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Abstract: When multiple stimuli are simultaneously presented, they compete against each other
to be represented in the capacity-limited visual system. This competition increases as stimulus
heterogeneity increases. Given that selective attention is a way to resolve this competition, it has
been known that the effect of attention on task performance is magnified as the level of competition
increases due to increased stimulus heterogeneity. While previous studies showed that stimulus
heterogeneity in a task-irrelevant dimension affects task performance, it remains unknown how this
kind of stimulus heterogeneity interacts with visual attention and stimulus-driven competition. Here,
we found that the process of searching for a target stimulus among non-targets became inefficient as
stimulus heterogeneity in a task-irrelevant dimension increased. The results also showed that the
magnitude of the attentional cuing effect could be affected by increased heterogeneity. However, this
modulation was dependent on the type of varied feature or task demand. We suggest that increased
stimulus heterogeneity in a task-irrelevant dimension would increase stimulus-driven competition,
which impoverishes the quality of stimulus representations.

Keywords: stimulus-driven competition; task-irrelevant dimension; stimulus heterogeneity

1. Introduction

When multiple stimuli are presented in the visual field, selective attention enables
a subset of them to be prioritized or processed in greater detail at the expense of others.
According to the biased competition theory, multiple stimuli compete to be represented in
the visual system, and suppress each other [1]. This stimulus-driven competition can be
resolved when one of the presented stimuli receives attention in a bottom-up or top-down
manner [1–3].

Notably, the mutual suppression between stimuli is well observed when the stim-
uli are heterogenous; a set of multiple homogenous stimuli do not evoke competitive
interaction [1,2,4,5]. In line with this, several previous studies showed that when multiple
heterogenous stimuli were presented, the process of searching for a target stimulus among
other stimuli was severely compromised compared to when homogenous stimuli were
presented [6–9].

Based upon these findings, Duncan and Humphrey (1989) formulated a theory claim-
ing that the similarity between the target and non-targets, as well as the similarity between
non-targets, affects visual search efficiency. In their model, visual search initiates with a
parallel process of all search stimuli, followed by a selection process by matching input
stimuli against an internal, target template. By this top-down control, stimuli similar to the
target or items with target features are biased for selection, while stimuli dissimilar to the
target would be suppressed. Similarly, the guided search model proposed by Wolfe and
colleagues also claimed that following the initial parallel stage, top-down control separates
potential target stimuli from less favorable stimuli [10,11]. Following this, a limited number
of inputs are entered into the capacity-limited visual short-term memory, and at this stage,
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the target is identified. In this framework, high similarity between the target and non-target
severely hampers search efficiency because the target and non-targets, similar to each other,
are likely to compete for access to visual short-term memory. Another notable feature of
this theory is that the similarity between the non-targets was also considered. Non-targets
dissimilar to the target would be suppressed and this suppression would be easily spread
when the non-targets are homogenous. Hence, the homogeneity/heterogeneity between
non-target stimuli is also a significant factor for visual search efficiency.

What we aim to address in the present study is whether stimulus heterogeneity in a
task-irrelevant dimension also affects visual search efficiency. In many previous search ex-
periments, such as the experiments by Duncan and Humphreys, the stimulus heterogeneity
was manipulated in the task-relevant dimension; the target was a particular shape while
the non-targets were a homogenous or heterogenous set of shapes. In experiments reported
here, we had participants search for an orientation-defined target (Experiment 1 and 2) or a
shape-defined target (Experiment 3). Then, we varied the spatial frequency (Experiment 1)
or the color of the stimuli (Experiment 2 and 3). Hence, the task-relevant dimensions were
the orientation or shape, while the task-irrelevant features were the spatial frequency and
color. Notably, we varied stimulus heterogeneity in a completely orthogonal dimension to
the target-defining feature dimension.

In this experimental setting, there could be two predictions regarding the effect of
stimulus heterogeneity on visual search efficiency. First, visual search efficiency might be
similar across the homogenous and heterogenous stimulus conditions. With the targets
defined with a particular orientation or shape, an orientation-based or a shape-based
target template would be formulated [7]. With this target template, any irrelevant feature
dimension, such as color or spatial frequency, would be filtered out and not be considered
for attentional selection. In a similar vein, separate feature maps would be created for each
different feature dimension and selective attention would be operated only on the relevant
feature map [11].

Alternatively, stimulus heterogeneity in a task-irrelevant dimension would affect
visual search efficiency. Specifically, even though the task-irrelevant features need not to
be attended, heterogenous stimuli would compete to be represented in the visual system,
while such competition would be attenuated with a set of homogenous stimuli [2,5]. This
competition would lead to mutual suppression between the stimuli, which can hamper the
processing of each individual stimulus.

While neither the feature similarity model nor the guided search model makes an
explicit prediction regarding the effect of stimulus heterogeneity in a task-irrelevant di-
mension, recent studies suggested the possibility that such heterogeneity is an important
factor that affects visual search performance [12,13]. In the study by Wei and colleagues,
participants were instructed to search for orientation- or shape-defined targets. When the
search stimuli were colored, given that the target was defined by orientation or shape,
the color of the stimuli was a task-irrelevant feature. Their results showed that response
times (RT) were shorter when all the search stimuli had the same color (homogenous) than
when colors of the stimuli were heterogenous [13]. Similarly, Becker and colleagues also
showed that increased stimulus heterogeneity in a task-irrelevant dimension impaired task
performance [12]. In their experiment, the target was an outlined square with a gap either
on the top or the bottom of the square, while the distractors had a gap either on the left or
right side. Importantly, in one type of trial, search stimuli had two different colors, while in
the other, five colors were used for the search stimuli. The results showed that increased
heterogeneity in the task-irrelevant feature dimension (color) slowed search responses.

What is remarkable in these studies is that the researchers manipulated stimulus
heterogeneity in a feature dimension that is completely orthogonal to the task-relevant
dimensions; stimulus color varied under a shape or orientation search task. However, these
studies did not directly investigate how the task-irrelevant stimulus heterogeneity interacts
with visual attention.
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Indeed, there are some studies which investigated how stimulus heterogeneity of
task-irrelevant distractors affects selective attention. In one such study [14], participants
were instructed to search for a red tilted bar among white tilted bars and vertical red
bars, while display items also differed in terms of size. In this case, the task-relevant
features were the orientation and color of stimuli, while the item size was a task-irrelevant
feature. Results demonstrated that when the size was correlated with other task-relevant
features, search efficiency benefited. While this finding suggests that task-irrelevant features
are also encoded into the visual system, this study did not directly manipulate stimulus
homogeneity/heterogeneity.

Expanding the previous studies, we investigated how stimulus heterogeneity in a task-
irrelevant dimension interacts with visual attention. In the present study, we suggest that
increased stimulus heterogeneity in a task-irrelevant dimension would potentiate mutual
suppression between the stimuli. In this case, with heterogenous stimuli, the process of
searching for a specific target stimulus would become less efficient than with homogenous
stimuli. That is, the visual search slope, calculated by dividing the increase in search RT by
the increase in search set size, would be steeper.

While measuring the effect of task-irrelevant heterogeneity on visual search efficiency,
we also examined whether such heterogeneity affects the effect of an attentional cue. Specif-
ically, prior to the target search display, we presented a transient, salient stimulus. This
kind of stimulus is well known to capture attention and induces enhanced processing of the
cued location. Previous studies showed that the effect of the attentional cue was stronger
when there were multiple items in the display [15–18]. This finding was interpreted to indi-
cate that simultaneously presented stimuli evoke mutual competition and the attentional
cue biases processing resources to the attended stimulus to resolve this competition [18].
Hence, we expected that the effect of an attentional cue would increase as the search set size
increases. Furthermore, as we hypothesize that heterogenous stimuli in a task-irrelevant
dimension evokes stronger competition than a set of homogenous stimuli, we examined
whether the effect of the attentional cue would be greater for the heterogenous trials than
for the homogenous trials in a task-irrelevant dimension. Notably, the previous studies
reviewed above did not directly investigate how stimulus heterogeneity in a task-irrelevant
dimension affects visual search efficiency or the attentional cuing effect.

Taken together, we investigated how stimulus heterogeneity in a task-irrelevant di-
mension interacts with visual attention. We examined this issue using two measures of
visual attention: visual search efficiency and the attentional cuing effect. We hypothesized
that a set of heterogenous stimuli in a task-irrelevant dimension would evoke greater
stimulus-driven competition and mutual suppression than homogenous stimuli. This
mutual suppression would impair the processing of each individual search item, lowering
visual search efficiency. Furthermore, we also expected that increased mutual suppression
would magnify the effect of an attentional cue, given the role of attention in resolving
stimulus-driven competition.

Experiment 1
Methods
Participants

Sixteen adults (8 males, 18–25 years) with normal or corrected-to-normal vision par-
ticipated for course credit. The Chungnam National University Institutional Review
Board approved the experimental protocol and informed consent was obtained from
each participant.

Given that there were no previous studies addressing the effect of stimulus heterogene-
ity in a task-irrelevant dimension on search efficiency and the cuing effect, we considered
previous studies yielding highly significant set-size effects and cuing effects. Specifically,
we considered two datasets of our published studies. In such a study [18], N of 12 was
sufficient to yield a significant cuing effect and set-size effect. In another study, N of 16
was used [19]. Using datasets of these studies, we calculated the effect size of cuing and
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set-size manipulations and ran a power analysis. The power analysis revealed that N of 16
was sufficient to yield a significant cuing effect and set-size effect at the power level of 0.95.
Hence, we decided to collect data from 16 or more people.

Stimuli and Apparatus

The experiment was programmed and run using PsychoPy3 [20]. The task stimuli
were presented with a grey background. At the beginning of each trial, a black fixation dot
was presented at the center of the screen throughout the experiment. Eight white outline
squares (1.7 × 1.7◦ of visual angle with 0.03◦ of line thickness) were continuously present
with the fixation to mark the locations where targets and distractors would be placed. The
cue stimulus was a green outline square of the same size and line thickness as the place
holders. The target was either a left- or right-tilted Gabor grating, whereas distractors were
Gabor gratings with vertical orientation. These place holders were presented at the eight
locations of an imaginary circle with a radius of 5.0 degrees. The contrast of the gratings
was set to 100% and the spatial frequency of the gratings was 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5,
or 4.0 cycles per degree (c/deg).

Design and Procedure

As shown in Figure 1, the trial started with a 1000 ms fixation presentation, followed
by the presentation of a cue that remained visible until the offset of the stimuli. There were
three different types of cues: valid, invalid, and no cue. In the valid cue trials, a green
outline square appeared at the place holder location that would contain the target. In the
invalid cue trials, the cued location and target location did not match. In the cue-absent
trials, the cue was not presented. The proportions of valid, invalid, and cue-absent trials
were equal (1/3 for each). The target was tilted by 45◦. The target stimulus was presented
by itself or was accompanied by one, three, or seven distractors. In the homogeneous
trials, the spatial frequencies of all the stimuli were the same, whereas in the heterogeneous
trials, each stimulus had different spatial frequencies. The spatial frequency of a given
stimulus was randomly chosen among 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, or 4.0 cycles per degree.
The target and distractors were presented after the onset of the cue and remained visible
for 100 ms. The cue-target SOA was 140 ms. For cue-absent trials, in which no cue was
presented, the task display appeared 1140 ms after the fixation presentation. Participants
were instructed to indicate the orientation of the grating via pressing the F key (left) or
the J key (right) on the keyboard. Immediately after responses, the fixation was presented.
Hence, the inter-trial interval was 1000 ms.

Taken together, the experiment consisted of a 3 × 2 × 4 factorial design, with cue
type (valid, invalid, and cue-absent), task display (homogeneous and heterogeneous) and
set size (set sizes of 1, 2, 4, and 8) as within-subject factors. Different types of cues, task
displays, and set sizes were randomly intermixed within a single experimental block. There
were twelve experimental blocks, each of which was made up of 192 trials.

Results

The results of Experiment 1 are shown in Figure 2. The overall proportion of correct
responses was over 95%, which did not differ across trial types. To analyze the data, the
RT data were entered into a repeated measures three-way ANOVA with cue type (valid,
invalid, and cue-absent), task display (homogeneous and heterogeneous), and set size (set
sizes of 1, 2, 4, and 8) as factors. Only trials with correct responses were included in the
analysis. This analysis revealed a significant main effect of the cue type, F(2, 30) = 74.42,
p < 0.001, η2 = 0.83, with the fastest responses for the valid and slowest responses for
the invalid trials. We also found significant main effects of task display, F(1, 15) = 152.8,
p < 0.001, η2 = 0.91, and set size, F(3, 45) = 112, p < 0.001, η2 = 0.88; RTs were greater for
heterogenous trials and increased as set size increased.
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The two-way interactions between cue type and set size, F(6, 90) = 22.35, p < 0.001,
η2 = 0.60, and between task display and set size were significant, F(3, 45) = 39.36, p < 0.001,
η2 = 0.72. These results indicate that the effects of the attentional cue and stimulus het-
erogeneity increased as the set size increased. Notably, the two-way interaction between
cue type and task display was not significant, F(2, 30) = 1.72, p > 0.1, while the three-way
interaction was significant, F(6, 90) = 3.65, p < 0.001, η2 = 0.20. While the absence of signifi-
cant two-way interaction between cue type and task display implies that the magnitude
of cuing was similar between the heterogenous and homogenous trials, the significant
three-way interaction warranted further examination. Subsequent analyses revealed that
the magnitude of the cuing effect was not significantly different between the homogenous
and heterogenous trials when a modest number of stimuli (set sizes of 1, 2 and 4) were
presented, p’s > 0.10. For a set size of 8, however, the cuing effect was significantly greater
for the heterogeneous trials than for the homogeneous trials, t(15) = 3.75, p < 0.001.

Discussion

A notable finding of the present experiment is that visual search efficiency was signifi-
cantly lower for the heterogenous trials than for the homogenous trials, as revealed by the
significant two-way interaction between set size and task display. This is consistent with
our prediction that stimulus heterogeneity in a task-irrelevant dimension would impair
visual processing of each individual search stimulus. Furthermore, we also found that with
a relatively large set size, the cuing effect was greater for the heterogenous trials than for
the homogenous trials.

Experiment 2

In Experiment 1, we found that increased stimulus heterogeneity in a task-irrelevant
dimension (spatial frequency) lowered visual search efficiency and increased the magnitude
of the attentional cuing effect with relatively large set sizes. In this experiment, we examined
whether such modulation would also be observed when the heterogeneity of a different
feature dimension, color, was manipulated.

Methods
Participants

A separate group of eighteen adults (10 males, 18–25 years) with normal or corrected-
to-normal vision participated in the study for monetary compensation. All experimental
procedures were approved by the Chungnam National University Institutional Review
Board. Informed consent was obtained from each participant.

Stimuli and Apparatus

All stimuli and apparatus used were identical to those of Experiment 1 except for
the following: all participants were tested online. The task stimuli were colored Gabor
gratings presented with a black background. The color of the Gabor grating was ran-
domly chosen from a selection of eight colors (red, blue, yellow, magenta, cyan, purple,
orange, and brown), each of which was produced by RGB permutations. Eight grey outline
squares (1.7 × 1.7 degree of visual angle with 0.1 degree of line thickness) were continu-
ously present with a grey fixation to mark the locations where targets and distractors would
be placed. The spatial frequency of the gratings was set to 2.0 cycles per degree (c/deg).

Design and Procedure

The experimental design and procedure were identical to those of Experiment 1, with
the following exception. As shown in Figure 3, the target stimulus was accompanied by
one, three, five, or seven distractors. Hence, the levels of the set size were 2, 4, 6, or 8. We
chose these set sizes because the cuing effect was modest for the set size of 1. Hence, we
decided to replace this set size with a set size of 6, which was not included in Experiment 1.
The color of each stimulus was randomly selected from a pool of eight colors (red, blue,
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yellow, magenta, cyan, purple, orange, and brown). In homogenous trials, the target
and distractors were the same color, while in heterogenous trials, each stimulus had a
unique color.
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Notably, all participants were tested online. The participants were instructed to
download and install the Psychopy software, and we sent the experimental script. To ensure
that all the stimuli were presented in similar sizes and eccentricity for all participants, we
instructed them to adjust their monitor resolution and screen width according to their
monitor specification and viewing distance (57 cm), which was consistent with the setting
of the testing room. A researcher informed the participants how to set up the experimental
environments and how to conduct the experiment. The researchers confirmed their monitor
settings through an online meeting tool before the experiment to make sure that the
participants set it up properly.

Results

The analysis was performed in the same manner as Experiment 1 (see Figure 4).
Response accuracy was over 92.5%, which did not differ across the trial types. The RT
results showed that the main effect of the cue type was significant, F(2, 34) = 83.78, p < 0.001,
η2 = 0.83, as were the main effects of task display, F(1, 17) = 104.5, p < 0.001, η2 = 0.86, and
set size, F(3, 51) = 63.69, p < 0.001, η2 = 0.79. The two-way interactions between cue type
and set size, F(6, 102) = 4.20, p < 0.001, η2 = 0.20, and between task display and set size were
both significant, F(3, 51) = 40.87, p < 0.001, η2 = 0.71. The direction of significant main effects
and interactions were all consistent with the results of Experiment 1: the valid cue yielded
significantly faster responses than other cues and the cuing effect increased as the set size
increased. Importantly, the search set-size effect was greater for the heterogenous trials
than for the homogenous trials. However, the two-way interaction between cue type and
task display was not significant, F(2, 34) = 1.54, p > 0.23. Finally, the three-way interaction
was not significant, F(6, 102) = 1.34, p > 0.25.
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Discussion

Consistent with Experiment 1, search efficiency was found to be affected by stimulus
heterogeneity in the task-irrelevant dimension. In both experiments, the task-relevant
feature was orientation. Regardless of whether the task-irrelevant dimension feature was
spatial frequency or color, the search process became less efficient when the search stimuli
were heterogenous in the task-irrelevant dimensions. Regarding the cuing effect, we did not
find any difference in the cuing effect across different task displays; stimulus heterogeneity
in color did not affect the magnitude of the cuing effect. It is unclear about the reason for
this discrepancy. Further research would be fruitful to unveil this issue.

Experiment 3

In Experiment 3, we examined the effect of stimulus heterogeneity in a task-irrelevant
dimension under a visual search task, employing real-world objects: cars. We had partici-
pants look for a specific type of car among non-target cars. The target could be identified
by focusing on the shape. The colors of the car, a task-irrelevant feature, were heterogenous
or homogenous.

Methods
Participants

Eighteen adults (6 males, 18–25 years) with normal or corrected-to-normal vision par-
ticipated in the study for monetary compensation. These participants did not participate in
any of the previous experiments in this study. All experimental procedures were approved
by the Chungnam National University Institutional Review Board. Informed consent was
obtained from each participant.

Stimuli and Apparatus

All stimuli and apparatus used were identical to those of Experiment 2, except for the
following: the target was a colored compact car or a sedan, while distractors were colored
trucks. The color of the car was randomly chosen from a selection of eight colors (red,
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blue, yellow, black, silver, white, orange, and green). In this experiment, the background,
fixation, and place holders were identical to those of Experiment 1.

Design and Procedure

The experimental design and procedure were identical to those of Experiment 2, with
the following exceptions. As shown in Figure 5, the color of each stimulus was randomly
selected from a pool of eight colors (red, blue, yellow, black, silver, white, orange, and
green). Participants were required to identify whether the target was the compact car or
the sedan. Given that complicated, real-world objects were used, we presented the search
display until participants responded.
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Results

Response accuracy was over 94.5%, which did not differ across the trial types. As
shown in Figure 6, the RT analysis revealed that the main effect of the cue type was
significant, F(2, 34) = 35.44, p < 0.001, η2 = 0.68, as were the main effects of task display,
F(1, 17) = 41, p < 0.001, η2 = 0.70, and set size, F(3, 51) = 79.15, p < 0.001, η2 = 0.82. The
two-way interactions between cue type and task display, F(2, 34) = 3.43, p < 0.005, η2 = 0.17,
between cue type and set size, F(6, 102) = 5.29, p < 0.001, η2 = 0.24, and between task display
and set size were all significant, F(3, 51) = 34.17, p < 0.001, η2 = 0.67. The direction of
those significant main effects and interactions was consistent with those of Experiment 1
and Experiment 2. Finally, the three-way interaction was not significant, F(6, 102) = 0.56,
p > 0.76.

Importantly, we found that search efficiency was lower with heterogenous stimuli in
the task-irrelevant dimension than with homogenous stimuli, consistent with Experiment
1 and Experiment 2. We also found that the cuing effect was significantly greater for the
heterogenous trials than for the homogenous trials, as revealed by the significant two-way
interaction between task display and cue type.
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Discussion

The results of Experiment 3 are clear. Under a visual search task using real-world
objects, stimulus heterogeneity in a task-irrelevant dimension, color, affected visual search
efficiency. We also found that the magnitude of the cuing effect was greater with heteroge-
nous stimuli than with homogenous stimuli in the task-irrelevant dimension. This is a
different pattern of results from those of Experiment 2. This discrepancy might be due to the
fact that stimulus presentation was extended until participants responded in Experiment 3,
whereas stimulus presentation duration was brief (100 ms) in Experiment 2. These results
suggest the possibility that the encoding duration of task-irrelevant features is different for
different types of features. Alternatively, the use of complicated, real-world objects might
have amplified the effect of the color dimension on the attentional cuing effect. Related to
this, the results of Experiment 1 also showed the significant impact of stimulus heterogene-
ity on the magnitude of the cuing effect. However, such modulation was dependent on
search set size in Experiment 1; in Experiment 3, the effect of heterogeneity on the cuing
effect was similar across set sizes. There are multiple factors to be considered to explain
this discrepancy, such as the types of tasks and manipulated feature dimensions. Further
research might be fruitful to clarify this issue.

2. General Discussion

The present study investigated how stimulus heterogeneity in a task-irrelevant dimen-
sion affects attentional processing. Importantly, we manipulated the heterogeneity of a
feature dimension, the spatial frequency or color of visual stimuli, which was completely or-
thogonal to the task-relevant dimension: stimulus orientation or stimulus shape. We found
that the process of searching for a target stimulus was inefficient when the stimuli were
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heterogenous in the task-irrelevant dimension Furthermore, under some circumstances,
the magnitude of the attentional cuing effect was greater when heterogenous stimuli were
presented than when a set of homogenous stimuli were presented.

Specifically, in Experiment 1 and 2, participants performed the task of searching
for a tilted Gabor grating among vertical gratings. A notable finding of Experiment 1 is
that when a relatively large number of non-targets were present, the attentional cuing
effect was larger for the heterogenous trials than for the homogenous trials. Furthermore,
visual search efficiency was lower with heterogenous trials than with homogenous trials.
However, in Experiment 2, while visual search efficiency was lowered when the stimuli
were heterogenous in another task-irrelevant dimension (color), the magnitude of the cuing
effect was not affected. Finally, we employed a visual search task using real-world objects
in Experiment 3. The results showed that the cuing effect was significantly greater for
the heterogeneous trials than for the homogeneous trials. Furthermore, consistent with
the results of Experiment 1 and 2, search efficiency was lowered when the stimuli were
heterogenous in the task-irrelevant dimension (color).

In all the experiments reported here, when search stimuli were heterogenous in a
task-irrelevant dimension, visual search became less efficient than when the stimuli were
homogenous. This was true regardless of the types of search stimuli (simple, controlled
stimuli or real-world objects), manipulated types of irrelevant-features (spatial frequency
or color), or stimulus presentation duration (100 ms or unlimited duration). Hence, we are
confident in our claim that stimulus heterogeneity in a task-irrelevant dimension is a crucial
factor for visual search efficiency. Indeed, a large number of previous studies also have
shown that distractor heterogeneity affected visual task performance [6,7,12,13]. However,
some of these studies did not specify how stimulus heterogeneity interacts with visual
attention. In other studies, stimulus heterogeneity was manipulated in the task-relevant
dimension. The important novelty of the present study lies in the fact that the stimulus
heterogeneity was manipulated in a completely orthogonal dimension to the task-relevant
dimension, and we examined how this factor affects visual search efficiency and the cuing
effect. Notably, increased stimulus heterogeneity in the task-relevant dimension would
have imposed no additional task demand, but this manipulation lowered visual search
efficiency, and in some circumstances, the attentional cuing effect was magnified.

Contrary to the reliable effect of stimulus heterogeneity in a task-irrelevant dimension
on search efficiency, the effect of stimulus heterogeneity on the attentional cuing effect
differed, depending on the type of feature dimension manipulated and set size. When the
spatial frequency of the search stimuli was heterogenous, a significantly greater cuing effect
was observed with a large set size than when the stimuli had the same spatial frequency.
Within the same task, the cuing effect was not affected by stimulus heterogeneity when a
different feature dimension, color, was manipulated. However, when the search display
duration was extended until response, with the task using complex, real-world objects,
increased heterogeneity in the task-irrelevant dimension, color, increased the magnitude of
the cuing effect across all set sizes. Certainly, this dissociation could be due to the different
nature of visual processing for each different type of feature dimension. While this would
be an important topic for further research, extensive discussion of this issue is beyond the
scope of the present study.

To account for the effects of stimulus heterogeneity on visual search efficiency, we
surmise that heterogenous stimuli in a task-irrelevant dimension compete against each
other for limited processing resources to a greater extent than homogenous stimuli. This
account is supported by neuroimaging studies showing that multiple heterogenous stimuli
evoked greater suppressive interactions than homogenous stimuli [2,5]. Specifically, in the
study by Shim and colleagues, while participants focused attention on the center of visual
display, task-irrelevant images of faces, objects, or scenes were presented in the periphery.
While participants did not have to pay attention to the face or scene images, those stimuli
competed to be represented in the visual system; the simultaneous presentation of multiple
stimuli evoked less activity in the visual cortex than the sequential presentation of the
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stimuli. Importantly, this mutual suppression was greater when heterogenous stimuli were
presented than when homogenous stimuli were presented. With this increased suppression,
processing of each individual stimulus would suffer. Furthermore, in some cases, to resolve
this suppressive competition, a stronger bias toward a salient, attentional cue might be
evoked, yielding an increased cuing effect.

This account can complement the dominant visual search models, such as the feature
similarity model [7] and guided search model [11]. The feature similarity model emphasizes
the role of top-down control in the selection of relevant features and the suppression of
irrelevant features. Similarly, the guided search model argues that top-down control biases
attention towards specific features or combinations of features that are more likely to distin-
guish the target from distractors. Even though the irrelevant feature dimension would not
be considered in establishing a top-down task set, we demonstrated the significant impact
of stimulus heterogeneity in a task-irrelevant dimension on search efficiency. Presumably,
in the process of separating non-targets from the target and suppressing the non-targets,
homogenous non-targets in the task-irrelevant dimension might be able to be suppressed
more easily.

A limitation of the present study is that we could not clarify the exact relationship
between stimulus heterogeneity and the magnitude of the attentional cuing effect. There
might be several distinct factors that modulate the influence of stimulus heterogeneity on
the attentional cuing effect. We believe that future studies regarding this issue would be
fruitful.

To conclude, we provide clear evidence that increased stimulus heterogeneity in a
completely task-irrelevant dimension affects visual search efficiency, and under some
circumstances, the effect of a cue orienting spatial attention. We suggest that increased
heterogeneity in a task-irrelevant dimension increases stimulus-driven competition. This
increased competition should be primarily bottom-up, because the top-down task set
was not affected by the heterogeneity manipulation. This increased mutual suppression
interacts with visual attention.

Author Contributions: Conceptualization, C.H.K. and S.W.H.; methodology, C.H.K. and S.W.H.;
software, C.H.K. and S.W.H.; formal analysis, C.H.K. and S.W.H.; resources, S.W.H.; writing—original
draft preparation, C.H.K. and S.W.H.; writing—review and editing, S.W.H. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by the Chungnam National University research grant.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Chungnam National University
(protocol code:202201-SB-006-01, date of approval: 17 March 2022).

Informed Consent Statement: Informed consent was obtained from each participant.

Data Availability Statement: Data and code will be shared upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Desimone, R.; Duncan, J. Neural Mechanisms of Selective Visual Attention. Annu. Rev. Neurosci. 1995, 18, 193–222. [CrossRef]

[PubMed]
2. Beck, D.M.; Kastner, S. Top-down and bottom-up mechanisms in biasing competition in the human brain. Vis. Res. 2009, 49,

1154–1165. [CrossRef] [PubMed]
3. Desimone, R. Visual attention mediated by biased competition in extrastriate visual cortex. Philos. Trans. R. Soc. B Biol. Sci.

1998, 353, 1245–1255. [CrossRef] [PubMed]
4. Beck, D.M.; Kastner, S. Stimulus context modulates competition in human extrastriate cortex. Nat. Neurosci. 2005, 8, 1110–1116.

[CrossRef] [PubMed]
5. Shim, W.M.; Jiang, Y.V.; Kanwisher, N. Redundancy gains in retinotopic cortex. J. Neurophysiol. 2013, 110, 2227–2235. [CrossRef]

[PubMed]
6. Buetti, S.; Lleras, A. Distractibility is a function of engagement, not task difficulty: Evidence from a new oculomotor capture

paradigm. J. Exp. Psychol. Gen. 2016, 145, 1382–1405. [CrossRef] [PubMed]

https://doi.org/10.1146/annurev.ne.18.030195.001205
https://www.ncbi.nlm.nih.gov/pubmed/7605061
https://doi.org/10.1016/j.visres.2008.07.012
https://www.ncbi.nlm.nih.gov/pubmed/18694779
https://doi.org/10.1098/rstb.1998.0280
https://www.ncbi.nlm.nih.gov/pubmed/9770219
https://doi.org/10.1038/nn1501
https://www.ncbi.nlm.nih.gov/pubmed/16007082
https://doi.org/10.1152/jn.00175.2013
https://www.ncbi.nlm.nih.gov/pubmed/23904496
https://doi.org/10.1037/xge0000213
https://www.ncbi.nlm.nih.gov/pubmed/27690512


Behav. Sci. 2023, 13, 495 13 of 13

7. Duncan, J.; Humphreys, G.W. Visual search and stimulus similarity. Psychol. Rev. 1989, 96, 433–458. [CrossRef] [PubMed]
8. Wolfe, J.M.; Friedman-Hill, S.R.; Stewart, M.I.; O’Connell, K.M. The role of categorization in visual search for ori-entation. J. Exp.

Psychol. Hum. Percept. Perform. 1992, 18, 34–49. [CrossRef] [PubMed]
9. Rosenholtz, R. Visual search for orientation among heterogeneous distractors: Experimental results and implications for signal-

detection theory models of search. J. Exp. Psychol. Hum. Percept. Perform. 2001, 27, 985–999. [CrossRef] [PubMed]
10. Wolfe, J.M. Guided Search 6.0: An updated model of visual search. Psychon. Bull. Rev. 2021, 28, 1060–1092. [CrossRef] [PubMed]
11. Wolfe, J.M.; Cave, K.R.; Franzel, S.L. Guided search: An alternative to the feature integration model for visual search. J. Exp.

Psychol. Hum. Percept. Perform. 1989, 15, 419–433. [CrossRef] [PubMed]
12. Becker, M.W.; Hemsteger, S.; Peltier, C. No templates for rejection: A failure to configure attention to ignore task-irrelevant

features. Vis. Cogn. 2015, 23, 1150–1167. [CrossRef]
13. Wei, P.; Yu, H.; Müller, H.J.; Pollmann, S.; Zhou, X. Differential brain mechanisms for processing distracting information in

task-relevant and -irrelevant dimensions in visual search. Hum. Brain Mapp. 2019, 40, 110–124. [CrossRef] [PubMed]
14. Found, A. Parallel coding of conjunctions in visual search. Percept. Psychophys. 1998, 60, 1117–1127. [CrossRef] [PubMed]
15. Giordano, A.M.; McElree, B.; Carrasco, M. On the automaticity and flexibility of covert attention: A speed-accuracy trade-off

analysis. J. Vis. 2009, 9, 30. [CrossRef] [PubMed]
16. Cameron, E.L.; Tai, J.C.; Eckstein, M.P.; Carrasco, M. Signal detection theory applied to three visual search tasks-identification,

yes/no detection and localization. Spat. Vis. 2004, 17, 295–326. [PubMed]
17. Carrasco, M.; McElree, B. Covert attention accelerates the rate of visual information processing. Proc. Natl. Acad. Sci. USA

2001, 98, 5363–5367. [CrossRef] [PubMed]
18. Han, S.W.; Marois, R. The effects of stimulus-driven competition and task set on involuntary attention. J. Vis. 2014, 14, 14.

[CrossRef] [PubMed]
19. Bae, E.; Jung, S.; Han, S.W. The perceptual enhancement by spatial attention is impaired during the attentional blink. Acta Psychol.

2018, 190, 150–158. [CrossRef] [PubMed]
20. Peirce, J.W. PsychoPy—Psychophysics software in Python. J. Neurosci. Methods 2007, 162, 8–13. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1037/0033-295X.96.3.433
https://www.ncbi.nlm.nih.gov/pubmed/2756067
https://doi.org/10.1037/0096-1523.18.1.34
https://www.ncbi.nlm.nih.gov/pubmed/1532193
https://doi.org/10.1037/0096-1523.27.4.985
https://www.ncbi.nlm.nih.gov/pubmed/11518158
https://doi.org/10.3758/s13423-020-01859-9
https://www.ncbi.nlm.nih.gov/pubmed/33547630
https://doi.org/10.1037/0096-1523.15.3.419
https://www.ncbi.nlm.nih.gov/pubmed/2527952
https://doi.org/10.1080/13506285.2016.1149532
https://doi.org/10.1002/hbm.24358
https://www.ncbi.nlm.nih.gov/pubmed/30256504
https://doi.org/10.3758/BF03206162
https://www.ncbi.nlm.nih.gov/pubmed/9821774
https://doi.org/10.1167/9.3.30
https://www.ncbi.nlm.nih.gov/pubmed/19757969
https://www.ncbi.nlm.nih.gov/pubmed/15559107
https://doi.org/10.1073/pnas.081074098
https://www.ncbi.nlm.nih.gov/pubmed/11309485
https://doi.org/10.1167/14.7.14
https://www.ncbi.nlm.nih.gov/pubmed/24970921
https://doi.org/10.1016/j.actpsy.2018.08.005
https://www.ncbi.nlm.nih.gov/pubmed/30119048
https://doi.org/10.1016/j.jneumeth.2006.11.017
https://www.ncbi.nlm.nih.gov/pubmed/17254636

	Introduction 
	General Discussion 
	References

