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Abstract 

According to current theories of cognitive skill acquisition, new problem solving rules are constructed by 
proceduralization ,  productio n compounding ,  chunking ,  syntacti c generalization ,  an d a  variet y o f  othe r  mechanisms . 
Al l  thes e mechanism s ar e assume d t o ru n rathe r  quickly ,  so  a  rule' s acquisitio n shoul d b e a  matte r  o f  a  fe w second s 
at  most .  Suc h "learnin g events "  migh t  b e visibl e i n protoco l  data .  Thi s pape r  discusse s a  metho d fo r  locatin g th e 
initia l  us e o f  a  rul e i n protoco l  data .  Th e metho d i s applie d t o protocol s o f  subject s learnin g thre e tasks :  a  rive r 
crossin g puzzle ,  th e Towe r  o f  Hanoi ,  an d a  topi c i n colleg e physics .  Rule s wer e discovere d a t  th e rat e o f  abou t  on e 
ever y hal f  hour .  Mos t  rule s require d severa l  learnin g event s befor e the y wer e use d consistently ,  whic h i s no t 
consisten t  wit h th e one-tria l  learnin g predicte d b y explanation-base d learnin g methods .  S o m e observe d pattern s o f 
learnin g event s wer e consisten t  wit h a  learnin g mechanis m base d o n syntacti c generalizatio n o f  rules .  Althoug h 
most  rule s see m t o hav e bee n acquire d a t  impasses-occasion s whe n th e subjec t  doc s no t  k n o w wha t  t o d o next -
ther e wer e clea r  case s o f  rule s bein g learne d withou t  visibl e sign s o f  a n impasse ,  whic h doe s no t  suppor t  th e popula r 
hypothesi s tha t  al l  learnin g occur s a t  impasses . 

Introduction 

Th e goa l  o f  thi s researc h i s t o se e i f  people' s behavio r  durin g th e initia l  constructio n o f  a  rul e shed s an y ligh t 
on whic h o f  th e m a n y contemporar y model s o f  rul e acquisitio n i s a  bette r  characterizatio n o f  huma n learnin g 
methods .  M a n y theorie s o f  cognitiv e skil l  acquisitio n assum e tha t  rule s ar e initiall y  forme d durin g event s lastin g 
onl y a  fe w seconds .  Thi s i s abou t  th e sam e tim e scal e a s a  protoco l  line ,  s o suc h "learnin g events "  migh t  b e visibl e 
i n a  protocol .  However ,  i t  i s  difficul t  t o locat e th e exac t  lin e o f  a  protoco l  wher e a  rul e i s formed .  Al l  th e existin g 
simulation s o f  cognitiv e skil l  acquisitio n (e.g. ,  Anderson ,  Farrel l  &  Saurers ,  1984 ;  Anza i  &  Simon ,  1979 ;  Klahr , 
Langle y &  Neches ,  1987 ;  VanLehn ,  1983 ,  i n press )  us e multi-lin e episode s o r  othe r  unit s o f  analysi s tha t  ar c to o 
larg e fo r  thi s purpose . 

Thi s pape r  firs t  present s a  metho d fo r  locatin g protoco l  line s wher e rule s ar e acquired ,  the n discusse s th e 
result s obtaine d b y applyin g i t  t o protocol s fro m thre e tas k domains .  T w o o f  th e task s ar e puzzles :  th e Towe r  o f 
Hanoi  an d a  river-crossin g puzzle .  Althoug h thes e tw o studie s wer e intende d merel y t o chec k tha t  th e analyti c 
metho d works ,  the y nonetheles s yielde d som e interestin g findings .  I n th e thir d study ,  th e tas k domai n i s colleg e 
physics .  Thi s simulatio n i s stil l  unde r  construction ,  s o onl y som e preliminar y result s ca n b e reported .  Al l  thre e 
task s ar e simila r  i n tha t  th e subject s ar e "learnin g b y doing "  -  the y ar e solvin g problem s withou t  hel p fro m a  tuto r  o r 
an instructio n manual .  I t  i s  a n ope n questio n whethe r  th e result s an d method s discus s herei n exten d t o othe r 
instructiona l  situations . 

A method for locating protocol lines where rules are learned 

Th e followin g two-ste p metho d i s use d t o locat e line s o f  th e protoco l  correspondin g t o th e consmictio n o f  a 
rule .  T h e firs t  ste p i s t o postulat e a  larg e se t  o f  plausibl e rule s fo r  proble m solvin g i n th e tas k domain .  Th e rule s ca n 
be inferre d fro m analyzin g othe r  subjects '  protocols ,  fro m tas k analysis ,  fro m interviewin g subjects ,  fro m one' s ow n 
intuition ,  fro m writin g a  simulatio n program ,  o r  fro m an y othe r  source .  Eac h rul e i s writte n wit h th e weakes t 
precondition s possibl e s o tha t  i t  wil l  b e applicabl e i n th e wides t  possibl e rang e o f  situations .  Th e secon d ste p i s t o fi t 
thi s vocabular y o f  rule s t o th e give n protocol .  A t  almos t  ever y cycl e o f  th e simulation ,  ther e wil l  b e man y rule s tha t 
ca n b e applie d becaus e th e rule s hav e wea k preconditions .  Th e use r  select s one ,  an d th e simulatio n applie s it .  Th e 
user' s jo b i s t o find  a  sequenc e o f  rul e selection s tha t  maximize s th e fi t  o f  th e simulatio n t o th e protocol .  I f  th e 
protoco l  ca n b e formall y encoded ,  thi s ste p ca n b e automate d (VanLeh n &  Garlick ,  1987 ;  Kowalsk i  &  VanLehn , 
1988) .  Th e resul t  i s a  tabl e whic h align s th e protoco l  wit h rul e firing s an d "misse d opportunities"-occasion s wher e 
a rul e coul d hav e fire d bu t  di d not .  Fo r  instance ,  i n Table s 1  an d 4  below ,  row s correspon d t o protoco l  line s an d 
column s correspon d t o rules .  Cell s o f  th e tabl e contai n a  "1 "  i f  th e rul e fire d durin g tha t  lin e o f  th e protocol ,  a  "0 "  i f 
i t  coul d hav e fu-e d an d di d not ,  an d a  blan k i f  i t  wa s no t  applicabl e a t  tha t  time . 

Given such a table, two kinds of analysis are performed. The first is simply to look for patterns in the firings 
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Tabl e 1 :  Protoco l  an d simulatio n o f  a  subjec t  solvin g a  rive r  crossin g proble m 

Cycl e 
1 

2 
3 

4 

5 
6 
7 

8 
9 

Stat e 
LMSb, _ 

L.MSb 

LSb. M 
S.LMb 

" 
MSb.L 
,LMSb 

Protoco l 
The boa t  ca n hol d onl y 20 0 pounds ? (E :  Th e boa t  ca n hol d onl y 
200 pounds. )  Okay.. .  first.. .  Smal l  an d Mediu m g o bac k 
(E :  Uh-huh.).. .  q o acros s th e rive r  o n it . 
And then ,  um,.. .  Oh.. .  Large.. . 
[ 3 secon d pause](E ;  Yeah ,  g o on.. .  tal k ou t  loud.)...and.. .  um.. . 
Large.. .  um.. .  ( 3 secon d pause ]  (E :  Tal k ou t  loud .  Tel l  m e 
everythin g you'r e thinking. )  But ,  1  can' t  d o i t  becaus e 
someone ha s t o sai l  th e boa t  back . 
(E :  Ok.. .  That' s right .  Sometxxl y ha s t o sai l  th e boa t  back. )  Oh I 
Ok.. .  so.. .  [ 4 secon d pause ]  Smal l  sail s th e boa t  bac k an d get s off . 
and let s Larg e sai l  th e boa t  back . 
(E :  Um-hmm.  An d the n wha t  happens. )  Uh.. . 
| 3 secon d pause ]  (E :  Tal k ou t  loud. )  An d the n Small.. .  Small.. . 
can' t  thin k o f  anything.. .  (E :  Kee p talking. ) 
So.. .  K̂ edium.. .  sail s back . 
And.. .  Mediu m an d Smal l  sai l  back . 
(E :  Kee p talking. )  An d they'r e al l  across i  (E :  Ver y qoodi ) 

Rul e 1 
1 

1 

1 
1 

1 

Rul e 2 

0 

1 

0 

1 

and misse d opportunities .  Usin g thi s kin d o f  analysis ,  i t  wa s discovere d tha t  rule s ar e rarel y learne d completel y i n 
on e trial .  Typically ,  th e initia l  firin g o f  a  rul e i s followe d b y on e o r  mor e misse d opportunities ,  the n anothe r  firing ,  a 
misse d opportunity ,  an d s o o n wit h a n increasin g rati o o f  firing s t o misse d opportunities .  Suc h pattern s hav e 
theoretica l  implications .  Fo r  instance ,  gradua l  acquisitio n i s no t  consisten t  wit h th e operatio n o f  learnin g methods , 
suc h a s explanation-base d learnin g (e.g. ,  DeJon g &  M o o n e y ,  1986) ,  tha t  acquir e rule s i n on e trial .  I n on e case ,  th e 
precis e patter n o f  graduall y increasin g frequenc y o f  usag e wa s predicte d b y a  learnin g mechanis m base d o n 
syntacti c generalizatio n o f  th e rule . 

Although the mere pattern of rule usage has shed some light on learning mechanisms, a second type of 
analysi s ha s prove d t o b e eve n mor e productive .  Thi s typ e o f  analysi s examine s th e subject' s utterance s i n th e 
vicinit y o f  eac h learnin g event .  Fo r  instance ,  severa l  author s hav e claime d tha t  al l  learnin g occur s a t  impasse s 
(Laird ,  Rosenbloom ,  &  Newell ,  1986 ;  VanLehn ,  1988) .  A n impass e ca n onl y b e precisel y specifie d relativ e t o a 
give n simulatio n model ,  bu t  th e roug h ide a i s tha t  th e mode l  "doesn' t  k n o w wha t  t o d o next. "  I f  thi s ide a i s take n a t 
fac e value ,  an d impasse-drive n learnin g i s universal ,  the n th e subject' s protoco l  a t  th e firs t  us e o f  a  rul e shoul d sho w 
sign s o f  confusio n o r  hesitatio n becaus e th e subjec t  i s a t  a n impasse .  Th e analyse s presente d belo w sho w tha t  mos t 
initia l  use s o f  a  rul e are ,  a s predicted ,  accompanie d b y unusuall y lon g pause s o r  b y comment s suc h a s " I  can' t  d o it, " 
or  "It' s no t  tha t  easy. "  However ,  severa l  case s wer e foun d wher e ther e ar e n o suc h sign s o f  a n impass e a t  all .  Thus , 
th e dat a ar e consisten t  wit h th e clai m tha t  mos t  bu t  no t  al l  rul e acquisition s ar e triggere d b y impasses . 

Study 1: A river crossing puzzle 

Th e protoco l  analyze d i n thi s initia l  stud y wa s no t  collecte d wit h th e intentio n o f  studyin g th e rul e acquisitio n 
process ,  s o i t  ha s som e methodologica l  flaws .  However ,  i t  ha s th e expositiona l  advantag e o f  bein g a  ver y shor t 
protoco l  tha t  nonetheles s demonstrate s som e o f  th e paper' s claims . 

Th e subject ,  a  9-yea r  ol d girl ,  wa s give n standar d instruction s fo r  talk-alou d protocol s the n aske d t o solv e th e 
followin g puzzle : 

Thre e me n wan t  t o cros s a  river .  The y fin d a  boat ,  bu t  i t  i s a  ver y smal l  boat .  I t  wil l  onl y hol d 20 0 pounds .  Th e me n 
ar e name d Large ,  Mediu m an d Small .  Larg e weight s 20 0 pounds .  Mediu m weight s 12 0 pounds ,  an d Smal l  weight s 8 0 
pounds .  H o w ca n the y al l  ge t  across ? The y migh t  hav e t o mak e severa l  trip s i n th e boat . 

The subject' s protoco l  an d a n analysi s o f  i t  appea r  Tabl e 1 .  Th e firs t  colum n number s th e cycle s o f  rul e 
execution .  Th e secon d colum n abbreviate s th e puzzle' s state-th e notatio n "LMSb,_ "  mean s tha t  Large ,  Med ium , 
Smal l  an d th e boa t  ar e o n th e sourc e bank ,  an d nothin g i s o n th e destinatio n bank .  Th e thir d colum n contain s th e 
subject' s protocol .  Th e remainin g column s indicat e rul e firing s an d misse d opportunities .  Th e majo r  rule s use d i n 
th e simulatio n appea r  i n Tabl e 2 .  Rul e 1  i s selecte d fo r  firing  a t  ever y opportunit y (cycle s 1 ,  2 ,  5 ,  6  an d 9) .  Th e 
firin g o f  th e rul e a t  cycle s 2  an d 6  cause s a  subgoa l  t o b e generate d becaus e th e boa t  i s no t  o n th e sourc e bank .  Thi s 
assumes a  cognitiv e architectur e tha t  automaticall y translate s preconditio n violation s int o subgoals .  (Th e simulatio n 
was conducte d o n Teto n (VanLeh n &  Ball ,  i n press) ,  bu t  A C T * ,  Soar ,  G P S an d m a n y othe r  architecture s hav e thi s 
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Tabl e 2 :  Major s rule s use d i n simulatin g ih c solutio n o f  th e rive r  crossin g puz/.l c 

1. If the goal is to move some men from bank X to bank Y, and the boat is on bank X, then load the boat 
t o it s  m a x i m u m capacity ,  sai l  i t  across ,  an d unloa d it . 

2. If the goal is that the boat be on bank X, and the boat is on another bank, Y, and the boat requires 
someon e t o sai l  it ,  an d ther e ar e som e m e n o n ban k Y ,  the n loa d th e boa t  wit h a  smal l  man ,  sai l  i t 

across ,  an d unloa d it . 

property.) The subgoal of getting the boat back to the source bank causes the application of rule 2 at cycles 4 and 8. 

Althoug h al l  application s o f  rul e 1  g o smoothly ,  th e firs t  applicatio n o f  rul e 2  i s precede d b y verba l  evidenc e 
of  a n impasse .  I n th e las t  lin e o f  cycl e 3 ,  th e subjec t  says ,  "But ,  1  can' t  d o i t  becaus e somebod y ha s t o sai l  th e boa t 
back. "  Th e subjec t  say s sh e i s stuc k whil e a t  th e sam e tim e mentionin g a n operatio n tha t  coul d b e applied .  M y 
interpretatio n o f  thi s lin e goe s a s follows .  Th e subjec t  recognize s tha t  th e puzzl e situatio n i s a n idealizatio n o f 
reality ,  bu t  sh e i s unsur e abou t  h o w m u c h o f  a n idealizatio n i t  is .  I n particular ,  sh e doc s no t  kno w whethe r  th e 
experimente r  intend s he r  t o adop t  th e real-lif e constrain t  tha t  mos t  boat s requir e a  helmsman .  Th e puzzl e 
instruction s d o no t  stal e thi s constraint .  Gndeed ,  anothe r  subjec t  chos e th e othe r  interprcialio n o f  th e instructions , 
allowe d th e boa t  t o sai l  itsel f  back ,  an d answere d tha t  i t  take s onl y tw o trip s t o ge t  al l  th e me n across. )  O n thi s 
interpretation ,  th e subjec t  alread y "has "  rul e 2 ,  bu t  sh e doe s no t  k n o w whethe r  sh e i s suppose d t o us e i t  i n thi s 
puzzle .  Afte r  th e experimente r  confirm s tha t  thi s typ e o f  boa t  require s someon e t o sai l  it ,  th e subjec t  applie s th e rul e 
(cycl e 4) .  Althoug h thi s learnin g even t  i s  arguabl y no t  rul e acquisition ,  i t  i s  clearl y learnin g o f  som e kind .  A s wil l 
be see n shortly ,  i t  share s severa l  propertie s wit h case s tha t  ar e quit e clearl y rul e acquisitio n events . 

Th e secon d applicatio n o f  rul e 2  i s als o precede d b y sign s o f  a n impass e (cycl e 7) .  Th e subjec t  agai n claim s 
t o b e stuck ,  sayin g "...can' t  thin k o f  anything.... "  Apparently ,  whateve r  sh e learne d durin g cycl e 3  i s no t  immediatel y 
applicabl e a t  cycl e 7 .  A s wil l  b e see n later ,  thi s i s  quit e typical--th e firs t  firin g o f  a  rul e i s followe d b y on e o r  mor e 
misse d opportunities .  Severa l  learnin g mechanism s ar e consisten t  wit h thi s behavior .  Fo r  instance ,  i t  coul d b e tha t 
th e rul e (o r  assertion )  learne d a t  cycl e 3  ha s suc h a  highl y specifi c  preconditio n tha t  i t  doc s no t  appl y a t  cycl e 7 ,  s o 
th e learnin g mechanis m mus t  creat e a  generalize d versio n o f  it .  Anothe r  possibl e explanatio n rest s o n contex t 
effects—whe n th e n e w rul e i s store d i n memory ,  i t  i s  indexe d i n par t  b y th e contex t  o f  cycl e 3 ,  whic h i s assume d t o 
be s o differen t  fro m th e subsequen t  reuicva l  contex t  (cycl e 7 )  tha t  retrieva l  fails .  Althoug h protoco l  dat a ca n 
differentiat e suc h learnin g mechanism s (se e belo w fo r  a n example) ,  thi s particula r  cas e i s consisten t  wit h a  variet y 
of  learnin g mechanisms . 

Dependin g o n whic h learnin g mechanis m on e believe s in ,  cycl e 8  represent s cithe r  a  secon d firin g o f  rul e 2 
or  th e firin g o f  a  n e w rul e tha t  i s  a  generalizatio n o f  rul e 2 .  A s mentione d earlier ,  thi s researc h metho d use s rule s 
wit h th e weakes t  precondition s possible ,  s o i n th e simulatio n o f  thi s protocol ,  cycl e 8  i s a  secon d firin g o f  rul e 2 . 
However ,  thi s i s jus t  a  methodologica l  devic e fo r  locatin g learnin g event s i n protocols .  I t  i s  no t  intende d a s a  clai m 
abou t  detaile d learnin g mechanisms .  I  wil l  continu e t o spea k a s i f  genera l  rule s wer e firin g intermittently ,  eve n 
thoug h i t  m a y b e eac h genera l  rul e i s actuall y a n evolving  collectio n o f  specifi c  rules . 

I n summary ,  thi s protoco l  show s thre e interestin g features .  (1 )  Th e initia l  acquisitio n o f  th e rul e di d no t 
suffic e t o m a k e i t  reliabl y operational .  A  secon d learnin g even t  wa s require d (cycl e 7) .  Th e secon d learnin g even t 
too k les s tim e tha n th e first  (cycl e 3) .  Thi s patter n — a n initia l  formulatio n o f  a  rul e followe d b y on e o r  mor e 
refinement s o f  i t  — occur s i n late r  protocol s a s well .  (2 )  Bot h learnin g event s see m t o b e triggere d b y a n impassc- a 
poin t  wher e th e subjec t  doe s no t  k n o w wha t  t o d o next .  Impasse-drive n learnin g ha s bee n toute d a s a  universa l 
metho d fo r  acquirin g rule s (VanLehn ,  1988 ;  Laird ,  Rosenbloom ,  &  Newell ,  1986) .  I t  wil l  b e see n late r  tha t  althoug h 
i t  i s  c o m m o n fo r  impasse s t o trigge r  learning ,  othe r  type s o f  triggerin g ca n als o occur .  (3 )  Th e subjec t  reporte d 
neithe r  th e rul e tha t  wa s forme d no r  th e processe s tha t  constructe d it .  Th e existenc e o f  th e rul e ca n b e inferre d fro m 
her  actions ,  bu t  i f  i t  wa s eve r  presen t  i n he r  workin g memory ,  sh e chos e no t  t o mentio n it .  Thi s to o wil l  tur n ou t  t o 
be a  c o m m o n featur e o f  learnin g events . 
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Stud y 2 :  T h e T o w e r  o f  Hano i 

Thi s stud y i s a  rcanalysi s o f  ih c classi c protoco l  o f  Anza i  an d Simo n (1979 )  wherei n th e subjec t  invent s 
severa l  solutio n strategic s fo r  th e five-dis k Towe r  o f  Hano i  ove r  th e cours e o f  9 0 minutes .  Durin g thi s tim e sh e 
receive s n o instruction .  Thi s correct s a  methodologica l  flaw  i n th e firs t  study ,  wher e th e experimenter' s comment s 
see m t o hav e bee n instrumenta l  i n th e subject' s learning . 

Anzai  an d Simo n uncovere d th e majo r  strategie s tha t  th e subjec t  acquire d an d postulate d learnin g 
mechanism s sufficien t  t o acquir e thos e strategies .  The y di d no t  attemp t  a  line-by-lin e compariso n o f  th e protoco l 
and th e behavio r  o f  thei r  model .  Usin g Teto n (VanLeh n &  Ball ,  i n press) ,  w e foun d tha t  additiona l  assumption s 
were necessar y i n orde r  t o achiev e a  line-by-lin e simulatio n o f  th e protocol .  Th e mos t  importan t  ne w assumptio n i s 
tha t  th e subjec t  ha s a  strateg y tha t  develop s aroun d th e firs t  te n minute s o f  th e protoco l  an d remain s fixed  throughou t 
th e res t  o f  th e protocol .  However ,  thi s strateg y give s ambiguou s advic e o n 2 5 % o f  th e moves ,  whic h wil l  b e calle d 
th e majo r  moves .  O n th e majo r  moves ,  th e subject' s fixed  strateg y narrow s th e choice s dow n t o tw o possibilities , 
but  i t  doe s no t  sa y whic h on e t o take .  Th e bul k o f  th e subject' s learnin g consist s o f  a  progressio n o f  strategie s fo r 
makin g thes e decisions .  Wit h thi s ne w assumption ,  a  mode l  wa s formulate d tha t  fits  th e line s o f  th e protoco l  wit h 
hig h accuracy ,  exceedin g eve n tha t  foun d i n Newel l  an d Simo n (1972) .  Th e detail s ca n b e foun d i n VanLeh n (1989) . 

Tabl e 3  show s th e rule s use d t o mak e th e majo r  mov e decisions .  Tabl e 4  show s th e analysi s o f  th e protoco L 
Each ro w o f  Tabl e 4  i s a  majo r  move .  Th e firs t  colum n number s th e majo r  moves ,  th e secon d colum n abbreviate s 
th e puzzle' s stat e jus t  prio r  t o th e move ,  an d th e thir d colum n abbreviate s wha t  th e subjec t  sai d whil e makin g th e 
move.  Th e puzzle' s peg s ar e labele d A ,  B  an d C ,  wher e A  i s th e pe g tha t  th e disk s star t  o n an d C  i s th e pe g the y 
shoul d en d u p on .  Th e disk s ar e labele d 1  throug h 5 ,  wit h 5  bein g th e larges t  disk .  Th e notatio n "  125,34,_ "  mean s 
tha t  disk s 1 ,  2  an d 5  ar e o n pe g A ,  disk s 3  an d 4  ar e o n pe g B ,  an d pe g C  i s empty .  Th e notatio n "2B ,  lA "  mean s tha t 
th e subjec t  announce d a  goa l  o f  movin g dis k 2  t o pe g B ,  the n announce d a  movemen t  o f  dis k 1  t o pe g A .  Th e 
notatio n "4pC "  indicate s a  goa l  o f  movin g a  pyrami d o r  grou p o f  fou r  disks .  Sometime s th e subjec t  announce s a 
scrie s o f  goals ,  pauses ,  an d announce s a  differen t  serie s o f  goals .  Thi s behavio r  i s  indicate d b y placin g tw o row s i n 
th e table ,  on e fo r  eac h serie s o f  goals ,  an d placin g ditt o mark s i n th e first  tw o cell s o f  th e secon d row .  Horizonta l 
line s i n th e tabl e indicat e place s wher e th e subjec t  rese t  th e puzzl e t o a n initia l  state .  Th e rightmos t  si x column s o f 
Tabl e 4  sho w th e applicabilit y  o f  rules .  A s always ,  a  "1 "  indicate s a  rul e firing,  a  "0 "  indicate s a  misse d opportunity , 
and a  blan k indicate s tha t  th e rul e wa s no t  applicable .  A  "? "  indicate s tha t  th e rul e ma y o r  ma y no t  hav e bee n fired  -
th e protoco l  evidenc e i s unclear .  Th e asterisk s wil l  b e explaine d i n a  moment . 

Table 3: Abbreviations and descriptions of rules for handling major moves 

Initial rules 

•  Loo k Th e Anza i  an d Simo n look-ahea d searc h strategy . 

• 7 blk If the goal is to move a disk from one peg to another, and there is a single disk blocking the move, 
the n ge t  th e blockin g dis k t o th e pe g tha t  i s  no t  involve d i n th e move . 

• 2 blk If the goal is to move a disk from one peg to another, and the 2-high pyramid (i.e., disks 1 and 2) 
block s th e move ,  the n ge t  dis k 1  t o on e o f  th e peg s involve d i n th e mov e (thu s freein g dis k 2  t o mov e t o 
th e pe g no t  involve d i n th e move) . 

Rules acquired during the protocol 

•  4 B Befor e attemptin g an y o f  th e to p leve l  goals ,  tr y t o ge t  dis k 4  t o pe g B . 

• Dsk (The Anzai and Simon disk subgoaling strategy.) If the goal is to get a disk from one peg to 
another ,  an d ther e ar e som e disk s blockin g th e move ,  the n ge t  th e larges t  blockin g dis k t o th e pe g tha t  i s 
not  involve d i n th e move . 

• Pyr (The Anzai and Simon pyramid subgoaling strategy.) If the goal is to move a pyramid from a peg to 
anothe r  peg ,  the n ge t  th e nex t  smalles t  pyrami d t o th e pe g tha t  i s  no t  involve d i n th e move . 
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Tabl e 4 :  Rul e firings  an d misse d opportunitie s fo r  th e majo r  move s 

Move 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1 
1 2 
13 
1 4 
1 5 
16 
1 7 
1 8 
" 

1 9 
20 
2; 

22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 

Slat e 

12345 ,  _ , 
45,  3 ,  1 2 
5,  123 ,  4 
12345 ,  _ ,  _ 
45,  12 ,  3 
5,  4 ,  12 3 
125,34. _ 
.  1234 ,  5 

3,  4 ,  12 5 
123.  .  4 5 
12.  .  34 5 
1.  . 
12.  . 
123,  , 
,  12 ,  3 

1234 ,  _ . 
4.  3 ,  1 2 
,̂  123 ,  4 
" 

12,  ,  3 4 
12345 ,  , 
45,  12 ,  3 
" 

5,  4 .  12 3 
125,34, _ 
_.  1234 .  5 
3,  4 ,  12 5 
123,  _ .  4 5 
12,  ,  34 5 
12345 ,  , 
45,  12 .  3 
5,  4 ,  12 3 
125.34 , 
,  1234 .  5 

3,  4 ,  12 5 
123.  .  4 5 
12.  .  34 5 

Protoco l 

1B 
2B,  1 A 
5C,  1 A 
1C 
4B,  1 A 
I B 
1C 
1A 
I B 
3C,  1 C 
I B 
1C 
I B 
3C,  2B ,  1 C 
quit s 
3B,  2C ,  I B 
1A 
1C 
38,  2A .  1 C 
I B 
5C.  4B .  3C ,  2B ,  1 C 
4B,  1 A 
48,  2C ,  1 A 
5C,  38 ,  2A ,  1 A 
1C 
4C,  3A ,  2B ,  1 A 
I B 
3C,  28 ,  1 C 
I B 
5C,  4B ,  3C ,  28 .  1 C 
4B,  1 A 
3pB,  I B 
1C 
4pC,4C,3pA.3A,2C,1 A 
2pA.  1 8 
3pC,  2pB .  1 C 
2pC,  I B 

Ini t 
Loo k 1 

1 
1 
1 
1 
0 
1 
0 
1 
0 
0 
0 

al  rule s 
tbl k 1  2bl k 

1 ? 

1 

1 

1 
1 

1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

1 
0 

1 
0 
1 
1 
0 

1 
0 
1 
0 
1 
1 
0 
1 
0 

1 
0 
1 
0 
1 
0 
0 
0 

0 

Lea 
4B 
0 
0 

•  1  • 
0 

•  1  • 

rne d rule s 1 
Dis k 1 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

P yr . 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

•J 

0 
1 
1 

0 
1 

'  1  • 

*  1  • 

•  1  • 

0 
0 
0 
1 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
1 
0 
1 
1 
1 
1 

S o me interestin g findings  ar c visibl e i n th e pattern s o f  firings  a n d misse d opportunities .  A s i n th e river 
crossin g puzzle ,  i t  i s  neve r  th e cas e tha t  a  rul e i s use d consistentl y afte r  i t  i s first  acquired .  Instead ,  th e usag e o f  a 
n e w rul e increase s gradually .  A  secon d observatio n i s tha t  thi s subjec t  occasionall y c o m p a r e s th e result s o f  a n ol d 
rul e wit h thos e o f  th e rul e tha t  supplant s it .  Thi s ca n b e see n i n bot h case s w h e r e th e subjec t  re-doe s th e plannin g o f 
a m o v e ( m o v e s 1 8 a n d 2 1 ) .  I t  ca n als o b e see n i n m o v e 3 2 w h e r e th e subjec t  m i xe s py rami d goal s wit h dis k goals . 
T h u s ,  w e d o no t  se e a  rapi d transitio n f ro m a n ol d rul e t o a  n e w one ,  bu t  a  gradua l  transitio n tha t  i s  somet ime s 
a c c o m p a n i e d b y deliberat e compar i so n o f  th e ol d an d n e w rules . 

Obtainin g furthe r  insigh t  int o th e characte r  o f  th e rul e acquisitio n proces s require s examin in g th e protoco l  i n 
th e vicinit y o f  th e initia l  occurrence s o f  th e rule s (se e V a n L e h n ,  1989 ,  o r  Anza i  &  S i m o n ,  1979 ,  fo r  th e protoco l 
itselO -  I n th e rive r  crossin g study ,  ther e w e r e sign s o f  impasse s a t  bot h th e initia l  firing  o f  rul e 2  an d th e subsequen t 
firing.  I n thi s study ,  impasse s we r e als o presen t  a t  m o s t  o f  th e earl y rul e firings.  Asterisk s ar e use d i n Tabl e 4  t o 
m a r k rul e firings  tha t  w e r e a c c o m p a n i e d b y lon g pause s an d negativ e c o m m e n t s ,  suc h a s "It' s  no t  tha t  easy "  o r  " I 
shoul d hav e m o v e d 5  t o C. "  Impasse s w e r e c o m m o n i n th e acquisitio n o f  bot h rul e 4 B an d th e dis k subgoalin g rule . 
H o w e v e r ,  ther e s e e m t o hav e bee n n o impasse s involve d i n th e learnin g o f  th e py rami d subgoalin g rule .  A t  th e first 
firing  o f  th e rul e ( m o v e 3 0 ) ,  th e subjec t  simpl y starte d phrasin g he r  goal s i n term s o f  py rami d instea d o f  disks . 
Instea d o f  sayin g " 3 wil l  hav e t o g o t o B... "  a s sh e sai d a t  m o v e 2 2 ,  sh e said ,  " I  onl y nee d m o v e thre e blockin g disk s 
to...3. "  T h e r e s e e m s t o hav e bee n n o impass e here .  A t  3 2 ,  th e subjec t  sai d 

I  wil l  m o v e th e remainin g fou r  fro m B  t o C.. .  It' s  jus t  lik e movin g four ,  isn' t  it ? So.. .  I  wil l  hav e t o m o v e 4  from  B 
t o C.. .  Fo r  that ,  th e thre e tha t  ar e o n to p hav e t o g o fro m B  t o A.. .  O h ,  yeah ,  3  goe s fro m B  t o A !  Fo r  that ,  2  ha s t o g o 
fro m B  t o C ,  fo r  that ,  1  ha s t o g o fro m B  t o A . 
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Althoug h thi s segmen t  i s long ,  i t  contain s non e o f  th e sign s o f  consternatio n tha t  mar k th e othe r  learnin g events . 

Instead ,  th e subjec t  seem s t o hav e bee n excitedl y comparin g th e dis k rul e an d th e pyrami d rul e an d provin g t o 
hersel f  tha t  the y generat e th e sam e plan .  I f  a n impass e i s define d t o b e a n occasio n whe n th e subjec t  doe s no t  kno w 
what  t o do ,  the n thi s segmen t  i s no t  a n impasse ,  fo r  th e subjec t  seem s t o hav e tw o alternative s an d believ e tha t  bot h 
ar e equall y correct .  I n short ,  i t  seem s tha t  mos t  rul e acquisition s ( 2 o f  3 )  ar e triggere d b y impasses ,  bu t  rule s ca n 
sometime s b e learne d withou t  impasses . 

Ther e i s a  subtl e patter n i n th e acquisitio n o f  th e dis k subgoalin g rule .  S o m e o f  th e earl y firing s o f  th e rul e 
ar e marke d b y pause s an d othe r  sign s o f  impasses ,  an d som e ar e not .  Althoug h spac e doe s no t  permi t  a  detaile d 
examinatio n o f  th e dat a (se e VanLehn ,  1989) ,  i t  appear s t o b e th e cas e tha t  th e subject' s initia l  formulatio n o f  th e 
dis k rul e i s highl y specifi c  i n tha t  i t  mention s th e particula r  disk s an d peg s involve d i n th e majo r  mov e wher e i t  i s 
acquired .  Subsequen t  application s o f  th e rul e caus e th e name s o f  specifi c  peg s an d disk s t o b e replace d b y variables . 
Thi s gradua l  generalizatio n o f  th e rul e mean s tha t  som e majo r  move s ca n b e handle d b y th e evolvin g rule ,  whil e 
other s canno t  an d forc e th e rul e t o b e furthe r  generalized .  Pause s an d othe r  sign s o f  impasse s correlat e perfectl y 
wit h th e place s wher e generalizatio n i s predicte d t o occur .  I n particular ,  i f  i t  i s assume d tha t  th e subjec t  follow s th e 
polic y o f  generalizin g jus t  enoug h t o ge t  th e rul e t o accommodat e th e presen t  situation ,  the n i t  wil l  tak e fou r  learnin g 
event s t o lear n a  full y  genera l  versio n o f  th e dis k subgoalin g rule .  Al l  fou r  o f  thes e predicte d learnin g event s ar e 
marke d b y impasse s i n th e protoco l  (tw o occu r  durin g mov e 14 ,  an d bot h ar e marke d b y a  distinc t  pause) .  S o i t 
appear s tha t  impasse-drive n syntacti c generalization ,  whic h ha s playe d a n importan t  rol e i n severa l  model s o f  skil l 
acquisitio n (e.g. ,  VanLehn ,  1983 ,  1986 ,  i n press) ,  seem s t o b e behin d th e acquisitio n o f  th e dis k subgoalin g strategy . 

A las t  poin t  t o mentio n i s tha t  rule s wer e discovere d a t  a  ral e o f  abou t  on e ever y hal f  hou r  (thre e wer e 
discovere d i n th e 9 0 minut e protocol) .  Thi s rat e seem s t o hol d i n th e nex t  stud y a s well . 

Study 3: College Physics 

The protocol s fo r  th e thir d stud y com e fro m a  stud y b y Chi ,  Bassok ,  Lewis ,  Reiman n an d Glase r  (i n press )  o f 
eigh t  student s learnin g colleg e physic s fro m a  standar d textbook .  Ch i  e t  al' s  stud y use d a  trainin g forma t  tha t  come s 
clos e t o th e wa y student s Ica m physic s i n college ,  excep t  tha t  th e subject s coul d onl y refe r  t o a  textbook ;  the y coul d 
not  as k question s o f  a  teacher .  Th e subject s firs t  learne d th e initia l  fou r  chapter s o f  a  standar d colleg e physic s 
textboo k t o criterion .  The y the n rea d th e fift h chapter ,  whic h cover s th e targe t  subjec t  matter ,  Newtonia n particl e 
dynamics .  W h e n the y cam e t o th e worke d example s a t  th e en d o f  th e chapter ,  protoco l  collectio n began .  Protocol s 
wer e collecte d a s th e student s studie d 3  example s an d worke d 1 9 problems .  Th e example s an d th e problem s presen t 
ampl e opportunitie s fo r  learnin g becaus e the y addres s issue s tha t  simpl y ar e no t  covere d anywher e i n th e precedin g 
material .  Fo r  instance ,  th e concep t  o f  a  "norma l  force "  i s firs t  introduce d i n th e contex t  o f  a n example .  Th e student s 
too k betwee n 8  an d 2 9 hour s t o complet e th e study .  Th e protocol s cove r  th e las t  3  t o 6  hours . 

As simulation s ar e currentl y bein g consU'ucte d fo r  eac h o f  th e 8  protocols ,  i t  i s to o earl y t o repor t  accurat e 
dat a o n learnin g events .  However ,  Bernadelt e Kowalsk i  an d I  coul d no t  resis t  doin g a  han d analysi s o f  on e protocol . 
We foun d clea r  indication s o f  fiv e rule s bein g acquired .  A s th e protoco l  last s 3. 5 hours ,  thi s  i s a n averag e o f  on e 
rul e ever y 4 0 minutes ,  whic h i s comparabl e t o th e rat e foun d i n th e Towe r  o f  Hano i  stud y (on e rul e pe r  3 0 minutes) . 
We foun d som e evidenc e tha t  rule s ar e acquire d gradually ,  bu t  w e ar e reluctan t  t o pu t  a  numbe r  o n i t  becaus e i t  i s 
difficul t  t o detec t  misse d opportunitie s withou t  a  simulation .  Th e usua l  sign s o f  impasse s marke d th e initia l  firin g o f 
3 o f  th e 5  rules .  Th e othe r  tw o rule s see m t o b e acquire d a s th e subjec t  reflect s o n a  just-complete d solution .  A s a n 
illustration ,  th e nex t  fe w paragraph s presen t  on e o f  thes e rule' s acquisitio n event . 

Subjec t  10 1 i s confuse d abou t  th e differenc e betwee n weigh t  an d mas s throughou t  mos t  o f  th e experiment . 
(Man y othe r  student s ha d th e sam e confusion. )  Eventuall y h e discover s tha t  weigh t  i s th e forc e du e t o gravit y whil e 
he i s solvin g th e followin g problem :  " A firema n weighin g 16 0 pound s slide s dow n a  vertica l  pol e wit h a n averag e 
acceleratio n o f  1 0 fee t  pe r  second .  Wha t  i s th e averag e vertica l  forc e h e exert s o n th e pole? "  Th e subjec t  read s th e 
problem ,  the n says : 

6.  O k a y .  U m,  w e ' d h a v e t o c o n s i d e r . . . t h e f o r c e o f  g r a v i t y . 
7 .  O k a y .  L e t ' s f i n d o u t  w h a t  t h e f o r c e o f  g r a v i t y i s e x e r t i n g 
8 .  o n t h e m a n d t h e n w e c a n f i g u r e o u t  w h a t ,  w h a t  h i s ,  w h a t  h e ' s 
9.  e x e r t i n g o n i t . 
1 0 .  N o w ,  l e t  m e r e m e m b e r ,  w e i g h t  i s e q u a l  t o ,  w h a t ' s f o r c e e q u a l 

1 1 .  t o ,  w e i g h t ? 
1 2 .  F o r c e i s e q u a l  t o w e i g h t  o v e r  g r a v i t y t i m e s a c c e l e r a t i o n . 

439 



Kur t  VanLeli n 

The subjec t  decide s t o follo w a  generi c plan ,  whic h h e ha s use d man y time s before .  Th e pla n i s t o fin d th e force s 
actin g o n ih c bod y (th e fireman,  i n thi s  case) ,  su m them ,  an d appl y F=ma .  H e summarize s hi s intention s i n line s 7 ,  8 
and 9 .  However ,  th e plan' s firs t  goal ,  whic h i s t o fin d th e forc e o f  gravit y actin g o n th e fireman ,  thwart s him .  H e 
does no t  kno w tha t  th e 16 0 poun d weigh t  i s th e forc e o f  gravit y o n th e fireman,  s o h e set s abou t  t o calculat e th e 
forc e usin g th e derive d law ,  F=(W/g)a .  Afte r  fumblin g wit h th e unit s an d lookin g u p th e appropriat e valu e fo r  th e 
gravitationa l  acceleration ,  g ,  h e substitute s th e frecfal l  acceleratio n fo r  a  an d obtain s F=(W/g)g=W .  A t  thi s point ,  h e 

says : 

42 .  Oh ,  I' m goin g t o ge t  forc e i s equa l  t o weigh t  divide d b y 

43 .  grav i t y t ime s gravi t y whic h i s goin g t o b e equa l  t o weight . 

44 .  Right ? 
45 .  I s tha t  r ight ? 
46 .  Okay .  Um,  s o I' m goin g t o ge t  16 0 pounds .  That ' s th e force . 
47 .  Yeah .  I t  k in d o f  make s sens e 'caus e they ,  the y weigh t  yo u i n 

48 .  pounds ,  don' t  they ? 
49 .  That ' s force . 

50 .  Okay .  So ,  averag e accelerat ion ,  th e forc e he ,  th e gravi t y i s 

51 .  exert in g o n him ,  yeah ,  yeah ,  tha t  make s sense ,  i s 160 . 

At  lin e 43 ,  h e ha s th e solutio n t o hi s subgoal .  H e doubl e check s th e mat h i n line s 4 4 an d 4 5 (probably) ,  an d agai n 
state s th e solutio n i n lin e 46 .  Althoug h h e coul d simpl y g o o n t o th e nex t  ste p i n hi s plan ,  th e simplicit y o f  th e 
equatio n F = W apparentl y prompt s hi m t o reflec t  o n hi s solution .  Thus ,  a  learnin g even t  begin s aroun d lin e 47 .  Th e 
subjec t  appear s t o us e a  kin d o f  explanation-base d reasoning .  Althoug h h e ha s jus t  buil t  a  proo f  tha t  F = W fo r  thi s 
problem ,  h e add s a  secon d "proo f  base d o n th e unit s o f  forc e an d weigh t  (bot h ar e measure d i n pounds) .  Thi s 
seems t o b e critica l  t o establishin g th e generalit y o f  th e result ,  whic h i s tha t  weigh t  i s  th e forc e exerte d b y gravit y o n 
an object .  Th e learnin g even t  end s a t  lin e 49 ,  an d th e subjec t  return s t o th e pla n i n lin e 50 .  However ,  h e indulge s i n 
one las t  chec k o f  th e result ,  i n lin e 51 ,  befor e goin g o n t o finis h th e proble m off .  Th e nex t  lim e h e ha s a n opportunit y 
t o appl y hi s ne w rule ,  h e initiall y  fail s  t o retriev e it ,  bu t  i s  reminde d o f  i t  halfwa y throug h th e problem ,  an d happil y 
applie s it .  Thereafter ,  h e alway s use s th e ne w rul e wheneve r  i t  i s  applicable . 

Thi s segmen t  o f  th e protoco l  illustrate s tha t  rul e acquisitio n i n a  knowledge-ric h contex t  ha s muc h th e sam e 
characte r  a s i t  doc s i n th e knowledge-lea n contex t  o f  learnin g t o solv e a  puzzle .  Fo r  instance ,  i t  appear s tha t  th e 
acquire d rul e i s no t  completel y learne d durin g th e first  instanc e o f  it s  use ,  fo r  th e subjec t  nearl y misse s th e 
opportunit y o f  applyin g i t  later .  Thi s particula r  rul e doc s no t  see m t o b e acquire d a t  a n impasse .  Instead ,  th e subjec t 
seems t o infe r  i l  whil e reflectin g o n hi s just-complete d solutio n t o a  subproble m (lin e 47) .  However ,  othe r  physic s 
rule s d o see m t o b e learne d a t  impasses . 

Conclusions 

Thre e analyse s hav e bee n presente d showin g tha t  th e initia l  use s o f  proble m solvin g rule s ca n b e locate d i n 
protoco l  data .  Thi s analysi s metho d yielde d th e followin g observation s abou t  th e acquisitio n o f  rules : 

1.  Rule s ar e seldo m completel y learne d i n on e trial .  Th e initia l  firin g o f  a  rul e i s ofte n followe d b y 
severa l  misse d opportunitie s befor e th e rul e come s t o b e fire d a t  ever y opportunity . 

2. Sometimes, this gradual increase in applicability is consistent with a learning mechanism (VanLehn, 
1983 ,  i n press )  tha t  operate s b y initiall y  constructin g a  highl y specifi c rul e the n generalizin g i t  onl y 
when a n impass e force s i t  to . 

3. Long pauses, negative comments and other signs of impasses are common at the early firings of rules, 
but  som e rule s ar e acquire d withou t  an y visibl e sign s o f  a n impasse . 

4. Sometimes, the subject explicitly compares a new rule to the old rule that it replaces. This indicates 
tha t  th e subjec t  i s  probabl y awar e o f  bot h o f  them ,  althoug h non e o f  th e subject s i n an y o f  thes e studie s 
explicitl y  mention s o r  describe s thei r  rules .  I t  als o indicate s a  more-or-les s deliberat e applicatio n o f  a 
metho d fo r  improvin g one' s knowledge . 

5. In the context of leaming-by-doing, wherein the subject receives no instruction from tutors or manuals, 
rul e acquisitio n occur s a t  th e rat e o f  abou t  on e rul e ever y hal f  hour . 
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