
It is widely accepted that visual attention is guided to 
potentially informative locations in two main ways. First, 
as can be experienced in our daily activity, deployment 
of attentional focus is subject to endogenous control. For 
example, when we are driving a car, attentional focus can 
be allocated endogenously to a particular object, such as 
a traffic sign or a truck immediately ahead. At the same 
time, the attentional focus can be captured exogenously by 
abrupt changes in the visual field, such as the sudden ap-
pearance of a motorcycle from behind the truck. These two 
ways have been investigated in the literature, respectively, 
as top-down or goal-directed control, and bottom-up or 
stimulus-driven control of attentional focus (e.g., Egeth & 
Yantis, 1997; Folk, Remington, & Johnston, 1992; Kim & 
Cave, 1999; Mackeben & Nakayama, 1993).

However, the factors contributing to the guidance of 
visual attention are not limited to these two components. 
Studies have also shown that the visual system is sensitive 
to consistency within the visual context and uses consis-
tency as a cue to guide visual attention to target locations, 
resulting in enhanced visual search performance. Specifi-
cally, Chun and Jiang (1998) developed a contextual cuing 
paradigm and suggested that consistent structures, such 
as repetitively presented global spatial layouts, help spa-
tial attentional focus to be allocated to a specific target 
location. In a typical experiment, participants searched 
for a target, T, among several distractors (rotated Ls). The 
location of the target and the distractors (i.e., the layout 
of items) defined the spatial context. The participants, 
who were not informed about the experimental manipu-
lations, received two types of displays, the repeated and 
nonrepeated conditions. The displays under the repeated 
condition were presented in every block of trials. The 
target location in each of this type of display could thus 

be predicted from the spatial layout of the distractors. In 
contrast, the displays under the nonrepeated condition 
were created with the constraint that the location of the 
target be the same as in the repeated condition; the layout 
of distractors, however, was randomly determined from 
trial to trial. Therefore, the layout of the distractors did 
not provide clues for target location under this condition; 
that is, the targets under the repeated condition appeared 
consistently within the same spatial context, while those 
under the nonrepeated condition appeared in new spatial 
contexts. By the time participants had conducted several 
hundred trials under these conditions, they were faster 
at finding the targets under the repeated condition than 
under the nonrepeated condition. Interestingly, they did 
not notice that some displays (i.e., the repeated condition) 
were presented many times throughout the session and 
that they were unable to recognize the repeated displays. 
On the basis of these results, Chun and Jiang (1998) con-
cluded that participants learned the repeatedly presented 
spatial context and the acquired context, presumably as 
implicit knowledge, and that this acted as a cue for the 
visual system to direct spatial attention to locations where 
the targets were most likely to appear.

On the basis of this finding, the following studies have 
revealed that the visual system can extract and learn con-
sistencies such as associations between objects (Chua & 
Chun, 2003; Chun & Jiang, 1999; Endo & Takeda, 2004; 
Fiser & Aslin, 2001), spatial structures (Kawahara, 2003), 
and temporal order (Howard, Howard, Dennis, Yankovich, 
& Vaidya, 2004; Olson & Chun, 2001). These studies 
unanimously suggest that the human ability to acquire 
visual consistency is flexible and strong. Therefore, the 
effect of contextual cuing is found not only in controlled 
laboratory settings using abstract objects, but is also com-
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mon in the natural environment (Brockmole & Hender-
son, 2006). Jiang and colleagues found that the learning 
effect is preserved for at least a week (Chun & Jiang, 
2003) and that the learning capacity is so large that par-
ticipants showed learning effect for 60 different spatial 
layouts (Jiang, Song, & Rigas, 2005).

The contextual cuing effect is not limited to associa-
tions between layout and target locations in a single visual 
search trial. Recently, Ono, Jiang, and Kawahara (2005) 
found that the spatial context acquired in one trial influ-
ences the visual search for target events in the next trial. In 
the training phase of their study, the spatial layout of a trial 
was predictive of the target location in the next trial. When 
the predictive value was removed in the testing phase, the 
search performance was impaired. Ono et al. (2005) ar-
gued that their findings support the ubiquitous statistical 
learning account, in which the visual system is sensitive 
to all kinds of statistical consistency and will make use of 
predictive information, whether such information is pre-
sented in a single trial or across trials. Although ample 
evidence indicates that the human cognitive system is 
sufficiently powerful to acquire various types of visual 
consistency (Chun, 2000; Fiser & Aslin, 2001; Schacter & 
Buckner, 1998), it is unclear whether the cognitive system 
can associate nonvisual context, such as auditory events, 
with forthcoming target locations.

In the present study, I investigated whether a contextual 
cuing effect could be obtained from associations between 
auditory events and visual target locations. Participants 
engaged in a training phase, during which they heard an 
auditory stimulus followed by a visual search trial. The 
target location of the trial was reliably predictive from a 
preceding unique auditory stimulus. In the testing phase, 
participants were subjected to similar stimuli of auditory–
visual pairs, but the specific pairings between the leading 
auditory stimulus and the following target location was 
disrupted, so that the auditory stimulus was not predictive 
of the target location. I examined whether search perfor-
mance (reaction time, or RT) improved during the training 
phase, and whether such improvement disappeared when 
the association was removed in the testing phase. On the 
basis of the ubiquitous statistical learning account as a 
governing rule applicable to multimodal stimulus pairs, 
I predicted that search performance would be affected by 
the experimental phases: The performance would improve 
during the training phase and would be impaired during 
the testing phase. However, if the ubiquitous statistical 
learning account were limited to the events within the 
visual domain only, auditory–visual contexts would not 
improve search performance.

As described further below, Experiments 1 and 2 indi-
cated a contextual cuing effect from associations between 
auditory events and visual target locations, and Experi-
ment 3 showed a boundary condition of this auditory–
visual contextual cuing effect.

EXPERIMENT 1

To create an auditory–visual context, I prepared meaning-
less speech sounds using a digitally recorded voice played 

backward, and associated each sound with a specific target 
location in a visual search display. I used an inconsistent 
transfer procedure (Olson & Chun, 2001). The experiment 
consisted of two phases: a training phase, in which the 
auditory–visual association was consistently provided dur-
ing a visual search task (Blocks 1–5, 80 trials each) and a test-
ing phase, in which the association was removed (Block 6, 
80 trials; the inconsistent transfer condition). Participants 
heard a meaningless speech sound for 2 sec followed by a 
visual search display. I ran the same experiment as a con-
trol condition using a different group of participants, but 
for this group, the association created in the training phase 
was maintained in the testing phase (the consistent trans-
fer condition; see below). I predicted that if participants 
acquired the associations between the auditory stimuli and 
the visual spatial locations, their RTs in the training phase 
would decrease as the training progressed, while the RTs in 
the testing phase would increase in the inconsistent transfer 
group but decrease in the consistent transfer group, because 
deployment of attentional focus would be guided to the tar-
get locations by acquired contextual memory.

Method
Participants. Forty experimentally naive students (split equally 

between the inconsistent and consistent transfer conditions) from 
Hiroshima University volunteered for course credit. All had normal 
or corrected-to-normal visual acuity and normal color vision, ac-
cording to self reports.

Visual stimuli. Visual stimuli were displayed on a CRT monitor 
controlled by a PC/AT compatible computer. The viewing distance 
was approximately 60 cm. Each visual search display consisted of a 
target, T, that was tilted 90º to the left or to the right, and 11 distrac-
tors, Ls, that were rotated 0º, 90º, 180º, or 270º from the upright posi-
tion. The orientation of the target was determined randomly on every 
trial. Each of these items subtended 1.3º  1.3º in visual angle. 

The items were presented within randomly selected locations 
from an invisible 8  6 matrix subtended 25.0º  18.5º. To avoid 
colinearity between items, the location of each item was displaced 
slightly ( 0.8º) from the vertical and horizontal axes. The items 
were presented on a gray background, and colored either red, green, 
blue, or yellow. Three items for each color were randomly assigned. 
When a target appeared at a repeated location, the target’s color was 
maintained.

Auditory stimuli. The auditory stimuli were presented through 
headphones. To create meaningless speech sounds, I saved a record-
ing of a female voice reading in Japanese, played backward, on a 
computer. The voice was divided into 40 sound files, each of 2-sec 
duration. Sixteen of the 40 files were randomly chosen to be used 
for the experiment as auditory context and an additional 16 files 
were used as fillers for the recognition test.1 The remaining 8 files 
were used for the practice trials. These auditory stimuli were clearly 
perceptible as speech-like in an unfamiliar language.

Experimental design and procedure. One within-subjects 
factor (block) and one between-subjects factor (consistency) were 
used. The participants received the training phase, followed by the 
testing and recognition phases. The training phase consisted of five 
blocks of 80 trials. At the beginning of the experiment, 16 different 
target locations were selected randomly from 48 possible locations, 
with the restriction that each quadrant of the display contained four 
target locations. Each of these locations was paired with one of the 
16 sound files. However, these sound files were not associated with 
the target orientation or response, because the target orientation was 
determined randomly on every trial. These pairs served as 16 dif-
ferent but consistent auditory–visual contexts throughout the train-
ing phase. The 80 trials in each block of the training phase were 
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further divided into five subblocks, in each of which the 16 pairs of 
auditory–visual contexts were presented in random order. The loca-
tions of the distractors were determined randomly from trial to trial. 
The distractor layouts were recorded and the experimental program 
compared each record with a newly generated layout so that none 
of the previously presented layout was repeated by chance. I wrote 
the present computer scripts in MATLAB, using the Psychophysics 
Toolbox extensions (Brainard, 1997; Pelli, 1997).

The experiment started with the visual search trials of the training 
phase, preceded by eight practice trials. Before each trial, a small 
fixation cross appeared in the center of the screen. The observers 
initiated each trial by pressing a space bar. After a delay of 500 msec, 
an auditory stimulus was presented. Immediately following its offset, 
a visual search display was presented. Participants were instructed 
to ignore the auditory stimuli and to indicate the orientation of the 
target as quickly and accurately as possible. They were given no 
information about the relationship between the auditory stimuli and 
the target locations. Participants were allowed to rest at the end of 
each block and whenever else they wanted.

Of the six blocks in the visual search trials, the last block served 
as the testing phase. In the last (sixth) block (trials 401–480) under 
the inconsistent transfer condition, I shuffled the 16 auditory–visual 
locations that had previously been maintained, so that although the 
auditory stimuli were repeated and the target locations were also 
repeated, their consistent association was removed. If the auditory–
visual association had been available for crossmodal contextual 
cuing, the effect should not have transferred to the sixth block under 
the inconsistent transfer condition. Under the consistent transfer 
condition, the auditory–visual pairs were maintained. Both groups 
of participants were blind to these manipulations.

After the training and testing phases, the experimenter asked the 
participants whether they had noticed the repetition of the auditory 
stimuli during the visual search trials. The experimenter also asked 
whether they had noticed any associations between the auditory 
and visual stimuli. Following these questions, the experimenter in-
formed the participants of the consistency between specific audi-
tory stimuli and target locations. The participants then engaged in 
the recognition test that consisted of the “old” auditory stimuli that 
had been presented in the training and testing phases and the “new” 
auditory stimuli that had not been presented (16 trials each). These 
32 auditory stimuli were presented sequentially in random order 
and the participants indicated whether they had heard each stimulus 
in the visual search session by pressing one of the two keys on the 
keyboard. After discriminating “old” or “new” for each auditory 
stimulus, they were asked to choose a target location out of 48 pos-
sible locations associated with the auditory stimulus. None of the 
responses in the recognition phase was speeded.

Results
Visual search task: RTs. The mean RT for each cor-

rect trial within each block was calculated under each 
condition. The RTs that exceeded 3 standard deviations 
(SD) from each participant’s mean RT were discarded in 
this and subsequent experiments. The group means are 
plotted in Figure 1 for each condition as a function of 
training block. Blocks 1–5 comprised the training phase 
and Block 6 was the testing phase. An ANOVA on the RTs 
in the training phase of the inconsistent transfer condition 
revealed a significant main effect of block [F(4,76)  
31.6, MSe  10,080.1, p  .001]. A planned comparison 
between Blocks 5 and 6 indicated that RTs in Block 6 
were significantly longer than those in Block 5 [t(19)  
2.3, p  .05]. Similarly, I ran the same ANOVA on the 
RTs in the training phase under the consistent transfer 
condition and found a significant main effect of block 
[F(4,76)  41.9, MSe  9,106.4, p  .001]. Unlike in the 

inconsistent transfer condition, under which a significant 
increase in RT occurred in Block 6, the RT under the con-
sistent transfer condition decreased in Block 6 [t(19)  
2.1, p  .05].

To examine the effect of removing the consistent associ-
ation between the auditory stimuli and the target location, 
I ran a two-way ANOVA on the RT of the last two blocks, 
with block (5 vs. 6) as a within-subjects factor and consis-
tency (the inconsistent and consistent transfer conditions) 
as a between-subjects factor. The analysis indicated that 
the main effects of the block and the consistency were not 
significant (F  1 for either condition). More importantly, 
however, a significant interaction was observed between 
block and consistency [F(1,38)  9.4, MSe  4,573.4, 
p  .005]. The tests of the simple main effects indicated 
that from Block 5 to 6, the RT increased significantly 
under the inconsistent transfer condition [F(1,38)  5.2, 
p  .05], but decreased significantly under the consistent 
transfer condition [F(1,38)  4.2, p  .05].

Visual search task: error rates. The bottom of Fig-
ure 1 shows the mean error rates in identifying the target 
under each condition as a function of block. None of the 
similar analyses in the RT data revealed any significant 
main effects of blocks and consistency. Furthermore, no 
interaction was detected between the two factors.

Figure 1. Mean reaction times and error rates for target iden-
tification under the inconsistent and consistent transfer condi-
tions in Experiment 1, as a function of block. The training phase 
comprised the first five blocks, and the testing phase comprised 
the sixth.
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Recognition. Under the inconsistent transfer condi-
tion, all but one of the participants reported that they had 
noticed the repetition of the auditory stimuli. Mean recog-
nition accuracy of the auditory stimuli was 78.1%, which 
was significantly higher than the chance level [t(19)  
5.6, p  .01]. The hit and false alarm rates were 79.1% 
and 23.0%, respectively. Under the consistent transfer 
condition, all participants reported that they noticed the 
repetition of the auditory stimuli. Mean recognition ac-
curacy of the auditory stimuli was 73.1%, which was sig-
nificantly higher than the chance level [t(19)  8.1, p  
.01]. The hit and false alarm rates were 76.8% and 28.5%, 
respectively. No statistically significant difference was de-
tected in the recognition accuracy of the auditory stimuli 
between the inconsistent and consistent transfer condi-
tions [t(38)  1.3, n.s.].

Regarding the association between the auditory stim-
uli and target locations, three of 20 experimental partici-
pants reported that they found some consistencies. Out 
of these three, two participants reported that they had a 
vague feeling about one or two pairs of sound–location 
associations, but that they could not specify the pairs. 
The other reported a false relationship between target 
and distractor colors and shapes. The mean correct rec-
ognition rate of exact location–auditory stimulus pairs 
was 0.8% (chance was 2.1%). To examine whether par-
ticipants preserved a coarse memory of target locations, 
I also scored the data in terms of whether the participants 
chose the same quadrant of the display as a target loca-
tion. However, the results indicated that the mean choice 
rate was 29.3%, which was not significantly higher than 
chance [t(19)  1.3, n.s.]. For the consistent transfer 
group, two out of 20 participants reported that they no-
ticed the sound–location consistency. One reported two 
pairs and the other reported vague feelings about an as-
sociation. Mean exact location report was 1.2% and the 
mean of the quadrant choice was 24.2%, which was not 
significantly higher than chance [t(19)  0.3, n.s.]. No 
significant difference was detected in the exact target lo-
cation report rate between the inconsistent and consistent 
transfer groups, Welch t test [t(20.7)  0.7, n.s.]. Simi-
larly, no significant difference was found in the quadrant 
match rate between the inconsistent and consistent trans-
fer groups [t(38)  1.0, n.s.].

Discussion
Experiment 1 indicated that when a target location in 

a visual search display was consistently paired with a 
preceding auditory stimulus, participants were able to 
extract the consistency implicitly. As shown in Figure 1, 
visual search performance improved when the consistency 
was available during the training phase. Critically, as the 
interaction between consistency (in the inconsistent vs. 
consistent transfer conditions) and block (fifth and sixth) 
indicated, search performance improved further when 
consistency was maintained during the critical block 
(sixth). However, when consistency was removed, search 
performance deteriorated. This is the first study to report 
that a contextual cuing effect occurs as the result of an as-
sociation between auditory and visual stimulus events.

The high recognition performance of the auditory stim-
uli indicates that the participants explicitly remembered 
the auditory stimuli even though they were told to ignore 
them. More importantly, while the auditory stimuli them-
selves were explicitly retrievable, the associations be-
tween the auditory stimuli and the visual target locations 
were not explicitly accessible; in other words, participants 
were unable to use the auditory stimuli consciously to aid 
their visual search. This finding is the same as those in 
the contextual cuing literature. For example, in a typical 
study requiring participants to search for a T-target among 
rotated L-distractors (e.g., Chun & Jiang, 1998), partici-
pants can consciously recognize that they saw four dif-
ferent types of rotated Ls in the display, but they cannot 
explicitly report the target locations on the basis of the 
distractor layouts. In this sense, the fact that participants 
consciously remember that four different types of specific 
rotated Ls existed is equivalent to the present result—that 
the participants could recognize some of the specific audi-
tory stimuli. Similarly, previous findings that participants 
could not recognize the association between the distractor 
layout and the target locations are equivalent to the pres-
ent result that participants were unable to recognize the 
auditory–visual association. An important point is that the 
associations between the auditory stimuli and visual target 
locations remained implicit. This pattern of the results is 
consistent with visual contextual cuing studies, in that the 
cuing effect occurred without explicit recognition of the 
critical association between the target location and other 
consistencies in the visual environment, such as distractor 
locations (e.g., Chun & Jiang, 2003).

The present results indicate that humans have the ability 
to extract consistency information from the environment 
and to use it as a cue to guide visual attention. Specifically, 
participants implicitly learn associations between audi-
tory stimuli and target locations. This finding is consis-
tent with the ubiquitous statistical learning account (Ono 
et al., 2005) and extends it: The present results suggest 
that the idea is not limited to the visual domain. Rather, 
the cognitive system monitors various stimulus modalities 
seeking any consistencies across the domains.

EXPERIMENT 2

This experiment had two main aspects. First, I included 
a random condition in which the auditory stimuli were 
not associated with a particular location. This condition 
was critical for determining whether auditory–visual pair-
ing produced benefits for this kind of visual search per-
formance. Second, in Experiment 1, I found that visual 
search performance was improved by repeatedly present-
ing a meaningless sound that was associated with a spe-
cific target location, 2 sec before the visual search display. 
This means that deployment of attention gains advantage 
from guidance of contextual memory, shifting the atten-
tional focus to a target location sometime between the 
onset of an auditory stimulus and the identification of the 
target. To obtain a clue to when this attentional guidance 
occurs, the auditory stimulus was presented 1 sec before 
the visual search display. If the contextual cuing process 
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occurred during the latter half of the presentation of the 
auditory stimulus, the cuing effect would be greatly re-
duced or eliminated.

Method
Forty-eight experimentally naive students (16 each under the in-

consistent, consistent, and random sound–target location associa-
tion conditions) participated for pay. All had normal or corrected-
to-normal visual acuity and normal color vision, according to self 
reports. The method was the same as that of Experiment 1, with the 
following exceptions: First, under the random condition, the audi-
tory stimuli were not associated with a particular location, and the 
target location was determined randomly for every trial; second, 
the onset of the auditory stimulus was 1 sec before the onset of the 
visual search display. Because the duration of the auditory stimuli 
was 2 sec, the latter half of an auditory stimulus was presented with 
the visual search display.

Results and Discussion
The mean RT for all correct trials within each block 

was calculated under each condition. The group means 
are plotted in Figure 2 under each condition as a function 
of training block. An ANOVA on the RT data in the train-
ing phase of the inconsistent transfer condition revealed a 
significant main effect of block [F(4,60)  36.8, MSe  
6,914.4, p  .001]. A t test comparing the RTs in Blocks 5 
and 6 indicated that RTs in Block 6 were significantly 
longer than those in Block 5 [t(15)  3.2, p  .01]. An 
ANOVA on the RTs in the training phase of the consistent 
transfer condition indicated a significant main effect of 
block [F(4,60)  43.9, MSe  5,118.0, p  .001]. The 
RT under the control condition did not differ significantly 
between Blocks 5 and 6 [t(15)  1.3, p  .1].

To compare the effect of consistent transfer, I ran a 
two-way ANOVA on the RT of Blocks 5 and 6 as a within-
 subjects factor and consistency (the inconsistent and con-
sistent transfer conditions) as a between-subjects factor. The 
main effects of block and consistency were not significant. 
However, a significant interaction was detected between 
block and consistency [F(1,30)  10.0, MSe  3,966.0, 
p  .005]. The tests of the simple main effects indicated that 
the RT increased significantly from Block 5 to 6 under the 
inconsistent transfer condition [F(1,30)  9.6, p  .005], 
but no significant difference was seen between the RTs in 
Blocks 5 and 6 under the consistent transfer condition.

To examine whether consistent mapping of the auditory 
stimuli and target locations benefits visual search perfor-
mance, a two-way ANOVA was conducted for RT with 
condition (consistent transfer or random) as a between-
subjects factor and block as a between-subjects factor. 
The main effect of condition was marginally significant 
[F(1,30)  3.98, MSe  238443.4, p  .055], and that of 
block was significant [F(5,150)  35.9, MSe  8,573.3, 
p  .001]. The interaction between these factors was 
significant [F(5,150)  2.54, MSe  8,573.3, p  .05], 
indicating that benefits occurred due to auditory–visual 
pairing in a visual search. 

To compare the three consistency conditions directly, 
a two-way ANOVA was conducted for RT with condi-
tion (inconsistent, consistent transfer, or random) as a 

between-subjects factor and block (5 or 6) as a between-
subjects factor. The interaction between these factors was 
significant [F(2,45)  3.79, MSe  10,798.0, p  .05]. 
The tests of simple main effects on this interaction indi-
cated that the RT increased only in the inconsistent trans-
fer condition [F(1,45)  4.34, p  .05]. The RT decreased 
in the random condition [F(1,45)  3.61, p  .06], but no 
statistical difference was found in the consistent condi-
tion [F(1,45)  1, n.s.]. These results indicate that mak-
ing auditory–visual pairing inconsistent in the test phase 
hindered visual search. The pattern of the error rates and 
recognition was essentially the same as that found in Ex-
periment 1.2 Experiment 2 replicated the basic finding of 
Experiment 1: The results revealed the participants’ abil-
ity to learn a consistent association between a target loca-
tion and its preceding auditory stimuli. 

EXPERIMENT 3

In Experiment 3, I examined whether any conditions 
restricted the acquisition of crossmodal association. Spe-
cifically, I focused on one of the distinct characteristics in 
the results of preceding experiments: relatively high rec-

Figure 2. Mean reaction times and error rates for target iden-
tification under the inconsistent transfer, consistent transfer, and 
random conditions in Experiment 2, as a function of block. The 
training phase comprised the first five blocks, and the testing 
phase comprised the sixth.
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ognition rate of the auditory stimuli. This is a notable dif-
ference from conventional visual contextual cuing studies, 
in that the displays were not distinctive and could not be 
explicitly recalled, but could cue the target location. Thus, 
one could question whether this relatively higher rate of 
recognizing the auditory stimuli is a prerequisite for suc-
cessful learning of the auditory–visual context. If the cor-
rect recognition were not necessary for the acquisition of 
the auditory–visual context, such a finding would extend 
the applicability of the ubiquitous statistical learning. If, 
however, it turns out that the correct recognition is a nec-
essary condition for the acquisition of the auditory–visual 
context, such a finding would still be informative, because 
it would characterize the learning principle and clarify its 
applicable range of conditions.

To answer this question, I reduced the distinctiveness 
of the auditory stimuli by replacing the auditory stimuli 
of reversed playback of a human voice with random se-
quences of artificial tones from a touch-tone telephone. 
I expected participants to be unable to recognize the audi-
tory stimuli because—compared with the reversed voice 
stimuli—the distinctiveness of the tone stimuli was greatly 
diminished. I expected that a less distinctive stimuli would 
be less recognizable (Eysenck, 1979; Wolters & Verduin, 
1982). If the successful recognition of the auditory stimuli 
is a prerequisite for the acquisition of an association of 
crossmodal context, no contextual cuing effect should be 
obtained in the present experiment. However, if recogni-
tion is irrelevant to the acquisition of the association in a 
crossmodal context, the cuing effect is expected to occur, 
even when participants are unable to recognize the audi-
tory stimuli.

Method
Twenty-four experimentally naive students (12 each under the 

inconsistent and consistent transfer conditions) from the National 
Institute of Advanced Industrial Science and Technology subject 
pool participated for pay. All had normal or corrected-to-normal 
visual acuity and normal color vision, according to self reports. The 
stimuli, experimental design, and procedure were the same as those 
in Experiment 2, except that (1) the auditory stimuli of reversed 
playback of a human voice were replaced with electronic tones from 
a touch-tone telephone (standardized by ITU-T Recommendation 
Q.24), and (2) the random condition was not included. I recorded 
a few minutes of a random sequence of keypress tones from a tele-
phone that generated ten sinusoidal tones of two frequencies as-
signed to each number key. The recorded sequence was divided into 
40 sound files each of 2-sec duration. Of the 40 files, 16 were chosen 
at random to be used as auditory context in the training, and 16 were 
used as fillers in the recognition test. The remaining 8 files were 
used for practice trials.

It is important to note that, when they were directly compared 
with each other, the auditory stimuli used in this experiment dis-
played differences. As confirmation, ten new participants were 
presented with two pairs of sequential auditory stimuli used in this 
experiment, with 1-sec separation between the stimuli. Half of the 
pairs consisted of the same stimuli, and the other half consisted of 
different stimuli (50 pairs each). These pairs were presented in ran-
dom order. The participants were to report whether the two sequen-
tial stimuli sounded the same or not by pressing one of two keys on 
the keyboard. The hit rate was 95.2% and the false alarm rate was 
2.8%. This result indicates that the stimuli used in Experiment 3 
were clearly distinguishable.

Results
Visual search task: RTs. Figure 3 illustrates the mean 

RT for all correct trials as a function of training block 
under the inconsistent and consistent transfer conditions. 
An ANOVA on the RT data in the training phase under the 
inconsistent transfer condition revealed a significant main 
effect of block [F(4,44)  20.2, MSe  8,481.9, p  .001]. 
No statistical difference was observed between the RTs in 
Blocks 5 and 6 [t(11)  1.9, n.s.]. An ANOVA on the RTs 
in the training phase of the consistent transfer condition in-
dicated a significant main effect of block [F(4,44)  18.0, 
MSe  10,133.3, p  .001]. The RT of Block 6 under the 
consistent transfer condition was significantly shorter than 
that of Block 5 [t(11)  3.2, p  .01].

As is shown in Figure 3, no effect of consistent transfer 
was detected. A two-way ANOVA on the RT of Blocks 5 
and 6 as a within-subjects factor and consistency (the 
inconsistent and consistent transfer conditions) as a 
 between-subjects factor revealed a main effect of block 
[F(1,22)  10.3, MSe  3,200.6, p  .005], indicating 
that RTs for Block 5 were longer than those of Block 6. 
The main effect of consistency and the interaction were 
not significant.

Figure 3. Mean reaction times and error rates for target iden-
tification under the inconsistent and consistent transfer condi-
tions in Experiment 3, as a function of block. The training phase 
comprised the first five blocks, and the testing phase comprised 
the sixth.
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Visual search task: error rates. The mean error rates 
under each condition are plotted in the bottom of Figure 3 
as a function of block. A similar ANOVA conducted for 
the RT data revealed no significant main effects of blocks 
or consistency and no significant interaction between the 
two factors.

Recognition. Of 12 participants under each of the in-
consistent and consistent transfer conditions, 3 failed to 
notice that the auditory stimuli were repeatedly presented 
under both conditions. Under the inconsistent transfer 
condition, mean recognition accuracy of the auditory stim-
uli was 52.6%, which was not significantly higher than 
chance level [t(11)  0.77, n.s.]. The hit rate was 65.1%, 
which did not differ from the false alarm rate of 59.9% 
[t(11)  0.80, n.s.]. Under the consistent transfer condi-
tion, mean recognition accuracy of the auditory stimuli 
was 53.6%, which was not significantly higher than the 
chance level [t(11)  1.05, n.s.]. The hit rate was 64.6%, 
which did not differ from the false alarm rate of 57.3% 
[t(11)  1.09, n.s.]. The recognition accuracy of the au-
ditory stimuli in the inconsistent transfer group did not 
differ statistically from those under the consistent transfer 
condition [t(22)  0.22, n.s.].

For the inconsistent transfer group, the mean correct 
recognition rate of an exact target location and mean quad-
rant match were 3.6% and 29.2%, respectively. Neither 
was significantly higher than chance [t(11)  0.29, n.s., 
and t(11)  0.36, n.s., respectively]. For the consistent 
transfer group, the mean exact location report was 2.1% 
and the mean of the quadrant choice was 22.9%, which 
was not significantly higher than chance [t(11)  0.01, 
n.s., and t(11)  0.22, n.s., respectively]. No significant 
difference was detected in the mean exact location report 
between the inconsistent and consistent transfer groups, 
Welch’s t test [t(17.0)  0.8, n.s.]. Similarly, no signifi-
cant difference was found in the mean quadrant choice 
rates between the two groups [t(22)  0.1, n.s.].

Discussion
Using the procedure with reduced auditory distinctive-

ness, participants were unable to recognize the auditory 
stimuli. Under such circumstances, no contextual cuing 
effect occurred, even when the auditory stimulus was 
predictive of the following target location. These results 
characterize a boundary condition on ubiquitous statis-
tical learning, in that the mere existence of a consistent 
association between the auditory stimuli and the visual 
target locations is not sufficient for the acquisition of 
 auditory–visual context. Although most of the partici-
pants noticed that some auditory stimuli were repeatedly 
presented, their recognition rate on the auditory stimuli 
was no higher than chance. These results suggest that such 
a vague memory representation was insufficient; rather, 
conscious recognition of the auditory stimuli, as demon-
strated in Experiments 1 and 2, is required for a success-
ful contextual cuing effect when the present procedure is 
used. This is in sharp contrast to the results of previous 
visual contextual cuing studies, in which participants were 
asked to discriminate previously presented old layouts or 
new layouts. In the literature, it has been frequently re-

ported that the contextual cuing effect occurred without 
any conscious recognition of the spatial layouts (e.g., 
Chun & Jiang, 1998). However, what was common to the 
previous and the present studies was that participants were 
unable to access explicitly their knowledge of a consistent 
association between the background contexts (distractor 
layouts or auditory stimuli) and the target locations.

GENERAL DISCUSSION

As has been demonstrated in visual contextual cuing 
studies, the human cognitive system is sufficiently pow-
erful to extract various types of consistency and to learn 
them. The system was able to use learned context to assist 
with the deployment of visual attention. Because previous 
studies have focused exclusively on the learning of visual 
environments, it has remained unclear whether the abil-
ity to learn environmental consistencies as a cue for vi-
sual attention is restricted to the visual domain or open to 
other stimulus domains. Thus, the present study examined 
whether a context cuing effect could be obtained between 
auditory events and visual target locations.

The results of Experiment 1 indicated that when a tar-
get location in a visual search display was consistently 
paired with a preceding meaningless sound, participants 
were able to learn the consistency. The visual search per-
formance improved when the consistency was available 
(i.e., the training phase) and it improved further when the 
consistency was maintained (the testing phase of the con-
sistent transfer group). However, when the association be-
tween the sound and the target locations became inconsis-
tent (the testing phase of the inconsistent transfer group), 
search performance deteriorated. It should be noted that in 
the testing session under the inconsistent transfer condi-
tion, the consistency was removed by disconnecting the 
existing sound–location pairs and shuffling them to cre-
ate new pairs. Therefore, no new sounds or new locations 
were introduced in the testing session, and the only dif-
ference between the inconsistent and consistent transfer 
conditions in the testing session was the availability of a 
consistently maintained association between a sound and 
a location during the training session.

The amount of cuing effect observed as a result of break-
ing the auditory–visual association between the 5th and 
6th block was about 70 msec (Experiment 1) to 110 msec 
(Experiment 2), which is very similar to the contextual 
cuing effect in the visual domain obtained in the previ-
ous studies in our laboratory (Kawahara, 2003; Ono et al., 
2005). Importantly, comparison of the random and con-
sistent transfer condition in which consistent mapping of 
the auditory stimuli and target location was maintained 
clearly indicated that such pairing benefits visual search 
performance under the present experimental setting. As 
is illustrated in Figure 2, the visual search performance, 
after the auditory–visual association was destroyed, was 
essentially the same as that of the random condition. The 
performance from Blocks 5 and 6 improved equally in the 
random and consistent transfer conditions. There is also a 
general improvement across blocks, as can be seen in typi-
cal contextual cuing paradigms. The difference between 
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the consistent and inconsistent transfer conditions is due 
to the manipulation of the consistency of the auditory–
visual association.

This is the first report of the ability to acquire an as-
sociation of consistency between auditory stimulus and 
visual stimulus locations through repetitive presentations. 
Because the task used in the present study was a typical 
visual search task that required focal attention (Wolfe, 
1997), the results suggest that the preceding auditory stim-
uli guided visual attention to a specific target location.3 
To the best of our knowledge, only one previous study re-
ported that the human cognitive system can use nonvisual 
contextual cues. Nabeta, Ono, and Kawahara (2003) found 
that participants who trained with repetitive visual layouts 
showed the spatial contextual cuing effect when they were 
tested with a haptic search task. Whereas Nabeta et al.’s 
study showed that visually acquired spatial context could 
be transferred to another stimulus modality, no previous 
studies have shown that the cognitive system can associate 
nonvisual context with visual target locations.

Of course, studies have shown crossmodal links for 
exogenous and endogenous covert spatial orienting of at-
tention in terms of auditory cuing and visual judgments 
(Buchtel & Butter, 1988; McDonald, Teder-Sälejärvi, & 
Hillyard, 2000; Spence & Driver, 1997). The crossmodal 
contextual cuing effect obtained in the present study dif-
fers from the cuing effect found in those studies in several 
major ways. First, the auditory–visual contextual cuing 
effect occurs as a result of learning, whereas the tradi-
tional auditory cuing effect on visual performance occurs 
without training, presumably suggesting built-in orienting 
mechanisms. Second, the time course of the cuing effect 
seems to differ across these types of cuing; whereas the 
auditory exogenous cuing effect lasts only a short time in 
general (e.g., Ward, McDonald, & Golestani, 1998), the 
present auditory–visual contextual cuing is obtained with 
much longer cue–target interval (2 sec; Experiment 1). Fi-
nally, location specificity also differs substantially, mainly 
because the spatial resolution of auditory cues in the pre-
vious studies was relatively low. In most studies, the au-
ditory cue simply indicates the left or right side (or, at 
most, the center) of the visual field. In contrast, the pres-
ent auditory contextual cue enhanced identification of vi-
sual targets distributed at 48 possible target locations. The 
result—that the contextual cuing effect was not obtained 
when the auditory–visual association was disconnected 
(Experiment 1) and when auditory cues were associated 
with random target locations (Experiment 2)—suggests 
that the auditory cue was finely associated with the target 
locations.

The present results extend the ubiquitous statisti-
cal learning account of contextual cuing. On the basis 
of the finding that the cuing effect occurs if statistical 
consistency exists in a single trial or across trials, Ono 
et al. (2005) argued that the visual system is sensitive to 
all kinds of statistical consistency and will make use of 
predictive information. The present finding is consistent 
with this idea and suggests that the account is not limited 
to the visual domain but applies to associations between 
auditory–visual domains, because if the ubiquitous sta-

tistical learning account were limited to the events only 
within the visual domain, auditory–visual contexts should 
not have improved the search performance. However, the 
present finding also suggests that the ability of the cog-
nitive system to learn contextual cues is not boundless; 
for example, the learning effect was not obtained when 
participants ignored consistent spatial contexts (e.g., Jiang 
& Chun, 2001; Kawahara, 2003). Ono et al. (2005) also 
found that when the spatial layouts of distractors (or tar-
get location) in trial N 1 predicted trial N’s target loca-
tions, but the target (or the distractor layout) in trial N 1 
changed its location randomly, the contextual cuing effect 
was not observed. This suggests that the visual system is 
sensitive to statistical noise as well as to consistency. The 
presence of such boundary conditions clearly indicates 
that the rule of ubiquitous statistical learning in the vi-
sual context does not always apply. Therefore, it is rea-
sonable to expect some limitations to the acquisition of 
auditory–visual crossmodal context. Similarly, the result 
of Experiment 3 revealed a constraint on the benefit of 
such auditory–visual context, in that—for the cuing to be 
effective—conscious recognition of the auditory stimuli is 
required. Such high recognition performance of auditory 
stimuli is consistent with the finding that participants can 
discriminate repetitively presented meaningless auditory 
stimuli (Saffran, Newport, Aslin, Tunick, & Barrueco, 
1997).

Comparison of the results of Experiments 1 and 2 pro-
vides a clue to the character of the temporal aspect of the 
contextual cuing effect. The procedures in these two ex-
periments were identical, except that the auditory stimuli 
preceded the visual display by 2 sec in Experiment 1 and 
by 1 sec in Experiment 2. This difference did not affect 
the pattern of the results: The removal of consistency in-
creased RTs in both experiments, suggesting that the criti-
cal period for the contextual cuing to be effective is be-
tween 1 sec before the onset of the visual display and the 
actual onset. Although we have insufficient evidence to 
determine the time course of the contextual cuing effect, a 
recent study on the visual contextual cuing effect showed 
that the effect develops at least about 300 msec following 
the onset of the contextual information (Ogawa, Takeda, 
& Kumada, 2007). Ogawa et al. modified an ordinary 
spatial contextual cuing procedure so that, in some trials, 
the participants had to detect a probe dot that appeared 
either on a target or on a distractor location. The results 
indicated that the RTs to detect a probe dot in repeated 
layouts were faster at search target locations and slower at 
distractor locations than they were in nonrepeated layouts. 
Because it is not clear whether the crossmodal contextual 
cuing effect develops in a similar manner as the unimodal 
cuing effect, further investigation is necessary to specify 
a detailed profile of the time course of the crossmodal 
cuing effect.

The present results indicate that contextual cuing with 
auditory–visual consistency seems to be slightly different 
from that with visual consistency, in that explicit recall of 
the auditory stimuli is required to gain effective cuing, al-
though the associations between the auditory stimuli and 
the visual target locations remain implicit. One possibil-
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ity is that auditory–visual contextual cuing is less easily 
acquired than cuing within the visual domain. In the ev-
eryday world, many possible combinations of auditory–
visual associations exist, some valid and some invalid; 
for example, one would not want to combine the sound 
of a plane with the sight of a bird flying. Thus, the cogni-
tive system may require more perceptual evidence (i.e., 
explicit recall of sounds) before it links auditory events 
with a visual locus. Another possibility is that more audi-
tory evidence was required, because the present auditory 
stimuli were presented with visual distractors that varied 
their locations randomly for every trial. On the basis of 
the finding that the visual system is sensitive to statisti-
cal noise as well as to consistency (Ono et al., 2005), the 
presence of such visual noise may reduce learning ef-
ficiency of auditory–visual association, resulting in the 
need for more auditory evidence. Since many other pos-
sibilities exist, further examination is needed to clarify 
whether explicit recall of auditory stimuli is required for 
any types of crossmodal contextual cuing involving the 
auditory domain.

In summary, the present study showed that participants 
were able to learn an association between auditory stim-
uli and immediately successive visual target locations. 
This finding extends the ubiquitous statistical learning 
account of the contextual cuing (Ono et al., 2005): The 
cognitive system is sensitive to auditory–visual consis-
tency. It is important to note that the associations between 
the auditory stimuli and the visual target locations were 
not explicitly accessible, although the auditory stimuli 
themselves were explicitly retrievable. This pattern of the 
results shares the same characteristics of contextual cuing 
as have been obtained in the visual domain: The cuing 
effect occurs without conscious awareness or explicit 
recognition of the critical association between the tar-
get location and other consistencies in the environment, 
such as distractor locations. Chun and his colleagues 
(Chun & Jiang, 1998, 2003; Chun & Phelps, 1999) have 
provided ample evidence to suggest that the spatial con-
textual cuing effect is driven by implicit memory repre-
sentations. The present study extended this notion to the 
auditory–visual association with the constraint that the 
explicit recognition of the auditory stimuli was neces-
sary when the present procedure was used. It remains a 
matter for future research to specify why no cuing effect 
was obtained when participants were unable to recognize 
the auditory stimuli. One possibility is that the number 
of trials in the training phase in Experiment 3 was not 
sufficient for the cuing effect to be effective. Thus, ex-
tensive practice might be required for a successful con-
textual cuing effect from less distinctive stimuli, as used 
in Experiment 3.
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hit and false alarm rates were 75.8% and 10.4%, respectively. The rec-
ognition accuracy of the auditory stimuli under the inconsistent transfer 
group did not differ statistically from those in the consistent transfer con-
dition [t(30)  0.8, n.s.]. None of the participants reported noticing the 
consistency between the auditory stimuli and the target locations. For the 
inconsistent transfer group, the mean correct recognition rate of an exact 
target location and mean quadrant match were 4.8% and 25.0%, respec-
tively. Neither were significantly higher than chance [t(15)  1.5, n.s., 
and t(15)  0.01, n.s., respectively]. For the consistent transfer group, 
the mean of exact location report was 2.8% and the mean of the quad-
rant choice was 24.4%, which was not significantly higher than chance 
[t(15)  0.8, n.s., and t(15)  0.17, n.s., respectively]. No significant 
difference was detected in the mean exact location report between the 
inconsistent and consistent transfer groups, Welch’s t test [t(23.4)  1.0, 
n.s.]. Similarly, no significant difference was found in the mean quadrant 
choice rates between the two groups [t(30)  0.1, n.s.].

3. Note that a recent study (Kunar, Flusberg, Horowitz, & Wolfe, in 
press) questions the conventional view that the facilitated visual search 
performance in contextual cuing experiments is due to guidance of at-
tention to the target location. They suggest that the main facilitation 
in the visual contextual cuing effect is not due to facilitation in atten-
tional guidance. In their study, they showed that the search efficiency, 
as indexed by the reaction time  set size function, did not improve 
over accumulation of learning trials; moreover, they found a contextual 
cuing effect even when no need seemed to exist for attentional guidance 
(i.e., set size  1). On the basis of these results, they concluded that 
other factors such as response selection contributed to the contextual 
cuing effect. In this respect, a possibility exists that response selection 
process in the present study was influenced by the repetitive presenta-
tion of auditory–visual consistency in the present study. However, some 
other studies have shown improvement in search efficiency (e.g., Chun 
& Jiang, 1998). Therefore, a decisive conclusion regarding this issue 
awaits further investigation.
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NOTES

1. I am happy to share the auditory stimuli used here upon request.
2. The mean error rates under each condition are plotted in Figure 2 as 

a function of block. A similar ANOVA as that conducted for the RT data 
revealed no significant main effects of blocks and consistency. No inter-
action was observed between these two factors. All participants under 
the inconsistent transfer condition noticed that the auditory stimuli were 
repeatedly presented. The mean recognition accuracy of the auditory 
stimuli was 81.4%, which was significantly higher than chance level 
[t(15)  9.8, p  .001]. The hit and false alarm rates were 83.2% and 
10.5%, respectively. Under the consistent transfer condition, all partici-
pants reported that they noticed the repetition of the auditory stimuli. 
The mean recognition accuracy of the auditory stimuli was 78.1%, which 
was significantly higher than chance level [t(15)  10.1, p  .001]. The 
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