
A n a l o g i c a l  L e a r n i n g : 

M a p p i n g a n d In tegrat in g Partia l  M e n t a l  M o d e l s 

Mark Burstein 
BBN Laboratorie s 

Beth Adelson 
Tuft s Universit y 

Abstract ^ 

Description s o f  scientifi c  an d technica l  system s tak e a  numbe r  o f  differen t  forms .  Dependin g upo n th e 

purpos e o f  a  description ,  i t  ma y focu s o n a  system' s behavior ,  causaliiy ,  physica l  o r  functiona l  topology , 

or  structura l  composition .  A n analogica l  explanatio n use d t o teac h someon e abou t  suc h a  syste m i s als o 

typicall y geare d t o on e o r  anothe r  o f  thes e purposes .  I n thi s pape r  w e describ e som e researc h leadin g t o 

th e developmen t  o f  a  theor y o f  th e rol e o f  explanator y mode l  type s i n th e generatio n o f  analogica l 

mappings .  Th e wor k i s motivate d b y th e large r  questio n o f  ho w explanation s presente d a s analogie s ar e 

applie d b y student s learnin g abou t  ne w domains .  Ou r  lon g ter m goal s ar e (1 )  th e developmen t  o f  a 

theor y o f  purpose-guide d analogica l  learning ,  base d o n a  coheren t  taxonom y o f  menta l  mode l  types ,  an d 

(2 )  th e developmen t  o f  a  theor y o f  th e integratio n o f  partia l  menta l  model s durin g learning ,  usin g 

principle s fo r  relatin g differen t  explanator y mode l  types . 

1. Analogical Mapping of Different Explanation Types 

I n recen t  years ,  researcher s i n artificia l  intelligenc e an d cognitiv e psycholog y hav e begu n t o focu s 

more attentio n o n th e stud y o f  analogica l  reasonin g an d it s rol e i n learnin g an d proble m solving , 

particularl y i n scientifi c  an d technica l  domains .  A  numbe r  o f  thes e researcher s hav e independentl y 

converge d o n a  clas s o f  model s o f  analogica l  learnin g whic h stres s th e mappin g proces s (Centner ,  1983 , 

Burstein ,  1986 ,  Thagar d an d Holyoak ,  1985 ,  Carbonell ,  1986) .  B y thi s clas s o f  proces s model ,  a n 

underlyin g conceptua l  mode l  o f  a  familia r  sourc e o r  bas e domai n i s abstracte d an d mappe d t o a n 

unfamilia r  targe t  domain .  Th e mappe d mode l  i s the n use d t o buil d a  ne w mode l  i n th e targe t  domain . 

Analogica l  learnin g theorie s nee d t o specif y th e mappin g proces s i n som e detail ,  sinc e mappin g dictate s 

what  ca n b e postulate d fro m an y give n analogy .  Fo r  example ,  wha t  i s mappe d mus t  b e constraine d b y 

th e purpos e o f  th e analog y (Kedar-Cabelli ,  1985 ,  Burstein ,  1985 ,  Thagar d an d Holyoak ,  1985 ,  Winsto n e t 

al. ,  1983) . 

Along with specifying the mapping process, theories of analogically-based learning must also account 

fo r  th e us e o f  multipl e analogica l  models .  Typically ,  n o singl e analogica l  mode l  ca n b e foun d tha t 

completel y an d accuratel y deschbe s a  non-trivia l  targe t  system .  Tha t  is ,  whe n subject s generat e ful l  an d 

correc t  explanation s o f  a  system ,  the y ofte n nee d t o us e multipl e partia l  models ,  o f  varyin g types ,  an d a t 

varyin g level s o f  abstractio n (Burstein ,  1983 ,  Collin s an d Gentner ,  1983 ,  Collins ,  1985 ,  Adelson ,  1984 , 

Sternber g an d Adelson ,  1978 ,  Coulso n e t  al. ,  1986) .  Fo r  example ,  Collin s an d Gentne r  foun d tha t 

untutore d subject s use d a s man y a s thre e analogica l  model s t o answe r  nove l  question s abou t 

evaporatio n (Collin s an d Gentner ,  1982 ,  1983 ,  1987 )  Differen t  kind s o f  model s wer e use d t o answe r 

differen t  kind s o f  question s an d frequentl y severa l  model s wer e use d together . 

^ThJ s vioi k wa s supporte d i n par t  b y grant s fro m AR I  an d N S F 
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I n anothe r  cas e study ,  Burstei n (Burstein ,  1985 .  1986 )  foun d tha t  thre e analogie s wer e commonl y use d 

t o teac h student s abou t  variable s an d assignmen t  fo r  th e programmin g languag e BASIC .  On e analog y 

describe d assignmen t  a s bein g lik e 'puttin g thing s i n boxes" .  Anothe r  analog y relate d assignmen t 

statement s t o algebrai c equalities .  A  thir d analog y relate d th e encodin g an d retrieva l  processe s o f  huma n 

memory t o analogou s processe s i n th e computer .  Again ,  th e analogie s suggeste d partia l  model s o f 

differen t  types .  Th e bo x an d memor y analogie s eac h describ e a n actio n tha t  cause s a  resul t  an d so ,  a s 

we explai n i n detai l  below ,  w e regar d thes e a s mechanisti c causa l  analogies .  Th e analog y t o algebrai c 

equalitie s contribute s a  behaviora l  model .  I t  explain s ho w t o infe r  value s fo r  variable s withou t  providin g a 

mechanis m accountin g fo r  ̂ owthos e value s ar e derive d an d assigne d b y th e computer . 

2. Developing a Theory of Purpose-guided Analogical Learning 

Our  curren t  researc h i s aime d a t  developin g a  theor y coverin g th e tw o relate d issue s o f  mappin g an d 

integratin g partia l  menta l  models .  Specifically ,  w e ar e addressin g th e question s of ;  (1 )  ho w analogically -

base d model s o f  differen t  type s ar e mappe d t o a  ne w domain ,  an d (2 )  ho w thes e differen t  kind s o f  partia l 

model s ar e integrate d i n a  targe t  domain .  Thi s pape r  focuse s o n th e mappin g process ,  althoug h w e wil l 

touc h o n th e integratio n issu e a s well . 

Both parts of our theory are being developed around a taxonomy of explanatory partial model types. 

The researc h presente d her e i s par t  o f  a  serie s o f  protoco l  experiment s bein g conducte d t o produc e a 

detaile d accoun t  o f  th e proces s tha t  map s partia l  model s o f  variou s types .  Th e protocol s ar e bein g use d 

t o identif y th e kind s o f  relation s tha t  ar e (an d ar e not )  include d i n targe t  model s develope d b y mappin g 

partia l  model s o f  a  give n type .  W e hav e foun d tha t  model s o f  differen t  type s ar e distinguishe d b y th e 

differen t  kind s relation s tha t  the y contain ,  an d tha t  model s o f  a  give n typ e m a p t o for m ne w model s o f  th e 

same typ e (i.e. ,  nxKJel s containin g th e sam e relations) .  B y makin g th e distinctio n betwee n mode l  type s 

explici t  i n ou r  theor y o f  analogica l  learning ,  w e hop e t o provid e a n accoun t  o f  analogica l  structur e 

mappin g tha t  ha s clea r  pragmati c constraint s o n th e amoun t  an d typ e o f  informatio n mappe d a t  on e tim e 

fro m a  bas e domain . 

Future research will focus more heavily on the issue of model integration. Integrating multiple models 

i s a n importan t  par t  o f  th e learnin g process ,  sinc e ther e ar e man y situation s tha t  ca n onl y b e explaine d b y 

a combinatio n o f  inference s fro m severa l  differen t  partia l  models .  A s w e explai n i n sectio n 4 ,  w e forse e 

tha t  tw o kind s o f  integratio n processe s ma y b e use d fo r  combinin g partia l  analogica l  models .  First ,  ther e 

i s a  reasonin g proces s tha t  function s t o relat e newl y acquire d partia l  model s withi n a  domain^ .  Thi s 

proces s i s base d o n principle s abou t  how ,  i n general ,  partia l  model s ar e inter-related .  A  secon d kin d o f 

integratio n proces s ma y b e use d whe n adaptin g partia l  model s fro m a n alread y activ e analogica l  sourc e 

domain .  I n thi s case ,  informatio n abou t  ho w partia l  model s ar e relate d i n th e sourc e domain ,  ca n b e use d 

t o avoi d reasonin g fro m firs t  principle s i n th e targe t  domain .  Sinc e a n understandin g o f  th e integratio n 

proces s i s dependen t  o n a n understandin g th e mappin g process ,  w e hav e chose n t o focu s firs t  o n th e 

mappin g process . 

^h i s proces s i s genera l  t o learnin g i n tha t  i t  function s whethe r  th e model s hav e bee n acquire d b y analog y o r  directl y b y 
observatio n o r  instructio n i n th e targe t  domain . 
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3.  A  T a x o n o m y o f  Explanator y M o d e l  T y p e s 

Our  investigation s o f  bot h th e mappin g an d integratio n processe s depen d heavil y o n a  well-define d 

taxonom y o f  mode l  types .  Fo r  ou r  initia l  experiments ,  w e hav e develope d a  workin g taxonom y whic h w e 

expec t  wil l  captur e a  broa d se t  o f  model s use d i n analogica l  learnin g (Figur e 3-1) .  I n developin g ou r 

taxonom y o f  model s fo r  analogica l  learning ,  w e hav e revise d a  taxonom y develope d b y colleague s a t 

6 BN initiall y  t o cafegonz e textboo k explanation s o f  comple x physica l  system s (Steven s an d Collins ,  1980 , 

Steven s an d Steinberg ,  1981 ,  Collins ,  1985) .  Th e taxonom y wa s formulate d durin g th e developmen t  o f 

th e S T E A M ER ICA I  syste m (Williams ,  Holla n an d Stevens ,  1981) .  I t  provide s relevan t  backgroun d 

suppor t  fo r  ou r  wor k i n tha t  i t  ha s bee n use d t o sho w tha t  peopl e ofte n us e severa l  differen t  kind s o f 

explanator y model s o f  a  singl e syste m i n tryin g t o produc e a  ful l  explanatio n (Collins ,  1985 ,  Weld ,  1983) . 

•  Structura l  model s ar e use d t o describ e system s i n a  time-invarian t  manner .  Structura l 
model s include : 

1.  Componentia l  model s simpl y lis t  components . 

2.  Topologica l  model s specif y configuration s wher e th e logica l  o r  functiona l 
connection s betwee n component s ar e preserved . 

3.  Geometri c model s preserv e th e quantitative ,  spatia l  relation s betwee n components . 

•  Dynami c model s describ e change s tha t  occu r  i n a  syste m ove r  time .  Dynami c model s 

include : 

1.  Functional/Behaviora l  model s describ e a  syste m a s a  "blac k box" ,  i n term s o f 
input s an d outputs . 

2.  Interna l  Structur e model s brea k th e syste m dow n int o interaction s betwee n variou s 
components .  Thes e model s include : 

•  Mechanisti c Causa l  model s describ e uniqu e behavior s fo r  eac h componen t 
and brea k event s int o causa l  chains .  Thes e includ e Actio n F/o w models ,  wher e 
some substanc e o r  energ y flow s throug h th e syste m an d mor e abstrac t 
Informatio n Flo w models ,  wher e informatio n i s describe d a s passin g betwee n 

components .  Thes e model s typicall y dictat e ho w th e output s o f  individua l 
component s caus e stat e change s i n other ,  topologicall y connecte d 
components ,  leadin g t o a n accoun t  o f  th e behavio r  o f  th e syste m a s a  whole . 

•  Aggregat e model s describ e system s wher e th e component s behav e i n a 
unifor m manner ,  subjec t  t o globa l  constraints .  I n thes e models ,  component s 
ar e represente d prototypically ,  i n term s o f  genera l  behaviora l  characteristic s o f 
th e group .  Individua l  feature s o f  component s ar e represente d b y distribution s 
of  values . 

•  Synchronou s model s describ e causa l  system s wher e event s o r  force s occu r 
synchronously . 

Figure 3-1: A Taxomony of Explanatory Model Types 

The data presented here is being used to develop a model of the analogical mapping process. Our 

theor y suggest s tha t  explanator y purpose ,  th e typ e o f  mode l  require d b y th e studen t  fo r  hi s ongoin g 

proble m solvin g o r  questio n answerin g activity ,  strongl y affect s th e selectio n o f  bas e domai n feature s an d 

relationship s fo r  mapping .  Differen t  explanator y purpose s ar e characterize d b y differen t  type s o f  models , 

whic h i n tur n ca n b e show n t o b e base d o n differen t  structura l  relation s (causa l  relations ,  function/goa l 

relations ,  spatia l  o r  topologica l  relations ,  etc. )  Fo r  example ,  withi n mechanisti c causa l  models . 
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temporal/causa l  relationship s ar e use d t o relat e th e behavior s o f  a  connecte d se t  o f  components ,  i n orde r 

t o explai n a  system' s overal l  behavior .  However ,  i n aggregat e models ,  loca l  constraint s ar e replace d b y 

globa l  constraint s (e.g. ,  conservatio n laws) ,  an d individua l  component s giv e wa y t o representativ e o r 

prototypica l  entitie s wit h propertie s characterize d a s distributions . 

4. Protocols of Mapping By Model Type 

Our  theor y suggest s tha t  th e typ e o f  mode l  selecte d an d mappe d durin g learnin g i s constraine d b y th e 

aspec t  o f  th e targe t  situatio n mad e salien t  b y th e learnin g task .  Thi s predictio n generate s th e followin g 

hypothesis :  W h e n explainin g a  give n aspec t  o f  a  targe t  domain ,  subject s shoul d m a p onl y a  subse t  o f  th e 

bas e domai n an d tha t  subse t  shoul d b e coherent ^  an d reflectiv e o f  th e purpos e o f  th e learnin g task . 

The following situation was used to provide an initial test of this hypothesis. Subjects were provided 

wit h a n analogica l  mode l  o f  a  compute r  programmin g constructs* .  Th e subject s wer e al l  naiv e t o th e 

targe t  construc t  an d familia r  wit h it s bas e domai n analog .  Subject s wer e the n aske d t o answe r  a  se t  o f 

question s abou t  variou s aspect s o f  th e initiall y  unfamilia r  targe t  domai n concept^ .  Thi s procedur e wa s 

the n repeate d unti l  subject s ha d bee n taugh t  abou t  th e thre e construct s use d i n thi s study :  queues , 

stack s an d sorting .  A s a n example ,  Figur e 4- 1 show s th e text s use d i n teachin g th e concep t  o f  queue s 

and th e question s tha t  subject s receive d followin g th e texts® . 

Our hypothesis that purpose constrains selection and mapping in a way that results in a coherent and 

appropriat e partia l  menta l  mode l  wil l  b e supporte d i f  subject s wh o hav e a  complet e bas e domai n mode l 

m ap onl y th e par t  o f  th e bas e domai n mode l  tha t  i s relevan t  t o th e questio n the y ar e answering . 

In order to see whether subjects were selecting and mapping partial models we constructed preliminary 

behaviora l  an d causa l  representation s fo r  eac h o f  th e concept s tha t  th e subject s ha d bee n taugh t 

(queues ,  stacks ,  an d sorting) .  A s a n example ,  a  sketc h o f  ou r  behaviora l  an d causa l  representation s fo r 

queues ,  i n bot h th e bas e an d targe t  domains ,  i s  give n i n figur e 4-2 .  Th e representation s ca n b e though t 

of  a s vertica l  behaviora l  o r  causa l  chain s o f  whic h ca n b e rea d fro m to p t o bottom . 

The answers to each behavioral and causal question appearing in the recorded protocols for each 

subjec t  wer e analyze d t o se e ho w clearl y the y corresponde d t o ou r  behaviora l  an d causa l  representation s 

of  th e concept .  Th e numbe r  o f  time s tha t  element s fro m th e causa l  o r  behaviora l  representation s 

occurre d wa s counte d fo r  bot h th e behaviora l  an d causa l  questions . 

In answering behavioral questions about queues, stacks and sorting, subjects made, on the average, 

2. 0 reference s t o behaviora l  element s an d n o reference s t o portion s o f  th e causa l  model s tha t  wer e no t 

Î n th e sens e suggeste d b y Gentner s systematicltyprincipl e (Gentner ,  1983) . 

*As descnbad below, the subjects varied in their levels of progrannming expenence. 

^In this study we selected behavioral and causal models as a subset of the taxonomy presented in Figure 3-1. 

*The fuH design of the study is not presented here Text type was crossed with question type and order of presentation was 
counterbalance d ove r  th e ful l  se t  o f  protocols :  subject s receive d onl y on e writte n descriptio n o f  th e bas e domai n situatio n whic h 
stresse d eithe r  behavioral ,  causa l  o r  tiehaviora l  an d causa l  aspect s o f  th e alread y familia r  bas e domai n situation .  Thi s w a s followe d 
by a  causa l  question ,  a  behaviora l  questio n an d a  questio n abou t  th e relationshi p betwee n behavio r  an d causality .  Difference s i n 
th e writte n description s o f  th e alread y familia r  bas e domai n di d no t  hav e a  discernibl e effec t  o n th e result s describe d belo w 
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Behaviora l  Analogy . 

Frequently ,  a t  Mar y Chung' s (restaurant )  ther e ar e peopl e waitin g t o b e seated .  Mar y keep s trac k o f  wh o t o 
seat  i n suc h a  wa y tha t  th e firs t  perso n t o b e seate d nex t  i s  alway s th e perso n who ,  amon g thos e currentl y 
waiting ,  cam e i n first . 

In sending files to the printer the same situation often occurs; several files need to be printed but only one 
can b e printe d a t  a  time .  I n thi s cas e th e compute r  resolve s th e proble m i n th e sam e wa y tha t  Mar y does . 

Causa l  Analogy : 

Frequentl y a t  Mar y Chung's ,  Mar y ha s a  lis t  o f  peopl e wh o ar e waitin g t o b e seate d an d served .  Whenever 
a perso n enter s Mar y put s thei r  nam e a t  th e botto m o f  th e list .  Wheneve r  a  tabl e become s vacan t  Mar y 
call s th e nam e a t  th e to p o f  th e list ,  give s tha t  perso n a  tabl e an d the n crosse s tha t  nam e of f  th e list . 

In sending files to the printer the same situation often occurs; several files need to be printed but only one 
can b e printe d a t  a  time .  I n thi s cas e th e compute r  resolve s th e proble m i n th e sam e wa y tha t  Mar y does . 

Behavioral Question: If Karen and then Janet and then Amy and then Karen all typed print commands 

one righ t  afte r  th e other ,  i n tha t  order ,  wha t  woul d th e compute r  do ? 

Causal Question: Describe what you would do if you were the computer keeping track of print requests. 

Behavioral/Causal Integration Question: Explain why/how the computer's method of keeping track of print 

request s produce s th e correc t  result ? Tha t  is ,  wha t  i s  th e relationshi p betwee n wha t  get s don e an d ho w i t 

get s accomplished ? 

Figure 4-1: Presented Versions of an Analogy to Queues 

als o par t  o f  th e behaviora l  model .  Tha t  is ,  al l  reference s t o component s o f  th e causa l  model s wer e 

reference s t o element s tha t  appeare d i n ou r  representation s o f  bot h th e behaviora l  an d th e causa l 

representatio n (Figur e 4-2) ,  becaus e the y refere d t o th e goa l  an d startin g state s i n thos e representations . 

No reference s wer e mad e t o portion s o f  th e causa l  mode l  tha t  wer e purel y description s o f  mechanism . 

In answering causa/questions about queues, stacks and sorting, subjects made, on the average, 5.8 

reference s t o causa l  element s an d o n th e average ,  . 9 reference s t o element s tha t  wer e i n bot h th e causa l 

and behaviora l  representations .  Again ,  al l  o f  th e behaviora l  element s tha t  appeare d i n subjects '  answer s 

t o causa l  question s wer e element s referin g t o th e star t  an d goa l  i n thos e representations .  Thi s implie s 

tha t  a  causa l  accoun t  o f  ho w somethin g work s is ,  i n som e sense ,  no t  coheren t  unles s som e goa l  o r 

purpos e onente d statemen t  i s include d regardin g wh y th e mechanis m i s neede d (Adelson ,  1984) . 

It seems that, as our theory predicts, subjects are mapping coherent, purpose-oriented partial models 

fro m th e targe t  t o th e bas e domain .  Th e model s ar e coheren t  i n tha t  the y provid e a n adequat e basi s fo r 

respondin g t o question s o f  a  give n type .  (Thi s ca n b e see n i n th e excerpt s fro m th e protocol s tha t  ar e 

presente d below. )  Th e model s ar e partia l  i n tha t  the y d o no t  provid e a  complet e accoun t  o f  th e syste m 

bein g examined . 

If our result suggests that purpose, as characterized by the type of model, does constrain selection and 

mapping ,  i t  als o confirm s tha t  ther e ar e interestin g an d intuitivel y plausibl e interdependencie s betwee n 

th e kind s o f  informatio n mappe d wit h eac h typ e o f  model .  Earlie r  w e mentione d tha t  an y learnin g theor y 

neede d t o includ e a n accoun t  o f  ho w partia l  model s wer e integrated .  Ou r  subject s response s t o 
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behaviora l  an d causa l  question s sugges t  tha t  th e initia l  an d goa l  state s tha t  occu r  i n bot h type s o f  nnodel s 

ca n b e use d t o provid e a  bridg e betwee n th e two .  Thi s i s a n exampl e o f  th e kin d o f  knowledg e tha t  i s 

require d fo r  ou r  postulate d mode l  integratio n process .  Tha t  is ,  a  behaviora l  an d a  causa l  mode l  o f  a 

give n construc t  ca n b e relate d b y thei r  share d star t  an d goa l  states .  Othe r  type s o f  model s wil l  nee d 

simila r  kind s o f  criteri a t o b e relate d t o o r  integrate d wit h eac h other .  Sinc e thes e criteri a ar e no t  domain -

specific ,  th e integratio n proces s shoul d b e applicabl e whethe r  th e model s hav e bee n acquire d throug h 

analog y o r  learne d directly . 

In the remainder of this section, we present excerpts from the protocols that motivate some central 

issue s fo r  theorie s o f  analogica l  learning . 

Subject J^ received the behavioral version of the analogy. She was then asked the following 

behaviora l  question. ® 

E: (BehavioralQuestion:) if Karen and then Janet and then Amy 

an d the n Kare n al l  type d prin t  commands ,  on e righ t  afte r  th e other , 

i n tha t  order ,  wha t  woul d th e compute r  do ? 

J: Give me the order again. 

E: Karen, Janet, Amy, Karen. 

J: All at the same moment? 

E: One right after the other. So not exactly a tie. 

J: Ok, well it would say that Karen is first... 
and ,  uh ,  i t ' s  jus t  l ike ,  fo r  m e it ' s  jus t  lik e th e thin g 
yo u ge t  whe n yo u cal l  AA A an d the y tel l  yo u "Don' t 
han g up ,  you r  cal l s ar e bein g take n i n order. " 

J's last response, ("It's just like the thing you get when you call AAA.") is interesting because it brings 

up th e issu e o f  ou r  theory' s justificatio n proces s i n whic h newl y mappe d model s ar e teste d an d debugged . 

Afte r  mappin g th e behaviora l  model ,  J  i s reminde d o f  a  recen t  situatio n wher e a  computer-lik e machin e 

was performin g th e kin d o f  behavio r  sh e ha d jus t  bee n tol d tha t  computer s us e fo r  prin t  queues .  Tha t  is . 

by ou r  theory ,  whe n J  mappe d th e behaviora l  mode l  o f  first-come-first-serv e fro m th e Mar y Chun g (base ) 

domai n t o th e compute r  (target )  domain ,  sh e appropriatel y place d a  compute r  i n th e "agent "  rol e tha t 

Mary ha d played .  Thi s ne w behaviora l  descriptio n i n th e targe t  domai n the n triggere d a  remindin g o f  a 

simila r  behaviora l  model ,  wher e th e agent ,  a  machin e simila r  t o a  computer ,  achieve d th e sam e goa l 

(Schank ,  1982) .  Recallin g th e behavio r  o f  th e A A A phon e syste m ca n b e see n a s a n attemp t  b y J  t o 

justif y o r  tes t  th e adequac y o f  he r  newl y forme d behaviora l  mode l  o f  a  queu e b y comparin g i t  t o a  similar , 

already-know n behaviora l  model . 

The fact that J could have mapped a causal model when answering the behavioral question, but did 

^J i s a  researche r  i n musi c cognitio n an d a  self-taugh t  (LOGO )  programmer . 

'E is the experimenter. 
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Figur e 4-2 :  Bas e an d Targe t  Domai n Model s o f  Queue s 

Targe t 
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Prin t  fil e comman d issued . 

Fil e 'queued '  fo r  printin g 

(when print request is 
firs t  amon g thos e remaining ) 

Fil e i s printed . 

Behaviora l  Mode l 

Bas e 

Scen e 1 : 

Patro n enter s restaurant . 

Mary take s person' s name . 

Patron waits till called. 

[81 ] 
the n 

[82 ] 

and 

[83 ] 
the n 

[841(whe n Patro n i s firs t  amon g 

thos e waitin g t o arrive ) 
the n 

[85 ]  Patro n i s seated . 

= Goa l  Stat e 

Targe t 

Scen e 1 : 

Prin t  fil e comman d issued . 

Printe r  no t  free . 

Reques t  pu t  o n en d o f  queue . 

Fil e i n queu e 

Scen e 2 : 
Printe r  free . 

Fil e i s o n to p o f  Queu e 

Queue pointe r  incremente d 

Fil e i s Renx)ve d fro m Queu e 

Fil e passe d t o Printe r 

Fil e i s printed . 

Causal  Mode l 

[CI ] 
and 
[C2 ] 

initiate s 
[C3 ] 

enable s 
[C4 ] 

result s 
[C5 ] 

[C6 ] 
and 
[C7 ] 

enable s 
[C8 ] 
and 
[C9 1 

enable s 
[CIO ] 

initiate s 
[C11 ] 

enable s 
[C I  2 ] 

enable s 
[CIS ] 
= Goa l  Stat e 

Base 

Scene 1 : 

Patro n enter s restaurant . 

Al l  table s full . 
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not  d o s o seem s clea r  whe n he r  respons e t o th e behaviora l  questio n i s compare d t o he r  respons e t o th e 

causa l  questio n tha t  followed : 

E: (CausalQuestion:) Describe what you would do if you were 
th e compute r  keepin g trac k o f  prin t  requests . 

J: Label them, I suppose, or put them if you want to think of it 
spatially . 

E: If you want to draw it ... 

J: OK, you've got a potential for something like this... 
(draw s a  ro w o f  boxe s o r  'slots' ) 

and yo u ca n shov e thing s int o thes e slot s .  .  . 
and Kare n call s firs t 
s o tha t  become s Karen ,  (write s Kare n i n 1s t  slot ) 

and Janet. . 
an d the n Amy an d the n Kare n (write s eact i  nam e i n a  successiv e Slot ) 
and I  assum e it' s  th e sam e Karen .  But ,  but ,  thi s (slot ) 
i s  probabl y assigne d som e labe l  lik e '1 '  an d s o sh e (Karen ) 
wil l  b e '4 '  her e an d '1 '  there . 
So Kare n i s 4 ,  o r  whatever , 
and whe n tha t  i s finishe d (point s t O th e firs t  Slot ) 
thi s become s '1 ' .  (point s t o th e secon d Slot ) 

When that is finished (points to the second Slot) 
thi s become s '  1 '  .  (point s t o th e thir d slot ) 

J clearl y ha s piece s o f  th e causa l  mechanism ,  rathe r  tha n a  coheren t  causa l  mode l  tha t  ha d bee n 

mapped durin g th e previou s behaviora l  question ,  sinc e sh e i s abl e t o answe r  th e causa l  question ,  bu t  i n a 

bit-by-bi t  rathe r  tha n a n all-of-a-piec e manner . 

Another subject, K, received the causal version of the analogy and then was asked a causal question^. 

K' s answe r  i s interestin g because ,  fo r  a  non-programmer ,  sh e develop s a  surprisingl y goo d causa l  model . 

She doe s thi s b y usin g th e analogicall y relate d causa l  descriptio n sh e ha d bee n given .  A s suggeste d 

above ,  i n orde r  t o produc e a  well-motivate d an d coheren t  description ,  sh e include s th e relate d behaviora l 

goal  i n he r  mappin g fro m th e bas e domain : 

E: {Causal Question: ) if Mark and Annie and Beth had typed requests 
t o th e computer ,  on e afte r  another ,  ho w woul d i t  (th e computer ) 
kee p trac k o f  that ? 

K: Can the computer work like a calculator that has a memory? 

E: Yes, it can. That's right, you can have told the computer in advance. 

K: It can take all of these neunes, put it in the memory, and then 
pul l  th e firs t  on e out . 

*K i s a n antiqu e boo k dealer .  Sh e ha s use d severa l  PC-base d softwar e packages ,  bu t  sh e doe s no t  program . 
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E:  Exactl y right . 

K: So that would be virtually the same thing. So as its printed, 
i t  won' t  b e i n th e memor y anymore ? 

E: That's right. Let's say at this point Mark's stuff has been 
printed ,  an d scratche d of f  an d Annie s stuf f  an d my stuf f  ar e 
waitin g t o b e printed .  The n Glen n dow n th e hall ,  ha s somethin g t o 
be printed ,  wher e woul d th e compute r  pu t  tha t  request ,  i n orde r 
t o kee p trac k i n jus t  th e sam e wa y Mar y Chun g kep t  track ? 

K: Well, it would have to have a program that would put that at the 
end o f  th e list . 

E: {Behavioral Question:) So what.... describes how Mark 
got  t o b e first ? 

K: First come first serve. 

Afte r  confirmin g tha t  th e compute r  coul d stor e a  list ,  K  correctl y describe d th e mechanis m o f  th e queue , 

by mappin g th e step s tha t  pul l  request s  of f  th e fron t  o f  th e li§ t  an d ad d ne w one s a t  th e en d (statement s 2 

and 4  respectively) .  K' s descriptio n o f  thi s mechanis m i s a  clearcu t  exampl e o f  a  causa l  analogica l 

mappin g fro m a n explicitl y  describe d bas e domai n causa l  mechanism .  I t  ca n b e contraste d wit h subjec t 

U° ,  wh o receive d th e behaviora l  versio n o f  th e analog y an d wa s aske d t o describ e th e queue' s causa l 

mechanism . 

E: Frequently at Mary Chung's there are people waiting to be seated. 
Mary keep s trac k o f  wh o t o se e i n suc h a  wa y tha t  th e firs t  perso n 
t o b e seate d nex t  i s alway s th e perso n wh o amon g thos e currentl y waitin g 
came i n first .  Ok ,  s o that' s th e analog y i s tha t  th e nex t  gu y wh o i s 
goin g t o ge t  a  sea t  i s th e on e wh o . . 

L: ... came in the longest period of time ago. 

E: Yes, ok, now, in sending files to the printer the same situation 
ofte n occurs. ,  i f  yo u ar e no t  workin g o n a  persona l  computer .  I t  i s 
tha t  severa l  file s nee d t o b e printed ,  bu t  onl y on e ca n b e printe d a t 
a time .  An d i n thi s case ,  th e compute r  resolve s th e proble m i n th e 
same wa y tha t  Mar y does . 

E: (Causalquestion:) Describe what you would do if you were the 
conpute r  keepin g trac k o f  th e prin t  request s an d yo u hav e a  bunc h 
of  request s a t  a  particula r  time ,  an d yo u ca n onl y prin t  on e a t  once , 
and the y cam e i n a t  differen t  times .  Ok ,  s o ca n yo u describ e t o m e 
how yo u woul d mak e thi s decisio n usin g th e Mar y Chun g analogy . 

L: I would give them all a number. And then whoever has the 
lowes t  numbe r  get s seate d next .  The n I  tak e tha t  numbe r  an d 
thro w i t  out .  An d s o I  don' t  hav e t o worr y abou t  eve r  havin g t o 
star t  ove r  agai n a t  numbe r  1  an d seatin g th e las t  perso n wh o cam e 

'" L i s a  theatr e technicia n wh o doe s som e programmin g a s par t  o f  he r  technica l  work .  L  ha s approximatel y 2  year s course-wor K 
experienc e wit h programmin g i n Pasca l  an d LISP . 
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i n ou t  o f  order ,  becaus e I  a m jugglin g m y number s a s I  go . 

.. .  I  als o use d t o wor k i n a  restaurant s a  lot . 

Althoug h w e se e i n statemen t  2  tha t  L  clearl y understoo d th e functio n o f  a  queu e an d he r  descriptio n o f 

a mechanis m satisfie d tha t  function ,  L' s respons e t o th e causa l  questio n i s interestin g becaus e i t  draw s 

heavil y o n he r  knowledg e o f  a  bas e domai n mechanis m rathe r  tha n a  tergef  domai n mechanism .  L  chos e 

t o ma p a  causa l  mode l  b y analog y fro m th e bas e domain ,  despit e th e fac t  tha t  sh e wa s no f  explicilt y  give n 

a causa l  mode l  o f  tha t  domai n and ,  coul d hav e generate d a  correc t  solutio n directly ,  rathe r  tha n b y 

analogy. ^  ̂  

L's generation of a causal model by analogy, using her knowledge of the restaurant (base) domain, 

rathe r  tha n relyin g directl y o n he r  knowledg e o f  programmin g suggest s tha t  domain-specifi c  solution s t o 

problem s ar e no t  alway s preferred .  Furthermore ,  th e causa l  mode l  tha t  L  retreive d wa s fro m a  bas e 

domai n situatio n tha t  wa s no t  th e on e provide d b y th e experimenter ,  bu t  wa s instea d familia r  a s a  resul t  o f 

havin g worke d i n restaurants .  Thi s suggest s tha t  th e bas e domai n retrieva l  process ,  a s wel l  a s th e 

mappin g proces s i s quit e complex .  W e sugges t  tha t  i t  ma y b e guide d b y a  combinatio n o f  factors :  th e 

typ e o f  explanatio n required ;  th e proble m solvin g goal ;  an d th e currentl y salien t  attribute s o f  th e bas e 

domai n mode l  presente d durin g learning .  Holyoa k (Holyoak .  1985 )  ha s als o suggeste d a  mode l  lik e this , 

althoug h hi s mode l  woul d no t  predic t  tha t  a n analogica l  solutio n migh t  dominat e a n existin g targe t  domai n 

solution .  Whil e ou r  mode l  als o canno t  accoun t  precisel y fo r  L' s preferenc e o f  a  base-domai n solutio n t o 

th e problem ,  th e protoco l  clearl y suggest s tha t  a  ful l  theor y o f  analogica l  reasonin g wil l  nee d t o includ e a 

fairl y  sophisticate d accoun t  o f  th e us e o f  bas e domai n feature s i n th e retrieva l  stag e o f  th e analogica l 

reasonin g process . 

5. Summary 

We hav e presente d s o m e preliminar y protoco l  evidenc e o f  th e rol e o f  explanator y m o d e l  type s i n th e 

retrieva l  an d mapp in g stage s o f  th e analogica l  reasonin g process .  O u r  result s sugges t  that : 

•  Subject s ca n generat e an d us e coheren t  partia l  models . 

•  Behaviora l  an d causa l  mode l s ca n b e relate d b y share d initia l  an d goa l  states . 

•  Retrieva l  o f  bas e doma i n solution s ca n b e influence d b y th e typ e o f  explanatio n required ,  th e 
proble m solvin g goal ,  an d th e salien t  attribute s o f  th e bas e doma i n mode l  presente d durin g 

learning . 

T h e evidenc e w e ar e collectin g i s  bein g use d t o develo p a  theor y o f  constrained ,  purpose-directe d 

analogica l  retrieva l  an d mapping ,  an d a  theor y o f  th e proces s o f  integratin g multipl e partia l  model s i n 

learnin g abou t  a  n e w domain . 

^̂  Evidenc e tha t  L  coul d describ e a  purel y targe t  domai n soluio n t o th e proble m wa s gathere d i n a  follow-u p sessio n severa l 
weeks afte r  thi s protoco l  wa s collecte d I n tha t  session ,  L  wa s aske d t o descnb e a n implementatio n fo r  a  queu e directl y rathe r  tha n 
by analogy .  Sh e firs t  repeate d he r  earlie r  answer ,  bu t  whe n sh e wa s aske d i f  th e number s wer e necessary ,  sh e responde d tha t  th e 
orderin g o f  th e lis t  wa s sufficient ,  an d proceede d t o descnb e th e se t  o f  step s involve d i n usin g a n ordere d lis t  t o implemen t  th e 
queue ;  addin g ne w entrie s t o th e en d an d removin g th e "next "  ite m fro m th e front . 
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