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The Ohi o Stat e Universit y 
1827 Nei l  Avenu e 
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Abstrac t 

Numerical tasks with Arabic numerals involve the integration 
of  interna l  an d externa l  informatio n an d th e interactio n 
betwee n perceptio n an d cognition .  2-digi t  numbe r 
compariso n tas k wa s selecte d t o stud y thes e integratio n an d 
interactio n processes .  T o compar e th e magnitude s o f  tw o 
2digi t  Arabi c numerals ,  w e ca n (1 )  compar e the m digitbydigi t 
sequentially ,  (2 )  compar e correspondin g digit s i n parallel ,  o r 
(3 )  encod e the m a s a n integrate d representatio n an d compar e 
th e whol e numerica l  values .  Previou s studie s showe d tha t  2 -
digi t  compariso n wa s holisti c whe n targe t  numeral s wer e 
compare d wit h a  standar d hel d i n memory .  I n ou r  experimen t 
targe t  numeral s an d standard s wer e presente d o n th e sam e 
externa l  displa y a t  th e sam e time .  Instea d o f  a  holisti c 
comparison ,  w e foun d tha t  2-digi t  compariso n wa s a 
combinatio n o f  sequentia l  an d paralle l  comparisons .  Th e 
implication s o f  thi s discrepanc y wer e discusse d i n term s o f 
th e interpla y betwee n perceptio n an d cognition . 

Althoug h differen t  type s o f  numeral s (e.g. ,  Arabic ,  Roman , 
Greek ,  etc. )  al l  represen t  th e sam e abstrac t  quanUties — 
numbers ,  the y ca n produc e dramaticall y differen t  cognitiv e 
behavior s i n numerica l  task s (e.g. ,  Nickerson ,  1988 ;  Zhan g 
& Norman ,  i n press) .  Thi s representationa l  effect ,  cause d 
by differen t  representation s o f  a  conmio n structure ,  ca n b e 
easil y observe d b y comparin g th e difficultie s an d processe s 
of  tw o multiplicatio n tasks :  73 5 x  27 8 (Arabi c numerals ) 
and D C C X X XV x  C C L X X V I I l  ( R o m a n numerals , 
equivalen t  t o 73 5 x  278) .  I n addition ,  t o perfor m numerica l 
tasks ,  people  usuall y nee d t o proces s informatio n distribute d 
acros s th e interna l  min d an d th e externa l  environmen t  i n a n 
interactiv e manne r  (Zhan g &  Norman ,  1994 ,  i n press) .  Fo r 
example ,  t o d o 73 5 x  27 8 wit h pape r  an d pencil ,  w e nee d t o 
proces s no t  jus t  th e informatio n i n interna l  representation s 
(e.g. ,  th e valu e o f  eac h individua l  symbol ,  th e additio n an d 
multiplicatio n tables ,  arithmeti c procedures ,  etc. )  bu t  als o 
th e informatio n i n externa l  representation s (e.g. ,  th e visua l 
and spatia l  propertie s o f  th e symbols ,  th e spatia l  relation s o f 
th e partia l  products ,  etc.) . 

I n thi s paper ,  w e us e a  simpl e numerica l  task ,  numbe r 
comparison ,  t o examin e h o w interna l  an d externa l 
informatio n i s processe d an d integrate d i n numerica l  task s 
and wha t  effect s suc h interaction s an d integration s hav e o n 
behavior . 

N u m b er  Compar iso n 

The tim e t o compar e th e magnitude s (large r  o r  smaller )  o f 
tw o 1-digi t  Arabi c numeral s decrease s wit h th e numerica l 
distanc e betwee n the m (Moye r  &  Landauer ,  1967) .  Fo r 
example ,  i t  i s  faste r  t o compar e 1  an d 9  tha n 8  an d 9 .  Thi s 
distanc e effec t  resemble s tha t  foun d fo r  physica l  stimul i 
suc h a s do t  pattern s an d lin e lengths ,  implyin g tha t  Arabi c 
digit s migh t  hav e a n interna l  representatio n analogou s t o a 
physica l  continuum . 

Multidigi t  Arabi c numeral s hav e tw o dimensions :  a  bas e 
dimensio n represente d b y th e shape s o f  th e te n digit s  (0 ,  1 , 
... .  9 )  an d a  powe r  dimensio n represente d b y position s o f  th e 
digit s (Zhan g &  Norman ,  i n press) .  Th e bas e dimensio n i s 
an interna l  representatio n becaus e th e numerica l  valu e o f 
eac h digi t  ha s t o b e memorized ,  wherea s th e powe r 
dimensio n i s a n externa l  representatio n becaus e th e positio n 
of  a  digi t  ca n b e perceptuall y inspected .  Unlik e 1-digi t 
comparison ,  whic h i s solel y internal ,  multidigi t  compariso n 
i s base d o n bot h interna l  informatio n (th e value s o f 
individua l  digits )  an d externa l  informatio n (position s o f 
digits) .  Thus ,  multidigi t  compariso n i s a  goo d tas k fo r  th e 
stud y o f  th e integratio n o f  interna l  an d externa l  informatio n 
and th e interactio n betwee n perceptua l  an d cognitiv e 
processes . 

T o compar e th e magnitude s o f  multidigi t  Arabi c 
numerals ,  w e ca n (1 )  compar e the m digi t  b y digi t 
sequentially ,  (2 )  compar e correspondin g digit s i n parallel ,  o r 
(3 )  encod e the m a s a n integrate d representatio n an d 
compar e th e whol e numerica l  values .  I n th e first  cas e 
(sequentia l  comparison) ,  onl y th e highes t  digit s shoul d 
affec t  th e compariso n unles s the y ar e no t  sufficien t  fo r 
makin g decisions .  I n th e secon d cas e (paralle l  comparison) , 
lowe r  digit s m a y facilitat e o r  interfer e wit h th e compariso n 
of  highe r  digits .  I n th e thir d cas e (holisti c  comparison) , 
onl y th e absolut e numerica l  distance s shoul d matter . 
Empirica l  studie s hav e reveale d a  discrepanc y betwee n 2 -
digi t  compariso n an d highe r  multidigi t  ( 3 o r  more ) 
comparison :  2-digi t  compariso n i s  holisti c (Dehaene , 
Dupoux ,  &  Mehler ,  1990 ;  Hinrichs ,  Yurko ,  &  H u ,  1981 ) 
wherea s highe r  multidigi t  compariso n i s  sequentia l 
(Hinrichs ,  Berie ,  &  Mosell ,  1982 ;  Poltroc k &  Schwarte , 
1984) .  Th e holisti c compariso n o f  2-digi t  Arabi c numeral s 
was ofte n cite d a s evidenc e o f  a  holisti c analo g interna l 
representatio n o f  Arabi c numerals . 

Thi s pape r  addresse s tw o specifi c  issues :  (1 )  whethe r  2 -
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digi t  compariso n i s indee d holisti c an d (2 )  ho w interna l  an d 
externa l  informatio n i s processe d an d integrate d i n 2-digi t 
compariso n tasks . 

Experiment 

I n th e experiment s reporte d b y Dehaen e e t  al .  (1990 )  an d 
Hinrich s e t  al .  (1981) ,  a  standar d (e.g. ,  55 )  wa s alway s hel d 
i n memor y an d onl y th e targe t  numeral s (e.g. ,  1 1 t o 9 9 
excep t  55 )  wer e presente d o n a n externa l  displa y an d judge d 
whethe r  smalle r  o r  large r  tha n th e standard .  I n thi s case ,  on e 
of  th e tw o numeral s t o b e compare d (th e standard )  wa s 
alread y preprocessed .  I n ou r  experimen t  w e mad e thre e 
procedura l  changes .  First ,  th e standar d an d target s wer e 
presente d simultaneousl y o n a n externa l  displa y suc h tha t 
bot h numeral s ha d t o b e processe d a t  th e sam e time . 
Second ,  instea d o f  on e standard ,  w e use d tw o standard s (5 5 
and 65 )  a s a  within-subjec t  facto r  t o preven t  subject s fro m 
preprocessin g a  specifi c  standard .  Third ,  instea d o f 
reportin g whethe r  a  targe t  i s smalle r  o r  large r  tha n th e 
standard ,  subject s onl y decid e whic h o f  th e tw o presente d 
numeral s i s larger .  Suc h procedura l  change s ar e importan t 
fo r  th e testin g o f  ou r  hypothesis :  whe n bot h numeral s ar e 
presente d externally ,  th e compariso n i s base d o n no t  jus t 
interna l  bu t  als o externa l  information ,  th e concurren t 
processin g o f  whic h ca n generat e a  differen t  patter n o f 
behavior . 

I n orde r  t o identif y whic h o f  th e thre e compariso n model s 
ca n bes t  accoun t  fo r  2-digi t  compariso n unde r  ou r 
experimenta l  conditions ,  w e nee d thre e observations .  First , 
i f  ther e ar e reactio n tim e (RT )  difference s acros s decade s 
but  no t  withi n a  decad e an d ther e ar e discontinuitie s acros s 
decad e boundaries ,  the n sequentia l  compariso n i s supported . 
Second ,  i f  th e whol e numerica l  valu e resultin g fro m th e 
integratio n o f  th e decad e an d uni t  digit s i s th e onl y 
determinan t  o f  RT ,  the n holisti c compariso n i s mos t  likely . 
Third ,  i f  uni t  digit s sho w a  Stroop-lik e congruit y effec t  o n 
RT,  the n paralle l  compariso n i s evident .  On e difficult y wit h 
th e observatio n o f  a  congruit y effec t  i s  tha t  th e value s o f  uni t 
digit s an d th e absolut e distance s fro m th e standar d ar e 
alway s confounded .  Fo r  example ,  a  shorte r  R T t o compar e 
31 an d 6 5 tha n 3 9 an d 6 5 ca n b e eithe r  du e t o th e facilitatio n 
of  th e 1  i n 3 1 an d th e interferenc e o f  th e 9  i n 3 9 o r  th e 
longe r  distanc e betwee n 3 1 an d 6 5 tha n betwee n 3 9 an d 6 5 
or  both .  However ,  i f  w e ca n observ e a  revers e distanc e 
effec t  acros s differen t  decades ,  the n w e ca n stil l  singl e ou t  a 
congruit y effect .  Fo r  example ,  th e RT s fo r  36-3 9 migh t  b e 
longe r  tha n thos e fo r  41-4 4 eve n i f  36-3 9 ar e farthe r  awa y 
fro m 6 5 tha n 41-4 4 are . 

Method 

Subjects .  Th e subject s wer e 3 2 undergraduat e student s i n 
introductor y psycholog y course s a t  Th e Ohi o Stat e 
University ,  w h o participate d i n th e experimen t  t o ear n 
cours e credit . 

Design and procedure. The subjects were seated in about 
40 c m fro m a  Macintos h compute r  i n a  dar k room .  The y 
wer e tol d tha t  tw o Arabi c numeral s woul d appea r  o n th e 
scree n simultaneously ,  on e o n th e lef t  an d on e o n th e right 

sid e o f  a  fixation  point .  The y wer e aske d t o pres s th e lef t 
ke y ('z' )  o r  th e right  ke y ('m' )  a s quickl y an d accuratel y a s 
possibl e dependin g o n whethe r  th e numera l  o n th e lef t  o r  th e 
one o n th e right  sid e i s larger .  Th e Macintos h computer s 
(Quadr a 70 0 an d Centri s 610 )  use d t o contro l  th e 
experimen t  coul d measur e reactio n time s wit h a  resolutio n 
of  ± 1 ms .  Eac h pai r  o f  numeral s wer e presente d fo r  2  s , 
precede d b y a  fixation  poin t  ( a '+ '  sign )  o f  50 0 m s an d 
followe d b y a  blan k scree n o f  2  s .  Th e 2-digi t  Arabi c 
numeral s wer e i n 2 4 poin t  bol d N e w Yor k fon t 
(approximatel y 1. 0 b y 0.6 5 c m fo r  eac h digit )  an d wit h a n 
equa l  distanc e o f  0.9 5 c m fro m th e fixation  point . 

Arabi c numeral s 1 1 t o 9 9 (targe t  numerals )  excep t  5 5 
wer e compare d wit h 5 5 an d 3 1 t o 9 9 (targe t  numerals ) 
excep t  6 5 wer e compare d wit h 65 .  Th e standard s wer e 
presente d o n th e lef t  sid e fo r  hal f  o f  th e trial s an d o n th e 
right  sid e fo r  th e othe r  half ,  producin g a  tota l  o f  31 2 uials . 
Thes e 31 2 trial s wer e randomize d fo r  eac h experimenta l 
sessio n an d divide d int o fou r  block s wit h 7 8 trial s fo r  eac h 
block .  Eac h subjec t  wa s presente d 1 0 randoml y generate d 
pair s o f  2-digi t  numeral s fo r  practic e followe d b y th e fou r 
block s o f  trial s wit h on e minut e res t  betwee n blocks . 

Results 

For  al l  analyse s tha t  follow ,  trial s wit h a  standar d o n th e lef t 
sid e wer e poole d wit h th e correspondin g trial s wit h th e sam e 
standar d o n th e right  side .  Trial s wit h error s wer e exclude d 
fro m th e analysi s o f  reactio n time s (RTs) .  Fo r  standar d 65 , 
th e averag e erro r  rat e wa s 2.7% ,  rangin g fro m 1.5 % i n th e 
30s an d 90 s t o 5.6 % i n th e 60s .  Fo r  standar d 55 ,  th e averag e 
erro r  rat e wa s 2.0% ,  rangin g fro m 0.64 % i n th e 10 s an d 90 s 
t o 4.2 % i n th e 50s .  RT s deviate d fro m th e mea n fo r  eac h 
targe t  b y mor e tha n thre e standar d deviation s wer e exclude d 
from  analyses .  Separat e analyse s wer e conducte d fo r  6 5 an d 
55. 

Standard 65. The average RTs to compare target numerals 
wit h 6 5 ar e show n i n Figur e 1 .  A n analysi s o f  th e effec t  o f 
th e numerica l  distance s betwee n target s an d 6 5 an d th e 
range s o f  th e target s (smalle r  o r  large r  tha n 65 )  showe d a 
significan t  distanc e effec t  (F(33 ,  693 )  =  16.99 ,  p  <  0.001) ,  a 
significan t  rang e effec t  (F(l ,  21 )  =  8.40 ,  p  <  0.009) ,  an d a 
significan t  interactio n (F(33 ,  693 )  =  4.86 ,  p  <  0.001) .  Du e 
t o th e asymmetrica l  rang e effec t  an d th e significan t 
interactio n betwee n distanc e an d range ,  w e conducte d 
separat e analyse s o n RT s fo r  target s smalle r  tha n 6 5 an d 
thos e large r  tha n 65 . 

Decad e an d uni t  effects .  Fo r  target s 31-59 ,  th e decad e 
effec t  betwee n 40 s an d 50 s wa s significan t  (F(l ,  25 )  =77.93 , 
p <  0.(X)1 )  bu t  tha t  betwee n 30 s an d 40 s wa s no t  significan t 
(F(l ,  27 )  =  0.94 ,  p  =  0.34) .  Fo r  eac h o f  th e decade s o f  30s , 
40s ,  an d 50s ,  th e uni t  effec t  wa s significan t  (smalles t  F(8 , 
216 )  =  3.91 ,  p  <  0.001) .  Fo r  target s 71-99 ,  th e decad e effec t 
betwee n 70 s an d 80 s an d tha t  betwee n 80 s an d 90 s wer e 
bot h significan t  (smalles t  F(l ,  25 )  =  14.02 ,  p  <  0.001 ) 
None o f  th e decade s o f  70s ,  80s ,  an d 90 s ha d a  significan t 
uni t  effec t  (larges t  F(8 ,  232 )  =  1.29 ,  p  =  0.25) . 

The uni t  effec t  wa s furthe r  analyze d b y linea r  regression . 
The R T fo r  eac h targe t  i n a  decad e wa s subtracte d b y th e 
mean R T o f  th e correspondin g decade ,  the n average d aaos s 
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30s ,  40s ,  &  50 s an d acros s 70s .  80s ,  &  90 s (se e Figur e 3A) . 
The uni t  effec t  wa s asymmetrical .  Fo r  target s smalle r  tha n 
65,  th e unit s ha d a  stron g effec t  wit h a  slop e o f  13.7 ,  whic h 

was significantl y differen t  tha n zer o (r ^  =  0.71 .  p  <  0.005) . 
However ,  fo r  target s large r  tha n 65 ,  th e unit s ha d n o 
significan t  effect :  th e slop e (-0.66 )  wa s no t  significantl y 

differen t  tha n zer o (r ^  =  0.024 ,  p  >  0.69) .  Separat e 
regressio n analysi s fo r  eac h decad e showe d significan t  uni t 
effec t  fo r  decade s 30s ,  40s ,  an d 50 s (larges t  p  <  0.01 )  bu t 
not  fo r  decade s 70s ,  80s ,  an d 90 s (smalles t  p  =  0.25) . 

Discontinuity .  I f  ther e i s a  discontinuit y a t  th e boundar y 

of  tw o decades ,  ther e shoul d b e a  shar p chang e i n RT .  Th e 
chang e i n R T acros s a  decad e boundar y (e.g. ,  RT6 9 -  RT70 ) 
was compare d wit h th e average d chang e i n R T betwee n 
adjacen t  number s withi n eac h o f  th e tw o adjacen t  decade s 
(e.g. ,  [(RT6 8 -  RT69 )  +  (RT7 0 -  RT71)]/2) .  A n analysi s o f 
varianc e showe d significan t  discontinuit y effect s betwee n 
30s an d 40s ,  50 s an d 60s ,  60 s an d 70s ,  70 s an d 80s ,  an d 80 s 
and 90 s (smalles t  F(l ,  30 )  =  4.76 ,  p  <  0.05) .  Th e effec t 
betwee n 40 s an d 50 s wa s no t  significan t  (F(l ,  30 )  =  0.32 ,  p 
= 0.57) . 

c 7 0 0 -

6 0 0 -

30 3 5 4 0 4 5 5 0 5 5 6 0 

Figure 1. Reaction times for targets compared with 65. 

900 -

I  800- 1 

g 700- 1 

6 0 0 -

15 2 0 2 5 3 0 3 5 4 0 4 5 5 0 5 5 6 0 6 5 7 0 7 5 8 0 8 5 9 0 9 5 10 0 

Figure 2. Reaction times for targets compared with 55. 
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30-5 0 

70-9 0 

3 4  5  6  7 

(A) Standard 65 

10-4 0 

60-9 0 

3 4  5  6 

(B) Standard 55 

Figur e 3 .  Uni t  effec t  fo r  standard s 6 5 an d 55 .  Th e R T fo r  eac h targe t  i n a  decad e wa s subtracte d b y th e mea n R T o f  th e 
correspondin g decade,  the n average d acros s decade s 30s ,  40s ,  an d 50 s an d acros s 70s ,  80s ,  an d 90 s fo r  standar d 6 5 an d 
average d acros s 10s ,  20s ,  30s ,  an d 40 s an d acros s 60s ,  70s ,  80s ,  an d 90 s fo r  standar d 55 . 

Congruit y Effect .  Fo r  target s smalle r  tha n 65 ,  th e R T s fo r 
target s wit h unit s 1- 4 wer e faste r  tha n thos e wit h unit s 6- 9 
fo r  decad e 30s ,  40s ,  an d 50 s (smalles t  F(l ,  29 )  =  23.82 ,  p  < 
0.001) ,  whic h wa s consisten t  wit h bot h a  congruit y effec t 
and a  distanc e effect .  Mos t  importantly ,  ther e wa s a  revers e 
distanc e effec t  acros s th e boundar y betwee n 30 s an d 40s : 
R Ts fo r  36-3 9 wer e slowe r  tha n thos e fo r  41-4 4 (F(l ,  9 )  = 
20.80 ,  p  <  0.001)—clear  evidenc e fo r  congruit y effec t  Fo r 
target s large r  tha n 65 ,  ther e wa s neithe r  a  congruit y effec t 
nor  a  distanc e effec t  withi n a  decad e (larges t  F(l ,  29 )  = 
0.74 ,  p  =  0.40) ,  an d ther e wa s n o revers e distanc e effec t 
acros s decad e boundaries . 

Standard 55. The average RTs to compare target numbers 
wit h 5 5 ar e show n i n Figur e 2 .  Ther e wa s a  margina l 
asymmetrica l  rang e (smalle r  o r  large r  tha n 55 )  effec t  (F(l , 
16)  =  3.84 ,  p  =  0.07 )  an d a  significan t  distanc e effec t  (F(43 , 
688 )  =  15.23 ,  p  <  0.001) .  Th e interactio n betwee n rang e 
and distanc e wa s als o significan t  (F(43 ,  688 )  =  2.25 ,  p  < 
0.001) .  Separat e analyse s wer e conducte d fo r  target s 
smalle r  tha n 5 5 an d thos e large r  tha n 55 . 

Decad e an d Uni t  Effects .  Fo r  target s 11-49 ,  th e decad e 
effec t  wa s significan t  betwee n 10 s an d 20 s an d betwee n 20 s 
and 30 s (smalles t  F(l ,  25 )  =  22.34 ,  p  <  0.001) ,  bu t  no t 
betwee n 30 s an d 40 s (F(l ,  26 )  =  2.38 ,  p  =  0.13) .  Fo r 
decade s 10s ,  20s ,  30s ,  an d 40s ,  th e uni t  effec t  wa s al l 
significan t  (smalles t  F(8 ,  224 )  =  2.27 ,  p  <  0.02) .  Fo r  target s 
61-99 ,  th e decad e effec t  wa s significan t  betwee n 60 s an d 
70s an d betwee n 70 s an d 80 s (smalles t  F(l ,  22 )  =  27.66 ,  p  < 
0.001) ,  bu t  no t  betwee n 80 s an d 90 s (F(l ,  24 )  =  0.50 ,  p  = 
0.49) .  Th e uni t  effec t  wa s significan t  fo r  60 s (F(8 ,  232 )  = 
2.32 ,  p  =  0.02 )  bu t  no t  fo r  70s ,  80s ,  an d 90 s (larges t  F(8 , 
208 )  =  1.41 ,  p  =  0.19) . 

Linea r  regressio n analysi s showe d a n asymmetrica l  uni t 
effec t  simila r  t o tha t  foun d fo r  standar d 6 5 (se e Figur e 3B) : 
th e slop e fo r  eac h decad e belo w 5 5 wa s significantl y 
differen t  tha n zer o (larges t  p  <  0.02 )  wherea s tha t  abov e 5 5 

was no t  (smalles t  p  =  0.19) . 
Discontinuity .  Th e chang e i n R T acros s a  decad e 

boundar y (e.g. ,  R T 6 9 -  R T 7 0 )  wa s compare d wit h th e 
average d chang e i n R T betwee n adjacen t  number s withi n 
eac h o f  th e tw o adjacen t  decade s (e.g. ,  [(RT6 8 -  RT69 )  + 
(RT7 0 -  RT71)]/2) .  Ther e wa s a  significan t  discontinuit y 
effec t  betwee n 60 s an d 70 s (F(l ,  30 )  =  6.75 ,  p  <  0.01 )  an d a 
margina l  effec t  betwee n 50 s an d 60 s (F(l ,  30 )  =  3.80 ,  p  = 
0.06) .  Ther e wa s n o discontinuit y effec t  a t  othe r  decad e 
boundarie s (larges t  F(l ,  30 )  =  2.91 ,  p  =  0.10) . 

Congruit y Effect .  Fo r  eac h decad e belo w 55 ,  th e RT s fo r 
target s wit h unit s 1- 4 wer e large r  tha n thos e wit h unit s 6- 9 
(smalles t  F(l ,  28 )  =  8.93 ,  p  <  0.006) ,  whic h wa s consisten t 
wit h bot h a  congruit y effec t  an d a  distanc e effect .  Althoug h 
ther e wa s n o revers e distanc e effec t  acros s decad e 
boundaries ,  ther e wa s n o significan t  differenc e betwee n 16 -
19 an d 21-2 4 an d betwee n 26-2 9 an d 31-34 ,  implyin g tha t 
ther e wa s neithe r  a  congruit y no r  a  distanc e effect ,  o r  tha t 
ther e wa s a  congruit y effec t  counterin g a  distanc e effect . 
For  decade s abov e 55 ,  ther e wa s neithe r  a  congruit y no r  a 
distanc e effec t  withi n 70s ,  80s ,  an d 90 s (smalles t  F(l ,  26 )  = 
0.85 ,  p  =  0.37 )  an d onl y a  margina l  differenc e betwee n 61 -
64 an d 66-6 9 (F(l ,  29 )  =  4.68 ,  p  <  0.05) .  N o revers e 
distanc e effec t  acros s decad e boundarie s wa s foun d fo r 
decade s abov e 55 . 

Discussion and Conclusion 

The experimenta l  result s showe d a  comple x patter n tha t  ca n 
not  b e easil y fitted  int o a  singl e model .  Bot h standard s 6 5 
and 5 5 showe d a n asymmetrica l  rang e effec t  target s smalle r 
and thos e large r  tha n th e standard s wer e compare d i n 
differen t  ways .  Fo r  standar d 65 ,  target s large r  tha n 6 5 wer e 
compare d sequentially ,  supporte d b y a n insignifican t  uni t 
effec t  withi n eac h decade,  a  zer o slop e o f  linea r  regressio n 
fo r  eac h decade ,  a  decad e effect ,  an d discontinuitie s aaos s 
decad e boundaries .  Target s smalle r  tha n 6 5 wer e compare d 
i n parallel ,  supporte d b y a  uni t  effec t  withi n eac h decact e an d 
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a Stroop-lik e congruit y effec t  (revers e distanc e effect) .  Th e 
holisti c compariso n mode l  ca n b e clearl y rejected  fo r  th e 
case o f  standar d 65 . 

For  standar d 55 ,  thoug h th e results  wer e no t  a s clearl y cu t 
as thos e fo r  standar d 65 ,  th e tren d wa s simihir .  Target s 
large r  tha n 5 5 seeme d t o b e compare d sequentially , 
supporte d b y a n insignifican t  uni t  effec t  withi n eac h decad e 
(excep t  60s ,  whic h ca n b e accounte d fo r  b y a n abnorma l  lo w 
RT fo r  66) ,  a  zer o slop e fo r  eac h decade ,  a  decad e effec t 
betwee n 60 s an d 70 s an d betwee n 70 s an d 80s ,  an d 
discontinuitie s a t  th e boundarie s betwee n 50 s an d 60 s an d 
betwee n 60 s an d 70s .  Fo r  target s smalle r  tha n 55 ,  a  stron g 
uni t  effec t  fcM -  ever y decad e rule d ou t  sequentia l  compariso n 
but  wa s consisten t  wit h bot h holisti c an d paralle l 
comparison .  Althoug h n o revers e distanc e effec t  wa s found , 
an insignifican t  differenc e betwee n 16-1 9 an d 21-2 4 an d 
betwee n 26-2 9 an d 31-3 4 bu t  a  stron g differenc e betwee n 
21-2 4 an d 26-2 9 implie d a  congruit y effec t  counterin g a 
distanc e effect .  Thus ,  paralle l  compariso n wa s mor e likel y 
tha n holisti c  comparison . 

I n th e experiment s b y Dehaen e e t  al .  an d Hinrich s e t  al. , 
th e standard s wer e alway s hel d i n memor y an d onl y th e 
target s wer e presente d o n a n externa l  display ,  wherea s i n 
our  experimen t  th e standard s an d target s wer e presente d an d 
compare d o n th e sam e externa l  displa y a t  th e sam e time . 
Althoug h th e abstrac t  tas k wa s th e sam e fo r  thei r  studie s an d 
our  studie s (i.e. ,  comparin g 2-digi t  numerals) ,  th e 
compariso n processe s wer e different .  Thi s i s a 
demonstratio n o f  th e representationa l  effec t  i n numerica l 
tasks—differen t  representation s o f  a  common abstrac t 
structur e ca n caus e dramaticall y differen t  behaviors . 

Our  experimenta l  result s ar e clearl y evidenc e agains t  th e 
clai m tha t  ther e i s a  common interna l  representatio n fo r  al l 
type s o f  numbe r  representations .  Differen t  representation s 
ar e no t  encode d an d transforme d int o a n abstrac t  interna l 
representation .  Rather ,  the y activat e representation-specifi c 
processes .  I t  i s  thes e representation-specifi c  processes ,  no t 
th e abstrac t  processe s fo r  th e abstrac t  representation,  tha t  ar e 
th e actua l  mechanism s i n numerica l  tasks . 
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