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Abstrac t 

CELIA is a computational model of how a novice 
studen t  ca n quickl y becom e competen t  a t  a  proce -
dura l  tas k throug h observin g an d understandin g a n 
expert' s  proble m solving .  Thi s mode l  wa s inspire d 
by protoco l  studies ,  an d implemente d i n a  com -
pute r  program .  Thi s mode l  o f  a  student' s effectiv e 
learnin g suggest s som e implication s fo r  teachin g 
novice s i n a  ne w domain .  Thes e ma y b e relevan t 
fo r  bot h huma n teachin g an d intelligen t  tutoring . 
The implication s include :  encourag e th e studen t 
t o predict ,  interactiv e step-by-ste p presentatio n o f 
exampl e steps ,  encourag e self-explanatio n b y th e 
student ,  orde r  exampl e step s t o matc h thei r  logica l 
order ,  giv e a  variet y o f  example s i n earl y instruc -
tion ,  allo w flexible  interactio n wit h th e student , 
and presen t  bztsi c backgroun d concept s prio r  t o ex -
amples .  Thes e implication s represen t  hypothese s 
tha t  follo w fro m th e learnin g model ;  the y sugges t 
furthe r  research . 

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

R e d m o nd (1992 ,  1989 )  presente d a  computationa l 
model ,  C E L I A ,  (Case s an d Expljmation s i n Learning ; 
an Integrate d Approjich )  showin g ho w a  studen t  ca n 
profi t  fro m observin g a n exper t  solv e exampl e problems . 
C E L I A wa s inspire d an d influence d b y protoco l  studie s 
of  student s i n a  trad e schoo l  learnin g t o b e automobil e 
mechanic s (Lancaste r  an d Kolodne r  1987,1988) .  B y ex -
plainin g th e significeinc e o f  eac h o f  th e instructor' s aic -
tion s an d th e relationship s betwee n th e actions ,  a  stu -
den t  i s abl e t o detec t  part s o f  hi s knowledg e whic h ar e 
lackin g an d als o retai n th e exampl e a s a n understoo d 
cas e (Kolodne r  an d Simpso n 1984 ;  Hanunon d 1986 ;  Ries -
bec k <in d Schan k 1989 )  fo r  futur e use .  C E L I A wa s imple -
mente d a s a  compute r  program ,  showin g how ,  throug h 
thi s typ e o f  learnin g experience ,  a  studen t  ca n rapidl y 
becomes reasonabl y competen t  a t  th e observe d task . 
Thi s workin g mode l  o f  a  student' s effectiv e learnin g sug -
gest s som e prescriptiv e implication s fo r  tefichin g novices . 
Thes e teachin g implication s follo w fro m th e complete d 
model  o f  learning ,  an d represen t  hypothese s tha t  ca n b e 
teste d wit h futur e research . 

Overview of CELIA 
A n overvie w o f  C E L I A i s necessar y fo r  understandin g it s 
implication s fo r  teaching .  Fo r  C E L I A t o ge t  somethin g 

out  o f  observe d proble m solving ,  C E L I A mus t  mak e a n 
activ e effor t  t o understand .  The n i t  ca n mak e us e o f 
what  i t  understand s i n it s  late r  proble m solving .  I f 
C E L I A i s unabl e t o explai n par t  o f  th e proble m solvin g 
i t  ca n as k th e instructo r  question s durin g th e presenta -
tion .  Th e instructo r  ca n interrup t  hi s  presentatio n o f 
hi s proble m solvin g an d respon d wit h a  hint .  Learnin g 
ca n b e eve n mor e effectiv e i f  C E L I A take s a  mor e activ e 
role ;  i t  shoul d d o mor e tha n jus t  explai n th e instructor' s 
actions .  A s par t  o f  understanding ,  a  studen t  ca n se t  u p 
expectation s o f  wha t  th e instructo r  wil l  do .  A s lon g a s 
thos e expectation s ar e met ,  th e studen t  hci s a n adequat e 
understanding .  W h e n th e student' s expectation s fail , 
thi s failur e indicate s t o th e studen t  tha t  h e mus t  lear n 
something .  C E L I A make s us e o f  thi s strateg y a s well . 

I n addition ,  a n effectiv e studen t  trie s t o explai n th e 
instructor' s actions .  Thi s no t  onl y help s th e studen t 
identif y th e nee d t o learn ,  i t  give s th e studen t  a n under -
standin g o f  th e expert' s  proble m solving .  Thus ,  C E L I A 
trie s t o explai n th e instructor' s actions . 

Several failures can occur in understanding an expert's 
actions ;  thes e indicat e th e nee d t o le£u:n .  Onc e th e nee d 
t o lear n ha s bee n identified ,  C E L I A mus t  b e abl e t o rec -
ogniz e a  usefu l  metho d t o try ,  an d carr y ou t  tha t  learn -
in g method .  Give n tha t  a  grea t  numbe r  o f  thing s ca n b e 
learne d an d tha t  experienc e provide s a  ric h se t  o f  meth -
ods an d material s t o use ,  th e learnin g proces s mus t  b e 
controlle d an d bicised .  Havin g th e understandin g proces s 
driv e learnin g i s a  first  ste p i n tha t  direction . 

Retainin g E x a m p l e .  Explainin g th e instructor' s 
proble m solvin g als o help s C E L I A remembe r  th e exam -
pl e fo r  futur e use .  Thi s remembere d episode ,  o r  case ,  i s 
ver y usefu l  t o a  novice .  I t  show s ho w a  proble m ca n 
be successfull y solved .  Case-base d Reasonin g (CBR ) 
(Kolodne r  an d Simpso n 1984 )  i s a  metho d o f  usin g previ -
ous episode s t o sugges t  solution s t o ne w problems .  C B R 
allow s a  reeisone r  t o solv e problem s efficientl y whe n pre -
viou s simila r  experience s ar e available .  A  studen t  ca n 
make us e o f  remembere d ccise s t o becom e functiona l  lon g 
befor e h e ha s a  dee p understandin g o f  th e domai n an d 
task . 

O ne o f  th e thing s discusse d i n R e d m o n d (1992 )  i s tha t 
earl y i n apprenticeship ,  acquisitio n o f  case s i s a  mos t 
powerfu l  learnin g method .  Thi s hold s fo r  a t  leas t  tw o 
reasons .  First ,  th e knowledg e tha t  a  cas e provide s i s 
operationa l  — i t  show s ho w successfu l  proble m solvin g 
ca n b e don e (rathe r  tha n bein g disconnecte d expertise) . 
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Second ,  a  singl e ne w cas e provide s a  wealt h o f  informa -
tio n tha t  ca n provid e muc h usefu l  guidance ,  wherea s a 
typica l  singl e piec e o f  knowledg e abou t  a  relevan t  devic e 
has limite d an d infrequen t  impfic t  o n proble m solving . 
As discusse d i n R e d m o n d (1990) ,  C E L I A store s case s 
i n pieces ,  o r  snippet s (Kolodne r  1988) .  Thi s allow s th e 
reasone r  direc t  acces s t o smal l  fragment s o f  case s rathe r 
tha n alway s havin g t o Weid e throug h larg e monolithi c 

cases . 

C E L I A ' s M o d e l  o f  a  S t u d e n t 

Thi s discussio n set s th e stag e fo r  a  brie f  overvie w o f  th e 
model  (presente d i n greate r  detai l  i n R e d m o n d (1992)) . 
Figur e 1  show s ou r  mode l  o f  explanator y apprenticeship . 
The boxe s sho w processe s an d subprocesses ,  wit h thi n 
arrow s showin g thei r  decomposition .  Th e bol d arrow s 
sho w th e sequenc e i n whic h subprocesse s ar e carrie d out . 
The learne r  carrie s ou t  tw o processe s — understauidin g 
th e instructor' s proble m solving ,  an d learning .  Th e fo -
cus her e i s o n th e proces s involve d i n understandin g a 
teacher' s actions .  Spac e consideration s preclud e discus -
sio n o f  th e learnin g method s use d onc e th e studen t  ha s 
identifie d th e nee d t o learn .  Th e learnin g proces s i s pre -
sente d i n R e d m o n d (1992) . 

As ca n b e see n i n Figur e 1 ,  th e understandin g proces s 
i s broke n dow n int o thre e subprocesses : 

1.  Predic t  -  C E L I A predict s th e instructor' s nex t  rea ^ 
sonin g goal ,  an d ho w i t  wil l  b e carrie d out .  Thi s help s 
focu s CELIA' s understandin g process . 

2.  Observ e -  C E L I A observe s th e expert' s  actions ,  com -
parin g t o th e prediction . 

3.  Explai n -  C E L I A explain s th e expert' s  aw;tion s — in -
cludin g recognizin g wha t  typ e o f  goa l  th e instructo r 
i s pursuing ,  organizin g action s withi n th e goal ,  rec -
ognizin g wha t  previou s goa l  i t  follow s fro m {drawin g 
connections) ,  an d ho w i t  affect s th e proble m solvin g 
context .  Thes e step s als o combin e t o enabl e th e stu -
dent  t o creat e a  ne w case . 

Throug h thi s process ,  an d wit h th e instructor' s hel p 
when necessary ,  a  novic e ca n com e t o understan d th e 
expert' s  proble m solvin g — wha t  th e goal s are ,  wha t 
goal s follo w fro m eac h other ,  etc . 

Explanation There are several steps that need to be 
take n i n orde r  t o understan d th e instructor' s actions . 
We wil l  discus s three : 

1.  clusterin g action s int o goals . 
2.  drawin g connection s betwee n goals . 
3.  updatin g understandin g o f  proble m solvin g contex t 

Failure s i n thes e o r  othe r  part s o f  understandin g cei n 
driv e CELIA' s learning . 

Clusterin g Act ions .  W h e n th e instructo r  i s solvin g 
a problem ,  hi s eiction s combin e t o serv e differen t  goals . 
A cluste r  o f  action s m a y serv e on e goal .  I n orde r  fo r 
CELI A t o trul y explai n th e instructor' s actions ,  C E L I A 
needs t o b e abl e t o cluste r  thos e action s togethe r  an d 
determin e wha t  goa l  the y serve .  I t  als o need s t o b e abl e 
t o explai n th e rol e o f  eac h £u:tio n wit h respec t  t o th e 

pursui t  o f  it s  goal .  Failur e t o m a k e inference s o f  thes e 
type s help s C E L I A recogniz e th e nee d t o learn . 

D r a w i n g Connect ions .  Durin g th e cours e o f  ob -
servin g a n instructo r  solvin g a  problem ,  th e mos t  impor -
tan t  ste p fo r  th e studen t  i s drawin g connection s betwee n 
th e instructor' s goals .  A  diagnosi s ha s structure ,  an d 
par t  o f  understandin g i s determinin g tha t  structure .  A 
majo r  par t  o f  th e structur e i s th e connection s betwee n 
goal s -  wha t  goa l  instanc e follow s fro m wha t  othe r  goa l 
instance .  Althoug h th e exper t  mus t  perfor m hi s prob -
le m solvin g step s i n som e sequentia l  order ,  tha t  orde r 
doe s no t  necessaril y  reflec t  th e relationship s betwee n th e 
action s an d goals .  Th e instructor' s goal s usuall y wil l 
not  hav e a  purel y linea r  se t  o f  relationships .  O n e goa l 
ca n sugges t  mor e tha n on e late r  goal .  T h e instructo r 
m ay retur n t o follo w u p a  goa l  afte r  a  differen t  pat h 
has prove n unfruitful .  Thus ,  m a n y circumstance s exis t 
i n whic h th e sequenc e o f  action s take n b y th e instruc -
to r  doe s no t  matc h th e underlyin g relationship s betwee n 
goals .  Therefore ,  th e studen t  canno t  merel y infe r  th e 
connection s betwee n goal s b y thei r  tempora l  proximity . 

U p d a t i n g Contex t .  Anothe r  typ e o f  inferenc e 
neede d fo r  C E L I A t o explai n th e instructor' s action s i s 
updatin g CELIA' s understandin g o f  th e proble m solv -
in g context .  A s th e instructo r  take s fictions ,  th e result s 
of  thos e action s affec t  wha t  th e instructo r  wil l  d o next . 
Therefore ,  inferrin g th e effect s o f  th e instructor' s action s 
help s C E L I A explai n th e instructor' s late r  auctions . 

For  example ,  suppos e C E L I A know s tha t  th e instruc -
to r  ha s tightene d th e spar k plug s prio r  t o th e tes t  o f 
whethe r  th e ca r  stil l  stalls .  Tha t  knowledg e help s C E L I A 
explai n th e instructor' s interpretatio n tha t  th e spar k 
plug s bein g loos e wa s no t  th e problem .  C E L I A ,  i n fol -
lowin g alon g wit h th e instructor ,  ca n kee p trac k o f  th e 
proble m solvin g context .  T o kee p u p an d understand , 
C E L I A need s t o infe r  th e effect s o f  th e instructor' s ac -
tion s o n th e proble m solvin g context . 

This understanding process drives learning. Through 
th e understandin g process ,  C E L I A bot h come s t o under -
stan d th e expert' s  actions ,  an d als o detect s th e nee d t o 
learn .  A n earl y learne r  wil l  hav e m a n y failure s whe n try -
in g t o understan d th e expert' s  proble m solving .  W h e n 
C E L I A make s a n incorrec t  prediction ,  canno t  recogniz e 
th e instructor' s reasonin g goal ,  canno t  connec t  i t  t o som e 
previou s goal ,  o r  i s  unfamilici r  wit h somethin g mentione d 
by th e instructor ,  the n i t  recognize s th e nee d t o learn .  ̂  

It would be meaningless to look at the implications 
fo r  teachin g o f  a  mode l  tha t  doe s no t  achiev e success -
fu l  learning .  T o demonstrat e tha t  th e mode l  embodie d 
i n C E L I A show s a  powerfu l  approac h t o learning ,  Fig -
ur e 2  i s repeate d fro m R e d m o n d (1992) .  C E L I A wa s 
presente d a  sequenc e o f  2 4 example s o f  exper t  proble m 
solvin g involvin g 8  distinc t  faults ,  mostl y i n th e aut o fue l 
system .  Te n rando m order s o f  th e example s wer e pre -

'  Figur e 1  als o show s th e differen t  kind s o f  knowledg e 
used i n understandin g th e expert' s  actions ,  includin g devic e 
knowledge ,  proces s knowledg e (knowledg e o f  goal s involve d i n 
th e task) ,  an d othe r  cases .  Throug h th e learnin g process ,  th e 
same type s o f  knowledg e ca n b e acquired . 
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Figur e 1 :  Proces s model . 

sented .  T h e pe^form^lnc e measur e wa s th e accurac y o f 
th e system' s prediction s o f  th e expert' s  actions .  Th e im -
provemen t  come s throug h acquisitio n o f  ne w ccise s an d 
improvement s i n th e acces s o f  case s base d o n th e experi -
ence .  A s ca n b e seen ,  C E L I A dramaticall y improve s it s 
performanc e afte r  onl y a  fe w example s hav e bee n seen . 

Educational Implications 

CELIA was developed cis a computationad model of how 
a novic e studen t  coul d effectivel y lear n fro m observe d 
examples .  Beside s modelin g charawrteristic s o f  learning , 
C E L I A als o ha s implication s fo r  teciching .  Sinc e th e 
model  focuse s o n h o w a  studen t  ca n lear n fro m instruc -
tio n (i n th e for m o f  worke d ou t  examples) ,  wha t  i t  ha s t o 
say abou t  whe n learnin g i s eas y o r  har d ca n b e equall y 
revealin g o f  wha t  aispect s wil l  mak e teachin g effectiv e o r 
ineffective .  B y analyzin g th e reason s fo r  th e succes s o f 
C E L I A ,  w e hav e generate d som e prescriptiv e guideline s 
fo r  tutoring . 

C E L I A i s buil t  aroun d th e observatio n tha t  example s 
hel p student s learn .  Thi s i s no t  a  uniqu e observation . 
For  instance ,  Reder ,  Charne y an d Morga n (1986 )  foun d 
tha t  instructio n tha t  include d example s wa s mor e effec -
tive ,  an d 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 .  Thus ,  example s shoul d b e presente d t o students . 
CELIA' s implication s fo r  instructio n mainl y hav e t o d o 
wit h ho w th e example s ar e presented : 

1.  Th e studen t  shoul d b e encourage d t o mcik e prediction s 
of  th e instructor' s actions . 

2.  Th e example s shoul d b e presente d i n a  slow-paced , 
interactive ,  step-by-ste p manner . 

3.  Th e studen t  shoul d b e encourage d t o tr y t o explai n 
ho w th e example' s step s follo w fro m eac h othe r  {self -
explanatio n (Chi ,  Bassok ,  Lewis ,  Reimamn ,  an d Glase r 
1989)) . 

4.  Step s o f  example s shoul d b e presente d suc h tha t  th e 
orde r  o f  step s a s closel y a s possibl e matche s th e logica l 
order . 

5.  W h e n possible ,  presen t  a n initia l  se t  o f  example s suc h 
tha t  the y cove r  a  wid e rang e o f  th e problem-solvin g t o 
be learned . 

6.  Th e instructo r  shoul d b e availabl e fo r  unplanne d in -
teractio n wit h th e student . 

7.  Th e studen t  shoul d receiv e som e backgroun d instruc -
tio n prio r  t o presentatio n o f  examples . 

Encou rag e Prediction .  Th e mode l  suggest s tha t 
th e studen t  benefit s fro m activel y processin g th e ex -
amples .  Thi s follow s fro m a  traditio n o f  failure-drive n 
learnin g i n A I  (Schan k 1982 ;  Kolodne r  1987 ;  H a m m o nd 
1986) .  Th e mode l  suggest s tha t  whe n tutoring ,  th e stu -
den t  shoul d b e encourage d t o se t  u p predictions .  W h e n 
th e predictio n fail s  the n th e studen t  know s tha t  h e need s 
t o learn . 

Prediction s o f  a n expert' s  action s help s a  studen t  iden -
tif y thei r  weaknesse s an d gap s i n thei r  knowledge .  W h e n 
a studen t  incorrectl y predict s th e expert' s  actions ,  tha t 
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Exampl e 

Improvemen t  i n accurac y fo r  reasone r  predictin g observe d exper t  proble m solvin R actions . 

Figure 2: CELIA: Results of exposure to sequence of examples. 

ver y directl y show s th e studen t  tha t  h e woul d hav e don e 
somethin g incorrec t  i f  h e wer e o n hi s own . 

Incorrec t  prediction s o f  a n expert' s  action s hel p a  stu -
dent  recogniz e th e nee d t o learn .  Predictio n i s usefu l  i n 
detectin g failure s eve n whe n th e studen t  i s doin g self -
explanation ;  i t  provide s a n extr a leve l  o f  checkin g o f 
one' s knowledge .  I t  i s  on e thin g t o b e abl e t o under -
stan d wh y a n observe d actio n wa s done ;  i t  take s greate r 
understandin g t o actuall y com e u p wit h th e correc t  ac -
tio n o n one' s own .  Predictio n give s th e studen t  a  tes t  o f 
thei r  operationa l  o r  procedura l  knowledge . 

Thus ,  whe n tutoring ,  ou r  mode l  suggest s tha t  th e stu -
dent  shoul d b e encourage d t o cictivel y proces s th e ex -
ample ,  includin g settin g u p predictions .  Thi s help s th e 
studen t  recogniz e th e nee d t o lecirn . 

Interactiv e Step-by-Ste p Presentation .  I t  i s  fo r 
th e abov e reaso n tha t  th e example s shoul d b e presente d 
i n a  slow-paced ,  intersurtive ,  step-by-ste p mamner .  Thi s 
give s th e studen t  tim e t o mak e prediction s abou t  wha t 
wil l  happe n next ,  an d t o recogniz e reasonin g failure s a s 
the y ar e happening ,  whe n the y ca m b e isolate d t o a  sin -
gl e step .  B y presentin g th e solutio n step s on e a t  a  time , 
th e student' s failure s aur e isolated .  Thi s help s blam e as -
signment . 

Thi s suggestio n i s no t  withou t  controversy .  Ander -
son' s group' s wor k wit h thei r  lis p tuto r  ha s suggeste d 
tha t  immediat e feedbac k m a y no t  provid e a  benefi t 
(Schoole r  an d Anderso n 1990) .  B y a  metho d calle d 
model  tracin g (Anderson ,  Conrad ,  an d Corbet t  1989) , 
th e tuto r  determine s inunediatel y whe n a  studen t  ha s 
made a n erro r  (an d why ) .  Anderso n e t  a l  (1989 )  foun d 
tha t  student s w h o di d no t  receiv e immediat e feedbac k 
too k longe r  t o solv e problems ,  bu t  di d a s wel l  o n a  post -
test .  Corbet t  an d Anderso n (1990 )  likewis e foun d n o 
impac t  o n a  pos t  tes t  fro m inunediat e feedbaick .  The y 
believ e tha t  th e student s ca n lear n equall y fro m th e suc -

cessfu l  complete d solutio n regardles s o f  th e pat h the y 
too k t o ge t  there .  Thi s finding  m a y no t  b e applicabl e 
i n al l  domains/tasks .  I n particular ,  i n CELIA' s domain , 
par t  o f  th e solutio n an d thu s par t  o f  wha t  need s t o b e 
learne d i s th e mos t  appropriat e pat h t o th e diagnosis . 

I n addition ,  Corbet t  an d Anderso n (1990 )  foun d tha t 
th e student' s w h o didn' t  receiv e immediat e feedbac k 
incorrectl y believe d tha t  th e materia l  wa s easie r  an d 
the y ha d learne d th e materia l  bette r  tha m di d student s 
w ho receive d immediat e feedback .  Thus ,  beside s havin g 
a mor e difficul t  tim e doin g blam e assignmen t  (i f  the y 
choos e t o d o it) ,  th e student s w h o d o no t  receiv e immedi -
at e feedbac k wil l  b e les s motivate d t o d o self-explanation . 

E n c o u r a g e Self-Explanation .  T h e studen t  shoul d 
als o b e encourage d t o tr y t o explai n th e step s take n b y 
th e exper t  t o himself .  Th e studen t  shoul d b e aske d t o 
explai n bo w th e example' s step s follo w fro m eac h other . 
O ne differenc e betwee n goo d student s an d poo r  student s 
i s tha t  goo d student s mor e frequentl y attemp t  t o explai n 
worke d ou t  example s t o themsel f  (Ch i  e t  a l  1989) .  T h e 
model  embodie d i n C E L I A predict s thi s a s well .  B y 
encouragin g student s t o activel y proces s example s i t  i s 
mor e likel y tha t  the y wil l  recogniz e whe n the y don' t  un -
derstan d something .  Thus ,  the y wil l  kno w t o tr y t o lear n 
something . 

Self-explanatio n (Chi ,  et .  al .  1989 )  involve s th e stu -
den t  tryin g t o explai n ho w th e curren t  expert' s  actio n 
fits  int o th e overail l  proble m solving .  Self-explanatio n 
help s a  studen t  i n a t  leas t  tw o ways .  First ,  i f  th e stu -
den t  i s unabl e t o explai n th e expert' s  action ,  that ,  lik e £i n 
incorrec t  prediction ,  show s th e studen t  tha t  h e doesn' t 
kno w something .  Ch i  e t  a l  (1989 )  foun d i n studie s o f 
peopl e tha t  goo d student s identifie d a  lac k o f  knowledg e 
mor e frequentl y thci n di d poo r  students ,  w h o remadne d 
unawar e o f  wha t  the y didn' t  know .  Promptin g th e stu -
den t  t o d o self-explanatio n increase s th e possibilit y  tha t 
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th e studen t  wil l  recogniz e th e gap s i n thei r  knowledge , 
an d tr y t o lear n something .  Second ,  successfu l  explana -
tio n o f  th e expert' s  action s allow s th e studen t  t o com e t o 
a bette r  understandin g o f  th e expert' s  proble m solving . 
Thi s i n tur n m a y d o thre e things .  First ,  i t  m a y hel p th e 
studen t  remembe r  thi s exampl e fo r  futur e use ,  throug h 
developin g mor e o r  bette r  cue s o r  indice s t o th e exam -
ple .  Also ,  i f  th e studen t  doe s receJ l  th e example ,  i t  i s 
a mor e full y understoo d exampl e bein g recalled .  I n ad -
dition ,  thi s successfu l  explanatio n proces s m a y hel p th e 
studen t  ad d t o o r  correc t  previou s knowledg e abou t  th e 
domai n an d th e task . 

Thus ,  b y encouragin g student s t o activel y proces s ex -
amples ,  cMryin g ou t  self-explfmation ,  th e student s ca m 
enhanc e thei r  learnin g i n tw o ways .  I t  i s  mor e likel y tha t 
the y wil l  recogniz e whe n the y don' t  understan d some -
thing .  Thus ,  the y wil l  kno w t o tr y t o lear n something . 
Also ,  self-explcinatio n ca n hel p th e studen t  bette r  under -
stan d th e expert' s  actions . 

O r d e r  E x a m p l e Step s t o M a t c h Logica l  Order . 
C E L I A ha s othe r  implication s fo r  presentatio n o f  exam -
ples .  I n som e examples ,  th e orde r  o f  proble m solvin g 
step s m a y b e somewha t  flexible.  On e possibl e orde r  m a y 
be easie r  fo r  th e studen t  t o understand .  Ou r  mode l  sug -
gest s on e facto r  tha t  maJ^e s a  solutio n easie r  o r  harde r  t o 
understan d -  whethe r  th e tempora l  orde r  o f  step s pre -
sente d i s th e sam e a s th e logicci l  order . 

Th e logica l  orde r  i s th e orde r  i n whic h step s ar e sug -
geste d t o th e proble m solver .  I f  ste p A  suggest s ste p C , 
the n ste p C  logiceill y  follow s fro m ste p A .  I f  th e step s ar e 
partiall y  ordere d (th e proble m solvin g ca n b e successfu l 
wit h mor e tha n on e orde r  o f  steps) ,  tha n a n instructo r 
m ay presen t  ste p B  betwee n step s A  an d C .  I n tha t  in -
stance ,  th e logica l  an d tempora l  orde r  differ . 

To ecis e th e proces s o f  drawin g th e connection s be -
twee n goeJs ,  whe n possibl e th e teache r  shoul d mak e th e 
tempora l  orde r  o f  th e action s pursue d correspon d t o th e 
logica l  orde r  o f  proble m solvin g actions ,  (e.g .  whe n 
provin g a  geometr y theorem ,  i n som e instance s i t  m a y 
be bette r  t o no t  d o i t  fro m beginnin g t o end ,  sinc e th e 
logica l  orde r  m a y b e t o wor k bot h fro m th e give n an d 
th e conclusio n t o b e proven. ) 

Presentin g proble m solvin g i n it s natura l  orde r  pre -
serve s th e underlyin g structur e o f  th e reasonin g neede d 
t o solv e th e problem .  W h e n step s follo w fro m recen t 
steps ,  an d fro m step s take n i n th e curren t  directio n o f 
proble m solving ,  th e exampl e i s mor e coheren t  tha n oth -
erwise .  Suc h a m orderin g o f  step s make s th e observe d 
proble m solvin g easie r  t o explain .  Thi s implicatio n fol -
low s fro m th e proces s o f  explainin g observe d example s 
specifie d i n th e model .  C E L I A first  trie s t o se e i f  a n ac -
tio n follow s fro m th e mos t  recen t  previou s action .  I f  tha t 
isn' t  th e caise ,  the n C E L I A consider s othe r  possibilities . 
Thu s som e order s o f  step s i n a n exampl e wil l  b e easie r  fo r 
C E L I A t o expladn .  W h e n step s o f  possibl e solution s ar e 
partiall y  ordered ,  th e instructo r  shoul d presen t  th e step s 
i n th e orde r  tha t  i s  th e mos t  coheren t  an d th e easies t  t o 
explain . 

Variet y o f  Earl y E x a m p l e s .  C E L I A als o ha s im -
plication s fo r  th e orde r  o f  example s tha t  shoul d b e pre -

sente d t o th e student .  Th e instructo r  m a y no t  alway s 
hav e a  lo t  o f  contro l  ove r  this .  However ,  whe n h e does , 
th e mode l  suggest s som e advice .  Earl y experienc e wit h a 
variet y o f  differen t  problem s provide s a  goo d foundatio n 
fo r  futur e learning .  Thes e provid e a  bas e o f  example s 
tha t  ca n b e remembere d t o mak e predictions ,  explai n 
ne w examples ,  an d t o hel p distinguis h wha t  feature s ar e 
particularl y salien t  indicator s o f  th e appropriatenes s o f  a 
case .  Th e studen t  wil l  mak e error s durin g thi s earl y tim e 
but  wil l  hav e previou s case s tha t  woul d hav e suggeste d 
th e correc t  actio n availabl e tha t  ca n ai d learning . 

Thi s i s a  direc t  contras t  fro m th e predictio n maid e b y 
VanLehn' s S I E R R A (1987) .  I n S I E R R A ,  th e studen t 
trie s t o generat e a  correc t  genera l  procedur e fo r  solvin g 
a problem .  Thi s require s tha t  eac h exampl e diffe r  fro m 
th e procedure s followe d fo r  previou s example s b y jus t  a 
singl e differenc e ( a singl e disjunc t  i n th e procedure) .  I n 
CEL IA ,  th e learne r  i s accumulatin g example s o r  case s 
fo r  futur e us e rathe r  tha n inducin g a  genera l  procedure . 
Thus ,  h e want s a  se t  o f  example s tha t  cove r  a  wide r 
space ,  givin g a  startin g poin t  fo r  mor e differen t  futur e 
problems . 

Interactio n wit h Student .  I n teachin g throug h ap -
prenticeship ,  th e teache r  ca n d o mor e tha n jus t  presen t 
exampl e solutions .  Th e teache r  shoul d d o othe r  thing s 
t o ai d th e studen t  a s well .  Th e teache r  shoul d give s hint s 
t o hel p th e studen t  se e th e relationship s betwee n step s 
i n th e examples .  Also ,  whe n a n opportunit y arise s tha t 
coul d hel p th e studen t  lear n somethin g tha t  woul d hav e 
avoide d a n earlie r  failure ,  th e teache r  shoul d poin t  ou t 
th e opportunity .  I n addition ,  th e teache r  need s t o b e 
abl e t o answe r  question s whe n th e studen t  maJce s a n in -
correc t  predictio n o r  i s unabl e t o dra w th e connection s 
betwee n proble m solvin g steps . 

Th e mode l  suggest s tha t  thes e ar e importan t  learn -
in g methods .  The y particularl y hel p C E L I A acquir e de -
vic e knowledge ,  whic h i n tur n help s futur e prediction , 
drawin g connections ,  learnin g distinguishe d indice s an d 
censors ,  eve n carryin g ou t  plausibl e inferenc e t o lear n 
additiona l  devic e knowledge .  Thes e ar e relativel y eas y 
learnin g methods ,  s o the y shoul d b e take n aidvantag e o f 
wheneve r  possible . 

Presen t  S o m e B a c k g r o u n d K n o w l e d g e First . 
Lastly ,  th e mode l  hai s somethin g t o sa y abou t  back -
groun d knowledg e needed .  Thoug h w e sugges t  tha t  ex -
posur e t o example s allow s a  studen t  t o star t  becom -
in g proficien t  withou t  a  complet e knowledg e o f  th e rel -
evan t  device(s) ,  C E L I A depend s o n th e learne r  havin g 
some knowledg e o f  th e device .  A  studen t  withou t  an y 
knowledg e wil l  b e hopeles s i n tryin g t o dra w th e connec -
tion s betwee n th e instructor' s goal s an d wil l  b e unabl e 
t o as k focusse d questions .  Thus ,  th e studen t  need s t o 
hav e som e backgroun d knowledge .  Thi s contrast s wit h 
purel y empirica l  model s o f  learning .  Th e instructo r  doe s 
not  nee d t o ensur e tha t  th e studen t  understand s th e do -
mai n completel y befor e presentin g examples .  However , 
th e mos t  c o m m o n basi c concept s shoul d b e understood . 
Thus ,  th e mode l  suggest s presentin g th e studen t  wit h 
backgroun d informatio n prio r  t o workin g throug h exam -
ples .  Thi s ca n com e fro m assigne d readin g o r  knowledg e 
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presente d b y a  tutorial .  I f  a  domai n i s simpl e enough ,  th e 
backgroun d knowledg e m a y b e c o m m o n sens e knowledg e 
tha t  th e studen t  edread y has . 

Summary 

CELI A i s a  computationfi l  mode l  whic h show s ho w a 
novic e ca n quickl y becom e fairl y competen t  b y observ -
in g an d understandin g examples .  I n th e model ,  th e 
learne r  predict s th e expert' s  actions ,  observe s them ,  an d 
the n explain s th e action s an d ho w the y relat e t o eac h 
other .  Th e explanatio n include s inferrin g wha t  typ e o f 
goal  th e instructo r  i s pursuing ,  organizin g hi s action s t o 
determin e whic h £ispec t  o f  th e goa l  the y serve ,  drawin g 
connection s betwee n th e instructor' s goals ,  an d keepin g 
trac k o f  th e effect s o f  th e action s o n th e proble m solvin g 
context . 

Thi s mode l  suggest s severa l  implication s fo r  teachin g 
novic e students .  Th e studen t  shoul d b e encourage d t o 
make prediction s o f  th e instructor' s actions .  Th e ex -
ample s shoul d b e presente d i n a  slow-paced ,  interactive , 
step-by-ste p manner .  Th e studen t  shoul d b e encourage d 
t o tr y t o explai n ho w th e example' s step s follo w fro m 
each other .  Step s o f  example s shoul d b e presente d suc h 
tha t  th e orde r  o f  step s a s closel y a s possibl e matche s 
th e logica l  order .  W h e n possible ,  presen t  a n initia l  se t 
of  example s suc h tha t  the y cove r  a  wid e rang e o f  th e 
problem-solvin g t o b e learned .  Th e instructo r  shoul d 
be availabl e fo r  unplanne d interactio n wit h th e student . 
The studen t  shoul d receiv e som e backgroun d instructio n 
prio r  t o presentatio n o f  examples .  Thes e implication s 
shoul d b e considere d hypotheses  tha t  ca n b e teste d wit h 
furthe r  research . 
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