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Compar iso n o f  Well-Structure d &  Ill-Structure d 

Tas k Environment s an d Proble m Space s 

Vinod Goel 
Institut e o f  Cognitiv e Scienc e 

Universit y o f  California .  Berkele y 
goel@cogsci.berkeley.ed u 

A b s t r a c t 

M a ny o f  ou r  result s i n th e problem-solvin g literatur e 
ar e fh) m puzzle-gam e domains .  Intuitively ,  mos t  o f  u s 
fee l  tha t  ther e ar e difference s betwee n puzzl e problem s 
and open-ended ,  real-world  problems .  Ther e ha s bee n 
some attemp t  t o captur e thes e difference s i n th e 
vocabular y o f  "ill-structured "  an d "well-structured " 
{voblems .  However ,  ther e see m t o b e n o empirica l 
studie s directe d a t  thi s distinction .  Thi s pape r 
examine s an d compare s th e tas k environment s an d 
proble m space s o f  a  prototypica l  well-structure d 
ixoble m (cryptarithmetic )  wit h th e tas k environment s 
and proble m space s o f  a  clas s o f  prototypica l  ill -
structure d problem s (desig n problems) .  Result s 
indicat e substantiv e differences ,  bot h i n th e tas k 
environment s an d th e proble m spaces . 

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

At the core of any theory of cognition, there will 
nee d t o b e a  robus t  mode l  o f  reasonin g an d proble m 
solving .  Ove r  th e year s w e hav e mad e considerabl e 
im>gres s i n developin g suc h model s (Chandrasekaran , 
1983 ;  Duncker ,  1945 ;  Erns t  &  NeweU .  1969 ;  Fike s & 
Nilsson .  1971 ;  Greeno ,  1978b ;  Kleinmuntz .  1966 ; 
Newell .  1980 ;  Newel l  &  Simon .  1972 ;  Sacerdoti . 
1980 ;  Simon .  1978 ;  Simon ,  1983) .  However ,  muc h 
of  thi s wor k ha s bee n don e i n th e domai n o f  puzzle -
typ e problems ,  suc h a s cryptarithmeti c an d th e towe r 
of  hanoi . 

Whil e th e investigatio n o f  puzzl e domain s ha s re-
sulte d i n vCT y imp(Mtan t  an d significan t  results,  mos t 
peopl e shar e th e intuitio n tha t  ther e ar e importan t  dif -
ference s betwee n solvin g a  cryptarithmeti c puzzl e and , 
say ,  writin g a  nove l  o r  designin g a  bridge .  I t  i s  no t  a 
prior i  clea r  tha t  th e results  from  th e forme r  wil l  gen^ -
aliz e t o th e latte r  domains .  I n fact ,  ther e ar e reason s t o 
believ e th e contrary . 

Reitma n (1964) ,  i n a  semina l  paper ,  argue d fo r  a 
classificatio n o f  proble m type s base d o n th e distribu -
tio n o f  informatio n i n th e proble m vector .  W e gener -
all y tr y t o captur e thi s distinctio n i n th e vocabular y o f 
"well-structured "  an d "ill-structured "  problems .  Puzzl e 
games ar e sai d t o b e wel l  structure d becaus e th e star t 

states ,  goa l  states ,  evaluatio n functions ,  an d transfor -
matio n function s ar e wel l  specified .  Fo r  example ,  i n 
cryptarithmetic ,  th e star t  stat e i s completel y specified , 
as i s th e goa l  state .  Th e transformatio n function , 
whic h i s als o specified ,  i s  restricte d t o tw o operations : 
replace  a  lette r  wit h a  digi t  betwee n 0  an d 9 .  an d add . 
Task s suc h a s writin g a  nove l  an d designin g a  bridg e 
ar e considere d il l  define d becaus e th e star t  stat e i s in -
completel y specified ,  th e goa l  stat e i s specifie d t o a n 
eve n lesse r  extent ,  an d th e transformatio n functio n i s 
completel y unspecified . 

Th e distinctio n i s not .  however ,  universall y ac -
cepte d (Simon .  1973) .  an d ther e see m t o b e n o 
empirica l  suidie s directe d a t  it .  I n thi s pŝ ie r  I  woul d 
lik e t o argu e tha t  ther e i s a  substantiv e differenc e 
betwee n ill-structure d an d well-structure d problems .  I 
woul d lik e t o poin t  ou t  tha t  ther e ar e a  numbe r  o f 
crucia l  difference s i n th e tas k environment s o f  ill -
structure d an d well-structure d problems ,  an d presen t 
dat a indicatin g correspondin g difference s i n th e 
structur e o f  proble m spaces .  Thi s pape r  i s a  Inie f 
summary o f  wor k presente d i n ful l  elsewher e (Goel . 
1991 ;  Goe l  &  Pirolli .  i n press) . 

Th e genera l  strateg y i s t o examin e an d compar e 
prototypica l  case s o f  well-structure d problem s an d 
prototypica l  case s o f  ill-structure d problems . 
Cryptarithmeti c wil l  b e use d a s a n exampl e o f  a  well -
structure d category ,  whil e variou s form s o f  desig n 
proble m solvin g wil l  b e use d a s example s o f  th e ill -
sUiicture d category .  I t  ma y see m od d t o restrict  th e dis -
cussio n i n thi s fashion ,  bu t  th e strateg y ha s a  numbe r 
of  advantages .  Th e desig n an d puzzl e gam e distinctio n 
i s fine r  grained ,  an d thu s internall y mor e homoge -
neous .  Thi s interna l  homogeneit y wil l  sharpe n an d 
highligh t  an y difference s acros s th e tw o categories . 

C o m p a r i s o n o f  T a s k E n v i r o n m e n t s 

There are a number of differences in the structure 
of  th e tas k environment s o f  ill-structure d an d well -
structure d problems ,  i n additio n t o th e difference s i n 
th e distributio n o f  informatio n i n th e proble m vecto r 
note d b y Reitma n (1964) .  Som e whic h ar e specifi c  t o 
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desig n an d cryptarithmeti c tas k environment s ar e 
briefl y discusse d below . 

One ver y importan t  — bu t  little-note d — differ -
enc e ha s t o d o wit h th e natur e o f  th e constraint s i n th e 
tw o cases .  I n cryptarithmetic ,  a s i n al l  puzzle s an d 
games,  th e constraint s ar e logica l  o r  constitutiv e o f  th e 
task .  Tha t  is .  i f  on e violate s a  constrain t  o r  rule ,  on e 
i s simpl y no t  playin g tha t  game .  Fo r  example ,  i f  w e 
ar e playin g chess ,  an d I  m o v e m y roo k diagonall y 
acros s th e board ,  I  a m simpl y no t  playin g chess . 

However ,  th e constraint s w e encounte r  i n mos t 
nongame situation s ar e o f  a  ver y differen t  character . 
Some o f  thes e constraint s ar e nomological ;  man y o f 
the m ar e social ,  economic ,  cultural ,  etc .  I  wil l 
encompas s th e latte r  categor y unde r  th e predicat e 
"intentional" .  Whil e ther e i s muc h t o b e sai d abou t 
thi s category ,  wha t  i s importan t  fo r  ou r  purpose s i s 
tha t  thes e constraint s ar e no t  deflnitiona l  o r  constitu -
tiv e o f  th e task .  O n th e contrary ,  the y ar e negotiable . 
For  example ,  i f  yo u g o t o a n architec t  an d as k hi m t o 
buil d yo u a  ne w house ,  an d h e convince s yo u t o 
renovat e you r  existin g hous e instead ,  o r  t o liv e i n a 
tre e i n th e loca l  park ,  i t  seem s od d t o sa y tha t  h e i s no t 
playin g th e gam e o f  design . 

Nomologica l  constraint s ar e constraint s dictate d b y 
natura l  law .  So ,  fo r  example ,  i f  a  bea m i s t o suppor t  a 
downwar d thrus t  o f  x  psi ,  i t  mus t  exer t  a n upwar d 
thrus t  o f  equa l  o r  greate r  amount .  Thes e constraints , 
whil e neve r  negotiable ,  ar e als o no t  definitiona l  o r 
constitutiv e o f  th e task .  They ,  i n fact ,  vastl y underde -
termin e desig n solutions . 

Anothe r  differenc e betwee n desig n an d cryptarith -
meti c problem s i s on e o f  siz e an d complexity . 
Cryptarithmeti c problem s tak e o n th e orde r  o f  minute s 
t o hour s t o complete .  Desig n problem s typicall y tak e 
on th e orde r  o f  day s t o month s t o complete . 

Ther e ar e als o difference s wit h respec t  t o th e line s 
of  decompositio n an d th e interconnectivit y  o f  parts .  I n 
bot h cases ,  th e problem s decompos e int o smalle r  prob -
lems .  However ,  i n cryptarithmetic ,  th e line s o f  de -
compositio n ar e determine d b y th e logica l  structur e o f 
th e problem .  (So ,  fo r  example ,  eac h ro w i s treate d a s a 
componen t  o r  module. )  I n design ,  o n th e othe r  hand , 
line s o f  decompositio n ar e determine d b y th e physica l 
structur e o f  th e world ,  practic e withi n th e community , 
and persona l  preference . 

I n term s o f  th e interconnectivit y o f  parts ,  on e 
finds  logica l  interconnection s i n cryptarithmeti c (i.e. , 
ther e i s alway s th e possibilit y  tha t  an y ro w wil l  su m 
t o greate r  tha n 9  an d affec t  th e nex t  row) .  Thu s th e 
subjec t  ha s n o choic e o r  selectivit y i n attendin g t o in -
terconnections .  Interconnection s i n desig n problem s 
ar e contingent .  Thi s give s th e designe r  considerabl e 
latitud e i n determinin g whic h one s t o atten d an d whic h 
ones t o ignore . 

I t  i s  als o th e cas e tha t  i n desig n problems ,  a s i n 
most  nongam e situations ,  ther e ar e n o right  o r  wron g 
answers ,  thoug h ther e ar e certainl y bette r  an d wors e 

answer s (Ritte l  &  Webber ,  1974) .  I n cryptarithmetic , 
as i n mos t  puzzl e games ,  ther e ar e right  an d wron g an -
swers ,  an d clea r  way s o f  recognizin g whe n the y hav e 
been reached . 

I n design ,  a s i n man y real-worl d tasks ,  ther e ar e 
consequentia l  cost s associate d wit h errors .  Resource s 
and live s ar e ofte n a t  stake .  I n cryptarithmetic ,  a s i n 
most  games ,  error s ma y caus e som e embarrassmen t  t o 
th e subject ,  bu t  tha t  i s  abou t  th e exten t  o f  th e 
"damage. " 

Lastly ,  i n desig n problems ,  a s i n man y real-worl d 
situations ,  ther e i s n o immediat e feedbac k fro m th e 
world .  Hence ,  i t  mus t  b e simulated ,  o r  self-generated . 
Thi s require s considerabl e resourc e allocatio n fo r  mod -
elin g an d performanc e predicting .  I n cryptarithmeti c 
ther e i s genuin e feedbac k afte r  ever y operato r  applica -
tion .  I t  is .  however ,  loca l  feedback ,  an d th e final  solu -
tio n need s t o satisf y globa l  constraints . 

Thi s lis t  i s  mean t  t o b e neithe r  uniqu e no r 
exhaustive .  I t  i s  mean t  t o indicat e tha t  ther e ar e a 
number  o f  substantiv e difference s i n th e tas k 
environment s o f  a t  leas t  som e well-structure d problem s 
(cryptarithmetic )  an d som e ill-structure d problem s 
(desig n problems) .  Give n th e logi c o f  informatio n 
processin g theory ,  suc h difference s shoul d hav e 
psychologica l  consequence s a t  th e leve l  o f  th e proble m 
space .  Th e balanc e o f  th e pape r  describe s a  stud y whic h 
explore s an d articulate s som e o f  th e difference s i n 
desig n an d cryptarithmeti c proble m spaces . 

M e t h o d o l o g y a n d D a t a b a s e 

The results presented here are based on single sub-
jec t  protoco l  studie s (Ericsso n &  Simon ,  1984) .  A 
tota l  o f  sixtee n protocols ,  twelv e fro m desig n 
situations ,  an d fou r  from  puzzle-gam e situations ,  wer e 
examine d an d compared .  Th e desig n protocol s wer e 
gathere d from  exper t  designer s from  th e discipline s o f 
architecture ,  mechanica l  engineering ,  an d instructiona l 
design .  Th e fou r  puzzl e protocol s wer e fro m th e 
domain s o f  cryptarithmeti c an d th e Moore-Anderso n 
Tasks .  ̂  The y wer e extracte d from  Newel l  an d Simo n 
(1972) .  Th e method s o f  collectio n an d analysi s o f  th e 
dat a ar e describe d below .  Th e result s o f  th e analysi s o f 
thre e o f  th e desig n protocol s — on e fro m eac h 
disciplin e — an d tw o cryptarithmeti c protocols ,  ar e 
presente d below . 

Des ig n Protocol s 

Subjects, Tasks, and Procedure: As noted 
above ,  th e desig n protocol s wer e collecte d fro m 
professiona l  designer s fro m th e discipline s o f 

'Th e Moore-Anderso n Tas k i s a  strin g transfoimatio n tas k 
isomoiphi c t o theore m provin g i n th e prepositiona l  calculus . 
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architecture ,  mechanica l  engineering ,  an d instructiona l 
design .  Th e architectura l  tas k calle d fo r  th e desig n o f  a 
self-hel p automate d pos t  offic e fo r  th e UC-Berkele y 
campus .  Th e mechanica l  engineerin g tas k require d th e 
desig n o f  a n "automate d posta l  telle r  machine "  fo r  th e 
abov e pos t  office .  Th e instructiona l  desig n tas k wa s 
unrelated .  I t  involve d th e desig n o f  a  self-containe d 
instructiona l  packag e t o teac h la y peopl e a  reasonabl y 
complicate d computationa l  environment . 

The procedure s fo r  collectin g th e protocol s wer e 
th e sam e i n eac h case .  Eac h subjec t  wa s give n a  one -
pag e desig n brief ,  an d an y relate d documents ,  an d aske d 
t o specif y a  solutio n t o th e problem ,  t o th e degre e o f 
specificit y allowe d b y tim e an d resourc e constraints . 
The y wer e allowe d t o us e an y externa l  drawin g 
aids/tool s tha t  the y desired .  Al l  chos e t o us e paper , 
penci l  and/o r  pen . 

The duration s o f  th e session s varie d fro m tw o t o 
thre e hours .  Th e experimente r  wa s presen t  t o answe r 
any question s relatin g t o th e experiment ,  an d otherwis e 
assume th e rol e o f  th e client .  Subject s wer e encour -
age d t o as k clarificatio n question s a s th e nee d arose . 
Th e experimente r  answere d al l  questions ,  bu t  a t  n o 
tim e initiate d th e conversation . 

Subject s wer e aske d t o "tal k aloud "  a s the y solve d 
th e problem .  The y wer e cautione d agains t  tryin g t o 
explai n wha t  the y wer e doing .  Rather ,  the y wer e aske d 
t o vocaliz e whateve r  wa s "passin g throug h thei r 
minds "  a t  tha t  time .  Mos t  o f  th e subject s di d no t  hav e 
much difficult y  i n doin g this .  Wher e subject s di d laps e 
int o period s o f  silence ,  th e experimente r  prompte d 
the m b y askin g "wha t  ar e yo u thinkin g now?" . 

The session s wer e videotaped .  Th e tapes ,  alon g 
wit h th e writte n an d draw n material ,  constitute d th e 
data . 

Coding Scheme: The protocols were transcribed, 
cross-refo^nce d wit h th e writte n material ,  an d coded . 
Th e codin g involve d breakin g th e protocol s int o 
individua l  statement s representin g singl e "thoughts "  o r 
ideas .  Conten t  cues ,  syntacti c cues ,  an d pause s wer e 
use d t o effec t  thi s individuation .  Thi s resulte d i n ver y 
fine-graine d unit s wit h a  mea n duratio n o f  eigh t 
second s an d a  mea n lengt h o f  fiftee n words .  Eac h 
statemen t  wa s code d fo r  th e operato r  jq)plie d (e.g .  add , 
delete ,  justify ,  etc.) ,  th e conten t  t o whic h th e operato r 
was aî lied ,  th e mod e o f  outpu t  (verba l  o r  written) , 
an d th e sourc e o f  knowledg e (desig n brief , 
experimenter ,  self ,  infwence) . 

Thes e statement s wer e the n aggregate d int o mod -
ule s an d submodules ,  whic h ar e episode s organize d 
aroun d artifac t  components .  Fo r  example ,  fo r  th e ar -
chitec t  subjects ,  th e module s wer e component s lik e 
site ,  building ,  an d services .  Th e sit e submodule s wer e 
component s lik e circulation ,  landscaping ,  an d sit e 
illumination .  Th e buildin g submodule s include d suc h 
thing s a s doors ,  roof ,  an d mai l  storage .  Th e module s 
wer e the n furthe r  aggregate d int o design-phas e levels . 

The design-phas e leve l  code d fo r  severa l  things ,  th e 
most  importan t  bein g desig n developmen t  phase s suc h 
as proble m strucuiring ,  preliminar y design ,  refmement , 
and detai l  design .  Thes e categorie s wer e furthe r  code d 
fo r  th e aspec t  o f  desig n developmen t  attende d t o (e.g . 
people ,  purposes ,  behavior ,  function ,  an d structure) . 

Thi s resulte d i n a  reasonabl y comple x three-level , 
hierarchica l  scheme ,  simila r  i n spirit ,  bu t  no t  detail ,  t o 
th e on e employe d b y Ullman ,  Dietterich ,  an d Stauffe r 
(1988) .  I t  i s  full y  detaile d elsewher e (Goel ,  1991 ; 
Goel  &  Pirolli ,  i n press) . 

Cryptarithmeti c Protocol s 

Subjects, Tasks, and Procedures: The two 
cryptarithmeti c protocol s wer e gathere d from  publishe d 
source s (Newel l  &  Simon ,  1972 ,  Appendice s 6.1 , 
7.1) ,  recoded ,  an d compare d wit h th e desig n protocols . 
Thes e particula r  one s wer e chose n o n th e basi s o f  thei r 
duration .  Th e subject s fo r  thes e studie s wer e 
undergraduat e students .  Th e procedur e o f  collectin g th e 
protocol s wa s simila r  i n relevan t  aspect s t o th e on e 
describe d above . 

The tas k fo r  bot h subject s (NS6. 1 an d NS7.1 )  wa s 
th e followin g problem : 

DONALD Dti5 
+GERALD 

ROBERT 

Each letter stands for a digit. The digits encoded as 
D O N A LD an d G E R A L D ad d u p t o th e digit s encode d 
as R O B E R T.  Th e tas k i s t o transfor m th e letter s int o 
th e appropriat e digits .  Th e clu e give n i s tha t  D=5 . 

Codin g Scheme :  Th e protocol s wer e re-code d wit h 
a modifie d subse t  o f  th e schem e devise d fo r  th e desig n 
protocols .  Thre e change s wer e required .  First ,  i t  wa s 
foun d tha t  whil e on e coul d differentiat e betwee n 
proble m structurin g an d proble m solving ,  i t  wa s no t 
possibl e t o furthe r  differentiat e proble m solvin g int o 
preliminary ,  refmement ,  an d detai l  phases .  Second ,  th e 
aspec t  o f  desig n developmen t  categor y wa s no t 
applicable .  Third ,  informatio n abou t  mod e o f  outpu t 
was no t  available . 

C o m p a r i s o n o f  P r o b l e m S p a c e s 

This section discusses some of the characteristics 
of  desig n proble m space s an d note s ho w the y diffe r 
from  cryptarithmeti c proble m spaces .  Th e result s ar e 
presente d i n mor e detai l  elsewher e (Goel ,  1991 ;  Goe l 
& Pirolli ,  i n press) . 
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Stoppin g Rule s an d Evaluatio n Functions :  Th e 
stoppin g rule s an d evaluatio n function s i n desig n prob -
le m space s ar e determine d b y th e designe r  rathe r  tha n 
th e structur e o f  th e problem .  Th e decision s ar e base d 
on persona l  preferenc e an d experience ,  professionu l 
standard s an d practice ,  an d clien t  expectations .  Th e 
personalize d natur e o f  th e stoppin g rule s an d evaluatio n 
function s ca n b e explaine d b y appealin g t o thre e factor s 
i n th e tas k environment .  First ,  ther e i s no t  enoug h 
informatio n i n th e proble m statemen t  t o mak e thes e 
decisions .  Second ,  ther e ar e n o righ t  an d wron g 
terminatin g states .  Third ,  ther e ar e few ,  i f  any ,  logica l 
constraints . 

I n cryptarithmetic ,  th e stoppin g rul e i s explicitl y 
supplie d an d evaluatio n functions ,  a t  leas t  locally ,  ar e 
determine d b y th e structur e o f  th e problem .  Th e issu e 
of  persona l  preferenc e jus t  doe s no t  ente r  th e picture . 

M e m o ry Retrieva l  &  Inferences :  O n a  relate d 
front ,  a  ver y smal l  percentag e o f  statement s i n desig n 
protocol s (1.3% )  i s generate d b y over t  deductiv e infer -
ences .  Mos t  see m t o b e th e resul t  o f  memor y retrieva l 
and modificatio n and/o r  nondemonstrativ e inference . 
The cryptarithmeti c proble m space s ha d a  muc h highe r 
percentag e o f  statement s generate d b y demonstrativ e in -
ferenc e (41%) . 

Thi s larg e differenc e i n deductiv e reasonin g i s wha t 
one woul d expect ,  give n th e structure s o f  th e tas k envi -
ronments .  Deductiv e system s requir e logica l  con -
straints .  A s alread y noted ,  th e constraint s o n 
cryptarithmeti c ar e logical ,  whil e th e constraint s o n 
non^un e tasks ,  lik e design ,  ar e nonlogical . 

Directio n o f  Transformatio n Function :  I n well -
structure d domains ,  th e transformatio n functio n map s 
th e star t  stat e ont o th e goa l  state .  I n th e desig n prob -
le m spaces ,  i t  wa s note d tha t  th e subject s woul d sto p 
and tur n thing s around .  Tha t  is ,  the y woul d tr y t o ma -
nipulat e th e proble m constraint s an d clien t  expecta -
tion s s o a s t o chang e th e star t  stat e t o on e whic h bette r 
fits  thei r  knowledge ,  experience ,  an d expertise .  O n e 
migh t  cal l  thi s phenomeno n "reversin g th e directio n o f 
th e Q-ansformatio n function, "  becaus e th e subjec t  ha s 
prio r  knowledg e o f  som e goa l  stat e an d i s tryin g t o 
transfor m th e proble m parameter s t o fi t  tha t  g o ^  state . 

Again ,  th e reaso n tha t  thi s ca n occu r  i s tha t  th e 
proble m i s incompletel y specified ,  an d th e constraint s 
ar e nonlogical ,  therefor e manipulable .  I t  cannot ,  an d 
does not ,  occu r  i n cryptarithmeti c becaus e o f  th e logi -
cal  natur e o f  th e constraints .  A n y attemp t  b y th e sub -
jec t  t o chang e th e parameter s woul d b e viewe d a s a n 
inabilit y  o r  lac k o f  desir e t o participat e i n th e assigne d 
task . 

Solutio n Decomposition :  Anothe r  interestin g dif -
ferenc e acros s th e tw o proble m space s ha s t o d o wit h 
solutio n decomposition .  Ther e ar e tw o interestin g 
findings.  First ,  desig n problem s ar e decompose d int o 
many m w e module s tha n cryptarithmeti c modules ,  an d 
second ,  th e densit y o f  interconnection s betwee n mod -

ule s i s highe r  i n th e cryptarithmeti c cas e tha n th e de -
sig n case . 

For  example ,  subjec t  S-A ,  woridn g o n th e archi -
tectura l  tas k o f  designin g a  pos t  office ,  decompose d 
th e solutio n int o 3 4 module s correspondin g t o struc -
tura l  an d functiona l  component s suc h a s roof ,  d o w ,  lo -
catio n o f  equipment ,  flow  o f  traffic ,  etc .  Give n 3 4 
modules .  1,12 2 interconnection s ar e logicall y possible . 
Th e subjec t  actuall y m a d e onl y 7 .4 % (83.03 )  o f  thes e 
connections . 

I n cryptarithmetic ,  o n th e othe r  hand ,  th e prob -
lem s wer e decompose d int o 6  module s (correspondin g 
t o th e si x columns) .  Bu t  whil e th e actua l  numbe r  o f 
module s wer e fewer ,  th e densit y o f  interconnection s be -
twee n module s wa s considerabl y greater .  Subjec t 
NS6.1 ,  fo r  example ,  m a d e 2 0 % (6 )  o f  th e logicall y 
possibl e connections . 

The dense r  interconnectivit y o f  th e cryptarithmeti c 
module s i s wha t  on e migh t  expect ,  give n tha t  the y ar e 
intende d t o b e multipl e constrain t  satisfactio n prob -
lems ,  an d al l  th e constraint s ar e logica l  (s o mus t  b e 
attende d to) .  Thi s i s perhap s w h y suc h problem s ca n 
hav e s o fe w component s an d stil l  b e challenging .  T h e 
reaso n desig n problem s ca n hav e s o man y component s 
and stil l  b e tractabl e i s tha t  th e interconnection s ar e 
contingen t  rather  tha n logical .  Thi s give s th e designe r 
considerabl e flexibility  i n determinin g whic h on e t o at -
ten d t o an d whic h one s t o ignore . 

Developmen t  o f  Solution :  Ye t  anothe r  interestin g 
differenc e ha s t o d o wit h th e incrementa l  developmen t 
of  solution s i n desig n proble m spaces .  O n e o f  th e 
most  robus t  findings  i n th e literatur e o f  desig n prob -
le m solvin g i s that ,  a s desig n solution s ar e generated , 
the y ar e retained ,  massage d an d nurture d t o completio n 
(Kant ,  1985 ;  Ullma n e t  al. ,  1988) .  The y ar e no t  easil y 
discarded . 

A numbe r  o f  aspect s o f  th e desig n tas k environ -
ment  favou r  suc h a  strategy .  First ,  ther e i s th e obvi -
ous fac t  tha t  th e problem s ar e large ,  an d give n th e se -
quentia l  natur e o f  h u m a n informatio n processing . 
canno t  b e complete d i n a  singl e cycle .  Second ,  sinc e 
ther e ar e fe w logica l  constraint s t o b e violated ,  an d n o 
right  o r  wron g answers ,  ther e i s littl e reaso n t o giv e u p 
on a  partia l  solutio n t o star t  agai n fro m scratch .  Third , 
incrementa l  developmen t  i s compatibl e wit h th e "least -
commitment "  contro l  strateg y use d b y designer s (se e 
below) . 

I n cono^t ,  traversa l  o f  cryptarithmeti c proble m 
space s hav e a n all-or-nothin g characte r  abou t  them . 
Most  path s searche d ar e wron g an d independen t  o f  th e 
correc t  path(s) .  Thu s ther e i s n o sens e o f  buildin g u p 
t o a  solution .  Onc e a  pat h i s searched ,  an d i t  turn s ou t 
not  t o b e o n th e solutio n path ,  th e subjec t  i s  n o bett» -
of f  tha n befor e th e searc h began .  H e mus t  star t  agai n 
on anothe r  path . 

Contro l  Structure :  Ther e ar e als o a  numbe r  o f  in -
terestin g difference s wit h respec t  t o contro l  strategie s 
i n th e tw o cases .  Th e desig n subject s use d a  contro l 
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strategy ,  no t  unlik e th e "least-commitment "  contro l 
strateg y identifie d b y Siefi k  (1981) .  Th e basi c featur e 
of  thi s strateg y i s that ,  whe n workin g o n a  particula r 

module ,  i t  doe s no t  requir e th e designe r  t o complet e 
tha t  modul e befor e beginnin g another .  Instead ,  on e ha s 
th e optio n o f  puttin g an y modul e o n "hold "  t o atten d 
t o othe r  relate d (o r  eve n unrelated )  modules ,  an d 
returnin g t o th e first  a t  a  late r  time .  Thi s embeddin g 
ca n g o severa l  level s deep . 

The contro l  structur e o f  th e desig n subject s i s nat -
urall y analyze d int o thre e hierarchica l  levels :  move -
ment  fro m modul e t o module ,  movemen t  fro m sub -
modul e t o submodule ,  an d movemen t  interna l  t o sub -
modules .  Th e firs t  tw o level s ar e task-specific ;  tha t  is , 
th e module s an d submodule s var y fro m tas k t o task . 
Th e thir d level ,  however ,  generalize d acros s al l  thre e 
desig n tasks .  Th e contro l  structur e withi n an y leve l  i s 
repetitive ,  cyclical ,  an d flexible .  O n e effec t  o f  thi s 
repetitio n an d reiteratio n i s tha t  mos t  module s an d 
submodule s ar e considere d i n mor e tha n on e context . 

Th e cryptarithmeti c strateg y wa s interestingl y dif -
feren t  i n som e respects .  Whil e on e coul d trac e a  cycli -
cal ,  repetitiv e contro l  structure ,  a s i n th e desig n case , 
mcKt  o f  th e proble m solvin g occuae d interna l  t o mod -
ules/^isodes .  Ther e wa s littl e carryove r  from  previou s 
visit s t o a  module/episode .  I n fact ,  Newel l  an d Simo n 
(1972) ,  i n thei r  origina l  analysi s o f  thes e protocols , 
claime d tha t  i n returnin g t o a  forme r  state ,  th e subjec t 
i s  i n fac t  returnin g t o a  previou s knowledg e stat e wit h 
respec t  t o th e problem .  I f  th e subjec t  goe s dow n th e 
wrcMi g pat h an d reuim s t o th e previou s state ,  al l  tha t  h e 
know s i s tha t  th e pat h jus t  explore d doe s no t  lea d t o 
th e goa l  state .  H e doe s no t  hav e a n enriche d 
understandin g o f  th e stat e h e i s returnin g to .  Th e 
complet e contro l  structure s o f  a  desig n an d 
cryptarithmeti c subjec t  ar e trace d ou t  i n Goe l  (1991) . 

Makin g &  Propagatin g Conumtments :  Whil e th e 
least-commitmen t  contro l  suateg y allow s desig n sub -
ject s t o kee p option s open ,  th e solutio n mus t  ulti -
matel y b e brough t  t o closure .  Thi s require s tha t  on e 
make an d propagat e commitment s throug h th e proble m 
space .  I n th e cryptarithmeti c protocols ,  whil e com -
mitment s ar e certainl y made ,  the y ar e propagate d onl y 
unti l  a  loca l  evaluatio n functio n accept s o r  reject s 
them . 

Th e las t  aspect s o f  desig n an d cryptarithmeti c 
proble m space s tha t  I  woul d lik e t o discus s hav e t o d o 
wit h th e phase s o f  solutio n developmen t 

Th e developmen t  o f  a  desig n solutio n ha s severa l 
distinc t  phases .  Fou r  o f  thes e phase s are :  proble m 
structuring ,  preliminar y design ,  refinement ,  an d detail -
ing .  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  commiunen t  t o 
generate d ideas ,  th e leve l  o f  detai l  attende d to ,  an d th e 
number  an d type s o f  transfcmnation s engage d in . 

Proble m structurin g i s th e proces s o f  retrievin g 
informatio n fro m long-ter m m e m o r y an d externa l 
memory an d usin g i t  t o construc t  th e proble m space ; 

i.e. .  t o specif y star t  states ,  goa l  states ,  operators ,  an d 
evaluatio n functions .  Proble m structurin g relie s heav -
il y  o n th e clien t  an d desig n brie f  a s a  sourc e o f  infor -

mation ,  consider s informatio n a t  a  hig h leve l  o f  ab -
straction ,  make s fe w commitment s t o decisions ,  an d 
involve s a  hig h percentag e o f  ad d an d propos e opera -
tors . 

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 al -
ternative s ar e generate d an d explored .  Alternativ e solu -
tion s ar e not ,  however ,  full y  develope d whe n generated . 
The y emerg e throug h incrementa l  transformation s o f  a 
fe w kerne l  ideas .  Thes e kerne l  idea s ar e images ,  frag -
ment s o f  solutions ,  etc .  t o othe r  problem s whic h th e 
designe r  ha s encountere d a t  som e poin t  i n hi s lif e expe -
rience .  Sinc e thes e "solutions "  ar e solution s t o othe r 
problem s whic h ar e bein g mappe d ont o th e curren t 
problem ,  the y are ,  no t  surprisingly ,  alway s ou t  o f 
contex t  o r  i n som e wa y inappropriat e an d nee d t o b e 
modifie d t o constitut e solution s t o th e presen t  prob -
lem . 

Thi s generatio n an d exploratio n o f  alternative s i s 
facilitate d b y th e absu^c t  natur e o f  informatio n bein g 
considered ,  a  lo w degre e o f  commitmen 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 
i n whic h movemen t  i s fro m on e ide a t o a  slightl y 
differen t  idea ,  rathe r  tha n a  mor e detaile d versio n o f  th e 
same idea .  Thes e 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  ideas . 

The refinemen t  an d detailin g phase s ar e mor e con -
straine d an d structure d (thoug h stil l  ver y diff^en t  from 
puzzl e games) .  The y ar e phase s wher e commitment s 
ar e mad e t o a  particula r  solutio n an d propagate d 
throug h th e proble m space .  The y ar e characterize d b y 
th e concret e natur e o f  informatio n bein g considered ,  a 
hig h degre e o f  commiunen t  t o generate d ideas ,  atten -
tio n t o detail ,  an d a  larg e numbe r  o f  vertica l  transfor -
mations .  A  vertica l  uansformatio n i s on e i n whic h 
movement  i s fro m on e ide a t o a  mor e detaile d v^^io n 
of  th e sam e idea .  I t  result s i n a  deepenin g o f  th e prob -
le m space . 

Whil e thes e phase s o f  desig n developmen t  m a y 
see m triviall y  obvious ,  the y ar e rendere d interestin g b y 
th e fac t  tha t  cryptarithmeti c proble m space s canno t  b e 
individuate d int o simila r  phj^s .  A s alread y noted ,  i n 
suc h gam e problem s on e get s mor e o f  th e sam e activ -
ity .  Eithe r  on e i s o n a  pat h whic h wil l  abruptl y lea d 
t o th e solution ,  o r  on e i s not .  Ther e i s n o sens e i n 
whic h on e build s u p t o a  solution . 

C o n c l u s i o n 

I have iM-esented arguments and data to suggest that 
ther e ar e interestin g difference s i n th e tas k 
environment s o f  (a t  leas t  some )  well-structure d an d (a t 
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leas t  some )  iU-structuie d problems ,  an d tha t  thes e lea d 
t o som e nontrivia l  difference s i n ill-structure d an d well -
structure d proble m spaces . 

The reade r  ma y hav e noted ,  however ,  tha t  th e 
compariso n o f  proble m space s i s  no t  carrie d ou t  a t  th e 
leve l  o f  state s an d operators ,  whic h i s th e leve l  a t 
whic h proble m space s ar e generall y defined .  I t  i s 
conducte d a t  a  muc h mor e abstrac t  level .  Th e fac t  o f 
th e matte r  is ,  i f  on e compare s th e proble m space s a t 
th e leve l  o f  state s an d operators ,  i t  i s  difficul t  t o 
differentiat e th e tw o proble m spaces .  I t  i s onl y whe n 
one abstract s awa y from  th e low-leve l  detail s — th e 
sequenc e o f  state s an d operator s — tha t  th e difference s 
emerge .  However ,  th e fac t  tha t  the y emerg e a t  thi s 
more abstrac t  leve l  doe s no t  mak e the m an y les s rea l  o r 
interesting .  O n th e contrary ,  generalization s a t  thi s 
leve l  ma y serv e t o fill  th e theoretica l  ga p tha t  som e 
argu e exist s i n informatio n processin g theor y betwee n 
implementation s o f  specifi c  proble m space s an d th e 
genera l  notio n o f  a n informatio n processin g syste m 
(Chandrasekaran ,  1983 ;  Goe l  &  Pirolli ,  1989 ;  Greeno , 
1978a) . 
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