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C O G N I T I VE FLEXIBILIT Y T H E O R Y: 
A D V A N C ED K N O W L E D GE A C Q U I S I T I O N I N I L L - S T R U C T U R E D D O M A I N S 

Rand J. Spiro 
Universit y o f  Illinoi s a t  Urbana-Champaig n 

Richard L. Coulson, Paul J. Feltovich, and Daniel K. Anderson 
Souther n Illinoi s Universit y Schoo l  o f  Medicin e 

Advanced knowledge acquisition in a subject area is different in many important ways from introductory 

learnin g (an d fro m expertise) .  I n thi s pape r  w e discus s som e o f  th e speciz d characteristic s o f  advance d 

learnin g o f  comple x conceptua l  material .  W e not e h o w thes e characteristic s ar e ofte n a t  odd s wit h th e goal s 

and tactic s o f  introductor y instructio n an d wit h psychologica l  biase s i n learning .  W e allud e t o ou r  researc h i n 

biomedica l  cognitio n tha t  ha s reveale d a  substantia l  incidenc e o f  misconceptio n attributabl e t o variou s form s 

of  oversimplification ,  an d w e outlin e th e factor s tha t  contribut e t o suboptima l  learnin g a t  th e advance d stage . 

We the n sketc h a  theoretica l  orientatio n fo r  mor e successfu l  advance d knowledg e acquisitio n i n ill-structure d 

domains .  Cognitiv e Flexibilit y  Theory . 

The Goals of Advanced Knowledge Acquisition 

In our work we have been interested in "advanced knowledge acquisition"--learning beyond the introductory 

stag e fo r  a  subjec t  area ,  bu t  befor e th e achievemen t  o f  practice d expertis e tha t  come s wit h massiv e experience . 

Thi s ofte n neglecte d intermediat e stag e i s importan t  becaus e th e aim s an d mean s o f  advance d knowledg e 

acquisitio n ar e differen t  fro m thos e o f  introductor y learning .  I n introductor y learnin g th e goa l  i s  ofte n mer e 

exposur e t o conten t  an d th e establishmen t  o f  a  genera l  orientatio n t o a  field;  objective s o f  assessmen t  ar e 

likewis e confine d t o th e simpl e effect s o f  exposur e (e.g. ,  recognitio n an d recall) .  A t  som e poin t  i n learnin g 

abou t  a  knowledg e domai n th e goa l  mus t  change ;  a t  som e poin t  student s mus t  "ge t  i t  right. "  Thi s i s th e stag e 

of  advance d knowledg e acquisitio n [7,10,12] :  th e learne r  mus t  attai n a  deepe r  understandin g o f  conten t 

material ,  reaso n wit h it ,  an d appl y i t  flexibl y i n divers e contexts .  Obstacle s t o advance d knowledg e acquisitio n 

includ e conceptua l  complexit y an d th e increasin g ill-structurednes s tha t  come s int o pla y wit h mor e advance d 

approache s t o a  subjec t  area .  B y ill-structurednes s w e mea n tha t  man y concept s (interactin g contextually )  ar e 

pertinen t  i n th e typica l  cas e o f  knowledg e application ,  an d tha t  thei r  pattern s o f  combinatio n ar e inconsisten t 

acros s cas e application s o f  th e sam e nomina l  type .  (Se e [12 ]  fo r  a  mor e detaile d treatmen t  o f  th e natur e an d 

consequence s o f  ill-structuredness. ) 

The methods of education in introductory and advanced learning seem, in many ways, to be at odds. For 

example ,  compartmentalizin g knowledge ,  presentin g clea r  instance s (an d no t  th e man y pertinen t  exceptions) , 

and employin g reproductiv e memor y criteri a ar e ofte n i n conflic t  wit h th e realitie s o f  advance d learning -

knowledg e whic h i s intertwine d an d dependent ,  ha s significan t  context-dependen t  variations ,  an d require s th e 

abilit y  t o respon d flexibl y t o "messy "  applicatio n situations .  Thes e discrepancie s i n aim s an d tactic s (alon g 

wit h man y other s tha t  w e hav e observed )  rais e th e possibilit y  tha t  introductor y learning ,  eve n whe n i t  i s 

"successful, "  lay s foundation s i n knowledg e an d i n a n approac h t o learnin g tha t  interfer e wit h advance d 

acquisition .  A s w e hav e see n repeatedl y demonstrated ,  tha t  possibilit y  i s a n actualit y  [6 ,  7,10,12] . 

Deficiencies in Advanced Knowledge Acquisition 

Medical school is an archetype of an advanced knowledge acquisition setting [7]. Medical students have 

alread y ha d introductor y exposur e t o man y o f  th e subjec t  area s o f  biologica l  scienc e tha t  the y g o o n t o stud y 

i n medica l  school ,  bu t  the y ar e certainl y no t  ye t  expert .  Furthermore ,  th e goal s o f  medica l  educatio n ar e 

clearl y thos e o f  advance d knowledg e acquisition .  Importan t  aspect s o f  conceptua l  complexit y mus t  n o w b e 

mastere d (superficia l  familiarit y wit h ke y concept s i s n o longe r  sufficient) ;  an d th e abilit y  t o appl y knowledg e 
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from formal instruction to real-world cases is certainly something that is expected of those studying to be 

physicians . 

In our laboratory we have been studying medical students' learning, understanding and application of 

importan t  bu t  difficul t  biomedica l  scienc e concepts .  Thi s effor t  ha s reveale d widel y hel d systemati c 

misconception s a m o n g students ,  despit e thei r  havin g bee n expose d t o appropriat e informatio n [6 ,  7,10,12] . 

Stubbor n misconception ,  notwithstandin g usua l  classroo m effort s a t  instruction ,  ha s bee n foun d fo r  difficul t 

concept s i n othe r  area s a s wel l  (e.g. ,  physics :  [3,13]) . 

The biomedical misconceptions that we have identified are of various kinds [7, 10]. These include contentive 

errors ,  ofte n involvin g overgeneralization ;  fo r  example ,  area s o f  subjec t  matte r  ar e see n a s bein g mor e simila r 

tha n the y reall y  are .  Error s attributabl e t o dysfunctiona l  biase s i n menta l  representatio n ar e als o observed ;  fo r 

example ,  dynami c processe s ar e ofte n represente d mor e statically .  Prefigurativ e "worl d views "  tha t  underli e 

learners '  understandin g processe s als o caus e problems ;  fo r  example ,  th e presuppositio n tha t  th e worl d work s 

i n suc h a  wa y tha t  "part s ad d u p t o wholes "  lead s student s t o decompos e comple x processe s int o component s 

tha t  ar e treate d (mistakenly )  a s independent .  Furthermore ,  a t  al l  thes e level s misconception s interac t  i n 

reciprocall y supportiv e ways ,  an d combin e t o yiel d highe r  orde r  misconception s [6,7] .  Failure s o f 

understandin g compoun d themselves ,  buildin g u p durabl e chain s o f  large r  scal e misconception . 

Reductive biases: The pervasive role of oversimplincation in the development of misconceptions. A 

predominan t  shar e o f  th e misconception s (an d network s o f  misconception )  tha t  w e hav e identifie d reflec t  on e 

or  anothe r  kin d o t  oversimplificatio n o f  comple x material-associate d wit h learners '  earlie r  experience s wit h 

introductor y learning ,  an d eve n influence d b y man y experience s wit h advance d learning .  Misconception s o f 

advance d materia l  resul t  bot h from  interferenc e fro m earlier ,  simplifie d treatment s o f  tha t  materia l  an d fro m 

a prevailin g m o d e o f  approachin g th e learnin g proces s i n genera l  tha t  foster s simplificationa l  strategie s an d 

leave s learner s withou t  a n appropriat e cognitiv e repertoir e fo r  th e processin g o f  complexit y [7,10,12] . 

We have termed the general tendency to reduce important aspects of complexity the reductive bias. Several 

form s o f  th e bia s hav e bee n identified ,  selecte d example s o f  whic h follo w (se e [6 ,  7,10 ]  fo r  example s o f 

biomedica l  misconception s correspondin g t o th e type s o f  reductiv e bia s listed) : 

1. Oversimplification of complex and irregular structure. Superficial similarities among related phenomena 

ar e treate d a s unifyin g characteristics .  Interactin g component s ar e treate d a s independent .  Incomplet e 

conceptua l  account s ar e presente d (o r  accepte d b y th e learner )  a s bein g comprehensive .  Instance s tha t  ar e 

referre d t o a s belongin g t o th e sam e generi c categor y ar e treate d i n a  unifor m manne r  despit e thei r  bein g 

highl y diverse .  Th e irregula r  i s  treate d a s regular ,  th e nonroutin e a s routine ,  th e disorderl y a s orderly ,  th e 

continuou s a s discrete ,  th e dynami c a s static ,  th e multidimensiona l  a s unidimensional .  (Thi s first  reductiv e 

bia s i s th e mos t  genera l  one ,  encompassin g man y o f  th e specifi c  one s liste d below. ) 

2. Overreliance on a single basis for mental representation. A single, encompassing representational logic is 

applie d t o comple x concept s an d phenomen a tha t  ar e inadequatel y covere d b y tha t  logic .  Fo r  example : 

Understandin g o f  a  ne w concep t  i s  reduce d t o th e feature s o f  a  (partially )  analogou s concept .  N e w ,  highl y 

divergen t  example s ar e understoo d b y exclusiv e referenc e t o a  singl e prototype .  A  singl e schem a o r  theor y i s 

profferre d an d preferred ,  despit e th e fac t  tha t  it s  coverag e i s significantl y incomplete .  Complexl y multifacete d 

conten t  ha s it s understandin g narrowe d t o jus t  thos e aspect s covere d b y a  singl e organizationa l  scheme .  A n d 

soon . 

3. Overreliance on "top down" processing. Understanding and decision making in knowledge application 

situation s (i.e. ,  cases )  rel y to o exclusivel y o n generi c abstraction s (i.e. ,  concepts ,  theories ,  etc.) ;  detaile d 

knowledg e o f  cas e structur e i s no t  use d enoug h (i.e. ,  knowledg e o f  "ho w case s go, "  a s wel l  a s reasonin g from 

specifi c  cas e precedents) . 
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4. Context-independent conceptual representation. TTie contexts in which a concept is relevant are treated 

as havin g overl y unifor m characteristics .  Thi s promote s th e representatio n o f  conceptua l  knowledg e i n a 

manner  to o abstrac t  fo r  effectiv e applicatio n (i.e. ,  withou t  sufficien t  regar d fo r  th e specific s o f  applicatio n i n 

context) .  Concept s ar e insufficientl y tailore d t o thei r  uses ;  concept s ar e no t  recognize d a s relevan t  when ,  i n 

fact ,  the y are ;  an d concept s ar e mistakenl y judge d t o b e relevan t  i n context s wher e the y ar e not . 

5. Overreliance on precompiled knowledge structures. Fixed protocols or rigidly prepackaged schemas are 

presente d t o learner s an d use d b y the m a s recipe s fo r  wha t  t o d o i n ne w cases . 

6. Rigid compartmentalization of knowledge components. Components of knowledge that are in fact 

interdependen t  ar e treate d a s bein g separabl e fro m eac h other .  Learner s develo p mistake n belief s i n th e 

independenc e o f  th e components .  Relatedly ,  wher e knowledg e component s d o functio n independently ,  i t 

may nevertheles s b e th e cas e tha t  conveyin g relationship s betwee n thei r  conceptua l  structure s woul d ai d 

understanding ;  thes e connection s ar e no t  drawn .  W h e n component s ar e interrelated ,  ther e i s a  tendenc y t o 

use jus t  on e linkag e scheme ,  thereb y underrepresentin g th e richnes s o f  interconnectio n i n th e syste m an d 

promotin g narrow ,  doctrinair e viewpoint s (se e th e proble m o f  singl e representations) . 

7. Passive transmission of knowledge. Knowledge is preemptively encoded under a scheme determined by 

externa l  authorit y (e.g. ,  a  textbook )  o r  a  schem e whic h facilitate s deliver y an d use .  Knowledg e i s "handed "  t o 

th e learner .  Th e preemptiv e encodin g i s passivel y receive d b y th e learner ,  an d usefu l  benefit s tha t  resul t  fro m 

personalize d knowledg e representations ,  derivabl e fro m activ e exploratio n an d involvemen t  i n th e subjec t 
area ,  d o no t  develop .  W h e n active ,  participator y learnin g i s encouraged ,  adequat e suppor t  fo r  th e 

management  o f  increase d indeterminac y an d cognitiv e loa d i s no t  provide d (e.g. ,  mento r  guidance ,  memor y 

aids ,  etc.) . 

The next section will outline our theoretical approach to remedying the problems of advanced knowledge 

acquisitio n tha t  ar e cause d b y thes e reductiv e biases . 

Cognitive Flexibility Theory: 

T h e m es o f  A d v a n c e d K n o w l e d g e Acquisit io n 

Where has our research on the problems of advanced knowledge acquisition led us? To an overall theoretical 

orientatio n tha t  i n man y way s derive s it s fundamenta l  theme s fro m th e specifi c  natur e o f  thos e learnin g 

problems ,  a s th e problem s relat e t o th e characteristic s o f  ill-structure d domain s an d th e specia l  goal s o f 

advance d knowledg e acquisitio n (i.e. ,  master y o f  conceptua l  complexit y an d knowledg e application/transfer) . 

In this section we provide a brief discussion of our most fundamental, theoretically motivated remedies for 

th e problem s o f  advance d knowledg e acquisition .  Th e followin g theme s constitut e differen t  facet s o f  wha t  w e 

cal l  cognitiv e flexibilit y  [12] .  Th e theme s are ,  i n a  sense ,  condition s fo r  developin g master y o f  complexit y an d 

knowledg e transferability .  Eac h o f  th e headline d theoretica l  commitment s ha s receive d som e for m o f 

implementation ,  eithe r  i n ou r  experiment s o r  i n ou r  theory-base d compute r  hypertex t  system s (includin g on e 

prototyp e tha t  implement s th e theory' s principle s o f  advance d knowledg e acquisitio n i n cardiovascula r 

medicine ,  th e Cardioworl d Explorer) .  Give n th e extrem e limitation s o f  space ,  th e theme s ar e discusse d 

schematicall y an d i n th e abstract ;  detaile d developmen t  o f  theoretica l  rationales ,  example s o f  ou r  concret e 

instantiation s o f  th e theme s (i n th e biomedica l  domai n an d other s tha t  w e hav e studied) ,  an d pattern s o f 

empirica l  suppor t  fo r  ou r  claim s ca n b e foun d i n ou r  cite d papers . 

1. Avoidance of Oversimplification and Overregularization. Because of the strong bias towards 

oversimplificatio n tha t  w e hav e observed ,  i t  i s  clea r  tha t  advance d knowledg e acquisitio n mus t  plac e a  hig h 

premiu m o n makin g salien t  thos e way s tha t  knowledg e i s no t  a s simpl e an d orderl y a s i t  migh t  first  see m i n 

introductor y treatments .  W h e r e th e proble m i s s o ofte n a  presumptio n o f  simplicit y an d regularity ,  th e 

remed y i s t o tak e specia l  measure s t o demonstrat e complexitie s an d irregularities .  I t  i s  importan t  t o la y bar e th e 

limitation s o f  initial ,  first  pas s understandings ,  t o highligh t  exceptions ,  t o sho w h o w th e superficiall y  simila r  i s 
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dissimilar and how superficial unities are broken. Where conceptual error frequently occurs from atomistic 

decompositio n o f  complexl y interactin g information ,  followe d b y misguide d attempt s a t  "additive "  reassembl y 

of  th e decompose d elements ,  th e remed y i s t o tak e pain s t o highligh t  componen t  interactions ,  t o clearl y 

demonstrat e th e intricat e pattern s o f  conceptua l  combination . 

This is a very general theme, encompassing many of the others that follow in this list. Cognitive flexibility 

involve s th e selectiv e us e o f  knowledg e t o adaptivelyfi t  th e need s o f  understandin g an d decisio n makin g i n a 

particula r  situation ;  th e potentia l  fo r  maximall y adaptiv e knowledg e assembl y depend s o n havin g availabl e a s 

ful l  a  representatio n o f  complexit y t o dra w upo n a s possible . 

2. Multiple Representations. Single representations (e.g., a single schema, organizational logic, line of 

argument ,  prototype ,  analogy ,  etc. )  wil l  mis s importan t  facet s o f  comple x concepts .  Cognitiv e flexibilit y  i s 

dependen t  upo n havin g a  diversifie d repertoir e o f  way s o f  thinkin g abou t  a  conceptua l  topic .  Knowledg e tha t 

wil l  hav e t o b e use d i n man y way s ha s t o b e learned ,  represented ,  an d trie d ou t  (i n application )  i n man y ways . 

The use of multiple representations is important at different levels. For example, we have found multiple 

analogie s t o b e ver y usefu l  i n understandin g comple x individua l  concept s ([10] ;  se e th e exampl e belo w o f  forc e 

productio n b y muscl e fibers ;  se e als o [5,14]) .  However ,  th e importanc e o f  multipl e representation s ma y b e 

eve n mor e importan t  fo r  large r  unit s o f  analysis .  Fo r  example ,  w e hav e foun d tha t  students '  understanding s 

of  th e entir e domai n o f  biomedica l  knowledg e i s adversel y affecte d b y th e tendenc y t o us e jus t  on e wa y o f 

modelin g th e variou s phenomen a the y encounter ,  on e tha t  come s fro m th e metapho r  o f  th e machine .  Thi s on e 

"lens "  lead s the m t o tak e fo r  grante d certai n issue s relate d t o th e natur e o f  explanations ,  th e structur e o f 

menta l  model s o f  functiona l  systems ,  an d s o on .  Thes e student s develo p understanding s tha t  d o no t  captur e 

importan t  aspect s o f  th e biomedica l  domai n (e.g. ,  inherentl y organi c processes) .  Thei r  understanding s woul d 

be mor e complet e i f  the y wer e t o augmen t  th e selectiv e vie w tha t  result s fro m thei r  mechanisti c bia s wit h 

othe r  understanding s tha t  selectivel y emerg e fro m th e uniqu e aspect s o f  othe r  cognitiv e "lenses, "  fo r  example , 

fro m organicis t  metaphor s [7] . 

The need for multiple representations applies not only to complex concepts, but to cases as well. In an ill-

structure d domain ,  case s (examples ,  occurrences ,  events-occasion s o f  us e o f  conceptua l  knowledge )  ten d t o 

be comple x an d highl y variable ,  on e t o th e next .  Th e complexit y o f  case s require s tha t  the y b e represente d 
fro m multipl e theoretical/conceptua l  perspectives--i f  case s ar e treate d narrowl y b y characterizin g the m usin g a 

to o limite d subse t  o f  thei r  relevan t  perspectives ,  th e abilit y  t o proces s futur e case s wil l  b e limited .  First ,  ther e 

wil l  b e a n assumptio n tha t  case s ar e simple r  tha n the y i n fac t  are ,  an d attempt s t o dea l  wit h ne w case s wil l 

prematurel y conclud e afte r  the y ar e onl y partiall y  analyzed .  Second ,  ther e wil l  b e insufficien t  preparednes s t o 

deal  wit h th e specifi c  pattern s o f  interactio n o f  theoretical/conceptua l  perspective s withi n cases .  Third ,  t o th e 

exten t  tha t  performanc e i n futur e case s wil l  requir e reasonin g fro m set s o f  preceden t  case s (whic h i s alway s a 

greate r  nee d i n ill-structure d domains) ,  th e likelihoo d o f  havin g cas e representation s availabl e i n prio r 

knowledg e whic h ar e maximall y ap t  i n thei r  relatio n t o som e ne w cas e i s lessene d t o th e exten t  tha t  case s ar e 

narrowl y represente d i n memory .  Thi s i s especiall y s o whe n ther e i s substantia l  across-cas e dissimilarity ;  th e 

relativ e novelt y o f  a  ne w cas e i n a n ill-structure d domai n wil l  requir e mor e elaborat e effort s t o find 

appropriat e precedents-th e wide r  th e variet y tha t  i s  available ,  th e bette r  th e chance s o f  finding  a  fit. 

An Example of Multiple Representations: Integrated Multiple Analogies for Complex Concepts. As we have 

said ,  ou r  studie s o f  medica l  student s hav e indicate d tha t  on e o f  th e mos t  seriou s contributor s t o th e problem s 

of  advance d knowledg e acquisitio n i s th e us e o f  a  singl e knowledg e representation .  Comple x concept s ca n 

rarel y b e adequatel y represente d usin g a  singl e schema ,  theoretica l  perspective ,  lin e o f  exposition ,  an d s o on . 

Nevertheless ,  i n practice ,  comple x concept s frequentl y ar e represente d i n som e singl e fashion ,  wit h substantia l 

consequences . 

Our remedy has been to approach learning in all of the domains that we have studied with the goal of 

promotin g multipl e representation s (e.g. ,  multipl e preceden t  case s fo r  a  ne w case ;  multipl e organizationa l 

scheme s fo r  representin g th e sam e conten t  materia l  i n ou r  compute r  hypertexts ;  etc.) .  Her e w e wil l  briefl y 
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consider just the case of analogy. We have discovered a large number of misconceptions that result from the 

overextende d applicatio n o f  analogie s (10] .  T o comba t  th e negativ e effect s o f  a  powerfu l  an d seductiv e singl e 

analogy ,  w e emplo y set s o f  integrate d multipl e analogies .  Wheneve r  a  sourc e concep t  i n a n analog y i s missin g 

importan t  aspect s o f  a  targe t  concept ,  o r  th e sourc e concep t  i s i n som e wa y misleadin g abou t  th e targe t 

concept ,  w e introduc e anothe r  analog y t o counterac t  thos e specifi c  negativ e effect s o f  th e earlie r  analogy . 

So, where we find that misconceptions about the nature of force production by muscle fibers often develop 

becaus e o f  a  c o m m o n analog y t o th e operatio n o f  rowin g crew s (sarcomer e "arms "  an d oar s bot h generat e 

forc e b y a  kin d o f  "pulling") ,  othe r  analogie s ar e introduce d t o mitigat e th e negativ e effect s o f  th e limite d 

rowin g cre w analog y [10] .  A n analog y t o turnbuckle s correct s misleadin g notion s abou t  th e natur e o f  relativ e 

movement  an d th e gros s structure s withi n th e muscle .  A n analog y t o "finge r  handcuffs "  cover s importan t 

informatio n missin g i n th e rowin g cre w analog y abou t  limit s o f  fiber  lengt h (th e elasti n coverin g o n muscl e 

fiber  bundle s constrict s a t  lon g lengths ,  stoppin g extensio n i n a  manne r  simila r  t o th e cross-hatche d finger 

cuff s whe n yo u tr y t o pul l  a  finger  ou t  o f  eac h end) .  A n d s o on .  A  composit e imagin g techniqu e tha t  help s 

th e use r  t o integrat e th e multipl e analogies ,  s o tha t  th e correc t  aspect s o f  eac h analog y ca n b e selectivel y 

instantiate d i n relevan t  context s o f  us e o f  th e targe t  concept ,  ha s als o bee n developed .  T h e procedur e 

facilitate s th e learnin g o f  a  concep t  (throug h th e pedagogica l  benefit s o f  analogy) ,  whil e maintainin g th e 

integrit y o f  th e concept' s complexitie s (b y usin g multipl e analogie s t o cove r  th e concept' s multifacetednes s 

and t o vitiat e th e forc e o f  incorrec t  aspect s o f  an y singl e analogy) .  (Als o se e [2]. ) 

Theory-based hypertext systems to implement the themes of advanced knowledge acquisition in ill-

structure d domains :  Th e importanc e o f  revisitin g an d rearrangin g i n th e developmen t  o f  multipl e 

representations .  M u c h o f  th e wor k o n compute r  hypertex t  system s ha s bee n drive n b y th e powe r  o f  th e 

technology ,  rathe r  tha n b y a  coheren t  vie w o f  th e cognitiv e psycholog y o f  nonlinea r  an d multidimensiona l 

learnin g an d instruction .  I n contrast ,  ou r  hypertex t  approache s hav e a  basi s i n cognitiv e theory-the y deriv e 

fro m th e theme s o f  Cognitiv e Flexibilit y  Theory .  A n d thei r  real m o f  operatio n i s specified ;  the y ar e especiall y 

targete d a t  advance d knowledg e acquisitio n i n ill-structure d domains .  (Ther e i s n o poin t  i n imposin g th e 

extr a cognitiv e loa d o f  nonlinearit y an d multidimensionalit y i f  th e domai n bein g studie d i s simpl e an d well -

structured ,  o r  i f  th e goal s o f  learnin g ar e th e mor e easil y attainabl e one s o f  introductor y treatments. )  W e wil l 

briefl y characteriz e ou r  approac h t o implementin g Cognitiv e Flexibilit y  Theor y i n compute r  hypertex t  systems . 

Our hypertext systems build multiple representations in a manner that can be understood using a metaphor of 

landscap e exploration .  Dee p understandin g o f  a  comple x landscap e wil l  no t  b e obtaine d fro m a  singl e 

traversal .  Similarl y fo r  a  conceptua l  landscape .  Rather ,  th e landscap e mus t  b e criss-crosse d i n m a n y direction s 
t o maste r  it s complexit y an d t o avoi d havin g th e fullnes s o f  th e domai n attenuate d [12,15] .  Th e sam e site s i n 

a landscap e (th e sam e case s o r  concept s i n a  knowledg e domain )  shoul d b e revisite d fro m differen t  directions , 
though t  abou t  fro m differen t  perspectives ,  an d s o on .  Ther e i s a  limi t  t o h o w m u c h understandin g o f  a 

comple x entit y ca n b e achieve d i n a  singl e treatment ,  i n a  singl e context ,  fo r  a  singl e purpose .  B y repeatin g th e 

presentatio n o f  th e sam e comple x cas e o r  concep t  informatio n i n ne w contexts ,  additiona l  aspect s o f  th e 

multifacetednes s o f  thes e "landscap e sites "  ar e brough t  out ,  enablin g th e kin d o f  ric h representation s 
necessar y i n a  comple x an d ill-structure d domain .  Thus ,  cognitiv e flexibility  i s fostere d b y a  flexible  approac h 
t o learnin g an d instruction .  Th e sam e conten t  materia l  i s  covere d i n differen t  ways ,  a t  differen t  times ,  i n 

orde r  t o demonstrat e th e potentia l  flexibility  o f  us e inheren t  i n tha t  conten t  ([11,12]) . 

3. Centrality of Cases. The more ill-structured the domain, the poorer the guidance for knowledge 

applicatio n tha t  "top-down "  structure s wil l  generall y provide .  Tha t  is ,  th e wa y abstrac t  concept s (theories , 

genera l  principles ,  etc. )  shoul d b e use d t o facilitat e understandin g an d t o dictat e actio n i n naturall y occurrin g 

case s become s increasingl y indeterminat e i n ill-structure d domains .  Th e applicatio n o f  knowledg e t o case s i n 

an ill-structure d domai n (i.e. ,  a  domai n i n whic h case s ar e individuall y multidimensional ,  an d irregularl y 

relate d on e t o th e next )  canno t  b e prescribe d i n advanc e b y genera l  principles .  Thi s i s because ,  i n ill -

structure d domains ,  ther e i s grea t  variabilit y  fro m cas e t o cas e regardin g whic h conceptua l  element s wil l  b e 

relevan t  an d i n wha t  patter n o f  combination .  I n a n ill-structure d domain ,  genera l  principle s wil l  no t  captur e 
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enough of the structured dynamics of cases; increased flexibility in responding to highly diverse new cases 

comes increasingl y fro m relianc e o n reasonin g fro m preceden t  cases . 

Thus, examples/cases cannot be assigned the ancillary status of merely illustrating abstract principles (and 

the n bein g discardable) :  th e case s ar e key-example s ar e necessary ,  an d no t  jus t  nic e [7,11,12] . 

4. Conceptual Knowledge as Knowledge-in-Use. Not only is it more difficult to count on top down 

prescription s fo r  performanc e i n n e w case s i n a n ill-structure d domai n (i.e. ,  abstrac t  concepts/theorie s 

inadequatel y determin e response s t o ne w cases) ,  bu t  ther e i s als o considerabl e indeterminatenes s i n definin g 

condition s fo r  accessin g conceptua l  structure s i n th e firs t  place ,  t o engag e th e guidanc e th e conceptua l 

structure s d o offer .  I t  i s  no t  tha t  abstrac t  knowledg e ha s n o rol e i n ill-structure d domains ,  bu t  tha t  it s  rol e i s 

highl y intertwine d wit h tha t  o f  case-centere d reasoning .  Pu t  anothe r  way ,  i n a n ill-structure d domai n ther e 

wil l  b e greatl y increase d variabilit y  acros s case s i n th e wa y th e sam e concep t  i s use d o r  applied .  Thu s i t  i s 

harde r  t o ge t  fro m feature s o f  case s t o th e concept s tha t  migh t  nee d t o b e applie d t o thos e cases .  A n d i t  i s 

harde r  t o appl y a  concept ,  onc e accessed ,  i f  i t  ha s m a n y differen t  kind s o f  use s acros s cases-concept s mus t  b e 

tailore d t o thei r  applicatio n contexts .  T h e Wittgensteinia n dictu m tha t  meanin g i s determine d b y us e clearl y 

applie s i n ill-structure d domains .  I f  a  concept' s meanin g i n us e canno t  b e determine d universall y acros s case s 

(a s i n a n ill-structure d domain) ,  the n on e mus t  pa y m u c h mor e attentio n t o th e detail s o f  h o w th e concep t  i s 

used—knowledg e i n practice ,  rathe r  tha n i n th e abstrac t  [11,12,15] . 

In  medical training, this issue of variability and combination in concept instantiation has an obvious implication 

fo r  th e traditiona l  difficult y o f  integratin g th e biomedica l  basi c scienc e part s o f  th e curriculu m wit h th e clinica l 

parts .  Physicians '  practic e woul d b e improve d i f  i n problemati c situation s the y coul d appl y th e interactin g 

basi c biomedica l  scienc e concept s tha t  underli e th e clinica l  situatio n tha t  i s posin g th e problem .  However ,  i t  i s 

ver y difficul t  fo r  medica l  student s t o lear n h o w t o ge t  t o th e basi c scienc e concept s fro m clinica l  presentin g 

features ,  partl y becaus e o f  th e grea t  variabilit y  acros s clinica l  case s i n th e wa y thos e concept s ge t  instantiated . 

A ke y featur e o f  ou r  Cardioworl d Explore r  hypertex t  i s tha t  i t  permit s th e learne r  t o selectivel y examin e th e 

ful l  rang e o f  use s o f  an y selecte d basi c scienc e concep t  (o r  an y selecte d combinatio n o f  concepts )  acros s case s 

wit h differin g clinica l  features ,  teachin g th e pattern s o f  concep t  applicatio n an d thu s facilitatin g acces s t o 

conceptua l  informatio n i n clinica l  context s (a s wel l  a s fosterin g a n understandin g o f  th e differen t  way s tha t  a 

give n concep t  ha s t o b e tailore d t o b e clinicall y  relevant) . 

Again, in an ill-structured domain the meaning of a concept is intimately connected to its patterns of use. 

W h en th e use s (instances ,  cases )  o f  th e sam e concep t  hav e a  comple x an d irregula r  distributio n (i.e. ,  th e 

domai n i s ill-structured) ,  adequat e prepackage d prescription s fo r  prope r  activatio n o f  th e concep t  canno t  b e 

provide d (i.e. ,  concep t  instantiatio n i s  non-routine) .  Instead ,  greate r  weigh t  (tha n i n a  well-structure d domain ) 

must  b e give n t o activatin g concept s i n a  ne w cas e b y examinatio n o f  famil y resemblance s acros s th e feature s 

of  pas t  case s tha t  hav e bee n calle d (labele d a s instance s of )  tha t  concept . 

5. Schema Assembly (from Rigidity to Flexibility). In an ill-structured domain, emphasis must be shifted 

fro m retrieva l  o f  intact ,  rigid ,  precompile d knowledg e structures ,  t o assembl y o f  knowledg e fro m differen t 

conceptua l  an d preceden t  cas e source s t o adaptivel y fi t  th e situatio n a t  han d [9,12] .  Thi s follows ,  again ,  fro m 

characteristic s o f  ill-structure d domains .  Sinc e ill-structurednes s implie s kind s o f  complexit y an d irregularit y 

tha t  militat e agains t  th e us e o f  knowledg e structure s tha t  assum e routinizabilit y  acros s cases ,  th e rol e o f  intac t 

schem a retrieva l  mus t  b e diminished-greate r  across-cas e difference s caus e a  necessar y declin e i n th e abilit y  o f 

any large ,  singl e precompilatio n t o fi t  a  wid e variet y o f  cases .  I n comple x an d ill-structure d domains ,  on e 

canno t  hav e a  prepackage d schem a fo r  everything !  A s ill-structurednes s increases ,  th e us e o f  rigid  knowledg e 

structure s (i.e. ,  th e sam e precompile d knowledg e structur e use d fo r  man y cases )  mus t  b e replace d h y flexible, 

recombinabl e knowledg e structures .  Fo r  an y particula r  case ,  man y smal l  precompile d knowledg e structure s 

wil l  nee d t o b e used .  A n d ther e wil l  b e relativel y littl e repetitio n o f  pattern s acros s case-specifi c  assemblie s o f 

thes e smalle r  piece s o f  precompile d knowledge .  Accordingly ,  i n knowledg e acquisitio n fo r  cognitiv e flexibility , 

th e "storag e o f  fixe d knowledg e i s devalue d i n favo r  o f  th e mobilizatio n o f  potentia l  knowledge "  ([12] ,  p .  181) . 

(Se e als o [8]. ) 
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6.  Noncompartmentalizatio n o f  Concept s an d Case s (Multipl e Interconnectedness) .  Becaus e o f  th e 

comple x an d irregula r  wa y tha t  abstrac t  conceptua l  feature s weav e throug h cases/example s i n ill-structure d 

domains ,  knowledg e canno t  b e neatl y compartmentalized .  I n orde r  t o enabl e th e situation-dependent , 

adaptiv e schem a assembl y fro m disparat e knowledg e source s tha t  characterize s cognitiv e flexibility ,  thos e 

multipl e source s mus t  b e highl y interconnected .  Concept s canno t  b e treate d a s separat e "chapters. " 

Retroactiv e assembl y o f  independentl y taught ,  an d noninterrelated ,  constituen t  conceptua l  aspect s to o ofte n 

fails .  Also ,  althoug h case s hav e t o b e focuse d o n separately ,  s o tha t  th e complexit y o f  cas e structur e i s 

conveyed ,  the y shoul d no t  b e taugh t  i n jus t  tha t  way-connection s acros s case s mus t  als o b e established . 

Rathe r  tha n relegatin g concept s o r  case s t o separat e compartments ,  chapters ,  an d s o on ,  ou r  system s striv e 

fo r  multipl e interconnectednes s (o f  case s an d concepts )  alon g multipl e conceptua l  an d clinica l  dimensions . 

Our approach to fostering multiple interconnectedness of knowledge representations in our hypertexts is to 

cod e cas e segment s wit h a  multidimensiona l  vecto r  indicatin g th e relevanc e o f  a  variet y o f 

thematic/conceptua l  dimension s t o tha t  cas e segmen t  [11] .  (Positiv e value s i n th e vecto r  als o poin t  t o 

commentary ,  providin g exper t  guidanc e abou t  th e natur e o f  th e conceptua l  dimension' s instantiatio n i n tha t 

particula r  cas e segment ;  thi s help s wit h th e proble m o f  teachin g conceptua l  knowledge-in-us e discusse d 

earlier) .  Then ,  a s th e hypertex t  progra m guide s th e learne r  i n criss-crossin g th e domain' s "landscape, "  b y 

explorin g pattern s o f  overla p i n th e vector s fo r  differen t  cas e segments ,  knowledg e representation s ar e buil t 

u p i n whic h part s o f  case s ar e connecte d wit h man y part s o f  othe r  cases ,  alon g man y conceptual/theoretica l 

dimension s o f  case-segmen t  similarity .  I n tha t  way ,  man y alternativ e path s ar e establishe d t o ge t  fro m on e 

par t  o f  th e overal l  knowledg e bas e t o an y othe r  par t  o f  th e knowledg e bas e tha t  aspect s o f  som e futur e cas e 

m ay signa l  a s relevant .  Thus ,  th e potentia l  fo r  flexible ,  situation-adaptiv e schem a assembl y i s fostere d (alon g 

wit h suc h othe r  virtue s a s th e establishmen t  o f  multipl e route s fo r  m e m o r y acces s t o an y nod e i n th e system) . 

So, for example, in the Cardioworld Explorer segments of clinical cases are encoded with a vector of clinical 

and basi c biomedica l  scienc e theme s tha t  ar e relevan t  t o eac h segment .  Th e syste m ca n the n establis h 

connection s betwee n a  segmen t  o f  on e cas e an d segment s o f  man y othe r  cases ,  alon g th e variou s (conceptua l 

and clinical )  themati c dimension s represente d i n th e vector .  I n case-base d instruction ,  i t  i s ofte n tru e tha t 

ther e ar e important ,  instructiv e relationship s betwee n a n aspec t  o f  on e cas e an d aspect s o f  others .  Suc h 

relationship s ar e rarel y brough t  out .  O u r  hypertex t  system s captur e thes e man y lesson s tha t  ar e misse d i n 

stric t  case-by-cas e (o r  problem-by-problem )  instruction .  I n a n ill-structure d domain ,  facilitatin g retrieva l  o f 

multipl e (partial )  precedent s i s important ,  becaus e understandin g wha t  t o d o i n a  give n cas e contex t  wil l 

usuall y requir e referenc e t o mor e tha n an y singl e prototype-th e cas e i n questio n wil l  b e "kin d o f  lik e thi s 

earlie r  one ,  kin d o f  lik e tha t  one, "  an d s o on .  Also ,  understandin g o f  th e cas e i n questio n wil l  requir e tha t 

variou s concept s b e brough t  t o bea r  an d integrated ;  this ,  too ,  i s facilitate d b y th e multipl e conceptua l  codin g 

scheme employe d i n ou r  systems . 

There are several other benefits of the multiple-conceptual coding of multiple case segments. A 

power/efficienc y advantag e i s tha t  i t  allow s th e hypertext s t o automaticall y generat e larg e number s o f  lesson s 

(man y "landscap e criss-crossings") .  If ,  fo r  example ,  eac h o f  2 0 case s i s divide d int o a n averag e o f  1 0 cas e 
segments ,  eac h wit h a  valu e o n 1 5 relevan t  themati c dimensions ,  ther e i s a  many-fol d increas e i n th e numbe r 

of  possibl e automatizabl e instructiona l  comparison s an d contrast s tha t  result s fro m havin g 20 0 cas e segment s 

(instea d o f  2 0 ful l  cases )  intertwine d b y relationship s i n th e 15-slo t  vector . 

Also, the use of case segments prevents the subsumption to a "common denominator" that occurs when 
large r  structura l  unit s ar e used :  a n interestin g loca l  elemen t  o f  a  cas e wil l  ten d t o ge t  los t  i f  i t  ha s feature s 
tha t  ar e no t  presen t  i n othe r  part s o f  th e cas e (whe n th e monolithi c cas e i s th e structura l  unit) .  Usin g smal l 

cas e segment s (minicases )  help s t o retai n th e pluralit y  o f  situations . 

There is another virtue of the division into case segments and the multidimensional coding of the segments 

tha t  relate s t o keepin g cas e understandin g fro m bein g overl y simplified .  I n a n ill-structure d knowledg e 

domain ,  b y definition ,  ther e i s sufficien t  variabilit y  acros s case s (du e i n par t  t o th e interactio n o f  th e man y 
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factor s tha t  mak e u p comple x cases )  tha t  th e se t  o f  case s tha t  migh t  b e nominall y groupe d togethe r  unde r 

some schem a o r  classificatio n wil l  b e greatl y variabl e i n thei r  particulars .  A  case ,  instea d o f  bein g represente d 

as on e kin d o f  thing ,  conveyin g on e kin d o f  "lesson, "  i s  instea d clearl y show n t o th e learne r  t o t o b e man y 

things .  Case s o f  th e sam e nomina l  typ e hav e differen t  segment s o r  scene s tha t  ar e demonstrate d no t  t o b e th e 

same,  an d eac h o f  th e segment s i s show n t o hav e multipl e significances .  Therefore ,  th e c o m m o n temptatio n 

t o nes t  case s uniquel y unde r  a  singl e superordinat e conceptua l  categor y wil l  b e resisted ,  makin g i t  les s likel y 

tha t  th e comple x relationship s amon g case s i n a  domai n wil l  b e artificiall y  regularized .  I n a n ill-structure d 

domain ,  case s ar e relate d t o man y differen t  concept s o f  th e domain ,  an d i t  promote s dysfunctiona l 

simplificatio n t o hierarchicall y nes t  o r  "slot "  case s unde r  singl e conceptua l  categorie s (e.g. ,  "Th e followin g 

case s ar e example s o f  X  [only]") .  W h e n ther e i s considerabl e across-cas e variability ,  a s ther e wil l  b e i n a n ill -

structure d domain ,  cognitiv e flexibilit y  require s tha t  cas e informatio n b e code d conceptuall y fo r  th e man y 

differen t  kind s o f  us e tha t  ne w situation s ma y require . 

The thematic coding scheme and the landscape criss-crossing system of instruction result in a weblike multiple 

interconnectednes s o n multipl e dimension s tha t  i s  no t  subjec t  t o th e limitation s o f  instructio n tha t  i s 

characterize d b y a  singl e organizationa l  slant .  Instea d o f  a  singl e tex t  wit h a  singl e organizationa l  schem e an d 

a singl e sequencin g o f  comparison s an d contrasts ,  ou r  hypertext s allo w th e sam e informatio n t o b e 

automaticaill y  reconfigure d accordin g t o a  hug e numbe r  o f  possibl e organizationa l  schemes ,  determine d b y 

usin g subset s o f  th e multipl e themati c codin g space-ou r  hypertext s enabl e th e virtuall y limitles s automati c 

generatio n o f  ne w tex t  configurations .  Becaus e o f  th e richnes s o f  ill-structure d domain s suc h a s biomedica l 

science ,  eac h o f  thes e tex t  configuration s teache s som e case -  (experience- )  grounde d lesson s tha t  woul d no t 

hav e bee n taugh t  (o r  easil y see n i f  taught )  fro m anothe r  text' s organizationa l  perspective .  Suc h additiona l 

experience s an d perspective s ar e alway s helpfu l  i n a  comple x domain- a physicia n neve r  learn s al l  tha t  i t  woul d 

be helpfu l  t o lear n (whic h i s wh y additiona l  experienc e i s alway s value d i n a  physician) .  Hypertex t  system s lik e 

th e Cardioworl d Explore r  systematicall y consolidat e th e proces s o f  acquirin g experience . 

Yet another virtue of the multiple interconnectedness along multiple dimensions of the representations that 

ou r  system s buil d ha s t o d o wit h th e proble m o f  reciproca l  misconceptio n compoundin g tha t  w e hav e 

observe d i n ou r  studie s o f  medica l  student s an d physician s [6,7] .  Misconception s bolste r  eac h othe r  an d 

combin e t o for m seductivel y entrenche d network s o f  misconception .  O u r  approac h help s t o forestal l  th e 

developmen t  o f  misconceptio n network s b y developin g a  kin d o f  positiv e reciprocation .  Becaus e correctl y 

conceive d representation s wit h a  hig h degre e o f  multipl e interconnectednes s ar e established ,  th e fres h entr y o f 

fallaciou s knowledg e a t  an y nod e i n th e weblik e networ k wil l  fire  of f  s o man y connection s tha t  i t  woul d b e 

likel y t o activat e som e misconception-disablin g correc t  knowledge .  Befor e yo u ca n g o to o fa r  wrong ,  yo u ar e 

likel y t o touc h somethin g tha t  set s yo u right . 

7. Active Participation, Tutorial Guidance, and Adjunct Support for the Management of Complexity. In an 

ill-structure d domain ,  knowledg e canno t  jus t  b e hande d t o th e learner .  A  prior i  codification s o f  knowledg e 

ar e likel y t o misrepresent .  (Tha t  i s par t  o f  wha t  ill-structurednes s means. )  Henc e th e importance , 

increasingl y widel y recognize d today ,  o f  activ e learne r  involvemen t  i n knowledg e acquisition ,  accompanie d b y 

opportunisti c guidanc e b y exper t  mentor s (whic h ca n b e incorporate d i n a  compute r  program-i t  doe s no t 

hav e t o b e live ,  one-to-on e guidance) .  Furthermore ,  aid s mus t  b e provide d t o hel p th e learne r  manag e th e 

adde d complexit y tha t  come s wit h ill-structure .  O u r  hypertex t  program s allo w learner s t o explor e comple x 

conceptua l  landscape s i n man y directions ,  wit h exper t  guidanc e an d variou s kind s o f  cognitiv e suppor t  (e.g. , 

integrate d visua l  displays) .  W h e n ther e ar e limit s t o th e explici t  transmissio n o f  knowledge ,  learner s wil l  nee d 

specia l  kind s o f  hel p i n figuring  thing s ou t  fo r  themselves ,  (se e [1 ,  4,12]. ) 

Recapitulation: A Shift from Single to Multiple Representations and from Generic 

S c h e m a Retrieva l  t o Situation-Specifi c  K n o w l e d g e A s s e m b l y 

In general, we argue that the goals of advanced knowledge acquisition in complex and ill-structured domains 

ca n bes t  b e attaine d (an d th e problem s w e hav e identifie d avoided )  b y th e developmen t  o f  menta l 

382 



Spiro ,  Coulson ,  Feltovich ,  Anderso n 

representation s tha t  suppor t  cognitiv e flexibility.  Centra l  t o th e cultivatio n o f  cognitiv e flexibilit y  ar e 

approache s t o learning ,  instruction ,  an d knowledg e representatio n that :  (a )  allo w a n importan t  rol e fo r 

multipl e representations ;  (b )  vie w learnin g a s th e multidirectiona l  an d multiperspectiva l  "criss-crossing "  o f 

case s an d concept s tha t  m a k e u p comple x domains '  "landscapes "  (wit h resultin g interconnectednes s alon g 

multipl e dimensions) ;  an d (c )  foste r  th e abilit y  t o assembl e divers e knowledg e source s t o adaptivel y fi t  th e 

need s o f  a  particula r  knowledg e applicatio n situatio n (rathe r  tha n th e searc h fo r  a  precompile d schem a tha t 

fits  th e situation) .  W e sugges t  tha t  theory-base d compute r  hypertex t  system s ca n implemen t  th e goal s an d 

strategie s o f  Cognitiv e Flexibilit y  Theory ,  engenderin g multipl e cognitiv e representation s tha t  captur e th e 

real-worl d complexitie s o f  th e kind s o f  case s t o whic h abstrac t  conceptua l  knowledg e mus t  b e applied . 
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