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"Ill-Structure d Representat ions "  fo r  Ill-Structure d P r o b l e m s 

Vinod Goel 

Institut e o f  Cognitiv e Scienc e 
Universit y o f  California ,  Berkele y 

goel@cogsci.berkeley^ u 

A b s t r a c t 

While the distinction between well-structured and ill-
structure d problem s i s widel y recognize d i n cognitiv e 
science ,  i t  ha s no t  generall y bee n note d tha t  ther e ar e 
ofte n significan t  difference s i n th e externa l  representa -
tion s whic h accompan y th e tw o proble m types .  I t  i s 
h u e suggeste d tha t  ther e i s a  correspondin g distinctio n 
t o b e m a d e betwee n "well-structured "  an d "ill-struc -
tured "  representations .  Suc h a  distinctio n i s use d t o 
furthe r  differentiat e diagram s int o finer-grained  types , 
loosel y cone^KMidin g t o sketche s an d drafting-typ e dia -
grams ,  an d i t  i s  argue d tha t  ill-structured ,  open-ende d 
problems ,  lik e th e preliminar y phase s o f  desig n prob -
le m solving ,  nee d "ill-structured "  diagrammati c repre -
sentations .  Dat a fro m protoco l  studie s o f  exper t  de -
signer s ar e use d t o suppor t  th e thesis . 

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

Cognitive science has made considerable progress 
i n understandin g h o w certai n well-structure d problems ^ 
ar e solve d an d th e rol e externa l  representation s pla y i n 
suc h solution s (Newel l  &  Simon ,  1972) .  A  typica l 
exampl e o f  a  well-structure d proble m i s th e g a m e o f 
chess .  I n chess ,  th e star t  stat e i s specified ,  a s i s th e 
goa l  stat e an d th e se t  o f  lega l  transformation s (thoug h 
generatin g o r  selectin g th e "best "  transformatio n a t  an y 
give n poin t  i s a  non-trivia l  task) .  Th e representatio n 
of  th e tas k (whethe r  i t  b e i n interna l  o r  externa l  m e m-
ory )  i s als o "wel l  structured "  i n tha t  i t  i s  clea r  wha t 
stat e i s bein g instantiated ,  b y virtu e o f  wha t  i t  i s  tha t 
state ,  wha t  state s o f  affair s ar e bein g referre d to ,  an d 
what  th e se t  o f  lega l  transformation s fro m on e stat e t o 
anothe r  stat e are . 

Whil e i t  ha s bee n frequentl y note d tha t  m a n y o f 
th e problem s tha t  w e confron t  i n lif e ar e no t  wel l 
structured ,  i t  ha s genorill y  no t  bee n aî reciate d tha t  th e 
representation s whic h ofte n accompan y th e solution s 
t o suc h problem s ar e als o no t  "wel l  structured "  i n th e 
abov e sense .  I n fact ,  th e predicate s 'il l  structured '  an d 
'wel l  structured '  hav e no t  t o m y knowledg e bee n ap -
plie d t o representations .  Th e majo r  differentiatin g cri -

terio n fo r  representation s ha s been ,  an d continue s t o 
be ,  th e diagrammati c (o r  pictoria l  o r  imagistic )  an d 
prepositiona l  (o r  linguistic )  dimensio n (Kosslyn , 
1981 ;  Larki n &  S imon .  1987 ;  Pylyshyn ,  1981 ; 
Simon ,  1972) . 

Whil e I  d o no t  den y th e importanc e o f  th e dia -
grammati c an d propositiona l  distinction ,  I  wil l  her e fo -
cu s o n an d argu e fo r  a n "ill-structured "  an d "well-struc -
tured "  distinction .  I n fact ,  I  wil l  us e th e "ill-struc -
tured "  an d "well-structured "  distinctio n t o furthe r  diffu -
entiat e diagrammati c representation s int o finer-grained 
types .  Informally ,  an d a s a  first  pass ,  on e migh t  un -
derstan d th e distinctio n betwee n "ill-structured "  an d 
"well-structured "  diagram s i n term s o f  th e differenc e be -
twee n fas t  fi-eehand  sketche s an d formal ,  box-lik e draft -
in g diagrams ,  wher e sketche s correspon d t o th e former , 
and draftin g diagram s t o th e latter. ^  A  mor e forma l 
statemen t  follows . 

Th e goa l  o f  thi s pape r  i s t o differentiat e "well -
structured "  diagrammati c representation s fro m "ill -
structured "  diagrammati c representation s an d t o sho w 
tha t  som e ill-structure d problem s requir e "ill-struc -
tured "  representation s t o preven t  prematur e 
crystallizatio n o f  idea s an d t o facilitat e th e generatio n 
and exploratio n o f  alternat e solutions .  Thi s i s a  ver y 
brie f  summar y o f  wor k reporte d i n ful l  elsewher e 
(Goel ,  1992a ;  Goel ,  1992b) . 

Di f ferent iat in g " W e l l - S t r u c t u r e d "  & 

" I l l -S t ruc tu red "  D i a g r a m s 

Consider the diagrammatic representation in Fig-
ur e 1 .  I t  depict s tw o state s an d a  transformatio n i n a 
g a me o f  chess .  Th e representatio n an d th e symbo l  sys -
te m i t  belong s t o hav e th e followin g seve n properties : 

(pi )  Syntacti c Disjointness :  Eac h toke n belong s t o 
at  mos t  on e symbo l  type .  Thu s fo r  example , 
n o token s o f  th e typ e 'rook '  belon g t o th e 
typ e 'queen' . 

(p2 )  Syntacti c Differentiation :  I t  i s  possibl e t o tel l 
wh i c h s y m b o l  typ e a  toke n belong s to .  S o 
give n th e type s 'queen '  an d 'rook '  an d a  toke n 
o f  th e typ e 'rook' ,  i t  i s  possibl e t o tel l  whic h 
typ e i t  doe s an d doe s no t  belon g to . 

^ A well-Jtiuaure d problen i  i s  on e i n whic h th e informatio n 
necessai y t o construc t  a  proble m spac e i s specifled . Ŝtrictl y  speaking ,  thi s i s no t  true .  Bu t  i t  i s a  usefii l  suitin g point . 
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(p3 )  Unambiguity :  Ever y symbo l  typ e ha s th e sam e 
referen t  i n eac h an d ever y contex t  i n whic h i t 
appears .  Thu s n o 'bishop '  refer s t o a  knigh t 
regardles s o f  context . 

(p4 )  Semanti c Disjoininess :  Th e classe s o f  referent s 
ar e disjoint ;  i.e. ,  eac h objec t  referre d t o be -
long s t o a t  mos t  on e reference-class .  So ,  fo r 
example ,  n o paw n belong s t o th e clas s o f 
rooks. 3 

(p5 )  Semanti c Differentiation :  I t  i s possibl e t o tel l 
whic h clas s a  particula r  objec t  belong s to . 
Thus ,  give n a  kin g an d tw o classe s o f  objects , 
one coul d determin e whic h class ,  i f  any ,  th e 
kin g belong s to . 

(p6 )  Th e rule s o f  transformatio n o f  th e syste m ar e 
wel l  specified .  Thus ,  fo r  example ,  ther e i s n o 
questio n a s t o wha t  doe s o r  doe s no t  consti -
tut e a  lega l  mov e fo r  a  bishop . 

(p7 )  Th e lega l  transformation s o f  th e syste m ar e 
suc h tha t  thes e jM-opertie s ar e preserve d a t  eac h 
and ever y state . 

The firs t  fiv e o f  thes e propertie s (pl-p5 )  ar e 
adopte d fro m G o o d m a n (1976) .  Th e reade r  i s referre d 
t o Goodma n (1976) ,  Elgi n (1983 )  an d Goe l  (1992b ) 
fo r  a  mor e complet e discussion . 
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Figur e 1 :  State s a n d transfMinatio n from  a  g a m e o f 
ches s (reproduce d f r o m R i c h ( 1 9 8 3 ,  p.65) ) 

Six of these seven properties of symbol systems 
ar e actuall y p resuppose d b y th e not io n o f  a  c o m p u t a -
tiona l  p r o b l e m spac e (Goe l ,  1 9 9 1 b ) .  T h e satisfactio n 
o f  propertie s p i  a n d p 2 i s  necessar y fo r  ther e t o b e a 
d iscemab l e fac t  o f  th e matte r  a s t o w h a t  stat e i s  bein g 
instantiated .  Satisfactio n o f  propertie s p 3 a n d p 5 i s 
necessar y fo r  ther e t o b e a  discernibl e fac t  o f  th e matte r 
as t o w h a t  stat e o f  affair s i s be in g referre d to.* *  P r o p -
ert y p 6 i s  necessar y t o constrai n th e clas s o f  possibl e 
transformations ,  w h i l e proper t y p 7 i s  necessar y t o 
maintai n th e a b o v e propertie s dur in g th e transforma -
tio n o f  o n e stat e t o th e next . 

^Thi s is ,  o f  coune ,  tro e onl y i n ih e vocabular y o f  chess ,  narrowl y 
defined .  I n th e large r  context ,  a  paw n als o belong s t o th e clas s o f 
ches s pieces ,  th e clas s o f  materia l  objects ,  etc .  Bu t  thi s i s  consisten t 
wit h th e poin t  bein g mad e here . 
^Propert y p 4 i s necessar y t o g o fro m th e referent ,  t o th e referrin g 
state .  Bu t  i t  i s  no t  clea r  whethe r  thi s i s  necessar y fo r  th e notio n o f 
a proble m space . 

i  , 
a b 

Figur e 2 :  State s an d transformatio n fro m earl y par t  o f  a 
graphi c desig n sessio n 

In contrast, consider the diagrammatic representa-
tion s i n Figur e 2  extracte d fro m th e earl y par t  o f  a 
graphi c desig n problem-solvin g session .  The y belon g 
t o th e symbo l  syste m o f  sketchin g an d diffe r  fro m th e 
representation s i n Figur e 1  wit h respec t  t o eac h o f  th e 
abov e seve n properties .  I n fact ,  the y fal l  o n th e oppo -
sit e extrem e wit h respec t  t o eac h o f  th e seve n proper -
tie s (pi-p7) : 

(pi' )  Failur e o f  Syntacti c Disjointness :  Eac h toke n 
m ay belon g t o m a n y symbo l  type s a t  th e 
same time .  Tha t  is ,  i n th e absenc e o f  an y 
agreemen t  a s t o th e constitutiv e versu s 
contingen t  propertie s o f  tokens ,  ther e m a y b e 
no fac t  o f  th e matte r  a s t o whic h equivalence -
clas s the y belon g to .  Thu s fo r  example ,  wha t 
equivalence-clas s doe s toke n a  i n Figur e 2 
belon g to ? D o token s a  an d b  belon g t o th e 
same equivalence-class ? Ther e m a y b e n o 
agreed-upo n answer s t o thes e questions . 

(p2' )  Fa i lur e o f  Syntacti c Differentiatio n ( th roug h 
density) :  Becaus e th e symbo l  syste m o f 
sketchin g allow s fo r  a  dens e orderin g o f 
symbol  type s (i.e. ,  betwee n an y tw o type s 
ther e i s a  third) ,  i t  i s  no t  alway s possibl e t o 
tel l  whic h typ e a  toke n belong s to .  So ,  fo r 
example ,  eve n i f  w e agre e tha t  th e toke n a  i n 
Figur e 2  belong s t o onl y on e equivalence -
class ,  i t  ma y no t  b e possibl e t o tel l  whic h o f 
severa l  classe s i t  doe s o r  doe s no t  belon g to . 

(p3' )  Ambiguity :  Symbo l  type s d o no t  hav e th e 
same referen t  i n eac h an d ever y contex t  i n 
whic h the y appear .  Fo r  example ,  th e toke n b 
i n Figur e 2  wa s interprete d a s a  huma n hea d 
and late r  reinterprete d a s a  ligh t  bulb . 

(p4' )  Fai lur e o f  S e m a n t i c Disjointness :  T h e classe s 
of  referent s ar e no t  disjoint ;  i.e. ,  eac h objec t 
referre d t o m a y belon g t o man y reference -
classes .  So ,  fo r  example ,  th e huma n figur e 
referre d t o b y th e symbol-typ e a  m a y belon g 
t o th e clas s o f  human s an d th e clas s o f 
students . 

(p5' )  Failur e o f  Semanti c Differentiation :  Th e sys -
te m o f  sketchin g allow s fo r  a  dens e orderin g 
of  reference-classes .  W h e n thi s i s th e case ,  i t 
i s  no t  possibl e t o tel l  whic h clas s a  particula r 
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objec t  belong s to .  Fo r  example ,  i n a 
perspectiv e drawin g o f  a  huma n figure,  ever y 
heigh t  o f  th e figur e woul d correspon d t o a  dif -
feren t  clas s o f  height s o f  human s i n th e 
world ,  an d thes e classe s o f  height s ar e o f 
cours e densel y ordered .  I n suc h a  cas e i t 
woul d no t  b e possibl e t o tel l  whic h clas s a 
particula r  huma n heigh t  belong s to . 

(p6' )  Th e syste m o f  sketchin g ha s n o well-specifie d 
rule s fo r  transformin g on e stat e int o another . 
Ther e i s n o transformatio n o f  th e toke n b 
whic h woul d b e "incorrect "  o r  "illegal. " 

(p7' )  A s th e propertie s pl-p 6 ar e no t  presen t  t o be -
gi n with ,  the y ar e no t  preserve d i n th e trans -
formatio n o f  th e syste m fro m on e stat e t o th e 
nex t 

Havin g defme d "ill-structured "  an d "well-struc -
tured "  representation s a s such ,  I  wil l  hencefort h dis -
pens e wit h th e scar e quotes . 

I t  make s sens e tha t  th e representation s whic h un -
derli e well-structure d problem s (e.g .  cryptarithmetic , 
Moore-Anderso n task .  Towe r  o f  Hanoi ,  8-Puzzl e prob -
lem ,  checkers ,  etc. )  should  b e wel l  structure d (b y 
virtu e o f  havin g propertie s pl-p7) .  Afte r  all ,  i f  thes e 
pr(̂ )eitie s wer e absent ,  the n th e states ,  operators ,  an d 
evaluatio n function s coul d no t  b e specifie d an d th e 
proble m woul d no t  b e a  well-structure d problem . 

Ther e is ,  however ,  n o simila r  reaso n fo r  ill-struc -
ture d proble m space s t o b e accompanie d b y representa -
tion s belongin g t o well-structure d symbo l  systems . 
Th e fac t  tha t  th e proble m space s ar e il l  structure d 
means tha t  states ,  operator s an d evaluatio n function s 
ar e no t  define d thus ,  ther e i s litd e nee d fn *  th e informa -
tio n whic h specifie s the m t o b e actuall y present .  I n 
fact ,  no t  onl y i s ther e n o compellin g reaso n fo r  repre -
sentation s accompanyin g ill-structure d problem s t o b e 
wel l  structured ,  ther e actuall y seem s t o b e a  cas e t o b e 
made t o th e effec t  tha t  the y nee d t o b e il l  structure d t o 
facilitat e certai n cognitiv e processes .  Thi s poin t  i s ar -
gue d {( X i n th e nex t  section s wit h som e result s from 
desig n proble m solving . 

T h e R o l e o f  I l l -Structure d D i a g r a m s i n 

D e s i g n P r o b l e m S o l v i n g 

Two empirical studies of design problem solving 
wer e conducted .  Th e first  examine d som e o f  th e cogni -
tiv e processe s involve d i n desig n proble m solvin g 
whil e th e secon d focuse d o n th e impac t  o n thes e cogni -
tiv e processe s whe n th e symbo l  system s th e designer s 
wer e allowe d t o us e wer e manipulate d alon g th e well -
structure d an d ill-structure d dimensions . 

O ne resul t  o f  th e first  stud y (Goel ,  1991b ;  Goe l  & 
Pirolli ,  i n press )  wa s tha t  th e developmen t  o f  desig n 
solution s ha s severa l  distinc t  phases .  Fou r  o f  thes e 
phase s ar e proble m structuring ,  preliminar y design . 

refinement ,  an d detailing. '  Thes e phase s diffe r  wit h 
respec t  t o th e typ e o f  informatio n deal t  with ,  th e 
degre e o f  commitmen t  t o generate d ideas ,  th e leve l  o f 
detai l  attende d to ,  an d th e numbe r  an d type s o f  trans -
fomiation s engage d in . 

What  i s o f  interes t  t o u s her e i s th e contras t  be -
twee n th e preliminar y desig n phas e an d th e refinemen t 
and detailin g phases .  Preliminar y desig n i s a  classica l 
cas e o f  creative ,  ill-structure d proble m solving .  I t  i s a 
phas e wher e alternative s ar e generate d an d explored . 
Thi s generatio n an d exploratio n o f  alternative s i s facili -
tate d b y th e abstrac t  natur e o f  informatio n bein g con -
sidered ,  a  lo w degre e o f  commi tmen t  t o generate d 
ideas ,  th e coarsenes s o f  detail ,  an d a  larg e numbe r  o f 
latera l  transformations .  A  latera l  transformatio n i s on e 
wher e m o v e m e n t  i s  fro m on e ide a t o a  slightl y differ -
ent  ide a rathe r  tha n a  mor e detaile d versio n o f  th e sam e 
idea .  Latera l  transformation s ar e necessar y fo r  th e 
widenin g o f  th e proble m spac e an d th e exploratio n an d 
developmen t  o f  kerne l  idea s (Goel ,  1991b) . 

T h e refinemen t  an d detailin g phase s ar e mor e con -
straine d an d structured .  The y ar e phase s wher e com -
mitment s ar e m a d e t o a  particula r  solutio n an d propa -
gate d throug h th e proble m space .  The y ar e character -
ize d b y th e concret e natur e o f  informatio n bein g con -
sidered ,  a  hig h degre e o f  commi tmen t  t o generate d 
ideas ,  attentio n t o detail ,  an d a  larg e numbe r  o f  vertica l 
transformations .  A  vertica l  transformatio n i s on e w h e K 
m o v e m e nt  i s fro m on e ide a t o a  mor e detaile d versio n 
of  th e sam e idea .  I t  result s i n a  deepenin g o f  th e prob -
le m spac e (Goel ,  1991b) . 

I t  w a s als o note d tha t  th e preliminar y desig n 
phase s wer e accompanie d b y ill-structure d representa -
tion s (belongin g t o th e symbo l  syste m o f  sketching) , 
whil e th e refinemen t  an d detai l  phase s wer e accompa -
nie d b y mor e well-structure d representations ,  belongin g 
t o th e syste m o f  draftin g (Goel ,  1991b) .  A  secon d 
stud y w a s conducte d t o investigat e di e role  playe d b y 
ill-structure d representation s i n th e preliminar y desig n 
phase . 

I n di e secon d protoco l  stud y th e followin g fou r  o f 
th e seve n propertie s o f  ill-structure d representation s 
wer e examine d an d manipulated :  (pi" )  failur e o f  syn -
tacti c disjointness ,  (pT )  failur e o f  syntacti c differentia -
tion ,  (pS" )  ambiguity ,  an d (p5' )  failur e o f  semanti c dif -
ferentiation .  I t  w a s predicte d tha t  w h e n thes e propertie s 
ar e absen t  (i.e. ,  w h e n th e symbo l  syste m i s wel l  struc -
tured )  th e numbe r  o f  latera l  transfwmation s i s likel y t o 
b e hampered .  T h e underlyin g rational e w a s tha t 
propertie s pi '  an d p3 '  facilitat e latera l  m o v e m e n t  b y 
allowin g multipl e interpretatio n o f  symbol-type s whil e 
propertie s p2 '  an d p5 '  facilitat e latera l  m o v e m e n t  b y 
allowin g fo r  overlappin g (o r  closel y ordered )  symbol -

'Whil e thes e categorie s ma y see m trivial ,  the y d o canstitiit e a 
significan t  clai m abou t  th e desig n pfoble m spac e b e caus e the y ai e 
not  foun d i n a t  leas t  som e nondesig n proble m space s (Goel ,  1991b ; 
Goel  A .  Pirolli ,  i n press) . 

132 



type s an d idea s (Goel ,  1991b ;  Goel ,  1992b) .  Th e 
balanc e o f  th e pape r  describe s thi s study . 

Subject s &  Des ign :  Nin e exper t  designer s 
fro m th e discipline s o f  industria l  desig n an d graphi c 
desig n wer e engage d i n tw o (one-hour )  proble m 
solvin g session s whil e th e symbo l  system s the y wer e 
allowe d t o us e wer e manipulate d alon g th e dimension s 
of  ill-structure d an d well-stnictuie d representations .  I n 
th e on e cas e subject s wer e allowe d t o us e a n ill -
structure d symbo l  syste m wit h propertie s pi' ,  p2' ,  p3' , 
and pS' .  I n th e othe r  cas e the y wer e requeste d t o us e a 
well-strucoire d symbo l  syste m wit h propertie s pi ,  p2 , 
p3 .  an d pS . 

Manipulatio n o f  Symbo l  Systems :  Th e 
manipulatio n o f  symbo l  system s w a s throug h th e 
manipulatio n o f  drawin g tool s an d media .  I n on e 
sessio n eac h designe r  w a s allowe d t o us e th e tools , 
media ,  an d symbo l  system s o f  his/he r  choice .  The y 
invariabl y chos e t o us e pape r  an d pencil s an d di d a  lo t 
of  sketching .  I n th e secon d sessio n the y wer e requeste d 
t o us e a  computationa l  interface .  Specifically ,  the y 
wer e aske d t o us e a  subse t  o f  th e drawin g packag e 
M a c D r a w^  (versio n 1.9.S ;  wit h th e freehan d too l  turne d 
of f  an d th e gri d turne d on )  runnin g o n a  M a c II' '  wit h a 
larg e two-pag e monitor .  M a c D r a w i s no t  a  sketchin g 
tool ;  i t  i s a  restrictiv e subse t  o f  a  drawin g o r  draftin g 
tool .  I t  onl y allow s on e t o m a k e precis e lines ,  boxes , 
an d circles .  T h e subject s al l  use d sophisticate d 
computationa l  drawin g tool s a s par t  o f  thei r  job s an d 
so wer e proficien t  wit h M a c D r a w . 

Th e expectation s wer e tha t  freehan d sketchin g 
woul d b e use d t o generat e substantiall y  ill-structure d 
representation s whil e th e representation s gennate d wit h 
M a c D r a w woul d b e substantiall y  wel l  structured .  I t 
was als o expecte d (a s note d above )  tha t  ill-structure d 
representation s woul d resul t  i n mor e latera l  transforma -
tions . 

Tas k Descriptions :  Ther e wer e thre e graphi c 
desig n task s an d tw o industria l  desig n tasks .  T h e 
graphi c desig n task s wer e t o desig n (i )  a  poste r  fo r  th e 
n e w cognitiv e scienc e progra m a t  UC-Berkeley ,  (ii )  a 
poste r  fo r  th e Shakespear e Festiva l  a t  Stratford-on -
Avon ,  an d (iii )  a  poste r  promotin g th e cit y o f  Sa n 
Francisco .  T h e industria l  desig n task s require d th e 
desig n o f  (i )  a  des k tim e piec e t o commemora t e Eart h 
Day ,  an d (ii )  a  to y t o amus e an d educat e a  15-month -
ol d toddler . 

Informa l  Overvie w o f  Data :  Informally ,  th e 
differenc e betwee n th e tw o case s seem s t o b e th e 
following :  I n freehand ,  w h e n a  n e w ide a i s generated ,  a 
number  o f  variation s quickl y follow .  T h e variation s 
expan d th e proble m spac e an d ar e necessar y fo r  th e rea -
son s note d earlier .  O n e actuall y get s th e sens e tha t 
th e exploratio n an d transformatio n o f  idea s i s happen -
in g o n th e pape r  i n front  o f  one' s eye s a s th e subjec t 

moves fro m sketc h t o sketch .  Indeed ,  designer s hav e 
ver y stron g intuition s t o thi s effect . 

W h en a  n e w ide a i s generate d i n M a c D r a w ,  it s ex -
terna l  representatio n (i n Mac£>raw )  serve s t o fixat e an d 
stifl e furthe r  exploration .  Mos t  subsequen t  effor t  afte r 
th e initia l  generatio n i s devote d t o detailin g an d refm -
in g th e sam e idea .  O n e get s th e feelin g tha t  al l  th e 
wor k i s bein g don e internall y an d recorde d afte r  th e 
fact ,  presumabl y becaus e th e externa l  symbo l  syste m 
canno t  suppor t  suc h operations . 

H y p o t h e s e s :  I t  i s  necessar y t o measur e tw o 
things :  (1 )  H o w ar e th e tw o symbo l  system s bein g 
use d wit h respec t  t o th e ill-structured/well-structure d 
properties ? (2 )  H o w doe s thi s impac t  th e numbe r  o f 
latera l  transformation s an d reinterpretations ? T h e hy -
pothese s wit h respec t  t o (1 )  ar e th e following : 

(H I )  Free-han d sketchin g i s  syntacticall y m o r e 
dens e tha n M a c D r a w . 

(H2 )  Free-han d sketchin g i s  semanticall y m o r e 
dens e tha n M a c D r a w . 

(H3 )  Free-han d sketchin g i s mor e ambiguou s and/o r 
nondisjoin t  tha n MacDraw. ^ 

T h e specifi c  hypothesi s wit h respec t  t o (2 )  i s th e fol -
lowing : 

(H4 )  Well-suiicture d representation s wil l  hampe r 
th e exploratio n an d developmen t  o f  alternativ e 
solution s (i.e. ,  latera l  transformations )  an d 
forc e earl y crystallizatio n o f  th e design . 

Cod in g S c h e m e :  A  codin g schem e w a s devel -
ope d t o measur e syntacti c an d semanti c density , 
ambiguit y and/o r  nondisjointness ,  an d latera l 
transformations .  A  fe w aspect s o f  th e schem e ar e pre-
sente d here .  A  ful l  discussion ,  complet e wit h 
examples ,  appear s i n Goe l  (1992a) . 

T h e protocol s wer e segmente d int o q)isode s alon g 
th e line s o f  alternativ e solution s (whic h correlate d wit h 
drawing s o n a  one-to-on e basis )  an d analyze d a t  thi s 
level .  Syntacti c an d semanti c densit y wer e measure d i n 
term s o f  a  variatio n relationshi p betwee n q)isode s (an d 
th e accompanyin g drawings) . 

A variatio n ratin g mean s tha t  th e curren t  drawin g 
i s recognizabl y simila r  t o earlie r  drawings .  A t  th e syn -
tacti c leve l  thi s mean s tha t  th e equivalence-clas s o f 
mark s (i.e. ,  syntacti c types )  constitutin g th e drawin g 
ar e closel y relate d to ,  bu t  distinc t  f rom ,  th e 
equivalence-clas s o f  mark s constitutin g on e o r  m o r e 
previou s drawings .  A  variatio n ratin g a t  th e semanti c 
leve l  mean s tha t  th e ide a o r  conten t  o f  th e drawin g i s 
simila r  (bu t  no t  identical )  t o th e idea s o r  content s o f 
on e o r  mor e previou s drawings. ^ 

^MacDnw'  i s a  registere d tndemai k o f  Appl e Computer ,  Inc . 
Mac I T i s a  registered  trademar k o f  Appl e Computer ,  Inc . 

"Notic e her e th e collaps e o f  th e logicall y distinc t  notion s ct f  unam -
biguit y an d disjoininess .  I t  wa s no t  possiU e t o distinguis h betwee n 
the m wit h th e give n methodology . 
^  Th e connectio n betwee n th e variatio n rating  an d densit y ca n b e 
seen wit h th e ai d o f  th e followin g example .  Conside r  tw o symbo l 
systems ,  55 7 an d 552 .  I n 55 7 characte n consis t  o f  equivalence -
classe s o f  lin e length s which ,  whe n me a sure d i n feet ,  conespon d t o 
th e integers .  S o w e hav e length s o f  1' ,  2' ,  3' ,  etc .  I n 55 2 character s 
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Ambiguit y and/o r  nondisjointnes s wa s measure d 
i n term s o f  reinterpretation s o f  drawings .  Reinterpre -
tadon s occurre d wheneve r  subject s returne d t o earlie r 
drawing s an d gav e the m a  differen t  interpretation . 

I n additio n t o th e relationshi p betwee n draw -
ings/episode s an d th e interpretatio n o f  drawings ,  th e 
type s o f  operation s whic h Utinsforme d on e drawin g 
int o aiK)the r  wer e als o code d for .  A  latera l  transforma -
tio n wa s on e whic h modifie d a  drawin g int o anothe r 
relate d bu t  distinctl y differen t  drawin g (a s oppose d t o a 
mor e detaile d versio n o f  th e sam e drawing ,  a  totall y 
uiuelate d drawing ,  o r  a n identica l  drawing) . 
R e s u l t s :  Sequence s o f  episode s whic h receive d a 
variatio n ratin g wer e considere d t o b e mor e densel y 
ordere d tha n thos e whic h receive d som e othe r  rating . 
Measure d a s such ,  th e orderin g o f  episode s (o r  alterna -
tiv e solutions )  i s significantl y dense r  i n freehan d 
sketchin g tha n i n M a c D r a w .  T h e first  ro w o f  Tabl e 1 
(Syntacti c Density )  show s th e numbe r  o f  densel y 
ordere d drawing s i n freehand  sketchin g versu s M a c D r a w 
per  session .  T h e secon d ro w o f  Tabl e 1  (Semanti c 
Density )  indicate s tha t  th e numbe r  o f  densel y wdere d 
idea s pe r  sessio n i s als o m u c h greate r  i n freehan d 
sketchin g tha n i n M a c D r a w . 

Table 1: Mean Numbers of Densely Ordered Episodes 
an d Reinterprete d Episode s pe r  Session . 

Syntacti c Densit y 

Semanti c Densit y 

Reinterpretation s 

Free-han d 

11. 2 

10. 4 

2. 4 

M a c D r a w 

3.0* * 

4.1* * 

0.67 * 
**p<.005 .  one-tail ;  •p<.05 ,  one-tai l 

There was also a significantly greater number of 
reinterpretation s i n freehan d sketchin g tha n i n M a c -
D r a w (se e Tabl e 1 ,  r o w 3) .  Thu s a s predicted ,  th e 
freehand  sketche s displaye d greate r  ambiguit y and/o r 
lac k o f  syntacti c disjointness . 

On th e basi s o f  thes e results ,  an d convergin g ver -
bal  evidence ,  i t  i s  conclude d tha t  th e tw o symbo l  sys -
tem s ar e indee d bein g use d i n th e w a y predicted .  Tha t 
is ,  th e freehan d sketche s belon g t o a  substantiall y  ill -
structure d symbo l  syste m whil e M a c D r a w drawing s be -
lon g t o a  substantiall y  well-structure d system .  Finally , 
we wan t  t o k n o w whethe r  thi s ha s th e predicte d impac t 
o n th e numbe r  an d type s o f  transformations . 

consif l  o f  equivalence-classe s o f  lin e length s which ,  whe n measure d 
i n feet ,  conespon d t o th e rationa l  numbers .  S o w e hav e length s o f 
\ \  2 ;  y... ;  bu t  als o lengUi s o f  1.5' .  2 S ,  3S.. .  an d 1.25' .  2.25' . 
3.25'.. .  an d 1.125' .  2.125' .  3.125'.. .  an d s o on .  Line s o f  length s 
1.125 *  an d 1.25 "  ar e n o mor e identica l  tha n line s o f  lengt h 1 '  an d 2' ; 
neithe r  o f  thes e pair s belong s l o th e sam e equivalence-dass . 
However ,  lin e length s o f  1.125 "  an d 1.25 '  ar e muc h mor e "similar " 
or  "close r  t o eac h other "  - -  wit h respec t  t o lengt h ~  tha n line s o f  1 ' 
and 2' .  Thu s th e notion s o f  "similarity "  o r  "closeness "  see m t o b e 
an integra l  (necessary? )  par t  o f  density . 

Tabl e 2 :  M e a n N u m b e r s o f  Latera l 
Transformation s pe r  Sessio n 

Free-han d M a c D r a w 

Syntacti c Latera l 
Transformation s 
Semanti c Latera l 
Transformation s 

8. 9 

8.0 

3.2 * 

3.9* 

'*p<.05 ,  one-tai l 

It turns out that there is a statistically significant 
differenc e i n th e n u m b e r  an d type s o f  uansformation s 
(se e Tabl e 2 ) .  A s predicte d w e ge t  significantl y mor e 
latera l  U'ansformations ,  a t  bot h th e syntacti c an d se -
manti c levels ,  wit h th e ill-structure d representation s 
(freehan d sketching )  tha n wit h th e well-suiicture d rep -
resentation s (MacDraw) . 

D i s c u s s i o n &  C o n c l u s i o n 

Before rejecting the null hypothesis associated 
wit h H 4 ,  an d concludin g tha t  well-suiicture d represen -
tation s hampe r  th e exploratio n an d developmen t  o f  al -
ternativ e solution s (i.e. ,  latera l  transformations )  an d 
forc e earl y crystallizatio n o f  th e design ,  i t  i s necessar y 
t o examin e som e alternativ e interpretation s o f  th e data . 
A rathe r  obviou s alternativ e interpretatio n i s tha t  th e 
behaviora l  difference s hav e nothin g t o wit h th e theoret -
ica l  difference s underlyin g th e manipulation ,  i t  i s  sim -
pl y tha t  freehan d sketchin g i s easie r  t o us e tha n Mac -
Draw .  O n e woul d ge t  a  simila r  hamperin g o f 
exploratio n an d developmen t  if ,  instea d o f  MacDraw , 
subject s wer e force d t o dra w wit h a  twelve-foo t  peiKil . 

Table 3: Mean Numbers of Sessions & Episodes in 
Minutes ,  &  M e a n Numbe r  o f  Episode s &  N e w Solu -

tion s pe r  Session . 

Duratio n o f  session s (min ) 
Duratio n o f  episode s (min ) 
Number  o f  episode s 
N u m b er  o f  ne w solution s 
(syntacti c level ) 
N u m b er  o f  ne w solution s 
(semanti c level ) 

Free-han d 

57. 7 
2. 5 

16. 4 
5. 2 

MacDra w 

53. 2 
2. 8 

14. 4 
4. 0 

5. 6 3. 9 

Thi s interpretatio n i s not ,  however ,  supporte d b y 
th e data .  Th e effect s o f  th e manipulatio n ar e selective , 
and a s predicted .  Ther e ar e n o significan t  difference s 
(F<1 )  alon g a  numbe r  o f  othe r  importan t  dimensions , 
includin g th e duratio n o f  th e sessions ,  numbe r  o f 
episode s pe r  session ,  th e duratio n o f  episodes ,  an d th e 
number  o f  ne w solution s generate d pe r  sessio n (Tabl e 
3) .  I f  th e differenc e wa s jus t  on e o f  eas e vs .  difficult y 
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of  use ,  the n on e woul d expec t  significan t  difference s 
alon g eac h o f  thes e dimensions . 

Ther e is ,  however ,  a  secon d alternativ e interpreta -
tio n whic h need s t o b e take n mor e seriously .  O n thi s 
account ,  ther e ar e n o behavin g difference s acros s th e 
tw o treatmen t  conditions .  Wha t  seem s lik e a  differenc e 
(th e hamperin g o f  latera l  transformations )  i s jus t  a n ar -
tifac t  o f  th e methodology .  I t  i s a  well-accepte d as -
sumptio n o f  protoco l  analysi s tha t  a  mor e complet e 
recor d o f  interna l  activit y wil l  occu r  whe n ther e i s a 
goo d matc h betwee n interna l  an d externa l  symbo l  sys -
tem s (Ericsso n &  Simon ,  1984) .  If ,  thi s i s  th e case , 
an d on e als o assume s tha t  th e syste m o f  interna l 
representatio n i s  il l  structure d the n i t  follow s tha t  th e 
freehand  sketchin g recor d i s  mor e complet e tha n th e 
M a c D i a w record .  S o th e appearanc e o f  behaviora l 
difference s i s  cause d b y a  differen t  degre e o f 
completenes s i n th e records . 

However ,  thi s interpretatio n -  b y assumin g tha t 
th e syste m o f  interna l  representatio n i s  il l  structure d ~ 
violate s s o m e ver y importan t  metatheoretica l 
constraint s o n th e syste m o f  interna l  representatio n 
(Goel ,  1991a ;  Goel ,  1991b) ,  an d lead s t o a  muc h 
stronge r  conclusion .  I  a m postulatin g tha t  differen t 
symbol  system s ar e correlate d wit h differen t  cognitiv e 
functions .  Th e alternativ e interpretatio n require s on e 
t o mak e a n assumptio n abou t  th e structur e o f  interna l 
representation s whic h i s  ver y strong ,  an d contrar y t o 
much o f  th e literature .  I t  seem s mor e pruden t  t o accep t 
th e origina l  interpretation . 

On th e basi s o f  thes e results ,  th e failur e o f  alterna -
tiv e interpretations ,  an d th e assumptio n tha t  latera l 
transformation s ar e desirable,' °  i t  ca n b e conclude d 
that ,  a t  leas t  som e ill-structure d problem s -  lik e desig n 
"  requir e (o r  a t  leas t  benefi t  from )  ill-structure d 
diagrammati c representation s durin g th e early , 
explorativ e an d generativ e phase s o f  proble m solving . 

On on e reading ,  thi s i s  a  rathe r  uru-emarkabl e 
conclusion .  A n y designe r  ca n tel l  u s tha t  sketchin g i s 
importan t  fo r  preliminar y design .  W h y doe s thi s 
obviou s fac t  nee d t o b e establishe d b y experiment ? 
W h at  make s th e conclusio n interestin g i s  tha t  th e 
analysi s o f  symbo l  system s employed ,  an d th e desig n 
of  th e study ,  allo w u s t o ti e th e result s t o certai n 
specifi c  propertie s o f  symbo l  systems ,  namel y densit y 
and ambiguity .  S o th e stud y no t  onl y confirm s th e 
obvious ,  i t  offer s a n explanatio n o f  i t  i n term s o f 
ambiguit y an d densit y o f  symbo l  systems . 

'"This ,  I  Uk e it ,  i s a n unpioblemati c assumption .  I t  amount s t o 
littl e mor e tha n th e clai m tha t  bette r  solution s wil l  result  i f  on e i s 
allowe d t o explor e th e spac e o f  solution s an d t o customiz e an y 
preexistin g solution s t o th e presen t  contex t 
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