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Abstrac t 
I n thes e studie s I  examin e th e rol e o f  distribute d cognitio n i n 
proble m solving .  Th e majo r  hypothesi s explore d i s tha t  intel -
ligen t  behavio r  result s fro m th e interactio n o f  interna l  cogni -
tion ,  externa l  objects ,  an d othe r  people ,  wher e a  cognitiv e 
tas k ca n b e distribute d amon g a  se t  o f  representations ,  som e 
intema l  an d som e external .  Th e Towe r  o f  Hano i  proble m i s 
use d a s a  concret e exampl e fo r  thes e studies .  I n Experimen t  1 
I  examin e th e effect s o f  th e distributio n o f  intema l  an d exter -
nal  representation s o n proble m solvin g behavior . 
Experiment s 2  an d 3  focu s o n th e effect s o f  th e structura l 
chang e o f  a  proble m o n proble m solvin g behavio r  an d ho w 
thes e effect s depen d o n th e natur e o f  th e representations .  Th e 
result s o f  al l  studie s sho w tha t  distribute d cognitiv e activitie s 
ar e produce d b y th e interactio n amon g th e intema l  an d exter -
nal  represenutions .  Externa l  representation s ar e no t  simpl y 
periphera l  aids .  The y ar e a n indispensabl e par t  o f  cognition . 
T wo o f  th e factor s determinin g th e performanc e o f  a  dis -
tribute d cognitiv e syste m ar e th e structur e o f  th e abstrac t 
proble m spac e an d th e distributio n o f  representation s acros s 
an intema l  min d an d th e externa l  world . 

Introduction 

Th e traditiona l  approac h t o cognitio n i n genera l  an d proble m 
solvin g i n particula r  focuse s o n a n individual' s intema l  men -
ta l  states .  I n th e traditiona l  view ,  cognitio n i s exclusivel y th e 
activit y o f  a n intema l  mind .  Externa l  objects ,  i f  the y hav e 
anythin g t o d o wit h cognitio n a t  all ,  ar e a t  mos t  periphera l 
aids .  Ther e i s n o doub t  tha t  intema l  factor s ar e importan t  i n 
cognition .  The y ar e not ,  however ,  th e whol e story .  Fro m 
th e distribute d cognitio n perspective ,  cognitiv e activit y i s 
distribute d acros s intema l  h u m a n minds ,  externa l  cognitiv e 
artifacts ,  group s o f  people ,  an d acros s spac e an d tim e 
(Hutchins ,  1990 ,  i n preparation ;  Hutchin s &  Norman ,  1988 ; 
No rman ,  1988 .  1989 .  1990) . 

I n thi s paper ,  I  develo p a  framewor k o f  distribute d prob -
le m representation s t o analyz e a  se t  o f  distribute d cognitiv e 
tasks .  M y focu s i s o n th e natur e o f  extema l  representation s 
and th e interaction s a m o n g intema l  an d extema l  representa -
tions .  I  sho w tha t  extema l  object s ar e no t  simpl y periphera l 
aids—the y provid e a  differen t  for m o f  representation . 
Extema l  representation s ar e interwove n wit h intema l  repre -
sentation s t o produc e distribute d cognitiv e activities . 

Thi s researc h wa s supporte d b y a  gran t  t o Donal d Norma n an d 
Edwi n Hutchin s from  th e Ame s Researc h Cente r  o f  th e Nationa l 
Aeronautic s &  Spac e Agency ,  Gran t  N C C 2-59 1 i n th e Aviatio n 
Safety/Automatio n Program ,  technica l  monitor ,  Everet t  Palmer . 
Additiona l  suppor t  wa s provide d b y fund s fro m th e Appl e 
Compute r  Compan y an d th e Digita l  Equipmen t  Corporatio n t o th e 
Affiliate s o f  Cognitiv e Scienc e a t  U C S D. 

Distribute d Proble m Representation s 

Th e basi c principl e t o b e explore d i s tha t  th e representationa l 
syste m fo r  a  proble m ca n b e considere d a s a  set ,  wit h som e 
members interna l  an d som e external .  Interna l  representa -
tion s ar e i n th e mind ,  a s propositions ,  menta l  images ,  o r 

whateve r  (e.g. ,  multiplicatio n tables ,  arithmeti c mles ,  etc.) . 
Extema l  representation s ar e i n th e world ,  a s physica l  sym -
bol s (e.g. ,  writte n symbols ,  bead s o f  a n abacus ,  etc. )  o r  a s 
extema l  rules ,  constraints ,  o r  relation s embedde d i n physica l 
configuration s (e.g. ,  spatia l  relation s o f  th e digit s o n a  piec e 
of  paper ,  physica l  constraint s i n a n abacus ,  etc.) .  Generally , 
ther e ar e on e o r  mor e intema l  an d extema l  representation s 
involve d i n an y problem . 

Figur e 1  show s a  representationa l  syste m fo r  a  proble m 
wit h tw o intema l  an d tw o extema l  representations .  Eac h in -
tema l  representatio n reside s i n a  person' s min d an d eac h ex -
tema l  representatio n reside s i n a n extema l  medium .  Th e in -
tema l  an d extema l  representation s involve d i n a  given  prob -
le m togethe r  for m a  distribute d representatio n spac e mappe d 
t o a  singl e absu-ac t  proble m spac e tha t  represent s th e abstrac t 
propertie s o f  th e problem .  Eac h representatio n i n th e dis -
tribute d representatio n spac e set s som e constraint s o n th e ab -
strac t  proble m space . 

Th e distribute d cognitio n perspectiv e demand s th e de -
compositio n o f  th e abstrac t  proble m spac e int o it s intema l 
and extema l  components .  I n th e traditiona l  studie s o f  prob -
le m solving ,  however ,  man y abstrac t  proble m space s havin g 
intema l  an d extema l  component s wer e mistakenl y treate d a s 
solel y intema l  proble m spaces .  Generall y speaking ,  th e ab -
strac t  proble m spac e o f  a  proble m i s no t  equivalen t  t o it s  in -
tema l  proble m space . 

The Tower of Hanoi 
Th e Towe r  o f  Hano i  ( T O H )  proble m (Figur e 2 )  wa s chose n 
as a  concret e exampl e t o stud y distribute d cognitiv e activi -
tie s i n proble m solving .  I t  i s a  well-studie d proble m (Haye s 
& Simon ,  1977 ;  Kotovsk y &  Fallside ,  1989 ;  Kotovsky , 
Haye s &  Simon ,  1985 ;  Simo n &  Hayes ,  1976) .  M u c h o f  th e 
researc h ha s focuse d o n isomorph s o f  th e T O H an d it s prob -
le m representations .  Th e basi c finding  i s tha t  differen t  prob -
le m representation s ca n hav e dramati c impac t  o n proble m 
difficult y eve n i f  th e forma l  structure s ar e th e same . 
Externa l  m e m o r y ai d i s on e majo r  facto r  o f  proble m diffi -
culty .  Thus ,  Kotovsk y e t  al .  (1985 )  reporte d tha t  th e Dish -
m o ve isomorp h o f  th e T O H ,  i n whic h al l  mle s ha d t o b e re -
membered ,  wa s harde r  t o solv e tha n th e Peg -mov e iso -
morph ,  i n whic h on e o f  th e mle s wa s embedde d i n physica l 
configurations .  Modification s o f  thes e tw o isomorph s wer e 
use d i n tw o o f  th e thre e condition s i n Experimen t  1  o f  th e 
presen t  stud y {112 3 an d I12-E3) . 
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Distribute d Representatio n Spae c 

Abstrac t 
Proble m Spac e 

Figur e 1 .  Th e distribute d representatio n spac e an d th e 
abstrac t  proble m spac e o f  a  proble m wit h tw o interna l 
and tw o externa l  representations .  Th e abstrac t  proble m 
spac e i s forme d b y th e conjunctio n o f  th e interna l  an d 
externa l  proble m spaces . 
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Figure 2 (A) The TOH. The task is to move the disks from 
one configuratio n t o another ,  followin g tw o rules :  onl y on e 
dis k ca n b e transferre d a t  a  tim e (Rul e 1 )  an d a  dis k ca n onl y b e 
transfene d t o a  pol e o n whic h i t  wil l  b e th e larges t  (Rul e 2) . 
(B )  Th e proble m spac e o f  th e T O H .  Eac h rectangl e show s on e 
of  th e 2 7 possibl e configuration s o f  th e thre e disk s o n th e thre e 
poles .  Th e line s betwee n th e rectangle s sho w th e transforma -
tion s fro m on e stat e t o anothe r  whe n th e rule s ar e followed . 
SI ,  S2 ,  an d S 3 ar e thre e startin g states ,  an d El ,  E2 ,  an d E 3 ar c 
thre e endin g states .  The y wil l  b e use d later . 

Internal and External Rules. The TOH problem actually 
has thre e rules ,  no t  jus t  th e tw o stale d earlier .  Rul e 3  i s tha t 
onl y th e larges t  dis k o n a  pol e ca n b e transferre d t o anothe r 
pole .  I n th e representatio n show n i n Figur e 2A ,  Rul e 3  nee d 
not  b e state d explicitl y  becaus e th e physica l  structur e o f  th e 
disk s an d pole s couple d wit h Rule s 1  an d 2  guarante e tha t  i t 
wil l  b e followed .  Bu t  i f  th e disk s wer e no t  slacke d o n poles , 
explici t  statemen t  o f  Rul e 3  woul d b e necessary . 

I n m y studie s I  use d fou r  rules : 

(D)  (E ) 
Figur e 3  Proble m space s constraine d b y five  set s o f  rules .  (A ) 
Rul e 1 .  (B )  Rule s 1+2 .  (C )  Rule s 1+3 .  (D )  Rule s 1+2+3 .  (E ) 
Rule s 1+2+3+4 .  Line s wit h arrow s ar e uni-directional .  Line s 
withou t  arrow s ar e bi-directional .  Th e rectangle s (proble m 
states )  ar e no t  show n i n thi s figure  fo r  th e reaso n o f  clarity . 

Rule 1: only one disk can be transferred at a lime. 
Rul e 2 :  a  dis k ca n onl y b e transferre d t o a  pol e o n 

whic h i t  wil l  b e th e largest . 
Rul e 3 :  onl y th e larges t  dis k o n a  pol e ca n b e trans -

ferre d t o anothe r  pole . 
Rul e 4 :  th e smalles t  dis k an d th e larges t  dis k ca n no t 

be place d o n a  singl e pol e unles s th e mediu m 
size d dis k i s als o o n tha t  pole . 

Any o f  thes e fou r  rule s ca n b e eithe r  internal ,  memorized , 
or  external ,  externalize d int o physica l  constraints .  I n th e 
experiment s iha l  follow ,  I  varie d th e number s o f  externa l 
rules .  I n on e condition ,  112 3 (Figur e 5 A ) ,  n o rul e i s external . 
I n a  secon d condition ,  I12-E 3 (Figur e 5 B ) ,  Rul e 3  i s external . 
I n th e 11-E2 3 conditio n (Figur e 5 C ) ,  bot h Rule s 2  an d 3  ar e 
external .  I n th e /1-E23 4 conditio n (Figur e 6 D ) ,  Rule s 2 ,  3 , 
and 4  ar e ai l  external . 

Internal and External rroblem Spaces. A problem space 
i s compose d o f  al l  possibl e stale s an d al l  move s constraine d 
by th e rules .  Figure s 3A- E sho w th e proble m space s con -
straine d b y Rule s 1 ,  1+2 ,  1+3 ,  1+2+3 ,  an d 1+2+3+4 ,  re -
spectively .  Thes e Fiv e space s ca n represen t  interna l  proble m 
spaces ,  externa l  proble m spaces ,  o r  mixe d proble m spaces , 
dependin g upo n h o w th e rule s constructin g the m ar e dis -
tributed .  A  proble m spac e constructe d b y externa l  rule s i s a n 
externa l  proble m space ,  on e constructe d b y interna l  rule s i s 
an interna l  proble m space ,  on e constructe d b y a  mixtur e o f 
interna l  an d externa l  rule s i s a  mixe d proble m space .  Figur e 
4 show s th e internal ,  external ,  an d abstrac t  proble m space s 
of  th e standar d T O H . 

Experiment 1 

Th e standar d T O H ha s thre e rule s whic h ca n b e distribute d 
among interna l  an d externa l  representations .  Differen t  distri -
bution s m a y hav e differen t  effect s o n proble m solvin g be -
havior ,  eve n i f  th e forma l  structure s ar e th e same . 
Experimen t  1  investigate s thes e effects .  M y hypothesi s i s 
tha t  th e mor e rule s ar e distribute d externally ,  th e easie r  th e 
problem .  Ther e ar e thre e conditions ,  isomorph s o f  th e T O H , 
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DitDibulc d Reprctmuiio n Spac e T A B LE 1 .  T H E RESULTS O F E X P E R I M E NT 1 

Figur e 4 .  Th e distribute d represenutio n spac e an d th e 
abstrac t  proble m spac e fo r  th e standar d T O H .  Th e 
distribute d representatio n spac e i s compose d o f  th e 
interna l  an d th e externa l  proble m spaces ,  whic h ar e 
constraine d b y Rule s 1+ 2 an d Rule s 1+3 .  Th e abstrac t 
proble m spac e i s th e conjunctio n o f  th e interna l  an d th e 
externa l  proble m spaces . 

O O 

(B )  (C ) 

Figur e 5 .  (A)/y2J .  N o physica l  constraints .  (B)/;2-£? .  Th e 
physica l  constraint s (couple d wit h Rule s 1  an d 2 )  guarante e 
tha t  Rul e 3  i s followed .  (C )  I1-E23 .  Th e cup s wer e filled  wit h 
coffee .  A  smalle r  cu p coul d no t  b e place d o n th e to p o f  a 
large r  cu p (Rul e 2) ,  a s thi s woul d caus e th e coffe e t o spill .  A 
cup coul d no t  b e move d i f  ther e wa s anothe r  cu p o n lo p o f  i t 
(Rul e 3) . 

which correspond to three different distributions of the three 
rules . 

I n Conditio n 112 3 ( /  =  Interna l  rule s an d E  =  Externa l 
rules )  condition .  Rule s 1 ,  2 ,  an d 3  wer e al l  interna l  (Figur e 
5 A ) ,  I n Conditio n I12-E 3 (Figur e 5B) ,  Rule s 1  an d 2  wer e 

internal ,  an d Rul e 3  wa s external .  I n Conditio n I1-E2 3 
(Figur e 5 C ) ,  Rul e 1  wa s internal ,  an d Rule s 2  an d 3  wer e ex -
ternal . 

Method 

Subjects .  Th e subject s wer e 1 8 undergraduat e student s 
enrolle d i n introductor y psycholog y course s a t  th e Universit y 
of  California ,  Sa n Dieg o w h o volunteere d fo r  th e experimen t 
i n orde r  t o ear n cours e credi t 

Materials .  I n th e 112 3 condition ,  thre e pla.sti c ball s an d 
thre e porcelai n plate s wer e used .  I n th e I12-E 3 condition , 
thre e plasti c ring s an d thre e plasti c pole s wer e used .  I n th e 

Measurement s 

Time s (sec ) 
Step s 
Error s 

Condition s 
1123 
131. 0 
19. 7 
1. 4 

I12-E 3 
83. 0 
14. 0 
0.6 1 

I1-E2 3 

53. 9 
11. 4 
0.2 2 

T A B LE 2 .  T H E p V A L U E S O F EXPERIMENT 1 

Comparison s 

Mai n Effec t 
I123VS.I12-E 3 
I123VS.I1-E2 3 
I12-E3VS.I1-E2 3 

Measurement s | 
Time s 

<.0 5 
<. l 
<.0 1 
>. 3 

Step s 

= .0 5 
<. l 
<.0 2 
>. 4 

Enor s 

<.00 5 
<.0 3 
= .00 1 
>. 2 

NOTE.  Fishe r  PLS D tes t  wa s use d fo r  th e multipl e comparisons . 

I1-E23 condition, three plastic cups and three paper plates 
wer e used .  Al l  thre e cup s wer e filled  wit h coffee . 

Design .  Eac h subjec t  playe d al l  thre e games ,  on e fo r 
eac h o f  th e thre e conditions ,  onc e i n a  randomize d order . 
Ther e wer e si x possibl e permutation s fo r  th e thre e games . 
Each permutatio n wa s assigne d t o a  subjec t  randomly .  Fo r 
eac h subject ,  th e first,  th e second ,  an d th e thir d game s al -
ways starte d a t  position s SI ,  S2 ,  an d S 3 an d ende d a t  posi -
tion s El ,  E2 ,  an d E3 .  respectivel y (se e Figur e 2B) . 

Procedure .  Eac h subjec t  rea d th e instructions ^  alou d 
slowly .  The n th e subjec t  wa s aske d t o repea t  al l  th e rules .  I f 
a subjec t  coul d recit e al l  th e rule s twic e withou t  error ,  h e wa s 
instructe d t o star t  th e games .  Otherwis e h e rerea d th e in -
struction s unti l  h e reache d th e criterion .  A  subject' s perfor -
mance wa s recorde d o n a  vide o camera . 

Results and Discussion 
The averag e solutio n times ,  solutio n steps ,  an d error s ar e 
show n i n Tabl e 1 .  Th e statistic s i s show n i n Tabl e 2 . 
Proble m difficult y measure d i n solutio n times ,  solutio n 
steps ,  an d error s fo r  th e thre e problem s wa s consistent .  Th e 
mor e rule s externalized ,  th e easie r  th e task .  Th e orde r  o f  dif -
ficulty  was .  fro m hardes t  t o easiest :  112 3 >  I12-E 3 >I1-E23 . 
The differenc e betwee n n2-E 3 an d I1-E2 3 wa s no t  statisti -
call y significant .  Al l  error s mad e wer e fo r  interna l  rules : 
non e wer e fo r  externa l  rules .  Rules ,  onc e externalized , 
see m t o b e error-proof . 

Experiments 2 and 3 

Differen t  number s o f  rule s giv e ris e t o differen t  proble m 
spaces .  Figur e 3  show s tha t  th e proble m spac e structur e 
change s wit h th e numbe r  o f  rules .  Ther e ar e a t  leas t  tw o ri-
val  factor s involved .  O n th e on e hand ,  th e fewe r  rules ,  th e 
mor e path s ther e ar e fro m a n initia l  stat e t o a  final  state . 
Hence ,  fewe r  rule s migh t  mak e th e proble m easier .  O n th e 
othe r  hand ,  th e mor e rules ,  th e fewe r  th e choices .  Th e prob -

•̂  Du e t o th e maximu m lengt h limitatio n o f  th e paper ,  th e instruc -
tion s ar e no t  show n here .  Th e instruction s wer e thre e restauran t 
stories :  Waitres s an d Oranges ,  Waitres s an d Donuts ,  an d Waitres s 
and Coffee .  Fo r  example ,  i n th e Waitres s an d Coffe e condition . 
Rul e 1  wa s slate d a s "onl y on e cu p ca n b e move d a t  a  lime" ,  an d 
Rule s 2  an d 3  wer e no t  state d becaus e the y wer e external . 

956 



® © 0 1 - L j i 

TABLE 3 .  TH E RESULTS O F EXERIMENTS 2  AN D 3 

(A) 

(C) 

(B) 

«-a'rP̂ i-i-r-l̂ #'i w I  I  I  I  I  iWw- n 

(D) 

Figur e 6 .  Th e material s use d i n Experimen t  3 .  (A )  U . 
(B )  11-E3 .  Th e size s o f  th e thre e straw s wer e suc h tha t  a 
smalle r  stra w insid e a  large r  on e coul d no t  b e move d ou t 
withou t  th e large r  stra w bein g move d awa y firs t  (Rul e 3) . 
(C )  I1-E23 .  Th e sam e a s th e U-E2 3 i n Figur e 5C .  (D )  11 -
E234 .  Th e cup s wer e fille d wit h tea .  Th e size s o f  th e 
thre e cup s wer e suc h tha t  a  smalle r  cu p coul d no t  b e 
place d o n th e to p o f  a  large r  on e (Rul e 2) ,  onl y th e topmos t 
cu p coul d b e move d (Rul e 3) ,  an d th e larges t  cu p an d th e 
smalles t  cu p coul d no t  b e place d o n th e to p o f  eac h othe r 
(Rul e 4) . 

lem solver can simply follow where the highly constrained 
structur e force s on e t o go .  So ,  m o r e rule s migh t  m a k e th e 
proble m easier .  Thi s analysi s implie s tha t  th e proble m diffi -
cult y migh t  no t  increas e monotonicall y wit h th e numbe r  o f 
rules .  I n addition ,  th e relationshi p betwee n th e proble m dif -
ficult y an d th e n u m b e r  o f  rule s migh t  depen d o n th e natur e 
of  th e rule s (whethe r  interna l  o r  external) .  Experiment s 2 
an d 3  investigat e thes e effects ,  wit h Experimen t  2  focusin g 
o n a  chang e o f  interna l  rule s an d Experimen t  3  o n a  chang e 
of  externa l  rules . 

Bot h Exper iment s 2  an d 3  hav e fou r  conditions .  I n 
Experimen t  2 ,  al l  rule s wer e internal .  Conditio n / /  ha s Rul e 
1,  Conditio n 11 3 Rule s 1  an d 3 ,  Conditio n 112 3 Rule s 1 ,  2 , 
and 3 ,  an d Conditio n 1 1 2 3 4 Rule s 1 ,  2 ,  3 ,  an d 4 . 
Experimen t  3  wa s exactl y th e sam e a s Experimen t  2 ,  excep t 
tha t  Rule s 2 ,  3 ,  an d 4  wer e externa l  rathe r  tha n internal . 
Conditio n 1 1 (Figur e 6 A )  ha d onl y Rul e 1  (internal) . 
Conditio n 11-E 3 (Figur e 6B )  ha d Rul e 1  (internal )  an d Rul e 
3 (external) .  Conditio n 11-E2 3 (Figur e 6 C )  ha d Rul e 1 
(internal )  an d Rule s 2  an d 3  (bot h external) .  Conditio n 11 -
E234 (Figur e 6 D )  ha d Rul e 1  (internal )  an d Rule s 2 ,  3 ,  an d 4 
(al l  external) . 

Method 
Subjects .  Th e subject s wer e 4 8 (2 4 fo r  eac h experiment ) 

undergraduat e student s enrolle d i n introductor y psycholog y 
course s a t  th e Universit y o f  California ,  Sa n Diego ,  w h o vol -
unteere d fo r  th e experimen t  t o ear n cours e credit . 

Materials .  I n Experimen t  2 ,  exactl y th e sam e material s 
use d i n th e 112 3 conditio n i n Experimen t  1  wer e use d i n al l 
curren t  fou r  conditions .  I n Experimen t  3 ,  material s fo r 
Conditio n I I  wer e th e sam e a s fo r  Experimen t  2 .  I n 
Conditio n I1-E3 ,  th e straw s an d tin y plate s wer e mad e fro m 
paperboard .  Material s fo r  Conditio n I1-E2 3 wer e th e sam e 
as fo r  th e I1-E2 3 conditio n i n Experimen t  1 .  I n Conditio n 
I1-E234 ,  th e fou r  cup s wer e mad e fro m meta l  can s an d wer e 
al l  fille d wit h tea . 

rimes/min .  ste p 
Steps/min .  ste p 
EiTors/min .  ste p 

rimes/min .  ste p 
Steps/min .  ste p 
Errors/min .  ste p 

Experimen t  2  | 

11 
2. 3 
1. 0 
0 

113 
8. 8 
1. 9 

0.0 6 

1123 

21. 5 
2. 7 

0.2 8 

11234 
18. 5 
1. 8 

0.2 6 
Experimen t  3  | 

11 
2. 5 
1. 0 
0 

I1-E 3 

6. 9 
1. 3 
0 

11-E2 3 
9. 0 
1. 8 
0 

I1-E23 4 
12. 5 
1. 9 
0 

TABLE 4 .  THE p VALUES O F EXERIMENTS 2  A N D 3 
1 Experimen t  2 

Comparison s 
Mai n Effec t 
11 vs .  11 3 
11 vs .  112 3 
11 vs .  1123 4 
113 vs .  112 3 
113 vs .  1123 4 
1123 vs .  1123 4 

Time s 
<.000 1 
<.0 5 
<.0000 1 
<.0000 1 
<.0 2 
<.00 5 
>.3 6 

Step s 
<.000 1 
<.00 5 
<.0000 1 
<.0 1 
<.0 1 
>. 6 
<.00 3 

Error s 
=.000 1 
<.0 6 
<.00 1 
<.00 1 
<.00 5 
<.0 1 
>.7 5 

1 Experimen t  3 
Comparison s 
Mai n Effec t 
I1VS.I1-E 3 
11 VS .  I1-E23 
11 vs .  I1-E23 4 
I1-E3VS.I1-E2 3 
I1-E3VS.I1-E23 4 
I1-E23VS.I1-E23 4 

Time s 
<.000 1 
<.0 1 
<.000 1 
<.0000 1 
>.1 8 
<.000 1 
<.0 3 

Step s 
<.000 1 
<. l 
<.000 1 
<.0000 1 
<.0 1 
<.000 1 
>. 4 

Error s 
--
— 
— 
— 
— 
— 
-

N O T E.  Fishe r  P L S D tes t  wa s use d fo r  th e multipl e comparisons . 

Design. The design for Experiments 2 and 3 were the 
same.  Eac h subjec t  playe d al l  fou r  games ,  onc e each .  Ther e 
wer e twenty-fou r  possibl e permutation s fo r  th e fou r  games . 
T h e twenty-fou r  subject s wer e assigne d t o thes e permuta -
tion s randomly .  D u e t o a  limitatio n i n th e n u m b e r  o f  sub -
ject s available ,  th e first ,  second ,  third ,  an d fourt h g a m e s al -
w a y s starte d a t  position s S I ,  S 2 ,  S 3 ,  an d S I  an d ende d a t 
position s E l ,  E 2 ,  E 3 ,  an d E l ,  respectivel y (se e Figur e 2 3 ) . 

Procedure .  T h e procedure s fo r  bot h Experiment s 2  an d 
3 wer e th e s a m e a s i n Experimen t  1 . 

Results and Discussion 
T h e result s ar e s h o w n i n Tabl e 3 .  T h e m i n i m u m n u m b e r  o f 
step s fro m th e startin g stat e t o th e fina l  stat e i s 2 ,  4 ,  7 ,  an d 8 
fo r  Condition s 1 1 an d II ,  11 3 an d I1-E3,112 3 an d 11-E23 , 
an d 1123 4 an d 11-E234 ,  respectively .  I n orde r  t o m a k e 
meaningfu l  comparisons ,  solutio n times ,  solutio n steps ,  an d 
error s fo r  eac h conditio n wer e normalize d b y bein g divide d 
b y th e n u m b e r  o f  m i n i m u m step s fro m th e startin g stat e t o 
th e fina l  state .  T h e statistic s i s s h o w n i n Tabl e 4 . 

Experimen t  2  show s tha t  w h e n al l  rule s wer e interna l  th e 
hardes t  proble m w a s neithe r  th e on e wit h th e fewes t  rule s 
(II) ,  no r  th e on e wit h th e mos t  rule s (11234) ,  bu t  th e on e 
wit h a n intermediat e n u m b e r  o f  rule s (1123) .  W h e n solutio n 
time s o r  error s ar e use d a s th e difficult y measurement ,  th e 
difficult y orde r  w a s ,  f ro m easies t  t o hardest :  1 1 < I 1 3 < 
1123 4 <  1123 .  T h e differenc e betwee n 1123 4 an d 112 3 w a s 
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not  statisticall y significant .  Whe n solutio n step s ar c use d a s 
th e difficult y measurement ,  th e difficult y orde r  remaine d th e 
same (7 7 <  77 5 <  1123 4 <  1123) ,  bu t  i n thi s cas e th e differ -
enc e betwee n 77 J an d 772J 4 wa s no t  statisticall y significant . 

Experimen t  3  show s tha t  whe n al l  bu t  on e rul e wer e ex -
terna l  proble m difficult y increase d monotonicall y wit h th e 
number  o f  rules .  Whe n solutio n time s ar e use d a s th e diffi -
cult y measurement ,  th e difficult y orde r  was ,  fro m easies t  t o 
hardest :  7 7 <  77-£ i  <  I1-E2 3 <  I1-E234 .  Th e differenc e be -
twee n I1-E 3 an d I1-E2 3 i s no t  statisticall y significant .  I f  so -
lutio n step s ar e use d a s th e difficult y measurement ,  th e diffi -
cult y orde r  remaine d th e same ,  bu t  th e differenc e betwee n 
11-E2 3 an d 11-E23 4 i s no t  statisticall y significant .  Subject s 
didn' t  mak e an y error s i n thi s experiment . 

Al l  fou r  rule s i n Experimen t  2  wer e internal .  Rule s 2 ,  3 , 
and 4  i n Experimen t  3  wer e external .  Comparin g th e result s 
i n thes e tw o experiments ,  w e foun d tha t  th e condition s i n 
Experimen t  3  wit h externa l  rule s wer e easie r  tha n thei r  coun -
terpart s i n Experimen t  2 .  Thi s furthe r  support s th e clai m tha t 
th e mor e rule s externalized ,  th e easie r  th e problem . 

General Discussion 

A proble m ca n b e represente d amon g a  se t  o f  interna l  an d 
externa l  representations .  Give n th e sam e se t  o f  rules ,  th e 
more rule s wer e distribute d externally ,  th e easie r  th e prob -
lem .  Give n th e sam e initia l  an d final  states ,  th e proble m 
difficult y increase d monotonicall y wit h th e numbe r  o f  rule s 
i f  mos t  rule s wer e external .  Whe n al l  rule s wer e internal , 
however ,  th e hardes t  proble m wa s th e on e wit h a n interme -
diat e numbe r  o f  rules .  I n additio n t o memor y aids ,  externa l 
representation s pla y othe r  importan t  roles .  The y provid e a 
differen t  representation .  Externa l  representation s hav e th e 
followin g properties . 

Externa l  representation s provid e externa l  memor y aids . 
For  example ,  fo r  al l  o f  th e game s i n th e presen t  study ,  th e 
goal  proble m state s didn' t  nee d t o b e remembered ,  becaus e 
the y wer e represente d b y th e diagram s place d i n fron t  o f  th e 
subjects . 

Externa l  representation s ca n provid e informatio n whic h 
can b e directl y perceive d an d use d withou t  bein g interprete d 
and formulate d explicitly .  Fo r  example ,  i n th e I1-E2 3 condi -
tion .  Rule s 2  an d 3  wer e no t  tol d t o th e subjects :  the y wer e 
buil t  int o th e physica l  constraint s an d perceive d an d fol -
lowe d directly .  Whe n th e subject s wer e aske d t o formulat e 
th e rule s afte r  th e games ,  fe w coul d d o i t 

Externa l  representation s ancho r  an d structur e cognitiv e 
behavior .  Th e physica l  structure s i n th e externa l  worl d 
constrai n th e rang e o f  possibl e cognitiv e behavior s i n th e 
sens e tha t  som e behavior s ar e allowe d an d other s prohibited . 
For  example ,  i n th e 77-£2 5 condition ,  externa l  Rule s 2  an d 3 
coul d no t  b e violated .  The y construc t  th e externa l  proble m 
spac e an d henc e structur e th e cognitiv e behavior . 

Externa l  representation s chang e th e natur e o f  a  task . 
Norman (1990 )  propose d tha t  externa l  representation s 
chang e th e natur e o f  a  tas k fro m th e tas k performer' s poin t 
of  vie w an d enhanc e th e system' s abilit y  fro m th e system' s 
(tas k performe r  +  externa l  representation )  poin t  o f  view .  I n 
th e 772 5 condition ,  a  proble m solve r  ha d t o proces s thre e in -

terna l  rules ,  whil e i n th e I1-E2 3 conditio n th e proble m solve r 
onl y ha d t o proces s on e interna l  rule .  Th e cognitiv e pro -
cesse s o f  th e proble m solve r  wer e differen t  i n thes e tw o con -
ditions .  Nevertheless ,  th e performanc e o f  th e syste m I1-E2 3 
was muc h bette r  tha n th e syste m 7725 . 

Conclusion 

The framewor k o f  distribute d proble m representation s i s 
usefu l  fo r  analyzin g distribute d cognitiv e activities .  Unde r 
thi s framework ,  a  proble m i s represente d i n a  se t  o f  interna l 
and externa l  representations ,  an d distribute d cognitiv e activi -
tie s ar e produce d b y th e interactio n o f  interna l  an d externa l 
representations .  Externa l  representation s ar e no t  simpl y pe -
riphera l  aids ,  the y ar e a n indispensabl e par t  o f  cognition . 
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