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One of the oldest findings in experimental psychology 
is the discontinuity in enumeration of visual objects be-
tween small numbers of items (one to three) and larger 
numbers (e.g., Jevons, 1871; Warren, 1897). Enumerating 
small sets of one to three items is fast and accurate (with a 
shallow slope of 40–80 msec/item) but suddenly becomes 
slow and less accurate beyond this range, showing a linear 
increase of about 200–400 msec/item (e.g., Mandler & 
Shebo, 1982; Trick & Pylyshyn, 1993, 1994; see Trick, 
2008, for a review). This discontinuity has traditionally 
been fitted to a bilinear function (Trick & Pylyshyn, 1993) 
and has generally been taken to reflect two separate pro-
cesses: a preattentive parallel process for small numerosi-
ties, called subitizing (a term coined by Kaufman, Lord, 
Reese, & Volkmann, 1949), and an attentive serial process 
for larger ones, referred to as counting/estimating.

Supplementary support for this distinction between 
enumeration within and outside the subitizing range also 
has come from brain-imaging studies (Nan, Knösche, & 
Luo, 2006; Piazza, Giacomini, Le Bihan, & Dehaene, 
2003; Sathian et al., 1999; Vuokko, Niemivirta, & Helen-
ius, 2009). For instance, using event-related fMRI, Piazza 
et al. reported a set of bilateral frontoparietal regions that 
were intensively active during counting, but to a much 
lesser extent during subitizing. Those regions showed no 
increase in activation from numerosity one to three, but a 
sudden increase between numerosities three and four, and 

a linear increase from four onward. These studies support 
a two-process model with distinct neural operations un-
derlying subitizing and counting.

For over 100 years, researchers have focused on vi-
sual enumeration, and many theories have proposed that 
subitizing is a process in visual perception (Dehaene & 
Cohen, 1994; Mandler & Shebo, 1982; Olivers & Watson, 
2008; Revkin, Piazza, Izard, Cohen, & Dehaene, 2008; 
Trick, 2008; Trick & Pylyshyn, 1994). Recently, however, 
Riggs et al. (2006) investigated enumeration in tactile per-
ception and reported a clear discontinuity between one to 
three and four to six items for both correct naming times 
and accuracy. Riggs et al.’s results are of theoretical im-
portance because they suggest that subitizing is a general 
perceptual process, not one restricted to the visual modal-
ity. Similar results were recently replicated in active touch 
by Plaisier, Bergmann Tiest, and Kappers (2009a) and in 
the auditory domain by Camos and Tillmann (2008).

Taken together, these data suggest that vision is not nec-
essary for the subitizing mechanism to develop or operate. 
However, there are reasons to think that such a suggestion 
is premature, and in the research reported here, we fur-
ther investigated the role of vision in tactile enumeration 
within and outside the subitizing range. First, there is a 
concern with Riggs et al.’s (2006) methodology. In that 
study, participants had their fingertips stimulated by small 
metal rods and were asked to enumerate the number of fin-
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consolidate the finding that subitizing is a general percep-
tual mechanism, (2) be a convincing demonstration that 
vision is not necessary for the subitizing mechanism to 
develop or operate, and (3) further our understanding of 
the role that vision plays in the development of numerical 
processing.

METHOD

Participants
Nine congenitally blind and 9 sighted (blindfolded) people par-

ticipated in the experiment. Blind participants (6 females, 3 males) 
were blind at birth or had lost sight before the end of their first year 
(see Table 1). All were recruited through announcements in various 
French institutions for the blind and were native French speakers and 
Braille readers. Their mean age was 26 years. None had neurological 
or motor deficits.

Sighted (blindfolded) participants (6 females, 3 males) were na-
tive French-speaking volunteers. Each was chosen to match a blind 
participant in terms of age, gender, and level of education. Their 
mean age was 26 years. They were blindfolded during the task.

All the participants were right-handed. They gave written in-
formed consent to inclusion in this study and received payment 
(€25) for their participation.

Apparatus and Stimuli
The same apparatus as that constructed by Riggs et al. (2006) 

was used. It consisted of two boxes (381 mm long, 220 mm wide, 
64 mm high) used to stimulate the fingertips of each hand. Five 
holes, one for each digit, were drilled into each box to allow small 
metal rods (6 mm long, 1.6 mm in diameter) to protrude from the 
box and stimulate the fingertips. The fingers did not rest directly 
on the boxes but rested on small rubber rings (4 mm high, 17-mm 
outer diameter, 7-mm inner diameter) to help keep the fingertips in 
place during the testing session. The metal rods used to stimulate 
the fingertips were activated by electromagnets and shot up from the 
boxes, at a speed of 6.33 m/sec, to a height 2 mm above the top of 
the rubber rings, applying a force to the fingertips of 5 N. The stimu-
lation trials were controlled via a PC running dedicated software 
written in Delphi. The participants responded into a microphone 
(Sennheiser e855) attached to a voice-activated relay, which stopped 
the computer’s clock.

Procedure
Exactly the same procedure as that in Riggs et al. (2006) was 

used. After a training period of 40 trials, each participant received 50 
trials with each of 10 numerosities, for a total of 500 trials. The par-
ticipants rested for a few minutes after every 100 trials. Fingertips 
were stimulated until the participants responded by speaking into a 
microphone attached to a voice key recording naming times to the 
nearest millisecond and retracting the rods. There was a 5,000-msec 
interval between the vocal response and the next stimulus presenta-

gers stimulated as quickly and as accurately as possible. 
However, during the testing phase, the participants could 
see their hands, so we cannot rule out the possibility that 
they used visual information to enumerate the number of 
fingers stimulated. Had they done so, it would undermine 
the claim that subitizing occurs in tactile perception. In the 
present study, we therefore tested a group of sighted but 
blindfolded participants on the original Riggs et al. task.

Second, although the Riggs et al. (2006) data suggest 
that the subitizing mechanism relies on spatial processing 
(not necessarily visual), vision has nevertheless been con-
sidered important in the acquisition of spatial knowledge 
(Fraiberg, 1977; Hartlage, 1969; von Senden, 1960; see 
Gaunet, Martinez, & Thinus-Blanc, 1997, for a review). 
Interestingly, the large body of research conducted on this 
issue has led to discrepant results, with early visual depri-
vation appearing to entail both increased (e.g., Collignon, 
Renier, Bruyer, Tranduy, & Veraart, 2006) and altered (e.g., 
Gaunet et al., 1997) spatial abilities. For example, Gaunet 
and Rossetti (2006) provided a good illustration of the 
different effects of visual deprivation on spatial behavior. 
They used a pointing task at proximal memorized proprio-
ceptive targets but took different measures (e.g., absolute 
distance estimation, amplitude and direction of estimates) 
to assess the spatial representation involved in propriocep-
tion. Their results showed that within the same task, blind 
participants presented different results, according to the 
different pointing parameters measured (e.g., increased 
capacity in absolute distance estimation but altered orga-
nization for amplitude and direction estimates).

Third, spatial processing has also been linked to nu-
merical cognition, on the basis of the assumption that they 
share some common underlying mechanisms—notably, 
in tasks such as enumeration (for reviews, see de Hevia, 
Vallar, & Girelli, 2008; Hubbard, Piazza, Pinel, & De-
haene, 2005). Moreover, researchers have reported that 
early visual deprivation and the subsequent experience 
with numerical information enhances participants’ nu-
merical estimation abilities outside the subitizing range 
(Castronovo & Seron, 2007).

Therefore, to more firmly establish the role of vision 
in tactile enumeration within and outside the subitizing 
range, we tested a group of congenitally blind adults. If we 
were to find evidence of subitizing in these participants, 
it would (1) rule out the possibility that visual process-
ing was used in the Riggs et al. (2006) study and would 

Table 1 
Characteristics of the Blind Participants

Participant Education Age of Onset
Number  Level  Gender  Age  Etiology  of Blindness

1 University F 24 Glaucoma 4 months
2 Higher education M 20 Congenital glaucoma 0
3 University F 25 Congenital glaucoma 0
4 Secondary school F 26 Genetic retinitis pigmentosa 0
5 Higher education F 27 Congenital glaucoma 0
6 Secondary school M 24 Retinoblastoma 3 months
7 Higher education M 26 Congenital malformation 0
8 Secondary school F 30 Measles (unknown) 6 months
9  Higher education  F  31  Congenital disease  0
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scrutinized for the appearance of a significant quadratic 
component. This divergence from a linear increase in RT 
suggests the deployment of a new process for the last nu-
merosity added. For all groups, the first appearance of a 
significant quadratic trend was in the 1–4 range ( p , .05 
for all). Consequently, the subitizing range was consid-
ered to be 1–3.

We fitted linear and bilinear models to our latency data 
from all the groups of participants (only for the range 1–6, 
as is typically done in the literature). We then computed 
goodness-of-fit statistics comparing data from the models 
with observed data. For both groups of participants (con-
genitally blind and sighted blindfolded), data from the 
linear model differed significantly from those obtained 
empirically (blind, χ2 5 151.91, p , .001; sighted blind-
folded, χ2 5 75.53, p , .001), but data from the bilinear 
model (pivoted around array size 3) was a good fit for 
both groups (blind, χ2 5 7.66, p 5 .18; sighted blind-
folded, χ2 5 6.16, p 5 .29). This pattern was also found 
when we computed goodness of fit on the original Riggs 
et al. (2006) data (linear, χ2 5 124.29, p , .001; bilinear, 
χ2 5 2.07, p 5 .84). This fitting exercise confirms that the 
bilinear function provides a good fit to our data, whereas 
a linear function does not.

Finally, we fitted linear functions relating naming RT 
to numerosity within and beyond the subitizing range. For 
numerosities of 1–3, the regression equation was RT 5 
634 1 255N (r 5 .96) for blind individuals and RT 5 
487 1 339N (r 5 .99) for sighted-blindfolded individu-
als. For numerosities of 4–6, the regression equation was 
RT 5 1,228 1 605N (r 5 .99) for blind individuals and 
RT 5 1,341 1 641N (r 5 .99) for sighted-blindfolded in-

tion. Stimulus sizes were presented randomly across all 10 fingers.1 
The distance between the two hands resting on the boxes was 30 cm, 
with the two arms (and hands) parallel to each other and perpen-
dicular to the body. The experimenter was present in the room to 
type the participant’s numerical response into the computer, and the 
experiment lasted approximately 1.5 h.

RESULTS

Since the participants presented ceiling performances 
for the target magnitude 10, we therefore restricted our 
analysis to set sizes of one to nine fingers. For the purpose 
of comparison, we added the results obtained by Riggs 
et al. (2006) with sighted-seeing participants (n 5 16). 
For all the groups (blind, sighted blindfolded, and sighted 
seeing), we found that both accuracy and correct naming 
times varied with numerosity (see Tables 2 and 3).

Correct Naming Times
A 3 3 9 (group 3 numerosity) ANOVA performed on 

the correct naming times showed a significant main ef-
fect of numerosity [F(8,248) 5 150.20, p , .001, h2 5 
.83] but no main effect of group [F(2,31) 5 0.107] and 
no group 3 numerosity interaction [F(16,248) 5 0.556]. 
Planned comparisons showed a significant effect of nu-
merosity for blind individuals [F(8,64) 5 26.26, p , .001, 
h2 5 .77], sighted-blindfolded individuals [F(8,64) 5 
45.71, p , .001, h2 5 .85], and sighted-seeing individuals 
[F(8,120) 5 106.92, p , .001, h2 5 .88].

The subitizing range was determined with trend analy-
ses (see, e.g., Trick & Pylyshyn, 1993). Separate  ANOVAs 
were carried out on the response time (RT) data for nu-
merosities 1–3, 1–4, and so on, and the results were 

Table 2 
Mean Correct Naming Latencies (in Milliseconds) and Standard Deviations As a Function of Group  

(Congenitally Blind, Sighted Blindfolded, and Sighted Seeing) and Numerosity

Numerosity

1 2 3 4 5 6 7 8 9

Group  M  SD  M  SD  M  SD  M  SD  M  SD  M  SD  M  SD  M  SD  M  SD

Congenitally 
 blind 942 297 1,037 250 1,351 513 1,821 518 2,462 807 3,030 1,116 2,942 935 2,971 834 2,610 872
Sighted
 blindfolded 852 108 1,116 266 1,531 402 2,017 602 2,554 683 3,299 970 3,237 875 3,073 773 2,535 715
Sighted
 seeing* 778 121 993 221 1,317 270 1,845 486 2,451 539 3,098 753 3,163 696 3,133 766 2,740 808
*Taken from Riggs et al. (2006).

Table 3 
Mean Accuracy and Standard Deviations As a Function of Group  

(Congenitally Blind, Sighted Blindfolded, and Sighted Seeing) and Numerosity

Numerosity

1 2 3 4 5 6 7 8 9

Group  M  SD  M  SD  M  SD  M  SD  M  SD  M  SD  M  SD  M  SD  M  SD

Congenitally 
 blind 99.56 0.88 98.00 3.00 96.22 4.18 84.20 14.09 79.00 13.02 65.56 20.91 47.78 17.53 50.11 20.07 53.00 26.62
Sighted
 blindfolded 99.11 2.03 97.33 4.00 91.56 6.77 70.56 18.47 54.67 21.05 43.22 23.08 38.00 22.32 38.89 20.75 49.00 22.47
Sighted
 seeing* 99.50 0.89 98.25 2.41 93.25 5.74 74.88 15.32 65.50 18.57 46.75 27.43 46.13 23.42 49.00 21.88 60.63 22.23
*Taken from Riggs et al. (2006).
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showed a less significant effect of numerosity for blind 
individuals [F(8,64) 5 24.34, p , .001, h2 5 .75] than 
for sighted-blindfolded individuals [F(8,64) 5 46.44, 
p , .001, h2 5 .85] and for sighted-seeing individuals 
[F(8,120) 5 53.14, p , .001, h2 5 .78].2

Error Rates
To investigate how inaccurate the three groups’ esti-

mations were within and outside the subitizing range, we 
conducted one-way ANOVAs on the absolute error rates 
[|ER| 5 (response 2 target magnitude)/target magnitude], 
followed by Tukey post hoc tests to compare |ER| across 
the groups (see Figure 1 and Table 4). Within the subitiz-
ing range, the group effect did not reach significance 
[F(2,8) 5 2.64, p . .15], indicating that the three groups 
of participants presented a similar |ER|. However, out-
side the subitizing range, the group effect was significant 
[F(2,17) 5 7.781, p 5 .005, h2 5 .48]. Tukey post hoc 
comparisons indicated that the sighted-blindfolded par-
ticipants presented a larger |ER|, as compared with the 
congenitally blind ( p 5 .005) and the sighted-seeing ( p , 
.05) participants, who showed a similar |ER| ( p . .6).

Log(CV)
To further examine the differences between groups 

within and outside the subitizing range, coefficients of 
variation (CV 5 response standard deviation/mean re-
sponse) were computed (see Figure 2 and Table 5). One-
way ANOVAs on log(CV) followed by Tukey post hoc 

dividuals. These results are very similar to those reported 
by Riggs et al. (2006) for sighted-seeing individuals (for 
1–3, RT 5 490 1 270N, r 5 .99; for 4–6, RT 5 1,212 1 
627N, r 5 .99). The average correct naming time for one 
to three fingers was significantly quicker than the aver-
age naming time for four to six fingers for blind [255 vs. 
605 msec/item; F(1,8) 5 39.98, p , .001, h2 5 .83], 
sighted-blindfolded [339 vs. 641 msec/item; F(1,8) 5 
77.75, p , .001, h2 5 .90], and sighted-seeing [270 vs. 
627 msec/item; F(1,15) 5 181.67, p , .001, h2 5 .92] 
individuals. The slopes within and outside the subitiz-
ing range did not differ significantly between groups (all 
Fs , 1).

Accuracy
There was a clear discontinuity in accuracy perfor-

mance, which was nearly perfect for one to three fingers 
but was severely impaired in the range of four to nine fin-
gers (see Table 3). A 3 3 9 (group 3 numerosity) ANOVA 
performed on accuracy showed a significant main effect 
of numerosity [F(8,248) 5 110.30, p , .001, h2 5 .78], no 
main effect of group [F(2,31) 5 1.36], and a significant 
group 3 numerosity interaction [F(16,248) 5 1.85, p , 
.05, h2 5 .11]. The interaction came from the fact that, as 
in Castronovo and Seron (2007), blind individuals showed 
less of an increasing tendency to misestimate target mag-
nitudes, as compared with the two other groups, especially 
outside the subitizing range. Indeed, planned comparisons 

Table 4 
Mean |ER| and Standard Deviations As a Function of Group 

(Congenitally Blind, Sighted Blindfolded, and Sighted Seeing), 
Within and Outside Subitizing Range

Within Outside
Subitizing Subitizing

 Group  M  SD  M  SD  

Congenitally blind .012 .003 .077 .020
Sighted blindfolded .025 .009 .125 .022
Sighted seeing* .015 .090 .089 .024

*Taken from Riggs et al. (2006).
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Figure 1. Absolute error rates as a function of the number 
of fingers stimulated (blind individuals, open squares; sighted-
blindfolded individuals, open triangles). For comparison, the 
figure also shows Riggs et al.’s (2006, p. 272, Figure 1) results ob-
tained in tactile perception for sighted-seeing individuals (open 
circles).

Table 5 
Mean Log(CV) and Standard Deviations As a Function of 

Group (Congenitally Blind, Sighted Blindfolded, and Sighted 
Seeing), Within and Outside Subitizing Range

Within Outside
Subitizing Subitizing

 Group  M  SD  M  SD  

Congenitally blind 20.98 0.67 22.20 0.12
Sighted blindfolded 21.21 1.08 21.74 0.15
Sighted seeing* 21.23 0.85 22.13 0.21

*Taken from Riggs et al. (2006).
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Figure 2. Log(CV) as a function of the number of fingers stimu-
lated (blind individuals, open squares; sighted-blindfolded indi-
viduals, open triangles). For comparison, the figure also shows 
Riggs et al.’s (2006, p. 272, Figure 1) results obtained in tactile 
perception for sighted-seeing individuals (open circles).
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them through the use of their predominant sensory modal-
ity (touch).

Outside of the subitizing range, congenitally blind 
participants showed performance similar to that of the 
sighted-seeing participants, although both groups per-
formed better than the sighted-blindfolded group. One 
possibility is that the congenitally blind participants and 
the sighted-seeing participants allocated attentional re-
sources equally—maybe because each group was able to 
rely on their own predominant sensory modality (i.e., vi-
sion for the sighted-seeing group and touch for the con-
genitally blind group). Future work is needed to provide a 
fuller explanation of these findings, but, at the very least, 
these data provide further evidence that vision is not neces-
sary to the elaboration of numerical abilities outside of the 
subitizing range (Castronovo & Seron, 2007). However, 
given that sighted-blindfolded participants showed worse 
performance, as compared with the two other groups, at 
larger array sizes, our results also show that, even though 
vision is not necessary per se, the input modality used for 
enumeration outside the subitizing range is important and 
can affect participants’ performance if they cannot access 
numerical information through their predominant sense.

In summary, our findings add to the growing body of 
evidence suggesting that the rapid enumeration of three 
items takes place through most, if not all, of our senses. 
Subitizing is a general perceptual mechanism extending 
to auditory and tactile processing. Importantly, our results 
demonstrate for the first time that visual processing is not 
necessary for the development of a rapid enumeration 
mechanism for small numbers of items. They also provide 
further evidence that the absence of vision since birth does 
not preclude the development of estimation processes be-
yond the subitizing range.
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NOTES

1. The fingers and hands were selected randomly from among 1,023 
possible combinations.

2. No further analyses were performed on accuracy, because most of 
the studies in the subitizing literature have focused on the RT variable, 
rather than on accuracy. Furthermore, participants could, in principle, 
respond 100% correctly at all array sizes and still produce a bilinear 
function for the latency data. In fact, in the Riggs et al. (2006) study, 
2 participants had near-ceiling accuracy (96% and 97%), but both ex-
hibited a bilinear function for latency data.

3. One reviewer (Derrick Watson) underlined the fact that tactile su-
bitizing RT slopes are much greater here (~250–300 msec/item) than in 
visual enumeration studies (typically, around 40 msec/item and, gener-
ally, ,100 msec/item), implying that tactile representations might be 
noisier than visual representations, leading to slower tactile enumeration 
rates than visual enumeration rates. Although the tactile subitizing RT 
slopes are larger than those found in visual studies, they are in agree-
ment with values one would expect from the range of RT slopes found in 
tactile research (see, in particular, Plaisier, Bergmann Tiest, & Kappers, 
2009b). Thus, these RT differences do not rule out the possibility that 
similar mechanisms underlie numerosity judgments in both modalities, 
if we assume that enumeration processes are less efficient in tactile per-
ception than in vision.
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