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Abstrac t 

A cognitive account of propositional reasoning must 
conside r  bot h th e representatio n o f  th e proposition s 
(premise s an d state s o f  affairs )  an d th e contex t  i n whic h th e 
proposition s ar e used .  Thi s pape r  i s  concerne d wit h 
reasonin g processe s involvin g thre e differen t  connective s 
(conjunctive ,  conditiona l  an d disjunctiv e connectives )  i n 
thre e differen t  task s (accomplishin g a  reques t  fo r  actio n 
expresse d b y a  premise ,  judgin g a  stat e o f  affair s a s tru e o r 
fals e wit h respec t  t o a  premise ,  drawin g a n inferenc e fro m 
tw o premises) .  Ou r  clai m i s tha t  th e abilit y  t o reaso n wit h 
connective s i s  explaine d i n term s o f  constructio n an d 
manipulatio n o f  menta l  models .  W e presen t  a  compute r 
model  tha t  take s a s inpu t  th e modelisti c representation s o f 
th e premise s an d th e speciH c stat e o f  affairs ,  compare s suc h 
model s an d give s ris e t o a  serie s o f  mode l  manipulation s i n 
orde r  t o produc e a  result ,  i.e .  a n action ,  a  judgemen t  o r  a n 
inference .  A  compute r  progra m reproduce s th e 
performance s o f  subject s o f  differen t  ag e groups ,  predictin g 
bot h correc t  an d erroneou s inferences . 

I n t r o d u c t i o n 

One of the challenges of a psychological theory of deduction 
i s t o explai n propositiona l  reasoning ,  i.e .  makin g deduction s 
involvin g connective s suc h a s and ,  if-then ,  only-if ,  but ,  not , 
or .  Menta l  model s theor y ( M M T )  claim s tha t  eac h 
connectiv e i s represente d b y a  specifi c  numbe r  o f  models . 
E.g. ,  suppos e tha t  p  an d q  ar e token s whic h identif y tw o 
differen t  assertions ;  a  possibl e representatio n fo r  th e 
conjunctio n p  an d q  i s th e mode l 

(l ) 

wher e th e fac t  tha t  p  an d q  li e o n th e sam e lin e represent s 
dia t  the y occu r  together .  Conventionally ,  i n M M T severa l 
item s o n a  singl e lin e ar e mean t  t o belon g t o th e sam e 
model ;  differen t  model s li e o n differen t  lines .  Th e exclusiv e 
disjunctio n p  o r  q ,  bu t  no t  bot h require s i n fac t  tw o model s 
tha t  ar e represente d a s 
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wher e th e notatio n indicate s tha t  whe n p  occur s q  doe s no t 
occur ,  an d vic e versa .  Finally ,  th e representatio n o f  a 
connectiv e ca n als o includ e a n implici t  mode l  (represente d 
by dots) ,  a s th e initia l  model s fo r  th e conditiona l  if p the n q 

P q 

Peopl e ar e suppose d t o represen t  th e possibilit y  o f  furthe r 
alternativ e model s fo r  th e conditional ,  bu t  the y ar e mad e 
explici t  onl y i f  necessary' .  Th e constructio n o f  th e model s 
proceed s fro m a  representatio n whic h i s a s implici t  a s 
possible ,  accordin g t o principle s o f  parsimony ,  t o a 
representatio n whic h i s a s explici t  a s necessary. ^ 

Th e reasonin g proces s start s b y integratin g th e model s o f 

th e assertion s joine d b y tli e connectiv e an d th e mode l  o f  th e 
actua l  situatio n int o a  furthe r  model .  A  first  conclusio n i s 
generate d b y "reading "  thi s model .  E.g. ,  give n th e mode l  (2 ) 
and a  stat e o f  affair s wher e p  i s negated ,  th e integratio n 
procedur e wil l  generat e a  mode l  o f  th e situatio n whic h 
support s th e conclusio n "q" . 

The procedur e o f  falsificatio n m a y invalidat e thi s resul t  b y 
providin g a  differen t  integrate d model ,  whic h support s a 
differen t  conclusion .  I f  th e secon d mode l  doe s no t  suppor t  a 
differen t  conclusion ,  th e fu-s t  conclusio n ca n b e accepte d a s 
correct .  Fo r  instance ,  i f  w e hav e th e mode l  (3 )  an d th e stat e 
of  affair s p ,  w e ca n conclud e q  b y integration ,  a s i n th e 
furthe r  model s fo r  conditiona l  (se e not e 1) ,  th e conclusio n i s 
stil l  valid . 

A traditiona l  alternativ e approac h t o huma n propositiona l 
reasonin g i s advocate d b y rule-base d theorie s (RBTs) .  Suc h 
theorie s argu e fo r  a  menta l  logi c consistin g o f  a  serie s o f 
forma l  rule s o f  inference ,  e.g. ,  a  natura l  deductio n system .  I n 
thi s view ,  deductiv e reasonin g i s a  syntacti c proces s wher e 
syntacti c rule s o f  inferenc e ar e applie d t o th e logica l  for m o f 
th e premise s (Braine ,  1978 ;  Brain e &  Rumain ,  1983) .  Th e 
reaso n wh y M M T i s a  plausibl e candidat e t o explai n huma n 
performance s i n reasonin g i s  tha t  i t  account s fo r  thre e 
phenomen a tha t  R B T s d o no t  explain ,  tha t  is :  (a )  systemati c 
error s i n reasoning ,  (b )  differenc e i n difficult y amon g 
deductions ,  (c )  effec t  o f  conten t  o n th e reasonin g proces s (se e 
Johnson-Lair d &  Byrne ,  1993) . 

'  Not e tha t  th e model s represen t  th e tru e occurrence s o f  th e 
connectives .  I n particular ,  th e complet e se t  o f  th e explici t 
model s fo r  th e conditiona l  is : 

not  p not 
not p 

(3 ) 

2 A  menta l  mode l  represent s a  clas s o f  tarskia n models .  I n orde r 
t o validat e a  deductio n th e reasoner s mus t  explor e jus t  thi s 
clas s and ,  a s a  consequence ,  the y wil l  dra w conclusion s whic h 
ar e onl y possibl y tru e rathe r  tha n necessaril y  true . 
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Our  ai m i s t o produc e furthe r  evidenc e i n favo r  o f  M M T 
i n propositiona l  reasoning .  W e refine d th e factor s tha t 
contribut e t o th e difficult y o f  th e connectives ,  b y proposin g 
an analytica l  vie w o f  th e step s o f  integratio n an d 
falsificatio n o f  menta l  models .  W e define d a  contex t  o f  us e 
of  a  connective ,  give n b y th e typ e o f  th e tas k t o accomplis h 
an d th e actua l  situation .  W e devise d a  computationa l  mode l 
base d o n M M T tha t  define s th e comple x operation s o f 
integratio n an d falsificatio n fro m a  finit e se t  o f  basi c 
procedures .  Finally ,  w e ccmpare d th e performance s recorde d 
i n a  psychologica l  experimen t  wit h th e resul t  generate d b y 
th e compute r  progra m i n th e sam e conditions .  A  cognitiv e 
model  simulate s th e productio n o f  bot h correc t  response s an d 
errors .  Erro r  predictio n i s essentia l  t o asses s th e validit y o f  a 
cognitiv e model ,  sinc e i t  provide s s o m e cue s abou t  th e 
elementar y step s o f  th e reasonin g process .  A  mai n poin t  i s 
t o correlat e differen t  kind s o f  error s wit h differen t  age s o f 
subject s (Bara ,  1994) . 

Ontology 

In the tasks we considered, the elementary items can be 
state s o f  affair s whic h ar e describe d o r  perceived ,  an d action s 
on state s o f  affairs .  B y "describe d items "  w e mea n element s 
of  representatio n buil t  afte r  a  verba l  description ;  b y 
"perceive d items "  w e mea n element s buil t  throug h th e visua l 
perceptio n o f  a  stat e o f  affairs .  A n actio n ite m refer s t o a n 
actio n o n a  stat e o f  affair s whic h i s ye t  t o b e execute d b y th e 
subjec t  herself .  Al l  suc h item s ar e represente d i n menta l 
model s a s token s o f  severa l  types ,  liste d i n Figur e 1 .  I n th e 
followin g w e assum e tha t  th e letter s p ,  q ,  .. .  ar e token s 
referrin g t o states-of-affairs ,  whil e th e letter s a ,  b,.. .  refe r  t o 
action s o n state s o f  affairs ,  per c an d des c ar e tw o monadi c 
functors ,  that ,  appUe d t o token s identifyin g states-of-affairs , 
distinguis h betwee n state s o f  affair s respectivel y perceive d 
and described .  Not- p represent s explicitl y  th e falsit y o f  a 
stat e o f  affair s p ,  tha t  eithe r  (1 )  ha s bee n mentione d i n a 
propositio n bu t  i s no t  perceive d i n th e actua l  situation ,  o r 
(2 )  ha s bee n mentione d i n th e first  premis e bu t  no t  i n th e 
second ,  o r  (3 )  ha s bee n explicitl y  mentione d a s negative . 
Actio n identifiers ,  lik e a ,  b  ar e functor s tha t  appl y t o 
th e item s tha t  resul t  fro m th e applicatio n o f  per c an d desc . 
Th e actio n functor s ar e a  roug h notatio n fo r  comple x object s 
of  a  theor y o f  action ,  whic h i s outsid e o f  th e scop e o f  th e 
paper . 

p,  q  =  ar e state s o f  affair s 
perc(p )  =  a  stat e o f  affai r  p  perceive d 
desc(p )  =  a  stat e o f  affai r  p  describe d 
a(perc(p) )  =  a n actio n a  o n a  stat e o f  affai r  p  perceive d 
a(desc(p )  =  a n actio n a  o n a  stat e o f  affai r  p  describe d 
not- p =  a  fals e stat e o f  affair s 

Figur e 1 .  Example s o f  elementar y items . 

We assume that the tokens of the form perc(x) require a 
lowe r  cognitiv e loa d tha n th e token s desc(x )  i n orde r  t o 
remai n activ e i n th e workin g memory .  Thi s assumptio n i s 
consisten t  wit h th e notio n o f  differen t  degree s o f  activatio n 
du e t o th e strengt h an d th e continuit y o f  th e stimulatio n o f  a 

stabl e visua l  perceptio n wit h respec t  t o a  verba l  descriptio n 
(Baddelcy .  1986) . 

I n orde r  t o accoun t  fo r  th e processin g mechanism s tha t 
underli e propositiona l  reasoning ,  w e postulat e th e 
elementar y capabilitie s i n Figur e 2 ,  whic h ar e naturall y 
presen t  i n h u m a n reasoner s eve n a t  th e earl y stage s o f 
development .  Th e lirs t  thre e ar e wiUiou t  a  c o m m o n standar d 
of  comparison .  Thus ,  w e d o no t  mak e an y predictio n abou t 
thei r  relativ e difficulty .  Fo r  th e nex t  fou r  w e assum e a n 
incTeasin g degre e o f  ditficult y fro m th e fourt h t o th e seventh . 
The rational e fo r  thi s assumptio n ha s bee n give n i n (Bara , 
Bucciarelli ,  Johnson-Laird ,  1994) . 

1.  processin g capacit y o f  th e workin g memor y 
2.  generat e token s 
3.  establis h relation s amon g token s 
4.  detec t  identit y o f  token s ( p =  p ) 
5.  detec t  differenc e o f  token s ( p ̂  q ) 
6.  identif y reference s 
7.  generat e a  negativ e toke n not- p 

Figur e 2 .  Seve n basi c abilities . 

All these abilities operate on elementary tokens. In 
particular ,  th e sixt h on e establishe s th e relationshi p "referen t 
of  a  description "  betwee n a  stat e o f  affair s perceive d perc(p ) 
an d a  describe d toke n introduce d b y a  verba l  descriptio n 
desc(p) .  Th e sevent h ability ,  i.e .  th e generatio n o f  negativ e 
tokens ,  i s essentia l  t o represen t  explicitl y  th e falsit y o f  a 
stat e o f  affairs ,  o r  tii e absenc e o f  som e entity . 

Integratio n an d falsification ,  th e tw o comple x procedure s 

at  th e cor e o f  th e reasonin g process ,  ar e base d o n th e 
elementar y capabilitie s give n i n Figur e 2  (se e th e sectio n o n 
th e compute r  model) . 

The experiment 

The connectives taken into account are and, or and if-then. 
Th e task s ar e o f  thre e types :  action ,  truth-valu e judgemen t 
and inference .  Eac h connectiv e i s considere d i n al l  o f  th e 
thre e tasks ,  excep t  conjunction ,  whic h i s analyze d onl y i n 
th e cas e o f  truth-valu e judgement .  I n fact ,  conjunctic m i n th e 
task s o f  actio n an d inferenc e woul d b e interprete d a s a n if -
the n connective .  I n orde r  t o rende r  comprehensibl e th e 
compute r  mode l  an d th e simulation ,  w e presen t  her e th e 
experiment . 

Experimenta l  subject s 2 0 subject s (1 0 female s an d 1 0 

males )  fro m eac h o f  ili e followin g ag e groups :  3-4 ,  5  -6 ,  8 -
9,  11-1 2 an d ove r  21 .  The y ha d n o previou s forma l  trainin g 
i n logic . 

Desig n an d Procedur e Subject s ar e tol d the y ar e attendin g 

a tes t  regardin g th e wa y peopl e reason .  The y ar e presente d 
individuall y wit h th e tes t  i n a  singl e session .  Th e trial s ar e 
presente d i n th e followin g order :  first ,  subject s dea l  wit h 
actio n an d inferenc e trial s (w e adopte d fou r  randomization s 
balance d fo r  numbe r  an d sex) ,  the n wit h truth-valu e 
judgemen t  trial s (w e adopte d a  differen t  randomizatio n fo r 
eac h subject) .  Th e reaso n i s tha t  i n th e pilo t  experimen t  w e 
foun d tha t  younge r  subject s go t  confuse d whe n dealin g wit h 
truth-valu e judgemen t  an d inferenc e together .  The y 
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sometime s trie d t o judg e th e premise s o f  a n inferenc e an d t o 
deriv e a  conclusio n fro m a n assertio n regarding  a  stat e o f 
affair s i n th e cas e o f  truth-valu e judgement . 

The materia l  consist s o f  on e bo x an d a  serie s o f  to y 
animals ,  whic h w e wil l  identif y wit h th e symbol s p ,  q ,  etc . 
The genera l  argumen t  i s th e presence/absenc e o f  th e animal s 
insid e th e box .  Th e trial s consis t  o f  instance s o f  th e thre e 
tasks :  le t  u s conside r  the m i n detail . 

1.  (Action) .  Th e entit y p  i s i n th e bo x an d th e entit y q  i s 
outsid e th e box .  Bot h ar e plainl y visibl e t o th e reasoner . 
One o f  th e followin g request s i s uttered : 
"I f  a  p  i s i n th e box ,  the n yo u pu t  a  q  i n th e box "  (if-then ) 
"Eithe r  a  p  i s i n th e bo x o r  yo u pu t  a  q  i n th e box "  (or ) 

2.  (Truth-valu e judgements) .  O n e o f  th e followin g 
situation s occurs :  eithe r  bot h entitie s p  an d q  ar e i n th e bo x 
(T T -  it' s tru e tha t  p  an d q  ar e i n th e box) ,  o r  p  i s i n th e bo x 
and q  i s outsid e th e bo x (TF) ,  o r  q  i s i n th e bo x an d p  i s 
outsid e th e bo x (FT) .  Th e arrangemen t  i s plainl y visibl e t o 
th e reasoner .  Subject s hav e t o conside r  eac h o f  th e followin g 
judgements : 
"Ther e i s a  p  i n th e bo x an d ther e i s a  q  i n th e box .  Tru e o r 

false? "  (onrf ) 
"I f  ther e i s a  p  i n th e bo x the n ther e i s a  q  i n th e box .  Tru e 

or  false? "  (if-then ) 
"Eithe r  ther e i s a  p  i n th e bo x o r  ther e i s a  q  i n th e box . 

Tru e o r  false? "  (or ) 
3.  (Inference) .  Th e reasone r  i s  presente d wit h a  firs t 

premis e o f  th e followin g type : 
"I f  p  i s i n th e box ,  tha n q  i s i n th e box "  (if ) 
"Eithe r  p  i s i n th e bo x o r  q  i s i n th e box "  (or ) 

The n a  secon d premis e follow s o f  th e form :  a )  p  i s i n th e 
box ;  b )  p  i s no t  i n th e box ;  c )  q  i s i n th e box .  d )  q  i s no t  i n 
th e box . 

The reasone r  i s invite d t o dra w a  conclusion . 

A computer model: procedures and 
globa l  strategie s 

The computer model simulates the human propositional 
reasonin g i n M M T.  W e provid e a n analytica l  accoun t  o f  th e 
strategie s involved ,  b y introducin g th e tw o fundamenta l 
procedures ,  matc h an d make-models-explicit . 

M a t c h take s a s inpu t  tw o menta l  model s and ,  i f  i t 
succeeds ,  return s a s outpu t  a n integrate d model ,  fro m whic h 
th e conclusio n i s drawn .  I f  matc h fails ,  th e initia l  model s ar e 
lef t  unchanged ,  an d n o integrate d mode l  i s produced .  Th e 
elementar y step s o f  match ,  whic h look s lik e a  simplifie d 
versio n o f  th e unificatio n algorithm ,  ar e describe d b y th e 
algorith m i n Figur e 3 .  Actually ,  th e matc h algorith m i s 
mor e complex ,  becaus e i t  als o include s fals e state s o f  affair s 
explicitl y  mentione d i n th e premises .  I n Figur e 3  w e hav e 
limite d th e algorith m t o th e case s tha t  appea r  i n th e trial s o f 
th e experimen t  (se e th e previou s section) .  Th e first  argumen t 
Ml  i s th e mode l  o f  th e actua l  situatio n (or ,  i n th e cas e o f 
th e inferenc e task ,  th e secon d premise) ;  th e secon d argumen t 
M2 i s th e mode l  o f  th e premis e agains t  whic h th e specifi c 
situatio n i s t o b e matched .  Matc h operate s i n th e resolutio n 
style ,  b y "resolving "  th e tw o model s int o th e integrate d 
model . 

match(Ml ,M2) : 
i f  fo r  eac h x  [perc(x )  i s i n M l  an d desc(x )  i s i n M 2 ]  the n 

/ *  identif y referents  * / 
retur n a n integrate d mode l  M (wher e al l  th e desc(x )  ar e 
turne d int o perc(x) ) 

els e i f  fo r  eac h x ,  f  [f(x )  i s  i n M l  an d f(x )  i s i n M 2 ]  the n 
/ *  detec t  identitie s * / 
return  M l 

els e fai l 
fi 

Figur e 3 .  Th e matc h algorithm . 

The operation make-models-explicit increases the 
accessibl e informativ e conten t  o f  a  menta l  model .  Th e n a m e 
i s a  genera l  identifie r  fo r  tw o method s (token-explicitatio n 
and model-explicitation )  tha t  ar e triggere d b y differen t 
conditions .  B y "explicitation "  w e m e a n th e operation s tha t 
flesh  ou t  a  mode l  whic h i s no t  exhaustivel y represented. 

Th e firs t  metho d i s  calle d token-explicitation .  T h e 
procedure s o f  mode l  constructio n introduc e onl y th e 
occurrence s o f  token s explicitl y  detecte d o r  mentioned .  I f  w e 
nee d t o reaso n b y takin g int o accoun t  a  fals e stat e o f  affairs , 
we hav e t o mak e i t  explici t  vi a th e generatio n o f  a  negativ e 
token .  A  toke n not- x i s introduce d int o a  mode l  M fo r  eac h 
toke n X  mentione d i n th e premis e an d no t  containe d i n M 
(thi s treatmen t  closel y resemble s th e approache s t o default s 
and no n monotoni c reasonin g i n AI) .  Tlier e exis t  a  hierarch y 
of  difficulty :  a  negativ e toke n i s easie r  t o generat e i f  i t  refer s 
t o a  stat e o f  affair s tha n t o a n actio n ye t  t o occur ;  dealin g 
wit h a  (not )  perceive d stat e o f  affair s i s easie r  tha n dealin g 
wid i  a  (not )  describe d stat e o f  affairs . 

Th e secon d method ,  calle d model-explicitation ,  make s 
explici t  th e model s whic h ar e implici t  i n th e initia l 
representatio n o f  th e premise .  Not e tha t  als o thi s secon d 
metho d employ s th e generatio n o f  negativ e tokens ,  sinc e th e 
introductio n o f  furthe r  model s occur s basicall y vi a th e 
transformatio n o f  th e initia l  explici t  model .  Fo r  instance , 
th e explicitatio n o f  tJi e initia l  mode l  fo r  th e conditiona l  i s 
accomplishe d by ,  first,  generatin g a  negativ e toke n fo r  bot h 
th e anteceden t  an d th e consequen t  and ,  second ,  generatin g a 
negativ e toke n fo r  th e anteceden t  an d leavin g th e consequen t 
unaltere d (se e not e 1) . 

Match ,  whic h involve s "detec t  identities "  an d "identif y 
referents"  (se e Figur e 2) ,  i s  simple r  tha n token-explicitation , 
whic h involve s th e generatio n o f  negativ e token s not-x . 
Token-explicitatio n ha s operationall y th e sam e difficult y o f 
model-explicitation ,  bu t  th e acquisitio n o f  m o d e l -
explicitatio n require s a  longe r  lif e experience ,  sinc e i t 
implie s havin g alread y experience d furthe r  situation s i n 
whic h th e connectiv e i s tru e beyon d th e trivia l  case .  Matc h 
implement s integralio n o f  menta l  models ;  make-models -

explici t  followe d b y a  matc h implement s falsification . 

Propositiona l  reasonin g i s guide d b y th e globa l  strateg y 
describe d i n Figur e 4 .  Th e frame d expression s represen t 
menta l  models ,  th e expression s i n italic s ar e operation s an d 
test s o n models .  Al l  th e task s star t  b y tryin g t o matc h th e 
model  o f  a  stat e o f  affair s agains t  th e mode l  o f  a  premise .  I f 
th e matc h succeeds ,  i t  produce s a n integrate d mode l  an d 
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menta l  mode l  o f 

a stat e o f  affair s 

menta l  mode l 

of  a  premis e 

nmic h ?  _ L £ L 

*  mak e model s 

explici t 

I 

f ^ Q _ matc h . ^  YE S 

* F A I L 

integrate d mode l 

1 
produc e resul t 

I 

RESULT / NO RESPONSE 

Figur e 4 .  Th e globa l  strateg y 

generates a result. This could be either a decision about 
performin g a n action ,  assignin g a  judgement ,  o r  drawin g a n 
inference ,  bu t  i f  i t  happen s tha t  th e integrate d mode l 
support s bot h a  resul t  an d it s  opposite ,  n o respons e i s 
possible' .  O n th e contrary ,  i f  th e matc h fails ,  th e implici t 
informatio n containe d i n th e representatio n i s mad e explici t 
and th e matc h i s newl y attempted .  I f  i t  finally  succeeds ,  th e 
resul t  i s extracte d fro m th e integrate d model ;  otherwis e th e 
whol e proces s fails . 

Th e "menta l  mode l  o f  a  premise "  represent s th e 
acontextua l  meanin g o f  th e connective ,  tha t  i s  th e meanin g 
of  th e premis e expresse d b y on e o f  th e representation s (1) , 
(2 )  an d (3) ,  introduce d a t  th e first  page ,  tha t  possibl y includ e 
implici t 

information. "  Th e "menta l  mode l  o f  a  stat e o f  affairs " 
involve s eithe r  perceive d entitie s (perc(x) )  i n actio n an d 
judgement ,  o r  describe d entitie s (desc(x) )  i n inference . 
Togethe r  wit h th e actua l  Lis k t o accomplish ,  th e mode l  o f  a 
stat e o f  affair s define s th e contex t  fo r  us e o f  a  connective . 
The specifi c  sequenc e o f  operation s involve d dynamicall y 
determine s th e difficult y o f  a  "contextualized "  connective . 

The asterisk s indicat e (erroneous )  possibl e intermediat e 
exit s o f  th e reasonin g prtKess :  i f  th e capacit y o f  th e workin g 
memory i s exhauste d o r  th e followin g operation s ar e no t 
successfull y complete d th e respons e i s give n o n th e basi s o f 
th e manipulatio n execute d s o far . 

Beyon d th e genera l  reasonin g schem a i n Figur e 4 ,  th e 
variou s task s refin e th e globa l  strateg y i n specifi c  ways . 

Comparison between human and 
artificia l  subject s 

The computational model accounts for the analytical 
decompositio n o f  integratio n an d falsificatio n i n term s o f  a 
finit e se t  o f  basi c procedures .  I t  i s  assume d tha t  th e 
constructio n o f  th e initia l  models ,  tha t  precede s thes e tw o 
operations ,  i s  correctl y execute d b y al l  th e subject s o f  an y 
age group .  Th e error s ar e explaine d i n term s o f  failure s tha t 
occu r  eithe r  o n th e executio n o f  th e basi c procedure s o r  i n 
th e sequenc e o f  operations ,  tha t  ma y produc e a  larg e numbe r 
of  intermediat e results ,  thu s exceedin g th e capacit y o f  th e 
woricin g memory . 

As w e canno t  presen t  al l  data ,  th e compariso n betwee n 
th e result s produce d b y th e huma n reasoner s an d th e 
compute r  progra m wil l  focu s o n a  relevan t  case ,  o f  whic h 
we shal l  sho w th e reasonin g step s an d th e breakdow n points . 
The exampl e chose n involve s th e disjunctio n o f  th e state s o f 
affair s p  an d g  (i.e .  eithe r  ther e i s a  p ,  o r  yo u pu t  a  q '  fo r 
action ;  "eithe r  ther e i s a  p  ,  o r  ther e i s a  q "  fo r  judgemen t 
and inference) ;  i n al l  th e thre e task s th e initia l  situatio n i s 
alway s th e stat e o f  affair s p  (se e th e initia l  representation s i n 
Figur e 5) . 

Inferenc e 

Actio n 

Judgemen t 

say 'ther e i s p ' 

say 'ther e i s ( { 

SAY THERE I S NOTQ' 
sa y ' I  don' t  k n o w ' 

pu t  ̂  i n th e b o x 

DO NOTHIN G 
' I  don' t  know ' 

SAY 'TRUE -
say 'false ' 

H u m an subject s 

3- 4 5- 6 8- 9 11-1 2 

11 8 

2 4  1 1 
1 7  1 9 1 9 
6 1 

15 1 5 1 0 5 
4 5  1 0 1 5 
1 

11 1 3 4  9 
9 7  1 6 1 1 

>21 

20 

1 
19 

16 
4 

Artificia l  subject s 
young middl e adul t 

+++ 
++ 
+ 

unpredicte d 

++ 

+ 

unpredicte d 

+-t -

+ 

+ + 
++ + 
++ + + 

unpredicte d unpredicte d 

+ + 

+ + + 

unpredicte d unpredicte d 

+ +- H 

+ + 

Tabl e 1 .  Typ e o f  response s wit h th e frequence s associated . 

3 Consider ,  fo r  instance ,  th e resul t  o f  matchin g th e stat e o f 
affair s "not-p "  agains t  th e explici t  model s fo r  th e conditiona l 
"i f  p  the n q "  i n not e 1 .  Bo t h "q "  an d "not-q "  ar e possibl e 
conclusions . 

•*  T h e genera l  ter m "premise "  i s  specialize d int o "request "  i n 
action ,  "assertion "  i n Judgemen t ,  "firs t  premise "  i n 
inference . 
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The prediction s o f  th e compu t e mode l  ar e summarize d i n 
th e right  sid e o f  Tabl e 1  unde r  th e denominatio n "artificia l 
subjects" .  W e hav e individuate d thre e groups :  voung .  whic h 

roughl y correspond s t o th e first  tw o group s (3- 4 an d 5-6 )  o f 
human subject s (lef t  sid e o f  Tabl e 2) ,  middle ,  whic h 

correspond s t o th e secon d tw o (8- 9 an d 11-12) ,  an d aduit -
The artificia l  subjec t  entrie s expres s prediction s o n th e 
competenc e bu t  no t  o n th e performanc e o f  huma n reasoners: 
what  i s provide d i s a  preferentia l  orde r  o f  th e possibl e 
responses .  T h e mor e "+ "  ther e are ,  th e highe r  i s th e 
preference .  T h e entr y unpredicte d concern s subjects ' 

response s tha t  ar e no t  accounte d fo r  b y th e compute r  model . 
Response s withi n eac h tas k ar e verticall y arrange d accordin g 
t o th e tempora l  orde r  o f  th e possibl e exit s i n th e reasonin g 
process .  Th e correc t  response s ar e i n coita l  letters .  Suc h 
arrangemen t  als o reflects  th e ̂pearance s o f  response s fro m a 
developmenta l  poin t  o f  view . 

Let  u s tur n n o w t o th e reasoning  proces s describe d i n 
Figur e 5 .  Al l  th e thre e task s star t  wit h a  m a t c h ,  tha t 
generate s a n integrate d mode l  p  (perc(p )  i n actio n an d 
judgement ,  desc(p )  i n inference) .  Afte r  th e integration ,  a 
token-explicitatio n i s required ,  i n orde r  t o m a k e th e 
integrate d mode l  explicit .  T w o possibilitie s ar e considered : 

i )  I f  a  subjec t  i s  no t  abl e t o execut e token-explicitation , 
M MT predict s tw o possibilitie s dependin g o n th e fac t  tha t 
subject s hav e a  representation  o f  th e integrate d mode l  no t 
full y  explicit .  Th e first  incorrec t  outpu t  i s  base d o n th e first 
disjunc t  desc(p) .  Th e correspondin g responses  are :  "ther e i s 
p"  i n inference ,  "true "  i n judgement .  Suc h response s ar e 
expecte d fro m huma n subject s fro m 3  t o 6  (voun g artificia l 

subjects) ,  whos e workin g m e m o r y capacit y m a y b e 

exhauste d b y th e integrate d model ,  o n whic h the y ar e force d 
t o bas e thei r  answers .  A  correc t  answe r  m a y b e give n als o 
on th e basi s o f  a n integrate d mode l  no t  full y  explicit .  Thi s 
explain s th e cross-ove r  whic h i s eviden t  i n Tabl e 2 ,  wher e 
children ,  i n contras t  wit h th e othe r  groups ,  perfor m 
judgement s belte r  the n inferences .  N o respons e i s supporte d 
i n action ,  sinc e th e integrate d mode l  involve s onl y a  stat e o f 
affairs .  Th e secon d incorrec t  outpu t  i s  base d o n th e mode l  o f 
th e secon d disjunc t  desc(q) .  Th e correspondin g responses 
are :  "ther e i s q "  i n inference ,  "pu t  q  i n th e box* '  i n action , 
"false "  i n judgement .  Suc h response s ar e expecte d fro m 
human subject s fro m 8  t o 1 2 (middl e artificia l  subjects) , 

w ho tak e int o accoun t  th e secon d disjunc t  (q )  o n it s o w n , 
but  withou t  thinkin g o f  i t  a s a n alternativ e mode l  t o th e on e 
tha t  matche d (p) .  Th e respons e "pu t  q  i n th e box "  i s als o 
expecte d fro m younge r  subjects ,  sinc e i t  i s  th e uniqu e 
possibilit y  i n actio n a t  thi s stage .  Thi s las t  M M T ' s 
predictio n i s strengthene d b y Ui e pragmati c consideratio n 
tha t  i t  i s  har d fo r  a  chil d t o retai n fro m acting ,  i n ou r 
experimenta l  setting . 

Tabl e 2  show s tha t  th e predicte d tren d i s confirme d fo r 
subject s o f  8-9 ,  11-1 2 an d ove r  2 1 year s (Page' s L  Test : 
L=439.5 ;  p<.(XX)01) .  Surprisingly ,  th e highes t  percentag e o f 
correc t  response s o f  younge r  subject s i s obtaine d exactl y i n 
judgement .  Suc h results  ar e accounte d fo r  b y th e analysi s o f 
th e totalit y o f  possibl e response s i n Tabl e 1 .  Le t  u s analyz e 
whethe r  huma n response s o n th e lef t  follo w th e prediction s 
on th e right.  Th e expectation s ar e full y  confirme d i n al l  th e 
task s fo r  th e group s 3- 4 an d 5- 6 wit h respec t  t o young . 
Thing s ar e slightl y les s smoot h fo r  th e group s 8- 9 an d 11 -
12 wit h respec t  t o middle ,  sinc e th e tendenc y t o answe r 

Inferenc e Actio n Judgemen t 

ldesc(p ) 
desc(p ) 

match ? — 

desc(q ) 

token-explicitatio n 

(integrated-modell ) 

|desc(p )  not- q 

produce-inferenc e — 

not-q 

berc(p ) 
clesc(p ) 

V 7 
match ? —I 

put(desc(q) ) 

r 

bcrc(p )  I 

token-explicitation 

integrated-modell ) 

perc(p )  not-put(q ) 

select-actio n — 

DO NOTHING 

|perc(p ) desc(p ) 

match ? - 1 

desc(q ) 

|perc(p ) 

token-explicitatio n _ ^ 
(integrated-modell ) 

token-explicitation 

—(situation ) 

perc(p )  not- q I  |perc(p )  not-q | 

match ? —1 

TRUE 

Figur e 5 .  Th e thre e reasonin g processes . 
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correctl y run s faste r  tha n th e mode l  prediction ,  especiall y 
ininferenc e (bot h groups )  an d actio n (11-1 2 group) .  Finally , 
th e grou p >2 1 conflrm s th e prediction s give n fo r  adult ,  wit h 
onl y mino r  change s i n inference ,  wher e n o wron g 
conclusio n occurs ,  eve n i f  som e wer e predicte d b y th e 
model . 

age 

3- 4 

5- 6 

8-9 

11-1 2 

>21 

globa l 

Inferenc e 

5 

35 

95 

95 

100 

66 

Actio n 

20 

20 

50 

75 

95 

53 

Judgemen t 

55 

65 

20 

45 

80 

53 

globa l 

percentage s 

27 

42 

55 

72 

92 

57 
percentage s 

Table 2. Percentages of correct responses. 

ii) If subjects are able to execute token-explicitation, they 
meet  differen t  degree s o f  difficult y i n dependenc e o n th e typ e 
of  token .  I t  i s  mor e difficul t  t o generat e a  negativ e toke n 
tha t  assert s th e non-executio n o f  a n action ,  rathe r  tha n t o 
generat e a  toke n tha t  falsifie s a  stat e o f  affairs :  th e forme r 
involve s a n actio n ye t  t o occur ,  th e latte r  involve s a  stat e o f 
affair s immediatel y testabl e b y perceptio n o r  verba l 
description .  Th e completio n o f  token-explicitatio n shoul d 
allo w subject s t o correctl y answe r  i n th e task s o f  inferenc e 
and action ,  "ther e i s no t  q "  an d "d o nothing "  respectively . 
But  th e differenc e o f  difficult y mentione d abov e predict s tha t 
a correc t  answe r  come s a t  a  younge r  ag e i n inferenc e tha n i n 
action .  Afte r  th e token-explicitation ,  judgemen t  require s a 
furthe r  explicitatio n o f  th e mode l  o f  th e situatio n an d agai n a 
match .  Th e correc t  respons e i n judgement ,  tha t  i s  "true" ,  i s 
expecte d from  th e adul t  group . 

Thus ,  th e compute r  mode l  predict s fo r  disjunctio n th e 
followin g trend :  judgmen t  i s muc h mor e difficul t  tha n bot h 
actio n an d inference ;  actio n i s mor e difficul t  tha n inference , 
but  th e differenc e betwee n th e latte r  tw o i s les s remarkable . 

I n conclusion ,  artificia l  subject s appea r  t o realistically 
reproduc e th e actua l  behavio r  observe d i n experimenta l 
subjects . 

Conclusion 

Our interpretation of the presented results is: 
1)  M M T account s fo r  prepositiona l  reasonin g i n th e thre e 

situation s described :  action ,  judganen t  an d inference ; 
2)  Developmen t  i n prepositiona l  reasonin g i s explaine d 

by a  refinemen t  o f  M M T ; 
3)  A  compute r  mode l  i s presented ,  whic h simulate s th e 

develojanen t  o f  competenc e i n projwsiticMia l  reasoning . 
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