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Yonsei  Universit y 
Seoul ,  120-749 ,  Kore a 
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Abstrac t 

In order to understand diagrammatic reasoning where mul-
tipl e diagram s ar e involved ,  thi s stud y propose s a  theoreti -
cal  framewor k tha t  focuse s o n th e cognitiv e proces s o f  per -
ceptua l  an d conceptua l  integration .  Th e perceptua l  integra -
tion  proces s involve s establishin g interdependencie s be -
twee n th e relevan t  dat a tha t  hav e bee n disperse d acros s mul -
tiple  diagrams ,  whil e th e conceptua l  integratio n proces s in -
volve s generatin g an d refinin g hypothese s b y combinin g th e 
individua l  dat a inferre d fro m th e diagrams .  A n experimen t 
withi n th e domai n o f  busines s system s engineerin g wa s 
conducte d wher e verba l  protocol s wer e collected .  Th e re -
sult s o f  th e experimenta l  stud y revea l  tha t  understandin g a 
syste m represente d b y multipl e diagram s involve s a  tediou s 
proces s o f  visuall y searchin g fo r  relate d informatio n an d o f 
conceptuall y developin g hypothese s abou t  th e targe t  system . 
The result s als o showe d tha t  thes e perceptua l  an d concep -
tua l  processe s coul d b e facilitate d b y providin g visua l  cue s 
tha t  indicat e wher e element s i n on e diagra m ar e relate d t o 
element s i n othe r  diagrams ,  an d contextua l  informatio n tha t 
indicate s ho w th e individua l  datu m i n on e diagra m i s relate d 
t o th e overal l  hypothesi s abou t  th e entir e system . 

Introduction 

A famou s Chines e proverb ,  " A diagra m i s wort h 10,00 0 
words" ,  indicate s th e powerfu l  impac t  o f  diagra m us e i n 
everyda y lif e (Larki n an d Simon ,  1987) .  Th e usefulnes s o f 
th e diagra m fo r  understandin g a  syste m ha s bee n investi -
gate d i n variou s areas ,  suc h a s qualitativ e reasonin g 
(Forbus ,  Nielso n &  Failings ,  1991) ,  geometri c proble m 
solvin g (Koedinge r  &  Anderson ,  1990) ,  economic s 
(Tabachnec k &  Simon ,  1994) ,  medica l  diagnosi s (Rogers , 
1996) ,  scientifi c  discover y (Chen g &  Simon ,  1995) ,  an d 
understandin g mechanica l  system s (Narayanan ,  S u w a & 
Motoda ,  1995) . 

However ,  a s th e syste m t o b e understoo d become s in -
creasingl y complex ,  s o doe s th e diagra m depictin g th e sys -
tem ,  unti l  i t  become s practicall y n o longe r  possibl e t o rep -
resen t  ever y detai l  o f  th e comple x syste m withi n a  singl e 
diagram .  Thi s lead s t o th e nee d t o divid e th e informatio n 
presente d i n th e singl e diagra m int o multipl e diagram s i n 
whic h closel y relate d entitie s ar e segmente d an d clustered . 
Eac h diagra m represent s a  differen t  aspec t  o f  th e syste m 
and play s a  differen t  functiona l  rol e i n proble m solvin g 
(Cheng ,  1996) .  Sinc e a  differen t  representatio n o f  th e sys -
te m m a y b e neede d dependin g o n th e natur e o f  th e prob -

lem ,  a  se t  o f  multipl e diagram s i s designe d t o suppor t  a 
wid e rang e o f  proble m solvin g activities .  However ,  onl y a 
fe w studie s hav e deal t  wit h th e cognitiv e processe s in -
volve d i n usin g multipl e diagram s (Cheng ,  1996) .  Eve n 
thoug h multipl e diagram s ar e extensivel y use d i n c o m m o n 
practice ,  previou s researc h o n diagrammati c reasonin g 
hav e focuse d o n diagrammati c representatio n withi n a  sin -
gl e diagram .  Henc e issue s concernin g th e coordinatio n o f 
multipl e diagram s o r  problem s concernin g th e extractio n o f 
informatio n fro m multipl e diagram s hav e no t  ye t  bee n 
properl y addresse d (Woods ,  1995) . 

Th e mai n objectiv e o f  thi s stud y i s t o explor e th e cogni -
tiv e processe s o f  usin g multipl e diagram s i n diagnosin g 
comple x systems .  Thi s objectiv e i s pursue d 1 )  b y propos -
in g a  theoretica l  framewor k an d desig n guideline s fo r  mul -
tipl e diagrams ,  an d 2 )  b y conductin g a n experimen t  tha t 
examine s th e cognitiv e proces s o f  utilizin g multipl e dia -
gram s i n th e domai n o f  busines s syste m engineerin g an d 
verifie s th e usabilit y  o f  th e propose d desig n principles . 

Diagrammatic Reasoning as Cognitive 
Integrat io n o f  M u l t i p l e D i a g r a m s 

Diagrammati c Reasonin g m a y b e define d a s th e ac t  o f  rea -
sonin g an d proble m solvin g usin g diagram s a s externa l 
representation s (Narayanan ,  S u w a &  Motoda ,  1995) .  Pre -
viou s researc h o n diagrammati c reasonin g hav e propose d a 
cognitiv e mode l  consistin g o f  tw o highl y interrelate d proc -
esses ;  th e perceptua l  proces s an d th e conceptua l  process . 

Perceptual and Conceptual Processes 

Th e perceptua l  proces s o f  diagrammati c reasonin g i s a  bot -
tom-u p activit y o f  sensin g somethin g an d knowin g it s 
meanin g an d valu e (Bolles ,  1991) .  O n th e othe r  hand ,  th e 
conceptua l  proces s o f  diagrammati c reasonin g i s a  top -
d o wn activit y o f  generatin g an d refinin g hypothese s 
(Simo n &  Lea ,  1974 )  t o solv e th e proble m a t  hand .  Th e 
powerfu l  impac t  o f  th e (single )  diagra m i s du e t o it s poten -
tia l  i n th e perceptua l  an d conceptua l  processe s (Rogers , 
1995) .  I n othe r  words ,  a  diagrammati c representatio n i s 
(sometimes )  bette r  tha n a  sententia l  representation ,  becaus e 
th e diagrammati c representatio n help s bot h th e perceptua l 
and conceptua l  processe s i n proble m solvin g (Larki n an d 
Simon ,  1987) .  I n term s o f  th e perceptua l  process ,  th e dia -
grammati c representation ,  b y groupin g al l  relevan t  infor -
matio n together ,  help s t o identif y an d recogniz e relevan t 
item s whic h reduce s th e amoun t  o f  searc h fo r  th e element s 
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neede d fo r  solvin g th e problem .  I n term s o f  th e conceptua l 
process ,  th e diagrammati c representation ,  b y providin g a 
larg e numbe r  o f  perceptua l  inferenc e cues ,  help s generat e 
and tes t  hypothese s whic h i s th e essenc e o f  reasonin g 
(Larki n &  Simon ,  1987) . 

Integration Processes with Multiple Diagrams 

Multipl e diagram s ar e designe d t o facilitat e huma n under -
standin g o f  eac h constituen t  diagram ,  becaus e eac h indi -
vidua l  diagra m categorize s closel y relate d entitie s an d or -
ganize s the m fro m a  singl e consisten t  perspective .  H o w -
ever ,  th e eas e i n understandin g individua l  part s o f  a  targe t 
syste m (e.g. ,  on e singl e diagram )  doe s no t  guarante e th e 
same eas e i n understandin g th e entir e targe t  syste m a s a 
whol e (e.g. ,  th e complet e networ k o f  diagrams) .  A s th e 
number  o f  diagram s get s larger ,  th e proble m solve r  ca n 
onl y se e a  smal l  portio n o f  th e tota l  syste m a t  a  tim e o r  a 
ver y smal l  numbe r  o f  th e potentiall y  availabl e display s 
(Coo k e t  al. ,  1991) .  Thi s propert y i s ofte n referre d t o a s th e 
keyhol e effec t  (Woods ,  1995) .  Th e keyhol e effec t  make s i t 
difficul t  t o understan d th e entir e syste m becaus e i t  add s 
cognitiv e burden s o n 1 )  rememberin g wher e t o loo k nex t  i n 
th e entir e se t  o f  diagram s availabl e behin d th e currentl y 
attende d diagram ,  2 )  extractin g informatio n acros s multipl e 
diagrams ,  an d 3 )  mergin g th e extracte d informatio n t o 
buil d u p a  coheren t  representation .  Therefore ,  i n orde r  t o 
full y  suppor t  th e us e o f  multipl e diagrams ,  w e nee d t o de -
vis e a  bette r  wa y t o dea l  wit h suc h cognitiv e burden s 
cause d b y th e keyhol e effect .  Yet ,  th e defaul t  tendenc y i n 
designin g multipl e diagram s i s t o leav e ou t  an y cue s tha t 
indicat e i n cognitivel y economica l  way s whethe r  some -
thin g interestin g m a y b e goin g o n i n anothe r  on e o f  th e 
multipl e diagrams .  Instead ,  th e processe s involve d i n over -
comin g th e keyhol e effec t  ar e force d o n th e proble m solve r 
i n a  mentall y effortfu l  an d hig h memory-loa d manne r 
(Woods ,  1984) . 

We hypothesiz e tha t  th e perceptua l  an d conceptua l  proc -
esse s i n th e cas e o f  th e singl e diagra m shoul d als o b e ex -
pande d an d applie d t o th e cas e o f  multipl e diagrams .  A s 
we nee d t o efficientl y conduc t  bot h th e perceptua l  an d 
conceptua l  processe s i n orde r  t o perfor m wel l  wit h a  singl e 
diagram ,  w e shoul d als o b e abl e t o perfor m efficien t  per -
ceptua l  an d conceptua l  processe s i n integratin g multipl e 
diagrams .  I n othe r  words ,  bot h th e perceptua l  integratio n 
and th e conceptua l  integratio n processe s shoul d b e con -
ducte d wel l  i n orde r  t o reaso n properl y wit h multipl e dia -
grams .  Wit h multipl e diagrams ,  th e perceptua l  integratio n 
proces s consist s o f  linkin g th e relevan t  visua l  item s tha t  ar e 
disperse d acros s multipl e diagrams .  I n orde r  t o perfor m 
perceptua l  integration ,  w e nee d t o locat e th e diagra m t o 
loo k a t  nex t  an d nee d t o recogniz e th e relevan t  item s i n th e 
targe t  diagram .  Therefore ,  i n orde r  t o facilitat e th e percep -
tua l  integratio n process ,  w e nee d t o provid e visua l  cue s 
tha t  indicat e ho w a  visua l  ite m i n on e diagra m i s relate d t o 
othe r  visua l  item s i n th e othe r  diagrams .  Th e conceptua l 
integratio n proces s consist s o f  generatin g an d refinin g hy -
pothese s b y linkin g th e informatio n inferre d fro m differen t 
diagrams .  I n orde r  t o perfor m th e conceptua l  integration , 
we nee d t o discer n whethe r  th e dat a provide d i n th e variou s 
diagram s ar e importan t  t o th e attendin g hypothesis .  There -

fore ,  i n orde r  t o facilitat e th e conceptua l  integratio n proc -
ess ,  w e nee d t o provid e a  broade r  contex t  tha t  indicate s 
ho w th e individua l  datu m i n on e diagra m i s relate d t o th e 
overal l  hypothesi s abou t  th e entir e syste m (Woods ,  1995) . 
An experimen t  wa s conducte d t o explor e th e perceptua l 
and conceptua l  integratio n processes ,  an d t o les t  th e effect s 
of  th e desig n principle s o f  multipl e diagram s o n th e inte -
gratio n processes . 

Method 

Subject s 

The subject s wer e senio r  undergraduat e student s a t  Yonse i 
University .  The y participate d i n th e experimen t  a t  th e en d 
of  a  semester-lon g busines s engineerin g class ,  b y whic h 
tim e the y ha d complete d severa l  homewor k assignments . 
None o f  th e subject s ha d difficultie s i n understandin g th e 
diagram s provide d a s th e experimenta l  material ,  becaus e 
th e diagram s wer e o f  th e sam e kin d a s practice d i n thei r 
assignments .  Th e subject s wer e randoml y divide d int o tw o 
groups :  contro l  an d experimental .  Nin e subject s wer e as -
signe d t o th e contro l  grou p (CTL) ,  whil e eigh t  subject s 
wer e assigne d t o th e experimenta l  grou p (EXP) .  On e sub -
jec t  i n E X P wa s discarde d fro m furthe r  analysi s becaus e o f 
th e poo r  qualit y o f  hi s verba l  protocols . 

Task Materials 

We develope d ou r  experimenta l  material s i n th e domai n o f 
busines s engineerin g whic h analyze s a n existin g busines s 
syste m t o diagnos e th e fundamenta l  sourc e o f  problem s 
and subsequentl y design s ne w busines s system s 
(Davenport ,  1993) .  Mos t  busines s engineerin g methodolo -
gie s mak e us e o f  multipl e diagram s fro m divers e perspec -
tive s i n orde r  t o dea l  wit h th e inheren t  complexit y o f  th e 
busines s syste m (Taylor ,  1995) .  I n orde r  t o develo p ou r 
experimenta l  stimulus ,  a  busines s syste m wa s selecte d 
fro m real-worl d case s o f  busines s engineerin g projects .  Th e 
selecte d syste m ha d previousl y bee n analyze d b y industr y 
guru s an d tw o fundamenta l  problem s ha d bee n identifie d 
(Davenport ,  1993) . 

T wo set s o f  diagram s wer e constructe d fo r  th e selecte d 
system .  Th e firs t  se t  o f  diagrams ,  whic h wer e give n t o 
C T L,  wer e draw n accordin g t o th e existin g majo r  method -
olog y (Rumbaug h e t  al ,  1991) .  Eleve n diagram s wer e 
draw n i n total .  T w o modification s wer e mad e t o th e fû s t 
set  o f  diagram s i n orde r  t o dra w th e secon d se t  o f  diagram s 
tha t  wer e give n t o E X P .  O n e modificatio n wa s mad e t o 
provid e visua l  cue s tha t  woul d hel p searc h relate d item s 
acros s differen t  diagrams .  Thi s wa s don e b y restructurin g 
one clas s o f  diagram s s o a s t o m a k e i t  visuall y simila r  t o 
anothe r  clas s o f  diagram s (Edelman ,  Cutz u &  Duvdevani -
Bar ,  1996) .  Th e origina l  diagra m whos e purpos e wa s t o 
sho w th e flo w o f  message s betwee n object s represente d 
object s a s vertica l  line s an d message s exchange d betwee n 
th e object s a s arrow s betwee n th e vertica l  lines .  Thes e dia -
gram s wer e restructure d t o a  node-ar c structur e (object s a s 
node s an d message s a s arcs )  whic h wa s visuall y simila r  t o 
th e diagra m tha t  depicte d th e stati c structur e o f  th e system . 
The visua l  similarit y wa s expecte d t o hel p easil y relat e 
thes e diagrams .  Th e secon d modificatio n wa s mad e t o pro -
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vid e a  broade r  contex t  throug h whic h th e proble m solve r 
woul d identif y th e relativ e importanc e o f  individua l  item s 
wit h regar d t o th e attendin g hypotheses .  Thi s wa s achieve d 
by providin g a  diagra m tha t  represente d di e overal l  dynam -
ic s o f  th e system .  I n th e origina l  se t  o f  diagram s eac h busi -
nes s proces s wa s represente d i n it s  respectiv e diagram .  Th e 
modificatio n merel y groupe d al l  th e busines s processe s 
int o a  singl e diagra m thu s showin g al l  th e processe s o f  th e 
entir e busines s syste m a t  a  hig h leve l  o f  abstraction .  Th e 
hig h leve l  groupin g wa s expecte d t o hel p th e proble m 
solve r  reflec t  o n th e individua l  informatio n inferre d fro m 
th e othe r  diagram s wit h a n overal l  vie w o f  th e entir e sys -
tem .  A s a  resul t  o f  th e tw o modifications ,  th e secon d se t  o f 
diagram s consiste d o f  a  tota l  o f  fourtee n diagrams . 

Eve n thoug h th e numbe r  o f  diagram s differe d betwee n 
th e tw o groups ,  th e tw o set s o f  diagram s wer e draw n s o 
tha t  the y wer e informationall y equivalen t  (Larki n an d Si -
m o n,  1987) .  I n orde r  t o verif y th e informatio n equivalence , 
th e tw o set s o f  multipl e diagram s wer e translate d bac k t o 
natura l  languag e descriptions .  Then ,  di e tw o translate d 
natura l  languag e description s wer e compare d an d th e dia -
gram s wer e revise d t o resolv e th e discrepancie s betwee n 
th e two .  Thes e step s wer e iterate d severa l  time s t o mak e 
sur e tha t  th e tw o set s o f  diagram s provide d a n equivalen t 
amount  o f  information . 

Experimental Procedure 

The experimenta l  session s wer e divide d int o fou r  sections . 
First ,  th e subject s wer e give n instruction s abou t  th e genera l 
natur e o f  th e experimen t  an d wer e tol d tha t  verba l  proto -
col s woul d b e collected .  Subject s wer e traine d t o "think -
aloud "  usin g tw o traditiona l  task s (Ericsso n an d Simon , 
1993) .  Th e subject s wer e the n give n th e tas k o f  diagnosin g 
th e busines s syste m base d o n th e give n diagrams .  Th e sub -
ject s wer e give n ninet y minute s t o understan d th e give n 
diagram s an d c o m e u p wit h wha t  the y though t  wer e th e 
fundamenta l  problem s i n th e busines s system . 

Data Analysis 

Protoco l  analysi s (Ericsso n &  Simon ,  1993 )  wa s use d t o 
investigat e th e cognitiv e processe s involve d i n usin g mul -
tipl e diagrams .  Th e dat a concernin g th e perceptua l  integra -
tio n proces s wer e code d base d o n th e actio n protocols .  Th e 
perceptua l  dat a wer e abou t  th e particula r  diagra m th e sub -
ject s wer e payin g attentio n t o durin g proble m solving .  Th e 
subject' s perceptua l  activit y wa s code d a s payin g attentio n 
t o a  certai n diagra m i f  he/sh e identifie d th e tid e o f  th e dia -
gra m o r  i f  he/sh e locate d a  certai n visua l  ite m i n th e cur -
ren t  diagram .  Th e activit y o f  deliberatel y switchin g be -
twee n tw o diagram s i n orde r  t o identif y th e relationship s 
betwee n the m wa s als o code d a s perceptua l  data .  Eac h sub -
ject' s perceptua l  dat a wer e summarize d int o a  Diagra m 
Transitio n Grap h ( D T G )  tha t  depict s th e trajector y o f  th e 
subject' s transition s amon g th e multipl e diagram s durin g 
th e entir e proble m solvin g session . 

The dat a concernin g di e conceptua l  integratio n proces s 
wer e code d base d o n th e subjects '  concurren t  verba l  proto -
cols .  Th e conceptua l  dat a consiste d o f  th e hypoUiese s abou t 
th e potentia l  problem s i n th e give n busines s system .  A n y 

verba l  utteranc e tha t  containe d th e subject' s opinio n abou t 
di e busines s syste m wa s code d a s a  hypodiesis .  Fo r  exam -
ple ,  a  subjec t  coul d direcU y com e u p wid i  a  proble m ("i t 
take s fou r  hour s t o prepar e fo r  th e meal s everyday .  That' s to o much.") .  Or 
ponde r  upo n Ui e basi c rational e abou t  di e curren t  proces s 
("wh y doe s sh e hav e t o inpu t  th e orde r  i n suc h a  way?") ,  Or  infe r  COn-
sequence s no t  give n i n th e diagram s ("sh e mus t  b e prett y tire d 
afte r  takin g car e o f  al l  tha t  stuff") .  Th e Subjec t  coul d als o refin e 
or  nullif y  a  hypothesi s he/sh e ha d mad e earlier .  Th e con -
ceptua l  dat a wer e summarize d int o a  HypoUiesi s Behavio r 
Grap h ( H B G )  whic h i s simila r  t o di e Proble m Behavio r 
Grap h propose d b y Newel l  an d Simo n (1972 )  an d whic h 
indicate s h o w subject s generate d ne w hypothese s an d late r 
refine d o r  nullifie d diem .  Example s o f  th e D T G an d H B G 
ar e show n i n di e followin g section . 

Results 

Overal l  Pe r fo rmanc e 

The overal l  performanc e wa s measure d b y countin g di e 
number  o f  correc t  problem s di e subject s ha d identifie d 
durin g th e diagnosti c process .  I n C T L ,  onl y tw o subject s 
wer e abl e t o identif y al l  o f  di e tw o correc t  problems ,  dire e 
subject s identifie d onl y on e o f  th e tw o problem s an d fou r 
subject s coul d no t  com e u p wid i  an y proble m a t  all .  I n 
E X P,  si x subject s cam e u p wid i  di e tw o correc t  problem s 
while  on e subjec t  cam e u p wid i  a  singl e problem .  Thes e 
result s sugges t  dia t  di e overal l  performanc e o f  E X P wa s 
improve d compare d t o di e performanc e o f  C T L (Chi -
square=6.86 ,  p<0.05) . 

Detaile d protoco l  analyse s o f  di e subject s i n eac h grou p 
wer e conducte d t o identif y th e possibl e difference s i n cog -
nitiv e processe s undergone ,  whic h woul d accoun t  fo r  th e 
differenc e i n performance .  Aldioug h comprehensiv e analy -
si s o f  di e verba l  an d actio n protocol s mos t  accuratel y show s 
di e dynami c natur e o f  cognitiv e integration ,  i t  i s  impossibl e 
t o presen t  al l  th e dat a i n detai l  fo r  al l  di e subject s becaus e 
of  th e spac e limit .  Therefore ,  fo r  eac h group ,  w e decide d t o 
presen t  di e analysi s o f  on e subjec t  i n detai l  an d die n com -
par e di e aggregat e protoco l  result s betwee n th e tw o groups . 
Th e subjec t  t o b e analyze d i n detai l  fo r  eac h grou p wa s se -
lecte d becaus e his/he r  cognitiv e processe s wer e relativel y 
simpl e an d representativ e o f  th e behavio r  o f  di e group . 

Detailed Individual Process Data 

The Perceptual Integration Process. The perceptual 
proces s wa s analyze d base d o n di e subject' s D T G .  Figure s 
1 an d 2  sho w di e D T G s o f  di e representativ e C T L an d E X P 
subjects ,  respectively .  Th e D T G indicate s h o w di e sub -
jects '  attentio n shifte d durin g di e experimen t  b y showin g 
th e sequenc e o f  transition s amon g th e diagrams .  Th e verti -
cal  axi s represent s di e differen t  diagram s provide d t o di e 
subject ,  whil e th e horizonta l  axi s represent s di e passag e o f 
time . 

Compariso n o f  th e tw o figures  indicate s tha t  th e percep -
tua l  behavio r  o f  th e tw o subject s ar e radicall y differen t  i n 
tw o aspects :  di e numbe r  o f  diagra m transition s an d numbe r 
of  round-tiips .  First ,  di e line s betwee n tw o dot s i n di e fig-
ure s stan d fo r  diagra m ti-ansitions.  W e ca n se e dia t  di e E X P 
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subjec t  wen t  throug h man y mor e diagra m transition s tha n 
th e C T L subjec t  (6 8 fo r  C T L ;  43 8 fo r  E X P ) .  Th e differenc e 
i s significan t  considerin g th e sam e tim e limi t  assigne d t o 
bot h groups .  Second ,  th e a  an d v  shape s i n th e figures 
stan d fo r  round-trip s wher e th e subject s refe r  t o iuiotlie r 
diagra m an d retur n t o th e initia l  diagra m o f  inlercsi .  Th e 
figures  sho w tha t  th e E X P subjec t  mad e m a n y mor e round -
trip s tha n th e C T L subjec t  (1 3 Fo r  C T L ;  20 4 fo r  E X P ) . 

Figur e 1 :  D T G o f  a  representativ e C T L subjec t 

Figur e 2 :  D T G o f  a  representativ e E X P subjec t 

The above analyses point to several interesting facts as 
t o th e natur e o f  th e perceptua l  integratio n proces s wit h 
multipl e diagrams .  Th e large r  numbe r  o f  diagra m transi -
tion s b y th e E X P subjec t  implie s tha t  h e coul d perfor m a 
more extensiv e searc h tha n th e C T L subject .  Moreover ,  th e 
large r  numbe r  o f  round-trip s b y th e E X P subjec t  implie s 
tha t  hi s searc h i s no t  jus t  a  rando m walk ,  bu t  a  purposefu l 
endeavo r  t o relat e pair s o f  relate d diagrams .  Thi s m a y b e 
possibl e becaus e visua l  cue s i n th e diagra m give n t o th e 
E XP subjec t  allowe d hi m t o easil y locat e th e relate d dia -
grams amon g th e availabl e diagrams . 

The Conceptual Integration Process. The conceptual 
proces s wa s analyze d base d o n th e subjects '  H B G s tha t 
represen t  th e hypothese s generate d b y a  subjec t  i n orde r  o f 
occurrence .  Figure s 3  an d 4  sho w th e H B G s o f  th e repre -
sentativ e C T L an d E X P subjects ,  respectively .  Eac h rec -
tangl e represent s a  hypothesi s generate d b y th e subject . 
Refinemen t  o f  a  previousl y generate d hypothesi s i s de -
note d a s on e place d on e ste p t o th e right ,  wherea s a n en -
tirel y ne w hypothesi s i s place d o n a  differen t  ro w on e ste p 
below .  Th e hypothesi s numbe r  an d th e numbe r  o f  refine -
ment s fo r  di e particula r  hypothesi s i s denote d o n th e righ t 
sid e o f  th e square .  Th e tempora l  sequenc e o f  occurrenc e o f 
th e hypothese s i s represente d b y it s spatia l  locatio n o n th e 
horizonta l  axis ,  fro m lef t  (early )  t o righ t  (late) .  Th e dia -
grams involve d i n th e generatio n (an d refinement )  o f  th e 
hypothese s ar e represente d b y th e diagra m n a m e unde r 

eac h square .  Fo r  example ,  th e Hypothesi s Behavio r  (jrrap h 
i n Figur e 3  show s tha t  th e subjec t  generate d he r  fus t  hy -
pothesi s (Hl-1 )  whil e attendin g t o th e Clas s Diagra m (CD) . 

Figur e 3 :  H B G o f  a  representativ e C T L subjec t 

uaxjODiACMac i 

Figur e 4 :  H B G o f  a  representativ e E X P subjec t 

We can see from the figures that the conceptual behavior 
of  tw o subject s wer e radicall y differen t  i n tw o aspects :  th e 
number  o f  hypothesi s refinement s an d th e numbe r  o f  dif -
feren t  diagram s involve d i n developin g th e hypotheses . 
First ,  eve n thoug h th e numbe r  o f  hypothese s generate d ar e 
simila r  t o eac h odie r  (1 0 fo r  C T L ;  1 3 fo r  E X P ) ,  th e E X P 
subjec t  refine d th e generate d hypothese s m u c h mor e ofte n 
tha n di e C T L subject .  I n fact ,  th e C T L subjec t  neve r  re -
fined  hypothese s tha t  ha d bee n generate d earlier ,  whil e th e 
E XP subjec t  mad e 5 8 refinement s i n total ,  mor e tha n 4 
refinement s pe r  hypothesi s o n average .  Second ,  w e ca n se e 
fro m th e figures  tha t  th e C T L subjec t  mostl y referre d t o 
onl y on e diagra m pe r  hypoUiesi s (excep t  fo r  he r  eight h 
hypothesi s wher e fou r  diagram s wer e involved) ,  whil e fo r 
th e E X P subjec t  th e refinemen t  o f  a  previousl y generate d 
hypothesi s wa s triggere d b y th e examinatio n o f  differen t 
diagram s fro m th e on e originall y use d i n th e initia l  genera -
tion . 

Sinc e informatio n abou t  a  certai n entit y i s disperse d ove r 
multipl e diagram s followin g th e perspectiv e o f  eac h dia -
gram ,  th e refinemen t  proces s o f  th e hypothese s shoul d con -
sis t  o f  integratin g multipl e perspective s o f  th e syste m int o 
a single ,  composit e representation .  Therefore ,  differen t 
diagram s cam e int o pla y i n th e hypothesi s refinemen t 
proces s o f  di e E X P subjects .  Th e contextua l  cue s buil t  int o 
th e diagram s give n t o th e E X P subjec t  ar e assume d t o hav e 
allowe d hi m t o evaluat e th e variou s dat a disperse d ove r  th e 
multipl e diagram s fro m a  consisten t  perspectiv e o f  attend -
in g hypotheses . 
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I n summary ,  th e finding s o f  th e detaile d analyse s sugges t 
tha t  proble m solvin g wit h multipl e diagram s involve s tw o 
closel y relate d cognitiv e processe s :  a  perceptua l  integra -
tio n proces s an d a  conceptua l  integratio n process .  Succes s 
i n proble m solvin g depend s o n th e effectiv e executio n o f 
thes e tw o processes .  I n th e nex t  section ,  aggregat e dat a ar e 
analyze d t o generaliz e thes e findings. 

Aggregate Results 

The Perceptual Integration Process. The results of the 
perceptua l  integratio n proces s ar e summarize d i n Tabl e 1 . 
First ,  compariso n o f  th e numbe r  o f  diagra m transition s 
betwee n th e tw o group s show s tha t  th e subject s i n E X P 
performe d mor e diagra m transition s tha n thos e i n C T L 
(98.8 9 fo r  C T L vs .  345.7 1 fo r  E X P ;  t(14)=6.538 ,  p<0.001) . 
Sinc e th e experimenta l  materia l  fo r  E X P consiste d o f  thre e 
mor e diagram s tha n tha t  o f  C T L ,  th e numbe r  o f  transition s 
wer e normalize d pe r  diagra m an d th e result s remaine d sig -
nifican t  (8.2 4 fo r  C T L vs .  23.0 5 fo r  E X P group ; 
t(14)=5.783,p<0.001) . 

Next ,  w e examine d th e numbe r  o f  episode s wher e th e 
subject s performe d round-tri p transitions .  Th e result s sho w 
tha t  E X P mad e significantl y mor e round-trip s tha n C T L 
(26.4 4 fo r  C T L vs .  136.1 4 fo r  E X P ;  t(14)=5.327 ,  p<0.001) . 
Again ,  th e differenc e wa s significan t  eve n whe n th e result s 
wer e normalize d pe r  diagra m (2.2 0 fo r  C T L vs .  9.0 8 fo r 
E X P;  t(14M.928 ,  p<0.001) . 

Tota l 
Transition s 

C TL 
E XP 

98.8 9 
345.7 1 

Returnin g 
Episode s 

26.4 4 
136.1 4 

Tabl e 1 :  Perceptua l  Integratio n Proces s 

The Conceptual Integration Process. The results of the 
conceptua l  integratio n proces s ar e summarize d i n Tabl e 2 . 
Fns t  w e examine d th e numbe r  o f  hypothesi s refinements . 
The E X P subject s develope d a n averag e o f  1 0 hypothese s 
and thes e hypothese s wer e refine d a n averag e o f  40.5 7 
times ,  givin g a n averag e o f  4.05 7 refinement s pe r  hypothe -
sis .  O n th e othe r  hand ,  th e C T L subject s produce d a n aver -
age o f  6.7 8 hypothese s an d thes e hypothese s wer e refine d 
an averag e o f  10.6 7 times ,  yieldin g a n averag e o f  1.57 4 
refinement s pe r  hypothesis .  Thus ,  th e E X P subject s showe d 
significantl y mor e refinement s tha n th e C T L subject s (t(14 ) 
= 4.450 ,  p  <  0.00 1 ) . 

#of #of Ref/ Diagrams / 
Hypothese s Refinement s H y p Hy p 

C TL 
E XP 

6.7 8 
10.0 0 

10.6 7 
40.5 7 

1.57 4 
4.05 7 

1.78 7 
4.67 1 

Tabl e 2 :  Conceptua l  Integratio n Proces s 

Next, we examined the diagrams used in the hypothesis-
developmen t  process .  Tabl e 2  als o show s th e numbe r  o f 
diagram s use d i n th e process .  A n averag e o f  4.67 1 dia -

gram s wer e involve d i n developin g eac h hypothesi s b y th e 
E XP subjects ,  whil e th e C T L subject s u.se d les s tha n tw o 
(1.787 )  diagram s pe r  hypothesis .  Therefore ,  th e E X P sub -
ject s showe d a  mor e intensiv e usag e o f  th e diagram s fo r 
generatin g an d refinin g hypothese s abou t  th e targe t  syste m 
(t(14 )  =  6.343 ,  p < 0.0001) . 

I n summary ,  th e aggregat e result s sho w simila r  pattern s 
of  th e cognitiv e integratio n behavior s a s thos e observe d i n 
th e detaile d proces s dat a o f  th e representativ e subjects .  I n 
term s o f  th e perceptua l  integratio n process ,  E X P subject s 
went  throug h significantl y mor e transition s tha n th e C T L 
subjects ,  whic h implie s tha t  a  mor e extensiv e searc h wa s 
performe d b y th e E X P subjects .  Moreover ,  E X P subject s 
made significantl y mor e round-trip s tha n th e C T L subjects , 
whic h implie s tha t  th e E X P subject s coul d relat e pair s o f 
relevan t  diagram s mor e easily .  I n term s o f  th e conceptua l 
integratio n process ,  E X P subject s mad e significantl y mor e 
refinement s t o thei r  hypothese s tha n th e C T L subjects . 
Moreover ,  E X P subject s employe d mor e diagram s i n refin -
in g thei r  hypotheses ,  whic h unplie s tha t  th e E X P subject s 
coul d integrat e th e relevan t  dat a acros s th e multipl e dia -
gram s fo r  thei r  hypotheses . 

Conclusion and Discussion 

Thi s pape r  provide s a  theoretica l  framewor k o f  th e cogni -
tiv e processe s involve d i n reasonin g wit h multipl e dia -
grams .  Th e cognitiv e integratio n proces s comprise s th e 
perceptua l  an d conceptua l  integratio n processes .  Thi s pape r 
als o identifie s usefu l  desig n factor s suc h a s visua l  cue s an d 
contextua l  informatio n fo r  designin g multipl e diagrams , 
and applie s the m t o th e desig n o f  diagram s i n busines s en -
gineering .  Th e result s fro m th e experimenta l  stud y indicat e 
tha t  th e visua l  cue s provide d a s i n th e diagram s facilitate d 
th e perceptua l  integratio n proces s resultin g i n mor e transi -
tion s betwee n th e multipl e diagram s an d especially ,  mor e 
transition s betwee n pair s o f  tw o relate d diagram s i n searc h 
of  furthe r  information .  Th e contextua l  informatio n als o 
turne d ou t  t o facilitat e th t  conceptua l  integratio n proces s 
resultin g i n a  mor e thoroug h refinemen t  o n th e generate d 
hypothese s an d i n a  mor e versatil e us e o f  divers e diagram s 
i n th e hypothesi s refinemen t  process . 

The theoretica l  contributio n o f  thi s pape r  i s i n it s  pro -
posa l  o f  a  framewor k fo r  th e cognitiv e integratio n proces s 
i n reasonin g wit h multipl e diagrams .  Thi s pape r  propose d 
tw o dimension s o f  cognitiv e integratio n (i.e. ,  th e percep -
tua l  an d conceptua l  integratio n process) ,  analytica l  meth -
ods t o investigat e th e dynami c proces s o f  th e integratio n 
(i.e. ,  th e dat a transitio n grap h an d hypothesi s behavio r 
graph) ,  an d prescriptiv e way s t o facilitat e th e integratio n 
proces s i n th e tw o dunension s (i.e. ,  visua l  cue s an d contex -
tua l  information) . 

The practica l  contributio n o f  thi s pape r  stem s fro m th e 
prevalenc e o f  multipl e diagram s i n busines s system s engi -
neerin g becaus e whe n modelin g comple x system s th e us -
age o f  multipl e diagram s i s th e nor m rathe r  tha n a n excep -
tion .  A t  th e sam e time ,  th e curren t  trend s i n busines s sys -
tem s engineerin g plac e mor e emphasi s o n th e desig n dia -
gram s rathe r  tha n o n th e final  programmin g code s 
(Winograd ,  1995) .  However ,  mor e diagram s d o no t  directl y 
increas e th e analysts '  understandin g o f  th e targe t  syste m 
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unles s th e diagram s contai n enoug h visua l  cue s an d contex -
tua l  informatio n t o assis t  th e reasonin g activity .  Thus ,  th e 
increase d rol e o f  diagram s i n desig n documentatio n i s ex -
pecte d t o ad d mor e significanc e t o th e result s o f  thi s pape r 

However ,  thi s stud y ha s limitation s whic h nee d t o b e in -
vestigate d i n futur e research .  First ,  w e nee d t o idcnlil y  th e 
genera l  feature s o f  th e diagrammati c representatio n tha t  ar e 
most  appropriat e fo r  th e reasonin g tas k an d explor e thei r 
impac t  o n diagrammati c reasoning .  Fo r  example ,  wha t 
kind s o f  visua l  cue s an d contextua l  informatio n ar e mor e 
appropriat e fo r  allowin g peopl e t o relat e th e visua l  feature s 
i n th e multipl e diagram s o r  t o compar e variou s conceptua l 
hypothese s abou t  th e system .  Second ,  feature s concernin g 
th e reasonin g tas k itsel f  nee d t o b e investigated .  I n thi s 
stud y th e reasonin g tas k wa s focuse d o n integratin g infor -
matio n disperse d aroun d multipl e diagrams .  However ,  th e 
reasonin g tas k ma y b e extende d t o a  broade r  rang e o f  dia -
gra m use .  I n additio n t o integratin g multipl e diagrams , 
dividin g a  diagra m int o severa l  partition s o r  omittin g ele -
ment s fro m a  diagra m i n orde r  t o obtai n a  diagra m tha t  i s 
easie r  t o understan d ar e diagranmiati c reasonin g task s tha t 
need t o b e examined .  Thi s woul d cal l  fo r  a n Algebr a o f 
Diagram s wher e proble m solvin g consist s o f  adding ,  sub -
tracting ,  multiplyin g an d dividin g diagrams .  Futur e re -
searc h i s directe d a t  identifyin g th e ke y feature s i n per -
formin g thes e tasks . 
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