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Abstrac t 
Learnin g fro m instructio n i s a  powerfu l  techniqu e fo r  improvin g proble m solving .  I t  i s  mos t 

effectiv e whe n ther e i s cooperatio n betwee n th e instructo r  an d th e student .  I n on e cooperativ e 

scenario ,  th e instructo r  present s example s an d partia l  explanation s o f  them ,  base d o n th e per -

ceive d need s o f  th e student .  A n activ e studen t  wil l  predic t  th e instructor' s action s an d the n 

tr y t o explai n th e difference s fro m th e predictions .  Thi s focuse s th e learning ,  makin g i t  mor e 

efficient .  W e expan d th e concep t  o f  explanatio n beyon d th e provabl y correc t  explanation s o f 

explanation-base d learnin g t o includ e othe r  method s o f  explanatio n use d b y huma n students . 

The explanation s ca n us e deduction s fro m causa l  domai n knowledge ,  plausibl e inference s fro m 

th e instructor' s actions ,  previou s case s o f  proble m solving ,  an d induction .  The y involv e th e goa l 

bein g pursue d an d th e actio n take n i n suppor t  o f  th e goal .  Th e explanation s resul t  i n improve d 

diagnosi s an d improve d futur e explanation .  Thi s combinatio n o f  explanatio n technique s lead s 

t o mor e opportunitie s t o learn .  W e presen t  example s o f  thes e idea s fro m th e syste m w e hav e 

implemente d i n th e domai n o f  automobil e diagnosis . 

IIMTRODUCTION 

Peopl e lear n muc h o f  wha t  the y kno w fro m instruction .  Presentatio n o f  example s ca n b e a n im -
portan t  par t  o f  instruction .  LeFevr e an d Dixo n [1986 ]  foun d tha t  student s prefe r  example s t o 
writte n tex t  i n learnin g a  procedura l  task .  Reder ,  Charne y an d Morga n [198 6 foun d tha t  instruc -
tio n tha t  include d example s wa s mor e effective .  W h a t  i s i t  tha t  make s example s effectiv e teachin g 
instruments ? 

One characteristic that makes them effective is that active students that try to explain the examples 
lear n throug h th e proces s o f  explanation .  Lancaste r  an d Kolodne r  [1988 ]  an d Chi ,  Bassok ,  Lewis , 
Reimann ,  an d Glase r  [i n press ]  hav e bot h observe d thi s i n protoco l  studies .  Thi s ha s bee n ou r  focu s 

learnin g fro m understandin g ho w a  teache r  solve s a n exampl e problem . 

Figure 1 summarizes the general process. Essentially, the instructor presents the problem, and 
appropriat e action s o r  solutions .  Th e studen t  use s variou s type s o f  knowledg e t o predic t  th e 
instructor' s actions ,  an d the n t o understan d o r  explai n wh y th e instructor' s actio n o r  solutio n 
i s appropriate . 

The student is testing her ability to diagnose when she predicts what the instructor wiU do. The 
same technique s sh e woul d us e i f  sh e wer e actuall y diagnosin g ar e use d t o se t  u p th e prediction . 
I n thi s way ,  whe n a n opportunit y t o lear n occurs ,  wha t  i s learne d wil l  b e usefu l  whe n th e studen t 
actuall y goe s abou t  diagnosing .  Th e exampl e help s focu s th e learning . 

We have constructed a system that creates explanations using deductions from causal domain 
knowledge ,  plausibl e inference s fro m th e instructor' s actions ,  previou s case s o f  proble m solving , 
and induction .  Th e explanation s involv e th e goa l  bein g pursue d an d th e actio n take n i n suppor t 
of  th e goal .  Th e explanation s resul t  i n improve d diagnosi s an d improve d futur e explanation .  Thi s 
combinatio n o f  explanatio n technique s lead s t o mor e opportunitie s t o learn .  Thi s pape r  discusse s 
th e differen t  type s o f  explanations ,  an d ho w the y improv e futur e proble m solvin g an d explanation . 

1. The instructor states the problem description. 

2.  Th e studen t  attempt s t o generat e a n appropriat e actio n fo r  th e proble m an d curren t  context . 
3.  Th e instructo r  generate s a  correc t  actio n o r  solutio n fo r  th e proble m an d curren t  context . 
4.  Th e studen t  the n attempt s t o explai n thi s action ,  learnin g i f  possible . 

5.  Continu e wit h ste p 2  i f  th e proble m i s no t  solved . 

Figure 1: General Algorithm. 
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EXPLANATION 

I n ou r  approach ,  explanatio n follow s predictio n an d observation .  Th e first  step ,  therefore ,  i s  t o 
compar e th e predictio n wit h th e expert' s proble m solving .  TJii s include s whethe r  th e instructo r 

appear s t o b e pursuin g th e predicte d goal ,  an d whethe r  pursui t  o f  th e goa l  lead s t o th e predicte d 
action . 

A correct prediction is essentially a successful explanation. Further explanation is required where 
th e predictio n isn' t  met .  Ther e ca n b e man y differen t  way s o f  explainin g differences .  I n thi s pape r 
we discus s explanation s involving : 

•  Inferrin g th e instructor' s curren t  goal ,  an d whe n necessar y learnin g a  ne w goal . 

•  Inferrin g th e plac e o f  th e curren t  goa l  an d action s i n th e diagnosi s episode . 

•  Adjustin g th e salienc y o f  feature s fo r  futur e cas e retrieval . 

•  Tryin g t o causall y explai n actions . 

We hav e als o begu n t o dea l  wit h a  fe w othe r  type s o f  explanatio n tha t  w e wil l  no t  discus s here . 
For  example ,  explainin g difference s i n implementatio n detai l  m a y rel y o n difference s i n ca r  models , 
availabl e tools ,  o r  i n th e curren t  stat e o f  th e car . 

The types of explanations we make use of overlap with the types of explanations observed by Chi 
et  a l  [i n press] .  The y observe d explanation s that : 

1.  Refin e o r  expan d th e condition s o f  a n actio n 

2.  Explicat e o r  infe r  differen t  consequence s o f  a n actio n 

3.  Determin e a  goa l  o r  purpos e fo r  a n actio n 

4.  Giv e meanin g t o a  se t  o f  quantitativ e expressions . 

Thei r  first  typ e o f  explanatio n i s no t  a  typ e tha t  w e hav e explore d a s yet .  Ou r  causa l  chainin g ex -
planatio n typ e correspond s t o thei r  secon d type ,  an d ou r  inferrin g th e instructor' s goa l  explanatio n 
typ e correspond s t o thei r  thir d type .  Thei r  fourt h typ e i s no t  applicabl e t o ou r  domain ,  thoug h 
reall y i t  i s  a  mor e specifi c  versio n o f  inferrin g a  goal .  A t  a  differen t  level ,  Ch i  e t  a l  [i n press ]  not e 
explanation s relatin g exampl e action s t o domai n principle s an d t o othe r  exampl e actions .  Causa l 
chainin g ca n b e see n a s relatin g th e observe d action s t o th e domai n principles .  Inferrin g th e plac e 
of  th e curren t  goa l  an d action s i n th e curren t  diagnosi s episod e i s on e par t  o f  relatin g action s t o 
eac h other . 

In the following sections we will discuss in more detail how explanation of instruction is done, and 
ho w i t  improve s th e syste m throug h wha t  i s learned . 

INFERRING INSTRUCTOR'S GOAL 

Sinc e th e instructor' s goa l  i s  usuall y no t  explicitl y  stated ,  i t  mus t  b e inferre d fro m he r  actions . 
Differen t  goal s resul t  i n differen t  type s o f  action s bein g done .  Th e instructor' s goa l  mus t  b e inferre d 
so tha t  i t  ca n b e compare d t o th e predicte d goal .  Th e proces s i s focuse d b y th e student' s predictio n 
of  th e instructor' s goal .  Th e predicte d goa l  i s  th e first  goa l  considere d a s a  possibihty .  I f  th e 
instructor' s action s ar e consisten t  wit h tha t  goa l  the n i t  i s  inferre d tha t  tha t  i s  th e goa l  bein g used . 
Otherwise ,  th e goa l  mus t  b e inferre d botto m up ,  wit h al l  possibl e goal s bein g possible .  Thi s mean s 
tha t  i f  th e studen t  get s los t  i n th e example ,  sh e ca n find  action s tha t  mak e sens e an d ge t  bac k t o 
followin g alon g fro m there ,  an d salvag e somethin g fro m th e instructiona l  episode . 

(test (loH "fast-idle-speed)) 
(d o (remov e "air-cleaner) ) 
(d o (disconnec t  "radiator-fan) ) 
(d o (connec t  "tachomete r  "engine) ) 
(d o (plu g "vacuum-advance-hose) ) 
(us e (c-4812-2c) ) 
(d o (connec t  c-4812-2 c "choke-cam-folloser-pin) ) 
(d o (releas e "throttle-lever) ) 
(as k ((rpr a "engine-system )  nil )  "tachomete r  (repl y 1600) ) 

Figure 2: Instructor's Actions. The instructor's actions, entered into the system either intercictively or by batch 
i n a  variable ,  ar e predicat e form s specifyin g th e typ e o f  action ,  an d th e action . 
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Some possible goals in a diagnostic domain iii< hide generating a hypothesis, testing a hypothesis, 
interpretin g a  test ,  fixing  a  fault ,  verifyin g a  complaint ,  an d clarifyin g a  complaint .  Figur e 2 
show s a  portio n o f  th e instructor' s action s i n a  give n examp le .  T h e complain t  h a d bee n tha t  th e 
engin e stalls ,  a n d th e instructo r  ha s jus t  hypothesize d tha t  th e fas t  idl e spee d i s se t  to o low .  Th i s 
hypothesi s m u s t  b e tested .  T h e instructo r  say s tha t  sh e i s goin g t o tes t  whe the r  th e fas t  idl e spee d i s 
low .  T h e n sh e remove s th e ai r  cleaner .  S h e disconnect s th e radiato r  fa n a n d connect s a  tachometer , 
an d otherwis e prepare s fo r  th e test .  T h e n usin g a  specifi c  too l  specifie d i n a  referenc e b o o k ,  sh e 
carrie s ou t  th e test ,  readin g th e valu e f ro m th e tachomete r  a n d c o m p a r i n g i t  t o th e specifications . 

The process of inferring the instructor's goal uses knowledge about the goals stored in their repre-
sentation .  S o m e goal s requir e particula r  type s o f  actions .  S o m e actio n type s ar e inappropriat e fo r 
s o me goals .  S o m e actio n type s ca n occu r  multipl e time s i n th e pursui t  o f  a  particula r  goal ,  s o m e 
ca n onl y occu r  once .  T o giv e on e e x a m p l e o f  th e typ e o f  inferenc e involved ,  testin g a  hypothesi s 
must  includ e a n as k typ e actio n i n orde r  fo r  result s t o b e obtained .  W h e n i t  i s  determine d tha t 
th e predicte d goa l  w a s no t  pursued ,  th e othe r  k n o w n goal s ar e considered .  O n c e th e sys te m k n o w s 
w h at  goa l  i s  bein g pursued ,  the n th e s a m e explainin g i s  d o n e a s i f  th e goa l  h a d bee n correctl y 
predicted .  T h e studen t  ca n recove r  an d resum e followin g th e instructor . 

If none of the diagnosis-specific goals are appropriate a more general goal can be considered, which 
coul d resul t  i n a  diagnosis-specifi c  specializatio n o f  th e goa l  bein g learned .  Figur e 3  s h o w s a n an -
notate d ru n o f  ou r  sys te m C E L I A (Case s an d Explanation s i n Learning :  a n Integrate d A p p r o a c h ) , 
reasonin g a s a  studen t  wou ld ,  realizin g tha t  i t  need s t o lear n a  n e w goal .  Fo r  thi s ru n o f  th e 

Next  Tas k 
G-PREDICT-EXPERTS-ACTION 
Next predicted goal 
G-REPLACE-FI X 
Mentall y Simulatin g strateg y S-RETRIEVE-MEMORY-PIECE fo r  goa l  G-REPLACE-FI X 
retriev e a  piec e fro m memor y no w 
Matche s fragment s (pieces )  -

(GEN-REPLACE-FIX-LOW-IDL E 7.6000004 ) 
(GEN-REP LACE-FIX-THERM-COIL-CHOK E 5.6 ) 
(GEN-REPLACE-FIX-LEAN-CHOKE 5.6 ) 
(GEN-REPLACE-FIX-TOO-RIC H 1.3 ) 

Simulatin g base d o n retrieve d piec e GEN-REPLACE-FIX-LOW-IDL E 
The faul t  ha s bee n determine d t o be :  (LO W IDLE-SPEED ) 
The fi x usuall y don e i n previou s simila r  experience s was :  (INCREAS E (POSITIO N IDLE-SPEED-SCREW) ) 
The metho d o f  doin g th e fi x  i n previou s simila r  experience s was :  .. . 

Next Task 
G-OBSERVE-EXPERTS-ACTION 
Expert's next action **«•*** NOTE - test if engine is cold when it stalls ***«*• 
(TES T (TEMPERATURE ENGINE-SYSTE M (WHE N (STALL S ENGINE-SYSTEM) )  COLD) ) 
Expert' s  nex t  actio n 
(D O (DRIV E CAR )  UNTI L (STALL S ENGINE-SYSTEM) ) 
Expert' s  nex t  actio n ••»«• •  N O T E -  rea d engin e temperatur e gaug e whe n ca r  stall s »•«•«• « 

wiKiKww*  engin e i s col d whe n i t  stall s ***** * 
(AS K ( (TEMPERATURE ENGINE-SYSTEM)  NIL )  ENGINE-TEMP-GAUGE (REPL Y (COLD)) ) 
Next Task 
G-EX PLAIN-DIFFERENC E 
Comparing instructors actions to predicted actions 
»»*.***»..» > [jp. j  usin g a  differen t  goa l  tha n expecte d •«•••**•• • 
************ don't know the goal being used or know it incorrectly >*""<"<"******* 
He's probably pursuing a specialization of the goal: G-TEST-DECISION 
**»•*****»• *  Creat e tha t  specializatio n •••*••••«'«» « 
N EW GOAL:  G-DIAG-TEST-DECISIO N 
""• •  Ad d ne w goa l  t o table s •*'* * 

modif y goal-actio n tabl e 
modif y feature-salienc y tabl e 
modif y goa l  hierarch y 
modif y goal-slo t  tabl e 
modif y slot-actio n tabl e 
modif y slot-contex t  tabl e 
reactin g t o observin g learne d goa l  G-DIAG-TEST-DECISIO N 

makin g ne w cas e piec e .. .  CASE-DIAG-TEST-DECISION- 1 

Figur e 3 :  Realizin g th e nee d t o Lear n a  Goal . 
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program we removed knowledge of the goal G-TEST-IIYPOTHESIS from the student. This is 
equivalen t  t o th e novic e studen t  observe d b y Lancaste r  an d Kolodne r  [1987] ,  wh o cam e u p wit h a 
reasonabl e hypothesis ,  the n proceede d directl y t o tryin g t o fix  i t  withou t  testin g t o se e i f  i t  wa s a 
correc t  hypothesis .  Th e exampl e pick s u p afte r  th e instructo r  ha s mad e th e hypothesi s tha t  th e 
idl e spee d i s low .  Th e studen t  retrieve s a  cas e piec e suggestin g th e repai r  t o d o a s a  predictio n 
of  th e instructor' s actions .  Th e instructor ,  however ,  correctl y test s th e hypothesis .  Thes e action s 
do no t  matc h expecte d actio n type s fo r  carryin g ou t  a  repair ,  an d i n fac t  ar e no t  consisten t  wit h 
actio n type s expecte d fo r  an y o f  th e student' s know n diagnosti c goals .  I t  does ,  however ,  o n furthe r 
inspection ,  fit  wit h expectation s fo r  a  mor e general ,  cross-domai n goal ,  o f  testin g a  decision .  Thi s 
enable s learnin g a  ne w diagnosti c goa l  whic h wil l  b e a  specializatio n o f  th e mor e genera l  goal . 

There seems to be a difference between the goals that Chi et al [in press] talk about being inferred 
an d th e goal s tha t  ou r  syste m infers .  Specifically ,  i f  on e look s a t  a  goa l  a s a  goa l  typ e plu s a 
parameter ,  ou r  mai n effor t  i s  i n inferrin g th e goa l  type .  Th e goa l  typ e woul d b e ou r  goal ,  fo r 

example ,  G - R E P L A C E - F I X ,  an d th e paramete r  woul d b e th e specifi c  instantiation ,  fo r  exampl e 
( I N C R E A S E ( P O S I T I O N I D L E - S P E E D - S C R E W ) ) .  Th e paramete r  come s prett y easil y fo r  ou r 
syste m du e t o th e inpu t  representation .  Ch i  e t  a l  [i n press ]  observe d student s tryin g t o infe r  full y 
instantiate d goal s wher e th e paramete r  coul d b e les s tha n obvious .  However ,  th e ke y poin t  i s  tha t 
th e studen t  mus t  understan d wha t  goa l  i s  bein g pursue d i n eac h par t  o f  th e exampl e a s par t  o f 
explainin g th e example .  Futur e wor k ca n b e directe d toward s inferrin g th e paramete r  fro m les s 

well-tailore d input . 

INFERRING PLACE IN CURRENT DIAGNOSIS 

Inferrin g th e plac e o f  th e curren t  goa l  an d action s i n th e diagnosi s episod e i s anothe r  ste p towar d 
understandin g observe d proble m solving .  I t  i s  no t  onl y importan t  i n understandin g wha t  th e 
instructo r  i s doing ,  i t  i s  als o necessar y fo r  savin g th e episod e i n a  usefu l  for m a s a  cas e fo r  case -
base d reasonin g ( C B R )  [Kolodne r  an d Simpso n 1984] .  A  cas e wil l  b e mor e usefu l  i n th e futur e i f 
i t  reflect s th e proble m solvin g don e i n th e episode . 

The instructor in most cases diagnoses hierarchically. People doing diagnosis don't hop around 
betwee n unrelate d hypotheses .  Th e experience d mechani c consider s a  syste m a s a  potentia l  sourc e 
of  th e problem ,  the n narrow s th e hypothesi s dow n unti l  a  replaceabl e o r  fixable  uni t  i s  determine d 
t o b e malfunctioning .  T o a  naiv e observe r  th e hierarch y i s no t  seen ,  th e instructor' s action s ar e 
sequential ,  a  straigh t  lin e instea d o f  a  tree .  Th e ran k novic e observe d b y Lancaste r  an d Kolodne r 

Hyp -  No t  Connecte d Spar k Plu g 

Test  -  No t  Connecte d Spar k Plu g 

Hyp -  Lea k Fue l  Syste m 

Case Heade r  -  Ca r  run s roug h 

\ 
Hyp -  Malfunctio n Fue l  Syste m 

Hyp -  Clogge d Fue l  Line s 

Hyp- Malfunctio n Distributo r 

s. 
Test Malfunctio n Distributo r 

Hyp -  Clogge d Fue l  Filte r 

Test  -  Lea k Fue l  Syste n Test  -  Clogge d Fue l  Line s Test  -  Clogge d Fue l  Filte r 

Diagnosi s Action s (i n orde r  presented ) 

1. Hyp - lot Connected Spark Plug 
2.  Tes t  Bo t  Connecte d Spar k Plu g (Heg. ) 
3.  Hy p -  Malfunctio n Fue l  Syste m 
4.  Hy p -  Lea k Fue l  Syste m 
S.  Hy p -  Clogge d Fue l  Line s 
6.  Hy p -  Clogge d Fue l  Filte r 

7.  Tes t  -  Lea k Fue l  Syste m (Heg. ) 
8.  Tes t  -  Clogge d Fue l  Line s (Heg. ) 
9.  Hy p -  Clogge d Fue l  Filte r  (restatement ) 

10.  Tes t  -  Clogge d Fue l  Filte r  (Heg. ) 
11 .  Hy p -  Malfunctio n Distributo r 
12 .  Tes t  -  Malfunctio n Distributo r 

F i g u r e 4 :  In fe r re d D i a g n o s i s S t r u c t u r e . 
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1987] did not diagnose liierarchically, but the otiier students, even the one with just six months 
mor e experience ,  did .  T h e abilit y  t o diagnos e hierarchicall y require s knowledg e o f  th e hierarch y 
involved .  A  syste m canno t  rel y o n a  give n patter n o f  action s fro m th e instructor ,  bu t  m u s t  actuall y 
explai n o r  understan d wha t  i s goin g on .  Figur e 4  demonstrate s thi s wit h a n exampl e diagnosi s 
sequence .  T h e to p par t  o f  Figur e 4  show s th e structur e o f  th e instructor' s action s whic h ar e s h o w n 
i n th e bo t to m par t  o f  Figur e 4 . 

Note that a test does not necessarily follow the hypothesis it relates to. Another complication is 
tha t  ther e ar e a t  leas t  tw o differen t  reason s tha t  a  hypothesi s ca n directl y follo w anothe r  hypothesi s 

i t  i s  a  refinemen t  a s wit h th e 'fue l  syste m /ea/:'hypothesi s followin g 'malfunctio n fue l  system' ,  o r 
i t  i s  anothe r  possibiht y a t  th e s a m e level ,  suc h a s wit h th e 'clogge d fue l  lines '  hypothesi s directl y 
followin g th e 'lea k fue l  system '  hypothesis .  Als o not e tha t  ther e i s n o 'syntactic '  cu e tha t  th e 
'clogge d fue l  filter '  hypothesi s i s a  refinemen t  o f  th e 'm.alfunctio n fue l  system '  hypothesi s an d tha t 
th e 'malfunctio n distributor '  hypothesi s i s not . 

Knowledge is necessary to understand the hierarchy being used. Causal knowledge and structural 
relationship s fro m th e mode l  ar e bot h usefu l  fo r  thi s process .  A  hypothesi s ca n g o unde r  a  previou s 
hypothesi s i n th e hierarch y i f  i t  cause s th e previou s hypothesis ,  i f  th e c o m p o n e n t  involve d i s par t 
of  th e previou s componen t ,  o r  i f  th e predicat e i s m o r e refined . 

Chi et al [in press] noted that one type of explanation is relating an action to another action. 
Thi s proces s i s on e w a y o f  doin g that .  I t  i s  basicall y a  linkin g o f  a n actio n t o th e actio n tha t  i t 
follow s from ,  whic h m a y no t  b e th e mos t  recen t  previou s action .  T h e heuristic s w e us e ar e geare d 
fo r  diagnosis .  T h e y wer e d r a w n fro m tas k analysi s o f  Lancaste r  an d Kolodner' s [1987 ]  protocols . 
T h e y ar e th e se t  tha t  wer e necessar y t o establis h th e relationship s betwee n action s tha t  w e sa w i n 
th e instructor' s examples .  W e don' t  hav e an y indicatio n whethe r  h u m a n student s us e heuristic s 
suc h a s thes e t o recogniz e th e relationships .  Furthe r  analysi s i s require d i n orde r  t o c o m e u p wit h 
heuristic s tha t  woul d prov e usefu l  acros s doma i n types ,  suc h a s fo r  desig n o r  planning . 

A partial list of heuristics used by our system to explain the instructor's actions in terms of hierar-
chica l  diagnosi s i s s h o w n i n Figur e 5 .  T h e defaul t  expectatio n i s tha t  a  hypothesi s o r  tes t  wil l  b e 
relate d t o wha t  immediatel y precede d it .  However ,  a s ha s bee n noted ,  thi s isn' t  alway s th e case , 
an d th e third ,  fourth ,  an d fifth  heuristic s ar e control s o n that .  T h e n e w actio n m u s t  actuall y 

1.  Tr y t o pu t  ne w hypothesi s unde r  mos t  recen t  previou s hypothesi s o r  test . 

2. Try to put new test under most recent previous hypothesis. 

3. New hypothesis can go under a previous hypothesis if 

• its component is below the previous hypothesis's component in partonomy, 
•  i f  th e componen t  i s  th e sam e an d th e ne w predicat e i s mor e specific , 
•  i f  th e ne w hypothesi s coul d caus e th e previou s hypothesize d faul t 

4. New hypothesis cai\ go under a previous test if 

• the test showed results indicating abnormaJ function and 
•  th e hypothesi s i s mor e refine d tha n th e tes t  resul t  (componen t  i s  belo w th e test' s componen t  i n partonom y o r  i f 

th e componen t  i s  th e sam e an d th e predicat e i s mor e specific ,  o r  i f  th e hypothesi s coul d caus e th e tes t  result ) 

5. New test can go under a previous hypothesis if 

• the tested component is the same or below the hypothesis's component in peirtonomy and the test predicate is 
th e sam e o r  mor e refine d tha n th e predicat e i n th e hypothesis , 

•  n o componen t  i n th e tes t  i s  highe r  tha n an y componen t  i n th e hypothesi s i n partonom y 
•  o r  i f  th e teste d claus e coul d b e a  resul t  o f  th e hypothesis" ) 

6. Don't add anything directly under a hypothesis that has already been tested 

7.  Don't add anything under a test whose results indicated normal function, this should be followed by b^lcktracki^g 

8. Don't add a new test directly under a hypothesis that alreeidy hjis subhypotheses 

Figure 5: Heuristics for inferring the structure of a diagnosis. 
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be related to the previous one, by being more specific or causally related. For example, in Figure 
4,  th e hypothesi s 'lea k fue l  system'i s mor e specifi c  tha n th e hypothesi s 'malfunctio n fue l  system ' 
becaus e th e predicat e i s mor e specifi c  an d th e involve d componen t  i s th e same .  Th e hypothesi s 
'clogge d fue l  lines '  i s  mor e specifi c  tha n th e hypothesi s 'malfunctio n fue l  system '  becaus e fue l  line s 

i s belo w fue l  syste m i n th e partonom y i n memory .  Howeve r  th e hypothesi s 'malfunctio n distributor ' 
di d no t  qualif y o n eithe r  coun t  s o i t  ha d t o g o i n a  differen t  place .  Th e thir d wa y t o satisf y heuristi c 
3 i s fo r  th e late r  hypothesi s t o b e causall y relate d t o th e previou s hypothesis .  Th e necessit y o f  thi s 
i s show n b y a n example .  I f  th e hypothesi s 'clogge d spar k plu g gap'follow s th e hypothesi s 'n o spar k 
fro m spar k plug'i t  woul d no t  b e place d beneat h i t  becaus e 'clogged '  i s  a  differen t  predicat e tha n 'n o 

spark' ,  an d isn' t  mor e refined .  Thi s coul d easil y b e a  differen t  problem .  However ,  causa l  knowledg e 
allow s linkin g th e on e t o th e othe r  s o tha t  th e syste m knows ,  a s a  perso n would ,  tha t  'clogge d spar k 
plu g gap '  i s  a  refinemen t  o f  th e hypothesi s 'n o spar k fro m spar k plug' . 

If the action cannot go after the most recent action then the system must search for its proper place. 
M a ny o f  th e othe r  heuristic s ar e limitation s o n thi s process ,  eithe r  avoidin g potentia l  incorrec t 
placements ,  o r  cuttin g of f  searc h tha t  wil l  prov e t o b e unfruitful . 

For example. Heuristic 7 allows cutting off search when the instructor would be backtracking. 
I f  i n Figur e 4  th e malfunctio n fue l  syste m hypothesi s ha d bee n followe d b y a  tes t  tha t  showe d 
norma l  functio n fo r  th e fue l  system ,  the n futur e hypothese s fro m th e instructo r  shoul d involv e 
othe r  hypothese s tha t  aren' t  refinement s o f  a  fue l  syste m malfunction ,  an d th e syste m ca n avoi d 
waste d effor t  b y no t  tryin g t o se e i f  the y fit  unde r  tha t  hypothesis . 

Once the structure of the observed diagnosis has been determined, the case can be stored in memory 
fo r  us e i n futur e proble m solvin g an d explanation .  Th e cas e i s store d i n piece s s o tha t  th e particula r 
piece s ca n b e accesse d a s necessary ,  an d s o th e representatio n i s flexible  enoug h t o handl e diagnosi s 
tha t  doesn' t  hav e a  se t  patter n o f  hypothese s an d tests .  Ther e ar e piece s fo r  eac h instanc e o f  eac h 
goal  pursue d i n th e episode .  Tha t  is ,  fo r  eac h hypothesi s made ,  fo r  eac h tes t  o f  a  hypothesis ,  fo r 
eac h interpretatio n o f  a  test ,  fo r  eac h fix  attempted ,  ther e wil l  b e a  piece .  Thes e piece s ar e linke d 
togethe r  t o preserv e th e structur e o f  th e case ,  a s inferre d i n thi s step .  Thi s allow s a  futur e diagnosi s 
usin g th e curren t  cas e t o follo w th e link s a s lon g a s th e findings  ar e th e same .  Th e diagnosticia n 
followin g suc h a  hierarchicall y organize d cas e wil l  diagnos e hierarchicall y rathe r  tha n haphazardl y 
lik e a  novice .  Th e cas e pieces ,  onc e correctl y linked ,  ar e store d beneat h genera l  knowledg e i n th e 
model  fo r  th e car ,  unde r  relate d components . 

ADJUSTING THE SALIENCE OF FEATURES 

Anothe r  importan t  explanatio n typ e i s adjustin g th e salienc y o f  feature s fo r  futur e cas e retrieval . 
I t  m a y no t  see m lik e adjustin g th e salienc y o f  feature s i s reall y explanation .  However ,  whe n tw o o r 
mor e hypothese s ar e bot h correc t  hypotheses ,  i n tha t  the y ca n bot h caus e th e observe d symptom , 
causa l  EBL-lik e explanation s d o no t  provid e a  wa y o f  distinguishin g betwee n them .  Th e instructo r 
choose s on e o f  th e hypothese s t o pursu e first.  Th e studen t  predict s a  particula r  hypothesi s wil l  b e 
pursue d first.  I f  th e student' s predictio n i s mad e base d o n cas e base d reasoning ,  the n th e hypothesi s 
predicte d first  depend s o n th e matchin g function .  Retrieva l  o f  previou s case s involve s searchin g fo r 
a cas e o r  generalizatio n piec e whic h serve d th e goa l  currentl y bein g pursued .  Th e retrieve d cas e 
piec e i s selecte d fro m th e candidat e piece s base d o n a  compariso n o f  th e featur e value s o f  th e curren t 
proble m solvin g contex t  wit h th e featur e value s o f  th e proble m solvin g contex t  a t  th e tim e o f  th e 
previou s cas e pieces .  S o adjustin g th e matchin g functio n b y adjustin g th e importanc e o f  feature s 
i n th e proble m solvin g contex t  wil l  lea d t o th e predictio n bein g correc t  i n th e future .  Thi s i s a n 
implici t  wa y o f  explainin g th e choic e betwee n th e hypothese s withou t  havin g reaso n t o sa y tha t 
one i s mor e likel y tha n th e other .  Th e intuitio n i s tha t  suc h weightin g o f  competitiv e hypothese s i n 
diagnosi s i s generall y inductive ,  th e mechani c doesn' t  kno w fo r  a  fac t  tha t  x  fail s  mor e ofte n tha n 
y,  statistic s aren' t  readil y availabl e o r  used ,  no r  ca n suc h preferenc e b e explaine d deductively .  Th e 
weightin g i s inductiv e fro m experience ,  an d fro m instruction .  Ther e i s n o evidenc e o f  thi s typ e o f 
explanatio n i n Lancaste r  an d Kolodner' s an d Ch i  e t  al' s  observations .  However ,  i t  isn' t  th e sor t  o f 
thin g tha t  woul d b e amenabl e t o stud y throug h protocols . 

The method of adjusting the saliency of features is fairly simple. It is based on the idea of making 
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Goal  -  G-GEHERATE-HYPOTHESIS 
Piec e retrieve d -  (CASE-HYP-CHOKE-THERM 14.280001 )  Hypothesi s (HALFUHCTIOH CHOKE-THERMOSTAT) 
Piec e Expert' s  wit h hypothesi s =  (LO U IDLE-SPEED )  -  (GEH-HYP-ENGIHE-STALL S 11.6 ) 

Featur e 

CAR-TYPE 
CAR-OWHER 
COHPLAIHT 
FREQUEHCY 
HOW-LQHG 
OTHER-SYHPT 
RULED-IH 
RULED-OUT 
TESTS-DOBE-H-RESULTS 
FIXES-DONE 
CURRENT-HYPOTH 
PARTICIPANTS 
LOCATION 
WHEN 

Student' s piec e 

Partia l  matc h 
Hatc h 
Hatc h 
Partia l  matc h 
Hatc h 
Hatc h 
Partia l  matc h 
Partia l  matc h 
Partia l  matc h 
Partia l  matc h 
Hatc h (none ) 
Partia l  matc h 
Hatc h 
Partia l  matc h 

Piec e matchin g Instructo r 

No Hatc h 
No Hatc h 
Hatc h 
Ho Hatc h 
Partia l  matc h 
Hatc h 
Hatc h 
Hatc h 
Hatc h 
Hatc h 
Hatc h (none ) 
No Hatc h 
Hatc h 
No Hatc h 

Featur e Importanc e 

les s importan t 
les s importan t 
no chang e 
les s importan t 
les s importan t 
no chang e 
more importan t 
more importan t 
more importan t 
more importan t 
no chang e 
les s importan t 
no chang e 
les s importan t 

Figur e 6 :  Exampl e B lam e Assignment . 

feature s tha t  matc h whe n th e proble m solve r  i s  successfu l  mor e important ,  an d feature s tha t  matc h 
when th e proble m solve r  i s unsuccessfu l  les s important .  Sinc e th e salienc e o f  variou s feature s varie s 
dependin g o n th e goa l  bein g pursue d b y th e proble m solver ,  separat e measure s o f  featur e importanc e 
ar e maintaine d fo r  differen t  goals .  W h e n th e studen t  predict s th e sam e actio n th e instructo r  makes , 
th e studen t  ha s bee n successful .  Th e feature s o f  th e curren t  proble m solvin g contex t  tha t  matche d 
th e feature s i n th e previou s cas e ar e mad e slightl y mor e important .  W h e n th e studen t  predict s 
a differen t  actio n tha n th e instructor ,  presumabl y th e studen t  hci s bee n unsuccessful .  Th e blam e 
assignmen t  i s bes t  mad e b y retrievin g anothe r  cas e piec e i n whic h th e instructor' s actio n wa s th e 
one done .  Figur e 6  show s ho w th e blam e assignmen t  i s don e o n a n exampl e incorrec t  predictio n 
of  a  hypothesis .  Thos e feature s o f  th e curren t  contex t  tha t  mor e closel y matc h th e contex t  o f 
th e newl y retrieve d cas e piec e tha n th e contex t  o f  th e originall y retrieve d cas e piec e wil l  b e m a d e 
more important .  Thos e feature s o f  th e curren t  contex t  tha t  mor e closel y matc h th e contex t  o f  th e 
originall y retrieve d cas e piec e tha n th e contex t  o f  th e 'correct '  piec e ar e mad e les s important .  Thu s 
instructio n wit h example s help s dea l  wit h th e featur e salienc y problem ,  b y givin g feedbac k o n th e 
correctnes s o f  cas e retrieval ,  allowin g compariso n o f  th e matchin g features . 

This will lead to the correct piece being retrieved in the same situation in the future. A combination 
of  instruction ,  cas e retrieval ,  an d inductio n ha s bee n use d t o improv e th e performanc e o f  th e C B R 
par t  o f  diagnosis . 

CAUSAL EXPLANATION OF ACTIONS 

Causal  explanation s o f  action s enabl e fillin g gap s i n th e causa l  domai n knowledg e throug h th e basi c 
L B UE method s describe d i n Redmon d an d Marti n [1988] .  Thes e wer e a n extensio n o f  explanation -
base d learnin g (EBL )  [DeJon g 1983 ;  DeJon g an d Moone y 1986 ;  Mitchell ,  Kellar ,  an d Kedar-Cabell i 
1986] ,  t o allo w learnin g withou t  a  complet e an d consisten t  domai n model .  A n exampl e wil l  illustrat e 
th e ideas .  A n instructo r  m a y presen t  th e studen t  wit h a  malfunctionin g ca r  i n whic h th e engin e 
crank s bu t  doe s no t  start .  Sh e m a y sugges t  a  hypothesi s tha t  th e distributo r  ca p i s cracked .  A 
complet e causa l  explanatio n woul d be : 

(cracked distributor-cap) causes 
(contain s distributor-ca p moisture )  cause s 

(lo w (inpu t  spark-plu g electricity) )  cause s 
(no t  (ignit e spark-plug) )  cause s 

(no t  (combustio n cylinder) )  cause s 
(no t  (star t  engine) ) 
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If the student can complete the explanation, she can learn that a cracked distributor cap causes 
th e symp to m o f  th e engin e crankin g bu t  no t  starting .  I f  th e studen t  wa s missin g som e knowledge , 
i t  i s  possibl e tha t  th e knowledg e coul d b e inferre d a s plausible .  Fo r  example ,  i f  th e studen t  wa s 

missin g th e fac t  tha t  moistur e i n th e distributo r  ca p ca n caus e les s electricit y t o reac h th e spar k 
plug ,  sh e m a y sti U b e abl e t o infe r  tha t  fac t  base d o n th e partia l  explanatio n havin g bee n give n b y 
th e truste d expert ,  i n conjunctio n wit h th e partia l  explanatio n forme d b y th e studen t  an d genera l 

knowledg e possesse d b y th e studen t  abou t  water' s effec t  o n electricity . 

In addition to enabling filling gaps in the causal domain knowledge, trying to causally explain 
action s ca n m a k e causa l  explanation s availabl e a s indice s t o th e ne w cas e containin g th e action . 
H a m m o nd an d Hurwit z [1988] ,  an d Barlett a an d Mar k [1988 ]  bot h us e thi s approach ,  whic h hasn' t 
yet  bee n implemente d i n th e curren t  system . 

CONCLUSION 

Explanatio n o f  solve d exampl e problem s i s a n effectiv e wa y o f  learning .  A  syste m ha s bee n con -
structe d tha t  use s EBL-lik e deduction,  induction ,  an d retrieva l  o f  previou s case s i n creatin g ex -
planations ,  improvin g futur e diagnose s an d futur e explanation s o f  observe d proble m solving .  Th e 
us e o f  multipl e type s o f  explanatio n o f  example s follow s th e lea d o f  th e studie s b y Lancaste r  an d 
Kolodne r  [1987 ,  1988 ]  an d Ch i  e t  a l  [i n press] .  Thei r  observation s sugges t  furthe r  type s o f  explana -

tio n tha t  coul d b e exploite d i n makin g ou r  syste m a  bette r  student .  Th e exploitatio n o f  instructio n 
turn s ou t  t o b e a  powerfu l  wa y o f  learning ,  an d integrate s severa l  learnin g techniques . 
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