
UC Merced
Proceedings of the Annual Meeting of the Cognitive Science 
Society

Title
MAC/FAC: A Model of Similarity-based Retrieval

Permalink
https://escholarship.org/uc/item/1gb7n02g

Journal
Proceedings of the Annual Meeting of the Cognitive Science Society, 13(0)

Authors
Gentner, Dedre
Forbus, Kenneth D.

Publication Date
1991
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/1gb7n02g
https://escholarship.org
http://www.cdlib.org/


M A C / F A C :  A  M o d e l  o f  S i m i l a r i t y - b a s e d R e t r i e v a l 

Dedre Gentner and Kenneth D. Forbus 

Th e Institut e fo r  th e Learning  Sciences ,  Northwester n Universit y 

189 0 Mapl e Avenue ,  Evanston ,  IL ,  6020 1 

Abstrac t 

We present a model of similarity-based retrieval 
whic h attempt s t o captur e thre e psychologica l  phe -
nomena:  (1 )  peopl e ar e extremel y goo d a t  judgin g 
similarit y an d analog y whe n give n item s t o compare . 
(2 )  Superficia l  reminding s ar e muc h mor e frequen t 
tha n structura l  remindings .  (3 )  Peopl e sometime s 
experienc e an d us e purel y structura l  analogica l  re -
mindings .  Ou r  model ,  calle d MAC/FA C (fo r  "man y ar e 
calle d bu t  fe w ar e chosen" )  consist s o f  tw o stages . 
The first  stag e (MAC)  use s a  computationall y cheap , 
non-structura l  matche r  t o filter  candidate s fro m a 
pool  o f  memor y items .  Tha t  is ,  w e redundantl y en -
cod e structure d representation s a s conten t  vectors , 
whose do t  produc t  yield s a n estimat e o f  ho w wel l  th e 
correspondin g structura l  representation s wil l  match . 
The secon d stag e (FAC )  use s SME t o comput e a  tru e 
structura l  matc h betwee n th e prob e an d outpu t  fro m 
th e first  stage .  M A C / F A C ha s bee n full y imple -
mented ,  an d w e sho w tha t  i t  i s  capabl e o f  modelin g 
pattern s o f  acces s foun d i n psychologica l  data . 

Introduction 

Similarity-base d reminding s rang e fro m th e sublim e t o 
th e stupid .  O n on e extrem e i s bein g reminde d b y oc -
tave s i n musi c o f  th e periodi c tabl e i n chemistry .  O n th e 
othe r  extrem e ar e time s whe n a  bicycl e remind s yo u o f 
a pai r  o f  eyeglasses .  Mos t  often ,  reminding s ar e some -
wher e i n between ,  suc h a s whe n a  bicycl e remind s yo u o f 
anothe r  bicycle .  Ou r  theoretica l  attentio n i s inevitabl y 
draw n t o spontaneou s analogy ,  i.e. ,  structura l  similarit y 
unsupporte d b y surfac e similarity ,  partl y becaus e i t  offer s 
perhap s ou r  bes t  entre e t o studyin g th e creativ e process . 
However ,  a  goo d mode l  mus t  als o captur e th e frequenc y 
of  difi'eren t  outcomes ,  an d researc h o n th e psycholog y o f 
memory retrieva l  point s inescapabl y t o a  preponderanc e o f 
th e latte r  tw o type s o f  similarit y -  (mundane )  litera l  simi -
larity ,  base d o n bot h structura l  an d superficia l  commonal -
itie s -  an d (dumb )  superficia l  similarity ,  b<ise d o n surfac e 
commonalities .  Rar e event s ar e har d t o model .  A  majo r 
challeng e fo r  resezirc h o n similarity-base d remindin g i s t o 
devis e a  mode l  tha t  wil l  produc e chiefl y literal-similarit y 
and superficia l  remindings ,  bu t  stil l  produc e occasiona l 

analogica l  remindings . 

Thi s pape r  present s MAC/FAC,  a  mode l  o f  similarity -
base d remindin g whic h attempt s t o captur e thes e phenom -
ena.  W e first  revie w psychologica l  evidenc e o n retrieva l 
and mappin g o f  similarit y compcirison s an d describ e th e 
desig n o f  MAC/FAC.  W e the n describ e computationa l  ex -
periement s whic h simulat e th e pattern s o f  acces s foun d i n 
a psychologica l  experiment ,  an d clos e b y describin g fur -
the r  avenue s t o explore . 

Framework 

Similarity-base d transfe r  ca n b e decompose d int o subpro -
cesses .  Give n tha t  a  perso n ha s som e curren t  targe t  situ -
atio n i n workin g memory ,  transfe r  fro m prio r  knowledg e 
require s a t  leas t  (l )  accessin g a  simila r  {base )  situatio n 
i n long-ter m memory ,  (2 )  creatin g a  mappin g fro m th e 
base t o th e target ,  an d (3 )  evaluatin g th e mapping .  I n 
th e structure-mappin g framewor k (Gentner ,  1983 ,  1988) , 
mappin g i s th e proces s b y whic h tw o representation s 
presen t  i n workin g memor y ar e aligne d an d furthe r  in -
ference s imported .  Th e proces s o f  computin g a  mappin g 
fro m on e situatio n t o anothe r  i s governe d b y th e con -
straint s o f  structura l  consistenc y an d one-to-on e mapping . 

Thi s accoun t  differ s fro m mos t  psychologica l  treatment s 
by definin g similarit y i n term s o f  correspondence s betwee n 
structure d representations .  Matche s ca n b e distinguishe d 
accordin g t o th e kind s o f  commonalitie s present .  A n anal -
ogy i s a  matc h base d o n a  commo n syste m o f  relations , 
especiall y involvin g higher-orde r  relations. ^  A  litera l  sim -
ilarit y matc h include s bot h commo n relationa l  structur e 
and commo n objec t  descriptions .  Surfac e matche s ar e 
base d primaril y o n commo n objec t  description s alon g wit h 
some share d first-order  relations . 

Ther e i s considerabl e evidenc e tha t  peopl e ar e goo d a t 
mapping .  Peopl e ca n readil y alig n tw o situations ,  pre -
servin g structurall y importan t  commonalties ,  makin g th e 
appropriat e lower-orde r  substitutions ,  an d mappin g addi -
tiona l  predicate s int o th e targe t  a s candidat e inferences . 
For  example ,  Clemen t  & :  Gentne r  (i n press )  showe d peo -
pl e analogie s an d aske d whic h o f  tw o lower-orde r  relations , 

'We defin e th e orde r  o f  a n ite m i n a  representatio n a s fol -
lows :  Object s an d constant s ar e orde r  0 .  Th e orde r  o f  a  state -
ment  i s on e plu s th e maximu m o f  th e orde r  o f  it s  arguments . 
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bot h share d b y bas e an d target ,  wa s mos t  importan t  t o 
th e match .  Subject s chos e relation s tha t  wer e governe d 

by share d higher-orde r  relations .  I n a  secon d study ,  sub -
ject s showe d th e sam e sensitivit y t o connectivit y an d sys -
tematicit y i n choosin g whic h predicate s t o m a p a s can -
didat e inference s fro m bas e t o target .  Further ,  peopl e 
rat e metaphor s a s mor e ap t  whe n the y ar e base d o n rela ^ 
tiona l  commonalitie s tha n whe n the y ar e base d o n com -
m on object-description s (Centne r  &  Clement ,  1988 )  an d 
the y rat e pair s o f  storie s a s mor e soun d whe n the y shar e 
higher-orde r  relationa l  structur e tha n whe n the y shar e 
object-description s (Centne r  &  Landers ,  1985 ;  Ratter -
mann &  Centner ,  1987) .  W e als o find  effect s o f  relationa l 
structur e o n judgment s o f  similarit y (Coldstone ,  Medi n & 
Centner ,  i n press ;  Ratterman n k  Centner ,  1987 )  an d o n 
th e wa y i n whic h peopl e alig n perceptuall y simila r  picture s 
(Markma n &  Centner ,  1990) . 

An adequat e mode l  o f  h u m a n simileirit y  an d analog y 
must  captur e thi s sensitivit y t o structura l  commonality , 
by involvin g structura l  representation s an d processe s tha t 
alig n them .  T h b woul d see m t o requir e abandonin g som e 
highl y influentia l  model s o f  similarity :  e.g. ,  modelin g sim -
ilarit y a s th e intersectio n o f  independen t  featur e set s o r 
as th e do t  produc t  o f  featur e vectors .  However ,  w e sho w 
belo w tha t  a  varian t  o f  thes e nonstructura l  model s ca n b e 
usefu l  i n describin g som e aspect s o f  access . 

Similarity-base d Acces s fro m Long-ter m Memory :  Ther e 
i s psychologica l  evidenc e tha t  acces s t o long-ter m m e m o r y 
relie s mor e o n surfac e commonalitie s an d les s o n struc -
tura l  commonalitie s tha n doe s mapping .  Fo r  example , 
peopl e ofte n fai l  t o acces s potentiall y  usefu l  analog s (Gic k 
and Holyoak ,  1980) .  Ros s (1984 ,  1987 )  furthe r  showe d 
that ,  althoug h peopl e i n a  problem-solvin g tcis k ar e ofte n 
reminde d o f  prio r  problems ,  thes e reminding s ar e ofte n 
base d o n surfac e similarit y rathe r  tha n o n structura l  sim -
ilaritie s betwee n th e solutio n principles . 

I n ou r  researc h w e use d th e "Karl a th e hawk "  storie s 
t o investigat e th e determinant s o f  similarity-betse d access . 
We pu t  peopl e i n th e positio n o f  tryin g t o acces s anal -
ogy an d similarit y matche s fro m long-ter m m e m o r y an d 
aske d whic h kind s o f  comparison s wer e easies t  t o retriev e 
(Centne r  &  Landers ,  1985 ;  Ratterman n &  Centner ,  1987) . 
Subject s first  rea d a  larg e se t  o f  stories .  T w o week s later , 
the y wer e give n ne w storie s whic h matche d th e origina l 
ones i n variou s ways .  Som e wer e tru e analog s o f  th e first 
stories ;  other s wer e surfac e matches ,  sharin g lower-orde r 
event s an d objec t  descriptor s bu t  no t  higher-orde r  rela ^ 
tiona l  structure .  Subject s wer e aske d t o writ e ou t  an y 
prio r  storie s recalle d whil e readin g th e ne w stories .  After -
wards ,  the y rate d al l  th e pair s fo r  soundness :  i.e. ,  ho w wel l 
inference s coul d b e carrie d fro m on e stor y t o th e other . 

The result s showe d that ,  althoug h subject s rate d th e 
analogie s ct s muc h mor e soun d tha n th e surfac e matches , 
the y wer e mor e likel y t o retriev e surfac e matches .  Surfac e 
similarit y wa s th e bes t  predicto r  o f  m e m o r y access ,  whil e 
similarit y i n relationa l  structur e wa s th e bes t  predicto r 
of  subjectiv e soundnes s an d als o o f  subjectiv e similarity . 
Thi s dissociatio n hel d no t  onl y betwee n subjects ,  bu t  als o 
withi n subjects .  Tha t  is ,  subject s give n th e soundnes s 

tas k immediatel y afte r  th e cue d retrieva l  tas k judge d tha t 
th e ver y matche s tha t  ha d com e t o thei r  mind s mos t  easil y 
(th e mere-appearanc e matches )  wer e highl y unsoun d (i.e. , 
unlikel y t o b e usefu l  i n inference) .  Thi s suggest s tha t 
analogica l  acces s m a y b e base d o n qualitativel y distinc t 
processe s fro m analogica l  inferencing^ . 

Compariso n t o Curren t  Approaches .  S o m e model s o f 
similarit y assum e smar t  processe s operatin g ove r  richl y 
articulate d representations .  Mos t  case-base d reasonin g 
model s hav e thi s characte r  (Schank ,  1982 ;  Kolodner , 
1988) .  Thes e model s ar e ric h enoug h t o captur e processe s 
lik e cas e alignmen t  an d adaptation .  Bu t  thei r  model s o f 
m e m o ry acces s involv e intelligen t  indexin g o f  structure d 
representations ,  whic h ca n predic t  superhuma n acces s be -
havior ;  tha t  is ,  tha t  peopl e shoul d typicall y acces s th e 
bes t  structura l  match ,  eve n i f  i t  lack s surfac e similarit y 
wit h th e curren t  situation .  Further ,  model s tha t  assum e 
tha t  elaborat e structura l  mappin g processe s ar e use d t o 
compar e th e curren t  situatio n wit h store d situation s hav e 
th e disadvantage  o f  bein g har d t o scal e u p t o larg e dat a 
bases .  Th e revers e se t  o f  advantage s an d disadvantage s 
hold s fo r  approache s tha t  mode l  similarit y a s th e resul t 
of  a  do t  produc t  (o r  som e othe r  operation )  ove r  featur e 
vectors ,  a s i s commonl y don e i n mathematica l  model s o f 
h u m an memor y (e.g. ,  Medi n &  Schaffer ,  1978 )  an d i n con -
nectionis t  model s o f  learnin g (Smolensky ,  1988) .  Thes e 
models ,  wit h thei r  nonstructure d representation s an d rel -
ativel y simpl e processes ,  d o no t  allo w fo r  th e structura l 
precisio n o f  people' s similarit y judgment s an d inferences . 
However ,  the y provid e a n appealin g mode l  o f  acces s since : 
(l )  thes e computation s ar e simpl e enoug h t o mak e i t  fea -
sibl e t o comput e m a n y suc h matche s an d choos e th e bes t 
(th e scalin g criterion) ;  an d (2 )  bein g simple ,  thes e mod -
el s wil l  no t  alway s produc e th e bes t  matc h (th e fallibilit y 
criterion) .  Whil e thi s migh t  b e a  disadvantag e i n a  norma -
tiv e model ,  i t  coul d b e a n advantag e i n modelin g h u m a n 
similarity-base d access ,  provide d tha t  th e bes t  matc h i s 
sometime s produced .  Nex t  w e propos e a n approac h tha t 
we thin k m a y offe r  th e bes t  o f  bot h kind s o f  models . 

The MAC/FAC model 

Th e complexit y o f  th e phenomen a i n similarity-base d ac -
ces s suggest s a  two-stag e model .  Conside r  th e computa -
tiona l  constraint s o n access .  Th e larg e numbe r  o f  case s i n 
m e m o ry an d th e spee d o f  h u m a n acces s suggest s a  compu -
tationall y chea p process .  Bu t  th e requiremen t  o f  judgin g 
soundness ,  essentia l  t o establishin g whethe r  a  matc h ca n 
yiel d usefu l  results ,  suggest s a n expensiv e matc h process . 
A c o m m o n solutio n i s t o us e a  two-stag e process ,  wher e 
a computationall y chea p filter  i s use d t o pic k ou t  a  sub -
set  o f  likel y candidate s fo r  mor e expensiv e processin g (c.f . 
Bareis s &  King ,  1989) .  MAC/FA C use s thi s strategy .  Th e 

*Th e finding  i s no t  tha t  higher-orde r  relation s d o no t  con -
tribut e t o retrieval .  Addin g higher-orde r  relation s le d t o non -
significantl y mor e retrieva l  i n tw o studie s an d t o a  smal l  bu t 
significan t  benefi t  i n th e third .  Th e poin t  i s simpl y tha t  higher -
orde r  commonalitie s hav e a  muc h bigge r  effec t  o n mappin g 
onc e th e tw o analog s ar e presen t  tha n the y d o o n similarity -
base d retrieval . 
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puzzlin g phenomen a note d previously ,  w e claim ,  ca n b e 
understoo d i n term s o f  th e interaction s o f  it s tw o stages . 

Figur e 1  illustrate s th e component s o f  th e MAC/FA C 
model.  Th e input s ar e a  poo l  o f  memor y item s an d a 
probe ,  i.e. ,  a  descriptio n fo r  whic h a  matc h i s t o b e found . 
The outpu t  i s a  memor y descriptio n an d a  compariso n o f 
thi s descriptio n wit h th e probe . 

Ther e i s littl e consensu s abou t  th e globa l  structur e o f 
long-ter m memory .  Consequently ,  w e assum e onl y tha t  a t 
some stag e i n acces s ther e i s a  poo l  o f  description s fro m 
whic h w e mus t  selec t  on e (o r  a  few )  whic h i s mos t  simila r 
t o a  probe .  W e ar e uncommitte d a s t o th e siz e o f  thi s pool . 
I t  coul d b e th e whol e o f  long-ter m memory ,  o r  a  subse t  o f 
i t  i f  on e postulate s mechanism s fo r  restrictin g th e scop e 
of  search ,  suc h a s spreadin g activatio n o r  indexing^ . 

Bot h stage s consis t  o f  a  matcher ,  whic h i s applie d t o ev -
er y inpu t  description ,  an d a  selector ,  whic h use s th e evalu -
atio n o f  th e matche r  t o selec t  whic h comparison s ar e pro -
duce d a s th e outpu t  o f  tha t  stage .  Conceptually ,  matcher s 
ar e applie d i n pciralle l  withi n eac h stage .  Sinc e th e rol e 
of  th e MAC stag e i s t o produc e plausibl e candidate s fo r  th e 
FAC stage ,  w e discus s FA C first. 

The FAC stage 

The FAC matcher is simply the literal similarity compu-
tatio n define d b y structure-mapping .  It s outpu t  i s a  se t 
of  correspondence s betwee n th e structura l  descriptions ,  a 
numerica l  structura l  evaluatio n o f  th e overal l  qualit y o f 
th e match ,  an d a  se t  o f  candidat e inference s represent -
in g th e surmise s abou t  th e prob e sanctione d b y th e com -
parison .  I n subsequen t  processing ,  th e structura l  evalu -
atio n provide s on e sourc e o f  informatio n abou t  ho w se -
riousl y t o tak e th e match ,  an d th e candidat e inference s 
provid e potentia l  ne w knowledg e abou t  th e prob e whic h 
must  b e teste d an d evaluate d b y othe r  means .  W e imple -
ment  thi s computatio n usin g SME,  th e Structure-Mappin g 
Engin e (Falkenhainer ,  Forbu s &  Centner ,  1989) . 

We us e litera l  similarit y rathe r  tha n analog y i n orde r 
t o ge t  th e hig h observe d frequenc y o f  surfac e remindings , 
whic h woul d mostl y b e rejecte d i f  FA C wer e strictl y a n 
analog y matcher .  W e believ e thi s choic e i s ecologicall y 
soun d becaus e mundan e matche s ar e ofte n th e bes t  guide s 
t o action .  Ridin g a  ne w bicycle ,  fo r  instance ,  i s ofte n jus t 
lik e ridin g othe r  bicycle s (Centner ,  1989 ;  Medi n &  Ortony , 
1989) .  Associatin g action s wit h particula r  comple x de -
scription s make s goo d computationa l  sens e becaus e suc h 
association s ca n ofte n b e mad e befor e on e ca n delinat e 
exactl y whic h aspect s o f  a  situatio n ar e relevant . 

Currentl y FA C select s a s outpu t  th e bes t  match ,  base d 
on it s structura l  evalution ,  an d an y other s withi n 1 0 % o f 
it .  I n pilo t  studie s w e hav e experimente d wit h vciriou s cri -
teria ,  suc h a s broadenin g th e percentage ,  selectin g a  fixed 

Î n curren t  A I  system s indexin g ofte n yield s a  uniqu e de -
scription ;  w e vie w thi s propert y a s unlikel y t o scale .  Fo r  ex -
ample ,  ther e coul d b e dozen s o r  eve n hundred s o f  experience s 
whic h ar e simila r  enoug h t o b e pu t  i n th e sam e inde x entry ,  ye t 
differen t  enoug h t o mak e i t  worthwhil e t o sav e the m a s distinc t 
memories . 

number ,  an d s o forth .  W e settle d o n th e 1 0 % criteri a be -
caus e i t  generall y return s a  singl e result ,  onl y producin g 
multipl e result s whe n ther e ar e tw o extremel y clos e can -
didates .  Dependin g o n th e <issumption s on e make s abou t 
subsequen t  processing ,  a  modificatio n whic h place s a  stric t 
uppe r  boun d o n th e numbe r  produce d (say ,  two )  ma y als o 
be appropriate . 

Sometime s a  prob e remind s u s o f  nothing .  Ther e ar e 
severa l  way s thi s ca n aris e i n th e MAC/FA C model .  First , 
th e FA C stag e ma y no t  receiv e an y candidate s fro m th e 
MAC stag e (se e below) .  Second ,  FA C migh t  rejec t  al l  can -
didate s provided .  Thi s show s u p b y n o matc h hypothe -
ses bein g created ;  thi s ha s occurred ,  albei t  rarely .  Third , 
ther e coul d b e a  threshol d o n structura l  evaluations ,  s o 
tha t  matche s belo w a  certai n qualit y simpl y wer e no t  con -
sidered .  W e vie w thi s a s psychologicall y plausible ,  bu t  d o 
not  includ e suc h threshold s currentl y becaus e w e hav e no t 
yet  foun d goo d constraint s o n them . 

The MAC stage 

Even thoug h th e FA C stag e i s reasonabl y efficient* ,  i t  i s  to o 
expensiv e t o conside r  runnin g i t  exhaustivel y o n realistic -
size d memorie s ci s th e "inne r  loop "  i n a n analogica l  pro -
cessin g system .  Th e MAC stag e use s a n extremel y chea p 
matche r  t o estimat e ho w wel l  FA C woul d rat e comparisons , 
t o filter  candidate s dow n t o a  manageabl e number . 

One estimat e i s th e numbe r  o f  matc h hypothese s tha t 
FAC woul d generat e i n comparin g a  prob e t o a  memor y 
item ,  th e numerosit y o f  th e comparison .  I f  ver y fe w lo -
cal  matche s ar e hypothesized ,  the n clearl y th e bes t  globa l 
interpretatio n canno t  b e large .  O n th e othe r  hand ,  nu -
merosit y i s no t  a  perfec t  estimator ,  sinc e havin g a  larg e 
number  o f  loca l  matche s doe s no t  guarente e a  larg e globa l 
interpretation .  Thi s i s tru e becaus e (1 )  matc h hypothese s 
can en d u p bein g ungrounde d becaus e som e o f  thei r  argu -
ment s canno t  b e place d int o correspondenc e (an d ar e thu s 
ignored) ,  an d (2 )  th e mutua l  incompatibilitie s introduce d 
by th e 1: 1 constrain t  ma y preven t  a  singl e larg e interpre -
tatio n fro m forming ,  yieldin g instea d severa l  smal l  ones . 

The mos t  straightforwar d wa y t o comput e numerosit y 
i s t o actuall y generat e an d coun t  th e matc h hypotheses . 
Thi s i s wha t  ou r  origina l  versio n o f  MAC/FA C di d (Centner , 
1989) .  I t  als o partl y wha t  ARCS (Thagar d e t  a l  1990 )  does . 
ARCS build s muc h o f  th e networ k whic h ACME woul d buil d 
betwee n targe t  an d bas e bu t  betwee n th e prob e an d ever y 
ite m i n memory .  W e vie w thes e solution s a s psychologi -
call y an d computationall y implausible .  Eve n wit h paralle l 
and/o r  neura l  hardware ,  i t  i s har d t o se e ho w th e expens e 
of  generatin g matc h hypothesi s network s betwee n a  prob e 
and everythin g i n a  larg e poo l  o f  memor y ca n provid e re -
alisti c respons e times .  Instead ,  w e tur n t o a  nove l  mean s 
of  estimatin g numerosity . 

Let  P  b e th e se t  o f  functor s (i.e. ,  predicates ,  functions , 
and connectives )  use d i n th e description s tha t  constitut e 

*0(n' )  fo r  matc h hypothesi s generation ,  wher e n  i s th e 
number  o f  item s i n bas e o r  target ,  an d roughl y 0(/oj(n') ) 
t o generat e a  globa l  interpretation ,  usin g th e greed y merg e 
algorith m o f  Forbu s At  Oblinge r  (1990) . 
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Figur e 1 :  Tli e MAC/FA C mode l 
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memory item s an d probes .  W e defin e th e conten t  vecto r 
of  a  structure d descriptio n a s follows .  A  conten t  vecto r 
i s a n n-tupl e o f  numbers ,  eac h componen t  correspondin g 
t o a  particula r  elemen t  o f  P .  Give n a  descriptio n D ,  th e 
valu e o f  eac h componen t  o f  it s  conten t  vecto r  indicate s 
how man y time s th e correspondin g elemen t  o f  P  occur s 
i n D .  Component s correspondin g t o element s o f  P  whic h 
do no t  appeci r  i n statement s o f  D  hav e th e valu e zero . 
One simpl e algorith m fo r  computin g conten t  vector s i s t o 
simpl y t o coun t  th e numbe r  o f  occurrence s o f  eac h functo r 
i n th e description .  Thu s i f  ther e wer e fou r  occurrence s o f 
IMPLIE S i n a  story ,  th e valu e fo r  th e IMPLIE S componen t 
of  it s  conten t  vecto r  woul d b e four^ .  Thu s conten t  vector s 
ar e eas y t o comput e fro m a  structure d representatio n an d 
can b e store d economically . 

The MAC matche r  work s a s follows :  Eac h memor y ite m 
has a  conten t  vecto r  store d wit h it .  W h e n a  prob e enters , 
it s  conten t  vecto r  i s  computed .  A  scor e i s  compute d fo r 
each ite m i n th e memor y poo l  b y takin g th e do t  prod -
uct  o f  it s conten t  vecto r  wit h th e probe' s conten t  vector . 
Thes e score s ar e fe d t o th e MAC selector ,  whic h produce s 
as outpu t  th e bes t  matc h an d everythin g withi n 1 0 % o f  it , 
as i n th e FA C stage .  (W e pla n t o ad d a  threshol d s o tha t 
i f  ever y matc h i s to o lo w MAC return s nothing. ) 

Clearly ,  measurin g similarit y usin g conten t  vector s ha s 
critica l  limitations ,  sinc e th e actua l  relationa l  structur e i s 
not  take n int o account .  Bu t  th e do t  produc t  ca n b e use d 
t o estimat e relativ e similarity ,  sinc e i t  i s  a  goo d approx -
imatio n t o numerosity .  (Essentially ,  th e produc t  o f  eac h 
correspondin g componen t  i s  a n overestimat e o f  th e num -
ber  o f  matc h hypothese s tha t  woul d b e create d betwee n 
functor s o f  tha t  type. )  Conten t  vector s ar e insufficien t  be -

*We hav e als o experimente d wit h normalize d conten t  vec -
tors ,  t o minimiz e th e effect s o f  siz e discrepancies .  S o fa r  w e 
have see n n o significan t  empirica l  differenc e betwee n thes e al -
gorithms ,  bu t  w e suspec t  tha t  normalizatio n wil l  b e necessar y 
when addin g retrieva l  thresholds . 

caus e the y d o no t  provid e th e correspondence s an d candi -
dat e inference s whic h provid e th e powe r  o f  analogy .  Bu t 
by feedin g MAC' s result s t o th e structura l  matche r  o f  th e 
FAC stage ,  w e obtai n th e require d inferentia l  power . 

Thi s MAC matche r  ha s th e propertie s w e desire .  I t  i s 
cheap ,  an d coul d b e implemente d usin g a  variet y o f  mzis -
sivel y paralle l  computatio n schemes ,  includin g connec -
tionist .  Next ,  w e demonstrat e tha t  MAC/FA C provide s a 
goo d approximatio n o f  psychologica l  data . 

Computational Experiments 

We hav e successfull y teste d MAC/FA C o n a  variet y o f  de -
scriptions ,  includin g simpl e metaphor s an d physic s sce -
narios .  Her e w e compar e th e performanc e o f  MAC/FA C 
wit h tha t  o f  h u m a n subjects ,  usin g th e "Karl a th e H a w k " 
stories .  Fo r  thes e studies ,  w e wrot e set s o f  storie s con -
sistin g o f  bas e storie s plu s fou r  variants ,  create d b y 
systematicall y varyin g th e kin d o f  commonalities .  Al l 
storie s shar e first-order  relations ,  bu t  var y a s follows : 

C o m m on C o m m on 
h.o .  relation s objec t  attribute s 

LS: 
SF: 

AN: 
FOR: 

Yes 
No 
Yes 
No 

Yes 
Yes 
No 
No 

As discusse d above ,  subject s rate d analog y (AN )  an d 
litera l  similarit y (LS )  a s mor e soun d tha n surifac e (SF ) 
and F O R matche s (matche s base d onl y o n c o m m o n first-
orde r  relations ,  primaril y  events) .  Previously ,  w e teste d 
SME runnin g i n analog y m o d e o n S F an d A N matche s an d 
foun d tha t  i t  correctl y reflecte d thes e h u m a n soundnes s 
ranking s (Forbu s &  Centner ,  1989 ;  Skorsta d e t  al ,  1987) . 
Her e w e see k t o captur e h u m a n retrieva l  patterns :  Doe s 
MAC/FAC duplicat e th e h u m a n propensit y fo r  retrievin g S F 
and L S matche s rathe r  tha n A N an d F O R matches .  Th e 
ide a i s t o giv e MAC/FA C a  m e m o r y se t  o f  stories ,  the n prob e 
wit h variou s ne w stories .  T o coun t  ci s a  retrieval ,  a  stor y 
must  mak e i t  throug h bot h MAC an d FAC . 
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Tabl e 1 :  Proportio n o f  correc t  retrieval s give n differen t 
kind s o f  probe s 

1.  Memor y contain s 9  bas e storie s an d 9  F O R matches ;  probe s 
were th e 9  LS ,  9  SF ,  an d 9  A N stories . 

2.  Th e row s sho w proportio n o f  time s th e correc t  bas e stor y 
was retrieve d fo r  differen t  prob e types . 

Probe s MAC FA C 
LS 1. 0 1. 0 
SF 0.8 9 0.8 9 
A N 0.6 7 0.5 6 

I n th e psychologica l  experiment ,  th e huma n subject s 
had a  memor y se t  consistin g o f  3 2 stories ,  o f  whic h 2 0 
wer e bas e storie s an d 1 2 wer e distractors .  The y wer e late r 
presente d wit h 2 0 prob e storie s whic h matche d th e bas e 
storie s a s follows :  5  L S matches ,  5  A N matches ,  5  S F 
matche s an d 5  F O R matche s an d tol d t o writ e dow n an y 
prio r  storie s o f  whic h the y wer e reminded .  Th e propor -
tion s o f  reminding s fo r  differen t  matc h type s wer e .5 6 fo r 
LS,  .5 3 fo r  SF ,  .1 2 fo r  A N an d .0 9 fo r  FOR .  Acros s thre e 
variation s o f  thi s study ,  thi s retrievabilit y  orde r  ha s bee n 
stable :  L S >  S F >  A N >  FOR . 

For  th e computationa l  experiments ,  w e encode d predi -
cat e calculu s representation s fo r  9  o f  th e 2 0 stor y set s (4 5 
stories) .  Thes e storie s ar e use d i n al l  thre e experiment s 
describe d below . 
Simulatio n Experimen t  1 .  I n ou r  first  study ,  w e pu t  th e 
9 bas e storie s i n memory ,  alon g wit h th e 9  F O R storie s 
whic h serve d a s distractors .  W e the n use d eac h o f  th e 
Vciriant s -  LS ,  SF ,  an d A N -  a s probes .  Thi s roughl y 
resemble s th e origina l  task ,  bu t  MAC/FAC' s jo b i s easie r 
becaus e (l )  i t  ha s onl y 1 8 storie s i n memory ,  whil e subject s 
had 32 ,  i n additio n t o thei r  vas t  backgroun d knowledge ; 
(2 )  subject s wer e teste d afte r  a  week' s delay ,  whic h ma y 
hav e cause d som e memor y deterioration . 

Tabl e 1  show s th e proportio n o f  time s th e bas e stor y 
made i t  throug h MAC an d throug h FAC.  MAC/FAC' s perfor -
mance i s muc h bette r  tha n tha t  o f  th e huma n subjects , 
perhap s partl y becaus e o f  th e difference s note d above . 
However ,  it s  result s sho w th e sam e orderin g a s thos e o f 
human subjects :  L S >  S F >  AN . 
Simulatio n Experimen t  2 .  T o giv e MAC/FA C a  stronge r 
challenge ,  w e pu t  th e fou r  variant s o f  eac h bas e stor y int o 
memory.  Thi s mad e a  large r  memor y se t  (3 6 stories )  an d 
als o on e wit h man y competin g simila r  choices .  Eac h bas e 
stor y i n tur n wa s use d a s a  probe .  Thi s i s almos t  th e 
revers e o f  th e tas k subject s faced ,  an d i s mor e difficult . 

Tabl e 2  show s th e mea n numbe r  o f  matche s o f  differen t 
similarit y type s tha t  succee d i n gettin g throug h MAC an d 
throug h FAC.  Ther e ar e severa l  interestin g point s here . 
First ,  th e retrieva l  result s (i.e. ,  th e numbe r  tha t  mak e 
i t  throug h bot h stages )  ordinall y matc h th e result s fo r 
human subjects :  L S >  S F >  A N >  FOR .  Thi s degre e o f 
fit  i s  encouraging ,  give n th e differenc e i n task .  Second , 
as expected ,  MAC produce s som e matche s tha t  ar e rejecte d 
by FAC.  Thi s numbe r  depend s partl y o n th e criteri a fo r 
th e tw o stages .  Here ,  wit h MAC an d FA C bot h se t  a t  10% , 

Tabl e 2 :  Mea n number s o f  differen t  matc h type s retrieve d 
when bas e storie s use d a s probe s 

1.  Memor y contain s 3 6 storie s (LS ,  SF ,  AN ,  an d F O R fo r  9 
stor y sets) ;  th e 9  bas e storie s use d a s probe s 

2.  Othe r  =  an y retrieva l  fro m a  stor y se t  differen t  fro m th e on e 
t o whic h th e bas e belongs . 

Retrieval s MAC FA C 
LS 0.7 8 0.7 8 
SF 0.6 7 0.4 4 
AN 0.3 3 0.1 1 
F OR 0.2 2 0. 0 
Othe r  1.3 3 0.2 2 

Tabl e 3 :  Mea n number s o f  differen t  matc h type s retrieve d 
wit h bas e storie s a s probe s 

1.  Memor y contain s 2 7 storie s ( 9 SF ,  9  AN ,  9  FOR) ;  9  bas e 
storie s use d a s probes . 

Retrieval s MAC FA C 
SF 0.8 9 0.7 8 
AN 0.5 6 0.4 5 
F OR 0.2 2 0.1 1 
Othe r  1.1 1 0.1 1 

th e mea n numbe r  o f  memor y item s produce d b y MAC i s 
3.3 ,  an d th e mea n numbe r  accepte d b y FA C i s 1.5 .  Third , 
as expected ,  FA C succeed s i n actin g a s a  structura l  filter 
on th e MAC matches .  I t  accept s al l  o f  th e L S matche s 
MAC propose s an d som e o f  th e partia l  matche s (i.e. ,  S F 
and A N ) ,  an d whil e rejectin g mos t  o f  th e inappropriat e 
matche s (i.e. ,  F O R an d matche s wit h storie s fro m othe r 
sets) . 

Simulatio n Experimen t  S .  I n th e prio r  simulation ,  L S 
matche s wer e th e resoundin g winner .  Whil e thi s i s re -
assuring ,  i t  i s  als o interestin g t o kno w whic h matche s 
ar e retrieve d whe n ther e ar e n o perfec t  overal l  matches . 
Therefor e w e remove d th e L S variant s fro m memor y an d 
repeate d th e secon d simulatio n experiment ,  agai n probin g 
wit h th e bas e stories .  A s Tabl e 3  shows ,  S F matche s ar e 
now th e clea r  winner s i n bot h th e MAC an d FA C stages . 
Again ,  th e ordina l  result s matc h wel l  wit h thos e o f  sub -
jects :  S F >  A N >  FOR. 

Summary o f  Simulatio n Experiments .  Th e result s ar e 
encouraging .  First ,  MAC/FAC' s ordina l  result s matc h thos e 
of  huma n subjects .  I n contrast ,  th e closes t  competin g 
model ,  Thagar d e t  al' s  (1991 )  ARCS mode l  o f  similarity -
base d retrieval ,  whe n give n th e Karl a th e haw k stor y i n 
memory (alon g wit h 10 0 fable s a s distractors )  an d th e 
fou r  similarit y variant s a s probes ,  produce d tw o viola -
tion s i n it s  orde r  o f  asymptoti c activation .  It s asymptoti c 
activation s wer e L S (.67) ,  F O R (-.11) ,  S F (-.17) ,  A N ( -
.27) .  Thu s MAC/FA C explain s th e dat a bette r  tha n ARCS. 
Thi s i s especiall y interestin g becaus e Thagar d e t  a l  argu e 
tha t  a  comple x localis t  connectionis t  networ k whic h in -
tegrate s semantic ,  structural ,  an d pragmati c constraint s 
i s require d t o mode l  similarity-base d reminding .  Whil e 

suc h model s ar e intriguing ,  MAC/FA C show s tha t  a  simple r 
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model  ca n provid e a  bette r  accoun t  o f  th e data . 

Finally ,  an d mos t  importantly ,  MAC/FAC' s overal l  pat -
ter n o f  behavio r  capture s th e motivatin g phenomena :  (l ) 
i t  produce s a  larg e numbe r  o f  L S matches ,  tliu s satis -
fyin g th e primac y o f  th e mundan e criterion ;  (2 )  i t  pro -
duce s a  fairl y  larg e numbe r  o f  S F matches ,  thu s satisfyin g 
th e fallibilit y  criterion ;  (3 )  i t  produce s a  smal l  numbe r  o f 

analogica l  matches ,  thu s satisfyin g th e existenc e o f  rar e 
event s criterion ;  an d finally,  (4 )  it s  algorithm s ar e simpl e 
enoug h t o appl y ove r  large-scal e memories ,  thu s satisfyin g 
th e scalabilit y  criterion . 

Discussion 

We have presented MAC/FAC, a two-stage similarity-based 
model  o f  access .  Th e MAC stag e use s conten t  vectors ,  a 
nove l  summar y o f  structure d representations ,  t o provid e 
an inexpensiv e "wid e net "  secirc h o f  memory ,  whos e re -
sult s ar e prune d b y th e mor e expensiv e litera l  similarit y 
matche r  o f  th e FA C stag e t o arriv e a t  useful ,  structurall y 
soun d matches .  W e demonstrate d tha t  MAC/FA C ca n sim -
ulat e th e pattern s o f  acces s exhibite d b y huma n subjects . 
We believ e tha t  th e psychologica l  issue s MAC/FA C raise s 
ar e wort h furthe r  study .  MAC/FA C i s reasonabl y efficient , 
even o n seria l  machines ,  s o w e believ e i t  coul d b e a  usefu l 
component  i n performance-oriente d A I  system s also . 

I n additio n t o th e psychologica l  issue s raise d earlier , 
ther e ar e severa l  computationa l  studie s i n preparatio n us -
in g MAC/FAC.  Thes e include : 

Experiment s wit h large r  knowledg e bases :  A  crucia l  ques -
tio n fo r  an y acces s mode l  i s ho w wel l  i t  scale s t o sub -
stantiall y  large r  memories .  T w o avenue s w e ar e explorin g 
are :  (1 )  usin g th e C Y C knowledg e bas e a s a  sourc e o f 
description s an d (2 )  usin g MAC/FA C a s a  too l  o n th e IL S 
Stor y Archiv e Projec t  t o ai d i n spottin g potentiall y  rele -
vant  link s betwee n stories . 

Larger-scal e proces s models :  Severa l  psychologica l  ques -
tion s abou t  acces s canno t  b e studie d withou t  embeddin g 
MAC/FAC i n a  mor e comprehensiv e mode l  o f  analogica l 
processing .  Fo r  example ,  ther e i s ampl e evidenc e tha t 
subject s ca n "tune "  thei r  similarit y judgement s whe n th e 
item s bein g compare d ar e bot h alread y i n workin g mem-
ory .  Whil e i t  seem s clea r  tha t  MAC i s impenetrable ,  i t 
i s  har d t o tel l  whethe r  o r  no t  FA C i s tunabl e o r  whethe r 
a separat e similcirit y  engin e i s required .  Orde r  effect s i n 
analogica l  proble m solvin g (Keane ,  i n press )  sugges t  th e 
latter .  Ho w ca n th e acces s syste m b e use d t o incremen -
tall y construc t  abstraction s an d indexin g informatio n t o 
hel p structur e long-ter m memor y (c.f .  Skorstad ,  Centner , 
and Medi n 1988) ? 
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