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Modulates Stroop-Like Interference
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Thirty undergraduates participated in an experiment investigating the effect of the arithmetic difference
between stimulus identity and stimulus numerosity in a numerical version of the Stroop task. It was found
that digits symbolically close to the enumeration response reliably produced larger interference than digits
that were farther from the enumeration response. This semantic distance effect (SDE) was found with differ-
ent numerosities (B) and different enumeration processes (counting and subitizing), and it increased as a
function of numerosity in the subitizing range. These findings suggest that digit identity autonomously
activates a magnitude representation organized as a compressed number line.

Interference paradigms have been widely usedlence that the semantic representation of irrel-
to investigate which representations are automatievant words is activated in the Stroop task comes
cally activated when nonrelevant or interfering from experiments that have shown a “semantic
visual objects are displayed. Among the mostgradient” of interference. These studies showed
important interference paradigms is the Stroopthat interference in the color-naming task in-
task (Stroop, 1935; see MacLeod, 1991, for a comereases as a function of the semantic association
prehensive review). In Stroop’s original work, between the word and the concept of color (e.g.,
participants named the ink color of incongruousKlein, 1964).
color-word stimuli. Relative to control stimuli Comparison judgment is another task in which
consisting of color patches, slower response timethe degree of symbolic similarity between stimuli
(RTs) were reported when the word (theaffects performance. The symbolic distance ef-
nonrelevant dimension) was the name of a differfect (SDE; Moyer & Bayer, 1976) is a general
ent color than that of the ink (the relevant dimen-phenomenon that has been found when individu-
sion). These results showed that, when particials compare numbers or other symbols that can
pants were required to name the color, thebe associated with continuous object dimensions.
nonrelevant word was processed and interferedypically, the time required to compare two sym-
with the production of the correct response. Evi-bols on a given dimension varies inversely with

the distance between their referents. When num-
bers are used, the latency of the comparative judg-

We thank Steven Keele and Michael Posner for the use ofnent is an inverse function of the arithmetic dif-
the laboratories and for their helpful comments. We are
indebted to Amy Hayes and Scott Doran for editing sug-ference between the two numbers (Moyer &

gestions. We would also like to thank Stan Dehaene, Lané'andauer’ 1_967; Parkman_’ 1971). A!thOUQh the
Trick, Raymond Klein, and an anonymous reviewer for their SDE was originally found in comparison tasks,
helpful comments and suggestions on earlier drafts of thiseveral studies have shown that this effect is a
article This research was supported by grants from the Italmore general property of number representation
lan Consiglio Nazionale delle Ricerche. and is also found in tasks in which no compari-
Correspondence concerning this article should be addresseson is required (Brysbaert, 1995; Dehaene &
to Antonella Pavese, Department of Psychology, Collegepkhavein, 1995). It has been suggested that the
of Arts and Sciences, 1227 University of Oregon, Eugene,SDE is the result of the activation of a magnitude

Oregon 97403-1227. Electronic mail may be sent to . . d with | d
pavese@darkwing.uoregon.edu. representation associated with numerals an




SDE Modulates Stroop Interference 2

analogous to a compressed number line (Moyer In his review on the Stroop effect, MacLeod
& Landauer, 1967; Restle, 1970). (1991) concluded that: “Compared with naming
In the present study, we wanted to replicatethe ink color alone, irrelevant verbal stimuli un-
the effect of symbolic distance between stimulusrelated to the concept of color interfere only mini-
dimensions on Stroop interference. Previous studmally with color naming. However, as the word’s
ies (Hock & Petraseck, 1973; Pavese & Umilta,semantic association to the concept of color in-
1997) have found that, when participants are askedreases, so does its potential to interfere.” (p. 173).
to enumerate inconsistent digits in a display, theAccording to this view, interference depends on
amount of Stroop-like interference depends on thehe strength of the association between the cat-
arithmetic difference between the identity of the egory of the nonrelevant dimension (colors) and
irrelevant digits and the number of items in thethe category of the response (color names). How-
display (e.g., the enumeration response). Our maiever, it is also possible that the degree of associa-
purpose was to investigate whether the modulation between the particular values of relevant and
tion of the interference effect would be consis-nonrelevant dimensions in a certain trial might
tent with the activation of a magnitude represen-determine the amount of Stroop interference. This
tation organized as a compressed number line. hypothesis is supported by recent evidence show-
ing that perceptual similarity between the color
Stroop In_terferenpe_and of the ink and the color designated by the word
~ Semantic Association affects the amount of Stroop interference. Klopfer
~ Klein (1964, Experiment 1) measured Stroop 199g) has shown that words that denote a color
mterfert_ance in s_lx_condltlons that differed in the 4t is highly similar to the color-naming response
semantic association bgtweer_1 nonrelevant word§e_g_, the word GREEN in blue) yield more inter-
and the relevant color dimension: (&) color Wordstgrence than words that denote a color that is dis-

included in the response set (the standard inconsjmiiar from the color-naming response (e.g., the
gruent condition); (b) color words not included \,,rq4 ORANGE in blue).

in the response set; (c) common English words
semantically associated with the colors; (d) com- Numerical Variations of the Stroop Task
mon English words not associated with the col- Windes (1968) first reported that performance
ors; (e) rare English words; (f) nonsense syllablesin an enumeration task was slower when the
and (g) groups of asterisks. The results revealed stimuli being counted were incompatible Arabic
continuum of interference from nonsense syl-numerals, and several studies have replicated these
lables, which produced a small but reliable delayresults (Shor, 1971; Flowers, Warner, and
in the color-naming latency, to the standard in-Polansky, 1979). Using a card-sorting task in
congruent condition, which showed the strongeswhich participants were required to order a group
interference effect. Klein concluded that the of cards according to the number of symbols
amount of interference was influenced by the fre-printed on them, Morton (1969) found that num-
quency of the word as well as its relatedness tder words and digits caused interference and noted
the concept of color. that this interference effect was larger when the
Several studies have confirmed this semantigionrelevant digits belonged to the response set.
gradient effect and have shown that interference Fox et al. (1971) found that an interference
increases as a function of the strength of the assg@radient similar to the semantic gradient found
ciation between irrelevant words and the concepby Klein (1964) in the domain of color also oc-
of color (Fox, Shor, & Steinman, 1971; Proctor, curred in the domain of numerosity. They reported
1978; Redding & Gerjets, 1977; Scheibe, Shaverincreasing interference as the semantic associa-
& Carrier, 1967). Some studies have extended thiion between the concept of number and the sym-
result to other domains, such as numerosity andols to be counted increased. These symbols in-
spatial direction (e.g., Fox et al., 1971). cluded circles, abstract shapes, letters, common
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words, Arabic numerals not included in the re-Hinrichs et al., 1981). The SDE does not disap-
sponse set, and, within the response set, incorpear with extensive practice (Poltrock, 1989), is
gruent Roman numerals, Arabic numerals andbbserved early in childhood (Duncan &
number names. McFarland, 1980; Sekuler & Mierkiewicz, 1977),
Another numerical variation of the Stroop para-and can be found in different linguistic commu-
digm was developed by Francolini and Egethnities (Dehaene et al., 1990).
(1980, Experiments 2 and 3), who instructed par- The SDE has also been found with paradigms
ticipants to enumerate red items in a circular disthat used numbers but did not require any com-
play consisting of red and black items. Comparedarison, such as naming tasks. Marcel and Forrin
with a neutral condition in which letters had to be (1974, Experiment 4) presented digits between 2
enumerated, Stroop-like interference was foundand 9 and asked participants to name them. They
when the red items were digits that were incon<found a priming effect that varied as a function of
sistent with the enumeration response and a fathe distance between the target digit and the prime
cilitation effect was found when the red items weredigit. In a similar experiment, den Heyer and
compatible digits. Briand (1986) asked participants to name single
letters, asterisks, and digits. Naming a number was
facilitated if the previous stimulus was another
number rather than a letter or an asterisk. Fur-

The SDE in Number Comparison
Moyer and Landauer (1967) first reported that
the RT tOJUdge.Wh'Ch OT two d'g'.ts was the l.argerthermore, the amount of priming was larger for
was an approximately inverse linear function Ofclose digits and decreased with the distance be-
the numerical difference between the two stimu- . .-
. : tween prime and target digits. More recently,
lus digitst and named this effect the SDE. The P get dig y

SDE al h icioant : (frysbaert (1995) found that when participants
also occurs when participants are requireqe 5y 5 sequence of numbers, reading was facili-
to compare objects in memory on a certain di-

tated if the previous number had a close value.

mension. For instance, Moyer (1973) found thatUsing a different experimental paradigm, in which

in judging Wh'.Ch oftwo anl_mal names represe_nte articipants had to judge whether a probe digit
the larger animal, RT varied as an inverse linea

functi fthe | thm of th iimated diff as included in a previously presented set of tar-
unction ot the fogarithm ot the estimated ditter- get digits, Morin, Derosa, and Stultz (1967) found
ence in animal size.

S I hers h . tigated th SD‘t:uhat latencies for the “no” responses varied as a
ceveralresearchers have investigated the nction of the distance between the probe digit
for numerical comparisons (Aiken & Williams,

i ' and the target set: Close probes were rejected
1968; Banks, Fujii, & Kayra-Stuart, 1976; slower than far probes. Duncan and McFarland
Dehaene, Dupoux, & Mehler, 1990; Duncan &

(1980) found that same-different judgments were
McFarland, 1980; Folz, Poltrock, & Potts, 1984; - .
' ' ’ ’ ’ " al ffect th | dist between
Henik & Tzelgov, 1982; Hinrichs, Yurko, & Hu, also affected by the numerical distance betwe

.~ ' two numbers. The wide generality of this phe-
1981; Parkman, 1971; Sekuler & Mierkiewicz
’ ’ ' ' homenon led Dehaene (1992) to contend that the
1977; Sekuler, Rubin, & Armstrong, 1971) and n ( )

tound a simil lati hio bet RT and SDE is a universal characteristic of human nu-
ound a similar relationship between and num- o cognition.

bers to be compared. The SDE appears to be con-
tinuous in two-digit numbers, with a significant The SDE and Stroop Tasks

influence of the units and with little or no discon-  In numerical variations of the Stroop task, par-
tinuity at decade boundaries (Dehaene et al., 199Qicipants respond to the number of items in the
display and ignore their identity. In the semantic
1. In particular, the equation proposed by Welford (1960)dgradient version of this paradigm, two variables

best describes the experimental results of Moyer an : . it
o re usually manipulated: (a) the association be-
Landauer (1976) and Parkman (1971). Reaction times wer y P (@)

defined as RT a +b log [(minimum/distance) + 1], where ?Ween printed symbols and the concept of num-
distance is the difference in stimulus values and minimumb€r and (b) the congruence between the enumera-
is the smaller of the two stimulus values.
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tion response and numerical symbols. The literadisplay with four 3s) or symbolically far (e.g., a
ture on the SDE suggests that, in an enumeratiodisplay with four 1s) from the enumeration re-
task, the strength of the association between aponse. The results showed that inconsistent close
relevant dimension (i.e., the number of items indigits always yielded greater interference than
the display) and a nonrelevant dimension (i.e., thenconsistent far digits regardless of the number
identity of the items) can be manipulated by vary-of items to be counted (four or five). Furthermore,
ing the arithmetic distance between the correcdigit identities larger and smaller than the enu-
response and the magnitude represented by thmeration responses yielded a similar amount of
digits. The semantic gradient effect suggests thainterference.
this manipulation should result in a change inthe In the current study, this effect was further
interference effect. Displays in which the items explored to verify the hypothesis that the SDE is
to be counted represent a quantity that is symrelated to the activation of the magnitude repre-
bolically close to the enumeration response (e.g.sentation of irrelevant Arabic numerals.
a display with four 5s) should be enumerated
slower than displays in which the items represent This experiment was designed to investigate
a quantity that is symbolically far from the enu- two important characteristics of the effect of sym-
meration response (e.g., a display with four 7s) bolic distance on Stroop interference in enumera-
The presence of the SDE in a numerical Stroogion tasks. First, we wanted to verify whether the
task would demonstrate that the amount of intereffect of symbolic distance on interference was
ference is related not only to the strength of theaffected by the type of enumeration process
association between the nonrelevant dimensiorisubitizing or counting) that participants used.
and the relevant domain (e.g., between theSubitizing is the effortless, confident, fast, and
nonrelevant word and the concept of color in aaccurate enumeration process for a small number
color-naming task) but also between the particu-of items (Kaufman, Lord, Reese, & Volkmann,
lar value of the nonrelevant and relevant dimen-1949; Mandler & Shebo, 1982). The subitizing
sions in that trial (e.g., the color denoted by therange is widely defined as-4, although the lit-
word and the color of the ink; Klopfer, 1996). erature reports different estimates, and relevant
Hock and Petrasek (1973, Experiment 3) firstindividual differences have been found (Atkinson,
reported that the arithmetic distance between iten€ampbell, & Francis, 1976; Mandler & Shebo,
identity and numerosity can affect enumeration1982; Trick & Pylyshyn, 1993; 1994). Counting
latencies. In their experiment, participants wereis a process that can handle a larger number of
presented with lists of digit strings that had to beitems but is slow, effortful, and error prone. Both
enumerated, ignoring their identity. When digit processes can be defined as “enumeration” (Trick
identity was close to the enumeration respons& Pylyshyn, 1994). Subitizing and counting are
(e.g., 33), response latencies were longer thacharacterized by typical patterns of latencies and
when digit identity was far from the enumeration error rate. In the subitizing range RT increases
response (e.g., 55). Pavese and Umilta (1997) useagliably but slowly (slope = 40-100 ms) as a func-
Francolini and Egeth’s (1980) paradigm to verify tion of numerosity, whereas in the counting range
the effect of symbolic distance on a numericalRT increases faster (slope = 250-350 ms; Trick &
version of the Stroop task. Circular arrays of greerPylyshyn, 1994). Errors are typically low for
and red items were presented for 200 ms and themumerosities of 1-3 and increase for larger
masked. The task was to enumerate the red itemsumerosities (Mandler & Shebo, 1982). In this
and ignore the green ones. Red items could bexperiment, we used the first nine digits and sev-
letters (the neutral condition), digits consistenteral combinations of enumeration responses and
with the enumeration response, or digits incon-nonrelevant digits. The effect of symbolic distance
sistent with the enumeration response. Inconsisen interference was tested for numerosities that
tent digits could be symbolically close (e.g., abelong to the subitizing range (1-5) and to the
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counting range (5-9). numerosities that were included in the counting

Another purpose of this study was to investi-range. Letters were used as items to be counted
gate the characteristics of the representation urfor the neutral condition. Within each experimen-
derlying the SDE, measuring interference varia-tal group all the possible combinations of num-
tions as a function of numerosity and item iden-ber of items and identities were used, for a total
tity. It has been proposed that the magnitude obf 30 cells (5 display numerositig$ nonrelevant
numbers is represented as a compressed numbikem identities) in each group.

line, in which the symbolic distance between one _
Afpparatus and Materials

number and the next decreases as a function 0 : . .
The experiment was carried out on a Macintosh

numerosity (Dehaene, 1992; Restle, 1970). Stroop . ... )
. ) . . ci. Stimulus displays were generated and con-
interference is known to increase as a function o

olled by the software Psyscope (Cohen,

the degree of_ asso<_:|at|on b(_etween .relevant an acWhinney, Flatt & Provost. 1993). and pre-
nonrelevant dimensions (Klein, 1964; MacLeod, : .

o .’sented on an Apple color monitor. The display

1991). If one assumes that symbolic distance is a . . .

S was a standard phosphorous display with a graphic

measure of the strength of the association between :

: resolution of 64 480. The computer recorded

two number representations, one should expect

: vocal enumeration RT in microphone con-
that the amount of interference caused by ocal enumeratio S using a microp

- .__“nected to the computer through a response box.
nonrelevant digits would not only be a function
) SN he accuracy of the recorded latency wdsms.
of the arithmetic distance between the nonreleva : . - ,
o ) : he identity of the participant’s vocal response
digit identity and the enumeration response but .
was manually entered by the experimenter at the

also of the absolute value of the enumeration re- : ) . )
; . ) end of each trial. The screen intensity was adjusted
sponse (e.g., its position on the number line). Fo

; . . {o an easy reading level and was maintained at
instance, according to the compressed number lin

. . | throughout the experiment. Stimuli ap-
hypothesis, because the distance betweenlandﬁ}at level throughout the experiment. Stimuli ap

is larger than the distance between 8 and 9, thgeared In red against a black background. Each
€lement was located at one of 18 equally spaced

digit 1 should produce less interference on theiocations on the circumference of an imaginary

enumeration of a t\_/vo-ltem d_lspl_ay tha_n the OIIgItcircle. At the viewing distance of 65 cm, the cen-
8 on the enumeration of a nine-item display.

ter-to-center distance between the two diametri-
Method cally opposed stimulus elements subtended a vi-
sual angle of approximately 4.1The mean vi-
sual angle between the edges of two adjacent po-
sitions was approximately 0.5Each item sub-
tended a visual angle of approximately °Oir2
height and 0.Z4in width. The symbols were dis-
played using the Macintosh system font Times
(type size = 14 points).

The items were randomly distributed on the
circumference. In the subitizing condition, two
Design items were never presented in adjacent positions.

Participants in the subitizing group were pre-Stimuli were either randomly selected uppercase
sented with numerosities between 1 and 5letters (A, C, G, H,K, L, M, P,R, U, V, Y, andZ)
whereas participants in the counting group wereor the digits 1, 2, 3, 4 and 5 for the subitizing
presented with numerosities between 5 and 9group and 5, 6, 7, 8, and 9 for the counting group.
Therefore, the subitizing group responded toA white fixation cross was presented in the cen-
numerosities that were included in the subitizingter of the imaginary circle for the duration of the
range, whereas the counting group responded ttial.

Participants

Thirty undergraduate students at the Univer-
sity of Oregon patrticipated in the experiment. All
had normal or corrected-to-normal visual acuity.
They were tested individually in two sessions of
approximately 50 min each. Participants were
randomly assigned to one of two experimental
groups: subitizing and counting.
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Procedure RT data. In the subitizing group, the main
The experiment took place in a sound-attenu-effect of numerosity was significari(4, 56) =
ated, dimly lit room. Participants viewed the 33.23,MSe = 4,666p < .0001. Planned compari-
stimuli binocularly at a distance of about 65 cmsons showed that all the differences were signifi-
from the display. They were tested in two experi-cant s < .05), with the exception of four- and
mental sessions. In each session, participants pefive-item displays, which did not significantly
formed seven blocks of 60 trials each. At the endliffer from each other. Linedf(1, 56) = 118.8
of each block, visual feedback was presented that .0001, and quadratiE(1, 56) = 11.6p < .005,
informed the participant of his or her average re-contrasts were significant. The increment of RT
sponse latency and percentage of correct trials. as a function of numerosity averaged 25 ms.
The procedure for each trial was the follow- In the counting group, numerosity was also
ing: (a) A fixation cross was presented for 800significant,F(4, 56) = 132.3MSe = 121,648 <
ms, (b) the stimulus display was presented untilO001. Planned comparisons showed that RTs for
the vocal response was recorded, (c) using theach numerosity significantly differed from all the
computer keyboard, the experimenter entered thether numerositiespé < .005). Lineak(1, 56) =
identity of the response, and (d) 2.5 s elapsed frod95.0,p < .0001, and quadratig(1, 56) = 28.6,
the end of a trial to the onset of the next trial. p <.001, contrasts were significant. The average
In each session, participants began with a pracslope of RT as a function of numerosity was 256
tice block of 30 trials followed by the seven ex- ms.
perimental blocks. Participants were allowed to  Error data. The same analyses were carried
rest as long as desired between trial blocks. Theput on error percentages. In the subitizing group,
responded to 420 trials in each session, for a totahe main effect of numerosity was significdf(,
of 840 trials. Therefore, each participant contrib-56) = 23.63MSe = 7.085p < .0001. Planned
uted with 28 trials to each of the 30 experimental

conditions Figure 1. Mean reaction times (RT; in millisec-
' onds) and error percentage as a function of
Results numerosity.

Median RTs and error percentages were cal- 22007
culated for each condition for each participant iggg O Subitizing Group
after removing trials containing incorrect re- | % CouningGrow
sponses (see Table 1). Both RTs and error perz 1400 -
centages were entered into analyses of varianc§ 1,200
(ANOVAS) carried out separately on each experi- 121
mental group to assess the effect of numerosity 222 o oo
on RT and accuracy. Additional ANOVAs were 400 -
performed to investigate the effects of symbolic 0

distance on Stroop interference.

Numerosity

Numerosity Analyses 70
Separate analyses were carried out on median .| O subitizing Group

RTs g_n;l error rates fc_)r each experimental group  _ | g counting Group —

(subitizing and counting). The average RTs and

percentages of errors are plotted in Figure 1. 07

Error %

3.0 1

2.0
2. We excluded the letters that are visually similar to num- 1.01 H
bers (e.g., | or O) and the letters that are initials of the num- ool ] ] [ ] | | | | |
2 3 4 5 6

ber names included in the response set (e.g., O, T, F, S, E, 1
and N). Numerosity

7 8 9
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Table 1
Mean latencies (in ms) and error rate (in percentage) as a function of Numerosity and Digit Identity.

Subitizing Group

Digit Identity
Numerosity 1 2 3 4 5 Letter
One 537 (0.0) 568 (1.3) 560 (0.7) 563 (0.2) 567 (0.5) 566 (0.0)
Two 615 (0.2) 588 (0.7) 620 (0.0) 616 (0.7) 611 (0.2) 606 (0.2)
Three 624 (0.2) 630 (0.5) 607 (0.0) 645 (1.2) 627 (0.2) 619 (0.5)
Four 658 (1.2) 656 (1.2) 667 (1.7) 624 (0.7) 680 (2.7) 651 (1.4)
Five 656 (5.5) 653 (4.6) 658 (2.4) 674 (5.0) 631 (1.7) 653 (2.1)
Counting Group
Digit Identity
Numerosity 5 6 7 8 9 Letter
Five 900 (0.5) 959 (2.7) 928 (1.8) 933 (2.2) 918 (2.0) 918 (1.1)
Six 1274 (3.9) 1272 (3.9) 1299 (2.9) 1246 (3.7) 1287 (4.7) 1289 (3.1)
Seven 1708 (7.8) 1676 (5.0) 1684 (6.1) 1737 (5.5) 1687 (5.7) 1710 (7.2)
Eight 1814 (6.5) 1798 (8.4) 1864 (7.3) 1745 (6.9) 1799 (9.5) 1857 (8.3)
Nine 1981 (4.7) 1930 (7.7) 1937 (9.7) 1934 (6.4) 1920 (5.1) 2011 (6.0)

comparisons showed that error rates for displaysiumerosities 3 and 7, for which inconsistent dig-
with one, two, and three items did not differ butits could either be greater or smaller than the enu-
that they were significantly lower than error ratesmeration response, the average of the two incon-
for displays with four and five itemsp K .05).  sistent closef1) and inconsistent far conditions
Five-item displays were responded to less accug+2) were averaged togetier

rately than four-item displayg (< .001).

In the counting group, numerosity was also RT data. The main effect of group was sig-
significant,F(4, 56) = 10.434M1Se = 52.324p <  nificant,E(1, 28) = 280.2M1Se = 89719 < .0001.
.0001. Planned comparisons showed that display$he subitizing group was faster than the count-
with five and six items had a significantly lower ing group (618 and 1,534 ms, respectively). The
error rate than displays with seven, eight, and ninenain effect of condition was also significa(3,
items. 84) = 12.20MSe = 891.2p < .0001. The mean
L RTs were 1,051, 1,088, 1,093, and 1,072 for the
Symbolic Distance and Interference Analyses . . . .

consistent, neutral, inconsistent close, and incon-

To investigate the effect of symbolic distance _. o .
: : sistent far conditions, respectively. Planned com-
and enumeration process on Stroop interference

we conducted two-way mixed ANOVAS on me- Parisons indicated that consistent trials were faster

dian RTs and error percentages. The between-sutr-lan the other trial(29) = -4.83p < .0001. The

. . .~ Jinconsistent close condition was significantly
jects factor was group (subitizing vs. counting) . : S B

I : e slower than the inconsistent far condititi29) =
and the within-subjects factor was condition (con-

sistent, neutral, inconsistent close, and inconsis; . : o
3. For example, the inconsistent close condition for the

te_r_]t far). For e_aCh participant_, each level of C_On'subitizing group would be the average of displays with
dition was obtained by collapsing results from five one 2, two 3s, three 4s (identity smaller than numerosity),
different numerosities. The type of trials averagedhree 2s, four 3s, and five 4s (identity larger than

for each condition is reported in Table 2. For thenumerosity), that is, the average of 568, 620, 645, 630,
667, and 674 ms, respectively.
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Table 2 1,553, and 1,521 for the consistent, neutral, in-
Trials collapsed in the conditions Inconsistent  consistent close, and inconsistent far conditions,
Close and Inconsistent Far, for the Subitizing  respectively. Planned comparisons revealed that
and Counting Groups. the consistent condition did not differ from the
— inconsistent far condition and that the neutral con-
Conditions dition did not differ from the inconsistent close

Numerosity C(Jlrols)e (iazr) (C_llc;se (_Fz?r c_ono_li_tion 0> .25). Inconsi_stent c_Iose trials were
One > 3 - . significantly slower than inconsistent far trials,
Two 3 4 - - t(14) = 1.915p = .038, one-tailed .

Three 4 5 2 1 Error data. A condition by group mixed
Four - - 3 2 ANOVA was carried out on error percentages. The
Five - - 4 3 only significant effect was the main effect of
Five 6 7 - - group,F(1, 28) = 21.25MSe = 23.46p < .0001.

Six 7 8 - - The subitizing group produced fewer errors than
Seven 8 9 6 5 the counting group (1.1% and 5.2%, respectively).
E"i?]zt ” ) ; g Error percentages for condition were 2.6, 3.0, 3.3,

and 3.6 for the consistent, neutral, inconsistent
close, and inconsistent far conditions, respectively.
However, neither the main effect of conditig(3,

o . . 84) =1.79MSe = 3.12p > .15, nor the condition
i miecgﬁggllt:l(()g bSyzgri)uzpdlrréterggtli)rggpl)pzroa_chedby group interactiork(3, 84) = 1.46MSe = 3.12,
9 P = 2.49M5e = <R = p > .23, reached significance.

.065. This interaction was caused by the particu=
. " . Separate one-way repeated measures ANOVAs
lar behavior of the neutral condition, which was :
were carried out for the two groups. In the

faster than the inconsistent close condition inthe_ .~ . : "
- : . subitizing group, the main effect of condition was
subitizing group and slower than the inconsisten

. . -~~~ 'significant,F(3, 42) = 3.847MSe = 0.936p <
close condition in the counting group. A similar
ANOVA, carried out by excluding the neutral .05. The percentages of errors were 0.6, 0.9, 1.8,

. — ) . and 0.9 for the consistent, neutral, inconsistent
condition, showed no significant interaction be- . : " )
" close, and inconsistent far conditions, respectively.
tween condition and grouf < 1).

) : . Planned comparisons revealed that the inconsis-
To further investigate the effect of symbolic "
. . tent close condition was less accurate than the
distance as a function of group, we conducted two

o < .
separate one-way repeated measures ANOVAs foOther conditions < .05). In the counting group,

o . t'he effect of condition was not significaii(3
the subitizing and for the counting group. In the _ _ At
subitizing group, the effect of condition was sig- 42) = 1.242MSe = 5.436, p > .3. The percent

nificant E(3, 42) = 40.8MSe = 83.9p < 0001, 2002 0 TS LS 2 2 e con-
The mean RTs were 597, 619, 633, and 623 for . ’ e . '
: ; : ._sistent far conditions, respectively.
the consistent, neutral, inconsistent close, and in-
consistent far conditions, respectively. Planned Discussion
comparisons showed that, except for the differ- The results confirm the presence of the SDE
ence between the neutral and inconsistent far trien Stroop interference, as has been found in pre-
als @ > .25), all other differences were signifi- vious experiments (Hock & Petrasek, 1973;
cant ps < .01). In particular, inconsistent close Pavese & Umilta, 1997). Analyses carried out

trials were significantly slower than inconsistent separately by group indicated that in both the

2.47,p < .02, but did not differ from the neutral
conditiont(29) = -0.53p > .5.

far trials,t(14) = 3.27p < .006. subitizing and the counting groups, digits close
In the counting group, the effect of condition to the enumeration responsd ) produced more
was also significantE(3, 42) = 5.693MSe = interference than digits that were far from the

1,698, p <.005. The mean RTs were 1,504, 1,557,
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enumeration respons£?). numerosities (1-3) but decreased for displays of
In the subitizing group, neutral trials were four and five items (Mandler & Shebo, 1982).
slower than consistent trials and faster than in- Inthe counting group, RT increment as a func-
consistent close trials, but inconsistent far trialstion of numerosity was much larger (average in-
did not differ from neutral trials. More important, crement = 256 ms), and the error rates increased
the inconsistent close condition was significantlyoverall. The pattern of errors was different from
slower than the inconsistent far condition, andthat found in the subitizing group. There was a
error rates were higher in the inconsistent closesignificant increase in error rates between 5 and
condition than in the other conditions. Also in the 7, but the error rate remained stable between 7
counting group, the inconsistent close conditionand 9. Also in this group, the linear and quadratic
was slower than the inconsistent far condition.contrasts on latencies were significant, suggest-
However, in this group the neutral condition wasing a combination of a linear increment attribut-
particularly slow and did not differ from the in- able to numerosity and an effect of the serial po-
consistent close condition. sition in the response set. Extreme values (5 and
There can be little doubt that interference was9) were relatively easier to respond to than inter-
greater for the inconsistent close condition thamrmediate values.
for the inconsistent far condition. The results of It is interesting to examine the results of the
the subitizing group, in which the inconsistent farfive-item displays because they were presented
condition was as fast as the neutral conditionto both experimental groups. As shown in Figure
suggest that interference was limited to the in-1, RTs to five-item displays were much faster (657
consistent close condition. Unfortunately, a simi-vs. 926 ms) but also less accurate (3.6% vs. 1.7%)
lar comparison for the counting group was notin the subitizing group than in the counting group.
informative because of problems with the neutralThis pattern suggests that participants in the two
condition (discussed later). groups enumerated the five-item displays in dif-
ferent ways. Five is often mentioned as being the

The results nicely replicate the typical find- boundary between the subitizing and the count-

ings on counting and subitizing. In the subitizing ing range. Participants likely used a *subitizing

: : > strat r a “counting” strat with five-item
group, there was a small but reliable difference in-- oo 9y Of & counting: strategy e-e

RTs when the numerosity of the display was m_dlsplays_ _dependlng on th_e set of possible
: : _ umerosities that was used in the task (Mandler
creased by one item (average increment = 25 ms ) . o
o ) Shebo, 1982). In this experiment, the subitizing
The significant linear contrast demonstrated that

RTs increased as a function of numerosity a)-Jroup may have been induced to use a strategy of

though the significant quadratic trend indicated directapprehension” (Gelman & Gallistel, 1978),

that the slope was not constant. This might havéNhICh 's faster and highly efficient with smaller

T > ._humerosities, but yielded increasing error rates
been the result of the limited number of items in S :
. .-as the numerosity increased, starting from four-
the response (and stimulus) set. Because only fiv

: : . ﬁem displays. In contrast, the counting group
possible responses were possible for this groulor’night have been induced to use a more conserva-

each intermediate value (2, 3, and 4) had to b Ive strategy, which consisted of also counting the

discriminated from two other possible adjacent . " o
. @ve-ltem displays, resulting in a slower but more
responses. The extreme high and low values ha

o . . . ~accurate performance.
to be discriminated only from a single similar
: . . In summary, these results show that the two
value. Therefore, it was relatively easier to re-

spond to displays with one or five items than toggipussgéﬁ?rrﬁg sIrL]Jliir;ieziLypergtjer&i@;;a;;)sr;e?ror-o-
displays with two, three, or four items (the end ) g group P

rate for small numerosit t with er-
effect; Folk, Egeth, & Kwak, 1988; Mandler & cess, accurale for small numerosity bu e
ror rates that increased as a function of numerosity
Shebo, 1982). The error data showed another typi- o . :
. or four- and five-item displays. The counting
cal result: Accuracy was almost perfect for small

Enumeration processes
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group used a slower process that was more accuvhereas in the second session the average RTs
rate for smaller displays and had a higher cost ifor the same conditions were 1,404, 1,450, 1,498,
latencies for each additional unit. In the countingand 1,487 ms, respectively. These results suggest
group, error rates increased between 5 and 7, bahat (a) counting performance remarkably im-
was almost constant for numerosities between proves with practice and (b) the high level of in-
and 9. The slope of the two curves is consistenterference from letters occurs only at the begin-
with other results in the enumeration literaturening of the practice with the task. These changes
(Jensen, Reese, & Reese, 1950; Mandler & Sheba performance may reflect a change in the count-
1982; Trick & Pylyshyn, 1994). ing process from an algorithmic computation to a
Despite these clear differences, the effect olmemory retrieval process, as proposed by
symbolic distance on interference was similar inLassaline and Logan (1993).
the two groups. The difference between the close The increasing interference effect from letter
and far inconsistent conditions was somewhatisplays as a function of numerosity is a new and
larger in the counting group than in the subitizingunexpected finding. However, to our knowledge,
group (32 and 10 ms, respectively), but the connone of the researchers investigating numerical
dition by group interaction was not significant Stroop paradigms used numerosities larger than
when the neutral condition was excluded. The6. Some researchers have investigated
only reliable difference between the two groupsnumerosities in the 0 or 1-3 range (Flowers et al.,
was indeed in the behavior of the neutral condi-1979; Francolini & Egeth, 1980; Windes, 1968)
tion, which is discussed in the next section. and others have used numerosities between one
and six (Fox et al., 1971; Morton, 1969; Shor,

. . ... 1971). Furthermore, only some studies used let-
As mentioned earlier, the neutral condition e i
ter as a control condition (Fox et al., 1971;

could not be considered a reliable baseline in th%rancolini & Egeth, 1980: Morton, 1969)

counting group. In the subitizing group, the aver- .
. : whereas others used symbols such as circles, as-
age RTs of neutral trials for each numerosity were " . ) - .
erisks, or compatible digits as control against

close to the average RTs for all other conditions ~, . . :
) . . . which to measure interference. In our experiment,
in which the items to be counted were digits. In.

: .in which numerosities between 1 and 5 were
the counting group, however, the neutral condi- e y
. ) ) tested, a “traditional” congruency effect was found
tion tended to become increasingly slower than e . .

. In the subitizing group. An analysis comparing

the average RT of the other conditions for the sam : . - .

. . : .. the average of all the inconsistent conditions with
numerosity (see Figure 2). An analysis of the dif-
ference between the neutral condition and therigure 2.
average of the other conditions revealed a signifi-Mean reaction times for the Neutral condition

cant linear trend across numerosities in the countmhinus theda\_/eragec of re_actionltimes fOtr thte glther
ing group E(L, 56) = 4.478p < .05. three conditions (Consistent, Inconsistent Close

and Inconsistent Far) as a function of Numerosity
and Group.

Neutral Condition and Numerosity

It is noteworthy that in the counting group the
high degree of interference in the neutral condi-
tion was found only in the first session. An 80
ANOVA that examined the effect of conditionand | —o—sSubitzing Group
session revealed that the RT was 198 ms faster in = Counting Group
the second session than in the first ses$t¢h,
14) = 65.066MSe = 18,198p < .0001, and that
session interacted with conditid#(3, 42) = 2.903,
MSe = 2,086p < .05. In the first session, the av- 0 -———D—\g:;:j—;w
erage RTs were 1,614, 1,683, 1,676, and 1,660 o
ms for the consistent, neutral, inconsistent close 1 2 3 4 5 6 7 8 9
and inconsistent far conditions, respectively, Numerosity

a0 L

ART (ms)

20 4
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consistent and neutral trials in the subitizing groups more strongly associated with digits than with
showed that letters were counted slower than conletters (for a similar suggestion, see Neill, Valdes,
sistent digitst(14) =-8.742p < .0001, and faster & Terry, 1995; Tipper, Weaver, & Houghton,
than inconsistent digit$(14) = 4.857p < .005. 1994). Additional investigations are required to
There are two possible expalanations of theconfirm these results and to lend support to one
longer latency of the neutral condition in the first of these alternative hypotheses.
session of the counting group: (a) The neutra
condition produced more interference for larger .
) . . o ressed Number Line
displays or (b) the inconsistent conditions becamc.P .
) . . It has been proposed that the representation of
less interfering for larger displays. Remember that : . )
magnitude associated with numbers can be

the stimulus array was displayed until pamC'pantSthought of as a compressed number line (Dehaene,
responded and it was not masked and that larg

: 992; Restle, 1970). According to this model, the
displays were enumerated more slowly than

. ... __distance between one quantity and the next on the
smaller displays. Therefore, larger numerosities . : .

. o number line decreases as a function of numerosity.
differed from smaller numerosities in both enu-

. ) For example, the distance between 2 and 3 would
meration latency and exposure time. . .
. : ) .. belarger than the distance between 3 and 4, which
A tentative explanation of the increasing in- . )
in turn would be larger than the distance between

terference for neutral trials may assume that, be& and 5, and so on. If interference is a function of

cause the task was enumeratlc_Jn, the number d?ﬁe symbolic distance between digit identity and
main was more activated, or primed, than the let-

: ] numeration r n ne should al xpect that
ter domain (MacLeod, 1991). The higher defaultSHUmeration response, one s oudasog pect tha
o - : the difference in interference between inconsis-
activation of digits compared with the default

o : o tent close and inconsistent far digits would not be
activation of letters may explain why digits caused . . )
. onstant. Rather, it should increase as a function
more interference than letters, at least for smal : -
" . f numerosity, because the symbolic distance be-
numerosities. However, the representations o

. o . n adjacent digit r th lut
nonrelevant letter identities might have reached avee adjacent digits decreases as the absolute

. S . value increases.
higher level of activation with longer enumera- I .

. . S . . . Two predictions of the compressed number line
tion latencies, yielding an increase in their inter-

; : ) hypothesis are as follows: (a) For a given arith-
ference effect. Previous studies have reliably °" "~ ° N ;

T . metic difference between digit identity and enu-
shown that letters produce a significant interfer-

. : Hﬁeration response, interference should increase
ence effect in enumeration tasks when compared .

with abstract symbols or circles (Fox et al., 1971;WIth numerosity anq .(b) interference should be
greater when the digits to be counted are larger
Morton, 1969).

: D than the enumeration response than when they are
An alternative possibility is that for larger .

g . . . smaller than the enumeration response (e.g., the
numerosities, inconsistent digits produced less L )
. . ) . .symbolic distance between 3 and 4 is larger than
interference, yielding a relative decrease in their S

: o . ._the symbolic distance between 4 and 5). These
latencies and a relative increase in neutral tria

: ictions were test nthe RTs ofth itizin
latencies. It has been suggested that nonrelevarq{eOIC ons were tested on the RTS of the sub 9

dimensions are inhibited during attentive selec-group’ _b_ecause in the cou_r!tlng group t_he
tion (Tipper, 1985), and that inhibition needs timeunre“gb'“.ty of the neutral condition as a b_asellne
to develop ’(Neill 8’LWestberry 1987). It is pos- made it difficult to assess the amount of interfer-
sible that, for longer latencies, inhibition of a ence.

o . . Effect of numerosity. Interference ef-
nonrelevant digit identity yielded a selective re- ; :
. : . fects (differences between RTs in the neutral con-
duction of interference. The prediction that the

: . dition and RTs in the inconsistent close condition)
relative delay of the neutral condition over the .
. : . : ... —were computed for each numerosity and for each
inconsistent conditions is caused by inhibition

. . : . ... _participant in the subitizing group. Mean inter-
requires the additional assumption that |nh|b|t|onference effects were 1. 12, 18, 22. and 22 ms for

Lrhe SDE, Stroop interference, and the Com-
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numerosities one, two, three, four, and five, re-than the enumeration response and (b) interfer-
spectively. The linear contrast was significéifl, = ence from symbolically close digits increased as
56) = 9.452p < .005, indicating that interference a function of numerosity. As found in the color-
linearly increased as a function of numerosity.word Stroop task by Klein (1964), and more re-
Neither the quadratid;(1, 56) = 1.632, p > .20, cently by Klopfer (1996), the results of our study
nor the cubic contrastg < 1) were significant.  confirm that interference reflects the degree of
Effect of lager and smaller digit identity. | n similarity between the representations of relevant
the subitizing group, three numerosities—2, 3 andand nonrelevant information.
4—were displayed using both digits that were Another interesting aspect of our results is that
greater than the enumeration response (e.g., threbey also confirm that the SDE is not limited only
4s) and digits that were smaller than the enuto comparison judgment tasks. Although discrete
meration response (e.g., three 2s). A two-tdiled models of the SDE (Banks, 1977) have empha-
test was carried out on the interference effect fosized the importance of the comparison process,
larger and smaller digit identities across theseour findings suggest that the SDE is a more basic
three numerosities. Larger digits produced signifi-effect related to the characteristic of number rep-
cantly more interferencéVl = 23 ms,SD = 18) resentation rather than to the specifics of the task.
than did smaller digitsM = 12 ms,SD = 11), Not only is the SDE found in tasks that do not
1(14) = 3.045p < .01. require comparison, as suggested by data from
Both predictions of the compressed numberpriming experiments (Brysbaert, 1995; den Heyer
line hypothesis were supported in the subitizing& Briand, 1986; Marcel & Forrin, 1974), but itis
group: (a) Interference from symbolically close also found in selective attention tasks in which
digits linearly increased as a function of one of the numerical dimensions is nonrelevant
numerosity and (b) interference was greater wheto the task and should be ignored.
the digits were larger than the enumeration re- These results will be discussed with reference
sponse than when they were smaller than the enue the processing and representation of numerical
meration response. These findings support thénformation.

hypothesis that the SDE found in the SUbitiZingAutonomous Processing of Numerical Informa-

group is similar to that found in comparison taskstiorl

and in priming tasks. In particular, these three : i
phenomena are likely to be associated with the Zbrodoff and Logan (1986) referred to invol

. . . untary or unintentional processing as “autono-
activation of the same magnitude representation g . . . .
) . mous”. The processing of a stimulus dimension
organized as a compressed number line.

Is autonomous whenever such a dimension, al-
General Discussion though irrelevant to the task, affects performance.
In this study, we found that Stroop-like inter- Several studies have shown that numerical mag-
ference in an enumeration task was affected byitude information is autonomously activated
the arithmetic difference between the relevanteven when itis irrelevant to the task. For instance,
dimension (numerosity) and the nonrelevant di-Duncan and McFarland (1980, Experiment 2) and
mension (digit identity). The effect was presentHenik and Tzelgov (1982) found that the numeri-
with different numerosities and different enumera-cal difference between digits affects RTs even
tion processes. Furthermore, the results of thavhen the task can be performed on the basis of
subitizing group suggest that this effect is basederceptual properties. Sudevan and Taylor (1987)
on the same type of magnitude representation—&howed that the larger-smaller status of the target
compressed number line—proposed to explain theligit interfered with the odd-even classification,
SDE in comparison tasks: (a) For a givensuggesting a mandatory activation of numerical
numerosity, interference was greater when thecomparison. Dehaene, Bossini, and Giraux (1993,
digits to be counted were larger than the enumeraExperiment 1) also reported a compatibility ef-
tion response than when the digits were smallefect in a parity judgment task. When large num-
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bers were presented latencies were shorter witbroduced the correct enumeration response,
right-hand key responses, whereas with smallvhereas the activation of magnitude information
numbers shorter latencies were found with left-associated with the irrelevant dimension was re-
hand key responses (the Spatial-Numerical Assponsible for the interference effect.
sociation of Response Codes [SNARC] effect). .

Number representation

H(_)\_N(_ever, some authprs r_lave qu_estloned _the Campbell and Clark (1988) excluded the ex-
specificity of the numerical information that is

. istence of a central abstract representation and
autonomously activated. Tzelgov, Meyer, and

Henik (1992) asked participants to evaluate ei_suggested that visuo-spatial, verbal, and other

ther the physical or the numerical size of Oligitsmodallty-specn‘lc number codes are associatively

by comparing them with a standard presented a%onnected and activate each other during retrieval

the beginning of the block. They found that whenand. f:alculatlo_n. McCloskey, Caramazza, ar_ld
. . : . Basili (1985), in contrast, proposed a model in
numerical size was irrelevant only a crude, di- . .
: . . which an amodal, abstract representation of num-
chotomous representation of numerical size wa : ) :
. e B N ers constitutes the entry to calculation routines
encoded. Digits 1-4 were classified as “small” and . :
. o ) . and to stored number knowledge. This model, is
digits 6-9 were classified as “large”, with a neu- _. : )
o ifferent from Campbell and Clark’s model in that
tral midpoint around 5. Tzelgov et al. suggeste :
: . . It postulates a mandatory access to the magnitude
that the processing of nonrelevant information .
code before any further number processing.

varies according to th rations that must )
9 € operations that mus be Dehaene (1992) proposed a triple-code model
performed on the relevant information. g )
L : o of number processing. This model assumes three
In our study, significant differences in inter- . ) .
main mental representations of number: (a) an

ference were found with nonrelevant digit identi- . . .

o : . auditory verbal word form in which numbers are

ties included in the ranges 1-5 and 5-9. This re- : . :
) ) . . represented in verbal notation, (b) a visual Ara-

sult is not consistent with a strong version of

Tzelgov et al. (1992) hypothesis, stating thatblc number form in which numbers are repre-

; : aented in Arabic notation, and (c) an analog mag-
distractor numbers smaller than 5 are categorized. . . -
nitude representation. Following the original work

as small and numbers larger _than 0 are Categoo'fMoyer and Landauer (1967) and Restle (1970),
rized as large. A weaker version of this theory,

) .. 7'this magnitude representation is thought to take
proposing that the small-large categorization is : .
the form of an analog number line oriented from

relative t [ [ i : ; . -
elative to the stimulus set used in the expenmenﬁ,eﬂ to right. Its quasi-spatial characteristics can

it w rt ither. For example, in th : .
as supported either. For example, €account for the number and space interaction in

subitizing group, three-item displays were re- -
sponded to 18 ms fastef14] = 2.23.p < .05, ;r;eaIShllgI;; effect and similar results (Dehaene

when the items to be counted were 5s than when .
The results of our experiment support

they were 4s, which both should be categorizeck/ICCIOSkey e al.’s (1985) and Dehaene’s (1992)

large in this group. Our results show that more.. ; :
aslarge S group. Our results sho atmo t?/lews that a magnitude representation of num-

specific magnitude information is autonomously . .
: : : bers exists and can be autonomously activated. It
activated. Note, however, that in our experiments . . o
k . . : IS, however, possible that this representation is
accurate magnitude information might have been .
. .. activated (for both relevant and nonrelevant nu-
relevant because the task required participantsto__ . . )
i . ; merical information) only when the task to be

enumerate the items in the display.

It would seem likely that under our experimen- performed requires the manipulation of magni-

" : . tude information related to numbers (Tzelgov et
tal conditions, information that was necessary to

perform the task (i.e., magnitude information) wasal" 1992).

encoded for both relevant and nonrelevant dimen- Conclusions

sions of the stimuli. Activation of magnitude in-  The results of this study show that (a) Stroop-
formation associated with the relevant dimensionlike interference is affected by the arithmetic dis-
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tance between the enumeration response and item cessing: Comment on McCloskey, Sokol and
identity and (b) for numerosities 1-5, interference  Goodman (1986)Journal of Experimental
seems to reflect the activation of a magnitude rep- Psychology: General1¥, 204-214.
resentation of digit identity that is organized as aCohen, J., MacWhinney, B., Flatt, M., & Provost,
compressed number line. These results suggest J. (1993). PsyScope: An interactive graphical
that interference effects found in Stroop-like enu-  system for designing and controlling experi-
meration tasks depend on the trial-by-trial acti- ments in the psychological laboratory using
vation of magnitude representations of both rel- Macintosh computerdBehavioral Research
evant and nonrelevant dimensions. Therefore, Methods, Instrumentation, and Computation,
they support models of numerical processing that 25, 251-271.
assume that nonrelevant digit identity autono-Dehaene, S. (1992). Varieties of numerical abili-
mously activates its associated magnitude repre- ties.Cognition, 44, 1-42.
sentations. Dehaene, S., & Akhavein, R. (1995). Attention,
Our results also support the existence of an automaticity, and levels of representation in
analog magnitude representation, such as Restle’s number processinglournal of Experimental
(1970) number line, at least for small Psychology: Learning, Memanand Cogni-
numerosities, and confirm that the SDE found in  tion, 21, 314-326.
comparison judgment tasks reflects a generaDehaene, S., Bossini, S., & Giraux, P. (1993). The
property of number representation (Dehaene, mental representation of parity and number

1992). magnitude Journal of Experimental Psychol-
ogy: General, 122, 371-396.
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