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A Computationa l  Mode l  o f  N u m b e r  Compariso n 

M a r c o Zorz i  (mzorzi@psico.unipd.it ) 
Dipartiment o d i  Psicologi a Generale ,  Universita '  d i  Padov a 

vi a Venczi a 8 ,  3513 1 Padova ,  Ital y 

Brian Butterworth (b.butterworth@ucl.ac.ul<) 
Institut e o f  Cognitiv e Neuroscience ,  Universit y Colleg e Londo n 

17,  Quee n Square ,  Londo n W C I N 3 A R ,  U K 

Abstrac t 

Number comparison is a task that has been widely used to in-
vestigat e th e menta l  representatio n o f  numbe r  magnitudes .  I t 
i s  frequentl y assume d tha t  th e mappin g fro m numeral s t o a 
"menta l  numbe r  line "  i s  compressiv e (i.e. ,  logarithmic )  o r 
tha t  magnitud e representation s hav e th e propert y o f  scala r 
variability .  I n thi s study ,  w e simulat e th e proces s o f  selectin g 
th e large r  o f  tw o number s i n a  neura l  networ k model .  W e 
sho w tha t  i t  i s  possibl e t o accoun t  fo r  th e mai n experimenta l 
effect s (e.g. ,  th e distanc e effec t  an d th e numbe r  siz e effect ) 
wit h a  simpl e architectur e usin g a  linea r  representatio n o f 
numerica l  magnitudes .  Th e compressiv e effect s tha t  ar e 
foun d i n th e reactio n time s emerg e fro m th e non-linea r  inter -
action s tha t  ar e intrinsi c t o th e decisio n process . 

Introduction 

N u m b er  compariso n i s on e o f  th e fundamenta l  numerica l 
abibties .  McCloske y (1992 )  take s th e abilit y t o selec t  th e 
large r  o f  tw o number s t o b e th e criterio n o f  understandin g 
of  numbers .  Neurologica l  patient s w h o perfor m abnormall y 
on thi s task ,  tur n ou t  t o b e profoundl y acalculi c (Delaze r  & 
Butterworth ,  1997) .  Recen t  researc h o n infan t  numerosit y 
discriminatio n i s  consisten t  wit h th e ide a tha t  infant s ca n 
recognis e whic h o f  tw o visua l  array s contain s th e mor e ob -
ject s (e.g. ,  W y n n ,  1992) .  I t  i s  als o know n tha t  som e pri -
mates ,  whe n presente d wit h tw o visua l  arrays ,  ca n reliabl y 
selec t  th e arra y wit h mor e objects ,  fo r  smal l  number s 
(Branno n &  Terrace ,  1998 ;  Washbur n &  Rumbaugh ,  1991) . 

As wit h m a n y stimulu s dimensions ,  numbe r  siz e show s a 
symboli c distanc e effect .  Tha t  is ,  i t  i s  easie r  an d quicke r  t o 
selec t  th e large r  o f  tw o number s whe n the y ar e numericall y 
dissimila r  tha n whe n the y ar e simila r  (Moye r  &  Landauer , 
1967) .  Thi s "distanc e effect "  ha s bee n foun d i n youn g chil -
dre n (Sekule r  &  Mierkiewicz ,  1977 )  an d eve n i n primate s 
(Washbur n &  Rumbaugh ,  1991 ;  Branno n &  Terrace ,  1998) . 
Thus ,  th e abilit y t o compar e numerositie s coul d b e ontoge -
neticall y an d phylogeneticall y basic . 

Accordin g t o McCloskey ,  Caramazza ,  an d Basili' s  (1985 ) 
model ,  comparin g th e magnitud e o f  tw o numeral s require s 
th e generatio n o f  a n abstrac t  representatio n correspondin g 
t o eac h numeral .  However ,  th e wa y i n whic h th e magni -
tude s o f  thes e abstrac t  representation s ar e compare d i s a n 
unspecifie d process .  I n Dehaene' s (1992 )  triple-cod e model , 
number  compariso n i s  performe d o n th e basi s o f  a n ana -
logu e magnitud e cod e (Dehaen e &  Cohen ,  1995) .  Again , 

th e detail s o f  th e compariso n proces s operatin g o n thes e 
code s i s largel y unspecified .  I n effect ,  numbe r  compariso n 
has no t  bee n simulate d t o ou r  knowledg e withi n a  computa -
tiona l  framewor k (bu t  se e Dehaen e &  Changeaux ,  1993 ,  fo r 
a simulatio n o f  th e preverba l  elementar y abilit y  t o compar e 
smal l  set s o f  u p t o 3- 4 objects) .  Th e seriou s limi t  o f  an y 
verba l  mode l  o f  numbe r  compariso n i s tha t  th e compariso n 
proces s itsel f  an d natur e o f  th e input-outpu t  representation s 
on whic h thi s processe s operate s ar e no t  mad e explicit ;  th e 
corollar y t o thi s fac t  i s  tha t  th e origi n o f  th e classi c effect s 
foun d i n magnitud e compariso n tasks ,  suc h a s th e symbolic -
distanc e an d th e numbe r  siz e effects ,  ar e stil l  poorl y under -
stood . 

Th e symbolic-distanc e effec t  refer s t o th e finding  tha t  th e 
latenc y o f  th e comparativ e judgemen t  i s a n invers e functio n 
of  th e numerica l  distanc e betwee n th e tw o numerals .  Tha t  i s 
t o say ,  i t  i s easie r  (i.e. ,  faster )  t o compar e 3  an d 5  tha n 3  an d 
4.  Thi s classi c result ,  indexe d b y th e "split "  o r  differenc e 
betwee n th e tw o numbers ,  ha s bee n foun d wit h arabl e nu -
meral s (Banks ,  Fujii ,  &  Kayra-Stuart ,  1976 ;  Buckle y & 
Gillman ,  1974 ;  Dunca n &  MacFarland ,  1980 ;  Moye r  & 
Landauer ,  1976 ;  Parkman ,  1971 ;  Sekule r  &  Mierkiewicz , 
1977) ,  pattern s o f  dot s (Buckle y &  Gillman ,  1974) ,  an d 
written-wor d numeral s (Foltz ,  Poltrock ,  &  Potts ,  1984) .  Th e 
number  siz e (o r  serial-position )  effec t  refer s t o th e fac t  that , 
fo r  a  give n symboli c distance ,  pair s o f  smal l  number s ar e 
compare d faste r  tha n pair s o f  larg e numbers .  Again ,  thi s  i s a 
classi c resul t  whic h ha s bee n observe d wit h arabl e numeral s 
(Buckle y &  Gillman ,  1974 ;  Parkman ,  1971) ,  wit h pattern s 
of  dot s (Buckle y &  Gillman ,  1974) ,  an d wit h written-wor d 
numeral s (Folt z e t  al. ,  1984) . 

We presen t  belo w a  connectionis t  mode l  o f  numbe r  com -
parison ,  whic h ca n accoun t  fo r  th e mai n findings  wit h a 
ver y simpl e processin g architectur e an d a  ver y limite d se t  o f 
basi c assumptions . 

Representation of number magnitudes 

What  representation s ar e use d i n th e compariso n tas k t o 
selec t  th e larger ? Th e discoverer s o f  th e distanc e effec t  i n 
numerica l  judgments ,  Moye r  an d Landaue r  (1967 )  stat e 
tha t  "th e decisio n proces s .. .  i s on e i n whic h th e displaye d 
numeral s ar e converte d t o analogu e magnitudes ,  an d a  com -
pariso n i s the n mad e betwee n thes e magnitude s i n muc h th e 
same wa y tha t  comparison s ar e mad e betwee n physica l 
stimul i  suc h a s loudnes s o r  lengt h o f  line. "  (p .  1520) .  The y 
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carefull y separat e th e proces s o f  conversio n o f  symbol s t o 
analogu e representation s fro m th e proces s o f  decidin g 
whic h i s th e larger .  I t  i s  frequentl y assumed ,  however ,  tha t 
th e ke y parametri c finding s shoul d attribute d t o th e proces s 
of  conversio n alone .  Th e rational e fo r  thi s positio n i s ver y 
clearl y state d b y Dehaen e who ,  i n a  serie s o f  papers ,  argue s 
tha t  th e mappin g fro m numeral s t o th e numbe r  lin e i s non -
linear .  Thi s i s becaus e th e lin e i s hel d t o b e compressive , 
tha t  i s  obeyin g Weber-Fechne r  logarithmi c law .  Accord -
ingly ,  th e subjectiv e differenc e betwee n tw o number s wil l 
depen d o n thei r  position s o n th e line ,  tha t  is ,  th e subjectiv e 
differenc e betwee n N  an d N-i- 1 wil l  b e smalle r  a s N  in -
crease s (Dehaene ,  1992 ;  Dehaene ,  Dupou x &  Mehler , 
1992) . 

The similarit y betwee n numerica l  judgment s an d physica l 
judgment s ha s struc k man y othe r  author s includin g Galliste l 
and Gelma n (1992) ,  w h o argu e tha t  th e mechanis m o f 
comparin g th e magnitudes ,  agai n conceptualise d a s ana -
logue ,  o f  tw o number s i s equivalen t  t o comparin g th e 
length s o f  tw o lines .  However ,  thei r  conceptio n o f  analogu e 
magnitud e i s subtl y bu t  importantl y differen t  fro m De -
haene's .  Galliste l  an d Gelma n (1992 )  propos e tha t  th e map -
pin g fro m numbe r  symbo l  (wor d o r  numeral )  t o th e magni -
tud e representatio n i s linear ,  no t  compressive ,  bu t  th e vari -
abilit y  o f  th e mappin g increase s i n proportio n t o th e mag -
nitude .  Fo r  thi s reason ,  "th e discriminabilit y  o f  th e tw o 
number s decrease s a s thei r  mea n numerica l  valu e increases , 
not  becaus e the y ar e subjectivel y close r  together ,  bu t  be -
caus e th e variabilit y  (noise )  i n th e mappin g i s scalar. "  (p . 
57) . 

Analogu e representations ,  however ,  fai l  t o captur e ou r 
intuitiv e notio n o f  whol e numbers ,  an d whole-numbe r 
arithmetic .  Perhap s becaus e o f  ou r  earl y experienc e wit h 
counting ,  w e intuitivel y thin k o f  whol e number s a s meanin g 
not  approximat e analogu e magnitudes ,  bu t  discret e nu -
merosities . 

I n particular ,  w e thin k o f  a  whol e numbe r  a s denotin g th e 
numerosit y (o r  cardinality )  o f  a  se t  wit h discret e members . 
Intuitively ,  w e thin k o f  arithmetica l  operation s o n whol e 
number s i n term s o f  set s an d numerosities .  Fo r  example ,  w e 
thin k o f  th e additio n o f  x  an d y  a s bein g th e numerosit y o f 
th e unio n o f  tw o disjoin t  set s whos e numerositie s ar e x  an d 
y (Giaquinto ,  1995) . 

Our  workin g hypothesi s is ,  then ,  tha t  numbe r  representa -
tion s ar e ordere d b y numerosity :  smalle r  number s denot e 
prope r  subset s o f  th e set s denote d b y bigge r  numbers .  No -
tic e tha t  thi s hypothesi s i s no t  trivial .  I f  w e conceptualis e 
number s essentiall y  a s words ,  the n the y wil l  no t  b e intrinsi -
call y ordere d b y numerosit y magnitude ;  the y wil l  b e instea d 
be intrinsicall y ordere d alon g som e verba l  dimension ,  suc h 
as th e alphabet .  Eve n ordina l  number s ar e no t  ordere d b y 
magnitud e th e firs t  pas t  th e pos t  i s no t  smalle r  tha n th e 
secon d pas t  th e post ,  eve n thoug h 1  i s smalle r  tha n 2 . 

Our  principa l  questio n i s whic h aspect s o f  th e compariso n 
phenomen a shoul d b e attribute d t o th e representatio n o f 
numerica l  magnitude s an d whic h t o th e implementatio n o f  a 
decisio n process .  Th e reactio n tim e dat a fo r  th e judgemen t 
of  physica l  magnitude s acros s a  wid e rang e o f  domain s 
(e.g. ,  lin e length ,  pitch ,  weight )  ar e wel l  represente d b y th e 
equatio n propose d b y Welfor d (1960) : 

RT=a+k log[L/(L-S)] 

where L and S are the larger and the smaller physical 
magnitudes ,  respectively ,  an d a  an d k  ar e constants .  Th e 
same equatio n ha s bee n foun d t o b e th e bes t  predicto r  o f 
number  compariso n reactio n tim e data ,  accountin g fo r  abou t 
5 0 % o f  th e varianc e (e.g. ,  Moye r  &  Landauer ,  1973 ;  De -
haene ,  1989) .  Give n thi s strikin g similarity ,  i t  i s  unclea r 
w hy th e experimenta l  effect s foun d i n numbe r  compariso n 
shoul d b e attribute d t o th e representatio n o f  numerica l 
magnitude s rathe r  tha n t o th e decisio n proces s pe r  se . 

Thi s lea d u s t o th e issu e o f  implementation .  Withi n a  con -
nectionis t  framework ,  a  two-choice  decisio n proces s ca n b e 
implemente d b y tw o node s tha t  compet e wit h eac h othe r  fo r 
respondin g t o th e inpu t  (e.g. ,  Zorz i  &  Umilta ,  1995) .  W h a t 
i s les s straightforward ,  however ,  i s  h o w t o represen t  num -
ber s a s activatio n pattern s ove r  a  se t  o f  processin g units . 
The analogu e " n u m b e r  line "  hypothesi s represent s numbe r 
magnitude s a s point s o r  region s o n a  continuou s psycho -
logica l  dimension .  I n on e o f  th e fe w attempt s t o mode l  nu -
merica l  processe s i n a  neura l  network ,  tha t  i s  McCloske y 
and Lindemann' s (1989 )  mode l  o f  multiplicatio n fact s re -
trieval ,  number s wer e encode d ove r  a n ordere d sequenc e o f 
inpu t  nodes ,  wher e eac h nod e stoo d fo r  a  particula r  number . 
Moreover ,  th e tw o immediat e neighbour s o f  th e numbe r 
wer e activate d a s well :  thu s 5  wa s represente d a s th e activa -
tio n o f  th e nod e labelle d "5 "  plu s (lesser )  activatio n o f  "4 " 
and "6" .  Althoug h thi s provide s som e orderin g o f  numbers , 
"8 "  an d "4" ,  wit h n o overlappin g neighbours ,  woul d acti -
vat e orthogona l  representation s (i.e. ,  node s 7-8- 9 fo r  "8 " 
and node s 3-4- 5 fo r  "4") .  McCloske y an d Lindema n (1989 ) 
di d no t  howeve r  attemp t  t o mode l  numbe r  comparison ,  an d 
i t  i s  no t  clea r  h o w i t  woul d succee d i n capturin g th e distanc e 
effect .  I n an y event ,  thi s representatio n i s ver y differen t 
from ,  an d incompatibl e with ,  a  numerosit y representatio n 
(se e Figur e 1) . 

Our  approac h i s t o represen t  numerosit y magnitud e 
straightforwardl y a s th e numbe r  o f  unit s activated ,  suc h tha t 
bigge r  number s includ e smalle r  numbers ;  therefore ,  fo r 
N > M,  a  se t  wit h M member s ca n b e pu t  i n 1- 1 correspon -
denc e wit h a  prope r  subse t  o f  th e se t  wit h N  members .  Thi s 
representationa l  schem e i s als o know n a s a  "thermometer " 
representatio n (se e Figur e 1 ,  righ t  panel) . 
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McCloskev-Lindeman n Numerosit v magnitude s 

o # # « o o o o 

1 2  3  4  5  6  7  8 1 2  3 

O O  O O  O 

4 5  6  7  8 

O O  O O  O  •  • 

1 2  3  4  5  6  7 8 1 2  3  4  5  6 

•  O 

7 8 

Figur e 1 :  Alternativ e scheme s fo r  representin g number s (to p row :  3 ;  botto m row :  7) .  O n th e 
lef t  i s  th e McCloskey-Lindeman n schem e i n whic h a n inpu t  numbe r  activate s it s ow n repre -
sentatio n and ,  t o a  lesse r  extent ,  it s immediat e neighbours .  O n th e righ t  i s ou r  numerosit y (i.e . 
th e cardinality )  representation ,  wher e eac h numbe r  i s represente d b y a  se t  o f  activate d unit s 
correspondin g t o it s  numerosity . 

The numerosit y representatio n jus t  describe d ha s severa l 
advantages .  First ,  i t  readil y map s ont o lowe r  leve l  percep -
tua l  processe s (e.g. ,  objec t  identification )  an d enumeratio n 
procedure s (e.g. ,  subitizing ,  counting) .  Tha t  is ,  eac h mag -
nitud e incremen t  i n ou r  numerosit y representatio n corre -
spond s t o th e enumeratio n o f  a  furthe r  elemen t  i n th e to-be -
counte d set .  Second ,  i t  entail s tha t  large r  number s ar e mor e 
simila r  t o eac h othe r  tha n smalle r  numbers ,  withou t  assum -
in g a  logarithmi c compression ,  sinc e larg e number s shar e 
more activ e nodes .  Fo r  example ,  9  an d 8  woul d shar e 8 
nodes ,  wherea s 1  an d 2  woul d shar e onl y 1  node .  Thi s ca n 
als o b e formalize d i n term s o f  th e cosin e o f  th e angl e 
forme d b y th e vector s codin g th e tw o numbers .  Finally ,  w e 
do no t  assum e tha t  th e variabilit y  o f  th e mappin g fro m sym -
bol s t o magnitud e representatio n increase s wit h siz e a s Gal -
liste l  an d Gelma n (1992 )  proposed .  Rather ,  th e mappin g i n 
our  schem e i s linea r  an d no t  noisy . 

M o d el  o f  n u m b e r  compariso n 

Architecture 

The mode l  i s implemente d i n a  network ,  i n whic h eac h nod e 
i s associate d wit h a n activatio n value .  Node s ar e connecte d 
by weighte d links ,  whic h ma y b e excitator y (positive )  o r 
inhibitor y (negative) . 

We assum e tha t  numbe r  compariso n i s performe d o n th e 
basi s o f  magnitude ,  "semantic "  code s (e.g. ,  McCloske y e t 
al. ,  1985 ;  Dehaene ,  1992) .  Therefore ,  thi s leve l  o f  repre -
sentatio n i s use d a s inpu t  dat a fo r  th e model .  Th e number s 
t o b e compare d ar e eac h represente d b y a  se t  o f  9  nodes , 
whic h ar e activate d accordin g t o th e "numerosit y magni -
tude "  schem e discusse d above .  Th e representatio n o f  th e 
tw o possibl e response s (lef t  o r  righ t  button-press ,  t o indicat e 
whic h o f  th e number s i s th e larger )  consist s o f  tw o nodes , 
whic h w e cal l  th e "respons e system "  (se e Zorz i  &  Umilta , 
1995) .  Activatio n value s o f  th e inpu t  node s (numbe r  mag -
nitudes )  ar e i n th e [0,1 ]  range ,  wherea s i n th e respons e sys -
te m suppresse d state s (modelle d a s negativ e activations )  ar e 
permitted .  I n thi s cas e th e rang e o f  activatio n i s [-1,1] ,  bu t 
onl y positiv e activation s propagat e throug h th e connections . 
At  stimulu s onset ,  th e relevan t  inpu t  node s ar e clampe d t o 
th e "  1 "  value . 

The respons e syste m incorporate s a  competitiv e mecha -
nism ,  that ,  vi a latera l  inhibition ,  implement s respons e com -
petitio n (e.g. ,  Zorz i  &  Umilt̂ ,  1995) .  Thus ,  th e respons e 
syste m ca n b e represente d a s a  dipole ,  wher e tw o mutuall y 
exclusiv e response s compete :  eac h respons e nod e ha s a n 
inhibitor y connectio n t o th e othe r  node .  Th e stat e o f  eac h 
respons e nod e change s smoothl y ove r  tim e i n respons e t o 
influenc e (o f  bot h excitator y an d inhibitor y kind )  fro m th e 
othe r  node s o f  th e networ k (magnitud e node s fo r  th e tw o 
numbers ,  an d th e othe r  respons e node) .  Fo r  simulatio n pur -
poses ,  continuou s tim e unit s ca n b e approximate d wit h dis -
cret e tim e units ,  i n whic h tim e i s discretize d int o tick s o f 
some duratio n T .  Therefore ,  th e ne w stat e o f  eac h respons e 
node a t  tim e r-hti s  a  weighte d averag e o f  it s  curren t  stat e a t 
tim e t  an d th e stat e dictate d b y it s externa l  input ,  accordin g 
t o th e followin g equations : 

a 
U+t ]  _ 
J 

[/ ] = TG{net. )  +  ( 1 -  T  )a y 4 -  T ] (1 ) 

wher e a ,  i s th e activatio n leve l  o f  th e respons e nod e / ,  an d 
net j  i s th e externa l  inpu t  t o j ,  an d T  i s a  paramete r  definin g 
th e weightin g proportio n tha t  determine s ho w graduall y th e 
stat e o f  th e nod e change s ove r  time .  Not e tha t  r ]  represent s a 
smal l  rando m noise ,  whic h give s th e mode l  non -
deterministi c (stochastic )  properties . 

To boun d th e activatio n value s i n th e rang e [-1,1] ,  th e 
functio n a{x )  i n (2 )  i s a  S-shape d squashin g functio n 
(hyperboli c  tangent) : 

G{X)  = 
\  +  e -Xx - 1 (2 ) 

wher e A  i s a  "temperature "  paramete r  definin g th e sigmoida l 
shap e o f  th e function .  Th e ne t  inpu t  (externa l  input )  t o th e 
respons e node s i s give n by : 

net .  = {L^ i jO^ - ^~a , (3 ) 

wher e Wy i s th e weigh t  o f  th e connectio n fro m th e inpu t 
node i  t o th e respons e nod e j ,  Oj  i s th e outpu t  o f  th e inpu t 
node i ,  qj ^  i s th e activatio n o f  th e othe r  respons e node ,  an d 
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w i s th e weigh t  o f  th e inhibitor y Hn k fro m th e othe r  re -
spons e node .  Fre e parameter s fo r  al l  simulation s reporte d i n 
thi s paper :  A=4 ,  t^O.Ol ,  77=rando m gaussia n nois e (mea n = 
0,  standar d deviatio n =  0.01) . 

Afte r  stimulu s onse t  (i.e. ,  activatio n o f  th e relevan t  nu -
merica l  magnitudes) ,  th e syste m i s allowe d t o cycl e unti l 
ther e i s a  winnin g node .  W e simpl y assum e tha t  a  respons e 
occur s whe n th e differenc e betwee n th e activation s o f  th e 
tw o respons e node s exceed s a  certai n threshold .  Th e num -
ber  o f  cycle s require d b y th e syste m t o settl e represent s a 
measur e o f  th e reactio n tim e (RT )  i n respondin g t o th e 
stimulus . 

The connection s linkin g th e magnitud e node s fo r  th e tw o 
number s wit h th e respons e syste m ar e learn t  i n th e mode l  b y 
simpl e associatio n o f  th e inpu t  wit h th e require d response . 
Thi s i s don e i n th e mode l  b y simpl e "hebbia n learning" :  a 
connectio n i s strengthene d i f  th e activatio n o f  th e node s tha t 

i t  connect s ar e correlate d (e.g. ,  bot h node s ar e active) .  For -
mally : 

W.J =  £  a.a ^ (4 ) 

wher e Wy i s th e weigh t  o f  th e connectio n betwee n th e 
node s /  an d ;' ,  an d a ,  an d a j  ar e th e activatio n value s o f  th e 
tw o nodes ,  an d e  i s a  smal l  learnin g rate . 

Learnin g i s don e i n a  "one-shot "  fashion ,  i n th e sens e tha t 
th e 7 2 possibl e inpu t  pattern s (i.e. ,  al l  combination s o f  tw o 
1- 9 digits ,  excludin g th e ties )  ar e presente d jus t  once ,  si -
multaneousl y wit h th e require d response .  Th e connection s 
involve d i n th e learnin g phas e ar e thos e fro m th e magnitud e 
node s t o th e respons e nodes .  Th e model' s architecture ,  wit h 
it s node s an d connections ,  i s  depicte d i n Figur e 2 .  No t  sur -
prisingly ,  th e connection s linkin g uncorrelate d node s ar e no t 
strengthened . 

Respons e Syste m 

Lef t  numbe r Righ t  numbe r 

Figur e 2 :  Architectur e o f  th e model .  Th e connectio n linkin g th e tw o respons e node s i s 
an inhibitor y dipol e implementin g respons e competition .  Al l  connection s fro m magni -
tud e representation s t o respons e syste m ar e excitatory . 

Result s 

The mode l  wa s presente d wit h th e numerosit y representa -
tion s o f  al l  possibl e pair s o f  singl e digi t  number s (1-9) .  Ac -
tivatio n o f  th e magnitud e node s propagate s graduall y t o th e 
respons e nodes ,  an d th e mode l  i s allowe d t o cycl e unti l  re -
spons e criterio n i s reached ,  whic h consist s i n th e differenc e 
of  th e activation s o f  th e tw o respons e nodes ;  w e assum e tha t 
a respons e ca n b e unambiguousl y selecte d whe n thi s differ -
enc e become s equa l  t o [0.5 ]  o r  bigger .  A t  tha t  point ,  th e 
number  o f  cycle s neede d b y th e syste m t o reac h respons e 
threshol d i s take n a s a  measur e o f  th e reactio n time .  Cru -
cially ,  thi s wil l  i n tur n depen d o n th e amoun t  o f  competitio n 
betwee n th e tw o nodes .  Not e tha t  respons e competitio n i s 

what  account s i n genera l  fo r  th e relevan t  par t  o f  empirica l 
RTs,  acros s domain s a s differen t  a s attentio n (e.g. ,  Cohe n & 
Huston ,  1994 ;  Houghto n &  Tipper ,  1994 ;  Zorz i  &  Umilta , 
1995 )  an d readin g alou d (e.g. ,  Zorzi ,  Houghton ,  &  Butter -
worth ,  1998) . 

The presenc e o f  nois e i n th e activatio n functio n o f  th e re -
spons e node s implie s tha t  th e mode l  ca n exhibi t  a  relativ e 
variabilit y  i n th e respons e times .  Therefore ,  eac h pai r  o f 
number s i s presente d 10 0 time s t o th e model ,  an d a  mea n 
RT i s compute d fo r  eac h pair .  Th e mea n R T s produce d b y 
th e mode l  ar e analyse d b y regressin g th e standar d structura l 
variable s (th e magnitude s o f  th e tw o numbers ,  an d thei r 
difference )  ont o them .  Th e tw o mai n effect s tha t  ar e usuall y 
foun d i n a  numbe r  compariso n tas k ar e th e distanc e o r 
"split "  effec t  (i.e. ,  R T s increas e a s th e differenc e betwee n 
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th e tw o number s become s smaller )  an d th e numbe r  siz e 
effec t  (i.e. ,  R T s increas e a s th e siz e o f  th e tw o number s in -
creases) .  A  variabl e tha t  i s standardl y use d t o inde x th e lat -
te r  effec t  i s  th e su m o f  th e tw o numbers .  A  linea r  regressio n 
ont o th e model' s RT s showe d tha t  th e spli t  account s fo r 
4 0 . 3 % o f  th e varianc e (p<.001 )  an d th e su m account s fo r 
57 .6 % o f  th e variance .  A  differen t  variable s tha t  ha s bee n 
ofte n reporte d a s a  goo d predicto r  o f  compariso n time s i s 

th e Welfor d function ,  i.e .  Lo g (Larger-Smaller)/Larger)) . 
Used a s a  predicto r  o f  th e model' s RTs ,  th e Welfor d func -
tion s account s fo r  88.3 % o f  th e variance .  A s wit h huma n 
performance ,  th e reactio n time s produce d b y th e mode l  ar e 
sensitiv e t o th e differenc e betwee n th e tw o number s (i.e. , 
split )  an d t o th e overal l  siz e o f  th e tw o numbers .  Th e effec t 
of  th e spli t  ca n b e see n mor e clearl y i n Figur e 3 . 

© 2 7 -

spli t 

Figure 3: Graph shows the effect of the split (difference between the two 
numbers )  o n th e numbe r  o f  cycle s tha t  th e syste m need s t o selec t  a  response . 

G e n e r a l  Discuss io n 

We hav e modelle d numbe r  compariso n fo r  th e first  time , 
and hav e don e i t  i n suc h a  wa y tha t  seem s t o captur e ou t 
intuitiv e understandin g o f  whol e numbers .  Thi s show s tha t 
analogu e representation s o f  numbe r  magnitude s ar e no t 
necessar y t o fit  th e dat a fro m compariso n tasks ,  a s ha s bee n 
ofte n claimed .  Th e crucia l  point ,  however ,  i s  tha t  magnitud e 
representation s nee d no t  b e compresse d i n orde r  t o observ e 
a Weber-Fechne r  logarithmi c effec t  i n numbe r  comparison , 
contrar y t o th e claim s o f  Dehaen e an d hi s colleagues .  I n ou r 
simulation ,  numeral s wer e mappe d linearl y o n t o magnitud e 
representations ,  an d th e compressiv e effec t  o n th e compari -
so n time s emerge s b y virtu e o f  th e non-linea r  interaction s 
tha t  ar e intrinsi c t o th e decisio n proces s itself .  Th e non -
linea r  squashin g functio n i n th e respons e unit s produce s a 
compressio n o f  th e inpu t  magnitude s whic h i s large r  fo r 
bigge r  numbers .  I t  i s  als o no t  necessar y t o postulat e tha t 
magnitud e representation s hav e th e propert y o f  scala r  vari -
ability ,  tha t  is ,  tha t  th e standar d deviatio n o f  mappin g fro m 
numeral s t o magnitude s increase s wit h th e mea n magnitude s 
of  th e numbers ,  a s claime d b y Galliste l  an d Gelma n (1992) . 

Ther e ar e tw o mai n psychologica l  advantage s o f  linea r 
mappin g fro m numbe r  symbol s t o numbe r  magnitudes .  Fo r 
one thing ,  i t  correspond s t o ou r  intuitiv e notio n tha t  eac h 
countin g incremen t  whe n enumeratin g a  se t  o f  object s i s 
equivalent ,  regardles s o f  th e siz e o f  th e set .  Secondly ,  thes e 

magnitude s ar e appropriat e fo r  arithmetica l  operation s o n 
whol e numbers ,  whic h ar e linear ,  wherea s compressiv e rep -
resentation s woul d no t  be .  A s Galliste l  an d Gelma n note , 
"th e concatenatio n o f  menta l  magnitude s i s isomorphi c t o 
additio n o f  th e correspondin g values. "  (1992 ,  p .  57) . 
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