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Searching for a target defined by a conjunction of fea-
tures in a complex and dynamically changing visual dis-
pplay often requires slow and exhaustive search. That is,
each item in the search display has to be examined indi-
vidually in order to determine whether it is a target (e.g., 
Treisman & Gelade, 1980; Treisman & Sato, 1990; for re-
views, see Quinlan, 2003; Treisman, 1996). For interface
operators, such as pilots and air traffic controllers, this can
ppose a major problem because successful conflict resolu-
tion often requires not only the rapid detection of potential
threats but also the accurate interpretation of those threats
(see Pawlak & Vicente, 1996; Previc, 2000; Vicente & 
Rasmussen, 1992). Under such conditions, the presenta-
tion of spatially informative cues may offer an effective
means not only of reducing the time needed to detect po-
tential threats but also of improving the subsequent dis-
crimination of those threats. The presentation of spatially
informative nonvisual cues—specifically, auditory cues
that are colocalized with visual targets—has been shown
to reduce visual search latencies by several thousand mil-
liseconds for peripherally located visual targets (i.e., for 
targets presented at eccentricities exceeding 90º from
central fixation; see, e.g., Perrott, Cisneros, McKinley,
& D’Angelo, 1996; Perrott, Saberi, Brown, & Strybel,
1990; Perrot, Sadralodabai, Saberi, & Strybel, 1991). The
ppresentation of spatially uninformative auditory cues has 
also been shown to reduce visual search latencies for vi-

n sual targets presented in the central field by more than
200 msec (e.g., Dufour, 1999; Perrott et al., 1996; Perrott 
et al., 1990; Perrott et al., 1991).

For visual displays, such as computer monitors, one 
would expect the benefit of having auditory stimuli spa-
tially colocalized with visual targets to be minimal, given
that the average minimum audible angle threshold is ap-
proximately 1º (Perrott & Saberi, 1990), and computer 

 monitors tend to be small and cluttered. However, the
limitations of screen size, clutter, and human auditory 
localization ability do not appear to hinder the potential 
advantages of spatially colocalized auditory cues under 
such conditions. Rudmann and Strybel (1999) investi-
gated whether the presentation of auditory cues that were
spatially coincident, displaced by 6º, or else spatially un-
informative with regard to the location of the visual target 
would facilitate participants’ visual search performance. 

d Although spatially coincident auditory cues were found
to be most effective in terms of reducing participants’
visual search latencies, the displaced auditory cues were

nstill effective in terms of enhancing visual search when
compared with performance in the uninformative-cue
condition.

Meanwhile, Spence and Driver (1997) reported that the 
auditory precuing of target side can provide an effective
means of improving visual target discrimination perfor-

f mance, even when the side of the cue is not predictive of
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in previous research, but the potential benefit of having
cues that are both spatially informative and temporally 
synchronous has not been studied before in the context of 
a dynamic visual search paradigm.2

Experiment 1 was designed to replicate Van der Burg
et al.’s 2008 and 2009 studies, in which they compared 
visual search performance between a cue-absent condition 
and a temporally synchronized cue-present condition. In 
Experiment 2, in order to check for any benefits of mul-
tisensory over unimodal cuing, we compared the conse-
quences of presenting unimodal auditory and vibrotactile
cues with the consequences of presenting multisensory
audiotactile cues. Having successfully replicated Van der 
Burg et al.’s (2008, 2009) basic effects in Experiments 1
and 2, we then went on in Experiment 3 to explore the 
combination of temporally synchronous and spatially in-
formative cues in order to ascertain whether or not partici-
pants’ visual search performance could be improved still
further by making the nonvisual cue spatially informa-
tive with regard to the likely target side. For the first three 
experiments, we compared the changes in visual search 
performance following auditory and tactile cuing in order 
to determine whether one cue was more effective than the
other in facilitating visual search. In our final experiment,
we examined the influence of cue location (headphones
vs. external loudspeaker cones) on the efficiency of par-
ticipants’ visual search performance.

EXPERIMENT 1

Van der Burg et al. demonstrated, in separate studies, 
the effectiveness of providing participants with temporally
synchronous auditory (2008) or vibrotactile (2009) cues
in order to facilitate their visual search performance. They 
reported that the performance benefits observed follow-
ing vibrotactile cuing were comparable to those observed 
following auditory cuing, but they did not perform any 
direct comparisons between the results of these two cue
conditions (experiments). The goal of our first experiment
was, therefore, to replicate the findings of Van der Burg 
et al.’s 2008 and 2009 studies and to extend their findings
by directly comparing the performance of participants 
who were presented with auditory cues with that of those
who were presented with vibrotactile cues.

Method
Participants. Twenty-two participants from the University of Ox-

ford (12 female), ranging in age from 20 to 38 years (M((  27 years), 
took part in Experiment 1. All of the participants reported normal
or corrected-to-normal vision, hearing, and tactile sensitivity. The
experiment took approximately 45 min to complete. The participants 
received a £5 gift voucher for taking part in the study.

Apparatus and Stimuli. The experiment was conducted in a
dimly lit, soundproof chamber. The experiment was conducted on
a PC using E-Prime (Schneider, Eschman, & Zuccolotto, 2002). 
The participants sat in a chair approximately 80 cm from a 17-in.
CTX PR711F visually flat CRT computer monitor (screen refresh
rate  75 Hz). The auditory stimulus consisted of a 500-Hz tone 
(sampling rate 44.1 kHz, 16-bit) with a 60-msec duration (includ-
ing a 5-msec fade-in and 5-msec fade-out to avoid clicks) that was
presented from two Dell A215 PC loudspeaker cones, one of each
placed 16º to either side of the center of the visual search display.

the side on which the visual target is likely to occur (see 
also Dufour, 1999; for a review, see Spence, McDonald, & 
Driver, 2004). These crossmodal exogenous spatial atten-
tional cuing benefits were found to be maximal when the
auditory cue preceded the visual target by approximately
100 to 300 msec.

Spatially uninformative auditory and vibrotactile cues
have also been shown to facilitate participants’ visual 
search performance when they are temporally synchro-
nized with a change in the target stimulus (e.g., Bolognini, 
Frassinetti, Serino, & Làdavas, 2005; Chan & Chan, 2006; 
Van der Burg, Olivers, Bronkhorst, & Theeuwes, 2008, 
2009; Vroomen & de Gelder, 2000). For example, Van
der Burg et al. (2008, 2009) measured search latencies for 
visual targets presented in a frequently changing central 
search field. The participants in these studies had to search 
for a horizontal or vertical line segment presented among
distractor line segments oriented at 22.5º. On a given 
trial, the color of the target and distractor stimuli changed 
regularly from red to green or vice versa. The participants 
were presented with either an auditory tone cue over head-
phones (Van der Burg et al., 2008) or a vibrotactile cue to 
their left hand (Van der Burg et al., 2009). Either the onset
of the cue was synchronized with the color change of the 
target stimulus or no cue was presented. It is important 
that the cue gave participants absolutely no information 
concerning the orientation of the target, hence ruling out
a response-priming account of any facilitatory effects ob-
served (cf. Spence & Driver, 1997). Nevertheless, Van der 
Burg et al. (2008, 2009) reported that the presentation of 
a temporally synchronous cue still resulted in a signifi-
cant facilitation of participants’ visual search performance 
relative to their performance in those trials in which no 
cue was presented. In fact, the average reduction in search
latencies for temporally synchronous cues was in excess
of 1,000 msec (for displays consisting of 24–48 items).
Van der Burg et al. (2008) also showed that the search
slopes were significantly shallower (indicating more effi-
cient visual search performance) for the auditory cue trials
(31 msec/item) than for the no-cue trials (147 msec/item).
They concluded that the temporally synchronous auditory
or vibrotactile cue and the synchronously color-changing
visual target were likely being integrated, thus creating 
a more salient visual target that somehow “popped out” 
from among the distractors.1

The present study was designed to replicate and ex-
tend Van der Burg et al.’s (2008, 2009) findings using
the auditory–visual pip-and-pop and vibrotactile–visual 
poke-and-pop paradigms to explore how visual search per-
formance is modulated by cues that were not only tempo-
rally synchronous (presented in synchrony with the color 
change of the visual target) but also spatially informative 
with regard to the likely location of the target (in the left or 
right hemifield). The benefits of having auditory or tactile
cues that are either temporally synchronous (e.g., Chan &
Chan, 2006; Dalton & Spence, 2007; Van der Burg et al.,
2008, 2009; Vroomen & de Gelder, 2000) or spatially 
informative (Ho, Santangelo, & Spence, 2009; Ho, Tan,
& Spence, 2006; Perrott et al., 1996; Perrott et al., 1990;
Perrott et al., 1991) have been repeatedly demonstrated 
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trade-offs (see Spence, Kingstone, Shore, & Gazzaniga, 
2001; Townsend & Ashby, 1983). IE scores were calcu-
lated by dividing each participant’s mean RT for each 
condition by their proportion of correct responses for that 
condition. Due to the potential skew in the distribution of 
the RT data (and, hence, in the IE scores), we converted 
the IE scores to efficiency scores ( 1,000 / IE) to normal-
ize the distributions (see Box & Cox, 1964) and reported 
the analyses of the E data instead (see Figure 1).

The participants in Experiment 1 reported that the task 
became easier over time, so we also decided to compare
participants’ performance on the first half of the experi-
mental session (Blocks 1–4) with that on the second half 
(Blocks 5–8) to look for any potential practice effects in 
the data. A mixed univariate ANOVA was conducted on
the E data with practice (first vs. second half of the experi-
ment), set size (24, 36, 48) and cue presence (absent, pres-
ent) as the within-participants factors and cue modality 
(auditory, tactile) as the between-participants factor. The 
Huynh–Feldt correction was applied whenever sphericity 
was violated (alpha .05).

Analysis of the E scores revealed significant main ef-
fects of practice [F(1,20)FF 17.88, p .001, 2 .47], 
cue presence [F(1,20)FF  7.84, p .01, 2  .28], and set 
size [F(2,40)FF 49.02, p .001, 2  .71]. Participants’
E scores were significantly lower in the second (M

.41) than in the first (M(( .36) half of the experiment.
Note that lower E scores signify better performance, hence
supporting the subjective reports of our participants. The 
presence of a cue (M .43) resulted in a significant
improvement in participants’ performance, as compared 

The tactile stimulus consisted of a 50-msec, 200-Hz vibration
presented through two AEC VBW32 tactors fastened to a waistbelt, 
with one tactor placed on either side of the participant’s waist. In pre-
testing, 4 participants (who did not take part in the main experiment) 
subjectively matched the intensity of the vibrotactile stimulus to that
of the auditory stimulus. The visual search displays consisted of 24, 
36, or 48 red (RGB 255, 0, 0) or green (RGB  0, 255, 0) line seg-
ments (length  0.57º visual angle) presented against a black back-
ground. The color of each display item was determined randomly.
All of the line segments were randomly placed in an invisible 10
10 grid (9.58º  9.58º, 0º–0.34º jitter) centered on a white fixa-
tion point, with the sole constraint being that the target was never 
presented in one of the four central positions. The orientation of 
each line deviated randomly by exactly 22.5º from the horizontal 
or vertical, except for the target, which was presented in either the 
horizontal or vertical orientation.

Each of nine sequentially presented display screens (making up
one complete display cycle) were presented for 50, 100, or 150 msec, 
with each display duration being repeated randomly three times
within a sequence, during which time a certain number of items (of 
either the target or distractors) changed color. When the set size was 
24, one, two, or three distractors changed color. When the set size 
was 36, one, three, or five distractors changed color. When the set 
size was 48, one, four, or seven distractors changed color.

When the color of the target changed, it was the only item in the
display to do so. When the target changed color, the preceding dis-
play duration was always 150 msec, and the following display dura-
tion was always 100 msec. The target changed color only once per 
display cycle, so the average frequency of the target’s color changing 
was 1.11 Hz (i.e., once every 900 msec). The target did not change 
color during the first 500 msec of the very first display cycle of each 
trial. Ten different display cycles were generated and presented one 
after the other (without any gap) until the participant responded or 
the 10th display cycle had been presented, at which time the whole 
sequence (of 10 display cycles) was repeated.

Design and Procedure. The modality of the cue was varied on 
a between-participants basis. The presence versus absence of the
cue was varied on an alternating block-by-block basis. Set size was
varied on a trial-by-trial basis. During the cue-present blocks, the
participants (n 10) either heard a tone or felt a vibration (n
12) that was synchronized with the color change of the target. The
reaction time (RT) and accuracy of the participants’ responses were
measured. RTs were measured from the onset of the search display
until the initiation of the participant’s response. Each trial began
with the presentation of a fixation point for 1,000 msec. The search 
display was presented until the participant pressed a response key.
The participants were instructed to press the “z” or “m” key as rap-
idly and accurately as possible in order to indicate the orientation of 
the target. The assignment of the targets to the response keys was
counterbalanced across participants. Each target orientation was 
randomly determined and occurred equally often per block of 36 tri-
als. There were four cue-absent and four cue-present blocks of trials 
presented in a counterbalanced, alternating order. These test blocks 
were preceded by two 36-trial practice blocks. After each block of 
trials, the participants received feedback concerning their overall
mean accuracy and RT. They were given the opportunity to take a
break before starting the next block.

Results and Discussion
All of the participants exceeded 85% correct for the

practice blocks at the start of the experiment. (The same 
criterion was met by all of the participants in the subse-
quent experiments.) The data from the two practice blocks
and from those trials in which the participants made an er-
roneous response (M(( 6.7% of the trials) were excluded 
from the analysis. Inverse efficiency (IE) scores were 
computed to correct for any potential speed–accuracy 
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Figure 1. E scores, as a function of practice (first or second half 
of experiment), set size, and cue presence (absent, present), col-
lapsed across auditory and tactile cue modalities in Experiment 1.
Error bars represent the standard errors of the means for each
combination of set size and cue presence, collapsed across cue 
modalities (Bakeman & McArthur, 1996).
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man, Yanagida, Sibert, & Lavine, 2003; Santangelo, Van
der Lubbe, Olivetti Belardinelli, & Postma, 2006; see also
Spence & Ho, 2008). Thus, the answer to the question of 
whether bimodal (or multisensory) cuing leads to better 
performance than that seen following the presentation of 
the best of the unimodal cues seems to depend on the par-
ticular task and experimental setting under investigation.

Given this uncertainty, we therefore decided, in Ex-
periment 2, to compare bimodal audiotactile cuing to
unimodal auditory and tactile cuing using the same ex-
perimental setup as had been used in Experiment 1. In
particular, we were interested in determining whether 
bimodal cues would further improve participants’ visual 
search performance as compared with either unimodal 
auditory or unimodal vibrotactile cues. If the nonvisual 
cues facilitate participants’ performance in a bottom-up
manner, perhaps by increasing the saliency of the visual 
target (see, e.g., Stein, London, Wilkinson, & Price, 1996; 
Van der Burg et al., 2008, 2009) relative to the visual dis-
tractors, one might expect the bimodal cues to facilitate 
visual search more than the unimodal cues do. If, however, 
the nonvisual cues facilitate participants’ performance in
more of a top-down manner, perhaps by providing the par-
ticipants with some sort of temporal marker about when
the target color change will occur (see Van der Burg et al.,
2008; Vroomen & de Gelder, 2000), one might expect a
bimodal cue not to be any more effective than the best of 
the unimodal cues, since both types of cues would most 
likely provide equivalent temporal information to the 
participant.

Method
Ten participants (8 female; mean age  27 years; age range

21–33 years) took part in Experiment 2. The experiment took ap-
proximately 60 min to complete. The experimental setup was iden-
tical to that used in Experiment 1, with the following exceptions.
(1) The various cue conditions were now interleaved within each 
block of experimental trials. (2) Within each block of trials, four cue
types (no cue, auditory, vibrotactile, audiotactile) were presented 
equiprobably and in a random order. (3) There was only one practice 
block at the beginning of the experiment, followed by seven experi-
mental blocks.

Results and Discussion
The E data from the practice block and from those tri-

als in which the participants made an erroneous response
(M 3.0% of the trials) were excluded from the data 
analysis. The remaining data were subjected to a repeated 
measures ANOVA with set size (24, 36, 48) and cue type 
(no cue, auditory, vibrotactile, audiotactile) as the within-
participants factors. The E data are shown in Figure 2.

The analysis of the E data revealed a significant main
effect of set size [F(2,18)FF  69.14, p  .001, 2  .89], 
with E scores increasing as the set size increased. There 
was also a significant main effect of cue type [F(3,27)FF
6.68, p .015, 2 .43]. All three of the nonvisual cue 
conditions (auditory, vibrotactile, audiotactile) resulted 
in performance that was significantly better than that in 
the no-cue condition ( p .013, p .045, and p .026, 
respectively), as shown by paired-samples t test post hoc
comparisons. However, there were no significant differ-

with the no-cue condition (M .34). As the set size
increased from 24 to 36, participants’ mean E scores in-
creased as well ( .45 at set size 24; .37 at set size 36;

.34 at set size 48).
There was no main effect of cue modality [F(1,20)FF 1]

and no interaction between cue modality and cue presence 
[F(1,20)FF 2.13, n.s.], thus showing that participants’ vi-
sual search performance was facilitated just as much by 
the auditory as by the vibrotactile cues in Experiment 1.
Mean E scores for the auditory ( .44) and vibrotactile
( .42) cue-absent conditions were also indistinguishable
[t(20)  1, n.s.].

The results of Experiment 1 revealed that the efficiency
of participants’ visual search performance was improved 
significantly simply by presenting a temporally synchro-
nous nonvisual (either auditory or vibrotactile) cue at the 
same time as the color change of the visual target. This
was evident in the fact that participants’ E scores were
significantly reduced in the presence of either of the non-
visual cues. Note that, as the set size increased from 24 to 
48, there was a .14-point increase in mean E scores in the
no-cue condition (from .42 to .28) and a .08-point in-
crease in those in the cued condition (from .47 to .39).
It is important that the nonvisual cues used in Experi-
ment 1 were completely uninformative with regard to the 
identity (i.e., horizontal or vertical) of the visual target.

The comparison of participants’ performance in the 
two halves of the experiment confirmed their subjec-
tive reports that the task became easier over time. Given
that the entire experiment took less than 45 min to com-
plete, this result suggests that participants did not require
much practice in order to learn how to use the auditory 
and vibrotactile cues. Thus, the temporally synchronous
nonvisual cues appear to be quite intuitive (Ho, Reed, &
Spence, 2006) and effective in producing significant im-
provements in visual search performance that are imme-
diately measurable.

The magnitude of the performance benefit observed in 
Experiment 1 was numerically very similar to that reported 
by Van der Burg et al. (2008, 2009). Thus, the results of 
Experiment 1 successfully replicated Van der Burg et al.’s
(2008, Experiment 1; 2009) recent findings using a nearly 
identical experimental setup. However, in contrast to these
recent studies, the vibrotactile warning signals in the pres-
ent study were presented from participants’ waists, rather 
than from their wrists (as in Van der Burg et al., 2009), and 
from external loudspeakers, rather than over headphones
(as in Van der Burg et al., 2008).

EXPERIMENT 2

Whereas a number of previous studies have shown that
bimodal cuing can produce performance benefits that are 
significantly larger than those seen following unimodal 
cuing (e.g., Ho et al., 2009, Experiment 2; Santangelo,
Ho, & Spence, 2008; Spence & Santangelo, 2009), oth-
ers have shown bimodal cuing to be no better than uni-
modal cuing or, even on occasion, worse than unimodal
cuing (e.g., Fitch, Kiefer, Hankey, & Kleiner, 2007; Ho 
et al., 2009, Experiment 1; Lee & Spence, 2009; Linde-
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cannot easily account for the lack of facilitation of par-
ticipants’ visual search performance by the presentation
of the visual cue. We return to this issue in the General 
Discussion.

An important difference between the present Experi-
ment 2 and the experiments reported by Van der Burg
et al. (2008, 2009) is that we interleaved the four cue con-
ditions (no-cue, auditory, vibrotactile, audiotactile) within
each block of experimental trials. Thus, the presentation 
of each cue type varied on a trial-by-trial basis, whereas, 
in Van der Burg et al.’s experiments, each of the cue condi-
tions was presented to the participants in separate blocks 
of trials. This raises the possibility that participants ad-
opted somewhat different “attentional control settings”
(Folk, Remington, & Johnston, 1992) in response to the 
somewhat different task demands required of the partici-
pants in Experiment 2 of the present study and of those in 
Van der Burg et al.’s experiments.

EXPERIMENT 3

Perrott et al. (1990) reported that the presence of a spa-
tially informative auditory cue reduced participants’ vi-
sual target detection and identification latencies by nearly 
200 msec, even when the visual targets appeared within
10º of central fixation. The auditory cue in their study
consisted of a 10-Hz click train, whose onset was simul-
taneous with that of the visual display and was presented 
until the participants made a response. The auditory cue
was presented either from a stationary loudspeaker posi-
tioned directly in front of the participant or from a boom-
mounted loudspeaker that was positioned directly behind 
the visual target on each trial. Thus, the onset of the audi-
tory cue could be both temporally synchronous with that 
of the visual target and spatially informative regarding its
precise location. Perrott et al. (1990) reported that target 
identification latencies were significantly faster following 
the presentation of the spatially informative auditory cue 
than following the presentation of the spatially uninforma-
tive cue. They went on to conclude that the spatial coinci-
dence of the auditory cue and visual target was necessary 
for guiding participants’ spatial attention efficiently in the 
direction of the visual target (see also Dufour, 1999).

Experiment 3 was designed to investigate whether the 
combination of temporally synchronous and spatially in-
formative cuing would further improve participants’ visual
search performance relative to cues that were temporally 
synchronous but spatially uninformative, with respect to
the location of the target in the left or right hemifield (as in
the present Experiments 1 and 2). We also wanted to exam-
ine whether the presentation of spatially invalid cues would 
result in significant visual search costs relative to the spa-
tially uninformative or spatially valid cue conditions (cf. 
Tan, Gray, Spence, Jones, & Roslizawaty, 2009).

Method
Thirty-eight participants (23 female; mean age 26 years; age

range 19–44 years) took part in Experiment 3. Eighteen partici-
pants received auditory cues, and the remainder received vibrotactile 
cues. The experimental setup was identical to that used in Experi-

ences among the three cued conditions. Mean E scores
were higher in the no-cue condition ( .27) than in the 
auditory- ( .36), vibrotactile- ( .34), or audiotactile-cue
conditions ( .35). There was no interaction between set 
size and cue type [F(6,54)FF  1, n.s.].

Experiment 2 was designed to test whether bimodal au-
diotactile cues would facilitate participants’ visual search
performance more than unimodal auditory or vibrotactile
cues would. The results showed no added performance 
benefits associated with the presentation of the bimodal
audiotactile cues, whose onsets were synchronized with
the color change of the visual target, as compared with
the unimodal cues. No further improvements in partici-
pants’ visual search performance were observed with 
the multisensory (audiotactile) cues in the present study,
but it is important to note that overall performance was 
still significantly better than in the no-cue condition and 
comparable to that seen in the two other unimodal-cue
conditions. Thus, rather than increasing the saliency of 
the visual target in a bottom-up manner, it appears that
the nonvisual cues used in the present study facilitated 
participants’ visual search performance in more of a top-
down manner, possibly by providing the participants with
a temporal marker indicating when the target color change 
was likely to occur (see Vroomen & de Gelder, 2000).

It is important to note, however, that some question
has been raised over the temporal marker account of the
facilitation of visual search performance by the results 
of another of Van der Burg et al.’s (2008) control experi-
ments. In Experiment 2B of that study, Van der Burg and 
colleagues replaced the synchronous auditory cue with a
peripheral visual halo surrounding the entire visual search
display. This visual cue provided the same temporal infor-
mation about the color change of the visual target as the 
auditory cue, but it did not lead to any facilitation of par-
ticipants’ visual search performance. That is, there was no
benefit (relative to the no-cue condition) from this form
of visual cuing. However, the temporal marker hypothesis
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2. E scores, as a function of set size and cue type (no cue, 
vibrotactile, audiotactile, auditory) in Experiment 2. Error bars 
represent the standard errors of the means for each combination 
of set size and cue type (Bakeman & McArthur, 1996).
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sonal space), whereas the vibrotactile cues were delivered 
to the body (in peripersonal space; cf. Previc, 1998, 2000). 
Ho, Tan, and Spence (2006) suggested that presenting a
cue that is directionally congruent (i.e., in the left–right 
dimension) with respect to a visual target might not be
sufficient to produce significant spatial attentional effects
(i.e., performance benefits). Rather, they argued that the
approximate spatial colocalization of the cue and target 
(within the same functional region of space) is also nec-
essary to elicit attentional facilitation (cf. Perrott et al., 
1990).

If the spatial colocalization of the cue and target is as
important as Ho, Tan, and Spence (2006) asserted, then 
one might expect to see a significant difference in the 
magnitude of any crossmodal cuing effect as a function
of whether the auditory cue was presented close to versus

ment 1, with the exception that a temporally synchronous cue was 
now presented on every trial—that is, the no-cue blocks from Ex-
periment 1 were no longer presented. In half of the blocks, the cues 
were spatially uninformative. In the remainder of the blocks, they
were spatially informative, with 80% of these trials being spatially 
valid and the remaining 20% being spatially invalid, with regard 
to the likely location of the visual target in either the left or right
hemifield. For spatially valid cue trials, the auditory or vibrotactile 
cue was presented from the loudspeaker or tactor corresponding to 
the side on which the target appeared (left or right hemifield of the 
search screen); the opposite was true for spatially invalid cue trials. 
On spatially uninformative cue trials, the auditory or vibrotactile
cues were presented from both loudspeakers or tactors.

The spatially uninformative and informative cues were presented 
in separate blocks of experimental trials in order to avoid the pos-
sibility that the spatial location of the cues might have an influence
on the participants’ responses, even in the spatially uninformative
blocks (cf. Zampini, Guest, Shore, & Spence, 2005). The order of 
presentation of the blocks (spatially uninformative, spatially in-
formative) was counterbalanced, and the blocks were presented in
alternating order. The experiment took approximately 45 min to 
complete.

Results and Discussion
The E data from the two practice blocks and from 

the trials in which the participants made an erroneous
response (M 2.1% of the trials) were excluded from 
the data analyses. The remaining data were subjected to
a mixed ANOVA with set size (24, 36, 48) and cue type 
(spatially uninformative, spatially valid, spatially invalid)
as the within-participants factors and cue modality (au-
ditory, tactile) as the between-participants factor. Once
again, the Huynh–Feldt correction was used whenever 
sphericity was violated (alpha .05). The E data are
shown in Figure 3.

The analysis of the E data revealed a significant main
effect of set size [F(2,72)FF  69.00, p  .001, 2  .66],
with E scores increasing as the set size increased. There
was also a significant main effect of cue type [F(2,72)FF
5.27, p  .019, 2  .13], with significantly better perfor-
mance being observed following the spatially valid (M((

.41) than following either the spatially uninformative
(M .36; p .001) or spatially invalid (M .35;
p .016) cues. Neither the main effect of cue modality 
nor any other interactions were significant.

Experiment 3 was designed to investigate whether mak-
ing the temporally synchronous auditory or vibrotactile
cue spatially informative with regard to the likely location
(side) of the visual target would further improve partici-
pants’ visual search performance. To our knowledge, this is
the first study to combine temporally synchronous and spa-
tially informative nonvisual cues in order to measure their 
effectiveness directly in a visual search task. The results 
showed that the presentation of both spatially informative 
auditory and vibrotactile cues did indeed enhance the ef-ff
ficiency of participants’ visual search performance relative 
to that seen following either spatially uninformative or oth-
erwise spatially invalid cues (cf. Tan et al., 2009).

EXPERIMENT 4

In the present study, the auditory cues came from the 
same functional region of space as the target (in extraper-
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Figure 3. E scores, as a function of set size, cue type (invalid, un-
informative, valid), and cue modality (auditory, tactile; panels A
and B, respectively) in Experiment 3. Error bars represent the
standard errors of the means for each combination of set size and 
cue type, collapsed across cue modalities (Bakeman & McArthur,
1996).
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tion ( .38). There was no significant effect of cue type
[F(1,26)FF 1.31, n.s.].

Experiment 4 was designed to investigate whether the 
mode of presentation of the auditory cues would affect the 
efficiency of participants’ visual search performance. Pre-
vious research suggests that the spatial colocalization of a
cue and target event can yield larger performance benefits
than when the cue and target are not colocalized (see, e.g., 
Bolia, D’Angelo, & McKinley, 1999; Ho, Tan, & Spence, 
2006; Perrott et al., 1990). This is indeed what we found in
our final experiment. Here, we demonstrated that partici-
pants’ visual search performance was significantly better 
(i.e., E scores were significantly lower) when the auditory
cues were presented close to the visual display (via exter-
nal loudspeakers) than when they were presented close to
the participant’s body (via headphones). Thus, a greater 
facilitation of visual search performance was observed 
when the cue and target stimuli originated from the same 
distal region of space. In fact, presenting the auditory cues
via loudspeakers led to a 34% improvement in partici-
pants’ performance relative to when the same auditory in-
formation was presented via headphones.

Interestingly, in Experiment 4, there was no signifi-
cant difference between participants’ visual search per-
formance following either the spatially informative or 
spatially uninformative auditory cuing. Note that, for the 
spatially uninformative cue condition, the auditory cue
was perceived to originate from the center of the visual 
display. For the spatially informative cue condition, on the
other hand, the sound source was 16º from the center of the 
display. Thus, one might argue that the uninformative cues 
were actually more closely aligned with the spatial loca-
tion of the visual targets than were the informative cues.

Rudmann and Strybel (1999) found that the search la-
tencies for visual targets were significantly higher when

far from the participants’ body. On the basis of this line 
of reasoning, the facilitation of participants’ visual search
performance should be larger in the latter case (i.e., when
the cue and target originate from the same distal region
of space). However, if spatial colocalization is not vital
in terms of facilitating participants’ visual search perfor-
mance with spatially informative cues, then one would 
expect to find no significant differences between condi-
tions in which the cue originated close to versus far from
the participants’ body.

In order to test these two possibilities, we conducted 
our fourth and final experiment, in which spatially infor-
mative auditory cues were now presented either close to
the participant’s body (i.e., over headphones) or close to
the visual display (but far from the participant’s body, just
as in Experiment 3). We tested whether a difference in
the efficiency of participants’ visual search performance
would be observed between a condition in which the audi-
tory cues were presented via headphones (i.e., far from the
visual display) and a condition in which they were played 
over external loudspeaker cones situated close to the vi-
sual display.

Method
Twenty-eight participants (13 female; mean age  27 years; age 

range 20–40 years) took part in Experiment 4. The experimental 
setup was identical to that used in Experiment 3, but with two ex-
ceptions. (1) The spatially informative cues were now always valid 
with regard to the location of the visual target in the left or right 
hemifield—that is, no invalid trials were included, as had been the —
case in Experiment 3. (2) For half of the participants (n 14), audi-
tory cues were presented over closed ear headphones (Beyer Dy-
namic DT 531); for the other participants, the auditory cues were
presented by means of external loudspeakers. The intensity of the 
auditory cues (based on the combined output of the speaker pair) 
was subjectively matched for both modes of stimulus presentation. 
In half of the blocks, the cues were spatially uninformative with
regard to the likely side of the visual target; in the remainder of 
the blocks, they were informative (100% valid) with regard to the 
target side. The order of presentation of the blocks (spatially un-
informative, spatially informative) was counterbalanced, and the 
blocks were presented in alternating order. The experiment took ap-
proximately 45 min to complete.

Results and Discussion
The E data from the two practice blocks and from 

those trials in which the participants made an erroneous
response (M 2.7% of the trials) were excluded from 
the data analyses. The remaining data were subjected to
a mixed ANOVA with set size (24, 36, 48) and cue type 
(spatially uninformative, spatially informative) as the 
within-participants factors and mode of presentation
(headphone, loudspeaker) as the between-participants
factor. The E data are shown in Figure 4.

Analysis of the E data revealed a significant main effect
of set size [F(2,52)FF 39.36, p  .001, 2 .60], with 
E scores increasing as the set size increased. Of particu-
lar interest, there was a significant main effect of mode 
of presentation on the E data [F(1,26)FF  6.54, p  .017,

2  .20], with lower mean E scores (i.e., improved per-
formance) being reported for the loudspeaker condition
( .53), as compared with that for the headphone condi-
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speakers) in Experiment 4. Error bars represent the standard
errors of the means for each combination of set size and cue type,
collapsed across modes of presentation (Bakeman & McArthur,
1996).
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and to have shown that the combination of these two cue 
features can further improve participants’ visual search 
performance, as compared with cues that are only tem-
porally synchronized (but spatially uninformative), with 
respect to the dynamic color change of the visual target. 
The spatially informative nonvisual cues improved par-
ticipants’ visual search performance still further (on the 
valid trials) relative to the no-cue baseline trials; invalid 
spatial cuing gave rise to significant search costs (see also 
Tan et al., 2009).

Several studies have highlighted the importance of 
the spatial correspondence between auditory and visual
stimuli in modulating participants’ performance in tasks 
involving visual targets. For example, an earlier study by 
Bolia et al. (1999) showed that the presentation of free-
field auditory spatial cues in a visual search task led to
rapid search latencies characteristic of parallel search, 
whereas similar virtual auditory cues, while also resulting
in significant reductions in search latencies (as compared 
with when no sound was presented), nevertheless led to
performance that was most consistent with serial search
(cf. Roberts, Summerfield, & Hall, 2009).

A recent study of crossmodal temporal adaptation 
conducted by Di Luca, Machulla, and Ernst (2009) has 
shown that, when repeatedly presented, asynchronous 
auditory and visual stimuli are colocalized with the au-
ditory stimuli presented via loudspeakers placed behind 
the light source, changes are observed in the perceptual 
latency of the visual stimuli. However, when the asynchro-
nously presented auditory and visual stimuli are presented 
from different locations (i.e., when the auditory stimuli 
are presented via headphones while the visual stimuli are
still presented in front of the participant), this results in
changes in the perceptual latency of the auditory stimuli 
instead. Zampini et al. (2005) also found that, when re-
quired to judge the simultaneity of auditory and visual
stimuli, participants were more likely to report them as 
having been presented simultaneously when the stimuli
were presented from the same spatial position than when 
they originated from different spatial positions.

Previous research by Ho, Tan, and Spence (2006) sug-
gests that spatial cuing effects may differ as a function of 
cue modality (i.e., auditory or vibrotactile). In their study, 
participants performed a visual discrimination task (mak-
ing speeded discrimination responses concerning the color 
change of a car’s numberplate) following the presentation
of a spatially predictive auditory or vibrotactile cue from 
either the front or the rear. Ho, Tan, and Spence observed 
significant facilitatory effects following auditory, but not
vibrotactile, cuing. They suggested that nonvisual cues di-
rectionally congruent with respect to a visual target may
primarily give rise to response priming benefits,3 whereas
cues that share (i.e., come from) the same functional region 
of space as the target can give rise to attentional facilitation
as well. Ho, Tan, and Spence concluded that, in order for a
spatial cue to be maximally effective, it should be colocal-
ized with the target event.

In the present study, we found that the spatially infor-
mative auditory and vibrotactile cues were equally effec-
tive in facilitating participants’ visual search performance,

auditory cues were displaced from the target by 6º than
when they were spatially coincident. The lack of a signifi-
cant difference between the spatially uninformative and 
spatially informative cue conditions reported in Experi-
ment 4 is consistent with Rudmann and Strybel’s findings,
given the fact that the spatially uninformative cues in the
present study were, in actuality, more spatially coincident 
with the target than the informative cues were. The close 
spatial alignment of the cue and target, in this case, may
have been more important than the spatial information (re-
garding the hemifield in which the visual target appeared) 
carried by the cues.

GENERAL DISCUSSION

The goal of the four experiments reported in the pres-
ent article was to extend Van der Burg et al.’s (2008, 2009)
recent studies using the auditory–visual pip-and-pop and 
tactile–visual poke-and-pop paradigms. In those studies,
Van der Burg and colleagues investigated the facilitation
of participants’ visual search performance when nonvisual
cues were temporally synchronized with the color change
of a visual target whose orientation (horizontal vs. verti-
cal) their participants had to discriminate. Van der Burg 
and colleagues reported that the presence of either a tem-
porally synchronous auditory or vibrotactile (but, interest-
ingly, not visual) cue resulted in significantly faster search
latencies than when no cue was presented.

It is important to note here that, rather than present-
ing the auditory cues via headphones (as in Van der Burg
et al., 2008) and presenting the vibrotactile cues to the
participants’ hand (as in Van der Burg et al., 2009), the au-
ditory cues in the present study were presented via loud-
speakers, and the vibrotactile cues were presented to the
participants’ waists. Even though the position of the cues
differed between the present study and those reported by 
Van der Burg et al. (2008, 2009), the results of Experi-
ment 1 nevertheless converge, showing that the presence
of auditory or vibrotactile cues can give rise to a substan-
tial facilitation of participants’ visual search performance,
as compared with the performance seen when no cue is
present.

We find it important, however, that the results of Ex-
periments 1, 2, and 3 also showed that the auditory and 
vibrotactile cues were equally effective in enhancing par-
ticipants’ visual search performance. In Experiment 2,
we compared the effectiveness of unimodal auditory and 
vibrotactile cues with that of bimodal audiotactile cues. 
The results showed that the presentation of the combined 
audiotactile cues resulted in a performance enhancement
that was similar to but no bigger than that observed fol-
lowing unimodal (either auditory or vibrotactile) cuing.

The results of Experiment 3 provide evidence that the 
presentation of auditory and vibrotactile cues that are not 
only temporally synchronous but also spatially informa-
tive with respect to the likely location of a visual target 
hidden in a cluttered, dynamic visual search display can 
lead to an even larger performance benefit. Experiment 3
constitutes the only study to date to have combined both 
temporally synchronous and spatially informative cues 
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tor. It would be interesting to see whether positioning the 
auditory and tactile cues in the same functional region of 
space would result in significantly better performance in 
the bimodal than in the unimodal cuing condition.

Van der Burg et al. (2008, 2009) suggested that the per-
formance benefits observed following the presentation
of synchronous auditory or vibrotactile cues were likely 
due to the crossmodal enhancement of the saliency of the 
visual targets. Van der Burg and colleagues ruled out the
possibility that the cues merely had a crossmodal alerting
effect (cf. McDonald, Teder-Sälejärvi, & Hillyard, 2000; 
Spence & Driver, 1994, 1997; Vroomen & de Gelder,
2000) by showing that auditory cues did not give rise to a 
visual search benefit if they were presented 150 msec prior 
to the change of the color of the target (see Van der Burg 
et al., 2008, Experiment 3). Instead, the greatest improve-
ments in participants’ visual search performance were 
reported when the auditory cue and target color change 
were presented simultaneously or within 50 msec of each 
other (see Van der Burg et al., 2008, Experiment 3). Van 
der Burg et al. (2008) therefore concluded that, rather than 
simply alerting participants of the color change of the tar-
get, the synchronous presentation of the cue and target 
somehow resulted in the visual target popping out from 
among the distractor line segments. They suggested that 
“the tactile signal boosts the saliency of the concurrently 
presented visual event, resulting in a salient emergent fea-
ture that pops out from the cluttered visual environment, 
and guides attention to the relevant location” (Van der 
Burg et al., 2009, p. 63), hence facilitating participants’
visual search performance.

Van der Burg et al. (2008, 2009) suggested that the
pip-and-pop and poke-and-pop phenomena occur via
an automatic, low-level process. Their idea was that the 
pop-out effect observed in the presence of the auditory or 
vibrotactile cues was consistent with the results of previ-
ous research by Stein et al. (1996), in which weak (i.e., 
low-intensity) visual stimuli (flashes of light) were rated 
as being significantly brighter when they were accompa-
nied by pulses of white noise than when no sound was
present. Stein et al. argued that this increase in perceived 
brightness was due to the crossmodal enhancement of the
visual stimulus by the simultaneously presented auditory
stimulus (one might think of it in terms of “superadditiv-
ity”; Stein & Meredith, 1993; Stein & Stanford, 2008).
It is, however, important to note that, rather than visual 
stimulus enhancement, Odgaard, Arieh, and Marks (2003)
subsequently argued that Stein et al.’s results might simply
have reflected response bias, which is considered to occur 
as a later (i.e., postperceptual) decisional level of informa-
tion processing.

It therefore appears that the crossmodal- (visual-) 
stimulus enhancement explanation cannot fully account
for the visual search performance benefits observed in 
the present study (but see Van der Burg, Talsma, Olivers, 
Hickey, & Theeuwes, 2010). An alternative explanation
for the pip-and-pop and poke-and-pop effects, however,
comes from research reported by Vroomen and de Gelder 
(2000). Similar to Stein et al.’s (1996) findings, Vroomen
and de Gelder also observed a crossmodal auditory en-

even though the cues came from different functional re-
gions of space—that is, the auditory spatial cues came 
from loudspeakers positioned close to the visual display,
whereas the vibrotactile cues were presented close to the
body and away from the visual display. This suggests that
spatially informative cues need not be colocalized with the 
visual target—at least not for the type of dynamic visual
search task (in a small and cluttered visual environment)
we used in the present study. It is also possible that the
spatial information was not as important as the temporal
information provided by the auditory cue in facilitating 
participants’ visual search performance.

The spatial uncertainty with respect to the location of 
the visual target may have been limited by the fact that 
the participants only had to search a small visual field in
the present study. The temporal uncertainty with respect
to the color change of the visual target and distractors, 
however, was a major contributor to the difficulty of the 
task. Thus, the participants’ use of the temporal or spa-
tial information provided by the cue may have been based 
on the demands of the task. In this case, the participants
may have strategically used the cue attribute/feature (i.e.,
temporal synchrony) that was most informative in helping
them correctly identify the visual target.

Nevertheless, the results of Experiment 4 showed that
overall performance was 34% better (in terms of search
latencies) when auditory cues were presented via loud-
speakers situated to either side of the visual display rather 
than via headphones (i.e., presented close to the partici-
pant), thus supporting the conclusions of the many previ-
ous studies insisting on the spatial colocalization of the 
cue and target (e.g., Bolia et al., 1999; Di Luca et al., 2009; 
Ho, Tan, & Spence, 2006). Moreover, although the spatial
colocalization of the cue and target proved not to be vital
in facilitating participants’ visual search performance in 
the present study, it may have contributed to the lack of 
any observed improvements in participants’ performance 
following the presentation of the bimodal, as compared 
with the unimodal, cues, considering the fact that the au-
ditory and vibrotactile cues in the bimodal cue condition
originated from different locations.

The fact that the tactile and auditory cues were not 
spatially colocalized with the visual targets may have re-
quired additional cognitive processing from the partici-
pants, in the sense that the participants may have had to 
interpret the fact that the tactile cue located on the body 
(in their personal space) corresponded with the visual tar-
get located in front of the participant (in their peripersonal
space; cf. Ho, Tan, & Spence, 2006; Làdavas & Farnè, 
2004). Furthermore, although it may have been possible
for auditory cues to capture participants’ attention, caus-
ing them to automatically shift their attention toward the
location of the auditory stimulus, the position of the tac-
tile cue may have impeded this type of automatic orient-
ing, due to the fact that the tactile stimulus was presented 
to the participants’ torsos. If participants’ attention were 
to be automatically directed to the location of the tactile
stimulation, as might have been the case for the auditory 
stimuli, this would mean that their attention would have
been directed to their torsos and not to the computer moni-
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Whatever the correct explanation of the mechanism(s) 
underlying the effects reported here turns out to be, we
believe that they have important implications for the de-
sign of nonvisual and multisensory warning signals in 
the automotive and air traffic management industries.
Not only is the timing of the cue and target events vital
in terms of producing significant performance improve-
ments in tasks requiring the rapid detection and identi-
fication of potential threats (e.g., in air traffic manage-
ment, pilot operations, vehicular navigation, collision
avoidance, and military operations), but the spatial co-
incidence of the warning signal and target also seems 
to be necessary in order to produce warning signals
that are maximally effective for these situations (Fer-
ris & Sarter, 2008; Jones, Gray, Spence, & Tan, 2008;
Sarter, 2000; Spence & Ho, 2008). It appears that the 
benefits observed following the presentation of tempo-
rally synchronous and spatially informative cues result 
from the operation of somewhat different underlying
mechanisms. Eye-movement data may prove valuable 
in revealing subtle differences in the ways these two cue
attributes facilitate human performance.

No further performance enhancements were observed 
with the temporally synchronous multisensory audiotac-
tile cues than with the unimodal cues in the present study,
but other research has shown spatially informative multi-
sensory cues to be highly effective in terms of capturing 
attention and producing significant performance benefits 
in laboratory settings, as well as in applied domains, such
as the aviation and automotive industries (Fitch et al., 
2007; Sarter, 2000, 2001; Spence & Ho, 2008). One sug-
gestion that has emerged recently is that bimodal (i.e.,
multisensory) cues may preferentially capture a person’s 
spatial attention under conditions where their attention is 
otherwise engaged in a secondary task (for a review, see
Spence & Santangelo, 2009). Therefore, it will be neces-
sary to conduct further research on spatially informative 
bimodal cues in cluttered visual search settings in order to 
assess whether there truly are no additional performance
benefits from combining auditory and vibrotactile cues in 
the visual search paradigm.
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2. Perrott et al. (1990) used a spatially colocalized 10-Hz auditory
click train whose onset was synchronous with the onset of the visual tar-
get. In their study, a visual target was always present in the search field, 
and its shape, orientation, and color never changed. By contrast, in the 
present study, we use the term temporally synchronous to refer to the fact
that the auditory, vibrotactile, or audiotactile cues were presented simul-
taneously with each change of the color of the target stimulus. Thus, the
important difference between the cues used in the present study (and in 
Van der Burg et al., 2008, 2009) and those used by Perrott et al. (1990) 
is that, in the former, the cues were presented synchronously with the
dynamic visual stimuli (making the cues also dynamic themselves),
whereas in the latter, the cues were presented synchronously with only
the first onset of the visual stimuli.

3. It is worth noting that, in the applied domain, response priming ef-
fects (which tend to be of greater magnitude) are often of more relevance
than spatial attentional cuing effects. Here, because of the orthogonal
nature of the participants’ task (discriminating the orientation of a line 
segment), response priming effects should not have had any influence on
their performance (cf. Spence & Driver, 1997).
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NOTES

1. Note, though, that, even for the smallest set size, average RTs ex-
ceeded 2,000 msec. This might lead one to question whether the visual 
targets ever really popped out of the display.
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