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Abstract 

Proble m solvin g I s know n t o var y i n som e predictabl e way s a s a  functio n o f  experience .  I n thi s study ,  w e hav e 

Investigate d th e effect s o f  experienc e o n th e proble m solvin g behavio r  an d knowledg e bas e o f  worker s I n a n applie d 

setting :  automobil e mechanics .  Th e automobil e itsel f  i s a  highl y comple x syste m wit h man y interconnecte d subsys -

tems .  Proble m description s (i.e. ,  symptoms )  presente d t o a  mechani c w h o need s t o diagnos e a  car ,  however ,  ar e 

usuall y quit e sketchy ,  requirin g th e collectio n o f  mor e informatio n befor e solution .  Novice s ar e les s abl e tha n expert s 

t o diagnose  an y bu t  th e obviou s problems ,  an d w e ar e Intereste d i n Identifyin g th e qualitativ e difference s betwee n 

mechanic s a t  differen t  level s o f  expertise .  I n th e stud y reported ,  w e observe d thre e studen t  mechanic s i n a  post -

secondar y technica l  school ,  eac h a t  a  differen t  leve l  o f  expertise ,  diagnos e si x problem s Introduce d Int o car s I n th e 

school .  W e the n analyze d th e protocol s w e collecte d t o fin d th e knowledg e an d strategie s use d i n solvin g eac h prob -

lem .  W e als o analyze d th e serie s o f  protocol s fo r  eac h studen t  t o fin d th e change s i n knowledg e an d strategie s use d 

In solvin g late r  problem s a s compare d t o earlie r  problems .  Difference s wer e see n i n bot h th e knowledg e use d b y th e 

subject s an d i n thei r  genera l  approac h t o diagnosis .  A s a  resul t  o f  experience ,  th e studen t  mechanic s seeme d t o 

Improv e I n thre e areas :  (1 )  thei r  knowledg e o f  th e relationship s betwee n symptom s an d possibl e failure s w a s aug -

mented ,  (2 )  thei r  causa l  model s o f  th e car' s system s wer e augmented ,  an d (3 )  thei r  genera l  troubleshootin g pro -

cedure s an d decisio n rule s wer e muc h Improved . 

• 

1.  Introductio n 

Proble m solvin g I s know n t o var y i n som e predictabl e way s a s a  functio n o f  expertise .  W h e n th e proces s o f 

proble m solvin g firs t  c a m e unde r  scrutin y b y psycholog y an d compute r  scienc e researchers ,  th e problem s studie d 

wer e I n knowledge-lea n domain s i n whic h well-define d situation s hav e know n solution s (Reed ,  Ernst ,  &  Banerji ,  1974 ; 

Reed &  Johnson ,  1977 ;  Reitman ,  1976 ;  Simon ,  1975) .  I n tha t  work ,  th e behavio r  o f  interes t  wa s generall y a  variabl e 

suc h a s numbe r  o f  step s t o completio n o r  numbe r  o f  correc t  solutions .  Recentl y however ,  interes t  i n proble m solvin g 

has leane d mor e towar d problem s I n knowledge-ric h domain s suc h a s physic s (Chi ,  Glaser, & Rees ,  1982 ;  Simo n & 

Simon ,  1978) ,  thermodynamic s (Bhaska r  &  Simon ,  1977) ,  architectur e (Akin ,  1980) ,  an d politica l  scienc e (Voss , 

Greene ,  Post ,  &  Penner ,  1983 ;  Vos s &  Tyler ,  1981) .  Withi n thes e domains ,  researcher s hav e continue d t o loo k a t  th e 

step s an d plan s generate d I n comin g t o a  solution ,  bu t  the y hav e als o develope d a  furthe r  Interes t  I n th e natur e o r 

organizatio n o f  th e knowledg e use d I n th e proces s o f  proble m solving .  A  majo r  questio n regardin g th e natur e o r 

organizatio n o f  knowledg e ha s bee n h o w tha t  knowledg e an d It s change s influenc e performance . 

Our  knowledg e o f  th e difference s betwee n novice s an d expert s ha s reache d th e poin t  wher e severa l  genera l 

statement s ca n b e made .  First ,  expert s I n an y fiel d ar e mor e abl e t o recogniz e an d remembe r  typica l  condition s withi n 

thei r  are a o f  expertise .  Second ,  expert s generall y organiz e thei r  knowledg e b y functiona l  characteristic s o f  problem s 

whil e novice s ar e mor e Ikel y t o us e surfac e feature s t o characteriz e problems.* *  Ther e hav e no t  bee n a  lo t  o f  expltel t 

conclusions ,  however ,  abou t  th e particula r  knowledg e structure s use d b y expert s an d novices .  No r  ha s ther e bee n 

wor k describin g th e particula r  change s i n knowledg e an d processin g behavio r  tha t  happe n a s a  resul t  o f  a  singl e 

experience . 

*  Thi s researc h I s  supporte d i n par t  b y th e Arm y Researc h Institut e fo r  th e Behaviora l  an d Socia l 
Science s unde r  Contrac t  No .  MDA-903-86-C-173 .  Thank s t o Ke n Alliso n an d GIt a Rangarajan ,  w h o 
provide d representation s fo r  th e pape r  an d idea s abou t  analyzin g th e protocols . 
"Se e Chi ,  « t  a l  (1982 )  an d QIase r  (1985 )  (o r  mor e discussio n o (  novice/exper t  differences . 
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Our  primar y goa l  I s t o discove r  th e change e tha t  IndlvldLia l  experience s hav e o n a  proble m solver .  I n orde r  t o 

achiev e tha t  goal ,  w e firs t  hav e t o fin d ou t  wha t  knowledg e th e proble m solve r  start s wit h befor e solvin g an y proble m 

an d wha t  Itnowledg e h e ha s late r  t o solv e a  simila r  problem .  Whil e earlie r  wor k ha s indk:ate d tha t  "good "  diagnosti c 

abilit y  i s  a  functio n mor e o f  knowledg e abou t  th e proble m are a bein g diagnose d tha n o f  genera l  diagnosti c skill s 

(Miller ,  1975) ,  w e fin d tha t  th e diagnosti c skill s  o f  novice s an d expert s als o differ ,  an d therefor e als o observ e Initia l 

strategie s o f  proble m solver s an d thos e use d afte r  a  particula r  experience . 

I n th e particula r  experimen t  t o b e discussed ,  w e ha d tw o goals .  Ou r  firs t  wa s t o fin d ou t  wha t  knowledg e sub -

ject s a t  differen t  level s o f  expertis e ha d an d t o b e abl e t o stat e th e proble m solvin g strategie s use d b y subject s a t 

varyin g level s o f  expertise .  This ,  w e felt ,  woul d giv e u s a  goo d Ide a o f  wha t  thing s experienc e teaches .  Base d o n ou r 

previou s wor k o n memor y an d proble m solvin g (Kolodner ,  1985 ;  Kolodne r  &  Simpson ,  1984 ;  Kolodne r  &  Kolodner , 

1987) ,  w e expecte d tha t  difference s woul d b e I n bot h th e amoun t  know n an d accessibilit y  (o r  organizatk>n )  o f  know n 

knowledge .  Ou r  secon d goa l  wa s t o Identif y particula r  change s ove r  tim e i n eac h individual' s handlin g o f  specifi c  prob -

lem s an d type s o f  problems .  Th e sequenc e o f  problem s presente d t o th e subject s wa s derive d suc h tha t  thi s wouk i 

be possible . 

Th e tas k domai n w e hav e chose n t o loo k at ,  diagnosi s o f  automotiv e problems .  I s Interestin g fo r  severa l  rea -

sons .  Th e automobil e engin e I s a  highl y comple x entity .  I t  consist s o f  a  numbe r  o f  Interactin g system s actin g t o pro -

duc e th e car' s motion .  Failure s I n an y componen t  o r  syste m o f  th e engin e usuall y produc e notlcabi e symptom s o r 

change e I n th e car' s performance ,  bu t  th e failure s themselve s ar e seldo m obvtou s t o th e amateur ,  i n addition ,  a  give n 

sympto m ca n indicat e numerou s possibl e failure s withi n th e engine .  Th e perso n w h o come s t o th e sho p wit h a  prob -

le m describe s a  sympto m o r  se t  o f  symptom s t o th e mechanic ,  an d i t  i s  th e mechanic' s jo b t o furthe r  Investigat e th e 

car  t o fin d ou t  whic h o f  th e man y possibl e problem s tha t  coul d caus e th e reporte d symlom(s )  i s I n fac t  responsibl e fo r 

it .  Expert s ar e muc h bette r  tha n novice s a t  determinin g th e cause s o f  automotiv e problems .  (A s th e ok l  stor y goes ; 

it' s  te n cent s fo r  th e s a e w an d twent y dollar s fo r  knowin g whic h on e t o replace. ) 

T h e domai n i s knowledge-rich ,  an d th e dept h o f  knowledg e an d abilit y  t o us e i t  ar e bot h Importan t  I n makin g a 

goo d diagnosis .  School s teac h abou t  car s i n general ,  bu t  sinc e ther e ar e s o man y differen t  kind s o f  cars ,  eac h o f 

whic h hav e thei r  o w n peculiarities ,  textbook s an d school s can' t  teac h everything .  Diagnosin g a  ca r  wit h a  give n se t  o f 

symptom s ma y depen d a s muc h o n th e ag e an d typ e o f  engin e a s o n th e symptom s presented .  A  give n failur e ca n b e 

a c o m m o n caus e o f  a  particula r  sympto m I n on e engin e an d no t  possibl e I n another .  Experienc e wit h differen t  type s o f 

car s an d differen t  type s o f  problem s i s thu s essentia l  i n gainin g expertise .  Furthermore ,  ther e ar e to o man y type s o f 

car s (mos t  model s chang e a t  leas t  a  littl e ever y year )  an d to o muc h i n th e set s o f  manual s fo r  Individua l  car s fo r  a 

mechani c t o kno w everythin g abou t  ever y car .  Thus ,  i t  I s  essentia l  fo r  th e exper t  mechani c t o dra w hi s ow n generali -

zation s abou t  car s tha t  allo w hi m t o organiz e an d acces s knowledg e appropriat e t o an y particula r  ca r  an d proble m h e 

I s lookin g at . 

I n th e wor k reporte d here ,  thre e studen t  mechanto s wer e observe d whil e diagnosin g ca r  failures .  Si x problem s 

wer e presente d a t  weekl y interval s an d think-alou d protocol s wer e collecte d whil e th e student s worke d an d wer e tran -

scribe d an d code d fo r  late r  analysis .  Eac h wee k th e Instructo r  demonstrate d th e correc t  o r  optimu m troubleshootin g 

sequenc e fo r  diagnosi s o f  th e failur e afte r  ai l  subject s wer e finished .  Thus ,  eac h studen t  ha d a n opportunit y f a feed -

bac k an d a n explanatio n o f  th e car' s proble m whethe r  o r  no t  h e ha d diagnose d I t  correctly .  Eac h failur e wa s intro -

duce d Int o th e ca r  deliberatel y an d eac h proble m wa s cause d b y onl y on e faile d part .  Analysi s o f  th e dat a focusse d o n 

th e knowledg e an d strategie s use d b y student s a t  differen t  level s o f  training ,  h o w thei r  knowledg e wa s organized ,  an d 

h o w thei r  knowledg e an d strategie s change d wit h experience . 

We expecte d tha t  th e mor e experience d studen t  woul d solv e mor e problem s an d woul d giv e evktonc e o f  havin g 

a mor e organize d knowledg e bas e tha n th e les s experience d students .  I n addition ,  w e expecte d tha t  Indlvkjual s wouk I 

sho w evidenc e ove r  th e serie s o f  problem s o f  acquirin g n e w diagnosti c skill s  an d n e w knowledg e an d connection s 

withi n thei r  knowledge . 
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2.  M a t h e d 

2.1. SubJ*eta 

Thre e student s a t  a  pos t  secondar y technica l  schoo l  volunteere d t o participat e I n th e project .  Th e technica l 

progra m I s a  two-year ,  eight-quarte r  program .  Durin g muc h o f  th e secon d year ,  th e student s wor k i n a  sho p settin g 

withi n th e school .  Car s belongin g t o schoo l  personne l  an d friend s o f  th e student s an d Instructor s ar e diagnose d an d 

repaire d b y students ,  i n addition ,  th e schoo l  own s severa l  car s tha t  ca n b e use d I n teachin g student s t o teac h abou t 

specifi c  problems . 

Each o f  th e thre e studen t  volunteer s wa s a t  a  differen t  poin t  I n th e program .  Th e novic e studen t  wa s I n hi s firs t 

quarte r  o f  th e progra m an d ha d n o prio r  trainin g o r  experience .  Th e Intermediat e studen t  wa s a t  th e beginnin g o f  hi s 

secon d yea r  I n th e program .  Th e advance d studen t  wa s nea r  th e en d o f  th e secon d yea r  an d hel d a  part-tim e Jo b a s 

a mechani c outsid e o f  school .  Eac h studen t  worke d o n a t  leas t  fou r  o f  si x problems . 

2.2. Procedure 

Subject s wer e observe d onc e a  wee k whil e diagnosin g a n actua l  proble m I n a  car .  Th e problem s use d wer e 

selecte d b y a n Instructo r  i n th e progra m I n consultatio n wit h th e experimenter .  Th e problem s an d th e Informatio n 

give n a s th e customer' s complain t  ar e describe d I n Tabl e 1 .  Eac h faul t  wa s Introduce d int o a  ca r  b y th e Instructo r  o r 

by a  studen t  no t  I n th e stud y unde r  th e directio n o f  th e instructor .  Th e car s use d wer e al l  owne d b y th e schoo l  wit h 

one exception :  a  n e w ca r  brough t  i n b y a  schoo l  officia l  tha t  ha d symptom s w e ha d bee n presentin g t o th e student s I n 

previou s weeks .  I n ever y case ,  a  singl e complain t  wa s give n an d a  singl e faul t  coul d b e trace d t o accoun t  fo r  th e 

complaint .  Student s wer e tol d t o trac k dow n th e fault ,  bu t  no t  t o fi x  I t  unles s repai r  wa s necessar y t o confir m th e diag -

nosis . 

I n eac h session ,  th e studen t  wa s le d t o th e ca r  and ,  wit h th e experimente r  posin g a s a  customer ,  tol d tha t  th e 

car  wa s exhibitin g a  parttoula r  symptom .  Th e studen t  wa s the n allowe d t o perfor m an y test s desire d o n th e ca r  an d 

It s engine ,  wit h th e exceptio n o f  a  drivin g roa d test ,  prohibite d primaril y b y th e symptom s presente d b y th e car .  Th e 

studen t  wa s instructe d t o thki k alou d a s h e worke d t o fin d th e faile d componen t  i n th e car .  Hi s comment s wer e tap e 

recorde d b y th e experimenter ,  w h o als o serve d a s a n assistan t  t o th e studen t  whe n necessary . 

Tabl e 1 

Fault s an d thei r  complaint s a s presente d t o subject s 

Proble m 

1 

2 

3 

4 

5 

6 

Complain t  (Symptom ) 

aank s bu t  wil l  no t  star t 

crank s slowl y whe n starlin g 

aank s bu t  wil l  no t  star t 

crank s bu t  wil l  no t  star t 

crank s bu t  wil l  no t  star t 

detonatio n o n acceleratio n 

Faul t 

sedimen t  o r  othe r  blockag e i n ga s lin e 

ba d cel l  I n battery-wil l  no t  hol d charg e 

ba d connectio n behin d fus e pane l  an d 

fue l  p u m p fus e 

loos e groun d wire s fro m Electroni c 

Contro l  Modul e (computer ) 

ope n tac h circui t 

poorl y adjuste d timin g 

2.3 .  C e d i n g 

Afte r  al l  protocol s wer e transcribed ,  eac h statemen t  wa s code d Int o on e o f  si x categories ,  show n I n Tabl e 2 

wit h examples .  Staten>ent s code d a s hypotheae a wer e thos e I n whic h a  specifi c  syste m o r  componen t  wa s firs t 

named a s a  possibl e sourc e o f  th e failur e o r  I n whic h th e syste m o r  componen t  wa s accepte d o r  rejecte d a s th e 

72 9 



Categor y 

Hypothese s 

Rule s 

Informatio n Gatherin g 

Observatio n 

Restatement s 

Tabl e 2 1 
Codin g Categorie s fo r  Protocol s 

Additiona l  Specification s 

Number  an d Statu s 

Topi c (Failure ,  norma l  functioning , 

troubleshooting ) 

Sourc e o f  inforrratio n obtaine d 

Topi c (hypothesl8(number ) 

complaint ) 

Topi c (complain t  o r  summar y 

observations ) 

or 

or 

of 

Example s 

Coul d b e starve d fo r  ga s (N-P1 ) 

It  coul d be ,  coul d b e th e starte r  (N -

P2) 

Fuel  P u m p shoul d c o m e o n fo r  3 

second s (i-P4 ) 

Firs t  o f  all ,  1  hav e t o local e th e 

connecto r  t o th e bac k o f  th e fue l 

p u mp (A-P3 ) 

Befor e 1  loo k I n th e book ,  I' m goin g t o 

chec k th e fus e (A-P3 ) 

What  w e don' t  hav e i s fue l  t o th e 

throttl e bod y (A-P3 ) 

1 don' t  believ e 1  hea r  I t  runnin g (A-P3 ) 

t o rephras e that-th e throttl e bod y i s 

not  injectin g fue l  (A-P3 ) 

sourc e o f  th e failure .  Hypothese s wer e numbere d i n orde r  o f  appearanc e and ,  eac h tim e on e wa s mentioned ,  it s 

statu s w a s noted .  It s statu s coul d b e opan ,  acceptod ,  conflrmad ,  o r  rajactad .  Rula s wer e statement s givin g known , 

constan t  informatio n abou t  a n engin e o r  abou t  th e proces s o f  diagnosis .  Statement s code d a s Informatio n gatharin g 

wer e generall y description s o f  th e action s bein g take n b y th e subjec t  a t  th e time .  Suc h action s coul d elici l  o r  obtai n 

Informatio n fro m th e customer ,  fro m a  book ,  o r  vi a a  procedur e o r  tes t  applie d t o th e engine .  Obaarvatlon a wer e 

statement s givin g th e informatio n obtaine d fro m th e actio n taken .  Rastatamant a wer e repetition s o f  previousl y state d 

or  collecte d informatio n rathe r  tha n n e w information .  Eac h statemen t  fallin g int o on e o f  th e las t  thre e categorie s wa s 

ktontifte d wit h a  specifi c  hypothesi s b y it s numbe r  i f  possible .  Al l  othe r  statement s wer e uncodabl e an d wer e marke d 

as such . 

3. 

As expected ,  th e abilit y  o f  th e student s t o correctl y diagnos e th e problem s change d substantiall y  betwee n th e 

novic e leve l  an d th e intermediat e an d advance d levels .  Th e diagnose s give n b y eac h subjec t  an d th e numbe r  o f 

hypothese s considere d ar e show n i n Tabl e 3 .  Th e novte e correctl y diagnose d onl y on e o f  fou r  problem s attempted , 

whil e th e intermediat e studen t  correctl y diagnose d thre e o f  si x an d th e advance d studen t  thre e o f  four .  I n addition ,  th e 

number  o f  hypothese s considere d increase d wit h expertise .  Th e novic e generate d a  mea n o f  3. 0 hypothese s pe r 

proble m an d th e Intermediat e an d advance d student s generate d 6. 8 an d 5. 0 hypothese s pe r  proble m respectively . 
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Tabl e 3 

Fina l  Diagnose s an d Numbe r  o f  Hypothese s Considere d b y Eac h Subjec t 

Proble m 

1 

2 

3 

4 

5 

6 

Novic e 

not  gettin g fuel(4 ) 

dea d batter y C8ll(5 ) 

fue l  pump(3 ) 

no dlagno8i8(0 ) 

Intermediat e 

clogge d fue l  llne(3 ) 

8tarter(4 ) 

fue l  p u m p relay(S ) 

no dlagno8ls(6 ) 

ope n lac h circult(9 ) 

ba d tlming(lO ) 

Advance d 

dea d batter y cel l  (6 ) 

fue l  p u m p fuse(5 ) 

Injecto r  80lenoid(9 ) 

ba d tlmlng(2 ) 

3.1 .  K n o w l e d g e S t ruc tu re s a n d K n o w l e d g e Organizat io n 

I n general ,  th e diagnosti c behavio r  w e sa w wa s simila r  t o tha t  reporte d b y othe r  researcher s (Hunt ,  1981 ; 

Rasmussan ,  1978 ;  1979 ;  Rasmusse n &  Jensen ,  1974) .  Student s generate d on e o r  mor e possibl e hypothese s fo r  th e 

failur e Immediatel y afte r  observin g th e symptom(s) .  Thes e hypothese s wer e the n teste d i n a  fairl y  systemati c (albei t 

sometime s Idlosynaatic )  wa y eithe r  b y observatio n o f  th e Input s t o an d output s fro m specifi c  component s an d sys -

tem s o r  b y performanc e o f  specifi c  diagnosti c tests .  I n successfu l  cases ,  a  singl e diagnosi s ultimatel y wa s given , 

accompanie d b y a n explanatio n o f  h o w o r  wh y tha t  failur e woul d generat e th e observe d 8ymptom(s) . 

We interpre t  thi s proces s a s bein g Indicativ e o f  a n Interactio n betwee n tw o type s o f  knowledg e structures .  Th e 

first ,  a  causa l  moda l  o f  th e car' s engine ,  contain s knowledg e abou t  Individua l  component s an d thei r  inputs ,  outputs , 

and norma l  behavior ;  relate s component s withi n a  syste m t o on e another ;  an d describe s th e relationship s an d connec -

tkm s betwee n systems .  I t  I s use d t o evaluat e hypothese s i n ligh t  o f  th e evidenc e obtaine d fro m th e faile d engin e an d 

t o lea d th e mechani c throug h th e engin e t o th e sourc e o f  th e proble m i n a  systemati c way .  Th e causa l  mode l  i s gen -

erall y quit e large ,  an d th e secon d typ e o f  knowledg e structure ,  symptom-faul t  aata .  I s use d t o Inde x Int o th e causa l 

model  a t  appropriat e places .  Symptom-faul t  set s represen t  th e relationship s betwee n particula r  symptom s o r  set s o f 

symptom s an d failures .  Fo r  example ,  give n th e sympto m "th e ca r  crank s bu t  wil l  no t  start" ,  th e symptom-faul t  set s wil l 

kientif y thre e system s a s possibl e location s fo r  th e failure :  th e fue l  system ,  th e ai r  intak e system ,  an d th e Ignitio n sys -

tem.  Withi n eac h o f  thes e systems ,  additiona l  symptom-faul t  set s wil l  Identif y Individua l  component s tha t  nru y caus e 

th e 8ymptom(s) .  Fo r  th e fue l  system ,  thes e woul d b e a  faile d fue l  pump ,  a n empt y ga s tank ,  o r  a  blocke d fue l  line . 

For  th e Ignitio n system ,  thes e woul d b e a  ba d distributor ,  ba d spar k plu g wires ,  o r  ba d spar k plugs .  Thes e 

symptom-faul t  set s ar e use d t o deriv e Initia l  hypotheses ,  directin g th e mechani c t o loo k a t  onl y appropriat e place s I n 

th e causa l  model . 

If ,  I n fact ,  mechanic s ar e usin g thes e tw o type s o f  knowledg e structure s durin g troubleshooting ,  the n w e ca n 

predic t  severa l  change s w e shoul d expec t  t o se e i n thes e structure s a s a  resul t  o f  experience ,  an d fro m those ,  w e ca n 

predic t  th e processin g difference s tha t  woul d resul t  fro m thes e changes .  First ,  w e predic t  tha t  throug h experience ,  a 

mechanks' s se t  o f  symptom-faul t  set s increase s an d tha t  th e set s h e alread y know s becom e mor e accurate .  A s a 

resul t  o f  thes e changes ,  th e mechank :  shoul d hav e bette r  way s t o Inde x Int o th e causa l  model ,  leadin g t o mor e effi -

cien t  searche s fo r  th e correc t  failure .  Second ,  th e causa l  mode l  shoul d becom e mor e fille d ou t  wit h experience ,  bot h 

throug h additio n o f  component s and/o r  system s tha t  wer e previousl y unknow n an d throug h additio n o f  relationship s 

and dependencie s betwee n th e know n components .  Th e causa l  model ,  Ik e symptom-faul t  sets ,  shoul d als o becom e 

more accurate .  A s a  resul t  o f  havin g a  bette r  causa l  model ,  a  mechani c shoul d b e bette r  abl e t o systematicall y reaso n 

abou t  th e wa y th e ca r  works ,  allowin g hi m t o fin d engin e failure s mor e systematlcaii y an d i n mor e cases . 

We did ,  i n fact ,  se e clea r  difference s betwee n student s a t  differen t  level s o f  experienc e reflectin g exactl y thes e 

change s I n thei r  knowledg e structures .  First ,  w e sa w evidenc e tha t  bot h th e organizatio n an d numbe r  o f  symptom -

faul t  set s Increase d wit h experience .  Th e advance d studen t  seeme d t o kno w mor e symptom-faul t  set s tha n th e 

novice ,  a s evidence d b y th e large r  numbe r  o f  hypothese s h e wa s abl e t o generat e fo r  eac h problem .  I n addition ,  th e 

advance d studen t  seeme d t o organiz e hi s symptom-faul t  set s differentl y tha n th e novice ,  evidence d b y th e mor e sys -

temati c procedur e h e use d fo r  generatin g an d testin g hypotheses .  Th e advance d student' s procedur e wa s t o zer o I n 
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on on e o f  th e engine' s subsystem s an d the n t o conside r  whic h componen t  o f  tha t  syste m wa s faulty ,  whil e th e novic e 

di d no t  differentiat e betwee n system s an d component s o f  system s I n diagnosis .  Whil e fo r  th e novice ,  al l  fault s ar e 

equa l  an d a n hypothesi s a t  th e componen t  leve l  wa s a s Ikel y t o b e selecte d a s th e firs t  t o Investigat e a s a n hypothesi s 

at  th e syste m level ,  th e mor e advance d troubieshoote r  seeme d t o organiz e hi s symptom-faul t  set s Int o tw o categories , 

eac h use d fo r  differen t  purposes .  O n e se t  pointe d t o fault y aubayatam a withi n th e ca r  (e.g. ,  fue l  system ,  electrica l 

systems )  an d wa s use d earl y I n diagnosi s t o zer o I n o n th e fault y subsystem ,  whil e th e secon d se t  pointe d t o fault y 

component s o f  thes e system s (e.g. ,  th e fue l  pump ,  th e battery )  an d wa s use d t o diagnos e th e proble m withi n tha t 

system .  Suc h a  chang e require s tha t  th e mechani c als o reorganiz e hi s knowledg e abou t  th e car' s engin e I n a  mor e 

hierarchica l  wa y tha t  differentiate s betwee n system s an d component s o f  systems .  Figur e 1  show s a  portio n o f  th e 

novic e an d advance d student' s organization s o f  th e causa l  mode l  o f  th e engine . 

N O V I CE 

Leve l  o f  Abstractio n 

Highes t 

Component Level 

Value s 

Car  Engin e Engin e 

Batter y Coi l  Distributo r  Spark-Plu g 
l^TTan k Fuei:PumTcSBureto r  Alr̂ llte r 

ADVANCED 
Leve l  o f  Abstractio n 

Highes t 

System Level 

Component Level 

Value s 

Car  Engin e 

Ignition 
Alrlntak e 

BLyCo^^B^itu^oT^-P^u ^  Qaa-Tan k Fuel-Pum p ureio r  Air-Filte r 

Figur e 1 

Novic e an d Advance d Studen t  Representation s o f  th e Car' s Engin e 

We als o s a w evidenc e tha t  conten t  o f  th e causa l  mode l  change d wit h experience .  T h e causa l  mode l  o f  th e 

m o r e advance d student s containe d no t  onl y mor e knowledg e abou t  individua l  components ,  bu t  als o mor e knowledg e 

abou t  th e interconnecte d natur e o f  th e engine' s systems .  T h e behavio r  o f  th e student s durin g troubleshootin g illus -

trate s thes e findings .  Consider ,  fo r  example ,  th e behavio r  o f  th e advance d studen t  I n Proble m 4 .  Hi s reasonin g wen t 

a s follows: * 

T h e firs t  thin g yo u wan t  t o do ,  whic h i s th e easies t  thin g t o do ,  I s loo k an d se e i f  w e hav e an y fuel , 

becaus e yo u gott a hav e fuel ,  air ,  an d heat.. .  Don t  hav e fuel..Th e firs t  thin g I  wan t  t o d o I s chec k 

th e fuse...they'r e OK.. .  hoo k thi s jumpe r  lea d t o th e bypas s t o th e fue l  pump...th e fue l  p u m p I s 

running.. .  chec k an d se e ou r  connectio n u p her e t o th e energizer...goin g fro m th e E C M u p t o th e 

injecto r  I s OK...tr y t o energiz e thi s solenoi d b y hand...chec k t o se e I f  w e go t  an y gas...al l  th e line s 

ar e airlght...go t  ga s t o th e throttl e body.. .  m y diagnosi s i s th e solenoi d i s ba d becaus e everythin g 

els e check s out . 

T h e hypothese s generate d b y thi s studen t  ar e i n a n orde r  tha t  reflect s th e multi-leve l  an d highl y Integrate d 

*  F a a  ful l  protoco l  o l  th e session ,  writ e t o th e firs t  author . 
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organizatio n o f  bot h hi s causa l  mode l  an d hi s symptom-faul t  sets .  H e firs t  determine d whic h o f  thre e possibl e sys -

tems o f  th e engin e wa s affecte d an d the n Investigate d It s component s an d other s tha t  coul d Imping e o n th e behavio r 

of  th e syste m unde r  focus .  I n fact ,  hi s primar y focu s wa s o n th e electroni c (o r  compute r  controlled )  Influence s o n th e 

behavio r  o f  th e fue l  pum p an d fue l  Injectors .  Thi s reasonin g showe d a n awarenee s (reflecte d I n th e student' s causa l 

model )  o f  th e Interdependende s betwee n subsystenw .  Hi s reasonin g show s tha t  h e know s tha t  systen w (suc h a s th e 

fue l  an d electroni c systems )  ma y Intersec t  a t  severa l  point s an d tha t  a n apparentl y o r  possibl y faile d componen t  I n on e 

syste m ma y reflec t  a n action ,  o r  lac k o f  actio n I n anothe r  system . 

I n contrast ,  th e novic e generate d relativel y fe w hypothese s fo r  an y give n problem .  Hi s protocol s Indicat e tha t 

thi s I s becaus e h e ha s littl e knowledg e abou t  th e relationship s betwee n give n symptom s an d thei r  cause s an d als o 

becaus e hi s causa l  mode l  i s Inadequate .  I n solvin g th e sam e proble m th e advance d studen t  wa s workin g o n above , 

th e novic e reasoned : 

Thi e proble m couk i  b e I n th e fue l  system ,  Ignitio n system...w e kno w It' s  no t  I n th e startin g syste m 

becaus e th e ca r  wil l  cran k over...On e smal l  dro p o f  fuel...l n tha t  bowl...8 0 It' s  i n th e fue l 

system...th e fue l  pump's.. .  suppose d t o tur n fo r  1 0 t o 1 5 8econds... l  can' t  hea r  it...l t  migh t  jus t  b e 

a ba d fue l  pump . 

We ca n se e littl e evidenc e o f  a n integrate d hierarch y o f  level s I n hi s organizatio n o f  symptom-faul t  sets .  Whil e hi s 

hypothese s wer e sometime s a t  th e syste m leve l  (l.e. ,  fue l  system )  an d sometime s a t  th e componen t  leve l  (i.e. ,  fue l 

pump I s bad) .  I n onl y on e proble m (thi s one )  di d h e clearl y conside r  firs t  a  syste m an d the n a  componen t  withi n tha t 

system .  Mor e commonly ,  h e generate d hypothese s a t  bot h level s an d the n Investigate d onl y speclfk :  components . 

Furthermore ,  h e showe d a  simila r  lac k o f  Integratio n I n hi s causa l  model .  Speclfk»lly ,  h e neve r  considere d th e possi -

bilit y  tha t  on e syste m coul d affec t  th e behavio r  o f  another .  Hi s knowledg e appeare d t o sto p a t  th e Individua l 

component' s behavk x an d di d no t  includ e th e possibilit y  tha t  th e action s o f  anothe r  syste m (th e electronk :  system ) 

coul d b e affectin g th e behavio r  o f  th e componen t  h e wa s considerin g (th e fue l  pump) . 

Whil e th e novte e kne w abou t  man y o f  th e component s o f  th e car' s engin e an d abou t  wha t  thei r  connection s 

wer e withi n a  singl e system ,  h e di d no t  kno w ho w th e system s an d th e component s I n differen t  system s wer e Interre -

lated .  Th e advance d student ,  o n th e othe r  hand ,  kne w bot h th e connection s betwee n component s an d th e connec -

tkHi s betwee n systems .  Thu s th e advance d studen t  ha d a  mor e integrate d an d complet e understandin g o f  th e car' s 

engine ,  whil e th e novice' s understandin g seeme d t o b e highl y disjoint .  Figur e 2  show s ou r  Interpretatio n o f  wha t  th e 

novic e an d advance d student s kne w abou t  th e fue l  pump ,  fo r  example . 

P U MP Source :  a  containe r 

Substance :  a  substanc e I n th e containe r 

Conduit :  a  pip e 

Destination :  a  containe r 

Energy-Source :  a n energ y devic e 

NOVICE 

FUEL P U MP IS A P U MP 

Source :  ga s tan k 

Substance :  gasolin e 

Conduit :  hos e 

Destination :  carbureto r 

A D V A N C ED 

FUEL P U MP IS A P U MP 

Source :  ga s tan k 

Substance :  gasolin e 

Conduit :  hos e 

Destination :  carbureto r 

Energy-Source :  electrica l  syste m 

Figur e 2 

Novic e an d Advance d Studen t  Representation s o f  a  Fue l  Pum p 
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Not e tha i  th e genera l  Informatio n abou t  p u m p s I s availabl e t o bot h th e novic e an d th e advance d student .  How -

ever ,  th e informatio n tha t  th e fue l  p u m p require s a n energ y sourc e whic h I s th e electrica l  syste m o f  th e ca r  i s no t  par t 

of  th e novice' s representatio n o f  th e fue l  pump .  I f  aske d "Wha t  make s th e fue l  p u m p run?" ,  th e novic e i s abl e t o con -

struc t  th e appropriat e answe r  b y usin g th e mor e genera l  Informatio n abou t  pumps ,  bu t  h e doe s no t  us e thi s 

knowledg e durin g proble m solving .  Th e sam e patter n I s probabl y tru e o f  knowledg e abou t  system s an d components . 

Th e novic e ca n undoubtedl y tel l  a n Inquire r  wha t  syste m o f  th e engin e a  particula r  componen t  reside s In ,  bu t  h e doe s 

not  maintai n thi s informatio n wher e I t  I s readil y usabl e durin g proble m solving . 

We als o s a w within-subjec t  change s i n thes e knowledg e structure s ove r  th e cours e o f  th e experiment .  Thes e 

change s wer e mos t  eviden t  i n th e intermediat e student .  T w o example s wil l  serv e t o demonstrat e change s acros s 

problems .  I n workin g o n proble m three ,  th e Intermediat e studen t  mad e a  lon g an d protracte d searc h fo r  th e fue l  pum p 

rela y usin g bot h writte n referenc e material s an d extende d visua l  examinatio n o f  th e engine .  Whil e workin g o n proble m 

four ,  h e wa s abl e t o immediatel y locat e an d chec k th e sam e part .  Thi s component ,  an d It s physica l  relationshi p t o 

others ,  ha d bee n Incorporate d Int o th e causa l  mode l  durin g o r  followin g proble m three .  Similarly ,  th e symptom-faul t 

set s change d a s n e w Informatio n w a s acquired .  Fo r  example ,  th e firs t  hypothesi s th e intermediat e studen t  checke d a t 

th e comporwn t  leve l  fo r  proble m fou r  wa s th e fue l  p u m p fuse ,  whic h wa s th e correc t  diagnosi s fo r  proble m three .  IH e 

m a de th e poin t  a s h e worke d tha t  h e wa s checkin g thi s possibilit y  ou t  firs t  becaus e o f  th e previou s case .  ("I' m gonn a 

chec k th e fue l  p u m p fus e firs t  [thi s time]." ) 

3.2. Dlagnoetle Strategies 

I n additio n t o th e change s experienc e make s i n knowledg e structure s an d organization ,  w e als o sa w difference s 

I n diagnostk :  style .  Diagnosti c strategie s seeme d t o b e use d differentl y b y subject s a t  differen t  level s o f  expertis e an d 

evaluatio n criteri a change d significantl y wit h experience .  S o m e o f  thes e change s ar e du e t o th e developmen t  o f  bette r 

strategie s fo r  testin g an d confirmin g hypothese s wit h experienc e whil e other s appea r  t o resul t  fro m th e difference s i n 

th e knowledg e availabl e fo r  diagnosi s a s a  mechani c get s mor e experienced . 

Th e chang e i n h o w th e mechanic s teste d an d confirme d hypothese s wa s strklng .  A s th e exampl e abov e 

showed ,  th e novic e studen t  wa s willin g t o accep t  a n hypothesi s whe n preliminar y evidenc e coul d b e interprete d a s 

congruen t  wit h tha t  hypothesi s an d no t  pursuin g th e tas k an y furthe r  (i.e .  "can' t  hea r  th e fue l  pump") .  I n contrast ,  th e 

advance d studen t  sought ,  fo r  eac h hypothesis ,  speclfk:ail y  confirmin g o r  disconfirmin g evidenc e tha t  wa s par t  o f  a 

causa l  explanatk)n .  Whil e h e wa s willin g t o selec t  a n hypothesi s t o pursu e o n th e basi s o f  preliminar y evidence ,  h e 

woul d no t  accep t  o r  rejec t  I t  withou t  causall y base d Informatio n (I.e .  "th e fue l  pump' s no t  running ,  no w w e hav e t o fin d 

out  why") . 

Th e change s I n diagnosti c strategie s tha t  resulte d fro m change s i n th e knowledg e structure s wer e mor e 

apparen t  i n th e efficienc y o f  diagnosis .  A s th e causa l  mode l  get s fille d out .  I t  shoul d allo w th e mechani c t o pursu e a 

kxige r  systemati c searc h throug h th e engin e an d als o allo w hi m t o evaluat e informatio n I n mor e detai l  an d wit h mor e 

concer n fo r  th e rea l  effect s o f  th e behavio r  observed .  A t  th e s a m e time ,  a s th e numbe r  an d complexit y o f  symptom -

faul t  set s inaeases ,  tong  searche s shoul d becom e les s necessary ,  becaus e th e mechank :  i s abl e t o inde x int o hi s 

model  I n more ,  an d mor e effective ,  kxations . 

Thes e tw o type s o f  change s i n th e mechanic' s diagnosti c strategie s wor k togethe r  t o produc e th e result s w e 

saw.  A s th e mechani c gain s experienc e wit h makin g correc t  an d Incorrec t  diagnoses ,  h e gain s a  sens e o f  wha t  kin d 

an d h o w muc h Informatio n i s "enough "  t o b e sur e o f  hi s opinions .  I n addition ,  a s hi s causa l  mode l  an d symptom-faul t 

set s becom e mor e complet e an d accurate ,  h e I s mor e abl e t o selec t  hypothese s fo r  Investigatio n appropriatel y an d t o 

continu e Invgestlgatin g a  proble m t o th e poin t  tha t  onl y on e hypothesi s remain s a s a  possibl e diagnosis .  Conse -

quently ,  th e condition s unde r  whic h h e wil l  accep t  a n hypothesi s a s a  fina l  diagnosi s wil l  becom e mor e accurat e an d 

th e pat h b y whic h h e reache s hi s diagnosi s wil l  becom e mor e efficient . 

Thi s resul t  I s clearl y eviden t  i n protocol s o f  th e novic e an d advance d students .  W h e n th e novk:e' s workin g 

hypothesi s wa s a  tha t  a  particula r  componen t  wa s faulty ,  h e eithe r  accepte d I t  o r  rejecte d I t  a s th e caus e o f  th e symp -

tom .  H e neve r  investigate d othe r  effect s o n o r  Input s t o tha t  component .  Fo r  example .  I n proble m 2 ,  th e failur e wa s a 

dea d batter y cei l  whic h cause d th e ca r  t o cran k ver y slowly .  Th e novic e base d hi s diagnosi s o n th e followin g informa -

tton : 
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Firs t  o f  all ,  wel l  hav e t o chec k thi s batlsry...l t  coul d b e th e starter.. .  K  coul d b e th e alternator...i t 

coul d b e a  voltag e loss...coul d b e a  dea d cel l  I n th e battery...weV e onl y go t  1 0 volt s i n th e battery -

-eac h batter y cel l  I s 2  volt s an d there' s 6  cell s I n th e battery ,  s o dea d batter y cell . 

Her e w e se e th e novic e generatin g bot h syste m an d componen t  leve l  hypothese s but ,  becaus e hi s knowledg e I s no t 

hierarchicall y organized ,  no t  pursuin g the m i n tha t  order .  Rather ,  h e look s firs t  a t  th e batter y charge .  Becaus e I t  I s 

tow,  h e accept s th e hypothesi s o f  a  dea d cell .  Hi s diagnosti c strateg y doe e no t  requir e tha t  h e conside r  an y 

hypothese s relatin g t o w h y th e batter y migh t  b e low ,  suc h a s a  malfunctio n i n anothe r  system . 

i n contrast ,  th e advance d studen t  generall y collecte d mor e Informatio n befor e givin g a  diagnosis .  I f  possible ,  h e 

confirme d hi s diagnosi s b y visuall y findin g th e conditio n tha t  aeate d th e sympto m (I.e. ,  th e disable d fus e pane l  con -

nectio n i n Proble m 3) .  W h e n tha t  w a s no t  possible ,  h e justifie d hi s diagnosi s withi n hi s causa l  model .  Fo r  example ,  I n 

Proble m 2 ,  th e failur e coul d no t  b e confirme d b y visua l  evidence .  Instead ,  th e advance d studen t  reache s hi s diag -

nosi s wit h th e followin g information : 

...chec k th e starte r  draw...It' s  pullin g enoug h dow n t o ge t  th e starte r  t o g o alright...W e pu t  th e bat -

ter y unde r  load ,  yo u ca n se e th e a m p s risin g an d It' s  chargin g th e battery...S o th e alternator' s 

workin g OK...wha t  i  believ e w e hav e i s th e cel l  i s  dea d I n th e battery...Tr y th e tes t  o n th e VAT...A s 

yo u se e o n th e indicato r  I s als o showin g tha t  I t  need s chargin g fo r  th e batter y I s bad...S o wha t  w e 

hav e her e I s a  batter y wit h a  coupl e o f  cell s dead ,  an d It' s  a  seale d batter y an d yo u canno t  chec k 

th e specifi c  gravit y wit h a  hydromete r  t o chec k an d se e whic h one' s dead . 

He reache d an d Justifie d hi s diagnosi s b y eliminatin g al l  othe r  possibilitie s fro m hi s symptom-faul t  set s an d th e causa l 

model ,  i n othe r  words ,  h e teste d an d verifie d norma l  functionin g o f  bot h th e startin g syste m (  "it' s  pullin g enoug h 

down t o ge t  th e starte r  t o g o alright" )  an d th e chargin g syste m ("S o th e alternator' s workin g O K " ) .  Thes e ar e th e onl y 

tw o systems ,  othe r  tha n accessorie s suc h a s headlight s an d radio ,  tha t  affec t  th e leve l  o f  charg e i n th e battery .  Con -

sequently ,  accordin g t o th e student' s causa l  model .  I f  th e battery' s charg e i s lo w an d th e startin g an d chargin g sys -

tem s ar e functionin g correctly ,  th e onl y remainin g componen t  k i  whic h th e failur e ca n b e locate d i s th e batter y itself ,  i n 

some type s o f  batteries ,  thi s conclusio n ca n b e teste d directly ,  bu t  I n th e ca r  use d i n thi s problem ,  th e batter y I s 

sealed .  Therefore ,  th e mechani c mus t  sto p wit h hi s explanatio n rathe r  tha n attemp t  t o verif y th e diagnosi s an y further . 

I n compariso n t o th e novice ,  h e selecte d hi s hypothese s mor e efficiently ,  firs t  eliminatin g competin g system s fro m con -

sideration ,  i n addition ,  h e base d hi s acceptanc e o f  th e diagnosi s o n a  ful l  causa l  explanatio n rathe r  tha n o n superficia l 

evidence . 

4. Conclusions 

Th e result s ar e a s predicte d b y ou r  interpretatio n o f  th e diagnosti c behavio r  a s a n interactio n betwee n severa l 

knowledg e structures .  Bot h th e causa l  mode l  an d th e symptom-faul t  set s chang e wit h experience ,  an d w e hav e see n 

some example s o f  exactl y wha t  change s occur .  I n th e causa l  model ,  th e mos t  notabl e chang e I s th e inaeasln g com -

plexit y o f  th e model ,  reflecte d i n th e growin g awarenes s o f  th e interconnectednes s o f  system s withi n th e engine .  Th e 

novic e i s clearl y unawar e o f  th e possibilit y  tha t  electroni c failure s ca n affec t  thing s Ik e fue l  delivery ,  sinc e h e know s lit -

tl e abou t  th e dependencie s betwee n th e fue l  syste m an d th e electrica l  system ,  whil e th e mor e advance d mechani c no t 

onl y know s tha t  suc h relationship s exist ,  h e consider s the m a  highl y c o m m o n sourc e o f  failures .  Similarly ,  th e 

number ,  organization ,  an d accurac y o f  th e symptom-faul t  set s change s wit h increasin g experience .  Ultimately ,  the y 

ar e abl e t o represen t  a  complex ,  hierarchica l  syste m o f  relationships .  Th e dat a sugges t  tha t  component s ar e organ -

ize d hierarchicall y unde r  thei r  respectiv e system s an d ar e neve r  directl y considered  unles s thei r  syste m I s determine d 

t o hous e th e failure ,  o r  a t  leas t  t o b e th e sourc e o f  Informatio n crucia l  t o kxatin g th e failure . 

Buildin g partl y o n thes e change s I n th e knowledg e structures ,  an d partl y o n Independen t  effect s o f  experienc e 

on dedskx i  processes ,  th e mechanic' s procedure s an d gukJeline s fo r  acceptin g hypothese s a s diagnose s als o change . 

The processe s o r  procedure s use d becom e Inaeasingl y focusse d o n informatio n tha t  wil l  allo w a  causa l  Interpretatio n 

of  th e behavio r  observed .  A t  th e s a m e time ,  th e developin g knowledg e structure s allo w th e mechani c t o searc h fo r 

and aquir e more ,  an d mor e accurate ,  informatio n fro m hi s symptom-faul t  set s an d hi s causa l  model .  Th e Interactio n 

of  thes e change s i n bot h knowledg e an d proces s lea d t o th e mor e accurat e an d efficien t  proble m solvin g see n i n 

experts . 
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Thus ,  w e se e tha t  experienc e I s providin g th e mechani c wit h thre e things .  Hi s overal l  leve l  o f  knowledg e I s 

Increasing ;  th e organizatio n an d Integratio n o f  hi s knowledg e structures ,  bot h th e symptom-faul t  set s an d th e causa l 

model ,  ar e Increasing ;  an d hi s processe s an d alteri a fo r  reachin g diagnose s ar e becomin g mor e accurate ,  mor e effi -

cient ,  an d mor e focusse d o n causa l  Information . 
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