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COGNITIVE PSYCHOLOGY AN D INTELLIGEN T TUTORING 

John R. Anderson 
Departmen t  o f  Psycholog y 

Carnegie-Mello n Universit y 

This paper is an attempt to think through the relationship between 
intelligen t  tutorin g an d cognition .  Thi s i s a  particularl y crucia l  issu e t o 
me becaus e I  hav e bot h worke d o n th e AC T theor y o f  cognitiv e psycholog y 
(Anderson ,  1983 )  an d o n tutor s fo r  geometr y an d LIS P (Boyl e &  Anderson , 
1984 ;  Farrell ,  Anderso n &  Reiser ,  1984) .  Th e pape r  i s i n tw o parts .  First , 
I  wil l  star t  fro m th e goal s o f  intelligen t  tutorin g an d reaso n t o ho w 
cognitiv e psycholog y migh t  serv e thes e goals .  Second ,  I  wil l  star t  fro m th e 
goal s o f  cognitiv e psycholog y an d reaso n t o ho w intelligen t  tutorin g migh t 
serv e thes e goals .  I  foun d th e implication s i n bot h direction s t o b e quit e 
surprising . 

Implications of Cognitive Psychology for Intelligent Tutoring 

Instruction in general, and computer-based instruction in particular, 
i s  practice d prett y muc h a s a  blac k art .  Student s ar e expose d t o variou s 
experience s i n som e vagu e belie f  tha t  the y wil l  becom e mor e capabl e o f 
dealin g wit h certai n vaguel y conceive d situation s i n late r  life .  Ther e i s 
bot h failur e t o specif y wha t  th e to-be-learne d behavio r  i s an d ho w th e 
experienc e wil l  affec t  th e learning .  Whil e peopl e d o lear n fro m suc h poorl y 
conceive d instruction ,  ther e i s ever y reaso n t o believ e tha t  ther e i s a  lo t 
of  waste d motion .  Clearly ,  cognitiv e psycholog y ha s a  majo r  potentia l 
contributio n t o mak e i n addin g precisio n t o th e ar t  o f  educatio n generally , 
and mor e specificall y t o intelligen t  tutoring .  A n interestin g questio n 
concern s whic h aspect s o f  cognitiv e psycholog y ar e relevan t  t o achievin g 
intelligen t  tutoring .  I t  turn s ou t  tha t  ther e i s a  rathe r  interestin g 
demarcatio n betwee n thos e aspect s o f  cognitiv e psycholog y whic h ar e relevan t 
and thos e aspect s whic h ar e not . 

The first contribution of cognitive psychology would be to provide a 
well-specifie d mode l  o f  th e targe t  behavio r  t o b e tutored—th e goa l  t o whic h 
th e instructio n i s directed .  I n th e area s w e hav e though t  o f  tutoring , 
mathematic s an d science ,  thi s amount s t o developin g a  problem-solvin g mode l 
of  th e idea l  student .  Suc h a  mode l  involve s a  specificatio n o f  th e problem -
solvin g goals ,  th e representatio n o f  th e relevan t  knowledge ,  an d th e 
operator s tha t  contro l  th e transitio n amon g goals .  Thu s th e basi c 
ingredient s ar e goa l  structures ,  representation ,  an d control .  Suc h studen t 
model s ca n b e use d t o represen t  bot h th e stat e o f  th e curren t  an d th e stat e 
desire d fo r  th e studen t  a t  th e en d o f  th e instruction . 

Creating such models is no mean feat, but given that we had such 
models ,  wha t  woul d w e d o wit h them?  Thi s require s a  theor y o f  th e 
acquisitio n o f  problem-solvin g skill s  tha t  wil l  specif y wha t  th e 
consequence s o f  variou s experience s wil l  b e o n th e stat e o f  th e studen t 
model .  So ,  w e ca n ad d a  theor y o f  skil l  acquisitio n t o th e lis t  o f 
potentia l  contribution s o f  cognitiv e psycholog y t o intelligen t  tutoring . 

Exactly how the student model is used in an intelligent tutoring system 
depend s o n th e learnin g theory ,  bu t  ou r  AC T learnin g theor y lead s u s t o 
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buil d th e tutorin g syste m ver y directl y aroun d th e mode l  o f  th e idea l 
student .  Ou r  tutor s guid e th e student s throug h th e problem s tryin g t o mak e 
thei r  step s correspon d t o thos e o f  th e idea l  studen t  model .  A t  eac h nex t 
ste p th e student' s ste p i s compare d wit h th e rang e o f  acceptabl e step s and , 
i f  i t  doe s no t  correspond ,  immediat e explanatio n i s generate d whic h tell s 
th e studen t  wha t  th e correc t  ste p i s an d wh y i t  i s  correct .  Thi s i s a  ver y 
powerfu l  rol e fo r  a  studen t  mode l  i n th e tutoring .  I t  effectivel y 
structure s th e whol e tutorin g interaction .  I  refe r  t o thi s mod e o f  tutoria l 
interactio n a s model-tracing . 

Another important consequence of the conjunction of a learning theory 
and a  studen t  mode l  i s a  prescriptio n fo r  proble m sequence .  On e ca n loo k a t 
weaknesse s i n th e studen t  mode l  an d construc t  problem s whic h th e learnin g 
theor y predict s wil l  giv e th e bes t  opportunit y t o repai r  th e weaknesses . 

Another Important consequence of the conjunction of a learning theory 
and a  studen t  mode l  i s a  prescriptio n fo r  proble m sequence .  On e ca n loo k a t 
weaknesse s i n th e studen t  mode l  an d construc t  problem s whic h th e learnin g 
theor y predict s wil l  giv e th e bes t  opportunit y t o repai r  th e weaknesses . 

All forms of instruction require that one correctly interpret the 
student' s behavio r  an d successfull y impar t  informatio n t o th e student .  I n 
our  model-tracin g paradig m thi s require s tha t  w e understan d wh y th e studen t 
makes move s an d tha t  w e ca n correctl y describ e goal s t o th e student ,  th e 
operator s t o appl y a t  thes e goals ,  an d wh y thes e operator s shoul d apply . 
Thes e communicatio n need s plac e furthe r  demand s o n cognitiv e psychology : 

To the extent that the interaction involves natural language, this 
bring s u p Issue s o f  natura l  languag e processing .  Thes e issue s o f 
communicatio n tur n ou t  t o involv e issue s o f  knowledg e representation .  Fo r 
instance ,  a  majo r  proble m turn s ou t  t o b e tha t  o f  th e studen t  acquirin g th e 
righ t  representatio n o f  domai n concepts .  I n geometr y student s hav e t o lear n 
th e meanin g o f  term s lik e premis e an d consequence .  I n LIS P the y nee d t o 
understan d th e meanin g o f  term s lik e tai l  o f  a  lis t  an d evaluatio n o f  a n 
expression .  Par t  o f  th e tutorin g goa l  become s teachin g o f  domai n concepts . 
Als o on e need s t o b e abl e t o refe r  t o th e student' s interna l  goa l 
structures .  Thi s require s designin g a n efficien t  wa y o f  representin g th e 
goa l  structur e t o th e student .  Fo r  example ,  i n geometr y w e teac h student s a 
grap h representatio n fo r  forwar d searc h fro m th e given s an d backwar d searc h 
fro m th e to-be-prove n statement . 

Another issue in communication concerns the serious problems of working 
memory overload .  On e ha s t o hav e a n accurat e estimat e o f  ho w muc h 
informatio n th e studen t  ca n hol d a t  an y on e time .  I t  i s  ver y eas y fo r 
instructio n t o fai l  becaus e th e studen t  canno t  proces s i t  all . 

Requirements from Cognitive Psychology 

It is interesting to consider those things that intelligent tutoring 
need s tha t  cognitiv e psycholog y doe s no t  offer ,  thos e thing s whic h i t  need s 
tha t  cognitiv e psycholog y offers ,  an d thos e thing s whic h i t  doe s no t  nee d 
tha t  cognitiv e psycholog y offers .  I t  shoul d b e recognize d tha t  man y thing s 
go int o successfu l  tutorin g tha t  hav e nothin g t o d o wit h cognitiv e 
psychology .  Thi s tend s t o involv e th e computationa l  aspect s o f  th e medium . 
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I n ou r  ow n wor k thi s ha s include d principle s o f  graphics ,  desig n o f  highl y 
modularize d systems ,  efficien t  implementatio n o f  productio n systems , 
principle s fo r  automati c proble m generation ,  an d principle s fo r  inducini ^ 
studen t  model s fro m surfac e behavior .  Eac h o f  thes e i s a  majo r  concer n i n 
our  wor k bu t  a  concer n tha t  i s totall y devoi d o f  an y psychologica l  content . 

Then there are a set of psychological issues that seem key. To review, 
thes e were : 

1. Theory of goal structures, 
2.  Theor y o f  control , 
3.  Theor y o f  knowledg e representation , 
4.  Theor y o f  skil l  acquisition , 
5.  Theor y o f  natura l  languag e understanding ,  and , 
6.  Theor y o f  workin g memor y limitation . 

What is most interesting, however, is the large segments of cognitive 
psycholog y tha t  see m irrelevant .  Specifically ,  ther e i s n o rol e fo r  a 
theor y o f  th e spee d o r  probabilit y  wit h whic h knowledg e i s stored , 
retrieved ,  o r  applied .  I  canno t  thin k o f  on e timin g resul t  fro m 
experimenta l  psycholog y tha t  ha s implication s fo r  tuto r  design .  We woul d 
hav e ou r  tutor s engag e i n th e sam e behavio r  independen t  o f  ho w lon g th e 
student s studie d tha t  information ,  ho w lon g i t  too k the m t o retriev e it ,  an d 
whethe r  the y coul d remembe r  it .  N o matte r  what ,  w e woul d tes t  fo r  th e 
knowledg e a t  a  late r  poin t  an d provid e remedia l  instructio n i f  th e student s 
ar e wrong .  Issue s abou t  th e exac t  time s an d probabilitie s o f  performanc e 
ar e irrelevant .  We coul d buil d int o ou r  tuto r  th e abilit y  t o mak e accurat e 
prediction s abou t  time s an d probabilities ,  bu t  i t  coul d no t  us e thes e 
prediction s t o furthe r  it s tutoring .  Thes e ar e prediction s a t  th e wron g 
leve l  o f  analysis . 

It 1s useful to make a distinction between two levels of cognitive 
theory—th e leve l  o f  proces s specificatio n an d th e leve l  o f  proces s 
implementation .  Thi s ca n b e don e i n analog y t o th e distinctio n betwee n 
programmin g languag e an d machin e implementation .  Althoug h ther e i s som e 
controvers y abou t  th e matte r  (e.g. ,  Anderso n &  Hinton ,  1981) .  i t  seem s tha t 
ther e i s a  programmin g languag e o f  th e min d (compar e t o Fodor ,  1975 )  i n 
whic h cognitiv e processe s ar e specified .  Suc h a  languag e i s a t  a  leve l 
analogou s t o th e LIS P programmin g language .  I n ou r  work ,  w e tak e th e AC T 
productio n syste m a s thi s language .  Th e issue s liste d a s relevan t  t o 
tutoring—goa l  structure ,  control ,  knowledg e representation ,  skil l 
acquisition ,  an d workin g memory—ar e al l  concerne d wit h aspect s o f  thi s 
language .  Th e on e othe r  relevan t  issue ,  natura l  languag e understanding ,  i s 
concerne d wit h a  proces s Implemente d i n thi s menta l  language . 

Much of a cognitive theory like ACT is concerned vith how this mental 
languag e i s Implemented .  Thi s i s lik e askin g ho w LIS P i s implemente d o n a 
computer .  I t  i s  thes e aspect s o f  implementatio n whic h see m no t  t o b e 
relevan t  t o tutoring .  Thi s i s no t  t o say ,  o f  course ,  tha t  the y ar e 
uninteresting . 

So, the conclusion is that the division between issues of mental 
languag e an d issue s o f  it s  implementatio n correspond s t o th e divisio n 
betwee n thos e aspect s o f  cognitiv e psycholog y whic h ar e relevan t  t o 
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intelligen t  tutorin g an d thos e aspect s whic h ar e not .  T o th e 6/ten t  tha t 
intelligen t  tutorin g wor k ca n progres s withou t  consideratio n o f  th e 
implementation ,  thi s i s evidenc e fo r  th e distinctio n betwee n th e menta l 
programmin g languag e an d it s implementation . 

Implications of IntelligenL Tutoring for Cognitive Psyche logy 

It is natural to speculate that the relationship might be symmetrical 
and tha t  wor k i n intelligen t  tutorin g migh t  hav e implication s oil y fo r  th " 
m(Mila l  langu.ig p leve l  an d no t  fo r  th e implementatio n level .  Hovcver ,  thi s 
I  • :  nu t  !H) .  K y I  oo k i  ii)- ,  .i t  th e histor y o f  latenc y an d succes s I n workin g wit h 

a tuto r  on e may b e able "  t o mak e numerou s inference s abou t  cognitiv e 
implementation .  However ,  i t  i s  hardl y th e onl y wa y t o mak e inference s abou t 
cognitiv e irai)lementatio n an d fo r  man y istues ,  traditiona l  experiment s ar e 
more effective .  On th e othe r  hand ,  I  a m prepare d t o argu e tha t  th e onl y 
methodologie s tha t  ca n ge t  a t  th e languag e leve l  ar e th e tutorir g 
methodolog y an d variant s o n tha t  methodology . 

To make this argument, I will consider an analogy: Suppose a 
programme r  presente d t o u s a  fairl y  comple x program ,  an d w e wante d t o tes t 
whethe r  i t  wa s a  LIS P program .  I n th e analogy ,  LIS P correspond t  t o ou r 
theor y abou t  menta l  programmin g languag e an d th e programme r  i s th e learnin g 
syste m tha t  change s th e menta l  program .  T o mak e th e analog y wor k w e wil l 
hav e t o assum e w e canno t  as k th e programme r  wha t  th e languag e i f  no r  ca n w e 
physicall y inspec t  th e program .  Al l  w e ca n d o i s loo k a t  th e irput-outpu t 
behavio r  o f  th e program .  No w i t  i s  wel l  know n tha t  an y computationall y 
universa l  programmin g languag e ca n produc e an y input-outpu t  behavior . 
Similarly ,  an y "reasonable "  theor y o f  th e menta l  languag e coul d produc e an y 
behavior .  I t  i s  unlikel y tha t  implementation s i n tw o language s wil l  diffe r 
interestingl y i n thei r  timin g behavior ,  particularl y i f  al l  w e ca n loo k a t 
i s  relativ e tim e t o solv e tw o problems ,  no t  absolut e time .  Similarly ,  i t  i s 
unlikel y tha t  w e ca n choos e betwee n tw o theorie s o f  menta l  languag e b y 
lookin g a t  processin g time s o r  probabilitie s o f  correc t  responses . 

How in fact are decisions made about the mental language? The argument 
i s usuall y tha t  a  particula r  typ e o f  input-outpu t  behavio r  i s characteristi c 
of  th e "programmin g style "  appropriat e t o a  particula r  menta l  language .  A 
classi c exampl e o f  thi s kin d o f  reasonin g i s th e pape r  b y Hayes-Rot h & 
Hayes-Rot h (1979 )  arguin g fo r  opportunisti c planning .  Similarly ,  on e migh t 
argu e tha t  a  progra m tha t  printe d ou t 

=>(factorial 4) 
l<Enter > factoria l  (4 ) 
|2<Enter > factoria l  (3 ) 
!  3<Enter > factoria l  (2 ) 
I  l4<Enter > factoria l  (1 ) 
!  I  5<Enter > factoria l  (0 ) 
I  I  5<EXIT > factoria l  1 
I  |4<EX[T > factoria l  1 
I  3<EXIT > factoria l  2 
'2<EXIT > factoria l  6 
1<EXIT > factoria l  2 4 
24 
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was writte n i s LISP .  I n certai n contexts ,  thi s migh t  b e a  reasonabl e 
inference .  However ,  i n th e huma n cas e th e inferenc e fro m surfac e behavio r 
t o menta l  programmin g languag e i s quit e perilous . 

Probably a better method would be to ask the programmer to make some 
additio n o r  modificatio n t o th e progra m an d se e ho w lon g i t  too k t o 
accomplis h tha t  an d wit h ho w muc h difficulty .  Certai n thing s ar e eas y t o 
implemen t  i n LIS P an d certai n thing s ar e not .  Analogously ,  i n th e cas e o f 
th e menta l  programmin g languag e i t  i s  ver y informativ e t o loo k a t  wha t  th e 
effect s ar e o f  variou s instructiona l  manipulations .  Certai n instructiona l 
goal s shoul d b e eas y t o achiev e an d certai n shoul d b e hard . 

Thus, the way to test hypotheses about the mental programming language 
i s t o perfor m instructiona l  experiments .  Of  course ,  thes e nee d no t  tak e th e 
for m o f  constructin g intelligen t  tutors ,  bu t  ther e ar e advantage s t o tha t 
specifi c  methodology .  First ,  compute r  implementatio n operationalize s ver y 
precisel y th e instructiona l  methodology .  Second ,  interestin g instructiona l 
manipulation s tak e relativel y lon g times .  I t  i s  har d t o motivat e a  subjec t 
populatio n i n suc h experiment s unles s on e i s tryin g t o teac h a  usefu l 
domain .  Ther e ar e seriou s problem s wit h tryin g t o teac h a  usefu l  domai n i n 
some pervers e wa y t o tes t  cognitiv e theory .  I t  migh t  b e informativ e t o 
stud y th e instructio n o f  geometr y withou t  diagrams ,  fo r  instance ,  bu t  I 
coul d hardl y us e th e scientifi c  informatio n gathere d t o mollif y  angr y 
parent s whos e childre n wer e failin g hig h schoo l  math .  S o fo r  thes e reasons , 
one i s naturall y le d t o conduc t  instructiona l  test s o f  cognitiv e theor y a s 
good fait h effort s t o hav e computer s t o teac h rea l  topic s t o rea l  students . 
Beyon d thi s ther e i s somethin g ver y informativ e abou t  findin g th e optima l 
tuto r  fo r  a  topic—whethe r  tha t  optimu m i s jus t  a  ver y loca l  on e o r  a  globa l 
one .  Th e fac t  tha t  th e tuto r  i s a t  a n optimu m place s importan t  constraint s 
on th e natur e o f  th e menta l  programmin g language . 

Example Tutorial Experiments 

It is not hard to think of tutorial manipulations that serve to test 
alternativ e theorie s o f  th e menta l  system .  Conside r  fo r  instanc e th e 
contras t  betwee n schem a system s an d productio n systems .  Th e essenc e o f  a 
schema syste m i s th e notio n tha t  th e critica l  knowledg e structur e i s a n 
abstrac t  schem a whic h i s use d fo r  differen t  purpose s accordin g t o th e 
curren t  goal .  Thus ,  ther e migh t  b e a  recursio n schem a whic h coul d b e use d 
fo r  coding ,  debugging ,  an d evaluating .  Accordin g t o schem a theory ,  L t  i s 
necessar y an d sufficien t  t o buil d u p a  ric h schem a representatio n o f 
recursion .  Fro m tha t  suitabl e performanc e woul d flo w i n differen t  tasks . 
I n contrast ,  productio n system s theor y lead s t o th e conclusio n tha t  ther e 
ar e tas k specifi c  rule s tha t  mus t  b e acquired .  Obviously ,  suc h theorie s 
lea d t o ver y differen t  prediction s abou t  th e relativ e merit s o f  genera l 
versu s task-specifi c  instruction . 

To consider a controversy more local to CMU, consider two types of 
production s syste m architectures .  On e (e.g. ,  ACT )  hold s tha t  informatio n 
firs t  come s int o th e syste m i n a  declarativ e for m an d the n i s compile d int o 
productio n for m wit h practice .  Th e othe r  hold s tha t  al l  informatio n i s 
procedural ,  an d ther e i s n o separat e declarativ e representation .  Th e firs t 
viewpoin t  woul d hol d tha t  ther e i s a  poin t  t o understandin g an d memorizin g 
generall y relevan t  fact s i n advanc e t o actuall y usin g them .  Thi s woul d 
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establis h th e declarativ e encodin g an d permi t  th e procedura l  compilatio n 
righ t  away .  Th e secon d viewpoin t  woul d hol d tha t  student s migh t  a s wel l  b e 
tol d th e specifi c  rule s a s the y ar e neede d i n proble m solvin g withou t 
advanc e preparation. s 

As a third and final contrast, consider the claim that goal selection 
i s opportunisti c an d data-drive n versu s th e clai m tha t  goa l  selectio n i s i n 
respons e t o som e hierarchica l  plan .  Th e forme r  woul d argu e fo r  a  tutoria l 
strateg y tha t  gav e th e studen t  a  lo t  o f  flexibilit y  i n wha t  t o d o nex t 
wherea s th e secon d woul d promot e a  rathe r  rigi d flo w o f  contro l  throug h a 
problem . 

Each of the above three contrasts are somewhat caricatures, and people 
may wan t  t o argu e fo r  othe r  predictions .  Rigorou s prediction s requir e 
carefu l  interfacin g o f  specifi c  proposal s wit h specifi c  learnin g situations . 
However ,  th e example s d o serv e t o indicat e ho w tutoria l  manipulatio n ca n g o 
t o th e hear t  o f  fundamenta l  issue s abou t  th e menta l  programmin g language . 
(Also ,  i t  need s t o b e acknowledge d tha t  becaus e thes e tutor s requir e 
effectiv e computationa l  principle s a s wel l  a s correc t  cognitiv e assumptions , 
a particula r  tuto r  ca n fai l  eve n thoug h th e underlyin g theor y i s correct. ) 

Conclusion 

So in conclusion, there seems to be a very intimate relationship 
betwee n a  subse t  o f  issue s i n cognitiv e psycholog y an d intelligen t  tutoring . 
I t  goe s beyon d th e relationshi p betwee n a  scienc e an d it s applications . 
Researc h i n intelligen t  tutorin g i s th e natura l  methodolog y fo r  stud y o f  th e 
menta l  programmin g language .  Th e relationshi p i s thi s stron g becaus e th e 
hitma n min d i s mor e tha n a  naturall y occurrin g objec t  fo r  scientifi c  study ; 
i t  i s  a n objec t  whos e evolutio n wa s principl y directe d s o i t  coul d b e 
instructe d i n ne w problem-solvin g skills . 
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