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COGNITIVE PRINCIPLE S I N TH E DESIG N O F COMPUTER TUTORS 

John R. Anderson 
C.  Frankli n Boyl e 

Rober t  Farrel l 
Bria n Reise r 

Carnegie-Mello n Universit y 

This paper will identify and justify a set of principles derived from 
ACT (Anderson ,  1983 )  fo r  designin g intelligen t  compute r  tutor s (Sleema n & 
Brown ,  1982) .  I n doin g thi s w e wil l  b e drawin g o n ou r  studie s o f  hig h 
schoo l  student s learnin g geometr y an d colleg e student s learnin g t o progra m 
i n LISP .  We hav e observe d fou r  student s spen d approximatel y 3 0 hour s 
studyin g beginnin g geometr y an d thre e student s similarl y spendin g 3 0 hour s 
learnin g LISP .  We recorde d thes e session s an d hav e analyze d the m t o varyin g 
degrees .  Some o f  thes e analyse s hav e bee n reporte d i n a  serie s o f  prio r 
publication s (Anderson ,  1981 ;  Anderson ,  1982 ;  Anderson ,  1983a ;  Anderson , 
Farrell ,  &  Sauers ,  1984 ;  Anderson ,  Pirolli ,  &  Farrell ,  i n press) .  Thi s dat a 
bas e ha s serve d a s a  ric h sourc e o f  informatio n abou t  th e acquisitio n o f 
problem-solvin g skil l  an d ha s heavil y influence d ou r  desig n o f  compute r 
tutors .  We hav e use d thi s dat a bas e t o develo p tutor s bot h th e LIS P an d 
geometry .  Thes e tutor s ar e describe d elsewher e (Boyl e &  Anderson ,  1984 ; 
Farrell ,  Anderson ,  &  Reiser ,  1984) . 

Principle 1: Identify the Goal Structure of the Problem Space 

According to the ACT theory, and indeed most cognitive theories of 
problem-solving ,  th e proble m solvin g behavio r  i s organize d aroun d a 
hierarchica l  representatio n o f  th e curren t  goals .  I t  i s  importan t  tha t  thi s 
goa l  structur e b e communicate d t o th e studen t  an d instructio n b e cas t  i n 
term s o f  th e goa l  structure .  I t  i s  no t  communicate d i n typica l  instructio n 
i n course s lik e geometry . 

Proofs in geometry are almost universally in a two-column form. It is 
basicall y a  linea r  structur e o f  pair s wher e eac h pai r  i s  a  statemen t  an d 
justification .  Typica l  instructio n encourage s th e belie f  tha t  th e goa l 
structur e o f  th e studen t  shoul d mimi c thi s linea r  structure—tha t  a t  an y 
poin t  i n th e proo f  th e studen t  wil l  hav e generate d a n initia l  par t  o f  th e 
structur e an d th e curren t  goa l  i s  t o generat e th e nex t  lin e o f  th e 
structure . 

There are two serious flaws with using linear proofs as goal structures. 
Firs t  thi s practic e denie s th e validit y o f  problem-solvin g search .  I t 
encourage s th e ide a tha t  th e correc t  nex t  lin e shoul d b e obvious ,  bu t 
findin g th e nex t  lin e ofte n involve s considerabl e plannin g an d search . 
Student s engag e i n searc h bu t  fee l  ba d abou t  themselve s becaus e the y do . 
Second ,  searc h i n suc h a  linea r  structur e i s doome d t o b e hopelessl y 
unguided .  I f  th e onl y constrain t  i s  t o generat e a  lega l  line ,  th e searc h 
spac e fo r  th e correc t  proo f  i s hopelessl y large . 

We have observed students flail at solving geometry problems because 
the y tr y t o wor k withi n thi s linea r  goa l  structure .  We hav e evidenc e tha t 
successfu l  student s represen t  proof s t o themselve s a s hierarchica l 
structure s o f  implication s tha t  star t  wit h th e given s o f  a  proble m an d en d 



i n th e conclusio n t o b e proven .  I t  need s t o b e emphasize d tha t  conventiona l 
instructio n doe s no t  communicat e thi s structur e an d student s hardl y fin d i t 
obvious .  Thi s defici t  i s  particularl y grievou s becaus e th e successfu l 
student' s goa l  structur e i s muc h mor e closel y relate d t o thi s hierarchica l 
proo f  structur e tha n i t  i s  t o th e linea r  structur e o f  a  two-colum n proof . 
Basically ,  th e successfu l  studen t  engage s i n a  forwar d searc h fro m th e 
given s an d a  backwar d searc h fro m th e to-be-prove n statement . 

Principle 2: Provide Instruction In the Problea-Solvlng Context 

Students appear to learn information better if that information is 
presente d durin g proble m solvin g rathe r  tha n durin g instructio n tha t  i s 
apar t  fro m th e problem-solvin g context .  Ther e ar e a  numbe r  o f  reason s wh y 
thi s shoul d b e so : 

First, there is evidence that memories are associated to the features of 
th e contex t  i n whic h the y wer e learned .  Th e probabilit y  o f  retrievin g th e 
memorie s i s increase d whe n th e contex t  o f  recal l  matche s th e contex t  o f 
stud y (Tulving ,  1983 ;  Tulvin g an d Thomson ,  1973) .  A n extrem e exampl e o f 
thi s wa s show n b y Ros s (1984 )  wh o foun d tha t  secretarie s wer e mor e likel y t o 
remember  a  text-edito r  command learne d i n th e contex t  o f  a  recip e i f  the y 
wer e currentl y editin g anothe r  recipe . 

Second, it is often difficult to properly encode and understand 
informatio n presente d outsid e o f  a  proble m contex t  an d s o it s applicabilit y 
migh t  no t  b e recognize d i n a  proble m context .  Fo r  instance ,  student s ma y 
not  realiz e tha t  a  top-leve l  variabl e i s reall y th e sam e thin g a s a  functio n 
argumen t  eve n thoug h the y ar e obliquel y tol d so .  A s anothe r  example ,  man y 
student s readin g th e side-angle-sid e postulat e ma y no t  kno w wha t  include d 
angl e mean s an d s o misappl y tha t  postulate . 

Third, even if a student can recall the information and apply it 
correctly ,  the y ar e ofte n face d wit h man y potentiall y  applicabl e piece s o f 
informatio n an d d o no t  kno w whic h on e t o use .  We hav e frequentl y observe d 
student s painfull y tryin g dozen s o f  theorem s an d postulate s i n geometr y 
befor e findin g th e righ t  pne .  Th e basi c proble m i s tha t  knowledg e i s taugh t 
i n th e abstrac t  an d th e studen t  mus t  lear n th e goal s t o whic h tha t  knowledg e 
i s applicable .  I f  th e knowledg e i s presente d i n a  problem-solvin g contex t 
it s  goal-relevanc e i s muc h mor e apparent . 

Principle 3: Provide lamedlate Feedback on Errors 

Novices make errors both in selecting wrong solution paths and in 
incorrectl y applyin g th e rule s o f  th e domain .  Error s ar e a n inevitabl e par t 
of  learning ,  bu t  th e cos t  o f  thes e error s t o th e learne r  i s ofte n highe r 
tha n i s necessary .  The y ca n severel y ad d t o th e amoun t  o f  tim e require d fo r 
learning .  Mor e tha n hal f  o f  ou r  subjects '  problem-solvin g session s wer e 
actuall y spen t  explorin g wron g path s o r  recoverin g fro m erroneou s steps . 
Relativel y littl e i s learne d whil e student s ar e tryin g t o ge t  ou t  o f  th e 
hole s the y hav e du g fo r  themselves . 

In addition, errors often confuse the picture and make it difficult to 
determin e whic h step s wer e righ t  o r  wrong .  Th e classi c exampl e o f  thi s i s 
th e studen t  wh o finall y stumble s ont o th e correc t  cod e bu t  doe s no t 



understan d wh y i t  works .  Student s ofte n progres s i n thi s tria l  an d erro r 
mode wit h respec t  t o LIS P evaluation :  the y don' t  kno w whe n a n elemen t  wil l 
be treate d a s a  function ,  a  variable ,  o r  a  litera l  bu t  pla y aroun d wit h 
parenthese s an d quote s unti l  the y ge t  somethin g t o work .  I t  i s  particularl y 
difficul t  t o lear n fro m error s whe n th e feedbac k o n th e error s come s a t  a 
delay .  We (Lewi s &  Anderson ,  submitted )  hav e show n tha t  subject s lear n mor e 
slowl y i n a  problem-solvin g situatio n wher e the y ar e allowe d t o g o dow n 
erroneou s path s an d ar e onl y give n feedbac k a t  delay .  Also ,  th e importanc e 
of  immediat e feedbac k ha s bee n wel l  documente d i n othe r  learnin g situation s 
(Bilodeau ,  1969 ;  Skinner ,  1958) . 

Another cost of errors is the demoralization of the student. In these 
problem-solvin g domain s error s ca n b e ver y frequen t  an d frustrating .  We 
believ e tha t  muc h o f  th e negativ e attitude s an d mat h phobia s deriv e fro m th e 
bitte r  experience s o f  student s wit h errors . 

Principle 4: Minimize Working Memory Load 

Solving problems often requires holding a great deal of requisite 
informatio n i n a  menta l  workin g memory .  I f  som e o f  tha t  requisit e 
informatio n i s los t  ther e wil l  b e errors .  I t  surprise d u s t o fin d i n ou r 
LIS P protocol s tha t  mos t  o f  th e studen t  error s appea r  t o b e du e t o workin g 
memory failures .  A  frequen t  an d disastrou s typ e o f  erro r  i s "losin g a  leve l 
of  complexity" .  On e wa y thi s manifest s itsel f  i s  tha t  subject s los e trac k 
of  on e leve l  o f  parentheses .  Anothe r  wa y thi s occur s i s whe n subject s pla n 
t o us e function l  withi n function 2 withi n functions ,  bu t  forge t  th e 
intermediat e functio n an d writ e function s directl y withi n functionl . 

A good human tutor can recognize errors of working memory and typically 
provide s quic k correctio n (McKendree ,  Reiser ,  an d Anderson ,  1984) .  Tutor s 
realiz e tha t  ther e i s littl e profi t  i n allowin g th e studen t  t o continu e 
afte r  makin g suc h errors .  However ,  huma n tutor s reall y hav e n o mean s a t 
thei r  disposa l  t o reduc e th e workin g memor y load .  Thi s i s on e o f  th e way s 
we thin k compute r  tutor s ca n b e a n improvemen t  ove r  huma n tutors—on e ca n 
externaliz e muc h o f  workin g memor y o n th e compute r  screen .  Thi s involve s 
keepin g partia l  product s an d goa l  structure s availabl e i n windows . 

Principle 5: Represent the Student as a Production Set 

All of our work on skill acquisition has modelled students' behavior as 
bein g generate d b y a  se t  o f  productions .  Ther e i s a  fai r  amoun t  o f  evidenc e 
fo r  thi s vie w o f  huma n problem-solvin g (e.g. ,  Anderson ,  1983 ;  Newel l  & 
Simon ,  1972) .  I t  i s  als o th e cas e tha t  numerou s othe r  effort s i n th e domai n 
of  intelligen t  tutorin g hav e represente d th e to-be-tutore d skil l  a s a 
productio n se t  (e.g. ,  Brow n an d Va n Lehn ,  1980 ;  O'Shea ,  1979 ;  Sleeman , 
1982) . 

Productions in ACT represent the knowledge underlying a problem-solving 
skil l  a s a  se t  o f  goal-oriente d rules .  Some representativ e example s fo r 
LIS P an d geometr y are : 

IF the goal is to insert an element into a list 
THEN pla n t o us e CONS an d se t  a s subgoal s 

1.  T o cod e th e elemen t 
2.  T o cod e th e lis t 



I F th e goa l  i s  t o cod e a  functio n tha t  calculate s a  relatio n o n a  lis t 
THEN tr y t o us e CDR-recursio n an d se t  a s subgoal s 

1.  T o cod e th e terminatin g conditio n 
2.  T o cod e th e recursiv e conditio n 

IF the goal is to prove <XYZ ^<UVW 
and X Y ^ U V 
and Y Z ̂  V W 

THEN pla n t o us e side-angle-sid e an d se t  a s a  subgoa l 
1.  T o prov e <XY Z =  <UV W 

Such rules not only enable the system to follow student problem-solving 
but  the y defin e a n appropriat e grai n siz e fo r  instruction .  Basically ,  ou r 
tutorin g system s monito r  whethe r  a  studen t  use s eac h rul e correctl y an d 
correct s an y incorrec t  o r  missin g rules .  A s emphasize d b y Brow n an d Va n 
Lehn ,  studen t  misconception s o r  bug s ca n b e organize d a s perturbation s o f 
correc t  rules . 

Human tutors seem to intuit an appropriate grain size of rules for 

instructio n bu t  ofte n thei r  intuition s ar e wrong .  Thi s i s on e plac e wher e a 
syste m base d o n carefu l  analysi s o f  studen t  problem-solvin g ma y b e abl e t o 
outperfor m th e typica l  huma n tutor . 

Principle 6: Adjust the Grain Size of Instruction According to 
Learnin g Principle s 

One of the reasons human tutors have difficulty with the grain size for 
instructin g student s i s tha t  th e grai n siz e change s a s experienc e i s 
acquire d i n th e domain .  Accordin g t o th e AC T learnin g theory ,  thi s chang e 
i s produce d b y a  knowledg e compilatio n proces s tha t  collapse s a  sequenc e o f 
production s int o large r  "macro "  productio n rules .  Human tutors ,  bein g 
highl y skille d i n th e domain ,  exemplif y a  larg e grai n siz e i n thei r  problem -
solvin g an d hav e a  considerabl e difficult y intuitin g th e appropriat e grai n 
siz e fo r  th e student . 

An effectiv e compute r  tuto r  wil l  hav e t o adjus t  th e grai n siz e o f 
instructio n a s th e studen t  progresse s throug h th e material .  Usin g a  theor y 
of  productio n learnin g i t  wil l  hav e t o predic t  whe n th e origina l  production s 
become compile d int o macr o production s s o tha t  i t  ca n chang e th e grai n siz e 
of  instruction . 

Principle 7: Enable the Student to Approach the Target Skill by 
Successiv e Approxiaatio n 

Students do not become experts in geometry or LISP programming after 
solvin g thei r  firs t  problem .  The y graduall y approximat e th e exper t 
behavior ,  accumulatin g separatel y th e variou s piece s (productio n rules )  o f 
th e skill .  I t  i s  importan t  tha t  a  tuto r  suppor t  thi s learnin g b y 
approximation .  I t  i s  ver y har d t o lear n i n a  tutoria l  situatio n tha t 
require s tha t  th e whol e solutio n b e correct .  Th e tuto r  mus t  accep t 
partiall y  correc t  solution s an d shap e th e studen t  o n thos e aspect s o f  th e 
solutio n tha t  ar e weak . 

Generally, it is better to have the early approximations occur in 
proble m context s tha t  ar e a s simila r  t o th e fina l  proble m contex t  a s 



possible .  Skill s  learne d i n on e proble m contex t  wil l  onl y partiall y 
transfe r  t o a  secon d context .  Student s lear n feature s fro m earl y problem s 
t o guid e thei r  problem-solvin g operators .  I f  thes e feature s ar e differen t 
fro m th e fina l  proble m spac e th e problem-solvin g operator s wil l  b e 
misguided .  Fo r  instance ,  earl y problem s i n geometr y ten d t o involv e 
algebrai c manipulation s o f  measures .  Consequently ,  th e studen t  learn s t o 
conver t  segmen t  an d angl e congruenc e int o equality .  Late r  problems ,  suc h a s 
thos e involvin g triangl e congruence ,  d o no t  involv e convertin g congruenc e o f 
side s an d angle s int o equalit y o f  measures . 

The advantage of a private tutor is that he/she can help the student 
throug h problem s whic h ar e to o difficul t  fo r  th e studen t  t o solv e entirel y 
alone .  Thus ,  i t  i s  common t o se e a  sequenc e o f  problem s wher e th e tuto r 
wil l  solv e mos t  o f  th e firs t  proble m wit h th e studen t  jus t  fillin g i n a  fe w 
of  th e steps ,  les s o f  th e second ,  etc .  unti l  th e studen t  i s solvin g th e 
entir e problem . 

Principle 8: Pronote Use of General Problem-Solving Rules Over Analogy 

There are two basic methods that we have observed students using to 
solv e th e firs t  problem s i n a  domain .  On e i s t o us e analogie s t o earlie r 
problem s i n th e tex t  o r  problem s fro m othe r  domain s t o hel p guid e th e 
proble m solving .  Th e basi c strateg y i s t o tr y t o ma p th e structur e o f  a 
solutio n o f  on e proble m t o anothe r  problem .  Anderso n (198 1 tec h report) , 
Anderson ,  Farrell ,  an d Sauer s (1984) ,  an d Anderson ,  Pirolli ,  an d Farrel l  (i n 
press )  discus s specifi c  example s fro m ou r  protocol s o n geometr y an d LISP . 

The other method is to extract general problem-solving operators from 
th e instructio n an d appl y thes e t o th e problem .  Fo r  instance ,  i f  th e goa l 
i s  t o prov e triangle s congruent ,  on e ca n appl y postulate s abou t  triangl e 
congruence .  I f  th e goa l  i s  t o creat e a  lis t  structure ,  on e ca n tr y t o appl y 
a functio n tha t  create s lis t  structures .  Th e proble m wit h suc h genera l 
operator s i s tha t  i n man y domain s th e searc h spac e o f  th e combination s o f 
thes e operator s become s enormous .  Thi s i s perhap s wh y onl y a  littl e 
additiona l  informatio n tend s t o b e introduce d wit h eac h ne w sectio n o f  a 
textbook .  Th e studen t  ca n restric t  searc h t o thes e ne w potentia l  operation s 
(cf .  Va n Lehn ,  1983) . 

Another difficulty with the general problem-solving approach is that it 
i s  ofte n difficul t  t o encod e th e neede d problem-solvin g operators .  Ofte n 
th e instructio n doe s no t  contai n explici t  statement s o f  suc h operators . 
Rathe r  th e operator s hav e t o inferre d fro m th e instruction .  Eve n o n thos e 
occasion s i n whic h th e operator s ar e directl y stated ,  student s hav e a  har d 
tim e understandin g the m becaus e the y ar e state d s o abstractly .  Student s ar e 
ofte n onl y abl e t o encod e th e operator s correctl y whe n the y se e the m applie d 
t o a n exampl e problem . 

Students appear to prefer analogy as a method of solution in both 
geometr y an d LISP .  Th e preferenc e i s no t  overwhelmin g i n geometr y an d ther e 
ar e man y episode s o f  proble m solutio n b y genera l  problem-solvin g operators . 
I n contrast ,  th e preferenc e i s overwhelmin g i n novic e LIS P programming .  I n 
almos t  ever y cas e wher e a  studen t  wa s writin g a  firs t  instanc e o f  a 
particula r  typ e o f  LIS P function ,  th e studen t  relie d o n analog y t o exampl e 
LIS P functions . 



Privat e huma n tutor s diffe r  a s t o whethe r  the y ten d t o guid e th e studen t 
t o solutio n b y analog y o r  b y genera l  problem-solvin g operators .  We clai m 
tha t  solutio n wit h genera l  operator s woul d lea d t o th e bes t  long-ter m gains . 
Thi s i s becaus e th e studen t  ofte n successfull y generate s a  solutio n b y 
analog y bu t  doe s no t  understan d wh y th e solutio n works .  We hav e see n 
student s wor k thei r  wa y throug h problem s b y analog y an d no t  lear n anythin g 
of  permanen t  value .  What  the y ofte n lear n i s ho w t o d o analogies .  I f  w e 
tak e awa y th e problem s fro m whic h t o analogiz e an d the y ar e unabl e t o solv e 
problems .  Halas z an d Mora n (1983 )  hav e als o commente d o n th e negativ e 
consequence s o f  proble m solvin g b y analogy .  The y poin t  ou t  tha t  student s 
ar e pron e t o incorrec t  inference s i n usin g th e analogy .  A n analog y i s 
frequentl y use d i n plac e o f  a  dee p understandin g o f  th e proble m domain . 

Conclusions 

We have stated a number of cognitive principles that seem Important to 
designin g intelligen t  tutors .  Ou r  specifi c  geometr y an d LIS P tutor s (Boyl e 
and Anderson ,  1984 ;  Farrell ,  Anderson ,  an d Reiser ,  1984 )  ca n b e consulte d 
fo r  successfu l  applicatio n o f  suc h rules .  T o th e exten t  tha t  suc h 
application s ar e successful ,  the y ar e suppor t  no t  onl y fo r  thes e cognitiv e 
principle s o f  design ,  bu t  als o fo r  th e underlyin g AC T theor y o f  cognitio n o n 
whic h the y ar e based . 
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