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Learnin g Throug h Growt h o f  Skil l 

i n Menta l  Modeling ^ 

Jill H. Larkin 
Herber t  A .  Simo n 

Carnegie-Mello n Universit y 

Th e menta l  model s o f  a  skille d scientist ,  ar e ofte n differen t  fro m 
tfios e o f  a n untraine d person .  Fo r  example ,  i n tfiinkin g abou t  th e 
interactio n o f  physica l  objects ,  th e untraine d perso n seem s largel y 
restricte d t o envisionin g object s i n a  sequenc e o f  motions .  Th e 
entitie s i n thes e "naive "  o r  Immediat e menta l  model s correspon d 
directl y t o object s i n th e rea l  v*/orld .  Th e inferentia l  rule s tha t  contro l 
th e runnin g o f  thes e model s correspon d roughl y t o rule s reflectin g 
h o w event s unfol d i n rea l  time .  Whil e suc h menta l  model s ar e 
perfectl y adequat e fo r  gettin g aroun d i n everyda y situations ,  the y ar e 
sometime s dramaticall y wron g (Green ,  McCloskey ,  an d Caramazza , 
1980 ,  Clement ,  1981 )  an d the y certainl y see m les s effectiv e i n 
solvin g scientifi c  problem s tha n ar e th e mor e extende d 
representation s o f  th e scientist . 

Th e menta l  model s o f  a  perso n wit h trainin g i n physic s ar e no t 
limite d t o entitie s an d inferentia l  rule s base d directl y o n experience . 
Instead ,  thes e model s ca n an d d o includ e entitie s tha t  hav e 
technica l  meaning s define d onl y b y th e scientifi c  discipline ,  an d tha t 
ar e relate d b y specia l  inferentia l  rule s agai n define d i n th e discipline . 
For  example ,  a  perso n wit h trainin g i n physic s i s no t  restricte d t o 
considerin g perceivabl e object s lik e cat s an d coffe e cups ,  bu t  m a y 
als o represen t  situation s i n term s o f  technica l  entitie s lik e force s o r 
pressur e drops .  Similarly ,  capacit y t o m a k e inference s abou t  a 
situatio n nee d no t  paralle l  imagine d developmen t  o f  th e situatio n i n 
time ,  bu t  instea d m a y reflec t  specia l  constrain t  law s o f  physics ,  e.g. , 
tha t  th e m o m e n t u m o f  a n isolate d syste m mus t  remai n constant . 
Thes e ideas.ar e discusse d mor e full y i n (Larkin ,  1981a )  an d i n th e 
discussio n o f  physica l  intuitio n i n (Simo n an d Simon ,  1978) . 

I n thi s pape r  w e conside r  h o w a n individua l  migh t  develo p th e 
abilit y t o re-represen t  situation s i n term s o f  scientifi c  entities . 
Presumabl y thi s developmen t  i s on e goa l  o f  scienc e instruction .  W e 
shal l  presen t  preliminar y result s fro m a n experimenta l  an d 
theoretica l  cas e stud y i n suc h development .  Subject s wit h 
background s i n physic s studie d section s take n fro m a  physic s 
textboo k tha t  describe d materia l  (flui d statics )  the y ha d no t 
previousl y encountered ,  an d the n use d thi s materia l  i n effort s t o 
solv e problems .  I n a  coordinate d theoretica l  effor t  w e ar e 
developin g a  computer-implemente d mode l  o f  learnin g fro m tex t  tha t 
i s  capabl e o f  usin g declarativ e statement s o f  fact s (i n thi s case , 
relation s o f  physics )  bot h t o "understan'd "  th e derivatio n o f  n e w 
result s an d t o appl y thes e result s i n solvin g problems . 

1.Th e A B L E syste m 
Th e system ,  calle d A B L E ,  i s a  descendan t  o f  a  syste m tha t  learne d 

throug h practic e t o appl y principle s o f  mechanics ,  an d tha t 
accounte d fo r  strateg y difference s betwee n skille d an d les s skille d 
individual s (Larkin ,  1981b) . 

A B LE i s a  productio n syste m writte n i n th e curren t  implementatio n 
of  O P S .  a  LISP-base d efficien t  productio n syste m languag e (Forgy , 
1980 ,  Forgy .  1979) .  Thu s A B L E ha s a  workin g m e m o r y compose d o f 
passiv e element s o f  knowledg e tha t  ar e acte d o n b y a  larg e 
productio n m e m o r y compose d o f  element s o f  procedura l  knowledg e 
encode d a s condition-actio n pairs .  W h e n th e condition s o f  a 
particula r  productio n ar e foun d t o matc h s o m e o f  th e content s o f 
workin g memory ,  thi s matc h cue s th e executio n o f  th e 
correspondin g action s whic h the n ac t  t o modif y workin g memory . 

The n th e condition s o f  s o m e n e w productio n ar e foun d t o match , 
an d th e cycle s continue .  Productio n system s hav e a  continue d 
histor y o f  fruitlulnes s i n psychologica l  modelin g (Newel l  an d Simon , 
1972 ,  hJewell ,  1973 ,  McDermott ,  1978 )  bu t  th e majo r  featur e use d i n 
A B LE i s th e eas y modelin g o f  learning .  Eac h productio n i s a n 
independen t  piec e o f  knowledge ,  an d th e circumstance s unde r 
whic h i t  applie s ar e determine d Onl y b y th e content s o f  it s ow n 
conditions .  Thu s th e additio n o f  knowledg e (learning )  i s modele d 
simpl y b y th e additio n o f  n e w productions . 

To explai n th e workin g o f  A B L E w e conside r  it s applicatio n t o 
solvin g par t  o f  th e proble m give n i n Tabl e 1  an d Figur e la ,  an d 
presente d a s a  worke d exampl e i n Hallida y &  Resnic k (1970) .  Th e 
firs t  paragrap h o f  th e exampl e state s th e problem .  W e currentl y giv e 
A B LE a  goo d understandin g o f  thi s paragraph ,  i.e. ,  a  goo d 
immediat e representatio n o f  th e problem .  I t  i s  code d a s a  se t  o f 
relate d declarativ e element s i n workin g memory ,  indicate d b y th e 
grap h structur e i n Figur e lb . 

1.1 .  Encodin g o t  Principle s 
Afte r  achievin g thi s immediat e representatio n o f  th e situation ,  ho w 

doe s a  solve r  m a k e scientifi c  inference s o f  th e kin d illustrate d b y th e 
textboo k solutio n give n i n Tabl e 1 ? I n othe r  word s h o w i s a  scientifi c 
menta l  mode l  run ? 

Suc h inference s mus t  b e base d o n scientifi c  principle s tha t  ar e i n 
s o me sens e "known "  t o th e solver .  " K n o w n "  migh t  initiall y  mea n 
tha t  th e appropriat e textboo k pag e i s availabl e fo r  inspection .  W e 
discus s late r  th e growt h o f  othe r  kind s o f  knowing .  Thu s w e provid e 
A B LE wit h knowledg e o f  relevan t  principle s i n th e for m illustrate d i n 
Figur e 2 .  Lik e al l  principle s an d definition s i n A B L E ,  i t  include s a 
symboli c statemen t  o f  th e principl e A p pg h togethe r  wit h a  settin g 
t o whic h th e principl e applie s an d i n term s o f  whic h o f  th e .symbol s i n 
th e statemen t  ar e (Jefined ,  Her e th e sellin g include s a  portio n o f 
liqui d v/it h densit y p .  tw o point s i n tlia :  liqui d sepaiate d b y a  heigh t 

Tabl e 1 :  Worke d exampl e fro m a  textboo k 
(Hallida y an d Resnick ,  1970 )  showin g th e applicatio n o f  relation s 

of  flui d static s t o relat e densitie s o f 
liquid s i n a  U-shape d tube . 

A U-tub e i s partl y fille d wit h water .  Anothe r  liquid ,  whic h doe s no t 
mi x wit h water ,  i s  poure d int o on e sid e unti l  i t  stand s a  distanc e d 
abov e th e wate r  leve l  o n th e othe r  side ,  whic h ha s meanwhil e rise n a 
distanc e I  (Fig .  la) .  Fin d th e densit y o f  th e liqui d relativ e t o tha t  o f 
water . 

I n Fig .  1  point s C  ar e a t  th e s a m e pressure ^  Hence ,  th e pressur e 
dro p fro m C  t o eac h surfac e i s th e same^ ,  fo r  eac h surfac e i s a t 
atmospheri c pressure" ' 

Th e pressur e dro p o n th e wate r  sid e i s p  21* ,  wher e th e 21 ^  come s 
fro m th e fac t  tha t  th e wate r  colum n ha s rise n a  distanc e I  o n on e 
sid e an d falle n a  distanc e I  o n th e othe r  side ,  fro m it s initia l  position . 
Th e pressur e dro p o n th e othe r  sid e i s pg( d +  21)^ ,  wher e p  i s th e 
densit y o f  th e unknow n liquid .  Hence , 

n8 p 02 1 =  pg( d +  21) " 

and 

Thi s wor k wa s supporle d b y NI E NS F gran t  numbe r  1  5586? .  b y NS F gran t 
number  1  5503 5 .in d b y th e Dt-lcns e Advance d Researc h Proiecl s Agenc y (DOO) . 
ARPA Otclrj i  N o ,359 7 monitof'.* d b y th e Ai r  Forc e Avronic s Labor.itnr y unde r 
Contr-jr. t  F;UGI57 U C  115 1 Tli. > Jiiilhor s ncknovvlfdo e lli o rmpi.rl.in t  coirlrrbulrcin s o f 
f>u;..'ir i  ('.(tŴi i  m llu -  rrll .  r  li.ji ;  h.-in'.ciiplio n .in. I  codrnr j  •  , 1 Ih e pr.jldro l  il-jt; i 

p / p ^  2l/(2Ud)9 . 

Th e rati o o f  th e densit y o f  substanc e t o th e densit y o f  wate r  i s 
calle d th e relativ e densit y (o r  th e specifi c gravity )  o f  tha t  substance . 

•̂ ^  Thes e number s labe l  inference s fo r  referenc e late r  i n th e text . 

h.  Th e "gravitationa l  acceleration "  g  =  9.8m/ s i s no t  specifie d bu t 
assume d t o b e know n outsid e th e contex t  o f  thi s principle . 

Thi s knowledg e o f  a  principl e i s encode d a s a  passiv e link-nod e 
structur e involvin g n o knowledg e o f  hov, '  o r  whe n t o appl y th e 
principl e I n thi s sens e i t  i s  dcclarain e knowledge ,  althoug h clearl y 
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Fig u r e 1 :  (a )  Diagra m provide d b y th e textboo k fo r  th e exampl e I n 
Tabl e 1  (b )  Annotate d "diagram "  (immediat e representation ) 

provide d fo r  A B L E i n startin g t o wor k th e example . 

(a) 

P8 

Figur e 3 :  Goal s use d i n A B L E wit h labele d arrow s indicatin g 
production s tha t  chang e goals . 

Expressio n fo r  a  quantit y 

Find principle . 

Establish principle 

P3 

Compar e pri r 

P5 

incipl e P 4 j 

-Chec k established -

(b ) 

P7 

Recurse on 

non-matche d quantit y 

Fai l 

liquid-to p 

water-to p 

9 wate r original-leve l 

I 

•liquid-botto m 

wjle r 

-tub e connectio n 

Figur e 2 :  Grap h structur e representatio n o f  th e principl e 
Ap =  pgh . 

Setting : poin t  A 

Statement : 

liqui d ̂ t : ; ^ 

pressur e dro>\_^ ^  ^^densit y 

\~.^poin t  B 

•Ap = pgh 

heigh t 

it  goe s beyon d minima l  propositiona l  encodin g o f  th e phrase s tha t 
may hav e bee n use d t o describ e i t  i n th e textboot̂ .  T o illustrat e ho w 
ABLE use s thi s knowledg e o f  principles ,  w e conside r  it s applicatio n 
t o develo p th e inferenc e labele d 4  i n Tabl e 1 ,  tha t  i s t o infe r  tha t  th e 
pressur e dro p fro m 0  t o A  o n th e wate r  sid e o f  th e tub e i s pg2l . 

1.2 .  Interpretiv e Us e o f  Principle s 
ABLE applie s declarativ e knowledg e throug h genera l  procedura l 

knowledg e tha t  firs t  matche s th e settin g o f  th e principl e t o th e 
settin g o f  th e problem ,  an d the n use s th e statemen t  o f  th e principl e 
(interprete d i n th e settin g o f  th e problem )  t o mak e inferences . 

The contro l  structur e o f  ABLE ,  show n i n Figur e 3 ,  i s  base d o n tha t 
propose d b y Neve s an d Anderso n (1981 )  fo r  th e analogou s tas k o f 
supplyin g reason s fo r  th e statement s i n a  geometr y proof .  Th e 
followin g paragraph s provid e Englis h statement s o f  th e production s 
tha t  contro l  th e shif t  o f  goals .  Figur e 3  indicate s thes e production s 
by labele d arrow s linkin g goa l  statements . 

ABLE start s b y usin g th e knowledg e i n productio n P I  tha t  i f  th e 

goal  i s t o fin d a n expressio n fo r  a  quantit y i n a  proble m setting ,  the n 
on e shoul d searc h fo r  a  principl e tha t  ca n provid e furthe r 
informatio n abou t  tha t  quantity .  Th e initia l  searc h ca n b e base d o n a 
variet y o f  criteri a (cf .  Simo n &  Simo n (1978) ,  Larki n 1981 b )  .  A B L E 
currentl y use s a  ver y roug h process ,  embodie d i n P2 ,  tha t  t o b e 
considere d a  principl e mus t  involv e a  quantit y o f  th e typ e currentl y 
desire d (her e pressur e drop) . 

ABLE the n applie s th e knowledg e i n productio n P 3 t o se t  th e goa l 
of  comparin g element s o f  th e proble m situatio n wit h element s o f  th e 
principle ,  includin g it s statemen t  an d setting .  Productio n P 4 
contain s knowledg e o f  ho w t o trac e an d compar e th e grap h 

structure s representin g th e curren t  proble m situatio n (e.g. ,  Figur e 
lb )  an d th e principl e situatio n (Figur e 2) .  W h e n al l  possibl e 
correspondence s betwee n th e tw o grap h structure s hav e bee n 
matched ,  productio n P 5 set s a s a  goa l  t o chec k whethe r  al l  part s o f 
th e principl e hav e bee n matched .  I f  the y have ,  th e goal s ar e 
successivel y marke d a s succeeded .  I f  thi s i s no t  th e case , 
productio n P 6 recognize s tha t  par t  o f  th e situatio n crucia l  t o th e 
applicabilit y  o f  th e principl e ha s no t  bee n satisfied .  Th e goal s ar e 
the n successivel y marke d a s failed ,  an d A B L E ultimatel y mus t  see k a 
differen t  principle .  If ,  however ,  th e onl y par t  o f  th e principl e situatio n 
tha t  doe s no t  hav e a  correspondenc e i n th e proble m situatio n i s a 
particula r  theoretica l  entit y (quantity )  the n productio n P 7 recognizes -
tha t  i f  thi s correspondenc e coul d b e establishe d the n th e principl e 
woul d succeed .  Thu s i n ou r  example ,  i f  A B L E ha d no t  alread y 
establishe d th e correspondenc e h  =  2 1 (a s th e tex t  solutio n ha s no t  -
-  se e Tabl e 1) ,  the n ABL E woul d se t  a s a  subgoa l  t o establis h a n 
expressio n fo r  th e heigh t  h ,  beginnin g wor k agai n wit h productio n 
PI  i n Figures . 

Î uc h o f  ABLE' s wor k involve s establishin g a  detaile d matc h 
betwee n a  principl e settin g an d a  subse t  o f  th e proble m setting .  I n 
th e singl e inferenc e discusse d above ,  o f  th e tota l  o f  9  cycle s o f 
productio n execution ,  5  wer e concerne d wit h matchin g settings . 
Thi s costl y an d compulsiv e matchin g seems ,  however ,  t o b e 
necessar y fo r  goo d proble m solving .  Fo r  example ,  i n th e curren t 
proble m ther e ar e severa l  densities ,  pressures ,  an d heights .  Withou t 
carefu l  matchin g betwee n settings ,  th e solve r  ca n easil y "infer " 
relation s betwee n quantitie s tha t  i n fac t  hav e n o connection . 

1.3 .  Reducin g th e Cost s o f  Interpretiv e Matchin g 
Becaus e matchin g a  principl e t o a  settin g i s costly ,  i t  i s  crucia l  tha t 

a solve r  develo p goo d searc h procedure s fo r  locatin g principle s 
likel y t o produc e usefu l  inferences .  Th e primitiv e searc h algorith m 
embodie d i n productio n P I  (pic k a  principl e involvin g th e kin d o f 
quantit y you'r e tryin g t o solv e for )  i s certainl y no t  goo d enough .  Th e 
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followin g paragraph s describ e ABLE' s abilit y t o develo p bette r 
searc h mechanisms . 

A B LE learn s throug h tw o mechanism s proceduralizatio n an d 
generalization .  Th e mechanism s implemente d her e ar e adapte d 
fro m thos e describe d b y Neve s an d Anderso n (1981) .  Simila r 
mechanism s hav e bee n implemente d b y (Newell ,  Shaw ,  &  Simo n , 
1960 ,  Lewis ,  1978 ,  Haye s an d Simon ,  1974) . 

Proceduralizatio n i s  a  mechanis m throug h whic h declarativ e 
knowledg e (e.g. ,  th e statemen t  o f  a  principl e an d a  situatio n t o whic h 
It  applies )  can ,  throug h applicatio n i n a n example ,  b e converte d t o 
procedura l  knowledg e o f  h o w t o appl y tha t  principl e t o analogou s 
situations .  Compositio n i s th e collapsin g o r  compilin g o f  procedure s 
s o tha t  the y ru n mor e quickl y an d wit h reduce d nee d fo r  consciou s 
monitorin g (Haye s an d Simon ,  1974) . 

I n A B L E production s P I  an d P 4 (Figur e 3 )  contai n th e capacit y fo r 
proceduralization .  (Thes e ar e th e production s tha t  us e directl y 
declarativ e knowledg e o f  relations. )  W h e n eac h o f  thes e 
production s executes ,  i t  build s a  cop y o f  itsel f  involvin g th e specifi c 
declarativ e entitie s fro m th e relatio n bein g applied .  Thu s fo r 
example ,  whe n P 4 applie s t o th e principl e A p pgh ,  i t  ma y appl y i n 
th e form : 

IF If the goal is to compare a principle to the current setting 
an d ther e ar e correspondin g theoretica l  entitie s i n th e 
principl e an d proble m setting s 
an d thes e entitie s refe r  t o tv̂ o physica l  entitie s o f  th e sam e 
typ e 

T H EN mar k th e tw o physica l  entitie s a s corresponding . 

This production builds a copy of itself of the form: 

I F th e goa l  i s t o compar e th e principl e A p =  pg h t o th e 
cui  ren t  settin g 
an d th e densit y o f  a  liqui d i n th e proble m settin g 
correspond s t o th e densit y i n th e principl e settin g 

T H EN mar k thi s liqui d i n th e proble m a s correspondin g t o th e 
liqui d i n th e principl e A p =  pgh . 

This new production is part of the procedural knowledge needed to 
appl y th e principl e A p =  pgh . 

As Neve s an d Anderso n (1981 )  poin t  out .  thes e proceduralize d 
production s ar e almos t  alway s shorte r  (contai n fewe r  conditions ) 
tha n th e origina l  genera l  production s tha t  buil t  them .  Thu s the y ma y 
immediatel y provid e th e advantag e o f  reducin g working-memor y 
load .  However ,  thei r  mai n importanc e i s tha t  the y ar e th e ingredient s 
fo r  buildin g efficien t  production s tha t  recogniz e usefu l 
configuration s i n a  proble m an d relat e thes e configuration s t o 
potentiall y  usefu l  principles . 

Th e secon d mechanis m o f  learnin g i s  composition .  I f  tw o 
proceduralize d production s (an y o f  thos e buil t  b y  P I  an d P4 ) 
execut e i n sequence ,  the y ar e combine d t o for m a  singl e productio n 
tha t  doe s th e wor k o f  both .  Thi s i s don e firs t  b y collectin g th e 
conditio n an d actio n element s fro m bot h an d deletin g repetitions . 
(Furthe r  detail s give n b y Neve s an d Anderso n (1981). )  Fo r  example , 
th e proceduralize d productio n abov e ca n b e compose d wit h a 
productio n buil t  b y P I  i n Figur e 3  t o for m th e following : 

IF the goal is to find an expression for Ap of a fluid 
an d ther e i s a  densit y fo r  th e flui d 

T H EN se t  th e goa l  t o compar e t o th e curren t  situatio n th e 
principl e A p =  pg h 
wit h th e correspondenc e betwee n th e pressur e drop s an d 
th e densitie s alread y established . 

Productions of this form, indicated by PS in Figure 3 short circuit the 

primitiv e searc h algorith m o f  PI .  The y d o not ,  however ,  shor t  circui t 
al l  th e interpretiv e matchin g betwee n th e principl e an d proble m 
settings .  I n th e curren t  case ,  A B L E mus t  stil l  matc h line s an d point s 
and heights. -  I n huma n languag e th e knowledg e i n a  productio n lik e 
P8 migh t  b e expressed ,  " I  hav e t o relat e pressur e drop s t o densit y 
an d I  remembe r  ther e wa s a  principl e abou t  that ,  s o le t  m e chec k 
whethe r  i t  applies. "  Althoug h suc h knowledg e doe s no t  replac e th e 
us e o f  a  genera l  abilit y  t o appl y a  principl e i n a  situation ,  a  collectio n 
of  thi s kin d o f  knowledg e provide s a  mean s o f  locatin g principle s 
tha t  ar e likel y t o prov e useful .  Furthermore ,  a s proceduralizatio n 
an d compositio n proceed ,  the y buil d production s wit h mor e 
informatio n i n thei r  conditions .  Thu s th e abilit y t o recogniz e a ' 
configuratio n i n whic h a  certai n principl e wil l  b e usefu l  become s 
mor e an d mor e accurate . 

I n th e limit ,  i f  A B L E ha s worke d man y simila r  problems ,  i t  build s 
production s lik e th e following : 

IF the goal is to find or justify an expression for pressure drop 
an d ther e i s a  densit y associate d wit h a  flui d 
an d ther e ar e tw o point s i n th e flui d separate d b y a  heigh t 

T H EN ther e i s a  pressur e dro p betwee n th e tw o points ,  an d it s 
valu e i s A p =  pgh . 

At this point ABLE has at least one of the capabilities necessary 
fo r  buildin g wha t  w e hav e calle d a  scientifi c  representatio n fo r  a 
problem .  O n encodin g a  proble m involvin g appropriat e height s an d 
densities ,  A B L E immediatel y know s tha t  th e proble m als o involve s 
relate d pressur e drops ,  an d ba n us e thes e entitie s a s readil y a s an y 
i n th e immediat e representations . 

1.4 .  Setting s fo r  Learnin g 
W h en ca n th e learnin g involve d i n proceduralizatio n an d 

coinposit'c n occur ? Clearl y solvin g problem s i s on e suc h setting . 
However ,  a s vj e sIki M se e i n ou r  dir;ussio n o f  huma n learners ,  i t 

seems likel y tha t  thi s learnin g als o take s plac e durin g stud y o f  tex t 
material .  Th e followin g i s on e mechanis m throug h whic h thi s migh t 
occur . 

Conside r  th e textboo k exampl e i n Tabl e 1 .  Suppos e th e learne r 
consider s th e variou s inference s (labele d 1-9 )  a s statement s t o b e 
understoo d o r  verifie d o n th e basi s o f  previou s knowledge .  The n 
understandin g th e sentenc e involvin g inferenc e 4  involve s exactl y 
th e proces s discusse d above ,  justifyin g th e expressio n fo r  th e 
pressur e drop s b y usin g th e principl e A p pgh .  I f  suc h reason -
givin g i s pai t  o f  activ e stud y o f  scientifi c  text ,  the n throug h readin g 
th e learne r  shoul d acquir e s o m e abilit y  t o recogniz e situation s t o 
whic h principle s wil l  apply . 

Thes e comment s ar e no t  limite d t o th e stud y o f  tex t  examples . 
N ew principle s themselve s ar e presente d i n m u c h th e sam e manner . 
A settin g i s described ,  an d a  sequenc e o f  inference s ar e stated , 
ultimatel y leadin g t o a  statemen t  o f  a  ne w principle . 

2.  Huma n Learner s 
I n previou s wor k (Simo n an d Simon ,  1978 .  Larkin ,  McDermott , 

Simon ,  an d Simon ,  1980a ,  Larkin ,  1981b) ,  w e hav e compare d th e 
proble m solvin g o f  tru e experts ,  individual s wit h extensiv e 
professiona l  experienc e i n physics ,  wit h tha t  o f  novices ,  individual s 
whos e experienc e i s  limite d t o th e equivalen t  o f  les s tha n on e 
colleg e leve l  course .  Th e performanc e o f  th e expor t  subject s woul d 
correspon d her e t o th e A B L E mode l  afte r  al l  proceduralizatio n an d 
compositio n ha d occurre d Thi s ver y A B L E mode l  i s essentiall y 
equivalen t  i n performanc e t o th e model s o f  exper t  subject s 
describe d i n earlie r  papers .  Proceduralizatio n an d compositio n hav e 
produce d a  collectio n o f  sensitiv e production s tha t  ca n recogniz e a 
configuratio n o f  knowledg e i n a  proble m situation ,  an d mak e a n 
iininetliat e inferenc e base d o n a n appropriat e principle . 

The hiim:i n solver s considere d her e ar e al l  novice s wit h respec t  t o 
th e phy-̂ ic: ;  i!i,il>.ri,il .  the y kno w varyin y ;imount s o f  genera l  physics . 
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but  non e ha d previousl y studie d flui d statics .  Th e questio n i s the n t o 
what  exten t  d o huma n learners ,  confronte d wit h a  nove l  sectio n o f 
physic s tex t  an d associate d problems ,  perfor m lik e th e A B L E 
system ? Th e 2tnswe r  i s tha t  i n interestin g way s h u m a n learner s ar e 
more an d les s able .  I n thi s discussio n w e shal l  focu s o n th e 
performanc e o f  fou r  subjects ,  tw o w h o loo k ver y m u c h lik e th e A B L E 
syste m an d tw o w h o loo k ver y different .  Thes e dat a ar e preliminar y 
and th e suppor t  fo r  feature s o f  th e A B L E mode l  i s suggestiv e rathe r 
tha n conclusive . 

I n individua l  session s eac h subjec t  wa s aske d t o tal k alou d a s 
much a s possibl e whil e readin g a  six-pag e discussio n o f  flui d static s 
fro m a  physic s textboo k (Hallida y an d Resnick ,  1970 )  an d workin g 
thre e associate d problems .  Subject s wer e give n on e an d one-hal f 
hour s fo r  th e task ,  an d wer e encourage d t o wor k jus t  a s i f  the y wer e 
completin g a n assignmen t  fo r  a  scienc e course . 

Tabl e 2  summarize s th e characteristic s o f  subject s w e conside r 
more an d les s abl e learners ,  characteristic s w e discus s i n th e 
followin g paragraphs . 

2.1 .  Mo r e Abl e Learner s 
Readin g 

We hav e suggeste d i n th e precedin g sectio n tha t  carefu l  activ e 
readin g o f  tex t  ma y b e a n importan t  settin g fo r  acquirin g th e partiall y 
proceduralize d an d compose d production s tha t  ai d i n locatin g 
usefu l  principles .  Indee d th e tw o mor e abl e subject s use d a  grea t 
deal  o f  effor t  i n processin g th e text .  First ,  bot h subject s bega n thei r 
wor k b y readin g th e tex t  completel y fro m beginnin g t o end ,  althoug h 
bot h glance d a t  th e problem s befor e beginnin g t o read . 

Second ,  thes e learner s sho w consisten t  evidenc e tha t  the y ar e 
processin g wha t  the y rea d carefull y an d conscientiously .  Th e tw o 
subject s interrupte d thei r  readin g 5 3 an d 7 0 time s respectivel y t o 
make comment s o n wha t  the y wer e reading .  Mos t  o f  thes e 
comment s (75% ,  81% )  sugges t  tha t  th e subjec t  i s  relatin g wha t  i s 

Table 2: Characteristics of more and less able learners. 

Mor e Abl e ' 
Reading : 
Aloud , 

many comment s 
Readin g precede s 

proble m solvin g 
Slowl y 

(e.g.,19min ,  20min ) 

Problem solving: 
Correc t  o r  facto r 

of  2  erro r 
No searc h 
Orde r  o f  principle s 

lik e A B L E 

Les s Abl e 

Often silently, 
usuall y fe w comment s 

Proble m solvin g befor e 
al l  tex t  rea d 

Rapidl y 
(e.g.,7min ,  5min ) 

Othe r  error s 
Searc h c o m m o n 
Orde r  o f  principle s 

means-end s 

bein g rea d t o previou s knowledg e ("Ok ,  intuitio n woul d tel l  yo u 
that" ;  "...whic h i s analogou s t o jus t  th e weigh t  o f  somethin g i n 
mechanics") ,  o r  expression s o f  understandin g (e.g. ,  "Ok ,  that' s 
eas y enough") . 

Proble m Solvin g 
We conside r  her e performanc e o n th e followin g problem ,  whic h i s 
ver y analogou s t o th e worke d exampl e i n th e tex t  (Tabl e 1) . 

A simpl e U-tub e contain s mercury .  W h e n 13. 6 c m o f 
wate r  i s poure d int o th e righ t  arm ,  ho w hig h doe s th e 
mercur y ris e i n th e lef t  ar m fro m it s initia l  position ? 

The tex t  provide s th e densitie s o f  wate r  (1. 0 x  10"'kg/m'' )  an d 
mercur y (1.3 6 x  10*kg/m^) . 

The tw o subject s solve d thi s proble m withou t  an y searc h throug h 

Tabl e 3 :  Orde r  o f  majo r  step s i n solutio n t o th e U  tub e proble m b y 
(a )  ABLE ,  (b )  an d (c )  Mor e abl e h u m a n solvers ,  (d )  an d (e )  les s abl e 

h u m an solvers ,  (f )  Tex t  example . 
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th e text .  The y readil y recalle d th e relevanc e o f  th e U-tub e example , 
foun d th e righ t  pag e i n th e text ,  an d base d thei r  solution s o n 
inference s m a d e i n tha t  example .  Thu s befor e beginnin g th e 
proble m solution ,  thes e subject s ha d som e internalize d knowledg e 
of  usefu l  principle s t o appl y t o a  U-tub e setting . 

The orde r  i n whic h principle s ar e applie d i s simila r  t o tha t 
generate d b y th e A B L E system ,  an d differ s slightl y fro m th e orde r 
presente d i n th e origina l  exampl e i n tha t  informatio n i s generate d i n 
a forwar d workin g manne r  s o tha t  informatio n i s alway s availabl e a t 
th e tim e i t  i s  needed .  Thes e dat a ar e presente d i n Tabl e 3 .  Par t  (f )  o f 
Tabl e 3  show s th e nin e inferences ,  labele d 1- 9 i n Tabl e 1 ,  use d b y 
th e textboo k i n solvin g th e analogou s proble m state d i n Tabl e 1 .  Th e 
remainin g solution s ar e fo r  th e proble m solve d b y th e h u m a n 
subjects . 

The tw o subject s considere d her e bot h solve d thi s proble m 
correctly .  Al l  o f  th e subject s w e conside r  t o b e mor e abl e eithe r 
solve d thi s proble m correctl y o r  m a d e th e simpl e erro r  o f  solvin g fo r 
th e heigh t  o f  th e origina l  flui d (mercury )  abov e th e poin t  C  (Figur e 
la) ,  rathe r  tha n solvin g fo r  hal f  tha t  distance ,  th e distanc e th e 
mercur y rose . 

2.2 .  Les s abl e Learner s 
Readin g 

Unlik e A B L E an d th e mor e abl e solvers ,  th e les s abl e solver s 
skimme d throug h th e tex t  rapidly .  Th e tw o considere d her e 
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complaine d tha t  readin g alou d interfere d wit h understandin g an d 
wer e permitte d t o rea d th e tex t  silently ,  whic h the y di d rapidl y (se e 
Tabl e 2) ,  Thes e subject s als o bot h stoppe d readin g an d bega n 
solvin g th e /irs t  proble m a s soo n a s the y encountere d materia l 
relevan t  t o it . 

Prob le m Solvin g 
Unlik e th e mor e abl e subjects ,  th e les s abl e subject s d o searc h 
throug h th e tex t  to r  appropriat e relations .  A s Tabl e 3  shows ,  S 3 an d 
S4 eac h trie d tw o differen t  principles .  I n al l  case s th e selectio n w a s 
precede d b y a n episod e o f  searchin g th e tex t  material . 

As show n i n Tabl e 3  th e orde r  i n whic h principle s ar e applie d by , 
th e les s abl e subject s i s ver y differen t  fro m tha t  produce d b y th e 
mor e abl e subjects ,  b y th e A B L E system ,  an d i n th e analogou s tex t 
example .  Th e procedur e o f  thes e subject s seem s t o b e th e 
following :  (1 )  searc h throug h th e tex t  fo r  a n equatio n tha t  involve s 
distance s (presumabl y becaus e a  distanc e i s th e quantit y t o b e 
found) .  Thi s equatio n ma y b e th e equatio n resultin g fro m th e U  tub e 
exampl e (subjec t  S 3 i n Tabl e 3 )  bu t  i t  ma y no t  b e (subjec t  84) .  (2 ) 
Substitut e value s fo r  quantitie s appearin g i n thi s equation ,  usin g a s a 
criterio n fo r  substitutio n merel y lef t  ove r  tha t  th e valu e substitute d 
must  b e o f  th e s a m e typ e a s th e symbo l  fo r  whic h i t  i s  substitute d 
(i.e. .  a  heigh t  fo r  a  height ,  a  densit y fo r  a  density) .  Indeed ,  eve n thi s 
simpl e constrain t  i s  sometime s violate d whe n subject s fai l  t o 
distinguis h betwee n pressur e p  an d densit y p .  (3 )  I f  afte r  thi s 
substitutio n al l  value s i n th e quantit y hav e bee n used ,  an d ther e i s i n 
th e equatio n a  quantit y o f  th e appropriat e typ e (her e distance )  lef t 
over ,  the n solv e th e equatio n i f  possible .  (4 )  I f  i t  i s  impossibl e t o fi t  al l 
th e informatio n i n th e proble m int o th e equation ,  the n abando n i t  an d 
get  a  ne w on e (5 )  I f  ther e remai n i n th e equatio n symbol s no t 
assigne d values ,  the n searc h eithe r  fo r  a n expressio n involvin g thi s 
symbol ,  o r  fo r  s o m e "standard "  valu e fo r  thi s symbo l  (e.g. , 
atmospheri c pressure) . 

Thi s procedur e i s ver y differen t  fro m tha t  execute d b y ABLE . 
However ,  i t  i s  no t  har d t o se e ho w suc h performanc e migh t  b e 

prodi.:ced by ABLE through appropriate delation of strategic 
knovjledge .  First ,  on e v.oul d hav e t o us e Ih o initia l  A B L E system , 
befor e i t  ha d buil t  an y procedura l  knowledg e abou t  applyin g 
principles .  Thi s absenc e correspond s t o th e lac k o f  processin g o f 
th e tex t  observe d i n thes e huma n solvers .  Second ,  on e woul d hav e 
t o remov e fro m A B L E it s strategi c knowledg e tha t  a  principl e ca n b e 
applie d onl y i f  al l  aspect s o f  th e settin g o f  th.i t  principl e ar e matche d 
agains t  th e settin g o f  th e proble m (productio n P 4 i n Figur e 3) .  Thi s 
productio n woul d b e replace d wit h on e tha t  woul d allo w us e o f  a 
relatio n i f  al l  symbol s i n i t  coul d b e matche d b y quantitie s o f  th e 
same typ e i n th e proble m b y quantitie s o f  th e sam e typ e (i.e. ,  a 
lengt h fo r  a  length) .  Thi s uncritica l  matchin g perhap s i s associate d 
wit h th e les s abl e subject s poo r  abilitie s fo r  selectin g usefu l 
principles .  The y hav e t o matc h a  lo t  o f  principles ,  an d s o ma y d o i t  i n 
a les s costl y way .  eve n thoug h thi s econom y ha s devastatin g effect s 
on thei r  proble m solutions .  Wit h thes e change s th e A B L E syste m 
coul d produc e an y o f  th e incorrec t  solution s w e hav e observe d i n 
th e les s abl e subjects . 

The resul t  i s  a  wea k means-end s procedur e o f  searchin g fo r 
relevan t  principle s observe d elsewher e i n novic e solver s (Simo n an d 
Simon .  1978 ,  Larkin ,  fvlcDermott ,  Simon ,  an d Simon ,  1980b) .  A  firs t 
principl e i s propose d becaus e i t  contain s a  quantit y o f  th e typ e t o b e 
solve d for .  Subsequen t  principle s ar e propose d becaus e the y .  ca n 
be use d t o replac e i n th e origina l  equatio n quantitie s withou t  know n 
values .  Substitutio n i s base d o n th e wea k criterio n tha t  th e tw o 
quantitie s mus t  b e o f  th e sam e typ e (e.g. ,  tw o lengths ,  tw o 
pressures) . 

Becaus e o f  thei r  uncritica l  matchin g o f  principle s t o th e proble m 
situation ,  th e error s m a d e b y th e les s abl e subject s ar e varie d an d 
exoti c compare d t o th e simpl e "sensible "  erro r  characteristi c o f  th e 
mor e abl e subjects .  Th e mos t  c o m m o n erro r  i s  illustrate d b y subjec t 
S3 i n Tabl e 3 .  Th e equatio n fro m th e U-tub o exampl e i s used ,  th e 
distanc e 13 6 c m i s substitute d fo r  on e o f  th e distance s i n th e 
•  equation .  /  an d rf,  an d th e equatio n i s solved '  lo r  th e remainin g 

symbol  fo r  distanc e However ,  a s illustrate d b y subjec t  S4 ,  th e 
error s ca n b e fa r  mor e exotic .  However ,  al l  error s ar e produce d b y 
copyin g som e equatio n fro m th e problem ,  substitutin g fo r  th e 
symbol s in .  tha t  equatio n value s tha t  correspon d i n type ,  an d the n 
solvin g fo r  a  symbo l  fo r  distance . 

3.  Conclusio n 
As w e hav e note d elsewher e (Larkin ,  1981a ,  Simo n an d Simon , 

1978 )  individual s traine d i n physic s see m t o wor k wit h menta l  model s 
tha t  ar e differen t  tha n thos e use d b y les s traine d individuals .  I n 
particular ,  skille d individual s re-represen t  th e problem s i n term s o f 
technica l  entitie s (e.g. ,  pressur e drops )  tha t  hav e n o specia l 
meanin g outsid e th e disciplin e o f  physics .  Her e w e sugges t  tha t  th e 
genera l  learnin g mechanism s o f  proceduralizatio n an d compositio n 
provid e s o m e explanatio n o f  ho w thi s abilit y  t o re-represen t 
problem s migh t  b e acquired . 

Our  prototyp e A B L E syste m acquire s a  principl e i n declarativ e 
form ,  a s a  studen t  migh t  b y readin g a  chapter .  Thi s initia l  encodin g 
doe s no t  itsel f  includ e an y informatio n abou t  ho w o r  wher e t o appl y 
th e principle .  Thu s initia l  application s o f  th e principl e ar e 
interpretive :  achieve d throug h genera l  procedura l  knowledg e abou t 
h o w t o appl y an y principl e o r  definition .  Throug h suc h applicatio n 
A B LE build s ne w specifi c  procedura l  knowledg e associate d wit h th e 
principle .  Initiall y  fragment s o f  procedura l  knowledg e ai d i n th e 
searc h process .  The y contai n pattern s o f  informatio n tha t  hav e bee n 
use d wit h tha t  principl e i n th e past ,  thu s short-circuitin g ABLE' s 
origina l  genera l  an d wea k metho d o f  selectin g principles .  Ultimatel y 
a principl e ca n b e completel y proceduralize d (fo r  a  se t  o f  analogou s 
contexts )  s o tha t  applicatio n i s completel y automatic .  Thi s fina l 
automati c knowledg e m a y wel l  b e a n ingredien t  o f  vi/ha t  on e woul d 
want  t o cal l  a n expert' s  menta l  mode l  i n whic h technica l  entitie s 
(e.g. .  pressur e drops )  ar e see n a s readil y a s visibl e entitie s lik e 
heights . 
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