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Abstract

Enumerating the number of items in a set accurately and quickly is a basic mathematical skill. This ability is especially crucial in the more
real-life situations, where relevant items have to be discriminated from irrelevant distracters. Although much work has been done on the brain
mechanisms and neural correlates of the enumeration and/or discrimination process, no agreement has been reached yet. We used event-related
potentials (ERPs) to show the time course of brain activity elicited by a task that involved both enumeration and discrimination at the same time.
We found that even though the two processes run to some extent in parallel, discrimination seems to take place mainly in an earlier time window
(from 100 ms after the stimulus onset) than enumeration (beyond 200 ms after the stimulus onset). Moreover, electrophysiological evidence based
on the N2 and P3 components make it reasonable to argue for the existence of a dichotomy between subitizing (for sets of less than four items)
and counting (for sets of four and more items). Source estimation suggests that subitizing and counting, though being distinct brain processes, do

recruit similar brain areas.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The ability to quantify is of great importance in our daily life.
Itis generally assumed that there are two kinds of quantification
processes: subitizing for sets of less than four objects, and count-
ing for larger sets. The term “subitizing” was first introduced by
Kaufman, Lord, Reese, and Volkmann (1949), and refers to the
fast and accurate perception of the numerosity of small sets.

Psychological studies on enumeration have typically mea-
sured reaction times (RT) and error rates. The results obtained
from these behavioral experiments typically show an “elbow”
effect, i.e. the enumeration time increases slowly from one to
three or four items (50-80 ms/item) and then starts to increase
sharply and linearly (by about 200 ms/item) (Akin & Chase,
1978; Mandler & Shebo, 1982; Simon, Peterson, Patel, &
Sathian, 1998; Trick & Pylyshyn, 1993), leading to the hypoth-
esis that subitizing and counting are two distinct processes.
However, after having analyzed a large set of behavioral enumer-
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ation data with refined statistical tests, Balakrishnan and Ashby
(1991, 1992) found no statistical evidence of discontinuity in
the reaction times between subitizing and counting. Their anal-
ysis showed that the “mental effort” (measured in terms of RTs)
required for enumeration increased with each additional item in
the display, both within and beyond the subitizing range.

However, the controversial debate over a possible dichotomy
between subitizing and counting is not restricted to behavioral
measurements. The explorations of the detailed mechanisms
underlying these two processes have also yielded inconsistent
results. While counting is widely believed to be a process involv-
ing visual—-spatial serial localization (Dehaene, 1997), the nature
of subitizing remains controversial.

Mandler and Shebo (1982) postulated that subitizing may
consist of the recognition of a familiar pattern and therefore rely
on a separate mechanism that is not involved in counting. For
instance, the dots in the subitizing range displays always form
a familiar shape: a line from two dots, a triangle from three
dots, and a quadrilateral from four dots. A different explana-
tion is offered by Cowan (2001), who suggested that the fact
that subitizing only works for small sets might be reflective of
a capacity-limited short-term memory system. Similarly, Trick



1104 Y. Nan et al. / Neuropsychologia 44 (2006) 1103-1113

and Pylyshyn (1993) proposed that subitizing is based on a
limited capacity pre-attentive visual process that is capable of
individuating a maximum of four items in parallel, while count-
ing requires serial shifts of spatial attention. It has been shown
that counting is influenced by the spatial arrangement of objects
(facilitated by perceptual groupability of items and by the geom-
etry of the array) while subitizing is not (Atkinson, Francis, &
Campbell, 1976; Mandler & Shebo, 1982; van Oeffelen & Vos,
1983). These studies suggest that the employment of spatial
attention might be crucial to counting, while subitising recruits
no spatial attention-related processes.

Some support for the notion of separate processes for subitiz-
ing and counting concerning the involvement of spatial serial
processing comes from studies with patients. For example,
Dehaene and Cohen (1994) measured reaction times and error
rates with a numerosity naming task in five simultanagnosic
patients, who suffered from severe difficulties in serial count-
ing. These patients made close to 100% errors in quantifying
sets comprising more than three items, but they were excel-
lent at quantifying sets of one, two, and sometimes three items.
The authors suggest that subitizing might be not based on serial
processing but rather on a parallel algorithm dedicated to small
numerosities. Likewise, in an investigation on patients with visu-
ospatial neglect (Vuilleumier & Rafal, 1999), a dissociation
between localizing and enumeration processes was observed.
The results are taken as evidence that subitizing might not recruit
spatial encoding mechanisms but instead relies on parallel visual
processing that still operate in the neglected field.

However, the parallel processing model of subitizing is still
problematic, for it cannot easily accommodate the fact that RT's
increase even in subitizing range. In contrast, the fast preverbal
counting mechanism proposed by Gallistel and Gelman (1992)
could well account for this decrease of performance within the
subitizing range, as these authors postulated, subitizing is just a
fast counting mechanism whose accuracy decreases as the num-
ber of items increases. Upon encountering larger numbers of
items, subjects switch to a more accurate but slower serial “ver-
bal” process, referred to as counting.

Additional support for a dissociation between subitizing and
counting comes from the identification of a special group of cells
in the parietal-occipital cortex of the cat, which were selectively
responsive to small quantities, regardless of whether the quanti-
ties were presented in the visual, auditory, or tactile modalities
(Thompson, Mayers, Robertson, & Patterson, 1970). Number-
responsive neurons were also found in monkey parietal cortex
(Sawamura, Shima, & Tanji, 2002).

Recently, several brain imaging studies using functional
Magnetic Resonance Imaging (fMRI) or Positron Emission
Tomography (PET) have investigated the issue of enumeration.
Using PET, Sathian et al. (1999) reported that subitizing acti-
vated foci in the occipital extrastriate cortex, while counting
activated a widespread network of brain regions, including mul-
tiple areas involved in shifting visual attention—Ilarge regions
of the superior parietal cortex bilaterally and a focus in the right
inferior frontal cortex. The authors interpreted the results to
support the notion of two separable processes mediating pre-
attentive vision and shifts of visual attention. However, Piazza,

Mechelli, Butterworth, and Price (2002) presented a PET study
to challenge the idea of the two processes being implemented
in separable neural systems. Their results showed a common
network for subitizing and counting that comprises extrastri-
ate middle occipital and intraparietal areas. Direct comparison
between subitizing and counting showed that counting, rela-
tive to subitizing, was correlated with increased activity in this
occipitoparietal network, while subitizing did not show areas of
increased activation as compared to counting.

In real life, a discrimination process almost always accom-
panies the enumeration, as we need to distinguish the rele-
vant targets from irrelevant distracters. An enumeration process
involving discrimination might differ from a pure enumeration
process in that the additional discrimination task makes extra
costs for visual working memory due to the competition between
targets and distracters (Watson & Humphreys, 1999). There is a
rich body of electrophysiological data on visual discrimination.
Recent studies have demonstrated that the visual N1 component
is modulated by the presence of a discrimination process (Hopf,
Vogel, Woodman, Heinze, & Luck, 2002; Vogel & Luck, 2000).
Similarly, the involvement of the N2 (or N2b) in discrimination
tasks has been established (Kida, Nishihira, Hatta, & Wasaka,
2003; Potts, 2004; Potts & Tucker, 2001; Ruijter, de Ruiter, Snel,
& Lorist 2000; Senkowski & Herrmann, 2002). The amplitude
of the N2 component (N2b) seems to be positively correlated
with the difficulty of the discrimination process. Smid, Jakob,
and Heinze (1999) also reported an increased latency of the N2
component for more difficult color discrimination tasks. Eimer
(1996) postulated that the N2 might be indicative of the atten-
tional filtering processes during visual search tasks. Thus, the N2
may reflect the attentional selection of the task-relevant stim-
uli. Similarly, another component, the P3, has been discussed
in visual discrimination studies. Originally, the P3 was estab-
lished as an endogenous component reflecting the updating of
the working memory stores (Donchin & Coles, 1988). Kida et al.
(2003) suggest that the P3 amplitude is sensitive to the working
memory load, the specific allocation of attentional resources to
the stimulus processing, and the attentional orienting toward the
relevant stimuli. Moreover, it has been found that more difficult
discrimination processes elicited smaller P3s (Comerchero &
Polich, 1999; Grillon, Courchesne, Ameli, Elmasian, & Braff,
1990; Hoffman, Houck, Macmillan, Simons, & Oatman, 1985;
Palmer, Nasman, & Wilson, 1994; Polich, 1987, 1997; Vogel
and Luck, 2000).

To conclude, the aforementioned literature concerning the
enumeration process suggest that: (a) the behavioral distinction
between subitizing and counting is not reliable; (b) spatial atten-
tion is involved in the counting process; (c) brain imaging studies
(PET and fMRI) yield non-consistent results concerning subitiz-
ing and counting, which might be due to the coarse temporal
resolution that those methods could offer.

This controversial body of evidence on enumeration, espe-
cially the existence and nature of a possible subitizing—counting
dichotomy as well as the possible interaction between the enu-
meration and discrimination processes, calls for more studies,
preferably with alternative techniques with higher temporal res-
olution, such as event-related potentials (ERPs). As far as we
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know, there have been rather few ERP studies investigating the
brain electrophysiological correlate of enumeration processes
(Bruder et al., 1998; Iguchi & Hashimoto, 2000). As a result,
there is no well-established ERP marker for the two enumera-
tion processes yet. However, in the context of discrimination, a
great number of studies using electroencephalography (EEG)
have been conducted. Several well-known ERP components,
such as the N1, N2, and P3, vary as a function of the dif-
ficulty of the discrimination process in different manners, in
that the amplitudes of the N1 and N2 are positively corre-
lated with the difficulty level of the discrimination, while the
amplitude of the P3 negatively varies with the increase of the
difficulty.

The present study was designed to test the dichotomy of
subitizing and counting processes as well as the influence of
discrimination onto the enumeration processes by means of
behavioral measures and ERPs. Visual targets were presented
together with distracters. By manipulating both the number of
targets and the presence or absence of distracters, we aimed
to approximate the brain response for enumeration processes in
real-life situations. Taking into account the number of distracters
should contribute to the understanding of the detailed nature of
this discrimination effect and its possible interaction with the
enumeration, and hence also to the treatment of the question of
whether there is indeed a fast and specialized subitizing process
for small sets of items.

As predicted by previous studies, we expected that subitiz-
ing might produce better performance (reflected in RTs and/or
error rates) as compared to counting in general (possibly with
an “elbow” effect, supporting a qualitative distinction between
the two processes), while the presence of the distracters might
affect the counting process to a larger degree than subitizing,
which thus may contribute to the notion that discrimination
competes with counting (but not with subitizing) in recruiting
spatial attention. Electrophysiologically, the amplitude of N1
was expected to be positively modulated by the increase of the
items. The dichotomy of subitizing and counting, if it could be
demonstrated in ERPs, was more likely to be seen in the N2 time
window, since the N2 was found by previous studies to be reflec-
tive of visual attention. On top of that, the N2 component might
also depict the modulation of discrimination process, in that
the presence of distracters might enlarge the amplitude. Like-
wise, the P3 component was highly expected to reflect the dis-
tracter effect as well. Thus, more distracters were predicted to be
related to smaller P3 amplitude both in subitizing and counting
ranges.

2. Methods
2.1. Subjects

Fourteen paid subjects (seven males and seven females) between 18 and 23
years old (mean age 21.2 years) participated in the experiment. All subjects were
right-handed and had normal or corrected-to-normal visual acuity. None of the
volunteers reported any history of neurological or psychiatric diseases. Informed
written consents were obtained from all participants prior to the study. The
experimental protocol was approved by the Local Ethics Committee (Chinese
Academy of Sciences).

2.2. Stimuli

White rectangles (0.4 cm x 0.8 cm, visual angle 0.23° x 0.46°) and white
circles (diameter 0.5 cm, visual angle 0.29°) were presented on a black back-
ground. The rectangles were defined as targets and required the subjects’ enu-
meration responses. The circles were defined as distracters and the subjects were
instructed to ignore them. The stimuli were displayed on a computer monitor
(Samsung CRT Monitors 17 in.) screen (visual angle 6.88° x 6.88°). Atkinson,
Campbell, and Francis (1976) have shown that the limit number at which quan-
tification becomes slow and erroneous drops from 4 to 2 if the angular distance
between dots in a linear array drops below 0.05° of visual angle (still an easily
resolved separation). Our stimuli were therefore presented to the subjects with
the minimum distance of visual angle of 0.5°. The specific locations of rectan-
gles and circles in each display were randomized. The number of targets varied
between 1 and 6, and the number of distracters was either zero, equal to the
number of targets, or twice the number of targets. Thus, there were a total of 18
(6 x 3) possible combinations of targets and distracters. Nine hundred and sixty
trials were distributed equally over 4 blocks with 240 trials per block and with
53 or 54 trials per condition.

The same sequence of stimulus trials was used for all participants. Each stim-
ulus appeared successively on the computer display in a pseudo-random order
in which the same pattern of the targets and/or distracters was not delivered in
succession. Immediately after the presentation of a small centrally located cross
for 1000 ms, the stimulus appeared and was presented for 300 ms. The subjects
were allowed to respond within a 1-s time window after stimulus presentation.
The intertrial interval was randomized between 250 and 350 ms.

2.3. Paradigm

The subjects sat on a comfortable reclining chair in an electrically shielded
room. A computer display was placed 1.0 m away from the subjects’ eyes. During
each trial, after the presentation of the stimulus display, subjects were asked
to perform a parity judgment task in which they had first to enumerate the
number of targets and then to judge the parity of the final count by pressing the
corresponding key. The assignment of odd and even response to the left- and
right-hand response keys was balanced across subjects. Subjects were instructed
to perform the task silently and to avoid both eye and body movements. Before
the real experimental session, there was a brief training session. The instructions
to the subjects emphasized both the accuracy and speed of the response.

2.4. ERP recording and measurements

The present study was carried out on a NeuroScan ERP workstation. All
subjects were fitted with an elastic cap with 64 tin electrodes (Neuromedical
Supplies). The impedances were kept below 5 k€2. Vertical and horizontal elec-
trooculagrams (EOG) were recorded. Two reference electrodes were put at left
and right mastoids. The signals were filtered using a 0.05-70 Hz bandpass. The
sampling rate was 500 Hz. The total length of an ERP epoch was 1200 ms includ-
ing a pre-stimulus baseline of 200 ms. Trials with artifacts (>£100 wV) were
identified and rejected off-line. Visual inspection was carried out after the rejec-
tion to assure the data quality.

2.5. Data analysis

The ERPs were averaged for each of the 18 conditions (6 targets numbers x 3
distracters numbers) separately. Only artifact-free trials with a correct behavioral
response entered the averaging process. Visual inspection was used to define the
electrodes which best represented certain effects. In accordance with the general
average topographic pattern (see Fig. 2), the following 10 electrode sites were
selected for statistical analysis of the P3: central (C3/4, Cz), frontal (F3/4, Fz),
parietal (Pz), and occipital (PO5/6, POz). The same procedures were carried
out for N1 and N2, resulting in the parietal (Pz) and occipital (PO5/6, POz)
electrodes for N1, and the central (C3/4, Cz) electrodes for N2, respectively. The
peak amplitude of N1 from the parietal and occipital sites, the mean amplitude
for N2 (within a time window of 200-400 ms after stimulus onset) from the
central sites (since for the subitising without distracter condition, there is no
proper N2 peak in some channels, refer to Fig. 2), and the peak amplitude of
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P3 from all 10 sites were subjected to a repeated-measures analysis of variance
(ANOVA). The peak amplitudes were determined for each electrode separately
within a time window of 100-250 ms for the N1 and 350-600 ms for the P3.

ANOVAs were performed on both behavioral (RT and error rates) and elec-
trophysiological data (the amplitudes of N1, N2, and P3 components). The
following within-subject factors were considered: target number (6 levels, 1-6),
distracter number (3 levels—none, the same as the targets, and twice the num-
ber of targets), and electrode sites (only for ERP, 10 levels for P3, 4 levels for
N1, and 3 levels for N2). Based on estimated marginal means, pairwise com-
parisons were carried out for multiple mean comparisons, which were adjusted
by the least significant difference. Furthermore, in order to gain precise insight
into the relationship between discrimination and each of the enumeration pro-
cesses (subitizing and counting), the target numbers were grouped in two subsets:
subitizing with target number from 1 to 3, and counting with target number from
4 to 6. Another set of ANOVAs was calculated with the factor target number
replaced by enumeration process with two levels (subitizing and counting) for
those dependent variables, for which a dichotomy between these groups could
be actually verified on the basis of pairwise comparisons between all differ-
ent target number levels. The p values of all main and interaction effects were
corrected using the Greenhouse—Geisser method for repeated-measures effects.

In order to obtain an idea of the spatial localization of the P3 component,
the grand average ERP of both the subitizing and counting ranges (one to three
target items and four to six target items, respectively) were subjected to source
analysis. A single dipole was fitted to a small time window around the peak
latency of the P3 range (350-600 ms) using the ASA software (A.N.T. Software
B.V., Enschede, The Netherlands). To account for the volume conductor effects,
the boundary element method was used with a Talairach scaled standard head
model. The resulting dipole location was then overlaid onto a standardized MR-
Image.

3. Results
3.1. Behavioral results

Table 1 shows the results from the two-way ANOVAs for
reaction times and error rates. The RTs generally increased with
both target and distracter numbers. For all target numbers, RTs
were lowest with no distracters present. Introducing distracters
considerably increased the RTs, while a further increase of dis-
tracter number (i.e. double the number of targets) made a much
smaller difference (Fig. 1a). Pairwise follow-up tests showed
that all levels of target number could be significantly distin-
guished from each other in all the different distracter conditions
(p <0.05 for all the different target number pairs). Hence, the RTs
did not support any dichotomy across different target numbers.
This opposes previous findings reporting reaction time changes
from the subitizing range to the counting range (Akin & Chase,
1978; Mandler & Shebo, 1982; Simon et al., 1998; Trick &
Pylyshyn, 1993), but it is in line with other studies, which found
no dichotomy for the reaction time between subitizing and count-
ing (Balakrishnan and Ashby, 1991, 1992).

Pairwise comparisons of error rates between different target
number levels yielded no evidence of a dichotomy between a

Table 1
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Fig. 1. The mean reaction times (a) and error rates (b) for all the 14 subjects in
all target and distracter number levels as a function of target number. The error
bars stand for the standard error of the mean.

subitizing and a counting range for different distracter condi-
tions either. However, there seemed to be a tendency that, from
distracter number level 2 (as many distracters as targets) to dis-
tracter number level 3 (twice as targets), error rates appeared
to rise faster while target number increased (Fig. 1b). Pairwise
comparisons for the difference in error rates between distracter
number levels 2 and 3 revealed the following significant pair-
wise differences: 14, 24, 34, 1-5, 2-5, 3-5, 1-6, 2—6, and
3-6 (p <0.05). That means, all comparisons crossing the bound-
ary between 3 and 4 were significant, all others were not. Thus,
there seems to be a dichotomy for the different distracter effects
between smaller target numbers (from 1 to 3) and larger target
numbers (from 4 to 5).

Interestingly, both error rates and reaction times show a
“ceiling effect”, as demonstrated by Fig. 1a and b, indicating

The results of two-way ANOVA (target number = 1-6) performed on the mean RTs and error rates of the subjects

Reaction times

Error rates

Target number
Distracter number
Target x distracter number

F(5,65)=117.496, p<0.001
F(2,26)=117.661, p<0.001
F(10, 130)=9.395, p<0.001

F(5,65)=12.359, p<0.001
F(2,26)=15.464, p<0.001
F(10, 130)=5.010, p<0.001
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Fig. 2. Grand average ERPs for: (a) subitising range (one to three targets) and (b) counting range (more than three targets), both for different numbers of distracters.
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Fig. 3. Grand average ERPs, averaged over both target and distracter numbers, for different parity judgments.

that subjects might easily guess the maximal number in the
item set.

3.2. Electrophysiological results

The ERP traces for the subitizing and counting ranges with
the different distracter numbers are depicted in Fig. 2. Fig. 3
illustrates that the parity judgment did not have any influence
on the ERP. Table 2 lists the results from the overall three-way
ANOVAs for the amplitudes of N1, N2, and P3 components.

3.2.1. NI component

The N1 was identified as the maximum negative response in
the time range between 100 and 250 ms at occipital and parietal
electrode sites. The mean latency for the N1 component was
157 ms with a standard deviation of 2 ms. There was no statisti-
cally significant latency difference between conditions. The N1
amplitude (averaged over Pz, POS5, PO6, and POz) increased sig-
nificantly with both target number (F(5, 65)=32.361, p <0.001)
and distracter number (F(2, 26)=28.191, p<0.001). Also, the
effect of target number was more pronounced for smaller num-
bers of distracters, while the increase with distracter number was
stronger with lower target numbers. This is confirmed by a sig-
nificant interaction between the two factors (F(10, 130) =3.879,
p <0.001). If one plots the N1 amplitude against the number of
items (combined numbers of targets and distracters), it becomes
clear that only the total number of items matters, irrespective
of how many targets and distracters this number comprises
(Fig. 4). Pairwise comparisons across different target num-
bers for different distracter conditions yielded no evidence of a
dichotomy.

Table 2
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Fig. 4. Grand average amplitude of the N1 component for different target and
distracter numbers as a function of item number. Target numbers 1-6 are sequen-
tially depicted within each series with different distracter numbers.

3.2.2. N2 component

The frontal—centrally distributed negative response occurring
in the time window of 200-400 ms was recognized as the N2
component. Because of the variability of the wave across sit-
uations (in some conditions, as subitizing without distracters,
there is no N2 at all) we measured the mean amplitude (aver-
aged over C3, C4, and Cz) instead of the peak amplitude
(as we did for the other two components). The overall three-
way ANOVA demonstrated significant main effects for target
number (F(5, 65)=3.048, p<0.05), distracter number (F(2,
26)=16.811, p<0.001), and an interaction between target num-
ber and distracter number (F(10, 130)=5.000, p <0.001). The
interaction was caused by a strong suppression of the N2 by

The results of two-way ANOVA (target number = 1-6) performed on the mean amplitudes of N2 and the peak amplitudes of N1 and P3

N1 (100-250 ms)

N2 (200-400 ms) P3 (350-600 ms)

Target number
Distracter number
Target x distracter number

F(5,65)=32.361, p<0.001
F(2,26)=28.191, p<0.001
F(10, 130)=3.879, p<0.001

F(5, 65)=3.048, p<0.05
F(2,26)=16.811, p<0.001
F(10, 130)=5.000, p <0.001

F(5, 65)=29.689, p<0.001
F(2,26)=10.054, p<0.001
F(10, 130)=2.365, p<0.05
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Fig. 5. Grand average amplitude of the N2 component for different target and
distracter numbers as a function of item number. Target numbers 1-6 are sequen-
tially depicted within each series with different distracter numbers.

the presence of distracters in the smaller target number range
(from 1 to 3) but not in the larger one (from 4 to 6), as sug-
gested by Fig. 5. Pairwise comparisons done with the difference
in N2 amplitudes between the two lower distracter levels (no
distracters versus as many distracters as targets) across differ-
ent target numbers showed the significant pairwise differences
as follows: 1-4, 2-4, 3-4, 1-5, 2-5, 3-5, 1-6, 2-6, and 3-6
(p<0.05), i.e. all differences that cross the boundary between 3
and 4 targets.

3.2.3. P3 component

The maximum positive response measured in the time win-
dow of 350-600ms was referred to as the P3 component.
The mean latency for the P3 component was 480ms with
a standard deviation of 5ms. There was no statistically sig-
nificant latency difference between conditions. The P3 com-
ponent was largest over central electrode sites. A three-way
repeated-measures ANOVA performed on the peak amplitude
(as averaged over C3/4, Cz, F3/4, Fz, Pz, PO5/6, and POz)
of the P3 component showed significant main effects of tar-
get number (F(5, 65) =29.689, p <0.001) and distracter number
(F(2, 26)=10.054, p<0.001). The P3 component increased
with decreasing target and distracter numbers. Additionally,
there was a statistically significant interaction of target num-
ber x distracter number (F(10, 130) =2.365, p <0.05). Pairwise
comparisons done with the P3 amplitudes across different tar-
get numbers for all the different distracter conditions yielded
significant differences (p <0.05) between any pair compris-
ing one target number between 1 and 3 and one target num-
ber between 4 and 6, but not for pairs within any of these
ranges.

Furthermore, it was found that conditions with no distracters
differed significantly from the other two distracter number levels
(p <0.05; see Fig. 6). Plotting the P3 amplitude against the total
number of items shows that it matters how many targets and
distracters a certain number of items comprises (see Fig. 6).

10
—&—no distracters
—&— same as targets
8 1 —e—double as targets
=
2
o 61
°
2
g
& 47
)
o
2 -
O T T T T T T T T T 1

0 2 4 6 8 10 12 14 16 18 20
number of items

Fig. 6. Grand average amplitude of the P3 component for different target and
distracter numbers as a function of item number. Target numbers 1-6 are sequen-
tially depicted within each series with different distracter numbers.

Moreover, the three-way ANOVA with the enumeration pro-
cess factor showed a significant main effect for target num-
ber (F(1, 13)=67.315, p<0.001; as Fig. 6), but no interaction
between target number and distracter number was found. Thus,
there is a clear distinction between enumeration and discrimi-
nation processes, which seem to be independent.

For source localization, a time period of 480-500 ms was
selected, because the P3 component peaked within this time
period for most participants. The localization yielded almost
identical areas near the precuneus for subitizing and counting
conditions (see Fig. 7).

4. Discussion

The two main goals of the present study were: (1) to
investigate the putative dichotomy between two enumeration
processes—subitizing and counting and (2) to investigate the
relationship between the discrimination and the enumeration
processes.

4.1. Brain processes for subitizing and counting

The reaction time measures did not provide any evidence for
a dichotomy between a fast subitizing and a slower counting
process, which seems to confirm some of the previous behav-
ioral work (e.g. Balakrishnan & Ashby, 1991, 1992). However,
the different distracter effects in the error rates between subitiz-
ing and counting ranges confirm our prediction that behavioral
performance deteriorates due to the presence of distracters to a
much greater extent in counting range than in subitizing range.
This fits well with the assumption that counting and discrimi-
nation both recruit spatial selective attention and compete with
each other, as concluded by Watson and Humphreys (1999) from
their neuropsychological study. Moreover, it is not surprising
that we obtained the distracter effect in the accuracy measure
but not in the reaction time measure. It seems from the visual
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Fig. 7. Results of single dipole fit for the grand average scalp potentials for the subitising range (one to three targets; upper row; position: 43.2 mm posterior, 0.2 mm
right, 47.3 mm superior to the anterior commissure) and for the counting range (more than three targets; lower row; 47.7 mm posterior, 0.2 mm right, 45 mm superior

to the anterior commissure).

search literature (Santee & Egeth, 1982; Wolfe, 1998) that, for
the briefly presented stimulus (in the range of a few hundred mil-
liseconds, as employed in the current study), accuracy is more
consistent than reaction time. It is postulated that accuracy is sen-
sitive to early perceptual interference between target and noise
items, whereas reaction time is more sensitive to later processes
involved in response interference (Santee & Egeth, 1982). This
is confirmed by a recent study (Prinzmetal, McCool, & Park,
2005), where voluntary and involuntary attention were manipu-
lated and accuracy as well as reaction time were measured. The
authors concluded that in attention research, these two measures
might yield different results. In the current study, when the tar-
get number was 6, reaction times were shorter and error rates
were lower. This indicates that the subjects, when identifying
the extreme numerosity, did not totally rely on counting or esti-
mating, but rather some other strategies. The same phenomenon
has also been found in another study (Jackson & Coney, 2004),
in that the extreme array size with ‘five’ items elicited shorter
reaction times compared with smaller sets (such as four or three
items). The authors explained this as evidence for an adopted
estimation strategy rather than counting.

The ERP curves did indeed show a grouping effect in the dif-
ference of N2 amplitudes between low numbers of targets (one
to three) and high numbers of targets (four and more) while dis-
tracter number changed between the two lower distracter levels
(no distracters versus as many distracters as targets). A similar
dichotomy effect was observed in the P3 time range as well, not
for the change between two lower distracter levels, but for all
the distracter conditions instead. On the other hand, at earlier
latencies (N1), no evidence for a dichotomy was found. The fact
that both types of items (targets and distracters) seem to have

the same influence onto the N1 amplitude (Fig. 4) even suggests
that there is none or little enumeration-related brain activity in
this time range.

The spatial distribution and the supporting source analysis
suggested that the enumeration effect in the P3 time range might
be associated with activity in inferior parietal regions (close to
precuneus) for both subitizing and counting processes. This par-
tially converges with recent fMRI findings on the neural bases of
subitising and counting processes (Piazza, Giacomini, Le Bihan,
& Dehaene, 2003), which suggested a sudden increase of activ-
ity in posterior parietal and frontal areas for numbers equal to
or greater than 4. In contrast to the fMRI findings in literature,
our ERP results provide more detailed information regarding
the time course of enumeration processes. Specifically, it is sug-
gested that enumeration processes occur mainly from 200 to
600 ms (within N2 and P3 time window) after stimulus onset.

It is noteworthy to mention that the current study does not
support any hemispheric superiority for the subitizing and/or
counting processes. Previous investigations that have addressed
the hemispheric asymmetries for enumeration processes pro-
vide quite controversial results. On the one hand, some studies
support a right hemisphere advantage for subitizing and a left
hemisphere advantage for counting (Jackson & Coney, 2004;
Kimura, 1966; Pasini & Tessari, 2001). On the other hand, the
left hemisphere has also been proposed as the dominating hemi-
sphere for subitizing (Butterworth, 1999).! Finally, there is a
number of brain imaging studies (Piazza et al., 2002; Sathian et

! There is even an attempt to apply those findings to clinical uses (Bruder et
al., 1989).
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al., 1999) that did not reveal any clear evidence for the hemi-
sphere domination of either enumeration process. Given the fact
that some of the aforementioned studies employed different tasks
(such as comparison in Pasini & Tessari, 2001), as well as vari-
able ranges? for subitizing and counting, the results are not easily
comparable. Thus, more studies are needed to clarify this issue.

4.2. Enumeration and discrimination processes

Both the behavioral and the ERP results demonstrate that
enumeration and discrimination processes take place. On one
hand, adding distracters increases the RT for any given number
of targets (Fig. 1a). On the other hand, an increased number of
distracters is associated with more errors in the counting range
as compared to the subitizing range. These results are, on one
hand, partially in agreement with the work of Pylyshyn et al.
(1994), in that the increased distracter number does not produce
higher error rates within the subitizing range; on the other hand,
conflicting with their results in the reaction time measures, where
they found no worse performance within the subitizing range
while increasing distracter number.

The ERP results allow for disentanglement of the time
courses of the two processes. For the N1 amplitude, the com-
bined influences of target and distracter numbers can be readily
explained by the mere total of items (see Fig. 4). This indicates
that during this early time range (100-250 ms after stimulus
onset), an item identification and/or discrimination process is
dominant and little or no enumeration takes place. This finding
is consistent with a recent ERP and magnetoencephalography
(MEG) study that has shown that discriminative processing leads
to differential ERP and MEG activity beginning within 150 ms
of stimulus onset (Hopf et al., 2002). Moreover, the graded
influence of the number of items onto the amplitude of the N1
suggests that this component might reflect the difficulty of the
discrimination process.

If the N1 is reflective of the initial period of discrimina-
tion/identification of the targets from distracters, the N2 is
representative of the participation of spatial selective attention
in counting and as well as in discrimination. As suggested by
Vuilleumier and Rafal (1999), the subitizing condition without
distracters recruits no spatial selective attention, thus results
in no development of an N2 at all. Once the target number
exceeds the subitizing range or distracters appear that need to
be distinguished from targets, spatial selective attention comes
into play and an N2 appears. This spatial selection attention
effect of the N2 component (sometimes referred to as N2b) has
been discussed also in other discrimination and/or visual search
studies (Eimer, 1996; Senkowski & Herrmann, 2002). Count-
ing and discrimination compete for the limited spatial atten-
tion resources (Trick & Pylyshyn, 1993, 1994). Especially in
patients with temporo-parietal damage (Watson & Humphreys,

2 There is a long debate on the exact boundary between subitising and count-
ing. Most of the researchers in the field accept that it lies at three to four items, but
Dehaene and Cohen (1994) demonstrated that it might be two to three. Kimura
(1966) who employed an array of 3—10 items, and Jackson and Coney (2004)
have found the right hemisphere advantage only with 3—4 items.

1999), such a situation can easily exhaust the limited spatial
attention resources, causing a decline in performance. The cur-
rent results could also be well accounted for by a primitive
multiple indexing mechanism such as Fingers of Instantiation
(FINST), which was postulated by Trick and Pylyshyn (1993,
1994).

As for the last component of interest, the P3 (350—600 ms
after stimulus onset) demonstrates different influence from tar-
gets as compared to distracters. With a higher percentage of
targets, the P3 amplitude is generally larger and the dichotomy
between subitizing and counting ranges is much more pro-
nounced. Therefore, enumeration processes must be clearly
present during the late time window. On the other hand, the
influence exercised by the distracter number proves that discrim-
ination processes also remain active. More distracters produced
more decreased P3 amplitudes. This is in good agreement with
previous studies demonstrating that more difficult discrimina-
tion processes decreased P3 amplitude (Comerchero & Polich,
1999; Grillon et al., 1990; Hoffman et al., 1985; Palmer et al.,
1994; Polich, 1987, 1997; Vogel and Luck, 2000). Moreover,
this distracter effect confirmed the one found in the error rates
of the behavioral results. However, the behavioral dichotomy
seems to only present in the distracter conditions, while the P3
one appears not only in the distracter conditions, but also in the
no-distracter condition. This is not surprising given that the ERP
results are able to provide much richer temporal information as
compared to the behavioral ones.

4.3. Influence of task

It is widely accepted that parity information is extracted
directly from semantic memory, where it is stored along with
other semantic properties (Dehaene, Bossini & Giraux, 1993;
Lemaire & Fayol, 1995). It was assumed that the resources
recruited for parity judgment were the same regardless of the
numerical magnitude. In our study, direct comparison between
stimuli with odd and even parities shows that there is no influ-
ence of parity within the N1 and P3 time ranges (Fig. 3).

5. Conclusions

We have demonstrated the influence of both object discrimi-
nation and object enumeration on behavioral as well as electro-
physiological measures. First of all, the behavioral as well as the
EEG results lead us to believe that there is a dichotomy between
subitizing and counting. Secondly, the current results confirm
the previous assumptions about the role that spatial attention
might play in enumeration and discrimination processes, in that
the lack of the involvement of spatial attention is regarded as
a label for subitizing as compared to counting, and counting
competes with discrimination for the limited spatial attention
resources. Finally, it could be shown that the object identifica-
tion and discrimination processes start early in the N1 time range
(from 100 ms after stimulus onset) and continue through N2 and
P3 range. In contrast, the enumeration process takes place in the
N2 range beyond 200 ms after stimulus onset and lasts through
the P3 time window. However, source estimation suggests that
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subitizing and counting, though being distinct brain processes,
do recruit quite similar brain areas.
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