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Simulat in g D e v e l o p m e n t  b y M o d i f y i n g Architecture s 

Gary Jones (gaj@psychology.nottingham.ac.uk) 

Fran k E .  Ritte r  (frank.ritter@nottingham.ac.uk ) 
E S RC Centr e fo r  Researc h i n Development ,  Instructio n an d Trainin g 

Departmen t  o f  Psychology ;  Universit y o f  Nottingha m 
Nottingham ,  N G 7 2 R D ( U K ) 

Abstrac t 

In order to ground our understanding of cognitive 
developmen t  w e hav e starte d t o creat e a  mode l  o f  ho w 
childre n an d adult s solv e a  well-studie d three -
dimensiona l  puzzle .  W e starte d wit h a  mode l  tha t  fits  th e 
adul t  behaviou r  o n th e puzzle .  W e the n modifie d th e 
model' s cognitiv e architectur e (ACT-R )  an d it s 
perceptual/moto r  architectur e (th e Nottingha m 
Interactio n Architecture )  i n thre e way s t o simulat e a 
younge r  proble m solve r  by :  (a )  reducin g th e accurac y o f 
vision ,  (b )  reducin g workin g memory ,  an d (c )  doin g 
both .  Th e modifications ,  particularl y reduce d workin g 
memory (an d it s  combinatio n wit h reduce d visua l 
accuracy) ,  allo w th e mode l  t o approximate ,  o n som e 
measures ,  th e behaviou r  o f  seve n yea r  old s o n th e puzzle . 
The result s sugges t  tha t  cognitiv e model s an d thei r  archi -
tecture s ca n hel p answe r  th e questio n o f  "Wha t 
develops?" . 

Introduction 

As childre n develop ,  the y ar e mor e abl e t o lear n ne w 
strategie s an d tasks ,  an d becom e mor e efficien t  a t  th e 
strategie s an d task s the y alread y kno w (e.g .  Siegler , 
1986) .  Wha t  change s occu r  i n orde r  fo r  thi s t o happen ? I t 
has lon g bee n note d tha t  i t  woul d b e usefu l  t o b e abl e t o 
specif y i n informatio n processin g term s h o w th e be -
haviou r  see n a t  eac h ag e i s achieved ,  an d therefor e wha t 
th e difference s ar e betwee n age s (e.g .  Simon ,  1962) . 

Computationa l  modellin g allow s behaviou r  t o b e 
specifie d i n informatio n processin g terms .  Th e firs t  ste p 
i n computationa l  modellin g acros s age s i s definin g th e 
behaviour s tha t  occu r  a t  eac h age .  A  mode l  tha t  matche s 
th e observe d behaviou r  ca n sugges t  wha t  knowledg e an d 
procedure s childre n m a y b e using .  T o th e exten t  tha t  th e 
behaviou r  ha s no t  o r  canno t  b e measured ,  th e mode l  ca n 
make prediction s abou t  th e missin g elements .  Thi s 
provide s a  wa y t o examin e t o wha t  exten t  change s i n tas k 
performanc e ca n b e attribute d t o difference s i n knowledg e 
and t o wha t  exten t  i t  ca n b e attribute d t o difference s i n 
processin g du e t o development . 

A Task to Study Development 

The Towe r  o f  Nottingha m (Woo d &  Middleton ,  1975 ) 
tas k i s t o buil d a  pyrami d fro m 2 1 woode n block s (show n 
i n Figur e 1) .  Ther e ar e si x  layer s t o th e pyramid ;  th e 
lowe r  five  consis t  o f  fou r  blocks ,  wit h a  singl e bloc k a s 
th e to p layer .  Th e block s i n th e lowe r  layer s al l  shar e th e 
same characteristics ,  differin g onl y i n size .  Eac h laye r  i s 
normall y forme d vi a tw o set s o f  paire d blocks .  Fo r 

example ,  placin g th e pe g o f  bloc k A  int o th e hol e o f 
bloc k B  bring s th e tw o hal f  hole s togethe r  t o for m a  pai r 
havin g a  hol e ( a hole-pair) .  Similarly ,  placin g bloc k C 
and bloc k D  togethe r  form s a  pai r  wit h a  pe g ( a peg-pair) . 
A laye r  i s the n forme d b y fitting  th e pe g o f  th e peg-pai r 
int o th e hol e o f  th e hole-pair .  Othe r  strategie s fo r  creatin g 
a laye r  als o exist ,  suc h a s fittin g a  hal f  pe g int o a  hal f 
hol e t o for m a  pai r  havin g tw o peg s (block s A  an d C ) ,  an d 
a pai r  havin g tw o hole s (block s B  an d D ) . 

Why Use This Task? 

The Towe r  o f  Nottingha m i s a  physica l  proble m solvin g 
puzzle .  A  detaile d analysi s o f  tas k behaviou r  i s possibl e 
vi a videotape .  M a n y strategie s ar e readil y visible ,  reducin g 
th e nee d fo r  th e experimente r  t o infe r  menta l  structure s an d 
strategies .  Thi s enable s a  mor e accurat e computationa l 
model  t o b e created . 

Th e Towe r  i s  als o a  suitabl e tas k i n whic h t o stud y 
development ,  becaus e performanc e improve s wit h age . 
Olde r  childre n accomplis h mor e correc t  operafions , 
produc e les s errors ,  an d tak e les s tim e tha n thei r  younge r 
counterpart s (Murph y &  W o o d ,  1981 ;  W o o d & 
Middleton ,  1975) .  Thi s allow s th e stud y o f  children' s 
proble m solvin g behaviour s o n th e Towe r  acros s ages .  W e 
star t  t o develo p her e a  w a y t o specif y h o w thes e 
behaviour s ar e generated . 

Simulating Development 

Ther e ar e tw o natura l  way s t o creat e a  serie s o f  devel -
opmenta l  models .  O n e wa y i s t o mode l  a  lowe r  perfor -
mance leve l  (tha t  o f  children )  an d modif y th e mode l  t o fit 
highe r  performanc e levels .  Th e othe r  wa y i s t o begi n a t 
th e highes t  performanc e leve l  (tha t  o f  adults) ,  an d the n 
modif y th e mode l  t o fi t  lowe r  performanc e levels .  W e 
hav e chose n t o star t  wit h th e simple r  (adult )  behaviou r  an d 
wor k toward s th e mor e chaoti c (child-like )  behaviour . 

We wil l  attemp t  t o mode l  behaviou r  (includin g learn -
ing )  a t  differen t  age s b y makin g modification s withi n a 
fixed  architectur e (i.e .  th e term s o f  referenc e fo r  th e 

^ 

Figur e 1 :  Th e blocks ,  left ,  tha t  mak e u p eac h layer ,  whic h 
ar e the n stacke d t o creat e a  tower ,  right . 
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change s ar e determine d b y th e architecture) .  Ther e ar e fe w 
previou s model s tha t  sugges t  wha t  change s t o mak e t o 
thi s architecture .  I n fact ,  th e firs t  definition s an d 
implementation s o f  cognitiv e architecture s stresse d tha t 
architecture s d o no t  chang e acros s task s (Newell ,  1990 ,  p . 
81) .  Mos t  model s o f  chil d developmen t  mode l  devel -
opment  a s jus t  learnin g (e.g .  McClellan d &  Jenkins , 
1991 ;  Siegle r  &  Shipley ,  1995 )  o r  difference s i n 
knowledg e (Klah r  &  Wallace ,  1976 ;  Young ,  1973) . 

The mode l  o f  adul t  behaviou r  whic h w e begi n wit h ha s 
bee n improve d sinc e i t  wa s firs t  reporte d (i n Jone s & 
Ritter ,  1997) .  Th e mode l  no w fit s th e adul t  dat a better , 
and ca n b e modifie d i n mor e theoreticall y motivate d ways . 
We wil l  modif y th e mode l  an d architectur e i n thre e ways . 
For  eac h o f  th e change s w e describ e wh y the y ar e 
suggeste d b y developmenta l  data ,  ho w the y hav e bee n 

implemente d (eithe r  i n A C T - R o r  th e Nottingha m 
Interactio n Architecture) ,  an d th e effec t  th e chang e ha s o n 
th e model' s behaviour . 

The Simulation and tlie Adult Model 

Figur e 2  show s th e Towe r  simulation ,  whic h i s writte n i n 
Garne t  (Myers ,  e t  al. ,  1990) .  Th e simulatio n contain s a 
ful l  graphica l  representatio n o f  th e tas k (al l  block s an d 
features) ,  whic h i s 2  1/ 2 dimensional—block s canno t  b e 
turne d o n thei r  sid e o r  hel d i n mid-air ,  bu t  ca n b e face-u p 
or  face-down . 

The simulatio n als o include s a n ey e an d tw o hands .  Th e 
ey e an d hands ,  a s a n instantiatio n o f  th e Nottingha m 
Interactio n Architecture ,  ar e designe d t o mee t  a  se t  o f 
requirements  identifie d fo r  creatin g a  psychologicall y 
plausibl e architectur e fo r  interactin g wit h multipl e 
externa l  task s (Baxte r  &  Ritter ,  1996) .  Th e architectur e 
has bee n implemente d severa l  time s i n a  variet y o f  use r 
interfac e managemen t  system s an d graphic s programmin g 
language s (Baxte r  e t  al. ,  1997) .  Th e ey e i s abl e t o saccad e 
and fixate ,  an d passe s t o th e mode l  wha t  block s an d 
construction s i t  see s (e.g .  a  peg-pai r  wil l  b e represente d a s 
a constructio n o f  tw o block s flus h o n thei r  oute r  edge s 
wit h thei r  quarte r  circle s an d hal f  peg s aligned) . 

The visua l  informatio n passe d t o th e mode l  depend s 
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Figur e 2 :  Th e Towe r  o f  Nottingha m simulation . 

upo n wher e block s ar e positione d i n relatio n t o th e 

simulate d eye .  Thre e area s ar e defined :  fovea ,  parafovea , 
and periphery .  Ful l  informatio n i s passe d fo r  block s o r 
feature s i n th e fove a an d parafovea ,  thoug h th e parafove a 
adds nois e t o feature s an d t o bloc k sizes .  Fo r  item s i n th e 

periphery ,  th e ey e onl y return s a  bloc k ID .  Th e hand s ar e 
abl e t o pic k up ,  drop ,  rotate ,  tur n over ,  fit ,  an d disas -
sembl e blocks . 

The cognitiv e aspect s o f  th e model s ar e base d o n th e 
A C T - R cognitiv e architectur e (Anderson ,  1993) .  Th e 
adul t  mode l  contain s 26 4 A C T - R rule s includin g tas k 
knowledg e an d knowledg e abou t  ho w t o direc t  th e ey e an d 
th e hands .  Withi n th e model ,  al l  block s an d bloc k feature s 
hav e a n associate d activatio n level .  W h e n severa l  o f  th e 
same rul e ar e instantiate d i n ACT-R ,  th e on e wit h th e 
highes t  activatio n i s selected .  I n general ,  rule s fir e whos e 
condition s hav e th e mos t  activ e block s an d bloc k feature s 
i n them .  Th e activatio n level s ar e subjec t  t o deca y eac h 
cycle .  W h e n the y fal l  belo w a  specifie d leve l  (th e retrieva l 
threshold )  the y ca n n o longe r  b e matche d i n rul e 
conditions .  Activatio n i s raise d base d o n th e curren t  goal s 
of  th e mode l  an d b y wha t  block s th e mode l  i s currentl y 
focusin g on. 

Ther e ar e tw o learnin g mechanism s i n th e model .  First , 
a simpl e metho d o f  increasin g th e chance s o f  choosin g t o 
fi t  block s b y specifi c  feature s i f  a  previou s fit  usin g th e 
same feature s wa s perceive d t o b e a  success .  Succes s i s 
determine d b y th e block s i n th e constructio n bein g flus h 

on thei r  oute r  edge s an d havin g thei r  quarte r  circle s aligne d 
(thi s i s consisten t  wit h adul t  dat a o n th e task) .  O n som e 
occasion s th e mode l  ma y believ e a  successfu l  constructio n 

has bee n mad e whe n i n fac t  i t  ha s no t  (e.g .  alignin g th e 
quarte r  circle s o f  block s A  an d B  bu t  leavin g th e block s 
unconnected) .  Thi s learnin g mechanis m help s th e mode l 
t o fit  adul t  dat a (Jone s &  Ritter ,  1997) .  Second ,  th e mode l 
learn s tas k specifi c  knowledg e base d o n th e perceive d 
success .  If ,  fo r  example ,  th e mode l  fitted  a  pe g i n a  hole , 
and deeme d thi s successful ,  the n ne w declarativ e 
knowledg e i s acquire d notin g tha t  fitting  peg s i n hole s i s a 
tas k appropriat e behaviour .  Thi s ca n the n b e use d t o direc t 
late r  fi t  attempts . 

The mode l  contain s workin g memor y (i n A C T - R )  an d 
visua l  m e m o r y (i n th e Nottingha m Interactio n 
Architecture) .  Workin g memor y contain s al l  block s an d 
bloc k feature s tha t  ar e activ e enoug h t o b e matche d b y 
rule s (i.e .  thei r  activatio n i s abov e retrieva l  threshold) . 
The numbe r  o f  element s i n workin g memor y varie s base d 
on th e activatio n o f  th e block s an d bloc k features .  Visua l 
memory allow s th e mode l  t o remembe r  th e detail s o f 
some o f  th e block s tha t  hav e bee n looke d a t  previousl y 
eve n thoug h the y ar e no w i n th e periphery .  Visua l 
memory i s stati c (i t  i s  se t  a t  seve n items) ,  an d 
complement s workin g memor y becaus e block s i n visua l 
memory tha t  ar e no t  i n workin g memor y ca n als o b e 
matche d i n condition s o f  rules . 

Comparison of the Model to Adult Data 

We us e th e A C T - R defaul t  timin g o f  5 0 m s pe r  produc -
tio n firing .  Fo r  ey e movement s (saccades) ,  thi s timin g i s 
consistent ,  bu t  w e increas e i t  t o 25 0 m s fo r  production s 
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involvin g fixation s (Baxte r  &  Ritter ,  1996) .  Fo r  moto r 
action s (fitting ,  rotating ,  moving ,  an d disassemblin g 
blocks )  w e increas e th e timin g t o 55 0 m s (Jone s &  Ritter , 
1997) .  Thus ,  th e tim e prediction s mad e b y th e mode l  ar c 
absolut e predictions ;  the y ar e no t  scale d o r  otherwis e 

adjuste d i n th e analyse s an d graph s reporte d below . 
Productio n firing  latencie s i n A C T - R als o tak e int o 

accoun t  activatio n o f  memor y elements .  I n orde r  fo r  th e 
influenc e o f  m e m o r y element s o n productio n firing 
latencie s t o b e negligibl e (sinc e w e manipulat e activatio n 
as par t  o f  th e learnin g mechanism) ,  th e bas e leve l 
activatio n o f  m e m o r y element s wa s se t  t o 10. 0 (th e 
defaul t  i s  0.0) .  Othe r  applicabl e A C T - R parameter s (e.g . 
retrieva l  threshold )  wer e se t  t o th e suggeste d defaul t 
settings . 

The adul t  mode l  begin s wit h th e initia l  knowledg e o f 
th e tas k tha t  subject s had ,  suc h a s block s o f  th e sam e siz e 
go together ,  peg s g o i n holes ,  checkin g tha t  intende d 
construction s ar e flush  o n thei r  oute r  edges ,  an d s o on . 
Thi s knowledg e wa s take n fro m vide o analysi s o f  adul t 
behaviou r  (e.g .  adult s produc e 3 3 peg-pai r  o r  hole-pai r 
constructions ,  1 3 two-pe g o r  two-hol e constructions ,  an d 
neve r  conside r  producin g construction s tha t  ar e no t  flush 
on thei r  oute r  edges) . 

The adul t  subject s (N=5 ,  fro m Jone s &  Ritter ,  1997 ) 
had complete d th e tas k once .  Th e A C T - R activatio n nois e 
paramete r  wa s se t  t o 0.0 5 (th e default )  s o tha t  nois e i s 
added ,  o n eac h cycle ,  t o th e activatio n o f  construction s an d 
features .  Thi s cause s behaviou r  t o var y acros s trials .  W e 
therefor e compar e 5  run s o f  th e mode l  t o th e 5  adul t 
subjects . 

The adul t  mode l  fits  th e adul t  subject s reasonabl y wel l 
as show n i n Tabl e 1 .  Th e mode l  als o fit s  th e adul t 
subject s o n othe r  measures ,  suc h a s strategies ,  bu t  w e d o 
not  conside r  thes e othe r  measure s whe n comparin g t o 
seve n yea r  old s late r  on .  Th e reliabl e difference s w e repor t 
(usin g t-tests )  fo r  time s an d error s betwee n th e mode l  an d 
subject s ar e fo r  aidin g th e reade r  i n understandin g th e 
variance s i n familia r  terms .  The y ar e no t  offere d i n an y 
way a s a  proo f  o f  th e model . 

We includ e layer-by-laye r  analyse s becaus e ther e i s 
within-tas k learning .  Figur e 3  compare s th e time s t o 

Table 1: Mean measures (standard deviations) for adult 
model  an d adul t  subjects .  Reliabl e difference s betwee n 

model  an d subject s (p<.05 )  ar e indicate d wit h a n * . 

Measur e 

Completio n tim e 

Number  o f  error s 

Adul t  Subject s 

80. 6 s *  (13.3 ) 

0. 2 (0.5 ) 

Adul t  Mode l 

97. 6 s  (8.0 ) 

1.0(1.2 ) 

Adul t 
Subject s 

Adul t 
Model 

Size 6 Size s Size 4 Slze 3 Size 2 

Figur e 3 :  T im e take n t o complet e eac h laye r  fo r  th e 
adul t  mode l  an d th e adul t  subjects . 

complet e eac h laye r  fo r  th e adul t  mode l  an d th e adul t 
subject s (r2=0.98 ;  R M S error=4. 5 s) .  Th e constructio n 
attempt s pe r  laye r  b y th e adul t  mode l  i s als o simila r  t o 
adul t  subject s (t^=0.19 ;  R M S error=0.15) ,  althoug h w e 
thin k thi s coul d b e improved . 

An exac t  fit  o n ever y measur e i s no t  essentia l  becaus e 
we ar e mor e intereste d i n ho w th e behaviou r  change s a s a 
resul t  o f  ou r  alterations .  W e ca n therefor e brea k th e mode l 
t o se e t o wha t  exten t  w e ca n accoun t  fo r  th e behaviou r  o f 
younge r  childre n (seve n yea r  olds )  o n th e Towe r  o f 
Nottingham . 

Creating a Child Model 

I n orde r  t o begi n examinin g h o w proble m solvin g coul d 
chang e wit h development ,  w e create d thre e ne w version s 
of  th e adul t  model .  Eac h ne w versio n i s create d b y makin g 
one o r  mor e modification s t o th e origina l  adul t  model . 
The modification s ar e perhap s th e mos t  plausibl e base d o n 
developmenta l  literatur e an d ou r  knowledg e o f  children' s 
performanc e o n thi s task .  The y ar e als o usefu l 
exploration s i n h o w t o implemen t  developmen t  withi n a 
fixed  architecture .  W e :  (a )  altere d th e accurac y o f  siz e 
informatio n i n th e parafovea l  (b )  reduce d th e workin g 
memory capacity ;  (c )  combine d th e two .  Ther e ar e furthe r 
change s tha t  shoul d b e explore d a s well ,  suc h a s basi c 
processin g spee d an d fove a size .  Removin g o r  changin g 
knowledg e i s als o possible ,  an d a n initia l  attemp t  i s 
reporte d i n Jone s an d Ritte r  (1998) . 

We wil l  compar e th e modifie d model s agains t  seve n 
yea r  old s (N=5) .  Th e childre n wer e assiste d o n thei r  first 
attemp t  a t  completin g th e Towe r  (contingentl y tutored : 
W o od &  Middleton ,  1975) ,  an d s o w e re-analyse d th e 
performanc e o f  thei r  second ,  unsupporte d attempt . 
Children' s behaviou r  o n th e tas k i s mor e varie d tha n 
adults .  On e seve n yea r  ol d i n ou r  analyse s take s a  lo t 
longe r  t o produc e th e siz e 5  laye r  tha n th e othe r  children . 
We leav e thi s chil d i n ou r  analyses ,  bu t  not e tha t  furthe r 
childre n wil l  hav e t o b e analyse d s o tha t  th e ful l  rang e o f 
seve n yea r  ol d behaviou r  ca n b e identifie d an d examined . 

Reduced Parafovea Accuracy (RPA) Model 

W hy Childre n find  i t  difficul t  t o selec t  block s b y siz e i n 
th e Towe r  o f  Nottingha m tas k (Murph y &  W o o d ,  1981) . 
The seve n yea r  old s attempte d 1. 8 constructions ,  o n 
average ,  involvin g differen t  size d blocks ;  th e adult s d o no t 
attemp t  an y construction s involvin g differen t  size d blocks . 
Reducin g th e accurac y o f  th e parafove a i s on e 
manipulatio n tha t  m a y caus e thi s effect . 

How The parafovea noise parameter for size in the 
Nottingha m Interactio n Architectur e wa s se t  t o 3 0 % (fro m 
0 % ) .  Thi s represent s a  3 0 % chanc e tha t  a  bloc k i n th e 
parafove a wil l  hav e a  perceive d siz e differen t  t o it s actua l 
size . 

Predicted Effect The increased noise for block size 
shoul d lea d t o incorrec t  construction s attempt s involvin g 
block s o f  differen t  sizes .  Thes e error s shoul d als o increas e 
th e tim e take n t o construc t  eac h layer . 
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Tabl e 2 :  Compariso n betwee n th e RP A mode l  an d th e 
seve n yea r  ol d subjects .  Reliabl e difference s betwee n 
model  an d subject s (p<.05 )  ar e indicate d wit h a n * . 

Measur e 

Completio n tim e 

Number  o f  error s 

R PA Mode l 

109. 6 s * 

(11.8 ) 

1.2(1.3) * 

7 y o Subject s 

214. 4 s 
(95.8 ) 

7. 6 (2.4 ) 

. £ 2 0 • 

7yo' s RPA Mode l Adul t  Mode l 

E 0-11 — 
Slze 6 Size s 

1— 
Size 4 

— I — 
Size s Slze 2 

Figur e 4 :  T im e take n t o complet e eac h laye r  fo r  th e R P A 
model  an d th e seve n yea r  olds . 

Effect Table 2 shows the summary statistics for the 
R PA mode l  an d th e seve n yea r  ol d subjects .  Figur e 4 
shows tim e comparison s o n a  laye r  b y laye r  basis . 

Th e result s g o agains t  ou r  mai n predictio n tha t  ther e 
wil l  b e a  greate r  numbe r  o f  construction s mad e involvin g 
block s o f  differen t  size s (neithe r  th e origina l  adul t  mode l 
or  th e R P A mode l  produc e any) .  I n hindsight ,  thi s 
happen s becaus e whe n pickin g u p a  block ,  th e mode l 
fixate s upo n it .  A t  thi s poin t  th e bloc k i s i n th e fovea ,  th e 
correc t  siz e i s returned ,  an d i f  th e bloc k i s th e wron g siz e 
i t  i s  replaced .  Th e tim e take n t o complet e th e tas k 
increase s becaus e incorrec t  block s ar e picke d u p (bu t  ar e 
not  assembled) .  Thi s ca n b e quantifie d i n th e numbe r  o f 
fove a fixation s (105. 0 fo r  th e R P A mode l  versu s 92. 4 fo r 
th e adul t  model )  an d th e numbe r  o f  block s picke d u p (36. 8 
versu s 31.0) .  Th e R P A mode l  correlate s wel l  wit h th e 
seve n yea r  old s (t^=0.93 )  i n tim e take n t o construc t  eac h 
layer ,  bu t  th e timing s ar e wel l  belo w tha t  o f  th e subject s 
( R MS error=21.1s) . 

Reducin g th e parafove a siz e accurac y make s a n 
interestin g prediction .  I t  suggest s tha t  seve n yea r  old s 
eithe r  d o no t  examin e th e bloc k agai n onc e the y hav e 
decide d t o pic k i t  u p o r  thei r  fove a visio n i s no t  a s 
accurat e a s adults .  Th e visua l  strategie s employe d b y 
adult s ma y diffe r  fro m thos e o f  children . 

Reduced Working Memory Capacity (RWMC) 
Model 

W hy Severa l  developmenta l  theorie s sugges t  workin g 
memory capacit y ma y influenc e tas k performanc e (e.g . 
Case,  1985 ;  Halford ,  1993) .  O n th e Towe r  o f 
Nottingham ,  childre n hav e bee n note d t o searc h wit h 
replacemen t  (D.Wood ,  persona l  correspondence ,  1996) ,  a 
characteristi c whic h ma y wel l  b e linke d t o workin g 
memory i f  childre n forge t  whic h block s the y hav e trie d t o 
fit .  Thi s behaviou r  woul d lea d t o mor e incorrec t 
construction s usin g th e sam e blocks .  O n th e Tower ,  seve n 
yea r  ol d childre n fi t  th e sam e block s togethe r  a n averag e o f 
3. 7 times ,  wherea s thi s behaviou r  neve r  occur s i n adults . 

H o w Ou r  mode l  provide s a n eas y wa y t o manipulat e 

workin g memor y t o se e ho w i t  influence s performance . 
We implemente d a  reduce d workin g memor y capacit y b y 
alterin g thre e parameter s (th e firs t  tw o ar e parameter s i n 
A C T - R an d th e thir d i s a  parameter  i n th e Nottingha m 
Interactio n Architecture) :  (a )  Increasin g th e retrieva l 
threshol d require s construction s t o b e highe r  i n activatio n 

i n orde r  t o b e matche d b y rules ,  (b )  Increasin g th e deca y 
rat e mean s construction s ar e forgotte n mor e quickly . 
(c )  Reducin g th e numbe r  o f  visua l  memor y item s mean s 
tha t  visua l  memor y provide s les s suppor t  t o workin g 
memory. 

I n orde r  t o explor e th e effec t  o f  thes e parameter s w e use d 
tw o set s o f  values .  Firs t  (th e R W M Cl  model) ,  w e 
increase d th e retrieva l  threshol d fro m 0. 0 t o 2.5 ,  increase d 
th e deca y rat e fro m 0.0 5 t o 0.15 ,  an d reduce d th e numbe r 
of  item s i n visua l  memor y fro m 7  t o 3 .  Secon d (th e 
R W M C2 model) ,  w e furthe r  increase d th e retrieva l 
threshol d an d deca y rat e (t o 4  an d 0.22 5 respectively )  an d 
furthe r  reduce d th e numbe r  o f  visua l  memor y item s (t o 1) . 
Th e A C T - R workin g m e m o r y mechanism s tha t  w e 
manipulat e hav e als o bee n use d b y Lovett ,  Rede r  an d 
Lebier e (1997 )  i n thei r  A C T - R mode l  o f  workin g memor y 
differences . 

Predicted Effect Less working memory should lead to 
mor e searc h wit h replacement—th e sam e pair s o f  block s 
shoul d b e fi t  togethe r  mor e often .  Thi s shoul d mea n th e 
tas k wil l  tak e longe r  an d involv e mor e errors . 

Effect Table 3 shows summary statistics for the RWMC 
model s an d seve n yea r  ol d subjects .  Figur e 5  show s tim e 
comparison s o n a  laye r  b y laye r  basis . 

Reducin g th e workin g memor y capacit y i n th e adul t 
model  doe s no t  lea d t o fittin g th e sam e block s togethe r 
mor e ofte n ( 0 fo r  bot h R W MC models) .  However ,  whe n 
we includ e "mental "  fit s  (checkin g tha t  intende d 
construction s ar e flus h o n thei r  edge s withou t  actuall y 
fittin g th e blocks) ,  fittin g th e sam e block s i s considere d 

Table 3: Comparison between the RWMC models and 
seve n yea r  ol d subjects .  Reliabl e difference s betwee n 
model  an d subject s (p<.05 )  ar e indicate d wit h a n * . 

Measur e 

Completio n 
Tim e 

Number  o f 
Error s 

R W MC 
Model  1 

117. 6 s 
(27.5 ) 

0. 8 (0.8) * 

R W MC 
Model  2 
193. 8 s 
(59.9 ) 

1.4(0.9) * 

7 y o 
Subject s 

214. 4 s 
(95.8 ) 

7. 6 (2.4 ) 

RWMCl  Mode l  •  RWMC2 Mode l  "  Adul t  Model 
•oBOt 

Size s Size s Size 4 Size 3 Size 2 

Figur e 5 :  Tim e take n t o complet e eac h laye r  fo r  th e 
R W MC model s an d th e seve n yea r  olds . 
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3. 5 lime s fo r  th e R W M Cl  model ,  an d 11. 8 time s fo r  th e 
R W M C2 model ,  compare d wit h 2. 4 time s fo r  th e adul t 
model . 

Althoug h constructio n tim e increases ,  error s remai n 
fairl y  constan t  becaus e o f  th e menta l  fits ,  sinc e potentia l 
construction s mus t  b e flus h o n thei r  oute r  edge s (sinc e 
adult s neve r  produc e an y construction s tha t  ar e not) .  O n a 
laye r  b y laye r  basis ,  th e R W MC model s hav e clea r 
difference s fro m th e seve n yea r  ol d dat a ( R M S erro r  of 
20. 4 s  an d 17. 0 s  fo r  th e R W M Cl  an d R W M C2 model s 
respectively) . 

Reducin g th e workin g memor y capacit y ha s allowe d th e 
model  t o mov e close r  t o th e seve n yea r  ol d dat a fo r  overal l 
tim e taken ,  bu t  a t  th e sam e tim e reducin g th e fi t  o n a 
layer-by-laye r  basis .  Th e R W MC model s (particularl y 
R W M C 2)  d o no t  sho w a  stead y declin e i n tim e fo r  eac h 
subsequen t  laye r  constructed .  W e sugges t  thi s i s becaus e 
th e mode l  doe s no t  emplo y a  strateg y o f  gatherin g sam e 
size d block s togethe r  (subject s ofte n do) .  Thi s doe s no t 
affec t  behaviou r  fo r  th e adul t  model .  However ,  whe n 
workin g memor y i s reduce d i t  mean s tha t  th e furthe r  int o 
th e task ,  th e mor e sprea d ou t  th e block s become ,  an d th e 
greate r  th e relianc e i s upo n workin g memor y t o remembe r 
bloc k details .  Thi s increase s visua l  search ,  whic h i s wh y 
th e tim e rise s fo r  late r  layer s (ther e ar e 13 7 mor e fixation s 
fo r  th e las t  thre e layer s i n th e R W M C2 tha n fo r  th e adul t 
model) . 

Reduced Parafovea Accuracy and Reduced 
Workin g Memor y Capacit y ( R P A - R W M C) 
Model 

Why We hav e show n tha t  manipulatin g singl e variable s 
(a t  leas t  thes e variables )  i s no t  enoug h t o fi t  th e behaviou r 
of  seve n yea r  old s o n th e Towe r  o f  Nottingham .  Alterin g 
mor e tha n on e variabl e a t  a  tim e coul d lea d t o mor e 
interestin g behaviou r  a s i t  allow s interactio n betwee n 
variables . 

How We included both changes—the reduced parafovea 
accurac y an d reduce d workin g m e m o r y capacity .  Fo r  th e 
workin g m e m o r y changes ,  w e use d th e averag e o f  th e 

Table 4: Comparison between the RPA-RWMC model 
and 7  y o subjects .  Reliabl e difference s betwee n mode l  an d 

subject s (p<.05 )  ar e indicate d wit h a n * . 

Measur e 

Completio n tim e 

Number  o f  error s 

RPA-RWMC 
Model 

148. 2 s  (31.4 ) 

1.6(1.5) * 

7 y o Subject s 

214. 4 s  (95.8 ) 

7. 6 (2.4 ) 

•  7yo' s RPA-RWMC Mode l  •  Adul t  Mode l 

S40' 

£20-
o 
E oi l  ,  ,  1  1 

Size s Size s Slze 4 Slze 3 Size 2 
Figur e 6 :  Tim e take n t o complet e eac h laye r  fo r  th e RPA -

R W MC mode l  an d th e seve n yea r  olds . 

alteration s i n R W M Cl  an d R W M C2 (retrieva l  threshol d 
of  3 ,  deca y rat e o f  0.2 ,  an d 2  visua l  memor y items) . 

Predicted Effect The behaviour of the model should be 
consisten t  wit h tha t  of  th e independen t  reduce d parafove a 
accurac y an d reduce d workin g memor y capacit y models , 
althoug h w e expec t  tha t  th e effect s wil l  interact . 

Effect Table 4 shows summary statistics for the RPA-
R W MC mode l  an d th e seve n yea r  ol d subjects .  Figur e 6 
shows tim e comparison s o n a  laye r  b y laye r  basis .  Th e 
R P A - R W MC mode l  take s longe r  tha n th e adul t  model , 
but  no t  lon g enough .  I t  doe s no t  produc e enoug h error s 
either .  W h e n examine d o n a  layer-by-laye r  basis ,  th e 
R P A - R W MC model' s timing s d o no t  fi t  th e seve n yea r 
old s (r2=0.19 ;  R M S error=17. 1 s) . 

The interactio n of  th e reduce d parafove a accurac y an d 
reduce d workin g memor y ha s no t  lea d t o a  substantiall y 
differen t  mode l  ove r  an d abov e th e respectiv e individua l 
models .  Furthe r  modification s an d interaction s wil l  nee d 
t o b e explored .  Particula r  emphasi s shoul d b e aime d a t 
alteration s tha t  increas e th e error s tha t  th e mode l  makes . 

Summary 

We too k a n initia l  adul t  mode l  an d modifie d i t  t o simulat e 
a younge r  proble m solver :  perceptuall y (reducin g 
parafove a accuracy) ,  cognitivei y (reducin g workin g 
m e m o ry capacity) ,  an d i n combination .  Thes e change s 
impaire d th e performanc e o f  th e mode l  t o differin g degree s 
and i n differen t  ways .  N o n e o f  th e alteration s w a s 
sufficien t  t o produc e behaviou r  simila r  t o seve n yea r  olds . 

Thes e result s sugges t  tha t  simpl e change s m a y no t  b e 
enough .  Th e mos t  modifie d adul t  mode l  i s  stil l  s o m e 
distanc e fro m appearin g lik e a  younge r  proble m solver . 
However ,  th e change s hav e highlighte d behaviour s o f  th e 
model  tha t  shoul d b e investigate d further ,  suc h as  th e 
fixatio n strateg y w h e n a  bloc k i s  picke d up ,  an d th e 
strateg y o f  collectin g togethe r  al l  same-siz e blocks .  Th e 
modification s als o indicat e tha t  th e tw o learnin g mecha -
nism s use d m a y no t  b e sufficien t  t o mode l  children :  fo r 
most  o f  th e modification s made ,  th e layer-by-laye r  tren d 
doe s no t  matc h th e children . 

Althoug h th e change s hav e no t  enable d th e modifie d 
model s t o fit  th e seve n yea r  ol d data ,  ther e ar e m a n y othe r 
modification s tha t  w e ca n m a k e t o bot h th e Nottingha m 
Interactio n Architectur e an d th e mode l  (suc h a s change s i n 
processin g speed) .  Mak in g thes e change s an d examinin g 
thei r  effect s i s n o w straightforward . 

We wil l  als o hav e t o loo k furthe r  a t  combination s o f 
modifications .  Interactiv e effect s shoul d revea l  mor e abou t 
performanc e a t  differen t  ages ,  althoug h independen t 
change s ar e stil l  usefu l  fo r  ou r  understandin g o f  th e effect s 
the y have . 

Thi s wor k wil l  eventuall y lea d t o model s o f  h o w five 
and seve n yea r  old s solv e th e Towe r  tha t  ar e base d o n th e 
adul t  model .  W e hop e tha t  thes e model s wil l  b e abl e t o 
explai n individua l  difference s withi n ag e group s a s wel l  a s 
t o explai n th e progressio n betwee n age s (i n term s o f 
difference s betwee n th e model s rathe r  tha n transitio n 
mechanisms ,  fo r  th e momen t ) .  I n bot h cases ,  w e shoul d 
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be abl e t o highligh t  th e knowledg e difference s o r  architec -
tura l  change s tha t  lea d t o th e difference s i n behaviour . 

Furthe r  learnin g mechanism s ar e als o required .  Th e model s 
must  lear n o n a  layer-by-laye r  basi s bu t  th e learnin g 
mechanism s mus t  no t  b e impede d b y th e modification s 
tha t  ar e mad e t o th e model s (a s the y see m t o b e fo r  th e 
modification s reported) . 

We ar e no w i n a  positio n t o loo k a t  ho w proble m solv -
in g change s acros s developmen t  o n thi s task .  W e hav e a 
cognitiv e mode l  tha t  perform s th e task .  W e ca n ad d an d 
remov e knowledg e fro m th e cognitiv e mode l  an d w e ca n 
modif y th e architectur e t o represen t  developmenta l  change s 
i n cognitio n (th e cognitiv e mode l  base d i n ACT-R )  an d 
perceptio n (th e Nottingha m Interactio n Architecture) .  Thi s 
typ e o f  wor k wil l  hel p u s mor e directl y answe r  th e 
questio n "Wha t  develops?" . 
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