantiation s o f  argumen t  unit s whic h organiz e abstrac t  knowledg e abou t  reasonin g an d argu -

mentation . 

5)  Indexin g structure s whic h allo w searc h an d retrieva l  processe s acces s t o th e argumen t  graph . 

I n thi s section ,  w e focu s o n beliefs ,  argumen t  graphs ,  an d argumen t  units . 

2.1 .  Belief s 

Compute r  comprehensio n o f  editorial s i s base d o n th e capabilit y  o f  recognizin g beliefs ,  belie f  sup -

ports ,  an d belie f  attacks .  Curren t  tex t  understandin g program s ar e capabl e o f  readin g storie s involvin g 
stereotypi c situations ,  goa l  an d plannin g situations ,  an d comple x h u m a n interaction s (Cullingford ,  1978 ; 
DeJong ,  1979 ;  Dyer ,  1983 ;  Lebowitz ,  1980 ;  Wilensky ,  1983) .  However ,  thos e program s canno t  rea d edi -

torial s sinc e the y lac k basi c mechanism s for :  (a )  understandin g an d keepin g trac k o f  belief s an d belie f 
justifications ,  an d (b )  usin g worl d knowledg e durin g reasonin g comprehension . 

Abelso n (1979 )  ha s pointe d ou t  tha t  eve n thoug h belie f  system s shar e c o m m o n groun d wit h 
knowledg e systems ,  belief s ca n b e se t  apar t  fro m structure d knowledge .  Belief s ar e no t  goals ,  plans , 
events ,  o r  states ,  bu t  rathe r  predication s abou t  thes e structure s an d thei r  relationship s (Abelson ,  1973) . 

For  example ,  th e followin g predication s ca n b e distinguished : 

£'i;a/uaiit;e ;  Free-trad e economist s believ e tha t  protectionis t  measure s ar e bad . 

Judgemental :  Free-trad e economists  believ e tha t  th e U.S .  shoul d no t  rene w voluntar y quota s o n 
Japanes e export s o f  automobiles . 

Causal :  Free-trad e economist s believ e tha t  voluntar y limit s o n Japanes e export s o f  automobile s wil l 
cos t  job s i n th e U.S. . 

Expectational :  America n aut o maker s believ e tha t  th e Reaga n administratio n wil l  rene w th e volun -
tar y quota s o n Japanes e export s o f  automobiles . 

Factual :  Th e Reaga n administratio n believe s tha t  America n aut o maker s hav e alread y returne d t o 
profitability . 

Belief s abou t  Belief s (Wilk s an d Bien ,  1983) :  Wester n countrie s believ e tha t  Easter n countrie s 

believ e tha t  Wester n countrie s wil l  launc h a  nuclea r  attack . 

H ow ar e belief s represente d i n O p E d ? W e conside r  tha t  eac h belie f  consist s of :  (a )  th e holde r  o f  th e 
belief ;  (b )  belie f  contents ;  an d (c )  link s tha t  indicat e whethe r  th e belie f  attacks ,  supports ,  o r  i s  supporte d 

by othe r  beliefs .  Fo r  example ,  Friedman' s belie f  tha t  voluntar y limit s o n import s wil l  cos t  job s i s 

represente d as : 

(BELIE F BELIEVE R (FR IEDMAKO ) 
CONTENT (PROTECTION-PLAN O - - thwar t - - > P -JOBO) ) 

wher e F R E D M A NO refer s t o a n instantiatio n o f  OpEd' s knowledg e abou t  Friedman ,  P R O T E C T I O N-
P L A NO t o a n instantiatio n o f  protectionis t  plans ,  an d P-JOB O t o a n instantiatio n o f  th e goa l 
P R E S E R V E - J O B. 
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I n general ,  content s o f  belief s involv e either :  (a )  a  causa l  dependency ;  (b )  a  chai n o f  causa l  depen -

dencies ;  o r  (c )  a n evaluativ e component .  Causa l  dependencie s usuall y includ e intentiona l  relationship s 

betwee n goals ,  plans ,  events ,  an d states ,  suc h as :  goa l  motivation ,  goa l  failure ,  goa l  achievement ,  goa l 

suspension ,  even t  realization ,  pla n intention ,  an d pla n enablement .  Thes e dependencie s ar e represente d 

by mean s o f  intentiona l  link s (I-links )  (Dye r  an d Lehnert ,  1982) .  Othe r  non-intentiona l  causa l  dependen -

cie s suc h a s relationship s betwee n economi c quantitie s (Riesbeck ,  1983) ,  ar e represente d usin g a  genera l 

causa l  link .  Fo r  example ,  E D - J O B S contai n th e followin g causa l  dependencies : 

Goal  Failure :  Executin g th e Reaga n Administration' s P R O T E C T I O N - P L A N (i.e. ,  th e limitation s o n 

imports )  thwart s th e goa l  P R E S E R V E - J O B S. 

Goal  Achievement :  Executin g th e P R O T E C T I O N - P L A N wil l  achiev e th e goa l  P R E S E R V E - J O B S. 

Consequen t  State :  Earnin g fewe r  dollar s motivate s havin g les s resource s t o bu y imports . 

Belief s whic h contai n evaluativ e component s (Abelson ,  1979 )  refe r  t o hig h leve l  abstraction s suc h 

as " X believe s tha t  Y  i s G O O D"  an d " X believe s tha t  Y  i s B A D "  tha t  indicat e whethe r  X  lead s t o posi -

tiv e o r  negativ e outcome s (e.g. ,  goa l  an d expectatio n failure s o r  achievements) .  W e believ e tha t  " G O O D " 

and " B A D "  ar e primitive s whic h ac t  a s plac e holders ,  muc h lik e D O i n Conceptua l  Dependenc y (CD ) 

theor y (Schank ,  1973 ,  1975) .  Fo r  example ,  i n th e C D representatio n o f  "Joh n kille d Mary" : 

(LEAD-T O ANTECEDENT (D O ACTOn (JOHN) ) 
CONSEQUENT (STATE-CHANG E STAT E (PHYS-STAT E CHARACTER (HART) ) 

FROy (  >  -1 0 ) 
TO (  <  -1 0 )  ) ) 

D O i s a  plac e holde r  fo r  John' s actio n whic h ca n late r  b e filled  i f  w e hea r  th e actua l  action s (e.g. ,  "Joh n 

strangle d Mar y t o death") .  Similarly ,  G O OD an d B A D ar e plac e holder s fo r  unknow n positiv e an d nega -

tiv e outcomes .  Thus ,  G O OD an d B A D als o trigge r  expectation s fo r  positiv e an d negativ e outcomes . 

2.2 .  A r g u m e n t  G r a p h 

Understandin g a n editoria l  require s integntin g explici t  an d implici t  belief s an d belie f  justification s 

int o a n argumen t  grap h (Birnbaum ,  1982 ;  Flower s c t  al. ,  1982) .  Withi n thi s graph ,  belief s ar e connecte d 

by link s tha t  indicat e whethe r  the y suppor t  o r  attac k on e another .  Durin g tex t  comprehension ,  ever y 

ne w belie f  o r  belie f  justificatio n i s integrate d int o th e grap h b y usin g thos e links .  Th e attac k an d suppor t 

relationship s ar e establishe d fro m th e applicatio n o f  th e inferenc e rule s for :  (a )  recognizin g belief s an d 

belie f  relationships ,  an d (b )  followin g belie f  justifications .  Fo r  example ,  th e followin g attac k an d suppor t 

relationship s ar e presen t  i n ED-JOBS : 

Suppor t  Relationshi p betwee n Beliefs :  Friedman' s genera l  belie f  tha t  th e limitation s o n import s ar e 

bad ^  i s supporte d b y hi s specifi c  belie f  tha t  th e limitation s o n import s wil l  cos t  job s i n th e U.S . 

Supportin g Cause-Effec t  Chain :  Friedman' s specifi c  belie f  i s supporte d b y th e cause-effec t  chai n tha t 
indicate s ho w a  reductio n i n import s produce s a  reductio n o f  job s i n expor t  industries . 

Attac k Relationshi p betwee n Beliefs :  Friedman' s specifi c  belie f  attack s th e Reaga n administration' s 

belie f  tha t  th e limitation s wil l  sav e jobs . 

I n general ,  suppor t  relationship s ar e themselve s supporte d b y warrants ,  i.e. ,  mor e basi c belief s 

whic h stat e tha t  conclusion s ca n b e draw n fro m supportin g evidence s (Flower s e t  al. ,  1982 ;  Toulmin , 

1982) .  Thes e warrant s ar e recognize d an d instantiate d b y inferenc e rule s fo r  recognizin g belief s an d belie f 

relationships .  I n addition ,  sinc e warrant s ar e jus t  beliefs ,  the y ca n themselve s b e attacked .  Fo r  example , 

th e suppor t  relationshi p betwee n Friedman' s genera l  belie f  tha t  th e limitation s ar e ba d an d hi s specifi c 

belief s tha t  th e limitation s o n import s wil l  cos t  jobs ,  i s  base d o n th e followin g principle : 

"I F a  P L A N - P thwart s a  P R E S E R V A T I ON G O A L ,  T H E N P L A N - P i s B A D . " 

Belief s o f  th e for m " X believe s tha t  C  cause s E "  ar e usuall y supporte d b y a  belie f  whos e content s 

represen t  a n expansio n o f  th e cause-effec t  relationship .  I n thi s case ,  th e warran t  o f  th e suppor t  relation -

shi p i s provide d b y th e followin g genera l  rule : 

"I F C  cause s E l  A N D E l  cause s E 2 A N D .. .  E n cause s E ,  T H E N C  cause s E. " 

For  example ,  Friedman' s specifi c  belie f  abou t  th e limitation s o n import s i s supporte d b y a  cause-effec t 

chai n i n E D - J O B S o f  ho w reduction s i n import s produc e reduction s i n exports . 

O p Ed Infer s Friedman' )  belie f  fro m th e affec t  deKriptio n "dlMppolnted " 

23 0 



2.3 .  Argumen t  Unlt a 

Argumen t  unit s (AUs )  ar e abstrac t  reasonin g structure s whic h organize :  (a )  belief ,  goals ,  an d plans ; 

and (b )  suppor t  an d attac k chain s o f  reasonin g an d relationship s i n arguments .  Seve n argumen t  uni t 

hav e bee n initiall y  identified :  AU-ACTUAL-CAUSE,  AU-OPPOSITE-EFFECT ,  AU-EXPECTATION-

FAILURE,  AU-HYPOCRISY,  AU-ACTUAL-EFFECT,  AU-EQUIVALENCE,  an d AU-RELEVANT-ISSUE . 

Each argumen t  uni t  ca n b e cue d b y specifi c  construct s whic h involve :  (a )  argumen t  connective s suc h 

as "o n th e contrary" ,  "fa r  from" ,  "but" ,  an d "yet" ,  whic h signa l  oppositio n an d expectatio n failures ;  an d 

(b )  goal ,  plan ,  an d belie f  relationships .  A s a  result ,  followin g a n argumen t  involve s recognizin g thes e con -

structs ,  accessin g th e specifi c  conceptualization s the y refe r  to ,  mappin g fro m the m int o thei r  appropriat e 

argumen t  unit ,  an d triggerin g tha t  argumen t  unit' s  inferenc e rule s fo r  recognizin g belief ,  suppor t  an d 

attac k chain s o f  reasonin g an d relationships .  Thi s recognitio n proces s relie s o n expectation s generate d 

afte r  a n argumen t  connectiv e i s found .  Thes e expectation s involv e specifi c  informatio n abou t  abstrac t 

goal ,  plan ,  an d belie f  relationship s tha t  preced e an d follo w eac h correspondin g argumen t  connective . 

Instantiatin g argumen t  unit s help s buil d argumen t  graphs .  Fo r  instance ,  conside r  AU-OFFOSITEJ -

EFFECT.  Thi s argumen t  uni t  embodie s th e followin g chai n o f  reasoning : 

Althoug h Y  believe s tha t  executin g hi s P L A N P  wil l  achiev e G O AL G ,  SEL F doe s no t  believ e thi s 

becaus e SEL F believe s tha t  executin g P  wil l  thwar t  G.  Therefore ,  SEL F believe s tha t  P  i s bad . 

wher e SEL F refer s t o th e characte r  wh o use s AU-OPPOSITE-EFFECT .  Th b chai n o f  reasonin g contain s 

a suppor t  relationship ,  a  warran t  o f  th e suppor t  relationship ,  a n attac k relationship ,  an d a  declarativ e 
opposit e relationshi p betwee n tw o causa l  dependencies : 

Suppor t  Relationship :  SELF' S genera l  belie f  tha t  Y' s P L A N P  i s ba d i s supporte d b y SELF' s specifi c 
belie f  tha t  P  thwart s G O AL G . 

Warrant :  I F th e executio n o f  a  P L A N P  thwart s a  G O AL G  whic h P  intende d t o achieve ,  T H E N P 

i s BAD . 

Attac k Relationship :  SELF' s specifi c  belie f  attack s Y' s belie f  tha t  Y' s P L A N P  achieve s G O AL G . 

Opposit e Relationship :  Thwartin g G  b y executin g P  i s th e opposit e o f  achievin g G  b y executin g P . 

These relationship s ar e illustrate d i n th e figure  below . 

AU-OPPOSITE-EFFECT 
•  - t 

BELIEF l  Believe r  (BELIEVERl )  fARRANT l  I 
/ ^  Conten t  (BA D PLAN-P )  •  •  j 
I  I  I F th e executio n o f  a  PLAN- P thwart s I  j 

support < suppor t  +  a  GOAL- G whic h PLAN- P intende d t o I  I 
I  lachieve ,  THE N PLAN- P i s BAD.  I  I 
I  ^  ^  I 

BELIEF2 < attac k >BELIEF 3 I 
Believe r  (BELIEVERl )  Believe r  (BELIEVER2 )  | 
Conten t  (PLAN- P -thwart- > GOAL-G)  Conten t  (PLAN- P -achieTe- > GOAL-G)  | 

I  I  I 
+ opposit e +  I 

+ • 

Argument participants commonly convey AU-OPPOSITE-EFFECT using the following constructs: 

1)  <Fa r  fro m ACHIEVIN G GOAL-G,  PLAN- P THWARTS GOAL-G> 

2)  <PLAN- P NOT-ACHIEVES GOAL-G.  O n th e contrary ,  PLAN- P THWARTS GOAL-G. > 

wher e "fa r  from "  an d "o n th e contrary "  indicat e th e relatio n o f  opposition . 

2.4 .  Buildin g Editoria l  M e m o r y 

How doe s th e comprehensio n proces s wor k an d wha t  doe s memor y loo k lik e afterwards ? Belo w fol -
low s a  simplifie d trac e o f  ho w OpEk i  processe s ED-JOBS : 

.  .  .  measure s .  .  .  disappointe d u s 
===> PLA N executio n --cau8e-- > NEGATIVE-AFFECT 

==infer== > Bl :  Friedma n believe s (measure s are  BAD) 

. . . limits . . . bad for the nation 
===> limit s --cau8e-- > GOAL FAILUR E U.S . 

==infer== > B2 :  Friedma n believe s (limits--cauBe-- > GOAL FAILUR E U.S. ) 
B2 support s B l 
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•. .  Fa r  fro m sayin g .. .  l imitat ion s coa t 
===> l imit s -- .chi .Te-- > P-JO B U . i t ,  --thw»rt-- > P-JO B 

I  I 
•  ~-o p posi t *  • 

==inf«r== > B 2 :  Friedma n bel isTe s (li.it B --thw»rt-- > P-JO B U.S. ) 
act lTat e AU-OPPOSITE-EFFEC T 
==infer== > B3 :  Reaga n sdm .  bel ieve s (limit s --»chieTe-- > P-JO B U.S. ) 

... import less ... earn fever ... less to spend ... fever jobs 
===> CAUSE-EFFECT-CHAINO 

^ impor t  --cause- > ^foreign- incom e --cau8e- > >|/ezpor t  --cause- > ^job s 

==infer==> B4: Friedman belieres (CAUSE-EFFECT-CHAINO) 
B4 support s B 3 

The following diagram shows a simplified version of the memory representation currently con-
structe d b y OpE d whil e parsin g ED-JOBS : 

AU-OPPOSITE-EFFECT 
Fr iedma n bel ieve s 
tha t 
l imitat ion s ar e BA D 

. *  * • 

Fr iedma n bel ieve s • 
tha t 
l imitat ion s -t- > P-JO B 

IBELIEF I  I  I  I F a  PLAN- P thwart s I 
I  /f ^  ^  suppor t  • a PRESERVATION GOAL,  I 
I  I  >̂ ^  I  I  THEN PLAN- P i s BAD.  I 
I  support < suppor t  lARRANT i  I  •  • 
I I  ^  '  , 
4..̂ ^  I  y ^  I  Reaga n adm .  believe s 
|BELIEF2 < attac k >BELIEF3 |  tha t 
•- -  A  *  l imitation s -a- > P-JO B 

I 

abbrev iat ions : 
a -  achievemen t 
c -  causatio n 
t  -  thwart in g 
^  -  decreas e 

support< - -support -
|I F C  cause s E i  | 
•AND E l  cause s .. .  E n I 
lAN D E n cause s E ,  I 

1̂  ITHE N C  cause s E .  | 
BELIEF 4 V ^  •  • 

Friedma n believe s tha t 
^IMPORT -c- > iFOREIGN-INCOM E -c- > 4-EXPORT -c- > JrJO B 

As th e abov e diagra m indicates ,  th e bul k o f  th e editoria l  memor y i s containe d i n th e argumen t  grap h 
tha t  depict s support/attac k relationship s betwee n belief s an d cause-effec t  chains .  Beside s organizin g 
severa l  support/attac k relationships ,  AU-0PP0S1TE>EFFECT provid e necessar y inference s for :  (a )  recog -
nizin g an d integratin g int o th e argumen t  grap h th e attac k relationship ;  an d (b )  recognizin g tha t  th e 
Reagan administratio n believe s tha t  th e limitation s wil l  sav e jobs .  I n addition ,  AU-OPPOSITE-EFFEC T 
capture s th e poin t  o f  Friedman' s argumen t  an d indexe s th e argumen t  grap h fo r  subsequen t  retrieval . 

3.  M e m o r y Retrieva l 

Durin g questio n answering ,  th e argumen t  grap h ha s t o b e accesse d b y searc h an d retrieva l 
processes .  Thus ,  initia l  entr y t o th e grap h mus t  b e provide d b y structure s tha t  inde x belief s an d belie f 
justifications .  W e hav e initiall y  identifie d fou r  indexin g schemes  base d o n ho w recal l  i s  don e whe n 
answerin g question s abou t  editorials :  (1 )  indexin g b y containmen t  (i.e. ,  goal ,  plan ,  event ,  an d stat e index -
ing) ;  (2 )  indexin g b y affects ;  (3 )  indexin g b y argumen t  participants ;  an d (4 )  indexin g b y argumen t  units . 

(1 )  Indexin g b y Containment :  Eac h instantiate d goal ,  plan ,  event ,  an d stat e indexes : 

a)  Belief s an d cause-effec t  chain s whic h contai n tha t  goal ,  plan ,  event ,  o r  state .  Fo r  example ,  th e 
goal  P R E S E R V ED J O B indexe s bot h Friedman' s specifi c  belie f  an d th e Reaga n administration' s 
belie f  abou t  th e administration' s P R O T E C T I O N - P L A N s. 

b)  Structure s use d i n representin g tha t  goal ,  plan ,  event ,  o r  state .  Fo r  example ,  th e goa l 
P R E S E R V E - J OB indexe s th e Reaga n Administratio n a s th e goal' s holder . 

(2 )  Indexin g b y Affects :  Eac h instantiate d affec t  indexe s it s associate d belief .  Fo r  example ,  Friedman' s 
N E G A T I V & A F F E CT indexe s hi s belie f  tha t  P R O T E C T I O N - P L A Ns ar e B A D . 

(3 )  Indexin g b y A r g u m e n t  Participants :  Eac h instantiate d argumen t  participan t  indexes : 

a)  Th e argumen t  participant' s lo p beliefs .  A  to p belie f  i s  on e tha t  doe s no t  suppor t  othe r  beliefs . 
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b)  Argumen t  unit s use d b y tha t  participant .  Fo r  example ,  OpE d accesse s vi a Friedma n th e 

instantiatio n o f  AU-OPPOSITE-EFFECT . 

(4 )  Indexin g b y Argumen t  Units :  Eac h instantiate d argumen t  uni t  indexe s belief s containe d i n it s 

chain s o f  reasonin g an d relationships .  Fo r  example ,  AU-OPPOSITE-EFFEC T indexe s bot h Friedman' s 

and th e Reaga n administration' s belief s abou t  th e administration' s PROTECTION-PLANs. 

Once a n argumen t  grap h an d indexin g structure s hav e bee n instantiate d i n episodi c memory ,  OpEk l 

demonstrate s it s comprehensio n b y answerin g question s abou t  th e editorial .  Selectin g appropriat e 

retrieva l  strategie s depend s upo n parsin g th e questio n an d analyzin g th e conceptua l  conten t  int o on e o f  a 

number  o f  conceptua l  questio n categorie s (Lehnert ,  1978) .  Differen t  questio n categorie s lea d t o differen t 

searc h an d retrieva l  processes .  Thes e processe s selec t  indice s accordin g t o th e question' s conceptua l 

information .  Onc e a n inde x i s selected ,  thes e processe s wil l  travers e acces s an d memor y link s i n orde r  t o 
locat e a n appropriat e memor y whic h wil l  b e retrieved . 

Belo w w e discus s a  numbe r  o f  searc h an d retrieva l  processe s alon g wit h example s o f  thei r  us e durin g 

questio n answerin g abou t  ED-JOBS .  Answe r  generatio n i n OpEx l  i s  b y recursiv e descen t  throug h instan -

tiate d concepts ,  usin g pattern s o f  generatio n associate d wit h eac h uninstantiate d knowledg e structure . 

For  example ,  th e followin g i s a n actua l  answe r  currentl y generate d b y OpExi : 

Q:  Wh y hav e th e limitation s disappointe d Friedman ? 

A:  M I L T O N F R I E D M A N BELIEVE S T H A T V O L U N T A RY E X P O RT RESTRAINT S O N 

A U T O M O B I L ES F R O M JAPA N N E G O T I A T ED B Y T H E R E A G AN ADMINISTRATIO N 
WILL C A U SE T H E LOS S O F JOB S I N T H E U.S . 

Notic e th e abov e answe r  i s a  detaile d accoun t  o f  wha t  OpE d know s abou t  Friedman' s belief .  Thus ,  th e 
answer  include s informatio n tha t  human s generall y omit ,  suc h a s th e fac t  tha t  th e limit s wer e negotiate d 

by Reagan .  However ,  a t  thi s poin t  w e ar e no t  concerne d wit h linguisti c styl e i n questio n answering .  Thi s 

i s a n are a fo r  futur e research . 

3.1 .  Retrieva l  usin g Goa l  Indexin g 

Intende d Pla n Retrieval :  Give n a n argumen t  participant' s goal ,  retriev e a  belie f  whic h contain s a  pla n o f 

actio n t o achiev e tha t  goal . 

Q:  Ho w i s th e Reaga n administratio n goin g t o sav e jobs ? 

A:  Th e Reaga n administratio n believe s tha t  th e limitation s o n import s wil l  sav e jobs . 

Argument  Participan t  Retrieval :  Give n a  goal ,  retriev e th e argumen t  participan t  wh o want s t o achiev e it . 

Q:  W h o want s t o sav e jobs ? 

A:  Th e Reaga n Administration . 

3.2 .  Retrieva l  usin g Pla n Indexin g 

Achieve d an d Thwarte d Goa l  Retrieval :  Give n a n argumen t  participant' s plan ,  retriev e belief s whic h con -

tai n th e effect s o f  tha t  plan' s execution . 

Q:  Wha t  i s th e effec t  o f  th e limitation s o n imports ? 

A:  Friedma n believe s tha t  th e limitation s o n import s wil l  cos t  jobs . 

The Reaga n administratio n believe s tha t  th e limitation s o n import s wil l  sav e jobs . 

Argument  Participan t  Retrieval :  Ther e ar e tw o cases : 

1)  Give n a  plan ,  retriev e th e argumen t  participan t  wh o i s th e acto r  o f  tha t  plan . 

Q:  W h o wil l  implemen t  protectionis t  measures ? 

A:  Th e Reaga n Administration . 

2)  Give n a  belie f  abou t  a  plan ,  retriev e th e argumen t  participan t  wh o hold s tha t  belief . 

Q:  W h o believe s tha t  th e limitation s o n import s wil l  sav e jobs ? 

A:  Th e Reaga n administration . 

Suppor t  Retrieval :  Give n a  belie f  abou t  a  plan ,  retriev e th e immediat e suppor t  fo r  tha t  belief . 

Q:  Why doe s Friedma n believ e tha t  th e limitation s o n import s ar e bad ? 

A:  Friedma n believe s tha t  th e limitation s o n import s wil l  cos t  job s i n th e U.S. . 

3.3 .  Retrieva l  usin g Even t  Indexin g 

Consequen t  Stat e Retrieval :  Give n a n event ,  retriev e a  belie f  tha t  contain s a  stat e o r  causa l  chai n cause d 

by tha t  event . 
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Q:  W h a t  wil l  happe n i f  th e U.S .  import s less ? 

A:  Friedma n believe s tha t  i f  th e U.S .  import s less ,  expor t  profit s o f  foreig n countrie s wil l  b e 

reduced .  Sinc e thi s wil l  reduc e thei r  tota l  capita l  fo r  importing ,  the y wil l  impor t  les s fro m th e 

U.S .  A s a  result ,  U.S .  expor t  industrie s wil l  los e mone y and ,  therefore ,  the y wil l  la y of f  work -

ers . 

Pla n Realizatio n Retrieval :  Give n a n event ,  retriev e a  belie f  abou t  a  pla n whic h realize d tha t  event . 

Q:  W h y wil l  th e U.S .  impor t  less ? 

A:  Friedma n believe s tha t  th e U.S .  wil l  impor t  les s becaus e o f  th e limitation s o n imports . 

3.4 .  Retrieva l  usin g Stat e Indexin g 

Causa /  Even t  Retrieval :  Give n a  state ,  retriev e a  belie f  tha t  contain s a n even t  whic h cause s tha t  state . 

Q:  W h y wil l  expor t  profit s o f  foreig n countrie s wil l  b e reduced ? 

A:  Friedma n believe s tha t  i f  th e U.S .  import s less ,  expor t  profit s o f  foreig n countrie s wil l  b e 

reduced . 

3.5. Retrieval using Affect Indexing 

Affec t  Motivatio n Retrieval :  Give n a n affec t  an d a n argumen t  participant ,  retriev e it s motivation : 

Q:  W h a t  ha s disappointe d Friedman ' 

A:  Voluntar y expor t  restraint s o n Japnnes e car s negotiate d b y th e Reaga n Administration . 

Associate d Belie f  Retrieval :  Give n a n affec t  an d it s cause ,  retriev e th e immediat e suppor t  o f  it s  associate d 

belie f  associated .  I f  th e suppor t  i s  no t  known ,  the n retriev e th e associate d belief . 

Q:  W h y hav e th e limitation s o n import s disappointe d Friedman ? 

A:  Friedma n believe s tha t  th e limitation s wil l  cos t  job s i n th e U.S. . 

3.0 .  Retrieva l  usin g A r g u m e n t  Participan t  Indexin g 

Top Belie f  Retrieval :  Give n a n argumen t  participan t  an d a  plan ,  retriev e th e argumen t  participant' s to p 

belie f  whic h contain s tha t  pla n an d it s immediat e sunport . 

Q l :  W h a t  doe s Friedma n thin k abou t  voluntar y limit s o n Japanes e cars ? 

A l :  Friedma n believe s tha t  th e limitation s o n import s ar e ba d becaus e the y wil l  cos t  jobs . 

Q 2:  W h a t  doe s th e Reaga n administratio n thin k abou t  voluntar y limit s o n Japanes e cars ? 

A 2:  Th e Reaga n administratio n believe s tha t  th e limitation s o n import s wil l  sav e jobs . 

Argumen t  Uni t  o r  To p Belie f  Retrieval :  Give n a n argumen t  participant ,  retriev e th e argumen t  unit s tha t 

contai n hi s to p beliefs .  I f  h e ha s no t  use d an y argumen t  unit ,  retriev e hi s to p beliefs . 

Q:  W h a t  i s Friedman' s argument ? 

A:  Tha t  voluntar y limit s o n Japanes e car s ar e ba d becaus e the y wil l  cos t  job s i n th e U.S. .  Fried -

m an believe s tha t  th e Reaga n Administratio n i s wron g becaus e th e administratio n believe s 

tha t  voluntar y limit s o n Japanes e car s wil l  sav e job s i n th e U.S. . 

4.  C o m p a r i s o n wit h othe r  W o r k 

I n contras t  t o th e conceptua l  proces s mode l  presente d here ,  Cohe n (1983 )  ha s postulate d a  struc -

tura l  mode l  fo r  argumen t  understanding .  Accordin g t o Cohen ,  understandin g a n argumen t  require s build -

mg a  tre e wher e argumen t  proposition s ar e connecte d b y a  singl e evidenc e link .  Th e roo t  o f  th e tre e con -

tain s th e majo r  clai m mad e i n a n argument .  Relation s betwee n proposition s ar e determine d b y using :  (a ) 
a propositio n analyze r  whic h produce s a  propositio n fro m th e inpu t  an d integrate s i t  int o th e tre e buil t  s o 

far ,  (b )  a  clu e interprete r  whic h analyze s th e rol e o f  specia l  linguisti c connective s (e.g. ,  "a s a  result" , 

"similarly" ,  etc.) ,  an d (c )  a n evidenc e oracl e whic h accesse s a  knowledg e bas e an d mode l  o f  th e speake r  i n 

orde r  t o determin e whethe r  a n evidenc e relatio n exist s betwee n an y tw o propositions . 

Asid e fro m th e fac t  tha t  Cohen' s mode l  wa s no t  implemented ,  i t  i s  theoreticall y limite d since ,  i n 

general ,  argument s d o no t  compl y wit h a  coheren t  tre e structure ,  bu t  rathe r  wit h a  grap h (Flower s e t  al . 

1982) .  Furthermore ,  Cohen' s non-conceptua l  tre e structur e doe s no t  sho w ho w explici t  an d implici t  con -

ceptualization s containe d i n a  propositio n relat e to ,  an d provid e evidenc e for ,  conceptualization s con -

taine d i n othe r  propositions .  Moreover ,  b y usin g a n oracle ,  th e mode l  avoid s dealin g with :  (1 )  ho w lexica l 
item s ar e mappe d fro m natura l  languag e int o conceptua l  structures ;  (2 )  ho w worl d knowledg e i s 

represente d an d applie d durin g th e comprehensio n process ;  an d (3 )  ho w abstrac t  argumen t  strategie s ar e 

represente d an d applied .  I n contrast ,  OpEx i  understand s comple x editoria l  argument s b y buildin g a  con -

ceptua l  grap h whic h capture s interaction s betwee n goals ,  plans ,  events ,  states ,  beliefs ,  an d argumen t 
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units .  Thi s conceptua l  grap h result s fro m recognizin g an d instantiatin g thos e knowledg e structure s alon g 

wit h causal ,  attack ,  an d suppor t  relationships .  I n addition ,  thi s comprehensio n proces s als o require s 

buildin g indice s whic h ar e subsequentl y use d durin g questio n answering . 

5. Future Work and CondusIonB 

We hav e presente d memor y organizatio n an d retrieva l  technique s fo r  us e b y O p E d i n understand -

in g an d answerin g question s abou t  shor t  politico-economi c editorials .  Currently ,  O p E d ca n rea d E D -

J O BS an d answe r  a  numbe r  o f  question s abou t  it s conceptua l  content .  Futur e question s tha t  nee d t o b e 

addresse d include : 

*  H o w i s editoria l  memor y organize d afte r  readin g severa l  editoria b whic h presen t  divers e opinion s 

on a  specifi c  issu e an d ho w i s memor y retrieva l  performe d i n thi s case ? 

*  H o w d o differen t  ideologie s affec t  editoria l  comprehension ,  memor y organizatio n an d retrieval ? 

*  H o w ar e argumen t  unit s use d i n orde r  t o generat e arguments ? 

Fiv e majo r  point s hav e bee n emphasize d i n thi s paper :  (1 )  th e interna l  conceptua l  representatio n o f 

an editoria l  ha s severa l  level s o f  complexit y tha t  includ e instantiation s o f  conceptua l  structure s whic h 

hol d worl d knowledg e an d abstrac t  knowledg e abou t  reasonin g an d argumentation ;  (2 )  a  majo r  portio n 

of  editoria l  memor y i s containe d i n a n argumen t  graph ;  (3 )  instantiatin g argumen t  unit s help s buil d th e 

argumen t  grap h b y supplyin g inference s an d argumen t  strateg y expectations ;  (4 )  searc h an d retrieva l 

processe s us e indexin g structure s t o acces s argumen t  graphs ;  (5 )  th e point s o f  a n editoria l  ar e hel d b y 

instantiate d argumen t  unit s containin g to p beliefs . 

We believ e tha t  al l  argument s ar e compose d o f  configuration s o f  a  fixed  numbe r  o f  abstrac t  argu -

ment  units .  Thus ,  w e se e th e proces s o f  argumen t  comprehensio n an d generatio n fundamentall y a s on e 
of  accessin g an d instantiatin g thes e units .  Wit h O p E d w e inten d t o explor e an d tes t  thi s proces s mode l 
of  reasonin g an d argumen t  comprehension . 
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ABSTRACT 

Analogica l  reasonin g i s a n importan t  par t  o f  huma n intelligence .  W e ofte n emplo y i t  a s a 
vehicl e fo r  conveyb g ideas ,  an d w e rel y upo n i t  wheneve r  w e mak e a  decisio n abou t  a  ne w situ v 
tio n [STER77] .  Thi s pape r  present s a  theor y o f  analog y recognitio n an d comprehension ,  usin g a s 
a domai n letter s t o th e editor s o f  weekl y new s magaiines .  Ou r  theor y relie s o n lexica l  clue s an d 
th e compariso n o f  conceptua l  similaritie s t o trigge r  recognitio n o f  th e analogie s b  thes e letters . 
Our  conceptua l  representatio n o f  a n analog y i n memor y utiliae s compariso n link s t o ma p analo -
gous element s t o eac h other ,  an d t o ti e togethe r  paralle l  arguments .  W e demonstrat e applic v 
tio n o f  thi s theor y t o a  prototypica l  letter .  Th e curren t  statu s o f  a  progra m implementin g thi s 
theor y i s reviewed ,  an d futur e researc h direction s ar e discussed . 

1. Introduction 

Our  researc h addresse s th e rol e o f  analog y i n editoria l  comprehension ,  i n argumentation ,  an d i n 

question-answe r  processing ,  usin g th e domai n o f  editoria l  letter s [AUGU85 ]  |AUGU85a| .  T h e theor y 

presente d her e i s  implemente d i n JULIP ,  a  compute r  progra m whic h accept s a s inpu t  a  conceptua l 

representatio n o f  a  prototypica l  editoria l  letter .  JULI P i s  p u t  o f  th e OpEx l  projec t  [ALVA85] .  Th e 

goa l  o f  OpEx l  i s t o develo p a  theor y abou t  th e proces s o f  reasonin g comprehensio n i n th e domai n o f 

editorials .  T h e focu s o f  JULI P i s o n th e rol e o f  analog y i n argumentation .  T h e objectiv e o f  thi s tas k 

i s t o recogniz e th e presenc e o f  th e analog y i n th e lette r  t o th e editor ,  m a p analogou s element s 

together ,  an d perfor m an y transformation s neede d t o complet e th e analogy .  Understandin g o f  th e 

analogie s presente d t o JULI P i s demonstrate d vi a a  question-answe r  sessio n wit h th e user . 

2. Analogical Reasoning in Natural Language Processing — Some Baclcground 

Researcher s i n linguistics ,  education ,  psycholog y an d othe r  academi c discipline s hav e studie d 

th e us e o f  analog y an d metapho r  i n dept h [LAKOSO ]  [ O R T 0 7 9 |  [STER77] .  Recen t  contribution s b y 

AI  researcher s i n th e are a o f  computationa l  model s o f  analogica l  reasonin g includ e [CARB83| ,  i n 

whic h Carbonel l  extend s means-end s analysi s t o utiliz e pas t  problem-solvin g experienc e i n solvin g 

ne w problems .  JULI P draw s upo n Carbonell' s  wor k i n transferrin g experienc e amon g relate d prob -

lem s i n solvin g th e curren t  problem .  I n addition ,  JULI P relie s upo n domai n specifi c  knowledg e i n 

solvin g problems . 

O ne are a o f  analogica l  reasonin g fo r  whic h fe w computationa l  theorie s exis t  i s  th e stud y o f 

analog y fro m th e poin t  o f  vie w o f  it s us e i n editorials ,  arguments ,  conversation ,  debates ,  narratives , 

or  othe r  aspect s o f  natura l  languag e text .  Ou r  wor k fall s  int o thi s category .  T w o example s o f 

relate d wor k ar e Winston' s wor k o n learnin g b y analog y (W1NS82 )  an d Lebowitz '  IP P (LEBOSO) . 

I n Winston' s syste m [WINS82] ,  a  teache r  use s precedent s an d exercise s t o teac h th e syste m 

rule s abou t  relation s i n a  particula r  domain .  Whil e Winston' s syste m i s abl e t o perfor m som e analog -

ica l  reasonin g o n th e narratives ,  i t  doe s no t  recogniz e th e narrative s a s bein g analogou s withou t  th e 

assistanc e o f  th e teacher .  Also ,  th e abilit y t o m a k e analogica l  mapping s relie s upo n th e existenc e o f  a 

Thi s wor k i s supporte d i n par t  b y th e Artificia l  Intelligenc e Center ,  Hughe s Aircraf t  Company ,  Ca r 
labasa s C A an d b y a  gran t  fro m th e W.M .  Kec k Foundation . 

•  Als o affiliate d wit h th e Softwar e Engineerin g Division ,  Electro-Optica l  an d Dat a System s Group , 
Hughes Aircraf t  Company ,  E l  Segundo ,  C A 90245 . 
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c o m m on ancesto r  i n th e A K O hierarch y o f  th e situatio n part s t o b e mappe d (WINS78 J (WINS80 ) 

(WINS82] .  Additiona l  domai n knowledg e an d pas t  experienc e i n makin g th e analogica l  mapping s ar e 

not  utilize d i n Winston' s system .  A s a  result ,  th e system' s performanc e doe s no t  improv e ove r  time , 

and onl y obviousl y simila r  storie s ca n b e mappe d t o on e ainother . 

IP P [LEBO80 |  compare d ne w wir e servic e storie s t o simila r  event s previousl y store d i n memory . 

Event s wer e indexe d i n memor y accordin g t o thei r  similaritie s an d differences .  IP P wa s successfu l  i n 

finding  event s simila r  t o th e ne w on e an d wa s abl e t o for m generalization s allowin g i t  t o lear n abou t 

it s domain .  However ,  IP P di d no t  for m specifi c  analogica l  mapping s an d di d no t  dea l  wit h disputes , 

arguments ,  o r  beliefs . 

I n contras t  t o th e wor k b y Winsto n an d Lebowitz ,  JULI P deal s wit h th e rol e o f  analog y i n 

arguments .  Th e objective s o f  JULI P includ e bein g abl e t o hav e th e syste m recogniz e th e presenc e o f 

an analog y i n th e inpu t  withou t  i t  bein g identifie d a s suc h b y th e user .  T h e objective s ab o includ e 

representin g th e analog y itself ,  utilizin g specifi c  analogica l  mapping s t o sho w ho w th e component s o f 

th e analog y ar e relate d t o on e another ,  an d bein g abl e t o reaso n abou t  th e purpos e o f  an d bast s fo r 

th e analog y itself ,  a s wel l  a s it s rol e i n a n argument . 

3. The Issue* in Understanding Editorial Analogies 

Th e followin g hypothetica l  lette r  t o a n edito r  illustrate s th e issue s whic h aris e i n developin g a 

syste m whic h wil l  understandin g analogie s i n editoria l  letters : 
fflGH-TECH-1 

Some peopl e ar e agains t  computer s becaus e computer s eliminat e people' s jobs .  However , 
th e automobil e industr y di d th e sam e thin g t o peopl e i n th e hors e carriag e industry .  Ye t  consu -
mer  deman d fo r  auto s wa s stron g enoug h tha t  eventuall y mor e job s wer e create d i n th e aut o 
industr y tha n wer e los t  i n th e hors e carriag e industry .  I n th e end ,  th e econom y benefitte d b y 
th e introductio n o f  th e ne w technology . 

Th e autho r  o f  H I G H - T E C H - 1 i s arguin g tha t  th e introductio n o f  compute r  technolog y wil l 

eventuall y improv e th e econom y b y increasin g th e numbe r  o f  position s availabl e i n th e jo b market . 

Thi s poin t  i s  neve r  explicitl y  m a d e i n th e text .  Instead ,  i t  i s  argue d b y analog y t o a  simila r  situatio n 

resultin g fro m th e introductio n o f  th e automobile .  W e ca n identif y thre e basi c issue s centra l  t o th e 

theor y encompasse d b y JULIP : 

1)  th e abilit y  t o understan d analogies : 

t o recogniz e them ,  t o m a p togethe r  th e sourc e o r  familia r  domai n an d th e targe t 

or  unfamilia r  domain ,  an d t o transfor m informatio n availabl e i n on e domai n t o 

fill  gap s i n th e informatio n availabl e abou t  th e othe r  domai n 

2)  th e abilit y  t o understan d arguments : 

t o identif y propositions ,  an d t o relat e proposition s i n suppor t  o r  attac k relation -

ship s 

3)  th e abilit y  t o understan d th e rol e tha t  analog y play s i n th e structur e o f  argu -

ment s 

Our  approac h t o addressin g thes e issue s incorporate s th e natura l  languag e comprehensio n com -

ponen t  i n B O R I S [DYER83| ,  th e wor k b y Flower s e t  al .  o n representatio n o f  belief s an d th e structur e 

of  argument s [FLOW82] ,  an d Alvarado' s wor k o n th e us e o f  argumen t  unit s t o suppor t  belie f  recog -

nitio n an d inferencin g abou t  belief s [ALVA85 ]  [ALVA85a] .  Ou r  memor y organizatio n an d causa l  rea ^ 

sonin g component s ar e base d upo n Schank' s wor k [SCHA82 ]  [SCHA77] ,  an d th e implementatio n o f 

JULIP' S question-answe r  processin g draw s upo n Lehnert' s  wor k i n thi s are a [LEHN78] . 

4.  Recognisin g Analogie s I n Editorial s 

H ow i s th e presenc e o f  a n analog y i n a n editoria l  recognized ? Unles s th e existenc e o f  th e anal -

ogy i s recognized ,  th e informatio n associate d wit h i t  i s  no t  available ,  an d th e reade r  wil l  hav e 

difficult y followin g th e author' s argument . 

Analog y recognitio n mechanism s ca n b e activate d i n eithe r  o f  tw o ways .  First ,  analog y recogni -
tio n mechanism s ca n b e expectatio n driven .  I n thi s case ,  th e reade r  anticipate s tha t  th e autho r  wil l 

use a n analogy ,  an d activel y seek s i t  ou t  i n th e text .  Second ,  analog y recognitio n mechanism s ca n b e 
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dat a driven .  I n thi s case ,  th e analog y i s indicate d b y th e tex t  o f  th e letter ,  o r  b y th e similarit y o f  con -

cept s directl y presente d i n th e letter .  Bot h component s ar e necessar y fo r  accurat e identificatio n o f 

analogies .  I f  recognitio n wer e activate d onl y to p down ,  th e reade r  woul d mis s analogie s no t 

specificall y identifie d a s suc h i n th e text .  O n th e othe r  hand ,  i f  recognitio n wer e onl y botto m up ,  th e 

reade r  woul d spen d a  lo t  o f  tim e processin g analogie s tha t  wer e neve r  intended . 

4.1 Expectation-Driven Analogy Recognition 

Understandin g a n editoria l  require s tha t  th e reade r  identif y th e disput e bein g presented ,  an d 

th e techniqu e bein g use d t o suppor t  o r  refut e th e author' s arguments .  Analog y i s one  o f  thes e tech -

niques .  Conside r  th e followin g letter : 
HIGH-TECH-5 

Would thos e wh o complai n abou t  computer-relate d jo b los s car e t o d o withou t  thei r  cars ? 
Buggy whi p maker s undoubtedl y voice d simila r  concern s i n thei r  heyday .  An d I  wonde r  ho w 
many o f  thos e complainer s ar e employe d i n th e aut o industry . 

A subjec t  show n jus t  th e first  sentenc e o f  thi s lette r  keye d i n o n th e complainers ,  an d dre w a n 

analog y betwee n th e introductio n o f  th e automobil e industr y an d th e introductio n o f  compute r  tech -

nology .  Ye t  nothin g i n th e tex t  o f  th e first  sentenc e directl y relate s th e two .  Th e subject' s familiar -

it y wit h th e argument s i n favo r  o f  th e introductio n o f  ne w technolog y enable d hi m t o immediatel y 

focu s i n th e compariso n o f  th e tw o event s i n t.h e author' s rhetorica l  questio n an d cause d hi m t o anti -

cipat e tha t  th e autho r  woul d argu e th e poin t  b y analogy . 

4.2 Data-Driven Analogy Recognition 

Ther e ar e tw o mai n dat a drive n indicator s o f  th e presenc e o f  a n analogy :  1 )  textua l  clues ,  an d 

2)  conceptua l  similarities .  JULI P relie s upo n bot h o f  thes e indicator s t o identif y th e presenc e o f  a n 

analogy . 

The us e o f  textua l  clue s provide s th e mos t  direc t  techniqu e fo r  introducin g a n analog y int o a n 

editoria l  letter .  Phrase s ofte n use d t o directl y lin k th e sourc e t o th e targe t  ar e "th e sam e as" ,  "th e 

same thing" ,  "simila r  to" ,  an d "s o i t  i s  with" .  Thi s techniqu e i s use d i n HIGH-TECH-1 ,  fo r  example , 

when th e autho r  write s "th e automobil e industr y di d th e sam e thin g t o peopl e i n th e hors e carriag e 

industry" . 

Peopl e ca n readil y detec t  th e presenc e o f  a n analog y eve n i n th e absenc e o f  textua l  clues .  Suc h 

woul d b e th e cas e i f  th e secon d sentenc e o f  HIGH-TECH- I  rea d "th e automobil e industr y cause d peo -

pl e i n th e hors e carriag e industr y t o los e jobs" .  I n suc h cases ,  peopl e see m t o categoriz e concep t  i n 

memory a s the y ar e encountere d i n th e text .  Fo r  a  compute r  progra m t o recogniz e a n analog y 

presente d thi s way ,  conceptua l  representation s mus t  b e categorize d a s the y ar e built ,  an d linke d 

togethe r  i n th e orde r  i n whic h the y ar e encountered .  A s ne w element s ar e adde d t o eac h category , 

similarit y measure s an d othe r  heuristic s mus t  b e employe d t o determin e whethe r  a n analog y i s 

intended . 

4.3 Constraining Compariaona: Where Does Mapping Be^n and End? 

Once a  reade r  realize s tha t  th e autho r  migh t  b e usin g analog y t o argu e a  point ,  sh e mus t 

decid e wha t  element s o f  eac h domai n for m th e basi s fo r  a  mappin g betwee n th e tw o domains ,  an d 

what  tha t  mappin g tell s he r  abou t  th e author' s point .  Mappin g o f  th e analog y i s drive n b y th e simi -

laritie s an d difference s betwee n th e domain s o f  th e analogy .  Aspect s o f  th e domain s whic h ar e simi -

la r  an d relate d t o th e poin t  o f  th e analog y suppor t  th e analog y an d ar e mappe d together .  Aspect s o f 

th e domain s whic h stan d i n contras t  t o eac h othe r  an d ar e unrelate d t o th e poin t  o f  th e analog y d o 

not  suppor t  th e analog y an d ar e no t  mappe d together . 

5. Analogy in Argumentation 

The abilit y  t o argu e b y analog y presume s a n abilit y  t o argu e i n general .  Wha t  framewor k 

enable s peopl e t o argue ? Familiarit y wit h basi c argumen t  strategie s give s peopl e a  basi s aroun d 

whic h t o buil d argument s i n suppor t  o f  th e point s the y wis h t o convey .  Alvarad o e t  al .  refe r  t o th e 

structur e underlyin g argument s a s argumen t  units ,  an d describ e technique s fo r  recognizia g thes e 

unit s an d reasonin g abou t  the m [ALVA85 J (ALVA85a) . 
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5. 1 Representin g th e Analog y I n a n Editoria l  Lette r 

Representin g th e analog y i n a n editoria l  lette r  require s tha t  th e argument s i n th e editoria l  b e 

represented ,  an d tha t  th e relationshi p o f  th e argument s t o eac h othe r  i n th e contex t  o f  th e analog y 

be maintaine d i n memory .  Fo r  example ,  i n HIGH-TECH-1 ,  eac h argumen t  contain s tw o belief s 

(AUGU85] .  First ,  i n th e targe t  domai n ther e i s th e belie f  (ARG-1 )  tha t  th e compute r  industr y i s bad , 

becaus e i t  lead s t o jo b loss .  Next ,  ther e i s belie f  that ,  b y th e sam e lin e o f  reasoning ,  th e automobil e 

industr y wa s bad ,  becaus e it ,  too ,  le d t o jo b los s (ARG-2) .  Bot h o f  thes e belief s ar e supporte d b y th e 

fac t  tha t  losin g a  ju b i s considere d t o b e bad ,  and ,  mor e generally ,  b y th e argumen t  rul e tha t 

Arg-Rule-1 : 

X i s ba d 

I F X  lead s t o Y  an d Y  i s bad . 

Thes e belief s ar e represente d usin g th e argumen t  structure s an d rule s develope d i n [FLOW82] , 

[ALVA85 ]  an d [ALVASSaj .  Compariso n link s ar e constructe d t o ma p ARG- I  an d ARG-2 ,  th e com -

pute r  an d aut o industries ,  an d th e causa l  relationship s justifyin g th e belief s propose d abou t  thes e 

industries . 

The author' s statemen t  tha t  th e automobil e industr y actuall y le d t o a n improve d econom y i s 

viewe d a s a  contradictio n t o th e justificatio n fo r  th e belie f  i n ARG>2,  an d a n instantiatio n o f  th e 

argumen t  attac k strateg y tha t 

Arg-Strategy- l 

I F Arg-Rule- 1 hold s an d Y  i s a  low-leve l  goal , 

T H EN attac k b y showin g tha t  Y  als o achieve s a  high-leve l  goal . 

I n HIGH-TECH-1 ,  havin g job s i n th e shor t  ter m (Y )  i s see n a s bein g a  lower-leve l  goa l  tha n increas -

in g th e tota l  numbe r  o f  job s availabl e i n th e lon g run .  Thi s lead s t o markin g ARG- 2 i n memor y a s 

havin g bee n attacke d b y thi s ne w causa l  relationship .  Sinc e ARG- 1 i s analogou s t o ARG-2 ,  b y th e 

same lin e o f  reasonin g ARG- 1 i s marke d i n th e sam e way .  A  ne w belie f  (ARG-2' )  i s  constructed :  th e 

automobil e industr y i s good ,  becaus e i t  lead s t o a n increase d jo b market .  Becaus e o f  th e analogica l 

mappin g betwee n ARG- 1 an d A R G 2 ,  an d betwee n th e industries ,  a  fourt h belie f  (ARG-T )  i s con -

structed :  th e compute r  industr y i s good ,  becaus e it ,  too ,  wil l  lea d t o a n increase d jo b market .  Th e 

analogou s component s o f  thes e tw o ne w belie f  structure s ar e mappe d together . 

ft. Analogy and Question Answer Processing 

Demonstratin g tha t  a n analog y ha s bee n complete d an d understoo d require s answerin g th e fol -

lowin g categorie s o f  question : 

1)  Mapping :  Wer e th e ke y feature s o f  th e sourc e an d targe t  domain s linke d 

together ? 

2)  Transforms :  Wer e importan t  feature s missin g fro m on e domai n supplie d b y 

transformin g informatio n availabl e fro m th e othe r  domain ? 

3)  Basis :  Wha t  wa s th e purpos e o f  th e analogy ? W h y wa s th e compariso n made ? 

The heuristic s neede d t o categoriz e an d perfor m a  memor y searc h fo r  question s i n eac h o f  thes e 

categorie s ar e base d upo n extension s t o th e theor y develope d i n Lehnert' s  Q U A L M (LEHNTS) .  Th e 

heuristic s implemente d i n JULI P exten d beyon d Lehnert' s  fo r  tw o reasons .  First ,  th e concept s i n a n 

editoria l  revolv e aroun d arguments ,  rathe r  tha n aroun d scrip t  instantiations .  JULIP' s memor y 

searc h heuristic s tak e thi s int o account .  Secondly ,  JULIP' s representatio n schem e utilize s memor y 

link s tha t  ar e no t  considere d b y Lehner t  i n Q U A L M. 

Mappin g question s demonstrat e whethe r  thos e similaritie s i n th e sourc e an d targe t  domain s 

whic h ar e relate d t o th e poin t  o f  th e analog y hav e bee n linke d t o on e another .  I n JULIP ,  mappin g i s 

uote d i n a  compariso n o r  C O M P A R E D - TO link ,  a  lin k no t  considere d b y Lehnert .  Th e memor y 

searc h heuristic s fo r  mappin g question s requir e retrievin g th e valu e foun d i n th e C O M P A R E D - TO 

slo t  o f  th e name d concept . 

Understandin g a n analog y ofte n require s inferrin g informatio n no t  explicitl y  mentione d i n th e 

tex t  regardin g on e domai n b y transformin g informatio n availabl e fro m th e othe r  domain .  Transfor m 
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question s demonstrat e tha t  thi s inferencio g ha s take n place .  Fo r  example ,  i n HIGH-TECH- 1 th e 

questio n What  di d th e aut o industr y d o t o peopl e i n th e hon e carriag e industry ? shoul d elici t  th e 

repl y P E O P L E I N T H E H O R SE C A R R I A G E I N D U S T R Y L O S T JOBS .  Th e relationshi p betwee n 

th e aut o an d hors e carriag e industrie s i s neve r  explicitl y  mentione d i n th e tex t  o f  HIGH-TECH-1 .  I t 

i s  inferre d fro m th e previousl y understoo d relationshi p betwee n th e compute r  industr y an d jo b los s 

of  peopl e o n assembl y lines .  Thi s i s a  Causa l  Consequen t  questio n [LEHN78| ,  i n whic h th e th e ques -

tio n concep t  i s  th e anteceden t  o f  a  causa l  structure .  Th e heuristi c use d i n thi s cas e i s t o retriev e th e 

consequen t  o f  tha t  causa l  structur e a s th e answe r  t o th e question .  Th e questio n categor y o f  othe r 

transfor m question s depend s upo n th e typ e o f  inferenc e t o b e demonstrated . 

l o arguin g b y analogy ,  a n autho r  state s a  belie f  i n one  domain ,  the n proceed s t o argu e th e 

poin t  i n a  secon d domain .  Sh e migh t  o r  migh t  no t  repea t  th e argumen t  i n th e origina l  domain . 

When th e autho r  doe s no t  retur n t o th e origina l  domain ,  th e reade r  ha s th e jo b o f  completin g th e 

analog y b y creatin g a  paralle l  argumen t  i n th e origina l  domain .  T o demonstrat e successfu l 

comprehensio n o f  th e author' s actua l  point ,  a  reade r  shoul d b e abl e t o answe r  question s regardin g 

th e completio n o f  th e analogy .  Suc h a  questio n i n HIGH-TECH- 1 i s What  wil l  happe n a s computer t 

eliminat e jobs ? Th e repl y A N E V E N GREATER N U M B ER O F N E W JOB S WIL L B E CREATED. 
woul d reflec t  th e reader' s successfu l  comprehensio n o f  th e analogy .  Thi s questio n i s a  reques t  fo r  a 

co-tempora l  event ,  a  questio n categor y no t  considere d i n Lehnert' s  work .  JULIP' s memor y searc h 

heuristic s fo r  co-tempora l  event s caus e i t  t o searc h fo r  anothe r  concep t  sharin g a  slo t  wit h th e name d 

concept . 

Basi s question s ar e simila r  t o Lehnert' s  Goa l  Orientatio n questions ,  becaus e the y as k To r  wha t 

purpose... "  However ,  the y diffe r  i n tha t  the y hav e t o d o wit h th e author' s goa l  o f  communicatin g 

wit h th e reader ,  rathe r  tha n havin g somethin g t o d o wit h th e events ,  plans ,  an d goal s associate d 

wit h th e component s o f  th e analog y themselves .  Th e basi c heuristi c fo r  retrievin g th e answe r  t o a 

basi s questio n regardin g tw o belief s i s t o generaliz e th e justificatio n fo r  th e beliefs .  I n th e even t  tha t 

contr2Mlictor y belief s hav e bee n stated ,  a s i n th e cas e o f  HIGH-TECH- 1 i n whic h th e compute r  an d 

aut o industrie s ar e alternatel y considere d t o b e goo d an d bad ,  a n additiona l  heuristi c come s int o 

play :  retriev e th e justificatio n fro m argument s tha t  stil l  hol d o r  wer e no t  attacked . 

7. Current Status 

JULI P currentl y work s o n a  band-code d representatio n o f  HIGH-TECH-1 ,  develope d b y follow -

in g th e parsin g strategie s describe d i n thi s paper .  Thi s representatio n i s buil t  i n memor y usin g A R F 

{EDWA84| .  JULI P accept s querie s i n English ,  searche s a  complete d argumen t  grap h i n memory ,  an d 

return s th e conceptua l  representatio n o f  th e result s o f  th e query .  Ou r  curren t  objectiv e i s t o demon -

strat e understandin g o f  editoria l  analogie s give n t o th e progra m i n Englis h throug h a  natura l 

languag e question-answe r  sessio n wit h th e user .  JULI P i s abl e t o answe r  question s abou t  HIGH -

TECH-1 i n eac h o f  th e fou r  categorie s liste d abov e (AUGU85| . 

The mos t  immediat e pla n fo r  JULI P i s t o develo p th e parsin g an d generatio n component s o f 

JULI P tha t  wil l  enabl e i t  t o handl e verbati m input .  Ou r  approac h wil l  b e t o translat e th e theor y 

presente d her e int o th e demon s an d lexica l  entrie s neede d t o suppor t  analog y recognitio n an d 

comprehensio n i n D Y P A R,  th e parsin g componen t  o f  BORI S |DYER83] .  Th e theor y wil l  continu e t o 

develo p a s additiona l  editoria l  letter s containin g analogie s an d huma n protocol s fo r  understandin g 

the m ar e analyzed . 

8. Problems for the Future 

Many issue s stil l  nee d t o b e addresse d i n JULIP .  Amon g thes e issue s ar e questio n answe r  pro -

cessin g o n th e rol e o f  analog y i n arguments ,  learnin g fro m analogie s i n editoria l  letters ,  an d generat -

in g analogies . 

The questio n categorie s currentl y supporte d i n JULI P relat e mainl y t o th e completio n o f  th e 

analog y presente d t o th e system .  Additiona l  question-answerin g heuristic s nee d t o b e develope d t o 

deal  wit h th e rol e o f  a n analog y i n a n argument .  Thi s woul d enabl e JULI P t o answer ,  fo r  example , 

th e followin g question s relatin g t o HIGH-TECH-1 :  W h y wa s th e aut o industr y mentione d i n th e 

argument ? W h y doesn' t  th e letter' s autho r  agre e wit h th e argumen t  tha t  th e compute r  industr y i s 

bad? 
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Work o n JLl̂ I P ha s concentrate d o n representatio n o f  th e analog y i n th e letter ,  leavin g unanswere d 
th e followin g question s whic h dea l  wit h th e issu e o f  learnin g b y analogie s fro m th e editoria l  domain :  W h a t 
conclusio n i s draw n fro m th e analog y an d learned ,  o r  retaine d i n L T M ? W h y i s thi s learned ? H o w doe s 
JULIP' s prio r  knowledg e stat e affec t  th e conclusion !  H o w doe s question-answe r  processin g affec t  th e conclu -
sion T H o w doe s th e conclusio n affec t  futur e comprehension ! 

Futur e wor k wil l  explor e th e possibilit y  o f  reversin g th e proces s o f  analog y comprehensio n i n orde r  t o 
fulfil l  a  lon g rang e goa l  o f  thi s research :  t o buil d a  syste m whic h ca n generat e argument s b y analog y o n it s 
own. 

0. Conclusions 

We hav e show n ho w th e analog y recognitio n mechanism s i n th e domai n o f  editoria l  letter s ca n b e 
bot h expectatio n drive n an d dat a driven .  Compariso n link s provid e a  mean s fo r  representin g th e mappin g 
of  th e sourc e an d target s domain s o f  a n editoria l  analog y i n memory .  Bot h domai n knowledg e an d a n 
understandin g o f  th e structur e o f  argument s i n genera l  enabl e JULI P t o transfor m a n argumen t  i n i n on e 
domai n o f  th e analog y t o th e othe r  domain . 

JULI P provide s a  foundatio n fo r  addin g th e abilit y  t o suppor t  analog y recognitio n an d comprehensio n 
i n th e integrate d natura l  languag e parse r  O p E d [ALVA85] . 
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Investigation s o f  Informatio n Utilizatio n durin g Fixation s i n Reading ^ 

Harry E. Blanchard 
Universit y o f  Illinoi s a t  Urbana-Champaig n 

During the reading of connected text, visual information is acquired dur-
in g fixations .  Th e questio n addresse d i n thi s pape r  i s whe n durin g thes e fix -
atio n i s visua l  informatio n acquired ? I n orde r  t o dea l  wit h thi s question ,  i t 
i s  necessar y t o clarif y wha t  w e mea n b y th e "acquisition "  o f  information . 
Acquisitio n ca n b e distinguishe d int o tw o processes ,  registratio n an d utiliza -
tion .  Registratio n refer s t o visua l  infozmatio n becomin g availabl e t o th e 
brain .  Utilizatio n refer s t o th e visua l  informatio n bein g use d t o furthe r  th e 
comprehensio n o f  th e tex t  bein g read . 

At  leas t  fou r  differen t  pattern s o f  utilizatio n ar e possible .  (1 )  Utili -
zatio n immediatel y follow s registration .  Thi s expresse s th e common assumptio n 
tha t  th e firs t  5 0 ms o f  eac h fixatio n i s devote d t o informatio n acquisitio n 
and th e remainde r  o f  th e fixatio n perio d t o othe r  processin g activities .  (2 ) 
Utilizatio n fro m differen t  region s a t  differen t  times .  Some segment s o f  a 
wor d o r  tex t  may b e utilize d a t  differen t  time s tha n othe r  segments .  On e pos -
sibl e patter n o f  thi s kin d i s th e left-to-righ t  sca n (e.g .  Geyer ,  1970) .  Thi s 
state s tha t  letter s ar e utilized ,  i n a  lef t  t o righ t  sequence ,  beginnin g a t 
th e lef t  sid e o f  th e fiel d o f  clea r  visio n an d proceedin g t o th e right .  (3 ) 
Utilizatio n occur s continuousl y throughou t  th e fixation .  (4 )  Utilizatio n 
occur s a t  a .  specifi c  poin t  i n time .  Utilizatio n coul d occu r  a t  a  specifi c 
poin t  i n time ,  a s i n th e firs t  alternative ,  bu t  no t  necessaril y  immediatel y 
afte r  registration .  Tw o possibilitie s exist :  utilizatio n coul d occu r  at ,  o r 
after ,  th e en d o f  a  fixatio n o r  utilizatio n coul d occu r  durin g th e fixation , 
wit h th e specifi c  tim e o f  it s  occurrenc e bein g variable .  Thi s pape r  present s 
evidenc e whic h narrow s dow n thes e possibilitie s t o th e las t  alternative . 

Blanchard ,  McConkie ,  Zola ,  &  Wolverto n (1984 )  provide d evidenc e o n tw o 
hypotheses :  utilizatio n follow s registratio n an d th e left-to-righ t  scan .  Th e 
experiment s reporte d her e provid e evidenc e o n th e left-to-righ t  sca n an d con -
tinuou s utilizatio n hypotheses .  Thes e experiment s al l  us e a  variatio n o f 
Blanchar d e t  al.' s  (1984 )  technique . 

Blanchard et al. (1984): Experimental Procedure and Findings 

How can the time course of utilization be experimentally determined? 
Blanchar d e t  al .  (1984 )  manipulate d th e visua l  inpu t  availabl e durin g 
fixations .  I f  th e visua l  patter n i s differen t  a t  differen t  time s durin g th e 
fixation ,  the n wha t  th e reade r  report s havin g see n ca n specif y th e tim e a t 
whic h visua l  informatio n wa s utilized .  Fas t  contro l  ove r  th e stimulu s durin g 
th e proces s o f  readin g continuou s tex t  wa s achieve d throug h ey e movemen t 
contingen t  displa y control .  I n thi s technique ,  th e subjec t  read s tex t  fro m a 
cathod e ra y tub e (CRT )  linke d t o a  compute r  an d a n eyetracker .  Th e CRT 
provide s th e abilit y  t o chang e th e tex t  presente d i n an y wa y desire d ver y 
quickl y (approximatel y 4  m s ) .  Ey e movement s ar e monitore d whil e th e subjec t 
i s  reading .  Th e signa l  fro m th e eyetracke r  i s collecte d b y a  computer ,  whic h 

1.  Thi s researc h wa s supporte d b y th e Nationa l  Institut e o f  Educatio n unde r 
Contrac t  400-76-011 6 t o th e Cente r  fo r  th e Stud y o f  Reading . 
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identifies ,  o n line ,  whethe r  th e subjec t  i s  fixatin g o r  makin g a  saccade .  Th e 
tex t  displaye d o n th e CRT ca n b e change d contingen t  upo n wha t  th e subject' s 
eye s ar e doing .  I n th e manipulatio n use d b y Blanchar d e t  al .  (1984) ,  th e tex t 
was change a b y switchin g a  singl e lette r  o n th e line . 

Passage s wer e writte n i n whic h tw o word s fi t  int o th e sam e plac e i n th e 
text ,  e.g .  Th e undergroun d cavern s wer e mean t  t o hous e hidde n (tombs.bombs) . 
but  the n th e constructio n wa s stoppe d becaus e o f  lac k o f  funds .  Changin g a 
letter ,  fro m t  t o b ,  change s th e meanin g o f  th e text .  Thi s critica l  lette r 
was change d partwa y throug h eac h fixatio n tha t  th e subjec t  mad e i n th e 
vicinit y o f  th e letter .  Th e wor d containin g th e critica l  lette r  i s  th e 
critica l  word .  A t  th e beginnin g o f  a  fixation ,  on e wor d wa s i n th e tex t 
(tombs) .  Partwa y throug h th e fixation ,  th e lin e o f  tex t  wa s replace d b y a 
mask o f  X' s fo r  3 0 ms ,  an d th e tex t  wa s the n returne d t o th e scree n fo r  th e 
remainde r  o f  th e fixation .  However ,  afte r  th e mask ,  th e critica l  lette r  wa s 
differen t  tha n i t  ha d bee n i n th e earl y par t  o f  th e fixation ,  thu s changin g 
th e critica l  wor d t o bombs .  Durin g th e saccade ,  bomb s wa s change d bac k t o th e 
origina l  word ,  tombs ,  an d th e cycl e bega n again .  I n thi s way ,  th e sam e 
sequenc e o f  displa y change s wa s repeate d fo r  eac h fixation-saccad e cycle . 
Thi s sequenc e o f  change s cause d differen t  informatio n t o b e presen t  i n th e 
earl y an d lat e part s o f  th e fixation . 

The purpos e o f  th e mas k i n thi s experimen t  wa s t o eliminat e apparen t 
movement  whic h wa s localize d a t  th e critica l  lette r  positio n whe n th e lette r 
changed .  Localize d apparen t  movemen t  attract s attentio n t o th e locatio n o f 
th e movement .  Th e mas k cause s apparen t  movemen t  a t  al l  lette r  position s 
equally ,  thu s removin g th e effec t  cause d b y a  localize d change . 

Afte r  readin g eac h passage ,  th e subjec t  wa s give n fou r  tes t  words ,  on e 
afte r  another ,  an d indicate d fo r  eac h whethe r  o r  no t  i t  ha d bee n i n th e text . 
Two o f  th e tes t  word s wer e th e critical ,  changin g words ,  e.g .  tomb s an d bomb s 
i n th e abov e example .  Whic h wor d o r  word s wer e reporte d indicate d whethe r  th e 
critica l  lette r  wa s utilize d befor e th e mask ,  afte r  it ,  o r  throughou t  th e 
fixation . 

Give n thes e experimenta l  conditions ,  th e hypothesi s tha t  utilizatio n 
immediatel y follow s registratio n predict s tha t  onl y th e firs t  wor d presen t 
durin g th e fixatio n shoul d b e reported .  Blanchar d e t  al.' s  (1984 )  result s d o 
not  confor m t o thi s prediction.  Sometime s subject s reporte d readin g th e firs t 
word ,  sometime s bot h words ,  an d sometime s onl y th e secon d presente d word . 
Each o f  thes e report s occurre d wit h nearl y equa l  frequenc y (29 % fo r  th e first , 
36Z fo r  th e second ,  an d 35 Z fo r  both) .  Clearly ,  utilizatio n doe s no t 
inevitabl y occu r  a t  th e beginnin g o f  th e fixatio n — sometime s i t  occur s late r 
i n th e fixation . 

The Left-to-Righ t  Sca n Hypothesi s 

Blanchard et al. (1984) conducted several tests on the left-to-right scan 
hypothesis ,  an d foun d n o evidenc e fo r  it .  Tw o additiona l  experiment s wer e 
specificall y designe d t o tes t  thi s hypothesis . 

I n Experimen t  1 ,  th e sam e techniqu e a s Blanchar d e t  al .  wa s used ,  excep t 
now ther e wer e tw o critica l  letter s i n a  critica l  wor d instea d o f  jus t  one . 
Text s wer e use d i n whic h fou r  word s contrastin g b y tw o letter s al l  fi t  int o 
th e sam e positio n i n th e text ,  fo r  example ,  Ruth' s grea t  aun t  i s definitel y 
th e mos t  (mushy.musty.gushy.gusty )  perso n sh e ha s eve r  met .  Durin g fixation s 
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i n reading ,  th e tv o critica l  letter s wer e change d (wit h a n interpolate d mask ) 
80 tha t  on e o f  th e fou r  possibl e word s wa s presen t  durin g th e earl y par t  o f 
eac h fixatio n (mushy )  an d a  secon d wor d durin g th e latte r  par t  o f  eac h 
fixatio n (gusty) .  Th e othe r  tw o word s wer e neve r  presented .  I f  a  left-to -
righ t  sca n wer e takin g place ,  i t  woul d b e expecte d tha t  a t  leas t  sometime s th e 
firs t  critica l  lette r  fro m th e firs t  wor d an d th e secon d critica l  lette r  fro m 
th e secon d wor d woul d b e utilized ,  causin g th e subjec t  t o repor t  readin g a 
wor d tha t  wa s neve r  presen t  o n th e scree n (must y i n thi s example) .  Th e 
frequenc y o f  thi s phenomeno n woul d depen d o n th e spee d o f  th e sca n an d o n 
wher e th e sca n begin s (and ,  therefore ,  o n wher e th e fixatio n wa s wit h respec t 
to  th e critica l  letter) . 

The result s wer e muc h lik e Blanchar d e t  al .  (1984 )  i n tha t  th e subject s 
sometime s reporte d th e firs t  presen t  word ,  sometime s th e second ,  an d sometime s 
both .  However ,  the y di d no t  repor t  th e musty-typ e non-presente d word s whic h 
woul d b e expecte d fro m a  left-to-righ t  sca n hypothesi s wit h a  frequenc y 
greate r  tha n tha t  expecte d purel y b y error .  Also ,  ther e wa s no  patter n o f  th e 
frequenc y o f  suc h report s varyin g wit h wher e th e fixation s wer e wit h respec t 
t o th e positio n o f  th e critica l  letters .  Thus ,  n o suppor t  wa s foun d fo r  a 
left-to-righ t  scan . 

I n Experimen t  2 ,  th e sam e basi c procedur e a s i n Experimen t  1  wa s used , 
excep t  tha t  no w ever y lette r  i n th e critica l  wor d wa s change d afte r  th e mas k 
was remove d durin g fixations .  Passage s wer e writte n i n whic h a  pai r  o f 
critica l  word s differin g a t  ever y lette r  positio n fi t  int o th e sam e positio n 
i n th e text ,  fo r  example :  Sand y spen t  a  lon g tim e preparin g th e (melon.cakes ) 
fo r  desser t  an d completel y forgo t  abou t  th e hor s d'̂ oeuvres .  I n thi s case ,  i f 
a left-to-righ t  sca n take s place ,  ther e shoul d b e som e instance s wher e som e 
letter s fro m firs t  presente d wor d an d som e letter s fro m th e secon d presente d 
wor d ar e utilize d together .  Th e subjec t  woul d perceiv e a  non-wor d a s a 
result . 

The result s o f  changin g a n entir e wor d durin g a  fixatio n resembl e th e 
origina l  result s o f  Blanchar d e t  al.' s  (1984 )  singl e lette r  switch ,  i n tha t 
sometime s a  singl e wor d wa s reporte d an d sometime s bot h critica l  word s wer e 
reported .  However ,  th e relativ e frequenc y o f  reportin g bot h critica l  word s 
presente d durin g th e fixatio n double d wit h respec t  t o th e singl e lette r  chang e 
experiment .  Thi s may b e du e eithe r  t o th e greate r  possibilit y  o f  localize d 
movement  bein g perceive d despit e th e mas k o r  t o th e greate r  disruptio n t o th e 
perceptua l  processe s prio r  t o utilization .  Wit h respec t  t o th e sca n 
hypothesis ,  however ,  subject s di d no t  repor t  seein g non-words . 

I t  i s  possibl e tha t  instea d o f  seein g a  nonword ,  th e perceptua l  syste m 
may allo w som e kin d o f  erro r  recovery ,  wher e perhap s bot h critica l  word s ar e 
consciousl y perceived .  I n thi s case ,  instance s wher e onl y on e critica l  wor d 
i s reporte d woul d b e expecte d i n case s wher e th e sca n traverse d al l  th e 
letter s o f  th e critica l  wor d competel y befor e o r  afte r  th e mas k replace d th e 
text .  Thes e instance s woul d hav e t o b e case s wher e th e sca n starte d ver y 
clos e t o o r  fa r  awa y fro m th e critica l  word .  Thi s translate s t o th e 
predictio n tha t  th e probabilit y  o f  reportin g on e o r  bot h critica l  word s shoul d 
var y a s a  functio n o f  fixatio n location .  Thi s wa s not  th e case ,  however . 

The result s o f  thes e experiment s rul e ou t  th e left-to-righ t  scan ,  wit h 
th e possibl e exceptio n o f  ver y rapi d scans ,  faste r  tha n 1 0 ms pe r  letter . 
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The Memor y Proces s Explanatio n 

The next possible pattern is continuous utilization throughout the 
fixation .  Thi s woul d see m t o b e rule d ou t  b y Blanchar d e t  al.' s  (1984 )  basi c 
results ,  i n whic h subject s reporte d readin g onl y on e critica l  word ,  indicatin g 
tha t  utilizatio n di d no t  occu r  fo r  th e entir e duratio n o f  th e fixation . 
However ,  ther e i s a  wa y i n whic h continuou s utilizatio n coul d b e mad e 
compatibl e wit h thes e results .  Th e report s o f  readin g a  singl e wor d coul d b e 
explaine d throug h th e actio n o f  memor y processe s rathe r  tha n throug h 
perceptua l  processes .  Unde r  thi s alternativ e hypothesis ,  bot h critica l  word s 
presen t  durin g a  fixatio n ar e alway s perceive d (utilized) ,  bu t  on e o f  th e 
critica l  word s i s mor e susceptibl e t o forgettin g tha n th e other .  Case s wher e 
th e subjec t  report s readin g onl y a  singl e wor d ar e cause d b y forgettin g 
processe s operatin g afte r  utilization . 

Two experiment s wer e conducte d t o tes t  th e memor y proces s hypothesis .  I n 
Experimen t  3 ,  th e displa y change s an d text s wer e simila r  t o thos e use d b y 
Blanchar d e t  al .  (1984) :  a  singl e lette r  wa s change d durin g fixations . 
However ,  subject s i n Experimen t  3  wer e instructe d t o pres s a  butto n whil e the y 
wer e readin g i f  the y observe d a  wor d change .  Thes e wer e al l  non-naiv e 
subjects :  the y wer e awar e o f  wha t  a  lette r  chang e looke d like .  Th e memor y 
proces s explanatio n require s tha t  ther e shoul d b e n o correlatio n betwee n th e 
indication s o f  seein g a  lette r  chang e an d whethe r  subject s repor t  on e o r  bot h 
critica l  words .  Th e result s ar e no t  consisten t  wit h thi s explanation .  When 
subject s di d indicat e seein g a  lette r  change ,  the y reporte d bot h word s o n th e 
recognitio n tes t  92 % o f  th e time ,  an d whe n the y di d no t  indicat e a  change , 
the y reporte d a  singl e wor d 80 % o f  th e time .  Performanc e o n th e recognitio n 
tes t  appear s t o accuratel y reflec t  wha t  subject s ar e detectin g durin g thei r 
on-goin g reading .  Therefore ,  th e result s d o no t  suppor t  th e memor y proces s 
hypothesis . 

I n Experimen t  4 ,  th e singl e lette r  chang e techniqu e wa s agai n use d t o 
tes t  th e memor y proces s explanation .  On hal f  o f  th e passage s i n thi s 
experiment ,  th e tex t  wa s remove d fro m th e scree n completel y durin g a  saccad e 
takin g th e eye s awa y fro m th e critica l  word .  When thi s happened ,  subject s 
wer e instructe d t o verball y repor t  th e las t  fe w word s tha t  the y remembere d 
reading ,  an d t o repor t  an y lette r  change s the y ha d detected .  Thi s "turn-off -
the-text "  techniqu e i s a n alternativ e metho d t o th e recognitio n test .  I t 
greatl y reduce s non-immediat e effect s suc h a s memor y processe s b y obtainin g 
report s ver y soo n afte r  th e critica l  wor d wa s fixated .  O n hal f  th e texts , 
thi s turn-off-the-tex t  procedur e wa s used ,  bu t  o n th e remainder ,  subject s 
proceede d throug h th e tex t  withou t  interruptio n an d the n performe d th e 
recognitio n test .  Thi s allow s compariso n o f  th e tw o testin g method s an d 
assessmen t  o f  th e influenc e o f  non-inmediat e effect s o n subjects '  reports . 

Ther e wa s essentiall y  n o differenc e betwee n th e recognitio n tes t  an d th e 
immediat e verba l  reports ,  i n tha t  th e percentag e o f  report s o f  on e critica l 
wor d an d o f  bot h critica l  word s ar e nearl y th e same .  Thi s i s i n direc t 
contradictio n t o th e memor y proces s explanation ,  whic h predict s tha t  subject s 
shoul d alway s b e abl e t o repor t  bot h critica l  word s present ,  becaus e the y do 
not  hav e a n opportunit y t o forge t  on e o f  th e words .  A t  th e ver y least ,  th e 
probabilit y  o f  reportin g bot h critica l  word s shoul d increas e wit h th e 
immediat e verba l  reports ,  bu t  thi s i s no t  th e case .  I t  seem s saf e t o conclud e 
tha t  th e patter n o f  reportin g whic h wa s observe d i n th e recognitio n test s o f 
thi s an d previou s studie s largel y reflect s processe s tha t  ar e occurrin g durin g 
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perception ,  or ,  a t  least ,  durin g th e ver y earl y stage s o f  processing .  Thes e 
result s d o not  suppor t  th e memor y proces s explanation ,  an d s o ar e no t 
consisten t  wit h th e hypothesi s tha t  utilizatio n occur s continuousl y throughou t 
th e fixation .  Th e result s ar e consisten t  wit h th e positio n tha t  utilizatio n 
occur s durin g a  specific ,  delimite d poin t  i n tim e durin g th e fixation . 

Conclusion 

These experiments have clearly narrowed down the possible patterns of 
utilizatio n describe d above .  Utilizatio n doe s not  typicall y occu r  immediatel y 
afte r  registration ,  letter s ar e not  utilize d i n a  left-to-righ t  scan ,  an d 
utilizatio n doe s not  occu r  continuousl y throughou t  th e fixation . 

Thi s lead s t o th e las t  possibility ,  tha t  utilizatio n occur s a t  a 
delimite d poin t  i n tim e durin g th e fixation .  Ther e ar e tw o possibl e version s 
of  thi s hypothesis .  I n one ,  th e patter n o f  sometime s reportin g a  singl e wor d 
i s attribute d entirel y t o th e patter n maskin g characteristic s o f  th e 
interpolate d mask .  Th e mas k i s viewe d a s a  backwar d mas k fo r  th e firs t 
presente d wor d an d a  forwar d mas k fo r  th e secon d presente d word .  On e o r  bot h 
critica l  word s wil l  b e reported ,  dependin g o n th e effectivenes s o f  th e mas k 
fo r  eac h critica l  wor d durin g a n individua l  fixation .  Thi s involve s a  kin d o f 
indirec t  competitio n betwee n th e tw o word s presen t  durin g a  fixation .  Visua l 
informatio n i s availabl e fro m bot h word s whe n utilizatio n take s place , 
althoug h eithe r  on e o r  bot h word s ma y b e perceived .  Fo r  thi s t o occur , 
utilizatio n mus t  tak e plac e a t  th e en d o f  th e fixatio n o r  afte r  i t  i s 
terminated ,  i n orde r  fo r  informatio n fro m bot h word s t o b e available . 

The othe r  possibilit y  i s  tha t  report s o f  readin g a  singl e critica l  wor d 
directl y indicat e whe n utilizatio n occur s durin g a  fixation .  Tha t  is ,  th e 
fac t  tha t  th e subjec t  report s th e wor d presen t  earl y i n th e fixatio n o r  th e 
wor d presen t  late r  i n th e fixatio n correspond s t o th e actua l  poin t  durin g th e 
fixatio n a t  whic h utilizatio n occurred .  I f  thi s i s so ,  the n th e tim e o f 
utilizatio n woul d appea r  t o vary ,  occurrin g sometime s earl y an d sometime s 
late r  i n th e fixation .  Thi s wa s propose d b y Blanchar d e t  al .  (1984) .  I t  ca n 
be furthe r  speculate d tha t  th e variabl e tim e o f  utilizatio n i s influence d b y 
th e curren t  nee d o f  concurren t  languag e processes .  Vlhe n on-goin g languag e 
comprehensio n i s read y t o accep t  ne w input ,  the n utilizatio n wil l  occur .  Thi s 
activit y wil l  no t  b e i n direc t  correspondenc e wit h th e saccade-fixatio n cycle , 
so th e tim e o f  utilizatio n wil l  var y independentl y o f  th e makin g o f  a  ne w 
fixation .  Furthe r  researc h examinin g thes e tw o possibilitie s i s bein g 
conducte d usin g th e lette r  chang e durin g fixation s technique . 
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n A B S T R A CT 

Two approaches to reasoning about uncertainty are discussed. A paralld certainty 

inferenc e mode l  superimpose s reasonin g abou t  th e credibilit y  o f  inference s o n a 

deductiv e framework .  A  secon d approac h identifie s an d implement s rqwesentativenes s 

as th e genera l  determinan t  o f  credibilit y  i n classificatio n tasks .  Thes e approache s ar e 

step s i n th e evolutio n o f  endorsement-base d reasoning ,  a  vie w o f  uncertaint y i n term s 

of  structure d object s tha t  rqvesen t  characteristic s (r f  evidence . 

52 I N T R O D U C T I O N 

This paper is about evidence. It is also about uncertainty, since uncertainty is a state 

of  min d tha t  arise s whe n evidenc e i s incomplete ,  inaccurate ,  irrelevant ,  an d s o oa . 

&nc c thes e an d othe r  characteristic s o f  evidenc e giv e ris e t o uncertainty ,  reasonin g 

abou t  uncertaint y ough t  t o b e reasmiin g abou t  characteristic s o f  evidence .  Bu t  thi s i s 

difficul t  fo r  Artificia l  Intelligenc e (AI )  programs ,  whic h ar e no t  provide d wit h explici t 

representation s o f  characteristic s o f  evidence .  Mos t  frequentiy ,  al l  knowledg e abou t 

uncertaint y i s summarize d i n a  singl e degre e o r  rang e o f  belief . 

Endorsements are exi^cit reproentations of characteristics of evidence. This paper 

describe s tw o stage s i n th e theor y o f  reascmin g wit h endorsements .  I t  draw s togethe r 

result s fro m severa l  sources, '  an d i s necessaril y  condensed .  Th e endorsement-base d vie w 

i s prescriptive ,  i n th e sens e o f  sayin g ho w reas(»in g abou t  uncertaint y ough t  t o b e 

don e b y intelligen t  computers .  S(»n e prescription s hav e bee n implemented ,  other s 

remai n ope n researc h problems .  O n e versi( m o f  oidorsement-base d reasoning , 

describe d below ,  als o purport s t o describ e huma n reascMiin g unde r  uncertainty . 

Three prescriptions for intelligent reascming about uncertainty guide the develqnnent 

of  endorsement-base d reasoning : 

Orlcotatioa towards actton. It is striking that humans, though uncertain about 

many o r  mos t  decisicHi s ac t  a s i f  certai n abou t  thes e decisions .  A I  program s ar e 

'  Cdie n an d Grinber g (1983) ;  Cohe n (198S) ;  Sulliva n an d Cohe n (198S) ;  Cohen ,  Davis ,  Day , 
Gieenberg ,  Kjeldsen ,  Lande r  an d Loisell e (198S) . 

24 7 



les s a U e becaus e the y lac k representation s o f  reason s fo r  uncertainty .  Decisio n i s 

trivialize d b y relianc e o n degree s o f  belief ,  exclusiv e o f  reasons ,  sinc e decisio n 

strategie s hav e acces s cml y t o th e weigh t  o f  evidence ,  no t  it s othe r 

characteristics .  Fo r  example ,  give n onl y th e degre e o f  belie f  i n a  hypothesis ,  on e 

canno t  decid e t o minimiz e uncertaint y b y attemptin g t o prov e it s converse .  No r 

ca n on e decid e t o "wai t  an d see,* *  i n th e expectatio n tha t  mor e evidenc e i s 

forthcoming .  Bot h decisio n strategie s requir e knowledg e abou t  wh y a  hypothesi s 

i s uncertain :  b  it s convers e mor e credible ? i s i t  currentl y unsupporte d bu t 

expecte d t o gai n suppor t  soon ? A n orientatio n t o actio n unde r  uncertamt y 

mandate s thi s kin d o f  explici t  knowledg e abou t  uncertainty . 

Jnstiflcatioa. Humans can justify their decisions. AI programs can generally 

explai n h o w the y deriv e factua l  conclusions ,  bu t  no t  wh y the y believ e o r 

disbeliev e th e conclusions .  Onc e again ,  th e lac k o f  explici t  representation s o f 

characteristic s o f  evidenc e i s a t  fault . 

Advocacy and consensus. Humans can view the same evidence from different 

perqjective s -  arguin g fo r  an d agains t  a  positio n t o convinc e onesel f  o r  another . 

Avro n Bar r  (1985 )  p(Hnt s ou t  that ,  i n additio n t o advocacy ,  human s ma y argu e 

t o find a  consensus .  Th e goa l  her e i s no t  t o Uudgeo n a n opposin g positio n wit h 

th e clu b o f  evidence ,  bu t  t o see k a  ne w interpretatio n o f  th e evidenc e tha t 

acccMnmodate s tw o apparentl y opposin g views .  Bot h advocac y an d consensu s 

focu s o n ho w evidenc e support s arguments .  Th e weigh t  o f  evidenc e i s certainl y 

important ,  bu t  n o mor e s o tha n th e source ,  cost ,  reliability ,  an d othe r 

characteristic s o f  evidence . 

Guided by these considerations, we developed two forms of endorsement-based 

Tdooamg abou t  evidence . 

83 P A R A L L E L C E R T A I N T Y I N F E R E N C E 

The parallel certainty inference model divides reasoning under uncertainty into two 

paralle l  streams .  I n one ,  deductiv e inferenc e i s mediate d b y modu s ponens ;  an d i n th e 

other ,  representation s o f  th e credibilit y  o f  deductiv e inference s ar e propagated .  Thi s 

l̂i t  i s  necessar y becaus e deductio n i s no t  define d fo r  proposition s tha t  ar e neithe r 

tru e no r  false .  Therefore ,  t o reaso n deductivel y unde r  uncertainty ,  on e mus t  ad d 

representation s o f  uncertaint y t o logica l  (tru e o r  false )  prqx>sitions .  Degree s o f  belie f 

i n exper t  system s ar e th e best-know n examin e o f  paralle l  certaint y inferences .  Fo r 

exam^e ,  NfYCI N use s modu s ponen s t o backchai n throug h a  rulebas e o f  implications , 

and use s quasi-Bayesia n combinin g function s t o propagat e degree s o f  belie f  fro m on e 

conclusio n t o th e nex t  (Buchana n an d Shortliffe ,  1984 ,  Chapte r  11) .  Sinc e w e believ e 

tha t  number s ar e inadequat e representation s o f  characteristic s o f  uncertainty ,  w e 

develope d a  paralle l  certaint y inferenc e mode l  i n whic h number s wer e rq>lace d b y 

endorsements . 
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Cohea (1984 )  an d Sulliva n an d Cabe a (1985 )  studie d th e nA e o f  endorsement s i n pla n 

recognitioD .  Th e proble m i t  this :  Give n a  se t  o f  plans ,  eac h compose d o f  elementar y 

actions ,  determin e th e pla n a  use r  ha s i n min d b y watchin g hi s actions .  Fo r  example , 

imagin e th e give n library "  omtain s onl y thre e jAans ,  eac h compose d o f  thre e 

elementar y actions : 

Plan Steps 

planl a b c 

plan 2 b  d  e 

ldan 3 d  f  g 

Further assume, for simplicity, diat |dan steps are not '*shared": step b, for example, 

does no t  simultaneousl y continu e pla n 1  an d star t  pla n 2 . 

How can we interpret the user actions a followed by b? The first action suggests the 

user  intend s pla n 1 ,  sinc e i t  i s  uniqu e t o pla n 1 .  However ,  i t  migh t  hav e bee n a 

mistake :  th e use r  migh t  actuall y inten d jAa n 2 .  Th e secon d action ,  b  appear s t o 

suppor t  th e pla n 1  interpretatimi ,  sinc e i t  i s  th e nex t  ste p i n th e [dan .  However ,  b  i s 

ambiguous :  th e first  actio n migh t  hav e bee n a  mistak e an d th e use r  migh t  b e startin g 

pla n 2 .  Bot h interpretati(m s ar e uncertain .  Sulliva n an d Cohe n represen t  th e 

uncertaint y wit h mnemoni c endorsements : 

Step Interpretation Endorsements 

1: a (start planl a) (a unique to plan 1 +) 

( a coul d b e a  mistak e - ) 

2: b (continue planl b) (a b continuity is desirable +) 

( b amUguou s - ) 

( b coul d b e a  mistak e - ) 

b (start plan2 b) (a b discontinuity is undesirable -) 

( b ambiguou s • ) 

( b coul d b e a  mistak e - ) 

Aske d t o argu e tha t  th e action s a ,  b  ar e evidenc e o f  pla n 1 ,  on e ca n rea d th e 

positiv e endorsement s (that' s wha t  th e +  means )  tha t  a  i s uniqu e t o î a n 1 ,  an d i s 

continue d b y b .  Aske d t o argu e agains t  thi s interpretation ,  on e read s th e negativ e 

endorsements :  a  migh t  b e a  mistake ,  b  i s no t  uniqu e t o fAa a 1 .  Th e pla n 2 

interpretatio n o f  th e action s accrue s n o positiv e endorsements ,  bu t  th e negativ e one s 

can b e use d t o argu e agains t  it :  th e use r  prefer s no t  t o star t  on e pla n whil e i n th e 

middl e o f  anothe r  (i.e. ,  discontinuit y i s  undesiraUe) ;  b  i s ambiguous ,  an d migh t  hav e 

been a  mistake . 

These endorsements seem to explicitly csqpture the sources of uncertainty in the plan 
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interpretatio n task .  Ye t  the y ar e onl y tokens :  thei r  meaning s mus t  b e supplie d fro m 

somewhere .  'IXscontinuit y i s undesirable "  stand s fo r  th e intuitio n tha t  a  use r  prefer s 

t o finish  on e tas k befor e startin g another .  Imagin e replacin g th e mnemcMii c 

endorsement s wit h arbitrar y symbob ,  an d yo u wil l  se e ho w importan t  i t  i s  t o spoai y 

th e semantic s o f  endorsements ,  an d no t  rel y o n thei r  mnemoni c power .  H o w muc h 

knowledg e woul d a  progra m nee d t o reaso n abou t  th e symb( ^  x4 3 a s wel l  a s human s 

reaso n abou t  th e possibilit y  tha t  a n actio n i s a  mistake ? Thi s knowledg e impart s 

meanin g t o th e toke n "coul d b e a  mistake. "  Sulliva n an d Cohe n foun d tha t  th e 

meanin g o f  endorsement s wa s adequatel y specifie d b y thei r  applicabilit y  condition s -

when t o ad d the m t o a  propositio n -  an d b y rule s specifyin g whe n t o ad d an d delet e 

endorsement s fro m pn^XKition s i n th e ligh t  o f  ne w evidence .  Th e latte r  kin d o f 

knowledg e playe d a n importan t  rol e i n combinin g evidence . 

The task of comlnning endorsements in light of evidence is best introduced with an 

example .  Give n th e plan s above ,  w e ca n interpre t  actio n a  a s evidenc e fo r  pla n 1 , 

subjec t  t o th e qualificatio n tha t  i t  coul d b e a  mistake .  N o w ,  i f  th e nex t  actic m i s b , 

i s  th e qualificaticM i  stil l  valid ? Migh t  ou r  uncertaint y b e tempere d b y th e fac t  tha t  b 

i s consecutiv e wit h a  unde r  th e pla n 1  interpretatio n o f  bot h acticms ? I f  th e thir d 

actio n i s c ,  th e concludin g ste p i n pla n 1 ,  ca n ther e b e an y doub t  tha t  a  wa s no t  a 

mistake ? I f  i t  i s  reasonabl e t o diminis h uncertaint y du e t o a  possibl e mistak e give n 

subsequen t  consisten t  evidence ,  the n w e migh t  eras e th e negativ e endorsemen t  "coul d 

be a  mistak e -  "  give n suc h evidence .  Thi s i s exactl y th e metho d use d b y Sulliva n 

an d Cohen .  The y specifie d semanti c combinin g rules ,  s o calle d becaus e the y define d th e 

meanin g o f  endorsement s i n term s o f  th e wa y endorsement s combine : 

If (plan N: step i could be a mistake -) and 

(pla n N :  step s i  j  ccmtinuit y i s desirabl e + ) 

The n eras e (pla n N :  ste p i  coul d b e a  mistak e - ) 

(Thoug h th e implementatio n o f  thi s an d othe r  semanti c combinin g rule s literall y erase d 

endorsemmts ,  a  bette r  implementatic m woul d withdra w suppor t  fo r  them .  Thi s 

reasoning ,  i n th e styl e o f  Doyle' s reaso n maintenanc e (Doyle ,  1983) ,  keep s a n 

importan t  recor d o f  th e fat e o f  hypothese s a s evidenc e i s accrued. ) 

Semantic combining rules provide cme mechanism for implementing advocate and 

consensu s reasoning .  Conside r  th e justificatio n offere d b y on e advocat e fo r  th e fAa n 1 

interpretatio n o f  • » b :  "Th e action s ar e consecutiv e -  evidenc e tha t  pla n 1  i s intended . 

True ,  a  migh t  b e a  mistake ,  an d b  i s ambiguous ,  but ,  fo r  m e ,  th e likelihoo d tha t  a 

i s a  mistak e give n th e ccnsecutiv e actio n b  i s small. "  Anothe r  advocat e use s th e sam e 

evidenc e an d endorsement s bu t  take s anothe r  view :  T r u e ,  th e acticm s ar e consecutive , 

but  a  migh t  hav e bee n a  mistake ,  an d sinc e b  i s amUguous ,  I  canno t  argu e tha t  bot h 

belon g t o pla n 1. "  W e ca n mode l  thes e differen t  view s i n term s o f  sonanti c 

combinin g rules .  Th e first  advocat e i s governe d b y th e rul e show n above ;  th e seoMi d 

by a  mor e conservativ e rule : 
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I f  (pla n N :  stq > i  coul d b e a  mistak e - )  an d 

(pla n N :  step t  i  j  continuit y i s desirabl e + )  an d 

(pla n N :  ste p j  ha s onl y on e interpretatio n + ) 

The n eras e (pla n N :  stq > i  coul d b e a  mistak e - ) 

Consensu s i s mor e difficul t  t o model ,  bu t  inv(4ve s comparin g th e semanti c combinin g 

rules :  Th e advocate s disagre e becaus e th e ambiguit y o f  b  i s significan t  t o on e an d no t 

t o th e other .  Severa l  intermediate ,  consensu s positimi s ca n b e worke d out ;  fo r 

examine ,  th e thir d claus e i n th e previou s rul e migh t  b e rewritte n "onl y on e 

interpretatio n o f  ste p j  currentl y ha s support, "  whic h woul d lea d t o agreemen t  o n th e 

pla n 1  interpretatio n o f  a ,  b ,  sinc e al l  th e endorsement s o f  th e pla n 2  interpretatio n 

oi  thi s inpu t  ar e negative ,  a s discusse d above . 

M R E P R E S E N T A T I V E N E SS 

Our second approach to endorsement-based reasoning addressed two related issues: 

However  informativ e ou r  endorsement s appeared ,  the y wer e stil l  comment s adde d pos t 

hoc t o deductiv e inferences .  Thi s wa s a n inevitabl e consequenc e o f  th e paralle l 

certaint y inferences ,  bu t  i t  leave s ope n th e question s "wher e d o endorsement s com e 

from ,  an d wha t  d o the y meanT *  A t  th e sam e time ,  w e becam e intere^e d i n 

associative ,  a s oppose d t o deductive ,  reasoning .  Exper t  an d commonsens e reasonin g 

derive s it s powe r  fro m empirica l  association s -  proposition s tha t  "g o together "  i n th e 

mind .  W e though t  tha t  th e manne r  i n whic h th e proposition s g o togethe r  -  th e 

association s betwee n the m -  coul d tel l  u s somethin g abou t  th e credibilit y  o f  inference s 

base d o n thos e associations .  Unfortunately ,  th e natur e o f  a n associatio n (b e i t  causal , 

temporal ,  etc. )  i s  los t  whe n i t  a  represente d a s a n implication ;  an d mos t  empirica l 

association s ar e represente d thi s way ,  a s productio n rules .  Th e failur e o f  thi s approach , 

i t  seemed ,  wa s tha t  imj^cation s ar e interprete d deductivel y - -  a s logica l  form s -  an d 

thu s th e paralle l  certaint y inferenc e mode l  i s inescapable .  Yet ,  i f  th e association s tha t 

underli e inference s ar e no t  discarde d i n th e translaticM i  frcx n empirica l  associatio n t o 

implication ,  the n the y migh t  b e use d t o asses s th e crediUlit y o f  th e inferences .  B y 

focusin g o n associativ e reasoning ,  w e eliminat e th e paralle l  certaint y inferenc e model , 

and th e question s i t  raise s abou t  th e meanin g o f  endorsements .  A t  th e sam e time ,  w e 

gai n a  se t  o f  association s tha t  ar e a  natura l  basi s fo r  statement s abou t  th e creditnlit y 

of  interpretation s -  endorsements . 

We addressed a single associative task and its inherent uncertainty. The task was 

classification ,  prevalen t  i n A I  systems .  Partia l  matchin g occur s wheneve r  th e criteri a 

fo r  a  classificatio n ar e no t  me t  exactly .  Fo r  example ,  give n th e empirica l  associatio n a 

perso n wit h queasiness .  fatigue ,  achin g limbs ,  an d a  feve r  ha s flu ,  wha t  ca n w e sa y o f 

an individua l  wit h a  poo r  appetite ,  headache ,  margina l  fever ,  an d a  twitc h i n th e lef t 

eye ? Fl u m i ^ t  b e considere d i f  poo r  appetit e i s evidenc e o f  queasiness ,  headach e i s 

evidenc e o i  achin g limbs ,  an d s o on ,  althoug h n o reasonabl e interpretatio n o f  th e 

twitc h seem s possible .  Th e partia l  matchin g proble m ha s tw o forms :  No t  al l  th e 
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criteri a fo r  a  classificatio a ar e met ,  an d thos e tha t  ar e ma y b e me t  approximately . 

Th e individua l  abov e di d no t  complai n o f  fatigu e -  on e o f  th e criteri a fo r  fl u -  an d 

di d no t  complai n o f  othe r  criteri a exactl y a s stated .  Ye t  al l  complaint s bu t  th e twitc h 

coul d b e interprete d a s evidenc e fo r  flu . 

One form of the partial matching proUem - inexact matches between evidence and 

classificatio n criteri a -  reminde d u s o f  Tversk y an d Kahneman' s notic m o f 

representativeness : 

M a ny o f  th e probalMlisti c  question s wit h whic h peofA e ar e concerne d 

belon g t o on e o f  th e followin g types :  Wha t  i s th e probabilit y  tha t  objec t 

A belong s t o clas s B ? Wha t  i s th e probabilit y  tha t  even t  A  originate s 

fro m B ? W h a t  i s th e probabilit y  tha t  proces s B  wil l  generat e even t  A ? I n 

answerin g thes e questicMis ,  peofA e typicall y rel y o n th e representativenes s 

heuristic ,  i n whic h probabilitie s ar e evaluate d b y th e degre e t o whic h A  i s 

representativ e o f  B ,  tha t  is ,  b y th e degre e t o whic h A  resemble s B . 

(Tversk y an d Kahneman ,  1982 ,  p.4 ) 

One's certainty in a diagnosis of flu depends on the degree to which the symptcnns 

ar e representativ e o f  flu .  Returnin g t o th e previou s examine ,  i s poo r  appetit e ( a 

symptom )  representativ e o f  queasines s ( a criterio n fo r  flu)?  b  a  headach e 

rq>reieatativ e o f  achin g limbs ? W e accqjte d th e ide a tha t  rqvesentativenes s mediate s 

credibilit y  i n classificatio n tasks ,  an d se t  abou t  implementin g judgment s o f 

representativeness .  W h a t  follow s i s a  necessaril y  abbreviate d discussio n o f  th e wor k 

presente d i n Cohe n e t  al .  (1985) . 

Our i^jproach is to represent propositicms as structured objects (frames) and to 

measur e representativenes s i n term s o f  th e association s tha t  hol d betwee n structures . 

For  example ,  conside r  thi s structur e fo r  th e concep t  tobacco : 

Tobacco 

PART-OF cigarettes 

C A U SE cance r 

Is the inference cigarettes cause cancer crediMe? If so, it must be justified by the 

P A R T - OF associatio n betwee n tobacc o an d cigarettes .  Conside r  a  simila r  case : 

industrial emissioq 

HAS-PART: carbcm dioxide 

C A U SE :  ad d rai n 

Is it credible to infer that carbon dioxide causes acid rain? If not, it must be because 

carbo n dioxid e i s onl y on e par t  o f  industria l  emissicMis ,  an d thu s canno t  crediU y b e 

implicate d a s a  cause ,  give n othe r  possibl e causes .  Th e credibilit y  o f  th e first  exampl e 
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i s  du e t o th e P A R T - O F relation ,  bu t  th e H A S - P A R T relatio n doe s no t  suppor t  causa l 

argument s credibly .  W e sa y tha t  th e on e relatio n preserve s representativenes s an d th e 

othe r  doe s not .  Mor e formally : 

C A U S E ( A 3)  but ,  C A U S E ( A 3 ) 

PART-OF(A ,C )  H A S - P A R T ( A , C ) 

C A U S E ( C 3)  • •  C A U S E ( C 3 ) 

The * *  indicate s a n unrepresentative ,  o r  les s credible ,  conclusion .  Thi s styl e o f 

reasonin g ha s muc h i n c o m m o n wit h Collins '  plausibl e reasonin g (1978) .  Th e centra l 

ide a i s tha t  th e credibilit y  o f  a  conclusio n give n evidenc e i s determine d b y th e 

association s tha t  relat e evidenc e an d conclusio n i n a  networ k o f  concepts . 

Representativeness ,  o r  credibility ,  i s  a  functio n o f  associations .  I n th e previou s 

example ,  cigarette s ma y b e considere d t o caus e cancer ,  give n th e evidenc e tha t 

tobacc o cause s cancer ,  becaus e th e agen t  i n th e evidenc e (tobacco )  i s a  P A R T - O F th e 

agen t  i n th e conclusio n (cigarettes) . 

We have developed a program to reason associatively in a classification task, and to 

qualif y it s conclusion s a s representativ e o r  unrepresentativ e base d o n th e association s 

tha t  underli e classifications .  Th e domai n o f  th e program ,  calle d G R A N T,  i s researc h 

funding .  A  proposa l  (P )  state s a  researcher' s interests .  G R A N T find s a  se t  o f  fundin g 

agencie s (A )  tha t  ar e representativ e o f  th e proposal .  Th e agencie s judge d 

representativ e o f  a  proposa l  b y G R A N T wer e judge d i n tur n b y a n exper t  t o b e 

thos e mos t  likel y t o fun d th e proposal .  I  wil l  briefl y describ e th e structure ,  function , 

and testin g o f  G R A N T. 

GRANT has two kinds of knowledge about the world. One is a network of about 

1000 researc h concepts ,  an d th e othe r  i s a  se t  o f  rules ,  lik e thos e above ,  fo r  findin g 

representativ e connection s betwee n concepts .  Researc h proposal s an d th e interest s o f 

fundin g agencie s ar e represente d a s structure s attache d t o th e networ k o f  researc h 

concepts .  Fo r  example ,  a n agenc y tha t  want s t o stud y th e effect s o f  die t  o n 

cardiovascula r  diseas e i s linke d t o th e networ k b y thes e topics .  A  researche r  ma y 

propos e t o stud y th e effect s o f  dietar y sodiu m o n atherosclerosis .  I s thi s representativ e 

of  th e agency ? Tha t  is ,  i s  th e agenc y likel y t o fun d th e proposal ? Th e answe r 

depend s o n th e associativ e relation s betwee n th e topic s subsume d b y th e agenc y an d 

th e proposal .  A s i t  happens ,  dietar y sodiu m i s P A R T - O F diet ,  an d atherosclerosi s IS A 

cardiovascula r  disease .  Bot h relation s hav e bee n show n t o preserv e representativeness , 

so th e proposa l  i s  representativ e o f  th e agency' s interests . 

Most of the knowledge engineering effort on the GRANT project has been devoted 

t o discovering ,  fro m a  huma n exper t  i n th e domai n o f  funding ,  th e association s tha t 

lin k researc h concepts ,  an d th e rule s tha t  stat e whethe r  th e association s an d thei r 

combination s preserv e representativeness .  Combination s o f  association s ar e calle d pat h 

endorsements .  A  se t  o f  traversa l  rule s restrict s G R A N T t o conside r  th e associativ e 
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pathway s tha t  ar e adequatel y endorsed .  Give n th e rules ,  a  progra m ca n fin d source s 
of  fundin g fo r  whic h a  proposa l  i s  representative ,  simpl y b y startin g i n th e associativ e 

networ k o f  researc h concept s a t  th e proposa l  an d spreadin g activatio n throug h th e 

networ k ove r  representativ e association s unti l  i t  '1>ump s into "  topic s associate d wit h 

one o r  mor e fundin g agencies . 

The use of traversal rules constrains blind spreading activation, and finds the agencies 

most  likel y t o fun d a  researc h proposal .  W e teste d thi s clai m wit h 2 3 researc h 

proposals .  Fo r  each ,  w e ra n G R A NT i n tw o modes .  One ,  calle d minimum-distanc e 
searc h ( M D fo r  short )  sprea d activatio n withou t  regar d fo r  representativenes s unti l  i t 

found ,  o n average ,  1 5 agencies .  Th e othe r  mode ,  calle d endorsemen t  constraine d (E C 

fo r  short )  searche d unti l  i t  foun d al l  representativ e agencies .  Fo r  eac h proposal ,  th e 
agencie s foun d b y M D searc h wer e give n t o a n expert ,  wh o wa s aske d t o selec t  th e 
agencie s mos t  likel y t o fun d th e proposal .  Fo r  th e 2 3 proposak ,  th e exper t  selecte d a n 

averag e o f  2  agencie s fro m th e averag e o f  1 5 foun d b y M D search .  E C searc h found , 
on average ,  8 0 % o f  th e agencie s judge d goo d b y th e expert .  However ,  abou t  3 2 % o f 

th e agencie s foun d b y E C searc h wer e no t  judge d goo d b y th e expert .  Thu s E C 
searc h ha s a  respectabl e hi t  rat e (80% )  an d a n adequat e fals e positiv e rat e (32%) .  It s 

fals e positiv e rate ,  compare d wit h tha t  o f  M D searc h unde r  a  variet y o f  stoppin g 
conditions ,  i s  muc h superior .  Thi s suggest s tha t  th e rule s tha t  gover n E C searc h do , 
i n fact ,  discriminat e betwee n representativ e an d unrepresentativ e alternatives .  Moreover , 
the y effectivel y captur e th e determinant s o f  th e likelihoo d tha t  a n agenc y wil l  fun d a 

proposal . 

Path endorsements have not yet been shown to mediate explantation and advocacy 

and consensu s reasoning .  Endorsement s an d combinin g rule s o f  th e kin d discusse d i n 

Sulliva n an d Cohe n ar e bette r  suite d t o thes e purposes .  However ,  th e semantic s o f 

pat h endorsement s i s muc h cleare r  tha n thos e adde d t o a  paralle l  certaint y inferenc e 

model .  Curren t  researc h i s devote d t o attainin g advocac y an d consensu s reasonin g i n 

G R A N T. 
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T e l e o l o g y +  B u g s =s :  E x p l a n a t i o n s 

Gregg C. Collins 

Yale University 

In previous work, Sch&nk and Collins (1Q82) have argued that learning requires the ability to explain the failures of 

expectation s derive d fro m th e knowledg e structure s use d i n plannin g an d understanding .  Buildin g a  computationa l 

theor y base d o n thi s idea ,  however ,  depend s firs t  o f  al l  o n ou r  abilit y t o understan d wha t  kin d o f  explanatio n o f  a n 

expectatio n failur e i s  require d fo r  learning ,  an d wha t  a  syste m woul d nee d t o kno w i n orde r  t o construc t  suc h a n 

explanation .  O n e approac h t o thi s rathe r  formidabl e tas k i s t o analyz e actua l  instance s o f  suc h explanatio n performe d b y 

people .  Thi s pape r  wil l  loo k a t  on e suc h instanc e i n detail ,  an d attemp t  t o sketc h th e genera l  metho d whic h migh t 

underli e it . 

Th e exampl e w e wil l  analyz e involve s explainin g expectatio n failure s arisin g fro m th e behavio r  o f  a  broke n vendin g 

machine .  Thi s proble m ca n b e viewe d a s a  kin d o f  "debugging, "  an d i n fac t  prio r  wor k o n tha t  topi c an d o n th e analysi s 

of  devic e m o d e b i n genera l  (see ,  e.g. ,  Sussma n &  Brown ,  1974 ,  McDermott ,  1976 ,  Steven s &  Collins ,  1978 ,  Forbu s & 

Stevens ,  1981 ,  d e Klee r  &  Brown ,  1981 )  wil l  b e relevan t  t o th e analysis .  However ,  a  bi g differenc e i n thi s cas e i s tha t  w e 

begi n withou t  a  mode l  o f  ho w a  vendin g machin e operates .  Instead ,  w e begi n wit h ou r  everyda y knowledg e o f  ho w t o us e 

one whe n i t  I s  functionin g properly ,  plu s a n understandin g o f  it s  purpos e a s see n b y it s owner s an d designers .  I n fac t  I 

wil l  argu e tha t  w e eonetrue t  a  mode l  o f  ho w th e machin e work s a s a  necessar y par t  o f  explainin g wha t  i s wron g wit h it . 

Our  abilit y  t o reaso n teleologicall y abou t  thing s (i.e .  wit h respec t  t o thei r  "purposes" )  (deKlee r  &  Brown ,  1981 ,  Sussma n 

& Brown ,  1974) ,  combine d wit h th e informatio n whic h ca n b e derive d fro m a n analysi s o f  th e way s i n whic h th e devic e 

fai b t o fuini l  it s  purposes ,  ca n tak e u s surprisingl y fa r  i n constructin g a  mode l  o f  a  machin e abou t  whic h w e originall y 

had littl e specifi c  knowledge .  T h e mode l  mus t  b e develope d t o th e poin t  wher e i t  ca n b e use d t o construc t  a n 

explanatio n o f  th e caus e o f  th e bug s w e observed . 

The actual episode in which the failures occurred was this: I went up to an ordinary Coke machine, which I had 

previousl y use d withou t  an y problem ,  an d deposite d a  quarter .  Th e quarte r  cam e bac k i n th e coi n retur n box .  I  trie d 

severa l  mor e time s usin g differen t  quarters ,  wit h th e sam e resul t  eac h time ,  an d wit h n o apparen t  effec t  o n th e machine . 

I  the n trie d othe r  denomination s o f  coins ,  whic h th e machin e accepted .  I  trie d a  quarte r  agai n afte r  havin g deposite d 

some othe r  coins ,  an d i t  wa s agai n rejected .  W h e n I  ha d deposite d 3 0 cent s i n nickel s an d dimes ,  th e machin e li t  up , 

signallin g tha t  I  coul d no w hav e a  Coke ,  whic h i t  gav e me .  Th e usua l  pric e fo r  a  Cok e i n tha t  machin e wa s 5 5 cents . 

Th e sam e behavio r  occurre d subsequentl y whe n I  trie d th e sam e machin e again . 

The machine was behaving in a way that consistently violated two of the expectations derived from my get-a-Coke 

ecrip t  (Schan k &  Abelson ,  1977) .  I  expecte d t o b e abl e t o us e quarter s i n th e machine ,  an d I  expecte d t o ge t  th e Cok e fo r 

th e advertise d pric e o f  5 5 cents .  W h a t  wa s wrong T Th e explanatio n tha t  immediatel y presente d itsel f  t o m e wa s tha t 

th e machin e consiste d o f  som e sor t  o f  ram p betwee n th e inpu t  slo t  an d th e coi n retur n bo x dow n whic h coin s sli d o r 

rolled .  Of f  o f  thi s ram p woul d b e chute s fo r  quarters ,  dimes ,  an d nickels ,  separately ,  an d a t  th e to p o f  eac h chut e woul d 

be som e sor t  o f  sensin g devic e whic h woul d incremen t  a  counte r  wheneve r  a  coi n wen t  by .  W h a t  mus t  b e happening ,  I 

thought ,  wa s tha t  a  quarte r  wa s stuc k a t  th e to p o f  th e quarte r  chute ,  blockin g othe r  quarter s an d forcin g the m t o slid e 

on dow n t o th e coi n return .  Thi s quarte r  woul d b e a t  leas t  partiall y  insid e th e sensin g device ,  an d woul d b e "counted " 

onc e o n eac h cycl e o f  th e machine ,  s o tha t  Coke s effectivel y woul d cos t  2 5 cent s les s tha n the y normall y did .  I  believ e 

thi s t o a n interestin g exampl e th e explanatio n wa s no t  completel y obvious ,  implyin g tha t  th e reasonin g require d wa s no t 

trivial ,  ye t  ther e seem s t o b e a  fairl y unanimou s consensu s tha t  th e explanatio n i s th e right  on e amon g peopl e t o w h o m I 

subsequentl y presente d th e problem ,  implyin g tha t  specia l  knowledg e o r  abilitie s wer e no t  require d t o produc e th e 

explanation ,  bu t  tha t  i t  wa s i n fac t  onl y a  slightl y cleve r  instanc e o f  whateve r  i t  i s  peopl e normall y d o i n constructin g 

explanations . 

Analysis of the example 

I will now present an analysis of the processes and prior knowledge which are necessary to produce the above explanation 

i n term s o f  wha t  a  progra m capabl e o f  constructin g i t  woul d nee d t o kno w an d do .  Th e descriptio n wil l  b e presente d a s 

a serie s o f  step s startin g wit h th e initia l  knowledg e o f  th e expecte d behavio r  o f  th e machine ,  an d leadin g t o a  mode l  o f 

th e machin e whic h i s complet e enoug h to ,  first ,  explai n ho w th e vendin g machin e ehoitl d accomplis h th e function s whic h 

wer e perturbed ,  an d second ,  ho w th e perturbation s coul d aris e fro m plausibl e malfunction s o f  thos e mechanisms . 
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s t e p o n e :  M o d e l l i n g w h a t  s h o u l d h a v e h a p p e n e d 

Initiall y  wha t  I  kne w w u a  rot e plan ,  o r  script ,  fo r  usin g a  Cok e machine ,  whic h tol d m e wha t  t o d o an d wha t 

observabl e behavio r  t o expec t  fro m th e machin e i n response .  On e expectatio n tol d m e tha t  i f  I  inserte d dimes ,  nickels ,  o r 

quarter s i n th e machine ,  the y woul d remai n within ,  a s lon g a s th e cos t  o f  a  Cok e ha d no t  bee n exceeded .  Anothe r  tol d 

me tha t  i t  woul d cos t  m e th e advertise d pric e t o ge t  th e Coke .  I n bot h cases ,  th e actua l  observatio n differe d fro m th e 

expectation . 

What we need in the Hnal explanation of the discrepancy is a model of hoie the things we expected to happen are 

accomplished .  W h a t  w e have ,  probably ,  ar e jus t  th e expectation s themselves .  W h a t  I  wan t  t o sho w i s tha t  w e ca n 

bridg e th e ga p b y askin g ourselve s th e teleologica l  question :  wha t  purpose s o f  th e machin e wer e affecte d b y it s failur e t o 

operat e a s expected ? 

We know of two purposes which are relevant to the observed bugs: 

1.  Th e vendin g machin e i s mean t  t o collec t  a  customer' s money . 

2.  I t  i s  mean t  t o giv e th e custome r  a  Cok e whe n a  certai n amoun t  o f  mone y ha s bee n collected . 

Transformin g thi s teleolog y int o th e mechanis m require d fo r  th e explanatio n i s a  matte r  o f  distributin g th e teleolog y 

among a  se t  o f  interactin g component s whic h ar e themselve s characterised ,  a t  first ,  onl y b y thei r  teleology .  Th e 

interaction s amon g th e component s ca n b e represente d b y link s whic h denot e variou s type s o f  causa l  relations .  T w o 

causa l  lin k type s ar e neede d i n thi s example ,  correspondin g roughl y t o Conceptua l  Dependenc y primitive s P T R A N S an d 

M T R A NS (Schan k &  Abelson ,  1977) .  Thes e ar e intende d t o indicate ,  respectively ,  th e transfe r  o f  som e physica l  object , 

and th e transfe r  o f  information ,  betwee n tw o components . 

In order to distribute the teleology of the mechanism among interacting components, we must first determine suitable 

components .  I t  m a y no t  requir e inventin g ne w componen t  types ;  rather ,  i t  m a y su^ic e t o selec t  item s fro m a n existin g 

stoc k o f  device s describe d i n term s o f  thei r  teleology .  However ,  ou r  knowledg e o f  th e device s include s mor e tha n jus t 

thei r  teleology ,  i n particular ,  knowledg e o f  ho w suc h device s ar e commonl y implemented .  W e ar e therefor e no t  onl y 

followin g deKlee r  i n assertin g tha t  teleolog y i s a  crucia l  aspec t  o f  ou r  vocabular y fo r  devic e description ,  bu t  furthe r 

claimin g tha t  thi s serve s a s a n organizin g principl e fo r  memor y abou t  devices . 

Given an appropriate stock of simple components, our knowledge of the existence of the coin slot from the rote plan 

enable s u s t o construc t  th e followin g mode l  accountin g fo r  th e first  teleologica l  fac t  abou t  th e vendin g machine ,  namel y 

tha t  i t  take s th e customer' s money : 

ptrans (coins) 
SLOT >  RESERVOIR 

A "reservoir" is simply a component which collects something. The appropriate causal links between the components is 

par t  o f  ou r  knowledg e o f  th e component s themselves .  Reservoirs ,  w e know ,  mus t  hav e a  lin k enablin g a n infio w o f 

whateve r  substanc e the y store .  Th e natur e o f  thi s lin k depend s o n wha t  tha t  substanc e is .  I n th e cas e o f  a  physica l 

objec t  lik e a  coin ,  th e mechanis m b y whic h i t  i s  inpu t  mus t  o f  cours e b e physica l  transfer ,  i.e. ,  P T R A N S. 

We ca n exten d thi s mode l  t o accoun t  fo r  th e secon d teleologica l  fact ,  namely ,  tha t  th e vendin g machin e shoul d 

dispens e a  Cok e whe n a  certai n amoun t  o f  mone y ha s bee n collected : 

•trans 
COUNTER >  DISPENSER 

t 
i  atran s 
I 

SLOT SENSOR >  RESERVOIR 
ptran s (coins ) 

A "dispenser "  i s a  componen t  whic h "give s on e something. "  Inferrin g th e existanc e o f  th e "counter "  an d th e "sensor " 

i s a  bi t  mor e complex :  w e mus t  kno w tha t  whe n contro l  o f  a n operation ,  i n thi s cas e dispensing ,  i s dependen t  o n 

detectin g a  certai n amoun t  o f  something ,  the n a  senso r  i s require d fo r  detection ,  an d a  counte r  i s require d fo r  storin g th e 

quantit y detecte d s o far .  I n fac t  w e coul d abstractl y vie w a  counte r  a s a  reservoi r  fo r  a  quantity ,  an d analogousl y wit h 

th e coi n reservoir ,  determin e tha t  sinc e quantit y i s information ,  an d causall y appropriat e inpu t  lin k i s transfe r  o f 

information ,  i.e. ,  M T R A N S.  Th e senso r  mus t  b e inserte d i n th e pat h betwee n th e slo t  an d th e reservoi r  becaus e th e 

coin s whic h ar e collecte d t o satisf y th e first  purpos e o f  th e vendin g machin e ar e th e sam e coin s whic h mus t  b e counte d t o 

satisf y th e secon d purpose . 
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s t e p t w o ;  L o c a t i n g t h e b u g 

Once w e hav e constructe d thi s simpl e mode l  o f  th e Cok e machine ,  w e mus t  attemp t  t o locat e th e source s o f  th e 

observe d bug s i n th e model .  A t  thi s poin t  w e nee d t o invok e domain-independen t  rule s abou t  locatin g bugs .  Th e first , 

and mos t  importan t  i s th e well-know n "single-faul t  assumption, "  whic h i s th e assumptio n tha t  multipl e bug s hav e a 

singl e source . 

We can make use of this assumption to locate the bug due to a nice property of our representation, namely that each 

lin k an d th e device s a t  it s  endpoint s ca n b e see n a s a  "nearl y decomposable "  (Simon ,  1068 )  subsystem .  Thus ,  i f  on e ca n 

assig n bug s t o differen t  subsystem s i n th e representation ,  th e actua l  faul t  mus t  li e a t  th e intersectio n o f  thos e 

subsystems .  I n thi s case ,  on e bu g i s clearl y i n th e S L O T - R E S E R V O I R system ,  sinc e coin s en d u p i n th e coin-retur n 

instea d o f  th e reservoir .  Th e othe r  bu g i s i n th e C O U N T E R - S E N S OR system ,  sinc e th e machin e seem s t o b e countin g 

wrong .  Applyin g singl e faul t  assumptio n tell s  u s tha t  th e sourc e o f  bot h bug s shoul d b e a t  th e poin t  wher e th e senso r 

phyicall y contact s th e S L O T - R E S E R V O I R connection .  Thu s a  majo r  par t  o f  th e ultimat e explanatio n stem s fro m ou r 

abilit y  t o appl y th e single-faul t  assumptio n t o ou r  mode l  i n thi s way . 

Step three: Modelling the bug 

At  thi s point ,  althoug h w e hav e locate d th e sourc e o f  th e bugs ,  w e hav e no t  ye t  explaine d them .  W e ca n loo k t o tw o 

source s fo r  th e underlyin g cause s whic h migh t  explai n a  bug ;  th e propertie s o f  th e correctl y functionin g device ,  an d th e 

propertie s o f  th e faul t  whic h i s actuall y producin g th e bug .  Th e observe d symptom s whic h constitut e th e bu g ca n 

generall y b e viewe d a s resultin g fro m som e relativel y straightforwar d interactio n betwee n thes e tw o sources .  On e wa y o f 

sortin g ou t  th e interactio n i s t o isolat e characteristic s o f  a  bu g whic h ca n b e attribute d predominantl y t o eithe r  th e 

devic e alon e o r  t o th e faul t  alone . 

For example, we might view the entire description of the first bug, "rejects quarters," as such a characteristic. 

Viewin g thi s bu g i n isolatio n fro m th e secon d bug ,  w e migh t  the n attribut e i t  eithe r  t o th e devic e alon e (th e machin e ha s 

a reaso n fo r  rejectin g quarters ,  e.g. ,  whe n i t  i s  ou t  o f  change )  o r  t o th e faul t  alon e (fo r  example.th e coi n slo t  i s  blocke d s o 

tha t  nothin g a s larg e a s a  quarte r  ca n b e inserted) .  Sinc e neithe r  o f  thes e i s particularl y convincin g ~  fo r  example ,  I 

woul d hav e notice d i f  th e coi n slo t  wer e i n fac t  blocke d — w e hav e reaso n t o assum e tha t  "reject s quarters "  i s no t  bes t 

seen a s bein g directl y attributabl e t o eithe r  th e devic e alon e o r  th e faul t  alone ,  bu t  rathe r  i s th e resul t  o f  a  comple x 

interaction .  I n suc h a  case ,  w e mus t  attemp t  t o isolat e feature s o f  th e bu g a t  a  finer  leve l  o f  detai l  ~  e.g. ,  tha t  differen t 

denomination s o f  coin s ar e bein g discriminate d ~  whic h ma y b e attributabl e t o eithe r  th e norma l  devic e alon e o r  t o th e 

underlyin g faul t  alone . 

Dependin g o n whic h attributio n i s made ,  differin g constraint s wil l  b e impose d an y subsequen t  explanation .  I f  i t  i s 

assumed tha t  th e characteristi c i n questio n result s fro m th e underlyin g fault ,  the n th e constrain t  i s  impose d b y th e 

single-faul t  assumption :  al l  bugg y behavio r  explaine d i n thi s wa y mus t  b e trace d t o a  singl e underlyin g cause .  If ,  o n th e 

othe r  hand ,  a  propert y o f  th e correctl y functionin g devic e i s adduce d t o accoun t  fo r  a  characteristic ,  the n th e constrain t 

i s  impose d b y anothe r  domain-independen t  debuggin g rule ,  th e teUotogiea l  assumption .  Thi s rul e assert s tha t  an y 

hypothesize d propert y o f  a  properl y functionin g devic e mus t  hav e a  teleologica l  justification .  W e alway s assum e tha t 

ever y componen t  o f  th e mechanis m mus t  serv e som e purpose ,  an d i f  n o purpos e ca n b e foun d fo r  som e componen t  whic h 

i s hypothesize d t o pla y a  rol e i n explainin g a  bug ,  the n th e explanatio n i s probabl y wrong . 

A critical feature of the buggy behavior which must be explained in this example is the fact that different 

denomination s o f  coin s ar e treate d differentl y b y th e first  bug ,  s o tha t  quarter s ar e rejecte d whil e nickel s an d dime s ar e 

not .  Applyin g th e procedur e above ,  w e mus t  decid e whethe r  thi s distinctio n i s solel y a  propert y o f  th e bug ,  o r  whethe r  i t 

i s  owin g t o a  discriminatio n tha t  th e devic e woul d mak e unde r  norma l  circumstance s anyway .  Woul d discriminatin g 

among th e differen t  denomination s o f  coin s serv e som e purpos e i n th e norma l  functio n o f  th e vendin g machine ? I n fac t 

we kno w suc h a  distinctio n mus t  b e presen t  i n th e S E N S O R - C O U N T ER subsystem ,  sinc e th e physica l  difference s 

betwee n coin s indicat e th e difference s i n th e amoun t  o f  mone y the y represent .  I f  w e assum e tha t  suc h a  distinctio n i s 

als o presen t  i n th e S L O T - R E S E R V O I R subsyste m (wher e th e bu g resides) ,  the n th e desig n o f  th e senso r  i s simplified , 

sinc e a  singl e comple x senso r  whic h mus t  distinguis h amon g differen t  denomination s ca n the n b e replace d b y thre e simpl e 

sensor s whic h merel y indicat e th e presenc e o f  a  coin .  Suc h a  simplificatio n provide s evidenc e tha t  th e assumptio n i s 

plausible .  Bu t  i t  shoul d b e clea r  tha t  deducin g thi s consequenc e require s fairl y  sophisticate d knowledg e abou t  th e 

desirabilit y  o f  an d mean s fo r  accomplishin g comple x sensin g b y separatin g th e function s o f  discriminatio n an d detection . 

Upon assuming that the machine is in fact designed to make such a discrimination in the SLOT-RESERVOIR 

subsystem ,  the n w e ca n exten d ou r  model ,  usin g a n additiona l  S O R T componen t  capabl e o f  routin g distinc t  item s int o 

distinc t  paths : 
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•tran s 
COUNTER >  DISPENSER 

t  Btran s 
quarter s | 

•  SENSOR t o RESERVOIR 

/ 
/  diie s t  t o COUNTER 

SORT SENSOR t o RESERVOIR 

\ 
\  nickel s t  t o COUNTER 
*  SENSOR t o RESERVOIR 

Another aspect of the buggy behavior is the fact that quarters come out of the machine at the coin return slot. 

Disregardin g (fo r  th e moment )  th e explanatio n fo r  this ,  th e mer e fac t  o f  i t  implie s tha t  ther e b  a  deficienc y i n th e mode l 

shown above :  ther e i s n o pat h fo r  th e quarter s t o trave l  betwee n th e S L O T - R E S E R V O I R subsyste m an d th e coi n return . 

Thi s require s a  P T R A N S lin k fro m som e poin t  i n th e S L O T - R E S E R V O I R subsyste m t o th e coi n return .  Thi s lin k mus t 

connec t  wit h th e S L O T - R E S E R V O I R subsyste m befor e th e quarte r  sensor ,  sinc e otherwis e quarter s woul d b e counted . 

Furthermore ,  usin g th e singl e faul t  assumptio n w e ca n infe r  tha t  whateve r  i s wron g wit h th e quarte r  senso r  i s precludin g 

quarter s fro m takin g th e norma l  pat h throug h it ,  forcin g the m instea d t o tak e th b alternativ e pat h t o th e coi n return . 

The obviou s explanation ,  o f  course ,  i s  tha t  somethin g i s $tuc k i n th e quarte r  sensor .  Exactl y wh y thi s i s obviou s i s no t 

clear .  W e ca n onl y conclud e tha t  ther e exist s a  B L O C K E D P A T H memor y structur e whic h ha s bee n indexe d b y th e 

proble m descriptio n " a proble m ahea d i n a  pat h i s precludin g somethin g fro m continuin g alon g tha t  path, "  an d whic h 

indicate s wha t  th e proble m migh t  b e dependin g o n th e natur e o f  th e path .  I n particular ,  fo r  physica l  paths ,  th e 

B L O C K ED P A T H structur e mus t  indicat e tha t  th e proble m migh t  b e tha t  somethin g i s stuc k i n th e path . 

At this point, we have a complete explanation of why the vending machine is rejecting and ignoring quarters. 

However ,  th e explanatio n ha s no t  ye t  bee n adequatel y tie d t o th e teleolog y o f  th e machine ,  sinc e w e d o no t  ye t  kno w th e 

purpos e o f  th e alternativ e pat h th e quarter s ar e takin g t o th e coi n return .  Ou r  explanatio n o f  thi s particula r  aspec t  o f 

th e bugg y behavio r  wil l  no t  b e complet e unti l  w e hav e satisfie d th e constrain t  o f  teleologica l  justification . 

I n thi s case ,  th e particula r  purpos e whic h I  inferre d wa s suggeste d b y knowledg e abou t  th e S O R T componen t  o f  th e 

model .  Ofte n whe n sortin g items ,  on e want s a n "other "  categor y t o tak e car e o f  object s whic h hav e faile d th e sort .  Thi s 

woul d b e a  usefu l  fo r  a  vendin g machin e t o handl e th e probabilit y  tha t  object s othe r  tha n th e appropriat e coin s wil l  b e 

deposited ;  th e actio n o f  routin g suc h thing s t o th e coi n retur n woul d serv e th e purpose s o f  removin g unwante d item s 

fro m th e machine ,  an d returnin g the m t o thei r  owners .  Thu s ou r  explanatio n o f  th e firs t  bu g meet s th e teleologica l 

constraint . 

We tur n no w t o th e secon d bug ,  whic h i s tha t  th e machin e i s dispensin g Coke s fo r  onl y 3 0 cents ,  rathe r  tha n th e usua l 

55 cents .  Fro m th e singl e faul t  assumption ,  w e alread y determine d tha t  th e proble m wa s locate d a t  th e quarte r  sensor . 

Furthermore ,  th e B L O C K ED P A T H memor y structur e enable d th e additiona l  conclusio n tha t  somethin g wa s stuc k i n th e 

quarte r  sensor ,  i n orde r  t o explai n th e firs t  bug .  If ,  agai n invokin g th e singl e faul t  assumption ,  w e assum e tha t  th e res t 

of  th e S E N S O R - C O U N T ER subsyste m function s properly ,  th e proble m mus t  b e tha t  th e quarte r  senso r  i s reportin g tha t 

a quarte r  ha s bee n collecte d whic h ha s i n fac t  no t  bee n collected . 

The questio n the n i s wha t  i s causin g thi s t o happen ? Th e obviou s answe r  fo r  wha t  migh t  caus e a  quarte r  senso r  t o 

repor t  a  quarte r  is :  a  quarter .  I n thi s cas e i t  woul d hav e t o b e a  quarte r  whic h wa s no t  i n fac t  collected .  Sinc e w e hav e 

alread y conclude d tha t  th e proble m i s somethin g stuc k i n th e quarte r  sensor ,  w e ca n no w conclud e tha t  wha t  i s stuc k i n 

th e senso r  i s i n fac t  a  quarter ,  an d tki $ i s th e quarte r  whic h th e machin e count s onc e toward s th e pric e o f  eac h Cok e 

dispensed . 

We ar e no w almos t  finishe d wit h respec t  t o th e tw o issue s whic h hav e drive n ou r  constructio n o f  th e model :  eac h par t 

i n ou r  mode l  i s teleologicall y justified ,  an d w e hav e explanation s o f  th e bug s whic h peopl e generall y dee m adequate .  I n 

fact ,  th e mechanism s an d explanation s matc h quit e closel y wha t  w e se t  ou t  t o produce . 

Step four: Building the machine 

Give n tha t  w e ar e satbfie d wit h ou r  model' s explanator y an d teleologica l  characteristics ,  on e questio n remains :  ca n w e 

buil d it T Tha t  is ,  ca n w e thin k o f  actua l  physica l  mechanism s whic h wil l  d o th e job s w e hav e assigne d t o th e variou s 

components ? 

Some o f  th e implementation s ar e straightforward :  th e P T R A N S connection s ca n b e viewe d a s track s dow n whic h th e 
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coin s ro U o r  slide .  T h e S O R T proces s c& n b e implemente d b y mttachin g chute s o f  variou s site s of f  o f  a  ma i n channel , 

arrange d smalles t  t o largest ,  suc h tha t  th e coin s fal l  int o th e chut e matchin g thei r  siie .  Mos t  o f  th e protoco l  subject s 

imagine d thi s kin d o f  sortin g device ,  an d mos t  go t  th e ide a fro m rememberih g children' s pigg y bank s whic h sor t  coin s i n 

thi s fashion .  T h u s th e S O R T componen t  allow s u s t o inde x thi s m e m o r y ,  give n tha t  coin s ar e th e item s t o b e sorted . 

Othe r  components ,  suc h a s th e counter ,  wer e harder . 

T h e rea l  signiricanc e o f  th e attemp t  t o actuall y ^construct "  th e model ,  however ,  lie s i n th e fac t  tha t  conjecture s abou t 

th e physica l  implementation s o f  devic e component s no t  onl y rais e additiona l  demand s t o elaborat e th e mode l  (whe n i t 

seems har d o r  impossibl e t o implemen t  i t  a s is) ,  the y als o sugges t  possibl e elaboration s o f  th e mode l  throug h fortuitou s 

reminding s o f  additiona l  use s a  devic e componen t  m a y serve ,  onc e i t  ha s alread y bee n propose d fo r  a  differen t  use . 

Conclusion 

Let us consider again the important points made about the process of explanation in this domain: 

1.  Teleologica l  knowledg e mus t  b e transforme d int o a  devic e mode l  consistin g o f  teleologically-deFine d 
component s connecte d b y th e appropriat e causa l  links . 

2.  Domain-independen t  knowledg e o f  debuggin g mus t  b e use d t o locat e th e sourc e o f  th e proble m i n th e model . 

S.  T h e mode l  mus t  b e sufficientl y elaborate d t o explai n al l  observe d feature s o f  th e bugs . 

4.  Al l  component s adde d t o th e mode l  i n orde r  t o explu n th e bugg y behavio r  mus t  b e justifie d teleologically . 

5.  T h e teleologica l  component s o f  th e mode l  must ,  ultimately ,  b e replace d wit h "real "  component s -  e.g. ,  relay s 
an d wheel s -  a s a  demonstratio n tha t  th e teleologica l  mode l  i s implementable . 

6.  Knowledg e abou t  rea l  component s i n m e m o r y mus t  b e indexe d b y th e purpose s wit h whic h the y hav e bee n 
associate d b y experience ;  conversely ,  give n a  rea l  component ,  on e mus t  b e abl e t o acces s knowledg e abou t  it s 
possibl e purposes . 

T w o strikin g fact s see m t o emerg e fro m th b analysis .  First ,  i t  i s  surprisin g h o w elaborat e an d detaile d a  mode l  ca n b e 

constructe d i n a  situatio n wher e s o littl e i s initiall y  known .  W h e n teleolog y an d observe d bug s ar e treate d a s twi n 

constraint s o n th e proces s o f  mode l  building ,  comple x an d fairl y convincin g m o d e b ca n b e constructe d give n onl y a 

rudimentar y knowledg e o f  devic e components .  Second ,  give n th e simpl e representatio n constructe d i n ste p one ,  plu s th e 

singl e faul t  assumption ,  i t  seem s difficul t  no t  t o conclud e tha t  th e proble m lie s i n th e quarte r  sensor ,  whic h i s th e 

cornerston e o f  th e ultimat e explanation .  However ,  m a n y peopl e faile d t o reac h thi s conclusion ,  despit e th e fac t  tha t  the y 

at  leas t  considere d usin g th e singl e faul t  assumptio n i n attackin g th e problem .  Thi s argue s tha t  quit e a  bi t  o f  powe r  lie s 

i n th e simpl e representatio n schem e illustrate d here . 

AeknoB^dimenlt: I thank LarTj Bimbaom (or ueful duniHioD* and for eommcnti on an earlier draft of thii paper. 
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s t e p f o u r ;  B u i l d i n g t h e m a c h i n e 

Give n th& t  w e u t  s&tisrie d wit h ou r  model' s expl&nator y an d teleologic& l  characteristics ,  on e questio n remains :  ca n w e buil d it T 

That  is ,  ca n w e thin k o f  actua l  physica l  mechanism s whic h wil l  d o th e job s w e hav e assigne d t o th e variou s components ? 

Some of the implementations are straightforward: the PTRANS connections can be viewed as tracks down which the coins roll 

or  slide .  Th e S O R T proces s ca n b e implemente d b y attachin g chute s o f  variou s siie s of f  o f  a  mai n channel ,  arrange d smalles t  t o 

largest ,  suc h tha t  th e coin s fal l  int o th e chut e matchin g thei r  siae .  Mos t  o f  th e protoco l  subject s imagine d thi s kin d o f  sortin g 

device ,  an d mos t  go t  th e ide a fro m rememberin g children' s pigg y bank s whic h sor t  coin s i n thi s fashion .  Thu s th e S O R T 

componen t  allow s u s t o inde x thi s memory ,  give n tha t  coin s ar e th e item s t o b e sorted .  Othe r  components ,  suc h a s th e counter , 

wer e harder . 

The real significance of the attempt to actually "construct* the model, however, lies in the fact that conjectures about the 

physica l  implementation s o f  devic e component s no t  onl y rais e additiona l  demand s t o elaborat e th e mode l  (whe n i t  seem s har d o r 

impossibl e t o implemen t  i t  a s is) ,  the y als o sugges t  possibl e elaboration s o f  th e mode l  throug h fortuitou s rcminding s o f  additiona l 

uses a  devic e componen t  ma y serve ,  onc e i t  ha s alread y bee n propose d fo r  a  differen t  use . 

Conclnsion 

Let us consider again the important points made about the process of explanation in this domain: 

1.  Teleologica l  knowledg e m u s t  b e transforme d int o a  devic e mode l  consistin g o f  teleologically-define d component s 
connecte d b y th e appropriat e causa l  links . 

2.  Domain-independen t  knowledg e o f  debuggin g mus t  b e use d t o locat e th e sourc e o f  th e proble m i n th e model . 

3.  T h e mode l  mus t  b e sufficientl y elaborate d t o explai n al l  observe d feature s o f  th e bugs . 

4.  Al l  component s adde d t o th e mode l  i n orde r  t o explai n th e bugg y behavio r  mus t  b e justifie d teleologically . 

5.  T h e teleologica l  component s o f  th e mode l  must ,  ultimately ,  b e replace d wit h "real "  component s -  e.g. ,  relay s an d 
wheel s ~  a s a  demonstratio n tha t  th e teleologica l  mode l  i s  implementable . 

6.  Knowledg e abou t  rea l  component s i n m e m o r y mus t  b e indexe d b y th e purpose s wit h whic h the y hav e bee n associate d 
by experience ;  conversely ,  give n a  rea l  component ,  on e mus t  b e abl e t o acces s knowledg e abou t  it s possibl e purposes . 

T wo strikin g fact s see m t o emerg e fro m thi s analysis .  First ,  i t  i s  surprisin g h o w elaborat e an d detaile d a  mode l  ca n b e 

constructe d i n a  situatio n wher e s o littl e i s  initiall y  known .  W h e n teleolog y an d observe d bug s ar e treate d a s twi n constraint s o n 

th e proces s o f  mode l  building ,  comple x an d fairl y convincin g model s ca n b e constructe d give n onl y a  rudimentar y knowledg e o f 

devic e components .  Second ,  give n th e simpl e representatio n constructe d i n ste p one ,  plu s th e singl e faul t  assumption ,  i t  seem s 

difficul t  no t  t o conclud e tha t  th e proble m lie s i n th e quarte r  sensor ,  whic h i s th e cornerston e o f  th e ultimat e explanation . 

However ,  m a n y peopl e faile d t o reac h thi s conclusion ,  despit e th e fac t  tha t  the y a t  leas t  considere d usin g th e singl e faul t 

assumptio n i n attackin g th e problem .  Thi s argue s tha t  quit e a  bi t  o f  powe r  lie s i n th e simpl e representatio n schem e illustrate d 

here . 

AekncwMiment :  I  than k Lan ? Birnban m fo r  aufa l  disevuioii s an d fo r  comacot i  o n a n eartia r  draf t  o f  thi s paper . 
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ABSTRACT 
Thi s pape r  describe s a  proposa l  an d som e preliminar y evidenc e i n suppor t  o f  a  mode l  fo r  understandin g th e point s o f 

simpl e stories .  Th e propose d mode l  differ s fro m existin g system s i n tha t  i t  includes ,  i n additio n t o a  representatio n o f  th e 
plan s an d goal s o f  eac h o f  th e stor y characters ,  a  mode l  o f  th e belief s an d intention s o f  th e autho r  an d th e reader .  I t  i s 
hypothesize d tha t  reader s us e story-specifi c  informatio n i n conjunctio n v.it h thei r  ow n belief s abou t  th e stor y event s i n 
orde r  t o mak e inference s relevan t  t o th e poin t  o f  th e stor y tha i  th e autho r  intended .  Evidenc e fro m adul t  reader s i s 
presente d i n suppor t  o f  eac h o f  th e component s o f  th e mode l  an d thei r  interaction .  Th e propose d mode l  ha s relevanc e fo r 
psychologica l  an d computationa l  researc h o n stor y understanding .  Th e wor k als o ha s implication s fo r  mor e genera l  discours e 
situation s i n whic h understandin g i s predicate d o n th e knowledg e o f  share d beliefs . 

1.  I N T R O D U C T I O N 

Durin g Ih e pas t  decade ,  a  grea t  dea l  o f  researc h i n cognitiv e scienc e ha s bee n devote d t o 

understandin g th e natur e o f  storie s an d stor y understandin g abilities .  Som e o f  thi s wor k ha s 

focuse d specificall y o n th e plan s an d goal s o f  stor y character s [Rumelhart ,  1977 ;  Schan k an d 

Abelson ,  1977 ;  Bower .  1978 ;  Wilensky ,  1978] .  whil e othe r  researc h ha s attempte d t o describ e 

characteristic s tha t  mak e storie s interestin g [Wilensky ,  1983] ,  enjoyabl e [Brewer ,  1982 ;  Brewe r  an d 

Lichtenstein .  1982] .  an d thematicall y significan t  [Dyer ,  1982 ;  Lehnert ,  e t  al. ,  1982 ;  Schank ,  e t  al. . 

1982] .  Despit e recen t  progres s i n analyzin g stories ,  curren t  stor y processin g model s hav e bee n 

concerne d fa r  m o r e wi t h th e plans ,  goals ,  motivations ,  an d emotion s o f  stor y character s tha n wit h 

th e belief s an d intention s o f  reader s an d authors .  A n importan t  assumptio n underlyin g th e 

researc h presente d her e i s  that ,  i n orde r  t o understan d th e themati c conten t  o r  th e poin t  o f  a  simpl e 

story ,  a  h u m a n reade r  o r  a  stor y understandin g syste m m u s t  b e abl e t o represen t  it s o w n beliefs ,  a s 

wel l  a s th e belief s an d intention s o f  th e story' s author .  I n thi s paper ,  w e presen t  a  mode l  o f  stor y 

understandin g tha t  consist s o f  severa l  kind s o f  informatio n tha t  reader s us e i n mak in g inference s 

relevan t  t o th e point s o f  stories .  Followin g a  descriptio n o f  th e mode l ,  w e discus s th e result s o f 

severa l  experiment s tha t  provid e tentativ e suppor t  fo r  eac h o f  th e component s o f  th e mode l  an d 
thei r  interaction . 

2. DESCRIPTION OF THE MODEL 

2.1. Story Outcome Component 

I n orde r  t o understan d th e point s o f  simpl e stories ,  a  reade r  o r  a  stor y understandin g syste m 

must  b e abl e t o infe r  th e author' s purpo.s e i n writin g stories .  Consequently ,  a n importan t 

componen t  o f  an y theor y capabl e o f  generatin g th e point s o f  storie s i s a  mode l  o f  wha t  th e autho r 

think s o r  believes .  I n didacti c stories ,  suc h a s fables ,  th e author' s belief s ar e usuall y reflecte d b y 

th e story' s ou tcome ,  o r  b y th e positiv e o r  negativ e consequence s experience d b y eac h o f  th e 

character s a t  th e conclusio n o f  th e story .  Fo r  example ,  i n th e fabl e Th e Tortois e an d th e H a r e ,  th e 

reade r  ca n infe r  f r o m th e story' s ou tcom e tha t  th e autho r  believe s tha t  i t  i s  morall y correc t  t o b e 

diligen t  an d hard-work in g lik e th e tortoise ,  an d moral l y w r o n g t o b e boastfu l  an d over-confiden t 

Thi s researc h via s supporte d i n par t  b y th e Ai r  Forc e Offic e o f  Scientifi c  Researc h unde r  gran t  F49620-82-K-0009 . 
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lik e th e hare .  Give n thi s characteristi c o f  didacti c stories ,  i t  i s  possibl e t o accoun t  fo r  m a n y aspect s 

of  story  point s b y a  theor y tha t  focuse s o n th e story' s outcome .  Withi n thi s f ramework ,  a  simpl e 

procedur e fo r  generatin g th e point s o f  storie s ca n b e describe d a s follows : 

(l) IDENTIFY OUTCOME: Identify the positive or negative outcome of each story character. 

(2 )  I D E N T I F Y A C T I O N :  Identif y th e morall y significan t  action(s )  tha t  lea d t o th e stor y outcome . 

(3 )  G E N E R A L I Z E :  Provid e a  genera l  de.scriptio n fo r  eac h morall y significan t  actio n tha t  occur s i n 
th e story . 

(4 )  S T A T E P O I N T :  Asser t  tha t  peopl e shoul d perfor m morall y significan t  action s tha t  hav e 

positiv e outcomes ,  an d shoul d no t  perfor m morall y significan t  action s tha t  hav e negativ e 
outcomes . 

A representatio n o f  Th e Tortois e an d th e H a r e i n term s o f  thi s simpl e f ramewor k i s s h o w n i n 

Figur e 1 . 

CHARACTER 

TORTOISE 

HARE 

OUTCOME 

+ 

— 

SPECIFI C 
ACTION 

Persisten t  i n 
runnin g a  rac e 
agains t  th e 
hare . 
Negligen t  i n 
runnin g a  rac e 
agains t  th e 
tortoise . 

GENERAL 
ACTION 

DILIGEN T 

OVER-CONFIDENT 

POINT 

BE 
DILIGEN T 

DON'T B E 
OVER-CONFIDENT 

Figur e 1 .  A n outcome-base d analysis ,  o f  Th e Tortois e an d th e Hai e 

2.2. Just World Component 

I n sectio n 2. 1 w e describe d a  simpl e procedur e fo r  generatin g th e point s o f  storie s base d o n 

informatio n relevan t  t o th e story' s outcome .  Whi l e thi s procedur e i s  adequat e fo r  m a n y simpl e 
stories ,  a n outcome-base d approac h doe s no t  a lway s generat e th e bes t  poin t  fo r  storie s i n whic h th e 

outcome-base d poin t  i s  inconsisten t  wit h th e poin t  inferre d t o b e th e authors .  Fo r  example . 
conside r  th e cas e i n whic h th e outcom e o f  Th e Tortois e an d th e H a r e i s  reversed ,  s o tha t  th e har e 
rathe r  tha n th e tortois e win s th e race .  Base d o n th e outcom e o f  eac h character ,  th e stor y outcom e 

componen t  w o u l d generat e th e followin g se t  o f  points : 

PEOPLE SHOULD BE OVER-CONFIDENT 
PEOPLE S H O U LD N O T B E DILIGENT . 

Given this set of points, the reader can make one of two assumptions: 

(1 )  th e outcome-base d poin t  i s th e poin t  o f  th e stor y tha t  th e autho r  actuall y intended ; 

(2 )  th e outcome-base d poin t  i s  no t  th e poin t  o f  th e stor y tha t  th e autho r  actuall y intended .  Th e 

author' s rea l  purpos e i n writin g th e stor y i s t o poin t  ou t  tha t  ther e ar e instance s o f  mora l 
injustic e i n th e world .  Tha t  is .  sometime s laz y an d over-confiden t  peopl e ar e rewarded ,  whil e 
hard-workin g an d diligen t  peopl e ar e not . 

I n orde r  t o arriv e a t  th e latter ,  o r  ironi c interpretatio n o f  th e story ,  th e reade r  mus t  compar e 

th e action s an d outcome s o f  eac h o f  th e stor y character s t o hi s o r  he r  ow n belief s abou t  mora l 
justice .  Sinc e th e mode l  describe d her e i s intende d t o accoun t  fo r  th e comprehensio n o f  didacti c 
stories ,  suc h a s fables ,  th e reader' s belie f  syste m i s base d o n Lerner' s [1980 ]  concep t  o f  a  jus t  world . 

I n th e contex t  o f  th e stor y world ,  th e jus t  worl d hypothesi s predict s tha t  storie s wil l  b e morall y 

satisfyin g w h e n "good "  character s experienc e positiv e outcome s an d "bad "  character s experienc e 
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negativ e outcomes .  Unlik e th e simpl e procedur e base d o n stor y outcome ,  th e jus t  worl d componen t 
generate s stor y point s b y evaluatin g stor y outcom e informatio n relativ e t o th e positiv e o r  negativ e 
valenc e o f  eac h o f  th e character' s actions .  A n exampl e i n whic h th e stor y outcom e componen t  an d 
th e jus t  worl d componen t  interac t  t o produc e a n ironi c stor y poin t  i s provide d below . 

23. Story Outcome vs. Just World Interpretation 

Ironi c stor y point s resul t  whe n th e action-outcom e mapping s represente d b y th e stor y 
outcom e componen t  ar e inconsisten t  wit h th e action-outcom e mapping s represente d b y th e jus t 
worl d component .  Fo r  example ,  i n th e reversed-outcom e versio n o f  Th e Tortois e an d th e Hare ,  th e 
har e i s  rewarde d fo r  bein g boastfu l  an d over-confident ,  an d th e tortois e i s punishe d fo r  bein g 
hard-workin g an d diligent .  Sinc e th e relationshi p betwee n actio n valenc e an d outcom e valenc e i s 
inconsisten t  wit h th e belief s specifie d b y th e jus t  worl d component ,  th e mode l  conclude s tha t  th e 
autho r  intende d th e tex t  t o b e ironic ,  an d produce s a  stor y poin t  tha t  reflect s th e immoralit y o r 
injustic e o f  th e story' s outcome .  A  schemati c representatio n o f  th e interactio n betwee n th e tw o 
component s  i s show n i n Figur e 2 . 

(start ) 

m > «T OIFTCOMR rOtfniMKH T 

IHUCieV T 
131 

HIS T wouj > cni f  roMRir r 

TOITOIS E 
HAKR 

DUJnFir r 
<>VE« 

m 1 IO N 

-

ui ;  1  c;:.M r 

-

H 

•o 

g 
IHUMICT 

1 TM 

•o D ACTKJ N orrrroii K MArroi O 

JUST woBij t  mw.tsr w ststp m t 

l ™ 

c ^  \  "  nmmrt  ^  \  mokai .  ^ ^ 

( ^ T O P )  (^STOP ^  (^STOP ) 

Figur e 2 .  A n ironi c readin g fo r  th e reversed-outcom e versio n o f  Th t  Tortois e an d th e Hair . 

3. SUMMARY OF EXPERIMENTAL FINDINGS 

I n orde r  t o tes t  th e propose d model ,  w e aske d subject s t o rea d an d stat e th e point s o f  thre e 
type s o f  stories .  Typ e 1 ,  o r  canonica l  stories ,  wer e selecte d fro m th e Pengui n editio n o f  Fable s o f 
Aesop [1982 ]  b y tw o coder s wh o independentl y rate d eac h stor y fo r  clarit y o f  point .  I n eac h o f  th e 
Typ e 1  stories ,  positiv e o r  negativ e actio n valenc e wa s consistentl y paire d wit h th e positiv e o r 
negativ e outcom e valenc e fo r  eac h o f  th e character s i n th e story .  Thes e storie s serve d a s th e bas e 
narrative s fo r  th e manipulate d stor y types .  Typ e 2 ,  o r  reversed-outcom e stories ,  wer e constructe d 
storie s i n whic h th e outcom e o l  th e focu s characte r  wa s reversed .  I n thes e stories ,  goo d character s 
wer e punishe d fo r  performin g goo d deed s (lik e helpin g anothe r  anima l  i n trouble) ,  an d ba d 
character s wer e rewarde d fo r  doin g evi l  deed s (lik e bein g greed y o r  deceptive) .  Thus ,  i n Typ e 2 
stories ,  characte r  valenc e an d outcom e valenc e wer e inconsistentl y paired .  Typ e 3 .  o r  n o poin t 
stories ,  wer e constructe d b y pairin g a  neutra l  even t  sequenc e wit h a  positiv e o r  negativ e outcom e 
fo r  eac h o f  th e foca l  character s i n th e story .  I n Typ e 3  stories ,  ther e wa s n o causa l  relationshi p 
betwee n th e action s performe d i n th e stor y an d th e positiv e o r  negativ e outcome s fo r  eac h o f  th e 
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slor y characters .  A s a  result ,  typ e 3  storie s wer e predicte d t o b e th e mos t  unnatura l  stor y typ e fo r 
th e reader . 

I f  reader s us e informatio n relevan t  t o actio n valenc e an d ou tcom e valenc e i n generatin g th e 

point s o f  stories ,  w e w o u l d expec t  subject s t o hav e m o r e difficult y statin g th e point s fo r  T y p e 2  an d 

Type s 3  storie s tha n fo r  T y p e 1  stories .  Tabl e 1  indicate s tha t  thi s predictio n i s correct .  A  greate r 

percentag e o f  subject s wer e abl e t o generat e point s fo r  T y p e 1  storie s tha n eithe r  o f  th e 

manipulate d stor y versions .  I n addition ,  subject s foun d th e reversed-outcom e an d no-poin t  storie s 

les s clear ,  les s prototypical ,  an d les s likabl e tha n thei r  canonica l  counterparts .  A  possibl e 

interpretatio n o f  th e result s i s tha t  subject s wer e simpl y bette r  a t  generatin g point s fo r  storie s wit h 

whic h the y wer e familiar.  H o w e v e r ,  a n analysi s o f  subjects'  familiarit y rating s indicate s tha t  th e 

percentag e o f  yes/n o response s produce d b y th e subject s doe s no t  var y a s a  functio n o f  familiarity . 

an d tha t  subject s ar e m o r e likel y t o b e respondin g t o consistencie s o r  inconsistencie s i n actio n 

valenc e an d ou tcom e valenc e include d i n th e tes t  stories . 

CANONICAL 
(TYPE 1 ) 

REVERSED-
OUTCOME 
(TYPE 2 ) 

NO-POINT 
(TYPE 3 ) 

YES (%) 

97.1 1 

77.3 3 

45.5 0 

NO {% ) 

2.8 9 

22.6 7 

54.5 0 

Tabl e 1 .  Th e percentag e o f  adult s wh o stale d point s fo r  eac h stor y type . 

Base d o n th e propose d mode l ,  w e als o predicte d tha t  reader s w o u l d b e m o r e likel y t o generat e 
ironi c interpretation s w h e n th e mapp in g betwee n actio n valenc e an d ou tcom e valenc e w a s 

inconsisten t  wit h th e reader' s belief s abou t  mora l  justice .  Tabl e 2  list s percentage s o f  poin t  type s 
fo r  T y p e 1  an d T y p e 2  stories .  Subjects '  point s wer e code d a s outcome-base d i f  th e poin t  o f  th e 

stor y w a s base d solel y o n informatio n relevan t  t o th e story' s outcome .  Point s wer e code d a s ironi c 
i f  th e reader' s poin t  w a s i n oppositio n t o th e outcome-base d point ,  o r  c o m m e n t e d o n th e immoralit y 
or  injustic e o f  th e story' s outcome .  Point s tha t  we r e neithe r  outcome-base d no r  ironi c wer e code d 

as other ,  an d case s i n whic h reader s wer e no t  abl e t o stat e a  poin t  fo r  th e tex t  we r e code d a s n o 
point . 

POINT TYPE 

CANONICAL 
(TYPE 1 ) 

REVERSED-
OUTCOME 
(TYPE 2 ) 

OUTCOME-
BASED 

80.5 5 

30.5 5 

IRONI C 

1.3 8 

31.9 4 

OTHER 

15.2 7 

12.5 0 

NO 
POINT 

2.7 7 

25.0 0 

Tabl e 2 .  Th e percentag e o f  poin t  type s acros s eac h stor y type . 
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Tabl e 2  indicate s tha i  mos t  reader s generate d outcome-base d point s fo r  th e Typ e 1  stories ,  i n 

whic h th e stor y outcom e componen t  an d th e jus t  worl d componen t  wer e i n agreement .  However , 

i n th e cas e o f  th e Typ e 2  stories ,  a t  leas t  a s man y subject s generate d ironi c point s a s outcome-base d 

points .  Thi s finding  suggest s that ,  whe n actio n valenc e i s inconsisten t  wit h outcom e valence ,  th e 

reader' s belief s pla y a  significan t  rol e i n evaluatin g th e author' s intention s an d i n makin g inference s 

relevan t  t o th e poin t  o f  th e story . 

4. CONCLUSION 

We hav e presente d a  mode l  fo r  understandin g th e point s o f  simpl e storie s tha t  depart s fro m 

previou s researc h i n .som e importan t  ways .  Whil e existin g model s hav e focuse d o n th e plan s an d 

goal s o f  stor y characters ,  th e mode l  presente d her e use s story-specifi c  informatio n t o mak e 

inference s relevan t  t o th e autho r  s  purpos e i n writin g th e story .  I n orde r  t o reconstruc t  th e 

author' s intentions ,  th e reade r  i s hypothesize d t o rel y o n informatio n relevan t  t o th e positiv e o r 

negativ e action s o f  th e stor y characters ,  th e positiv e o r  negativ e valenc e o f  th e stor y outcome ,  an d 

hi s o r  he r  o w n belief s abou t  th e univers e o f  actio n describe d i n th e story .  Whil e thi s wor k i s 

restricte d t o a  highl y specifi c  domain ,  th e mechanism s describe d i n th e mode l  an d supporte d b y th e 

dat a see m t o characteriz e a n importan t  par t  o f  th e poin t  generatio n process .  Th e findings  hav e 

implication s fo r  psychologica l  an d computer-base d model s o f  stor y understanding .  Th e result s ar e 

als o relevan t  t o mor e genera l  discours e situation s i n whic h th e interpretatio n o f  meanin g i s 

contingen t  o n th e knowledg e o f  share d beliefs . 
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INTRODUCTION 
Our  approac h t o concep t  formatio n differ s fro m th e traditiona l  view .  I n thi s paper ,  w e outlin e a n 

alternativ e vie w o f  concep t  learning ,  an d argu e tha t  th e goal s o f  th e learne r  pla y a  centra l  rol e i n thi s process . 
We propos e tha t  goal s ac t  t o determin e significan t  feature s o f  th e world ,  an d tha t  withou t  suc h goal s a s 
a basis ,  concep t  formatio n i s a  semanticall y empt y dat a summarizatio n task .  W e begi n b y examinin g th e 
component s o f  th e concep t  formatio n process .  Afte r  layin g thi s foundation ,  w e revie w previou s approache s 
t o concep t  formatio n i n thes e terms ,  rejectin g tw o o f  th e assumption s upo n whic h thi s wor k ha s bee n base d -
th e presenc e o f  a  tuto r  an d th e "all-or-none "  characte r  o f  concepts .  Thi s lead s u s t o propos e a n alternativ e 
model  o f  th e concep t  formatio n process ,  i n whic h goal s an d prototype s figure  prominently . 

THE COMPONENTS OF CONCEPT FORMATION 

Aggregatio n Characterizatio n Utilizatio n 

Figur e 1 .  Th e Component s o f  Concep t  Formation . 

Previou s researc h i n machin e learnin g suggest s tha t  th e proces s o f  concep t  formatio n ca n b e divide d 
int o thre e distinc t  components .  Th e first  o f  thes e -  aggregatio n -  involve s groupin g instance s o f  th e 
concep t  int o collections .  Th e secon d componen t  -  characterizatio n -  involve s generatin g som e descriptio n 
of  th e instance s i n th e aggregate .  Th e final  subproces s -  utilizatio n -  involve s makin g us e o f  th e resultin g 
description .  Le t  u s examin e eac h o f  thes e component s i n mor e detai l 

Aggregation 
Aggregatio n i s a  proces s o f  collection ,  i n whic h object s o r  instance s o f  som e concep t  (possibl y stil l  t o b e 

learned )  ar e groupe d togethe r  int o a  set .  Aggregatio n i s no t  a  proces s o f  description ,  bu t  involve s collectin g 
entitie s int o a n aggregate ,  fro m whic h a  descriptio n o r  characterizatio n ca n subsequentl y b e formed .  I n 
th e tas k o f  learnin g from  example s a s studie d b y machin e learnin g researchers ,  th e aggregatio n proces s i s 
made trivia l  (Hunt ,  Mari n &  Stone ,  1966) .  Th e tuto r  provide s explici t  aggregatio n o f  th e example s int o 
set s o f  positiv e an d negativ e instances ,  an d som e characterizatio n o f  th e positiv e instance s i s generated .  I n 
contrast ,  i n th e tas k o f  learnin g sejirc h heuristics ,  aggregatio n mus t  b e performe d b y th e learnin g syste m itsel f 
(Mitchell ,  Utgof f  k  Bemerj i  1983) .  Instance s tha t  le d t o th e successfu l  solutio n o f  a  proble m ar e aggregate d 
as positiv e instance s o f  th e responsibl e rule' s use ,  whil e instance s tha t  le d awa y fro m th e solutio n pat h ar e 
aggregate d a s negativ e instances .  Thus ,  aggregate s ar e generate d b y th e learne r  o n th e basi s o f  performance , 
rathe r  tha n relyin g o n a  tutor ,  a s i n th e Ccis e o f  learnin g from  examples .  Th e utilit y  o f  discussin g aggregatio n 
as a  distinc t  proces s i n concep t  formatio n i s tha t  i t  focuse s attentio n o n wha t  constitute s significanc e fo r 
th e system .  A s a  result ,  on e begin s t o questio n th e plausibilit y  o f  existin g aggregatio n techniques ,  an d t o 
explor e alternativ e methods . 
Characterization 

Characterizatio n i s th e proces s tha t  i s usuall y discusse d i n machin e learnin g unde r  th e n a m e "concep t 
learning" .  I t  involve s constructin g a  descriptio n fo r  a n aggregat e o f  entities ,  base d o n individuc d description s 
of  eac h entity .  Thi s m a y occu r  eithe r  incrementall y o r  non-incrementally ,  dependin g o n whethe r  instance s 
ar e presente d simultcineousl y o r  on e a t  a  time .  Researcher s i n machin e learnin g hav e propose d a  numbe r  o f 
computationa l  method s fo r  characterization ,  an d thes e constitut e thei r  contribution s t o concep t  formation . 

'  Thi s researc h wa s supporte d i n par t  b y th e I B M Corporation ,  an d i n par t  b y a  gif t  fro m Hughe s Aircraf t 

Company. 
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Utilizatio n 
T h e utilizatio n proces s integrate s th e characterizatio n o r  concep t  descriptio n wit h th e performanc e 

element .  I n th e cas e o f  recognition ,  i t  contain s a  matchin g proces s fo r  identifyin g positiv e instance s o f  th e 
descriptio n tha t  wer e constructe d durin g th e characterizatio n process .  Followin g recognition ,  som e actio n 
m ay b e take n o r  a  metri c m a y b e applie d t o tes t  th e adequac y o f  th e descriptio n i n recognizin g th e instance . 
For  th e mos t  part ,  concep t  description s ar e use d t o recogniz e positiv e instance s o f  th e concep t  whe n the y 
occu r  i n th e proble m domain .  Sinc e mos t  A I  learnin g researc h ha s assume d "all-or-none "  concepts ,  th e 
recognitio n proces s ha s typicall y involve d a  "complet e matching "  mechanism ,  i n whic h al l  condition s mus t 
be satisfie d befor e instance s o f  th e concep t  ar e recognized . 

TRADITIONAL APPROACHES TO CONCEPT FORMATION 
We ar e intereste d i n concep t  formatio n a s i t  occur s i n complex ,  reactiv e environment s tha t  ar e simila r 

t o th e real-world .  I n thi s section ,  w e revie w th e component s o f  th e concep t  learnin g process ,  an d find  tha t 
suc h environment s lea d on e t o rejec t  som e importan t  assumption s upo n whic h earlie r  machin e learnin g wor k 
has bee n based . 

Tutors and Aggregation 
Previou s researc h o n concep t  learnin g ha s assume d carefu l  guidanc e b y a  tutor ,  despit e th e intuitio n 

tha t  human s lear n mos t  o f  thei r  concept s throug h experienc e wit h th e world .  Fo r  example ,  childre n clearl y 
lear n concept s suc h a s "dog "  an d "chair "  befor e the y kno w th e word s fo r  thes e concepts .  I n th e traditiona l 
approac h t o learnin g concept s fro m examples ,  a  tuto r  trivialize s th e aggregatio n problem ,  b y providin g 
positiv e an d negativ e instance s o f  th e concep t  t o b e learned .  I n contrast ,  learner s i n th e rea l  worl d mus t 
aggregat e instance s i n som e othe r  manner . 

All-or-None Concepts and Characterization 
Accordin g t o th e classica l  vie w describe d b y Smit h an d Medi n (1981) ,  a  concep t  i s define d b y necessar y 

an d sufficien t  conditions ,  an d machin e learnin g researcher s hav e use d a  simila r  notio n o f  concepts .  I n othe r 
words ,  fo r  a n objec t  t o b e recognize d a s a  positiv e instanc e o f  som e concept ,  i t  mus t  satisf y al l  o f  th e 
condition s specifie d i n th e concep t  description ,  an d additiona l  feature s hav e n o effect .  However ,  mos t  o f  ou r 
everyda y concept s ar e "fuzzy" ,  wit h exemplar s bein g bette r  o r  worse ,  rathe r  tha n instance s o r  non-instance s 
(Rosc h i c Mervis ,  1975) .  Fo r  instance ,  a  robi n i s a  bette r  instanc e o f  th e concep t  "bird "  tha n a  penguin ,  an d 
some chciir s ar e bette r  tha n other s (e.g. ,  one s tha t  ar e missin g a  leg) .  Suc h concept s canno t  b e describe d i n 
term s o f  necessar y an d sufficien t  conditions ,  s o som e othe r  representatio n i s required . 

Smith and Medin (1981) have outlined two alternatives to the all-or-none framework. The "prototype" 
(o r  "probabilistic" )  approach ,  first  propose d b y Rosc h an d Mervi s (1975) ,  assume s tha t  ther e exist s a n 
abstrac t  representatio n o f  eac h concept ,  an d tha t  instance s ar e judge d t o b e bette r  o r  wors e example s 
dependin g o n th e degre e t o whic h the y matc h thi s representation .  Smit h an d Medi n als o discus s th e exempla r 
approach ,  i n whic h concept s ar e represente d no t  a s abstrac t  structures ,  bu t  a s disjunction s o f  m a n y specifi c 
instances .  Bot h approache s hav e thei r  advantages ,  an d evidenc e exist s fo r  bot h theoretica l  frameworks .  I n 
thi s paper ,  w e wil l  focu s o n th e prototype-probabilisti c  approac h fo r  a  simpl e reaso n -  thi s approac h i s 
computationall y m u c h mor e tractable . 

The most common AI methods for characterization are generalization and discrimination. Upon closer 
examination ,  w e find  tha t  thes e method s encounte r  seriou s difficult y whe n applie d t o "fuzzy "  concepts . 
T h e proble m i s tha t  bot h method s rel y o n a  stron g distinctio n betwee n positiv e an d negativ e instances : 
generalizatio n finds  structure s hel d i n c o m m o n amon g positiv e instances ,  an d discriminatio n finds  difference s 
betwee n positiv e an d negativ e instances . 

Complete Matching and Utilization 
Recognitio n involve s determinin g th e mos t  appropriat e concep t  t o describ e th e curren t  data .  Thi s tas k 

i s considerabl y simplifie d b y th e assumptio n tha t  concept s ar e define d b y a  se t  o f  necessar y an d sufficien t 
conditions .  However ,  w e hav e alread y argue d tha t  real-worl d concept s canno t  b e define d i n thi s manner . 
Thus ,  complet e matchin g o f  objec t  t o characterizatio n mus t  b e rejected . 

AN ALTERNATIVE APPROACH TO CONCEPT FORMATION 
I n th e previou s section ,  w e argue d tha t  real-worl d concept s ar e no t  lecirne d fro m a  tutor ,  an d tha t 

the y canno t  b e describe d i n term s o f  necessar y an d sufficien t  conditions .  I f  w e hop e t o accoun t  fo r  th e 
proces s o f  concep t  formation ,  thi s force s u s t o propos e ne w technique s fo r  aggregatin g set s o f  instances ,  fo r 
characterizin g th e resultin g aggregates ,  an d fo r  recognizin g th e bes t  concep t  fo r  a  give n situation . 
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Goal s an d Aggregatio n 
By rejectin g th e traditiona l  assumption s o f  tuto r  -provide d instances ,  w e mus t  find  som e othe r  solutio n 

t o th e proble m o f  aggregation .  W e believ e tha t  th e goal s o f  th e learne r  pla y a  majo r  rol e i n thi s process , 
and presum e tha t  a t  eac h poin t  i n time ,  th e agen t  ha s on e o r  mor e activ e goal s (possibl y organize d a s a 
hierarch y o f  goal s an d subgoals) .  I n describin g thei r  means-end s analysi s theory  o f  h u m a n proble m solving , 
Newel l  an d Simo n (1972 )  distinguis h betwee n thre e type s o f  goals .  Althoug h eac h o f  thes e goa l  type s ca n 
be use d t o direc t  th e aggregatio n process ,  th e mos t  obviou s example s involv e apply-operato r  goals ,  i n whic h 
one want s t o appl y a n operato r  t o som e objec t  o r  state .  Fo r  instance ,  suppos e th e agen t  i s tired ,  an d decide s 
t o appl y th e operato r  sit-down. ^  Thi s operato r  require s som e objec t  upo n whic h t o sit ,  an d th e agen t  wil l 
sca n it s immediat e environmen t  fo r  a  likel y czindidate .  Th e importan t  poin t  i s  tha t  b y applyin g it s operato r 
t o candidat e objects ,  th e agen t  wil l  discove r  tha t  som e object s produc e bette r  result s tha n others .  Thes e 
wil l  b e goo d instance s o f  "sittable "  objects ,  whil e other s (suc h a s chair s wit h wobbl y legs ,  o r  wit h a  tac k o n 
thei r  seat )  wil l  b e poo r  instances .  I n an y case ,  object s t o whic h th e operato r  hci s bee n applie d tha t  mor e o r 
les s satisf y th e goa l  ar e passe d o n t o th e characterizatio n process . 

Our attention to the importance of goals arises primarily from recognizing aggregation as a distinct 
proces s demandin g a  supportin g basis .  A s thi s basis ,  goal s pla y a  dua l  rol e -  the y identif y whic h object s 
shoul d b e groupe d togethe r  fo r  inpu t  t o th e characterizatio n mechanism ,  an d the y provid e a  tes t  indicatin g 
th e degre e t o whic h th e desire d stat e ha s bee n achieved .  Thus ,  the y ti e object s an d operator s t o experienc e 
by indicatin g thei r  relativ e valu e i n satisfyin g goals .  Certai n object s an d operator s ar e rate d highe r  tha n 
others ,  sinc e th e applicatio n o f  particula r  operator s t o particula r  object s manifest s propertie s o f  thos e object s 
tha t  ar e instrumenta l  i n satisfyin g th e poste d goals ,  whil e other s ar e not .  Object s ar e thu s rate d highe r  t o 
th e degre e the y manifes t  functiona l  propertie s i n achievin g goals .  Thi s provide s th e feedbac k necesseir y t o 
identif y som e combination s o f  object s an d operator s i n experienc e a s mor e significan t  t o th e learne r  tha n 
others . 

In summary, we believe that the learner's goals direct the aggregation process. Furthermore, objects 
and operator s ar e groupe d togethe r  accordin g t o th e degre e t o whic h thei r  interactio n satisfie s goals .  I t  i s 
throug h thi s interactio n betwee n operator s an d object s tha t  object s manifes t  propertie s whic h ar e functiona l 
i n satisfyin g goals .  Thus ,  no t  onl y d o goal s identif y significan t  object s an d operators ,  bu t  the y furthe r  sugges t 
th e existenc e o f  significan t  functiona l  propertie s withi n a n object . 

The Representation of Concepts 
iVaditiona l  approache s t o characterizatio n assum e th e all-or-non e natur e o f  concepts ,  whic h simpl y 

does no t  hol d fo r  m a n y everyda y objec t  concepts .  A s a  result ,  w e mus t  find  anothe r  solutio n t o th e 
characterizatio n problem .  Ou r  approac h mus t  b e abl e t o represen t  "fuzzy "  concepts ,  an d t o incrementall y 
modif y thes e description s i n respons e t o ne w instance s o f  th e concept.  I n real-worl d concepts ,  som e feature s 
and relation s ar e mor e importan t  tha n others .  Thus ,  ou r  representatio n mus t  includ e som e measur e o f  eac h 
feature' s criteriality .  W e specif y thi s i n term s o f  a  weigh t  rangin g fro m zer o t o one ,  wit h zer o denotin g lo w 
importanc e an d on e indicatin g hig h importance .  O f  course ,  thes e number s hav e littl e meanin g detache d fro m 
th e utilizatio n process .  I n ou r  framework ,  condition s (feature s o r  relations )  wit h hig h weight s contribut e 
more t o th e overal l  degre e o f  matc h tha n condition s wit h lo w weights .  Moreover ,  condition s wit h ver y hig h 
weight s (nea r  one )  mus t  b e matche d fo r  a  reasonabl e overal l  matc h t o result .  A s a  result ,  th e notio n o f 
all-or-non e concept s emerge s a s a  specia l  cas e o f  thi s scheme ,  i n whic h al l  condition s hav e weight s o f  one . 

Since we are concerned with object concepts, we believe that structures similar to Binford's (1971) 
generalize d cylinder s wil l  prov e adequate .  Thi s representatio n ha s th e advantag e o f  combinin g structura l 
relation s betwee n th e component s o f  a n objec t  wit h numeri c feature s o f  thos e components .  Thi s i s a n 
importan t  characteristic ,  sinc e th e real-worl d ha s bot h structura l  an d numeri c aspects .  Fo r  instance ,  a 
prototypica l  chai r  migh t  b e represente d wit h th e component s o f  fou r  legs ,  a  seat ,  an d a  bac k arrange d 
i n particula r  spatia l  relation s t o eac h other .  I n addition ,  eac h componen t  woul d b e describe d b y numeri c 
features ,  suc h a s length ,  diameter ,  an d orientatio n (normalize d fo r  th e overal l  siz e o f  th e object) .  I n addition , 
th e us e o f  numeri c feature s lead s t o a  nove l  interpretatio n o f  th e weight s o n eac h feature .  Wi t h eac h numeri c 
feature ,  on e ca n associat e a  mea n valu e o f  th e positiv e instance s tha t  hav e bee n observed ,  an d a  standar d 
deviatio n o f  thos e vcilues .  Hig h standar d deviation s impl y tha t  a  wid e rang e o f  value s o f  th e featur e ar e 
satisfactory ,  whil e lo w standar d deviation s impl y tha t  onl y a  narro w rang e o f  value s fo r  th e featur e i s 
acceptable .  Thus ,  on e migh t  us e th e invers e o f  th e standar d deviatio n fo r  a  featur e a s it s associate d weight . 
Thi s woul d giv e lo w criterialit y  t o feature s wit h widel y varyin g values ,  an d hig h criterialit y  t o feature s wit h 
nearl y constan t  values .  Fo r  instance ,  th e leg s o f  a  chai r  ar e nearl y alway s hal f  th e lengt h o f  th e entir e chair' s 

t  Obviously ,  th e actio n sit-dow n i s no t  primitiv e i n an y sense ;  i t  i s  a  high-leve l  operato r  (o r  macro-operator ) 
tha t  mus t  b e acquire d fro m experience . 
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height .  Thus ,  thi s featur e woul d hav e a  lo w standar d deviatio n an d b e highl y criterial ,  givin g i t  a n importan t 
rol e i n judgement s o f  prototypicality . 

However, recall that we are assuming the characterization process receives more than prototypical 
instance s a s input .  Rather ,  i t  i s  give n th e degre e t o whic h eac h objec t  satisfie s th e agent' s goals .  W e woul d 
lik e ou r  learnin g mechanis m t o us e thi s informatio n i n creatin g th e concep t  description .  I n orde r  t o d o this , 
we requir e mor e tha n a  feature' s mea n value ;  w e requir e a  functio n relatin g feature s an d operator s t o th e 
"goodness "  o f  a n objec t  i n satisfyin g goals .  W e propos e constructin g thi s functio n b y considerin g operator s 
i n additio n t o physica l  feature s a s relevan t  t o th e object' s goodnes s an d includin g the m a s a  specia l  typ e o f 
featur e i n th e concep t  description .  B y regressin g goodnes s agains t  th e value s o f  al l  featur e types ,  w e deriv e a 
relatio n betwee n importan t  physica l  feature s o f  th e object ,  thos e operator s tha t  operat e o n th e features ,  an d 
value s o f  goa l  satisf<iction .  Thus ,  w e hav e a  descriptio n o f  th e objec t  tha t  expresse s th e object' s functiona l 
propertie s a s the y relat e t o goa l  satisfactio n an d th e object' s physica l  characteristic s fo r  us e i n recognition . 
T h e representatio n i s a n equatio n providin g bot h a  mean s fo r  predictin g value s o f  goa l  satisfactio n an d a 
measur e o f  th e goodnes s o f  fit  fo r  suc h predictions .  Returnin g t o ou r  interes t  i n th e criterialit y  o f  feature s 
fo r  predictin g goa l  satisfaction ,  th e percentag e o f  varianc e i n goa l  satisfactio n accounte d fo r  b y a n individua l 
featur e ca n b e take n a s a  measur e o f  tha t  feature' s criterialit y  i n th e concep t  definition . 

The Characterization Process 
Let  u s n o w tur n t o th e mechanis m o f  characterization ,  b y whic h th e learne r  goe s fro m instance s o f  som e 

concep t  t o a  descriptio n o f  tha t  concept .  Withi n th e curren t  framework ,  w e ar e assumin g tha t  th e aggregatio n 
proces s ha s determine d whic h objec t  an d operator s shoul d b e incorporate d int o th e concep t  description ,  an d 
tha t  aggregatio n zds o provide s th e degre e t o whic h th e objec t  an d operator s satisf y th e relevan t  goal .  Th e 
tas k o f  characterizatio n i s t o modif y th e existin g descriptio n t o bette r  predic t  th e "goodness "  o f  th e curren t 
object .  W e als o assum e tha t  instance s ar e processe d incrementally ,  sinc e th e agen t  generall y interax;t s wit h 
on e objec t  a t  a  tim e (o r  a  fe w a t  most) .  Thus ,  eac h instanc e lead s t o onl y mino r  modification s i n th e concep t 
description .  Befor e a  concep t  descriptio n ca n b e altered ,  i t  mus t  first  b e created ,  an d issue s aris e abou t 
th e natur e o f  suc h initia l  descriptions .  Sinc e earl y description s ar e base d o n a  singl e instance ,  on e migh t 
m a ke eac h featur e ver y criteria l  b y havin g a  weigh t  o f  one .  Throug h experience ,  a s additiona l  instance s ar e 
observe d an d variatio n amon g featur e value s (includin g operators )  occurs ,  constraint s o n th e featur e value s 
become looser . 

Once a stable description has been formed, the feature values of new instances are used to modify 
th e regressio n coefficient s associate d wit h eac h feature .  B y retainin g th e numbe r  o f  instance s tha t  hav e 
bee n observe d s o far ,  on e ca n easil y comput e a  revise d equatio n tha t  include s th e ne w featur e value .  Thi s 
accommodate s gradua l  change s i n th e concep t  descriptio n ove r  time .  Fo r  example ,  i f  th e learne r  bega n t o 
see chair s wit h longe r  legs ,  hi s coefficient s fo r  th e "lengt h o f  leg "  feature s woul d slowl y b e revised .  Thus , 
thi s metho d ca n respon d t o changin g environments ,  unlik e mos t  traditiona l  approache s t o concep t  learning . 

However, if the agent encounters an object with feature values that fall far outside previous experience, 
thi s i s a n occasio n t o generat e a  disjunctiv e versio n o f  th e curren t  concept .  Fo r  instance ,  i f  on e see s a  chai r 
i n whic h th e leg s ar e substantiall y  longe r  tha n expecte d (suc h a s a  baby' s high-chair) ,  the n i t  i s  natura l  t o 
distingub h thi s fro m othe r  chair s tha t  mor e closel y matc h one' s expectations .  Suc h variant s ar e store d nea r 
t o th e initia l  concept ,  bu t  ar e characterize d independentl y o f  th e origina l  version .  Not e tha t  thi s implie s 
th e orde r  o f  presentatio n i s relevan t  t o learning .  I f  gradua l  change s i n featur e value s ar e observed ,  a  singl e 
concep t  wil l  b e learned ;  however ,  i f  instance s wit h extrem e value s ar e alternated ,  disjunctiv e concept s wil l 
be acquire d instead . 

Goal-Indexed Partial Matching and Utilization 
TVaditiona l  A I  approache s t o concep t  learnin g assum e tha t  complet e matchin g ca n b e use d fo r 

recognition .  However ,  i n rejectin g th e notio n o f  necessar y an d sufficien t  conditions ,  w e ar e inevitabl y le d 
t o replac e thi s wit h som e for m o f  partia l  matchin g mechanism .  Hayes-Rot h (1978 )  ha s argue d tha t  partia l 
matchin g i s computationall y expensive ,  an d th e bes t  know n algorith m i s exponentia l  i n th e genera l  case . 
Therefore ,  w e woul d lik e t o tak e advantag e o f  constriiint s t o mak e th e tas k manageable . 

Recall that we are assuming different weights on the various conditions composing the concept 
description .  T o a  certai n extent ,  w e ca n constrai n th e partia l  matchin g proces s b y attemptin g t o matc h 
mor e criteria l  condition s (thos e wit h highe r  weights )  first,  an d leavin g les s criteria l  feature s an d relation s 
unti l  later .  Thi s lead s t o a  best-firs t  searc h throug h th e spac e o f  partia l  matches ,  an d i s m u c h mor e attractiv e 
tha n a n exhaustiv e version .  Lik e al l  heuristi c searc h approaches ,  th e metho d i s no t  guarantee d t o find  th e 
optima l  solutio n (i n thi s cas e th e bes t  partia l  match) ,  bu t  i t  wil l  nearl y alway s find a  satisfactor y on e wit h 
considerabl y les s eff̂ ort . 
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However ,  recal l  als o tha t  th e agen t  mus t  choos e betwee n hundred s an d thousand s o f  competin g 
concepts ,  an d i t  i s  unlikel y tha t  th e abov e metho d wil l  suffice .  Fortunately ,  i n thi s framewor k concept s 
ar e create d becaus e thei r  instance s hav e bee n instrumenta l  i n achievin g th e learner' s goals .  Thus ,  i t  i s 
natura l  t o organiz e concept s aroun d th e goal s the y hel p satisfy .  I f  w e inde x concept s b y th e goal s wit h 
whic h the y ar e associated ,  the n th e agen t  ca n us e it s currentl y activ e goal s a s probe s t o retriev e potentiall y 
relevan t  concepts .  A s a  result ,  th e partia l  matc h i s constraine d t o thos e concept s likel y t o ai d i n achievin g 
th e curren t  goal ,  presumabl y a  fe w instea d o f  thousands . 

Since it is central to the recognition process, we should say a little more about the partial matching 
mechanism .  Give n th e descriptio n o f  som e objec t  an d th e characterizatio n o f  som e concept ,  th e matche r 
return s a  mappin g betwee n th e tw o structures ,  alon g wit h th e degre e t o whic h th e matc h wa s successful .  I f 
th e matc h wa s high ,  the n th e agen t  ca n infe r  tha t  th e objec t  wil l  prov e idea l  fo r  satisfyin g th e goa l  unde r 
whic h it s concep t  wa s indexed .  I f  th e matc h i s onl y fair ,  the n i t  m a y stil l  wan t  t o us e th e object ,  provide d n o 
bette r  object s ar e foun d i n th e immediat e vicinity .  Furthermore ,  sinc e informatio n abou t  whic h operator s 
t o appl y i s include d i n th e objec t  concept ,  guideline s fo r  instrumenta l  us e o f  th e objec t  deriv e no t  fro m 
additiona l  proble m solving ,  bu t  directl y from  th e concept' s content .  Thus ,  inference s regardin g th e object' s 
functionalit y co-occu r  wit h recognition . 

Goals => Aggregation 

Incrementa l  weightin g = > Characterizatio n 
Goal-indexe d partia l  matchin g = > Utilizatio n 

Figure 2. An alternative approach to concept formation. 

CONCLUSION 
I n th e precedin g pages ,  w e identifie d thre e component s o f  th e concep t  learnin g proces s -  aggregation , 

characterization ,  an d utilizatio n -  an d foun d tha t  earlie r  wor k relie d o n tw o assumption s tha t  m a d e eac h o f 
th e task s manageable .  T h e first  involve d th e presenc e o f  a  tutor ,  w h o m a d e th e aggregatio n proble m trivia l 
by providin g positiv e an d negativ e instance s o f  th e concep t  t o b e learned .  T h e secon d involve d th e notio n 
tha t  concept s ar e all-or-non e i n nature ,  s o tha t  the y ca n b e describe d b y a  se t  o f  necessar y an d sufficien t 
conditions .  Sinc e w e wer e concerne d wit h concep t  formatio n i n real-worl d settings ,  w e rejecte d thes e tw o 
assumptions .  However ,  thi s force d u s t o propos e ne w method s fo r  dealin g wit h th e thre e component s o f 
concep t  formation .  I n response ,  w e propose d a n alternativ e framework  i n whic h goal s wer e use d t o aggregat e 
experience .  I n thi s approach ,  goal s ar e als o use d t o inde x an d retriev e potentiall y  relevan t  concepts ,  reducin g 
th e tas k o f  partia l  matchin g agains t  prototype s t o reasonabl e proportions .  Finally ,  w e propose d a  metho d 
fo r  incrementall y characterizin g concepts ,  base d o n weightin g numeri c feature s an d operator s i n term s o f 
thei r  observe d variance .  Thi s gav e u s bot h physica l  criteri a fo r  recognizin g futur e instance s o f  th e concep t 
and informatio n abou t  th e functiona l  propertie s o f  objects .  Take n together ,  w e believ e tha t  thes e method s 
constitut e a  viabl e alternativ e t o traditiona l  approache s t o concep t  formation ,  an d i n ou r  futur e wor k w e 
pla n t o instantiat e th e framework  a s a  runnin g system ,  an d t o tes t  it s  learnin g abilitie s i n a  complex ,  reactiv e 
environment . 
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Ih c Proble m o f  I'xistcnc c 
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Abstract :  Reasonin g abou t  change s o f  existenc e i n objects ,  suc h a s stea m appearin g an d wate r 
disiippearin g whe n boilin g occurs ,  i s  somethin g peopl e d o ever y da> .  Discoverin g metliod s t o rea -
so n abou t  suc h change s i n existenc e i s a  centra l  proble m i n Naiv e Physics .  Thi s pape r  analyze s th e 
proble m b y isolatin g a n importan t  case ,  calle d quantii)>-condiiione d existence ,  an d present s a  genera l 
metho d fo r  solvin g it .  A n exampl e generate d b y a n implemente d progra m i s exhibited ,  an d 
remainin g ope n problem s ar e discussed . 

1.  Introductio n A n importan t  featur e o f  th e physica l  worl d i s tha t  object s c o m e an d go .  I f  w c 
boi l  wate r  stea m appears ,  an d i f  th e boilin g continue s lon g enoug h tli e wate r  completel y disappears . 
Modelin g change s i n existenc e i s a  centra l  proble m i n qualitativ e physics ,  ye t  mos t  theorie s avoi d it . 
de Klee r  &  JJrow n (1984 )  an d William s (1984 )  defin e i t  awa y b y basin g thei r  formalism s o n syste m 
dynamics .  I n syste m dynamics ,  tJi e mode l  builde r  construct s a  networ k o f  "devices "  t o represen t 
tli e syste m unde r  study .  M a n y system s ar c no t  represente d naturall y b y syste m dynamic s (suc h a s 
boilin g water) ,  an d tiic y d o no t  addres s tli e cmcia l  issu e o f  generatin g th e initia l  devic e networ k 
fro m wha t  a  perso n see s w h e n walkin g aroun d i n th e everyda y world .  Kuiper s (1984 )  represent s a 
syste m b y a  collatio n o f  constrain t  equations ;  object s ar e onl y represente d implicitl y  b y th e name s 
chose n fo r  variable s i n th e equations ,  s o hi s syste m provide s n o hel p o n tlii s  issu e cither .  S immon s 
(1984 )  provide s a  mean s o f  specifyin g tha t  object s appea r  an d vanis h i n hi s represonuitio n o f 
occurrence s o f  processes ,  bu t  i n a  wa y tha t  preclude s discoverin g change s i n existenc e no t  explicitl y 
foresee n b y tli c  modeller .  W e l d (1984 )  provide s a  simila r  notio n i n hi s elegan t  ilieor y o f  discret e 
processes ,  bu t  wit h simila r  limiuitions .  N o genera l  solutio n cunenil y exists .  Give n th e rang e o f 
phenomen a (includin g stat e changes ,  chemica l  reactions ,  an d fracture s i n solids )  thi s i s no t  to o 
surprising .  Thi s pape r  present s a  solutio n t o a n importan t  specia l  case ,  base d o n th e framewor k 
provide d b y Qualitiitiv e Proces s tlicor y (Forbu s 1981 ;  1984a) .  Fire t  w e describ e a  genera l  logi c o f 
existence ,  extendin g notion s o f  historie s introduce d b y Haye s (1979 )  an d the n introduc e th e ide a o f 
quantity-conditione d existence .  Nex t  w c describ e a  tempora l  inheritanc e procedur e fo r  reasoning . 
abou t  change s i n existence ,  an d illustrat e it s operatio n wit h a n example .  Finally ,  w e sugges t  a 
directio n i n whic h t o loo k fo r  furtlie r  solution s t o th e proble m o f  existence . 

2.  A  Lo^i c o f  Kxistcnc c Object s i n th e worl d ar e represente d b y individuals .  I n genera l  cri -
teri a fo r  wha t  constitute s a n individua l  depend s o n th e domain .  Historie s represen t  h o w object s 
chang e ove r  time .  Th e histor y o f  a n objec t  describe s it s "spatio-tempora l  extent "  an d i s annotate d 
wit h th e propertie s tha t  hol d fo r  th e objec t  a t  variou s limes .  W e futiie r  assum e tli c  extension s 
describe d i n (Forbu s 1984a) . 

We begi n b y distinguishin g betwee n tv/ o relate d notion s o f  existence .  T h e firs t  i s  logica l 
existence ,  whic h simpl y mean s tha t  i t  i s  no t  inconsisten t  fo r  ther e t o b e som e stat e o f  affair s i n 
whic h a  particula r  individua l  exists .  A  squar e circl e i s somethin g whic h logicall y canno t  exis t  'ITi c 
secon d notio n i s physica l  existence .  v>'hic h mean s tha t  a  particula r  individua l  actuall y doe s exis t  a t 
some pailicul.i r  time .  Clearl y a n individua l  whic h physicall y exist s mus t  logicall y exist ,  an d a n 
individua l  whic h logicall y canno t  exis t  ca n neve r  physicall y exis t  A n examjil e o f  a n individua l 
whic h logicall y exist s bu t  whic h (h(jpefully )  neve r  physicall y exist s i s th e arseni c solutio n i n m y 
coffe e cup . 

ITi e predicat e individiia l  indicate s ilia t  it s  argumen t  i s a n individual .  Bein g a n individua l 
means tha t  ii s  propertie s an d rcl.ition̂ hip s wit h othe r  thing s ca n chang e wit h time ,  an d Uia t  i t  ma y 
not  alway s physicall y exist .  Th e rcl.iiio n Fxis(s-ln(i ,  ( )  indicate s tha t  indivitUci l  i  exist s a t  o r  dur -
ing ,  tim e t .  Th e impor t  o f  llii s  relationshi p i s th e creatio n o f  a  slic e \ o represen t  th e propertie s o f  i 
at  I .  A  slic e o f  a n objec t  U  a t  tim e t  i s  denote d b y at(H ,  i) .  Al l  predicates ,  functions ,  an d relation -
ship s betwee n object s ta n appl y t o slice s t o indicat e thei r  tempora l  extent ,  i.e. .  th e spa n o f  tim e 
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the y ar c tru e for . 

Hayes '  origina l  treatmen t  o f  historie s di d no t  addres s th e interactio n betwee n existenc e an d 
predication .  W h a t  i s th e trut h o f  a  predicat e applie d t o a  slic e w h e n th e individua l  i s  no t  believe d 
t o physicall y exis t  a t  th e lim e correspondin g t o tJia t  slice ? Allowin g al l  predicate s t o b e tru e o f  a n 
individua l  w h e n i t  doesn' t  physicall y exis t  ha s tli c  proble m tha t  ever y fac t  F  whic h depend s o n a 
predicat e P  mus t  n o w als o b e explicitl y  justifie d b y a  statemen t  o f  existence ,  suc h a s 

P<at(ol)j, t)) and F.xists-in(obj, t) -* F 

rathe r  tha n jus t 

P(at(ol)j, t)) -* F 

T o avoi d this ,  w e simpl y indicat e tha t  certai n predicate s whic h depen d o n physica l  existenc e 
impl y tha t  th e individua l  doe s exis t  a t  tha t  time ,  i.e . 

P(at(obj, t)) -* Exists-in(obj, t) 
Thi s allow s th e implication s o f  th e predicatio n t o b e state d simply ,  whil e als o providin g a  usefu l 

constrain t  fo r  detectin g inconsistencies .  However ,  uixonomi c constraint s mus t  b e specifie d care -
fully .  Conside r  tli e statemen t  tha t  a n objec t  i s eitlic r  rigi d o r  elastic .  I f  w e simpl y assume d 

For-AU si € slice, Rigi(l(sl) or Elastic(sl) 

we woul d b e assertin g th e existenc e o f  th e objec t  a t  tli e tim e represente d b y tha t  slice ,  sinc e 
on e o f  th e alternative s mus t  b e true .  Thes e statement s mus t  alway s b e place d i n th e scop e o f  s o m e 
implicatio n whic h wil l  guarante e existence ,  suc h a s 

For-All si € slice Physob(sl) -* [Rigi(l(sl) or Elastic(sl)] 

t o avoi d inappropriat e presumption s o f  physica l  existence . 

Situation s describ e a  collectio n o f  object s bein g reasone d abou t  a t  a  particula r  time .  A  situa -
tio n simpl y consist s o f  a  collectio n o f  slice s correspondin g t o a  se t  o f  object s existin g a t  a  particula r 

time.^ 

A n individual' s existenc e i s quantity-conditione d i f  inequalit y informatio n i s require d t o estab -
lis h o r  rul e ou t  it s existence .  A n exampl e i s Hayes '  (1979 )  conlaincd-liqui d ontology .  I n tlii s  ontol;; _ 
ogy a  liqui d exist s i n a  containe r  i f  ther e i s a  non-/.er o amoun t  o f  i t  inside .  I t  ca n b e extende d t o a 
contained-stuf f  ontolog y tlia t  model s solid s an d gassc s a s follows .  Le t  th e functio n amount-of-i n 
m ap fro m states ,  substances ,  an d container s t o quantities ,  suc h tlia t  A[ainount-of-iii(siib,st,c) J i s 

greate r  tha n zer o exactl y w h e n tlicr c i s som e substanc e su b i n stat e s t  i n containe r  c. ^  Le t  th e fianc -
lio n C- S denot e a n individua l  o f  a  particula r  substanc e i n a  particula r  stat e insid e a  particula r  con -
tainer .  Fo r  insLincc ,  a  colTc c cu p typicall y contiiin s tw o individuals ,  denote d C-S(colTcc ,  liquid , 
cup )  an d C-S(air ,  gas .  cup) .  T h e individua l  denote d b y C- S exist s exactl y w h e n th e appropriat e 
amount-of-i n quantit y i s greate r  tha n zero .  (Se c Korbu s (1984b )  fo r  details. )  Othe r  kind s o f  materia l 
object s als o see m t o b e capture d b y quaiitity-condiiiono d existence ,  includin g object s subjec t  t o sub -
limation ,  evaporation ,  o r  othe r  change s i n a m o u n t  whic h d o no t  caus e "stmclural "  changes .  E x a m -
ple s includ e containe d powdci"s ,  heap s o f  sand ,  an d ic e cubes .  A  bloc k o f  wood ,  however ,  provide s 
a counter-example .  Unde r  certai n condition s th e block' s existenc e ca n b e modele d a s quantity -
conditioned ,  fo r  instanc e w h e n sandin g o r  grindin g d o w n surface s o f  it .  Bu t  severa l  way s o f  chang -
in g th e block' s existenc e canno t  b e s o modele d -  conside r  sawin g th e bloc k i n hal f  o r  bendin g i t 
unti l  i t  breaks .  W e wil l  retur n t o thi s issu e later . 

'  Oualilativ o Proces s lhcc)r > provide s a  wa y t o dclcnnin c wha t  object s mus t  b e considere d logcihc r  fo r  accurat e prcd -
iciion .  I  ler c w c assum e .situation s contai n slice s fo r  al l  o1>jlcL s tha t  exis t  a t  th e tim e i n question . 

^  I n Qt '  theor y a  quantit y consist s o f  a n amoun t  an d a  dciivalive ,  an d th e functio n A  map s a  quantit y int o it s  amount . 
Similarly ,  th e functio n 1 )  map s a  quaniii y  int o it s derivative . 
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3.  Modelin g Chnngc s o f  K\istenc c I n Q V theory ,  processe s ar c th e ultimat e sourc e o f  al l 
change s tha t  happe n i n tli e physica l  world .  Processe s ac t  h y causin g change s i n continuou s parame -
ter s o f  objects .  A  liqui d tlow ,  fo r  instance ,  cause s Ui c amoun t  o f  on e liqui d t o increas e an d tli c 

amount  o f  anothe r  t o decrease .  Thes e change s i n parameter s wil l  caus e inequalit y relationships '  t o 
change .  Thes e i n tur n ca n lea d t o change s i n th e collectio n o f  activ e processes ,  a s whe n th e pres -
sure s i n tw o contiiinei- s cquali/. e a s a  resul t  o f  H o w betwee n them .  The y ca n als o caus e individual s 
whos e existenc e i s quantity-conditione d t o appea r  an d vanisli .  Thes e change s ar e compute d b y a 
tempora l  inheritanc e procedur e tiia t  determine s wha t  th e worl d look s lik e afte r  a  change .  Thi s pro -
cedur e solve s tli c  fram e proble m fo r  simulatio n withi n th e Q P ontology . 

A fe w remark s wil l  m a k e th e pa)ccdur e clearer .  l-"irst ,  th e statement s whic h mus t  b e tru e fo r 
a proces s t o ac t  ar e divide d int o quaniii y  cundiiiun s (whic h refe r  t o mcqualitie s an d otlie r  relation s 
define d withi n Q P theory )  an d prccoiidliion s (al l  othe r  statement s a  proces s depend s on) .  W e 
assume th e fact s suite d i n precondition s remai n unchanged ,  althoug h di e procedur e ca n b e easil y 
modifie d t o trac k suc h change s (an d di e implcmetatio n doc s so) .  Second ,  w e assum e tha t  unles s w e 
k n o w otherwise ,  individual s whic h exis t  remai n i n existence .  T'inally .  di e inequalit y relationship s i n 
tli e Quantit y Space s ca n b e divide d int o tw o classes ,  thos e relationship s i n di e curren t  stat e whic h 
migh t  chang e an d dios e whic h cannot .  Cal l  di e se t  o f  inequalit y relationship s whic h migh t  chang e 
Q.  Importandy .  assumin g dia l  a  particula r  chang e occur s implie s dia t  di e relationship s betwee n th e 
quantitie s i t  mention s chang e an d dia t  n o othe r  inequalitie s fro m S2 change . 

Thin k o f  di e fact s whic h compris e a  situatio n a s consistin g o f  a  collectio n o f  assumption s an d 
consequence s o f  thos e assumptions .  Findin g di e result s o f  a  chang e involve s carefull y modifyin g 
th e assumpdons .  T w o factor s complicat e this .  First ,  th e procedur e whic h generate s possibl e 

changes' *  i s  local ,  an d thu s sometime s hypothesize s change s whic h ar e no t  actuall y possible .  T h e 
procedur e describe d belo w filters  ou t  impossibl e changes .  Second ,  di e indirec t  consequence s o f  th e 
k n o w n chzuige s wil l  invalidat e a  subse t  o f  di e previousl y hel d assumptions .  Fo r  instance ,  a n 
assumpuo n abou t  th e leve l  o f  wate r  i n a  cu p relativ e t o som e odie r  heigh t  i s m o o t  i f  th e wate r  i n 
di e containe r  n o longe r  exists .  Ih e procedur e correcd y detect s m o o t  assumpdons . 

I n wha t  follows ,  " W h e n consisten t  assum e P "  mean s "i f  yo u don' t  alread y believ e ~ > P , 
assum e P .  Otherwise ,  d o nodiing. "  T h e tempora l  inheritanc e procedur e is : 
(1 )  A s s u m e tha t  individual s whos e existenc e i s no t  quandty-condidone d remai n i n existenc e an d 
tha t  al l  precondidon s remai n di e same . 
(2 )  A s s u m e th e inequalide s represente d b y di e hypodiesize d chang e ar e true ,  an d dia t  al l  othe r  rcla -
donship s i n Q  remai n true . 
(3 )  W h e n consisten t  assum e quandty-conditione d individual s remai n i n existence . 
(4 )  W h e n consisten t  assum e dia t  inequalide s no t  i n fi  hold . 
I f  an y require d assumptio n lead s t o a  contradicdon ,  the n asser t  tha t  di e propose d chang e i s incon -
sisten t  'Th e algorith m i s subtle ,  an d i s bes t  understoo d b y analyzin g a n example . 

4.  /\ n Exampl e Conside r  a n ope n ca n partiall y  filled  wit h wate r  sitdn g o n a  stove ,  suc h tha t 
di e burne r  o f  di e stov e provide s a  hea t  pad i  betwee n them .  Assum e th e wate r  i s initiall y  belo w it s 
boilin g temperatur e an d coole r  tha n th e stove .  Figur e 1  show s th e possibl e behavior s (th e envision -

ment )  produce d b y G I Z M O . ^  I n di e envisionmen t  I S indicate s di e se t  o f  quandty-condidone d indi -
vidual s tha t  exis t  i n a  situation .  Th e se t  o f  activ e processe s i s indicate d b y P S .  Possibl e change s 
ar c indicate d b y di e prefi x Q H .  Jh e funcdo n l) s m a p s fro m a  quandt y t o th e sig n o f  it s  dcrivadve , 
whic h correspond s t o th e intuidv e nodo n o f  direcdo n o f  chang e (i.e. ,  - 1 indicate s decreasing ,  0  indi -
cate s constan t  an d 1  indicate s increasing) .  T h e Proces s Vocabular y use d her e consist s o f  heat-flo w 
an d boiling ,  as  describe d i n Forbu s (1984b) . 

^  I n Q P theory ,  numerica l  value s ar e represente d b y collection s o f  orderin g relation s calle d Quantit y Spaces . 

*  Limi t  Analysi s jj.enerale s possibl e change s b y lookin g a t  quantit y spac e informatio n an d th e .sign s o f  derivative s l o 
detemiin e al l  th e possibl e way s ih e inequalitie s ca n change .  Whil e severa l  domain-independen t  constraints ,  suc h a s con -
tinuity ,  reduc e th e numbe r  o f  hypoihesi/c d change s domain-dependen t  iiiloiTnaiio n i s sometime s required .  Th e tempora l 
inheritanc e algorith m provide s a  wa y l o us e suc h information . 

'  fil/.M O iniplcmeiiL s th e basi c operation s o f  Qualiiati\ c  Proces s theory ,  includin g facilitie s fo r  makin g prcdictioa s 
and intcn)retin g mca.surcmcnL s take n a t  a  singl e instant .  Se e 1  orbu s (1984b )  fo r  details . 
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Figur e I  — Predicte d behavior s 

^ -̂.QH O »  SO 
START—QHl  >S 1 

^ Q H2 >S 2 QH3-^S 3 — QH4->S 4 

Abbreviations : 
T =  temperatur e A-o f  =  amount-o f 
T B =  boilin g temperatur e S T =  stov e 
WC =  C-S(watcr ,  liquid ,  can )  H F l  =  heat-flow(stove ,  W C ,  burner ) 
SC =  C-S(watcr ,  gas ,  can )  H F 2 =  hcat-flow(stove ,  SC ,  burner ) 

Start: IS: {WC), PS: {HFl}, DsnXWC)] = 1 
SO:  IS :  { W C } ,  PS :  {} ,  A n X W C ) ]  =  A[T(ST)] ,  al l  D s value s 0 
SI :  IS :  { W C } ,  PS :  {} ,  Ar i (WC) ]  =  A[T(ST)] ,  A[T(WC) ]  =  A[TB(WC)] , 

al l  D s value s 0 
S2:  IS :  { W C ,  SC} ,  PS :  {HF l ,  H F 2 ,  Boiling} ,  Ds[T(WC) ]  =  Ds[T(SC) ]  =  0 

I)s[A-oP(WC) ]  =  -1 ,  Ds[A-of(SC) ]  =  1 
S3:  IS :  {SC} ,  PS :  { H F 2 } ,  Ds[T(SC) ]  =  1 
S4:  IS :  {SC} ,  PS :  {} ,  al l  D s value s 0 

QHO: A[T(WC)] < A[T(ST)] becomes =. QHl: QHO and QH2 occur simultaneously. 
Q H 2:  A[T(WC) ]  <  A[ rB(WC) ]  become s = .  Q H 3 :  A[A-ofl[WC) ]  >  zer o become s = . 
Q H 4:  A[T(SC) ]  <  A[T(S'r) ]  become s = . 

I n th e initia l  stat e S T A R T G I Z M O deduce s tha t  hea t  flow  occurs ,  sinc e ther e i s assume d to -
be a  temperatur e differenc e betwee n th e stov e an d th e water .  I t  als o deduce s tha t  boilin g i s no t 
occurring ,  sinc e w e assume d n o stea m exist s sinc e amount-of-i n fo r  tha t  combinatio n o f  stat e an d 
substanc e wa s zero .  Eithe r  th e hea t  flow  wil l  sto p (i f  tli e temperatur e o f  th e stov e i s les s tha n o r 
equa l  t o th e boilin g temperatur e o f  th e water ,  represente d b y change s Q H O an d Q H l ,  respectively ) 
or  boilin g wil l  occu r  (i f  th e temperatur e o f  th e stov e i s  greate r  tha n th e boilin g temperature , 
represente d b y chang e Q H 2 ) .  I f  boilin g occur s (situatio n S2 )  tlic n stea m wil l  com e int o existence . 
Ignorin g flows  ou t  o f  th e container ,  di e nex t  chang e i s tha t  tli e wate r  wil l  vanis h (QH3) ,  endin g th e 
boiling .  Th e hea t  flow  fro m th e stov e t o th e stea m wil l  continue ,  raisin g th e steam' s temperatur e 
unti l  i t  reache s tha t  o f  th e stov e (chang e Q H 4 ,  resultin g i n th e final  stat e S4) .  W e ca n se e th e 
impac t  o f  diff'eren t  aspect s o f  tli e tempora l  inheritanc e metho d b y seein g ho w thi s descriptio n 
woul d chang e i f  i t  wer e difi'ercnt .  Failin g t o distinguis h betwee n change d an d inherite d quantit y 
condition s (i.e. ,  thos e i n Q  an d thos e i n it s  complement )  woul d rul e ou t  Q H O sinc e w e woul d 
inheri t  th e initia l  assumptio n o f  n o steam .  Inheritin g belief s concernin g quantity-conditione d indi -
vidual s befor e updatin g change d inequalitie s woul d preclud e Q H 3 ,  leavin g u s witl i  wate r  tha t  wa s 
boilin g awa y bu t  neve r  completel y vanishing . 

5.  Discussio n Quantity-conditione d existenc e provide s a  simpl e solutio n t o th e proble m o f 
existenc e fo r  severa l  importan t  classe s o f  materia l  object s i n Naiv e Pliysic s (i.e. ,  containe d stuffs) .  I t 
appear s tha t  quantity-conditione d existenc e ca n b e extende d t o reaso n abou t  al l  change s i n 
existenc e cause d b y processe s whic h affec t  tli c  amoun t  o f  somethin g withou t  nfl'cctin g iL s gros s 
structure .  However ,  i t  canno t  mode l  al l  change s i n existence ;  bangin g a  roc k wit h a  hammer ,  fo r 
instance ,  result s i n tli e roc k breakin g int o severa l  ne w rocks .  Th e reason s rock s brea k a s tlie y d o 
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concer n exactl y wher e tlie y ar e staic k an d th e detail s o f  thei r  microsimcturc .  'Hicr c i s n o simpl e 

descriptio n o f  thi s chang e b y mean s o f  a  smal l  se t  o f  quantitie s becaus e geometi" y i s intimatel y 
involved .  \V c slioul d no t  b e to o discouraged ,  however ,  becaus e i t  i s  no t  clea r  jus t  ho w dee p com -
monscns e model s o f  fractur e reall y arc .  Whil e w e hav e roug h idea s abou t  tJi e numbe r  an d shap e o f 
piece s tha t  resul t  fro m breakin g cciiai n objects ,  w e ofte n canno t  m a k e ver y detaile d prediction s 
abou t  exactl y wha t  piece s wil l  resul t  whe n a n objec t  break s l-lve n traditiona l  Material s Scienc e can -
not  mak e suc h prediction s i n ful l  detai l  fo r  a n arbitrar y piec e o f  material ,  s o w e shouldn' t  expec t 
Naiv e Physic s t o d o so . 

T h e centralit y o f  geometr y i n th e ope n problem s abov e suggest s tlia t  anothe r  clas s o f  answer s 
t o tli e proble m o f  existenc e lie s i n qualitativ e kinematics ,  th e theor y o f  place s an d thei r  spatia l  rela -
tionship s which ,  togethe r  wit h qualitativ e dynamic s (e.g. ,  Qt-'̂ l'tiitiv e Proces s theory )  ma y b e viewe d 
as providin g th e large-scal e structur e o f  Naiv e Physics .  Configura l  informatio n become s eve n mor e 
importan t  whe n considerin g mor e abstractl y define d object s (suc h a s a  trus s o r  a  forc e balance) ,  s o 
i t  appear s tlia t  a  theor y o f  qualitativ e kinematic s migh t  solv e a  larg e clas s o f  existenc e problems . 
T h e nee d fo r  suc h a  theor y i s growin g clearer ,  an d hopefull y thi s pape r  wil l  stimulat e mor e wor k i n 
thi s area . 

6.  Acknowledgement s Bria n Falkenhainc r  an d Jef f  Becke r  provide d usefu l  suggestions .  Thi s 
researc h i s sponsore d b y tli c  Informatio n Science s Divisio n o f  th e Offic e o f  Nava l  Research . 
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CROSS-MAPPED ANALOGIES:  PITTIN G SYSTEMATICIT Y AGAINS T SPURIOUS 
SIMILARIT Y 

Dedre Centner S< Cecile Toupin 
Dept .  o f  Psvcholoq v Dept .  o- f  Psycho l  oq v 
Univers i t y o- f  111 .  Univers i t y o- f  Ca l  . ,  Berke le y 
Champaign ,  I L 6182 0 Berke ley ,  C A 9472 0 

An analogy can be viewed as a device +or conveying that two 
domain s shar e s igni f ican t  relat iona l  s t ructur e eve n thoug h the y 
may no t  shar e sur fac e s imi lar i ty .  Th e va lu e o f  a n analog y l ie s i n 
it s abi l i t v  t o g iv e a  causa l  o r  explanator v coherenc e t o a  ne w 
domai n throug h th e t ransferenc e o f  a  mutua l ly -const ra in in o se t  o f 
re lat ions .  I n Gentner ' s (1980 ,  1982 ,  1983 )  s t ructure-mappin g 
theory ,  th i s i s cal le d th e systemat ic i t y p r inc ip le .  In tu i t ive ly , 
systematici t v re f lec t s people ' s taci t  pre ferenc e fo r  coherenc e 
and deduct iv e powe r  i n analoqy .  Syntact ica l ly ,  systemat ic i t v i s 
realize d a s a  pre ferenc e fo r  mappin q re la t ion s tha t  ar e governe d 
by higher-orde r  constra in in g re la t ion s tha t  ca n themse lve s b e 
mapped.  Th e us e o f  systemat ic i t y appear s t o b e a  centra l  aspec t 
of  adul t  competenc e i n comprehendin g analog ies .  I n th i s researc h 
we invest igat e tw o quest ion s concernin g th e natur e o f  th i s 
competence:"(1 )  th e ro l e o f  svstemat ic i t y i n th e on- l in e mappin g 
sroces s an d (2 )  th e developmenta l  cours e o f  th e us e o f  systemat i c 
<nowledg e i n analogica l  mapping . 

The firs t  questio n i s exact l y ho w systemat ic i t y en te r s int o th e 
mappin g process .  I s i t  simpl y a  passiv e desideratu m whic h convev s 
th e complexi ty ,  u t i l i t y ,  o r  aptnes s o f  a n analog y onc e i t  ha s 
bee n correct l y interprete d ?  I n accordanc e wit h s t ructure-mappin g 
theory ,  w e sugges t  tha t  systemat ic i t y p lay s a  dec is iv e rol e i n 
th e mappin g proces s i tsel f .  Mor e speci f ica l ly ,  ou r  ai m i s t o 
sho w tha t  th e presenc e o f  systemat i c s t ructur e i n th e bas e domai n 
ca n hel p peopl e kee p th e mappin g proces s o n track .  Moreover ,  th i s 
affec t  shoul d b e mos t  pronounce d fo r  di f f icul t  mapp ings .  Tha t  i s . 
th e les s t ransparen t  th e objec t  cor respondence s Ar e betwee n bas e 
and target ,  th e mor e importan t  wil l  b e th e abi l i t y  t o tak e 
advantag e o f  systemat i c s t ructure .  Withou t  systemat ic i ty , 
spuriou s s imi lar i t ie s betwee n domain s Br e l ikel y t o mislea d i n 
th e mappin g process . 

To i l lustrat e thes e pr inc ip les ,  w e offe r  a  brie f  analys i s o f 
Rutherford' s analog y betwee n th e sola r  syste m an d th e hydroge n 
atom .  Conside r  th e cas e wher e a  perso n hear s th e Ruther for d 
analog y fo r  th e f irs t  t ime .  Accordin g t o s t ructure-mappin g 
theory ,  th e t ransferenc e o f  knowledg e fro m th e bas e domai n (e.g . 
th e sola r  system )  t o th e targe t  domai n (e.g. ,  th e hydroge n atom ) 
involve s a  mappin g proces s i n whic h th e ob jec t s fro m th e bas e 
ar e place d i n correspondenc e wit h ob ject s i n th e ta rge t ,  e.g. , 
su n — > nuc leus ,  plane t  — > elect ron .  The n pred icate s sr e mappe d 
fro m th e bas e t o th e targe t  accordin g t o th e fo l lowin g thre e 
mappin g ru les : 

(1 )  Th e re la t ion s betwee n ob jec t s i n th e bas e ten d t o b e mappe d 
across .  Fo r  example ,  th e lower-orde r  re la t ions ; 

i. MORE MASSIVE THAN (sun, planet) —> 
MORE MASSIV E THA N (nucleus ,  e lect ron ) 

ii .  REVOLVE AROUND (planet ,  sun )  — > 
REVOLVE AROUND (electron ,  nuc leus ) 

(2) The particular relations mapped are determined bv 
systematici tv .  a s define d b v th e ex is tenc e o f  h igher-orde r 
constrainin g re la t ion s whic h ca n themselve s b e mapped .  Fo r 
example , 

ii. CAUSE [MORE MASSIVE THAN (sun, planet), 
REVOLVE AROUND (planet ,  sun) ]  — > 
CAUSE CMORE MASSIV E THA N (nucleus ,  e l e c t r o n ) , 
REVOLVE AROUND (electron ,  n u c l e u s ) ] . 

Note that the lower-order relation HOTTER THAN (sun, planet) is no t  par t  o f  th e systemat i c s t ructur e an d ca n b e dropped . 3) Attributes of obiects are dropped. For example; iv .  CYELLOW (sun) ]  -- / - > [YELLO W (nucleus) ] By applying these principles the appropriate relational similari t y betwee n th e sola r  svste m an d ato m i s obtained .  a s 

27 7 



FIGl .  F«rt>a l  dspictio n o 4 th « •nalog v bvtMse n sola r  «vst> m an d 
hydrooe n atoni .  shOMin g a  p*rao n a  praauina d initia l  knowleoo e o f 
th v sola r  svsts m an d tn c mappin g o *  tha t  Knowlsdq s t o th e atom . 

h 
th e 
ob i e 
re l  a 
prov -
To 1 
pro c 
cor r 
made-
ies r 
hi  o h 
th e 
tha t 
non s 
no t 
d c -  C'  1 
5 ' J a 

V th e s t ruc tu re-mapp in o accoun t , 
succes s o- f  th e mappin q proces s 
ct  co r respondence s an d (2 ) 
t i on s hel p t o qu id e th e mappin o 
id e a  chec k o n th e cor rec tnes s 
l lus t ra t e ho w thes e tw o fac tor s 
ess .  w e no w conside r  th e 

tw o -factor s shoul d ente r  int o 
(1 )  th e t ransparenc v o-f '  th e 

systemat ic ! tv -  Hiqher-orde r 
ot  lower-orde r  re la t ion s an d 
of  th e lower-orde r  mappinos . 

ca n interac t  i n th e mappin q 
cas e wher e th e oblec t espondence s a.r e no t  whol l v t ransparen t ,  an d a  mappiri o erro r  i s 

Le t  U 5 contras t  tw o cases :  (1 )  th e svstemat j c case :  th e 
ne r ' s init ia l  knowledq e o- f  th e sola r  svste m inc lude s the : 
e r—orde r  re la t io n tha t  ther e i s a  causrii ]  re la t io n betwee n (a ) 
•fac t  tt-ia t  th e p lanet s revo lv e aroun d th e su n an d 

the- '  su n I S mor e mass iv e tha n th e p lane ts : 
vs temat i c case :  tti e learne r  know s -fact s (a ;  an d kno w th e h ioher-orde r 
ct e a  svstemat i c an d a 
r  svstem . 

a.  Systemati c representatio n 

re l  catio n betwee n them , 

(t. )  th e fac t 
an d (2. )  th o 
(b )  bu t  doe t 
F iour e 2£ b 

i l l 

nonevstemat1 c representa t io n o f  th e 

-  b  Nonsystemati c representation . 

m mmttm i 

Pfrl .  Mor e detaile d depiction s 
th e sola r  syste m 

o* perso n s  representation s o f 

Now 1  e 
ana logv . 
contuse d 
MOr̂ •E MA S 
velectro n 
o-f  th e b a 
car .  b e u 
1 ower-or d 
s t ruc tur e 
er roneou s 

t s suppos e bo t 
an d bot h ma^. e 
an d re'vers e t h 
S IV E THAr j  r e 
.  n u c l e u s ) .  F 
s e domain ,  th e 
se d t o spo t 
er  re la t ion . 

I S t ransfere d 
lower-orde r  r 

h learner ' 
th e sam e 

e ob jec t  c 
la t ion .  r e 
or  th e lea r 

p resens e o 
an d corre c 

I n th i s 
•fro m bas e 

e lat io n (p r 

Br e Qiver i  th e s o 
er ror .  The v be e 

o r reEoondence s w h 
sul t in o i n MORE 
ne r  wh o ha s a 
•f  a  h iQher-orde r 
t  th e spur iou s 

example .  whe n 
t o taroe t  o n t h 

oposit i  o n 1 ) ,  a s 

1a r  svstem/ato m 
ome momentar i l v 
i l e mappin o th e 

MASS IV E THA N 
vstemat i c mode l 
causa l  relat io n 
mappin o o- t  th e 

th e predicat e 
e ba=i = o f  th e 
fo l lows . 1.  MORE MASSIV E THA N (electron ,  nuc leus ) 

2 .  REVOLVE AROUND (electron ,  nuc leus ) 
3.  CAUSE CMORE MASSIV E THA N (electron ,  nuc leus ) 

(e lectron.nucleus) 3 

REVOLVE ARO'JNL ' 

th e learne r  i s i n a  posi t io n t o detec t  a  relevan t 
incons is tency .  Namel v tha t  th i s chai n v io la te s th e causa l 
cons t ra in t  tha t  h e know s ho ld s t ru e i n th e bas e domai n i.e. , 
CAUSECMORE MASSIV E THA N (sun,p1anet) .REVOLV E AROUND (planp^t . 
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sun)3 .  Th e incons is tenc y ca n b e resolve d b y recheck in q th e ob jec t 
mapp ings ,  an d revers in g th e orde r  o f  ob jec t s i n th e MORE MASSIV E 
THAN pred ica te .  Thu s systemat i c knowledg e o- f  th e bas e domai n 
al low s th e learne r  t o detec t  an d repai r  a n incor rec t  loca l 
mapping . 

I n th e nonsystemat i c case ,  th e learne r  ha s onl y tw o lower-orde r 
re la t ions ,  on e o f  whic h i s e r roneous : 
1. MORE MASSIVE THAN (electron, nucleus) 

2 .  REVOLVE AROUND (electron ,  nuc leus ) 
There is nothing is this derived representation of the target 
domai n tha t  ca n aler t  hi m t o a n erro r  i n mappin g thes e re la t ions . 
Withou t  systemat i c s t ructur e t o ma p fro m th e bas e domain ,  th e 
learne r  s impl y ha s a n unrestra ine d se t  o f  lower-orde r  p red ica tes . 
Not e tha t  th e correc t  objec t  cor respondence s -  sun /nuc leu s an d 
planet /e lectro n -  ar e no t  addi t ional l y supporte d b v an v sal ien t 
attr ibut e s imi la r i t ies .  Thu s un l ik e th e learne r  wh o ha s 
systemati c knowledge ,  h e i s un l ike l y t o no t ic e an d repai r  th e 
mappin g error . 

Thi s l in e o f  reasonin g lead s u s t o tw o pred ic t ion s concern in g 
analogica l  mapping :  1 )  systemat i c knowledg e o f  th e bas e domai n 
lead s t o mor e accurat e analogica l  mappin g an d 2 )  th e af fec t  o f 
systematic i t v wil l  b e stronges t  whe n th e appropr ia t e objec t 
correspondence s Ar e leas t  t ransparent . 
The Development of the Use of Systematicity 
In this research we investigated the development of the use of 
systematici t y i n analogica l  mapping .  We wishe d t o d iscove r  whe n 
childre n ar e abl e t o benef i t  fro m th e presenc e o f  a  se t  o f 
mutual ly-constra in in g re la t ion s i n carry in g ou t  a n analogy .  Th e 
metho d w e use d wa s designe d t o avoi d som e o f  th e p rob lem s tha t 
commonl y ar is e whe n assessin g youn g ch i ld ren ' s analogica l  ab i l i t y 
e.g. ,  conf lat in g developmenta l  d i f fe rence s i n ch i ld ren ' s abi l i t y 
t o reaso n analogica l ly ,  wit h d i f fe rence s i n thei r  comman d o f 
vocabulary ,  knowledg e abou t  domain s an d pragmat i c unders tand in g 
of  whe n nonl i tera l  compar ison s ar e permissable .  Th e analogica l 
domain s i n ou r  stud y consiste d o f  ch i ldren ' s s tor ie s wit h s impl e 
plo t  s t ruc tures .  Th e analogica l  mappin g ste p involve d 
transferr in g th e stor y plo t  fro m on e se t  o f  charac te r s t o 
another .  I n performin g th i s tas k th e chil d wa s require d onl y t o 
ac t  ou t  th e s tor ie s usin g to y do l l s an d an ima ls .  Thu s th e 
succes s o f  th e ch i ld ' s mappin g di d no t  depen d upo n accessin g an y 
privledge d informat io n abou t  th e bas e domain ,  th e ch i ld ' s verba l 
ski l ls ,  o r  h is/he r  pragmat i c understandin g o f  nonl i tera l 
compar i  sons . 

I n orde r  t o tes t  ou r  pred ic t ion s concern in g th e us e o f 
systemati c s t ructur e a s a  gu id e t o analogica l  mappin g tw o 
variable s wer e manipulated :  systemat ic i ty ,  an d mappin g 
dif f iculty .  I n varyin g th e f irs t  factor ,  chi ldre n wer e qive n 
eithe r  systemat i c o r  nonsytemat i c bas e scenar io s t o map . 
Higher-orde r  relat iona l  informat io n wa s embedde d i n th e 
systemati c s tor ie s i n i n tw o ways .  I n th e systemat i c s tor ies ,  th e 
protoganis t  wa s attr ibute d a  story-re levan t  habi t  o r  re lat iona l 
t rai t (e.g. ,"Th e chipmun k wa s ver y j e a l o u s " ) ,  wherea s i n th e 
nonsystemati c versio n a  story- i r re levan t  trai t  wa s subst i tute d 
(e.gl"Th e chipmun k wa s ver y good - l ook ing " ) .  Th e secon d d i f fe renc e 
was tha t  a  fina l  sentenc e expressin g " a mora l  an d l inkin g th e 
protoaanist• s initia l  characte r  trai t  t o th e stor y outcom e wa s 
adde d onl y i n th e systemati c stor y (e.g."Th e chipmun k real ize d 
tha t  h e shouldn' t  b e s o jea lous ,  becaus e i t  i s  bet te r  t o hav e 
mor e f r i ends ) .  Wit h th e except io n o f  thes e d i f fe rences ,  th e 
wordin q an d henc e th e plo t  s t ructur e o f  th e tw o scenar i o type s 
was ident ical . 

The degre e o f  t ransparenc y o f  th e objec t  cor respondences ,  o r 
mappin g d i f f icu l ty ,  wa s varie d usin g wha t  w e cal le d a 
cross-mappin g .  technique .  Wit h th i s manipu la t ion ,  th e 
correspondence s betwee n th e origina l  se t  o f  charac ter s (th e bas e 
set )  an d th e tes t  character s (th e targe t  set )  coul d b e eithe r ver y eas y wit h s imi lar- lookin g character s playin g th e sam e ro le s (S/S )  ;  o r  moderate l y d i f f i cu l t ,  wit h d i f ferent - look in g character s plavin q th e stor y ro le s ( D ) ;  o r  ext remel y d i f f i cu l t , wit h character s tha t  looke d simi la r  t o th e origina l  charac ter s bu t  playin g d i f feren t  ro le s tha n th e one s the y wer e assiqne d i n th e origina l  stor y ( S / D ) .  A n exampl e wil l  hel p t o c lar i f y th e di f ference s betwee n thes e thre e mappin g cond i t ions .  Suppos e tha t 279 



i n th e origina l  stor y th e her o wa s a  chipmunk ,  th e hero' s frien d 
was a  robi n an d th e villai n wa s a  horse .  The n th e role s i n th e 
thre e mappin g condition s migh t  b e a s follows : 

ORIGINAL S/S D S/D 
HERO chipmun k squirre l  elephan t  zebr a 
FRIEND robi n bluebir d shar k squirre l 
VILLAI N hors e zebr a cricke t  blueb«ir d 

The prediction was that the children's accuracy in enacting the 
targe t  stor y woul d b e greates t  fo r  th e S/ S mappin g conditio n an d 
lowes t  i n th e S/ D condition ,  wher e th e natura l  objec t  mapping s 
had t o b e resisted .  A  furthe r  questio n wa s whic h o f  th e tw o 
experimenta l  variable s -  systematicit y o r  object-mappin g -  woul d 
sho w u p earlie r  developmental1v -  Ou r  expectatio n wa s tha t  effect s 
of  mappin g conditio n woul d sho w u p befor e effect s o f 
systematicity -  A  mor e interestin g guestion ,  fro m ou r  theoretica l 
perspective ,  wa s whethe r  systematicit y woul d interac t  wit h 
mappin g difficulty .  Fo r  i f  th e presens e o f  systemati c 
higher-orde r  relation s help s th e chil d preserv e th e relationa l 
structur e sh e i s tryin g t o map ,  the n th e mor e difficul t  th e 
mappin g th e greate r  th e potentia l  effect s o f  systematicity . 

Method 
Subjects. The subjects were 72 children, 36 four— 

to-six-year-olds ,  an d 3 6 eight -  t o ten-year-olds .  recruite d fro m 
loca l  preschool s i n Cambridge ,  Mass .  Approximatel y egua l  number s 
of  male s an d female s wer e include d withi n eac h o f  th e tw o 
experimenta l  condition s (systemati c an d nonsvstematic) ,  an d 
withi n eac h ag e group . 

Materials."Nin e shor t  storie s wer e constructe d consistin o o f 
(1 )  a n introductor y section ,  whic h introduce d tw o ou t  o f  th e thre e 
stor y character s an d thei r  relationshi p (2- 3 sentences )  (2 )  a n 
even t  seguence ,  depictin g a  serie s o f  action s wit h a n outcom e ( 
10 -  1 5 sentences )  an d (3 )  a  mora l  (i n systemati c version s onlv) . 
Ther e wer e tw o version s o f  eac h storv :  systemati c an d 
nonsvstematic .  Th e tw o stor v type s differe d onl y i n thei r 
introductor y section s an d i n whethe r  the y containe d a  moral . 

Story-tellin g Stimuli .  Sixty-thre e to y doll s an d animal s wer e 
use d t o depic t  th e characters .  O f  these ,  ther e wer e 2 7 pair s o f 
animal s tha t  wer e independentl v judge d b y thre e judge s t o b e 
'similar-looking" ,  an d nin e animal s tha t  wer e judge d t o b e 
'differen t  looking '  fro m on e anothe r  an d fro m an y o f  th e paire d 
animals .  A  smal l  numbe r  o f  prop s wer e additionalI v use d t o ai d i n 
th e storv-tel1in g e.g. ,  plasti c food ,  an d fel t  piece s t o mar k 
locations . 

Systematicit y Condition .  Subject s i n eac h ag e grou p wer e 
randoml y assigne d t o eithe r  th e Systemati c o r  th e Nohsystemati c 
Conditio n s o tha t  ther e wer e equa l  number s i n bot h conditions . 
Subject s i n eac h o f  thes e condition s receive d al l  nin e storie s o f 
eithe r  th e systemati c o r  nonsystemati c type ,  respectively . 

Mappin g Conditions .  Fo r  eac h bas e stor y tha t  th e chil d heard , 
one o f  thre e set s o f  character s wer e inserte d a s th e actor s i n th e 
story .  Relativ e t o th e 'target '  se t  o f  characters ,  whic h wer e th e 
same fo r  al l  subjects ,  th e character s depicte d i n th e bas e stor v 
wer e eithe r  similar-lookin g character s i n th e sam e stor y role s 
(S/S) ;  different-lookin g character s i n th e stor y role s (D) ;  o r 
similar-lookin g character s i n differen t  stor v role s (S/D) .  We 
decide d t o var y th e character s i n th e origina l  bas e stor y tha t 
th e childre n hear d ,  whil e keepin g th e targe t  stor v t o b e retol d 
by th e subject s th e sam e (instea d o f  vic e versa )  i n orde r  t o 
achiev e stric t  comparabilit y  o n th e test/scorin g phase . Each chil d receive d thre e storie s i n eac h o f  th e thre e mappin g conditions ,  fo r  a  tota l  o f  nin e stories .  Th e assignmen t of  storie s t o mappin g conditio n wa s counterbalance d acros s group s of  children .  Th e mappin g condition s (S/S, D an d S/D )  wer e presente d i n si x differen t  orders ,  accordin g t o a  Lati n Sguar e Design .  Ther e wer e tw o story-presentatio n orders ;  a n orderin o o f al l  nin e storie s wa s presente d i n a  forwar d o r  revers e sequence . Procedure The experimental procedure was the same for each story and was divide d int o tw o parts :  th e Stor y Phas e an d th e Tes t  Phase .  Prio r t o beginnin g th e experimen t  subject s receive d a  practic e sessio n t o acquain t  th e subject s wit h th e natur e o f  thei r  task .  Onc e th e 280 



chi l d demonstrate d th e abi l i t y  t o oer-for m th e t rans fe r  tas k w i t h 
a •four-lin e stor v abou t  tw o charac te rs .  w i thou t  he lp ,  th e 
exper imen t  proceeded . 

Stor v Phase .  Fo r  eac h s torv ,  th e exper imente r  beoa n b v 
int roducin o eac h o f  th e thre e stor v charac te r s b y present in g 
thei r  to y facs imi le s an d namin a the m (e.Q. ,  "Her e i s th e moose . " ) 
Wit h th e charac te r s i n v iew ,  th e bas e s tor y wa s the n rea d a loud . 

instructe d t o l is te n 
an d th e ch i ldre n wer e 

verbal iz in q a s muc h 
wer e correcte d b y th e 

and th e sub jec t s wer e 
prop s wer e int roduce d 
stor v o n thei r  own . 
omiss ion s an d er ro r s 
th i s phase .  Th e Tes t 
th e abi l i t y  t o ac t  ou t 

The Tes t  Phas e .  T h 
ou t  th e stor v again . 

ver y care fu l l y .  The n 
aske d t o ac t  ou t  th e 

a s poss ib le .  An y 
exper imente r  dur in g Phas e bega n onc e th e subjec t  demonst ra te d 

th e stor y cor rec t l y wi thou t  he lp . 
;  exper imente r  the n aske d th e subjec t  t o ac t 
bu t  wit h thre e ne w charac te rs .  Th e th re e origina l  s tor v charac te r s wer e remove d fro m vie w an d th e ne w tes t 

character s wer e introduce d an d named .  Th e exper imente r  the n rea d 
alou d th e in t roductor y sect io n o f  th e stor v jus t  rea d 
subst i tut in g th e name s o f  th e ne w ' target '  charac te r s fo r  th e 
names o f  th e or igina l  stor y charac te rs ,  thereb v ident i fy in g th e 
relat ionshi p betwee n an d characte r  t ra i t s o f  tw o o f  th e th re e 
characters .  Th i s in t roductor v sect io n wa s repeate d i f  des i red . 
The n th e subjec t  wa s tol d t o tel l  th e res t  o f  th e storv .  Dur in g 

exper imente r  di d no t  p rov id e th e subiec t 
regard in g mappin g ass ignments ,  omiss ion s o r 

phase ,  th e 
in format io n 

th e tes t 
wit h en v 
errors . 

The Stor v an d Tes t 
eac h storv .  Chi ldre n 
wit h a  two-minut e 
part ic ipate d i n thre e 

Scor ing .  Fo r  eac h 

Phase s wer e carr ie d ou t  i n th e sam e wa y fo r 
wer e give n thre e s to r ie s i n a  tes t  sess ion , 
?1a y tas k betwee n s to r ies .  Eac h chi l d 

es t  sess ions ,  space d a t  leas t  a  da y apar t . 
s tory ,  th e sentence s wer e groupe d int o si x 

cor e propos i t ion s represent in g th e majo r  even t s an d th e ou tcome . 
Thes e si x di d no t  inc lud e th e mora l  i n th e svstemat i c s to r ies . 
Thu s th e sam e si x p ropos i t ion s wer e score d fo r  th e svstemat i c an d 
nonsvstemat i c cond i t ions .  I n scor ing ,  p ropos i t ion s wer e t reate d 
as who les .  (- > proposi t io n wa s score d a s correc t  i f  th e chi l d 
eithe r  verbal I v o r  nonverbal l y depicte d th e cor rec t  actor(s )  an d 
act ion(s )  containe d i n th e proposi t ion .  Tw o type s o f  e r ro r s wer e 
scored :  omiss ion s an d incorrec t  answers .  A  propos i t io n wa s score d 
as a n oniissio n i f  th e chi l d bot h verbal l y omit te d an v acto r  o r 
actio n containe d i n th e proposi t io n AN D fai le d t o conve v th e 
informatio n throuo h nonverba l  act ions .  S imi lar ly ,  a  propos i t io n 
was score d a s incorrec t  i f  an v actor(s )  o r  act ion<s )  containe d i n 
tha t  proposi t io n wa s incorrect l y ident i f ie d bot h verbal I v AN D 
throuo h nonverba l  ac t ions . 

Resu l t s 

The resu l t s Ar e show n i n F igur e 3 .  Al l  o f  ou r  expecta t ion s wer e 
confirmed :  (1 )  th e object -mappin g condi t io n ha d stron g e f fec t s o n 
th e transfe r  accurac y fo r  bot h ag e groups .  (2 )  svstemat ic i t v 
benefite d onl v th e olde r  grou p an d (3 )  th e benef i t s o f 
systematic i t v wer e stronges t  i n th e mos t  d i f f icu l t  mappin g 
condit ion .  ^ ^  <b(. u 

Svstematic i t v 
ef fect s o f 

F>ft  3 .  R»«ultB :  Proportio n o *  •tatMwnt c i n th « tarqa t  stori* * 
correctl y wnactB d und« r  dif*»r»n t  kind s o + aaopin q condition m 
giv» n Bystamati c varsu s nonmymtantati c v»r«ion « o *  th « origina l 
mtory ,  io r  four-to-»i x y««r-old s an d •iaht-to-t« n 
y»Bi—old > 

•x3 mixed-measures analvsis of variance of Aoe 

(Between ) 
(Between )  x  Mappin g Condi t io n 

Age CF(1.68)=14.93 ,  p  < 
(Within )  showe d mai n 
.013 ,  Systemat ic i t v 
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••̂ ^̂ "̂ SL .̂̂ ;-.?? '  ? w *  .O^D ,  an d Mappin g Conditio n CF,(2,136) = 29.01 , 
p ^  .OOOuun .  Ther e wa s als o th e predicte d interactio n betwee n 
Systematicit y an d Mappin g Conditio n CF(2,136)=3.89 ,  p  <.053 . 
Althoug h bot h Mappin g Conditio n an d Systematicit y sho w mai n 
effects ,  thei r  developmenta l  pattern s differ .  Planne d comparison s 
confirme d tha t  Mappin g Conditio n ha d significan t  effect s o n bot h 
age groups .  A s predicte d childre n performe d bes t  wit h th e eas v 
S/ S mapping ,  intermediat e wit h th e D  mapping ,  an d wors t  wit h th e 
misleadin g S/ D mapping .  I n contrast ,  Systematicit y showe d 
sianificah t  effect s onl y i n th e olde r  group .  Fo r  th e olde r 
children ,  performanc e wa s significantl v bette r  o n systemati c 
storie s tt(34)=2.48 ,  p  <  .013 .  Thi s wa s no t  tru e fo r  th e younge r 
children ;  the y derive d n o significan t  advantag e fo r  systemati c 
plo t  structur e Ct<34 )  =  l.OB ,  NS3 .  Moreover ,  planne d comparison s 
withi n th e olde r  grou p reveale d tha t  systematicit y wa s 
siqnifican t  onl y i n th e S/ D condition .  Thi s confirme d ou r  thir d 
predictio n tha t  systematicit y shoul d hav e it s greates t  effect s o n 
th e mos t  difficul t  mappings .  Thi s suggest s tha t  systematicit v 
indee d play s a  rol e i n th e mappin g process :  childre n (a t  leas t  b y 
th e ag e o f  eiqht )  ca n us e higher-orde r  constraint s t o hel p kee p 
th e lower-orde r  predicate s straight .  We foun d informa l  suppor t 
fo r  thi s clai m i n th e self-correction s tha t  th e olde r  childre n 
occasionall y made .  A  chil d woul d begi n t o mak e a n error ,  actin g 
out  a n even t  wit h th e wron g character ,  an d the n sto p hersel f  wit h 
a remar k lik e "N o wait ,  it' s  th e greed y on e wh o go t  stuc k i n th e 
well ,  becaus e h e at e to o much. "  Her e th e chil d i s usin g 
higher-orde r  causa l  relation s t o chec k th e correctnes s o f  a 
lower-orde r  predicate . 
Discussion 
In this research we found effects of both svstematicity and 
object-mappin q difficult y o n th e accurac y o f  children' s 
analogica l  mappings .  Thes e result s hav e implication s bot h fo r 
theorie s o f  analogica l  processin g an d fo r  account s o f  th e 
developmen t  o f  analog y an d metaphor .  Whil e th e principl e o f 
svstematicit y ha s becom e increasinql y prominen t  i n computationa l 
approache s t o analog y ,  ther e ha s bee n littl e evidenc e abou t  ho w 
systematicit y enter s int o th e analogica l  process . 
Structure-mappin g theor y ,  an d th e result s o f  thi s researc h , 
suqqes t  tha t  bot h systematicit y an d th e naturalnes s o f  objec t 
correspondence s contribut e t o th e correctnes s o f  th e mappin g 
process .  Tw o developmenta l  question s wer e pose d here :  (1 )  whethe r 
ther e ar e developmenta l  difference s i n th e effect s o f  difficul t 
objec t  correspondence s i n analogica l  mappin g an d (2 )  whethe r 
childre n develo p i n thei r  abilit y  t o profi t  fro m systemati c 
relationa l  structur e i n dealin g wit h difficul t  objec t  mappings . 
One rathe r  nic e aspec t  o f  ou r  methodolog y i s tha t  i t  allow s a n 
indirec t  measur e o f  th e child' s abilit y  t o us e systematicity . 
Researc h o n th e developmen t  o f  metapho r  ha s show n repeatedl y tha t 
childre n d o no t  articulat e thei r  interpretatio n o f  metaphor s i n 
th e sam e manne r  a s adults .  However ,  i t  i s  unclea r  wha t 
conclusion s shoul d b e draw n fro m thes e result s concernin g 
children' s abilit y  t o perfor m metaphorica l  an d analogica l 
transfer .  I n th e presen t  methodology ,  childre n simpl y acte d ou t 
storie s wit h a  ne w se t  o f  characters .  Thus ,  althoug h the y wer e 
no t  require d t o verbaliz e th e relationa l  structur e the y wer e 
carryin g across ,  thei r  abilit y  t o mak e th e transfe r  wa s clea r 
fro m th e accurac y o f  thei r  reenactment .  Give n tha t  th e chil d ca n 
ac t  ou t  th e origina l  stor y (whic h wa s i n al l  case s t rue) ,  w e foun d (1 )  childre n o f  bot h aqe s wer e affecte d b y th e naturalnes s of  th e objec t  mapping s (2) "  systematicit y benefite d onl y th e olde r  childre n an d (3 )  systematicit y ha d it s greates t  effec t  whe n th e objec t  mapping s wer e mos t  difficult . References Sentner, D. (1980). The structure of analoqical models in science (BBN Rr t  No .  4451) .  Cambridge ,  MA:  Bol t  Berane k an d Newman Inc . Gentner ,  D .  (1982) .  Ar e scientifi c  analogie s metaphors ? I n D . Mial l  (Ed.) ,  Metaphor ;  Problem s an d perspectives . Brighton ,  EnqlanB l  Harveste r  Pres s Ltd . Gentner ,  D .  (1983) .  Structure-mapping .  A  theoretica l  framewor k fo r  analogy .  Cognitiv e Science .  7 ,  155-170 . 
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I N T R O D U C T I ON 

Do categories which encode certain types of regularities or invariances in the world 

hav e a  specia l  psychologica l  status ? Man y studie s hav e show n tha t  som e categorie s o r 

grouping s o f  instance s ar e easie r  tha n other s t o lear n an d recal l  a s coheren t  concept s o r  gen -

eralizations .  Fo r  example ,  withi n a  hierarchicall y neste d se t  o f  categorie s (suc h a s a  taxon -

omy o f  animals) ,  ther e i s som e leve l  o f  abstraction—calle d th e "basi c level"—tha t  i s mos t 

natura l  fo r  peopl e t o us e (Rosch ,  Mervis ,  Gray ,  Johnson ,  &  Boyes-Braem ,  1976).  Fo r  exam -

ple ,  i n th e hierarch y animal-bird-robin ,  bir d i s th e basi c leve l  category .  Th e preferrentia l 

statu s o f  basi c leve l  categorie s ca n b e measure d i n a  variet y o f  ways .  Basi c leve l  name s ar e 

generall y learne d earlie r  b y childre n (Rosc h e t  al. ,  1976 ;  Daehler ,  Lonardo ,  an d Bukatko , 

1979) ,  an d aris e earlie r  i n th e developmen t  o f  language s (Berlin ,  Breedlove ,  &  Raven ,  1973) . 

Peopl e ten d t o spontaneousl y nam e picture d object s a t  th e basi c level ,  an d ca n nam e the m 

faste r  a t  thi s leve l  tha n a t  subordinat e o r  superordinat e level s (Rosc h e t  al. ,  1976 ;  Jolicoeur , 

Gluck ,  &  Kosslyn ,  1984) . 

Structural Explanations of the Optimality of Categories 

Recent findings suggest that the superiority of basic level categories is due to struc-

tura l  propertie s o f  th e categories ,  tha t  is ,  t o th e distributio n o f  feature s acros s instance s an d 

non-instance s (Murph y &  Smith ,  1982 ;  Hoffman n &  Ziessler ,  1983) .  Previou s attempt s t o 

characteriz e thes e structura l  regularitie s hav e focuse d o n measure s o f  th e degre e t o whic h 

basi c leve l  categorie s captur e regularitie s o r  invariance s i n th e world .  Fo r  example ,  i t  ha s 

been suggeste d tha t  basi c leve l  categorie s maximiz e th e averag e cu e validit y o f  feature s fo r  a 

categor y (e.g .  th e conditiona l  probabilit y  o f  a  categor y give n a  feature )  o r  th e averag e 

categor y validit y  {e.g .  th e conditiona l  probabilit y  o f  feature s give n a  category) ,  o r  som e com -

binatio n o f  th e two ,  suc h a s th e produc t  o f  th e cu e validit y an d categor y validit y (Rosc h & 

Mervis ,  1975 ;  Medin ,  1983 ;  Jones ,  1983) .  Thes e measure s o f  categor y structure ,  however , 

ar e purel y extensiona l  an d ignor e th e context s an d need s o f  peopl e wh o ar e creatin g an d 

usin g concepts .  Recen t  evidenc e suggest s tha t  conceptua l  structure s ar e highl y unstabl e 

and var y greatl y wit h contex t  (Murph y &  Medin ,  1985 ;  Barsalou ,  1983) .  W e sugges t  her e a 

context-sensitiv e measur e o f  th e utilit y  o f  categorizations .  Ou r  primar y goa l  i s  t o develo p a 

model  o f  th e structura l  basi s o f  basi c level s effects ;  w e presen t  evidenc e tha t  thi s measur e 

does predic t  th e occuranc e o f  basi c level s i n severa l  experiments .  W e ar e motivate d i n thi s 

effor t  b y th e belie f  tha t  th e existenc e o f  basi c level s reflect s a n underlyin g cognitiv e heuris -

ti c  tha t  peopl e us e fo r  organizin g informatio n abou t  th e world . 

For  thei r  guidanc e an d comments ,  w e ar e indebte d t o Gordo n Bower ,  Mish a Pavel ,  W .  K . 

Estes ,  E d Smith ,  Dou g Medin ,  Joachi m Hoffmann ,  an d Gre g Murphy .  Th e assistanc e o f  Kati e Albis -

to n an d Audre y Weinlan d i s als o grateful y acknowledged .  Pleas e addres s correspondenc e to :  Mar k 

A.  Gluck ,  Departmen t  o f  Psychology ,  Stanfor d University ;  Bldg .  420 ,  Stanford ,  C A 94305 . 
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The Informationa l  Valu e o f  Categorie t 

We suggest that the degree to ^hich certain concepts are favored over others may 

be relate d t o ho' n usefu l  thes e concept s ar e fo r  encodin g an d communicatin g informatio n 

abou t  th e propertie s o f  thing s i n th e world .  I n othe r  words ,  th e mos t  usefu l  categorie s ar e 

thos e tha t  are ,  o n th e average ,  optima l  fo r  communicatin g informatio n (henc e reducin g 

uncertainty )  abou t  th e propertie s o f  instances .  W e wil l  sho w ho w t o formaliz e thi s ide a i n 

situation s wher e th e relevan t  attribute s ar e wel l  defined . 

We consider two specific definitions of uncertainty and show the implications of 

eac h fo r  Categor y Utility .  First ,  w e utiliz e th e standar d definitio n o f  uncertaint y fro m 

informatio n theor y (Shanno n &  Weaver ,  1949) ,  an d sho w wha t  i t  implie s abou t  Categor y 

Utility .  Second ,  w e conside r  a  hypothetica l  communicatio n gam e i n whic h on e perso n 

attempt s t o transmi t  informatio n abou t  a n item' s attribute s t o anothe r  person .  Withi n thi s 

game,  w e interpre t  uncertaint y a s a n inabilit y  t o predic t  attributes ,  an d analyz e ho w 

categor y membershi p informatio n ca n b e use d t o transmi t  informatio n abou t  th e attribute s 

of  object s o r  events . 

We will describe our theory of Category Utility within the context of a finite popu-

latio n o f  items ,  eac h o f  whic h i s describabl e i n term s o f  a  se t  o f  multi-value d nomina l  attri -

but e dimensions .  Eac h attribut e dimension  (e.g .  ey e color )  i s  assume d t o hav e a  se t  o f  pos -

sibl e value s (e.g .  green ,  brown ,  blue) ,  on e o f  whic h occur s i n ever y instance .  A  categor y o f 

instance s ca n b e describe d b y specifyin g th e diatribution a o f  attribut e value s fo r  instance s i n 

th e category .  Fo r  example ,  a  specifi c  categor y o f  face s ma y hav e 4 0 % gree n eyes ,  5 0 % 

brow n eyes ,  an d 1 0 % blu e eyes . 

In information theory (Shannon fe Weaver, 1949), the uncertainty of a set, F, of n 

message s (i.e .  F  =  f̂ Ĵ y  '  '  '  ./« )  « s give n b y 

f^^ = -Em)iogm). 

We consider an attribute dimension to be a set of messages regarding the possible values of 

th e attribut e dimension .  Conside r  als o a  partition ,  C ,  o f  a  populatio n o f  object s int o tw o 

sets :  thos e whic h ar e member s o f  a  categor y c  an d thos e whic h ar e not .  Give n informatio n 

tha t  a n ite m i s a  member  o f  categor y c ,  th e uncertaint y o f  th e value s o f  attribut e dimen -

sio n F  wil l  be : 

(AF]c) = -f:p{m\ogP{fi\c), 
1=1 

wher e P{f,\c )  i s  th e conditiona l  probabilit y  tha t  a  member  o f  categor y c  ha s valu e / ,  o n 

attribut e dimension  F .  I f  instance s o f  c  occcu r  wit h probabilit y  p(c )  an d instance s o f  not- c 

occii r  wit h probabilit y  (l-p(c)) ,  the n th e expecte d reductio n i n uncertaint y whe n on e i s tol d 

th e categor y o r  not-categor y informatio n is : 

Categor y Uti l i ty(C^ ) 

pic)i: p{m\ogP{f,\c) + {i-nc))T, m not c)iosm not c) 
1=1 1= 1 .= 1 

Thi s measur e o f  Categor y Utilit y  i s  identica l  t o th e standar d notio n o f  th e informatio n 

tranamitte d betwee n th e messag e set s C  an d F . 
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I n certai n applications ,  w e ma y b e intereste d i n definin g th e informationa l  valu e o f 

categor y c  separatel y fro m tha t  o f  not-c .  Th e Categor y Utilit y  o f  categor y c  alon e i s give n 

by : 

Categor y Utility(c^ )  =  P(c ) - E T O i o g m )  -  -T.mc)\ogPif,\c ) 

The Guraaing-Gam e Measur e o f  Categor y Utilit y 

The information-theoretic measures of Category Utility given in the preceding sec-

tio n hav e clos e connection s t o expecte d performanc e i n a  featur e predictio n task .  I f  w e con -

side r  th e expecte d scor e o f  someon e guessin g th e value s o f  eac h attribut e dimensio n o f  a n 

item ,  w e ca n compar e thei r  expecte d scor e whe n the y kno w nothin g abou t  th e ite m t o thei r 

expecte d scor e whe n the y ar e tol d whethe r  th e item s belon g t o c  o r  not-c . 

Assuming that the receiver adopts a probability-matching strategy (e.g. the receiver 

guesse s valu e / ,  wit h a  probabilit y  equa l  t o hi s expectatio n o f  th e likelihoo d o f  / ,  occurin g 

give n c  o r  not-c )  thei r  expecte d increas e i n scor e give n th e categor y messag e ca n b e show n 

t o b e give n by : 

Categor y U t i n t y (C^ )  = -  E  Pi0 . n c ) T . m c f  +  {i-p[c))T. m no t  c f 

I f  th e receive r  i s assume d t o hav e n o informatio n abou t  th e not- c distribution ,  the n th e 

expecte d increas e i n scor e i s 

Categor y Utility(c^ )  =  P(c ] T,nf,\cf-T.nfS ' 

Th e information-theoreti c an d expected-scor e measure s o f  Categor y Utilit y  ar e 

closel y relate d bot h i n mathematica l  for m an d i n term s o f  ho w the y orde r  categorie s a s t o 

relativ e goodnes s becaus e lo^p )  approximate s t o p  fo r  smal l  numbers .  Futhermore ,  assump -

tion s abou t  alternat e guessin g strategie s hav e littl e effec t  o n th e predicte d ordering s o f 

categorizatio n utilit y  a s lon g a s th e strateg y predict s tha t  th e receive r  wil l  d o bes t  whe n 

one  attribut e valu e i s certai n an d wil l  d o wors t  whe n al l  attribut e value s ar e equall y likely . 

I n al l  ou r  empirica l  application s t o date ,  th e mos t  significan t  discrepanc y betwee n result s o f 

th e information-theoreti c an d th e feature-predictio n version s ar e a  fe w case s i n whic h a  ti e 

i n th e goodnes s o f  tw o categorie s wa s broke n b y us e o f  th e othe r  version . 

APPLICATIONS T O CATEGORIZATION EXPERIMENTS 

Hoffmann and Ziessler (1983) replicated the basic level phenomena using a series of 

thre e artificia l  categor y hierarchies .  Th e hierarchie s wer e differentiate d b y th e degre e t o 

whic h exemplar s o f  categorie s a t  differen t  level s shar e c o m m o n attribut e values .  Thu s a 

differen t  leve l  wa s expecte d t o b e basi c i n eac h o f  th e hierarchies . 
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Subject s wer e assigne d t o lear n on e o f  th e thre e hierarchies .  The y wer e taugh t  t o 

associat e eac h ite m wit h categor y name s a t  thre e level s o f  generalit y (e.g .  exemplar ,  inter -

mediate ,  superordinate) .  Followin g this ,  subject s wer e presente d wit h a  pictur e o f  one  o f 

th e items ,  paire d wit h a  concep t  name .  The y wer e aske d t o verify ,  a s quickl y a s possible , 

whethe r  o r  no t  th e pictur e wa s a n exampl e o f  th e name d category .  I n a  secon d task ,  the y 

wer e aske d t o recal l  th e correc t  nam e a t  a  give n leve l  o f  abstraction .  Reactio n time s fo r 

bot h th e verificatio n an d namin g studie s indicate d tha t  th e basi c leve l  wa s a t  th e superordi -

nat e leve l  fo r  on e hierachy ,  a t  th e intermediat e leve l  fo r  another ,  an d a t  th e exempla r  leve l 

fo r  th e thir d hierarchy . 

We evaluated the ability of our Category Utility index to predict, for each hierar-

chy ,  whic h leve l  woul d b e optima l  o r  basic .  Th e optima l  leve l  i s  operationall y define d t o b e 

th e leve l  a t  whic h peopl e ar e quickes t  t o verif y tha t  a n objec t  i s  a  member  o f  th e category . 

Accordin g t o ou r  theory ,  th e averag e Categor y Utilit y  o f  th e categorie s a t  a  give n leve l 

shoul d b e highes t  fo r  thi s optima l  level .  Utilizin g a  straightforwar d encodin g o f  th e draw -

ing s usin g thre e attribut e dimension s (outline ,  edge ,  an d bottom )  wit h two ,  four ,  an d fou r 

attribut e value s respectively ,  w e calculate d bot h th e averag e Categor y Utility(c,F )  o f  th e 

individua l  categorie s an d th e averag e Categor y Utility(C,F )  o f  th e partition s induce d b y 

eac h individua l  category .  Fo r  comparison ,  w e als o calculate d th e averag e cue  validity , 

categor y validity ,  an d th e produc t  o f  thes e tw o (G .  Jones '  (1983 )  "collocation "  measure) . 

In these studies, cue validity and the collocation measure invariably identified the 

highes t  leve l  a s best .  Categor y validit y faile d t o distinguis h betwee n an y o f  th e levels .  I n 

summary ,  thes e measure s wer e insensitiv e t o th e manipulatio n o f  attribute s acros s th e thre e 

hierarchies ;  eac h faile d t o predic t  th e basi c leve l  i n a t  leas t  tw o ou t  o f  thre e studies .  Th e 

averag e Categor y Utility(c,F )  inde x correctl y predicte d th e oirderin g o f  reactio n time s fo r 

th e thre e level s i n eac h o f  th e thre e hierarchies ,  wit h th e exceptio n o f  givin g equa l  rating s t o 

th e basi c an d intermediat e level s i n th e first  hierarchy .  Th e averag e Categor y Utility(C,F ) 

inde x correctl y predicte d th e orderin g o f  reactio n time s i n al l  thre e hierarchies . 

In addition, in the analyses of a similar experiment by Murphy & Smith (1982), 

Categor y Utilit y  wa s als o th e onl y measur e whic h successfull y predicte d th e basi c level . 

DISCUSSION 

The results from these experiments indicate that Category Utility is able to predict 

th e psychologicall y preferre d leve l  o f  categorizatio n i n thes e verificatio n an d namin g experi -

ments .  Non e o f  th e alternativ e measure s di d nearl y a s well .  A n additiona l  advantag e t o th e 

measur e i s tha t  i t  i s  contex t  sensitive :  Categor y Utilit y  i s  compute d a s a n expecte d decreas e 

i n uncertaint y give n som e contex t  population .  Thus ,  thi s afford s a  wa y o f  measurin g ho w 

the  utilit y  o f  a  categor y o r  generalizatio n ca n chang e dependin g o n th e contex t  i n whic h i t 

i s  analyzed .  Thi s i s particularl y importan t  fro m a  psychologica l  standpoin t  becaus e o f  evi -

denc e indicatin g tha t  th e usefulnes s o f  categorie s an d concept s i s highl y contex t  dependen t 

(Murph y &  Medin ,  1985;  Barsalou ,  1982 ,  1983). 

28 6 



Gluc k &  Corte r  Informatio n an d Categorizatio n 

Reference s 

Barsalou ,  L .  W .  (1982) .  Context-independen t  an d context-dependen t  informatio n i n con -

cepts .  Memor y &  Cognition ,  10 ,  82-93 . 

Barsalou, L. W. (1983). Ad hoc categories. Memory & Cognition, 11, 211-227. 

Berlin, B., Breedlove, D. E., & Raven, P. H. (1973). General principles of classification and 

nomenclatur e i n fol k biology .  America n Anthropology ,  75 ,  214-242 . 

Daehler, M. W., Lonardo, R., & Bukatko, D. (1979). Matching and equivalence judgments 

i n ver y youn g children .  Chil d Development ,  50 ,  170-179 . 

Hofifmann,  J. & Ziessler, C. (1983). Objectidentifikation in kunstlichen Begriffshierarchien. 

Zeitachrif t  fu r  Ptychologie ,  194 ,  135-167 . 

Jolicoeur, P., Gluck, M., & Kosslyn, S. (1984). Pictures and names: Making the connec-

tion .  Cognitiv e Psychology ,  16 ,  243-275 . 

Jones, G. V. (1983). Identifying basic categories. Psychological Bulletin, 92, \14r\ll. 

Medin, D. (1983). Structural principles of categorization. In B. Shepp & T. Tighe (Eds.), 

Interaction :  Perception ,  Developmen t  an d Cognition .  Hillsdale :  Erlbaum . 

Murphy, G. (1982). Cue validity and levels of categorization. Psychological Bulletin, 91, 

174-77 . 

Murphy, G. & Medin, D. (1985). The role of theories in conceptual coherence. 

Manuscript . 

Murphy, G. L. & Smith, E. E. (1982). Basic level superiority in picture categorization. 

Journa l  o f  Verba l  Learnin g an d Verh d Behavior ,  21 ,  1-20 . 

Rosch, E. & Mervis, C. (1975). Family resemblances: Studies in the internal structure of 

categories .  Cognitiv e Psychology ,  7 ,  573-603 . 

Rosch, E., Mervis, C, Gray, W., Johnson, D., & Boyes-Braem, P. (1976). Basic objects in 

natura l  categories .  Cognitiv e Psychology ,  8 ,  382-439 . 

Shannon, C. & Weaver, W. (1949). The Mathematical Theory of Communication. Chi-

cago :  Universit y o f  Illinoi s Press . 

28 7 

file:///14r/ll


A MODEL OF QUESTION ANSWERING 

Arthur C. Graesser David KoIzimI . 
Meiphl s Stat e Universit y Californi a Stat e University ,  Fullerto n 

George Va«os C. Scott El ofson 
Universit y o f  Souther n Californi a Californi a Stat e University ,  Fullerto n 

Abstrac t 

This short report sumrlzes a new lodel of question answering that 
we hav e develope d an d tested .  Th e lode l  specifie s ho w huaan s answe r 
•an y differen t  kind s o f  question s (Includin g wh ^  how ,  when ,  where . 
enablement .  consequence ,  an d significanc e questions )  afte r 
comprehendin g narrativ e passages .  Fo r  example .  I f  a  narrativ e 
passag e containe d th e episod e th e drago n kidnappe d th e maidens ,  th e 
i^y-questlo n fo r  thi s episod e woul d b e wh ^  di d th e drago n kidna p 
th e maidens ? an d possibl e answer s woul d b e becaus e th e drago n 
wante d t o e| t  th e maiden s an d becaus e th e drago n wa s lonely . 
Accordin g to  th e model ,  th e majo r  Informatio n source s fo r  answer s 
t o question s Includ e th e passag e structur e an d th e generi c 
knowledg e structure s tha t  ar e associate d wit h th e conten t  word s I n 
th e quer y (I.e. ,  DRAGON,  miDEN ,  KIDNAPPING) .  Afte r  thes e 
knowledg e structure s ar e activate d I n workin g memory ,  ther e ar e 
convergenc e mechanism s whic h narro w dow n th e nod e spac e t o a  se t  o f 
relevan t  answer s to  a  give n question .  Th e convergenc e mechanism s 
Involv e fou r  majo r  components .  First ,  ther e I s a n ar c searc h 
procedure ,  associate d wit h eac h questio n category ,  whic h specifie s 
)^ t  categorie s an d path s o f  arc s ar e sample d whe n knowledg e 
structure s ar e tappe d fo r  answers .  Second ,  ther e ar e a  se t  o f 
heuristic s fo r  establishin g prioritie s amon g knowledg e structures . 
Third ,  ther e I s a n Intersectin g nod e Identifie r  whic h segregate s 
thos e node s I n a  give n knowledg e structur e whic h overla p (match )  a 
node I n a t  leas t  on e othe r  knowledg e structur e I n workin g memory . 
Fourth ,  ther e I s a  constrain t  propagatio n componen t  whic h prune s 
out  erroneou s node s durin g th e evaluatio n o f  (a )  th e intersectin g 
node s an d (b )  th e node s tha t  radiat e fro m Intersectin g nodes .  Th e 
model  ha s bee n teste d b y simulatin g questio n answerin g protocol s 
collecte d fro m huma n subjects . 

This paper summarizes a model which accounts for the answers that 
adult s giv e t o question s afte r  the y comprehen d simpl e narrativ e passages . 
For  example ,  suppos e tha t  th e comprehende r  read s a  passag e abou t  a  drago n 
who kidnap s som e maiden s I n a  fores t  an d som e heroe s wh o rescu e th e 
maiden s fro m th e dragon .  (O f  course ,  th e settin g an d plo t  woul d b e a  bi t 
more embellished. )  Afte r  th e passag e I s read ,  th e comprehende r  may b e 
aske d a  numbe r  o f  question s abou t  th e episode s I n th e passage .  Th e 
followin g action s coul d b e aske d abou t  th e episod e th e drago n kidnappe d 
th e maidens) ; 
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Why di d th e drago n kidna p th e laldens ? 
How di d th e drago n kidna p th e M l  dens ? 
yhe n di d th e drago n kidna p th e Midens ? 
Where di d th e drago n kidna p th e Midens ? 
Uhat  enable d th e drago n t o kidna p th e Midens ? 
What  ar e th e consequence s o f  th e drago n kidnappin g th e Midens ? 
What  I s th e significanc e o f  th e drago n kidnappin g th e Midens ? 

The proposed todel explains how adults answer these seven categories of 
question s (why ,  how ,  >*«n ,  where ,  enableient ,  consequence ,  an d 
significance) .  Th e tode l  specifie s th e knowledg e structure s tha t  ar e 
tappe d fo r  answer s an d th e proces s o f  convergin g o n th e relevan t  answer s 
t o specifi c  questions . 

During the last decade, researchers In artificial intelligence have 
vigorousl y Investigate d th e proces s o f  questio n answerin g i n th e contex t 
of  narrativ e tex t  an d Mjndan e worl d knowledg e (Bobro w &  Winograd ,  1977 ; 
Oyer ,  1983 ;  Lehnert ,  1978 ;  Schan k &  Abe l  son ,  1977) .  However ,  researc h i n 
cognitiv e psycholog y ha s onl y recentl y begu n t o eierg e (se e Graesse r  & 
Black ,  1985) .  Perhap s th e tos t  comprehensiv e psychologica l  Mode l  o f 
questio n answerin g wa s Introduce d an d develope d b y Graesse r  (Graesser , 
1981 ;  Graesse r  &  Clark ,  1985 ;  Graesse r  &  Nurachver ,  1985 ;  Graesser , 
Robertson ,  &  Anderson ,  1981) .  Th e presen t  «ode l  constitute s a  Mjo r 
extensio n an d Modificatio n o f  Graesser' s earlie r  wor k o n questio n 
answering . 

A Rich Data Base for Testing Models of Question Answering 

Graesser has collected an extensive set of question answering 
protocol s an d othe r  relevan t  dat a fro R adul t  subject s (Graesse r  &  Clark , 
1985) .  Thes e dat a provid e a  testbe d fo r  evaluatin g alternativ e Model s o f 
questio n answering .  First ,  Graesse r  ha s ha s Mppe d ou t  passag e structure s 
fo r  fou r  shor t  narrativ e passage s whic h var y I n coheslveness .  Th e passag e 
structure s Includ e explici t  stateMent s an d knowledge-base d Inference s tha t 
ar e neede d fo r  establishin g conceptua l  connectivit y betwee n explici t 
statements .  Th e bridgin g Inference s wer e extracte d fro M subject s 
empiricall y (fo r  detail s abou t  Methods ,  se e Graesse r  an d Clark ,  1965) . 
Second ,  Graesse r  Mppe d ou t  generi c knowledg e structure s (GKSs )  associate d 
wit h explici t  conten t  word s I n th e fou r  narrativ e passage s an d wit h 
higher-leve l  GKSs whic h ar e triggere d b y pattern s o f  InforMtlon .  Again , 
th e conten t  o f  eac h GKS wa s extracte d eiiplrlcall y fro M huM n subject s (se e 
Graesse r  an d Clark ,  198 5 fo r  details) .  Third ,  Graesse r  collecte d questio n 
answerin g protocol s fro M adul t  subject s afte r  the y coMprehende d th e fou r 
narrativ e passages .  Graesse r  querie d eac h statemen t  i n th e passage s wit h 
seve n question s (why ,  how ,  when ,  where ,  enableMent ,  consequence ,  an d 
significance) .  Thus ,  ther e wa s a n answe r  distributio n fo r  eac h specifi c 
question .  Thes e dat a (an d othe r  dat a whic h w e wil l  no t  discus s here ) 
provide d a  ric h dat a bas e fo r  discoverin g questio n answerin g MechanlsM S 
and fo r  testin g Model s o f  questio n answering .  Th e Mode l  propose d i n thi s 
paper  i s grounde d I n a  ric h foundatio n o f  dat a collecte d fro M adults . 

The knowledge eMbodled In each passage structure and GKS was 
translate d Int o a  conceptua l  grap h structure .  A  conceptua l  grap h 
structur e I s a  se t  o f  categorize d stateMen t  node s whic h ar e Interrelate d 
by a  networ k o f  categorized ,  directe d arcs .  I n th e representationa l 
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syste i  adopte d b y Graesse r  an d Clar k (1965) ,  a  statemen t  nod e I s a 
proposition-lik e descriptio n tha t  I s assigne d t o on e o f  fiv e categories : 
Event ,  State ,  Goal ,  Action ,  an d Styl e specification .  Ther e ar e nin e ar c 
categories :  Reason ,  Outcote ,  Initiate ,  Manner ,  Consequence ,  Iiplles , 
Property ,  Se t  Membership ,  an d Referentia l  Pointer .  I t  I s  beyon d th e scop e 
of  thi s report ,  however ,  t o defin e thes e nod e an d ar c categories .  Th e 
Importan t  poin t  I s tha t  th e empiricall y extracte d knowledg e wa s structure d 
accordin g t o a  representationa l  syste i  develope d b y Graesse r  an d Clar k 
(1965) . 

When considering the four narrative passages, an average passage 
containe d 12 5 statemen t  nodes ,  wit h 2 5 explici t  node s an d 10 0 Inferenc e 
nodes .  A  typica l  passag e activate d 3 5 GKSs.  Approximatel y two-third s o f 
th e GKSs associate d wit h a  passag e corresponde d t o a  conten t  wor d I n th e 
text .  Fo r  example ,  th e passag e statemen t  th e drago n kidnappe d th e maiden s 
woul d activat e thre e GKSs:  DRAGON,  KIDNAP ,  an d MAIDEN.  Th e othe r  thir d o f 
th e GKSs wer e pattern-activate d GKSs,  tha t  Is ,  the y wer e triggere d b y 
pattern s o f  Informatio n rathe r  tha n explici t  word s I n th e tex t  (e.g. , 
FAIRYTALE,  CONFLICT,  FEAR) .  A n averag e GKS containe d 16 6 statemen t  node s 
I n It s conceptua l  grap h structure .  Onc e again ,  th e node s I n thes e 
structure s ha d bee n extracte d empiricall y fro m huma n subjects . 

One Problem with Graesser's Previous Models of Question Answerlng 

Graesser's previous models (Graesser & Murachver, 1965) went a long 
way I n explainin g th e answer s tha t  human s produc e whe n the y answe r  th e 
seve n categorie s o f  questions .  Th e model s Identifie d th e majo r 
Informatio n source s fo r  th e answer s t o th e questions .  Specifically ,  75 -
60 % o f  th e answer s t o question s ta p node s i n eithe r  (a )  th e passag e 
structur e o r  (b )  th e GKSs correspondin g t o th e conten t  word s i n th e query . 
For  example ,  suppos e tha t  th e questio n I s  wh] ^  di d th e drago n kidna p th e 
maidens ? I n th e contex t  o f  narrativ e passag e N .  Th e answer s t o thi s 
questio n woul d com e fro m fou r  knowledg e structures :  passag e structur e N , 
th e GKS fo r  DRAGON,  th e GKS fo r  KIDNAP ,  an d th e GKS fo r  MAIDEN. 
Graesser' s previou s model s als o Identifie d th e ar c searc h procedure s 
associate d wit h th e differen t  questio n categories .  A n ar c searc h 
procedur e specifie s th e categorie s o f  arc s tha t  ar e sample d whe n searchin g 
throug h knowledg e structure s fo r  answers .  Fo r  example ,  answer s t o why -
Actio n question s sampl e forwar d Reaso n arc s (leadin g t o superordinat e 
goals )  an d backwar d Initiat e arc s (correspondin g t o events ,  states ,  an d 
action s tha t  Initiat e goal s I n animat e agents) .  Th e ar c searc h procedure s 
of  othe r  questio n categorie s ar e different .  Graesse r  reporte d tha t  96 % o f 
th e obtaine d answer s t o question s woul d b e generate d I f  th e theoretica l 
ar c searc h procedure s wer e applie d t o th e relevan t  knowledg e structure s 
(give n tha t  th e answe r  nod e ca n b e foun d I n thes e knowledg e structures) . 

There was one major problem with Graesser's previous models of 
questio n answering .  Th e model s generate d to o man y theoretica l  answer s t o 
specifi c  question s whe n theoretica l  questio n answerin g procedure s wer e 
applie d t o th e relevan t  knowledg e structures .  Fo r  example ,  th e mode l 
woul d generat e 5 0 answer s t o a  questio n (ou t  o f  thousand s o f  nodes ) 
wherea s adult s woul d generat e onl y 10 .  Thus ,  ther e wa s a  convergenc e 
proble m I n th e models—th e model s di d no t  satisfactoril y  converg e o n a 
smal l  se t  o f  answer s tha t  ar e relevan t  t o th e question .  Ou r  ne w mode l  o f 
questio n answerin g doe s a  bette r  Jo b capturin g convergenc e mechanisms . 
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The Ne w Hode l  o f  Questio n Answer 1 r w 

The new aodel of question answering Incorporates Many of the 
assumption s an d component s o f  Graesser' s earlie r  models .  However ,  th e 
new mode l  addresse s th e proble m o f  convergenc e mor e satisfactorily . 
Liste d belo w ar e th e si x majo r  component s o r  propertie s o f  th e ne w model . 

Working memory. During the process of answering a question, 
knowledg e structure s ente r  a  limite d capacit y workin g memor y an d Interac t 
wit h eac h other .  Sometime s on e structur e directl y communicate s wit h 
anothe r  knowledg e structur e accordin g t o a  privat e lin e o r  part y line . 
Alternatively ,  on e structur e may pos t  constraint s tha t  ar e broadcaste d t o 
al l  othe r  knowledg e structure s I n workin g memory . 

Activation of knowledge structures In working memory. During 
questio n answering ,  a  give n knowledg e structur e I s activate d I n workin g 
memory throug h patter n recognitio n processes .  Graesse r  an d Clar k (1965 ) 
specifie d wha t  knowledg e structure s occup y workin g memor y durin g passag e 
comprehensio n an d durin g questio n answering .  We adopte d thes e assumption s 
I n th e presen t  model .  Specifically ,  whe n a  questio n I s aske d (e.g. ,  wh ^ 
di d th e drago n kidna p th e maidens? )  th e knowledg e structure s I n workin g 
memory Includ e (a )  th e passag e structur e (actually ,  a  proximat e 
substructur e fro m th e passag e structure) ,  (b )  th e GKSs correspondin g t o 
th e conten t  word s I n th e questio n (I.e. ,  DRAGON,  KIDNAP ,  an d miDEH) ,  an d 
(c )  occasionall y som e pattern-activate d GKSs (e.g. ,  EVILNESS ,  FAIRYTALE) . 

Arc search procedure. For each question category, there Is an arc 
searc h procedur e t l̂c h specifie s th e lega l  path s o f  arc s tha t  may b e 
pursue d whe n th e procedur e I s applie d t o a  knowledg e structure .  We 
adopte d th e ar c searc h procedure s specifie d I n Graesse r  an d Clar k (1985 ) 
becaus e the y prove d t o b e satisfactor y I n accountin g fo r  th e questio n 
answerin g protocols . 

Priorities among knowledge structures In working memory. We adopted 
a se t  o f  heuristic s fo r  establishin g prioritie s amon g knowledg e structure s 
I n workin g memory .  Thes e heuristic s wer e neede d fo r  resolvin g conflict s 
when knowledg e structure s Interac t  I n workin g memory .  Fo r  example ,  on e 
heuristi c I s tha t  th e passag e structur e ha s priorit y ove r  GKSs I n workin g 
memory.  Anothe r  heuristi c I s tha t  th e GKS associate d wit h th e ver b ha s 
priorit y ove r  th e GKSs associate d wit h noun s I n th e query .  I t  shoul d b e 
note d tha t  th e verb s conve y action/even t  Informatio n tha t  I s centra l  t o 
th e plo t  I n narrativ e passages . 

Intersecting nodes. ^k>des that Intersect (I.e., match, overlap) 
between/amon g knowledg e structure s hav e a  specia l  statu s I n th e questio n 
answerin g process .  Th e analyse s reveale d tha t  th e intersectin g node s ha d 
a muc h highe r  likelihoo d o f  bein g produce d a s answer s t o question s tha n 
di d th e nonlntersectin g nodes .  Moreover ,  node s tha t  wer e proximat e t o 
Intersectin g node s wer e produce d a s answer s wit h a  highe r  likelihoo d tha n 
wer e distan t  nodes .  When w e Inspecte d th e knowledg e structure s I n workin g 
memory,  w e foun d tha t  th e likelihoo d o f  producin g a n answe r  decrease d 
exponentiall y  a s a  functio n o f  th e distanc e fro m th e neares t  Intersectin g 
node . 
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Constrain t  propagation .  When knowledg e structur e X  ha s priorit y ove r 
knowledg e structur e Y  I n workin g leiory ,  constraint s fro R X  ar e lupose d 
on knowledg e structur e Y  an d thereb y prun e ou t  node s i n Y  fro i 
consideratio n (a s answer s t o th e question) .  We Identifie d lan y o f  th e 
criteri a fo r  prunin g ou t  node s I n th e constrain t  propagatio n lechanlsi . 
One criterio n I s direc t  contradiction .  A  nod e I n structur e X  directl y 
contradict s a  nod e structur e Y ,  s o th e nod e I n Y  I s prune d fro i 
consideratio n (a s wel l  a s al l  node s tha t  radiat e fro a th e prune d node , 
away fro i  th e neares t  intersectin g node) .  Othe r  criteri a includ e tli e 
frai e Incoapatibil l  ties ,  argumen t  fraa e Inconpatlblltles ,  an d conflict s I n 
resource s » ^ n agent s tr y t o execut e plan s (se e Wllensky ,  1983) . 

It Is Important to emphasize that the assumptions of our lodel of 
questio n answerin g wer e discovere d and/o r  teste d b y examinin g th e rich , 
qualitativ e databas e tha t  wa s collecte d I n Graesse r  an d Clark' s (1985 ) 
earlie r  study .  Moreover ,  part s o f  th e tode l  hav e bee n simulate d o n 
compute r  I n LIS P an d I n PROLOG. 
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Abstract 

Anaphors, such as definite noun phrases and pronouns, are important contributors to discourse 

coherence .  Anaphor a resolutio n i s th e proces s o f  determinin g th e referen t  o f  a n anapho r  i n a  dis -

cours e o r  dialogue .  Model s o f  discours e an d sentenc e comprehensio n hav e m a d e differen t  claim s 

abou t  th e tempora l  relationshi p betwee n th e occurenc e o f  th e syntacti c an d semanti c analyse s o f  th e 

sentenc e an d th e proces s o f  anaphor a resolution .  Th e end-of-sentenc e hypothesi s hold s tha t 

anaphor a resolutio n occur s a t  th e en d o f  th e sentence ,  afte r  th e syntacti c an d semantic  analyse s ar e 

completed .  Th e immediac y assumptio n hold s tha t  anaphor a resolutio n occur s a s soon.a s a n 

anapho r  i s encountere d an d i s complete d a s m u c h a s possibl e befor e furthe r  word s ar e processed . 

The cognitiv e la g hypothesi s assume s tha t  anaphor a resolutio n start s whe n th e anapho r  i s encoun -

tere d bu t  i s  complete d whil e processin g furthe r  word s i n th e sentence .  A  stud y i s  describe d tha t 

trace s th e activatio n o f  a  referen t  b y it s anapho r  ove r  a  complet e sentence .  I t  demonstrate s tha t 

anaphor a resolutio n doe s no t  awai t  th e complet e syntacti c an d semantic  interpretation s o f  th e sen -

tence .  A n anapho r  start s activatin g it s  referen t  a s soo n a s th e anapho r  i s  encountere d an d th e 

referen t  stay s activate d unti l  th e en d o f  th e sentence .  Thi s resul t  support s a  particula r  versio n o f  th e 

immediac y assumption .  Thi s i s  als o interprete d i n term s o f  a  limite d cach e tha t  store s th e item s 

currentl y i n focu s an d tha t  i s update d a t  sentenc e o r  claus e boundaries . 

Introduction 

Temporal Characteristics of Anaphora Resolution 

An importan t  aspec t  o f  discours e comprehensio n models ,  whethe r  i n cognitiv e psycholog y o r  i n com -

putationa l  linguistics ,  i s th e assume d tempora l  characteristic s o f  anaphor a resolution .  T w o specifi c 

question s t o b e answere d are :  1 )  W h e n doe s anaphor a resolutio n occu r  durin g th e comprehensio n o f 

a sentence ? 2 )  W h e n doe s i t  occu r  i n relatio n t o th e syntacti c an d semanti c analyses ? Thi s stud y 

provide s preliminar y evidenc e o n thes e questions . 

Ther e ar e thre e mai n hypothese s regardin g th e tempora l  relationshi p betwee n th e syntacti c an d 

semanti c analyse s o f  th e sentenc e an d anaphor a resolution .  Th e end-of-sentenc e hypothesi s hold s 

tha t  anaphor a resolutio n occur s a t  th e en d o f  th e sentence ,  afte r  th e syntacti c an d semanti c analyse s 

ar e complete d (Beve r  &  Hurtig ,  1975) .  Th e immediac y assumptio n hold s tha t  anaphor a resolutio n 

occur s a s soo n a s a n anapho r  i s encountere d an d i s  complete d a s m u c h a s possibl e befor e furthe r 

word s ar e processe d (Jus t  &  Carpenter ,  1980) .  Th e cognitiv e la g hypothesi s assume s tha t  anaphor a 

resolutio n start s whe n th e anapho r  i s encountere d bu t  i s complete d whil e processin g furthe r  word s i n 

th e sentenc e (Ehrlic h &  Rayner ,  1983) .  A  simila r  issu e ha s arise n i n designin g natura l  languag e 

interfaces ,  wit h a  tendenc y t o m a k e synta x an d semantic s wor k "i n tandem "  (e.g .  Cascade d A T N , 

Psi-Klon e (Bobro w &  Webber ,  1980)) .  I n mos t  natura l  languag e understandin g systems ,  though , 

anaphor a resolutio n occur s afte r  th e syntacti c an d semanti c analyse s o f  th e sentenc e ar e complete d 

(e.g .  se e Sidner ,  1984) . 

1- This research was performed at the University of Colorado, Boulder, as part of the author's 

doctora l  dissertation .  Walte r  Kintsch ,  Pete r  Poison ,  Alic e Healy ,  Richar d Olson ,  an d Andrje z Eh -

renfeuch t  ar e kindl y thanke d fo r  thei r  hel p wit h thi s research . 
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Short-ter m m e m o r y an d cach e m a n a g e m e n t 

The desig n o f  thi s stud y an d th e inteqjretatio n o f  it s  result s ar e base d o n a  mode l  o f  discours e 

comprehensio n b y Kintsc h an d va n Dij k  (1978) .  A  sketc h o f  a n enhance d versio n o f  thi s mode l  i s 

presented . 

M e m o r i e s Th e memor y o f  th e syste m i s divide d int o thre e components :  a  small ,  ver y 

fas t  memor y calle d short-ter m memor y (STM) ;  a  relativel y large r  mai n o r  operatin g memor y (OM) ; 

a vas t  stor e o f  genera l  worl d knowledg e calle d long-ter m memor y (LTM) . 

The tota l  S T M contain s onl y 7* 2 chunk s a t  an y on e tim e (Simon ,  1974 ;  Miller ,  1956) .  S T M i s itsel f 

divide d int o tw o othe r  memorie s t o whic h thes e chunk s ar e allocated .  First ,  th e buffe r  i s use d t o 

stor e th e incomin g claus e o r  sentenc e befor e furthe r  processing .  Second ,  th e cach e i s use d t o hol d 

over ,  fro m on e sentenc e o r  claus e t o th e next ,  th e informatio n necessar y t o provid e globa l  an d loca l 

coherence .  I t  contain s a  subse t  T  o f  th e previou s mos t  topica l  tex t  item s an d a  subse t  R  o f  th e mos t 

recen t  tex t  items .  Retrieva l  time s fro m short-ter m memor y ar e ver y fast .  Item s store d i n th e cach e 

ar e i n focu s (Guindon ,  1985) . 

The operatin g memor y i s conceptuall y tha t  subse t  o f  th e worl d knowledg e i n long-ter m memor y 

whic h i s deeme d relevan t  t o th e processin g o f  th e curren t  par t  o f  th e text .  I t  als o contain s th e 

growin g structur e correspondin g t o th e tex t  rea d s o far .  I t  contain s th e les s topica l  an d les s recen t 

informatio n fro m th e text .  Operatin g memor y an d long-ter m memor y ca n contai n a  ver y larg e 

number  o f  entities .  However ,  retrieva l  time s ar e muc h longe r  tha n fo r  short-ter m memory .  Item s 

not  i n focu s ar e i n operatin g memor y (Guindon ,  1985). 

C a c h e M a n a g e m e n t  Anaphor a resolutio n proceed s i n a  numbe r  o f  partiall y  concur -

ren t  steps .  A s a  ne w sentenc e i s rea d int o th e buffe r  an d a n anapho r  i s encountered ,  it s referen t  i s 

searche d i n th e cache .  I f  th e referen t  i s no t  foun d i n th e cache ,  operatin g memor y i s searched .  I f 

th e referen t  i s foun d i n operatin g memory ,  i t  i s  reinstate d i n th e cach e an d i s no w i n focus .  Th e 

cach e managemen t  strateg y i s applie d a t  eac h sentenc e o r  claus e boundaries .  A s a  consequence , 

onc e a n ite m i s i n focu s i t  wil l  sta y activate d unti l  a t  leas t  th e en d o f  th e sentenc e o r  clause . 

Overvie w o f  th e On-lin e Activatio n Techniqu e an d th e Stud y 

A techniqu e calle d on-lin e activatio n wa s develope d t o trac e th e activatio n o f  a  referen t  b y a n 

anapho r  durin g a  whol e sentence .  Th e techniqu e i s on-lin e becaus e th e activatio n i s measure d a t 

variou s shor t  intervals .  I t  i s a n activatio n techniqu e becaus e th e recognitio n latenc y o f  a n ol d tes t 

wor d i s measured ;  th e anapho r  actin g a s a  prim e an d th e tes t  wor d bein g th e referent .  Thi s allow s a 

direc t  measur e o f  th e activatio n o f  a  specifi c  referen t  b y a n anaphor . 

Usin g th e on-lin e activatio n technique ,  subject s rea d passage s i n whic h a n anapho r  referre d t o a n 

anteceden t  whic h wa s no t  i n focus ,  tha t  is ,  th e anteceden t  wa s no t  i n th e cache .  Th e anteceden t  wa s 

remove d fro m focu s b y introducin g a  topi c shift .  A n exampl e tex t  i s  presente d i n Tabl e 1 .  Onl y on e 

of  th e sentence s 5 a an d 5 b wa s presente d i n a  tex t  durin g th e study .  Th e passage s wer e presente d 

usin g rapi d seria l  visua l  presentatio n (RSVP) ,  on e wor d a t  a  tim e i n th e cente r  o f  a  CRT .  Th e 

presentatio n tim e wa s 30 0 mse c pe r  word . 

I n additio n t o readin g eac h text ,  th e participant s wer e als o give n th e tas k t o recogniz e whethe r  som e 

speciall y marke d words ,  presente d surreptitiousl y withi n th e text ,  ha d appeare d befor e i n th e tex t  o r 

not .  Thes e speciall y marke d word s ar e calle d tes t  words .  Som e o f  th e tes t  word s wer e old ,  som e 

wer e new .  I n eac h text ,  on e o f  thes e tes t  word s wa s th e referen t  o f  th e anaphor .  A t  som e poin t 

befor e o r  afte r  th e anapho r  wa s presente d o n th e CRT ,  it s referen t  wa s presente d fo r  recognitio n an d 

recognitio n time s an d error s wer e collected .  Th e dela y betwee n th e onse t  o f  th e anapho r  an d th e 

onse t  o f  th e tes t  wor d i s calle d th e stimulu s onse t  asynchron y (SOA) .  Th e selecte d SOAs spanne d 

th e whol e sentence ,  a s ca n b e see n i n Tabl e 1 .  Th e anapho r  i s actin g a s a  prime ,  whic h shoul d 

activat e o r  reinstat e th e referent ,  tha t  is ,  brin g th e referen t  i n th e cach e wit h it s fas t  retrieva l  time . 

The recognitio n tim e fo r  th e referen t  tes t  wor d indicate s whethe r  th e referen t  i s i n th e cach e (i.e . 
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fast )  o r  i n operatin g memor y (i.e .  slow) .  I n addition ,  ther e wer e tw o type s o f  primes ,  a s show n i n 

sentence s 5 a an d 5 b i n Tabl e 1 .  Th e prim e coul d b e eithe r  semanticall y relate d an d referentia l 

(S+R+)  a s i n 5a ,  o r  semanticall y relate d an d non-referentia l  (S+R- )  a s i n 5b .  Th e S+R -  conditio n 

act s a s a  contro l  conditio n wher e reinstatemen t  o f  th e referen t  i s  no t  expected .  Th e S+R -  conditio n 

i s no t  referential ,  becaus e o f  th e us e o f  a n indefinit e articl e (e.g .  "a" )  an d a n adjectiv e incompatibl e 

wit h th e referent ,  bu t  semanti c primin g i s th e sam e a s i n S+R + 

Table 1 

Example of an experimental text 

Antecendent/tes t  word :  thermomete r  Anaphor :  instrumen t 

1 — 

2 — 

3 ~ 
4 ~ 
5a-
5b-

SOA location s 

The assistan t  wa s preparin g solution s fo r  a  chemistr y experiment . 

He measure d th e temperatur e o f  a  solutio n usin g a  thermometer . 

The experimen t  woul d tak e a t  leas t  fou r  hours . 

Ther e woul d the n b e a  te n hou r  wai t  fo r  th e reactio n t o finish . 

The thi n instrumen t  wa s no t  givin g th e expecte d reading . 

A broke n instrumen t  wa s no t  givin g th e expecte d reading . 

A schem a o f  th e procedur e i s show n i n Tabl e 2 .  Th e word s surrounde d b y star s ar e th e tes t  words . 

Table 2 

S c h e ma o f  th e procedur e fo r  thre e S O A s 

SOAs 

Tim e 

Ti 

Ti+ 1 

Ti+ 2 

Ti+ 3 

Ti+ 4 

Ti+ 5 

Ti+ 6 

Befor e 

anapho r 

The 
thi n 

•thermometer * 

instrumen t 

was 
not 

givin g 

350 mse c 

afte r  anapho r 

The 
thi n 

instrumen t 

'thermometer * 

was 
not 

givin g 

1250 mse c 

afte r  anapho r 

The 
thi n 

instrumen t 

was 
not 

givin g 

•thermometer ' 

Give n tha t  recognitio n latencie s ar e muc h shorte r  fo r  item s i n th e cach e tha n i n th e operatin g 

memory an d give n tha t  a n anapho r  reinstate s a  referen t  no t  i n focu s b y bringin g th e referen t  i n th e 

cach e fro m operatin g memory ,  th e followin g patter n o f  recognitio n latencie s ca n b e derived .  A 

patter n supportin g th e end-of-semenc e hypothesi s woul d b e a  decreas e o f  recognitio n latencie s fo r 

th e referen t  observe d onl y a t  th e en d o f  th e sentence. A patter n supportin g th e immediac y assumptio n 

woul d b e a  rapi d decreas e o f  recognitio n latencie s fo r  th e referen t  a s soo n a s th e anapho r  i s encoun -

tere d an d reachin g it s pea k befor e th e nex t  word s ar e processed .  A  patter n supportin g th e cognitiv e 

la g positio n woul d b e a  decreas e i n recognitio n latencie s startin g soo n afte r  th e anapho r  i s encoun -

tere d an d reachin g it s pea k a  fe w word s later . 

Metho d 

Participants The participants were 36 undergraduate psychology students. 

Material s Ther e wer e 6 0 texts :  3 6 experimental ,  1 8 filler ,  an d 6  practice .  Th e 

experimenta l  text s containe d a s a  referen t  a n instanc e o f  a  clas s (e.g .  thermometer )  t o b e use d late r 

as a  tes t  word ,  an d a s a n anapho r  th e clas s nam e (e.g .  instrument) .  A n exampl e o f  th e materia l  wa s 
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presente d i n Tabl e 1 .  Ther e wer e tw o primin g conditions ,  S+R + a s i n sentenc e 5a ,  an d S+R -  a s i n 

sentenc e 5b .  Durin g th e presentatio n o f  eac h text ,  tw o o r  thre e tes t  word s wer e presented ,  on e 

experimenta l  an d on e o r  tw o fillers .  Th e fille r  word s wer e presente d a t  semi-rando m location s i n th e 

text .  Ther e wa s a n equa l  numbe r  o f  ol d an d ne w tes t  word s i n th e entir e experiment . 

Procedur e Th e experimen t  wa s compute r  controlle d usin g real-tim e routine s o n th e 

V A X / V MS 11/78 0 o f  th e Compute r  Laborator y fo r  Instructio n i n Psychologica l  Researc h a t  th e 

Universit y o f  Colorado .  Th e text s wer e presente d usin g RSVP,  wit h eac h wor d presente d i n th e 

cente r  o f  th e scree n fo r  30 0 msec .  Tw o o r  thre e tes t  words ,  surrounde d b y stars ,  wer e presente d a t 

differen t  location s withi n eac h text .  Th e participant s wer e aske d t o recogniz e whethe r  th e tes t  word s 

wer e ol d o r  new ,  a s fas t  a s possibl e an d withou t  makin g mistakes .  Afte r  eac h text ,  th e participant s 

wer e give n feedbac k o n th e numbe r  o f  mistake s the y ha d made . 

Desig n Ther e wer e 3 6 experimenta l  text s an d 1 8 experimenta l  conditions ,  al l  within -

subject .  Ther e wer e tw o primin g conditions :  1 )  semanticall y relate d an d referentia l  (S+R+) ;  2 ) 

semanticall y relate d an d non-referentia l  (S+R-) .  Th e non-referentialit y  o f  th e S+R -  conditio n wa s 

achieve d b y th e inclusio n o f  a n indefinit e articl e (e.g .  "a" )  followe d b y a n adjectiv e inconsisten t  wit h 

th e referent .  Ther e wer e nin e SOAs :  1 )  followin g th e articl e a t  th e beginnin g o f  th e sentenc e (e.g . 

"the "  o r  "a " ) ;  2 )  followin g th e adjectiv e or ,  i n othe r  words ,  immediatel y befor e th e prime ;  3 )  35 0 

msec afte r  th e onse t  o f  th e prime ;  4 )  65 0 mse c after ;  5 )  125 0 mse c after ;  6 )  followin g th e thir d 

wor d fro m th e en d o f  th e sentence ;  7 )  followin g th e secon d wor d fro m th e en d o f  th e sentence ;  8 ) 

followin g th e las t  wor d o f  th e sentence ;  9 )  60 0 mse c afte r  th e las t  wor d o f  th e sentence .  Th e las t 

fou r  S O A s wer e use d t o tes t  whethe r  specia l  integrativ e processe s occu r  a t  th e en d o f  th e sentence . 

The las t  S O A ,  60 0 mse c afte r  th e offse t  o f  th e las t  word ,  wa s include d t o tes t  whethe r  integrativ e 

processe s la g somewha t  afte r  processin g th e las t  wor d o f  th e sentenc e (se e Aaranso n &  Scarborough , 

1976) . 

Result s &  Discussio n 

Separat e analyse s treatin g subject s an d text s a s rando m variable s wer e performed .  Th e recognitio n 

latencie s fo r  eac h primin g condition s a t  eac h SOAs ar e presente d i n Figur e 1 . 

L 
A 
T 
E 
N 
C 
I 
E 
S 

(msec ) 

S+R+ • 

1180 -

T — I — I — I — I — I — I — I —r 
- 2 - 1 35 0 65 0 125 0 en d en d en d end + 

wrdi  wr d mse c mse c mse c - 2 - 1 60 0 
wrds wr d mse c 

SOA 

Figur e 1 .  Recognitio n latencie s fo r  referen t  tes t  word s a t  eac h S O A s i n eac h primin g conditions . 

As predicted, there was a strong effect of priming, with faster recognition latencies in the S+R+ 

conditio n tha n i n th e S + R -  condition ,  F(l,35) = 10.6 ,  p = .003 ,  M S e = 71910 2 b y subject s an d 
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F(l,35) = 10.7 ,  p = .002 ,  MSe = 93031 6 b y items .  Th e referen t  wa s no t  reinstate d i n th e cach e fro m 

operatin g memor y i n th e non-referentia l  condition ,  S+R- .  Thi s indicate s tha t  i n th e S+R -  conditio n 

th e precedin g syntacti c cu e (i.e .  a n indefinit e article )  an d th e precedin g semanti c cu e (i.e .  a n adjec -

tiv e incompatibl e wit h th e referent )  wer e sufficien t  t o quickl y rul e ou t  activatio n o f  th e referent .  Thi s 

i s consisten t  wit h a n on-lin e interactiv e mode l  o f  discours e comprehensio n wher e syntatic ,  semantic , 

and pragmati c analyse s ru n concurrentl y an d synergistically . 

Whil e th e interactio n wa s no t  significant ,  th e curve s indicat e that ,  i n th e S+R + condition ,  th e referen t 

was activate d earl y b y th e anapho r  an d staye d activate d unti l  th e en d o f  th e sentence .  Th e patter n o f 

recognitio n latencie s clearl y doe s no t  suppor t  th e end-of-sentenc e hypothesi s an d seem s t o suppor t  a 

particula r  versio n o f  th e immediac y assumption :  th e referen t  i s  activate d earl y afte r  th e anapho r  i s 

encountere d an d stay s activate d unti l  th e en d o f  th e sentence .  Initia l  integrativ e processe s a t  th e 

discours e leve l  -  identificatio n an d searc h o f  th e referen t  o f  a n anapho r  -  ar e immediate .  The y d o 

not  awai t  th e completio n o f  th e syntacti c an d semanti c analyse s o f  th e sentence .  Again ,  th e result s 

suppor t  a n on-lin e interactiv e syste m wher e syntax ,  semantics ,  an d pragmatic s cooperat e concur -

rently .  Moreover ,  thes e result s suppor t  th e hypothesi s tha t  cach e managemen t  i s applie d a t  claus e o r 

sentenc e boundaries .  Consequently ,  onc e a n ite m i s reinstate d i n th e cach e an d i s i n focus ,  i t  stay s 

activate d unti l  th e en d o f  th e sentenc e o r  claus e o r  unti l  th e nex t  topi c shift . 
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Usin g a  Computationa l  Mode l  o f  Languag e Acquisitio n 
t o Addres s Question s i n Linguisti c Inquir y 

Jane Hill 
Departmen t  o f  Compute r  Scienc e 

Smit h College ,  Northampton ,  MA 0106 3 

In this paper we are presenting a case study to illustrate the way in 
whic h ou r  computationa l  mode l  o f  Englis h languag e acquisitio n an d languag e 
performanc e m ver y youn g childre n may b e use d t o addres s question s i n 
linguisti c inquiry .  Our s i s a  mode l  whic h depend s o n th e interactio n o f 
languag e an d cognitiv e domains ,  an d whic h seek s commonalitie s betwee n th e 
processe s employe d i n languag e perceptio n an d sensor y perceptio n i n othe r 
modalities ,  a s wel l  a s betwee n languag e productio n an d respons e t o stimul i  i n 
othe r  modalities . 

1. Computational Models and the Innatist-Empiricist Controversy 

Since Noam Chomsky published Syntactic Structures in 19i7 the dialogue 
betwee n th e innatist s an d th e empiricist s ha s fundamentall y influence d th e 
cours e o f  researc h i n languag e acquisition .  Th e debat e betwee n Chomsk y an d 
Piage t  (Piatelli-Palmarin i  1980 )  serve d t o illustrat e ho w firml y establishe d 
ar e th e opposin g point s o f  view ,  an d ho w littl e movemen t  towar d 
reconciliatio n suc h debate s a s thes e see m t o foster .  Ou r  mode l  o f  languag e 
acquisitio n i n th e two-year-ol d (Hil l  1982 ,  1983 )  ha s som e bearin g o n th e 
abov e controversy .  Th e mode l  represent s a  firs t  attemp t  a t  buildin g a 
vehicl e whic h may b e employe d t o examin e an d experimen t  wit h differen t 
hypothese s abou t  languag e learning .  Althoug h i t  i s  obviou s tha t 
computationa l  model s i n an d o f  themselve s wil l  no t  solv e an y controversies , 
nevertheles s w e believ e tha t  ultimatel y model s suc h a s our s wil l  hav e a 
profoun d effec t  o n th e wa y i n whic h question s wil l  b e pose d an d th e answer s 
tha t  wil l  b e found .  Eve n ou r  simpl e mode l  ha s alread y succeede d i n 
stimulatin g it s ow n health y controversy . 

2. Brief Overview of Model I. 

We will now describe our very simple model of the acquisition of English 
i n th e two-year-ol d an d discus s som e question s an d som e answer s suggeste d b y 
th e us e o f  th e computationa l  mode l  i n analyzin g th e Ada m dat a whic h wa s 
gathere d b y Roge r  Brown ,  Ursul a Belugi ,  Coli n Eraser ,  an d Courtne y Cazde n 
prio r  t o 197 3 (Brow n 1973) . 

We can only give a very brief overview of the model and its assumptions 
i n thi s ;>aper .  Reader s intereste d i n detail s o f  th e mode l  shoul d consul t 
Hil l  (1982 ,  1983 )  fo r  ful l  particular s o f  th e mode l  includin g example s o f 
compute r  outpu t  togethe r  wit h correspondin g linguisti c dat a collecte d fro m a 
two-year-ol d child .  Th e psychologica l  validit y o f  th e mode l  i s defende d i n 
Hil l  an d Arbi b (1984 )  an d i n Hil l  (1984) .  Th e mode l  i s describe d a s a  member 
of  th e clas s o f  schema-theoreti c model s i n Arbib ,  Conklin ,  an d Hil l  (t o 
appear) .  Th e mode l  a s describe d her e i s full y  implemented .  Th e developmen t 
of  th e model ,  however ,  i s  a n ongoin g process .  Figur e 1  provide s a  diagra m o f 
th e component s o f  th e model . 
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Invarian t  Function s 

Hypothesiz e wor d order ,  wor d classes ,  template s 
Generaliz e classe s an d template s 
Assimilat e ne w words ,  concepts ,  an d template s 
Accommodat e classe s an d template s structur e 

Child '  s  Dynami c 
Dat a structure s 

TT 

Adul t 
sentence s 

[Presen t 
contex t 

Lexicon :  Word s an d thei r 
classe s 

Grammar: Templates for 
expressin g relation s 

Concept-space: Concepts and 
worl d knowledg e 

Present context 

Chil d 
sentence s 
"repeating " 
or 
respondin g 
t o adul t 
sentence s 

Figur e 1 .  Component s o f  th e mode l 

The mode l  take s a s it s inpu t  adul t  sentence s togethe r  wit h indication s 
provide d b y th e user ,  wher e relevant ,  o f  th e physica l  contex t  i n whic h th e 
sentence s ar e uttered .  Outpu t  fro m th e mode l  i s a  representatio n o f 
child-lik e sentence s repeatin g o r  respondin g t o th e adul t  inpu t  i n accordanc e 
wit h th e curren t  stat e o f  th e model' s grammar .  Th e child' s knowledg e i s 
represente d b y dynami c dat a structure s encodin g th e child' s lexicon ,  th e 
child' s grammar ,  th e conceptua l  knowledg e o f  th e child ,  an d th e physica l 
contex t  o f  th e dialogue .  No  assumption s wer e mad e abou t  th e ultimat e for m o f 
th e adul t  gramma r  no r  abou t  wha t  mus t  b e built-i n t o th e model ,  bu t  a  precis e 
accoun t  wa s kep t  o f  th e knowledg e an d processe s whic h wer e foun d t o b e 
necessar y t o b e built-i n t o th e mode l  eve n fo r  thi s elementar y leve l  o f 
speech .  Th e mode l  notice s an d employ s relations ,  wor d order ,  rule s fo r 
concatenatin g relation s an d deletin g words ,  an d a s th e mode l  grow s wor d 
classe s ar e formed .  A n importan t  constrain t  o n th e mode l  i s tha t  i t  doe s not 
depen d o n knowledg e o f  adul t  wor d classe s suc h a s a  divisio n betwee n action s 
and objects .  Th e mode l  require s schema s fo r  wor d classificatio n an d templat e 
classificatio n i n orde r  t o grow ,  bu t  th e actua l  classe s remai n flexibl e an d 
ar e inferre d fro m th e child' s languag e behavior .  Th e processe s name d abov e 
caus e successiv e reorganization s o f  th e gramma r  an d th e lexicon .  Th e mode l 
suggest s on e wa y i n whic h languag e base d initiall y  o n cognitiv e knowledg e ca n 
gro w int o a  syntacti c syste m whic h wil l  b e increasingl y independen t  o f  it s 
semanti c an d cognitiv e foundations .  I t  i s  importan t  t o not e tha t  althoug h 
th e rule s embodie d i n th e mode l  ar e simple ,  thei r  interactio n i s comple x 
enoug h t o necessitat e th e us e o f  a  compute r  model . 

The model in its original form twhich we shall refer to as Model I) 
attaine d onl y th e leve l  o f  a  two-year-ol d producin g sentence s o f  u p t o si x 
word s i n length .  Th e gramma r  o f  Mode l  I  (.whic h w e shal l  refe r  t o a s Grammar 
I )  wa s entirel y fla t  an d wa s mad e u p o f  rule s fo r  formin g two-wor d utterance s 
expressin g relation s an d fo r  combinin g thos e two-wor d relation s int o 
utterance s whic h wer e tw o t o si x word s i n length .  Th e gramma r  an d lexico n 
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containe d no  article s an d n o conjunctions .  Th e natura l  nex t  questio n t o b e 
addresse d b y th e mode l  wa s ho w migh t  th e chil d progres s fro m th e fia t  gramma r 
to  a  hierarchica l  one ? A s a  mean s o f  examinin g thi s questio n w e decide d t o 
explor e th e child' s us e o f  conjunctions . 

3. Expanding Model I. to Accommodate Coordinate Structure 

We have examined the data collected by Roger Brown and his colleagues 
fro m th e chil d Adam,  fro m th e ag e tw o year s thre e month s u p t o tw o year s 
eleve n month s wit h particula r  attentio n t o th e us e o f  th e conjunctio n "and " 
by th e adult s i n th e transcribe d session s an d b y th e chil d Adam.  We use d a s 
inpu t  t o ou r  mode l  th e bod y o f  adul t  sentence s whic h occurre d i n th e 
transcribe d session s an d whic h containe d th e conjunctio n "and. "  Th e outpu t 
obtaine d fro m th e mode l  withou t  an y additiona l  machiner y quit e readil y 
matche d th e Ada m dat a u p to  th e tim e tha t  Ada m himsel f  bega n t o us e 
conjunctions .  What  follow s i s a  cas e stud y o f  th e us e o f  th e mode l  i n 
explorin g th e child' s understandin g an d formatio n o f  coordinat e structure . 
The question s whic h linguist s hav e addresse d m th e analysi s o f  coordinat e 
structur e wil l  b e ver y briefl y summarized .  Fo r  a  mor e complet e discussio n 
see Stockwell ,  Schacter ,  an d Parte e (1973) . 
1.  On e ma y emplo y conjunctio n reductio n whereb y redundan t  element s i n a 
full y  sententia l  coordinate d sentenc e ar e deleted .  Fo r  exampl e 

Joh n an d Bil l  lef t 
i s  derive d fro m 

Joh n lef t  an d Bil l  lef t 
wit h th e firs t  occurrenc e o f  th e wor d "left "  deleted . 
2.  On e ma y conjoi n phrase s an d us e th e conjoine d phras e a s th e subjec t  o f 
th e ver b "left. " 
3.  On e ma y emplo y som e combinatio n o f  thes e tactics . 

In their article "The Development of Sentence Coordination", 
Tager-Flusberg ,  deVillier s &  Hakut a C1982 ;  argu e tha t  children' s earlies t 
phrasa l  conjunction s ar e no t  plausibl y derive d b y conjunctio n reductio n bu t 
ar e generate d b y directl y combinin g lik e constituent s b y phras e structur e 
rules .  I t  wil l  tur n ou t  tha t  th e mode l  support s thi s argumen t  bu t  i t  shoul d 
be note d tha t  th e clai m i s b y n o mean s universall y accepte d b y linguists . 
(Se e fo r  exampl e Lus t  1977 ,  Lus t  an d Mervi s 1980. ) 

Our approach to building a model is to address the question of what must 
be adde d ste p b y ste p to  th e mode l  m orde r  t o paralle l  th e developin g 
languag e o f  th e child .  N o on e woul d imagin e tha t  th e simpl e rule s o f  Mode l  I 
woul d suffic e fo r  an y bu t  th e mos t  elementar y stag e o f  language .  Th e 
questio n w e as k o f  th e mode l  i s no t  i t  i t  wil l  fail ,  bu t  rathe r  i n wha t 
fashio n i t  wil l  fail ,  an d mos t  importantl y ca n th e mode l  evolv e i n suc h a 
fashio n tha t  th e mor e matur e processe s evolv e fro m an d gro w ou t  o f  th e 
earlie r  processes .  I n th e transcribe d data ,  Ada m a t  firs t  frequentl y faile d 
t o respon d a t  al l  t o conjoine d adul t  sentences .  When Ada m bega n t o repea t 
conjoine d utterance s h e repeate d the m b y omittin g "and. "  Al l  thes e exchange s 
wer e develope d b y th e mode l  withou t  an y additiona l  modificatio n t o th e 
model' s Grammar  I  o r  t o th e lexico n o r  concept-spac e o f  Mode l  I .  Thi s wa s a s 
i t  shoul d hav e been . 

At two years six months there occurs Adam's first use of a conjoined 
repl y i n respons e t o a n adul t  sentence . 

Adult :  Well ,  here ,  com e her e an d cu t  you r  paper . 
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Adam:  I  com e her e a  cu t  it . 
Now,  ho w ca n th e mode l  b e modifie d t o produc e suc h a n utterance ? I n Grammar 
I ,  " I "  coul d b e combine d wit h "come "  to  produc e " I  come. "  "Come "  coul d b e 
followe d b y a  slo t  fille d b y "here "  producin g "com e here, "  an d "cut "  coul d b e 
followe d b y "it "  meanin g "paper "  t o produc e "cu t  paper "  o r  "cu t  it. "  Th e 
firs t  mode l  coul d produc e th e respons e " I  com e her e cu t  it "  b y formin g th e 
relation s " I  come, "  "com e here, "  an d "cu t  it. "  " I  com e com e her e cu t  it "  wa s 
forme d b y concatenatin g thes e thre e relation s an d " I  com e her e cu t  it "  wa s 
forme d b y a  deletio n rule .  Ther e wa s n o wa y i n whic h " I  com e her e a  cu t  it " 
coul d b e produced . 

We tried to use Model I to conjoin the single words "come" and "cut" by 
addin g "and "  t o th e lexico n an d addin g th e concep t  o f  coordinatio n t o th e 
concep t  set .  Grammar  I  rule s yielde d 

I  com e com e her e com e an d cu t  cu t  i t 
whic h th e deletio n rule s transforme d int o 

I  her e com e an d cu t  it . 
Thi s wa s clearl y wrong .  N o chil d woul d mak e suc h a n error .  I t  seeme d tha t 
eithe r  w e mus t  devis e differen t  deletio n rule s fo r  differen t  situation s b y 
distinguishin g betwee n a t  leas t  subjec t  an d objec t  s o tha t  conjunctio n 
reductio n coul d b e employed ,  o r  alternativel y tha t  w e mus t  us e th e phrasa l 
approach .  Eithe r  wa y th e dat a force d u s t o for m a  ne w templat e rul e whic h 
conjoine d relatio n pairs ,  no t  merel y relatio n word s o r  slo t  fillers .  Thu s 
thi s rul e i s th e firs t  hierarchica l  rul e i n a  previousl y fia t  grammar . 
Moreove r  sinc e thi s rul e provide d u s wit h a n alternativ e wa y t o fil l  slots , 
th e Grammar  1 1 i s no w mor e convenientl y represente d b y a  se t  o f  phras e 
structur e rule s tha n b y th e fla t  templates .  We hav e give n onl y on e 
illustrativ e sentenc e her e du e t o constraint s o f  spac e bu t  th e argument s 
presente d her e ar e supporte d b y man y sentence s i n th e data . 

Since it is not a straightforward task to transform the template grammar 
t o distinguis h betwee n subjec t  an d objec t  w e foun d tha t  i t  wa s easie r  t o for m 
Model  I I  b y addin g th e abilit y  t o for m conjoine d phrase s an d us e tha n a s slo t 
fillers .  I t  appeare d tha t  thi s simpl e strateg y suffice d fo r  th e Ada m data . 
We canno t  b e certai n o f  th e validit y o f  thi s strateg y unles s w e painstakingl y 
develo p Mode l  I I  b y permittin g i t  t o evolv e wee k b y wee k fro m languag e 
sample s o f  a  singl e chil d a s w e di d wit h Mode l  I .  I t  i s  a n interestin g fac t 
abou t  th e mode l  that ,  however ,  tha t  th e conjoine d phras e strateg y i s muc h 
simple r  t o implemen t  an d i s apparentl y adequate . 

In summary, all the new coordinated responses could be accommodated by 
addin g a  ne w syntacti c wor d clas s t o th e mode l  an d permittin g hierarchica l 
structur e represente d b y th e additio n o f  a  context-fre e phras e structur e rul e 
whic h too k th e Mode l  I  templat e 

relation-wor d slot-fille r 
and calle d i t  simpl y relation ,  e.g. , 

relatio n — > relation-wor d slot-fille r  an d the n adde d th e rul e 
slot-fille r  — > relatio n "and "  relatio n 

The conjunctio n "and "  wa s inserte d a s th e firs t  entr y i n th e close d clas s i n 
th e Mode l  I I  lexicon .  Not e tha t  thi s additiona l  phras e structur e rul e cause s 
Grammar  I I  t o b e recursiv e a s wel l  a s hierarchical . 

One interesting aspect of this case study of the addition of 
conjunction s t o Mode l  I  whic h wa s flat ,  an d whic h resulte d i n a  hierarchica l 
and recursiv e gramma r  fo r  Mode l  II ,  i s  tha t  th e machiner y force d b y th e dat a 
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was contrar y t o tha t  whic h w e ha d anticipate d whe n w e firs t  starte d t o 
explor e th e additio n o f  conjunctions .  Sinc e th e mode l  alread y ha d 
concatenatio n an d deletio n rules ,  befor e experimentin g wit h th e mode l  w e 
assumed tha t  th e conjunctio n reductio n approac h woul d b e easie r  t o implement . 
Experimentin g wit h th e mode l  an d comparin g i t  t o th e dat a force d u s t o th e 
realizatio n tha t  th e curren t  concatenatio n an d deletio n rule s woul d no t  wor k 
fo r  conjoine d sentence s an d neithe r  coul d the y b e easil y modified . 

In conclusion we would emphasize that we take the position that there is 
no nee d t o assum e tha t  th e hierarchica l  gramma r  evolve s al l  a t  once .  Neithe r 
i s ther e an y nee d t o assum e tha t  hierarch y i s triggere d b y conjunction s fo r 
al l  children .  Mechanism s may appea r  i n a  differen t  orde r  i n differen t 
children' s grammars .  Th e interestin g observation s offere d b y thi s cas e stud y 
ar e simpl y tha t  experimentin g wit h a  computationa l  mode l  wil l  ofte n surpris e 
th e designer ,  wil l  sugges t  ne w question s t o explore ,  an d wil l  provid e ne w 
insight s whic h may complemen t  thos e o f  traditiona l  linguisti c analysis .  What 
ca n w e conclud e abou t  th e conjunctio n reductio n hypothesi s vs .  th e conjoine d 
phras e structur e hypothesi s fro m thi s cas e study ? Certainl y th e mode l  canno t 
be regarde d a s offerin g conclusiv e evidenc e fo r  on e choic e ove r  th e other . 
I t  is ,  however ,  interestin g t o not e tha t  i n experimentin g wit h thi s mode l  i t 
was fa r  easie r  t o produc e sentence s suc h a s Adam' s firs t  conjoine d sentence s 
by employin g th e conjoine d phras e analysi s rathe r  tha n th e conjunctio n 
reductio n approach ,  and ,  a s anticipated ,  th e additio n o f  "and "  t o th e gramma r 
force d th e developmen t  o f  a  hierarchica l  grammar . 
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INTRODUCTION 
Researc h o n computationa l  reasonin g suggest s tha t  effectivel y organize d knowledge ,  no t  search ,  i s th e 

key t o exper t  performance .  Paradoxicall y mos t  wor k i n th e machin e learnin g literatur e assume s tha t  learning , 
a for m o f  computationa l  reasoning ,  occur s i n a  knowledg e vacuum .  Concept s ar e acquire d throug h searc h i n 
a spac e o f  candidat e conceptualization s constraine d b y a n implici t  focu s provide d throug h representationa l 
"bias. "  Fo r  example ,  i n earl y wor k o n learnin g concept s fro m examples ,  a  computationa l  learne r  migh t  hav e 
been implicitl y  constraine d b y havin g a  restricte d concep t  descriptio n languag e fo r  assimilatin g carefull y 
chose n examples .  Thu s learnin g wa s fundamentall y disconnecte d fro m backgroun d knowledge .  Whil e 
earl y effort s a t  computationa l  learnin g provid e a n illuminatin g startin g point ,  ou r  wor k i s motivate d b y a 
recognitio n o f  th e importanc e o f  multipl e source s o f  backgroun d knowledg e whic h h u m a n learner s routinel y 
brin g t o nove l  situations .  I n thi s paper ,  w e describ e a  computationa l  mode l  o f  learnin g proble m solvin g 
skill s  whic h proceed s b y tentativel y connectin g ne w situation s wit h existin g knowledg e throug h a  proces s o f 
analogica l  reasoning .  Thi s mode l  i s i n earl y stage s o f  implementation . 

LEARNING PROBLEM SOLVING 
Th e natur e o f  proble m solvin g expertis e ha s als o intereste d psychologica l  researchers .  B y carefull y 

contrastin g th e behavio r  o f  novic e an d exper t  proble m solvers ,  psychologica l  researc h reveal s tha t  competen t 
proble m solver s construc t  a  for m o f  intermediat e semanti c representatio n whil e understandin g a  proble m tex t 
but  befor e attemptin g t o generat e quantitativ e solution s (Chi ,  Feltovic h an d Glaser ,  1981 ;  Larkin ,  1983) . 
Thi s intermediat e representatio n appear s t o consis t  o f  abstrac t  conceptua l  entitie s (e.g. ,  forc e o r  m o m e n t u m 
i n physics )  whic h ar e relate d t o strategi c method s throug h proble m schemat a reflectin g proble m categorie s 
(e.g. ,  conservatio n o f  m o m e n t u m ) . 

As a goal for a computational model of cicquiring problem solving skills, expertise in problem solving 
ca n b e viewe d a s th e possessio n o f  a n abstrac t  conceptua l  vocabular y tailore d t o th e particula r  proble m 
solvin g domai n an d a n assortmen t  o f  p rob le m schemat a reflectin g proble m categories .  Thes e schemat a 
provid e a  mechanis m fo r  retrievin g appropriat e proble m solvin g strategie s whe n a  proble m fro m a  particula r 
categor y i s encountered .  Retrieva l  i s  base d o n conceptua l  cue s whic h mus t  b e inferre d fro m th e proble m 
statement .  Acquisitio n o f  proble m solvin g expertis e i n som e domai n the n amount s t o learnin g thes e proble m 
schemat a an d th e conceptua l  vocabular y ou t  o f  whic h the y ar e constructed . 

Solving algebra story problems 
Th e proble m domai n chose n fo r  thi s wor k i s  tha t  o f  learnin g t o solv e "story "  problem s typica l  o f 

algebr a instructio n a t  th e elementar y an d hig h schoo l  level .  Fo r  example ,  conside r  th e followin g "triangle " 
problem : 

Jerry walks 1 block east along a vacant lot and then 2 blocks north to a friend's house. Phil starts at 
th e sam e poin t  an d walk s diagonall y throug h th e vacan t  lo t  comin g ou t  a t  th e sam e poin t  a s Jerry .  I f 
Jerr y walke d 21 7 fee t  eas t  an d 40 0 fee t  north ,  ho w fa r  di d Phi l  walk ? 

This is called a "triangle" problem since its solution rests on relating the problem to some basic facts about 
triangles .  Maye r  (1981) ,  analyzin g a  larg e sampl e o f  problem s appearin g i n secondar y schoo l  texts ,  present s 
a clusterin g o f  proble m type s consistin g o f  approximatel y 5 0 distinc t  proble m template s organize d a s a 
simpl e classificatio n hierarchy .  Level s i n th e hierarch y correspon d roughl y t o familie s o f  algebrai c equation s 
underlyin g set s o f  problem s an d th e "stor y lines "  o n whic h problem s ar e based .  Fo r  example ,  i n th e "amount -
per-tim e rate "  family ,  a  variet y o f  stor y template s ar e eviden t  includin g motion ,  curren t  an d wor k problems . 
Althoug h th e inten t  o f  Mayer' s stud y i s t o documen t  classificatio n schemat a whic h student s reliabl y us e t o 
interpre t  an d the n solv e algebr a stor y problems ,  identificatio n Jin d descriptio n o f  thes e proble m schemat a 
provid e a  rar e opportunit y fo r  choosin g a  domai n i n whic h ther e exist s a  substajitia l  bod y o f  descriptiv e an d 
experimenta l  literatur e base d o n h u m a n performanc e (e.g. ,  Hinsley ,  Haye s an d Simon ,  1977 ;  Mayer ,  Larki n 
and Kadane ,  1984 ;  Kintsc h an d Greeno ,  1985) . 

Thi s wor k wa s supporte d b y a  gif t  fro m th e Hughe s A I  Researc h Laboratory ,  a  divisio n o f  Hughe s Aircraft . 
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Multipl e k n o w l e d g e source s 
We wil l  assum e tha t  th e stor y proble m i s presente d t o th e learnin g syste m a s a  relativel y flat  se t 

of  proposition s withou t  a n explici t  representatio n o f  inter-connectin g structura l  relations .  Fo r  th e triangl e 
stor y mentione d abov e thi s representatio n migh t  be : 

event(el ,  walking )  agent(el ,  Jerry )  distanc e (el ,  1  block ) 
directio n (el ,  east )  trajector y (el ,  alon g lot ) 

event(e2 ,  walking )  agent(e2 ,  Jerry )  distajice{e2 ,  2  blocks ) 
directionfe2 ,  north )  destination(e2 ,  friena's ) 

event(e3 ,  walking )  agent(e3 ,  Phil )  source(e3 ,  ?x ) 
trajectory(eS ,  throug h lot )  destination(e3 ,  friend's ) 

distance(el ,  21 7 feet )  distance(e2 ,  40 0 feet ) 

wit h th e goci l  o f  finding  distance(e3,Answer) .  Thi s representatio n i s relativel y complet e wit h respec t  t o th e 
literci l  proble m statement ,  include s informatio n whic h i s extraneou s t o th e desire d solutio n (e.g. ,  tha t  Jerr y 
wcilk s thre e blocks) ,  bu t  als o exclude s informatio n whic h mus t  b e inferre d i f  a  solutio n wil l  b e foun d (e.g. , 
tha t  a  righ t  triangl e ha s bee n described) .  Representation s o f  simila r  problem s describe d i n th e psychologica l 
literatur e (e.g. ,  Mayer ,  1981 )  includ e inference s fro m th e dat a an d abstraction s o f  importan t  detail s withou t 
explicitl y  describin g h o w suc h processe s tak e place . 

I n additio n t o choosin g a  representatio n fo r  proble m statement s a t  th e poin t  o f  input ,  w e mus t  als o 
describ e th e type s o f  knowledg e whic h wil l  constitut e th e "multipl e knowledg e sources "  essentia l  fo r  proble m 
understandin g an d solution .  Fortunately ,  th e tas k domai n o f  solvin g algebr a stor y problem s provide s a 
finite  bu t  sizabl e collectio n o f  requisit e source s o f  knowledge .  O n th e basi s o f  a n informa l  conten t  analysi s 
of  problem s occurrin g frequentl y i n Mayer' s (1981 )  classificatio n taxonomy ,  w e wil l  assum e tha t  a  novic e 
proble m solve r  mus t  hav e knowledg e o f  th e object s whic h routinel y appea r  i n proble m statements ,  knowledg e 
of  a  factua l  variet y regardin g thes e objects ,  an d limite d inferentia l  abilitie s regardin g spac e an d time .  Thes e 
knowledg e source s ar e assume d t o b e relativel y stabl e durin g th e cours e o f  learnin g t o solv e algebr a stor y 
problems . 

T wo source s o f  knowledg e remain ,  an d provid e th e basi s fo r  wha t  i s t o b e learned .  First ,  th e syste m 
i s t o acquir e a  practica l  conceptua l  vocabular y fo r  primitiv e event s whic h ar e centra l  i n stor y proble m 
texts .  Example s ar e simpl e motio n o r  wor k events ,  whic h w e trea t  a s frame-lik e structure s tha t  serv e t o 
organiz e object s describe d above .  Second ,  th e syste m i s t o acquir e a  variet y o f  solutio n method s organize d 
as p r o b l e m solvin g schemata .  A  schem a consist s o f  a  cu e expresse d i n term s o f  th e entitie s an d relation s 
of  th e proble m descriptio n an d a  se t  o f  quantitativ e o r  qualitativ e constraints .  Th e cu e serve s t o facilitat e 
recognitio n o f  situation s i n whic h th e constraint s ar e applicable .  Fo r  example ,  matchin g a  schem a cu e wit h 
a proble m descriptio n i n whic h tw o simpl e motio n event s occu r  i n a n opposit e directio n migh t  invok e a 
decompositio n o f  th e proble m int o additiv e components .  Even t  frame s an d proble m schemat a correspon d t o 
th e component s o f  proble m solvin g expertis e describe d i n th e introductio n o f  thi s paper . 

A PROBLEM SOLVING ARCHITECTURE 
O ur  mode l  o f  solvin g algebr a stor y problem s depend s upo n th e cooperatio n o f  multipl e knowledg e 

source s operatin g i n a n asynchronou s fashio n throug h a  globall y accessibl e proble m description .  A s show n 
above ,  th e initia l  proble m descriptio n i s a  jumble d se t  o f  proposition s wit h relativel y littl e structure .  Fro m 
an abstrac t  perspective ,  proble m solvin g proceed s b y usin g existin g knowledg e source s t o manipulat e thi s 
proble m descriptio n unti l  sufficien t  quantitativ e constraint s ar e availabl e t o allo w calculatio n o f  a  solution .  A 
solutio n pat h i n thi s spac e o f  manipulate d proble m description s consist s o f  increasingl y coheren t  description s 
of  th e curren t  proble m generate d b y th e action s o f  applicabl e knowledg e sources . 

Althoug h th e proble m solve r  m a y utiliz e a  larg e numbe r  o f  knowledg e sources ,  w e ca n divid e thes e 
variou s knowledg e source s int o fou r  functiona l  types .  Whil e i n th e previou s sectio n w e describe d backgroun d 
knowledg e source s primaril y i n term s o f  thei r  conten t  (e.g. ,  methods ,  event s o r  time) ,  w e no w describ e 
knowledg e source s i n term s o f  thei r  rol e i n proble m solving .  Thes e include :  augmen te rs ,  organizers , 
asserters ,  an d decomposers .  Augmenter s ad d proposition s t o th e proble m descriptio n b y applyin g 
backgroun d knowledge .  I n th e exampl e proble m presente d earlier ,  informatio n abou t  triangle s woul d b e 
adde d b y augmentation .  Organizer s ad d structur e t o th e proble m descriptio n b y groupin g disconnecte d 
proposition s int o fram e structures .  I n th e example ,  Jerr y an d Phi l  walkin g fro m sourc e an d destinatio n point s 
signa l  tha t  simpl e motion-event s hav e occurred .  Expectation s encode d i n th e fram e structur e fo r  motion -
event s serv e t o organiz e th e proble m description .  Asserter s contribut e quantitativ e constrain t  relation s tha t 
involv e a  singl e organizin g frame .  Fo r  example ,  th e equatio n d  =  r  *  t  woul d b e asserte d give n th e cuein g 
attribute s o f  a  motion-event ,  know n rat e an d time ,  an d unknow n distance .  Decomposer s transfor m a  proble m 
int o quantitativel y relate d subproblems ,  yieldin g a  constrain t  equatio n involvin g mor e tha n on e organizin g 
frame .  Fo r  example ,  i n a  motio n proble m involvin g severa l  drivin g events ,  th e proble m migh t  b e decompose d 
int o th e s u m o f  componen t  distances . 

Th e proble m solve r  schedule s activitie s o f  th e variou s knowledg e source s b y a  competitiv e proces s 
whic h attempt s t o expen d th e leas t  effor t  whil e stil l  progressin g toward s a  goa l  state .  Augmentatio n an d 
organizatio n ar e leas t  costly ,  bu t  d o no t  generat e an y equations ,  an d therefor e m a y no t  necessaril y  lea d 
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close r  t o a  proble m solution .  Instcci d thei r  contribution s mus t  b e focuse d toward s enablin g an d confirmin g 
othe r  knowledg e sources .  Assertio n an d decomposition ,  althoug h mor e complex ,  ar e th e onl y operation s 
tha t  generat e equations .  The y mus t  b e applie d t o achiev e th e goal .  Sinc e enablin g condition s fo r  an y o f  th e 
fou r  type s o f  knowledg e source s m a y b e onl y partiall y  matche d b y a  curren t  proble m description ,  w e mus t 
ofte n trea t  a  knowledg e sourc e proposin g a  modificatio n t o th e proble m descriptio n a s a  hypothesi s whic h i s 
subjec t  t o confirmation .  Thi s i s precisel y th e rol e o f  analogica l  reasonin g i n thi s mode l  o f  proble m solving . 

Analogical Transformations in Problem Solving 
I n thi s section ,  w e describ e ho w recognition ,  elaboratio n an d confirmatio n o f  analogie s serv e t o connec t 

a proble m descriptio n wit h applicabl e proble m schemata .  Th e centra l  goa l  o f  analogica l  reasonin g i s t o alte r 
th e representatio n o f  th e curren t  proble m s o tha t  i t  i s  partiall y  equivalen t  t o a  previousl y experience d proble m 
fo r  whic h a  solutio n metho d (eithe r  equation s o r  a  suitabl e decomposition )  i s known . 

Analogica l  reasoning ,  then ,  i s a  proces s o f  viewin g a n unsolve d proble m a s i f  i t  wer e a  proble m fo r 
whic h a  solutio n strateg y i s alread y known .  "Viewin g as "  i n thi s contex t  involve s extendin g informatio n fro m 
th e solve d proble m int o th e descriptio n o f  th e ne w problem ,  subjec t  t o som e for m o f  critica l  evaluatio n withi n 
th e confine s o f  th e ne w problem .  Give n th e importanc e o f  matchin g a  developin g proble m descriptio n wit h 
know n proble m solvin g methods ,  analogica l  reasonin g represent s a  poin t  midwa y i n a  continuu m betwee n 
litera l  similarit y an d nonsensica l  (o r  anomalous )  comparison .  Unde r  thi s assumption ,  reasonin g an d learnin g 
processe s undertake n whil e viewin g on e proble m a s i f  i t  wer e anothe r  mor e familia r  proble m ar e comparabl e 
i n kin d t o processe s undertake n whe n a  ne w proble m i s recognize d a s a n instanc e o f  a  know n proble m class . 

Recognition of opportunities for transformation 
Recognitio n o f  a  potentia l  analog y withi n ou r  proces s mode l  amount s t o tentativ e acceptanc e o f  a 

proble m schem a o n th e basi s o f  a  partia l  matc h betwee n th e curren t  proble m descriptio n an d a  proble m cu e 
withi n th e schema .  I n isolatio n fro m othe r  processes ,  i t  i s  eas y t o imagin e som e for m o f  searc h amon g existin g 
proble m schemat a t o find a  subse t  o f  schemat a whic h bea r  a  promisin g resemblanc e t o th e targe t  problem . 
The computationa l  literatur e o n analogica l  reasonin g i s spars e wit h respec t  t o proposal s fo r  constrainin g 
suc h a  search .  Mos t  promisin g i s th e notio n o f  indexin g potentia l  analog s o n th e basi s o f  abstrac t  relationa l 
informatio n (e.g. .  Carbonell ,  198 1 an d Kolodner ,  1983 ,  1984 )  s o tha t  recognitio n an d retrieva l  wil l  b e base d 
on highe r  leve l  (an d presumabl y mor e predictive )  aspect s o f  similarity .  I n th e domai n o f  algebr a stor y 
problems ,  a  highe r  leve l  (o r  "systematic, "  accordin g t o Gentner ,  198 2 correspondenc e migh t  b e exemplifie d 
by a  matc h betwee n a  simpl e motio n an d a  simpl e wor k proble m whic h involve s som e sor t  o f  even t  (e.g. , 
a motio n o r  wor k event) ,  a  rat e an d a  singl e unknown .  Suc h highe r  leve l  descriptiv e aspect s migh t  b e 
distinguishe d fro m surroundin g informatio n (e.g. ,  th e nam e o f  a n agen t  o r  destination )  a  prior i  throug h 
supportin g domai n knowledg e o r  b y virtu e o f  participatin g i n th e metho d associate d wit h a  proble m cu e i n 
a relate d proble m schema .  Recognizin g a n applicabl e proble m schem a i s a  centra l  activit y i n ou r  mode l  o f 
proble m solving ,  a n activit y t o whic h processe s o f  augmentatio n an d organizatio n ar e explicitl y  directed . 
Elaboration and evaluation of prospective analogs 

We hypothesiz e tha t  recognitio n o f  analogie s i s identica l  t o recognitio n o f  directl y applicabl e proble m 
schemat a excep t  wit h regar d t o th e effor t  expende d i n confirmin g th e matc h betwee n proble m descriptions . 
Confirmatio n i s attaine d b y incrementall y elaboratin g th e correspondenc e betwee n aspect s o f  a  potentiall y 
applicabl e knowledg e sourc e an d th e curren t  proble m description .  A s aspect s o f  th e sourc e descriptio n (e.g. , 
organizin g structura l  information )  ar e extende d t o th e proble m descriptio n throug h elaboration ,  th e validit y 
of  thes e extension s mus t  b e evaluate d bot h i n term s o f  th e specifi c  natur e o f  th e curren t  proble m an d i n 
term s o f  inferentia l  capabilitie s ove r  object s an d relation s i n th e domai n o f  algebr a stor y problems .  I n th e 
same sens e tha t  augmentatio n an d organizatio n processe s wer e describe d a s bringin g supportin g knowledg e 
source s t o bea r  i n understandin g a  ne w problem ,  s o to o ca n thes e processe s serv e i n confirmin g tentativ e 
informatio n extende d fro m sourc e t o targe t  proble m descriptions . 

For  example ,  whe n confirmin g a n analog y betwee n a  "wor k together "  proble m (tw o agent s wor k o n a 
singl e jo b together )  an d a n "opposit e direction "  motio n proble m (agent s trave l  i n opposit e direction s fro m 
th e sam e sourc e point) ,  knowledg e o f  equa l  duratio n withi n th e motio n proble m migh t  b e extende d t o th e 
wor k proble m b y virtu e o f  bein g integrall y involve d i n th e solutio n strateg y o f  decomposition .  Th e tentativel y 
hel d assertio n o f  equa l  duratio n i n th e wor k proble m (extende d fro m th e motio n problem )  mus t  b e confirme d 
on th e basi s o f  knowledg e whic h ca n b e generate d wit h augmentatio n processe s (i.e. ,  tha t  tim e interval s m a y 
be additive) .  Simila r  sort s o f  confirmatio n coul d b e achieve d wit h organizin g processes . 

LEARNING MECHANISMS 
The goal s o f  learning ,  a s describe d earlier ,  ar e th e acquisitio n o f  proble m schemat a an d th e specialize d 

conceptua l  vocabular y o f  whic h the y ar e constructed .  Broadl y speaking ,  th e learner' s conceptua l  vocabular y 
(i.e. ,  frame-lik e description s o f  events )  graduall y change s a s th e resul t  o f  proble m solvin g experienc e an d 
instruction .  Direc t  instructio n wil l  b e involve d i n th e extensio n o r  correctio n o f  othe r  knowledg e sources , 
whil e learnin g whe n t o appl y backgroun d knowledg e (i.e. ,  acquisitio n o f  proble m schemata )  i s th e learner' s 
responsibility .  Henc e ou r  computationa l  mode l  o f  learnin g t o solv e algebr a stor y problem s involve s a  variet y 
of  form s o f  learnin g includin g learnin g b y bein g told ,  learnin g b y takin g advic e an d learnin g fro m examples . 
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The learnin g mechanism s w e propos e satisf y a  numbe r  o f  constraints .  First ,  they ,  ar e al l  incremental . 
Thus ,  proble m solvin g expertis e i s acquire d graduall y throug h activ e experienc e wit h a  successio n o f  problem s 
and instructio n presente d b y th e teacher .  Second ,  learnin g i s toleran t  o f  errors :  correctnes s o f  acquire d 
concept s o r  schemat a i s relativ e t o proble m solvin g experienc e rathe r  tha n bein g define d i n absolute . 
Concept s constantl y chang e an d evolv e accordin g t o thei r  proble m solvin g utility .  Third ,  newl y acquire d 
knowledg e i s connecte d t o ol d knowledg e b y th e recognition ,  elaboratio n an d confirmatio n o f  analogies .  Thu s 
learnin g doe s no t  occu r  i n isolatio n fro m existin g knowledg e o f  th e tas k domain . 

We no w briefl y conside r  som e example s o f  learnin g processes ,  eac h exampl e base d o n simpl e problem s 
draw n fro m Mayer' s (1981 )  taxonomy .  Thes e example s demonstrat e diiec t  interactio n o f  instruction ,  infer -
ence s base d o n backgroun d knowledge ,  an d proble m solvin g experience .  Th e first  exampl e show s ho w th e 
learne r  refine s initiall y  naiv e concept s s o tha t  the y ar e mor e appropriat e fo r  proble m solving .  Th e secon d 
exampl e show s ho w analog y ca n driv e th e transformatio n o f  previousl y learne d concept s an d schemat a int o 
new proble m solvin g knowledge . 

Learning through instruction and experience 
Befor e beginning ,  w e nee d t o describ e th e existin g knowledg e stat e o f  th e learner .  Suppos e tha t  th e 

learne r  ha s n o proble m schemat a an d ha s a  naiv e concep t  o f  a  motion-even t  give n b y th e followin g frame : 

Motion-event :  agent : 
vehicle : 
to : 
from : 

Assume th e syste m i s presente d wit h th e followin g problem : 

Exampl e 1 :  Bil l  Les s drov e fro m Bosto n t o Cleveland ,  a  distanc e o f  62 4 miles ,  i n th e tim e o f  1 2 hours . 
What  wa s hi s drivin g speed ? 

Withou t  explici t  knowledg e o f  proble m type s an d solution s strategie s (i.e. ,  proble m schemata) ,  th e learne r  i s 
unabl e t o solv e an y problems .  Henc e w e allo w a  teache r  t o directl y instruc t  th e learne r  t o us e th e equatio n 
distanc e =  rat e *  time .  Assumin g th e learne r  ca n correctl y solv e thi s problem ,  a  numbe r  o f  modification s 
ar e possibl e fo r  existin g knowledg e sources .  First ,  th e naiv e concep t  o f  a  motion-even t  change s t o includ e 
additiona l  slot s fo r  distance ,  tim e an d rate ,  sinc e thes e wer e use d i n th e proble m solution .  I n addition , 
distance ,  rat e an d tim e slot s ar e distinguishe d a s havin g playe d a n essentia l  rol e i n th e solutio n process . 
Othe r  slot s (e.g. ,  agent )  ar e note d a s potentiall y  inappropriat e sinc e the y di d no t  pla y a  rol e i n th e solution . 
Thus th e salienc e o f  slot s i n a n even t  fram e wit h respec t  t o achievin g proble m solution s i s recorded .  Second , 
th e learne r  form s a  proble m schem a whic h associate s wit h th e cue ,  motion-even t  an d goa l  t o 'fin d rate' ,  th e 
metho d o f  usin g th e equatio n distanc e =  rat e *  time . 

Afte r  thi s episod e involvin g direc t  instructio n an d proble m solvin g experience ,  th e learner' s concep t 
of  a  motion-even t  woul d include : 

Motion-event :  agent :  {n/a \  distance :  (essential ) 
vehicle :  (n/a )  rate :  (essential ) 
to :  (n/a )  time :  (essential ) 
from :  (n/a ) 

Not e tha t  th e learne r  ha s marke d th e t o an d fro m slot s a s bein g no t  applicabl e (n/a )  eve n thoug h thes e 
may prov e importan t  durin g late r  proble m solving .  I n fact ,  eve n i f  th e learne r  delete d thes e slot s fro m th e 
representatio n o f  a  motio n even t  altogether ,  recover y woul d b e possibl e b y addin g th e slot s agai n o n th e 
basi s o f  additiona l  experience . 

Assumin g furthe r  proble m solvin g experienc e wit h simpl e motio n problems ,  th e system' s motion-even t 
concep t  migh t  evolv e t o loo k lik e th e followin g wher e al l  slot s ar e implicitl y  marke d "essential" : 

Motion-event :  distance :  start-position : 
rate :  end-position : 
duration :  start-time : 
direction :  end-time : 

The proces s o f  addin g o r  reinforcin g slot s tha t  ar e use d an d demotin g slot s tha t  ar e no t  use d allow s th e 
learne r  t o progres s withou t  a n absolut e notio n o f  concep t  correctness .  Concept s ar e modifie d i n a  fashio n 
whic h reflect s thei r  utility .  Rathe r  tha n mer e occurrence ,  inclusio n an d surviva l  o f  component s o f  a  concep t 
(i.e. ,  slots )  depend s o n thei r  participatio n i n th e proble m solvin g process . 

Learning while reasoning analogically 
We no w conside r  a  secon d exampl e whic h demonstrate s underlyin g processe s o f  analogica l  reasonin g a s 

a guid e t o learning .  Assum e fo r  thi s exampl e tha t  th e learne r  i s capabl e o f  solvin g simpl e distance-rate-tim e 
problem s an d i s presente d wit h th e followin g problem : 

Exampl e 2 :  A  fisherman  ca n catc h a  Rs h ever y 2 0 minutes .  I f  h e spend s a n 8-hou r  da y fishing,  ho w 
many fish  wil l  h e brin g home ? 

We wil l  als o assum e tha t  th e learne r  possesse s a  naiv e notio n o f  a  work-even t  represente d as : 

30 6 



Work-event :  agent :  pay : 
job :  i n s t m m e n t : 

Th e learne r  ca n recogniz e tha t  thi s proble m involve s a  wor k event ,  bu t  ha s n o proble m schemat a 
suggestin g solutio n method s fo r  thi s typ e o f  problem .  I n fact ,  i t  i s  no t  eve n possibl e t o integrat e al l  aspect s 
of  th e proble m descriptio n (e.g. ,  th e rat e a t  whic h fish  ar e caught )  withi n th e wor k even t  frame .  However , 
sinc e w e ar e assumin g tha t  th e learne r  ha s a  relativel y well-develope d schem a fo r  simpl e distance-rate -
tim e problems ,  i t  i s  possibl e t o construc t  a n analog y betwee n thi s schema' s cu e an d th e curren t  proble m 
description .  Specifically ,  recognitio n migh t  occu r  o n th e basi s o f  a  partia l  matc h i n whic h rates ,  duration s an d 
unknown s ar e place d i n correspondence .  Elaboratin g thi s analogy ,  wor k duratio n an d rat e coul d b e associate d 
wit h th e naiv e wor k even t  frame ,  an d a  tentativ e correspondenc e betwee n distanc e an d wor k outpu t  coul d b e 
formed .  Thus ,  b y viewin g th e simpl e wor k proble m a s i f  i t  wer e a n instanc e o f  th e relativel y well-know n clas s 
of  distance-rate-tim e problems ,  th e learne r  coul d attemp t  t o solv e th e equatio n outpu t  =  rat e *  t ime . 
Sinc e thi s strateg y yield s a  correc t  answe r  t o th e curren t  problem ,  a  ne w proble m schem a ca n b e forme d 
whic h associate s unknown(work )  an d work-even t  wit h th e successfu l  equation . 

Not e tha t  i n thi s secon d example ,  th e learne r  recognize s a n analog y betwee n proble m type s o n th e 
basi s o f  a  relativel y remot e partia l  matchin g betwee n a  schem a cu e an d th e curren t  proble m description . 
Althoug h th e initia l  kerne l  o f  correspondenc e i s tentative ,  furthe r  elaboratio n serve s t o reorganiz e th e proble m 
descriptio n an d a  successfu l  solutio n attemp t  confirm s th e initiall y  tentativ e analogy .  A s a  result ,  bot h 
th e learner' s conceptua l  vocabular y an d repertoir e o f  proble m schemat a ar e enlarged .  I n thi s example , 
however ,  recognitio n o f  th e analog y betwee n simpl e motio n an d wor k problem s depend s o n a  rathe r  libera l 
allowanc e fo r  entertainin g partia l  matches .  I f  th e learne r  wer e allowe d t o attemp t  al l  suc h possibl e analogies , 
exhaustiv e searc h o f  wea k partia l  matche s ove r  existin g proble m schemat a cue s coul d prov e unreasonable . 
Thes e problem s awai t  furthe r  study . 

CONCLUSION 
The precedin g section s illustrat e ho w a  conceptua l  vocabular y an d proble m schemat a ca n b e learne d 

throug h a  combinatio n o f  instruction ,  analogica l  reasonin g betwee n simila r  proble m types ,  an d proble m 
solvin g experience .  Acquisitio n o f  proble m solvin g skill s  i s  incremental ,  pragmatic ,  an d strongl y connecte d 
t o existin g knowledg e sources .  Proble m solvin g i s modele d a s a  proces s o f  proble m understanding .  Throug h 
inference s supplie d b y processe s o f  augmentation ,  organization ,  assertio n an d decomposition ,  proble m de -
scription s becom e increasingl y coheren t  an d constrained .  Analogica l  reasonin g allow s tentativ e applicatio n 
of  know n solutio n methods ,  subjec t  t o verificatio n b y surroundin g knowledg e sources . 
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Discussion and dispute are everyday activities for most of us. Impassioned or coldly rational, the 

proces s o f  argumen t  i s  centra l  t o ou r  relation s wit h other s an d t o ou r  understandin g o f  th e worl d i n 

general .  Th e wa y w e mak e an d suppor t  conclusion s reflect s no t  onl y ou r  capacit y fo r  reaso n bu t  th e 

way w e structur e an y typ e o f  knowledge .  M u c h o f  th e argumen t  w e com e acros s i s i n th e for m o f  smal l 

bit s o f  text .  Advertisement s an d editoria l  ar e explici t  attempt s t o influenc e ou r  choice s i n wha t  w e bu y 

or  ho w w e vote .  I n othe r  type s o f  expositor y text ,  suc h a s i n newspape r  o r  magazin e articles ,  th e 

argumen t  i s mor e subtl e an d ofte n appear s a s description .  C o m m on t o al l  i s th e statemen t  o f  premise s 

and th e evidenc e use d t o suppor t  them . 

Arguments are written to serve two goads: to communicate ideas and to persuade others that those 

idea s hav e value .  Th e relativ e weigh t  o f  thes e goal s determine s ho w th e write r  wil l  structur e th e text . 

Th e argumen t  structur e i s th e organizatio n o f  suppor t  an d conclusion s tha t  represent s th e lin e o f 

argument .  I f  a  writer' s idea s ar e controversia l  o r  hi s o r  he r  audienc e i s unreceptive ,  muc h attentio n wil l 

hav e t o b e give n t o th e argumen t  structure .  Potentiall y  wea k assumption s mus t  b e buttresse d an d 

tentativ e premise s substantiated .  Undispute d point s stil l  requir e suppor t  bu t  th e amoun t  o f  tex t 

devote d t o plai n descriptio n ca n b e proportionatel y larger ;  th e write r  nee d no t  g o fa r  bac k i n th e chai n 

of  reasonin g t o suppor t  hi s  conclusions .  I n arguin g fo r  a n increas e i n militar y spendin g t o th e join t 

chief s o f  staff ,  th e presiden t  woul d onl y nee d poin t  t o th e valu e o f  a  stron g defense .  W h e n arguin g th e 

same issu e t o congress ,  however ,  h e ma y wis h t o provid e evidenc e fo r  acceptin g th e premis e "stron g 

defens e i s a  goo d thing" .  W h a t  wa s t o on e grou p a n acceptabl e assumptio n wa s t o th e othe r  a 

conclusio n requirin g support . 

The Structure of Arguments 

Upon examination of a large number of arguments, we found that support structures can be divided 

u p int o thre e basi c types :  argumen t  b y analogy ,  categorica l  argumen t  an d causa l  argument .  Th e 

distinctio n betwee n th e firs t  tw o i s th e differenc e i n leve l  o f  generalit y betwee n th e suppor t  an d 

conclusion .  I n a n argumen t  b y analogy ,  th e conclusio n an d suppor t  ar e a t  th e sam e level .  Cat s ca n b e 

compare d wit h dog s an d on e presiden t  ca n b e compare d t o another .  I f  I  wante d t o argu e tha t  Reagan' s 

refor m wil l  hav e littl e lastin g effec t  o n th e incom e ta x process ,  I  coul d poin t  ou t  tha t  Eisenhower' s 

attempt s t o simplif y th e ta x structur e ha d littl e effect .  Eisenhower' s cas e i s analogou s t o Reagan's ,  bot h 

ar e example s o f  America n president s w h o trie d t o chang e th e federa l  incom e ta x system .  An y othe r 

relevan t  similarities ,  suc h a  bot h bein g Republica n s ,  strengthen s th e effec t  o f  th e analogy .  Wit h enoug h 

examples ,  a n argue r  ca n creat e a  categor y tha t  contain s th e feature s c o m m o n t o al l  th e examples . 

Conclusion s tha t  com e fro m generalizatio n acros s severa l  example s ar e th e produc t  o f  induction .  Th e 

revers e proces s i s  deduction .  Th e argue r  ha s a  categor y mor e genera l  tha n th e conclusion ,  attribute s 

categor y membershi p t o th e objec t  o r  idea ,  an d b y virtu e o f  membershi p attribute s othe r  feature s o f  th e 

categor y t o th e object .  Thi s for m ca n b e expresse d a s a  syllogism .  "  Presiden t  Reaga n ha s a  ta x refor m 

plan .  Al l  presidentia l  ta x reform s hav e littl e lastin g effect .  Therefore ,  Reagan' s ta x refor m wil l  hav e 

littl e lastin g effect .  " 

Reagan's tax plan is a member of the category presidents' tax reform which has the feature has 

littl e lastin g effect .  Th e sam e poin t  coul d hav e bee n msul e wit h bot h inductiv e an d deductiv e support . 

Th e argue r  coul d enumerat e othe r  example s o f  faQe d presidents '  ta x reforms ,  induce d th e category , 
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asserte d membershi p fo r  Reagan' s plan ,  an d the n attribute d th e featur e a s th e conclusion .  Th e thir d 

typ e o f  suppor t  use s knowledg e o f  caus e o r  proces s t o suppor t  th e conclusion .  Causa l  knowledg e ca n 

exis t  a t  an y leve l  o f  generality ,  fro m wha t  a  specifi c  presiden t  doe s a t  on e m o m e n t  t o ho w peopl e i n 

position s o f  powe r  ar e likel y t o behav e a t  an y time .  Wherea s categorie s o r  analogie s ar e a  slic e o f  tim e 

or  atemporal ,  caus e an d effec t  involv e tempora l  sequence .  W e us e th e phras e "caus e o r  process "  t o avoi d 

th e philosophica l  debat e o n th e natur e o f  catttality .  Fo r  purpose s o f  argument ,  cause s preced e effect s i n 

tim e an d allo w eithe r  predictio n o f  th e effec t  give n th e caus e o r  give n th e effect ,  explanatio n o f  it s 

occurrenc e throug h th e hypothesi s o f  a  cause .  Fo r  example ,  Reagan' s pla n wil l  fai l  becaus e specia l 

interes t  group s wil l  pressur e congres s t o m a k e myria d exception s t o an y genera l  simplification .  T h e 

pressur e mus t  preced e th e chang e o r  th e argumen t  i s no t  a  causa l  one .  Thes e thre e suppor t  type s ar e 

complimentary .  Categorie s ca n b e forme d o r  modifie d fro m th e example s use d i n analogy .  Causa l 

knowledg e ca n b e (an d i s ultimatel y always )  derive d fro m analogie s an d co n b e us e t o construc t  an d 

alte r  categories . 

The three support types do not exist merely for arguments sake but are part of the natural 

understandin g process .  Peopl e notic e similaritie s ar e foun d betwee n tw o object s o r  events .  Th e Hrs t 

even t  o r  objec t  provide s th e informatio n fo r  understandin g th e second .  Wit h onl y tw o examples ,  peopl e 

canno t  determin e whic h feature s ar e importan t  an d whic h accidental ,  ye t  the y ca n stil l  generat e 

expectation s tha t  wil l  hel p guid e furthe r  processin g an d late r  behaviors .  W h e n peopl e hav e severa l 

example s o f  a n objec t  o r  even t  store d i n memory ,  the y ca n mor e efficientl y retriev e th e informatio n 

necessar y fo r  processin g a  ne w instanc e i f  th e feature s share d acros s instance s i s collecte d i n a  category . 

Thoug h i t  seem s obviou s tha t  an y understandin g syste m mus t  m a k e generalizations ,  th e ubiquit y an d 

flexibilit y  o f  th e proces s o f  categor y formatio n ar e importan t  fo r  understandin g arguments .  Th e chai n o f 

potentia l  hierarchie s ca n b e lon g an d complex .  Categorie s themselve s ca n b e groupe d t o for m mor e 

genera l  categorie s o r  ca n b e spli t  u p t o for m subcategorie s tha t  entai l  a  mor e specifi c  collectio n o f 

features .  W h a t  leve l  o f  generalit y th e argue r  ca n begi n wit h depend s upo n hi s audience .  I f  th e receiver s 

of  th e argumen t  ar e accepting ,  th e argue r  ca n begi n clos e i n leve l  t o hi s conclusion .  I f  th e receiver s ar e 

not ,  however ,  th e argue r  wil l  nee d t o mov e furthe r  u p o r  dow n th e hierarchy .  Movin g u p th e hierarch y 

allow s th e argue r  t o deriv e he r  conclusion s deductively .  Movin g dow n provid e he r  wit h evidenc e t o 

induc e he r  conclusions .  Causa l  o r  predictiv e knowledg e concern s th e orderin g o f  event s an d i s potential ^ 

th e mos t  useful .  Knowin g tha t  eart h tremor s ca n predic t  volcani c eruptio n o r  tha t  hittin g th e key s 

"control "  an d " C "  stop s th e ru n o f  a  loo p ca n b e t o islande r  o r  cognitiv e scientist . 

Counter Argument 

Peopl e creat e counter-argumen t  wit h th e sam e processe s use d fo r  constructin g arguments .  Perhap s 

th e mos t  c o m m o n counter-argumen t  i s th e counter-example .  I f  yo u compar e Reaga n t o Eisenhower ,  I 

coul d poin t  ou t  tha t  a  compariso n wit h Nixo n i s mor e appropriate .  Bot h ar e Republica n s  bu t  Nixon' s 

ter m o f  offic e i s close r  i n tim e t o Reagan's .  Yo u coul d us e For d a s anothe r  analog y t o counte r  m y 

counter ,  bu t  thi s leave s th e possibilit y  o f  anothe r  counter-analogy ,  usin g anothe r  criterio n fo r  similarit y 

tha n tempora l  proximity .  Instead ,  yo u ca n attac k m y counter-analog y an d defen d you r  initia l  analog y 

by examinin g th e relevan t  features .  Elisenhowe r  an d Reaga n hav e mor e ideologica l  similarities ,  bot h 

hav e show n concer n fo r  th e growt h o f  governmen t  an d wit h th e wage-earnin g tax-payer .  A  goo d 

analogy ,  therefore ,  i s  on e whic h share s relevan t  feature s wit h th e origina l  instance .  Th e numbe r  o f 

distinguishin g feature s ca n b e compare d t o th e numbe r  o f  share d feature s t o produc e a n inde x o f 

similarity .  Relevanc e i s determine d b y th e featur e unde r  debat e o r  th e curren t  need s o f  th e 

understander .  Arguer s nee d t o kno w wha t  feature s discriminat e betwee n analogie s t o judg e whic h 

comparison s ar e mos t  apt . 

For  answering  categorica l  arguments ,  tw o strategie s ar e available .  Initia l  categor y membershi p ca n 

be show n t o b e inappropriat e b y a  featur e conflic t  o r  anothe r  categor y ca n b e show n t o b e mor e 
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appropriat e du e t o greate r  relevan t  featur e overlap .  Th e argumen t  "  A D Republica n president' s ta x 

reform s ar e doomed .  Ronal d Reaga n i s a  Republica n president .  Therefor e Reagan' s ta x p b n i s 

doomed.  "  ca n b e countere d b y showin g tha t  i n fac t  ther e ar e tw o type s o f  Republica n s ,  conservativ e 

and liberal .  Perhap s onl y th e ta x plan s o f  libera l  Republica n s  ar e doome d t o failur e an d Reaga n i s a 

conservativ e Republica n . 

Causal arguments are vulnerable along any step of the causal chain beyond that which is known 

explicitly .  Th e chai n "  Republica n president s creat e plan s fo r  ta x reforms ,  giv e th e pla n t o congres s 

whic h alter s th e pla n fo r  specia l  interes t  group s du e t o lobbyin g pressure .  "  i s  vulnerabl e a t  a  numbe r 

of  point s withou t  contradictin g an y o f  th e fact s i n th e series .  Specia l  interest s m a y no t  alway s conflic t 

wit h goo d ta x refor m o r  th e reform s ar e to o watere d dow n b y th e presiden t  befor e the y eve n reac h 

congress .  Althoug h knowledg e tha t  allow s predictio n t o futur e event s ma y b e th e mos t  desirable ,  i t  i s 

als o th e mos t  fragile . 

The Memory Representation of Arguments 

We hav e develope d a  mode l  o f  argumen t  generatio n an d comprehensio n (MAGAC)  tha t  simulate s 
ho w peopl e creat e an d evaluat e arguments .  W e us e a  fram e architectur e t o represen t  th e knowledg e 

and procedure s fo r  fillin g slot s an d linkin g frames .  W e wil l  no w wor k throug h a n exampl e argument . 

Suppos e th e reade r  i s confronte d wit h th e followin g text : 

Computer s hav e affecte d al l  aspec t  o f  everyda y lif e i n th e Unite d States .  Th e introductio n o f  ne w 
technologies ,  ove r  a  shor t  perio d o f  time ,  cause s a  disruptio n o f  th e current ,  establishe d culture . 
Therefore ,  th e sprea d o f  computer s wil l  resul t  i n grea t  unhappines s fo r  man y people . 

The first sentence introduces the domain, the recent inroads of of computers into everyday life. This 

has bee n a  fairl y controversia l  topi c an d ha s receive d som e pb y i n th e press .  W h e n th e tex t  i s  full y 

processed ,  th e representatio n wil l  b e organize d aroun d th e conclusio n i n a  conclusio n organizatio n fram e 

(COF) .  Afte r  th e Tirs t  sentence ,  th e representatio n look s lik e C O F l . 

COFl: INTRODUaiON OF Conputers 

AKO:  Ne w Technolog y 

TIME:  Curren t 
TIME COURSE:  Shor t 
RESULT:  ? 

The heading slot for COFl is the "introduction of computers". The A Kind Of (AKO) slot tells of 

what  mor e genera l  clas s o f  thing s thi s specifi c  knowledg e i s a  member .  Th e T I M E slo t  indicate s th e 

tim e fram e t o whic h th e knowledg e o r  even t  bein g represente d belongs .  A s th e I N T R O D U C T I O N o f  a n 

objec t  i s  a  process ,  i t  mus t  tak e plac e ove r  a  perio d o f  time .  Th e slo t  T I M E C O U R SE i s  fille d wit h 

informatio n concernin g ho w lon g a n even t  too k o r  wil l  tak e i n th e future .  I n thi s case ,  "short "  i s a  ter m 

relativ e t o th e introductio n tim e o f  othe r  technokgies ,  suc h a s th e manufacturin g o f  stee l  o r  th e 

productio n o f  clocks ,  bot h o f  whic h too k hundred s o f  years .  Th e effect s o f  th e proces s represente d o r 

procedure s fo r  determinin g th e effect s ar e store d unde r  th e R E S U L T S L O T .  Goal s an d plan s o f  peopl e 

or  entitie s ar e store d unde r  G O A L S an d P L A N S SLOTs .  Th e actua l  representatio n o f  th e goal s an d 

plan s woul d b e store d ebewhere . 

The second sentence of the argument gives the reader a general information which is represented in of 

S O F l .  S O F l  i s a n instantiatio n o f  a  "suppor t  organizatio n frame. " 

SOFl: New Technology 

AKO:  Socia l  Chang e 

PROPERTY:  origin s i n scienc e 

GOALS:  Achiev e ne w goals ,  previousl y blocke d 

or 
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Achiev e ol d goal s aor a efficientl y 

RESULT: (change in work force) 

(les s resource s neede d t o accoiplis h 

goal ) 

((I f  TIM E cours e i s shor t 

the n disrupte d culture ) 

(I f  TIM E cours e i s lon g 

the n n o disruption) ) 

Even if the receiver has not heard this argument before, it will not conflict with related knowledge. 

N ew object s o r  processe s caus e chang e an d chang e ca n b e disruptive .  F ro m thi s knowledge ,  S O F l  coul d 

be constructe d fo r  th e purpos e o f  understandin g an d storin g th e argumen t  shoul d i t  b e encountere d 

again .  Th e goa l  knowledg e i s als o ver y general .  Technolog y i s mean t  t o achiev e ne w goals ,  suc h a s 

rapi d communicatio n b y satellite ,  th e efficienc y o f  achievin g ol d goals ,  suc h a s generatin g powe r  fro m 

nuclea r  reactions .  Suc h improvement s ar e accompanie d b y problem s an d dissent .  T h e thir d sentenc e 

form s th e conclusion .  Th e reade r  alread y know s fro m experienc e tha t  peopl e ofte n fin d chang e 

upsetting ,  especiall y  swif t  an d pervasiv e changes .  S 0 F 2 i s constructe d o r  instantiate d t o handl e thi s 

information . 

S0F2: Change 

AKO:  Cultura l  Proces s 
PROPERTIES:  disruptiv e 

create s unhappines s 

Several general procedures are necessary for connecting the three frames. The first procedure is that 

whic h connect s th e topi c t o th e evidence .  Fo r  thi s example ,  inheritanc e fro m th e A K O ( a kin d of )  slo t  i s 

used t o fil l  empt y slots .  I f  w e kno w tha t  X  i s a  kin d o f  m a m m al  bu t  nothin g ek e abou t  i t  i s  explicitl y 

known ,  W e coul d assum e defaul t  characteristic s o f  a  genera l  " m a m m a l "  whic h woul d b e store d i n tha t 

highe r  leve l  frame .  I n thi s case ,  "computers "  ar e a  kin d o f  ne w technology .  Th e resul t  slo t  o f 

"computers "  i s ope n an d thu s ca n b e fille d wit h th e resul t  slo t  o f  "ne w technology" .  I n thi s causa ] 

argument ,  th e proces s i s applie d an d th e resul t  i s  calculated . 

Procedur e 1 

I f  •SLOT *  i s empt y the n fill  wit h correspondin g R E S U L T 'SLOT *  fro m A K O *FRAME* . 

Next, the connection between "new technology" and "social change" must be found. In this case, 

procedur e 1  agai n provide s th e link .  N e w technologie s ar e on e kin d o f  socia l  change .  I t  i s  importan t  tha t 

i t  b e a  kin d o f  socia l  chang e (rathe r  tha n personal )  s o tha t  th e generalizatio n i n th e conclusio n i s 

warranted .  Th e resul t  i s  no t  give n bu t  require s calculatio n becaus e i t  i s  dependen t  o n th e tim e cours e o f 

events .  Gradua l  socia l  chang e i s no t  disruptive .  W e believ e i t  make s littl e sens e t o hav e thi s procedur e 

store d outsid e th e fram e i n a  genera l  lis t  fo r  tw o reasons .  First ,  give n a  larg e numbe r  o f  specia l  cases , 

th e lis t  woul d becom e unmanageabl e a s mor e domai n specifi c  knowledg e i s added .  Second ,  thi s 

informatio n i s onl y neede d unde r  "socia l  change" .  Thoug h othe r  kind s o f  swif t  chang e (i. e geological ) 

may b e disruptive ,  i t  i s  no t  i n th e sam e way .  Th e knowledg e fo r  calculatin g th e resul t  i s  store d wher e i t 

i s  accesse d automaticall y wit h th e declarativ e knowledge . 

The same conclusion could have been supported in a different way. Instead of referring to a general 

causa l  principle ,  th e write r  coul d hav e mad e a n analog y t o whe n somethin g simila r  ha d happene d i n th e 

past .  I n th e absenc e o f  mor e definit e knowledge ,  a  simila r  instanc e ca n b e use d t o understan d a  ne w 

one.  Thi s proces s o f  understandin g i s ofte n use d i n argument .  Th e analog y show s tha t  X  ca n hav e 

qualit y Y ,  tha t  thi s i s (a t  least )  a  possibility .  I n ou r  example ,  th e firs t  an d thir d sentence s o f  th e 
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paragrap h remai n th e sam e bu t  th e bod y o f  th e argumen t  i s change d to :  "  Automati c loom s wer e als o 

considere d a  grea t  innovatio n i n thei r  da y an d resulte d i n a  redistributio n o f  th e wor k force .  "  T h e 

compariso n o f  computer s an d th e automati c loo m i s base d o n thei r  bot h bein g a n exampl e o f  a  ne w 

technolog y tha t  hav e radicall y affecte d th e surroundin g community .  Th e implicatio n i s tha t  us e o f 

computer s wil l  als o caus e los s o f  jobs .  F ro m there ,  i t  i s  a  fairl y  straigh t  forwar d inferenc e tha t  peopl e 

wil l  b e unhappy .  Th e representatio n fo r  "Automati c Loom "  look s lik e S0F3 . 

S0F3: INTRODUaiON OF AutonitlC LooB 

AKO:  Ne w Technolog y 

TIME:  Pis t 

TIH E COURSE:  Shor t 

RESULT:  Unhappines s 

Both the AKO and TIME COURSE slots match those for COMPUTERS frame. If two frames have 

th e sam e A K O SLOTs ,  the n the y ar e bot h member s o f  th e sam e genera l  categor y an d ma y b e 

compared .  N o alteratio n o f  th e categor y structur e wil l  occu r  no r  i a an y featur e fro m th e categor y fram e 

bein g use d t o mak e th e argument .  Th e mor e slot s tw o frame s shar e th e stronge r  th e comparison .  I f 

one fram e ha s a  slo t  fille d tha t  th e othe r  ha s blank ,  a n I P - N E E D E D connectio n i s mad e fro m on e slo t  t o 

th e other .  I n thi s case ,  th e resul t  slo t  fro m C O M P U T E RS ca n b e fille d wit h tha t  fro m A U T O L O O M, 

i f  th e informatio n i s desired .  Th e slo t  fillin g i s no t  a  logica l  necessit y an d thi s i s reflecte d i n th e IF -

N E E D ED connection .  Th e resul t  here ,  redistributio n o f  th e wor k force ,  i s A K O socia l  change .  Th e 

conclusio n derive s fro m th e fram e S O C I A L C H A N G E ' S R E S U L T slot .  Th e connection s i n thi s 

argumen t  ar e no t  a s direc t  a s i n th e previou s one .  Th e procedur e fo r  connectin g th e frame s is : 

Proceiur t  S 

I f  A K O •SLOT *  o f  X  match s A K O 'SLOT *  o f  Y  the n creat e pointe r  fro m X  t o Y . 

T h e deductiv e o r  categorica l  argumen t  ha s th e traditiona l  syllogisti c structur e underlyin g it .  Firs t 

categor y membershi p i s asserte d fo r  th e objec t  o r  ide a bein g debated .  Then ,  b y virtu e o f  membership , 

othe r  feature s fro m th e categor y ar e attribute d t o it .  Wit h th e sam e topic ,  a  categorica l  argumen t 

woul d b e 

New technologie s ar e a  featur e o f  socia l  change .  Socia l  chang e i s alwa y disruptiv e fo r  thos e livin g i n th e 
curren t  establishe d culture . 

On the surface, this support is similar to the causal or analogical argument and a similar causal 

structur e underlie s thi s category .  Th e representatio n an d procedure s o f  thi s argument ,  however ,  ar e 

different .  UnUk e analog y base d arguments ,  th e A K O sk> t  i s use d t o procee d t o a  highe r  level ,  i n thi s 

cas e t o th e fram e S O C L \ L C H A N G E.  A s a  member  o f  th e categor y S O C I A L C H A N G E,  th e fram e 

C O M P U T E RS inherit s an y slot s tha t  d o no t  contradic t  existing s ones .  Th e relationshi p i s a  necessar y 

one ,  i f  somethin g i s a  member  o f  a  category ,  the n i t  mus t  posses s feature s store d a t  th e categor y level . 

T h e slo t  i s  fille d wit h procedur e 3 . 

Procedur e S 

Fil l  empt y C O P*  slo t  wit h P R O P E R TY slot(s )  fro m SOF *  indicate d i n A K O slot . 

The three procedures represent the way frzunes are connected for the three basic supports. These 

same processe s ar e genera l  enoug h fo r  othe r  use s an d captur e ou r  intuition s o f  ho w knowledg e i s 

structured .  Th e mode l  handle s counter-argumen t  a s th e creatio n o f  ne w argument s o r  ne w link s t o 

existin g structures .  W e wil l  expan d thi s mode l  t o includ e a n evaluatio n o f  relevanc e t o determin e whic h 

feature s ar e mos t  importan t  i n eac h cas e o f  calculate d similarity .  Argumen t  provide s a  domai n fo r 

explorin g th e creatb n an d modificatio n o f  knowledg e structure s an d dynami c interpla y o f  ne w 

informatio n an d pas t  experience . 
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ABSTRACT 
A genera l  purpos e mode l  an d learnin g progra m ar e describe d whic h accoun t  fo r  th e phenomen a o f  laten t  learnin g an d irrelevant -
incentiv e learning .  Th e mod d i s compose d o f  thre e separat e goa l  pursui t  leveb .  A t  th e lowes t  (latent )  leve l  ar e th e constant ,  implici t 
goal s associate d wit h th e system' s memor y managemen t  mechanisms .  A t  a  highe r  (overt )  leve l  ar e th e dynamic ,  explici t  behaviora l 
goal s whic h th e implici t  goal s enabl e b y manipulatin g memor y representation s t o confor m t o th e externa l  surroundings .  A t  th e 
highes t  (metarovert )  leve l  th e laten t  leve l  employ s knowledg e a s meta-schemata .  Functiona l  specific s whic h enabl e th e progra m t o 
demonstrat e th e learnin g behavio r  i n a  maz e environmen t  ar e discussed . 

1.0 Introduction and Relevant Historical Perspective 

Prio r  t o th e IQSO' s psychologist s associate d learnin g wit h performance .  Fo r  Pavlov ,  T h o m d i k e ,  Hull , 

Spence ,  etc .  learnin g w a s a  reinforcemen t  o f  stimulus-respons e associations .  I n 192 4 S i m m o n s observe d a 

contrar y phenomenon .  Unrewarde d rat s allowe d t o explor e a  m a z e wer e jus t  a s capabl e o f  finding  thei r 

w ay t o foo d durin g subsequen t  rewarde d trial s a s animal s whic h wer e rewarde d continuously .  Blodget t 
(1929 )  terme d thi s learnin g "latent "  becaus e th e animal s acquire d m a z e knowledg e i n th e absenc e o f  an y 
demonstratio n o f  learning .  Blodgett' s  conclusio n contradicte d th e firmly  entrenche d L a w o f  Effect ,  an d 
Hull' s  theor y o f  driv e reduction ,  whic h requir e behaviora l  reinforcemen t  t o strengthe n th e S- R connection s 

of  learning .  Earl y cognitivist s (To lma n an d Honzik ,  1930 )  explaine d Blodgett' s  conclusio n i n term s o f 
cognitiv e knowledg e o f  goal s an d goa l  acquisition .  T h e vas t  majorit y o f  m o d e m theorist s continu e t o con -
side r  learnin g t o b e goa l  directed . 

The split from earlier S-R theory is a result of two important observations from the latent learning experi-

ment s (Thistlethwaite ,  1951) .  First ,  reinforcement ,  suc h a s foo d o r  water ,  i s  no t  necessar y fo r  learnin g t o 
occTir .  Second ,  learnin g shoul d b e distinguishe d from  performance .  Knowledg e nee d no t  b e manifes t  fo r 
learnin g t o occur .  Informatio n i s  ofte n 'known '  an d no t  demonstrate d unti l  th e prope r  motivatio n i s 
presented .  Bearin g thes e distinction s i n mind ,  i t  i s  possibl e t o recogniz e tw o differen t  paradigm s whic h 
nee d t o b e explaine d b y learnin g models .  O n e typ e o f  experimen t  utilize s unrewarde d trials ,  o r  explorato -
r y behavior ,  t o tes t  th e subject' s abilit y  t o lear n h o w t o arriv e a t  a  locatio n tha t  ha s bee n associate d wit h 
a reward .  Experiment s o f  thi s typ e ar e testin g laten t  learning .  A  secon d typ e o f  experimen t  test s th e 
subjects '  abilit y  t o lear n h o w t o arriv e a t  th e locatio n o f  a n objec t  tha t  w a s irrelevan t  a t  th e tim e o f  expo -
sure .  A n exampl e o f  a n irrelevan t  objec t  i s  foo d whic h ha s bee n rendere d irrelevan t  b y feedin g subject s t o 
th e poin t  o f  satiation .  Ebcperiment s o f  thi s sor t  tes t  irrelevant-incentiv e learning . 

A program capable of both types of behavior will be described here. For the sake of simplicity, these two 
experimenta l  paradigm s wil l  onl y b e distinguishe d i n thi s discussio n wher e specifi c  progra m operation s dis -
tinguis h th e two . 

2.0 Levels of Goals and the Caiises of Learning 

Sinc e learnin g doe s occu r  i n th e absenc e o f  reinforcemen t  an d withou t  associate d performance ,  previou s 
learnin g theorie s relyin g o n reinforcemen t  ar e no t  satisfactory .  I n formulatin g n e w model s th e obviou s 
questio n t o as k is :  wha t  ar e th e cause s o f  learning ? Fou r  possibl e explanation s c o m e t o mind : 
(l ]  Learnin g i s no t  goa l  directed .  Thi s positio n i s difficul t  t o conclusivel y prov e o r  disprove ,  howeve r  th e 
nonrando m natur e o f  learnin g suggest s tha t  learnin g i s eithe r  goa l  directed ,  or ,  tha t  animal s atten d t o an d 
stor e ever y experientia l  event .  T h e late r  doe s no t  see m supportable ,  s o i t  mus t  b e conclude d tha t  learnin g 
is ,  i n som e way ,  associate d wit h goals . 

Thi t  reiearc h wa i  tuppoHe d i n par t  b y ik e Nationa l  Scienc e Foundatio n *nde r  gran t  IST-81-i088 5 an d th e Nava l  Ocea n Sy$ier m 
Cente r  unde r  contract !  N001SS-81-C-107 8 an d N86001-8S-C-0t55 . 
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[2 ]  Subject s i n th e laten t  learnin g an d irrelevant-incentiv e learnin g paradigm s receiv e reinforcemen t  i n 

ways othe r  tha n feedin g o r  drinkin g and ,  thus ,  th e Hullia n Mode l  o f  stimulus-respons e adequatel y explain s 

th e phenomena .  A  numbe r  o f  author s hav e argue d tha t  th e rat s lear n th e maz e becaus e the y ar e drive n b y 

suc h thing s a s a  nee d fo r  handlin g o r  a  desir e t o escap e th e maze .  Th e experimenta l  result s ar e ver y com -

ple x an d th e possibilit y  fo r  m a n y type s o f  reinforcemen t  ca n no t  b e totall y rule d out ,  bu t  a s 

Thistlethwait e shows ,  reinforcemen t  doe s no t  adequatel y explai n th e entir e laten t  learnin g effect .  M a n y 

others ,  includin g Mackintos h (1974 )  an d Bowe r  an d Hilgar d (1981) ,  hav e als o effectivel y dismisse d th e 

reinforcemen t  cirgimients ,  thus ,  th e consensu s i s tha t  laten t  learnin g i s a  rea l  phenomeno n whic h i s no t  ex -

plaine d b y th e L a w o f  Effec t  o r  reinforcemen t  theory . 

[3 ]  A  modifie d versio n o f  th e Hullia n Mode l  o f  stimulus-respons e explain s th e laten t  learnin g phenomena . 

Thi s positio n i s no t  supporte d b y th e evidence .  Agai n Thistlethwaite ,  Mackintosh ,  an d other s effectivel y 

argu e agains t  this .  Th e S- R mode l  o f  learnin g i s generall y no t  accepte d today ,  s o th e argumen t  wil l  no t  b e 

carrie d o n here . 

[4 ]  Learnin g i s goa l  based ,  bu t  ther e ar e multipl e level s o f  goa l  pursuit ,  som e o f  whic h hav e no t  bee n pre -

viousl y recognised .  (Goa l  i s use d her e t o mea n objective ,  includin g th e pursui t  o f  a n endeavor ,  suc h a s 

Hull' s  driv e reduction. )  A t  on e leve l  th e organis m pursue s goal s suc h a s eatin g an d drinking ,  an d a t 

anothe r  leve l  th e pursui t  o f  a  differen t  typ e o f  goa l  explain s phenomen a suc h a s laten t  learnin g an d 

irrelevant-incentiv e learning .  A t  leas t  on e publicatio n ha s speculate d o n th e possibilit y  o f  another ,  les s 

obvious ,  leve l  o f  goa l  pursuit .  O'Keef e an d Nade l  (1978 )  argued ,  withou t  detailin g th e mechanism s where -

by i t  occurs ,  tha t  rat s ar e drive n t o creat e cognitiv e maps . 

The most platisible explanation for learning seems to involve multiple levels of goal pursuit, but if multi-

pl e level s o f  goa l  directio n d o exist ,  the n th e earlie r  questio n ca n b e rephrase d t o ask :  wha t  ar e th e variou s 
goal  level s associate d wit h learning ? 

The GEL model (Granger, 1983a, 1983b) propose-* three levels of goal pursuit. At the lowest level, innate, 
laten t  mechanism s semi-autonomousl y pursu e constan t  goal s whic h creat e an d manipulat e memor y struc -

ture s i n suc h a  wa y tha t  knowledg e and ,  thus ,  performance ,  eventuall y confor m t o th e externa l  environ -

ment .  Th e goal s a t  thi s leve l  ar e functionall y invariant ,  bu t  th e structure s tha t  th e mechanism s operat e 

on vcir y dynajnicall y wit h th e goal s o f  th e higher ,  over t  leve l  whic h chang e i n respons e t o th e varyin g 

need s o f  th e organism .  Thi s distinctio n betwee n functiona l  invarianc e wit h dynami c target s a t  th e laten t 
leve l  an d dynami c goal s a t  th e over t  leve l  ca n b e likene d t o a  packin g machin e i n a  sod a factory .  On e da y 

th e machin e m a y b e employe d t o plac e orang e sod a i n th e cartons .  Th e nex t  day ,  dependin g o n th e 

(overt )  need s o f  th e plant ,  cherr y sod a m a y b e packe d int o carton s wit h differen t  labels .  Th e machin e 
continue s from  da y t o da y performin g th e sam e functio n (packin g 2 4 bottle s a t  a  tim e int o a  carton) ,  bu t 

usin g th e bottle s an d boxe s targete d b y th e higher ,  over t  leve l  o f  th e plant .  Th e over t  goal s o f  th e plan t 

var y i n th e sam e wa y a s th e over t  goal s o f  th e organis m chang e t o reflec t  a  dynami c environmen t  an d th e 

way th e organis m mus t  respon d t o it .  I f  th e anim£ j  ha s bee n starved ,  th e laten t  mechanism s assis t  th e 

anima l  i n finding  food .  I f  i t  ha s bee n deprive d o f  water ,  th e laten t  mechanism s stil l  searc h an d matc h 
data ,  bu t  now ,  instea d o f  matchin g memor y structure s tha t  pertai n t o food ,  th e mechanism s wi U b e con -

cerne d wit h knowledg e relate d t o water . 

The third level of goal pursuit accounts for still higher level goals such as reasoning, planning, and possi-

bl y learnin g se t  learning .  A t  thi s leve l  th e orgcinis m manipulate s lo w leve l  knowledg e wit h othe r  lo w leve l 

knowledge .  Thi s leve l  i s  calle d th e meta-over t  leve l  becaus e th e lo w leve l  knowledg e serve s a  met a rol e i n 

th e acquisitio n o f  over t  goals . 

3.0 Examples of Latent Mechanisms 

8. 1 Introductio n t o th e P r o g r a m 
CEL- 0 i s a  progra m embodimen t  o f  th e G E L (Gomponent s o f  Experientia l  Learning )  mode l  o f  learnin g 

and memory .  Th e program ,  lik e th e model ,  consist s o f  twelv e paralle l  an d semi-independen t  primitive s 

whic h buil d an d manipulat e hierarchica l  memories .  Thes e operator s collectivel y perfor m five  classe s o f 

dat a manipulatio n o n memor y representation s terme d episodi c schemata .  I n brief ,  th e twelv e operator s 

hav e th e followin g functions : 
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Receptio n Operator a 

D E T T E CT -  sensor y event s from  th e variou s modalitie s (sight ,  touch ,  etc.) . 
S E L E CT -  ivel y atten d t o sensor y input s o n th e basi s o f  pas t  experience . 

N O T I CE -  inpu t  whic h matche s th e desirabl e an d undesirabl e state s an d trigge r  C O L L E C T. 

COLLEXII T -  sensor y event s int o packet s (episodi c schemata )  fo r  memor y storage . 

I N D E X -  schemat a int o th e memor y hierarch y fo r  futur e reference . 

Retrieval Operators 

R E M I ND -  th e syste m o f  pas t  experience s whic h ar e relate d t o th e presen t  situation . 

A C T I V A T E -  R E M I N D e d schemat a base d o n predictiv e value s o f  schemat a an d behavio r  desired .  A C -

T I V A T E trigger s reconstruction . 

Reconstruction Operators 
E N A CT -  th e appropriat e efferen t  action s i n th e activ e schema ;  tun e SELEXDT t o atten d t o predicte d 

afferen t  events . 
S Y N T H E S I ZE -  ne w schemat a b y matchin g input s agains t  predicte d events ;  trigge r  refinemen t  operator s 

t o modif y schem a base d o n matche s o r  mismatches . 

Refinerrunt Operators 
R E I N F O R CE -  strengthe n successfu l  schemat a t o reflec t  thei r  predictiv e success . 

B R A N CH -  withi n a  schemat a t o indicat e mismatche s 
D E T O UR -  withi n a  schemat a t o indicat e branche s t o b e avoided . 

In the maze environment these mechanisms combine to enable CEL-0 to demonstrate a latent learning 
abilit y  enabl e CEL- 0 t o demonstrat e t o demonstrat e a  laten t  learnin g abilit y  simila r  t o rats .  A  run-tim e 
listin g o f  CEL-O' s mas e performiinc e i s availabl e i n [McNult y an d Granger ,  1985] . 

To understand CEL-O's operation it is convenient to divide its activity into two functionally distinct 
classes :  th e acquisitio n o f  knowledg e an d th e us e o f  tha t  learne d knowledg e (i.e .  performance) .  Thi s dis -
tinction ,  however ,  i s  completel y artificial .  CEL- 0 i s constantl y learning ,  an d thus ,  i t  i s  difficul t  t o distin -
guis h betwee n CEL-O' s learnin g an d performance ,  bu t  th e distinctio n i s usefu l  fo r  purpose s o f  analysis .  A 
detaile d explanatio n o t  ho w CEL- O perf<»in s i n th e mas e i s provide d i n [Grange r  an d McNulty ,  1984a , 
1984b ]  an d [McNult y an d Granger ,  1985] .  Thi s discussio n wil l  focu s o n th e laten t  role s tha t  som e o f  th e 
operator s pla y an d ho w the y interac t  wit h th e over t  level . 

8.2 The Role of Latent Mechanisms in the Acquisition of Knowledge 
Durin g th e explorator y phas e o f  th e laten t  learnin g experimen t  CEL- 0 i s satiate d and ,  thus ,  possesse s n o 
over t  goal .  W h e n first  place d i n th e mas e CEL- 0 'knows '  nothin g o f  th e environmen t  itself .  I t  begin s wit h 

fou r  innat e schemat a (mov e forward ,  tur n left ,  tur n right ,  an d tur n around )  an d knowledg e o f  whe n thos e 
schemat a apply .  CEL-O' s knowledg e o f  th e maz e i s constructe d from  th e sensor y inpu t  i t  encounter s a s i t 
negotiate s th e maze . 

3.2.1 The NOTICE Operator 
N O T I CE ha s th e innat e goa l  o f  comparin g afferen t  sensor y event s wit h event s o n th e Desirabl e Stat e 
List(DSL )  an d th e Undesirabl e Stat e List(USL) .  Th e D S L an d U S L ar e dynami c structure s whic h chang e 
as CEL-O' s over t  goal s chang e i n respons e t o th e ambien t  environmen t  an d innat e need s (e.g. ,  hunger , 
thirst) .  An y matc h indicate s tha t  CEL- 0 ha s experience d somethin g o f  not e an d shoul d stor e awa y fo r  pos -
sibl e late r  us e th e experience s whic h lea d u p t o tha t  event . 

8.2.2 The COLLECT and INDEX Operators 

C0LLEX!3 T an d I N D E X ar e th e operator s responsibl e fo r  creatin g episodi c schemat a an d placin g the m i n 
memory fo r  late r  use .  C O L L E C T group s th e mos t  recen t  sensor y event s <i s a  schema ,  place s th e schem a 

i n th e memor y hierarchy ,  an d call s I N D E X t o creat e pointer s t o th e ne w piec e o f  knowledg e s o tha t  i t  i s 
recallable .  Becaus e th e pointer s ar e th e onl y link s betwee n presen t  an d past ,  i t  i s  critica l  tha t  th e correc t 
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attribute s b e indexed .  INDE X use s th e first  an d las t  sensor y event s o f  th e episod e a s pointers .  Th e forme r 

allow s CELr O t o find  episode s relate d t o curren t  sensor y events .  Th e latter ,  calle d th e goa l  index ,  enable s 

CEL- 0 t o find  schemat a associate d wit h over t  goals .  I n th e laten t  learnin g paradig m tw o circumstance s 

caus e th e creatio n o f  ne w memorie s (se e [Grange r  an d McNulty ,  1984 ]  fo r  a  mor e complet e discussion) : 

a)SYNTHESIZ E detect s a  successfu l  completio n o f  a n ACTIVATE d schem a 

b) a N O T I C E o f  a n even t  o n th e DS L o r  US L 

I N D E X i s veste d wit h a n additiona l  goa l  whic h play s a  ver y importan t  par t  i n CEL-O' s abilit y  t o improv e 

it s performanc e durin g rewarde d trials .  A  COLLE^CTed schem a i s compose d o f  seve n sensor y event s 

representin g th e mos t  recen t  CEL- 0 experiences .  Frequently ,  onl y a  subse t  o f  tha t  grou p i s pertinen t  t o 

th e over t  goa l  whic h cause d th e schem a t o b e lai d dow n i n memory .  Th e event s no t  pertinen t  t o th e goa l 

ar e extr a baggag e whic h CEL- 0 may ,  bu t  probabl y not ,  find  usefu l  durin g performance .  INDE X help s th e 

refinemen t  o f  performanc e b y creatin g man y schemat a from  th e on e original .  Eac h newl y create d schem a 

i s a  sequentia l  subse t  o f  th e origina l  event s CEL- 0 experienced .  Thi s functio n i s calle d 'sensitivit y analysis ' 

sinc e th e ne t  effec t  i s  t o tes t  th e individua l  sensor y event s fo r  relevanc e t o th e outcom e o f  th e schema . 

8.S The Role of Latent Mechanisms m Performance 

Durin g initia l  trial s i n th e maz e CEL- 0 acquire s knowledg e o f  th e maz e a s i t  'explores '  wit h n o over t  goal . 

Exploratio n i s drive n b y CEL-O' s laten t  goa l  leve l  wher e th e innat e mechanism s autonomousl y g o abou t 

satisfyin g thei r  goals .  I n subsequen t  trial s CEL- 0 i s mad e hungr y an d foo d i s place d a t  on e en d o f  th e T -

maze.  Durin g th e rewarde d trials ,  CEL- 0 must : 

a)  associat e th e nee d (satisf y himger )  wit h th e rewar d 

b)associat e th e locatio n o f  th e rewar d wit h store d schemat a 

c)  A C T I V A T E th e appropriat e schemat a 

d)Improv e performanc e b y refinin g learne d schemat a int o mor e appropriat e ne w schemat a 

S.S.I The NOTICE Operator 

On th e first  rewarde d tria l  CEL- 0 proceed s a s o n previou s trial s becaus e i t  ha s n o knowledg e o f  th e rewar d 
unti l  i t  i s  encountered .  Onc e detected ,  N O T I C E initiate s a  C O L L E CT an d INDE X whic h result s i n ep -

isodi c schemat a indexe d b y an d terminatin g i n 'th e sigh t  o f  food' .  I f  allowe d t o eat ,  N O T I C E wil l  als o 

COLLEXJT an d INDE X schemat a whic h resul t  i n 'consumptio n o f  food' .  Th e distinctio n betwee n thes e 

tw o schemat a i s importan t  t o CEL-O' s performanc e i n th e irrelevant-incentiv e learnin g experiment s be -
caus e schemat a resultin g i n th e 'sightin g o f  food '  whe n satiate d mus t  b e associate d wit h schemat a result -
in g i n th e 'consumptio n o f  food '  whe n hungry . 

S.S.2 The REMIND Operator 
REMIND' s goa l  i s  t o matc h afferen t  sensor y event s an d goal s agains t  previousl y store d indices .  A  matc h 

means tha t  a  curren t  sensor y even t  i s  relate d t o a  previou s experience . 

S.S.S ACTIVATion of Schemata 

REMINDed schemat a migh t  b e prediction s o f  futur e experiences .  ACTIVATE' s jo b i s t o choos e th e bes t 

possibl e predicto r  (schema )  give n CEL-O' s curren t  goals .  A C T I V A T E proceed s autonomousl y applyin g 

metric s o f  compariso n an d matchin g schemat a result s t o goa l  relationships .  Th e goal s i t  matche s agains t 
ar e th e dynami c goal s communicate d from  th e over t  goa l  level . 

S.S.4 ENACTment of Efferent Actions 
Episodi c schemat a ar e compose d o f  tw o type s o f  events .  On e typ e o f  even t  result s from  environmenta l 

sensor y dat a whic h CEL- 0 ha s encountered .  Th e othe r  typ e o f  even t  represent s th e sensor y dat a CEL- 0 

has perceive d o f  it s  ow n actions .  CEL- 0 respond s t o it s environment ,  an d a s a  resul t  perceive s ne w sensor y 

dat a whic h represen t  a  ne w situatio n i n th e environment .  CEL- 0 mus t  no w respon d t o tha t  ne w situation . 

Thus ,  fo r  a  schem a t o b e a n accurat e predicto r  o f  a n outcome ,  CEL- 0 mus t  usuall y effec t  action s compar -

abl e t o thos e containe d i n th e store d schema .  ENACT' s goa l  i s  t o searc h th e activ e schem a fo r  thes e 

efferen t  act s sm d initiat e them . 

S.S.S The SYNTHESIZE Operator 
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S Y N T H E S I ZE ha s responsibilit y  fo r  constructin g ne w schemat a ft-om  previousl y store d episodes .  I t  doe s 

thi s i n concer t  wit h R E M I N D an d A C T I V A T E .  Recal l  tha t  ne w sensor y input s ar e constantl y causin g 

R E M I N DS o f  previou s experience s an d A C T I V A T E i s selectin g schemat a whic h migh t  serv e a s tool s fo r 

achievin g over t  goals .  Th e E N A C T e d efferen t  event s caus e ne w sensor y event s an d th e 

R E M I N D / A C T I V A T E proces s continues .  A s CEL-O' s locatio n i n th e mat e changes ,  A C T I V A T E m a y 

selec t  a  mor e appropriat e schem a ove r  th e on e tha t  i s currentl y active .  Th e ne w schem a wil l  hav e ne w 

efferen t  event s whic h wil l  caus e ne w sensor y stimulation .  Al l  o f  thes e sensor y events ,  ne w an d old ,  wil l  b e 

incorporate d b y S Y N T H E S I Z E int o ne w schemat a whic h wil l  b e COLLEXDTed an d INDEXed .  I n thi s 

way,  new ,  refine d schemat a ar e constructe d fro m previou s experiences. .  Thes e ne w schemat a can ,  i n turn , 

be furthe r  refine d b y th e sam e proces s durin g late r  trial s i n th e maze .  [McNult y an d Granger ,  1985 ] 
discusse s thi s i n mor e elaborat e detai l  an d show s ho w thes e mechanism s wor k wit h sensitivit y analysi s t o 

produc e a  stepwis e refinemen t  o f  behavior . 

8.8.6 REINTORCEment 

A C T I V A T Ed schemat a ar e predictions .  Som e prediction s prov e t o b e successfu l  an d som e d o not .  A  suc -

cessfu l  predicto r  i s mor e usefu l  tha n a n unsuccessfu l  predicto r  and ,  a s such ,  deserve s specia l  statu s amon g 
CEL-O' s store d experiences .  W h e n S Y N T H E S I Z E detect s th e successfu l  completio n o f  a n A C T I V A T E d 

schema,  R E I N F O R CE i s triggere d t o mar k tha t  schem a a s successfu l  A C T I V A T E wil l  us e tha t 
strengthenin g a s on e o f  it s metric s whe n selectin g th e bes t  availabl e predictor . 

4.0 Conclusions 
Experiment s from  th e psycholog y literatur e sugges t  tha t  som e type s o f  learnin g ca n no t  b e explaine d b y 

th e unidimensiona l  goa l  directio n man y previou s learnin g theorist s hav e employed .  T w o suc h type s o f 
learnin g ax e laten t  learnin g an d irrelevant-incentiv e learning .  A  multidimensiona l  syste m involvin g thre e 

level s o f  goa l  directio n seem s a  mor e reasonabl e explanatio n o f  learning .  Th e lowes t  leve l  i s  th e laten t 
leve l  wher e semi-autonomou s mechanism s operat e t o m a p th e externa l  environmen t  ont o th e interna l  dat a 
structure s suc h tha t  th e organism' s behavio r  conform s t o th e externa l  surroundings .  Th e goal s a t  thi s lev -

el  ar e implicit ,  innat e and ,  thus ,  unchanging .  A t  a  highe r  level ,  an d workin g i n concer t  wit h th e laten t 
mechanisms ,  i s th e over t  leve l  wher e goal s ar e dynamic ,  reflectin g th e changin g desire s an d changin g en -
vironmen t  th e organis m finds  itsel f  in .  A t  th e highes t  level ,  existin g knowledg e structure s (i.e .  episodi c 
schemata )  ar e use d a s meta-schemat a t o pursu e over t  goals .  Typica l  function s a t  th e meta-over t  leve l 
are :  reasonin g abou t  prio r  experienc e (suc h a s deductio n an d induction) ,  planning ,  understanding ,  selec -
tio n o f  schemat a fo r  activation ,  an d 3- D rotatio n o f  spatia l  knowledge .  Thes e thre e level s workin g i n con -

cer t  enabl e simpl e structure s t o exhibi t  comple x behavior . 
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CONNECTIONISTIC LEARNIN G I N REAL TIME :  SUTTON-BARTO ADAPTIV E 
ELEMENT AN D CLASSICA L CONDITIONIN G O F TH E NICTITATIN G MEMBRANE 
RESPONSE 

J.W. MOORE, J.E. DESMOND. N.E. BERTHIER, D.E.J. BLAZIS, 
R.S .  SUTTON,  AN D A.Q .  BARTO 

Departments o-f Psycholoqy and Computer and Information Science, 
Universit y o f  Massachusetts-AmheriB t 

Sutton and Barto's model o-f connectioni«tic learning by 
a neuron-lik e adaptiv e elemen t  predict s man y aspect s o f 
classica l  conditioning ,  includin g acquisition ,  extinction , 
interstimulu s interva l  effect s i n trac e conditioning , 
overshadowing ,  Kami n blocking ,  an d conditione d inhibitio n 
(Bart o i (  Sutton ,  1932 ? Sutto n 8< Barto ,  1981) .  Th e equation s 
governin g th e learnin g process ,  i.e. ,  th e moment  t o moment 
change s i n th e "synapti c weights "  associate d wit h CSs ,  depen d 
on tw o memor y processes .  Th e firs t  i s  a  loca l  decayin g trac e 
representin g th e after-effec t  o f  inpu t  t o th e elemen t  fro m a 
CS.  Th e secon d i s th e trac e o r  memor y o f  th e element' s outpu t 
durin g th e precedin g computationa l  epoch .  Th e element' s outpu t 
or  respons e i s simpl y th e weighte d su m o f  it s inputs ,  an d th e 
equatio n fo r  modifyin g weight s i s basicall y equivalen t  t o th e 
Rescorla-Waqne r  mode l  o f  associativ e learning .  Th e outpu t 
trac e i s interprete d a s th e element' s predictio n o f  it s 
behavio r  durin g th e curren t  computationa l  epoch . 

Thi s repor t  outline s a n extensio n o f  th e Sutton-Bart o 
model  t o th e classicall y conditione d nictitatin g membran e (NM ) 
respons e o f  th e rabbit ,  a  widel y adopte d "mode l  system "  fo r 
theoretica l  an d neurobiologica l  studie s o f  learnin g an d memory . 
The rabbi t  N M an d relate d ey e blin k respons e offe r  a n extensiv e 
experimenta l  literatur e fo r  assessin g th e performanc e o f  th e 
model  (Gormezano ,  Kehoe ,  S< Marshall ,  1983) .  Ou r  approac h migh t 
be applie d t o othe r  instance s o f  classica l  conditioning ,  bu t 
th e mathematica l  details ,  suc h a s constraint s o n functions , 
constants ,  an d parameters ,  woul d n o doub t  var y fro m on e cas e t o 
th e next . 

Our  studie s o f  th e propertie s o f  th e Sutton-Bart o mode l 
ar e concerne d wit h th e developmen t  o f  variant s o f  th e basi c 
model  capabl e o f  generatin g th e for m o r  topograph y o f 
conditione d response s (CRs )  a s the y unfol d i n rea l  tim e withi n 
trials .  Generatin g C R topograph y necessitate s th e impositio n 
of  constraint s o n th e variable s o f  th e model .  Give n 
constraint s tha t  mode l  C R topograph y fo r  comparativel y simpl e 
protocols ,  suc h a s acquisitio n wit h a  singl e C S i n a  forwar d 
dela y paradigm ,  th e questio n become s whethe r  th e sam e 
constraint s hol d fo r  mor e comple x protocols ,  suc h a s seria l 
compound s conditionin g an d conditione d inhibition ,  i n whic h tw o 
CSs Ar e involved .  I n short ,  ho w vali d ac q th e model' s 
prediction s ove r  a  rang e o f  trainin g paradigms ? 

To appreciat e wh y effort s t o mode l  C R topograph y ar e 
interestin g fro m th e perspectiv e o f  A I  an d neuroscience , 
conside r  th e followin g rationale :  On e begin s wit h th e 
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hypothesi s tha t  a  sinql e adaptiv s olament ,  whic h i s basicall y a 
linea r  devic e wit h multipl e inpu t  line s an d a  singl e grade d 
output ,  i s  capabl e o- f  modelin g al l  o- f  th e characteristic s o- f 
th e syste m unde r  consideration ,  i n thi s cas e th e N M CR.  Th e 
neMt  ste p i s t o selec t  speci-fi c  mathematica l  expression s 
relatin g variable s an d parameter s o f  th e mode l  t o eac h othe r 
and t o time .  Thi s ste p ha s man y earmark s o- f  curv e -fittin g bu t 
wit h th e importan t  di-fferenc e tha t  selecte d function s mus t 
adher e t o th e broade r  constraint s o f  th e model .  Th e thir d ste p 
i s t o determin e th e exten t  t o whic h th e detaile d mode l  ca n 
describ e th e expermenta l  literatur e surroundin g th e syste m 
unde r  scrutin y an d mak e nove l  predictions .  Failure s o f  th e 
model  guid e subsequen t  theoretica l  development .  I n th e domai n 
of  connectionisti c learnin g o f  interes t  t o th e authors ,  thes e 
theoretica l  development s woul d entai l  network s o f  adaptiv e 
elements .  We believ e th e problem s associate d wit h th e 
developmen t  o f  a  comprehensiv e theoretica l  renderin g o f  th e N M 
CR ma y poin t  th e wa y towar d a  bette r  understandin g o f  ho w 
connectionisti c learnin g migh t  b e linke d t o problem s o f 
adaptiv e sensory-moto r  contro l  encountere d b y livin g organism s 
and intelligen t  machines . 

Spac e limitation s preclud e a  descriptio n o f  th e 
mathematica l  detail s o f  th e Sutton-Bart o mode l  tha t  produce d 
th e simulation s presente d i n thi s paper .  Th e constraint s 
impose d o n th e mode l  wer e designe d t o reflec t  th e activit y o f 
singl e neuron s o f  th e brai n ste m wit h firin g pattern s relate d 
t o th e N M C R i n a  forwar d dela y conditionin g paradig m an d wit h 
an interstimulu s interva l  o f  35 0 mse c betwee n th e onse t  o f  th e 
CS an d th e onse t  o f  th e DCS.  Th e followin g ar e som e o f  th e 
consideration s tha t  shape d th e contraint s impose d o n th e 
Sutton-Bart o model : 

^1 .  C R relate d neuron s i n thi s paradig m rarel y hav e 
baselin e firin g rate s lowe r  tha n lO-Hz .  Thei r  maximu m firin g 
rat e rarel y exceed s 13(a-Hz . 

2.  Followin g th e onse t  o f  a  CS ,  spike s Ar e recruite d 
at  a  slo w rate .  Abou t  15 0 mse c afte r  C S onset ,  spik e 
recruitmen t  increase s sharpl y an d continue s t o increas e i n a 
negativel y accelerate d fashio n throughou t  th e remainde r  o f  th e 
interstimulu s interval . 

3.  Onse t  o f  th e UCS result s i n a  rapi d recruitmen t  o f 
spike s t o a  rat e nea r  th e maximu m o f  130-Hz .  Thi s hig h firin g 
rat e persist s unti l  UC S offset ,  afte r  whic h firin g initiate d b y 
th e UCS decline s geometricall y towar d baseline .  Th e 
contributio n o f  th e UCS t o th e neuron' s firin g diminishe s wit h 
CR acquisitio n becaus e th e conditionin g proces s anticipate s th e 
UCS an d therefor e produce s firin g rate s nea r  th e maximum .  Fo r 
thi s reason ,  post-UC S firin g tend s t o declin e wit h learning ,  a n 
observatio n tha t  migh t  b e relate d t o "conditione d diminutio n o f 
th e UCR" . 

4.  Othe r  constraint s concerne d th e change s i n th e 
topograph y o f  th e N M C R ove r  th e cours e o f  acquisitio n an d 
extinctio n trials :  <a )  C R latenc y decrease s progressivel y 
durin g acquisitio n an d increase s durin g extinction .  (b )  C R 
amplitud e increase s progressivel y durin g acquisitio n an d 
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decrease s durin g SKtinction .  Ncverthelems ,  pea k C R amplitud e 
tend s t o coincid e wit h th e onse t  0 + th e UCS. 

5.  Th e fina l  constrain t  concern s th e effec t  o f 
interstimulu s interva l  o n th e efficac y o f  conditioning .  Th e 
model  Ma s require d t o yiel d progressivel y poore r  conditionin g 
unde r  a  dela y conditionin g paradig m wit h interstimulu s 
interval s greate r  tha n th e recognise d optima l  interva l  fo r  th e 
preparatio n o f  250-35 0 msec .  Th e unconstraine d Sutton-Bart o 
model  yield s a n appropriat e interstimulu s interva l  functio n fo r 
trac e conditionin g bu t  no t  fo r  dela y conditioning . 

Modification s o f  th e Sutton-Bart o mode l  tha t  satisf y 
th e abov e constraint s wer e arrive d a t  largel y b y tria l  an d 
error .  Th e full y implemente d mode l  successfull y describe d C R 
topograph y an d it s change s wit h training .  I t  als o lend s itsel f 
t o simulatio n o f  firin g pattern s o f  singl e neuron s wit h 
activit y relate d t o th e CR. 

Figur e l A show s simulate d N M CR/UCRs (vertica l  axis )  a s 
a functio n o f  acquisitio n trial s (obliqu e ax is) .  Notic e tha t 
th e latenc y o f  th e C R decrease s ove r  training .  Pea k C R 
amplitud e increase s ove r  tr ials ,  ye t  remain s jus t  befor e th e 
UCR.  Thi s proces s i s reverse d durin g simulate d extinctio n 
trial s (Fig .  IB ) . 

Figur e 2  summarize s a  simulatio n o f  conditione d 
inhibitio n training .  CS l  i s reinforce d wit h th e UCS,  an d a 
compoun d consistin g o f  CS l  an d CS 2 i s no t  reinforced .  Th e tw o 
tria l  types ,  designate d CS + an d CS- ,  respectively ,  wer e 
alternate d i n simulate d training .  Figur e 2 A show s simulate d C R 
topographie s fo r  th e tw o tria l  type s a t  th e en d o f  training . 
Figur e 2 B show s change s o f  "synapti c weights "  ove r  th e cours e 
of  training .  Notic e tha t  th e weigh t  fo r  CS 2 become s 
increasingl y negativ e i n value .  Figure s 2 C an d 2 D sho w 
simulate d cumulativ e peristimulus-tim e histogram s o f  neurona l 
firin g fo r  th e tw o tria l  types . 

Simulatio n experiment s als o indicat e tha t  thi s varian t 
of  th e Sutton-Bart o mode l  doe s a  credibl e jo b o f  simulatin g 
serial-compoun d conditioning ,  Kami n blockin g an d overshadowing , 
and higher-orde r  conditioning .  I n addition ,  simulation s hav e 
reveale d a  variet y o f  subtl e an d largel y unteste d effect s o n 
conditione d respondin g associate d wit h th e within-tria l  timin g 
of  onset s an d offset s o f  CS s i n seria l  compoun d paradigms . 

Whethe r  th e Sutton-Bart o mode l  ca n b e constraine d t o 
model  othe r  varietie s o f  behaviora l  conditionin g wit h th e sam e 
succes s tha t  i t  ha s i n th e cas e o f  th e N M C R remain s a n ope n 
question .  Als o unresolve d i s whethe r  th e structur e o f  th e 
model ,  an d th e particula r  constraint s impose d fo r  th e N M CR, 
trul y hav e implication s fo r  understandin g physiologica l 
meachanism s o f  learnin g an d memory .  We believ e thi s t o b e a 
distinc t  possibility . 
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A b s t r a c t 

A mode l  o f  memor y an d learnin g i s  presente d whic h indexe s a  ne w even t  b y thos e feature s whic h ar e 

relevan t  i n explainin g wh y th e even t  occurred .  A s event s ar e adde d t o memory ,  generalization s ar e 

create d whic h describ e an d explai n similaritie s an d difference s betwee n events .  Th e memor y i s organize d 

so tha t  whe n a n even t  i s added ,  event s wit h simila r  feature s ar e noticed .  A n explanatio n proces s attempt s 

t o explai n th e simila r  features .  I f  a n explanatio n i s found ,  a  generalize d even t  i s create d t o organiz e th e 

simila r  event s an d th e explanatio n i s store d wit h th e generalize d event . 

Introduction 

Th e goa l  o f  thi s researc h i s t o identif y th e rol e o f  explanatio n i n a  generalizatio n base d memory .  A 

compute r  program ,  O C C A M,  ha s bee n implemente d whic h learn s abou t  variation s o f  kidnapping .  Th e 

progra m start s ou t  wit h genera l  knowledg e abou t  coercio n represente d a s a  m e t a - M O P |7] .  Afte r  som e 

examples ,  i t  create s a  M O P whic h describe s a  kin d o f  kidnappin g (alon g wit h th e explanatio n tha t  a 

famil y member  o f  th e victim' s famil y pay s th e ranso m t o achiev e th e goa l  o f  preservin g th e victim' s 

health) .  Furthe r  example s creat e a  specializatio n o f  thi s M O P whic h represen t  a n inheren t  fla w i n 

kidnapping :  tha t  th e victi m ca n testif y agains t  th e kidnapper ,  sinc e th e kidnappe r  ca n b e see n b y th e 

victim .  Thi s specializatio n i s  store d a s a  s u b - M O P o f  th e kidnappin g M O P an d i s  indexe d b y th e 

kidnapper' s goa l  failure :  goin g t o jail .  Afte r  som e mor e examples ,  a  similarit y i s  notice d abou t  th e 

kidnappin g o f  infants .  Thi s coincidenc e start s a n explanatio n proces s whic h explain s th e choic e o f  victi m 

t o avoi d a  possibl e goa l  failure ,  sinc e infant s canno t  testify . 

Ther e ar e a  coupl e o f  interestin g feature s o f  thi s typ e o f  learning : 

- The explanation process eliminates the problem of including unrelated coincidences in 

generalize d events .  Fo r  example ,  al l  o f  th e infant s kidnappe d i n th e event s presente d t o 

O C C AM hav e blon d hair .  Thi s featur e i s no t  use d i n th e explanation ,  s o i t  i s  no t  include d i n 

th e generalize d event . 

- There is causal and motivational information associated with generalized events. This 

informatio n state s wh y variou s feature s ar e include d i n th e generalize d event . 

- The explanation process can make use of the generalized events in memory. Explanation 

consist s o f  a  rul e base d componen t  simila r  t o P A M [9 |  an d a  memor y base d explanatio n 

component .  Th e rule s stat e suc h thing s a s tha t  i f  someon e say s the y ar e goin g t o hur t  a 

famil y member ,  thi s motivate s a  goa l  o f  preservin g th e healt h o f  th e famil y member .  Ther e 

ar e n o specia l  rule s abou t  kidnapping .  Therefore ,  i t  i s  no t  capabl e o f  explainin g th e 

kidnappin g o f  infant s unti l  i t  ha s buil t  a  generalize d even t  abou t  th e victi m testifyin g agains t 

th e kidnapper .  Th e explanatio n proces s use s intentiona l  link s [2 ]  t o specif y th e relationship s 

betwee n goals ,  plan s an d events . 
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R e l a t e d W o r k 

M u ch earl y wor k o n learnin g (e.g. ,  [8) ,  an d [3]) ,  centere d o n th e acquisitio n o f  a  concep t  fro m a  nunnbe r 

of  e.xamples .  A  characteristi c descriptio n o f  a  clas s o f  object s wa s buil t  b y inductiv e mean s b y considerin g 

positiv e (and ,  i n som e instances ,  negative )  examples .  Th e wor k reporte d her e differ s fro m thi s wor k o n 

concep t  acquisitio n i n a  numbe r  o f  ways .  First ,  thes e program s wer e "told "  wha t  concept s t o lear n an d 

example s wer e identifie d a s positiv e o r  negativ e instances .  I n contrast ,  O C C A M i s no t  tol d wha t  t o learn . 

Instead ,  O C C A M incrementall y learn s ne w concept s fro m example s a s a  natura l  consequenc e o f  organizin g 

memory aroun d similarities .  Secondly ,  th e generalize d event s buil t  b y O C C A M d o no t  contai n al l  feature s 

c o m m on t o th e examples .  It s explanatio n proces s distinguishe s betwee n relevan t  an d coincidenta l 

features . 

DeJon g present s a  mode l  o f  explanatio n base d learnin g [l ]  whic h learn s schemat a fro m a  singl e 

example .  Hi s progra m construct s a n explanatio n o f  relationship s betwee n variou s component s o f  a n even t 

by a  knowledge-intensiv e understandin g proces s simila r  t o P A M .  Th e explanatio n an d th e even t  ar e the n 

generalize d b y retainin g onl y thos e part s use d i n th e explanation .  Ou r  wor k differ s fro m DeJong' s i n a 

number  o f  aspects .  First ,  O C C A M learn s incrementally .  I t  i s  difficul t  t o imagin e a  syste m learnin g th e 

specialize d motivatio n fo r  kidnappin g infant s fro m th e firs t  exampl e o f  a  kidnapping ,  sinc e th e explanatio n 

proces s ca n fin d a n explanatio n fo r  kidnappin g an y person .  I n O C C A M,  afte r  th e basi c kidnappin g 

schema (o r  M O P)  i s learned ,  late r  example s focu s O C C A M o n explainin g coincidence s abou t  th e ag e o f  th e 

victims .  Additionally ,  th e explanatio n proces s make s us e o f  othe r  event s o r  generalize d events . 

I n IP P [5 ]  an d U N I M E M [6] ,  Lebowit z i s concerne d wit h makin g "factual "  generalizations .  Unlik e 

O C C A M,  thes e program s mak e n o attemp t  t o perfor m a  causa l  o r  explanator y analysis .  Therefore ,  n o 

distinctio n i s mad e betwee n relevan t  o r  coincidenta l  features .  Afte r  a  numbe r  o f  divers e examples ,  IP P 

and U N I M E M ca n correc t  generalization s t o remov e coincidence s whic h ar e contradicted . 

C Y R US [4 ]  i s  a  progra m whic h organize s an d searche s a  mode l  o f  episodi c memory .  Lik e IPP ,  i t  doe s 

not  produc e a n explanatio n o f  it s  generalizations .  I t  avoid s th e proble m o f  indexin g o n coincidentall y 

simila r  feature s b y a n a  prior i  se t  o f  relevan t  features . 

Learning and Memory in OCCAM 

O C C AM make s a  distinctio n betwee n tw o type s o f  generalize d events .  Explanator y generalize d event s 

ar e M O Ps create d a s a  specializatio n o f  a  mor e genera l  M O P.  Associate d wit h eac h explanator y 

generalize d even t  ar e ne w causa l  an d goa l  relationships .  Fo r  example ,  th e kidnappin g o f  infant s i s a n 

explanator y generalize d even t  whic h include s th e specia l  motivatio n fo r  selectin g th e hostage . 

Organizationa l  generalize d event s ar e als o create d a s specializatio n o f  mor e genera l  M O P s .  However , 

the y ad d n o additiona l  explanator y information .  The y correspon d t o th e factua l  generalization s o f  IP P 

and serv e mainl y t o organiz e th e memory .  A n exampl e organizationa l  generalize d even t  woul d b e 

kidnapping s wher e th e hostage s grandmothe r  pai d th e ransom .  (Unless ,  o f  course ,  som e explanatio n coul d 

be found. ) 

Ther e ar e tw o part s t o th e incrementa l  learnin g algorith m use d b y O C C A M.  Th e firs t  ste p i s t o fin d 

th e appropriat e plac e i n memor y t o inde x a  ne w event .  Th e memor y i s organize d s o tha t  a  ne w even t  wil l 

be adde d t o memor y i n th e sam e plac e a s simila r  events .  Th e secon d ste p i s t o attemp t  t o creat e a 

generalization . 

Afte r  th e mos t  specifi c  applicabl e M O P i s found ,  simila r  event s ar e foun d b y usin g th e feature s o f  th e 

ne w even t  a s indices .  Next ,  generalizatio n i s attempte d b y a  numbe r  o f  generalizatio n rule s whic h 

postulat e causa l  o r  intentiona l  relationships .  Fo r  example ,  on e rul e state s / /  a n actio n alway s precede s a 

state ,  postulat e th e actio n cause s th e state .  Othe r  rule s whic h postulat e goa l  relationship s wil l  b e 

discusse d i n th e nex t  section .  A n explanatio n proces s i s the n use d t o verif y th e postulate d causa l  o r 

intentiona l  relationships .  Thi s explanatio n proces s mark s al l  feature s necessar y fo r  establishin g th e 

relationships .  Th e explanatio n proces s use d her e i s mor e focuse d tha n tha t  use d i n DeJong' s work . 

Rathe r  tha n askin g genera l  question s suc h a s " W h y di d thi s happen?" ,  mor e specifi c  question s ar e use d 

suc h a s " W a s ther e a n actio n whic h motivate s a  goa l  befor e thi s actio n whic h thi s actio n achieves. "  A 
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new M O P ma y b e create d dependin g o n th e resul t  o f  th e generalization : 

- If the explanation is successful, than an explanatory generalized event is built and indexed 

under  th e mos t  specialize d M O P b y th e ne w feature s establishin g th e explanation .  Th e ne w 

even t  an d an y simila r  event s ar e organize d unde r  thi s ne w generalization ,  indexe d b y th e 

feature s no t  use d i n th e generalize d event . 

- If the explanation process is unsuccessful, and the most specific MOP is an explanatory 

generalize d event ,  a  defaul t  rul e i s use d t o attemp t  t o for m a n organizationa l  generalize d 

event .  Thi s note s tha t  ther e appear s t o b e a  coincidenta l  relationshi p bu t  doe s stor e an y 

justification . 

An Example: Learning about Kidnapping 

The meta-MOP for coercion involves a PREParation, a THREAT, a DEMAND, and several RESULT 

scenes .  Figur e 1  illustrate s a n exampl e o f  kidnappin g whic h i s a  kin d o f  coercion .  I n thi s Figure ,  th e 

notatio n "the(FEATURE) "  indicate s th e actua l  valu e o f  th e featur e i s th e sam e a s th e valu e o f  tha t 

feature .  Coercio n usuall y involve s a t  leas t  thre e roles :  a n A C T O R,  wh o perform s th e PREParation ,  an d 

says h e wil l  carr y ou t  th e T H R E AT unles s hi s D E M A ND i s met ;  a n O B J E CT whic h i s th e objec t  o f  th e 

PREParatio n an d th e T H R E AT (i.e. ,  i n kidnappin g th e hostag e i s th e OBJECT) ;  an d th e VICTI M whic h 

receive s th e T H R E A T,  an d usuall y perform s on e o f  th e RESULTs .  (Th e VICTI M i n kidnappin g i s no t  th e 

hostag e bu t  th e perso n wh o pay s th e ransom. )  Th e coercio n meta-MO P i s intende d t o b e ver y genera l 

and accoun t  fo r  man y situation s fro m kidnapping s t o playgroun d argument s (e.g. ,  "I f  yo u don' t  le t  m e 

pitch ,  I' m gonn a tak e m y bal l  an d g o home") . 

Kl: COERCIOI 

ACTOR huma n lAM E Jo e K .  HEIGHT tal l  AGE 30 s HAI R brow n 

OBJECT huma n RAUE Joh n V .  HEIGHT shor t  AGE teen s HAI R blon d 

RELATIOI  famil y TYP E so n 

OF the(VICTIM ) 

VICTI U huma n NAME Da d V .  HEIGHT tal l  AGE 40 8 HAI R blon d 

RELATIOI  famil y TYP E fathe r 

OF the(OBJECT ) 

PREP atran s ACTOR the(ACTOR )  T O the(ACTOR )  OBJECT the(OBJECT ) 

DEMAID poss-b y ACTOR the(ACTOR ) 

OBJECT mone y AMOUIT 5000 0 

THREAT healt h OF the(OBJECT )  VA L -1 0 

RESULT atran s ACTOR the(ACTOR )  FROM the(ACTOR ) 

TO the(VICTIM )  OBJECT the(OBJECT ) 

RESULT atran s ACTOR the(VICTIM ) 

FROM the(VICTIM ) 

TO th e (ACTOR) 

OBJECT mone y AMOUHT 5000 0 

RESULT Itria l  SENTENCE 1 5 VERDICT guilt y 

WITNESS the(OBJECT )  CRIMINA L the(ACTOR ) 

Figure 1: An Example of Coercion: A Kidnapping 

The initial state of the memory of OCCAM contains only the coercion meta-MOP (mm-COERCE). 

Kl ,  th e exampl e i n Figur e 1 ,  i s  the n adde d t o memory .  I t  i s  indexe d unde r  m m - C O E R CE b y al l  o f  it s 

feature s (i.e. ,  it s  scene s an d roles) .  Th e nex t  example ,  K2 ,  i s simila r  t o Kl ,  excep t  th e A G E o f  th e 

OBJECT i s a n infant ,  som e mino r  differenc e i n th e feature s o f  th e VICTI M an d th e A C T O R,  an d ther e i s 
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Lookin g fo r  sialla r  event s unde r  bb-COERCE.. .  foun d (Kl) . 

Similarities : 

COERCIOM 

ACTOR buaa n HEIGHT tal l  AGE 30 s HAI R brow n 

OBJECT huna n RELATIO I  famil y TYP E so n 

OF the(VICTIM ) 

VICTI M huma n RELATIO I  famil y TYP E fathe r 

OF th e (OBJECT ) 

PREP atran s ACTOR the(ACTOR )  T O the(ACTOR )  OBJECT the(OBJECT ) 

DEMAiro poss-b y ACTOR the(ACTOR )  OBJECT mone y 

THREAT healt h OF the(OBJ )  VA L -1 0 

RESULT atran s ACTOR th e (ACTOR)  FROM the(ACTOR ) 

TO th e (VICTIM )  OBJECT the(OBJECT ) 

RESULT atran s ACTOR the(VICTIM )  FROM the(VICTIM ) 

TO the(ACTOR )  OBJECT mone y 

Figure 2: Noticing the Similarities between two kidnappings 

no trial in which the ACTOR goes to jaiL Figures 2 and 3 are an edited transcript of the creation of a 

M OP whic h describe s th e kidnappin g o f  a  famil y member  fo r  a  monetar y ransom .  Th e similaritie s 

betwee n K l  an d K 2 ar e note d (se e Figur e 2) .  Then ,  a  rule ,  GENERALIZE-RESULTS,  i s use d t o postulat e 

an explanatio n fo r  thi s similarity .  Thi s rul e state s Loo k fo r  a n actio n befor e th e R E S U LT whic h 

motivate s a  goa l  whic h th e R E S U L T achieve s o r  a n actio n befor e th e R E S U LT whic h i s par t  o f  pla n 

whic h th e R E S U L T realizes .  I n thi s example ,  a  goa l  o f  preservin g th e healt h o f  th e O B J E CT b y th e 

VICTI M i s inferre d an d payin g th e ranso m achieve s thi s goal .  Additionally ,  th e A C T OR i s performin g 

th e pla n o f  keepin g a  bargai n whe n h e give s th e O B J E CT back .  I n general ,  a  bette r  explanatio n utilize s 

th e goal s rathe r  tha n th e plans .  However ,  i n thi s case ,  it' s  no t  possibl e t o infe r  wh y th e kidnappe r  release s 

th e hostage .  Thi s ne w M O P (MOP.327 )  i s indexe d unde r  m m - C O E R CE b y th e relevan t  features ,  an d th e 

inferre d goa l  a s show n i n Figur e 4 .  Notic e tha t  som e feature s (e.g. ,  th e A G E ,  an d HEIGH T o f  th e 

kidnapper )  ar e no t  include d i n th e generalizatio n eve n thoug h the y ar e common t o bot h kidnappin g 

example s becaus e the y ar e no t  use d i n th e explanation . 

Running generalization rule GESERALIZE-RESULTS. 

Inferrin g RESULT REALIZE S PLA I  (KEEP-BARGAII ) 

Inferrin g RESULT ACHIEVES GOAL (P-HEALTH ) 

Makin g sub-mo p MOP.32 7 {kidnap }  o f  mm-COERCE fro m (K 2 Kl ) 

Used i n explanation : 

COERCIOM 

ACTOR huma n 

OBJECT huma n 

VICTI M huma n RELATIO I  famil y OF the(OBJECT ) 

DEMAID poss-b y ACTOR th e (ACTOR)  OBJECT mone y 

THREAT healt h OF the(OBJECT )  VA L -1 0 

RESULT atran s ACTOR the(ACTOR )  FROM the(ACTOR ) 

TO the(VICTIM )  OBJECT the(OBJECT ) 

RESULT atran s ACTOR the(VICTIM )  FROM the(VICTIM ) 

TO the(ACTOR )  OBJECT mone y 

Figure 3: Forming an Explanatory Generalized Event 
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i  u-COERCE I 

DEMAID poBS-b y ACTOR | 

the(ACTOR )  I 

OBJECT Bone y T 

I  VICTI U 

I 

haman REUTIO I  full y 

OF the(OBJECT ) 

|U0P.327{kldnapplng }  Explanation : 

IVICTI U pay s ranso a t o preserv e 

•healt h o f  famil y Beabe r 

I 
I  GOAL-FAILUR E I 

iP-FREEDOy I 

¥ V 

RESULT Itria l 

CRIUIIA L the(ACTOR ) 

|U0P.332{jaile d kidnapper )  I 

I  Explanation :  Kidnappe r  convicte d I 

Ifro B hostage s identificatio n I 

OBJECT huma n I 

AGE infan t  I 

I 
? 

|U0P.347<kidnappin g infants }  I 

(Explanation :  Avoi d potentia l  goa l  I 

I  failure :  infant s canno t  testif y I 

I  SEITEIC E 

V 1 5 

Kl 

I 
I  VICTI U 

V 

K3 

human RELATIO I  |  GEIDE R 

TYPE grandmothe r  V  mal e 

of  the(OBJECT )  K 4 

V 

K2 

Figur e 4 :  Memor y afte r  creatin g 3  specialization s o f  m m - C O E R CE 

The next event added to memory is K3, which is similar to Kl in that the kidnapper goes to jail after 

th e hostag e testifies .  Ther e ar e mino r  difference s i n th e feature s o f  th e participants .  MOP.327 ,  th e 

kidnappin g M O P,  i s th e mos t  specifi c  M O P whic h i s no t  contradicte d b y K3 .  I t  ha s a n additiona l 

RESULT whic h i s simila r  t o a  resul t  o f  Kl .  A  rul e whic h state s / /  ther e i s a  R E S U LT whic h thwart s a 

goal ,  loo k fo r  a n actio n befor e th e R E S U LT whic h enable s th e R E S U LT find s a n inheren t  fla w i n 

kidnapping :  th e hostag e see s th e kidnappe r  whe n h e i s abducte d an d ca n testif y agains t  th e kidnapper .  A 

new M O P,  MOP.33 2 (jailed-kidnapper )  i s  create d a n indexe d unde r  MOP.32 7 (kidnap )  b y th e indice s o f 

th e RESULT,  th e goa l  failure ,  an d th e PREParatio n whic h enable s th e goa l  RESULT whic h thwart s th e 

goal  a s show n i n Figur e 4 .  K l  an d K 3 ar e indexe d unde r  thi s ne w M O P,  whil e K 2 remain s indexe d unde r 

th e kidnappin g M O P. 

K4,  anothe r  kidnappin g o f  a  blon d infan t  i n whic h th e kidnappe r  wa s no t  caught ,  i s  adde d t o memor y 

next .  MOP.32 7 (kidnap )  i s foun d t o b e th e mos t  specifi c  M OP whic h describe s K4 .  A  similarit y i s  notice d 

betwee n K 4 an d K2 ,  th e OBJECTs ar e bot h blon d infants .  A n applicabl e generalizatio n rul e state s / /  th e 

PREParatio n i s performe d o n th e a n object ,  loo k fo r  othe r  M O Ps whic h hav e a  goa l  failure .  Chec k i f 

th e PREParatio n avoid s th e goa l  failure ,  i f  i t  doe s postulat e th e A C T OR performe d th e PREParatio n t o 

avoi d th e goa l  failure .  I n thi s example ,  th e goa l  o f  preservin g freedo m o f  th e kidnappe r  canno t  b e 

thwarte d b y th e infan t  testifying .  A  ne w M O P i s create d indexe d b y th e A G E o f  th e OBJECT (an d no t 

th e hai r  color )  a s show n i n Figur e 4 . 

These example s illustrat e th e proces s o f  creatin g a n explanator y generalize d event .  I n a  mor e realisti c 

set  o f  examples ,  severa l  organizationa l  generalize d event s woul d als o b e create d an d eac h M O P woul d 

inde x a  greate r  numbe r  o f  event s an d sub-MOPs .  Th e poin t  o f  creatin g explanator y generalization s i s t o 

creat e specialize d explanation s fo r  situations .  Wit h onl y m m - C O E R CE i n memory ,  th e explanatio n o f 

kidnappin g a n infan t  woul d b e "Th e A C T O R want s th e VICTI M t o d o something "  Afte r  MOP.32 7 
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(kidnap )  i s created ,  th e explanatio n woul d b e "Th e A C T O R want s a  member  o f  th e OBJECT ' S famil y t o 

giv e hi m money "  Afte r  M O P . 3 4 7 (kidnappin g infants )  i s create d th e explanatio n woul d b e "Th e A C T O R 

want s a  member  o f  th e O B J E C T ' S famil y t o giv e hi m mone y an d th e A C T O R want s t o avoi d bein g 

convicted ,  s o he' s kidnappin g a n infan t  sinc e infant s can' t  testify * 

Conclusion 

O C C AM i s a  progra m whic h organize s memorie s o f  event s an d learn s b y creatin g explanator y 

generalize d events .  I t  addresse s th e issu e o f  decidin g whic h feature s ar e relevan t  i n producin g a 

generalization .  I t  answer s thi s questio n b y proposin g th e relevan t  feature s ar e thos e whic h ar e essentia l  i n 

explainin g wh y th e even t  occurre d (e.g. ,  wh y a  goa l  fails) .  Th e feature s whic h ar e no t  essentia l  t o arrivin g 

at  a n explanatio n ar e exactl y thos e feature s whic h woul d b e expecte d t o var y i n futur e events .  Th e 

unessentia l  feature s ar e no t  use d a s indice s b y O C C A M sinc e the y ar e no t  usefu l  i n understandin g futur e 

events .  O C C A M ca n lear n mor e quickl y an d accuratel y tha n man y previou s system s sinc e i t  relie s o n a n 

explanatio n proces s t o eliminat e unessentia l  feature s rathe r  tha n correlatio n ove r  a  larg e numbe r  o f 

examples .  Indexin g b y relevan t  feature s ha s som e implication s fo r  exper t  system s whic h operat e b y 

recallin g simila r  experiences .  Shoul d a  medica l  exper t  syste m inde x a  cas e b y th e patient' s weight ,  height , 

clothin g o r  jewelry ? Th e answe r  propose d her e i s t o us e thes e a s indice s i n explanator y generalize d event s 

onl y i f  the y ar e essentia l  i n establishin g a  pathologica l  explanation .  Organizationa l  generalize d event s 

describ e thos e situation s wher e a  coincidenc e i s note d bu t  ther e i s n o explanation .  Thes e coincidence s 

migh t  initiat e an d focu s th e searc h fo r  ne w pathologica l  knowledge . 
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B A Y E S I A N N E T W O R K S:  A  M O D EL O F S E L F - A C T I V A T E D 
M E M O RY F O R E V T O E N T L U.  R E A S O N I N G* 

Judea Pearl 
Cognitiv e System s Laboratory ,  Compute r  Scienc e Department ,  U C L A 

A B S T R A CT 

The paper reports recent results from the theory of Bayesian networks, which offer a vi-
abl e formalis m fo r  realizin g th e computationa l  objective s o f  connectionis t  model s o f  knowledge . 

I n particular ,  w e sho w tha t  th e Bayesia n networ k formalis m i s supportiv e o f  self-activated ,  mul -
tidirectiona l  propagatio n o f  evidenc e tha t  converge s rapidl y t o a  globally-consisten t  equilibri -
um. 

1. INTRODUCTION 

This study was motivated by attempts to devise a computational model for humans' in-
ferentia l  reasoning ,  namely ,  th e mechanis m b y whic h peopl e integrat e dat a fro m variou s 
source s an d generat e a  coheren t  interpretatio n o f  tha t  data .  Sinc e th e knowledg e fro m whic h 
inference s ar e draw n i s mostl y judgmental—namely ,  subjective ,  uncertain ,  an d incomplete— a 
natura l  plac e t o star t  woul d b e t o cas t  th e reasonin g proces s i n th e framewor k o f  probabilit y 
theory .  Probabilit y  theor y i s als o usefu l  becaus e i t  i s  th e simplis t  calculu s whic h permit s infer -
ence s t o flow  tw o ways :  fro m hypothesi s t o evidenc e (predictive) ,  a s wel l  a s fro m evidenc e t o 
hypothesi s (diagnostic) .  Unfortunately ,  traditiona l  probabilit y  theor y ha s erecte d cultura l  bar -
rier s agains t  it s  usag e i n modellin g huma n cognition .  Scholarl y textbook s o n probabilit y  theor y 
tr y har d t o creat e th e impressio n tha t  t o construc t  a n adequat e representatio n o f  probabilisti c 
knowledg e w e mus t  first  defin e ̂  join t  distributio n functio n o n al l  proposition s an d thei r  combi -
nations ,  an d tha t  thi s functio n shoul d serv e a s th e basi s fo r  al l  inferre d judgements — a  rathe r 
distorte d pictur e o f  huma n reasoning . 

Human judgment s regardin g a  smal l  numbe r  o f  proposition s (suc h a s th e likelihoo d tha t 
a patien t  sufferin g fro m a  give n diseas e wil l  develo p a  certai n typ e o f  complication )  ar e issue d 
swiftl y  an d reliably ,  whil e judgin g th e likelihoo d o f  a  conjunctio n o f  man y proposition s i s don e 
wit h grea t  degre e o f  difficult y an d hesitancy .  Thi s suggest s tha t  th e elementar y buildin g block s 
whic h mak e u p huma n knowledg e ar e no t  entrie s o f  a  gian t  joint-distributio n table ,  bu t  rathe r 
low-orde r  probabilisti c  relation s betwee n smal l  cluster s o f  semantically-relate d propositions . 

Additionally ,  a  perso n reluctan t  t o givin g a  numerica l  estimat e fo r  th e conditiona l  pro -
babilit y  /*(/l|B) ,  wil l  normall y sho w n o hesitatio n t o stat e whethe r  proposition s A  an d B  ar e 
dependen t  o r  independent.give n C ,  namely ,  whethe r  knowin g th e trut h o f  B  wil l  o r  wil l  no t 
alte r  th e belie f  i n A ,  assumin g tha t  C  i s true .  Evidently ,  th e notio n o f  conditiona l  dependenc e 
i s mor e basi c tha n th e numerica l  value s attache d t o probabilit y  judgments ,  contrar y t o th e pic -
tur e painte d i n mos t  textbook s o n probabilit y  theory ,  wher e th e latte r  i s  presume d t o provid e 
th e criterio n fo r  testin g th e former .  Thi s suggest s tha t  th e fundamenta l  structur e o f  huma n 
judgmenta l  knowledg e ca n b e represente d b y dependenc y graph s an d tha t  menta l  tracin g o f 
link s i n thes e graph s ar e responsibl e fo r  th e basi c step s i n queryin g an d updatin g tha t 
knowledge .  Bayesia n network s offe r  a n effectiv e formalis m fo r  thes e grap h operations . 

*Thi s wor k wa s supporte d i n par t  b y th e Nationa l  Scienc e Foundation ,  Gran t  #DS R 83-1387 5 

32 9 



2.  B A Y E S I A N N E T W O R KS 

Bayes Networks are directed acyclic graphs in which the Dodes represent propositions 

(o r  variables) ,  th e arc s signif y th e existenc e o f  direc t  causa l  influence s betwee n th e linke d pro -

positions ,  an d th e strength s o f  thes e influence s ar e quantifie d b y conditiona l  probabilitie s (Fig -

ur e 1) . 

Figur e 1 

Thus, if the graph contains the variables Xj, . . . ,x„, and S{ is the set of parents for variable X{, 

the n a  complet e an d consisten t  quantificatio n ca n b e attaine d b y specifying ,  fo r  eac h nod e X{ , 

an assessmen t  P'(x i  j  5/ )  o f  P(X i  \  Si) .  Th e produc t  o f  al l  thes e assessments , 

Pi^i x„)^UP'{xi\Si) (1) 

constitutes a joint-probability model which supports the assessed quantities. That is, if we 
comput e th e conditiona l  probabilitie s P(X {  \  S{ )  dictate d b y P{xi ,  .  .  .  ,Xn) ,  th e origina l  assess -

ment s ar e recovered .  Thus ,  fo r  example ,  th e distributio n correspondin g t o th e grap h o f  Figxir e 
1 ca n b e writte n b y inspection : 

P(Xi,X2,X3,X4,X5,X6) = -PlXgk) ''('skr's) ^PKI^I.^q) '"('sl'l) ''(^ak) ^(«l)-

An importan t  featur e o f  Baye s networ k i s tha t  i t  provide s a  clea r  graphica l  representa -
tio n fo r  man y independenc e relationship s embedde d i n th e underlyin g probabilisti c  model .  Th e 
criterio n fo r  detectin g thes e independencie s i s base d o n gn^ h separation :  namely ,  i f  al l  path s 

betwee n X j  an d X j  ar e "blocked "  b y a  a  subse t  S  o f  variables ,  the n X i  i s  independen t  o f  X j  give n 

th e value s o f  th e variable s i n 5 .  Thus ,  eac h variabl e X /  i s independen t  o f  bot h it s sibling s an d 

it s grandparents ,  give n th e value s o f  th e variable s i n it s paren t  se t  5,- .  Fo r  thi s "blocking "  cri -

terio n t o hol d i n general ,  w e mus t  provid e a  specia l  interpretatio n o f  separatio n fo r  node s tha t 
shar e common children .  W e sa y tha t  th e pathwa y alon g arrow s meetin g head-to-hea d a t  nod e 

Xjt  i s  normall y "blocked" ,  unles s xj ^  o r  an y o f  it s  descendant s i s i n S .  I n Figur e 1 ,  fo r  example , 

X2 an d X 3 ar e independen t  give n S i  — {x, }  o r  S j  =  {jCir'4} .  becaus e th e tw o path s betwee n X j 
and x ,  ar e blocke d b y eithe r  on e o f  thes e sets .  However ,  X j  an d X 3 ma y no t  b e independen t 

give n S ^  =  {xî ^} ,  becaus e Xg ,  a s a  descendan t  o f  X 5 ,  "unblocks "  th e head-to-hea d connectio n 

at  Xg ,  thu s openin g a  pathwa y betwee n X 2 an d Xj . 
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3.  A U T O N O M O US P R O P A G A T I ON A S A  C O M P U T A T I O N AL 

P A R A D I GM 

Once Bayesian network is constructed, it can be used to represent the generic causal 

knowledg e o f  a  give n domain ,  an d ca n b e consulte d t o reaso n abou t  th e interpretatio n o f 
specifi c  inpu t  data .  Th e interpretatio n proces s involve s instantiatin g a  se t  o f  variable s 
correspondin g t o th e inpu t  dat a an d calculatin g it s impac t  o n th e probabilitie s o f  a  se t  o f  vari -

able s designate d a s hypotheses .  I n principle ,  thi s proces s ca n b e execute d b y a n externa l  inter ^ 

prete r  wh o ma y hav e acces s t o al l  part s o f  th e network ,  ma y us e it s ow n computationa l  facili -

ties ,  an d m a y schedul e it s computationa l  step s s o a s t o tak e ful l  advantag e o f  th e networ k to -

polog y wit h respec t  t o th e incomin g data .  However ,  th e us e o f  suc h a n interprete r  seem s 

foreig n t o th e reasonin g proces s normall y exhibite d b y human s [Shastr i  an d Feldman ,  1984] . 

Our  limite d short-ter m memor y an d narro w focu s o f  attention ,  combine d wit h ou r  inflexibilit y 

of  shiftin g rapidl y betwee n alternativ e line s o f  reasonin g see m t o sugges t  tha t  ou r  reasonin g 

proces s i s fairl y  local ,  progressin g incrementall y alon g prescribe d pathways .  Moreover ,  th e 

spee d an d eas e wit h whic h w e perfor m som e o f  th e lo w leve l  interpretiv e functions ,  suc h a s 

recognizin g scenes ,  comprehendin g text ,  an d eve n understandin g stories ,  strongl y sugges t  tha t 

thes e processe s involv e a  significan t  amoun t  o f  parallelism ,  an d tha t  mos t  o f  th e processin g i s 

don e a t  th e knowledg e leve l  itself ,  no t  externa l  t o it . 

A paradig m fo r  modelin g suc h activ e knowledg e bas e woul d b e t o vie w a  Bayesia n net -

wor k no t  merel y a s a  passiv e parsimoniou s cod e fo r  storin g factua l  knowledg e bu t  als o a s a 

computationa l  architectur e fo r  reasonin g abou t  tha t  knowledge .  Tha t  mean s tha t  th e link s i n 

th e networ k shoul d b e treate d a s th e onl y pathway s an d activatio n center s tha t  direc t  an d pro -

pel  th e flow  o f  dat a i n th e proces s o f  queryin g an d updatin g beliefs .  Accordingly ,  w e assum e 

tha t  eac h nod e i n th e networ k i s designate d a  separat e processo r  whic h bot h maintain s th e 

parameter s o f  belie f  fo r  th e hos t  variabl e an d manage s th e communicatio n link s t o an d fro m 

th e se t  o f  neighboring ,  logicall y related ,  variables .  Th e communicatio n line s ar e assume d t o b e 

ope n a t  al l  times ,  i.e. ,  eac h processo r  ma y a t  an y tim e interrogat e th e belie f  parameter s associ -

ate d wit h it s neighbor s an d compar e the m t o it s ow n parameters .  I f  th e compare d quantitie s 

satisf y som e loca l  constraints ,  n o activit y take s place .  However ,  i f  an y o f  thes e constraint s i s 

violated ,  th e responsibl e nod e i s activate d t o revis e it s violatin g paramete r  an d se t  i t  straight . 

This ,  o f  course ,  wil l  activat e simila r  revision s a t  th e neighborin g node s an d wil l  se t  u p a  mul -

tidirectiona l  propagatio n process ,  unti l  equilibriu m i s reached . 

Whil e constraint-propagatio n mechanism s hav e foun d severa l  application s i n AI ,  suc h a s 

visio n [Rosenfeld ,  H u m m el  an d Zucker ,  1976 ;  Waltz ,  1972 ]  an d trut h maintenanc e [McAllester , 

1980] ,  thei r  us e i n evidentia l  reasonin g ha s bee n limite d t o non-Bayesia n formalism s [e.g . 

Lowrance ,  1982 ,  Shastr i  an d Feldman ,  1984] .  Th e reaso n ha s bee n several-fold . 

First,th e conditiona l  probabilitie s characterizin g th e link s i n th e networ k d o no t  see m t o 

impos e definitiv e constraint s o n th e probabilitie s tha t  ca n b e assigne d t o th e nodes .  Th e 

quantifie r  P(A|5 )  onl y restrict s th e belie f  accorde d t o A  i n a  ver y specia l  se t  o f  circumstances : 

namely ,  whe n B  i s know n t o b e tru e wit h absolut e certainty ,  an d whe n n o othe r  evidentia l  dat a 

i s available .  Unde r  norma l  circumstances ,  al l  interna l  node s i n th e networ k wil l  b e subjec t  t o 

some uncertaint y and ,  mor e seriously ,  afte r  observin g evidenc e e  th e conditiona l  belie f  i n A  i s 

no longe r  governe d b y P(A|fl )  bu t  b y i"(A|fl ,  e) ,  whic h ma y b e totall y different .  Th e resul t  i s 

tha t  an y assignmen t  o f  beliefs ,  P[A )  an d P{B) ,  t o proposition s A  an d B  ca n b e consisten t  wit h 

th e valu e o f  P{A\B )  initiall y  assigne d t o th e lin k connectin g them ;  therefore ,  n o violatio n o f 

constrain t  ca n b e detecte d locally . 

Next ,  th e differenc e betwee n P(A|B ,  e )  an d i*(A|B )  seem s t o sugges t  tha t  th e weight s o n 

th e link s shoul d no t  remai n fixed  bu t  shoul d underg o constan t  adjustmen t  a s ne w evidenc e ar -
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rives .  This ,  i n turn ,  woul d requir e a n enormou s computationa l  wor k an d woul d wip e ou t  th e 

advantage s normall y associate d wit h propagatio n throug h fixed  constraints . 

Finally ,  th e fac t  tha t  evidentia l  reasonin g involve s bot h top-dow n (predictive )  an d 

bottom-u p (diagnostic )  inference s ha s cause d apprehension s that ,  onc e w e allo w th e propaga -

tio n proces s t o ru n it s cours e unsupervised ,  pathologica l  case s o f  instability ,  deadlock ,  an d cir -

cula r  reasonin g wil l  develo p [Lowrance ,  1982] .  Indeed ,  i f  a  stronge r  belie f  i n a  give n hypothesi s 

means a  greate r  expectatio n fo r  th e occurrenc e o f  it s  variou s manifestation s an d if ,  i n turn ,  a 

greate r  certaint y i n th e occurrenc e o f  thes e manifestation s add s furthe r  credenc e t o th e hy -

pothesis ,  ho w ca n on e avoi d infinit e updatin g loop s whe n th e processor s responsibl e fo r  thes e 

proposition s begi n t o communicat e wit h on e another ? 

Thi s pape r  report s tha t  coheren t  an d stabl e probabilisti c  reasonin g ca n b e accomplishe d 

by loca l  propagatio n mechanism s whil e keepin g th e weight s o n th e link s constan t  throughou t 

th e process .  Thi s i s mad e possibl e b y characterizin g th e belie f  i n eac h propositio n b y a  vecto r 

of  severa l  parameters ,  eac h representin g th e degre e o f  suppor t  tha t  th e hos t  propositio n obtain s 

fro m on e o f  it s  neighbors .  Maintainin g suc h a  breakdow n recor d o f  th e source s o f  belie f  i s  als o 

postulate d a s th e mechanis m whic h permit s peopl e t o trac e bac k reasone d assumption s fo r  th e 

purpose s o f  modifyin g th e mode l  an d generatin g explanator y arguments . 

4. PROPAGATION IN SINGLY-CONNECTED NETWORKS 

The problems associated with asynchronous propagation of beliefs, can be solved com-

pletel y i f  the  networ k i s singl y connected ,  namely ,  i f  ther e i s on e underlyin g pat h betwee n an y 

pai r  o f  nodes .  Thes e includ e trees ,  wher e eac h nod e ha s a  singl e parent ,  a s wel l  a s graph s wit h 

multi-paren t  nodes ,  representin g event s wit h severa l  causa l  factors .  Th e analysi s o f  tree s i s car -

rie d ou t  i n Pear l  [1982] ,  an d th e extensio n t o genera l  singl y connecte d graph s i s reporte d i n 

K i m an d Pear l  [1983] .  I n bot h cases ,  th e belief-updatin g schem e possesse s th e followin g proper -

ties : 

1. New information diffuses through the network in a single pass, i.e., equilibrium is 

reache d i n tim e proportiona l  t o th e diamete r  o f  th e network . 

2. The primitive processors are simple, repetitive, and they require no working memory ex-

cep t  tha t  use d i n matri x multiplication . 

3. The local computations and the final belief distribution are entirely independent of the 

contro l  mechanis m tha t  activate s th e individua l  operations .  The y ca n b e activate d b y 

eithe r  data-drive n o r  goal-drive n (e.g. ,  request s fo r  evidence )  contro l  strategies ,  b y a 

clock ,  o r  a t  random . 

Thus, this architecture lends itself naturally to hardware implementation, capable of 

real-tim e interpretatio n o f  rapidl y changin g data.  I t  als o provide s a  reasonabl e mode l  o f  neura l 

net s involve d i n cognitiv e task s suc h a s visua l  recognition ,  readin g comprehensio n [Rumelhart , 

1976] ,  an d associativ e retrieva l  [Anderson ,  1983] ,  wher e unsupervise d parallelis m i s a n uncon -

teste d mechanism . 
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6.  M A N A G I N G L O O P S A N D T H E D E V E L O P M E NT O F C A U S AL M O D E LS 

The efficacy of singly-coDoected networks in supporting antonomous propagation raises 
th e questio n o f  whethe r  simila r  propagatio n mechanism s ca n operat e i n les s restrictiv e network s 
(lik e th e on e i n Figur e 1) ,  wher e multipl e parent s o f  common childre n als o posses s common 
ancestors ,  thu s formin g loop s i n th e underlyin g network .  I f  w e ignor e th e existenc e o f  loop s 
and permi t  th e node s t o continu e communicatin g wit h eac h othe r  a s i f  th e networ k wa s singly -

connected ,  i t  wil l  se t  u p message s circulatin g indefinitel y aroun d th e loop s an d th e proces s 
most  probabl y wil l  no t  converg e t o a  coheren t  equilibrium . 

A straightforwar d wa y o f  handlin g th e networ k o f  Figur e 1  woul d b e t o appoin t  a  loca l 
interprete r  fo r  th e loo p Xj ,  JCj ,  Xj ,  X 5 tha t  wil l  accoun t  fo r  th e interaction s betwee n X 2 an d X3 . 

Thi s amount s basicall y t o collapsin g node s X 2 an d X 3 int o a  singl e node ,  representin g th e com -

poun d variabl e (Xj ,  Xg) .  Thi s metho d work s wel l  o n smal l  loops ,  bu t  a s soo n a s th e numbe r  o f 

variable s exceed s 3  o r  4 ,  collapsin g require s handlin g hug e matrice s an d washe s awa y th e na -
tura l  conceptua l  structur e embedde d i n th e origina l  network . 

A secon d metho d o f  propagatio n i s base d o n "stochasti c relaxation "  [Hinton ,  Sejnowsk i 
and Ackley ,  1984] .  Eac h processo r  interrogate s th e state s o f  th e variable s withi n it s influencin g 
neighborhood ,  compute s a  belie f  dbtributio n fo r  th e value s o f  it s  hos t  variable ,  the n randoml y 
select s on e o f  thes e value s wit h probabilit y  give n b y th e compute d distribution .  Th e valu e 
chose n wil l  subsequentl y b e interrogate d b y th e neighbor s upo n computin g thei r  beliefs ,  an d s o 
on.  Thi s schem e i s guarantee d convergence ,  bu t  usuall y require s ver y lon g relaxatio n time s t o 
reac h a  stead y state . 

A thir d metho d calle d conditionin g i s base d o n th e abilit y  t o chang e th e connectivit y o f 
a networ k an d rende r  i t  singl y connecte d b y instantiatin g a  selecte d grou p o f  variables .  I n Fig -
ur e I ,  fo r  example ,  instantiatin g X j  t o som e valu e woul d bloc k th e pathwa y X2 ,  x̂ ,  X 3 an d 
woul d rende r  th e res t  o f  th e networ k singl y connected ,  wher e th e propagatio n technique s o f  th e 
precedin g sectio n ar e applicable .  Thus ,  i f  w e wis h t o propagat e th e impac t  o f  a n observe d 
data ,  sa y a t  Xg ,  t o th e entir e network ,  w e first  assum e x ^  =  0 ,  propagat e th e impac t  o f  X 5 t o 
th e variable s X2 ,  .  .  .  .x̂ ,  repea t  th e propagatio n unde r  th e assumptio n X x =  1  and ,  finally, 
linearl y combin e th e tw o result s weighe d b y th e prio r  probabilit y  i*{xi) .  I t  ca n als o b e execute d 
i n paralle l  b y lettin g eac h nod e receive ,  compute ,  an d transmi t  severa l  set s o f  parameters ,  on e 
fo r  eac h valu e o f  th e conditionin g variable .  Thi s mod e o f  propagatio n i s no t  foreig n t o huma n 
reasoning .  Th e term s "hypothetical "  o r  "assumption-based "  reasoning ,  "reasonin g b y cases, " 
and "envisioning *  al l  refe r  t o th e sam e basi c mechanis m o f  selectin g a  ke y variable ,  bindin g i t 
t o som e o f  it s values ,  derivin g th e consequence s o f  eac h bindin g separately ,  an d integratin g 
thos e consequence s together . 

Finally ,  a n approac h i s describe d i n Pear l  [1984 ]  whic h introduce s auxiliar y variable s 
and permanentl y turn s th e networ k int o a  tree .  T o understan d th e basi s o f  thi s method ,  con -
side r  a n arbitrar y tree-structure d network .  Th e leave s i n thi s networ k ar e tightl y couple d i n 
th e sens e tha t  n o tw o o f  the m ca n b e separate d b y th e others ,  an d therefore ,  i f  w e wer e t o con -
struc t  a  Baye s networ k wit h thes e variable s alone ,  a  complet e grap h woul d ensue .  Yet ,  togeth -
er  wit h th e intermediat e variables ,  th e interaction s amon g th e lea f  variable s ar e tre e structured , 
thu s demonstratin g tha t  som e network s ca n b e broke n u p int o tree s b y introducin g dummy 
variables .  Thi s schem e enjoy s th e advantag e o f  uniformity :  th e processor s representin g th e 
dummy variable s ca n b e identica l  t o thos e representin g th e rea l  variables ,  i n ful l  complianc e 
wit h ou r  architectura l  objectives .  Moreover ,  ther e ar e stron g reason s t o believ e tha t  th e pro -
cess o f  reorganizin g dat a structure s b y addin g fictitious  variable s mimic s a n importan t  com -
ponen t  o f  conceptua l  developmen t  i n huma n beings ,  th e evolutio n o f  causa l  models . 

Peopl e ofte n inven t  hypothetica l  unobservabl e entitie s suc h a s "ego" ,  "elementar y parti -
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cles" ,  an d "suprem e beings "  t o mak e theorie s fit  th e mol d o f  causa l  schema .  Whe n w e tr y t o 

explai n th e action s o f  anothe r  person ,  fo r  example ,  w e invariabl y invok e abstrac t  notion s o f 

menta l  states ,  socia l  attitudes ,  beliefs ,  goals ,  plans ,  an d intentions .  Medica l  knowledge ,  like -
wise ,  i s  organize d int o causa l  hierarchie s o f  invadin g organisms ,  physica l  disorders ,  complica -

tions ,  clinica l  states ,  an d onl y finally,  th e visibl e symptoms .  Computationall y speaking ,  w e ca n 
interpre t  thes e menta l  construct s a s name s give n t o memor y location s tha t  encod e a  summar y 

of  th e interactio n betwee n th e visibl e variable s and ,  onc e calculated ,  permi t  u s t o trea t  th e vbi -
bl e variable s a s i f  the y wer e mutuall y independent .  Thus ,  th e restructurin g o f  Baye s network s 
int o tree s b y introducin g auxiliar y variable s share s man y computationa l  feature s wit h th e 
developmen t  o f  causa l  model s i n people .  I t  i s  suggestive ,  therefore ,  t o identif y th e auxiliar y 
variable s wit h th e menta l  construct s o f  "hidde n causes" ,  an d t o conjectur e tha t  humans ^  relent -
les s searc h fo r  causa l  model s i s motivate d b y thei r  desir e t o achiev e computationa l  feature s 

simila r  t o thos e offere d b y tree-structure d Bayesia n networks . 
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In this research we examine how expert engineers differ in solving a speciHc engineering problem. This effort 

aros e ou t  o f  observation s an d experience s wit h a  projec t  originatin g a t  th e Cente r  fo r  Advance d Engineerin g Stud y 

at  th e Massachusett s Institut e o f  Technology .  I n thi s previou s project ,  on e o f  u s develope d a  simulatio n a s par t  o f 

a Nationa l  Scienc e Foundatio n effo t  t o stud y ne w approache s t o continuin g educatio n fo r  practicin g engineer s an d 

scientist s i n industry. ^  Durin g th e developmen t  o f  th e simulation ,  i t  becam e apparen t  tha t  thi s simulatio n 

presente d a  quit e interestin g environmen t  t o stud y h o w peopl e reaso n abou t  complex ,  physica l  systems .  A s a 

consequence ,  w e ar e usin g a  versio n o f  thi s simulatio n t o investigat e a  variet y o f  phenomen a i n engineerin g 

proble m solving .  Thi s pape r  report s o n som e o f  ou r  initia l  findings.  Specifically ,  w e examin e th e concep t  o f 

•'exper t  variance "  wit h respec t  t o on e aspec t  o f  proble m solving :  th e strategie s evidence d b y th e sequenc e o f  step s 

use d t o solv e th e problem . 

M E T H OD 

Subjects .  Fou r  engineerin g professor s fro m th e Thaye r  Schoo l  o f  Engineerin g a t  Dartmout h Colleg e 

participate d i n th e study .  Eac h hel d a  Ph.D .  degre e o r  th e equivalen t  an d ha d a  min imu m o f  1 5 year s experienc e 

i n teachin g and/o r  industry . 

Materials .  Th e stea m syste m wa s reimplemente d o n a n Appl e Macintosh ® computer .  Th e simulate d 

syste m (se e Figur e 1 )  depicte d bot h component s (vi a icons )  an d flow s o f  stea m an d condensat e (th e numeri c 

values) .  T w o boiler s b u m fue l  t o hea t  th e feedwate r  an d produc e stea m t o b e fe d a t  hig h {H-essure s int o th e 

high-pressur e heade r  (HPH )  fo r  distribution .  Stea m ou^u t  fro m th e H P H feed s int o a  pump ,  a  turbogenerato r  (fo r 

th e productio n o f  electricity )  and ,  i f  to o muc h high-pressur e stea m i s bein g produced ,  int o a  pressur e reducin g 

valv e (whic h reduce s th e pressur e an d shunt s i t  t o th e nex t  header) .  Intermediate-pressur e stea m i s produce d b y th e 

thir d boile r  an d fe d int o th e intermediate-pressur e heade r  (IPH) .  Th e IP H distribute s stea m t o th e process ,  a 

crusher ,  a  secon d turbogenerator ,  an d a  secon d pressur e reducin g valve .  Th e lo w pressur e heade r  i s fe d b y bot h 

turbogenerators ,  th e crusher ,  th e pump ,  an d a  pressur e reducin g valve .  Th e lo w pressur e heade r  (LPH )  provide s a 

secon d inipu t  t o th e process ,  feed s th e deaerator ,  an d a  ven t  (exces s stea m i s shunte d t o th e atmosphere) .  Stea m 

condensat e i s fe d bac k t o th e deaerato r  fro m a  turbogenerato r  an d th e process .  Los s o f  wate r  fro m th e syste m i s 

handle d throug h a  makeu p wate r  source .  Th e deao-ato r  prepare s th e returne d condensat e an d exces s stea m fo r 

reintroductio n t o th e boilers .  Subject s use d a  mous e t o manipulat e a  pointe r  o n th e screen ,  enablin g the m t o 
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selec t  components .  Fo r  eac h component ,  th e option s o f  changin g it s curren t  operatin g valu e o r  findin g it s curren t 

cos t  wa s available .  I n addition ,  th e curren t  an d prio r  tota l  syste m cost s wer e continuousl y displaye d a s wa s th e 

balanc e o f  th e system .  W h e n a  valu e wa s change d b y a  subject ,  th e inpu t  valu e wa s first  evaluate d t o insur e i t 

met  th e constraint s associate d wit h tha t  component .  Nex t  th e syste m wa s updated ,  whic h involve d calculatin g th e 

n e w cos t  fo r  bot h th e devic e an d th e entir e system ,  updatin g thes e values ,  an d searchin g fo r  an d indicatin g o n th e 

scree n th e exac t  source s o f  imbalanc e (i f  any) .  Further ,  th e ne w value ,  th e devic e involve d an d th e curren t  tim e 

wer e recede d t o povid e a  trac e o f  th e subject' s manipulations . 

Procedure .  Th e subject s wer e face d wit h th e followin g problem : 

The system ,  i n it s initia l  configuration ,  i s  operatin g i n a  ver y inefficien t  manner .  Attemp t  t o minimiz e 

th e cos t  o f  runnin g th e syste m b y redirectin g an d modifyin g th e flows  o f  stea m an d condensat e subjec t  t o 

th e constraint s o f  th e syste m indicate d i n th e writte n material s supplied . 

Give n a  descriptio n o f  th e syste m an d relate d equations ,  th e subject s interacte d wit h th e simulation ,  verball y 

describin g thei r  action s an d reasoning .  Th e c^tima l  valu e wa s no t  initiall y  presented .  Afte r  approximatel y thirt y 

minute s o r  whe n th e subjec t  indicate d tha t  a  solutio n ha d bee n reached ,  th e optima l  valu e fo r  th e syste m 

configuratio n wa s presented .  Provide d thi s goa l  ha d no t  alread y bee n met ,  th e subjec t  wa s aske d wha t  othe r 

change s coul d b e m a d e t o hi s configuratio n t o attemp t  t o reac h thi s goal .  Th e subjec t  the n m a d e furthe r 

nxxiification s t o th e syste m o r  describe d wha t  strategie s woul d b e employe d t o mee t  thi s criterion .  A n entir e 

sessio n laste d approximatel y on e hour . 

S U M M A RY O F RESULTS 

Th e analysi s o f  th e dat a consiste d o f  th e examinatio n o f  th e modificatio n trace ,  experimente r  observations ,  an d 

recorde d verba l  protoco l  i n orde r  t o determin e (1 )  th e natur e o f  th e component s o f  reasonin g an d (2 )  h o w exper t 

reasonin g differe d base d o n th e identifie d components . 

C o m p o n e n t s o f  Reasoning .  Analysi s o f  th e component s o f  reasonin g indicate d tha t  expert s similarl v 

relie d o n thre e primar y type s o f  ioiowledg e brough t  t o bea r  i n solvin g thi s problem :  knowledg e o f  devices , 

knowledg e o f  system s o f  devices ,  an d knowledg e o f  strategie s o f  energ y conservatio n regardin g system s an d 

devices." ' 

Knowledg e o f  device s (i.e. ,  components )  embodie d th e type s o f  physica l  object s whic h m a y b e foun d i n a 

typica l  processin g plan t  relyin g o n stea m us e (e.g. ,  turbogenerators ,  pressur e reducin g valves ,  vents) .  W e foun d 

tha t  thre e type s o f  devic e "roles "  wer e evidence d i n solvin g th e problems .  First ,  ther e i s th e structura l  rol e wher e 

th e devic e i s simpl y describe d i n term s o f  it s  particula r  properties .  Thi s i s simila r  t o Kuiper' s interpretation ,  bu t 

i n thi s contex t  applicabl e t o th e devic e level .  Fo r  example ,  a  "boiler "  devic e m a y b e describe d a s a  stea m 

producin g objec t  whic h ingest s fue l  an d feedwater ,  operate s a t  som e leve l  o f  efficiency ,  an d provide s stea m a t 

some rat e an d pressure .  A  particula r  boile r  devic e ha s propertie s instantiate d t o specifi c  value s (e.g. ,  bum s oil ,  i s 

8 0 % efficient ,  produce s stea m a t  110,(XX )  Ibs/hr) ,  bu t  als o woul d hav e a  specifi c  purpos e an d functio n i n th e 

contex t  o f  th e behavio r  o f  th e entir e system .  Thi s i s simila r  t o Kuiper's/uncriona /  description .  However ,  w e 

foun d tha t  device s tak e o n differen t  functiona l  description s base d o n thei r  rol e i n a  particula r  strategy .  Fo r 

exanq)le ,  a  boile r  i s a  stea m producin g devic e ~  it s purpos e i s t o generat e stea m t o b e propogate d throughou t  th e 
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system .  Subject s occasionall y use d boiler s "t o balance "  rathe r  tha n purel y "t o produce. "  Thi s i s a  subtl e 

difference ,  bu t  on e reflectin g a  ver y particula r  rol e assigne d t o a  boile r  usuall y reserve d fo r  vent s o r  pressur e 

reducin g valves .  I n thi s case ,  th e additiona l  rol e take n o n b y th e boile r  wa s determine d b y constraint s inheren t  i n a 

particula r  strateg y an d permitte d b y th e understandin g o f  di e functionin g o f  di e device . 

Knowledg e o f  system s i s knowledg e o f  configurations .  I t  refer s t o knowledg e o f  h o w collection s o f  device s 

operat e togethe r  a s a  system .  Ther e ar e tw o characteristic s whic h see m t o distinguis h knowledg e o f  system s from 

knowledg e o f  devices :  interactio n an d collectiv e purpose .  Interactio n refer s t o di e propogatio n o f  effects ,  feedback , 

and interdependencie s o f  severa l  devices .  Essentially ,  tiiis  reflect s th e appreciatio n o f  th e dynamic s an d 

interconnectivit y o f  th e problem .  Collectiv e purpos e refer s t o th e attributio n o f  a  purpos e t o a  collectio n o f 

device s i n th e contex t  o f  th e system .  Fo r  example ,  usin g a  hig h leve l  o f  abstraction ,  a  simpl e descriptio n o f  th e 

overal l  syste m behavio r  ca n b e mad e b y definin g th e plan t  a s a  se t  o f  interconnecte d system s whic h (1 )  produc e 

steam ,  (2 )  distribut e steam ,  (3 )  consum e steam ,  (4 )  produc e electricity ,  an d (5 )  consum e electricity .  Thi s 

representatio n reflect s th e devices ,  thei r  rol e i n th e system ,  an d th e topolog y o f  th e syste m indicate d b y 

connectivit y flows . 

Th e subject s als o demonstrate d knowledg e o f  genera l  strategie s o f  energ y conservatio n t o b e applie d i n 

reducin g enei^ y wast e an d monetar y loss .  T w o dominan t  strategie s wer e identified :  (1 )  decreas e F U E L Cos t  ~ 

minimiz e th e cos t  o f  purchasin g fue l  fo r  boilers ,  an d (2 )  generat e E L E C T R I C I T Y -  generat e a s muc h electricit y 

inhous e a s possible .  Thes e tw o strategie s correcti y addres s th e majo r  source s o f  cos t  saving s i n th e simulation .  I n 

addition ,  tw o additiona l  strategie s wer e identified ,  bu t  serve d mor e o f  a n ancillar y o r  tunin g rol e dia n th e prio r 

two :  (3 )  atten d t o P R V s ~  pressur e reducin g valve s (PRVs )  shoul d b e use d mainl y a s a n intermediat e contro l 

metho d t o maintai n stea m balanc e an d (4 )  atten d t o V E N T s ~  ventin g stea m shoul d b e avoide d an d use d onl y a s a 

temporar y mechanis m t o handl e stea m fluctuations . 

I n summary ,  th e expert s relie d o n simila r  type s o f  knowledge :  o f  devices ,  systems ,  an d strategie s t o achiev e 

lo w cos t  solutions . 

Sourc e o f  Exper t  Variance .  Thre e basi c difference s betwee n expert s wer e found .  First ,  the y differe d i n 

thei r  abilit y  t o generat e a  m i n i m u m cos t  solutio n i n th e absenc e o f  a n explici t  goa l  (recal l  tha t  th e syste m wa s 

presente d t o th e subject s withou t  th e m i n i m u m goa l  cos t  initiall y  available) .  Second ,  th e expert s differe d i n th e 

dominan t  strateg y selecte d (o f  th e firs t  tw o previousl y mentioned) .  Third ,  the y differe d i n th e wa y th e particula r 

strateg y wa s implemented . 

Cost  Reduction .  T w o subject s (S I  an d S2 )  di d no t  reac h th e m in imu m and ,  consequently ,  wer e the n show n 

th e goa l  an d permitte d t o mak e furthe r  adjustments .  I n bot h cases ,  th e subject s quickl y achieve d th e m i n i m u m 

cos t  afte r  th e goa l  wa s presented .  O n th e othe r  hand ,  th e othe r  tw o subject s (S 3 an d S4 )  di d successfull y achiev e 

di e m i n i m u m cos t  withou t  th e goa l  present . 

Overal l  Strategies .  S I  an d S 2 differe d i n Uiei r  initia l  attac k o f  th e problem .  S I  incorporate d th e 

PTJEL-oriente d strateg y b y attemptin g t o base-loa d (i.e. ,  increas e th e outpu t  o f  di e boile r  t o th e m a x i m u m )  th e 

cheaper-fuele d boiler s an d reduc e th e loa d o n th e expensiv e boiler .  W h e n S I  wa s show n th e goa l  cos t  (indicatin g 
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tha t  additiona l  cos t  reduction s coul d occur) ,  attentio n wa s immediatel y pai d t o th e turbogenerator s an d th e 

E L E C T R I C I T Y strateg y unfolde d t o permi t  th e prope r  adjutments .  S I  basicall y approache d th e tas k wit h th e ide a 

tha t  lowerin g th e cos t  o f  th e boiler s an d redirectin g stea m wer e th e mos t  importan t  thing s t o do .  Thi s cause d S I 

t o achiev e a  "local "  m i n i m u m bu t  no t  a  globa l  one .  Onl y afte r  th e explici t  goa l  wa s presente d di d th e explici t 

"powe r  vs .  oil "  tradeof f  correctl y occur .  O n th e othe r  hand ,  S 2 immediatel y bega n b y invokin g th e 

E L E C T R I C I T Y strateg y an d attempte d t o generat e a s muc h electricit y a s possibl e whil e balancin g th e syste m vi a 

th e P R V s an d th e vent .  Again ,  S 2 di d no t  achiev e th e m in imu m cos t  an d wa s show n th e goal .  Almos t  i n 

convers e fashio n fro m SI ,  S 2 the n focuse d o n inhous e electrica l  productio n an d continue d t o manipulat e th e flo w 

parameter s o f  th e turbogenerato r  output s i n orde r  t o maximiz e th e amoun t  o f  powe r  purchase d withi n th e 

constraint s o f  th e balance d syste m an d leve l  o f  stea m production . 

S3 an d S 4 bot h achieve d th e m i n i m u m cos t  solutio n withou t  requirin g th e goa l  t o b e presented ;  however , 

the y accomplishe d thi s quit e differently .  S 3 wa s ver y methodica l  an d essentiall y  incorporate d a  strateg y whic h wa s 

a combinatio n o f  th e E L E C T R I C I T Y an d F U E L approaches .  S 3 attempte d t o produc e a s muc h electricit y a s 

possibl e whil e a t  th e sam e tim e minimizin g th e us e o f  th e expensively-fuele d boile r  an d balancin g th e adjustmen t 

wit h th e vent .  S4 ,  however ,  wa s unique .  Wit h a  m in imu m numbe r  o f  moves ,  S 4 sequentiall y  invoke d th e F U E L 

and E L E C T R I C I T Y strategies .  S 4 definitel y wa s th e quickes t  an d mos t  efficien t  o f  th e subjects . 

Implementation .  A n additiona l  observatio n ca n n o w b e mad e concernin g h o w th e strategie s wer e 

implemented .  Th e strategie s identifie d involv e adjustment s t o severa l  device s a t  a  time .  Fo r  example ,  t o increas e 

th e electricit y bot h turbogenerator s ar e involve d alon g wit h on e o r  mor e boiler s - -  thu s definin g th e devic e se t  o f 

th e strategy .  W e foun d tha t  th e subject s too k essentiall y  tw o approache s t o implementin g a  strateg y an d adjustin g 

th e devic e set .  I n on e method ,  a  subjec t  woul d selec t  a  strategy ,  suc h a s E L E C T R I C I T Y ,  an d implemen t  i t 

"component -  by-component "  i n a  cautiou s manne r  wher e on e elemen t  o f  di e devic e se t  woul d b e change d (e.g. ,  a 

turbogenerator) ,  th e result s teste d (i.e. ,  i s  i t  i n balance?) ,  and ,  i f  necessary ,  adjustment s mad e t o balanc e th e 

syste m (t o eithe r  member s o r  nonmember s o f  th e devic e set) .  Th e subjec t  woul d the n m o v e o n t o th e nex t  devic e 

modificatio n i n th e strateg y (e.g. ,  di e othe r  turbogenerator) .  Thi s reflect s a  locally-guide d approac h sensitiv e 

t o imbalance s a s th e strateg y unfolds .  Subjec t  S 3 demonstrate d dii s  perfecd y b e attemptin g t o explicid y balanc e 

th e syste m o n fou r  separat e occasions .  O n th e othe r  hand ,  th e secon d typ e o f  implementatio n tolerate d 

intermediat e imbalance s a s eac h componen t  o f  di e devic e se t  wa s addressed .  I n thi s globally-guide d approach , 

th e subject s woul d first  mak e adjustment s t o al l  member s o f  th e devic e se t  prio r  t o an y attemp t  t o balanc e th e 

result s b y adjustin g nonmembe r  components .  Th e extrem e cas e i s illustrate d b y S 4 w h o essentiall y  wa s no t 

concerne d wit h balancin g th e syste m unti l  th e final  adjustment s wer e made .  I n on e sense ,  a  locally-guide d searc h 

represent s a  cautiou s tacti c b y testin g th e effect s o f  th e devic e se t  adjustments .  Th e globally-guide d tacti c seeme d 

t o reflec t  bot h a  mor e optimisti c confidenc e i n th e presume d behavio r  o f  th e syste m an d a  commitmen t  t o a 

specifi c  serie s o f  modifications . 
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CONCLUSION 

Expertise is more than a large accumulation of facts; it concerns basic qualitative differences in the 

representation of imowledge and the control of the reasoning processes. The analysis of expert reasoning, as we 

have indicated, uncovers a picture of comparisons which is more complicated that simple expert-novice 

dichotomies  often suggest. As expected, experts as group distinguish themselves (ot are distinquished) from the 

flock via performance. They do what they do more proficiently and efficiently than the others. They have mastered 

the body of knowledge upon which proficiency is built. Experts, however, do not only know more -- they know 

differently.  Humans are limited in their ability to deal with large amounts of information; consequently, they 

must incorporate ways to reduce the demands of the task during performance. It is precisely because of such 

cognitive limitations that experts have adapted efficient ways to solve problems in their domains. Expert problem 

solvers have augmented and modified their knowledge through years of experience. Lack of this experience often 

makes problem solvers "knowledge rich but strategy poor." More relevant to this discussion, it also provides a 

source for individual variation among experts. Experts in the same field simply may not demonstrate the same 

reasoning behaviors.^ Experience, then, is both a source of expert performance and expert variance. 

We hav e reporte d som e o f  ou r  initia l  findings  regardin g th e natur e o f  exper t  varianc e i n proble m solving . 

Ther e are ,  o f  course ,  m a n y additiona l  avenue s t o pursue .  Fo r  example ,  w e ar e examinin g expert-novic e 

differences, explicating more detailed information on the nature of the qualitative and causal judgements 

underlying the selection and execution of die strategies, and have implemented an OPSS model of the strategies. 

We shall see... 
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1. INTRODUCTION. 

I n Joh n Searle' s Chines e Roo m though t  experiment ,  Searle ,  w h o know s neithe r  wrine n no r  spoke n Chinese ,  i s  locke d i n a 
roo m supplie d wit h instruction s i n Englis h tha t  provid e a n algorith m allegedl y fo r  understandin g writte n Chinese .  Nativ e 
Chines e speaker s outsid e th e roo m pas s question s writte n i n Chines e character s int o th e room ;  Searl e use s thes e symbols ,  otherwis e 
meaningles s t o him ,  a s inpu t  and ,  followin g onl y th e algorithm ,  produces ,  a s output ,  answer s writte n i n Chines e characters ,  pas s 
in g the m bac k t o th e nativ e speakers .  Th e "answer s .. .  ar e absolutel y indistinguishabl e fro m thos e o f  nativ e Chines e speakers " 
(Searl e 1980 :  418) .  Th e experimen t  i s use d t o suppor t  th e followin g argument : 

[l ]  stil l  don' t  understan d a  wor d o f  Chines e an d neithe r  doe s an y othe r  digita l  compute r  becaus e al l  th e compute r  ha s i s 
what  I  have :  a  forma l  progra m tha t  attache s n o meaning ,  interpretation ,  o r  conten t  t o an y o f  th e symbols .  [Therefore, ] 
.. .  n o forma l  progra m b y itsel f  i s  sufficien t  fo r  understandin g (Searl e 1982 :  5. ) 

Manv hav e disagree d ove r  wha t  Searle' s argumen t  i s designe d t o show .  Th e versio n I  hav e jus t  cite d i s clearl y invalid :  A t  most , 
th e though t  experimen t  migh t  sho w tha t  tha t  particula r  progra m i s insufficien t  fo r  understanding ,  bu t  no t  tha t  a  progra m tha t  di d 
attac h meaning ,  interpretation ,  o r  conten t  t o th e symbol s coul d no t  understand .  Suc h a n aiuchmen t  woul d als o tak e th e for m o f 
an algorith m (cf .  Rapaport ,  forthcoming) .  Bu t  Searl e denie s thi s stronge r  claim ,  too : 

I  se e n o reaso n i n principl e w h y w e couldn' t  giv e a  machin e th e capacit y t o understan d Englis h o r  Chinese ,  sinc e i n a n 
importan t  sens e ou r  bodie s wit h ou r  brain s ar e precisel y suc h machines .  Bu t  .. .  w e coul d no t  giv e suc h a  thin g t o a 
machin e .  . .  [whose ]  operatio n .. .  i s  define d solel y i n term s o f  computationa l  processe s ove r  formall y define d elements . 
(Searl e 1980 :  422 ;  cf. ,  also ,  th e "robo t  reply" ,  p .  420. ) 

And thi s i s s o becaus e "onl v somethin g havin g th e sam e caus;i l  power s a s brain s ca n hav e intentionnlitv "  (Searl e 1980 :  423) .  Thes e 
causa l  power s ar e du e t o th e (human )  brain' s "binlogica l  (i.e .  chemica l  an d physical )  structure "  (Searl e 1980 :  422) .  Th e biologica l 
stanc e uike n b \  Searl e i s essential :  Fo r  eve n a  simui.itei i  huma n brai n "mad e entirel y o f  ol d bee r  tan s . .  .  rigge d u p t o lever s an d 
powere d b v windmills "  woul d no t  reall v exhibi t  mtentionalit v (Searl e 1982 :  4) ,  eve n thoug h i t  appeare d to .  Searle ,  however ,  doe s 
not  specif y precisel y wha t  thes e caus;i l  power s are ,  an d thi s i s th e bigges t  ga p i n hi s argument . 

However ,  i n hi s book ,  Intendonality ,  Searl e tell s  u s tha t  "'menta l  state s ar e bot h cause d b y th e operation s o f  th e brai n an d 
realize d i n th e structur e o f  th e brain "  (Searl e 1983 :  265) ,  s o w e migh t  hop e t o find  a n explicatio n o f  thes e causa l  power s here . 
Indeed ,  a  carefu l  analysi s o f  thes e tw o notion s reveal s (1 )  wha t  th e requisit e causa l  power s are ,  (2 )  wha t  i s  wron g wit h Searle' s 
clai m abou t  menta l  states ,  an d (3 )  wha t  i s  wron g wit h hi s overal l  argument . 

Moreover ,  i t  i s  consisten t  wit h m y analysi s tha t  som e intentiona l  phenomena ,  e.g. ,  pai n an d othe r  quali a o r  "feels" ,  nee d no t 
be functionall y describable ,  but ,  rather ,  migh t  b e th e result s o f  physica l  o r  chemica l  propertie s o f  th e entit y tha t  experience s them . 
However ,  thoug h thes e phenomen a nee d no t  b e functionall y describable ,  the y ver y wel l  migh t  be . 

VI v theory ,  i n roug h outline ,  i s  this :  Cx)nside r  Searle' s beer-ca n andwindmil l  simulatio n o f  a  huma n brain ,  programme d t o 
simu l  thirst .  Searl e siiv s tha t  i t  i s  no t  thirsty .  W e migh t  repl y tha t  perhap s i t  feel s simuUiie d thirst ;  an d w e migh t  the n g o o n 
t o v n de r  i f  simulate d thirs t  i s  thirst .  Eve n better ,  w e shoul d sa y tha t  i t  simulaiedl y feel s simulate d thirst .  Similarly ,  th e 
Chines e compute r  syste m simulatedl y understand s simulate d Chinese .  But ,  s o goe s m y theory ,  th e simulate d feelin g o f  simulate d 
thirs t  i s  thirst ,  an d simulate d understandin g i s understanding .  Th e difference s betwee n suc h simulation s an d th e "real "  thing—or , 
more t o th e point ,  th e huma n thing-li e i n thei r  physica l  mak e up .  Th e t l  rs t  implemente d i n th e beer-ca n compute r  m a y no t 
"feel "  th e wa x tha t  thirs t  implemente d i n a  huma n feel s (what ,  afte r  all ,  i s  i t  lik e t o b e a  thirst y beer-ca n computer?) ,  bu t  the y 
ar e bot h thirs t  An d s o fo r  understanding . 

2. QUESTIONS ABOUT CAUSATION AND REALIZATION. 

We nee d t o clari f  \  wha t  Searl e mean s b y "causation "  an d "realization" .  I n th e passag e cite d above ,  h e say s tha t  i t  i s  brai n 
operation s tha t  caus e menta l  states ,  wherea s i t  i s  brai n structur e tha t  realize s them .  Thi s differenc e prove s important .  Yet ,  ear -
lie r  i n Inlcntionaliiy .  Sear k answer s th e "ontological "  question ,  "Wha t  i s th e mod e o f  existenc e o f  .  . .  Intentiona l  states'* "  i n tw o 
ways :  b y sayin g tha t  the y "ar e bi)t h cause d b y an d realize d i n [a ]  th e structur e o f  th e brain "  an d [b ]  "th e neurophysiolog y o f  th e 
brain "  (Searl e 1983 :  15 ,  m v lUilics) . 

But  whic h i s  it* *  Operation s an d structur e are ,  arguably ,  thing s tha t  ca n b e share d b y brain s an d beer-ca n contraptions . 
Sinc e Searl e dearl y doe s no t  wan t  t o commi t  himsel f  t o that ,  th e answe r  mus t  b e neurophysiology .  Ver v well ,  then .  Wha t  doe s 
Searl e mea n whe n h e say s tha t  mtentionalit v i s  cause d b y th e neurophysiolog y o f  th e brain' '  H e mean s tha t  "Intentiona l  state s 
stan d i n causa l  relation s t o th e neurophysiological "  (Searl e 1983 :  15) .  Bu t  wha t  doe s tha t  mean' ' 

And wha t  doe s Searl e mea n whe n h e say s tha t  intentionalit y i s  realize d i n th e neurophysiolog y o f  th e brain' '  I  shal l  argu e 
tha t  h e mean s tha t  i t  i s  "implemented "  i n th e brain ,  usin g . j  somewha t  technica l  sens e belongin g t o th e compuuitiona l  theor y o f 
abstrac t  dat a types ;  bu t  tha t  theor y i s mor e comple x tha n Sc.irl e rcali/es . 
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3.  D A T A A B S T R A C T I ON A N D I M P L E M E N T A T I O N. 

Compute r  program s describ e action x t o b e performe d o n object s (cf .  Lecarm e 19S1 :  6()-61) .  Th e action s ar e expresse d i n 
term s o f  th e operation s o f  th e particula r  programmin g languag e used ,  an d th e object s ar e represente d b y dat a structures ,  eac h o f 
whic h mus t  b e constructe d ou t  o f  th e dat a structure s availabl e i n th e particula r  pro '̂rammin g language .  Dat a structure s ca n b e 
classifie d int o difl'eren t  dat a types .  A n abstrac t  dat a typ e i s a  forma l  (i.e. ,  mathematica l  o r  abstract )  dat a structure ,  togethe r  wit h 
variou s characteristi c operation s tha t  ca n b e performe d o n i t  (cf .  Ah o e t  al .  198.'? :  1 0 14) .  A n implementatio n o f  a n abstrac t  dat a 
typ e I S (usually )  a n actua l  dat a structur e i n a  program ,  tha t  play s th e rol e o f  th e abstrac t  dat a type .  Thi s characterizatio n i s 
admittedl y rough ,  bu t  wil l  serv e m y presen t  purposes . 

An exampl e shoul d help .  A  stac k i s a n abstrac t  dat a typ e consistin g o f  potentiall y  infinitel y man y item s o f  informatio n 
("data" )  arrange d ("structured" )  i n suc h a  wa y tha t  ne w item s ar e adde d onl y t o th e "top "  o f  th e stac k an d a n ite m ca n b e 
retrieve d onl y i f  i t  i s  o n th e top .  Th e usua l  imag e i s tha t  o f  a  stac k o f  cafeteri a tray s th e las t  ite m pu t  o n th e stac k i s th e firs t  t o 
come off .  Th e programmin g languag e Pasca l  doe s no t  hav e st.ick s a s a  buil t  i n dat a type ,  bu t  the y ca n b e implemente d i n Pasca l  b y 
arrays ,  whic h ar e buil t  in .  Unlik e a  stack ,  a n ite m ca n b e adde d t o o r  remove d fro m an y cel l  o f  a n array :  Bu t  i f  on e steadfastl y 
refuse s t o d o tha t  an d steadfastl y treat s a n arra y i n a  las t  in/first-ou t  manner ,  the n i t  is ,  fo r  al l  practica l  purposes ,  a  stack .  Indeed , 
rea l  stack s o f  cafeteri a tray s ar e mor e lik e array s tha n stacks . 

The relatio n betwee n a n abstrac t  dat a typ e an d .n i  implementatio n o f  i t  i s  remini.scen t  o f  tha t  betwee n a n Aristotelia n 
genu s o r  specie s an d an  individua l  o f  tha t  genu s o r  species ,  an d implementatio n i s reminiscen t  o f  instantiation—bu t  no t  exactly : 
An Aristotelia n individua l  ha s essentia l  properties ,  namclv ,  thos e ha d b v th e specie s t o whic h i t  belongs .  It s accidenta l  propertie s 
ar e thos e tha t  differentiat e i t  fro m othe r  individual s o f  it s  species . 

But ,  wherea s a  stac k ha s a  to p essentially ,  a n arra y ha s on e onl y accidentally .  An d tw o implementation s o f  a  stac k ca n 
diffe r  i n mor e tha n merel y accidenta l  ways :  Array s ar e essentiall y difieren t  fro m linke d lists ,  ye t  bot h ca n implemen t  slacks . 
And stack s ar e essentiall y  differen t  fro m queues ,  ye t  array s ca n implemen t  the m both . 

These difference s aris e fro m th e fac t  tha t  no t  ai l  propertie s o f  .i n .ibstrac t  dat a typ e nee d b e "inherited "  b y a n implement a 
tion ,  no r  doe s th e abstrac t  dat a tvp e hav e t o hav e al l  th e essentia l  profHrrtie s o f  it s  implementation .  Fo r  instance ,  stack s ar e 
infinite ;  array s i n Pasca l  ar e finite  an d o f  fixed  si/e .  Arr.iv s tha t  implemen t  stack s ca n b e accesse d i n th e middl e (eve n i f  the y 
shouldn' t  be) ;  stack s cannot .  Finally ,  on e abstrac t  dat a tvp .  ta n implemen t  another .  Thus ,  e.g. ,  th e abstrac t  dat a typ e sequenc e ca n 
be implemente d b v th e abstrac t  dat a tvp e linke d list ,  whuli ,  i n turn ,  ca n h e implemente d b v symboli c expression s i n LISP .  Thes e 
ta n b e though t  o f  eithe r  .i s  . i  "real "  implementation ,  o r  .i s  >e t  .inoihe r  .ibstr.ii. i  U.it. i  ty|x -  ultimatel v t o h e implemente d b y ele c 
troni c signal s i n . i  computer . 

Sinc e thes e notion s pla y a n importan t  rol e i n m y theory ,  a  fe w application s o f  the m t o othe r  area s ma y prov e helpful .  I n 
doin g this ,  I  sh.il l  b e likenin g certai n thing s t o abstrac t  dat a types ;  I  d o no t  inten d t o argu e tha t  al l  o f  thes e thing s ar e abstrac t 
dat a tvpe s (althoug h som e are) .  Consequently ,  I  shal l  us e term s suc h a s Abstractio n t o refe r  t o th e genera l  categor y o f  suc h 
things . 

When vn u "liste n t o music "  o n a  record ,  ar e yo u reall y listenin g t o musi c o r  merel y t o a  recording— a simulation—o f  music ? 
Clearly ,  both ,  becaus e recording s o f  musi c ar e music .  A  musica l  scor e i s an  Abstractio n tha t  i s  implemente d by ,  say ,  a n orchestra . 
The relation s betwee n a n abstrac t  dat a typ e an d a n implementatio n o f  i t  ar e precisel y thos e betwee n a  scor e an d a  performanc e o f 
it .  Eve n th e "implementation "  o f  a n abstrac t  dat a typ e b y th e mathematica l  notatio n use d t o describ e i t  i s  parallele d b y th e rela -
tio n betwee n th e abstrac t  scor e an d it s printe d copy . 

Her e i s a  mathematica l  example :  Peano' s axiom s describ e th e abstrac t  dat a typ e natura l  numbers .  An y sequenc e o f  ele -
ment s satisfyin g thos e axiom s i s a n implementatio n o f  "the "  natura l  number s and ,  thus ,  i s  a  sequenc e o f  natura l  numbers .  Simi -
larly ,  rationa l  number s ca n b e implemente d a s equivalenc e classe s o f  ordere d pair s o f  (an y implementatio n of )  natura l  numbers . 

And an  exampl e fro m science :  Differen t  collection s o f  wate r  molecule s an d collection s o f  alcoho l  molecule s ar e impleme n 
tation s o f  th e Abstractio n liijuid . 

And,  mor e t o th e point ,  perhap s menta l  phenomena ,  lik e abstr.ic t  dat a types ,  ar e Abstraction s tha t  ca n b e implemente d i n 
differen t  media ,  say ,  huma n brain s a s wel l  a s electroni c computers . 

4. REALIZATION AS IMPLEMENTATION. 

We ca n no w tur n t o wha t  Searl e mean s whe n h e say s tha t  intentionalit y i s  "realize d in "  th e brain .  A s a  first  approxim a 
tion ,  le t  u s sa v th.it : 

(Tl )  A  i ? realize d i n B  means :  A  i s a n Abstractio n implemente d i n B . 

Sinc e Searl e claim s tha t  intentionalit \  i s  als o "cause d by "  th e brain ,  w e shoul d inquir e int o th e relationshi p betwee n bein g cause d 
by an d ou r  ne w understandin g o f  bein̂ ;  realize d in . 

Suppose ,  first,  tha t  A  i s ciiuse d b y B .  I s A  realize d i n B ,  m th e sens e o f  (Tl)' '  Th e motio n o f  billiar d bal l  # 1 ma y b e cause d 
by th e motio n o f  billiar d bal l  *'2 ,  ye t  ''I' s  motio n i s no t  realize d i n #2's .  Kennedy' s deat h wa s cause d by ,  bu t  no t  realize d in , 
Oswald .  Th e Mon o lis a w.i s (efhcientl v )  cause d by ,  bu t  surel y no t  realize d in ,  Leonardo .  But :  1  h e Mon a Lis a wa s (materially ) 
cause d b v Leonardo' s canvas ,  an d i t  surel v i s thereb v realize d therein .  A n America n fl.i g migh t  b e c.iuse d b y Fourth-o f  Jul y 
fireworks,  an d thereb y realize d therein .  .An d th e simulatio n o f  a  st.ic k ca n b e wiuse d b v th e executio n o f  a  progra m contaimn g 
arravs ;  th e stac k i s thereb y realize d b v th e executio n o f  th e program .  So ,  bein̂ ^  cause d b y doe s no t  impl y bein g realize d in ,  bu t  i t 
IS no t  inconsi.sten t  wit h it .  I t  i s  possibl e fo r  A  t o b e cause d by ,  hu t  no t  realize d in ,  B . 
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Suppose ,  next ,  tha t  A  i s realize d i n B ,  i n th e sens e o f  (Tl) .  I s  A  cause d b v B ^  (x)nside r  a  stac k realize d i n a n array ,  k  th e 
stac k cause d t) \  th e arrav' *  Thi s i s a  strang e w a v t o expres s it ,  bu t  no t  a  ba d w a y :  A  rea l  stac k uki s ciiuse d t o b e b v a  rea l  array . 
Bui  i t  i s  a n abstrac t  stac k tha t  i s realize d i n th e arrav .  A n d similarl y fo r  th e M o i w Lis a an d th e America n flag .  Thus ,  le t  u s ad d 
to(Tl) . 

(T2 )  I f  a n Abstractio n A  i s realize d i n B ,  the n a  rea l  A  i s cause d b y B . 

Moreover , 

(T3 )  I f  a n Abstractio n A  i s realize d i n B ,  the n rea l  A i s B  "unde r  a  description "  (or ,  "i n a  certai n guise") . 

Is this being fair to Searle' Is his notion of realization the same as the notion of implementation, as captured by (Tl )-(T3)? 
Ther e i s evidenc e t o sugges t  tha t  i t  is .  Here ,  I  shal l  merel y not e tha t  (Tl )  i s  consisten t  wit h Searle' s clai m tha t  "menta l  phenomen a 
canno t  b e reduce d t o somethin g els e o r  eliminate d b y .  . .  redefinition "  (Searl e 1983 :  262) ,  a s lon g a s b y 'menta l  phenomena '  w e 
understan d somethin g abstract .  Fo r  t o implemen t  a n Abstractio n i s no t  t o reduc e i t  t o somethin g (becaus e o f  th e onl y pania l  over -
la p o f  properties )  no r  i s i t  t o eliminat e i t  (fo r  th e sam e reason ,  a s wel l  a s becaus e o f  th e possibilit y  o f  distinc t  implementations) .  I 
woul d sugges t  tha t  "implementationism "  migh t  prov e t o b e <i  mor e fruitful ,  les s constrainin g viewpoin t  m th e philosoph y o f  sci -
ence tha n reduciionis m ha s been . 

Befor e pushin g on ,  le t  m e remin d yo u o f  m y purpose .  Searl e argue s tha t  a  compute r  runnin g th e Chines e progra m doe s no t 
understan d Chinese ,  becaus e onl y h u m a n brain s ca n thu s understand .  Understanding ,  eve n i f  describabl e i n a  compute r  program , 
i s biological ;  hence ,  a n electroni c compute r  canno t  understand .  O n th e othe r  hand ,  I  a m arguin g tha t  ther e ca n b e a n abstrac t 
notio n o f  understanding— a functiona l  notion ,  i n fact ,  a  computationa l  one—tha t  ca n b e implemente d i n computer s a s wel l  a s i n 
h u m an brains ;  hence ,  bot h ca n understand .  I  gai n m y leverag e ove r  Searl e b y makin g a  distinctio n tha t  i s implici t  i n hi s theory , 
but  tha t  h e fail s t o make .  Jus t  a s a n arra y tha t  implement s a  stac k doe s no t  d o s o i n th e w a y tha t  a  linke d lis t  does ,  s o a  com -
pute r  tha t  implement s th e understandin g o f  Chines e nee d no t  d o s o i n precisel y th e w a y tha t  a  h u m a n does .  Nevertheles.s ,  the y 
bot h understand . 

The distinctio n tha t  Searl e doe s no t  m a k e explici t  ca n b e discerne d i n th e followin g pas.sage : 

fM]enta l  state s .ir e a s rea l  a s an y othe r  biologica l  phenomena ,  a s rea l  a s lactation ,  photosynthesis ,  mitosis ,  o r  digestion . 
Lik e thes e othe r  phenomena ,  menta l  state s ar e cause d b y biologica l  phenomen a an d i n tur n caus e othe r  biologica l 
phenomena .  (Searl e 198.̂ :  264 ;  m y italics. ) 

The us e o f  'other' ,  here ,  perhap s beg s th e question .  Bu t  i t  als o suggest s tha t  b y 'menta l  states '  Searl e mean s implementation s o f 
abstrac t  menta l  state s I  shal l  refe r  t o thes e a s implemente d menta l  states . 

We ar e no w i n n  pfwitio n t o se e wher e Searl e i s le d a.stray .  I t  i s  simpl y fals e t o say ,  a s Searl e does ,  tha t  on e kin d o f  thing , 
"menta l  statesf. )  ,ir e bot h cause d b y operation s o f  th e brai n an d realize d i n th e structur e o f  th e brain "  (Searl e 1983 :  265) .  Rather ,  i t 
i s  on e thinj ;  a n implemente d -Knta l  stat e -tha t  i s  cause d b y th e operatioa s o f  th e brain ,  an d i t  i s  somethin g els e altogether—a n 
abstra a menta l  stat e tha t  i s  realise d i n th e structur e o f  th e brain . 

lo r  example ,  a  "liquid" ,  considere d a s a n Abstraction ,  ca n b e realize d (implemented )  i n a  collectio n o f  molecules .  Bu t  wha t 
tha t  collectio n cause s i s actua l  (o r  implemented )  liquidity .  Similarly ,  th e Abstraction ,  "liquid-properties-of-water" ,  ca n b e realize d 
(implemented )  i n differen t  collection s o f  wate r  molecules ,  bu t  th e actua l  liqui d propertie s o f  (som e particula r  sampl e of )  wate r 
ar e cause d b y differen t  actua l  behaviors .  Moreover ,  th e Abstraction ,  "liquid "  isimpliciter )  ca n certainl y b e realize d (implemented ) 
i n differen t  collection s o f  molecule s (wate r  molecules ,  alcoho l  molecules ,  etc.) ,  an d th e actua l  liquidit y o f  thes e molecule s i s cause d 
by differen t  actua l  behaviors ;  ye t  al l  ar e liquids ,  no t  becaus e o f  th e causa l  relationship ,  bu t  becaus e o f  th e realizabilit y  relation -
ship . 

So,  too ,  th e Abstraction ,  "understanding "  ca n b e realize d (implemented )  i n bot h human s an d computers ;  actua /  understand -
in g ca n b e cause d b v bot h h u m a n s an d computers ;  but ,  becaus e o f  th e realizabilit y  relationship ,  bot h ar e understanding . 

5. THE RELATIONSHIPS BETWEEN CAUSATION AND REALIZATION. 

I n a n analogy ,  Searl e (198.̂ :  269 )  ofl'er s a n analysi s o f  a  combustio n engin e (se e Figur e 1) ,  consistin g o f  high-leve l 
phenomen a causin g othe r  hig h leve l  phenomena ,  eac h o f  whic h i s bot h cause d b y an d realize d i n correspondin g low-leve l 
phenomena ,  on e causin g thi -  other ,  respectively ,  a s i n Figur e 2 . 

But  Searle' s di.ngra m (Fig .  1 )  i s  no t  detaile d enough ;  th e complexit y hinte d a t  i n (T3 )  need s t o b e mad e explicit .  Searle' s 
diagra m shoul d b e augmente d b \  a  mi d leve l  analysis ,  a s i n Figur e X  Mor e distinction s appea r  i n Figur e 3  tha n m a y actuall y b e 
needed ;  w e ciin ,  however ,  distinguis h th e following : 

— a  certai n kin d o f  relationshi p (causal ,  accordin g t o Searle)—cal l  i t  "causatio n 1"—betwee n th e lo w leve l  phenomen a an d th e 
mi d leve l  phenomena ; 

— a  certai n (arguabl y distinct )  kin d o f  causa l  relationship—cal l  i t  "causation-2" -  betwee n lo w leve l  phenomena ; 

— a  certai n kin d o f  causa l  relationship—cal l  i t  "causation-3"—betwee n mi d leve l  phenomena ,  parallelin g (an d possibl y dis -
tinc t  from)causatio n 2 ; 

— a  certai n kin d o f  relation.shi p (arguabl y causal)—cal l  i t  "causatio n 4 "  -betwee n hig h leve l  phenomena ,  parallelin g (an d pe s 
sibl y distinc t  from )  causatio n 1  an d ciiusatio n 2 ; 

— a  certai n kin d o f  relationship—cal l  i t  "R "  -  betwee n mi d an d hig h leve l  phenomena ;  an d 
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— th e relationshi p o f  realizatio n (o r  implementation )  betwee n lo w an d high-leve l  phenomena . 
H o w ar e causatio n 1 ,  causatio n 2 ,  causation-3 ,  an d causatio n 4  related ,  an d wha t  i s  R' > Searle ,  w e hav e seen ,  conflate s th e severa l 
causations .  Instead ,  a s th e secon d stag e o f  m \  theory .  I  propos e th e following : 

— R  i s th e relatio n o f  bein g a n instanc e of . 

— Ther e ar e severa l  ptwsibilitie s fo r  caus;itio n 1 .  Th e simplest ,  perhaps ,  i s t o defin e i t  i n term s o f  realizatio n an d R-inverse . 
Anothe r  i s t o tak e i t  a s wha t  Jaegwo n K i m ha s calle d "Cambridg e dependency" -  th e sor t  o f  "nontausa l  causation " 
involve d whe n a  sibling' s marriag e "causes "  yo u t o becom e a n in-law .  I  favo r  a  thir d interpretation :  Casianeda' s relatio n 
of  consubstantiatio n (cf .  Castaned a 1972 :  l.W ,  1975 :  145f)— a relation ,  somewha t  lik e c o referentiality ,  holdin g betwee n 
intensiona l  entities ,  i n an y case ,  causation !  i s  no t  a  kin d o f  causatio n a t  all . 

— causatio n 2  i s ordinary ,  physica l  causation :  an d 

— causatio n 3  i s definabl e i n term s o f  causation- 1 an d causatio n 2 . 
Thus ,  1  propos e tha t  whe n a  low-leve l  devic e realize s (implements )  a  high-leve l  Abstraction ,  i t  produce s a  mid-leve l  phenomenon . 
A genera l  theor y o f  th e relationship s o f  causatio n (Searlea n an d otherwise) ,  realizatio n (o r  implementation) ,  an d low- ,  mid- ,  an d 
high-leve l  phenomen a i s presente d i n Figur e 4 . 

We ca n n o w appl y thes e distinction s t o th e Chinese-Roo m though t  experiment .  Machin e understandin g is ,  indeed ,  unde r 
standing ,  jus t  a s huma n understandin g is :  The y ar e bot h instance s o f  th e mor e abstrac t  (functiona l  o r  computational )  charactenz a 
tio n o f  undersunding .  Machin e understandin g i s cause d 1  b y a  compute r  (o r  compute r  program )  i n whic h abstrac t  undersundin g 
i s realized ;  tha t  is ,  machin e undersundin g i s a n instanc e o f  abstrac t  understanding ,  whic h i s realize d i n a  computer . 

6. ON THE BIOLOGICAL CHARACTER OF INTENTIONAUTY. 

Thi s w a y o f  lookin g a t  th e issue s clarifie s th e "biologica l  naturalism "  (Searl e 1983 :  264 )  tha t  underlie s Searle' s clai m tha t 
non-biologica l  computer s canno t  exhibi t  intentionalit y o n th e ground s tha t  intentionalit y i s  biological . 

But  w h y mus t  intentionalit y b e biologica P Because ,  accordin g t o Searle ,  onl y biologica l  system s hav e th e requisit e causa l 
propertie s t o produc e intentionality .  Wha t  ar e thes e causa l  properties ? Thos e tha t  ar e 'causall y capabl e o f  produtin g perception , 
action ,  understanding ,  learning ,  an d othe r  intentiona l  phenomen a (Searl e 198(V .  422 ;  m v italics) .  Thi s i s nothin g i f  no t  circular . 
Moreover ,  t o implemen t  a n abstrac t  dat a type ,  i t  i s onl y necessar v t o hav e th e (physical K i  realizabl e propertie s o f  th e abstrac t 
dat a type .  (E.g ,  fo r  a n arra y t o implemen t  a  stack ,  i t  i s sufficien t  tha t  i t  ca n stor e dat a an d ha\ c a  "top" ;  i t  nee d no t  b e infinite. ) 
And Searl e ha s offere d u s n o reaso n t o thin k tha t  intentionality ,  abstractl y conceived ,  coul d no t  b e implemente d i n . i  beer-ca n an d 
windmil l  device . 

But  mos t  importantly ,  th e theor y presente d her e show s tha t  "th e requisit e causa l  powers "  mean s causatio n 1 ,  whic h i s no t 
rea l  causatio n a t  all .  Th e requisit e causa l  powers ,  then ,  ar e simpl y th e abilit y  t o realiz e a  specie s o f  a n .Abstractio n (o r  t o b e con -
substantiate d wit h a n instanc e o f  a n Abstraction) .  Th e presen t  theor y make s i t  clea r  tha t  "causality "  i s a  re d herring .  Onl y real -
izabilit y  (an d perhap s u>nsubstantiation )  counts . 

7. CONCLUSION. 

The relationshi p betwee n a n Abstractio n an d it s implementation s underlie s machin e understandin g o f  natura l  languag e 
(an d o f  A I  i n general) .  I t  i s  unlik e th e mor e familia r  relationshi p betwee n specie s an d individual s (o r  universal s an d particulars) . 
Nor  i s i t  th e cas e tha t  implementation s ar e "reductions "  o f  Abstractions .  Thus ,  ther e i s n o nee d t o advocat e a  reductio n o f  th e men -
u l  t o th e biological ,  eliminativ e o r  otherwise .  Rather ,  th e menta l  i s  implementabl e i n th e biological ,  a s wel l  a s i n th e digita l 
electronic .  Implementabilit y  i s  a  notio n wort h furthe r  study . 
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Abstract 
We wil l  first  argu e tha t  ignorin g possibl e deceptio n i n multi-agen t  scenario s ca n lea d t o plannin g 

failures ;  specifically ,  w e sho w ho w standar d deductio n m a y b e abl e t o solv e th e Wis e M a n Problem ,  bu t  no t 
a varian t  wher e som e agent s ar e deceptiv e (i.e. ,  th e Wise-Yet-Deceitfu l  M a n Problem ,  o r  W - Y - D ) .  Second , 
we wil l  sho w ho w t o avoi d plauinin g failure s i n scenario s suc h a s W - Y - D ,  b y developin g model s o f  bot h (1 ) 
th e deceptiv e tendencie s o f  othe r  agents ,  an d (2 )  ho w thes e othe r  agent s themselve s reaso n abou t  deception ; 
th e concept s o f  beat-cas e an d worst-cas e deceptiv e agent s wU l  b e introduce d a s examples .  Third ,  w e wil l 
sho w ho w t o represen t  deceptio n axiom s withi n KonoUge' s deductio n mode l  o f  belief ,  an d th e fourt h sectio n 
wil l  mor e closel y analys e ho w on e solve s W - Y - D .  Finally ,  w e wil l  sugges t  ho w th e ne w mode l  develope d fo r 
thi s proble m ca n b e generalize d int o a  mor e unifie d mode l  o f  deception . 

Introduction 
Thi s pape r  deal s wit h increasin g th e sophisticatio n wit h whic h agent s reaso n abou t  othe r  agents ' 

beliefs ,  a s wel l  a s thei r  own .  Th e particula r  enhancemen t  o f  interes t  her e i s  aUowin g agent s t o pla i  no t 
onl y fo r  case s wher e a n agen t  i s truthful ,  bu t  als o fo r  case s wher e h e i s deceitfu l  (t o others ,  t o himself ,  o r 
t o both) .  Thus ,  w e wil l  rela x th e assumptio n tha t  wha t  a n agen t  say s h e believe s alway s equal s wha t  h e 
i s actuall y believin g (i.e. ,  i f  othe r  agent s ar e foole d b y agen t  d ,  the n d' s belief s wil l  no t  b e th e sam e a s th e 
others '  belief s abou t  <f s beliefs) .  W e begi n b y illustratin g th e Wis e M a n Problem ,  considere d " a goo d tes t 
of  th e competenc e o f  an y mode l  o f  belie f  [KoNOLlGE ,  84] .  Usin g W ,  B  an d U  t o represen t  th e possibl e 
response s (i.e. ,  black ,  white ,  o r  don' t  know) ,  her e is : 

THE WISE MAN PROBLEM. A king, wishing to know which of his three advisors is the wisest, paints 
a whit e do t  o n eac h o f  thei r  foreheads ,  tell s  the m ther e i s a t  leas t  on e whit e dot ,  an d ask s the m t o tel l  th e 
colo r  o f  thei r  ow n spots .  Afte r  a  whil e th e firs t  replie s U ;  th e second ,  o n hearin g this ,  als o replie s U .  Th e 
thir d the n respond s W . 

The problem is whether No. 3 can ascertain his color, based solely on seeing the others' dots, and 
reasonin g abou t  thei r  beliefs .  Hi s reasonin g proceed s a s follows :  "Suppos e m y spo t  wer e black .  The n No .  2 
woul d kno w tha t  hi s ow n spo t  wa s whit e (since ,  i f  i t  wer e black ,  th e first  o f  u s woul d hav e see n tw o blac k 
spot s an d thu s woul d hav e know n hi s ow n spot' s  color) .  Sinc e bot h answere d U ,  m y spo t  mus t  b e white " 
[KONOLIGE,  84] .  Note ,  however ,  tha t  No .  3  di d no t  conside r  th e possibilit y  tha t  No .  1  o r  No .  2  (o r  both ) 
migh t  giv e a  respons e tha t  the y di d no t  believ e themselves .  No r  doe s No .  3  addres s a  mor e subtl e question : 
whethe r  o r  no t  No .  £  plan s fo r  deceptio n a s well .  Thus ,  th e standar d Wis e M a n Proble m le d t o a  correc t 
answer  b y No .  3 .  Bu t  suppos e th e followin g scenari o ensued : 

THE WISE-YET-DECEITFUL MAN PROBLEM. The King, after No. S's success, decides to test 
No.  S' s abilitie s further .  H e replace s th e othe r  wis e m e n wit h tw o evi l  m e n an d repaint s al l  th e dots .  Th e 
firs t  man ,  experience d i n deceit ,  get s white ;  hi s  protege ,  a  naiv e deceiver ,  get s black .  Th e thir d agai n get s 
white .  Th e sam e rule s apply :  there' s a t  leas t  on e whit e dot ,  an d eac h mus t  tel l  th e Kin g hi s color .  (Th e Kin g 
warn s th e thir d o f  th e others '  deceptiv e abilities ;  th e thir d dismisse s thi s sinc e n o on e ha s eve r  lie d befor e 
th e King. )  Th e firs t  replie s W ;  hi s proteg e say s B .  The n th e thir d m a n incorrectl y respond s B .  Th e Kin g 
banishe s hi m fro m hi s court . 

This sad ending could have been avoided if the warning had been properly reasoned with. If No. 3 
ha d codifie d th e othe r  men' s deceptiv e abilitie s int o rules ,  the n adde d thes e t o hi s existin g rule s abou t  ho w 
he an d th e other s dra w inferences ,  thi s plannin g failur e woul d no t  hav e happened .  W e no w loo k a t  wh y No . 
3 gav e a n incorrec t  answer ,  an d ho w hi s reasonin g shoul d procee d i n orde r  t o solv e thi s ne w problem . 

Solving the Wise-Yet-Deceitful Man Problem 
Let  us  us e P i  t o represen t  th e propositio n " t  ha s a  whit e dot "  (an d -"P i  fo r  black) .  Now ,  th e wa y No .  3 

reasone d i n tryin g t o solv e ou r  ne w proble m wa s th e sam e a s fo r  th e standar d Wis e M a n Problem .  Recallin g 
initia l  configuratio n (P i  A  -iP 2 A  P3) ,  No .  3  reasons :  "Suppos e I  wa s white .  The n No .  I' s  respons e woul d 
hav e bee n U ,  becaus e h e coul d no t  hav e know n hi s colo r  unles s No .  2  an d I  wer e bot h black .  Sinc e h e sai d 
W,  I  mus t  b e black. "  Not e tha t  No .  2' s  respons e seem s t o furthe r  confir m No .  3' s reasoning .  Upo n seein g 
No.  3  i s  black ,  an d hearin g No .  1  sa y W ,  No .  2  woul d immediatel y conclud e h e wa s blac k (again ,  sinc e 
seein g tw o blac k dot s shoul d mak e No .  1  sa y W ) .  Sinc e No .  2  di d sa y B ,  No .  3  migh t  fee l  secur e i n th e 
conclusio n tha t  he' s black . 
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Th e dilemm a her e i t  tha t  agent a No .  1  aa d No .  2  ar e modelle d a e completel y trathfn L However ,  i n 
real-worl d envirounenU ,  ageBi e ofte n inUrrac t  wit h othe r  a f  ent e tha t  no t  oml y migh t  poeubl y lie ,  b« t  ca n 
ofte n hid e rach  deception .  Th e type e o f  behavio r  w e nee d t o accoun t  fo r  her e ar e (1 )  whethe r  o r  no t  a a 
agen t  i s bein g deceitfol ,  an d (2 )  whethe r  o r  no t  tha t  agen t  himsel f  consider *  tha t  other s m a y tr y t o deceiv e 
kim .  S o ho w doe s No .  3  solv e th e Wise-Yet-Deceitfu l  M a n Problem ? First ,  w e mus t  tah e int o accoun t  th e 
King' s warnin g abou t  No .  1  an d No .  2 .  Thu s No .  3  wil l  mode l  No .  1  a s a  h€»t-em t  deceptiv e agen t  -  i.e. . 
No.  1  m a y o r  m a y no t  lie ,  an d h e believe s other s ma y o r  m a y no t  d o th e same .  No .  2  wil l  b e modelle d a s a 
vjorat-eat e deceptiv e agen t  -  Le. ,  No .  2  atway s lies ,  ye t  believe s othe r  agent s alway s tel l  th e truth .  Finally , 
everyon e know s thes e trait s o f  bot h No .  1  an d No .  2 .  Thus ,  on e ca n se e w h y No .  2' s i s "worst-case" ;  i n a 
deceptiv e world ,  he' s infinitel y gullible ,  ye t  hi s infinit e decei t  i s  alway s recognised .  No .  1 ,  however ,  trust s 
no on e (and ,  sinc e everyon e know s it ,  other s thin k twic e befor e tryin g t o deceiv e him) ;  i n addition ,  everyon e 
knows hi i  response s ar e unpredictabl e (Le. ,  h e m a y o r  m a y no t  b e lying) .  Thu s No .  1  i s i n th e 'beet * 
positio n t o capitalis e i n a  deceptiv e world . 

Here is how No. 3 should solve the WiM-Yet-Deceitful Man Problem (W-Y-D). Remembering the 
initia l  do t  c(»ifigurati< » (P i  A  ->P 2 A  P3) ,  a  mor e war y No .  3  reasons :  "Ther e ar e onl y tw o possibl e 
assumptions :  eithe r  Nc .  1  i s truthfu l  an d I' m black ,  o r  No .  1  i $ lyin f  an d I' m wkit *  (se e informa l  proo f 
sectio n fc» -  wh y thi s i s  so) .  Suppos e th e first  assumptio n holds .  The n No .  2 ,  w h o alwajr s believe s everyon e i s 
truthful ,  woul d believ e No .  1  whe n h e sai d W ;  henc e No .  t  beli*ve t  h e ' $ hlac k (sinc e seein g tw o blac k dot s 
would ,  i n No .  2' s view ,  lea d t o No .  I' s  W response) .  Thu s I  kno w tha t  No .  2  would'v e sai d anythin g esetf t 
B a t  thi s point ,  sinc e everyon e know s No .  2  alway s lies .  However ,  No .  2  di d sa y B ;  henc e No .  2  m%$t  no t 
htliev t  kt' i  black .  Thus ,  m y first  assumptio n i s false ,  an d s o th e secon d mus t  b e true .  Hence ,  I  tel l  th e Kin g 
I' m W ,  I  expos e th e fac t  tha t  No .  1  lie d befor e hi s majest y -  an d I  kee p m y job. '  (Not e tha t  tellin g th e 
Kin g ̂ o u t  No .  2' s li e i s n o revelation ,  sinc e everyon e ahead y know s No .  2  alway s lies. ) 

Reprenenting Axioxnn of Deception 
The nex t  ste p i s t o formall y represen t  axiom s tha t  mode l  al l  form s o f  reas<min g a n agen t  m a y g o 

throug h i n a  possibl y deceptiv e environmen t  (Le. ,  th e mode l  shoul d accoun t  fo r  an y response ,  an d an y belie f 
abou t  th e truthfulnes s o f  th e agen t  responding) .  I n additio n t o thes e axiom s wil l  b e axiom s fo r  modellin g 
specifi c  agent s (e.g .  No .  2) .  Al l  axiom s ar e base d o n Konolige' s deductio n mode l  o f  belie f  [KONOUGB,  84] . 
First ,  som e notation :  th e belie f  operato r  [S ^  i s use d t o indicat e whethe r  agen t  t  believe s a  certai n proposition . 
For  example ,  fS3lP 3 say s tha t  agen t  No .  3  believe s th e propositio n P S ("No .  3' s do t  i s  white") ;  IS31-.P 3 say s 
he believe s ->P z ("No .  3' s do t  i s  black") .  I n short ,  [St] x \ » tru e i f  z  i s  i n i' s  belie f  set ,  fo r  an y propositio n o r 
belie f  z  [KONOUGE,  84] . 

Now, the final W-Y-D conclusion was that No. 3 believed not only that his dot was white, but 
als o tha t  No .  1  wa s lying ;  i f  L t  i s  th e propositio n "agen t  i  lied" ,  the n No .  3' s final  conclusio n woul d b e 
state d a s [S3](P 3 A  Ll) .  I n short ,  th e simples t  kin d o f  propositio n ha s n o belie f  operator ;  mor e comple x 
proposition s star t  wit h a  belie f  op«:at<x -  (indicatin g w h o hold s th e proposition) ,  an d m a y o r  m a v no t  hav e 
belie f  operator s afto r  it ,  dependin g o n th e degre e o f  nestin g bein g represoited .  ( A final  note :  [SO ]  mean s 
tha t  whateve r  fellow s i t  i s  a  "commo n belieP ,  an d woul d b e hel d b y an y agent) .  Thos ,  th e first  fenr  axiom s 
we desir e shoul d c^tur e th e mos t  basi c element s o f  ou r  W - Y - D scenario :  f  1 )  No .  2' s do t  i s  black ,  th e other s 
ar e white ;  (2 )  it' s  a  c o m m o n belie f  tha t  there' s a t  leas t  on e whit e dot ;  ii \  whe n a n agen t  ha s a  whit e dot , 
al l  other s kno w it' s  whit e (an d thi s rul e itsel f  i s  a  c o m m o n belief) ;  an d (4 )  i i  th e sam e a s (3) ,  bu t  fo r  blac k 
dots .  Usin g th e forma l  languag e o f  th e deductic m mode l  o f  belief ,  w e have : 

Wl PI A -.P2 A PS 

WJ [S0](P1 V P2 V PS) 

WS (PtD[S;lPOA(SO](P»3(SilP.O i#j,j?tO 

W4 (-P.- D [S,bPi) A [SO](-P.- 3 [S,bPO i?«J. J/0. 

In a world where deception is not modelled, the next actions taken would occnr after each agent's 
response ,  whe n axiom s ar e asserte d statin g tha t  (1 )  th e agen t  believa s wha t  h e said ,  an d (2 )  al l  othe r  agent s 
believe d hi m a s well .  Fo r  example ,  i f  No .  1  ha d responde d U  (" I  don' t  know" )  i n ou r  proble m (wher e hi s 
dot  happen s t o b e W -  Le. ,  wher e P i  i s  true) ,  th e non-deceptiv e mode l  creates : 

W5 -.(SlJPl A [S0]-^S1]P1. 
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Thi s reads :  "i t  i s  no t  th e cas e tha t  No .  1  believe s P I ,  an d i t  i s  a  c o m m o n belie f  tha t  thi s  i s so. *  Thi s 
i s exactl y th e aixio m create d whe n th e deductio n mode l  i s use d t o solv e Konolige' s variatio n o f  th e Wis e 
M an Proble m (th e Not-So-Wis e M a n problem ,  mentione d later ;  se e KONOLIGB,  8 4 ,  p .  48) .  However ,  thi s 
i s exactl y th e typ e o f  axio m w e mus t  avoi d i f  w e star t  plannin g fo r  tn e possibilit y  o l  dishones t  responses ;  i t 
shoul d no t  b e a  universa l  give n tha t  wha t  a n agen t  believe s i s als o believe d b y everyon e else .  Thus ,  instea d o f 
assertin g thi s W 5 axio m (an d a  simila r  W 6 afte r  No .  2  responds) ,  w e ad d t o th e initia l  axiom s si x deceptio n 
axioms .  Eac h ha s th e sam e them e concernin g a  possibly-deceptiv e agen t  k  dependin g o n wha t  i  sai d (an d 
whethe r  o r  no t  agen t  ;  believe s i  i s  lying) ,  ;  wil l  mak e som e deductio n abou t  wha t  agen t  i  believe s abou t  hi s 
own dot' s color .  Fo r  example ,  i f  j  believe s t  i s truthfu l  whe n h e say s W ,  the n j  believe s tha t  t  believe s he' s 
whit e ( W 6 *  below) .  I n W l O ,  however ,  j  believe s t  i s  lyin g whe n h e say s h e doesn' t  kno w hi s colo r  (i.e. , 
U ) ;  thus ,  j  believe s t  actuall y eithe r  believe s he' s white ,  o r  believe s he' s black .  Th e first  thre e axiom s ar e o f 
interes t  w h e n j  believe s »  i s no t  lying ;  th e las t  thre e fo r  whe n j  feel s »  i s lying .  Rememberin g tha t  W t  bein g 
tru e mean s tha t  " t  sai d W " ,  etc. ,  th e ne w axiom s are : 

W5» {(S^K-L.- A WO D (Sjl[Si]PO A [sol(...) 

we* ([Sil(-^Li A Bi) D [Sjl[Sil-.Pi) A [sol(...) 

WT (IS,1(^.- A Ui) D [SjI(-[Si]Pt A -(Sil-PO) A [S0](...) 

W8 ([Sil(Li A WO Z> [S,b[S.lPO A [soi(...) 

W8 (lSil(L.- A BO D (SjMSibPO A [S0](...) 

WlO (lS,l(Lt A UO O [Si]((Si]Pi V [Stl-PO) A (S0](...). 

([S0](...) abbreviates the fact that the left side of the conjunction is a common belief.) Now, since we 
assume al l  si x axiom s ar e know n t o al l  agents ,  ho w ca n w e mode l  a n incomplet e (less-than-ideal )  agen t  -  on e 
w ho i s no t  cognisan t  o f  possibl e deceptio n -  i f  deceptio n abilitie s ar e c o m m o n beliefs ? Ther e ar e actuall y tw o 
ways i n whic h t o mode l  a n agen t  w h o i s naiv e abou t  deception .  First ,  th e agent' s rul e se t  m a y b e incomplet e 
becaus e h e ha s lef t  certai n deceptio n axiom s ou t  o f  hi s se t  o f  'Relevan t  problem-solvin g information" .  Thus , 
th e hear t  o f  th e axiom ,  a s wel l  a s th e fac t  i t  i s  c o m m o n knowledge ,  woul d neve r  b e use d i n th e agent' s 
reasoning .  Thi s behavio r  i s calle d circumscriptiv e ignoranc e [KONOLIGE ,  82| .  I n short ,  on e wa y a n agen t 
migh t  no t  pla n fo r  possibl e deceptio n i s t o exhibi t  relevanc e incompletenes s -  b y ignorin g axiom s tha t  ar e 
essentia l  t o solvin g a  problem ,  a n agen t  m a y becom e ignoran t  o f  som e o f  th e logica l  consequence s o f  hi s 
beliefs .  However ,  w e mode l  naiv e deceptiv e agent s a  secon d way ;  w e allo w al l  agent s t o have ,  an d use ,  th e 
si x deceptio n axioms ,  bu t  defin e tw o specifi c  axiom s whic h mode l  No .  2' s specifi c  behavior .  Th e first  <ixio m 
capture s No .  2' s belie f  tha t  n o agen t  eve r  lies ;  th e secon d state s tha t  everyon e know s No .  2  alway s lies : 

Wll ([S2]-.L0 A (SO]((S2l-.L0 ^2 

W13 IS0]L2. 

This approach is useful for agents who must reason about No. 2*8 beliefs: if No. 3 desires, he can 
alway s perfor m voluntar y circumscriptio n an d ignor e W l l  (an d speculate :  "perhap s No .  2  isn' t  completel y 
?;ullible") ,  o r  ca n ignor e W 1 2 (i.e. ,  "perhap s No .  2  doesn' t  alway s lie") .  I n th e forme r  case .  No .  2  woul d 
i n No .  3' s view )  star t  "recognising "  rule s W 8 - W 1 0 ,  becaus e (t o No .  2 )  th e possibilit y  o f  L » (i.e. ,  "agen t  t 

lied" )  no w exists .  Suc h circumscriptiv e ignoranc e b y No .  3  woul d mos t  likel y b e don e i f  a n answe r  wa s no t 
foun d b y othe r  mean s first;  i n th e W - Y - D scenario ,  suc h a  ste p wa s no t  necessary . 

One final step is needed to model No. 3's reasoning in the W-Y-D scenario: representing the axioms 
constructe d afte r  No .  1 ,  the n No .  2 ,  giv e thei r  responses .  Afte r  No .  1  look s an d see s No .  2  i s blac k an d No . 
3 i s white ,  h e doe s no t  kno w hi s colo r  (white) ;  however ,  h e lies .  Althoug h bot h thes e fact s ar e know n onl y 
t o No .  1  ( W I S ) ,  wha t  No .  1  say s i s a  c o m m o n belie f  ( W 1 4 ) : 

WIS -.[S1]P1 A LI 

W14 Wl A [SOlWl. 
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Thus ,  al l  agent s excep t  No .  1  wil l  no t  hav e W I S i n thei r  reasonin g system .  (Remembe r  tha t  ou r  ai m 
was t o distinguis h betwee n wha t  agent s «a y the y believe ,  an d wha t  thei r  actua l  beliefi s  are ;  thes e tw o axiom s 
do jus t  that. )  Now ,  No .  2 ,  w h o blindl y believe s tha t  No .  1  know s he' s white ,  canno t  ge t  an y informatio n 
fro m No .  I' s  response .  Thus ,  upo n seein g tw o whit e dots ,  No .  2  conclude s h e doesn' t  kno w hi s colo r  (whic h 
i s  black) .  However ,  h e alway s lies ,  s o h e canno t  sa y U ;  thu s h e say s B  (althoug h a  W respons e woul d stil l  fit 
hi s deceptiv e behavic v pattern) : 

W15 -(S21-.P2 A L2 

Wie B2 A [S0]B2. 

An Informal Proof of the W-Y-D Solution 
Let  u s furthe r  illuminat e No .  3' s reasoning .  Th e diagra m show s ho w No .  3  use s hi s axioms ,  hi s sens e 

(an d "given" )  beliefs ,  an d hi s belief s abou t  wha t  other s believ e i n orde r  t o solv e th e W - Y - D problem .  Eac h 
of  No .  3' s belief s ar e generate d fro m on e o f  No .  3' s 1 6 sixioms ,  whic h completel y mode l  wha t  h e see s an d 
think s abou t  othe r  agent s (e.g .  No .  3  know s No .  2  i s lyin g ([S3]L2 )  from  W 1 2 (whic h state s "i t  i s  a  c o m m o n 
belie f  tha t  No .  2  alway s lies". )  Not e first  ho w No .  3  deduce s ther e ar e onl y tw o possibl e assumptions.  Afte r 
No.  I' s  respons e o f  W ,  No .  3  reason s abou t  th e fou r  combination s betwee n No .  1  possibl y lying ,  an d No . 
3*8 possibl e colors .  (L l  A  P3) :  possibl e (i f  No .  1  lied .  No .  3  woul d hav e t o b e white ,  assumin g n o othe r 
incompletenes s o n No .  I' s  part) ;  (->L l  A  ->P3) :  possibl e (i f  honest .  No .  1  woul d sa y W upo n seein g tw o 
blac k dots) ;  (L l  A  -iP3) :  impossibl e (sayin g W upo n seein g tw o B s isn' t  lying) ;  an d (-iL l  A  P3) :  impossibl e 
(i f  No .  3  i s  white ,  there' s n o wa y No .  1  ca n deduc e h e himsel f  i s  white ;  thus ,  i f  h e sai d W ,  No .  1  woul d b e 
lying) .  Sinc e onl y th e first  tw o option s ar e possible ,  w e prov e th e first  i f  th e secon d lead s t o a  contradiction : Firs t  I  assum e m y do t  i s black ,  an d tha t  No . 
sai d he' s W ([S3]W1) ,  i t  foUow s No .  2  hear d thi s hi s ( 

ite ( 
S3 

1 tol d th e trut h ([S3](--L l  A  --P3)) .  Sinc e No .  1 
S2 W l [ .  Sinc e No .  2  believe s everyon e i s honest ,  h e 

S3-.P3 )  the n 
52]P1) .  Thes e 
believe s h e i s 

believe s tha t  No .  1  actuall y believe s h e i s whit e (  S3 j  S2][SllPl) .  N o w ,  i f  m y do t  i s blac k ([S3I-.P3 )  the n 
No.  2  sa w I  a m blac k ([S3][S2]-P3) .  Also ,  No .  2  an d I  se e No .  1  i s whit e ((S3]P l  an d [S3][S2]Pl) .  Thes e 
las t  thre e belief s abou t  No .  2' 8 belief s (i.e. ,  [S3l[S2]... )  lea d t o th e conclusio n tha t  No .  2 
blac k ([S3llS2]-'P2) .  Thi s make s sense :  i f  No .  2  believe s tha t  I' m black ,  tha t  No .  I' s  white ,  an d tha t  No . 
1 actuall y believe s he' s whit e -  the n No .  2  mus t  no w believ e he' s blac k (se e botto m o f  "contradiction") . 
Continuing :  sinc e I  believ e tha t  No .  2  alway s lie s ([S 3 L2) ,  an d I  hear d hi s respons e o f  B  ([S3JB2) ,  deceptio n 
axio m W 9 lead s m e t o conclud e tha t  No .  2  canno t  b e noldin g th e belie f  tha t  he' s black .  I n othe r  words , 
rule s W 8 - W 1 0 tel l  m e tha t  whe n someon e lies ,  I  mus t  deduc e tha t  h e actuall y believe s th e negatio n o f 
what  h e sai d h e believed .  I n thi s case ,  I  thu s believ e th e negatio n o f  [S21-.P 2 ((S3)->[S2)-.P2 )  (se e to p o f 
contradiction) .  Sinc e a  contradictio n ha s bee n found ,  m y initia l  assumptio n mus t  b e false ,  s o I  deduc e th e 
"opposite "  o f  (-L1A-P3) "  -  i.e. ,  [S3](LlAP3) . 
-W4—> [S3]-P2 W4 > [S3l[Sl]-pa *»**Mod«l of Bo. 3'i Boliof Sy«toB**»* 
. W12 > [S3] [S1]L2 
-*12- > [S3]L a . 

I  yg .  >  [S3 ]  -  [S2 ]  -P 2 
-WIS—> [S3]B 2 •  I 

contradictio n —> [S3 ]  ai*P3 ) 
-W14—> [S3][S2]B 2 I 

I 
-Wll" > [S3][S2]-L 1 .  I 

l~WB—> [S3 ]  [S2 ]  [S1]P 1 - .  I 
-W14" > [S3]W 1 -W14- > [S3][S2]W 1 - '  I I 

I  I 
-W3—> [S3]P 1 - -  W3—> [S3][S2]P 1 1  I 

I—W2~> [S3][S2]-P 2 
••41»» > [S3]<-L1—P3 )  --W4— > [S3][Sa]-P 3 ' 
The Four Classes of Deceptive Behavior 

Up t o thi s point ,  ou r  discussio n ha s focuse d o n generalizin g th e deductio n mode l  o f  belie f  t o allo w 
fo r  th e cas e wher e on e o r  mor e agent s exhibi t  deceptiv e behavio r  (makin g othe r  agent s believ e wha t  i s 
not  true) .  Th e behavio r  discusse d s o fa r  w e cal l  intentiona l  deceptio n o r  "misle<uiing "  behavior) ,  becaus e 
one deliberatel y attempt s t o mislea d others .  W e propos e generalizin g thi s notio n o f  deceptio n int o a  large r 
framework ,  <tddin g thre e othe r  basi c type s o f  deception :  unintentiona l  deceptio n ("misinterpreted "  behavior) ; 
unintentiona l  self-deceptio n ("naive "  behavior) ;  an d intentiona l  self-deceptio n ("irrational "  behavior) .  Ou r 
first  exampl e illustrate s intentiona l  deception : 
/ went out with Agnes because I wanted Linda to get jealous and thus bake me a cake. Linda thought 
I  wa s losin g interest ,  s o whe n I  cam e hom e ther e wa s a  bi g cak e o n th e table .  I t  worked . 
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Here ,  a  deceive r  deliberatel y trie s t o mak e Lind a thin k h e use d a  certai n lin e o f  reasonin g (e.g .  'I' m 
fe d u p wit h Lind a s o I' m goin g t o star t  datin g othe r  girls") ,  whe n i n fac t  suc h reasonin g wa s no t  use d a t  al l 
by th e deceiver .  Ye t  a  sligh t  variatio n result s i n unintentiona l  behavior : 

/ went out xvith Agnes, a cousin I had not seen in years. Linda thought I was losing interest, so when 
I  cam e hom e ther e wa s a  bi g cak e o n th e table .  I  wa s totall y surprised . 

Here, Linda assumed the "deceiver" was using the same line of reasoning laid out above, and so 
too k th e sam e action .  Th e differenc e i s tha t  ther e i s n o inten t  t o deceiv e here ;  Lind a misinterprete d he r 
boyfriend' s behavio r  a s los s o f  interest .  Thus ,  th e mos t  basi c form s o f  deceptio n ar e (l )  intentional :  on e trie s 
t o foo l  anothe r  an d succeeds ;  an d (2 )  unintentional :  on e doe s no t  tr y t o foo l  another ,  ye t  succeed s i n doin g 
so anyway .  Th e las t  tw o form s involv e th e notio n o f  deceivin g oneself .  I n unintentiouc d self-deception ,  on e 
doesn' t  tr y t o foo l  oneself ,  ye t  (unfortunately )  succeeds : 

/ did not know the bear's growling was relevant to my petting him, so I petted him. He bit off my 
hand . 

Thus the classification "naive behavior". Another explanation is that one holds a belief, even though 
one' s belie f  syste m woul d deduc e th e opposite .  Th e ke y i s tha t  yo u ar e no t  cognizan t  o f  thi s latte r  fact , 
an d henc e no t  awar e tha t  you r  behavio r  wa s illogica l  •  i.e. ,  yo u don' t  kno w wher e you r  reasonin g wa s naive . 
However ,  eve n i f  on e i s awar e o f  certai n deduce d beliefs ,  on e migh t  stil l  continu e t o believ e th e opposite : 

/knew the bear's growling meant he was angry, but I petted him anyway. He bit off my hand. 

Why one would try to deliberately deceive oneself seems difficult to understand. One explanation: 
emotio n m a y interfer e o n th e logica l  reasonin g process ;  someon e wantin g t o pe t  a  beji r  m a y lov e bear s s o 
m u ch tha t  rationa l  dange r  sign s ar e cicknowledged ,  bu t  disobeyed .  Feci r  ca n cils o interfer e wit h rationa l 
behavior ;  on e m a y kno w tha t  th e odd s o f  acciden t  ar e les s i n plane s tha n i n cars ,  ye t  stil l  refus e t o tak e 
a plan e fo r  n o valid ,  logica l  reason .  I n short ,  anyon e w h o ha s performe d a n activit y eve n thoug h "logi c 
dictate d otherwise "  ha s exhibite d intentiona l  self-deception .  Agent s d o no t  alway s believ e deduction s tha t 
the y mak e an d ar e awar e of ,  an d ofte n accep t  th e opposit e withou t  th e nee d fo r  justification .  Peopl e ca n g o 
eve n furthe r  an d "rationalize "  thei r  irrationa l  behavio r  -  acknowledgin g reason s fo r  non-justifie d belief s tha t 
do no t  actuall y exis t  i n thei r  belie f  system .  Thes e fou r  propose d classe s meri t  close r  analysi s tha n thi s pape r 
provides ;  w e clai m al l  fou r  ca n b e modelle d b y slightl y modifyin g th e beisi c deceptio n axioms . 

Conclusion 
Thi s pape r  ha s fou r  mai n conclusions .  First ,  w e foun d tha t  bein g abl e t o mode l  possibl e deceptiv e 

behavio r  i s  a n essentia l  abilit y  fo r  problem-solvin g agents ,  an d constructe d a n exampl e wher e reasonin g abou t 
deceptio n wa s th e onl y wa y t o solv e th e problem .  Specifically ,  i n oiu -  varian t  o f  th e Wis e M a n Proble m (th e 
Wise-Yet-Deceitfu l  M a n FVoblem )  w e showe d ho w reasonin g abou t  th e abilitie s o f  "worst-case "  an d "best -
case "  deceptiv e agent s allowe d agen t  No .  3  t o deduc e no t  onl y tha t  hi s colo r  wa s white ,  bu t  tha t  agen t 
No.  1  mus t  hav e bee n lying .  Second ,  w e showe d ho w fundamenta l  deceptio n axiom s coul d b e represente d 
i n Konolige' s deductio n mode l  o f  belief ,  an d ho w reasonin g wit h thes e axiom s ca n mode l  differen t  type s 
of  deceptiv e behavior .  Third ,  w e suggeste d a  taxonom y o f  deceptiv e behavior ,  wher e standar d intentiona l 
deceptio n i s show n t o b e relate d t o thre e othe r  types :  unintentiona l  deception ,  unintentiona l  self-deceptio n 
("naivete") ,  an d intentiona l  self-deceptio n ("irrationality") .  Th e final  conclusio n i s tha t  Konolige' s notio n o f 
incompleteness ,  an d ou r  modellin g o f  differen t  facet s o f  deceptiv e behavior ,  <ir e actuall y quit e closel y related . 
We'v e see n tha t  whe n a n agen t  doe s no t  pla n fo r  possibl e deceptio n b y othe r  agents ,  h e i s exhibitin g a  for m o f 
relevanc e incompletenes s (i.e. ,  ignorin g deceptio n axiom s ca n lea d t o incorrec t  deduction s abou t  othe r  agents) . 
Yet ,  reversin g ou r  poin t  o f  view ,  w e se e tha t  whe n a n agen t  exhibit s non-deceptiv e incompleteness ,  anothe r 
agen t  (e.g .  No .  3 )  vieufin g thi s behavio r  i s  ofte n deceive d i f  suc h incompletenes s i s no t  explicitl y  reveale d (and , 
i n real-worl d situcitions ,  i t  ofte n i s  not) .  Thus ,  bein g foole d becaus e euiothe r  agen t  exhibit s incompletenes s 
i s a n instanc e o f  unintentiona l  deceptio n (becaus e anothe r  agen t  di d no t  us e line s o f  reasonin g yo u assume d 
he wa s capabl e o f  using) .  Thi s paper ,  o n th e othe r  hand ,  ha s focuse d o n h o w t o mode l  bot h intentiona l  an d 
unintentiona l  deceptio n wit h explici t  axioms .  Thus ,  w e fee l  tha t  addin g suc h explici t  deceptio n axiom s t o 
Konolige' s paradigm ,  plu s usin g hi s model' s abilit y  t o reaso n wit h incomplet e agents ,  wil l  resul t  i n a  mor e 
unifie d mode l  o f  belie f  i n general . 
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ABSTRACT 

A computationa l  mode l  o f  learnin g i n a  comple x domai n i s describe d an d it s implementatio n i s discussed .  Th e mode l 
support s knowledge-base d acquisitio n o f  problem-solvin g concept s fro m observe d examples ,  i n th e domai n o f  physic s 
proble m solving .  Th e syste m currentl y learn s abou t  m o m e n t u m conservation ,  i n a  psychologicall y plausibl e fashion ,  fro m a 
backgroun d knowledg e o f  Newton' s law s an d th e calculus .  Th e backgroun d knowledg e i s consisten t  wit h th e mathematica l 
abilitie s o f  a  colleg e studen t  w h o ha s bee n expose d t o calculus .  I n it s contributio n t o machin e learning ,  thi s researc h i s 
importan t  fo r  artificia l  intelligence .  Fro m a  psychologica l  perspectiv e i t  demonstrate s th e computationa l  consistenc y o f  a 
mechanis m tha t  m a y underli e h u m a n learnin g i n a  comple x domain .  Thi s wor k als o ha s implication s fo r  computer-aide d 
instruction ,  i n tha t  i t  advance s a  learnin g mode l  fo r  a  complicate d domai n involvin g bot h symboli c an d numerica l  reasoning . 

INTRODUCTION 

I n comple x domain s lik e physics ,  peopl e see m t o understan d genera l  rule s bes t  i f  the y ar e 

accompanie d b y illustrativ e examples .  A  larg e par t  o f  mos t  physic s text s i s uke n u p b y example s 

and exercises .  Indeed ,  ther e i s psychologica l  evidenc e tha t  a  perso n w h o discover s a  rul e fro m 
example s learn s i t  bette r  tha n on e wh o i s taugh t  th e rul e directl y [Egan74 ]  an d tha t  illtistrativ e 
example s provid e a n importan t  reinforcemen t  t o genera l  rule s [Bransford76 .  Gick83] . 

Solvin g physic s problem s require s complicate d an d divers e reasoning .  Simpl y knowin g al l  o f 

th e formula e i s insufficient .  A  studen t  mus t  understan d th e physic s behin d eac h formul a -

knowin g how ,  when ,  an d w h y i t  applies .  Furthermore ,  a  skille d physicis t  i s  abl e t o mak e quic k 

judgement s concernin g whic h aspect s o f  a  situatio n ar e irrelevan t  o r  hav e negligibl e effect .  W e ar e 
investigatin g th e proces s b y whic h a  mathematically-sophisticate d studen t  acquire s thes e skills . 

Physic s problem-solvin g wa s selecte d a s a  domai n fo r  severa l  reasons .  First ,  i t  i s  concerne d 

wit h adul t  learnin g an d s o doe s no t  suffe r  th e confoundin g influenc e o f  maturation .  Second ,  i t 
force s u s t o addres s th e ver y importan t  bu t  neglecte d proble m o f  combinin g symboli c an d numeri c 
reasoning .  Finally ,  one  o f  u s (Shavlik )  ha s ha d extensiv e experienc e a s a  teachin g assistan t 

observin g huma n student s strugglin g throug h thei r  first  physic s class . 

I n it s initia l  stat e th e implementatio n o f  ou r  mode l  i s capabl e o f  performin g man y o f  th e 
mathematica l  manipulation s expecte d o f  a  colleg e freshma n w h o ha s encountere d th e calculus . 
Throug h tutorin g wit h examples ,  th e syste m acquire s concept s taugh t  i n a  first  semeste r  colleg e 
physic s course :  henc e th e nam e o f  th e system .  Physic s 101 .  Newton' s law s -  whic h ar e provide d t o 
th e syste m -  suffic e t o solv e al l  problem s i n classica l  mechanic s (se e pag e 10- 1 o f  [Feynman63]) ,  bu t 
th e genera l  principle s tha t  ar e consequence s o f  Newton' s law s ar e interestin g fo r  thei r  eleganc e a s 

wel l  a s thei r  abilit y  t o greatl y simplif y th e solutio n process .  Sinc e th e system' s physica l 

knowledg e rest s o n th e stron g foundatio n o f  Newton' s laws ,  onl y it s mathematica l  abilitie s wil l 
limi t  th e physica l  concept s  i t  ca n acquire . 

Explanation-base d learnin g [DeJongSl .  DeJong83] ,  i s  a  computer-base d knowledg e acquisitio n 

metho d tha t  utilize s sophisticate d domai n representations .  I n thi s typ e o f  learnin g a  compute r 

generalize s a  proble m solutio n int o a  for m tha t  ca n b e late r  use d t o solv e conceptuall y simila r 
problems .  Th e generalizatio n proces s i s drive n b y th e explanatio n o f  w h y th e solutio n worked .  I t 

i s  th e dee p knowledg e abou t  th e domai n tha t  allow s th e explanatio n t o b e develope d an d the n 
extended .  W e ar e applyin g thi s paradig m t o th e learnin g o f  classica l  physics .  Thi s approac h t o 
learnin g ha s muc h i n commo n wit h [Mitchell85 ,  Silver83 ,  Winston83] .  Se e [DeJong85 ]  fo r  a  ful l 

discussion . 

•  Thi s researc h wa s partiall y  supporte d b y th e Ai r  Forc e OfBc e o f  Scientifi c  Researc h unde r  gran t  F49620-82-K-000 9 
and partiall y  b y th e Nationa l  Scienc e Foundatio n unde r  gran t  NSF-IST-83-17889 . 
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D E S C R I P T I ON O F T H E M O D EL 

Our  learnin g mode l  i s inspire d b y ou r  intuition s concernin g th e importanc e o f  concret e 

experience s whe n acquirin g abstrac t  concepts .  W e ar e implementin g thi s psychologicall y plausibl e 

model  a s a  experimen t  t o tes t  i f  i t  i s computationall y consistent . 

Figur e 1  contain s th e model .  Afte r  a  physica l  situatio n i s describe d an d a  proble m i s posed . 

th e studen t  attempt s t o solv e th e problem .  W e ar e intereste d i n th e proces s o f  learnin g durin g a 

successfu l  solution ;  ou r  attentio n i s currentl y focusse d o n learnin g fro m a  teacher' s example . 

W h en th e studen t  canno t  solv e a  problem ,  h e request s a  solutio n fro m hi s instructor .  Th e solutio n 

provide d mus t  the n b e verified ;  additiona l  detail s ar e requeste d whe n step s i n th e teacher' s solutio n 

canno t  b e understood .  W e divid e th e proces s b y whic h th e studen t  understand s a n exampl e int o 

tw o phases .  First ,  usin g hi s curren t  knowledg e abou t  mathematic s an d physics ,  th e studen t  verifie s 

tha t  th e solutio n i s valid .  A t  th e en d o f  thi s phas e th e studen t  know s tha t  bi s instructor' s solutio n 

solve s th e curren t  problem ,  bu t  h e doe s no t  hav e an y understandin g o f  wh y hi s teache r  chos e thes e 

step s t o solv e th e problem .  Durin g th e secon d phas e o f  understanding ,  th e studen t  determine s a 

reaso n fo r  th e structur e o f  eac h expressio n i n th e teacher' s solution .  Especiall y importan t  i s 

understandin g ne w formula e encountere d i n th e solution .  Afte r  thi s phas e th e studen t  ha s a  firm 

understandin g o f  h o w an d w h y thi s solutio n solve d th e proble m a t  hand .  A t  thi s poin t  h e i s abl e 

t o profitabl y generaliz e an y ne w principle s tha t  wer e use d i n th e solutio n process ,  thereb y 

increasin g hi s knowledg e o f  classica l  physics . 

/"cî t Pwanl  ^  y « / ^ C ^ n Ih n curr f  n l 
-\wdbl« m M solvad̂ / ' 

Raqunt  an d Varif y 
Taaehar' i  Solutio n 

Explai n Solutio n 

Ganarali M Resul t 

I  Updat a Knoviladg a | 

Figure 1. A Model of Learning Classical Mechanics 

In our model, physical situations are represented as worlds, which comprise a number of 

objects .  Figur e 2  present s th e representatio n o f  th e generi c world ,  worldN .  whic h i s use d t o 

instantiat e specifi c  physica l  situations .  Object s hav e fou r  measurabl e attributes ;  mass ,  position , 

velocity ,  an d acceleration .  Th e relationship s amon g thes e attributes ,  wit h respec t  t o symboli c 

difi"erentiatio n an d integration ,  ar e known ,  althoug h the y ar e no t  show n i n thi s figure.  Onl y th e 

algebrai c relationship s ar e shown . 

Newton' s secon d an d thir d law s als o appea r  i n figure  2 .  (Newton' s first  la w i s a  specia l  cas e 

of  hi s secon d law. )  Th e secon d la w say s tha t  th e ne t  forc e o n a n objec t  equal s it s mas s time s it s 

acceleration .  Th e ne t  forc e i s decompose d int o tw o components ;  th e externa l  force s an d th e 

interna l  force s betwee n object s i n th e world .  A n externa l  forc e result s fro m an y externa l  fields 

tha t  ac t  upo n a n object .  Objec t  i' s  interna l  forc e i s th e su m o f  th e force s th e othe r  object s exer t  o n 

objec t  i .  "Thes e inter-objec t  force s ar e constraine d b y Newton' s thir d law ,  whic h say s tha t  ever y 

actio n ha s a n equa l  an d opposit e reaction . 

The curren t  implementatio n o f  th e mode l  learn s th e physica l  concep t  o f  momentu m 

conservatio n b y analyzin g it s teacher' s solutio n t o a  simpl e collisio n problem .  A  fulle r  descriptio n 

of  th e learnin g proces s ca n b e foun d i n [Shavlik85] .  Th e sampl e proble m i s show n i n figure  3 .  I n 

thi s one-dimensiona l  proble m ther e ar e tw o object s movin g i n fre e space ,  withou t  th e influenc e o f 

any externa l  forces .  (Nothin g i s know n abou t  th e force s betwee n th e tw o objects .  Beside s thei r 
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worh M 

okjects.wwM N fwMs.wortd N 
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VobptiAj l iiMS S positia n formuUe.obj l  velocit y icceteritio n : 
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forcejiet.obp • force .net .objl ' force^bjJu)bj( force.objJ.obl -forc e .ne t  .obj l  ' 

force.extem*lj)bi l  forceJntemil.ob p rrns s jcceleritio n force.objl̂ j j 

Figure 2. The Generic Representation of a Physical Situation 

mutual gravitational attraction, there could be, for example, a long-range electrical interaction and 

a ver y complicate d interactio n durin g th e collision. )  I n th e initia l  stat e (stat e A )  th e first  objec t  i s 

mov in g towar d th e second ,  wh ic h i s stationary .  S o m e t im e late r  (stat e B )  th e first  objec t  i s 

recoilin g f r o m th e resultin g collision .  T h e tas k i s t o determin e th e velocit y o f  th e secon d objec t 
afte r  th e collision . 

First ,  Phys ic s 10 1 unsuccessfull y attempt s t o solv e th e prob le m usin g it s initia l  physica l 

knowledge .  T h e syste m canno t  solv e thi s problem ,  though ,  a s th e forc e exerte d o n objec t  t w o b y 

objec t  on e i s no t  k n o w n .  A t  thi s poin t  th e syste m request s a  solutio n f r o m it s teacher .  T h e 
solutio n provide d ca n b e see n i n figure  4 .  W i t h o u t  explicitl y  statin g it ,  th e instructo r  take s 

advantag e o f  th e principl e o f  conservatio n o f  m o m e n t u m ,  a s th e m o m e n t u m (mas s X  velocity )  o f 

th e wor l d a t  t w o difî eren t  time s i s equated .  Afte r  that ,  variou s algebrai c manipulation s lea d t o th e 
answer .  I n orde r  t o accep t  th e answer .  Physic s 10 1 ha s t o verif y eac h o f  th e step s i n thi s solution . 

8tat « A 

m =  3 K 

v= 5  m/ s 
a= '  tn/s 2 

Ob| 2 
m =  8 k 

:  ' m 
Om/» 

;  'ni/s 2 

2 m/ s 
?m/s 2 

Sta t e B 

v= ?m/ s 
a= ?in/s 2 

mass,kj,,,„t< A vetocltŷ j,,,,.,,* ^ 

+ mass^j2,,t«t.A velocity^jj_,„,,i_x 

= mass^ji,,t.t*e velocity^j,^„„^,x 

• nnassMi2,,t.t«a velocity .^jj^,,,,^,, 

3h,6» /. = 3h»-2m /. + 8k,velocity^p.„,^j5 

ISkgM / • s -6k,m / » + 8k, velocity^jj_,,„^_, 

velocity ^ji^,„rt,x = 2.63-. / . 

Figur e X  A  Two-Bod y Collisio n Proble m Figur e 4 .  Th e Teacher' s Solutio n 

Fou r  possibl e classification s o f  a  teacher' s solutio n step s hav e bee n identified .  Beside s bein g 

mathematicall y correct ,  th e instructor' s calculation s m u s t  b e physicall y consistent . 

(1) A known formula could have been used; force = mass x acceleration is of this type. 

(2) New variables can be defined in order to shorten later expressions. 
A formul a suc h 2i s m o m e n t u m =  mas s X  velocit y w o u l d fal l  i n thi s category . 

(3) Equations can be algebraic variants of previous steps. The replacement of variables by 
thei r  value s als o fall s  int o thi s category . 
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(4 )  T h e teache r  ca n specif y a n eqxialio n tha i  state s a  relationshi p a m o n g k n o w n variables , 

ye t  th e syste m k n o w s o f  n o algebraicall y equivalen t  formula .  Thes e step s requir e ful l 

justification ,  whic h th e syste m doe s b y usin g it s abilitie s t o symbolicall y reaso n wit h cal -

culus .  On l y th e equation s fallin g i n thi s categor y ar e candidate s fo r  generalization . 

The last three steps in figure 4 are easily verified in our model, as they are simple algebraic 

manipulations .  T h e har d par t  i s  determinin g a  physica l  justificatio n fo r  th e first  equatio n i n th e 

teacher' s solution .  Sinc e th e t w o side s o f  thi s initia l  equatio n onl y diffe r  a s t o th e stat e i n whic h 

the y ar e evaluated ,  a n attemp t  i s m a d e t o determin e a  lime-dependen t  expressio n describin g th e 

genera l  f o r m o f  on e sid e o f  th e equation .  Usin g it s physica l  an d mathematica l  knowledge . 

Phys ic s 10 1 determine s tha t 

mass I velocity I^{t ) + mass2yelocity2_x^^^ ~ constant ^ (1) 

Thi s resul t  validate s th e first  equatio n i n th e teacher' s solution ,  a s th e left-han d sid e o f  thi s 

equatio n ca n b e equate d fo r  an y t w o times . 

A t  thi s poin t  th e syste m ha s ascertaine d tha i  th e teacher' s solutio n doe s indee d solv e th e 

collisio n problem .  I n th e nex t  step ,  i t  trie s t o understan d w h y th e newly-experience d formul a i s 

structure d th e w a y i t  is .  Thi s formul a ha s bee n validate d -  tha t  is .  Physic s 10 1 k n o w s i t  i s 

mathematicall y an d physicall y correc t  bu t  th e syste m mus t  determin e w h y th e instructo r  use d 

thi s equation . 

I n th e initia l  equatio n o f  figure  4 ,  th e teache r  use d fou r  variable s t o determin e th e valu e o f 

objec t  two' s velocity .  Th e syste m analyze s it s teacher' s solutio n an d detect s tha t  s u m m i n g th e tw o 

objects '  m o m e n t a eliminate s f ro m th e calculatio n th e forc e eac h objec t  exert s upo n th e other , 

regardles s o f  th e detail s o f  thes e forces .  (Thi s i s a  consequenc e o f  Newton' s thir d law. )  Smc e eac h 

objec t  i n a  physica l  situatio n potentiall y  exert s a  forc e o n ever y othe r  object ,  i n th e genera l  cas e 

cancellin g th e ne t  inter-objec t  forc e upo n a n objec t  require s s u m m i n g th e m o m e n t a o f  al l  th e 

objects . 

Equatio n 2  present s th e resul t  Physic s 10 1 obtain s b y extendin g it s instructor' s solutio n 

techniqu e t o a  worl d wit h a n arbitrar y n u m b e r  o f  objects . 

£ masSi velocity ^ = J Z force external .i dt (2) 
1 = 1 1 = 1 

Thi s formul a says :  Th e tota l  m o m e n t u m o f  a  collectio n o f  object s i s determine d b y th e integra l  o f  th e 

s u m o f  th e externa l  force s o n thos e objects .  A  secon d problem ,  whic h involve s thre e bodie s unde r 

th e influenc e o f  a n externa l  force ,  ha s bee n solve d b y Physic s 10 1 usin g thi s generalize d result . 

M u c h researc h o n learnin g involve s relaxin g constraint s o n th e entitie s i n a  situation ,  rathe r 

tha n generalizin g th e n u m b e r  o f  entitie s themselves .  Nonetheless ,  m a n y importan t  concept s requir e 

generalizin g number .  Explanation-base d learnin g provide s a  solutio n t o a  majo r  problem ,  namely , 

h o w d o y o u k n o w w h e n i t  i s  vali d an d prope r  t o generaliz e th e n u m b e r  o f  entities ? Fo r  example , 
compar e th e concep t  o f  tripo d wit h bicycl e wheel .  Bot h concept s contai n a  n u m b e r  o f  repeate d 

components .  Suppos e a  three-legge d tripo d an d a  25-spoke d whee l  ar e observed .  A n explanation -

base d syste m ca n buil d a  genera l  concep t  fo r  each .  T h e genera l  tripo d concep t  wil l  contai n 

precisel y thre e legs ,  a s an y othe r  n u m b e r  o f  leg s i s unstable .  T h e genera l  whee l  concept ,  however . 

wil l  allo w a  variabl e n u m b e r  o f  spokes .  T h e explanatio n o f  a  component' s functionalit y dictate s 
w h e n i t  i s  vali d an d prope r  t o generaliz e it s number . 

35 4 



Learnin g Classic& l  Mechanic s 

C O N C L U S I ON 

By analyzin g a  worke d example ,  th e curren t  implementatio n o f  Physic s 10 1 i s abl e t o deriv e 

a formul a describin g th e tempora l  evolutio n o f  th e momentu m o f  an y arbitrar y collectio n o f 

objects .  Thi s formul a ca n b e use d t o solv e a  collectio n o f  complicate d collisio n problems .  Othe r 

physica l  concept s t o b e learne d b y th e syste m includ e work ,  friction ,  conservatio n o f  energy , 

simpl e harmoni c motion ,  an d conservatio n o f  angula r  momentum .  A s thes e additiona l  concept s ar e 

learned ,  previously-learne d concept s wil l  hav e t o b e refined .  Thi s wor k wil l  als o investigat e ho w 

th e syste m ca n lear n t o estimat e whic h feature s o f  a  proble m ca n b e ignore d whe n solvin g th e 

problem ,  a n importan t  trai t  possesse d b y experts . 

We hav e develope d a  mode l  fo r  learnin g i n a  comple x domai n requirin g bot h symboli c an d 

numeri c reasoning .  Ou r  approac h i s knowledge-based :  th e syste m require s an d applie s detaile d 

knowledg e abou t  th e ĉ Jculu s an d Newton' s laws .  Onc e a  ne w concep t  i s learned ,  i t  i s adde d t o th e 

system' s knowledg e bas e an d i s thereb y availabl e t o hel p solv e futur e problem s an d a s a  steppin g 

ston e towar d acquirin g mor e diflBcul t  concepts .  Thi s researc h contribution s t o machin e learnin g 

and psychologica l  modeling .  I t  als o ha s implication s fo r  intelligen t  computer-aide d instructio n i n 

ric h domain s wher e sophisticate d learnin g model s ar e necessary . 
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ABSTRACT 

In this papar wa peasant a procass modal that uaas past axparlanca In ganaratmg arg-
umant s o f  parsuaslon .  Wa vla w parsuaslv a argumantatlo n a s a n Instanc a o f  probla m solving .  A s 
such ,  w a amplo y knowladg a organizatio n Idaa s an d probla m solvin g tachnlqua s tha t  hav a baa n 
advocata d I n a n analogica l  vla w o f  probla m solving .  T o lllustrat a ou r  idaas ,  w e us a th a 
domai n o f  mediatio n o f  labo r  disputes .  Ou r  mode l  I s Implemente d I n th e PERSUADER,  a  compute r 
progra m tha t  give s advic e I n collectiv e bargainin g mediation . 

1. INTRODUCTION 

Persuasion has been and will continue to be a chief Instrument In the conduct of human 
affairs .  Argument s ar e th e mean s b y whic h persuasio n I s effected .  Durin g persuasiv e argumen -
tation ,  a n agent ,  th a pmrtuadm r  attempt s t o chang e th e belief s o f  anothe r  agent ,  th a par -
suadaa .  I n thi s paper ,  w e presen t  a  procas s mode l  o f  persuasiv e argumentatio n tha t  use s pas t 
experienc e t o creat e ne w arguments .  Ou r  mode l  I s Influence d b y th e wor k o f  Kolodne r  an d Sim -
pso n (1984 )  o n case-base d reasonin g I n probla m solving .  We us e th e domai n o f  labo r  managemen t 
dispute s t o Illustrat e ou r  points . 
Traditionally, the psychological literature has treated persuasion as a process of com-
municatio n (Brembec k an d Howell ,  1976) .  I n ou r  model ,  persuasiv e argumentatio n 1 s viewe d a s 
an Instanc e o f  probla a solving .  Th e goa l  o f  th e persuade r  a s proble m solve r  I s t o convinc e 
the  persuada e t o accep t  a  particula r  proposition.« •  I n labo r  mediation ,  th e mediato r  i s  th e 
persuade r  an d th e unio n o r  compan y th e persuadae .  When a n Impass e I s reache d I n contrac t 
negotiations ,  a  mediato r  I s usuall y calle d In .  The  goa l  o f  th e mediato r  I s t o convinc e th e 
partie s t o reac h a  mutuall y acceptabl e contrac t  withou t  a  strike . 
This goal is achieved incrementally through many rounds of persuasive argumentation. In each 
round ,  th e mediato r  trie s t o narro w th e disputants '  difference s wit h respec t  t o a  contrac t 
Issue ,  b y convincin g the m t o mov e toward s a  common value .  I n suc h cases ,  mediator s 
traditionall y us e well-know n persuasiv e arguments .  A n exampl e o f  suc h a n argumen t  I s tha t  th e 
adoptio n o f  seniorit y reduce s labo r  turnover .  Thes e argument s an d th e appropriat e way s t o us e 
the m are  Identifie d I n book s o n collectiv e bargainin g (Herma n an d Kuhn ,  1981 ,  Randle ,  1951) . 
We view these arguments as plans that the mediator uses to achieve the goal of changing 
a party' s positio n wit h respec t  t o a  contrac t  Issue .  Fo r  a  pla n t o b e applicable .  It s precon -
dition s hav e t o b e satisfied .  Th e mai n facto r  determinin g th e effectivenes s o f  argument s o f 
persuasio n I s th e attitude s an d belief s o f  th e persuada e (Abelson ,  1959) .  Th e persuade r  ha s 
suc h a  mode l  o f  th e persuade e I n mind ,  t o whic h h e I s addressin g th e persuasiv e arguments .  We 
conside r  th e parsuada a moda l  a s par t  o f  th e argumen t  plan' s preconditions .  Anothe r  par t  o f 
th e precondition s I s th e aeononi c contax t  o f  th e dispute .  Argumen t  plan s are  know n b y th e 
mediato r  an d ar e Instantiate d whe n th e presen t  cas e matche s thei r  preconditions .  The  tas k o f 
the  persuade r  i s t o decid e th e applicabilit y  o f  thes e plan s t o th e situatio n a t  hand .  T o 
motivat e ou r  exposition ,  w e presen t  th e followin g example : 
The Yellow-Jackets textile company Involved In a collective bargaining case refuses 

t o gran t  th e worker s plantwid e seniorit y fo r  promotion s an d layoffs .  The  mediato r 
suggest s tha t  seniorit y Improve s worke r  morale ,  resultin g I n mor e efficien t  plan t 
operatio n and ,  consequently ,  decreas e o f  productio n cost .  The  compan y point s ou t 
tha t  quit e a  numbe r  o f  ke y employee s ar e junio r  and ,  durin g a  layoff ,  the y woul d b e 
th e firs t  t o go .  Thi s woul d Imped e th e operatio n o f  th e plant .  Th e mediator . 
havin g thi s additiona l  Information ,  recall s a  simila r  situatio n wher e th e followin g 
solutio n wa s found :  a n exceptio n i n seniorit y fo r  a  numbe r  o f  ke y employee s wa s ac -
cepte d b y th e unio n i n exchang e fo r  superseniorit y fo r  unio n officer s an d stewards . 
The mediato r  propose s thi s compromis e t o th e company ,  whic h agrees . 

In this example, the mediator proposes an argument plan that she thinks Is suitable to 
th e particula r  situation .  T o generat e th e initia l  argument ,  th e mediato r  recall s relevan t 
economi c factors ,  importan t  goal s o f  simila r  persuadees ,  an d experiences  wit h th e sam e con -
trac t  Issue .  Sinc e thes e thre e form s o f  informatio n migh t  com e fro m differen t  mediatio n ex -
periences ,  th e mediato r  need s t o combin e Informatio n fro m th e Individua l  availabl e schemata . 

« Thi s researc h ha s bee n supporte d I n par t  b y NSF Gran t  No .  IST-831771 1 an d i n par t  b y ARO 
Gran t  No .  DAAG 29-85-K-0023 .  I  woul d lik e t o than k Jane t  Kolodne r  an d Bo b Simpso n fo r  hel -
pfu l  discussion s an d comments . 

•«I n adversaria l  argumentatio n th e argue r  doe s no t  attemp t  t o chang e th e belief s o f  th e Inter -
locuto r  (Flowers ,  et .  al. ,  1982) . 
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constructin g th a mos t  appropriat e combinatio n fo r  th a prasan t  situation .  Wa ca l  1  thi s schara a 
th a a r j i—n ta t l o n prwamdmnt .  I n thi s cas a th a pracadan t  include s th a informatio n tha t 
afflclan t  plan t  operatio n I s a n Importan t  compan y goal ,  tha t  seniorit y improve s worke r  moral e 
leadin g t o worke r  efficiency ,  tha t  th e economi c condition s ar e recession ,  an d tha t  th e 
majorit y o f  textil e industr y contract s hav e seniorit y provisions .  Th e preceden t  i s use d a s a 
se t  o f  preconditions ,  agains t  whic h argument s ar e teste d fo r  applicabil i ty . 

The next two figures show the conceptual content of the initial argument plan and arg-
umentatio n preceden t  fo r  th e abov e example .  Spac e limitation s prohibi t  a  ful l  explanation . 

THE PERSUADER'S INITIAL ARGUMENT PLAN 

per suadae: Y e11ow-Jacket s company 
Issu e :  *senior1ty * 
preconditions :  argumentatio n preceden t  (below ) 
claim :  Increase d plan t  efficienc y come s fro m grantin g seniorit y 
persuader-goa1 :  Chang e weigh t  o f  issu e ;se e sectio n o n strategie s 
argument-type :  Self-interes t  ;se e sectio n o n convincin g powe r 
strength :  . 7 ;se e sectio n o n convincin g powe r 

Figure 0-1 

ARGUMENTATION PRECEDENT 

persuadee-model: goals of the Yelow-Oackets, including their relative 
importanc e 

economic-context :  recession ,  unemploymen t  i n th e textil e industry,.. . 

Figure 0-2 

2.  TH E OVERALL MODEL 

We present the overall process model for persuasive argumetation in Figure 3. 

PROCESS MODEL OF PERSUASIVE ARGUMENTATION 

Persuadee position on the 
issu e an d Justificatio n 

,  I  FROM MEMORY: 
I I  I 
I  I  I 
\ /  <•• » Relevan t  factor s 

• > GENERATE ARGUMENTS <== « Simila r  persuadee s 
j j  <== = Case s wit h simila r  issu e 

I INCORPORATE NE W 
KNOWLEDGE \ / 

/ \  SELECT ARGUMENT <»«- » Argumentatio n Preceden t 
I  I  I  I  I 
! '  { > ! 

I  I 

PRESENT ARGUMENT <.=»« « Persuade e Mode l 
M I 
I  I  I 
\ / CLASSIFY <« -  N o » « Persuade e agrees ? <.».»- » feedbac k fro m persuade e 

RESPONSE I  I 
I  I 

Yes 
(; 
UPDATE POSITIO N O N TH E ISSU E 

Figur e 0- 3 

The inpu t  t o th e argumentatio n proces s i s th e persuadee' s positio n o n a n Issu e an d th e 
positio n h e need s t o b e convince d of .  I n mediation ,  thes e correspon d t o th e valu e o f  th e con -
trac t  issu e tha t  th e part y ha s rejecte d an d th e mediator' s proposal .  Th e firs t  steg e i n per -
suasiv e argumentatio n i s t o generat e potentiall y  applicabl e argument s usin g th e contrac t  issu e 
as a  probe .  Th e mos t  appropriat e argumen t  i s the n selecte d fro m th e retrieve d ones .  Thi s i s 
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don *  b y usin g th » argumantatIo n pracadant ,  a s a  sa t  o f  pracondltlon s agains t  whic h th e potan -
tla l  affactlvanas s o f  ratriava d argumant s I s tastad .  Consldar ,  fo r  axampla ,  th e argumen t  tha t 
th a adoptio n o f  sanlorlt y fo r  promotion s roduca s griavancas .  Th e rational e i s tha t  seniorit y 
I s a  criterio n wel1-understoo d b y th e worker s an d thu s wil l  eliminat e potentia l  coniplalnt s o f 
unfairness .  Th a strengt h o f  thi s argumen t  fo r  th e compan y depend s directl y o n th e importanc e 
of  reducin g grievance s a s a  compan y goal .  Relativ e importanc e o f  goal s i s include d I n th e ar -
gumentatio n precedent . 

Next ,  th a persuade r  prasant s th e selecte d argument .  I f  th e persuade e agrees ,  th e ap -
propriat e updat a o f  th e settlemen t  i s made ,  namel y tha t  ther e i s agreemen t  o n thi s issue .  I f 
th e persuade e disagrees ,  th e reason s fo r  th e disagreemen t  ar e analyze d fo r  ne w informatio n 
tha t  coul d alta r  subsequen t  argumentation ,  suc h a s ne w informatio n abou t  th a parsuadea' s 
concern s (e.g. ,  th e company' s concer n abou t  ke y employees) ,  ne w informatio n abou t  economi c 
factor s (e.g. ,  th e strengt h o f  foreig n competition) ,  an d correcte d inference s abou t  th e 
relativ e Importanc e o f  th e persuadee' s goals .  Th e mediato r  Incorporat e th a na w knowladg a int o 
th e argumentatio n precedent .  I n thi s way ,  th e argumen t  precondition s ar e dynamicall y learne d 
as a  resul t  o f  comparin g successfu l  an d faile d application s o f  th e argument .  Th e proces s o f 
generatin g potentiall y  applicabl e argument s I s the n repeated ,  testin g argumen t  effectivenes s 
agains t  th e update d argumentatio n precedent .  A  new ,  mor e convincin g argumen t  i s selecte d fo r 
presentation . 
3.  TH E PERSUADEE MODEL 

The persuadee model, used during argument generation, selection, and presentation, con-
tain s th e attitude s an d belief s o f  th e persuadee .  Thes e are  represente d i n term s o f  hi s col -
lectio n o f  goal s an d thei r  relativ e importance .  Goal s o f  a  unio n o r  compan y negotiato r  ar e o f 
tw o types :  persona l  caree r  goal s an d th e goal s o f  th e unio n o r  compan y h e represents .  We 
represen t  thes e goal s i n goa l  tree s (Carbonel1 ,  1979) .  I n th e subsequen t  figur e w e depic t  th e 
partia l  goa l  tre e o f  a  company . 

COMPANY GOAL-TREE 

PROFITS(+ ) 
/ \  / \ 
I  I  I  I 

I 

) I 
I 

PRODUCTION-COST(-) 
/ \  A  / \ 
I I  I I 

> • 
MATERIALS( 

PLANT(-) 
/ \ 
I  I 

EMPLOYEE-SATISFACTION(+) 
A / \ 
I I  I I  / \ 

ECONOMic(+) NON-ECONOMIC(+) || 
/ \ 
I I  AUTQMATION(+) 

WAGES(-̂ ) 

SALES(+) 
/ \ 
I  I 
I  I 

/ \ 
I  I 
I  I 

/ \ 
I  I 
I  I 

LABOR(- )  OUALITY(+ )  PRICES( - ) 
/ \  / \ 
I I  I I 
j j  '1 . 

EMPLOYMENT(-) 
/ \ 
I  I 
I I 
I 

PUBLIC-
IMAGE(+ ) 

ECONOMIC( -) 
/ \  A 
I  I  I I 

,j WAGES(-) !! 
SUBCONTRACT(+)  FRINGES( - ) 

F igur e 0- 4 

Th e no ta t io n fo r  th e re la t ionsh ip s amon g goal s i n th e tre e i s  adopte d fro m Spohre r  an d 
R iesbeck ,  ( 1 9 8 4 ) .  A  (+ )  s ig n co r respond s t o th e goa l  o f  increasin g th e par t icu la r  quant i t y t o 
wh ic h i t  re fe rs ,  wh i l e a  (- )  s ig n cor respond s t o decreas in g th e quant i ty .  Fo r  example . 
Increas in g p r o f i t s ,  P R O F I T S ( + ) ,  wh ic h occup ie s th e roo t  o f  th e goa l  t ree ,  represent s th e com -
pany ' s h ighes t  leve l  goa l .  Th e ch i ld re n o f  a  node ,  connecte d t o i t  throug h suppor t  l inks , 
deno t e th e subgoa l s throug h wh ic h th e supergoa l  i s  sat is f ied .  Fo r  examp le ,  p ro f i t s ca n b e 
ra ised ,  P R O F I T S ( + ) ,  b y decreas in g produc t io n cos ts ,  P R O D U C T I O N - C O S T ( - ) ,  o r  b y increasin g 
sa les ,  SALES(-«-) . 
Also Included in a goal tree is the relative importance of the party's goals, though 
fo r  s imp l i c i t y ,  th i s i s  no t  show n i n th e f igure .  Th e f igur e dep ic t s a  "prototype "  instanc e 
(Rosch ,  1977 )  o f  a  company ' s goa ls .  Goa l  t ree s var y wi t h par t i cu la r  negot ia tor s an d companie s 
( u n i o n s ) ,  an d th e bes t  on e poss ib l e i s  neede d t o const ruc t  e f fec t i v e a rguments .  Whe n a  per -
suade r  I s face d wi t h a n unknow n pe rsuadee ,  h e ca n us e a  p ro to typ e goa l  t ree ,  o r  a  persuade e 
model  b y t rans fe r r in g charac te r i s t i c s fro m th e goa l  t re e o f  a  prev ious l y encountere d an d 
s1m11a r  pe rsuadee . 
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4.  EFFECTIV E PERSUASION 

Thar* arc two cantral issues In salacting th« most affactlv* argunwnt plan: first, th« 
parsuadar' s goal .  nanMl y i n wha t  wa y doa s h a wan t  t o chang a th a parsuadaa' s ballafs ;  an d 
sacond ,  ho w t o d o i t  mos t  convincingly .  Th a firs t  Issu a involva s stratagla s o f  parsuaslo n an d 
th a sacond ,  cntarl a fo r  th a parsuaslv a powa r  o f  argumants . 

4.1 StratagfM for arguMnt plan salactlon 

Ona maasura of succassful parsuaslon Is tha accaptanca of tha proposad solution by tha 
par t  las .  I n madlatlon ,  thi s ntaan s th a wllllngnas s o f  a  part y t o accap t  a  suggestio n regardin g 
a particula r  contrac t  Issua .  Thi s willingnes s depend s o n th e party' s assessmen t  o f  th e 
monetar y valu e o f  tha t  Issu e an d th e Issue' s Importance .  Hence ,  a  mediato r  ha s tw o possibl e 
goal s I n convincin g a  part y t o accep t  a  previousl y rejecte d issue : 

1) changing tha Importanea that tha party attachas to tha Issua, or 
2)  changin g th a party' s assassaan t  o f  th a Issua' s proposa d aonatar y valu a 

The argumentation strategies used to accomplish these goals determine how the argument 
pla n selectio n I s done .  Fo r  example ,  i f  th e persuader' s goa l  I s t o chang e th e importanc e ac -
corde d a n Issu e b y th e persuadee ,  an d h e choose s t o use  th e firs t  strategy ,  the n a  threatenin g 
argumen t  pla n ha s t o b e used .  Thre e argumentatio n strategie s ca n b e use d t o accomplis h th e 
firs t  goal : 

: (a) Indicate possible unpleasant consequences of the present demand 
•  (b )  propos e alternative s 
I  (c )  produc e evidenc e showin g tha t  th e particula r  proposa l  promote s a n Importan t  goa l 

of  th e persuade e 

To Illustrate the first strategy, suppose a union rejects a wage settlement. The 
mediato r  tell s  th e unio n tha t  I f  th e compan y i s force d t o gran t  highe r  wages ,  i t  wil l  becom e 
non-competitiv e an d therefor e wil l  b e force d t o la y of f  workers .  I f  a n Importan t  unio n goa l 
I s preservatio n o f  employmen t  fo r  It s members ,  the n th e unio n wil l  abando n It s goa l  o f  highe r 
wages i n orde r  t o satisf y It s employmen t  goal .  Tw o strategie s ca n b e use d t o accomplis h th e 
secon d goal : 
(d) recall a 'counterexample' from the persuadee's record of contracts 

(e )  recal l  example s o f  simila r  union s (companies )  havin g settle d fo r  th e propose d 
valu e o r  les s (more ) 

To illustrate the last strategy, consider a union's rejection of an Increase of 10 
cent s pe r  worke r  pe r  hou r  I n healt h benefit s a s unacceptabl y low .  Th e mediato r  present s con -
tract s signe d b y th e sam e o r  othe r  union s whic h incorporat e a n equa l  o r  lowe r  Increase .  Thi s 
argumen t  I s effectiv e becaus e perceptio n o f  "low '  o r  'high '  value s I s determine d b y pravallin g 
practice ,  namel y wha t  settlement s simila r  disputant s hav e agree d to . 

4.2 Tha convincing powar of aryuaants 

For persuasion to be effective, the appropriate type of argument has to be presented in 
eac h situation .  Examinin g a  grea t  numbe r  o f  argument s use d i n labo r  mediation ,  w e hav e iden -
tifie d si x categorie s o f  argumen t  pla n types .  The y hav e genera l  applicability ,  althoug h w e 
wil l  us e example s fro m th e mediatio n domai n t o clarif y thei r  use .  We presen t  the m I n a 
defaul t  orderin g o f  persuasiv e powe r  (fro m weakes t  t o strongest) : 
1) Appaal to unlvarsal principle 

I n usin g a  universa l  principle ,  th e persuade r  appeal s t o som e cor e belie f  o f  th e per -
suade e a s suppor t  fo r  th e argument .  A n exampl e I s th e argumen t  tha t  a  particula r  wag e valu e 
does no t  affor d th e worker s a  "decen t  livin g standard' .  Argument s o f  thi s typ e are  generall y 
weak,  sinc e the y appea l  t o mora l  principle s rathe r  tha n t o th e economi c realities .  However . 
i f  "publi c Image "  i s a n importan t  compan y goal ,  argument s o f  thi s typ e tak e o n adde d power . 

2) Appaal to "minor standard" 
•Mino r  standards "  provid e exception s a s a  basi s fo r  refutatio n o f  argument s base d o n 

prevailin g practice .  I n mediation ,  "mino r  standards '  ar e use d a s Justification s t o propos e 
settlement s t o th e employee s o f  one  compan y tha t  diffe r  fro m settlement s withi n th e Industr y 
i n general .  Example s o f  mino r  standard s Includ e steadines s o f  employmen t  an d hazardou s wor k 
(Elkour l  an d Elkouri,1973) . 
3) Appaal to "pravalling practica" standard 

People' s attitude s an d goal s are  strongl y influence d b y th e group s t o whic h the y 
belong .  The y us e th e achievement s o f  thei r  peer s a s a  standar d wit h whic h t o compar e thei r 
situatio n an d expectations .  I n mediation ,  thi s correspond s t o th e prevailin g practic a stan -
dard .  Prevailin g practic a i s th e mos t  frequentl y use d argumen t  i n labo r  mediation .  It s 
credibilit y  derive s fro m economi c reality .  A  compan y canno t  underpa y it s employee s fo r  fea r 
of  loosin g the m t o competitors :  a  unio n canno t  Insis t  o n concession s muc h abov e wha t  I s give n 
i n th e Industry ,  fo r  fea r  o f  lay-offs . 
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4)  App«a 1 t o pr«c«dant s a s count«r«xainp1« s 
Usa o f  pr«c«d«nt s a s countaraxample s provlda s a  stratag y t o convinc e a  persuadaa  tha t 

hi s clai m I s no t  a s tanabi a a s h a woul d Ilk a t o think .  Th a powa r  o f  countaraxampla s lia s I n 
thai r  abilit y  t o poin t  ou t  contradiction s batwaa n th e claime d an d th a actua l  behavio r  o f  th a 
parsuadaa .  Psychologica l  consistenc y theorie s (Helder ,  1958 ;  Festlnger ,  1957 )  giv e evidenc e 
fo r  th e persuasiv e powe r  o f  counterexamples . 

5) AppMl to s«1f-1nt«r*st 
The persuasiv e powe r  o f  thes e argument s depend s o n th e Importanc e o f  th e goa l  tha t  I s 

claime d t o b e promote d b y th e adoptio n o f  th a persuader' s proposal .  Peopl e wil l  substitut e 
the  satisfactio n o f  a  lesse r  goa l  fo r  a  mor e Importan t  one .  A n exampl e o f  suc h a n argumen t  I s 
the  acceptanc e b y a  compan y o f  aanlorlty ,  becaus e I t  reduce s labo r  turnover ,  despit e th e 
resultin g curtailmen t  i n managemen t  rights . 

6) Throats 
Peopl e wan t  t o satisf y thei r  goals ,  s o threatenin g a n Importan t  goa l  o f  a  persuade e I s 

th e mos t  effectiv e o f  arguments .  I n labor-managemen t  disputes ,  th e threa t  o f  a  strik e I s th e 
most  frequentl y use d an d clearl y th e mos t  powerfu l  argument .  However ,  ther e ar e othe r  threat s 
tha t  ca n b e ver y persuasive ,  a s whe n a  food-processin g company' s employee s threate n t o "leak " 
news o f  healt h violation s a t  th e plant .  The  mediator' s rol e her e I s t o convinc e th e compan y 
tha t  the  employee s wil l  carr y ou t  thei r  threa t  an d tha t  simila r  tactic s hav e damage d recal -
citran t  companie s I n th e past . 

5. SIMURY AND FUTURE WORK 

We have presented a portion of the reasoning and domain knowledge necessary In a 
proces s mode l  o f  persuasiv e argumentation ,  an d give n example s fro m th e domai n o f  labo r 
mediation .  I n thi s paper ,  w e hav e concentrate d mainl y o n th e tas k o f  argumen t  selection .  Im -
portan t  factor s I n thi s selectio n are  th e persuade e model ,  th e argumentatio n strategie s an d 
the  convincin g powe r  o f  arguments .  Man y Issue s hav e no t  bee n addressed .  Fo r  example ,  wha t  i s 
the  exac t  algorith m t o construc t  th e argumentatio n precedent ,  wha t  I s th e rol e o f  feedback , 
what  I s th e mos t  appropriat e memor y organization . 
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The interactio n o f  lexica l  expectatio n an d pragmatic s 
i n parsin g filler-ga p construction s , 

Michael K. Tanenhaus and Laurie A. Stowe 
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Greg Carlso n 

Wayne Stat e Universit y 

Sentence s wit h embedde d question s i n whic h ther e i s a  long-distanc e 
dependenc y betwee n a  nou n phras e o r  fille r  an d a n empt y categor y o r  ga p 
requir e th e parse r  t o hol d ont o th e fille r  i n memor y unti l  th e positio n o f 
th e ga p ca n b e located .  Ga p locatio n i s complicate d b y loca l  ambiguity . 
For  example ,  th e fille r  "horse "  i n th e fragmen t  i n (la )  coul d b e th e direc t 
objec t  o f  th e ver b "raced "  a s i n (lb )  o r  i t  coul d b e th e objec t  o f  th e 
prepositio n "toward "  a s i n (Ic) .  I n th e forme r  cas e th e ga p follow s th e 
verb ,  i n th e latte r  cas e i t  follow s th e preposition . 

(1 )  a .  Th e sherif f  wasn' t  sur e whic h hors e th e cowbo y 
race d 

b.  Th e sherif f  wasn' t  sur e whic h hors e th e cowbo y race d 
down th e hill . 

c.  Th e sherif f  wasn' t  sur e whic h hors e th e cowbo y race d 
desperatel y pas t  . 

Fodor  (1978 )  propose d thre e possibl e model s o f  ga p detectio n an d 
filling .  Accordin g t o a  "firs t  resort "  mode l  th e parse r  posit s a  ga p 
followin g an y ver b whic h ca n b e use d transitively .  A  parse r  usin g a  firs t 
resor t  strateg y wil l  mak e th e righ t  decisio n wit h sentence s suc h a s (lb ) 
but  i t  wil l  incorrectl y assum e a  ga p follow s th e ver b i n th e embedde d 
sentenc e i n sentence s suc h a s (Ic) .  Alternativel y th e parse r  coul d adop t  a 
'las t  resort "  strategy .  A  las t  resor t  parse r  woul d assum e a  ga p analysi s 
onl y whe n a  mandator y argumen t  wa s missin g o r  whe n th e en d o f  a  sentenc e 
was reache d an d th e parse r  stil l  ha d a  fille r  whic h ha d no t  bee n assigne d a 
grammatica l  role .  Thu s a  las t  resor t  parse r  woul d no t  garden-pat h o n 
sentence s suc h a s (Ic) ,  bu t  i t  woul d mis s th e ga p o n th e firs t  pas s throug h 
sentence s suc h a s (lb) . 

Fodor  rejecte d bot h o f  thes e model s o n th e basi s o f  sentence s suc h a s 
(2 )  an d (3) .  Th e ga p afte r  "about "  i n sentenc e (2 )  seem s t o com e a s a 
surpris e becaus e th e fille r  "book "  ha s bee n assigne d a s th e direc t  objec t 
of  th e ver b "read "  a s th e firs t  resor t  mode l  woul d predict .  However ,  th e 
firs t  resor t  mode l  make s th e wron g predictio n fo r  sentenc e (3 )  i n whic h 
reader s d o no t  see m t o b e garden-pathe d b y th e possibl e ga p followin g 
"sing" . 

(2 )  Whic h boo k di d th e teache r  rea d t o th e childre n 
abou t  ? 

(3 )  What  di d th e teache r  sin g abou t  ? 
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As a n alternative ,  Fodo r  propose d a  lexica l  preferenc e mode l  i n whic h 
th e ver b i n th e embedde d sentenc e determine s whethe r  o r  no t  th e parse r 
posit s a  gap .  Gap s ar e posite d followin g verb s whic h ar e normall y use d 
transitivel y an d thu s 'expect "  a n object ,  bu t  no t  followin g verb s whic h ar e 
normall y use d intransitively .  Some evidenc e fo r  th e lexica l  expectatio n 
model  wa s provide d i n a  recen t  pape r  b y Clifton ,  Frazier ,  an d Connin e 
(1984 )  wh o demonstrate d tha t  sentence s wit h filler-ga p construction s ar e 
understoo d mor e quickl y whe n th e correc t  interpretatio n i s congruen t  wit h 
th e lexica l  preferenc e o f  th e verb . 

Stow e (1984 )  ha s recentl y suggeste d a n all-resort s mode l  a s a  fourt h 
possibility .  Accordin g t o thi s model ,  a  ga p i s postulate d followin g a  ver b 
tha t  i s optionall y transitiv e bu t  th e fille r  i s  take n a s th e objec t  o f  th e 
ver b onl y i f  i t  i s  plausible .  I f  th e fille r  i s  no t  a  plausibl e object ,  th e 
gap analysi s i s rapidl y rejected . 

We conducte d thre e experiment s t o tes t  prediction s mad e b y thes e model s 
usin g sentence s i n whic h normall y transitiv e o r  intransitiv e verb s (e.g. , 
"raced "  an d "hurried" ,  respectively )  wer e place d i n sentence s i n whic h th e 
fille r  wa s eithe r  th e objec t  o f  th e ver b i n th e embedde d sentenc e (earl y 
gap )  o r  th e objec t  o f  a  prepositio n tha t  ende d th e sentenc e (lat e ga p ) . 
Transitiv e an d intransitiv e expectatio n verb s wer e chose n fro m th e norm s i n 
Connin e e t  al .  (1984) .  Tw o filler s wer e chose n fo r  eac h sentenc e type :  a 
noun whic h wa s a  plausibl e objec t  o f  th e ver b an d a  nou n whic h wa s a n 
implausibl e object .  Exampl e material s fo r  a  transitiv e an d a n intransitiv e 
expectatio n ver b ar e presente d i n (4 )  an d (5) .  Th e tw o noun s i n 
parenthese s ar e th e plausibl e an d implausibl e fillers ,  respectively .  Earl y 
gap sentence s ar e presente d i n (4a )  an d (5a )  an d lat e ga p sentence s i n (4b ) 
and (5b) . 

(4 )  a .  Th e sherif f  wasn' t  sur e whic h (horse ,  rock )  th e cowbo y 
race d dow n th e hill . 

b.  Th e sherif f  wasn' t  sur e whic h (horse ,  rock )  th e cowbo y 
race d desperatel y pas t  . 

(5 )  a .  Th e distric t  attorne y foun d ou t  whic h (witness ,  church ) 
th e reporte r  aske d abou t  i n th e meeting . 

b.  Th e distric t  attorne y foun d ou t  whic h (witness ,  church ) 
th e reporte r  aske d anxiousl y abou t  . 

Experimen t  1  use d 3 2 set s o f  material s simila r  t o thos e illustrate d i n 
(4 )  an d (5) .  Sixtee n set s wer e constructe d usin g intransitiv e expectatio n 
verb s an d sixtee n set s wer e constructe d wit h transitiv e expectatio n verbs . 
Plausibilit y  o f  th e fille r  wa s crosse d wit h th e positio n o f  th e ga p 
resultin g i n fou r  sentence s fo r  eac h transitiv e an d intransitiv e 
expectatio n verb .  Thes e sentence s wer e counterbalance d acros s fou r 
presentatio n versions .  Th e tes t  sentence s wer e intermixe d wit h 
ungrammatica l  an d gramatica l  filler s sentences ,  includin g som e 
ungrammatica l  sentence s wit h filler-ga p constructions .  Twenty-fou r 
Universit y o f  Rocheste r  volunteer s serve d a s subjects .  Thei r  tas k wa s t o 
decid e whethe r  o r  no t  the y understoo d eac h sentence .  Th e sentence s wer e 
presente d visuall y o n a  CRT. 

The logi c o f  th e experimen t  wa s a s follows .  Th e earl y ga p mode l 
predict s tha t  sentence s wit h lat e gap s shoul d b e mor e difficul t  t o 
understan d tha n sentence s wit h earl y gaps ,  becaus e reader s shoul d initiall y 
assume tha t  th e fille r  i s  th e objec t  o f  th e verb .  I n contrast ,  th e lat e 
gap mode l  assume s tha t  sentence s wit h earl y gap s wil l  b e mor e difficul t  t o 
understan d tha n senence s wit h lat e gap s becaus e th e reader s wil l  initiall y 
mis s th e ga p followin g th e verb .  Th e all-resort s mode l  predict s tha t  lat e 
gap sentence s wit h plausibl e filler s shoul d b e mor e difficul t  tha n lat e ga p 

r̂- y sentence s wit h implausibl e filler s becaus e reader s wil l  hav e chose n th e 



earl y sa p analysi s fo r  th e plausibl e filler s (recal l  tha t  plausibilit y 
refer s t o th e plausibilit y  o f  th e fille r  a s a n objec t  o f  th e verb) .  I n 
contras t  th e lexica l  expectatio n mode l  make s th e sam e predictio n a s th e 
earl y sa p mode l  fo r  th e transitiv e expectatio n verb s an d th e lat e ga p mode l 
fo r  th e intransitiv e expectatio n verbs . 

Tabl e 1  present s th e percentag e o f  sentence s judge d comprehensibl e fo r 
eac h o f  th e conditions .  Fo r  th e intransitiv e expectatio n verb s earl y ga p 
sentence s wer e les s frequentl y understoo d tha n lat e ga p sentences . 
Plausibilit y  o f  th e fille r  affecte d comprehensio n o f  th e earl y bu t  no t  th e 
lat e ga p sentences .  Fo r  th e transitiv e expectatio n sentences ,  earl y ga p 
sentence s mor e mor e likel y t o b e understoo d tha n lat e ga p sentences .  I n 
addition ,  plausibilit y  o f  th e fille r  affecte d bot h th e earl y an d lat e ga p 
sentence s suggestin g tha t  wit h transitiv e expectatio n verb s reader s 
attempte d t o associat e th e fille r  wit h th e ver b eve n fo r  th e lat e ga p 
sentences .  Surprisingly ,  lat e ga p sentence s wit h plausibl e filler s wer e 
understoo d mor e easil y tha n lat e ga p sentence s wit h implausibl e fillers , 
suggestin g tha t  reader s d o no t  fin d i t  easie r  t o recove r  fro m a n earl y ga p 
misanalysi s whe n th e fille r  i s  implausible . 

TABLE 1 

Ver b Expectatio n 
Transitiv e Intransitiv e 

Earl y Ga p Lat e Ga p Earl y Ga p Lat e Ga p 
Plausibl e Fille r  7£ % 65 » £S % 85 % 

Implausible Filler 58» 51% 45% 81% 

The result s o f  Experimen t  1  strongl y suppor t  Fodor' s lexica l  expecatio n 
model .  The y sugges t  tha t  reader s attemp t  t o associat e filler s wit h 
transitiv e expectatio n verb s bu t  no t  intransitiv e expectatio n verbs . 
Experiment s 2  an d 3  examine d th e on-lin e processin g o f  th e sentence s use d 
i n Experimen t  1  i n orde r  t o tes t  thes e predictions .  I n bot h o f  thes e 
experiment s subject s rea d sentence s on e wor d a t  a  tim e pressin g a  respons e 
key whe n the y wer e read y t o rea d th e nex t  word .  Afte r  approximatel y 30 % o f 
th e sentences ,  th e subjec t  wa s aske d t o repea t  th e sentenc e aloud .  Th e 
subjec t  wa s als o require d t o answe r  a  true-fals e questio n followin g abou t 
30% o f  th e sentences .  Th e predictio n wa s tha t  readin g time s woul d b e 
longe r  followin g implausibl e filler s tha n followin g plausibl e filler s i f 
subject s attempte d t o associat e th e fille r  wit h th e verb .  Fo r  lat e ga p 
sentence s plausibilit y  effect s shoul d onl y obtai n wit h transitiv e 
expectatio n verbs .  Fo r  earl y ga p sentence s plausibilit y  effect s shoul d b e 
observe d earlie r  fo r  transitiv e expectatio n verbs .  Experimen t  2  use d earl y 
gap sentence s an d Experimen t  3  use d lat e ga p sentences .  Table s 2  an d 3 
presen t  th e mea n readin g tim e pe r  wor d fo r  Experiment s 2  an d 3 , 
respectively .  Ther e wer e 3 3 subject s i n Experimen t  2  an d 2 8 i n Experimen t 
3. 
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Conditio n 

Ver b 

TABLE 2 

Position in Sentence 
Prepositio n Objec t  1 

(raced )  (down ) (the ) 
Objec t  2 
(hill ) 

Trans i  tiv e 
Plausibl e 506 515 502 738 

Transitiv e 
Implausibl e 56 9 

Plausibility 
effec t  6 3 

569 

54 

541 

39 

758 

20 

Intransitiv e 
Plausibl e 554 561 536 734 

Intransitiv e 
Implausibl e 53 8 

Plausibility 
effec t  -1 6 

576 

25 

555 

19 

766 

32 

TABLE 3 

Positio n i n Sentenc e 
Subject l  Subject 2 Ver b Adver b Prepositio n 
(the )  (cowboy )  (raced )  (quickly )  (towards ) 

Conditio n 

Transi tive 
Plausibl e 484 498 496 683 

Transitiv e 
Implausibl e 47 2 

Plausibilit y  -1 2 
effec t 

Intrans i  tiv e 
Plausibl e 44 5 

494 

- 4 

487 

569 

73 

517 

548 

- 7 

651 

716 

33 

724 

Intransitiv e 
Implausibl e 45 8 484 513 648 734 

Plausibilit y 
effec t  1 3 - 3 - 4 - 3 10 
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The result s o f  Experiment *  2  an d 3  confir m th e prediction s mad e b y th e 
lexica l  expectatio n model .  Fo r  earl y ga p sentence s a  plausibilit y  effec t 
was foun d fo r  sentence s wit h transitiv e expectatio n verb s beginnin g wit h 
th e verb ,  wherea s th e effec t  wa s weake r  an d di d no t  begi n unti l  late r  fo r 
sentence s wit h intransitiv e expectatio n verbs .  Fo r  lat e ga p sentence s 
ther e wa s a  plausibilit y  effec t  fo r  th e sentence s wit h transitiv e 
expectatio n verb s bu t  no t  fo r  th e sentence s wit h intransitiv e expectatio n 
verbs .  Take n togethe r  th e result s o f  thes e experiment s clearl y demonstrat e 
tha t  lexica l  expectatio n control s initia l  ga p detectio n an d ga p fillin g i n 
th e processin g o f  sentence s wit h long-distanc e filler-ga p dependencies . 
Thi s i s i n accor d wit h th e genera l  claim s abou t  th e importanc e o f  lexica l 
structur e i n parsin g mad e b y Ford ,  Bresna n an d Kapla n (1983) . 

References 

Clifton, C, Frazier, L., & Connine, C. (1984) Lexical expectations in 
sentenc e comprehensio n (1984) .  Journa l  o f  Verba l  Learnin g an d 'v'erba l 
Behavior .  23 ,  696-708 . 

Connine, C, Ferreira, F., Jones, C, Clifton, C, & Frazier, L. (1984) 
Ver b fram e preferences :  Descriptiv e norms .  Journa l  o f  Psvcholinguisti c 
Research .  13 ,  307-319 . 

Fodor, J.D. (1978) Parsing strategies and constraints on 
transformations .  Linguisti c Inquiry ,  9 ,  427-474 . 

Ford, M., Bresnan, J., & Kaplan, R. (1983) A competence-based theory of 
syntacti c closure .  I n J .  Bresna n (Ed.) ,  Th e menta l  representatio n o f 
grammatica l  relation s (p p 727-796 )  Canbridge ,  Mass :  MI T Press . 

Stowe, L. (1984) Models of gap-location in the human parser. 
Dissertatio n distribute d b y th e Indian a Universit y Lingustic s Club . 

1. This research was supported by NSF grant a*JS-8217378. 

36 5 



Predictin g Conversationa l  Report s o f  a  Persona l  Even t 

Yvett e J .  Tenne y 
Bol t  Berane k an d Newman Inc . 

Cambridge ,  MA 0223 8 

Thi s stud y addresse s th e questio n o f  ho w conversationa l  report s ar e 
generated -  Althoug h previou s researc h ha s bee n concerne d wit h ho w on e 
respons e i s generate d i n respons e t o anothe r  (Grice ,  1975 ;  Schank ,  1977) ,  a 
fundamenta l  questio n tha t  ha s not  bee n investigate d i s ho w a  speake r  decide s 
what  to  sa y whe n give n th e freedo m t o introduc e a  numbe r  o f  topics .  Th e 
proble m o f  decidin g wha t  t o sa y i s als o relevan t  fo r  writte n composition s 
(Hay s an d Flower ,  1980) .  Yet  littl e i s know n abou t  th e selectio n o f  idea s fo r 
discourse . 

Kintsch (1980) has described the task of generating discourse as a 
proble m o f  searchin g throug h memor y fo r  subjec t  matte r  tha t  meet s th e 
constraint s o f  subject ,  audience ,  an d discours e type .  Accordin g t o thi s view , 
factor s tha t  affec t  th e salienc e o f  event s i n memor y shoul d b e importan t  i n 
predictin g topi c choices .  Furthermore ,  th e influenc e o f  memor y factor s shoul d 
be particularl y clea r  i n th e cas e o f  conversations ,  wher e topi c decision s hav e 
to  b e mad e rapidl y an d spontaneously . 

What determines the salience of events in memory? Gamst (1982) has 
speculate d tha t  "interests ,  needs ,  concerns ,  an d poin t  o f  view "  ar e important , 
whil e Schan k (1980 )  ha s postulate d tha t  "unusual ,  important ,  painful ,  o r 
otherwis e notable "  aspect s o f  a n even t  ar e likel y t o b e accessible .  Bot h o f 
thes e factor s wer e investigate d i n th e presen t  study . 

The purpose of the study was to examine how speakers select items from 
long-ter m memor y to  produc e conversational  report s abou t  rea l  events .  Mor e 
specifically ,  th e goa l  wa s t o se e i f  i t  wa s possibl e t o predic t  wha t  a 
particula r  speake r  woul d sa y o n th e basi s o f  individua l  concern s an d th e 
particula r  outcom e o f  events .  To  mee t  thes e needs ,  i t  wa s necessar y t o fin d 
conversationa l  topic s tha t  wer e predictabl e i n advance ,  likel y t o b e me t  wit h 
varyin g degree s o f  concern ,  an d associate d wit h a  rang e o f  possibl e outcomes . 
Conversation s abou t  th e birt h o f  bab y wer e selecte d becaus e the y me t  thes e 
requirements . 

The study was carried out in three stages. In the first stage, couples 
who wer e expectin g a  bab y fille d ou t  a  questionnair e abou t  thei r  concern s on e 
mont h prio r  t o th e birth .  I n th e secon d stage ,  participant s tap e recorde d 
phon e conversation s i n whic h the y announce d th e arriva l  o f  th e baby .  Th e 
thir d stag e consiste d o f  a  follow-u p questionnaire . 

It was expected that both prior concerns and the outcome of events would 
affec t  th e selectio n o f  topics .  Th e firs t  hypothesi s wa s tha t  subject s woul d 
be mor e likel y t o mentio n topic s o f  hig h prio r  concer n tha n topic s o f  lo w 
concern .  A  numbe r  o f  investigation s hav e show n tha t  a  subject' s schema ,  o r 
poin t  o f  view ,  influence s wha t  i s encode d an d recalle d abou t  narrativel y 
depicte d event s (e.g. ,  Anderson ,  1978) .  Wor k o n menta l  model s (Centne r  & 

36 6 



Stevens ,  1983 )  ha s show n tha t  memor y fo r  physica l  phenomen a (e.g. ,  th e 
trajector y o f  a  ball )  i s  shape d b y naiv e beliefs .  Th e presen t  stud y extend s 
thi s lin e o f  researc h b y examinin g th e effect s o f  prio r  concern s o n th e 
reportin g o f  persona l  events . 

A second hypothesis was that subjects would be more likely to mention 
topic s tha t  ha d a n unusua l  outcom e tha n topic s tha t  ha d a n ordinar y outcome . 
Severa l  line s o f  evidenc e suppor t  thi s prediction .  Robinso n (1980 )  foun d tha t 
subject s wer e cibl e t o retriev e memorie s o f  unusuall y pleasan t  o r  unpleasan t 
event s mor e quickl y tha n memorie s o f  neutra l  events .  Mor e generally ,  researc h 
has show n tha t  subject s pa y attentio n t o aspect s o f  a n even t  tha t  canno t  b e 
inferre d o n th e basi s o f  prio r  knowledg e (e.g. ,  Gibb s &  Tenney ,  1980) . 

Metho d 

Subject s 

Twelv e couple s participate d i n th e study .  Seve n wer e expectin g thei r 
firs t  child ,  fou r  thei r  second ,  an d on e thei r  fourth . 

Materials 

Materials consisted of a prenatal and a postnatal questionnaire 
concernin g seventee n topic s relate d t o labo r  an d deliver y (e.g. ,  difficult y o f 
labor ,  father' s role ,  us e o f  th e birthin g room) ,  th e hab y (e.g. ,  name ,  sex , 
appearance) ,  an d activitie s durin g th e postpartu m perio d (e.g. ,  breastfeeding , 
rooming-in ,  siblin g visits) .  Th e prenata l  questionnair e consiste d o f  twenty -
fiv e question s (e.g. .  Ho w concerne d ar e yo u abou t  possibl e discomfor t  t o th e 
mothe r  durin g labo r  cui d delivery ? 1- 5 scale) .  Th e postnata l  questionnair e 
consiste d o f  twenty-eigh t  question s o n th e sam e topic s (e.g. .  Ho w di d th e 
degre e o f  discomfor t  t o th e mothe r  durin g labo r  an d deliver y compar e t o wha t 
you ha d expected ? 1- 5 scale) . 

Procedure 

One month prior to the mother's due date, the experimenter administered 
th e prenata l  questionnair e separatel y t o fathe r  an d mothe r  an d showe d th e 
coupl e ho w t o recor d thei r  calls .  Th e postnata l  questionnair e wa s 
administere d on e mont h afte r  th e birth . 

Result s 

Questionnaire Results 

Prenatal. Responses on the prenatal questionnaire were converted into the 
number s 1  t o 5 ,  wher e 5  indicate s th e greates t  concern .  A  sxibject' s concer n 
fo r  a  topi c wa s categorize d a s hig h i f  th e subject' s scor e wa s abov e th e mea n 
fo r  father s o r  mothers ,  respectively ,  an d lo w i f  i t  wa s below . 

Postnatal. The outcome of each of the topics was categorized as unusual or 
ordinary .  Response s wer e converte d t o th e number s 1  t o 5 ,  wher e 5  indicate s 
th e mos t  favorabl e outcom e an d 1  th e leas t  favorabl e outcome .  Outcom e score s 
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wer e categorize d a s unusua l  i f  eithe r  o f  th e extreme s ( 1 o r  5 )  wa s selected . 

Assignment of Topics to Expectation x Outcome Categories 

Each of the seventeen topics rated by a subject on the pre- and post-
nata l  questionnaire s wa s assigne d t o on e o f  fou r  expectatio n x  outcom e 
categories :  hig h concern-unusua l  outcome ,  hig h concern-ordinar y outcome ,  lo w 
concern-unusua l  outcome ,  lo w concern-ordinar y outcome .  Degre e o f  concer n wa s 
determine d b y response s o n th e prenata l  cjuestionnaire ,  whil e unusualnes s wa s 
determine d b y response s o n th e postnata l  questionnaire . 

Frequency of Mention of Topics 

The recorded phone conversations yielded 90 separate reports. Each 
repor t  wa s score d fo r  mentio n o f  eac h o f  th e seventee n topic s b y th e 
investigato r  an d a  second ,  independen t  rater .  I n orde r  no t  t o bia s th e codin g 
on th e basi s o f  outcome ,  bot h negativ e an d positiv e statement s abou t  a  topi c 
wer e counte d (e.g. ,  mentio n o f  us e a s wel l  a s non-us e o f  drug s counte d fo r  th e 
topi c o f  natura l  childbirth) . 

Analysis of Selection Rules 

For each subject, the likelihood of mentioning each of the seventeen 
topic s wa s define d a s th e proportio n o f  conversation s i n whic h th e subjec t 
mentione d th e topic .  Thu s a  subjec t  wh o mentione d natura l  childbirt h i n thre e 
out  o f  si x conversation s ha d a  likelihoo d o f  mentio n fo r  tha t  topi c o f  .50 . 
The likelihood s fo r  al l  th e topic s tha t  fel l  int o th e sam e expectatio n x 
outcom e categor y fo r  a  particula r  subjec t  wer e average d together .  Tabl e 1 
shows th e likelihoo d o f  mentionin g topic s i n eac h o f  th e fou r  expectatio n x 
outcom e categories ,  average d acros s th e ninetee n subject s wh o ha d 
conversations . 

Tabl e 1 

Average Likelihood of Mentioning Topic 

High Concern Low Concern 

Unusual Ordinary Unusual Ordinary 
Outcome Outcom e Outcom e Outcom e 

.446 .302 .287 .206 

The likelihood data were analyzed in a two-way analysis of variance with 
concer n (high ,  low )  an d outcom e (unusual ,  ordinary )  a s withi n subjec t  factors . 
The result s reveale d a  significan t  mai n effec t  o f  concern ,  F(l,18 )  =  6.70 ,  p  < 
.05 ,  a  significan t  mai n effec t  o f  outcome ,  F(l,18 )  =  5.22 ,  p  <  .05 ,  an d n o 
interactio n betwee n concer n an d outcome ,  F(l,18 )  <  1 ,  p  >  .05 . 

Discussion 

This study was concerned with the question of what makes something 
interestin g o r  worth y o f  mention .  Give n al l  th e possibl e topic s on e migh t 
mentio n i n describin g a n event ,  wha t  determine s whic h one s wil l  b e reported ? 
The answe r  turn s ou t  t o depen d upo n bot h th e speaker' s prio r  concern s an d o n 
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th e event s themselves . 

The first hypothesis, that subjects would be more likely to mention 
topic s o f  hig h tha n lo w concern ,  wa s supporte d b y th e data .  Althoug h th e 
prenata l  questionnair e wa s no t  designe d t o identif y specifi c  childbirt h 
models ,  i t  wa s expecte d tha t  subjects '  model s woul d b e reflecte d i n thei r 
responses .  Fo r  example ,  on e possibl e mode l  i s tha t  labo r  i s lik e a n illness , 
requirin g medica l  intervention .  A  contrastin g vie w i s tha t  ledao r  i s a 
physica l  challeng e tha t  ca n b e met  b y adequat e preparation .  I t  wa s expecte d 
tha t  subject s wit h physica l  challeng e model s woul d b e mor e likel y tha n 
subject s wit h sicknes s model s t o giv e a  hig h importanc e ratin g t o th e topi c o f 
natura l  childbirth . 

Why were topics of high concern mentioned more frequently than topics of 
lo w concern? -  A  reasonabl e explanatio n i s tha t  subject s ha d mor e elaborate , 
model s fo r  thos e aspect s fo r  whic h the y indicate d stron g concerns .  A  highl y 
differentiate d mode l  woul d allo w fo r  mor e elaborat e encodin g o f  th e event ,  b y 
focussin g attentio n o n aspect s tha t  woul d otherwis e b e ignored .  Consider ,  fo r 
example ,  th e detaile d descriptio n o f  labo r  technique s give n b y on e o f  th e 
mother s i n th e stud y wh o fel l  int o th e categor y o f  hig h concern-ordinar y 
outcom e o n th e topi c o f  natura l  childbirth . 

"Well, I sort of invented my own breathing technique as I went along. 
[Oh great ,  everybod y doe s i t  thei r  ow n way. ]  Yo u know ,  I  couldn' t 
coun t  one-two-three-fou r  an d the n paus e an d the n one-two-three-four . 
So I  di d sor t  of ,  somethin g sli... ,  slightl y different ,  whateve r  yo u 
kno w worke d fo r  me a t  th e time. " 

The secon d hypothesis ,  tha t  subject s woul d b e mor e likel y to  recal l 
topic s tha t  ha d a n unusua l  tha n a n ordinar y outcome ,  als o receive d 
confirmatio n fro m th e data .  Ther e ar e severa l  possibl e explanation s fo r  thi s 
finding .  First ,  i t  i s  adaptiv e fo r  subject s t o allocat e attentio n t o th e 
unusual ,  sinc e th e routin e ca n b e inferred ,  b y default ,  fro m prio r  knowledg e 
(Gibb s &  Tenney ,  1980) .  Secondly ,  unusua l  event s may b e intrinsicall y salien t 
becaus e the y involv e stron g affect .  Robinso n (1980 )  showe d tha t  th e 
intensity ,  thoug h no t  th e direction ,  o f  affec t  associate d wit h a n even t 
predicte d retrieva l  tim e o n a  tes t  o f  autobiographica l  memory .  Finally ,  ther e 
ar e th e demand s o f  goo d conversation .  Listener s expec t  th e speake r  t o b e 
maximall y informative ,  whic h suggest s a  focu s o n th e nove l  (Grice ,  1975) . 

Thus, although there was a tendency for speakers to emphasize areas of 
persona l  concer n i n thei r  choic e o f  topics ,  the y di d tal k informativel y abou t 
aspect s tha t  ha d no t  bee n o f  particula r  concer n whe n th e outcom e wa s unusual . 
For  example ,  tw o subject s wh o differe d i n th e importanc e the y attribute d t o 
earl y bondin g gav e simila r  description s o f  th e bondin g perio d tha t  the y wer e 
permitte d i n th e hospital .  Th e subjec t  wh o ha d bee n concerne d abou t  bondin g 
said , 

"They gave me the baby almost immediately. They do that. I mean it's 
wonderful .  We ha d he r  almos t  a n hou r  an d a  half .  We too k picture s 
and everythin g an d i t  wa s wonderful, " 

while the subject who had been indifferent reported. 
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"The y pu t  he r  inunediately ,  yo u know ,  he r  ski n t o my ski n an d the y pu t 
a blanke t  ove r  th e tw o o f  us .  [Aha ]  H e wa s takin g picture s an d 
everythin g and.. .  [Wa s i t  righ t  o n you r  tummy? ]  Oh Yeah ,  the y pu t  he r 
righ t  o n me .  [O h nice ]  An d urn ,  yo u know ,  s o i t  wa s reall y good. " 

To conclude, the study showed that it is possible to predict which 
speaker s wil l  tal k abou t  whic h genera l  topic s i n naturall y occurrin g 
conversations ,  give n knowledg e o f  thei r  prio r  concern s an d o f  wha t  actuall y 
happened .  However ,  ther e wa s considerabl e variet y i n ho w topic s wer e handled . 
For  example ,  th e topi c o f  th e nam e wa s handle d wit h humo r  ("Well ,  i t  wa s 
eithe r  'Robin '  o r  'Blackbird'") ,  th e topi c o f  th e baby' s se x wa s treate d wit h 
suspens e ("It's... a baby!") ,  an d finally ,  th e topi c o f  pai n wa s handle d 
philosophically ,  (" I  jus t  gues s i t  dawne d o n me tha t  ther e wa s onl y on e wa y 
out  an d I  ha d t o d o something .  The y weren' t  goin g t o d o anythin g fo r  me") . 
I t  i s  thi s creativ e aspec t  o f  th e reportin g o f  persona l  event s tha t  pose s th e 
bigges t  challeng e t o ou r  understanding . 

Finally, the generation of ideas for discourse should be examined in 
othe r  domains .  Furthe r  researc h may sho w tha t  th e sam e memor y processe s appl y 
t o persona l  report s o f  weddings ,  trips ,  accidents ,  jo b offers ,  majo r 
purchases ,  an d winnin g th e lottery . 
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Abstract 

This paper examines the process of storytelling and 
stor y invention .  I t  focuse s o n th e us e o f  themes ,  ep -
isodi c memory ,  analogica l  mappings ,  plannin g an d 
literar y goals .  A  computationa l  mode l  o f  storytellin g 
i s presente d an d it s  implementatio n a s th e progra m 
M I N S T R EL i s discussed .  M I N S T R E L contain s a n ep -
isodi c memor y o f  storie s an d theme s an d use s thes e 
memorie s alon g wit h knowledg e abou t  th e worl d o f 
Kin g Arthur' s knight s t o inven t  interestin g ne w 
stories . 

Introduction 

Thi s pape r  i s a n overvie w o f  th e M I N S T R E L project . 
M I N S T R EL i s a  compute r  progra m (unde r  develop -
ment )  tha t  model s huma n story-tellin g behavior . 
M I N S T R EL tell s storie s i n th e Kin g Arthu r  domain . 

Previou s W o r k 

Meehan' s T A L E S P I N progra m [Meeha n 76 ]  tol d 
storie s abou t  th e live s o f  simpl e woodlan d creatures . 
The thrus t  o f  T A L E S P I N wa s planning ;  th e proces s 
of  tellin g a  stor y involve d givin g som e characte r  a 
goal  an d the n watchin g th e developmen t  o f  a  pla n t o 
solv e tha t  g02d .  I n thi s exampl e fro m [Meeha n 76] , 
Joh n Bea r  ha s bee n give n som e initia l  knowledg e 
abou t  th e worl d an d a  goa l  t o satisf y hi s  hunger . 
The resultin g story : 

John Bear is somewhat hungry. John 
Bear  want s t o ge t  som e berries .  Joh n 
Bear  want s t o ge t  nea r  th e blueberries . 
Joh n Bea r  walk s fro m a  cav e entranc e 
t o th e bus h b y goin g throug h a  pas s 
throug h a  vaUe y throug h a  meadow . 
Joh n Bea r  take s th e blueberries .  Joh n 
Bear  eat s th e blueberries .  Th e blueber -
rie s ar e gone .  Joh n Bea r  i s no t  ver y 
hungry . 

This story illustrates the strengths and weaknesses of 
T A L E S P I N.  First ,  th e stor y i s  ver y believabl e an d 
logicall y consistent .  Thi s i s  a  reflectio n o f 

TALESPIN' s stron g plannin g componen t  an d illus -
trate s (a t  leas t  intuitively )  tha t  plannin g i s a n impor -
tan t  componen t  o f  storytelling .  O n th e othe r  hand , 
th e stor y seem s pointles s an d somewha t  borin g be -
caus e T A L E S P I N i s a  planne r  operatin g o n th e leve l 
of  characte r  plannin g an d no t  a t  an y highe r  level . 
(Meeha n realize d thi s an d adde d a  componen t  tha t 
force d th e stor y t o foUo w a  pre-canne d template. )  S o 
an interestin g negativ e resul t  o f  Meehao' s wor k wa s 
tha t  stor y inventio n base d o n plannin g coul d no t 
produc e interestin g o r  memorabl e stories ,  thu s re -
quirin g a n a d hoc ,  pre-canne d template .  Thi s resul t 
showe d tha t  a  genera l  theor y o f  themes ,  moral s o r 
interestin g situation s i s needed . 

Story Themes 

What is a story theme and what makes them in-
terestin g t o th e reader ? Dye r  [Dye r  198 ^  pointe d 
out  tha t  on e clas s o f  theme s (o r  morals )  consis t  o f 
plannin g advic e an d som e explanatio n fo r  it s  v^idi -
ty ,  ofte n provide d i n term s o f  th e negativ e conse -
quence s tha t  resul t  whe n th e advic e i s no t  followed . 
I n "Th e Fo x an d th e Cro w "  th e them e i s  "Don' t 
trus t  flatterers";  thi s say s t o avoi d assumin g a  goa l 
at  th e behes t  o f  someon e els e i f  the y d o s o b y ap -
pealin g t o som e face t  o f  yo u i n a n exaggerate d way . 
Some example s o f  stor y theme s are : 

1.  "B e kin d t o strangers" : 
benefi t  others . 

Choos e plan s tha t 

*  Th e wor k reporte d her e wa s supporte d i n par t  b y a 
gran t  fro m th e Kec k Foundation .  Th e first  autho r 
was als o supporte d i n par t  b y a  fellowshi p awarde d 
by Hewlet t  Packar d i n conjunctio n wit h th e A E A . 

POOR W O M AN AN D TH E PRINC E 

A n old ,  poo r  woma n finds  a  strange r  wh o ha s 
been robbe d an d beaten .  Sh e nurse s hi m back\t o 
healt h an d discover s tha t  h e i s a  prince ,  an d th e 
i s richl y rewarded . 

2. "Never say die:" Don't abandon goals when no 
solutio n i s apparent . 

CANCER CURE 

Etha n suffere d fro m termina l  cance r  an d wa s ir t 
constan t  pain .  Th e doctor s sai d h e migh t  liv e 
anothe r  si x months ,  bu t  h e despaire d an d decide d 
t o commi t  suicide .  H e wen t  dow n t o th e drug -
stor e t o bu y som e poiso n an d whe n h e go t  ther e 
th e druggis t  tol d hi m tha t  a  ne w miracl e dru g ha d 
jus t  bee n discovere d tha t  woul d cur e hi s cancer . 

Story themes cover a broad range of planning advice 
at  man y levels .  I f  w e assum e tha t  thes e stor y 
theme s aris e fro m a  knowledg e structur e th e autho r 
posseses ,  the n wha t  ca n w e sa y abou t  thes e struc -
tures ? 

Dyer  [Dye r  1983 ]  suggeste d Themati c Abstractio n 
Unit s (TAUs )  a s a  knowledg e structur e t o represen t 
themati c knowledge .  T A U s ar e characterize d b y ad -
ages an d represen t  plannin g advic e tha t  ca n b e 
couche d eithe r  a s a  typica l  plannin g failur e (i.e. , 
"Throwin g goo d mone y afte r  bad" )  o r  a s a  rul e fo r 
makin g a  choic e durin g plannin g (i.e. ,  "Don' t  thro w 
rock s i f  yo u liv e i n a  glas s house.") . 
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The theor y o f  T A U s ha s tw o parts .  Th e first  say s 
tha t  T A U s represen t  importan t  plannin g advice . 
The theme s presente d abov e represen t  rule s tha t  ca n 
appl y a t  variou s point s i n th e plannin g process .  Fo r 
instance ,  "Neve r  sa y die "  i s advic e t o th e mechan -
is m tha t  decide s whe n t o extinguis h goals .  Knowin g 
t o kee p a  goa l  aliv e eve n i n th e fac e o f  a  lac k o f 
plan s ma y avoi d a  failure .  Thu s thes e theme s als o 
deal  wit h avoidin g pla n failures . 

The second part of the theory of TAUs claims that 
T A Us organiz e episodi c memor y s o tha t  a n episod e 
containin g a  T A U i s likel y t o caus e a  remindin g o f  a 
relate d episod e tha t  contain s th e sam e TAU .  Fo r  in -
stance ,  th e stor y : 

FELLOWSHIP 

John realized that he only had money for two more 
quarter s o f  college ,  an d decide d t o dro p ou t  immedi -
atel y t o loo k fo r  a  job .  H e wen t  t o Murph y Hal l  t o fil l 
out  th e prope r  form s an d discovere d tha t  h e ha d bee n 
awarde d a  fellowship . 

tends to remind people of the previous story, 
" C A N C ER C U R E"  becaus e the y bot h embod y th e 
same T A U . 

MINSTREL 

Inspiration: "Every good play must have a well for-
mulate d premise .  " — Lajo s Egr i  [Egr i  1960 ] 

How does an author decide upon a theme in the first 
place ? Ho w doe s a  them e com e t o mind ? Ofte n th e 
selectio n i s base d upo n a n interactio n betwee n th e 
author' s value s an d hi s persona l  experiences .  W e be -
liev e tha t  th e autho r  recall s a n episod e fro m memor y 
and it s relate d them e an d use s thi s a s th e basi s fo r  a 
story .  Thi s recal l  i s  base d o n th e man y input s a n 
autho r  has :  hi s immediat e goals ,  th e environmen t 
aroun d him ,  thing s h e ha s latel y bee n told ,  an d s o 
on. 

MINSTREL models this behavior by accepting as in-
put  conceptualization s whic h ar e the n use d t o inde x 
memory.  I f  th e conceptualizatio n recall s a n episod e 
wit h a  relate d TAU ,  the n thi s i s use d t o star t  th e 
stor y tellin g process .  I f  not ,  the n MINSTREL await s 
more input . 

Tlie Um of Tiieme in Plotting 

Once a theme has been selected, how is it used to 
guid e th e stor y tellin g process ? Th e them e o f  a  stor y 
i s instantiate d i n th e event s tha t  mak e u p th e stor y 
(th e plot) .  Some o f  thes e event s ar e ver y crucia l  t o 
th e theme ,  other s ar e les s importan t  o r  entirel y ir -
relevant .  Th e them e i s use d t o buil d th e initia l 
skeleto n o f  event s fo r  th e story .  Ho w i s thi s derive d 
fro m th e theme ? 

One way to derive a skeleton plot from a theme is to 
buil d it .  A  them e o f  th e for m "Plannin g behavio r  X 
i s good "  lend s itsel f  t o a  plo t  o f  th e form : 

1. Give character A behavior X. Have character A 

use behavio r  X  i n goal/pla n situatio n G .  Hav e 
characte r  A  receiv e som e goo d effec t  a s a  resul t 
ofG . 

This scheme has a number of problems. First, it 
produce s a  limite d numbe r  o f  plots ,  an d make s learn -
in g ne w plot s ver y difficult . 

Second, the plot as built by these rules is too gen-
eral .  Fillin g i n suc h a  plo t  require s "guessing "  ap -
propriat e behaviors ,  roles ,  etc. ,  t o fill  i n th e plot . 

Finally, it creates some difficult planning problems. 
Give n som e behavio r  X  (i.e. ,  "Neve r  sa y die "  -  don' t 
abando n goal s whe n ou t  o f  plans) ,  generatin g a  si -
tuatio n tha t  require s thi s behavio r  i s a  potentiall y 
expensiv e proble m sinc e i t  involve s undirecte d searc h 
throug h a  larg e spaur e o f  goals ,  plan s an d worl d 
knowledge .  A  bette r  metho d fo r  derivin g a  skeleta l 
plo t  fro m a  them e i s t o recal l  a  stor y involvin g th e 
same them e an d borro w th e plo t  (o r  plo t  elements ) 
fro m it . 

The Role of Eplaodlc Memory in Plotting 

At  the time the author is searching for a plot, he has 
availabl e t o hi m hi s theme ,  hi s initia l  inputs ,  an d a t 
leas t  on e recalle d episod e (th e on e tha t  prompte d th e 
theme) .  Thi s materia l  ma y b e enoug h t o provid e 
hi m wit h furthe r  remindings .  Eve n i f  i t  doe s not ,  h e 
has on e episod e t o borro w a  plo t  from . 

This method avoids the above objections to plot 
rules .  Th e numbe r  o f  plot s i s limite d onl y b y th e 
number  o f  relevan t  remindings ,  th e episode s recalle d 
provid e a  grea t  dea l  o f  materia l  fo r  late r  us e b y th e 
stor y teller ,  th e plannin g proble m i s alread y solve d 
and ne w plot s ca n b e learne d b y generalizin g an d 
mutatin g th e recalle d episodes .  Give n a n episod e 
tha t  illustrate s th e theme ,  borrowin g a  plo t  fro m th e 
episod e involve s mappin g th e piece s o f  th e episod e 
int o th e stor y domain . 

Plotting Througli Analogical Mapping* 

There are two facets to this analogicsJ process. 
First ,  w e mus t  maintai n ou r  stor y knowledg e 
throug h th e mapping .  Tha t  is ,  w e mus t  remembe r 
how th e element s o f  th e episod e relat e t o an d exem -
plif y th e theme .  Secondly ,  w e mus t  ma p worl d 
feature s o f  th e recalle d episod e int o ou r  stor y 
domain . 

Maintaining the story knowledge can be done by re-
tainin g th e hig h leve l  memor y structure s (suc h a s 
TAUs)  tha t  inde x th e remembere d episode .  Main -
tainin g th e T A U throug h th e mappin g retain s th e 
abstrac t  knowledg e abou t  th e them e tha t  i s embo -
die d i n th e episode .  Throug h th e T A U w e ca n iden -
tif y importan t  component s o f  th e theme ,  suc h a s th e 
plannin g failur e an d th e negativ e consequence . 

Performing an analogy on world features requires 
recognizin g element s o f  th e episod e i n term s o f  thei r 
functions ,  an d mappin g thes e int o element s wit h 
equivalen t  function s i n th e ne w domain .  Thus ,  a  C2i r 
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m a  20t h centur y stor y migh t  m a p int o a  chario t  i n 
th e medieva l  domai n becaus e the y bot h functio n a 
vehicles ,  an d a  jo b intervie w migh t  m a p int o a n au -
dienc e wit h th e king ,  becaus e the y bot h ar e example s 
of  socia l  interaction s wit h a  possibl e socia l  superior . 

From Plotting to Story 

Given a theme and an initial plot, what more is left 
t o d o befor e w e hav e a  story ? On e tas k lef t  i s  flesh-
in g ou t  th e plot .  A  characte r  a t  thi s stag e migh t  b e 
represente d a s a  rol e (i.e. ,  K N I G H T )  an d hav e n o 
othe r  features . 

Instantiating features of a plot requires planning and 
worl d knowledge .  Suppose ,  fo r  example ,  tha t  w e 
need t o develo p a  situatio n wher e ou r  mai n charac -
ter ,  a  K N I G H T ,  face s a  physica l  risk .  Usin g ou r 
worl d knowledg e abou t  K N I G H T s w e conside r  som e 
typica l  KNIGHT- l y plan s tha t  ca n resul t  i n physica l 
damage,  namely ,  fighting  a  monster . 

Author-level GoaU 

Another task at this stage of inventing a story is 
fulfillin g author-leve l  goab .  Th e importanc e o f 
author-leve l  goal s t o storytellin g ha s aJread y bee n 
pointe d ou t  b y Deb n [Deh n 1981] .  Author-leve l 
goal s embod y "goo d writin g techniques, "  goal s lik e 
buildin g suspense ,  characte r  development ,  creatin g 
pathos ,  etc .  Ther e ar e tw o facet s t o suc h goals . 
First ,  w e mus t  kno w whe n t o activat e thes e goals . 
Second ,  w e mus t  hav e som e technique s o r  plan s fo r 
achievin g them . 

MINSTREL looks at a class of author-level goals that 
ar e intende d t o creat e a n emotiona l  respons e i n th e 
reader .  O n e exampl e o f  thi s kin d o f  goa l  i s  creatin g 
suspense .  M I N S T R E L ha s th e followin g rule s tha t  in -
dicat e whe n i t  i s  usefu l  t o tr y an d creat e suspense : 

I .  W h e n yo u ar e developin g a  scen e i n whic h a 
characte r  i s abou t  t o achiev e a  solutio n t o a 
crisi s goal . 

2.  W h e n yo u ar e developin g a  scen e i n whic h a 
characte r  i s a t  physica l  risk . 

3.  W h e n yo u ar e developin g a  scen e i n whic h tw o 
character s hav e competin g goals . 

There are two ways to increase the drama or 
suspens e o f  a  scene .  Th e first  i s  b y increasin g th e 
importanc e o f  th e mai n character' s goa l  i n tha t 
scene .  Th e secon d i s b y increasin g th e reader' s anti -
cipatio n o f  th e solutio n t o th e goal . 

Increasin g th e goa l  importance : 

1. Make the goal more important to the main char-
acter . 

2.  Creat e goa l  conflicts . 
3.  Increas e th e reward s an d punishments . 

Increasing the reader's anticipation: 

1.  Eliminat e favorabl e solution s t o th e goal . 
2.  Mak e th e mai n characte r  us e a  dangerou s plan . 
3.  Inser t  a  secondar y inciden t  betwee n th e assump -

tio n o f  th e goa l  an d it s conclusion . 
4.  Mak e th e goa l  importan t  t o th e reader . 

Above we showed bow a scene witk a KNIGHT 
fighting  a  monste r  migh t  aris e whe n w e neede d th e 
K N I G HT t o b e a t  physica l  risk .  W h e n thi s scen e i s 
created ,  th e suspens e rule s fire  (i t  i s  a  scen e involv -
in g physica l  risk )  an d suspens e technique s ar e ap -
plie d t o mak e th e scen e mor e dramatic .  Fo r  ia -
stauice ,  i f  th e techniqu e "Inser t  a  secondar y in -
cident "  wa s used ,  th e K N I G H T woul d los e hi s swor d 
i n th e mids t  o f  th e battle ,  forcin g hi m t o suddenl y 
scrambl e fo r  anothe r  weapon . 

A Control Structure for Storytelling 

To this point we have discussed the process of sto-
rytellin g a s a  linea r  one :  discove r  a  theme ,  buil d a 
plot ,  flesh  ou t  th e plot ,  fulfil l  literar y goals .  Th e sto -
rytellin g proces s i s no t  a t  al l  linear . 

To see why this is, consider the example above 
wher e w e constructe d a  scen e wit h a  K N I G 1 | T 
fighting  a  monste r  i n th e cours e o f  fleshing  ou t 
anothe r  scene .  Constructin g thi s fight  scen e woul d 
caus e u s t o b e reminde d o f  othe r  memorabl e fight 
scenes .  Thi s remindin g bring s wit h i t  a  wealt h o f 
imager y tha t  ca n b e use d t o furthe r  flesh  ou t  th e 
curren t  fight  scene ,  an d i t  m a y als o recal l  a  ne w 
them e an d plot .  Suddenl y th e author ,  concerne d 
wit h fleshing  ou t  a  scene ,  ha s becom e reminde d o f 
anothe r  story ,  an d finds  himsel f  thinkin g abou t  th e 
them e an d plo t  o f  tha t  story .  H e ha s suddenl y shift -
ed bac k t o th e stag e o f  storytellin g concerne d wit h 
them e an d plot . 

H ow i s thi s situatio n t o b e handle d i n a  storytellin g 
program ? Thes e reminding s ar e th e essenc e o f 
creativity ;  wha t  w e woul d lik e t o d o i s j u m p fro m 
concer n t o concer n a s the y arise .  Thi s suggest s a 
tas k agenda-styl e contro l  mechanism .  Thi s i s ver y 
simila r  t o th e agend a mechanis m Lena t  use d i n hi s 
A M progra m [Least t  1976] .  I t  i s  ver y interestin g tha t 
tw o program s concerne d wit h creativit y i n vastl y 
differen t  domain s shoul d us e th e sam e contro l  struc -
ture ,  an d i t  i s  likel y tha t  thi s reflect s somethin g im -
portan t  abou t  th e natur e o f  creativity .  Th e abilit y 
t o b e interrupte d wit h fortuitiou s reminding s an d th e 
abilit y  t o b e abl e t o reac t  t o thi s b y jumpin g fro m 
tas k t o task ,  leve l  t o level ,  seem s t o b e crucia l  t o 
creativity . 

Episodic Memory 

I n thi s sectio n w e briefl y discus s ho w th e proces s o f 
storytellin g affect s episodi c memor.- . 

Once finished, and at its various stages of develop-
ment ,  th e stor y i s a  conceptua l  representatio n o f  a n 
episode ,  muc h lik e an y episod e i n episodi c memory . 
Thes e episode s ar e adde d t o episodi c memory ,  t o b e 
availabl e durin g futur e storytellin g session s a s a n in -
dex t o themes ,  source s fo r  fleshing  ou t  an d s o on . 

Similarly, fragments of stories may be built and dis-
carde d durin g th e cours e o f  fleshing  ou t  a  story .  I f 
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our  stor y initiall y  contain s a  scen e wher e a  knigh t 
finds  a  swor d i n a  tree ,  onl y t o hav e tha t  scen e ex -
cise d i n orde r  t o rais e th e suspens e i n a  subsequen t 
scene ,  th e scen e wher e th e knigh t  finds  th e swor d i s 
not  discarded .  I t  remains ,  indexe d i n memory ,  wher e 
i t  m a y late r  b e recalled . 

Thus episodic memory becomes a rich storehouse not 
onl y o f  th e finished  stories ,  bu t  als o th e partiall y 
complete d storie s an d stor y fragment s tha t  wer e gen -
erate d alon g th e way .  Writer s becom e bette r  writer s 
by writing ,  a  proces s tha t  build s thei r  stor e o f  ep -
isodes ,  an d provide s the m wit h a  greate r  rang e o f 
materia l  fo r  futur e writin g endeavors . 

Interaction! and Examples 

In this section we give some examples of the material 
presente d abov e an d sho w ho w i t  migh t  interac t  t o 
produc e a  story .  I n thi s case ,  episodi c memor y al -
read y contain s a  conceptua l  representatio n o f  th e fol -
lowin g stor y ( a simplifie d synopsi s o f  "It' s  a  Wonder -
fu l  Life") : 

A banke r  i s kin d t o man y o f  th e member s o f  hi s com -
munit y an d loan s the m mone y whe n the y ar e i n need . 
He the n misplace s som e mone y an d i s threatene d tvit h 
los s o f  hi s bank .  A t  th e height h o f  hi s despai r  hi s 
friend s arriv e tvit h th e mone y neede d t o sav e th e 
bank . 

Thi s stor y i s indexe d b y T A U - G O O D - D E E D S-
R E W A R D E D,  whic h als o contain s th e advic e "B e 
generou s t o other s an d the y ma y retur n th e favor. " 
Episodi c memor y als o contain s informatio n abou t 
banker s i n additio n t o knowledg e abou t  th e Kin g 
Arthu r  domain . 

Th e inpu t  t o M I N S T R E L is :  A  banke r  died . 

I n thi s particula r  case ,  th e inpu t  recall s "It' s  a 
Wonderfu l  Life, "  no t  becaus e i t  involve s T A U -
G O O D - D E E D S - R E W A R D E D,  bu t  becaus e the y ar e 
bot h interestin g incident s involvin g banker s (fo r  a 
discussio n o f  indexin g b y conten t  se e [Kolodner , 
1980]) .  W h e n th e banke r  inciden t  i s recalle d MIN -
S T R EL decide s t o tel l  a  stor y abou t  generousit y 
(specifically ,  T A U - G O O D - D E E D S - R E W A R D E D ).  I n 
addition ,  th e mentio n o f  "death" ,  a n importan t  goa l 
t o th e author ,  bring s th e goa l  o f  P - H E A L T H t o 
mind . 

Th e them e ha s bee n selected ,  s o no w plottin g get s 
priority .  Lookin g a t  th e recollecte d episode ,  th e 
plotte r  finds  thi s skeleton : 

Perso n X  ha s skil l  Y .  X  use s Y  t o hel p Z .  Z  i s 
gratefu l  t o X .  (1 )  Calamit y befall s X .  Z  save s X  fro m 
calamit y (becaus e o f  1 )  X  i s gratefu l  t o Z . 

We no w m a p th e first  hel p situatio n int o th e Kin g 
Arthu r  domain .  Ther e i s n o analo g o f  bankin g i n 
th e Kin g Arthu r  domain ,  s o w e abando n th e direc t 
analogy .  Instea d w e attemp t  t o recal l  a n interestin g 
hel p situatio n -  usin g th e P - H E A L T H goa l  we'v e 
bee n thinkin g abou t  -  an d recal l  a n even t  wher e a 

hermi t  helpe d t o hea l  a  knight . 

Usin g thi s recollection ,  w e buil d th e first  hel p scen e 
and instantiat e th e role s o f  th e tw o mai n characters : 

An old woman of the woods knows how to heal. The 
ol d w o m a n heal s a  knight .  Th e knight s i s gratefu l  t o 
th e ol d woman .  Calamit y befall s th e ol d woman .  Th e 
knigh t  save s th e ol d woman .  Th e ol d woma n i s grate -
ful . 

As new scenes are created, tasks fire which check the 
scen e fo r  consistency .  On e o f  thes e task s note s tha t 
th e knigh t  i s heale d withou t  bein g i n nee d o f  heal -
ing ,  an d s o create s a  scen e wher e th e knigh t  i s in -
jure d (an d again ,  create s a  scen e whic h place s th e 
ol d w o m a n nea r  th e knight) . 

A knigh t  i s travellin g throug h th e wood s an d en -
counter s a  troll .  Th e knigh t  defeat s th e trol l  bu t  i s 
injured .  A n ol d woma n o f  th e wood s i s pickin g ber -
rie s an d find s th e knight .  Th e ol d woma n heal s th e 
knight .  Th e knight s i s gratefu l  t o th e ol d woman . 
Calamit y befall s th e ol d woman .  Th e knigh t  save s th e 
ol d woman .  Th e ol d w o m a n i s grateful . 

Not e tha t  thes e ne w scene s hav e jus t  bee n create d 
backward s fro m th e orde r  i n whic h the y wil l  b e told . 
I n general ,  th e storytellin g proces s skip s aroun d 
throug h th e story ,  no t  necessaril y  attackin g i t  i n 
tempora l  order .  Th e plannin g componen t  i n particu -
la r  sometime s work s backwards ,  determinin g thing s 
whic h shoul d hav e happened ,  an d sometime s for -
ward ,  determinin g wha t  wil l  happen .  Thi s reduce s 
th e cognitiv e load .  Tellin g a  stor y onl y require s a 
them e an d ke y scenes .  Th e entir e stor y doe s no t 
need t o b e solve d a t  once . 

We generat e th e secon d hel p situatio n i n a  simila r 
way: 

A n ol d woma n o f  th e wood s know s ho w t o heal .  A 
knigh t  fight s a  trol l  an d i s injured .  Th e ol d woma n i s 
out  pickin g berrie s an d find s th e injure d knight .  Th e 
ol d woma n heal s a  knight .  Th e knigh t  i s grateful . 
The ol d woma n i s aliase d b y a  dragon .  Th e knigh t 
save s th e ol d woman .  Th e ol d w o m a n i s grateful . 

At  thi s poin t  th e previousl y mentione d rul e fo r 
buildin g suspens e i n scene s involvin g physica l  dange r 
fires  o n th e scen e o f  th e ol d w o m a n bein g attacke d 
by th e dragon .  On e o f  th e rule s fo r  buildin g 
suspens e is : 

Buil d suspens e i n a  physica l  fight  scen e 
by makin g th e protagonis t  physicall y 
weaker . 

Unfortunately ,  th e ol d w o m a n i s alread y wea k 
(knowledg e w e hav e abou t  th e rol e o f  bein g a n ol d 
woman) ,  s o thi s rul e fails .  Anothe r  rul e is : 

Buil d suspens e b y eliminatin g al l  solu -
tion s t o th e proble m excep t  th e on e 
tha t  wil l  work . 

In this case, one plan for saving one's life is to run 
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fro m th e threat .  MINSTREL eliminate s thi s b y trap -
pin g th e ol d woman i n he r  cottage : 

An old woman of the wood* knowt how to heat. A 
knigh t  fightt  a  trol l  an d i $ injured .  Th e ol d woman i t 
out  pickin g berrie s an d find*  th e injure d knight .  Th e 
ol d woman heal s a  knight .  Th e knigh t  i s grateful . 
The ol d woman i s trappe d i n he r  cottag e b y a  dragon . 
The knigh t  save s th e ol d woman.  Th e ol d woman i s 
grateful . 

Now focus turns to the knight saving the old woman. 
Agai n thi s i s recognize d a s a  scen e worth y o f 
suspense ,  s o th e abov e rule s fire  again .  Thi s time , 
th e first  rule : 

Build suspense in a physical fight scene 
by makin g th e protagonis t  physicall y 
weaker . 

can fire. The knight is made physically weaker by 
makin g hi m injured .  Th e planne r  no w look s fo r  a 
way tha t  h e migh t  b e injured .  On e wa y i s i f  h e wa s 
involve d i n battle .  Anothe r  wa y i s i f  a  previou s 
healin g wasn' t  completel y effective .  Thi s i s chose n 
and w e have : 

An old woman of the woods knows how to heal. A 
knigh t  fight s a  trol l  an d i s injured .  Th e ol d woman i s 
out  pickin g berrie s an d find s th e injure d knight .  Th e 
ol d woman heal s a  knight .  Th e knigh t  i s grateful . 
The ol d woman i s trappe d i n he r  cottag e b y a  dragon . 
The knight ,  sti U wea k fro m hi s ol d wounds ,  save s th e 
ol d woman.  Th e ol d woman i s grateful . 

At  thi s point ,  knowledg e o f  styl e an d storytellin g 
generatio n device s com e int o play . 

Galahad was out in the wood* one 
day whe n h e encountere d a  trol L 
He di d battl e wit h th e troU ,  an d 
kille d th e troU ,  bu t  wa s himsel f  In -
jure d an d lai d nea r  deat h o n th e 
fores t  floor.  H e wa s discovere d 
by Glinda ,  a n ol d w o m a n o f  the 
woods ,  w h o applie d he r  healin g ar t 
t o hi m an d helpe d hi m recove r 
f^o m hi s wounds .  Galaha d 
tha n Ice d the  ol d w o m a n an d prom -
ise d t o retur n th e favo r  someday . 

Later, Glinda found herself 
trappe d i n he r  cottag e b y a  dra -
gon .  Sh e wa s terrified .  Jus t  the n 
Galaha d rod e up .  Stil l  wea k fro m 
hi s wounds ,  h e battle d th e drago n 
an d kiUe d it ,  savin g Glinda .  Glin -
da wep t  he r  thank s o n Galahad' s 
shoulder . 

Futur e W o r k 

MINSTREL currentl y generate s a  fe w simpl e storie s 
i n th e Kin g Arthu r  domain .  U p unti l  now ,  mos t 
wor k ha s bee n don e o n th e plannin g an d episodi c 
memory component s o f  MINSTREL.  Th e heuristic s 

fo r  suspens e hav e als o bee n developed ,  bu t  thes e 
part s hav e no t  ye t  bee n combined .  Ther e ar e a 
number  o f  interestin g topic s lef t  t o address .  Some o f 
thes e are : 

1. A large class of TAUs were recognized as arising 
out  o f  plannin g failures .  Wha t  othe r 
classification s o f  theme s an d themati c memor y 
structure s ar e there ? 

2.  MINSTREL current ^  doe s nothin g wit h multipl e 
theme s o r  plots .  Ho w ca n tw o theme s b e wove n 
togethe r  int o a  singl e story ? 

3.  MINSTREL ignore s a  larg e numbe r  o f  literar y 
goab .  Characterization ,  fo r  instance ,  i s recog -
nize d a s bein g ver y importan t  fo r  goo d writing . 

We believe that MINSTREL will provide a good en-
vironmen t  withi n whic h t o examin e thes e mor e com -
ple x issues . 

Conclusions 

MINSTREL is a program to model humaa story tel-
lin g behavior .  W e hav e see n tha t  th e basi s fo r 
story-tellin g i s a  cycl e o f  writing-rewritin g tha t  i s 
fuele d b y informatio n derive d fro m th e them e o f  th e 
stor y an d fro m fortuitiou s reminding s tha t  occu r 
durin g th e proces s o f  fleshing  ou t  th e story .  Thi s 
proces s involvin g episodi c memor y an d reminding -
drive n constructio n i s on e o f  th e basi c processe s 
behin d huma n creativity . 
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Spat ia l  in ference s an d d iscours e comprehens io n 
Kar l  F ,  Wende r  an d Monik a Wagene r 

Techn isch e Univers i ta t  Braunschwei g 

ABSTRACT 

Theories of discourse comprehension and memory for text usually 
assum e a  p ropos i t iona l  forma t  i n whic h in format io n i s s tored .  I n 
agreemen t  wi t h th e wor k o n menta l  imager y w e argu e tha t  in format io n 
fro m text s ma y als o b e remembere d i n a  spat ia l  representa t ion . 
In ferenc e processe s wit h spat ia l  re lat ion s depen d o n th e forma t 
of  th e men ta l  represen ta t ion .  I n tw o exper iment s w e employe d a 
pr imin g techn iqu e t o sho w spat ia l  proper t ie s o f  menta l  representat ion , 
The f i rs t  on e usin g nar ra t ive s faile d t o yiel d posi t iv e resu l t s . 
The secon d exper imen t  usin g spat ia l  descr ip t ion s supporte d th e 
h y p o t h e s i s .  Dec is io n t ime s i n a  pr imin g tas k wer e dependen t  o n 
spat ia l  d i s tances .  Th e re lat ionshi p betwee n inferenc e processe s an d 
th e for m o f  th e menta l  representat io n i s d iscussed . 
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Thi s researc h investigate s th e interactio n betwee n th e menta l  representatio n 
of  a  tex t  an d inferenc e processe s tha t  operat e o n thi s representation .  Th e 
mai n ide a i s tha t  inferenc e processe s depen d t o a  certai n exten t  o n th e for m 
of  th e menta l  representation . 

Aspect s o f  menta l  representatio n o f  discours e hav e bee n investigate d b y 
many researcher s i n recen t  years .  On e questio n i s whethe r  informatio n i s 
store d i n a  propositiona l  networ k o r  i n a  mor e analogou s format .  Fo r  informa -
tio n fro m discours e i t  i s  no t  obviou s ho w object s an d event s describe d i n a 
tex t  ar e mentall y represented .  I t  i s  conceivabl e tha t  th e typ e o f  representa -
tio n depend s o n th e readin g tas k o r  th e goa l  o f  th e reader . 

Most  model s o f  tex t  comprehensio n propos e a  propositiona l  format .  On 
th e othe r  hand ,  i f  someon e ha s t o mak e spatia l  judgement s o f  som e sor t  i t 
migh t  b e mor e efficien t  t o construc t  a  spatia l  menta l  representation . 
Some authors ,  mos t  notabl y Johnson-Lair d (1983) ,  argu e tha t  menta l  re -
presentation s o f  text s ofte n tak e o n a n analogous ,  spatia l  form . 

The notio n tha t  subject s may us e differen t  strategie s dependin g o n th e 
natur e o f  th e tas k i s supporte d b y result s fro m Ohlsso n (1984) .  H e wa s abl e 
t o sho w tha t  i n a  spatia l  reasonin g tas k subject s switche d betwee n tw o pro -
cedure s calle d serie s formatio n an d elimination .  I n presen t  term s 
serie s formatio n woul d impl y th e constructio n o f  a  spatia l  menta l  representa-
tio n wherea s eliminatio n woul d correspon d t o inferenc e processe s usin g a 
propositiona l  representation . 

Graesse r  (1977 )  showe d th e influenc e o f  a  spatia l  representatio n o n 
sentenc e comprehension .  I t  i s  ou r  goa l  t o sho w tha t  suc h spatia l  representa -
tion s ar e als o constructe d durin g readin g o f  discourse .  Thi s i s a n 
intuitivel y plausibl e hypothesis .  However ,  i t  i s  no t  tha t  eas y t o fin d 
empirica l  support . 

Experiment s b y Man i  an d Johnson-Lair d (1982 )  an d b y Ehrlic h an d 
Johnson-Lair d (1982 )  giv e experimenta l  suppor t  t o thes e notions .  However , 
thei r  experimenta l  material s wer e no t  storie s bu t  rathe r  simpl e description s 
of  th e spatia l  relatio n betwee n objects .  A n experimen t  b y Black ,  Turner ,  an d 
Bower  (1979 )  demonstrate s th e rol e o f  poin t  o f  vie w i n narrativ e com -
prehension .  Thi s resul t  als o suggest s a  spatia l  representation . 

The presen t  stud y use s a  differen t  experimenta l  technique .  A  procedur e 
whic h ha s bee n successfull y use d b y severa l  author s i s th e primin g 
techniqu e (Meye r  an d Schvaneveldt,1971) .  A  primin g effec t  ha s alread y bee n 
observe d i n studyin g representation s o f  sentence s an d discourse .  Ratclif f  an d 
McKoon (1978 )  showe d tha t  i n a  recognitio n tas k word s fro m th e sam e sentenc e 
prime d eac h othe r  mor e tha n word s fro m differen t  sentences .  Guindo n an d 
Kintsc h (1984 )  use d thi s metho d t o demonstrat e tha t  reader s ha d forme d macro -
proposition s durin g reading .  I n a  recen t  stud y b y McNamara ,  Ratcliff ,  an d 
McKoon (1984) ,  th e primin g techniqu e wa s applie d successfull y t o spatia l 
representation s o f  map s wit h route s an d cities . 

Experimen t  1 
I n ou r  firs t  experiment ,  w e tr y t o sho w tha t  th e primin g metho d work s 

als o o n spatia l  representation s o f  narrativ e texts . 
Metho d 

We employe d a  procedur e tha t  ha s bee n use d b y McKoo n &  Ratclif f  (1981 ) 
t o prov e th e influenc e o f  instrumenta l  inferences . 

I n ou r  experiment ,  subject s rea d shor t  storie s tha t  wer e presente d 
sentenc e b y sentenc e o n a  CRT screen .  Subject s wer e instructe d t o rea d eac h 
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sentenc e an d t o pres s a  butto n whe n the y fel t  tha t  the y ha d understoo d th e 
sentence .  Followin g th e las t  sentenc e a  singl e wor d appeare d o n th e screen . 
Subject s ha d t o decid e a s fas t  a s possibl e whethe r  thi s wor d ha d bee n 
mentione d i n th e precedin g tex t  o r  not .  Decisio n tim e wa s measured . 
Subject s 

Subject s wer e 2 4 student s o f  th e Technisch e Universita t  Braunschweig . 
They wer e pai d D M 1 0 , — fo r  thei r  participation . 
Materia l 

Each subjec t  rea d 2 4 shor t  storie s plu s 6  additiona l  one s fo r  warming-u p 
purposes .  Hal f  o f  th e 2 4 storie s wer e experimenta l  stories .  Th e remainin g 1 2 
wer e distracto r  stories .  Eac h experimenta l  stor y consiste d o f  fiv e o r  si x 
sentence s describin g everyda y events .  I n eac h stor y thre e relevan t  object s 
wer e mentioned .  Th e storie s wer e constructe d i n suc h a  wa y tha t  tw o o f  th e 
object s wer e spatiall y  clos e t o eac h other .  Th e thir d on e wa s furthe r  away . 
An exampl e i s th e followin g stor y abou t  "Han s smokin g a t  school ;  Afte r 
school ,  Han s i s smokin g i n th e classroom .  This ,  o f  course ,  i s not  allowe d an d 
he mus t  b e ver y careful .  Suddenl y a  teache r  come s aroun d th e corner .  Han s 
jus t  manage s t o thro w th e cigarette s unde r  th e table .  Previousl y h e ha d 
hidde n th e cigarette s behin d th e curtain .  Wit h a n innocen t  smil e h e look s t o 
th e table. " 
The thre e relevan t  object s ar e th e table ,  th e curtain ,  an d th e 
cigarettes .  A t  th e en d o f  th e stor y th e cigarette s an d th e tabl e 
ar e clos e t o eac h othe r  wherea s curtai n an d cigarette s ar e farthe r 
apart .  On th e othe r  hand ,  th e tex t  wa s writte n i n suc h a  wa y tha t  th e pro -
positiona l  o r  networ k distanc e betwee n tabl e an d cigarette s i s equa l 
t o th e distanc e betwee n curtai n an d cigarettes . 

I n th e las t  sentenc e i n th e stor y th e las t  wor d mentione d i s tabl e 
whic h serve d a s th e clos e prime .  T o investigat e th e differenc e i n primin g 
effec t  betwee n clos e an d distan t  prime s w e wrot e a  secon d versio n o f  eac h 
tex t  i n whic h th e las t  sentenc e wa s replace d by .  "Wit h a n innocen t  smil e h e 
look s t o th e curtain. "  Thi s sentenc e shoul d activat e th e concep t  curtai n 
whic h serve d a s th e distan t  prime .  Thus ,  decisio n tim e shoul d increase . 

To contro l  fo r  semanti c association s betwee n tabl e an d 
cigarette s a s wel l  a s betwee n curtai n an d cigarettes ,  ther e wer e 
tw o correspondin g version s i n whic h th e role s o f  tabl e an d curtai n 
wer e interchanged .  Thus ,  curtai n wa s th e clos e prim e an d tabl e wa s 
th e distan t  prime . 
Procedur e 

Text s wer e presente d sentenc e b y sentenc e o n a  CRT screen .  Subject s wer e 
instructe d t o ste p o n a  peda l  whe n the y ha d understoo d a  sentence .  The n thi s 
sentenc e wa s replace d b y th e nex t  one .  Subject s wer e instructe d t o imagin e 
eac h describe d scen e a s vividl y a s possible .  Afte r  th e fina l  sentenc e th e 
targe t  wor d appeare d an d subject s ha d t o respon d b y pressin g a  ye s o r  a  n o 
button .  The y ha d t o decid e whethe r  th e targe t  wor d ha d bee n presente d i n th e 
text . 

We expecte d a  primin g effec t  o f  th e concept s containe d i n th e sentenc e 
immediatel y precedin g th e target .  I n particula r  w e looke d a t  th e primin g 
effect s o f  tabl e vs .  curtai n wit h respec t  t o cigarettes .  I f 
subject s for m a  menta l  representatio n lik e a  semanti c networ k the n th e 
decisio n time s fo r  th e targe t  wor d cigarette s shoul d no t  diffe r  unde r  th e 
tw o primin g conditions .  If ,  o n th e othe r  hand ,  subject s construc t  a  spatia l 
representation ,  the n th e close r  prim e shoul d hav e a  facilitatin g effec t  o n 

37 8 



th e target .  Thu s th e decisio n tim e followin g th e prim e tabl e shoul d b e 
shorte r  compare d t o th e tim e followin g th e prim e curtain . 

Results and Discussion 
The result s o f  th e experimen t  wer e no t  a s expected .  Me£i n decisio n time s 

wer e 110 3 ms fo r  th e clos e prim e an d 108 8 ms fo r  th e distan t  prim e condition . 
Thi s differenc e i s no t  significan t  an d doe s certainl y no t  suppor t  th e hypo -
thesi s o f  a  spatia l  representation . 

Ther e may b e severa l  reason s wh y th e experimen t  failed .  Perhap s ou r 
text s di d no t  giv e enoug h clue s fo r  a  spatia l  representation .  O r  i t  may b e 
tha t  subject s ha d t o rea d to o man y stories .  Furthermore ,  i t  i s  possibl e tha t 
th e experimenta l  tas k di d no t  neccessaril y  requir e a  spatia l  representation . 
Some subject s reporte d tha t  the y instea d compile d a  lis t  o f  concept s 
mentione d i n th e tex t  an d the n compare d th e targe t  wit h thi s list . 

Experimen t  2 
Metho d 

To avoi d th e proble m o f  to o man y storie s w e t o use d a  primin g techniqu e 
tha t  doe s no t  nee d storie s a s foils .  Furthermore ,  w e change d th e materia l 
completely ,  bebaus e storie s lik e thos e i n Experimen t  1  alway s contai n man y 
thing s mor e tha n jus t  spatia l  relations . 

An additiona l  crucia l  chang e concerne d th e learnin g tas k fo r  th e 
subjects .  The y no w learne d shor t  text s tha t  describe d spatia l  configuration s 
of  fiv e common things .  T o mak e sur e tha t  al l  subject s forme d a  simila r 
spatia l  representatio n the y ha d t o arrang e rea l  object s accordin g t o eac h 
description .  Th e learnin g phas e o f  th e experimen t  wa s followe d b y a  primin g 
phas e an d a  verificatio n test . 

I n th e primin g phas e subject s ha d t o decid e whethe r  pair s o f  object s 
belonge d t o th e sam e configuratio n o r  not .  Followin g th e spatia l  representa -
tio n hypothesi s th e decisio n tim e shoul d depen d o n th e distanc e betwee n th e 
tw o object s o f  th e judge d pair . 

I n a  followin g th e verificatio n tes t  subject s ha d t o decid e whethe r 
sentence s o f  th e for m "objec t  A  i s i n relatio n R  t o objec t  B "  wer e tru e wit h 
respec t  t o a  specifie d configuration .  Agai n decisio n tim e shoul d depen d o n 
th e distanc e betwee n objects . 
Subject s 

Anothe r  grou p o f  2 4 student s participate d i n thi s experiment . 
Material s 

Eigh t  shor t  text s wer e writte n describin g th e spatia l  relationshi p 
betwee n fiv e objects .  Fo r  example :  "Vegetables ;  Th e paprik a i s i n fron t 
of  th e cucumber .  Lef t  t o th e cucumbe r  i s th e potato .  I n fron t  o f  th e potat o 
i s th e onion .  Th e tomat o i s i n fron t  o f  th e onion. " 
Primin g phase .  Fro m eac h configuratio n tw o pair s o f  word s ar e o f  specia l 
interest .  Thes e ar e calle d th e clos e pai r  an d th e distan t  pai r 
accordin g t o th e distance s betwee n th e tw o respectiv e objects .  Th e spatia l 
relationshi p betwee n th e tw o word s o f  eac h o f  thes e pair s wa s no t  explicitl y 
state d i n th e tex t  bu t  coul d b e inferre d b y th e reader .  Th e prediction s fo r 
thes e pair s wer e a s follows .  I f  subject s construc t  a  spatia l  representatio n 
the n th e primin g effec t  shoul d depen d o n th e spatia l  distanc e betwee n prim e 
and targe t  withi n eac h pair .  Thus ,  decisio n tim e shoul d b e shorte r  fo r  th e 
clos e pai r  tha n fo r  th e distan t  pair .  I f  subject s d o no t  us e a  spatia l  re -
presentatio n the n decisio n time s shoul d b e approximatel y equal . 

Ther e wer e tw o version s o f  eac h configuratio n i n whic h th e clos e pai r 
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and th e distan t  pai r  wer e interchange d t o contro l  fo r  th e strengt h o f 
semanti c association s betwee n th e word s o f  a  pair .  Fo r  example ,  i n th e secon d 
versio n o f  th e tex t  "vegetables "  onio n -  paprik a wa s th e distan t  pai r 
and cucumbe r  -  tomat o wa s th e clos e pair . 

Verificatio n test .  Subject s rea d sentence s tha t  eithe r  agree d wit h 
th e descriptio n o r  tha t  containe d a  contradiction .  Fo r  exampl e "Th e onio n i s 
t o th e lef t  o f  th e paprika. "  woul d b e a  correc t  statemen t  althoug h i t  wa s no t 
give n i n th e origina l  description .  We cal l  suc h a  prob e sentenc e a n 
inference .  Furthermore ,  w e distinguis h betwee n clos e inferences ,  lik e th e on e 
give n above ,  an d distan t  inferences .  A  distan t  inferenc e i s fo r  example :  Th e 
potat o i s behin d th e tomato .  Th e distanc e betwee n thes e object s i s twic e a s 
lon g a s th e distanc e betwee n th e object s o f  th e clos e inferenc e Followin g th e 
spatia l  hypothesi s distan t  inference s shoul d tak e longe r  t o verif y tha n clos e 
inferences . 
Procedur e 

I n th e firs t  par t  o f  th e experimen t  subject s ha d t o lear n th e configura -
tio n extensively .  I n th e secon d par t  w e measure d firs t  th e reactio n time s fo r 
th e ite m recognitio n an d the n th e verificatio n time s fo r  complet e sentences . 
The instructio n give n i n th e beginnin g di d no t  explai n th e primin g procedur e 
and th e verificatio n test .  Th e instructio n onl y mentione d tha t  som e retentio n 
tes t  woul d follow . 

Learnin g phase .  Eac h subjec t  rea d eigh t  shor t  description s plu s 
thre e additiona l  one s fo r  warming-up .  Tw o differen t  group s o f  subject s (Grou p 
A an d Grou p B )  wer e assigne d t o th e tw o balance d version s o f  eac h story .  Bot h 
group s go t  th e sam e object s bu t  wit h differen t  configurations .  Eac h descrip -
tio n consiste d o f  fou r  sentence s printe d o n a  card .  Subject s wer e instructe d 
to  rea d th e tex t  o n th e car d a s lon g a s the y wante d an d t o memoriz e them . 
Then the y go t  a  bo x containin g on e exempla r  fo r  eac h o f  th e fiv e objects . 
Wit h thes e exemplar s subject s ha d t o buil d u p th e describe d configuratio n o n 
a tabl e i n fron t  o f  them . 

Primin g phase .  Th e primin g procedur e too k plac e a t  a  CRT scree n 
connecte d t o a  PDP-11 .  First ,  th e titl e o f  on e o f  th e description s wa s 
presente d o n th e screen .  Subject s wer e instructe d t o visualiz e a s vividl y a s 
possibl e th e correspondin g configuration .  When the y wer e read y the y steppe d 
on a  pedal .  Th e titl e disappeare d an d a  fixatio n poin t  wa s presente d fo r  1  s . 
Then th e firs t  wor d wa s show n fo r  25 0 ms .  Ther e wa s a n interstimulu s inter -
val l  o f  25 0 ms befor e th e secon d wor d followed .  Thi s wor d remaine d o n th e 
scree n unti l  th e subjec t  responded .  Subject s wer e instructe d to  res t  thei r 
inde x finger s o n tw o touc h keys .  The y ha d t o respon d wit h ye s o r  n o 
by liftin g on e o f  thei r  inde x finger s becaus e reactio n tim e wa s measure d 
throug h th e interrupt . 

Verificatio n Test .  A  simila r  procedur e wa s use d a s i n th e primin g 
test .  Eac h tria l  bega n wit h th e presentatio n o f  a  title .  The n eigh t  tes t 
sentence s followed .  Hal f  o f  thes e wer e correc t  an d hal f  wer e incorrec t 
probes .  Th e foil s use d th e sam e objects ,  bu t  place d the m int o wron g spatia l 
relationships . 

Result s 
Primin g data .  Decisio n time s wer e analyse d b y a  2x 2 analysi s o f 

variance .  Th e factor s wer e typ e o f  prob e (clos e vs .  distant )  an d group s 
of  subjects .  Th e mea n decisio n time s fo r  th e clos e an d distan t  probe s wer e 
752 ms an d 85 0 ms respectively .  Th e mea n decisio n tim e fo r  th e state d probe s 
was 73 0 ms whic h i s ver y clos e t o th e clos e pair .  However ,  th e state d probe s 
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wer e no t  include d i n th e analys e becaus e the y containe d differen t  words . 
The differenc e betwee n th e distan t  prob e an d th e clos e prob e wa s significan t 
(minF'Cl ,  19 )  =  7.38 ,  2 ^  .02) .  Th e differenc e i n reactio n tiroe s 
betwee n th e tw o group s o f  subject s di d no t  reac h significance .  Ther e wa s n o 
significan t  interactio n betwee n th e typ e o f  probe s an d th e group s o f 
subjects . 

The percentage s o f  correc t  response s unde r  al l  condition s wer e ver y 
high .  Th e mea n percentage s fo r  th e clos e pair s an d th e distan t  pair s wer e 
bot h equa l  t o 98. 5 %.  Th e percentag e wa s 98. 9 % fo r  th e state d probes .  Th e 
mean percentag e o f  correc t  answer s fo r  al l  pair s includin g th e foil s wa s 
98.8 .  Ther e wer e n o significan t  differences . 

Verificatio n test .  Th e verificatio n time s wer e no t  a s expected . 
Average d ove r  bot h group s o f  subject s th e verificatio n o f  th e clos e inferenc e 
too k th e longes t  tim e vs .  group s o f  subjects .  Th e state d probe s wer e verifie d 
faste r  tha n bot h inferenc e types . 

The percentag e o f  correc t  response s wa s generall y lowe r  tha n i n th e 
primin g data .  Bu t  agai n ther e wer e n o significan t  difference s betwee n th e 
type s o f  probe s o r  th e group s o f  subjects .  Th e percentage s were :  91. 7 
fo r  th e clos e inference ,  91. 2 fo r  th e distan t  inference ,  94. 0 fo r  th e state d 
probes ,  an d 94. 1 average d fo r  al l  probe s includin g th e foils . 

Discussio n 
The mai n resul t  o f  ou r  secon d experimen t  i s th e primin g effect .  Th e 

clos e pai r  wa s recognize d significantl y faste r  tha n th e distan t  pair .  Thi s 
resul t  i s  i n accordanc e wit h ou r  hypothesi s tha t  subject s hav e buil t  a 
spatia l  representation .  However ,  w e hav e t o interpre t  thi s resul t  wit h som e 
caution . 

To begi n with ,  w e hav e no t  prove n tha t  a  spatia l  representatio n i s th e 
onl y on e tha t  ca n explai n ou r  data .  What  ou r  dat a impl y i s tha t  subject s di d 
not  us e a  representatio n correspondin g t o a  propositiona l  encodin g o f  th e 
origina l  description .  I n suc h a  propositiona l  networ k th e distance s 
withi n th e clos e an d th e distan t  pai r  woul d b e equal .  Therefore ,  unde r  th e 
usua l  assumption s abou t  th e sprea d o f  activation ,  th e decisio n time s shoul d 
be approximatel y equal .  On th e othe r  hand ,  w e canno t  rejec t  th e possibilit y 
tha t  subject s hav e forme d a  propositiona l  net .  I t  migh t  b e tha t  the y 
elaborate d thi s networ k i n a  wa y tha t  woul d als o lea d t o a  predictio n o f  ou r 
data . 

The followin g consideratio n i s a n indirec t  argumen t  agains t  a  proposi -
tiona l  representation .  Fro m th e wor k o f  Guindo n an d Kintsc h (1984 )  on e woul d 
expec t  tha t  subjects ,  whe n usin g a  propositiona l  representation ,  woul d als o 
for m macropropositions .  A  macropropositio n whic h woul d hel p t o remembe r  a 
particula r  configuratio n coul d b e a  propositio n statin g tha t  th e fiv e object s 
belonge d t o th e give n configuration .  I f  a  subjec t  ha d forme d thi s macro -
propositio n i t  woul d b e unlikel y tha t  sh e o r  h e di d not  us e i t  i n th e re -
cognitio n task .  However ,  fro m suc h a  macropropositio n on e woul d predic t  equa l 
recognitio n time s fo r  th e clos e an d distan t  pairs .  Thi s expectatio n i s 
contradicte d b y ou r  data . 

I f  subject s hav e i n fac t  buil t  a  spatia l  representatio n the n we assum e 
tha t  thi s representatio n ha s propertie s tha t  ar e i n som e sens e functionall y 
equivalen t  t o thos e o f  a n actua l  scene .  Thi s mean s tha t  th e spac e i s 
continuou s an d distance s ar e determine d b y a n Euclidia n metric .  Ther e are , 
however ,  othe r  possibilities . 

The firs t  on e i s tha t  th e spac e may b e discontinuous .  I n tha t  cas e 
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point s i n th e spac e migh t  resembl e somethin g lik e a  lattic e wit h uni t 
distance s i n between .  Th e distanc e betwee n tw o point s may the n b e determine d 
by th e numbe r  o f  intervenin g objects .  I n suc h a  representatio n th e relatio n 
betwee n th e object s o f  th e clos e pai r  woul d b e inherentl y give n a s unity . 
Thi s woul d not  b e tru e wit h respec t  t o th e distan t  pair .  I n th e hypothetica l 
lattic e th e distanc e betwee n th e tw o object s woul d the n b e three .  Ou r  dat a d o 
not  allo w u s t o distinguis h betwee n th e continuou s an d discontinuou s case . 

Anothe r  possibilit y  woul d correspon d t o th e finding s o f  McNamar a e t  al . 
(1984 )  abou t  th e representatio n o f  citie s o n a  map .  Distance s betwee n citie s 
may b e eithe r  determine d b y th e Euclidia n metri c o r  b y th e lengt h o f  a  rout e 
betwee n them .  I t  i s  conceivabl e tha t  i n ou r  experimen t  subject s als o hav e 
place d object s i n thei r  menta l  representatio n o n somethin g lik e a  route .  Thi s 
rout e di d not  exis t  i n th e actua l  scen e bu t  coul d b e constructe d fro m th e 
sequenc e o f  object s an d thei r  relationship s mentione d i n th e text .  I n fact , 
some o f  ou r  subject s reporte d tha t  i n th e beginnin g the y ha d buil t  suc h a 
sequence .  However ,  i t  appear s tha t  thi s mus t  hav e bee n a n intermediat e state . 
Becaus e th e lengt h o n suc h a  rout e an d th e numbe r  o f  intervenin g object s ar e 
equa l  fo r  th e clos e pair s an d th e distan t  pairs ,  th e recognitio n time s shoul d 
be equal .  Hence ,  ou r  dat a allo w u s t o rejec t  thi s possibilit y  fo r  th e re -
presentatio n o f  th e configurations . 

Coming t o th e inferenc e proc t  sse s i t  seem s tha t  th e relationship s 
betwee n th e object s o f  th e clos e an d distan t  pai r  tha t  wer e no t  mentione d i n 
th e tex t  hav e bee n integrate d int o th e menta l  representatio n b y th e reader . 
Hence ,  ther e shoul d b e n o differenc e betwee n th e state d relation s an d th e 
implici t  relatio n o f  th e clos e pairs .  Thi s wa s i n fac t  th e cas e althoug h 
compariso n i s no t  easil y mad e becaus e th e probe s involve d differen t  words . 

Verificatio n test .  Wit h respec t  t o th e verificatio n task ,  ou r  dat a 
ar e inconclusive .  Th e onl y significan t  effec t  wa s a n interactio n tha t  i s 
difficul t  t o interpret .  Furthermore ,  th e dat a sho w ver y larg e standar d 
deviation s (150 0 ms an d above) .  Th e explanatio n w e lik e t o offe r  i s  tha t  th e 
verificatio n tas k wa s ver y difficult . 

The reaso n migh t  b e a n overloa d o f  workin g memory .  I t  i s  possibl e tha t 
subject s neede d almos t  th e tota l  capacit y o f  thei r  workin g memor y fo r  th e 
imag e o f  th e give n configuration .  I n tha t  cas e i t  migh t  b e impossibl e t o 
execut e al l  necessar y processes :  t o comprehen d th e prob e sentence ,  t o hol d 
th e image ,  an d t o compar e th e meanin g o f  th e sentenc e wit h th e imagine d con -
figuration .  A  capacit y proble m woul d arise ,  fo r  example ,  whe n th e reade r  ha s 
constructe d a  spatia l  imag e fo r  th e configuratio n an d whe n h e o r  sh e trie s t o 
construc t  a  secon d on e fro m th e sentenc e t o b e verified .  I t  i s  difficul t  t o 
operat e wit h tw o image s a t  once .  Hence ,  part s o f  th e firs t  configuratio n get s 
los t  an d th e reade r  ha s t o star t  ove r  again .  Thi s enlarge s th e verificatio n 
time s an d especiall y th e standar d deviation s an d mask s othe r  effects . 

Genera l  Discussio n 
As sai d a t  th e outset ,  i t  i s  ou r  goa l  t o sho w tha t  reader s construc t 

spatia l  representation s durin g discours e comprehension .  Furthermore ,  w e wan t 
t o sho w tha t  th e inferenc e processe s o n spatia l  representatio n ar e differen t 
fro m thos e o n a  propositiona l  format .  We hav e no t  ye t  reache d thi s goa l 
completely -  Fo r  reason s discusse d abov e th e firs t  experimen t  faile d t o 
produc e th e primin g effect .  I n th e secon d experimen t  ou r  subject s go t  a n 
additiona l  task .  Beside s readin g th e text s the y ha d t o buil d th e con -
figuration s wit h rea l  objects .  Obviously ,  thi s tas k ha s visua l  properties . 
Hence ,  w e canno t  clai m tha t  subject s hav e constructe d thei r  spatia l  menta l 
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representation s exclusivel y durin g reading .  However ,  i t  appear s tha t  subject s 
relie d o n th e spatia l  representatio n whe n respondin g t o th e primin g task .  Th e 
tim e betwee n prim e onse t  an d targe t  onse t  use d i n ou r  secon d experimen t  i s 
shor t  enoug h t o ensur e tha t  subject s coul d barel y star t  a  proces s tha t  wa s 
unde r  thei r  attentiona l  control .  We assum e tha t  ou r  result s ar e effecte d b y 
an automati c proces s a s discusse d b y Ratclif f  an d McKoo n (1981) . 

The result s ar e on e ste p int o th e desire d direction .  What  w e hav e show n 
i s tha t  th e primin g techniqu e i s capabl e t o revea l  spatia l  informatio n whe n 
peopl e remembe r  spatia l  descriptions .  Thi s wa s i n doub t  afte r  ou r  firs t 
experiment .  Th e nex t  ste p ha s t o b e a  chang e i n th e experimenta l  procedur e 
suc h tha t  subject s onl y rea d text s withou t  an y additiona l  visua l  tas k inter -
venin g betwee n readin g an d probing .  Th e questio n the n i s whethe r  th e primin g 
effect ,  dependen t  o n distances ,  wil l  b e obtaine d again . 

Let  u s conside r  no w th e relationshi p betwee n th e primin g techniqu e an d 
inferenc e processes .  Th e tas k fo r  th e subjec t  may b e paraphrase d a s 'Di d th e 
configuratio n includ e th e followin g tw o objects?' .  I n a  propositiona l  re -
presentatio n a n inferenc e proces s migh t  consis t  o f  a t  leas t  th e followin g 
subprocesses :  First ,  a  searc h proces s mus t  fin d node s representin g th e tw o 
objects .  The n th e proces s ha s t o fin d ou t  whethe r  th e object s ar e linke d t o a 
propositio n representin g th e configuration .  Finally ,  th e proces s ha s t o 
decid e whethe r  th e relation s labelin g th e link s ca n b e interprete d i n suc h a 
way tha t  th e questio n ca n b e answere d affirmatively .  A s suggeste d b y th e 
result s o f  Ratclif f  an d McKoo n (1978 )  thi s inferenc e proces s take s les s tim e 
when tw o concept s ar e linke d togethe r  i n th e sam e propositio n durin g reading . 
But  thi s proces s shoul d no t  depen d o n spatia l  distance s unles s th e re -
presentatio n ha s som e sor t  o f  spatia l  properties . 

I n a  spatia l  representatio n th e questio n ca n b e answere d simpl y b y 
searchin g fo r  th e tw o objects .  I f  the y ar e foun d i n th e menta l  spatia l  re -
presentatio n then ,  b y thi s virtue ,  the y belon g t o th e configuration .  Tha t  is , 
i n a  spatia l  representatio n th e includ e relatio n i s inherentl y contained .  Th e 
mediu m o f  representatio n is ^  th e spatia l  relation .  Th e inferenc e proces s 
the n reduce s to  a  searc h process .  I f  thi s searc h proces s ha s equivalen t 
tempora l  propertie s a s th e visua l  searc h th e amoun t  o f  tim e neede d shoul d 
depen d o n spatia l  distance s i n th e menta l  representation .  Thi s wa s show n b y 
our  secon d experiment . 
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Abstract 
Simpl e an d comple x additio n problem s wer e presente d fo r  true/fals e 

verificatio n t o 2 2 subject s acros s tw o time s o f  measuremen t  t o tes t  th e 
genera l  mode l  fo r  simpl e an d comple x additio n propose d b y Widaman ,  Cormier , 
& Gear y (1985) .  Model s fi t  t o averag e R T dat a reveale d tha t  subject s wer e 
processin g comple x problem s columnwise ,  beginnin g wit h th e unit s column . 
Column sum s seeme d to  b e obtaine d throug h a n incrementin g process ,  an d 
subject s exite d problem s a s soo n a s a  colim n erro r  wa s encountered .  Grou p 
leve l  model s wer e th e sam e acros s comple x proble m type s an d fo r  bot h time s 
of  measurement .  However ,  individua l  leve l  analyse s suggeste d tha t  nearl y 
hal f  o f  th e subject s use d a  differen t  processin g strateg y t o obtai n colum n 
sums fo r  th e secon d tim e o f  measurement .  Result s suppor t  th e multi-stage d 
model  propose d b y Widama n e t  al .  (1985) ,  bu t  individua l  leve l  result s 
sugges t  tha t  informatio n processin g model s develope d fro m grou p dat a ma y 
not  represen t  th e processin g strategie s use d b y al l  subjects ,  o r  th e sam e 
subject s a t  differen t  times . 

Information processing models for cognitive addition in adults include 
countin g based ,  direc t  memor y access ,  an d memor y networ k model s (Parkma n & 
Groen ,  1971 ;  Ashcraft ,  1982) .  Groe n &  Parkma n (1972 )  foun d tha t  th e tru e 
sum o f  simpl e additio n problems ,  an d th e smalle r  adden d (MIN )  o f  thes e 
problem s predicte d nearl y equa l  amount s o f  reactio n tim e (RT )  variance . 
Groe n &  Parkma n (1972 )  interprete d thes e result s a s suggestin g tha t  al l 
simpl e additio n fact s wer e retrieve d directl y for m memory ,  bu t  a  countin g 
base d (MIN )  procedur e wa s use d wit h memor y retrieva l  failure . 

Ashcraf t  &  Battagli a (1978 )  foun d tha t  th e true-sum-square d wa s th e bes t 
predicto r  o f  simpl e additio n RT .  Th e author s conclude d tha t  ther e wa s a 
networ k representatio n fo r  simpl e additio n tha t  resemble d a  square ,  printe d 
additio n tabl e wit h entr y node s fo r  th e digit s 0- 9 o n tw o adjacen t  sides . 
The poin t  o f  intersectio n o f  th e tw o entr y node s represente d th e correc t 
sum.  Entr y node s wer e assume d t o b e unevenl y spaced ;  th e networ k wa s 
"stretched "  i n th e regio n o f  large r  sums .  Thus ,  large r  sum s resulte d i n 
longe r  vecto r  distance s an d therefor e longe r  RTs . 

The networ k approac h t o cognitiv e arithmeti c ha s successfull y predicte d 
performanc e i n adult s (Ashcraf t  &  Stayzk ,  1981) ,  childre n (Ashcraf t  & 
Fierman ,  1982) ,  an d fo r  productio n task s (Ashcraft ,  Fierman ,  &  Battaglia , 
1984) .  However ,  thi s mode l  ha s bee n develope d fro m simpl e additio n an d 
multiplicatio n task s (  Stayzk ,  Ashcraft ,  &  Hamann ,  1982 )  an d ha s not  bee n 
generalize d beyon d comple x additio n task s fo r  sum s greate r  tha n 3 0 
(Ashcraf t  &  Stazyk ,  1981) . 

Widaman,  Cormier ,  &  Gear y (1985 )  hav e propose d a  genera l  mode l  fo r 
cognitiv e addition .  Th e propose d mode l  (fo r  verificatio n tasks )  i s 
multi-staged ,  an d begin s wit h encodin g th e typ> e o f  problem ,  an d the n 
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encodin g th e addend s (columnwise )  beginnin g wit h th e unit s place .  Th e 
unit s addend s ar e summed eithe r  throug h a  networ k o f  store d fact s o r 
procedurally .  I f  ther e ar e mor e addend s i n th e unit s column ,  th e proces s 
recycles ,  an d a n additiona l  adden d I s encode d an d summed ont o th e su m o f 
th e firs t  tw o addends .  Thi s proces s continue s unti l  al l  digit s i n th e 
unit s colum n ar e summed.  Th e obtaine d uni t  su m i s compare d wit h th e state d 
sum,  an d a  decisio n a s t o correctnes s i s made .  I f  th e su m i s incorrec t  th e 
proble m i s terminate d an d a  "no "  respons e i s given .  I f  th e unit s su m i s 
correct ,  an d ther e ar e mor e column s t o b e added ,  th e proces s "loop s back. " 
The digit s fo r  th e nex t  colum n ar e encoded ,  the n summed,  etc .  Th e loopin g 
i s continue d unti l  al l  column s ar e completed ,  o r  unti l  on e colum n su m i s 
incorrect ,  a t  whic h poin t  th e proble m i s self-terminated . 

Wldaman e t  al .  (1985 )  verifie d thi s mode l  fo r  simpl e an d comple x 
problems ,  an d foun d tha t  comple x (2-column )  problem s wer e don e columnwis e 
usin g a  memor y networ k to  obtai n colum n sums .  Further ,  a  carr y operatio n 
was highl y significant ,  an d subject s tende d t o exi t  th e proble m a s soo n a s 
an erro r  wa s encountered .  However ,  th e mos t  comple x problem s use d b y 
Wldaman e t  al .  (1985 )  containe d 2  double-digi t  addend s o r  3  single-digi t 
addends .  Th e presen t  stud y sough t  t o replicat e an d exten d th e finding s o f 
Wldaman e t  al .  (1985 )  b y testin g thei r  mode l  wit h extremel y comple x 
problems .  Further ,  t o asses s th e reliabilit y  an d generalizabillt y  o f  thi s 
model ,  th e stabilit y  o f  processin g model s acros s tw o time s o f  measuremen t 
and individua l  difference s (Hun t  &  McLeod ,  1978 )  i n processin g strategie s 
wer e als o examined . 

Metho d 
Thirt y undergraduate s wer e presente d wit h 24 0 additio n problem s i n a  on e 

hou r  session .  Thi s se t  consiste d o f  3 0 correc t  an d 3 0 Incorrec t  randoml y 
selected :  1 )  tw o single-digi t  addends ,  2 )  tw o double-digi t  addends ,  3 )  tw o 
triple-digi t  addends ,  an d U )  tw o four-digi t  addends .  Thes e problem s wer e 
readministere d to  2 2 o f  th e 3 0 subject s on e wee k later . 

For  Incorrec t  problems ,  colum n sum s differe d fro m correc t  sum s b y _+1 ,  o r 
+_2.  Fo r  comple x problem s th e placemen t  o f  th e erro r  wa s evenl y distribute d 
among th e individua l  colum n sums ,  an d eac h proble m containe d onl y on e 
error .  Similarly ,  a  carr y operatio n (colum n su m 10 )  wa s necessar y fo r 
abou t  one-hal f  o f  th e case s (pe r  column) ,  an d approximatel y one-hal f  o f 
thes e case s containe d a n error .  Th e presentatio n o f  problem s wa s rando m 
excep t  fo r  th e followin g constraints :  1 )  ther e wer e no  mor e tha n fou r 
consecutiv e presentation s o f  an y on e proble m type ,  2 )  ther e wer e n o mor e 
tha n fou r  consecutiv e presentation s o f  correc t  o r  incorrec t  problems ,  an d 
3)  sam e sum s o r  addend s wer e neve r  presente d consecutively . 

Problem s wer e presente d fo r  true/fals e verificatio n i n colum n for m o n a n 
Appl e I I  equippe d wit h a  cognitiv e testin g station .  Subject s presse d on e 
respons e ke y t o indicat e i f  th e presente d proble m wa s correc t  an d a  secon d 
ke y i f  th e presente d proble m wa s incorrect .  Reactio n tim e an d respons e 
accurac y wer e recorded . 

Result s an d Dlsscusslo n 
Model s fo r  additio n wer e fit  t o averag e reactio n tim e dat a usin g 

multipl e regressio n techniques .  Model s fit  t o R T dat a include d Parkma n & 
Groen' s (1971 )  fiv e countin g base d models ,  Ashcraft' s  (1982 ) 
true-sum-square d parameter ,  an d Wldama n e t  al.'s ,  (1985 )  reinterpretatlo n 
of  Ashcraft' s  (1982 )  model .  Specifically ,  Wldama n e t  al. ,  (1985 )  argue d 
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tha t  Ashcraft' a memor y networ k woul d b e bette r  represente d b y th e su m o f 
th e digit s square d (SSQ) ,  rathe r  tha n th e squar e o f  th e summed digits , 
becaus e eac h digi t  square d woul d represen t  th e seperat e vector s o n th e 
searc h throug h th e additio n table .  Fo r  comple x problem s (2- 4 column) , 
model s wer e fi t  accordin g t o th e stage s outline d b y Widama n e t  al .  (1985) . 
Specifically ,  model s wer e fi t  i n columnwis e fashion ,  wit h a  carr y paramete r 
specifie d i f  th e precedin g colum n su m exceede d 9 .  A  self-terminatin g 
paramete r  wa s als o tested .  Th e self-terminatin g paramete r  woul d represen t 
an executiv e proces s (Sternberg ,  1982 )  process ,  whereb y subject s woul d 
"exit "  th e proble m a s soo n a s a n incorrec t  colum n su m wa s encountered . 
Finally ,  th e abov e (e.g .  MIN )  simpl e additio n parameter s wer e fit  fo r  eac h 
colum n sum . 

The erro r  rat e wa s 5. 8 percen t  an d 5. 6 percen t  fo r  th e firs t  (T1 )  an d 
th e secon d (T2 )  tim e o f  measurement ,  respectively .  Les s tha n on e percen t 
of  th e R T dat a wer e delete d a s outlier s (exceedin g 2.5 8 S.D .  o f  individua l 
RT means) . 

Parkma n &  Groen' s (1971 )  MI N (smalles t  digit )  mode l  provide d th e bes t 
fi t  fo r  simpl e additio n RTs .  Th e MI N mode l  wit h th e trut h paramete r 
denotin g a n intercep t  differenc e betwee n tru e an d fals e problem s provide d 
th e bes t  fit  fo r  bot h T 1 an d T2 .  Consisten t  wit h previou s finding s (Groe n 
& Parkman ,  1972 ;  Ashcraft ,  1982 ;  Widaman ,  e t  al. ,  1984) ,  fals e problem s 
wer e processe d mor e slowl y tha n wer e tru e problems .  Acros s session s 
paramete r  estimate s decreased ,  suggestin g tha t  subject s wer e becomin g mor e 
efficien t  a s a  functio n o f  practice .  Overall ,  thes e result s sugges t  tha t 
subject s use d a n incremenentin g mode l  fo r  simpl e additio n problems . 

Result s reveale d tha t  simila r  columnwis e parameter s provide d th e bes t 
fi t  t o th e R T dat a fo r  al l  (2- 4 column )  comple x problems ,  acros s sessions . 
The specifi c  colum n sum s wer e bes t  predicte d b y th e su m o f  th e colum n 
(unitsum ,  tensum,  etc.) ,  followe d b y colum n MIN ,  an d th e Widamam,  e t  al . 
(1985 :  su m o f  digit s squared :  SSQ)  parameter ,  respectively .  Paramete r 
estimates ,  again ,  decrease d acros s time s o f  measurement ,  suggestin g tha t 
subject s wer e becomin g mor e efficient .  Th e colvmi n su m paramete r  suggest s 
tha t  subject s wer e usin g som e typ e o f  incrementin g proces s t o obtai n colum n 
sums,  howeve r  th e spee d o f  th e incrementatio n make s i t  unlikel y tha t  i t  wa s 
languag e base d (Landauer ,  1962) . 

The carry/self-terminatin g (carryst ,  carlOst ,  carhunst )  parameter s 
represente d a  carr y operatio n i f  th e preceedin g colum n su m wa s correc t  an d 
exceede d 9  otherwis e th e proble m wa s self-terminate d an d a  respons e "no " 
executed .  Th e carr y paramete r  b y itsel f  wa s highl y significant ,  an d th e 
additio n o f  th e self-terminatin g portio n increase d th e explaine d R T 
varianc e a n averag e o f  2. 8 percen t  fo r  T1 ,  an d 4. 1 percen t  fo r  T2 . 
Accordingly ,  subject s wer e exitin g comple x problem s a s soo n a s a n erro r  wa s 
encountered ,  an d wer e usin g thi s executiv e proces s mor e efficientl y durin g 
th e secon d tim e o f  measurement . 

Individua l  RT s wer e fi t  t o th e thre e model s bes t  representin g th e grou p 
leve l  data .  Fo r  simpl e addition ,  th e MIN ,  SUM,  an d true-sum-square d 
models ,  alon g wit h th e trut h parameter ,  wer e used .  Fo r  comple x problems , 
columnwis e SUM,  MIN ,  an d SS Q (sum-digits-squared) ,  wit h th e 
carry/self-terminatin g an d trut h parameters ,  wer e used . 

For  simpl e additio n (1 -  column )  problem s th e grou p dat a suggeste d th e 
MIN wa s th e processin g strateg y used .  Indeed ,  th e majorit y (13 ,  an d 12 , 

38 7 



fo r  T 1 an d T2 ,  respectively )  o f  Individua l  R T dat a wer e bes t  fi t  b y th e MI N 
parameter -  However ,  Ashcraft' s  (1982 )  true-sum-square d provide d th e bes t 
representatio n o f  R T dat a fo r  9  an d 7  (o f  22 )  subject s fo r  T1 ,  an d T2 , 
respectively .  I n all ,  1 1 subject s maintaine d th e sam e strateg y fo r  T 1 an d 
T2 .  Fiv e of -  th e remainin g subject s switche d t o th e mor e matur e 
true-sum-square d strateg y fo r  T2 .  Th e remainin g subject s switche d fro m a 
memory networ k strateg y t o a n incrementin g (SU M o r  MIN :  Groe n &  Parkman , 
1972 )  strategy .  Fo r  simpl e additio n th e processin g strategie s appeare d 
stabl e fo r  abou t  5 0 percen t  o f  th e subjects .  Th e remainin g subject s 
appeare d t o us e a  differen t  strateg y fo r  th e secon d session . 

For  comple x problem s (2- U column) ,  th e columnwis e SUM wit h carry/self -
terminatin g an d trut h parameter s provide d th e bes t  fit  fo r  th e grou p data . 
For  2-col\jm n problem s ther e wer e equa l  number s o f  individual s usin g th e 
columnwis e SU M an d MI N proceudre s fo r  bot h T 1 an d T 2 ( 8 an d 9  persons , 
respectively) ,  wit h abou t  hal f  a s man y subject s usin g th e SS Q algorithm . 
I n all ,  1 2 o f  2 2 subject s use d th e sam e procedur e acros s sessions ,  bu t 
ther e wa s n o clea r  patter n fo r  thos e subject s switchin g procedures . 

Strategie s fo r  3-colum n problem s showe d th e greates t  stabilit y  wit h 1 5 
of  2 2 subject s showin g n o chang e acros s time s o f  measurement .  However , 
unlik e 2-colum n problems ,  subject s see m t o us e th e columnwis e SUM (1 2 an d 
13 persons )  o r  SS Q ( 8 an d 8  persons )  strateg y fo r  T 1 an d T2 ,  wit h onl y a 
fe w subject s usin g th e MI N strategy .  Fo r  T2 ,  equa l  nimiber s o f  subject s 
switche d t o th e SU M o r  SS Q strategy .  Finally ,  th e mos t  comple x problem s 
showed th e leas t  stabilit y  acros s sessions ,  wit h slightl y les s tha n 
one-hal f  o f  th e subject s utilizin g th e sam e strateg y fo r  T 1 an d T2 .  Th e 
columnwis e MI N strateg y provide d th e bes t  fi t  fo r  1 1 subject s an d th e 
columnwis e SU M fo r  9  subject s a t  T1 .  Ther e wa s a  clea r  shif t  t o th e 
columnwis e SU M strateg y fo r  T2 ,  wit h thi s strateg y bein g favore d ove r  MI N 
fo r  T 2 fo r  mos t  subject s (1 4 an d 4  persons ,  respectively) . 

Individua l  leve l  result s sugges t  tha t  abou t  5 0 percen t  o f  th e subject s 
use d th e sam e columnwis e processin g strategie s acros s T 1 an d T2 .  Pattern s 
of  chang e sugges t  tha t  abou t  one-hal f  o f  thos e changin g us e a  mor e matur e 
algorith m (e.g .  countin g t o memor y network )  fo r  T2 .  Overall ,  thes e 
result s sugges t  tha t  algorithm s estimate d fo r  grou p dat a represente d 
individua l  leve l  dat a fairl y  well ,  bu t  di d not  reflec t  algorithm s use d fo r 
almos t  hal f  o f  th e subjects ,  an d di d not  reflec t  individua l  change s i n 
processin g stategie s acros s sessions . 

I n conclusion ,  bot h grou p leve l  an d individua l  leve l  dat a suppor t  th e 
model  propose d b y Widama n e t  al .  (1985) -  Fo r  comple x additio n subject s 
use d a  columnwis e (e.g .  Poltroc k &  Schwartz ,  1984 )  processin g strateg y 
beginnin g wit h th e unit s column .  Th e propose d executiv e (Sternberg ,  1982) , 
self-terminatin g strateg y wa s supported .  Subject s exite d incorrec t 
problem s a s soo n a s a  colian n erro r  wa s encountere d an d wer e becomin g mor e 
efficien t  i n th e us e o f  thi s metacognitiv e strateg y acros s sessions . 

The findin g tha t  th e MI N algorith m bes t  represente d simpl e additio n 
performanc e doe s no t  suppor t  Ashcrsift' s  (1982 )  memor y networ k model .  Th e 
us e o f  a n incrementin g stateg y (Groe n &  Parkman ,  1972 )  ma y b e du e to  th e 
fac t  tha t  simpl e problem s wer e presente d randoml y wit h mor e comple x 
problems .  Thus ,  th e us e o f  a n incrementin g strateg y fo r  comple x problem s 
may hav e le d t o th e us e o f  a n incrementin g strateg y fo r  simpl e problems . 

For  comple x problems ,  columnwis e algorithm s use d suggeste d tha t  subject s 
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wer e usin g a n incrementin g stateg y t o obtai n colum n sums ;  however ,  becaus e 
of  th e spee d o f  th e incrementatio n i t  i s  unlikel y tha t  i t  i s  languag e base d 
(Landauer ,  1962) .  Alternately ,  subject s ma y hav e bee n movin g slowl y 
throug h a  memor y network ,  becaus e o f  th e complexit y o f  th e multi-colum n 
problem s (Polltroc k &  Schwartz ,  1984) .  However ,  thes e result s sugges t  tha t 
subject s wer e usin g a  procedural ,  rathe r  tha n a  memor y base d algorith m t o 
complet e comple x problems . 

Overall ,  th e Wldama n e t  al .  (1985 )  mode l  seem s t o reflec t  subject s 
processin g stategie s accuratel y fo r  comple x addition .  Th e result s fro m th e 
individua l  leve l  analyse s sugges t  tha t  subject s wer e usin g simila r 
processe s acros s sessions ,  bu t  computationa l  algorithm s seeme d t o vary . 
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tin g edg e o f  cognitiv e science . 
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Thi s cas e stud y o f  children' s acquisitio n o f  biologica l  knowl -
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