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I N T R O D U C T I ON 

Our  long-rang e goa l  i s  t o develo p a  mode l  o f  ho w a  peno n 

acquire s a n understandin g o f  mechanisn c device s suc h a s physica l 

machines ,  electroni c an d hydrauli c devices ,  o r  reactore .  W e la y ou t  a 

framewor k fo r  invesQgatin g th e structur e o f  wha t  w e cal l  mechanisii c 

menta l  models :  people' s menta l  model s o f  physica l  devices .  Doin g s o 

involve s developin g a  precis e notio n o f  a  qualitativ e simulation .  Th e 

concep t  o f  qualitativ e simulatio n derive s fro m th e c o m m o n inuitio n 

of  "picturin g i n one' s mmd' s eye ,  ho w th e machin e operates. " 

Althoug h on e woul d intuitivel y expec t  qualitativ e simulanon s t o 

be simple r  tha n quantitativ e simulation s o f  a  give n device ,  the y tur n 

out  t o b e equall y complex ,  bu t  i n a  differen t  way .  Thes e complexitie s 

arise ,  i n part ,  frxn n th e fac t  tha t  device s ma y appea r  nondeterministi c 

an d undeiconstraine d whe n th e quantitie s an d force s involve d i n thei r 

malceu p ar e viewe d solel y fro m a  qualitativ e perspective .  Therefore ,  i f 

th e qualitativ e simulaao n o f  th e devic e i s t o behav e detenninistically . 

additiona l  knowledg e an d reasonin g mus t  b e use d t o disambiguat e 

thes e "apparent "  ambiguities . 

I t  i s  surprisingl y difficul t  t o constru a menta l  model s o f  a  devic e 

tha t  ar e capabl e o f  predictin g th e consequence s o f  event s no t  con -

sidere d durin g th e creatio n o f  th e model .  Thus ,  th e proces s fo r  con -

structin g a  goo d menta l  mode l  involve s a  differen t  k m d o f  problem -

solvin g tha n th e proces s fo r  "running "  th e resultan t  menta l  mode l 

a distinctio n tha t  w e find  cruda l  fo r  understandin g h o w peopl e us e 

menta l  models .  I n &ct .  simpl y clarifyin g th e difference s betwee n th e 

wor k involve d i n constructin g a  qualitativ e simulatio n — a  proces s w e 

cal l  envisionin g — an d th e wor k involve d i n simulatin g th e resul t  o f 

thi s constructio n — a  proces s w e cal l  runnin g — Qi m ou t  t o hav e bot h 

theoretica l  an d practica l  ramifications. 

QUALITATIVE SIMULATIONS 

A Basis for Mechanistic Mental Models 

Comple x devices ,  suc h a s machines ,  ar e buil t  fro m combination s 

of  simple r  device s (components) .  Le t  u s assum e w e kno w th e behavior s 

of  th e components ,  a s wel l  a s th e wa y i n whic h the y ar e connecte d 

( o for m th e composit e device .  Th e behavior s o f  th e component s ar e 

describe d qualitadvely .  suc h a s "goin g up "  o r  "goin g down. "  "high " 

or  "low. "  Th e qualitativ e simulatio n alway s present s th e event s i n th t 

functionin g o f  th e machin e i n thei r  causa l  order .  Figur e I  illustrate s 

a conventiona l  door-buzze r  (fo r  th e moment  ignorin g th e butto n tha t 

activate s ih e buzzer) .  Th e buzze r  i s a  simpl e device ,  bu t  comple x 

enoug h t o us e fo r  illustratin g idea s o f  qualiiauv c sunulatioi L 

'Th o pape r  i s o n abndge d ui d revised  versio n o f  d c KIce r  &  Braw n (82) . 
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Figur e 1  :  Buzze r 

The buzzer's qualitative simuladon might be described as: The clapper-

switc h o f  th e buzze r  closes ,  whic h cause s th e coi l  t o conduc t  a  current , 

thereb y generatin g a n electromagneti c field  whic h i n tur n pull s th e 

clappe r  ar m awa y fro m th e switc h contact ,  openin g th e switch ,  shuttin g 

of f  th e magneti c field,  allowin g th e clappe r  ar m t o retur n t o it s close d 

position ,  an d thereb y star t  th e whol e proces s oye r  ag/aii i 

Th e simplicit y o f  th e qualitativ e simulatio n a s expresse d i n th e 

precedin g exampl e i s deceptive .  Qualitativ e simulado n encompasse s 

a variet y o f  idea s whic h nee d t o b e carefull y differentiated .  Fo r 

example ,  w e mus t  distinguis h simulatio n a s a  proces s fro m th e result s 

of  tha t  process .  A  simulaao n proces s operate s o n a  representatio n 

describin g th e device ,  producin g anothe r  reprcsentabo n tha t  describe s 

ho w th e devic e functions .  O n e sourc e o f  confusio n i s tha t  thi s 

latte r  representauo n ca n likewis e b e "interpreted "  o r  simulated ,  bu t 

doin g s o wil l  produc e ver y littl e mor e tha n wha t  i s alread y explicitl y 
represente d i n th e functiona l  representauo n produce d b y th e first  kin d 

of  simulatioa ' 

We nee d t o distinguis h fou r  relate d notion s whic h foi m di e basi c 

distinction s fo r  a  theor y o f  qualitativ e reasomng .  Th e mos t  basic , 

devic e topology ,  i s  a  representatio n o f  th e structur e o f  th e devic e (Le. , 

of  it s  physica l  organization) .  Fo r  example ,  th e stea m plant' s structur e 

consist s o f  a  stea m generator ,  turbine ,  condenser ,  thei r  connectin g 

pipes ,  etc .  Th e second ,  envisioning ,  i s a n inferenc e proces s which . 

give n th e device' s structure ,  determine s it s function .  Th e third ,  causa l 

•model ,  describe s th e functiomn g o f  th e devic e (i.e. ,  a  descriptio n o f 

ho w th e device' s behavio r  result s fro m it s consntuen t  component s 

whic h i s state d i n term s o f  ho w th e component s causall y  interact) . 

Th e las t  i s  th e runnin g o f  th e causa l  mode l  t o produc e a  specifi c 

behavio r  fo r  th e device ,  b y givin g a  chai n o f  event s eac h causall y 

relate d t o th e previou s one .  Thus ,  bot h th e structur e an d functionin g 

of  a  devic e ar c represente d b y som e knowledge-representado n schem e 

^ e repcuuv e openin g an d dosin g o f  th e switc h (i.e. ,  i( s vibrauon )  produce s a n audibl e 
sound . 
^Vof £ tha t  thi s litte r  kin d o f  simulnoo n i s jus t  on e o f  th e kind s o f  inferenc e nicchanism s 
Lhat  ca n us e o r  inicrprci "  th e funciiona l  representauon.  Other s ca n inspec t  i t  i n orde r 
10 answe r  suc h ciuĉtion s a s Coul d i  caus e y  t o happen? " 



(devic e topolog y an d causa l  m o d e l  respectively) ,  wit h Ch e forme r  bein g 

th e inpu t  t o (h e envisionin g proces s an d th e laae r  bein g it s output ; 

thi s outpu t  causa l  mode l  is .  i n cum .  the n use d i n ch e running .  T h e 

exampl e o f  qualitativ e simulatio n presente d earlie r  i s  ambiguou s a s t o 

whethe r  i t  refc n t o ch e envisioning ,  ch e causa l  model ,  o r  ch e ninning . 

Envisioning ,  Le « determinin g ch e functionin g o f  a  devic e solel y 

fro m it s stnictur e ofte n require s som e ver y subtl e reasoning .  T h e 

cask ,  i n essence ,  i s c o figur e ou t  ho w ch e devic e work s give n onl y 

ic s stnKtur e an d ch e knowledg e o f  som e basi c principles .  Stnictur e 

descnbe s (h e physica l  organizatio n o f  (h e device ,  namel y ch e constituen t 

component s an d h o w the y ar c connected ,  bu t  i t  doe s no t  describ e h o w 

th e componenc s functio n i n ch e particula r  device .  Th e "behaviors"  o f 

eac h componen t  ar e describe d assumu g nothin g abou t  th e particula r 

contex t  i n whic h th e componen t  i s embedde d (i. c th e descriptio n i s 

context-free) .  Thes e betuvior s for m a  compoaen t  mode l  (o r  schema ) 

whic h characterize s al l  (h e potentia l  behavior s o f  th e component ;  th e 

envisionin g proces s instantiate s a  specifi c  behavio r  fo r  eac h componen t 

fro m thes e models .  Thes e componen c model s ar e ch e basi c principle s 

whic h ch e envisionin g proces s draw s upo n t o deriv e th e functionin g 

fro m ch e suucture . 

T o determin e ch e functionin g o f  (h e overal l  devic e eac h com * 

poncnt' s mode l  mus t  b e examine d an d a n individua l  specifi c  behavio r 
instantiate d fo r  i L Thus ,  th e functionin g o f  th e entir e devic e i s dete r 

mined ,  i n par t  b y "glmn g together "  th e specifi c  behavior s o f  al l  o f 

it s  components .  Th e proble m fo r  envisionin g i s detenninin g fo r  eac h 

componen t  whic h behavior ,  give n a U ch e possibl e behavioi s it s mode l 

characterizes ,  i s  actuall y bein g manifested . 

W h at  make s ch e problem-solvin g effor t  involve d i n th e scructure -

co-fimctio n inferenc e proces s difficul t  i s  tha t  th e behavio r  o f  th e overal l 

devic e i s constrained ,  no t  onl y b y loca l  interactioo s o f  it s  componen t 

behaviors ,  bu t  als o b y globa l  interactions .  Therefore ,  i n principle ,  th e 

behavio r  model s o f  ch e component s whic h ar e specifie d qualitativel y 

m ay no t  provid e enoug h informatio n c o identif y th e correc t  fiinctioning 

of  th e device .  Fo r  example ,  i f  value s ar e describe d qualitatively ,  ofte n 

fine-grained  distinction s canno t  b e m a d e betwee n then L Thus ,  i n Ch e 

cas e o f  ch e buzzer ,  th e envisionin g m a y no t  b e abl e c o determin e wliic h 

i s greater ,  ch e forc e o f  ch e magneti c field  o r  ch e restorin g forc e o f  ch e 

spring .  Knowin g whic h i s greate r  may ,  i n faa ,  b e crucia l  c o deducin g 

che correc t  functionin g o f  ch e device . 

I n orde r  t o describ e b o w th e resultan t  behavio r  derive s fro m 

che behavior s o f  ch e constituents ,  first ,  eac h importan t  even t  i n Ch e 

overal l  behavio r  mus t  b e causall y relate d t o precedin g events .  Then . 

eac h c îsa l  relauonshi p mus t  b e explaine d b y som e fragmen t  o f  th e 

componen t  mode l  o f  on e o f  it s  components .  T h e exampl e describin g 

Figur e U  is .  a t  best ,  a n abridge d descriptio n o f  th e buzzer' s function . 

I t  causall y relate s eac h even t  c o ch e precedin g one .  bu t  fail s  c o stat e 

any rational e fo r  thes e causa l  coimecnons .  Becaus e i t  i s  impossibl e t o 

tell ,  a  priori ,  whethe r  th e componen t  model s lea d t o uniqu e behavior . 

(h e problem-solve r  mus t  entertai n (h e possibilit y  (ha t  (h e structura l 

evidenc e i s undeiconstraimng .  Therefor e th e envisionin g mus t  (ak e 

int o accoun t  (h e possibilit y  tha t  on e structur e ma y hav e multipl e 

possibl e fiinctionmg s amon g whic h th e envisionin g cannot ,  i n principle . 

distinguish . 
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"Running "  th e resultin g causa l  mode l  i s closes t  c o ch e origina l 

psychologica l  innjicio n o f  "picturing ,  i n one' s mind' s eye ,  h o w ch e 

machin e operates. "  B y runnin g ch e model ,  one ,  i n essence ,  doe s a 

straightforwar d simulauo n o f  th e machine ;  Ch e runnin g itsel f  doe s 

not  hav e c o determin e o r  "prove "  ch e causa l  o r  tempora l  orderin g o f 

events ,  a s th e envisionin g proces s alread y ha s don e so ,  an d encode d 

(h e informatio n i n (h e causa l  mode l  whic h serve s a s (h e inpu t  dat a fo r 

che runnin g process . 

T h e simplicit y an d eleganc e o f  ch e runnin g proces s i s (h e resul t 
of  ch e comple x problem-solvm g (Le. ,  envisioning )  cha t  constructe d 

i L Tha t  ou r  intuitio n tha t  'picturing ,  i n one' s mind' s eye .  h o w ch e 

machin e operates "  i s simple ,  i s  manifeste d b y thi s runnin g process . 

However ,  cha t  sens e o f  simplicit y i s deceptive ,  fo r  th e tunnin g i s no t 

possibl e withou t  th e mor e comple x problem-solvin g whic h precede d 

It .  removin g al l  th e ambiguitie s abou t  h o w ch e machin e migh t  b e 

fimctioning . 

Understandably ,  th e problem s tha t  aris e i n constructin g causa l 

model s an d th e mechanism s tha t  sufiic e i n solvin g thes e problem s 

ar e importan t  fo r  cognitiv e psycholog y an d artificia l  intelligence .  Fo r 

psychology ,  the y ar e importan t  becaus e the y provid e a  framewor k 

fo r  analyzin g th e "competency "  involve d i n determinin g h o w a  nove l 

machin e functions .  Inasmuc h a s envisionin g i s restricte d ( o bein g 

base d solel y o n structura l  evidence ,  i t  become s a n interestin g inferenc e 

strateg y i n it s o w n right  fo r  artificia l  intelligenc e applications ,  especiall y 

give n th e desir e fo r  artificia l  inceUigenc e system s t o b « robust ,  an d t o 

be capabl e t o dea l  wit h nove l  sioiations .  T h e resultin g model s ar e mor e 

likel y t o b e voi d o f  an y implici t  assumption s o r  built-i n presupposition s 

base d o n ho w th e devic e wa s intende d t o behave , 

AMBIGUITIES ASD ASSUMPTIONS 

Origiii of AmbiguitiM 

I n general ,  ambiguitie s originat e fro m th e fac t  tha t  ch e informatio n 

availabl e t o th e qualitativ e analysi s underdetertnine s o r  onl y partiall y 

characterize s th e actua l  behavio r  o f  ch e overal l  device .  Ther e ar e chie e 

reason s fo r  Chi s underdetermination .  Th e first  an d mos t  obviou s i s 

tha t  th e quantitie s reference d b y th e componen t  model s ar e qualita -

tiv e an d thu s fine-graine d distinction s canno t  b e m a d e betwee n th e 

attribut e value s o r  componen t  sutes .  Second ,  becaus e th e implici t 

tim e progressio n i n th e simulatio n i s qualitative ,  i t  i s  no t  alway s pos -

sibl e t o determin e ch e actua l  orderin g o f  events .  A n d ch e chir d reason . 

not  directl y relate d c o ch e qualicativ e nanir e o f  th e models ,  come s fro m 

che limitation s o n ch e kind s o f  informatio n capwre d b y th e models . 

Becaus e envisionin g trie s c o identif y a  globa l  flo w o f  acno n b y piecin g 

togethe r  loca l  cause-effec t  rule s o f  th e componen t  m o d e K a  componen t 

model  encode s onl y thos e aspect s o f  th e component' s behavio r  tha t 

ca n b e use d i n suc h a  fashion .  However ,  ou r  understandin g o f  a  give n 

componen t  ofte n involve s mor e knowledg e tha n i s (or .  perhaps ,  coul d 

be )  encode d i n suc h mechanisti c rules .  Fo r  example ,  i n modelin g 

th e interna l  operado n o f  a  p u m p w e kno w fro m th e law s o f  physic s 

tha t  Sui d i s conserve d i n passin g throug h th e pump .  But ,  becaus e 

thi s piec e o f  knowledg e i s a  constraint ,  i t  canno t  b e represente d b y 



any cause-effe a rule :  th e inabilit y  t o encod e i t  ca n lea d t o a  give n 

componen t  mode l  bein g underdetermined . 

Origi n o f  Assumption s 

I n th e buzze r  example ,  becaus e o f  tb e qualitativ e nanir e o f  th e 

attribut e values ,  th e envisionin g proces s canno t  determin e whethe r  th e 

sprin g i s stronge r  tha n th e magneti c field.  I n thi s "impasse, "  i t  i s 

force d t o conside r  tw o hypothetica l  situations :  on e i n whic h i t  assume s 

th e sprin g i s stronge r  tha n th e magneti c field  an d on e i n whic h i t 

assumes th e sprin g i s weake r  tha n th e field. 

Impasse s occu r  whe n envisiomn g canno t  evaluat e a  transitio n 

conditio n (e.g. ,  th e conditio n o f  th e switc h bein g open )  o r  invok e a n 

attribut e equatio n (e.g. .  tha t  o f  field  strengt h bem g proportiona l  t o coi l 

current )  t o deiermm e th e valu e o f  a n unknow n attribute .  I n orde r  t o 

procee d aroun d unpasses ,  th e envisionin g mus t  introduc e assumption s 

abou t  th e trut h o r  falsit y o f  condition s o r  abou t  tb e value s o f  unknow n 

attributes . 

Th e buzze r  exampl e ca n b e use d t o illustrat e a n impass e whic h 

arise s fro m th e envisionin g bein g unabl e t o determin e whethe r  a 

transitio n conditio n holds .  I n thi s impasse ,  th e envisione r  introduce s 

an assumptio n tha t  th e conditio n "forc e fro m th e coi l  >  restoring  forc e 

of  th e spring "  i s  true ,  an d the n proceed s t o analyz e th e ne w resultin g 

state .  O f  course ,  th e resultin g causa l  mode l  wi n the n contai n tw o 

account s o f  th e device' s functioning :  on e i n whic h th e clappe r  rise s 

an d on e i n whic h i t  doe s no L Additiona l  knowledg e an d reasonin g 

strategic s mus t  the n b e use d t o verif y o r  rejea  th e variou s assumption s 

tha t  wer e create d t o enabl e di e envisione r  t o procee d aroun d suc h 

impasses .  Thes e strategie s combine d wit h a  m u c h mor e extensiv e 

analysi s o f  th e kind s o f  assumption s neede d i n orde r  t o construc t  a 

causa l  mode l  hav e bee n detaile d i n th e expande d versio n o f  thi s paper . 
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