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A S t u d y o f  D i a g r a m m a t i c R e a s o n i n g f r o m V e r b a l  a n d G e s t u r a l  D a t a 

N.  Har i  Narayanan ^  an d Masak i  S u w a an d Hirosh i  M o t o d a 
Advance d Researc h Laboratory ,  Hitach i  Ltd . 

Hatoyama ,  Hiki-gun ,  Saitam a Pref .  350-03 ,  Japan . 
{naorayan ,  suwa ,  motoda}«haa-l .  hitachi .  CO.  j p 

Abstrac t 

This paper reports on an exploratory study of diagram-
mati c reasoning .  Concurren t  think-alou d protocol s an d 
gesture s o f  subject s solvin g a  se t  o f  devic e behavio r  hy -
pothesi s problem s presente d a s labele d diagram s wer e 
collected .  I n additio n t o analyzin g verba l  protocols ,  th e 
gesture s an d mark s mad e b y th e subject s wer e examine d 
and use d t o annotat e encode d verba l  data .  A  mode l 
of  diagrammati c reasoiun g i n thi s tas k i s propose d an d 
compare d wit h result s o f  analyzin g th e protocols .  Be -
side s lendin g suppor t  t o result s o f  previou s experimenta l 
studies ,  thi s stud y als o reveale d som e interestin g aspect s 
of  diagrammati c reasonin g tha t  meri t  furthe r  investiga -
tion . 

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

Diagrammati c reasonin g m a y b e define d a s th e ac t  o f 
reasoning ,  an d solvin g problems ,  usin g diagram s a s ex -
terna l  representations .  Thoug h diagram s ar e stati c rep -
resentations ,  reasonin g wit h the m m a y involv e menta l 
simulation s o f  behaviors  tha t  chang e th e configuratio n 
depicte d i n th e externa l  diagram .  Therefore ,  diagram -
mati c reasonin g m a y wel l  involv e cognitiv e processe s tha t 
ar e imagisti c i n nature .  Wherea s menta l  imager y ha s 
a colorfu l  histor y o f  researc h i n Cognitiv e Science ,  re -
searc h o n diagrammati c reasonin g i s o f  mor e recen t  vin -
tag e (Hegarty ,  1992 ;  Hegart y &  Sims ,  i n press ;  Larki n 
& Simon ,  1987 ;  Lindsay ,  1988) .  I n thi s pape r  w e re -
por t  o n a n explorator y stud y o f  diagrammati c reasonin g 
tha t  Wci s conducte d a s par t  o f  a  long-ter m researc h pro -
gra m o n visua l  reasoning .  T h e tas k studied ,  tha t  o f  hy -
pothesizin g devic e behavior s fro m labele d schemati c dia -
grams ,  i s firs t  described .  Second ,  w e propos e a  mode l  o f 
ho w people  migh t  execut e thi s task .  Third ,  th e metho d 
an d result s o f  th e protoco l  analysi s stud y ar e presented . 
I n th e fina l  sectio n w e interpre t  th e result s withi n th e 
framewor k o f  th e mode l  an d discus s issue s o f  diagram -
mati c reasonin g tha t  meri t  furthe r  research . 

Hypothesizing Behaviors from Diagrams 

The diagrammati c reasonin g tas k tha t  w e considere d i n 
thi s stud y i s th e following :  give n a  schemati c diagra m 
of  a  physica l  devic e depictin g th e spatia l  configuratio n 

of  it s  (labeled )  components ^  an d a n initia l  behavior ,  hy -
pothesiz e th e potentia l  behavior s o f  th e devic e i n term s 
of  th e behavior s o f  it s  components . 

Thi s stud y i s par t  o f  a  large r  effor t  t o understan d ho w 
diagram s ar e use d i n reasoning .  W e ar e intereste d i n 
ho w diagram s suppor t  proble m solvin g b y directin g at -
tentio n an d facilitatin g visualization ,  an d reduc e searc h 
durin g proble m solvin g b y indexin g relevan t  knowledge . 
T h e tas k o f  hypothesizin g ho w a  devic e migh t  behav e 
solel y fro m it s diagra m i s appropriat e fo r  thi s becaus e o f 
it s followin g characteristics : 
(1 )  A  device' s diagra m depict s th e spatia l  layou t  an d 
configuratio n o f  it s  components .  Thi s depictio n contain s 
cue s tha t  influenc e ho w focu s o f  attention ^  i s shifte d dur -
in g proble m solving . 
(2 )  Behavior s o f  physica l  device s includ e man y spatia l 
behavior s suc h a s sliding ,  tilting ,  rotating ,  filling,  an d 
deforming .  Therefor e suc h problem s ar e idea l  vehicle s 
fo r  studyin g visualizatio n durin g proble m solving . 
(3 )  Fo r  problem s involvin g physica l  devices ,  onl y par t 
of  th e knowledg e require d t o solv e the m ca n b e gleane d 
fro m th e diagram .  Henc e suc h problem s ar e wel l 
suite d fo r  studyin g th e interactio n o f  conceptua l  (non -
diagrammatic )  knowledg e an d diagrammati c knowledg e 
durin g proble m solving .  T h e indexin g o f  relevan t  con -
ceptua l  an d inferentia l  knowledg e i s a  particularl y inter -
estin g aspec t  o f  thi s interaction . 

A Model of Behavior Hypothesis by 

Diagrammat i c Reasonin g 

The main goal of our experiments was to characterize 
how visua l  informatio n fro m th e diagra m an d concep -
tua l  informatio n (prio r  knowledge )  interact ,  an d influ -
enc e th e directio n o f  reasoning ,  durin g proble m solving . 
Thoug h solution s tha t  th e subject s provide d wer e no t  al -
ways complet e an d containe d inaccuracies ,  th e analyse s 
we carrie d ou t  -  bot h o f  th e tas k an d th e dat a collecte d 
-  indicate d tha t  th e diagra m play s tw o importan t  role s 
durin g proble m solving . 

'Curren t  address :  Knowledg e System s Laboratory ,  Stan -
for d University ,  70 1 Welc h Rd. ,  Pal o Alto ,  C A 94304 . 
narayanQksl.Stanford.ed u 

^We us e th e ter m component s t o mea n components ,  indi -
vidua l  part s o f  components ,  an d substances . 

''W e us e th e ter m focu s o f  attentio n t o mea n a n elemen t 
i n th e diagra m ( a component ,  a  par t  o f  a  component ,  o r 
a substance )  o r  a  conceptut d aspec t  o f  a n elemen t  i n th e 
diagra m (suc h a s th e mas s o f  a  component )  tha t  i s  bein g 
heede d a t  an y give n moment  durin g proble m solving . 
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•  Th e diagra m facilitate s th e indexin g an d recal l  o f  bot h 
conceptua l  knowledg e regardin g component s an d in -
ferentia l  knowledg e usin g whic h th e reasone r  ca n gen -
erat e ne w hypotheses . 

•  Th e diagra m support s a  visualizatio n o f  hypothesize d 
spatia l  behavior s o f  components ,  whic h i n tur n enable s 
th e reasone r  t o detec t  effect s o f  thes e behaviors . 

Based o n a n analysi s o f  thi s tas k an d a  preliminar y ex -
aminatio n o f  subjects '  verba l  reports ,  w e develope d th e 
cognitiv e proces s mode l  show n i n fig .  1 .  I t  explicate s 
a reasonin g strateg y fo r  solvin g qualitativ e behavio r  hy -
pothesi s problem s fro m diagrams .  Reasonin g start s wit h 
a componen t  an d it s behavio r  mentione d i n th e initia l 
condition ,  an d proceed s i n cycles .  I n late r  cycles ,  a 
componen t  an d it s behavio r  t o focu s o n wil l  b e selecte d 
fro m amon g th e hypothese s i n shor t  ter m memory .  Th e 
diagra m facilitate s th e indexin g an d recal l  o f  relevan t 
knowledg e i n tw o differen t  ways :  (i )  attendin g t o a  com -
ponen t  ma y cu e relevan t  propertie s o f  it ,  informatio n 
regardin g whic h i s eithe r  recalle d fro m lon g ter m m e m-
or y o r  retrieve d fro m th e diagram ,  an d (ii )  configura -
tiona l  an d shap e informatio n abou t  component s fro m 
th e diagra m togethe r  wit h prio r  knowledg e abou t  com -
ponent s an d behavior s allo w th e indexin g an d recal l  o f 
inferentia l  knowledge .  N e w hypothese s ar e generate d 
i n thre e ways :  (i )  b y deliberatin g abou t  effect s o f  non -
spatia l  behaviors ,  (ii )  b y observin g th e diagra m t o lo -
cat e connected/contactin g component s an d deliberatin g 
abou t  ho w thes e wil l  b e affecte d b y spatia l  behaviors ,  o r 
(iii )  b y mentall y visualizin g spatia l  behaviors ,  detectin g 
interaction s amon g component s tha t  result ,  an d deliber -
atin g abou t  effect s o f  thes e interactions .  I n eac h o f  thes e 
cases ,  th e applicatio n o f  th e recalle d inferentia l  knowl -
edge create s ne w hypothese s i n shor t  ter m memory .  Fo r 
th e stud y reporte d here ,  w e focusse d ou r  analysi s o n tw o 
issue s tha t  thi s mode l  raises :  th e orde r  i n whic h subject s 
shif t  thei r  focu s o f  attentio n durin g proble m solvin g an d 
th e recal l  o f  relevan t  knowledg e cue d b y spatia l  informa -
tio n fro m th e diagram . 

Method 
Subjects .  Thre e adul t  hig h schoo l  graduate s volun -
teere d a s subjects . 

Materials. The subjects were seated at a table and 
presente d wit h on e shee t  (pe r  problem )  containin g a  la -
bele d diagra m wit h a n initia l  conditio n an d instruction s 
writte n belo w th e diagram .  A  pe n wa s kep t  o n th e table . 
The subject s wer e tol d tha t  the y coul d us e i t  t o poin t  o r 
dra w o n th e proble m sheet . 

Procedure. All subjects attended an initial session in 
whic h concurren t  think-alou d verba l  reportin g (Erics -
son &  Simon ,  1983 )  wa s explaine d an d illustrate d b y 
th e experimenter .  Eac h subjec t  attende d tw o proble m 
solvin g session s lastin g approximatel y 4 5 minute s each , 
separate d b y a  week .  Subject s wer e aske d no t  t o dis -
cus s th e experiment s amon g themselve s durin g thi s pe -
riod .  I n eac h sessio n a  subjec t  wa s firs t  give n a  genera l 
instructio n shee t  tha t  explaine d wha t  wa s expecte d o f 
the m i n term s o f  think-alou d reporting .  Thes e instruc -

tion s followe d th e guideline s presente d i n (Ericsso n k 
Simon ,  1983) .  The y wer e the n give n thre e trainin g prob -
lem s followe d b y th e actua l  problems .  T h e fou r  actua l 
problem s w e use d ar e show n i n fig.  2 .  Concurren t  ver -
bal  an d gestura l  dat a wer e collected .  Verba l  report s (i n 
Japanese )  wer e tape-recorde d an d gesture s wit h hand s 
and pe n wer e video-taped . 

Analyses. The verbal reports were transcribed verba-
tim ,  an d translate d int o English .  Gesture s an d draw -
ing s tha t  th e subject s m a d e wer e examine d usin g bot h 
th e vide o recordin g an d th e proble m sheet s o n whic h 
subject s drew .  Gesture s wer e categorize d a s pointing , 
movement-indicating ,  o r  drawing .  Pointin g gesture s wer e 
furthe r  classifie d a s pointin g t o a  component ,  pointin g t o 
an area ,  o r  tracin g a  componen t  boundary .  Movemen t  in -
dicatin g gesture s wer e divide d int o movin g th e ti p o f  th e 
pen ,  o r  usin g fingers  and/o r  hand s and/o r  th e pe n t o in -
dicat e som e spatia l  behavio r  o f  a  component .  Movement s 
of  th e pen' s ti p wer e subdivide d int o thre e classes :  mov -
in g fro m on e locatio n i n th e diagra m t o another ,  movin g 
fro m a  componen t  alon g a  direction ,  o r  movin g fro m on e 
componen t  t o another .  Drawin g gesture s wer e divide d 
int o drawin g th e ne w locatio n and/o r  orientatio n o f  a 
movin g componen t  o r  copyin g a  component .  Th e verba l 
protocol s wer e the n annotate d wit h encode d gestures . 
Gesture s appeare d concurrentl y wit h verbalization s o r 
durin g pauses . 

Th e annotate d protocol s wer e segmented .  A  segmen t 
was define d t o b e a  meaningfu l  claus e (o r  clauses )  sepa -
rate d fro m th e res t  o f  th e transcrip t  b y pauses ,  commas , 
expression s suc h a s " h m m m " ,  "le t  m e see" ,  etc. ,  ques -
tio n marks ,  o r  connectives ,  o r  a  gestur e occurrin g durin g 
a pause .  Tabl e 1  give s th e numbe r  o f  segment s obtaine d 
per  protocol .  Base d o n it s verba l  an d gestura l  content , 
eac h segmen t  wa s tagge d wit h on e o r  mor e o f  th e fol -
lowin g labels :  diagra m observatio n ( D O ) ,  visualizatio n 
(V) ,  recal l  o f  known/give n informatio n (R) ,  an d infer -
enc e (I) .  Th e segment s wer e encode d usin g fou r  type s 
of  expressions :  (i )  Focu s (components )  list s component s 
tha t  constitut e th e focu s o f  reasonin g i n a  segment .  W e 
assume d tha t  a  subjec t  wa s focusin g o n a  componen t 
i f  i t  wa s explicitl y  mentione d i n a  segmen t  and/o r  ges -
ture s involvin g tha t  componen t  (pointing ,  tracin g th e 
boundary ,  drawing ,  simulatin g it s motio n wit h th e pen , 
etc. )  wer e m a d e withi n tha t  segment .  W e assume d tha t 
a subjec t  wa s focusin g o n som e conceptua l  aspec t  o f  a 
componen t  i f  a n explici t  mentio n o f  i t  appeare d i n a 
segment ,  (ii )  Behavior(component ;  behavior ;  type )  de -
scribe s an y give n o r  hypothesize d componen t  behavior s 
mentione d i n th e segment ,  (iii )  Knowledge(statements ) 
contain s a  restatemen t  o f  an y facts ,  assumptions ,  condi -
tion s o r  description s o f  componen t  state s tha t  th e seg -
ment  contains ,  (iv )  Comment(statements )  consist s o f 
any elaboration s o r  inference s b y th e encoder .  Th e en -
codin g vocabular y fo r  th e first  tw o type s o f  expression s 
consist s o f  al l  componen t  labels ,  tw o word s fo r  character -
izin g th e typ e o f  a  behavio r  -  know n o r  hypothesi s -  an d 
term s fo r  componen t  behavior s (e.g. ,  move-up ,  rotate -
clockwise ,  etc. )  derive d fro m analyzin g th e problem s an d 
examinin g th e verba l  protocols .  A  limitatio n o f  thi s en -
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f  Selec t  a  componen t  C  an d it s hypothesize d behavio r  B  fro m shor t  ter m m e m o r y -̂ « 
— " 

[ Shift tocus to C J 

r Attending to C may cue relevant intormation about C that is currently missing ] 

If  so .  an d I f  thi s Informatio n i s visua l  i n nature , 
shif t  focu s t o th e appropriat e par t  o f  C  i n th e 
diagra m i n orde r  t o locat e an d retriev e th e missin g 
informatio n 

1 

1 

X 

If  so ,  an d i f  thi s intormatio n i s no t  visua l  i n nature . 
Inde x Int o lon g ter m memor y an d recal l  relevan t 
prio r  knowledg e t o fil l  i n thi s informatio n 

I 

[  I f  B  i s non-spatial ,  ] 
3_ 

(  I f  B  I s spatlalT ) 

Conside r  an y immediat e effect s o f  B  o n 
component s tha t  ar e connecte d 
t o o r  i n contac t  wit h C  a s observe d 
fro m th e diagra m 

If  B  doe s no t  hav e an y immediat e effect s 
on othe r  components ,  o r  i f  suc h effect s 
hav e alread y bee n considered , 

Determin e component s whic h 
m ay b e affetcte d b y C  an d B 

Mentall y visualiz e B  an d an y othe r 
spatia l  behavior s cause d b y i t 

Watc h ou t  fo r  component s involve d 
i n th e behavior s bein g visualize d 
interactin g wit h othe r  component s 

If  suc h component s ar e found ,  us e informatio n abou t  thes e component s fro m th e diagra m an d prio r 
knowledg e abou t  th e behavior s unde r  consideratio n t o inde x an d retriev e relevan t  inferentia l  knowledge ; 
Deliberat e abou t  h o w thes e component s wil l  b e affected ;  Generat e hypothese s abou t  n e w behavior s 
tha t  result ,  b y applyin g th e recalle d inferentia l  knowledge ;  Stor e n e w hypothese s i n shor t  ter m m e m o r y 

T 
f  I f  ther e ar e hypothese s i n shor t  ter m m e m o r y tha t  hav e no t  ye t  bee n considered ,  1 

Figur e 1 :  A  proces s mode l  o f  behavio r  hypothesi s fro m devic e diagram s 

codin g proces s wa s tha t  gesture s an d verbalization s wer e 
encode d b y on e perso n each .  S o a  measur e o f  th e relia -
bilit y  o f  th e encoding ,  suc h a s inter-code r  agreement ,  i s 
not  avadlable . 

Results 

Our model predicts that reasoning will start with the 
give n initia l  condition ,  an d wil l  procee d wit h attentio n 
focusse d o n on e o r  mor e components .  T h e verba l  report s 
sho w tha t  reasonin g bega n wit h th e initia l  conditio n i n 
al l  cases . 

W h en attentio n i s focusse d o n multipl e components , 
th e mode l  predict s tha t  thes e wil l  eithe r  b e con -
nected/contactin g component s o r  component s relate d b y 
th e propagatio n o f  causality .  W e counte d th e num -
ber  o f  distinc t  component s indicate d b y eac h individua l 
verbalization' '  an d accompanyin g gestures .  Thi s numbe r 
range d fro m 0  t o 9 .  I n 9 5 % o f  th e verbalization s wit h 
mor e tha n on e component ,  th e component s coul d b e 

* A sentence ,  a  question ,  o r  a  se t  o f  clause s separate d fro m 
th e res t  o f  th e protoco l  b y pause s a t  bot h ends .  Suc h verbal -
ization s wer e spli t  int o multipl e segment s durin g th e encodin g 
process . 

classifie d a s connected/contactin g component s o r  com -
ponent s causall y relate d b y thei r  spatia l  behaviors .  Thi s 
finding  support s th e hypothesi s i n (Hegarty ,  1992 )  tha t 
subject s decompos e th e representatio n o f  a  devic e int o 
smalle r  unit s correspondin g t o th e machin e component s 
durin g diagrammati c reasoning .  Ou r  stud y suggest s tha t 
suc h unit s m a y contai n mor e tha n on e componen t  an d 
tha t  thi s decompositio n m a y b e guide d b y spatia l  adja -
cency ,  causality ,  o r  both . 

Th e mode l  predict s tha t  i n eac h cycl e th e componen t 
and behavio r  selecte d fro m shor t  ter m memor y an d th e 
hypothese s subsequentl y generate d wil l  b e causall y re -
lated .  Fo r  a  devic e whos e operatio n ca n b e describe d i n 
term s o f  a  linea r  sequenc e o f  causall y connecte d events , 
thi s mean s tha t  eac h pai r  o f  successiv e hypothese s wil l 
hav e a  cause-effec t  relationship .  However ,  fo r  a  devic e 
whose operatio n involve s branchin g componen t  behav -
ior s (suc h a s on e whos e operatio n ca n b e describe d b y a 
tre e o f  causall y connecte d events) ,  th e model' s implica -
tio n i s onl y tha t  eac h hypothesi s i n a  sequenc e generate d 
accordin g t o thi s mode l  ca n b e identifie d a s th e effec t  o f 
some precedin g hypothesi s i n th e sequence .  Th e struc -
tur e an d instruction s o f  ou r  problem s encourage d sub -
ject s t o conside r  m a n y different ,  possibl y branching ,  be -
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hole B 

cyHnde f 

You ar e required 
topredte t 
everythin g ma t 
wM happe n I f  ga s 
at  hig h pressur e 
I s pumpe d I n 
throug h hole A 
I n th e directio n 
show n l) y th e 
anow. 
Ther e m a y t w 
many possibilities . 

P r o b l e m 1 

J 

hole C 

You ar e require d 
t o predic t 
everythin g tha t 
wil l  happe n i f  ga s 
at  hig h pressur e 
I s pumpe d I n 
throug h hole A 
i n tt> e directio n 
show n b y th e 
arrow . 
Ther e m a y b e 
many possibilities . 

P r o b l e m 2 

,c«llng . 

hole B 
cylinde r 

space B 
hIngeA 

han 

You ar e require d 
t o predic t 
eveiythin g tha t 
wW happe n I f 
someon e pushe s 
handle A 
I n th e directio n 
show n b y th e 
arrow . 
Ther e m a y b e 
many possibilities . 

P r o b l e m 3 

compra«Md cpnn g 
tpaca A 

hInga C 

You v e r«qulfB d t o pradk t  everythin g tha i  w U happe n H  someon e piil s  stopper A ou t 
of  th e cylinde r  I n ti e directio n show n b y tt>B  am>w.  Ther e ma y t M man y possiblRtiet . 

P r o b l e m 4 

Figur e 2 :  Problem s use d i n thi s stud y 

haviors .  However ,  thei r  hypothese s appeare d i n th e ver -
bal  report s a s linea r  sequences .  Thi s mean s tha t  eve n i f 
subject s wer e followin g th e directio n o f  causalit y i n thei r 
reasoning ,  successiv e hypothese s m a y no t  alway s b e re -
late d causally .  Therefore ,  w e compute d th e percentag e 
of  time s a  hypothesi s abou t  a  correc t  even t  i n th e oper -
atio n o f  th e device ,  whic h ha s anothe r  even t  a s it s caus e 
and whic h i s appearin g i n th e sequenc e o f  hypothese s fo r 
th e first  time ,  wa s i n fac t  precede d i n th e sequenc e b y it s 
cause^ .  Thi s average s t o 8 8 % ove r  al l  1 2 protocols .  Thi s 
als o support s th e conclusio n tha t  diagrammati c reason -
in g abou t  mechanica l  device s typicall y proceed s alon g 
th e directio n o f  causalit y (Hegarty ,  1992) . 

The mode l  predict s tha t  focu s shift s ar e mediate d 
by thre e factor s -  searc h fo r  information ,  connectiv -
ity/contacts ,  an d visualization .  Componen t  connectiv -
it y an d contacts ,  detectio n o f  spatia l  interaction s a m o n g 
component s durin g visualizatio n o f  a  hypothesize d be -
havior ,  an d searc h fo r  informatio n wer e indee d foun d t o 
be factors ,  i n decreasin g orde r  o f  importance ,  influenc -
in g focu s shift s durin g proble m solving .  However ,  thes e 
thre e accounte d fo r  onl y 5 2 % o f  al l  focu s shifts ,  indi -
catin g tha t  ther e mus t  b e additiona l  factor s guidin g th e 
shift s o f  focus . 

*Th e formul a use d wa s "(X/X4-Y )  time s 100 "  wher e 
X =  th e numbe r  o f  correc t  first-time  hypothese s wit h know n 
cause s tha t  appeare d earlie r  i n th e sequenc e an d Y  =  th e 
number  o f  correc t  first-time  hypothese s wit h know n cause s 
whic h di d no t  appea r  earUe r  i n th e sequence . 

Focu s shifts .  Focu s shift s wer e induce d fro m th e pro -
toco l  dat a base d o n content s o f  verbalization s an d spe -
cifi c  gestures .  Therefore ,  i t  i s  a  coarse r  measur e tha n ey e 
fixation  data .  I t  wa s foun d tha t  connectivity/contacts , 
visualization ,  an d searc h fo r  informatio n explai n abou t 
hal f  o f  th e observe d focu s shifts .  Tabl e 2  summarize s re -
sult s fro m analyzin g th e numbe r  an d type s o f  focu s shift s 
foun d i n th e segments^ ,  an d th e differen t  type s o f  focu s 
shift s ar e explaine d below . 
Connectivity/contacts :  A  focu s shif t  base d o n connectiv -
it y o r  contac t  occur s whe n a  subject ,  afte r  deliberatin g 
abou t  a  componen t  an d it s behavior ,  start s t o hee d an -
othe r  componen t  tha t  i s  connecte d t o o r  i n contac t  wit h 
th e forme r  one .  Suc h shift s typicall y occu r  w h e n th e be -
havio r  unde r  consideratio n affect s th e shape ,  position ,  o r 
orientatio n o f  th e component .  Suc h shift s o f  focu s guid e 
reasonin g alon g th e directio n o f  causality .  Thi s appear s 
t o b e a  ver y c o m m o n typ e o f  focu s shif t  sinc e 3 9 % o f  al l 
focu s shift s i n th e 1 2 protocol s coul d b e classifie d int o 
thi s category . 
Visualization :  A  focu s shif t  base d o n visualizatio n occur s 
when a  subject ,  durin g deliberation s abou t  a  componen t 
an d it s behavio r  accompanie d b y verbalization s o r  ges -

®The followin g abbreviation s ar e use d i n thi s table :  C  -  th e 
number  o f  focu s shift s explaine d b y componen t  connectivit y 
or  contacts ;  V  -  th e numbe r  explaine d b y detectio n o f  spatia l 
interaction s betwee n component s durin g visualization ;  I  -  th e 
number  o f  focu s shift s explaine d b y searc h fo r  information ; 
and O  -  numbe r  o f  focu s shift s tha t  coul d no t  b e classifie d a s 
C,  V  o r  1 . 
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Tabl e 1 :  Numbe r  o f  Segment s 

tota l 
subject s 1  2  3  pe r  proble m 

proble m 1 

problem 2 

problem s 

problem 4 

tota l 
per  subjec t 

26 

25 

28 

36 

115 

31 

40 

46 

69 

186 

43 

27 

66 

86 

77? 

100 

92 

140 

191 

523 

proble m 1 

problem 2 

gran d tota l 

problem s 

problem 4 

tota l 
per  subjec t 

Tabl e 2 :  F o c u s Shif t  Da t a 

subjecti subject2 subjects 
tota l 

per  proble m 

Focus Shift s =  2 8 

2^ % V  I 
I  l i^ "  ' 

O 
57 % 

Focus Shift s  =  3 2 

Focus Shift s =  3 0 

10 % 70 J 

Focus Shift s  =  2 0 
C 

85 % 

V 
07. , 

1 
07o 

0 
15% 

Focu s Shift s =  4 3 

i5Z''3o % I  o 
-.1fi % 19 % 

Focu s Shift s =  12 1 

C 
4 2 % 

0 
347 177o 

Focu s Shift s =  3 9 

Focu s Shift s =  6 0 

C 
3 2 % I 

1 " 
I  3 % 

O 
4 8 % 

Focu s Shift s =  2 8 
C 

717o 

25% 
47o 0% 

Focu s Shift s =  8 9 

^  V 
C 3 8 % 

257o I  1  I  , 
'  9 % 

O 
28 % 

Focu s Shift s =  20 9 

h = - i 9 % 

o 
3770 

Focu s Shift s =  3 1 

C o 
39% ,  « % 

V I  , 
go/  107o | 

Focu s Shift s =  7 0 

C 
5 0 % 

O 
417o 

9\  ' T 07o | 

Focu s Shift s =  9 1 

I  297 o 
18% 11 % 

Focu s Shift s =  23 1 

C 
427« V 

O 
417o 

11% 6 % 

Focu s Shift s =:  9 9 
0 

5 9 % 
267. .  ,Y„ ,  I 

Focu s Shift s =  12 1 

35% 
0 

4 7 % 
6% 

Focu s Shift s =  11 8 

C 
617o 

6% 0 % 

0 
33 % 

Focus Shift s =  22 3 

31%28% I 2?% 
11%i 

Focus Shift s  =  56 1 

M% C 
39% 167o 7% 

gran d tota l 

ture s ind ica t in g m e n t a l  visual izat ion ,  start s t o h e e d a n -
othe r  componen t  that ,  whil e no t  connecte d t o o r  i n con -
tac t  wit h th e origina l  one ,  ha s th e potentia l  t o interac t 
wit h th e origina l  componen t  a s a  resul t  o f  it s  behavior . 
Suc h shift s typicall y occu r  whe n subject s ar e deliberat -
in g abou t  deformatio n o r  motion ,  afte r  considerin g im -
mediat e effect s du e t o connectivity/contact .  A  shif t  o f 
focu s fro m th e iro n bal l  t o th e pip e i n proble m 4  i s a 
typica l  example .  Thes e shift s als o guid e reasonin g alon g 
th e directio n o f  causality .  A m o n g al l  focu s shift s i n th e 
12 protocols ,  1 6 % coul d b e classifie d int o thi s category . 
Searc h fo r  information :  Attendin g t o a  componen t  m a y 
cu e prototypica l  knowledg e tha t  a  subjec t  ha s abou t  tha t 
component .  T h e indexin g an d recal l  o f  suc h knowledg e 
(abou t  th e component' s typica l  part s o r  function )  m a y 
revea l  tha t  informatio n abou t  som e aspect s -  visua l  as -
pect s suc h a s whethe r  a  typica l  par t  o f  th e componen t 
i s presen t  i n th e diagra m an d conceptua l  aspect s suc h 
as th e purpos e o f  a  componen t  -  o f  thi s particula r  com -
ponen t  i s  currentl y missing .  Thi s wil l  caus e a  shif t  o f 
th e subject' s focu s o f  attentio n t o th e correspondin g el -
ement/locatio n i n th e diagra m (i n th e cas e o f  a  visua l 
aspect )  o r  t o th e correspondin g conceptua l  aspect .  Un -
lik e th e previou s tw o type s o f  focu s shifts ,  th e occurrenc e 
of  thes e focu s shift s depend s o n th e typ e o f  componen t 
bein g considere d rathe r  tha n it s behavior .  A n exampl e i s 
th e shif t  o f  focu s fro m th e lef t  en d o f  seesaw C t o weight C 
i n proble m 4 .  I n thi s case ,  considerin g th e lef t  en d o f  a 
horizonta l  seesa w migh t  hav e create d a n expectatio n re -

gardin g th e presence/absenc e o f  a  balancin g weigh t  a t 
th e othe r  end ,  resultin g i n th e focu s shift .  Sinc e part s o f 
a comple x componen t  ar e typicall y connecte d together , 
i t  ca n b e difficul t  t o separat e thi s typ e o f  focu s shift s 
fro m thos e du e t o connectivity .  However ,  whe n a  shif t 
occur s t o a  conceptua l  aspect ,  o r  whe n i t  bypasse s inter -
mediat e part s o r  select s on e par t  whe n ther e ar e othe r 
part s tha t  coul d hav e bee n selecte d base d o n connec -
tivit y alone ,  w e fee l  tha t  classifyin g suc h shift s int o thi s 
categor y i s appropriate .  Onl y 7 % o f  al l  focu s shift s coul d 
be s o classified .  Thi s m a y b e du e t o th e fac t  tha t  mos t  o f 
th e devic e component s i n th e fou r  problem s wer e quit e 
simple . 

Knowledge indexing. Many instances of the recall of 
relevan t  conceptua l  informatio n triggere d b y diagra m el -
ement s (e.g. ,  mas s o f  th e bal l  an d purpos e o f  th e knif e i n 
proble m 4 )  appeare d i n th e protocols .  W e als o expecte d 
t o se e instance s o f  diagra m element s cuein g relevan t  in -
ferentia l  knowledge .  O n e proble m i n whic h thi s wa s evi -
den t  wa s proble m 2 .  Al l  subject s inferre d leakag e o f  ga s 
afte r  noticin g hole C i n th e piston .  O n e subjec t  explicitl y 
considere d thre e possibilitie s -  hole C bein g ver y small , 
normal ,  o r  ver y larg e -  an d m a d e correc t  hypothese s re -
gardin g th e piston' s motio n i n eac h case .  T h e othe r  tw o 
subjects ,  perceivin g hole C t o b e ver y small ,  ignore d it s 
effec t  an d hypothesize d th e sam e behavio r  o f  th e pisto n 
(upwar d motion )  a s i n proble m 1 .  Thi s wa s th e onl y in -
stanc e tha t  clearl y showe d diagrammati c informatio n -
th e presenc e an d perceive d siz e o f  hole C -  cuein g relevan t 
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inferentia l  knowledge ,  althoug h th e indexe d knowledg e 
and resultin g inference s differe d amon g th e subjects . 

General Discussion 

In this section we discuss interesting aspects of diagram-
mati c reasonin g tha t  th e verba l  an d gestura l  dat a re -
vealed ,  an d question s meritin g furthe r  investigations . 
We clos e o n a  speculativ e not e abou t  th e potentia l  bene -
fit s o f  studying ,  an d computationall y modeling ,  cognitiv e 
processe s involve d i n reasonin g wit h diagrams . 

Focu s shifts .  A s tabl e 2  shows ,  connectivity/contacts , 
visualization ,  an d searc h fo r  informatio n explai n onl y 
5 2 % o f  th e tota l  numbe r  o f  focu s shift s observe d ove r 
al l  1 2 protocols .  Som e o f  th e other s m a y b e explain -
abl e i n term s o f  subjects '  goals .  On e particula r  patter n 
appeare d man y times :  afte r  shiftin g focu s t o a  ne w com -
ponen t  an d predictin g it s behavior ,  focu s shifte d bac k 
and fort h betwee n i t  an d th e componen t  perceive d t o b e 
causin g thi s ne w behavior .  A n interna l  goa l  t o confir m 
th e newl y mad e hypothesi s m a y b e th e caus e o f  thi s it -
erativ e shifting .  Uncoverin g othe r  determinant s o f  focu s 
shift s an d usin g ey e fixatio n dat a t o trac k focu s shift s 
more finely  ar e issue s deservin g furthe r  research . 

Knowledg e indexing .  W e believ e tha t  a s i n th e cas e 
of  geometr y proble m solvin g (Koedinge r  &  Anderson , 
1990 ;  McDougal ,  1993) ,  diagram s facilitat e th e indexin g 
of  inferentia l  knowledge ,  thereb y reducin g search ,  i n th e 
behavio r  hypothesi s tas k a s well .  However ,  th e presen t 
stud y di d no t  provid e man y instance s o f  this .  Exper -
iment s wit h problem s tha t  ar e designe d t o revea l  thi s 
aspec t  wil l  b e par t  o f  ou r  futur e work . 

Visualization .  Video-tape d gestura l  dat a -  showin g 
gesture s tha t  simulat e motion s wit h pen ,  fingers  an d 
hands ,  an d drawing s o f  intermediat e an d final  state s o f 
component s undergoin g motio n o r  deformatio n -  make s 
a persuasiv e cas e fo r  menta l  visualizatio n o f  spatia l  be -
haviors .  Cognitiv e processe s underlyin g suc h visualiza -
tion s nee d t o b e investigate d further . 

Reasonin g b y visua l  analogy .  I n th e cas e o f  prob -
le m 2 ,  a//subject s recalle d thei r  solutio n t o proble m 1 . 
Subject s solve d thes e tw o problem s i n differen t  session s 
separate d b y a  week .  Nevertheless ,  the y recalle d an d 
trie d t o adap t  an d fit  th e earlie r  solutio n t o th e cur -
ren t  proble m instea d o f  startin g fro m th e beginning . 
Thus ,  i n thi s cas e th e diagra m helpe d inde x th e so -
lutio n fro m a  previousl y experience d proble m solvin g 
episode .  Suc h visua l  analogie s (Thagard ,  Gochfeld ,  & 
Hardy ,  1992 )  an d thei r  computationa l  modelin g usin g 
visua l  case s (Narayanan ,  1992 )  wil l  b e par t  o f  futur e re -
search . 

Principle s an d model s o f  proble m solvin g derive d fro m 
studie s o f  visua l  an d diagrammati c reasonin g i n rea l 
worl d domain s -  se e (Rogers ,  1993 )  fo r  a  compellin g 
exampl e -  ca n for m th e basi s o f  intelligen t  visualizatio n 
and instructio n system s that ,  instea d o f  merel y present -
in g prett y displays ,  ca n understan d an d intelligentl y ma -
nipulat e thes e i n orde r  t o assis t  an d reduc e th e cognitiv e 
loa d o f  thei r  h u m a n users .  A n are a wher e thi s ca n mak e 

a significan t  impac t  i s instructiona l  technology .  Studie s 
of  th e rol e o f  visua l  reasonin g i n scientifi c  though t  (Ners -
essian ,  1991) ,  difference s i n visualizatio n skill s  betwee n 
individual s (Hegart y k  Sims ,  i n press )  an d betwee n ex -
pert s an d novices ,  an d c o m m o n mistake s tha t  novice s 
ar e pron e to ,  ca n lea d t o intelligen t  tutorin g system s tha t 
facilitat e th e developmen t  o f  visualizatio n skill s  i n prob -
le m solvin g amon g student s o f  scienc e (Dreyfus ,  1991 ) 
and engineering .  Thi s motivate s ou r  researc h o n dia -
grammati c reasoning . 
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