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

Proble m solvin g abilit y  appear s t o b e acquire d 
i n tw o ways .  S o m e o f  th e knowledg e require d 
fo r  proble m solvin g ca n b e obtaine d throug h di -

rec t  instructio n o r  "boo k learning" ,  bu t  majo r 

portion s o f  wha t  expert s kno w i s derive d directl y 

fro m thei r  experience s wit h problem s i n th e do -

mai n o f  interest .  A s wor k i n artificia l  intelligenc e 
has begu n t o focu s o n highl y comple x domains , 

understandin g th e contributio n o f  experienc e t o 
knowledg e an d behavio r  ha s becom e increasingl y 

important . 

As a result, researchers have begun to con-

side r  ho w experienc e lead s t o ne w knowledg e and , 

specifically ,  th e rol e o f  singl e case s i n learning .  I n 
earlie r  wor k o n psychiatri c diagnosis ,  Kolodne r 

(1982 )  develope d som e proposal s abou t  ho w a n 
individua l  proble m solvin g experienc e ca n lea d 
t o change s i n th e knowledg e bas e o f  th e proble m 

solver .  Tha t  researc h focusse d o n th e change s 
i n knowledg e tha t  ca n resul t  fro m a  diagnosi s 
tha t  wa s initiaU y incorrec t  an d the n corrected . 

We argue d tha t  a n analysi s o f  th e knowledg e 

use d i n makin g a  new ,  correc t  diagnosi s woul d 

lea d t o th e individua l  becomin g awar e o f  th e er -
ror s o r  missin g knowledg e i n hi s knowledg e bas e 

tha t  le d t o th e origina l  incorrec t  diagnosis .  A t 

tha t  point ,  th e proble m solve r  woul d modif y hi s 

knowledg e appropriatel y t o ensur e tha t  th e sam e 

'Thi s reiearc h wa s supporte d i n par t  b y th e Arm y Re -
searc h Institut e fo r  th e Behariora l  Science s unde r  Con -
trac t  No .  MDA-903-86-C-173 .  Thank s t o PhyDi s Koton , 
Joel  Martin ,  an d Michae l  Redmon d fo r  commentin g o n 
an earlie r  draf t  o f  th e paper . 

erro r  woul d no t  recur .  T h e modificatio n proces s 

ha d tw o part s t o it :  modificatio n o f  th e prob -
le m solver' s genera l  knowledg e an d proble m solv -

in g procedure s an d indexin g o f  th e experienc e i n 

m e m o ry s o tha t  i t  coul d b e remembere d durin g 

late r  proble m solving . 

Our goal in the study reported here was to look 

at  les s experience d proble m solver s t o se e wha t 

processe s wer e involve d i n thei r  learning .  T h e 

processe s involve d i n modifyin g genera l  knowl -
edg e an d proble m solvin g procedure s require s a 

fai r  amoun t  o f  expertis e o n th e par t  o f  th e prob -
le m solver ,  bot h abou t  th e domai n an d abou t 
what  coul d easil y b e don e wron g i n proble m solv -
ing .  Novice s kno w ver y littl e abou t  eithe r  o f  thes e 

thing s t o d o a  ful l  analysi s themselve s o f  thei r 

actions .  W e wante d t o fin d ou t  wha t  kind s o f 

learnin g procedure s ar e availabl e t o them ,  wha t 
the y ca n lear n throug h proble m solvin g experi -

ence ,  an d wha t  kind s o f  supervisio n ar e neces -
sar y fo r  learnin g t o happen .  W e als o looke d a t 

whic h o f  thei r  experience s the y remembere d t o 

hel p the m durin g late r  proble m solving . 

The domain we have been exploring is automo-

tiv e diagnosis .  Thi s domai n i s o f  interes t  fo r  sev -
era l  reasons .  Th e automobil e engin e i s a  highl y 

comple x entity ,  consistin g o f  severa l  interactin g 

subsystems .  Failure s i n an y componen t  o r  sub -

syste m produc e symptomati c behavior s i n engin e 

performance ,  bu t  th e symptom s ar e no t  necessar -

il y  uniqu e t o a  give n failure .  I n othe r  words ,  sev -

era l  failure s ca n produc e th e sam e symptom(s) . 

I t  i s  th e mechanic' s tas k t o identif y th e correc t 

failure . 
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Furthermore ,  th e domai n i s knowledge-ric h 

and bot h dept h o f  knowledg e an d th e abilit y  t o 

use i t  ar e importan t  i n reachin g a  goo d diagnosis . 

A studen t  ca n b e taugh t  abou t  car s an d trou -

bleshootin g i n general ,  bu t  sinc e car s var y exten -

sively ,  an d model s ma y chang e significantl y & o m 

year  t o year ,  n o on e ca n lear n everythin g withi n 

an instructiona l  setting .  Clearl y experienc e wit h 

differen t  type s an d age s o f  car s i s necessar y fo r  a n 

individua l  t o develo p adequat e expertise .  A n ex -

per t  mechani c mus t  hav e sufficien t  experienc e t o 

allo w hi m t o dra w hi s ow n generalization s abou t 

car s an d t o organiz e an d acces s hi s knowledg e 

i n a  manne r  appropriat e t o th e specifi c  ca r  an d 

proble m h e i s considering . 

In the work reported here, we observed the di-
agnosti c proces s i n severa l  individual s an d com -

pare d th e knowledg e use d t o solv e successiv e sim -

ila r  cases .  W e als o observe d th e interaction s 

betwee n proble m solver s (students )  an d outsid e 

source s (book s an d instructors) .  Th e analysi s 
presente d her e use s dat a presente d i n Lancaste r 

& Kolodne r  (1987) .  Tha t  wor k identifie d th e 

type s o f  knowledg e an d diagnosti c processe s use d 
by novic e ca r  mechanics . 

Four automotive mechanics students at a lo-
cal  tw o yea r  technica l  schoo l  wer e observe d whil e 
diagnosin g ca r  failures .  Si x problem s wer e pre -

sente d a t  weekl y interval s an d think-alou d pro -

tocol s wer e collecte d whil e th e student s worked . 

Each week ,  afte r  al l  student s ha d attempte d t o 

solv e th e problem ,  th e instructo r  demonstrate d 

th e correc t  diagnosti c procedure s an d hi s metho d 

of  identifyin g th e failure .  Thu s eac h studen t 

had a  opportunit y fo r  feedbac k abou t  hi s per -

formanc e regardles s o f  whethe r  o r  no t  h e diag -

nose d th e proble m correctly .  Eac h failur e wa s 
introduce d int o a  ca r  deliberatel y an d eac h fail -

ur e wa s cause d b y onl y on e faile d part .  Fou r  o f 

th e si x problem s presente d th e sam e symptom s 

initially ,  an d a  fifth  proble m presente d a  relate d 

symptom . 

After all protocols were coded, two sequential 

protocol s fo r  eac h studen t  wer e selected .  Th e tw o 

protocol s wer e selecte d t o hav e th e sam e initia l 

symptom ,  bu t  differen t  failures .  Fo r  eac h o f  thes e 

protocols ,  a  descriptio n o f  th e knowledg e use d 

and sough t  b y th e studen t  durin g diagnosi s wa s 

compiled .  Th e description s o f  th e tw o protocol s 

wer e the n compare d an d difference s wer e noted . 

Of  particula r  interes t  wer e occasion s i n whic h th e 

studen t  appeare d t o us e knowledg e i n solvin g th e 

secon d proble m tha t  h e di d no t  hav e i n solvin g 

th e first  problem .  Change s i n th e knowledg e use d 

showed u s wha t  student s learne d betwee n solvin g 

th e tw o cases .  W e the n examine d th e protocol s 

and th e instructor' s explanatio n o f  ho w t o solv e 

th e first  proble m t o se e i f  w e coul d identif y ho w 

thes e item s wer e learned .  Sometime s thi s wa s 

obviou s -  a  studen t  ha d aske d a  questio n previ -

ousl y o r  th e instructo r  ha d presente d th e relevan t 

materia l  i n a  previou s explanation .  Sometime s i t 

was no t  obviou s -  wha t  wa s learne d migh t  hav e 

been presente d i n clas s betwee n th e tw o exer -

cises .  W e focusse d o n thos e learne d item s wher e 
we coul d identif y th e situatio n i n whic h th e ne w 

concept s wer e learned . 

2 W h a t  w a s l e a r n e d 

As reported in our earlier paper (Lancaster & 
Kolodner ,  1987) ,  al l  o f  th e student s seeme d t o 
posses s th e sam e type s o f  knowledg e structures : 

a causa l  mode l  o f  th e engine ,  symptom-faul t  set s 

linkin g particula r  symptom s t o th e failure s the y 
migh t  indicate ,  an d a  collectio n o f  troubleshoot -

in g guideline s an d procedures .  However ,  th e stu -

dent s a t  variou s level s o f  trainin g differe d i n bot h 

th e amoun t  o f  knowledg e the y ha d an d th e orga -

nizatio n o f  tha t  knowledge .  Th e novice' s knowl -

edge wa s unorganized ,  sparse ,  an d sometime s 

wrong .  Th e intermediat e studen t  ha d a  bette r 
organizatio n o n hi s knowledg e (e.g. ,  h e groupe d 

part s i n th e sam e syste m together )  an d som e mis -

conception s ha d bee n corrected ,  bu t  i t  wa s stil l 

incomplete .  Th e advance d studen t  ha d a  muc h 

more complet e knowledg e base ,  an d man y o f  th e 
misconception s o f  th e novic e an d intermediat e 

student s wer e corrected .  I n particular ,  th e ad -

vance d studen t  kne w mor e abou t  wha t  failure s 

normall y loo k lik e tha n di d th e intermediat e stu -

dent ,  wh o kne w mor e abou t  ho w th e ca r  wa s sup -

pose d t o wor k tha n abou t  it s malfunctions .  Th e 

novic e kne w almos t  nothin g abou t  malfunctions . 

The novice student, having learned the rudi-

ment s o f  ho w a  ca r  work s i n classroo m instruc -

tion ,  wa s primaril y focusse d o n acquirin g th e nec -

essar y organizatio n o f  th e causa l  mode l  t o allo w 
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systemati c trackin g throag h th e engin e i n searc h 

of  a  failure .  Fo r  example ,  diagnosin g a  fue l  sys -

te m restrictio n i n th e earlie r  problem ,  th e novic e 

moved directl y & o m th e sympto m (ca r  crank s bu t 
wil l  no t  start )  t o th e hypothesi s tha t  i t  wa s no t 

gettin g enoug h fue l  an d conclude d tha t  th e fue l 

lin e wa s restricted .  I n a  late r  cas e wit h th e sam e 

symptom ,  th e novic e studen t  instea d showe d tha t 

he ha d subsume d th e fue l  restrictio n hypothesi s 

unde r  a  mor e globa l  hypothesi s o f  fue l  syste m 

failure .  H e first  checke d th e en d poin t  o f  th e 

fue l  syste m fo r  evidenc e o f  failur e an d the n bega n 

checkin g component s withi n th e system .  Thu s h e 

had modifie d hi s knowledg e bas e i n a n importan t 
way betwee n cases .  H e ha d collecte d th e fue l  sys -
te m component s int o a  system ,  allowin g hi m t o 
conside r  th e syste m a s a  whol e a s hi s first  hy -
pothesise d failur e source .  A s a  consequence ,  hi s 

trouble -  shootin g behavio r  becam e mor e system -
ati c a s h e onl y considere d specifi c  component s o f 
a syste m i f  th e syste m a s a  whol e wa s show n t o 

be th e sourc e o f  th e failure .  Thi s typ e o f  learnin g 

ca n b e terme d knowledg e reorganization . 

The novice also improved his problem solving 
skills .  I n th e first  case ,  h e di d no t  tak e actio n t o 
confir m hi s diagnosis .  Rathe r  h e wa s conten t  t o 

accep t  th e hypothesi s o n th e basi s o f  it s  bein g a 
possibl e failur e matche d t o th e symptom .  Afte r 

attemptin g t o solv e th e proble m himself ,  h e lis -

tene d t o th e instructor' s explanatio n o f  ho w t o 

diagnos e th e a  car' s problem .  Th e instructor ,  a s 

par t  o f  hi s explanation ,  showe d tha t  i t  i s  neces -

sar y t o confir m an y hypothese s tha t  ar e made .  I n 

th e secon d cas e h e solved ,  th e novic e ha d learne d 

tha t  confirmin g hypothese s i s a  necessar y compo -
nent  o f  proble m solving .  H e wa s thu s als o refinin g 
hi s proble m solvin g skills . 

In contrast, the intermediate student, having 
establishe d th e basi c hierarchica l  orgtmisatio n o f 
hi s causa l  mode l  an d symptom-faul t  sets ,  wa s 

primaril y engage d i n addin g ne w informatio n t o 

hi s knowledg e bases .  Specifically ,  h e showe d ev -

idenc e o f  addin g t o th e fault s associate d wit h a 

give n sympto m i n hi s sympto m faul t  sets ,  learn -
in g ne w procedure s fo r  diagnosis ,  an d identifyin g 

th e location s cui d function s o f  ne w components . 

For  example ,  o n th e earlie r  problem ,  th e inter -

mediat e studen t  m a d e a  protracte d searc h fo r  th e 

fue l  p u m p relay .  O n th e late r  case ,  h e wa s abl e 

t o locat e an d tes t  th e rela y a t  th e appropriat e 

tim e wit h ease .  Thus ,  w e se e tha t  h e ha d learne d 

not  onl y it s locatio n bu t  als o ho w i t  wa s con -

necte d withi n th e fue l  system .  Similarly ,  h e em -

ploye d technique s o n th e late r  proble m tha t  h e 
ha d apparentl y no t  know n whe n solvin g th e ear -

lie r  problem ,  leadin g t o mor e efficien t  testin g o f 

hypothese s an d a n increase d likelihoo d o f  gettin g 

correct ,  usefu l  informatio n fro m hi s testing . 

Th e advance d studen t  engage d i n ye t  anothe r 

typ e o f  learnin g tha t  w e hav e terme d refinement . 

He alread y kne w mos t  o f  th e informatio n neede d 
t o successfull y solv e ever y proble m presented . 
Th e change s i n hi s knowleg e betwee n case s re -

flected  primaril y a  reorderin g o f  fault s i n th e 
symptom-fault s set s t o reflec t  ne w probabilitie s 
of  occurrance .  I n othe r  words ,  afte r  solvin g a 

cas e i n whic h th e correc t  hypothesi s wa s on e h e 
considere d lat e i n hi s troubleshootin g procedures , 
th e advance d studen t  returne d t o tha t  hypothe -

si s earlie r  i n hi s sequenc e o n th e late r  problem . 
He showe d n o notabl e change s i n th e overal l  or -

ganizatio n o r  conten t  o f  hi s knowledg e betwee n 

problems . 

I n addition ,  th e advance d studen t  seeme d t o 
hav e a n additiona l  mode l  availabl e t o hi m tha t 

th e intermediat e an d novic e student s wer e miss -
ing :  a  mode l  o f  a  malfunctionin g car .  Bot h th e 

novic e an d intermediat e studen t  seeme d t o diag -

nos e fault s b y first  seroin g i n o n a  syste m tha t 
migh t  b e fault y an d the n checkin g th e behav -

io r  o f  th e ca r  agains t  th e expecte d behavio r  o f 
a workin g car .  W h a t  differentiate d th e novice' s 

behavio r  fro m tha t  o f  th e intermediat e studen t 
was tha t  th e novic e migh t  focu s o n a  particula r 
part ,  whil e th e intermediat e studen t  focuse d o n 
a system .  Th e mor e advance d studen t  (an d th e 
instructor) ,  however ,  seeme d t o kno w wha t  t o ex -

pec t  i n a  malfunctionin g car .  I n othe r  words ,  h e 

not  onl y ha d a  workin g mode l  o f  th e car ,  bu t  h e 

als o ha d a  malfunctio n mode l  o f  th e car .  W e ca n 

see thi s i n hi s behavio r  whe n th e testin g equip -

ment  wa s faulty .  Th e advance d studen t  wa s th e 

onl y on e wh o coul d recogniz e tha t  th e reading s h e 

was gettin g fro m th e tes t  equipmen t  wer e faulty . 

Th e intermediat e studen t  wa s unabl e t o differ -

entiat e a  ba d readin g o n tes t  equipmen t  fro m a 

fault y car . 
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3 L e a r n i n g Processe s 

Severa l  leaznin g processe s wer e identifie d b y ex -

aminin g th e protocols : 

Learning by understanding explanations: Af-

te r  th e student s ha d diagnose d eac h problem ,  th e 

instructo r  demonstrate d th e correct ,  o r  optimal , 

diagnosti c pat h fo r  th e problem .  I n doin g so , 

he enumerate d bot h th e reason s fo r  considerin g 

eac h hypothesi s an d th e diagnosti c an d tes t  pro -

cedure s h e wa s using .  Th e student s attempte d t o 

modif y thei r  knowledg e t o matc h th e instructor' s 
whereve r  hi s procedures ,  hypotheses ,  o r  explana -

tion s differe d fro m theirs .  W e hav e terme d thi s 
proces s learnin g b y understandin g explanation s 

(Redmon d &  Martin ,  1988 ,  Marti n &  Redmond , 
1988) .  I t  i s  a  combinatio n o f  learnin g b y observ -

in g a n exper t  (Mitchell ,  e t  al. ,  1985 )  an d learn -

in g b y bein g told .  I n learnin g b y understanding , 

th e learne r  ha s a n opportunit y t o observ e anothe r 

perso n (i n thi s study ,  th e instructor )  solvin g th e 

same cas e whil e providin g a n ongoin g explana -

tio n o f  th e knowledg e an d processe s used .  Th e 

learne r  notice s thos e point s a t  whic h th e instruc -

tor' s knowledg e differ s fro m hi s ow n an d modifie s 
hi s knowledg e t o brin g i t  int o agreemen t  wit h th e 
instructor's .  Ther e ar e a  variet y o f  thing s tha t 

can b e learne d b y thi s method :  ne w organiza -

tiona l  structures ,  a s whe n th e novic e collecte d 

th e fue l  syste m component s int o a  system ;  ne w 
diagnosti c strategies ,  a s whe n th e novic e learne d 

t o tes t  syste m endpoint s o r  whe n th e interme -

diat e studen t  learne d ho w t o us e troubl e trees ; 

ne w causa l  connection s i n th e causa l  model ;  ne w 

tes t  procedures ;  an d refinement s o f  an y o f  thes e 

things . 

A more complete explanation of this process 

can b e foun d i n (Redmon d i c Martin ,  1988 )  o r 

(Marti n k  Redmond ,  1988) .  I n short ,  a  stu -

dent  learnin g b y thi s metho d attempt s t o explai n 

eac h o f  th e thing s th e teache r  i s doing ,  an d the n 
uses th e teacher' s additiona l  comment s an d ex -

planation s t o bridg e th e gap s i n hi s understand -

ing .  Thus ,  i f  th e teache r  propose s a  particula r 

hypothesi s give n a  particula r  se t  o f  symptoms , 

th e studen t  (internally )  attempt s t o explai n wh y 

tha t  i s a  goo d hypothesis .  Th e studen t  ma y no t 

kno w wh y a  particula r  hypothesi s i s appropriate , 

but  th e teacher' s explanatio n allow s hi m t o fil l  i n 

th e gap s i n hi s attempte d explanation .  Withou t 

th e teacher' s explanations ,  th e bes t  th e studen t 

can d o i s t o dra w associations. ^ 

Active gap filling: While engaged in diagno-

sis ,  a  studen t  woul d sometime s realis e tha t  h e 

di d no t  kno w a  specifi c  piec e o f  knowledg e abou t 

th e behavio r  o f  a  component ,  o r  th e connection s 

betwee n a  componen t  an d th e res t  o f  th e engin e 

tha t  wa s neede d t o solv e th e curren t  problem . 

For  example ,  hi s diagnosti c procedure s migh t 

hav e tol d hi m tha t  h e neede d t o chec k th e in -

put  t o som e component ,  bu t  h e migh t  no t  hav e 

known wha t  th e inpu t  sourc e was .  T o fin d th e 
missin g knowledge ,  h e woul d consul t  a n outsid e 
referenc e source ,  suc h a s a  boo k o r  a  mor e experi -

ence d individual .  Th e informatio n thu s obtaine d 
was the n incorporate d int o hi s knowledg e bas e 

and wa s availabl e durin g late r  diagnosti c sessions . 

Thi s i s th e proces s b y whic h th e intermediat e 

studen t  learne d th e locatio n o f  an d connection s 

t o th e fue l  pum p relay .  Whil e h e kne w tha t  h e 

neede d t o fin d th e fue l  pum p relay ,  h e wa s unfa -

milia r  wit h th e particula r  ca r  h e wa s diagnosing . 

He kne w tha t  manual s provide d thi s kin d o f  in -

formatio n an d wen t  t o th e manua l  t o fin d out .  H e 
went  directl y t o th e appropriat e schemati c i n th e 
manual  an d the n spen t  considerabl e tim e usin g 

tha t  schemati c a s a  ma p o f  th e engin e an d even -

tuall y findin g th e par t  h e wa s lookin g for .  I n 

othe r  words ,  h e use d a n outsid e sourc e (i n thi s 

case ,  th e manual )  t o fin d ou t  exactl y th e specifi c 

piec e o f  informatio n h e wa s missing . 

We have termed this learning process active 

gap filling  i n recognitio n o f  th e intentiona l  na -

tur e o f  th e learning .  T o engag e i n activ e ga p 

filling ,  th e individua l  mus t  hav e enoug h knowl -

edge abou t  th e system ,  enoug h proble m solvin g 

knowledg e t o kno w wha t  h e ough t  t o b e doing , 

and a n adequat e organizationa l  structur e t o allo w 

hi m t o recogniz e wher e th e gap s i n hi s knowledg e 

migh t  be ,  o r  a t  leas t  t o realiz e whe n a n apparen t 

dead en d i n hi s diagnosi s migh t  b e th e resul t  o f 

'Thi s procea a lam j  remin d peopl e o f  Mitchell' f  (1985 ) 
learnin g bj r  obferrin g a n expert ,  boil t  int o th e LEA P iyi -
tem.  Learnin g bj r  understandin g explanation s assume s 
tha t  th e learne r  ha s incomplet e knowledg e an d tha t  th e 
tas k o f  th e learne r  i s t o augmen t  it s knowledge .  LEAP' s 
method ,  a s wel l  a s othe r  method s employin g EB L an d 
EBG (DeJon g <c Mooney ,  1986 ,  Mitchell ,  e t  aL ,  1986) , 
assnme tha t  th e learne r  ha s complet e knowledge ,  an d a t 
lo w th e learne r  t o bette r  packag e tha t  knowledge . 
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a lac k o f  easil y obtaine d infotmatio n rathe r  tha n 

somethin g mor e extensive .  Possibl y becaus e o f 

thi s requiremen t  fo r  a  fairl y  complet e an d wel l 
organise d knowledg e base ,  activ e ga p fillin g wa s 
primaril y use d b y th e intermediat e an d advance d 

student s a s a  learnin g tool .  Ou r  protocol s sho w 

tha t  knowledg e learne d throug h activ e ga p fill -

in g i s remembere d an d availabl e fo r  us e i n late r 

proble m solving . 

Learning from interpreting feedback When a 

diagnosti c procedur e wa s no t  }rieldin g th e result s 

th e studen t  expected ,  o r  whe n h e coul d no t  in -
terpre t  th e result s fro m a  test ,  student s ha d t o 
ask fo r  help .  I n essense ,  learnin g & o m interpret -
in g feedbac k i s a  combinatio n o f  activ e ga p fillin g 
an d learnin g b y understandin g explanations .  A s 

i n learnin g b y activ e ga p filling ,  th e studen t  i s 

awar e o f  a  ga p i n hi s knowledge .  H e m a y not , 

however ,  kno w wha t  tha t  ga p is .  And ,  whil e 

activ e ga p fillin g i s usuall y a  proces s o f  findin g 

out  abou t  som e featur e o f  a n object ,  learnin g b y 

interpretin g feedbac k focuse s o n procedures :  i n 
particular ,  "wha t  wen t  wrong "  wit h a  particu -
la r  procedure .  Learnin g b y interpretin g feedbac k 
ca n resul t  i n correctin g a  fault y causa l  model , 

but  mor e ofte n involve s correctin g an d refinin g 

knowledg e abou t  ho w t o d o things .  Thi s proces s 
i s simila r  t o learnin g b y understandin g explana -
tions ,  sinc e th e instructo r  m a y provid e a  causa l 

explanatio n o f  som e phenomeno n o r  offe r  advic e 

abou t  carryin g ou t  procedures .  I t  i s  a  mor e ac -

tiv e an d goal-directe d process ,  however ,  initiate d 

by som e complicatio n th e studen t  i s experiencin g 
whil e solvin g a  problem . 

Learning by interpreting feedback is invoked 

when th e studen t  canno t  interpre t  th e unex -
pecte d result s o f  hi s proble m solving .  Th e pro -

ces s o f  explainin g thos e result s ca n b e don e b y 

th e studen t  o r  b y askin g th e instructor .  W h e n a n 
intermediat e studen t  foun d tha t  h e wa s gettin g 

tes t  result s tha t  h e coul d no t  interpre t  h e wen t  t o 

th e instructo r  fo r  help .  O n th e sam e problem ,  th e 
advance d studen t  figure d ou t  fo r  himsel f  tha t  th e 
tes t  equipmen t  wa s faulty ,  an d wa s abl e t o lear n 
on hi s ow n whic h range s o f  tes t  result s predicte d 

fault y equipment .  Th e advance d studen t  coul d 

do this ,  whil e th e intermediat e on e coul d not ,  be -

caus e h e ha d knowledg e tellin g hi m wha t  thing s 

loo k lik e whe n the y malfunction .  Thi s experienc e 

tol d hi m wha t  malfunctio n o f  a  particula r  instru -

ment  look s like .  Th e intermediat e student ,  o n 

th e othe r  hand ,  di d no t  kno w enoug h t o hypoth -

esis e b y himsel f  tha t  th e tes t  equipmen t  migh t 

be faulty .  O n anothe r  occsision ,  however ,  th e ad -

vance d studen t  neede d th e instructo r  t o provid e 

an explanatio n t o him .  H e wa s tryin g t o energiz e 

th e fue l  p u m p & o m th e batter y usin g a  tes t  ligh t 

t o connec t  the m together .  H e coul d no t  ge t  th e 

fue l  p u m p t o g o on .  He ,  lik e th e intermediat e 
studen t  i n th e previou s example ,  kne w wha t  th e 

result s shoul d loo k lik e (i n thi s case ,  h e though t 

th e fue l  p u m p shoul d g o on )  bu t  di d no t  kno w 

why th e result s h e wa s gettin g wer e different .  H e 

aske d th e instructo r  wha t  h e wa s doin g wrong . 
Th e instructo r  tol d hi m tha t  h e neede d t o us e a 
lea d ( a wir e wit h n o bul b attached )  t o energis e 

th e fue l  p u m p ,  sinc e wit h a  ligh t  attached ,  th e 

bul b consume s th e powe r  fro m th e energ y befor e 

i t  get s t o th e p u m p .  I n thi s case ,  th e advance d 
student' s causa l  mode l  o f  electricit y wa s faulty . 

Abstraction: Another learning process that 

was note d wa s abstraction .  I t  seeme d tha t  an y 
ne w informatio n acquire d b y a  studen t  betwee n 
problem s wa s incorporate d int o th e knowledg e 

bas e a t  severa l  differen t  levels .  W e ca n se e thi s 

most  clearl y i n th e novic e student' s behavior .  Re -
cal l  tha t  i n on e problem ,  h e tracke d th e failur e 

t o th e fue l  p u m p bu t  di d no t  examin e th e sys -

te m furthe r  t o distinguis h whethe r  th e proble m 

was i n th e fue l  p u m p o r  i n th e inpu t  t o th e fue l 

pump.  Th e instructo r  followe d tha t  sessio n wit h 

an explanatio n o f  ho w t o diagnos e th e fue l  p u m p 
problem .  I n hi s explanation ,  h e state d tha t  th e 
endpoint s o f  th e fue l  syste m ha d t o b e checke d 
fo r  evidenc e o f  a  problem .  Th e studen t  learne d 

thi s (b y understandin g th e instructor' s explana -
tion )  an d i n th e nex t  proble m applie d it .  Th e 

studen t  als o apparentl y learne d th e abstrac t  prin -

cipl e th e instructo r  wa s illustrating :  tha t  syste m 
endpoint s nee d t o b e checke d fo r  problem s whe n 

diagnosin g an y system .  Abstractio n i s sometime s 

don e spontaneously ,  a s i n th e exampl e jus t  given , 
an d i s sometime s induce d b y th e instructo r  dur -

in g explanation .  Fo r  example ,  i n on e instanc e 
th e instructo r  walke d student s throug h a n engin e 

the y hadn' t  see n before ,  an d state d tha t  part s 

wit h a  particula r  functio n ha d t o b e found .  H e 

the n explaine d wha t  thos e part s loo k lik e i n gen -

eral .  Thi s abstrac t  knowledg e allow s th e studen t 

t o identif y th e par t  n o matte r  wha t  typ e o f  ca r 
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he i s lookin g at . 

Case-Based Reasoning: A final process that 
facilitate d learne d wa s case-base d reasoning .  I n 

case-base d reasoning ,  a  previou s cas e tha t  a  prob -

le m solve r  i s reminde d o f  provide s a n answe r  t o 

a ne w proble m o r  focuse s hi m o n th e knowledg e 

neede d t o solv e th e proble m (Kolodne r  &  Simp -

son ,  1984 ,  Hammond,  1986) .  Whil e i n th e previ -

ous paragraphs ,  w e hav e referre d t o learnin g pro -

cesse s tha t  allo w a  proble m solve r  t o lear n ne w 

facts ,  case-base d reasonin g i s a  proble m solvin g 
metho d tha t  allow s a  proble m solve r  t o improv e 

it s performanc e withou t  ful l  understandin g o f  th e 
facts .  Rememberin g previou s case s allow s a  prob -

le m solve r  t o solv e a  ne w proble m bette r  tha n a n 

ol d on e eve n whe n th e proble m solve r  i s missin g 

a causa l  explanatio n o f  wh y th e previou s solutio n 

di d o r  di d no t  work .  Ou r  hypothese s abou t  case -

base d reasonin g i n expert s predic t  tha t  thos e 

case s tha t  ar e differen t  tha n wha t  i s expecte d ar e 

th e one s tha t  ar e remembere d (Kolodner ,  1982 , 

1983 ,  Kolodne r  &  Simpson ,  1984 ,  Schank ,  1982) . 

But  novice s don' t  alway s kno w th e norms ,  s o the y 
can' t  recogniz e tha t  somethin g i s different .  Th e 

dat a w e collecte d i n thi s stud y sho w thre e situa ^ 

tion s i n whic h novice s store d case s fo r  late r  prob -

le m solving .  First ,  i f  a  cas e serve s a s a  stron g 

justificatio n fo r  doin g a  procedure ,  the n th e cas e 

was kep t  an d referre d t o later .  Th e advance d 

student ,  i n a n earl y problem ,  spen t  4 5 minute s 

tryin g t o solv e a  proble m tha t  h e coul d hav e 

solve d instantl y wit h visua l  inspection .  I n th e 

nex t  problem ,  h e di d a  visua l  inspectio n imme -

diately ,  sayin g "wha t  w e wan t  t o d o i s chec k th e 
wire...lik e w e di d th e las t  time" .  Second ,  case s 

wer e maintaine d i n memor y i f  the y serve d a s a n 

exampl e o f  a  particularl y comple x o r  unusua l  sit -

uation .  Thi s includes ,  amon g othe r  things ,  case s 

wher e a  se t  o f  symptom s predic t  a  highl y unusua l 

faul t  an d case s wher e som e se t  o f  symptom s pre -

dic t  a  fairl y  commonplac e faul t  tha t  i s  har d t o 

diagnose .  Bot h student s wh o solve d proble m 3 

(on e intermediat e an d on e advanced )  ,  i n whic h a 

rocke r  ar m ha d bee n removed ,  fo r  example ,  wer e 

abl e t o d o i t  o n th e basi s o f  rememberin g a  previ -

ous cas e i n whic h a  rocke r  ar m ha d bee n broken . 

A broke n rocke r  ar m i s a  highl y unusua l  prob -

lem .  I n almos t  eil l  cases ,  rocke r  arm s outliv e th e 

car s the y ar e in .  Th e othe r  students ,  wh o ha d 

neve r  see n suc h a  problem ,  wer e unabl e t o solv e 

th e proble m (on e intermediat e an d on e novice) . 

Thes e tw o student s wer e abl e t o determin e tha t 

none o f  th e possibl e commo n cause s o f  th e symp -

tom s wer e responsibl e fo r  th e failur e o f  th e car , 
but  the y wer e no t  abl e t o pursu e thei r  investi -

gation s beyon d tha t  point .  Th e tw o successfu l 

student s wer e reminde d (base d o n th e particu -

la r  soun d o f  th e car )  earl y i n thei r  diagnosi s o f 

tw o car s the y ha d worke d wit h i n th e previou s 

quarte r  tha t  ha d th e sam e problem .  Thi s re -

mindin g le d bot h o f  the m t o tr y th e diagnosti c 

procedure s tha t  woul d lea d the m t o th e correc t 

diagnosi s and ,  thus ,  t o th e diagnosis .  A  thir d 

instanc e i n whic h a  previou s cas e wa s kep t  wa s 
when i t  illustrate d somethin g tha t  wa s no t  know n 

previou s t o tha t  case .  Th e cas e wa s remembere d 

unti l  wha t  wa s learne d fro m i t  wa s confirme d b y 

a late r  case .  Whil e on e o f  th e othe r  procedure s 

migh t  hav e bee n use d t o lear n a  genera l  concept , 

th e cas e i n whic h i t  wa s learne d seeme d t o re -

mai n availabl e t o th e student s unti l  th e ne w ite m 

of  informatio n wa s confirme d b y anothe r  case . 

We coul d no t  determine ,  however ,  whethe r  th e 

genera l  knowledg e o r  th e cas e wa s accesse d first 

i n late r  proble m solving . 

4 Discussio n 

While most researchers studying learning have 

been studyin g unsupervise d learnin g o r  learnin g 

wher e th e teache r  give s a n exampl e bu t  n o expla -

nations ,  ou r  observation s sho w tha t  muc h o f  th e 

learnin g tha t  goe s o n earl y i n proble m solvin g de -
pend s o n a  teache r  t o giv e a n explanatio n o f  th e 

procedure s fo r  solvin g a  proble m an d th e knowl -

edge neede d t o solv e it .  Th e causa l  mode l  de -

scribin g ho w a  ca r  function s properly ,  th e on e de -

scribin g wha t  malfunction s loo k like ,  association s 

betwee n symptom s an d faults ,  an d th e proble m 

solvin g procedure s th e instructo r  finds  usefu l  mo -

tivat e hi s explanations . 

Early in learning, students don't know enough 

t o b e abl e t o lear n exclusivel y from  thei r  ow n 

proble m solvin g experiences .  Fo r  example ,  th e 

novic e wh o track s dow n th e erro r  t o th e fue l 

pump whe n i t  i s th e fue l  pum p rela y tha t  i s  fault y 

(i.e. ,  th e fue l  pump' s imput s ar e causin g i t  t o 

malfunction ,  no t  th e pum p itself )  ca n lear n onl y 

i f  h e i s give n extensiv e opportunit y t o attemp t 
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t o fi x  th e proble m o r  I f  a  teache r  intervene s t o 

sho w hi m wha t  h e wa s doin g wrong .  And ,  whe n 

th e studen t  i s a  ran k novice ,  th e experienc e o f 

tryin g t o fix  i t  himsel f  ma y b e s o overwhelmin g 

that ,  i n th e wors t  case ,  nothin g i s learned ,  whil e 

i n th e bes t  case ,  learnin g take s a  lon g time .  I t 

migh t  tak e severa l  attempts ,  fo r  example ,  tryin g 

t o pu t  i n a  ne w fue l  pum p befor e th e studen t  wil l 

star t  thinkin g tha t  somethin g els e i s th e matter , 
and a t  tha t  point ,  ther e ar e s o man y thing s tha t 

coul d hav e gon e wron g durin g hi s previou s at -

tempt s (e.g. ,  th e ne w fue l  pum p ma y b e faulty , 

he ma y hav e connecte d i t  u p wron g i n a  whol e 
rang e o f  differen t  ways )  tha t  h e ma y onl y b e abl e 
t o trac k dow n th e proble m i f  h e i s luck y i n hi s 
initia l  guesses . 

Nor did our intermediate student seem capa-

bl e o f  learnin g withou t  supervision .  Whil e h e 

didn' t  nee d hel p wit h simpl e diagnosti c proce -

dures ,  h e wa s unabl e t o differentiat e betwee n in -

strumen t  reading s produce d b y fault y part s an d 
instrumen t  reading s produce d b y fault y instru -
ments .  I n othe r  words ,  hi s missin g knowledg e 

abou t  wha t  fault s loo k lik e require d tha t  a n in -
structo r  interven e t o instruc t  hi m o n tha t  sub -
ject . 

Not only did students need to know how things 
wor k (i.e. ,  hav e a  nearl y complet e workin g model ) 

t o lear n i n a  completel y unsupervise d setting ,  bu t 

the y als o nee d t o kno w ho w thing s ca n g o wron g 
and wha t  thing s ar e i n th e norma l  real m o f  pos -

sibility .  Th e advance d student ,  wh o wa s b y n o 
means a n expert ,  wa s abl e t o d o quit e a  bi t  mor e 
learnin g b y himsel f  becaus e h e kne w bot h o f  thes e 

things .  H e also ,  however ,  neede d hel p fro m tim e 

t o tim e whe n th e knowledg e h e neede d t o solv e a 
proble m b y himsel f  wa s missin g o r  faulty . 

We have attempted to outline the real-world 
learnin g procedure s student s us e i n learnin g a 

comple x diagnosti c tas k an d th e rol e o f  th e 
teache r  i n learnin g suc h tasks .  Whil e muc h re -

searc h ha s gon e int o unsupervise d learning ,  littl e 
researc h ha s focuse d o n processe s b y whic h a  stu -

dent  learn s fro m a  teacher .  Amon g th e learnin g 
processe s w e hav e identified ,  thre e requir e exten -

siv e interactio n wit h a  teacher :  learnin g b y un -

derstandin g explanations ,  activ e ga p filling ,  an d 

learnin g b y interpretin g feedback .  Th e particu -
la r  interaction s depen d o n th e knowledg e th e stu -

dent  alread y has .  Mor e researc h i n thi s are a i s 

surel y neede d i f  w e wan t  t o develo p bette r  teach -

in g technologie s an d practices . 
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