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I m a g e - S c h e m a T r a n s f e r :  T o w a r d s C o m p u t a t i o n a l  Faci l i tat io n o f 

A n a l o g i c a l  P r o b l e m S o l v i n g u s i n g a  D i a g r a m m a t i c R e p r e s e n t a t i o n 

Kazuhir o Ued a (iieda@gould.c.u-tokyo.ac.jp ) 
Sabur o Nagan o (nagano@idea.c.u-tokyo.ac.jp ) 

Departmen t  o f  Compute r  an d Graphi c Science s 
Universit y o f  Toky o 

3-8- 1 Komaba ,  Meguro-ku ,  Toky o 153-8902 ,  J A P A N 

Abstrac t 

This paper proposes an experimental system called 
1ST fo r  th e facilitatio n o f  users '  analogica l  transfe r 
by providin g image-schemas .  First ,  b y takin g th e ra -
diatio n proble m a s a n example ,  w e hypothesize d tha t 
a prope r  image-schem a ca n promot e huma n analogica l 
proble m solvin g owin g t o it s plasticit y an d ascertaine d 
th e hypothesi s base d o n a  cognitiv e experiment .  W e 
the n constructe d th e 1S T syste m whic h ca n provid e 
image-schema s wit h plasticity ,  b y usin g th e extende d 
technique s o f  analogica l  mappin g an d o f  constraint -
base d graphics . 

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

Various features of diagrammatic representation have 
bee n investigate d an d compare d wit h thos e o f  ver -
bal  one ;  fo r  instance ,  compactnes s (Larki n &  Simon , 
1987) ,  localit y (Larki n e t  al. ,  1987) ,  an d diagrammati c 
configuratio n schem a (Koedinge r  k  Anderson ,  1990) . 
W h at  i s considere d t o underli e thes e feature s i s tha t  di -
agrammati c representatio n limit s abstractio n becaus e 
of  it s specificit y (Stenning  &  Oberlander ,  1995) .  Mos t 
of  thes e previou s studie s focu s o n th e us e o f  diagram s 
i n deductiv e reasonin g o r  proble m solvin g (th e typ -
ica l  exampl e i s  Hyperproo f  (Barwis e &  Etchemendy , 
1994)) .  A  diagra m whic h facilitate s analogica l  prob -
le m solving ,  on e o f  th e nondeductiv e type s o f  proble m 
solving ,  is ,  however ,  considere d t o b e a  littl e differen t 
fro m tha t  usefu l  i n deductiv e one :  i t  ha s moderat e ab -
stractnes s rathe r  tha n specificit y becaus e a n analog y 
require s a  moderat e leve l  o f  abstractio n whic h provide s 
a bridg e spannin g differen t  problems .  Fo r  example ,  th e 
anecdot e tha t  Kekul e intuitivel y derive d th e structur e 
of  benzen e rin g fro m th e imag e o f  a  snak e i n a  circl e 
wit h bitin g it s o w n tai l  ca n b e interprete d a s follows : 
hi s imag e i n a  drea m gav e a  hin t  fo r  solvin g a  proble m 
i n a  quit e differen t  domai n becaus e i t  wa s moderatel y 
abstract .  I t  i s  tru e tha t  a  diagra m mus t  b e specifi c i n 
some aspect s (e.g. ,  th e locatio n o f  it s  constituents) ,  bu t 
a diagra m facilitatin g analogica l  transfe r  ca n -  owin g 
t o it s moderat e abstractnes s -  als o b e interprete d a s 
th e diagra m o f  anothe r  proble m i n a  differen t  domain . 
We wil l  cal l  thi s featur e o f  a  diagra m plasticity .  A  di -
agra m wit h appropriat e plasticit y ca n b e called ,  afte r 

Lakof f  (Lakoff ,  1987) ,  a n image -schema ^  tha t  bring s 
out  som e essentia l  aspect s o f  a  problem . 

Thi s pape r  wil l  firs t  show ,  b y a  cognitiv e experi -
ment ,  tha t  a  diagra m facilitatin g analog y i s a n image -
schem a whic h ha s relevan t  plasticity .  I t  wil l  the n pro -
pos e an d explai n a n experimenta l  syste m calle d 1 S T 
tha t  enable s suc h image-schema s t o b e provided .  A s 
an exampl e o f  targe t  problem s i s  take n th e so-calle d 
radiatio n proble m describe d below . 

Suppos e yo u ar e a  docto r  face d wit h a  patien t  wh o 
has a  malignan t  tumo r  i n hi s stomach .  I t  i s impossibl e 
t o operat e o n th e patient ,  bu t  unles s th e tumo r  i s 
destroye d th e patien t  wil l  die .  Ther e i s a  kin d o f  ra y 
tha t  ca n b e use d t o destro y th e tumor .  I f  th e ray s 
reac h i t  al l  a t  onc e a t  a  sufficientl y hig h intensity ,  th e 
tumo r  wil l  als o b e destroyed .  Unfortunately ,  a t  thi s 
intensit y th e health y tissu e tha t  th e ray s pas s throug h 
on th e wa y t o th e tumo r  wil l  als o b e destroyed .  A t 
lowe r  intensit y th e ray s ar e harmles s t o health y tissue , 
but  the y wil l  no t  affec t  th e tumo r  either .  Wha t  typ e 
of  procedur e migh t  b e use d t o destro y th e tumo r  wit h 
th e rays ,  an d a t  th e sam e tim e avoi d destroyin g th e 
health y tissue ? 

What is good plasticity? 
S o me studie s suc h a s thos e o f  (Beveridg e k  Parkins , 
1987 ;  Gic k &  Holyoak ,  1983 ;  Kino e &  Anzai,1994 ) 
use d experiment s i n whic h subject s wer e aske d t o solv e 
th e radiatio n proble m b y usin g diagrammati c o r  ver -
bal  representation ,  o r  both ,  tha t  ha s variou s degree s 
of  similarit y t o th e radiatio n problem .  T h e latte r 
tw o studie s showe d tha t  th e kin d o f  diagra m facilitat -
in g analogica l  proble m solvin g i s no t  a  realisti c imag e 
wher e mos t  aspect s o f  a  proble m ar e represente d con -
cretely ,  bu t  i s a n abstrac t  diagram .  Thi s implie s tha t 
our  insistenc e o n plasticit y i s appropriate .  I n bot h th e 
studies ,  however ,  som e explici t  instruction s neede d t o 
be give n i f  th e subject s wer e t o perfor m well. ^ 

I n th e stud y o f  (Beveridg e e t  al. ,  1987) ,  i n contrast , 
no clea r  instruction s wer e neede d fo r  th e subject s t o 
make goo d scores .  Thi s differenc e i s considere d t o b e 

'Interestingly ,  th e neuron s reactin g t o visua l  primitive s 
whic h ar e considere d t o b e simila r  t o image-schema s wer e 
discovere d (Fujita ,  Tanaka ,  Ito ,  L  Cheng ,  1992) . 

The diagram s use d wer e differen t  i n th e tw o studie s i n 
tha t  th e operator s wer e visualize d i n th e diagram s o f  (Gic k 
et  al. ,  1983 )  bu t  no t  i n thos e o f  (Kino e e t  al. ,  1984) . 

107 3 

mailto:iieda@gould.c.u-tokyo.ac.jp
mailto:nagano@idea.c.u-tokyo.ac.jp


cause d b y th e differenc e i n characteristic s o f  th e dia -
gram s presented :  i n th e diagra m use d i n (Beveridg e e t 
al. ,  1987) ,  no t  onl y th e usefu l  operator s bu t  als o thei r 
effec t  whe n bein g applie d wer e symbolicall y visualized , 
whil e th e latte r  wa s no t  i n thos e o f  (Gic k e t  al. ,  1983 ; 
Kino e e t  al. ,  1984) . 

We can ,  thus ,  reac h th e followin g conjecture : 

Conjecture 1 A diagram which has enough plasticity to 
facilitat e a  kin d o f  analogica l  proble m solvin g (i.e. ,  solv -
in g a  proble m b y contrivin g operator s base d o n analogica l 
transfer )  i s  th e so-calle d image-schem a i n whic h no t  onl y 
operator s bu t  als o thei r  effect s whe n bein g applie d ar e mod -
eratel y specificall y bu t  symbolicall y visualized .  I n suc h a n 
image-schema ,  th e spatia l  informatio n o f  it s constituent s 
als o need s t o b e moderatel y specificall y bu t  symbolicall y 
visualized ,  whil e th e othe r  informatio n i s  visualize d les s 
specifically . 

Cognitiv e Exper imen t 

Me tho d 

Two hundred s an d fou r  undergraduat e student s o f 
thre e universitie s wer e divide d int o fou r  groups .  T h e 
experimen t  wa s implemente d a s a  writte n tes t  give n 
i n tw o sessions .  I n th e first  sessio n ( 3 minutes )  al l  th e 
subject s i n ever y grou p wer e aske d t o solv e th e radia -
tio n proble m withou t  an y hint. ^  I n th e secon d sessio n 
(1 0 minutes )  eac h grou p wa s provide d wit h th e radia -
tio n proble m differently :  th e Control-grou p wa s give n 
no hint ,  th e Story-grou p wa s give n th e fire-fighting 
story ^  i n th e appendix ,  th e Diagram-grou p wa s give n 
th e image-schem a o f  th e fire-fighting  stor y (i.e. ,  Fig -
ur e 1) ,  an d th e Story-f-Diagram-grou p wa s give n bot h 

th e stor y an d it s  image-schema. ^  T o th e latte r  thre e 
groups ,  th e attac k stor y i n th e appendi x o r  it s image -
schema ,  o r  both ,  wa s als o presente d a s a  distractio n 
(irrelevan t  analogue )  i n orde r  t o tes t  th e robustnes s of 
th e analogica l  transfer . 

Result and Discussion 

T h e result s ar e liste d i n Tabl e 1. ^  A  4  x  2  x -̂tes t 
reveale d tha t  th e differenc e i n performanc e betwee n 
th e Story-grou p an d th e Diagram-grou p wa s signifi -
can t  ( p =  0.04 4 <  0.05 ,  one-tailed )  a s wel l  a s th e dif -
ferenc e betwee n th e Control-grou p an d th e Diagram -
grou p ( p <  0.01) .  O n th e othe r  hand ,  th e Diagram -
grou p wa s jus t  a  httl e superio r  t o th e Story-hDiagram -
group ,  althoug h th e differenc e betwee n th e tw o wa s no t 

The subject s wh o coul d solv e i n thi s sessio n wer e ex -
clude d fro m consideration ,  becaus e the y migh t  kno w th e 
solutio n i n advance .  Thre e minute s wa s th e minimu m tim e 
i n whic h a  subjec t  could ,  i n a  preliminar y experiment ,  solv e 
th e targe t  proble m withou t  bein g give n a  hint . 

*I t  i s  equivalen t  t o th e Red-Adai r  stor y i n (Gic k e t  al. , 
1983) . 

*N o instruction s (e.g. ,  t o us e th e stor y o r  diagra m pro -
vide d a s a  hint )  wer e give n t o al l  th e subjects . 

^Th e onl y correc t  answe r  wa s assume d t o b e th e so -
calle d convergenc e solution ,  whic h i s t o us e simultaneousl y 
severa l  wea k beam s fro m differen t  directions . 

Figur e 1 :  Th e image-schem a o f  th e fire-fighting  stor y 
an d it s convergenc e solution . 

Tabl e 1 :  T h e resul t  o f  th e experiment . 

Grou p 

Contro l 
Stor y 

Diagra m 
Story-HDiagra m 

Correc t  Incorrec t  I  Tota l 

4(8.9 ) 
25(49.0 ) 
36(65. 5 
33(61.1 ) 

41(91.1 ) 
26(51.0 ) 
19(34.5 ) 
21(38. 9 

45 
51 
55 
54 

Tota l  I I  97(47.5 )  107(52.5 )  |  20 4 
Note :  Eac h figur e denote s th e numbe r  o f  subject s 
wit h th e percentag e i n th e parenthesis . 

significant .  Therefor e w e ca n conclud e tha t  ou r  con -
jectur e i s right .  Tha t  is ,  no t  onl y th e constituent s an d 
operator s o f  a  proble m bu t  als o th e effect s o f  th e op -
erator s shoul d b e moderatel y specificall y bu t  symbol -
icall y visualize d i f  a n image-schem a i s t o hav e enoug h 
plasticit y t o facilitat e analogica l  transfer . 

Zhan g &  N o r m a n (Zhan g k  Norman ,  1994 )  indi -
cate d tha t  th e degre e o f  difficult y i n solvin g th e Towe r 
of  Hano i  proble m depende d o n th e wa y th e proble m 
was represented .  Th e result s o f  th e presen t  experimen t 
sho w tha t  th e sam e hold s fo r  th e radiatio n problem . 

1ST Session 

Thi s sectio n propose s a n experimenta l  syste m calle d 
1ST (Image-Schem a Transfer )  tha t  facilitate s hu -
man analogica l  proble m solvin g b y providin g image -
schemas tha t  satisf y ou r  conjecture .  Figur e 1  an d 
7 wer e actuall y draw n automaticall y b y th e system . 
The image-schem a provide d b y 1S T is ,  therefore ,  par -
tiall y  ascertained ,  base d o n th e cognitiv e experiment , 
t o hav e enoug h plasticity . 

Framework 

The centra l  par t  o f  1S T i s o f  cours e th e modul e i n 
whic h som e aspect s o f  a  proble m ar e visualized .  I t  is , 
however ,  necessar y t o elici t  a  predicativ e representa -
tio n o f  a  potentia l  sourc e fro m whic h a  usefu l  image -
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I  outside(radiation-source ,  flesh),  surround(flesh ,  tumor) . 
G alive(patient) . 
O apply-from-to(radiation ,  radiation-source ,  tumor) ,  -ioperate-on(doctor ,  tumor) , 

increase-in-intensity (  radiation )  V  decrease-in-i n tensit y (radiation) . 
R 1 )  increase-in-intensity(radiation 1 A  apply-frorn-tô radiation ,  radiation-source ,  tumor )  A 

outside(radiation-source ,  flesh)  A  outside(radiation-source ,  flesh)  A  surround(flesh ,  tumor ) 
=*•  destroy(radiation ,  tumor )  A  destro y (radiation ,  flesh), 

2)  decrease-in-intensity(radiation )  A  apply-from-to(radiation ,  radiation-source ,  tumor )  A 
outside(radiation-source ,  flesh)  A  surround(flesh ,  tumor )  = » -'destroy(radiation ,  tumor )  A  --destroy(radiation ,  flesh), 

3)  destroy(radiation ,  tumor )  A  -'destroy(radiation ,  flesh)  ̂  alive(patient) . 

Figure 2: The predicative expression of the radiation problem. 

schema i s generated, ^  becaus e onl y th e image-schem a 
of  a  targe t  proble m whic h canno t  b e solve d deductivel y 
woul d no t  b e usefu l  fo r  th e proble m solving .  Henc e a 
modul e fo r  retrievin g sourc e analogue s relevan t  t o th e 
targe t  proble m i s required .  A  modul e fo r  elicitin g th e 
caus e o f  impass e i n solvin g th e target ,  whic h give s th e 
retrieva l  cue ,  i s  als o needed .  1S T therefor e consist s o f 
thre e modules :  (1 )  on e fo r  analyzin g th e targe t  prob -
lem,  (2 )  on e fo r  retrievin g relevan t  analogues ,  an d (3 ) 
one fo r  visualization .  A  usefu l  image-schem a mus t  b e 
visualize d i n suc h a  wa y tha t  th e operationa l  factor s 
relevan t  t o a  possibl e solutio n o f  th e target ,  whic h giv e 
some constraint s o n visualization ,  ar e salient .  Not e 
tha t  th e caus e o f  impass e elicite d i n th e firs t  modul e 
provide s bot h a  retrieva l  cu e i n th e secon d modul e an d 
a par t  o f  th e constraint s o n visualizatio n i n th e thir d 
module . 

1ST Procedures 

The procedur e o f  eac h modul e wil l  b e explaine d here , 
takin g th e radiatio n proble m a s a  targe t  problem . 
Each proble m i s assume d t o b e represente d b y a  5 -
tupl e {I,G,0,R,S )  wher e /  denote s th e initia l  state , 
G th e goa l  state ,  O  a  se t  o f  operators ,  R  a  se t  o f  rules , 
and S  a  solution. *  Th e radiatio n proble m ca n b e rep -
resente d a s show n i n Figur e 2 .  Th e predicativ e repre -
sentatio n o f  eac h solve d proble m an d th e conceptua l 
hierarch y (suc h a s tha t  show n i n Figur e 4 )  ar e give n 
t o th e 1S T databas e i n advance . 

The First Module First we define an impasse in 
solvin g a  proble m a s follows : 
Definitio n 1  (Impass e i n Solvin g a  Problem ) 

If3g,g'{g\Jg '  =  G{o r  G , ) A g n g '  =  0 A 3 C , C "  C 

0UI( C #  C'A C l- « g A C \f ^  g 'A C \f" -  g A C (- « g')) , 
the n th e proble m solvin g reache s a n impasse . 

I n solvin g th e radiatio n proble m b y backwar d chaining , 
we hav e 

g =  {destroy(radiation ,  tumor) } 

'Each problem is assumed to be represented as a set of 
predicates . 

*Eac h elemen t  appearin g i n / ,  G,  0 ,  an d 5  take s th e 
for m o f  a n atomi c formul a an d eac h appearin g i n R  take s 
th e for m o f  a  rul e clause .  Th e targe t  proble m doe s no t 
involv e S . 

3 = 
C = 

C = 

{-idestroy(radiation ,  flesh)} 
{increase-in-intensit y (radiation) , 
apply-from-to(radiation ,  radiation-source ,  tumor) , 
outside(radiation-source ,  flesh), 
surround(flesh ,  tumor) } 
{decrea.se-in-intensity(radiationj , 
apply-from-to(radiation ,  radiation-source ,  tumor) , 
outside(radiation-source ,  fiesh) , 
surround(flesh ,  tumor) } 

Solvin g thi s proble m thu s reache s th e impasse . 
Now suppos e C c =  C  n  C" .  The n th e essentia l  el -

ement s o f  O  an d / ,  whic h appea r  i n an y derivatio n 
i n th e abov e definition ,  ar e t o b e substitute d int o 
Cc-  I t  i s  significan t  fo r  1S T t o retriev e suc h poten -
tia l  sourc e analogue s a s hav e Cc ,  becaus e a  goo d wa y 
of  usin g th e operator s i n th e targe t  proble m need s t o 
be invente d wit h th e essentia l  element s suc h a s C c un -
changed .  C c ca n thu s b e a  retrieva l  cu e i n selectin g 
relevan t  analogues .  I n cas e o f  th e radiatio n problem , 
Cc =  {apply-from-to(radiation ,  radiation-source ,  tu -
mor) ,  outside(radiation-source ,  flesh),  surround(flesh , 
tumor)} . 

On th e othe r  hand ,  suppos e C „  =  ( C U  C')/Cc -
When som e operator s opposit e t o on e anothe r  {e.g. , 
increase-in-intensit y  v.s .  decrease-in-intensity )  ar e in -
volve d i n C „  concernin g on e operatio n {e.g. ,  chang e 
intensity) ,  som e device s shoul d b e though t  ou t  con -
cernin g th e operators .  C v i s therefor e considere d t o b e 
made salien t  i n a n image-schem a and ,  a s a  result ,  t o 
giv e som e constraint s o n visualizin g a n image-schema . 
We cal l  suc h constraint s th e focu s F  fo r  visualization . 
Thi s focu s consist s o f  th e concep t  {e.g. ,  intensity )  com -
mon t o th e opposit e operators . 

The Second Module In this module, some relevant 
analogue s ar e retrieve d b y usin g Cc -  Her e d  mean s 
Cc n  /  an d C o mean s Ccf^O . 

Ci  an d C o ar e firs t  abstracte d b y usin g th e give n 
conceptua l  hierarch y an d the n generalize d int o Abst I 
and Abst O b y substitutin g th e correspondin g variabl e 
int o eac h constan t  appearin g i n C ,  an d Co -  I n th e 
radiatio n problem ,  Abst I  an d Abst O ar e a s follows : 

Abst I  ={outside(vl ,  v2) ,  surround(v2 ,  v3) } 
Abst O ={apply-from-to(v4 ,  vl ,  v3) } 

For  eac h solve d proble m i n th e 1S T database ,  Ab -
st I  an d Abst O ar e instantiate d {i.e. ,  calculate d b y th e 
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I  o u t s i d e ( p u m p ,  space) ,  surround{space ,  fire) ,  smal l (puinp) . 
G extinguish(fire) . 
O throw-from-to(water ,  p u m p ,  fire),  m u l t i p l y ( p u m p ) . 
R 1 )  o u t s i d e ( p u m p ,  space )  A  surroun d (space ,  fire)  A  smal l (puinp )  A  m u l t i p l y ( p u m p )  A  p lace-a round(pump ,  space )  A 

throw-from-to(water ,  p u m p ,  fire)  A  converge-to(water ,  fire)  = ^  increase-in-pressure(water) , 
2 )  incre2ise-in-pressure(water )  ̂  extinguish(fire) . 

S throw-from-to(water ,  p u m p ,  fire),  m u l t i p l y ( p u m p ) ,  p l ace -a round (pump ,  space) ,  converge-to(water ,  fire). 

Figure 3: The predicative expression of the fire-fighting story. 

displacemen t {X3 ,  y3)_=(x2 ,  ys ) 

di.splacemen t  denote d b y 
a simpl e arro w 

sinipk -
displaLVnicn t 

simpl e 
opcrauo n 

;  m o v e shif t  sen d dispatc h appl y thro w 

I  I t  indicate s a  collectio n o f  concept s whic h ar e regarde d 
as simila r  t o on e anothe r  b y th e 1S T syste m 

Figure 4; The given conceptual iiierarchy. 

metho d revers e t o th e abov e method) :  eac h ato m i n 
Abst I  an d Abst O i s instantiate d b y usin g th e concep -
tua l  hierarchy ,  an d eac h variabl e o f  eac h predicat e i s 
trie d t o b e unifie d t o a  correspondin g constan t  o f  th e 
equivalen t  predicate .  Th e problem s whic h hav e th e 
predicate s i n /  an d O  equivalen t  t o th e instantiate d 
Abst I  an d Abst O respectivel y ar e assume d th e poten -
tiall y  relevan t  analogues .  I n cas e o f  facilitatin g th e ra -
diatio n problem ,  th e fire-fighting  stor y an d th e attac k 
stor y wer e retrieve d b y usin g th e conceptua l  hierarch y 
show n i n Figur e 4 .  Th e fire-fighting  story ,  whic h i s a 
prope r  analogu e o f  th e radiatio n problem ,  i s show n i n 
Figur e 3 . 

The Third Module Finally, the image-schema of 
eac h retrieve d proble m i s visualize d i n a  bottom-u p 
way.  Th e visualizatio n proces s consist s o f  th e follow -
in g fou r  steps :  (1 )  transformin g object s appearin g i n 
/  int o graphi c objects ,  (2 )  transformin g atomi c formu -
la s appearin g i n /  int o equation s holdin g fo r  graphi c 
objects ,  (3 )  transformin g atomi c formula s appearin g 
i n 5  o r  O  int o equation s holdin g fo r  graphi c objects , 
and (4 )  solvin g th e equation s t o determin e th e valu e 
of  eac h variabl e i n th e equations .  Al l  th e step s othe r 
tha n th e thir d on e ar e implemente d o n th e basi s o f 
constraint-base d graphic s (Kamada ,  1989) . 

1st Step Each graphic object is symbolically visual-
ize d a s a  circle .  Fo r  example ,  th e objec t  "fire "  i n th e 

Figur e 5 :  Th e imag e o f  surround{g2,g3) . 

fire-fighting  stor y i s visualize d a s th e cente r  circl e la -
bele d ̂ 3 i n Figur e 5 ,  wher e X 3 an d 2/ 3 denot e it s x  an d 
y coordinate s an d r s denote s it s radius . 

2nd Step Each atomic formula appearing in / is 
transformed ,  accordin g t o th e give n transformatio n 
rules ,  int o a  correspondin g equation .  Th e equation s 
giv e constraint s o n spatia l  informatio n suc h a s th e lo -
cation s an d size s o f  graphi c objects .  Fo r  instance , 
surround(g2,g3) ,  whic h mean s tha t  th e graphi c objec t 
g2 surround s gs ,  i s transforme d a s illustrate d i n Figur e 
5 int o th e followin g equations .  I t  shoul d b e note d tha t 
th e syste m transform s inequalitie s int o correspondin g 
equalitie s b y usin g som e constant s give n i n th e rules . 

X2 = -cs, y2 = 1/3, r2 = C2 X r3(c2 : constant) 
52 :  circle{x2,y2,r2),g 3 •  circ/e(a:3,y3 ,  rs ) 

3r d Ste p Eac h atomi c formul a i n 5  (i n cas e o f  a 
sourc e analogue )  o r  O  (i n cas e o f  a  targe t  problem ) 
i s transforme d int o a  correspondin g equatio n hold -
in g fo r  th e graphi c object s includin g nove l  one s suc h 
as a n arrow ,  accordin g t o th e give n transformatio n 
rules .  Th e transformatio n rule s ar e no w limite d t o 
thos e concernin g th e phenomen a o f  displacemen t  (e.̂ . , 
change/shift/operation) .  Onl y th e rule s necessar y fo r 
th e visualizatio n o f  Figur e 1  ar e show n a s follows : 

•  Simpl e Displacemen t 
(Form )  funcfOb],Terminal ) 

{e.g. ,  m o v e ,  shift ,  send ,  d ispa tch ) 
I t  genera te s th e equa t i o n fo r  th e visualizatio n o f  a n 
arro w fro m Ob j  t o Terminal . 

•  Simpl e Operatio n 
(Form )  fun c (Obj ,  Start ,  Terminal ) 

(e.g. ,  apply ,  throw ) 
I t  generate s th e equatio n fo r  th e visualizatio n o f  a n 
arro w fro m Star t  towar d Termina l  whos e lengt h i s 

StartTermina l  x  1.5 . 
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Figur e 6 :  Th e imag e o f  apply-from-io(g^ ,  ,/, ,  g.̂ ) _ 

For  example ,  bot h apply-from-tofg^ ,  gi ,  33 ^  an d throw -
froTn-to(g4 ,  gi ,  gz )  ar e transforme d a s illustrate d i n 
Figur e 6  int o th e followin g equation s becaus e bot h o f 
the m belon g t o th e clas s o f  Simpl e Operation . 

g^:  arrow((x4,, t/4,), (x4t, VAt), U, «^4, dashi, colovi) 
2̂44 =  xi ,  yi ,  =  J/l , 

X4t  =  ^__ _ 

U = \/{x4 ,  -X4 t ) ^  +  {y4,-y4ty , 
Wi  =  C4 (C 4 :  constant) , 

wher e g I  :  circ/e(xi,yi ,  rj) ,  3 3 :  circle{x3,y3,r3) . 

In the above novel graphic objects named 34, the 
variabl e dash ^  take s a s it s valu e eithe r  T  o r  NI L (de -
faul t  value) ,  whic h determine s whethe r  o r  no t  a  dashe d 
Une i s use d t o dra w th e arrow ,  an d th e othe r  variabl e 
color ^  take s eithe r  blac k o r  light-gra y (defaul t  value ) 
whic h show s th e degre e o f  shading .  W h e n th e focu s F 
specifie s strengt h o r  intensit y a s i n th e radiatio n prob -
lem ,  th e followin g proces s i s execute d t o mak e strengt h 
or  intensit y salient :  (1 )  whe n increase-in-intensity(5i ) 

i s applied ,  dash i  take s NIL ^  an d color i  take s black ;  (2 ) 
when decrease-in-intensity(3j )  i s  applied ,  dash i  take s 
T an d color i  take s light-gray ;  an d (3 )  otherwise ,  dash i 
and color i  tak e th e respectiv e defaul t  values .  I n orde r 
t o visualiz e a  summativ e effec t  o f  severa l  radiation s a t 
th e poin t  o f  convergence ,  th e 1S T syste m calculate s th e 
compositio n o f  shadin g a t  th e overlappin g point s (se e 
th e cente r  par t  o f  Figur e 1) .  I n thi s way ,  th e focu s F 
specifie d i n th e first  modul e i s reflecte d i n th e proces s 
of  visualization.̂ ° 

4t h Ste p Concernin g th e fire-fighting  story ,  eigh t 
graphi c object s (fiv e circle s an d thre e arrows )  wer e 
generate d an d thirty-thre e equation s wer e buil t  i n th e 
first  thre e steps .  I n thi s step ,  al l  th e equation s ar e 
solved .  Bu t  becaus e th e numbe r  o f  variable s i s large r 
tha n tha t  o f  equations ,  si x variable s tak e th e defaul t 
value s give n i n th e rule s an d th e mos t  focuse d objec t 
{i.e. ,  fire)  i s displaye d i n th e cente r  o f  a  window .  I n 
thi s  way ,  1S T visualize s image-schema s lik e tha t  show n 

®When th e variabl e color ,  take s black ,  i t  is ,  i n fact ,  no t 
relevan t  t o visualizatio n whethe r  th e variabl e dash ,  take s 
To r  NIL . 

^°Th e visualizatio n o f  multiply(f?i )  an d o f  place -
around(ji ,  g2 )  i s no w realize d rathe r  a d hoc :  th e tw o nove l 
graphi c object s name d 31 1 an d 31 2 ar e first  generate d an d 
the n place d s o tha t  the y loo k t o b e revolve d aroun d 3 3 fro m 
51 fo r  120 °  an d 240 °  respectively .  I n addition ,  th e syste m 
visualize s bot h throw-from-to(gii ,  g n ,  gi )  an d throw-from -
to(gi2 ,  gi2 ,  gz )  wher e bot h 34 1 an d 34 2 ar e th e copie s o f 
S4. 

i n Figur e 1 . 

Result and Discussion 

Figure s 1  an d 7  ar e actua l  output s o f  th e 1S T sys -
tem :  Figur e 1  represent s th e image-schem a o f  th e fire-
fighting  stor y wit h th e convergenc e solutio n an d Figur e 
7 doe s th e sam e fo r  th e attac k story .  Considerin g th e 
resul t  o f  th e cognitiv e experiment ,  w e ca n conclude : 

Th e 1S T syste m ca n provid e a n image-schem a 
whic h ha s enoug h plasticity .  T h e subject s o f  th e 
experimen t  wer e considere d t o transfe r  th e con -
vergenc e solutio n analogically ,  whic h i s du e t o th e 
plcisticit y o f  th e appropriat e image-schema . 

Thi s syste m onl y visualize s seemingl y prope r  image -
schema s an d leave s i t  t o user s t o transfe r  an d modif y 
possibl e solutions .  Give n tha t  mos t  o f  th e subject s 
coul d us e th e appropriat e image-schema ,  thi s metho d 
i s considere d usefu l  t o facilitat e h u m a n analogy .  1S T 
facilitate s h u m a n visua l  analog y no t  b y decidin g th e 
most  appropriat e analogue ,  suc h a s i s don e i n S M E 
(Falkenhainer ,  Forbus ,  &  Centner ,  1989) ,  bu t  b y pro -
vidin g th e image-schema s o f  severa l  analogue s whic h 
migh t  no t  b e isomorphi c t o th e targe t  bu t  whic h ar e 
visuall y an d operationall y simila r  t o th e target .  Henc e 
th e constraint s o n retrievin g sourc e analogue s i n 1S T 
ar e weake r  tha n thos e i n S M E . 

V A MP (Thagard ,  Gochfeld ,  k  Hardy ,  1992 )  i s a  sys -
te m intende d t o visualiz e a  relevan t  analogue .  Th e 
stud y o f  (Thagar d e t  al. ,  1992) ,  however ,  lack s bot h i n 
considerin g wha t  usefu l  feature s o f  a  proble m shoul d 
be visualize d i n orde r  t o dra w a n image-schem a an d 
i n providin g a  mor e genera l  metho d o f  visualizin g th e 
usefu l  feature s (especially ,  operator s wit h thei r  effects) . 
By comparison ,  th e 1S T syste m adopt s a  wa y o f  visu -
alizatio n whic h ar e base d o n constraint-base d graphic s 
(Kamada ,  1989 )  an d whic h i s mor e genera l  tha n tha t 
i n V A M P.  Moreover ,  a  ne w techniqu e fo r  visuaUzin g 
a clas s o f  dynami c operator s wit h thei r  effect s i s  pro -
posed ,  whic h techniqu e ha s no t  bee n developed . 

Th e radiatio n proble m referre d t o throughou t  thi s 
pape r  i s on e o f  th e typica l  an d actua l  (o r  historical ) 
scientifi c  problem s whos e solutio n require s insigh t  (o r 
emergen t  thinking) .  Th e 1S T syste m i s intende d t o 
suppor t  user s i n solvin g suc h problem s b y providin g 
visua l  analogica l  transfer .  I n thi s sense ,  thi s stud y i s 
closel y relate d t o studie s abou t  th e us e o f  diagram s 
i n a  scientifi c  discover y (fo r  example ,  th e discover y o f 
th e conservatio n o f  m o m e n t u m usin g one-dimensiona l 
diagram s (Chen g k .  Simon ,  1995)) . 

But  th e clas s o f  problem s whos e solutio n i s i n fac t 
facilitate d b y th e syste m i s no w limited .  Suc h a  limita -
tio n i s considere d t o b e mainl y cause d b y a  procedur e 
of  derivin g th e caus e o f  impasse .  Definitio n 1  formu -
late s th e situatio n i n whic h multi-constraint s shoul d 
be satisfie d simultaneousl y althoug h the y see m t o b e 
i n contradictio n a t  first  appearance ,  whic h situatio n i s 
represente d b y th e phras e "th e horn s o f  a  dilemma. " 
Thu s th e first  modul e inevitabl y limit s th e clas s o f 
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problem s tha t  ar e facilitated ,  bu t  th e othe r  module s 
ar e considere d t o b e considerabl y general .  Definitio n 
1 shoul d therefor e b e extended . 

Conclusion 

First ,  i t  wa s ascertaine d o n th e basi s o f  a  cognitiv e 
experimen t  tha t  on e kin d o f  diagra m facilitatin g ana -
logica l  proble m solvin g i s th e so-calle d image-schem a 
tha t  ha s plasticity .  Th e followin g tw o condition s fo r  a 
usefu l  image-schem a wer e derived : 

1.  Bot h spatia l  informatio n o f  object s an d operator s 
wit h thei r  effect s ar e moderatel y specificall y bu t 
symbolicall y visualized . 

2.  Th e othe r  visua l  informatio n i s displaye d les s specif -
ically . 

The experimenta l  syste m 1ST ,  whic h enable s suc h 
image-schema s t o b e visualize d automatically ,  wa s 
the n proposed .  Th e stud y investigate s a  possibil -
it y  tha t  som e externa l  diagrammati c representations , 
whic h ar e provide d automaticall y b y th e 1S T syste m 
i n thi s paper ,  ma y suppor t  huma n interna l  represen -
tations ,  whic h possibilit y  i s  als o discusse d i n (Zhan g 
et  al. ,  1994) .  T?hi s stud y i s a  ste p towar d th e com -
putationa l  facilitatio n o f  huma n emergen t  thinkin g b y 
providin g th e image-schema s o f  relevan t  analogues ,  a n 
approac h tha t  ha s rarel y bee n discusse d i n th e previou s 
studie s o n diagranmiati c reasonin g o r  proble m solving . 

Appendix 

Fire-Fightin g Stor y 

One da y a  buildin g caugh t  fire  an d th e resul t  wa s 
a blazin g inferno .  Th e fire  chie f  kne w tha t  th e fire 
coul d b e pu t  ou t  i f  a  hug e amoun t  o f  wate r  coul d b e 
dumped o n th e origi n o f  th e fire.  Ther e wer e enoug h 
pumps availabl e a t  th e site ,  bu t  ther e wa s non e wit h a 
hose larg e enoug h t o pu t  enoug h wate r  o n th e fire  fas t 
enough .  Th e smal l  pump s availabl e coul d no t  shoo t 
th e wate r  quickl y enoug h t o d o an y good .  Th e fire 
chief ,  however ,  kne w wha t  t o do .  H e statione d me n 
i n a  circl e al l  aroun d th e fire,  wit h al l  o f  th e availabl e 
hose s o f  th e smal l  pumps .  Whe n everyon e wa s ready , 
al l  o f  th e hose s wer e opene d u p an d wate r  wa s directe d 
at  th e fire  fro m variou s directions .  I n thi s way ,  a  hug e 
amount  o f  wate r  coul d b e delivere d t o th e origi n o f  th e 
fire  quickl y enoug h fo r  th e fire  t o b e extinguished . 

Attac k Stor y 

Attackin g Roman s unabl e t o ge t  insid e surroundin g a 
king' s palac e ha d campe d outside .  On e mornin g the y 
foun d a n unlatche d gat e an d rushe d i n throug h it ,  over -
comin g th e king' s soldier s an d th e kin g himself . 
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