
UC Merced
Proceedings of the Annual Meeting of the Cognitive Science 
Society

Title
Diagram-based Problem Solving: Th e Case of an Impossible Problem

Permalink
https://escholarship.org/uc/item/8vh1z84r

Journal
Proceedings of the Annual Meeting of the Cognitive Science Society, 17(0)

Authors
Narayanan, N. Hari
Suwa, Masaki
Motoda, Hiroshi

Publication Date
1995
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/8vh1z84r
https://escholarship.org
http://www.cdlib.org/


Diagram-base d P r o b l e m Solving :  T h e Cas e o f  a n Impossibl e P rob le m 

N.  Har i  Narayana n 
Colleg e o f  Computin g &  EduTec h Institut e 

Georgi a Institut e o f  Technolog y 
Atlanta ,  G A 30332-028 0 

narayan@cc.gatech.ed u 

Masak i  S u w a Hirosh i  M o t o d a 
Advance d Researc h Laborator y 

Hitach i  Ltd . 
Hatoyama ,  Saitam a 350-03 ,  Japa n 

suwa,motoda@harl.hitachi.co.j p 

Abstrac t 

Diagram-based problem solving is an activity in which subjects 
solv e problem s tha t  ar e specifie d i n th e for m o f  diagrams .  Sinc e 
th e diagra m contain s critica l  informatio n necessar y fo r  proble m 
solving ,  thi s  i s a n activit y tha t  clearl y require s reasonin g wit h 
th e diagram .  Recen t  researc h o n diagrammati c reasonin g ha s 
uncovere d man y interestin g aspect s o f  thi s process .  On e suc h 
aspec t  tha t  th e author s hav e bee n exploring ,  b y mean s o f  a  se t  o f 
verba l  an d gestura l  protoco l  analysi s experiments ,  i s  th e rol e o f 
th e diagra m i n guidin g th e reasonin g process .  Th e trajector y o f 
reasonin g i s reveale d bot h b y th e intermediat e hypothese s gen -
erated ,  an d b y th e shift s  o f  focu s induce d fro m proble m solvin g 
protocols .  I n thi s pape r  w e focu s o n th e protocol s collecte d fo r 
a particularl y interestin g problem ,  on e whos e solutio n i s ar -
rived  a t  throug h a  pai r  o f  contradictor y inferences .  W e derive d 
th e reasonin g trajectorie s o f  subject s b y extractin g th e tempora l 
orde r  an d spatia l  distributio n o f  thei r  intermediat e hypothese s 
leadin g towar d th e final  solution .  Thes e trajectorie s indicat e 
tha t  th e spatio-tempora l  orde r  o f  hypothese s depen d o n mor e 
tha n th e devic e structur e depicte d i n th e diagra m an d inferre d 
causatio n o f  event s fro m th e diagram .  W e propos e tha t  subject s 
emplo y impUci t  searc h strategie s whic h togethe r  wit h thei r  in -
terna l  goal s t o verif y hypothese s an d th e nee d t o replenis h shor t 
ter m memor y influenc e thei r  reasonin g trajectories . 

Introduction 

M o r e ofte n tha n not ,  externa l  representation s for m integra l 
part s o f  th e representationa l  repertoir e utilize d b y h u m a n cog -
nitiv e processing .  However ,  i t  i s  onl y recentl y tha t  researc h 
ha s begu n t o addres s issue s o f  h o w cognitiv e processe s op -
erat e o n distribute d representationa l  system s tha t  consis t  o f 
externa l  an d interna l  representations ,  an d wha t  th e represen -
tationa l  effect s differen t  kind s o f  representation s hav e o n cog -
nitiv e processe s (Zhan g &  N o r m a n ,  1994) .  Diagram s for m 
an interestin g clas s o f  externa l  representations ,  on e whic h 
i s quit e ofte n use d i n activitie s suc h a s instruction ,  desig n 
an d proble m solving .  Zhan g an d N o r m a n (1994 )  argu e tha t 
externa l  representation s ca n ancho r  an d structur e cognitiv e 
behaviors .  I n thi s vein ,  h o w externa l  diagram s facilitat e rea -
soning ,  visualizations ,  an d proble m solvin g i s a  topi c tha t  ha s 
recentl y receive d considerabl e researc h attentio n fro m bot h 
computationa l  an d cognitiv e perspective s (fo r  example ,  se e 
Cheng ,  1994 ;  Clement ,  1994 ;  Glasgow ,  Narayana n &  Chan -
drasekaran ,  1995 ;  Lindsay ,  1994) . 

Diagrammati c reasonin g m a y b e define d a s th e kin d o f  rea -
sonin g i n whic h diagram s ar e use d a s externa l  representations . 
Diagram-base d proble m solvin g the n i s a  particula r  kin d o f 
diagrammati c reasonin g activit y i n whic h problems ,  speci -
fie d i n th e for m o f  diagram s tha t  ar e annotate d wit h label s 

and s o m e explanator y text ,  ar e solved .  Researc h o n diagram -
base d proble m solvin g wit h diagram s o f  mechanica l  device s 
has uncovere d m a n y interestin g aspect s o f  thi s process .  Fo r 
instance ,  i t  ha s bee n foun d tha t  reader s w h o stud y mixe d me -
di a description s comprisin g bot h diagram s an d tex t  construc t 
bette r  menta l  model s o f  th e kinematic s o f  a  devic e (Hegart y 
& Just ,  1993 )  an d ar e bette r  abl e t o solv e problem s concern -
in g th e functionin g o f  th e devic e (Mayer ,  1989) .  Eye-fixatio n 
and protoco l  studie s (Hegarty ,  1992 ;  Hegart y &  Sims ,  1994 ; 
Narayanan ,  S u w a &  Motoda ,  1994 )  sho w tha t  subject s de -
compos e th e devic e representatio n int o unit s correspondin g 
t o component s o r  group s o f  component s relate d b y contac t 
and connectivit y a s perceive d fro m th e diagram .  Thes e stud -
ie s als o revea l  tha t  durin g proble m solvin g th e diagra m serve s 
as a n externa l  memory ,  facilitate s menta l  visualizatio n o f  spa -
tia l  behavior s o f  devic e components ,  an d guide s th e reasonin g 
proces s alon g th e directio n o f  causality . 

O ne aspec t  o f  diagram-base d proble m solvin g tha t  w e hav e 
bee n explorin g i s th e rol e o f  th e diagra m i n guidin g th e rea -
sonin g process .  W e hav e collecte d an d analyze d concurren t 
think-alou d protocol s an d gesture s o f  subject s solvin g a  se t 
of  devic e behavio r  hypothesi s problem s presente d a s labele d 
diagrams .  I n additio n t o analyzin g verb i  protocols ,  th e ges -
ture s an d mark s m a d e b y subject s wer e examine d an d use d t o 
annotat e th e verba l  data .  I n earlie r  wor k w e propose d a  mode l 
of  diagrammati c reasonin g fo r  thi s proble m solvin g task ,  an d 
explaine d focu s shift s induce d fro m th e protoco l  dat a i n term s 
of  perceptua l  an d cognitiv e processe s (Narayanan ,  Suw a & 
Motoda ,  1994) .  I n thi s pape r  w e continu e tha t  exploration , 
thi s tim e b y focusin g exclusivel y o n th e protocol s collecte d fo r 
a particularl y interestin g proble m -  a n "impossible" '  proble m 
whos e solutio n i s arrive d a t  throug h a  pai r  o f  contradictor y 
inferences . 

Th e trajector y o f  reasonin g i n diagram-base d proble m solv -
in g i s reveale d a t  th e macr o leve l  b y th e intermediat e hypothe -
ses tha t  subject s generate ,  hypothese s whic h lea d towar d a 
fina l  solution ,  an d a t  th e micro-leve l  b y th e shift s o f  focu s 
tha t  coul d b e induce d fro m protoco l  dat a o r  b y trackin g eye -
movements .  Her e w e deriv e th e reasonin g trajectorie s tha t 
subject s traverse d i n solvin g thi s "impossible "  proble m b y 
extracting ,  directl y fro m th e verba l  protocol s annotate d wit h 

'Thi s i s calle d a n impossibl e proble m becaus e unlik e th e othe r 
problem s use d i n thi s se t  o f  experiments ,  th e mos t  intuitiv e solutio n 
t o thi s proble m require s on e t o predic t  tha t  n o motio n i s possible . 
Furthermore ,  thi s impossibilit y  o f  motio n i s reveale d onl y a t  th e 
ver y en d whe n tw o opposit e motion s ge t  predicte d fo r  th e sam e 
component . 
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gestura l  information ,  th e tempora l  orde r  an d spatia l  distribu -
tio n o f  thei r  intermediat e hypothese s leadin g towar d th e final 
solution .  Thes e trajectorie s indicat e tha t  th e spatio-tempora l 
orde r  o f  subjects '  hypothese s depend s o n th e devic e stnictur c 
as depicte d i n th e diagram ,  inferre d (fro m bot h th e diagra m 
and prio r  knowledge )  causatio n o f  events ,  th e implici t  searc h 
strateg y employe d i n traversin g branchin g an d mergin g even t 
chains ,  interna l  verificatio n goals ,  an d th e nee d t o replenis h 
shor t  ter m memory . 

Experimental Method 

The proble m solvin g tas k use d i n thi s stud y wa s th e following : 
give n th e schemati c diagra m o f  a  mechanica l  devic e depictin g 
th e spatia l  configuratio n o f  it s (labeled )  components ^  an d a n 
initia l  behavior ,  hypothesiz e th e potentia l  behavior s o f  th e 
devic e i n term s o f  th e behavior s o f  it s  components . 

Subjects :  Fiv e adul t  hig h schoo l  graduate s (thre e o f  w h o m 
-  name d subjec t  1, 2 an d 3  -  ha d som e vocationa l  trainin g an d 
wer e employe d a s technician s wherea s th e othe r  tw o -  name d 
subjec t  4  an d 5  -  wer e administratio n employees )  volunteere d 
as subjects . 

Materials :  Th e subject s wer e seate d a t  a  tabl e an d presente d 
wit h on e shee t  (pe r  problem )  containin g a  labele 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 .  Th e 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 :  Al l  subject s attende d a n initia l  sessio n i n whic h 
concurren t  think-alou d verba l  reportin g (Ericsso n &  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 approx -
imatel y 4 5 minute s each ,  separate d b y a  week .  Subject s wer e 
aske d no t  t o discus s th e experiment s amon g themselve s durin g 
thi s period .  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 instruction s followe d 
th e guideline s presente d i n (Ericsso n &  Simon ,  1983) .  The y 
wer e the n give n thre e trainin g problem s followe d b y th e actua l 
problems .  Concurren t  verba l  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 an d pe n wer e video-taped .  Th e verba l  report s 
wer e transcribe d an d translate d int o English .  Gesture s an d 
drawing 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 .  Thes e gesture s typicall y appeare d concurrentl y wit h 
verbalization s o r  durin g pauses . 

The entir e stud y involve d five  subject s an d si x problems . 
Of  th e thirt y protocol s collected ,  twelv e (thre e subject s an d 
fou r  problems )  wer e annotate d wit h gestura l  data ,  segmented , 
encode d an d analyze d t o arriv e a t  th e mode l  an d conclusion s 
presente d i n (Narayanan ,  S u w a &  Motoda ,  1994) .  W e con -
side r  th e protocol s o f  al l  five  subject s o n th e fifth  proble m i n 
thi s paper . 

Spatio-Temporal Order of Hypotheses 

The "impossible "  proble m tha t  wa s give n t o th e five  subject s 
i s show n i n Figur e 1 .  Fo r  th e analysi s presente d her e w e use d 
thei r  ra w verba l  protocol s directly ,  annotate d wit h description s 
of  accompanyin g gestures .  Figur e 2  show s a n excerp t  fro m 

^We use the term components to mean components, individual 
part s o f  components ,  an d substances . 

Gear  2 Gear  1 Gear  3 

Pisto n B Pisto n ( 

Pip e 2 

You ar e require d 
t o predic t 
everythin g tha t 
wil l  happe n i f 
someone pushe s 
handle A 
i n th e directio n 
shown b y th e 
arrow . 
Ther e ma y b e 
many possibilities . 

^f^^cmmammmmm 

Pisto n A 

Space A 1 

^ 
Handl e A 

Figur e 1 :  T h e Proble m 

one suc h annotate d protocol . 
I t  i s  fairl y  obviou s tha t  th e mos t  intuitiv e solutio n o f  thi s 

proble m i s t o predic t  tha t  Gea r  2  wil l  no t  rotat e (an d there -
fore .  Handl e A  wil l  resis t  bein g pushed) .  Sinc e th e proble m 
i s under-specifie d (e.g. ,  relevan t  parameter s suc h a s di e forc e 
wit h whic h Handl e A  i s bein g pushe d ar e no t  provided) ,  othe r 
solution s ar e certainl y possible .  I n fact ,  sinc e th e proble m 
statemen t  explicitl y  note d th e possibilit y  o f  multipl e solutions , 
ever y subjec t  cam e u p wit h oUie r  somewha t  mor e far-fetche d 
scenario s a s wel l  (e.g. ,  Gea r  2  rotatin g i n on e direction ,  break -
in g of f  th e teet h o f  th e opposin g gear) .  Interestingl y enough , 
al l  subject s initiall y  reache d th e conclusio n tha t  Gea r  2  wil l 
not  rotat e befor e considerin g othe r  possibilities .  U p o n fur -
the r  reflectio n o n thi s solution ,  i t  m a y b e see n tha t  ther e i s a  a 
sequenc e o f  intermediat e hypothese s tha t  culminat e i n thi s so -
lutio n an d tha t  thes e hypothese s correspon d t o a  causa l  chai n 
of  event s triggere d b y pushin g Handl e A .  Thi s causa l  chai n 
split s int o tw o path s a t  th e branchin g poin t  o f  th e pipe ,  an d 
late r  join s togethe r  a t  Gea r  2 .  Therefore ,  thi s sequenc e o f 
hypothese s ha s bot h a  tempora l  orde r  (hypothese s regardin g 
earlie r  event s preced e thos e regardin g late r  event s i n th e de -
vice )  an d a  spatia l  distributio n ove r  th e structur e o f  th e devic e 
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Uie pisto n A .  i f  ih e pis(o n A  piv s up .  . .  . .  (li e sixit v  A2 .  Un '  volim v o t  ilk -  .sp.itx *  K l  wil l 

bcnuilosnull,  and so ot cour*- tnl will (low Umnifth Uk* pjv br-uuh LuulUu-Haiuh 2 inlo ilk-

piston. Ov spaa- BI ol cylimlcr B ,uul Uic s[\ux* CI ot Uv cylinder C tos|Kvliwly. It it flows iiil< 

(he piston B and the piston C resfvtUvely. by Uie pressure, by Uk- jm-'ssure ol tlk- spatv BI 

motion-projection(piston  B.up) 

and the space CI. wdl be pushed upward. II Ihey are pustvd upward, lirst, the liik'ar pear Bl 

Ih e linea r  gea r  B .  I  an i  pvin p t o thin k aU'U l  tliis .  tin s wil l  b e pushe d u p an d s o Ui c ne.\ r  I .  le i  rn e 
motion-pro|ection(linear  gear B.up) * \ 

area-pointing(betwee n linea r  gea r  B  an d gea r  1 ) 
see route s t o whic h way '  i t  nu y rotat e t o ih e revers e directiono f  watche s going .  I  guess . 
component-pointing(gear  1) motion-projechon(gear 1, counterclockwise) 
And then, let me see. whenihe piston C goes up. the linear gjear C will be pushed upas well 
component-pontingipisto n C ) J component-pointing(linea f  gea r  C) ( 

motton-proiection{pisto n C .  up )  motion-pro|ection(linea r  gea r  C ,  up ) 
lie s t o th e sain e \va y a s waklte s go ! 

motion-pro)ection(gear  3. clockwise) 

andi n tha t  ca*^ .  Lh e gea r  3 .  le t  m e se e rotate s t o th e sam e \va y a s walclte s go ! 
component-pointingtgea r  3 ) 

Figur e 2 :  A n excerp t  f ro m verba l  protocol s annotate d wit h 
gesture s 

structur e suc h a s a  networ k o r  tree ;  depth-firs t  an d breadth -
first.  Figure s 3  an d 4  illustrat e th e tempora l  orde r  an d spatia l 

A B C D E F G HI  J  K L M N O PQ 
Hypotheses 

(a) Temporal order 
• B 

Space A 2 

Pulon A 

(b )  Spatia l  distributio n 
(dotte d line s indicat e th e causa ]  cbain ) 

Figur e 3 :  Depth-firs t  generatio n o f  intermediat e hypothese s 

(i n term s o f  th e spatia l  locatio n o f  component s tha t  hypothe -
ses refe r  to) .  Th e followin g (paraphrased )  hypothese s wer e 
selecte d fro m th e se t  o f  al l  intermediat e hypothese s generate d 
by th e five  subject s i n th e cours e o f  comin g t o th e conclusio n 
tha t  Gea r  2  wil l  no t  rotate . 
A Handl e A  pushe d upwards . 
B Pisto n A  move s upwards . 
C Spac e A 2 contracts . 
D Oi l  i n Spac e A 2 pushe d upwards . 
E Oi l  pressur e i n Pip e 1  increases . 
F Oi l  pressur e i n Pip e 2  increases . 
G Oi l  i n Spac e B l  move s upwards . 
H Oi l  i n Spac e C I  move s upwards . 
I  Pisto n B  move s upwards . 
J Pisto n C  move s upwards . 
K Linea r  Gea r  B  move s upwards . 
L Linea r  Gea r  C  move s upwards . 
M Gea r  1  rotate s counter-clockwise . 
N Gea r  3  rotate s clockwise . 
O Gea r  2  rotate s clockwise . 
P Gea r  2  rotate s counter-clockwise . 
Q Gea r  2  wil l  no t  rotat e a t  all . 

The spatia l  distributio n o f  thes e i s obviou s sinc e eac h hy -
pothesi s refer s t o on e particula r  componen t  o f  th e device .  Bu t 
what  i s thei r  tempora l  order ? Clearly ,  hypothese s A ,  B ,  C 
and D  follo w i n tha t  order .  A t  thi s junctur e th e causa l  chai n 
splits ,  an d th e tempora l  orde r  i s n o longe r  unique .  Th e mode l 
of  diagrammati c reasonin g tha t  w e propose d i n (Narayanan , 
S u wa &  Motoda ,  1994 )  suggest s tha t  a t  th e beginnin g o f  eac h 
cycl e o f  reasonin g a  hypothesi s t o focu s o n i s retrieve d fro m 
shor t  ter m memory ,  int o whic h al l  ne w hypothese s generate d 
i n tha t  cycl e i s store d a t  it s  end .  Bu t  i n wha t  order ,  i f  any , 
ar e hypothese s retrieve d fro m shor t  ter m memory ? Computa -
tionally ,  ther e ar e tw o standar d way s o f  traversin g a  branchin g 

Ge.r 2 G«/ 2 

Space CI 

Pisto n A  B A B C D E F G HI  J  K L M N O P Q 
Hypotheses 

(a )  Tempora l  orde r (b )  Spatia l  distributio n 
(dotte d line s indicat e th e causa l  chain ) 

Figur e 4 :  Breadth-ftrs t  generatio n o f  intermediat e hypothese s 

distribution of aforementioned hypotheses if the causal chains 
wer e t o b e followe d depth-firs t  o r  breadth-firs t  respectivel y 
(assumin g tha t  th e right-sid e branc h i s attempte d first). 
Thes e figures  ar e provide d fo r  purpose s o f  compariso n wit h 
Figure s 5 ,  6 ,  7 ,  8  an d 9 ,  whic h sho w th e tempora l  orde r  an d 
spatia l  distributio n o f  th e sam e hypothese s a s generate d b y 
th e five  subjects . 

Discussion 

We hav e illustrate d th e tempora l  orde r  an d spatia l  distribu -
tio n o f  intermediat e hypothese s tha t  subject s generate d i n th e 

208 



Qu2 
Iq ] 

>i- ^fTTl 

i  • S [h ] 
SpicC l 

ABCDEFCHI  J  K L M N O PQ 
Hypotheses 

fa) Temporal order 
HmdfcA lA j 

fb) Spatial distribution 

0 
Spic « BI 

1 
! 

1 
! 
! 
j 
i 
: 
: 

j  i 

^ 

;;;:;: ;  T* | 

B f 

(1-̂= : i.̂ -4- l U ̂ 

\  : 
j  i  •  <j 

)  ; 

)  :  :  ;  : 

H i  i 
:  :  i 
i  i  : 

^  •  ;  :  ;  • • 

A B C D E F G HI  J  K L M N O PQ 
Hypottiese s 

(a) Temporal order (b )  Spatia l  distributio D 

Figur e 5 :  Hypothesi s sequenc e generate d b y subjec t  1 Figur e 6 :  Hypothesi s sequenc e generate d b y subjec t  2 

cours e o f  arrivin g a t  a n intuitiv e solutio n t o a  give n proble m 
of  predictin g th e operatio n o f  a  diagrammaticall y specifie d 
mechanica l  device .  Thi s proble m i s interestin g becaus e th e 
causa l  chai n o f  event s i n th e devic e undergoe s a  spli t  an d a 
merge ,  wit h a  contradictio n a t  th e merg e poin t  alertin g th e sub -
ject s t o th e solution .  T h e trajectorie s o f  subjects '  reasonin g ar e 
derive d fro m th e spatio-tempora l  orde r  i n whic h hypothese s 
ar e generate d durin g diagram-base d proble m solving .  W h a t 
ca n b e sai d abou t  factor s tha t  influenc e thes e trajectories ? W e 
postulat e tha t  reasonin g trajectorie s o f  diagram-base d prob -
le m solvin g ar e influence d b y th e followin g factors . 

Devic e Structure :  T h e devic e structur e a s depicte d i n th e 
diagra m clearl y influence s th e trajector y o f  reasoning .  Thi s i s 
particularl y eviden t  i n th e proble m her e becaus e th e structur e 
of  th e devic e a s depicte d i n th e diagra m provide s th e primar y 
clue s t o th e branchin g an d mergin g o f  componen t  behaviors . 

Inferre d Causation :  T h e causa l  orde r  o f  event s i n th e oper -
atio n o f  th e devic e i s inferre d fro m th e diagra m b y applyin g 
prio r  knowledg e abou t  mechanica l  components .  Causatio n i s 
most  ofte n inferre d b y usin g connectivity ,  contac t  o r  proxim -
it y informatio n fro m th e diagram ,  o r  b y menta l  visualizatio n 
of  componen t  behavior s usin g th e diagram .  A s m a y b e veri -
fied  fro m Figure s 5 ,  6 ,  7 ,  8  an d 9 ,  th e spatio-tempora l  orde r  i n 
whic h hypothese s ar e generate d follow s th e causa l  order ,  ex -
cep t  fo r  switche s betwee n differen t  branche s o r  t o previousl y 
generate d hypotheses . 

Searc h Strategy :  Tha t  th e devic e structur e a s depicte d i n 
th e diagra m ca n influenc e one' s reasonin g trajector y seem s 
intuitiv e an d plausible .  S o doe s th e conclusio n tha t  th e flow 
of  causalit y tha t  subject s infe r  i n th e operatio n o f  th e devic e 
wil l  determin e thei r  reasonin g trajector y t o som e extent ,  b y 
influencin g th e spatio-tempora l  orde r  i n whic h event s ar e hy -
pothesized .  Bot h o f  thes e conclusion s ar e als o supporte d b y 
prio r  reaction-time ,  eye-fixatio n an d protoco l  analysi s studie s 
(Hegarty ,  1992 ;  Hegart y &  Just ,  1993 ;  Hegart y &  Sims ,  1994 ; 
Narayanan ,  S u w a &  Motoda ,  1994) .  Bu t  w e postulat e tha t 
subject s mus t  hav e employe d s o m e implici t  .searc h strategie s 

i n traversin g th e branchin g an d mergin g causa l  chains ,  whic h 
als o influence d th e reasonin g trajectorie s the y produced .  Thi s 
i s becaus e devic e structur e an d inferre d causatio n ar e no t  suf -
ficient  t o explai n th e m a n y loop s an d back-and-fort h switche s 
betwee n branche s tha t  ar e eviden t  i n Figure s 5 ,  6 ,  7 ,  8  an d 9 . 
However ,  whil e ou r  analysi s show s tha t  devic e structur e an d 
inferre d causatio n b y themselve s ar e insufficien t  t o explai n 
th e reasonin g trajectorie s tha t  subject s produce d (whic h le d 
us t o postulat e th e existenc e o f  implici t  searc h strategies) ,  th e 
questio n remain s a s t o wha t  thes e strategie s migh t  be .  A s 
th e contras t  betwee n th e reasonin g trajectorie s produce d b y 
depth-firs t  an d breadth-firs t  searche s (Figure s 3  an d 4 )  an d 
th e actua l  trajectorie s o f  subject s indicates ,  n o subject s con -
sistentl y employe d eithe r  on e o f  thes e strategies . 

I t  i s  als o no t  clea r  whethe r  th e diagra m affect s th e searc h 
strateg y employed ,  o r  whethe r  th e influenc e flows  th e othe r 
w ay -  th e searc h strateg y influencin g focu s shift s a m o n g com -
ponent s i n th e diagram .  I t  i s eviden t  tha t  non e o f  th e five  sub -
ject s followe d a  searc h strateg y (suc h a s depth -  o r  breadth -
first)  consistently .  Instead ,  th e spatio-tempora l  orde r  o f  thei r 
hypothese s indicat e a  mor e o r  les s rando m combinatio n o f 
th e two .  Thi s i s tru e i n genera l  fo r  al l  th e thirt y protocol s 
we hav e collected .  Uncoverin g th e logi c behin d thi s apparen t 
randomnes s b y discoverin g factor s tha t  determin e th e searc h 
strateg y i s a n importan t  an d unresolve d issu e requirin g fur -
the r  research .  A  relate d ope n questio n i s whethe r  an d h o w 
th e searc h strateg y i s affecte d b y th e diagram ,  o r  whethe r  th e 
influenc e flows  onl y i n th e othe r  direction . 

Verificatio n goals :  M a n y back-and-fort h switche s withi n 
sub-sequence s o f  hypothese s m a y b e notice d i n th e hypothesi s 
sequence s tha t  th e five  subject s generated .  Thes e ca n b e 
explaine d i n term s o f  a n interna l  goa l  t o re-confir m a n alread y 
generate d hypothesi s b y returnin g t o a  previou s hypothesi s (i n 
th e causa l  chain )  an d re-derivin g th e intermediat e hypothese s 
tha t  lea d t o th e hypothesi s t o b e re-confirmed .  Thi s behavio r 
i s particularl y eviden t  a m o n g hypothese s close r  t o th e final 
solutio n (se c th e tempora l  order s o f  hypothesi s generatio n b y 
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th e five  subjects) . 

Replenishin g shor t  ter m m e m o r y :  I t  i s  als o possibl e tha t 
s o me o f  th e shift s acros s branche s tha t  ca n b e observe d i n 
thes e figures  ar e merel y fo r  replenishin g th e se t  o f  activ e 
hypothese s bein g maintaine d i n shor t  ter m m e m o r y . 

I n a n earlie r  pape r  w e di d a  fine-grained  analysi s o f  fo -
cu s shift s -  h o w th e proble m solvin g focu s i s  shifte d f ro m 
componen t  t o c o m p o n e n t  -  durin g diagrammati c reasonin g 
(Narayanan ,  S u w a &  M o t o d a ,  1994) .  Thi s reveale d tha t 
thre e perceptua l  an d cognitiv e processe s (noticin g connec -
tivity/contact s betwee n components ,  menta l  visualizatio n o f 
componen t  behaviors ,  an d searc h fo r  information )  ca n ex -
plai n 6 2 % o f  th e tota l  n u m b e r  o f  focu s shift s observe d ove r 
th e twelv e protocol s considered .  T h e presen t  analysi s indi -
cate s tha t  s o m e o f  th e remainin g 3 8 % focu s shift s m a y b e 
explainabl e b y th e searc h strateg y employed ,  wh ic h cause s 
switchin g a m o n g spatiall y  separate d component s (belongin g 
t o differen t  branche s o f  behaviors) .  Interna l  goal s o f  verifyin g 
(o r  re-deriving )  alread y generate d hypothese s an d th e nee d t o 
replenis h shor t  ter m m e m o r y fro m tim e t o tim e als o m a y gen -
erat e focu s shift s tha t  ar e no t  explaine d b y th e thre e factor s 
w e considere d previously .  Thus ,  th e searc h strategy ,  inter -
nal  goals ,  an d replenishin g shor t  ter m m e m o r y coul d b e thre e 
additiona l  factor s wh ic h influenc e focu s shift s a t  th e micro -
leve l  an d spatio-tempora l  orde r  o f  hypothesi s generatio n a t 
th e macro-level . 

T h o u g h thi s stud y use d diagram s o f  mechanica l  devices ,  w e 
believ e tha t  oi u findings  hav e relevanc e i n genera l  t o th e de -
sig n o f  stati c an d dynam i c (e.g. ,  animation s an d othe r  kind s o f 
visualizations )  graphica l  representation s t o guid e reasoning , 
or  t o teac h p h e n o m e n a involvin g th e propagatio n o f  causal -
ity .  I t  i s  importan t  tha t  suc h graphica l  representation s (1 ) 
clearl y s h o w th e physica l  structur e o f  th e doma i n i n term s 
of  delineate d components ,  (2 )  explicat e (particularl y i n cas e 
of  animations )  th e causa l  chain s o f  event s tha t  occur ,  (3 )  ex -
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plicitl y  provid e clue s abou t  wh ic h branche s t o follo w i n wha t 
orde r  i f  th e behavior s o f  interes t  branc h an d merg e instea d 
of  bein g linear ,  an d (4 )  facilitat e th e reasone r  (o r  th e learner ) 
t o g o bac k an d fort h betwee n earlie r  an d late r  stage s i n th e 
reasonin g proces s (e.g. ,  b y providin g contro l  t o th e use r  t o 
"rewind "  an d "restart "  animations) . 

Wh i l e previou s researc h b y Hegart y an d colleague s 
(Hegarty ,  1992 ;  Hegart y &  Just ,  1993 ;  Hegart y &  Sims ,  1994 ) 
ha s s h o w n tha t  devic e structur e a s depicte d i n th e diagra m an d 
inferre d causatio n o f  event s i n th e operatio n o f  a  devic e ar e 
significan t  factor s i n diagrammati c reasoning ,  th e influenc e 
of  implici t  searc h strategie s an d interna l  goal s o f  reasonin g 
(suc h a s goal s t o re-confir m hypotheses )  o n th e trajector y o f 
diagrammati c reasonin g i n th e cas e o f  device s wit h branchin g 
an d mergin g behavior s ha s no t  hithert o bee n considered .  Th e 
mai n contribution s o f  w o r k reporte d her e ar e i n illustrafin g 
h o w th e spatio-tempora l  orde r  o f  hypothesi s generatio n ca n 
b e derive d fro m protoco l  studie s o f  diagram-base d proble m 
solving ,  an d h o w th e graphica l  depictio n o f  thi s orde r  m a y 
provid e clue s t o othe r  factor s influencin g th e u-ajector y o f  di -
agrammati c reasoning .  A  not e o f  caution ,  however ,  i s  tha t 
thes e conclusion s ar e preliminary ,  an d m o r e researc h i s re -
quire d t o gathe r  additiona l  evidence .  W h a t  determine s th e 
searc h strateg y employe d i n diagram-base d proble m solvin g 
task s i n wh ic h branchin g an d mergin g behavior s occur ? H o w 
ca n diagrammati c representation s b e tailore d t o lea d reason -
er s alon g th e righ t  branches ,  i n th e righ t  order ,  an d towar d 
th e correc t  conclusions ? I f  returnin g t o previou s hypothese s 
withi n causa l  chain s i s a  c o m m o n p h e n o m e n o n i n diagram -
mati c reasoning ,  wha t  implication s doe s i t  hav e fo r  th e desig n 
of  animation s fo r  teachin g student s h o w device s wo rk ? Thes e 
ar e bu t  a  fe w o f  th e m a n y ope n question s i n nee d o f  furthe r 
research . 
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