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Malcol m I .  Baue r  an d P.N .  Johnson-Lair d 

Departmen t  o f  Psycholog y 
Princeto n Universit y 

Gree n Hal l 
Princeton ,  N J 0854 4 
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A b s t r a c t 

We repor t  tw o experiment s o n th e 
effect s o f  diagram s o n reasoning .  Bot h studie s 
use d "doubl e disjunctions" ,  e.g. : 

Raphael is in Tacoma or Julia is in Atlanta, or 
both . 
Juli a i s i n Atlant a o r  Pau l  i s  i n Philadelphia ,  o r 
both . 
W h at  follows ? 

Subjects find it difficult to deduce a valid 
conclusion ,  suc h as : 

Juli a i s i n Atlanta ,  < x bot h Raphae l  i s 
i n Tacom a an d Pau l  i s  i n Philadephia . 
I n th e firs t  study ,  th e forma t  o f  th e premise s wa s 
eithe r  verba l  o r  diagrammatic ,  an d th e diagram s 
use d icon s t o distinguis h betwee n inclusiv e an d 
exclusiv e disjunctions .  Th e result s corroborate d 
th e predictio n tha t  inclusiv e disjunction s woul d 
be harde r  tha n exclusiv e disjunctions ,  bu t 
diagram s ha d n o effec t  o n performance .  I n 
Experimen t  2 ,  th e diagram s m a d e alternativ e 
possibilitie s explici t  Th e subject s responde d 
faste r  an d dre w m a n y mor e vali d conclusion s 
(nearl y 3 0 % )  fro m th e diagram s tha n fro m th e 
verba l  premises .  T h e result s suppor t  th e 
predictio n tha t  diagram s tha t  mak e explici t  th e 
alternativ e state s o f  affair s neede d fo r  reasonin g 
shoul d improv e performance .  W e discus s thes e 
result s i n term s o f  th e theor y o f  menta l  model s 
(Johnson-Laird .  1983) . 

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

Disjunctive reasoning pervades our lives. In a 
complex ,  technologica l  world ,  w e ar e frequently 
face d wit h man y alternative s tha t  w e mus t  reaso n 

about .  Ofte n w e reaso n poorly ,  an d i n critica l 
situation s thi s ca n lea d t o disastrou s results .  Fo r 
example ,  th e operator s o f  th e Thre e Mil e Islan d 
nuclea r  powe r  plan t  assume d tha t  th e hig h 
temperatur e o f  a  relie f  valv e wa s du e t o a  leak , 
and ovCTlooke d th e possibilit y  tha t  th e valv e wa s 
stuc k open .  Similarly ,  th e maste r  o f  th e Englis h 
Channe l  ferry .  Th e Heral d o f  Fre e Enterprise , 
inferre d tha t  th e b o w doo r  ha d bee n closed ,  an d 
overlooke d th e possibilit y  tha t  the y ha d bee n lef t 
open .  Engineer s a t  Chernoby l  foun d a  fault y 
explanatio n fo r  th e initia l  explosion ,  an d faile d t o 
consido -  tha t  th e reacto r  ha d bee n destroyed .  I n 
eac h o f  thes e case s peopl e erre d b y failin g t o 
conside r  alternatives .  Perhap s i f  th e system s 
the y use d mad e th e disjunctiv e explanation s mor e 
available ,  thes e disaster s migh t  hav e bee n 
averted . 

I n recen t  years ,  ther e ha s bee n m u c h interes t  i n 
h o w th e us e o f  visua l  representation s migh t  ai d 
thinking .  However ,  severa l  researcher s hav e 
bee n pessimisti c abou t  usin g diagram s t o ai d i n 
inference ,  especiall y disjunctiv e reasoning .  I n a 
pioneerin g paper ,  Larki n an d S imo n (1987 ) 
distinguishe d th e rol e o f  diagram s i n thre e 
separat e sort s o f  process :  search ,  recognition , 
and inference .  The y showe d h o w diagram s ca n 
hel p searc h an d recognition ,  bu t  abou t  inferenc e 
the y wrote :  "I n vie w o f  th e dramati c effect s tha t 
alternativ e representation s ma y produc e o n searc h 
an d recognitio n processes ,  i t  m a y see m 
surprisin g tha t  th e differentia l  effect s o n inferenc e 
appea r  les s strong .  Inferenc e i s  largel y 
independen t  o f  representatio n i f  th e informatio n 
conten t  o f  th e tw o set s o f  inferenc e rule s [on e 
operatin g o n diagram s an d th e othe r  operatin g o n 
verba l  statements ]  i s  equivalent—i.e .  di e tw o set s 
ar e isomorph s a s the y ar e i n ou r  examples ,  (p . 
71). "  Barwis e an d Etchemend y (1992 )  hav e 
recentl y argue d tha t  diagram s an d picture s ar e 
goo d a t  presentin g a  wealt h o f  specifi c 
conjunctiv e information .  "I t  i s  muc h harde r  t o 
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us e them, "  the y say ,  "t o presen t  indefinit e 
information ,  negativ e information ,  o r  disjunctiv e 
information. "  Suc h informatio n i s ofte n bette r 
conveye d b y sentences ,  an d s o thei r  jiedagogica l 
program ,  Hyperproof ,  make s us e o f  bot h 
diagram s an d sentences . 

Althoug h researcher s ar e pessimistic ,  existin g 
theorie s d o no t  stat e tha t  diagram s wil l  neve r  ai d 
i n disjunctiv e reasoning ,  bu t  rathe r  researcher s 
hav e no t  bee n abl e t o thin k o f  h o w diagram s 
migh t  help .  A t  th e sam e time ,  i n man y field s 
ther e i s m u c h interes t  i n developin g bette r 
representation s fo r  reasonin g an d learnin g 
(Reiser .  Bedcelaar ,  Tyle ,  an d Merrill ,  1991) .  Th e 
curren t  pape r  give s a  theoretica l  basi s fo r  w h y 
diagram s ca n hel p reasonin g wit h disjunction s 
and negations ,  an d describe s tw o expoiment s tha t 
giv e empirica l  suppor t  t o ou r  claims . 

I n contras t  t o th e pessimis m expresse d above , 
th e theor y o f  menta l  model s (Johnson-Laird , 
1983 )  doe s predic t  tha t  certai n sort s o f  diagram s 
shoul d improv e reasoning ,  an d especiall y 
disjunctiv e reasoning .  Accordin g t o th e theor y 
subject s reaso n b y a )  constructin g a  mode l  o f  a 
situatio n consisten t  wit h give n informatio n an d 
backgroun d knowledge ,  b )  determinin g a 
conclusio n tha t  i s tru e o f  th e model ,  an d subjec t 
t o certai n othe r  constraint s (e.g .  parsimony )  an d 
c )  searchin g fo r  alternativ e model s i n whic h th e 
conclusio n doe s no t  hold .  I f  the y canno t 
construc t  suc h alternativ e models ,  the y assum e 
thei r  conclusio n i s tru e (Johnson-Laird ,  1983 ; 
Johnson-Lair d an d Byrne ,  1991) .  Accordin g t o 
th e theor y o f  menta l  models ,  a  majo r  sourc e o f 
error s i n reasonin g i s th e difficult y peopl e hav e 
i n representin g severa l  model s simultaneously . 
Hence ,  deduction s i n whic h subject s ca n 
construc t  a  vali d conclusio n from  onl y on e 
model  shoul d b e easie r  tha n thos e tha t  requir e 
subject s t o generaliz e acros s severa l  models ,  an d 
erroneou s conclusion s shoul d b e consisten t  wit h 
th e trut h o f  th e premises ,  becaus e th e subject s 
conside r  some ,  bu t  no t  all ,  o f  th e possibl e 
models .  Thes e predictions ,  whic h ar e no t  mad e 
by theorie s base d o n forma l  rule s (Braine ,  1978 ; 
Rips ,  1983) ,  hav e bee n corroborate d i n studie s o f 
al l  th e mai n sot s o f  deductira i  (se e Jdinson-Lair d 
and Byrne ,  1991 ,  fo r  a  summar y o f  th e results) . 
The difficult y i n reasonin g wit h severa l  model s 
simultaneousl y implie s tha t  an y devic e tha t  help s 
reasoner s t o kee p trac k o f  alternativ e model s o f 
th e premise s shoul d improv e performance . 
Therefore ,  diagram s tha t  mak e explici t  th e 
alternativ e state s o f  affair s neede d fo r  reasonin g 
shoul d improv e performance . 

A phenomeno n tha t  i s pertinen t  t o ou r  presen t 
discussio n i s th e break-dow n o f  deductiv e 

paformanc e wit h so-calle d "doubl e disjunctions" . 
suc h as : 

Raphael is in Tacoma or Julia is in Atlanta, or 
both . 

JuUa is in Atlanta or Paul is in Philadelphia, or 
both . 
What  follows ? 

(cf. Johnson-Laird, Byrne, and Schaeken, 1992). 
Subject s find  thes e (X'oblem s exceedingl y difficul t 
compare d t o m a n y othe r  type s o f  reasonin g 
problems .  I f  w e ca n fin d a  w a y t o improv e 
subject s reasonin g wit h thes e problems ,  i t  i s 
likel y tha t  th e principl e wil l  appl y t o man y othe r 
type s o f  disjunctiv e reasoning .  Th e premise s fo r 
th e proble m abov e suppor t  five  alternativ e 
models : 

t a p , 
t  a 

a p 
a 

t  P 
wher e eac h lin e represent s a  separat e mode l  o f  a 
possibl e stat e o f  affairs ,  "t "  denote s R ^ h a e l  i n 
Tacoma,  "a "  denote s Juli a i n Atlanta ,  an d "p " 
denote s Pau l  i n Philadelphia .  I t  i s  difficul t  t o 
dra w a  vali d conclusion ,  e.g .  "Raphae l  i s i n 
Tacoma an d Pau l  i s  i n Philadephia ,  o r  Juli a i s i n 
Atlanta "  becaus e on e mus t  enumerat e al l  five 
models ,  an d for m a  generalizatio n tha t  hold s fo r 
them .  Th e statemen t  "Juli a i s i n Atlanta "  i s tru e 
of  th e firs t  fou r  models ,  th e statemen t  "Raphae l 
i s i n Tacom a an d Pau l  i s i n Philadelphia "  i s tru e 
of  th e fifth  model ,  an d s o a  disjunctio n o f  th e 
two :  "Juli a i s i n Atlanta ,  o r  Raphae l  i s i n 
Tacoma an d Pau l  i s  i n Philadelphia "  result s i n a 
conclusio n tha t  hold s acros s al l  five  models . 
Accordin g t o th e mode l  theory ,  inclusiv e 
disjunction s (i.e .  proposition s tha t  stat e "o r 
both "  a s above )  shoul d b e harde r  tha n exclusiv e 
disjunction s (i.e .  proposition s tha t  stat e "bot h 
not  both "  )  becaus e mor e model s ar e required .  I n 
addition ,  a  'contrary '  proble m i n whic h on e 
atomi c expressio n i s contrar y t o anothe r 

Raphael is in Tacoma or Julia is in Atlanta or 
bot h 
Juli a i s i n Seattl e o r  Pau l  i s  i n Philadelphi a o r 
bot h 
What  foUows ? 

should harder than an 'identical' problem in which 
th e identica l  propositio n occur s i n bot h 
disjunction s (a s i n th e fws t  exampl e above) .  Ou r 
ai m i n th e presen t  stud y wa s t o tes t  th e 
predictio n tha t  suc h reasonin g woul d b e improve d 
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Taooma^ /  \ 

' (  Pau l  ) ' 

Philadelphi a 

d / C Juli a ) \  \ 3 

V Atlant a J 

What  follows ? 

Figur e 1 

by th e us e o f  diagrams  tha t  mak e alternative s 
explici t  W e ra n tw o experiment s t o investigat e 
thi s issu e usin g th e doubl e disjunctio n problems . 
I n bot h studie s w e use d fou r  doubl e disjunctio n 
proble m generate d b y th e inclusive/exclusiv e an d 
th e 'identical/contrary '  dimensions .  Th e first 
stud y use d diagram s suc h a s th e on e i n Figur e 1 . 
The squar e bo x stand s fo r  inclusiv e disjunction . 
We use d a  crosse d circl e t o represen t  exclusiv e 
disjunctio n i n othe r  problems .  W e ra n tw o 
condition s -  on e consistin g o f  th e problem s i n 
diagrammati c for m an d th e odie r  i n th e verba l 
form .  Th e experimen t  di d confir m tha t  inclusiv e 
problem s ar e harde r  tha n exclusive ,  an d tha t 
contrar y problem s ar e harde r  tha n identica l 
problems .  However ,  th e diagram s di d no t  appea r 
t o hel p ou r  subject s t o reason .  Subject s generate d 
2 8 % correc t  conclusion s fo r  th e diagra m 
conditio n an d 3 2 % correc t  conclusion s i n th e 
verba l  condition .  I n retrospect ,  th e diagrams 
probabl y faile d t o mak e sufficientl y explici t  th e 
alternativ e state s o f  affairs ,  o r  whethe r  th e 
disjunction s wer e exclusiv e o r  inclusive .  The y 
use d a n arbitrar y symbo l  t o represen t  th e for m o f 
th e disjunction ,  e.g .  a  bo x represente d inclusiv e 
disjunction .  Similarly ,  th e diagram s faile d t o 
make explici t  negativ e instance s o f  constituen t 
propositions ,  i.e .  a  particula r  individua l  nee d no t 
be withi n th e ova l  representin g a  cit y i n orde r  t o 
satisf y a  premise .  Subject s coul d imagin e th e 
individua l  outsid e th e oval ,  bu t  th e diagra m itsel f 
di d no t  m a k e thi s possibilit y  explicit .  I n 
Experimen t  2 ,  w e accordingl y use d a  differen t 
sor t  o f  diagram . 

E x p e r i m e n t  2 

The aim of the experiment was to test whether 
subject s woul d reaso n mor e accuratel y wit h 
diagram s tha t  mad e alternativ e an d negativ e 
state s o f  affair s explici t  tha n wit h verba l 

premises .  T o examin e th e generalit y o f  th e 
phenomenon ,  w e use d tw o differen t  domains ,  on e 
conceme d peopl e an d place s (a s i n Experimen t  1 ) 
and th e othe r  switche s an d lights . 

M E T H OD 

Design: We tested four independent groups of 
subject s base d o n tw o factors :  whethe r  th e 
domai n wa s peopl e an d place s o r  electrica l 
circuits ,  an d whethe r  th e forma t  wa s verba l  o r 
diagrammatic .  Becaus e w e foun d n o differenc e 
betwee n th e domain s fo r  th e measure s relevan t  t o 
thi s paptT ,  w e wil l  describ e onl y th e people-and -
plac e domain .  Th e problem s wer e doubl e 
disjunction s o f  th e sam e sor t  a s Experimen t  1 : 
eac h grou p carrie d ou t  fou r  problem s base d o n 
exclusiv e an d inclusiv e disjunction s tha t  wer e 
identica l  o r  contrary .  W e use d William s square s 
t o counterbalanc e th e ord ^  o f  presentatio n o f  th e 
fou r  problem s ove r  th e subject s i n eac h group . 
Materials:Th e verba l  representatio n o f  th e 

people-plac e domai n wa s simila r  t o Experimen t 
1.  However ,  th e diagrammati c representatio n o f 
disjunctio n an d negatio n mad e explici t  th e 
alternativ e possibilities .  Figur e 2  show s th e 
diagra m fra -  th e people-and-place s proble m o f  th e 
identica l  inclusiv e disjunctio n problem ,  "Raphae l 
i s i n Tacom a o r  Juli a i s i n Atlant a o r  both .  Juli a 
i s i n Atlant a o r  Pau l  i s i n Philadelphi a o r  both . 
What  follows? "  Th e subject s understoo d tha t 
the y ha d t o complet e a  pat h fro m on e sid e o f  th e 
figur e t o th e othe r  b y insertin g th e shape s 
correspondin g t o peopl e int o th e slot s i n th e pat h 
correspondin g t o places .  A s th e figure  shows , 
th e shap e correspondin g t o a  perso n ca n fit  onl y 
int o a  similarl y shape d slo t  correspondin g t o a 
place .  Hence ,  i n thi s case ,  th e shap e designatin g 
Raphael  coul d b e i n Tacom a o r  no t  i n Tacom a 
(i.e .  no t  fitted  int o th e Tacom a slot) .  Th e Juli a 
shap e i s duplicate d t o for m th e "barbell "  shap e 
becaus e sh e occur s i n bot h premise s o f  th e verba l 
representatio n o f  th e problem .  T o represen t 
exclusiv e disjunctio n ,  th e tw o disjunc t  shape s 
had attachment s tha t  occupie d eac h other' s slot , 
and s o i f  on e shap e wa s inserte d int o it s slo t  th e 
othe r  wa s prevente d fro m bein g inserte d int o it s 
slot .  Figur e 3  give s a n exampl e o f  thi s fo r  a 
contrar y exclusiv e problem . 

Subjects :  W e teste d 4 8 Princeto n Universit y 
undergraduat e volunteer s (1 2 i n eac h group) ,  an d 
non e o f  the m ha d an y trainin g i n forma l  logi c o r 
circui t  analysis .  The y wer e pai d $ 5 fo r 
participatin g i n th e experiment ,  whic h laste d fo r 
abou t  3 5 minutes . 
P r o c e d u r e ;  T h e subject s wer e teste d 
individually .  The y wer e tol d tha t  the y woul d 
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paphae l j  ^ ^ a u ^ 

Taooma i— , 

_i  Atlant a i -
I  I 

i^hiladelphla^ ^ 
X ^ 

^  * 
% ^ 

i  Atlant a j " 

Juli a Juli a 

T h e even t  i s occurring . 

W h at  follows ? 

Figur e 2 

J Lo s Angele a , 

Marci e 

J Baltimor e ^ 

^ ^ i n n e a p o l i s ^ i 

^  Detroi t  f 

T h e even t  i s occurring . 

W h at  follows ? 

Figur e 3 

solv e a  iHactic e proble m an d fou r  othe r  problems . 
The tas k wa s explaine d t o them .  I n th e verba l 
condition s w e explaine d th e interpretatio n o f 
inclusiv e an d exclusiv e disjunction s an d wen t  o n 
t o explai n tha t  on e perso n coul d no t  b e i n tw o 
place s a t  once .  I n th e diagra m condition s subject s 
wer e give n th e meaningfu l  diagra m connector s 
and the n wer e tol d h o w the y coul d b e intopreted . 
analogou s t o th e meanin g o f  disjunctio n i n th e 
verba l  conditions . 

R e s u l t s 

In contrast to experiment 1, the 
diagrammati c presentatio n increase d accurac y i n a 
strikin g way :  th e subject s dre w 7 4 % correc t 
conclusion s i n compariso n wit h 4 6 % correc t 
conclusion s fo r  th e verba l  problem s (F(l,44 )  = 
14,9 ,  p  <  0.001) .  Th e result s conobOTate d th e 
predicte d difficdt y wit h contrar y problem s ( 5 4 % 
correc t  compare d wit h identica l  problem s 6 7 % 
correct ,  F(l,44 )  =  4.2 ,  p  <  0.05) )  an d th e great w 
eas e o f  exclusiv e (76% )  ove r  inclusiv e (45% ) 
disjunctio n (F(l,44 )  =  24.3 .  p  <  0.001) .  Th e 
analyse s ar e base d o n poolin g th e dat a fro m th e 
circuit s an d people-and-place s {H-oblems ;  thi s 
variabl e ha d n o effec t  o n eithe r  accurac y o r  spee d 
of  response .  W e examine d th e mea n respons e 
time s (i n seconds )  fo r  th e problems .  Becaus e 
ther e wer e fe w correc t  response s f w th e inclusiv e 
disjunctio n problem s i n di e writte n fcmnat ,  w e 
coul d no t  mak e a  statistica l  tes t  o f  th e respons e 
time s f(x-jus t  th e correc t  conclusions .  Instead ,  w e 
analyze d th e respons e time s fcM "  al l  conclusions , 
bot h correc t  an d incorrect .  Th e subject s 
responde d reliabl y faste r  t o th e diagram s (9 9 
seconds )  tha n t o th e verba l  problem s (13 5 
seconds :  F(1.44 )  =  8.59 ,  p  <  0.01) .  Th e 
subject s responde d faste r  t o exclusiv e 
disjunction s (10 4 seconds )  tha n t o inclusiv e 
disjunctive s (13 0 seconds :  F(1.44)=24.3 ,  p  < 
.001) ,  an d the y responde d faste r  t o identica l 
problem s (9 7 seconds )  tha n t o contrar y problem s 
(13 7 seconds :  F(l,44)=52.2 ,  p  <  .001) .  I n 
summary ,  th e subject s wer e faste r  an d mor e 
likel y t o mak e a  vali d inferenc e fro m th e 
diagram s tha n fro m th e verba l  premises ,  an d 
inclusio n an d contrar y problem s wer e harde r  a s 
piedKted . 

G e n e r a l  D i s c u s s i o n 

In Experiment 1 diagrams did not improve 
reasonin g wit h doubl e disjunctions ,  bu t  i n 
Experimen t  2  the y ha d a  massiv e effec t  -  a  3 0 % 
improvemen t  Th e diagram s i n Experimen t  1 
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calle d fo r  considerabl e inteipretadon :  disjunctio n 
was signale d onl y b y a n icon ,  an d th e differenc e 
betwee n inclusiv e an d exclusiv e disjunctio n b y a 
differenc e i n th e shap e o f  th e icon .  I n 
Experimen t  2 ,  however ,  th e diagram s graphicall y 
depicte d th e alternativ e state s o f  affair s includin g 
th e contras t  betwee n negatio n an d affirmation . 
I n reasonin g wit h thes e diagrams ,  th e subject s 
wer e faste r  an d mor e accurat e tha n i n reasonin g 
fro m verba l  premises .  Althoug h th e diagram s 
wer e static ,  th e subject s coul d readil y envisag e 
alternativ e way s o f  completin g th e circui t  o r  pat h 
by movin g thi s piec e o r  tha t  int o it s appropriat e 
slo t  (th e disjunctiv e alternatives) ,  an d the y coul d 
readO y envisag e th e completio n o f  on e par t  o f  a 
pat h a s oppose d t o leavin g i t  incomplet e (th e 
contras t  betwee n affirmatio n an d negation) .  I t 
appear s tha t  diagram s tha t  mak e th e alternativ e 
state s o f  affair s i n a  proble m mor e explici t  hel p 
subject s t o reaso n mor e r^idl y an d accurately . 

We dra w tw o mai n conclusions .  First ,  a 
diagra m pe r  s e ma y no t  b e helpful ,  bu t  certai n 
diagram s ca n hel p subject s t o reaso n mor e rapidl y 
and mor e accuratel y — eve n i n th e cas e o f 
disjunctions .  Second ,  i f  diagram s ar e t o hel p 
reasoners ,  the y shoul d represen t  alternativ e state s 
of  affair s explicidy .  Finally ,  althoug h w e 
shoul d lik e t o clai m t o hav e discovere d tha t 
diagram s ca n improv e disjunctiv e reasoning ,  w e 
not e tha t  Simo n (1991 .  p .  96 )  report s anecdotall y 
tha t  engineer s understoo d Suprem e Cour t  case s 
bette r  whe n h e taugh t  i n term s o f  switc h 
position s i n circui t  diagram s representin g th e 
yesAi o decision s o f  th e cour t 
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