
1 Introduction
The study of people's ability to make visual numerosity judgments goes back more
than a century (eg Jevons 1871; Warren 1897). By now, many researchers have reported
that there is a difference in both the accuracy and latency of people's behavioural
responses when enumerating small versus large numbers of visual stimuli (eg Atkinson
et al 1976a; Trick and Pylyshyn 1993, 1994; Weiss 1965). Specifically, when the number
of items presented is small (typically between 1 and 4 stimuli) they appear to be pro-
cessed very rapidly and almost free from errors (eg Atkinson et al 1976a). By contrast,
increasing the number of items presented above 4 typically produces a large increase
in both average response latencies and error rates, often giving rise to a discontinuity in
the slope of the response latency and error functions. Such results have been interpreted
by many authors as providing evidence for the existence of two qualitatively differ-
ent enumeration processes: `subitising', specialised for small numbers, and c̀ounting',
specialised for larger numbers of items (eg Kaufman et al 1949; Mandler and Shebo
1982; Peterson and Simon 2000; Trick and Pylyshyn 1993). Subitising has been described
as fast, accurate, and pre-attentive, whereas counting tends to be slower, more error-
prone, and more attention-demanding.

Given the importance that has been attributed to the phenomenon of subitising
in terms of explaining (at least in part) the neural and cognitive mechanisms under-
lying the selection of information, spatial processing, and the access of information to
consciousness (eg see Jevons 1871; Pylyshyn 1989; Sathian et al 1999; VanRullen and
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Koch 2003a, 2003b; cf Gallace and Spence 2008), it is somewhat surprising to see
how few researchers have attempted to investigate the limitations in people's ability
to count stimuli presented outside of the visual modality (such as, for example, for
stimuli presented in the auditory or tactile modalities; see Alluisi et al 1965; Gert and
Joos 1979; Hill 1971; Kashino and Hirahara 1996; Lechelt 1974, 1975; Monty 1962;
Taubman 1950; White et al 1953; see also Gallace et al 2007a). The results of numer-
osity studies have been used to highlight the limitations affecting our awareness of
simultaneously presented stimuli (see Gallace and Spence 2008). While the presence
of subitising in vision appears to suggest that people's awareness of events is limited
to 3 ^ 4 stimuli presented at the same time, the same limitation does not necessarily
apply to other sensory modalities. Moreover, the question of how much information
can enter awareness at any one time is not only of theoretical but also of applied
importance, given the increasing number of attempts to develop a tactile interface to
present information to human ^machine operators (see Gallace et al 2007b, for a recent
review).

Two studies have recently been published in which people's ability to counter various
numbers of simultaneously presented vibrotactile stimuli has been investigated (Gallace
et al 2006; Riggs et al 2006). Rather surprisingly, however, while Gallace et al concluded
that subitising `̀does not occur for stimuli presented in the tactile modality'' (page 262),
Riggs et al came to exactly the opposite conclusion, suggesting, instead, that subitising
`̀ is not restricted to visual perception, but also extends to tactile perception'' (page 271).
These two studies of tactile numerosity judgments differ in terms of where the stimuli
were presented: Gallace et al presented vibrotactile stimuli (1 to 7) to a variety of differ-
ent locations across their participants' body surface, while Riggs et al presented tactile
stimuli (1 to 10) to their participants' fingertips instead [note that both studies used
passive simultaneous stimulus presentation rather than active scanning procedures;
cf Ginsburg and Pringle (1988) for results obtained with haptic sequential estimation of
larger numbers of tactile stimuli]. It might be possible, therefore, that any putative differ-
ence between the results of the two studies could be related to the fact that most people
are more practiced at discriminating tactile stimuli presented to their hands (as in
Riggs et al's study) than using other parts of their body surface (as the participants
in Gallace et al's study). Indeed, it is well-known that a larger proportion of the somato-
sensory cortex is given over to the representation of the hands than of other parts of the
body, given their relative surface area (eg Nakayama et al 1998; Narici et al 1991; Penfield
1950). Note that this difference might also help to explain the large overall difference in
error rates reported in the two studies (see figure 1). Participants made far more errors
in Gallace et al's study, where the stimuli were presented on the body surface, than did
participants in Riggs et al's study, where the stimuli were presented on the fingertips.

It is, however, important to note that any theoretical interpretation of the dif-
ferences between diverging scientific findings assumes that the actual `results' of the
studies in question differ in certain fundamental respects. However, this may not be
the case here: indeed, the results of the two studies might actually in both cases
belong to the same family of performance curves (such as, for example, èxponential'
functions), and therefore perhaps be related to the functioning of similar processing
mechanisms. Note, however, that despite this possible (and yet unexplored) similarity
between the results of the two studies, the data were actually fitted with different
psychometric functions. In particular, while Gallace et al (2006) fitted their response
time (RT) data with a single linear function (RT � 144N� 906; correlation coefficient
r � 0:99, where N represents the number of stimuli in the display), Riggs et al plotted
two separate linear functions by splitting (on the basis of the results reported in
certain previous visual studies) their latency data into two distinct numerosity ranges
(RT � 270N � 490, r � 0:99, for 1 to 3 tactile stimuli and RT � 627Nÿ 668, r � 0:99,
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for 4 to 6 tactile stimuli, respectively. Note that Riggs et al did not analyse the numerosity
data when 7 ^ 10 stimuli were presented owing to the particular response strategy appar-
ently used by their participants, which was to start counting the unstimulated fingers.).

The key point to note here is that the authors of both studies failed to provide
convincing support for their claims regarding the presence or absence of subitising in
the tactile modality. Both approaches might therefore be incomplete in terms of
answering the question whether or not two separate forms of processing (subitising
and counting) are involved in numerosity judgments for tactile stimuli. Specifically,
Riggs et al (2006) plotted two separate functions, splitting their data on the basis of
the results of previous visual research (a method that has also frequently been used
in the visual literature; eg Chi and Klahr 1975; Svenson and Sjo« berg 1978). However,
such a method is not based on statistical evidence (regarding a discontinuity) provided
by the data set itself but rather on the arbitrary choices made by individual researchers
on the basis of previously reported evidence (the statistical validity of which has actually
been questioned elsewhere; eg Balakrishnan and Ashby 1992).(1)

Moreover, using this method (ie splitting the data into two ranges and fitting two
different curves), Riggs et al (2006) actually failed to fit a bilinear function to their data.
Indeed, in order to show that any data set is fitted by a bilinear function one should
perform a piecewise linear regression analysis (eg Neter et al 1990, pages 474 ^ 477).
Such a procedure allows one to fit functions that change their slope at a specific point
(the limit of the subitising range in the present case). Moreover, while the precise limit
of the subitising range appears to be controversial with different researchers suggesting
that subitising occurs for up to 3 (eg Atkinson et al 1976a; Chi and Klahr 1975),
4 (eg Klahr and Wallace 1976; Trick and Pylyshyn 1994), or even 5 stimuli (see Simons
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Figure 1. Performance of participants in Riggs et al's (2006) and Gallace et al's (2006) tactile
numerosity judgment studies as a function of the number of stimuli presented in the display:
(a) mean RTsöthe best-fitting functions (light grey lines) with their equations are also repre-
sented for both data sets; (b) the error data from the two studies.

(1) One possible means of statistically defining the limit of subitising is to perform a series of planned
comparisons between each pair of consecutive numerosities (ie comparing the numerosity equal to
n with the numerosity equal to n� 1 in the response times and/or in the error data). By means of
such a procedure, the subitising limit could be statistically defined as the smallest numerosity for
which the comparison is significant. Applying this procedure to the original data set (Riggs et al
2006) the minimum numerosity that can be used to statistically determine a discontinuity in the
data set is `1' for both RTs (t15 � ÿ5:86, p 5 0:00001, two-tailed) and error rates (t15 � ÿ2:55,
p 5 0:05, two-tailed). By itself, this result would undermine the very possibility of splitting the data
at a numerosity equal to 3 (before fitting the data) as reported by Riggs et al (2006).
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and Langheinrich 1982), Riggs et al analysed their data only for the case where the
subitising limit was set at 3 stimuli.

Note also that Riggs et al (2006) reported a per-item increase within the subitis-
ing range of 270 ms, a result that is actually not particularly compatible with a
subitising account of their data (for comparison, it should be noted that the per-item
increase reported in the visual subitising literature does not exceed 40 ^ 100 ms at
most for adult participantsöChi and Klahr 1975; Simons and Langheinrich 1982;
Svenson and Sjo« berg 1978; Trick and Pylyshyn 1994). Indeed, even smaller (200 ms)
per-item increases than those reported by Riggs et al have been used elsewhere to
reject the very possibility that participants were actually subitising the items presented
(eg Butterworth 1999; Piazza et al 2002). Although Riggs et al seem to accept the
claim that the presence of `any' kind of discontinuity in the data set can actually
be sufficient to support the distinction between counting and subitising (eg Trick and
Pylyshyn 1994),(2) one should also consider whether or not this choice may undermine
the very nature of the theorisation regarding subitisation itself.

Specifically, one of the central differences between counting and subitising has
always been the fact that subitising is a pre-attentive process, whereas counting is an
attention-demanding process (eg Cowan 2001, 2005; Kaufman et al 1949; Mandler
and Shebo 1982; Peterson and Simon 2000; Trick and Pylyshyn 1993, 1994). Cowan
(2001, 2005) even suggested that subitising may help to estimate the capacity limit of
the focus of attention (that is, the number of stimuli that can be held within the focus
of attention at any one time without shifting it). Therefore, if subitising is thought to
be a pre-attentive process (ie a process that does not require any shift of attention),
one might legitimately ask how a per-item increase of 270 ms [an interval that has
been shown to be sufficient for a shift of tactile attention to occur; eg Lakatos and
Shepard (1997); Spence and McGlone (2001)] may be considered as evidence for the
presence of subitising in touch. This point alone would at least suggest a reconsidera-
tion of the nature of subitising in touch!

Finally, it is also important to note that Riggs et al (2006) presented their stimuli
until a response was given by participants, once again using a procedure that is not
entirely compatible with the concept of subitising reported in the earlier literature. [Note
that the term `subitising' is derived from the Latin word subitusömeaning `sudden'ö
and captures the feeling of immediately knowing or `apprehending'öJames (1890/
1950); see also Chi and Klahr (1975).] Therefore, one might question how the presenta-
tion of the stimuli `̀ until a response is made'' can be seen as being compatible with a lack
of ocular movements or attention shift thought to be proper of the subitising concept.

On the other hand, one can also criticise Gallace et al's (2006) study on the
grounds that they only analysed their data using a linear model (ie without also trying
to plot alternative bilinear functions and therefore exploring other possible interpreta-
tions for their data). Finally, while both studies provided the r 2 values relative to their
fittings (a measure of the percentage of variance that can be explained by a given
model) they did not actually test for the degree of correspondence between the data
that would have been expected on the basis of their models and the data that were
actually observed (ie they did not provide a statistical measure of the goodness-of-fit of
their data-fitting procedures). The same concerns also apply to the measure of the
participants' error rates provided by the two studies. Therefore, in order to try to
clarify these points, and, additionally, to determine whether either set of data provides
a definitive answer to the question of whether subitising affects the processing of tactile
stimuli, we re-analysed both sets of empirical data using similar statistical procedures.
(2) Although it is worth noting here that, in their study, Trick and Pylyshyn (1994, see page 80)
report the classic 40 ^ 100 ms and 250 ^ 350 ms ranges as limits for the subitising and counting
processes, respectively, and the `shallow' slope of the function within the subitising range.
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Linear, logarithmic, quadratic, exponential, sigmoid, power regression, and piece-
wise regression psychometric analyses (with pivot points at numerosities of 3 and 4)
were performed on both Riggs et al's (2006) and Gallace et al's (2006) RT and error
data (see Appendix, tables A1 and A2). The analysis of the goodness-of-fit by using a
w2 merit function showed that the latencies predicted by linear, quadratic, power, and
bilinear models with pivots at numerosities of 3 and 4 were not significantly different
from those reported by Gallace et al. Note that, although the results predicted by the
bilinear models were not significantly different from those obtained by Gallace et al,
the slopes of the two parts of the curves between the pivot points in the data obtained
by Gallace et al are not those expected on the basis of a subitising account. Indeed,
the slope in the subitising range is steeper than the slope in the counting range (see
Appendix, Table A1c), confirming the view that a classical dual-process model of
numerical abilities cannot be used to account for the results of Gallace et al.

The analysis of the goodness-of-fit of the data also showed that the results pre-
dicted on the basis of quadratic and both bilinear models (with pivot points set at
3 and 4) were not significantly different from those obtained by Riggs et al (2006).
This finding highlights the fact that at least two different models can be used to fit
the data of Riggs et al. Note, however, that only the bilinear model is fully consistent
with a classical dual-processing account (ie counting versus subitising) of numerical
abilities. Moreover, although the bilinear model appears to fit Riggs et al's RT data
correctly, this observation by itself does not provide sufficient evidence with which to
come to any firm conclusions regarding the presence of two distinct forms of process-
ing in tactile perception. Indeed, it is important to note that the per-item increase in
RTs obtained within the subitising range reported by Riggs et al (270 ms/item) corre-
sponds approximately to the time needed for a young adult (French speaker, as in
the study by Riggs et al) to c̀ount' visual objects one by one while pointing at them
with a finger (ie 215 ^ 266 ms; eg Camos et al 2001). This observation suggests the
possibility that even within the subitising range, participants in the Riggs et al study
may actually have been counting the number of stimuli presented rather than subitising
them. Moreover, the 270 ms/item increase observed by Riggs et al for small numeros-
ities (and the 253 ms/item and 371 ms/item predicted by the bilinear model with pivot
points equal to 3 and 4, respectively) is an interval large enough to allow for atten-
tional shifts between the tactile stimuli presented, offering further support for the
claim that participants in the Riggs et al (2006) study were not subitising the items but
likely shifting their attention serially amongst them. Therefore, although the analysis
reported by Riggs et al was compatible with the presence of a discontinuity in the data
set, this result, by itself, does not appear to be fully in agreement with a classic counting
versus subitising account of numerosity judgments.

As far as the error data are concerned (see figure 1b; note that Riggs et al 2006,
did not themselves attempt to fit any psychometric functions to their error data), it is
interesting to note that both Gallace et al's (2006) and Riggs et al's data can be
fitted, with only marginally different r 2 values, by using linear, logarithmic, quadratic,
power, sigmoidal, exponential, and bilinear functions (see table A2). Most importantly,
the analysis of the goodness-of-fit, by means of a w2 test, showed that the quadratic
and bilinear models with pivot points at 3 and 4 best predicted Gallace et al's results
(see Appendix, tables A2c and A2d). Note also that the results predicted by the linear
model were found to be significantly different from those observed in the experimental
group studied (suggesting that this model may not provide the most appropriate fit
to the data). The goodness-of-fit analysis also showed that the results predicted on
the basis of all of the models analysed were significantly different from those obtained
by Riggs and his colleagues. It is therefore of relevance to note here that the bilinear
model with a pivot point at a numerosity of 3 (the model suggested by Riggs et al

786 A Gallace, H Z Tan, C Spence



as being the best in terms of representing their data, and predicted on the basis of
certain previous visual studiesöeg Atkinson et al 1976a) was actually not predictive
of the results that they actually obtained.

The fact that many different ways of fitting the data are seemingly equally effective
in predicting the results would therefore appear to suggest that any decision regarding
the function that best fits the data emerging from studies of tactile numerosity judg-
ments (and, as a consequence, any theoretical speculation regarding the cognitive
mechanism underlying it) may be fairly arbitrary at present (rather than being funda-
mentally determined by the underlying nature of the data sets themselves). Indeed,
depending on the specific model that the researcher decides to fit and test against
the obtained results, dramatically different conclusions can actually be supported.

Therefore, on the basis of these observations regarding the empirical data reported
by both Gallace et al (2006) and Riggs et al (2006), the possibility ought to be con-
sidered that the enumeration of tactile stimuli might not actually reflect two distinct
and cognitively separable processes (subitising and counting) as suggested by Riggs
et al (2006), but rather just the consequence of an interpretation bias arising from
the particular way in which the psychophysical data happen to have been fitted. Inter-
estingly, a similar argument runs through the earlier literature on visual enumeration
judgments (eg Balakrishnan and Ashby 1991, 1992). In fact, when Balakrishnan and
Ashby (1992) analysed a wide range of enumeration data, they were unable to show
any statistical evidence for a discontinuity in response latencies between the subitising
and counting ranges (note, however, that they were also unable to fit a log ^ linear
model to the numerosity data that they analysed). This led the authors to conclude
that the two processes are not different in nature, but simply reflect a continuum
along a scale of increasing task difficulty (`mental effort'). Of course, the question of
whether a single cognitive process underlies numerosity judgments may become even
more complex when one starts to consider the enumeration of bimodal rather than
unimodal displays (see Gallace et al 2007a; cf Loftin 2003).

It is also important to note here that the purported limit of subitising has also
been shown to be modulated by practice. Specifically, Wolters et al (1987) demonstrated
that after 5 days of practice involving the presentation of visual patterns composed of
4 to 18 dots, subitising occurred over the whole range of stimuli presented! This result
was, however, only found when the patterns presented were constant across different
trials and different days of testing, but not when they were generated randomly before
each trial (in this latter case, subitising never developed). It therefore appears clear
that, if present, any difference between the results obtained for the counting and sub-
itising ranges in vision, and possibly also in touch, might solely be due to the demands
of the tasks being performed by participants and to the experience that they may
have with the patterns of stimuli presented, rather than to the functioning of two
separate and/or independent processing systems. These latter observations would also
suggest that extensive practice with specific patterns of tactile stimulation (and perhaps
also the use of feedback regarding the correctness of participants' responses) might lead
to an improvement of participants' performance in tactile numerosity judgment tasks and
even to the appearance of a subitisation-like phenomenon.

However, before drawing any firm conclusions regarding the cognitive processing
underlying tactile numerosity judgments, we should note that the present analysis also
highlighted the fact that the results of Gallace et al (2006) were not predictable on
the basis of a linear model (at least as far as their error data are concerned). This last
observation might perhaps suggest that numerosity judgments in tactile perception are
not even easily described by a unitary account. However, one should consider the fact
that this failure to fit Gallace et al's data with a linear model is not due to a discon-
tinuity between the subitising and counting range, but rather to a discontinuity in the
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post-subitising range. That is, increasing the number of stimuli resulted in performance
reach ceiling level and therefore gave rise to a shallower distribution above a certain
numerosity value. Note that this is exactly the opposite pattern of results than one
would expect on the basis of a subitising account (where the shallow distribution is
found in the first rather than second part of the data set). What is more, this pattern
of results (the presence of a shallow distribution due to a ceiling effect at some point
in the data set) is a frequent occurrence in most psychophysical studies (eg Pollack
1952; Stevens 1951, 1958; including those studies involving visual numerosity judgments,
eg Balakrishnan and Ashby 1992) and cannot be avoided. Ultimately, what is inter-
esting here is that the asymptote (perhaps corresponding to a shift between a serial
counting procedure and an estimation procedure; eg Mandler and Shebo 1982) for
tactile numerosity judgments seems to be obtained for lower numerosities than for visual
numerosity judgments.

Our analyses also suggest that differences are present between the two sets of
data. In particular, the error data of Gallace et al (2006) can be described by a linear
function but those of Riggs et al cannot. As previously noted, these differences might
be related to the locus of presentation of the stimuli in the two studies (fingers versus
body). Indeed, most people are presumably more practiced at discriminating tactile
stimuli using their hands than using other parts of their body surface. Finally, this
difference might also be related to the proportion of the cortical surface involved in
the representation of the stimuli presented [see Baron and Pelli (2006) for the report
of a decrement in the accuracy of participants' visual numerosity judgments when
stimuli are presented at the periphery of the visual fieldöan area represented in V1
less than the foveaöcf Gallace and Spence 2008].

In order to further investigate any possible difference in numerosity judgments for
stimuli presented on the fingertips versus on the rest of the body surface, we conducted
an experiment in which we compared the two conditions of stimulus presentation
(fingertips versus body surface) within the same group of participants using exactly
the same experimental setup. Moreover, in accordance with the extant visual literature,
we used brief presentation of the stimuli (100 ms) in order to avoid ocular movements
or attentional shifts.

2 Experiment
2.1 Methods
In one experimental condition, the stimuli were presented on the fingertips (we used
the 8 fingers of both hands, excluding the thumbs), while in the other condition the
stimuli were presented across the body surface (cf Auvray et al 2007; Gallace et al
2006, 2007a, 2008). The vibrotactile stimuli were presented by means of resonant-type
tactors (Part No: VBW32, Audiological Engineering Corp., Somerville, MA, USA),
with 1.6 cm62.4 cm vibrating surfaces. The vibrators were driven by means of a custom-
built 9-channel amplifier circuit (Haptic Interface Laboratory, Purdue University, West
Lafayette, IN, USA) that drove each tactor independently at 290 Hz (close to its resonant
frequency).

The intensity of each tactor was adjusted individually at the beginning of the
experiment, so that each vibrotactile stimulus could be perceived clearly, and all of
the tactile stimuli were perceived with a similar intensity. This was achieved by asking
participants to match the perceived intensity of the first tactor activated with that of
each of the others. The amplification levels for the tactors were kept at these individ-
ually adjusted levels throughout. The tactors used to stimulate the body surface were
placed on the participant's body on the top of his/her clothes by means of Velcro strip
belts at the following locations: left wrist; midway between the elbow and the shoulder
on the left arm; just above the right elbow; just below the left knee; just above the
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left ankle; midway between the ankle and knee on the right leg; on the waistline, to
the left and right of the body midline (cf Gallace et al 2006; Geldard 1968; Geldard
and Sherrick 1965; for similar locations of stimulus presentation). The tactors used to
stimulate the fingertips were covered with a layer of foam and mounted directly on
each of the participant's fingers by means of Velcro strip belts. The latter solution was
adopted in order to prevent any transmission of vibration through solid surfaces where
the tactors might have been mounted.

A maximum of 6 stimuli were presented at any one time in both conditions. The
stimuli were presented for 100 ms, preceded by a 100 ms alerting tone. White noise
was presented over closed ear headphones at 70 dB(A) to mask any sound made by
the operation of the vibrotactile stimulators (cf Gallace et al 2006). The number of
tactors activated on each trial for each condition varied randomly between 1 and 6.
15 stimuli were presented for each numerosity, giving rise to a total of 90 stimuli
presented in each condition. The participants (N � 11, seven male and four female,
mean age 27.6 years, range 26 ^ 36 years) were asked to vocally report, as accurately as
possible, the number of stimuli they felt in each trial. They were also informed that
the trial would be terminated if a response was not given within 6 s from the stimulus
onset. The latencies of participants' responses were collected by means of a microphone
(Pro-sound unidirectional dynamic YU33 600 O and 50 kO) connected to a custom-
built voice key, while the numerical response values given by the participants were
transcribed by the experimenter. The two conditions of stimulus presentation in the
tactile modality were preceded by a control condition in which the participants had to
read out loud as quickly as possible a number (1 to 6) presented on the screen for 100 ms.
This additional condition was included in order to control for the time required by
English speakers to pronounce each of the 6 possible responses used in the experiment.

2.2 Results and discussion
The mean RTs, percentages of errors, and the mean numerical responses obtained in
the two conditions of tactile stimulus presentation are presented in figures 2a ^ 2c.
Each of the three response measures was submitted to a repeated-measures ANOVA
with the factors of numerosity (6 levels) and condition (fingertips versus body stimulus
presentation).(3) The ANOVA on the RT data revealed a significant main effect of
numerosity (F5 50 � 47:01, p 5 0:0001), but not of condition (F1 10 � 2:16, ns). The
interaction between condition and numerosity was also non-significant (F5 50 � 1:93, ns).
The latencies of participants' responses increased as the number of stimuli presented
in the display increased up to 3.When more than 3 stimuli were presented in the display,
the participants' RTs remained constant.(4)

, ,

,

(3) A within-participants repeated-measures ANOVA with the factor of number (1 ^ 6) was conducted
on the RT data from the participants' latencies to name digits presented on the computer screen.
The results showed a significant main effect (F5 50 � 8:72, p 5 0:0001). An a posteriori Scheffë test
revealed significant differences between the following pairs of digits: 1 and 4 ( p � 0:02; RTs were
faster for 1 than for 4); 1 and 5 ( p � 0:003; RTs were faster for 1 than for 5); 2 and 4 ( p � 0:01;
RTs were faster for 2 than for 4); 2 and 5 ( p � 0:001; RTs were faster for 2 than for 5); 4 and 6
( p � 0:03; RTs were faster for 4 than for 6); 5 and 6 ( p � 0:004; RTs were faster for 5 than for 6).
The fact that significant differences between the latencies with which participants could verbalise
the responses to the stimuli used in the experiment suggests that further caution should be adopted
before drawing any firm conclusions based on vocal RTs in numerosity judgment tasks.
(4) Note, however, that this latter result might be an artifact, due to the procedure used to calculate
the mean RTs for each numerosity. Indeed, the latencies of responses were calculated regardless
of the accuracy of participant's responses; that is, they were calculated for both correct and incorrect
responses. This procedure was adopted because the high number of errors made by the participants
when more than 3 stimuli were presented limited the number of correct response data points available
for the computation of the means.

,
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The ANOVA conducted on the error rates revealed a significant main effect of
numerosity (F5 50 � 206:18, p 5 0:0001), but not of condition (F1 10 � 2:24, ns). The
interaction between condition and numerosity was also significant (F5 50 � 5:13,
p 5 0:0001). A Scheffë a posteriori test revealed a significant difference between the
percentages of errors made by participants only when 2 stimuli were presented in
the display ( p � 0:008), but not for any of the remaining numerosities. For this
numerosity, the percentage of errors was higher when the stimuli were presented on
the fingertips than when they were presented across the body surface.

The ANOVA on the numerical responses given by the participants revealed a sig-
nificant main effect of numerosity (F5 50 � 206:18, p 5 0:0001), but not of condition
(F1 10 � 2:24, ns). The interaction between condition and numerosity was borderline
significant (F5 50 � 2:31, p � 0:06). The magnitude of the numerical responses given by
the participants in both conditions of stimulus presentation increased as the number
of stimuli presented in the display increased.

Linear, logarithmic, quadratic, power, sigmoid, exponential, and piecewise regres-
sion psychometrical analyses (with a pivot point at a numerosity of 3) were performed
on both conditions of stimulus presentation for the RT and error data. The analysis
of the goodness-of-fit based on a w2 merit function showed that the latencies predicted
by the linear, exponential, and bilinear models were significantly different from those
reported when the stimuli were presented on the fingertips. This analysis also revealed
that the bilinear model was significantly different from the RT data obtained when
the stimuli were presented on the body surface (while the data predicted by all of the
other models were not significantly different from those obtained in the experiment).
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Figure 2. Performance of participants in the counting experiment reported in this paper.
(a) ^ (c) Participants' responses in counting the tactile stimuli presented at any one time on the
body surface (excluding the hands) versus on the fingertips, as a function of the number of stimuli
presented in the display (1 ^ 6): (a) mean RTs; (b) mean percentages of errors; (c) mean numerical
response. (d) Latency of participants' (English speakers) vocal responses in naming the digits 1 ^ 6
presented on a computer screen for 100 ms. Error bars represent �1 SEM.
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The analysis of the goodness-of-fit on the error data showed that the data for the
linear, power, sigmoid, exponential, and bilinear models were significantly different
from the data obtained empirically in the condition where the stimuli were presented
on the fingertips (while the data predicted by the logarithmic and quadratic models
were not significantly different from those obtained in the experiment). The analysis
also revealed that the data predicted by all of the models were significantly different
from those obtained under conditions where the stimuli were presented on the fingertips.
Note, also, that as far as the bilinear model is concerned, the slope of the function fitting
the data below the pivot point (for a numerosity equal to 3; ie within the subitising
range) was steeper than the slope of the curve fitting the data above the pivot point
(ie in the counting range; see figures 2a and 2b, and Appendix, table A3), for both
the errors and RT data, and for both conditions of stimulus presentation. This result is
clearly incompatible with a subitising account of tactile numerosity judgments.

The data obtained from the experiment reported here confirm those reported pre-
viously by Gallace et al (2006), who found a lack of subitising for stimuli presented
across the body surface, but not those reported by Riggs et al (2006), who claimed
that subitising occurs for tactile perception when the stimuli are presented on the
fingertips. One possible explanation that might account for the difference in the results
reported here and those obtained by Riggs et al (2006) might be related to the dura-
tion of stimulus presentations used in the two studies (though see Gallace et al 2006
on this point). Specifically, while the fingers were stimulated for 100 ms in the present
study, they were stimulated until a response was given in Riggs et al's study (resulting
in a lower memory load; cf Gallace et al 2008). This difference might perhaps have
led to an increase in the difficulty of the task of the present study, and thus to the
overall larger number of errors reported here as compared to that reported in Riggs
et al's study. One should also consider the possibility that when intervals are shorter
than the time needed to shift attention or program and execute ocular movements
between the stimuli presented (as in the present study) no discontinuity in numerosity
judgments can be observed. This would clearly support the view that subitising (thought
to be a pre-attentive process) does not affect tactile perception.

Note, however, that, although the accuracy of participants' responses in the present
study was lower than that reported by Riggs et al (2006), this does not necessarily
imply that our participants were not able to perform the task. Indeed, looking at the
response data (see figure 2c), one can clearly see that the numerical responses given by
the participants increased linearly with the number of stimuli presented in the display,
just as reported previously by Gallace et al (2006; see also Gallace et al 2007a). That
is, the participants were not simply responding randomly, but rather were systemati-
cally underestimating the number of stimuli presented in the display ( just as in vision
when large numbers of stimuli are presented in the display; eg Atkinson et al 1976a;
see also Appendix, table A4).

A possible alternative interpretation for the lack of subitising in tactile perception
might be related to the inhibitory interactions of inputs from simultaneous or near-
simultaneous tactile inputs across the skin surface. Animal experiments have shown
that vibrotactile stimuli presented simultaneously on different regions of the skin (on
each hand) mutually suppress neural activity in the regions of the somatosensory cortex
(SI) that represent the stimulated body parts (eg Tommerdahl et al 2005, 2006; see also
Braun et al 2005 for a human study showing interference between stimuli presented
simultaneously to the two hands in participants' localisation judgments). Note, however,
that these interactions (thought to reflect the mediation of higher-level or integrative
areas of the brain; see Tommerdahl et al 2006) have been so far reported only between
the two hands, requiring further investigation in order to be extended to other regions
of the skin (though see Alluisi et al 1965 for the suggestion that multiple tactile stimuli
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presented on different regions of the entire body surface might mutually interfere, as
a consequence of some form of c̀entral masking'; see also Gallace et al 2007a).

In conclusion, we believe that it is only through the convergence of further psycho-
physical, neurophysiological, and neuroimaging studies that researchers will arrive at a
more complete answer to the question whether subitising in touch should be considered
as a psychological phenomenon with its own distinctive behavioural and physiological
characteristics. Until such a time, it would appear that the main criterion for postulat-
ing a distinction between counting and subitising in tactile, and very likely also in
visual, perception remains the particular preconceptions of the researchers involved.
However, while waiting for new procedures to be adopted in order to definitively answer
the question of whether subitising affects tactile perception, we believe that the principle
of parsimony should be adopted by researchers in this field (see Sober 1981). That is,
the statistical and experimental evidence (reported here) that a dual-system model
(counting plus subitising) is not required in order to explain the data obtained by
researchers in studies of tactile numerosity judgments, should suffice to rule out more
complex proposals until new empirical evidence, that cannot be explained by a single-
process hypothesis, is reported. Following on from this argument, and on the basis of
the evidence provided by the new statistical analyses and the empirical data reported
in the present paper, we would therefore suggest that a single-process model should
be adopted (at least at the moment) in order to describe the limitations affecting the
tactile processing of numerical information in humans (see also Gallace et al 2007a).

The present study demonstrates the importance of using exhaustive fitting and
statistical procedures in order to test the validity of a specific theoretical model. We have
also demonstrated that different conclusions regarding the presence versus absence of
subitising in tactile perception can be drawn by using different fitting models. Specifically,
we have shown that a bilinear model of the error data (supporting the presence of
subitising in the tactile modality) with a change in the slope set to a numerosity of 3 is
not actually predictive of the error data reported by Riggs et al (2006). We have also
shown that a linear model of the error data does not provide the best fit for Gallace
et al's (2006) data either. Note, however, that this result does not actually support
the presence of subitising in touch, but it would eventually argue in favour of the pres-
ence of counting and numerical estimation procedures. A possible suggestion for future
research in order to answer the question of whether two separate processes account for
tactile numerosity judgments in humans might be to use matching-to-sample procedures
rather than counting tasks (see Cantlon and Brannon 2006; Nieder and Miller 2004a,
2004b; Simons and Langheinrich 1982). Indeed, it is only by means of this procedure
that one can plot Weber functions relative to the error data (note that this function
embodies the concept that participants get `progressively' less sensitive to stimulus
change as the intensity increases). If Weber functions can be successfully used in order
to fit participants' performance data this would strengthen the view that a single
process is sufficient to explain numerosity judgments in humans (see Cantlon and
Brannon 2006; Nieder and Miller 2004a, 2004b for the evidence that visual numerosity
judgments in monkeys as well as in humans, when tested by matching-to-sample pro-
cedures, do not show any discontinuity between small and large numerosities and they
can be fitted by Weber functions).

Acknowledgment. Our thanks go to Dr Joan Löpez-Moliner for the useful suggestions regarding
the analyses of the goodness-of-fit of the data reported in the manuscript.
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Table A1. Parameters and goodness-of-fit of the functions fitted to the RT data and their statistical analysis in Riggs et al's (2006) study and in Gallace
et al's (2006) study. Note that in (b) and (d) w values higher than the critical value of w (ie corresponding to p � 0:05) indicate that the data expected
by a given model were significantly different from the data actually reported experimentally. (Asterisked values in these tables indicate values of w lower
than the critical w value, thus showing that the functions provided a valid fit to the data.) Bilinear 3 and 4 are the functions with pivot points at
numerosity values of 3 and 4, respectively.

(a) Parameters of the functions fitted to Riggs et al's (2006) data

r 2 F p Parameter estimates Fitting function

constant (b0 ) b1 b2 pivot

Linear 0.96 120.47 0.00 110.6667 464.2857 Y � b0 � b1X
Logarithmic 0.82 18.76 0.01 409.2081 1209.674 Y � b0 � b1 lnX
Quadratic 0.99 961.24 0.00 638 68.78571 56.5 Y � b0 � b1X� b2X

2

Power 0.93 53.31 0.00 667.3261 0.768646 Y � b0X
b1

Sigmoid 0.75 12.65 0.02 7.945989 ÿ1.46904 Y � eb0�
b1
X

Exponential 0.99 1438.34 0.00 577.9679 0.281889 Y � b0 e
b1X

Bilinear 3 0.99 2214.12 0.00 1273.08 253.05 589.1 3 Y � b0 � b1 �Xÿ pivot� if X 5 pivot
b0 � b2 �Xÿ pivot� otherwise

�
Bilinear 4 0.99 228.06 0.00 1759.92 351.68 654.84 4 Y � b0 � b1 �Xÿ pivot� if X 5 pivot

b0 � b2 �Xÿ pivot� otherwise

�

(b) w2 goodness of fit

w w for p � 0:05

Linear 55.75 11.07
Logarithmic 221.6 11.07
Quadratic 0.77* 11.07
Power 40.04 11.07
Sigmoid 3109524 11.07
Exponential 1048 11.07
Bilinear 3 0.91* 11.07
Bilinear 4 9.59* 11.07
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(c) Parameters of the functions fitted to Gallace et al's (2006) data

r 2 F p Parameter estimates Fitting function

constant (b0 ) b1 b2 pivot

Linear 0.988774 352.31 0.00 906 144 Y � b0 � b1X
Logarithmic 0.9582 91.69 0.00 971.1446 400.2176 Y � b0 � b1 lnX
Quadratic 0.995343 320.56 0.00 831 200.25 ÿ8.03571 Y � b0 � b1X� b2X

2

Power 0.980267 198.71 0.00 1000.871 0.297822 Y � b0X
b1

Sigmoid 0.863892 25.38 0.00 7.476615 ÿ0.59122 Y � eb0�
b1
X

Exponential 0.97477 154.54 0.00 960.092 0.105192 Y � b0 e
b1X

Bilinear 3 0.9917 178.68 0.00 1359.47 163.68 132.36 3 Y � b0 � b1 �Xÿ pivot� if X 5 pivot
b0 � b2 �Xÿ pivot� otherwise

�
Bilinear 4 0.9966 445.49 0.00 1517.36 163.157 111.57 4 Y � b0 � b1 �Xÿ pivot� if X 5 pivot

b0 � b2 �Xÿ pivot� otherwise

�
(d) w2 goodness of fit

w w for p � 0:05

Linear 0.12* 11.07
Logarithmic 1.11* 11.07
Quadratic 0.05* 11.07
Power 0.41* 11.07
Sigmoid 635895 11.07
Exponential 15.37 11.07
Bilinear 3 0.07* 11.07
Bilinear 4 0.04* 11.07
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Table A2. Parameters and goodness-of-fit of the functions fitted to the error data and their statistical analysis in Riggs et al's (2006) study and in Gallace
et al's (2006) study. Note that in tables (b) and (d) w values higher than the critical value of w (ie corresponding to p � 0:05) indicate that the data
expected by a given model were significantly different from the data actually reported experimentally. (Asterisked values in these tables indicate values of
w lower than the critical chi value, thus showing that the functions provided a valid fit to the data.) Bilinear 3 and 4 are the functions with pivot points
at numerosity values of 3 and 4, respectively.

(a) Parameters of the functions fitted to Riggs et al's (2006) data

r 2 F p Parameter estimates Fitting function

constant (b0 ) b1 b2 pivot

Linear 0.93 50.92 0.00 ÿ16.67 10.57 Y � b0 � b1X
Logarithmic 0.76 12.51 0.02 ÿ9.25 26.98 Y � b0 � b1 lnX
Quadratic 0.98 74.54 0.00 ÿ0.50 1.55 1.73 Y � b0 � b1X� b2X

2

Power 0.95 72.57 0.00 0.68 2.38 Y � b0X
b1

Sigmoid 0.81 17.37 0.01 4.13 ÿ4.66 Y � eb0�
b1
X

Exponential 0.95 79.78 0.00 0.48 0.84 Y � b0 e
b1X

Bilinear 3 0.98 114.70 0.00 7.64 3.78 14.57 3 Y � b0 � b1 �Xÿ pivot� if X 5 pivot
b0 � b2 �Xÿ pivot� otherwise

�
Bilinear 4 0.95 33.51 0.00 20.38 7.73 15.36 4 Y � b0 � b1 �Xÿ pivot� if X 5 pivot

b0 � b2 �Xÿ pivot� otherwise

�

(b) w2 goodness of fit

w w for p � 0:05

Linear 1056 11.07
Logarithmic 2351 11.07
Quadratic 47.38 11.07
Power 15.96 11.07
Sigmoid 2023 11.07
Exponential 19531 11.07
Bilinear 3 28.38 11.07
Bilinear 4 332 11.07
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Table A2 (continued)

(c) Parameters of the functions fitted to Gallace et al's (2006) data

r 2 F p Parameter estimates Fitting function

constant (b0 ) b1 b2 pivot

Linear 0.93 50.92 0.00 ÿ16.67 10.57 Y � b0 � b1X
Logarithmic 0.76 12.51 0.02 ÿ9.25 26.98 Y � b0 � b1 lnX
Quadratic 0.98 74.54 0.00 ÿ0.50 ÿ1.55 1.73 Y � b0 � b1X� b2X

2

Power 0.95 72.57 0.00 0.68 2.38 Y � b0X
b1

Sigmoid 0.81 17.37 0.01 4.13 ÿ4.66 Y � eb0�
b1
X

Exponential 0.95 79.78 0.00 0.48 0.84 Y � b0 e
b1X

Bilinear 3 0.98 114.70 0.00 7.64 3.78 14.57 3 Y � b0 � b1 �Xÿ pivot� if X 5 pivot
b0 � b2 �Xÿ pivot� otherwise

�
Bilinear 4 0.95 33.51 0.00 20.38 7.73 15.36 4 Y � b0 � b1 �Xÿ pivot� if X 5 pivot

b0 � b2 �Xÿ pivot� otherwise

�

(d) w2 goodness of fit

w w for p � 0:05

Linear 46.62 11.07
Logarithmic 17.87 11.07
Quadratic 8.67* 11.07
Power 179.28 11.07
Sigmoid 133811 11.07
Exponential 48262 11.07
Bilinear 3 9.29* 11.07
Bilinear 4 2.82* 11.07
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Table A3. Parameters of the functions (ie linear and bilinear with pivot point set to 3) and goodness-of-fit (w2) of the functions fitted to the error data
(a) and the RT data (b) for stimuli presented on the body surface (excluding the hands) versus on the fingertips, obtained in the present study. Note
that w values higher than the critical value of w (ie corresponding to p � 0:05) indicate that the data expected by a given model are significantly different
from the data actually reported experimentally. (Asterisked values in these tables indicate values of w lower than the critical w value, thus showing that
the functions provided a valid fit to the data.)

Fingers Body w for p � 0:05

b0 b1 b2 r 2 w b0 b1 b2 r 2 w

(a) Error data
Linear 1.29 17.61 0.86 103.77 ÿ16.16 21.04 0.91 78.34 11.07
Logarithmic 4.88 52.93 0.98 7.90* ÿ8.48 60.14 0.93 230.83 11.07
Quadratic ÿ42.64 50.48 ÿ4.69 0.99 1.16* ÿ48.78 45.50 ÿ3.49 0.96 148.52 11.07
Power 3.96 2.08 0.81 416.76 1.17 2.84 0.90 536.29 11.07
Sigmoid 5.62 ÿ4.78 0.96 91.67 5.87 ÿ6.31 0.99 55.82 11.07
Exponential 4.27 0.63 0.59 699.65 1.17 0.89 0.70 1255.01 11.07
Bilinear (3) 71.58 33.62 8.14 0.98 1535.59 59.53 32.57 14.23 0.95 8972.26 11.07

(b) RT data
Linear 0.63 0.12 0.76 21.26 0.61 0.11 0.86 5.33* 11.07
Logarithmic 0.64 0.36 0.92 3.83* 0.63 0.31 0.94 1.74* 11.07
Quadratic 0.23 0.41 ÿ0.04 0.98 1.30* 0.35 0.29 ÿ0.02 0.98 7.50* 11.07
Power 0.65 0.40 0.91 6.27* 0.65 0.35 0.95 1.66* 11.07
Sigmoid 0.37 ÿ0.87 0.97 2.95* 0.25 ÿ0.75 0.92 3.64* 11.07
Exponential 0.64 0.12 0.73 23.96 0.63 0.11 0.84 7.41* 11.07
Bilinear (3) 1.16 0.27 0.02 0.99 2592.43 1.02 0.19 0.05 0.95 1713.19 11.07



Table A4. Confusion matrices for (a) the finger-presentation and (b) the body-presentation
conditions in the experiment reported, showing the number of times participants made each
response (1 to 6) when a given number of tactors was activated (note that the theoretical max-
imum for each cell is 165). The italicised values represent the number of correct responses. Values
below the diagonal connecting the upper-left corner and the lower-right corner of the table
represent participants' underestimations of the number of tactors presented in the display, while
values above such diagonal represent participants' overestimations.

Number of tactors Response
activated

1 2 3 4 5 6

(a) Finger presentation
1 162 3 0 0 0 0
2 59 93 11 0 1 0
3 14 79 59 12 1 0
4 8 62 64 24 4 3
5 7 46 63 29 14 4
6 7 40 51 38 16 10

(b) Body presentation
1 164 1 0 0 0 0
2 18 141 6 0 0 0
3 2 82 72 9 0 0
4 2 49 89 24 1 0
5 1 19 83 50 11 0
6 0 7 56 83 11 8

ß 2008 a Pion publication

800 A Gallace, H Z Tan, C Spence



ISSN 0301-0066 (print)

Conditions of use. This article may be downloaded from the Perception website for personal research
by members of subscribing organisations. Authors are entitled to distribute their own article (in printed
form or by e-mail) to up to 50 people. This PDF may not be placed on any website (or other online
distribution system) without permission of the publisher.

www.perceptionweb.com

ISSN 1468-4233 (electronic)


	Abstract
	1 Introduction
	2 Experiment
	2.1 Methods
	2.2 Results and discussion

	Acknowledgment
	References
	CrossRef-enabled references

	Appendix
	Table A1
	Table A2
	Table A3
	Table A4


