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German Researc h Cente r  fo r  Artificia l  Intelligenc e 

Universit y Bldg .  57 ,  Erwin-Schroedinger-Strasse ,  Postfac h 208 0 
W-675 0 Kaiserslautem ,  German y 

e-mail :  (schmalho ,  tschaits)@dfki.uni-kl.d e 

A b s t r a c t 

Learning from problem solving episodes has 
previousl y bee n modele d i n tw o differen t  ways :  Case -
base d planner s (Hammond ,  1989 )  acquir e additiona l 
knowledg e b y storin g ne w case s (i.e .  th e specifi c 
plan s fo r  differen t  problems) ;  search-base d system s 
lik e S O A R o r  P R O D I G Y lear n b y chunkin g th e 
resul t  o f  a  searc h proces s (Rosenbloo m e L al. ,  1991 ; 
Minto n et .  al. ,  1989 )  an d b y formin g macro -
operator s (Korf ,  1985) .  Thi s pape r  propose s 
comprehension-base d learnin g a s a  thir d possibility : 
Fro m specifi c  proble m solvin g experience s (cases ) 
and a  relate d proble m descriptio n (text )  som e coarse -
graine d abstrac t  representatio n i s constructed ,  tha t 
may initiall y b e inconsisten t  an d redundant .  B y 
wholisti c integratio n processe s a  coheren t  an d 
consisten t  procedur e schem a i s subsequentl y formed . 
Such a  procedur e schem a ca n b e reuse d fo r  obtainin g 
solution s t o jH-oblem s whic h ar e quit e differen t  a t  th e 
concret e level ,  bu t  hav e bee n comprehende d t o shar e 
abstrac t  commonalties .  Th e acquisitio n o f  suc h a 
procedur e schem a i s exemplifie d fo r  variou s solution s 
t o differen t  Towe r  o f  Hano i  problem s (3- ,  4- ,  an d 5 -
disks) .  Th e utilizatio n o f  thes e schemat a i s  the n 
discusse d fo r  th e 4-dis k proble m an d respectiv e 
experimenta l  dat a ar e reported . 

I n t r o d u c t i o n 

Procedure schemata (Rumelhari et al., 1986) or 
script s pla y essentia l  role s i n th e variou s performanc e 
theorie s o f  perception ,  plannin g o r  stor y 
understanding .  H o w suc h schemat a ar e learne d fro m 
differen t  source s o f  informatio n is ,  however ,  les s 
wel l  understood . 

The searc h o f  a  proble m spac e fo r  resolvin g 
impasse s (Rosenbloo m et .  al. ,  1991 )  an d construc -
tin g macro-operator s (Korf ,  1985 )  o r  compile d 
knowledg e (Anderson ,  1987 )  an d th e formatio n o f 
domain-specifi c  searc h contro l  rule s fi-om  successfu l 
proble m solvin g experience s (Minto n e t  al .  1989 ) 

Thi s researc h wa s supporte d b y gran t  Sch m 648/1- 5 
from  th e Deutsch e Forschungsgemeinschaf L 

ca n b e see n a s example s fo r  buildin g stabl e structure s 
on th e basi s o f  experience .  Chunking ,  macro -
operators ,  compile d knowledg e an d searc h contro l 
rule s ar e composition s o r  generalization s o f  th e resul t 
of  searc h processe s o r  proble m solvin g episodes . 

I n thi s paper ,  w e propose ,  however ,  tha t  a 
procedur e schem a shoul d b e though t  o f  a s a  mor e 
coarse-graine d representatio n fo r  quit e differen t 
specifi c  experiences .  Suc h procedur e schemat a ar e 
represente d i n term s o f  abstrac t  situatio n knowledg e 
and resul t  fro m a  comprehensio n proces s (Kintsch , 
1988) .  Procedur e schemat a ar e thu s quit e differen t 
fro m th e compositio n o r  generalizatio n o f  specifi c 
experience s a s wel l  a s fro m th e storag e o f  case s 
(Hammond,  1989) . 

Michalsk i  &  Kodratof f  (1990 )  hav e recentl y 
pointe d ou t  tha t  abstractio n mus t  b e distinguishe d 
fro m generalization :  Wherea s generalizatio n 
transform s a  descriptio n onl y alon g a  set-superse t 
dimensio n i n a  singl e descriptio n spac e (o r  language) , 
abstractio n involve s a  chang e i n th e representatio n 
spac e (o r  language )  an d transform s a  descriptio n 
alon g th e leve l  o f  detai l  dimensio n resultin g i n a 
mor e coarse-graine d description . 

Th e curren t  pape r  propose s a  learnin g componen t 
withi n th e framewor k o f  th e construction-integratio n 
model  (Kintsch ,  1988 )  b y whic h a  procedur e schem a 
ca n b e acquire d fro m tex t  (i.e .  th e proble m 
description )  an d proble m solvin g experiences .  W e d o 
not  describ e h o w som e specifi c  proble m i s initiall y 
solved .  Suc h a  mode l  ha s alread y bee n establishe d b y 
Mannes &  Kintsc h (1991) .  Instea d w e wan t  t o 
explai n wha t  i s  bein g learne d whil e o r  afte r  a 
proble m i s solved . 

Mor e specifically ,  w e wan t  t o evaluat e whethe r 
th e comprehensio n strategie s o f  th e construction -
integratio n mode l  ar e sufficien t  fo r  acquirin g a n 
abstrac t  procedur e schem a fro m tex t  an d experiences , 
whic h wil l  subsequentl y facilitat e th e solutio n o f 
structurall y differen t  problems .  Sinc e th e Towe r  o f 
Hanoi  tas k i s  typicall y use d a s a  testbe d fo r 
evaluatio n (Korf ,  1985 ;  Rui z &  Newell ,  1989) ,  i t  i s 
als o use d i n th e curren t  research .  I n thi s testbe d th e 
propose d learnin g mechanis m wil l  b e compare d t o 
case-base d an d search-base d approache s an d ne w 
experimenta l  dat a wil l  b e reported . 
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T h e acquisit io n o f 

abstrac t  situatio n k n o w l e d g e 

The construction-integration model, which was 
originall y develope d a s a  tex t  comprehensio n theor y 
(Kintsch ,  1988) ,  describe s ho w a  tex t  bas e an d a 
situatio n mode l  ar e forme d whe n a  tex t  i s  studied . 

Situation model. How strong a text base and a 
situatio n mode l  becom e depend s upo n th e subject' s 
learnin g goa l  (Schmalhofe r  &  Glavanov ,  1986 )  an d 
her  prio r  domai n knowledg e (Kintsc h et .  al. ,  1990) . 
Whil e th e formatio n o f  a  tex t  bas e require s th e 
readin g o f  a  text ,  a  situatio n mode l  ca n equall y wel l 
be buil t  fro m othe r  informatio n sources ,  lik e rea l 
worl d experience s (o r  examples) .  Schmalhofer , 
Boscher t  &  Kiih n (1990 )  hav e show n tha t  ther e ar e 
tw o differen t  route s t o buildin g a  situatio n model : 
W h en studyin g a  text ,  a  tex t  bas e i s buil t  a s a n 
intermediat e representation .  W h e n studyin g 
examples ,  template s ar e buil t  a s a n intermediat e 
representation .  Unlik e th e situatio n model ,  whic h i s 
an abstrac t  representatio n o f  a  domain ,  tex t  bas e an d 
template s ar e representation s tha t  ar e relate d t o a 
specifi c  learnin g material . 

Other domain knowledge. A situation model is, 
however ,  no t  th e onl y conceptua l  mode l  tha t 
represent s domai n knowledge .  Fo r  example ,  whe n 
solvin g a  wor d arithmeti c proble m involvin g th e 
exchang e o f  marble s betwee n children ,  a n abstrac t 
model  consistin g o f  mathematic s equation s (Nathan , 
Kintsch ,  &  Young ,  1992 )  ma y becom e relate d t o th e 
mor e concret e mode l  abou t  marbl e exchanges .  Th e 
tw o differen t  level s o f  domai n knowledg e ar e calle d 
syste m an d situatio n models .  Referenc e knowledg e i s 
neede d fo r  relatin g th e model s t o on e another . 
Domai n knowledg e thu s consist s o f  syste m an d 
situatio n model s an d referenc e knowledge . 

The formation of task knowledge. A 
procedur e schema ,  o n th e othe r  hand ,  represent s 
abstrac t  tas k knowledge ,  whic h i s expresse d i n term s 
of  situatio n knowledge .  Tas k knowledg e describe s 
ho w a  certai n goa l  ca n b e achieved ,  b y performin g 
certai n actions .  Figur e 1  give s a n overvie w o f  ho w a 
procedur e schem a ca n b e acquire d fro m tex t  an d 
experience s an d whic h knowledg e i s bein g use d fo r 
it s formation .  Durin g th e readin g o f  th e proble m 
descriptio n (i.e .  a  text) ,  partia l  syste m an d situatio n 
model s wil l  b e forme d a s domai n knowledg e i n 
additio n t o a  tex t  base . 

W h en a  proble m i s successfull y solved ,  proble m 
solvin g experienc e i s first  generate d a s a  sequenc e o f 
concret e actions .  Fro m thes e proble m solvin g 
expaience s an d relate d domai n knowledg e a  procedur e 
schema ca n b e acquired .  I n th e PABS-mode l 
(Schmalhofe r  et .  al. ,  i n press) ,  th e formatio n o f  a 
procedur e schem a i s describe d b y five  phase s ( I  V ) , 

tha t  ar e groupe d int o constructio n an d integratio n 
episodes . 

^ ^ " ^  conceptua l  model s  ̂ ' ' * *v ^ 

^ ^ o m a l n knowledg e tas k knowledg e ̂ \ ^ 

situatio n ^ ^ ^ t ^ 

^^^^sysUfi u "̂ ^  " ^ 

procedur e 

J ^ 

J - ^ 

tex t  bas e 

tex t 

templates ] 

experience s 

Figur e 1 .  Th e formatio n o f  domai n an d tas k 
knowledg e 

The Construction Episode. The construction 
episod e consist s o f  thre e phases .  Fo r  th e give n 
sequenc e o f  individua l  action s robus t  productio n rule s 
construct :  I )  stat e description s (initial ,  intermediat e 
an d final )  induce d b y th e actions ,  II )  abstrac t 
description s o f  th e concret e states ,  an d III )  abstrac t 
operator s whic h describ e variou s possibl e transition s 
among th e abstrac t  state s (i.e .  description s i n term s 
of  situationa l  knowledge) .  W h a t  i s bein g constructe d 
depend s upo n th e learner' s prio r  domai n knowledge . 
Th e prio r  domai n knowledge ,  whic h i s represente d i n 
th e long-ter m memory ,  comprises :  a )  a  syste m mode l 
abou t  a  specifi c  tas k environment ,  b )  a  situatio n 
model  abou t  a n applicatio n domain ,  an d c )  th e 
reference s betwee n th e syste m mode l  an d th e 
situatio n mode l  (se e Figur e 1) . 

The Integration Episode. The representation 
resultin g fro m thi s constructio n proces s m a y b e 
redundant ,  incoheren t  an d eve n contradictory .  Fo r 
exampl e differen t  abstrac t  operator s m a y hav e bee n 
constructe d t o describ e th e sam e transitio n betwee n 
tw o states .  Th e integratio n proces s transform s thi s 
initia l  representatio n int o a  coheren t  for m an d a n 
abstrac t  procedur e schem a i s obtained .  Previously ,  a 
spreadin g activatio n mechanis m ha s bee n use d fo r 
performin g thi s integratio n proces s (Manne s & 
Kintsch ,  1991) .  I n orde r  t o obtai n a  syntacticall y 
soun d procedur e schema ,  whic h indee d describe s a 
vali d transitio n fro m th e initia l  t o th e final  stat e a 
symboli c componen t  an d a  marker-passin g algorith m 
(Hendler ,  1989 )  ar e required . 
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The integratio n proces s consist s o f  tw o phases :  I n 
phas e I V a  consisten t  pat h o f  abstrac t  operation s i s 
establishe d b y a  dependenc y analysis .  I n phas e V  a n 
additiona l  integratio n i s performe d b y generalizin g 
th e pat h o f  abstrac t  operation s int o th e fina l 
procedur e schema .  Thi s schem a i s adde d t o th e tas k 
knowledg e an d m a y late r  o n b e use d fo r  solvin g 
simila r  an d differen t  bu t  relate d problems . 

The fiv e phase s hav e bee n implemente d i n th e 
PABS-simulation ,  whic h stand s fo r  Pla n o r  Progra m 
Abstraction .  It s  sufficienc y ha s alread y bee n 
demonstrate d fo r  th e formatio n o f  a n algorith m 
schema fro m a  concret e progra m tex L I n addition ,  a 
forma l  characterizatio n i n term s o f  concret e an d 
abstrac t  STRIPS-world s an d state -  an d sequenc e 
abstractio n mapping s ha s bee n presente d 
(Schmalhofe r  et .  al. ,  i n press) . 

The Towe r  o f  Hano i  Tas k 

Problem description. The Tower of Hanoi task 
(Simon ,  1975 )  require s tha t  a  towe r  o f  n  disk s whic h 
ar e grade d i n siz e i s transferre d fro m a  star t  pe g (sa y 
peg A )  t o som e goa l  pe g (sa y pe g C ) .  A t  th e outset , 
al l  th e disk s ar e arrange d pyramidicall y o n pe g A .  A n 
additiona l  pe g (sa y B )  ma y b e use d a s a n auxiliar y 
location .  Th e followin g rule s mus t  b e observed :  A t 
any tim e onl y a  singl e dis k m a y b e move d an d a 
large r  dis k mus t  neve r  b e pu t  o n to p o f  a  smalle r 
disk . 

Representation of task environment 
(syste m model) .  A  proble m solve r  wil l  represen t 
th e individua l  disk s i n th e concret e descriptio n 
languag e a s par t  o f  a  syste m model .  A  proble m stat e 
i s represente d b y a  list .  Th e initia l  state s o f  th e 3- ,  4 -
,  an d 5 -  dis k problem s ar e thu s represente d b y [[ 1 2 
3]  I ]  [J] ,  { [1 2 3 4 ]  [ J [] ]  an d [ [1 2 3  4  5 ]  [ ]  [] ] 
respectively :  1  refer s t o th e smalles t  disk ,  2  t o th e 
secon d smalles t  dis k an d s o on . 

Situation representation. The reader of the 
proble m descriptio n wil l  no t  onl y represen t  th e 
individua l  disk s (a s par t  o f  a  syste m model) ,  bu t 
coarse-graine d knowledg e constructio n processe s 
coul d als o brin g abstrac t  backgroun d knowledg e int o 
play .  Suc h knowledg e ma y denot e perceptua l  chunks , 
lik e a  pyramidicall y arrange d se t  o f  disk s an d 
associat e the m t o term s tha t  ar e semanticall y relate d 
t o respectiv e part s o f  th e proble m descriptio n (i.e . 
tower ,  uppe r  tower ,  lowe r  j o w e r ,  largedisk ,  an d 
empty ) 

I n th e abstrac t  descriptio n languag e a  pyrami d 
consistin g o f  th e smalles t  t o th e i-t h smalles t  dis k 
(l<i<n )  ca n thu s b e denote d a s a n uppe r  tower .  Th e 
pyrami d consistin g o f  th e larges t  dis k t o th e j-t h 
larges t  dis k (wit h l<j<n )  i s  denote d a s a 
lowe r  jower .  A  pyrami d consistin g o f  al l  th e disk s o f 

a proble m i s  denote d a s tower .  Becaus e o f  thei r 
significance ,  certai n disk s whic h ar e distinctivel y 
larg e ma y als o b e represente d a s par t  o f  th e situatio n 
model .  Al l  disk s k  wit h 2<k< n ar e simpl y denote d a s 
largejdisk .  Th e concep t  empt y i s i n additio n use d fo r 
describin g a  pe g tha t  i s  empty . 

For  al l  differen t  Towe r  o f  Hano i  problem s (e.g . 
th e 3- ,  4 -  an d 5-dis k problem) ,  a  situatio n mode l 
woul d thu s consis t  o f  th e terms :  tower ,  uppe r  tower , 
lowe r  J o w e r ,  larg e disk ,  empty .  A t  th e situationa l 
level ,  state s an d move s ar e expresse d i n thes e terms . 
Th e initia l  state s o f  differen t  problem s lik e th e 3- ,  4- , 
an d 5-dis k problem s woul d consequentl y al l  b e 
represente d b y [towe r  empt y empty] . 

Not e tha t  no t  al l  concret e state s ca n b e represente d 
i n th e abstrac t  descriptio n language .  Becaus e th e 
abstrac t  languag e i s  mor e coarse-graine d an d les s 
expressive ,  proble m state s lik e [[ 1 2  3  5 }  [4 ]  [J ] 
canno t  b e represente d a t  th e abstrac t  level .  Becaus e 
dis k 4  i s missin g [ 1 2 3  5 ]  i s  neithe r  a  towe r  no r  a n 
uppe r  towe r  no r  a  lowe r  jower .  Fo r  th e sam e reaso n 
differen t  concret e proble m state s m a y hav e a n 
identica l  abstrac t  description .  Fo r  example ,  [[ 3 4  5 ] 
[ 1 2 ]  [J ]  an d {[ 4 5 ]  [ 1 2  3 ]  [] J ar e bot h describe d a s 
[lowerJowe r  uppe r  j owe r  empty] . 

Procedur e Schemat a f ro m Differen t 

T o w er  o f  Hano i  Prob lem s 

Acquisition. Consider for example some specific 
(optima l  o r  non-optimal )  solutio n pat h t o th e 5-dis k 
problem ,  wher e concret e stat e description s ar e 
obtaine d fo r  th e visite d state s i n th e first  constructio n 
phas e (phas e 1) .  Th e resul t  o f  thi s phas e i s show n i n 
sectio n I  o f  Figur e 2 . 

I n phas e I I  th e abstrac t  descriptio n languag e i s 
applie d t o characteriz e th e differen t  concret e states , 
wheneve r  possible .  Th e arrow s i n sectio n I I  o f  Figur e 
2 sho w th e resultin g association s betwee n concret e 
and abstrac t  states .  The y ar e par t  o f  th e referenc e 
knowledg e b y whic h syste m an d situatio n model s ca n 
be related .  Th e empt y rectangle s indicat e states , 
whic h canno t  b e describe d i n abstrac t  terms . 

I n th e thir d phas e (sectio n III )  operator s ar e the n 
constructe d fo r  describin g th e transition s betwee n 
abstrac t  states .  Ther e ar e tw o differen t  way s fo r 
constructin g a n abstrac t  operator .  A n operato r  ma y b e 
(a )  constructe d purel y a t  th e abstrac t  leve l  o r  (b )  th e 
concret e leve l  m a y b e take n int o consideratio n t o 
obtai n a  mor e operationa l  description : 

a)  Th e STRIP S description s o f  tw o consecutiv e 
abstrac t  state s ar e use d t o induc e a  respectiv e abstrac t 
STRIP S operator .  Th e transition s fro m [[ 3 4  5 ]  [ 1 2 ] 
[] ]  t o [[ 4 5 ]  [ 1 2 ]  [3] ]  an d fro m [[ 4 5 ]  [ 1 2  3 ]  [] ]  t o [[ 4 
5 ]  [ 1 2 ]  [3] ]  ar e thu s bot h describe d b y [lowe r  towe r 
uppe r  towe r  empty ]  t o [lowe r  towe r  uppe r  towe r 
largedisk ]  an d th e sam e STRIPS-operato r  woul d 
consequentl y b e induced . 
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b)  Th e abstrac t  descriptio n languag e i s applie d t o 
characteriz e th e dynamic s o f  th e transitio n a t  th e 
concret e leve l  betwee n tw o suc h states .  Fo r  th e tw o 
transition s (se e above )  tw o differen t  operator s ca n 
n o w b e constructed :  Sinc e a  larg e dis k i s  move d 
fro m A  t o C ,  th e firs t  transitio n i s  describe d a s 
abstract_move(A,C) .  I n th e secon d transitio n th e 
larges t  dis k o f  th e upperjowe r  o n B  i s pulle d ou t 
fro m underneat h an d move d t o th e empt y locatio n C . 
Thi s transitio n i s therefor e describe d a s complicaied _ 
split(B,C) .  Thi s constructio n proces s maintain s mor e 
propertie s o f  th e concret e level ,  bu t  i n term s o f  a n 
abstrac t  descriptio n language .  Fro m a n optima l 
solutio n o f  th e 5-dis k problem ,  th e followin g 

sequenc e o f  abstrac t  operator s i s  constructed : 
split_lower(A^) ,  abstract_move(A,C),join_upper _ 
tower(B,C) ,  abstract_move(A,B),join_upper _ 
tower(C,B) ,  abstract_move(A,C) ,  split_upper _ 
tower(B,A) ,  abstract_move(B,C) ,  split_upper _ 

tower(AJB),abstract_move(A,C),join_tower(B,C) . 
I n th e followin g integratio n phas e (sectio n I V )  a 

typ e o f  symbol i c m a r k e r  passe r  i s additionall y use d 
fo r  analyzin g consistenc y an d completeness .  Thereb y 
a wholisti c integratio n be twee n concret e an d abstrac t 
descript ion s i s  obta ined .  F o r  s o m e p r o b l e m 
solutions ,  i t  turne d ou t  tha t  th e induce d abstrac t 
S T R I P S operator s w e r e inconsisten t  wit h th e 
concret e leve l  (se e e x a m p l e i n phas e III )  an d ar e thu s 

^̂  

large_dis c 
upper_lowe r 
larg e dis c 

(4.5 ) 

lower_to«ve r 
upper_towe r 
larg e dis c 

(5 ) 

split_towe r 

(3 ,  4 ,  5 ) 

7 

: > 

abstract_mov e 

(3 ,  4 ,  5 ) 

lowe r 
empty 
empty 

(3 .  4 .  5 ) 

~ 
lowerjowe r 
upperjowe r 

empt y 
(4.5 ) 

large_dis c 
upperjowe r 
larg e dis c 

(4.5 ) 

lowerjowe r 
upperjowe r 
larg e dis c 

(5 ) 

large_dis c 
upperjowe r 

empt y 
(3 ,  4 .  5 ) 

D 

join_upper_towe r 
(4,5 ) 

weTV i t_upper_towe r 
(4,5 ) 

join_towe r 

(4,5 ) 

lowerjowe r 
upperjowe r 

empty 
(5 ) 

^^ 

large_dis c 
upperjowe r 

empty 
(4.5 ) 

lower_towe r 
upperjowe r 

empty 
(4.5 ) 

lowe r 

(3 .  4 .  5 ) 

DtLf c 11 :  [towe r  empt y empty ] 
ADD:  (lowertowe r  upperjowe r  empty ] ni/i v 

split_tower(A,B ) 

abstract _ 

move(A,C ) 
join_upper _ 

tower(B,C ) 

r  ^ 

join _ 
tower(B,C ) 

A 4 J  A l  1 M L A 

move(A,C )  move(A,B )  move(C,B ) move(A,C ) 

Figur e 2 .  Th e constructio n (I ,  II ,  III )  an d integratio n phase s (IV ,  V )  fo r  acquirin g a  procedur e schem a fro m 3- ,  4- , 
and 5-dis k problem s 
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eliminate d i n thi s phase .  W e wil l  therefor e restric t 
our  furthe r  discussio n t o th e abstrac t  operators ,  whic h 
wer e forme d b y th e constructio n proces s b )  i n phas e 
m. 

I n th e V-t h phas e (als o a n integratio n phase )  th e 
sequenc e o f  abstrac t  operator s resultin g fro m phas e 
IV ,  i s  transforme d int o th e final  procedur e schema , 
whic h i s a  m o r e compac t  an d structurall y riche r 
representation .  T h e operator s ar e generalize d b y 
variabilization .  e.g .  fro m abstract_move(A,C )  t o 
a b s t r a c t _ m o v e i X , Y ) ,  yieldin g fiv e differen t 
generalization s (se e sectio n V  o f  Figur e 2 ) .  T w o 
generalization s ar e connecte d wheneve r  on e operatio n 
was directl y followe d b y th e othe r  i n it s  phas e I V 
representation .  T h e abstrac t  precondition s ar e als o 
maintaine d i n th e V-t h phase ,  resultin g i n th e 
procedur e schem a show n i n sectio n V  o f  Figur e 2 . 
Th e number s (3 ,  4 ,  5 )  s h o w whic h component s o f 
th e procedur e schem a ar e forme d fro m th e optima l 
solutio n o f  th e 3- ,  4- ,  an d 5-dis k problems . 

Reuse for similar problems. Identical 
problem s m a y b e solve d b y usin g th e processin g 
produc t  o f  phas e IV ,  whic h decompose s th e proble m 
spac e int o mor e manageabl e segment s an d ofte n 
yield s a  performanc e improvemen t  i n relatio n t o th e 
first  proble m solution .  I n th e schem a formatio n 
severa l  detour s o f  th e origina l  solution s wer e 
abstracte d away . 

Simila r  problem s ar e problem s whic h hav e th e 
same numbe r  o f  disks ,  bu t  th e locatio n o f  th e towe r 
i n th e initia l  stat e w a s change d (e.g .  fro m A  t o B ) . 
Th e procedur e schem a an d it s stepwis e refinement s 
(startin g fro m phas e V )  wil l  b e use d fo r  solvin g thes e 
problem s an d yiel d simila r  improvements . 

Reuse for different problems. A different 
proble m occur s fo r  exampl e w h e n th e n u m b e r  o f 
disk s ha s bee n change d fro m 5  t o 4  disks .  Thes e 
problem s ar e quit e differen t  i n thei r  solution s a t  th e 
concret e level :  Problem s wit h a n od d numbe r  o f  disk s 
requir e th e first  m o v e t o b e opposit e t o th e firs t 
m o ve i n problem s wit h a n eve n numbe r  o f  disk s 
(Simon ,  1975) .  Also ,  th e 4-dis k proble m require s 
fewe r  move s tha n th e 5-dis k problem .  Becaus e o f  it s 
abstrac t  representatio n th e {xocedur e schem a obtaine d 
fro m th e 5-dis k proble m is ,  however ,  equall y wel l 
suite d fo r  solvin g a  4-dis k proble m a s th e schem a 
acquire d fro m th e 4-dis k problem .  T h e schem a 
acquire d fro m th e 3-dis k proble m contain s onl y 
certai n part s (se e sectio n V  o f  Figur e 2 )  an d i s 
therefor e les s suite d fo r  solvin g th e 4-dis k problem . 

E x p e r i m e n t 

In three different conditions (30 subjects each), 
subject s ha d t o solv e tw o 3-disk ,  tw o 4-disk ,  o r  tw o 
5 disk-problem s i n a  ro w an d thei r  numbe r  o f  move s 

was recorded .  Th e tw o consecutiv e problem s wer e 
similar .  Th e first  tim e th e towe r  o f  disk s wa s o n pe g 
A i n th e initia l  state .  Th e secon d tim e i t  wa s locate d 
on pe g B .  Bot h times ,  i t  ha d t o b e transferre d t o pe g 
C. 

Thereafter ,  th e knowledg e whic h the y ha d acquire d 
fro m thes e proble m solvin g episode s wa s tested .  I n 
orde r  t o obtai n a  mor e complet e assessmen t  o f  thei r 
knowledg e wit h respec t  t o th e 4-dis k problem ,  whic h 
serve d a s th e criterio n task ,  al l  subject s wer e 
presente d wit h th e 8 1 differen t  state s o f  th e fou r  dis k 
problem ,  on e a t  a  time .  Rathe r  tha n completel y 
solvin g th e T o w e r  o f  Hano i  problem ,  th e subjec t  ha d 
t o selec t  th e bes t  m o v e fo r  eac h o f  th e 8 1 differen t 
proble m states ,  whic h wer e randoml y divide d i n thre e 
set s o f  2 7 states .  Fo r  selectin g a  m o v e ,  subject s wer e 
allowe d 15 ,  3 0 o r  4 5 seconds .  T h e al lowe d 
processin g tim e an d th e thre e set s o f  2 7 state s wer e 
counterbalance d b y a  Latin-Squar e design . 

Results. Table 1 shows the average number of 
moves fo r  tw o simila r  problem s wit h 3, 4 o r  5  disks . 
Clearly ,  fewe r  m o v e s wer e require d w h e n solvin g th e 
proble m fo r  th e secon d tim e a s compare d t o th e first 
time .  Tabl e 2  show s th e performanc e i n th e 4-dis k 
criterio n task .  T h e percentag e o f  correc t  m o v e s i s 
show n a s a  functio n o f  th e allowe d processin g tim e 
and th e thre e differen t  trainin g tasks . 

Tabl e 1 .  Averag e numbe r  o f  m o v e s i n thre e differen t 
trainin g task s 

M e an numbe r 
of  move s 
firs t  proble m 
simila r  proble m 

3-dis k 4-dis k 5-dis k 
proble m proble m proble m 

11. 1 
9. 1 

30. 9 
21. 4 

66. 0 
55. 0 

Tabl e 2 .  Percentag e o f  optima l  m o v e s i n th e 4-dis k 
criterio n tas k a s a  functio n o f  pretrainin g an d 
processin g tim e 

"**««̂ ,,,̂ ftetraiiiin g 

Tim e "̂""̂ '̂ .̂ ^ 

15-sec . 
30-sec . 
45-sec . 

3-disk s 4-disk s 5-disk s 

63 6 8 7 0 
69 7 5 7 7 
69 7 6 8 1 

Throughout ,  th e subject s wit h th e 5-dis k proble m 
solvin g experienc e performe d bette r  tha n th e subject s 
wit h th e 4 -  o r  3-dis k proble m solvin g experiences . 
Thus ,  th e subject s di d no t  solel y stor e th e individua l 
moves fro m th e specifi c  Towe r  o f  Hano i  proble m no r 
solel y compile d solutio n knowledg e fro m it .  Instead , 
subject s mus t  hav e als o utilize d backgroun d 
knowledg e whic h allowe d the m t o for m a  mor e 
abstrac t  representatio n fro m th e proble m solvin g 
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episodes ,  tha t  coul d b e efficientl y transferre d fro m th e 
S-dis k trainin g tas k t o th e 4-dis k tes t  task .  Sinc e 
mor e elaborat e abstraction s ca n b e acquire d fro m th e 
S-dis k problem ,  th e subject s wit h thi s trainin g 
performe d bette r  i n th e criterio n tas k tha n th e 
subject s wit h th e 4 -  o r  3-dis k training . 

C o n c l u s i o n s 

For the Tower of Hanoi tasks we can now compare 
th e acquisitio n an d utilizatio n o f  knowledg e i n case -
based ,  search-based ,  an d comprehension-base d 
systems . 

A case-base d planne r  store s th e specifi c  experien -
ces an d utilize s thes e experience s b y adaptin g the m t o 
ne w problems .  Th e specifi c  solution s o f  5-dis k (od d 
number  o f  disks )  an d 4-dis k problem s (eve n numbe r 
of  disks )  ar e quit e differen t  (Simon ,  1975) .  A  case -
base d syste m wit h a  5-dis k trainin g shoul d therefor e 
solv e a  4-dis k tas k relativel y poorly ,  whic h clearl y 
contradict s th e experimenta l  findings  o f  Tabl e 2 . 

Search-base d system s acquir e ne w knowledg e b y 
searchin g a  proble m spac e an d formin g macro -
operator s o r  chunks .  Sinc e th e Towe r  o f  Hano i  tas k 
result s i n a n ill-suite d proble m decomposition , 
macro-operator s ar e forme d whic h yiel d quit e 
inefficien t  proble m solution s (Korf ,  1985) . 
Furthermore ,  thes e macro-operator s canno t  b e 
transferre d betwee n problem s wit h a  differen t  numbe r 
of  disks .  W h e n multipl e level s o f  description s ar e 
availabl e lik e i n S O A R,  mor e usefu l  chunk s o f 
proble m solvin g experience s ca n b e forme d (Rui z & . 
NeweU,  1989) . 

Wit h a  comprehension-base d approac h a n abstrac t 
procedur e schem a i s forme d i n term s o f  situatio n 
knowledge .  Th e sam e abstrac t  schem a i s thu s 
acquire d fo r  al l  Towe r  o f  Hano i  task s wit h mor e tha n 
4 disks .  Th e schem a acquire d fro m th e 3 -  an d 4-dis k 
problem s i s stil l  simila r  bu t  les s elaborated . 
Comprehension-base d learnin g fro m a  5-dis k trainin g 
therefor e produce s bette r  solution s fo r  th e 4-dis k 
criterio n tas k tha n a  4-dis k training .  Thi s resul t  wa s 
obtaine d i n th e reporte d experimen t 
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