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Abstrac t 

Current models of graph understanding typically address the 
encodin g an d interpretiv e processe s involve d durin g th e cours e 
of  comprehensio n an d largel y focu s o n th e visua l  propertie s o f 
th e graph .  A n experimen t  comparin g reasonin g wit h tw o type s 
of  grap h i s presented .  O n th e basi s an d scop e o f  existin g mod -
els ,  performanc e wit h th e tw o graph s woul d no t  b e predicte d t o 
diffe r  substantially .  Ther e ar e substantia l  computationa l  differ -
ences betwee n th e graphs ,  however .  I t  i s  suggested ,  therefore , 
tha t  a n adequat e mode l  o f  grap h us e mus t  incorporat e differen t 
combination s o f  visua l  propertie s o f  th e graphs ,  level s o f  grap h 
complexity ,  interpretiv e schema s an d tas k requirements . 

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

Graph s ar e widel y use d t o represen t  quantitativ e informatio n 
i n man y sphere s o f  h u m a n activity .  The y ar e commonl y en -
countere d i n busines s an d th e medi a an d ar e ubiquitou s i n 
scienc e an d engineering .  Th e essentia l  propert y c o m m o n t o 
al l  graph s i s a  mappin g betwee n th e quantitativ e informatio n 
bein g represente d an d visua l  dimension s (suc h a s length ,  siz e 
or  colour )  o f  specifi c  graphica l  elements .  Thi s visuo-spatia l 
representatio n o f  numerica l  informatio n allow s perceptua l  in -
ference s t o b e mad e rathe r  tha n ofte n mor e difficul t  an d time -
consumin g logica l  reasonin g o r  numerica l  computation . 

Researc h int o grap h comprehensio n ha s largel y focusse d 
on specifyin g th e visua l  an d structura l  propertie s o f  particula r 
type s o f  grap h an d o n providin g analyse s o f  th e variou s task s 
involve d i n grap h understandin g (Bertin ,  1983 ;  Clevelan d & 
McGill ,  1985 ;  Kosslyn ,  1989 ;  Pinker ,  1990) .  Researcher s 
hav e als o develope d account s o f  variou s perceptua l  an d cog -
nitiv e processe s involve d i n grap h interpretatio n (Carpente r  & 
Shah,  1998 ;  Gatti s &  Holyoak ,  1996 ;  Lohse ,  1993 ;  Tabach -
neck ,  Leonardo ,  «f e Simon ,  1994) . 

Althoug h researcher s ar e producin g eve r  mor e detaile d an d 
sophisticate d model s o f  graphica l  perception ,  th e scop e o f 
much o f  thi s researc h remain s rathe r  narrow .  Eac h stud y typ -
icall y examine s th e propertie s o f  onl y on e particula r  clas s o f 
grap h (e.g .  Gatti s &  Holyoak ,  1996 ;  Kosslyn ,  1989) .  I n ad -
dition ,  mos t  o f  thes e investigation s hav e concentrate d o n th e 
processe s o f  grap h comprehensio n (e.g .  Carpente r  &  Shah , 
1998 ;  Pinker ,  1990 ;  Sha h &  Carpenter ,  1995 )  whil e les s re -
searc h ha s bee n carrie d ou t  o n th e actua l  us e o f  graph s fo r 
reasonin g an d proble m solving . 
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Ther e ar e differen t  classe s an d subtype s o f  graph ,  eac h wit h 
characteristi c feature s whic h m a y b e mor e o r  les s appropriat e 
fo r  representin g certai n type s o f  informatio n o r  facilitatin g d -
ifferen t  perceptua l  an d cognitiv e operations .  A  cas e m a y b e 
made bot h fo r  conductin g comparativ e analyse s o f  differen t 
grap h type s an d fo r  studyin g graph-base d reasoning .  First -
ly ,  becaus e differen t  type s o f  grap h m a y b e use d t o represen t 
th e sam e information ,  tw o graph s m a y b e create d whic h ar e 
informationall y equivalen t  withou t  necessaril y  bein g compu -
tationall y equivalen t  (fo r  discussion s o f  thes e issue s se e Si -
m o n,  197 8 an d Larki n &  Simon ,  1987) .  Comparin g th e be -
haviou r  o f  subject s carryin g ou t  th e sam e tas k usin g thes e 
tw o graph s m a y she d ligh t  bot h o n subjects '  menta l  repre -
sentation s o f  particula r  graph s an d th e representationa l  an d 
computationa l  propertie s o f  th e graphs .  I n addidon ,  b y usin g 
a wid e rang e o f  problems ,  on e ca n produc e a  ric h an d varie d 
set  o f  behavioura l  dat a whic h ca n revea l  comple x interaction -
s betwee n th e grap h user' s knowledge ,  th e visua l  propertie s 
of  th e grap h an d th e differen t  perceptua l  an d cognitiv e op -
eration s afforde d b y th e typ e o r  clas s o f  graph .  Graph s an d 
question s m a y als o b e produce d specificall y t o tes t  hypothe -
ses abou t  th e effec t  o f  particula r  factors .  Result s o f  thes e test s 
m ay the n b e use d t o specif y th e factor s an d component s nec -
essar y fo r  a n adequat e mode l  o f  grap h use .  I n thi s pape r  w e 
presen t  result s o f  a n experimen t  designe d t o identif y som e 
of  thes e factor s usin g th e methodolog y ouUine d above .  I n a 
previou s study ,  th e clas s o f  lin e graph s wa s delineate d an d 
analyse d i n term s o f  a n ontolog y o f  graphica l  component s 
share d b y th e constituen t  grap h type s (Cheng ,  Cupi t  &  Shad -
bolt ,  1998) .  I n thi s experiment ,  th e propertie s o f  tw o type s 
of  lin e grap h identifie d b y Chen g e t  al .  ar e compared .  I n th e 
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Figur e 1 :  Grap h type s use d i n th e experiment ,  (a )  Combine d 

Singl e Unar y ( C S U )  graph ;  (b )  Doubl e Unar y Parametri c 

( D U P)  grap h 
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first,  calle d a  Combine d Singl e Unar y (CSU )  grap h (se e Fig -
ur e la) ,  tw o dependen t  variables ,  eac h o f  whic h represent s a 
singl e unar y functio n o f  a n independen t  variabl e plotte d o n 
th e horizonta l  x  axis ,  ar e represente d a s separat e line s super -
impose d o n a  singl e co-ordinat e space ,  th e value s o f  whic h 
ar e plotte d o n th e vertica l  y  axis .  I n th e second ,  name d a 
Doubl e Unar y Parametri c ( D U P )  grap h (Figur e lb) ,  th e l -
wo dependen t  variable s ar e represente d o n th e x  an d y  axe s 
and th e value s o f  th e independen t  variabl e ar e represente d b y 
point s o n th e plotte d line . 

Thes e graph s woul d b e considere d simila r  i n variou s im -
portan t  way s identifie d i n th e literature .  Firstly ,  the y ar e infor -
mationall y equivalent ,  havin g bee n generate d fro m th e sam e 
dat a se t  (Larki n &  Simon ,  1987) .  Secondly ,  the y ar e bot h 
diagram s usin g locationa l  indexin g o f  informatio n (Lark m & 
Simon ,  1987) .  Thirdly ,  the y ar e bot h Cartesia n graph s us -
in g a  tw o dimensiona l  co-ordinat e syste m t o relat e quantitie s 
and represen t  magnitudes ,  s o presumabl y woul d invok e simi -
la r  genera l  schema s an d interpretiv e processe s (Pinker ,  1990 ; 
Kosslyn ,  1989) .  Fourthly ,  the y ar e bot h simpl e lin e graph s 
so th e sam e se t  o f  generji l  heuristic s ca n b e use d i n thei r  in -
terpretatio n an d the y woul d als o b e affecte d b y th e sam e se t 
of  biase s (Carpente r  &  Shah ,  1998 ;  Sha h &  Carpenter ,  1995 ; 
Gatti s &  Holyoak .  1996) . 

As wil l  b e demonstrate d i n th e experiment ,  C S U an d D U P 
graph s diffe r  substantiall y  i n computationa l  terms .  Bu t  i t  i s 
unclear ,  give n th e basi s an d scop e o f  an y on e curren t  mode l  o f 
grap h comprehension ,  h o w th e difference s i n th e graph s ma y 
be explained .  Th e detaile d analysi s o f  subjects '  behaviour s o n 
selecte d problem s suggest s tha t  a n adequat e mode l  o f  grap h 
us e mus t  integrat e differen t  permutation s o f  visua l  propertie s 
of  th e graphs ,  level s o f  grap h complexity ,  knowledg e o f  ap -
propriat e interpretiv e schema s an d tas k requirements . 

Experiment 

A se t  o f  informationall y equivalen t  C S U an d D U P graph s wa s 
create d an d a  numbe r  o f  question s abou t  th e dat a represent -
ed b y th e graph s wer e constructed .  A n additiona l  facto r  wa s 
include d i n th e experimen t  design—tha t  o f  grap h complexi -
ty .  A s a  workin g hypothesis ,  w e hav e adopte d Carpente r  an d 
Shah' s (1998 )  equatio n o f  th e graphica l  complexit y  o f  a  grap h 
wit h th e numbe r  o f  plotte d line s whic h ca n b e regarde d a s dis -
tinc t  functions .  Carpente r  an d Sha h hav e foun d tha t  th e tim e 
take n t o interpre t  a  grap h i s strongl y relate d t o th e complexit y 
of  th e grap h (a s the y defin e it) .  Th e experimen t  wa s als o de -
signed ,  therefore ,  t o determin e wha t  effect ,  i f  any ,  increase d 
graphica l  complexit y ha s o n proble m solving . 

Method 

Participant s Sixty-fou r  secon d an d thir d yea r  psycholog y 
student s fro m th e Universit y o f  Nottingha m wer e pai d t o par -
ticipat e i n th e experiment .  Participant s wer e informe d tha t 
th e tw o peopl e w h o achieve d th e mos t  correc t  answer s i n th e 
shortes t  tim e woul d als o receiv e a n additiona l  payment . 

Apparatus and Stimuli The experiment was carried out 
on a n Appl e Macintos h compute r  wit h a  1 7 i n colou r  mon -
itor .  Th e primar y stimul i  use d wer e si x lin e graph s depict -
in g amount s o f  gol d an d silve r  produce d b y a  fictitious  min e 
eac h mont h fo r  tw o consecutiv e years .  T w o simpl e graph s o f 
bot h grap h type s wer e created ,  eac h presentin g th e dat a fo r 

one year .  A  comple x grap h o f  eac h typ e wa s the n create d b y 
superimposin g th e tw o simpl e graph s ont o a  singl e se t  o f  ax -
es.  Thu s fou r  experimen t  condition s wer e produced—simpl e 
C S U,  simpl e D U P comple x C S U an d comple x D U P (hence -
fort h referre d t o a s CSU(s) ,  DUP(s) .  CSU(c )  an d DUP(c )  re -
spectively) .  Th e si x graph s ar e show n i n Figur e 2 . 

I n orde r  t o construc t  a  se t  o f  graph s tha t  share d certai n vi -
sual  characteristic s t o allo w the m t o b e use d fo r  a  singl e se t  o f 
problems ,  th e dat a wer e generate d s o tha t  th e graph s fo r  eac h 
yea r  ha d a  numbe r  o f  simila r  propertie s an d al l  graph s sat -
isfie d severa l  constraints .  Fo r  example ,  eac h yea r  containe d 
tw o month s wit h exactl y th e sam e amount s o f  silve r  an d gol d 
production .  A  se t  o f  sixtee n question s wer e produced ,  eleve n 
of  whic h wer e see n b y al l  fou r  conditions ,  th e othe r  five  bein g 
presente d afte r  th e eleve n genera l  question s onl y t o subject s 
i n th e comple x grap h conditions . 

Design and Procedure The experiment was a mixed de-
sig n involvin g tw o between-subject s conditions—grap h typ e 
(CS U o r  D U P ) ,  grap h complexit y (simpl e o r  complex) ,  an d 
one within-subjec t  condition—th e yea r  o f  th e grap h (199 6 o r 
1997) .  Th e 6 4 participant s wer e randoml y allocate d t o on e o f 
th e fou r  conditions . 

Participant s wer e instructe d t o answe r  th e question s a s ac -
curatel y an d a s rapidl y a s possibl e an d t o continuousl y poin t 
t o th e par t  o f  th e compute r  scree n a t  whic h the y wer e current -
l y lookin g wit h a  pointe r  whil e thinkin g alou d a t  al l  times . 
Verba l  protocol s an d pointin g movement s wer e recorde d o n 
audi o an d vide o tap e respectively .  Befor e startin g th e exper -
iment ,  subject s wer e give n a  practic e tria l  wit h si x simpl e 
question s usin g graph s o f  a  simila r  typ e t o thei r  conditio n 
i n orde r  t o familiaris e the m wit h th e grap h type ,  th e equip -
ment  an d th e procedur e fo r  answerin g question s an d thinkin g 
aloud . 

Befor e answerin g an y questions ,  participant s wer e show n 
th e graph s an d wer e aske d t o tr y t o understan d wha t  the y wa s 
abou t  whil e thinkin g alou d an d pointin g t o th e par t  o f  th e 
grap h tha t  the y wer e lookin g at .  Subject s i n th e simpl e con -
dition s wer e presente d wit h th e grap h fo r  eac h yea r  on e afte r 
th e othe r  i n rando m order .  W h e n subject s wer e familia r  wit h 
th e graphs ,  the y wer e presente d wit h th e questions .  I n eac h 
trial ,  a  questio n fo r  a  particula r  yea r  togethe r  wit h th e grap h 
fo r  tha t  yea r  wa s presente d o n th e screen .  A s soo n a s th e sub -
jec t  indicate d tha t  s/h e ha d a n answe r  b y pressin g a  ke y o n 
th e keyboard ,  th e grap h wa s remove d fro m th e scree n an d a 
promp t  fo r  th e subjec t  t o ente r  a  respons e appeared .  Subject -
s wer e encourage d t o answe r  al l  o f  th e questions ,  enterin g a 
"bes t  guess "  i f  the y wer e unsur e o f  th e correc t  answer .  Th e 
respons e tim e (RT )  fo r  th e initia l  ke y pres s an d th e subject' s 
respons e wer e recorde d fo r  eac h trial .  Th e presentatio n orde r 
of  grap h yea r  an d th e question s wer e randomised .  Subject s 
i n th e simpl e condition s sa w 2 2 trial s (1 1 question s fo r  bot h 
years )  wherea s thos e i n th e comple x condition s receive d a  to -
ta l  o f  2 7 trial s (1 1 question s fo r  bot h year s plu s a n additiona l 
5 questions) . 

Results 

Fro m a  tota l  o f  156 8 responses ,  9  (fro m differen t  participants ) 
wer e no t  accuratel y recorded .  Fo r  th e purpose s o f  analysi s 
of  varianc e ( A N O V A )  therefore ,  eac h missin g respons e wa s 
replace d b y a  valu e estimate d b y computin g th e cel l  mean . 
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Figur e 2 :  Graph s use d i n th e experiment ,  ( a &  b )  CSU(s )  graph s fo r  199 6 an d 199 7 respectively ,  (c )  CSU(c )  grap h fo r  199 6 & 
1997 ,  ( d &  e )  DUP(s )  graph s fo r  199 6 an d 199 7 respectively ,  (f )  DUP(c )  grap h fo r  199 6 &  199 7 

An A N O VA o n th e proportion s o f  correc t  response s fo r 
th e 1 1 genera l  question s produce d significan t  mai n effect s 
of  grap h type ,  F(l ,  10 )  =  19.90 ,  p  <  .01 ,  M S e =  0-098 , 
grap h complexity ,  F(l,10 )  =  31.36 ,  p  <  .01 ,  M S e = 
0.155 ,  an d questio n number ,  F(10,10 )  =  74.71 ,  p  <  .01 , 
M Se =  0.368 .  Significan t  interaction s wer e als o foun d be -
twee n grap h typ e an d grap h complexity ,  F( l ,  10 )  =  19.90 , 
p <  .01 ,  M S e =  0.098 ,  grap h typ e an d questio n num -
ber ,  F{10,10 )  =  20.10 ,  p  <  .01 ,  M S e =  0.099 ,  an d 
grap h complexit y an d questio n number ,  F(10,10 )  =  4.01 , 
p <  .05 ,  M S e — 0.020 .  A  significan t  three-wa y interactio n 
betwee n grap h type ,  grap h complexit y an d questio n numbe r 
F(10,10 )  =  3.73 ,  p  <  .05 ,  M S e =  0.08 3 wa s als o pro -
duced .  N o significan t  mai n effec t  o r  interactio n wa s foun d 
involvin g th e yea r  condition . 

An A N O VA o n th e mea n RT s fo r  th e 1 1 genera l  question s 
produce d significan t  mai n effect s o f  grap h type ,  F( l ,  10 )  = 
10.75 ,  p  <  .01 ,  M S e =  201032528 ,  grap h complexit y 
F(ll,10 )  =  11.83 ,  p  <  0.01 ,  M 5 e =  221300928 ,  an d ques -
tion ,  F(10,10 )  =  121.25 ,  p  <  0.01 ,  M S e =  2267433216 , 
and als o yielde d significan t  interaction s betwee n grap h typ e 
and grap h complexity ,  F( l ,  10 )  =  18.21 ,  p  <  .01 ,  M S e = 
340499488 ,  an d grap h typ e an d question ,  F(10,10 )  =  12.65 , 
p <  .01 ,  M S e =  236482048 .  A s wit h th e respons e accura -
cy data ,  n o significan t  mai n effec t  o r  interactio n involvin g th e 
year  conditio n wa s found . 

The A N O V As indicat e a  comple x interactio n betwee n th e 
variou s factor s i n th e experiment .  I t  i s  clea r  tha t  bot h th e 
accurac y o f  th e response s an d th e tim e take n t o respon d i s 

affecte d b y bot h th e typ e an d complexit y o f  th e grap h bein g 
use d an d th e typ e o f  proble m bein g solved . 

Subjects '  grap h familiarit y Afte r  takin g par t  i n th e ex -
periment ,  participant s wer e aske d t o rat e th e frequenc y wit h 
whic h the y normall y encountere d informatio n presente d i n 
th e for m jus t  see n b y choosin g betwee n High ,  Medium ,  o r 
L o w frequency ,  an d als o t o rat e o n a  scal e o f  1  t o 9 ,  h o w fa -
milia r  the y considere d themselve s t o b e wit h th e typ e o f  grap h 
the y ha d jus t  encountered ,  wher e 1  represente d Ver y Unfamil -
ia r  an d 9  indicate d Ver y Familiar . 

Ther e wer e considerabl e difference s i n th e rating s o f  ex -
posur e frequenc y betwee n th e grap h types .  Onl y 19.4 % o f 
subject s i n th e C S U condition s rate d thei r  exposur e frequen-
cy t o th e grap h typ e a s lo w wherea s i n th e D U P conditions , 
71.9 % o f  subject s di d so . 

A simila r  situatio n wa s foun d i n th e rating s o f  grap h fa -
miliarity .  Wherea s 74 .2 % o f  subject s i n th e C S U condition s 
rate d thei r  familiarit y wit h th e grap h typ e a s bein g 7  o r  ove r 
and non e o f  the m rate d themselve s i n th e leas t  familia r  thir d 
of  th e range ,  onl y 28 .1 % o f  subject s i n th e D U P condition s 
rate d thei r  familiarit y a s bein g 7  o r  ove r  whil e 40 .6 % o f  the m 
rate d themselve s i n th e leas t  familia r  thir d o f  th e range . 

Individual Question Analysis 

In this section, we demonstrate the effects of three differen-
t  factor s o n proble m solvin g behaviou r  b y analysin g th e re -
sponse s t o fou r  question s i n detail .  Eac h o f  th e question s wa s 
selecte d t o highligh t  th e effec t  o f  a  particula r  factor . 
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Questio n 4 :  Thi s questio n illustrate s ho w dilTcicn t  graph -
ica l  representation s o f  th e sam e informatio n ca n requir e dif -
feren t  procedure s t o acces s certai n informatio n an d ho w thi s 
ca n resul t  no t  onl y i n a  considerabl e differenc e i n th e distri -
butio n o f  resultin g answer s bu t  als o i n a  marke d differenc e i n 
th e tim e take n t o retriev e th e information .  Questio n 4  ha d th e 
form :  I n 11996/1997] ,  whe n th e amoun t  o f  Gol d productio n 
i s 4 ,  wha t  i s th e amoun t  o f  Silve r  production ? 

The graph s wer e constructe d s o tha t  tw o month s i n eac h 
yea r  ha d amount s o f  gol d productio n equa l  t o 4  s o tha t  a t 
leas t  thre e answer s t o th e questio n coul d b e expected—th e 
amount  o f  silve r  productio n fo r  eithe r  o f  thes e month s indi -
viduall y o r  tha t  fo r  bot h months .  Base d o n a  previou s analysi s 
of  graph-base d reasonin g protocols ,  a  se t  o f  basi c perceptua l 
and cognitiv e operation s ha s bee n identifie d whic h subject s 
commonl y us e whe n solvin g graph-base d problems .  Exam -
ple s o f  thes e basi c operation s include :  (a )  identifyin g th e axi s 
associate d wit h a  give n variable ,  (b )  locatin g a  poin t  o n a n ax -
i s correspondin g t o a  give n valu e o f  th e variable ,  (c )  tracin g 
a straigh t  lin e fro m a  poin t  o n a n axi s unti l  a  plotte d lin e i s 
reached ,  an d (d )  measurin g th e distanc e betwee n tw o point s 
on a  lin e relativ e t o a  give n axis .  Wit h thi s se t  o f  basi c opera -
tions ,  a  mode l  o f  th e procedure s use d t o solv e specifi c  prob -
lem s usin g differen t  graph s ca n b e constructe d whic h ca n the n 
be use d t o mak e prediction s abou t  th e relativ e tim e take n an d 
th e probabilit y  o f  differen t  response s bein g mad e usin g a  par -
ticula r  grap h type .  A  detaile d discussio n o f  thi s se t  o f  basi c 
operation s an d a n outlin e o f  suc h a  mode l  wil l  b e reporte d 
elsewhere .  However ,  t o giv e som e ide a o f  th e typ e o f  analy -
si s whic h ca n b e carrie d ou t  an d th e explanation s whic h ca n 
resul t  fro m thi s analysis ,  a n outlin e o f  tw o procedure s carrie d 
out  b y subject s usin g th e differen t  grap h type s fo r  199 6 ar e 
presente d below .  Subject s usin g C S U graph s wh o giv e onl y 
one answe r  t o thi s questio n generall y follo w thi s procedure : 

1. Identify the axis (oi) which represents the values of the 
variabl e give n i n di e question ,  (Amoun t  Produce d axis) . 

2.  Identify the specific point (aiPi) on axis (ai) correspond-
in g t o th e specifi c  valu e o f  th e variabl e give n i n th e ques -
tion ,  {Amoun t  Produce d =  4) . 

3. Trace a straight line from axis point (aipi) across the 
grap h unti l  th e lin e (li )  correspondin g t o th e variabl e an d 
yea r  give n i n th e questio n i s reache d a t  poin t  (hpi) ,  (Poin t 
on Gol d Vin e wheT e Amoun t  Produce d =  4 ,  [Mont h =  'apr'] ) 

4. Trace a straight line from line point (hpi) until the line (Z2) 
on di e lin e correspondin g t o th e variabl e an d yea r  require d 
by th e questio n i s reache d a t  poin t  {hpi )  s o tha t  {hp i  = 
hpi )  o n th e mont h axis ,  (Poin t  o n Silve r  lin e wher e Mont h 
= 'apr') . 

5. Trace a straight line from point (hPi) until the axis (ai) 
represent s th e value s o f  th e variabl e require d variabl e i n 
th e questio n i s reache d a t  poin t  (aiP2) ,  (Poin t  o n Amoun t 
Produce d axi s fro m poin t  o n Silve r  lin e wher e Mont h = 
•apr*) . 

6. Read off value of axis location (aip2) and return as answer, 
(Answer :  "Amoun t  o f  Silve r  produce d =  8") . 

Tabl e 1 :  Numbe r  o f  response s t o eac h o f  thre e answer s t o 

Questio n 4 

Answer 

Simpl e 
CSU DU P 

Complex 
CSU DU P 

1996 

5 (Jul ) 
8 (apr ) 

5&8 

1 8 
9 1 
6 7 

6 9 
5 3 
4 4 

1997 

1 (nov ) 

6 (may ) 

1 & 6 

1 8 
4 0 
10 8 

3 1 1 
8 2 
3 2 

I n thi s procedure ,  a s soo n a s th e first  poin t  o n th e plotte d lin e 
(/i )  i s encountered ,  th e correspondin g poin t  o n th e othe r  lin e 
(/2 )  i s identifie d th e valu e o f  tha t  poin t  o n th e (oi )  axi s i s 
returne d a s th e answer .  T o discove r  th e secon d mont h wit h 
a gol d productio n valu e o f  4 ,  th e straigh t  lin e trace d fro m 
(aipi )  mus t  b e extende d t o reac h th e secon d poin t  o n th e 
same line .  Subject s usin g D U P graph s wh o giv e onl y on e 
answer  t o thi s questio n generall y follo w thi s procedure : 

1. Identify the axis (ai) corresponding to the variable given 
i n th e question ,  (Gol d axis) . 

2.  Identify the specific point (aipi) on axis (ci) correspond-
in g t o th e specifi c  valu e o f  th e variabl e give n i n di e ques -
tion ,  {Gol d =  4) . 

3. Trace a straight line from axis point (cipi) across the 
grap h unti l  th e lin e (Zi )  correspondin g t o th e yea r  give n 
i n th e questio n i s reache d a t  poin t  (/iPi) ,  (Poin t  o n Yea r 
lin e wher e Gol d =  4 ,  [Mont h =  'Jul']) . 

4. Trace a straight line from the point (/iPi) until the axis 
(02 )  correspondin g t o di e variabl e require d b y di e ques -
tio n i s reache d a t  poin t  (a2Pi) ,  (Poin t  o n Silve r  axi s wher e 
Mont h =  'Jul') . 

5. Read off value of axis location (a2Pi) and return as answer, 
(Answer :  "Amoun t  o f  Silve r  produce d =  5") . 

Even from this relatively coarse-grained analysis, one can see 
tha t  th e procedur e use d fo r  th e C S U graph s require s a n addi -
tiona l  ste p an d involve s th e identificatio n o f  mor e line s an d 
point s tha n tha t  use d fo r  th e D U P graphs .  On e migh t  expect , 
therefore ,  tha t  th e tim e take n b y subject s i n th e C S U condi -
tion s t o solv e thi s proble m wil l  b e greate r  tha n dia t  o f  th e 
D UP subjects .  Mor e importantly ,  th e graph s i n thi s experi -
ment  wer e constructe d s o tha t  th e first  poin t  reache d b y th e 
procedure s (i.e .  th e mond i  closes t  t o th e startin g axis )  woul d 
be differen t  fo r  eac h condition .  Therefore ,  i f  th e abov e proce -
dure s ar e followed ,  th e profil e o f  response s give n b y subject s 
i n th e tw o condition s wil l  differ .  Th e number s o f  response s 
correspondin g t o th e thre e answer s give n b y subject s i n th e 
fou r  condition s ar e show n i n Tabl e 1 .  Th e mea n R T fo r  th e 
D UP condition s (14. 4 s  an d 16. 4 s  fo r  di e DUP(s )  an d DUP(c ) 
condition s respectively )  wa s o n averag e 8.0 4 s  faste r  dia n tha t 
of  th e C S U condition s (21. 8 s  an d 25. 0 s  fo r  th e CSU(s )  an d 
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CSU(c)  condition s respectively) .  I n bot h th e simpl e an d com -
ple x condition s th e difference s betwee n th e grap h type s wer e 
significant ,  f(30 )  =  2.55, p <  .0 5 an d ̂ (30 )  =  2.94 ,  p  <  .0 1 
respectively .  I n th e tw o C S U conditions ,  35 .9 % o f  th e par -
ticipant s gav e th e answe r  o f  tw o values ,  4 0 . 6 % gav e th e a n 
swer  correspondin g t o th e mont h neares t  th e startin g axi s 
and 17.2 % gav e th e answe r  correspondin g t o th e alternativ e 
month .  I n th e D U P conditions ,  3 2 . 8 % o f  th e subject s gav e 
th e answe r  o f  tw o values ,  5 6 . 3 % gav e th e answe r  correspond -
in g t o th e mont h neares t  th e startin g axi s an d 9.4 % gav e th e 
answer  correspondin g t o th e alternativ e month .  I n bot h C -
SU an d D U P conditions ,  therefore ,  mor e subject s gav e on e 
answer  correspondin g t o th e mont h neares t  th e startin g axi s 
tha n t o th e alternativ e answe r  o r  bot h answers . 

Thi s patter n o f  results ,  togethe r  wit h a n analysi s o f  th e 
video-tape d protocols ,  provide s evidenc e tha t  th e procedure s 
outline d abov e wer e carrie d ou t  b y th e majorit y o f  subject s 
usin g th e tw o grap h types .  Questio n 4  demonstrate s tha t  bot h 
th e spee d an d natur e o f  a  proble m solutio n ca n b e determine d 
by th e graphica l  representatio n becaus e o f  th e differen t  pro -
cedure s whic h user s ar e require d t o follo w i n orde r  t o acces s 
th e sam e information . 

Questio n 5 :  Thi s questio n demonstrate s h o w graph-base d 
reasonin g processe s involvin g perceptua l  component s ca n re -
quir e les s tim e an d b e les s error-pron e tha n thos e involvin g 
numerica l  computation .  Questio n 5  ha d th e form :  H o w man y 
month s i n [1996/1997 ]  i s ther e a  differenc e betwee n Silve r 
and Gol d productio n o f  exactl y 1  tonne ? 

Becaus e th e tw o dependen t  variable s ar e plotte d a s line s 
i n C S U graphs ,  difference s betwee n th e tw o variable s fo r  a 
give n mont h ar e represente d b y a  vertica l  distanc e betwee n 
th e tw o line s a t  a  specifi c  valu e o f  th e x  axis .  I n th e C S U 
conditions ,  therefore ,  subject s ar e simpl y require d t o sca n th e 
grap h t o fin d point s o n th e x  axi s wher e th e distanc e betwee n 
th e tw o plotte d line s fo r  a  give n yea r  ar e separate d b y on e 
uni t  o n th e y  axis .  I n D U P graphs ,  however ,  thi s spatia l  rep -
resentatio n i s no t  availabl e a s th e valu e o f  eac h variabl e fo r 
a give n mont h i s represente d b y th e co-ordinat e locatio n o f 
one particula r  point .  I n th e D U P conditions ,  therefore ,  sub -
ject s ar e require d t o atten d t o eac h poin t  o n th e plotte d lin e i n 
turn ,  obtai n th e gol d an d silve r  valu e fo r  tha t  poin t  fro m th e 
tw o axes ,  an d the n comput e th e differenc e betwee n th e tw o 
values .  On e ma y expect ,  therefore ,  tha t  th e mor e elaborat e 
and error-pron e procedur e use d i n th e D U P condition s woul d 
be reflecte d i n lowe r  respons e accurac y an d longe r  R T score s 
fro m subject s i n th e D U P conditions . 

The proportio n o f  correc t  response s an d mea n respons e 
time s fo r  eac h o f  th e fou r  condition s ar e show n i n Tabl e 2 . 
The averag e respons e tim e fo r  th e CSU(s )  conditio n wa s 
17.5 5 s  faste r  tha n tha t  o f  th e DUP(s )  conditio n f(30 )  = 
6.56 ,  p  <  .00 1 whil e th e mea n R T o f  th e CSU(c )  condi -
tio n wa s 15.0 0 s  faste r  tha n tha t  o f  th e DUP(c )  conditio n 
f(30 )  =  4.14, p <  .001 .  Th e accurac y o f  th e response s fro m 
th e C S U condition s wa s als o greate r  tha n thos e fro m th e D U P 
conditions .  Th e averag e R T fo r  th e CSU(c )  conditio n wa s on -
l y 5.4 1 s  slowe r  tha n tha t  fo r  th e CSU(s )  conditio n an d th e 
correc t  respons e score s fo r  th e tw o condition s wa s virtuall y 
identical . 

A stud y o f  th e video-tape d protocol s supporte d th e analysi s 
above ,  revealin g tha t  a  larg e proportio n o f  subject s solve d th e 

Tabl e 2 :  Proportio n o f  correc t  response s (CR )  an d mea n re -

.spons c lim e (R T i n seconds )  fo r  th e fou r  condition s t o Ques -

tio n 5 

CR 
RT 

Simpl e 
CSU DU P 
.93 8 .84 4 
18. 9 36. 5 

Complex 
CSU DU P 
.96 9 .62 5 
24. 3 39. 2 

proble m usin g th e procedure s appropriat e fo r  th e particula r 
grap h representation ,  whethe r  perceptua l  o r  conceptual . 

Questions 12 and 13: The purpose of questions 12 and 13 
take n togethe r  wa s t o investigat e th e combine d effec t  o f  tw o 
factors—grap h complexit y an d graphica l  representation — 
and t o determin e whethe r  th e effect s o f  th e forme r  m a y b e 
mitigate d b y th e latter .  Th e tw o question s illustrat e h o w th e 
retrieva l  o f  certai n informatio n (e.g .  th e m a x i m u m an d mini -
m um sum ,  differenc e an d produc t  o f  th e tw o dependen t  vari -
ables) ,  ca n b e facilitate d b y a  representatio n i n whic h th e in -
formatio n ca n b e foun d b y searchin g a  loca l  regio n fo r  a  spe -
cifi c  point ,  compare d t o a  representatio n i n whic h th e sam e 
informatio n ca n onl y b e retrieve d b y a  proces s o f  searc h an d 
computation . 

Questio n 1 2 ha d th e form :  I n whic h mont h i n 199 6 wa s 
th e greates t  tota l  amoun t  o f  meta l  (i.e .  bot h Silve r  an d Gold ) 
produced ? Th e for m o f  questio n 1 3 was :  I n whic h yea r  wa s 
th e mos t  meta l  (i.e .  bot h Silve r  an d Gold )  produce d i n an y 
month ? 

Question s 1 2 an d 1 3 wer e onl y presente d t o subject s i n th e 
comple x conditions .  I n th e DUP(c )  condition ,  th e ite m o f  in -
formatio n require d b y bot h question s (th e m a x i m u m su m o f 
th e tw o metals )  correspond s t o a  poin t  o n a  line ,  th e locatio n 
of  whic h i s th e furthes t  t o th e to p righ t  corne r  o f  th e graph .  I n 
th e CSU(c )  condition ,  however ,  th e sam e informatio n i s de -
rive d b y identifyin g a  poin t  o n th e x  axi s a t  whic h th e point s 
on tw o specifi c  line s hav e position s o n th e y  axi s whic h resul t 
i n a  combine d valu e greate r  tha n an y other .  Therefore ,  where -
as th e correc t  answe r  m a y b e foun d i n th e D U P ( c )  conditio n 
usin g a  visua l  searc h procedur e whic h identifie s th e locatio n 
of  a  singl e point ,  th e searc h procedur e i n th e CSU(c )  condi -
tio n require s th e additiona l  computatio n o f  th e su m o f  th e tw o 
y axi s values . 

Questio n 1 3 differ s fro m questio n 1 2 i n tha t  i t  require s th e 
m a x i m u m su m o f  th e tw o metal s t o b e foun d acros s bot h 
years .  I f  subject s i n th e DUP(c )  conditio n identif y th e cor -
rec t  yea r  b y locatin g a  poin t  o n on e o f  tw o line s whic h i s 
neares t  t o th e to p righ t  corne r  o f  th e graph ,  the y shoul d tak e 
approximatel y th e sam e tim e t o carr y ou t  thi s procedur e a s fo r 
questio n 12 .  I n th e CSU(c )  condition ,  however ,  th e procedur e 
require d t o answe r  questio n 1 3 i s mor e demandin g tha n tha t 
fo r  questio n 1 2 becaus e i t  require s subject s t o tak e al l  fou r 
line s int o accoun t  a s the y mus t  fin d th e m a x i m u m su m o f  tw o 
metal s fro m tw o pair s o f  line s rathe r  tha n fro m onl y on e pai r 
i n questio n 12 .  Therefore ,  i f  th e procedure s outline d abov e 
ar e followed ,  on e m a y expec t  no t  onl y tha t  subject s i n th e C -
SU(c )  conditio n woul d tak e longe r  t o produc e a n answe r  tha n 
thos e i n th e DUP(c )  condition ,  bu t  als o tha t  a  greate r  discrep -
anc y shoul d b e foun d betwee n th e averag e R T s betwee n th e 
condition s fo r  questio n 13 . 
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Tabl e 3 :  Proportio n o f  correc t  response s (CR )  an d mea n re -

spons e tim e (R T i n seconds )  fo r  th e tw o condition s t o Ques -

tio n 1 2 an d 1 3 

CR 
RT 

Questio n 1 2 
CSU DU P 
.93 8 .87 5 
36. 8 27. 0 

Questio n 1 3 
CSU DU P 
.80 0 1.0 0 
54. 5 25. 4 

The respons e accurac y an d R T dat a fo r  question s 1 2 an d 1 3 
ar e show n i n Tabl e 3 .  Althoug h ther e wa s ver y littl e differ -
enc e i n th e accurac y o f  th e response s betwee n th e condition s 
fo r  questio n 12 ,  thos e fro m th e DUP(c )  conditio n wer e o n 
averag e 9.8 6 s  faste r  tha n thos e fro m th e CSU(c )  condition , 
f(30 )  =  2.33 ,  p  <  .05 .  M e a n RT s o f  subject s i n th e DUP(c ) 
conditio n fo r  questio n 1 3 wer e simila r  t o thos e fro m questio n 
12.  Response s o f  subject s i n th e CSU(c )  condition ,  howev -
er ,  wer e o n averag e 17.6 2 s  slowe r  tha n thos e fro m questio n 
12,  t(15 )  =  3.63 ,  p  <  .01 .  Subject s i n th e DUP(c )  conditio n 
wer e o n averag e 29.0 3 s  faste r  an d 2 0 % mor e accurat e i n thei r 
response s t o questio n 1 3 tha n thos e i n th e CSU(c )  condition , 
t{30 )  = 3 . 4 0 , p < .01 . 

Analysi s o f  th e video-tape d protocol s reveale d tha t  man y 
subject s i n bot h condition s initialise d a  searc h b y attendin g 
t o month s a t  whic h on e o f  th e value s wa s particularl y hig h 
(Ma y an d December) .  Severa l  subject s i n th e CSU(c )  con -
ditio n scanne d alon g th e x  axi s fro m Januar y t o December , 
computin g possibl e candidat e solution s unti l  th e highes t  su m 
was found .  M a n y subject s i n th e DUP(c )  condition ,  howev -
er ,  r^idl y locate d th e correc t  poin t  withou t  attendin g t o othe r 
point s o n th e line ,  suggestin g tha t  the y wer e awar e o f  th e gen -
era l  regio n a t  whic h th e require d informatio n mus t  lie . 

Discussion 

The result s o f  th e experimen t  sho w tha t  a  numbe r  o f  inter -
relate d factor s ca n significantl y affec t  graph-base d reasonin g 
and tha t  thes e factor s canno t  b e accounte d fo r  simpl y b y a n 
analysi s o f  th e visua l  propertie s o f  th e graph .  Thes e result s 
suppor t  th e clai m tha t  a n adequat e mode l  o f  grap h us e mus t 
als o tak e int o accoun t  th e specifi c  representationa l  propertie s 
of  a  grap h typ e an d computationa l  procedure s whic h ar e facil -
itate d b y particula r  graphica l  representations .  Questio n 4  il -
lustrate d h o w differen t  graphica l  representation s o f  th e sam e 
dat a ca n requir e differen t  procedure s t o acces s th e sam e in -
formatio n an d tha t  th e tim e take n t o acces s th e information , 
and eve n wha t  informatio n i s retrieved ,  ca n b e affecte d b y 
th e procedur e followed .  Questio n 5  demonstrate d tha t  repre -
sentin g a n ite m o f  informatio n i n a  grap h a s a  visua l  featur e 
suc h a s distanc e ca n resul t  i n a  mor e rapi d an d accurat e re -
trieva l  o f  tha t  informatio n tha n whe n th e informatio n mus t  b e 
compute d fro m th e visua l  information .  Question s 1 2 an d 1 3 
illustrate d thre e mai n points .  Firstly ,  bot h question s showe d 
individuall y tha t  accessin g certai n type s o f  informatio n ca n 
be facilitate d b y a  graphica l  representatio n i n whic h th e in -
formatio n i s represente d a s a  specifi c  locatio n compare d t o a 
representatio n i n whic h extractio n o f  th e informatio n require s 
computationa l  effort .  Secondly ,  th e tw o graph s take n togethe r 
showe d tha t  grap h complexit y ca n hav e a n affec t  o n proble m 
solvin g performanc e bu t  tha t  thi s effec t  ca n b e mitigate d b y 

th e typ e o f  representatio n used .  Thirdly ,  Question s 1 2 an d 1 3 
showe d tha t  th e effec t  o f  a  particula r  representatio n ca n b e 
large ,  eve n whe n user s o f  th e particula r  grap h ar e relativel y 
unfamilia r  wit h it s form . 
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