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Abstrac t 
A proble m solvin g experimen t  i s describe d wher e th e 
difficult y S s experience d i n solvin g a  panicula r  puzzl e 
i s manipulate d usin g a  dua l  tas k paradigm .  Althoug h 
Ss sho w impaire d performanc e solvin g th e puzzl e th e 
first  time ,  performanc e improve s considerabl y o n a 
secon d tria l  an d S s ar e no t  impaire d b y a  secon d tria l 
memory load .  I n spit e o f  th e improvemen t  i n 
performance ,  S s ar e unabl e t o repor t  virtuall y an y 
informatio n abou t  th e proble m o r  thei r  solutio n 
strategies .  A  mode l  i s  presente d tha t  describe s th e 
patter n o f  performanc e acros s th e level s o f  memor y loa d 
and acros s th e tw o trials .  Th e theoretica l  implication s 
of  thi s mode l  ar e discussed . 

Introduction 

Proble m solvin g ha s traditionall y bee n though t  o f 
as searc h throug h a  proble m spac e (Newel l  &  Simon , 
1972) .  Recen t  wor k wit h "isomorphic "  puzzle s whic h 
hav e identica l  underlyin g proble m space s bu t  differen t 
surfac e feature s ha s show n tha t  th e workin g memor y 
demands o f  th e surfac e feature s play s a n importan t  rol e 
i n predictin g ho w difficul t  a  particula r  proble m wil l  b e 
(Kotovsky ,  Haye s &  Simon ,  1985 ;  Kotovsk y & 
Simon ,  1990 ;  Kotovsk y &  Kushmerick ,  1991) . 

The followin g experimen t  demonstrate s tha t  th e 
difficult y o f  a  particula r  puzzl e ca n b e manipulate d b y 
reducin g th e workin g memor y availabl e fo r  proble m 
solvin g usin g a  dua l  tas k paradigm .  W e find  tha t  th e 
performanc e i s impaire d i n proportio n t o th e demand s o f 
th e secondar y task .  However ,  whe n repeatin g th e 
proble m solvin g task ,  th e memor y loa d cease s t o 
interfer e wit h proble m solving . 

The patter n o f  result s indicate s tha t  i t  i s a  learnin g 
proces s associate d wit h proble m solvin g tha t  i s impaire d 
by th e secondar y task .  However ,  a n interestin g proble m 
arise s i n attemptin g t o asses s wha t  an d ho w th e subject s 
ar e learnin g whil e proble m solvin g a s th e subject s ar e 
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unabl e t o describ e wha t  the y kno w abou t  th e puzzl e o r 
ho w the y solve d it . 

A reasonabl y simpl e mathematica l  mode l  i s 
presente d t o attemp t  t o brin g togethe r  som e o f  th e 
phenomena observe d i n thi s experiment .  Focusin g o n 
weak method s an d modelin g th e learnin g a s a n 
incrementa l  function ,  th e mode l  give s a  reasonabl e first-
orde r  accoun t  o f  th e structur e o f  th e proble m solvin g 
proces s fo r  thi s puzzle . 

Method 

Seventy-si x Carnegi e Mello n Universit y 
undergraduate s wer e aske d t o solv e a n isomorp h o f  th e 
"Chines e Rin g Puzzle "  (Kotovsk y &  Simon ,  1990 ) 
calle d th e Ball s an d Boxe s puzzl e whil e performin g a 
secondar y tas k designe d t o impos e a  loa d o n workin g 
memory.  Th e Ball s an d Boxe s puzzl e wa s presente d vi a 
compute r  an d i s describe d below .  Whil e solvin g th e 
puzzle ,  subject s wer e als o aske d t o liste n t o a  tap e 
containin g a  strea m o f  letter s a t  a  rat e o f  on e lette r  ever y 
thre e second s wit h beep s mixe d i n occasionally . 
Subject s wer e divide d int o fou r  groups ,  a  contro l  grou p 
and thre e differen t  level s o f  memor y load .  Th e thre e 
memory loa d group s wer e instructe d t o liste n t o th e 
letter s an d remembe r  eithe r  th e las t  lette r  hear d (grou p 1 -
back) ,  th e las t  tw o letter s hear d (grou p 2-back )  o r  th e 
las t  thre e letter s hear d (grou p 3-back) .  Sinc e th e tap e 
contain s a  continuou s strea m o f  letters ,  eac h tim e a  ne w 
lette r  i s  hear d b y th e subject ,  th e se t  o f  letter(s )  t o b e 
remembere d changes .  Thes e group s o f  subject s wer e 
instnicte d tha t  whe n the y hear d a  bee p the y wer e t o writ e 
down th e firs t  lette r  o f  th e lette r  se t  bein g remembered, 
i.e .  subject s remembering  th e las t  lette r  wrot e thi s a t  th e 
beep ,  subject s remembering  tw o letter s wrot e th e lette r 
befor e th e las t  lette r  heard ,  etc .  Th e contro l  grou p wa s 
instnicte d t o ignor e th e letter s bu t  liste n fo r  th e beep s 
and whe n a  bee p wa s heard ,  writ e dow n a  rando m letter . 
To b e sur e tha t  th e subject s performe d th e secondar y 
tas k a s wel l  a s possible ,  th e importanc e o f  listenin g t o 
th e tap e carefull y wa s stresse d wit h al l  subject s an d th e 
experimente r  monitore d subject s performanc e t o b e sur e 
the y wrot e dow n a  lette r  wheneve r  a  bee p wa s heard . 

An experimenta l  sessio n consiste d o f  brie f 
instructio n o n th e puzzl e an d secondar y tas k an d tw o 
solution s o f  th e puzzle .  Betwee n solutions ,  subject s 
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Figur e 1 :  Appearanc e o f  th e Puzzl e t o Subject s 

were asked to write "how they solved the puzzle, how 
th e puzzl e work s an d especiall y anythin g the y coul d sa y 
tha t  woul d hel p somebod y els e solv e th e puzzle. "  Onl y 
tw o level s o f  memor y loa d wer e use d o n th e secon d 
trial ,  th e contro l  conditio n an d th e two-lette r  memor y 
loa d condition . 

The Balls and Boxes Puzzle 
The Ball s an d Boxe s puzzl e i s a n isomorp h o f  th e 

"Chines e Rin g Puzzle "  whic h i s a  particularl y difficul t 
puzzl e studie d b y Kotovsk y &  Simo n (1990) .  Th e 
Ball s an d Boxe s isomoip h wa s designe d t o b e a  simple r 
versio n o f  th e puzzl e wher e th e surfac e structur e wa s 
modifie d s o tha t  al l  lega l  move s ca n easil y b e see n an d 
th e operator s wer e "digitized "  t o reduc e th e workin g 
memory loa d associate d wit h movin g withi n th e 
proble m space .  Thi s versio n o f  th e puzzl e wa s foun d t o 
be muc h easie r  t o solve ,  generall y takin g 5-1 0 minutes . 
The puzzl e wa s presente d o n a  M i c r o V A X I I  compute r 

and i s show n i n Figur e 1 .  Thi s puzzl e consist s o f  fiv e 
ball s an d five  boxes .  Th e objec t  i s  t o ge t  al l  fiv e ball s 
out  o f  thei r  boxes .  A  bal l  m a y onl y b e move d i f  it s 
box to p i s open .  A s ball s ar e move d i n an d ou t  o f  thei r 
boxes ,  th e bo x top s ope n an d clos e accordin g t o a  nil e 
tha t  define s th e problem .  Th e rul e dictate s tha t  a  bal l 
may b e move d (an d henc e th e bo x to p i s open )  i f  an d 
onl y i f  th e bal l  immediatel y t o it s right  i s i n it s  bo x an d 
al l  othe r  ball s t o th e right  ar e ou t  o f  thei r  boxes .  Fo r 
th e subjects ,  th e tric k t o solvin g th e puzzl e i s t o figur e 
out  h o w t o mov e th e ball s t o ge t  th e right  boxe s t o 
ope n u p s o tha t  yo u ca n ge t  al l  th e ball s ou t  o f  thei r 
boxes . 

Th e proble m space ,  show n i n Figur e 2 ,  i s  rathe r 
small ,  containin g onl y 3 1 possibl e states ,  bu t  th e 
startin g positio n wa s chose n t o b e 2 1 move s fro m th e 
goa l  (2 1 move s i s th e min imu m numbe r  require d t o 
solv e th e puzzle) .  Additionally ,  th e proble m spac e i s 
linear ,  meanin g tha t  fro m an y plac e i n th e proble m 
spac e (excep t  th e to p state )  ther e ar e exactl y tw o move s 
tha t  ca n b e made ,  on e leadin g towar d th e solutio n 
(movin g towar d lowe r  numbere d state s i n Figur e 2 )  th e 
othe r  leadin g directl y awa y (movin g towar d th e highe r 
numbere d states) .  Hence ,  afte r  makin g a  move ,  th e onl y 
choice s on e ha s ar e t o und o tha t  mov e o r  mak e a  ne w 
move.  I f  on e neve r  retract s o r  undoe s a  m o v e whe n i t  i s 
not  necessary ,  the n on e i s guarantee d t o easil y solv e th e 
puzzle .  However ,  i t  i s  extremel y rar e fo r  a  subjec t  t o d o 
thi s whe n attemptin g t o solv e th e puzzl e fo r  th e firs t 
time . 
Result s 

Th e effec t  o f  th e memor y loa d th e first  tim e th e 
puzzl e i s solve d i s  clearl y see n i n Figur e 3 .  A s th e 
memory loa d increases ,  th e numbe r  o f  move s require d t o 
solv e th e puzzl e increases .  A  regressio n analysi s show s 
thi s increas e i s significan t  (B=25.82 ,  F=10.82 ,  p<0.01) . 
The result s fro m th e secon d solutio n o f  th e puzzl e ar e 
show n i n Figur e 4 .  Thi s figure  i s show n o n th e sam e 

o o o o g  o  g o o  o  o  o o o o  o  o o g o _go o o 
i ^ r m I  mofB i  I  [oio[5 n i  f̂î i  [5 |  1 1 [ o m i  mof^ i  i  n  m i  m fs i  i 
stat e 3 1 Stat e 2 7 Stat e 2 3 Stat e 1 9 Stat e 1 5 Stat e 1 1 Stat e 7  Stat e 3 

o o o o  o  g  o  g o o  o o o  o o o 
[ 5 m io i  m o i o M F5io[o i  M [omoio i  n ^  m n̂ foioio i  r m m rmo io i 
stat e 3 0 Stat e 2 6 Stat e 2 2 Stat e 1 8 Stat e 1 4 Stat e 1 0 Stat e 6  Stat e 2 

o o o  o  g o o  g  o  o  o o 
mio lo l  fBTTB l  lo l  foISfololo l  fofo n lo l  FTonolo l  m o l  lo l 

o o o o 
soig i  r m M 

Stat e 2 9 Stat e 2 5 Stat e 2 1 Stat e 1 7 Stat e 1 3 Stat e 9  Stat e 5  Stat e 1 

o o o  o  o o o  o o o o  o o o  g o o o o  o o o o o 
m [51 1 lo l  m I  [oioiofo i  I  lofo m i  m fo i  i  n o m i  m ^  i  m m I 
stat e 2 8 Stat e 2 4 Stat e 2 0 Stat e 1 6 Stat e 1 2 Stat e 8  Stat e 4  Stat e 0 

Figur e 2 :  Proble m Spac e o f  th e Ball s an d Boxe s Puzzl e 
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scal e a s Figur e 3 .  I t  i s  clea r  tha t  ther e i s signiflcan t 
spee d u p i n tha t  th e numbe r  o f  move s t o solv e th e 
puzzl e drop s dramaticall y fro m tria l  1  t o tria l  2  (paire d t -
test ,  t=4.57 ,  p<0.001) .  Thes e result s ar e als o broke n 
d o wn b y m e m o r y loa d o n tria l  on e t o demonstrat e tha t 
ther e i s n o differenc e betwee n th e group s i n th e amoun t 
learne d o n th e first  trial .  I t  i s  clea r  tha t  th e memor y 
loa d di d no t  impai r  performanc e o n th e secon d trial . 
Thi s i s verifie d b y a n A N O V A o f  tria l  2  performanc e b y 
tria l  1  conditio n an d tria l  2  conditio n wher e neithe r 
conditio n no r  th e interactio n ar e significan t  (F=1.5 , 
p > 0 2 2 .  F=1.85 ,  p>0.17 .  F=1.76 .  p>0.3 3 fo r  th e effect s 
of  tria l  1  condition ,  tria l  2  conditio n an d thei r 
interactio n respectively) . 

Examinin g th e progres s o f  a  singl e subjec t  o n th e 
puzzl e show s tha t  th e proces s o f  solvin g th e puzzl e ca n 
be broke n d o w n int o tw o phases :  explorator y an d final 
path .  Th e explorator y phas e contain s mos t  o f  th e 
moves m a d e b y th e subjec t  an d littl e o r  n o actua l 
progres s towar d th e goa l  i s  mad e durin g thi s phase .  Th e 
final  pat h i s a  sequenc e o f  r^i d totall y error-fre e move s 
directl y towar d th e goal .  Progres s m a d e b y subject s 
ove r  th e cours e o f  solvin g th e puzzl e o n th e firs t  tria l 
ca n b e see n i n Figur e 5  (th e x-axi s i s m o v e numbe r  an d 
th e y-axi s measure s distanc e fro m th e goal) .  Th e 
averag e lengt h o f  th e final  pat h wa s 18. 5 move s an d 
doe s no t  var y acros s groups .  Th e secon d tim e th e 
puzzl e i s solved ,  6 6 o f  7 6 subject s sho w bot h 
explorator y phas e an d final  pat h behavio r  whil e 1 0 
subject s solve d th e puzzl e perfectl y th e secon d tim e 
(immediat e final  path) .  Th e averag e lengt h o f  th e final 
pat h o n th e secon d tria l  wa s 1 9 moves . 

The writte n protocol s collecte d fro m eac h subjec t  i n 
betwee n trial s wer e analyze d an d rate d o n a  five  poin t 
scal e wit h 1  indicatin g tha t  th e descriptio n ha d n o 
relevan t  informatio n abou t  th e puzzle ;  a  ratin g o f  2 
indicate s ver y littl e informatio n i n th e description ,  i.e . 
on e statemen t  o f  value ;  an d s o o n u p t o S ,  indicatin g 
tha t  th e subjec t  provide d a  complet e descriptio n o f  ho w 
t o solv e th e puzzle .  Th e media n valu e o f  thes e rating s 
was 1.5 .  Th e averag e ratin g di d no t  var y acros s group s 
indicatin g tha t  al l  group s wer e equall y poo r  a t  describin g 
th e structur e o f  th e puzzl e o r  th e strategie s tha t  the y 
use d t o solv e i t 

Most  o f  th e advic e subject s gav e wa s ver y genera l 
i n nature .  T h e mos t  c o m m o n statemen t  i n th e 
protocol s (2 9 occurrence s i n 7 6 protocols )  wa s genera l 
advic e t o remembe r  th e combination s o r  pattern s tha t 
lea d t o differen t  boxe s opening .  I n spit e o f  thi s advice , 
virtuall y n o subject s describe d an y o f  thes e pattern s o r 
combination s correctly .  Othe r  genera l  advic e suc h a s 
"B e systematic "  an d "Us e tria l  an d error "  als o occurre d 
frequentl y (2 0 times) .  Subject s di d see m t o b e awar e o f 
certai n aspect s o f  th e proble m space :  2 1 subject s 
reporte d tha t  th e lef t  bal l  wa s hardest ,  1 2 note d tha t  i t 
was importan t  t o wor k fro m lef t  t o right  an d 1 0 realize d 
tha t  i t  wa s occasionall y necessar y t o pu t  ball s bac k int o 
boxes .  N o othe r  statemen t  occurre d a s ofte n a s 1 0 
times .  Onl y on e subjec t  state d tha t  no t  undoin g th e 
previou s m o v e woul d b e a  goo d strateg y an d tw o other s 
hinte d tha t  no t  reversin g i s important .  I n summary ,  th e 
protocol s wer e surprisingl y uninformative ,  especiall y 
give n th e fac t  tha t  mos t  subject s wen t  o n t o solv e th e 
puzzl e quit e rapidl y o n th e secon d trial . 
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Figur e 3 :  N u m b e r  o f  M o v e s t o Solv e th e Puzzl e 
on Tria l  1 

Figur e 4 :  N u m b e r  o f  M o v e s t o Solv e th e Puzzl e 
on Tria l  2 
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Th e protocol s presen t  a n interestin g contras t  t o th e 
fina l  pat h behavio r  o f  th e subjects .  Th e sudde n shif t  t o 
error-fre e solutio n initiall y  seem s t o sugges t  insight ,  ye t 
th e protocol s sugges t  tha t  subject s hav e no t  settle d o n a 
strateg y eve n a s simpl e a s consistentl y avoidin g 
reversals .  Th e fac t  tha t  mos t  subject s als o sho w 
explorator y behavio r  o n th e secon d tria l  als o indicate s 
tha t  whil e subject s kno w somethin g abou t  th e puzzl e 
afte r  th e firs t  solution ,  the y don' t  understan d i t 
completely . 

Rni l  Pat h 
19 

so 10 0 IS O s o 

Figur e 5 :  Sampl e mov e recor d 

A Model 
Althoug h th e patter n o f  result s acros s th e tw o trial s 

i s counter-intuitive ,  a  relativel y simpl e mode l  provide s a 
reasonabl e approximatio n o f  th e subjects '  behavior .  Th e 
model  i s  base d o n tw o basi c proble m solvin g strategies : 
(1 )  hill-climbing ,  tha t  i s  preferrin g t o remov e ball s fro m 
thei r  boxes ;  an d (2 )  no-reversal ,  a  genera l  preferenc e no t 
t o und o th e mos t  recen t  move .  O f  course ,  sinc e th e 
proble m spac e i s linear ,  relyin g solel y o n th e secon d 
strateg y woul d lea d t o optima l  solutio n o f  th e puzzle . 
Althoug h hill-climbin g base d o n th e increasin g th e 
number  o f  ball s ou t  o f  thei r  boxe s m a y initiall y £^pea r 
useful ,  relianc e o n thi s strateg y actuall y impede s 
solutio n o f  th e puzzle .  Th e existenc e o f  th e barrie r  area s 
sugges t  tha t  a t  leas t  a t  th e beginning ,  subject s appea r  t o 
rel y o n hill-climbing . 

Thes e strategie s com e int o conflic t  o n move s wher e 
ball s mus t  b e replace d t o mak e progress .  I f  ther e i s a 
decisio n betwee n tw o ball s i s t o b e replace d (e.g .  stat e 
24 ,  Figur e 2) ,  the n th e mode l  wil l  prefe r  no t  t o mak e 
th e reversal .  However ,  whe n th e choic e i s betwee n 
takin g a  bal l  ou t  tha t  wa s jus t  pu t  i n an d puttin g a 
differen t  bal l  in ,  the n ther e i s a  highe r  probabilit y  o f  a 
reversal .  A n exampl e o f  thi s situatio n woul d b e 
arrivin g a t  stat e 2 5 (se e Figur e 2 )  from  stat e 2 4 (th e las t 
move wa s t o plac e th e rightmos t  bal l  in) .  Th e hil l 
climbin g strateg y indicate s takin g th e rightmost  bal l  ou t 
(an d returnin g t o stat e 24 )  whil e th e no-reversa l  strateg y 

indicate s continuin g o n t o stat e 2 6 an d puttin g th e 
secondmos t  bal l  fro m th e right  bac k int o it s box . 

The relationshi p betwee n thes e tw o strategie s i s 
controlle d b y a  parameter ,  b p (fo r  backup-penalty ) 
describin g th e relativ e importanc e o f  th e no-reversa l 
strategy .  Th e valu e o f  th e hill-climbin g strateg y i s hel d 
constan t  a t  + 1 fo r  removin g a  bal l  an d - 1 fo r  replacin g a 
ball .  T o selec t  a  move ,  th e value s o f  th e tw o possibl e 
moves ar e calculated .  Th e valu e o f  a  m o v e i s th e + 1 i f 
a bal l  i s  bein g move d out ,  - 1 i f  a  bal l  i s  bein g replaced . 
Th e mov e tha t  reverse s o r  undoe s th e previou s m o v e i s 
penalize d b y a n additiona l  -bp .  A  smal l  amoun t  o f 
normall y distribute d nois e (mean=0 ,  sd=2 )  i s adde d t o 
eac h value .  Th e nois e make s th e model' s behavio r 
mor e variabl e an d i s mean t  t o captur e factor s tha t  affec t 
subjects '  m o v e choic e tha t  ar e no t  capture d b y th e 
model .  Th e highe r  o f  thes e value s i s selecte d an d thi s 
m o ve i s made .  Thi s proces s repeat s unti l  th e goa l  stat e 
i s reached . 

W h en bp=2 ,  thes e parameter s exactl y oppos e eac h 
othe r  i n th e difficul t  state s describe d abov e (choosin g 
betwee n replacin g a  bal l  an d removin g a  bal l  tha t  wa s 
replace d o n th e previou s move) .  W h e n b p i s les s tha n 
2,  th e mode l  relie s mor e o n hill-climbin g an d whe n b p 
i s greate r  tha n 2 ,  th e mode l  make s fewe r  reversals . 
Sinc e fewe r  reversal s lead s t o mor e rapi d proble m 
solving ,  averag e numbe r  o f  move s t o solv e th e puzzl e 
decrease s a s b p increases . 

W h en b p i s 2 (o r  clos e t o 2) ,  th e mode l  essentiall y 
•  wanders "  aroun d th e proble m state .  A t  mos t  state s th e 
model  prefer s move s tha t  avoi d reversals ,  bu t  a  numbe r 
of  situation s provid e problem s (generall y wher e tw o 
ball s mus t  b e replace d i n succession) .  Thes e state s 
correspon d t o th e barrie r  area s observe d i n th e subjects ' 
behavior .  Th e fi t  betwee n barrie r  area s ca n b e assesse d 
by tracin g subjects '  mov e record s wit h th e mode l  an d a t 
eac h poin t  recordin g whethe r  th e mode l  predict s a  high , 
med iu m o r  lo w chanc e fo r  reversal .  Thi s i s the n 
compare d t o th e actua l  rat e o f  reversa l  fo r  eac h subjec t  i n 
eac h o f  thes e categories .  Th e mea n reversa l  rate s acros s 
subject s wa s 9.7% ,  13.6% ,  an d 14.2% ,  fo r  th e state s 
wher e th e mode l  predicte d low ,  med ium ,  an d hig h 
reversa l  rate s respectively .  A  repeate d measure s 
A N O VA acros s th e reversa l  rate s i n eac h o f  th e thre e 
categorie s fo r  al l  7 6 subject s show s a  significan t  withi n 
subjec t  effec t  (F=13.6 ,  p<0.001) .  Thi s indicate s tha t 
subject s ar e indee d makin g reversal s a t  differen t  rate s i n 
th e thre e categorie s an d tha t  th e hill-climbin g natur e o f 
th e mode l  reflect s thi s strateg y i n th e subjec t  data . 
Fro m thi s w e ca n conclud e tha t  th e explorator y behavio r 
of  th e mode l  i s simila r  t o th e explorator y behavio r 
show n b y subjects . 

I n orde r  t o mode l  th e dat a patter n fo r  th e experimen t 
acros s th e group s an d acros s trials ,  th e mode l  learns .  I n 
th e subjects '  data ,  th e existenc e o f  th e fina l  pat h 
behavio r  initiall y  appear s t o sugges t  insightfu l 
behavior ,  bu t  th e stunnin g lac k o f  informatio n i n th e 
protocol s strongl y suggest s otherwise . 
Correspondingly ,  th e mode l  i s constructe d usin g a 
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simple ,  incrementa l  functio n t o mode l  learnin g effects . 
Th e theoretica l  implication s o f  thi s decisio n ar e 
discusse d below . 

Th e learnin g acros s th e tw o trial s i s modele d b y 
increasin g b p incrementall y throughou t  th e fu's t  tria l 
solution .  Thi s ha s th e effec t  o f  reducin g th e model' s 
relianc e o n hill-climbin g ove r  th e cours e o f  solvin g th e 
puzzle .  Sinc e thes e strategie s compet e wit h eac h other , 
th e mode l  canno t  disambiguat e betwee n learnin g tha t 
reduce s th e perceive d valu e o f  hill-climbin g o r  increase s 
th e perceive d valu e o f  no t  makin g a  reversal . 

Increasin g th e valu e o f  b p increase s th e likelihoo d 
of  achievin g a  flnal  pat h sequenc e o f  move s an d solvin g 
th e puzzle .  A  highe r  valu e o f  b p speed s proble m 
solutio n bu t  doe s no t  guarante e immediat e final  path . 
Hence ,  carryin g th e valu e o f  b p acros s fro m th e en d o f 
tria l  on e t o tria l  tw o reduce s th e numbe r  o f  move s 
neede d t o solv e th e puzzl e bu t  doe s no t  guarante e 
immediat e fina l  path . 

Th e rat e a t  whic h b p increase s als o affect s th e 
averag e numbe r  o f  move s i t  take s th e mode l  t o solv e th e 
puzzl e o n th e first  trial .  Th e differenc e acros s th e 
m e m o ry loa d condition s ca n therefor e b e modele d b y 
havin g b p increas e a t  differen t  rate s fo r  th e differen t 
m e m o ry loa d groups .  Sinc e al l  group s perfor m wit h 
simila r  efficienc y o n th e secon d trial ,  i t  follow s tha t  th e 
valu e o f  b p carrie d ove r  t o th e secon d tria l  shoul d b e 
approximatel y equa l  fo r  al l  groups .  Accordingly ,  b p 
increase s incrementally ,  pe r  move ,  accordin g t o th e 
followin g genera l  formula : 

(1 )  bpt=bpo+bpmax-ce-" » 

Thi s formul a describe s exponentia l  learnin g fro m 
th e initia l  bp o towar d som e m a x i m u m valu e o f  bp , 

bpmax-  Th e overal l  shap e o f  th e learnin g curv e i s 

determine d b y th e quantitie s c  an d a .  Th e paramete r  t , 
indexe s th e numbe r  o f  move s made .  Severa l  form s o f 
th e learnin g function s wer e considered .  Th e functio n 
use d mirror s th e learnin g functio n previousl y use d t o 
describ e classica l  conditionin g (Rescori a &  Wagner , 
1972) . 

The parameter s bp o an d bpma x an d c  ar e th e sam e 

fo r  al l  run s o f  th e model .  Difference s acros s th e group s 
ar e capture d b y usin g differen t  value s o f  a .  Th e highe r 
m e m o ry loa d group s hav e smalle r  value s o f  a , 
indicatin g tha t  i t  take s mor e move s t o reac h th e sam e 
leve l  o f  bp .  Thi s implie s tha t  th e group s ar e learnin g a t 
differen t  rate s towar d th e sam e endpoint . 

Thes e parameter s wer e fit  t o th e dat a patter n wit h 
ftpO=1.5.  6pmojc=2.6 ,  c=2.0 ,  a=0.0428 ,  0.0331 , 

0.0228 .  0.012 0 fo r  th e control ,  1-back ,  2-bac k an d 3 -
bac k group s respectively .  Thes e paramete r  setting s star t 
th e mode l  ou t  wit h a  relianc e o n hill-climbing , 
graduall y shiftin g t o relyin g mor e o n no t  reversin g an y 
moves .  Th e performanc e o f  th e mode l  o n th e first  an d 
secon d tria l  i s  show n i n Figure s 7  an d 8 .  Th e sam e 
regressio n analyse s use d fo r  th e subject s sho w a 
significan t  effec t  o f  memor y loa d o n th e first  tria l 
(6=37.4 ,  F=56.9 ,  p<0.001 )  an d n o effec t  o f  eithe r  first 
or  secon d tria l  memor y loa d o n th e secon d tria l  (F< 1 i n 
al l  cases) .  Th e mode l  als o show s final  pat h behavio r 
wit h averag e final  pat h bein g 22. 9 move s o n th e first 
tria l  an d 26. 6 move s o n th e secon d trial . 
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D i s c u s s i o n 

The experimen t  demonstrate d tha t  i t  i s  possibl e t o 
manipulat e proble m difficult y b y reducin g availabl e 
workin g memor y usin g a  dua l  tas k paradigm .  Th e f:ic t 
tha t  th e effec t  o f  th e firs t  tria l  memor y loa d doc s no t 
carr y ove r  int o th e secon d tria l  an d tha t  th e secon d tria l 
memory loa d doe s no t  impai r  secon d tria l  perfonnanc e 
indicate s tha t  a  learnin g proces s i s impaire d o n tria l 
one.  I t  follow s tha t  subject s fro m differen t  group s ar e a t 
essentiall y  th e sam e leve l  o f  knowledg e goin g int o th e 
secon d trial .  Th e knowledg e the y hav e allow s the m t o 
solv e th e puzzl e muc h mor e efficientl y o n th e secon d 
trial ;  bu t  subject s i n th e hig h memor y loa d group s o n 
tria l  on e tak e muc h longe r  t o reac h thi s leve l  o f 
knowledge . 

Interestingly ,  th e knowledg e tha t  i s acquire d abou t 
th e puzzl e i s no t  eas y fo r  th e subject s t o communicate . 
Othe r  wor k wit h thi s puzzl e ha s similarl y foun d tha t 
subject s ar e unabl e t o describ e th e puzzl e retrospectivel y 
and requirin g subject s t o giv e a  concurren t  protoco l  ha s 
als o bee n unenlightenin g (Rebe r  &  Kotovsky ,  i n 
preparation) . 

The inabilit y  o f  subject s t o repor t  wha t  the y ar e 
learnin g o r  describ e th e structur e o f  th e puzzl e afte r  the y 
hav e demonstrate d tha t  the y ca n solv e i t  implie s tha t 
the y ar e learnin g t o solv e th e puzzl e implicitl y  o r 
automatically .  I t  follow s the n tha t  i t  i s  criticall y 
importan t  t o understan d whe n thes e processe s ar e a n 
integra l  par t  o f  proble m solvin g an d ho w thi s typ e o f 
learnin g i s affecte d b y environmenta l  factor s suc h a s a n 
additiona l  loa d o n workin g memory .  Th e researc h 
presente d her e demonstrate s tha t  th e learnin g proces s i s 
impaire d b y a n externa l  memor y load ,  bu t  late r 
applicatio n o f  thi s knowledg e i s no t  impaire d b y a 
memory loa d (witnes s th e lac k o f  a n effec t  o f  memor y 
loa d o n th e secon d trial) . 

We als o presen t  a  mode l  tha t  capture s th e overal l 
dat a patter n fairl y  effectively .  Th e relianc e o n hill -
climbin g wit h a  genera l  tendenc y no t  t o revers e move s 
generate s "search "  behavio r  lik e th e explorator y phas e 
foun d i n th e subjec t  data .  Th e asymptoti c natur e o f  th e 
learnin g functio n o f  th e mode l  guarantee s tha t  al l  run s 
of  th e mode l  wil l  b e a t  essentiall y  th e sam e "leve l  o f 
knowledge "  afte r  th e firs t  trial .  Changin g th e learnin g 
rat e cause s th e mode l  t o tak e differen t  amount s o f  tim e 
t o reac h thi s asymptoti c leve l  an d henc e tak e differen t 
number  o f  move s t o solv e th e puzzle .  Thu s th e mode l 
shows differentia l  performanc e o n th e firs t  tria l  base d o n 
th e learnin g rate ,  bu t  performanc e o n th e secon d tria l  i s 
not  affecte d b y changin g th e learnin g rate .  Th e matc h o f 
th e mode l  t o th e subjec t  dat a furthe r  strengthen s ou r 
clai m tha t  th e memor y loa d impair s th e proces s o f 
learnin g t o solv e th e puzzle . 

Th e mode l  als o provide s a  convincin g 
demonstratio n o f  ho w a  gradual ,  incrementa l  learnin g 
functio n ca n captur e th e apparentl y sudde n shif t  i n 
subjec t  behavio r  fro m explorator y t o fina l  pat h 
behavior .  Th e succes s o f  th e mode l  provide s additiona l 
suppor t  t o th e ide a tha t  subject s ma y b e learnin g t o 

solv e th e puzzl e b y som e implicit ,  incrementa l  functio n 
tha t  graduall y acquire s enoug h informatio n abou t  th e 
proble m spac e t o lea d t o improve d performance . 

Whil e th e mode l  ha s bee n tailore d t o captur e th e 
mathematica l  structur e o f  th e dat a pattern ,  i t  als o 
highlight s som e importan t  theoretica l  points .  First , 
th e mode l  provide s suppor t  fo r  th e notio n tha t  subject s 
rel y heavil y o n hill-climbin g wit h som e attentio n t o no t 
reversin g th e las t  mov e made .  Second ,  th e incrementa l 
learnin g functio n show s ho w a  gradua l  learnin g proces s 
ca n resul t  i n final  pat h behavior .  Th e shap e o f  th e 
learnin g functio n furthe r  demonstrate s ho w th e effec t  o f 
th e memor y loa d ca n b e eliminate d acros s th e tw o trials . 
Althoug h th e mode l  i s designe d t o mathematicall y 
describ e th e data ,  radie r  the n provid e a n explici t  accoun t 
of  th e underlyin g cognitiv e processes ,  i t  heavil y 
constrain s th e developmen t  o f  a  proces s mode l  an d 
expand s ou r  understandin g o f  th e proces s o f  solvin g thi s 
puzzle . 

Furthe r  experimenta l  wor k i s underwa y tha t  i s 
aime d a t  uncoverin g th e knowledg e acquire d o n th e fu-s t 
trial ,  togethe r  wit h constraint s impose d b y th e mode l 
presente d her e shoul d allo w u s t o develo p a  mor e 
detaile d mode l  o f  th e cognitiv e processe s involve d i n 
thi s an d othe r  relate d tasks .  Thi s researc h represent s 
progres s towar d a  goo d understandin g o f  th e interactio n 
betwee n workin g memor y an d learnin g i n proble m 
solvin g tha t  promise s t o greatl y enhanc e ou r  overal l 
understandin g o f  proble m solvin g processes . 
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