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Abstrac t 

Microworld s ar e educationa l  environment s intende d t o 

suppor t  th e studen t  i n th e activ e exploratio n o f  a 

subject-matte r  domain .  W e presen t  preliminar y wor k 

whose goa l  i s  t o attai n a  bette r  understandin g o f  th e 

educationa l  effectivenes s o f  microworld s throug h a n 

examinatio n o f  th e learnin g processe s tha t  the y exploit . 

The learnin g processe s ar e mad e explici t  withi n a 

computationa l  mode l  o f  th e interactio n betwee n a 

studen t  an d a  microworl d fo r  simpl e electrostatics .  W e 

focus ,  i n particular ,  o n th e implementatio n o f  a n 

episodi c memor y mechanis m tha t  give s insigh t  int o th e 

processe s involve d i n learnin g from  incorrec t  behavior . 

Introduction 

I n th e educationa l  communit y a  larg e amoun t  o f 

enthusiasis m ha s bee n engendere d fo r  th e highl y 

interactiv e microworl d whic h behave s accordin g t o th e 

law s an d constraint s o f  som e subject-matte r  domai n an d 

permit s th e studen t  t o experienc e th e natur e o f  tha t 

domai n throug h free  o r  guide d exploration .  Thi s 

enthusias m i s predicate d largel y o n th e belie f  tha t  th e 

student' s activitie s i n th e microworl d produc e o r  foste r 

educatio n abou t  th e subject-matte r  domain .  Ther e i s 

essentiall y n o empirica l  evidenc e o f  substantiv e 

learnin g from  mer e interactio n wit h a  microworld ,  i.e. , 

withou t  a n associate d curriculu m systematicall y 

designe d t o enabl e th e learne r  t o develo p a  se t  o f  well -

define d skill s  (Carver ,  1986 ;  White88 ,  1988) . 

Moreover ,  eve n whe n suc h a  curriculu m exist s an d 

experimenta l  effec t  i s  evident ,  ther e i s  stil l  littl e 

understandin g o f  th e processe s throug h whic h suc h 

educatio n occur s o r  throug h whic h th e microworl d 

experience s mak e thei r  contribution .  Thus ,  th e goa l  o f 

our  wor k i s t o produc e a  proces s mode l  accoun t  o f 

educatio n i n microworlds .  Hi e researc h describe d her e 

i s preliminary ,  demonstratin g a  problem-solvin g 

organizatio n tha t  model s on e student' s behavio r  i n 

microworl d interactions . 

The Task: Electric Field Hockey 

Our subject-matter domain is the simple 

electrostatic s o f  discret e charge d particle s wit h uni t 

mass.  Ou r  interactiv e microworl d i s  Electri c Fiel d 

Hocke y (hereafter ,  simpl y Hockey )  (Chaba y & 

Sherwood ,  1989 ;  Sherwoo d &  Chabay ,  1991) .  Wit h 

respect  t o electrostatics .  Hocke y involve s determinin g 

th e tngector y o f  a  unit-charg e particl e (th e puck )  fro m a 

give n initia l  position ,  aroun d a  give n se t  o f  obstacles ,  t o 

a fixed final  positio n (th e net )  b y placin g a  numbe r  o f 

additiona l  unit-charg e particle s (se e Figur e 1) .  Th e 

motio n o f  th e puc k alon g it s trajector y i s show n whe n 

th e (3 0 buwy a i s  clicke d on ;  th e puck' s velocit y i s 

recorde d staticall y b y th e spacin g o f  th e dots . 

The studen t  ha s a  limite d numbe r  o f  option s i n 

controllin g exploratio n i n Hockey :  velocit y ca n b e 

replaced  wit h a  vecto r  representation  o f  acceleration , 

and an y o f  si x level s o f  increasingl y difficul t  pla y m a y 

be chosen .  Increasin g difficult y  i s achieve d b y variatio n 

alon g fou r  dimensions :  th e numbe r  an d configuratio n o f 

obstacles ,  th e startin g positio n o f  th e puc k wit h respec t 

t o th e boundarie s o f  th e playin g field  an d th e obstacles , 

th e existenc e o f  other ,  unmoveabl e charge d particle s i n 

th e field,  an d th e numbe r  o f  charge d particle s availabl e 

t o maneuve r  th e puc k int o th e ne t 

T h u researc h wa j  sponsore d b y th e Markl e Fouodation .  Th e view s an d concliuion s containe d i n thi s documen t  ar e thos e o f  th e author s an d 

shoul d no t  b e interprete d a s representin g th e officia l  policies ,  eithe r  expresse d o r  implied ,  o f  th e Markl e Foundation . 
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We hav e collecte d a  nearl y complet e vide o recor d 

of  tw o students '  educatio n i n th e domain .  Th e 

completenes s o f  thi s recor d w a s m a d e possibl e b y th e 

creatio n o f  a  n e w curriculu m a t  Carnegi e Mello n 

Universit y tha t  teache s student s a  purel y qualitativ e 

model  o f  electrica l  an d magneti c phenomen a a s a 

theoretica l  basi s fo r  later ,  standar d quantitativ e 

material .  O u r  tw o student s worke d togethe r  throug h th e 

noteboo k o f  desk-to p experiment s an d question s tha t 

constitut e \h c cours e material ,  the n interacte d separatel y 

wit h Hocke y a s a  clas s assignmen t  T h e purpos e o f  th e 

assignmen t  wa s t o provid e "a n excellen t  physica l  fee l 

fo r  th e extrem e distanc e dependenc e o f  th e C o u l o m b 

interaction "  (Sherwoo d &  Chabay .  1991) .  I t  i s 

apparen t  fro m th e vide o recor d tha t  bot h student s ha d a t 

leas t  a  rudimentar y understandin g o f  th e requisit e 

physic s concept s prio r  t o thei r  g a m e interactions . 

The Models: EFH-Soar 

Our models are implemented within the Soar 

architectur e (Laiid ,  Newel l  &  Rosenbloom .  1987 ; 

Newell ,  1990) .  althoug h du e t o spac e ou r  descriptio n 

wil l  b e give n a t  a  functiona l  leve l  rathe r  tha n i n term s 

of  proble m spaces ,  operator s an d impasses .  Ther e ar c 

currenU y tw o models :  EFH-Soar ,  a  mode l  base d purel y 

o n a  tas k analysi s o f  Hocke y whic h contain s enoug h 

g a me knowledg e an d physic s knowledg e t o pla y 

withou t  error ,  an d EFH-Soar2 ,  a  mode l  o f  Studen t  2 

base d o n he r  protocol .  Bot h model s posses s th e basi c 

functionalit y fo r  interactin g wit h Hocke y a s a  piec e o f 

externa l  software ,  fo r  re-encoding  Hockey' s spatia l 

representatio n i n symboli c lexms ,  fo r  reasoning  abou t 

th e placemen t  o f  charge s t o creat e a  trajector y tha t 

manuever s aroun d o r  throug h a n obstacle ,  fo r 

interpretin g an d evaluatin g a  trajector y i n term s o f  th e 

force s tha t  determin e it ,  an d fo r  modifyin g th e positio n 

of  previousl y place d charge s o n th e basi s o f  th e 

resulting  tr^ectory .  Bot h model s pla y onl y th e firs t 

thre e level s o f  th e game .  W e concentrat e her e o n E F H -

Soar 2 (hereafter ,  simpl y E F H 2 ) ,  whic h acquire s som e 

of  th e knowledg e hand-code d int o EFH-Soar . 

Figur e 1  show s th e step s E F H 2 take s i n playin g th e 

first  leve l  o f  th e game .  Lik e Studen t  2 ,  th e syste m 

work s it s w a y fro m lef t  t o right  acros s th e screen , 

interweavin g th e positionin g o f  eac h charg e wit h a n 

examinatio n o f  th e microworid' s feedbac k o n th e effec t 

o f  th e placemen t  i n achievin g th e goa l  o r  subgoal . 

O ne o f  th e mos t  importan t  aspect s o f  interactio n 

wit h Hocke y i s th e processin g o f  spatia l  informatio n 

displaye d o n th e screen .  T h e essentia l  feedbac k fro m 

Hocke y take s th e fon n o f  continuou s trajectorie s o f  th e 

puc k a s i t  move s unde r  th e influenc e o f  th e fixe d 

charges .  Althoug h al l  th e informatio n availabl e fro m 

th e Hocke y softwar e i s i n term s o f  x- y coordinates ,  i t  i s 

clea r  tha t  student s d o no t  reaso n a t  tha t  level .  Base d o n 

prio r  wor k b y W a r d (Ward ,  1991) ,  E F H 2 use s a  highl y 

approximate ,  qualitativ e spatia l  mode l  whic h depend s 

o n continuou s re-peroepUon  o f  th e actua l  externa l  worl d 

(th e sourc e o f  high-qualit y knowledge )  t o updat e an d 

correc t  th e low-qualit y interna l  representation .  Figur e 

1,  (a )  show s a  simplifie d versio n o f  th e encodin g o f  Ui e 

representation  o f  th e scree n availabl e fiom  Hocke y int o 

th e feature s o f  EFH2 ' s spatia l  model .  Thes e feature s 

include :  a  focu s o f  attentio n mechanism ,  variabl e 

acces s t o detail s abou t  a n object' s propertie s dependin g 

upo n whethe r  o r  no t  i t  i s  i n focus ,  an d a  qualitativ e 

representation  o f  relative  position s a m o n g objects .  Th e 

qualitativ e representation  encode s broa d spatia l 

relations  a m o n g object s no t  i n focu s (e.g .  left ,  right, 

above ,  below ,  an d thei r  compounds) .  W h e n object s ar c 

brough t  int o focus ,  th e representatio n i s  augmente d 

wit h distanc e an d angula r  relations  i n term s o f  th e 

system' s interna l  resolutio n factor. ^  W h e n i t  begin s l o 

pla y Leve l  1 .  th e puc k i s th e focu s o f  attention . 

Reasonin g fro m th e initia l  spatia l  mode l  (a) ,  E F H 2 

propose s clearin g th e obstacl e a s th e first  subgoa l  fo r 

sendin g th e puc k int o th e ne t  T h e proces s t o 

accomplis h th e subgoa l  i s  divide d int o tw o phases : 

spatia l  reasonin g (pane l  (b) )  an d physic s reasonin g 

(pane l  (c)) .  T h e spatia l  reasonin g phas e define s di e 

tr^ector y tha t  th e puc k mus t  follo w t o accomplis h di e 

curren t  subgoal .  I n th e example ,  E F H 2 perfonn s shift s 

o f  focu s unti l  it s  focu s o f  attentio n include s bot h th e 

obstacl e an d th e come r  chose n a s a  clearin g poin t  B y 

bringin g th e come r  int o focus ,  th e spatia l  mode l  i s 

augmente d wit h a  relative  distanc e an d directio n 

betwee n th e come r  an d th e puck .  Th e appropriat e pat h 

i s the n define d a s th e directio n betwee n th e puc k an d 

th e come r  siighti y decremente d t o allo w Ui e puc k l o 

clea r  tiie  obstacle . 

O n ce a  pat h ha s bee n chosen ,  th e syste m use s it s 

knowledg e o f  physic s t o find  a  strateg y fo r  movin g th e 

puc k alon g th e pat h (pane l  (c)) .  Durin g dii s phas e 

E F H2 decides ,  fo r  example ,  whethe r  t o us e a n attractin g 

or  repelling  force ,  h o w m a n y charge s l o place ,  an d 

wher e t o plac e them .  T h e strateg y i s the n expresse d i n 

^Althoug h w e believ e th e ioterna l  resolutio n ca n var y i n grai n size , 
thi s ha *  no t  ye t  bee n implemented .  Th e cuiren i  resolutio n i s 1 0 fo r 
distanc e an d 3 2 fo r  angula r  relation ,  lai d ou t  i n th e Cartesia n plane . 
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Leve l  1  Rotm d 1 
G(mU:0 

Level  1  Roun d 1 UwDl  1  Roun d 1 
G(Mb: 0 G<mU:0 

(a )  buil d ioteraa l  spatia l  mode l 

.(AstacU 
f̂i-o S f  \M-o f 

(b )  subgoal :  overtak e corne r 
fin d pat h vi a spatia l  reasonin g 

obstacl e 

left-corner right-comer 

left-abov e ^ 
distanc e 5 ,  directio n 2 6 

puc k 

path from puck direction 26-

(c )  subgoal :  overtak e come r 
find  strateg y t o mov e alon g pat h 

strategy: 
plac e positiv e 
directio n opposite(26- ) 
distanc e from  puc k 3 

Uvel  1  Roun d 1 
CioaU: 0 

Leve l  1  Roun d 1 
Goab: 0 

• 1 
u 

O p - 1 

E ̂ ^̂̂ 3 

c ^ 

Level  1  Roun d 1 
Goali: 0 

(d )  for m plac e comman d an d 
execut e moto r  comman d 

(e )  for m g o conmian d an d 
execut e moto r  comman d 

puc k charg e 
left-abov e 

distanc e 3 ,  directio n 1 0 

( 0 evaluat e tr̂ ector y 

tpjector y 

/ right-below 
last-s îmen t  —^'right-come r 

Figur e 1 :  O n e iteratio n throug h E F H 2 ' s basi c problon-solvin g loo p 
(cumulativ e stat e infonnatio n i n italics ,  focu s object s i n boldface) . 

term s o f  g a m e action s — here ,  th e placemen t  o f  a 

positiv e charg e wit h a  particula r  angula r  relatio n an d 

distanc e firom  th e puck . 

Once th e actio n ha s bee n sen t  t o an d po forme d b y 

Hockey ,  th e n e w scree n i s perceive d t o modif y th e 

interna l  spatia l  mode l  (pane l  d) .  addin g th e newl y 

place d charg e t o th e focu s objects .  Th e syste m i s n o w 

read y t o issu e th e G O c o m m a n d ,  whic h cause s Hocke y 

t o displa y th e motio n o f  th e puc k subjec t  t o th e 

electrostati c forc e o f  th e place d charg e (pane l  e) .  E F H 2 

encode s i n th e spatia l  mode l  a  qualitativ e representatio n 

of  th e trajectory ,  enablin g th e syste m t o evaluat e th e 

resul t  o f  th e plac e action .  T o accomplis h th e 

evaluation ,  th e syste m shift s it s focu s t o th e trajector y 

and th e lowe r  par t  o f  th e obstacl e (pane l  0 -  T h e 

positio n o f  th e las t  par t  o f  th e trajector y wit h respec t  t o 

th e obstacle' s lowe r  comer s show s tha t  th e subtask  o f 

clearin g th e obstacl e ha s bee n accomplished . 

Sinc e ther e ar e n o otho -  obstacles ,  E F H 2 pr(q)ose s 

th e n e w subgoa l  o f  sendin g th e puc k directl y int o th e 

ne t  T h e spatia l  an d physic s reasonin g phase s ar e 

repeated .  Thi s tim e th e syste m m o v e s it s focu s t o defin e 

a pat h tha t  start s insid e th e ne t  an d n m s popendicula r 

t o th e trajectory .  T h e strateg y t o m o v e th e puc k alon g 

thi s pat h is ,  again,  t o us e a  rq)ellin g charge .  Sinc e th e 

firs t  place d charg e i s no t  clos e t o th e curren t  focuse d 

area ,  it s effec t  i s  ignore d an d th e n e w charg e i s place d 

alon g th e deflne d direction ,  clos e t o th e trajectory .  Th e 

resul t  o f  thi s secon d placemen t  evoituall y send s th e 

puc k int o th e ne t 

T h e model' s poformance ,  lik e tha t  o f  ou r  student , 

i s  no t  flawless .  I n particular ,  sinc e E F H 2 reason s wit h a 

spatia l  rq)reseiitatio n whic h ha s a  grai n siz e m u c h 

large r  tha n th e actua l  n u m b e r  o f  uniqu e location s i n th e 

fiel d represente d insid e Hodcey ,  th e system' s intende d 

locatio n correspond s t o a  regio n insid e th e microworld . 
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Uv6l 3 Levd 3 Level s 

I 

Uvel 3 

I 
(a )  initia l  stat e (b)firs t  placemen t  +  g o (c )  first  mov e +  g o (d )  secon d mov e +  g o 

Figur e 2 :  A n q)isod e o f  learnin g fro m Studen t  2' s protocol . 

A s a  result,  positicmin g o f  a  charg e ca n b e correc t  wit h 

respea  t o physic s knowledg e bu t  stil l  fai l  t o achiev e th e 

subgoal .  I n cas e o f  suc h a  failure ,  th e trajector y 

evaluatio n phas e annotate s th e strateg y wit h a 

descriptio n o f  th e failur e encountere d (e.g .  th e puc k i s 

agains t  th e obstacle) .  W h e n a  failur e occurs ,  th e syste m 

propose s a n erro r  recover y subgoa l  tha t  analyze s th e 

descriptio n o f  th e failur e i n orde r  t o A n d a n actio n t o 

eliminat e i t  I n thi s case ,  onl y a  simpl e adjustmen t  o f 

locatio n i s needed .  Genuin e error s o f  knowledg e tha t 

resul t  i n failur e caus e a n erro r  recover y subgoa l  i n th e 

s a me way .  I n thos e cases ,  however ,  a  failur e trigger s 

physic s knowledg e i n th e subspac e tha t  th e studen t 

faile d t o brin g t o bea r  durin g th e origina l  proble m 

solvin g process ,  i.e .  knowledg e tha t  th e studen t  di d no t 

conside r  relevant  t o th e curren t  situation ,  bu t  tha t  sh e 

must  re-evaluate  t o discove r  a  solutio n (a n exampl e wil l 

b e describe d i n th e nex t  session) . 

What the Model Learns 

The term learning refers to a change in long-term 

m e m o ry tha t  result s i n a  chang e i n behavior .  I n 

ascertainin g whethe r  learnin g occur s i n microworl d 

interactions ,  th e advantag e o f  a  proces s mode l  over ,  fo r 

example ,  a n empirica l  stud y o f  studen t  tes t  performanc e 

stem s fro m th e abilit y  t o actuall y examin e change s i n 

th e model' s long-ter m m e m o r y .  I n Soar ,  al l  change s t o 

long-ter m m e m o r y ,  al l  episode s o f  learning ,  hav e a t 

thei r  basi s th e architectura l  mechan is m o f  chunkin g 

(Newell ,  1990) .  Chunkin g i s a  uniform ,  ubiquitou s 

mechan is m tha t  add s knowledg e t o long-ter m m e m o r y 

throughou t  proble m solving .  I t  i s  a  compilational ,  o r 

integrational ,  techniqu e that ,  i n it s simples t  form , 

combine s existin g knowledg e int o n e w associations . 

I n th e situatio n i n Figur e 1 .  fo r  example ,  E F H 2 

begin s wit h separat e piece s o f  knowledg e fo r  decidin g 

t o overtak e th e c o m e r  first ,  fo r  reasonin g spatiall y 

abou t  th e pat h th e puc k shoul d follow ,  fo r  decidin g 

whethe r  t o attrac t  o r  repel  th e puc k alon g th e path ,  an d 

fo r  mappin g th e g a m e concep t  o f  placin g a  charg e int o 

moto r  c o m m a n d s fo r  interactin g wit h Hockey .  Betwee n 

th e tim e E F H 2 perceive s th e initia l  situatio n (pane l  (a) ) 

an d th e tim e i t  perform s a  moto r  actio n i n th e worl d 

(pane l  (d)) ,  eac h o f  thes e piece s o f  knowledg e i s 

brough t  t o bea r  i n discret e problem-solvin g steps . 

Chunkin g take s a U th e knowledg e implicate d i n th e 

choic e o f  a  moto r  actio n an d form s n e w associations . 

mappin g th e perceptio n o f  th e initia l  situatio n directl y 

int o a  proposa l  fo r  th e moto r  action .  T h e nex t  tim e 

E F H2 i s i n a  simila r  situation ,  i t  wil l  no t  proble m solv e 

— i t  wil l  simpl y recogniz e th e situatio n an d ac t  i n th e 

w ay it s prio r  experienc e dictates .  I n thi s way ,  th e mode l 

become s a  m o r e practice d Hocke y player ,  abl e t o An d 

solution s t o th e problem s i n th e g a m e m o r e quickl y 

ove r  time .  Not e tha t  th e qualit y o f  th e solutio n doe s no t 

improv e vi a simpl e chunking ,  jus t  th e spee d o f  attainin g 

th e solution .  Thi s proces s i s no t  on e b y whic h th e 

model ,  o r  th e student ,  learn s m o r e physics ,  bu t  on e b y 

whic h the y continuall y recas t  th e physic s knowledg e 

the y d o hav e int o game-relevan t  fonn . 

I f  th e studen t  ha s bot h perfec t  knowledg e o f 

physic s an d perfec t  knowledg e o f  th e game ,  the n speed -

u p learnin g i s th e onl y typ e o f  learnin g tha t  wil l  occur . 

Of  course ,  mos t  student s hav e neither .  Conside r  th e 

episod e fitnn  Studen t  2* s protoco l  s h o w n i n Figur e 2 .  I n 

pane l  (b) ,  he r  initia l  placemen t  o f  th e repellin g charg e i s 

inadequat e t o overcom e th e effect s o f  th e charg e glue d 

t o th e obstacle .  He r  nex t  m o v e seem s t o b e a n attemp t 

t o compensat e fo r  th e directio n o f  th e forc e produce d 

b y th e glue d charg e bu t  i s stil l  to o fa r  a w a y t o produc e 

th e desire d outcome .  Hnally ,  i n pane l  (d) ,  th e force s 

combin e correctl y t o achiev e he r  subgoa l  o f  pushin g th e 

puc k throug h th e hole . 

W h at  di d Studen t  2  lear n from  thes e interactions ? 

We k n o w sh e learne d something ,  becaus e w h e n face d 

wit h a n analogou s situatio n a t  Leve l  4  o f  th e g a m e ,  sh e 

doe s no t  repeat  thi s serie s o f  action s bu t  place s th e 
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initia l  rq)elliD g charg e directl y a t  th e positio n 

anatogou s t o th e on e i n pane l  (d) .  Transfe r  occur s 

despit e th e fac t  tha t  th e situatio n m Leve l  4  differ s i n 

significan t  way s firom  th e situatio n i n Leve l  3  (th e glue d 

particl e ha s a  charg e opposit e tha t  o f  th e puck ,  (h e 

glue d particl e i s o n th e lowe r  o f  th e tw o obstacles ,  an d 

ther e i s anothe r  obstacl e betwee n th e puc k an d th e net) . 

Becaus e th e vide o recor d prio r  t o he r  interactio n wit h 

Hocke y indicate s tha t  sh e ha s a n abstrac t  understandin g 

of  th e relationship  betwee n distanc e an d force ,  w e 

conjectur e tha t  i n thi s q>isod e he r  abstrac t 

understandin g i s recas t  t o fit  th e scal e o f  th e gam e (thi s 

conjectur e i s furthe r  supporte d b y he r  verba l  protoco l  a t 

Leve l  4  whe n sh e say s (he r  emphasis) ,  "s o we'r e gonn a 

nee d a  negativ e charg e clos e tha t  wil l  hopefull y u m m 

tak e awa y som e o f  th e effect s o f  tha t  positiv e charge") . 

I n othe r  words ,  throug h th e sequenc e o f  move s i n (b ) 

throug h (d) .  Studen t  2  make s th e notio n o f  nea r 

concrete .  Thi s i s certainl y a  componen t  i n achievin g 

th e pedagogica l  goa l  o f  th e designe r  ("a n excellen t 

physica l  fee l  fo r  th e extrem e distanc e dependenc e o f  th e 

Coulom b interaction") . 

I t  i s  straightforwar d t o sho w tha t  th e mode l 

outline d abov e i s inadequat e t o produc e th e transfe r 

shown b y Studen t  2 .  I n th e initia l  situatio n o n Leve l  3 , 

E F H 2,  lik e th e student ,  ignore s th e effect s o f  th e glue d 

particle ,  placin g a  charg e aligne d wit h a  pat h throug h 

th e opening .  I t  choose s t o plac e th e charg e a t  a  distanc e 

fro m th e puc k tha t  wa s adequat e t o achiev e he r  goa l  a t 

Leve l  1 .  Thus ,  chunk s ar e fonne d dia t  m a p th e situatio n 

i n pane l  (a )  directl y int o tha t  placemen t  (cal l  the m 

PlaceCbunks) .  E F H 2 the n issue s th e G O command , 

evaluate s th e resultm g trajectory ,  an d propose s erro r 

recover y (producin g GoChunks ,  EvalChunk s etc) .  Th e 

firs t  erro r  recover y actio n i s t o adjus t  fo r  th e directio n 

of  th e force .  S o Move lChunk s ar e buil t  tha t  m a p th e 

situatio n i n pane l  (b )  (th e puc k an d charg e a s positione d 

and th e curren t  typ e o f  failure )  directl y int o a n actio n 

tha t  move s th e charg e t o it s positio n i n (c) .  Afte r 

anothe r  G O c o m m a n d result s i n th e failur e i n (c) ,  a 

secon d erro r  recover y move s th e charg e close r  t o th e 

puck .  Thus ,  Move2Chunk s ar e buil t  tha t  m ^  th e 

situatio n i n pane l  (c )  (th e puc k an d charg e a s positione d 

and th e correspondin g failure )  t o a n actio n tha t  move s 

th e charg e t o it s positio n i n (d) .  W h e n face d wit h a 

situatio n simila r  t o (a )  i n th e future ,  thes e chunk s wil l 

be triggere d an d th e syste m w e hav e described ,  unlik e 

Studen t  2 ,  wil l  g o throug h th e sam e sequenc e o f  moto r 

action s see n i n (b )  throug h (d) ,  rathe r  tha n directl y t o 

th e single ,  correc t  placemen t 

Our  preliminar y solutio n t o thi s di lemm a lie s i n 

givin g EI^H 2 a n q)isodi c m e m o r y tha t  i s create d an d 

use d b y processe s tha t  allo w th e syste m t o reconstruc t 

pas t  proble m solvin g i n orde r  t o avoi d repeatin g 

mistakes .  Assimilation ,  recognition ,  an d recal l  ar e th e 

thre e processe s tha t  mus t  b e coordinate d (Lewis ,  1992) . 

Th e assimilatio n proces s result s i n chunk s tha t  encod e 

situation s th e syste m ha s bee n in ,  wher e a  sioiatio n i s 

define d b y th e object s i n focus ,  di e curren t  subgoal ,  th e 

propose d action ,  an d whe n available ,  th e outcom e o f 

th e actio n (succes s o r  failure) .  Durin g th e sequenc e i n 

Figur e 2 ,  fo r  example ,  assimilatio n chunk s ar e forme d 

tha t  recor d th e puck ,  glue d charg e an d obstacle s i n th e 

relation  i n (a )  an d th e propose d placemen t  action . 

Othe r  assimilatio n chunk s recor d tha t  th e outcon e o f 

thi s actio n wa s a  particula r  kin d o f  failure .  Other s 

record  th e configuratio n o f  th e puck ,  place d charge , 

glue d charg e an d obstacle s i n (b) ,  th e failur e o f  th e 

plac e action ,  an d th e propose d move .  Stil l  other s 

encod e th e failur e o f  th e m o v e actio n i n (c) .  Thi s 

assimilatio n proces s i s repeate d throughou t  th e actio n 

sequence . 

Th e episodi c mraiorie s ar e use d b y th e recognitio n 

proces s t o notic e whe n th e syste m i s abou t  t o d o 

somethin g i t  ha s alread y tried .  Conside r  th e nex t  tim e 

E F H2 i s i n a  situatio n lik e (a) .  A s note d above ,  th e 

PlaceChunk s wil l  fire,  proposin g th e placemen t  action . 

N o w,  however ,  assimilatio n chunk s wil l  fire  signalin g 

tha t  thi s i s a  familia r  situation .  Familiarit y invoke s th e 

recal l  proces s whic h trie s t o remember  wha t  tiie 

outcom e o f  th e propose d actio n was .  Recal l  als o use s 

assimilatio n chunks ;  i t  trie s eac h o f  a  smal l  numbo -  o f 

augmentation s t o th e system' s intona l  stat e waitin g fo r 

recognitio n t o occur .  I n othe r  words ,  th e syste m ask s 

itsel f  th e question ,  " D o I  hav e a  m e m o r y i n whic h thi s 

placemen t  succeeded? "  " O n e i n whic h i t  faile d 

becaus e o f  thi s o r  tha t  reason?' ' 

Once a  failur e ha s bee n recalled ,  E F H 2 mus t 

reconstruc t  it s  prio r  proble m solvin g t o find  Ui e action s 

tha t  le d t o success .  T o accomplis h this ,  tiie  syste m 

imagine s th e spatia l  mode l  tha t  woul d result  fro m 

^plyin g tiie  currend y propose d action .  "Imagining " 

means simpl y tha t  a  n e w charg e an d it s spatia l 

attribute s ar e adde d t o th e spatia l  mode l  withou t 

actuall y bein g presen t  o n th e Hocke y screen .  Usin g thi s 

shnulate d spatia l  model ,  E F H 2 trie s th e erro r  recover y 

subgoal ,  triggoin g Move lChunk s tha t  sugges t  th e sam e 

m o ve actio n perfoime d originall y i n (b) .  N o w tiie 

proces s repeats:  th e syste m recall s th e outcom e o f  th e 

first  m o v e b y generatin g failur e type s unti l  i t  trigger s a n 

assimilatio n chunk .  The n i t  imagine s th e outcom e o f  Ui e 

m o ve i n th e spatia l  mode l  an d use s a n erro r  recover y 
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subgoa l  t o trigge r  th e Move2ChuDks .  Finally ,  i t 

recalls/recognize s tba t  thi s m o v e le d t o success .  Th e 

syste m use s th e distanc e an d directio n o f  th e charge d 

particl e wit h respect  t o th e puc k i n (c )  t o propos e a n 

alternativ e t o th e plac e actio n suggeste d b y th e origina l 

PlaceChunks .  Proposin g a n alternativ e lead s t o 

PlacelChunk s whos e actio n i s preferre d t o th e original . 

Th e chai n o f  recall s an d recognitions  outline d 

abov e i s perfonne d th e secon d tim e E F H 2 i s i n 

situatio n (a) .  B y reconstructin g it s pas t  proble m 

solving ,  th e syste m circumvent s th e automati c replay  o f 

moto r  action s whic h simpl e chunkin g woul d hav e 

produced .  I n term s o f  observabl e behavior .  E F H 2 

simpl y place s th e firs t  charge d particl e correctly . 

Moreover ,  i n futur e situation s lik e (a) ,  reconstructio n 

vi a recal l  i s  xk a necessar y — Place2Chunk s m a p (a ) 

int o th e correc t  placemen t  directly . 

Conclusions 

The system outlined above is both too strong and 

to o weak .  I t  i s  to o stron g becaus e th e mechanis m fo r 

assimilation ,  recognition ,  an d recall  i s  capabl e o f 

reconstrucdn g chain s o f  memorie s o f  arbitrar y lengt h 

and involvin g th e imaginatio n o f  a n arbitrar y numbe r  o f 

change s t o th e spatia l  model .  Th e mechanis m i s to o 

weak becaus e i t  cannot ,  b y itself ,  resul t  i n th e transfe r 

show n b y Studen t  2  a t  Leve l  4 .  Tb e flaw s i n th e 

mechanis m ar e th e resul t  o f  tw o simplifyin g 

assumptions :  first,  tha t  assimilatio n capture s al l  an d 

onl y tb e necessar y detail s o f  tb e situation ;  an d second , 

tba t  tb e assimilation ,  recognition ,  an d recal l  processe s 

ar e automatic ,  Le .  unmediate d b y other ,  mor e proactiv e 

processes . 

Tb e modifie d for m o f  tb e mechanis m w e envisio n 

relaxes  thes e assumptions .  I n it ,  eac h episodi c memor y 

i s constructe d b y a  potentiall y  inaccurat e assimilatio n 

proces s tba t  ca n b e automati c o r  mediate d b y reasoning . 

I f  assimilatio n i s n o longe r  guarantee d t o captur e tb e 

complet e an d correc t  detail s o f  tb e simation .  the n bot h 

overspecifi c  an d overgenera l  episode s ar e possible .  Th e 

forme r  m a y resul t  i n tb e breakdow n o f  th e recognitio n 

and recal l  processe s durin g reconstructio n whil e th e 

latte r  m a y serv e a s a  foundatio n fo r  singl e instanc e 

generalization .  W e als o conjectur e tha t  whe n recal l 

occur s upo n re-encounterin g a  familia r  situation , 

transfe r  appear s analogical ,  bu t  recal l  employe d a t  th e 

m o m e nt  o f  succes s o r  failur e lead s t o transfe r  tha t 

appear s t o b e a  resul t  o f  sdf-explanatio D (C3ii ,  1989) . 

Assimilatio n an d recal l  are ,  b y themselves , 

inadequat e t o explai n o r  predic t  th e ful l  rang e o f 

behavio r  w e se e i n ou r  students .  Still ,  ou r  wor k ha s le d 

us t o conside r  tba t  conventiona l  learnin g mechanism s 

— analog y an d self-explanation ,  fo r  exampl e — ma y 

be understandabl e a s variation s o f  a  singl e underlyin g 

process .  Thes e conventiona l  learnin g mechanism s hav e 

bee n clearl y implicate d i n successfu l  education .  Thus , 

our  fiitur e wor k i s directe d a t  demonstratin g h o w 

assimilatio n an d recall ,  a s componen t  processe s 

underlyin g conventiona l  learnin g mechanisms ,  pla y a 

crucia l  rol e i n acquirin g subject-matte r  knowledge . 
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