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Causa l  reasonin g abou t  quantitie s 

Kenneth D. Forbus 

Qualitativ e Reasonin g Grou p 

Universit y o f  Illinoi s 

Dedre Centner 

Psycholog y Departmen t 

Universit y o f  Illinoi s 

Abstract 

Causalit y play s a n importan t  rol e i n h u m a n thinking .  Ye t  w e ar e fa r  fro m havin g a 

complet e accoun t  o f  causa l  reasoning .  Thi s pape r  present s a n analysi s o f  causa l  reasonin g abou t 

change s i n quantities .  W e abstrac t  fro m A I  theorie s o f  qualitativ e physic s thre e dimension s alon g 

whic h causa l  reasonin g abou t  quantitie s m a y b e decomposed .  W e the n us e thi s framewor k t o 

m a ke som e psychologica l  predictions . 

1.  Introductio n 

Peopl e hav e a  dee p intuitio n tha t  causalit y i s a  centra l  an d cohesiv e aspec t  o f  huma n 

menta l  life .  Consequently ,  th e proble m o f  causalit y ha s lon g occupie d philosopher s an d 

scientists .  Bu t  th e searc h fo r  a  unifie d theor y tha t  ca n explai n h u m a n causa l  reasoning ,  muc h a s 

theorie s o f  g ramma r  explai n syntacti c processing ,  ha s s o fa r  bee n unsuccessful .  Thes e failure s 

hav e le d Haye s (1985 )  an d other s t o conclud e ther e i s n o dee p theor y o f  causality .  Instead ,  causa l 

reasonin g m a y b e simpl y a  famil y o f  inference s whos e propertie s wil l  var y accordin g t o th e 

conten t  o f  th e argument .  Thi s pape r  analyze s on e kin d o f  causa l  argument ,  causa l  resisonin g 

abou t  change s i n quantities ,  t o provid e a n accoun t  o f  th e relevan t  issue s an d dra w som e 

implication s fo r  psychology . 

I n thi s pape r  w e abstrac t  fro m th e A I  qualitativ e physic s literatur e thre e factor s involve d i n 

causa l  reasoning :  (1 )  whethe r  ther e i s a n explici t  mechanis m o r  not ;  (2 )  whethe r  th e connectiv e 

relation s betwee n quantitie s hav e a  directio n o f  causatio n buil t  in ,  an d (3 )  whic h typ e o f 

measuremen t  scenari o i s involved .  W e begi n b y layin g ou t  thes e factor s a s the y appl y i n curren t 

wor k i n qualitativ e physics .  W e analyz e th e relationship s amon g thes e factor s an d discus s th e 

curren t  literatur e i n ligh t  o f  thes e distinctions .  The n w e discus s thei r  implication s fo r 

psychology .  W e advanc e som e conjecture s an d conside r  suggestiv e evidenc e fro m protocols . 

2. Models of causality in changing quantities 

O ne o f  th e centra l  concern s o f  qualitativ e physic s (e.g. ,  Bobrow ,  1985 )  i s describin g ho w 

continuou s physica l  propertie s chang e ove r  time .  Informally ,  i t  seem s tha t  peopl e trea t  man y o f 

thes e deduction s a s causal : 

"Pourin g mor e mil k int o th e glas s wil l  caus e th e leve l  t o g o up. " 

"Turning on the stove increases the temperature of the burner, which causes heat to flow, which 

eventuall y cause s th e wate r  o n th e stov e t o boil. " 
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Workers in qualitative physics have made a number of proposals about how to model these 

conclusions .  I n orde r  t o compar e thes e proposals ,  w e isolat e thre e importan t  factors .  A n y theor y 

of  causatio n involvin g quantitie s mus t  mak e som e choic e withi n eac h o f  thes e dimensions .  Thu s 

we hav e a  basi s fo r  comparin g theorie s an d organizin g psychologica l  predictions .  Thes e thre e 

factor s are : 

1.  Explicit/Implici t  Mechanisms :  Doe s th e theor y includ e a n explici t  notio n o f  mechanism ,  i n 

additio n t o objects ,  tha t  i s  th e roo t  caus e o f  al l  changes ? 

2.  Directed/Nondirecte d Connectives :  Ar e th e relationship s betwee n quantitie s expresse d b y 

functiona l  dependencie s whos e directionalit y i s take n t o expres s th e directio n o f  causation ,  o r 

by nondirecte d constrain t  equations ? 

3.  Measuremen t  Scenarios :  W h a t  sens e o f  chang e i s bein g discussed ? I s i t  on e chang e i n a 

sequence ,  th e differenc e betwee n initia l  an d final  states ,  th e differenc e betwee n alternat e 

possibl e worlds ,  o r  somethin g whic h i s occurrin g continuously ? 

We examin e eac h aspec t  i n turn ,  notin g th e issue s involve d an d ho w th e curren t  system s o f 

qualitativ e physic s dea l  wit h them . 

2.1. Mechanism: Explicit versus Implicit 

The issu e o f  mechanis m i n physic s arise s i n a  subtl e way .  Traditiona l  physic s expresse s 

many idea s informall y sinc e i t  ca n dra w o n ou r  commonsens e vie w o f  th e world .  Qualitativ e 

physic s provide s way s t o formaliz e som e o f  thes e ideas .  On e suc h aspec t  i s expressin g whe n 

differen t  equation s ar e valid .  Fo r  example ,  th e equation s tha t  describ e th e relationshi p betwee n 

volum e an d temperatur e ar e differen t  fo r  a  piec e o f  ice ,  som e wate r  i n a  glass ,  an d stea m i n a 

pressur e cooker ,  eve n thoug h th e substanc e i s th e sam e i n eac h case .  Ther e ar e severa l  way s t o 

formaliz e thi s knowledge ,  eac h involvin g differen t  level s o f  ontologica l  commitment . 

Bar e logica l  implicatio n i s on e extrem e alternative .  Give n th e righ t  predicate s on e ca n 

correctl y specif y whe n equation s ar e applicable ,  bu t  thi s alternativ e provide s n o organizationa l 

structur e fo r  physica l  knowledge .  Thu s mos t  system s o f  qualitativ e physic s provid e som e 

organizin g mechanism ,  an d w e shal l  no t  conside r  thi s alternativ e further. ^ 

The othe r  extrem e i s t o ad d mechanism ,  i.e .  a  specia l  ontologica l  clas s (o r  classes )  fo r 

thing s tha t  ar e t o b e th e "agencie s o f  causation" .  Al l  change s ar e the n stipulate d t o b e directl y 

or  indirectl y cause d b y som e member  o f  thi s clas s o f  mechanisms .  W e cal l  thes e explici t 

mechanis m accounts .  Th e curren t  explici t  mechanis m theorie s i n qualitativ e physic s us e 

continuou s o r  discret e processe s a s th e clas s o f  mechanism s (Forbus ,  1981 ,  1984 ;  S immon s 1983 ; 

Wel d 1984) .  Example s o f  processe s includ e liqui d flow,  hea t  flow,  an d boiling .  Thes e processe s 

operat e o n object s i n variou s ways ,  causin g change s t o occu r  i n them . 

A middl e positio n i s tha t  ther e i s som e mechanisti c connectio n betwee n parameter s bu t 

ther e i s n o separat e agenc y apar t  fro m th e object s themselves .  W e cal l  thes e implici t  mechanis m 

accounts .  Curren t  implici t  mechanis m account s organiz e thei r  law s aroun d device s (d e Klee r  & 

Brown ,  1984 ;  Williams ,  1984) .  Example s o f  device s includ e resistors ,  capacitors ,  an d transistors . 

An apparen t  exceptio n i s th e syste m o f  Kuiper s (1984) ,  bu t  hi s goa l  i s t o produc e a  ne w qualitativ e mathematic s 
compatibl e wit h an y schem e fo r  structurin g th e equations .  Base d o n persona l  communication ,  w e attribut e t o hi m 
th e explici t  mechanis m position . 
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A syste m i n th e worl d i s modele d b y connectin g togeUic i  '  'llection s o f  devic e model s int o a 

network ,  an d change s aris e a s a  consequenc e o f  component s inioractin g wit h othe r  part s o f  th e 

network . 

At  firs t  glanc e explicit-mechanis m theorie s migh t  see m mor e comple x sinc e the y posi t  extr a 

entities .  However ,  the y ca n i n fac t  simplif y reasoning .  Explicit-mechanis m account s facilitat e 

makin g an d usin g close d worl d assumption s (Collin s et .  al .  1975) ,  whic h ar e necessar y fo r  being s 

wit h finit e knowledg e an d computationa l  resources .  A n exampl e o f  a  closed-worl d assumptio n i n 

causa l  reasonin g i s "I f  nothin g i n th e clas s o f  mechanism s I  kno w abou t  i s causin g a  change ,  the n 

th e chang e canno t  occur. "  I f  thi s assumptio n i s violated ,  a n explicit-mechanis m accoun t  provide s 

a possibl e wa y out ,  namel y t o postulat e a  ne w member  o f  th e clas s o f  mechanisms .  Havin g a 

theor y o f  mechanism s limit s th e searc h spac e whe n face d wit h contradictions . 

2.2. Connectives: Directed or nondirected 

T h e secon d aspec t  o f  causa l  reasonin g abou t  quantitie s concern s th e relationshi p betwee n 

th e for m o f  qualitativ e law s an d thei r  rol e i n causa l  reasoning .  Th e forma l  languag e o f 

traditiona l  physic s i s mathematics ,  typicall y differentia l  equations .  Clearl y a  qualitativ e physic s 

must  includ e som e qualitativ e renderin g o f  differentia l  equations ,  an d al l  o f  the m do .  Bu t  ther e 

ar e tw o choice s fo r  h o w equation s ar e use d t o expres s causality : 

1.  Directe d connectives :  Th e qualitativ e equation s ar e writte n a s functiona l  dependencies ,  wher e 

th e directio n o f  dependenc e i s identifie d wit h th e directio n o f  causality ,  i.e . 

will sanction the inference that a change in one of Qj, . . . , Q^^ can cause a change in Qq, but not 

vice-versa .  Fo r  example ,  w e migh t  writ e Newton' s secon d la w a s 

a =  F  /  m 

t o expres s tha t  w e ca n caus e th e acceleratio n t o chang e b y changin g th e forc e w e appl y o r  th e 

object' s  mass ,  bu t  no t  th e othe r  wa y around . 

2.  Nondirecte d connectives :  Qualitativ e equation s ar e writte n a s constrain t  equations ,  an d i f  ther e 

ar e n  term s an d n- 1 o f  the m ar e known ,  the n th e nt h ter m ca n b e calculated .  Furthermore , 

no matte r  whic h quantitie s ar e involved ,  logica l  dependenc e ca n b e interprete d a s causation . 

For  example ,  i n electricit y Ohm' s law , 

V = I  * R 

state s tha t  th e voltag e acros s a  resisto r  equal s th e produc t  o f  th e curren t  an d th e resistance . 

We ca n chang e th e curren t  t o caus e th e voltag e t o change ,  an d chang e th e voltag e t o caus e th e 

curren t  t o change . 

T h e differenc e betwee n th e tw o position s m a y b e difficul t  t o se e a t  first,  sinc e functiona l 

dependenc y implie s logica l  dependenc y an d an y constrain t  equatio n m a y b e writte n a s a  function . 

T h e critica l  fac t  i s  tha t  an y constrain t  equatio n ca n b e writte n a s n  differen t  functions ,  wher e n  i s 

th e numbe r  o f  variable s i n th e equation .  Th e directe d connectiv e positio n i s that ,  whil e eac h o f 

thes e differen t  function s m a y b e use d i n reasoning ,  onl y on e o f  the m wil l  b e distinguishe d a s 

causal .  Wit h directe d connective s th e rol e o f  a  qualitativ e la w i n causa l  reasonin g i s determine d 

by it s form ,  wit h nondirecte d connective s th e rol e i s determine d b y ho w i t  i s  used . 

Thi s choic e i s no t  identica l  t o th e classica l  functiona l  vie w o f  causatio n introduce d b y M a c h (a s describe d i n Bung e 
(1979)) ,  becaus e no t  al l  function s ar e identifie d a s causal . 
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I n th e curren t  system s o f  qualitativ e physics ,  th e choic e o f  connective s ha s bee n mor e o r  les s 

identifie d wit h th e choic e o f  explici t  versu s implici t  mechanism .  Explici t  mechanis m theorie s 

ten d t o us e directe d connectives ,  an d implici t  mechanis m theorie s ten d t o us e nondirecte d 

connectives .  Th e exception s ar e Kuiper s (1984 )  an d William s (1984) ,  wh o us e both .  Tabl e 1 

shows th e 2  X  2  se t  o f  possibilitie s generate d b y crossin g th e Mechanis m an d Connective s 

dimensions . 

We thin k th e reaso n fo r  thi s correlatio n i s tha t  explici t  mechanis m theorie s provid e a  notio n 

of  "independent "  parameters ,  thos e directl y affecte d b y som e mechanism .  Effect s the n propagat e 

outwar d fro m thes e distinguishe d parameters ,  lik e th e leve l  o f  wate r  i n a  cu p changin g i n 

respons e t o pourin g mor e wate r  int o it .  Th e mechanis m thu s impose s th e directio n o f  causalit y 

on th e system .  Implici t  mechanis m theorie s d o no t  identif y independen t  parameter s i n advanc e 

(bu t  se e below) ,  s o i t  i s  har d t o pre-judg e th e wa y a  la w wil l  b e use d causally .  Clearl y ther e i s n o 

logica l  barrie r  t o theorie s whic h inhabi t  an y an d al l  cell s o f  thi s table ,  an d late r  w e describ e 

combination s w e believ e m a y pla y signfican t  role s i n h u m a n causa l  reasoning . 

Eac h choic e ha s problems .  Wit h nondirecte d connectives ,  causa l  reasonin g require s a n 

initia l  perturbatio n (suc h a s increasin g a n inpu t  voltag e t o a  circuit) .  However ,  peopl e als o hav e 

causa l  intuition s abou t  situation s eve n whe n the y d o no t  se e th e initia l  perturbatio n o f  th e 

object s involved .  Fo r  example ,  peopl e ar e willin g t o sa y tha t  th e stea m the y se e comin g ou t  o f  a 

kettl e i s cause d b y th e boilin g occurrin g insid e it ,  eve n whe n the y di d no t  se e th e stov e bein g 

turne d on . 

Furthermore ,  eve n i f  a n initia l  perturbatio n i s provided ,  i t  seem s tha t  som e annotation s 

abou t  a n equation' s causa l  rol e ar e stil l  necessar y t o avoi d inappropriat e causa l  inferences . 

Tabl e 1  -  Possibilitie s fo r  M e c h a n i s m s a n d Connective s 

Th e choice s alon g th e mechanis m an d connective s dimension s hav e no t  bee n independen t  i n sys -

tem s o f  qualitativ e physics .  Th e "* "  indicate s a  syste m whic h predominatel y lie s i n tha t  cell ,  bu t 

allow s th e othe r  kin d o f  connectiv e a s well . 

Connective s M e c h a n i s m 

Directe d 

Nondirecte d 

Explici t 

Forbus , 

Kuipers* , 

Simmons , 

Wel d 

Implici t 

de Klee r 

& Brown , 

Williams * 

199 



Forbu a &  Gentne r 

Certain ways of using equations do not correspond to our intuitions about causation. Returning 

t o Ohm ' s law ,  w e d o no t  assum e tha t  increasin g th e curren t  cause s th e resistanc e t o change . 

Eve n theorie s whic h us e nondirecte d connective s must ,  i t  seems ,  rel y o n som e sor t  o f  annotatio n 

abou t  direction .  Fo r  example ,  i n d e Klee r  an d Brown' s ENVISIO N program ,  w e fin d i n th e 

descriptio n o f  thei r  confluenc e heuristi c (ibid ,  pag e 73) , 

"I n th e specifi c  cas e o f  th e valve ,  th e convers e (wher e th e are a i s changed )  i s impossibl e a s th e 

are a i s a n input-onl y variabl e o f  th e valve. " 

Thi s concep t  o f  a n "input-only "  variabl e constitute s a n annotatio n tha t  violate s th e 

nondirectednes s o f  thei r  equations .  Unfortunately ,  ther e i s n o theoretica l  guidanc e i n thei r 

accoun t  a s t o whic h parameter s shoul d b e s o marked . 

Directe d connective s als o hav e problems .  The y requir e th e mode l  builde r  t o explicitl y  stat e 

whic h wa y causalit y work s i n al l  circumstances .  Unfortunately ,  certai n law s ca n b e use d causall y 

i n mor e tha n on e direction .  Ohm' s law ,  onc e again ,  i s  a  goo d example .  I f  w e ar e reasonin g abou t 

a voltag e sourc e w e wan t  t o mak e V  b e th e independen t  variable ,  i.e. ,  a  chang e i n voltag e cause s 

a chang e i n current .  I f  w e ar e rensoniii g abou t  a  curren t  sourc e w e wan t  t o mak e I  b e th e 

independen t  variable ,  i.e. ,  a  chang e i n curren t  cause s a  chang e i n voltage .  I t  appear s tha t  i n 

principl e on e ca n creat e model s tha t  us e multipl e directe d connective s t o captur e thes e differen t 

causa l  interpretations ,  b y explicitl y  specifyin g a  contex t  fo r  eac h direction .  However ,  writin g 

nondirecte d constrain t  equation s appear s muc h simple r  fo r  thes e cases . 

S o me systems ,  notabl y thos e o f  William s an d Kuipers ,  attemp t  t o circumven t  thes e 

difficultie s b y allowin g a  mixtur e o f  directe d an d nondirecte d connectives .  Th e obviou s 

advantag e i s tha t  th e modele r  i s the n fre e t o choos e whateve r  connectiv e seem s appropriate . 

Suc h freedom ,  however ,  ca n b e dangerous .  S o fa r  n o mixe d syste m ha s provide d theoretica l 

constraint s o n th e choic e o f  connectiv e type ,  whic h mean s th e choic e mus t  b e m a d e o n a n a d ho c 

basis .  W e believ e suc h theoretica l  constraint s probabl y exist ,  an d coul d b e generate d b y 

extendin g a n explici t  mechanis m account . 

2.3. Measurement Scenarios 

Th e thir d aspec t  o f  qualitativ e causa l  reasonin g concern s th e sens e i n whic h a  quantit y i s 

sai d t o b e changing .  Conside r  agai n a  kettl e half-fille d wit h wate r  sittin g o n a  stove .  Suppos e a t 

some tim e T ^  w e tur n th e stov e on .  A t  som e late r  tim e T ^  th e wate r  begin s t o boil ,  an d a t  tim e 

T th e wate r  ha s completel y boile d away .  Mos t  peopl e woul d agre e tha t  fro m T  t o T  ther e i s a 

hea t  flow  tha t  cause s th e hea t  o f  th e wate r  an d it s temperatur e t o rise ,  an d tha t  fro m T ^  t o T ^ 

th e boilin g i s causin g th e amoun t  o f  wate r  t o decreas e an d th e amoun t  o f  stea m i n th e roo m t o 

increase .  However ,  ther e ar e fou r  differen t  way s tha t  on e migh t  discus s change s i n quantities , 

eve n withi n thi s simpl e scenario : 

1.  Incrementa l  measurements .  W e ca n thin k abou t  wha t  happen s a t  T .  whe n th e flow  begins . 

We coul d say , 

"Th e temperatur e differenc e betwee n th e wate r  an d th e burne r  cause s hea t  t o flow  betwee n 

them .  Thi s wil l  the n caus e th e hea t  o f  th e wate r  t o rise ,  whic h wil l  the n caus e th e temperatur e 

of  th e wate r  t o rise " 

See Forbu s (1984 )  fo r  a  detaile d discussion . 
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The incremental scenario takes a sequential view of the property changes, demanding that one 

chang e occur s befor e another .  I n essence ,  thi s scenari o extend s th e kin d o f  causalit y w e us e fo r 

macroscopi c discret e event s (suc h a s a  ro w o f  domino s fallin g i n successio n afte r  on e i s pushe d 

over )  int o th e real m o f  continuou s changes .  A  prototypica l  exampl e i n th e continuou s real m i s 

followin g a  "piec e o f  liquid "  throug h a  hydrauli c system . 

2.  Discret e measurements :  W e ca n thin k abou t  th e differenc e betwee n th e worl d a t  T ^  an d a t  T. , 

withou t  considerin g wha t  happene d i n between .  Fo r  example ,  w e migh t  not e tha t  ther e i s n o w 

no wate r  i n th e kettle ,  an d th e roo m w e ar e i n i s mor e humi d tha n whe n w e started . 

3.  Differentia l  measurements :  W e ca n thin k abou t  wha t  woul d happe n i f  som e propert y o f  th e 

situatio n wer e different .  Fo r  example ,  w e migh t  conclud e tha t  increasin g th e temperatur e o f 

th e stov e woul d caus e th e stea m generatio n rat e t o increase ,  an d thu s th e wate r  woul d boi l 

away sooner .  Essentially ,  w e ar e comparin g tw o possibl e worlds ,  relate d t o eac h othe r  b y som e 

chang e i n propert y o r  occurrence . 

4.  Continuou s measurements :  W e ca n thin k abou t  wha t  i s happenin g durin g som e particula r  kin d 

of  activity .  Fo r  example ,  w e ca n sa y durin g th e interva l  betwee n T ^  an d T ^  tha t  th e increas e 

i n th e hea t  o f  th e wate r  i s causin g it s temperatur e t o increase ,  eve n thoug h bot h change s ar e 

occurrin g a t  th e sam e time . 

Each o f  thes e measuremen t  scenario s ha s bee n use d i n qualitativ e physics .  Th e incrementa l 

scenari o wa s firs t  introduce d b y d e Klee r  (1979) ,  an d i s als o use d b y William s (1984) .  Th e 

discret e scenari o ha s bee n use d b y Simmon s (1983 )  an d Wel d (1984) .  Th e onl y specifi c  proposa l 

involvin g th e differentia l  scenari o i s differentia l  qualitativ e analysi s (se e Forbus ,  1984) ,  bu t  i t  i s 

stil l  relativel y unexplored .  Th e continuou s scenari o i s use d b y mos t  curren t  system s o f  qualitativ e 

physics ,  includin g (d e Klee r  &  Brown ,  1984 ;  Forbus ,  1984 ;  Kuipers ,  1984 ;  Williams ,  1984) . 

The discrete ,  continuous ,  an d differentia l  view s eac h hav e thei r  distinctiv e rol e t o pla y i n 

reasonin g abou t  quantities .  A s argue d i n (Simmons ,  1983 ;  Weld ,  1984) ,  ofte n th e detail s o f  ho w 

some chang e occur s ar e unclea r  o r  irrelevant .  A  lower-precisio n discret e mode l  whic h represent s 

onl y end-state s m a y bes t  matc h th e availabl e information* .  Conversely ,  th e continuou s vie w 

becomes essentia l  whe n w e ar e concerne d wit h wha t  i s happenin g durin g a  particula r  acli .  ii> . 

The differentia l  vie w provide s informatio n abou t  ho w thing s woul d tur n ou t  differentl y i f  som e 

chang e wer e made ,  an d thu s i s usefu l  i n debugging . 

The incrementa l  scenari o ha s considerabl e intuitiv e appeal .  Unfortunately ,  s o fa r  thi s 

scenari o ha s bee n problemati c a s a  forma l  model .  I t  require s a  distinc t  notio n o f  time ,  calle d 

mythica l  time .  Unlik e standar d theorie s o f  time ,  mythica l  tim e i s onl y partiall y  ordered ,  an d n o 

rea l  tim e passe s betwee n instant s o f  mythica l  time .  Whil e som e attempt s t o clarif y th e natur e o f 

mythica l  tim e an d it s relationshi p t o norma l  tim e hav e bee n mad e (d e Klee r  &  Brown ,  1984 ; 

Williams ,  1984 )  ther e i s stil l  n o ful l  forma l  account .  Nevertheless ,  th e incrementa l  scenari o i s 

ver y importan t  fo r  psychologica l  account s o f  causality . 

3. Psychological Implications 

Tabl e 2  summarize s th e se t  o f  distinction s w e hav e made .  I t  ca n b e see n tha t  ther e ar e 1 6 

theoreticall y possibl e cells ,  o f  whic h 5  contai n A I  qualitativ e physic s theories .  Th e "unifie d causa l 

Domains fo r  whic h th e bes t  model s ar e discret e ar e outsid e th e scop e o f  thi s paper . 
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Tabl e 2  — T h e spac e o f  causa l  theorie s abou t  quantitie s 

Mechanis m 

Explic t 

Measuremen t 

Scenari o 

Incrementa l 

Discret e 

Differentia l 

Continuou s 

Implic t 

Connectives Connectives 

Directed Nondirected Directed Nondirected 

Simmons, 

Weld 

Forbu s 

Forbus , 

Kuipers * 

de Klee r 

& Brown , 

Williams * 

de Klee r 

& Brown , 

Williams * 

theory "  approac h t o huma n causa l  reasonin g woul d b e t o as k whic h cel l  i s  th e on e human s use . 

The question s raise d b y th e "inferenc e family "  vie w o f  causatio n ar e mor e complex .  Th e 

question s become : 

1.  Whic h cell s d o peopl e typicall y use ? 

2.  Ar e ther e characteristi c pattern s o f  use ,  suc h a s novice-exper t  differences ? 

The remark s whic h follo w ar e speculative ,  becaus e thes e factor s hav e no t  previousl y bee n 

full y isolate d an d subjecte d t o systemati c psychologica l  investigation .  Therefor e wha t  follow s i s 

a se t  o f  conjecture s mad e i n th e hop e o f  gettin g th e empirica l  bal l  rolling .  W e begi n wit h th e 

firs t  tw o factors ,  explici t  vs .  implici t  mechanism s an d directe d vs .  nondirecte d connectives . 

Thes e dimension s ar e highl y correlate d i n theorie s o f  qualitativ e reasoning .  Tabl e 2  show s 

th e concentratio n o f  A I  theorie s i n th e tw o oute r  columns :  explici t  mechanism s wit h directe d 

connectives ,  o r  implici t  mechanism s wit h nondirecte d connectives .  Her e w e as k ho w eac h o f  th e 

fou r  possibl e combination s o f  explict/implici t  mechanism s an d directed/non-directe d connective s 

(i.e. ,  th e column s o f  Tabl e 2 )  migh t  b e manifeste d i n huma n reasonin g abou t  quantities .  We 

suspec t  tha t  (a )  example s o f  al l  fou r  combination s ca n b e foun d i n huma n reasoning ;  (b )  th e oute r 

tw o columns ,  heavil y explore d i n qualitativ e physics ,  d o i n fac t  represen t  commo n huma n causa l 

arguments ;  bu t  (c )  th e implici t  mechanism/directe d connectiv e combination ,  unexplore d b y 

qualitativ e physics ,  als o represent s a n importan t  clas s o f  huma n causa l  reasoning . 
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We will illustrate the four classes with the familiar domain of car engines. 

1.  Explici t  mechanism s wit h directe d connectives :  e.g . 

"Openin g th e throttl e increase s th e flow  rat e o f  ga a t o th e engine ,  whic h cause s th e engin e t o 

wor k faster. " 

Her e th e reasone r  use s a  se t  o f  processe s t o mak e causa l  inferences .  Thi s i s th e kin d o f 

reasonin g modele d b y Qualitativ e Proces s theory . 

2.  Implici t  mechanism s wit h directe d connectives :  e.g. , 

"Drivin g faste r  cause s fue l  consumptio n t o increase. " 

Instance s o f  thi s clas s ar e sometime s instance s o f  diSessa' s phenomena l  primitive s o r  o f  wha t 

we cal l  th e Causa l  Corpu s (diSessa ,  1983 ;  Forbu s &  Centner ,  1986) . 

3.  Explici t  mechanism s wit h non-directe d connectives :  e.g. , 

"Insid e th e engine ,  durin g th e compressio n strok e th e decreas e i n volum e insid e th e cylinde r 

cause s th e pressur e t o increase .  Durin g th e expansio n stroke ,  th e increase d pressur e du e t o 

combustio n pushe s th e cylinde r  down ,  causin g th e volum e t o increase. " 

4. Implicit mechanisms with non-directed connectives: e.g., 

"Th e increase d voltag e a t  th e inpu t  cause s th e curren t  throug h resisto r  R .  t o rise .  Sinc e resis -

to r  R g i s connecte d t o resisto r  R^ ,  thi s increase d curren t  wil l  caus e th e voltag e acros s R g t o ris e 

as well. " 

Since the surface structure of causal arguments is almost always directed, it can be hard to 

distinguis h betwee n directe d versu s non-directe d connectives .  W e tak e a s evidenc e fo r  non -

directe d connective s statement s o f  th e for m " A cause s B "  an d " B cause s A "  b y a  subjec t  abou t 

th e sam e situatio n wher e n o signfican t  stat e chang e ha s occurred . 

Conjectur e 1 :  O f  thes e four ,  th e clas s mos t  prototypica l  i n huma n causa l  reasonin g i s explici t 

mechanism s wit h directe d connectives . 

For  instance ,  subjec t  O B wa s aske d "I f  ai r  temperatur e goe s down ,  wha t  happen s t o th e ai r 

pressur e (assumin g a  close d room)? "  H e replied : 

"A s th e ai r  temperatur e goe s down ,  th e particle s mov e les s quickly ,  s o i t  lower s ai r  pressure. " 

Here he reasons that the drop in air temperature means a decrease in the speed of the air 

molecules ,  whic h cause s a  dro p i n pressure^ . 

Conjectur e 2 :  Tw o exception s t o Conjectur e 1  ma y b e expert s an d youn g children .  Whil e w e 

suspec t  explici t  mechanim s an d directe d primitive s ar e typica l  fo r  h u m a n causa l  reasoning ,  w e 

thin k ther e ar e tw o clea r  exceptions : 

Experts :  Exper t  model s i n certai n domains ,  suc h a s electronics ,  appea r  t o b e non-directed . 

Further ,  expert s kno w ho w t o us e constrain t  equation s an d conservatio n laws ,  an d therefor e ca n 

reaso n non-mechanistically .  W e believ e expert s stil l  us e directe d connective s whe n appropriat e 

(suc h a s argument s abou t  forc e transmission) ,  bu t  als o hav e othe r  options . 

Young Children :  Accordin g t o Piage t  (1960) .  ver y youn g childre n lac k notion s o f  directe d 

mechanisms ;  no t  unti l  abou t  8  year s ol d d o chilrlr.- n sho w full y mechanisti c reasoning .  Piaget' s 

See Collin s &  Centne r  (1983 ,  1986 )  fo r  a  mor e detaile d treatmen t  o f  menta l  model s o f  evaporation . 
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interview s wit h 4- 5 year-ol d childre n le d hi m t o conclud e tha t  the y hav e synthetic ,  holisti c 

understanding s o f  causality .  Fo r  example ,  whe n aske d wh y a  rive r  flows,  a n adul t  o r  olde r  chil d 

woul d answe r  i n term s o f  th e slope ,  o r  differenc e i n heigh t  betwee n th e sourc e an d th e 

destination .  Bu t  five -  an d six-year-ol d childre n giv e ver y differen t  answers :  "Becaus e peopl e 

m a ke oars .  The y push. "  o r  "Becaus e ther e ar e bi g fish  tha t  swim. "  o r  "T o mak e th e fountain s 

flow. " 

Piaget' s interview s clearl y sho w a  differenc e betwee n th e wa y youn g childre n an d olde r 

subject s tal k abou t  causality ,  However ,  recen t  researc h ha s cas t  doub t  o n hi s stron g clai m tha t 

youn g childre n lac k mechanisti c causality .  W h e n childre n ar e give n task s i n familiar ,  concret e 

domains ,  an d ar e aske d t o mak e prediction s base d o n causa l  relation s rathe r  tha n verball y 

explainin g them ,  eve n preschooler s sho w evidenc e o f  directe d causa l  mechanism s (Baillargeo n & 

Gelman ,  1980 ;  Bulloc k &  Gelman ,  1979 ;  Bullock ,  Gelma n &  Baillargeon ,  1̂ )  2) .  Thus ,  youn g 

childre n ar e capabl e o f  directe d mechanisti c causalit y i n famila r  domains .  However ,  i n 

unfamilia r  domain s suc h a s evaporatio n o r  heat-flow ,  youn g childre n m a y reaso n non -

mechanisticall y simpl y becaus e the y don' t  hav e enoug h domai n knowledg e t o postulat e 

mechanisms . 

Thus ,  fo r  bot h explici t  mechanis m an d directe d causality ,  ther e m a y b e a  U-shape d curve . 

We m a y find  tha t  bot h extrem e novice s an d advance d expert s sho w non-mechanisti c reasonin g 

abou t  quantities ,  fo r  opposit e reasons .  Bu t  asid e fro m thes e tw o extrem e groups ,  w e believ e 

commonsens e causa l  reasonin g i s buil t  aroun d mechanisms .  Indeed ,  w e conjectur e tha t  eve n 

w h en peopl e don' t  kno w th e mechanis m behin d a  chang e the y postulat e one ,  a s i n th e Causa l 

Corpu s (Forbu s an d Gentner ,  1986) . 

N o w w e tur n t o th e choic e o f  measuremen t  scenarios . 

Conjectur e S :  Th e incrementa l  scenari o i s th e mos t  basi c o f  th e measuremen t  scenarios .  I n 

th e mos t  natura l  for m o f  a n incrementa l  scenario ,  event s occu r  i n a  causa l  chain ,  eac h even t 

causin g th e next .  Alon g wit h explici t  mechanism s an d directe d connectives ,  thi s kin d o f 

sequentia l  causalit y ha s considerabl e introspectiv e appea l  a s a  causa l  argument .  Th e popularit y 

of  R u b e Goldberg' s elaboratel y tortuou s causa l  chain s i s on e indicatio n o f  thi s idea' s appeal .  I t  i s 

a robus t  wa y o f  reasonin g abou t  mechanisti c causality .  Ther e i s evidenc e tha t  i t  i s  learne d ver y 

early ,  a t  leas t  fo r  familia r  device s (Bullock ,  Gelma n &  Baillargeon ,  1982) . 

Example s o f  th e us e o f  incrementa l  scenari o occu r  i n people' s reasonin g abou t  flow  system s 

suc h a s electricit y (Gentne r  &  Gentner ,  1983) .  Her e subjec t  D D D i s answerin g th e question : 

" W h y d o electrica l  plug s hav e tw o prongs? " 

"...littl e negativ e electron s ge t  force d int o tha t  on e pron g — lik e suddenl y ther e i s thi s ne w spac e 

fo r  the m t o g o int o an d the y hav e bee n lyin g i n wai t  i n m y wall ,  waitin g fo r  thi s pron g t o com e 

in ,  an d the y g o int o tha t  on e prong ,  an d throug h m y ligh t  bulb...An d the n i t  make s th e light...i t 

zip s righ t  dow n th e othe r  sid e o f  th e bi g loo p an d yo u hav e a  curren t  going ,  an d i t  make s tha t  lit -

tl e ligh t  whic h i s wh y w e tricke d i t  int o m y plugs .  Tha t  mus t  b e wh y ther e ar e tw o plug s 

[prongs] .  It' s  a  dififerentia l  an d yo u nee d tw o thing s fo r  ther e t o b e a  difference. " 

Notice that the subject followed the electrons on their path from the wall to the light and 

back .  A  simple r  answe r  i s tha t  curren t  flows  becaus e o f  a  voltag e differenc e acros s th e tw o 

prongs .  Bu t  althoug h th e subjec t  allude s t o thes e quantitie s a t  th e en d o f  th e passage ,  he r 

natura l  approac h t o th e questio n i s t o reaso n incrementally . 
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As anothe r  example ,  Subjec t  O B i s tol d abou t  a  po t  o f  wate r  sittin g i n a  close d roo m an d i s 

aske d "A s th e wate r  temperatur e goe s up ,  wha t  d o yo u thin k woul d b e th e effec t  o n evaporatio n 

rate? "  H e states : 

"Th e wate r  temperatur e goin g u p -  tha t  mean s tha t  th e particle s ar e movin g faster ,  s o they'r e 
more likel y t o escape ,  an d s o therefor e w e ge t  a  highe r  evaporatio n rate. " 

Conjecture 4 (Corollary to Conjecture 3): Incremental causality is so psychologically natural 

tha t  peopl e ofte n rel y o n i t  eve n inapplicable .  I n som e situation s th e incrementa l  scenari o wil l 

lea d t o incorrec t  conclusions .  I n thi s protocol ,  fo r  example ,  subjec t  C L i s aske d t o describ e wha t 

happen s i n th e simpl e syste m show n i n Figur e 1 . 

"Al l  right ,  a s th e wate r  emerge s fro m th e pum p i t  flows  a t  constan t  velocit y throug h pipe s o f 
equivalen t  volume.. .  A a th e pip e constricts ,  th e flow  o f  th e wate r  become s slower.. .  A s i t  emerge s 
fro m tha t  constriction.. .  there' s a  surg e a s th e pip e expands ;  there' s a  surg e i n th e velocit y o f  th e 
water ,  an d velocit y become s slightl y greate r  tha n th e initia l  velocit y 

This response illustrates the difficulty novice reasoners typically have with steady-state 

systems .  Lik e mos t  novices ,  C L doe s no t  understan d Bernoulli' s  principle :  hi s expectatio n i s 

tha t  th e wate r  wil l  slo w dow n i n th e narro w pipes ,  wherea s i n fac t  th e opposit e wil l  occur .  I n hi s 

reasoning ,  th e wate r  start s a t  th e pum p an d head s int o th e system ,  encounterin g obstacle s alon g 

th e way .  I t  i s  lik e i  urnin g a  piec e o f  stuf f  loos e a t  th e star t  o f  a  tobogga n ru n an d watchin g it s 

progress .  Thi s incrementa l  argumen t  lead s t o problem s becaus e i t  lead s on e t o believ e tha t  th e 

piece s o f  stuf f  "pil e up "  agains t  eac h othe r  whe n the y reac h a  constriction ,  an d thu s slo w down . 

PUMP 

Figur e 1  -  A  simpl e flui d syste m 
The flui d syste m show n belo w consist s o f  a  pum p an d a  constriction .  Subject s ar e aske d t o rea -

son abou t  wha t  happen s t o variou s quantitie s a t  differen t  part s o f  th e circuit . 
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Abandonin g th e incremeuLa l  mode l  fo r  a  stead y stat e mode l  reduce s th e chanc e o f  thi s plausibl e 

error . 

T h e "naiv e incrementalism "  illustrate d i n thi s protoco l  seem s t o appl y t o othe r  domain s a s 

well .  I n electricity ,  fo r  example ,  novice s typicall y maintai n tha t  an y o f  severa l  quantitie s -

voltage ,  current ,  power ,  force ,  energy ,  o r  velocit y o f  electron s -  i s  larg e a t  th e star t  o f  th e circuit , 

jus t  afte r  th e battery ,  an d smal l  a t  th e en d o f  th e circuit ,  jus t  befor e th e batter y (Gentne r  & 

Gentner ,  1983) . 

Conjectur e 5 :  Differentia l  Scenario s ar e als o c o m m o n i n reasonin g abou t  quantities .  A s a n 

example .  Subjec t  O B ,  aske d whethe r  a n increas e i n wate r  temperatur e wil l  affec t  ai r  pressure , 

says : 

"OK.  I f  th e wate r  temperatur e goe s up ,  we'r e goin g t o increas e th e evaporatio n rate .  I f  w e in -

creas e th e evaporatio n rate...we'r e increasin g th e amoun t  o f  wate r  i n th e ai r  an d therefor e th e ai r 

pressur e wil l  g o u p a t  a n increasin g rate .  Again ,  i t  wa s increasin g anyway ,  s o no w it' s  increasin g 

a littl e faster. " 

4. Conclusions 

We sugges t  tha t  ther e ar e severa l  distinc t  notion s o f  causalit y tha t  hav e psychologica l  force . 

Thi s multiplicit y doe s not ,  however ,  rende r  causa l  reasonin g a n inappropriat e subjec t  o f  study . 

Instead ,  i t  mean s tha t  th e for m o f  ou r  analysi s mus t  change .  Studie s o f  causa l  reasonin g mus t 

focu s o n particula r  classe s o f  arguments ,  no t  causa l  reasonin g i n general .  Whil e th e principle s 

obtaine d i n thi s wa y wil l  probabl y no t  b e a s genera l  a s thos e whic h ar e th e goa l  o f  a  mor e genera l 

analysis ,  w e ca n hop e tha t  i n fac t  w e wil l  hav e bette r  success .  Thi s pape r  present s a n exampl e o f 

suc h a n analysis ,  examinin g causa l  argument s involvin g change s i n physica l  quantities . 

We hav e abstracte d fro m A I  researc h o n qualitativ e physic s thre e aspect s o f  causa l 

reasonin g abou t  quantities ,  explici t  versu s implici t  mechanisms ,  directe d versu s nondirecte d 

connectives ,  an d typ e o f  measuremen t  scenario .  W e hav e show n wher e th e curren t  system s o P 

qualitativ e physic s lie ,  an d show n som e ne w direction s suc h researc h ca n take .  W e hav e use d th i 

analysi s t o dra w som e implication s fo r  psychology ,  presentin g five  conjecture s fo r  empirica l  test . 
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