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a b s t r a c t

The majority of studies investigating interactions between vision and touch have typically explored single

events, presenting one object at a time. The present study investigates how tactile–visual interactions

affect competition between multiple visual objects in more dynamic cluttered environments. Participants

searched for a horizontal or vertical line segment among distractor line segments of various orientations,

all continuously changing color. Search times and search slopes were substantially reduced when the

target color change was accompanied by a tactile signal. These benefits were observed even though the

tactile signal was uninformative about the location, orientation, or color of the visual target. We conclude

that tactile–visual synchrony guides attention in multiple object environments by increasing the saliency

of the visual event.
© 2008 Elsevier Ireland Ltd. All rights reserved.

In our everyday life, we receive a bulk of information via different

senses. These different sensory inputs often interact when pre­

sented in close temporal or spatial proximity [see 23, 36, 38, for

reviews]. For instance, in a noisy environment, we can understand

a speaker better when we observe his or her lip movements [27].

Most studies have focused on interactions between audition and

vision, but interactions between vision and touch have also been

reported [e.g. 6, 16, 22, 24, 34]. For instance, Spence et al. [24]

have shown that responses to visual targets were faster when such

targets were preceded by a tactile signal from the same location

(compared to signals coming from a different location), indicating

that spatially informative tactile cues affect spatial visual selec­

tion.

Studies investigating interactions between vision and touch

have typically used stimuli consisting of single tactile and/or visual

events, and thus say little about multisensory interactions in more

cluttered, multiple­object environments. An exception is a study

by Lindeman et al. [8]. They found that visual search through mul­

tiple objects improved when a tactile signal informed participants

about the location of the visual target (compared to a tactile signal

absent condition). The finding from Lindeman et al. is consistent

with other studies showing that auditory [e.g. 17], or visual [e.g. 19,

29, 31] top­down knowledge about the location of a visual target

affects visual selection. Here we show that tactile signals do not

need to support such top­down knowledge about the target’s loca­
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tion in order to guide selection in a multiple­object environment,

as long as the tactile signal is temporally synchronized with the

target event.

Recently, within the auditory and visual domains, Van der Burg

et al. [33] found that auditory signals affected the selection of

targets in visual search, even when the auditory event carried

no information on the target’s location or identity. Participants

searched for a horizontal or vertical line segment among up to 48

distractor lines of various orientations, all continuously changing

color. They found that search times as a function of set size were

substantially reduced when the target color change was accom­

panied by an auditory signal (compared when no such signal was

present). Van der Burg et al. labeled this search benefit the “pip

and pop” phenomenon, and suggested that audiovisual synchrony

guides attention by increasing the saliency of the visual event [see

also 32].

The current study is a follow­up to this auditory–visual “pip

and pop” investigation. We investigated whether tactile–visual

synchrony similarly modulates spatial visual selection in multi­

ple object displays. We used the paradigm of Van der Burg et al.

[33], except that we replaced the auditory signal by a tactile sig­

nal. We show that this tactile signal drastically decreases search

times as well as search slopes for a synchronized visual object that

is normally very difficult to find.

Nine participants (5 female, mean age 19.9 years; range 16–24

years) participated for D7 an hour. One participant was excluded

from further analysis because of an overall error rate of 25%.

The experiment was run in a dimly lit, air­conditioned cabin.

Participants were seated at approximately 80 cm from the moni­

tor. The tactile stimulus was a vibration with a 50 ms duration. The
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tactor was a mobile phone vibrator attached to the back of the left

hand. Participants wore closed headphones (Sennheiser HD202) to

prevent them from hearing the vibrator.1 The visual search displays

consisted of 24, 36, or 48 red (13.9 cd m−2) or green (46.4 cd m−2)

line segments (length 0.57◦ visual angle) on a black (<0.05 cd m−2)

background. Color was randomly determined for each item. All lines

were randomly placed in an invisible 10×10 grid (9.58◦×9.58◦,

0–0.34◦ jitter) centered on a white (76.7 cd m−2) fixation dot, with

the constraint that the target was never presented at the four cen­

tral positions, to avoid immediate target detection. The orientation

of each line deviated randomly by either plus or minus 22.5◦ from

horizontal or vertical, except for the target which was horizontal

or vertical. The displays changed continuously in randomly gener­

ated cycles of 9 intervals each. The length of each interval varied

randomly between 50, 100 or 150 ms with the constraint that all

intervals occurred equally often within each cycle and that the tar­

get change was always preceded by a 150 ms interval and followed

by a 100 ms interval. At the start of each interval, a randomly deter­

mined number of search items changed color (from red to green

or vice versa), with the following constraints: when set size was

24, the number of items that changed was either 1, 2, or 3. When

set size was 36 either 1, 3, or 5 items changed, and when it was

48 either 1, 4, or 7 items changed. Furthermore, the target always

changed alone, and could only change once per cycle, so that the

average frequency was 1.11 Hz. The target could not change during

the first 500 ms of the very first cycle of each trial. On average, the

first target color change was 750 ms after the display onset, which

was independent of the set size. For each trial, 10 different cycles

were generated, which were then repeated after the 10th cycle if

the participant had not yet responded.

The set size was either 24, 36, or 48. The important manipula­

tion involved the presentation of a tactile signal (present or absent),

of which the onset was always synchronized with the target color

change. Dependent variables were the reaction time (RT) and accu­

racy. Note that the RT reflects the time between the search display

onset and the response to the target, because the target was present

when the search display appeared. Each trial began with a fixa­

tion dot presented for 1000 ms at the center of the screen. The

search display was presented until participants responded. Partic­

ipants were asked to fixate on the fixation dot. Participants were

instructed to press the n­ or m­key with their right hand on the stan­

dard keyboard as fast and accurately as possible when the target

orientation was horizontal or vertical, respectively. Target orienta­

tion was balanced and randomly mixed within blocks of 48 trials

each. Participants received four tactile signal absent blocks, and

four tactile signal present blocks, presented in counterbalanced,

alternating order, preceded by two practice blocks. Participants

received feedback about their overall mean accuracy and overall

mean RT after each block.

The results are presented in Fig. 1. RT data from practice

blocks, erroneous trials, and trials in which participants responded

slower or faster than 2.5 times the S.D. (4.0%) were excluded.

1 To exclude the possibility that participants could hear the tactor, a control exper­

iment (eight participants; 5 female, mean age 22.3 years; range 18–34 years) was

conducted in which the tactor was attached to the back of the first author’s left hand

rather than the participant’s hand. While wearing the headphones, the participant

saw a fixation dot (1000 ms), followed by two 1200 ms intervals visually indicated

by the digits “1” and “2” in the center of the screen. On each trial, a tactile signal

(duration 50 ms) was presented during either of the two intervals. Participants were

instructed to try and listen in which interval the tactor was switched on, and to make

an unspeeded response by pressing the 1­ or 2­key on the numeric keypad. Over­

all accuracy was 52.5%. Perceptual sensitivity (d′) measured .105, and the bias (c)

was .008. None of these measures differed significantly from chance performance

(all ts < 1, all ps > .45). We conclude that participants were unable to hear the tactile

signal.

Fig. 1. Correct mean reaction time (RT) and mean error percentages, as a function of

set size, and the presence of the tactile signal. Note that the reaction time reflects the

time from the search display onset. The first target color change (and tone onset) was

between 500 and 900 ms later. The error bars represent the .95 confidence intervals

for within­subject designs, following Loftus and Masson [9]. The confidence intervals

are those for the interaction between tactile signal presence and set size.

All data were subjected to a repeated­measures Univariate Anal­

ysis of Variance (ANOVA) with set size (24, 36 vs. 48) and tactile

signal presence (present vs. absent) as within­subject variables.

The reported values for p are those after a Huynh–Feldt correc­

tion for sphericity violations, with alpha set at .05. The overall

mean error rate was 3.2%. There were no reliable error effects (all

ps > .12).

On average, RTs were faster when the tactile signal was present

(3043 ms) than when the tactile signal was absent (4376 ms), F(1,

7) = 22.7, p < .005. Furthermore, search was more efficient in the

tactile signal present condition than in the tactile signal absent con­

dition, as confirmed by a significant two­way interaction between

set size and tactile signal presence, F(2, 14) = 11.7, p < .005. In the

tactile signal absent condition, the average search slope measured

91 ms/item, as RTs increased significantly with increasing set size,

F(2, 14) = 33.4, p < .005. In the tactile signal present condition, the

average search slope measured 26 ms/item. However, this set size

effect on RTs was not reliable, F(2, 14) = 2.7, p = .117.

The substantial search slope and the overall somewhat long

search times in the tactile signal present condition suggests that

the target did not pop out on each trial. Similar to the Van der

Burg et al. [33] study, observers presumably waited for the first syn­

chronized event before they started to search. On average, the first

synchronized occurred 750 ms after the display onset. The overall

search times in each condition may thus be regarded as 750 ms

shorter than is plotted in Fig. 1. Fig. 2 represents the RT distribu­

tions for the tactile signal present and absent condition, pooled

across set size, and locked to the first target color change (which

was also the time of the first tactile signal in the tactile signal

present condition; bin size was 200 ms). As is clear from Fig. 2,

the tactile signal present condition shows a marked peak at around

900 ms, compared to the tactile signal absent condition [see also
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Fig. 2. Reaction time (RT) distributions. Here the proportion of responses is plotted

as a function of the normalized RT (bin width is 200 ms). The normalized RT is the

time to respond to the visual target from the first target color change.

33]. This peak was on average the time the second tactile signal

could occur. On most trials in this condition, this second tactile

signal occurred too late to affect the response, but it is possible

that occasionally, because of eye blinks or other factors, observers

waited for the second tactile signal. Therefore, it looks as if on the

majority of trials, the target popped out after the first tactile signal.

In the tactile signal absent condition, the RT distribution spanned

a broader range, including substantially more responses of 10 s and

longer.

The present findings are clear. Despite the fact that when the

target changed color it was the only item changing at that time

(i.e. the target change represented a unique event), finding the tar­

get required strong attentional effort when there was no tactile

signal. Apparently, the temporally adjacent dynamics camouflaged

the unique target event [see, e.g. 33, 35]. In the tactile present

condition, the synchronized tactile stimulus caused a dramatic

improvement in detecting the visual event. Thus, a tactile sig­

nal improves spatial visual search in dynamic and cluttered visual

search displays, despite the fact that the tactile signal contained no

information about the location, orientation, or color of the visual

target.

One explanation for the search benefits is that the tactile signal

acted as a warning signal on when to expect a visual color change.

Even though this is certainly a possibility, we think it is unlikely

that alerting or arousal can explain the present findings. First, most

theories place warning effects at a postperceptual response level,

later in the information­processing stream than the current selec­

tion effects are expected to reside [5,10,20]. Note that the tactile

stimulus contained no information about which response should be

prepared. Second, if the tactile stimulus affected only non­specific

response preparation, then we would have expected effects only on

overall RTs, not in terms of search slopes. Third, we observed bene­

fits in the order of seconds (see the higher set sizes), while warning

signals have been shown to improve RTs by a fraction of a sec­

ond. Fourth, in an identical experimental set­up, Van der Burg et al.

[33] have demonstrated that visual warning signals (with the same

temporal information as the tactile signal in the present study) are

not sufficient to aid search. Fifth, in the present study, effects were

observed when that tactile signal was synchronized with the visual

event. Because a state of alertness, or arousal needs time to develop

[see, e.g. 18], one would not have expected to find a benefit when

the signals are synchronized, is inconsistent with an alerting or

arousal hypothesis. In an additional control experiment,2 we tested

2 The perceptual synchrony between the tactile and visual events was investi­

gated by a control experiment. Participants (eight participants; 1 female, mean

age 31.6 years; range 25–35 years) were asked to make a simultaneity judgment

(SJ), about whether or not the tactile signal and a single target color change were

whether participants perceived the tactile and visual target events

as concurrent. Note that participants perceived the events as fully

synchronized. All in all then, what we propose is that tactile–visual

synchrony guides attention in multiple object displays. The present

finding extends the pip and pop effect [33], by showing that other

modalities than audition affect visual selection of synchronized

visual objects.

The present study is not the first to show effects of tactile stim­

ulation on spatial visual processing. Whereas earlier studies [e.g.

7, 24] demonstrate performance benefits when touch and vision

were spatially correlated, the present study revealed evidence that

this spatial accordance is not always necessarily to affect spatial

visual processing. Note however that, in the present study, it is

not quite true that the tactile and visual events were never spa­

tially correlated. After all, the tactor was attached to the left hand,

which may have resulted in benefits only when the target happened

to appear in the left visual field. To test for any such hemisphere

effects, we compared performance in the tactile present condition

for targets presented on the left of fixation to that for targets pre­

sented on the right, but found no reliable difference, t(7) = .175,

p > .85.

The present study is also not the first to show effects of non­

spatial tactile signals on visual processing. Keetels and Vroomen [6]

asked participants to make a temporal order judgment (TOJ) about

which of two visual stimuli appeared first. TOJs were improved

when the first visual stimulus was preceded by a tactile signal

while the second visual stimulus was followed by a tactile signal, as

compared to a condition in which tactile signals were absent. More­

over, consistent with the present findings, Keetels and Vroomen

have shown that this “tactile–visual temporal ventriloquism” was

also present when the tactile signals were synchronized with the

visual events, and importantly, that spatial discordance between

the two modalities did not affect the phenomenon. While Kee­

tels and Vroomen [6] have shown that tactile signals affect visual

processing when using single visual events at a time, the present

study provides evidence that tactile–visual synchrony modulates

the competition between visual objects in multiple object environ­

ments.

Whereas we believe that the present findings are due to a

pop­out of the visual target, the non­zero search slope and the

somewhat long search times in the tactile signal present con­

dition suggest that some mental effort is nevertheless required

for the search. Note that all subjects showed a decreased search

slope in the tactile present condition compared to the tactile

absent condition. However, some observers were more efficient

than others. Van der Burg et al. [33, Experiment 4] have shown

that, in the audiovisual domain, the pip and pop phenomenon is

susceptible to eye­movements or eye­blinks, explaining some indi­

vidual differences. For instance, on some trials, some observers

missed the first target color change due to an eye­movement,

explaining the overall somewhat long search times, because the

second target event occurred on average 900 ms later. Another

feasible explanation is that the size of an attentional window mod­

ulates capture by tactile–visual synchrony. Recently, within the

visual domain, Belopolsky et al. [2] have shown that the size of

simultaneously presented. Such a simultaneity judgment task has been shown to

be independent of response biases [32]. In this control experiment, the search dis­

play was static (set size was always 36), except that the target (the horizontal or

vertical line) changed color once. Important, a single tactile signal (50 ms duration)

preceded or followed this target color change by a randomly determined SOA (150,

50, 25, 8 or 0 ms). The point of subjective simultaneity turned out to be on average

0.6 ms, indicating that the visual event had to lead the tactile event by 0.6 ms for

simultaneity to be reached. We conclude that participants perceived the tactile and

visual target color change as simultaneous.
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the attentional window affects capture by color singletons [see

also 30]. In the Belopolsky et al. study, search performance for

a color singleton improved when participants adopted a diffuse

attentional window compared to the condition that participants

adopted a small, focused attentional window. With regard to

the present study, participants might have missed the visual

target event if they adopted a small attentional window (e.g.

due to attention towards an irrelevant distractor color change),

explaining the absence of capture at that specific moment. More­

over, neurophysiological [28] as well as behavioral [1] studies

corroborate the notion that attention is required to obtain mul­

tisensory integration. All in all then, it is clear that the present

bottom­up signals are not always sufficiently strong to result in

automatic attentional capture. Until further research is conducted,

we propose here that tactile–visual synchrony guides attention,

but only when participants are in a distributed state of atten­

tion.

Since both auditory and tactile signals evoke what appears to

be an identical effect, one might expect this to be mediated by a

neural mechanism, which is influenced by multiple sensory inputs.

For instance, Meredith and Stein [13] demonstrated multisensory

integration in single superior colliculus (SC) neurons [see 26, for

a recent review]. The idea is that each multisensory neuron has

several receptive fields for each specific modality (e.g. vision, audi­

tion, and touch), which are in spatial register with each other. As a

result, two stimulus modalities will be defined as originating from

the same source location, and perceived as a unified percept. Impor­

tantly, if two modalities originate from two different locations (as

in the present study), then one stimulus falls within and the other

outside the neuron’s receptive field, explaining the absence of mul­

tisensory enhancement. Therefore, we consider this explanation as

an unlikely underlying mechanism for the perceived auditory and

tactile effects on vision.

Alternatively, within the auditory and visual domains, sub­

stantial evidence has emerged for the idea that the auditory

signal enhances the perception of visual stimuli automatically

[15,25,32,33,37], and that this enhancement could be due to audi­

tory activation in the early visual cortex [3,4,14,21]. Within the

tactile and visual domains, Violentyev et al. [34] observed that

participants reported seeing two flashes on the majority of trials

when a single flash was accompanied by two tactile signals. This

“touch­induced visual illusion” occurred even though the tactile

signals were completely irrelevant to the task, suggesting a strong

automatic component for the reported phenomenon. Neurologi­

cal studies [11,12] corroborate the notion that tactile signals affect

visual perception, by demonstrating early tactile activation in the

visual cortex. Consistent with Violentyev et al., we propose that

the tactile signal boosts the saliency of a concurrently presented

visual event, resulting in a salient emergent feature that pops out

from the cluttered visual environment, and guides attention to

the relevant location. All in all then, we believe that the visual

cortex receives auditory as well as tactile information, explain­

ing the pip and pop effect as well as the poke and pop effect,

respectively.
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