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Modern research on skill acquisition is dominated by two broadly defined schools. One of 

thes e school s analyze s verba l  protocol s produce d b y a  smal l  numbe r  o f  subject s a s the y 

perfor m comple x task s i n unconstraine d situations .  Th e othe r  schoo l  measure s th e tim e an d 

accurac y o f  large r  number s o f  subject s performin g simplifie d task s I n controlle d experiments . 

Whil e protoco l  studie s ca n provid e ric h detai l  abou t  th e acquisitio n o f  usefu l  skill s  (Ericsso n 

& Simon ,  1985) ,  th e smal l  number s o f  subjects ,  th e fre e rangin g qualit y o f  thei r  reports ,  an d 

th e theor y lade n interpretatio n o f  th e dat a mak e reliabilit y  an d generalit y unrealistic .  Th e 

experimenta l  approach ,  i n contrast ,  yield s precise ,  objectiv e findings ,  bu t  th e distille d task s 

give n t o subject s Jeopardiz e th e everda y relevanc e o f  thes e finding s (Neisser ,  1976) .  I n th e 

curren t  pape r  w e repor t  a  serie s o f  analyse s tha t  exploi t  th e powe r  o f  bot h protoco l  an d 

experimenta l  method s while ,  w e hope ,  transcendin g thei r  limitations .  W e hav e tracke d th e 

acquisitio n o f  a  comple x skill ,  LIS P programming ,  b y examinin g studen t  performanc e wit h th e 

LIS P Intelligen t  Tutorin g Syste m (Anderso n &  Reiser ,  1985) .  Thi s too l  provide s u s wit h 

detailed ,  continuou s record s o f  studen t  performance ,  muc h lik e protoco l  data ;  however ,  th e 

natur e o f  thes e dat a allow s u s t o analyz e the m wit h th e quantitativ e method s typicall y 

applie d t o experimenta l  results .  B y convergin g thes e researc h methods ,  ou r  goa l  i s  t o 

presen t  a  mor e complet e an d accurat e pictur e o f  learnin g LIS P tha n i s possibl e throug h 

eithe r  approac h alone . 

Students interact with the LISP tutor as they solve programming exercises in a one 

semester ,  introductor y LIS P course .  Ever y exercis e i n th e curriculu m i s decompose d int o a 

sequenc e o f  productio n rule s (Anderson ,  1983) ,  mos t  o f  whic h correspon d t o typin g LIS P 

code .  Th e student' s inpu t  strea m i s segmente d int o separat e production s whe n h e o r  sh e 

type s a  delimite r  ke y (spac e bar ,  carriag e retur n o r  closin g parenthesis) .  Th e inpu t 

brackete d b y eac h pai r  o f  delimiter s i s treate d a s th e actio n o f  a n underlyin g productio n 

rule .  Fo r  eac h studen t  action ,  th e tuto r  trie s t o generat e a  correspondin g piec e o f  cod e b y 

applyin g a  relevan t  productio n rule .  I f  th e studen t  an d tuto r  cod e match ,  th e studen t 

progresse s throug h th e problem .  Fo r  eac h suc h matc h th e tuto r  record s th e student' s codin g 

time ,  measure d fro m delimite r  t o delimiter .  A  discrepanc y betwee n studen t  an d tuto r  cod e i s 

recorde d a s th e student' s erro r  an d trigger s a  tutoria l  dialogue .  Th e studen t  the n receive s 

subsequen t  opportunitie s t o produc e th e correc t  code .  I n th e analyse s tha t  w e repor t 

below ,  w e restric t  ou r  discussio n t o latenc y measures .  W e furthe r  narro w ou r  dat a b y 

considerin g latencie s fro m onl y thos e trial s o n whic h production s ar e execute d withou t  errors . 

We are taking the production model in the LISP tutor as the simulation of each student 

and ar e usin g th e LIS P tuto r  t o automaticall y analyz e th e student' s protoco l  an d determin e a 

correspondenc e betwee n tha t  protoco l  an d th e productio n model .  Thi s pape r  wil l  b e 

concerne d wit h ho w systemati c th e dat a appea r  unde r  suc h a n analysis .  W e expec t  tha t 
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Student s wil l  Improv e a s the y g o throug h th e LIS P tutor .  T o th e exten t  tha t  thi s improvemen t 

I s systematic ,  thi s wil l  bot h suppor t  th e productio n mode l  an d provid e evidenc e abou t  th e 

natur e o f  skil l  acquisition . 

A single LISP symbol (piece of code) can corrspond to several different production rules. 

What  differ s ar e th e condition s o n th e rules .  Fo r  example ,  on e rul e correspond s t o ca r  whe n 

use d simpl y t o retriev e th e firs t  elemen t  o f  a  list :  anothe r  rul e i s applie d whe n ca r  i s calle d 

i n conjunctio n wit h cd r  t o produc e th e secon d elemen t  o f  th e list .  Th e mea n codin g time s 

fo r  thes e rule s i n th e firs t  lesso n ar e abou t  1 9 second s an d 4 5 second s respectively .  Thi s 

exampl e an d man y simila r  one s suppor t  th e ide a tha t  psychologically ,  ther e i s a  fundamenta l 

differenc e betwee n distinc t  rule s wit h Identica l  actions .  Whil e th e mappin g betwee n surfac e 

behavio r  an d underlyin g rul e i s usuall y on e t o one ,  th e studen t  mus t  stil l  acquir e o n th e 

orde r  o f  20 0 productio n rule s throughou t  th e term .  Th e variou s combination s o f  rule s 

throughou t  th e codin g exercise s produc e abou t  340 0 dat a point s pe r  student .  W e woul d lik e 

t o Identif y th e factor s tha t  influenc e performanc e a t  essentiall y  eac h o f  thes e points . 

Regressio n Analysi s 

We will restrict our analyses to 43 students who used the LISP tutor In courses taught In 

th e fal l  o f  198 5 an d sprin g o f  1986 .  Becaus e th e dat a supplie d b y th e tuto r  ar e continuou s 

and quantitative ,  the y len d themselve s t o analysi s b y multipl e regression .  Ou r  goa l  I s t o 

formulat e a  regressio n mode l  tha t  allow s u s t o predic t  codin g latenc y a t  an y poin t  I n th e 

125 problem s tha t  ou r  student s ar e require d t o solve .  W e considere d a  larg e numbe r  o f 

potentia l  predictor s bu t  onl y a  fe w mad e independen t  contribution s t o predictin g th e varianc e 

We hav e bee n mos t  successfu l  i n accountin g fo r  codin g latencie s usin g thre e predicto r 

variables :  (1 )  lesso n numbe r  • -  th e materia l  covere d b y th e tuto r  i s presente d i n 1 2 lessons . 

(2 )  lo g numbe r  o f  opportunitie s t o cod e a  productio n withi n a  lesson ,  an d (3 )  lo g absolut e 

seria l  positio n o f  a  productio n withi n a  problem .  Ou r  criterio n i s actuall y lo g seconds .  W e 

chos e a  lo g scal e fo r  th e dependen t  measur e an d tw o o f  th e independen t  variable s an d a 

linea r  scal e fo r  th e remainin g independen t  variabl e becaus e thi s combinatio n o f  scale s 

accounte d fo r  significantl y mor e varianc e tha n othe r  possibl e combinations . 

We have subdivided our data into "Old" and "New" productions and performed separate 

analyse s o n eac h group .  A n obsen/atlo n i s analyze d a s a n Ol d productio n i f  th e associate d 

rul e i s Introduce d I n a n earlie r  lesson .  I f  th e observatio n i s mad e withi n th e lesso n i n whic h 

th e rul e i s introduced .  I t  i s  a  Ne w production .  S o fo r  example ,  conditional s ar e introduce d i n 

Lesso n 3 .  Th e productio n code-con d i s therefor e Ne w whe n use d i n Lesso n 3 .  bu t  Ol d 

when use d I n Lesson s 4  -  12 .  Ou r  regressio n mode l  fo r  Ol d pin.inriimi" ;  j c  pipconio- i  i n 

Equatio n 1  belo w an d ou r  mode l  fo r  N e w producton s i n Equatio n 3 .  T o mak e thes e nioi e 

interpretable ,  w e hav e derive d equation s fro m 1  an d 3  i n whic h th e sam e independen t 

variables ,  scale d I n linea r  units ,  predic t  latencie s i n actua l  seconds .  Thes e ar e presente d i n 

Equation s 2  an d 4  fo r  Ol d an d Ne w Item s respectively . 
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lo o latenc y -  1.3 1 -  .Oi(̂ ^  _  ^sdo g 0 )  -  .26(lo o P ) 

latency - 20.6 (.97^) (O-ssj ^p..26) 

log latency - 1.36 - QZH) . 30(,og O) - .l5(log P) 

latency = 23.0 (.94^) (O-30) ^p-iS) 

where L Is lesson number, o Is opportunity number and P is position. 

(1 ) 

(2 ) 

(3 ) 

(4 ) 

Bot h regressio n equation s accoun t  fo r  highl y significan t  proportion s o f  th e varianc e {i ^  -

.17 ,  p  <  .001 ,  fo r  Ol d productions ;  ^  -  .18 ,  p  <  .001 ,  fo r  N e w productions )  an d al l  o f 

th e regressio n coefficient s ar e significan t  ( p <  .001) .  Th e firs t  thin g t o notic e i s tha t  th e 

intercep t  term ,  expresse d i n lo g seconds ,  i s greate r  fo r  N e w production s tha n fo r  Ol d 

productions .  O n Intuitiv e grounds ,  rule s tha t  ar e i n th e proces s o f  bein g learne d shoul d b e 

use d mor e slowl y tha n wel l  know n rules .  Overall ,  mea n lo g latencie s ar e i n fac t  slowe r  fo r 

N ew production s tha n Ol d ( F [1 ,  840] ,  =  8.87 ,  p  <  .001) .  A  secon d featur e o f  thes e 

equation s i s tha t  al l  th e coefficient s ar e negative .  Thi s mean s tha t  a s th e value s o f  ou r 

predicto r  variable s increase ,  students '  codin g latencie s decrease .  I t  i s  interestin g tha t  bot h 

regressio n analyse s identifie d th e sam e independen t  variables .  Amon g th e predictor s tha t  w e 

considere d an d rejecte d ar e th e rate d prio r  familiarit y o f  productions ,  th e numbe r  o f  goal s 

pendin g I n th e proble m fo r  a  particula r  observation ,  th e dept h o f  th e symbo l  bein g code d 

withi n embeddin g functio n calls ,  an d th e positio n o f  th e symbo l  o n it s lin e o f  prett y printe d 

code .  W e wil l  no w conside r  eac h o f  th e thre e independen t  variable s tha t  w e hav e include d 

i n th e models . 

Lesson Effect: Learning to Learn. 

Our students clearly improve over the course of the 12 lessons. The linear trends due to 

Lesso n alon e ar e negativ e an d clos e i n siz e t o th e Lesso n coefficient s i n th e thre e ter m 

model s presente d abov e {rf6409 1 =  - 7 29 .  p < 001 ,  fo r  Ol d productions ;  ^3350 ]  =  -12.73 , 

p < .001 ,  fo r  N e w productions) .  Mea n codin g tim e i n second s i s presente d fo r  eac h lesso n 

i n Figur e 1 .  Althoug h th e curve s sho w somewha t  o f  a n uptur n i n th e fina l  fe w lessons . 

thei r  importan t  featur e i s a  genera l  negativ e trend .  Th e speedu p du e t o lesson s canno t  b e 

a simpl e practic e effect .  I f  i t  were .  N e w production s woul d no t  sho w improvement :  B y 

definition ,  performanc e o n thes e item s i s measure d i n onl y on e lesson ,  namel y th e on e i n 

whic h the y ar e firs t  presente d Yet ,  th e advantag e o f  additiona l  lesson s i s greate r  fo r  N e w 

production s tha n Ol d item s (t\975d ]  =  7.47 ,  p  <  .001) .  A  secon d possibilit y  i s ll̂a t  th e 

Lesso n effec t  i s  a n "Interfac e effect. "  Th e mor e experienc e student s hav e wit h ih e tuto i  s 

displa y properties ,  fo r  example ,  th e mor e rapidl y the y ca n ente r  code .  Whil e th e 

improvemen t  o n Ol d item s ma y wel l  b e du e t o increase d familiarit y wit h th e interface ,  w e 

interpre t  th e greate r  lesso n effec t  fo r  Ne w item s a s evidenc e o f  ye t  anothe r  learnin g 

process . 

Instead of an interface effect, we may be obsen/ing students acquisition of schemas for 

codin g LIS P functions .  Fo r  example ,  student s ma y com e t o l<no w thg t  a  LIS P functio n mus t 

star t  wit h th e functio n nam e followe d (typically )  b y a  fixe d numbe r  o f  arguments .  A s th e 
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Pigur *  1 :  M e a n codin g tim e fo r  Ol d an d N e w production s a s a  functio n o f  lesson . 

student encounters new functions, new productions can be created as instantiations of this 

genera l  tendency .  Th e benefi t  o f  assimilatin g n e w informatio n wit h th e hel p o f  s c h e m a s i s 

wel l  documente d (eg .  Bransford ,  Barcla y &  Franks .  1972 :  Bower ,  Blac k &  Turner ,  1979) .  I n 

th e curren t  context ,  w e refe r  t o thi s a s th e "learnin g t o learn "  phenomenon .  O n e implicatio n 

of  th e p h e n o m e n o n i s  tha t  learnin g certai n LIS P construct s wil l  requir e student s t o updat e 

an d elaborat e thei r  functio n schemas .  I f  ther e i s n o longe r  a  correspondenc e betwee n th e 

s c h e m a an d th e cod e student s mus t  write ,  the n th e benefit s o f  th e s c h e m a fo r  learnin g N e w 

rule s shoul d b e reduce d unti l  student s revis e thei r  schemas .  Thi s shoul d occu r  w h e n th e 

conditiona l  structur e an d recursiv e structure s ar e introduced .  Thi s materia l  i s  presente d i n 

Lesso n 3  (conditionals) .  Lesso n 7  (numeri c recursion) .  Lesso n 8  (cdr-recursion )  an d Lesso n 

10 (car-cd r  recursion) .  I t  i s  a t  thes e point s i n Figur e 1  tha t  w e se e th e peak s fo r  N e w 

productions ,  suggestin g tha t  th e Lesso n effec t  i s  modulate d b y lesso n conten t  an d 

presumabl y th e impac t  o f  conten t  o n studen t  schemas . 

Opportunity Effect: Knowledge Compilation. 

The second term in both of our regression models is log opportunity to code a production 

withi n a  lesson .  A n opportunit y i s  essentiall y a  tria l  i n experimenta l  terminology .  I t  i s 

therefor e no t  surprisin g tha t  student s appl y particula r  rule s mor e quic(<l v wit h practice . 

However ,  w e hav e Iheorieilca l  reason s fo r  expeciin g tiia i  û r ^  iinprovnio m dur .  \ o pi.-icHî c <'• • 

not  strictl y linear .  O n th e firs t  opponunit y t o execut e a  N e w production ,  th e siuden i  ha s 

onl y rea d th e Informatio n tha t  wil l  for m th e basi s o f  th e rule .  Withi n th e framewor k o f  a c t -

(Anderson ,  1983) ,  thi s declarativ e knowledg e mus t  b e proceduralized .  i.e .  compile d int o a 

productio n rule .  Proceduralizatio n explicitl y  build s certai n lon g ter m informatio n int o th e 

productio n tha t  previousl y require d maintenanc e i n workin g m e m o r y Becaus e o f  th e reduce d 

d e m a nd o n workin g memory ,  th e studen t  ca n appl y th e rul e mor e efficiently .  I f  thi s i s  s o 

we shoul d se e a  shar p improvemen t  i n codin g latencie s earl y i n th e histor y o f  a  production . 

followe d b y mor e gradua l  speedup :  O n c e th e n e w informatio n i s  proceduralized ,  th e resultin g 

rul e ca n b e tuned ,  eithe r  facilitatin g o r  impedin g it s use ,  bu t  th e greates t  chang e i n a  rul e s 

performanc e i s  associate d wit h it s  transformatio n fro m declarativ e t o procedura l  knowledg e 
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Mean coding time for Old and New productions as a function of 

opportunity . 

Thi s i s iargei y th e pictur e tha t  emerge s fro m ou r  data .  Student s improv e mor e o n N e w 

production s tha n o n Ol d (<t9758 1 «  5.88 ,  p  <  .001 )  a s yo u woul d expec t  I f  th e N e w Item s 

reflec t  th e transitio n fro m declarativ e t o procedura l  l̂ owledge .  Whil e w e hav e performed  ou r 

regressio n analyse s o n lo g codin g latencie s an d lo g opportunity ,  th e dramati c shift s i n 

performanc e tha t  w e ar e lookin g fo r  shoul d b e mos t  eviden t  i n th e untransforme d data ,  i n 

Figur e 2 ,  w e plo t  codin g tim e i n second s agains t  actua l  opportunit y coun t  fo r  Ol d an d Ne w 

productions .  Th e mos t  salien t  aspec t  o f  th e Figur e i s th e stee p dro p i n codin g tim e betwee n 

th e firs t  an d secon d opportunit y Th e improvemen t  i s o n th e orde r  o f  3 3 % fo r  N e w rule s 

versu s 2 0 % fo r  Ol d rules .  I t  seem s reasonabl e t o u s tha t  thi s i s th e differenc e betwee n 

procedurallzatio n an d tuning .  I t  i s  als o wort h notin g tha t  a t  thei r  slowest ,  Ol d production s fir e 

abou t  a s fas t  a s wel l  practice d N e w productions .  Th e suggestio n i s tha t  ther e i s a 

fundamenta l  differenc e betwee n th e knowledg e drivin g performanc e o n th e firs t  opportunit y 

fo r  N e w production s an d th e remainin g point s o n th e graph .  W e woul d expec t  thi s i f 

student s ar e usin g declarativ e knowledg e o n thi s firs t  observatio n alone . 

Serial Position Effect: Plan Rehearsal. 

Absotnte serial position is the final performance factor that we will consider Thi« is <;imnlv 

th e ordina l  valu e o f  a  productio n i n th e sequenc e o f  rule s comprisin g a  (unctio n delinitio n 

So fo r  example ,  defv n wil l  typicall y b e i n th e firs t  seria l  position ,  specify-function-nam e i n th e 

second ,  an d s o on. ^  Th e negativ e regressio n coefficient s fo r  lo g absolut e seria l  positio n tel l 

us tha t  th e furthe r  int o a n exercis e a  studen t  proceeds ,  th e faste r  h e o r  sh e wil l  appl y 

productio n rules .  However ,  a  close r  examinatio n o f  th e dat a reveal s systemati c deviation s 

fro m th e linea r  tren d capture d b y th e regressio n models . 

Of  cours e mos t  rule s ca n appea r  m a  variet y o f  positions . 
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Seria l  Positio n (withi n function ) 

Mean codin g tim e acros s seria l  position s I n Lesso n 2  functions . 

We hav e assemble d a  profil e o f  codin g performanc e ove r  seria l  positio n fo r  th e 1 2 

exercise s o f  Lesso n 2 .  Bot h Ol d an d Ne w production s ar e include d i n thi s analysi s whic h i s 

presente d i n Figur e 3 .  Latencie s an d seria l  positio n ar e untransforme d i n th e plo t  t o 

accentuat e th e non-linearit y o f  th e curve .  W e hav e distinguishe d th e firs t  thre e seria l 

positions ,  whic h correspon d t o th e sam e production s acros s problems ,  fro m th e remainin g 

positions ,  whic h ar e use d t o cod e th e functio n body .  Wha t  i s strikin g abou t  thi s curv e i s th e 

twi n peaks .  Th e firs t  pea k likel y reflect s th e fina l  comprehensio n o f  th e proble m descriptio n 

and plannin g o f  th e solutio n tha t  precede s coding .  Th e dro p ove r  th e nex t  tw o position s i s 

not  surprisin g sinc e thes e production s ar e th e onl y permissabl e action s a t  thes e points .  W e 

the n se e th e secon d pea k followe d b y a  fairl y  systemati c an d negatively-accelerate d spee d 

up acros s seria l  position s a s ou r  regressio n analysi s implies .  W e thin k thi s reflect s a n effec t 

of  formulatin g an d rehearsin g th e plan .  Repeate d acces s an d us e o f  th e pla n shoul d 

strengthe n it s encodin g i n workin g memor y an d s o spee d acces s t o it .  I t  shoul d b e note d 

tha t  i n ou r  searc h fo r  predictor s lo g seria l  positio n prove d t o b e a  bette r  predicto r  tha n 

othe r  possibl e variable s suc h a s numbe r  o f  pendin g goal s o r  dept h o f  embeddin g o f  th e 

code . 

Conclusio n 

The LISP tutor has enabled us to analyze a complex skill in greater detail than is possible 

wit h mor e conventiona l  methodologies .  W e "  fee l  ther e i s a  brigh t  futur e fo r  tutorin g system s 

I n psychologica l  research .  Despit e th e volume s o f  dat a an d th e fin e grai n siz e o f  ou r 

analyses ,  th e pictur e w e com e awa y wit h i s actuall y rathe r  simpl e Students '  master y o f  LIS P 

i s bes t  capture d b y thei r  progres s throug h th e curriculu m (th e lesso n effect) ,  th e amoun t  o f 

459 



CONRAD AN D ANDERSON 

practice th«y receive on a particular production rule (the opportunity effect), and the location 

of  tha t  rul e withir )  th e particula r  functio n tha t  the y ar e codin g (th e seria l  positio n effect) .  Thi s 

sirr̂plicit y i s particularl y stril<ing . 

We thlnl< that each of the three variables is in the main quite interpretable although they 

may als o b e picidn g u p subtl e complexities .  Th e lesso n effec t  seem s t o reflec t  th e schem a 

to r  workin g I n LIS P bot h wit h respec t  t o th e Interfac e an d th e structur e o f  LIS P function s 

The opportunit y effec t  I s a  simpl e learnin g effect .  I t  i s  noteworth y tha t  th e linea r  relationshi p 

betwee n lo g latenc y an d lo g opportunit y Indicate s w e hav e anothe r  Instanc e o f  a  power-la w 

learnin g functio n (Anderson .  1982) .  Th e predictio n i s no t  a s goo d i f  w e us e eithe r  linea r  tim e 

or  linea r  practice .  Finally ,  th e Seria l  Positio n effec t  Indicate s th e developmen t  o f  a n Initia l 

pla n whic h become s rehearse d a s i t  i s  use d i n writin g th e function .  Eac h o f  thes e 

phenomen a ar e hardl y new s i n cognitiv e psychology .  I t  i s  thi s fac t  tha t  w e regar d a s th e 

news o f  ou r  paper :  Unde r  appropriat e decompositio n (/.e ,  a s provide d b y th e LIS P tutor ) 

acquisitio n o f  a  comple x skil l  i s  a  matte r  o f  simpl e learnin g processes . 
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