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To date, numerosity judgments have been studied only under conditions of unimodal stimulus presentation. It
is therefore unclear whether the same limitations on correctly reporting the number of unimodal visual or tactile
stimuli presented in a display might be expected under conditions in which participants have to count stimuli pre-
sented simultaneously in two or more different sensory modalities. In Experiment 1, we investigated numerosity
judgments using both unimodal and bimodal displays consisting of one to six vibrotactile stimuli (presented
over the body surface) and one to six visual stimuli (seen on the body via mirror reflection). Participants had to
count the number of stimuli regardless of their modality of presentation. Bimodal numerosity judgments were
significantly less accurate than predicted on the basis of an independent modality-specific resources account,
thus showing that numerosity judgments might rely on a unitary amodal system instead. The results of a second
experiment demonstrated that divided attention costs could not account for the poor performance in the bimodal
conditions of Experiment 1. We discuss these results in relation to current theories of cross-modal integration
and to the cognitive resources and/or common higher order spatial representations possibly accessed by both

visual and tactile stimuli.

The majority of previous visual numerosity judgment
studies have reported a difference in the accuracy and la-
tency of people’s enumeration responses to presentations
of small versus large numbers of items (see, e.g., Atkin-
son, Campbell, & Francis, 1976; Jevons, 1871; Trick &
Pylyshyn, 1993, 1994; Weiss, 1965). When the number of
items presented is small (typically between one and four),
the items appear to be processed very rapidly and nearly
without error (see, e.g., Atkinson, Campbell, & Francis,
1976). Increasing the number of items presented to more
than four typically produces a large increase in both aver-
age 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 (e.g., Jensen, Reese, & Reese, 1950;
Kaufman, Lord, Reese, & Volkmann, 1949; Mandler &
Shebo, 1982; Peterson & Simon, 2000; Trick & Pylyshyn,
1993; Wender & Rothkegel, 2000) as providing evidence
for the existence of two qualitatively different enumera-
tion processes: subitizing, which is specialized for small
numbers of items, and counting, which is specialized for
larger numbers of items. Subitizing is fast, accurate, and

preattentive, whereas counting tends to be slow, error
prone, and attention demanding.

Numerosity judgments have been studied outside of the
visual modality as well. For example, ten Hoopen and Vos
(1979) demonstrated that a distinction between subitiz-
ing and counting can be observed when people enumer-
ate auditory stimuli (see also Cheatham & White, 1954;
Garner, 1951; Taubman, 1950; White & Cheatham, 1959).
However, the fact that the stimuli in ten Hoopen and Vos’s
research were presented sequentially makes any direct
comparison with the results of previous visual numerosity
judgment studies, in which the stimuli were nearly always
presented simultaneously (though see Hill, 1971; Lechelt,
1975; and Viviani, 1979, for exceptions), difficult. Kash-
ino and Hirahara (1996) presented different numbers of
voices simultaneously and found that the accuracy of par-
ticipants’ estimates of the number of speakers was nearly
perfect for up to two talkers but deteriorated substantially
whenever three or more talkers were presented.

Finally, numerosity judgments have also been studied
within the tactile modality. For example, Gallace, Tan,
and Spence (2006c¢) found that the accuracy of partici-
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pants’ numerosity judgments when counting up to seven
simultaneous vibrotactile stimuli distributed across their
body surface decreased linearly as the number of stimuli
increased, with no clear distinction between counting and
subitizing evident (see also Lechelt, 1974, 1975, for the
results of tactile serial numerosity judgment experiments).
Moreover, error rates in Gallace et al.’s study became very
high (i.e., >30%) whenever more than two tactile stimuli
were presented (see also Alluisi, Morgan, & Hawkes,
1965; Gallace, Tan, & Spence, 2006d; Geldard & Sher-
rick, 1965; Lechelt, 1975; Posey & James, 1976; cf. Riggs
et al., 20006).

It is important to note that Gallace et al.’s (2006c¢) re-
sults do not simply reflect some sort of sensory funneling
effect (see von Békésy, 1959).1 Sensory funneling occurs
only when the stimuli are located close together (i.e., with
interstimulus spacings of no more than 2—3 cm) and not
when the interstimulus spacings are larger, as were those
used in our previous experiment (cf. Gallace et al., 2006c¢,
in which the smallest interstimulus spacing was around
20 cm, as in the present study).

Although the PsycINFO database shows that approxi-
mately 150 unimodal numerosity judgment studies have
been published to date, no previous study has attempted
to investigate cross-modal numerosity judgments under
conditions in which the stimuli to be counted are pre-
sented in more than one sensory modality (e.g., in both
vision and touch; see Figure 1). However, we believe that
investigation of the constraints limiting a person’s ability
to enumerate stimuli presented in more than one sensory
modality warrant investigation. The results of such an in-
vestigation should provide important clues as to the level
of information processing (and neural representation) at
which the limitation in cognitive processing for numer-
osity judgments occurs (see, e.g., Dehaene & Changeux,
1993; Jordan & Brannon, 2006).

Various predictions can be made about the results that
would be expected under conditions of multisensory stimu-
lus presentation: (1) Performance in numerosity judgment
tasks involving bimodal stimulus displays may reflect the
sum of the performance limitations obtained in each of
the unimodal stimulus displays (see Figure 2). This pre-
diction follows from the view that the limitations on the
processing of numerosity are modality specific. The idea
here is that there may be several separate unimodal pro-
cessing resources available for the enumeration of stimuli,
one for stimuli presented in each sensory modality (cf.
Duncan, Martens, & Ward, 1997; Hein, Parr, & Duncan,
2006; Martin, 1980; Navon & Gopher, 1979; Soto-Faraco
& Spence, 2002; Wickens, 1980, 2002). (2) Limits on bi-
modal numerosity judgments would be no higher than the
limits ascertained by studies of enumeration for particular
sensory modalities (vision and touch) when those modali-
ties are studied in isolation (see Figure 2). This prediction
follows from the idea that a common pool of resources
may be used when making numerosity judgments, regard-
less of the modality in which the stimuli happen to be pre-
sented. In this case, the processing limitations may corre-
spond to an average of the limits reported for each sensory
modality when observed in isolation (i.e., an average of a
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Figure 1. Approximate number of studies published on numer-
osity judgments for each sensory modality (i.e., vision, audition,
and touch) up to 2006. Note that no study has yet been published
on multisensory numerosity judgments.

higher limit, such as that reported for vision, and a lower
limit, such as that reported for touch).

In the last few years, researchers have argued that in-
puts from different sensory modalities can interact at
a number of different stages of neural processing and
that certain cognitive systems, such as the one thought
to control the allocation of spatial attention and those
sustaining neural representations of space, may be mul-
tisensorially constrained (e.g., Driver & Spence, 1998;
Spence & Driver, 2004). Therefore, it is possible that the
information-processing constraints that limit performance
under conditions of multisensory stimulus presentation
may not simply reflect the sum of the limitations observed
under conditions of unimodal stimulus presentation. For
example, it may be that dividing attention between two or
more sensory modalities can lead to worse performance
than when attention is focused on a single sensory modal-
ity (see, e.g., Spence, Nicholls, & Driver, 2001; Spence,
Shore, & Klein, 2001). However, with regard to this latter
point, it should be noted that subitizing is thought to re-
flect a preattentive process, and so one might also predict
that no such divided attention deficit should affect subitiz-
ing performance.

Interestingly, studies on animals have shown that rats
and others mammals can add together sounds and vi-
sual stimuli and that monkeys spontaneously match the
number of conspecific faces they see with the number of
conspecific voices they hear (see, e.g., Church & Meck,
1984; Jordan, Brannon, Logothetis, & Ghazanfar, 2005;
McComb, Packer, & Pusey, 1994). Similar patterns of
behavior have also been reported in both human adults
and infants, suggesting that numerical nonverbal rep-
resentations might be multisensory in both human and
nonhuman animals (see, e.g., Jordan & Brannon, 2006;
Kobayashi, Hiraki, & Hasegawa, 2005; Starkey, Spelke,
& Gelman, 1990; see also Eger, Sterzer, Russ, Giraud, &
Kleinschmidt, 2003; Hubbard, Piazza, Pinel, & Dehaene,
2005; and Nieder, 2004, for the possible neurological sub-
strates of such amodal numerical representations).

If the results of the present experiments show that the
limits on bimodal numerosity judgments are worse than
the sum of the limits obtained under conditions of uni-
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Figure 2. Schematic representation of two possible accounts
of numerosity judgment performance in Experiment 1 on the
basis of two alternative models (i.e., independent vs. amodal
resources). Capacity limits for unimodal judgments are repre-
sented by circles of different shades for each sensory modality.
Note that capacity limits are lower for touch than for vision (see,
e.g., Atkinson, Campbell, & Francis, 1976; Gallace et al., 2006c¢).
Itis also important to note that the capacity limit predicted on the
basis of a shared resources model represents the average of the
means of the capacity limits of each of the two sensory modalities
(i.e., three items). This limit may also correspond to the limit of
one of the two sensory modalities—that is, the lowest limit (touch:
two items) or the highest limit (vision: four items), but it will never
be higher than the limit of the sensory modality with the highest
capacity limit (i.e., never greater than four items).

modal stimulus presentation, then this may suggest that
the processing of spatial numerosity occurs at a higher—
probably an amodal or multisensory—Ilevel of informa-
tion processing and/or neural representation (see White,
Cheatham, & Armington, 1953, for an early attempt to
investigate the point at which the limitations in visual nu-
merosity judgments occur).

It is also possible that the limit on bimodal numeros-
ity judgments is actually somewhat higher than the limit
that has been estimated from unimodal numerosity judg-
ments. This outcome would be expected if the systems
(and/or representations) involved in making numerosity
judgments for visual and tactile stimuli were entirely in-
dependent (i.e., “encapsulated”; see Fodor, 1983). Under
such conditions, the modality of stimulus presentation
might actually provide an additional (and redundant) cue
with which to make numerosity judgments in the bimodal
condition (i.e., once participants realize that stimuli have
been presented in two different sensory modalities, they
should already know that the minimum number of stim-
uli that have been presented is two). Indeed, it has been
demonstrated previously that making stimuli in unimodal
visual numerosity displays more discriminable (e.g., by

increasing the spatial separation between the stimuli in an
array; Atkinson, Campbell, & Francis, 1976) can improve
performance in numerosity judgment tasks.

In the experiments reported here, we presented vari-
ous numbers of visual and tactile stimuli distributed over
the body surface and asked participants to count the total
number of items that were presented regardless of the
sensory modality of their occurrence. In Experiment 1,
we presented both unimodal visual and tactile displays as
well as bimodal displays consisting of various numbers of
visual and tactile stimuli presented simultaneously.

EXPERIMENT 1

Method

Participants. Fourteen right-handed participants (6 males and
8 females) took part in this experiment as paid volunteers (mean
age of 25 years; range, 19-33 years). All of the participants reported
normal tactile perception and normal or corrected-to-normal vision.
The experiment took approximately 20 min to complete and the par-
ticipants received a £5 gift voucher in return for their participation.
The experiments were noninvasive, had ethical approval from the
Department of Experimental Psychology, University of Oxford, and
were performed in accordance with the ethical standards laid down
in the 1991 Declaration of Helsinki.

Apparatus and Materials. Participants sat on a chair for the
duration of the experiment. The vibrotactile stimuli were presented
by means of seven resonant-type tactors (VBW32, Audiological
Engineering Corp., Somerville, MA) with 1.6 X 2.4 cm vibrating
surfaces. The tactors were placed on the participants’ bodies on top
of any clothing they happened to be wearing, by means of Velcro
strip belts. Green LEDs were mounted at the same position as each
tactor but on the other side of the belts (see Figure 3 for the position
of the tactors and LEDs on the body; cf. Gallace, Tan, & Spence,
2005). The vibrators were driven by means of a custom-built nine-
channel amplifier circuit (Haptic Interface Research Laboratory,
Purdue University) that drove each tactor independently at 290 Hz
(close to its resonant frequency). The LEDs were driven by means
of a custom-built relay box.

The activation of each tactor and LED was controlled through
the serial and parallel ports of a laptop computer running custom
software written in MATLAB 6.0. 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 to be of a similar intensity. The am-
plification levels for the tactors were kept at their individually cho-
sen levels throughout the experiment. White noise was presented
over closed-ear headphones at 70 dB(A) to mask any sounds made
by the operation of the vibrotactile stimulators and relay box. A
65 X 90 cm mirror was placed 100 cm in front of each participant
(measured from the upper edge of the mirror to the participant’s
eyes). The participants were able to see the visual stimuli on their
bodies by means of the mirror’s reflection. We used mirror reflec-
tion rather than direct observation of the participant’s own body in
order to maximize the comfort of our participants and also to allow
direct comparison with previously published studies in which the
same means of stimulus presentation was adopted (see, e.g., Gal-
lace, Auvray, Tan, & Spence, 2006). The ability of participants to
correctly discriminate the visual stimuli presented from each body
location was confirmed at the beginning of the experiment for each
participant.

There were four different conditions: unimodal visual, unimodal
tactile, bimodal overlapping, and bimodal nonoverlapping. In the
unimodal conditions, one to six LEDs (unimodal visual condition)
or tactors (unimodal tactile condition) were randomly activated on
each trial. For each number of stimuli presented, different patterns
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Figure 3. Experimental setup used in Experiments 1 and 2. (A) Locations of
tactors on the body surface: (1) just above the right elbow; (2) midway between
the elbow and the shoulder of the left arm; (3) left wrist; (4) on the waistline
to the right of the body midline; (5) just below the right knee; and (6) midway
between the ankle and knee of the left leg. Note that these positions were chosen
to ensure that homologous sites on both sides of the body were never stimulated.
(B) Position of the participant in front of the mirror.

of activation (i.e., configurations of tactors or LEDs) were chosen
randomly from among all of the possible combinations. In the bi-
modal conditions, two to six tactile and visual stimuli were randomly
presented at the same time (see Table 1 for the number of tactile and
visual stimuli making up each display). In the overlapping condition,
the visual and tactile stimuli were presented from the same position
on at least one body location. In the nonoverlapping condition, the
visual and tactile stimuli were always presented from different body
positions (see Figure 4). Participants were asked to look at a central
position in the mirror, but no fixation point was provided. Each dis-
play was presented for 200 msec and the intertrial interval (i.e., the

time between the participant’s response, or the end of the trial if no
response was given within 4 sec, and the beginning of the next trial)
was 800 msec.

Procedure. The participants were instructed to press the numeri-
cal key on a computer keyboard that corresponded to the absolute
number of stimuli they perceived on each trial, regardless of the sen-
sory modality in which the stimuli were presented. The participants
were instructed to respond as accurately as possible. They were also
informed that each trial would be terminated after the participant’s
response or after 4 sec had elapsed from the onset of the stimulus
display. The experiment was divided into three equal-length blocks

Table 1
Composition of the Displays Presented in the Bimodal Condition for Each Numerosity,
and Frequency With Which Each Pattern Was Presented in Experiment 1

Numerosity of Display
N=2 N=3 N=4 N=5 N=6
Pattern Comp Freq Comp Freq Comp Freq Comp Freq Comp Freq
1 IV,IT 12 2V, IT 6 3T, 1V 4 3T,2V 6 4T,2V 4
2 1V,2T 6 3VIT 4 2V,3T 6 2V, 4T 4
3 2V,2T 4 3V,3T 4

Note—For numerosity values greater than 2, more than one pattern of stimulation was presented. N,
number of stimuli; Comp, composition; Freq, frequency; V, visual; T, tactile.
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Figure 4. Examples of the nonoverlapping (left) and overlap-
ping (right) stimulus conditions in Experiment 1 for the case of
three stimuli.

of'trials separated by short breaks. Twelve stimuli were presented for
each numerosity and in each condition (in the unimodal presenta-
tion conditions, 24 stimuli were presented for conditions in which
numerosity was one; see Table 1 for the number of stimuli presented
in each modality and for each numerosity), giving rise to a total
of 288 trials completed by each participant. The participants were
not informed of the maximum number of stimuli that could be pre-
sented in any trial. Two experimental sessions were performed, one
in which the experiment was conducted under normal illumination
conditions (i.e., with the room lights on) and the other in which the
experiment was conducted in complete darkness (in this session, the
participants were not able to see their own images reflected on the
screen but only the reflection of the LEDs). The lights off session
was conducted in order to explore whether any interactions among
visuotactile numerosity judgments might be related to the visual
capture of the perceived location of tactile stimuli that might have
resulted from participants’ seeing their own bodies reflected in the
mirror (see, e.g., Gallace & Spence, 2005; Maravita, Spence, Ser-
gent, & Driver, 2002; Sathian, Greenspan, & Wolf, 2000; Whiteley,
Kennett, Taylor-Clarke, & Haggard, 2004). The order of presenta-
tion of the two sessions was counterbalanced across participants.

Results

For each participant, the percentage of errors for each
number of stimuli presented in any of the experimental
conditions was determined. Trials in which participants
failed to give a response within 4 sec of stimulus onset
were not included in any of the data analyses (resulting in
the removal of less than 1% of trials overall). The accuracy
data were submitted to a repeated measures ANOVA with
the factor of numerosity (five levels: two to six stimuli
presented; note that trials in which only one stimulus
was presented were not analyzed, because there was no
equivalent condition in the bimodal blocks of trials; note
also that performance in this condition was near perfect,
with 3.8% and 2.3% errors for displays composed of a
single tactile stimulus and a visual unimodal stimulus, re-
spectively), lighting (lights on vs. lights off), and modality
(unimodal vs. bimodal).

The analysis of the accuracy data revealed significant
main effects of numerosity [F(4,52) = 149.2, p < .0001]
and modality [F(1,13) = 26.1, p < .001], but not of light-
ing [F(1,13) = 2.88, n.s.]. The number of errors increased
as the number of stimuli presented increased, and perfor-

mance was worse in the bimodal conditions than in the uni-
modal conditions (see Figures 5A and 5B). There was also
a significant interaction between numerosity and modality
[F(4,52) = 10.5, p < .0001]. A Duncan post hoc test re-
vealed significant differences between the unimodal and
bimodal conditions when three, four, five, or six stimuli
were presented (p < .001, p < .05, p < .0001, and p <
.001, respectively), but not when only two stimuli were
presented (p = .30, n.s.).

A second analysis was conducted in order to compare
the performance expected in the bimodal trials (assuming
that the processing of visual and tactile stimuli relied on
independent pools of resources) with the actual pattern of
performance obtained. In order to compute the expected
performance, the sum of errors made in the unimodal trials
was calculated as a function of the equivalent number of
visual and tactile stimuli making up the display. For ex-
ample, for the bimodal displays composed of three stimuli,
two different equiprobable display patterns were used (see
Table 1 for the different display patterns used in each nu-
merosity condition). One of the displays was composed of
one visual stimulus and two tactile stimuli and the other
of two visual stimuli and one tactile stimulus. Therefore,
for bimodal numerosity judgments of displays composed
of three stimuli, the expected level of performance was
calculated as follows: The errors in the unimodal trials ob-
tained with displays composed of one visual stimulus and
the errors obtained with displays composed of two tactile
stimuli were added (this provided an estimate of the total
number of errors expected for the first of the two alter-
native display patterns). The errors in the unimodal trials
obtained with displays composed of two visual stimuli and
the errors obtained with displays composed of one tactile
stimulus were also added (this result provided an estimate
of the total number of errors expected for the second of the
two alternative display patterns). These two values were
then added, and the total was divided by two, given that the
two display patterns were presented equiprobably. The re-
sult provided an estimate of the number of errors expected
in bimodal display trials composed of three stimuli.

The numbers of expected and obtained errors were cal-
culated for each participant for both experimental sessions.
These measures were submitted to two separate ANOVAs
with the factors of numerosity (two to six) and data model
(expected vs. obtained). The analysis of the lights on data
revealed significant main effects of numerosity [F(4,52) =
173.9, p < .0001] and data model [F(1,13) = 51.7, p <
.00017, as well as a significant interaction between these two
factors [F(4,52) = 5.3, p < .005]. A Duncan post hoc test
on the interaction revealed significant differences between
the expected and obtained data for each level of the numer-
osity factor. Numerically larger differences between the two
conditions were reported for three, five, and six stimuli, and
smaller differences were reported for two and four stimuli
(see Figure 5). The analysis of the lights off data revealed
significant main effects of numerosity [F(4,52) = 224.2,
p < .0001] and data model [F(1,13) = 14.1, p < .005]
and a borderline significant interaction between these two
factors [F(4,52) = 2.5, p = .056]. A Duncan post hoc test
again revealed significant differences between the expected
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Figure 5. Participants’ performance in Experiment 1. Panels A and B show the mean error rates as a function of the number of

stimuli presented in the display for the unimodal and bimodal displays in the lights on and lights off sessions, respectively. Panels C
and D show the mean expected and reported percentages of errors as a function of the number of stimuli presented in the display in
the lights on and lights off sessions, respectively. Panel E shows the mean error rates as a function of the number of stimuli presented
in the display for all experimental conditions. Panel F shows the mean error rates in the lights on condition as a function of the number
of stimuli presented in the display for different displays. The numbers of visual (V) and tactile (T) stimuli presented in the displays are
represented above each bar. Error bars represent the standard errors of the means.

The data concerning the percentage of errors in each
experimental condition were further explored using an
ANOVA with the factors of modality (four levels: visual,
tactile, bimodal overlapping, and bimodal nonoverlap-
ping) and numerosity (two to six stimuli). Given that the

and obtained data for each level of the numerosity factor.
Numerically larger differences between the two conditions
were reported for three, five, and six stimuli, and smaller
differences were reported when either two or four stimuli
were presented (see Figures 5C and 5D).
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difference between the lights on and lights off sessions
did not result in any significant differences in our ini-
tial analysis, the data obtained from these two sessions
were collapsed. The new analysis revealed significant
main effects of modality [F(3,39) = 108.7, p < .0001]
and numerosity [F(4,52) = 149.2, p < .0001], as well
as a significant interaction between these two factors
[F(12,156) = 9.32, p < .0001]. A Duncan post hoc test
on the main effect of modality revealed significant dif-
ferences among all of the experimental conditions (all
ps <.001), except between the bimodal overlapping and
nonoverlapping conditions (p =.47, n.s.). The best per-
formance was reported in the unimodal visual condition
and the worst performance in the unimodal tactile condi-
tion. A Duncan post hoc test on the interaction between
numerosity and modality revealed significant differences
between the unimodal tactile and unimodal visual con-
ditions at each level of the numerosity factor (all ps <
.001), significant differences among the unimodal visual
and the two bimodal conditions for all of the numerosity
values except two (all ps < .001), and significant differ-
ences between the unimodal tactile condition and the two
bimodal conditions for all numerosities except three (all
ps < .05; see Figure SE; see Tables 2 and 3 for the confu-
sion matrices of the participants’ responses to the various
displays; cf. Gallace et al., 2006c¢).

A further analysis was performed on the error data from
the lights on condition in order to explore whether par-
ticipants’ performance in the bimodal displays in which
the available cues regarding numerosity were redundant
(i.e., for conditions in which stimuli were presented in two
different sensory modalities such that, once participants
realized this, they should already have known that the
minimum number of stimuli presented was two). The per-
centage of errors in participants’ numerosity judgments
was explored using an ANOVA with the factors of modal-
ity (unimodal visual vs. bimodal) and numerosity (2 to 4).
The results of this analysis revealed significant main ef-
fects of both modality [F(1,13) = 76.7, p < .0001] and
numerosity [F(2,26) = 15.5, p < .0001], as well as a sig-
nificant interaction between these two factors [F(2,26) =
9.12, p < .0001]. Once again, numerosity judgments for
the bimodal stimulation conditions were worse than those
for the unimodal visual conditions, showing that when
redundant cues were provided, bimodal numerosity judg-
ments were worse (see Figure 5F).

This result might be related to the influence of the Co-
lavita effect (i.e., the frequent failure by participants to
identify an auditory stimulus when it is presented at the
same time as a visual stimulus to which they also have
to respond; see Colavita, 1974; Sinnett, Spence, & Soto-
Faraco, in press) on visuotactile processing. (Note that
although the Colavita effect has only been demonstrated
using audiovisual displays, there is no theoretical reason
that it should not extend to the visual—tactile modality
pairing as well; see Gallace, Krings, Koppen, & Spence,
2007.) In other words, visual stimuli might, at least in part,
dominate over the judgments of the number of stimuli
comprising the bimodal displays, or rather the simultane-

Table 2
Confusion Matrices for the Lights On Condition of
Experiment 1, Highlighting the Percentage of Times
Participants Made Each of the Given Responses When a Given
Number of Vibrotactile Stimuli Were Activated

Response
No. Stimuli 1 2 3 4 5 6
Unimodal Tactile
1 97.2 2.1 0.3 0.0 0.0 0.0
2 7.6 71.5 19.4 0.7 0.7 0.0
3 0.0 29.2 61.8 8.3 0.7 0.0
4 0.7 9.0 479 32.6 7.6 0.7
5 0.0 8.3 47.2 333 10.4 0.7
6 0.0 2.8 31.3 42.4 16.7 6.9
Unimodal Visual
1 97.2 2.1 0.3 0.0 0.0 0.0
2 2.8 95.1 2.1 0.0 0.0 0.0
3 0.0 4.9 93.1 1.4 0.0 0.0
4 0.0 0.0 9.0 86.8 4.2 0.0
5 0.0 0.0 2.8 222 68.8 3.5
6 0.7 0.0 1.4 11.1 26.4 53.5
Bimodal Overlapping
2 - 79.9 1.4 14 0.0 0.0
3 - 30.6 61.1 6.3 0.7 0.0
4 - 9.0 29.9 59.0 2.1 0.0
5 - 2.1 22.2 44.4 26.4 49
6 - 0.0 9.0 31.9 354 20.1
Bimodal Nonoverlapping
2 - 84.7 8.3 0.7 0.0 0.0
3 - 37.5 52.8 6.3 0.7 0.0
4 - 8.3 41.7 44.4 3.5 0.7
5 - 6.3 18.8 44 4 271 2.8
6 - 0.0 11.8 30.6 38.9 16.7

Note—Responses exceeding the maximum number of stimuli pre-
sented in the display (<<5% of responses overall) are not reported in
the table. Numbers in boldface represent the percentages of correct
responses.

ous presentation of visual stimuli might to some extent
extinguish a participant’s awareness of the tactile stimuli
(see Vallar, Rusconi, Bignamini, Geminiani, & Perani,
1994; Vuilleumier & Rafal, 2000).

In order to further explore the modulatory effect that
visual stimuli might exert over participants’ responses,
participants’ mean numerosity judgments for the various
displays were correlated with the percentage of stimuli
presented in each sensory modality (see Figure 6). Visual
inspection of Figure 6 shows that participants’ responses
to the various displays were modulated by the percent-
age of visual stimuli in the displays (i.e., the magnitude
of participants’ mean numerosity judgments increased as
the proportion of visual stimuli in the display increased)
for displays of four or more stimuli. This result, and the
observation that the slopes of the lines fitting the response
data were quite shallow (i.e., the participants’ numeros-
ity judgments did not show particularly large changes as
the number of visual stimuli in the display increased; see
Table 4 for the best-fitting equations for the data func-
tions) suggest that visual dominance by itself (in the form
of a putative Colavita effect) is not sufficient to explain
the results of our experiment.
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Table 3
Confusion Matrices for the Lights Off Condition of
Experiment 1, Highlighting the Percentage of Times
Participants Made Each of the Given Responses When a Given
Number of Vibrotactile Stimulators Were Activated

Response
No. Stimuli 1 2 3 4 5 6

Unimodal Tactile

1 92.0 8.0 0.0 0.0 0.0 0.0
2 9.6 72.3 14.5 1.2 0.0 0.0
3 1.8 36.1 54.8 3.6 0.6 0.6
4 0.0 9.0 55.4 30.1 3.0 0.0
5 0.0 12.0 51.8 26.5 7.2 0.0
6 0.0 1.2 434 36.1 12.0 3.0
Unimodal Visual
1 92.9 6.5 0.0 0.0 0.0 0.0
2 114 81.3 3.6 0.6 0.0 0.0
3 2.4 6.0 82.5 6.6 0.0 0.0
4 0.6 24 10.8 76.5 72 0.0
5 0.6 0.6 1.8 9.6 83.1 1.2
6 1.2 0.6 3.0 3.6 27.7 57.8
Bimodal Overlapping
2 84.9 3.0 0.0 0.0 0.0
3 325 56.6 4.8 0.6 0.6
4 10.2 30.7 524 24 0.0
5 24 229 46.4 22.3 3.0
6 3.0 9.6 29.5 319 23.5
Bimodal Nonoverlapping
2 78.3 8.4 0.0 0.0 0.0
3 422 51.2 3.0 0.0 0.0
4 114 355 46.4 3.0 0.0
5 3.6 23.5 41.6 27.1 1.8
6 3.0 114 24.7 34.3 22.9

Note—Responses exceeding the maximum number of stimuli presented
in the display (<5% of responses overall) are not reported in the table.
Numbers in boldface represent the percentages of correct responses.

Discussion

The results of Experiment 1 show that participants’
numerosity judgment performance on bimodal trials was
not predictable on the basis of an independent resources
model that was derived from the results obtained in the
unimodal numerosity judgment trials. In fact, the mean
percentage of errors in participants’ numerosity judg-
ments for bimodal stimulus displays (calculated as the
average of the errors reported in the bimodal overlap-
ping and nonoverlapping displays) was higher than the
mean percentage of errors obtained for the unimodal dis-
plays (calculated as the average of the unimodal visual
and tactile displays) when both types of display had the
same actual numerosity. There was no significant dif-
ference in performance between bimodal overlapping
and bimodal nonoverlapping trials. We thought it pos-
sible that the lack of any difference between these two
conditions might be accounted for by the presence of a
ventriloquism effect (i.e., the misperception of the loca-
tion of a sound caused by the concurrent presentation
of a visual stimulus; see Bertelson & de Gelder, 2004,
for a review) for tactile stimuli in the direction of simul-
taneously presented visual stimuli (see Spence, Pavani,
& Driver, 2004). That is, the perceived location of any
vibrotactile stimuli present in a display might have been

misplaced toward the location of the nearest available vi-
sual stimulus, thus potentially eliminating any subjective
differences between the overlapping and nonoverlapping
patterns of stimulation. However, given that the stimuli
were not seen directly but instead were seen via mirror
reflection, it is also possible that the overlapping visual
and tactile stimuli were never actually perceived as over-
lapping spatially, but merely as arising from similar (or,
in some sense, corresponding) locations, again making
the lack of any difference between the two conditions
less surprising.

The main result to emerge from the analysis of Experi-
ment 1 is that numerosity judgments for bimodal stimu-
lus displays were significantly worse than those that were
predicted on the basis of an entirely independent resources
model (in which the limitation in numerosity judgments
for bimodal displays would have been derived from the
limitations obtained from the corresponding unimodal dis-
plays). This finding clearly supports the view that numer-
osity judgments might be based on a common cognitive
system (i.e., neural representation) used for processing
numerical information in both sensory modalities and/or
the two sensory modalities investigated access a common
pool of shared resources.

One possible cause for such poor performance may be
related to the role played by focused (vs. divided) atten-
tion. Spence, Nicholls, and Driver (2001), in their study
of selective attention to a specific sensory modality, dem-
onstrated that speeded discrimination judgments regard-
ing the location (left vs. right) of tactile targets presented
within an unpredictable sequence of auditory, visual, and
tactile targets were better (i.e., faster and more accurate)
when attention could be directed toward the tactile mo-
dality in advance than when attention had to be divided
between several sensory modalities simultaneously (see
also Spence, Shore, & Klein, 2001).

Experiment 2 was designed to explore further what
role, if any, dividing attention between two different sen-
sory modalities may have played in the pattern of results
reported in Experiment 1. Participants in Experiment 2
had to determine the number of unimodal visual or tactile
stimuli presented in the display under conditions of either
focused or divided attention. In half of the blocks of trials
(focused attention), the targets were always predictably
presented in a single modality (either vision or touch),
whereas in the remainder of the blocks (divided attention),
the target modality was chosen randomly (and unpredict-
ably) on a trial-by-trial basis. If dividing attention between
two sensory modalities does indeed impair bimodal nu-
merosity judgments, then one would expect performance
to be significantly worse in the divided attention blocks
than in the focused attention blocks.

EXPERIMENT 2

Method

Participants. Twelve right-handed participants (2 males and
10 females) took part in this experiment as volunteers (mean age,
20 years; range, 18-27 years). All of the participants reported nor-
mal tactile perception and normal or corrected-to-normal vision.
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Figure 6. Mean numerosity judgments of participants as a function of the percent-
age of visual stimuli in the display for each level of numerosity. The best-fitting linear
functions of the data and their coefficients of correlation (R2) are also presented.

The experiment took approximately 15 min to complete, and the
participants received course credit in return for their participation.

Apparatus, Materials, Design, and Procedure. The experi-
mental setup and procedure were exactly the same as in Experi-
ment 1, with the following exceptions: Bimodal stimulus displays
were no longer presented. Instead, focused and divided attention
conditions for the unimodally presented visual and tactile stimuli
were presented. In the focused attention condition, the unimodal
visual and tactile stimuli were presented in separate blocks of ex-
perimental trials, whereas in the divided attention condition, the
unimodal visual and tactile stimuli were presented intermixed ran-
domly within the same block of trials. The order of presentation of
the three blocks of trials was randomized between participants. In
both the focused and divided attention conditions, 72 visual and 72
tactile stimuli were presented, giving rise to a total of 288 trials for
each participant.

Results and Discussion

For each participant, the percentage of errors for each
display size in each of the experimental conditions was
collected (see Figure 7). Trials in which participants
failed to make a response within 4 sec of stimulus onset
(less than 1% of trials overall) were not included in any
of the data analyses. The error data were submitted to a
repeated measures ANOVA with the factors of numerosity
(two to six), target modality (visual vs. tactile), and atten-
tion (focused vs. divided). This analysis revealed a sig-
nificant main effect of numerosity [F(5,55) = 140.7,p <
.0001] and target modality [F(1,11) = 482.5, p < .0001]
and a significant interaction between these two factors
[F(5,55) = 74.2, p < .0001]. Participants made far more
errors in response to the tactile displays (M = 55.1%) than
to the visual displays (M = 8.6%) overall, and the number
of errors increased as the number of stimuli in the display
increased. A Duncan post hoc test on the numerosity X
modality interaction revealed significant differences be-
tween tactile and visual stimuli when three to six stimuli
were presented in the display (all ps < .001) but not when
only two stimuli were presented. There was no main effect

of attention [F(1,11) = 2.7, n.s.], and none of the other
interactions reached significance.

The results of Experiment 2 show that forcing partici-
pants to divide their attention between touch and vision did
not affect their performance in this unspeeded numerosity
judgment task. That is, the same level of performance was
reported under conditions of both focused (M = 32.8%)
and divided (M = 30.9%) attention. Once again, the num-
ber of errors for both modalities increased as the number
of stimuli presented in the display increased (cf. Atkinson,
Campbell, & Francis, 1976; Gallace et al., 2006c).

Interestingly, in Experiment 2 just as in Experiment 1,
the number of errors in the numerosity judgment task was
correlated with the number of stimuli presented for both
the tactile and visual displays (see Figures 5E and 6). Al-
though the same pattern of results was reported previously
for vibrotactile stimuli distributed over the body surface
(see Gallace et al., 2006c¢), the lack of a robust distinction
between the subitizing and counting ranges when unimodal
visual displays were presented is somewhat surprising.
One possible explanation for such an effect is related to
the large spacing between stimuli in our study; this large
spacing may have required more cognitive resources or
a larger shift of spatial attention (cf. Lakatos & Shepard,
1997; Posner, 1980) to be correctly localized (note that

Table 4
Best-Fitting Equations for Participants’ Percentages of Error
and Responses in Each Condition of Experiment 1, for the
Lights On and the Lights Off Conditions Together

Condition % Error Response
Unimodal tactile 19.17N — 10.61 53N+ .89
Unimodal visual 7.38N — 6.48 .8ON* + 21
Bimodal nonoverlapping 15.95N — 7.73 .65N* + .75
Bimodal overlapping 16.31IN — 11.01 53N+ .89

Note—N = number of stimuli presented in the display; N* = number of
stimuli presented in the display.
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Figure 7. Mean error rates as a function of the modality of
presentation (tactile or visual) and of the number of stimuli pre-
sented in the display for the focused and divided attention condi-
tions in Experiment 2. Error bars represent the standard errors
of the means.

all previous studies of visual numerosity judgments have
presented stimuli only within the constraints of the screen
of a computer monitor). Alternatively, it is possible that
the large spacing used in the present experiment deleteri-
ously affected the participants’ ability to group the stimuli
into recognizable patterns (see, e.g., Atkinson, Francis,
& Campbell, 1976), thus resulting in a reduction of any
difference between the subitizing and counting ranges.
Interestingly, it has been shown, using a relatively small
display (covering no more than 3.8° of visual angle), that
a significant divergence from veridical responding occurs
when more than six objects are presented visually at the
same time (Lechelt, 1971). This result might be taken to
support the view that the size of the display (or rather, the
magnitude of the interstimulus spacing) may influence
the number of stimuli that can be reported accurately at
any one time.

However, it is also worth noting that a few research-
ers have argued against the separability of subitizing and
counting at either the cognitive or the neural level (Bal-
akrishnan & Ashby, 1991, 1992; Piazza, Mechelli, But-
terworth, & Price, 2002). In particular, Balakrishnan and
Ashby (1992) failed to find any statistical evidence in
support of a discontinuity in response latencies between
subitizing and counting in the analysis of a wide range of
visual enumeration data. They concluded that the two pro-
cesses are not, in fact, different in nature but instead simply
reflect a continuum along a scale of increasing task diffi-
culty (i.e., mental effort). The pattern of results obtained
in the present study, which shows a lack of any robust
difference between the subitizing and counting ranges in
any experimental condition, would appear to support this
view (at least for displays of the type used here).

GENERAL DISCUSSION

The first important result to emerge from Experiment 1
is that participants’ performance in a visuotactile bimodal

numerosity judgment task could not be predicted on the
basis of an independent resources account. In particular,
the accuracy of participants’ bimodal numerosity judg-
ments was worse than was predicted by the combined
performance results obtained from the limitations derived
when people were presented with unimodal visual and
tactile stimulus displays. As Figures 5C and 5D clearly
show, all of the data points representing participants’ per-
formance in the bimodal numerosity judgment condition
were significantly below those predicted on the basis of
the sum of performance results obtained for the relevant
unimodal conditions. This outcome is fully compatible
with the shared resource model highlighted earlier (see
Figure 2, in which the predicted limitation of the shared
resource model, represented on the right, is lower than the
sum of the limitations of the single-sensory modalities,
represented on the left).

This result does not appear to support the view that vi-
sual and tactile numerosity judgments are processed en-
tirely independently (i.e., the idea that separate resources
are accessed independently by visual and tactile numeros-
ity judgments or, more generally, by stimuli presented to
each sensory modality; cf. Martin, 1980; Wickens, 1980).
Instead, the types of information (or resources) required
to compute the number of visual and tactile stimuli pre-
sented in the display at any one time appear to interact
with each other at some level of information processing.
Our results go beyond earlier attempts to determine the
locus of the bottleneck in making numerosity judgments
(see Cheatham & White, 1952; Harter & White, 1967;
White, 1963; White, Cheatham, & Armington, 1953, for
early attempts to elucidate the locus of the limitation in
unimodal visual numerosity judgments) by suggesting
that the point at which information processing constrains
numerosity judgments is cross-modally constrained (i.e.,
the point of constraint occurs after the unimodal process-
ing of information available to each sensory modality).

The most widely accepted explanation for the informa-
tion processing limitations reported in previous studies of
visual and tactile numerosity judgments relates to central
mechanisms, or higher order levels of neural processing
(see, e.g., Cowan, 2001; Fisher, 1984). In particular, limi-
tations in focused attention, spatial attention, spatial rep-
resentation, and stimulus representation/retention, as well
as central masking, have all been proposed as explanations
for the limitations observed (see, e.g., Alluisi et al., 1965;
Chan & Spence, 2006; Gallace et al., 2005; Gallace, Tan,
& Spence, 2006b; Hillstrom, Shapiro, & Spence, 2002;
Miller, 1956; Rensink, 2002). However, it is still unclear
whether such mechanisms can be considered to be modal-
ity specific or amodal/multisensory (see Driver & Spence,
2004).

A second relevant result to emerge from Experiment 1
is the lack of discontinuity in participants’ numerosity
judgments for bimodal displays. That is, participants’
error rates increased linearly (see Table 4 for the functions
that best fit the data) as the number of stimuli presented
in the display increased, without showing the difference
between the subitizing and counting ranges that is often
reported in visual studies (see, e.g., Jensen et al., 1950;
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Kaufman et al., 1949; Mandler & Shebo, 1982; Peterson
& Simon, 2000; Trick & Pylyshyn, 1993; Wender & Roth-
kegel, 2000; though see Balakrishnan & Ashby, 1991,
1992, and Gallace et al., 2006d, for cautionary notes).
This result therefore suggests that numerosity judgments
for multisensory displays might be based on an analogue
(i.e., continuous) form of numerical representation (see
Cantlon & Brannon, 2006; Dehaene & Changeux, 1993;
Gallace et al., 2006d; Nieder & Miller, 2004a, 2004b; cf.
Balakrishnan & Ashby, 1991).

Dehaene and Changeux (1993) put forward a neural
model for numerical abilities in humans based on ana-
logue representations. According to their model, visual
numerical information is processed at different computa-
tional stages. The first level of numerical information pro-
cessing corresponds to a distribution of activation across
topographically organized input clusters (e.g., in the case
of visual stimuli, the retina). The input clusters project
onto a location map, where the stimuli are coded accord-
ing to their positions on the map, regardless of their physi-
cal qualities (such as size or code at the previous level
of processing). The processing units of the location map
project to the summation clusters. At this stage, numerical
information is coded in terms of the total activity over all
the positions of the location map. These clusters respond
only when the total activity exceeds a certain threshold.
The last stage of processing consists of the numerosity
clusters. At this level of processing, different neuronal
clusters respond only when their preferred numerosity is
presented.

We believe that it might be possible to successfully
adapt Dehaene and Changeux’s (1993) model to take into
account the results obtained in numerosity judgment tasks
under conditions of multisensory stimulus presentation as
reported here (see Figure 8). In particular, it seems plau-
sible to think about the presence of different modality-
specific input clusters, all projecting to a common amodal/
multisensory location map. Whereas the information rep-
resented in the input clusters might be coded by means of
modality-specific frames of reference (i.e., retinotopic for
vision and somatotopic for touch), the number of inputs
in the location map might instead be coded to a modality-
nonspecific spatial frame of reference (perhaps body or
space centered).

The processing limitations of the more peripheral stages
of the model may be different for each sensory modality,
which may account, for example, for the better perfor-
mance obtained with visual than with tactile unimodal
numerosity judgment tasks (cf. Gallace et al., 2006c). A
further peripheral stage of processing, the memory clus-
ters, in which units with recurrent connections keep a lon-
ger lasting activity, would represent the short-term sensory
memory storage systems for each modality. At this stage
of processing, limitations might also be different for the
different sensory modalities. We believe that such a multi-
sensory version of Dehaene and Changeux’s (1993) model
provides a plausible framework in which to interpret the re-
sults of our experiments, in terms of processing limitations
affecting the central amodal/multisensory location map.

Visual Input Tactile Input
LA A | LA |

~

\\
. A

AN,

(A | temen

Clusters

. g}\ Location Map
AN
Summation
| \ Clusters

l

'\ Numerosity

1 |2 | 3\| 4 | 5 | Clusters

Figure 8. Structure of the proposed multisensory numerosity
detection model. Input from different sensory modalities is nor-
malized and represented by means of a spatial code on the loca-
tion map. The activations across the location map are then added,
resulting in an estimate of the number of stimuli presented in
the display regardless of the sensory modality of their presenta-
tion. From “Development of Elementary Numerical Abilities: A
Neural Model,” by S. Dehaene and J. P. Changeux, 1993, Journal
of Cognitive Neuroscience, 5, pp. 390—407. Adapted and extended
with permission.

The results of Experiment 2 show that the poorer per-
formance obtained when participants were presented with
bimodal displays in comparison with unimodal displays
cannot be accounted for on the basis of differences in fo-
cused attention versus attention divided among different
sensory modalities, since the same number of enumeration
errors was reported in both conditions. The lack of any
effect of the focused versus divided attention manipula-
tion in our study might be related to the unspeeded nature
of the participant’s task (cf. Spence, Nicholls, & Driver,
2001; Spence, Shore, & Klein, 2001). Alternatively, how-
ever, the explanation for the poorer performance obtained
with bimodal displays in Experiment 1 might also relate to
structural limitations (e.g., limitations related to process-
ing or capacity limitations in multisensory or amodal sys-
tems that represent spatial information; see Spence, Mc-
Donald, & Driver, 2004) affecting the number of stimuli
that can be accessed by consciousness at any one time.

It has been proposed that competition among stimuli
in terms of their ability to attract attention or elicit con-
sciousness may occur at many different levels of infor-
mation processing (i.e., neural representation) and that
capacity limitations may be different at the various dif-
ferent levels of representation (i.e., limitations may in-
crease moving from the periphery toward more central
processing systems; see VanRullen & Koch, 2003). The



498 GALLACE, TAN, AND SPENCE

results obtained from single-cell recordings in monkeys
(see, e.g., Rizzolatti, Scandolara, Matelli, & Gentilucci,
1981), neuropsychological studies of brain-damaged pa-
tients (see, e.g., di Pellegrino, Ladavas, & Farne, 1997;
Ladavas, di Pellegrino, Farn¢, & Zeloni, 1998; Mattingley,
Driver, Beschin, & Robertson, 1997), neuroimaging stud-
ies (see, e.g., Macaluso & Driver, 2001; see Macaluso &
Driver, 2004a, 2004b, for recent reviews), and behavioral
data (see, e.g., Farne, Rossetti, Toniolo, & Ladavas, 2002)
all converge on the suggestion that the neural representa-
tion of peripersonal (or near peripersonal) space is multi-
sensorially determined (see Driver & Spence, 2004, for a
recent review). Therefore, it is possible that when stimuli
presented from different spatial positions fail to secure a
certain level of activation within a multisensory/amodal
spatial representation (i.e., the location map in the pro-
posed model; see Figure 8), rather than across separate
unisensory systems (cf. Desimone & Duncan, 1995), this
failure may result in a lack of conscious access to infor-
mation regarding such stimuli. This failure might be at-
tributed to the competition that may exist among stimuli
presented from different positions at the same time (see,
e.g., Gallace et al., 2006b; Wright, Green, & Baker, 2000;
cf. Desimone & Duncan, 1995; VanRullen & Koch, 2003),
regardless of the sensory modality of the stimuli’s presen-
tation (see Hubbard et al., 2005, for the suggestion of an
inextricable link between the neural substrates represent-
ing numerical and spatial information).

Clearly, future research should further investigate the
role of spatial processing on multisensory numerosity
judgments. In particular, it would be of interest to study
numerosity judgments for audiovisual and audiotactile
combinations of stimuli rather than just for the visuotac-
tile combination studied here. Indeed, whereas tactile and
visual numerosity judgments have both been shown to be
based on spatial attributes of the stimuli, auditory numer-
osity judgments have been shown to rely on nonspatial at-
tributes of the stimuli, such as the pitch of the sounds pre-
sented (see, e.g., Kubovy, 1981; see also Bedford, 2004).

The results of the two experiments reported here
clearly show that, at the level of processing responsible
for the limitation that affects numerosity judgments, the
processing of visual and tactile stimuli interact in a way
that adversely affects human performance. This interac-
tion might be interpreted as the result of a higher order
multisensory/amodal mechanism accessed by different
sensory modalities and limited in the amount of informa-
tion that can be effectively processed, that can have access
to consciousness, or that can activate a specific response
at any one time. Further studies should be conducted to
determine which, if any, of the proposed possible higher
level mechanisms might account for the observed limi-
tations in human performance reported here. However,
the results of the present study suggest that amodal limi-
tations in spatial processing (see, e.g., Gallace, Auvray,
et al., 2006; Gallace et al., 2005; Spence & Driver, 2004)
or central masking (see, e.g., Alluisi et al., 1965) might
provide a valid explanation for the results of multisensory
numerosity judgment studies. Note that the results of Ex-

periment 2 show that focused attention did not have any
modulatory effect on numerosity judgment performance.

It might be that there is a per-item cost in processing the
number of stimuli in the displays that increases as soon
as the number of stimuli presented increases above one.
This cost might be little affected by whether one or two
sensory modalities are being processed. Although this in-
terpretation once again suggests that processing resources
for numerosity judgments are shared among sensory mo-
dalities (and/or that numerosity judgments occur at higher
levels of information processing; cf. White et al., 1953),
visual inspection of Figure 5F suggests that this is not the
case in the present study. Indeed, the results clearly show
that there is a large cost, in terms of errors, when even
a single visual item in a display is replaced by a single
tactile element.

In the last few years, a large body of research has ad-
dressed the use and design of tactile interfaces for human
operators in various applied settings (see, e.g., Ho, Tan, &
Spence, 2005; Rochlis & Newman, 2000; Sorkin, 1987;
Spence & Driver, 1999; Tan, Gray, Young, & Traylor, 2003;
van Erp & van Veen, 2003, 2004; see Gallace, Tan, &
Spence, 2006a, for a recent review). This interest appears
to be related, at least in part, to the fact that the visual and
auditory modalities may be overloaded in many real-world
interface settings (see, e.g., Sorkin, 1987; van Veen & van
Erp, 2001), and the tactile modality has been suggested
as a valid alternative for presenting relevant information
to an interface operator (Hennessy, 1966). However, the
results of the experiments reported here show that people’s
ability to process information in one sensory modality is
not independent of their ability to process the information
presented (or assess the number of stimuli) in another sen-
sory modality, contrary to many widely believed models
of interface design (see, e.g., Wickens, 1992; Wickens &
Liu, 1988).

The fact that limitations on information processing
are, in some cases, amodal or multisensory imposes im-
portant constraints on the development of multisensory
interfaces (cf. Reese, Reese, Volkman, & Corbin, 1953,
and Reese, Robinson, Stevenson, & Volkman, 1960, for
early research in this area). Using different modalities in
a redundant manner (i.e., using stimuli in different mo-
dalities to carry the same informational content) should
improve human operator performance. However, when the
information carried by two (or more) sensory modalities
is nonredundant (as in the present study), severe limita-
tions may arise. The fact that the performance obtained
with unimodal presentation cannot predict performance in
bimodal displays merits serious consideration in the field
of haptic display design. Indeed, in ecologically valid in-
terface settings, the information presented is often, if not
always, multisensory in nature.
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NOTE

1. Sensory funneling occurs when two points on the skin are stimu-
lated at the same time (e.g., on the palm, forearm, or fingers), and people
sometimes report perceiving only a single tactile stimulus located some-
where between the two physically stimulated locations (see, e.g., Chen,
Friedman, & Roe, 2003; Gardner & Spencer, 1972).
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