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Expert s m a k e i t  loo k easy .  The y perfor m thei r  task s efficiently ,  an d 

usually ,  correctly .  Task s whic h novice s perfor m onl y a t  th e expens e o f  a 

grea t  dea l  o f  tim e an d effor t  ar e accomplishe d almos t  immediately . 

seemingl y intuitivel y b y th e expert .  I n developin g thes e skill s  individual s 

typicall y los e th e abilit y  t o tel l  u s wha t  the y d o (Johnson ,  1983) .  T h e 

fluenc y o f  exper t  performanc e an d th e taci t  natur e o f  exper t  knowledg e 

ca n b e understoo d i f  viewe d a s th e resul t  o f  adaptation s whic h facilitat e 

performanc e i n a  specifi c  tas k environment . 

Adaptation s ca n b e describe d i n term s o f  environmenta l  specificity , 

goa l  relevance ,  an d function .  T h e specifi c  adaptation s expert s develo p ar e 

collectivel y referre d t o a s "knowledge" .  A n agent' s knowledg e ca n b e 

describe d i n term s o f  h o w th e agen t  k n o w s wha t  ca n b e d o n e t o solv e a 

problem .  I n thi s cas e th e goa l  i s  proble m solution ,  th e environmenta l 

informatio n i s "wha t  ca n b e done "  an d th e functio n i s "knowing" .  I n mos t 

theoretica l  description s on e o r  m o r e o f  thes e aspect s o f  performanc e 

remai n implicit .  Fo r  example ,  sayin g "th e giraff e use s it s lon g nec k t o 

reac h food "  focuse s o n th e relatio n o f  th e adaptatio n t o goa l  directe d 

functio n - -  leavin g environmenta l  specificit y implicit .  Theorie s o f  exper t 

performanc e usuall y addres s th e issu e o f  h o w th e exper t  k n o w s h o w t o 

solv e th e proble m - -  als o leavin g environmenta l  specificit y implicit . 

Of  course ,  i n orde r  fo r  th e giraffe' s lon g nec k t o b e facilitat e 

feeding ,  th e giraffe' s environmen t  mus t  b e structure d s o tha t  foo d exist s 

i n hig h places .  I f  knowledg e i s adaptiv e the n th e proble m environmen t 

must  als o b e structure d s o tha t  knowin g facilitate s goa l  attainment .  I f 

th e structur e o f  th e environmen t  doe s no t  specif y goa l  relevan t  action s 

the n ther e i s nothin g t o adap t  to ,  nothin g t o know . 

Not  al l  animal s ea t  "leave s i n hig h places" .  Anteater s hav e lon g 

tongue s rathe r  tha n lon g necks .  T h e anteater s tongu e i s a  differen t 

adaptatio n t o a  differen t  feedin g environment .  Bot h th e anteater' s tongu e 

an d th e giraffe' s nec k functio n a s "reachers "  t o accomplis h th e "feeding " 

goal .  T h e differen t  adaptation s correspon d t o differen t  environmenta l 
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structures. If we were to develop a model of "food reachers" without 

concer n fo r  th e structur e o f  "food "  w e woul d no t  readil y propos e tw o suc h 

radicall y differen t  mode ls . 

T h e critica l  questio n fo r  thos e constructin g mode l s o f  cognitiv e 

processe s i s "wha t  constitute s foo d fo r  thought? "  W e propos e tha t  th e 

exper t  an d th e novic e functio n i n ver y differen t  tas k environments .  Exper t 

leve l  performanc e i s th e resul t  o f  adaptation s whic h allo w extractio n o f 

informatio n fro m th e environmen t  whic h differ s fro m informatio n 

availabl e t o naiv e performers .  I t  i s  ou r  assertio n tha t  curren t  cognitiv e 

theorie s fai l  t o captur e th e qualitativ e differenc e be twee n exper t  an d 

novic e leve l  performanc e becaus e the y a s s u m e individual s functio n withi n 

th e s a m e nomina l  environment . 

An environment contains information which is structured in a way 

tha t  indicate s wha t  yo u ca n d o wit h i t  (Gibson ,  1979/1986) .  Mos t 

environment s ar e informationall y "rich" .  Tha t  is ,  ther e i s quit e a  lo t  yo u 

ca n d o wit h them ,  hence ,  the y hav e m a n y structura l  descriptions .  Eve n th e 

ver y restricte d "environment "  whic h w e labe l  "tree "  present s variou s 

informatio n structure s whic h specif y "clim b up-able" ,  "obstacle" ,  "hid e 

behind-able" ,  etc .  T h e s e informatio n structure s indicat e th e rea l  physica l 

characteristic s o f  object s an d event s tha t  m a k e the m usefu l  i n tas k 

performance .  A  physicia n i s abl e t o diagnos e a  patient' s disorde r  becaus e 

th e diseas e produce s physiologica l  deficit s whic h i n tur n produc e 

s y m p t o m s .  I n thi s sense ,  th e environmen t  i s objectiv e ~  th e relationshi p 

be twee n s y m p t o m s an d diseas e reliabl y exist s apar t  fro m a n observer . 

T h e tas k environmen t  however ,  i s  subjectiv e i n tha t  i t  consist s o f  th e 

informatio n meaningfu l  t o a  particula r  individua l  seekin g t o attai n a 

particula r  goal . 

T h e environmen t  ca n b e describe d i n term s o f  it s  "surfac e structure " 

or  nomina l  features .  T h e relationship s a m o n g feature s ca n als o functio n 

a s source s o f  information .  Certai n set s o f  feature s an d featur e 

relationship s specif y goa l  relevan t  characteristic s o f  th e environment . 

Give n a  fixe d goal ,  an d a  fixe d behaviora l  potential ,  ther e i s s o m e se t  o f 

feature s an d featur e relationship s whic h specifie s th e optima l  goa l 

directe d behavior .  Thi s i s th e "dee p structure "  o f  th e tas k environment . 

Expert s perfor m b y selectin g fro m th e environmen t  informatio n 

specifyin g th e "dee p structure "  o f  th e domain .  Novice s ar e onl y capabl e o f 

accessin g th e "surfac e structure" .  Sinc e novice s d o no t  acces s tas k 

relevan t  featur e relationship s the y mus t  mentall y c o m b i n e surfac e leve l 

informatio n o r  "deduce "  tas k solution .  T o th e exten t  tha t  th e novice' s 

reasonin g consist s o f  invokin g processe s functionall y simila r  t o 
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environmental structures, the novice will be able to perform the task. 

Expert s nee d no t  reason .  The y ca n behav e intuitivel y becaus e the y ca n 

acces s relationa l  informatio n fro m th e environment . 

T h e distinctio n betwee n exper t  an d novic e leve l  performanc e i s 

parallele d b y th e natur e o f  th e knowledg e underlyin g each .  T h e exper t  ha s 

tas k specifi c  adaptation s whic h correspon d t o th e environmenta l 

structur e relate d t o tas k performance .  "Expertise "  i s thi s bod y o f 

operativ e knowledge .  T h e novice' s adaptation s d o no t  allo w direc t 

knowledg e o f  th e informatio n whic h adequatel y specifie s performance . 

Therefore ,  th e novice' s operativ e knowledg e mus t  b e supplemente d b y 

procedura l  knowledge .  T h e procedura l  knowledg e i s th e se t  o f  cognitiv e 

processe s whic h manipulat e operativ e knowledg e t o deriv e prediction s 

abou t  th e environment . 

T h e fluent ,  implici t  natur e o f  m u c h o f  a n individual' s operativ e 

knowledg e present s a  seriou s proble m i n th e stud y o f  expertis e (Berry , 

1987) .  Mos t  investigation s o f  exper t  performanc e attemp t  t o discove r  th e 

structur e o f  operativ e knowledg e b y placin g th e exper t  i n a  tas k 

environmen t  wher e hi s o r  he r  adaptation s fai l  (Simon ,  1969) .  Thi s force s 

th e exper t  t o invok e procedura l  knowledge .  Althoug h a n explici t  behavio r 

trac e ca n b e generate d b y thi s metho d w e canno t  b e sur e tha t  th e 

knowledg e observe d i s simila r  t o tha t  normall y used . 

Most  cognitiv e theorie s resolv e th e proble m o f  implici t  knowledg e 

by assumin g intrinsic ,  combinatoria l  semantic s (Fodo r  an d Pylyshyn , 

1988) .  T h e meanin g o f  a  particula r  representatio n i s a s s u m e d t o b e 

reducibl e t o th e meanin g o f  it s  constituen t  features .  Sinc e meanin g a t  an y 

leve l  o f  descriptio n ca n b e derive d fro m meanin g a t  anothe r  level ,  i t  ca n 

be a s s u m e d tha t  th e explici t  knowledg e trac e produce d b y a n exper t 

individua l  performin g i n a  nove l  environmen t  i s functionall y equivalen t  t o 

th e underlyin g expertise . 

I n th e mode l  w e hav e presente d th e semantic s ar e environmen t 

referenced .  Thi s allow s varyin g degree s o f  relationship s betwee n 

knowledg e levels .  Give n tha t  knowledg e i s viewe d a s a n adaptatio n t o th e 

environment ,  an d wha t  on e know s abou t  th e environmen t  i s wha t  on e ca n 

do wit h it ,  w e ca n asses s th e structur e o f  implici t  knowledg e directl y b y 

studyin g th e relationshi p betwee n environmenta l  informatio n structure s 

an d behavior . 

We hav e applie d thi s mode l  t o understandin g th e knowledg e use d b y 

an exper t  i n th e diagnosi s o f  congenita l  hear t  diseases .  W e expecte d tha t 

by analyzin g th e histor y o f  a  specifi c  individual' s interaction s wit h th e 

environmen t  w e coul d describ e thi s individual' s functiona l  environment . 

Eventua l  ou tcom e measure s wer e als o available ,  allowin g u s t o describ e a 
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hypothetical optimal knowledge structure. Since multiple individuals 

treate d eac h patien t  w e coul d construc t  a  knowledg e descriptio n o f  a 

composit e "other" ;  i n thi s case ,  a  composit e novice . 

METHX) 

For  thi s analysis,1 5 patien t  chart s wer e chose n fro m th e record s o f 

th e Universit y o f  Minnesot a Hear t  Hospital .  T h e s a m e exper t  physicia n ha d 

diagnose d al l  1 5 cases .  Eac h cas e ha d als o bee n diagnose d b y on e o r  mor e 

les s experienc e physician s (novices) .  Afte r  physicia n diagnosi s eac h 

patient' s actua l  diseas e stat e w a s determine d b y cardia c catheterization . 

Eac h char t  contain s th e recor d o f  s y m p t o m s noted ,  th e diagnosi s eac h 

physicia n assigne d t o th e case ,  an d th e actua l  underlyin g diseas e state . 

Ther e w e r e thre e majo r  disease s represented :  transpositio n o f  th e grea t 

vessel s ( T G V ) ,  ventricula r  septa l  defec t  ( V S D )  an d atria l  septa l  defec t 

( A S D ) .  I t  i s  possibl e fo r  an y patien t  t o hav e eithe r  diseas e i n isolation , 

bot h disease s simultaneously ,  o r  neithe r  disease .  Eac h o f  thes e 1 5 case s 

ha d a t  leas t  o n e disease . 

Of  th e thre e genera l  type s o f  analytica l  m e t h o d s availabl e fo r 

describin g pattern s o f  s y m p t o m variatio n (clustering ,  multidimensiona l 

scaling ,  an d facto r  analysis) ;  facto r  analysi s i s conceptuall y mos t  simila r 

t o th e theor y w e hav e presented .  Unlik e clusterin g methods ,  facto r 

analysi s provide s w a y s t o us e on e s y m p t o m i n combinatio n wit h other s t o 

indicat e m o r e tha n o n e underlyin g pathology .  Fo r  example ,  whil e th e 

combinatio n o f  bloo d pressur e an d ag e m a y indicat e a  cardia c abnormality ; 

th e combinatio n o f  weigh t  an d ag e m a y signa l  tha t  th e patien t  w a s bor n 

prematurel y o r  i s sufferin g fro m malnutrition ,  f^ultidimensiona l  scalin g 

technique s ar e base d o n dissimilaritie s a m o n g case s whil e facto r  analysi s 

m e t h o d s identif y pattern s o f  s y m p t o m covariance .  T h e us e o f  facto r 

analysi s allow s u s t o identif y factor s whic h indicat e a  particula r  diseas e 

withou t  implyin g th e absenc e o f  othe r  disorders . 

Facto r  analyti c m e t h o d s ar e normall y applie d t o a  limite d n u m b e r  o f 

variable s measu re d o n a  larg e number s o f  cases .  T h e goa l  i s  t o explai n 

relationship s a m o n g variable s i n term s o f  fewer ,  m o r e general , 

hypothetica l  constructs .  I n thi s examp l e w e ar e usin g th e techniqu e t o 

mathematicall y describ e thi s particula r  sampl e o f  1 5 cases .  W e ar e no t 

concerne d a t  thi s poin t  abou t  stabilit y  o f  facto r  loading s o r 

generalizabilit y  t o othe r  samples .  Explanatio n an d dat a reductio n ar e 

accompl ishe d b y determinin g whic h s y m p t o m pattern s ar e relate d t o 

diseas e stat e an d diagnosis . 

W h at  th e physicia n k n o w s abou t  th e environmen t  i s h o w s y m p t o m 

structure s ar e relate d t o physica l  defects .  T o describ e thi s knowledg e 
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three separate analyses are performed. Two of these relate the expert or 

novic e physician' s diagnosi s o f  eac h cas e t o availabl e s y m p t o m patterns . 

T h e thir d use s diseas e stat e a s determine d b y catheterizatio n t o s h o w 

whic h o f  th e availabl e s y m p t o m pattern s ar e relate d t o actua l  pathology . 

I n eac h analysi s th e diagnosi s o r  diseas e o f  eac h cas e i s treate d a s a n 

additiona l  "symptom" .  Al l  othe r  s y m p t o m value s ar e constan t  acros s 

analyse s fo r  eac h case .  A n y resultan t  difference s i n facto r  structur e ar e 

du e t o diagnosti c difference s an d reflec t  th e relationshi p o f  s y m p t o m 

pattern s t o diagnosi s an d disease . 

T h e facto r  analyse s onl y indicat e whic h s y m p t o m interrelationship s 

covar y wit h diagnosti c behavio r  o r  disease .  The y d o no t  tel l  u s wha t 

informatio n w a s actuall y used .  No r  doe s th e analysi s indicat e wha t  th e 

informatio n m e a n s t o th e physician . 

To addres s thes e issues ,  sampl e case s wer e presente d t o a  secon d 

exper t  physician .  C a s e pair s i n whic h th e case s differe d wit h respec t  t o a 

singl e exper t  knowledg e facto r  wer e selecte d fro m th e origina l  data .  I n 

addition ,  othe r  case s fro m th e origina l  dat a se t  wer e presente d paire d 

wit h a  fictitiou s cas e constructe d a s a  distortio n o f  th e origina l  wit h 

respec t  t o a  singl e factor .  I n all ,  6  cas e pair s wer e presente d fo r  th e 

expert' s  interpretation .  W e expecte d tha t  th e expert' s  behavio r  woul d 

confor m t o facto r  base d predictions .  W e als o expecte d tha t  th e physicia n 

woul d b e abl e t o tel l  u s h o w case s differe d fro m eac h other ,  givin g 

conceptua l  label s t o th e empiricall y derive d factors . 

RESULTS AND DISCUSSION 

Figur e 1  s h o w s a  simplifie d vie w o f  th e optimal ,  expert ,  an d novic e 

knowledg e structures .  T h e oval s represen t  diseases ,  th e circle s represen t 

orthogona l  s y m p t o m patterns .  A  circl e withi n a n ova l  i s  a  s y m p t o m 

patter n whic h specifie s th e disease .  W h e n tw o disease s ar e relate d t o th e 

s a me factor ,  th e facto r  i s bipola r  an d discriminate s betwee n them .  A  se t 

of  importan t  nomina l  s y m p t o m s appear s t o th e right .  T h e s y m p t o m s whic h 

ar e associate d wit h factor s acros s description s ar e indicate d a t  th e fa r 

right .  T h e number s represen t  th e s y m p t o m pattern s t o whic h the y relate . 

T h e line s betwee n th e knowledg e structure s an d s y m p t o m s indicat e 

additiona l  s y m p t o m s contributin g t o eac h factor .  Eac h analysi s accounte d 

fo r  approximatel y 9 0 % o f  th e diagnosti c o r  diseas e variance . 
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Figur e 1  Knowledg e structure *  fo r  optima l  diagnosis ,  axper t  diagnosis . 
and composit e novto s diagnosis . 

T h e optima l  know ledg e structur e s h o w s fou r  factor s whic h specif y 

T G V,  tw o factor s whic h specif y A S D an d tw o factor s whic h specif y V S D . 

A S D an d V S D shar e a  discriminatin g factor .  T G V i s independen t  o f  th e 

othe r  diseases .  Thi s relationshi p betwee n tw o disease s an d th e 

independenc e o f  th e thir d i s consisten t  wit h th e k n o w n physiolog y o f  th e 

diseases .  A S D an d V S D ar e bot h variant s o f  "lef t  t o righ t  shunts "  whil e 

T GV i s classifie d a s a n admixtur e lesion . 

T h e expert' s  diagnosti c behavio r  i s consisten t  wit h tw o o f  th e 

optima l  factors .  I n thi s structur e V S D an d T G V ar e specifie d b y 

independent ,  singl e factors .  A S D diagnosi s i s relate d t o bot h factors .  T h e 

composit e novic e descriptio n s h o w s a  singl e T G V factor ,  tw o A S D factors , 

an d thre e V S D factors .  I n thi s cas e T G V i s independen t  o f  A S D an d relate d 

t o V S D .  I f  a n individua l  exhibite d a  knowledg e structur e simila r  t o thi s 

composit e novic e w e woul d expec t  h e o r  sh e woul d hav e t o combin e 

informatio n abou t  thes e fou r  factor s t o deriv e a  diagnosis .  W e woul d 

expec t  th e expert' s  behavio r  t o appea r  m o r e fluen t  a s th e exper t  woul d 

onl y hav e t o comb in e tw o factors . 

T h e result s sugges t  tha t  althoug h m u c h o f  th e relevan t  s y m p t o m 

informatio n i s constan t  acros s analyse s ther e ar e s o m e importan t 

differences .  Fo r  example ,  th e facto r  whic h discriminate s betwee n A S D 

an d V S D fo r  th e exper t  i s  nearl y identica l  t o tha t  i n th e optima l 

description .  T h e natur e o f  m u r m u r s whic h occu r  earl y i n th e cardia c cycl e 
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discriminates between these diseases. The composite novice description 

s h o w s a  simila r  facto r  whic h include s informatio n abou t  diastoli c 

murmurs .  Thi s suggest s tha t  novice s us e al l  m u r m u r s t o discriminat e 

betwee n V S D an d A S D .  W e m a y labe l  th e exper t  facto r  "systoli c 

turbulence "  an d th e novic e facto r  "turbulen t  bloo d flow" . 

T h e knowledg e description s als o sugges t  h o w informatio n m a y b e 

used .  T h e informatio n whic h independentl y specifie s T G V i n th e optima l 

descriptio n discriminate s T G V fro m A S D fo r  th e exper t  an d V S D fo r  th e 

composit e novice .  T h e facto r  whic h indicate s V S D i n th e optima l 

descriptio n i s a  combinatio n o f  negativ e distres s finding s an d positiv e 

E KG data .  T h e correspondin g novic e facto r  i s c o m p o s e d o f  positiv e 

distres s finding s an d positiv e E K G data .  T h e novic e facto r  predict s A S D 

diagnosis .  T h e correlatio n betwee n th e optima l  facto r  an d th e novic e 

facto r  i s .95 .  Thi s i s a n exampl e o f  a  mino r  featur e differenc e producin g a 

majo r  knowledg e difference . 

We expecte d tha t  a n exper t  woul d perceiv e varianc e alon g a  s y m p t o m 

facto r  i n term s o f  a  domai n concep t  (suc h a s "systoli c  turbulence") .  W h e n 

paire d case s wer e presente d t o th e secon d tes t  exper t  w e wer e surprise d 

t o fin d tha t  h e w a s unabl e t o articulat e an y conceptua l  differenc e betwee n 

case s othe r  tha n diagnosis .  W h e n presente d wit h a  pai r  representin g lo w 

v s hig h score s o n th e A S D - V S D discriminato r  th e exper t  identifie d eac h 

cas e appropriately .  W h e n presente d wit h case s representin g moderatel y 

hig h v s ver y hig h score s o n th e A S D - V S D facto r  h e immediatel y diagnose d 

bot h case s a s VSD's ,  and ,  pointin g t o th e cas e wit h th e highe r  score ,  sai d 

"tha t  one' s a  larg e one" . 

T h e exper t  als o appropriatel y diagnose d case s whic h varie d alon g 

th e othe r  factor .  T w o o f  th e thre e pair s presente d wer e diagnose d a s 

ASD' s an d TGV's .  Fo r  th e thir d pair ,  th e expecte d T G V w a s diagnose d a s 

Truncus ,  a  differen t  admixtur e lesion .  Thi s differenc e m a y indicat e tha t 

th e " T G V - A S D "  facto r  i s actuall y a n "Admixture-ASD "  factor .  A n 

alternativ e explanatio n i s tha t  thi s expert' s  knowledg e structure s diffe r 

slightl y fro m thos e o n whic h th e cas e construction s we r e based . 

Thes e result s sugges t  tha t  th e factor s obtaine d fro m th e dat a 

provid e a n accurat e descriptio n o f  th e knowledg e th e exper t  use s t o 

intuitivel y diagnos e a  patient' s disease .  Thi s knowledg e provide s hi m 

wit h a  w a y o f  treatin g larg e a m o u n t s o f  diagnosticall y relevan t 

informatio n a s o n e o r  tw o chunks .  Sinc e non e o f  th e individua l  element s 

of  th e novice' s knowledg e sufficientl y specie s a n appropriat e diagnosis , 

th e novic e mus t  reaso n ou t  a  solutio n b y combinin g information . 
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